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Abstract

The human-restricted, typhoidal Salmonella Paratyphi A (S. Paratyphi A) and S. Typhi are the major
causes of enteric (typhoid) fever and are endemic in regions with poor sanitation. Despite the recent
increased rate of S. Paratyphi A isolation from patients in Asia, its pathogenesis remains largely
unknown. Asymptomatic chronic carriage in the gallbladder is encountered in about 5% of patients
and is facilitated by efficient immune evasion. In this study, we have shown that bile changes the
expression of > 5% of genes in S. Paratyphi A, including both bile tolerance and virulence-associated
genes. S. Paratyphi A and S. Typhi may differentially regulate certain metabolic pathways in response
to bile. Furthermore, a clinical S. Paratyphi A isolate appears to exhibit distinct regulatory mechanisms.
As inflammasomes have been shown to play a key role in Salmonella infection, we also investigated
their role following infection of macrophages with S. Paratyphi A, using S. Typhi and S. Typhimurium
as controls. This work demonstrates that S. Paratyphi A and S. Typhi induce pyroptosis, which is lower
than that triggered by S. Typhimurium. While the pathway activated during S. Typhi infection remains
unclear, S. Paratyphi A-triggered pyroptosis occurs via activation of caspase-1, caspase-4, caspase-8
and NLRP3. Both S. Paratyphi A and S. Typhi require their SPI-1 injectisome to enable inflammasome
activation. However, while the Vi antigen of S. Typhi is dispensable for limiting pyroptosis, the
S. Paratyphi A FepE-mediated synthesis of very long O-antigen chains impairs macrophage cell death
and a AfepE mutant elicited enhanced inflammasome activation. Very long O-antigen chains can also
act as an inflammasome dampening mechanism in S. Typhimurium, but reduced fepE expression
indicates that this strategy is not exploited by this pathogen. Therefore, this work points towards
distinct mechanisms of virulence by S. Paratyphi A, highlighting the need for a systematic

characterisation of its molecular pathogenesis.
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Introduction

1.1 Salmonella enterica species

1.1.1 Taxonomy and nomenclature
Salmonella is a Gram-negative, rod-shaped, facultative anaerobic bacterium, named after Theobald
Salmon, who first isolated and described it in 1884 (Su & Chiu, 2007). Based on the current Centre for
Disease Control and Prevention nomenclature system, the Salmonella genus belongs to the
Enterobacteriaceae family and comprises two species, S. enterica and S. bongori (Brenner et al., 2000;
Grimont & Weill, 2007). Based on biochemical and genomic homology, the use of six subspecies
belonging to S. enterica has been approved: subspecies enterica (subsp. 1), salamae (subsp. 1),
arizonae (subsp. ll1a), diarizonae (subsp. lllb), houtenae (subsp. 1V), and indica (subsp. V1) (Brenner et
al., 2000; Grimont & Weill, 2007). The Kauffmann-White scheme subdivides subspecies into serovars
based on serologic identification of O (somatic) and H (flagellar) antigens; more than 2,500 Salmonella

serovars have been recognised (Brenner et al., 2000; Grimont & Weill, 2007).
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S. enterica subsp. enterica is of particular importance, causing extensive morbidity and
mortality in both humans and other vertebrates (Coburn, Grassl & Finlay, 2007). Based on the disease
they cause in humans, serovars belonging to this subspecies are broadly divided into typhoidal, such
as serovars Typhi and Paratyphi A, and non-typhoidal Salmonella (NTS) serovars, such as serovar
Typhimurium. For simplicity, in this report the name will be shortened into the genus and serovar
format, i.e. Salmonella enterica subsp. enterica serovar Paratyphi A will be Salmonella Paratyphi A or

S. Paratyphi A (Brenner et al., 2000).

1.1.2 Pathogenesis in humans
The majority of S. enterica subsp. enterica serovars are pathogenic for warm-blooded animals.
Serovars may be either generalists (with a broad host range) such as S. Typhimurium and S. Enteritidis,
infecting humans, poultry and cattle alike, or host-restricted, such as S. Paratyphi A and S. Typhi that

only infect humans, and S. Dublin that only infects cattle (Gal-Mor, 2019).

Acute enteric (typhoid or paratyphoid) fever is endemic in areas with poor sanitation and is
caused by typhoidal Salmonella ingested with contaminated water or food. There are 11-27 million
cases annually, from which > 120,000 are fatal (Buckle, Walker & Black, 2012; Darton, Blohmke &
Pollard, 2014; Stanaway et al., 2019; Mogasale et al., 2014; Antillén et al., 2017; WHO, 2018; Baker et
al., 2011). There is a higher incidence among children and teenagers in endemic areas (WHO, 2003;
Crump & Mintz, 2010; Stanaway et al., 2019). Infection with typhoidal serovars is invasive, where
bacteria enter the bloodstream and disseminate systemically (Dougan & Baker, 2014; Raffatellu et al.,
2008). Symptoms typically include prolonged fever, headache, muscle and stomach aches, malaise,
and diarrhoea or constipation. In rare occasions, complications such as intestinal bleeding (10-20% of
cases) and perforation (1-3%), encephalopathy (2—-40%) or sepsis and septic shock are reported (Bhan,
Bahl & Bhatnagar, 2005; Parry et al., 2002; WHO, 2003; Crump et al., 2015). Rose spots may also
develop on the chest and abdomen of < 25% of patients (WHO, 2003; Crump et al., 2015). Enteric fever
has a long incubation period of 5-14 days, depending on the infectious dose, and usually lasts for 3
weeks (Raffatellu et al., 2008; Levine, Tacket & Sztein, 2001; Raffatellu et al., 2006; Crump et al., 2015).
Colonisation of systemic sites allows the establishment of chronic carriage in the gallbladder in 1-5%

of patients (WHO, 2003; Dougan & Baker, 2014; Gunn et al., 2014; Gonzalez-Escobedo & Gunn, 2013a).

Foodborne human infection with NTS results in > 80 million cases per year and > 150,000
deaths are attributed to Salmonella-associated gastroenteritis (Majowicz et al., 2010). NTS serovars
such as S. Typhimurium and S. Enteritidis are prevalent worldwide (Hohmann, 2001; Majowicz et al.,
2010). In healthy humans, NTS infection remains localised in the ileum and colon, typically resulting in

gastroenteritis (Zhang et al., 2003). Symptoms include watery diarrhoea, abdominal pain, nausea and
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vomiting (Hohmann, 2001; Gal-Mor, Boyle & Grassl, 2014). Symptoms develop within an incubation
period of 6—72 h, last < 10 days and do not commonly require antibiotic treatment to resolve
(Hohmann, 2001; Raffatellu et al., 2008, 2006). The risk increases in patients with a weak immune
system, such as young children and the elderly, patients undergoing immunosuppression, following
gastric surgery, as well as individuals with a disrupted intestinal microbiome (Feasey et al., 2012; Gal-
Mor, Boyle & Grassl, 2014; Hohmann, 2001; Crump et al., 2015). A fraction of patients (~5%) with NTS-
caused gastroenteritis, who are usually immunocompromised individuals, may develop bacteraemia
(Hohmann, 2001; Crump et al., 2015). Recently, the emergence of invasive NTS (iNTS) in sub-Saharan
Africa, such as S. Typhimurium ST313, has led to invasive systemic infections with > 20% mortality rate
among immunocompromised patients suffering from HIV, malaria, or malnutrition (Feasey et al., 2012;
Kingsley et al., 2009). ST313 isolates exhibit commonalities with S. Typhi and S. Paratyphi A, such as

increased genome degradation and systemic dissemination (Feasey et al., 2012; Kingsley et al., 2009).

1.1.3 Typhoidal Salmonella and their epidemiology
Enteric fever is caused by typhoidal Salmonella serovars Typhi, Paratyphi A, Paratyphi B, Paratyphi C
and Sendai (Gal-Mor, Boyle & Grassl, 2014; Raffatellu et al., 2008); their O and H antigens are listed
in Table 1.1. Enteric fever is endemic in South and Southeast Asia and sub-Saharan Africa, with Asia
having the highest incidence and mortality rates (Figure 1.1) (Crump et al., 2015; Thanh et al., 2016;
Stanaway et al., 2019; Baker et al., 2011). However, sparse data and poor surveillance in several
countries complicate estimations of actual numbers of enteric fever cases (Stanaway et al., 2019).
S. Typhiis the most common etiologic agent of enteric fever (Stanaway et al., 2019). However, the rate
of S. Paratyphi A isolation has been rising in the recent years, partly due to the use of the Vi vaccine
against S. Typhi (Zellweger et al., 2017; Sahastrabuddhe et al., 2013) (Table 1.2). Currently, S. Paratyphi
A may cause > 40% of enteric fever cases in India, Nepal, and Pakistan (Zhou et al., 2014; Zellweger et
al., 2017; Sahastrabuddhe et al., 2013) and about a third globally (Stanaway et al., 2019). In addition,
the incidence of S. Paratyphi A may be underestimated due to the unavailability of appropriate
diagnostic tools (Sahastrabuddhe et al., 2013). While the incidence and mortality rates of enteric fever
have shown a decline over the last three decades, possibly owing to economic improvement of
endemic countries and the associated development of sanitation and food handling (Stanaway et al.,
2019), enteric fever incidence remains high in many regions supporting development of

vaccination policies (Marchello, Hong & Crump, 2019).
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Table 1.1 Typhoidal Salmonella O and H antigens.

Table adapted from WHO, 2003; Grimont & Weill, 2007. Antigens used in agglutination assays for each
serovar are shown in bold. S. Typhi Phase 2 H antigen z66 is rarely found. S. Paratyphi A does not typically

express Phase 2 H antigens. S. Typhimurium is presented as an example NTS for comparison.

Serovar O antigen H antigen (Phase 1 : Phase 2) Serogroup
S. Typhi 9,12, Vi d,j:z66 D1
S. Paratyphi A 1,212 a:(1,5) A
S. Paratyphi B 1,4,(5),12 b:1,2
S. Paratyphi C 6, 7, (Vi) c:1,5 C1
S. Sendai 1,912 a:1,5 D1
S. Typhimurium 1,4,5,12 i:1,2 B

O «15

O 15-<50
] 50 -<100
3 100 - <200
@ 200 - <500
W 500 -700

Figure 1.1 Enteric fever global incidence in 2017.

Key shows number of cases per 100,000. Adapted from Stanaway et al., 2019.
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1.1.3.1 Salmonella Typhi
S. Typhi is the main cause of enteric fever (Table 1.2). Of interest is Haplotype 58 (H58), which is a
recently emerged subclade and is responsible for the ongoing typhoid epidemic in Asia and Africa
(Feasey et al., 2015; Wong et al., 2015). Phylogeographical analysis suggests that H58 has clonally
expanded and disseminated globally, unlike other subclades of S. Typhi that have remained
geographically restricted (Feasey et al., 2015; Wong et al., 2015, 2016). S. Typhi multi-drug resistance
(MDR) is associated with H58 in most countries, although this is likely not the only contributing factor
to the success of this genotype and the underlying mechanisms remain largely unknown (Feasey et al,,

2015; Thanh et al., 2016; Wong et al., 2015; Johnson, Mylona & Frankel, 2018).

1.1.3.2 Salmonella Paratyphi A

S. Paratyphi A is an important though-neglected pathogen in Asia (Woods et al., 2006). S. Paratyphi A
infects young children less often than S. Typhi (Sahastrabuddhe et al., 2013), which may partly
explain the lower numbers of fatal cases attributed to 5. Paratyphi A. Like S. Typhi, S. Paratyphi A
strains with reduced susceptibility to currently used antimicrobials and MDR have emerged
(Sahastrabuddhe et al, 2013), further increasing the alarm for this pathogen. Extreme drug
resistance (XDR) seen in S. Typhi (Klemm et al., 2018) may soon be replicated in S. Paratyphi A
while it spreads globally. Phylogenetic studies on S. Paratyphi A have discovered worldwide spread
on multiple occasions and have classified isolated strains into seven lineages A—G (Zhou et al,
2014). Lineages A and C are the progenitors of most extant isolates and currently the most
common (Zhou et al, 2014). A clinical isolate belonging to lineage C (ED199 or NVGH308) is
currently used in human challenge studies providing the basis for assessing vaccine efficacy
(Dobinson et al.,, 2017; McCullagh et al., 2015). The lack of a paratyphoid vaccine, the increasing
global incidence of S. Paratyphi A, and the growing MDR (Table 1.2), allow the prediction of S.
Paratyphi A becoming the major cause of enteric fever within the next few years (Baker, Karkey &
Parry, 2014; Woods et al., 2006; Zellweger et al., 2017; Zhou et al., 2014; Crump & Mintz, 2010;
Sahastrabuddhe et al., 2013).
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1.1.3.3 Salmonella Paratyphi B, Paratyphi C and Sendai
The remaining typhoidal Salmonella serovars are beyond the scope of this project and are only briefly
discussed. S. Paratyphi B comprises clones of different phylogenetic origin, mainly of lineage Java and
sensu stricto; the former is mostly associated with gastroenteritis, while the latter with enteric fever
(Higginson et al., 2018; Barker et al., 1988). The incidence of S. Paratyphi B sensu stricto has declined
over the last decades (Levine et al., 2007), but its occurrence may increase following the use of
vaccines against S. Typhi and those under development against S. Paratyphi A (Higginson et al,,
2018). S. Paratyphi C is often misidentified due to the high similarity to S. Cholerasuis, a swine-
adapted serovar (Grimont & Weill, 2007; Liu et al., 2009), so its incidence may be difficult to
estimate. S. Paratyphi C is more similar to S. Cholerasuis than to S. Paratyphi A and S. Typhi (Liu et al.,
2009) . However, unlike S. Paratyphi A and B, S. Paratyphi C carries the Vi antigen similar to S. Typhi
(Baumler et al., 1998; Bueno et al., 2004) (Table 1.1; for Vi see Section 1.6.2). S. Sendai is rarely
isolated from patients and it recently diverged from S. Paratyphi A (see also Figure 1.2B) (Feng et al.,

2019).

1.2 Diagnosis, treatment, and vaccination for enteric fever
The lack of effective diagnostics tools and treatment options represent major obstacles in controlling
enteric fever. Cases are commonly confirmed following persisting fever and bacteria isolation and
culture (Crump et al., 2015; Parry et al., 2011). Bone marrow culture is the gold standard owing to its
increased sensitivity (> 80%), but due to practical reasons the less sensitive (40—60%) blood culture is
the mainstay method, while polymerase chain reaction (PCR)-based diagnostics have the benefit of
requiring few or even dead organisms (WHO, 2003; Crump & Mintz, 2010; Crump et al., 2015; WHO,
2018; Parry et al., 2011). However, detection of typhoidal organisms is hindered by the presence of
antibiotics, a small specimen volume, inappropriate laboratory media, and/or the time of collection
(WHO, 2003; Crump et al., 2015; Parry et al., 2011). Insufficient microbiology facilities often act as an
added obstacle in endemic countries (Parry et al, 2011). Serological tests (e.g. Widal test,
Typhidot test, and variations of these) detect antibodies against O (lipopolysaccharide [LPS]) and H
(flagella) antigens, against the Vi antigen or outer membrane protein antigens, but their sensitivity
and reliability are reduced by background levels of the tested antibodies in endemic regions, due to
Vi vaccine use and due to similarities of the antigens with other Salmonella serovars or enteric
bacteria (WHO, 2003; Crump et al., 2015; Parry et al., 2011). Importantly, detection of chronic
carriers is hindered by the fact that ~25% of carriers do not report any clinical symptoms prior to

developing chronic carriage (WHO, 2003; Gunn et al., 2014; Gal-Mor, 2019; Dongol et al., 2012).

Timely treatment with antibiotics is essential for minimising the mortality rate and

complications of enteric fever (Crump & Mintz, 2010; Gibani, Britto & Pollard, 2018; WHO, 2003;
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Butler, 2011). However, available options of antimicrobials against enteric fever (Table 1.2) suffer from
decreased antibiotic susceptibility that is increasingly being identified among typhoidal Salmonella
(Crump & Mintz, 2010; Butler, 2011; Wong et al., 2015; Thanh et al., 2016). Other than MDR (Table
1.2), S. Typhi and S. Paratyphi A resistance to nalidixic acid and fluoroquinolones like ciprofloxacin and
ofloxacin has frequently been reported (Parry et al., 2015; Crump et al., 2015; Sahastrabuddhe et al.,
2013; Dongol et al., 2012; Zellweger et al., 2017). Extended-spectrum cephalosporins are used to treat
MDR Salmonella, which, however, require longer time for fever clearance (Parry et al., 2015). Another
alternative for uncomplicated enteric fever is the azalide antimicrobial azithromycin, with few
resistance cases to this antimicrobial class having been reported to date (Crump et al., 2015; Parry et
al., 2015). Alarmingly, plasmid-borne XDR (Table 1.2) in S. Typhi isolates from Pakistan leaves limited
alternative treatment options (Klemm et al., 2018). Antimicrobial treatment is also hindered by the
limited ability of such substances to target intracellular sites in the reticuloendothelial system and the
gallbladder (Crump et al., 2015). Antibiotic treatment of chronic carriers is rarely successful (WHO,
2003; Gunn et al., 2014); an extended course of antibiotic administration and/or cholecystectomy, i.e.

surgical removal of the gallbladder, may increase the success rate (Crump et al., 2015).

The most efficient prevention and control strategies are the improvement of sanitation,
securing the safety of water and food supply, implementation of mass vaccination strategies and
development of tools to identify and manage chronic carriers (Crump & Mintz, 2010; Crump et al.,
2015; Pitzer et al., 2014; WHO, 2018). As there are no animal reservoirs for S. Typhi and Paratyphi A,
their elimination may be feasible. Three licensed vaccines against S. Typhi are available (Table 1.2).
However, Ty21a and ViPS vaccines are licensed for use in children aged 2 6 and 2 2 years respectively
and immunity weakens after three years requiring re-vaccination (Crump & Mintz, 2010; WHO, 2003;
Pitzer et al.,, 2014, WHO, 2018). The recently licensed TCV is suggested to have longer-lasting
protection and is safe for people aged = 6 months and < 45 years old (Baker, Karkey & Parry, 2014;
Pitzer et al., 2014; WHO, 2018). However, vaccination remains scarce in endemic countries (Stanaway
et al., 2019), although routine vaccination of infants would have the strongest long-term effect in
reducing typhoid incidence (Pitzer et al., 2014). Importantly, there are no licensed vaccines against
S. Paratyphi A yet. Vaccine development against paratyphoid is essential, an ideal solution being a
bivalent vaccine conferring protection against both S. Typhi and S. Paratyphi A (Crump et al., 2015;
Crump & Mintz, 2010; Sahastrabuddhe et al., 2013). Live-attenuated S. Paratyphi A or conjugate O-
antigen-based vaccines are in various stages of development (Sahastrabuddhe et al., 2013; Xiong et
al., 2015; Martin et al., 2016), but their protective effect remains undefined (Baker, Karkey & Parry,

2014). Understanding the immune response against S. Paratyphi A is thus vital for this purpose.
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1.3 Models to study enteric fever
The molecular pathogenesis of S. Paratyphi A has been poorly investigated. Although S. Typhi has been
investigated more, most of the current knowledge on typhoidal Salmonelia infection is extrapolated
from studies on S. Typhimurium. S. Typhi and S. Typhimurium share about 89% genomic homology
(Sabbagh et al.,, 2010) and infection of susceptible mouse strains with S. Typhimurium leads to a
typhoid-like disease (Broz, Ohlson & Monack, 2012; Higginson, Simon & Tennant, 2016; Tsolis et al.,
2011). Also, in contrast to the hazard group 2 S. Typhimurium, S. Paratyphi Aand S. Typhi are classified
as hazard group 3 organisms by the Health & Safety Executive (HSE) and are listed under Schedule 5
of the Anti-terrorism, Crime and Security Act (2001), which complicates research with these

pathogens, as a biosafety level 3 lab and proper training are required.

Due to the host restriction of typhoidal Salmonella, there are few appropriate in vivo models
(Song et al., 2010; Firoz Mian et al., 2011) and thus most studies are performed in vitro. An approach
has been to introduce S. Typhi-specific factors, such as the Vi, into S. Typhimurium, which have
contributed to our understanding of such factors, but mechanistic differences between the two
serovars remain unaddressed (Tsolis et al., 2011). S. Typhimurium and typhoidal serovars differ on
their host adaptation and the distinct clinical syndromes caused in humans, which are driven by
differentially evolved effectors, the degree of genome degradation, differential regulation of virulence
factors and typhoidal-specific virulence factors (Dougan & Baker, 2014; Johnson, Mylona & Frankel,
2018; Eswarappa et al., 2008; Holt et al., 2009; Raffatellu et al., 2008; Hiyoshi et al., 2018a; Gal-Mor,
Boyle & Grassl, 2014; Jennings, Thurston & Holden, 2017; Sabbagh et al., 2010), which cannot be
replicated in a S. Typhimurium-infected mouse model of enteric fever (Song et al., 2010). Given that
S. Paratyphi A and S. Typhi are unable to infect common mouse strains (Carter & Collins, 1974),
permissive humanised mice, which are engrafted with human hematopoietic stem cells, have been
developed as experimental animal models (Libby et al., 2010; Song et al., 2010; Firoz Mian et al., 2011).
In these animals, S. Typhi is recovered from systemic sites like the liver and spleen, occasionally
neurological symptoms may manifest, and an immune response highly similar to humans is elicited in
some of the mice (Firoz Mian et al., 2011; Song et al., 2010; Libby et al., 2010). Recently, using this
model, Karlinsey et al. (2019) demonstrated key differences between S. Typhi and S. Typhimurium
during infection, supporting these models as a useful tool for elucidating the pathogenic mechanisms
of typhoidal Salmonella. However, limitations of the use of the humanised mouse model so far
include the fact that only hematopoietic cells are human while other like epithelial cells are
murine, the intraperitoneal delivery of the infecting organisms instead of the natural oral route, and

the restriction of the study to the early bacteraemic phase only (Wang, Knodler & Strugnell, 2019).
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Human challenge systems have been developed with the main aim being vaccine development
(Levine, Tacket & Sztein, 2001; Dobinson et al., 2017; McCullagh et al., 2015; Waddington et al., 2014).
Recently, one such system was used to demonstrate that typhoid toxin is not involved in symptom
development, in contrast to what was predicted by mouse studies (Gibani et al., 2019; Song, Gao &
Galan, 2013), demonstrating that mouse models may be misleading for studying enteric fever. Due to
ethical restrictions, human challenge systems present limitations (Wang, Knodler & Strugnell, 2019).
Treatment is required when symptoms manifest or at day 14 (Gibani et al., 2019), much earlier than
the onset of complications. Therefore, later stages of the disease, including chronic carriage, and
serious enteric fever complications cannot be studied in humans (Wang, Knodler & Strugnell, 2019).

The lack of an appropriate enteric fever model is thus clear.

1.4 Salmonella evolution
The acquisition of Salmonella pathogenicity islands (SPls) have been central to Salmonella evolution.
SPls were acquired through horizontal gene transfer and modified via genome degradation (Baumler,
1997; Baumler et al., 1998; Liu et al., 2009; Didelot et al., 2007; Fookes et al., 2011; Holt et al., 2009;
Desai et al., 2013). Following a single acquisition of SPI-1, the Salmonella genus diverged from
Escherichia coli > 100 million years ago (Baumler, 1997). Further divergence into the two Salmonella
species, S. bongori and S. enterica, was mediated by the acquisition of SPI-2 by S. enterica about 25—
40 million years ago (Shea et al., 1996; Ochman & Groisman, 1996; Fookes et al., 2011; Bdumler et al.,
1998) (Figure 1.2A). SPI-1 and SPI-2 encode for two Type |l secretion systems further described in

Section 1.5.1.
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Figure 1.2 Evolution of Salmonella.

(A) Acquisition of genes leading to evolution of S. enterica subsp. enterica (subsp. 1) capable of infecting warm-
blooded vertebrates. (B) Evolutionary relationship between S. Paratyphi A and indicated serovars (not scaled).

Panels adapted from Baumler, 1997; Baumler et al., 1998; Holt et al., 2009; Liu et al., 2009; Feng et al., 2019.
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S. enterica serovars are classified based on their antigenic profile; however, other differences
between serovars are found at the genomic level, which are responsible for serovar pathogenicity and
host specificity, despite close similarity in nucleotide and amino acid sequences between serovars
(Holt et al., 2009; Brown et al., 2003; Baumler et al., 1998; Liu et al., 2009; Desai et al., 2013; Zhou et
al., 2014; Coburn, Grassl & Finlay, 2007). The human-restricted typhoidal serovars S. Paratyphi A and
S. Typhi, which are the focus of this project, have independently evolved within the S. enterica species
(Didelot et al., 2007), and may share recent common ancestry (den Bakker et al., 2011). They are highly
clonal and monomorphic, as well as being relatively distinct from other Salmonella serovars (Didelot
et al., 2007; Holt et al., 2009; Deng et al., 2003; Holt et al., 2008; Kidgell et al., 2002) (Figure 1.2B). The
carrier state (discussed in detail in Section 1.7), which is defined by asymptomatic chronic carriage and
shedding of bacteria, is suggested to have largely determined evolution of typhoidal Salimonella
(Roumagnac et al., 2006; Kidgell et al., 2002; Hiyoshi et al., 2018a). Convergence via homologous
recombination and parallel, recent, and extensive genome degradation has occurred during the
evolution of S. Paratyphi A and S. Typhi. Genome degradation (Table 1.2) has largely mediated host
restriction and adaptation of typhoidal serovars (Holt et al., 2009; Liu et al., 2009; Holt et al., 2008;
Sabbagh et al., 2010; Zhou et al., 2014; Achtman, 2008; Didelot et al., 2007). In fact, host-restriction
mediated by genome degradation is common among human-restricted pathogens evolving from a
generalist progenitor, such as Yersinia pestis and Mycobacterium leprae (Feasey et al., 2012). A few
pseudogenes shared between S. Typhi and S. Paratyphi A were acquired via recombination between
the two serovars, while the majority were independently formed through adaptive mutation(s) (Holt
et al.,, 2009; Zhou et al., 2014) (Table 1.2). These processes led to independent evolution of the extra-

intestinal and systemic lifestyle of typhoidal Salmonella serovars (Holt et al., 2009).

1.5 Salmonella infection mechanism
Human infection with Salmonella typically occurs following consumption of contaminated food or
water and is transmitted faecal-orally (Coburn, Grassl & Finlay, 2007). Based on human challenge
studies, the infectious dose of S. Paratyphi A is typically 1-5 x 10° colony forming units (CFU) causing
disease in 60% of patients, but as few as 700 CFU may lead to acute enteric fever (Dobinson et al,,
2017). Similarly, enteric fever was caused in 55% of individuals infected with 10 S. Typhi bacteria, with
the infectious dose correlating to infection rate and inversely correlating to incubation period
(Waddington et al., 2014; Levine, Tacket & Sztein, 2001). In S. Typhimurium outbreaks, 10'-10?

bacteria were calculated to have been ingested (Blaser & Newman, 1982).
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Salmonella survives the stomach and reaches the small intestine, where it crosses the
intestinal epithelium and enters the submucosa (Figure 1.3) (Fabrega & Vila, 2013; Foster & Hall, 1991;
Parry et al., 2002). Crossing of the epithelial barrier occurs via different routes: Salmonella may invade
epithelial cells, be translocated through microfold (M) cells, phagocytosed by macrophages or be taken
up by dendritic cell extensions between epithelial cell tight junctions (Parry et al., 2002; Jepson & Clark,
2001; Fabrega & Vila, 2013; Rescigno et al., 2001; Dougan & Baker, 2014). At the submucosa, NTS
infection triggers an extensive exudative inflammatory response, characterised by recruitment of
macrophages and dendritic cells and by neutrophil infiltration (Tiikel et al., 2006; Zhang et al., 2003).
High levels of cytokines like IFNy, TNF, IL-18, and IL-12 are detected (Santos et al., 2009). Inflammation
typically remains localised in the intestine, and results in loss of intestinal barrier integrity and profuse
watery diarrhoea (Zhang et al., 2003). Additionally, NTS-induced intestinal inflammation is thought to

disrupt the native microbiota to the benefit of Salmonella (Stecher et al., 2007). On the other hand,
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Figure 1.3 Typhoidal Salmonella infection mechanism.

Following ingestion (I), Salmonella passes through the stomach (Il) and enters the small intestine (Ill). Crossing
of the epithelial barrier to the submucosa occurs via epithelial cell invasion (1), M cell transcytosis (2), uptake by
extending processes of dendritic cells (3), and/or via phagocytosis by macrophages (4). Salmonella undergoes
intramacrophage replication and migrates to mesenteric lymph nodes, from where it disseminates (IV) via
the reticuloendothelial system to systemic sites (red dots) such as the bloodstream, liver, spleen, gallbladder
and bone marrow. Establishment of chronic carriage in these organs and reinfection of the gut from the

gallbladder leads to shedding (V) and ultimately transmission of enteric fever. Image designed with Biorender.
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typhoidal Salmonella undergo limited replication in the intestine before reaching the mesenteric
lymph nodes, which, together with uptake by macrophages, allow systemic dissemination (Figure 1.3)
(Parry et al., 2002; Dougan & Baker, 2014; Raffatellu et al., 2008). IFNy elevation is observed during
infection with S. Paratyphi A or S. Typhi, along with moderate production of TNF, IL-6 and IL-8 (Gal-
Mor, Boyle & Grassl, 2014). However, typhoidal Salmonella succeed in systemic dissemination by
evading host recognition and immune response activation (Table 1.2) by mechanisms such as the Vi
antigen in S. Typhi (Winter et al., 2014; Wangdi et al., 2014; Winter et al., 2009b; Raffatellu et al.,
2005a; Wilson et al., 2011) and the very long LPS uncommon O-antigen chains in S. Paratyphi A (Hiyoshi
et al.,, 2018b). The limited intestinal inflammation during typhoidal Salmonella infection (Table 1.2),
characterised by mononuclear cell infiltrates while neutrophils are scarce, also explains the long
incubation period of enteric fever (Raffatellu et al., 2008). Passage of a small number of typhoidal
bacteria, surviving intracellularly, into the bloodstream leads to systemic dissemination via the
reticuloendothelial system, reaching other organs such as the gallbladder, liver, spleen, and bone
marrow (Figure 1.3) (Gal-Mor, 2019; Dougan & Baker, 2014; Hiyoshi et al., 2018a). Colonisation of such
organs facilitates development of the chronic carrier state (Section 1.7), during which reinfection of
the gut and bacterial shedding promote transmission of enteric fever (Dougan & Baker, 2014; Gal-Mor,
2019; Gonzalez-Escobedo, Marshall & Gunn, 2011). Clearly, the different clinical presentation of
gastroenteritis and enteric fever reflects differences in infection mechanisms and interactions of
typhoidal and NTS serovars with the host immune system (Hiyoshi et al.,, 2018a; Keestra-Gounder,

Tsolis & Baumler, 2015).

1.6 Salmonella key virulence factors

1.6.1 Salmonella type lll secretion systems
Bacterial secretion systems allow bacteria to secrete proteins into the environment, host target cells
or other bacteria during competition and are thus considered essential virulence factors for many
pathogenic bacteria, as they manipulate host cell processes and promote bacterial survival (Green &
Mecsas, 2016; Raymond et al., 2013). Type Ill secretion systems (T3SS) are involved in pathogenicity
of many Gram-negative bacteria such as pathogenic E. coli, Shigella, and Yersinia. T3SS are referred to
as injectisomes or molecular syringes as they translocate effector proteins directly from within
bacteria to target host cells (Figure 1.4) (Green & Mecsas, 2016; Ramos-Morales, 2012; Coburn,
Sekirov & Finlay, 2007). T3SSs are multiprotein complexes, evolutionarily related to flagellar systems,
formed by a basal body of two protein rings embedded in the inner and outer bacterial membranes,

while a needle spans the space between the bacterium and the host cell (Diepold & Armitage, 2015).

32



INTRODUCTION

A translocon pore at the tip of the needle creates a port of entry to the target eukaryotic host cell
(Figure 1.4) (Deng et al., 2017; Kubori et al., 1998). Effectors generally have a secretion signal directing
them to the T3SS and a chaperone may facilitate this transport process within the bacterial cell (Green
& Mecsas, 2016; Ramos-Morales, 2012). Chaperones may have diverse roles, such as maintaining the
protein in an unfolded state and promoting its stability (Ehrbar et al., 2003; Stebbins & Galan, 2003;
Ghosh, 2004).

S. enterica, including S. Typhimurium, S. Paratyphi A and S. Typhi, possess two T3SSs, encoded
by SPI-1 and SPI-2. These T3SSs secrete effectors which are involved in host cell invasion, manipulate
host cell processes, promote immune evasion and mediate the formation and maturation of a
permissive replicative niche termed Salmonella-containing vacuole (SCV) inside host cells (McGhie et
al., 2009; Jennings, Thurston & Holden, 2017; Fabrega & Vila, 2013; Ramos-Morales, 2012; Hume et
al., 2017). A list of effectors found in S. Typhimurium, S. Paratyphi A and S. Typhi, along with their
known functions was recently published (Johnson, Mylona & Frankel, 2018; Jennings, Thurston &
Holden, 2017). The repertoire of functional effectors may influence the characteristics of the serovars;
for example, many S. Typhimurium effectors, such as SopD2 and SIrP, are found as pseudogenes or
are differentially evolved in the human-adapted S. Typhi and S. Paratyphi A, possibly pointing to a
reduced requirement for these effectors in these infections (Johnson, Mylona & Frankel, 2018;
Sabbagh et al.,, 2010; Eswarappa et al., 2008). Pseudogenisation of many effector genes has been
suggested as a mechanism of host restriction and adaptation of typhoidal Salmonella as opposed to
NTS (Johnson, Mylona & Frankel, 2018). S. Typhimurium encodes for additional effectors not found in
the other serovars, such as GtgE, AvrA, and Ssel (Johnson, Mylona & Frankel, 2018), whilst,
interestingly, our lab recently identified a T3SS effector found in S. Typhi but absent from S.
Typhimurium and S. Paratyphi A with a yet unidentified role (McDowell et al., 2019; Johnson, Mylona
& Frankel, 2018). Considering these in addition to the minor differences between S. Typhi and S.
Paratyphi A effector pools (Johnson, Mylona & Frankel, 2018), the different virulence mechanisms

employed by the three serovars are further supported.

1.6.1.1 SPI-1 T3SS
Most structural components of the SPI-1 T3SS (Figure 1.4), effectors, chaperones, and regulators are
encoded with the SPI-1 pathogenicity island (Fabrega & Vila, 2013; Lou et al., 2019). The SPI-1 is
activated by the conditions in the intestinal milieu, namely low oxygen and high osmolarity (Drecktrah
et al., 2006; Kroger et al., 2013; Fabrega & Vila, 2013). Based on studies with S. Typhimurium, SPI-1
T3SS-secreted effectors are typically exploited during the intestinal phase of infection; they mediate
invasion into host cells by inducing cytoskeletal rearrangements and membrane ruffling. These actions

allow bacterial internalisation by the host cell and formation of the SCV (Srikanth et al., 2011; McGhie
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et al., 2009). S. Paratyphi A, S. Typhi and S. Typhimurium all require the SPI-1 T3SS to invade host cells
in vitro (Galan & Curtiss Ill, 1989; Bishop et al., 2008; Elhadad et al., 2016). In vivo, the SPI-1 may be
dispensable following intraperitoneal inoculation, while it is suggested to be important after oral
inoculation (Galan & Curtiss 111, 1989). Although SPI-1-independent invasion mechanisms have been
described in S. Typhimurium (Hume et al., 2017), this T3SS is required for mucosal inflammation and

development of diarrhoea (Zhang et al., 2003; Fabrega & Vila, 2013).

The regulation of SPI-1 is complex and occurs at many levels. It involves numerous genetic
regulators and is directed by environmental stimuli (Lou et al., 2019; Fabrega & Vila, 2013). Briefly, the
regulatory network for SPI-1 in S. Typhimurium is centred around three transcriptional regulators HilD,

RtsA and HilC, with HilD being at the top of the hierarchy; their combined action and environmental
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Figure 1.4 Type lll secretion systems in Salmonella.

T3SS are composed of a basal body, a needle filament, and a transolocon that inserts itself in the target
eukaryotic cell membrane. The basal body is embedded in the inner and outer membranes and consists of an
inner and an outer ring. An ATPase at the base of the basal body energises the secretory process, while a sorting
complex mediates the targeting of the effectors via the T3SS. The needle filament spans the space between the
bacterium and the target cell. Effector delivery to the T3SS is often mediated by chaperones. Protein names in
black represent SPI-1 T3SS proteins, while in grey SPI-2 T35S proteins. PM, eukaryotic plasma membrane; IM,

inner membrane; OM, Outer membrane. Image partially designed with Biorender.
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signals result in activation of HilA which is the master positive SPI-1regulator, activating the expression
of structural and effector genes (Fabrega & Vila, 2013). HilD, RtsA and HilC receive positive or negative
signals from other regulatory systems allowing communication with other virulence strategies. hilD,
hilC, and hilA are encoded within the SPI-1, while rtsA and hilE (involved in hilA downregulation) are
present at separate genomic loci (Fabrega & Vila, 2013; Lou et al, 2019). Regulation of SPI-1 is
important to minimise the energetic cost required for its synthesis and to limit recognition by the

immune system (Table 1.2) (Johnson, Mylona & Frankel, 2018; Fabrega & Vila, 2013).

SPI-1 regulation in response to stimuli such as bile, oxygen availability, and temperature, often
differs between NTS and typhoidal Salmonella, as well as between S. Paratyphi A and S. Typhi (Table
1.2). For example, S. Typhimurium limits expression of SPI-1 genes following exposure to bile, while S.
Typhi upregulates these genes (Johnson et al., 2018; Prouty & Gunn, 2000). Furthermore, SPI-1 in S.
Typhimurium shows similar expression patterns in aerobic and microaerobic growth and it becomes
more invasive following aerobic growth (Ibarra et al., 2010). In contrast, S. Paratyphi A invasiveness
increases in microaerobic conditions (Elhadad et al., 2016). Invasion and motility of typhoidal serovars
are downregulated in response to fever-like temperatures (39—42 °C) compared to 37 °C, while these
virulence strategies do not show marked changes in S. Typhimurium, likely reflecting the ability to
sense dissemination to systemic sites by typhoidal serovars (Elhadad et al., 2015b). Differences in SPI-
1 regulation between typhoidal and NTS likely reflect different sites of infection and/or adaptation to
systemic sites and immune evasion by typhoidal Salmonella (Johnson et al., 2018; Johnson, Mylona &

Frankel, 2018; Elhadad et al., 2015b; Ibarra et al., 2010; Elhadad et al., 2016; Johnson et al., 2017).

1.6.1.2 SPI-2 T3SS
SPI-2 encodes structural genes (Figure 1.4), effectors and chaperones for a second T3SS which is
important for intracellular survival. Expression of SPI-2 is induced by the intracellular environment,
particularly that of macrophages, where the presence of nutrients is scarce (Fass & Groisman, 2009).
The SPI-2 T3SS mediates the formation of Salmonella-induced filaments (Sifs) which position the SCV
in a juxtanuclear position exploiting the host cell cytoskeleton. Maturation of SCV is mediated by SPI-
2, promoting bacterial intracellular proliferation and survival (Steele-Mortimer, 2008; Jennings,
Thurston & Holden, 2017). SPI-2 effectors mediate interactions of the SCV with the Golgi apparatus,
ensure protection by stabilizing the SCV membrane, interact with the actin cytoskeleton, modulate

lysosome function, and are involved in immune signalling (Jennings, Thurston & Holden, 2017).

Expression of the SPI-2 is regulated primarily by the SPI-2-encoded SsrAB two component
system in S. Typhimurium. Upon activation by acidic pH or the macrophage intracellular milieu, SsrB

promotes SPI-2 gene expression by binding to the promoters of SPI-2 genes and by counteracting the
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silencing activity of H-NS, which generally represses horizontally acquired genes (Walthers et al., 2007;
Fass & Groisman, 2009). Cross-talk between the regulatory elements of SPI-1 and SPI-2 via HilD and
SsrB allows the switch from the SPI-1 T3SS to the SPI-2 T3SS (Bustamante et al., 2008).

The role of the SPI-2 T3SS during infection with typhoidal Salmonella serovars remains unclear.
The highly host-adapted S. Typhi and S. Paratyphi A carry many SPI-2 effectors as pseudogenes that
are present and intact in other gastrointestinal serovars, or lack them altogether (Jennings, Thurston
& Holden, 2017; Johnson, Mylona & Frankel, 2018). S. Paratyphi A exhibited a significant increase in
SPI-2 expression and intracellular replication in response to high temperatures (42 °C) possibly
implying switching to intracellular survival following systemic dissemination (Elhadad et al., 2015b).
S. Typhi SPI-2 has been shown to be upregulated in macrophages (Faucher et al., 2006). However, it
has been suggested to be dispensable for S. Typhi survival within macrophages (Forest et al., 2010);
this was recently corroborated in a humanised mouse model of typhoid fever where SPI-2 mutants
were recovered from systemic sites equally as well as wild-type (WT) bacteria (Karlinsey et al., 2019).

The role of SPI-2 during infection with typhoidal Salmonella requires further investigation.

1.6.1.3 Role in virulence
The SPI-1 and SPI-2 T3SSs have multiple roles in Salmonella virulence. They mediate host cell invasion,

SCV formation and maturation, immune evasion and induction of host cell death.

During infection, Salmonella adheres to the host cell surface and translocates effectors in a
SPI-1 T3SS-dependent manner. Briefly, effectors such as SipA, SipC, SopA, SopB, SopD and SopE/SopE2
induce host cytoskeletal rearrangements to mediate bacterial uptake by membrane ruffling. SipC and
SipA manipulate actin polymerisation and bundling, while SopB promotes membrane ruffling and
SopE/SopE2 activates Rho GTPases Cdc42 and Racl (Raffatellu et al., 2005b; McGhie et al., 2009;
Hayward & Koronakis, 1999; McGhie, Hayward & Koronakis, 2001; Friebel et al., 2001; Zhou, Mooseker
& Galan, 1999; Finn et al., 2017; Stender et al., 2000). In this manner, Salmonella manipulates several
cytoskeleton-associated pathways, myosin-mediated contraction pathways, and vesicle trafficking
pathways (Hume et al., 2017). Subsequently, the antagonistic actions of S. Typhimurium SptP with
SopE promote the recovery of the cytoskeleton to a steady state (Kubori & Galdn, 2003). However,
despite the high similarity between S. Typhi and S. Typhimurium, SptP appears to be non-functional in
S. Typhi (Johnson et al., 2017). SPI-1 T3SS effectors also modulate tight junctions between epithelial

cells, which leads to epithelial barrier disruption and diarrhoea (Ramos-Morales, 2012).

Following internalisation into the host cell, Sa/lmonella resides within a vacuole or phagosome.
The SPI-1 T3SS effectors mediate the early steps of phagosome conversion to SCV soon after infection,

with SopB and SopE playing major roles, while SPI-2 T3SS effectors such as SseF, SseG, Ssel, PipB2, SifA
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among others, mediate positioning the SCV close to the nucleus, intracellular replication and Sif
formation (Bakowski, Braun & Brumell, 2008; McGhie et al., 2009; Steele-Mortimer, 2008). The SCV
offers a protective and permissive niche for Salmonella to replicate intracellularly. Altogether, the SCV
and SPI-2 T3SS effectors protect intracellular Salmonella from reactive oxygen species (ROS) generated
in response to infection, modulate host cell death and interfere with antigen presentation among
other functions (Bakowski, Braun & Brumell, 2008; Ibarra et al., 2010; Ramos-Morales, 2012; Knodler
& Steele-Mortimer, 2003; Jennings, Thurston & Holden, 2017). Sifs carry late endocytic markers and
have been suggested to support perinuclear positioning of the SCV in close proximity to the Golgi
apparatus; the association with the Golgi apparatus may allow nutrient and/or membrane uptake
(Srikanth et al., 2011; McGhie et al., 2009). Naturally, some intracellular Salmonella do not reside in
the SCV and are either targeted by autophagy or escape the vacuole and either replicate in the cytosol
or are degraded by host cell defence mechanisms (Bakowski, Braun & Brumell, 2008). SPI-2-
independent S. Typhimurium intracellular growth has been observed to occur outside the SCV
primarily in cultured epithelial cells (Brumell et al., 2002; Malik-Kale, Winfree & Steele-Mortimer,

2012; Beuzdn, Salcedo & Holden, 2002).

The Salmonella T3SS have important roles in modulating and evading host immune responses
(McGhie et al., 2009). The initial inflammatory response elicited by S. Typhimurium is induced by the
activities of SPI-1 T3SS effectors. For example, manipulation of Rho GTPases like Cdc42 by SopE/E2 is
sensed by the host cell, resulting in activation of NF-kB and AP-1 pathways leading to transcriptional
upregulation of pro-inflammatory genes and stimulation of immune cell migration (Patel & Galan,
2006; Patel & McCormick, 2014). T3SS effectors also interact with cell death pathways (Ramos-
Morales, 2012; Wemyss & Pearson, 2019). Salmonella secretes both pro-apoptotic (e.g. SpvB and SIrP)
and anti-apoptotic (e.g. AvrA and SopB) effectors into epithelial cells, which collectively facilitate
intramacrophage replication following establishment of its intracellular niche (Ramos-Morales, 2012;
Finn et al., 2017; Wemyss & Pearson, 2019). S. Typhimurium suppresses necroptosis, which is a lytic,
caspase-independent form of cell death, via the secretion of T3SS effectors (SseK1-3), which also
inhibit apoptosis and NF-kB-dependent signalling (Glnster et al., 2017, Wemyss & Pearson, 2019).
Macrophages have evolved intracellular immune surveillance mechanisms such as the
inflammasomes, which can detect effectors and T3SS structural components such as Prgl and Prgl and
promote pyroptotic cell death and inflammation (see also Section 1.9.3) (Wemyss & Pearson, 2019).
S. Typhimurium thus expresses several T3SS effectors that dampen the immune response by inhibiting
inflammatory signalling such as SptP, AvrA and SselL (McGhie et al., 2009). Some effectors linked to
modulation of inflammatory responses are interestingly absent (e.g. AvrA) or pseudogenes (e.g. SIrP)

in S. Typhi and S. Paratyphi A (Sabbagh et al., 2010; Johnson, Mylona & Frankel, 2018).
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Although the SPI-1 T3SS is thought to be involved in invasion and SPI-2 T3SS in intracellular
survival, there is a temporal and spatial overlap in their functions (Brawn, Hayward & Koronakis, 2007;
Srikanth et al., 2011; McGhie et al., 2009; Finn et al., 2017). The SPI-1 T3SS has also been involved in
intracellular replication and SCV biogenesis (Steele-Mortimer et al., 2002), while some effectors can
be secreted by both T3SSs and SPI-1 T3SS-dependent effectors may persist within the host cells until
late stage of infection, when SPI-2 is active. Finally, in some cases both systems may be required

simultaneously (Srikanth et al., 2011; McGhie et al., 2009; Brawn, Hayward & Koronakis, 2007).

1.6.2 Viantigen in S. Typhi
S. Typhi produces a virulence polysaccharidic capsule named Vi antigen; Vi-positive S. Typhi strains are
more virulent than strains lacking the Vi (Parry et al., 2002) and thus the majority of primary S. Typhi
isolates from humans express the Vi (Raffatellu et al., 2006). Vi is encoded by the viaB locus found
within the SPI-7 (Pickard et al., 2003). A highly similar SPI-7 is present in S. Paratyphi C and S. Dublin,
while is absent from S. Paratyphi A, as well as S. Typhimurium and other gastroenteritis-causing

serovars (Raffatellu et al., 2005a; Parkhill et al., 2001; Pickard et al., 2003; Bueno et al., 2004).

The viaB locus encodes genes necessary for its transcriptional regulation (tviA), Vi biosynthesis
(tviBCDE), and export and retention of the Vi on the bacterial cell surface (vexABCDE) (Virlogeux et al.,
1995). TviB and TviC catalyse the formation of the Vi building blocks, while TviD and TviE facilitate the
polymer synthesis and assembly (Virlogeux et al., 1995; Wetter et al., 2012). VexBC form an ABC
transporter, VexA is an outer membrane polysaccharide export protein, VexD is a polysaccharide co-
polymerase protein, while VexE is a lipid anchor, important for deposition and retention of the Vi
antigen on the bacterial surface (Wetter et al., 2012; Liston, Ovchinnikova & Whitfield, 2016; Virlogeux
et al., 1995). The regulator TviA is a viaB locus activator (Virlogeux et al, 1995), and a negative
regulator for SPI-1 T3SS and flagellin expression through repression of the flagellar regulator flhDC
(Winter et al., 2009b). Therefore, absence of tviA results in increased invasion to host cells (Winter et
al., 2009b), while absence of Vi synthesis and export genes leads to variable invasion capacity based
on the cultured cell type being tested (Bishop et al., 2008; Winter et al., 2009b). TviA availability
increases in low osmolarity and is thought to physiologically translate as such: low TviA during
intestinal epithelial invasion downregulates Vi expression and allows flagellar motility and SPI-1 T35S
activity, while Vi upregulation in tissues promotes immune evasion (Winter et al.,, 2009b; Arricau et

al., 1998; Virlogeux et al., 1994; Pickard et al., 1994) as discussed next.

TviA dampens pro-inflammatory NF-kB-mediated responses by downregulating SPI-1 T35S
upon tissue entry and introduction of TviA in S. Typhimurium has the same effect (Winter et al., 2014).

Similarly, TviA-mediated repression of flagellin expression is responsible for preventing inflammasome
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activation, as indicated by reduced levels of pyroptosis, an inflammatory form of cell death, and IL-1p
(Winter et al., 2015). S. Typhi is less cytotoxic for primary human macrophages compared to S.
Typhimurium in a flagellin-dependent manner (Kortmann, Brubaker & Monack, 2015). Also, TviA-
mediated reduction of flagellin production and secretion results in reduced levels of MAP kinase
(MAPK) signalling and secretion of the chemoattractant IL-8 by human epithelial cells, while the
presence of the capsule per se is not required for this immunomodulatory mechanism (Winter et al,,
2008; Raffatellu et al., 2005a). Importantly, introduction of the viaB locus in S. Typhimurium leads to

reduced inflammation in a murine mouse model (Haneda et al., 2009).

The presence of Vi confers increased resistance to human serum and phagocytosis (Wilson et
al., 2011), likely by limiting antibody binding to O-antigens (Wangdi et al., 2014; Hart et al., 2016). The
Vi may bind to prohibitin molecules on the host cell surface, thus dampening inflammation through
MAPK signalling and IL-8 production (Sharma & Qadri, 2004). Also, Vi prevents recognition of LPS by
toll-like receptor (TLR) 4 and flagellin by TLR5, thereby reducing secretion of TNF and IL-8 leading to
low levels of neutrophil influx, a characteristic of S. Typhi infection (Raffatellu et al., 2005a; Wilson et
al., 2008; Winter et al., 2008). In contrast to S. Typhimurium, human neutrophils do not respond to
the presence of S. Typhi by forming pseudopods in vitro, as the Vi interferes with complement

activation and complement-dependent chemotactic neutrophils responses (Wangdi et al., 2014).

In summary, the viaB locus mediates evasion of both intracellular immunity by TivA-
dependent downregulation of the SPI-1 T3SS and flagellin expression, and of extracellular immune
mechanisms by the Vi acting as a physical shield, interfering with immune recognition and complement

deposition on the bacterial surface (Winter et al., 2015; Wangdi et al., 2014; Wilson et al., 2008, 2011).

1.6.3 O-antigen in S. Paratyphi A
The highly variable O-antigen is an oligo- or polysaccharide composed of repeating heteropolymers of
2—-8 monosaccharides, attached to the LPS core structure and extending towards the environment
(Alexander & Rietschel, 2001; Lerouge & Vanderleyden, 2002). The O-antigen is involved in protection
from recognition by immune receptors and antibodies, as well as from phagocytic cell uptake and
complement activation (Lerouge & Vanderleyden, 2002; Alexander & Rietschel, 2001). Therefore, the
O-antigen is under strong selection by the host immune system and, along with lipid A, serves as a
virulence determinant (Alexander & Rietschel, 2001) and as an important immunogen resulting in an
antibody-mediated response (Reyes et al., 2012). Modifications are hence essential to be able to evade
host immune responses (Reyes et al.,, 2012); these may also affect bacterial adherence and host

colonisation (Reyes et al., 2012; Lerouge & Vanderleyden, 2002).
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The LPS of Salmonella serogroups A and D to which S. Paratyphi A and S. Typhi belong to
respectively (Table 1.1), together with the LPS of serogroup B, is composed of the same minor O-
antigen (012) which has a trisaccharide D-mannose—L-rhamnose—D-galactose backbone (Fierer &
Guiney, 2001; Liu et al., 2014). The serogroups diverge at the branching sugar attached on the
mannose: group A has a paratose, group D a tyvelose, and group B an abequose, which is the main
structural difference between these O antigens (Fierer & Guiney, 2001; Liu et al., 2014). S. Typhi carries
the 09 antigen (tyvelose), and the NTS S. Typhimurium the O4 antigen (abequose) (Table 1.1).
However, rfbE, the gene encoding the enzyme responsible for converting CDP-Paratose to CDP-
Tyvelose, is mutated and non-functional in S. Paratyphi A; therefore, a paratose residue, i.e. the 02
antigen, replaces tyvelose (Hiyoshi et al., 2018b; McClelland et al., 2004; Liu et al., 2014). A few non-
human NTS serovars carry the 02 antigen, suggesting that this is not an adaptation to humans
(Grimont & Weill, 2007; Hiyoshi et al., 2018b). Structural diversity of the O-antigen additionally

increases by lateral modifications (e.g. glycosylation or acetylation) (Liu et al., 2014; Reyes et al., 2012).

S. Paratyphi A does not carry the Vi (Bueno et al., 2004), but instead produces very long LPS
O-antigen chains, mediated by the polysaccharide co-polymerase FepE, which is a pseudogene in S.
Typhi (Hiyoshi et al., 2018b). In fact, the loss of function in fepE is important for allowing Vi formation
and Vi-mediated inflammation suppression by S. Typhi (Crawford et al., 2013). The very long O-antigen
chains are thought to mediate immune evasion strategies, for which the Vi antigen is responsible in S.
Typhi (Hiyoshi et al., 2018a) (Table 1.2). Regulation of O-antigen chain length is also important for
S. Typhimurium virulence and very long O-antigen chains may interfere with bacterial uptake by
mouse macrophages in vitro (Murray, Attridge & Morona, 2003, 2006). Very long O-antigen chains also
contribute to complement resistance in S. Typhimurium (Murray, Attridge & Morona, 2005; Holzer et
al.,, 2009; Murray, Attridge & Morona, 2003). Similar to O-chain length regulation by FepE in
S. Typhimurium, the very long O-chains on the bacterial surface of S. Paratyphi A prevent antibody-
mediated complement activation by masking surface structures. Additionally, the S. Paratyphi A 02-
polysaccharide averts IgM antibody binding due to the inability of IgM to bind to the 02 antigen. In
contrast, the 09 antigen of S. Typhi is bound by IgM but this is hindered by the presence of the Vi
(Hiyoshi et al., 2018b; Hart et al., 2016). Therefore, the ability of both pathogens to prevent antibody
binding, the complement bactericidal effects and the induced phagocyte respiratory burst, was
acquired independently through convergent evolution (Hiyoshi et al., 2018b). It thus appears that the
production of a capsule, be it the Viin S. Typhi or the very long O-polysaccharides of S. Paratyphi A, is

important for manifestation of enteric fever (Johnson, Mylona & Frankel, 2018; Hiyoshi et al., 2018a).
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1.6.4 Flagella
The majority of S. enterica serovars are motile, having multiple peritrichous flagella, a structure
essential for motility and chemotaxis. Compared to S. Typhimurium, typhoidal Salmonella serovars
Paratyphi A, Typhi and Sendai are significantly less motile, expressing the motility-chemotaxis regulon
at lower levels (Elhadad et al., 2015a). The flagellar filament is composed of flagellin monomers; S.
Typhimurium encodes for two alternating, antigenically distinct flagellins (FliC and FIjB) regulated by a
phase variation mechanism (Simon et al., 1980). On the other hand, S. Paratyphi A and S. Typhi are
generally considered monophasic (McClelland et al., 2004; Sabbagh et al., 2010). S. Typhi has only one
gene encoding for flagellin FliC of antigen H:d and lacks the gene responsible for phase switching (hin).
S. Paratyphi A has a frameshift mutation in hin, disabling phase switching (McClelland et al., 2004).
However, S. Typhi H:j antigenic variants have been isolated in Indonesia, a variation of H:d due to an
in-frame deletion (Frankel et al., 1989; Baker et al., 2008). Indonesian S. Typhi isolates have also been
observed to be biphasic, expressing a plasmid-encoded FljB analogue of the H:z66 antigen (Baker et
al., 2007a), as well as a FliC repressor (Baker et al., 2007a) repressing fliC expression making z66 the
dominant antigen (Baker et al., 2007b). H:j and H:z66 antigenic variants are thought to have recently
emerged during S. Typhi evolution (Baker et al., 2008), due to immune selection in the Indonesian
region, where S. Typhi incidence is high (Baker et al., 2007a). This additional variation is thought to be
important for immune response evasion by S. Typhi (Schreiber et al., 2015). A similar phenomenon

has not been reported in S. Paratyphi A yet.

Flagellar-mediated motility facilitates host cell invasion by both typhoidal (Elhadad et al.,
2015a; Liu et al., 1988) and NTS (Van Asten et al., 2000; Elhadad et al., 2015a). Flagellin is a potent
activator of the immune system for most bacterial pathogens (Miao et al., 2007), recognised by
immune receptors, resulting in (pro)inflammatory cytokine secretion (Hayashi et al., 2001; Miao et al.,
2007, 2006; Kortmann, Brubaker & Monack, 2015; Reyes Ruiz et al., 2017). However, S. Typhi and S.
Paratyphi A exploit high, fever-like temperatures as a cue to attenuate host cell invasion and bacterial

motility, which is hypothesised to promote persistence within the host (Elhadad et al., 2015b).

1.6.5 Adhesins
Interactions with and adhesion to host cells are often facilitated by fimbriae, pili and other adhesive
proteins found on the bacterial surface, which are critical for intestinal colonisation. Salmonella
expresses an array of fimbrial operons, which are dependent on the serovar (Townsend et al., 2001;
Sabbagh et al.,, 2010; Azriel et al., 2017). Differences in the adhesin repertoire in serovars
contributes to differences in their infection mechanisms. For example, unlike S. Typhimurium that
preferentially invades M cells, stg-depleted S. Typhi shows preferential entry in enterocytes over M

cells in vitro in an stg-dependent manner (Gonzales, Wilde & Roland, 2017). This can in part be
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explained by the absence of Lpf (long polar fimbriae) in S. Typhi, which mediates M cell recognition
and attachment in S. Typhimurium (Gonzales, Wilde & Roland, 2017). Furthermore, the fimbrial
repertoire and allelic variation observed in fimbrial operons have been suggested to play a rolein
defining serovar host specificity and tissue tropism (Townsend et al., 2001; Bishop et al., 2008; Yue et
al., 2012; Sabbagh et al., 2010; Yue et al., 2015), but the selective pressures driving this selection are
not always clear. For example, allelic variation in the adhesin of the fim operon, as well as low
binding point mutations, are suggested to be involved in host-specific interactions in S. Typhimurium,
while absence of variation in S. Typhi, in addition to high binding, restricts it to binding to human cells
(Yue et al., 2015, 2012; Kisiela et al., 2012). Also, pseudogenisation and degradation of fimbrial genes
is thought to be implicated in host restriction and adaptation (Yue et al., 2012). S. Typhi and Paratyphi
A share pseudogenisation or loss of genes in fimbrial operons, which are found active in
S. Typhimurium and other NTS and may be related to the inability of typhoidal serovars to infect other
hosts (Liu et al., 2009; McClelland et al., 2001; Townsend et al., 2001; Parkhill et al., 2001; Yue et al.,
2012), while few operons remain fully functional in both serovars (McClelland et al., 2004).
Additionally, the presence of pseudogenes has been hypothesised to be a mechanism of energy
preservation for S. Typhi, as fimbrial production is an energetically costly process (Dufresne, Saulnier-
Bellemare & Daigle, 2018). However, our understanding of the role of most fimbrial operons during
infection remains limited (Sabbagh et al., 2010), particularly in the context of S. Paratyphi A infection.
Their expression varies between laboratory growth conditions (Dufresne, Saulnier-Bellemare & Daigle,

2018; Azriel et al., 2017), which further complicates functional investigation and characterisation.

1.6.6 Toxins
The typhoid toxin is a virulence factor expressed by both S. Typhi and S. Paratyphi A (Haghjoo & Galan,
2004; den Bakker et al., 2011), however, it has been extensively studied only in S. Typhi. The typhoid
toxin islet is absent from S. Typhimurium and S. Enteritidis, but is found in other NTS serovars like S.
Javiana, S. Montevideo and S. Schwarzengrund (den Bakker et al., 2011; Suez et al., 2013; Rodriguez-
Rivera et al., 2015; Miller & Wiedmann, 2016). Mice systemically administered with purified active
typhoid toxin developed typhoid symptoms, although not fever, suggesting that typhoid toxin may be
responsible for symptom manifestation during human infection, while they also exhibited a drop in
immune cell numbers and neutrophil circulation (Song, Gao & Galan, 2013), in line with the possible
role of typhoid toxin in modulating the host immune response as assessed in humans (Gibani et al,,
2019). Before the typhoid toxin can exert its toxicity, S. Typhi must be intracellular and within the SCV
(Haghjoo & Galan, 2004; Spano, Ugalde & Galan, 2008; Fowler & Galan, 2018). Toxin sorting and
packaging in vesicles from the SCV requires interaction with a N-acetylneuramic acid (Neu5Ac)-

terminated receptor in the SCV lumen (Chang, Song & Galan, 2016). Typhoid toxin then enters target
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cells through binding to Neu5Ac-terminated glycans, which is a human-specific moiety, on surface
glycoproteins (Song, Gao & Galan, 2013; Deng et al, 2014). Most non-human mammals, such as
chimpanzees and mice, have mainly N-glycolylneuramic acid (Neu5Gc) moieties on their glycans, and
are thus resistant to typhoid toxin activity. This specificity is underlined by the resistance shown by
human cells induced to display Neu5Gc instead of Neu5Ac, as well as mice engineered to constitutively
express Neu5Gc (Deng et al., 2014). The specificity of typhoid toxin for human-specific sialic acid
modifications may be accountable to a certain extent for the lack of typhoid fever symptom
development in other species (Deng et al., 2014). Furthermore, following binding to cell receptors, the
toxin enters the cells and the active subunit targets the nucleus exerting its DNA-damaging effect,
causing G»/M cell cycle arrest (Spano, Ugalde & Galan, 2008; Haghjoo & Galédn, 2004; Ibler et al., 2019;
Miller & Wiedmann, 2016; Rodriguez-Rivera et al., 2015). In an in vitro study, typhoid toxin caused
extensive single-stranded DNA formation, triggering an atypical DNA damage response, which
ultimately led to senescence of the intoxicated cell, which is thought to increase cell susceptibility to
S. Typhi infection thus promoting chronic infection (lbler et al.,, 2019; Miller & Wiedmann, 2016).
However, typhoid toxin was recently shown not to mediate infection and manifestation of the clinical
presentation of typhoid fever in a human challenge model, while its role in systemic disease and

chronic carriage in humans remains to be elucidated (Gibani et al., 2019).

S. Paratyphi A and S. Typhi also express the less well-studied, transmembrane pore-forming
hemolysin HIYE (or ClyA), whose role in pathogenicity remains elusive (Faucher et al., 2009; Oscarsson
et al., 2002; Wallace et al., 2000). This toxin is absent from S. Typhimurium, but present in some other
NTS serovars (Faucher et al., 2009; den Bakker et al., 2011; Oscarsson et al., 2002; Fuentes et al., 2008),
as well as E. coli and Shigella (Wallace et al., 2000). HIyE and the typhoid toxin are often both present
in Salmonella serovars (den Bakker et al., 2011). The hlyE gene is within the SPI-18 alongside an invasin
(Typhi-associated invasion A, taiA). TaiA promotes phagocytosis by macrophages, while HIyE limits
bacterial growth within macrophages (Faucher et al., 2009). If indeed macrophages offer a shielded
environment for bacteria during systemic dissemination, this complementary action of the two
proteins may promote chronic infection (Faucher et al., 2009). HIyE has also been suggested to
promote invasion in human epithelial cells in vitro via an unknown mechanism (Fuentes et al., 2008;
Faucher et al., 2009). Ectopic expression of hlyE in S. Typhimurium facilitated colonisation of liver and
spleen in mice, pointing towards a role in systemic stages of infection (Fuentes et al., 2008). Typhoid
toxin and HIyE may thus be contributing to some of the infection characteristics that distinguish S.

Typhi and S. Paratyphi A from S. Typhimurium.
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1.7 The carrier state of enteric fever
The carrier state describes typically asymptomatic patients who, after convalescence, are contagious
by intermittently shedding high levels of bacteriain faeces and urine one year after infection (Crawford
et al., 2010; Gunn et al., 2014; Khatri et al., 2009; Gal-Mor, 2019; Dongol et al., 2012). The carrier state
has been explored mainly with S. Typhi, while it is less investigated in S. Paratyphi A infection (Khatri
et al., 2009; Gal-Mor, Boyle & Grassl, 2014; Dongol et al., 2012). However, both pathogens can
establish chronic carriage in secondary organs, resulting in approximately 2-5% of the infected
population becoming carriers in endemic areas (Levine et al., 1982; Khatri et al., 2009). Considering
the host restriction of typhoidal Salmonella, faecal shedding of bacteria is thought to promote enteric
fever transmission and persistence in endemic areas with carriers acting as reservoirs (Gunn et al.,
2014; Khatri et al., 2009; Pitzer et al., 2014; Saul, Smith & Maire, 2013; Gal-Mor, 2019). Notorious
examples of carriers come from workers in food services such as “Typhoid Mary the cook” and “Mr. N
the milker” who, although healthy themselves, were responsible for more than 200 cases of typhoid
fever (Ledingham, 1999; Brooks, 1996). More recently, a S. Paratyphi A outbreak among Israeli
travellers was possibly traced back to food handlers at a site they visited in Nepal (Gal-Mor et al., 2012;
Meltzer et al., 2014). It is worth noting that, although NTS shedding is evident for some weeks after

infection, long-term carriage of NTS is rare and symptomatic (Gal-Mor, 2019; Marzel et al., 2016).

Extraintestinal infection suggests crossing of the intestinal epithelial barrier, efficient immune
evasion and invasion and/or colonisation of a permissive, immune-privileged niche (Gunn et al,, 2014;
Gal-Mor, 2019; Raffatellu et al., 2008). Although other systemic sites are also colonised during the
carrier state (Figure 1.3), the biliary tract and gallbladder are thought to be the primary sites (Gonzalez-
Escobedo, Marshall & Gunn, 2011; Gal-Mor, 2019; Gonzalez-Escobedo, La Perle & Gunn, 2013).
Typhoidal Salmonella may exploit different mechanisms to persist in the gallbladder (Figure 1.5).
Gallbladder colonisation may be promoted by formation of biofilms by S. Typhi on gallstones when
cholesterol is present (Crawford et al., 2010; Prouty, Schwesinger & Gunn, 2002; Crawford et al.,
2008). This is supported by the high correlation of gallstones and the carrier state (Gonzalez-Escobedo,
Marshall & Gunn, 2011; SchiglLer et al., 1983), and the difficulty in treating chronic carriage with
antimicrobials (Gunn et al., 2014; Gonzélez et al., 2018). In fact, human gallstones covered with S.
Typhi biofilms have been observed microscopically (Gunn et al., 2014; Marshall et al., 2014). Almost
90% of S. Typhi carriers suffer from gallstones (SchiglLer et al., 1983), while about 3.5% of patients
undergoing cholecystectomy in endemic regions carried S. Paratyphi A or S. Typhi (Dongol et al., 2012;
Ristori et al., 1982). S. Typhi may form biofilms also on the gallbladder epithelium (Gonzalez-Escobedo
& Gunn, 2013a) and S. Typhi aggregates on this epithelium have been observed in patients from

endemic countries (Basnyat & Baker, 2015). Alternatively, growth in the gallbladder lumen or invasion
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and replication within epithelial cells are other mechanisms possibly exploited by S. Typhi to persistin
the gallbladder (Gonzalez-Escobedo & Gunn, 2013a; Menendez et al., 2009). Bacterial detachment
from biofilms formed in the gallbladder and shedding, as well as bacterial release following cell death
of infected host cells, possibly mediate reinfection of the gut (Gunn et al., 2014; Gal-Mor, 2019;
Knodler et al., 2010; Crawford et al, 2010; Gonzalez-Escobedo & Gunn, 2013a). Many of these
mechanisms remain to be demonstrated with S. Paratyphi A. Nevertheless, the ability of S. Typhi and
S. Paratyphi A to colonise the gallbladder indicates mechanisms to tolerate the antimicrobial
properties of bile (Section 1.8.2) (van Velkinburgh & Gunn, 1999; Johnson et al., 2018), while
interestingly, genomic organisation reflects the ability of S. Typhi and S. Paratyphi A to colonise the
gallbladder. Chromosomal re-arrangements, which may slow down growth, are associated with
gallbladder colonisation, where the need for a fast growth rate during competition with native
microbiota is minimal (Hiyoshi et al, 2018a), further supporting the adaptation of typhoidal

Salmonella to the gallbladder environment.

Biofilm formation

Replication on gallstones

in GB lumen 4

Biofilm formation GB epithelial GB epithelial
on GB epithelium cell invasion cell extrusion
P and replication & shedding

Figure 1.5 Salmonella gallbladder colonisation models.

There are different models proposed by which Salmonella may colonise the gallbladder during the carrier state.
Salmonella may form biofilms on cholesterol-containing gallstone surfaces (1), replicate in the gallbladder lumen
(2), or form biofilms on the gallbladder epithelium when gallstones are present (3). Alternatively, Salmonella
may invade the gallbladder epithelium and replicate intracellularly (4) which may lead to host cell death, cell

extrusion and bacterial shedding (5). GB, gallbladder. Image created using Biorender.
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On the host side, risk factors promoting chronic carriage are gender, age, and the presence of
gallstones. The carrier state is more common among women than men, while the risk seems to
increase with age (Levine et al., 1982; Gal-Mor, 2019; Gunn et al., 2014; SchiglLer et al., 1983; Crawford
et al., 2010). Gallstone-induced inflammation in the gut, possibly aids Salmonella in colonising an
already compromised epithelium (Gonzalez-Escobedo & Gunn, 2013a). Chronic carriage has been
correlated with malignancies associated with the gallbladder (Nath et al., 2008; Caygill et al., 1995;
Ristori et al., 1982; Nath, Singh & Shukla, 1997); chronic inflammation and damage in the gallbladder
by bacteria and gallstones possibly increases the risk of cancer (Gunn et al., 2014; Scanu et al., 2015;
Gonzalez-Escobedo, La Perle & Gunn, 2013). It is unclear whether the bacteria mediate the damage or
whether the damaged tissue serves as a permissive niche for bacterial colonisation, but an acute

inflammatory response is induced by the presence of S. Paratyphi A or S. Typhi (Dongol et al., 2012).

1.8 Bile during Salmonella infection
1.8.1 Bile composition and functions
Bile is a prolonged stress factor for Salmonella, as the bacterium is exposed to bile in the small intestine
during infection and at higher concentrations in the gallbladder during chronic infection (Gunn, 2000;
van Velkinburgh & Gunn, 1999; Sistrunk et al., 2016). Bile is an aqueous, sterile, slightly basic, dark
yellow digestive secretion, produced and secreted in the intestinal tract by the liver and stored in the
gallbladder in high concentrations following water removal by the gallbladder epithelium (Hofmann,
1999; Boyer, 2013). Bile is composed mainly of bile acids, cholesterol and phospholipids, while
pigments such as bilirubin and biliverdin are responsible for its colour. The primary role of bile is to aid
in emulsification and solubilisation of lipids during digestion and to promote excretion of cholesterol,
as well as harmful substances, including insoluble or protein-bound and drug metabolites (Begley,
Gahan & Hill, 2005; Hofmann, 1999; Boyer, 2013). Primary bile acids are synthesised in hepatocytes as
the end products of cholesterol degradation and the main ones in humans are cholate and
chenodeoxycholate (Hofmann, 1999; Urdaneta & Casadesus, 2017). To prevent damage to biliary
epithelial cell membranes, bile acids form micelles with phospholipids (Hofmann, 1999). Furthermore,
bile acids are conjugated with glycine or taurine that further hinders their ability to penetrate cell
membranes. Bile acids may be modified by intestinal microbiota giving rise to secondary bile acids
deoxycholate and litocholate, which facilitate reabsorption and bile acid cycling in the hepatic
circulation (Hofmann, 1999; Urdaneta & Casadesus, 2017). Finally, as discussed in the following
section, bile has antimicrobial properties, which along with the continuous flow of fresh bile going

through, maintain the biliary tract relatively free from microorganisms (Gunn et al., 2014).
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1.8.2 Antimicrobial properties of bile
Due to its amphipathic nature, bile has antimicrobial properties as it can dissolve membrane lipids,
thus disrupting membrane integrity and causing intracellular material leakage (Begley, Gahan & Hill,
2005; Urdaneta & Casadesus, 2017). Bile also affects the conformation and stability of molecules such
as DNA and various proteins (Begley, Gahan & Hill, 2005; Urdaneta & Casadesus, 2017). Nucleotide
mutations and chromosomal rearrangements may become more frequent in Salmonella, as well as
oxidative DNA damage in the presence of bile (Prieto, Ramos-Morales & Casadesus, 2004, 2006). IgA
and mucus are also present in bile, hindering bacterial growth and adhesion (Hofmann, 1999; Boyer,
2013; Begley, Gahan & Hill, 2005). In addition, bile acids promote intestinal homeostasis by inducing
the production of protective host molecules that are not a component of bile, such as antimicrobial
peptides from biliary epithelial cells (Urdaneta & Casadesus, 2017). Moreover, bile acids may chelate

ions like iron and calcium that are important for bacterial survival (Urdaneta & Casadesus, 2017).

1.8.3 Salmonella mechanisms of bile tolerance and resistance
The range of bile concentration varies from 0.2—2% w/v in the small intestine to up to 8% w/v in the
gallbladder (Gunn, 2000). However, to promote survival in these environments, enteric pathogens
have evolved a multitude of mechanisms to sense, respond, and tolerate the antimicrobial effects of
bile listed above (Sistrunk et al., 2016; Urdaneta & Casadesus, 2017; Gunn, 2000; Begley, Gahan & Hill,
2005). Gram-negative bacteria are more resistant to bile than Gram-positive bacteria, possibly due to
their outer membrane structure (Begley, Gahan & Hill, 2005; Sengupta, Ray & Chowdhury, 2014).
Salmonella is considered to be inherently resistant to bile and to individual bile salts (van Velkinburgh
& Gunn, 1999). S. Paratyphi A can grow relatively well in bile concentrations of < 5%, while it shows a
significant growth defect when bile concentration reaches 15% (Zhou et al.,, 2016). The minimum
inhibitory concentration (MIC) for S. Typhi and S. Typhimurium is 12% and 18%, respectively, while the
minimum bacteriostatic concentration is 18% and 60% (van Velkinburgh & Gunn, 1999), exceeding the
concentrations encountered in the human body (Gunn, 2000). Sublethal bile concentrations allow
adaptation of Salmonella to bile, increasing its survival in high concentrations (van Velkinburgh &
Gunn, 1999; Hernandez et al., 2012). S. Paratyphi A and S. Typhi have been isolated from bile of
cholecystectomy patients, with median loads of 9.3 x 10*CFU/mL and 5.2 x 10* CFU/mL, respectively
(Dongol et al., 2012). Therefore, the ability of Salmonella to replicate within the gallbladder lumen and
to form biofilms on gallstones (Figure 1.5), support that this pathogen is capable of survival in high bile
concentrations, which is required for its lifestyle (Menendez et al., 2009; Gonzalez-Escobedo & Gunn,

2013a; Crawford et al., 2010; Prouty, Schwesinger & Gunn, 2002; Basnyat & Baker, 2015).

Gene products involved in bacterial resistance to bile include envelope structures, porins,

efflux pumps, and proteins involved in stress responses and DNA repair mechanisms (Begley, Gahan &
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Hill, 2005; Sistrunk et al., 2016; Urdaneta & Casadesus, 2017; Gunn, 2000; Alvarez-Ordoéfiez et al.,
2011). To counteract the membrane damaging effects of bile, bacterial species may change their
membrane composition and architecture (e.g. fatty acid composition and lipid fluidity) (Begley, Gahan
& Hill, 2005). In particular, Salmonella withstands exposure to bile via several mechanisms (Sistrunk et
al., 2016): (i) multiple bile-sensitive bacterial mutants are linked to membrane integrity including Tol
genes (Ramos-Morales et al., 2003; Prouty et al., 2002) and loss of the LPS O-antigen, as well as the
enterobacterial common antigen (ECA), renders Salmonella bile-sensitive (Prouty et al., 2002; Ramos-
Morales et al., 2003; Crawford et al., 2012), (ii) the downregulation of porins in S. Typhimurium in
combination with the upregulation of efflux pumps regulate bile salt entry and transport out of the
bacterium, like the AcrAB pump and the TolC efflux pump (Prouty et al., 2004a; Langridge et al., 2009;
Sengupta, Ray & Chowdhury, 2014), while (iii) Salmonella also induces DNA repair mechanisms
including Dam and RecABCD in response to bile (Prieto, Ramos-Morales & Casadesus, 2004, 2006;
Langridge et al., 2009). Although their role in bile resistance is not well understood, the two-
component PhoPQ system, which is important for virulence in both S. Typhi and S. Typhimurium, is
essential for Salmonella survival in bile, as loss of PhoPQ increases susceptibility to bile killing, while
overexpression of this system increases survival in high bile concentrations (van Velkinburgh & Gunn,
1999). Although most of these studies have been performed in S. Typhimurium, a study showed that
survival of S. Typhi in 10% bile requires many of these genes, such as acrAB, tolC, dam, genes involved
in O-antigen biosynthesis, and phoPQ (Langridge et al., 2009). Additionally, S. Typhi immunogenic
antigens in typhoid carriers were identified using an immunoscreening method and these included

membrane proteins, lipoproteins and proteins assisting in ion efflux (Charles et al., 2013).

1.8.4 Salmonella virulence gene regulation in response to bile
Enteric bacterial pathogens including Shigella flexneri, Vibrio cholerae, pathogenic E. coli, and S.
Typhimurium exploit bile as an environmental cue to sense their location within the host and adjust
the expression of virulence genes (Sengupta, Ray & Chowdhury, 2014; Sistrunk et al., 2016; Alvarez-
Ordoniez et al., 2011). Examples of virulence-specific responses to bile include Shigella activating
biofilm-formation, invasion and adherence genes in response to bile (Pope, Reed & Payne, 1995;
Nickerson et al.,, 2017; Faherty et al., 2012). The T3SS tip protein (lpaD) undergoes conformational
changes upon binding to deoxycholate, which leads to recruitment of the translocator protein (IpaB)
promoting T35S-dependent epithelial cell invasion (Olive et al., 2007; Stensrud et al., 2008; Dickenson
et al., 2011). On the other hand, V. cholerae represses transcription of virulence-associated genes
including cholera toxin, while it activates motility for effective colonisation (Gupta & Chowdhury, 1997;
Schuhmacher & Klose, 1999). Enterohemorrhagic E. coli (EHEC) 0157:H7 may downregulate the LEE

(locus of enterocyte effacement) pathogenicity island, which is important for virulence and adhesion,
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in response to bile in order to prevent adhesion in the small intestine as opposed to the colon where

there is no bile (Hamner et al., 2013).

S. Typhimurium downregulates expression of SPI-1 proteins and effector secretion following
exposure to bile, which lead to decreased epithelial cell invasion (Prouty et al., 2004b; Prouty & Gunn,
2000; Johnson et al., 2018; van Velkinburgh & Gunn, 1999). Motility is also decreased in response to
bile, as flagellar and chemotaxis genes are downregulated (Prouty et al., 2004b; Johnson et al., 2018).
Bile salts bind to the T3SS tip protein (SipD), like in Shigella, although the consequence of this remains
unknown (Wang et al., 2010b). Although the regulatory mechanisms of S. Typhimurium virulence in
response to bile remain poorly understood; the stability of the SPI-1 regulator HilD is affected in the
presence of bile which might partially explain the bile-mediated effect on SPI-1 expression (Eade et al,,
2016). The current model for S. Typhimurium suggests that bile is sensed in the intestinal lumen
leading to repression of invasion-associated genes, where bile concentrations are high. When bile
concentrations drop as S. Typhimurium traverses the intestinal mucus layer and approaches the

intestinal epithelium, these genes are derepressed to facilitate invasion (Prouty & Gunn, 2000).

Salmonella forms biofilms on gallstones during establishment of the carrier state (Figure 1.5).
Therefore, unsurprisingly, when grown in vitro in bile S. Typhimurium upregulates genes responsible
for biofilm formation, flagella, outer membrane proteins, quorum sensing and ECA synthesis genes
(Prouty, Schwesinger & Gunn, 2002; Marshall et al., 2014; Crawford et al., 2008; Crawford, Reeve &
Gunn, 2010; Gonzalez-Escobedo & Gunn, 2013b). In fact, the presence of bile is essential for induction
of biofilm formation in S. Typhi and S. Typhimurium, with the most important constituent being

cholesterol (Prouty, Schwesinger & Gunn, 2002; Crawford et al., 2008; Marshall et al., 2014).

Although the importance of bile during systemic infection has long been recognised (Gunn,
2000; Gonzalez-Escobedo, Marshall & Gunn, 2011), the response of typhoidal serovars to bile remains
poorly investigated. S. Typhi can survive in the gallbladder (Section 1.7), suggesting that it possesses
mechanisms to withstand high bile concentrations and adjust its gene expression accordingly
(Langridge et al., 2009; Johnson et al., 2018). Although there was early evidence that S. Typhimurium
and S. Typhi respond differently to bile (van Velkinburgh & Gunn, 1999), it was only until recently that
transcriptomic analysis revealed that S. Typhi behaves unlike S. Typhimurium in response to bile. More
specifically, bile induces upregulation of SPI-1, motility and chemotaxis genes in S. Typhi, leading to
higher levels of Hela cell invasion (Johnson et al., 2018). The mechanistic details have yet to be
determined, but, in contrast to S. Typhimurium (Eade et al., 2016), S. Typhi HilD stability increases
during exposure to bile (Johnson et al.,, 2018). Interestingly, the increased SPI-1 expression and

invasion phenotype is amplified with a H58 clinical strain, which is more bile resistant than the
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reference S. Typhi Ty2 strain (Johnson et al., 2018). The S. Typhi behaviour in response to bile may
reflect adaptation to the gallbladder environment during chronic infection and thus may have
facilitated H58 dissemination (Johnson et al., 2018; Johnson, Mylona & Frankel, 2018). This is also
suggested by the unique genotype of carrier strains and the improved ability of a carrier compared to
an outbreak strain to form biofilms (Kalai Chelvam, Chai & Thong, 2014; Charles et al., 2013; Hatta et
al.,, 2011). Bile-induced DNA damage may be one of the driving forces of mutagenesis and adaptation
within the gallbladder (Prieto, Ramos-Morales & Casadesus, 2006, 2004). Also, increase in the
expression of metabolic genes exploiting bile components as substrates, such as glycerophospholipids,
further demonstrate that typhoidal Salmonella are well adapted to the gallbladder milieu (Johnson et
al.,, 2018; Antunes et al., 2011). Despite these insights in the behaviour of S. Typhimurium and S. Typhi

upon exposure to bile, the effect of bile on S. Paratyphi A remains unknown.

1.9 The inflammasome host immune response to Salmonella
1.9.1 Pattern recognition receptors and inflammatory signalling
The host innate immunity is the first line of defence, as it can mount an immediate response against
infection, within minutes to hours (Medzhitov, 2007). The first step in responding to an infection is
being able to detect the pathogen, as well as the associated danger signals. This role is carried out by
pattern recognition receptors (PRRs) recognising pathogen (PAMPs) or danger-associated molecular
patterns (DAMPs), leading to downstream pro-inflammatory responses (Kumagai, Takeuchi & Akira,
2008; Medzhitov, 2007; Sellge & Kufer, 2015). PRRs include receptors belonging to the TLR or C-type
lectin receptor (CLR) families, which can recognise specific conserved structures on pathogens. These
are membrane-bound receptors present on the host cell plasma membrane and on intracellular
compartments like endosomes, sensing PAMPs found in the extracellular environment or inside
endosomes/lysosomes. Cytoplasmic receptors belonging to the nucleotide binding and
oligomerisation domain (NOD)-leucine-rich repeat protein (NLR), retinoic acid-inducible gene-I (RIG-
I)-like receptor/helicase (RLR/RLH), and AIM2 (absent in melanoma 2)-like receptor (ALR) families
detect ligands in the host cell cytosol (Kumagai, Takeuchi & Akira, 2008; Sellge & Kufer, 2015; Takeuchi
& Akira, 2010; lwasaki & Medzhitov, 2015). PRRs are expressed primarily in immune cells such as
macrophages and dendritic cells, but non-immune cells frequently exposed to the external
environment like epithelial cells also express several of these PRRs (Kumagai, Takeuchi & Akira, 2008;
Takeuchi & Akira, 2010). Aberrant activation of PRRs, for example when they fail to distinguish
between self and non-self-molecules, can lead to autoimmune diseases, making the tight regulation

of these pathways essential (Medzhitov, 2007; Takeuchi & Akira, 2010).
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Upon recognition of the activating signal, PRRs induce intracellular signal transduction
cascades, triggering the expression of pro-inflammatory, such as TNF and pro-IL-1B, and/or activation
of programmed cell death pathways, such as apoptosis or pyroptosis. For example, once stimulated,
membrane-bound TLRs recruit adaptor proteins like myeloid differentiation protein 88 (MyD88) or
TIR-domain-containing adaptor protein inducing IFN-B (TRIF), triggering activation of NF-kB, mitogen-
activated protein (MAP) kinase and IRF-dependent transcriptional upregulation of genes leading to
production of proinflammatory cytokines and/or type | interferons (IFNs) (Kawai & Akira, 2010;
Takeuchi & Akira, 2010; Haraga, Ohlson & Miller, 2008). The intracellular NLRs are composed of a NOD
and a leucine-rich-repeat (LRR) domain at the C terminus. NLRs are distinguished based on their N-
terminal domain which can be a caspase-recruitment domain (CARD; e.g. NLRC4), a pyrin domain (PYD;
e.g. NLRP3), or a baculoviral inhibitor-of-apoptosis protein repeat-containing (BIR) domain (e.g. NAIP
[NLR Family Apoptosis Inhibitory Protein]) (Medzhitov, 2007). ALRs such as AIM2 contains a PYD at the
N-terminus and a HIN200 domain at the C terminus (Hornung et al., 2009) (Figure 1.6). NLRs and ALRs
are not involved in transcriptional activation of genes involved in the inflammatory response
(Medzhitov, 2007). Instead, NLRs and ALRs are examples of sensors that assemble into intracellular
multiprotein complexes known as inflammasomes, which result in caspase-1 activation, pyroptosis

and secretion of proinflammatory cytokines IL-18 and IL-1p as described in Section 1.9.3.

1.9.2 Host innate immunity to Salmonella — an overview
The host immune response to Salmonella has been mostly studied with S. Typhimurium as a model
organism, both in cells and using the typhoid-like murine model of infection in vivo. Following
ingestion, Salmonella first encounters opposition from physical barriers and immune responses in the
small intestine. These include a thick mucus layer composed mucins, as well as antimicrobial peptides
(AMPs) secreted by Paneth cells which target different bacterial cell components (Figure 1.3) (Broz,
Ohlson & Monack, 2012). Infection with non-invasive NTS results in a stereotypical host response,
characterised by neutrophil influx following recognition of Salmonella by PRRs (Raffatellu et al., 2008;
Broz, Ohlson & Monack, 2012). Expression of PRRs on the basolateral side of epithelial cells and on
macrophages and dendritic cells in the lamina propria allows the host to discriminate Salmonella from
resident bacteria of the microbiota (Raffatellu et al., 2008; Franchi et al.,, 2012). Multiple TLRs are
involved in recognition of Gram-negative bacteria including Salmonella. For example, TLR4 recognises
LPS, TLR5 flagellin, and TLR9 binds to unmethylated CpG repeats on bacterial DNA (Kawasaki & Kawai,
2014). Breach of the epithelial barrier expose Salmonella to resident macrophages and dendritic cells
in the submucosa (Broz, Ohlson & Monack, 2012). Phagocyte-mediated defences are important for
limiting systemic dissemination of NTS (Hiyoshi et al., 2018a), through phagocytosis and signalling to

other immune cells (Broz, Ohlson & Monack, 2012). During S. Typhimurium infection, an extensive
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inflammatory response occurs in the intestinal mucosa, which includes the production of several
interleukins, such as IL-22, IL-18, IL-1B, IFNy, as well as chemokines like IL-8 that attract neutrophils
(Broz, Ohlson & Monack, 2012). Bacterial clearance is mediated by cell death by pyroptosis, release of
intracellular bacteria and neutrophil killing of extracellular Sa/lmonella (Broz, Ohlson & Monack, 2012;

Gal-Mor, Boyle & Grassl, 2014).

Typhoidal Salmonelia are adept at evading host immune responses and moderating intestinal
inflammation (Table 1.2). While cytokines such as IFNy are detected during acute enteric fever, levels
of IL-1B and TNF are considered low (Gal-Mor, Boyle & Grassl, 2014; Gal-Mor et al., 2012) and, as
mentioned earlier, infection with typhoidal Salmonelia is not characterised by a neutrophil infiltration
(Raffatellu et al.,, 2008; Gal-Mor, Boyle & Grassl, 2014), which allows their systemic dissemination
(Figure 1.3). The requirement of a strong immune response against NTS is highlighted by the increased
susceptibility of immunocompromised patients and patients with immune deficiencies (e.g. IL-12/IL-
23 axis), who, however, are not susceptible to typhoidal Salmonella, further supporting the existence
of major differences in the immune response against the two types of serovars (Gal-Mor, Boyle &
Grassl, 2014; Raffatellu et al., 2008). Macrophages are important for both typhoidal and non-typhoidal
Salmonella serovars, particularly for systemic dissemination. However, the interactions of

macrophages with S. Paratyphi A have been investigated only recently and in a very limited manner.

1.9.3 Inflammasome activation during Salmonella infection
Inflammasomes are multimeric protein assemblies, acting as cytosolic platforms for proteolytic
cleavage and activation of caspase-1, which in turn processes pro-inflammatory cytokines and cell
death mediators (Eldridge & Shenoy, 2015; Broz & Dixit, 2016; Schroder & Tschopp, 2010). They play
an essential role in antibacterial innate immunity, but inflammasome dysregulation can also lead to
the development of multiple autoinflammatory syndromes (Fusco & Duncan, 2018; Medzhitov, 2007;
He, Hara & Nufiez, 2016). Inflammasomes have been mostly studied in macrophages, however they
have been also shown to be active in neutrophils and dendritic cells, in addition to non-professional
immune cells such as epithelial cells (Sellin, Miiller & Hardt, 2018; Schroder & Tschopp, 2010), and
may perform distinct functions in different cell types (Vance, 2015). Canonical activation of
inflammasomes (Sections 1.9.3.5, 1.9.3.6) leads to caspase-1-mediated maturation and secretion of
proinflammatory cytokines pro-IL-18 and pro-IL-1B, and cell death by Gasdermin-D (GSDMD)-
mediated pyroptosis which are described in Sections 1.9.3.2 and 1.9.3.3, respectively. Non-canonical
inflammasome activation may also occur and induce pyroptotic cell death via caspase-4/5 (Section

1.9.3.8).
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1.9.3.1 Inflammatory caspases
Caspases are cysteine-dependent aspartate-specific proteases and are distinguished into apoptotic
(initiator caspase-2, -8, -9, and -10 and executioner caspase-3, -6, and -7) and inflammatory (caspase-
1, -4, -5, and -11) (Fernandez & Lamkanfi, 2015). Inflammatory caspases are involved in maturation
and secretion of pro-inflammatory cytokines IL-18, IL-1B, and IL-1a, cell death by pyroptosis and

elimination of pathogens (Sanchez-Garrido et al., 2020).

Caspase-1 is important for mediating clearance of intracellular pathogens including
S. Typhimurium (Miao et al.,, 2010a; Mariathasan et al., 2004; Broz & Monack, 2011; Raupach et al,,
2006; Lara-Tejero et al., 2006; Broz et al., 2010b). Caspase-1 recruitment to the inflammasome
complex at high concentrations allows the dimerization of caspase-1 monomers which leads to
autoproteolysis and activation (Boucher et al., 2018; Datta et al, 2013; Srinivasula et al.,, 2002).
Caspase-1 is synthesised as a 45 kDa monomeric zymogen containing a CARD at the N-terminus and
p20/p10 (20 kDa/10 kDa) subunits at the C-terminus (Figure 1.6) (Thornberry et al., 1992; Wilson et
al., 1994). Although the active species of caspase-1 has long been thought to be a tetramer of two p20
and two p10 subunits (p20/p10), it was recently proposed that the full length p45 and a transient
heterodimer p33/p10 enable caspase-1 activity (Boucher et al., 2018; Wilson et al., 1994). p33/p10

undergoes autoprocessing releasing p20/p10 disrupting the stability of the dimer, which results in
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Figure 1.6 Canonical inflammasome assembly.

Schematic showing domain composition of selected human NLRs and AIM2. Homotypic interactions between
domains lead to caspase-1 recruitment and activation. Molecules that do not contain a CARD bind to caspase-1
via ASC; CARD-containing NLRs can activate caspase-1in the absence of ASC, but caspase-1-mediated processing
of cytokines is compromised. Assembly of inflammasomes into multiprotein platform allows downstream

events, such as cleavage of cytokines and GSDMD (not shown). Image created using Biorender.
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termination of caspase-1 protease activity, serving as an intrinsic mechanism to regulate and

deactivate inflammasomes (Boucher et al., 2018).

The other inflammasome-associated inflammatory caspase is caspase-11 in mice, which
corresponds to caspase-4 and caspase-5 in humans (Fernandez & Lamkanfi, 2015). Caspase-4 and
caspase-5 are possibly the result of gene duplication of the ancestral caspase-11-like gene (Martinon
& Tschopp, 2004). These caspases are involved in cytosolic LPS recognition in the non-canonical
inflammasome pathway (Kayagaki et al., 2015; Shi et al., 2015; Casson et al., 2015; Hagar et al., 2013;
Aachoui et al., 2013; Shi et al., 2014), which is described in Section 1.9.3.8. Caspase-4 binds to LPS via
its CARD domain, leading to its activation without complete autoprocessing and resulting in p32

fragments (Shi et al., 2014; Casson et al., 2015; Yang, Zhao & Shao, 2015).

1.9.3.2 IL-1B and IL-18 pro-inflammatory cytokines
The pro-inflammatory cytokines IL-18 and IL-1B are synthesised as the inert precursors pro-IL-18 and
pro-IL-1B, respectively. Caspase-1-mediated maturation into their active forms (pl18 and pl7,
respectively) is required for their unconventional secretion (Chan & Schroder, 2019). IL-1p belongs to
the so-called leaderless proteins, as it does not have a signal sequence to direct its secretion via the
endoplasmic reticulum and Golgi apparatus canonical secretory pathway (Eder, 2009). As both IL-18
and IL-1P are leaderless proteins with similar modes of regulation, the secretion of IL-18 is assumed to
follow a similar route to IL-1pB, although it has not been well studied. It is thought that their release
occurs through GSDMD pores (see also 1.9.3.3) via their pore function or via passive secretion upon
cell lysis (together with their pro-forms) (Evavold et al., 2018; Chan & Schroder, 2019; Broz, Pelegrin
& Shao, 2019). These cytokines may also be secreted independently of pyroptosis, such as by
neutrophils during S. Typhimurium infection and by monocytes upon exposure to LPS or S.
Typhimurium, or during hyperactivated macrophages (Diamond et al., 2017; Gaidt et al., 2016; Chen
et al., 2014; Evavold et al., 2018). Following maturation, IL-1f and IL-18 bind to their receptor,
triggering signalling that results in production of inflammatory mediators and recruitment of other

immune cells, promoting local inflammation (Joosten, Netea & Dinarello, 2013; Dinarello et al., 2013).

1.9.3.3 Pyroptosis and Gasdermin-D
Pyroptosis is a pro-inflammatory, lytic form of cell death, accompanied by cell swelling and release of
cell contents (Bergsbaken, Fink & Cookson, 2009; Shi, Gao & Shao, 2017; Jorgensen & Miao, 2015). It
is thought to disrupt the intracellular replication niche of pathogens, allowing killing by extracellular
immune mechanisms, such as through pore-induced intracellular traps (PITs) (Jorgensen et al., 2016).

Pyroptosis hence allows secretion of pro-inflammatory cytokines, as well as DAMPs, and promotes cell
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extrusion and release of intracellular pathogens (Sellin et al., 2014; Knodler et al., 2014; Miao et al.,

2010a; Man, Karki & Kanneganti, 2017; Hayward et al., 2018).

GSDMD belongs to the human Gasdermin family, which consists of six proteins with different
expression profiles (Broz, Pelegrin & Shao, 2019). GSDMD, expressed in most tissues, has been
identified as the caspase substrate inducing membrane rupture and cell death by swelling and osmotic
lysis (Liu et al., 2016; Kayagaki et al., 2015; Shi et al., 2015; Ding et al., 2016; Broz, Pelegrin & Shao,
2019; He et al., 2015). GSDMD was first identified as the mediator of pyroptosis, during caspase-1 and
caspase-11 cell death in murine macrophages (Kayagaki et al., 2015; Shi et al., 2015; He et al., 2015).
Since then, caspase-8 has also been shown to cleave GSDMD (Orning et al.,, 2018). Therefore,
pyroptosis has been redefined as Gasdermin-mediated programmed necrotic cell death (Broz, Pelegrin
& Shao, 2019). GSDMD is cleaved by caspases into its N- (p30) and C-terminal domains (Shi et al., 2015;
Liu et al., 2016; Aglietti et al., 2016). Full-length GSDMD remains inactive by structural autoinhibition
of the C-terminal domain that folds on the N-terminal domain; this activity inhibition mechanism is

conserved among most Gasdermins (Ding et al., 2016; Rathkey et al., 2017; Shi et al., 2015).

Caspase-mediated cleavage of GSDMD is required to trigger pyroptosis. Cleavage between the
N and C-domains allows the release of the N from the C-domain, which can then translocate to the
plasma membrane to form pores of 10-16 nm (Shi et al., 2015; Liu et al., 2016; Broz, Pelegrin & Shao,
2019; Ding et al., 2016). In agreement with the inhibitory role of the C-terminus, ectopic expression of
the GSDMD N-domain alone is sufficient to induce pyroptosis by selectively binding lipids found on the
inner leaflet of the plasma membrane and oligomerising to form pores (Liu et al., 2016; Ding et al.,
2016; Aglietti et al., 2016; Shi et al., 2015; Mulvihill et al., 2018), while mutation of the interdomain
cleavage site blocks GSDMD-mediated pyroptosis (Liu et al., 2016; Rathkey et al., 2017). The GSDMD
N-domain can also bind to cardiolipin, which is found on bacterial membranes, and thus GSDMD may
also have direct bactericidal properties (Liu et al., 2016; Ding et al., 2016). Supporting GSDMD pore-
mediated cytokine secretion, the size of the pores suggests mature IL-1p and IL-18 passage through
them, while their precursors are too large to pass (Liu et al., 2016; Ding et al., 2016; Aglietti et al.,
2016). Following GSDMD-mediated pore formation combined with overwhelming the ability of the cell
to naturally repair the membrane (Riihl et al., 2018), the cell swells and undergoes osmotic lysis and

eventually pyroptosis (Ding et al., 2016; Shi, Gao & Shao, 2017; Aglietti et al., 2016; Sborgi et al., 2016).

1.9.3.4 Inflammasome signalling
Inflammasome assembly relies on homotypic interactions between protein domains of the different
components (Figure 1.6). For example, NLRC4 can directly interact with pro-caspase-1 through CARD-

CARD interactions and lead to pyroptotic cell death (Duncan & Canna, 2018). For receptors that lack a

55



INTRODUCTION

CARD domain, like NLRP3, an adaptor molecule named ASC (apoptosis-associated speck-like protein)
is recruited. ASC is a bipartite molecule containing a PYD and CARD and serves as a bridge between
the PYD of the NLR and the CARD of pro-caspase-1 (Hara et al., 2013; Fernandes-Alnemri et al., 2007).
Recruitment of ASC leads to formation of a single ASC-speck in the host cell, which is visible by

microscopy (Broz et al., 2010b; Mariathasan et al., 2004; Man et al., 2014b; Bryan et al., 2009).

Inflammasomes are often described as requiring two signals in order to be fully activated.
Signal 1, the priming signal, involves activation of pro-inflammatory signalling pathways by microbial
components, cytokines or interferons. Specific microbial ligands and/or homeostatic perturbations
often caused by infection are examples of signal 2, the activating signal. Bacterial infection can thus
provide both signal 1 and 2, and lead to robust inflammasome activation (Schroder & Tschopp, 2010;
He, Hara & Nufiez, 2016; Bauernfeind et al., 2009). NLRs recognise a variety of signals related to
infection, both directly (e.g. T3SS components) and indirectly (e.g. mitochondrial damage), while AIM-
2 directly binds to intracellular dsDNA, and PYRIN responds to modifications of Rho GTPases induced
by bacteria. Following recognition of signal 2, inflammasome-associated receptors oligomerise and
form a single multimeric complex (Eldridge & Shenoy, 2015; Broz, 2019; Sharma & Kanneganti, 2016).
The outcomes of inflammasome activation, namely maturation and secretion of pro-inflammatory
cytokines and pyroptosis are essential for promoting inflammation and aiding in limiting the pathogen

burden (Hayward et al., 2018).

Inflammasome-associated proteins are also regulated at the post-translational level. Briefly,
phosphorylation of inflammasome components, proteolysis or binding to an activating ligand are key
for activation or contribute to optimal activity (Fusco & Duncan, 2018). Guanylate binding proteins
(GBPs) are a family of GTPases that control bacterial replication and enhance inflammasome activation
(Kim et al., 2012; Shenoy et al., 2012; Meunier et al., 2015). These molecules are IFNy-induced and
their actions after macrophage IFNy priming promote inflammasome activation during infection with
S. Typhimurium (Shenoy et al., 2012; Meunier et al., 2014; Santos et al., 2018; Santos & Broz, 2018;
Fisch et al., 2019a; Pilla et al,, 2014). GBPs may have different activities during inflammasome
activation, such as mediating bacteria-containing vacuole disruption, or promoting LPS binding to

caspase-11 to enable oligomerisation (Eldridge & Shenoy, 2015; Santos & Broz, 2018).

Inflammasomes have been extensively studied in infection with S. Typhimurium; however,
most of our understanding comes from murine studies and inflammasome responses in human cells
remain poorly investigated (Bierschenk, Boucher & Schroder, 2017). The main inflammasomes known
to be activated by S. Typhimurium are NLRP3 (Section 1.9.3.5), NLRC4 (Section 1.9.3.6), and the non-

canonical pathway (Section 1.9.3.8), while caspase-8 (Section 1.9.3.7) also contributes to these
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pathways (Figure 1.7). Other known inflammasomes are NLRP1, AIM2, PYRIN, and NLRP6. N-terminal
cleavage of NIrplb results in destabilisation and proteasomal degradation which leads to release of
the C-terminal FIIND and CARD domain which interacts with and activates caspase-1. Although Nlrplb
can respond to bacterial proteins that cause its N-terminal cleavage, such as proteases (anthrax toxin)
or ubiquitin ligases (Shigella 1paH7.8), (Sandstrom et al, 2019; Hayward et al, 2018; Mitchell,
Sandstrom & Vance, 2019; Xu et al, 2019), such Salmonella-associated factors have not been
identified yet. The AIM2 inflammasome detects the presence of dsDNA in the cytosol following
infection with a virus or an intracellular bacterium (Hornung et al., 2009; Fernandes-Alnemri et al.,
2010; Rathinam et al., 2010; Sagulenko et al., 2013; Jones et al., 2010; Warren et al., 2010). The HIN200
domain of AIM2 directly binds to dsDNA independently of the DNA sequence (Roberts et al., 2009).
AIM2 is not involved in caspase-1 activation nor IL-1B secretion during infection with S. Typhimurium
(Fernandes-Alnemri et al., 2010; Rathinam et al, 2010; Jones et al, 2010), but it may have
inflammasome-independent roles. Mice deficient in AIM2 succumb to infection with S. Typhimurium
significantly faster than WT mice. This was shown to be due to the protective role of AIM2 against
Salmonella-mediated disruption of the intestinal epithelium integrity by promoting the expression of
tight junction proteins (Hu et al., 2016). Activation of PYRIN during S. Typhimurium infection has not
been reported so far (Wemyss & Pearson, 2019), while NLRP6 and NLRP12 appear to act in an
inflammasome-independent manner and dampen innate immune signalling, and mice deficient in
NLRP6 or NLRP12 are resistant to infection (Zaki et al,, 2014; Anand et al., 2012). However, the

mechanism and/or ligands underlying their activation by S. Typhimurium remain to be found.

The main inflammasome activation activated during Salmonella infection are next described
with a focus on their role during S. Typhimurium infection. The role of inflammasomes during infection
with S. Typhi has been investigated in a limited manner and will be outlined as well, while
inflammasome activation induced by S. Paratyphi A had not been investigated until this study to the

best of my knowledge.

1.9.3.5 The NLRP3 inflammasome
Despite extensive research on the NLRP3 inflammasome, the specific trigger is still to be defined. Due
to the low amount of NLRP3 in resting conditions to prevent unnecessary excessive activation, NLRP3
usually requires signal 1 to be expressed and to undergo post-translational modification by de-
ubiquitination to be ready for activation by signal 2 (Bauernfeind et al., 2009; Juliana et al., 2012; Py
et al., 2013). Other cellular processes also contribute to NLRP3 priming, such as caspase-8 (Gurung et
al., 2014), and thus signal 1 for NLRP3 activity may be more complicated than originally thought (He,
Hara & Nufiez, 2016). Multiple activating signals (signal 2) have been shown to induce NLRP3 activity,

including extracellular ATP, bacterial pore-forming toxins, and dysfunctional mitochondria (He, Hara
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& Nufez, 2016; Swanson, Deng & Ting, 2019). Additionally, NLRP3 can be activated by the non-
canonical pathway (Section 1.9.3.8). Due to the plethora of NLRP3 activation signals, it is thought that
NLRP3 does not interact directly with a specific ligand but rather these diverse signals act on acommon
cellular process which causes NLRP3 activation (He et al., 2016; Swanson, Deng & Ting, 2019). There
are several suggested such processes, such as K* efflux (Yang et al., 2015; Mufioz-Planillo et al., 2013;
Pétrilli et al., 2007), Ca?* efflux (Lee et al., 2012), release of oxidised mtDNA (Shimada et al., 2012),

production of ROS by mitochondria (Zhou et al., 2011), and lysosomal rupture accompanied by
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Figure 1.7 Human inflammasome activation during macrophage infection with S. Typhimurium.

Following infection, Salmonella mainly resides in the SCV. The needle and inner rod proteins of the SPI-1 T3SS,
as well as inadvertent flagellin secretion into the host cell cytosol, are recognised by the single human NAIP,
which in turn activates NLRC4. NLRC4 oligomerisation can occur independently of ASC resulting in caspase-1
activation and GSDMD cleavage and pyroptosis. However, ASC recruitment is required for optimal maturation
and release of cytokines. GBP-mediated SCV disruption results in cytosolic LPS, which is recognised by caspase-
4 leading to pyroptosis. Also, the resulting K* efflux is sensed by the NLRP3, along with other proposed signals,
resulting in its activation and ASC recruitment, which in turn leads to caspase-1-mediate cytokine maturation
and pyroptotic cell death. Finally, caspase-8 has been suggested to be involved in priming of NLRP3 and/or to be
recruited to the inflammasome complex. A large complex consisting of NLRP3, NLRC4, ASC, and caspase-1/8 may

form during infection with S. Typhimurium (not shown). Image created with Biorender.
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cathepsin release (Hornung & Latz, 2010). K* efflux is the result of many NLRP3 activation pathways
that involve pore formation, like treatment with the toxin nigericin and ATP stimulation, and thus is
considered a universal trigger of NLRP3 (Mufioz-Planillo et al., 2013). However, the mechanistic details
of K* efflux and NLRP3 activation are not fully elucidated (He, Hara & Nufiez, 2016) and some K* efflux-
independent NLRP3 activation pathways have also been described. For example, NLRP3 activation via
caspase-8 in human monocytes resulted in caspase-1 and IL-1p maturation without K* efflux and in the

absence of signal 2 (Gaidt et al., 2016).

During S. Typhimurium infection, NLRP3 contributes to IL-1P and IL-18 secretion, together with
NLRC4 and caspase-8, and these molecules are recruited to the same complex in macrophages (Man
etal., 2014b, 2013; Broz et al., 2010b; Qu et al., 2016; Bierschenk et al., 2019). Also, human monocytes
respond to S. Typhimurium infection by activating the NLRP3 inflammasome and secreting IL-1B
without undergoing pyroptosis possibly acting as a sustained signal for other immune cells (Diamond
et al., 2017). The NLRP3 inflammasome has been suggested to be important during the systemic stages
of §. Typhimurium infection in mice, as low expression of SPI-1 T3SS induces NLRP3 inflammasome via
an undetermined signal (Broz et al., 2010b; Sellin et al, 2014). Also, S. Typhimurium-mediated
disruption of glycolytic flux by utilising host cell glucose leads to reduced NADH and increased
mitochondrial ROS production, which has been suggested to activate NLRP3 (Sanman et al., 2016).
CARDSY, a protein associated with immune signalling and cytokine synthesis, limits NLRP3 and IL-1B
activation by interfering with ASC and caspase-8 recruitment to the inflammasome; however, upon
exposure to S. Typhimurium CARDS expression is downregulated in mouse macrophages promoting
increased production of IL-1B (Pereira et al., 2016). On the other hand, S. Typhimurium oxidative
metabolism has been proposed as an evasion mechanism of NLRP3 activation to promote systemic
virulence (Wynosky-Dolfi et al.,, 2014). NLRP3 activation is complex and the activating signal is not
always clear. It is therefore unsurprising that the trigger for NLRP3 activation upon S. Typhimurium

exposure is not established (Sanchez-Garrido et al., 2020) and warrants further investigation.

1.9.3.6 The NLRC4 inflammasome

The NLRC4 inflammasome has been extensively implicated in the immune response against S.
Typhimurium, and is also involved in many other enteric bacterial infections such as S. flexneri
(Bierschenk, Boucher & Schroder, 2017; Zhao & Shao, 2015; Sanchez-Garrido et al., 2020). The NLRC4
inflammasome complex is formed following recognition of the cognate ligand of NAIP molecules
leading to hetero-oligomerisation of NAIP and NLRC4 (Figure 1.6) (Yang et al., 2013; Hu et al., 2015;
Zhang et al., 2015; Kofoed & Vance, 2011). NAIP molecules undergo conformational changes recruiting
and activating NLRC4, which in turns self-oligomerises with other NLRC4 molecules (Hu et al., 2015;
Zhang et al., 2015; Diebolder et al., 2015; Halff et al., 2012). Humans have a single NAIP gene, while
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mice encode seven (Naipl—7). The human NAIP has been shown to recognise cytosolic Salmonella
flagellin (FIiC), T3SS rod (Prgl) and needle (Prgl) proteins (Figure 1.7) (Reyes Ruiz et al., 2017; Kortmann,
Brubaker & Monack, 2015; Yang et al., 2013), while mouse Naip1l recognises the T35S needle protein,
Naip2 the T3SS rod, and Naip5/6 recognise flagellin monomers (Yang et al., 2013; Zhao et al.,, 2011;
Broz et al., 2010b; Man et al., 2014b; Miao et al., 2006; Franchi et al., 2006; Kofoed & Vance, 2011;
Lightfield et al., 2008; Rayamajhi et al., 2013; Miao et al., 2010b). S. Typhi induces caspase-1 activation
and pyroptosis in both human primary macrophages and the THP-1 cell line (Kortmann, Brubaker &
Monack, 2015; Winter et al., 2015). This response is thought to be flagellin-dependent in primary cells
suggesting that NLRC4 is implicated (Kortmann, Brubaker & Monack, 2015), although further studies
are required to confirm this. Similarly, during THP-1 cell infection, TviA-mediated reduction of flagellin

has been suggested as a mechanism to limit pyroptosis (Winter et al., 2015).

The ability of a single NAIP to recognise different ligands is probably explained by the structural
similarity of the C-terminus of these proteins. More specifically, the C-terminal helical hairpin structure
of the T3SS needle protein is highly similar to that of the rod protein and flagellin (Yang et al., 2013;
Zhao & Shao, 2015; Miao et al., 2010b; Lightfield et al., 2008; Reyes Ruiz et al., 2017). Due to the
evolutionary relatedness of T3SS and flagellar apparatus, it is suggested that flagellin is inadvertently
secreted to the host cell cytosol via the SPI-1 T3SS (Zhao & Shao, 2015) and a functional SPI-1 T35S is
required for flagellin-induced caspase-1 activation (Sun, Rolan & Tsolis, 2007). The SPI-2 T3SS rod and
needle proteins are not recognised by NAIP due to their distinct structures, which possibly serves as
an immune evasion strategy at later stages of infection, together with downregulation of SPI-1
proteins and flagellin (Miao et al., 2010b; Reyes Ruiz et al., 2017; Miao et al., 2006, 2010a). The SPI-2
T3SS has been also shown to counteract the SPI-1 T3SS-mediated inflammasome activation implying
an immune evasion mechanism by S. Typhimurium at infection stages when SPI-2 is active (Bierschenk
et al., 2019). It is unclear whether typhoidal Salmonella exploit a similar evasion mechanism, as SPI-2

may not be required during infection with S. Typhi (Karlinsey et al., 2019; Forest et al., 2010).

During S. Typhimurium infection, NLRP3 and NLRC4 are recruited to a single macromolecular
complex together with caspase-1 and may be functionally redundant in mouse cells, although their
activating signals differ (Broz et al., 2010b; Man et al., 2014b; Qu et al., 2016). In support of this,
NLRC4-deficient mice can clear S. Typhimurium infection similarly to WT mice, while mice lacking both
inflammasomes are more susceptible to S. Typhimurium infection (Broz et al., 2010b). In human
primary macrophages and a macrophage-like cell line, pharmacological inhibition of NLRP3 alone does
not decrease caspase-1 activation and inflammasome-induced cell death, and both NLRC4 and NLRP3

are thought to contribute to pyroptosis and cytokine secretion (Bierschenk et al., 2019; Yang et al.,
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2013; Kortmann, Brubaker & Monack, 2015). NLRC4 contains a CARD and thus does not rely on ASC to
form an inflammasome complex capable of recruiting caspase-1 and NLRC4 can cause caspase-1-
dependent downstream signalling without caspase-1 undergoing autoproteolysis (Broz et al., 2010a).
However, ASC is required for optimal NLRC4 inflammasome activity ensuring cytokine maturation and

secretion (Broz et al., 2010a).

Studies in murine models have shown that NLRC4 activation leads to several downstream
events during infection with S. Typhimurium. NAIP/NLRC4 activation in murine intestinal epithelial
cells (IECs) is essential for limiting dissemination to systemic sites (Hausmann et al., 2020), as it results
in expulsion of such cells in the intestinal lumen promoting elimination of the pathogen (Sellin et al.,
2014; Rauch et al., 2017). Also, NLRC4 inflammasome activation results in cytoskeletal rearrangements
leading to cell stiffness and reduced bacterial uptake by host cells in vitro, limiting host cell infection
and pathogen intracellular survival (Man et al., 2014a). NLRC4-mediated cytokine secretion recruits
immune cells to the intestinal lumen and neutrophil-mediated elimination of S. Typhimurium, while
eicosanoid release as a result of cell expulsion promotes fluid accumulation to promote flushing of the
pathogen (Miao et al., 2010a; Franchi et al., 2012; Rauch et al., 2017). Activity of NLRC4 in intestinal
macrophages and dendritic cells in response to S. Typhimurium allows discrimination between
commensals and pathogens in the intestine, underlining the important role of this inflammasome in

host intestinal defence (Franchi et al., 2012).

1.9.3.7 Caspase-8 and inflammasomes
Caspase-8 is traditionally considered an apoptotic caspase (Fernandez & Lamkanfi, 2015; Feltham,
Vince & Lawlor, 2017). However, its role in inflammasome activation and modulation, as well as in
tissue homeostasis, is becoming increasingly apparent. Its many roles in inflammation include
promoting NLRP3 inflammasome priming and TLR-mediated cytokine production (Gurung et al., 2014;
Philip et al., 2014, 2016), as well as being involved in NLRP3-induced IL-1B secretion (Antonopoulos et
al., 2015). Importantly, caspase-8 can directly cleave pro-IL-1p at the same site as caspase-1, albeit
less efficiently (Maelfait et al., 2008). Similarly, Fas-dependent signalling, a TNF family receptor, can
induce caspase-8-dependent, inflammasome-independent IL-1P and IL-18 maturation (Bossaller et al.,
2012). In support of this, caspase-8 contains a death effector domain (DED) domain which can interact
with the PYD domain of ASC, pointing towards caspase-8 recruitment to the inflammasome platform
(Sagulenko et al., 2013; Vajjhala et al., 2015). Indeed, in the absence of caspase-1, NLRP3 activation
can induce ASC-caspase-8 polymerisation and caspase-8-dependent apoptosis (Antonopoulos et al.,
2015; Vajjhala et al., 2015; Sagulenko et al., 2013). Caspase-8 is involved in inflammasome activation
following infection with various pathogens. Francisella tularensis induces release of IL-18 in a caspase-

1-independent, caspase-8-depedent manner via AIM2-ASC (Pierini et al., 2013). Caspsase-8 is essential
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for host defence against Yersinia, as inflammasome activation engages caspase-8, which mediates
caspase-1 processing while it also directly cleaves GSDMD (Orning et al., 2018; Philip et al., 2014). As
mentioned earlier, during S. Typhimurium infection caspase-8 is recruited to the NLRP3 and NLRC4-
containing inflammasome complex, where caspase-8 is proteolytically activated and contributes to
cytokine production and processing, while it does not seem to affect pyroptosis of mouse
macrophages (Man et al.,, 2014b, 2013). During in vivo infection, caspase-8 is also activated
downstream of NLRC4 in an ASC-dependent manner in IECs promoting S. Typhimurium-infected cell

expulsion independently of caspase-1 and GSDMD (Rauch et al., 2017).

1.9.3.8 Non-canonical inflammasome activation
The NLRP3 inflammasome can be activated via a non-canonical pathway during S. Typhimurium
infection upon recognition of cytosolic LPS (Figure 1.7). This recognition occurs by human caspase-4
and caspase-5 or by mouse caspase-11, independently of TLR4 (Yang, Zhao & Shao, 2015; Shi et al.,
2014; Casson et al., 2015; Baker et al., 2015; Kayagaki et al., 2013, 2011; Hagar et al., 2013; Schmid-
Burgk et al., 2015; Aachoui et al., 2013). The CARD domains of caspase-4 and caspase-11 contain Lipid
A-binding sites allowing for direct recognition of cytosolic LPS by these caspases (Shi et al., 2014),
leading to caspase oligomerisation and activation (Shi et al., 2014; Yang, Zhao & Shao, 2015). Hexa- or
penta-acylated lipid A is recognised by caspase-11, while tetra-acylated lipid A is only recognised by
human caspase-4 (Hagar et al., 2013; Lagrange et al., 2018). Caspase-4/11 activation leads to GSDMD
cleavage and pyroptotic cell death, while IL-18 and IL-1p maturation is driven mainly by NLRP3-
mediated active caspase-1 (Kayagaki et al.,, 2011, 2015; Schmid-Burgk et al., 2015). K* efflux during
non-canonical activation has been proposed as the mechanism underlying NLRP3 activation, directly
caused by GSDMD pores or triggered by caspase-11-mediated pannexin-1 cleavage (Swanson, Deng &
Ting, 2019; Yang, Zhao & Shao, 2015; Rihl & Broz, 2015). GBPs are involved in the exposure of LPS to
the host cytosol during infection with Gram-negative bacteria (including S. Typhimurium) by mediating
disruption of the bacteria-containing vacuoles (Yang, Zhao & Shao, 2015; Santos et al., 2018; Fisch et
al., 2019a; Meunier et al., 2014; Shenoy et al., 2012). In support of this requirement of GBPs, IFNy-
treated human macrophages respond to S. Typhimurium by recruiting caspase-4 in a GBP-1-mediated
manner promoting pyroptosis, while untreated macrophages do not respond to S. Typhimurium in a
caspase-4-dependent manner (Fisch et al., 2019a). In addition to caspase-4, caspase-5 has also been
found to mediate cell death and IL-1B release during infection of human macrophages with S.
Typhimurium, in contrast to what is seen with LPS transfection alone where caspase-5 does not have

a role (Baker et al., 2015).
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1.10 Project aims
S. Paratyphi A is a neglected pathogen that may soon become the leading cause of enteric fever.
Understanding its virulence mechanisms and the ensuing host immune response is critical for vaccine
development. Important gaps in our knowledge include the interaction of S. Paratyphi A with the host
at the anatomical and cellular levels. The main aim of this project was to study S. Paratyphi A-host

interactions; in particular, | aimed to:

® |Investigate S. Paratyphi A responses to bile

e Study the interaction of S. Paratyphi A with human epithelial cells and macrophages

e Elucidate the activation of cell death and inflammasome activation pathways in human
macrophages during S. Paratyphi A infection

e Investigate infection with S. Paratyphi A clinical isolates

63






Materials & Methods

2.1 Bacterial culture and strains

2.1.1 Bacterial culture
Salmonella strains used in this study are listed in Table 2.1 and clinical isolates in Table 2.2. Salmonella
strains were routinely cultured in Lennox Lysogeny Broth (LB) at 37 °C with agitation (200 rpm) and
aeration, unless otherwise stated. Where necessary, growth media were supplemented with
antibiotics (Sigma) at the required concentrations: 50 pg/mL kanamycin (kan), 100 pg/mL
spectinomycin (Spec), or 100 pg/mL ampicillin (Amp). SPI-1 expression was induced either by sub-
culturing saturated cultures 1:33 to late exponential phase (optical density at Asgo (ODsoo) =1.8), or by
growth in microaerobic conditions, where bacteria were incubated as static cultures for 16—18 h in LB
Miller (ODgoo =1.0). Where applicable, Lennox LB was supplemented with 3% (w/v) filter-sterilised ox
bile (Sigma B3883/Merck 1037560500). For growth curves, bacteria were grown for 16 h before being

sub-cultured 1:50, and the ODggo Was monitored every hour.
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Table 2.1 Strains and plasmids used in this study

Strains
Name Genotype Source
G. Dougan (Wellcome Sanger
WT i
Institute, UK)
Ty2 AinvA::Kan' (Johnson et al., 2017)
%_ AtviB::Kan" Frankel Group (R. Johnson)
>
= AstoD::Kan' (McDowell et al., 2019)
vy
ERL12148 G. Dpugan (Wellcome Sanger
H58 Institute, UK)
129-0238 G. Dpugan (Wellcome Sanger
Institute, UK)
Ohad Gal-Mor (Tel Aviv University,
WT
< Israel)
= AfepE::Kan' This study
*E ATCC 9150 AinvA::Kan' Frankel Group (R. Johnson)
& AaceA::Kan' This study
“ AaceB::Kan' This study
AaceBA:Kan" This study
c WT ATCC
=3
s AprgH::Tn5 Joh tal,2017
u Z ATCC 14028 prgmin (Johnson et a )
< AprgHAssaV::Kan" Sophie Helaine, Imperial College
>
= AfepE::Kan' This study
Plasmids
Name Comments/Selection Source
Empty vector Spec’ (Johnson et al., 2017)
(EV)
DWSK29-hilA 9150 hilA gene, '1'3 promoter This study
o Spec
@
j=3 OWSK29-fepE 9150 fepE gene, 'rl'3 promoter This study
o)) Spec
~
e pWSK29- S r .
n pec
% sopD-TEM-1 This study
pWSK29-stoD- Spec’ .
TEM-1 This study
pWSK29-TEM- Spec’ .
1EV This study
Kan' cassette-expressing
pkD4 plasmid, used as template (Datsenko & Wanner, 2000)
Expressing A-red
recombinase under the
pKD46 arabinose-inducible araBAD | (Datsenko & Wanner, 2000)
promoter which is
temperature-sensitive, Amp"’
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2.1.2 Bacterial strains and mutagenesis
Salmonella deletion mutants were generated using the A-red recombinase system as previously
described (Datsenko & Wanner, 2000). Briefly, the kanamycin resistance (Kan')-encoding cassette was
amplified from pKD4 plasmid using primers (Table 2.3) complementary to the Kan' cassette-region

with approximately 50 base-pair overhang regions complementary to the upstream or downstream

Table 2.2 S. Typhi and S. Paratyphi A clinical isolate strains from Nepal.

Strains were kindly provided by Prof Stephen Baker during work in OUCRU, Vietnam. All strains were isolated
from patients with acute typhoid in Nepal in the stated year (Dolecek et al., 2008; Arjyal et al., 2016). S. Typhi
isolates were tested for Vi and 09, and S. Paratyphi A for O2 by slide agglutination (See Section 2.1.3).

Serovar Genotype/Lineage | ID/Name | Isolation Date, Age, Sex | Agglutination test
01TY052 | 2008, 4, M Vi+, 09+
01TYO61 | 2008, 16, M Vi+, 09+
01TYO65 | 2008, 23, F Vi+, 09+
01TYO66 | 2008, 11, F Vi+, 09+
01TY069 | 2008, 24, M Vi+, 09+
01TYO73 | 2008, 24, F Vi+, 09+
01TYO77 | 2008, 6, F Vi+, 09+
01TY083 | 2009, 6, F Vi+, 09+

Ge”O(tJESfBi 01TY088 | 2009, 19, M Vi+, 09+
01TY095 | 2009, 16, M Vi+, 09+
S. Typhi 01TY096 | 2009, 15, M Vi+, 09+
01TY102 | 2009, 18, M Vi+, 09+
01TY301 | 2010,16, M Vi+, 09+
01Ty426 | 2010,17, M Vi+, 09+
01TY433 | 2010,19, M Vi+, 09+
01Ty441 | 2010, 28, M Vi+, 09+
01Ty481 | 2010,17, M Vi+, 09+
01TY086 | 2009, 13, M Vi+, 09+
Genotype 3.3 01TY151 | 2009, 6, F Vi+, 09+
01TY154 | 2009, 17, F Vi+, 09+
01TY257 | 2009, 19, M Vi+, 09+
02TY129 | 2013,6, M 02+
_ 02TY221 | 2014,24, M 02+
S. Paratyphi A Hneage A 02TY224 | 2014,27, M 02+
ED293 2006, 24, M 02+
Lineage C ED199 2006, 35, F 02+
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regions of the gene of interest. PCR products were Dpnl-digested and purified. Salmonella carrying
pKD46 was grown at 30 °C to saturation before sub-culturing to mid-log phase (ODgoo =0.4-0.6) and A-
red recombinase was induced with the addition of 10 mM arabinose for 30 min prior to washing three
times with ice-cold 15% v/v glycerol. Salmonella was transformed with 1 pug Kan'-gene flanking
products by electroporation (2.5 kV, 200Q, 25 uF). Transformants were recovered in 1 mL SOC media
and incubated at 30 °C for at least 1 h. Kan"-only mutants were selected by growth on kanamycin-
containing agar plates and screened by sequencing using Up/Down primers (Table 2.3). Positive clones
were cured of pKD46 by 16 h growth at 42 °C and loss of the plasmid was confirmed by selection of
Kan-resistant, Amp-sensitive clones. Gene deletions were confirmed by sequencing (GATC/Eurofins)

using Up/Down primers (Table 2.3).

The hilA overexpression and fepE complementation plasmids were constructed by Gibson
assembly (NEB) following the manufacturer’s instructions. The TEM-1 plasmids were generated by first
constructing a pWSK29-Spec plasmid containing the TEM-1 B-lactamase by Gibson assembly (NEB)
according to the manufacturer’s instructions and using primers listed in Table 2.3. The indicated S.
Typhi Ty2 genes were cloned as a C-terminal fusion to TEM-1 (Table 2.3) into pWSK29-Spec-TEM-1.
Plasmid inserts were amplified with Q5 polymerase (Table 2.3) and confirmed by sequencing using
standard M13 primers. To transform plasmids into Salmonella, the indicated bacterial strains were
grown overnight and sub-cultured to mid-log phase. Bacteria were washed two times with ice cold
15% glycerol and transformed with 100 ng of plasmid by electroporation. Bacteria were recovered for

1 h at 37 °C and transformants were selected by growth on antibiotic agar plates.

2.1.3 Slide agglutination test
Clinical isolate strains were tested for the presence of Vi and 09 antigen for S. Typhi, and 02 antigen
for S. Paratyphi A by slide agglutination as follows. A drop of 0.9% NaCl solution on a glass slide was
mixed with 3-4 colonies of bacteria. 2-3 drops of Vi, 09, or 02 rabbit antisera (Remel) was mixed with
each bacteria-containing droplet. The droplets were visually inspected for clump formation and a

positive/negative readout was recorded.
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Table 2.3 Primers used in this study

Name | Sequence
Deletion mutants
9150 AfepE For TCATTGGATAAAGTTTTCAGGTCATACGGCATGCCATCTCTTAATGT

AAAACGTGTAGGCTGGAGCTGCTTC

Tm AfepE For

TCATTGGATAAATTTTTCAGGTCATACGGCATGCCATCTCTTAATGT
AAAACGTGTAGGCTGGAGCTGCTTC

9150/Tm AfepE Rev

GGATATCGCTATCCGGCTTTTCGGGTAAATCAGACTAACCGTTCATC
TACATATGAATATCCTCCTTAG

AinvA For ACTTAACAGTGCTCGTTTACGACCTGAATTACTGATTCTGGTACTAA
TGGGTGTAGGCTGGAGCTGCTTC (Johnson et al., 2017)

AinvA Rev GCTATCTGCTATCTCACCGAAAGATAAAACCTCCAGATCCGGAAAAC
GACCCATATGAATATCCTCCTTAG (Johnson et al., 2017)

AaceA For CACCACATAACAATATGGAGCATCTGCACATGAAAACCCGTACTCA
ACTGTGTAGGCTGGAGCTGCTTCG

AaceA Rev CGGTAAGCGCAGCGCCACCGGGCATCAATCAAAACTGCGATTCTTC
GGCATATGAATATCCTCCTTAG

AaceB For ATCTGGATCAACAACGAGGAGCTGCATGATGAATCCACAGGCAACC
ACTGTGTAGGCTGGAGCTGCTTCG

AaceB Rev GTGCAGATGCTCCATATTGTTATGTGGTGAATTAAGCCAGTAAGCG
ATAGCCATATGAATATCCTCCTTAG

Sequencing primers (gene deletion confirmation)

fepE Up AGGCAAGTTTAATTCCGAATATTTAGC

fepE Down TATGGGCTGCGCTGTATGATTATC

invA Up GTTACGTAGTATGACCGATATTGC (Johnson et al., 2017)

invA Down CCTCCAATTAATGAAGGATCGC (Johnson et al., 2017)

aceA Up CGATGCCGCACGTCTGATG

aceA Down GGTTTGAGCAATCAGTAATTCCAG

aceB Up TGGAAATTGTTTTTGATTTTG

aceB Down ACGGGCGGGTGATGCCTTC

Gibson assembly primers
hilA For GCTCCACCGCGGTGGCGGCCATGCCACATTTTAATCCTG
hilA Rev GGATCCACTAGTTCTAGAGCTTACCGTAATTTAATCAAGCG

pWSK29-Spec For (hilA vector)

GCTCTAGAACTAGTGGATC

pWSK29-Spec Rev (hilA vector)

GGCCGCCACCGCGGTGGA

fepE For

CTCCACCGCGATGCCATCTCTTAATGTAAAAC

fepE Rev

TACCGGGCCCTCAGACTAACCGTTCATC

pWSK29-Spec For (fepE vector)

GTTAGTCTGAGGGCCCGGTACCCAATTC

pWSK29-Spec Rev (fepE vector)

GAGATGGCATCGCGGTGGAGCTCCAGCT

pWSK29-Spec EV For GATATCAAGCTTATCGATACCG
(TEM1 fusion vector)
pWSK29-Spec EV Rev AATTCCTGCAGCCCGGGGGA

(TEM1 fusion vector)

TEM1 For

TCCCCCGGGCTGCAGGAATTCGCACCCAGAAACGCTGGTG

TEM1 Rev

GTATCGATAAGCTTGATATCTTACCAATGCTTAATCAGTGAGGCACC

Restriction digest primers

Ty2 sopD For (Notl)

CATGGCGGCCGCATGCCAGTCACTTTAAGCTTCG

Ty2 sopD Rev (EcoRl)

CGGAATTCCGTGTCAGTAATATATTACGACTG
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stoD For (BamHI)

CGCGGATCCAGAAGGAGATATACCTACGTAATGTTCTTAACATTTCC
TAATGTAG

stoD Rev (EcoRl)

CGCGGATCCAGAAGGAGATATACCTACGTAATGTTCTTAACATTTCC
TAATGTAG

RT-PCR primers

ftsZ For GTATCACCGAGCTGTCCAAG (Johnson et al., 2018)

ftsZ Rev CTGCGATACCCTGAACCG (Johnson et al., 2018)

hilA For CATGGCTGGTCAGTTGGAG (Johnson et al., 2018)

hilA REV CGTAATTCATCGCCTAAACG (Johnson et al., 2018)

sopB FOR GCCTGGAATTGTAAAAGCGG (Johnson et al., 2018)

sopB REV TTTTCTGTCCACCGCTATCC (Johnson et al., 2018)

hilD For TGCACTTATCCCAAACGAGC (Johnson et al., 2018)

hilD Rev GGCAGGAAAGTCAGGTGTATAG (Johnson et al., 2018)

fadE For TCGTCACTTCCCGCTTAAC (Johnson et al., 2018)

fadE Rev TCCTACCGACAAACATTCCAC (Johnson et al., 2018)

hilC For GTGGGTTTGATTTCCTTGAGC (primer designed by R. Johnson)
hilC Rev CCAGTTTTCGCTTCAGACTTG (primer designed by R. Johnson)
rtsA For TGTTTAATCCCTCACCTGTCC (primer designed by R. Johnson)
rtsA Rev GATTTCCTCTGCCAGTTTTGC (primer designed by R. Johnson)
fliZ For GGGAATATGTCGTGCGTTTAC (primer designed by R. Johnson)
fliZ Rev TCATCGAGAAAACCGTCCTG (primer designed by R. Johnson)
cysl For CTGTTGGTGATAGTGACGTCC (primer designed by R. Johnson)
cys) Rev ATTCATAAGAGGTGTCGCCG (primer designed by R. Johnson)
aceB For TGAAGGCGAACGTACAGAAG

aceB Rev CCTCCATCAGACCGTAAATCG

aceA For AGAAAGAGTGGACACAACCG

aceA Rev GTAATTTCACCACCTCCTCCG

icIR For CGGGCAGGTTCAGTCTTTAA

icIR Rev GGTGAGTCGTGGAATTAGGC

sodA For GTGCTGAAAGGTGACAAACTG

sodA Rev TTCAGATAGTAAGCGTGTTCCC

fliE For GCTGCGCTGGATCGTATTAG

fliE Rev TCGGCCATCACGTCATTAAG

SipA For ACGTCAGAAAAGGGCACTAC

SipA Rev TTCACAATCTCTGCCGTCTG

fepE For GGGTTGCTTCTGTCCTTTCTG

fepE Rev TTACCTCCATATCCAACACGC

16S For TGTAGCGGTGAAATGCGTAG (primer designed by R. Johnson)
16S Rev CAAGGGCACAACCTCCAAG (primer designed by R. Johnson)
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2.2 Cell lines and cell culture

2.21 Human cell lines used in this study
Human cell lines used in this study are listed in Table 2.4. All cell lines were maintained at 37 °Cin 5%
(v/v) CO; and were confirmed to be mycoplasma-negative (MycoAlert mycoplasma detection kit,
Lonza). The retroviral-transduced NAIP™® cell line was generated as previously described (Eldridge et
al., 2017) by P. Goddard, and the plasmid was designed by J. Sanchez-Garrido (Shenoy Group, Imperial

College London).

2.2.2 Hela cell culture
Hela cells were maintained in Dulbecco’s modified Eagle medium (DMEM) with 4500 mg/L glucose
(Sigma), 10% (v/v) heat-inactivated foetal bovine serum (FBS; Gibco) and 1% (v/v) GlutaMAX
(ThermoFisher Scientific). For harvesting, media were removed, cells were washed once with
Dulbecco’s Phosphate Buffer Saline (DPBS, Sigma) and treated with 0.2% EDTA (Sigma) supplemented
with 2% Trypsin (Sigma) for 5 min at 37 °C/5% (v/v) CO,. FBS-containing media was added to inactivate
trypsin and cells were harvested by centrifugation at 1,200 rpm. Cells were seeded at 7 x 10* cells/well
in 24-well plates for invasion assays or 3.5 x 10* cells/well in black wall/clear bottom 96-well plates for

translocation assays 24 h prior to infection.

Table 2.4 Cell lines used in this study.

Cell line Genotype Selection Source

Hela WT N/A ATCC

ATCC

THP-1 WT N/A John MacMicking laboratory (Yale
School of Medicine) (Shenoy et al.,
2012)

THP-1 pMX-CMV-YFP-GSDMD™F 5™ Puromycin | (Eldridge et al., 2017)

GSDMD™® [ TACACATTCATTGAGGTGCTGG-*

THP-1 pMX-CMV-YFP-ASC-miR30E °- Puromycin | (Goddard et al., 2019)

ASCmiR CAGCTCTTCAGTTTCACACCAG-*

THP-1 pMX-CMV-YFP-CAS4-miR30E °- Puromycin | (Pallett et al., 2016; Goddard et al.,

CASPA™® | ATATCTTGTCATGGACAGTCGT-* 2019)

THP-1 pMX-CMV-YFP-NAIP™R 5. Puromycin | Oligomer design by P. Goddard, cell

NAIP™® ATTCACAAAGTTCACCACGGCT-Y line (?onstruction by J. Sanchez-
Garrido, A. Shenoy group

THP-1 pMX-CMV-YFP-LacZ™R 5. Puromycin | (Eldridge et al., 2017)

miR

CTRL TCACGACGTTGTAATACGACGT-*

THP-1 pMX-ASC-mRFP Puromycin | (Goddard et al., 2019)

AscmRFP
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2.2.3 THP-1 cell culture
THP-1 cells were routinely cultured in suspension in RPMI-1640 (Sigma) supplemented with 10% (v/v)
heat-inactivated FBS, 1 mM Sodium Pyruvate (Sigma), 10 mM HEPES solution (Sigma) and 100 U/100
pg/mL penicillin/streptomycin (Sigma). Retroviral plasmid transduced cell lines (miR) were maintained

with 2 pg/mL Puromycin (Sigma).

Cells were seeded at 1.5 x 10° cells/well in 96-well black-wall clear-bottom plates for cell death
assays and CFU assays, at 4.5 x 10° cells/well in 48-well plates for western blotting, or at 5 x 10°
cells/well on glass coverslips in 24-well plates for immunofluorescence. For all assays, THP-1 cells were
seeded 3 days prior to infection and differentiated to macrophage-like cells with 100 ng/mL phorbol
12-myristate 13-acetate (PMA; Sigma) for 48 h. 24 h before infection PMA was withdrawn and
antibiotic-containing media was replaced with antibiotic-free media. For cell death assays, cell
treatments and infections were carried out specifically in complete RPMI media lacking phenol red

(Gibco) to prevent interference of the dye with propidium iodide (Pl).

2.2.4 Isolation of primary human monocyte-derived macrophages (MDMs)
Primary MDMs were prepared as previously described by CD14+ enrichment by MACS (Magnetic-
activated cell sorting, Miltenyi Biotec) (Goddard et al., 2019). Briefly, leukocyte cones were obtained
either from the NHS blood and transfusion service or from anonymous healthy donors. Buffy coats
containing white blood cells were prepared by diluting blood from each donor in PBS and using 50 mL
LeucoSep tubes (Greiner Bio-one) and centrifugation at 1000 x g for 20 min at RT (no breaks, to prevent
disturbance of blood layers). Following three washes with 20 mL of pre-warmed RPMI and two washes
with 20 mL of MACS buffer (50 mg/mL BSA, 2 mM EDTA in PBS), CD14+ cells were isolated using
biotinylated anti-CD14+ antibody and anti-biotin microbeads following the manufacturer’s guidelines
(Miltenyi Biotec). CD14+ cells were confirmed by flow cytometry (85-95%; performed by J. Sanchez-
Garrido) and were seeded and cultured for 7-8 days in RPMI supplemented with 20 ng/mL human
macrophage colony-stimulating factor (MCSF) to promote differentiation to macrophages. Media was

replenished every 3 days. MCSF and antibiotics were removed 24 h prior to infection.

2.3 THP-1 and MDM cell treatments
THP-1 or MDM cells were incubated with chemical inhibitors 1 h prior to infection or treatment at the
following concentrations: Z-VAD-FMK (R&D Systems, FMKO0O01) at 50 pM, Z-YVAD-FMK (R&D Systems,
FMKOO05) at 50 pM, Z-IETD-FMK (R&D Systems, FMK0O07) at 50 uM, and MCC950 (Tocris Bioscience,
5479) at 2 pM for THP-1 cells or 5 uM for MDMs.
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For LPS plus nigericin controls (LPS/Nig), THP-1 cells were primed with 250 ng/mL Ultra-pure
E. coli 0111:B4 LPS-EB (Invivogen, tirl-3pelps) for 3 h prior to treatment with 25 pM nigericin (Sigma)
for 1 h. When required, caspase-4 activation was induced in unprimed cells by transfecting LPS (5
pg/mL) with Lipofectamine 2000 transfection reagent [1% (v/v)] (Life Technologies). Caspase-8

activation was induced by treating unprimed cells with 2 uM staurosporine for 5 h (Sigma).

For small interfering RNA (siRNA)-mediated transient knockdown of CASP4, NAIP, and GSDMD
in MDM cells, ON-target Plus SMARTpool (Dharmacon) was used with siRNAs listed in Table 2.5, 72 h
post seeding. Transfection was performed with the Transit-X2 Transfection Reagent (Mirus) according
to manufacturer’s guidelines at a final siRNA concentration of 30 nM. Cells were incubated for 5-6 h

post transfection and media was supplemented with MCSF as described above.

Table 2.5 SMART Pool siRNA sequences

siRNA sequence Cat. No Source
siRNA ON-TARGETplus non-targeting | Dharmacon, D-001810-10 | (Goddard et al., 2019)
- UGGUUUACAUGUCGACUAA - D-001810-01
- UGGUUUACAUGUUGUGUGA - D-001810-02
- UGGUUUACAUGUUUUCUGA - D-001810-03
- UGGUUUACAUGUUUUCCUA - D-001810-04
siRNA CASP4 Dharmacon, L-004404-00 | (Goddard et al., 2019)
- GGACUAUAGUGUAGAUGUA - L-004404-05
- CAACGUAUGGCAGGACAAA - L-004404-06
- GAACUGUGCAUGAUGAGAA - L-004404-07
- UAACAUAGACCAAAUAUCC - L-004404-08
siRNA NAIP Dharmacon, L-004389-00 | A. Shenoy
- GCAUCGAACUCCAUUUAAA - J-004389-06
- GAACAUUAUCCAGCAGUUA - J-004389-07
- GAGCGAAAUUUAGCUGAAA - J-004389-08
- GUACAAGAUUCCCUGUCUA - J-004389-09
siRNA GSDMD Dharmacon, J-016207-00 | Q. Zhong, Frankel Group
- CCACGUGCUUGCAGGGUGA - J-016207-05
- GUCCUUCUCUUCCCGGAUA - J-016207-06
- GCACCUCAAUGAAUGUGUA - J-016207-07
- GGAACUCGCUAUCCCUGUU - J-016207-08

2.4 Cell infections

For THP-1 infections and infections with bile-grown bacteria, bacterial cultures were washed twice in
PBS and diluted to achieve the appropriate multiplicity of infection (MOI). CFUs were confirmed by
retrospective plating. Following infection, cells were centrifuged at 600 x g for 10 min in order to

synchronise the infection.
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2.41 Helainvasion and Hela replication assays
All Hela infections were performed at an MOI of 100 for all Salmonella serovars. Following infection,
invasion was allowed for 30 min at 37 °C/5% (v/v) CO,. Cells were washed twice with DPBS and media
supplemented with 100 pg/mL gentamicin (Sigma) was added to the cells for 2 h post infection. For
longer infection timepoints, gentamicin was reduced to 20 pg/mL. Cells were harvested following
washing twice with DPBS and incubating in ice cold DPBS supplemented with 0.1% Triton X100 for 5
min at RT. Cell lysates were mixed and serially diluted before plating in triplicate on LB agar plates for

CFU enumeration.

2.4.2 THP-1 gentamicin protection and chloroquine resistance assays
For gentamicin protection assays, THP-1 or MDM cells were treated with Z-VAD-FMK prior to infection
in order to prevent loss of internalised bacteria due to cell death. Cells were infected and at 30 min of
bacterial uptake by THP-1 cells, cells were washed once with DPBS and media supplemented with 100
pg/mL gentamicin was added. At 1.5 h post infection, cells were washed twice with PBS, lysed in 0.5%
Triton X-100 for 5 min at room temperature and serially diluted in sterile PBS. Dilutions were plated in
triplicate onto LB agar plates and CFUs were enumerated. To determine the percentage of cytosolic
bacteria, GSDMD™R THP-1 cells were used in order to minimise cell death. At 30 min post infection
gentamicin (100 pg/mL) was added. For the 1.5 h post infection time point, chloroquine (200 pg/mL;
Sigma) was additionally added to the cells for 1 h (Goddard et al., 2019), before lysing and plating
CFUs. For the 3 h post infection time point, gentamicin was reduced to 20 pg/mL and chloroquine (200
pg/mL) was added at 2 h post infection and left for 1 h to ensure killing of vacuolar bacteria. Cells were

lysed and CFUs were determined as above.

2.4.3 Pl uptake-based cell death assay
Prior to infection, cell media was replaced with full media supplemented with 5 uM PI (Sigma). Cells
were infected as described and Pl uptake was monitored one a FLUOstar Omega plate reader (BMG
Labtech) with 530 nm emission/ 620 nm excitation filters. Gentamicin was added 30 min post infection
to all wells at a final concentration of 200 pug/mL. For 100% cell death control cells, cells were treated
with 0.05% Triton X100 (defined as maximal cell lysis). Unless otherwise stated, experimental values
of Pl uptake were blanked with uninfected cell values. Cell death was calculated as the percentage of

the average value of maximal cell lysis.

2.44 Immunofluorescence
For minimising cell death, seeded cells were treated with Z-VAD-FMK prior to infection. Cells were
infected and treated with gentamicin as above. At the desired time points, cells were washed three

times with PBS. For inside/outside staining cells were transferred to ice and saturated with 2% Bovine
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SerumAlbumin(BSA;Si gma)forSmin,beforeaddinganti
for35 -45min .Allproceedingstepswerecarried out

with PBS and the secondary antibody

-CSAantibody( 1:200;InsightBiotechnology )
atroomtemperature (RT).Cellswerewashed

(1:200 donkey anti -goat immunoglobulin -Cy2; Jackson

ImmunoResearch) wasadded in 2% BSA for 30 min, before washing with PBS and fixing with 4%

Paraformaldehyde(PFA, ThermoFisherScientific)inPBSfor20min
washed three times with PBS

permeabilisedwith0.2%TritonX

before quenchingamines with 50

.PFAwasremoved andcellsw ere
MM NH 4Clfor10 min. Cellswere

-100(Sigma)for4min.CoverslipswereblockedinBSA (Sigma)for5s

min beforestaining bacteria with primaryantibodyin 2% BSA for 45 min. Cellswere washedand

blockedoncemore,beforea ddingsecondaryantibody,Hoechst(1:1,000),andphalloidin  -tetramethyl

rhodamineisocyanate(1:100;Invitrogen)for30min.
the desired time points and
CoverslipswerewashedinPBSbeforemountingwithProLongGoldantifadereagent(

Scientific)onmicroscopicslidesand

Fortotalstaining,coverslipswerefixedinPFAat
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ThermoFisher

visualizedusingaZeissAxioObserverZ1lmicroscopeat40 X or63 x

magnification atconsistentexposuretimes .ImageswereprocessedusingtheassociatedCarlZeissZen

Bluesoftware.

Table 2.6 Fluorescenceantibodiesusedinthisstudy

Antibody Source Identifier
Goatanti -CSA-1 InsightBiotechnology 01-91-99
PhalloidinAlexa647 Startech 23127-AAT
Hoechst33258 Sigma-Aldrich 94403

Donkeyanti -goat
immunoglobulin-Cy2

JacksonlmmunoResearch

705-225-147,
RRID:AB_2307341

2.4.5 Enzyme linked immunosorbent assay (ELISA)

CellswereinfectedasforPluptakeassaysandsupernatantswerecollectedat3hpostinfection. IL-1B

or TNFwasmeasuredusingthehuma

NTNF -a ELISA kit orthehumanlL -1betaELISAkit (ThermoFischer

Scientific) following the manufacturer’s guidelines. Absorbance was measured using a FLUOstar

Omegaplatereader (BMG Labtech)at450nm,andabsorbanceat540 nmwassubtracted forwell

correction.

2.4.6 Sample preparation for SDS-PAGE and immunoblotting

30min priorto treatment/infection THP

RMPIl,andmediawasreplacedwithserum

-1 cellswere washed

threetimes withnon -supplemented

-freeOptiMEMsupplementedwithImMsodiumpyruvate,

inwhichsubsequentprocedureswerecompleted. Fordetectionofsecreted proteins, supernatants

werecollectedandproteinswereprecipitate

dinacetone [1:5 (v/v)] at -20°Covernight,followedby

centrifugationat15,000 x g forl5 min.Pelletswereair -driedandre -suspendedin2XSDSloading
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buffer (4% SDS, 20% Glycerol, 120 mM Tris pH 6.8, bromophenol blue). Cell lysates were prepared in
ice-cold RIPA buffer (60 mM Tris pH 8.0, 150 mM NacCl, 1% NP-40, 0.5% sodium-deoxycholate, 1 mM
EDTA, 5% B-mercaptoethanol; Sigma) supplemented with Protease inhibitor (Pierce protease inhibitor
mini tablets, EDTA-free, ThermoScientific), and 1 mM phenylmethylsulfonyl fluoride (PMSF) and
resuspended in 1X SDS loading buffer. Supernatant and lysate samples were vortexed and boiled for
10-15 min and centrifuged. Proteins were separated by SDS polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto 0.2 um PVDF membranes (GE Healthcare) by semi-dry transfer (BioRad
TransBlot) at 25 V for 30 min. Membranes were blocked in 10% milk in PBS-T before incubation with
primary and secondary antibodies as listed in Table 2.7. Membranes were imaged using ECL Prime

western blotting detection reagent (GE Healthcare) with a BioRad ChemiDoc XRS+.

2.5 Bacterial protein expression analysis
Bacteria were grown under desired conditions in liquid culture and the ODgg was recorded. 1 mL of
culture was collected by centrifugation and re-suspended in appropriate amount of 2X SDS loading
buffer (1M Tris pH 6.8, 2% SDS, 20% glycerol, 5% B-mercaptoethanol, bromophenol blue), i.e. 100 pL
per 1 of ODsgo unit. Samples were processed, separated by SDS-PAGE and transferred to PVDF
membranes as above, before membranes were incubated in 5% milk followed by primary antibody

(Table 2.7) in 5% milk at 4 °C overnight. Membranes were imaged as above.

2.6 Transcriptome analysis

2.6.1 RNA extraction
Bacteria were cultured overnight in LB or LB supplemented with 3% (w/v) ox bile, before being diluted
1:33 and grown to late exponential phase. Approximately 6 x 108bacteria in duplicate for each strain
for RNAseq were treated with RNAprotect reagent (Qiagen) and digested with 15 mg/mL lysozyme
(Sigma) and 2 mg/mL proteinase K (Qiagen) for 20 min according to manufacturer’s instructions. RNA

extraction was performed using the RNeasy Mini Kit (Qiagen) following the manufacturer’s guidelines.

2.6.2 RNA sequencing (RNA-Seq) and data analysis
At least 40 pg of RNA from each strain was treated with DNase (Promega) as per the manufacturer’s
instructions, excepting a longer sample incubation at 37 °C for 1 h, before adding an additional 1 pl of
DNase and incubating for a further of 1 h. RNasIN (Promega) was added for the duration of incubation
to maintain the integrity of RNA. Duplicates were pooled and RNA-Seq was performed over three

biological replicates. Depletion of rRNA was performed using Ribo-zero (lllumina) and RNA-Seq was
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performed in Wellcome Sanger Institute by D. Pickard. mRNA libraries were multiplexed and prepared
following the lllumina TruSeq protocol before sequencing via paired-end methodology on the lllumina
HiSeq platform. Each lane of Illlumina sequence was assessed for quality on the basis of adapter
contamination, average base read quality, and any unusual G-C bias using FastQC. Quality control was
performed for each of the sequences (sense and antisense of each sample) using the interactive
version of FastQC (Andrews, 2010), see Figure Appendix.1. Quality checks were conducted for adapter
contamination, average base read quality, GC distribution, and sequence content. All sequences
passed the quality control giving a median Phred score > 32. Investigation of differential expression
was performed using the Rockhopper tool (McClure et al., 2013) with default settings and by aligning
all sequences to the S. Paratyphi A ATCC 9150 (NC_006511) genome. When indicated, S. Typhi Ty2
samples were aligned to S. Typhi Ty2 (NC_004631). The expression value in Bile of each strain was
divided by the expression value in LB of each strain and converted to log; in order to give the log; fold

change (logaFC).

2.6.3 Real Time-quantitative PCR (RT-qPCR)
RNA was extracted from 6 x 108bacteria for each strain as described above. 2 pg of RNA was treated

with DNase (Promega) as per the manufacturer’s instructions, with prolonged incubation time of 1 h.

Table 2.7 Western blot antibodies used in this study

Antibody Source/ldentifier
SipA Rabbit anti-SipA (Salmonella) V Koronakis Lab (Johnson et al., 2017)
SipC Rabbit anti-SipC (Salmonella) V Koronakis Lab (Johnson et al., 2017)
SipD Rabbit anti-SipD (Salmonella) V Koronakis Lab (Johnson et al., 2017)
DnakK Mouse anti-DnaK (E.coli) mAb Enzo, ADI-SPA-880-D
(8E2/2) RRID:AB_10619012
Caspase-1 Mouse anti-Caspase-1 (p20) AdipoGen, AG-20B-0048
P (human) mAb (Bally-1) RRID:AB_2490257
. Santa Cruz Biotechnology, sc-56056,
Caspase-4 Mouse anti-human caspase-4 (4B9) RRID:AB_781828
. MBL International, PM014
IL-18 Anti-IL-18 (Human) pAb RRID:AB_592017
NAIP Mouse anti-human NAIP R&D Systems, MAB829
Mouse Antl-Human GSDMDC1 Santa Cruz Biotechnology, sc-81868,
GSDMD Monoclonal Antibody, RRID:AB 2263768
Unconjugated, Clone 64-Y T
GAPDH Rabbit anti-GAPDH Abcam, ab9485
. . Adipogen, AG-25B-0006,
ASC anti-Asc pAb (AL177) antibody RRID:AB_ 2490440
Secondary anti- | Peroxidase AffiniPure Goat Anti- Jackson Immunoresearch, 115-035-008
mouse Mouse IgG RRID: AB_2313585
Secondary anti- | Peroxidase AffiniPure Goat Anti- Jackson Immunoresearch, 111-035-008
rabbit Rabbit IgG RRID: AB_2337937
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17.125 pL of DNase-treated sample was incubated with 2 pL random primers (Promega) at 75 °C for 5
min to melt secondary RNA structures and immediately transferred to ice to prevent secondary
structures from reforming. Reverse transcription was then performed with M-MLV reverse
transcriptase (Promega) according to the manufacturer’s instructions, followed by second strand
synthesis with further incubation at 72 °C for 10 min. RT-qPCR was then performed using the PowerUp
master mix (Applied Biosystems) on the Applied Biosystems StepOnePlus system using 20 ng of cDNA
and forward and reverse primers (Table 2.3) at a final concentration of 0.2 uM. As negative controls,
samples without reverse transcription were used. For bile studies, ftsZ was used as the reference gene
as it has been shown not to be affected by bile (Johnson et al., 2018). For fepE expression comparison
across strains, the conserved 165 rRNA gene was used as the housekeeping gene. qPCR was performed
in duplicate for at least three biological repeats as indicated. Primers designed in this study were tested
for their efficiency on a range of cDNA concentrations and determining their efficiency using the gPCR

efficiency calculator of ThermoFisher.

2.7 Crude LPS preparation and silver staining
1.5 mL of overnight bacterial culture was centrifuged at 10,000 x g and resuspended in 100 pL 1X SDS
loading buffer, before boiling at 100 °C for 5 min. Proteinase K (Qiagen) was added at 1 mg/mL and
samples were incubated at 60 °C for 2 h, prior to the addition of 5% B-mercaptoethanol and further
incubation for 5 min at 100 °C. Acrylamide gels loaded with crude LPS samples were fixed in 10% acetic
acid/30% ethanol overnight. Gels were handled at room temperature and incubations were performed
with slow agitation. Gels were oxidised in oxidative solution (10% acetic acid, 30% ethanol, 1% periodic
acid) for 10 min and washed three times for 15 min in water. Gels were stained for 30 min in silver
stain solution (0.2 mg/mL silver nitrate) and briefly rinsed in water. Developer solution (10% acetic

acid, 30% ethanol, 0.02% formaldehyde) was applied before stopping the reaction with 1% acetic acid.

2.8 SPI-1 secretion assay
Bacteria were grown under SPI-1 inducing conditions in 50 mL growth media in the presence or
absence of 3% bile. ASPI-1 secretion assay was performed as previously described (Kaniga et al., 1995).
Briefly, 1 mL of culture was pelleted by centrifugation for 1 min and resuspended in an appropriate
amount of 2X SDS buffer as described above. The remaining culture was centrifuged at 4000 x g for 20
min at 4 °C and filtered through a 0.22 um filter. Proteins in 5 mL of supernatant were then precipitated
overnight in 10% trichloroacetic acid (TCA, Sigma) at 4 °C. Precipitated proteins were collected by

centrifugation at 15,000 x g for 15 min and washed twice in 100% acetone at 4 °C, before air drying
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and resuspension in the same volume of 2X SDS buffer as the respective pellet fractions. Both
supernatant and pellet samples were boiled at 100 °C for at least 10 min, before western blotting as

described above; Antibodies used are listed in Table 2.7.

2.9 B-lactamase Translocation assays
Hela cells were infected as described above. A group of blank (medium-only) and a group of
uninfected controls were included. The plate was centrifuged at 600 x g for 5 min and bacterial
invasion was allowed for 1 h at 37 °C/5% (v/v) CO,. The following steps were performed in the dark.
Media were removed and 100 pL of 3 mM probenecid solution (Sigma)-20 mM HEPES (Sigma) in HBSS
pH 7.3 (Gibco) (probenecid-HEPES-HBSS) was added. TEM-1 substrate (CCF2-AM-LiveBLAzer-FRET B/G
loading kit, Invitrogen) was added and cells were incubated at RT for 3 h post infection. Cells were
washed and left with 100 pL probenecid-HEPES-HBSS. Fluorescence was measured with a FLUOstar
Optima plate reader (BMG Labtech), set at an excitation wavelength of 410 nm; emission was recorded
at 450 nm (blue) and 520 nm (green). Blanked average green and blue backgrounds calculated were
subtracted from respective emissions of all samples giving the net green or blue signal. Blue to green
ratio was calculated for each sample and divided by the average of the same ratio for the uninfected

controls to obtain the response ratio.

2.10 Bile tolerance assays
Bacteria were grown in LB overnight as previously described and their ODgoo was measured. Cultures
were normalised to the lowest value and 15 puL were added in 1.5 mL bile solution of varied
concentration as stated. Bacterial growth was allowed for 16 h, before recording their growth by ODsoo

readings and CFU enumeration by serially diluting and plating the bile cultures.

2.11 Motility assays
Motility was assessed by inoculating a single colony of bacterial strains grown in standard LB agar
plates onto 0.3% Bacto Difco Agar (Scientific Laboratory Supplies) with or without 1% (w/v) ox bile,
and incubated at 37 °C for the indicated duration. A lower percentage of bile was used, as higher
concentrations interfered with agar setting. Motility was assessed by measuring the diameter of

swimming.
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2.12 Bioinformatics analysis
Bioinformatics analysis tools were used for gene sequence acquisition, primer design and at various
stages of the transcriptomic analysis. All gene sequences were obtained from KEGG genes. Gene
alignment was performed using Clustal Omega multiple sequencing alignment tool (Madeira et al.,
2019). Heat maps were performed with Morpheus heat map design tool (Wenger & Coon, 2013). GO
analysis was carried out with Panther GO annotation tool (Mi et al., 2017). PCA analysis was performed

in Perseus (Tyanova et al., 2016).

2.13 Statistical analysis
No statistical methods were used to determine sample size. All experiments were repeated
independently as indicated in figure legends. Cell death assays, gentamicin protection and chloroquine
resistance assays, and ELISAs were performed with at least two technical repeats for each biological
repeat and means from independent experiments were analysed. For immunofluorescence analysis,
> 100 cells were counted from randomly selected fields, % cells showing events were obtained for
each biological repeat and means were compared statistically. When required, data were log-
transformed (CFU experiments) or logit-transformed (Pl death assays). Normal distribution was
determined with the Shapiro-Wilk normality test. Paired two-tailed t-tests, repeated measures one-
way or two-way ANOVA were applied to analyse data as indicated in the figure legends. Multiple
comparisons were corrected by the Tukey test or the False Discovery Rate (FDR) approach of
Benjamini, Krieger and Yekutieli. All statistical analyses were performed using GraphPad Prism 8

(Graphpad Software Inc.).
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response to bile

Enteric pathogens have evolved mechanisms to respond and tolerate bile in the small intestine
(Section 1.8.3; Sistrunk et al., 2016). Salmonella encounters high concentrations of bile in the
gallbladder upon systemic dissemination and establishment of chronic infection (Gonzalez-Escobedo
& Gunn, 2013a; Gunn, 2000). Typhoidal Salmonella colonisation of the gallbladder and survival in bile
require efficient tolerance and/or resistance mechanisms towards bile. Therefore, typhoidal
Salmonella are expected to be able to sense bile to regulate gene expression. While it is well accepted
that chronic carriage is important during the infection cycle of typhoidal Salmonella (Gal-Mor, 2019;
Gonzalez-Escobedo & Gunn, 2013a; Dougan & Baker, 2014), the behaviour of typhoidal Salmonella in
bile has not been extensively investigated. Our laboratory recently showed that, while S. Typhimurium
downregulates genes associated with SPI-1 and motility in response to bile (Prouty & Gunn, 2000;

Prouty et al., 2004b; Johnson et al., 2018; Hernandez et al., 2012), S. Typhi upregulates these genes
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becoming more virulent by increased host cell invasion (Johnson et al., 2018). The response of
S. Paratyphi A to bile remains unknown. While it is speculated that it may be highly similar to that of
S. Typhi, differences between the two serovars (Table 1.2) may be responsible for distinct responses.
Therefore, we aimed to investigate the transcriptomic profile of S. Paratyphi A in response to bile,
while comparing it to S. Typhi as a control. The strains used for this purpose were the sequenced
reference S. Paratyphi A ATCC 9150 (henceforth referred to as S. Paratyphi A 9150) and the clinical
S. Paratyphi A isolate ED199 (Dolecek et al., 2008). S. Typhi Ty2 was used as a control (Johnson et al,,

2018). The specific objectives thus were to:

e Establish a Hela infection model for S. Paratyphi A which would allow to next
e Examine the effect of bile on SPI-1 activity in S. Paratyphi A;

¢ |dentify bile-mediated changes in the S. Paratyphi A transcriptome;

e Determine regulation of genes involved in bile tolerance;

e Determine the effect of bile on virulence genes;

e Examine potentially S. Paratyphi A-specific responses.

3.1 S. Paratyphi A invades HelLa cells in a SPI-1-dependent manner
The first aim was to establish a HelLa infection model for S. Paratyphi Ain our lab. S. Paratyphi Ainduces
SPI-1 expression during both aerobic and microaerobic conditions (Elhadad et al.,, 2016). Aerobic
conditions are created by agitation, where bacteria are grown overnight and then sub-cultured to late
exponential phase. Microaerobic conditions involve growth in static cultures for 16 h, after which
bacteria reach stationary phase. S. Paratyphi A has been shown to be more invasive during
microaerobic conditions (Elhadad et al., 2016). However, bacterial growth is compromised in
microaerobic conditions in the presence of bile (King, Ferenci & Szabo, 2003 and R. Johnson,
unpublished data). Alternatively, bacterial aggregates may form in static conditions, as has been
observed with Shigella (Nickerson et al., 2017), either because of the longer incubation time or the
lack of agitation allowing bacteria to aggregate more easily. Therefore, to exclude any growth defects
and/or variation in downstream analyses, S. Paratyphi A 9150 or ED199 were grown in aerobic
conditions overnight and sub-cultured. To test when SPI-1 was expressed during these conditions,
bacterial pellets were collected at various readings of ODgoo and bacterial pellets were probed for the

SPI-1 T3SS protein SipD. SipD is detectable at an ODgoo of 1.4, and no further increase in SipD
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abundance is observed after ODgoo of 2.0 (Figure 3.1A). Therefore, both S. Paratyphi A strains express
SPI-1 at detectable levels at late exponential phase (ODgoo of 1.7-2.0, Figure 3.1A), similarly to S.
Typhi (Johnson et al., 2017, 2018) and S. Typhimurium (Kréger et al., 2013).

To further test SPI-1 activity during anaerobic growth, the ability of S. Paratyphi A to invade
epithelial cells was next determined. Hela cells were infected with S. Paratyphi A 9150 grown to late
exponential phase in aerobic conditions, while S. Typhi Ty2 was used as a control. Bacterial invasion
was assessed following a gentamicin protection assays by CFU enumeration at 2 h post infection.
Similar to S. Typhi Ty2, S. Paratyphi A 9150 invade Hela cells in a SPI-1-dependent manner, as a AinvA
mutant strain lacking a functional SPI-1 T3SS, failed to invade Hela cells in these settings (Figure 3.1B),
in line with a previous report (Elhadad et al., 2016). Interestingly, S. Paratyphi A 9150 WT invades Hela
cells at significantly lower levels than S. Typhi Ty2 WT (Figure 3.1B), suggesting that S. Paratyphi A

shows lower SPI-1 activity than S. Typhi when grown under these conditions.

A ODgg 0.8 14 1.8 2.0 25
()] (=] (3] [o3] ()]
o 2@ o 2 o @ o @ o 2
2 A9 A28 208 0
S I & U & 0 & WM & W
DnaK e
sk
B I
—_— kkkk
E 037 o WT
c 3 I AInvA
8]
il s
5
E E kg
89\_2 01'
© |
2 0.0l
Ty2 9150

Figure 3.1 The SPI-1 T3SS of S. Paratyphi A is active during growth in aerobic conditions to late

exponential phase.

(A) S. Paratyphi A 9150 or ED199 were sub-cultured and bacterial pellet samples were collected at various
growth stages from mid to late exponential phase. SPI-1 expression was assessed by immunoblotting for the SPI-
1 T3SS protein SipD. DnaK was used as a loading control. Image representative of two independent repeats. (B)
Hela cells were infected with S. Typhi Ty2 and S. Paratyphi A 9150 WT and AinvA mutants (MOI 80-100) and
invasion efficiency was assessed at 2 h post infection by gentamicin protection assays. Bars show means + SEM

from five independent repeats and were analysed by two-way ANOVA. **, p < 0.01; ****, p<0.0001
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3.2 S. Paratyphi A becomes more invasive in epithelial cells following growth
in bile

S. Typhimurium becomes less invasive into host epithelial cells following exposure to bile, while
S. Typhi becomes more invasive (Johnson et al., 2018; Prouty & Gunn, 2000). In order to investigate
whether the latter is shared between typhoidal Salmonella, the invasiveness of S. Paratyphi A following
exposure to bile was tested. First, the effect of bile on S. Paratyphi A growth was assessed to eliminate
any variation due to a possible growth defect. S. Paratyphi A 9150 or ED199 were grown in standard
LB media with or without the addition of 3% ox bile and their growth was assessed by monitoring ODgoo
over time. This concentration more closely reflects bile concentrations encountered in the small
intestine than in the gallbladder, but it was chosen for this analysis to aid comparisons with the
published bile-induced transcriptome of S. Typhi and because it has been previously shown not to
affect growth of S. Typhi and S. Typhimurium (Johnson et al., 2018). Importantly, 3% bile has been
shown to influence both the S. Typhi and S. Typhimurium transcriptome (Johnson et al., 2018; Prouty
& Gunn, 2000; Prouty et al., 2004a).

The presence of 3% bile in growth media does not affect growth of S. Paratyphi A 9150
(Figure 3.2A) or ED199 (Figure 3.2B), as determined by ODsgo. To independently verify that bile does
not hinder S. Paratyphi A growth in the conditions that were used in further experiments (i.e.
growth to late exponential phase), S. Paratyphi A was grown in the presence or absence of 3% bile
and CFUs were enumerated. To determine whether this phenomenon is consistent across S.
Paratyphi A strains, five more clinical isolates were included in the analysis. The clinical isolates
tested were S. Paratyphi A ED199, 02TY129, 02TY221, 02TY224, or ED293, all tested for the 02
antigen by slide agglutination and were isolated from adult patients with acute typhoid between
2006 and 2014 in Nepal (Arjyal et al., 2016; Dolecek et al., 2008) (Table 2.2). S. Typhi Ty2 and S.
Typhimurium were used as controls (Johnson et al., 2018). Consistent with the S. Paratyphi A 9150
and ED199 growth curves (Figure 3.2A-B), bile did not influence the growth of any Salmonella strain
tested, with all strains reaching similar CFU/mL in the presence or absence of bile (Figure 3.2C)
when grown to late exponential phase in aerobic conditions. These results suggest that S.

Paratyphi A can grow equally well in media with or without bile.

84



THE SALMONELLA PARATYPHI A RESPONSE TO BILE

A 9130 B ED199

- LB
— — —3
= 5 7 L 3% Bile

OD¢0
o
\
\
\
\
OD600
o
\

0.014 T - . r r ) 0.01 T r r r r .
0o 1 2 3 4 5 6 0 1 2 3 4 5 6
time (h) time (h)
C 509w NS NS ns ns ns ns ns ns
- - 1. — T BLB
1.5%10 9 " 3% Bile

CFU/mL

5x10°-
0_
N £ O O O v ¥ ©
> Te] ()] [a\] N N ()]
= = — — — [} [aV] (Y]
o A > > > N
bW = = = w
N N o™
© O O
S. Paratyphi A

Figure 3.2 The presence of 3% bile in the growth media does not affect S. Paratyphi A growth.

(A) S. Paratyphi A 9150 (9150) or (B) ED199 (ED199) were grown in the absence (LB) or presence (3% Bile) of 3%
ox bile and their growth was assessed by measuring the ODsoo over time. (C) CFUs were enumerated in cultured
bacteria grown aerobically to late exponential phase in the presence or absence of bile. Bars show means + SEM
from (A) three, (B) two, or (C) five independent repeats. Statistical analysis by two-way ANOVA followed by

correction for multiple comparisons. ns, not significant.

Next, the effect of bile on S. Paratyphi A SPI-1 activity was determined. Because the impact of
bile on S. Typhimurium invasiveness has long been known (Johnson et al., 2018; Prouty & Gunn, 2000),
WT S. Typhimurium was used as a control in addition to S. Typhi Ty2. In line with previous reports
(Prouty & Gunn, 2000; Prouty et al., 2004b; Johnson et al., 2018), S. Typhimurium invasiveness was
found to be over 60% lower following exposure to bile (Figure 3.3A). Conversely, but as expected
(Johnson et al., 2018), invasion of S. Typhi Ty2 was higher following growth in bile compared to LB
(Figure 3.3A). Similar to S. Typhi Ty2, S. Paratyphi A 9150 was significantly more invasive in Hela cells
after exposure to bile (Figure 3.3A). Bile resulted in a > 1.6-fold increase in S. Paratyphi A 9150 invasion
as compared to the > 3.3-fold increase in S. Typhi Ty2 invasion (Figure 3.3A). Both S. Typhi and
S. Paratyphi A 9150 AinvA deletion mutants invaded Hela cells equally in the presence and absence of

bile, suggesting that the increase in invasiveness was SPIl-1-dependent (Figure 3.3A). The increased
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invasiveness in response to bile points to a typhoidal serovar-specific response to bile, as opposed to

NTS.

The SPI-1-dependent increase in invasiveness in bile suggested that SPI-1 is upregulated after
exposure to bile. Also, previous research has confirmed that expression of SPI-1 T3SS proteins is
upregulated in S. Typhi in response to bile (Johnson et al., 2018). Therefore, induction of SPI-1
expression was verified by blotting for SPI-1 proteins in bacterial whole lysates. Indeed, S. Paratyphi A
9150 expressed both the SPI-1 T3SS structural (SipD, SipC) and effector (SipA) proteins at higher levels
in the presence to 3% bile as opposed to LB alone, like S. Typhi Ty2 (Figure 3.3B). The difference in SPI-
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Figure 3.3 Exposure to bile renders S. Paratyphi A 9150 more invasive to Hela cells in a SPI-1-
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dependent manner.

(A) S. Typhimurium (Tm), S. Typhi Ty2 (Ty2) or S. Paratyphi A 9150 (9150) were grown to late exponential phase
in the presence or absence of 3% bile and Hela cells were infected (MOl 100). Intracellular bacteria were
quantified by CFU enumeration at 2 h post infection by gentamicin protection assays. (B) SPI-1 T3SS protein
expression was tested by Western Blotting in bacterial pellets form bacteria grown to late exponential phase in
the presence or absence of bile. Immunoblot representative of three independent repeats. Bars show means &
SEM from five independent repeats. Statistical analysis by two-way ANOVA followed by correction for multiple

comparisons. *** p <0.001; **** p < 0.0001; ns, not significant
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1 protein expression between LB and bile conditions was greater in the AinvA mutants, as SPI-1
proteins are expected to be retained within bacteria and not secreted. S. Typhimurium WT was used
as a control to confirm the action of bile, which, as expected, repressed the expression of the SPI-1
proteins tested (Figure 3.3B). S. Paratyphi A appears to express SPI-1 T3SS proteins at low levels
compared to S. Typhi Ty2 and S. Typhimurium (Figure 3.3). This may suggest low overall SPI-1
expression, which would be consistent with the low invasiveness of S. Paratyphi A WT into Hela cells
(Figure 3.1A and Figure 3.3A). The low abundance of SPI-1 proteins in bacterial lysates may also
indicate efficient secretion of SPI-1 proteins from S. Paratyphi A, which would then not be detected in
whole cell lysates; this is supported by the higher levels of SPI-1 proteins detected in the S. Paratyphi
A 9150 SPI-1 mutant AinvA in comparison to WT, although SPI-1 protein levels are still less than in
S. Typhi Ty2 AinvA (Figure 3.3B).

To examine whether the bile-mediated increase in invasion into Hela cells, as well as the
higher SPI-1 protein expression observed in S. Paratyphi A 9150, is shared between S. Paratyphi A
clinical isolates, the invasiveness and SPI-1 expression of multiple strains were tested following
exposure to bile. Like S. Paratyphi A 9150, all clinical isolates tested herein became significantly more
invasive, by > 1.4-fold on average, following growth in LB media supplemented with 3% bile compared
to growth in unsupplemented LB media (Figure 3.4A). However, in contrast to observations
with S. Paratyphi A 9150 and S. Typhi Ty2 (Figure 3.3), where increased invasion correlated with
increase in SPI-1 expression, all clinical strains showed a decrease in SPI-1 protein expression

following growth in bile (Figure 3.4B).

Notably all S. Paratyphi A clinical isolates were significantly more invasive than 9150 following
growth in standard LB media (Figure 3.4A), which correlated with higher expression of SPI-1 proteins
in clinical isolates compared to S. Paratyphi A 9150 (Figure 3.4B). These results suggest that clinical

strains are more virulent than the reference S. Paratyphi A strain in terms of SPI-1 T3SS activity.
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Figure 3.4 Effect of bile on S. Paratyphi A SPI-1 expression and invasion in Hela cells.

(A) Hela cells were infected (MOI 100) with S. Paratyphi A strains grown in LB or LB supplemented with 3% bile
and internalised CFU were enumerated at 2 hpi by gentamicin protection assays. (B) Expression of SPI-1 proteins
SipD and SipA was determined in bacterial pellets grown to late exponential phase. Representative image of four
independent repeats. Statistical analysis by two-way ANOVA followed by correction for multiple comparisons or
repeated-measures one-way ANOVA for LB comparisons. Bars show means £ SEM from seven (Ty2, Tm, 9150)

or five (clinical isolates) independent experiments. *, p < 0.05; **, p<0.01; ***, p <0.001.

3.3 Overview of changes in S. Paratyphi A transcriptome in response to bile
The above results suggested that the behaviour of 5. Paratyphi A changes in bile and therefore we next
aimed to understand the underlying mechanisms. Global changes in gene expression in response to
bile in S. Paratyphi A were examined by performing RNA-Seq analysis on RNA isolated from the
reference S. Paratyphi A strain 9150 and the clinical isolate ED199, along with S. Typhi Ty2 acting as a
control (Johnson et al., 2018). As previously, strains were grown in the absence (LB) or presence of 3%
ox bile (Bile) to late exponential phase. Following sequencing of RNA reads, ribosomal RNA was
depleted from all samples, as it is the most abundant RNA species in the total content of RNA and may

skew downstream analyses if retained in the sample (both steps conducted by D. Pickard, Sanger
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Institute; see also Section 2.6.2), while by removing rRNA a greater proportion of the sequencing

library will be mRNA.

RNA-Seq analysis was performed using the sequenced and annotated genome of S. Paratyphi
A 9150 (McClelland et al., 2004). Reads from all samples were aligned to this genome to facilitate
comparisons using the Rockhopper analysis tool, which is specifically designed for bacterial genomes
(McClure et al., 2013). More than 87% of reads were successfully aligned in all strains, while very low
levels of ribosomal (and other species of) RNA (< 2%) were detected, suggesting a good representation
of mRNA in all samples (Table 3.1). In agreement with this, > 84% of reads were aligned to protein-
coding genes in all samples. On average, 7% of reads were aligned to unannotated regions in all strains
(Table 3.1), possibly due to poor annotation of this genome. Unannotated regions represent reads
aligning to intergenic regions, sRNAs or, alternatively, may align to open reading frames (ORFs) that
have not been identified or characterised yet. These sequences may warrant further investigation and

may reveal unknown regulatory regions and/or genomic regions with other unknown functions.

Table 3.1 Read alignment and RNA types in RNA-Seq sample analysis.
RNA reads were aligned to the S. Paratyphi A 9150 genome using the Rockhopper analysis tool and the output
of the fractions of different RNA types are presented here. Three values per strain/condition represent three
independent repeats.

S. Typhi Ty2 S. Paratyphi A 9150 S. Paratyphi A ED199
LB Bile LB Bile LB Bile

Reads

Total (107) 2211811812220 |18Q23|2323121]|18]2118]24]116120]124]18

% Success-

i 89 189 |88 187 |89 |87 §94 |94 |94 194 |94 |95 |93 |95 |94 194 |94 |95
fully aligned

% Protein-

. 87 186 |85 185 |86 |86 |87 |87 |86 187 |85 |84 |86 |85 |84 186 |86 |87
coding genes

% Ribosomal
RNA

% Transfer
RNA

% Misc. RNA |5 7 8 6 6 6 6 5 6 5 6 10 |6 6 6 6 5 6
%
Unannotated | 7 7 7 7 7 7 7 7 7 7 7 7 7 8 7 7 7 7
regions
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A heat map of normalised read abundance in individual samples is shown in Figure 3.5A.
S.Typhi Ty2 LB and Bile samples clustered together, separately from S. Paratyphi A samples.
S. Paratyphi A ED199 samples were also clustered separately, although one bile sample is more closely
positioned to LB samples than to other bile samples (Figure 3.5A). S. Paratyphi A 9150 samples
exhibited a mixed relatedness with other samples, which may indicate variation between repeats.
However, analysis of the normalised abundance of all reads in all samples by Principal Component
Analysis (PCA) showed clustering of S. Typhi and of S. Paratyphi A separately, when the first two
components explaining 67.1% of the variation were plotted (Figure 3.5B). The LB and Bile samples of
each strain broadly clustered separately as well, indicating that there is a clear variation between gene
expression in the two conditions. S. Paratyphi A samples grouped separately, suggesting a serovar-
specific response as well (Figure 3.5A). Combining the results from the heat map and the PCA in Figure
3.5, which cluster data by slightly different methods, it was decided not to exclude any sample from
the downstream analysis as this may have led to bias towards identifying ‘outliers’. Preparation of all
samples was performed in a similar manner and there were no obvious variations or deviations in

order to further support exclusion of one or more samples.
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Figure 3.5 Overview of transcriptomic changes induced by bile.

(A) Heat map showing normalised read counts in all individual samples and hierarchical clustering of these. (B)
PCA scatterplot of Ty2, 9150, and ED199 transcriptomes in LB and Bile. Each repeat is shown as a square, and
numbers match the repeats across strains. These graphs were produced with the help of C. Mullineaux-Sanders

(Frankel group).
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Bile-mediated differential gene expression was considered in genes that showed a 2 2-fold
change and were statistically significant (adjusted p value or g £ 0.05). These genes were selected for
downstream analysis, unless otherwise stated. The total number of genes shown to be differentially
regulated at the transcription level in bile compared to standard growth media were 164 in S. Typhi
Ty2, 293 in S. Paratyphi A 9150 and 243 in ED199 (Table 3.2). These numbers corresponded to
approximately 6% of the total number of coding sequences in S. Paratyphi A (Table 3.2). This value was
lower in S. Typhi Ty2 (3.7%), but this was possibly the result of aligning the transcriptome reads to
S. Paratyphi A 9150 genome. When the S. Typhi Ty2 RNA-Seq data were aligned to the sequenced
S. Typhi Ty2 genome, the total number of differentially regulated genes was 157, which corresponded
to 3.4% of total coding sequences of the Ty2 genome. Therefore, aligning the S. Typhi Ty2 samples to

the S. Paratyphi A 9150 genome should not affect downstream analyses.

Table 3.2 Number of genes differentially regulated in response to bile.

Percentages of coding sequences correspond to the S. Paratyphi A 9150 genome, and in parentheses to S. Typhi

Ty2 genome.
. Number of genes differentially regulated Approx. % of
Serovar Strain .
Total Up Down coding sequences

S. Typhi Ty2 164 103 61 3.7 (3.4)

9150 293 127 166 6.6

S. Paratyphi A
ED199 243 129 114 5.5

3.4 Bile-mediated differential gene regulation in S. Typhi and S. Paratyphi A
To identify common and discrete responses to bile between S. Typhi and S. Paratyphi A, the pools of
upregulated or downregulated genes from the three strains tested were compared. The two
S. Paratyphi A strains (9150 and ED199) shared more upregulated or downregulated genes than either
did with S. Typhi Ty2 (Figure 3.6). The majority of differentially expressed genes in bile in S. Typhi were
not commonly regulated in either of the two S. Paratyphi A strains. Also, S. Typhi Ty2 shared a fraction
of differentially expressed genes (either upregulated or downregulated) with only one of the two
S. Paratyphi A strains. Most genes (=60%) activated by bile were shared by both S. Paratyphi A strains,
while fewer (33% and 48% for ED199 and 9150, respectively) were commonly downregulated in both
strains. These comparisons suggest that bile may exert strain-specific effects on gene regulation, while

similarities between typhoidal serovars point towards shared responses.

91



THE SALMONELLA PARATYPHI A RESPONSE TO BILE

A B
Ty2 9150 Ty2 9150
(103) (127) (61) (168)
ED199 ED199
(129) (114)
Upregulated Downregulated

Figure 3.6 Shared responses to bile between S. Typhi and S. Paratyphi A.

Venn diagrams comparing significantly differentially (A) upregulated or (B) downregulated genes in response to

bile across the three strains tested.

Of all significantly upregulated genes by > 2-fold, 22 were shared between all three strains
tested, accounting for about 7.5-13.4% of all differentially regulated genes per strain (Figure 3.6A).
The overlap in downregulated genes in all three strains was small; only 3 downregulated genes were
shared between S. Typhi Ty2, S. Paratyphi A 9150 and ED199, accounting for less than 2% of the total
differentially regulated genes in each strain in response to bile (Figure 3.6B). These shared changes in

gene expression are further discussed in the next sections.

Gene Ontology (GO) enrichment analysis was performed on the pools of differentially
regulated genes, in order to gain insights into what biological pathways and functions are affected by
exposure to bile in S. Paratyphi A. A summary of significantly enriched GO terms are listed in Table 3.3.
As expected (Johnson et al., 2018), S. Typhi upregulated flagellar-mediated motility and chemotaxis
(Table 3.3). Along with flagellar motility-associated genes, Johnson et al. (2017) previously showed
that SPI-1 T3SS-associated genes were also upregulated, which are important for virulence. Genes
associated with SPI-1 did not come up in the analysis herein; however, as it is discussed later, all SPI-
1-related genes were upregulated, but possibly due to variation in individual samples (see also Figure
3.5), this effect was shown not to be statistically significant. When grown in bile, S. Paratyphi A
significantly downregulated various metabolic processes (Table 3.3). Among the pathways
downregulatedin S. Paratyphi A 9150 were genes linked to sulphate metabolism, glyoxylate cycle, and
removal of superoxide radicals, and the majority of these pathways were shared with S. Paratyphi A
ED199 (Table 3.3). Interestingly, genes associated with hydrogen sulphide biosynthetic process,

sulphate transport and assimilation, and the tricarboxylic acid cycle (TCA) were found to be activated
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by bile in S. Typhimurium and S. Typhi in the Johnson et al., (2017) study. Collectively these results

suggested that S. Paratyphi A and S. Typhi may be exploiting different metabolic pathways in bile.

3.5 Shared responses to bile between S. Typhi and S. Paratyphi A
22 genes were significantly upregulated in all three strains by more than 2-fold (Figure 3.6; Table 3.4),
which represents a small proportion of the total number of differentially expressed genes in all strains
(< 20% of upregulated genes). It is worth noting, however, that the genes shown in Figure 3.6 to be

upregulated in S. Typhi and only one of the two S. Paratyphi A strain, are also upregulated in the other

one albeit not significantly.

Table 3.3 GO enrichment analysis of biological processes differentially expressed in typhoidal

Salmonella following exposure to bile.

GO terms significantly enriched in the three strains tested within gene pools upregulated or downregulated are

shown. Pathways in colour are to indicate shared responses between indicated strains.

S. Typhi

S. Paratyphi A 9150

S. Paratyphi A ED199

* Bacterial-type flagellum
assembly

* Chemotaxis

* Bacterial-type flagellum-
dependent cell motility

Upregulated

* Haem transport

* Cytochrome complex assembly
* Anaerobic respiration

* Proton transmembrane
transport

Downregulated

* Hydrogen sulphide
biosynthetic process

* ‘de novo’ IMP biosynthetic
process

* Sulphate assimilation

* Sulphate reduction

* Sulphate transmembrane
transport

* ATP hydrolysis coupled anion
transmembrane transport

* Glyoxylate cycle

* Arginine catabolic process to
succinate

* Removal of superoxide
radicals

* Mo-molybdopterin cofactor

biosynthetic process

* Hydrogen sulphide
biosynthetic process

* ‘de novo’ IMP biosynthetic
process

* Sulphate assimilation

* Sulphate reduction

* Sulphate transmembrane
transport

* ATP hydrolysis coupled anion
transmembrane transport

* Glyoxylate cycle

* Cysteine biosynthetic process

* GMP biosynthetic process
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Table 3.4 Shared upregulated genes in bile between Ty2, 9150, and ED199.

g < 0.05; FC, fold change; OM, outer membrane; IM, inner membrane

ID Log,FC
Gene Product Qlala| g K Known function(s)/Notes
name el el Il I 5!
o o |3
Putative OM protein; peroxide/acid stress response
-~ protein; DUF1471 domain-containing protein
MBS oD (unknown function) —representatives
yhcN [hypothetical protein| @ | o g2 . . .
! NE S of this family play roles in cellular processes
» including stress response, and biofilm
formation (Eletsky et al., 2014; Lee et al., 2010)
membrane transport B~ ole |2 IM transport protein, putative major facilitator
ynfM . P a1l | = transport (MFS) protein, facilitates movement of
protein <=2 (=
Sf=]m | | small solutes across membranes
(o)
|%Ix8]8|8 T
- |hypothetical protein 2l S| 82 Putative periplasmic protein
al+~leom| |
("]
glp genes (glpF, glpK, glpD) involved in glycerol
bic gl | s utilisation, required for bile tolerance in Salmonella
ACTODIC BIYCEror3- | oo I S 3 (Langridge et al., 2009);
glpD phosphate el R IS =N . . oo .
dehydrogenase S Rl o | involved in persister cell formation and multidrug
» tolerance of biofilms in E. coli (Spoering, Vuli¢ &
Lewis, 2006)
o0
~ |hvoothetical brotein g § g g § Acid stress chaperone HdeB; role as acid protective
YP P § bl G el I chaperone (Dahl et al., 2015)
o Putative periplasmic protein; DUF1471 domain-
bl |hvoothetical protei o3 % g § containing protein (see also entry for yhcN); role in
—
yol ypothetical protein < % : : 2 biofilm formation/motility in UPEC (Hancock,
» Vejborg & Klemm, 2010)
. . elel@|a|2 Role in swarming maotility in E. coli (involved
yeiA dihydropyrimidine gl =|3|in energy production and conversion) (Inoue et al.,
dehydrogenase | |S| 2| Y[ =2
S]] | 2007), pseudogene in Ty2
putative % ~g
- transcriptional S g = ArsR family transcriptional regulator
regulator el
glycerol uptake 2| S|
Q| m . .
o (o)) — <t
glpF facilitator protein | < E : 2 : Diffusion of glycerol, see also entry for glpD
("]
—
~ |hvoothetical brotein g 'g? % % g Small peptide of 35 amino acid long, present in very
YP P Bl I =l few Salmonella serovars
% =1 - — —
@ alelels Dihydropyrimidine dehydrogenase (NAD+) subunit
- oxidoreductase 218 % ;;‘1 g PreT; differentially regulated in response to stress
=] o (Shah et al., 2013)




THESALMONELLAPARATYPHIARESPONSETOBILE

multiple antibiotic marRAB operonactivatedinresponsetobile;
resistanceprotein/ § o229 confersantibiotictolerancebyactivatingmultidrug
marA DNA-binding . § D B | Q| effluxpumps;importantforsurvival inbile (Gunn,
transcriptional A | < || = 2000;Begley ,Gahan&Hill,2005;Prouty  etal.,
activator 2004a)
,_n ol o Surfacecompositionregulator;upregulatedin
™~ . . .
10S glycogensynthesis § E 23| responsetostarvationstressink.coli
9'9 proteinGlgS I ﬁ 2 2 overexpression resultsin glycogensynthesis
@ (Hengge - Aronis&Fischer,1992)
HAAAP family,L -
threonine/L -serine | & _ . .
/ o3 Q| 8| = Threoninetransporter, roleinnutrientuptake ;
tdeC permease, 24| R|8| F .
) NN : . - pseudogeneinTy?2
anaerobically 5 — G
inducible
multipleantibiotic (seealsomarAentry) marRencodesarepressorof
resistanceprotein/ £ ||| @ marRAB transcriptionandcontrolstheproduction
marR DNA-binding . § o S ofMarAinresponsetoenvironmentalsignals
transcriptional S| | | o | directlyinteractswithdeoxycholate  (Prouty etal.,
repressor 2004a)
[Fp)
Y S) Membrane transportprotein ;thiosul phatesul phur
ygaP |hypotheticalprotein Fe = ¢
S| S d transferase
. ~ Roleinbacterialsurvivalinanaerobicconditions;
anaerobicdimethyl | | | © | © | & . . . )
. 0| | © | | @ |detectedasdifferentiallyexpressedin  S. Paratyphi
dmsCsulphoxidereductase| < |~ | D | Q| & |, . . ) ; :
subunitC S| S| S| S [Ainvivo vsexvivo possiblyduetoadaptationofthe
‘” macrophageenvironment (Sheikh etal. ,2010)
anaerobic dimethyl | (3 | o ©lala
o
dmsB |sulphoxidereductase . § D | Q| 8 | Roleinbacterialsurvivalinanaerobicconditions
subunitB Al | | =
o
LN (e)]
catabolic threonine | = | & | © o : . .
tdcB dehvd 5 § & o Involvedin L-threonine catabolism
ehydratase 5| = ~
Z 5l 8|8
slsA |hypotheticalprotein @ ’5 ﬂ Predicted IM protein; encoded withinSPI -3
% + — o
Dlo|la| ol a . , N
apbA 2-dehydropantoate Q|2 9 | o | @ | Potentialvirulence -associatedgeneinTy;involved
o m N . . . . .
2-reductase § AT B B I inthiaminebiosynthesis
Putative < ol o
huoC hydrogenase E g N | & |  |UpregulatedinTminresponsetophysiologicalbile
yp expression/ LIS |22 (Antunes etal. ,2012)
formationprotein |
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The shared upregulated genes among S. Typhi Ty2, S. Paratyphi A 9150 and ED199 include
genes involved in transport across the inner or outer membrane, metabolic processes, biofilm
formation and stress responses. Genes such as glp genes (Langridge et al., 2009) those in the marRAB
operon (Prouty et al., 2004a) were expected to be upregulated in response to bile (see also Table 3.6).
Genes linked to stress responses (e.g. yhcN, glpS, SPA1308) were upregulated in all three strains, in
keeping with bile acting as a stress factor enabling the induction of a stress response (Begley, Gahan
& Hill, 2005; Hernandez et al., 2012; Urdaneta & Casadesus, 2017; Walawalkar, Vaidya & Nayak, 2016).
A few genes (yeiA, glpD, ybiJ) with putative roles in biofilm formation and/or motility, which is
associated with biofilms, were also included in this list, consistent with the biofilm-inducing capacity

of bile in Salmonella (Gonzalez-Escobedo & Gunn, 2013a).

Three genes are significantly downregulated in all S. Paratyphi A 9150, S. Paratyphi A ED199,
and S. Typhi Ty2 (Table 3.5). All three encode confirmed or putative membrane proteins. Expression
of the porin-encoding gene ompF showed the greatest reduction in response to bile in all three strains
tested (Table 3.5). As listed in Table 3.6 as well, mutation in ompF in E. coli leads to increased resistance
towards bile (Thanassi, Cheng & Nikaido, 1997). The decrease in ompF expression in bile in all three
strains tested here is consistent with upregulation of marR and marA in all strains (Table 3.4), which
are involved in ompF downregulation (Hernandez et al., 2012; Villarreal et al., 2014; Prouty et al.,
2004a). marB of the marRAB operon was significantly upregulated in both S. Paratyphi A strains;
expression in S. Typhi was also increased in bile, although not significantly. Less is known about the

other two shared downregulated genes in bile (yajG and ygjU) as shown in Table 3.5.

Table 3.5 Shared downregulated genes in bile between Ty2, 9150, and ED199.

g < 0.05; FC, fold change; OM, outer membrane

ID Log:FC
Gene .
Product | R ||| & & Known function/Notes
name I I I I
L)) o | 3
outer . Downregulation induced by marRAB; linked to survival
ompE| membrane g § in and resistance towards bile; downregulated in response
p . Nl b= to deoxycholate (Hernandez et al., 2012; Villarreal et al.,
protein F | S

2014; Prouty et al., 2004a)

I~ Putative OM lipoprotein; associated
, , REEIR R with oxidative stress response in S. Kentucky during
yajG |lipoprotein| || 2 | = | © . . . ;
(| | < |  [chickeninfection (Cheng et al., 2015); downregulated in S.
» Typhimurium in bile (Johnson et al., 2018)
membrane | S Putative dicarboxylate permease; serine/threonine
, SL S |3 transporter SstT (import of ser/thr, import of Na;
ygiU | transport [ @ || 7' | < | = . . . . .
rotein T — | < [symporter); upregulated in S. Typhimurium and in S. Typhi
P » in bile previously (Johnson et al., 2018)
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To identify serovar-specific responses to bile, genes upregulated in S. Typhi and
downregulated in S. Paratyphi A strains and vice versa were next compared. No genes were
significantly repressed in bile in S. Typhi and upregulated in both S. Paratyphi A strains, while one gene
was significantly upregulated in response to bile in S. Typhi and was downregulated in S. Paratyphi A.
This gene was aceB, which encodes a malate synthase A and is one of the enzymes of the glyoxylate
bypass of the Krebs cycle. Expression of aceBin S. Typhi in bile is consistent with the report by Johnson
et al. (2017), which also showed an upregulation of aceB in response to bile in S. Typhimurium. This

points towards a possible S. Paratyphi A-specific response.

Other than aceB, S. Typhi upregulated SPA0307 (t0297; log,FC=2.56) and SPA1728 (t1798;
log>FC=2.53), which were significantly downregulated in S. Paratyphi A ED199 (SPA307 log,FC=-4.17;
SPA1728 log,FC=-1.15). Both genes showed a slight decrease in expression in S. Paratyphi A 9150,
although this was not statistically significant. SPA0O307 encodes for cadA, a lysine decarboxylase
involved in lysine metabolism, while SPA1728 is a hypothetical protein. Similarly, S. Paratyphi A 9150
downregulated SPA1372 (log>FC=-1.31), also known as ydgF, which was upregulated in S. Typhi (t1402;
log>FC=1.10) and encodes for a hypothetical protein. This gene was also downregulated in S. Paratyphi
A ED199, although not significantly. There were no genes differentially expressed between the two

S. Paratyphi A strains (9150 and ED199) significantly by = 2-fold in response to bile.

In the following sections, genes not evidently exhibiting a similar response among all three
strains but that are of interest are discussed, such as with regards to virulence or bile tolerance, and
whose changes are not necessarily statistically significant or 2 2-fold, in order to ensure complete

coverage of the transcriptomic changes in these strains and to gain insights into these processes.

3.6 Differential regulation of bile-tolerance and resistance genes
As described in Sections 1.8.2 and 1.8.3, bile has antimicrobial properties to which many bacterial
pathogens have developed resistance (Gunn, 2000; Sistrunk et al., 2016; Urdaneta & Casadesus, 2017).
Genes known to be involved in bile resistance and tolerance include the Tol genes, efflux pumps,
porins, and several regulatory genes (Table 3.6). The predicted or known regulation of these genes in
response to bile, along with changes observed in their expression in response to bile in S. Paratyphi A
are shown in Table 3.6 and Figure 3.7A. S. Typhi and S. Paratyphi A show a highly similar regulation of
these genes when grown in bile, in line with their generally conserved role. Based on hierarchical
clustering, S. Paratyphi A 9150 and ED199 are more similar, possibly due to the similar magnitude in
changes of expression. Both typhoidal Salmonella serovars regulated all tolerance and resistance-

associated genes as expected/predicted (Table 3.6 and Figure 3.7A). Significant increase in the
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expression of acrR, marR, and marA in response to bile was observed in all three strains tested (Figure

3.7A). Conversely, as discussed earlier, ompF was downregulated in all strains. Also, to/Q and tolR were

significantly downregulated in the two S. Paratyphi A strains; the decrease in expression of these genes

Table 3.6 Genes linked to bile tolerance and/or resistance in Salmonella.

ECA; enterobacterial common antigen; Tm, Typhimurium; Pt, Paratyphi A; Ty, Typhi.

Gene Function/mechanism of Known/predicted
. N Reference
name resistance/tolerance regulation in bile
= | tolQRA Efflux pump function No marked change (Prouty et al., 2002;
= tolC Cell envelope in expression Langridge et al., 2009)
Mutants sensitive to bile "
acrAB Efflux pump . (Prouty et al., 2004a;
o . Upregulation ,
" Mutants sensitive to bile Langridge et al., 2009)
a8 acrR
£
a emrA Efflux pump
> . .
é I (presentin Tm arI1d Pt, partial | (Thanassi, Cheng &
L presence in Ty) Upregulation Nikaido, 1997)
E. coli acrAemrB mutant highly !
ermR sensitive to bile
No induction/
lati
vpreguiation, (van Velkinburgh & Gunn,
Two component system some phoPQ- :
phoPQ . ) 1999; Langridge et al.,
Mutants sensitive to bile regulated genes
0 . 2009)
o important for
2 virulence
&
o
5 marR Regulatory genes
2 Upregulation in bile particularly ,
(sTu}
ko marA by deoxycholate (interacts with Upregulation (Prouty et al., 2004a)
marB marR); Mutants sensitive to bile
General stress response . (Begley, Gahan & Hill,
pos Mutant sensitive to bile Upregulation 2005)
ompE E. coli mutant more resistant to Downregulation (Thanassi, Cheng &
é p bile g Nikaido, 1997; Hernandez
g etal., 2012; Villarreal et
ompC E. coli mutant sensitive to bile Downregulation al., 2014)
= dam DNA adenine methylase Upregulation? (Prieto, Ramos-Morales &
% Mutant sensitive to bile preg ' Casadesus, 2004)
<
g recA, B, DNA repair Ubresulation? (Prieto, Ramos-Morales &
C,D Mutants sensitive to bile Pree ) Casadesus, 2006)
wecD Biosyntheslis and asselmbly of (Prouty et al,, 2002;
<t ECA; Putative protective role :
@] , ) Upregulation? Ramos-Morales et al.,
w against bile salts 2003)
wecA Mutants sensitive to bile
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in S. Typhi Ty2 was not statistically significant. Remaining genes largely showed insignificant changes

in response to bile.

S. Typhi and S. Typhimurium have been shown to be inherently resistant to high bile
concentrations with a MIC of 12% and 18%, respectively (van Velkinburgh & Gunn, 1999). As shownin
Figure 3.2A-B, the growth rate of S. Paratyphi A 9150 and ED199 was not affected by the presence of
3% bile in the growth media, like S. Typhi and S. Typhimurium (Johnson et al., 2018). To further
investigate bile tolerance of S. Paratyphi A in high concentrations, bacteria were grown for 16 hin a
gradient of bile concentrations (5—30%) and growth was assessed relative to LB-grown bacteria by CFU

enumeration. S. Typhi Ty2 growth was affected at high bile concentrations (15-30%), consistent with

A B =
D s,
——
o
] 5
—
= | 8 £
* e 5 =
d [#)] Ww g L
S 0Q Q
(Y]
S TolR g 10— . . .
tolA = C;L % g g
tolC = = 3 N
acrA L L
acrB

- Bile concentration
[0 acrR
-+ IR m 50%

emrA

i I 0,
. emrB - 2004’
* x emrD . 15%

I er? . 10%

phoQ 5%
I R
--- marA Figure 3.7 Bile tolerance of S. Typhi and S. Paratyphi A.
marB
--- 1poS (A) Heat map showing differential regulation of genes involved in
--- ompF Salmonella bile tolerance and/or resistance in all three strains tested.
ompC Asterisks denote statistically significant change. (B) Bacteria were grown
dam in LB media supplemented with varying bile concentrations as indicated.

wecD/rffC At 16 h, bacterial cultures were plated and CFUs were enumerated.

wecA/rfe Growth was assessed by normalising CFUs to CFUs from LB cultures. Bars
show means from four (Ty2, , or three independent
fepE h from four (Ty2, 9150, ED199) or three (ED293) independ
[— = experiments + SEM.
-6.50 000 200
log,FC
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its published MIC, and its growth in bile relative to standard LB remains unaffected in 5—7.5% bile
(Figure 3.7B). S. Paratyphi A 9150 tolerated similar bile concentrations to S. Typhi Ty2, although its
growth was less limited at high concentrations (Figure 3.7). S. Paratyphi ED199 is able to withstand
concentrations reaching 15% more readily than S. Paratyphi A and S. Typhi Ty2 (Figure 3.7B). To test
whether the ability of S. Paratyphi A to tolerate high bile concentrations is shared with other clinical
isolates, S. Paratyphi A ED293 was also included in this analysis. This strain tolerated high bile
concentrations better than all other strains tested. Its growth was enhanced in bile concentrations
ranging 5-10%, while 15-30% bile only mildly affected its growth compared to S. Typhi Ty2 and other
strains of S. Paratyphi A (Figure 3.7B). These results suggested that S. Paratyphi A may be more tolerant
than S. Typhi in high bile concentrations, while clinical isolates exhibit an amplified phenotype of bile
tolerance, which has also been observed with an S. Typhi clinical isolate compared to Ty2 (Johnson et

al., 2018)

3.7 Effect of exposure to bile on SPI-1 and adhesin expression

It was shown above that exposure to bile results in increased invasiveness by S. Paratyphi A. Also, a
key difference between S. Typhimurium and S. Typhi in their response to bile is disparate SPI-1
regulation (Johnson et al., 2018). Bile-mediated changes in expression of SPI-1-encoded genes and
other SPI-1 T3SS-dependent effectors encoded outside the SPI-1 in S. Typhi Ty2 and S. Paratyphi A
9150 and ED199 are shown in Figure 3.8A. As expected (Johnson et al., 2018), all SPI-1-associated
genes were upregulated in bile in S. Typhi Ty2; this change in expression was statistical significant for
some of these genes. Similarly, S. Paratyphi A 9150 upregulated all SPI-1 associated genes, with a few
showing a statistically significant increase (Figure 3.8A). Strikingly, S. Paratyphi A ED199 showed an
overall decrease in expression of SPl-1-associated genes, with a few exceptions, such as hilD and hilC
which were mildly, although not significantly, upregulated (Figure 3.8A). Hierarchical clustering
suggested a closer similarity between S. Typhi Ty2 and S. Paratyphi A 9150 than between the two
S. Paratyphi A strains (9150 and ED199).

To validate these findings, the transcription of the SPI-1 regulators hilA, hilC and hilD (Fabrega
& Vila, 2013), as well as rtsA which is encoded outside the genomic island (Ellermeier & Slauch, 2003),
along with the effectors sopB and sipA was tested via RT-qPCR. For better comparison, the individual
values of log fold change obtained from each repeat in RNA-Seq analysis were plotted separately for
these genes (Figure 3.8B). RT-gPCR corroborated results obtained from RNA-Seq analysis regarding all
four regulators tested (hilA, hilC, hilD, and rtsA). While the genes encoding these proteins were
upregulated in both S. Typhi Ty2 and S. Paratyphi A 9150, RT-gPCR analysis showed a minimal change
in expression in S. Paratyphi A ED199, but the trend was in line with the RNA-Seq data (Figure 3.8C).
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sopB and sipA were upregulated in S. Typhi Ty2 and S. Paratyphi A 9150 as shown by both RNA-Seq
and RT-gPCR analysis (Figure 3.8A-B). However, differential expression of sopB and sipA in S. Paratyphi
A ED199 in response to bile as shown by RNA-Seq was not corroborated with RT-gPCR (Figure 3.8B).
The overall lack of differential expression of SPI-1 regulators between LB and bile growth conditions

of S. Paratyphi A ED199 may explain the variation seen in expression of SPI-1 T3SS-dependent
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log,FC
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effectors. Additionally, S. Paratyphi A ED199 is more variable than the reference strains across
biological replicates, which may be a result of adaptation of the latter to laboratory conditions and

may indicate an overall absence of an effect of bile on SPI-1 regulation in ED199.

Downregulation or small change in expression of SPI-1-associated genes in S. Paratyphi A
ED199 comes in sharp contrast to the Hela cell invasion data, but is in line with the SPI-1 protein
expression levels (Figure 3.4). It is possible that clinical S. Paratyphi A isolates exploit other molecules
to promote invasion into host cell upon exposure to bile. An obvious candidate would be adhesins,
which facilitate bacterial proximity and adhesion to the host cell, as well as biofilm formation which is
important for survival in the gallbladder (Fabrega & Vila, 2013; Kline et al., 2009; Gonzalez-Escobedo
& Gunn, 2013a). A large non-fimbrial T1SS-secreted adhesin, SiiE, which is encoded within SPI-4 is
suggested to be important in in vitro invasion of S. Typhimurium by promoting a close interaction of
epithelial cells and thus efficient translocation of SPI-1 proteins (Gerlach et al., 2007; Sabbagh et al.,
2010; Gerlach et al., 2008). Also, in S. Typhimurium, SprB activates the SPI-4 (Saini & Rao, 2010; Main-
Hester et al., 2008); sprB was significantly upregulated in S. Paratyphi A 9150 (log>FC=1.94), as well as
in S. Paratyphi A ED199 although not significantly. However, all SPI-4 genes (siiA-F/SPA4073-78) were
downregulated in S. Paratyphi A 9150 and ED199, where this reduction in expression was statistically
significant and more than 5-fold (log,FC=-2.34) in SPA4077/siiE in S. Paratyphi A ED199. The SiiE
adhesin-associated genes are found as pseudogenes in S. Typhi Ty2 (Parkhill et al., 2001; Sabbagh et
al., 2010). Furthermore, most fimbrial operon genes did not exhibit differential regulation in response
to bile, such as sef, ste, stb, tcf, and sth and the curli csg. fimA of the fim operon and stdC of the std
operon were significantly downregulated in S. Paratyphi A ED199 (Table Appendix.1). All these genes
showed no difference in expression following exposure to bile in S. Paratyphi A 9150 (Table
Appendix.1). Taken together, bile-mediated changes in expression of genes that promote host cell
attachment and invasion did not fit a model whereby they would assist in increased invasion
compensating for downregulation of SPI-1; however, as the role of adhesins is unknown in most cases,

it is impossible to conclude how S. Paratyphi A ED199 exploits these changes to modulate host cell
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invasion. Another possibility is that regulation of motility-associated gene expression in S. Paratyphi A

clinical strains allows for increased invasion.

3.8 Effect of bile on S. Paratyphi A motility
Following exposure to bile, S. Typhimurium downregulates genes associated with flagellar motility,
while S. Typhi upregulates these genes (Johnson et al., 2018). The increase in expression of motility-
associated genes in 5. Typhi was observed here as well, where the majority of genes showed a
statistically significant increase of more than 2-fold in expression following exposure to bile (Figure
3.10A). Interestingly, genes linked to flagellar motility and chemotaxis were among the genes shown
to be significantly upregulated in S. Typhi Ty2, but not in S. Paratyphi A strains (Figure 3.6). S. Paratyphi
A 9150 showed a modest upregulation in the majority of genes associated with motility and
chemotaxis, although this change in expression was not statistically significant (Figure 3.10A).
Surprisingly, S. Paratyphi A ED199 showed a small change in expression of most genes, while the
majority of genes showed a decrease in expression, with downregulation of fliE (log,FC=-1.04) and flhE
(log2FC=-0.68) being statistically significant. In order to confirm this disparate modulation of gene
expression between the three strains tested here, the expression of fliE, which was significantly
downregulated in S. Paratyphi A ED199, and of fliZ, which was upregulated in all strains, was confirmed
by RT-gPCR. Indeed, the trend of the expression of these genes seen with RNA-Seq (Figure 3.10A-B)
was corroborated with RT-qPCR (Figure 3.10C). S. Paratyphi A 9150 showed more variation in
expression of these two genes when investigated both with RNA-Seq and with RT-qPCR, suggesting

that bile probably has an insignificant effect on the motility of this strain.

To verify these results, motility was tested in standard motility agar supplemented with 1%
bile. A slightly lower concentration was used, as 3% bile concentration interfered with agar setting.
Measuring the swimming diameter of S. Typhi Ty2, S. Paratyphi A 9150 and ED199 in motility agar in
the presence or absence of 1% bile confirmed that the impact of bile on motility is in line with the gene
expression results. In particular, S. Typhi Ty2 became significantly more motile in the presence of bile
(Figure 3.10D), while the motility of S. Paratyphi A 9150 did not change in the presence of bile (Figure
3.10E), as suggested by the expression data (Figure 3.10B-C). S. Paratyphi A ED199 was significantly
less motile in bile (Figure 3.10F), in line with the overall downregulation of flagellar genes (Figure
3.10A). Direct comparisons between the motility profiles of these strains cannot be made, due to the
different incubation times used for S. Typhi (16h), S. Paratyphi A 9150 (24 h) and ED199 (8 h), owing
to marked strain-to-strain variation in motility in swimming agar. However, S. Paratyphi A ED199 is

markedly more motile with a swimming diameter of 4.6 cm on average, i.e. greater than double that
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of 2 cm of S. Paratyphi A 9150 in a third of the time. S. Paratyphi A has been previously shown to be

more

motile than S. Typhi, although the strains tested were different that those tested in this project

(Elhadad et al., 2015a). Also, S. Paratyphi A clinical isolates may exploit increased motility for survival

within the host, which is consistent with data with an outbreak strain from an independent study (Gal-

Mor et al., 2012). However, upon encounter of bile, which may act as an environmental cue, motility
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Figure 3.11 Effect of bile on S. Paratyphi A clinical isolates motility.

Swimming motility of S. Paratyphi A clinical strainsin LB and 1% bile assessed by the average swimming diameter
on swimming agar after 8 h. Graphs show mean + SEM from five independent repeats. Statistical analysis by

two-way ANOVA followed by correction for multiple comparisons. *, p < 0.05; ns, not significant.

may be limited to evade recognition by the immune system. To examine whether this increased
motility was shared with other clinical S. Paratyphi A isolates, swimming motility was tested in the
other clinical strains as well. Interestingly, bile did not affect the motility of S. Paratyphi A 02TY129,
02TY221 and 02TY224, while it promoted motility for S. Paratyphi A ED293 (Figure 3.11). It is currently
unclear why the S. Paratyphi A clinical isolates may regulate their motility differently in response to

bile, but indicates within-serovar variation in flagellar motility and/or flagellin proteins.

3.9 Effect of bile on S. Paratyphi A-specific genes
Genes only found in S. Paratyphi A and not in S. Typhi were next investigated, as these may be
implicated in different strategies to establish chronic carriage between the two serovars. A list of these
genes (SPA2394-2431, SPA2469, SPA2472-3, SPA2601-13, SPA2623-25, SPA4289-91) was found in Holt
(2009). Although the comparison was made between other reference strains than those used herein,
namely S. Typhi CT18 and S. Paratyphi A AKU_12601, most of these genes were found in other
S. Paratyphi A strains tested in that study including 9150. None of these genes were differentially

regulated in response to bile in any of the two S. Paratyphi A strains tested.
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The genomes of both S. Paratyphi A and S. Typhi are characterised by extensive genome

degradation (McClelland et al., 2004; Holt et al., 2009). Although S. Typhi and S. Paratyphi A share

some of their pseudogenes (Table 1.2), there are also pseudogenes that are not shared between the

two serovars. Pseudogenes in S. Typhi Ty2 that are intact in S. Paratyphi A 9150 were examined for

differential regulation to bile, which may drive disparate responses between the two serovars. From

Table 3.7 Expression change of S. Paratyphi A genes in bile found as pseudogenes in S. Typhi.

Genes that are intact in S. Paratyphi A and pseudogenes in S. Typhi Ty2 were examined for differential

regulation in response to bile. Those that exhibited a statistically significant change in expression in one of the

two or both S. Paratyphi A strains are presented here. log2FC values are shown only when g < 0.05.

S. Paratyphi A log,FC,
Gene ID r?aenr']rz Function q<0.05
9150 ED199
SPA0186 | panD aspartate 1-decarboxylase -1.25873
SPA0375 - - 1.189825
SPADG64 | yeiA putative dihydropyrimidine dehydrogenase 1.277228 1.654865
SPAD712 | yegS | putative diacylglycerol kinase catalytic domain -0.83289
SPA1133 | oppC ABC superfamlly(membrane.},ollgopeptlde -0.87932
transport protein
SPA1326 B putative outer membrane protein 4.095924
SPA1340 | ydel putative periplasmic protein -1.09516
sPA1356 | dmsa putative dimethyl sulp.homde reductase 1.553598
subunit
SPA1479 | ynhG putative LysM domain -0.92093
SPA1540 | astA arginine succinyltransferase _:
SPA1555 | yeaD putative enzymgs related to aldose 1- 1.352672
epimerase
SPA1723 - putative sodium/glucose cotransporter -0.78727
SPA1923 | ginH glutamine-binding periplasmic protein 1.6458 1544171
precursor
SPA2040 | speF ornithine decarboxylase isozyme, inducible 2.918162
SPA2080 - putative cytoplasmic protein 1.329705
SPA2333 | aroM protein of aro operon, regulated by aroR -1
SPA2357 | yahO probable secreted protein -2.83094 -1.8679
SPA2650 | gabP GabA permease (4-a ml.no butyrate transport -2.63559
carrier)
SPA2652 | ygaU putative LysM domain -1.10745
SPA3112 | tdecC HAAAP family, L-threpmne/ L-se.rlne permease, 3.006277 2441227
anaerobically inducible
SPA3369 | yhgF putative transcription accessory protein -1.23195
SPA3456 - - -0.9094
SPA3612 | cigR putative inner membrane protein -0.68589 -0.97763
SPA4286 | yjgB putative alcohol dehydrogenase -1.97797
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the ~200 genes (McClelland et al., 2004), 24 showed statistically significant upregulation or
downregulation in response to bile in any of the two S. Paratyphi A strains (Table 3.7). The response
to bile of some of these genes was shared between the two S. Paratyphi A strains. Most genes with a
known function have catalytic activity in metabolic pathways, although these showed a varying
response to bile between the two S. Paratyphi A strains. Based on the current annotation (GO analysis)
of this pool of genes, it was suggested that they are not involved in a specific arm of metabolism that
is targeted by bile. Bile also triggered changes in expression of genes encoding membrane proteins
that may be involved in bile components uptake or efflux or have other regulatory purposes. Genes
belonging to this pool with unknown or not well investigated functions may prove to be unique

S. Paratyphi A strategies for survival and/or virulence following exposure to bile.

3.10 Effect of bile on S. Paratyphi A metabolism
Most of the biological processes repressed in response to bile in S. Paratyphi A 9150 and ED199
included pathways involved in metabolic processes (Table 3.3). Although not statistically enriched,
these pathways showed the opposite response in S. Typhi (not shown). Many of these pathways are
biosynthetic processes; downregulation of such pathways in response to bile may indicate an arrest in

certain metabolic processes in the harsh environment created by bile.

GO analysis (Table 3.3) indicated that sulphate assimilation and reduction involved genes
encoded by the cys operon. Genes belonging to the cys operon are implicated in Salmonella oxidative
stress (Wang et al., 2010a) and in S. Typhi tolerance to bile (Langridge et al., 2009). cys genes are also
involved in hydrogen sulphide biosynthetic process, which has been implicated in defences against
oxidative stress in bacteria (Shatalin et al., 2011). As previously mentioned, bile results in oxidative
stress in bacteria (Walawalkar, Vaidya & Nayak, 2016); therefore, it is intriguing that S. Paratyphi A
would reduce these genes in response to bile. A similar response was observed with a S. Typhi H58
strain (Johnson et al., 2018). Bile-triggered downregulation of a cys gene (cysJ) was corroborated in
S. Paratyphi A strains, although the magnitude was smaller than that observed with RNA-Seq (Figure
3.12A-B). However, cys) expression in S. Typhi could not be validated. Another gene involved in
protection from oxidative stress in Salmonella is sodA (Langridge et al., 2009), and a similar trend in
its expression in response to bile was observed in the Johnson et al (2017) study, namely it was
upregulated in S. Typhi Ty2, but downregulated in a clinical strain. While its expression levels remained
unchanged in S. Typhi Ty2 in the present study, it showed a tendency to be downregulated in
S. Paratyphi A (Figure 3.12A-B). As decreases in expression observed by RNA-Seq were not always

corroborated with RT-gPCR, a gene thatwas observed to be upregulated by RNA-Seq in all three strains
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tested was examined. The upregulation of fadE, which is involved in fatty acid metabolism (Wolfe,
2005), was examined by qPCR and validated in all three strains. It remains unknown why the RNA-Seq
data were not always corroborated with RT-gPCR in this case. Nevertheless, this discrepancy may

suggest overall non-significant changes in expression in response to bile of the genes tested.

The glyoxylate bypass (also known as glyoxylate shunt or cycle) of the TCA cycle (Figure 3.13A)
mediates the utilisation of acetate and fatty acids as carbon sources when glucose is scarce. The CO»-
producing reactions are bypassed during activation of the glyoxylate cycle and maintains the number
of carbon atoms (Figure 3.13A). The enzymes involved in the glyoxylate shunt are AceA, which is an
isocitrate lyase catalysing the conversion of isocitrate to glyoxylate and succinate, and AceB, a malate
synthase A, which catalyses the formation of malate from glyoxylate. To determine cycle flow through

the glyoxylate cycle instead of the TCA cycle, AceA competes for the same substrate with lcdA, the
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Figure 3.12 Validation of bile effect on S. Paratyphi A metabolic genes.

(A) Individual log2FC values from RNA-Seq analysis of indicated genes showing expression change in bile over LB.
(B) Validation of expression of indicated genes in bile with RT-gqPCR. (A) and (B) were performed with different

sets of samples.
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isocitrate dehydrogenase converting isocitrate to a-Ketoglutarate, as AceA has a lower affinity for
isocitrate than IcdA. Their activity is controlled by AceK, the isocitrate dehydrogenase
kinase/phosphatase that phosphorylates and inactivates IcdA, allowing AceA to direct flux through the
glyoxylate cycle (Cozzone, 1998; Wolfe, 2005).

The genes involved in this pathway are encoded by the aceBAK operon (Figure 3.13B) in
Salmonella and E. coli. In S. Paratyphi A, aceK is a pseudogene due to a mutation resulting in a stop
codon at base 96 (McClelland et al., 2004; Wilson & Maloy, 1987). Expression of aceB and aceA were
significantly downregulated in response to bile in both S. Paratyphi A 9150 and ED199 by more than
4-fold (logaFC > 2.3) (Figure 3.12A). In contrast, S. Typhi Ty2 significantly repressed expression of aceB;

expression of aceA was unchanged. To validate these results, transcription of these genes was
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Figure 3.13 Glyoxylate cycle in Salmonella.

(A) The glyoxylate bypass of the Krebs cycle. Glyoxylate cycle enzymes are shown in green. Graphic produced
with Biorender. (B) the aceBAK operon in S. Paratyphi A. (C) S. Paratyphi A was grown in standard LB media and

growth was assessed by monitoring ODsoo over time. Results show means from three independent repeats.
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assessed by RT-gPCR. As shown in Figure 3.12B, both aceB and aceA were downregulated in the
S. Paratyphi A strains, while they were induced by bile in S. Typhi Ty2. It is worth noting that none of
the TCA cycle enzymes were significantly differentially expressed in bile in any of the three strains
(Table Appendix.1), suggesting that regulation of the glyoxylate cycle by bile is not because of changes
in the TCA cycle activity. As aceB was the only gene to be significantly differentially regulated by bile
between S. Typhi and S. Paratyphi A (see Section 3.5), it was further investigated as shown in the
following sections. Deletion of aceA, aceB, or aceBA did not affect S. Paratyphi A 9150 growth in
standard LB media (Figure 3.13C). It is worth noting that another pathway downregulated in the two
S. Paratyphi A strains was a catabolic process resulting in succinate (Table 3.1), which is in line with
downregulation of the glyoxylate pathway and production of the intermediate molecules. Collectively,
these results suggest that S. Paratyphi A may have a distinct metabolic profile in bile compared to

S. Typhi.

3.11 Role of glyoxylate cycle genes in host cell infection

The enzymes involved in the glyoxylate cycle have been shown to influence interactions of bacteria
with host cells. AceA is involved in persistence during chronic infection, but not in acute infection of
mice with S. Typhimurium, suggesting S. Typhimurium dependence on fatty acids at the persistent
phase of infection (Fang et al., 2005). A transcriptomic analysis found induction of aceA during S. Typhi
infection of human macrophages after 12 h of infection (Faucher et al., 2006). These suggest that AceA
may be important for long-term survival in macrophages. Additionally, AceA is involved in modulation
of NLRP3 inflammasome during infection with S. Typhimurium (Wynosky-Dolfi et al., 2014). S.
Paratyphi A interactions with macrophages are examined in Chapter 4 and the glyoxylate cycle appears
to be relevant for the systemic phase of infection. Therefore, the next aim was to explore whether this
pathway has a role during S. Paratyphi A infection of human cells. To test whether deletion of aceA or
aceB affect interactions of S. Paratyphi A 9150 with host cells, HelLa and differentiated macrophage-
like THP-1 cells were infected with S. Paratyphi A 9150, AaceA, AaceB, and AaceBA.

Hela cells were infected and internalised bacteria were determined at 2 h post infection to
assess invasion levels. Deletion of either aceA, aceB, or both aceBA did not affect invasion of
S. Paratyphi A, as these invaded Hela cells at comparable levels to WT (Figure 3.14A). The ability of
these mutants to replicate within Hela cells was determined by infecting Hela cells and assessing
bacterial numbers at 20 h post infection. The deletion of either or both genes had no significant effect
on intracellular replication compared to WT bacteria (Figure 3.14B). These results suggest that the

glyoxylate bypass is not required for interactions of S. Paratyphi A 9150 with Hela cells. This is in line
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Figure 3.14 Loss of glyoxylate cycle enzymes does not affect invasion or intracellular replication of

S. Paratyphi A in epithelial cells.
Hela cells were infected (MOI 100) with S. Paratyphi A 9150 and (A) invasion was determined at 2 h post

infection, and (B) replication at 20 h post infection by enumeration of intracellular CFUs by gentamicin protection

assays. Bars represent means + SEM from two independent repeats.

with a study investigating the metabolic requirements of S. Typhimurium during infection of Hela cells

(Bowden et al., 2014).

AceA is important for long-term survival of S. Typhimurium in macrophages. Therefore, THP-1
cells were infected with S. Paratyphi A 9150 WT, AaceA, AaceB, and AaceBA in macrophages in which
cell death was blocked to more accurately assess bacterial loads at several timepoints. The
establishment of the infection conditions for THP-1 cell line are presented in Chapter 4. Bacterial loads
were determined at 1.5 h, 3 h, and 20 h post infection. Due to CL3 biosafety regulations, an
intermediate time point could not be included in the analysis. Disruption of the glyoxylate cycle did
not affect survival and replication within macrophages compared to bacteria with an intact glyoxylate
pathway at 3 or 20 h post infection (Figure 3.15A). Bacterial loads at 3 and 20 h post infection were
also analysed as fold change in bacterial numbers compared to those at 1.5 h post infection. Fold
change of glyoxylate cycle enzyme mutants was similar to that of WT bacteria at both time points
tested at 3 h (Figure 3.15B) and 20 h post infection (Figure 3.15C). Interestingly, S. Paratyphi A
intracellular replication begins later than 3 h post infection, while it reaches > 5-fold higher numbers
at 20 h post infection. Collectively, these results suggest that the inability to utilise the glyoxylate shunt

does not impact on interactions of S. Paratyphi A with host cells.
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Figure 3.15 Effect of glyoxylate enzyme gene deletion on intracellular replication of S. Paratyphi A

in human macrophages.

(A) GSDMD™R THP-1 cells were infected with S. Paratyphi A 9150 (MOI 50) as indicated and numbers of
intracellular bacteria were determined at 1.5, 3 and 20 h post infection. Based on these numbers, fold replication
of bacteria at (B) 3 h and (C) 20 h relative to 1.5 h post infection were calculated. Bars show means * SEM from
two independent repeats. Statistical analysis by one-way ANOVA showed statistically not significant differences

between strains.
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3.12 Discussion
Infection with typhoidal Salmonella often results in asymptomatic chronic carriage in the gallbladder
(Gal-Mor, 2019). Salmonella encounters bile both within the small intestine and in the gallbladder in
high concentrations. Despite the importance of the chronic carrier state, the response of typhoidal
Salmonella to bile, a major environmental cue for enteric pathogens, has been poorly studied.
S. Typhimurium responds to bile by downregulating many virulence-associated genes (Prouty et al,,
2004b; Prouty & Gunn, 2000; Johnson et al., 2018). In contrast, Johnson et al. (2017) recently showed
that S. Typhi upregulates these genes, becoming more invasive into epithelial cells, a response that is
amplified with a clinical S. Typhi strain (H58). However, the molecular mechanisms of S. Paratyphi A,
the other major causative agent of typhoid fever in humans (Stanaway et al., 2019), for survival and
behaviour in bile remain unknown. In the present study, the sequenced S. Paratyphi A 9150 strain was
used to investigate the response of S. Paratyphi A to bile, alongside a clinical isolate S. Paratyphi A
ED199 (Dolecek et al., 2008). In an attempt to elucidate the underlying mechanisms of S. Paratyphi A
behaviour to bile, a transcriptomic analysis was performed comparing changes in expression of S. Typhi
and S. Paratyphi A in response to bile. The transcriptome of S. Typhi Ty2 in bile was used as a control
(Johnson et al.,, 2018), as well as a way to investigate common and disparate responses within

typhoidal Salmonella serovars.

Overall, all three strains tested herein regulated many genes linked to bile tolerance and
resistance (e.g. ompF, marA, glpD), as well as several stress responses, in a similar manner, further
supporting the conserved role of most of these genes between bacterial species (Sistrunk et al., 2016;
Begley, Gahan & Hill, 2005; Gunn, 2000). For example, the marRAB operon has previously been shown
to be activated by bile, and more specifically by the bile salt deoxycholate, and encodes proteins
important for survival as it mediates antibiotic tolerance by activating the transcription of efflux pumps
facilitating efflux of harmful bile substances (Prouty et al., 2004a). Furthermore, OmpF is a major porin
downregulated in response to treatment with antibiotics (Choi et al., 2018). Activation of marRAB
leads to downregulation of ompF, both responses observed herein, and decreased production of
OmpF results in reduced influx, in line with a role in limiting influx of harmful substances (Villarreal et
al., 2014; Prouty et al., 2004a; Herndndez et al., 2012). Like in S. Paratyphi A, expression of ompF is
also significantly downregulated in S. Typhimurium in bile (Johnson et al., 2018), suggesting that this
unified change in ompF expression is a shared robust mechanism of bile resistance, common among
Salmonella serovars. Similarly, S. Typhi and S. Typhimurium have previously been shown to be
inherently resistant to bile, tolerating concentrations that exceed those encountered in vivo (van
Velkinburgh & Gunn, 1999). This was also shown for S. Paratyphi A, with clinical isolates exhibiting an

enhanced ability to survive in high bile concentrations. This increased bile tolerance may be beneficial
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for S. Paratyphi A circulating within the human population for establishment of chronic carriage in the

gallbladder, a phenotype frequently seen with this pathogen in endemic areas (Dongol et al., 2012).

Other genes that were commonly upregulated in all three strains tested herein and have
unknown functions (e.g. SPA3229, SPA2654, SPA1831, and sisA) warrant further investigation in this
context. For example, s/sA is encoded within the SPI-3 pathogenicity island. SPI-3 contains proteins
seemingly unrelated functionally, as its genes are involved in processes from initial attachment to
survival upon systemic dissemination (Fabrega & Vila, 2013). Such investigations may reveal novel

typhoidal Salmonella factors involved in chronic carriage establishment and/or bile tolerance.

S. Typhi Ty2 and S. Paratyphi A 9150 showed similarities in the regulation of gene classes such
as SPI-1-associated genes and motility and chemotaxis genes. Similar to S. Typhi (Johnson et al., 2018)
and in contrast to S. Typhimurium (Prouty & Gunn, 2000; Prouty et al., 2004b; Eade et al., 2016), the
ability of S. Paratyphi A 9150 to invade Hela cells increased following exposure to bile, which
correlated with an increase in SPI-1 expression both at the transcriptional and at the translational level.
Increase in virulence following exposure to bile is observed with other pathogenic bacteria to enhance
infection, such as S. flexneri (Pope, Reed & Payne, 1995; Stensrud et al., 2008; Olive et al., 2007;
Faherty et al., 2012) and V. cholerae (Gupta & Chowdhury, 1997; Schuhmacher & Klose, 1999).

Although bile induced higher invasiveness of clinical S. Paratyphi A isolates into Hela cells, SPI-
1 protein expression was seemingly reduced when grown in bile. The apparent decrease in SPI-1
protein levels was in line with lower transcription of the respective genes in S. Paratyphi A ED199. The
underlying mechanism for the increase in invasiveness is unknown but may be via increased motility,
although infection was synchronised via centrifugation under the conditions tested, or via increased
expression of other molecules mediating invasiveness such as adhesins and fimbriae. However, most
adhesin proteins as well as flagellar-associated genes, which promote approach, adherence and
invasion into host cells (Humpbhries et al., 2001; Fabrega & Vila, 2013; Townsend et al., 2001) were
downregulated in response to bile. It is possible that other uncharacterised molecules involved in
adhesion and attachment may be involved. The role of several adhesin proteins is not fully
characterised and their downregulation may in fact allow bacterial proximity to the host cell (Forest
et al., 2007; Dufresne, Saulnier-Bellemare & Daigle, 2018; Townsend et al., 2001). However, it should
be considered that the plethora of pseudogenised fimbrial operons in typhoidal Salmonelia
(McClelland et al., 2004; Holt et al., 2009; Parkhill et al., 2001; Townsend et al., 2001) indicate that
these may be dispensable for interaction with host tissue (Nuccio & Baumler, 2014). In the
experiments performed here, the protein and RNA samples were taken at the point prior to cell

infection, under SPI-1 inducing conditions. These in vitro conditions may not be ideal to measure
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adhesin expression, as an in vivo model is often required to enable their transcription (Humphries et
al., 2003), which is in keeping with their often undetectable expression levels in our datasets.
Furthermore, bile may serve as a cue to downregulate SPI-1 and flagellar genes in clinical S. Paratyphi
Ato escape immune recognition by the host cells, while the protein levels of these genes in S. Paratyphi

A 9150 are already low.

Importantly, given the already higher invasiveness of clinical isolates compared to S. Paratyphi
A 9150 even following growth in LB only, suggest underlying differences in SPI-1 expression and/or
activity in the clinical isolates compared to the lab strain. Clinical and lab strains may differ at their
sequence level via accumulation of mutations under growth in lab conditions. An alternative scenario
is that SNPs within regulatory or other genes acquired during circulation within the human population
may be driving such differences, as is the case with, for example, S. Typhi H58 and non-H58 strains
(Wong et al., 2015). Also, translation and/or protein modifications, as well as differences in stability or
regulatory mechanisms may be influencing the final protein levels and/or the strain-specific behaviour
during interactions with host cells and under stress conditions. For example, the stability of HilD, which
only differs at two amino acids between S. Typhimurium and S. Typhi, greatly increases in S. Typhi
following exposure to bile, unlike S. Typhimurium, which may provide an explanation for the
differences observed in SPI-1 expression (Johnson et al., 2018; Eade et al., 2016). Additionally, SPI-1
structural and effector proteins may have longer half-lives or assemble more efficiently within bile in
S. Paratyphi A ED199 compared to 9150 and thus slower transcription would be required to maintain
SPI-1 expression and protein levels. An analogous example is seen with Shigella, where bile salts trigger
conformational changes in the translocon protein facilitating assembly and an activation-ready state
of the T3SS (Stensrud et al., 2008). SPI-1 dependent secretion/translocation may be optimised during
exposure to bile by S. Paratyphi A clinical isolates, in order to minimise energy spent on producing
proteins and allow this saved energy to be exploited in other processes (e.g. bile tolerance strategies).
To address these points in the future, a translocation assay, assessing the levels of SPI-1 effectors
translocated in the host cells, and determining the stability and/or conformational changes of SPI-1
proteins could provide further elucidation into this matter. Finally, while Hela cells serve as a tool to
study SPI-1 T3SS activity, interactions with epithelial cells need to be confirmed in an intestinal
epithelial cell model. Additionally, in order to truly understand the interactions of S. Paratyphi A
and bile, especially to confirm whether clinical strains behave differently to reference strains,

more clinical isolates from diverse geographical regions should be included in any future analyses.

The main difference between S. Typhi Ty2 and both S. Paratyphi A strains were the bile-

mediated downregulation of several metabolic pathways. Surprisingly, many of the genes involved in
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these pathways have been linked to bile tolerance by S. Typhi (Langridge et al., 2009) or aid in nutrient
utilisation within bile (such as phospholipids by fad genes) by S. Typhimurium (Antunes et al., 2011).
Downregulation of many of these genes was also observed in a clinical S. Typhi strain in response to
bile (Johnson et al., 2018). It is currently unclear why these strains limit responses that may be
protective towards bile, while maintaining their ability to survive in high bile concentrations. Although
Salmonella serovars share the majority of their metabolic traits, gastrointestinal and extraintestinal
serovars can be distinguished by their content or degradation of genes linked to aerobic metabolism
(Nuccio & Baumler, 2014) and serovars generally may be differentiated in their cell wall and
membrane-associated metabolism, as well as their transport and catabolism of specific nutrients (Seif
et al., 2018). Indeed, many of the genes that showed differential regulation in bile between the two
serovars are involved in these pathways and, thus, considering that modifications after the
transcription step may occur, metabolomics studies on these strains following exposure to bile are

required to elucidate the metabolic requirements and response of typhoidal Salmonelia in bile.

Furthermore, several S. Paratyphi A genes found as pseudogenes in S. Typhi showed
differential regulation in response to bile, suggesting that these genes may be partly responsible for
distinct responses between the two serovars. Indeed, the majority of these genes are associated with
the membrane leaflet and/or are involved in metabolic pathways, whose bile-induced regulation
overall differs between S. Paratyphi A and S. Typhi. For example, SPA2357 was downregulated in both
S. Paratyphi A strains and encodes for the periplasmic protein YahO, whose function is unknown. It is
a DUF1471 domain-containing protein and, although the function of this domain is unexplored,
members of this family are involved in stress responses (Eletsky et al., 2014). Indeed in S. Typhimurium,
yahO is regulated by RpoS, a known regulator involved in stress responses (lbanez-Ruiz et al., 2000),
while it is repressed by the same porin regulator as ompF (Corcoran et al., 2012), making this protein
a possible candidate for the stress response to bile. Alternatively, its repression may be a result of
ompF downregulation observed here. Furthermore, SPA1326, which was greatly upregulated in
response to bile in S. Paratyphi A 9150, encodes for a putative outer membrane protein. The ortholog
of this gene in S. Typhimurium encodes for phosphoporin PhoE. PhoE is part of a complex in the
bacterial membrane leaflet induced upon phosphate limitation and allowing phosphate transport into
the cell promoting intra-macrophage non-replicating S. Typhimurium (Choi et al., 2019). Another gene
of this group, ginH, was greatly upregulated in both S. Paratyphi A strains. In S. Typhimurium, GInH has
been shown to be involved in survival within macrophages (Bai et al., 2014). Induction of these genes
may be essential during dissemination and/or chronic carriage, during which Salmonella must be able
to survive within macrophages. Finally, tdcC, which showed a great increase in expression in both

strains, is involved in nutrient uptake (Sumantran, Schweizer & Datta, 1990), which may be important
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in the nutrient limiting environment of bile. The activator of the tdc operon, tdcA, was also significantly
and greatly upregulated in both S. Paratyphi A strains. This operon, through the activity of tdcA, has
been shown to be important for intracellular replication and in vivo virulence of S. Typhimurium (Lim
et al., 2010), which may be important upon sensing bile during systemic dissemination. Given that
these are pseudogenes in S. Typhi, their role in S. Paratyphi A tolerance to bile and induced virulence
warrant further investigation. Also, gene products of unknown functions may prove to be unique
S. Paratyphi A virulence factors, at least during exposure to bile, and may therefore offer productive

research avenues in the future.

The only gene that was significantly upregulated in S. Typhi Ty2 and significantly
downregulated in both S. Paratyphi A strains was aceB, a malate synthase involved in the glyoxylate
bypass of the TCA cycle. Interestingly, bile has been shown to influence genes involved in central
metabolism in S. Typhimurium, such as repressing the TCA cycle and switching to alternative
respiratory systems (Antunes et al., 2012). Given that the glyoxylate cycle has been linked to
persistence and survival during chronic infection (Fang et al., 2005; Mckinney et al., 2000), it may be
surprising that S. Paratyphi A would downregulate the associated genes upon exposure to bile. In an
attempt to see whether this gene and/or pathway may be important for bile growth, a reporter strain
under the control of the promoter of the aceBA(K) operon was constructed and S. Paratyphi A 9150
growth was determined in different conditions (LB, bile, acetate); however, differential activity of the
reporter strain between different growth conditions could not be determined (not shown). Similarly,
S. Paratyphi A growth in acetate as the sole carbon source is already very low, possibly due to the lack
of AceK (Cozzone, 1998), and thus differences between the WT strain and the aceBA mutants were
not detectable within 8 h of growth (not shown). It is possible that S. Paratyphi A exploits redundant
pathways; acetate assimilation may be slow under aerobic growth, as has been observed for
S. Typhimurium compared to E. coli (Sargo et al., 2015), and longer times would be required to observe
differences in growth. Also, low expression of the ace genes in S. Typhimurium compared to E. coli
(Wilson & Maloy, 1987) and the pseudogenisation of aceK in S. Paratyphi A (McClelland et al., 2004)

suggests that regulation of the Krebs cycle may be different in this pathogen.

During persistence, Mycobacterium tuberculosis is suggested to exploit the glyoxylate shunt
to metabolise lipids in the lung environment, where carbohydrates may not be available (Mckinney et
al., 2000). Deletion of isocitrate lyase disrupts M. tuberculosis persistence, while it does not affect
bacterial growth during acute infection (Mckinney et al., 2000). As interactions of S. Paratyphi A with
host cells is a topic that concerns the next chapter as well, it was also investigated whether the genes
involved in the glyoxylate pathway in S. Paratyphi A 9150 were involved in these processes. However,

aceB and aceA deletion mutants behaved in a similar manner as the WT counterpart during infection
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of host cells with S. Paratyphi A. The role of the glyoxylate cycle in persistent infection and as a
virulence factor remains controversial. While it has been shown to promote persistence in
S. Typhimurium infections (Fang et al., 2005), an aceA deletion mutant maintained its virulence in mice
(Yimga et al., 2006) and no role for aceA was found in Hela cell invasion and replication (Bowden et
al., 2014), which is in keeping with the results presented here. Similarly, aceA was not identified as a
gene linked to persistence in a microarray screen (Lawley et al., 2006). These findings suggest that
there are complex interactions between metabolic pathways and virulence strategies, and often
redundant pathways are in place, which may explain the lack of an essential role of glyoxylate cycle
enzymes during in vitro S. Paratyphi A infection of host cells. Also, in vitro infection does not always
require the same cellular processes that are important for in vivo virulence (Lorenz & Fink, 2002). The
glyoxylate cycle may be important for virulence but not act as a virulence factor itself (Lorenz & Fink,
2002). Future studies may exploit in vivo enteric fever models to further investigate the role of this
pathway during infection with S. Paratyphi A (with regards to systemic infection, cell interactions and
in response to bile). However, as the focus of this project shifted towards the interactions of
S. Paratyphi A and inflammasomes (Chapter 4), the role of the glyoxylate cycle became deprioritised

and further attempts to understand it in S. Paratyphi A were not performed.

This study provided insights into pathways that may be differentially expressed between
S. Typhi and S. Paratyphi A in response to bile. A limitation of the GO analysis is that only ORFs with
known gene names were analysed, and the S. Typhimurium gene naming was used for this purpose as
it is the only one currently available for this type of analysis, which may occasionally differ between
serovars. While the expression of various genes known to be differentially expressed by bile (either
involved in bile tolerance or in virulence) were independently investigated, other unidentified
pathways may also be regulated differently in bile. Also, despite the fact that the bile concentration
used in this study more closely reflects the concentrations encountered in the small intestine (Gunn,
2000), 3% bile was chosen for this study as it does not affect bacterial growth in vitro making results
reproducible, and this concentration was used in the recent study by our lab (Johnson et al., 2018) so
comparisons could be made more easily. Increasing bile concentrations is challenging for in vitro
studies; to circumvent this and to truly understand the behaviour of typhoidal Salmonella in the
environment of the gallbladder, including high bile concentrations, limiting nutrient milieu, and
different type of epithelial cells, future research should focus on investigating the response of clinical
strains isolated from chronic carriers. Previous findings suggest that isolates from chronic carriers may
have increased ability to form biofilms, while they may be genetically distinct with many genotypes
circulating among carriers in a given location (Kalai Chelvam, Chai & Thong, 2014; Charles et al., 2013;

Hatta et al., 2011). In line with this, this study used ox bile, which is commonly selected for the study
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of the response of bacterial pathogens to bile (Begley, Gahan & Hill, 2005). Ox bile was chosen for this
study as it was used in the Johnson et al. (2017) study, so comparisons could be facilitated. It is worth
noting that discrepancies in the magnitudes of induced changes in expression observed with that study
may be the result of ox bile originating from different manufacturers. Furthermore, differences
between commercial and physiological bile preparations are generally expected to be seen (Antunes
et al., 2012). Nevertheless, as typhoidal Salmonella serovars are human-restricted, human bile would
be required to better elucidate their behaviour, as they may respond differently to bile originating
from animals. In fact, it was recently shown that genes encoding curli fimbriae, involved in biofilm
formation on gallstones, were induced when S. Typhi was exposed to human bile, while these genes
were repressed when grown in animal bile (ox or mouse) (Gonzalez et al., 2019). Finally, in vitro studies
should be combined with in vivo/ex vivo analyses as much as it is feasible, given the lack of appropriate

enteric fever models, to corroborate these findings.

In summary, it is evident that bile affects gene expression in S. Paratyphi A, inducing changes
in > 5% of the genome, which in turn leads to changes in interactions with host cells and may reflect
adaptation to the gallbladder. Differences observed between S. Typhi and S. Paratyphi A require
further elucidation; understanding these responses may facilitate understanding of chronic carriage

and the molecular mechanisms underlying its establishment during enteric fever.
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Inflammasome activation
during macrophage infection
with typhoidal Salmonella

Macrophages are professional phagocytes required for mounting a host immune response by sensing
and responding to infection. They achieve this by engulfing invading pathogens and activating
inflammatory pathways, such as inflammasomes, upon recognition of intracellular bacteria and
cytosolic PAMPs (Eldridge & Shenoy, 2015; Broz & Dixit, 2016). Moreover, macrophages play an
important role during infection with typhoidal Salmonella, as Salmonella can survive intracellularly and
disseminate to systemic sites (Dougan & Baker, 2014). Most inflammasome studies in the context of
Salmonelia infection and pathogenesis have utilised S. Typhimurium and mouse macrophages as
model systems. Thus, very little is known about the role of inflammasomes in typhoidal Salmonella

infection. S. Typhi leads to caspase-1 activation and pyroptosis in human macrophages (Winter et al.,
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2015; Kortmann, Brubaker & Monack, 2015), but the underlying mechanisms remain largely
unexplored. The function of inflammasomes during S. Paratyphi A infection remains unknown. The
aim of this chapter was to explore interactions of S. Paratyphi A with macrophages and to determine
if and how this pathogen leads to inflammasome activation. S. Typhi was included to provide a
comparison between the two most prevalent causes of enteric fever. S. Typhimurium was used as a
control, as it is a well-studied pathogen in terms of inflammasome activation. However, as
inflammasome signalling remains poorly studied in the context of S. Typhimurium infection of human
macrophages, this study also offers novel insights in this aspect. The specific objectives of this chapter

thus were to:

e Establish an infection model in human macrophages with typhoidal Salmonella;

¢ Investigate what host-driven inflammasome signalling pathways are activated in response to
infection with typhoidal Salmonella;

e Examine the role of SPI-1 T3SS in inflammasome activation by S. Typhi and whether Vi antigen
contributes to modulation of inflammasome activation:;

e Examine the role of SPI-1 T3SS in inflammasome activation by S. Paratyphi A and whether the
FepE-mediated very long O-antigen chains contribute to modulation of inflammasome
activation;

e Validate our findings in human MDMs.

4.1 Typhoidal Salmonella induce cell death in THP-1 cells
Interactions of typhoidal Salmonella with macrophages were studied in differentiated macrophage-
like THP-1 cells infected with S. Paratyphi A or S. Typhi. As S. Typhi Ty2 was an established model in
our lab, | first aimed to establish the infection conditions in THP-1 cells using this pathogen.
S. Typhimurium was used as a control, as well as to provide a comparison of NTS infection and ensuing
macrophage responses to those caused by typhoidal serovars. A hallmark of macrophage infection
with bacterial pathogens is lytic cell death. This was measured by uptake of propidium iodide (Pl): a
sequence-independent intercalating fluorescent agent that can only access nucleic acids upon
membrane disruption, such as during cell death by pyroptosis. Pl is therefore used to identify the

percentage of dead cells (Crowley et al., 2016) through a simple in vitro assay.

THP-1 cells were infected at increasing MOIs with S. Typhi Ty2 or S. Typhimurium and cell

death was determined at 5 h post infection. Both strains induced MOI-dependent cell death. However,
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the differences between MOIs were smaller with S. Typhi Ty2 compared to S. Typhimurium which
induced significantly higher cell death with higher MOIls (Figure 4.1A). Also at all MOls tested,
S. Typhimurium induced significantly more THP-1 cell death in comparison to S. Typhi Ty2 (Figure
4.1A). MOI 15 was therefore chosen for further analysis. THP-1 cells were infected with S. Typhi Ty2
or S. Typhimurium and cell death was monitored over time for 5 h. Both S. Typhi and S. Typhimurium-
induced cell death increased during the first 120—-150 min, with S. Typhimurium causing higher cell
death levels at a faster rate, while cell death reached a plateau at later time points (Figure 4.1B). For
this reason, downstream analyses were performed at 3 h post infection unless otherwise stated,

serving as an indication of cell death early during infection.

THP-1 cells were next infected with S. Paratyphi A at a range of MOlIs alongside S. Typhi Ty2.
The range of MOlIs tested was larger than those tested with S. Typhi Ty2 above, as initial experiments
showed that S. Paratyphi A 9150-induced cytotoxicity was undetectable at MOI 15. Preliminary
experiments showed that S. Typhi and S. Paratyphi A induced SPI-1-dependent cell death (see also
Sections 4.10 and 4.15), similarly to S. Typhimurium (Mariathasan et al., 2004; Miao et al., 2006;
Bierschenk et al., 2019; Casson et al., 2015). Therefore, SPI-1 mutants (AinvA) of both S. Paratyphi A
9150 and S. Typhi Ty2 were used in parallel. This served as a way to determine the upper and lower
limits of SPI-1-induced experimental cell death levels; when WT and AinvA-induced cell death becomes

similar, this may be due to overwhelming the cells with a high bacterial load.
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Figure 4.1 S. Typhi induces THP-1 cell death in a time-dependent manner.

(A) THP-1 cells were infected at increasing MOIs with S. Typhi Ty2 (Ty2) or S. Typhimurium (Tm) and cell death
was determined at 5 h post infection. (B) THP-1 cells were infected as indicated at MOI 15 and cell death was
determined by Pl uptake over time. Bars show means + SEM from three independent repeats. Statistical analysis

by matched two-way ANOVA. *, p < 0.05; **, p < 0.01. ns, not significant.
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S. Paratyphi A 9150 induced low levels of cell death even at high MOls (Figure 4.2A). However,
high MOls (e.g. MOI 100) induced SPI-1-independent cell death by both typhoidal Salmonella serovars,
indicating that the infected cells became overwhelmed and died independently of a Salmonelia-
specific pathogenicity mechanism. S. Paratyphi A 9150 MOI of 50 induced similar levels of cell death
as that induced by S. Typhi Ty2 at MOI of 15, while cell death remained SPI-1-dependent (Figure 4.2A).
Thus, MOI of 50 was selected for further experiments with S. Paratyphi A. This experiment also
indicated that both S. Paratyphi A and S. Typhi-induced cell death in THP-1 cells was SPI-1 T3SS-
dependent, as the AinvA mutants induced significantly less cell death than WT at MOI 50 or MOI 15,
respectively (p < 0.05, compared by two-tailed Student’s t-test; see also Section 4.15) (Figure 4.2A).
THP-1 cells were also infected with WT S. Paratyphi A 9150 at MOI 50 and cell death was monitored
over time. Similar to S. Typhi Ty2 and S. Typhimurium (Figure 4.1), S. Paratyphi-A-induced cell death
increased with time and reached a plateau after 180 min post infection, showing only a mild increase

after this timepoint (Figure 4.2B).

The above results show that S. Paratyphi A 9150 required > 3-fold higher MOI to cause similar
levels of macrophage cell death compared to S. Typhi Ty2. To test whether this difference between

cell death induced by S. Paratyphi A 9150 at MOI 50 and MOI 15 is due to higher bacterial
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Figure 4.2 S. Paratyphi A 9150 induces lower levels of THP-1 cell death than S. Typhi Ty2.

(A) THP-1 cells were infected with WT or AinvA S. Typhi Ty2 (Ty2) or S. Paratyphi A 9150 (9150) at increasing
MOls as indicated and cell death was measured by Pl uptake. (B) THP-1 cells were infected with WT S. Typhi Ty2
(MOI 15) and S. Paratyphi A (MOI 50) and cell death was monitored over time by Pl uptake. Bars show means %
SEM from (A) two or (B) three independent repeats.
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internalisation, Z-VAD-FMK-treated THP-1 cells were infected at the two different MOIs and stained
for external and internal bacteria. Z-VAD-FMK is a pan-caspase inhibitor that efficiently blocks cell
death induced by Salmonella (see also Section 4.2) and was thus exploited in these settings to minimise
differences in cell death affecting quantification of intracellular bacteria. The higher cell death levels
induced by S. Paratyphi A 9150 at MOI 50 did not correlate with significantly higher percentage of
internalised bacteria (Figure 4.3). Also, WT and AinvA S. Paratyphi A or S. Typhi were internalised
similarly at these MOls, further supporting that differences in cell death induction was not mediated

by different levels of intracellular bacteria.

4.2 Typhoidal Salmonella induces caspase-dependent pyroptosis

S. Typhimurium-induced cell death is largely mediated by caspases (Wemyss & Pearson, 2019). To
assess whether typhoidal Salmonella similarly induced caspase-dependent cell death in human
macrophages, THP-1 cells were treated with the pan-caspase inhibitor Z-VAD-FMK prior to infection.
The efficacy of Z-VAD-FMK activity was confirmed in cells primed with E. coli 0111:B4 LPS and treated
with nigericin, which activates the canonical NLRP3 inflammasome pathway leading to caspase-1-
dependent pyroptotic cell death (Mufioz-Planillo et al., 2013). As expected, Z-VAD-FMK completely
inhibited the ability of nigericin to induce cell death in LPS-primed THP-1 cells (Figure 4.4A).

Z-VAD-FMK-treated THP-1 cells were then infected with S. Paratyphi A 9150 or S. Typhi Ty2
and cell death was determined at 3 h post infection. S. Typhimurium was used as a control. The pan-

caspase Z-VAD-FMK inhibitor was able to entirely inhibit Sa/lmonella-induced cell death at 3 h post
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Figure 4.4 S. Paratyphi A and S. Typhi induce caspase-dependent cell death.

(A) THP-1 cells were primed with E. coli 0111:B4 LPS for 3 h prior to treatment with DMSO (vehicle) or Z-VAD-
FMK for 1 h. Nigericin was added for 1 h and cell death was assessed by Pl uptake. (B) THP-1 cells treated with
DMSO or Z-VAD-FMK were infected with S. Paratyphi A 9150 (9150; MOI 50), S. Typhi Ty2 (Ty2; MOI 15) or
S. Typhimurium (Tm; MOI 15) and cell death was measured at 3 h post infection via Pl uptake. Bars show means
+ SEM from three independent repeats. Statistical analysis by (A) paired Student’s t-test or (B) matched two-
way ANOVA. *, p < 0.05; ***, p<0.001.

infection (Figure 4.4B). These results suggest that both typhoidal Salmonella and NTS serovars induce

caspase-dependent cell death in macrophages and thus this is a serovar-independent host response.

Macrophage infection with S. Typhimurium leads to pyroptotic cell death (Wemyss & Pearson,
2019). It is now well understood that the major mediator of pyroptosis is GSDMD (Broz, Pelegrin &
Shao, 2019). Therefore, to ascertain whether cell death induced by typhoidal Salmonella was mediated
by GSDMD-mediated pore formation and was thus pyroptotic, GSDMD was silenced in THP-1 cells
using a miRNA30E-based plasmid (GSDMD™®) (Goddard et al., 2019). As a control, CTRL™® THP-1 cells
expressing a non-targeting miRNA (lacZ) were used in parallel. GSDMD silencing was confirmed by
Western blotting in lysates of uninfected cells (Figure 4.5A). To phenotypically validate these cell lines,
CTRL™R and GSDMD™R cells were primed with E. coli 0111:B4 LPS for 3 h, before treating with nigericin
for 1 h and measuring cell death by Pl uptake. As expected, GSDMD silencing prevented LPS+nigericin-
induced cell death in THP-1 cells (Figure 4.5B).
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Figure 4.5 Validation of GSDMD™® THP-1 cells.

(A) GSDMD was detected in uninfected (Ul) THP-1 cells stably transduced with miRNA3OE (miR) targeting
GSDMD or a non-targeting control (CTRL). Blot produced by J. Sanchez-Garrido. (B) CTRL™® and GSDMD™R THP-
1 cells were primed with E. coli 0111:B4 LPS for 3 h before treating with nigericin for 1 h and measuring cell
death by Pl uptake. Error bars show means + SEM from four independent repeats. Statistical analysis by paired
Student’s t-test. **, p< 0.01.

Next, CTRL™® and GSDMD™R THP-1 cells were infected with S. Paratyphi A 9150, S. Typhi Ty2,
or S. Typhimurium and cell death was measured at 3 h post infection. GSDMD silencing entirely
prevented Salmonella-induced cell death by all three serovars tested (Figure 4.6). This suggested that,
similarly to S. Typhimurium, typhoidal Salmonella induces GSDMD-mediated pyroptosis at 3 h post
infection. Additionally, pyroptosis is a hallmark of inflammasome activation during infection and it was
thus implied that inflammasome pathways were indeed activated during infection with S. Paratyphi A

or S. Typhi.
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4.3 Caspase-4 and ASC contribute to cell death triggered by S. Paratyphi A
Activation of the canonical and/or non-canonical inflammasome pathways trigger pyroptosis through
caspase-1 or caspase-4, respectively. As S. Paratyphi A and S. Typhi induce caspase- (Figure 4.4) and
GSDMD-dependent pyroptosis (Figure 4.6), the contribution of caspase-1 and caspase-4 to cell death
during infection with typhoidal Salmonella serovars was next investigated. For this purpose, THP-1
cells were treated with Z-YVAD-FMK prior to infection. Z-YVAD-FMK selectively inhibits mainly
caspase-4, as well as caspase-1. To test the efficiency of Z-YVAD-FMK activity, THP-1 cells were treated
with DMSO or Z-YVAD-FMK before transfecting with E. coli 0111:B4 LPS and measuring cell death at 3
h post transfection. LPS transfection delivers LPS in the cytoplasm allowing for recognition of cytosolic
LPS by caspase-4. Z-YVAD-FMK significantly reduced cell death induced by LPS transfection (Figure

4.7A), suggesting that this inhibitor prevented activation of caspase-4.

Z-YVAD-FMK-treated THP-1 cells were then infected with S. Paratyphi A 9150 or S. Typhi Ty2,
as well as S. Typhimurium. Z-YVAD-FMK-mediated inhibition of caspase-1/4 significantly reduced
S. Typhimurium-induced cell death (Figure 4.7B), although it did not completely inhibit it suggesting
the involvement of additional cell death mediators (Wemyss & Pearson, 2019). Inhibition of caspase-
1/4 by Z-YVAD-FMK resulted in a small but significant decrease in S. Paratyphi A 9150-induced cell

death (Figure 4.7B). In contrast, S. Typhi Ty2-triggered macrophage cell death was not affected by z-

b
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Figure 4.7 Effect of irreversible inhibition of caspase-4 on typhoidal Salmonella-induced cell death.

(A) THP-1 cells were treated with DMSO or Z-YVAD-FMK for 1 h prior to transfecting with E. coli 0111:B4 LPS for
3 h and measuring cell death by Pl uptake. (B) DMSO or Z-YVAD-FMK-treated THP-1 cells were infected with WT
S. Paratyphi A 9150 (9150; MOI 50), S. Typhi Ty2 (Ty2; MOI 15) or S. Typhimurium (Tm; MOI 15) and cell death
was measured by Pl uptake at 3 h post infection. Bars show means £ SEM from (A) three or (B) four independent
experiments. Statistical analysis by (A) paired Student’s t-test or (B) matched two-way ANOVA. *, p < 0.05; ****,
p <0.0001.
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YVAD-FMK treatment (Figure 4.7B), suggesting that S. Paratyphi A and S. Typhi may induce different

pathways of inflammasome signalling in human macrophages.

To further examine the role of caspase-4, a THP-1 cell line with stable silencing of caspase-4
was employed (Goddard et al., 2019). In addition, as ASC is readily recruited to inflammasome
complexes formed during infection with S. Typhimurium (Man et al., 2014b, 2013; Qu et al., 2016; Broz
et al., 2010b), we aimed to determine the contribution of ASC in cell death induction by typhoidal
Salmonella, which would indicate caspase-1 activation. Caspase-4 silencing was confirmed by
immunoblotting for caspase-4 in CASP4™R cell lysates (Figure 4.8A). Also, CASP4™R THP-1 cells were
unable to undergo pyroptosis when transfected with E. coli 0111:B4 LPS for 3 h compared to CTRL™®
(Figure 4.8B). Furthermore, ASC™® THP-1 cells (Goddard et al., 2019) were confirmed to have ablated
ASC expression by immunoblotting for ASC in cell lysates (Figure 4.8A) and ASC™® THP-1 cells were
shown to undergo significantly less cell death in response to LPS priming and nigericin treatment

(Figure 4.8B).

CTRL™R or CASP4™R THP-1 cells were infected with S. Paratyphi A 9150, S. Typhi Ty2 or
S. Typhimurium and cell death was determined at 3 h post infection. Silencing of caspase-4 markedly
reduced S. Paratyphi A-induced pyroptosis by approximately 2-fold, while it did not affect THP-1 cell
death triggered by S. Typhi Ty2 or S. Typhimurium (Figure 4.9A). Indeed, S. Typhimurium has been
recently shown to induce caspase-4-dependent inflammasome activation only following treatment of

THP-1 cells with IFNy to induce GBP expression (Fisch et al., 2019a, 2019b). These results suggest that
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Figure 4.8 CASP4™® and ASC™® THP-1 cell validation.
(A) Stable silencing of caspase-4 and ASC in CASP4™R and ASC™R THP-1 cells, respectively, was confirmed by

immunoblotting for the respective proteins in lysates of uninfected (Ul) cells. Blot representative of three
independent repeats. (B) CASP4™R and ASC™® THP-1 cells were either transfected with E. coli 0111:B4 LPS for 3
h (LPS transfection) or primed with LPS for 3 h before treating with nigericin for 1 h (LPS/Nig) and cell death was
measured. Graph shows means + SEM from three independent repeats. Statistical analysis by two-way ANOVA

followed by correction for multiple comparisons. *, p < 0.05; **, p < 0.01; ns, not significant.
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80+
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= 40- ns CTRL™®R or CASP4A™R THP-1 cells were infected with S.
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o
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matched two-way ANOVA. *, p < 0.05; ns, not significant.
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caspase-4 plays an important role in pyroptosis during S. Paratyphi A infection and further support the
data obtained with Z-YVAD-FMK-mediated inhibition of caspase-4, showing that S. Paratyphi A and

S. Typhi possibly activate distinct pathways in inflammasome signalling.

ASC™® THP-1 cells infected with S. Paratyphi A 9150 underwent pyroptosis at
significantly lower levels compared to CTRL™® (Figure 4.10). In contrast, although pyroptosis was
lower in ASC™® cells infected with S. Typhi Ty2 or S. Typhimurium compared to CTRL™®, this was
not statistically significant (Figure 4.10). ASC appeared to be dispensable for S. Typhimurium-
induced cell death in these settings, which is in line with previous reports in human macrophages
(Bierschenk et al., 2019), and previous work in mouse macrophages points towards a role for

NLRC4 inflammasome in pyroptotic cell death in the absence of ASC (Broz et al., 2010a).

Given that S. Paratyphi A 9150-induced cell death was dependent on caspase-4 and ASC, we
next investigated the effect of silencing either of these proteins on inflammasome activation during

infection with S. Paratyphi A by immunoblotting. Caspase-4 silencing did not influence caspase-1

80+ _ Figure 4.10 S. Paratyphi A induces ASC-
B CTRLMR
o ns dependent cell death in THP-1 cells.
X 604 I | B AschR . .
E CTRL™®R or ASC™R THP-1 cells were infected with
% 40- * S. Paratyphi A 9150 (9150; MO 150), S. Typhi Ty2
— ns
a2l (Ty2; MOI 15) or S. Typhimurium (Tm; MOI 15)
X 20- I—| and cell death was determined at 3 h post
infection. Bars show means £ SEM from four

o
l

independent repeats. Statistical analysis by two-

9150 Ty2 Tm way ANOVA. *, p <0.05; ns, not significant.
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activation nor IL-18 cleavage, as the levels of their cleaved products in supernatants of infected cells
were comparable between CTRL™® and CASP4™RTHP-1 cells (Figure 4.11). These results suggested that
caspase-1 activation may occur in the absence of caspase-4, and that caspase-4 did not directly cleave
IL-18, in keeping with previous publications (Kayagaki et al., 2011, 2015; Schmid-Burgk et al., 2015).
Also, although activation of GSDMD was not determined here, it was suggested that caspase-4 directly
induced pyroptosis independently of caspase-1 upon infection with S. Paratyphi A 9150. Furthermore,
caspase-1 was cleaved at markedly lower levels in ASC™® THP-1 cells compared to CTRL™® during
infection with S. Paratyphi A 9150. This also resulted in significantly lower IL-18 cleavage (Figure 4.11).
A small reduction in caspase-4 activation was also observed, which may have been due to lower levels
of cell death in ASC™® THP-1 cells compared to CTRL™R, leading to a lower level of caspase-4 release
into the supernatant. Nevertheless, ASC was required for caspase-1 activation during THP-1 cell

infection with S. Paratyphi A 9150, as well as for induction of cell death.

Ul 9150
2
PR— Figure 4.11 S. Paratyphi A induces ASC-
Caspase-4 == - — E dependent, caspase-4 independent caspase-1
ASC i o - ® activation.
THP-1 cells were infected with S. Paratyphi A 9150
Caspase-1 (9150; MOI 50) inflammasome activation was
assessed by immunoblotting for cleaved products of
caspase-1, caspase-4 and IL-18 (indicated with
p20/22 — @ arrows) in supernatants of infected cells. Uninfected
E (Ul) cells were used as control. Blot representative of
Caspase-4 3 _
o two independent repeats.
]
p28/30 -
IL-18
p18—= .
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4.4 The role of the NLRP3 inflammasome during infection with typhoidal
Salmonella

To test whether NLRP3 is involved during infection with typhoidal Salmonella, as is the case with
S. Typhimurium (Man et al., 2013, 2014b; Broz et al., 2010b; Bierschenk et al., 2019), THP-1 cells were
treated with MCC950 prior to infection, which is a small NLRP3-specific inhibitor (Coll et al., 2015,
2019; Tapia-Abellan et al., 2019). The efficacy of the inhibitor was tested by the addition of nigericin
to E. coli 0111:B4 LPS-primed THP-1 cells pre-treated with MCC950. MCC950-mediated inhibition of
NLRP3 completely abolished pyroptosis in THP-1 cells treated with nigericin (Figure 4.12A). Also,
MCC950 pre-treatment of THP-1 cells entirely blocked caspase-1 cleavage induced by LPS priming and
nigericin treatment (Figure 4.12B). These results suggested that MCC950 effectively blocks NLRP3 in

THP-1 cells in conditions used here.

THP-1 cells were then treated with DMSO or MCCS950 prior to infection with S. Paratyphi A
9150, S. Typhi Ty2, or S. Typhimurium and cell death was determined at 3 h post infection. In keeping
with the importance of ASC in S. Paratyphi A 9150-induced THP-1 pyroptosis (Figure 4.10), inhibition
of NLRP3 significantly reduced cell death triggered by S. Paratyphi A 9150 (Figure 4.13A). However,
similarly to data shown in Figure 4.10, MCC950-mediated inhibition of NLRP3 did not prevent cell
death triggered during infection with S. Typhi (Figure 4.13B) or S. Typhimurium (Figure 4.13C).
Additionally, caspase-1 activation was reduced upon MCC950 treatment of THP-1 cells infected with
S. Paratyphi A 9150, while caspase-4 activation remained unchanged (Figure 4.13D), suggesting that,

as expected, caspase-4 is not activated downstream of NLRP3. To ascertain whether caspase-1 is
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Figure 4.12 MCC950 efficiently blocks NLRP3 activation in THP-1 cells.

DMSO or MCC950-treated THP-1 cells were primed with E. coli 0111:B4 LPS and treated with nigericin for 1 h
prior to (A) measuring cell death by Pl uptake and (B) determining caspase-1 activation by immunoblotting.
Graph shows means + SEM from four independent repeats, which were compared by paired Student’s t-test.

Blot is representative from three independent repeats. **, p<0.01.
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activated independently of NLRP3 during infection with S. Typhi Ty2 or S. Typhimurium, caspase-1
activation was also examined during infection with these pathogens. However, caspase-1 and caspase-
4 activation did not change in response to NLRP3 inhibition during infection with S. Typhi (Figure
4.13D), further supporting the distinct inflammasome pathways activated during infection with
S. Typhi and S. Paratyphi A. During S. Typhimurium infection, caspase-1 cleavage was decreased upon
MCC950 treatment of THP-1 cells (Figure 4.13D). It is thus possible that other caspases activated
during S. Typhimurium infection may have compensated for the inhibition of NLRP3 (such as caspase-

8, see Section 4.6) and thus the similar levels of cell death between DMSO and MCC950-treated THP-
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Figure 4.13 Effect of MCC950-mediated NLRP3 inhibition on Salmonella-induced cell death.

THP-1 cells were treated with DMSO or MCC950 prior to infection with (A) S. Paratyphi A 9150 (9150; MOI 50),
(B) S. Typhi Ty2 (Ty2; MOI 15), or (C) S. Typhimurium (Tm; MOI 15) and cell death was determined at 3 h post
infection. (D) DMSO or MCC950-treated THP-1 cells were infected as indicated and inflammasome activation
was assessed by immunoblots of cleaved caspase-1 and caspase-4 products (indicated with arrows) in
supernatants of infected cells. Blots representative from three independent repeats. Bars show means + SEM

from (A-B) six or (C) four independent repeats. Statistical analysis by paired Student’s t-test. *, p < 0.05; ns, not

significant
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1 cells (Figure 4.13C). It should be noted that the higher caspase-4 cleavage in MCC950-treated THP-1

cells infected with S. Typhimurium is possibly a result of higher pro-caspase-4 present in the cells.

Furthermore, it has recently been reported that THP-1 cells primed with IFNy prior to
S. Typhimurium infection undergo increased cell death, as IFNy activates GBP expression. GBPs enable
disruption of the SCV and thus cytosolic bacteria are more readily recognised by inflammasomesin a
caspase-4-dependent manner (Fisch et al,, 2019a, 2019b). To test whether this was the case with
typhoidal Salmonella, THP-1 cells were treated with IFNy for 16 h prior to infection with WT
S. Paratyphi A9150, S. Typhi Ty2 or S. Typhimurium. IFNy pre-treatment promoted increased cell death
triggered by both typhoidal Salmonella serovars (Figure 4.14). Interestingly, this increase in cell death
was mediated by NLRP3, as MCC950 treatment restored the levels of cell death to those observed with

cells not receiving any treatment (Figure 4.14).
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Figure 4.14 IFNy priming of THP-1 cells induces NLRP3-dependent increase in cell death by typhoidal

Salmonella.

THP-1 cells were primed with IFNy for 16 h with or without MCC950 for 1 h prior to infection with S. Paratyphi
A 9150 (9150; MOI50), S. Typhi Ty2 (Ty2; MOI 15) or S. Typhimurium (Tm; MOI 15). Cell death was determined
at 3 h post infection. Bars show means + SEM from three independent repeats. Statistical analysis by two-way

ANOVA followed by correction for multiple comparisons. *, p < 0.05. NT, no treatment
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4.5 The role of NLRC4 during typhoidal Salmonella-induced pyroptosis
It has been reported that S. Typhimurium leads to activation of NLRC4 through NAIP-dependent
recognition of PAMPs in murine macrophages. NLRC4-dependent sensing of S. Typhimurium during
murine macrophage infection, as well as transfection of the SPI-1 T3SS needle and rod proteins and
flagellin monomers in human macrophages, triggers pyroptosis and cytokine processing (Yang et al.,
2013; Reyes Ruiz et al., 2017; Kortmann, Brubaker & Monack, 2015; Miao et al., 2010b; Zhao et al.,
2011; Franchi et al., 2006; Rayamajhi et al, 2013). Also, NLRP3 is recruited to the same
macromolecular complex with NLRC4 during S. Typhimurium infection (Broz et al., 2010b; Man et al.,
2013, 2014b). Pharmacological inhibition of NLRP3 did not completely inhibit cell death and caspase-
1 activation (Figure 4.13). To ascertain whether NLRC4 activation contributes to pyroptosis and
caspase-1 activation during infection with typhoidal Salmonella, NAIP was stably silenced in THP-1 cells
(NAIP™R), THP-1 cells expressing a non-targeting miRNA was used as a control (CTRL™®). NAIP silencing
was confirmed in NAIP™® THP-1 cell lysates, which expressed NAIP at markedly lower abundance than

CTRL™R cells (Figure 4.16).
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Figure 4.15 The role of NAIP silencing in typhoidal Salmonella-induced cell death.

(A) CTRL™R and NAIP™R THP-1 cells were primed with E. coli 0111:B4 LPS before adding nigericin in cells
pretreated with DMSO or MCC950. Cell death was determined at 1 h post nigericin addition by Pl uptake. (B)
CTRL™® or NAIP™R THP-1 cells with or without MCC950 pre-treatment, were infected with WT S. Paratyphi A
9150 (9150; MOI 50) or S. Typhi Ty2 (Ty2; MOI 15) and cell death was determined at 3 h post infection. Graphs
show means £ SEM from three independent repeats. Statistical analysis by two-way ANOVA after correction for

multiple comparisons (for B). **, p < 0.01; ****, p < 0.0001; ns, not significant
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The effect of NAIP silencing on S. Paratyphi A or S. Typhi-induced pyroptosis and caspase-1
processing was tested in conjunction with MCC950-mediated NLRP3 inhibition to concomitantly test
the role of both NLRP3 and NLRC4 sensors in typhoidal Salmonella macrophage infection. As cells were
treated with DMSO or MC(C950, the efficacy of NLRP3 inhibition by MCC950 was tested in cells primed
with E. coli0111:B4 LPS and treated with nigericin. Nigericin-induced pyroptosis (Figure 4.15A) as well
as caspase-1 cleavage was completely abolished following MCC950 treatment, independently of NAIP

silencing (Figure 4.16).

CTRL™R and NAIP™R THP-1 cells were then infected with S. Paratyphi A 9150 or S. Typhi Ty2
and typhoidal Salmonella-induced pyroptosis was determined in CTRL™® and NAIP™® THP-1 cells with
or without MCC950-mediated NLRP3 inhibition. NAIP silencing did not affect pyroptosis induction by
S. Paratyphi A 9150 or S. Typhi Ty2, while NLRP3 inhibition significantly reduced pyroptosis levels only
in S. Paratyphi A 9150-infected THP-1 cells (Figure 4.15B), in line with the observations presented in
the previous section. As previously, S. Typhi Ty2 triggered similar levels of pyroptosis in both DMSO
and MCC950-treated THP-1 cells (Figure 4.15B). To determine whether despite the lack of a
contribution of NLRC4 during infection with typhoidal Salmonella, NAIP-NLRC4 mediated caspase-1

activation, caspase-1 and IL-18 cleavage were assessed in supernatants of infected CTRL™® and NAIP™®R
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Figure 4.16 The role of NAIP silencing in inflammasome activation during THP-1 infection with
typhoidal Salmonella.

NAIP expression was assessed in CTRL™R and NAIP™R cell lysates, while caspase-1 and IL-18 processing in
supernatants from cells infected with S. Paratyphi A 9150 (9150; MOI 50) or S. Typhi Ty2 (Ty2; MOI 15). As a
control form MCC950 inhibition, THP-1 cells were primed with E. coli 0111:B4 LPS for 3 h and treated with

nigericin for 1 h. Arrows indicate cleaved products. Blot representative from three independent repeats.
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THP-1 cells. Activation of caspase-1 was similar in CTRL™ and NAIP™® THP-1 cells infected with
S. Paratyphi A 9150 or S. Typhi Ty2, which also led to equivalent IL-18 processing as indicated by the
levels of their cleaved products (Figure 4.16). Collectively, these results suggested that NLRC4
inflammasome did not play a major role in inflammasome activation and pyroptosis triggered by

infection with S. Paratyphi A 9150 or S. Typhi Ty2.

As discussed earlier, the SPI-1 T3SS rod Prgl and needle Prgl, as well as the flagellin monomer
FliC have been demonstrated to activate inflammasomes during infection of human macrophages with
S. Typhimurium (Reyes Ruiz et al., 2017; Yang et al., 2013; Kortmann, Brubaker & Monack, 2015). In
order to test whether differences at the sequence level of these proteins in S. Paratyphi A 9150 and
S. Typhi Ty2 were responsible for the apparent lack of NCLR4 involvement during macrophage
infection, the amino acid sequence of these proteins were compared to those of S. Typhimurium. As
S. Typhimurium SL1344 has been frequently used in published studies, its sequences were also
included. C-terminus domains known to activate inflammasomes in S. Typhimurium do not differ at
the sequence level in S. Typhi Ty2 or S. Paratyphi A 9150 (Figure 4.17). More specifically, V95, L98, L99
in Prgl, 171, A74,175 in Prgl and L502, L504, L505 in FliC (Zhao & Shao, 2015), suggested to be involved
in recognition by Naip molecules, are conserved in all three serovars, indicating that any differences
in the levels of inflammasome activation during Salmonella infection is not mediated by lack of

receptor recognition.
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Figure 4.17 Sequence alignment of Prgl), Prgl,

S. Typhimurium.
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and FliC of S. Paratyphi A, S. Typhi,

and

The amino acid sequences of SPI-1 T3SS rod PrgJ, needle Prgl, and flaggelin FliC proteins of S. Typhimurium (Tm)
SL1233 and 14028 were aligned to the respective sequences of S. Paratyphi A 9150 (9150) and S. Typhi Ty2 (Ty2)

reference strains using the CLUSTALW tool.
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4.6 The role of caspase-8 during THP-1 cell infection with S. Paratyphi A
Given that caspase-4 stable silencing (Figure 4.9) or NLRP3 inhibition (Figure 4.13) did not completely
inhibit cell death by S. Paratyphi A 9150, and neither failed to reduce S. Typhi Ty2-induced cell death,
it was hypothesised that additional pathways are involved in pyroptosis during infection with
typhoidal Salmonella. The role of caspase-8 in regulating and promoting inflammasome activation
has become increasingly apparent; moreover, caspase-8 has also been shown to be able to cleave
GSDMD (Man et al., 2014b, 2013; Gurung et al., 2014; Gurung & Kanneganti, 2015; Orning et al.,
2018; Van Opdenbosch et al., 2017; Sarhan et al., 2018). Therefore, the role of caspase-8 during
infection with typhoidal Salmonella was investigated in THP-1 cells by pre-treating them with Z-
IETD-FMK. Z-IETD-FMK is a narrow-spectrum caspase inhibitor specifically blocking caspase-8
activity. The efficiency of Z-IETD-FMK in inhibiting caspase-8 was tested by treating THP-1 cells with
DMSO or Z-IETD-FMK before adding staurosporine for 5 h. Z-IETD-FMK-treated cells showed a
significant reduction in cell death in response to staurosporine in comparison to DMSO-treated cells

(Figure 4.18A).

Next, THP-1 cells were treated with Z-IETD-FMK, or DMSO as a control, and infected with
S. Paratyphi A 9150, S. Typhi Ty2, or S. Typhimurium. Consistent with the known role of caspase-8 in
S. Typhimurium-induced pyroptosis (Man et al., 2013), inhibition of caspase-8 with Z-IETD-FMK
significantly limited cell death induced by S. Typhimurium (Figure 4.18B). Interestingly, while Z-IETD-
FMK-mediated inhibition of caspase-8 did not affect S. Typhi Ty2-induced pyroptosis, S. Paratyphi A
9150 triggered ~25% less pyroptosis in THP-1 cells pre-treated with Z-IETD-FMK compared to DMSO-

treated cells (Figure 4.18B), indicating the contribution of caspase-8 to S. Paratyphi A-induced
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Figure 4.18 The role of caspase-8 during infection with typhoidal Salmonella.

(A) Staurosporine was added to DMSO (vehicle) or Z-IETD-FMK-treated THP-1 cells for 5 h and cell death was
measured by Pl uptake. (B) DMSO or Z-IETD-FMK-treated THP-1 cells were infected with WT S. Paratyphi A (9150;
MOI 50), S. Typh Ty2 (Ty2; MOI 15) or S. Typhimurium (Tm; MOI 15) and cell death was determined at 3 h post
infection. Bars show means + SEM from three independent repeats. Statistical analysis by (A) paired Student’s

t-test or (B) matched two-way ANOVA. *, p < 0.05; ***, p < 0.001.
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macrophage cell death. Also, similar to observations with caspase-4, the effect of caspase-8 blocking
is different between infection with S. Paratyphi A and S. Typhi, further suggesting that the two

pathogens activate different immune pathways in THP-1 cells.

4.7 Caspase-4is activated upstream of NLRP3 and caspase-8 during infection
with S. Paratyphi A

So far, caspase-4, caspase-8 and NLRP3 have been shown to be involved in pyroptotic cell death
triggered during infection with S. Paratyphi A 9150, while NAIP-NLRC4 appeared to be dispensable in
this process. To delineate whether only and in what order caspase-4, caspase-8 and NLRP3 were
required for pyroptosis in S. Paratyphi A 9150 infection, these pathways were blocked in various
combinations. To this end, CTRL™R or CASP4™R THP-1 cells were treated with Z-IETD-FMK and/or
MCCS50 prior to infection with S. Paratyphi A 9150 and cell death was measured at 3 h post infection.
In line with previous observations (Figure 4.13 and Figure 4.18), pharmacological inhibition of caspase-
8 or NLRP3 significantly limited S. Paratyphi A 9150-induced cell death in CTRL™®R THP-1 cells.
Furthermore, inhibition of caspase-8 together with NLRP3 reduced pyroptosis by ~35% (Figure 4.19).
Z-IETD-FMK and MCCS50 treatment combined with the silencing of caspase-4 reduced cell death by
~75% (Figure 4.19). However, inhibition of caspase-8 or NLRP3 in CASP4™R cells did not further reduce
cell death than stable silencing of caspase-4 did (Figure 4.19). These results suggest that caspase-4 is
activated upstream of caspase-8 and NLRP3. Therefore, together with the importance of ASC in

S. Paratyphi A 9150-triggered pyroptosis (Figure 4.10), it is concluded that caspase-4 contributed to
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pyroptosis directly, as well as through non-canonical activation of NLRP3-ASC-caspase-1/caspase-8,

while additional pathways are possible also involved.

4.8 Clinical S. Paratyphi A isolates induce efficient macrophage cell death and
inflammasome activation

It is evident that S. Paratyphi A may be activating inflammasomes differently than S. Typhi (Figure 4.9,
Figure 4.10, Figure 4.13). To ascertain whether the macrophage responses shown above are shared
with other S. Paratyphi A strains, clinical S. Paratyphi A isolates were next tested for their ability to
induce macrophage cell death. Five clinical bacterial strains isolated in Nepal (Dolecek et al., 2008;
Arjyal et al.,, 2016) were used as a comparison to the prototype S. Paratyphi A 9150 strain.
As mentioned earlier, one of these strains, ED199, is currently used in human challenge studies with

the aim of vaccine development (McCullagh et al., 2015; Dobinson et al., 2017).
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Figure 4.20 Clinical S. Paratyphi A isolates trigger more cell death than 9150.

(A) THP-1 cells were infected with S. Paratyphi A strains as indicated (MOI 50) and cell death was determined at
3 h post infection by Pluptake. (B) Z-VAD-FMK-treated THP-1 cells were infected with S. Paratyphi A and bacterial
internalisation was assessed by gentamicin protection assays at 1.5 h post infection. (C) S. Paratyphi A strains
were grown to late exponential phase and SPI-1 expression was determined by Western blotting for SipD and
DnakK as a loading control in bacterial lysates. Blot representative of three independent repeats (samples used
are the same as those used in Figure 3.4). Bars show means = SEM from (A) five or (B) two independent repeats.
Statistical analysis compared to S. Paratyphi A 9150 by repeated measures one-way ANOVA followed by

correction for multiple comparisons. **, p < 0.01; ns, not significant.
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THP-1 cells were infected with S. Paratyphi A and cell death was determined at 3 h post
infection. Surprisingly, all five clinical isolates induced significantly higher cell death than 9150 by
approximately 3-fold (Figure 4.20A), which is in line with higher invasiveness exhibited by these strains
in Hela cells (see Figure 3.4). Differences in bacterial internalisation by THP-1 cells were not significant
between S. Paratyphi A clinical isolate strains and the reference strain (Figure 4.20B), indicating that
induction of higher cell death was not mediated by higher bacterial uptake of clinical isolates by THP-
1 cells. As discussed in Chapter 3, the abundance of SPI-1 proteins in these S. Paratyphi A clinical
isolates was higher than in S. Paratyphi A 9150 (Figure 4.20C), suggesting that SPI-1 activity may be

important for inflammasome activation during infection with S. Paratyphi A.

To investigate whether increased host cell death caused by S. Paratyphi A clinical isolates was
associated with increased activation of inflammasome-associated proteins, THP-1 cells were infected
with S. Paratyphi A and activation of caspase-1, caspase-4 and IL-18 was determined in supernatants
of infected cells. Consistent with elevated host cell death, clinical S. Paratyphi A isolates induced

increased activation of caspase-1, caspase-4 and IL-18 compared to the reference S. Paratyphi A 9150

SR
O = N N D
o2 >> > Q
- 2o K&K Ko
Do W oo ouw =
GAPDH = v au s v ) | ©
o
Caspase—1 —————— 46
ek Y
7
— -— —251<
p20/22 — ——————— —221|3
=
Caspase-4 St gmewem—ic | 3
IL-18 o= e e s —— 27
p1a— e=amaneRERE_,7

Figure 4.21 Clinical S. Paratyphi A isolates induce higher levels of inflammasome activation.

THP-1 cells were infected with S. Paratyphi A as indicated and inflammasome protein cleavage was determined
by immunoblotting for the cleaved products in cell supernatants at 3 h post infection. Blot representative of two

independent repeats.
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strain (Figure 4.21), further supporting the increased immunogenicity of these strains in comparison

to S. Paratyphi A 9150.

As an additional assessment of inflammasome activation during infection with S. Paratyphi A,
production of the inflammasome-activated cytokine IL-1f during macrophage infection with clinical
S. Paratyphi Aisolates was assessed over time. All S. Paratyphi A strains induced markedly higher levels
of IL-1B compared to Ul cells, which increased with time (Figure 4.22A). Importantly, clinical
S. Paratyphi A isolates induced evidently more IL-1B production compared to S. Paratyphi A 9150,
which reached statistical significance at 3 h post infection (Figure 4.22A).

To determine whether the higher induction of macrophage cell death and inflammasome
activation triggered by clinical isolates of S. Paratyphi A compared to S. Paratyphi A 9150 was due to
increased host cell priming, secretion of the inflammasome-independent cytokine TNF was
determined over time. As TNF is produced during infection following recognition of PAMPs, TNF was
undetectable or detectable at very low levels at 1 h post infection. However, its production increased
as infection progressed, and S. Paratyphi A 9150 induced the higher production of TNF compared to
clinical isolates (Figure 4.22B). This was probably due to the higher cell death triggered by these strains
earlier during infection compared to S. Paratyphi A 9150, which did not allow sufficient time for host
cell priming and production of TNF. S. Typhimurium was included as a control given that this serovar
induces rapid cell death early during infection. Indeed, infection with S. Typhimurium resulted in
seemingly lower levels of TNF than S. Paratyphi A despite showing higher pyroptotic cell death (Figure

4.22B), supporting the hypothesis that the cells need to be alive to produce TNF. Therefore, it was
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Figure 4.22 Clinical S. Paratyphi A isolates induce higher production of IL-13 compared to 9150.

THP-1 cells were infected with S. Paratyphi A as indicated, as well as S. Typhimurium (Tm) as a control and (A)
IL-1B and (B) TNF secretion were monitored over time. Bars show means + SEM from three independent repeats.
Statistical analysis by repeated measures one-way ANOVA at each time point followed by corrections for

multiple comparisons; comparisons made to 9150.
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concluded that increased host cell priming by clinical S. Paratyphi A isolates was not driving increased

cell death and inflammasome activation triggered by these compared to S. Paratyphi A 9150.

49 Clinical S. Paratyphi A isolates induce caspase-1/4-, caspase-8- and
NLRP3-mediated pyroptosis

Given that clinical S. Paratyphi A isolates induced increased pyroptosis in THP-1 cells, it was next
investigated whether the underlying mechanism is shared with that of S. Paratyphi A 9150. Indeed,
Z-VAD-FMK pre-treatment of THP-1 cells prior to infection entirely abolished THP-1 cell death induced
by all clinical S. Paratyphi A isolates tested (Figure 4.23A). Furthermore, stable silencing of GSDMD
blocked cell death in THP-1 cells infected with clinical S. Paratyphi A isolates (Figure 4.23B). These
results suggested that infection with S. Paratyphi A clinical isolates resulted in the same type of cell
death induced by S. Paratyphi A 9150. As the clinical variants triggered elevated pyroptosis, the effect
of caspase blocking (Z-VAD-FMK) or GSDMD silencing on inhibiting cell death in macrophages was

more marked compared to S. Paratyphi A.
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Figure 4.23 Clinical S. Paratyphi A isolates induce caspase-dependent pyroptosis.

(A) DMSO or Z-VAD-FMK-treated THP-1 cells were infected with S. Paratyphi A (MOI 50) as indicated and cell
death was determined at 3 h post infection by Pl uptake. (B) CTRL™® or GSDMD™R THP-1 cells were infected with
S. Paratyphi A strains and cell death was determined at 3 h post infection. Graph shows means + SEM from three
independent repeats. Statistical analysis was performed by matched two-way ANOVA followed by correction for

multiple comparisons. *, p<0.05; **, p<0.01; ***, p <0.001; ****, p < 0.0001.
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Figure 4.24 Activation of caspase-4 and caspase-8 is shared among S. Paratyphi A strains.

THP-1 cells pre-treated with DMSO or (A) Z-YVAD-FMK or (B) Z-IETD-FMK were infected with S. Paratyphi A as
indicated and cell death was determined at 3 h post infection by Pl uptake. Bars show means + SEM from three
independent repeats. Statistical analysis by matched two-way ANOVA followed by correction for multiple
comparisons. *, p<0.05; *** p<0.001; **** p<0.0001.

Pharmacological inhibition of caspase-4 or caspase-8, by Z-YVAD-FMK and Z-IETD-FMK
respectively was next exploited to determine the contribution of these two caspases in pyroptosis
during THP-1 infection with clinical S. Paratyphi A isolates. Similar to the ~¥21% reduction in S. Paratyphi
A 9150-induced pyroptosis upon Z-YVAD-FMK treatment, Z-YVAD-FMK-mediated inhibition of
caspase-1/4 significantly reduced pyroptosis induced by all S. Paratyphi A strains tested by 18-30%
(Figure 4.24A). Caspase-8 inhibition via Z-IETD-FMK treatment of THP-1 cells significantly reduced
induction of pyroptosis during infection with all clinical S. Paratyphi A strains by 34-47%, similarly to
~35.3% reduction in S. Paratyphi A-triggered pyroptosis (Figure 4.24B). These results further suggested
that, similarly to inflammasome activation during infection with S. Paratyphi A 9150, caspase-4 and

caspase-8 are both involved in pyroptosis during infection with other S. Paratyphi A strains.

Finally, to investigate whether activation of NLRP3 during macrophage infection with
S. Paratyphi A was shared within this serovar, MCC950-treated THP-1 cells were infected with
S. Paratyphi A clinical isolates. Indeed, NLRP3 inhibition significantly reduced pyroptosis induced by all
S. Paratyphi A clinical variants tested by 23-28% compared to ~34.5% reduction in S. Paratyphi A 9150-
induced pyrotptosis (Figure 4.25). These results collectively suggested that the mechanisms triggering
pyroptosis in THP-1 cells are shared between S. Paratyphi A strains, where caspase-4, caspase-8 and

NLRP3 contributed to S. Paratyphi A-induced pyroptosis.
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Figure 4.25 S. Paratyphi A clinical
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4.10 S. Typhiinduces SPI-1-dependent, Vi-independent macrophage cell death
So far, host-driven mechanisms underlying inflammasome activation were determined; therefore,
investigation into how S. Typhi and S. Paratyphi A modulate cell death in human macrophages was

next explored.

As previously mentioned, S. Typhi Ty2-induced pyroptosis required an active SPI-1 T3SS. On
the other hand, the S. Typhi Vi capsule has been suggested to be involved in immune evasion
mechanisms in different ways. One of them is via the regulatory protein TviA, which has been
implicated in limiting inflammasome-mediated pyroptosis during S. Typhi infection (Winter et al.,
2015). The mechanism underlying this reduction in pyroptosis has been suggested to be TviA-mediated
flagellin downregulation; the actual capsule appears to have limited role in interfering with
inflammasome activation in human macrophages (Winter et al.,, 2015). The necessity of SPI-1 in

inducing pyroptosis and the requirement of the presence of the capsule in limiting induction of cell
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death during macrophage infection with S. Typhi were next investigated. To this end, cells were
infected with S. Typhi AinvA, which is unable to secrete in a T35S-dependent manner, or a Vi mutant
S. Typhi AtviB which lacks the Vi capsule structural tviB gene and is thus unable to assemble the capsule
on the bacterial surface (Virlogeux et al., 1995; Zhang et al., 2006). The role of the Vi was also tested,
as the report by Winter et al. (2015) used conditions that were not SPI-1-inducing and examined

inflammasome activation at later time points than those tested here.

Initially, to model whether the Vi capsule interferes with interactions with host cells, as has
been previously reported (Raffatellu et al., 2005a), the invasiveness of AtviB was assessed in Hela cells
by gentamicin protection assays. Consistent with previous findings (Johnson et al., 2017), S. Typhi Ty2
invaded Hela cells in a SPI-1 T35SS-dependent manner, as S. Typhi Ty2 AinvA was unable to invade host
epithelial cells (Figure 4.26). In contrast, S. Typhi Ty2 AtviB invaded Hela cells significantly more than
its WT counterpart (Figure 4.26), suggesting that the capsule had an impact on the interactions
between S. Typhi and host cells, in keeping with previous reports (Bishop et al., 2008). The absence of

the capsule possibly allows the SPI-1 T3SS to more efficiently reach the host cells and mediate invasion.

THP-1 cells were then infected with S. Typhi WT, AinvA or AtviB. Deletion of invA in S. Typhi
Ty2 prevented induction of cell death in THP-1 cells (Figure 4.27A). Bacterial internalisation into THP-
1 cells was not statistically different between WT S. Typhi Ty2 and AinvA (Figure 4.27B). These results
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Figure 4.27 S. Typhi induces SPI-1-dependent, Vi capsule-independent macrophage cell death.

(A) THP-1 cells were infected with S. Typhi Ty2 (Ty2; MOI 15) as indicated. Cell death was measured at 3 h post
infection via Pl uptake. (B) Bacterial internalisation in THP-1 cells was determined via gentamicin protection
assays at 1.5 h post infection in Z-VAD-FMK-treated cells. Bars show means + SEM from (A) four or (B) five
independent repeats. Statistical analysis by repeated measures one-way ANOVA for the indicated comparisons,

after correction for multiple comparisons. **, p < 0.01; ns, not significant.
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suggested SPI-1 was required for pyroptosis induction during THP-1 infection with S. Typhi Ty2, but
S. Typhi Ty2 did not actively invade macrophages. Furthermore, lack of a functional SPI-1 T3SS
rendered S. Typhi Ty2 unable to induce inflammasome activation in THP-1 cells (Figure 4.28). On the
other hand, infection with S. Typhi Ty2 AtviB resulted in cell death (Figure 4.27A) and internalisation
levels (Figure 4.27B) similar to those induced by its WT counterpart, suggesting that the Vi capsule did
not play a role in modulating cell death in these settings. In support of this, S. Typhi Ty2 AtviB triggered
similar levels of inflammasome activation in comparison to WT (Figure 4.28). Although caspase-4
cleavage was moderately lower during infection with S. Typhi Ty2 AtviB, pyroptosis was not influenced

in CASP4™R compared to CTRL™® THP-1 cells (not shown).

Many immune mediators and immune sensors are present in the cytosol, including those
involved in inflammasome activation. Therefore, bacterial escape from the vacuole to the cytosol was
also determined. This was tested by a gentamicin and chloroquine-based assay; gentamicin targets
bacteria that are not enclosed within a membrane (i.e. extracellular bacteria), while chloroquine kills
vacuolar bacteria. In this way the assay allows quantification of cytosolic bacteria which, in
combination with gentamicin-resistant bacteria, allows the fractions of intracellular bacterial
populations can to calculated (Knodler, Nair & Steele-Mortimer, 2014; Goddard et al., 2019). This assay
was performed in GSDMD™R THP-1 cells to eliminate variation in recovered CFUs due to differences in
cell death induction by different strains. The numbers of cytosolic S. Typhi AinvA did not differ from
those of WT at either 1.5 h or 3 h post infection (Figure 4.29A-B). Furthermore, in line with the lack of
a role in interfering with pyroptosis, S. Typhi Ty2 AtviB escaped to the cytosol at similar rates to that
of WT S. Typhi Ty2 (Figure 4.29A-B).

148



INFLAMMASOME ACTIVATION DURING INFECTION WITH TYPHOIDAL SALMONELLA

A B
Intracellular B Cytosolic
bacteria x B Vacuolar
= M 1 = 7 ns -
= [— il o 1 =
£ ¢ . 125 B £6{ o o o [126 3
O ~+
T 5] = ° -’IOOE% L 5 1002 o
¢} Q3 O T 2
o 44 75 C 5 S 4 75 = 3
e T = o o =
= 3 ol = 31 =3
2 2] 0 88 £ 2] %0828
= 5 I =
g 14 -25 g E 14 25 5
@ o Lo @ O -0
AR B
g g g 2
o~ < ) <]
oo oo
- e F

Figure 4.29 S. Typhi escapes to the cytosol independently of SPI-1 T3SS and the Vi capsule.

GSDMD™R THP-1 cells were infected with S. Typhi Ty2 (Ty2; MOI 15) as indicated. Bacterial internalisation (left-
axis) and the fraction of cytosolic escape as measured by chloroquine-resistance assay (right-axis) at (A) 1.5 h
and (B) 3 h post infection. Graphs show means + SEM from (A) six or (B) three independent repeats. Statistical
analysis by repeated measures one-way ANOVA on the different data subsets. *, p < 0.05; **, p< 0.01; *** p <
0.001; ns, not significant.

The low induction of cell death by S. Typhi Ty2 raised the possibility that macrophages are not
primed at sufficient levels by these bacteria to induce expression of inflammasome components
responsible for triggering pyroptosis. Low host cell priming may be exploited by S. Typhi as animmune
evasion strategy. To test this hypothesis, THP-1 cells were primed with E. coli 0111:B4 LPS prior to
infection with WT S. Typhi Ty2 or S. Typhi Ty2 AtviB. AtviB was used to examine whether bacterial
components become more readily available for recognition once the protective capsule is removed
and host cells express immune sensors at high levels following LPS-mediated priming. However, LPS
priming of THP-1 cells prior to infection with S. Typhi Ty2 did not result in increased host cell death
during infection with neither WT nor AtviB (Figure 4.30A), indicating that inhibition of pro-

inflammatory pathways may not be the mechanism followed by S. Typhi Ty2.

To independently investigate whether S. Typhi-mediated host cell priming differs between the
strains tested, THP-1 cells were infected with S. Typhi Ty2 and secretion of the inflammasome-
independent cytokine TNF was determined at 3 h post infection. TNF secretion was similar between
S. Typhi Ty2 WT, AinvA and AtviB (Figure 4.30B), further supporting that SPI-1-depedent cell death was
mediated by the activity of SPI-1 T3SS and not by differences in host cell priming.
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Figure 4.30 Host cell priming does not affect S. Typhi-induced cell death.

(A) THP-1 cells either received no treatment (NT) or primed with E. coli 0111:B4 LPS before infection with S.
Typhi Ty2 (Ty2; MOI 15) WT or AtviB. Cell death was determined at 3 h post infection by Pl uptake. (B) THP-1
cells were infected with as indicated and TNF production was quantified by ELISA at 3 h postinfection. Uninfected
(Ul) cells were used as a control. Bars show means £ SEM from (A) four or (B) three independent repeats.
Statistical analysis by (A) matched two-way ANOVA or (B) repeated measures one-way ANOVA following

correction for multiple comparisons. *, p < 0.05; **, p < 0.01; ns, not significant.

Given the SPI-1 T3SS-dependent induction of cell death by S. Typhi Ty2, it was next assessed
whether inflammasome assembly is also induced in this manner. ASC-dependent inflammasome
assembly can be visualised as ASC-specks by microscopy of fluorescently tagged ASC (ASC™RF" THP-1
cells). ASC specks were observed in significantly higher numbers in cells infected with S. Typhi
compared to uninfected cells (Figure 4.31A-B), confirming that S. Typhi was able to induce formation
of ASC specks in infected cells. Importantly, infection with S. Typhi Ty2 triggered SPI-1 T355-dependent
formation of ASC specks in THP-1 cells (Figure 4.31B). Although the percentage of infected cells was
not quantified, ASC specks were not formed in all infected cells (see also Figure 4.3), but the
percentage of cells with ASC specks correlated with the percentage of cell death determined by PI
uptake. To investigate whether the ASC specks formed here were mediated by the NLRP3, ASC™R™ cells
were treated with MCC950 prior to infection with S. Typhi. However, MCC350-mediated inhibition of
NLRP3 did not result in lower numbers of ASC specks being formed (Figure 4.31C), in line with the lack
of a major role of NLRP3 during S. Typhi infection (Figure 4.13), and indicating at another activated

inflammasome pathway.
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Figure 4.31 S. Typhi induces SPI-1 T35S-dependent ASC speck formation.

(A) ASC™RP THP-1 cells were infected with S. Typhi Ty2 (Ty2; MOI 15) as indicated. (B) DMSO or MCC950-treated
ASC™ P THP-1 cells were infected with S. Typhi Ty2. Cells with ASC specks were enumerated by fluorescent
microscopy by counting > 120 cells from randomly selected slide fields per repeat. Graphs show means + SEM
from (A) four or (C) three independent repeats. Statistical analysis by (A) repeated measures one-way ANOVA
or (B) matched two-way ANOVA. (A) was conducted together with Figure 4.47 and (B) was performed in
conjunction with Figure 4.48; Ul controls are shared between panels and statistical analysis was performed on

all experimental conditions in each case. *, p < 0.05; ns, not significant.

Collectively, these results suggest that S. Typhi Ty2 is internalised by host cells and then
escapes to the cytosol in a SPI-1-independent manner. However, cell death and ASC speck formation

require a functional SPI1-1 T3SS.

4.11 The role of S. Typhi-specific T3SS effector protein StoD in early host cell
death

As the Vi antigen was not responsible for the moderate cell death levels induced by S. Typhi Ty2 in
these settings, the role of another S. Typhi-specific virulence factor in host cell death was next tested.
Recently identified by our laboratory, StoD is present in S. Typhi and absent from S. Typhimurium and
S. Paratyphi A (Johnson, Mylona & Frankel, 2018). StoD is a homologue of the T355-dependent NleG
proteins in EPEC and EHEC, which harbour a C-terminal region resembling the C-terminal U-box of
eukaryotic E3 ubiquitin ligase and a N-terminal domain hypothesised to mediate substrate recognition
and interaction (McDowell et al., 2019; Wu et al., 2010; Valleau et al., 2018). However, the function of

these proteins remains largely unknown.

It was confirmed that this effector is T3SS-dependent by performing a translocation and a
secretion assay in S. Typhimurium. S. Typhimurium is a good model for this purpose compared to

S. Typhi due to the higher efficiency in secretion and translocation; the latter could not be performed

151



INFLAMMASOME ACTIVATION DURING INFECTION WITH TYPHOIDAL SALMONELLA

successfully with S. Typhi using the same conditions possibly due to the already low levels of SPI-1
expression in S. Typhi. Using a WT and a AprgH S. Typhimurium strain expressing C-terminally tagged
S. Typhi Ty2 StoD, it was shown that StoD was secreted in a SPI-1 T355-dependent manner, as it was
secreted by the WT while it was absent from the supernatant of S. Typhimurium AprgH (Figure 4.32A).
The non-secreted DnaK chaperone was used as a loading control, while the SPI-1 T3SS protein SipD

was used as a positive control.

To corroborate whether StoD is efficiently translocated to host cells, a C-terminal fusion of
StoD to TEM-1 expressed from a pWSK29 derivative plasmid was introduced into S. Typhimurium WT
and AprgHAssaV, a double SP1-1/SPI-2 T35S mutant. As TEM-1 is an enzyme catabolising B-lactam-like
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Figure 4.32 StoD is a T35S-dependent effector not involved in S. Typhi-induced early host cell death.

(A) Hela cells were infected at MOI 100 with S. Typhimurium WT or AprgHAssaV expressing Ty2 StoD or, SopD
as a control, fused to TEM1 and protein translocation was measured at 3 h post infection. (B) S. Typhimurium
WT or AprgH expressing StoD-4HA was grown to SPI-1-inducing conditions and protein secretion via the SPI-1
T3SS was assessed by Western blotting. Image representative of two independent repeats. (C) THP-1 cells were
infected with S. Typhi Ty2 WT or AstoD (MOI 15) and cell death was measured via Pl uptake at 3 h post infection.
Bars show means +SEM from three independent repeats. Statistical analysis by (A) matched two-way ANOVA or
(C) paired Student’s t-test. ***, p <0.001; ****, p < 0.0001; ns, not significant.
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ampicillin, the derivative plasmid carried a spectinomycin resistance gene (Johnson et al.,, 2017)
instead of an ampicillin resistance gene which was previously used to test translocation of this effector
(Byrne, 2017). The reason for this was to eliminate any B-lactamase, the product of the ampicillin-
resistance gene on the plasmid, cleaving the substrate administered to cells during the assay. Empty
vector (EV) carrying only the TEM-1 enzyme was used as a negative control, while S. Typhimurium
expressing the SopD-TEM-1 fusion was used as a positive control, as SopD is expected to be
translocated in a T3SS-dependent manner. Translocation of StoD into Hela cells was completely
abrogated by the AprgHAssaV mutant compared to its WT counterpart, confirming StoD was
translocated to Hela cells during infection with S. Typhimurium in a T3SS5-dependent manner (Figure

4.32B).

The role of StoD during infection remains unknown (McDowell et al., 2019). It was tested
herein whether it was involved in moderating S. Typhi-induced host cell death. However, loss of StoD
did not lead to any significant difference in THP-1 cell death triggered by S. Typhi Ty2 compared to its
WT counterpart, at least within this infection time frame (Figure 4.32C). Nevertheless, the small,
although not significant, reduction in cell death may indicate a role in limiting cell death at later time
points that were not within the scope of this project and may warrant further investigation in the

future.

412 S. Typhi H58 triggers similar levels of pyroptosis compared to non-H58
strains

S. Typhi H58 clinical isolates have been shown to exhibit amplified virulence compared to S. Typhi Ty2
(Johnson et al., 2018). Two clinical isolate strains belonging to genotype H58 (ERL12148 and 129-0238)
available in our laboratory were used to test for differences in induction of macrophage cell death
between S. Typhi Ty2 and clinical isolates. Interestingly, while bacterial internalisation by THP1 cells
was similar between S. Typhi strains (Figure 4.33A), S. Typhi ERL12148 caused similar levels of cell
death compared to Ty2, while 129-0238 was unable to cause pyroptosis to similar levels to those
induced by S. Typhi Ty2 and was more similar to S. Typhi AinvA (Figure 4.33B). However, assessment
of the levels of SipD in bacterial lysates grown to late exponential phase revealed that the inability of
S. Typhi 129-0238 was possibly mediated by very low levels of SPI-1 protein expression (Figure 4.33C).
These results further support the serovar-wide importance of SPI-1 in Salmonella-induced cell death

in host macrophages.
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Figure 4.33 S. Typhi H58 clinical isolates cause similar cell death in comparison to S. Typhi Ty2,
depending on the levels of SPI-1 expression.

(A) Z-VAD-FMK-treated THP-1 cells were infected with S. Typhi strains as indicated and bacterial internalisation
was determined at 1.5 h post infection. (B) THP-1 cells were infected with S. Typhi and cell death was determined
at 3 h post infection by Pl uptake. (C) S. Typhi was grown to late exponential phase and SPI-1 expression was
assessed by western blotting against SipD. Blot representative of three independent repeats. Bars indicate
means + SEM from (A) three or (B) six independent repeats. Statistical analysis by repeated measures one-way
ANOVA. *, p<0.05; **, p <0.01; ns, not significant.

The S. Typhi strains belonging to H58 tested so far did not indicate an enhanced virulence in
terms of inflammasome activation compared to S. Typhi Ty2. To test whether S. Typhi H58 (genotype
4.3.1) was more virulent than another circulating S. Typhi genotype (genotype 3.3) that circulates in
endemic regions, several clinical isolates were obtained from our collaborator Stephen Baker. During
a visit in the Oxford University Clinical Research Unit (OUCRU) in Vietnam, seventeen S. Typhi clinical
isolates belonging to H58 and four clinical isolates belonging to genotype 3.3 (Pham, 2018) were used
to infect THP-1 cells (Table 2.2). The median percentage value of cell death triggered by strains
belonging to genotype 3.3 was lower than that of H58 clinical isolates; however this difference was
not statistically significant (Figure 4.34A). Similarly, the median value of bacterial internalisation by
THP-1 cells was statistically indistinguishable between S. Typhi H58 and genotype 3.3 strains (Figure
4.34B). A higher bacterial internalisation did not necessarily correlate with a higher cell death
(compare symbol colours in Figure 4.34A and B). Also, SPI-1 expression was comparable between all
strains (Figure Appendix.2). The individual values of Pl uptake and bacterial internalisation by each
strain are shown in Figure Appendix.2. Direct comparisons of these strains to S. Typhi Ty2 could not be
made, as this strain was not available in OUCRU. Nevertheless, although more strains are required to
draw conclusions (particularly more of genotype 3.3 or other non-H58) the comparable virulence of

H58 strains to that of those belonging to other genotypes may further exemplify the requirement for
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Figure 4.34 S. Typhi H58 clinical isolates cause similar levels of cell death compared to S. Typhi

genotype 3.3.

THP-1 cells were infected with S. Typhi strains belonging to H58 or genotype 3.3 grown under microaerobic
conditions to stationary phase, (A) cell death was determined at 3 h post infection by PI uptake and (B) bacterial
internalisation at 1.5 h post infection. Each symbol represents the average mean from three biological repeats
of cell death caused by each strain. Experiments were performed in two batches, where the same four genotype
3.3 strains were tested as a comparison and therefore each strain is represented by two squares. Lines show the
median value of each genotype and symbol colour match the strains between the two panels. Statistical analysis

by unpaired Student’s t-test. These experiments were performed in OUCRU, Vietnam. ns, not significant.

immune evasion by S. Typhi, which also show that the success of S. Typhi H58 does not rely on more

efficient immune evasion strategies compared to non-H58 S. Typhi.

413 SPI-1 T3SS overexpression leads to increased cell death during
S. Paratyphi A infection

The next aim was to investigate how S. Paratyphi A modulates pyroptosis during infection of human
macrophages. Comparison of SPI-1 T3SS protein expression between Salmonella serovars Typhi,
Paratyphi A and Typhimurium shown in Figure 3.3, indicates that S. Paratyphi A 9150 expresses SPI-1
T3SS markedly lower than the other two serovars. Also, S. Paratyphi A 9150 WT invaded Hela cells at
very low levels (Figure 3.3). Therefore, it was hypothesised that reduced expression of SPI-1 proteins
in S. Paratyphi A 9150 may be responsible for the lower cytotoxicity and ability to induce
inflammasome activation, which is also supported by the data obtained with clinical isolates of
S. Paratyphi A (Figure 4.20). To test this, the hilA gene, encoding for the positive regulator of SPI-1 T3SS
HilA, was introduced on a plasmid under the control of a constitutive promoter into S. Paratyphi A WT

and AinvA as a control. HilA-mediated upregulation of SPI-1 T3SS-dependent proteins was confirmed
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Figure 4.35 Overexpression of SPI-1 T3SS expression induces higher epithelial cell invasion by S.

Paratyphi A 9150.

(A) S. Paratyphi A 9150 WT or AinvA carrying an empty vector (EV) or a plasmid expressing hilA were grown to
late exponential phase and abundance of SPI-1 proteins was determined via Western blotting in bacterial pellets.
DnakK was used as a loading control. Immunoblot representative of two independent experiments. (B) Hela cells
were infected at MOI 100 with S. Paratyphi A 9150 WT or AinvA as indicated and CFUs were enumerated at 2 h
post infection via gentamicin protection assays. Bars show mean £ SEM from four independent repeats.

Statistical analysis by matched two-way ANOVA. **, p < 0.01; ns, not significant.

by blotting against SPI-1 proteins in pellets of bacteria grown under SPI-1-inducing conditions. The
abundance of SipD, SipA and SipC was markedly increased when HilA was introduced in WT and AinvA
S. Paratyphi A 9150 strains (Figure 4.35A). As a proof of concept, the invasiveness of these strains into
Hela cells was tested. As expected, and in correlation with the SPI-1 protein expression, when HilA
was introduced into S. Paratyphi A 9150 WT, this became significantly more invasive compared to the
counterpart strain carrying a pWSK29 empty vector (EV) (Figure 4.35B). This increase in invasiveness
was not observed in the AinvA mutant, confirming that this increase is mediated by HilA in a SPI-1
T3SS-dependent manner (Figure 4.35B). These observations also confirm that HilA has similar
regulatory roles in S. Paratyphi A to these reported for S. Typhimurium, namely that HilA acts as a

positive SPI-1 regulator, in line with previous reports (Elhadad et al., 2016).

Next, the effect of SPI-1 overexpression in S. Paratyphi A 9150 on THP-1 macrophage cell death
was determined. Consistent with the hypothesis and the Hela cell invasion results (Figure 4.35B),
S. Paratyphi A 9150 WT expressing HilA on a plasmid induced significantly higher cell death levels in
THP-1 compared to WT carrying the EV (Figure 4.36A). As a control, THP-1 cells were also infected with
S. Paratyphi A 9150 AinvA carrying EV or the HilA-expressing plasmid. HilA overexpression did not
increase cell death levels induced by AinvA, further corroborating that this phenotype is mediated by
HilA-mediated SPI-1 overexpression. This increase in cell death induction by S. Paratyphi A 9150 when
HilA was overexpressed was largely mediated by higher levels of bacterial internalisation by THP-1

cells (Figure 4.36B). This indicates that higher cell death is the result of increased bacterial numbers
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Figure 4.36 Overexpression of SPI-1 T3SS results in elevated THP-1 cell death and bacterial
internalisation during infection with S. Paratyphi A 9150.

(A) THP1 cells were infected with S. Paratyphi A (MOI 50) with WT or AinvA carrying an empty vector (EV) or
expressing hilA on a plasmid. Cell death was measured by Pl uptake at 3 h post infection. (B) Bacterial
internalisation was determined in Z-VAD-FMK-treated THP-1 cells at 1.5 h post infection via a gentamicin
protection assay. Bars show means + SEM from three independent repeats. Statistical analysis by matched two-

way ANOVA. *, p <0.05; **, p < 0.01; ns, not significant

that are internalised, as S. Paratyphi A 9150 expressing SPI-1 T3SS proteins at higher levels is arguably
better equipped to actively invade macrophages rather than being phagocytosed by host-mediated
and/or SPI-1-independent mechanisms. This was also suggested by the results obtained with
S. Typhimurium which both expresses higher SPI-1 and induced cell death at increased levels (Sections
3.3 and 4.1). These results indicate that, while S. Paratyphi A 9150 is able to potentially express SPI-1
proteins at high levels and SPI-1 T3SS is implicated in triggering pyroptosis, S. Paratyphi A 9150 limits

expression of SPI-1 possibly as an immune evasion mechanism.

414 S. Paratyphi A induces SPI-1 T3SS-dependent cell death and
inflammasome activation, which is restricted by very long LPS O-antigen
chains

SPI-1 T3SS is necessary for inflammasome activation during S. Paratyphi A 9150 infection and the low
levels of macrophage cell death induced by S. Paratyphi A 9150 were nevertheless SPI-1 dependent
(Figure 4.2A). The next aim was thus to understand how S. Paratyphi A 9150 limits the induction of
host cell death. S. Paratyphi A does not carry SPI-7 which encodes for the Vi antigen like S. Typhi (Bueno
et al., 2004). Instead, it produces very long O-antigen chains, which have been suggested to be
involved in evading the respiratory burst triggered by neutrophils during infection with S. Paratyphi A
(Hiyoshi et al., 2018b). The underlying mechanism has been suggested to be interference with

antibody-mediated recognition of the O-antigen and surface molecules (Hiyoshi et al., 2018b). It was
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Figure 4.37 Deletion of fepE does not impact bacterial growth.

(A) S. Paratyphi A 9150 WT and AfepE were grown in standard LB media and optical density at 600 nm (ODsoo)
was monitored over time. Bars show means + SEM from two independent repeats. (B) LPS was extracted from
S. Paratyphi A WT and AfepE, separated by SDS-PAGE and silver stained. Stained acrylamide gel showing

electrophoretic LPS mobility representative of three independent repeats.

thus hypothesised that very long O-antigen chains may impact on interactions of S. Paratyphi A with
host cells and induction of macrophage cell death. To this end, an O-antigen chain length regulator,
the polysaccharide co-polymerase FepE, was deleted in S. Paratyphi A 9150. Deletion of fepE did not
affect growth of bacteria in standard LB media (Figure 4.37A). Reduced production of very long O-
antigen polysaccharide polymers and altered LPS profile in S. Paratyphi A 9150 AfepE compared to WT
was confirmed by silver staining of total LPS (Figure 4.37B).

The effect of fepE deletion on interactions of S. Paratyphi A 9150 with epithelial cells was
tested by assessing Hela cell invasion. As shown earlier in Chapter 3, and as has been reported by
Elhadad et al. (2016) following microaerobic growth, S. Paratyphi A 9150 invaded Hela cells in a SPI-1
T3SS-dependent manner as indicated by the fact that AinvA was unable to invade Hela cells to the
same levels as its WT counterpart (Figure 4.39). S. Paratyphi A AfepE invasion into Hela cells was ~6-
fold higher than the parental WT (Figure 4.39). This suggests that, similar to loss of the Vi antigen,
when very long O-antigen chains cannot be formed, S. Paratyphi A can invade host cells more
efficiently. This may be due to better proximity of the SPI-1 T3SS to the host cell surface, as has been

suggested for the Shigella sonnei T35S when its capsule is absent (Watson et al., 2019).
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The role of very long O-antigen chains on S. Paratyphi-A-induced macrophage cell death was
investigated by infecting THP-1 cells and measuring cell death at 3 h post infection. As a control,
S. Paratyphi A 9150 AinvA triggered significantly lower amounts of cell death compared to WT,
suggesting that cell death was SPI-1 T3SS-dependent during this infection time (Figure 4.38A).
Infection with S. Paratyphi A AfepE resulted in significantly higher cell death in comparison to WT
(Figure 4.38A), consistent with higher invasiveness of this mutant into Hela cells (Figure 4.39).
However, THP-1-mediated phagocytosis suggested that differences in host cell death between

S. Paratyphi A 9150 WT and AfepE were not mediated by differential bacterial uptake of these strains

(Figure 4.38B).
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Figure 4.38 Very long LPS O-antigen chains suppress macrophage cell death independently of

bacterial internalisation during infection with S. Paratyphi A.

(A) THP-1 cells were infected with S. Paratyphi A 9150 (9150; MOI 50) as indicated and cell death was measured
at 3 h post infection via Pl uptake. (B) Bacterial internalisation was determined via gentamicin protection assays
at 1.5 h post infection in Z-VAD-FMK-treated cells. Bars show means + SEM from five independent repeats.

Statistical analysis by repeated measures one-way ANOVA. *, p < 0.05; **, p < 0.01; ns, not significant.
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Given that very long O-antigen chains in S. Paratyphi A 9150 limited pyroptosis, its role in
inflammasome activation was next determined. THP-1 cells were infected with S. Paratyphi A 9150
WT, AinvA and AfepE and activation of caspase-1 and caspase-4 and ensuing IL-18 cleavage, was
determined by immunoblotting. S. Paratyphi A 9150 induced SPI-1 T3SS-dependent activation of
caspase-1 and caspase-4 (Figure 4.40), consistent with the requirement of SPI-1 T3SS to induce cell
death (Figure 4.38). Treatment with LPS followed by nigericin was used as a positive control for
inflammasome activation. Loss of very long LPS O-antigen chains in S. Paratyphi A resulted in a
moderate increase in caspase-1 and caspase-4 activation, which also resulted in increased pro-IL-18
cleavage (Figure 4.40). The enhanced inflammasome activation during infection with S. Paratyphi A
9150 AfepE in comparison to its WT counterpart correlated with increased THP-1 pyroptotic cell death
(Figure 4.38).

As pyroptotic cell death requires cytosolic bacterial recognition by immune sensors, it was also
tested whether S. Paratyphi A 9150 lacking very long O-antigen chains was able to escape the vacuole
and enter the host cell cytosol at higher rates compared to WT. This would suggest a similar
mechanism to that underlying higher Hela cell invasion by S. Paratyphi A 9150 AfepE (Figure 4.39).
Escape to the cytosol was assessed as previously by a chloroquine-based assay. After phagocytosis,
the majority of S. Paratyphi A remained localised in vacuoles (Figure 4.41A). At 3 h post infection,
S. Paratyphi A 9150 escaped to the cytosol in a SPI-1 T355-dependent manner (Figure 4.41B),
suggesting that higher numbers of cytosolic WT S. Paratyphi A were responsible for higher pyroptosis

and inflammasome activation compared to AinvA. In contrast, the numbers of bacteria entering the
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Figure 4.41 S. Paratyphi A cytosolic escape relies on SPI-1 T35S but is not affected by very long O-

antigen chains.

GSDMD™R THP-1 cells were infected with S. Paratyphi A 9150 as indicated (MOI 50). Bacterial internalisation
(left-axis) and fraction of cytosolic and vacuolar bacteria (right-axis) are shown at 1.5 h (A) and 3 h (B) post
infection. Bars show means + SEM from (A) five or (B) three independent repeats. Statistical analysis by repeated

measures one-way ANOVA. ***, p < 0.001; ns, not significant

cytosol were not affected by loss of very long O-antigen chains (Figure 4.41B), despite the increase in

cell death and inflammasome signalling.

These results collectively suggest that the reduced cell death induced by S. Paratyphi A 9150
AinvA was partly mediated by slower escape to the cytosol, although it did not affect the initial
bacterial uptake by THP-1 cells. Importantly, S. Paratyphi A 9150 limits cell death via production of
very long O-antigen chains by a mechanism that does not affect phagocytosis or escape into the

cytosol.

4.15 FepE-dependent reduction in S. Paratyphi A-induced cell death is not
mediated by interference with immune signalling priming

Very long O-antigen chains may mask surface molecules (Hiyoshi et al., 2018b). Also, LPS serves as a
signal 1 during inflammasome activation, inducing NF-kB signalling and priming of inflammasome
components (such as NLRP3). To test whether S. Paratyphi A 9150 WT induced less cell death than
AfepE due to interference of very long O-antigen chains with host cell priming or due to an altered LPS
profile of this mutant, THP-1 cells were primed with LPS prior to infection with S. Paratyphi A 9150 WT
and AfepE. Pre-treatment of THP-1 with E. coli 0111:B4 LPS ensures similar levels of signal-1-induced
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Figure 4.42 Loss of very long LPS O-antigen chains in S. Paratyphi A does not interfere with THP-1

cell priming.

(A) THP-1 cells were infected with S. Paratyphi A 9150 (9150; MOI 50) WT and AfepE following no-treatment
(NT) or E. coli0111:B4 LPS priming for 3 h. Cell death was measured at 3 h post infection by Pl uptake. (B) TNF
quantification by ELISA in culture supernatants of unprimed THP-1 cells infected with S. Paratyphi A as indicated
for 3 h. Bars show means + SEM from (A) four or (B) three independent repeats. Statistical analysis by (A)

matched Two-way ANOVA or (B) repeated measures one-way ANOVA following correction for multiple

signalling. Macrophage cell death triggered by S. Paratyphi A 9150 WT or AfepE was not affected by

LPS priming prior to infection (Figure 4.42A).

To further validate that loss of very long O-antigen chains did not interfere with host cell
priming, the levels of the inflammasome-independent TNF cytokine were quantified. Secretion of TNF
following infection with S. Paratyphi A 9150 WT and AfepE was similar, like AinvA which was used as a
control (Figure 4.42B). All strains induced significantly higher TNF secretion compared to uninfected
cells (Figure 4.42B). These findings show that very long O-antigen chains of LPS in S. Paratyphi A

modulate cell death independently of interference with host cell priming and induction of pro-

inflammatory signalling.

4.16 Complementation of AfepE restores the WT phenotype
To verify that very long O-antigen chains were responsible for the observed increase in epithelial cell
invasion, macrophage cell death and inflammasome activation, the fepE deletion mutant was
complemented in S. Paratyphi A 9150 with plasmid-encoded fepE, where fepE expression was under
the control of a constitutive promoter. S. Paratyphi A 9150 AfepE carrying an empty vector (EV) vector
was used as a control. Indeed, complementation of fepE restored the LPS electrophoretic mobility to

a similar to the WT counterpart (Figure 4.43A). The banding was more extreme to the upper and lower

162



INFLAMMASOME ACTIVATION DURING INFECTION WITH TYPHOIDAL SALMONELLA

range in the complemented strain compared to WT, possibly due to higher levels of fepE expression
under the control of the constitutive promoter (Murray, Attridge & Morona, 2005). Invasion in Hela
cells revealed that, while AfepE and AfepE carrying the EV invaded Hela cells significantly more than
WT, complementation of fepE restored invasion into Hela cells to WT levels (Figure 4.43B). These
results suggest that indeed loss of very long LPS O-antigen chains was responsible for limiting

S. Paratyphi A 9150 invasion into host cells.

The effect of fepE complementation on macrophage pyroptosis and inflammasome activation
was next tested. Upon fepE complementation, cell death levels were restored to those induced by WT
(Figure 4.44A). Specifically, while S. Paratyphi A 9150 AfepE with or without EV induced significantly
higher cell death in THP-1 cells compared to WT, complemented AfepE triggered comparable cell death
to that of WT (Figure 4.44A). The exaggerated phenotype observed with the complemented strain was
possibly due to excessive FepE production. This phenotype was not mediated by differences in
bacterial uptake by THP-1 cells, as differences in phagocytosis between the strains were not significant
compared to WT (Figure 4.44B). These results suggest that FepE-mediated formation of very long O-

antigen chains and/or additional unidentified roles that this gene may have were responsible for

A
AfepE  AfepE ns
WT BfepE ey fepr | |

_—
_ —
55 * ns *
— 1 " " 1
c 3 41
=
?'?.53-
29
5 © 2]
a"..=1_
)
2o
(] L
E W oz 4
2 + 2
o
— (@] Q L
o B % a
®» 3 )
wn o
& v
o™

Figure 4.43 Complementation of AfepE in S. Paratyphi A recovers epithelial cell invasion.

(A) Silver stained acrylamide gel showing electrophoretic LPS mobility of the indicated strains. Very long O-
chains indicated by arrow. Image representative of two independent repeats. (B) Hela cells were infected with
S. Paratyphi A 9150 (9150; MOI 100) as indicated and invasion was determined at 2 h post infection by
gentamicin protection assays. Bars show means + SEM from three independent repeats. Statistical analysis by

repeated measures one-way ANOVA corrected for multiple comparisons. *, p < 0.05; ns, not significant
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limiting S. Paratyphi A 9150-induced cell death in host cells. THP-1 cells were infected with S. Paratyphi
A WT, AfepE, and the complemented strain and inflammasome activation was determined in the
supernatant of infected cells. As observed above, loss of very long LPS O-antigen chains led to higher
levels of caspase-1 and caspase-4 activation in comparison to WT (Figure 4.44C), and IL-18 cleavage
reflected the levels of caspase-1 activation (Figure 4.44C). However, activation of these
inflammasome-associated proteins was markedly reduced upon complementation of AfepE (Figure
4.44C). The complemented strain induced slightly lower cleavage of caspase-4 than that induced by
WT, possibly due to overexpression of fepE. These results implicate an inflammasome activation

interfering mechanism by the presence of very long O-antigen chains.
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Figure 4.44 Complementation of loss of very long O-antigen LPS chains in S. Paratyphi A recovers cell

death level in THP-1 cells.

(A) THP-1 cells were infected at MOI 50 with S. Paratyphi A 9150 as indicated and cell death was assessed by PI
uptake at 3 h post infection. (B) Bacterial internalisation was determined at 1.5 h post infection in Z-VAD-FMK
treated THP-1 cells. (C) THP-1 cells were infected at MOI 50 and inflammasome activation was determined by
immunoblotting of indicated proteins at 3 h post infection. Arrows indicate cleaved products. Image
representative of two independent repeats. Bars show means + SEM from three independent repeats. Statistical

analysis by repeated measures one-way ANOVA. *, p < 0.05; ***, p <0.001; ns, not significant
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Figure 4.45 Loss of very long O-antigen chains mediates increased IL-1p secretion independently of
host cell priming during infection with S. Paratyphi A.

THP-1 cells were infected with S. Paratyphi A 9150 (9150; MOI 50) as indicated and (A) IL-1B and (B) TNF
secretion were determined in supernatants of infected cells. Graphs show * SEM from three independent

repeats.

Furthermore, S. Paratyphi A 9150 AfepE induced mildly higher IL-1B secretion than WT
throughout the infection. In contrast, the complemented strain triggered markedly lower levels of IL-
1B than WT and AfepE (Figure 4.45A). The differences in inflammasome activation between
S. Paratyphi A 9150 WT and AfepE were not mediated by differences in immune cell priming at any
point during infection, as assessed by TNF secretion from infected cells (Figure 4.45B). In fact, the
complemented strain, which overexpressed fepE, triggered higher production of TNF at 2 and 3 h post
infection (Figure 4.45B) possibly due to lower rate of cell death induced by this strain. These results
support that FepE-mediated very long LPS O-antigen chains were responsible for limiting cell death

and inflammasome activation induced by S. Paratyphi A 9150 in macrophages.

417 Very long O-antigen chains trigger ASC-dependent cell death during
infection with S. Paratyphi A

Loss of very long O-antigen chains resulted in higher inflammasome activation and pyroptosis. It has
already been shown in this report that NLRP3, ASC, caspase-4 and caspase-8 significantly contributed
to inflammasome activation and pyroptosis by S. Paratyphi A. Results shown in sections 4.3, 4.4, 4.6,
and 4.7, suggest that S. Paratyphi A induces inflammasome activation directly via caspase-4 or through

NLRP3-ASC and caspase-8 via NLRP3-ASC or directly. In order to examine how S. Paratyphi A 9150
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Figure 4.46 S. Paratyphi A AfepE-induced cell death is mediated by ASC.

(A) CTRL™R or ASC™R THP-1 cells were infected with S. Paratyphi A 9150 (9150; MOI 50) WT or AfepE and cell
death was determined at 3 h post infection. (B) DMSO or MCC950-treated THP-1 cells were infected as indicated

and cell death was determined at 3 h post infection. Bars show means + SEM from three independent repeats.

Statistical analysis was performed by two-way ANOVA. *, p < 0.05; **, p < 0.01.

AfepE triggers the enhanced inflammasome response, the contribution of these pathways was next
tested. Silencing of ASC revealed that pyroptosis during infection with S. Paratyphi A 9150 AfepE was
driven by ASC by ~60%, similarly to S. Paratyphi A 9150 WT, where ASC contributed by ~58% (Figure
4.46A). Additionally, pharmacological inhibition of NLRP3 via MCC950 resulted in significant reduction
of pyroptosis during infection with S. Paratyphi A AfepE by ~40%, comparable to the reduction seen

during infection with WT (Figure 4.46B).

In order to investigate whether the enhanced inflammasome response to S. Paratyphi A 9150
AfepE was also reflected in ASC speck formation, ASC™ P THP-1 cells were infected with S. Paratyphi A
9150 WT, AinvA and AfepE. Infection with all three strains induced significantly higher numbers of cells
with ASC specks than basal levels (Ul cells) (Figure 4.47A-B). Representative images of infected cells
and ASC specks are shown in Figure 4.47A. Infection with S. Paratyphi A 9150 WT resulted in elevated
numbers of ASC specks compared to AinvA, although this was not significantly different (Figure 4.47B).
Nevertheless, it was evident that SPI-1 T3SS was required for assembly of ASC specks in the majority
of cells. While S. Paratyphi A 9150 AfepE induced higher levels of pyroptosis (Figure 4.42) and
inflammasome activation (Figure 4.43) compared to the parental WT, the number of ASC specks
formed within macrophages was only slightly higher that that formed during infection with WT

S. Paratyphi A 9150 (Figure 4.47B). These results suggest that the increased inflammasome activation
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triggered by loss of very long O-antigen chains was not mainly mediated by an ASC-dependent

mechanism.
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Figure 4.47 ASC speck formation occurs independently of SPI-1 T3SS or very long O-antigen chains

during infection with S. Paratyphi A.

Z-VAD-FMK-treated ASC™F THP-1 cells were infected with S. Paratyphi A 9150 (9150; MOI 50) as indicated. (A)
Representative images and (B) quantification of cells with ASC-specks from four independent repeats. These
were conducted along Figure 4.32 and Ul controls are shared between panels, while statistical analysis was
performed on all experimental conditions. Scale bar 50 um. Bars show means * SEM from four independent

repeats. Statistical analysis by repeated measures one-way ANOVA. *, p < 0.05.
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Figure 4.48 ASC speck formation is not NLRP3-dependent during infection with S. Paratyphi A.

Z-VAD-FMK-treated ASC™R P THP-1 cells were treated with DMSQO or MCCS50 prior to infection with S. Paratyphi
A 9150 (9150; MOI 50) as indicated. Cells with ASC specks were enumerated by fluorescent microscopy by
counting >120 cells from randomly selected slide fields per repeat. Graph shows means + SEM from three
independent repeats. Statistical analysis by two-way ANOVA followed by correction for multiple comparisons.
These were conducted along Figure 4.32 and Ul controls are shared between panels, while statistical analysis

was performed on all experimental conditions.

Given the contribution of NLRP3 to pyroptosis (Figure 4.13A) and inflammasome activation
(Figure 4.13D) during infection with S. Paratyphi A 9150, ASC™ THP-1 cells were then treated with
MCC950 prior to infection, in order to ascertain whether ASC speck formation was mediated by NLRP3
activation. Inhibition of NLRP3 via MCC950 resulted in a very moderate, albeit not statistically
significant, decrease in the number of cells with ASC specks during infection with S. Paratyphi A 9150
WT, AinvA or AfepE (Figure 4.48). These results suggested that other inflammasome pathways induce
the formation of ASC specks within THP-1 cells, independently of NLRP3, during infection with
S. Paratyphi A 9150.

To verify whether caspase-4 has a dominant role in detecting cytosolic AfepE bacteria, CTRL™®?
and CASP4™R THP-1 cells were infected with S. Paratyphi A 9150 WT and AfepE. Cell death was
significantly reduced during infection with both WT and AfepE, while the levels pyroptosis that
CASP4™R cells underwent was similar during infection with WT or AfepE (Figure 4.49A). Additionally,
pharmacological inhibition of NLRP3 and caspase-8 in CASP4™R cells did not further reduce cell death
induced by S. Paratyphi A 9150 AfepE (Figure 4.49B). Moreover, while S. Paratyphi A 9150 AfepE
induced ASC-dependent cell death (Figure 4.46), this reduction was comparable to the reduction
observed with WT S. Paratyphi A 9150 (Figure 4.10). These results, in combination with the similar
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Figure 4.49 Caspase-4 mediates the increased cell death induced by S. Paratyphi A 9150 AfepE.

(A) CTRL™R or CASP4™R THP-1 cells were infected with S. Paratyphi A 9150 WT or AfepE and cell death was
determined at 3 h post infection. (B) DMSQO or Z-IETD-FMK and MCC950-treated CTRL™® or CASP4™R THP-1 cells
were infected with S. Paratyphi A 9150 AfepE and cell death was determined at 3 h post infection. Graphs show
means = SEM from (A) six or (B) four independent repeats. Statistical analysis was performed by two-way
ANOVA. *, p<0.05; **, p<0.01; *** p <0.001; ns, not significant.

numbers of cells with ASC specks during infection with S. Paratyphi A WT and AfepE (Figure 4.49),
suggest that the higher pyroptotic cell death induced by S. Paratyphi A AfepE is a result of increased

caspase-4 activation, as opposed to requiring downstream activation of the NLRP3-ASC-caspase-1

inflammasome.

4.18 The role of very long O-antigen chains in inflammasome activation by
S. Typhimurium infection

FepEis also present in S. Typhimurium and is highly similar between S. Paratyphi A and S. Typhimurium,
differing in only one amino acid at the protein sequence level, while S. Typhi carries a pseudogenised
fepE allele. The role of very long O-antigen chains during infection of S. Typhimurium has previously
been studied in the context of complement resistance (Murray, Attridge & Morona, 2005; Holzer et
al., 2009) and virulence in mouse models (Murray, Attridge & Morona, 2003, 2006). Therefore, it was
next investigated whether very long O-antigen chains in S. Typhimurium have the same role in
dampening inflammasome activation and cell death in macrophages as they do during infection with
S. Paratyphi A 9150. It was hypothesised that introduction of plasmid-borne fepE into S. Typhimurium
WT would interfere with invasion of Hela cells by S. Typhimurium. Indeed, overexpression of fepE
markedly reduced the ability of S. Typhimurium WT to invade Hela cells (Figure 4.50A). In contrast,
and in keeping with data obtained with S. Paratyphi A 9150, deletion of fepE in S. Typhimurium

significantly promoted invasion into Hela cells by > 2-fold (Figure 4.50B). Complementation of
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Figure 4.50 FepE-mediated very long O-antigen chains limit S. Typhimurium invasion into Hela cells.

(A) Hela cells were infected with S. Typhimurium WT carrying an empty vector (EV) or overexpressing fepE
(pfepE) and invasion was assessed at 2 h post infection by gentamicin protection assays. (B) Hela cells were
infected with S. Typhimurium WT and AfepE, as well as the complemented strain and invasion was determined
at 2 h post infection. Bars shown means + SEM from (A) four or (B) three independent repeats. Statistical analysis
by (A) paired student’s t-test or (B) repeated measures one-way ANOVA followed by correction for multiple

comparisons. *, p<0.05; **, p<0.01.

S. Typhimurium AfepE resulted in invasion levels comparable to those demonstrated by its WT

counterpart (Figure 4.50B), further supporting the role of FepE in interfering with invasion.

The effect of fepE-mediated very long O-antigen chains on pyroptosis and inflammasome
activation during S. Typhimurium infection of THP-1 cells was next investigated. Preliminary
experiments suggested that overexpression of fepE in WT S. Typhimurium indeed prevented induction
of pyroptosis in THP-1 cells, as well as activation of caspase-1 and IL-18, as well as caspase-4 (not
shown), further supporting the hypothesis that very long O-antigen chains interfere with
inflammasome activation in macrophages. To further validate the findings with S. Paratyphi A, the
effect of the loss of very long O-antigen chains on inflammasome activation was next investigated.
Similarly to the role of very long O-antigen chains during infection with S. Paratyphi A, deletion of fepE
resulted in a small, but statistically significant, increase in cell death triggered by S. Typhimurium,

which was restored to WT levels upon complementation with plasmid-borne fepE (Figure 4.51A).

Bacterial internalisation of S. Typhimurium WT and AfepE by THP-1 cells was indistinguishable,
suggesting that loss of very long O-antigen chains did not promote phagocytosis (Figure 4.51B).

Phagocytosis by THP-1 cells revealed that the complemented strain was internalised at lower rates
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Figure 4.51 Very long O-antigen chains limit S. Typhimurium-induced pyroptosis.

(A) THP-1 cells were infected with S. Typhimuirum (Tm; MOI 15) as indicated and pyroptosis was determined at
3 h post infection by Pl uptake. (B) Z-VAD-FMK-treated THP-1 cells were infected with as indicated and bacterial
internalisation was assessed by gentamicin protection assays at 1.5h post infection. Graphs show means + SEM
from three independent repeats. Statistical analysis by repeated measures one-way ANOVA followed by
correction for multiple comparisons. *, p < 0.05; ns, not significant. These experiments were conducted by J.

Sanchez-Garrido.

compared to WT S. Typhimurium, although this difference was not found to be statistically significant
(Figure 4.51B). This response was probably due to excessive production of FepE. These results suggest
that interfering with inflammasome activation and pyroptosis in a manner dependent on FepE-

mediated production of very long O-antigen LPS chains is shared by typhoidal and NTS serovars.

419 S. Paratyphi A-induced inflammasome activation in human monocyte-
derived macrophages (MDMs)

The interactions of S. Paratyphi A with MDMs remain poorly investigated. Therefore, it was next aimed
to examine whether observations in THP-1 cells are replicated in primary MDMs. Preliminary data with
S. Typhi showed that MDMs are not responsive to infection with typhoidal Salmonella to the same
levels as THP-1 cells; MOI of 15 triggered undetectable levels of cell death compared to uninfected
cells, in contrast to infection with S. Typhimurium which leads to > 30% cell death in MDMs at MOI 15
(not shown). MOI of 30 triggered ~21% cell death in MDM infected with S. Typhi Ty2 (one repeat, not
shown). Therefore, to ascertain what MOI would be optimal for investigation of pyroptotic cell death
during S. Paratyphi A 9150 infection in these cells, MDMs were infected with S. Paratyphi A 9150 WT
and AinvA at various MOls. These experiments revealed that S. Paratyphi A 9150 triggered low cell
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death even at high MOIs (MOI 100); however, the effect of MOI increase on cell death reached a
plateau as MOlIs increased, and infections at MOI 100 and MOI 75 induced similar levels of cell death
(Figure 4.52). Further, S. Paratyphi A 9150 induced SPI-1 T35SS-dependent cell death even at low MOls
(Figure 4.52). Therefore, MOI 75 was selected for further experiments in MDMs, which is higher than

MOI 50 which was previously used in THP-1 cells.

MDMs were next infected with S. Paratyphi A 9150 or S. Paratyphi A ED199 to compare the
ability of the two strains to induce cell death in MDMs. S. Paratyphi A ED199 induced significantly more
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Figure 4.53 S. Paratyphi A ED199 triggers higher levels of cell death in MDMs compared to S.

Paratyphi A 9150.

(A) MDMs were infected with S. Paratyphi A 9150 (9150; MOI 75) or ED199 (ED199; MOI 75) or S. Typhimurium
(Tm; MOI 15) and cell death was determined at 3 h post infection. (B) Z-VAD-FMK-treated MDMs were infected
as indicated and bacterial internalisation was assessed by gentamicin protection assays at 1.5 h post infection.
Symbol colours match donors across both panels. Bars show means £ SEM. Statistical analysis by repeated

measures one-way ANOVA. *, p < 0.05; ns, not significant.
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cell death in MDMs compared to S. Paratyphi A (Figure 4.53A), which was not mediated by increased
bacterial internalisation by MDMs (Figure 4.53B). As a comparison, MDMs were infected with
S. Typhimurium at a lower MOI (MOI 15) and, although it was phagocytosed more than S. Paratyphi A
ED199 (Figure 4.53B), it caused slightly lower cell death (Figure 4.53A).

Similarly, S. Paratyphi A ED199 led to higher secretion of IL-1B in comparison to S. Paratyphi A
9150 (Figure 4.54A), although S. Paratyphi A 9150 and ED199 induced similar levels of TNF secretion
(Figure 4.54B). Infection of MDMs with S. Typhimurium led to robust IL-1B secretion (Figure 4.54A),
while TNF secretion was more varied between donors (Figure 4.54B) and was similar to the low TNF
secretion seen with THP-1 cells during S. Typhimurium infection. These results suggested that
S. Paratyphi A ED199 (as well as S. Typhimurium) triggered higher inflammasome activation in
comparison to S. Paratyphi A 9150, in keeping with the results obtained with THP-1 cells and further
supporting that clinical S. Paratyphi A isolates are more immunogenic in human macrophages than

S. Paratyphi A 9150, which is a highly attenuated strain.
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Figure 4.54 S. Paratyphi A ED199 triggers higher levels of IL-1B in MDMs compared to S. Paratyphi A
9150, independently of cell priming.

MDMs were infected with S. Paratyphi A 9150 or ED199 (MOI 75) or S. Typhimurium (Tm; MOI 15) and (A) IL-1B
and (B) TNF production was determined at 3 h post infection. Symbol colours match donors across both panels.
Bars show means + SEM from six donors. Statistical analysis by repeated measures one-way ANOVA, followed

by correction for multiple comparisons. **, p < 0.01.
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It was next investigated whether MDMs respond to infection with S. Paratyphi A through a
similar mechanism as THP-1 cells. To confirm that MDMs undergo caspase-dependent pyroptosis,
MDMs were treated with Z-VAD-FMK. Initial experiments indicated that cell death at 3 h post infection
did not result in a significant difference in cell death between DMSO and Z-VAD-FMK-treated MDMs,
and therefore cell death was monitored over time. As Z-VAD-FMK is an irreversible caspase inhibitor,
high expression of caspases in MDMs may have resulted in Z-VAD-FMK not being able to efficiently
inhibit caspases at later timepoints at the administered concentration. Indeed, blocking of cell death
was detectable at earlier time points during infection with S. Paratyphi A (Figure 4.55A). An earlier
timepoint was thus chosen for comparison; Z-VAD-FMK-treatment of MDMs significantly reduced cell
death induced by S. Paratyphi A 9150 or S. Paratyphi A ED199 at 90 min post infection (Figure 4.55B),
suggesting that cell death was caspase-dependent similarly to THP-1 cell death triggered by

S. Paratyphi A.

Additionally, silencing of GSDMD by small interfering RNA (siRNA) in MDMs was also
attempted in order to verify its contribution to pyroptosis during infection with S. Paratyphi A.
However, efficient silencing could not be attained, as assessed by immunoblotting against GSDMD in
MDM lysates, and thus conclusions could not be drawn (not shown). Partial silencing in MDMs
obtained from one donor suggested a reduction in cell death, indicating that S. Paratyphi A-triggered
cell death in MDMs is pyroptotic. To validate these findings, testing in cells from multiple donors and

following optimization of GSDMD-targeting siRNA concentration should be carried out in the future.
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Figure 4.55 S. Paratyphi A triggers caspase-dependent cell death in MDMs.

(A) DMSO or Z-VAD-FMK-treated MDMs were infected with S. Paratyphi A 9150 or ED199 (MOI 75) and cell
death was monitored over time. (B) Cell death at 90 min post infection is shown. Symbol colours match donors.

Statistical comparison by two-way ANOVA. Bars show means + SEM from four independent repeats. *, p <0.05.
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Despite the known robust activation of Naip-NLRC4 in murine macrophages during infection
with S. Typhimurium (Yang et al., 2013; Man et al., 2013, 2014b; Broz et al., 2010b; Reyes Ruiz et al.,
2017), a similar role for the human NAIP-NLRC4 inflammasome could not be observed with THP-1 cells
during infection with S. Paratyphi A or S. Typhi. It was hypothesized that the lower expression of NAIP
in THP-1 cells compared to primary MDMs (Kortmann, Brubaker & Monack, 2015), was responsible for
the lack of a role of NAIP-NLRC4 during infection of THP-1 cells with typhoidal Salmonella. Indeed,
MDMs exhibited a markedly higher expression of NAIP compared to THP-1 cells (Figure 4.56).

Therefore, to next ascertain whether NAIP-NLRC4 was activated during infection of MDMs
with S. Paratyphi A, NAIP was silenced in MDMs by siRNA prior to infection. MDMs were also treated
with DMSO or MCCS50, in order to investigate the effect of silencing both NLRP3 and NLRC4. The
efficiency of NAIP silencing was variable between donors (Figure 4.57A), which may have been a result
of differential NAIP expression in different donors. Infection of MDMs with S. Paratyphi A 9150
resulted in very low levels of cell death, which was either dependent on the donors or the level of SPI-
1 induction in this experiment (as well as that presented in Figure 4.59 in which MDM s originated from
the same three donors). Nevertheless, MDM infection with S. Paratyphi A ED199 or S. Typhimurium
resulted in robust cell death permitting comparisons between treatments. Silencing of NAIP and/or
pharmacological inhibition of NLRP3 did not affect pyroptosis triggered by either S. Paratyphi A ED199
or S. Typhimurium (Figure 4.57B). Furthermore, IL-1B secretion was similar between MDMs treated
with NAIP-targeting siRNA or non-targeting CTRL siRNA (Figure 4.57C), suggesting that NAIP-NLRC4 did
not contribute to cell death of MDMs upon infection with S. Paratyphi A ED199 or S. Typhimurium, in

line with observations with THP-1 cells presented here.
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g o Figure 4.56 NAIP expression in MDMs is significantly
T
= F higher than in THP-1 cells.
NAIP — — 135 Expression of NAIP in MDM and THP-1 cells was determined
by immunoblotting of NAIP in cell lysates of uninfected cells.
— -
GAPDH This blot was produced by J. Sanchez-Garrido.
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Figure 4.57 Effect of NAIP silencing on MDM infection with S. Paratyphi A.

(A) siRNA-mediated silencing of NAIP in MDMs was assessed by immunoblotting of NAIP in cell lysates. Sample
preparation and blot by J. Sanchez-Garrido. (B) MDMs pre-treated with CTRL or NAIP-targeting siRNA were
treated with DMSO or MCC950 prior to infection with S. Paratyphi A 9150 (9150; MOI 75), S. Paratyphi A ED199
(ED199; MOI 75) or S. Typhimurium (Tm; MOI 15) and cell death was determined at 3 h post infection. (C) MDMs
treated with CTRL or NAIP-targeting siRNA were infected as in B and IL-1p secretion was determined at 3 h post
infection. Graphs show means + SEM from three independent repeats. Statistical analysis by two-way ANOVA.

Symbol colours indicate donors and are matched across all panels.

To further investigate the role of NLRP3, as well as caspase-8, in cell death induction in MDMs
by S. Paratyphi A, MDMs were treated with MCC950 and/or Z-IETD-FMK prior to infection. MCC950-
mediated inhibition resulted in a significant reduction in pyroptosis triggered by S. Paratyphi A 9150
in MDMs, while it did not have a similar effect on S. Paratyphi A ED199-induced cell death (Figure
4.58A). Caspase-8 inhibition resulted only in a moderate reduction of cell death during MDM infection
with S. Paratyphi A 9150 (Figure 4.58A). IL-1B secretion during MDM infection with S. Paratyphi A 9150
or S. Paratyphi A ED199 was appeared to be unaffected by treatment with MCC950 or Z-IETD-FMK,
likely due to the high variation between donors (Figure 4.58B). Although it did not reach statistical
significance, Z-IETD-FMK treatment led to a moderate reduction of IL-1p secretion by MDMs during
infection, suggesting that caspase-8 may not directly affect pyroptosis but it may influence cytokine

maturation and secretion during MDM infection with S. Paratyphi A.
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Figure 4.58 Effect of NLRP3 and caspase-8 inhibition in MDM infection with S. Paratyphi A.

MCC950 and/or Z-IETD-FMK-treated MDMs were infected with S. Paratyphi A 9150 or ED199 (MOI 75). (A) Cell
death and (B) IL-1B secretion were determined at 3 h post infection. Bars show means + SEM. Symbol colours
indicate donors (matching across panels). Statistical analysis by matched two-way ANOVA followed by correction

for multiple comparisons. *, p < 0.05.

Data obtained with THP-1 cells suggested that caspase-4 played an important role during
infection with S. Paratyphi A. Therefore, the role of caspase-4 in MDM infection was next tested.
Caspase-4 was silenced via siRNA in MDMs; efficient silencing was shown by immunoblotting against
caspase-4 in MDM cell lysate (Figure 4.59A). Additionally, MDM cells transfected with E. coli 0111:B4
LPS for 3 h showed a marked reduction of > 2-fold in cells with siRNA-mediated caspase-4 silencing
(Figure 4.59B), indicating functional silencing of caspase-4. MDM cells pre-treated with non-targeting
siRNA or siRNA against caspase-4 with or without the addition of MCC950 were infected with
S. Paratyphi A 9150, S. Paratyphi A ED199 or S. Typhimurium. However, silencing of caspase-4 and/or
pharmacological inhibition of NLRP3 did not affect cell death induced by any of the bacterial strains
tested (Figure 4.59C). Similarly, siRNA-mediated caspase-4 silencing did not impact on IL-1p secretion
triggered by S. Paratyphi A strains or S. Typhimurium (Figure 4.59D). S. Typhimurium has previously
been shown to rely on IFNy treatment of MDMs in order to induce caspase-4-dependent pyroptosis
(Fisch et al., 2019a, 2019b), which is in line with findings presented here. Therefore, it is possible that
a similar priming would have been required prior to S. Paratyphi A infection of MDMs in order to trigger
caspase-4-dependent pyroptosis. It is worth noting that, despite increasing the administered MCC950
concentration to 5 M compared to 2 uM given to THP-1 cells, MCC950 had a variable effect on MDMs
from different donors (compare Figure 4.57, Figure 4.58, and Figure 4.59). The reason for this might

have been differences in NLRP3 expression between donors.
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Figure 4.59 Effect of siRNA-mediated caspase-4 silencing on MDM infection with S. Paratyphi A.

(A) siRNA-mediated silencing of NAIP in MDMs was assessed by immunoblotting of caspase-4 in cell lysates from
all donors. Blot was produced by J. Sanchez-Garrido. (B) MDMs pre-treated with CTRL or CASP4-targeting siRNA
were transfected with E. coli 0111:B4 LPS for 3 h and cell death was determined. (C) MDMs pre-treated with
CTRL or CASP4-targeting siRNA were treated with DMSO or MDDS50 prior to infection with S. Paratyphi A 9150
(9150; MOI 75), S. Paratyphi A ED199 (ED199; MOI 75) or S. Typhimurium (Tm; MOI 15) and cell death was
determined at 3 h post infection. (D) MDMs treated with CTRL or CASP4-targeting siRNA were infected as in (C)
and IL-1p secretion was determined at 3 h post infection. Error bars show means + SEM from three independent
repeats. Statistical analysis by two-way ANOVA. Symbol colours indicate donors and are matched across all

panels.
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4.20 The role of very long O-antigen chains during infection of MDMs with
Salmonella

The role of very long O-antigen chains during infection of MDMs with S. Paratyphi A 9150 was next
sought. Loss of very long O-antigen chains resulted in only a moderate increase in S. Paratyphi A 9150-
induced cell death in MDM cells (Figure 4.60A). However, complementation of the mutant strain
triggered significantly lower cell death in MDMs compared to the WT counterpart (Figure 4.60A),
which was probably a result of excessive production of FepE in this strain mediating interference with
induction of host cell death. All S. Paratyphi A 9150 fepE strains were similarly phagocytosed by MDMs
(Figure 4.60B); thus very long O-antigen chains play no role in interfering with bacterial uptake by host
MDMis. Similarly, infection of MDMs with S. Paratyphi A 9150 AfepE and the complemented strain
resulted in similar levels of IL-1B production (Figure 4.61A), as well as TNF production (Figure 4.61B),
suggesting that increases in LPS O-antigen chain length did not affect host cell priming. All strains
induced significantly higher production of IL-1p and TNF compared to Ul cells (Figure 4.61A-B), showing

that cells are sufficiently recognised by MDMs.
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Figure 4.60 The role of very long O-antigen chains during MDMs infection with S. Paratyphi A 9150.

(A) MDMs were infected with S. Paratyphi A 9150 (9150; MOI 75) as indicated and cell death was determined
by Pl uptake at 3 h post infection. (B) Z-VAD-FMK-treated MDMs were infected as indicated and phagocytosis
was determined at 1.5 h post infection. Symbol colours represent donors matched across both panels. Graphs
show means + SEM and statistical analysis was performed by repeated measures one-way ANOVA. **, p<0.01;

ns, not significant.
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Figure 4.61 The role of very long O-antigen chains in cytokine secretion by MDMs during infection

with S. Paratyphi A 9150.
MDMs were infected with S. Paratyphi A 9150 (9150; MQI 75) as indicated and (A) IL-1p secretion and (B) TNF

secretion were determined at 3 h post infection. Symbol colours represent donors matched across both panels.
Error bars show means £ SEM and statistical analysis was performed by repeated measures one-way ANOVA

followed by correction for multiple comparisons. *, p < 0.05; **, p< 0.01.

Given that overexpression of fepE appeared to be interfering with triggering of pyroptosis in
MDMs during infection with S. Paratyphi A 9150, it was next hypothesised that overexpression of fepE
in S. Paratyphi A ED199 may limit enhanced pyroptosis in MDMs. To this end, plasmid-encoded fepE
was introduced into S. Paratyphi A ED199 and MDMs were infected. However, MDMs infected with
S. Paratyphi A ED199 overexpressing fepE underwent similar levels of pyroptosis as MDMs infected
with S. Paratyphi A expressing only endogenous fepE (Figure 4.63A). MDMs phagocytosed S. Paratyphi
A ED199 overexpressing fepE at lower, but not significant, levels (Figure 4.63B).

Additionally, the levels of IL-1B produced by MDMs during infection with S. Paratyphi A ED199
with or without overexpressing fepE were similar (Figure 4.62A), as were the levels of TNF production
(Figure 4.62B), suggesting that overexpression of FepE did not lead to different host cell priming.
Indeed, overexpression of fepE in S. Paratyphi A ED199 only slightly affected the electrophoretic
mobility of LPS in this strain (Figure 4.62C), suggesting that either this strain has additional regulatory
mechanisms for LPS O-antigen length or exogenous fepE could not be assimilated in the endogenous

regulatory network.

180



INFLAMMASOME ACTIVATION DURING INFECTION WITH TYPHOIDAL SALMONELLA

A B g
ns
80_ = — ns
o 8 g 15+ p=0.073
%604 . 4 T 3
| X 5 2 10- .
o oo (O
5S40 =+ £< o
0O o = 8 o
o @O o 5-
X 204 = > 3
O = - —E—
"6’ [0 o o
— -AT
0 T o o
OI') :'> LII..I omn = 0 T T T
© L S o 8 & 4
~— QD o — )
Q3 a o Q5
u 5 & w 2 £
(o))
W o o3
Q =
W 0

Figure 4.63 The effect of fepE overexpression on S. Paratyphi A ED199-induced MDMs cell death.

(A) MDMs were infected with S. Paratyphi A ED199 (ED199; MOI75) as indicated and cell death was determined
at 3 h post infection. (B) Z-VAD-FMK-treated MDMs were infected with S. Paratyphi A ED199 and bacterial
internalisation was assessed by gentamicin-resistant assays at 1.5 h post infection. Error bars show means *
SEM. Symbol colours indicate donors, which match across both panels. Statistical analysis by repeated measures

one-way ANOVA. ns, not significant.
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Figure 4.62 Effect of fepE overexpression on S. Paratyphi A ED199-induced cytokine production by
MDMs.

MDMs were infected with S. Paratyphi A ED199 (ED199; MOI75) as indicated and (A) IL-1B and (B) TNF secretion
were determined at 3 h post infection. (C) Electrophoretic mobility of total LPS of indicated S. Paratyphi AED199
strains assessed by SDS-PAGE and silver staining. Error bars show means + SEM. Symbol colours indicate donors,

which match across both panels. Statistical analysis by paired Student’s t-test. ns, not significant.
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Finally, the role of very long O-antigen in pyroptosis induction was investigated during MDM
infection with S. Typhimurium. Similar to observations with THP-1 cells, loss of very long O-antigen
chains allowed induction of moderately higher pyroptosis in MDMs, while infection with the
complemented strain resulted in significantly lower cell death compared to WT (Figure 4.64A). The
differences observed in cell death levels between S. Typhimurium WT, AfepE and the complemented
strain were not mediated by differences in phagocytosis by MDMs (Figure 4.64B). It is worth noting
that the complemented strain was internalised moderately less than WT S. Typhimurium and AfepE,
although this reduction did not reach statistical significance. These results suggest that very long O-
antigen chains are capable of limiting pyroptosis during infection with S. Typhimurium in a similar

manner to S. Paratyphi A.
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Figure 4.64 The role of very long O-antigen chains during infection of MDMs with S. Typhimurium.

(A) MDMs were infected with S. Typhimurium (Tm; MOI 15) as indicated and cell death was determined by PI
uptake at 3 h post infection. (B) Z-VAD-FMK-treated MDMs were infected as indicated and phagocytosis was
determined at 1.5 h post infection. Symbol colours represent donors matched across both panels. Error bars
show means + SEM and statistical analysis was performed by repeated measures one-way ANOVA. *, p < 0.05;

ns, not significant.
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421 fepE expression inversely correlates with pyroptosis during infection with
Salmonella

Experiments presented above suggested that both S. Paratyphi A ED199 and S. Typhimurium induced
higher inflammasome activation and cell death compared to S. Paratyphi A 9150, while overexpression
of fepE in the complemented AfepE strains resulted in exaggerated phenotypes, particularly in
S. Typhimurium. To see whether the difference in cell death induced by S. Paratyphi A 9150, ED199
and S. Typhimurium was true at the different MOls used in previous experiments, THP-1 cells were
infected at MOI 50, which has been used for S. Paratyphi A, MOI 15, which has been used for
S. Typhimurium, and MOI 25 as an intermediate infection condition, and cell death and IL-1B
production was determined at 3 h post infection. S. Paratyphi A 9150 triggered lower cell death (Figure
4.65A) and IL-1B (Figure 4.65B) secretion at all MOls tested compared to S. Paratyphi A ED199 and
S. Typhimurium. Therefore, given that fepE-mediated production of very long O-antigen chains
prevented pyroptosis, it was hypothesised that S. Paratyphi A 9150 may be eliciting a low

inflammasome signalling response due to high expression of fepE. To test this, fepE expression was
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Figure 4.65 fepE expression inversely correlates with Salmonella-induced THP-1 pyrotposis.

THP-1 cells were infected with S. Paratyphi A 9150 (9105), S. Paratyphi A ED199 (ED199) and S. Typhimurium
(Tm) at increasing MOls. (A) Cell death and (B) IL-1B secretion were determined at 3 h post infection. (C) fepE
expression was determined by RT-gPCR on bacteria grown to late exponential phase. The log value of the fold
change is expressed as change of S. Paratyphi A 9150 or ED199 compared to S. Typhimurium fepE expression.
Bars show means £ SEM from (A-B) two or (C) four independent repeats. Statistical analysis by (A-B) two-way
ANOVA or (C) repeated measures one-way ANOVA. *, p < 0.05.
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determined in S. Paratyphi A 9150 and S. Paratyphi A ED199 compared to S. Typhimurium. Indeed, S.
Paratyphi A 9150 expressed fepE at significantly higher levels than S. Typhimurium (Figure 4.65C). S.
Paratyphi ED199, which triggered higher cell death than S. Paratyphi A 9150 but lower than S.
Typhimurium, expressed fepE at intermediate levels between the two strains (Figure 4.65C). These
results thus suggest that fepE expression inversely correlates with inflammasome activation and
pyroptosis induced by Salmonella (independently of the serovar); higher expression of fepE results in

lower levels of pyroptotic cell death.

4.22 Discussion
The mechanisms of typhoidal Salmonelia, and particularly S. Paratyphi A, pathogenesis are poorly
understood. The results in this chapter demonstrate that both S. Paratyphi A and S. Typhi trigger
pyroptotic cell death in human macrophages. However, cell death is considerably lower than that
induced by the NTS S. Typhimurium, in line with previous reports for S. Typhi (Kortmann, Brubaker &
Monack, 2015; Winter et al., 2015) and in keeping with the ability of typhoidal Sa/lmonella to evade
innate immunity (Hiyoshi et al., 2018a; Johnson, Mylona & Frankel, 2018). Limiting of pyroptosis by
S. Paratyphi A and S. Typhi is speculated to be beneficial for the pathogen to either escape killing by
extracellular mechanisms following cell death and release of the bacteria [such as pore-induced
intracellular traps, PITs (Jorgensen et al., 2016)] and/or, more likely, to promote survival of the host
cell and thus increase dissemination of the pathogen within macrophages to systemic sites.
Interestingly, it was found that macrophage pyroptosis is modulated in a disparate manner both by
the host and by either S. Paratyphi A or S. Typhi. Furthermore, this study, as well as other reports
(Bierschenk et al., 2019; Kortmann, Brubaker & Monack, 2015; Yang et al., 2013), suggest that murine
and human macrophages may exploit inflammasome signalling in different ways in response to

bacterial pathogen.

S. Typhi induced caspase-dependent pyroptosis; however, a dominant role for a specific
inflammasome pathway could not be identified, suggesting that redundant pathways are at play.
Simultaneous inhibition of both NLRP3 and NAIP-NLRC4 activation seem to result in slightly lower
activation of caspase-1, which however does reflect on cell death or IL-18 maturation. Upon IFNy
priming, which results in GBP-mediated vacuole disruption (Shenoy et al., 2012; Fisch et al., 20193;
Santos et al., 2018), S. Typhi Ty2 was recognized by NLRP3. This may have been the result of caspase-

4-mediated recognition of the pathogen upstream of NLRP3, similar to observations previously made
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with S. Typhimurium (Fisch et al., 2019a). Testing the effect of IFNy priming on CASP4™F cells will aid

in determining whether this is the case.

The virulence of S. Typhi clinical isolates could not be directly compared to the reference strain
(Ty2). However, it was observed that, although S. Typhi H58 clinical isolate have been suggested to be
more virulent than non-H58 strains (Johnson et al., 2018), this was not the case here in terms of
induction of pyroptosis in comparison with another circulating S. Typhi genotype, suggesting that the
success of this clade may lie on other strategies such as antibiotic resistance (Holt et al., 2011, 2007),
and/or enhanced survival and virulence in bile and thus upon the development of the carrier state

(Johnson et al., 2018).

S. Paratyphi A induced caspase-dependent pyroptosis in human macrophages. More
specifically, the activities of caspase-1, caspase-4 and caspase-8, mainly via NLRP3, resulted in
activation of inflammasomes and GSDMD-mediated cell death during infection with S. Paratyphi A
9150 (Figure 4.66). These proteins have also been implicated in pyroptosis by S. Typhimurium (Broz et
al., 2010b; Man et al., 2014b; Reyes Ruiz et al., 2017; Man et al., 2013; Kayagaki et al., 2015; Shi et al.,
2015; Fisch et al., 2019a; Casson et al., 2015; Fisch et al., 2019b; Broz et al., 2010a, 2012; Gurung et
al., 2012). Pharmacological and genetic silencing support the roles of caspase-4 in detecting bacteria
and activating the NLRP3-ASC-caspase-1/8 inflammasome. In this study, ASC was shown to have an
important role during inflammasome activation by S. Paratyphi A; while ASC may be dispensable for
pyroptosis triggered by S. Typhimurium in human macrophages, as it was found here and reported by
Bierschenk et al. (2019), it is required for pyroptosis induced by S. Paratyphi A. Caspase-4 was shown
to be upstream of caspase-8 and/or NLRP3, but it was not investigated at what level ASC is specifically
involved. It is expected to be recruited by NLRP3, but it may also be recruited by an unidentified sensor
or at different levels of the signalling pathway. ASC has been shown to be recruited in a large
inflammasome complex during infection with S. Typhimurium, together with NLRP3, NLRC4, caspase-
1 and caspase-8 (Man et al, 2014b, 2013). However, a dominant role of the NAIP-NLRC4
inflammasome could not be identified during infection with S. Paratyphi A, despite its involvement in
S. Typhimurium infection (Yang et al., 2013; Broz et al., 2010b; Man et al., 2014b; Kortmann, Brubaker
& Monack, 2015; Reyes Ruiz et al., 2017; Zhao et al., 2011). Inhibition of both NLRP3 and NLRC4 did
not completely abolish caspase-1 activation or pyroptosis during infection with S. Paratyphi A,
suggesting the activation of an alternative pyroptotic cell death pathway. Experiments with a caspase-
8 inhibitor revealed that caspase-8 also contributed to cell death by S. Paratyphi A. This may be
explained by the known ability of caspase-8 to induce GSDMD cleavage (Orning et al., 2018; Sarhan et

al., 2018); alternatively, caspase-8 may contribute to priming and/or posttranslational modification of
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Figure 4.66 Proposed model for S. Paratyphi A

S. Paratyphi A S. Paratyphi A inflammasome activation in THP-1 cells.
O-antigen *Q CjAfepE S. Paratyphi A triggers caspase-4 dependent
chains i inflammasome activation which results in pyroptotic
Y l cell death, as well as activation of NLRP3 and/or
Caspase-4 Caspase-8 caspase-8. ASCis required for pyroptosis by S. Paratyphi
/ 1 A via NLRP3 and possibly via another as of yet
GSDMD  NLRP3 GSDMD  unidentified mechanism. Caspase-8 may contribute to
l /? inflammasome activation via NLRP3 priming and/or
A§C direct GSDMD cleavage. A caspase-4-independent, ASC
? y \ and/or caspasel/8-dependent pathway is also
Caspase-1/8 suggested to be activated. Loss of very long O-antigen
‘ chains regulated via FepE results in enhanced

GSDMD

inflammasome activation during infection of human

macrophages with S. Paratyphi A 9150.

NLRP3 (Gurung et al., 2014; Van Opdenbosch et al., 2017). As simultaneous inhibition of caspase-4,
caspase-8, and NLRP3 did not completely prevent pyroptosis during S. Paratyphi A infection, other
pathways, possibly through ASC, may be involved in detecting S. Paratyphi A infection (Figure 4.69),

which warrant further investigation.

On the pathogen side, the SPI-1 T3SS in both S. Paratyphi A and S. Typhi is required for
inflammasome activation and induction of pyroptosis, similar to what has been reported for
S. Typhimurium (Mariathasan et al., 2004; Miao et al., 2006; Bierschenk et al., 2019; Casson et al.,
2015). The importance of SPI-1 T3SS in immune recognition is shared with clinical isolates belonging
to either typhoidal Salmonella serovar, and thus clinical variants with higher expression of SPI-1 result
in higher levels of cell death during infection of human macrophages. Although SPI-1 T3SS did not
mediate initial bacterial uptake of S. Paratyphi A or S. Typhi by macrophages, it facilitated S. Paratyphi
A escape to the cytosol, while S. Typhi escaped to the cytosol independently of SPI-1, possibly
suggesting a pathogen-independent mechanism for phagosome disruption. Nevertheless, the low
typhoidal Salmonella escape to the cytosol correlates with lower activation of inflammasomes, which
may indicate a mechanism of evading pathogen recognition by intracellular host cell sensors. Although
inherent differences between serovars in the SPI-1 structural proteins may partly mediate this, as is
the case of the highly similar SipC of S. Typihmurium and the homolog IpaC in Shigella (Du et al., 2016),
it is more likely that higher SPI-1 expression and/or T3SS activity are responsible. In keeping with this,
the higher level of SPI-1 expression in S. Paratyphi A clinical isolates was consistent with their ability
to cause more pyroptosis. Furthermore, although escape to the cytosol by clinical variants or by

overexpressing the SPI-1 in S. Paratyphi A 9150 remains to be determined, S. Paratyphi A 9150
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internalization by macrophages was enhanced once SPI-1 was overexpressed by HilA, which in turn
resulted in more cell death. These results collectively suggest that S. Paratyphi A 9150 may limit SPI-1
expression as an immune evasion mechanism, which may also explain the lack of a significant role for

NAIP-NLRC4 in inflammasome activation and cell death.

A major difference between S. Paratyphi A and S. Typhi is the presence of the Vi antigen in the
latter, while S. Paratyphi A produces very long O-antigen chains regulated by FepE. Although the Vi
antigen of S. Typhi interfered with invasion in Hela cells (Bishop et al,, 2008), a role in limiting
inflammasome activation was not identified in the settings tested herein. This suggests that the
presence of the Vi antigen does not prevent intracellular recognition of S. Typhi by inflammasomes, in
line with a previous report (Winter et al., 2015), even upon inducing efficient SPI-1 expression. Thus,
while the TviA regulator may have an important role in limiting induction of pyroptosis by S. Typhi
indirectly (Winter et al., 2015), the physical presence of the Vi and/or intracellular expression and
production of the capsule is not directly involved in intracellular shielding of the pathogen. S. Typhi
may therefore have additional immune evasion strategies against inflammasome activation. To this
end, the role of the S. Typhi-specific T3SS effector StoD was investigated; however, a role of this
effector in pyroptosis induction or prevention was not identified. The role of other virulence factors,
and possibly putative T3SS effectors (Frankel and Pupko groups, unpublished data), in modulating

inflammasome activation warrant further investigation.

On the other hand, very long O-antigen chains produced by S. Paratyphi A were shown to
interfere with host cell-pathogen interactions. Very long LPS O-antigen chains are produced by the
polysaccharide copolymerase FepE. It was shown here that S. Paratyphi A very long O-antigen chains
interfered with host epithelial cell invasion. Overexpression of fepE interferes with host cell invasion
in a similar manner to S. sonnei overexpressing its O antigen capsule (Caboni et al., 2015). Importantly,
the very long LPS O-antigen chains suppressed S. Paratyphi A-induced inflammasome activation and
pyroptosis without promoting escape from the vacuole to the cytosol. The O-antigen chains have been
shown to limit the accessibility of the S. Typhimurium (Holzer et al., 2009), S. flexneri (West et al.,
2005) and S. sonnei (Caboni et al., 2015) T3SS to the host lipid bilayer and is thus speculated that very
long O-antigen chains in S. Paratyphi A may have a similar role. It should, however, be noted that it is
unclear why this would impact only non-phagocytic cell invasion and not uptake by macrophages or
intracellular escape from the vacuole, suggesting distinct mechanisms of internalisation into
macrophages and triggering epithelial cell invasion. Expression of fepE when S. Paratyphi A is
intracellular is unknown. Very long O-antigen chains may be required for survival of 5. Typhimurium in

SCVs as modelled by growth in minimal media in vitro (Silva et al., 2018). Therefore, given its role in
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immune evasion, it would be expected that S. Paratyphi A expresses fepE intracellularly. In fact, it is
possible that the differences in caspase-4 contribution during infection with S. Paratyphi Aand S. Typhi
may have to do with intracellular expression of fepE and Vi genes. To determine the effect of very long
O-antigen chains on the assembly and activity of SPI-1 T3SS, translocation of T3SS effector proteins
into host cells upon deletion of fepE should be tested in the future, as well as the intracellular fepE
expression. Alternatively, during epithelial cell infection, very long O-antigen chains may impact on the

proximity of other attachment and invasion virulence factors to the host cell membrane.

Consistent with a role in evading inflammasome activation, very long O-antigen chains in
S. Paratyphi A have been shown to reduce antibody-mediated recognition by the host and respiratory
burst in neutrophils (Hiyoshi et al., 2018b). Additionally, synthesis of very long O-antigen chains has
been shown to be important for S. Typhimurium virulence, as they contribute to complement
resistance, bile acid tolerance and interactions with host cells during S. Typhimurium infection (Holzer
et al., 2009; Murray, Attridge & Morona, 2003, 2006, 2005; Crawford et al., 2012). Importantly, it was
found that fepE expression is inversely correlated with pyroptosis induced by Salmonella strains. The
exaggerated phenotype seen during infection with S. Typhimurium fepE-complemented strain,
compared to that seen in S. Paratyphi A 9150, where pyroptosis levels were much lower than the WT
levels, is possibly a result of the lower basal levels of fepE expression in S. Typhimurium in comparison
to S. Paratyphi A 9150. Therefore, overexpression of fepE in this strain exceeded the endogenous levels
of fepE in S. Typhimurium and hence the enhanced immune evasion ability of the complemented

strain.

Altogether, loss of very long O-antigen chains resulted in enhanced inflammasome activation,
which was independent of macrophage priming, bacterial uptake or vacuolar escape. Although the
activating signals of NLRP3 and caspase-8 remain to be elucidated, these signalling pathways were
amplified in the absence of very long O-antigen chains in S. Paratyphi A. As caspase-4 was shown to
be active upstream of these molecules, it is likely that fepE-mediated evasion of inflammasome
activation is achieved at the caspase-4 level. Human macrophages have previously been shown to
detect LPS through caspase-4 during infection with S. Typhimurium (Fisch et al., 2019b, 2019a; Baker
et al., 2015; Casson et al.,, 2015), EPEC (Goddard et al., 2019), Yersinia (Casson et al., 2015), and
Francisella (Lagrange et al., 2018). During S. Paratyphi A infection, the length of LPS sugar chains might
sterically hinder caspase-4-mediated recognition of lipid-A in the cytosol (Shi et al., 2014). Thus the
modification of LPS O-antigen polysaccharide length, which is dispensable for caspase-4 binding
(Kayagaki et al., 2013; Hagar et al., 2013), can indirectly reduce caspase-4 LPS recognition and

activation and help bacteria evade detection in human cells. Bacterial modifications of LPS acylation,
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for example by Helicobacter, Francisella and Yersinia, has previously been reported to suppress
caspase-4/11 activation in human and mouse macrophages (Hagar et al., 2013; Lagrange et al., 2018;
Shiet al., 2014; Kayagaki et al., 2013). However, unlike mouse caspase-11, human caspase-4 can detect
hypo-acylated LPS from Francisella, which indicate species-specific differences that need to be taken
into account (Lagrange et al., 2018). Other mechanisms of subverting caspase-4 in epithelial cells
include T3SS effectors that inhibit it, such as OspC3 from Shigella and NleF from EPEC and EHEC
(Kobayashi et al., 2013; Pallett et al., 2016), but no such effectors have been described in Saimonella
to date (Sanchez-Garrido et al., 2020). O-antigen-mediated inhibition of caspase-4 activation may also
be used by S. sonnei (Watson et al., 2019); whether other bacteria that regulate very long O antigen
chains, such as S. Dublin and S. Enteritidis (Murray, Attridge & Morona, 2003), Pseudomonas
aeruginosa (Kintz et al., 2008) and S. flexneri (Morona, Daniels & Van Den Bosch, 2003; Hong & Payne,
1997), may also evade caspase-4 detection should be investigated in the future. A key experiment
would be to determine caspase-4 recruitment (Thurston et al., 2016; Fisch et al., 2019a) to intracellular
WT S. Paratyphi A and compare it to that of S. Paratyphi A AfepE. Furthermore, a partially reduced LPS
O-antigen chain length (e.g. via deletion of the regulator wzzB) (Holzer et al., 2009) should also be
studied for its effect on inflammasome activation, which would further enhance the findings presented
here. Additionally, although caspase-5 is suggested to play a minimal role in S. Typhimurium-induced
inflammasome activation in human macrophages (Fisch et al., 2019b; Baker et al., 2015), given the
disparate host cell responses to these pathogens its role should be determined in the context of

S. Paratyphi A infection in the future.

The role of very long O-antigen chains in interfering with pyroptosis was also demonstrated
during MDM infection with either S. Paratyphi A or S. Typhimurium, further supporting their
contribution in immune evasion irrespective of other virulence factors promoting or preventing
inflammation which are not shared between the two serovars. Importantly, MDMs require a larger
bacterial inoculum to respond to infection with S. Paratyphi A (and S. Typhi) via pyroptotic cell death,
which may reflect the ability of typhoidal Salmonella to escape inflammatory signalling. It would be
interesting to test survival of these serovars within MDMs in the future. However, experiments in
MDMs suggested that inflammasome signalling may differ between THP-1 cells and MDMs in response
to S. Paratyphi A infection. We were unable to verify the contribution of caspase-4 in inflammasome
activation and pyroptosis by S. Paratyphi A, and the caspase-4-independent pathway already
suggested in THP-1 cells may have a more prominent role in MDMs. Given the higher expression of all
inflammasome proteins (e.g. caspases, NAIP) in MDMs compared to THP-1 cells, it is possible that

other pathways compensate for the lack of one arm of the signalling pathway. Therefore, critical
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experiments to be performed in the future would be silencing and/or pharmacologically inhibiting

more than one sensor at a time in MDMs and testing their role in S. Paratyphi A infection.

Similar to observations in Chapter 3, it is also reported in this Chapter that clinical S. Paratyphi
A isolates are more virulent than the prototype S. Paratyphi A 9150 strain in terms of macrophage
cytotoxicity, likely driven by enhanced SPI-1 activity, prompting the re-evaluation of the suitability of
the reference strain. Possible SNPs in S. Paratyphi A clinical isolates may be within genes responsible
for immune activation. Unfortunately, clinical isolates are often unsuitable for genetic manipulation,
due to the high rate of secondary mutations. Nevertheless, the data presented herein showed that
S. Paratyphi A ED199, which has been used in clinical human challenge studies (McCullagh et al., 2015;
Dobinson et al., 2017), largely corresponds with the pathogenicity of other clinical variants in terms of
macrophage invasion and inflammasome activation. Studies presented here should be thus
corroborated with this clinical isolate, as well as clinical variants isolated in different geographical

regions to reflect possible adaptation.

Despite the importance of the results presented here, this study had limitations that should
be addressed in future studies. Although implications about the interactions of S. Paratyphi A with
epithelial cells are made with the use of Hela cells, it is understood that this is not the optimal model
for such investigations. Hela cells are not a good representation of intestinal epithelial cells, as they
do not originate from this tissue and they are not polarised; however, they serve as a good model to
investigate the activity of SPI-1. To further understand interactions of S. Paratyphi A with epithelial
cells, other cell lines should be used and test whether the phenotypes observed here are
physiologically relevant. Furthermore, while S. Paratyphi A 9150 has more frequently been used in
published studies and hence it was chosen for experiments presented herein, given its highly
attenuated profile, a low-passage clinical isolate or another more virulent reference strain should be
used, such as S. Paratyphi A AKU12601. As the genomes of more isolates become available these can
also be exploited. Mutants made with clinical isolates should be sequenced to verify the lack of

secondary mutations prior to experiments.

In summary, this chapter has shown that S. Paratyphi Ainduces inflammasome-dependent cell
death during infection of human macrophages and serves as a novel characterisation of pyroptosis
induction during infection with S. Paratyphi A. This process is dependent on the SPI-1 T3SS and is
limited by production of very long O-antigen chains in both THP-1 cells and MDM:s. Very long O-antigen
chains can also modulate pyroptosis during infection of THP-1 cells and MDMs by S. Typhimurium and,
critically, a higher expression of fepE is correlated with a lower induction of pyroptosis. The model

proposed by the data obtained here involves S. Paratyphi A leading to caspase-4-dependent pyroptosis
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and NLRP3-ASC-capsase-1 activation during which caspase-8 also contributes, likely via NLRP3 priming,
GSDMD cleavage and/or in an unidentified inflammasome pathway. Additional caspase-independent
and/or ASC-dependent pathways may also be involved. Thus, S. Paratyphi A interacts with human
immune cells through mechanisms distinct to other Salmonella serovars. In the future, each pathway
shown in Figure 4.69 should be targeted in a more systematic way by effective genetic manipulation
(e.g. siRNA) in MDMs to verify its contribution to inflammasome activation by S. Paratyphi A.
Nevertheless, observations such as those outlined here are critical for understanding how S. Paratyphi
A (and other invasive Salmonella) stimulate infection and evade immune recognition and thus provide
important insights as to how we can circumvent these pathways. The increasing prevalence of
S. Paratyphi A and the efforts for a universal vaccine development against enteric fever, support the
need for future studies to focus on better understanding of the virulence mechanisms of S. Paratyphi

A and its interactions with host immune cells.
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Final conclusions
and future perspectives

Enteric fever remains a major public health problem in middle and low-income countries (Woods et
al., 2006; Stanaway et al, 2019; Sahastrabuddhe et al., 2013; Zellweger et al., 2017). Although
improvements in sanitation are of particular importance and often the most effective route to limit
transmission of enteric fever (Baker et al., 2011; Stanaway et al., 2019; Marchello, Hong & Crump,
2019), this often entails large scale reorganisation. Therefore, it is crucial to develop strategies to
target the causing agents. Comprehending the mechanisms by which S. Paratyphi A and S. Typhi
interact with the host, lead to disease, and evade host immunity are essential for facilitating the
undertaking of such strategies. However, much of the understanding of typhoidal Salmonella

pathogenesis and virulence comes from studies in murine models infected with NTS serovars such as
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S. Typhimurium, despite the multitude of differences between the two classes of serovars (Sabbagh et
al., 2010; Johnson, Mylona & Frankel, 2018; Gal-Mor, 2019; Gal-Mor, Boyle & Grassl, 2014).
Furthermore, as S. Typhi is the main cause of enteric fever in endemic countries, the molecular
pathogenesis of S. Paratyphi A has attracted little interest. Many epidemiological studies now indicate
the surge in the incidence of S. Paratyphi A (Zellweger et al., 2017; Zhou et al., 2014; Sahastrabuddhe
et al., 2013; Karkey et al., 2013), as well as in MDR frequency (Sahastrabuddhe et al., 2013; Dongol et
al.,, 2012; Zellweger et al., 2017), thus raising the possibility of it becoming the next main cause of

enteric fever within the next few years (Baker, Karkey & Parry, 2014).

Most studies so far have focused on the epidemiology of S. Paratyphi A (Karkey et al., 2013;
Zellweger et al., 2017; Zhou et al., 2014); hence, systematic characterisation of S. Paratyphi A in terms
of its molecular virulence and pathogenesis is lacking (Hiyoshi et al., 2018b; Elhadad et al., 2016,
2015b, 2015a; Gal-Mor et al., 2012). The main aims of this study were thus to investigate the
pathogenic mechanisms used by S. Paratyphi A during exposure to bile and during interactions with
host cells, focussing on macrophages, two aspects that may prove to be useful for understanding the
systemic phase of enteric fever. Throughout this project, S. Paratyphi A was compared to S. Typhi. This
is due to the fact that, while S. Typhi and S. Paratyphi A have undergone extensive convergent
evolution to independently acquire characteristics leading to the same clinical syndrome and to their
common extraintestinal lifestyle, the two serovars are phenotypically and genetically distinct (Didelot
et al., 2007; Holt et al., 2009; McClelland et al., 2004). Therefore, identifying differences and
commonalities between the two will deepen our understanding of enteric fever in order to develop

appropriate strategies to target these pathogens.

Chronic carriage during enteric fever is more frequently associated with colonisation of the
gallbladder rather than other systemic sites by S. Typhi and S. Paratyphi A (Dongol et al., 2012; Gal-
Mor, 2019), although this may partially be caused by the increased frequency of detection due to
medical procedures such as cholecystectomy. Nonetheless, molecular mechanisms that promote
survival and virulence in this environment are required to be elucidated to begin to understand how
typhoidal Salmonella establish carriage. Recently our lab showed that, in the presence of bile, S. Typhi
behaves very differently to S. Typhimurium, the long-standing model of Salmonella behaviour in
response to bile, exemplifying that the typhoidal and NTS exploit bile in a disparate manner to adjust
their virulence and evidently exploit different infection strategies (Johnson et al., 2018). The present
study sought to investigate whether S. Paratyphi A and S. Typhi behave in a similar manner in the
presence of bile, as it may represent common strategies upon systemic infection. It was demonstrated

that bile affects gene expression in S. Paratyphi A, resulting in > 5% of the genome to be differentially
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expressed in the presence of bile. While S. Typhi and S. Paratyphi A regulated many genes in a shared
manner, it was interesting to observe differences in regulation of metabolic genes and genes that are
thought to be useful for bile tolerance, suggesting that the two pathogens adapt to bile by different
mechanisms. Indeed, many genes that differ between the two serovars (e.g. pseudogenes, unique
genes, etc.) are involved in metabolism, in line with the idea that the main differences between
serovars may lie in their metabolic traits (Seif et al., 2018). In keeping with this idea, several S. Typhi
pseudogenes that are intact in S. Paratyphi A may be involved in metabolic processes and the
expression of many of them was regulated by bile. Future studies investigating regulation of
metabolism in response to bile may elucidate useful infection strategies exploited by typhoidal

Salmonella serovars.

The innate immune pathway has numerous PRRs to sense bacteria, in order to elicit a protective
immune response (Medzhitov, 2007). While both typhoidal serovars examined in this project are
skilled at evading immunity (Raffatellu et al., 2008; Hiyoshi et al., 2018a), they do so using different
strategies. For example, while it was recently proposed that the Vi antigen in S. Typhi and the very
long O-antigen chains in S. Paratyphi A may fulfil analogous roles during evading the phagocytic
respiratory burst (Hiyoshi et al., 2018b), such an analogy could not be determined in terms of
dampening inflammasome activation by the two pathogens. The fact that the majority of pseudogenes
and virulence strategies were acquired by convergent evolution between S. Typhi and S. Paratyphi A
implies that the underlying mechanisms may differ (Hiyoshi et al., 2018a). These need to be
understood and delineated by direct comparisons between the two pathogens in order to understand
enteric fever and develop strategies to target it. It was further shown here that, while S. Typhi may be
inducing less pyroptosis than S. Typhimurium by limiting flagellin and/or SPI-1 expression in a TviA-
dependent manner (Winter et al., 2015; Kortmann, Brubaker & Monack, 2015), the main strategies to
limit inflammasome activation in human macrophages by S. Paratyphi A are probably mediated by
synthesising very long O-antigen chains intracellularly and by tightly regulating its SPI-1 expression via

an unknown mechanism.

The O-antigen is recognised by the immune system and results in antibody production (Martin et
al., 2016). Thus it would not be surprising (Seif et al., 2019) if, despite the defining feature of carrying
the uncommon 02 antigen in S. Paratyphi A (Kothari et al., 2014; Hiyoshi et al., 2018b), the O-antigen
is under selection, and variations in the gene clusters responsible for its synthesis may be observed
between clinical isolates. FepE expression in S. Paratyphi A ED199 was lower than that in 9150 which
led to the hypothesis that overexpressing fepE into ED199 would result in excessive production of very

long O chains and reduce pyroptosis. As this was not seen, it is speculated that differences in O-antigen
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biosynthesis and regulation pathways are at play. Future analyses on understanding O-antigen
variation in S. Paratyphi A would be pivotal for determining its effect(s) on virulence and immunity,

and ultimately help in an informed vaccine design (Sahastrabuddhe et al., 2013; Martin et al., 2016).

S. Paratyphi A 9150 currently remains the most frequently used strain in in vitro studies of
interactions between host cells and S. Paratyphi A and this, combined with the possibility of genetically
manipulating it, is why it was chosen for this study. Strikingly, transcriptomic analysis of S. Paratyphi A
9150 and the recently isolated S. Paratyphi A ED199, as well as investigations on host cell invasion and
inflammasome signalling, revealed that clinical variants may be behaving differently to the reference
strain. The clinical isolates used in this study exhibit enhanced virulence in terms of invasiveness,
motility and inflammasome activation compared to S. Paratyphi A 9150. S. Paratyphi A 9150 appears
to be highly attenuated, as suggested by the low epithelial cell invasion, motility and induction of cell
death; its low in vitro virulence will make clinical isolates seem more virulent compared to the
reference strain. These results are consistent with data generated with an outbreak S. Paratyphi A
isolate in Israel, which was more invasive and motile than S. Paratyphi A 9150 (Gal-Mor et al., 2012).
It is likely that in vitro adaptation over time has attenuated S. Paratyphi A 9150, in a manner
comparable to S. Typhi (Johnson et al., 2018). Alternatively, the phenotypes displayed by the clinical
isolates may be a result of adaptation by SNP acquisition within the geographical region they were
isolated, similarly to observations with differing S. Typhi genotypes (Wong et al., 2015; Frankel et al.,
1989). Comparative studies between S. Paratyphi A 9150 and AKU 12601, another available sequenced
reference strain, may facilitate selection of the more appropriate strain to use in in vitro assays.
Alternatively, as more genomes become available, a more relevant clinical isolate may replace the
currently available reference strains, such as S. Paratyphi A ED199. However, it should be taken into
account that in vitro studies do not necessarily imply an increased virulence in vivo. Where possible,
additional studies with primary human cells and/or in vivo models will be required to confirm the
phenotypes observed in this project. Furthermore, the clinical variants used in this study are all from
one geographical region and they may not be truly representative of the circulating S. Paratyphi A;
increasing the number of isolates coming from different endemic regions is pivotal for determining

how representative the responses observed here are of S. Paratyphi A infection.

This study also provided insights into the differences in host cell invasion and evasion of the
immune system between typhoidal and NTS. S. Paratyphi A may have unique virulence mechanisms
compared to S. Typhi, as well as to S. Typhimurium, and therefore their infection strategies should not
be assumed to be identical. This was exemplified interms of SPI-1 regulation, inflammasome activation

and FepE-mediated immune evasion. This further supports that S. Typhimurium infection of human
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cells/tissues is evidently not the suitable model for typhoidal Salmonella (both S. Paratyphi A and
S. Typhi) (Johnson, Mylona & Frankel, 2018), and, while it is of immediate interest due to the
importance of NTS-induced gastroenteritis in public health, enteric fever is a much more dangerous
disease that actually requires treatment to resolve. It was surprising that, while S. Paratyphi A and S.
Typhimurium may potentially share an immune evasion strategy, the very long O-antigen chains
(Murray, Attridge & Morona, 2003, 2006, 2005; Holzer et al., 2009), S. Paratyphi A exploits this in a
distinct manner to S. Typhimurium by expressing the gene at higher levels so by having more very long
O-antigen chains (than long chains) allow to moderate intracellular inflammasome activation, as well
as the respiratory burst (Hiyoshi et al,, 2018b). This, combined with the uncommon 02 antigen,
demonstrates that S. Paratyphi A evades immune mechanisms by exploiting unique strategies
compared to other human-infecting Salmonella serovars. For example, the increased fepE expression
in S. Paratyphi A may be a result of the different infection strategy compared to S. Typhimurium,
promoting immune evasion and migration from the intestinal tissue by S. Paratyphi A. Open questions
to be addressed in the future include the expression profile of fepE as well as other O-chain length
regulators, their regulation in S. Paratyphi A, and whether these differ from S. Typhimurium, which

may shed light on the infection stages that this immune evasion method is used.

While the two typhoidal serovars share several genes, unlike other Salmonella genomes, there
are generally no obvious candidates that can be linked to their common lifestyle (McClelland et al.,
2004; Holt et al., 2009). Both S. Paratyphi A and S. Typhi have loss-of-function mutations in genes
linked to survival in the intestine, such as the operon responsible for butyrate metabolism (Bronner et
al., 2018), or genes potentially associated with their human restriction (Spano & Galan, 2012; Solano-
Collado, Rofe & Spano, 2018). However, sharing many of the strategies shown to facilitate, for
instance, the suppression of intestinal inflammation, such as downregulation of SPI-1 and flagellin
expression (Table 1.2), or aversion of complement activation and the respiratory burst (Hart et al.,
2016; Hiyoshi et al., 2018b; Wangdi et al., 2014; Wilson et al., 2011), does not necessarily mean sharing
the underlying mechanisms, as is becoming clear in many instances (Vi versus FepE; TviA versus
unknown mechanism to downregulate SPI-1 and flagellar expression, etc.). Therefore, as we move into
an era of mass S. Typhivaccination, and given the increasing rates of S. Paratyphi A infections, we need
to quickly identify and comprehend the common and distinct mechanisms of virulence exhibited by
these two serovars, which will offer avenues for future research and will contribute to developing

novel vaccination strategies targeting both pathogens.
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Figure Appendix.1 Representative sample of quality checks for RNA-Seq reads.

(A) Quality scores across all bases (Phred score in all read positions). (B) Quality score (Phred score)
distribution over all sequences. (C) Sequence content across all bases in each read. (D) Adapter content

in reads. (E) GC distribution over all sequences in the sample.
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Figure Appendix.2 S. Typhi H58-triggered pyroptosis in THP-1 cells.

THP-1 cells were infected (MOI 15) with S. Typhi clinical isolates as indicated, while S.
Typhimurium (Tm) was used as a control. (A) Cell death was determined at 3 h post infection by
Pl uptake and (B) bacterial internalisation at 1.5 h postinfection by gentamicin protection assays.
(C) S. Typhi was grown to late exponential phase and SPI-1 expression was determined by
western blotting towards SipD. The samples and blots were produced by Trang Hguyen Hoang
Thu (S. Baker group, OUCRU, Vietnam).
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