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Abstract

SalmonellaTyphi causes acute typhoid fever through virulence factors, which includes

the typhoid toxin that causes DNA damage in human cells. In 2019, colleagues at the

University of Oxford studied the typhoid toxin during typhoid fever by challenging human

participants with wild-type (WT) or toxin-negative (TN) strains of S. Typhi. In partic-

ipants' bloodstream, TN S. Typhi persisted for up to 96 hours while WTS. Typhi were

eliminated from the blood by 48 hours. This suggests DNA damage caused by typhoid

toxin alerted immune defences in humans that countered bloodstream infection.

To resolve di�erences in the host response to bacteraemia by WT and TNS. Typhi,

proteomics identi�ed protein signatures secreted in the plasma of bacteraemic partici-

pants with acute typhoid fever (`secretome-WT'). Relative to uninfected participants, the

plasma of those infected with WTS. Typhi contained signi�cantly regulated proteins by

typhoid toxin. Of those proteins, only Apolipoprotein C3 (APOC3) and lysozyme (LYZ)

were di�erentially regulated between WT- and TN-infected indicating a role in mediat-

ing clearance ofS. Typhi. In vitro experiments show DNA damage induced by puri�ed

recombinant typhoid toxin or infection by toxigenic Salmonella elicited DNA damage

responses and cell-cycle arrest, which was coincident with increased expression and secre-

tion of APOC3 and LYZ. Importantly, further in vitro experiments established that LYZ

kills Salmonellain a dose dependent manner, which could explain how WTS. Typhi are

eliminated from blood quicker than TN S. Typhi. Ongoing experiments are addressing

the putative antimicrobial role of APOC3.

This project sheds light on host innate immune responses activated by bacterial-induced

DNA damage and highlights that virulence factors can be viewed as double-edged swords,

which promote infection but may also alert host defence.
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Chapter 1

Introduction

The World Health Organization (WHO) leading e�orts \to achieve better health for

all" has identi�ed Salmonella species as a high priority pathogen for research and de-

velopment in 2017. With respect to human disease,Salmonellaspecies can be divided

into two groups: typhoidal Salmonellaand non-typhoidal Salmonella(NTS). Typhoidal

Salmonella cause a systemic disease known as enteric fever while NTS cause diarrheal

disease.Salmonellais amongst the most common causative agents for enteric fever in the

world.1,2 Salmonellais regarded to cause huge global burden on morbidity and mortality.

Typhoidal Salmonella is reported in developing countries with a mortality rate of 20%

if untreated.3 Typhoidal SalmonellaIt is identi�ed in over 10% of all enteric infections

reported in children in di�erent regions around the world.4{6

1.1 Salmonella - causative agent of enteric fever

1.1.1 Salmonella serovars and sequence types

Salmonellais a Gram-negative bacterium that causes gastroenteritis and enteric fever

in human and animals. Salmonella is divided into two species,Salmonellabongori and

Salmonella enterica, of which, S. enterica is of most interest as it causes disease in warm-

blooded mammals. S. enterica is subdivided into 7 subspecies.Salmonella enterica

subspecies enterica (also known asS.enterica subspecies 1) is the most common subspecies

reported in 99% of all human salmonella infections.7

Salmonella entericasubsp.1 is divided into � 2,500 serovars,8 which are de�ned by

speci�c antibody recognition (e.g. recognising cell wall, designated O, and phase 1 and

phase 2 
agella, designated H antigens). Adding to nomenclature, the advance of genome

sequencing has allowed for isolates ofS. entericathat possess seven identical genetic alleles

to be assigned to the same sequence type.9 For example,S.enterica subspecies enterica

serovar Typhimurium (henceforth S.Typhimurium) can be divided into sequence types

(ST) such as ST19 and ST313, which cause distinct diseases.

1



Salmonella can also be grouped by host-speci�city, which relates to the severity of

disease manifestation in humans and is introduced below.

1.1.2 Non-typhoidal Salmonella (NTS)

The majority of Salmonella serovars that infect humans and animals are considered

`host generalists' that infect humans and a broad range of animals. For example, the

prototype NTS strain S. Typhimurium ST19 infects pigs, cattle, mice and humans, in

which di�erent disease manifestations between hosts can be observed.7,10,11 Host general-

ists have a diverse genetic repertoire of virulence factors that aid colonisation of di�erent

hosts.12 In humans, host generalists such asS. Typhimurium tend to cause self-limiting

gastroenteritis and are therefore de�ned as NTS. NTS serovars that infect humans are

zoonotic pathogens, which can be transmitted from food-chain animals. NTS serovars

cause 78.7 million cases of disease worldwide and 59,000 fatalities reported annually.13 In

2016, the European Union (EU) reported salmonellosis incidence rate to be 20.4 cases per

100,000 population. The most prevalent serovars reported in Europe belonged to NTS,

e.g. S. Typhimurium ST19.14 The immune status of the host can decide the fate of NTS.

Hosts with intact healthy immune defences containSalmonella in the gut and have a

localised infection in the form of gastroenteritis typi�ed by in
ammatory responses such

as neutrophil recruitment. Gastroenteritis is in
ammation localised to the intestines and

mesenteric lymph nodes, in the �rst 12-72 hours, followed by symptoms of disease that

last less than 10 days. Symptoms include nausea and cramping which is then followed by

typical food poisoning symptoms including diarrhoea, fever and vomiting in some cases.15

It has a relatively short duration of disease due to the recruitment of adaptive immunity

defences to the localised site of infection.16,17

1.1.3 Invasive non-typhoidal Salmonella

The increase in immunocompromised, driven by the HIV pandemic in particular, has

sped evolution of invasive NTS (iNTS) serovars that are adapted to the human host and

cause more severe systemic disease than NTS.12 Though capable of infecting animals,

the prototype iNTS strain S. Typhimurium ST313 has undergone genome degradation,

relative to its NTS counterpart S. Typhimurium ST19, which contributes to human host-

adaptation.12 When iNTS infect immunocompromised hosts, theSalmonelladisseminate

from the gut into the bloodstream resulting in bacteraemia.18 While 5% of NTS cases can

become invasive, invasive disease is dominated in sub-Saharan Africa by iNTS strains such

asS. Typhimurium ST313 and are a major cause of morbidity and over 20% fatality.12,19

1.1.4 Typhoidal Salmonella

Only a small subset ofSalmonellaenterica serovars are host speci�c, in other words,

infect only a single host species. In the case of humans and higher primates, serovars
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include, S. Typhi, S. Paratyphi and S. Sendai.20 These so-called typhoidal serovars result

in a more aggressive dissemination of bacteria via bacteraemia that leads to enteric fever

with 1-4% fatality. 21 Typhoidal Salmonellahave undergone signi�cant genome degrada-

tion that contributes to their human host-speci�city. 22 For example,� 200 genes that are

active in S. Typhimurium are inactivated in S. Typhi. S. Typhi has also acquired unique

virulence genes such as those encoding the Vi polysaccharide capsule.23

S. Typhi and S. Paratyphi are the main causative agents of enteric fever (also referred to

as typhoid fever when caused byS. Typhi). 24{26 Typhoid dominates and has subsequently

captured most attention of researchers and health care professionals. Typhoid fever is a

life-threatening enteric disease with about 128,000 fatalities reported in 2018.24 Typhoid

a�ects 11-20 million humans worldwide most of which are children in areas that lack good

sanitation. Low- and middle-income countries including countries in South Asia (� 85%

of typhoid cases) and sub-Saharan Africa struggle with maintaining a clean water supply,

enabling transmission through the faecal-oral route.

Unlike gastroenteritis, typhoid fever causes a nonin
ammatory disease which lacks ini-

tial in
ammatory gastroenteric symptoms, e.g. neutrophil recruitment. Typhoid symp-

toms present between day 8-14 post infection.27 The incubation time can vary greatly to

develop in as short as 4 days or as long as 33 days post infection.28 Clinical symptoms of

enteric fever usually persist to up to 3 weeks with a high fever (> 39� C). Other symptoms

include malaise, headaches, chills, weight loss, abdominal pain, cough, and red spots on

chest. 50% of cases eventually develop gastroenteritis symptoms of diarrhoea, nausea, and

vomiting. Due to the invasive nature of typhoidal salmonella individuals develop bacter-

aemia related diseases, like osteomyelitis, and septic arthritis.29{31 Bactereamia reported

in typhoid fever can last for years, and develop from primary to secondary infections

leading to chronic carriage.28

1.1.5 Carriage of typhoidal Salmonella

Following typhoid, 2-5% of individuals become chronically infected, which is termed

Salmonellacarriage.28,32

In the late 19th and early 20th century chronic carriage came into light with the famous

examples of Mary Mallon and Mr. N. Marry Mallon was a private cook in New York city

with a bad sense of hygiene. Mary infected over 50 people in nine di�erent epidemics

until her case was discovered and she was put in isolation till her demise.33,34 Meanwhile

in England Mr. N was a milker and cowman responsible for 207 cases of typhoid which

continued from 1899 to 1909.35

In 1902, Robert Koch proposed the idea that the main virulence ofS. Typhi is humans,

not just contaminated water. This makesS.Typhi an even bigger concern as some infected
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individuals are asymptomatic carriers, like Mary Mallon and Mr. N. They continue to

excrete the live pathogen even after the resolution of acute typhoid symptoms.36

When left untreated, studies show 10%S. Typhi infected patients continue to shedS.

Typhi bacilli for over 3 months. Meanwhile 1-4% ofS. Typhi infected patients become

asymptomatic and shed bacilli for over a year periodically.37 Comprehensive studies on

S. Typhi patients in the span of 28 years post infection showed 11.9% become temporary

carriers (3-12 months shedding) and 3.5% become chronic carriers (i.e. more than 12-

months).32

Bacterial persistence starts o� with a breach of intestinal barrier, followed by evasion of

host's primary innate immune responses, and �nally residence in the proper niche in the

host.38 60% of typhoid carriers reported gallbladder pathology, thus the gallbladder is the

principal niche for individuals who are chronically infected withSalmonella.39 Despite

the harsh environments in the gallbladder due to the presence of bile,S. Typhi persists.

Salmonellaresponds to the presence of bile by enhancing expression of bile resistance

genes such asphoP and ompA, which regulate environmental changes and aids in bio�lm

formation respectively.40,41 Studies showed the ability ofS. Typhi to form bio�lms on

surfaces, such as gallstones and cholesterol coated surfaces.42 Amongst the bile resis-

tance genes,Salmonellaproduces bio�lm which is formed aroundSalmonellaaggregates

protecting it further from bile conditions.43

Figure 1.1: Typhoidal disease cycle.
Salmonella Typhi is transmitted through contaminated water and food. It infects about 20
million cases annually. It causes food poisoning like symptoms and can lead to fatality a�ecting
200,000 cases per year. 5% of survivingSalmonella patients exhibit carrier symptoms. Carriers
transmit the disease when interacting with the community, and due to the lack of clean water
sources the cycle continues.
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1.2 Diagnosis, treatment and prevention

1.2.1 Diagnosis

Diagnosis ofSalmonella infected individuals is crucial. Tests have been developed to

identify acute cases, detect carriage and measure disease burden.44 It has been a �eld of

studies as there is no one test to satisfy all diagnostic needs. Tests are optimized to be

performed in endemic regions with lack of laboratories.

Primarily typhoid is diagnosed with clinical symptoms due to the lack of available

point-of-care diagnostics in endemic regions. However, clinical diagnosis is problematic

and unreliable. Clinical symptoms are indistinguishable from other endemic diseases, for

example, in
uenza, malaria and dengue.45

Samples collected from sterile sites, including blood, bone marrow and rose spots provide

conclusive evidence of typhoid fever diagnosis. However, this is not a practical approach.

In the 19th century, bacterial cultures were �rst established as a more reliable diagnostic

to typhoid than clinical symptoms. Bacterial cultures have proven e�ective, but takes 1-5

days to get the results. Although e�ective, misdiagnosis is still probable due to bacterial

susceptibility to antimicrobials.46

Bone marrow extracted samples are the most accurate diagnostic procedure. It involves

extracting a sample of the bone marrow and culturing it on agar plates. However, it is im-

practical to apply, as it is a painful invasive approach that requires specialised equipment

that might not be available in some endemic settings.47,48

In the late 19th century, Widal introduced the �rst serological test for Typhoid fever.

Widal developed an antigen aggregation test that is the most common diagnostic to this

day. The Widal aggregation test usesS. Typhi and Paratyphi antigens to test for their

antibodies in patients' serum. Serum dilutions are added to Widal solution and aggre-

gation is noted of 
agellar (H) and lipopolysaccharide (O) antibodies.49 It is simple and

rapid and can be used in minimal lab infrastructure. However, it has limited diagnostic

sensitivity and speci�city early in the course of disease.

Due to their easy application in endemic regions. Companies have been developing sero-

logical tests with better e�ciency. Amongst those, TUBEX TF (IDL Biotech, Sweden)

and Typhidot (Malaysian Biodiagnostic research, Malaysia) are noteworthy. TUBEX TF

uses antibodies toS. Typhi LPS O-antigen (speci�cally O9) and quanti�es the inhibition

in binding between them and LPS-coupled magnetic particles.50 Meanwhile, Typhidot is a

small scale dot-plot ELISA which detectsS. Typhi outer membrane speci�c IgM and IgG

antibodies.51 Analysis of both serological tests' speci�cities showed up to 95% (TUBEX
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TF) and 97% (Typhidot). 52 This is higher than the commonly used Widal test with 85%

speci�city. 53

Research has been investing in developing more e�ective tests employing proteomics,

transcriptomics, genomics andin vivo based technologies. The aim is to provide diagnos-

tics to enhance monitoring and surveillance of disease progression.44

1.2.2 Treatment and antimicrobial resistance

Antimicrobial treatment is the most e�ective treatment of S. Typhi. S. Typhi and

S. Paratyphi infections are treated with several antimicrobial classes including Fluoro-

quinolones, Cephalosporins, Macrolides, and Carbapenems.54,55 The Quailes strain used

in human challenge studies since 1960 is susciptable for cipro
oxacin. However someS.

Typhi are resistant to cipro
oxacin (H58) and therefore azithromycin is used instead.56

Although e�ective, antimicrobial treatment has become a less reliable option due to the

evolution of antimicrobial resistance (AMR) ofSalmonella.57 In the span of 4 years, a

study in Malawi showed a rise of multi-drug resistantS. Typhi from 7% in 2010 to 97%

in 2014.58,59

Resistance mechanisms. Horizontal gene transfer has been e�ective in ensuring an-

timicrobial resistance is maintained acrossSalmonella species. Plasmids are the main

agents of horizontal gene transfer causing antimicrobial resistance inSalmonella. IncC

plasmids are known carriers of antimicrobial resistance genes, transferred betweenSalmonella.60

They have a large host range and low copy number which allow them to be transferred

with ease making them most e�ective to maintain antimicrobial resistance inSalmonella.60

IncA/C plasmids are carried bySalmonellaand transfer up to 10 genes of antimicrobial re-

sistance that spans 5 antimicrobial classes.61 Amongst the antimicrobial resistance genes

encoded by IncA/C, the following genes are encoded, trAB, sul2, tetAR, blaCMY-2, and


oR. These genes code for resistance against, aminoglycosides, sulfonamides, tetracyclins,

� - lactams and chloramphenicols.62,63 Inc plasmids' acquired resistance targets several of

the treatments used to battleSalmonella.

Spread of Antimicrobial resistance. Genomic sequencing ofS. Typhi strains from

63 countries across the globe, whereS. Typhi is endemic, identi�ed H58 S. Typhi strain

as the most common strain. H58S. Typhi encodes multidrug resistance (MDR) genes.

H58 strains encode MDR genes that establish resistance against a range of antimicro-

bials.58 These genes include, blaTEM-1, for ampicillin resistance, dfrA7, sul1 and sul2, for

trimethoprim and sulfonamides resistance, respectively, and to trimethoprim-sulfamethox-

azole), catA1, for chloramphenicol resistance and strAB, for streptomycin resistance.59

The excessive prescription of antimicrobials enhances the MDR reported in the H58

strains. H58 strain is found to spread cross-continentally quite rapidly in the last 20
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years.64 H58 strains reported a high prevalence in reported resistance to 
uoroquinolones,

for example, cipro
oxacin which works by inhibiting bacterial DNA replication.65 This

is due to the high exposure to 
uoroquinolones drugs, that have proven most e�ective

againstS. Typhi in the last 20 years.66 This poses a problem as the most e�ective drug is

facing resistant organisms ofS. Typhi against it. 67,68 These organisms are rapidly being

common in mostS. Typhi infections.59 This led to the WHO reporting 
uoroquinolone-

resistant Salmonellaamongst the high priority pathogens in 2018.24 This calls for further

studies into the understanding of the disease mechanism to further aid in its prevention

and alternative treatment pathways.

1.2.3 Vaccination programs

Whole cell vaccine. To prevent typhoid, the 1st vaccine was developed in 1896

from an inactivated whole cellS. Typhi. S. Typhi was either heat killed, and phenol

preserved or acetone killed and lyophilized before administration. This vaccine provided

73% e�ciency for 3 years before re-administration69,70 and was discontinued in 1960 due

to the undesired side e�ects that mimicked typhoid symptoms.71

Vi Polysaccharide Vaccine. In 1986, Robbins and Robbins developed an injectable

subunit vaccine of Vi-polysaccharide (Vi-PS)72 that provides between 55-75% protection

against the pathogen. Unlike the whole cell vaccine, it showed minimal side e�ects, but

is non-immunogeneic in children below 2 years of age.73,74 Another drawback came into

e�ect when Vi-negativeS. Typhi organisms emerged in India in the early 2000s rendering

the vaccine ine�ective.75

Live attenuated Ty21 vaccine. Ty21 is a live attenuated vaccine. Live attenuated

vaccines elicit more immune response and higher protection up to 96% for 3 years before

re-administration. Ty21 is developed from the WTS. Typhi Ty2 strain, which is then

chemically attenuated.71,76 This vaccine lacks some functional genes and antigens, most

importantly, it lacks the Vi-antigen and is therefore highly attenuated. Clinical studies

have reported Ty21 e�ciency to be 67% for 7 years, when high doses are administered,

109 bacteria per dose. Ty21 is not recommended for children less than 6 years of age.77

This is not ideal since a majority of typhoid cases are reported in school-age children in

endemic regions, between 0.5-15 years.78,79 In addition, the oral nature of Ty21 vaccine

makes it liable to gastric acid induced deactivation.77 Thus, this vaccine was not approved

by the WHO.80

Typhoid-conjugate vaccine. A new conjugate vaccine created by Bharat Biotech

International in India, Typbar-TCV, showed e�ciency in phase 3 trials.81,82 The conju-

gate vaccine consists of the Vi-polysaccharide conjugated to tetanus toxin, which elicits

a strong Vi-antibody response in serum of vaccinated participants.83 The vaccine pro-

vided e�ciency and safety for use in children as young as 6 months of age, and thus was
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prequali�ed by the WHO in 2019.84 Clinical trials in the UK showed vaccine e�ciency

of 54.6% against bacteraemia in adult participants.81 Meanwhile, Typbar-TCV showed

81.6% e�ciency in Nepalise children aged 9 months to 16 years.82 An outbreak of mul-

tidrug resistant S. Typhi in Pakistan provided a testing ground for the conjugate vaccine,

which controlled the outbreak with vaccinated children reported a 95% lower incidence of

contracting multidrug resistance (MDR)Salmonella.85

Current status of typhoid vaccines. The WHO recommends vaccination programs

to contain the spread of typhoid fever in endemic and epidemic regions. The typhoid

conjugate vaccine Typbar-TCV is licensed and recommended for children from 6-months

of age and adults. Conjugate vaccines are prioritized by the WHO in areas of high

typhoid fever incidence. Injectable unconjugated polysaccaride vaccines are recommended

for children of 2 years and older. Meanwhile the oral live attenuated vaccine Ty21a is

recommended for 6 years or older. Although all vaccines are approved by the WHO, the

conjugate vaccine is the most recommended as it is most e�ective and is applicable to all

age groups.84

1.2.4 Controlled human infection challenge studies on typhoid

As discussed, WHO identi�esSalmonellaas a \priority pathogen" due to the rising risk

of antimicrobial resistance.84,86 In addition, humans are the main reservoirs of typhoid

infections, and thus controlled human infection studies are necessary to understandS.

Typhi pathogenesis.87,88 A study in the university of Maryland, USA, between 1952 and

1974, allowed for understanding of typhoidal pathogenesis and aided in the development

of vaccine development.30,89,90 However, this program that lasted over 20 years was halted

and more progressive challenge study was carried out in the University of Oxford. Over

400 volunteers were challenged in six separate studies. Most notably a trial published

in 2017, testing the e�ciency of the typhoid conjugate vaccine Typbar-TCV, with Vi

polysaccride capusle conjugated to the tetanus toxin carrier protein, which demonstrated

55%- 87% e�ciency of the conjugate vaccine. This study investigated the e�ciency of

the vaccine in several stages of epidemic progression and thus allowed for establishing

a vaccination program that was recommended in the a recent WHO position paper,24

prequalifying Tybar-TCV as a typhoid vaccine in 2018. In addition, current studies are

employed in Malawi,91 Nepal92 and Bangladesh93 to test the vaccine e�ciency.

Most of what is known aboutS. Typhi pathogenesis is through non-typhoidalSalmonel-

la infected mice.94,95 As previously mentioned,S. Typhimurium exhibits similar symp-

toms in mice to that of typhoid in humans. However,S. Typhimurium di�ers in several

virulence factors toS. Typhi including the Vi-capsule96 and typhoid toxin.97 Even though

mouse studies have been e�ective in explaining howSalmonellaestablishes infection, hu-

man challenge studies are necessary in identifying the impact of virulence factors on
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disease. Thus, in addition to testing vaccine e�ciency, controlled human infection chal-

lenges ofS. Typhi are employed to understand the pathophysiology of the pathogen and

the contribution of virulence factors to typhoid fever.56 For example, human infection

challenge with wild-type S.Typhi or a strain in which the virulence factor typhoid toxin

had been deleted showed that the toxin does not initiate typhoid fever.56 Establishing hu-

man infection challenge studies also provide insight into related pathogens. For example,

15,000S. Typhi were found su�cient to cause typhoid fever in 63% of volunteers while

10-fold fewerS. Paratyphi was su�cient to cause paratyphoid in 56% of volunteers.98

This is consistent with the observation that the Vi capsule, which is speci�c toS. Typhi,

reduces invasion into host cells due to enhanced virulence protein secretion.99 Though in

human volunteers, Vi-positiveS. Typhi was shown to be more virulent than Vi-de�cient

strains.90

1.3 Salmonella establishing an infection in host

1.3.1 Invading the intestinal epithelium

Both typhoidal and non-typhoidal serovars invade the intestinal epithelium in the distal

ileum section through Salmonella pathogenicity islands 1 and 2 that encode virulence

genes, which remodel the host cell actin cytoskeleton and endolysosomal pathways (sum-

marised below). M-cells are specialised microfold cells that are the most common cell in

which they invade. M-cells are found in Peyer patches which act as a part of the lymphoid

structures in the intestinal epithelium. Salmonellaalso invade epithelial cells. Regardless

of the cell type,Salmonellaare thought to trancytose into the lamina propria where they

infect resident macrophages in Peyer's patches, activate innate immune responses and/or

disseminate by draining into mesenteric lymph nodes.

Salmonellahas pathogenicity islands encoding genes for virulence.Salmonellaserovars

encode pathogenicity islands that aid in establishing disease, amongst those most con-

served are SPI-1 and SPI-2.

Invasion of host cells via SPI-1 virulence genes. Salmonellapathogenicity island-

1 (SPI-1) is conserved in allSalmonellaserovars. Amongst SPI-1 genes, there are genes

encoding the structural proteins to make up a type-III secretion system (T3SS), they are

amongst the virulence e�ector proteins ofSalmonella.100,101 Low oxygen and high osmotic

pressure found in intestinal epithelium is reported to induce SP1-1 expression through

regulation of transcriptional activators.102 SPI-1 encoded T3SS-1 which is an injection

like structure that shoots e�ector proteins into the host.103 SPI-1 e�ector proteins aim to

hijack the cytoskeleton and thus allow an entry point forSalmonella. Examples of SPI-1

coded e�ector proteins are SpoE and SipA. SopE works by activating a family of GTPases,

Rho GTPases, which elicit Arp2/3-dependent actin polymerisation.104 Meanwhile, SipA
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directly binds and stabilises to actin �laments.105 Together they cause membrane ru�ing

which enhances the entry point ofSalmonella. E�ectors work by stabilising actin which

in turn causes membrane ru�ing creating an entry point for Salmonella.106{108

Figure 1.2: SPI1 e�ectors .
Salmonella expresses T3SS1 e�ector which acts as injection and injects SPI1 e�ectors, SopE
and SipA into the host cell, where they encounter host proteins like GTPases and actin �l-
aments(left) . SopE interacts with host GTPases, meanwhile, SipA binds to acin �lamnets
causing membrane ru�ing of host cell as shown(right) .

Intracellular survival via SPI-2 virulence genes. Once inside the cell, the pathogen

resides within an endosomal compartment referred to as theSalmonellacontaining vac-

uole (SCV).109 SCV formation aidsSalmonellasurvival, multiplication and spread, which

is driven by expression of the SPI-2 T3SS and its substrate virulence e�ectors. Any

pathogen that resides within an endosomal compartment must have a strategy to survive

the lysosome. SifA is a SPI-2 e�ector protein that manipulates lysosomal biogenesis by

promoting exocytosis of lysosomal hydrolases such as Cathepsin D.110 This ensures that

the SCV only interacts with attenuated lysosomes lacking their full complement of antimi-

crobials, for example Cathepsin D, which promotesSalmonellasurvival. Manipulation of

endosomal membranes by SifA causesSalmonella-induced �lament formation, which are

thought to ensure nutrients are redirected to the SCV for the pathogen rather than distal

cell compartments.111,112 In addition, SifA detoxi�es lysosomes and aids in their exocy-

tosis to the extracellular environment.113 SPI-2 e�ectors also mediate SCV transport to

the basolateral side of intestinal cells whereSalmonellacan trancytose into the lamina

propria, which promotes invasion of the host and dissemination.114

10



Figure 1.3: SPI2 e�ectors .
Salmonellaexpresses SPI2 T3SS e�ectors which acts as injection and injects SPI2 e�ector, SifA.
SifA binds to host protein Cathepsin D. SifA-Cathepsin D complex prevents Cathespin D binding
to SCV and is instead tra�cked outside the host cell (left) . This allows for Salmonella survival
as it prevents the fusion of toxic proteins like Cathepsin D to the SCV. This consequently leads to
Salmonellaproliferating and leaving the cell to infect other cells and ensure persistence(right) .

Systemic dissemination of Salmonella . After crossing the intestinal epithelium

through M-cells, typhoidal Salmonellareside undetected in the lamina propria. This is

where the pathogen starts its dissemination routes. TyphoidalSalmonella establishes

systemic infection through two main routes, (i) freeSalmonellacan surpass the lamina

propria and into the mesenteric lymph nodes (MLN) disseminating straight into the blood-

stream, and/or (ii) infecting and multiplying through phagosomes in the lamina propria

(for example, macrophages), using them as transport vehicles to systemic sites.S. Typhi

infects macrophages at three primary locations: (1) in the lamina propria,S. Typhi can

infect intestinal macrophages, (2) or bacteria can be drained into the mesenteric lymph

nodes, once they surpass the intestinal epithelium, where they infect macrophages and

other mononuclear phagocytes, or �nally, (3) freeS. Typhi invade the bloodstream via

mesenteric lymph nodes, which results in primary transient bacteraemia, where they can

infect macrophages in the blood.115

In the blood, free S. Typhi are phagocytosed and cleared from the circulation by

mononuclear phagocytes (such as, macrophages). Infected macrophages migrate to organs
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of the reticuloendothelial system (e.g. liver, spleen) whereS. Typhi survives intracellu-

larly due to T3SS-2 e�ectors. Here,S. Typhi resides until onset of typhoid fever (8-14

days), which is typically accompanied by sustained, albeit low level (1{10 organisms/mL),

secondary bacteremia lasting several weeks.116

During primary bacteremia, S. Typhi also reaches the gallbladder, which is critical to

establishing chronic carriage - chronic infections that can last up to a lifetime in humans,

like the infamous Typhoid Mary (� 5% of typhoid patients). Chronic carriers are respon-

sible for retaining S. Typhi in the population and transmitting disease by shedding as

many as 109 organisms/g faeces.117,118

Figure 1.4: Salmonella establishing an infection in the gut .
Many of the Non-Typhoidal Salmonella(NTS) infects the intestinal epithelium and goes through
M-cells in Peyer patches (blue) or epithelial cells (yellow). NTS resides in the lymphoid follicle
where it encounters an in
ammatory response mediated by macrophages (purple) and neu-
trophils (gray). In
ammatory response inhibits persistence and ensures NTS is cleared before it
becomes a systemic threat. Meanwhile,S. Typhi infects the gut epithelium in a similar manner
to NTS, but is believed to evade immune responses, which allows it to go into the mesenteric
lymph nodes and subsequently to the bloodstream, leading to primary bactereamia. Primary
bactereamia causes persistance in systemic sites, like the gallbladder, which consequenty causes
secondary bactereamia.
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1.3.2 Innate immune response to Salmonella and immune

evasion

Innate immune responses to NTS. NTS infection of the M-cells followed by inva-

sion of the lamina propria elicits recognition of pathogen associated molecular patterns

(PAMP) by host pattern recognition receptors (PRR). For example,S. Typhimurium's


agella, LPS and T3SS are PAMPs. Flagella activates TLRs, TLR4 which results in

cytokine release such as IL-8.119 PAMPs release in response to NTS elicits a strong

T-helper 1, Th1, immune response, particularly in immunocompromised patients, and

recruits phagocytes in an IL-8-dependent manner.120{122

Immune evasion by typhoidal Salmonella . S. Typhi is a stealth pathogen that is

highly adapted to evading the innate immune responses activated by NTS (summarised

above). Typhoidal serovars induce limited mucosal in
ammatory responses and causes

diarrheal disease initially.123{125 This is attributed to the typhoidal virulence factors

which include, Vi capsular polysaccride capsule, typhoid toxin and 
agella. Although it

is unclear which factor causes this evasion of immune response, some studies shed some

light into the possible involvement of SPI-7 pathogenicity island coding genes. SPI-7 is

unique to the typhoidal serotype genome and contributes to typhoidal virulence factors.126

Upon invasion of the intestinal epithelium,S. Typhi encounters a reduced osmolarity

which in turn results in a rapid induction of TviA expression.127,128 TviA works with

RcsB, together they express the Vi- antigen and represses 
agella.129 Flagella is a major

pattern recognition molecule conserved in many pathogens. This allows the pathogen to

transit in the epithelium undetected, and thus by the timeSalmonella is in the lamina

propria, major pathogen induced processes and pathogen recognition molecules are no

longer detected. Salmonella therefore survives in the lamina propria and can dissemi-

nate since there is no immune responses to stop it because it simply cannot be seen by

immune cells. viaB locus therefore impairs neutrophil recruitment in the intestinal ep-

ithelium130,131 which explains the insu�ciency of neutrophils in S. Typhi infections132 and

the longer incubations of disease.27

The Vi-capsule is restricted toS. Typhi and absent in S. Paratyphi and S. Senai, as

previously mentioned, are typhoidal serovars, which cause typhoidal disease. Vi-mutant

S.Typhi are able to establish typhoid-like illness in humans.133 This suggests that the

Vi-capsule is not the only factor to establish systemic spread and a major focus in recent

years has been the typhoid toxin of typhoidalSalmonella.
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1.4 The typhoid toxin

The typhoid toxin is expressed in 38 serovars including the major typhoidal serovarsS.

Typhi and S. Paratyphi A with remaining isolates belonging to non-typhoidal serovars

that cause gastroenteritis in humans and animals, for exampleS. Javiana.97,134{138 It is

an A2B5 toxin, \A" stands for its enzymatic `active' subunits, and \B" stands for its host

receptor `binding' subunits. The toxin has a pentameric PltB subunit that binds host

receptors linked to two A-subunits, an ADP-ribosyl transferase (PltA) bound by disul�de

bonds to DNase (CdtB).97 The typhoid toxin is implicated in typhoid symptoms, immune

evasion, dissemination and bacteraemia, and chronic carriage.56,97,139{141

1.4.1 The structure and function of typhoid toxin

Organisation of the toxin pathogenicity islet. The typhoid toxin was discovered

when S. Typhi exhibited toxigenic e�ects in a manner dependent upon the cdtB gene,

similar to those associated with cytolethal distending toxins (CDT) that also rely on

the cdtB gene.138 CDT is a conserved virulence factor in diverse pathogenic bacteria,

usually Gram negative. CDTs are encoded in several organisms ofEscherichia coli,142

Shigella dysenteriae,143 Haemophilus ducreyi,144 actinobacillus actinmycetemcomitas145

and Heliobacter hepaticus.146 CDT consists of three moieties, CdtA, CdtB and CdtC.

CdtA and CdtC are responsible for uptake of the active catalytic moiety, CdtB.147 In

2004, researchers puzzled over the observation thatS.Typhi encoded cdtB but not cdtA

and cdtC.138 In 2008, the toxigenic activity of cdtB in S. Typhi was shown to rely on

pertussis-like toxin subunits, PltA and PltB to which CdtB was bound, which revealed

a novel chimeric typhoid toxin. This leap was based on discovery of a genomic islet

encoding the cdtB subunit alongside pltA, and pltB.134 Pertussis toxin is a key virulence

factor of Bordatella Pertussisthat causes whooping cough syndrome. The typhoid toxin

is therefore made up of three subunits, PltB, PltA and CdtB, together they play di�erent

roles during intoxication of the host cell.

PltB subunit

PltB subunit of typhoidal serovars. The PltB subunit is made up of 5 PltB pro-

teins that act as the binding moiety of the toxin. Serine 35 on the PltB subunit is very

important as it is necessary for binding of sialylated glycans with the terminal acetyl neu-

raminic acid Neu5Ac2-3Gal� 1-3/� 1-4Glc/GlcNAc (Neu5Ac). Neu5Ac sialylated glycans

are abundantly found in human cells. Unlike other mammals, humans lack the presence

of CMP-N-acetylneuraminic acid hydroxylase (CMAH). CMAH is necessary to convert

Neu5Ac (found only in human cells) to Neu5GC (found in all other mammalian cells). For

example, higher primates express Neu5GC only while mice express a mixture of Neu5GC

and Neu5Ac.148 Due to this evolutionary characteristic, the toxin of typhoidalSalmonella

are speci�c for human host cells. More recently, the typhoid toxin CdtB subunit has
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been shown complex with homologs of PltB and PltA that broaden the tropism of ty-

phoid toxin: these include the PltB homolog PltC that exhibits preference for immune

cells,149 and the ArtB/ArtC, which can bind Neu5GC found across mammals.150 PltB is

thought to compete with PltC and ArtB to generate toxin variants that depend on CdtB

for toxigenic activity.

PltB subunit of NTS serovars. The typhoid toxin was �rst reported in S. Typhi.

Recently, studies have shown that it is not unique toS. Typhi. 40 serovars of NTS carry

the typhoid toxin genes,151{153 which has been extended to 100 serovars due to widespread

expression of artB in NTS serovars.154 This includesS. Javiana, which is responsible for

5% of NTS cases in the USA, and has been used to investigate the e�ect of the toxin

during infection in mice.152,153,155 Studies have shown thatS. Javiana activates DNA

damage responses through the typhoid toxin.153 The typhoid toxin of S. Javiana (also

referred to as Javiana Toxin) suppresses in
ammatory immune responses and promotes

dissemination ofSalmonellain mice.139 The PltB subunit of Javiana Toxin possesses three

amino acid changes relative to the PltB ofS. Typhi, namely N29K, S50G, and T65I.156

This narrows the receptor tropism of Javiana toxin towards sialylated glycans found in

the intestinal mucosa where NTS serovars colonise the host.156 The substitutions have

a profound e�ect on the toxigenic activity of Javiana toxin, which is non-lethal in mice

relative to 100% lethality of typhoid puri�ed typhoid toxin. 156 Amino acid substitutions

in PltB are also found in other NTS serovars and may re
ect di�erences in target cell

tropism in toxin variants. This led to naming S. Javiana toxin as Javiana toxin. In

addition, these observations �t with the systemic spread ofS. Typhi that possesses a

promiscuous typhoid toxin, which can bind broader range of human cells than Javiana

toxin.156

The PltA subunit

PltA is a linker subunit which ties PltB and CdtB together. It has disul�de bonds on

each end binding to PltB and CdtB. Consequently, deletion of PltA resulted in a complete

loss of CdtB induced toxicity.134 PltA is thought to have active ADP-ribosyltransferase

activity but no targets or toxigenic e�ects of PltA have been reported.97,134

CdtB subunit

The CdtB subunit resembles in sequence and structure the DNase-like moiety of the

cytolethal distending toxin family (CDTs), and resembles the nuclease function of mam-

malian DNase-1.97,157 Histidine 160 (H160) is a conserved histidine residue in CdtB of

typhoid toxin, 97 analogous to histidine 134 in mammalian DNase.158,159 H134 is required

for the catalytic activity of the DNase I enzyme. Similarly, H160 represents the residue

responsible for catalytic function of the toxin.97 When inducing a point mutation in the

cdtB subunit of the typhoid toxin, namely histidine 160 to glutamine (H160Q), nucle-
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ase activity is attenuated.97,157 Like the reported e�ects of CDTs, CdtB causes DNA

damage associated with cell cycle arrest inS. Typhi infected human cells.159{166 Once

inside the nucleus, CdtB induces DNA strand breaks which in turn activates DNA Dam-

age Responses (DDR)157,158,167 and resulting cell cycle arrest to allow for repairing of the

induced damage.161,168,169

1.4.2 Typhoid toxin expression

The expression of the typhoid toxin is carried out intracellularly from 3 hours post-

infection when the Salmonella reside in their SCV.134 PhoP-PhoQ is the main positive

transcriptional regulator of cdtB, pltA, pltB. 136 PhoP-PhoQ is a two-component system

in Salmonella activated by a low concentration of Mg2+ ,170 an acidic pH,171 alkaline

pH,171,172the presence of antimicrobials in the environment.172{174 For example, with

endocytosis ofSalmonellacomes a relative reduction in Mg2+ concentration within the

SCV, which in turn activates the PhoP-PhoQ driving expression of the toxin. Mutations

in phoP or phoQ inhibited pltB expression which in turn hindered the expression and

secretion of the typhoid toxin.136 S. Typhi with a deleted PhoP-PhoQ created a organism

that was proposed as a live attenuated vaccine Ty800.175

1.4.3 Typhoid toxin secretion from Salmonella

Secretion from Salmonella . Typhoid toxin is only expressed intracellularly within

an infected cell, which in turn implicates the SCV in toxin tra�cking. 176 Two genes are

encoded on the same pathogenicity island that encodes the typhoid toxin,sty1887 and

sty1889. Sty1889encodes ttsA, which is necessary for toxin secretion.177 TtsA belongs to

a family of proteins called muramidases. Muramidases are similar to a family of proteins

in bacteriophages calles endolysins. Endolysins interact with holins, which are proteins in

the bacterial inner membrane. This interaction allows the toxin to reach the periplasmic

space which in turn allows toxin secretion. Unlike endolysins, that interact with holins

in bacterial membrane and causes bacterial lysis,178 TtsA maintains an intact Salmonella

membrane.177,179 This suggest TtsA provides a novel protein secretory function for the

typhoid toxin.

Toxin exocytosis from the host cell. Once the toxin is secreted from bacteria

into the SCV lumen, the toxin is packaged in vesicle carrier intermediates, also known

as outer membrane vesicles (OMVs). OMVs are derived from the SCV which is made

up from the host membrane. Indeed, PltB mutation prevented toxin packaging and

thus inhibited toxin exocytosis.176 PltB subunit binds to Neu-5Ac sialylated glycans on

receptors and creates a vesicle for toxin transport to the extracellular environment134,176 in

a manner dependent on the cation-independent mannose-6-phosphate receptor, coatmer

2/COP2, Sar1 GTPase and Rab GTPases 29 and 11b.180,181 Fusion of vesicle carrier
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intermediates carrying the toxin with the plasma membrane involves SNARE proteins

VAMP7, SNAP23, and Syntaxin 4.181 This results in toxin exocytosis.

1.4.4 Typhoid toxin intoxication of target host cells

The extracellular toxin can intoxicate infected cells (autocrine e�ects) or non-infected

bystander cells (paracrine e�ects).134 The typhoid toxin, now free in the extracellular

environment, binds to host cells and is then endocytosed by PltB-Neu5AC receptor-

mediated endocytosis and tra�cked to the Golgi apparatus then the endoplasmic reticu-

lum (ER).181,182 In the ER, PltA is separated from CdtB by reductase enzymes breaking

the disulphide bond holding them together.182,183 Free CdtB is released into the cytoplasm

where it translocates to the nucleus and exerts its toxigenic nuclease activity97,169,182

1.5 The role of the typhoid toxin

The role of the typhoid toxin remains unclear. Paramount to understanding the toxin

has beenin vivo studies in mice and humans, which have exploited either puri�ed recom-

binant toxin or Salmonellaencoding typhoid toxin.

Toxin studies in mice. Toxin studies in mice. Songet al. showed that intravenous

injection of puri�ed toxin recapitulated typhoid symptoms in mice, which su�ered 100%

mortality. 97 Cell-cycle arrest, leukopenia, malaise and weight loss were also observed.

Lethality in mice following intravenous administration of typhoid toxin has been observed

since.150,156 However,Salmonellainfection models in mice do not support the view that

typhoid toxin causes the severe symptoms associated with typhoid, e.g. lethality. As

S. Typhi is a human pathogen, NTS serovars that encode the toxin have been used

as a surrogate model to study typhoid toxin. When wild-type mice were infected with

S. Typhimurium engineered with genes encoding typhoid toxin (S. Typhimurium T OX ),

the toxin suppressed in
ammatory responses and enteritis, and promoted host survival

to establish asymptomatic chronic carriage.140 Indeed, whileS. Typhimurium killed its

mouse host within 1-month,S.Typhimu-rium T OX persisted, colonising its host at systemic

sites in an asymptomatic manner for 6-months at the time of euthanasia. Similarly, the

typhoid toxin of S. Javiana suppressed in
ammatory responses and pathology in mice

while promoting bacterial colonisation and systemic spread.139

Toxin studies in humans. Human infection challenge studies with wild-type (WT)

and toxin-negative (TN) S. Typhi demonstrated that typhoid toxin does not initiate

typhoid fever but the toxin was found to suppress a pathological symptom, bacteraemia.56

This agrees with infection models in mice withS. Typhimurium T OX or S. Javiana.139,140

The only signi�cant �nding in the human infection challenge study was the duration of
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bactereamia in human participants, which was extended from a mean of 30 hours with

WT to 48 hours with TN S.Typhi (range of 3h - 48h with WT, 29h - 97h with TN).56

Collectively, the �ndings from studies in mice and humans suggest that thein vivo role

of the toxin is to suppress in
ammatory responses and pathology, and regulate pheno-

types associated with systemic infection, e.g. dissemination, bactereamia, chronic car-

riage.56,139,140 It remains possible that high concentrations of toxin could cause more

severe symptoms such as lethality but this has not been recapitulated in a mammalian

infection model.97,156 The mechanism that unites all the phenotypes introduced above is

dependence on the nuclease activity of CdtB, i.e. residue H160, which implicates activa-

tion of host DNA damage responses in the functional role of typhoid toxin.

1.5.1 Host DNA damage responses

To understand the toxigenic e�ects of the toxin, the cell cycle and the host DNA damage

response must be introduced.
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Figure 1.5: Salmonella Typhi cellular infection and intoxication .
S. Typhi infects cells, like macrophages. Once inside the cell, it produces the toxin intracellularily
and excretes the toxin to the extracellular environment. The toxin binds to Neu5Ac receptors
on bystander cells, or even the infected cell. The toxin goes inside a vacuole till it reaches the
nucleus. Once inside the nucleus, it causes DNA damage by the action of the toxigenic CdtB
subunit.

DNA organisation. Diploid human cells contain 46 chromosomes, 23 pairs of chro-

mosomes containing over 3 billion base pairs.184 The long chains of DNA double helix

wraps around proteins, histones, forming nucleosomes, to ensure compact organisation.185

Histones are positively charged which allows them to wrap around the negatively charged

DNA in an octamer making up the nucleosome.186 Histone octamer is made up of two

copies of each of these four histones, H2A, H2B, H3 and H4.187 Histone are protein hubs

for post translational modi�cations including ubiquitination, acetylation, methylation and

phosphorylation. Post translational modi�cations play a role in chromatin structure, re-

modelling and transcription. These post translational modi�cations aid in the formation

of euchromatin and heterochromatin. Euchromatin is a gene dense region that is accessible

to translational machinery. It encodes genes that are bound for expression. Meanwhile,

heterochromatin are more condensed and inaccessible for transcription. The di�erences

in chromatin structure play a role in cell division, DNA repair and epigenetic cellular

processes.187
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Cell cycle. DNA replication is carried out by undi�erentiated cells to allow for cell

division. Cell division is necessary for biological processes, for example, regeneration and

wound healing. Cell division is divided into 4 cycles, G1, S, G2, M phase.188 G1 phase

prepares DNA replication machinery for DNA synthesis. Following G1, DNA replication

occurs in the S phase of the cell cycle, where replication machinery is employed and a

copy of the genome is generated. After this, the G2 phase prepares the cell for cell sep-

aration mediated by cytokinesis. Finally the M phase where mitosis occurs and the cell

splits into two identical cells with the same genomic material. The cell then goes into

the G1 phase again if it is undi�erentiated, however if it becomes di�erentiated, it goes

to the G0 phase. The G0 phase contains cells that exited the cell cycle and have become

quiescent. Quiescent cells do not undergo mitosis and remain in the G0 phase. The cell

cycle is regulated by mediated checkpoints that ensure no replication error. These check-

points include G1, G1/S, intra-S and G2/M checkpoints. Checkpoints are mediated by

cyclin and cyclin dependent kinases (CDKs). Both cyclins and CDK initiate a cascade of

phosphorylation to progress the cell cycle. When DNA damage occurs, the cell ensures

cell division is stopped.188 This is carried out by CDK inhibitors that are present in re-

sponse to damage, for example p21. p21 targets p53 (major immunosuppression protein)

avoiding the cyclin-CDK complex formation, arresting cell cycle in G2 phase and starting

the DNA damage response.189 p16 is another cell cycle modulator that inhibits CDK4

and cyclin D, preventing their complex formation. This avoids the downstream e�ect of

the CDK-cyclinD complex of phosphorylating retinoblastoma tumour suppressor protein

(Rb). Phosphorylated Rb complexes with E2F, which is a transcription factor necessary

for cell division. pRb suppresses S-phase by binding E2F. Once pRB is hyperphosphory-

lated by CDKs, pRB releases E2F, which expresses genes involved in S-phase.190

Sensing DNA damage. Cells respond to DNA damage by activating the DDR.

To initiate DDRs, DDR kinases ataxia-telangiectasia mutated (ATM) and ATM and

rad3-related (ATR) are recruited to sites of DNA damage toregulate DNA repair and

cell cycle progression.191 ATM responds to the more lethal form of DNA damage, dou-

ble stranded DNA breaks (dsDNA breaks), which are harder to resolve than the single

stranded DNA breaks (ssDNA breaks).192 ATR is recruited to ssDNA breaks.193 Once

activated, ATM/ATR phosphorylate their downstream targets, of which, the best char-

acterised are p53, H2AX, and Chk1/Chk2. For example, p53 is continually degraded via

the proteasome following ubiquitination by MDM2.194 p53 phosphorylation at Ser-15 by

ATM/ATR stabilises p53 by preventing ubiquitination by MDM2, which allows p-p53 to

orchestrate the DNA damage response and cell fate decisions by controlling expression of

p53-target genes, e.g. p21, NOXA, PUMA.195

Single strand DNA break repair. Cell-cycle arrest provides time for DNA repair

and resulting cell fate decisions to be made. Intrinsic stresses can cause ssDNA breaks.

ssDNA breaks are therefore prevented and regulated by several machinery. Replication

20



protein A (RPA) is a tripartite protein made up of three subunits.196 It coats the ssDNA

breaks and is recognized by ATR-interacting protein (ATRIP). ATRIP recruits ATR

and induces ATR autophosphorylation.197,198 Active ATR phorphorylated RPA at serine

33 and threonine 21 to allow for DNA synthesis and repair.197 In addition, histone-2AX

(H2AX) becomes phosphorylated (
 H2AX) avoiding binding of any replication machinery

halting the replication fork. In addition, ATR phosphorylates CHK1 which prevents the

global DNA replication until ssDNA break is repaired. CHK1 is a checkpoint protein

controlling cell cycle progression from S/G2 phase and G2/M phase by recruitment of

p53. p53 activates expression of CDK inhibitors like p21, as aforementioned p21 stops

replication until the damage is repaired. Inhibition of ATR leads to failed repair machinery

which exhaust RPA due to the excessive ssDNA breaks and consequently leads to a

permanent cell cycle arrest.199

Double strand DNA break repair. Double stranded DNA (dsDNA) breaks are

lethal and can a�ect genes necessary for cell survival. They occur due to intrinsic factors,

such as collapsing of replication fork, or extrinsic factors, like chemotherapeutic agents,

aphidicolin200 and etoposide,201 or genotoxic molecules, typhoid toxin. dsDNA breaks

inhibit DNA polymerase activity and cause replication stress.202

dsDNA breaks leads to the recruitment of a protein complex, MRN (Mre-11 Rad50 and

Nbs1), which detects the damage and subsequently recruits ATM.203 ATM is autophos-

phorylated and in turn activates phosphorylate proteins, such as H2AX and checkpoint

regulators, such as CHK2, which halts the cell cycle progression. ATM recruits p53 bind-

ing protein, 53BP1. 53BP1 binds ATM to the site of dsDNA damage and recruits repair

proteins.204 Similar to the ATR-mediated repair machinery, ATM activates 53BP1 which

activates p53 which arrests the cell cycle through driving expression of p21.205 As the

dsDNA break repairs a ssDNA starts forming, this initiates the ATR pathway, allowing

both machinery to work to repair the damage.206

DNA repair machinery is e�ective against dsDNA and ssDNA breaks, however excessive

DNA damage might not be repaired. In these cases cells try to avoid the mitigated e�ects

of DNA damage so damaged cells undergo senescence or apoptosis.207

1.5.2 Cell fate decisions: restart of the cell cycle, apoptosis

and senescence.

Re-starting the cell cycle. Once DNA is repaired, cells have to deactivate the DNA

damage checkpoint to restart the cell cycle. This process relies on protein phosphatases

(PP), PP1, PP4 and Wip. Protein phosphatase PP4 dephosphorylates
 H2AX, while PP1

and Wip1 dephosphorylate Chk1 and Chk2, respectively.
 H2AX dephosphorylation is

necessary for PP1 dephosphorylation of p53, thus, the inactive p53 no longer induces p21
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expression and inhibition of CDKs.208{211 As explained p21, controlled by p53, halts the

cell cycle and ensures it is arrested until the DNA damage is repaired.211 Thus, with a

reduction in p21, and a dephosphorylation of checkpoint kinases, cell cycle is restarted

after DNA damage repair.

Apoptosis. Cells that do not recover from DNA damage can undergo apoptosis. Apop-

tosis is a form of programmed cell death initiated after DNA damage. Continuous p53

activation induced by DNA damage through DDR pathways, both ATR and ATM, leads

to p53 mediated apoptosis. P53 induces the expression of BH3 proteins such as PUMA

and NOXA. Studies showed NOXA and PUMA as critical e�ectors for apoptosis. Both

NOXA and PUMA are directly upregulated by p53 and inhibit the prosurvival proteins

such as BCL2, which act as inhibitors of apoptotic e�ectors BAX and BAK. In addition,

p53 activates BAX and BAK which in turn releases cytochrome c from mitochondria and

starts a cascade of events leading to apoptotic cell death. Studies showed that a knockout

of NOXA and PUMA protects the cell against p53 mediated apoptosis212{216

Senescence. Senescence is associated with permanent cell cycle arrest. It is a tumour

suppressor mechanism which arrests the cell cycle to stop DNA damage passing on to

daughter cells causing catastrophic e�ects. The main hallmarks of senescence include

permanent cell cycle arrest, macromolecule damage, down regulated metabolism and a

senescence associated secretory phenotype (SASP).217 Senescence can be grouped into

either acute senescence or chronic senescence (the latter is covered below). Following

acute senescence, the cells are thought to be eliminated through immune cells, such as

cytotoxic T-cell and macrophages. Therefore, they need to attract immune cells, which

they do via an in
ammatory secretome that establishes SASP. SASP is amongst the

hallmarks of senescence that ensures its persistence. SASP allows for secondary senescence

in bystander cells that ampli�es mobilisation of immune defences.218

SASP is a collection of in
ammatory proteins, cytokines, chemokines and growth factors

secreted by the senescent cell. There is no signature SASP as it di�ers between cell types

and senescence inducers. Recently, a library of SASP proteins identi�ed between di�erent

cell types in response to di�erent inducers was created and thus this library becomes a

reference of the known SASP proteins to date.219

Inducers of senescence include DNA damage resulting from oncogene expression, irra-

diation or genotoxins (e.g. chemotherapy, pollutants, typhoid toxin). A pivotal inducer

of senescence is p53, which is activated by the DDR, and drives prolonged expression of

p21 that contributes to long-lived, often permanent, cell-cycle arrest. It was shown that

p21-de�cient mice were unable to undergo senescence and instead damaged cells became

apoptotic, which in the case of embryos showed severe embryonic deformities.220

22



While the bene�ts of senescence are clear (i.e. tumour suppression), aberrant accumu-

lation of senescent cells can cause chronic in
ammation and disease. This is generally

referred to as chronic senescence and can be due to (i) persistent low-grade DNA damage,

exacerbated by oncogenes, chemotherapy, and chronic exposure to genotoxins. For exam-

ple, E. coli colibactin toxin is thought to promote chronic senescence resulting in colon

tumour growth.221(ii) Senescence can also be exacerbated by an ageing immune system

with declining function that fails to eliminate the senescent cells e�ciently.222 Immune

cells are not immune to SASP, although SASP recruits immune cells, SASP can induce

senescence in immune cells.223 Thus, with a senescent immune cell, clearance of senescent

cells becomes less e�ective. This leads to the accumulation of senescence cells and SASPs

making it harder for the immune system to clear senescence, which can remodel the tis-

sue environment.224,225 For example, senescent cells can occupy niches within tissues or

cause chronic in
ammation through SASP, which causes DNA damage thereby promoting

cancer.217

Thus, in early life, senescence is a powerful innate defence against diseases such as can-

cer but when deregulated, particularly ageing organisms, excessive senescence promotes

disease.

1.5.3 Activation of host DNA damage responses by typhoid

toxin

Studies with Salmonellainfection showed that the typhoid toxin induces several cellular

events. Salmonella's typhoid toxin causes DNA damage in a manner dependent on nu-

clease activity as substitution of H160Q in CdtB abrogates DDRs.226 S. Typhi infections

with an active typhoid toxin produces a
 H2AX response as well as cell cycle arrest.134

This was observed in several studies with direct intoxication with puri�ed typhoid toxin

and using toxigenicSalmonella in vitro.56,152,226 Point mutations in the His160 of the

CdtB subunit has been shown to disable the DNase activity of the toxin.147,226 Ibler,

et al., showed that the wild-type (WT) toxin caused DNA damage as well as senescence

phenotypes in intoxicated cells compared to the His160-Gln mutant toxin (HQ).226 Both

the typhoid toxin and CDTs have been shown to activate ATR and ATM pathways in in-

toxicated cells following DNA damage and phosphorylate H2AX.167,168,226,227 Consistent

with ATM/ATR activation, the typhoid toxin arrests the cell cycle in G1 and G2 phases

of the cell cycle.226

The nuclease activity of typhoid toxin was shown to cause distinct
 H2AX phenotypes

during infection with S. Typhi, S. Javiana and treatment with puri�ed toxin. 226 
 H2AX

foci during G1 arrest colocalized with 53BP1 indicating DSBs while
 H2AX during G2

arrest localised to heterochromatin at the nuclear periphery, which was uncoupled from

53BP1 marking a novel response induced by a genotoxin (RING).226 Extensive SSBs
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caused by the toxin during S phase resulted in activation of ATR, Chk1 and sequestra-

tion of the ssDNA-binding protein RPA, which caused DNA replication stress and DNA

damage manifesting as the RING phenotype.226

1.5.4 Cell fate decisions in response to typhoid toxin

Apoptotic responses to typhoid toxin. Currently, there is no direct evidence that

typhoid toxin causes apoptosis. However, given that CDTs also exert their toxigenic

e�ects through CdtB and CDTs induce apoptosis, it is very likely that typhoid toxin

can also induced apoptosis in certains contexts. For example, CDTs have been shown to

induce apoptosis in a p53-dependent manner.228{230 The CdtB subunit of Haemophilus

parasuis shows p-53 dependent apoptosisin vitro .230 Similarly, the CdtB subunit of

Aggregatibacter actinomycetemcomitans, causes cell cycle arrest and apoptosis. CdtB

active toxin reported increasing levels of p21 in lymphoid cells and primary lymphocytes.

Increased p21 expression coincided with an increase in p21 phosphorylation.228

Senescence responses to typhoid toxin. S. enterica exploits chronic senescence

in ageing organisms indirectly: ageing rats were found more susceptible to colonisation

by S. Typhimurium, 231 which also exhibited enhanced invasion into ageing �broblasts

relative to young �broblasts from human volunteers.232 Ageing women have also been

associated with increased susceptibility to chronicSalmonellacarriage.233 This indicates

that senescence due to ageing increases host susceptibility toSalmonellainfection.

Work on the typhoid toxin indicates that Salmonellacan cause acute senescence, which

can age cells prematurely.141,226 This �ts with the previous observations reporting CDT

inducing senescencein vitro .234 DNA replication stress resulting from the typhoid toxin-

induced RING phenotype caused acute senescence in �broblasts and epithelial cells The

senescent cells were found to release a secretome in a toxin-dependent manner either

during infection or following treatment with puri�ed toxin. The secretome promoted

paracrine senescence, DDRs and invasion of bystander cells, a mechanism referred to as

toxin-induced SASP (txSASP).226,235

Ibler et al., 2019 used cancer cell models to study toxin-induced senescence, which makes

the in vivo relevance of premature senescence unclear. Publications in back-to-back edi-

tions of Cell Reports revealed that the typhoid toxin induced senescence in the intestinal

mucosa of mice at 10-days post infection withS. Typhimurium T OX .141,236 Senescence

induction by Salmonellain humans remains to be established.

1.5.5 The consequences of bacterial activation of host DDRs

Activation of host DDRs promote infection. Ibler et al showed that DDRs can

promote infection by toxigenicSalmonellaand postulated that senescence is hijacked to
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accelerate ageing to make the host more susceptible to infections.226 In support of this

view, there are instances where bacterial pathogens have been shown to hijack DDRs for

the bene�t of infection.237{239

Activation of host DDRs counteract infection. DDRs are protective host re-

sponses against cancer but there is also evidence that the DDR can counteract infection.

p53 has been shown to suppress cell metabolism to counteract the growth of cancerous

cells.240 Similarly, p53-mediated suppression of cell metabolism via the mTOR path-

way was reported to suppress the growth of the obligate intracellular bacterial pathogen

Chlamydia Trachomatis, which relies on host cell metabolism for nutrients.241
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1.6 Hypothesis

The typhoid toxin activates DDRs and senescence during infection of cultured cells

and animal infection models.139{141,226 The resulting senescence causes release of a host

secretome, which remodels bystander cells in the infection niche and enhances infection

- referred to as txSASP in Ibler et al 2019.226 While Salmonella-induced senescence has

been observed in cultured cells and mice, txSASP has only been observed in cultured

cells. Moreover,S. Typhi does not cause typhoid in cultured cells or animals. Thus,

toxin-induced DDRs need to be examined in clinical samples from humans with typhoid

to reveal the signi�cance of senescence responses duringS. Typhi infection.

The TYGER study by Gibani, et al., 2019 showed that bacteraemia was of signi�-

cantly shorter duration in human participants with typhoid when infected with wild-type

S. Typhi relative to toxin-negative S. Typhi. Thus, plasma samples from the TYGER

study provide a valuable resource to test toxin-dependent responses, which resulted in a

measurable response during bacteraemia.

My hypothesis is that (i) the plasma of bacteraemic participants infected with wild-

type S. Typhi will contain a toxin-speci�c host secretome, and that (ii) the secretome

will in
uence Salmonella infection in one of two ways: �rstly, the host secretome may

promote infection, which is in agreement with Ibler,et al., 2019.226 However, this is

di�cult to interpret with respect to the limited bacteraemia observed with wild-type S.

Typhi in Gibani, et al., 2019.56 A second possibility is that the host secretome contains

antimicrobial proteins, which counteractS. Typhi and could help eliminate the bacteria

from the bloodstream.

I addressed my hypothesis with the following project aims:

Aim 1: Resolve the host secretome in plasma samples from bacteraemic human partici-

pants infected with either wild-type or toxin-negativeS. Typhi.

Aim 2: Investigate the signi�cance of the DDR to the identi�ed host secretome and its

putative role in Salmonellahost-pathogen interactions.
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Chapter 2

Results Part I

SalmonellaTyphi is a strict human pathogen. Cultured human cells are a faithful but

a limited model as are humanised mice,94,95 which have been engineered de�cient in in-

nate immune responses. Clinical studies remain the most faithful model to study typhoid

fever and the virulence factors ofS. Typhi. This is exempli�ed by the human infection

challenge model pioneered at the University of Maryland between 1952 and 1974.90,242

Building on this, the Oxford vaccine group (OVG) established an outpatientS. Typhi

human challenge model in healthy adult volunteers.30 The model the human-restricted

pathogen to be investigated in its natural human host within an experimental setting and

developed the model to look at speci�c virulence factors including the typhoid toxin. The

OVG performed a human infection challenge (TYGER study) using fully antibiotic sus-

ceptible S. Typhi (Quailes strain) of wild-type (WT) origin or the isogenic toxin-negative

(TN) derivative lacking genes for pltB, pltA and cdtB.56 With a dose of 25,000 CFUs

in participants pre-treated with sodium bicarbonate, both WT and TN caused typhoid

fever in � 70% of participants but no signi�cance di�erence in attack rate or symptom

development between WT and TN was observed. Shedding was reported sporadically in

the WT infected from day 1 to day 14 post-infection. Alternatively, TN infected reported

shedding in a more con�ned pattern of continuous shedding from days 1 to day 4 but

still no signi�cant di�erence was observed. The most striking result was the signi�cant

di�erence in the duration of bactereamia, which persisted for up to 96h with TNS. Typhi

(mean of 48h) relative to up to 48h with WTS. Typhi (mean of 30h). This was not due to

signi�cant di�erences in circulating S. Typhi (TN 0.2 CFU/ml, WT 0.55 CFU/ml). The

�ndings are illustrated in ( Fig.2.1 ). The TYGER samples from participants displayed

toxin-dependent di�erences in the duration of bactereamia, providing a valuable resource

for investigating the toxin and the hypothesis that the toxin induces a host DDR secre-

tome, which in
uences host-pathogen interactions. Collaboration with the Oxford vaccine

group funded by two HIC-Vac pump priming grants allowed me to utilize plasma sam-

ples from these volunteers before and after infection. The aim was to identify proteomic

signatures in response to the typhoid toxin associated with infection.
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Figure 2.1: Oxford vaccine group shows prolonged bacteraemia in TN infected
participants compared to the WT infected counterparts. .
(A) Shedding (brown) appears in scattered timepoints, meanwhile bacteraemia (red) shows a
more consistent pattern. (B) The duration of bacteraemia in the WT infected goes up to 48
hours and 96 hours in the TN infected.
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2.1 Immunodepletion removes high abundance

proteins from TYGER samples

About 94% of human plasma consists of high abundance proteins conserved between

individuals,243 which mask low abundance proteins of interest in LC-MS/MS experi-

ments. Hence, Agilent MARS-14 and Thermoscienti�c High Select Top14 immunode-

pletion columns, were chosen for their selective ability to bind high abundance proteins

and elute low abundance proteins using a�nity chromatography (Fig.2.2 ). Although

proven e�ective, more tests had to be carried out to investigate which column is more

e�ective for the TYGER study plasma samples.

Theoretically, blood plasma is expected to have high abundant proteins of about 94%

and the remaining 6% are proteins of low abundance243 (depicted in Fig.2.2C ). Amongst

plasma, 14 proteins are the most prominent: Albumin, Immunoglobulin G, A and M,

Transferrin, Fibronogen, Haptoglobulin, � 1-antitrypsin, � 2-Macroglobulin, Apolipopro-

teins A-I and A-II, � 1- acid glycoprotein, complement C3 and Transthyretin (Fig. 2.2B ).

Both immunodepletion columns tested showed a reduction in high abundance proteins

from theoretical 94% to 34% by Thermoscienti�c High select Top-14 mini spin column

(Fig. 2.2D ). Meanwhile, Agilent columns depleted from 94% to 4% signi�cantly more

e�ciently than Thermoscienti�c columns ( Fig. 2.2E ). Liquid Chromatography with tan-

dem mass spectrometry (LC-MS/MS) of both eluates from Thermoscienti�c and Agilent

columns, identi�ed 226 proteins and 160 proteins respectively. Further validating the

e�ciency of Agilent columns compared to their ThermoScienti�c counterparts. Further-

more, Agilent column, through LC-MS/MS, identi�ed 226 proteins post immunodepletion,

while Thermoscienti�c columns identi�ed 160 proteins (Fig. 2.2F ). This is evidence of

e�ciency for the Agilent columns. This encouraged more optimization on the reusable

Agilent columns.
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Figure 2.2: (A) Immunodepletion columns remove high abundance proteins (black) and elute
low abundance proteins (coloured). (B) List of the 14 most common high abundance proteins
in the blood. (C) Theoretical composition of high abundance proteins in blood plasma.(D)
Comparing iBAQ values of high abundance proteins testing e�ciency of Themoscienti�c high
select top14 abundant protein depletion mini spin column. (E) Comparing high abundance
proteins iBAQ of agilent multiple a�nity removal column Human-14 (MARS-14). (F) Number
of detected proteins in elution through Thermoscienti�c and Agilent columns.

2.2 Pilot experiment shows Agilent columns are

e�cient in immunodepletion of plas-ma samples.

Plasma purchased from Sigma Aldrich were used to test the e�ciency of MARS-14

column. The recommended loading capacity of the MARS-14 column is between 300-

500µg per experimental run. Plasma was diluted to �ve samples 300µg each per run as per

manufacturer's instructions (Fig. 2.3A ). All samples were signi�cantly depleted within

the acceptable range (5-12%), identi�ed by BCA analysis post immunodepletion (Fig.

2.3B ). This provided con�dence in column e�ciency, thus TYGER plasma were randomly

picked from two separate participants (Fig. 2.3C ). Immunodepletion of TYGER plasma

with MARS-14 column was signi�cantly depleted with a depletion e�ciency of 90-92%
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(Fig.2.3D ). To test if the reduction in protein concentration is also associated with a

reduction in high abundance proteins, samples were digested into peptides before LC-

MS/MS analysis .

Pilot experiment generated label-free quantitation (LFQ) intensities and intensity based

absolute quanti�cation (iBAQ) values were generated by Max-Quant analysis following

LC-MS/MS. iBAQ represents the sum of all peptide intensities divided by the sum of

all peptides of a protein. It is used to compare proteins within the same sample. LFQ

intensity is very similar to iBAQ however it excludes outliers to represent a better ratio

of the protein between di�erent samples. To test the e�ciency of the column per sample,

iBAQ values of high abundance proteins were compared to the rest of the identi�ed pro-

teins. Depleted Sigma plasma and both TYGER samples were depleted of high abundance

proteins to 3.5%, 4.6% and 6.8% respectively (Fig. 2.3E, F and G ).

Figure 2.3: Immunodepletion e�ciency pilot experiment (A) Sigma-Aldrich purchased plasma
diluted to 500µg aliquots and depleted using MARS-14 column. (B) Bar chart showing �nal
protein concentration post depletion (n=5 ). (C) TYGER plasma samples diluted to 300µg
and depleted using MARS-14 column.(D) Bar chart showing �nal protein concentration post
depletion. (E) Pie chart representing iBAQ values of depleted proteins in Sigma plasma.(F)
and (G) Pie charts of depleted TYGER samples (Participant 8478 and 8909) before infection
respectively, comparing high and low abundance proteins.

2.3 Inactivating Salmonella in eluted samples

Following elution, steps were carried out to eliminateS. Typhi and minimize risk of

typhoid transmission from the hazard group 3 pathogen. Based on the strict recruitment

criteria set by the TYGER study, participants were all tested for Hepatitis A, B and C,
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as well as HIV or any infectious diseases, which leavesS. Typhi as the likeliest remaining

pathogen in the plasma samples, which were shown to containS. Typhi (TN 0.2 CFU/ml,

WT 0.55 CFU/ml)

Acetone is an e�cient method to precipitate proteins.244 In addition, acetone has been

shown to kill S. Typhi and was approved for the use in whole cell vaccines.245 Indeed,

4-volumes of acetone killed both a vaccine candidate strain ofS. Typhi [BRD948] and

wild-type S. Typhimurium [ST1344] (Fig.2.4 ). (Fig.2.4A )and (Fig. 2.4C ) shows serial

dilutions of S. Typhi and S. Typhimurium, respectively, incubated with Bu�er A (elution

bu�er) or Acetone. Bu�er A disturbed the growth of S. Typhi and did not a�ect S.

Typhimurium growth. No viable S. Typhi and S. Typhimurium were observed in the

presence of acetone (Fig.2.4 ). This led us to conclude that the samples would be pathogen

free after acetone incubation. Thus, acetone was to used precipitate eluted proteins

whilst also sterilizing any S. Typhi contaminating the elution as shown in (Fig.2.4A )

before proceeding to S-Trap digestion of the elution and identi�cation of proteins using

LC-MS/MS mass spectrometry (Fig.2.5 ).
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