
Investigating Host Responses to Salmonella

Typhi in Acute Typhoid Fever

Salma Srour

Department of Biosciences

University of Sheffield

This dissertation is submitted in partial fulfillment

of the requirements for the degree of

Doctor of Philosophy

September 2022





I would like to dedicate this thesis to my late grandfather, my loving parents and

siblings whom I would not have achieved anything without their support. . .

i





Acknowledgment

I tried to summarize my acknowledgments, but I could not get myself to do that. I

would never have achieved anything in my life, including this PhD, without the support

of my beautiful community of supporting and nurturing people. So please bare with

me as I try to acknowledge some of the people who helped me reach this major goal in

my life. I cannot begin to express my gratitude to my amazing supervisor Dr. Daniel

Humphreys, who is not the typical PhD supervisor, but a mentor to my personal growth

journey. Daniel has always been one of the most excited people about my project and it

was contagious that I could not talk about my project without a smile on my face. When

I met Daniel for the first time I knew I will be investing time in a supervisor who will help

me grow as a scientist and a person. Daniel was always there for a quick question and

tolerated my unplanned meetings to discuss random results. I am so grateful he was my

supervisor through this journey. I am utterly grateful for you Dan, and for everything you

taught me and continue to teach me. I would also like to thank my secondary supervisor

Dr. Mark Collins, for helping me understand and perform complex mass spectrometery

and always teaching with passion the most complex of ideas. His passion made it easy

on me to understand and enjoy. I would also like to thank Dr. Andrew Furley for his

constant support and helpful suggestions throughout my PhD.

I would like to especially thank Dr. Mohamed ElGhazaly, who has been my imme-

diate mentor since day one, for lending me a helping hand with big samples and datasets,

but also in every experiment, random discussion and throughout thesis writing. Mohamed

has patiently listened to me ramble and discuss experiments and stress about upcoming

work to last him a life-time. I would also like to thank Dr. Khoa Pham for patiently

teaching me a lot about affinity chromatography and for always giving me a hand with

any issues proteomics related, and for always having an optimistic attitude that was

contagious.

I would like to thank my supportive colleagues outside our office, who were always up

for a quick chat and vent Ola Shehata and Nagham Dous. I would also like to thank

members of the Collin’s lab who always lend a listening ear, a supportive statement or

a missing reagent Dr. Hatoon Alamri, Weronika Buczek and Jorge Ferreira. My

thanks extends to all Humphreys lab members, including alumni, Dr. Angela Ibler,

Dr. Zhou Zhu, Dr. Mohamed ElGhazaly, Daniel Stark, Nadia Basser, Michelle

ii



King and Nataya Deans. Thank you Mohamed, Daniel and Nadia for being there

for a supportive statement when I am being too hard on myself or in Nadia’s case a big

hug on a low moment. Particular gratitude to my PhD Escape Team or what I like to call

my workplace support team, Mohamed, Weronika, Jorge, Ola, and Nadia. Thank

you for your consistent support of me even during the lonely writing stage.

I would like to express my deepest appreciation and love to the biggest assets I made

through the years, my chosen family, Nada Adham, Hend ElGhazaly, Rania Tarek,

Ola Shehata, Nagham Dous, Mark Fahmy, Mohamed ElGhazaly, Ahmed El-

Sawaf, Omar Mokhtar, and Moataz Swidan. Thank you Nada for always having an

open door for a good meal and a refreshing talk after a long day, and for always being there

through the lows before the highs. I am greatly indebted to you, grateful beyond words.

Thank you Hend for always being there with immediate responses despite the 4 hours

time difference. Thank you for keeping me company post midnight on long writing nights

and for always being there no matter the occasion and regardless of distance, with a daily

message checking on me. Thank you Nada and Hend for being like sisters throughout

this journey. Thank you Rania and Mark for always checking on me with beautiful

supportive messages when I need them the most and for always making every holiday

back home special. And for being forever by my side since I can remember, no distance

ever stopped you. I cannot thank Mohamed enough for being my friend, my workmate

and my walking to and from work buddy. Whether it was a sudden crazy experimental

idea or just needing to ramble, thank you for being there. Omar, you have been my

company in every all-nighter I ever pulled off in my first year, making sure I remember

to smile regardless of the stress. Thank you for always checking up on me despite the

distance and being a phone call away. Thank you Ahmed for listening to my rambles

that do not necessarily make sense, and for your nicely cooked meals during lockdowns.

Moataz, your offers for driving us all places is only amongst the many reasons I am in

gratitude to you. Thank you for making sure we all laugh despite the situation, ensuring

no bad vibes.

Words cannot explain how grateful I am that my parents made sure I am never lonely

and decided to bring to the world my amazing siblings, whom are forever my pride and

joy. They are God’s greatest gift to me. Thank you all for listening to me ramble about

science when you do not necessarily understand the problem but offering a shoulder to

cry on. Thank you for being the motivation for me to be who I am so that I would be

a worthy role model for you three. Thank you Youmna for forever being the sound of

reason in our lives. Thank you for listening to my breakdown moments out of stress and

cooking me a meal on stressful days in stressful periods. Utterly grateful for Ahmed

for being there in my lowest of times, even if it means he travels continents mid exam

period on short notice, ensuring I am safe. And last but never least, Shahd for keeping

me young and reminding me life is quite simple through her young eyes.

iii



I would like to thank my grandfather Gedo Ahmed Raafat who is sadly not with us

in this physical world but I know he is looking out for me. I want to thank him for giving

me the title “Dr” since I was 10 and started to show interest in science. I want to thank

him for believing in me so much in his life that it was a driver for me to continue even

after his demise.

This dissertation, everything I ever achieved and everything I will achieve could not

have been possible without the support of my loving parents Prof. Dr. Mervat Rafaat

and Prof. Dr. Hany Srour. No words can ever capture what I am constantly feeling

of utter gratitude and pride that you are my parents. I could not have asked for better

parents who are nurturing, supportive both personally and academically. You made me

the woman I am today teaching me to defy stereotypes and constantly take on learning

opportunities. There is no words to describe how much they helped and continue to help

my siblings and I. Thank you Mum, for being my safe haven where no actions or words

are ever judged. For listening to my post-midnight rambles about work and struggles in

life. Thank you for forever teaching us to be ambitious and believing in ourselves. Thank

you Dad, for always ensuring I am as comfortable as I can be. For having my back in the

big moments and forever listening to me ramble about science. Thank you for teaching

us by example that no matter what happens, hard work pays off. You are both my role

models and for that, this thesis is for you and it is the least I could give you in return to

you unconditional love and support. You are the most valuable blessing God has given

me, and I pray with gratitude every night for that.

iv





Declaration

I hereby declare that the contents of this dissertation titled ”Investigating host re-

sponses to Salmonella Typhi in acute Typhoid fever” are original and have not

been submitted in whole or in part for consideration for any other degree or qualification

this, or any other university. This dissertation is my own work and contains nothing

which is the outcome of work done in collaboration with others, except as specified in the

text.

v





Abstract

Salmonella Typhi 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 WT S. 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 differences in the host response to bacteraemia by WT and TN S. Typhi,

proteomics identified 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 WT S. Typhi contained significantly regulated proteins by

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

were differentially regulated between WT- and TN-infected indicating a role in mediat-

ing clearance of S. Typhi. In vitro experiments show DNA damage induced by purified

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 Salmonella in a dose dependent manner, which could explain how WT S. 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 efforts “to achieve better health for

all” has identified Salmonella species as a high priority pathogen for research and de-

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

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

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

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

world.1,2 Salmonella is 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 Salmonella It is identified in over 10% of all enteric infections

reported in children in different regions around the world.4–6

1.1 Salmonella - causative agent of enteric fever

1.1.1 Salmonella serovars and sequence types

Salmonella is a Gram-negative bacterium that causes gastroenteritis and enteric fever

in human and animals. Salmonella is divided into two species, Salmonella bongori 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 as S. enterica subspecies 1) is the most common subspecies

reported in 99% of all human salmonella infections.7

Salmonella enterica subsp.1 is divided into ∼2,500 serovars,8 which are defined by

specific antibody recognition (e.g. recognising cell wall, designated O, and phase 1 and

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

sequencing has allowed for isolates of S. enterica that 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.
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Salmonella can also be grouped by host-specificity, 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 different 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 different

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

gastroenteritis and are therefore defined 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 contain Salmonella in the gut and have a

localised infection in the form of gastroenteritis typified by inflammatory responses such

as neutrophil recruitment. Gastroenteritis is inflammation localised to the intestines and

mesenteric lymph nodes, in the first 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, the Salmonella disseminate

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

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

1.1.4 Typhoidal Salmonella

Only a small subset of Salmonella enterica serovars are host specific, in other words,

infect only a single host species. In the case of humans and higher primates, serovars

2



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 Salmonella have undergone significant genome degrada-

tion that contributes to their human host-specificity.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 by S. 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

affects 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 noninflammatory disease which lacks ini-

tial inflammatory 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

Salmonella carriage.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 different 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 of S. Typhi is humans,

not just contaminated water. This makes S. 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 shed S.

Typhi bacilli for over 3 months. Meanwhile 1-4% of S. 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 off with a breach of intestinal barrier, followed by evasion of

host’s primary innate immune responses, and finally 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 with Salmonella.39 Despite

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

Salmonella responds to the presence of bile by enhancing expression of bile resistance

genes such as phoP and ompA, which regulate environmental changes and aids in biofilm

formation respectively.40,41 Studies showed the ability of S. Typhi to form biofilms on

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

tance genes, Salmonella produces biofilm which is formed around Salmonella aggregates

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 affecting
200,000 cases per year. 5% of surviving Salmonella 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 of Salmonella infected individuals is crucial. Tests have been developed to

identify acute cases, detect carriage and measure disease burden.44 It has been a field 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, influenza, 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 first established as a more reliable diagnostic

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

days to get the results. Although effective, 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 first serological test for Typhoid fever.

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

day. The Widal aggregation test uses S. 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 flagellar (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 specificity early in the course of disease.

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

logical tests with better efficiency. Amongst those, TUBEX TF (IDL Biotech, Sweden)

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

uses antibodies to S. Typhi LPS O-antigen (specifically O9) and quantifies the inhibition

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

small scale dot-plot ELISA which detects S. Typhi outer membrane specific IgM and IgG

antibodies.51 Analysis of both serological tests’ specificities 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%

specificity.53

Research has been investing in developing more effective tests employing proteomics,

transcriptomics, genomics and in 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 effective 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 ciprofloxacin. However some S.

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

Although effective, antimicrobial treatment has become a less reliable option due to the

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

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

in 2014.58,59

Resistance mechanisms. Horizontal gene transfer has been effective in ensuring an-

timicrobial resistance is maintained across Salmonella species. Plasmids are the main

agents of horizontal gene transfer causing antimicrobial resistance in Salmonella. IncC

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

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

with ease making them most effective to maintain antimicrobial resistance in Salmonella.60

IncA/C plasmids are carried by Salmonella and 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

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

β- lactams and chloramphenicols.62,63 Inc plasmids’ acquired resistance targets several of

the treatments used to battle Salmonella.

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

63 countries across the globe, where S. Typhi is endemic, identified H58 S. Typhi strain

as the most common strain. H58 S. 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 fluoroquinolones,

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

is due to the high exposure to fluoroquinolones drugs, that have proven most effective

against S. Typhi in the last 20 years.66 This poses a problem as the most effective drug is

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

common in most S. Typhi infections.59 This led to the WHO reporting fluoroquinolone-

resistant Salmonella amongst 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 cell S. Typhi. S. Typhi was either heat killed, and phenol

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

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

to the undesired side effects 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 effects, but

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

effect when Vi-negative S. Typhi organisms emerged in India in the early 2000s rendering

the vaccine ineffective.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 WT S. 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 efficiency 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 efficiency 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 efficiency and safety for use in children as young as 6 months of age, and thus was

7



prequalified by the WHO in 2019.84 Clinical trials in the UK showed vaccine efficiency

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

81.6% efficiency 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 effective and is applicable to all

age groups.84

1.2.4 Controlled human infection challenge studies on typhoid

As discussed, WHO identifies Salmonella as 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 understand S.

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 efficiency of the typhoid conjugate vaccine Typbar-TCV, with Vi

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

55%- 87% efficiency of the conjugate vaccine. This study investigated the efficiency 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 efficiency.

Most of what is known about S. Typhi pathogenesis is through non-typhoidal Salmonel-

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 differs in several

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

mouse studies have been effective in explaining how Salmonella establishes 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 efficiency, controlled human infection chal-

lenges of S. 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,

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

10-fold fewer S. Paratyphi was sufficient to cause paratyphoid in 56% of volunteers.98

This is consistent with the observation that the Vi capsule, which is specific to S. Typhi,

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

human volunteers, Vi-positive S. Typhi was shown to be more virulent than Vi-deficient

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. Salmonella also invade epithelial cells. Regardless

of the cell type, Salmonella are 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.

Salmonella has pathogenicity islands encoding genes for virulence. Salmonella serovars

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. Salmonella pathogenicity island-

1 (SPI-1) is conserved in all Salmonella serovars. 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 effector proteins of Salmonella.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 effector proteins into the host.103 SPI-1 effector proteins aim to

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

coded effector 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 filaments.105 Together they cause membrane ruffling

which enhances the entry point of Salmonella. Effectors work by stabilising actin which

in turn causes membrane ruffling creating an entry point for Salmonella.106–108

Figure 1.2: SPI1 effectors.
Salmonella expresses T3SS1 effector which acts as injection and injects SPI1 effectors, SopE
and SipA into the host cell, where they encounter host proteins like GTPases and actin fil-
aments(left). SopE interacts with host GTPases, meanwhile, SipA binds to acin filamnets
causing membrane ruffling 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 the Salmonella containing vac-

uole (SCV).109 SCV formation aids Salmonella survival, multiplication and spread, which

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

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

the lysosome. SifA is a SPI-2 effector 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 promotes Salmonella survival. Manipulation of

endosomal membranes by SifA causes Salmonella-induced filament 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 detoxifies lysosomes and aids in their exocy-

tosis to the extracellular environment.113 SPI-2 effectors also mediate SCV transport to

the basolateral side of intestinal cells where Salmonella can trancytose into the lamina

propria, which promotes invasion of the host and dissemination.114
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Figure 1.3: SPI2 effectors.
Salmonella expresses SPI2 T3SS effectors which acts as injection and injects SPI2 effector, SifA.
SifA binds to host protein Cathepsin D. SifA-Cathepsin D complex prevents Cathespin D binding
to SCV and is instead trafficked 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
Salmonella proliferating 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 Salmonella reside undetected in the lamina propria. This is

where the pathogen starts its dissemination routes. Typhoidal Salmonella establishes

systemic infection through two main routes, (i) free Salmonella can 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 finally, (3) free S. 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) where S. Typhi survives intracellu-

larly due to T3SS-2 effectors. 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 inflammatory response mediated by macrophages (purple) and neu-
trophils (gray). Inflammatory 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

flagella, 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 inflammatory 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 flagella. 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 flagella.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 time Salmonella 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 insufficiency of neutrophils in S. Typhi infections132 and

the longer incubations of disease.27

The Vi-capsule is restricted to S. 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 typhoidal Salmonella.
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1.4 The typhoid toxin

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

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

that cause gastroenteritis in humans and animals, for example S. 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 disulfide

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 effects 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 of Escherichia 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 that S.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 Pertussis that causes whooping cough syndrome. The typhoid toxin

is therefore made up of three subunits, PltB, PltA and CdtB, together they play different

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 Neu5Ac2-3Galβ1-3/β1-4Glc/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 typhoidal Salmonella

are specific 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 first reported in S. Typhi.

Recently, studies have shown that it is not unique to S. 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 includes S. Javiana, which is responsible for

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

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

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

referred to as Javiana Toxin) suppresses inflammatory immune responses and promotes

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

amino acid changes relative to the PltB of S. 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 effect on the toxigenic activity of Javiana toxin, which is non-lethal in mice

relative to 100% lethality of typhoid purified typhoid toxin.156 Amino acid substitutions

in PltB are also found in other NTS serovars and may reflect differences in target cell

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

addition, these observations fit with the systemic spread of S. 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 disulfide 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 effects 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 effects of CDTs, CdtB causes DNA

damage associated with cell cycle arrest in S. 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 of Salmonella comes 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 trafficking.176 Two genes are

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

sty1889. Sty1889 encodes 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

16



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 effects) or non-infected

bystander cells (paracrine effects).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 trafficked 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 been in vivo studies in mice and humans, which have exploited either purified recom-

binant toxin or Salmonella encoding typhoid toxin.

Toxin studies in mice. Toxin studies in mice. Song et al. showed that intravenous

injection of purified toxin recapitulated typhoid symptoms in mice, which suffered 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, Salmonella infection 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. TyphimuriumTOX),

the toxin suppressed inflammatory responses and enteritis, and promoted host survival

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

mouse host within 1-month, S. Typhimu-riumTOX 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 inflammatory 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 with S. TyphimuriumTOX or S. Javiana.139,140

The only significant finding 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 findings from studies in mice and humans suggest that the in vivo role

of the toxin is to suppress inflammatory 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 effects 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 modifications including ubiquitination, acetylation, methylation and

phosphorylation. Post translational modifications play a role in chromatin structure, re-

modelling and transcription. These post translational modifications 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 differences

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 undifferentiated 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 undifferentiated, however if it becomes differentiated, 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 effect 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
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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 (γH2AX) 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 affect 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 effective against dsDNA and ssDNA breaks, however excessive

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

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 γH2AX, while PP1

and Wip1 dephosphorylate Chk1 and Chk2, respectively. γH2AX 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 effectors 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 effectors 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 effects. 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 inflammatory secretome that establishes SASP. SASP is amongst the

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

in bystander cells that amplifies mobilisation of immune defences.218

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

secreted by the senescent cell. There is no signature SASP as it differs between cell types

and senescence inducers. Recently, a library of SASP proteins identified between different

cell types in response to different 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-deficient mice were unable to undergo senescence and instead damaged cells became

apoptotic, which in the case of embryos showed severe embryonic deformities.220
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While the benefits of senescence are clear (i.e. tumour suppression), aberrant accumu-

lation of senescent cells can cause chronic inflammation 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 efficiently.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 effective. 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 inflammation 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 Salmonella infection 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 γH2AX response as well as cell cycle arrest.134

This was observed in several studies with direct intoxication with purified typhoid toxin

and using toxigenic Salmonella 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 γH2AX phenotypes

during infection with S. Typhi, S. Javiana and treatment with purified toxin.226 γH2AX

foci during G1 arrest colocalized with 53BP1 indicating DSBs while γH2AX 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

effects 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 apoptosis in 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 fibroblasts

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

associated with increased susceptibility to chronic Salmonella carriage.233 This indicates

that senescence due to ageing increases host susceptibility to Salmonella infection.

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

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

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

induced RING phenotype caused acute senescence in fibroblasts and epithelial cells The

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

during infection or following treatment with purified 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 with S. TyphimuriumTOX .141,236 Senescence

induction by Salmonella in 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 toxigenic Salmonella and 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 benefit 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 significance of senescence responses during S. Typhi infection.

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

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-specific host secretome, and that (ii) the secretome

will influence Salmonella infection in one of two ways: firstly, the host secretome may

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

difficult 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 counteract S. 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-negative S. Typhi.

Aim 2: Investigate the significance of the DDR to the identified host secretome and its

putative role in Salmonella host-pathogen interactions.
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Chapter 2

Results Part I

Salmonella Typhi 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 deficient in in-

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

fever and the virulence factors of S. Typhi. This is exemplified 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 outpatient S. 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 specific 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 significance difference 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 confined pattern of continuous shedding from days 1 to day 4 but

still no significant difference was observed. The most striking result was the significant

difference in the duration of bactereamia, which persisted for up to 96h with TN S. Typhi

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

significant differences in circulating S. Typhi (TN 0.2 CFU/ml, WT 0.55 CFU/ml). The

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

toxin-dependent differences 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 influences 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 Thermoscientific High Select Top14 immunode-

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

and elute low abundance proteins using affinity chromatography (Fig.2.2). Although

proven effective, more tests had to be carried out to investigate which column is more

effective 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, α1-antitrypsin, α2-Macroglobulin, Apolipopro-

teins A-I and A-II, α1- 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 Thermoscientific High select Top-14 mini spin column

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

efficiently than Thermoscientific columns (Fig. 2.2E). Liquid Chromatography with tan-

dem mass spectrometry (LC-MS/MS) of both eluates from Thermoscientific and Agilent

columns, identified 226 proteins and 160 proteins respectively. Further validating the

efficiency of Agilent columns compared to their ThermoScientific counterparts. Further-

more, Agilent column, through LC-MS/MS, identified 226 proteins post immunodepletion,

while Thermoscientific columns identified 160 proteins (Fig. 2.2F). This is evidence of

efficiency 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 efficiency of Themoscientific high
select top14 abundant protein depletion mini spin column. (E) Comparing high abundance
proteins iBAQ of agilent multiple affinity removal column Human-14 (MARS-14). (F) Number
of detected proteins in elution through Thermoscientific and Agilent columns.

2.2 Pilot experiment shows Agilent columns are

efficient in immunodepletion of plas-ma samples.

Plasma purchased from Sigma Aldrich were used to test the efficiency of MARS-14

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

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

manufacturer’s instructions (Fig. 2.3A). All samples were significantly depleted within

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

2.3B). This provided confidence in column efficiency, thus TYGER plasma were randomly

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

with MARS-14 column was significantly depleted with a depletion efficiency 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 quantification (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 different samples. To test the efficiency of the column per sample,

iBAQ values of high abundance proteins were compared to the rest of the identified 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 efficiency pilot experiment(A)Sigma-Aldrich purchased plasma
diluted to 500µg aliquots and depleted using MARS-14 column. (B) Bar chart showing final
protein concentration post depletion (n=5 ). (C) TYGER plasma samples diluted to 300µg
and depleted using MARS-14 column. (D) Bar chart showing final 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 eliminate S. 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 leaves S. Typhi as the likeliest remaining

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

WT 0.55 CFU/ml)

Acetone is an efficient 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 of S. 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 Buffer A (elution

buffer) or Acetone. Buffer A disturbed the growth of S. Typhi and did not affect 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 identification of proteins using

LC-MS/MS mass spectrometry (Fig.2.5).
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Figure 2.4: Ensuring safety of use of plasma samples. (A) Colony forming unit (CFU)
count of Salmonella Typhi (BRD948) untreated controls compared to elution buffer (buffer
A) and acetone precipitation buffer (Acetone 80% in elution buffer). (B) Quantification of
Log10 CFU counts per ml of S. Typhi suspension. (C) CFU count of Salmonella Typhimurium
(ST1344) in response to acetone precipitation buffer. (D) Quantification of Log10 CFU counts
per ml of S. Typhimurium suspension.

2.4 Preparation of all TYGER plasma samples for

LC-MS/MS

TYGER sample concentrations were quantified using BCA analysis before and after im-

munodepletion. Samples were depleted of between 90-98% of plasma proteins (Fig.2.5A),

which resulted in elution of low abundance proteins at concentrations ranging from 10

µg/ml to 50 µg/ml (Table 2.1). To precipitate eluted proteins, samples were incu-
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bated in acetone overnight (Fig.2.5A) before generation of peptides by S-Trap digestion

(Fig.2.5B). Once digested, samples were analyzed with LC-MS/MS followed by Max-

Quant analysis generating Pearson correlations to assess the similarity between samples

(Fig.2.5C). Pearson correlation is a way to assess experimental variability thus identify-

ing how reproducible replicates are. In addition, it identifies outliers that can be excluded

from the analysis. The closer the Pearson coefficient value to 1 the more similar the

samples are to each other. All samples showed positive Pearson values of higher than

0.9 demonstrating a strong positive correlation. Baseline TN samples (red) replicate 1

encountered an error when running the MaxQuant and consequently show the lowest pear-

son values. This is necessary to determine the process of analysis. Due to the variations

in divergence, samples must be correlated between their respective baseline rather than

comparing both post-infection groups. This established the analysis method which will

be applied to identify significant proteins.
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Table 2.1: Immunodepleted elutions concentrations. Sample codes before (D0) and at
the time of typhoid diagnosis (TD) due to the toxin negative (TN) and Wild-Type (WT) strains.
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Figure 2.5: TYGER samples immunodepletion. (A) Schematic of acetone precipitation
process. (B) Schematic of S-trap digestion protocol. (C) Pearson correlation heatmap, Pearson
coefficient=1 represents similar samples, Pearson coefficient = 0 represents most diverse.
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2.5 Initial results from Max-Quant analysis show

successful preparation of samples.

LFQ-intensities of every sample were plotted against count. All samples show good LFQ

counts and thus high protein counts. LFQ intensities varied between 15-35 meanwhile the

count of detected proteins at these LFQ intensities would go as high as 100 in most

samples (Fig. 2.6). Samples were then normalized to fit a normal distribution (Fig.2.7).

Unidentified protein data with low LFQ intensity and count were imputed generating the

final proteomics dataset (Fig. 2.8).
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Figure 2.6: Unnormalized LFQ intesnity histograms. Unnormalized LFQ intensity (x -
axis) and count (y-axis).

38



Figure 2.7: Normalized LFQ intesnity histograms.Log2 LFQ intensity values (x -axis)
versus count (y-axis) centered around mean intensity per sample.
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Figure 2.8: Imputed LFQ intensity histograms Log2-transformed intensities across each
sample normalized with the mean and variance estimated from observed data set imputing
random missing values (Yellow).

.

40



2.6 Typhoid toxin induces a distinctive host

secretome in Salmonella WT infected human

participants

Human samples are variable and thus each baseline sample had to be compared to its

respective individual post infection (Fig. 2.9A,C). LC-MS/MS identified 440 proteins

across all 40 samples. Statistical analysis employing student t-test identified significantly

secreted proteins per sample (p<0.05). Volcano plots show that 41 proteins were differ-

entially secreted in WT-infected relative to baseline (Fig. 2.9B). In the TN group, only

9 proteins were significant relative to baseline (Fig. 2.9D).

Of the 9 TN-specific proteins, 6 proteins overlapped in the WT group identifying them

as infection-specific toxin-independent proteins (Black). Three proteins were unique to

the TN group marking them as TN specific markers (Blue). The WT group showed 5

toxin specific proteins with increased secretions (Purple) and 30 toxin specific proteins

with decreased secretion(Yellow)(Fig. 2.9D).

The WT-toxin specific proteins vary in expression and establish a range of secretions

from beta-2-micoglobulin (B2M) being the most secreted and Prostaglandin D2 Synthase

(PTGDS) the least secreted, with a decrease in its secretion relative to the baseline

(Fig.2.10A). To identify protein involvement in the secretome, the 440 identified proteins

were correlated with the published human proteome database246 followed by a correlation

to the human secretome database247 (Fig.2.10B). It showed that 99% of the identified

proteins are known constituents of the human proteome247 (Fig.2.10C). Meanwhile, 73%

of the proteins were reported in the human secretome247 (Fig.2.10D) which include 68%

of the WT-Toxin specific proteins, making up 5.5% of total secreted proteins, leaving

only 32%, as 11 proteins, not reported in the human secretome, making up 2.5% of the

secreted proteins247 (Fig.2.10E). Thus, the data showed that the toxin induces a release

of a host secretome which could be a signature of the typhoid toxin.

Secretome-WT specific proteins correlated to panther databases of protein classes showed

a variety of classes identified (Fig.2.10F). Looking at the 5 toxin specific proteins with

increased secretions, beta-2-micoglobulin (B2M), Apolipoprotein F (APOF), Lysozyme

(LYZ), Thymosin (TMSB4X) and Apolipoprotein C3 (APOC3). TMSB4X is a reported

cytoskeletal and cell adhesion protein.248 It is associated with actin polymerization.249

B2M is a reported defense protein250 and displays antimicrobial activity on streptococci

pathogens.251 LYZ is a metabolite interconversion protein252 which ultimately is respon-

sible for some bacteriolytic functions.253 Meanwhile, APOC3 and APOF are reported

carrier proteins involved in lipid metabolism254,255 (Fig.2.9E). The increased secretion
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proteins showed a variety of protein classes, thus further investigations were necessary to

identify the proteins to start validations with.

Figure 2.9: Analysis of toxin induced secretome. (A) Schematic of plasma samples
collected at baseline from uninfected volunteers and at time of diagnosis (TD) of those infected
with S. Typhi WT or S. Typhi TN. (B), (C) Volcano plot of significantly secreted proteins in
response to infection with S. Typhi WT or S. Typhi TN respectively; toxin-specific enhanced
secretion proteins (Purple), toxin-specific reduced secretion(Yellow) and conserved in both WT
and TN (Black). (D) Heat-map of enhanced (Purple) to reduced (Yellow) secretion proteins.
(E) % of toxin specific reported proteins in several protein classes. Increased secretion proteins
corresponding to several protein classes are noted on respective bars.
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Figure 2.10: Typhoid toxin specific markers are identified in published databases.
(A) Heatmap of toxin-specific proteins identified in response to S. Typhi WT (left) and S. Typhi
TN (right). (B) Correlation to published databases of the human proteome246 and the human
secretome.247 (C) Pie chart of reported (Gray) and unreported (Blue) proteins compared to the
human proteome database. (D) Pie chart of reported proteins that are also reported secreted
(Purple) and non-secreted (Gray) proteins. (E) Pie chart of total proteins with WT-toxin
specific proteins secreted (Purple) and non-secreted (Yellow). (F) Panther analysis of S. Typhi
WT specific proteins with increased secretion hits labeled corresponding to their protein class.
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2.7 Secretome-WT correlates SASP ATLAS thus

implicating a toxin-induced senescence

phenotype

Previous findings showed that typhoid toxin induced DNA damage in HT1080 fibrosar-

coma cells lead to a senescence response marked by SA-β-Gal and γH2AX226 (Fig.2.11A).

The secretome from the senescent cells caused paracrine senescence in bystander cells

termed the senescence associated secretory phenotype (SASP). Indeed, toxin induced

senescence was substantiated using primary Human Foreskin Fibroblasts (HFF1) cells

intoxicated with a purified WT typhoid toxin (Fig.2.11B). HFF1 cells exhibited a sig-

nificant increase in γH2AX and SA-β-Gal activity (Fig.2.11B-D) further implicating

a senescence response to the typhoid toxin in a primary cell line, which was not previ-

ously observed. Senescence was observed with the DNA polymerase inhibitor aphidicolin

(APH) but not the DNase mutant toxin TxHQ. Thus, to investigate a connection with

senescence in human participants, proteins in secretome-WT were correlated to the SASP

atlas database219 (Fig.2.12A). The search showed that 54% of proteins in secretome-WT

have been identified as SASPs in response to senescence-inducing stimuli ranging from

irradiation, oncogene expression, and chemotherapy induced stress via atazanavir treat-

ment (ATV)(Fig.2.12A,C). In contrast only 22% of secretome-TN were identified in the

SASP atlas (Fig.2.12B,C).
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Figure 2.11: The typhoid toxin induces DNA damage and senescence in primary
fibroblasts. (A) Schematic of the effects of typhoid toxin-WT on healthy cells (inspired by
Ibler et al., 2019226). (B) Intoxicated HFF1 cells at 96 hours exhibiting senescence marker
senescence associated betagalactosidase (SA-β-Gal; yellow) and DNA damage marker (γH2AX;
cyan). (C) Quantification of γH2AX positive cells per field of view. (D) Quantification of
SA-β-gal intensity per field of view. n=1 One-way ANOVA statistical analysis was carried out
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Figure 2.12: Secretome-WT correlated with SASP Atlas proteins219 (A) and (B)
Heatmap of SASP reported proteins, in secretome-WT and secretome-TN respectively, expres-
sion across different cell lines with different inducers of senescence, IR; irradiation, RAS; RAS
oncogene overexpression, ATV; Atanazavir treatment. (C) percentage of SASP reported pro-
teins in secretome-WT and secretome-TN respectively (Yellow).
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2.8 Protein secretion between WT and TN groups

TheWT infected group reported 41 proteins, 6 of which were common between secretome-

WT and secretome-TN and therefore labeled “infection specific”. Meanwhile the TN

group reported 3 secretome-TN proteins, but the WT group reported 35 secretome-WT

Fig.2.13A. By considering individual fold changes in LFQ intensity, the individual trend

of increased/reduced secretion can be determined and correlated with individual partici-

pants in the WT and TN group.

To begin with, the 6 infection-specific proteins, 5 proteins (CRP, SAA1, LRG1, TFRC,

LBP) showed increased secretion in both groups while SERPINA5 was reduced in secretion

in both TN and WT. This will be referred to as “similarly secreted” in Fig.2.13B.

Amongst the secretome-TN proteins, FSTL1 was significantly reduced in secretion in

the secretome-TN and increased secretion in 80% of WT volunteers, showing a trend

of “differential secretion” (Fig.2.13C). Additionally, differentially secreted secretome-

TN proteins included CST6 (reduced secretion in WT, increased secretion in TN) and

LYVE1 (increased secretion in WT, reduced secretion in TN). The secretome-WT proteins

were divided into increased secretion secretome-WT (Fig.2.13D) and reduced secretion

secretome-WT (Fig.2.13G). The secretome-WT increased secretion proteins, B2M and

APOF were also secreted in TN too but were not significant (Fig.2.13E). In contrast,

TMSB4X, APOC3 and LYZ were differentially secreted (Fig.2.13F). For example, LYZ

and APOC3 displayed a prominent fold change decrease in the TN (log2<-0.5) and a

significant fold change increase in the WT group (log2<0.5) in at least 90% of participants

(Fig.2.13F).

Meanwhile between the reduced secretion proteins, there was some differentially se-

creted, namely, CRISP3 which shows reduced secretion in secretome-WT and increased

secretion in TN group. The effects in secretions amongst secretome-WT reduced secre-

tion proteins, although noteworthy, were not as drastically different from the TN group

(Fig.2.13G).
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Figure 2.13: Protein secretion by fold change between WT and TN groups.(A) Venn
Diagram depicting the common proteins betweenWT (Yellow) and TN (Blue). (B)Graph shows
fold change per individual participant for significant proteins conserved in both WT (Yellow)
and TN (Blue). (C) TN specific proteins fold change per treatment. (D) WT specific increased
secretion proteins with similar and differential secretion between the WT (Yellow) and TN
(Blue). (E) Individual volunteers’ close-up of similarly secreted WT-specific proteins, B2M
and APOF. (F) Individual volunteers’ close-up of differentially secreted WT-specific proteins,
TMSB4X, APOC3 and LYZ. (G) WT-specific reduced secretion proteins between similarly
secreted and differentially secreted proteins. 48



2.9 Discussion of results

Through identifying the secreted proteins in secretome-WT and pinpointing the dif-

ferentially secreted proteins, APOC3 and LYZ are on the top list of proteins to inves-

tigate. APOC3 has recently been implicated in NLRP3 inflammasome activation and

consequently activates a series of inflammatory pathways.256 LYZ is a metabolite inter-

conversion enzyme, as previously mentioned, thus it causes membrane disintegration and

metabolite efflux leading to lyse membranes.

Gibani et al. 2019 showed no difference in infection between Sm-WT and Sm-TN. There

were no effects on symptom progression, nor was there an effect in CFU count in blood.56

The only significant difference in their study was a shorter duration of bacteremia in re-

sponse to the toxin. This raised many questions, amongst which, if there are toxin induced

signals that could aid in this phenotype. The Oxford vaccine group (OVG) proceeded to

perform a cytokine screen. They assayed a range of cytokines and found no significant

difference in cytokine levels. There was an increased secretion in interferon gamma in-

duced protein (IP10), monokine induced by interferon-gamma (MIG) and interleukin-1

receptor antagonist protein (IL-1RA) in both Sm-WT and Sm-TN groups. Meanwhile

IL-8 reported a significant reduced secretion in the Sm-TN.56 This could not explain the

Sm-WT specific phenotype.

The cytokine array is a specific approach with high specificity to an array of cytokines.

Although thorough, the array does not consider other proteins that could contribute

to Salmonella infection. This is a major advantage of our method of employing mass

spectrometry to elucidate the toxin-induced secretome.

Mass spectrometry is a widely accepted unbiased analytical tool.257 It identifies signif-

icant protein hits between groups and thus can provide a wide database proteins. Blood

plasma has been used as a tool to identify biomarkers for several diseases and continues

to be an ideal way to host responses. Human plasma consists of three main classes of

proteins. The first class is the aforementioned high abundance proteins, this includes al-

bumin and apolipoproteins. High abundance proteins are necessary for protein transport,

homeostasis, innate immunity amongst other crucial roles.176,258–261 The second class of

proteins are tissue leakage proteins which do not have a function in circulation but are

in the bloodstream to be transported elsewhere, examples include aspartate aminotrans-

ferases (ASAT), alanine aminotransferases (ALAT) both signify liver disease when their

secretion is enhanced in the bloodstream.262 Finally the least abundant class which con-

sists of small proteins and cytokines that are usually at constant levels and are secreted

when needed.
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By employing immunodepletion, as a targeted proteomic strategy, we unmasked some

of the lower abundance proteins, like tissue leakage proteins (class 2) and small proteins

(class 3). To our surprise, no cytokines were detected. It is worth noting that despite

removing many of the high abundance proteins, blood plasma has proteins that continue

to mask smaller proteins, for example, cytokines and interleukins.262 In addition, it has

been reported that small proteins can bind to MARS-14 columns by non-specific binding

and thus leading to loss of proteins in the process.263,264 Despite this limitation, our

approach identified toxin specific proteins, secretome-WT.

The mass spectrometry proteomic strategy most commonly used and therefore used in

this study follows the triangular approach of protein identification. The triangular ap-

proach in essence involves using a small cohort of participants, ∼10s of participants, and

performing shotgun proteomics on these samples. Shotgun proteomics involves fragment-

ing eluted peptides in order of intensity. This fragmentation can lead to random loss of

some values across the samples. Studies have been recently aiming at minimising this

and thus reported more consistent peptide identification.265,266 Another drawback of the

triangular approach is that all samples are pooled in together, excluding variances and

outliers. This in turn makes it really difficult to identify if the protein that is significantly

different is different within the group on a person-by-person basis.262 Following protein

identification of the small samples cohort, identified proteins are validated by immunoas-

says on much bigger samples. Bigger samples, ∼1000s of participants, are tested for the

proteins of interest using immunoassays.267 By identifying APOC3 and LYZ, from 20

samples per group, we are validating it in vitro which could then be validated on typhoid

patients in endemic regions.

The small cohort in the triangular approach is due to the complexity of sample prepa-

ration which involves laborious procedures, such as, immunodepeletion. Geyer et al. 2016

proposed the idea of creating a faster automated workflow that would allow for quantifica-

tion of proteins in plasma in larger cohorts, rectangular approach.268 This approach was

inspired by genome wide sequencing scientists who show a more efficient approach when

large cohorts of samples are analysed together rather than the small cohort sequential

pipelines.269 The advantage of the rectangular approach is the merging of both shotgun

and validation steps. Although this has not been achieved yet, the fast advancement in

the proteomic field makes it probable in the near future.

In conclusion, human plasma samples were depleted of high abundance proteins and

analysed by LC-MS/MS. Depleted plasma samples revealed that the human host responds

to the toxin through release of a secretome (Secretome-WT). Secretome-WT proteins

belong to several protein classes and exhibit important functions. Secretome-WT reported

APOC3 and LYZ, which were differentially secereted between S. Typhi-WT (increased

secretion) and S. Typhi-TN (reduced secretion). Thus, APOC3 and LYZ show the most
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promise for validation experiments using in vitro cell culture experiments discussed in

Chapter 3.
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Chapter 3

Results Part II

The previous chapter revealed how S. Typhi-WT infected participants in the TYGER

study responded to the toxin by releasing a secretome (henceforth secretome-WT). Through

correlating the secretome-WT with the human proteome database and human secretome

atlas, APOC3 and LYZ were identified as proteins of interest that were differentially

secreted in S. Typhi-WT infected relative to S. Typhi-TN.

LYZ is expressed in all human cells and is present in all bodily secretions (Fig.3.1A). In

1922, Alexander Fleming discovered LYZ as an antibacterial agent.270 LYZ is a naturally

occurring human enzyme271 conserved amongst several mammals and is considered part

of the innate immune response.272 In vitro, LYZ exhibited effectiveness against Gram

positive bacteria and ineffective against some Gram negative bacteria in vitro.273 However,

LYZ can affect Gram negative in vivo responding to campylobacter bacteria, another

gastroenteritis causing Gram negative bacteria.274,275

LYZ causes bacterial lysis through hydrolysis of the bacterial cell wall, thus bacteria

becomes vulnerable to osmotic stress.276,277 LYZ’s primary activity works on peptido-

glycans (PG), which is a major component of the bacterial cell wall. PGs is a polymer

formed by β-1,4,glycosidic linkage between disaccharide N-acetylglucosamine (NAG)-N-

acetylmuramic acid (NAM). β-1,4,glycosidic linkage provides the tensile strength of the

PG and protects the bacteria from external factors aiding in bacterial survival. LYZ’s

enzymatic activity works by hydrolyzing the β-1,4,glycosidic linkage, and thus it is also

known as 1,4-β-N-acetylmuramidase.277

LYZ’s active site surrounds 6 residues of NAM and NAG and the Aspartate (Asp)

and Glutamate (Glu) amino acids bind to the β-1,4,glycosidic linkage and cleaves it

(Fig.3.1A,B). This is effective against Gram positive bacteria where PGs are exposed

and once hydrolysed the bacteria becomes vulnerable to killing. LYZ enzymatic activity

is not the only mode of its action. LYZ is also cationic which allows it to insert itself

in the outer spanning the outer and inner membrane of Gram negative bacteria. This
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forms auger-like structures creating a cylinder in the membrane that enhances bacterial

vulnerability.278,279

Gram negative bacteria have two membranes, the inner membrane, and the outer mem-

brane between both is PGs which LYZ acts upon. Gram negative bacteria also have

lipopolysaccharide (LPS) which makes them immunogenic. LPS is an anionic molecule

which allows it to bind to cationic molecules like LYZ. However when bound it deactivates

the enzymatic properties of LYZ rendering it incapable of cleaving PG. In vivo studies

showed effectiveness of LYZ against campylobacter bacteria, another gastroenteritis caus-

ing Gram negative bacteria, through perforating the bacterial membrane integrity leading

to efflux of ions and lysis.274,275

In vivo results raised questions about the mechanism of action of LYZ in vivo, since its

bacterial killing activity is not reported under normal in vitro conditions. LYZ cell wall

permeabilization is attributed to its high positive charge, but it does not work on its own

in vivo. LPS and PG are pathogen-associated molecular patterns (PAMPs) expressed

by Gram negative bacteria. PAMPs are recognized by host’s immune defences, namingly

pattern recognition receptors (PRR).280 Once activated by PAMPs, PRR stimulates a pro-

inflammatory signal that recruits cytokines that inactivate some of these PAMPs(e.g. IL-

1B) which in turn activate cell death pathways.281 Cell death pathways produce gasdermin

D (GASDMD) which in turn causes holes in the membrane, both host and bacterial

membranes.276,282,283 It is speculated that in vivo LYZ does not work alone, but has dual

activity and interplay with components of the immune system (Fig.3.1), which might

explain why it is effective against Gram negative bacteria, e.g. Campylobacter.

Figure 3.1: LYZ structure and function.(A) LYZ protein structure and active site high-
lighted284 (B) Enzymatic activity of LYZ by hydrolysis of -1,4 glycosidic linkage. (C) Proposed
mechanism of cationic killing exhibited by LYZ on Gram negative bacteria (e.g. Salmonella).
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Little is known about Apolipoprotein C-III (APOC3) function. It is a 79 amino acid

protein with a molecular weight of 8.8kDa. APOC3 is an apolipoprotein expressed and

synthesised in the liver within hepatocytes and cells of the gastrointestinal tract246,285,286

(Fig.3.2). APOC3 has an amphipathic helix which gives it both hydrophilic and hy-

drophobic residues. Hydrophobic residues allow for lipid binding which is necessary for

some of the reported APOC3 functions.287 In the blood plasma APOC3 is bound to high

density lipoproteins (HDL), low density lipoprotein (LDL) and triglyceride-rich proteins

(TRLs).288,289 An increase in circulating APOC3 has been reported to be correlated with

hypertriglyceridemia. APOC3 inhibits the lipoprotein lipase activity and interferes with

lipoprotein endocytosis, which consequently increases the concentration of free lipids in

the blood, thus hypertriglyceridemia.290 In 2020, Zewinger et al. implicated APOC3 with

NLRP3 inflammasome activation which promotes an inflammatory response that con-

tributes to cell death pathways.256 NLRP3 inflammasome activation was also reported as

a host response to bacterial pathogens including Salmonella291 amongst other pathogens

(for example, E. coli and streptococci) that acts as an antibacterial292,293 (Fig.3.2).

Figure 3.2: Apolipoprotein C3 (APOC3) structure and function. (A) APOC3 struc-
ture (uniprot, APOC3). (B) Proposed APOC3 function by Zewinger et al., 2020, highlighting
inflammasome activation.

A member of the apolipoprotein family, APOL3 has been reported to have detergent-

like properties that lyse and kill Salmonella Typhimurium.294 The bactericidal prop-

erties of APOL3 inactivates the LPS in the outer and inner membranes of Salmonella

Typhimurium. This allows entry to the intermembrane space which causes bacterial

membrane lysis. However, APOL3 does not work alone and was reported to work with

inflammation induced proteins, such as, GBP1.294 It is worth speculating that, similar

to APOL3, APOC3 can exhibit bacterial killing properties with the aid of antimicrobial

proteins such as LYZ. The aim of this chapter is to validate toxin regulation of APOC3

and LYZ in cultured cells and initiate experiments examining whether APOC3 and LYZ

counteract Salmonella in vitro.
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3.1 APOC3 is expressed in liver cells (HepG2) in a

toxin-independent manner

The first focus was APOC3, which is known to be expressed in the liver and gas-

trointestinal tract. Consistent with this, unpublished RNA sequencing from the Oxford

Vaccine Group performed on mRNA from peripheral blood mononuclear cells (PMBCs)

from TYGER participants showed that APOC3 and APOF were not reported (Fig.3.3A).

No significant differences between host responses S. Typhi WT and TN were identified

(Gibani et al., unpublished). This included proteins identified in secretome-WT such

as B2M, LYZ and TMSB4X (Fig.3.3A), which indicates that secretion of factors in

secretome-WT were upregulated post-translationally. Salmonella is known to colonise the

liver295–297 making this tissue a possible source of APOC3 in the samples from TYGER

participants. Thus, to validate APOC3 expression and secretion in responses to typhoid

toxin, we sought to initially examine host responses to the toxin in cultured HepG2 liver

cells.

Figure 3.3: RNA sequencing data (Gibani unpublished) correlated with Secretome-
WT.(A) RNA sequencing data (Gibani et al, unpublished) upregulated proteins (Red), down-
regulated proteins (Blue), and non-signifcant proteins (Gray). (B) Schematic showing presence
of proteins of interest, APOC3 in yellow and LYZ in cyan.

HepG2 cells were incubated with the 20ng/µl purified typhoid toxin (Tx-WT) or the

toxin mutant (Tx-HQ) for 2 hours. Tx-HQ lacks the functionality of the cdtB subunit

due to a point mutation at histidine 160 to glutamate (H160Q), which attenuates nuclease

activity.226 After 2 hours, toxin was replaced with fresh media before incubation for 48

hours (Fig.3.4A-C) or 96 hours (Fig.3.4D-F). DNA damage was marked by an increase

in histone-2AX phosphorylation (γH2AX) (cyan), which is enhanced in response to single-

and double-strand DNA breaks.298 In negative control cells, the proportion of γH2AX-

positive cells in untreated cells was 0% at 48h and 25% at 96h, while Tx-HQ-treated cells

was ∼20% at 48h and 96h (Fig.3.4A,B, D,E). Treatment with the chemical inhibitor of
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DNA polymerase aphidicolin (APH) that caused DNA replication stress induced γH2AX

in 75% of cells at 48h (Figure 3.4A, B) and 100% of cells at 96h Fig.3.4D,E. Similarly,

the Tx-WT induced a significant γH2AX DNA damage response, which mirrored the

effect observed with APH Fig.3.4A, B, D, E. Despite differences in DDRs, APOC3 was

expressed in all cells regardless of treatment or time-point and no significant differences

were observed. This suggests that APOC3 is secreted from liver cells in a manner that is

independent of DDRs and therefore the toxin. As a result, toxin responses in HepG2 cells

do not explain the findings from proteomic experiments in TYGER samples and were

removed from the possible cell lines that could be used to model APOC3 regulation by

the toxin.

Figure 3.4: The typhoid toxin induces DNA damage response in HepG2 cells.(A)
Immunofluorescence images of HepG2 cells responding to the toxin, DNA marked by γH2AX
(cyan) and protein of interest APOC3 (yellow) at 48 hours following the toxin pulse (2hrs).
(B) Quantification of percentage γH2AX positive nuclei at 48 hours post intoxication per im-
age. (C) Quantification of APOC3 intensity per image at 48 hours post intoxication. (D)
Immunofluorescence images of HepG2 cells responding to the toxin, DNA marked by γH2AX
(cyan) and protein of interest APOC3 (yellow) at 96 hours following the toxin pulse (2 hours).
(E) Quantification of percentage γH2AX positive nuclei at 96 hours post intoxication per image.
(F) Quantification of APOC3 intensity per image at 96 hours post intoxication. Scale bar =
50µm. One-way ANOVA statistical analysis was performed.

3.2 Toxin induced DDRs are coincident with

APOC3 expression in CACO-2 cells

Given that Salmonella is an enteric pathogen, gastrointestinal tract (GI) are amongst

the first points of colonisation prior to entering the bloodstream and causing bacteraemia

56



in TYGER participants. Thus, S. Typhi would likely have intoxicated the GI, possibly

inducing secretion of APOC3. Colorectal adenocarcinoma cells (CACO-2) are a common

model for the human colon which aids in understanding intestinal absorption of drugs or

in this case the infection of a pathogen.299,300

First, DRRs were characterised in CACO-2 cells that were intoxicated in the same man-

ner as HepG2 cells (i.e. 2h intoxication before immunofluorescence of cells at 48h/96h).

In negative control cells, ∼20% of untreated cells were γH2AX-positive while 60% were

observed in Tx-HQ-treated. However, Tx-WT intoxicated cells showed 100% of γH2AX-

positive cells Fig.3.5A,C. The relative difference between γH2AX-positive cells in the

presence of TxHQ (60%) and TxWT (100%) suggests a significant but relatively modest

difference. However, the immunofluorescence images in Fig.3.5A show a much more ro-

bust γH2AX response in TxWT-treated cells that was not reflected in the quantification

in Fig.3.5C,D. This is due to the quantification method where cells with any observ-

able γH2AX staining in the nuclei were defined as positive cells. There was certainly

an increase of γH2AX foci with TxHQ relative to untreated (Fig.3.5A-D), which was

likely due to residual nuclease activity in TxHQ and/or LPS contaminants in the recom-

binant toxin preparations as previously reported by our group.226 In contrast to both

untreated and TxHQ, cells intoxicated with TxWT revealed divergent γH2AX pheno-

types (Fig.3.5A,C), which were not resolved in the quantification process. At 48 hours,

γH2AX spanned the entire nucleus in a pan-γH2AX phenotype and there was also a

RING phenotype (yellow arrow) characterised by accumulation of γH2AX at the edge of

the nucleus. At 96 hours, however,γH2AX was observed in foci within nuclei (magenta

arrow). The foci appeared more globular and distinctive compared to the pan-γH2AX

staining or the RING phenotype observed at 48 hours. Thus, the data shows that TxWT

induced divergent DDRs in CACO-2 cells over 96 hours.

It was previously reported that toxin-induced DNA damage causes cell cycle arrest.226

To assay cell cycle progression, cells were incubated with a fluorescently labelled nucleo-

side analogue of thymidine (EdU) that incorporates into newly synthesised DNA during

replication and thus marks cell cycle progression. At 48 and 96 hours, ∼50% of negative

control cells, both untreated and Tx-HQ, were EdU positive suggesting cell cycle progres-

sion (Fig.3.5A-D). Alternatively, Tx-WT treated cells exhibited no EdU incorporation

suggesting cell cycle arrest. This agrees with the observations on the robust γH2AX

DDRs induced by TxWT (Fig.3.5A,C).

Aberrations in the morphology of cell nuclei can indicate cell cycle arrest and genomic

instability.301 Indeed, typhoid toxin belongs to a family of cytolethal distending toxins,

which are known to cause nuclear distension.302 Relative to negative control cells, nuclear

distention was clearly apparent in TxWT-treated cells that exhibited an increase in size

at 48 and 96 hours exemplified in the DAPI channel in Fig.3.5A, B. In addition, extra-
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nuclear bodies known as micronuclei (orange arrow) formed in Tx-WT-treated cells and

were not observed in negative controls (Fig.3.5B). Micronuclei are a marker of genomic

instability where genetic material has not been properly incorporated into chromosomes

after cell division due to defective repair and/or chromosomal aberrations.303 The in-

creased nuclear size, cell cycle arrest and micronuclei formation at 96 hours was also

indicative of senescence.304

Having characterised TxWT-induced DDRs in CACO-2 cells, APOC3 was investigated

in the same images (Fig.3.5A-D). In negative control cells, low levels of APOC3 was

observed at 48 and 96 hours. To compare across all variables, APOC3-positive cells were

marked positive if they show any staining of APOC3. At 48 hours, APOC3-positive

cells were 20% in untreated and 5% in TxHQ-treated cells but this increased to 50% in

Tx-WT treated cells (Fig.3.5C). This contrasts with observations in HepG2 cells where

APOC3 was expressed independently of the toxin (Fig.3.4). At 96 hours in CACO-2

cells, APOC3 increased from 20% to 30% in untreated cells, which was also observed in

TxHQ-treated cells while TxWT induced APOC3 expression in 80% of cells(Fig.3.5D).

There was an interesting pattern in APOC3 expression in TxWT-treated cells where

APOC3 was observed in fine puncta at 48 hours in both the nucleus and the cytoplasm

(white arrow). At 96 hours however, APOC3 formed large puncta (foci) that appears

predominantly localised in the nucleus or perinuclear region (cyan arrow) (Fig.3.5B, D).

The significance of this is unknown but may indicate accumulation of APOC3-labelled

lipids in the nucleus or perinuclear region.287

In summary, APOC3 expression in CACO-2 cells is augmented by toxin nuclease activity

and is coincident with DDRs and cell cycle arrest.
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Figure 3.5: The typhoid toxin induces DNA damage, cell cycle arrest and APOC3
expression in CACO-2 cells. (A) Immunofluorescence images of CACO-2 cells untreated,
treated with wild-type toxin (tx-WT) or treated with toxin mutant (tx-HQ) at 48 hours post
intoxication, γH2AX (cyan), APOC3 (yellow) and EdU (magenta). Yellow arrows show RING
reported cells. White arrow show small APOC3 foci (B)Immunofluorescence images of CACO-2
with respective treatments at 96 hours post intoxication, γH2AX (cyan), APOC3 (yellow) and
EdU (magenta). Magenta arrow shows large γH2AX foci and orange arrow shows micronuclei.
(C) Quantification of γH2AX (cyan), APOC3 (yellow) and EdU (magenta) positive nuclei at
48hours. (D) Quantification of γH2AX (cyan), APOC3 (yellow) and EdU (magenta) positive
nuclei at 96hours. Scale bar = 50µm
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3.3 Salmonella infection elicits DDRs and APOC3

expression

The next step was to investigate whether APOC3 was regulated in a toxin-dependent

manner during Salmonella infection. In the absence of a schedule 5-compliant containment

level 3 laboratory for studying wild-type S. Typhi, an alternative model for infection

was required. The toxigenic non-typhoidal strain Salmonella enterica serovar Javiana

(henceforth S. Javiana) encodes the toxin genes pltB, pltA and cdtB, which produce

typhoid toxin during intracellular infections in an analogous fashion to S. Typhi.97 S.

Javiana is the 3rd most significant cause of Salmonella-borne gastroenteritis in the USA152

and the toxin has been shown to suppress pathology, mediate immune evasion and promote

pathogen dissemination in a mouse model.139–141

S.Javiana was used to infect CACO-2 cells using wild-type (Sm-WT) or the cdtB defi-

cient strain (Sm-∆cdtB) for 1h. Extracellular bacteria were killed by incubation with cell

culture media containing the antibiotic gentamicin that does not penetrate mammalian

cells thus allowing intracellular Salmonella to survive. In the untreated control, 30% of

cells were γH2AX-positive(Fig.3.6A,B;cyan). In response to infection, CACO-2 cells in-

fected with Sm-∆cdtB exhibited a relative increase in γH2AX in ∼90% of cells at 48 hours

which was also observed with Sm-WT in ∼70% of cells (Fig.3.6A,B;cyan). There was

a significant increase in APOC3 expression in response to Sm-∆cdtB at 48 hours, ∼60%

of cells, but no significant response to Sm-WT (Fig.3.6A, C;yellow). It was noticeable

that the DDRs with purified toxin at 48 hours (Fig.3.5A, C) were more robust than

those observed for Sm-WT at 48 hours (Fig.3.6A,C). This suggests differences in toxin

concentration, which may be partly due to delays with toxin expression and secretion

during infection. Thus, the same infection experiment was repeated but the time-point

extended to 96 hours.

At 96 hours post-infection, untreated CACO-2 cells were 20% γH2AX-positive while

Sm-∆cdtB-infected were 0% γH2AX-positive, thus indicating DNA repair between 48

hours and 96 hours with in Sm-∆cdtB-infected (Fig.3.7A). In contrast, Sm-WT-infected

cells were 100% γH2AX-positive (Fig.3.7A) relative to 70% at the 48 hour time point

(Fig.3.6A), Sm-WT-infected cells exhibited enlarged nuclei as well the formation of bud-

ding micronuclei as indicated with the orange arrow in Fig.3.7A. This correlates with

what was previously observed in CACO-2 cells intoxicated with purified toxin at 96 hours

(Fig.3.5B,D) and further supports the view that typhoid toxin causes genomic instabil-

ity.

Having established a Salmonella infection assay to assess the effects of typhoid toxin,

the expression of APOC3 was investigated. Remarkably, APOC3 expression at 96 hours

post-infection mirrored the DDR marked by γH2AX (Fig.3.7A, C). In negative control
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cells, APOC3 was expressed in ∼20% of cells untreated and ∼5% in Sm-∆cdtB-infected

(Fig.3.7C). In contrast, Sm-WT-infected cells exhibited a significant increase in APOC3-

positive cells, ∼80% of cells. Cells with a higher Sm-WT burden (white arrow) exhibited

an increase in APOC3 expression all around the cell (Fig.3.7B).

With the purified toxin in Fig.3.5, APOC3 expression was coincident with cell cycle

arrest. To assess whether toxigenic Salmonella exhibits similar phenotypes to that of

the purified toxin during infection, EdU incorporation was examined in infected CACO-2

cells (Fig.3.7B,C). Untreated cells exhibit a lower EdU incorporation of ∼50% of cells

EdU positive (Fig.3.7B,C) which was observed in previous experiments (Fig.3.5B,D;

magenta). Meanwhile, Sm-∆cdtB infected cells showed a decrease in EdU incorporation

to ∼10% of cells. Considering this baseline decrease in EdU incorporation at 96 hours,

50%, Sm-WT infected cells reported a reduced EdU incorporation to ∼20%. This marks

cell cycle arrest and consequently linking previous observations of senescence in response

to infection, independently from the toxin. The decrease in EdU incorporation is not

as drastic as the one described in Fig.3.5, however it remains significant in response to

infection (Fig.3.7B,C).
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Figure 3.6: Salmonella-WT induces DNA damage and APOC3 expression at 48
hours post-infection.(A) Immunoflorescence images of γH2AX (cyan) and APOC3 (yellow)
in response to Salmonella WT (SmWT) and Salmonella ∆cdtB (Sm∆cdtB). (B) Quantification
of percentage γH2AX nuclei (cyan) and percentage of APOC3 positive cells (yellow). Scale bar
= 50µm (n=1; each point represents a field of view)

62



Figure 3.7: (A) Immunofluorescence images of γH2AX (cyan) and APOC3 (yellow) in response
to Salmonella WT (SmWT) and Salmonella ∆cdtB (Sm∆cdtB). (B) Immunofluorescence im-
ages of Salmonella (green), APOC3 (yellow) and EdU (magenta) in response to Salmonella after
96 hours post-infection. (C) Quantification of percentage γH2AX nuclei (cyan), percentage of
APOC3 positive cells (yellow) and percentage of EdU positive nuclei (magenta). Scale bar =
50µm (n=1; each point represents a field of view)
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3.4 APOC3 expression implicates DNA damage

repair (DDR) machinery

In line with previous observation (Fig.3.7), APOC3 is produced in a toxigenic Salmon-

ella dependent manner at 96 hours, coinciding with a DDR response. This further val-

idates the toxin-dependent expression of APOC3 in vitro and implicates the DDR in

APOC3 expression in CACO-2 following intoxication with purified toxin (Fig.3.5) or

toxigenic Salmonella infection (Fig.3.6, and 3.7). However, APOC3 expression was

associated with cell cycle arrest with purified typhoid toxin (Fig. 3.5) but not during in-

fection with toxigenic S. Javiana (Fig.3.7). Thus, the contribution of DDRs to APOC3

expression was investigated in more detail.

When DNA damage occurs, the cell activates DNA repair machinery including ATM

and ATR that are DNA repair kinases that activate a cascade of DNA repair proteins

coordinating DNA repair. dsDNA breaks phosphorylates ATM kinase, meanwhile ssDNA

breaks phosphorylates ATR, both activate a cascade of proteins that aid in respective

DNA repair(Fig.3.8A).305 In turn, inhibition of ATM and ATR would inhibit the phos-

phorylation of H2AX to γH2AX. To investigate the involvement of DNA repair machinery

with APOC3 expression in CACO2 cells we inhibited both ATM and ATR by caffeine, an

efficient ATM and ATR inhibitor.306 In untreated cells, with 20% of γH2AX positive cells,

the effect of ATM/ATR inhibition was not significantly observed. However, when incu-

bating CACO-2 cells with ETP, a known inducer of double stranded DNA breaks, caffeine

significantly reduced γH2AX from 60% to 40%. Similarly, Tx-WT treated cells showed a

reduction in γH2AX positive cells from ∼90% to ∼20% post-caffeine (Fig.3.8B,C).

When APOC3 expression was examined in the same images as Fig.3.8B,C, no APOC3

was observed in untreated control cells (Fig.3.8D), which mirrored the observations with

γH2AX (Fig.3.8B). Similarly, robust γH2AX signal observed with TxWT and ETP was

mirrored by APOC3 expression (Fig.3.8D). However, the close proximity of each cell to

one another made it difficult to quantify APOC3 expression per cell as was performed

with γH2AX in Fig.3.8C.

To quantify APOC3 expression, the intensity of APOC3 per field of view was determined

and used to calculate relative APOC3 intensities per cell identified by DAPI staining .

Untreated cells exhibited minimal APOC3 levels before caffeine administration, ∼0.00025

intensity per cell, which was reduced to 0 intensity per cell after caffeine. In ETP treated

cells, APOC3 intensity of 0.001 per cell was reduced to zero by caffeine went down to zero

(Fig.3.8D,E). Meanwhile, APOC3 expression in Tx-WT treated cells was reduced from f

∼0.008 intensity/cell without caffeine to zero with caffeine (Fig.3.8D,E).This implicates

ATM/ATR-mediated DDR in control of APOC3 expression in CACO-2 cells.
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Figure 3.8: ATM and ATR inhibition by caffeine inhibits APOC3 expression in
CACO-2 cells. (A) Schematic showing the role of ATM and ATR in DNA repair. (B)
γH2AX expression (magenta) with and without caffeine treatment in CACO-2 cells at 48 hours
chase. (C) Quantification of γH2AX expression in respective groups (no caffeine, gray; caffeine,
magenta). (D) APOC3 expression (Yellow) with and without caffeine treatment in CACO-
2 cells at 48 hours chase. (E) Quantification of APOC3 expression in respective groups (no
caffeine, gray; caffeine, yellow). Scale bar = 50µm (n=1; each point represents a field of view)

3.5 Toxigenic Salmonella induce host secretion of

APOC3

APOC3 was identified as a secreted host factor in human participants during infection by

wild-type S. Typhi-WT but not S. Typhi-TN (Fig. 2.10 and 2.13). To test for APOC3

secretion in vitro, conditioned media (CM) was harvested from intoxication experiments

in Fig 3.5 and infection experiments in (Fig.3.6, and 3.7) and APOC3 secretion assessed

by ELISA (Fig.3.9).

When CM from intoxicated cells was analysed by ELISA (Fig.3.9A) untreated cells

and Tx-HQ incubated cells showed low concentrations of APOC3 relative to cell number,

both at ∼1pg/µl (Fig.3.9B). APH was used as a positive control for APOC3 secretion.

APH is an inhibitor of DNA polymerase which inturn causes DNA replication stress and

consequently DNA damage.307 APH incubated cells showed relatively high concentrations
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of APOC3, ∼3pg/µl. Tx-WT intoxicated cells exhibited similar concentration of APOC3

to that of APH treated cells, ∼3pg/µl (Fig.3.9B).

CM collected from Sm-WT and Sm-∆ctdB infected cells at 48 hours and 96 hours were

added to APOC3 ELISA plates (Fig.3.9). At 48 hours, untreated cells exhibited low con-

centrations of APOC3, ∼200pg/µl relative to cell lysate optical density (OD). However,

Sm-∆ctdB infected cells secreted a relatively high concentration of APOC3, ∼2000pg/µl

(Fig.3.9). This is higher secretion than the untreated and the Sm-WT infected cells,

∼1500pg/µl (Fig.3.9). This trend was consistent with the increased APOC3 expres-

sion observed within Sm-∆ctdB-infected CACO-2 cells at 48 hours (Fig.3.6). However,

APOC3 expression was significantly higher in Sm-WT infected cells at 96 hours (Fig.3.7),

a trend also observed with APOC3 secretion at 96 hours (Fig.3.9): untreated and Sm-

∆cdtB infected cells showed a similar APOC3 secretion, ∆2000pg/µl. In contrast, Sm-WT

infected cells secreted significantly more APOC3, ∼4000pg/µl (Fig.3.9D). This supports

the hypothesis that CACO-2 cells express the APOC3, which is subsequently secreted it,

which could explain why APOC3 was identified in the human plasma samples of TYGER

participants.

66



Figure 3.9: APOC3 secretion profile in conditioned media (CM) of intoxicated and
infected cells using ELISA assay. (A) Schematic of hypothesised effect of toxin on CACO-2
cells secretory profile. (B) Concentration of APOC3 in response to Tx-WT compared to Tx-
HQ, untreated (unt) and APH, normalised to cell number identified by ELISA assay (n=2).
(C) Schematic of proposed hypothesis of the response of CACO-2 cells to Salmonella-WT. (D)
APOC3 concentration in response to Salmonella-WT, Salmonella-∆cdtB and untreated cells at
48 hours (cyan) and 96 hours (yellow) identified by ELISA assay (n=2). Error bars represent
SEM.

3.6 LYZ expression in intoxicated mononuclear

THP1 cells

The next step was to investigate the expression of LYZ in response to the toxin. To

identify the ideal modelling cell line we followed the same process of checking the cell line

most likely to express LYZ and using it as a model.246 In contrast to APOC3, which is

restricted to the liver and GI, LYZ is found in all bodily secretions and is predominantly

expressed in monocytes and macrophages,308 which would be circulating in bacteraemic

participants and potentially targeted by typhoid toxin. We started by investigating the

effect of the toxin on monocytes using the THP1 cell lines derived from acute monocytic

leukaemia (ATCC, THP1). THP1s can be differentiated into macrophages by 72h treat-

ment with PMA during culture,309 IFN-γ.310 In the monocytic state, we observed that
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by 48 hours THP1s were obliterated in response to TxWT and therefore no images could

be taken (Fig.3.10A). To test the exhibited cell death, we used a live/dead assay which

stains live cells with a calcein green dye that indicates intracellular esterase activity and

dead cells with Ethidium homodimer red dye that is impermeable to living cells. Un-

treated cells and Tx-HQ treated cells exhibited 100% live cells, i.e. green fluorescence.

Relative to negative controls, the proportion of live cells in THP1 monocytes treated with

TxWT was reduced to ∼10% or to 15% with the positive control APH. Consistent with

these observations, only 10% of untreated and Tx-HQ-treated cells were dead while 90%

of Tx-WT treated monocytes were killed and ∼85% of APH-treated cells. (Fig.3.10B).

Experiment was then repeated on differentiated macrophages. THP1 cells were dif-

ferentiated using PMA for three days to a macrophage state (M0), following protocols

suggested by309 (Fig.3.10C). The live/dead assay is suitable for determining cell viability

in monocytic THP1 cell cultures, which grow in suspension. The assay is less effective

for adherent THP1 macrophages that lose adherence during cell death and complicates

interpretation. Thus, an alternative cell death assay was sought. Lactate dehydrogenase

(LDH) is released into the cell culture medium during cell death and was assayed to deter-

mine cell death in macrophages at 1h, 4h, 24h, and 48h post-treatment (Fig.3.10D-G).

Untreated macrophages LDH secretory profile was used as a baseline for other treatments

while cell lysis by detergent was used as a positive control. There was no difference be-

tween treatments at 1h and 4h while a modest increase was observed at 24h with TxWT,

TxHQ, and APH that exhibited 20% LDH secretion relative to the 0% in untreated. How-

ever, at 48 hours, while Tx-HQ- and APH-treated macrophages exhibited no difference in

LDH release relative to the untreated control, LDH release increased to 90% in Tx-WT

treated macrophages indicating high levels of cytotoxicity (Fig.3.10D-G).

While THP1 monocytes were killed by the toxin, macrophages survived the first 24h

after which macrophages were observed undergoing toxin-dependent cell death at 48h

(Fig.3.10A-G). Thus, LYZ expression was investigated in THP1 macrophages treated at

48h post-intoxication with TxWT (Fig.3.10H). Regardless of LDH release we observed

surviving macrophages at 48 hours chase. LYZ was expressed in all THP1 macrophages

regardless of treatment (Fig.3.10I). However, when treated with APH, DNA replication

stress inducer, cells exhibited a slightly significant increase in LYZ expression upon quan-

tification, with intensity of 0.02 intensity per image in APH treated compared to ∼0.01

intensity per image in Tx-HQ treated (Fig.3.10J). Although this suggested a possible im-

plication of LYZ to a DNA damage induced phenotype, THP1s proved to be an ineffective

model to test toxin-induced LYZ expression in vitro.

68



Figure 3.10: THP1 cells tested as an in vitro model for testing LYZ. (A) Schematic
of observation of monocytes dying after intoxication (data not shown, n=2). (B) Monocytes
assayed for cell death using Live/Dead flow cytometry kit. Bar charts show live cells (green
bars) and dead cells (red bars) (n=1; each point is a technical replicate). (C) Schematic of
experimental plan of PMA induced differentiation of THP1 monocytes to THP1 macrophages
before intoxication. (D) - (G) Bar charts of %cytotoxicity, identified by LDH release, in intox-
icated THP1 macrophages at 1hr (D; blue cell), 2hrs (E; purple cell), 24hrs (F; brown cell) and
48hrs (G; red cell) (n=2, each point is a technical replicate). (H) Schematic of LYZ release in
macrophages. (I) Immunofluorescence images of LYZ (cyan) in THP1 macrophages at 48 hours
chase. (J) Quantification of LYZ intensity per nuclei. Error bars represent SEM (n=1; each
point represents a field of view). Scale bar =50µm.
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3.7 LYZ expression in intoxicated CACO2 cells

According to the protein ATLAS,247 THP1 cells express LYZ ∼50 times more than

CACO-2 cells (normalised transcript expression values (nTPM) 489 compared to nTPM

9.5).247 CACO-2 cells express LYZ but in trace amounts, making them a possible candi-

date to test toxin induced LYZ expression in vitro. Due to the low levels of näıve LYZ,

this would allow for observing and detecting increased expression in response to the toxin

in parallel with APOC3. CACO-2 cells were intoxicated with Tx-WT using our stan-

dard intoxication protocol, 2hrs pulse with the toxin and chased for 48hours. Untreated

cells showed low levels of APOC3, as previously observed (Fig.3.5) and few LYZ puncta

(Fig.3.11A). Meanwhile, Tx-WT treated cells induced LYZ expression in CACO-2 cells

(Fig.3.11A). To quantify LYZ due to its low intensity, but globular phenotype, we used

an algorithm on cell profiler to quantify the number of LYZ dots (or “puncta”) per field

of view. Quantification revealed ∼100 puncta per field of view in untreated controls and.

∼600 puncta in TxWT-treated cells (Fig.3.11B). There was no colocalization between

APOC3 and LYZ, both would appear in similar regions, but would not superimpose on

each other (Fig.3.11). The size of LYZ puncta was bigger and more globular than that

of APOC3 at 48 hours (Fig.3.11A), consistent with previous APOC3 results at 48 hours

(Fig.3.5).

3.8 LYZ is implicated in DDR

Fig.3.8 showed APOC3 was regulated by the DDR’s ATM and ATR in CACO-2 cells.

To investigate whether LYZ is controlled by the DDR as well, LYZ expression was ex-

amined in the presence of the ATR/ATM inhibitor caffeine (Fig.3.11). Untreated cells

showed low levels of APOC3 and LYZ and subsequently no significant difference with caf-

feine treatment was observed (Fig.3.11B, D). Meanwhile, Tx-WT induction of APOC3

(Fig.3.8D) and LYZ was inhibited with caffeine (Fig.3.11C). Quantification showed a

significant decrease in LYZ puncta per field of view following caffeine treatment of Tx-WT

treated cells, from about 600 puncta to zero (Fig.3.11D).

This implicated the expression of both, APOC3 and LYZ, in CACO-2 cells with ATM

and ATR. Both APOC3 and LYZ are part of the identified secretome-WT, which not

only is specific to the WT infected participants, but it seems to be part of the DDR. This

proposes that the typhoid toxin caused the secretion of a DDR-regulated secretome.
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Figure 3.11: CACO-2 cells as a model for LYZ expression in vitro. (A) Immunoflu-
orescence images of intoxicated CACO-2 cells at 48 hours post intoxication expressing APOC3
(yellow) and LYZ (cyan). (B) Quantification of average LYZ puncta per image. (C) Im-
munoflorescence images of caffeine incubated CACO-2 cells exhibit lack of LYZ (cyan) and
APOC3 (yellow) expression. (D) Quantification of Total LYZ puncta per image before (gray)
and after (cyan) caffeine treatment. Error bars represent SEM. Scale bar = 50µm (n=1; each
point represents a field of view)

3.9 LYZ is secreted by intoxicated CACO-2 cells

Previous experiments showed LYZ expression in response to Tx-WT in CACO-2 cells.

Next, LYZ secretion was tested by incubating CM harvested 96 hours post intoxication on

pre-coated LYZ ELISA plates (Fig.3.12A). Absorbance measurements showed a concen-

tration of ∼10ng/ml and 5ng/ml LYZ in CM collected from the negative control groups,
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untreated and Tx-HQ-treated, respectively. Meanwhile, relative LYZ secretion increased

to ∼30ng/ml in Tx-WT intoxicated cells ∼25ng/ml in APH treated cells (Fig.3.12B).

Figure 3.12: LYZ is secreted by CACO-2 cells. (A) Schematic representation of LYZ
secretion in response to Tx-WT. (B) Bar chart of ELISA assay quantification of OD600 nor-
malised to cell lysate in ng/ml. (n=1). One-way ANOVA statistical test was performed.

3.10 LYZ is expressed in mouse small intestine

tissue sections

The expression and secretion of LYZ and APOC3 in CACO-2 cells (a gut epithelium

model) supported the hypothesis that wild-type S. Typhi induced expression of APOC3

and LYZ during infection of the gut (Fig.3.11,3.12). To further validate secretome-
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WT in human participants, a collaboration was established with Professor Teresa Frisan

(University of Ume̊a) who has established a mouse infection model to study the typhoid

toxin.140 Nramp1+ Sv129 mice were infected with a placebo, 108 S. Typhimurium engi-

neered with typhoid toxin (S. Typhimurium-TxWT) or the toxin-negative derivative (S.

Typhimurium-TN) by gastric gavage before euthanisation at 5-days post infection. Fixed

tissue sections enabled immunohistochemistry of APOC3 and LYZ during infection of the

mouse intestinal epithelium and the raw images were transferred to our laboratory for

image analysis (Fig.3.13). No APOC3 was observed. Nevertheless, LYZ was observed

in non-infected and S. Typhimurium-TN, and though there was a relative increase in

LYZ expression S. Typhimurium-TxWT during infection (Fig.3.13A), the findings were

insignificant (Fig.3.13).

Figure 3.13: LYZ is expressed in mouse intestinal tissues in response to Salmonella
infection. (A) Immunofluorescence images from Frisan Laboratory in Sweden processed by
myself of mouse small intestine post ingestion of Salmonella WT or Salmonella ∆Toxin. (B)
Quantification of integrated LYZ intensity per cell, each point represents an average per image.
Error bars represent SEM (n=1)
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3.11 LYZ reduces the viability of Salmonella

In the TYGER study, the duration of bacteraemia was shorter in participants infected

with S. Typhi WT than S. Typhi TN.56 In Chapter 2, proteomic analysis of the plasma

from participants with bacteraemia revealed toxin-induced secretome, which contained

putative antimicrobials including APOC3 and LYZ, which may explain the shorter dura-

tion of bacteraemia in S. Typhi WT-infected participants. In this chapter, the secretion

of APOC3 and LYZ from human cells was found augmented in a toxin-dependent manner

validating the proteomic data in Chapter 2. Thus, the next step was to examine the

antimicrobial properties of secretome-WT, which focussed on LYZ.

Gram-positive bacteria are bound by a single outer membrane that can be penetrated

by LYZ resulting in cell death. Gram-negative bacteria have increased resistance to LYZ

due to a cell wall comprising an inner and outer membrane.311,312 LYZ can mediate

bactericidal activities on Gram-negative bacteria through cationic pore forming activities

and/or by working in cooperation with agents that can permeabilize the outer membrane,

which allows LYZ access to the underlying peptidoglycan. For example, defensins are

known to permeabilise the outer surface of bacteria to allow entry of excluded enzymes

such as LYZ to further attack the bacteria.313 This can be mimicked biochemically when

cells are exposed to a mild osmotic shock in the presence of EDTA. Thus, I sought to

investigate the antimicrobial properties of LYZ on Salmonella with a view to examining

whether the lipid-binding properties of APOC3 enhance penetration of LYZ and therefore

any bactericidal effects.

In an attempt to mimic that, Salmonella was permeabilized using Gaudet et al. 2021

permeabilization protocol.294 Salmonella was incubated with EDTA and salts. EDTA

neutralized LPS and salts cause osmotic pressure in the Salmonella causing a permeabi-

lized OM for LYZ to function.

S. Javiana were non-permeabilized or permeabilized prior to incubation with LYZ and

growth measured by OD 600nm readings every 30 minutes in a Tecan Sunrise plate reader

at 37◦C with shaking.

In the absence of permeabilization, untreated negative control S. Javiana (black line)

grew exponentially in the first 5h reaching an OD600 of 0.6 after which no more growth

was observed indicating stationary phase (Fig.3.14A,C). The addition of either chicken

LYZ (LYZ-Chk; in Fig.3.14A) or human LYZ (LYZ-Hu in Fig.3.14C) reduced growth

though not in a concentration dependent manner and findings with the lowest concentra-

tion of 20µg/ml (magenta line) were most consistent. This indicates that LYZ prevents

growth of Salmonella. The same findings were also observed with permeablized S. Ja-

viana incubated with LYZ-Chk in Fig.3.14B but not LYZ-Hu in Fig.3.14C where results
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were inconclusive. During attempts to repeat the experiment, the Tecan Sunrise broke

down and a Hidex sense plate reader was used instead. Due to time constraints, ini-

tial experiments were performed with permeablized S. Javiana incubated with LYZ-Chk

(Fig.3.14E) or LYZ-Hu (Fig.3.14F). However, no differences on the growth of S. Javiana

were observed.

Figure 3.14: Salmonella Growth with LYZ treatment for 24 hours. (A)-(D) Tecan
Sunrise plate reader performed experiments. (A) Non-permeabilized Salmonella incubated with
three different concentrations of chicken LYZ (LYZ-Ck), 20µg/ml, 200µg/ml and 2mg/ml. (B)
Permeabilized Salmonella incubated with LYZ-Ck. (C) Non-permeabilized Salmonella incu-
bated with three different concentrations of human LYZ (LYZ-Hu), 20µg/ml, 200µg/ml and
2mg/ml. (D) Permeabilized Salmonella incubated with LYZ-Hu. (E)-(F) Hidex sense plate
reader performed experiments. (E) Permeabilized Salmoenlla incubated with LYZ-Ck. (F) Per-
meabilized Salmoenlla incubated with LYZ-Hu. Each point is the average of three technical
replicates.
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Measuring bacterial growth in a plate reader enabled antimicrobial effects to be quanti-

fied but technical issues and time constraints due to repairs led to a change in strategy. To

examine the effect of LYZ on Salmonella viability more directly, S. Javiana were grown

to an OD of 0.5 before osmotic shock with EDTA buffer and incubation with LYZ then

viability assayed by colony counting on LB agar plates (depicted in Fig.3.15A).

S. Javiana continued to grow in the absence of LYZ demonstrated by a uniform zone of

growth and the lack of individual colonies (Fig.3.15B). Permeabilization itself reduced

the growth rate of S. Javiana though bacterial growth increased between 2 hours and 4

hours indicating recovery (Fig.3.15B). This trend was also observed when serial dilutions

were plated and resulting colony counts quantified (Fig.3.15C). In the presence of LYZ,

5µg/ml and 10µg/ml slowed the growth rate, which began to recover by 4 hours post-

incubation (Fig.3.15B,C). In contrast, 1mg/ml and 2mg/ml resulted in loss of viability

as LB could not support growth of S. Javiana at 4 hours.

The next step was investigating if the DDR secretome from intoxicated CACO-2 cells

which secrete LYZ Fig.3.12 could induce bacterial killing on permeabilized Salmonella.

Our hypothesis was that other factors in the DDR secretome could permeabilize S. Javiana

and subsequently allow for LYZ action, e.g. APOC3, defensins. Non-permeabilized S.

Javiana were incubated with CM-WT and CM-HQ, and spotted on an Agar plate at

different time points. As a negative control, S. Javiana were incubated with conditioned

cell culture medium from untreated cells (i.e. untreated). As expected, the growth of

non-permeabilised S. Javiana was indistinguishable when incubated with either untreated

conditioned media (untreated), or conditioned media from cells treated with TxWT (CM-

WT) or TxHQ (CM-HQ) (Fig.3.15D,E). However, the same observations were made

with permeabilized S. Javiana providing no evidence of an antimicrobial DDR secretome.

Indeed, if anything, the reverse trend was true as enhanced growth of S. Javiana was

observed with CM-WT and CM-HQ relative to untreated (Fig.3.15E).

Looking at the previously shown LYZ ELISA results in Fig.3.12, it was noted that the

concentration of LYZ in CM-WT was ∼15ng/ml (Fig.3.15F). This is 1500x lower than

the lowest effective dose suggested in preliminary LYZ viability experiments (1g/ml) in

Fig.3.15E. This may explain the unexpected effects observed in response to CM on S.

Javiana.

In summary, purified LYZ can mediate bactericidal effects on Salmonella but only if

the outer membrane is compromised to allow penetration of LYZ into the periplasmic

space where its substrate peptidoglycan is accessible. However, the concentrations of

LYZ in the DDR secretome appear insufficient to recapitulate the findings with purified

LYZ. Thus, the findings do not currently support the hypothesis that the DDR secretome

exerts antimicrobial effects through LYZ and APOC3.

76



Figure 3.15: Permeabilization of Salmonella OM provides LYZ effectiveness in a
dose dependent manner. (A) Schematic explaining the aim of permeabilization protocol.
(B) Colony forming unit (CFU) images at timepoints post LYZ treatment. (C) Quantification
of CFU counts at 2 and 4 hours with different concentrations of LYZ. (D) CFU images of
Salmonella at different time points with different concentrations of LYZ and conditioned media
(CM) collected from TxWT and TxHQ intoxicated CACO-2 cells. (E) Quantification of CFU
counts at 1, 2, and 4 hours of incubation with LYZ concentrations, CM-WT or CM-HQ. (F)
Bar chart showing concentration of LYZ in 1ml of collected CM before incubation on Salmonella
(n=1). (B) and (D) Representative images from n=2. (C) and (E) each point is a CFU colony
and different shapes represent different biological repeats.
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3.12 Discussion of results

Protein secretion has been a major focus of the Salmonella host-pathogen interaction

field for decades yet much of the attention has been placed on Salmonella secretion of vir-

ulence effector proteins or host cell secretion of cytokines. Once Salmonella colonises the

gut epithelium studies have shown that secreted effector proteins aid in pathogen survival.

However, the effectors can also alter the host secretome.314 One of the first examples of

a virulence effector to induce secretion of host proteins was SipB. SipB is a component

of the T3SS translocon and membrane damage is thought to activate the inflammasome

characterised by macrophage pyroptosis and secretion of IL-1 and IL-18.315,316 Chapter

2 revealed that the typhoid toxin elicits release of a host secretome containing APOC3

and LYZ in human participants with typhoid. Chapter 3 suggests that the secretome is

a host response to DNA damage controlled by ATM and ATR DNA repair kinases. This

chapter advances the field by implicating a DDR secretome in response to Salmonella in

participants with typhoid.

Chapter 2 utilised mass spectrometry to identify novel proteins that are produced in

response to Salmonella infection in human participants. These proteins were hypothe-

sised to play a role in Salmonella infection and associated symptoms. Amongst these

proteins, APOC3 and LYZ showed the most promise as they exhibit differential secre-

tion between secretome-WT and secretome-TN groups, in addition to their antibacterial

properties.256,317

Chapter 3 identified CACO-2 as an efficient intestinal cell model to investigate toxin-

induced APOC3 and LYZ expression. APOC3 and LYZ were both expressed in response

to Tx-WT treatment of CACO-2 cells. Consistent with previous findings, the typhoid

toxin induced a DDR marked by γH2AX signalling.226 The toxin-induced DDR was also

implicated with APOC3 and LYZ expression, suggesting that both proteins are impli-

cated in DDR. It is also possible that secreted factors activate DDRs themselves, which is

well-established in the senescence field where factors in SASP promote DDRs in bystander

cells resulting cell-cycle arrest and senescence.220 Consistent with this, APOC3 was found

accumulating in the nucleus of intoxicated CACO-2 cells, which displayed γH2AX DDRs.

APOC3 is an important regulator of lipid metabolism290 and phosphoinositide lipids have

been shown to recruit ATR to sites of DNA damage, thus, the lipids represent a com-

ponent of the early DDR.318 However, no colocalization between APOC3 and H2AX was

observed suggesting that APOC3 is not involved in γH2AX production by recruitment of

ATM/ATR. Thus, it remains to be established whether APOC3 accumulates in the nu-

cleus or the perinuclear region, and whether lipids are bound to APOC3, and whether the

nuclear accumulation of APOC3 is a result of nuclear dysfunction driven by micronuclei

formation and genomic instability.
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The use of CACO-2 cells has its limitations. CACO-2 cells are cancer cells and thus

not an ideal model for healthy intestinal cells, which could be addressed using stem cell

cultures or primary gut cells. CACO-2 cells were cultured in a monolayer which is another

drawback as monolayer cells lacks the complexity of the intestinal epithelium.319 Three-

dimensional cultures of CACO-2 intestinal tubes is an emerging field of study that is

currently being applied in our laboratory. It could be further used to investigate the

toxin induced effects on a more complex system. An other drawback is that CACO-2

cells are p53 null.320 P53 is an important regulator of senescence and so CACO-2 cells

are unlikely to senesce.321 As a result, the role of senescence in host secretory responses

to typhoid toxin in cells and human participants have not been addressed.

This chapter shows bactericidal effects of LYZ on Salmonella fitting with the litera-

ture.322 Salmonella permeabilization aided in observing dose dependent effects with LYZ

(Fig.3.15). However, more experiments need to be carried out to ascertain the signifi-

cance of APOC3 and LYZ in the shorter duration of bacteremia with wild-type S. Typhi

reported in the TYGER study.
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Chapter 4

Discussion

This study identified toxin-specific host protein signatures APOC3 and LYZ in human

participants at the time of typhoid diagnosis. In vitro studies exploiting intoxicated

cultured cells showed that expression of APOC3 and LYZ were induced by the DDR in a

manner dependent on ATM/ATR and toxin nuclease activity, which resulted in secretion

of APOC3 and LYZ. Secretion of APOC3 and LYZ was also observed during infection

with the toxigenic NTS serovar Salmonella Javiana, which supports observations in human

participants with typhoid whilst opening up the possibility that diverse serovars encoding

typhoid toxin modulate the host secretome in a similar manner, e.g. S. Paratyphi A. The

role of the secretome is still unclear but the data indicate that pathogen-induced DNA

damage is sensed by ATM/ATR kinases, which elicits a host response via the secretome

that counteracts Salmonella infection by reducing the duration of bacteraemia.

4.1 Lessons learned from proteomic analysis of

host-pathogen interactions

Proteomics provides a powerful methodology to determine protein level changes in

host-pathogen interactions, which can provide insight into the role of virulence factors

including bacterial toxins.323 For example, host proteome alterations in response to the

toxin Listeriolysin O (LLO) of Listeria monocytogenes were identified by SILAC (stable

isotope labelling by amino acids in cell culture) followed by LC-MS/MS of lysates of cul-

tured cells.324 This showed upregulation of the host ubiquitination system resulting in

proteosome-dependent degradation of 149 host proteins. However, the study above ex-

ploited proteomic analysis of tissue culture models whereas this PhD study uses plasma

from clinical samples, which is a valuable resource for studying typhoid host-pathogen

interactions, vaccines and diagnostic markers. For example, plasma samples harvested

from participants with typhoid fever following challenge with S. Typhi were used to screen

4,445 bacterial antigens in sera from 41 participants.325 Proteomics-based identification

of plasma proteins in chronic S. Typhi carriers identified albumin, proprotein convertase
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subtilisin, furin, and haptoglobin, upregulated in chronic carriers.326 While metabolomic

profiling of plasma samples from chronic carriers identified glutaric acid and hexanoic

acid.327To my knowledge, this PhD thesis advances the field by providing the first pro-

teomic study of host responses to a bacterial toxin in a human infection challenge model.

Host secretomes in response to infection have also been analysed using proteomics.323

For example, targeted analysis of macrophage secretions in response to TLR4 activation

via heat-killed E. coli, TLR2 activation by heat-killed Staphylococcus aureus or TLR7

activation by live intracellular Burkholderia cenocepacia identified lysozyme-2 (LYZ-2) as

an upregulated component of the secretome.328 Does this suggest that increased secretion

of LYZ during WT S. Typhi infection is due to PAMP recognition by TLRs? In this study,

LYZ was found at a lower concentration in the TN S. Typhi infected relative to uninfected

participants while WT S. Typhi infected participants showed an increased LYZ secretion

in a toxin-dependent manner Fig.2.13. This suggests LYZ is not secreted in response to

the PAMPs of TN S. Typhi. Our findings in CACO-2 cells suggest LYZ is upregulated in

a manner dependent on DDRs in the S. Typhi-infected gut rather than TLR signalling

in circulating mononuclear cells in the bloodstream of participants. Unpublished RNA

sequencing of circulating leukocytes showed no difference in LYZ expression between WT

and TN S. Typhi-infected participants suggesting that differences in secretion were not

due to changes at the transcriptional level Fig.3.3.

The host secretome of Salmonella infected cells has been investigated in vitro. Cell

culture supernatants of THP1 macrophages infected with S. Typhimurium for 1.5 hours

were analysed by LC-MS/MS to determine the extracellular proteome.329 The findings

revealed that infected macrophages release exosomes that trigger TLRs, which in turn

releases TNF-a and secretion of cytokines RANTES, IL-1ra, MIP-2, CXCL1, MCP-1,

sICAM-1, GM-CSF, and G-CSF. When comparing the findings of Hui et al 2018329 to the

findings in this PhD thesis, we identify an array of host proteins in response to typhoid

infection some of which are involved in inflammasome activation, for example, APOC3

Fig.2.10. While there is no direct overlap in the constituents, functional overlap in terms

of innate immunity signalling is noteworthy.

4.2 DDR secretomes in response to bacterial

infection

While DDRs to bacterial infection have been widely reported,330 not much is known

about interactions between host DDR secretomes and infection. Perhaps understandably,

much of the attention has been focussed on the secretion of cytokines in response to

infection. This is exemplified by interferon (IFN) and inflammasome responses. For

example, the cytosolic DNA sensor cGAS senses cytosolic dsDNA originating from DNA
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damage and synthesises cyclic GMP-AMP, which is detected by STING triggering type

I IFN expression and NF-κB signalling.331,332 Type I IFN expression is upstream of

proinflammatory cytokines. The cGAS-dependent type I IFN response is known to be

activated by the E. coli CDT, which causes DNA damage and consequently DDR, resulting

in secretion of cytokines IL-1β,IL-6 and IL-8.333 In this study, human participants infected

with WT S. Typhi secreted LYZ and APOC3, which are implicated in degradation of

bacteria and inflammasome activation, respectively. Thus, this PhD thesis demonstrates

that host secretome responses to bacterial genotoxins is not limited to cytokines but

includes divergent host proteins implicated in innate immune responses.

4.3 Role of ATM/ATR in innate immune responses

to infection

DDR and innate immune responses were believed to be independent cellular functions,

however recent evidence supports that there is more cross talk between them than once

believed.334–338 ATM is reported to activate immune responses through IFN and NF-

κB stimulation,339,340 and p53 phosphorylation and STING activation.331,332 This study

suggests that DDR secretome components, APOC3 and LYZ, are regulated by ATM

and ATR, which were inhibited by caffeine in vitro. There are conflicting publications

regarding the role of ATM in enhancing or inhibiting antimicrobial responses. Härtlova et

al suggest that loss of ATM enhances both the antiviral and antibacterial effects, through

augmenting STING activation and IFN production.341 In their follow-up study, ATM

knockout mice were more susceptible to S. pneumoniae, which they suggested could be

due to the build up of ROS that hindered PRR-mediated recognition of PAMPs.342,343

Further work is required to dissect the role of ATM/ATR in coordinating LYZ/APOC3

responses and whether these responses to Salmonella are antimicrobial.

4.4 Does DDR counteract or promote Salmonella

infections?

How the DDR fits in with the S. Typhi disease model is still under investigation. In this

study, we speculate that the DDR could be a host mechanism to counteract Salmonella

infection. DNA damage via oncogenes activates p53, which prevents cell growth by cell

cycle arrest and suppression of metabolism that limits nutrient supply.344 Suppression

of cell metabolism by p53 was also shown to inhibit the growth of the obligate intracel-

lular pathogen Chlamydia trachomatis that activates DDRs during infection.241,345 This

PhD study shows toxin induced DNA damages in our CACO-2 model (Fig.3.5), coinci-

dent with toxin-induced APOC3 (Fig.3.5) and LYZ expression (Fig.3.11). Preliminary

experiments with LYZ indicate antimicrobial properties towards Salmonella (Fig.3.15).
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Intriguingly, the related protein APOL3 was recently shown to solubilise the outer mem-

brane of Salmonella Typhimurium in a manner reminiscent of detergents.294 It is interest-

ing to speculate that APOC3 may functionally mimic APOL3 thereby providing enhanced

access for LYZ to the peptidoglycan of S. Typhi. This remains to be investigated.

Recent studies suggest a role of the lipoprotein APOC3 in inflammasome activation by

direct binding of TLR2/TLR4,256 which are known to sense PAMP lipoproteins such as

LPS from Gram-negative bacteria and lipoproteins of Gram-positives.346 Inflammasomes

are known to restrict Salmonella Typhimurium infections in the intestinal mucosa of mice

through pyroptosis of infected cells, which recruits neutrophils and reduces pathogen dis-

semination.347,348 Thus, APOC3 could potentiate inflammasome-mediated cell death in

infected cells to reduce the duration of bacteraemia. S. Typhi have evolved mechanisms

to counteract inflammasome activation. S. Typhimurium activates NLRC4 and NLRP3

inflammasome pathways through flagellin.349 However, Salmonella has evolved to down-

regulate flagellin127,350,351 and produce effectors that inhibit inflammasome activation as

Salmonella infection progresses.352,353 For example, a regulator of flagellin in S. Typhi

called tviA represses the expression of flagellin, which reduces pyroptosis.354 Thus, secre-

tion of APOC3 in response to virulence factors like typhoid toxin may sensitise infected

cells to inflammasome activation. However, more investigations need to be carried out.

4.5 Does the study address a role for senescence?

Our study identified 54% of toxin specific proteins in secretome-WT to be implicated in

senescence as reported in the SASP Atlas (Fig.2.12). APOC3 is a reported SASP219 and

its expression is impaired in ageing mice.355 Meanwhile, LYZ is not a reported SASP, but

rather reported antimicrobial protein. Both proteins of interest, APOC3 and LYZ were

validated in CACO-2 cells which are p53-deficient. Thus, the CACO2 model shows that

APOC3/LYZ are expressed in a p53-independent manner. P53 is a major regulator of

senescence.220,321 For example, p53 activates expression of p21, which inhibits cell-cycle

progression to establish senescence.321 Thus, the use of CACO-2 cells limits our ability

to assess the significance of senescence in vitro.

4.6 Why would S. Typhi encode a toxin that

promotes an anti-infective response?

This PhD study proposes that toxin-induced DDRs activate release of a host secretome

that contributes to the rapid elimination of WT S. Typhi from the bloodstream of infected

participants. Why would S. Typhi encode a virulence factor that reduces disease? Per-

haps this is not necessarily the case. The phenotype of shorter bacteraemia in response to

WT S. Typhi could be due to the Salmonella disseminating from the bloodstream more

83



rapidly within infected mononuclear cells, i.e. exiting the bloodstream to colonise sys-

temic sites. Indeed, the toxin promotes Salmonella colonisation of systemic sites in mice,

e.g. liver.139,140 However, this does not fit with reduced pathology observed in human

participants with typhoid infected with WT S. Typhi relative to TN S. Typhi.56 Simi-

larly, mice infected with toxigenic S. TyphimuriumTOX or S. Javiana have reduced host

pathology relative to infections with toxin-negative mutant strains.139,140 This suggests

that the toxin limits infection in some manner to reduce pathology and protect the host,

perhaps through activation of DDRs as proposed in this PhD study, which may fit with

the stealth strategy of S. Typhi.

4.7 Proposed model: Human host secretome

response to bacterial toxins.

This PhD thesis shows that typhoid toxin of S. Typhi triggers release of a host secretome

into the bloodstream in human participants with bacteraemia at the time of typhoid

diagnosis. APOC3 and LYZ are both reported in the secretome which potentially play an

anti-infective role via APOC3-mediated inflammasome activation and/or LYZ-mediated

degradation of Salmonella. In doing so, this study provokes closer inspection of the

significant differences observed during bacteremia in the study by Gibani et al 2019.56 My

findings may suggest that a host DDR secretome in response to typhoid toxin mediates

an anti-infective response, which counters bactereamia.
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4.8 Future work

In the short term, we will address the hypothesis that APOC3 can work in synergy with

LYZ to exhibit bacterial killing without the need for permeabilization with EDTA, i.e. via

functional overlap with APOL3 . We will perform bacterial killing assays using purified

LYZ and APOC3 to answer this question. We will be investigating the role of APOC3

in inflammasome activation in Salmonella infection models and its possible antibacterial

properties. In addition, validation infection experiments will be carried out using S. Typhi

instead of toxigenic S. Javiana. S. Typhi infections align with the pathogen model used

in the TYGER study.

In the long-term. this PhD thesis provides a standing ground for future research to aid in

understanding typhoid disease mechanisms. It proposes a complex secretome is involved

and thus implicates several mechanisms in typhoidal disease, DNA damage, senescence,

inflammasome activation. Future investigations recommend further examining the iden-

tified secretome-WT proteins and their implication in establishing bacteraemia. Proteins

identified in this study can be validated in typhoid samples from endemic settings that

could also investigate the effects of S. Typhi during the longer duration of disease in vivo,

for example, severe typhoid, chronic carriage. Due to the outbreaks being reported in

typhoid endemic regions, case studies are being devised to further understand the disease

and create a database of plasma samples of typhoid diagnosed participants.91,356,357 These

case study plasma samples can be an important tool for identifying diagnostic proteins

of interest, which include those stimulated by typhoid toxin. Thus, in the long term, it

is possible that host proteins in plasma may be used to establish novel diagnostics to

prevent typhoid.
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Chapter 5

Materials & Methods

5.1 Plasma samples preparation

Plasma samples were obtained from human participants participating in the human

infection challenge study.56 Participants plasma was collected before infection (Baseline,

D0) and at time of diagnosis post infection (TD). participants were infected with the

WT- Salmonella Typhi (WT) or toxin-mutant Salmonella Typhi (TN). Forty samples

were provided, twenty 100µl vials at baseline and twenty100µl vials at time of diagnosis.

All samples were kept anonymous, participants were distinguished with barcodes and

participant numbers, shown in Table 5.1.

5.1.1 Ethical Approval

This project was approved by the university ethics committee under the title “Investi-

gating the host senescence responses triggered by the typhoid toxin during acute enteric

fever”, reference number 041178.

5.1.2 TYGER study ethical approval

Participant recruitment and sample collection was conducted and published by our

collaborators in Oxford: Project OVG2016/03[TYGER]; Research Ethics Committtee

reference 16/SC/0358; clinical trials.gov Reference NCT03067961.
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Figure 5.1: Project ethical approval.
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Table 5.1: Plasma Samples and corresponding Allocations

Barcode Participant Visit Allocation

HIC-vac-8183-D00-Pl-Sh1 8183 D00 TN

HIC-vac-8199-D00-Pl-Sh1 8199 D00 WT

HIC-vac-8232-D00-Pl-Sh1 8232 D00 TN

HIC-vac-8273-D00-Pl-Sh1 8273 D00 TN

HIC-vac-8352-D00-Pl-Sh1 8352 D00 WT

HIC-vac-8414-D00-Pl-Sh1 8414 D00 WT

HIC-vac-8416-D00-Pl-Sh1 8416 D00 TN

HIC-vac-8424-D00-Pl-Sh1 8424 D00 TN

HIC-vac-8428-D00-Pl-Sh1 8428 D00 WT

HIC-vac-8450-D00-Pl-Sh1 8450 D00 WT

HIC-vac-8462-D00-Pl-Sh1 8462 D00 WT

HIC-vac-8542-D00-Pl-Sh1 8542 D00 WT

HIC-vac-8582-D00-Pl-Sh1 8582 D00 WT

HIC-vac-8612-D00-Pl-Sh1 8612 D00 TN

HIC-vac-8626-D00-Pl-Sh1 8626 D00 TN

HIC-vac-8648-D00-Pl-Sh1 8648 D00 TN

HIC-vac-8678-D00-Pl-Sh1 8678 D00 TN

HIC-vac-8822-D00-Pl-Sh1 8822 D00 WT

HIC-vac-8909-D00-Pl-Sh1 8909 D00 WT

HIC-vac-8951-D00-Pl-Sh1 8951 D00 TN

HIC-vac-8183-TD-Pl-Sh1 8183 TD TN

HIC-vac-8199-TD-Pl-Sh1 8199 TD WT

HIC-vac-8232-TD-Pl-Sh1 8232 TD TN

HIC-vac-8273-TD-Pl-Sh1 8273 TD TN

HIC-vac-8352-TD-Pl-Sh1 8352 TD WT

HIC-vac-8414-TD-Pl-Sh1 8414 TD WT

HIC-vac-8416-TD-Pl-Sh1 8416 TD TN

HIC-vac-8424-TD-Pl-Sh1 8424 TD TN

HIC-vac-8428-TD-Pl-Sh1 8428 TD WT

HIC-vac-8450-TD-Pl-Sh1 8450 TD WT

HIC-vac-8462-TD-Pl-Sh1 8462 TD WT

HIC-vac-8542-TD-Pl-Sh1 8542 TD WT

HIC-vac-8582-TD-Pl-Sh1 8582 TD WT

HIC-vac-8612-TD-Pl-Sh1 8612 TD TN

HIC-vac-8626-TD-Pl-Sh1 8626 TD TN

HIC-vac-8648-TD-Pl-Sh1 8648 TD TN

HIC-vac-8678-TD-Pl-Sh1 8678 TD TN

HIC-vac-8822-TD-Pl-Sh1 8822 TD WT

HIC-vac-8909-TD-Pl-Sh1 8909 TD WT
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5.1.3 Protein quantification:

Samples were quantified for protein concentration using micro BCA (Thermoscientific,

Cat. no. 23235 ). Plasma samples are above the micro BCA sensitivity range (0.5µg/ml to

20µg/ml), with a theoretical concentration of 60-80mg/ml. Samples were diluted 1:1000,

followed by a further dilution of 1:100, for a theoretical concentration of 0.6µg/ml; which

in turn brings the samples down to the BCA sensitivity range. To establish a standard

curve to interpolate unknown serum protein concentration bovine serum albumin (BSA)

was used. BSA standards were prepared at the following concentrations. Table 5.2.

Table 5.2: BSA standard concentrations

Dilution Factor Concentration
1x 50 µg/ml
2x 25 µg/ml
4x 12.5 µg/ml
5x 10 µg/ml
10x 5 µg/ml
20x 2.5 µg/ml

BCA solution was prepared as recommended by adding components A, B and C at a

ratio of 25:24:1 respectively. 500µl of BCA solution was added to 475µl of water and

25µl of prepared standard solutions. Mixture was incubated at 37◦C for 1 hour. Samples

change color depending on protein concentration, a darker color indicates higher protein

concentration.

Sample absorbance was measured using a spectrophotometer at 562nm and correlated

to the standard curve to calculate protein concentration. Standard curve and unknown

interpolation was carried out using GraphPad Prism (Prism 9 for macOS Version 9.0.2

(134)). Plasma samples protein concentrations were then noted down as shown in Table

below
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Table 5.3: Plasma samples protein concentration

Participant Visit Allocation Protein concentration Volume loaded

(µg/µl) to ID column (µl)

8199 D0

WT

33.37 8.99

8352 D0 54.08 5.55

8414 D0 41.37 7.25

8428 D0 24.43 12.28

8450 D0 43.89 6.83

8462 D0 38.32 7.83

8542 D0 45.92 6.53

8582 D0 26.68 11.24

8822 D0 36.20 8.29

8909 D0 44.40 6.76

8199 TD 13.50 22.22

8352 TD 10.60 28.30

8414 TD 17.40 17.24

8428 TD 10.60 28.30

8450 TD 10.90 27.52

8462 TD 20.70 14.49

8542 TD 13.60 22.06

8582 TD 11.70 25.64

8822 TD 28.30 10.60

8909 TD 16.60 18.07

8183 D0

TN

32.90 9.12

8232 D0 22.08 13.59

8273 D0 53.14 5.65

8416 D0 30.55 9.82

8424 D0 26.78 11.20

8612 D0 36.20 8.29

8626 D0 27.73 10.82

8648 D0 25.84 11.61

8678 D0 33.84 8.86

8951 D0 30.55 9.82

8183 TD 17.20 17.44

8232 TD 14.80 20.27

8273 TD 23.40 12.82

8416 TD 17.70 16.95

8424 TD 13.60 22.06

8612 TD 14.40 20.83

8626 TD 12.30 24.39

8648 TD 24.40 12.30

8678 TD 16.00 18.75

8951 TD 15.60 19.23
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5.1.4 Immunodepletion column

One of the biggest challenges facing proteomic analysis on plasma is the high abundance

of specific proteins, for example, albumin on its own makes up about 55% of total plasma

concentration. To tackle this obstacle, immunodepletion columns are employed to remove

abundant proteins and allow for detecting lower abundance proteins that are of more

interest.

Immunodepletion columns use affinity chromatography to remove the most abundant

proteins from plasma. Multiple Affinity Removal Column Human-14 (MARS-14) (Agi-

lant; 5188-6559 ) is designed to remove the 14 most abundant proteins in human plasma

(albumin, IgG, antitrypsin, IgA, transferrin, haptoglobin, fibrinogen, α2-macroglobulin,

α1-acid glycoprotein, IgM, apolipoprotein AI, apolipoprotein AII, complement C3 and

transthyretin) which make up 94% of overall protein concentration.

Total Protein concentration was calculated by micro BCA interpolation using GraphPad

Prism and samples were diluted to 300µg per 200µls of Buffer A (1.5µg/µl). Diluted

plasma was passed through the column by manual injection gently without induction of

bubbles or exerting excess force, that would rupture the column. Spin sample down at

1300 rpm for 5minutes to remove any particulates.

Dilute 8µL (or appropriate volume based on concentration) of plasma into 192µL Buffer

A (proprietary solution). Spin at 1300 rpm for 5 minutes to remove particulates.Prepare

Agilent spin cartridge by removing cartridge cap and dispensing with storage Buffer.

Add 200 µL of diluted serum/plasma sample to spin cartridge and centrifuge for 1 minute

at 100×g. Wash Agilent spin cartridge. Add 400 µL of Buffer A and centrifuge for 1

minute at 100×g. Collect Flow-Through containing low-abundant proteins for mass spec

analysis (tube F1). Repeat wash Step in new tube. Collect Flow-Through containing

low-abundant proteins for mass spectrometry analysis (tube F2). Elute high-abundant

proteins from Agilent spin cartridges. Syringe 5ml of Buffer B through column and collect

flow through in 15ml tube containing high-abundant proteins. Combine tubes F1 and F2

(F12). Fractions contain low-abundant proteins. To Re-equilibrate cartridge, syringe 5ml

of Buffer A through column and collect waste flow through. Cartridge is ready to re-use.

5.1.5 Acetone precipitation of protein and inactivation of

Salmonella

Cool the required volume of acetone to -20◦C. Prepare F12 fraction (∼800µL) from

immunodepletion column into acetone compatible tube (15ml falcon). Acetone precipitate

by adding four times the sample volume of cold (-20◦C) acetone to the tube. Mix by

inverting the tube gently and incubate overnight at 20◦C. The contents of the tube are

now precipitated/inactivated. Samples can now be moved to Class 1 laboratory. Harvest
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precipitated proteins by centrifugation for 10 minutes at 13000-15000×g at 4◦C. Decant

acetone supernatant carefully to avoid disrupting the precipitated protein pellet. Air dry

protein pellet by allowing it to evaporate from the uncapped tube at room temperature

for about 30minutes, avoid over-drying (pellet will be hard to resuspend if it overdrive).

Resuspend dried pellet in 50ul of S-Trap solubilization buffer (5% SDS (Cat.no. 05030-

500ML-F ), 5mM Triethylammonium Bicarbonate Buffer (TEAB) buffer (Cat.no. 90114 ),

pH 7.55) and store dried samples at -20◦C.

5.1.6 Protein digestion by S-Trap

Samples in S-Trap solubilization buffer were reduced with 2µl Tris(2-carboxyethyl)phos-

phine hydrochloride (TCEP) (Cat.no. 646547-10X1ML) (0.5M) and heated at 70◦C for

15 minutes. Next, it was cooled down for 5minutes at room temperature. Alkylate

samples by adding twice the concentration of iodoacetamide (Cat. no. I6125 ) (to prevent

reformation of disulfide bonds). Make up 0.5M iodoacetamide by weighing 0.09248g in

1ml of HPLC water (Cat.no. W6-1 ) and store away from light (must be made fresh).

Pipette 4µl of 0.5M Iodoacetamide to sample. Keep in the dark for 30 minutes at room

temperature.

Add 2.5µl of 12% phosphoric acid (Cat. no. A242- 500 )to SDS lysate sample, to a

final concentration of 1.2% phosphoric acid. Prepare S-Trap binding buffer (90% aqueous

methanol (900688-1L), 0.1M TEAB, pH 7.1) and add 165µl to 25µl of sample lysate.

Prepare S-Trap columns for elution by adding S-Trap columns (Cat.no. C02-micro-80 )

in 2ml eppendorfs.

Spin down sample lysates to ensure there is no condensation. Load 150µl of sample at

a time to the S-Trap column avoiding poking white material at the bottom of column.

Spin for 10 seconds at 4000×g at room temperature. Repeat the process until the sample

is spun down. After two collections change the eppendorfs. Wash 3× with S-trap binding

buffer (150µl per wash). Move the S-trap column to a clean 2ml eppendorf.

5.1.7 Trypsinization (Digestion)

Prepare trypsin (Cat.no. 90058 ) stock at 1µg/µl of 0.1% Trifluoroacetic acid (TFA)

(Cat.no. 108262 ). Trypsin is added at 1µg per 10µg per protein, 1:10 w/w. Each sample

has about 50µg proteins so 5µg per sample, therefore 5µl per sample. Add 5µl of 1µg/µl

Trypsin to 25µl TEAB buffer and apply to S-Trap columns, avoiding air bubbles. Seal S-

Traps with parafilm and incubate for 1 hour at 47◦C without any shaking. Elute digested

proteins by adding, 40µl of 50mM TEAB and centrifuge at 4000×g for 10 seconds. Next,

add 40µl of 0.2% aqueous formic acid, centrifuge at 4000 xg for 10 seconds. Finally, add

40% of 50% ACN containing 0.2% aqueous formic acid (Cat.no. A117-50 ) centrifuge at

4000×g for 10 seconds. Store at -20◦C until ready for drying.
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5.1.8 Sample drying

Samples were centrifuged in 1.5ml eppendorfs (with lids left open to allow evaporation)

at 45◦C for 90 minutes in a vacuum setting. Once dried, samples were resuspended in

0.5% formic acid. Samples were then moved to polypropylene vials (Thermo Scientific,

160134 ), labelled and injected in the Orbitrap.

5.2 Mass Spectrometry Analysis

5.2.1 LC-MS/MS analysis

18 µl per sample was analysed by nanoflow LC-MS/MS using an Orbitrap Elite (Thermo

Fisher) hybrid mass spectrometer equipped with an easyspray source, coupled to an Ulti-

mate RSLCnano LC System (Dionex). Xcalibur 3.0.63 (Thermo Fisher) and DCMSLink

(Dionex) controlled the system. Peptides were desalted on-line using an Acclaim PepMap

100 C18 nano/capillary BioLC, 100A nanoViper 20 mm x 75 µm I.D. particle size 3 µm

(Fisher Scientific) followed by separation using a 125-min gradient from 5 to 35% buffer

B (0.5% formic acid in 80% acetonitrile) on an EASY-Spray column, 50 cm × 50 µm ID,

PepMap C18, 2 µm particles, 100 Å pore size (Fisher Scientific). The Orbitrap Elite was

operated with a cycle of one MS (in the Orbitrap) acquired at a resolution of 60,000 at

m/z 400, with the top 20 most abundant multiply charged (2+ and higher) ions in a given

chromatographic window subjected to MS/MS fragmentation in the linear ion trap. An

FTMS target value of 1e6 and an ion trap MSn target value of 1e4 were used with the

lock mass (445.120025) enabled. Maximum FTMS scan accumulation time of 500 ms and

maximum ion trap MSn scan accumulation time of 100 ms were used. Dynamic exclusion

was enabled with a repeat duration of 45 s with an exclusion list of 500 and an exclusion

duration of 30 s.

5.2.2 MaxQuant Analysis

All raw mass spectrometry data were analysed with MaxQuant version 1.6.10.43. Data

were searched against a human UniProt sequence database (May 2019) using the following

search parameters: digestion set to Trypsin/P with a maximum of 2 missed cleavages,

methionine oxidation and N-terminal protein acetylation as variable modifications, cys-

teine carbamidomethylation as a fixed modification, match between runs enabled with a

match time window of 0.7 min and a 20-min alignment time window, label-free quantifi-

cation enabled with a minimum ratio count of 2, minimum number of neighbours of 3

and an average number of neighbours of 6. A first search precursor tolerance of 20ppm

and a main search precursor tolerance of 4.5 ppm was used for FTMS scans and a 0.5 Da

tolerance for ITMS scans. A protein FDR of 0.01 and a peptide FDR of 0.01 were used

for identification level cut-offs.
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5.2.3 Perseus Bioinformatic Analysis

There is variation between plasma samples, due to the fundamental variation between

human beings. The participants were not of similar age, but rather a spectrum of age

between 18-60 years old. They were not given the same diet and there were several

uncontrolled factors. This further incriminated the variation between every volunteer.

Each post-infection sample (TD) was normalised to its respective pre-infection baseline

(D0).

MaxQuant data output was loaded into perseus version 1.6.10.50 and all LFQ intensities

were set as main columns. The Matrix was filtered removing any contaminants, identified

by site and reverse sequences. LFQ intesnities were trasformed using Log2(x) default

function. Rows were then filtered with a minimum value of 5 in each group only showing

the default valid values. Data was visualized using Pearson correlation values and outliers

omitted. Sample 8183 D0 was excluded from analysis using subtract function due to

inconsistent Pearson correlation value. Missing values were then replaces with a width of

0.3 and down shift 1.8. Samples where then compared two at a time with D0 and TD of

respective groups using studet t-test with permutation-based FDR calculation (FDR =

0.05) with an (S0) =0.1. Data was then exported to Microsoft excel and Graphpad prism

and made into the figures discussed in Chapter 2. Raw data files can be found in this

link: https://figshare.com/s/5bbfac2d2db54dc000d9.

5.3 Cell Culture

5.3.1 Cell maintenance

Cells were stored in cryopreservative media (10% DMSO (Sigma-Aldrich, D2438 ) and

90% complete media) at -80◦C until they are revived in culture. Frozen cells are thawed

in water-bath for 90 seconds and cultured in respective complete media. Table X sum-

marises media composition and cell origins. Cells were maintained in a 37ºC humidified

incubator with 5%CO2. Cells were passaged every 3 to 5 days depending on their dou-

bling time. Trypsin (Sigma Aldrich, T4049 ) was used to detach adherent cells followed

by neutralisation with FBS (Sigma Aldrich, F7524 ) containing media. Suspension cells

were cultured in suspension and do not require the trypsin step. To ensure seeding cells

are alive, 10µl of cell suspension is stained with trypan blue (Sigma-Aldrich, T8154 ) in

1:1 dilution, followed by cell counting of trypan blue negative cells.
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Table 5.4: Cell culture media composition for each cell line

Cell Origin Media Supplements** Doubling Time

IMR90 Lungs of a 16-week Minimum Eagle 15% FBS ∼30-40

female foetus. Media (MEM) hours

THP1 Acute monocytic RPMI-1640 10% FBS Serum ∼26

leukaemia cells hours

CACO2 Colorectal Gibco Dulbecco’s

adenocarcinoma Modified Eagle 10% FBS ∼32

cells Medium (DMEM) hours

*Added in maintenance culture only

**All media included PenStrep and Kanamycin antibiotics except in indicated

antibiotic-free (Ab-free) media used for infections.

Table 5.5: Catalgue numbers of each media

Media Company Catalogue Number

MEM ThermoFisher 32561037

RPMI-1640 ThermoFisher R8758-500ML

DMEM ThermoFisher 31966021

5.3.2 Cell counting

Cells were counted using a manual hemocytometer. Four replicates of cell counts were

collected and averaged to minimise human errors. After detachment with Trypsin (Ther-

moFisher T4049 ) and incubation with Trypan Blue, 10µl of cells:trypan blue are added

in a glass haemocytometer (Hawksley, AC1000 ). The haemocytometer comprises 4 cham-

bers, trypan blue negative cells of each chamber are counted and halved.

No.ofcells/ml =a+b+c+d
2 ×104
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Figure 5.2: Hematocytometer organization and cell counting.

The volume of cell suspension needed to be diluted in the media for seeding was calcu-

lated as follows:

No.ofcells/ml =Number of cells to be seeded
Counted number of cells/ml

Before seeding, glass coverslips (VWR, 631-1578 ) are added into cell culture wells for

adherent cell lines. The calculated volume then is then diluted in enough complete growth

media to be divided across the required number of culture plate wells.

5.3.3 Monocyte differentiation

THP1s are monocytes in suspension that can be differentiated into macrophages us-

ing Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, P8139 ). PMA is added at

100ng/ml for 72 hours to ensure adherence and differentiation into M0 macrophages.

5.3.4 Intoxication

Toxin Purification

The typhoid toxin was purified by my PhD supervisor Dr. Daniel Humphreys from

BL21 DE3 pETDuet-1 encoding pltBHis pltAMyc and cdtBFLAG using NiNTA agarose

(Qiagen) affinity chromatography according to manufacturer instructions as previously in

Ibler et. al., 2019.226 In brief, recombinant typhoid toxin was expressed from pETDuet-1

overnight in E.coli BL21 DE3 (69450, Merck Millipore) at 30°C following addition of 0.1
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mM Isopropyl β-D-1-thiogalactopyranoside (Sigma- Aldrich). E.coli were harvested by

centrifugation for 10 mins at 6000RCF and resuspended in lysis buffer containing 20 mM

Tris-HCl, pH 8.0, 100 mM NaCl, 1 mM MgCl2 (Sigma-Aldrich) and complete EDTA-free

protease inhibitor cocktail (Roche) then lysed by passage through a Cell Disrupter at

30kPSI (Constant systems Ltd). The His-tagged PltB subunit was used to immobilise

typhoid toxin on Ni-NTA agarose (Qiagen) and purify the toxin from the lysate using via

affinity chromatography according to manufacturer instructions. The toxin was stored at

80°C in lysis buffer supplemented with 20% glycerol.

Toxin dilution

Previously purified toxin in Humphreys lab was used at 20ng/ml unless otherwise indi-

cated.

Intoxication procedure

Cells were seeded overnight before intoxication, to allow for adherence of adherent cell

lines. Growth media was aspirated off and replaced with media supplemented with toxin

for 2 hours pulse, followed by three washes with sterile PBS (Sigma-Aldrich, J60801.K3 )

to remove any toxin, and chased in fresh complete media in Table 5.4 till the end of the

experimental duration.

Caffeine treatment

Cells were seeded overnight as previously discussed. On the day of intoxication, cells

are incubated with 10mM of caffeine for 30minutes before intoxication. Cells are then

intoxicated with the WT toxin, as discussed above, or treated with Etoposide 10µM for

24 hours (topoisomerase inhibitor, Cayman Chemicals (12092)). Cells are fixed at 48

hours and prepared for staining.

5.3.5 Infection

Infection protocol

Cells were seeded overnight before infection, as described above. Meanwhile, Salmonella

was grown overnight by collecting an inoculum of a colony in a streaked plate and resus-

pending it in LB agar with the appropriate antibiotic. Overnight culture is then diluted in

1:100 and left to grow till normalised OD600 1.0. Salmonella strains used were diluted to

the required multiplicity of infection (MOI) and added to cells for 30 minutes. Gentamicin

was then incubated at 50 µg/ml to eliminate extracellular bacteria for 90 minutes, then

followed by a lower gentamicin concentration of 10µg/ml for the remaining duration of

the experiment.

97



Bacterial strains used

Bacterial strains contain the pM975 plasmid which encode a green fluorescent protein

(GFP). pM975 is encoded in the SPI-2 pathogenicity island thus only expressed when the

Salmonella is inside the cell. Wild-Type (WT) strains express the typhoid toxin, while

the ∆CdtB strain expresses the ∆CdtB null toxin.

Table 5.6: Bacterial strains used

Strain Resistance

S. Javiana WT + pM975 Amp

S. Javiana ∆ CdtB + pM975 Amp

Multiplicity of infection (MOI)

The number of bacteria in OD600 1.0 is estimated to be 8x108 bacteria per ml. As pre-

viously discussed OD600 was normalised to 1.0, to calculate MOI the following equation

was used:

MOI =Volume of Media x (8 x 104)
CNumber of seeded cells

5.3.6 Cell culture analysis

Conditioned media collection

Conditioned media was collected from treated cells at the end of the duration of the

experiment. Using stripettes media was aspirated from cells into falcon tubes. Condi-

tioned media was centrifuged at 6000 x g for 5minutes to pellet any floating cells. The

supernatant is collected avoiding disrupting any formed pellet and passed through a sterile

0.2µm filter. Both techniques ensure conditioned media represents external proteins se-

creted off cells in response to treatment. Centrifugation removed floating cells that could

be burst open in the filtration process which in turn would release internalised proteins

into the conditioned media. Meanwhile filtration further removed any remaining cells in

the media.

Fixation

Following conditioned media removal, cells are washed off three times with PBS, and

4% Paraformaldehyde (PFA) (ThermoFisher, J61899 ) was added for 10-15minutes. PFA

was washed off three times with PBS and fixed cells on coverslips were stored at 4ºC until

the start of immunostaining protocol.
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EdU staining

Click-iT EdU Cell Proliferation Kit for Imaging, Alexa Fluor 647 dye (Thermofisher,

C10340 ) was used as per manufacturer’s instructions. EdU was added 24 hours before

fixation. The incubation time was decided based on the average doubling time of all cells

used, which was about 28 hours.

CellEvent Senescence associated β-Galactosidase Green detection Kit

CellEvent Senescence Green detection kit (Invitrogen, C10851) was used according to

manufacturer’s instructions. After fixation, samples were washed with 1% BSA (Sigma-

Aldrich, 3117332001 )in PBS to remove PFA. Next, staining solution is made up of a

1:1000 dilution of CellEvent senescence Green Probe and CellEvent senescence Buffer,

respectively. Staining solution is added to samples for 2 hours in a 37ºC incubator without

CO2 for 2hours. Following incubation, cells are washed with PBS twice before staining

with immunostaining protocol.

Immunostaining

Samples in PBS are washed off and incubated with 3%BSA in 0.2%Triton X-100 in

PBS (blocking solution) for 1 hour at room temperature. Samples are then incubated

with primary antibody diluted appropriately in blocking solution, details in Table 5.7

for 1 hour at room temperature. Primary antibody is washed off with PBS. Secondary

antibody is diluted 1:500 in 0.2% Triton X-100 in PBS for 30minutes at room temperature.

Samples were then counterstained with DAPI (6µg/ml) in Triton X-100 in PBS. Samples

were washed off in PBS, then water to remove any salt and avoid crystal formation, and

left to dry for a minimum of 30 minutes. Coverslips were then mounted with VectaShield

mounting agent (Vector Lab, H1200) and sealed with nail polish. Coverslips were imaged

on the Nikon Widefield microscope.

Table 5.7: Primary antibodies Used

Antibody Species Dilution Product code

γH2AX Mouse monoclonal 1:1000 Merck/Sigma, 05-636

APOC3 Rabbit polyclonal 1:250 GeneTex, GTX129994

LYZ Mouse polyclonal 1:250 ThermoFisher, MA1-82873

Anti-Salmonella Rabbit polyclonal 1:1000 Abcam, ab35156
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Table 5.8: Secondary antibodies Used

Antibody Species Dilution Product code

594 Alexa Fluorophore Donkey*anti-ms 1:500 Life Technologies, A21203

568 Alexa Fluorophore Donkey**anti-Rb 1:500 Life Technologies, A11036

488 Alexa Fluorophore Donkey*anti-ms 1:500 Invitrogen, A21202

488 Alexa Fluorophore Goat**anti-Rb 1:500 Invitrogen, A11008

*Anti-ms (anti-mouse); **Anti-Rb (anti-Rabbit)

Live-Dead Assay

Live cells have ubiquitous intracellular esterase activity which can be determined by the

enzymatic conversion of cell-permeant calcein AM (non-fluorescent) to calcein (intensely

fluorescent). Calcein is a well retained polyanionic dye within live cells with excita-

tion/emission ∼495nm/∼515nm (Green). Meanwhile, ethidium homodimer-1 (EthD-1)

enters cells through damaged membranes and is excluded by the intact membrane of

live cells, where it binds to nucleic acids which causes 40-fold enhancement in fluores-

cence upon binding. This produces a bright red fluorescence in dead cells with excita-

tion/emission ∼495nm/∼635nm (Red).

Flow cytometry

Cells are collected in 1ml suspension, or scrapped and left in suspension (for adherent

cells). Calcein is prepared at a 50µM working concentration. Ethidium homodimer-1 is

at a working concentration of 2mM. Cells are washed off in PBS once and resuspended

in 1ml PBS. Calcein and EthD-1 are added 2µl and 4µl respectively in 1ml. Sample is

mixed thoroughly and incubated for 15-20minutes at room temperature away from light.

Samples were analyzed within 1 hour using FACSCalibur Flow Cytometer (Beckman

Coulter) with excitation wavelength of 488 nm for calcein and red fluorescence emission

for EthD-1. Analysis was performed with FlowJo R Software. Data was gated for the

right cell size based on the population with SSC and FSC. Flow cytometry technicians

provided us with a pdf of the analysis, then we took the percentage of live and dead

cells based on the gating and presented it in GraphPad prism where we performed the

statistically analysis.

ELISA - Enzyme linked immunoassays

Protocols were followed as per manufacturer’s instructions. Conditioned media was

serially diluted with a factor of 5 to ensure efficient sensitivity.
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Table 5.9: ELISA Kits used

ELISA Kit Catalogue number

APOC3 Human ELISA Kit ThermoFischer, EHAPOC3

Human LYZ ELISA Kit Abcam, ab108880

5.4 Bacterial Killing Assay

5.4.1 Outer membrane permeabilization

Transient permeabilization of the outer membrane (OM) was adapted from Gaudet, et

al., 2021294 where they used EDTA to destabilise the LPS. Bacterial cultures were grown

overnight, followed by culturing them to OD600 = 0.5 in LB Broth supplied with 2mM

CaCl2 and 2mM MgCl2. After bacterial culture reaches the required OD, it is washed

twice in 0.1M Tris-HCl pH 8.0 in 0.75M sucrose. It is then spun down at 13000 rpm

for 1 minute, the supernatant is removed and the pellet is resuspended in 350µl of 0.1M

Tris-HCl 0.75M sucrose pH 8.0 Buffer and 700µl of 1mM EDTA in H2O were added

for 20minutes at RT. Following incubation, 50µl of 0.5M MgCl2 were added on ice for

5 minutes and bacteria was spun down for 1minute at 13000 rpm. Bacteria was then

resuspended in 50mM MES pH 6.0 in 100mM potassium gluconate (KGl).

5.4.2 Colony forming unit (CFU) count

Bacteria was serially diluted and 5µl of bacterial suspension was spotted on antibiotic

resistant Agar plates. Colonies were incubated on Agar plates at 37◦C overnight and

counted the following morning. Counting was performed on 30 colonies or less. No more

than 30 colonies were counted to avoid human error.

5.4.3 Plate reader OD measurement

Sunrise ™ absorbance reader (Tecan, 30190079) was used to measure OD600 of bacterial

culture at 37ºC treated with several treatments. Bacteria was initially grown overnight

then inoculated for a day culture to a pre-logarithmic phase, OD600 0.5-0.8. Bacteria

is then pelleted and diluted to OD600 0.1 in complete media supplemented with 100mM

HEPES. HEPES ensures pH maintenance. Diluted bacteria is plated in a flat bottom 96-

well plate (Corning, 3595) and incubated with respective treatment. Absorbance reader

was set to measure OD600 every 30minutes at 37◦ºC with occasional shaking.

Hidex Sense plate reader was used as an alternative to measure OD600 of bacterial

culture at the same conditions as that used for the Tecan plate reader. 96 well plate

covers were treated with 0.2% triton in 50% methanol to avoid perspiration. Plates were

then incubated for 24 hours inside the Hidex plate reader.
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5.5 Microscopy

5.5.1 Nikon Wide-field Live-cell system

Samples were fixed and stained on 13mm coverslips and mounted on glass slides as

described. Samples were imaged on Nikon’s Inverted Ti eclipse equipped with an Andor

Zyla sCMOS camera (2560 x 2160; 6.5µm pixels). The microscope is equipped with 6

objective lens, Plan Apo 10x (NA 0.45); Plan Apo 20x (NA 0.75); Plan Fluor 40x oil (NA

1.3); Apo 60x oil (NA 1.4); Plan Apo 100x Ph oil (Na 1.45); Plan Apo VC 100x oil (NA

1.4). Images were captured using Plan Apo 20x lens randomly through the entire coverslip

for quantitative analysis performed by cell profiler. Plan Fluor 40x oil lens was used for

high resolution qualitative representative images carrried out in Fiji. Quad emission filters

were used with SpectraX excitation, 395nm for blue, 470nm for green, 561nm for red and

640nm for far red.

5.5.2 Microscope image processing

For qualitative purposes images were processed using fiji 2.0.0-rc-69/1.52p, with a macro

code created by Dr. Mohamed ElGhazaly to automate image processing. The macro

code adjusts brightness and contrast and is normalised across all images. DAPI nuclei are

outlined and overlapped with other channels and the images are then saved as a png file.

5.5.3 Cell Profiler image quantification

Cell profiler pipeline was created by Dr. Mohamed El Ghazaly to identify nuclei and

quantify the intensity of signals per nuclei. Further pipelines were adjusted from the

original pipeline to cater for more experiments.

5.6 Statistical Analysis

Statistical analysis was carried out by Graphpad Prism 9 version 9.0.2. Most analysis

are t-test or ANOVA as indicated in figure legends. The significance is represented using

*, p < 0.05 (*), p < 0.01(**), p < 0.001 (***), and p < 0.0001(****).

5.7 Figures and illustrations

All figures and schematics were done on Adobe Illustrator version 25.4.1, unless other-

wise stated in the figure and figure legend.
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Sanguinetti, Sharmila Sengupta, Mike Sharland, Massinissa Si-Mehand, Lynn L. Sil-

ver, Wonkeung Song, Martin Steinbakk, Jens Thomsen, Guy E. Thwaites, Jos WM

van der Meer, Nguyen Van Kinh, Silvio Vega, Maria Virginia Villegas, Agnes Wechsler-
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dovic Deriano, Mélanie A. Hamon, and Pascale Cossart. Listeria monocytogenes damp-

ens the DNA damage response. PLoS Pathog., 10(10):e1004470, 10 2014.
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