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Abstract

Investigating the DNA damage response induced by typhoid
toxin

Angela Erna Maria Ibler

Typhoid toxin is produced by the antimicrobial resistant human pathogen Salmonella Typhi
that causes 27 million cases of typhoid fever per year and chronic infections, which retain
the pathogen in the population. The toxin is secreted by intracellular Salmonella into the
extracellular milieu from where it enters bystander cells and causes DNA damage through its
putative nickase activity. Purified typhoid toxin causes typhoid fever symptoms and mortality
in animal models, and in animal infection models the toxin facilitates chronic infections by
Salmonella. However, it is neither understood how the toxin manipulates the cellular DNA
damage response (DDR) nor how this promotes infection.

The kinases ATM and ATR are the master regulators of DNA damage response and both
lead to the phosphorylation of Histone 2AX at S139 (γH2AX). ATM initiates repair of double
strand breaks mainly in G1 phase of the cell cycle, while the ATR repair pathway is activated by
single stranded DNA (ssDNA) occurring mainly in S phase due to stalled replication forks. The
ssDNA sensor RPA binds to ssDNA to activate the ATR pathway marked by phosphorylation
of ATR substrates H2AX, CHK1 and RPA itself.

This study found that typhoid toxin induces a canonical DDR with γH2AX accumulating
in foci and functioning as a hub for recruiting downstream DNA repair proteins. Strikingly
however, a large proportion of cells did not contain γH2AX foci. Instead, novel γH2AX
localisation was observed at the nuclear periphery (γH2AX rings) that failed to recruit DNA
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repair factors. This signified a non-canonical DDR that became the main focus of this project.

This toxin-induced γH2AX ring pathway was shown to be replication-dependent: it was exac-
erbated in S phase, marked by an activated ATR pathway and persistent hyper-phosphorylation
of RPA. RPA foci accumulated in cells with γH2AX rings indicating that the cellular pool of
RPA might be overwhelmed by toxin-induced damage. Indeed, depletion of RPA by siRNA-
mediated knock-down was sufficient to induce ring formation. Conversely, ring formation
induced by the toxin was impeded by over-expression of RPA. Thus, the results suggest that
toxin-induced damage causes replicative stress by exhausting the cellular pool of RPA. The
γH2AX ring pathway was found to drive cells into a senescence-like state, a phenomenon
associated with ageing. Induction of senescence via the toxin increased the burden of infection
by Salmonella.

This study provides evidence of a new virulence mechanism by revealing a novel DDR that
leads to cellular senescence, which promotes infection. The work suggests that S. Typhi deploys
the toxin to induce local ageing that primes cells for infection, which may be relevant to chronic
disease caused by a globally important pathogen.
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Chapter 1

Salmonella Typhi

1.1 Human disease caused by Salmonella Typhi

1.1.1 History and disease manifestations of typhoid fever

Salmonella enterica serotype Typhi (from hereon called S. Typhi) is the causative agent
of typhoid fever. It is a Gram negative, human restricted bacterium. Typhoid fever
is a systemic and life-threatening disease. Each year, about 22 million new infections
arise with 220,000 deaths ([74], [75]). Paratyphus is a very similar disease caused by
Salmonella enterica serotype Paratyphus and causes yearly 5.4 million illnesses ([74]).
S. Typhi evolved 10,000 to 150,000 years ago before the development of agriculture or
domestication of animals ([325], [204]). As a food-borne pathogen transmitted through
the faecal-oral route, typhoid fever is strongly associated with poor sanitation and hygiene
and is endemic in south-east Asia, parts of Africa, and parts of South America ([74]). In
endemic countries, infants between 1 and 5 years of age are at highest risk for infection
with S. Typhi ([360], [356]). In developed countries, typhoid fever is rare and is associated
with previous travel to high risk zones such as India ([244]).
The disease has an incubation time of up to 10 days with very little inflammation induced
by S. Typhi - a hallmark feature of infection. After that, the symptoms of typhoid
include fever, abdominal pain, cough, vomiting, headache, and diarrhoea or constipation.
The acute, symptomatic phase of the disease can last around 6 to 8 weeks ([93], [356],
[295], [174], [311]). The disease is complicated by gastrointestinal bleeding, intestinal
perforation, and typhoid encephalopathy and are highly associated with mortality ([93],
[295]).
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In contrast to Salmonella Typhi, non-tyhoidal Salmonella (NTS) such as Salmonella
enterica serotype Typhimurium (from hereon called S. Typhimurium) cause a rapid
inflammatory response in the gastrointestinal tract. The result is a self-limitting disease
characterised by diarrhoea for 4 to 7 days and usually does not require treatment with
antibiotics. Conversely, S. Typhimurium causes a disease in mice similar to acute typhoid
fever in mice with malaise, stupor and weight loss. Therefore, this strain can be used in
mice to study the acute phase of typhoid fever.
The severity of typhoid makes it important to treat and prevent this disease.

1.1.2 Multidrug resistant typhoid and treatment

Typhoid has been treated with antibiotics such as chloramphenicol, ampicillin as a
first-line therapy, and as resistance emerged, with fluoroquinolones and cephalosporines
([295]). Fluoroquinolones inhibit bacterial DNA synthesis by binding to DNA gyrase
([278]). However, S. Typhi strains have evolved mutations in the DNA gyrase gene gyrA,
which prevent binding of fluoroquinolones thereby circumventing their action ([53]). S.
Typhi mutant strains were shown to be more fit in experimental settings than the wild
type even after removal of fluoroquinolones ([13]). This explains how fluoroquinolone
resistant strains have become dominant across S. Typhi lineages, even in the absence of
antibiotic treatment .
Multidrug resistance (MDR) has increased from 4% to 97% in southern Vietnam from
1993 to 2005 ([53]). MDR in Asian countries such as Pakistan, Nepal, China, and
Indonesia range from 16 to 37% ([53]). Resistance was shown to spread, as cases of
MDR-typhoidal strains in Malawi with origin from south Asia increased from 6.7% in
the beginning of 2000 to 97% in 2014 and are also found in Democratic Republic Congo
([108], [196]).
The IncHI1 plasmid in S. Typhi mediates resistance against fluoroquinolones, cephalosporines
and other first-line antimicrobials ([350]). The IncHI1 plasmid has been found integrated
into the chromosome of the S. Typhi-H58 haplotype, and is driving the global spread of
MDR ([169]). The H58 lineage could be outcompeting non-resistant S. Typhi strains
([424]). This highlights the need for preventive vaccination and alternative treatment
other than antibiotics.
One vaccinaton strategy uses the Vi antigen (S. Typhi surface capsule) which induces a
strong immunological memory, but does not offer cross-protection against the similar
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pathogen S. Paratyphi A as it does not possess a surface capsule, i.e. Vi antigen, and fails
to induce a mucosal immunity ([403], [200]). The live oral vaccine with attenuated strains
such as the Ty21a strain overcomes this problem ([403]), but is not recommended for
infants below the age of 2 ([31]). Currently, new types of vaccination such as “bacterial
ghosts” composed of empty cell envelopes from Gram negative Salmonella are under
investigation for this age group ([423]).
Alternative treatments should impair the virulence factors of pathogens rather than
killing them and giving resistant mutants a survival advantage. Therefore, it is crucial to
understand how S. Typhi establishes infection and low inflammation. Further, under-
standing the chronic carrier state of S. Typhi that leads to redistribution of the pathogen
needs to be understood and will be introduced in the next section.

1.1.3 Chronic carrier state

When infected with S. Typhi, there are two disease manifestations: typhoid fever or
chronic infection, the latter of which is referred to as ‘chronic carriage’. As the human
host is the only known reservoir of S. Typhi, the chronic carriage and associated constant
dissemination of the pathogen into the population is essential for disease spreading.
Between 1 to 5% of typhoid patients become chronic carriers, as they test positive for S.
Typhi months or years after symptoms of typhoid have vanished ([227]). About 0.7% of
the population in typhoid endemic Chile were chronic carriers of S. Typhi, of which the
majority (85 %) were female. Also, while only 0.3 % of patients aged under 20 became
chronic carrier, there was a 10.1 % chance for patients aged 50 to 59 of becoming chronic
carriers. In fact, mathematical models have shown that in non-endemic scenarios, the
dissemination of S. Typhi is the main source of typhoid fever, ranging from 45 to 95% of
new infections, depending on the chosen model.
Up to 25% of chronic carriers are ‘asymptomatic and remain undetected ([295]). Marry
Mallon, known as “Typhoid Mary”, is a prominent example of an asymptomatic chronic
carrier of typhoid who worked as a chef in a kitchen and was responsible for an outbreak
of typhoid in New York City infecting hundreds of people with typhoid fever ([253]).
Also “Mr N. the milker” did not show any symptoms but contributed to the spread of
typhoid ([276]).
Chronic carriage could also explain the emergence of cases of typhoid with the same



30 Salmonella Typhi

lineages over years in the same country ([325]).

1.1.4 Colonisation of the gallbladder during chronic infection
with S. Typhi

S. Typhi is excellently adapted to the hostile environment of the gallbladder ([136]),
which produces bile, an acidic detergent-like fluid that is important for digestion.
This bile acid activates the environmental sensor kinases PhoQ and PhoP in Salmonella,
which act as transcriptional activators and induce genes required for the resistance to bile
([393]). S. Typhi presents robust growth in bile and responds to bile-mimicking agents
and cholesterol with increased biofilm formation ([306], [73]).
S. Typhi was found in bile and tissue from patients with cholecystectomy ([92]).
Replication of S. Typhi in the gallbladder can be detected up to 6 months after the acute
phase of typhoid fever. It is thought that the gallbladder plays a key role in chronic
shedding of S. Typhi through two mechanisms: Either through periodical invasion and
extrusion of infected epithelial cells from the gallbladder into the gastrointestinal tract, or
a protective biofilm coating of gallstones. In an animal infection model, S. Typhi formed
biofilms on gallstones in presence of bile and gallstones supported fecal shedding during
chronic carriage ([306], [73]). Indeed, studies showed that chronic S. Typhi infections in
humans are associated with gallstones ([218]).
This is further complicated as in patients with gallstones, a chronic Salmonella carriage
state is associated with high risk for developing gallbladder cancer. In a study in the
gangetic belt, 16 % of patients of Carcinoma of the Gallbladder (CBG) with gallstones
were S. Typhi positive based on Vi serology ([96]). In another broader study, the more
sensitive technique of nested PCR to detect S. Typhi flagellin gene was used. It found
that 67.3 % of all CBG patients were positive for flagellin, whereas only 38.5 % were
positive for Vi ([280]). In a study examining patients registered by the New York City
Health department, it was found that chronic carriers of S. Typhi are 6 times more likely
to die of hepatobiliary cancer than controls ([415]). Carriers of S. Typhi are at 8.47 times
higher risk for developing CBG than patients with an acute and cleared infection with
typhoid ([382]).
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1.2 The basis of infection by S. Typhi

1.2.1 Salmonella pathogenesis

Invasion S. Typhi reaches the intestine by ingestion of contaminated food or water.
Salmonella crosses the intestinal mucosal barrier (Fig. 1.1 A). The exact route of entry
is incompletely understood, but it is thought that M cells are targets of S. Typhi during
the barrier crossing (reviewed by [192]). M cells are part of the intestinal Peyers Patches
and function as the mediators in gut immunity as they engulf antigens from the gut via
pinocytic activity and deliver them to the lymphoid system ([122]).
Different models for crossing the epithelial barrier via M cells are suggested: Either an
invasion of M cells by S. Typhi with characteristic ruffling of the apical surface of the cell
([192], [112], [118], [377]), or by destruction of the M cells ([208]). The ruffling of cells
has also be seen in vitro in intestinal epithelial Caco-2 cells ([112], [118]). After passing
the M cells, Salmonella reach the follicle dome, where lymphocytes and macrophages are
located.

Intracellular survival While macrophages engulf Salmonella, Salmonella can also
trigger their own uptake into phagosomes of macrophage and live in the lion’s den (Fig.
1.1 B) ([93]. This intracellular state of infection enables S. Typhi to evade the immune
response and is part of its stealth strategy with a low inflammatory response of the host.
Normally, the phagosome matures subsequently into a phagolysosome through increas-
ing acidification to destroy the engulfed pathogen. However, S. Typhi prevents this
maturation and steers it into the formation of a highly adapted and specific niche, the
Salmonella containing vacuole (SCV) ([60]). In the SCV, S. Typhi replicates but due to
restriction of space and nutrients it needs to escape from the infected cells. ([39]).

Dissemination Release of S. Typhi from infected macrophages into the bloodstream
causes a bacteremia. S. Typhi has evolved stealth strategies to evade the immune
system during this extracellular phase (see below, section 1.2.2). The bacteria then
disseminate into secondary sites of infection such as the liver, bone marrow, and gall
bladder ([412], [226]) (Fig. 1.1 C). From the gallbladder, S. Typhi is excreted back into
the gastrointestinal tract through the bile and either reinvades the intestinal epithelium,
or is shed into the environment via feces ([93]) (Fig. 1.1 D).
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Figure 1.1:
The infection route of S. Typhi.

A) Crossing of the epithelial barrier by Salmonella in the intestine.
B) Survival of Salmonella in macrophages in SCVs.
C) Systemic phase of typhoid with colonisation of secondary infection sites.
D) Re-seeding of S. Typhi into the gut. This can either lead to a repeated invasion of the
epithelial barrier or shedding into the environment.
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1.2.2 Salmonella virulence determinants

Salmonella have large gene clusters called Salmonella pathogenicity islands (SPI) (re-
viewed in [158]). To this date, 23 SPIs have been discovered ([152]) and they encode
genes determining virulence and establishing different stages of infection.
SPI-1 and SPI-2 each encode a unique type III secretion system (T3SS) ([124], [157]).
T3SS are highly specialised molecular needle complexes, through which Salmonella injects
virulence effector proteins into the host cell ([128], [176], [130]). The effectors are encoded
in SPIs and function in concert to manipulate the host cell to subvert cellular host defence
pathways and promote the intracellular survival of S. Typhi ([125]).
Upon initial contact with the host cell, SPI-1 is induced, which encodes genes for remod-
elling of the actin cytoskeleton during invasion of the intestine. SPI-1 effectors, such
as SipA, are injected into the host cell and promote actin polymerisation and bundling,
resulting in the ruffling of the mammalian membrane ([296], [436]). The importance of
SPI-1 for establishing infection is exemplified by the inability of SPI-1 S. Typhimurium
mutants to establish an infection in animal models after oral infection, but are able to
induce a bacteremia after systemic administration ([129]). The key SPI for systemic
infection is SPI-2 ([60]). Following uptake by macrophages or monocytes in a stepwise
acidified endosome, Salmonella senses the pH change via the osmolality-mediated change
of 3D structure of kinase EnvZ ([408]). This activates the transcritption regulator OmpR
and induces transcription of genes from the SPI-2 ([49], [60]). The SPI-2 encoded T3SS
injects effectors into the host cell with the primary function to establish the protective
features SCV ([111]). For example, the SPI-2 effector SifA remodels the host membrane
and is essential for the integrity of the SCV ([26]).

1.2.3 S. Typhi host adaption

Genome degradation Although S. Typhi shares about 90% of its genome with other
Salmonella serovars, S. Typhi has a reduced genome ([50], [261]). Many of the reduc-
tions are manifested as pseudogenes ([170], [87]). Over 200 genes known to contribute
to virulence and host interaction in S. Typhimurium are found as pseudogenes in the
typhoidal strain CT18 ([294]).
For example the S. Typhimurium effector SopA mimics the mammalian E3 ubiquitin
ligase HECT, but is absent in S. Typhi. SopA promotes the migration of leukocytes and
an inflammatory response in the intestine. The absence of SopA in S. Typhi could be
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a factor contributing to the non-inflammatory response in the intestine during typhoid
and the different symptoms of typhoid and non-typhoidal Salmonellosis ([193], [432]).
This exemplifies that any genes exclusive to S. Typhi are likely to be critical to the
pathogenicity of S. Typhi, which makes it important to focus on the differences between
typhoidal and NTS.
Genome degradation is thought to be a characteristic in host restriction. For exam-
ple, NTS strain S. Typhimurium is a host generalist and can infect humans, cattle,
mice, turkeys, and more ([425], [34], [248]). In contrast, S. Typhi is a human restricted
pathogen. Although it can infect chimpanzees, it does not cause the symptoms and
disease course of typhoid. Chimpanzees rather exhibit the brief and mild symptoms
known for non-typhoidal strains like S. Typhimurium. Interestingly, blood counts of S.
Typhi in chimpanzees are even higher than in humans ([98]).

Immune evasion via the Vi capsule Another difference between S. Typhimurium
and S. Typhi is the expression of the Vi antigen, which is absent in S. Typhimurium.
The Vi antigen forms a polysaccharide capsule which allows S. Typhi to disseminate
systemically in its human host: By shielding other surface antigens, the Vi capsule
contributes to the stealth strategy and immune evasion of S. Typhi. Thus, it facilitates
the crossing of the intestinal cells by S. Typhi and promotes resistance to phagocytosis
([309], [327], [409]). After invasion of a human host cell, the Vi capsule is rapidly lost
([187]).
Vi expression is controlled by two loci, viaA and viaB. The viaB locus is encoded by
SPI-7, a genomic region unique to S. Typhi ([409]). The rare Vi-negative strains of S.
Typhi are less virulent than Vi-positive strains and show lower blood counts ([172], [361]).
Knowledge about the Vi capsule has been exploited and one of the current typhoid fever
vaccines used is a Vi capsular polysaccharide vaccine ([219]).

Typhoid toxin More recently, typhoid toxin was discovered as another virulence
factor thought to be unique to typhoidal Salmonella, i.e. Typhi and S. Paratyphi ([145]).
More recently, this toxin has also been found encoded in more than 40 NTS, e.g. S.
Javiana and S. Montevideo ([268], [85]). There is much evidence for the toxin playing an
important role during the acute phase of typhoid fever and the chronic phase. Strikingly,
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the function of the toxin is dependent on its ability to activate the host DNA damage
response (DDR). I will therefore introduce concepts and mechanisms of DNA damage
and repair, before I highlight the current knowledge on typhoid fever.





Chapter 2

DNA damage repair

2.1 Chromatin organisation

2.1.1 Spatial organisation and compaction of chromatin

Chromatin is the entirety of genetic information in one cell encoded on the DNA, and its
associated proteins. In eukaryotic cells, it is located in the nucleus. Due to its length
and confined space in the nucleus, chromatin needs to be compacted on several levels
in the cell which still allows for sufficient accessibility for replication and reading of the
chromatin.
The first level of compaction is the wrapping of the DNA double helix around nucleosome
protein complexes that are comprised of two sets of each histone variant H2A, H2B,
H3, and H4 ([19]). Further level of compaction is achieved by looping and compaction
of the chromatin through epigenetic modifications. This dense form of chromatin is
termed heterochromatin. Often, it localises to the nuclear periphery. The highest level of
compaction is achieved during meiosis and mitosis when DNA condenses to chromosomes.

2.1.2 Heterochromatin and euchromatin

The above mentioned compacted heterochromatin is transcriptionally inactive. A typical
marker of heterochromatin is tri-methylation of Lys9 of histone 3 (H3K9me3) ([333]).
In contrast, euchromatin is less compacted and is readily accessible for other proteins
mediating translation and replication. The loose packing is achieved by specific histone
modifications that are repellent to each other and prevent chromatin compaction. For
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example, the histone modification H3K4me3 is indicative of euchromatin and actively
transcribed genes ([156]).
Hetero- and euchromatin are spatially organised in different regions of the nucleus.
Electron microscopy and antibody staining have revealed that in most cell types, the
heterochromatin and transcriptionally inactive genes tend to localise at the nuclear
periphery and nucleoli, while euchromatin and actively transcribed genes tend to localise
to the nuclear centre ([19]).

2.1.3 The nuclear envelope

The nucleus is surrounded by a double membrane system, i.e. nuclear envelope (NE)
that is continuous with the ER membrane ([401]) and is interrupted with nuclear pore
complex (NPC) for import and export to the cytosol. The NPC is a 125 MDa protein
complex, e.g. nucleoporine Nup153 ([374]).
Besides the spatial separation of the chromatin from the cytosol, the NE and the
intermediate filaments lamin, situated between the inner NE and heterochromatin, are
important regulators of chromatin, and mutations in lamins give rise to laminopathies.
For example, the mutation of lamin A lead to the Hutchinson Gilford Progeria syndrome
(HGPS), a disease signified by premature ageing in childhood. Dramatic impairment
of the DNA damage repair system is seen in HPGS patients and commonly used cell
models for HPGS. These include the sequestration and impairment of replication repair
proteins, which leads to accumulating DNA damage ([62], [164], [277]). Furthermore,
lamins play a role in the maintenance of telomere and heterochromatin, regulate general
structure and function of the chromatin, and transcription ([80], [83], [38], [392]).
Lamin B1 (LMNB1) is another component of the nuclear lamina with structural and
regulatory function. It is required for organogenesis and development in mice ([398]),
and its loss is indicative of aging cells ([119]).
Some genomic regions are in close contact with the lamina, i.e. lamina-associated domains
(LAD), and this interaction can anchor parts of the chromosome to the NE ([392]).
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2.2 Cell cycle

In order to proliferate, cells replicate their genome and divide into two daughter cells,
before each of them will again undergo the process of replication. This repetition of
replication and division is called cell cycle (reviewed in [399]). Generally, cells have one
set (n) of chromatin in G1/0 phase. Replication of the chromatin takes place in S phase
and once the entire genetic information is replicated (2n), the cell is in G2 phase. The
division of the cells is orchestrated during mitosis or meiosis (M phase), and includes the
condensation of the chromatin into chromosomes, and the physical separation of the two
daughter cells. These cells can either enter the cell cycle again starting in G1, or enter a
quiescent state (G0) where the cell cycle is temporarily paused. The different cell cycle
phases are marked by the expression of cyclins, which coordinate necessary factors for
each phase and the transition into the following cell cycle. For example, expression of
cyclin E peaks in S phase and promotes replication ([435], [242]).
Many cells such as circulating monocytes and tissue macrophages are quiescent in G0
phase and are fully functional ([184], [168]). In contrast, permanent cell cycle arrest as
seen during senescence is characterised by altered genome expression profile and altered
senescence-associated secretory phenotype (SASP) and is often induced by defects in the
chromatin ([317], [161], [66]).
The integrity of the genome is essential for intact function on the cell level and organismal
level. The replication process needs to preserve the genetic information to prevent the
introduction of mutations. Checkpoints ensure that the replication is complete and exact.

2.3 DNA damage and replication stress

Extrinsic DNA damage Both, intrinsic and extrinsic factors can damage DNA. There
are multiple extrinsic factors of chemical or physical nature that cause DNA damage. Ul-
traviolet (UV) light is one of the most commonly known DNA damaging factors. UV light
induces cyclobutan pyrimidine dimers and pyrimidine-(6-4)-pyrimidone-photoproducts,
which are cytotoxic (reviewed by [313], [43], and [270]) (Fig. 2.1 A). Particularly the
high energy UV-C light with a wavelength > 280 nm induces DNA damage ([211]).

Ionising radiation (IR) such as induces direct damage by ionising the DNA itself, or
by reactive oxygen species (ROS), e.g. •OH radicals, that are formed by IR and interact
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Figure 2.1:
DNA damage inducing events.

A) General types of DNA damage. Adjacent tyhmidines can form cyclobutan pyrimidine dimers
and pyrimidine-(6-4)-pyrimidone-photoproducts upon UV radiation. Damaged bases such as
8-hydroxyguanine are induced by ROS and IR.
B) DNA damage from stalled replication forks. HU inhibits the production of dNTPs which
leads to stalling of the replication forks. APH directly inhibits Pol-α.
C) DNA damage from DPCs, e.g. topoisomerase inhibitors. The DPC forms a tight complex
and leads to supercoiling of the dsDNA upstream of the RF. Hypertension leads to SSB or DSBs, and
the DPC stops the RF.
P, phospho group; Ub, ubiquitin;
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with the DNA (reviewed by [291]). The resulting types of DNA damage are single
strand breaks (SSB), double strand breaks (DSB), base modifications, and DNA-protein
crosslinks (reviewed in [290], [97]) (Fig. 2.1 A).
Besides extrinsic factors, cells face endogenous DNA damage (reviewed by [233]). For
example, DNA polymerases have error rates from of 1 in 30,000 bp to 1 in 1000 bp ([213],
[384]). This introduces mismatched base pairs but can be corrected with proof reading
and adequate DNA damage response, reducing the misincorporations to 1 in 108 - 1 in
1011 ([94]) (Fig. 2.1 A).

Intrinsic and extrinsic replication stress The transcription and replication pro-
cesses in the cell itself are prone to induce DNA damage, or present targets for drugs to
indirectly induce DNA damage. Replication of the genome is mediated by a multiprotein
complex termed replication fork (RF), which unwinds the DNA and synthesises two
daughter strands.
One of the components of the RF, a helicase, opens the DNA double strand during repli-
cation so that two template strand for replication of leading and lagging strand become
available. However, this results in supercoiling and high tension of the upstream DNA
double strand helix. This tension is resolved by topoisomerases, that cleaves one DNA
strand ([143], [407]). Drugs such as camptothecin or doxorubicin form a stable complex
between DNA and topoisomerase, or block topoisomerase from binding ([411], [368],
[175]). This poisons the topoisomerase and prevents topoisomerase-mediated cutting
of DNA strands to release tension of the double helix (Fig. 2.1 A and C). Hence, the
the DNA overcoils and the tension disrupts the DNA strands, thus causing DNA breaks
([305], [285]).
Other drugs cause stalling of the RF. One example is hydroxyurea (HU). This drug
inhibits the production of dNTPs, which leads to a depletion of the dNTP pool during
replication (Fig. 2.1 B). Consequently, the replication fork cannot progress with the high
speed, and stalls ([64], [104]).
Aphidicolin (APH) is an inhibitor of Polymerase α (Pol-α) and stalls the RF. It binds
near the nucleotide binding site of Pol-α and forms a ternary complex between Pol-α-
DNA/RNA and APH ([18]) (Fig. 2.1 B). This leads to cell cycle arrest in G1/S phase
and low concentrations are sometimes used to arrest cells ([181]). However, it should be
noted that this form of cell cycle arrest, as many other alternative methods, causes DNA
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damage.
Furthermore, collision of the RF with the transcription machinery leads to DNA damage
([131], [231]).

RPA guards the genome against replication stress. The heterotrimeric Repli-
cation Protein A (RPA) composed of RPA70, RPA32, and RPA14 is a key enzyme in
chromatin maintenance during replication ([421]). During replication, RPA associates
with the helicase on the RF ([202]). When the RF stalls temporarily or collapses, ssDNA
becomes very susceptible to breaks and can lead to DSB. Stalling or collapse of the
RF occurs upon collision of the fork with physical obstacles such as the transcription
machinery or SSB. Furthermore, chemical inhibitors, e.g. HU which depletes the dNTP
pool or the Polα inhibitor APH, lead to stalling and collapse of the RF ([64]).
Moreover, RPA binds to ssDNA that occur during the end resection of one DNA strand
for HR of DSB as a prerequisite for strand invasion of the homologous chromosome (see
section 2.4.6, p. 42) ([353]).
RPA has a dual role: Firstly, it acts locally by covering exposed ssDNA. It assem-
bles as nucleofilaments on ssDNA and activates further repair by recruitment of ATM-
and Rad3-related (ATR) and ATR-interacting protein (ATRIP) (see section 2.4.4, p.
38). Ataxia talangiectasia mutated (ATM), ATR, and DNA-dependent protein kinase
catalytic subunit (DNA-PKc) (see section 2.4.4, p. 38) phosphorylate RPA stepwise
on multiple residues ([8], [405]). The hyperphosphorylation of RPA is essential in the
successful resolution of replication stress, as cells expressing phospho-mutants of RPA
show persistent, unresolved DNA damage upon entry into mitosis ([236]). Indeed, studies
with phospho-mutants of RPA showed that hyperphosphorylation is indicative of DNA
damage ([395]).
Secondly, RPA distributes the signal of replication stress globally across the nucleus to
halt replication until the stress is resolved (see section 2.5, p 42. Studies with inhibitors
of ATR found that this kinase regulates the chromatin loading of RPA ([385], [394]).
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2.4 DNA damage repair

2.4.1 General principles of DNA damage repair

Despite the many different insults and resulting damage the DNA can experience, common
themes for the DNA damage repair (DDR) can be found amongst all repair pathways
(Fig. 2.2 A, page 40): First, the DNA damage is recognised by a sensor followed by the
DDR signal multiplication. This leads to the recruitment of other repair proteins, the
DNA processing, and finally elongation of nascent synthesised DNA and ligation into the
mother strand. An overview of general DDR principles and more detailed pathways is
depicted in Fig 2.2 on page 40.
For single base/nucleotide mismatches or modifications, the repair includes the removal
of one single base/nucleotide and the insertion of the appropriate base/nucleotide as
dictated by the opposite DNA strand. In fact, this is not the case for DSB and more
extensive SSB. In order to prevent extensive chromosome rearrangements following SSB
or DSB, they require more complex repair mechanisms as described in the following
section.

2.4.2 SSB repair

SSB can be short such as induced by excision of mismatched bases of nucleotides, the brief
cutting of topoisomerases, or of longer range 2 to 15 nucleotides long ([23]). SSB such as
induced by topoisomerase inhibition can lead to stalled transcription ([23], [437], [198])
and exert thus a disruptive effect on the cell. It is important to note, that unrepaired
SSB can lead to DSB ([215]).

2.4.3 DSB repair

DSB have the potential to be highly deleterious as they disrupt both strands, thus exposing
both ends for degradation and potentially leading to gene deletions. To counteract this,
the mammalian cells have evolved two major pathways which are activated by apical
kinases.
An overview of DSB repair is shown in Fig. 2.2 on page 40.
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2.4.4 Sensing the damage: Apical kinases of the DDR

The sensors for DSB are Ku70/80 ([404]) or Mre11-Rad51-Nbs1 (MRN) for NHEJ ([78]),
and RPA during the processing of DNA for HR ([439]) (Fig. 2.2, page 40). These sensors
initiate the recruitment and activation of the first (apical) kinases at the site of a DSB.
These principal DSB repair kinases are three kinases of the familiy of phosphoinositide
3-kinase (PI3K)-related kinases (PIKK) ([1]. ATM, DNA-PKc, and ATR are among
the first proteins recruited to DSB after recognition by sensors and fullfill distinct roles
([48]).
ATM regulates DSB repair. Upon binding to MRN at DSBs, ATM undergoes auto-
phosphorylation at Ser-1981 which leads to monomerzation and activation of ATM ([209],
[14]). DSBs can also be repaired via a DNA-PKc-mediated pathway upon autophos-
phorylation of DNA-PKc([90]). ATR is involved in sensing replication stress and DSB
repair during S phase. During the HR-mediated processing of DSB, single-stranded
DNA (ssDNA) is generated. The ssDNA is covered by RPA ([439]) which recruits ATR
together with its partner ATRIP as seen in Fig. 2.2. Subsequently, ATR is activated by
auto-phosphorylation at Ser-1989, and phosphorylation at Ser-428 can be observed as
well ([237]). Active ATR can then exert kinase activity on substrates.
Although the apical kinases phosphorylate different downstream targets to orchestrate
the DDR, they all share histone 2A.X (H2AX) as a target. In fact, they recognise the
same C-terminal sequence for phosphorylation at Ser139 (γH2AX) which makes γH2AX
a commonly used marker for DSB ([322]).

2.4.5 Multiplication of the signal: γH2AX in DSB repair

The phosphorylation of H2AX at Ser139 is at the centre of DSB repair ([206]). H2AX
is one of four variants of the H2A and comprises between 11 to 25% of all H2A in a
cell ([416]). Clusters of H2AX are evenly distributed across the nucleus ([27], [110]).
γH2AX can be seen as early as 1 min after exposure to IR and peaks after 15 to 30 min
in intensity ([320], [316]). γH2AX then functions as a platform for the recruitment of
downstream proteins, that mediate DDR ([297]). γH2AX spreads the DSB signal 2 to
15 Mbp away from the original break ([320], [27]). This spreading is asymmetrical and
discontinuous as revealed by chromatin immuno-precipitation (ChIP)-sequencing and
4Pi microscopy ([179], [84], [27]). It is thought that the spreading might help in more
efficient recruitment of repair proteins, and the prevention of transcription or replication
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in proximity of the break ([366], [84]). The γH2AX foci are therefore rather clusters of
many yH2AX sub foci. 4Pi microscopy and superresolution microscopy studies found
that these clusters are distributed along long stretches of chromatin each with a size of
100 nm and are looping together in a 3D structure of about 700 to 1000 nm in size ([27],
[239]). Moreover, the distribution of γH2AX is dynamic [84].
Different studies on the γH2AX in heterochromatin found that a fast phosphorylation
of H2AX occurs upon DNA damage followed by a relocalisation to euchromatin ([186]).
This fast relocalisation might explain, why other studies suggested that heterochromatin
is refractory to γH2AX ([205]). Additionally, γH2AX foci form preferentially in euchro-
matin to prevent transcription ([72], [217]). In contrast, active genes are protected from
γH2AX to prevent disruption of ongoing transcription while the γH2AX signal spreads
([179], [224]). More recently, it has been shown that γH2AX plays a role in the activation
of transcription ([358]).
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Figure 2.2:
A) General principles of DDR. For each step in DDR, the responsible factors are shown, merging

in γH2AX.

B) and C) The process of NHEJ by either B) MRN and ATM or by C) Ku70/80 and

DNA-PKc mediated repair.

D) The process of HR by RPA and ATR.

P, phospho group; Ub, ubiquitin;

2.4.6 Mediating repair: NHEJ and HR

NHEJ Non-homologous end joining (NHEJ) is active throughout the cell cycle and is
independent on a template ([324]). Hence, it is regarded as error-prone and mutagenic
([155]). However, it is the most common repair pathway in mammalian cells and has in
fact a low error rate ([25]).
Mediator of DNA damage checkpoint (MDC1) is recruited via the Ser139 phospho-group
of γH2AX and functions as a platform to recruit multiple proteins that modify the
γH2AX-marked chromatin ([373]) (Fig. 2.2 B, page 40). Among these are the E3-
ubiquitin ligases RNF8 and RNF168, which promote Lys-63 linked polyubiquitinylation
of H2A/H2AX at Lys13-15 (H2A13-15-ubi) ([258]). MDC1, H2A13-15-ub, and dimethy-
lated H4K20 (H4K20me2) together recruit the key NHEJ repair protein p53 binding
protein 1 (53BP1) ([100], [35], [258]). More recently, this view has been challenged by
findings that 53BP1 can also directly bind γH2AX ([207], [15]).
53BP1 is the essential driver of DDR choice for NHEJ. After phosphorylation by ATM,
53BP1 associates with RIF1 and thus prevents Exo1-mediated 5’ end resection of the
DNA strands ([52], [183]), and this prevents HR ([77], [427]). However, upon 53BP1
removal or inhibition, the DDR favours HR ([46]).
Another NHEJ repair mechanism uses recognition of DSB ends by Ku70/80, which
recruits the PIKK DNA-PKc. Upon phosphorylation by DNA-PKc, the endonuclease
Artemis becomes active and exhibits 5’ to 3’ endonuclease activity ([245]). The DNA-PKc
is thought to facilitate association of the DNA ends, and can recruit the DNA ligase IV
together with the stabilising factor XRCC4 ([355], [40]).
The ligation of the DNA ends by DNA ligase IV-XRCC4 complex is the final step in
both described NHEJ pathways ([185], [355]).
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HR In addition to NHEJ, the homologous recombination (HR) is active in S and G2
phase, and uses replicated intact sister chromatid as a template ([324]).
While 53BP1 blocks 3’ end resection during interphase, it needs to be removed for HR.
During S phase, breast cancer 1 BRCA1 is activated through the phosphatase CtIP
([339], [430]). Furthermore, while BRCA1 is ubiquitinated and subjected to proteasomal
degradation in G1 phase, its expression rises during S-phase and is not degraded ([59]).
BRCA1 promotes removal of 53BP1 and RIF1 release ([183]) which allows nucleases to
resect the DNA ([77], [427]). Mre11 initiated resection is promoted redundantly by DNA2
or EXO1 ([438], [283]). The resulting ssDNA is covered by RPA, which is sensed by
ATRIP ([439]). ATRIP recruits then ATR, but needs to be activated by TopBP1 ([275],
[212]). Not only does ATR phosphorylate γH2AX, but also RPA, further enhancing its
binding to SSB rather than RF as described below. RPA finally invades the homologous
sequence guided by Rad51 and Rad54 ([263], [260]). Elongation and ligation finishes the
repair. The exact role of RPA is described in the next section and further details can be
found in Fig. 2.2 D).

Alternative repair pathways Other repair pathways, such as alternative end joining
(a-EJ), also known as microhomology-mediated end joining, can be activated. It requires
homologous regions of a size from 2 to 20 bp ([121]). Single-strand annealing (SSA) is
another alternative repair pathway requiring homology of more than 20 bp ([30]). Both
pathways do not require Ku, so they can be activated in the case of loss of Ku. However,
while no resection is required for NHEJ, a-EJ depends on 3’ end resection by MRN and
CtIP, and SSA even more so by EXO-1 and DNA2 in addition to MRN-CtIP ([121], [30]).

2.5 Checkpoints

At any point during the cell cycle, mutations can arise and threaten the conservation of
the genetic information. Moreover, insufficient supply of energy or deoxyribonucleotide
triphosphate (dNTPs), the building blocks for DNA, can pause or disrupt the replication
process and is a source of further mutations.
Before transition from G1 to S phase, checkpoints ensure that there is no DNA damage
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and sufficient energy and dNTP supply for complete replication. If conditions are un-
favourable for error-free complete replication, checkpoints can halt cell cycle progression.
Another checkpoint ensures the complete and correct replication of the genome before
from S to G2 phase.
Upon recognition of DNA damage by sensor proteins, the transducer kinases CHK1 and
CHK2 are activated by phosphorylation. CHK1 is phosphorylated by the kinase ATR
(see section 2.4.4, p. 38) at Ser-345 which mediates chromatin association of CHK1
and G2/M cell cycle arrest ([235], [47], [284], [189]). During replication, tight control
is ensured by the transducer kinase CHK1. Replication of the genome in mammalian
cells starts at ‘origins of replication’, certain loci where replication forks (RFs) assemble
and start replication, e.g. ‘fire’ ([201]). The ‘firing’ requires Cdk2 ([343], [134]) and Cdc7
([36]). The activation of ATR by RPA activates the checkpoint kinase CHK1, which can
diffuse into the nucleus. CHK1 inhibits Cdc7 globally, and thus prevents new origins of
replication from starting ([272], [385], [256]).

CHK2 is phosphorylated by the kinase ATM at Thr-68, which is the major in vitro
phosphorylation site by ATM ([4], [257]), and only this form localises to DNA breaks
([410]). CHK1/2 then phosphorylate the phosphatase Cdc25([123]). Cdk1/2 are inhibited
by phosphorylation, and dephosphorylation by Cdc25 phosphatase activity activates
Cdk1/2. Cdk1 and Cdk2 in turn activate cyclins to allow progression in the cell cycle.
However, after phosphorylation, Cdc25 is rapidly degraded ([249]), and thus Cdk1/2 are
constantly inhibited by phosphorylation. Thus, the CHK1/2-Cdc25-Cdk1/2 axis is a
regulator of cell cycle transition and CHK1/2 activation result in cell cycle arrest ([434],
[369]).
Another main cell cycle regulator is p53 ([210]).

2.5.1 p53

A central regulator of cell fate in response to DNA damage is the transcription factor p53.
Its activation as part of the DDR can lead to cell cycle arrest, senescence, or apoptosis.
p53 is regulated on several levels. Activated ATR, ATM, and DNA-PKc phosphorylate
p53 on Ser-15 which protects it from binding to Mdm2 through changed conformation at
the Mdm2 binding site. Mdm2 has E3 ubiquitin ligase activity and its binding primes p53
for proteasomal degradation thus functioning as a negative regulator of p53 ([352], [150]).



50 DNA damage repair

The target genes of p53 as a transcription activator are involved in apoptosis, e.g. BAX,
survival, regulation of the cell cycle, and other pathways ([354]). The CDK inhibitors of
the INK family and Cip family are p53 target genes that regulate cell cycle arrest. The
INK family proteins, e.g. p16INKa4, inhibit Cdk4 and Cdk6 during G1 ([106]), thus
inducing G1 cell cycle arrest. The Cip family proteins, e.g. p21/WAF1/CIP1, can induce
cell cycle arrest anytime in the cell cycle by inhibiting cyclin B and Cdc2 ([99], [2], [3],
[182]).

Recent studies show that the choice between pro-survival and apoptotic pathways
result from a fine balance of p53 levels ([391], [95]). Apoptosis will be described in the
next section.

2.5.2 Apoptosis and senescence

Apoptosis DNA damage is mutagenic and must be prevented. In case the DNA
damage in a cell cannot be repaired, cells can undergo a programmed form of cell death
called apoptosis ([203], [381]). Besides acting as a tumour suppressor pathway, apoptosis
also prevents an immunogenic reaction triggered by released cell debris such as free DNA
as it ultimately leads to the engulfment of the apoptotic cell ([336], [337]).
Many factors of the DNA damage response have been shown to be essential for apoptosis
such as ATM, CHK1, and CHK2 ([328], [365]), which activate the transcription factor p53
that regulates tumour prevention and apoptosis ([234]). ATM was shown to indirectly
activate p53 by regulation of its inhibitor ([55]) or through direct phosphorylation on
Ser15 ([17], [44], [329], [390]).
Downstream of p53 activated p53 are upregulated Bax, a pro-apoptotic gene, and down-
regulated Bcl-2, a pro-survival gene ([271], [383]). Bax can insert with its core into the
mitochondrial membrane ([114]). This leads to the ultimate trigger for apoptosis, the
permeabilisation of the mitochondrial outer membrane (MOMP) ([375]). MOMP releases
pro-apoptotic proteins that activate the protease caspase-9, which initiates a cascade of
caspase cleavage events, a trigger for their activation ([63]). The executioner caspase-3
cleaves several substrate proteins leading to the fragmentation of the cell. Among these
substrates are poly-ADP ribosylating protein (PARP) and lamins ([222], [223]).
In addition to intrinsic factors, extrinsic factors such as staurosporine bind to death
receptors on the cell surface and trigger apoptosis ([24]). In fact, resistance to DNA-
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damage meditated apoptosis still allowed staurosporine-mediated apoptosis and lead to
the discovery of caspase-8 mediates apoptosis in the absence of an initial DDR ([341],
[229], [243], [11]).
Morphologically, apoptotic cells become apparent by the condensation of chromatin,
nuclear shrinkage and nuclear fragmentation ([203]). Another characteristic of apoptosis
is the degradation of DNA into fragments by nucleases ([103], [332]). This is marked by
γH2AX phosphorylation, which makes γH2AX a marker for DNA damage as well as
apoptosis ([241], [365], [321]).

Senescence Severe DNA damage by chemicals such as HU or irradiation can lead
to senescence ([302], [232]). As senescence is characterised by permanent cell cycle
arrest, this suppresses tumour formation as mutations will not be passed on to daughter
cells ([173]). However, senescent cells have a changed expression profile with a pro-
inflammatory secretory phenotype, the SASP ([119]).
Different intrinsic and extrinsic causes of senescence such as irradiation, replicative
senescence, telomere uncapping, severe DNA damage, promote the transcription of SASP
factors through the ATM and CHK2 axis independent of p53 ([318], [66]). Commonly
reported secreted factors include the cytokine IL-6 as the most prominent SASP factor,
IL-1, and chemokines such as IL-8 ([161]). Furthermore, secreted NO and ROS species
contribute to the proinflammatory phenotype ([119]). In response to secreted chemokines
and ROS, neighbouring cells are affected in an aberrant manner ([232], [168], [161]) and
can even undergo a secondary senescence ([340]) and the balance of infiltration of tissue
by natural killer cells, macrophages, monocytes and T cells can be affected ([66]). This
can lead to chronic inflammation in the tissue and have tumor-promoting effects ([66],
[161]).
Transcriptomics studies found that the composition of SASP factors greatly differs for
different cell types and different causes of senescence, and changes during the different
stages after induction of senescence ([160]). This offers the potential to differentiate
between different senescent causes with a SASP map.
Common markers of senescent cells are the distended morphology, expression of senescence-
associated β-Galactosidase (SA-βGal), tumor suppressor p16INK4a, and persistent DNA
damage foci ([161]).





Chapter 3

Typhoid toxin

3.1 Bacterial toxins

3.1.1 Definition of a bacterial toxin

What is a bacterial toxin? About 140 years ago, Roux and Yersin defined the “diphteritic
toxin” as the active agent from culture broth “freed from every living microbe” that
would “produce in animals all the symptoms and lesions of diphteritic poisoning” ([326]).
Toxins are the macromolecules that, when introduced to the host, impairs or damages
the physiological functions or tissues. Toxins can cause such an effect when applied on
their own to a living organism or cells and show a single specific activity in the target
cells ([7]). Bacterial toxins can be separated into two classes: The lipopolysaccharides
(e.g. endotoxin), and protein toxins, which comprise the focus of this thesis. Toxins
can be distinguished from bacterial effectors which exert their function in concerted
interaction with other bacterial proteins and manipulate host protein function in a highly
adapted manner. These include mimicry, covalent modification of host cell proteins, and
underlie temporal regulation and precise localisation in the host cell. Often, functional
redundancy can be observed in bacterial effectors to ensure fine tuning of the target cell
by different mechanisms ([125]).

3.1.2 AB5 toxins

AB toxins Some toxins are binary toxins, comprised of an active (A) subunit and
a binding (B) subunit. The A subunit often has enzymatic activity. For example, the
botulinum neurotoxin (BoNT) shows AB structure. The B subunit binds to gangliosides
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and protein receptors (reviewed in [194]). After endocytosis, the A subunit exerts metal-
loprotease activity and mediates the toxicity of BoNTs by interference of the exocytosis
machinery required for the signalling of neurons via acetylcholine (reviewed in [338] and
[357]).

AB5 toxins AB5 toxins contain one active subunit A, and a pentameric binding
subunit (B5). An example of AB5 toxins is the pertussis toxin (PTX) secreted by
Bordetella pertussis, which causes whooping cough ([303]). It contains four different
B subunits S2, S3, S4, S5 in a 1:1:2:1 ratio, and one A subunit S1. The B oligomer
recognises glycoproteins and mediates the cellular uptake ([378], [420]). The S1 subunit
exhibits structural homology to ADP-ribosylating proteins ([372]), and transfers adenosine
diphosphate (ADP) to the carboxyl-terminus of G proteins ([197]). G proteins are like
molecular switches and can activate or downregulate intracellular signalling. The ADP-
ribosylation of such G proteins prevents the association of a G protein with its G-protein
coupled receptor (GPCR) in the mammalian cell. Hence the G protein cannot exert its
inhibitory function to the enzyme adenylate cyclase, which produces cyclic adenosine
monophosphate (cAMP) ([251], [197]). Eventually, this triggers abnormally high levels
of cAMP leading to transcriptional changes that manipulate the immune response of the
host ([274], [167], [371]).

3.2 Structure and function of typhoid toxin

Upon infection, S. Typhi produces typhoid toxin. Typhoid toxin is an A2B5 toxin that is
comprised of two active subunits and a pentameric binding subunit ([367]). Interestingly,
typhoid toxin is a chimeric protein, as it is composed of subunits with homology to both
PTX and cytolethal distending toxins (CDTs).
The gene locus of typhoid toxin contains the cdtB operon on one DNA strand, and
the pltA-pltB-ttsA operon on the opposing strand ([145], [370]). One of the two active
subunits is the 29.6 kDa cytolethal distending toxin subunit B (CdtB). It was the first
subunit of typhoid toxin to be discovered in 2004 by genome comparison of two recently
sequenced S. Typhi strains. The putative gene showed 50% sequence similarity to CdtB
subunits of other CDTs and conservation of all catalytic residues found in CDTs ([145],
[294]).
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A closer examination of the pathogenicity island where CdtB was found revealed the
presence of two further putative polypeptides, which resembled two subunits of PTX
of Bordetella Pertussis. The 27.2 kDa polypeptide resembling the active subunit of
PTX, the ADP-ribosylating subunit S1, is called PltA for “Pertussis-like toxin A”. The
polypeptide resembling the S2 binding subunit of PTX is called PltB for “Pertussis-like
toxin B” ([367]).
Conserved across DNase and the CdtB subunit of typhoid toxin and other CDTs are
conserved residues, that mediate binding to DNA (see 3.5.2, p. 57). The DNA-binding
of typhoid toxin was computationally modelled ([177]) and is shown in Fig. 3.1.

Structural resolution of the typhoid toxin (see Fig. 3.1 and [367]) revealed five PltB
subunits of each 15.2 kDa to form a ring-shaped homopentameric binding platform into
which PltA extends an α-helix. A disulfide bond between residue Cys214 in PltA and
Cys269 in CdtB links the two A subunits. The CdtB of typhoid toxin is the only variant
with a C-terminal Cys, which perhaps explains why it has given rise to a chimeric toxin.
Due to weak interactions in the remaining interface between these two subunits, this
disulphide bond is critical in holding together the holotoxin. Both Cys residues are
unusual as the PTX subunit S1 has only two Cys residues, forming an intramolecular
bond, whereas PltA exhibits the additional Cys at residue 214. The homologue of PltA,
ArtA in S. Typhimurium, shows conservation of two cysteins, but the third Cys is unique
to PltA. In a similar fashion, Cys269 of CdtB is unique, as no other CdtB of the family
of CDTs shows an N-terminal Cys. PltA has been shown to be enzymatically active, but
so far, no target has been identified ([370]). Therefore, PltA likely functions as a linker
between PltB and CdtB. This shows that the disulphide bond between PltA and CdtB
is a critical evolutionary adaption of typhoid toxin to form this chimaeric toxin and use
the PltA and PltB subunit to deliver CdtB into target cells ([367], [132]).
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Figure 3.1:
Structure of typhoid toxin solved by X-ray crystallography.

This figure (A - C adapted from Song et al. ([367], D adapted from Hu et al. ([177])) shows the
structure of typhoid toxin at 2.4 Å resolution.
A) Holotoxin.
B) PltB pentameric subunit (green) looked upon with inserted α-helix from PltA (red).
C) PltA and CdtB are linked by a disulfide bond (highlighted with arrows in inset).
D) Modelled DNA binding site of CdtB.
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3.3 Expression, secretion and exocytosis of typhoid
toxin

3.3.1 Expression of typhoid toxin from S. Typhi

The expression of typhoid toxin is tightly associate with the intracellular state of S. Typhi.
The sensor system PhoP-PhoQ is activated by the environment of the SCV, namely
low concentrations of magnesium, acidic pH, or the presence of cationic antimicrobial
peptides ([56], [12]). The PhoP-PhoQ system is the main positive transcription regulator
for the expression of the cdtb and the pltb-pltA-ttsA operon. Indeed, a deletion mutant
library found that deletion of phop or phoq reduces the expression of PltB severely ([116]).
Hence, transcription of typhoid toxin is induced while Salmonella are residing in the
SCV (Fig. 3.2 A, p. 53).
Another transcriptional regulator is IgeR. It binds to the promoter region of cdtb and
suppresses its expression during the extracellular state. Indeed, it was found that IgeR
constitutive expression reduces the virulence of Salmonella, and is thought to control
more virulence genes ([146]).

3.3.2 Secretion of typhoid toxin

Typhoid toxin is not translocated via a secretion system into target cells. Like other
AB5 toxins, typhoid toxin subunits are first transported from the bacterial cytosol to the
periplasm via a sec pathway and canonical SecP secretion signal at each toxin subunit,
where the holotoxin assembles ([145]) (Fig. 3.2 B, p. 53).
Similar to the discovery of pltA and pltB by careful examination of the genomic islet
around cdtB, the gene styp1889 was found on the same islet as the components for typhoid
toxin ([166]). Showing close homology to the family of phage-derived muramidases, it was
a promising candidate for a muramidase to transport typhoid toxin from the periplasm
across the peptidoglycan and was named typhoid toxin secretion protein A (TtsA). This
protein exhibits N-Acetyl-β-D-muramidase activity and breaks down the peptidoglycan.
Indeed, deletion of ttsA or the inactive mutant ttsA-E14A represses the formation of
typhoid toxin-containing punctae radiating away from intracellular bacteria although
typhoid toxin expression levels remain comparable to wt ttsA, showing that TtsA is
important for toxin release from the bacterium.
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It is thought that the concentration of TtsA is low enough that membrane integrity is
conserved but secretion of the toxin is allowed. TtsA is co-regulated with the expression
of typhoid toxin as it cannot be detected in LB-cultured S. Typhi. In contrast, in infected
cells its expression starts readily after the expression of typhoid toxin ([166]).
Normally, phage muramidases display an N-terminal lysozyme-like activity but no
secretion sequence for the sec system. They rather depend on holins, which are usually
encoded close to genomic locus of the muramidases. However, no such holin has been
identified yet to translocate TtsA across the membrane to the periplasm. Hence, it is
assumed, that less discriminative holins elsewhere on the genome of S. Typhi enable the
secretion of TtsA ([406]).
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Figure 3.2:
Expression, secretion, and uptake of typhoid toxin.

The route of typhoid toxin from expression by S. Typhi to reaching the nuclear in target cells is
depicted.
A) Expression of typhoid toxin from intracellular S. Typhi in SCVs and endocytosis in
OMVs.
B) Secretion and assembly of typhoid toxin subunits in periplasm and packaging into
OMVs.
C) Receptor-mediated endocytosis and retrograde trafficking of typhoid toxin. Dashed
lines indicate two possible translocation pathways of the CdtB subunit to the nucleus.
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3.3.3 Exocytosis of typhoid toxin

After secretion from the bacteria, the toxin is packed into what is called vesicle carrier
intermediates ([126]) or outer membrane vesicles (OMVs) ([141]) (Fig. 3.2 A, p. 53).
These OMVs are formed from the membrane of the SCV. At that stage, the OMVs can
be detected as punctae containing the toxin and trafficking away from the SCV ([370],
[141]). This vesicle sorting is dependent on a receptor-mediated process, where PltB
binds N-acetylneuraminic acid (Neu5Ac)-terminated glycosylated receptors in the SCV
([51]). The Neu5Ac-terminated glycosylation is also involved in endocytosis of typhoid
toxin by target cells and will be explained in the next section. In addition, the integrity
of the SCV plays an important role in the formation of toxin-containing OMVs. The
specific environment of the SCV is regulated by the SPI-2 T3SS. A SPI-2 T3SS defective
spiA mutant is normal in bacterial replication and expresses levels of typhoid toxin are
comparable to the wt S. Typhi. In contrast, it shows reduced typhoid toxin-associated
punctae radiating away from the SCV and reduced intoxication in neighbouring cells
([51]).
Similar to SpiA, the specific bacterial effector protein SifA involved in the integrity of
the SCV is essential for the exocytosis of typhoid toxin, but not its expression, nor the
replication of Salmonella ([111], [141]). In addition, an intact cytoskeleton contributes
to the exocytosis of typhoid toxin. The drugs nocodazole, an inbhibitor of microtubule
formation, and cytochalasin D, interfering with the actin filament elongation, reduced
the release of toxin-loaded OMVs by 50% ([141]).
The exocytosis of OMVs into the extracellular space is essential for intoxication as
prevention of this process prevents intoxication of cells with toxin-expressing Salmonella.
Once exocytosed, the toxin can be endocytosed into non-infected cells (paracrine effect)
and/or the same infected cell (autocrine effect) ([370], [138]). As the physiologic toxin
concentration is believed to be very low, a local effect of the toxin seems more likely than
a systemic effect ([127]).
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3.4 Uptake of typhoid toxin and translocation of
CdtB to the nucleus

3.4.1 Host-specific receptor binding by typhoid toxin

The receptor-mediated uptake of typhoid toxin is a critical step, as intoxication occurs
only after successful binding to the receptor ([145], [367]) (Fig. 3.2 C, p. 53). In fact, the
binding prior to uptake of the typhoid toxin to target cells is one of the most interesting
steps in the journey of typhoid toxin to its final target, the nucleus. It adds to the
many examples for S. Typhi being a human adapated host. Typhoid toxin engages
with different receptors such as PODXL on epithelial cells and vascular endothelial cells
([429]), and CD45 on hematopoietic cells ([159].
The specific motif for binding is not the receptor itself, but its glycosylation pattern.
The N-linked glycosylation pattern recognised by typhoid toxin is terminated by Neu5Ac
([86]). This is mediated by PltB residues Tyr33, Ser35, and Lys59, which correspond
to the conserved residues Tyr102, Ser104, and Arg125 of S2 subunit of PTX. If any
of these three residues are mutated, uptake of typhoid toxin and its cytotoxic effects
are abrogated ([367]). In contrast, most other mammalian sialoglycans terminate in
N-glycolylneuraminic acid (Neu5Gc). This is due to a lack of cytidine monophosphate-N-
acetlyneuraminic acid hydroxylase (CMAH), which was deleted during the evolution of
humans ([58]). CMAH modifies Neu5Gc to Neu5Ac. Unlike humans, chimpanzees have
Neu5Gc-terminated sialoglycans, and despite being able to develop systemic infection
with S. Typhi, they do not develop the typical symptoms of typhoid fever ([98]). Indeed,
it has been shown that typhoid toxin cannot bind to chimpanzee cells ([86]). This was
further exemplified by the finding that growth medium supplemented with Neu5Gc,
which can be incorporated as a building block for glycosylation in cultured human cells,
prevents toxin binding and rescues the cells partially from cell cycle arrest in G2/M phase
([86]). This puts typhoid toxin in the centre of the question how virulence factors unique
to typhoidal Salmonella induce such a different disease outcome than NTS that cause
inflammatory gastroenteritis. Nevertheless, some mammals such as mice exhibit small
amounts of non-modified Neu5Ac-terminated sialoglycans. Due to that prerequisite, mice
can be used as a model to study the effects of typhoid toxin ([154]). Under constitutive
expression of CMAH though, mice become resistant to typhoid toxin and do not show
any signs of intoxication ([86]).
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Of note, the structural similar cytotoxin subtilase, SubB, shows the opposite binding
specificity and binds to Neu5Gc. Sequence and structure comparison between both
binding subunits reveals that Val103 in PltB corresponds to Tyr78 in SubB ([367]).
Tyrosine78 in SubB is able to form a hydrogen bond to the hydroxyl group of Neu5Gc.
Contrarily, Valine103 in PltB is non-polar and cannot interact with named hydroxylgroup
([86]).

3.4.2 Retrograde transport of typhoid toxin in the target cell

The route of typhoid toxin after receptor binding to the nucleus has not been studied
yet. Other CDTs have been shown to travel in a retrograde manner from endosomes
([137]) to the Golgi and endoplasmatic reticulum (ER) ([137], [138], [69]). In order for
the CdtB subunit to reach the nucleus, CDTs exploit two methods. By exploiting the
ER-associated degradation (ERAD) pathway, CdtBs are actively pulled into the cytosol
by translocation proteins ([240], [153], [105]). Alternatively, direct transport of CdtB
into the nucleus occurs through the nuclear pore ([137], [138]).
However, CDTs do not comprise PltB-PltA, and uptake and trafficking are dependent
upon the accesory subunits CdtC and CdtA, which are not present in the typhoid toxin.
Given that typhoid toxin has binding subunits more similar to PTX than to other CDTs,
it is more valuable to study the trafficking of PTX in target cells. PTX travels in a
retrograde manner from endosomes via the Golgi to the ER shown by peptide-tagging of
PTX and separation of cellular organelles by centrifugation ([304], [396]). In the ER, the
active subunit S1 of PTX dissociates from the B oligomer presumably by the presence of
disulfide isomerases and ATP ([396], [153], [42]). The dissociated A subunit has been
suggested to exploit the ERAD pathway for translocation into the cytosol to reach its
target ([238], [153]).
Unlike the A subunit of PTX, the active CdtB subunit of typhoid toxin exert its function
in the nucleus. Therefore, it is not known whether CdtB follows the route of PTX into
the cytosol before translocation to the nucleus, or directly enters the nucleus from the
ER (Fig. 3.2 C, p. 53).
All cytotoxic effects of typhoid toxin have been attributed to the activity of the CdtB
subunit ([367], [22]). However, not many studies have investigated the response of human
target cells to typhoid toxin. Multiple other CDTs have been studied to understand
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how the CdtB subunit interferes with the target cell. I will therefore introduce current
knowledge on CDTs.

3.5 Cytolethal Distending Toxins

3.5.1 CDTs are expressed by different Gram negative pathogens

In 1988, the first CDT was discovered in the supernatant of Escherichia coli (E. coli)
cultures, and shortly after in the supernatant of Campylobacter jejuni ([191]). The
supernatant induced progressive cellular and nuclear distension over up to 120 h, and
reduced viability of cells. Another characteristic is the induction of cell cycle arrest at
the G2/M transition, and eventually apoptosis.
Soon, more CDTs from other Gram negative bacteria were described ([133]). These
different CDT-positive pathogens cause different diseases such as periodontal diseases by
Aggregatibacter actinomycetemcomitans, chancroid by Haemophilus ducreyi, and dysente-
rial diseases caused by Shigella dysenteriae and E. coli ([259], [419], [348], [308], [289],
[301]).
As a consequence, the target cells of CDTs are manifold, and include epithelial cells,
keratinocytes, and lymphocytes ([301], [70], [348]).

3.5.2 Structure of CDTs

Typical for proteins, structure and function of CDTs are closely related. CDTs are
tripartite AB proteins toxins, composed of CdtA, CdtB, and CdtC subunit ([282]), which
are all transcribed from the same operon. CdtA and CdtC are ricin-like lectin domains in-
volved in receptor binding, inducing the uptake of the toxin, whereas CdtB comprises the
active subunit. The structure of CdtB resembles the endonuclease DNase I and contains
several residues conserved across DNase I and CDTs from different strains ([282]). These
conserved residues include catalytic residues (i.e. H160 and H274), metal-corrdinating
residues (i.e. N33, E66, D199, and D273), and DNA contacting residues, (i.e. R117,
R144, and N201) ([177], [82], [282]). These residues are also conserved in typhoid toxin
([367]).
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3.5.3 The CdtB subunit of typhoid toxin mediates toxicity

CdtB as a DNase. The CdtB subunit mediates the toxicity and is the active subunit.
However, the molecular mechanism of CdtB is still puzzling. Despite structural homology
with DNase I, CdtB cleaves plasmid DNA in in vitro plasmid digestion assays only with
0.01% efficiency compared to bovine DNase I ([101]. Nevertheless, conserved residues
between DNase I and CdtB (see above) are essential for CdtB-induced cell cycle arrest
([102], [367]). DNA of cells treated with typhoid toxin or other CDTs is clearly fragmented,
demonstrating DNA damage as comet assays and pulsed field gel electrophoresis (PFGE)
show ([107], [148], [120], [109]). This DNA fragmentation is followed by a cellular DDR
(see table 3.5.3 for an overview on DDR to CDTs). This involves the recruitment of
DNA repair factors (see section 2.4 on page 37) such as ATM ([70], [120], and suggests
that CdtB introduces DSB. However, more recent studies used lower concentrations of
CDT and observed rather SSB ([109]). With the activation of repair proteins such as
ATM, CdtB was shown to activate a cascade of check points in G1 and G2/M such as
phosphorylation of p53, phosphorylation of CHK2 and phosphorylation of CHK1 ([102],
[6], [70]). As a consequence, cell cycle arrest is a hallmark of CDTs and has been observed
in G2/M phase, but also in G1 phase ([68], [101], [190]).

Table 3.5.3: Overview of CDT-mediated DNA damage and DDR.
toxin name pathogen name proposed ATM/ATR other DDR DDR

DNA damage activation markers pathway
AactCDT A. actinomycetem- DSB ATM γH2AX unknown DDR,

comitans PI3K activity suggested
HducCDT H. ducreyi DSB ATR and ATM γH2AX, Mre11 NHEJ and HR
CjejCDT C. jejuni DSB ATM γH2AX, MRN NHEJ, HR
EcolCDT I/II E. coli SSB and DSB ATR and ATM γH2AX, RPA, HR

53BP1 HR
Typhoid toxin S. Typhi , S. Javiana ... unknown unknown γH2AX unknown

It is known for CdtB of typhoid toxin and other members of the CDT family that it
induces DNA damage, but its exact mechanism remains incompletely understood. The
DNA damaging function of typhoid toxin might play a role in inducing a persistent DNA
damage to target cells. In fact, it was shown for other CDTs that exposure over 160 days
to cultured cell lines lead to chromatin abberations and mutations ([140]).

CdtB as a lipid phosphatase. DNase I and CdtBs share a Mg2+-fold and conserved
residues with a phosphoinositol-5-phosphatases ([91]) and it has therefore been suggested
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that CdtB functions as a phosphatase rather than as a DNase. This was first proposed by
Shenker et al. who observed that CdtB of A. actinomycetemcomitans reduced the amount
of phosphoinositol-3,4,5-triphosphate (PI-3,4,5-P3) by hydrolysis to phosphoinositol-3,4-
diphosphate (PI-3,4-P2) ([346]). Cells such as Jurkat T cells with a naturally increased
levels of PI-3,4,5-P3 due to a defect in the phosphatase and tensin homolog (PTEN)
are more susceptible to CdtB. In addition, inhibitors of PI3K such as wortmannin and
LY290004 rescued Jurkat T cells from the toxic effects of CdtB. The effect of different
baseline levels in the signalling molecule of PI-3,4,5-P3 on the cytotoxic effect of CdtB
was studied in more detail with different cell lines. In that study, the binding of CdtB
was comparable in all studied cell lines, as was the uptake. However, the difference in
susceptibility was dependent on the levels of PI-3,4,5-P3. This observation could explain
why in dose-dependent studies of the cytotoxic effects of CdtB require much smaller
amounts of the toxin in lymphoid cells than most epithelial cells. It was further shown
that in HeLa cells a CdtB mutant devoid of its DNase activity but not its phosphatase
activity lead to G2 cell cycle arrest ([344]). It was shown that the blockage of PI-3K by
CdtB results in the increased expression and secretion of pro-inflammatory cytokines
([349]).

3.6 Evolution of typhoid toxin

How did this chimeric, highly human-adapted toxin evolve? Comparison with other NTS
serovars shows that horizontal gene transfer and single mutations gave rise to typhoid
toxin relatively recently. S. Typhimurium contains and expresses artA and artB, which
are close homologues of PltA and PltB, but not CdtB ([331]). ADP-ribosylase activity
has been attributed to ArtA ([331]). Artificial toxins could be formed by fusing CdtB
with ArtA and ArtB. This required the introduction of just a single amino acid mutation
in ArtA introducing the C-terminal Cys analogous to PltA, to allow the disulfide bond
between CdtB and ArtA. ArtB binds both glycosylation patterns Neu5Ac and Neu5Gc,
showing a broader host specificity than PltB of typhoid toxin. In addition, ArtB contains
a second binding site at Ser45 with preference for Neu5Gc. The artificial toxin ArtA-
ArtB-CdtB showed same in vitro activity as typhoid toxin, but reduced lethality in
an animal model ([132]). This shows that minor genetic changes and horizontal gene
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exchange gave rise to a new highly host-adapted toxin. It supports the notion that
typhoid toxin is a recent evolution in S. Typhi.
By genome comparison with other Salmonella strains, the typhoid toxin was found in
more than 40 NTS serovars like S. Arizonae, S. Diarizonae, S. Javiana, and S. Montevideo
([268], [266], [85]). This raises two questions: What is the role of typhoid toxin in NTS?
How does typhoid toxin contribute to different diseases in typhoidal and NTS serovars?
The next section will shed light on the role of typhoid toxin during pathogenesis.

3.7 Role of typhoid toxin in pathogenesis

Once in the nucleus, the presence of CdtB of typhoid toxin results in DNA damage, cell
cycle arrest, γH2AX, and reduced viability in accordance with observations for other
CdtBs so far ([367], [268], [101], [220], [68], [70]) (table 3.5.3 on p. 58). Studying the
typhoid toxin in vivo has been challenging due to S. Typhi’s host restriction. Neverthe-
less, several important discoveries have been made using purified toxin and engineered
pathogens.
When purified typhoid toxin was systemically administered to mice by peritoneal injec-
tion, they exhibited symptoms of the acute phase of typhoid fever, e.g. lethargy, stupor,
malaise, ∼ 15% weight loss, reduction of leukocytes and in particular almost complete
loss of circulating neutrophils, and death after 5 days in 100% of mice ([367]) (Fig. 3.3
A). The loss of neutrophils is interesting as neutrophils are not recruited to sites of
S. Typhi infection ([93]). This phenotype was solely dependent on the activity of the
CdtB subunit, as a catalytic inactive CdtB-H160 mutant was unable to induce the same
symptoms, whereas the PltA-E133A ADP-ribosylase mutant induced the same toxic
effect, i.e. due to active CdtB subunit . The effect of systemic intoxication is dependent
on receptor binding of typhoid toxin, as constitutive expression of Neu5Gc-glycosylated
receptors in mice mediated resistance to the effects of typhoid toxin ([86]).

Another indicator for the role of typhoid toxin for the acute phase of typhoid is that
chimpanzees do not exhibit the symptoms of typhoid during S. Typhi infection ([98]), as
the lack of Neu5Ac-glycosylation renders them resistant to typhoid toxin.
In another experimental set up, genetically engineered S. Typhimurium expressing typhoid
toxin were administered orally to mice (Fig. 3.3 B) ([22]). This way, production of the
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Figure 3.3:
Typhoid toxin induces symptoms of acute typhoid and facilitates chronic

carriage.

Different administration routes and potentially different concentrations of typhoid toxin recapitulate
characteristics of typhoid fever.
A) Peritoneal injection of purified typhoid toxin into mice.
B) Infection of mice with toxigenic S. Typhimurium.
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toxin during infection resembles more the naturally occurring contact with typhoid toxin.
Normally, S. Typhimurium causes a typhoid-like disease in mice, leading to rapid death
within 15 days of infection for 40% of mice ([22]). However, mice infected with typhoid
toxin-positive S. Typhimurium survived past 6 months. The inflammatory response
in those mice was shifted. While reduced inflammation and recruitment of immune
cells such as macrophages and T cells was observed in the gut, increased recruitment of
neutrophils was detected together with expression of CdtB in the liver ([22]). Moreover,
the typhoid toxin promoted chronic carriage. While after 30 d of infection, ∼ 102.5 CFU
could be isolated from the liver of mice, no bacteria were recoverd after 180 days infected
with control strains. In contrast, toxin-expressing Salmonella could be isolated in 83% of
infected mice and ∼ 100 CFU were recovered per liver ([22]).
In accordance with this, toxin-expressing Salmonella showed increased systemic spread
particularly to the liver, which could play an important role during the acute phase for
colonisation of secondary niches, while ∆cdtB strains were less efficient in colonisation
([267]).
This supports the notion that typhoid toxin might play a role in the establishment of a
persistent asymptomatic infection. Typhoid toxin could play an immuno-modulatory
role to contribute to chronic carriage ([139], [221]).

With the evidence that typhoid toxin plays a key role in both the acute phase and
the chronic infection of the host, it is vital to understand the mechanism of the active
CdtB subunit of typhoid toxin to manipulate target cells. The DDR induced by typhoid
toxin as well as to other members of the CdtB family has been studied with different
approaches but is still incompletely understood. Moreover, how typhoid toxin contributes
mechanistically to disease remains unsolved. A first step of understanding how typhoid
toxin contributes to chronic carriage is to understand the human host cell response to
typhoid toxin. Hence, investigating the DNA damage response of the host cell to typhoid
toxin was the focus of this thesis.
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3.8 Aims

The aim of this thesis was to study the DDR of mammalian cells induced by typhoid toxin
and its relation to pathogenesis. First, experimental procedures were to be established to
study typhoid toxin in human and murine tissue culture. To uncouple the intoxication
process from infection with S. Typhi, recombinant typhoid toxin with affinity tags for
purification, immunoblotting, and immunofluorescence microscopy was to be purified.
The purified toxin would then be tested for activity. As typhoid toxin shares the CdtB
subunit, it is expected that active recombinant toxin should exhibit distending and cell
cycle arresting activity as reported for other CDTs.

Once the activity of the recombinant typhoid toxin and basic experimental procedures
for intoxication of mammalian cells were established, the DDR of intoxicated cells were
to be investigated in more detail. For this end, IF microscopy, immunoblotting and flow
cytometry will be used. As the physiological toxin concentration during infection is not
known, concentration rows will be tested.

As typhoid toxin stands out from other CDTs with its chimeric structure and only
shares the CdtB subunit with other CDTs, it is unclear whether typhoid toxin will
induce a unique DDR in target cells. For unbiased analysis of large IF microscopy
data sets to gain statistically significance of toxin-mediated DNA damage phenotypes,
an automatic analysis program was to be established. siRNA-mediated depletion of
potential key proteins involved in the DDR was to be performed to see whether protein
depletion phenocopies, prevents or exacerbates the DNA damage induced by typhoid toxin.
Intoxication experiments in presence of small molecule inhibitors were to complement
this.

The final part of this thesis focused on how toxin-induced DNA damage impacts on
infection with S. Typhi. As S. Typhi is a stealth pathogen, it is likely that typhoid toxin
is part of the stealth strategy during infection. It is thought that typhoid toxin might act
as an immuno-modulatory factor and could change either the composition of secreted
factors or the cellular properties of innate immune cells. Intoxicated cells as well as cells
treated with conditioned medium from intoxicated cells were to be used for infection
assays with Salmonella. Immunofluorescence microscopy was to be used to examine the
invasiveness of Salmonella and findings were to be complemented with transcriptomic
data from intoxicated cells.
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All in all, this thesis aims to study the DDR of mammalian target cells to typhoid
toxin. Further, it aims to understand the effect of toxin-induced DNA damage on invasion
and infection of mammalian cells with S. Typhi.



Part II

Results





Chapter 4

Establishing experimental procedure
with typhoid toxin

The aim of chapter 4 is to establish experimental procedures to enable the DNA damage
response to the typhoid toxin to be studied. In the literature, two common published
approaches have been established for studying typhoid toxin. One approach is to perform
infection assays with Salmonella encoding the typhoid toxin ([370], [141]). Another
approach is using recombinant purified toxin ([109], [367]). Using purified toxin has
the advantage of focusing specifically on the cellular response to the toxin and avoids
complications from studying the toxin in the context of infections when virulence effectors
are also delivered into into the infected cell.
Thus, protocols were established to purify typhoid toxin and test its activity.

4.1 Expression of recombinant typhoid toxin

To purify the toxin, E. coli strain C41 Rosetta was transformed with pETDuet-TOX
encoding PltA-His, PltA-myc, and CdtB-Flag (diagram of recombinant toxin structure in
Fig. 4.1 A). The holotoxin was purified with Ni-NTA affinity chromatography (Fig. 4.1
B and C) (see methods, p. 229). Recombinant typhoid toxin was difficult to visualise by
Coomassie blue stained protein gel analysis of elution fractions, which revealed a range of
proteins indicating a low yield of the typhoid toxin and/or the presence of contaminating
E. coli proteins. To confirm that the typhoid toxin had been purified, fractions were
analysed by immunoblotting against the epitope-tagged subunits of the toxin (Fig. 4.1
C). Immunoblots established the presence of all three subunits, PltB, PltA, and CdtB.
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Importantly, the toxigenic CdtB subunit was present, confirming that a holotoxin had
been purified by pull-down of His-tagged PltB, i.e. PltB bound PltA-CdtB. CdtB and
PltA dimers were observed, which were most likely due to their C-terminal cysteines.
To reduce the observed effects of typhoid toxin to the activity of the CdtB subunit,
a potentially DNase-dead CdtB mutant was created by introducing the single residue
mutation H160Q in the CdtB subunit on the expression plasmid of His-tagged typhoid
holotoxin. This residue is highly conserved among bovine DNase I and CDTs and the
H160Q mutation was shown to abolish DDR of target cells in response to typhoids toxin
and abolish nuclease activity in EcolCdtB ([367], [102], [293]). Furthermore, residue E133
in PltA which corresponds to a residue critical for potential ribosylating activity was
mutated to inactive A133 ([367]). Finally, a receptor binding-deficient mutant of typhoid
toxin was created by introducing the mutation S35A to the PltB subunit as previously
reported ([367]). All mutants holotoxin mutants were purified as described for the wt
toxin (Fig. 4.1 D). The CdtB subunit was present in all purifications, which indicates
that His-tagged PltB was able to pull-down the PltA and CdtB subunit.
Finally, toxin concentrations were calculated by densitometry comparison of immunoblots
against GST-tagged CdtB (Fig. 4.2 B). GST-CdtB was chosen as a standard, because
Coomassie stained protein gels revealed only little contamination of GST-CdtB by E.
coli proteins after purification (Fig. 4.2 A), so that its concentration could be estimated
by Bradford assay to be 33.3 mg/ml. Using immunoblotting against the Flag subunit of
TOX and TOX-HQ, and against GST of GST-CdtB, the intensity of the CdtB bands of
10 µl of TOX (8760 intensity units) and TOX-HQ (18800 intensity units) were compared
to the band of 50 ng GST-CdtB (9830 intensity units). Thus,TOX concentration was
calculated to be 3.8 ng/µl, and concentration of TOX-HQ was calculated to be 11.3 ng/µl
(Fig. 4.2 B).
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Expression of recombinant typhoid toxin by E. coli.
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Figure 4.1:
A) Diagram depicting the recombinant typhoid toxin structure on the amino acid level.

B) SDS-PAGE and C) Immunoblotting analysis of recombinant typhoid toxin expression,

fractionation and purification. C41 expressing pETDuet1-TOX were fractionated and holotoxin

containing PltB-His was isolated by Ni-NTA chromatography from the soluble protein fraction and

eluted. Molecular weight markers (MW ) in kDa are shown left and right. In B), antibodies against the

epitope tags of all subunits PltA (myc), PltB (His), and CdtB (Flag) were used.

+/-IPTG - bacterial culture before and after induction; S - soluble protein fractions; P - insoluble

protein fractions; FT - flow through; W - wash; E1 - elution 1;
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Figure 4.2:
A) Coomassie stained protein gel of TOX, TOX-HQ and indicated amounts of GST-CdTB.

GST-CdtB was purified recombinantly and its concentration was calculated to be of 33.3 mg/ml. 10 µl

per lane of TOX and TOX-HQ were loaded.

B) Western blot with TOX, TOX-HQ and indicated amounts of GST-CdTB. Antibodies

against myc for myc-tagged PltA (red), Flag for Flag-tagged CdtB (green, indicated with arrows), and

GST for GST-CdtB (green, indicated with arrows) were used. Densitometry was carried out with Image

Studio Western blot software to calculated intensity values of all CdtB-containing bands.

4.2 Recombinant typhoid toxin is taken up by cells
and localises to the nucleus

To test the activity of the purified typhoid toxin, an intoxication assay of mammalian
cells was established. During the intoxication process, the toxin first binds to surface
receptors on the plasma membrane, before endocytosis and entry into the endocytic
pathway ([141]). To confirm this, toxin interaction with the cell surface and its endocytic
uptake was examined by incubating cells with toxin (Fig. 4.3 A - D).
It is not clear what the target cells of typhoid toxin are as typhoid toxin binds to receptors
of immune, epithelial, and edothelial cells ([367]). Monocytes and macrophages could be
potential target cells, as they are the main host cells of S. Typhi. Moreover, epithelial
cells could be target cells as S. Typhi colonises the gallbladder during chronic infection in
biofilms and could secrete typhoid toxin, targeting the epithelial layer of the gallbladder.
Therefore, as a model cell line, HT1080 cells were used. They are of epithelial morphology
initially derived from a fibrosarcoma with N-ras oncogene overexpression, and about 50%
of cells have more or less than 46 chromosomes, but only 7% of cells show polyploidy
([312]). HT1080 cells were a commonly used cell line in this laboratory for studies with
the actin cytoskeleton. However, in other laboratories, HT1080 cells are frequently
used to study DDR factors, e.g. 53BP1, Mre11, ATM, and telomere maintenance ([9],
[379], [362]). As HT1080 cells have two wild-type p53 alleles and an intact p53-induced
G1 cell cycle arrest ([380], [299]), they were considered suitable for studying typhoid
toxin-induced DDR. During this work, experiments were further completed by including
other cell lines such as human and murine macrophages.
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Different toxin concentrations have been used in published literature with tissue culture
studies on CDTs ranging from 40 µg/ml to 50 pg/ml ([230], [109]). Here, 100 ng/ml of
typhoid toxin were used as an initial concentration. As endocytosis is a rapid process
([414]), this was slowed by incubation on ice which would still permit interaction of the
toxin with the cell surface (as depicted by the cartoon in Fig. 4.3 A). This was visualised
by immunofluorescence (IF) microscopy of the epitope-tagged subunits of typhoid toxin
(Fig. 4.3 B). All three subunits, PltA, PltB, and CdtB, were localised at the cell surface
after 10 min on ice (0 h).
Next, endocytosis was allowed by warming up the cells for 1 h at 37 ◦C before imaging of
the toxin by IF microscopy (Fig. 4.3 C and D). Results show that all subunits of the
toxin reached a juxtanuclear position as highlighted by the insets (Fig. 4.3 D).
Moreover, the myc staining of PltA was found to be the most consistent relative to
CdtB-Flag and PltB-His. Thus, PltA-myc was used in further imaging experiments.
To track the trafficking of the toxin more closely, a time course experiment was performed
by intoxicating cells on ice and transferring cells to 37 ◦C to initiate uptake and trafficking
before IF imaging at indicated time points (Fig. 4.3 E). The toxin was internalised after
5 min and is found juxtanuclear by 90 min.
Therefore, these data establish that the intoxication process occurs within 2 h which was
used for all future experiments. This is referred to as the intoxication assay whereby
cells were intoxicated for 2 h at 37 ◦C, washed and chased by further incubation in fresh,
toxin-free medium, typically for 24 h (Fig. 4.3 F).
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Figure 4.3:
A) Diagram depicting experimental strategy for assaying toxin interaction with the cell

surface followed by C) toxin endocytosis permitted by a temperature shift from 0 ◦C to

37 ◦C for 1h.

B) IF microscopy of recombinant typhoid toxin (100 ng/ml TOX) following incubation

with HT1080 cells for 10 mins at 0 ◦C. “0 h" indicates 0 h of endocytosis. Fixed cells were stained

with primary antibodies against Flag (CdtB ) and myc (PltA) or His (PltB), and counterstained with

DAPI to label DNA. Imaging was carried out with a 60x objective. Scale bars (bold white) in white

indicate 30 µm.

D) Recombinant typhoid toxin is internalised by HT1080 cells. The same experiment as B)

with additional 1h incubation step at 37 ◦C as depicted in the carton C).

E) Recombinant typhoid toxin is juxtanuclear in HT1080 cells after 30 min. As in A), but

uptake was allowed for 5 min, 30 min, 60 min, 90 min, and 120 min. Cells were stained with primary

antibodies against myc-epitope of PltA and counterstained with DAPI. Scale bars in white indicate 30

µm.

F) Diagram depicting the standard intoxication assay. Cells are seeded in culture vessels on day

0 to reach 30% confluency the next day. The next day, typhoid toxin is added to the cells in medium,

and binding and uptake of the toxin is allowed during a 2 h pulse at 37 ◦C. Cells are then washed and

fresh culture medium is added. Cells are put back to 37 ◦C to start the chase at time point 0 h for a

standard intoxication time of 24 h unless otherwise indicated.

4.3 Recombinant typhoid toxin induces cellular dis-
tension

A hallmark of CDTs is the distension of cells and nuclei ([191]), which has also been
demonstrated for the typhoid toxin ([370], [145]). Thus, to confirm the toxigenic activity
of the purifed typhoid toxin, an intoxication assay was performed on HT1080 cells, and
cellular distension was imaged by brightfield microscopy over 14 days (Fig. 4.5 A).
Microscopy of untreated cells showed a monolayer of cells of constant size on each day
(blue line). In contrast, TOX treated cells were distended after 24 h and continued to
dramatically increase in size up to 14 days. The same effect was seen even with 5 ng/ml
of TOX, which is consistent with effects seen at these concentrations with other CDTs
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([109]). When cells were intoxicated with the DNase-inactive mutant TOX-HQ, cells
looked equivalent to untreated controls (Fig. 4.4 A). This indicates that toxin-distension
was mediated by DNA damage. Indeed, using the drug doxorubicin which is known to
induce DNA damage ([411]) also induced cellular distension. These experiments also
indicated a lack of cytolethal activity of the typhoid toxin as cells appeared to survive
rather than undergo cell death (e.g. apoptosis). Indeed, this was further confirmed with
experiments treating cells with the apoptosis inducer staurosporine (STP) ([24], [203]),
which had cytolethal effects and caused significant cell death.
Upon closer inspection, the diameter of intoxicated cells was found to be approximately
3 - 4 times larger than untreated cells (blue dashed line of TOX-treated cells at day 5).
Nuclei were as large as entire untreated cells (blue continuous line of TOX-treated cells
at day 5 vs. blue continuous line untreated cells day 5). Interestingly, cells treated with
5 to 50 ng/ml of typhoid toxin showed large vesicular structures in the perinuclear area
(black arrows), some being bigger than the nuclei of TOX-treated cells (green arrows).
IF microscopy of the intoxicated cells showed that these vesicles were also found to be
enriched in PltA and the phenotype was independent of CdtB, as the large vesicular
structures were also observed in cells intoxicated with TOX-HQ (Fig. 4.4 B, white
arrows).
In conclusion, the typhoid toxin induces cellular distension and manipulates vesicular
trafficking.
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Recombinant typhoid toxin induces cellular distension.
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Figure 4.4:
A) Typhoid toxin induces distension of cells and nuclei. An intoxication assay was performed

on HT1080 cells with 5 or 50 ng/ml TOX and 5 ng/ml TOX-HQ, or left untreated. Alternatively, cells

were pulsed with 10 µM doxorubicin for 1 h or with 100 ng/ml STP for 1 h and chased in fresh medium.

Life cells were imaged at day 1, 3, 5, 7, and 14 using a 10x objective. Presented images are of the same

scale and scale bar indicates 100 µm).

B) Vesicles form upon typhoid toxin treatment. HT1080 cells were treated with 50 ng/ml TOX

and fixed after 2 h and 24 h. Cells were stained with antibodies for α-tubulin, myc for PltA subunit,

and counterstained for DAPI. Images were taken using a 60x objective. Presented images are of the

same scale (bold white scale bar).

4.4 Recombinant typhoid toxin induces cell cycle ar-
rest

Cellular distension is thought to be a typical phenotype in ageing or cell cycle-arrested
cells ([351], [10]). In fact, both CDTs and typhoid toxin are known to induce cell cycle
arrest in replicating cells ([68], [101], [190], [370]).
Therefore, the cell cycle profile of asynchronous cell populations after toxin treatment
was assessed by flow cytometry to measure the DNA content using propidium iodide (PI)
staining of DNA. Cells in G1 phase have one set of chromosomes (n) that is replicated
during S phase resulting in two sets of chromosomes (2n) in G2/M phase. Confluency of
cells can arrest them temporarily in the cell cycle in G1/G0 phase ([168]), hence, cells
were seeded at a density to reach 30% confluency on the day of intoxication. Moreover,
to prevent false-positive counts for apoptosis or cells in G2/M cell cycle phase, only
cells that fit certain characteristics where analysed. This selection process called gating
ensured that cellular debris and doublets of cells were excluded (see Fig. 4.5 A).
When TOX-treated HT1080 cells were examined at 24 h, G2/M cell cycle arrest was
observed (74.3% compared to 16% in untreated cells) (see Fig. 4.5 B and D). Cell cycle
arrest was dependent on active CdtB, as catalytically inactive TOX-HQ did not induce
cell cycle arrest. However, TOX treated cells were still showing a population in G1,
which suggests that the G1 arrest might also be induced by typhoid toxin. G1 arrest has
also been observed for other CDTs and depends on a functional p53 checkpoint ([70], [3]).
RAW 246.7 mouse macrophages (RAW) cells also showed G2/M cell cycle arrest upon
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TOX-treatment (83.3% compared to 30% in untreated cells) (see Fig. 4.5 C and E), and
the same phenotype was observed in Jurkat human T cells, mouse embryonic fibroblastst
(MEF), and murine fibroblasts NIH 3T3 (data not shown).
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Figure 4.5:
Recombinant typhoid toxin induces cell cycle arrest at G2/M phase in

epithelial cells and macrophages.
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Figure 4.5:
A) Gating strategy for cell cycle profile analysis. Exemplary untreated asynchronous HT1080

cells seeded to reach 30 % confluency at the start of the experiment and fixed 24 h later are shown.

Cells were fixed with 70% EtOH in PBS, incubated with RNase, stained with PI, and analysed on a flow

cytometer as described in Methods, p. 248. Collected data was first gated on whole cells to exclude

debris. Then, doublets of cells were excluded, and next live cells with a chromatin content ranging form

1n to 2n were included in the data. The resulting histogram for the PI intensities (FL-3 H) is shown.

G1/G0 content was quantified by measuring the integral from half of the G1 peak starting on the left

side to the peak of G1 as indicated and multiplication by 2. G2/M content was quantified similarly by

starting the integral from the peak of G2 to the right side and multiplication by 2. The S content is

quantified by subtraction of G1/G0 and G2/M content from 100% of the population.

B) Cell cycle profiles from HT1080 cells after 24 h intoxication assay. Cells were treated

with 5 ng/ml TOX or TOX-HQ for 24 h. At least 30,000 cells were analysed per sample. Overlay of

representative cell cycle profiles to the right.

C) Cell cycle profiles from RAW cells after 24 h intoxication assay. As described in B).

D) Quantification of cell cycle distribution of HT1080 cells after 24 h intoxication. Cells

were treated as in B). The means of 8 experimental repeats, each consisting of 2 biological duplicates

that were averaged, are presented. Per sample, at least 30,000 cells were analysed, amounting to 480,000

cells in total.Two-way ANOVA with Tukey’s multiple comparison test was performed on values from the

experimental replicates using untreated cells for comparison of each cell cycle phase as indicated to the

right (grayscales corresponding to cell cycle phase). Error bars represent standard deviation (SD), and

significance is indicated as described in methods (p. 252).

E) Quantification of cell cycle distribution of RAW cells after 24 h intoxication. As described

in D), with > 15,000 cells analysed per sample, amounting to 240,000 cells in total.

4.5 Typhoid toxin induces a cellular DDR

4.5.1 Typhoid toxin induces γH2AX

The cellular response induced by the toxin was next studied in more detail. One of the
earliest events in the DDR is the phosphorylation of H2AX at Ser-139 by ATR, ATM,
and DNA-PKc, which is crucial for recruiting downstream repair proteins, and peaks
as early as 15 min after treatment with IR ([320], [316]). Therefore, γH2AX was used
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as a marker for DNA double and single strand breaks to test the activity of TOX after
uptake which was analysed by immunoblotting and IF microscopy ([86], [109]).

γH2AX levels increase upon typhoid toxin treatment

Immunoblotting of whole cell lysates showed strong bands for γH2AX after 24 h intoxi-
cation assay with 5 ng/ml TOX (see Fig. 4.6 A). In contrast, no γH2AX was observed
in cells treated with TOX-HQ, which was equivalent to untreated cells. To confirm that
the ADP-ribosylase acitivity of PltA was not driving the DDR, the activity of PltA was
disabled by introducing the point mutation E133A, and purifying the mutant TOX-EA by
affinity chromatography (data not shown). As expected, treatment of cells with TOX-EA
induced γH2AX which was equivalent to TOX wt (Fig. 4.6 A). To further establish
that typhoid toxin was active, the related CDT, EcolCDT, was cloned into pETDuet1
and purified by Ni-NTA chromatography as described for the typhoid toxin (data not
shown). After intoxication with EcolCDT, cells exhibited increased γH2AX compared to
untreated cells.
Of note, a higher MW band for γH2AX was present on the immunoblots when cells were
treated with TOX, TOX-EA or EcolCDT. This band shift possibly corresponds to the
MW of ubiquitin (8.5 kD). K13-15-ubiquitinylation of γH2AX is a process mediated by
the ubiquitin-ligase RNF168 and is a further indicator of toxin-mediated DDR ([258]).

Typhoid toxin induces γH2AX foci

Immunoblots give information only about presence of proteins in whole populations
and lack information about the cellular protein localisation. Therefore, IF microscopy
for γH2AX was employed to analyse intoxicated cells (see Fig. 4.6 B). γH2AX foci
formed upon intoxication with TOX which was dependent on the activity of the CdtB
subunit as no γH2AX foci were seen after treatment with TOX-HQ (see Fig. 4.6 B). This
was further confirmed by quantification of γH2AX intensity which showed a significant
2.3-fold increase for TOX treated cells but not TOX-HQ. The latter was not significantly
different from the untreated cells, though some background γH2AX was observed (Fig.
4.6 C). PltA did not contribute to the DDR, as the mutant TOX-E133A also induced
γH2AX foci (Fig. 4.6 B).
γH2AX is known to mediate the recruitment of the NHEJ repair protein 53BP1 ([258],
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[15]) which is recruited upon intoxication with other CDTs ( ([109], [33]). Indeed, when
53BP1 was imaged by IF microscopy in intoxicated cells, 53BP1 was found in foci
colocalising with γH2AX induced by TOX and TOX-EA (Fig. 4.6 B).
To study the temporal dynamics of γH2AX foci formation, HT1080 cells were intoxicated
and γH2AX intensity was measured by IF microscopy at 2 h, 24 h, 48 h, and 72 h
(Fig. 4.6 E). This showed that γH2AX was induced as early as 2 h (not significant),
peaked at 48 h with 4.5-fold increase in γH2AX levels, and was persistent until 72 h
after intoxication with a toxin dose of 50 ng/ml. A dose of 5 ng/ml induced the same
trend, although less prominent. TOX-HQ did not lead to a significant change in γH2AX
levels at any time point showing only a DNA damage background as noted above (Fig.
4.6 B and C).
Persistent γH2AX and 53BP1 staining was observed in HT1080 cells intoxicated with
TOX and TOX-EA up to 96 h (Fig. 4.6 D).
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Typhoid toxin induces γH2AX.
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Figure 4.6:
A) Immunoblot of intoxicated HT1080 cells showing TOX-mediated γH2AX induction.

Standard intoxication assays were performed using 5 ng/ml of indicated toxin variants, or cells were left

untreated. Whole cell lysates were subjected to immunoblotting and stained for γH2AX, and α-tubulin

as a loading control. Star indicates the MW of γH2AX-13-15-ubi as detected by anti-γH2AX antibody.

B) IF microscopy of HT1080 cells showing γH2AX foci after 24 h intoxication. Standard

intoxication assay was performed with 5 ng/ml indicated toxin variants, or cells were left untreated.

Fixed cells were stained with primary antibodies for γH2AX, counterstained with DAPI, and images

were taken using a 60x objective. Representative scale bar indicates 20 µm.

C) Quantification of γH2AX intensity after 24 h intoxication Images of cells treated with TOX,

TOX-HQ, or left untreated from B) taken with a 20x objective were used for quantification of normalised

γH2AX intensities by Volocity software. The means of 3 experimental repeats are presented. Per sample,

10 images were analysed and pooled, amounting to 900 to 3000 nuclei,. One-way ANOVA and Dunnett’s

multiple comparison test were used for statistic analysis of the means, error bars represent SD, and

significance above bars indicates difference compared to untreated cells.

D) IF microscopy of HT1080 cells showing γH2AX foci after 24 h intoxication. Intoxication

assay, staining, and imaging was performed as in B) for 96 h. Representative scale bar indicates 20 µm.

E) Quantification of γH2AX intensity in HT1080 cells at different time points of intoxica-

tion. Intoxication assays were performed using 50 or 5 ng/ml TOX, 5 ng/ml TOX-HQ, or cells were left

untreated. Fixed cells were stained as in B), and analysed by IF microscopy after intoxication for indi-

cated time points using a 20x objective. γH2AX intensities were quantified and normalised. The means

of 3 experimental repeats are presented. Per sample, 10 images, were analysed and pooled, amounting

to 300 to 3000 nuclei in total. Two-way ANOVA and Tukey’s multiple comparison test were used for

statistic analysis, error bars represent SD, and significance above bars indicates difference compared

to TOX-HQ 2 h. Experiments were done in duplicates and 10 images per condition were taken per samples.

4.5.2 Typhoid toxin induces the recruitment of DDR proteins

Following the analysis of 53BP1, the recruitment of other repair proteins by γH2AX
upon treatment with typhoid toxin was investigated. XRCC5 is a regulatory subunit of
DNA-PKc and is involved in early DNA damage response of the NHEJ pathway ([404]),
while Rad51 is involved in the DSB resolution during S-phase and is a component of
the HR repair ([263]). Therefore, following cellular intoxication with TOX for 24 h,
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IF microscopy was employed to study the recruitment of repair proteins 53BP1 and
XRCC5/Ku80 (NHEJ), and Rad51 (HR) to γH2AX foci (Fig. 4.7 A - E).
Quantification of 53BP1 levels from IF microscopy (Fig. 4.7 A) showed that TOX-treated
cells had 53BP1 levels equivalent to untreated cells and TOX-HQ treated cells (Fig. 4.7
B).
Independently of typhoid toxin, cells exhibited either a uniform nuclear distribution of
XRCC5, or were devoid of XRCC5, as seen for untreated and TOX-treated cells (Fig.
4.7 C). Quantification of overall XRCC5 intensity in TOX-treated cells revealed a small
but non-significant increase in TOX-treated cells compared to untreated or TOX-HQ
treated cells (Fig. 4.7 D).
IF microscopy showed that Rad51 was recruited upon TOX treatment and co-localised
with some of the γH2AX foci (see Fig. 4.7 E, white arrows). In contrast, untreated cells
showed only minor background signal of Rad51. This experiment was performed only
once, so conclusions have to be drawn cautiously.
Altogether, the recruitment of Rad51 and 53BP1 to γH2AX (arrows in Fig. 4.7 A and
C) implies that both, HR and NHEJ are activated by typhoid toxin.
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Figure 4.7:
Typhoid toxin induces the recruitment of DDR proteins.
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Figure 4.7:
A) IF microscopy of 53BP1 upon 24 h intoxication of HT1080 cells.. Standard intoxication

assay was performed with 5 ng/ml TOX. Cells were fixed and stained with primary antibodies against

53BP1, γH2AX and counterstained with DAPI. Images were taken using a 60x objective. White arrow

highlights colocalisation of 53BP1 with γH2AX foci. Representative scale bar indicates 50 µM.

B) Quantification of 53BP1 levels upon 24 h typhoid toxin treatment. Samples from A)

were imaged using a 20x objective. Quantification of the normalised 53BP1 signal was performed with

Volocity software. The normalised intensity of untreated cells was set to zero and used for comparison.

Means of 3 experimental repeats are presented; whiskers represent minimum/maximum values; one-way

ANOVA and Dunnett’s multiple comparison was performed, to compare intensities to untreated cells.

Per sample, 10 images per condition and replicate were taken, each including 900 to 3000 nuclei.

C) IF microscopy of XRCC5 upon 24 h intoxication of HT1080 cells. Experiments, staining,

and imaging was performed as in A) with antibodies agains XRCC5 and γH2AX. Representative scale

bar indicates 50 µM.

D) Quantification of XRCC5 levels upon 24 h typhoid toxin treatment. Quantification of

normalised XRCC5 levels was performed with Volocity software. Means of 3 experimental repeats are

presented; whiskers, minimum/maximum values; one-way ANOVA and Dunnett’s multiple comparison

was performed, to compare intensities to untreated cells. 10 images per condition and replicate were

taken, amounting to 900 to 3000 nuclei..

E) IF microscopy of Rad51 upon 24 h intoxication of HT1080 cells. Experiments, staining,

and imaging was performed as in A) with antibodies agains Rad51 and γH2AX. White arrow highlights

colocalisation of Rad51 with γH2AX foci. Representative scale bar indicates 50 µM.

4.5.3 Typhoid toxin induces a cellular DDR in other mam-
malian cell lines

To ensure that the DDR to the purified toxin was not cell specific, the cellular response to
typhoid toxin found in HT1080 cells was compared to other cell lines. RAW, differentiated
THP1 human macrophages (THP1), MEFs, and immortalised human intestinal epithelial
cells (HIECs) were used in 24 h intoxication assays before studying the cellular response
by IF microscopy.
RAW cells exhibited high γH2AX levels and recruitment of 53BP1 that colocalised after
intoxication with TOX and TOX-EA, but not with TOX-HQ (see Fig. 4.8 A).
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The same trend was observed for differentiated THP1 cells, MEFs, and HIEC cells (Fig.
4.8 B - D).
Quantitative analysis of overal γH2AX intensities from IF microscopy showed a 4-fold
increase of γH2AX in RAW cells after TOX-treatment while TOX-HQ did not lead to a
significant change (Fig. 4.8 E).
Another commonly used quantification of γH2AX is scoring of nuclei with more than
5 γH2AX foci ([334], [389]). Using this approach, 68% of THP1 macrophages showed
more than 5 γH2AX foci upon treatment with TOX, while TOX-HQ did not induce a
significant change (see Fig. 4.8 F).
Altogether, cellular responses to the typhoid toxin were mirrored in all cell lines tested,
namely cancer cell lines HT1080, RAW, THP1, and immortalised cell lines MEF and
HIEC, indicating that cell cycle arrest is a universal response to typhoid toxin in human
and murine cells.
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Typhoid toxin induces a cellular DDR in other mammalian cell lines.



4.6 Cellular response to typhoid toxin is concentration-dependent 97

Figure 4.8:
A) IF microscopy of γH2AX and 53BP1 in RAW macrophages and B) differentiated THP1

macrophages upon 24 h intoxication. Standard intoxication assay was performed on RAW cells with

5 ng/ml TOX. Cells were fixed and stained with antibodies against 53BP1, γH2AX, and counterstained

with DAPI. Images were taken using a 20x and 100x objective. Images are presented with the same

scale, i.e. scale bar indicates 50 µm for 20x images and 5 µm for 100x images.

C) IF microscopy of γH2AX and 53BP1 in MEF cells and HIEC cells upon typhoid toxin

treatment. Cells treated as in A). Scale bars indicate 5 µm.

D) Quantification of γH2AX intensities in intoxicated RAW cells. Samples from A) were

taken using a 20x objective and Volocity software. Presented are the means of three experimental

replicates. For each experimental replicate, data from 10 images was averaged. Normalised γH2AX

intensity were further normalised to the values of untreated cells for comparison. One-way ANOVA

and Tukey’s multiple comparison was performed, and error bars represent SD. 300 to 6000 nuclei were

analysed in total.

E) Quantification of γH2AX in intoxicated THP1 cells. Samples from B) were taken using a

20x objective and Volocity software. Nuclei with > 5 γH2AX foci were manually counted. Presented are

the means of three experimental replicates. For each experimental replicate, data from 10 images was

averaged. One-way ANOVA and Tukey’s multiple comparison was performed, and error bars represent

SD. 300 to 6000 nuclei were analysed in total.

4.6 Cellular response to typhoid toxin is concentration-
dependent

To find the most cytotoxic concentration of typhoid toxin, different doses ranging from
50 ng/ml to 5 pg/ml were assessed by flow cytometry to determine the dose that arrests
most cells in G2/M phase.
Analysis of intoxicated RAW cells showed that 5 ng/ml TOX induced the most sig-
nificant cell cycle arrest in G2/M phase, arresting 89.3% of the cells in G2/M phase
(representative cell cycle profiles in Fig. 4.9 A and quantitative analysis in Fig. 4.9 B).
For lower concentrations, the cell cycle arrest in G2/M phase becomes less prominent
and is below significance for 5 pg/ml (equivalent to 0.13 molecules TOX per cell) (Fig.
4.9 C). In contrast, TOX-HQ did not induce cell cycle arrest in any tested concentration,
confirming the abrogation of DNA damaging activity by the HT160Q CdtB mutation. To
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further compare the efficacy of typhoid toxin, different concentrations of EcolCDT were
tested. EcolCDT induced significant cell cycle arrest in G2/M phase at concentrations of
5 ng/ml (42% of cells in G2/M phase) and 0.5 ng/ml (32% of cells in G2/M phase) (Fig.
4.9 B).
For HT1080 cells, the same trend in cell cycle arrest was observed, with 0.5 ng/ml TOX
inducing the strongest G2/M cell cycle arrest (75%) with no significant effect being
observed for 5 pg/ml or less (Fig. 4.9 D). Notably, the optimum dose was 10-fold lower
for HT1080 than for RAWs. This can be explained by cell seeding density as RAW
cells are very small and 10-fold more cells were seeded than HT1080 cells to reach 30%
confluency on the day of intoxication.
Intriguingly, no significant cell cycle arrest at G2/M phase in HT1080 cells was observed
for the highest concentration of TOX 50 ng/ml, which could be due to a different cellular
response, e.g. apoptosis.
Toxin titrations were also analysed by immunoblotting for γH2AX of whole cell lysates
(Fig. 4.9 E). TOX-treatment increased γH2AX up to 5.2-fold compared to 0.05 ng/ml
TOX-HQ (Fig. 4.9 E and F). The increase of γH2AX was consistent with the increase of
γH2AX observed and quantified by IF microscopy (Fig. 4.6 D on p. 84).
Interestingly, γH2AX was not augmented by increasing concentrations of the toxin which
was confirmed by immunoblotting PltA-myc and CdtB-Flag (Fig. 4.9 E and G).
Similarly, XRCC5 remained at consistent levels irrespective of TOX concentrations (Fig.
4.9 E) and is in accordance with previous quantification of XRCC5 by IF microscopy
(see Fig. 4.7 D on page 87). However, conclusions have to be drawn cautiously, as
densitometry on immunoblots of toxin titrations were performed only once.
In conclusion, cytotoxic effects of typhoid toxin are concentration-dependent. Based
on the results, 5 ng/ml was selected as a standard toxin concentration if not otherwise
indicated.
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Figure 4.9:
Cellular response to typhoid toxin is concentration-dependent.
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Figure 4.9:
Cell cycle analysis of RAW cells after intoxication with different concentrations of toxin

with A) representative cell cycle profiles and B) quantification. Standard intoxication assays

were performed with indicated concentrations of TOX, TOX-HQ, and EcolCDT (50 ng/ml, 5 ng/ml, 0.5

ng/ml, 50 pg/ml, 5 pg/ml). Cells were fixed and stained with PI for flow cytometry. Data was analysed

using FlowJo software.

Quantification was carried out as described previously (Fig. 4.5, p. 80). Presented are the means

of 2 biological and 2 experimental repeats, and error bars represent the SD. Two-way ANOVA and

Dunnett’s multiple comparison test was performed comparing G2/M phase to untreated cells, and error

bars represent SD. Per sample, > 20,000 cells were analysed amounting to > 80,000 cells in total.

C) Low concentrations of toxin for intoxication of RAW cells with cell cycle analysis. As

B) with concentrations of TOX ranging from 50 ng/ml to 5 ag/ml. Significance is shown as comparison

of G2/M phase to untreated cells.

D) Quantitative cell cycle analysis of HT1080 cells in response to different typhoid toxin

concentrations. Titration of concentration for intoxication assay as in C). Statistics were performed

as in B). Significance is shown for comparison of G1 or G2/M phase to corresponding cell phase of

untreated cells as indicated to the right by grey levels corresponding to cell cycle phase.

E) Immunoblot of HT1080 cells intoxicated with different concentrations of typhoid toxin.

Intoxication assays were performed for 24 h with indicated concentrations of TOX and TOX-HQ (500

ng/ml, 50 ng/ml, 5 ng/ml, 0.5 ng/ml, 50 pg/ml, 5 pg/ml). Whole cell lysates were stained with

antibodies against XRCC5, α-tubulin, Flag for CdtB, myc for PltA, and γH2AX. For concentration

comparison, 5 ng TOX and TOX-HQ were loaded (loading ctrl. TOX).

F) Quantitative analysis of γH2AX from immunoblot E). Quantification of γH2AX signal was

performed by normalisation to corresponding α-tubulin levels for each sample. Values were normalised

to TOX-HQ 0.05 ng/ml.

G) Quantitative analysis of CdtB from immunoblot E). Quantification of CdtB signal was

performed by normalisation to corresponding α-tubulin levels for each sample. Values were normalised

to to TOX-HQ 0.05 ng/ml.

4.7 Cellular response to typhoid toxin is time-dependent

Previous studies have shown that EcolCDT induced the strongest cell cycle arrest in
G2/M phase after 72 h ([109]). Thus, cell cycle arrest by the typhoid toxin in HT1080
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cells over 96 h was examined by flow cytometry (Fig. 4.10 A and B).
In untreated cells, a non-significant G1/G0 cell cycle arrest was noted over 96 h equivalent
to TOX-HQ, as cells continue to replicate until they reach confluency in the culture
vessels. In contrast, TOX treatment induces the most significant G2/M cell cycle arrest at
24 h (89.7%) (Fig. 4.10 B). Despite a decrease of the population in the G2/M phase over
96 h after TOX treatment to 46.3%, the cell cycle arrest in G2/M was still significantly
increased relative to untreated cells at both 24 h (replicating cells) and 96 h (quiescent
monolayers in G1/G0), thus indicating two populatios: a permanently cell cycle-arrested
population and a population where cell cycle has slowed.
Similarly, EcolCDT induced the most effective G2/M cell cycle arrest at 24 h (42%).
However, the population of G2/M arrested cells decreased over time until the cell cycle
profile was not significantly different after 96 h relative to replicating untreated cells (Fig.
4.10 B).
Moreover, corresponding levels of γH2AX of intoxicated HT1080 cells were tested by
immunoblotting of whole cell lysates after 2 h, 24 h, 48 h, 72 h, and 96 h of intoxication
(Fig. 4.10 C). As expected, the inactive TOX-HQ induced only low levels of γH2AX
equivalent to untreated cells (Fig. 4.10 C and D). In contrast, TOX caused a steady
increase of γH2AX peaking 72 h after intoxication with a 15-fold increase compared
to 2 h untreated cells (Fig. 4.10 D). Interestingly, while γH2AX levels increased, the
concentration of intracellular PltA decreased constantly over 96 h (Fig. 4.10 C).
Immunoblotting after intoxication over different times was repeated with RAW cells (Fig.
4.10 E). γH2AX levels peaked already 24 h after intoxication with a 2.7-fold increase
compared to TOX-HQ treated cells and remained constant until 72 h post intoxication
before decreasing after 96 h (Fig. 4.10 F). The intensity of CdtB and PltA decreased
over the same time (Fig. 4.10 E and G).
The increase of γH2AX is in accordance with the previous findings by IF microscopy (see
Fig. 4.6 D on p. 84), and the decrease of toxin subunits suggests that the toxin subunits
are degraded or re-exocytosed from intoxicated cells. Moreover, the inverse correlation
of intracellular toxin subunits with the increase of γH2AX levels suggests that typhoid
toxin induces a permanent DDR which cannot be resolved by the degradation of typhoid
toxin.
The response by HR protein Rad51 peaked at 2 h after toxin treatment, but was low
for later time points (Fig. 4.10 H). This indicates that cells initially respond to typhoid
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toxin with HR, but TOX mediates a different, persistent response at later stages.
Taken together, these findings suggest that typhoid toxin induces irreversible DNA
damage and a persistent DDR.
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Figure 4.10:
Cellular response to typhoid toxin is time-dependent.
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Figure 4.10:
A) Cell cycle analysis after intoxication of HT1080 cells over different times with rep-

resentative cell cycle profiles and B) quantification. Intoxication assays with 5 ng/ml TOX,

TOX-HQ, or EcolCDT were performed for 24 h, 48 h, 72 h, or 96 h. Cells were prepared for analysis by

flow cytometry. Data was analysed using FlowJo software. Means of 2 experimental and 2 biological

repeats are presented, each > 20,000 cells analysed, amounting to > 80,000 cells in total. For statistical

analysis, two-way ANOVA and Dunnett’s multiple comparison test was performed on the biological and

experimental repeats comparing to untreated cells at 24 h time point, and error bars represent SD.

C) WB of HT1080 whole cell lysates after different times of intoxication. Intoxication of

HT1080 cells with 5 ng/ml TOX or TOX-HQ was performed, or cells left untreated over 2 h, 24 h, 48 h,

72 h, and 96 h. Whole cell lysates were stained with antibodies against α-tubulin, myc for PltA, and

γH2AX.

D) Quantification of γH2AX levels after different times of intoxication. γH2AX levels from

C) were quantified and normalised to α-tubulin levels as a loading control, and then normalised to values

of untreated cells 2 h.

E) WB with RAW whole cell lysates after different times of intoxication. Intoxication of

RAW cells with 5 ng/ml TOX or TOX-HQ were performed over 2 h, 24 h, 48 h, 72 h, and 96 h. Whole

cell lysates were stained with antibodies against α-tubulin, Flag for CdtB, myc for PltA, Rad51, and

γH2AX.

F) - H) Quantification of immunoblotted proteins after intoxication after different times

of intoxication.:

F) Quantification of γH2AX. γH2AX levels from E) were quantified and normalised to α-tubulin

levels. Presented are values normalised to TOX-HQ 24 h.

G) Quantification of CdtB. CdtB levels from E) as imaged by myc-epitope staining were quantified

and normalised to α-tubulin levels, and then normalised to TOX 24 h.

H) Quantification of Rad51. CdtB levels from E) were quantified and normalised to α-tubulin levels,

and then normalised to TOX 2 h.
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4.8 Typhoid toxin DNA binding is independent of
the weak nuclease activity of TOX

Typhoid toxin is a weak in vitro DNase Like other CdtBs, typhoid toxin exhibits
homology to DNase I ([367], [145]). However, previous publications show low in vitro
DNase activity of CDTs ([102]), and whether the typhoid toxin has DNase activity is not
known.
To test the in vitro DNase activity of typhoid toxin CdtB, an adapted in vitro DNA
digestion assay was performed ([101]) where pET15b-GST plasmid DNA with a size of
approximately 6.1 kbp for was used as a substrate for either TOX or 1U bovine DNase
in a buffer containing Mg2+ and Ca2+, which are essential ions for CdtB and DNase I for
binding to DNA and activity ([293]) (see methods p. 229).
Untreated control lanes (‘plasmid loading control’) showed the presence of three DNA
bands with the dominant middle band being supercoiled and the lower band being
circular/relaxed. When DNase was added, the plasmid DNA was completely degraded
within minutes. In contrast, 5 ng/ml of TOX had no effect on plasmid DNA, even after
24 h incubation. Nevertheless, a smear of DNA was observed suggesting degradation.
When TOX concentrations were increased to 50 ng or more, plasmid DNA was degraded
with only low MW species being observed. It was noted that 20 ng of TOX were required
to digest 300 ng of plasmid DNA in 24 h, equivalent to a 1:6 ratio of TOX:substrate DNA
(Fig. 4.11 A and B), which agrees with previous reports citing CdtB as an inefficient
nuclease relative to its DNase homologue ([102]). Even so, 50 ng of TOX-HQ did not
lead to DNA digest (Fig. 4.11 B) showing that the nuclease effect observed with TOX
was specific to its catalytic activity.
Next, a concentration of 50 ng/ml TOX was tested for its DNase activity over different
times (Fig. 4.11 C), which showed that 50 ng/ml TOX digests DNA over 6 h.
Plasmid DNA is different from the genomic chromatin that typhoid toxin targets in
intoxicated cells as it has bacterial methylation patterns, is present in a supercoiled
circular conformation, and lacks the epigenetic modifications and histone decorations
that mammalian chromatin usually has. Furthermore, potential unknown co-factors of
typhoid toxin might be missing in the in vitro plasmid digestion assay.
Therefore, DNA fragmentation by typhoid toxin was tested in intoxicated cells by alkaline
comet assay, which is a single cell assay to quantify DSB and SSB and has been used to
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show that other CDTs cause indeed DNA fragmentation ([109]). In this assay, fragmented
DNA migrates from the nucleus of agarose-embedded cells under an applied electric
field and can be seen as ’comets‘ after visualisation with a DNA dye, and the comet tail
moment, describing the shape and size of the comets, is a commonly used readout to
quantify DNA fragmentation ([307]).
Continuous treatment of HT1080 cells with TOX for 3 h increased the comet tail moment
significantly compared to untreated and TOX-HQ treated cells (Fig. 4.11 D). TOX-HQ
did not induce DNA fragmentation as seen by no comets in most cells, yet the average
tail moment was significantly different compared to untreated cells.
In conclusion, the findings suggest that the typhoid toxin induces a DDR directly through
nuclease activity, which mediates formation of DSBs and SSBs.
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Typhoid toxin has weak in vitro DNase activity but fragments DNA in

cultured cells.
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Figure 4.11:
A - C) In vitro DNase assays of typhoid toxin. In a DNase assay adapted from [293], different

concentrations of typhoid toxin were incubated with pET15b plasmid DNA (see materials and methods,

p. 229). As a control, 1 U bovine DNase was used.

A) DNase assay for 24 h with different toxin concentrations. Concentrations of 5 ng, 50 ng,

100 ng, and 0.5 mg TOX were tested for DNase activity over 24 h. ‘Plasmid digestion control’ were

heated alike other samples but without DNase or toxin.

B) DNase assay for 24 h with different low toxin concentrations. The experiment from A) was

repeated using TOX concentrations of 5 ng, 10 ng, 20 ng, 30 ng, and comparing it to 50 ng TOX-HQ.

C) DNase assay with 50 ng/ml TOX over different times. The DNase assay was performed

using 50 ng/ml TOX over different times.

D) Alkaline comet assay with typhoid toxin. HT1080 cells were treated continuously for 3 h with

5 ng/ml TOX or TOX-HQ, or left untreated. Cells were harvested and alkaline comet assay was carried

out. Cells were stained with SYBR green UV DNA dye, and were scored using a 10x objective. Tail

moments of comets were scored using Comet Assay IV software. Experiments were repeated twice,

each performed in triplicates, scoring 50 cells each. Presented are comet scores of individual cells with

SD calculated from the averages of the experimental repeats. One-way ANOVA with Tukey’s multiple

comparison test was performed on the experimental repeats. Representative images of comet assay are

shown below the graph.

Typhoid toxin competes with inactive mutant TOX-HQ for DNA binding
Given the inefficient nuclease activity of CdtB relative to DNase, it remains possible
that the toxin activates the DDR by multiple mechanisms. For example, the toxin may
anchor to DNA and perturb interactions between host cell DNA-binding proteins and
DNA, which would induce DNA damage ([279], [214]). If this hypothesis were true, then
stable interactions between TOX-HQ and DNA would not be observed as TOX-HQ does
not trigger a DDR.
Thus, ‘stable’ toxin interactions with genomic bovine DNA was investigated using
fluorophore-competition assays, which are commonly used to study the affinity of
molecules to DNA. In essence, Hoechst-stained DNA emits light at 465 nm after appro-
priate excitation, while free Hoechst dye emits at 510 nm, and thus the displacement of
Hoechst in response to a DNA-binding protein can be measured ([216]). To initiate these
experiments, GST-tagged CdtB was purified by affinity chromatography following BL21
expression of pGEX2T-cdtB (performed by Dr Daniel Humphreys, data not shown).
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When Hoechst-stained DNA was examined in isolation, no fluorescence at 510 nm was
observed (Fig. 4.12 A). In contrast, addition of TOX increased fluorescence, which could
be further augmented by CaCl2 and MgCl2 that enable E.coli CdtB-DNA binding ([102]).
The same effect was also observed with TOX-HQ (Fig. 4.12 B).
Therefore, the hypothesis that CdtB induces DNA damage by binding in a stable fashion
to DNA was rejected, which supports the idea that the toxin induces DNA damage
through nuclease activity.
To take advantage of the finding that both TOX and TOX-HQ bind DNA, it was hy-
pothesised that the TOX-HQ could acts as a “substrate-trap” on target DNA, which
could sterically hinder TOX during intoxication experiments. Thus, competitive in-
toxication assays were established where cells were treated with TOX-HQ in 100-fold
excess over TOX before analysis of the cell cycle (Fig 4.12, C and D) in either HT1080s
or RAW cells. In contrast to TOX-treated cells, which induced G2/M arrest (TOX),
cells pre-treated with TOX-HQ 2 h before TOX (namely TOX-HQ→TOX) significantly
inhibited the toxigenic effect in both cell lines. It was reasoned that this effect could be
due to TOX-HQ sequestering the target cell surface receptors and/or endocytic pathway.
Surprisingly, TOX-HQ inhibition of TOX was also observed if TOX-HQ was added 2
h after intoxication (TOX→TOX-HQ), and the same effect was seen in both cell lines
when both toxin derivatives were added at the same time. Thus, the inhibition imparted
by TOX-HQ is likely mediated within the nucleus.
In conclusion, this shows that inactive TOX-HQ is able to bind to DNA and can
significantly inhibit the cytotoxic effects of typhoid toxin.
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Figure 4.12:
CdtB and CdtB-HH160Q compete for binding to DNA.
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Figure 4.12:
A) Fluorophore competition assay with CdtB-GST. Fluorophore competition assay was carried

out with the GST-tagged CdtB subunit of typhoid toxin in presence of indicated amounts of CaCl2 and

MgCl2 and Hoechst emission was measured at the emission maximum at 510 nm after excitation at 337

nm. The control (no CdtB, most left bar) was set to zero and used for normalisation.

B) Fluorophore competition assay with CdtB-HQ. As A) but with GST-tagged mutant CdtB-

HQ.

C) Cell cycle analysis for competitive intoxication of HT1080 cells and D) RAW cells.

Competitive intoxication for 24 h of HT1080 were performed in serial treatment TOX-HQ→TOX,

TOX→TOX-HQ, or simultaneously TOX/TOX-HQ, or intoxicated with TOX or TOX-HQ alone. TOX

was used at 0.5 ng/ml, TOX-HQ was used at 50 ng/ml. Cells were stained with PI and subjected to

flow cytometry. Data derived from 2 repeats, performed in duplicates, each > 20,000 cells analysed,

amounting to > 80,000 cells in total. Experimental and biological repeats were averaged and presented as

means, and statistical analysis performed on those. Two-way ANOVA and Dunnett’s multiple comparison

test were performed using TOX-treated cells for comparison of G2/M phase, and error bars represent

SD.

4.9 Discussion Chapter 4

Purification of typhoid toxin. In this chapter, recombinant typhoid holo-toxin was
purified. To exclude potential effects of remnant E. coli proteins in the toxin preparation,
a recombinant TOX-HQ mutant with the inactivated catalytic residue H160 of CdtB
(TOX-HQ) was used as a negative control. The H160Q mutation was previously de-
scribed to abolish all toxigenic activity of typhoid toxin ([370], [145]). Indeed, TOX-HQ
treatment of cells did not induce a DDR, which shows that the remaining E. coli proteins
do not contribute to the DDR enabling host cells responses to the recombinant toxin to
be studied with precision. In support of this, a number of studies have used crude E.
coli protein extracts containing recombinant CDTs to study toxin manipulation of target
host cells ([342], [107], [109]). The specificity is possibly imparted by the ability of CDTs
and the typhoid toxin to gain entry in to host cells by binding cell surface receptors.
The cytotoxic activity of typhoid toxin is dependent on the uptake of typhoid toxin into
target cells ([145]). Indeed, the recombinant typhoid toxin in this study was rapidly
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taken up by target cells and trafficked towards the nucleus. Upon localisation of the
CdtB subunit in the nucleus, typhoid toxin is known to induce distension of cells and
nuclei and cell cycle arrest ([145], [370]). The recombinant typhoid toxin preparation
was shown to be active and exert cytotoxic effects as it also induced cellular and nuclear
distension, and cell cycle arrest in G2/M phase. Moreover, typhoid toxin was shown
to elicit SSB and a DDR characterised by γH2AX and recruitment of 53BP1 to foci
([268]). The recombinant toxin in this study was able to induce γH2AX as seen by
immunoblotting and IF, and γH2AX colocalised with 53BP1, indicating the functional
recruitment of repair proteins by γH2AX. Moreover, the effects of recombinant typhoid
toxin were reproducible in different cancer cell lines as well as immortalised cell lines.

Novel observations. Despite this being a chapter focussed on establishing the experi-
mental procedure with the toxin, novel observations were made, namely that the typhoid
toxin is a nuclease. CDTs have conserved residues for DNA binding, metal binding, and
catalytic residues that are along with the secondary structure related to the family of
DNases ([91], [177]). Here, a weak in vitro DNases activity has been observed for the
first time for typhoid toxin, which resembles the weak in vitro DNase activity of other
CDTs ([102], [230]). The activity of bacterial toxins are typically more efficient than their
functional homologues encoded in eukaryotic cells. For example, Salmonella virulence
factor SopE toxin mimics guanine nucleotide exchange factor activity to overactivate
the mammalian host cell protein Rac1 by replacement of guanosine diphosphate (GDP),
which leads to the typical membrane ruffling on invaded cells ([147], [269]). In contrast,
the results indicate that the typhoid toxin has relatively poor nuclease activity relative
to mammalian DNase, which is consistent with observations for other CDTs. However,
comet assays showed a quick fragmentation of DNA. Thus, it is intriguing to speculate
about the extent of the damage, which is possibly little but exacerbated by interference
with the target cell pathways to cause such dramatic host cell responses.
Another new observation was that the HQ mutant of typhoid toxin inhibits the wt toxin.
As sequential treatment of TOX followed by TOX-HQ partially abrogated toxicity, a
blocking of receptors by TOX-HQ to prevent entry of TOX can be excluded. Rather, a
mechanism in the nucleus seems to be involved in the rescue.
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No apoptosis. CDTs have been shown to be cytolethal and induce apoptosis ([70],
[418], [345]). However, in this chapter no signs of cell death were noted, as cells remained
attached to culture vessels up to 14 days without morphological changes typical for
apoptosis. Cytolethal effects of CDTs may be due to high concentrations in experimental
settings and in fact, a low dose of 50 pg/ml of EcolCDT were shown suffice to induced
DNA damage without induction of cell death ([109]). Although the toxin concentration
of 5 ng/ml used in standard intoxication assays in this chapter is 100-fold higher, still no
cell death was observed.
It was suggested that the lack of apoptosis in presence of a genotoxin leads persistent
DNA damage and hence to mutations ([22]).This puts typhoid toxin into the centre of
risk factors for chronic carriers of S. Typhi as a potential carcinogen. Therefore, the next
chapter investigates more closely the DDR to typhoid toxin.





Chapter 5

Typhoid toxin causes a replication
catastrophe and a novel γH2AX
distribution

The aim of chapter 5 is to investigate the DDR induced by typhoid toxin in more depth.
Understanding how typhoid toxin manipulates DDR will provide insight into the cellular
mechanisms underlying typhoid pathogenesis and chronic carriage of S. Typhi.

5.1 Typhoid toxin induces a novel DDR in target
cells

The induction of γH2AX foci is a common read-out for CdtB-mediated DNA damage
([70]). Surprisingly, as experiments developed, it was noticed that approximately half
of the population of HT1080 cells did not show γH2AX foci after standard intoxication
assays (Fig. 5.1). Instead, γH2AX was localised in the nuclear periphery in a smooth
γH2AX “ring” (white arrows). This was a reproducible phenotype and appeared to be
concentration-dependent. In fact, this ring distribution was most striking at toxin doses
of 5 ng/ml and 50 ng/ml. At a concentration of 5 pg/ml, almost no γH2AX was visible
in the nuclei of toxin-treated cells. This ring-like γH2AX localisation was surprising as
only γH2AX foci had been previously reported for the typhoid toxin, indeed any CDT
encoded by pathogenic bacteria. This indicated the discovery of a novel host-pathogen
interaction.
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To examine this phenotype further, 53BP1 was imaged in intoxicated cells. 53BP1 was
found colocalising with γH2AX foci (blue arrows) but this was not the case in nuclei with
peripheral γH2AX that seemed to exhibit only a weak background staining of 53BP1.
Again, this indicated a distinct response to the typhoid toxin. At a concentration of 50
pg/ml, γH2AX was predominantly present in foci, and the colocalisation of γH2AX and
53BP1 seemed restored. Thus, ring-induction appears to represent the activation of a
distinct non-canonical γH2AX-driven pathway.
Intoxication with 5 ng/ml TOX-EA also lead to γH2AX rings, while TOX-HQ treatment
did not induce γH2AX, equivalent to untreated cells (Fig. 5.1), which demonstrates a
dependence on nuclease activity and that the effect was not due to ‘batch’ variations in
different toxin preparations with active CdtB, i.e. TOX and TOX-EA.
Ring localisation of γH2AX was not noted for EcolCDT at the tested concentration (Fig.
5.1) indicating a specific response to the typhoid toxin.
Controls for DNA damage, namely doxorubicin and etoposide, induced exclusively canon-
ical γH2AX foci with partial 53BP1 colocalisation.
In conclusion, the γH2AX ring phenotype indicates a novel response to the typhoid toxin
that was further investigated in the following sections.
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Typhoid toxin induces two phenotypes of DNA damage response of γH2AX.
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Figure 5.1:
IF microscopy of intoxicated HT1080 cells.

Standard intoxication assays were performed with HT1080 cells using 50 ng/ml, 5 ngml, 0.5 ng/ml, 50

pg/ml, or 5 pg/ml TOX, 5 ng/ml TOX-HQ, 5 ng/ml TOX-EA, 5 ng/ml EcolCDT, or cells were left

untreated. As positive control for DNA damage, cells were pulsed for 1 h with 10 µM doxorubicin or 50

µM etoposide, and chased for 24 h. Cells were fixed, stained with antibodies against γH2AX and 53BP1,

and counterstained with DAPI (not shown or indicated with white outlines of nuclei if no γH2AX is

visible). Samples were imaged using a 20x objective. Representative scale bar indicates 50 µm.



5.2 High-resolution microscoppy shows peripheral localisation of γH2AX 119

5.2 High-resolution microscoppy shows peripheral
localisation of γH2AX

To study γH2AX rings at greater Z resolution, Structured Illumination Microscopy
(SIM), which has approximately double resolution in all dimensions compared to widefield
microscopy ([144]), was exploited to image HT1080 cells after treatment with typhoid toxin
(Fig. 5.2 A). HT1080 cells were treated in a standard intoxication assay. No significant
γH2AX signal was observed in cells treated with TOX-HQ, which was equivalent to
untreated control cells. In contrast, nuclear peripheral localisation of γH2AX was
observed in TOX-treated cells. Intensity plots confirmed, that the intensity of γH2AX in
TOX treated cells is high in the periphery and decreases towards the centre.
To examine whether the ring phenotype was specific to the typhoid toxin, cells were
treated with EcolCDT in an intoxication assay and imaged by SIM (Fig. 5.2 A). While
EcolCDT induced γH2AX foci, no rings were observed. Similarly, treatment of cells with
the drug doxorubicin used as a positive control for DNA damage ([411]) induced γH2AX
foci, but no rings (Fig. 5.2 A). The intensity plots for EcolCDT and doxorubicin treated
cells show that the γH2AX foci are distributed across the whole nucleus. This indicated
that doxorubicin activated a DDR pathway diverging from the response induced by
typhoid toxin.
To test whether the γH2AX ring phenotype appeared in diverse cell lines, an intoxication
assay was performed on MEF cells before imaging by SIM. While untreated cells showed
only little γH2AX background staining, TOX treated nuclei exhibited γH2AX rings (Fig.
5.2 B). The pericentric heterochromatin was clearly visible as intensely DAPI-stained
dots, which is typical for MEFs ([376]).
Another light microscopy method with approximately 2-fold higher Z-resolution than
widefield microscopy is Airyscan confocal microscopy ([178]), and was therefore used to
further confirm the γH2AX ring phenotype. TOX-HQ treated cells showed nuclei with
only background γH2AX staining in form of small foci (Fig. 5.2 C, top panel). Cross
sections along the Z-axis showed that this background staining was evenly distributed
in the nuclei (Fig. 5.2 C, small pictures). In contrast, TOX-treated cells showed two
phenotypes of γH2AX distribution, namely rings (middle) and foci (bottom). Peripheral
nuclear staining was strongest towards the edge of the nucleus, and gradually decreased in
intensity towards the centre (Fig. 5.2 C, middle panel). Z-stacks confirmed that γH2AX
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located indeed at the periphery of the nucleus, showing that γH2AX rings are rather
“shells”. Interestingly, the distribution was preferentially at the top and the sides of the
nucleus, and weaker at the side facing the culture surface. Only Solier and Pommier
have published data on the peripheral nuclear distribution of γH2AX and coined the
term γH2AX “ring” ([365]) which is also used from hereon in this study. In contrast,
part of the population showed γH2AX foci which were equally distributed across the
nucleus in all three dimensions as shown by cross-sections (Fig. 5.2 C, bottom panel).
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Figure 5.2:
High-resolution microscopy shows peripheral localisation of γH2AX.
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Figure 5.2:
A) SIM images of typhoid toxin treated HT1080 cells. HT1080 cells were grown on high

precision cover glasses, and were treated in a standard intoxication assay with 5 ng/ml TOX, TOX-HQ,

or EcolCDT, or left untreated. For positive control, cells were pulsed for 1 h with 10 µM doxorubicin

and chased for 24 h. Cells were fixed, stained with antibodies against γH2AX and counterstained with

DAPI, and imaged on a Deltavision OMX SIM using a 100x objective. Images were deconvoluted and

SIM images were calculated by the Deltavision microscope program. Bottom panels show intensity plots

derived from measurements along the white lines traversing each nucleus in the top panel.

B) SIM images of typhoid toxin treated MEF cells. MEF cells were grown on high precision

cover glasses, and were treated in a standard intoxication assay with 5 ng/ml TOX or left untreated.

Cells were processed for imaging as described in A).

C) Airyscan confocal microscopy images of typhoid toxin treated HT1080 cells. HT1080

cells were treated in a standard intoxication assay with 5 ng/ml TOX or TOX-HQ. Cells were fixed,

stained with primary antibodies against γH2AX and counterstained with DAPI, and imaged on an

Airyscan confocal microscope using a 60x objective. Cross sections in xz and yz direction shown as

images inserted above and besides the γH2AX xy image.

5.3 Investigating DDR markers associated with γH2AX
rings

5.3.1 γH2AX rings localise to nuclear periphery

To understand whether γH2AX rings interact with the nuclear envelope, the nuclear
lamina component Lamin-B1 (LMNB1) of the inner membrane ([264]) was imaged
by IF microsopy after intoxication. In untreated HT1080 cells, LMNB1 was visible
throughout the nucleus by IF microscopy but was enriched in a continuous outline along
the nuclear edge indicating the complete integrity of the nuclear lamina (Fig. 5.3 A).
After intoxication with TOX, the nuclear envelope was still continuously positive for
LMNB1, but showed protrusions of LMNB1 towards the nuclear centre. These membrane
invaginations are indicative of deformation of the nuclear membrane which have been
previously shown to play a role in the DDR, but are also a sign of senescence ([225],
[250]).
While untreated cells were devoid of γH2AX, TOX-treated cells showed γH2AX rings in
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close proximity to LMNB1-stained nuclear envelope, but colocalisation was not observed
(Fig. 5.3 A).
The experiments with LMNB1 indicated that the γH2AX rings were located at chromatin
near but not at the nuclear periphery. In many cells types, heterochromatin is located
preferentially at the nuclear periphery ([65]) and is marked by tri-methylated Lys-9 of
histone 3 (H3K9me3) which takes part in the suppression of transcription ([314]). Indeed,
IF microscopy of untreated HT1080 cells showed a peripheral nuclear distribution of
H3K9me3-marked chromatin, which was less intense towards the nuclear centre. Upon
intoxication with TOX, H3K9me3 localisation was unaffected and remained at the nuclear
periphery (Fig. 5.3 B). Nevertheless, examining toxin-treated cells showed γH2AX rings
that were overlapping with H3K9me3 chromatin.
The findings in Fig. 5.3 B suggests that the typhoid toxin induces damage at H3K9me3-
marked heterochromatin but whether this is the case for both rings and foci γH2AX was
not clear. To study this possibility more closely, both γH2AX and H3K9me3-marked
heterochromatin were examined in intoxicated cells at 2 h, 6 h and 24 h. In agreement with
the above findings, the localisation of H3K9me3 heterochromatin remained unchanged
over time with high intensity at the nuclear periphery (Fig. 5.3 C). In contrast, the
γH2AX localisation evolved over time from an exclusive foci phenotype 2 h after treatment
to rings overlapping with H3K9me3 chromatin after 24 h of intoxication. After 6 h of
intoxication, cells showed predominantly γH2AX foci, but a fraction of the population
showed an intermediate state of the 2 h and 24 h phenotype, seen as a granular peripheral
γH2AX distribution. These results suggest that at early time points, toxin induces
damage at euchromatin (i.e. foci: γH2AX-positive/H3K9me3-negative) and that rings do
not signify the translocation of foci of damaged heterochromatin to the nuclear periphery.
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5.3 Investigating DDR markers associated with γH2AX rings 125

Figure 5.3:
A) IF microscopy of LMNB1 and B) H3K9me3 in intoxicated HT1080 cells. Standard in-

toxication assay was performed with 5 ng/ml TOX, or cells were left untreated. Cells were fixed, stained

with antibodies against LMNB1 or H3K9me3 as indicated, γH2AX, and counterstained with DAPI.

Samples were imaged using a 60x objective. Images are of same scale and representative scale bar

indicates 20 µm.

C) IF microscopy of H3K9me3 in HT1080 cells after different times of intoxication. Intox-

ication was performed for 2 h, 6 h, and 24 h. Cells were fixed and stained with antibodies against

γH2AX, H3K9me3, and counterstained with DAPI (labelling as in B). Samples were imaged using a

100x objective. Images are of same scale and representative scale bar indicates 10 µm.

5.3.2 Canonical DDR proteins are not recruited to γH2AX
rings

γH2AX rings were found to be in the heterochromatin of the nucleus, which is harder to
access by repair proteins ([45]). In fact, in Fig. 5.1 on p. 111 it was found that 53BP1 was
excluded from ring cells, but recruited to γH2AX foci. Therefore, γH2AX-recruitement
of repair proteins was re-visited.
The repair proteins Rad51 and XRCC5 were found in chapter 4 (p. 87) to co-localise
with typhoid toxin induced γH2AX foci. In contrast, γH2AX rings showed only weak
background staining of Rad51 and XRCC5 which did not colocalise with the γH2AX
rings (Fig. 5.4 A).
It was noted that despite the gradual decrease of γH2AX rings to a low γH2AX intensity
in the nuclear centre, some round structures of the nucleus seemed completely devoid
of γH2AX (and Fig. 5.2 C, p. 115). The structures had the size of nucleoli, where
synthesis of ribosomes occurs and high transcription rates require a functional DDR
(reviewed in [387]). After standard intoxication of HT1080s with TOX, nucleolin was
used as a marker for the nucleolus ([41]). Nucleolin was found at distinct structures than
the γH2AX rings, and seemed mutually exclusive (Fig. 5.4 B).
The recruitment of several DDR proteins is mediated by the platform protein MDC1,
which binds to γH2AX ([373]). For example, 53BP1 is known to be directly recruited
by MDC1 at γH2AX ([100]), but was not seen in γH2AX rings. To test whether the
recruitment of 53BP1 in γH2AX ring cells was disrupted because of failed MDC1 re-
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cruitment, MDC1 in intoxicated HT1080 cells was imaged by IF microscopy. TOX-HQ
treated cells showed only minor γH2AX background foci, which colocalised with MDC1
(Fig. 5.4 C). In contrast TOX-treated cells exhibited either γH2AX foci which partially
colocalised with MDC1, or γH2AX rings which did not colocalise with the diffuse MDC1
distribution (Fig. 5.4 C). This was different from the MDC1 localisation induced by the
DNA-damaging drug doxorubicin, which induced γH2AX foci which colocalised with
MDC1. This indicates that typhoid toxin induces a different DDR in cells with γH2AX
rings than doxorubicin, and suggests that ring cells have a disrupted DDR due to the
lack of MDC1 at γH2AX.
It has been shown that CdtB causes DSB in early S phase and accumulate in late S
phase/G2 phase as seen by IF microscopy as colocalisation of γH2AX and PCNA ([109]).
PCNA, which is part of the RF complex (reviewed in [273]), was therefore imaged by IF
microscopy after intoxication of HT1080 cells. TOX-HQ as a negative control for DNA
damage did not induce γH2AX formation and PCNA was diffusely distributed over the
whole nucleus. However, TOX-treated cells showed strong γH2AX formation, but no
nuclear PCNA could be detected. Comparison to doxorubicin treatment as described
above showed the formation of γH2AX foci. However, the PCNA staining was not clear
and was diffusely distributed over the whole nucleus similar to TOX-treated cells. Due to
the staining artefacts seen around the nucleus, these results have to be treated cautiously.
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Figure 5.4:
A) IF microscopy of Rad51 and XRCC5, and B) nucleolin in γH2AX ring cells. A 24 h

intoxication assay with 5 ng/ml TOX was performed on HT1080 cells. Cells were fixed and stained with

antibodies against γH2AX, XRCC5, or Rad51 as indicated, and counterstained with DAPI. Samples

were imaged using a 100x objective. Scale bars indicate 10 µm.

C) IF microscopy of MDC1 and D) PCNA in HT1080 cells. Intoxication assay with 5 ng/ml

TOX or TOX-HQ was performed, or cells were treated for 1 h with 10 µM doxorubicin and pulsed for 24

h. Cells were fixed and stained with antibodies against γH2AX, MDC1 and counterstained with DAPI.

Samples were imaged using a 100x objective. Scale bars indicate 10 µm.

5.3.3 Activation and localisation of ATM/ATR and their sub-
strates during intoxication

γH2AX is phosphorylated by ATM and ATR, which are considered master regulators of
the DDR. Activation of ATM is marked by phosphorylation of Ser-1981 (pATM) and
activation of ATR by phosphorylation of Ser-428 (pATR) ([14], [237]). Thus, to deepen
analyses of the ring phenotype, ATM/ATR signalling was examined.
To establish whether ATM and ATR were activated by the typhoid toxin, HT1080
cells were intoxicated for 2 h, 4 h, 6 h, 8 h, and 24 h before immunoblotting with
antibodies against pATM and pATR (Fig. 5.5 A). In untreated control cells and those
treated with TOX-HQ, only low levels of pATM and pATR were observed. In contrast,
intoxication with TOX activated ATM/ATR as pATM and pATR were apparent at 2 h
and continued to accumulate over 24 h. Hallmark substrates of ATM and ATR are CHK2
and CHK1 respectively whose activation can be assayed by phosphorylation at Thr-68
and Ser-345 respectively (pCHK1/2) ([4], [410], [433]). When the same samples were
immunoblotted with antibodies against pCHK1/2, their activation by TOX was observed
at 4 h with activation levels steadily increasing until 24 h which mirrored that observed
with pATM/pATR. This contrasted with untreated and TOX-HQ control cells where no
significant pCHK1/2 signal was observed. The maximal activation of pATM/ATR and
their substrates pCHK2/1 at 24 h was mirrored by the generation of γH2AX. Thus, the
data shows for the first time that the typhoid toxin activates ATM/ATR signalling. It
also indicates that the optimal time to study their localisation, e.g. at rings, would be 24
h when the activation was at its highest level. In contrast, when levels of 53BP1 were
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observed by immunoblotting, no increase over time was observed (Fig. 5.5 A) for TOX
treated cells, which did also not differ from TOX-HQ treated cells. This indicates, that
the 53BP1 response is not strong during intoxication.
Next, IF microscopy was employed to study the localisation of activated ATM/ATR and
CHK1/CHK2 after intoxication of HT1080 cells (Fig. 5.5 B - E). When γH2AX rings
were induced by TOX, no significant co-localisation of pATM/ATR or pCHK2/pCHK1
at rings was observed. The only notable exception was pCHK1 that located towards
the nuclear periphery in TOX treated cells partially overlapping with γH2AX rings
(Fig. 5.5 E, highlighted by white arrow). Yet, colocalisation was not exclusive, as
strong staining was also observed in the nucleoli. In contrast, γH2AX foci induced by
doxorubicin colocalised with pATM and to a lesser extent pCHK2/pCHK1. TOX-HQ
induced γH2AX foci but no co-localisation with any kinase tested was evident.
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Figure 5.5:
A) Immunoblot of intoxicated cells for apical DDR kinases and checkpoint kinases. HT1080

cells were treated in a standard intoxication assay with 5 ng/ml TOX and were chased for the indicated

times 2 h, 4 h, 6 h, 8 h, 24 h, or treated with 5 ng/ml TOX-HQ and chased for 24 h, or left untreated

(untr.). Whole cell lysates were blotted with antibodies for γH2AX, γH2AX, pS1981-ATM, pS428-ATR,

pT68-CHK2, pS345-CHK1, and 53BP1.

B) - E) IF microscopy of B) pATM, C) pATR, D) pCHK1, E) pCHK2 in intoxicated

HT1080 cells. Standard intoxication assay was performed with 5 ng/ml TOX or TOX-HQ, or cells

were left untreated or were treated for 1 h with 10 µM doxorubicin followed by a 24 h pulse. Cells

were fixed and stained with antibodies as indicated against ATM-pSer-1981 (pATM), ATR-pSer-428

(pATR), CHK1-pSer-345 (pCHK1), CHK2-pThr68 (pCHK2), and γH2AX, and counterstained with

DAPI. Inserts highlight colocalisation of γH2AX and pATM, and scale bars indicate 10 µm.

5.4 Establishing an automated image quantification
of nuclear γH2AX distribution

Automatic analysis of γH2AX signal in IF microscopy images of toxin treated cells
would enable to test many different conditions with high statistical significance and
unbiased classification of γH2AX distribution patterns on the single cell level into different
phenotypes, such as rings and foci.

5.4.1 Presenting γH2AX rings by image processing

As a first step for clear presentation of IF microscopy images, ImageJ was used to focus
the observer on γH2AX signal, which was enabled by providing only the outline of
the nuclei to make the phenotype more intuitive for an untrained observer. A detailed
description of the image processing can be found in methods, p. 246.
The γH2AX signal was used to generate a binary image where signal was visualised if
above a predefined constant threshold (Fig. 5.6 B - D) thus removing background pixels,
or noise, with remaining pixels shown at the same intensity. Resulting merged images
are henceforth referred to as ‘contrasted’ (Fig. 5.6 E), which makes the classification
of γH2AX phenotypes easier to observe, namely canonical foci, uniform pan-nuclear
staining, or rings (Fig. 5.6 F).
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It is important to note, that this process is based on the automated increase of contrast
in images without personal bias, and was only used for presentation purposes, while all
analysis was performed on unprocessed imaging data.
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Figure 5.6:
ImageJ was used to generate the following images.

A) Original IF microcopy image of intoxicated cells. A 24 h intoxication assay with 5 ng/ml

TOX was performed on HT1080 cells. Cells were fixed and stained with antibodies against γH2AX,

and counterstained with DAPI. Samples were imaged using a 20x objective. Exemplary nuclei with

canonical foci (1), uniform pan-nuclear staining (12), or ring (22) of γH2AX are highlighted by arrows

and numbers corresponding to Fig. 5.7 A) and B) on p. 129.

B) Separation of DAPI and γH2AX channels.

C) DAPI thresholding and γH2AX background subtraction.

D) DAPI outlines and γH2AX binary image generation.

E) Contrasted image of intoxicated cells. The images from D) were merged, presenting the γH2AX

channel in magenta, and the DAPI outlines in white.

F) Comparison of IF images and contrasted images for exemplary nuclei.

5.4.2 Algorithm design for automated γH2AX ring quantifica-
tion

The contrasted imaging of γH2AX rings is useful for presentations, but as it requires
processing of original data, it is not suitable for automated quantification of the γH2AX
phenotype. Moreover, from a practical aspect it is not suitable for the analysis of high-
throughput IF microscopy, as it still requires the manual opening of the imaging data. In
order to detect γH2AX rings, and quantify the intensity in raw images, a bioinformatic
script called ‘RING program’ was designed in collaboration with Dr. Natalia Bulgakova
(University of Sheffield), for use in Matlab, a program commonly used for scientific data
analysis.
In summary, Fig. 5.7 A shows three example nuclei (1, 12 and 22), which the computer
program detects as nuclei in the DAPI channel (Fig. 5.7 B). The program normalises for
the shape of the nucleus (Fig. 5.7 C) and measures the γH2AX distribution for each
nucleus in a radial fashion (Fig. 5.7 D). Nucleus 1 has γH2AX foci, 12 uniform γH2AX,
and 22 is displaying a ring phenotype (Fig. 5.7 E). The characteristic radial γH2AX
intensities for each phenotype are depicted in (Fig. 5.7 F) and colocalization with 53BP1
is in (Fig. 5.7 G). The legend for Fig. 5.7 provides additional detail. With the RING
program established, automated and objective analyses of DDRs during intoxication were
now possible.
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136 Typhoid toxin causes a replication catastrophe and a novel γH2AX distribution

Figure 5.7:
A) Original IF microcopy image of intoxicated cells. A 24 h intoxication assay with 5 ng/ml

TOX was performed on HT1080 cells. Cells were fixed and stained with antibodies against γH2AX,

53BP1 and counterstained with DAPI. Samples were imaged using a 20x objective. Exemplary nuclei

with canonical foci (1), uniform pan-nuclear staining (12), or ring (22) of γH2AX are highlighted by

arrows and numbers corresponding to B) are shown.

B) Automated recognition of nuclei. RING program detected nuclei automatically defined by size

and eccentricity thresholds. Recognised nuclei are shown with a red outline and automated numbering

of nuclei is performed (exemplary nuclei highlighted with arrows). γH2AX channel is presented in greys.

C) Normalisation of nucleus shapes. Diagram showing the normalisation of the shapes of nuclei

from DAPI channel to a sphere with diameter 1 by stretching or compressing of the original nuclear

shape.

D Calculation of intensity profiles of γH2AX channels. Diagram showing the measurement of

γH2AX intensities in normalised nuclei along the radius. This was performed for different angles along

the radius like a digit that goes round a clock and all intensity profiles were summed up to a final ‘sum

intensity’ profile. Ring cells have a high γH2AX intensity at the periphery at all measured angles and

should result in a high sum intensity at the periphery and low sum intensity in the centre. In contrast,

nuclei with canonical foci where expected to have randomly distributed peaks in the intensity profiles

that would result in an average sum intensity along the radius. Nuclei with uniform γH2AX distribution

will have an average sum intensity along the radius as well. Homogeneity of the γH2AX was used to

distinguish uniform nuclei which have high homogeneity from foci which are granular and show low

homogeneity.

E) Zoom-ins of IF images of exemplary nuclei. Highlighted nuclei from IF microscope image in

A) with different γH2AX distributions are presented.

F) Sum intensity profiles by RING program of γH2AX for exemplary nuclei.

G) Colocalisation of 53BP1 and γH2AX. Colocalisation and Pearson correlation as a measure of

colocalisation of 53BP1 and γH2AX of nuclei shown in E) were calculated using the RING program.

5.4.3 γH2AX ring formation by CDTs is concentration-dependent

To validate the image analysis approach, namely qualitative ‘contrasted’ image presen-
tation and quantification using the RING program, IF microscopy images of γH2AX
and 53BP1 of intoxicated HT1080 cells were analysed (Fig. 5.8 A). In untreated and
TOX-HQ-treated cells, both raw data images (top row) and contrasted images (bottom
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row) showed no significant γH2AX or 53BP1 signal (Fig. 5.8 A). This differed with
TOX-treated cells where γH2AX rings were observed with 53BP1 foci found exclusively
in ring-negative cells. To segment DDR phenotypes with more clarity, contrasted images
were used for presenting DDR imaging experiments henceforth.
Next, raw data images from the same experiment were analysed using the RING program
(Fig. 5.8 B). Amongst untreated cell, only few cells were positive for γH2AX, and among
those a weak uniform distribution of γH2AX was the most common pattern among
untreated cells (3%), while almost no ring or foci distribution were detected. This was
in alignment with TOX-HQ treated cells. While almost no ring or foci distribution of
γH2AX were detected, 6% of TOX-HQ treated cells showed a uniform γH2AX staining
that was significantly increased compared to the fraction of uniform cells in the untreated
sample. In contrast, TOX-treated cells were significantly higher in all γH2AX distribu-
tions compared to untreated cells. About 50% of cells exhibited a γH2AX ring, 22% a
pan-staining, and 15% foci.
Next, γH2AX intensities were calculated for intoxicated cells by the RING program
(Fig. 5.8 C). The general trend was clearly apparent: While TOX-HQ-treated cells had a
low average γH2AX intensity that was non-significant compared to untreated cells, the
relative average γH2AX signal was significantly increased in TOX treated cells.
Subsequently, when γH2AX intensitites for each distribution pattern in a single popula-
tion of cells was examined by the RING program (Fig. 5.8 C), no significant difference
was observed. The only exception was the γH2AX intensity found for the uniform γH2AX
phenotype in TOX-HQ-treated cells, which was significantly higher than foci and rings,
or the total population intensity (‘all’).
Building on this initial validation, the RING programme was used to analyse γH2AX
rings in HT1080 cells treated with different TOX concentrations ranging from 50 ng/ml
to 5 pg/ml. The results showed that the proportion of ring cells was maximal at 50
ng/ml (46%), lowered with 5 ng/ml (30%) and was not significant relative to untreated
cells at any lower concentration (Fig. 5.8 D).
Interestingly, the total γH2AX intensity of each population followed the same trend with
one exception where γH2AX intensity in 0.5 ng/ml TOX-treated cells was still increased
relative to untreated controls, which was not the case for ring cells (Fig. 5.8 E).
In contrast, the intensity of 53BP1 foci was significantly increased relative to untreated
controls cells regardless of TOX concentration, which again reinforced the hypothesis
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that γH2AX rings had uncoupled from the 53BP1 pathway (Fig. 5.8 F).
Finally, the RING program was used on a different toxin of the CDT family. So far,
in intoxication experiments with EcolCDT only γH2AX foci but no rings have been
observed at the tested concentration of 5 ng/ml (see Fig. 5.1, p. 111). To test whether
EcolCDT induces γH2AX rings at different concentration, EcolCDT doses ranging from
100 ng/ml to 5 pg/ml were tested in an intoxication assay on HT1080 cells, and the
γH2AX signal was imaged by IF microscopy. This revealed that EcolCDT was indeed
able to induce visible γH2AX rings at higher concentrations of 50 ng/ml and 100 ng/ml
(Fig. 5.8 G). Analysis with the RING program revealed that 5 ng/ml EcolCDT induced
rings in 20% of cells. Rings at this concentration were missed in earlier experiments and
were likely due to manual error. Doses of 50 ng/ml induced rings in a comparative level to
5 ng/ml TOX (33%) which was not further increased with higher doses of EcolCDT. This
shows that the induction of γH2AX rings in intoxicated cells is not unique to typhoid
toxin, but might be a family-wide response triggered by canonical and non-canonical
CDTs.



5.4 Establishing an automated image quantification of nuclear γH2AX distribution139

untreated TOX TOX-HQ

D
A

PI
, γ

H
2A

X,
 

53
BP

1
γH

2A
X,

 5
3B

P1

untre
ate

d 0h

50
 ng/m

l

5 n
g/m

l

0.5
 ng/m

l

50
 pg/m

l

5 p
g/m

l
0

20

40

60

406_ring 24h One-way ANOVA data

rin
g 

ce
lls

 [%
]

24h

ns

****

****

****

****

untre
ate

d 0h

50
 ng/m

l

5 n
g/m

l

0.5
 ng/m

l

50
 pg/m

l

5 p
g/m

l
0

500

1000

1500

2000

406_yH 24h 

yH
2A

X 
in

te
ns

ity

****

***
**

ns ns

untre
ate

d

5 p
g/m

l

50
 pg/m

l

0.5
 ng/m

l

5 n
g/m

l

50
 ng/m

l

10
0 n

g/m
l

0

10

20

30

40

50

475 EcolCDT dilution One-way ANOVA data

rin
g 

ce
lls

 [%
]

****

**** ****

ns

nsns
100 ng/ml50 ng/ml5 ng/ml

untreated 5 pg/ml 50 pg/ml

EcoCDT

EcoCDT, γH2AX

A)

B) C)

D) E) F)

H)

all
foci

unifo
rm

rin
gs all

foci
unifo

rm
rin

gs all
foci

unifo
rm

rin
gs

untreated TOX TOX-HQ
untre

ate
d al

l

untre
ate

d fo
ci

untre
ate

d unifo
rm

untre
ate

d rin
g

TO
X al

l

TO
X fo

ci

TO
X unifo

rm

TO
X rin

g

TO
X-H

Q al
l

TO
X-H

Q fo
ci

TO
X-H

Q unifo
rm

TO
X-H

Q rin
g

0

200

400

600

800

thresholded yH2AX One-way ANOVA data

yH
2A

X 
in

te
ns

ity
****

ns
ns

ns

** nsnsns

********

****

****

ns

ns

ns

foci
unifo

rm
rin

gs
foci

unifo
rm

rin
gs

foci
unifo

rm
rin

gs

untreated TOX TOX-HQ
untre

ate
d fo

ci

untre
ate

d unifo
rm

untre
ate

d rin
gs

TOX fo
ci

TOX unifo
rm

TOX rin
g

HQ fo
ci

HQ unifo
rm

HQ rin
gs

0

20

40

60

rings rings One-way ANOVA data

ce
lls

 [%
]

****

****

ns
****

*** ns

comparison to untreated of each type
same stats for TOX when compared to HQ of each type

co
nt

ra
st

ed
 

untre
ate

d 0h

50
 ng/m

l

5 n
g/m

l

0.5
 ng/m

l

50
 pg/m

l

5 p
g/m

l
0

200

400

600

800

1000

406_53BP1_One-way ANOVA data

53
B

P1
 in

te
ns

ity

**

**** **** **** **** ****

all other samples are ns to each other

Figure 5.8:
γH2AX ring formation by CDTs is concentration-dependent.
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Figure 5.8:
A) IF microscopy images of typhoid toxin treated HT1080 cells. Standard intoxication assay

with 5 ng/ml TOX or TOX-HQ was performed, or cells were left untreated. Cells were fixed, stained

with antibodies against 53BP1 (contrasted in yellow in lower panel), γH2AX (contrasted in magenta in

lower panel) and counterstained with DAPI (white outlines in lower panel). Images were taken using a

20x objective. Representative scale bar indicates 50 µm.

Quantification of nuclear γH2AX B) patterns and C) intensities by RING program. Im-

ages from A) were used. Only cells above the average γH2AX level for untreated cells were included.

Experiment was repeated in 2 biological replicates with each 5 recorded images per condition, amounting

to 2,000 analysed nuclei per condition. Means of means from all fields of views are presented and used for

statistical analysis. Error bars represent SD. For each phenotype, one-way ANOVA and B) Dunnett’s or

C) Tukey’s multiple comparison test was performed with untreated cells with corresponding phenotype

were used for comparison, if not otherwise indicated.

D) - F) Analysis of nuclei by RING program after intoxication with different TOX con-

centrations. HT1080 cells were treated with indicted concentrations of TOX in a standard intoxication

assay, or left untreated. Cells were stained and imaged as in A). Experiment was repeated in 2 biological

replicates with each 5 recorded images per condition, amounting to 2,000 analysed nuclei per condition.

Means of means from all fields of views are presented and used for statistical analysis. Error bars

represent SD.

D) Quantification of γH2AX patterns for different TOX concentration. One-way ANOVA

and Tukey’s multiple comparison test was performed, and values were compared to untreated samples if

not otherwise indicated.

Quantification of E) γH2AX and F) 53BP1 intensities for different TOX concentration.

Represented are the means of 10 fields of views from 2 experimental replicates, each with 200 to 300 cells,

amounting to approximately 2,000 nuclei in total. One-way ANOVA and E) Dunnett’s or F) Tukey’s

multiple comparison test were performed on the means derived from each single field of view, and values

were compared to untreated cells.

G) EcolCDT induces γH2AX rings in HT1080 cells. Cells were treated with indicated concen-

trations of EcolCDT in a standard intoxication assay. Cells were stained with antibodies against γH2AX

and counterstained with DAPI, and imaged using a 20x objective. Automated quantification of ring

cells was performed using the RING program. One-way ANOVA and Dunnett’s multiple comparison

test was performed, and untreated cells were used for statistical comparison. Error bars represent SD.

Experiment was performed in duplicates. Representative scale bar indicates 50 µm.
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5.5 Formation of γH2AX rings is replication-dependent

5.5.1 Population with γH2AX rings increases over time

It has been noted previously, that the DDR changes over 24 h with an increasing fraction
of cells showing a γH2AX ring phenotype (see Fig. 5.3, p. 118). To quantify this
phenomenon, a time course for intoxication of HT1080 cells was performed before IF
microscopy and analysis of γH2AX foci, pan-staining, and ring phenotype using the
RING program (Fig. 5.9 A).
As the data in Fig. 5.9 C show, the fractions of cells with γH2AX rings increase over
24 h and quantification revealed a significant increase relative to untreated control cells
after 4 h of chase (14%) (Fig. 5.9 C). At 6 h, already 29% of cells show γH2AX rings
and this value is not significantly different from the 24 h time point (29%).
The γH2AX intensity follows a similar trend (Fig. 5.9 D). Indeed, scatter plots were used
to identify DDR patterns in cell populations (Fig. 5.9 B, left panel), which confirmed
that the increase in ring-positive cells from 4 h was coincident with increased γH2AX
intensity.
Relative to untreated control cells, the 53BP1 signal in intoxicated cells increased initially
(i.e. during the pulse) but plateaued thereafter (Fig. 5.9 E).
The DAPI intensity in scatter plots was further used to indicate the cell cycle similar to PI
staining in flow cytometry, as replicating cells would have more DNA to incorporate DAPI,
an approach that has been used previously ([385]) (Fig. 5.9 B, left panel). This shows
that ring cells occurred first in early S phase as indicated by low DAPI concentrations
and were found at later timepoints in cells with high DAPI concentration corresponding
to late S phase/G2 phase, suggesting accumulating DNA damage during replication.
This is in accordance with previous studies that have shown that CdtB-induced DSB
occur first in early S phase and accumulate in late S/G2 phase ([109]).
By correlating γH2AX intensity with 53BP1 intensity (Fig. 5.9 B, right panel), it was
noted that the increase in γH2AX intensity in ring cells was independent of 53BP1
intensity, which remained stable and ring cells showed medium 53BP1 intensities. This
supports the above findings by IF microscopy and immunoblotting, that γH2AX is
increased upon treatment with TOX but not 53BP1 and further establishes the RING
program as a valid methodology.
Since 53BP1 is part of the NHEJ repair that is active mainly in G1 phase and is stepwise
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inhibited in S phase ([430], [77]), the low levels of 53BP1 together with the increase of
ring cells over time from early to late S phase suggest a replication dependent mechanism
of TOX-induced γH2AX ring formation.
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Figure 5.9:
Population with γH2AX rings increases over time.
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Figure 5.9:
A) - E) IF microscopy, scatter plots, and quantification of γH2AX rings over time. HT1080

cells were treated in a standard intoxication assay with 5 ng/ml TOX and were chased over 24 h, or

left untreated. Cells were fixed at indicated times, stained with antibodies against γH2AX (contrasted

magenta) and 53P1 (contrasted yellow), and counterstained with DAPI (white outlines). Experiments

were performed in two experimental repeats with 5 fields of views taken for each replicate, amounting to

2,000 analysed nuclei per condition. Statistical analysis was performed on means from each field of view

and means and SD from the means of each field of view are presented. In total, approximately 2,000

nuclei were analysed for each condition.

A) Images were taken using a 20x objective. Experiment was performed in duplicates and 10 images

per condition were taken. Images were processed with ImageJ and are presented with the same scale.

B) Analysis by RING program was performed to create scatter plots for γH2AX, 53BP1, and DAPI

intensities with each dot representing intensities of a single cell. No subtraction of the average γH2AX

levels of untreated cells was performed for ring cells.

(C) Ring cell quantification was performed by RING program after cells with a γH2AX intensity lower

than average untreated cells were excluded. One-way ANOVA and Tukey’s multiple comparison test

was performed, and comparison to untreated cells are shown if not otherwise indicated.

D) Average γH2AX intensity was calculated, One-way ANOVA and Dunnett’s multiple comparison test

was performed, and comparison to untreated cells are shown.

E) Average 53BP1 intensity was calculated. One-way ANOVA and Dunnett’s multiple comparison test

was performed, and comparison to untreated cells are shown.

5.5.2 Serum-starvation prevents γH2AX ring formation

The increase in ring-positive cells over 24 h suggested the phenotype was cell cycle-related.
Thus, methods to perturb the cell cycle and examine ring formation were investigated.
Many methods to arrest the cell cycle, such as treatment with APH or HU induce DNA
damage themselves ([64], [135]) which may complicate interpretations of DDR in the
presence of the toxin. Serum-starvation however is a mild method to arrest cells in
G1/G0 phase. Therefore, HT1080 cells were serum-starved for 24 h and subsequently
treated with typhoid toxin in the absence of serum. To ensure that cells were arrested in
G1/G0 phase, cell cycle distributions were measured by flow cytometry and remained
unchanged upon intoxication assay with TOX and TOX-HQ (Fig. 5.10 A and B).
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Next, the γH2AX was examined in intoxicated cells in presence or absence of serum
by IF microscopy (Fig. 5.10 C) and ring formation was quantified by RING program
(Fig. 5.10 D). G1/G0 cell cycle arrest did not significantly change the γH2AX foci
compared to cells replicating cells. Strikingly, serum-starvation completely abolished the
ring phenotype. Instead, intoxication resulted in canonical γH2AX foci, while replicating
cells (10% serum) showed γH2AX rings (45%). To examine whether the ability to form
rings could be restored in intoxicated serum-starved cells, serum was added at 24 h and
cells incubated until 48 h. Importantly, the ring phenotype could be restored when cells
were released from starvation by addition of serum for further 24 h (43%, not significant
from replicating cells at 24 h), i.e. ‘released cells‘. This demonstrated that progressing
through the cell cycle is important for the formation of the γH2AX ring phenotype.
To confirm this trend in a different cell line, RAW cells were intoxicated after serum
starvation in the absence of serum, or in standard conditions with serum, with TOX
and observed at 6 h and 24 h by immunoblotting of whole cell lysates (Fig. 5.10 E). In
replicating cells with serum, the γH2AX increased over 24 h and was stronger than in
arrested cells without serum, which could be restored by addition of serum to starved cells
after 24 h. To study cell cycle progression biochemically, cyclins A (highest expression in
G2 phase) and E2 (highest expression for S phase) were used ([428], [435], [242]) (Fig.
5.10E). As expected, serum-starvation decreased the levels of cyclins A and E2, but
interestingly, also treatment of cells with TOX, which arrests cells in G2/M phase. It
could be that cyclins are degraded in prolonged cell cycle arrest, potentially explaining
the lack of the G2 phase marker cyclin A.
In the earlier Fig. 5.5 A) on p. 124, the ATM/ATR pathway was found activated by
the toxin at 6 h and 24 h in the presence of serum. When the ATM/ATR pathway
was examined in intoxicated serum-starved cells, pATM was not detected and only low
levels or pATR were detected (Fig. 5.10 E) perhaps due to the human specificity of the
antibodies. Nevertheless, induction of pCHK2 seemed stronger in the absence of serum,
while pCHK1 was almost exclusively present when cells were intoxicated in presence of
serum, i.e. when rings are produced. The same trend was observed for RAW cells when
intoxicated with EcolCDT in presence or absence of serum (Fig. 5.10 E). In conclusion,
this suggests that two different responses are induced by typhoid toxin: A cell cycle
independent pCHK2 response with γH2AX foci formation, and a replication-dependent
pCHK1 response, that leads to high γH2AX induction and ring formation.
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To test the extent of DNA fragmentation, serum-starved and replicating HT1080 cells
were treated for 3 h with TOX or TOX-HQ in presence or absence of serum and analysed
by the comet assay (Fig. 5.10 F). As previously shown (data from Fig. 4.11 D, p. 101,
shown for comparison purposes on left side of the diagram), TOX increased the comet tail
moment in the presence of serum but not TOX-HQ, which was equivalent to untreated
control cells. In contrast, TOX-induced DNA damage was significantly decreased in
serum-starved cells and almost no fragmentation was observed.
Next, the temporal dynamics of γH2AX ring development was tested in G1 synchronised
cells after release into S phase. Cells were serum-starved for 24 h, then pulsed with
toxin in the absence of serum, before release into the cell cycle by addition of serum
that marked the beginning of the toxin chase. In contrast to the steady increase in rings
previously noted from 4 h in presence of serum (Fig. 5.9 C on p. 137), the released cells
showed no significant increase in ring cells until 10 h of toxin chase (12.5%), but reached
the same level of rings after 24 h (55%) compared to non-starved cells. This showed that
the development of γH2AX rings in G1-synchronised cells takes longer and is more acute
than in asynchronous cells, but reaches the same endpoint levels (compare Fig. 5.9 C, p.
137).
Altogether, these results show that typhoid toxin leads to more severe DNA damage and
robust DDRs in replicating cells, which is signified with a pCHK1 response and with
γH2AX rings emerging during S phase.
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Figure 5.10:
Serum-starvation prevents γH2AX ring formation.
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Figure 5.10:
A) Cell cycle distribution and B) representative cell cycle profiles of intoxicated serum-

starved HT1080 cells observed by flow cytometry. Cells were serum-starved for 24 h and

intoxication assay with 5 ng/ml TOX or TOX-HQ was performed in absence of serum, or cells were left

untreated. Presented are the means of biological triplicates, with each > 30,000 cells, and 90,000 cells

per condition in total. Statistical analysis was performed on the means of the experimental replicates.

Two-way ANOVA with Dunnett’s multiple comparison test was performed using untreated cells for

comparison of G1 (black, bottom asterisks) and G2/M (grey, top asterisks) and error bars represent SD.

C) IF microscopy and D) quantification by RING program of intoxicated serum-starved

and replicating HT1080 cells over time. Cells were intoxicated with 5 ng/ml TOX under serum-

starved conditions or under standard conditions. Serum was added to serum-starved intoxicated cells

after 24 h for further 24 h. Fixed cells were stained with antibodies against γH2AX (contrasted) and

counterstained with DAPI (white outlines). Images were taken using a 20x objective. Representative

scale bar indicates 100 µm. Experiment was repeated in 2 biological replicates with each 5 recorded

images per condition, amounting to 2,000 analysed nuclei per condition. Means of means from all fields

of views are presented and used for statistical analysis. For quantification of ring cells, one-way ANOVA

and Tukey’s multiple comparison test was performed, and comparison to untreated cells are shown if

not otherwise indicated. Error bars represent SD.

E) Immunoblot of intoxicated serum-starved and replicating RAW cells. Cells were intoxi-

cated in serum-starved conditions as in A) or under standard conditions with 5 ng/ml TOX or EcolCDT,

or left untreated. Serum was added to serum-starved intoxicated cells after 24 h for further 24 h.

Immunoblots of whole cell lysates were stained with antibodies against pSer1981-ATM, pSer428-ATR,

pThre68-CHK2, pSer345-CHK1, γH2AX, αtubulin, cyclin A, and cyclin E2.

F) Comet assay for 3 h TOX treatment of HT1080 cells in presence or absence of serum.

Cells were treated continuously in serum-starved conditions or under standard conditions with 5 ng/ml

TOX or TOX-HQ for 3 h. Cells were subjected to alkaline comet assay. Experiments were repeated

twice, each performed in triplicates, scoring 50 cells each. Statistical analysis was performed on the

means of the biological and experimental replicates. Presented are comet scores of individual cells, and

error bars represent SD. One-way ANOVA with Tukey’s multiple comparison test was performed with

comparison against untreated cells in 10% serum if not otherwise indicated.

G) Quantification of γH2AX ring formation over different times after release from cell cy-

cle arrest. Cells were serum-starved for 24 h before intoxication assay with 5 ng/ml TOX or TOX-HQ

was performed in absence of serum, and serum was added back by begin of the toxin chase. Cells were
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stained for γH2AX and DAPI, imaged using a 20x objective, and γH2AX rings were quantified by RING

program. Presented are the means from the averaged values of 10 fields of view derived from 2 biological

repeats with each 5 fields of views, amounting to 2,000 analysed nuclei per condition. Statistical analysis

was performed on the means from each field of view. One-way ANOVA and Tukey’s multiple comparison

test was performed, and comparison to untreated cells are shown if not otherwise indicated. Error bars

represent SD.

5.5.3 γH2AX rings form in replicating monocytes

To confirm the hypothesis that γH2AX rings are dependent on S phase, the effect of
typhoid toxin was tested in THP1 cells before and after differentiation from monocytes
replicating in suspension into G0 arrested macrophages. As the cell cycle of THP1 cells
is about 30 - 50 h ([323]), the chase time of the toxin was increased to 50 h to allow one
full cell cycle. Differentiated THP1 cells showed exclusively γH2AX foci (Fig. 5.11 A),
while non-differentiated THP1 cells exhibited uniform and ring localisation of γH2AX
(Fig. 5.11 B). Moreover, the distension of cells was more striking in non-differentiated
THP1 cells compared to differentiated cells after intoxication.
Immunoblots of non-differentiated intoxicated THP1 cells showed a strong DDR signified
by high levels of γH2AX, DNA-PKc, pATM, pCHK2, pCHK1, and γH2AX (Fig. 5.11
C). However, for differentiated non-replicating cells no DDR proteins could be detected.
As γH2AX was observed by IF microscopy in differentiated THP1 cells, the presence of
γH2AX might be below detection limit for immunoblots.
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γH2AX rings form in replicating monocytes.
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Figure 5.11:
A) IF microscopy of differentiated intoxicated THP1 cells. Intoxication assay was performed

on differentiated THP1 cells with indicated concentrations of TOX, or left untreated. Cells were stained

against γH2AX and counterstained with DAPI. Images were taken using a 60x objective. Scale bars

indicate 5 µm.

B) IF microscopy of non-differentiated intoxicated THP1 cells. Intoxication assay was per-

formed on non-differentiated THP1 cells with indicated concentrations of TOX or TOX-HQ, or treated

continuously with 1 µM doxorubicin, or left untreated. Cells were stained against γH2AX and counter-

stained with DAPI. Images were taken using a 20x objective. Representative scale bars indicates 10 µm.

C) Immunoblot of intoxicated differentiated and non-differentiated THP1 cells. Intoxication

assay was performed with 5 ng/ml TOX or left untreated. Whole cell lysates were stained for pDNA-PKc,

pATM, pATR, pCHK2, pCHK1, p-p53, γH2AX, and α-tubulin.

5.5.4 BrdU is excluded from γH2AX positive cells after intox-
ication

Given that S phase was required for ring formation, the synthesis of nascent DNA and
γH2AX signalling was examined in intoxicated cells. DNA synthesis can be tracked
in cells by incubation with the nucleotide thymidine analogue BrdU, which can be
visualised by IF microscopy using antibodies against the Bromo-unit of BrdU and provide
insight into processes governing DNA replication. For example, BrdU staining previously
revealed that replication takes place first at sites of the genome which are easily accessible,
i.e. euchromatin, and moves then on to the heterochromatin such at the nucleoli or the
nuclear periphery ([67]).
When asynchronous replicating HT1080 cells (untreated) were pulsed with BrdU for
30 mins (Fig. 5.12 A), IF microscopy showed a range of BrdU intensities across the
population. This reflected different stages of S phase where no BrdU staining represented
no DNA synthesis (left), single BrdU foci in the nucleus presented early DNA synthesis
(centre left), robust BrdU signal signified mid S phase (centre, centre right), and BrdU
foci at the nuclear periphery indicated late S phase (right). When the same experiment
was performed in intoxicated cells, BrdU-low cells contained rings (left) while BrdU-high
cells only contained γH2AX foci (centre, right). This shows that BrdU was no longer
incorporated when cells have γH2AX rings, indicating that γH2AX rings represent cell
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cycle arrested cells, while cells with γH2AX foci were still replicating.
To look at BrdU incorporation with more precision, cells were intoxicated for 6 h or 24
h with BrdU incubation either before intoxication (condition 2, Fig. 5.12 C), during
intoxication (condition 3, Fig. 5.12 D), or 1 h before fixation (condition 1, Fig. 5.12 B).
Untreated cells incorporated BrdU in each condition. Similarly, BrdU was incorporated
into intoxicated cells in conditions 2 and 3, i.e. BrdU was incubated before and during
intoxication. Remarkably, it was only condition 1 where BrdU was not incorporated (Fig.
5.12 B and E).

This was further supported by the Pearson correlation of BrdU and γH2AX signal,
which were significantly reduced when cells where pulsed with BrdU for 30 min following
a 24 h intoxication compared to non-intoxicated control cells (condition 1, Fig. 5.12 F).
As control cells were confluent and no longer replicating at the 24 h time point and thus
no longer incorporating BrdU, the 6 h time point of non-intoxicated control cells was
used for comparison as confluency was similar to that of intoxicated cells at the 24 h
time point. This comparison shows that γH2AX increases while DNA synthesis is stalled
at 24 h, i.e. no BrdU incorporation, in intoxicated cells. This halt of replication is in
agreement with previous studies of the G2/M cell cycle arrest upon intoxication. In
conclusion, cells with DNA damage foci but not γH2AX rings were still permissive for
DNA synthesis. Thus, cells with γH2AX rings are cell cycle arrested.
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Figure 5.12:
BrdU is excluded from γH2AX positive cells after intoxication.
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Figure 5.12:
A) IF microscopy of BrdU incorporation and γH2AX induction after 8 h intoxication of

HT1080 cells. Standard intoxication for 8 h was performed or cells were left untreated. Cells were

pulsed with BrdU and stained with primary antibodies for BrdU and γH2AX, and counterstained with

DAPI (white outlines). Images were taken using a 60x objective. Arrows indicate increasing γH2AX or

BrdU staining.

B) - F) IF images and quantification by RING program of different BrdU incorporation

time before IF microscopy of intoxicated HT1080 cells. Intoxication with 5 ng/ml TOX and

BrdU uptake was combined as indicated by arrow diagrams, and fixed cells were stained as in A).

Representative scale bar indicates 50 µm. RING program was used to calculate intensities of BrdU

and DAPI for each cell as shown in scatter plot with normalised DAPI axis with each dot representing

intensities of a single cell.

B) BrdU pulse in the last 1 h of intoxication. Scatter plots showing intensities of BrdU against

DAPI (normalised axis, zero as indicated by dashed lines) with each dot representing intensities of a

single cell, with approximately 2,000 cells analysed per condition.

C) BrdU pulse 1 h before intoxication.

D) BrdU pulse before and during intoxication.

E) Quantification of BrdU intensities from B) - C). The experiment was repeated twice with

each 3 fields of views. Presented are the means of 6 means of fields of view, amounting to approximately

2,000 nuclei per condition, and statistical analysis was performed on the means of means. One-way

ANOVA and Tukey’s multiple comparison was performed, showing comparison to untreated cells of each

condition to corresponding time point if not otherwise indicated. Error bars represent SD.

F) Pearson correlation of BrdU and γH2AX from B) - C). Statistical analysis was performed

as in E).

5.5.5 Inducer of replicative stress APH induces γH2AX rings

Multiple findings of this work suggest that typhoid toxin causes γH2AX rings in pro-
gression through S phase. Drugs that interfere with replication, e.g. HU or APH, cause
S phase-dependent DNA damage which leads to ‘replication stress’ ([64], [135]). APH
causes replication stress by inhibition of Pol-α, which leads to stalled RF ([135]). This
raises the question, whether APH induces a similar DDR and γH2AX rings like TOX.
To test the hypothesis that APH would mediate γH2AX ring formation, HT1080 cells
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were treated continuously for 24 h with 20 µM APH, and analysed by IF microscopy.
APH induced γH2AX foci which partially colocalised with PCNA which is part of the RF
(Fig. 5.13 A). This shows that APH induces DNA damage close to the RF as predicted.
HT1080 cells were treated with different concentrations of APH over 24 h and analysed
by IF microscopy. Surprisingly, at concentrations of 6 µM APH or above, cells exhibited
γH2AX rings (Fig. 5.13 B), while low concentration of APH (1 µM) only induced γH2AX
foci. Quantification by the RING program showed that 60 µM of APH induced γH2AX
rings in 23% of cells, while γH2AX rings for 1 and 6 µM APH were not significant (6.5%
and 7.2%, respectively, light grey bars). Published studies show, that low concentrations
of APH ranging from 1 - 4 µM, which are commonly used for cell cycle synchronisation
of cells, induce DNA damage as seen by γH2AX foci ([255], [79]). However, the γH2AX
ring phenotype has not been reported for APH to my best knowledge, but other γH2AX
patterns such as uniform localisation in the nucleus peaking between 24 h and 48 h after
treatment with 1 µg/ml APH have been reported ([426]).
Interestingly, APH was not as efficient as inducing rings as the toxin suggesting different
mechanisms. If this was the case, combining APH and the toxin would have additive
effects. To test for additive effects of typhoid toxin to APH treatment, intoxication assay
and APH treatment of HT1080 cells was combined and cells analysed by IF microscopy
and RING program (Fig. 5.13 B and C). Interestingly, no additive effect was observed.
Instead, APH inhibited toxin-induced ring formation though there were more γH2AX
rings than for APH alone (20%, 34%, and 37% for 1, 6, and 60 µM APH respectively).
However, this did not exceed the populations with γH2AX rings induced by TOX only
(43%, not significantly different from intoxication combined with 6 or 60 µM APH). The
data show that APH and typhoid toxin induce the same cellular response, i.e. ring. The
APH/toxin combination experiments suggest that Polα activity promotes toxin-induced
ring formation.
Scatter plots of single cell intensities of γH2AX and 53BP1 confirmed that the DDR
to high concentrations of APH is similar to intoxication with TOX (Fig. 5.13 D). In
conditions permissive for rings, i.e. 60 µM APH or TOX 5ng/ml, ring formation is
coincident with an increase in γH2AX intensity but not 53BP1 intensity.
The temporal dynamic of the HT1080 DDR to APH treatment (20 µM) over 24 h was
further tested by immunoblotting of whole cell lysates (Fig. 5.13 E). This showed that
APH induced a DDR similar to TOX, namely increase in γH2AX, pATRM, pCHK1,
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and pCHK2, over time, while changes in 53BP1 were relatively modest, possibly even
decreasing over time. In accordance with findings for TOX, APH treatment induced
increasing levels of pCHK1 while only low levels of pATR were detected. pATM levels
remained almost constant as were pCHK2 levels with the exception of the 24 h time
point. Given the low levels of pATR, other read-outs for replication stress were examined,
i.e. RPA. Unfortunately, the levels of RPA32 were inconsistent indicating possible issues
with protein loading levels though the relatively consistent 53BP1 levels would argue
against this. Nevertheless, the S phase-dependent HR protein RPA was found increasingly
phosphorylated at RPA32-Ser33, which increased from 6 h to at 24 h of APH treatment
when compared to total RPA32 where strong signal was only observed at 6 h and 24 h.
Moreover, there was a band shift for RPA32 at 24 h APH treatment which is thought to
mark hyperphosphorylation of RPA by ATR, thus, indicating ATR activity. This is in
accordance with published findings that APH induces hyper-phosphorylation of RPA
during S phase which induces RPA recruitment to sites of DNA damage ([395]).
The similarity of DDRs to APH treatment and DDRs to intoxication was further con-
firmed by IF microscopy of MDC1 which showed colocalisation of MDC1 with γH2AX
foci, but not with γH2AX rings (Fig. 5.13 F).
In conclusion, APH phenocopies the DDR induced by typhoid toxin and induces γH2AX
rings at tested high concentrations. Moreover, the activation of a CHK1 and RPA
response suggests the involvement of HR during S-phase for the γH2AX ring formation.
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APH induces γH2AX rings.
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Figure 5.13:
A) IF microscopy of γH2AX and PCNA in HT1080 cells after 24 h treatment with 20 µM

APH. Cells were fixed and stained with antibodies against indicated antigens, imaged with a 100x

objective. Scale bar indicates 10 µm, inserts highlight colocalisation of PCNA and γH2AX.

B) IF microscopy, C) quantification by RING program, and D) scatter plots of intoxicated

or/and APH treated HT1080 cells. Cells were treated continuously with indicated concentrations

of APH for 24 h. If combined with standard intoxication assays, APH treatment was begun 1 h before,

and continued throughout intoxication. Cells were stained with antibodies against γH2AX (contrasted)

and 53BP1 (not shown), and counterstained with DAPI (white outlines). Cells were imaged using

a 20x objective. Representative scale bar indicates 50 µm. C) Presented are the means of means of

10 fields of view derived from 2 biological replicates, amounting to 2,000 nuclei in total for analysis.

Error bars represent SD. Statistical analysis was performed on the means of means from fields of view.

One-way ANOVA and Tukey’s multiple comparison test was performed comparing to untreated cells if

not otherwise indicated. For D) scatter plots of γH2AX, 53BP1, and DAPI intensities, no subtraction of

the average γH2AX levels of untreated cells was performed. Each dot represents the average intensity of

a single cell. Ring cells presented in orange.

E) Immunoblots of APH-treated HT1080 cells. Cells were treated continuously with 20 µM APH

for indicated times and whole cell lysates were subjected to immunoblotting. Blots were stained with

primary antibodies against γH2AX, 53BP1, pSer345-CHK1, pThr68-CHK2, pSer428-ATR, pSer1981-

ATM, RPA32, and pSer33-RPA32.

F) IF microscopy of γH2AX and MDC1, pATM (Ser1981), or pCHK1 (Ser345) in HT1080

cells after 24 h treatment with 20 µM APH. As in A) with antibody against MDC1.

5.6 γH2AX rings are a sign of RPA exhaustion

5.6.1 RPA depletion recapitulates γH2AX rings

The previous observations prompted to investigate the correlation of γH2AX rings and
replicative stress more closely. The phosphorylation of RPA in ring permissive conditions,
i.e. 20 µM APH, indicated that ring formation is coincident with a build up of ssDNA.
Interestingly, Fedor et al. showed that EcolCDT induced single-strand DNA breaks
with a build up of RPA foci at damaged RFs in intoxicated cells ([109]). If rings are
formed in response to the build up of ssDNA produced via toxin nuclease activity, it was
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hypothesised that siRNA-mediated depletion of RPA would sensitise cells to the typhoid
toxin.
To test this the role of RPA, transient siRNA-mediated depletion of RPA70, one com-
ponent of the heterotrimeric RPA protein complex, was performed by transfection of
RPA70 siRNA into HT1080 cells (Fig. 5.14 A). Immunoblots of whole cell lysates showed
that the depletion was efficient already after 48 h of transfection, and remained stable for
at least 24 h further hours after removal of the siRNA, as no RPA70 was detected. This
was an essential point to make, because for further toxin treatments it was important
that despite removing the siRNA, the transient depletion would last for the duration of
a typical one-day toxin treatment.
To determine the localisation of the induced γH2AX, IF microscopy was employed after
siRNA-mediated depletion of RPA 70 and quantified by RING program (Fig. 5.14 B
and C). To my surprise, the siRNA-mediated depletion of RPA70 itself seemed to induce
γH2AX, which was not the case for control cells with a control depletion of glyceraldehyde
3-phosphate dehydrogenase (GAPDH). For 25 and 50 nM of siRNA, no RPA 70 was
detected, indicating sufficient depletion of RPA 70. Surprisingly, IF microscopy and
the RING program showed that increasing concentration of siRNA against RPA70 was
coincident with formation of γH2AX rings with saturation observed at 25 nM (42% ring
cells) which was similar to TOX treatment (40% γH2AX ring cells, not significantly
different). To test whether combining the siRNA-mediated depletion of RPA with typhoid
toxin treatment increased γH2AX ring formation further, a standard intoxication assay
was performed following a 48 h of siRNA-mediated depletion of RPA70 (25 nM), and
cells were imaged by IF microscopy (Fig. 5.14 B and C). No further increase in γH2AX
ring cells was observed (49%, not significantly different), indicating that the cellular
response to typhoid toxin treatment and siRNA-mediated depletion of RPA70 induce
the same mechanism.
IF RPA depletion triggers rings via the same mechanism as typhoid toxin, it was hypoth-
esised that serum-starvation could prevent ring formation in RPA70-depleted cells. IF
microscopy and analysis by RING program revealed that serum-starvation of HT1080
cells before and during transfection with siRNA against RPA70 completely abolished
formation of γH2AX in RPA-depleted cells (Fig. 5.14 D and E).
Altogether, siRNA-mediated RPA depletion pheno-copied the DDR induced by typhoid
toxin.
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Figure 5.14:
siRNA-mediated depletion of RPA recapitulates γH2AX rings.
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Figure 5.14:
A) Immunoblot to validate siRNA-mediated RPA70 depletion in HT1080 cells. Cells were

transfected with siRNA against RPA70, GAPDH, or only with transfection reagent DharmaFECT 1 for

48 h, or transfected for 48 h and chased for 24 h in fresh culture medium, or left untreated. Whole cell

lysates were subjected to immunoblotting and were stained with primary antibodies against γH2AX,

α-tubulin, and RPA70.

B) IF microscopy and C) quantification by RING program of HT1080 cells after siRNA-

mediated depletion of RPA70 and TOX treatment. Cells were transfected with indicated

concentrations of siRNA against RPA70 or treated only with transfection reagent DharmaFECT 1 for

48 h. Next, intoxication assay with 5 ng/ml TOX was carried out. Cells were stained with antibodies

against γH2AX (contrasted, magenta) and RPA70 (gray), and counterstained with DAPI (white outline).

Images were taken using a 20x objective. Representative scale bar indicates 50 µm. Each condition was

performed in duplicates and 4 images per sample were recorded. Presented are the means of the means

for each field of view, amounting to approximately 300 nuclei. One-way ANOVA and Tukey’s multiple

comparison test was performed on the means of means from each field of view comparing to the TXN

reagent-treated cells if not otherwise indicated. Error bars represent SD.

D) IF microscopy and E) quantification by RING program of HT1080 cells after siRNA-

mediated RPA 70 depletion in presence or absence of serum. Cells were transfected with 25

nM siRNA for 48 h in presence of serum, or after 24 h serum starvation in absence of serum. Cells were

stained and imaged as in B) and representative scale bar indicates 50 µm. Quantification and statistics

as in C). If not otherwise indicated, significance is shown for comparison to transfection reagent-treated

cells in each serum condition.

5.6.2 Overexpression of RPA stochiometrically prevents γH2AX
ring formation

It was interesting to speculate whether the toxin was causing RPA exhaustion through
nuclease activity. RPA binds ssDNA exposed during DNA replication as a nucleofilament
and during replication stress ATR is activated by ssDNA-bound RPA on stalled RFs
([202], [57], [394]). This in turn ensures that the ssDNA is protected from breaking, and
the activated ATR can further halt the firing of new replication sites via CHK1, to prevent
additional replication which would require and sequester RPA as well ([385]). It has
been shown that replicative stress induced by depletion of RPA can be stochiometrically
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prevented by overexpression of RPA ([385]). To test this, U2OS wt cells and a U2OS
cell line that stably expresses approximately 2-fold excess of RPA2-EGFP (U2OS Super
RPA, kindly received from Prof. Ignacio Toledo, Copenhagen) was used in intoxication
assays with TOX and the concentration-dependent formation of γH2AX rings analysed
by IF microscopy (Fig. 5.15 A and C).

In U2OS control cells, TOX induced rings, which was observed at 5 ng/ml concentra-
tion and was dependent upon toxin nuclease activity (CdtB residue H160) (Fig. 5.15 A).
Rings were also observed in U2OS Super RPA cells at 20 ng/ml TOX concentrations but
when Super RPA cells were intoxicated with 5 ng/ml TOX ring formation was reduced.
When this was quantified with the ring program, overexpression of RPA reduced the
fractions of cells with γH2AX rings as seen by quantification by RING program (Fig.
5.15 B). 20 ng/ml of TOX induced γH2AX rings in 18% of wt cells, but only in 7.8% of
Super RPA cells. At the lower toxin concentration of 5 ng/ml 11% of wt cells exhibited
the γH2AX ring phenotype and only 4.4% of Super RPA cells. Interestingly, the dose of
20 ng/ml of toxin induces γH2AX rings in as many U2OS Super RPA cells as 5 ng/ml
toxin induce in U2OS wt cells (no significant difference).
Altogether, findings show that an increased RPA pool protects cells from toxin-mediated
γH2AX ring formation, while siRNA-mediated depletion of the RPA pool itself induces
γH2AX ring formation. Thus, the ring phenotype may represent deregulation of the
RPA response.
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Overexpression of RPA stochiometrically prevents γH2AX ring formation.
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Figure 5.15:
A) IF microscopy and B) quantification by RING program of intoxicated U2OS cells with

overexpression of RPA. Standard intoxication assays were performed on U2OS wt or Super RPA

cells with indicated concentrations of TOX. Cells were stained antibodies against γH2AX (contrasted)

and 53BP1 (not shown) and counterstained with DAPI (white outline). Images were taken using a

20x objective. Representative scale bar indicates 50 µm. The experiment was performed twice and 10

images per sample were imaged, amounting to 2,000 nuclei per condition being analysed. Presented

are the means of means from each field of view, and means of means from fields of view were used for

statistical analysis. One-way ANOVA and Tukey’s multiple comparison test was performed comparing

to the untreated cells of each cell line if not otherwise indicated. Error bars represent SD.

5.6.3 Typhoid toxin induces persistent, saturated RPA activa-
tion

To further examine the hypothesis that the typhoid toxin induces rings via manipulation
of the RPA pathway, RPA itself was examined in intoxication experiments. While RPA
localises to ssDNA at RFs and SSBs indiscriminately, the hypersphosphorylation as of
RPA32 at sites such as S33 and T21 leads to preferential binding of RPA to SSB ([395]).
The localisation of pS33-RPA32, was studied in intoxicated HT1080 cells by IF microscopy.
After intoxication with control TOX-HQ, no pS33-RPA32 was induced in control cells
(Fig. 5.16 A). Interestingly, intoxication with TOX led to foci of pT21-RPA32, which
did not colocalise with γH2AX rings, and the same was observed for constant treatment
with APH. However, 1 h pulse treatment with APH followed by chase in fresh medium
did not induce γH2AX rings, and no foci formation of pT21-RPA32.
Immunoblotting of whole cell lysates after intoxication over 24 h was performed to deter-
mine the overall levels of RPA phosphorylation (Fig. 5.16 B). In control cells, TOX-HQ
treatment led to no detectable pS33-RPA32 and γH2AX level, equal to untreated cells.
In contrast, TOX treatment induced an increase of pS33-RPA32 levels over time which
seemed to plateau at 24 h compared to total RPA32, while γH2AX increased steadily
over 24 h. Moreover, the RPA in TOX-treated cells migrated slower than that observed in
control cells, which is indicative of hyperphosphorylation by ATR ([394]). The experiment
shows that like APH, ring formation by the toxin is coincident with phosphorylation of
RPA at RPA32-S33.
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While immunoblotting enabled the examination of RPA phosphorylation in a total popu-
lation, it did not explain whether RPA was phosphorylated in cells with rings, which
would be possible to address by IF microscopy. Moreover, RPA is also known to be
phosphorylated by ATR on residue T21 of RPA32 ([431]). Thus, to examine RPA in
connection with ring cells, HT1080 cells were intoxicated with different doses of TOX
or APH concentrations, and pT21-RPA32 levels were studied by IF microscopy and
quantified with the RING program (Fig. 5.16 B, C, and D).
Strikingly, in all conditions where significant ring formation was observed (Fig. 5.16 C),
significant pT21-RPA32 foci intensity was also found (Fig. 5.16 D). It was noted that
the proportion of γH2AX ring cells varied in cells treated with 5 ng/ml TOX (40%), 20
µM APH (18%), or both combined (30%) which were all significantly higher compared to
untreated cells (Fig. 5.16 C). However, the pT21-RPA32 levels of these conditions were
similarly high and not significantly different from each other despite differences in ring
formation (Fig. 5.16 D). Again, this suggests that while APH induces rings, it does so
with less efficiency than the toxin. This is not surprising as they induce replication stress
via different mechanisms (i.e. polymerase inhibition vs. nuclease activity). Nevertheless,
what was surprising is that both APH or TOX treatments induced the same high level of
pT21-RPA32 intensity. Importantly, this level might represent the maximum threshold
for the RPA response where no more cellular RPA is available to interact with ssDNA,
which is left unprotected, i.e. RPA exhaustion.
Scatter plots of pT21-RPA32 and DAPI intensities of cells after intoxication, APH
treatment, or both in combination confirmed the high levels of phosphorylated RPA,
which reaches saturation, while different amounts of γH2AX rings are formed (Fig. 5.16
E).
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Figure 5.16:
Typhoid toxin induces persistent, saturated RPA activation.
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Figure 5.16:
A)F microscopy of pS33-RPA32 foci formation by APH and TOX treatment. HT1080 cells

were either subjected to standard intoxication with 5 ng/ml TOX, or to treatment with 20 µM APH for

either 24 h or 1 h pulse treatment followed by a 24 h chase. Fixed cells were stained with antibodies for

γH2AX (contrasted), pS33-RPA32, and counterstained with DAPI (white outlines) and imaged using a

100x objective. Scale bars indicate 10 µm.

B) Immunoblots of intoxicated HT1080 cells for pS33-RPA32. HT1080 cells were subjected to

intoxication assay with TOX over indicated time or TOX-HQ for 24 h, or left untreated. Whole cell

lysates were subjected to immunoblotting and were stained with antibodies for γH2AX, pS33-RPA32,

and total RPA32.

C) - E) IF microscopy and quantification by RING program of pT21-RPA32 and γH2AX

ring cells in HT1080 cells after different times of intoxication. Data is derived from 10 fields

of views from 2 experimental replicates with each 5 fields of view. Presented are the means of means

from each field of view per condition, amounting to approximately 2,000 nuclei per condition. Statistical

analysis was performed on means of means from fields of view. One-way ANOVA and Tukey’s multiple

comparison test was performed, comparing to the untreated cells of each cell line if not otherwise

indicated. Error bars represent SD. C) shows RING cells, and D) shows the intensity of pT21-RPA32.

Scatter plots (E) indicate the intensity of γH2AX and pS33-RPA32 with each dot representing one

cell. For quantification of γH2AX ring cells and pT21-RPA32 intensities, one-way ANOVA and Tukey’s

multiple comparison test was performed, comparing to the untreated cells of each cell line if not otherwise

indicated. Error bars represent SD.

5.7 ATR is involved in the formation of γH2AX
rings

RPA and ATR are predominantly active during S phase as DDR proteins. As it was
demonstrated that typhoid toxin overwhelms the RPA response, leading exhaustion of
free, non-DNA bound RPA during S phase and resulting γH2AX rings, we hypothesised
that the γH2AX ring formation may be prompted by ATR. Previous results indicated
that the ATR-CHK1 axis of DDR is involved in γH2AX ring formation upon TOX
treatment. To test this, small molecule inhibitors and siRNA-mediated depletion of ATR
and ATM were tested for their effects on preventing γH2AX ring formation.
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Chemical inhibition of ATM and ATR. ATR and ATM were inhibited by small
molecule inhibitors (NU6072, ATRi, and KU55933, ATMi) ([298], [413]) before and
during intoxication assays, and γH2AX distribution imaged by IF microscopy (Fig. 5.17
A). Quantification by RING program showed that 15 µM of ATRi reduced toxin-induced
rings from 63% to 6.8%, while 10 µM ATMi had no significant effect (58% rings) (Fig.
5.17 C). However, for APH-induced rings (39%), both inhibitors proved significantly
effective in reducing rings.
The same images were used to study the activation of RPA marked by pT21-RPA32 which
was reduced in TOX- or APH-treated cells in presence of ATR inhibitor, but not with the
ATM inhibitor only (Fig. 5.17 B). Quantification by RING program validated this and
showed that pT21-RPA32 formation was prevented in cells treated with typhoid toxin or
APH was abrogated when ATR was inhibited (not significantly different from untreated
cells), while ATM had no effect on RPA phosphorylation (not significantly different
from TOX-treated cells without inhibitor) (Fig. 5.17 D). The same trend was observed
for APH-treated cells. This supports the findings, that ATR drives the activation and
overwhelming of the RPA response, and the formation of γH2AX rings.
Chemical inhibition of ATR and ATM were tested by immunoblotting of intoxicated
HT1080 cells for pATR and pATM in presence or absence of ATRi and ATMi (Fig. 5.17
E). This showed that ATR was consistently inhibited by ATRi, and ATM activation was
reduced by ATMi. However, no complete abrogation of ATR or ATM activation could
be observed. The immunoblotting experiment suggested intriguing interplay between
ATM/ATR with possibly redundancy also apparent. For example, ATRi inhibited ATM
activation suggesting that ATR acted upstream of ATM in intoxicated cells. The results
suggest that ATM/ATR are not required for phosphorylation of CHK1/2 or H2AX,
despite the significance of ATM/ATR in ring formation (Fig. 5.17 A). Moreover, a higher
MW band that could correspond to H2AX-K13-15-Ubi was also observed, indicating
further modification of H2AX during the DDR. This suggests, that other kinases could
complement CHK1 activation in absence of ATR.
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Figure 5.17:
ATR is involved in the formation of γH2AX rings.
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Figure 5.17:
This figure shows IF microscopy and quantification of γH2AX and pT21-RPA32 localisation in HT1080

cells upon intoxication during inhibition of ATR and ATM. Cells were pre-incubated for 1 h with

chemical inhibitors against ATR (ATRi; NU6027, 15 µM), ATM (ATMi, KU55933, 10 µM), both in

combination, or left untreated. Intoxication assay with 5 ng/ml TOX or TOX-HQ was performed for

24 h in presence of the inhibitors. Constant treatment with 20 µM APH for 24 h in presence of the

inhibitors was used as a positive control for replication stress. Cells were fixed, stained for A) γH2AX

(contrasted in magenta), B) for pT21-RPA32, and counterstained for DAPI (white outlines). Images

were taken on a IXM microscope using a 20x objective. Representative scale bar indicates 50 µm.

Experiment was performed in biological triplicates, and 16 images per sample were analysed. Each field

of view contained approximately 25 nuclei, amounting to 1,200 analysed nuclei per condition. Means

and statistical analysis were calculated from all fields of view for each condition.

For quantification of C) γH2AX ring cells and D) pT21-RPA32 signal, the means of means of fields of

view are presented and used for statistical analysis. One-way ANOVA and Tukey’s multiple comparison

test was performed, using TOX-HQ treated cells with corresponding inhibitor for comparison. Error

bars represent SD.

A) IF microscopy and C) quantification of γH2AX.

B) IF microscopy and D) quantification of pT21-RPA32.

E) Immunoblotting of whole cell lysates after intoxication of HT1080 cells for 24 h in

presence of ATRi and ATMi. Cells were treated with inhibitors as described for A), and were

immunblotted with antibodies against γH2AX, αtubulin, pATR (pS428), pATM (pS1981), pCHK1

(pS345), and pCHK2 (pT68). Asterisk marks potential γH2AX-K13-15-Ubi.

Transient siRNA-mediated depletion of ATM and ATR. To further test the
involvement of ATR/ATM in ring formation, γH2AX ring phenotype was induced by
siRNA-mediated RPA70 depletion in combination with siRNA-mediated depletion of
ATM of ATR before analysis by IF. The induction of γH2AX rings by siRNA-mediated
depletion of RPA proved to be better for experimental settings, as it could be performed
synchronously with siRNA-mediated depletion of ATR/ATM, while combining siRNA-
mediated depletion of ATR/ATM with intoxication of cells lead to loss of cells presumably
due to the long exposure to the transfection reagent over 72 h.
IF imaging and quantification by RING program of γH2AX after siRNA-mediated
depletion of ATM or ATR alone showed that no γH2AX rings were induced (Fig. 5.18 A
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and C). siRNA-mediated depletion of RPA was shown earlier to induce γH2AX rings
in 42% of the cells (data from Fig. 5.14 on p. 154). γH2AX ring formation by siRNA-
mediated depletion of RPA was not prevented by simultaneous siRNA-mediated depletion
of ATM, leading to rings in 45% (Fig. 5.18 B), which was not significantly different
from siRNA-mediated depletion of RPA alone. Ring formation in cells with double
siRNA-mediated depletion of RPA and ATM could be prevented by serum starvation.
This shows that ATM does not interfere with the processes that lead to ring formation
(Fig. 5.18 B).
However, siRNA-mediated depletion of ATR reduced the γH2AX rings induced by siRNA-
mediated depletion of RPA to 12% of all cells (Fig. 5.18 D). This confirms the result
derived from small molecule inhibitor experiments, that ATR is a main driver of γH2AX
ring formation, but another kinase could complement this phenotype. Indeed, siRNA-
mediated depletion of ATM in addition to that of ATR and RPA completely abolished
the γH2AX ring phenoytpe (2.4%, non-significant), suggesting that both kinases ATM
complements ATR play a role in γH2AX ring formation.
Altogether, siRNA-mediated depletion experiments further validated the findings from
experiments with chemical inhibitors. While further experiments will need to be performed
to examine the efficiency of the siRNA-mediated depletions, results from both ATM/ATR
inhibitor and siRNA experiments indicate a prominent role for ATR for γH2AX ring
formation, and a requirement for both ATM/ATR.
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Figure 5.18:
ATR is involved in the formation of γH2AX rings.
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Figure 5.18:
A) IF microscopy and B) quantification of γH2AX in HT1080 after siRNA-mediated de-

pletion of RPA70 and ATM in absence or presence of serum. Cells were transfected with 25

nM siRNA against ATM (ATM KD) and/or 25 nM siRNA against RPA (ATM KD + RPA KD) as

indicated either in presence of serum of after 24 h serum-starvation in absence of serum. After 48 h of

transfection, cells were fixed and stained with antibodies against γH2AX (contrasted) and counterstained

with DAPI (white outline). Images were taken using a 20x objective. Representative scale bar indicates

50 µm. Data from siRNA-mediated depletion of RPA70 with 25 nM siRNA from Fig. 5.14, p. 154 is

included for comparison. Experiment was performed in biological triplicates, and 16 images per sample

were analysed. Means and statistical analysis were calculated from all fields of view for each condition.

Each field of view contained approximately 25 nuclei, amounting to 1,200 analysed nuclei per condition.

For quantification, the means of means of fields of view are presented and used for statistical analysis.

One-way ANOVA and Tukey’s multiple comparison test was performed, using transfection reagent-

treated cells for comparison if not otherwise indicated. Error bars represent SD.

C) IF microscopy and D) quantification of γH2AX in HT1080 after siRNA-mediated de-

pletion of RPA70, ATM, and ATR in HT1080 cells. Cells were transfected with indicated

concentrations of siRNA against ATR, ATM, and RPA alone or in combination for 48 h. Cells were fixed

and stained with antibodies against γH2AX (contrasted), counterstained with DAPI (white outline), and

imaged using a 20x objective. Representative scale bar indicates 50 µm. Quantification shows results of

experiment in triplicates with each 16 images. Data from siRNA-mediated depletion of RPA70 with

25 nM siRNA from Fig. 5.14, p. 154 is included for comparison. Means and statistical analysis were

calculated from all fields of view for each condition. One-way ANOVA and Tukey’s multiple comparison

test was performed, using transfection reagent treated cells for comparison, and one-way ANOVA to

compare siRNA-mediated depletion of RPA70 to siRNA-mediated double depletion of RPA70 and ATR.

Error bars represent SD.

5.8 Transcriptomics reveal changes in chromatin ar-
chitecture and DNA damage

So far, this work analysed the cellular response by the phosphorylation of markers such as
γH2AX and pATM. These post-translational modifications are important signalling steps
in the DDR. However, to study the effect of typhoid toxin at the transcriptional level,
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microarray analysis was exploited to study the change of gene expression in response to
the typhoid toxin. Gene expression of HT1080 cells was analysed by RNA microarray 48
h after intoxication when the γH2AX rings were established. The gene expression was
compared to cells treated with 5 ng/ml TOX-HQ (see methods p. 252 for procedure).
Only genes with ≥ 1.5-fold change in expression rate and p value ≤ 0.05 were considered
for further analysis (Fig. 5.19 A, green and red dots), while all other hits were excluded
(Fig. 5.19 A, grey values). This resulted in 817 up-regulated (right) and 1097 downregu-
lated (left) genes (Fig. 5.19 A and B), demonstrating that TOX and TOX-HQ result in
differential gene expression.
To get a first idea how these genes are related to each other, the gene list was analysed
for the appearance of gene clusters from Gene Ontology (GO), a bioinformatic resource
for gene fucntion (Fig. 5.19 C). The top GO annotation clusters of genes up-regulated in
response to TOX suggested involvement of de-ubiquitination, DNA binding and transcrip-
tion, RNA splicing, and translation. The top GO annotation clusters for down-regulated
genes in response to TOX comprised genes of nucleosome and chromatin regulation,
proteins involved in phosphorylation, DNA damage repair and DNA replication. Unex-
pectedly, genes involved in the biosynthesis of fatty acids were down-regulated as well.
The most significant GO terms were corresponding to the GO annotation clusters. The
top GO terms for up-regulated genes included protein de-ubiquitintion, regulation of
transcription, DNA binding, and natural killer (NK)-mediated cytotoxicity. The top
GO terms for down-regulated genes were related to the nucleus, epigenetic silencing,
chromatin maintenance, and protein phosphorylation (Fig. 5.19 D).
It was asked, whether genes involved in the DDR that were used so far in this study
were differentially expressed. However, ATM, ATR, 53BP1, and BRCA1, were not on
the hit list and therefore not differentially expressed. In contrast, other repair genes
RPA1(RPA70), RPA2 (RPA32), and RPA3 (RPA14) were decreased (Fig. 5.19 E). This
shows that the DDR to typhoid toxin is not only regulated by hyperphosphorylation of
RPA32 and exhaustion of the RPA pool, but also on its expression level.
Interestingly, we noted that the expression of LMNB1 was one of the most down-regulated
hits (Fig. 5.19 E). LMNB1 is important for the maintenance of the nucleus and chromatin
and its loss is implied in the restart of stalled RF ([38], [359]). Therefore, the toxin
induced replication stress could be further exacerbated by the loss of LMNB1.
The top GO terms and annotation clusters suggested a a role of genes involved in
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transcription during the cellular response to typhoid toxin. Therefore, genes that were
grouped into GO term of nucleotide excision repair (NER) from were examined closer
(Fig. 5.19 F). Network analysis revealed that most of these genes interact with each other
(Fig. 5.19 G). Most NER genes were down-regulated such as Polα, RPA2, and FANCC
(Fig. 5.19 E). FANCC has been shown to mediate resistance in cells to CDTs ([28]).
Only few NER genes were upregulated. Among these was CDK7 and ERCC6 (Fig.
5.19 F). Interestingly, these genes are also involved in transcription and transcription
mediated repair. It has been found that in the past that transcription and repair proteins
exhibit intertwined roles ([115]). Therefore, this could mean that typhoid toxin impairs
transcription as well as replication and the cell responds with increased expression of
these transcription repair proteins, or that cells resolve TOX-induced DNA damage
with transcription-mediated repair. These results from microarray analysis present first
indications, that cells reduce the expression of DDR genes upon long-term treatment
with typhoid toxin. This supports the notion that typhoid toxin induces a persistent
DDR. Further experiments for example by WB or siRNA-mediated depletion need to be
performed to validate these results.
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Figure 5.19:
Transcriptomics reveal changes in chromatin architecture and DNA damage

upon 48 h treatment with typhoid toxin.
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Figure 5.19:
HT1080 cells were treated in a 48 h intoxication experiment with 5 ng/ml TOX or TOX-HQ as a

negative control. Experiment was performed in 3 biological repeats. RNA was isolated and analysed

on a microarray (see methods, p. 252). Data was analysed using Transcriptome Analysis Console 4.0

software. Gene expression was compared against TOX-HQ treated cells as a control. Only genes with ≥

1.5-fold change and a p value ≤ 0.05 were included into the close analysis.

A) Volcano plot of hits from microarray after intoxication assay for 48 h. Thresholding of

all gene hits for ≥ 1.5-fold change and a p value ≤ 0.05 shows the remaining hits.

B) Heat map of differential gene expression after intoxication assy for 48 h. The expression

levels of the included hits from A) are shown for each of the samples. Red - high expression; green - low

expression.

C) Top GO annotation clusters. All downregulated and downregulated genes were analysed sepa-

rately with the online tool DAVID for GO annotation clusters. The 10 top hits for each are presented.

Enrichment values were calculated by DAVID. Red - upregulated; green - downregulated.

D) Top GO terms. All downregulated and downregulated genes were analysed separately with the

online tool DAVID for GO terms. The 10 top hits for each are presented. p-values were calculated by

DAVID. Red - upregulated; green - downregulated.

E) Differential expression of selected genes. The gene list was analysed for selected genes based

on previous findings of this thesis. Fold-change of expression is indicated.

F) Differential expression of NER genes. All downregulated and downregulated genes were anal-

ysed together with the online tool DAVID for GO terms. Differentially expressed genes in the cluster of

NER genes and the fold-change of their expression compared to TOX-HQ are shown.

G) STRING network analysis of differentially expressed NER genes. The NER gene cluster

from F) was analysed on the STRING online tool using the human genome settings. Red - upregulated;

green - downregulated.

5.9 Discussion Chapter 5

A novel γH2AX phenotype. γH2AX was used as a read-out for the cytotoxicity
and DDR induced by typhoid toxin. Commonly, γH2AX localisation is described in
the literature as foci, with each focus being indicative of one DNA strand break ([322]).
However, a novel phenotype of γH2AX distribution was observed in typhoid toxin treated
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cells characterised by a concentration-dependent formation of γH2AX rings at the nuclear
periphery.
Non-canonical distributions of γH2AX have been described in the literature before as
uniform nuclear localisation after X-ray or UV irradiation ([89], [265], [81]). Interestingly,
in those studies the recruitment of downstream repair proteins was disrupted. For nuclei
with γH2AX pan-staining, the repair platform MDC1 was bound nuclear wide, and the
recruitment of 53BP1 to damaged sites was abolished ([265]). This is in accordance with
this thesis, where 53BP1 was excluded from γH2AX rings, but recruited to γH2AX foci.
Therefore, it is likely, that γH2AX rings underlie a similar DDR as seen for the published
non-canonical distributions. This is in contrast to other studies of CDT, where γH2AX
foci colocalised with 53BP1 ([109], [268]). This initially suggested that the typhoid toxin
employs a different strategy to elicit a DDR in target cells but further experiments with
EcolCDT showed that canonical CDTs also induce rings.
The only description of a peripheral nuclear distribution is the so called “apoptotic ring”
by Solier and Pommier ([365]). They describe the rings as a pre-apoptotic phenotype
due to the fragmentation of the nucleus into apoptotic bodies in response to drugs such
as STP. However, striking examples of apoptosis were not seen in experiments of cells
treated with toxin in a pulse-chase manner for up to 14 days.

Replication-dependency for γH2AX ring formation. It was shown that cell cycle
arrest in G1/G0 phase prevented γH2AX ring formation upon intoxication with typhoid
toxin. This suggested that replication is a crucial step in the formation of rings and that
the toxin might interfere with replication.
Indeed, here it was found that γH2AX rings are preceded by a mechanism akin to
exhaustion of the pool of free RPA, which has been shown previously to cause a replica-
tive catastrophe ([385]). Toledo and colleagues induced replication stress with HU but
inhibited the ability of cells to stop new replication origins from firing due to simultaneous
inhibition of ATR ([385]). The result was the increasing accumulation of ssDNA at
stalled RFs, which used up the cellular reservoir of RPA that ultimately led to unpro-
tected ssDNA and DSB formation due to fork collapse. The authors read-out for RPA
exhaustion was DSB formation, which was exacerbated by siRNA-mediated depletion of
RPA and protected against in Super RPA cells overexpressing RPA. Here, it was found
that siRNA-mediated depletion of RPA triggered ring formation, which presented the
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possibility that the toxin mediates ring formation by perturbing the RPA pathway, while
overexpression of RPA was protective against ring formation. How might this be possible?
The toxin had no effect on RPA protein levels (Fig. 5.16 B). An alternative explanation
could be that an imbalance in the RPA pathway is triggered by the oversupply of ssDNA
substrate. Indeed, it was shown that CDTs induce initially SSB that lead to DSB
([109]). Consistent with the view that the toxin would generate ssDNA substrate, it
was shown in chapter 4 (p. 101) that the toxin has nuclease activity. For RPA to be at
maximum capacity, all RPA would have to be used up. Indeed, when APH was added
to toxin-treated cells, no further RPA phosphorylation was observed indicating that no
additional RPA was available to counter replication stress. Hyperphosphorylated RPA
localises preferentially to SSB while non-phosphorylated RPA localises to RFs as well
([395]). No free RPA is available to localise to RF and newly firing origins of replication,
which has been shown previously to cause a replicative catastrophe during S phase ([385]).
Further, this work demonstrated that ATR is the main kinase involved in γH2AX ring
formation upon exhaustion of the pool of free RPA. In fact, ATR has been shown to
phosphorylate RPA at single-strand overhangs, which are generated during the S-phase
dependent resection of DNA breaks ([353]).

γH2AX rings in studies on CDTs. Interestingly, figures of publications on CDTs
show but fail to comment on the induction of γH2AX rings upon intoxication and
infection of cultured cells. For example, peripheral nuclear γH2AX staining was also
presented in studies working with purified CDTs ([342], [107]) (Fig. 5.9).

Only one study noted that after 8 h of intoxication with CDT, cells began to exhibit
a diffuse γH2AX pattern as opposed to the foci at earlier time points ([230]). Thus, the
phenotype might be induced by all CDTs. Previous publications studying typhoid toxin
in the context of infection show but do not discuss the formation or peripheral γH2AX
staining ([268]). This shows that γH2AX and the toxin-induced replicative stress might
play a role during S. Typhi pathogenesis.
This chapter firmly establishes that the typhoid toxin induces a novel DDR in the form
of γH2AX rings. In the next chapter, the fate of ring cells and their interaction with
Salmonella is explored.
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Figure 5.20:
Rings in published literature on CDTs.

The figure from Seiwert et al. ([342]) shows nuclei of HCT116 cells treated with Haemophilus ducyrei
CDT or catalytically inactive CDT (CDTmut for 24 h (500 ng/ml each), visualised with antibodies
against γH2AX (green), DAPI (blue) by confocal microscopy. Both, γH2AX rings and foci are
presented in the CDT-treated sample.



Chapter 6

Typhoid toxin-induced senescence
primes bystander cells for
Salmonella infection

Experiments in animal models showed that the mortal symptoms of typhoid and chronic
carriage were facilitated through the typhoid toxin but the mechanisms remain unclear
and shedding light on the toxin-mechanism is a major focus of this thesis. In this study,
the typhoid toxin has been shown to induce replicative stress in target cells, which is
signified at later stages by the exhibition of γH2AX rings. To understand how Salmonella
Typhi might benefit from the induced DNA damage phenotype, particularly during
chronic infections, remains an open question. CDTs have previously been shown to be
cytolethal ([347], [254], [70]), but no signs of cell death have been noted so far. It has been
proposed that typhoid toxin might act as a cyclomodulin rather than a cytolethal agent
([221], [29]). Thus, the focus of this chapter was to understand the fate of TOX-treated
cells with γH2AX rings, and address how this influences infection.

6.1 γH2AX ring cells do not undergo apoptosis

6.1.1 γH2AX ring cells are not positive for signs of apoptosis

γH2AX ring-like structures have been previously observed in apoptotic cells ([365]),
which can be discerned by cell shrinkage, rounding up of cells, and high DAPI intensity
([203]). To understand whether γH2AX rings induced by the typhoid toxin are in fact
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‘apoptotic rings’ ([365]), the survival of the cells following intoxication was first tested by
live-microscopy over 48 h (Fig. 6.1 A and B). Untreated control cells showed a 2.5-fold
increase in cell number at 48 h relative to the 0 h time point, similar to TOX-HQ treated
cells. This is in accordance with the replication time of HT1080 (approximately 26 h)
and the available space to replicate starting with 30% confluency ([312]). In contrast,
TOX-treated cells did not increase in number over time, which supports the induced
cell cycle arrest observed by flow cytometry (see chapter 4, p. 80 and p. 97) and BrdU
incorporation (see chapter 5, p. 147), as the cell number did not increase. Despite
evidence indicating toxin-induced apoptotic rings, no visible signs of apoptosis were
observed. Cells treated with STP, the positive control for apoptosis ([24]) and apoptotic
ring formation ([365]), however, showed signs of apoptosis already at the beginning of the
recording (1h after treatment) morphological changes, and after 48 h, only cell fragments
and shrunken cells remained which were not counted as viable cells.
Next, a life-PI staining was used to differentiate between live and dead cells. PI cannot
cross the plasma membrane of cells, but can diffuse into cells with permeabilised membrane
triggered during the apoptotic process, while all cells can be counterstained after fixation
with DAPI. IF microscopy of HT1080 cells with live PI stain showed no PI signal in
untreated cells and cell intoxicated with TOX-HQ (Fig. 6.1 C, white arrow). Even
TOX- and APH-treated cells did not show uptake of PI, while γH2AX rings had formed,
showing that γH2AX rings are not apoptotic. However, the control for apoptosis, STP,
induced PI staining only in few HT1080 cells (Fig. 6.1 C, white arrow). The PI positive
cells were smaller in size, which indicates a late stage of apoptosis, and were further not
positive for γH2AX rings.
A hallmark of apoptosis is the activation of caspases, which are cleaved to generate active
proteases that cleave many substrates, e.g. Poly-[ADP-ribose]-polymerase 1 (PARP1)
([199]). Moreover, the extensive phosphorylation of γH2AX in apoptotic cells is induced
by the fragmentation of DNA due to DNases activated by caspase (Casp)-3 and -7 ([422]).
Therefore, immunoblotting of whole cell lysates of intoxicated HT1080 cells was employed
to stain for cleaved Casp-3, and one of its substrates, cleaved PARP-1. When cells were
treated for 2 h or 24 h with STP, cleaved PARP-1 and cleaved Casp-3 were apparent in
HT1080 cells, which was also coincident with robust γH2AX signal. While intoxication
for 24 h with TOX increased the γH2AX levels compared to intoxication for 2 h with
TOX or 24 h with TOX-HQ, no cleaved Casp-3 or cleaved PARP-1 was detectable (Fig.
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6.1 D). Thus, TOX does not induce apoptotic rings, further establishing that γH2AX
rings in response to the typhoid toxin represent a novel phenotype.
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Figure 6.1:
Influence of the typhoid toxin on apoptosis.
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Figure 6.1:
A) Still images from 48h live microscopy imaging of intoxicated HT1080 cells. Cells were

pulsed for 2 h with indicated concentrations of TOX or 5 ng/ml TOX-HQ, or for 1 h with 1 µg/ml STP.

Life cells were then imaged from the beginning of the chase (indicated time points presented), using a

20x objective (representative scale bar 100 µm).

B) Bar chart quantifying the relative number of cells from A). Quantification was carried out

by counting cells at the beginning and end of recording, from 2 biological repeats performed at the

same time, each containing 12 - 30 cells per field of view. Bars represent means from the biological

repeats. One-way ANOVA and Dunnett’s multiple comparison test was carried out for comparison

against untreated cells, and error bars represent SD.

C) PI-live staining 24 h after intoxication of HT1080 cells. Cells were intoxicated with 5 ng/ml

TOX or TOX-HQ, or treated with 20 µM APH, or treated for 6 h with STP. Images were taken using a

60x objective (representative scale bar 50 µM).

D) Immunoblotting for cleaved PARP-1 and cleaved Casp-3 of HT1080 whole cell lysate

after intoxication of cells or STP treatment. Standard intoxication was carried out with 5 ng/ml

TOX or TOX-HQ for indicated times, or cells were treated for 1 h with 1 µg/ml STP and chased for

indicated times. Immunoblots were stained with antibodies against cleaved PARP-1, cleaved Casp-3,

γH2AX, and α-tubulin.

6.1.2 γH2AX ring formation is not down-stream of caspases

The experiments in Fig. 6.1 show that the toxin fails to induce apoptosis. This suggests
that γH2AX rings and apoptotic rings are distinct phenomena. This is perhaps surprising
as both toxin-induced rings and apoptotic rings share certain traits, e.g. the absence of
MDC1 and 53BP1 from γH2AX rings. Solier and colleagues show that 53BP1 is lost from
apoptotic rings due to Casp-3-dependent cleavage of MDC1 ([364]). Caspase activation
is known to drive apoptosis, but, interestingly, sublethal activation of caspases has also
been reported ([180]). Thus, it remained a possibility that the toxin triggered sub-lethal
activation of caspases, which was sufficient to drive ring formation but insufficient to drive
apoptosis. Thus, ring formation in the presence of caspase inhibitors was investigated.
To understand whether γH2AX rings were dependent upon caspase activation, cells were
incubated with either pan-caspase inhibitor (Q-VD-Phe) or a Casp-8 specific inhibitor, 1
h prior to intoxication and thereafter before analysis.
Caspase inhibition was validated by treatment of HT1080 cells with STP or TRAIL
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in presence or absence of 30 µM caspase inhibitor Q-VD-Phe with activity against
executioner Casp-3, -7, and -9, and subsequent immunoblotting for cleaved PARP (Fig.
6.2 A). This confirmed that the caspase inhibitors prevented apoptosis at doses of 30
µM. Furthermore, caspase inhibition reduced the γH2AX levels of STP treated cells and
to lesser extent in TRAIL treated cells (Fig. 6.2 A). This shows that γH2AX is induced
in an apoptotic process.
To study the effect of caspase inhibition on the formation of γH2AX rings, HT1080 cells
were intoxicated in the presence of Q-VD-Phe prior to IF microscopy and RING program
analysis (Fig. 6.2 B and C). The caspase inhibitor limited the apoptotic effects of STP as
more cells remained attached to the culture dish compared to cells without the inhibitor,
while for TRAIL-treated cells, no difference could be observed. In intoxicated cells, the
caspase inhibition did not lead to a significant change in γH2AX ring cells, equally to
APH-treated cells (Fig. 6.2 B and D).
However, γH2AX ‘apoptotic’ rings were initially demonstrated to form after treatment
with STP or TRAIL, which induce apoptosis via the extrinsic pathway, induced by
Casp-8, which cleaves and activates Casp-3 ([365]). To test whether γH2AX rings are
induced by Casp-8 upstream of Casp-3, -7, and -9, HT1080 cells were also intoxicated in
the presence of Casp-8 inhibitor (Fig. 6.2 D). Again, Casp-8 inhibition did not induce
γH2AX formation in untreated cells, but did also not prevent the γH2AX ring formation
in intoxicated or APH-treated cells.
This shows that γH2AX rings are not formed downstream of Casp-8 or Casp-3, -7, or -9.
However, though PARP1 cleavage was abolished in the presence of caspase inhibitors
(Fig 6.2 A) the inhibitors might not be efficient enough to inhibit all caspase activity, so
the presence of sublethal caspase activation cannot be fully excluded for γH2AX ring
induction.
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Figure 6.2:
A) Immunoblot of HT1080 whole cell lysate with indicated antibodies in presence or ab-

sence of pan-caspase inhibitor Q-VD-Phe. Cells were pre-teated for 1 h with Q-VD-Phe and in

presence or absence of it, cells were treated for 6 h with 100 ng/ml TRAIL or 1 µg/ml STP. Immunoblot-

ting was carried out with antibodies against cleaved PARP-1, γH2AX, and α-tubulin.

B) IF microscopy of γH2AX rings of intoxicated HT1080 cells in presence or absence of

Q-VD-Phe and C) quantification by RING program. Cells were pre-teated for 1 h with 30 µM

Q-VD-Phe and in presence or absence of it, cells were subjected to standard intoxication with TOX or

TOX-HQ, or treated with 20 µM APH, or treated for 6 h with 1 µg/ml STP, or treated for 6 h with

0.1 µg/ml TRAIL. Cells were fixed and stained for γH2AX (magenta, thresholded) and DAPI (white

outlines) and imaged using a 20 x objective. Representative scale bar indicates 50 µm. Experiment was

repeated twice with each 5 fields of view, amounting to 240 - 1,000 cells in total per condition. Bars

represent means from all fields of view. One-way ANOVA and Tukey’s multiple comparison test was

performed. Error bars represent SD.

D) IF microscopy of γH2AX rings of intoxicated HT1080 cells in presence or absence of

Casp-8 inhibitor. Cells were treated as in C) with 30 µM Casp-8 inhibitor N-acetyl-Ile-Glu-Thr-Asp-

CHO, or Q-VD-Phe. Images were taken using a 100x objective, and scale bar represent 5 µm.

6.2 γH2AX ring cells enter senescence

6.2.1 Typhoid toxin inhibits colony formation of cells

What is the fate of cells treated with the typhoid toxin? So far, experiments had shown
that intoxicated cells failed to enter apoptosis. Indeed, cells appeared to survive instead.
In the previous chapters, it was shown that cells were arrested in the cell cycle at 24 h (p.
80 and p. 147). The fate of such cells is not known. For example, do they remain arrested
or do they re-enter the cell cycle, and do the cells survive? Thus, to test whether cell
cycle arrest persists and examine cell survival, a clonogenic survival assay was established
where cells are seeded in such low concentrations, that single cells replicate to form
colonies over several days and are visible by eye.
When untreated HT1080 were incubated for 8 days, many colonies had formed, which
contained cells of normal size and morphology (Fig. 6.3 A and B). TOX-HQ treated cells
also formed colonies, though this was reduced to 49% relative to untreated cells. This is
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in contrast to the previously observed low levels of of TOX-HQ-induced DDRs relative to
untreated cells, and could be due to toxic effects mediated by PltB/PltA. In contrast to
the modest effects induced by TOX-HQ, intoxication of cells with TOX potently inhibited
colony formation even at low concentrations such as 0.5 pg/ml (Fig. 6.3 A and B). Only
with 50 fg/ml TOX were colonies formed at equal levels with TOX-HQ (49%) and 5
fg/ml TOX led to a clonogenic survival equal to untreated cells (90%, not significantly
different). This is interesting as cell cycle analysis by flow cytometry had revealed that
cell cycle arrest in G2/M phase was no longer detectable at concentrations of 5 pg/ml
or below (see chapter 4, p. 93). This could indicate that a G1/G0 cell cycle arrest is
induced by low concentrations of TOX, which do not lead to a notable recruitment of
DDR proteins, but inhibits clonogenic survival.
Interestingly, despite the abrogation of colony formation, cells were still attached to the
culture vessel 8 days after intoxication as seen by bright field microscopy (Fig. 6.3 A).
The cells showed the typical enlarged phenotype of nuclei and cells, with vesicles in the
cytoplasm. At 50 fg/ml TOX when colony formation was half restored, a mixture of
distended and normally sized cells could be detected. This could show that not all cells
have taken up TOX molecules and that some cells are effectively untreated at such low
concentrations.
The positive control for DNA damage, doxorubicin, induced similar effects to intoxication
with distended surviving single cells being observed, which were unable to form clones
(Fig. 6.3 A and B).
Treatment of HT1080 cells with APH for a 1 h pulse led to a 73% clonogenic survival
after 8 days and cells were of normal size (Fig. 6.3 C and D). In contrast, APH treatment
for 1 day almost completely abolished the clonogenic survival (0.02%) despite cells being
still attached to the culture vessel. This suggests, that persistent or irreparable DNA
damage reduces the clonogenic survival, and that even low TOX concentrations may
evoke such persistent DNA damage.
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Typhoid toxin inhibits clonogenic survival of cells.
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Figure 6.3:
A) Images of colonies and microscopy images of clonogenic survival of intoxicated HT1080

cells and B) quantification. Cells were subjected to standard intoxication assay with indicated

concentrations of TOX or TOX-HQ, or treated for 1 h with 1 µM doxorubicin followed by 24 h chase.

Plates were photographed, and cells were imaged with a ZOE Cell Imager, 20x (representative scale bar

100 µm). Data is derived from 3 biological replicates, amounting to 6,000 cells in total per condition.

Bars represent means calculated from the 3 biological replicates. One-way ANOVA and Dunnett’s

multiple comparison test were carried out using untreated cells for comparison. Clonogenic survival of 1

signifies 100% of cells formed colonies compared to untreated control cells.

C) Quantification of the experiment in D). Data is derived from 3 biological replicates, amounting

to 6,000 cells in total per condition. Bars represent means calculated from the 3 biological replicates.One-

way ANOVA and Tukey’s multiple comparison test were carried out. Error bars represent SD. Clonogenic

survival of 1 signifies 100% of cells formed colonies compared to untreated control cells.

D) Clonogenic survival assay with of APH treated HT1080 cells. Cells treated with 20 µM

APH (1 h or 24 h) were imaged at 8-days as described in A).

6.2.2 γH2AX ring formation drives cells into senescence

The results of the clonogenic survival assay suggested that cells are permanently cell cycle
arrested, which, together with the previously observed persistent DDRs, i.e. γH2AX
signal, suggests that cells are driven into a senescent state. Indeed, this as has been
noted for the CDT of Haemophilus ducreyi ([33]), but whether this is also true for the
typhoid toxin is not known. A number of markers, including increased lysosomal content,
are used to identify senescent cells including increased lysosomal content. This can be
investigated using a senescence associated-β-Galactosidase (SA-β-Gal) assay, which was
employed on HT1080 cells and analysed by bright field microscopy. β-Gal is present in
all cells, but only in senescent cells β-Gal is active at pH 6 in lysosomes, which turns the
substrate 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) into a blue dye at
pH 6.0 ([88]).
When untreated cells were assayed for SA-β-Gal activity at day 1, very little activity
was observed, which was exemplified by the image in Fig. 6.4 D. The same was true
for cells treated with TOX-HQ as quantified in Fig 6.4 A. However, after intoxication
with TOX, 40% of cells were positive for SA-β-Gal after one day, and intoxication over 6
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days increased this population to 82%. Moreover, microscopy revealed that cells had not
formed a monolayer and were less than 80% confluent, indicating impaired cell growth
(Fig. 6.4 D). In contrast, untreated and TOX-HQ treated cells formed monolayers of
100% confluency (Fig. 6.4 E). At 6 days it was noted, that untreated cells had an increase
in SA-β-Gal positive cells to 78%, similar to TOX-HQ (72%) (Fig. 6.4 A), which could be
due to confluency mediated quiescence that also leads to positive, but reversible SA-β-Gal
staining ([88]). This made the controls difficult to interpret. To resolve this issue, lower
cell densities were tested for SA-βGal after 6 days (Fig. 6.4 C and E). This revealed
that seeding 500 HT1080 cells/well (1.9 cm2) resulted in a similar cell confluency after 6
days, as that observed in a standard intoxication assay with TOX. In contrast, untreated
cells at this equivalent confluency revealed only 4.7% of cells being SA-β-Gal positive.
This shows that untreated cells do not enter senescence but reversible quiescence, and
the same trend was expected for TOX-HQ treated cells.

Next, several conditions that influence γH2AX ring formation were tested for SA-β-
Gal, namely serum-starvation (Fig. 6.4 B, D), APH (Fig. 6.4 F) and RPA70 KD (Fig.
6.4 G). When intoxicated HT1080 cells were serum-starved for 4 days, which was shown
to prevent cells from γH2AX ring formation, the fraction of SA-β-Gal positive cells was
reduced from 94% to 28% (Fig. 6.4 B and D).
APH was shown to form γH2AX rings when applied for 1 day, but not if applied for 1
h. This corresponded with findings in the SA-β-Gal assay where 1 day treatment with
APH led to 93% SA-β-Gal positive cells after 2 days, and 97% after 6 days. This was
not the case if APH was applied for only 1 h where cells showed no significant SA-β-Gal
activity (Fig. 6.4 F).
Similarly, transient KD of RPA70, which was shown to lead to γH2AX ring formation,
induced SA-βGal activity in 65% after 3 days KD and 82% after 4 days KD, while
treatment with the transfection reagent alone induced SA-β-Gal in only 30% or 26% of
cells (Fig. 6.4 G).
In conclusion, it is striking to see that conditions that favour γH2AX ring formation
correlate high with senescence as seen by SA-β-Gal, while conditions with low induction
of canonical foci of γH2AX lead to low levels of senescence.
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Figure 6.4:
This figure shows representative bright field microscopy images and quantification of SA-β-Gal activity

in HT1080 cells after intoxication with the typhoid toxin. Scale bars indicate 100 µm. Means calculated

from averaging the fields of views are presented.

A) Standard intoxication assay with TOX and TOX-HQ for indicated times. Experiment

was performed in biological duplicates and 10 images per condition were counted, amounting to 700 -

2600 cells in total per condition on day 1, and 450 - 1400 cells in total per condition on day 6. One-way

ANOVA and Dunnett’s multiple comparison test was performed using the values from each image, and

comparison to untreated cells day 1 is shown if not otherwise indicated. Error bars represent SD.

B) Standard intoxication with TOX for 4 days in serum-starved condition or with 10%

serum. Experiment was performed once with 10 fields of view, amounting to 290 to 440 analysed cells

in total for serum-starved or with serum, respectively. Unpaired t-test was performed using the means

of each field of view. Error bars represent SD.

C) Untreated cells seeded at indicated densities and imaged at day 6. Experiment was

performed once with 10 fields of view, amounting to 3,000 - 100 cells in total. One-way ANOVA

and Dunnett’s multiple comparison test was performed, and comparison to untreated cells with 30%

confluency on day 1 is shown. Error bars represent SD.

D) Representative microscopy images of A) and B).

E) Representative microscopy images of C).

F) Treatment with 20 µM APH for 1 h or for 1 day and imaged following a chase for

indicated days. Experiment was performed in biological duplicates, with 10 fields of view in total

per condition, amounting to 340 - 1600 cells per condition. One-way ANOVA and Dunnett’s multiple

comparison test was performed using the means from 10 fields of view per condition, and comparison to

cells with 1h pulse treatment day 1 is shown. Error bars represent SD. Exemplary images are shown.

G) Transient KD of RPA70 for 3 and 4 days. KD was achieved by transfection with 25 nM

siRNA against RPA70 as previously described. Control was treated with transfection reagent Dhar-

maFECT 1 but no siRNA. Experiment was performed in biological duplicates, with 10 fields of view

in total per condition, amounting to 500 - 5,400 cells per condition. One-way ANOVA and Dun-

nett’s multiple comparison test was performed using the means from 10 fields of view per condition,

and comparisons to TFX control day 3 are shown. Error bars represent SD. Exemplary images are shown.
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6.2.3 Typhoid toxin reduces the metabolic activity of cells

Replication stress-induced cellular senescence has recently been linked with metabolic
reprogramming ([5]). To assess the metabolic activity (MA) of intoxicated cells, metabolic
conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) into
formazan was assayed. The conversion of MTT to formazan was measured spectrophoto-
metrically as an increase in absorbance at 560 nm, which is typical for the purple colour
of formazan. MTT assays are often used to test the viability of cells, as the MA of living
cells is required for production of formazan. Since intoxicated cells do not undergo cell
death, this assay would be a good indicator as to whether intoxication changes the MA.
When MA was examined at 24 h, no significant difference between untreated and TOX-
HQ-treated HT1080 cells was observed (Fig. 6.5 B). In contrast, TOX induced a modest
but significant reduction in MA. To investigate this in more detail, MA was examined in
cells treated with different concentrations of TOX over 96 h (Fig. 6.5 A). MA decreased
over the first 72 h of intoxication with TOX for each concentration (38% for 50 ng/ml),
but recovered by 96 h slightly (non significant). Moreover, TOX-induced reduction of MA
was concentration-dependent and was strongest for 50 ng/ml TOX (66% of untreated
cells 24 h post intoxication and 45% of untreated cells 96 h post intoxication).
The same trend in TOX-mediated reduction of MA was seen in RAW cells (Fig. 6.5
C). TOX-EA and EcolCDT decreased the MA after 24 h intoxication to 38% and 27%
respectively, while TOX-HQ did not reduce the MA significantly (Fig. 6.5 D).
Intoxication of differentiated THP1 cells induced a similar trend as well in MA reduction
(Fig. 6.5 E). However, intoxiation of MEF cells showed the strongest reduction in MA,
which continued to decrease over time and was maximally reduced at 96 h after treatment
with 50 pg/ml (22%, Fig. 6.5 G).
In conclusion, this shows that intoxication with TOX reduces the MA in cells but is not
abolished.
It was next examined how conditions permissible for ring formation impact on the MA.
HT1080 cells were intoxicated for 48 h and replication was inhibited by G1/G0 cell cycle
arrest through confluency (Fig. 6.5 F) or serum starvation (Fig. 6.5 H). In untreated
control cells, MA was equivalent regardless of high (80%) or low (30%) confluency. When
cells seeded at low densities (30%) were intoxicated, MA was reduced to 64% by 50
ng/ml TOX. In contrast, no significant reduction in MA was observed for intoxicated
cells seeded at high densities (80% confluent).
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Similarly, intoxication of cells in presence of serum induced reduction of MA down to 71%
(50 ng/ml toxin, non-significant), while serum-starved cells showed no reduction in MA
compared to untreated serum-starved cells (110% for 50 ng/ml toxin, non-significant) (Fig.
6.5 H). Yet TOX-induced manipulation of MA could be restored in starved intoxicated
cells by addition of serum and further incubation as shown by a reduction of MA down
to 63% for 50 ng/ml of toxin. This is in accordance with the previous findings, that
replication exacerbates toxin-mediated damage.
Taken together, the findings show that the typhoid toxin reduces MA in host cells. This
effect is stronger for conditions permissive for γH2AX ring, thus linking perturbations in
MA to replication stress.
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Figure 6.5:
Typhoid toxin reduces the metabolic activity of cells.
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Figure 6.5:
This figure shows the MA as measured by MTT assays in HT1080, RAW, THP1, and MEF cells after

intoxication with indicated concentrations of TOX over 96 h. Values were normalised to ‘untreated’ of

corresponding conditions. Experiments were performed in triplicates, each with 1,000 cells (HT1080,

MEF) or 2,000 cells (RAW, THP1) seeded. The values of each repeat were used for statistical analysis

and means from triplicates are presented.

A) Intoxication assay of HT1080 cells treated with 5 pg/ml to 5 ng/ml TOX for 24 to 96

h. MTT assay was performed in triplicates. Two-way ANOVA (no matching) was performed, and

Dunnett’s multiple comparison test comparing to untreated cells for each time point is shown. Error

bars represent SD.

B) Intoxication of HT1080 cells for 24h with TOX and TOX-HQ One-way ANOVA and Dun-

nett’s multiple comparison was performed, showing comparison to untreated cells. Error bars represent

SD.

C) As A) with RAW cells.

D) As B) with RAW cells and indicate toxin variants.

E) As A) with differentiated THP1 cells.

F) 24 h intoxication assay with indicated concentrations of TOX of HT1080 cells seeded

to reach indicated confluencies at the day of treatment. Two-way ANOVA (no matching) was

performed (P < 0.01 for difference between seeding densities), and Dunnett’s multiple comparison test

to untreated cells for each confluency is shown.

G) As A) with MEFs.

H) 24 h intoxication of HT1080 cells under standard or serum-starved condition, or re-

leased into cell cycle after 24 h serum starvation. Two-way ANOVA (no matching) was performed

(P < 0.0001 for differences between serum conditions). Error bars represent SD.

6.3 Infection with toxigenic Salmonella causes senes-
cence and γH2AX.

The previous experiments showed that recombinant typhoid toxin induces senescence
in target cells, but how senescence contributes to pathogenicity is not known. To first
establish whether this senescence phenotype is relevant to infection with Salmonella
serovars encoding typhoid toxin, infection assays were employed on HT1080 cells with
wild-type (i.e. toxin-expressing) S. Javiana (S. J. wt) or the toxin null mutant (S. J.



6.3 Infection with toxigenic Salmonella causes senescence and γH2AX. 199

∆cdtB). The NTS strain S. Javiana encodes and expresses functional typhoid toxin
([319], [268]) and can be studied in Containment Level (CL) 2 laboratories, compared to
S. Typhi, which requires CL3 laboratories. While other studies have used genetically
engineered S. Typhimurium to express typhoid toxin ([22]), the use of toxin-positive NTS
has the advantage of studying the toxin in its natural genetic environment.
HT1080s were subjected to a 30 min infection with S. J. wt or S. J. ∆cdtB to allow
bacterial internalisation into the host cell before incubation for a further 24 h and 48 h
and analysis by IF microscopy and RING program (Fig. 6.6 B). Cells infected with S. J.
wt showed high induction of γH2AX, but significantly less following infection with S. J.
∆cdtB. This showed that typhoid toxin induces DNA damage during infection. While no
γH2AX rings were observed at the time of writing, further work in the Humphreys lab
has shown that γH2AX rings can be detected in cells infected with toxin-positive S. J.
wt.
To examine how infected cells affect non-infected HT1080 cells (bystander cells), the
conditioned medium (CM) was collected from cells infected with S. J. wt (CMS.J.wt) or
S. J. ∆cdtB (CMS.J.delta-cdtB) after 48 h and applied onto non-infected HT1080 cells (Fig.
6.6 C and E). Relative to cells treated for 24 h with CMS.J.wt, IF microscopy and analysis
by RING program showed that 48 h treatment with CMS.J.wt increased γH2AX, but this
was non-significant relative to 24 h treatment.
In contrast, γH2AX was significantly reduced when cells were treated for 48 h with
CMS.J.delta-cdtB (Fig. 6.6 C and E). Thus, CMS.J.wt triggers significantly more γH2AX
signal at 48 h than (CMS.J.delta-cdtB). For comparison, CM from cells after 48 h intoxication
assay was used (CMT OX) (Fig. 6.6 C and E). CMT OX-treated cells showed a stronger
γH2AX signal after 24 h but non-significantly different signal after 48 h compared to
cells treated for 24 h with CMS.J.wt.
The γH2AX signal upon CMS.J. treatment was further compared to direct intoxication
over up to 4 days by IF and quantification by RING program (Fig. 6.6 D). This showed
that the induced levels of γH2AX in intoxicated cells remain constant up to 4 days,
which contrasts with the increasing levels observed with CMS.J. . This suggests that the
increasing DNA damage seen upon treatment with CM follows a different dynamic and
pathway than direct intoxication.
To test whether TOX-induced senescence plays a role during infection, HT1080 cells were
infected with S. J. wt or ∆cdtB for 48 h and cells were tested for SA-β-Gal (Fig. 6.6 F).
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This showed that infection with the toxin-carrying wt strain induced SA-β-Gal in 20%
of the cells while the ∆cdtB strain induced senescence in only 9.5%.
It has been shown that DDR from irradiated cells and senescence from senescent cells
can be transferred to naive cells, which is called ‘bystander effect’ ([363], [281]). To see
whether infected cells elicit a bystander effect on non-infected and non-intoxicated cells,
CMS.J. and CMS.J.delta-cdtB were applied to HT1080 cells for 2 days and tested for their
ability to induce senescence by SA-β-Gal assays (Fig. 6.6 G). This showed that CMS.J.

induced senescence in 86% of the cells, which was significantly more than in CMT OX

treated cells (77%). In contrast, treatment with CMS.J.delta-cdtB induced senescence in
only 10% of cells.
The effect of toxin expression during infection on bystander cells seems therefore more
extreme for the induction of senescence than for the induction of γH2AX. As infected or
intoxicated cells were shown to be driven into senescence, this suggests that cells exhibit
a SASP, which can affect and manipulate bystander cells ([281]).
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Figure 6.6:
Infection with typhoid toxin-positive Salmonella causes senescence and

γH2AX.
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Figure 6.6:
This figure shows results from infection experiments on HT1080 cells with typhoid toxin-positive

Salmonella. Error bars represent SD. Means of means from fields of view are presented as bars in

diagrams, and means of fields of view were used for statistical analysis.

A) Diagram showing the workflow to generate CM from infection with S. J. wt or ∆cdtB.

HT1080 are infected for 48 h with Salmonella, then the CM is collected and sterile filtered, before the

CM is applied onto non-infected HT1080 cells.

B) IF microscopy and quantification of γH2AX intensity of HT1080 cells after 24 h and 48

h infection with S.J. wt or (S.J. ∆cdtB. Cells were fixed and stained for Salmonella, γH2AX, and

DAPI, and were imaged with a 20x objective (representative scale bar indicates 50 µm). Quantification

of γH2AX was performed by RING program. Experiment was performed in biological duplicates, and

5 fields of view were recorded per sample and repeat. Per condition, 270 - 400 cells were analysed in

total. One way-ANOVA and Dunnett’s multiple comparison test were carried out comparing to 24 h wt.

Error bars represent SD. Experiments were performed in triplicates and 10 images of each condition

were analysed. Error bars represent SD.

C) As B) but cells were treated with CMS.J., CMS.J.delta-cdtB, or CMT OX . γH2AX intensity

was calculated by RING program. Experiment was performed in biological duplicates, and 5 fields of view

were recorded per sample and repeat. Per condition, 500 - 1,000 cells were analysed in total. One-way

ANOVA and Tukey’s multiple comparison test was carried out, comparing to 24 h wt if not otherwise

indicated. Error bars represent SD. D) Quantification of γH2AX signal in IF microscopy images

of HT1080 cells after standard intoxication assay for 24 h to 4 days. Cells were treated with

5 ng/ml TOX, and at indicated time points fixed, stained for γH2AX and DAPI, and imaged using a

20x objective (scale bar indictes 50 µm). Experiment was performed in biological duplicates, and 5 fields

of view were recorded per sample and repeat. Per condition, 670 (24 h), 150 (48 h), and 48 (4 days)

cells were analysed in total. Quantification was performed by RING program. One-way ANOVA and

Tukey’s multiple comparison test was carried out, comparing to 24 h if not otherwise indicated. Error

bars represent SD.

E) IF microscopy images from C). Scale bar indicates 50 µm.

F) Quantification of SA-β-Gal assay of HT1080 cells after 2 days of infection from B).

Experiment was performed in biological duplicates, with 5 fields of view per sample, amounting to 2,400

or 4,900 cells per condition in total (for wt or ∆cdtB respectively). Means were calculated from all fields

of view and presented as bars, error bars represent SD. T-test was performed.

G) Quantification and IF microscopy images of SA-β-Gal assay and of HT1080 cells after
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2 days of treatment with CM from C). Representative scale bar indicates 100 µm. Experiment

was performed in biological duplicates, with 7 fields of view per sample, amounting to 450 (CM TOX),

410 (CM S.J.-wt), and 150 (CM S.J.-HQ) cells per condition in total. Means were calculated from all

fields of view and presented as bars, error bars represent SD. One-way ANOVA and Tukey’s multiple

comparison test was performed, comparing against CM TOX if not otherwise indicated.

6.4 Typhoid toxin induces senescence in bystander
cells and primes macrophages for Salmonella in-
vasion

Despite studies on the typhoid toxin and CDTs, very little evidence has been provided
on how the toxins promote infection, as much of the research focus has centred on DDRs.
The finding that the toxin induces senescence and a SASP-like phenotype in particular,
suggests that the toxin might manipulate a population of bystander cells, which may
influence the host-pathogen interaction during infection. The macrophage is the primary
host cell of Salmonella ([93]). Thus, to test whether this bystander effect mediated by the
toxin influences monocytes and macrophages, CM derived from intoxication of epithelial
cells was applied to non-differentiated THP1 cells for 6 days (Fig. 6.7 A for description
of the experimental process). IF microscopy of THP1 cell showed that CMuntreated and
CMT OX−HQ induced only minor γH2AX in cells in about 4% and 5% of the cells (Fig.
6.6 B and C). In contrast, CMT OX induced γH2AX in 18% of cells and nuclei appeared
distended (Fig. 6.7 B and C).
Conditioned THP1 cells were also tested for senescence by SA-β-Gal assay (Fig. 6.7 D
and E). Treatment with CMuntreated led to 4% senescent cells, which was significantly
although not strongly increased to 7.8% after treatment with CMT OX−HQ. However,
treatment with CMT OX led to strong increase of senescent cells to 15%. Further studies
in the Humphreys lab have shown that no TOX can be detected in CM, suggesting that
other secreted cellular factors secreted by intoxicated HT1080 cells mediate a DDR and
senescence in bystander cells, i.e. SASP factors.
To see how the treatment with CM influenced the ability of Salmonella to invade
macrophages, THP1 were further differentiated into macrophages (Fig. 6.7 A) for
description of the experimental process). After differentiation in the presence of CM,
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analysis of γH2AX signal by IF microscopy showed that a minority cells, namely 15% of
CMuntreated-treated cells and 5% of CMT OX−HQ-treated cells, were positive for γH2AX
(Fig. 6.7 F and G). In contrast, 37% of CMuntreated-treated cells were γH2AX-positive,
which was more than before differentiation. Interestingly, some cells had nuclei with
γH2AX ring staining.
Next, the differentiated, CM-treated THP1 cells were infected with S. Javiana. A
∆cdtB strain was used for this to prevent the expression of additional toxin during the
experiment. After 24 h of infection, IF microscopy analysis of the intensity of Salmonella
in cells after infection showed that the number of intracellular Salmonella in infected
cell was not significantly different after treatment with different CM (Fig. 6.7 H and
J). This shows that neither intracellular replication by Salmonella nor the bacteriocidal
properties of THP1 cells were changed by treatment with CMT OX ability.
Next, the relative infection rate was calculated from IF microscopy images by counting all
Salmonella-positive cells relative to all cells (Fig. 6.7 I and J). Only 5% of CMT OX−HQ

treated cells were positive for Salmonella, which was not significantly different from
CMuntreated-treated cells (6%). In contrast, CMT OX-treated cells had a significantly higher
infection rate with 13% of all cells being infected. As S. Typhi is a stealth pathogen
and highly adapted to survive intracellularly in macrophages, this increased uptake that
was triggered by secreted factors from intoxicted HT1080 cells might serve as a strategy
for Salmonella to avoid detection by the immune system. A toxin-meditated priming of
monocytes or macrophages might play a role during chronic infection or to suppress an
immune response during the acute phase of typhoid fever.
The strategy is possibly employed by all genotoxic serovars of Salmonella enterica
including S. Javiana.
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Figure 6.7:
Infection with typhoid toxin-positive Salmonella causes senescence and

γH2AX.
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Figure 6.7:
A) Diagram showing the workflow of treating THP1 cells with CMT OX before infection

with S. J. ∆cdtB. Standard intoxication of HT1080 cells with 5 ng/ml TOX or TOX-HQ is carried

out for 4 days. Next, filtered CM is applied onto non-differentiated THP1 cells for 6 days (B - E), then

differentiated over 72 h in presence of CM (F - G), and infected over 24 h with S. J. ∆cdtB.

B) IF microscopy and C) quantification of non-differentiated THP1 cells treated with

CMT OX , CMT OX−HQ, or CMuntreated. Cells were fixed, stained for γH2AX and DAPI, and were

imaged using a 20x and 60x objective (scale bar indicates 50 µm) with 10 images per condition. Cells

were manually counted for γH2AX positive nuclei. Experiment was performed in biological duplicates,

with each 5 fields of view recorded, amounting to 1,200 - 2,200 cells in total per condition. Values were

calculated for each field of view, and then averaged to the means presented in bars. These means of

means were used for statistical analysis. One-way ANOVA and Tukey’s multiple comparison test was

performed. Error bars show SD.

E) Bright field microscopy and D) quantification of SA-β-Gal assay of cells treated as in

B) and C). 10 images per condition were scored, amounting to 1,100 - 4,800 cells, and means calculated

from those are presented and used for statistical analysis. One-way ANOVA and Tukey’s multiple

comparison test was performed. Error bars show SD.

F) IF microscopy and G) quantification of γH2AX signal in differentiated THP1 after

treatment with indicated CM. Cells were fixed, stained, and imaged as in C). Scale bar indicates 50

µm. Experiment was performed in biological duplicates, with each 5 fields of view recorded, amounting

to 240 to 390 cells analysed per condition in total. Means from fields of view were averaged to the means

presented in bars. Means from single fields of view were used for statistical analysis. One-way ANOVA

and Tukeys multiple comparison test were performed.

H) - J) Quantification of IF microscopy of differentiated THP1 cells infected with S. J.

∆cdtB after treatment with CM. Cells were fixed, stained for Salmonella, γH2AX, and DAPI, and

were imaged using a 20 x objective (scale bar indicates 50 µm). Infected cells were manually scored

if they were positive for at least one Salmonella. The replication of Salmonella was calculated as

Salmonella intensity normalised to infected cells. Experiment was performed in biological duplicates,

with each 5 fields of views, amounting to 360 - 390 cells analysed in total per condition. Bars represent

means calculated from means of all fields of views, and means of fields of views were used for statistical

analysis. For quantification of H) Salmonella per cell and I) quantification of infected cells, one-way

ANOVA and Tukey’s multiple comparison test was performed. Error bars show SD. J Representative IF
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microscopy images.

6.5 Transcriptomics support findings of senescence
and changes in immune response

To compare these findings with the transcriptomics analysis already conducted in chap-
ter 5 (p. 170), the list of differentially expressed genes (DEG) involved in apoptosis,
senescence, and immunity were analysed more closely.
Cells did not show signs of apoptosis after intoxication with TOX. To confirm this
by transcriptomics data, the DEG list was compared against a list of genes that are
characteristically up- or downregulated during apoptosis ([160]). Only few genes were
found upregulated in both, apoptosis and intoxication with TOX, such as BTG2, an
antiproliferative protein (Fig. 6.8 A). In contrast, many genes were found down-regulated
in both, apoptosis and intoxication with TOX. These were mainly DNA damage repair
proteins such as FANCC, RPA2, and XRCC1.
To compare the DEG after intoxication to senescence genes, a list of core senescence genes
was used. This list was published recently and contains core genes that are differentially
expressed during senescence across different cell types at different time points ([160]).
Only 9 genes were overlapping, of which most were downregulated in TOX-treated cells,
with the exception of TAF13, a transcription factor (Fig. 6.8 B). It might be possible
that the core senescence gene list is too narrow to find overlap with genes differentially
expressed after intoxication, or that senescence induced by the toxin is driven by a
discrete set of genes.
The transcriptomics data was also searched for autophagy related genes. Autophagy was
recently shown to be a pro-survival pathway, that was suppressed by CDTs ([342]). A GO
term cluster of autophagy related DEG was found upon intoxication, which contained
mainly upregulated genes (Fig. 6.8 C and D).
Another cluster that was found in the 10 most dominant GO annotation clusters in
downregulated genes after intoxication was ‘unsaturated fatty acid biosynthesis’ , which
can play a role in cellular signalling and senescence ([113], [232]) (Fig. 6.8 E). The
majority of genes were downregulated such as FADS2.
Interestingly, the transcriptome shows increased expression of some interleukins (ILs)
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such as IL-5 and IL-11 and other proteins involved in the immune response, while others
such as IL-6 were decreased (Fig. 6.8 G). In particular, the expression of genes related
to NK-mediated cytotoxicity was mainly increased (Fig. 6.8 F). However, not too many
conclusions about the DEG related to immunity can be drawn from this experiment, as
the data was gained from epithelial cells, and not immune cells.
In conclusion, the transcriptomics data support the findings of this chapter, that intoxi-
cation with typhoid toxin does not lead to apoptosis, but a complex reprogramming of
the cell, that might influence the immune response during infection with S. Typhi.
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Transcriptomics support findings of senescence and changes in immune

response.
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Figure 6.8:
This figure shows the microarray analysis after 48 h HT1080 cells intoxicated with TOX compared to

TOX-HQ intoxication from chapter 4 with focus on expression of genes involved in apoptosis, autophagy,

metabolism, and immune system.

A) Comparison of genes differentially expressed in apoptosis with microarray genes. Genes

that were differentially expressed upon intoxication were searched for genes that are differentially

expressed during apoptosis ([160]). Comparison of up- and down-regulated genes are presented.

B) Comparison of genes differentially expressed in core senescence with microarray genes.

As in A), but the comparison list was derived from [160]. Bar chart with fold change of expression after

intoxication for overlapping genes is shown.

C) Expression change of genes involved in autophagy as classified by GO.

D) Cluster of fatty acid metabolism genes as determined by STRING.

E) Expression change of genes involved in fatty acid metabolism as classified by GO.

F) Expression change of genes involved in NK mediated cytotoxicity as classified by GO.

G) Expression change of interleukins as classified by GO.

6.6 Discussion Chapter 6

No apoptosis. Typhoid toxin is known to cause DNA damage and has been implicated
in inducing cell death ([367]). Moreover, CDTs have been shown to induce apoptosis
after 2 - 4 days ([190]). However, no evidence of apoptosis was detected in TOX-treated
cells in this study even with long incubation of up to 14 days. Intriguingly though,
despite the lack of toxin-induced apoptosis, γH2AX ring formation has been previously
shown to occur at late stages of the extrinsic death-receptor induced apoptosis via Casp-8
activation ([365]). This suggests a relationship between apoptosis and toxin-induced
γH2AX rings. A number of CDTs have been shown to trigger intrinsic apoptosis leading
to Casp-3 activation ([288], [29]). However, some cell lines such as Jurkat cells, a human
T cell line, show increased Casp-8 levels upon intoxication with CDT([163], [347]). This
would support a Casp-8 mediated γH2AX ring induction. However, chemical inhibitors
of Casp-8 did not abolish the γH2AX rings. Thus, while apoptotic rings mark apoptotic
cells and toxin-induced rings mark senescence, evidence indicates that caspase activation
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is key to both pathways.

Senescence What is the fate of cells with toxin-induced γH2AX rings? Deeper investi-
gation revealed permanent cell cycle arrest even after intoxication with low concentrations
of typhoid toxin. Permanent cell cycle arrest is a characteristic of senescence ([317]).
Permanent cell cycle arrest has been also exploited by other bacterial virulence factors
such as cycle inhibiting factor (Cif) of E. coli ([252]) and was suggested for CDTs to
manipulate the host response ([221]).
Indeed, it was further found that intoxication under conditions permissible for γH2AX
ring formation drives cells into senescence, as seen by induction of permanent DDR such
as γH2AX, and SA-β-Gal assays. These markers of senescence haven been demonstrated
for other CDTs before, such as CdtB from Haemophilus hepaticus ([33], [300]), but not for
typhoid toxin. Senescence is not fully understood and is thought to be cancer promoting
or anti-carcinogenic, depending on the full cellular context and cellular environment (as
reviewed in [317]). In particular, secreted cellular factors by senescent cells, the SASP,
is thought to be inflammatory and carcinogenic (reviewed by [66]) and could be a link
between chronic S. Typhi carriage and gall bladder cancer. In fact, not only directly
intoxicated cells went into a senescent state, but also bystander cells, which were treated
with CM from intoxicated cells or cells infected with toxin-expressing Salmonella. This
shows that intoxicated cells release cellular factors via pathogen-driven SASP that induce
secondary senescence in non-intoxicated bystander cells. It has been shown that primary
senescence induced by irradiation or replicative senescence can induce a bystander effect
leading to secondary senescence on untreated cells through contact or secreted factors
leading to a DDR and in particular γH2AX foci formation ([281], [363]). However, induc-
tion of a SASP and senescence bystander effect have not been described for bacterially
induced senescence, and this work demonstrates for the first time bacterially induced
senescence via typhoid toxin. As it was suggested that typhoid toxin is present in infected
patients only in very low doses ([127]), the bystander effect offers a hypothesis how a low
toxin dose due to low expression or low infection rates, can affect many non-intoxicated
cells.
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Immunomodulatory role. It was suggested that typhoid toxin might act as an
organ-specific immuno-modulator particularly during chronic carriage ([22]). In a mouse
infection model with S. Typhimurium, the sites of infection were shifted from the intestine
with high inflammatory response upon infection with wt S. Typhimurium, to infection in
the liver with low inflammatory response when mice were infected with TOX-expressing
S. Typhimurium ([22]). Higher infection rates in the liver were also observed when mice
were infected with naturally TOX-expressing S. Javiana ([267]).
But how would the S. Typhi benefit from the toxin-induced senescence during infec-
tion? It has been shown that ageing senescent epithelial cells could impact negatively
on the pro-inflammatory production of cytokines by macrophages. For example, in a
model studying Streptococcus pneumoniae infection, the SASP and in particular the
increase of cytokine TNFα secretion by senescent epithelial cells disturbed the function of
macrophages to combat the infection ([165]). Thus, the typhoid toxin could exploit SASP
to manipulate the immune response. Indeed, S.Typhi is already known to adopt immu-
noevasion strategies like the Vi capsule and reduced antigen expression ([409], [310], [417]).

Increase of Salmonella invasion rate. Interestingly, the bystander effect of CM on
THP1 macrophages induced senescence that correlated with a higher infection rate of
THP1 cells by Salmonella, while the replication rate was not affected, suggesting that
the macrophage behaviour is changed due to a senescence bystander effect. S. Typhi
is highly adapted to intracellular survival in macrophages and the intracellular state
is correlated with a lower inflammatory response, e.g. fever, by the host ([295]). This
suggests that a typhoid toxin-mediated SASP increases the uptake or invasion of S. Typhi
into macrophages and proposes a hypothesis, how typhoid toxin might contribute to
chronic carriage with low inflammatory response.
While typical SASP showed for example increased IL-6 secretion, analysis of the tran-
scriptome revealed reduced IL-6 expression. This leaves the intriguing possibility that
the toxin induces a pathogen-specific senescence response, which could be targeted thera-
peutically.
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Chapter 7

Discussion

Typhoid toxin is known to induce the mortal symptoms of typhoid fever ([367]), facilitate
chronic carriage ([22]), and promote dissemination of the pathogen to systemic sites
([267]). Nevertheless, despite the obvious importance of the toxin, we know very little
about the disease mechanisms. We do know that the typhoid toxin induces cell cycle
arrest and activates a DDR assayed by detection of γH2AX. Much of our knowledge is
inferred from canonical CDTs that have been shown to activate the ATM/ATR pathway
and induce SSBs/DSBs in DNA ([109], [120], [149], [133]), which has been implicated
in apoptosis and senescence ([33], [348], [418], [190]). In this work, I investigated the
molecular pathways of DDR manipulation by the typhoid toxin, and how this impacts
on Salmonella infection. Three major results were observed: (i) Typhoid toxin manip-
ulated the DDR to induce γH2AX rings (see discussion chapter 5, p. 171) and DNA
replication stress that led to primary cellular senescence, (ii) the senescent phenotype
can be transferred from intoxicated senescent cells to non-intoxicated naive cells that
develop secondary senescence, and (iii) senescent cells targeted by secondary senescence
were more susceptible to infection as higher invasion rates by Salmonella were observed.
Thus, my discussion will focus on pathogen manipulation of DNA replication stress and
senescence as novel virulence strategies.

7.1 Manipulation of the DDR by bacterial pathogens

The DDR senses damage to our DNA and executes repair or other cell fates if repair
is impossible. Bacterial virulence factors have evolved to target the DDR either by
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damaging the host DNA directly, or by interaction with the DDR by manipulating
regulators. For example, successful Listeria monocytogenes infection requires a dampened
DDR in the host cells, which is achieved by listerial toxin listeriolysin O (LLO). LLO
activates the cellular calcium-dependent aspartyl protease that degrades Mre11 ([335]),
which is responsible for directly detecting DSBs. Further, the mitochondrially targeted
E. coli virulence effector EspF degrades the mismatch repair proteins MSH1 and MLH1,
which leads to genomic instability ([247], [246]).
Bacteria can also directly induce DNA damage, as already mentioned for CDTs. Besides
CDTs, the E. coli polypeptide-polyketide colibactin has been found to induce alkyla-
tion and interstrand crosslinks that result in DSBs ([400], [171]). Another example is
the restriction endonuclease NgoII expressed by Neisseria gonorrhoeae and Neisseria
meningitits, that induces DSB and 8-oxoguanine, which both lead to mutations ([61],
[292]). This exemplifies the breadth of exploitation of the human host DDR to promote
infection. In this thesis, I introduced a new virulence mechanism, whereby the typhoid
toxin manipulates DNA replication stress by targeting the RPA pathway.

7.2 Toxin manipulation of the RPA response

This study found that typhoid toxin induces a novel DDR as seen by γH2AX rings (see
discussion chapter 5, p. 171) that was found to be indicative of replication stress due to
subversion of the RPA response.

An RPA pathway mediates γH2AX rings. RPA would appear to be a novel target
of bacterial subversion. How might toxin manipulate RPA? The first evidence was RPA
phosphorylation indicating the induction of SSB (Fig. 5.16, p. 160). In support of this,
EcolCDT I has been shown to induce SSBs in cells ([109]). This was further confirmed
by the accumulation of phosphorylated RPA foci in cells with γH2AX rings (Fig. 5.16,
p. 160). The most striking observation was that RPA KD triggered γH2AX rings, which
were phenotypically indistinguishable in all assays from those triggered by the typhoid
toxin (Fig. 5.14, p. 154). These two observations are key as they establish that: (i) RPA
was bound phosphorylated on ssDNA in ring-positive cells, and (ii) that loss of the RPA
pathway functional mimics the toxin (Fig. 7.2).
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RPA knock-downRPA protects ssDNA

free RPA

toxin exhausts free RPA

toxin

A) B) C)

Figure 7.1:
Model for RPA exhaustion by toxin-induced DNA damage or by KD.

A) RPA at replication forks during replication. A pool of free, non-chromatin bound RPA is
still available.
B) RPA recruitment to typhoid toxin induced SSB. No free RPA is available to cover ssDNA at
replication forks, and DSBs occur at replication centres.
C) Decrease of free RPA pool by KD. Reduced RPA levels lead to little coverage of ssDNA at
replication forks, and DSBs occur at replication centres.

A Cell paper by Toledo and colleagues reported that loss of the RPA pathway led to
“replication catastrophe” and cellular senescence via a mechanism referred to as “RPA
exhaustion” ([385]). In that paper, RPA exhaustion was artificially triggered using ATR
and DNA replication inhibitors in combination. My thesis suggests that this mechanism
operates in nature during infection and is reliant upon a toxin.

RPA exhaustion. What is RPA exhaustion? RPA exhaustion refers to a cellular
situation where there is insufficient RPA to coat ssDNA in the cell. RPA functions sto-
chiometrically by covering ssDNA and forming a protective nucleofilament, that recruits
the kinase ATR and its binding partner ATRIP, to mediate further DNA repair ([353],
[439], [57]). ssDNA is generated at forks during DNA replication or in the presence of a
genotoxic agent that induces SSBs. Fortunately, in the case of DNA replication, ATR
guards against RPA exhaustion by preventing new origins of replication from firing that
would inevitably sequester more RPA. Toledo and colleagues induced RPA exhaustion
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either by inhibiting ATR during genotoxic stress or by RPA KD ([385]).

Typhoid toxin mediates RPA exhaustion. How can RPA exhaustion explain the
phenotypes observed with the toxin? There was no evidence that the toxin degraded
ATR, as phosphorylated ATR increased over time, and no evidence that toxin inhibited
ATR as its substrate for kinase activity, CHK1, was observed phosphorylated on the
ATR phosphorylation site Ser-345 (Fig. 5.5, p. 124). The toxin phenocopied RPA KD
but RPA protein levels were not reduced in intoxicated cells (Fig. 5.14 on p. 154 and
Fig. 5.16 on p. 160).

RPA phosphorylation. Indeed, RPA was not only present but it was phosphorylated
on RPA32-T21 and RPA32-S33 (Fig. 5.16, p. 160), which means that it recruited its
kinase ATR to ssDNA. Further, hyperphosphorylated RPA preferentially localises to
SSB rather than replication forks ([395]), and thus suggests that RPA recruitment is
biased towards SSB in intoxicated cells rather than ssDNA at replication centres. The
level of phosphorylated RPA did not increase further when toxin concentrations above 5
ng/ml were used. Moreover, when the toxin and inducers of replication stress were used
in combination, evidence indicated that the RPA pathway was at maximum capacity
as no further phosphorylation was observed (Fig. 5.16, p. 160). Thus, I propose that
typhoid toxin overwhelms the RPA response in replicating cells by induction of SSB and
exhausts the pool of free RPA while ssDNA at replication centres is left unprotected
(Fig. 7.2)

Rescue by RPA overexpression. Consistent with this, super RPA cells with a ∼
2-fold overexpression of RPA were protected from toxin-induced overwhelming of the
RPA response at toxin concentrations sufficient to induce γH2AX rings in wt cells (Fig.
5.15, p. 157).

RPA exhaustion during replication. RPA-mediated repair of DNA breaks occurs
during S phase ([430], [77]). γH2AX rings triggered by RPA (i.e. via toxin or RPA KD)
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was observed only in replicating cells over time, while cell cycle arrested cells, e.g. by
serum starvation, prevented γH2AX rings. Moreover, the fraction of hyperphosphorylated
RPA increased over time, suggesting that DNA damage accumulates during replication
and recruits constantly RPA to sites of DNA damage, until the saturation level is reached
(Fig. 5.16, p. 160).
The prominent role of RPA might also explain the lack of 53BP1 as RPA mediates HR
which in turn inhibits 53BP1-mediated NHEJ via BRCA1 in S-phase ([430], [77]) (Fig.
5.8, p. 133, Fig. 5.9, p. 137).

Further experiments are needed to fully establish the mechanism. For example, we
do not know whether typhoid toxin concentration during infection is high enough to
exhaust the pool of free RPA. Further, it is unclear whether the γH2AX rings form at
sites of typhoid toxin-induced DNA damage or occur at sites of collapse of replication
forks.
Even so, the data presented in this thesis supports a mechanism by which replication
exacerbates the typhoid toxin-induced DNA damage by overwhelming the RPA response.
This would represent an advance in understanding the role of RPA in replication stress
by establishing it as a subversive target of pathogenic bacteria. Up until now, RPA
exhaustion has only been implicated in replicative stress mediated by HU and inhibitors
of the DDR, e.g. ATR. This work shows that RPA exhaustion occurs in nature through
the action of typhoid toxin of S. Typhi.

7.3 Pathogen manipulation of cell fate

Pathogens are known to manipulate cell fate. For example, the Salmonella virulence
effector SipB activates caspases to induce apoptosis in macrophages ([162]). Given
the importance of the DDR in controlling cell fate, it is not surprising that bacterial
interactions with the DDR has consequences to cell fate and survival.
The best characterised cell fate manipulation is induction of cell death via apoptosis. This
has been implicated in enhancing infectious disease and immune evasion. For example,
intracellular pathogen Mycobacterium tuberculosis (M. tuberculosis) impairs apoptosis
via bacterial effector NuoG ([20]). In fact, inhibition of apoptosis in infected human and
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mouse macrophages prevented bactericidal effects and T cell priming ([397]). Mutant M.
tuberculosis strains devoid of NuoG were less virulent. Further, CDTs were suggested to
act as immunomodulins by targeting specifically immune cells. While the exact target
cells of CDTs are still unknown and might differ from species to species, it has been
shown that immune cells such as T cells are more susceptible to CDTs and undergo
apoptosis ([348]). However, it has been suggested that CDTs inflict limited DNA damage
to manipulate the host response, rather than eliciting apoptosis ([221]). Further, it was
suggested that CDTs and other cyclomodulins such as cycle inhibiting factor (Cif) act
by cell cycle inhibition to prevent clonal expansion of immune cells ([287]).
An alternative consequence of pathogen manipulation of the DDR is cellular senescence
but remarkably this remains relatively unexplored. This is a novel area of research and
very little is known about the senescence host-pathogen interaction, which is why this
will be the remaining focus of my discussion.

7.4 Senescence and infection

Senescence is associated with permanent cell cycle arrest ([151], [351]) often coinciding
with a SASP, that is characterised by increased secretion of matrix metalloproteinases,
cytokines such as IL-6, and ROS ([119]). Senescence can be induced in many ways, and
is not only associated with aging and replicative senescence, but can also be induced by
chemicals and irradiation ([302], [232]). Senescence might facilitate infection, as aged
individuals are more susceptible to infection. For example, infection with Staphhylococcus
aureus has a higher mortality in old patients (60 - 90 years old) which is approximately
double compared to young patients (18 - 60 years old) ([262]). This is with accordance
of the finding that infection of mice by Staphylococcus aureus was shown to be facilitated
in aged mice ([388]). This raises the possibility that S. Typhi induces senescence to
promote infection. Indeed, in an infection experiment with Salmonella, old rats were
more susceptible to infection and not able to mount a sufficient immune response for
clearing of the infection ([37]).
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7.5 Senescence and the typhoid toxin

ATR-dependent formation of senescence-indicating γH2AX rings. The γH2AX
rings were indicative of senescence, and were formed in an ATR-dependent pathway, as
inhibition or KD of ATR reduced the γH2AX rings dramatically. It was previously shown
that the induction of ATR is sufficient to induce senescence in cancer and immortalised
cell lines ([386]). This supports the findings of this study, that the exhaustion of free RPA
leads to senescence-indicating γH2AX rings in an ATR-dependent pathway (Fig. 5.18,
p. 166, Fig. 5.17, p. 163). Additional KD of ATM together with KD of ATR was able
to rescue cells completely from RPA KD-induced γH2AX rings. The functional overlap
and interdependence of the PIKK ATR and ATM has been observed previously ([32],
[16], [315], [188]). Moreover, a role for ATM in senescence apart from DDR has been
previously reported to involve the metabolic reprogramming of cells and showed that
inhibition of ATM bypassed senescence ([5]). While the overwhelmed RPA response and
exhaustion of free RPA led to γH2AX rings and senescence (Fig. 6.4, p. 187), increased
RPA availability has also been implicated in promoting cisplatin resistance of ovarian
cancer cells ([21]). This shows that the exhaustion of RPA and senescence might be
anti-carcinogenic themselves, but the toxin-induced SASP could revert this and provide
an explanation for the high correlation of typhoid with gallbladder cancer ([142], [382],
[280], [96]).

Senescence promotes infection via pro-inflammatory SASP. How would senes-
cence promote infection? The downstream consequences of senescence are diverse and
mainly inflammatory ([119], [66]), which could be exploited by S. Typhi.
For example, the induced SASP in senescent cells is mainly pro-inflammatory ([119], [318],
[66]). A pro-inflammatory response would recruit more neutrophils and macrophages to
the site of SASP secretion, which would engulf S. Typhi. As S. Typhi is highly adapted
for intracellular survival in macrophages, it would thus possibly benefit from a shortened
extracellular time and antigen presentation, thus reducing a systemic inflammatory
response. Indeed, a higher invasion rate of Salmonella in macrophages that were treated
with SASP-medium from intoxicated cells has been observed in this study (Fig. 6.7, p.
199) (depicted in Fig. 7.5).
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Senescence promotes infection via anti-inflammatory SASP. However, this
study found that typhoid toxin decreased IL-6 expression, suggesting an anti-inflammatory
response (Fig. 6.8, p. 203). Senescent phenotypes have been shown to be diverse de-
pending on the cell line, differentiation status, and time after senescence induction
([160], [66]), and thus an anti-inflammatory SASP upon intoxication is possible. This
work showed that ATM is partially involved in the formation of senescence-indicating
γH2AX rings (Fig. 5.18, p. 166 and Fig. 5.17, p. 163). Indeed, ATM was shown to
inhibit the expression of SASP genes ([54]). Thus, the senescent phenotype induced
by typhoid toxin might be distinct from others, e.g. less inflammatory. An example
for such an immunomodulatory role is the CDT of Campylobacter jejunis, which was
shown to promote bacterial escape from the immune system, particularly NFκB-mediated
immune response. Colonization of C. jejunis in wt mice was dependent on CDT, while
in NFκB-deficient mice ∆cdtB mutants could colonise as well ([117]).

Induction of senescence by other bacteria. Given the control that inducing senes-
cence might offer for a pathogen, is there any evidence that bacteria directly subvert
senescence to promote infection? There is scant evidence. One example is colibactin
which induces transmissable senescence ([340]), and a SASP to promote tumour growth
([76] [71]). It has been speculated whether the Helicobacter pylori protein CagA induces
SASP during senescence or forces mitogenesis leading to replication of cells with aberrant
chromosomes ([228], [330] [300]). This provides another link how stomach ulcers and
Helicobacter pylori infection are linked. For S. Typhi infection, the high correlation
of gallbladder cancer with a history of typhoid suggests a similar mutagenic role of
the typhoid toxin and the induced SASP for chronic carriers. No other examples of a
virulence factor that induces SASP have been documented. Here, I show that the toxin
induces a SASP, which further drives infection.

7.6 New insight into typhoid and chronic carriage

Non-typhoidal serovars of Salmonella enterica cause a localised inflammatory gastroen-
teritis usually lasting 5 - 7 days. In contrast, related serovars S. Typhi and S. Paratyphi
cause a deadly systemic disease known as typhoid and paratyphoid, while also being
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Figure 7.2:
Model for toxin-induced secondary senescence and increased invasion by

Salmonella.

A) Typhoid toxin induces DDR, γH2AX rings, and senescence in target cells, e.g.
macrophages or epithelial cells. A SASP is secreted. γH2AX rings depicted in green.
B) SASP induces secondary senescence in non-intoxicated bystander cells and promotes
invasion. This increased invasion could facilitate chronic disease as intracellula Salmonella are shielded
from recognition by the immune system.
C) Invasion of macrophages or epithelial cells in absence of typhoid toxin is reduced. In
absence of secondary senescence, the invasion rate of Salmonella is low and more extracellular
Salmonella are present in the organism, which leads to a high systemic inflammatory response.

able to establish chronic infections, which retain the human-restricted pathogens in the
population - a phenomenon referred to as ‘chronic carriage’ ([295], [174], [93], [142], [361]).
What are the molecular bases behind the distinct disease manifestations cause by NTS
and typhoidal Salmonella? There are several well-documented reasons including genomic
degradation in S. Typhi and S. Paratyphi who have ~200 pseudogenes, some of which
encoded pro-inflammatory virulence effectors utilised by NTS Salmonella ([261], [294],
[170]). S. Typhi also possesses the Vi capsule that exhibits immune evasion properties
([409], [286]). Perhaps most telling is the relatively recent discovery of the typhoid toxin
encoded by S. Typhi and S. Paratyphi ([145], [367]). Moreover, the typhoid toxin is
related to the family of CDTs, which are encoded by a broad array of bacterial pathogens
([133]). Despite this, the role of the typhoid toxin and CDTs remains unclear. Salmonella
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represents a powerful model for studying bacterial infection so not only has recent work
on the typhoid toxin shed light on typhoid and chronic carriage, but is also allowing
deeper investigations into CDTs.
My thesis work contributes to this theme by introducing a new virulence mechanism and
a new infection role for the typhoid toxin, which may have implications for understanding
typhoid and chronic carriage, as well as advancing understanding of CDTs. More broadly,
my thesis raises new questions relating to bacterial subversion of host cell DNA replication
stress and cellular senescence. This is especially important as it is a well-established
paradigm that host-pathogen interactions can reveal new important cell biology.
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Chapter 8

Molecular Biology

8.1 Bacterial work

8.1.1 Bacterial strains used

Following bacterial strains were used:
The pM975 plasmid encodes GFP under the SPI-2 promoter, and thus is only

expressed during the intracellular state of Salmonella.

8.1.2 Making competent cells

Making electro-competent cells

A single colony of E. coli from an LB plate without antibiotics was taken and 10 ml LB
medium (LB broth, Vegitone, 28713-500G-F, Sigma Aldrich) without antibiotics was
inoculated. This starter culture was grown overnight at 37 ◦C, 180 rpm, in a shaking
incubator (Thermo Scientifi, MaxQ 4000).

Table 8.1: Bacterial strains.

Strain name antibiotic resistance received from
E. coli Rosetta C41 none Prof. Vassilis Koronakis
E. coli BL21 none Prof. Vassilis Koronakis
S. Javiana wt none Dr Martin Wiedman
S. Javiana pM975 ampicillin Dr Dan Humphreys
S. Javiana pM975 ∆TOX ampicillin Dr Dan Humphreys
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Next day, 1 l of 2x YT (Y2377, Sigma-Aldrich) was inoculated with 10 ml of the starter
culture. Cultures were grown at 37 ◦C 200 rpm in a shaking incubator until an OD600 of
0.4 was reached, and then immediately put on ice. From there on, all steps were carried
out on ice or at 4 ◦C with pre-cooled centrifuge tubes. Cultures were spun down for 6
min at 6000 xg in a centrifuge (Avanti J-26S-XP, Beckman Coulter) in a rotor (Beckman
Coulter, JLA 8.1) at 4 ◦C. The bacterial pellet was resuspended in 0.5 l ice-cold MQ.
Cultures were spun down for 6 min at 6000 xg 4 ◦C. This step was repeated once. The
pellet was resuspended in 50 ml ice-cold 10% glycerol (G5516-16, Sigma) in MQ. Cultures
were spun down for 6 min at 6000 xg in a JA12 rotor (Beckman Coulter) in 50 ml tubes
at 4 ◦C. The pellet was resuspended 1:1 volume ratio in 10% glycerol in MQ. Aliquots of
50 µl in pre-cooled tubes were snap-frozen in liquid nitrogen and stored at −80 ◦C.

Making chemically competent cells

A single colony of E. coli from an LB plate without antibiotics was taken and 10 ml LB
medium without antibiotics was inoculated. This starter culture was grown overnight at
37 ◦C, 180 rpm in a shaking incubator. Next day, 1 l of 2x YT was inoculated with 10
ml of the starter culture. Cultures were grown at 37 ◦C 200 rpm until OD600 of 0.4, and
then immediately put on ice. From there on, all steps were carried out on ice or at 4 ◦C
with pre-cooled centrifuge tubes. Cultures were spun down for 6 min at 6000 xg in a
JLA 8.1 rotor at 4 ◦C. The bacterial pellet was resuspended in 400 ml ice cold MgCl2.
Cultures were spun down for 6 min at 6000 xg in a JLA 8.1 rotor at 4 ◦C . The cell pellet
was resuspended in 200 ml of ice cold CaCl2 and left on ice for at least 20 min. Cultures
were spun down again for 6 min at 6000 xg 4 ◦C. At this step, a 50 ml conical tube was
rinsed with MQ and chilled on ice. The pellet was resuspended in 50 ml of ice-cold 85
mM CaCl−2 with 15% glycerol. Cultures were spun down for 6 min at 6000 xg in a
JA12 rotor at 4 ◦C and the pellet was resuspended in 2 ml of ice cold 85 mM CaCl2 15%
glycerol. The final OD600 of the suspended cells was between 200 - 250. Aliquots of 50 µl
in pre-cooled tubes were snap-frozen in liquid nitrogen and stored at −80 ◦C.

8.1.3 Measuring concentration of bacterial liquid cultures

The concentration of liquid bacterial cultures was determined by measuring the optical
density (OD) with a spectrophotometer (Colorimeter model 45, Fisher Scientific) at 600
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nm (OD600) in cuvettes (1 cm path lenght, Sarstedt, 67.742). A blank in appropriate
culture medium was used as a reference.

8.1.4 Preparation of bacterial glycerol stocks

Glycerol stocks of bacteria were prepared for long-term storage of bacterial cultures
transformed with plasmids. 0.8 ml of bacterial overnight culture was mixed with 20 µl
glycerol (final concentration 20%) and stored in cryo-vials at −80 ◦C.

8.1.5 Recovery of bacterial glycerol stocks

To recover bacteria from glycerol stocks, a sterile pipette tip was used to pick a small
amount of frozen glycerol stocks. Any thawing of the bacterial stock was avoided. The
tip containing the bacterial culture was transferred into a sterile 50 ml tube and grown
overnight in 5 ml LB medium supplemented with appropriate antibiotic at 37 ◦C, 180
rpm, in a shaking incubator (Thermo Scientific, MaxQ 4000).

8.1.6 Transformation

Transformation of electro-competent cells

Electro-competent cells in 50 µl aliquots were thawn on ice. 1 µl of plasmid DNA
was added to the bacteria. Cells with DNA were transferred into a pre-chilled 1 mm
electroporation cuvette (1 mm gap, VWR, 732-1135) and electroporation was carried
out in an electroporator (Gene Pulser, BioRad) with 2 pulses of 1800 mV. Immediately
after the electric pulse, 1 ml pre-warmed SOC medium (SD7009, Bio Basic Canada Inc.)
was added to the bacteria, and all was transferred into a 1.5 ml tube. The bacteria were
incubated for 1 h at 37 ◦C, 180 rpm. The desired fraction of the transformed bacteria
was transferred into another tube and spun down for 1 min at 13 krpm (Biofuge pico,
Heraeus instruments). The bacterial pellet was resuspended in 100 µl LB medium and
plated on LB plates with appropriate medium to select for transformed bacteria. Plates
were incubated at 37 ◦C overnight.

Transformation of chemically competent cells

Chemically competent cells in 50 µl aliquots were thawed on ice. 1 to 10 µl plasmid DNA
was added to the bacteria and gently mixed by pipetting up and down 3 times. Bacteria



230 Molecular Biology

were incubated with the DNA on ice for 30 min. Then, a heat shock was carried out
for 45 sec at 42 ◦C in a heat block (SBH130, Stuart). Immediately after that, cells were
put on ice for 5 min. 1 ml pre-warmed SOC medium of 37 ◦C was added to the bacteria
and the cultures were incubated for 1h at 37 ◦C, 180 rpm, in a shaking incubator. The
desired fraction of the transformed bacteria was transferred into another tube and spun
down for 1 min at 13 krpm (Biofuge pico, Heraeus instruments). The bacterial pellet was
resuspended in 100 µl LB medium and plated on LB plates with appropriate medium to
select for transformed bacteria. Plates were incubated at 37 ◦C overnight.

8.2 DNA techniques

8.2.1 Primer Design

Primers were designed with EnzymeX software (version 3.3.3). To determine melting
temperatures of primers, calculate the GC content, and to check for unwanted hairpin
structure formation, IDT DNA OligoAnalyser 3.1 online tool was used. Primers with
suitable design were received from Sigma Aldrich (Standard DNA Synthesis) and dissolved
with MQ to a concentration of 100 µM.

8.2.2 Cloning strategies

Polymerase Chain Reaction

Polymerase Chain Reaction (PCR) was used to amplify specific DNA sequences or gene
constructs. Samples were mixed according to the instructions described below alongside
with control reaction which lacked template DNA. Phusion polymerase (NEB, M0531S)
was chosen for PCR on single gene constructs whereas Pfu (NEB, 600672-51) was used
for PCR on vectors.
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component amount [µl]
Phusion polymerase 1
forward primer 2.5 (final concentration 10 µM)
reverse primer 2.5 (final concentration 10 µM)
5x NEB Phusion buffer 10
template DNA 1
dNTPs 1
H2O 32.5
total 50

PCR was carried out using the following protocol. Annealing temperatures were
chosen 5 ◦C below the melting temperatures of the used primers.

step Pfu polymerase cycle repeat
initial denaturation 98 ◦C, 3 min 1x
denaturation 98 ◦C, 20 sec 30x
annealing melting temperature − 5 ◦C, 30 sec
extension 72 ◦C, 20 sec/kb
final extension 72 ◦C, 5 min 1x

Quick-change PCR

Quick-changes (QC)-PCR was used to introduce point mutations into a DNA sequence
of typhoid toxin. Primers which contained the mutations approximately in the middle of
their sequence were designed according to the Agilent QuikChange Protocol (Agilent 38):

• for CdtB-H160Q mutation:
forward primer: 5‘-GTTTTTCTGACAGCGCAGGCACTGGCTAGTGGAG-3’,
reverse primer: 3‘-CTCCACTAGCCAGTGCCTGCGCTGTCAGAAAAAC-5’

• for PltAE133A mutation:
forward primer: 5‘-GATGCGATTGCAAAGAGCGTATGTTTCCACATTATC-3’,
reverse primer 3‘-GATAATGTGGAAACATACGCTCTTTGCAATCGCATC-5’

• for PltBS35A mutation:
forward primer: 5‘-GGAGATAATACGAACGCCGCCTACGCGGACGAAG-3’,
3‘-CTTCGTCCGCGTAGGCGGCGTTCGTATTATCTCC-5’

Components were mixed together according to the following standard instructions along
with control samples which lacked dNTPs and polymerase.
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component amount [µl]
Pfu polymerase 1
forward primer 2.5 (final concentration 10 µM)
reverse primer 2.5 (final concentration 10 µM)
10x Pfu buffer 5
template DNA 1
dNTPs 1
H2O 37
total 50

step temperature, time cycle repeat
initial denaturation 95 ◦C, 3 min 1x
denaturation 95 ◦C, 30 sec 30x
annealing 55 ◦C, 1 min
extension 68 ◦C, 1 min/kb
final extension 68 ◦C, 2 min 1x

After QC-PCR the samples were digested using restriction enzyme DpnI at 37 ◦C.
DpnI was added in amounts of 0.4 µl and allowed to cut methylated DNA for 6 h. After
heat inactivation at 65 ◦C 1 to 2 µl of the samples were transformed into E. coli.

Colony PCR Colony PCR was used to quickly check for the correct size and presence
of a DNA insert after transformation of bacteria, using ThermoPrime 2x ReddyMix PCR
Master Mix (AB0575DCLDB) according to manufacturer’s instructions.

8.2.3 DNA agarose gels

DNA agarose gels were used to test the size of plasmid DNA or PCR products, or the
integrity of plasmid DNA. Gels were cast with 1% agarose in TAE buffer (37 mM Tris,
1.74 mM acetic acid, 1.3 mM EDTA) using the casting frames of company with freshly
added Ethidium bromide (1:3000 dilution from stock). 10 to 20 µl of DNA samples were
loaded in each pocket of the gel. A 2-log DNA ladder (NEB, N3200S) was loaded with 2
µl per pocket. Gels were run with 70 V for 10 to 20 min. Gels were visualised using the
Gel Doc EZ System (BioRad) with UV settings.
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8.2.4 DNA borate agarose gels

Borate is a strong inhibitor of enzymatic activity, and also supports DNA gel electrophore-
sis of short DNA and long runs. DNA samples were loaded into 10 cm long 0.8% agarose
gels in TBE buffer (10.8 g Tris, 5.5 g Boric acid, 4 ml 0.5 M EDTA, pH 8.0), and were
run at 5 V/cm over 1.5 h.

8.2.5 DNA sequencing

To check the correct sequence of a gene for example in a plasmid, sequencing services of
Source Biosciences were used. DNA at concentration of 100 ng/µl was sent off together
with a suitable (according to service provider’s instruction) forward primer and backward
primer at concentrations of 3.2 pmol/µl each. Received sequencing results were analysed
using FinchTV (Geospiza).

8.2.6 Plasmid DNA isolation

Minipreps were carried out to isolate bacterial plasmid DNA using commercial QIAprep
R Miniprep Kit (27106, Qiagen). To grow a sufficient amount of bacteria, 5 ml of LB
medium supplemented with the appropriate antibiotic was inoculated with a single colony
from a plate of freshly transformed bacteria. Cultures were grown overnight in a in a
shaking incubator at 37 ◦C, 180 rpm, in 50 ml tubes with loosely tightened lids. Next
day, 0.8 ml of culture was prepared for a glycerol stock. The remaining volume was used
to isolate plasmid DNA according to manufacturer’s instruction. Briefly, cultures were
spun down for 5 min at 4000 rpm in a centrifuge (Biofuge pico, Heraeus instruments).
The bacterial pellet was resuspended in 250 µl of buffer P1 supplemented with RNase
A and transferred to a 1.5 ml tube. Next, the pellets were lysed by addition of 250 µl
buffer P2 and inverting 4 to 6 times. The reaction was neutralized by addition of 350 µl
buffer N3 and immediately inverting the tubes 4 to 6 times. Samples were spun down for
10 min at 17,900 xg. 800 µl of the supernatant was applied to a QIAprep spin column
and spun down for 30 sec at 17,900 xg. The flow through was discarded and the column
was washed by addition of 750 µl buffer PE and centrifuging for 30 sec at 17,900 xg. The
flow through was discarded and the residual wash buffer was removed by centrifuging for
1 min at 17,900 xg. The spin column was inserted into a fresh 1.5 ml tube and 50 µl
water were added to the centre of the column, let stand for 2 min at RT, and spun down
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Table 8.2: Plasmids.

plasmid function received from
pETDuet-1-PltBHis-PltAmyc-CdtBF lag EV encoding TOX wt Dr Dan Humphreys
pETDuet-1-PltB-S35AHis-PltAmyc-CdtBF lag EV encoding TOX-S35A created in this work
pETDuet-1-PltBHis-PltA-E133Amyc-CdtBF lag EV encoding TOX-H133A created in this work
pETDuet-1-PltBHis-PltAmyc-CdtB-H160QF lag EV encoding TOX-H160Q created in this work
pETDuet-1-EcolCDT EV encoding EcolCDT wt Dr Dan Humphreys
pET15b-GST plasmid for DNase assay Prof Vassilis Koronakis

for 2 min at at 17,900 xg. The concentration was determined (see p. 228) and plasmid
preparations were stored at −20 ◦C.

8.2.7 Plasmid list

The following plasmids, e.g. expression vectors (EV), were used:

8.2.8 Measuring nucleic acid concentration

Measuring nucleic acid concentrations

Nucleic acids absorb light at 260 nm. Hence, this absorbance can be used to determine
the concentration of nucleic acids as in plasmid DNA, DNA and RNA extracts, and
primers.

Measuring DNA concentrations

DNA was measured on a Nanodrop Lite spectrophotometer (ND-LITE-PR, Thermo
Fisher Scientific) with the settings for DNA concentration measurements. The same
buffer that was used to dissolve the DNA sample was used as a reference blank (1 µl)
for the absorbance at 260 nm. If necessary, DNA samples were diluted in appropriate
dilutions with the same buffer until they were in the linear range of the spectrophotometer
(A260 of 0.1 - 1.0). Next, the absorbance of the DNA samples (1 µl) was measured at
260 nm. As aromatic amino acids absorb light at 280 nm, the purity of the DNA sample
was determined by the ratio of A260/A280. A ratio between 1.8 and 2.0 was indicative
of low protein contamination contamination in the sample.
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Measuring RNA concentrations

RNA was measured on a Nanodrop Lite spectrophotometer (ND-LITE-PR, Thermo
Fisher Scientific) with the settings for RNA concentration measurements. The RNA
sample was dissolved in nuclease free water. Nuclease free water was used to as a blank
reference (1 µl) for the absorbance at 260 nm and, if required, was used to further dilute
the RNA sample until they were in the linear range of the spectrophotometer (A260 of
0.1 - 1.0). A reading of A260 = 1.0 equals approximately 40 µg/ml single-stranded RNA.
The ratio A260/A280 was used to determine the purity of the RNA sample as described
above.

8.2.9 In vitro DNA digestion assay

For in vitro DNA digestion assays, all following components were mixed together on ice:

component volume
300 ng/µl pET15b-GST substrate DNA 1 µl
10x DNAse reaction buffer (250 mM HEPES pH 7.0, 40 mM MgCl2, 40 mM CaCl2) 2 µl
bovine DNase (NEB, M0303S) or TOX 0.5 µl (=1 U) for DNase

or as indicated for TOX
total volume 20 µl

Next, reaction was started by transfer to 37 ◦C and carried out as long as indicated.
Reactions were stopped by mixing with 10x DNase quenching buffer (100mM EDTA,
60% glycerol) on ice. Samples were stored at −20 ◦C until all reactions were stopped.
Samples were analysed on 0.8% agarose gels with borate. As a reaction negative control,
the substrate was incubated in buffer 37 ◦C for as long as the longest incubation time of
other reactions to control for other degradation processes of the plasmid substrate.

8.3 Protein related techniques

8.3.1 Purification of His-tagged CDT

The toxins TOX and EcolCDT, and their respective mutants were recombinantly expressed
and purified. For this, E. coli strain C41 was used. This strain carries a mutation in
promoter T7 RNA polymerase, which results in a slower expression of the toxins.
The strains were electrically or chemically transformed with the appropriate plasmids
and grown on LB plates. Cultures from LB plates with appropriate drugs were scraped
off and inoculated in 100 ml 2x YT medium with appropriate antibiotics and grown at
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37 ◦C, 180 rpm overnight.
10 ml of the starter culture were transferred into 2x YT medium with appropriate
antibiotics in 2 l flasks and allowed to grow up to OD600 of 0.8 at 37 ◦C, 180 rpm, in a
shaking incubator. At that point, temperature was reduced to 18 ◦C and allowed to cool
down for 30 min. Protein expression was induced by addition of 0.1 mM IPTG (isopropyl
β-D-1-thiogalactopyranoside) and carried out at 18 ◦C 180 rpm overnight.
Next day, bacterial cultures were spun down at 6000 xg for 10 min (Beckman Coulter
centrifuge, Avanti J-26 XP, with JLA 8.1 rotor). Pellets were resuspended in 30 ml TBS
(20 mM Tris, 0.5 M NaCl2) per litre bacterial culture. Glycerol was added to a final
concentration of 10% to stabilize the proteins. 1 tablet of protease inhibitor complex
(cOmplete Mini, EDTA-free protease inhibitor cocktail tablets, 11836170001, Roche) per
1 litre culture was resuspended in 1 ml TBS and added to the suspension. Bacteria
were lysed using a cell disruptor (Constant Systems Ltd.), and formation of aerosols
was prevented by sealing vessels and tubings with parafilm. The lysate was spun down
for 70 min at 60,000 xg, 4 ◦C, in a centrifuge (Beckman Coulter, Avanti J-26 XP, rotor
JA25.50). His-tagged TOX in the lysate was allowed to bind to Ni-NTA beads (0.8 ml
bead volume per litre of culture) in presence of 20 mM imidazole for 1 h at 4 ◦C during
slow rotation. The slurry was applied to an empty column. Washes were carried out with
TBS supplemented with 20 mM imidazole, until the colour of the flow through became
almost transparent. His-tagged proteins were eluted with 20 mM Tris, 100 mM NaCl,
250 mM imidazole. Fractions of 1 ml were collected and tested for protein content with
Bradford reagent (see 8.3.2, p. 230). Dialysis of the eluted proteins was carried out to
remove imidazole in dialysis tubings excluding proteins above 8 kDa against 2 l of 20
mM Tris, 100 mM NaCl overnight at 4 ◦C. After testing fractions with protein content
by WB, fractions with all toxin subunits were combined and stored with 10% glycerol at
−80 ◦C.

8.3.2 Bradford assay

Bradford assay is a colorimetric method to quantify the concentration of proteinaceous
solutions. In this work, Bradford assay was used in either a qualitative manner to
test protein fractions for protein content, or in a quantitative manner to determine the
concentration of protein solutions.
For qualitative measurements, Bradford reagent (B6916-500ML, Sigma) was diluted 1:1
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with MQ water. To test fractions of protein elutions, 2 µl of protein elution was mixed
with 400 µl of the Bradford mix in a 96 well plate. A visible colour change into bright
blue was a positive indicator for protein content.
For quantitative measurements, a calibration curve with known quantities of BSA was
used to determine the concentration of a protein solution. BSA was mixed in 5 different
concentrations with Bradford mix. Concentrations with absorbance in the linear range
of the spectrophotometre on BioMate3, Thermo Spectronic, at OD600 or on Colorimeter
model 45, Fisher Scientific, at OD600 were used to determine the calibration curve.
Next, the protein solution with unknown concentration was mixed with Bradford mix in
appropriate dilutions and absorbance at OD595 or OD600 was measured in the linear range
of the spectrophotometer. The concentration was then determined using the calibration
curve.

8.3.3 Protein gel electrophoresis

To separate proteins according to their molecular weight, protein samples were run on
protein gels. Gels were hand cast using the Biorad Mini-PROTEAN R 3 Multi-Casting
chamber (165-4110) or Biorad Mini-PROTEAN R Tetra Cell Casting Stand and Clamps
(1658050).
Samples were prepared in SDS-sample buffer (50 mM Tris pH 6.8, 8 M Urea, 2% SDS,
0.3% Bromo blue) in appropriate dilutions (see 8.3.4, p. 232). PageRuler Plus Prestained
Protein Ladder (26619, Thermo Scientific) was used a s a marker for the MW. Samples
were run on 9% Bis-Tris resolving gels with 5% stacking gels at a voltage of 40 mAmp
per gel in MOPS buffer (50 mM MOPS, 50 mM Tris, 0.1% SDS, 20 mM EDTA).

5% stacking gel

reagent for 10 ml final concentration
29:1 acrylamide/Bis (30% stock) 1.67 ml 5%
2.5 M Bis-Tris pH 6.5 0.25 ml 125 mM
20% SDS 0.05 ml 0.1%
TEMED 10 µl 0.001%
APS (10%) 0.1 ml 0.1%
H2O up to final volume
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9% stacking gel

reagent for 10 ml final concentration
37.5:1 acrylamide/Bis (40% stock) 2.25 ml 9%
2.5 M Bis-Tris pH 6.5 0.25 ml 125 mM
20% SDS 0.05 ml 0.1%
TEMED 10 µl 0.001%
APS (10%) 0.1 ml 0.1%
H2O up to final volume

Protein bands in SDS gels were visualised by incubation for 10 - 30 min at RT in
Coomassie (10% ammonium sulphate, Coomassie G250 0.1%, orthophosphatic acid 3%,
EtOH 80%), then washed in regularly changed water at RT for 1 h - 1 day until protein
bands were clearly visible. Gels were then imaged on a Gel Doc EZ Imaging System on
the appropriate tray with Image Lab Software.

8.3.4 Immunoblotting

Immunoblotting was performed for immunodetection of small amounts of protein and
was carried out using a semi-dry system. Samples were transferred from protein gels
(see 8.3.3). For this, protein gels were briefly rinsed in water and gently transferred onto
the PVDF membrane of iBlot R 2 PVDF Stacks (Invitrogen, Thermo Fisher Scientific).
The membrane stack was assembled and inserted into the transfer machine according
to manufacturers’ instruction. Transfer was carried out in a pre-set programme with
a series of different voltages (20 V for 1 min, 23 V for 4 min, then 25 V for 2 min).
Next, the PVDF membrane was blocked for 1 h in Odyssey Blocking Buffer PBS (OBB)
(927-40000, Li-Cor) during gentle rotating. Then, the blots were incubated over night
at RT under gentle rotation with the primary antibody solution (antibody in dilution
from 1:250 to 1:2000, in OBB, 0.2% Triton X-100). Next day, blots were washed 3x
with phospho-buffered saline (PBS)-Triton X-100 0.2% for each 5 min, then blots were
incubated in secondary antibody solution (antibody in dilution 1:10,000, in OBB, 0.2%
Triton X-100) at RT under gentle rotation for 30 min. All antibodies were recycled and
stored at 4 ◦C. Blots were washed 5 times for each 5 min and directly imaged on a Li-Cor
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scanner (OdysseySa, 100 µm resolution, 300 µm depth).
Imaging was carried out using the Image Studio software and Adobe Photoshop.

8.3.5 Preparation of whole cell lysate for Western blotting

Mammalian cells were seeded in 6-well dishes at a confluency of 30%. The next day,
drug treatment and/or toxin treatment was carried out as described earlier. Samples
were collected by either scraping off or trypsinisation followed by neutralisation with
serum-containing medium. Cells were spun down in for 5 min at 2000 rpm in a centrifuge
(Biofuge pico, Heraeus instruments), washed once in 1 ml PBS, spun down again,
and resuspended in 1 ml PBS. Cell density was determined via spectrophotometric
measurement of OD600. Cells were spun down again for 5 min at 2000 rpm (Biofuge pico,
Heraeus instruments). To achieve equal amounts of cells in each sample, pellets were
resuspended in the appropriate volume of SDS buffer according to the formula

OD600 ∗ 250 ∗ volume of cell suspension [ml] = resuspension volume [µl].

Samples were shaken for 5 min at 1000 rpm (IKA VIBRAX VXR basic), then boiled for
5 min at 95 ◦C. Samples were stored in the fridge until further use.

8.3.6 Fluorophore competition assay

Fluorophore competition assays are used to asses the ability of a protein to bind to
DNA. This assay relies on the replacement of the DNA dye Hoechst which changes its
fluorescence emission maximum from 465 nm when bound to DNA to 510 nm in the free
dye, while the excitation maxima are close together (355 nm and 340 nm).
For the reaction, 1.66 mM calf thymus DNA was used as a substrate in 5 mM Tris, 25
mM NaCl2 pH 7.4, and as a dye 2 µM Hoechst was used. Competition reactions were
carried out in a quartz cuvette, and fluorescence spectra were recorded in a FluoroMax-3
Horiba Jobin Yvon at 26.9 ◦C. Excitation of Hoechst was carried out at 337 nm, and
emission spectra were recorded from 355 nm to 560 nm. The buffer only was used as
a blank. Increasing concentrations of CdtB-GST were added to replace Hoechst, and
before each measurement, 2 min incubation in the spectrometre was allowed to adjust
for the temperature.





Chapter 9

Cell biology

9.1 Handling and manipulation of mammalian cells

9.1.1 Maintenance of mammalian cell culture

Several cell lines were cultured in the media indicated in table in T75 or T150 tissue culture
flasks (Sarstedt, 83.3911.002 or 83.3912.002) at 37 ◦C in a humidified incubator (Panasonic,
MCO-170AICUV-PE) with 5% CO2. Cells were passaged at sub-confluency levels between
60% to 90%. Cells were cultured in Dulbecco’s Modified Eagle’s Medium - high glucose
(Sigma, D6546), McCoy’s 5A medium (Sigma, M4892), or RPME 1640 medium (Lonza,
BE12-702F) as appropriate (see table 9.1.1) with 2 mM L-Glutamine (Sigma, G7513),
10% Foetal Bovine Serum (FBS, Sigma, F7524), and Penicillin/Streptomycin (Sigma,
P4333, 100x). Passaging was carried out by either trypsinising cells (for HT1080, RPE,
MEF, Caco-2) or scraping off using a cell scraper (RAW). For trypsinisation, medium
was removed, then cells were washed once with sterile PBS (Sigma, D8537) to remove
remaining serum. 0.25% Trypsin/EDTA (Sigma, T4049) was added to the culture vessel
to cover the cells and cells were incubated at 37 ◦C briefly until cells became round and
detached. Trypsin was neutralised by addition of serum-containing medium in a volume
ratio of 1:1. Cells were brought into an even suspension by pipetting up and down. Cells
were passaged in the appropriate ratio (see table 9.1.1).

Suspension cells

THP1 cells were cultured in suspension as long as they are undifferentiated. THP1
cells were grown in T75 tissue culture flasks standing upright at 37 ◦C in a humidified
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Table 9.1: Cell lines and their culture parameters.

cell line supplier medium passage ratio passaging detachment
frequency

HT1080 Prof Vassilis Koronakis, DMEM 1:4 - 1:8 every 2 - 3 days trypsinisation
University of Cambridge

HIEC Dr Martin Wiedman, DMEM 1:4 - 1:6 every 2 - 3 days trypsinisation
Cornell University, Ithaca

MEF Prof Vassilis Koronakis, DMEM 1:4 - 1:8 every 2 - 3 days trypsinisation
University of Cambridge

RAW Prof Vassilis Koronakis, DMEM 1:5 - 1:10 every 2 - 3 days scraping off
University of Cambridge

U2OS Prof Carl Smythe, McCoy’s 5A 1:2 - 1:4 every 2 - 4 days trypsinisation
University of Sheffield

U2OS- Prof Luis Toledo, McCoy’s 5A 1:2 - 1:4 every 2 - 4 days trypsinisation
Super-RPA-GFP University of Copenhagen
THP1 Prof Vassilis Koronakis, RPME to a concentration of every 3 - 4 days dilution of

University of Cambridge 2 − 8 ∗ 105 cells/ml suspension culture

incubator with 5% CO2. Cells were cultured at a density from 2 − 8 ∗ 105 cells/ml to
allow exponential growth. Cells were passaged either by addition of more medium or by
spinning down a fraction of the suspension culture for 5 min at 1200 rpm in a centrifuge
(Rotina 46 R, Hettich Zentrifugen) and resuspension in an appropriate volume of medium.
Differentiation of THP1 cells into macrophages was carried out by incubating cells for 72
h in culture medium with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma
P8139, stock 1 mg/ml in DMSO). Before use, the medium was replaced to medium
without PMA.

Counting Cells

A hematocytometer was used to count cells. 10 µl of an even suspension of cells were
pipetted onto the hematocytometer and 1 square of 4 ∗ 5 small squares was counted using
a wide field microscope (CK30, Olympus). The number x of cells counted in 1 square
corresponds to a concentration of x ∗ 104 cells/ml.

9.1.2 Arresting cells in cell cycle

Different techniques can be used to arrest replicating cells in specific phases of the cell
cycle. These techniques can induce DNA damage. In order to study DNA damage while
arresting cells in the cell cycle, control have to be chosen carefully.
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Table 9.2: siRNA and their targets.

target supplier order number
ATM Dharmacon L-00.201-00-0005
ATR Dharmacon L003202-00-0005
GAPDH Ambion AM4605
non-targeted Ambion 4611G
RPA70 Dharmacon L-015749-01-0005l

Cell cycle arrest by serum-starvation

Deprivation of cells from serum in the medium arrests cells in G0/G1 phase of cell cycle.
In order to arrest as many cells as possible in G0/G1 in one round of serum-starvation,
cells were serum-starved for 24 h, as the replication time is about 24 h long in the
mammalian cells used for this experiments (HT1080, RAW). Cells were seeded 16 h
before serum starvation in serum-containing culture medium. The next day, 24 h before
treatment of cells with toxin or inhibitors, the medium was removed and replaced by
serum-free culture medium.

Cell cycle arrest by contact inhibition

Contact inhibition can arrest cells in G0/G1 phase. Cells were seeded at 90% confluency
the day before treatment with toxin or inhibitors, in order to reach 100% confluency on
the day of treatment with drugs.

9.1.3 Knock-downs by transfection with siRNA

siRNA mediated knock-downs (KD) were performed with short interfering RNA (siRNA)
and DharmaFECT 1 (Dharmacon) as transfection reagent according to manufacturer’s
description. For HT1080 cells, 0.05 or 1.1 µl DharmaFECT 1 transfection reagent was
used for a total culture volume of 0.1 or 2 ml, respectively. siRNA was used at indicated
concentrations ranging from 5 to 100 nM. siRNA was received from Dharmacon and used
in the format of ON-TARGET plus SMARTpool siRNA. For negative controls, siRNA
against GAPDH or non-targeted siRNA were used. Transfection was carried out for 48
to 72 h.
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Table 9.3: Inhibitors and drugs.

inhibitor target stock concentration, solvent final concentration treatment time order number
APH Polα 6 µM, DMSO 20 µM constant treatment, or 1 h pulse then chase
doxorubicin Topoisomerase 1 mM, H2O 10 µM 1 h pulse, then chase, or constant treatment
etoposide Topoisomerase 50 mM, DMSO 50 µM 1 h pulse, then chase
STP inducer of Casp-8 via receptor binding 1 mM, DMSO 1 µM 1 h treatment
TRAIL (KillerTRAIL) inducer of apoptosis 0.5 mg/ml, suppliers’ HEPES buffer 100 ng/ml constant treatment
Cisplatin DNA DBL-Cisplatin, 1 mM 40 µM constant treatment kind gift from Prof. Carl Smythe lab
KU55933 ATM 10 mM, DMSO 10 µM constant treatment
NU6072 ATR, CDK1 2.67 mM, DMSO 15 µM constant treatment
N-acetyl-Ile-Glu-Thr-Asp-CHO Casp-8 10 mM, DMSO 100 µM constant treatment
Q-VD-OPh pan-Caspase inhbitor 10 mM, DMSO 30 µM constant treatment MCE Hy-12305/CS-6252

9.2 Standard intoxication of mammalian cells.

Cells were seeded the day before toxin-treatment at a concentration to reach 30%
confluency on the day of toxin treatment. Recombinant typhoid toxin variants or
EcolCDT were diluted to desired concentrations in appropriate medium with 10% serum
unless stated otherwise. Then, media of cultured cell were removed and replaced with the
toxin containing medium. The cells were pulsed with the toxin in a humidified incubator
at 37 ◦C in an atmosphere of 5% CO2 for 2 h. Next, the medium was removed, three
washes with PBS were carried out, and the appropriate medium was added back. The
cells were chased humidified incubator at 37 ◦C in an atmosphere of 5% CO2 for as long
as desired. If the chase took place longer than 48 h, regular change of the medium was
carried out every second day.

9.2.1 Drug treatment

Cells were treated with drugs in culture medium for the indicated times see table 9.2.1
below. After the treatment, cells were washed twice with PBS and normal culture
medium was added back.

9.2.2 Toxin treatment combined with inhibitor treatment

If toxin treatment was combined with inhibitor treatment (see table 9.2.1 above), the
inhibitor treatment was started 1 h before the toxin treatment at appropriate concentra-
tions. This was to enable the inhibition of the target before toxin was taken up by the
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cells. For constant inhibition of the target, the inhibitor was then present during the
toxin pulse, and after the washes also present during the chase of the toxin.

9.2.3 Conditioned medium from intoxication

For generation of CM, HT1080 cells were seeded at a density of 1 ∗ 106 cells in a 10
cm culture dish. Next day, cells were subjected to standard intoxication, and cells were
chased for 4 days. The medium was collected and sterile filtered (pore size 0.2 µm) and
stored at −20 ◦C until used.

9.2.4 Treatment of THP1 cells with conditioned medium

THP1 cells cultured for 6 days as suspension culture in CM. Next, cells were either
directly used for analysis, or further differentiated into macrophages (see 9.1.1, p. 235)
in CM before further experiments or analysis.

9.3 Infection assays

9.3.1 Infection of cells with Salmonella

Cells were seeded in 6-well (9.5 cm2) or 24-well (1.9 cm2) tissue culture plates to reach
80% confluency for infection assays. S. Javiana pM975Amp cultures were scraped from
a LBAmp plate and grown in 5 ml LBAmp at 37 ◦C overnight at 180 rpm. Next day,
cultures were diluted into fresh LBAmp, and grown until OD600 = 1.0. Cells were washed
three times in PBS to remove antibiotics in medium, and antibiotic free medium was
added. Cells THP1 cells in 24-well format were transfected with 0.4 µl of Salmonella
suspension in 0.5 ml medium, and HT1080 cells in 6-well format were transfected with 2
µl Salmonella suspension in 1 ml medium. Invasion was synchronised by spinning the
bacteria onto the cells for 1 min at 1000 rpm, and was carried out for 30 min at 37 ◦C in
a humidified incubator. To stop invasion, medium was removed and replaced by culture
medium supplemented with 50 µg/ml Gentamicin (Sigma, G1397). This antibiotic is
used to prevent re-infections as it can not cross the plasma membrane, and therefore kills
only extracellular bacteria. After 2 h, the gentamicin concentration was further reduced
to 10 µg/ml.
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Table 9.4: Primary antibodies.

target origin dilution supplier and number
α-tubulin mouse monoclonal 1:1000 Abcam, ab7291
BrdU mouse 1:200 BD Bioscience, 347580
Casp-3 rabbit monoclonal 1:1000 Cell Signaling Technology, 9664
cleaved PARP1 rabbit monoclonal 1:1000 Cell Signaling Technology, 5625
cyclin A mouse monoclonal 1:500 Santa Cruz, sc-271682
cyclin E2 mouse monoclonal 1:5000 Santa Cruz, sc-28351
FLAG M2 mouse monoclonal 1:1000 Sigma Aldrich, F3165
γH2AX (Ser 139) mouse monoclonal, clone JBW301 1:1000 - 1:2000 EMD Milipore, 05-636-I
H3K9me3 rabbit monoclonal 1:1000 Abcam, ab176916
His mouse monoclonal 1:500 Qiagen, 34660
LMNB1 rabbit polyclonal 1:1000 Abcam, ab16048
MDC1 rabbit polyclonal 1:1000 Abcam, ab11169
myc rabbit monoclonal 1:500 Abcam, ab32072
nucleolin mouse monoclonal 1:1000 Abcam, ab13541
pATM (Ser1981) rabbit monoclonal 1:250 - 1:1000 Cell Signaling Technology, 5883
pATR (Ser428) rabbit polyclonal 1:250 - 1:1000 Cell Signaling Technology, 2853
pCHK1(Ser345) rabbit monoclonal 1:250 - 1:1000 Cell Signaling Technolgy, 2348
pCHK2 (Thr68) rabbit monoclonal 1:250 - 1:1000 Cell Signaling Technolgy, 2197
PCNA mouse monoclonal 1:250 - 1:1000 Sigma Aldrich, p8825
pDNA-PKc (Thr2609) mouse monoclonal 1:1000 Abcam, ab18356
p-p53 (Ser15) mouse monoclonal 1:1000 Cell Signaling Technology, 9286
Rad51 rabbit polyclonal 1:1000 Santa Cruz, sc-8349
RPA32 rabbit polycolonal 1:1000 Bethyl, A300-244A
RPA32-pS33 rabbit polycolonal 1:1000 Bethyl, A300-2464
RPA32-pT21 rabbit polyclonal 1:1000 abcam, ab61065
RPA70 rabbit polycolonal 1:1000 GeneTex, GTX113003
Salmonella rabbit polyclonal 1:1000 Abcam, ab35156
XRCC5 rabbit polyclonal 1:1000 Santa Cruz, sc-9034
53BP1 rabbit polyclonal 1:1000 Novus, NB100-304

9.3.2 Generation of conditioned medium from infection

To study the effects of TOX produced during infections on other non-infected cells, CM
from infections with TOX-positive Salmonella (SalmonellaT OX) was generated. HT1080
cells were infected with S. JavianaT OX or S. JavianaT OX−HQ as described above for 48 h.
Medium was collected, sterile filtered (pore size 0.2 µm) and stored on ice for up to 24 h.

9.4 Microscopy related techniques

9.4.1 Immunostaining

Antibodies

The following primary antibodies were used:
Primary antibodies were combined with suitable secondary antibodies:
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Table 9.5: Secondary antibodies.

antibody origin dilution number
anti-mouse IgG, 488 Alexa Fluorophore donkey 1:500 Invitrogen, A21202
anti-mouse IgG, 594 Alexa Fluorophore donkey 1:500 Life Technologies, A21203
anti-rabbit IgG, 488 Alexa Fluorophore goat 1:500 Invitrogen, A11008
anti-rabbit IgG, 594 Alexa Fluorophore goat 1:500 Invitrogen, A11037
anti-rabbit IgG, IRDye 800CW donkey 1:10,000 LiCor, 926-32213
anti-rabbit IgG, IRDye 800CW goat 1:10,000 LiCor, 925-32211
anti-goat IRDye 680CW donkey 1:10,000 LiCor, 926-68074
anti-mouse IRDye 800CW donkey 1:10,000 LiCor, 926-32212
anti-rabbit IRDye 680CW goate 1:10,000 LiCor, 926-68071

Immunostaining for wide field microscopy

For immunofluorescence microscopy on wide field microscopes, cells were grown glass
cover slips (see p. 245). For immunofluorescence microscopy on OMX, cells were grown
on high precision glass cover slips (see p. 245).
Samples on glass cover slips were washed three times with 4% PFA for 10 min at RT.
Fixative was carefully removed and samples were washed once with PBS. After that,
samples were either stored in PBS at 4 ◦C for up to several days, or processed further
for immunostaining. Next, samples were blocked and permeabilised with PBS plus 3%
BSA (Fraction V, GE Healthcare, K41-001) plus 0.2% TritonX-100 for 1 h at RT. Next,
samples were incubated for 1h at RT in primary antibodies diluted appropriately in PBS
plus 0.2% TritonX-100. Samples were washed once in PBS and incubated in secondary
antibodies diluted 1:500 in PBS plus 0.2% TritonX-100 for 30 min at RT. Samples were
counterstained with DAPI (6 µg/ml) for 3 min. Next, samples were washed in PBS, then
in water to remove any salt, and air-dried for 20 min. Glass cover slips were mounted on
glass slides with Vectashield Antifade Mounting Medium (H-1000, Vector Laboratories,
Inc.) and sealed with nail varnish.

Immunostaining for high-content microscopy

For immunofluorescence microscopy on high content microscope IXM, cells were grown in
a Flat bottom µCLEAR 96-well tissue culture plate (0.32 cm2 per well, Greiner, 655098).
All staining was carried out in the 96-well plate as described above. Per well, 30 µl
antibody staining solution was used. After 30 min of incubation with secondary AB,
30 µl of DAPI solution at a concentration of 2 µg/ml (1:50 dilution of 100 µg/ml) was
directly added to the samples to reach a final concentration of µg/ml, and incubated
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for further 5 min. Samples were washed twice in PBS, then left in PBS, sealed with
parafilm, and stored at 4 ◦C until further analysis.

Optimised immunostaining for selected nuclear antibodies

Some antibodies against nuclear antigens (see table 9.4.1 below) were not able to bind to
antigens with the above described staining protocol.
For Tween pre-extraction, samples were washed once with PBS, then put on ice
and extracted for 1 min with ice-cold 0.1% Tween 20 in PBS. Tween was removed and
fixation with 4% PFA was carried out at RT. Samples were washed twice with PBS and
immunostaining was continued.
For Triton pre-extraction samples were washed once with PBS, then extracted for 5
min with 0.5% Triton X-100 in PBS. Triton X-100 was removed and fixation with 4%
PFA was carried out at RT. Samples were washed twice with PBS and immunostaining
was continued.
Methanol-fixation was adapted from [195]. Samples were washed twice with PBS.
Fixation was carried out by addition of ice-cold methanol and incubation at −20 ◦C
for 20 min. Samples were briefly dipped into ic-cold acetone for approximately 30 sec,
washed twice in PBS, and standard immunostaining was continued.
Sucrose fixation was adapted from [402]. Samples were washed 3 times in PBS. Fixa-
tion was carried out with 4% PFA in 2% sucrose-PBS for 15 min at RT. Then, cells were
permeabilised with ice-cold extraction buffer (20 mM HEPES pH 7.4, 50 mM NaCl, 3
mM sucrose and 0.5% Triton X-100) for 2 min on ice. Cells were washed twice in PBS
before continuation of immunostaining.

9.4.2 BrdU staining

BrdU staining was used as a method to visualise the incorporation of nucleotides during S
phase into newly synthesized DNA. BrdU is a thymidine homologue and can be recognised
by an antibody specific for the Bromo moiety. In general, a longer pulse can indicate
cells in S phase with BrdU broadly incorporated throughout the nucleus. In contrast, a
shorter pulse can be employed to differentiate between early and late S phase, as in late
S phase less accessible chromatin regions, often localised to the nuclear periphery, are
replicated.
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Table 9.6: Overview non-standard fixation method for selected antibodies.

antibody fixation
anti-RPA70 Tween pre-extraction, PFA fixation
anti-RPA32-pT21 Tween pre-extraction, PFA fixation
anti-RPA32-pS33 Tween pre-extraction, PFA fixation
anti-pATR sucrose fixation
anti-pATM Triton pre-extraction, PFA fixation
anti-pCHK1 methanol fixation
anti-pCHK2 sucrose fixation
anti-PCNA methanol fixation

BrdU solution was always freshly prepared by dissolving in distilled water to a stock
concentration of 2.5 mM. This stock further diluted to a concentration of 25 µM in
serum-free culture medium supplemented with Pen/Strep. Medium of cells was exchanged
for the BrdU supplemented medium and cells were incubated for 30 min to 1 h at 37 ◦C
in a humidified incubator at 5% CO2. After the BrdU pulse, cells were either washed
three times with PBS and fresh medium was added back, or samples were fixed with 4%
PFA in PBS for 10 min prior to immunostaining.
For immunostaining, cells were permeabilised for 15 min with PBS plus 0.2% TritonX-100
at RT. Next, the DNA double strands were denatured with 1 N HCl for 30 min at RT.
Samples were washed twice with PBS and then blocked for 30 min with 3% BSA-0.2%
TritonX-100 in PBS. Primary antibody anti-BrdU (mouse monoclonal, BD Bioscience,
347580, 1:200 dilution, 1.25 µg/ml final concentration) was diluted in PBS with 0.2%
TritonX-100 and incubated for 1 h at RT. Samples were washed in PBS and incubated
for 30 min with secondary antibody anti-mouse (1:500). Samples were counterstained
with DAPI as described previously.

9.4.3 DAPI staining

4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) is a fluorescent dye that binds to
AT-rich regions of DNA in the minor groove and is hence frequently used as a stain for
the nucleus and chromatin. DAPI (Sigma, D9542) staining was used as a counterstain
as the last step in immunostaining of fixed tissue culture samples. A stock solution of
100 µg/ml was diluted 1:150 in 0.2% TritonX-100 in PBS. Samples were stained with
the solution for 3 to 5 min in the dark. Next, cover glasses with samples were washed
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once in PBS, then briefly with MQ water. Samples were allowed to air dry. Then, cover
glasses were mounted as described above.

Differential live/dead staining of fixed cells

PI is a membrane non-permeable DNA and RNA intercalator and commonly used as
a stain for DNA. PI can only cross the disrupted membrane of dead cells. Here, this
characteristic of PI was used to stain dead cells prior to fixation.
For staining of dead non-fixed cells, serum-free medium with PI (40 µg/ml, Sigma, P4170)
was added to the cells and uptake was allowed for 5 min in the dark at 37 ◦C. Only nuclei
of apoptotic cells will be stained with PI. Subsequently, cells were fixed as described
above, processed for immunostaining using secondary antibodies with excitation at 488
nm, and nuclei finally counterstained with DAPI. Samples were analysed using the Nikon
Dual Cam system.

9.4.4 Mounting cover glasses for microscopy

Fixed and stained samples on cover glasses were mounted with a Vectashield. This
mounting medium is an aqueous, non-hardening formulation, and inhibits photobleaching
of fluorescent dyes.
After immunostaining and DAPI counterstaining of cell samples, washed and dried cover
glasses were mounted on glass slides with 6 µl Vectashield mounting medium per 13 mm
cover glass. The cover glass was sealed with nail varnish and stored in the dark until
imaging.

9.5 Microscopy

9.5.1 Microscopy of live cells

ZOE microscope

To regularly check for the morphology of living cells during the duration of an experiment,
cells were imaged in the culture vessel on a ZOE Fluorescent Cell imager (BioRad). This
allowed constant track of cell number and morphologically changes, without fixation of
cells. The light source is comprised of 3 different LED lights of red, green, and blue
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colour, and white as a mix of all 3 LED light sources. For documentation images were
taken with a 20x objective.

Nikon Dual Cam microscope live microscopy

Live microscopy was used to constantly image cells over a continuous time course. Cells
were seeded in a 24-well tissue culture treated plate (1.9 cm2 per well). The next day,
cells were pulsed for 2 h with typhoid toxin or pulsed for 1 h with doxorubicin or STP.
After 3 washes with PBS, fresh medium was added to the wells. From this time point
onwards, cells were imaged in an atmosphere of 5% CO2 at 37 ◦C. Additional wells were
completely filled with medium to maintain a humid atmosphere and prevent the samples
from drying out. Bright field images were automatically captured on a Nikon eCLIPSE
Ti fluorescence microscope with a C-Mos camera every 10 minutes over 48 h using a 20x
objective.

9.5.2 Microscopy of fixed cells

Wide field fluorescence microscopy

For immunofluorescence (IF) microscopy on fixed samples, cells were seeded on 13 mm
cover glasses (VWR, EN 631-1578), treated as described, fixed, stained, and mounted
on glass slides. Samples were imaged on a Nikon eCLIPSE Ti fluorescence microscope
with a C-Mos camera. For quantitative analysis, images were randomly captured across
the entire glass cover slip using a 20x objective and a Andor Zyla sCMOS Camera. For
qualitative analysis, a 60x objective (Apo Oil DIC, NA=1.4) or 100x objective (Plan
Apo Oil DIC, NA=1.4) was used and representative images were taken. For quantitative
analysis, a 20x objective (Plan Apo NA=0.8) was used. Z stacks were recorded using a
Piezo Z drive for 0.2 µm section distance.

Structured Illumination Microscopy (SIM)

For high resolution immunofluorescence microscopy on fixed samples, cells were seeded
on high precision cover glasses (20 mm x 20 mm, Marienfeld, 0107052) in 6-well plates
(9.5 cm2), treated as described, fixed, stained, and mounted on glass slides. Samples were
imaged with a 100 x objective on OMX Deltavision SIM. Z stacks were recorded using a
drive for 0.2 µm section distance.
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9.5.3 Airyscan confocal microscopy

Samples prepared as for wide field fluorescence imaging. Samples were imaged using a 60x
objective on a Zeiss Laser Scanning Microscope 880 with Airyscan confocal microscope.
Z stacks were recorded using a drive for 0.2 µm section distance. Images were processed
using ZEN software.

High-content microscopy

High-content microscope ImageXpress Micro (IXM) was used for samples prepared in
96-well plate format. A 20x objective was used. Images were taken using the MetaXpress
software. Appropriate exposure times and Z-focus were set optimal for recording of the
antigens.

9.6 Microscopy analysis

9.6.1 Average intensity measurements

To measure the average signal of a marker in cells, overall signal intensity over 20x
IF microscopy image was first determined by Volocity software as the ‘Sum Intensity’.
This signal was normalised to the amount of nuclei per image. Nuclei were counted
automatically with the ‘Find Objects’ function, and only objects bigger than 2 µm
diameter were counted. Average normalised intensities were normalised to controls which
were set to zero for better comparison.

9.6.2 Counting cells with γH2AX foci

To count γH2AX positive cells from IF microscopy images, cells with more than 5 γH2AX
foci were counted as positive. Nuclei were counted automatically with the ‘Find Objects’
function as described above. Next, cells with more than 5 γH2AX foci were counted
manually, and expressed as a fraction of all cells.

9.6.3 Thresholding of γH2AX for ring presentation

IF microscopy images were processed in ImageJ for facilitated presentation of the γH2AX
ring phentoype. First, nd2 files were read into ImageJ, and separated into the channels
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for DAPI and γH2AX. To generate outlines of the nuclei, the threshold of the DAPI
channel was adjusted until the silhouettes of the nuclei matched the original nuclei size
and shape, and based on the set threshold, the image was transformed into a binary
image. Outlines were generated with the ‘outline’ command. The γH2AX channel was
subjected to ‘background subtraction command’ with a set rolling ball radius of 15 pixel.
Next, a binary image was generated. Finally, the nuclei outline image and the thresholded
γH2AX channel were merged into one image. Compare with Fig. 5.6 on p. 127.

9.6.4 Matlab RING program

The Matlab RING program was designed with Dr Natalia Bulgakova (University of
Sheffield), and the code was written by her. The code is publicly available on:
https://github.com/nbul/Nuclei.
The program reads in IF microscopy images with up to three channels in nd2 file format
and separates the image into all channels, or reads them in as a TIFF file with separate
channels. Nuclei are counted and marked by the DAPI channel. Eccentricity parameters
(NEcc) determine the shape of counted nuclei, to prevent counting of overlapping nuclei
as one (NEcc < 0.8 as set eccentricity cut-off). Nuclei are then normalised into a sphere
of radius 1, by stretching. This enables subsequent comparable γH2AX intensity mea-
surements along the radius of the nucleus. These intensities are measured at different
angles and added up to a ‘sum intensity’ for each nucleus. Nuclei were counted as rings
if they fulfiled the following condition:
last quadrant mean−first three quadrants mean

total mean
≥ 0.1,

else nuclei are classified as uniform or foci. Uniform and foci nuclei were discriminated
by analysis of the homogeneity of the γH2AX signal and nuclei were counted as foci if
the calculated homogeneity value was ≥ 0.0035.
All other nuclei were counted as uniform.
All intensities, nuclei areas, and Pearson correlation between two signals were measured
on a single cell basis. Compare to Fig. 5.7 on p. 129.
Average γH2AX intensities of untreated cells were set to zero for all cells. For scatter
plots, intensities of single cells were plotted without subtraction of the average intensities
of untreated cells.
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9.7 Other techniques for analysing the effects of ty-
phoid toxin in mammalian cells

9.7.1 Flow cytometry

Flow cytometry was carried out to measure the DNA content using the DNA intercalator
propidium iodide (PI) and thus the current cell cycle phase of cells.
Cells were seeded into 6-well plates (9.5 cm2/well) at a density of 30% confluency. HT1080
seeded at 3 ∗ 105 cells per well, RAW were seeded at 1 ∗ 106 cells per well. The next day,
cells were treated with appropriate drugs or toxins as described earlier. After indicated
incubation and chase time, samples were collected by scraping off, or trypsinisation
followed by neutralisation with serum-containing medium. The samples were spun down
for 5 min at 1200 rpm in a centrifuge (Rotina 46 R , Hettich Zentrifugen) and thouroughly
resuspended in 200 µl PBS to achieve a single cell suspension.
Next, cells were fixed with 1 ml ice-cold 70% ethanol in PBS, briefly vortexed and put on
ice for at least 30 min. Fixed samples were stored at 4 ◦C up to one week until analysis.
For PI staining, cells were spun down for 5 min 4000 rpm in a table top centrifuge
(Heraeus Pico17, Thermo Scientific). Then, cell pellets were resuspended in 300 µl Flow
Cytometry (FC) buffer (PBS, 100 µg/ml RNase, 40 µg/ml PI) and incubated at 37 ◦C for
30 min to digest RNA which could impede the analysis of DNA content. Samples were
stored on ice and analysed using a FACSCalibur Flow Cytometer (Beckman Coulter)
with excitation wave lenght of 488 nm. At least 10,000 cells were counted. Cells were
gated for data collection using forward and sideward scatter, while 610 nm (FL-3) was
recorded for PI emission of cells, and FL-1 was recorded at 525 nm for autofluorescence
of cells.
Analysis was performed with FlowJo R Software. Collected data was gated for the right
cell size with SSC and FSC, then doublets of cells were excluded by gating for amplitude
of PI signal against the PI signal width, next gating for live cells was performed by
including cells between G1 and G2 from graphs with FL3-H against FL1-H. Finally,
histograms of FL3-H were generated.
G1 population was measured as the integral from the lowest PI value of the G1 curve
to the peak of G1, and was multiplied by 2. The G2 population was measured as the
integral from the highest PI value of the G2 curve to the peak of G2, and was multiplied
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by 2. S phase was calculated as 100 − G1 − G2 = S[%]. For further information on
gating see Fig. 4.5 on p. 80.

9.7.2 MTT assay

The basis of the MTT assay is that MTT acts as an artificial hydrogen-acceptor substrate
for dehydrogenase activity in cells. Reduced MTT forms a coloured formazan product
which is then eluted from the cells using acidified isopropanol. The biochemical assay is
commonly used as a measurement of viability. However, it is rather to be used as an
indirect reflection of cell metabolic activity (MA).
For MTT assays in this work, cells were grown in a 96-well tissue culture plate (0.32
cm2/well, Costar, 3595) the day before treatment. Then, cells were treated with drugs or
toxin as described in the appropriate concentrations in triplicates. After treatment at
the desired time points, medium was removed and cells washed once with PBS to remove
serum. The MTT solution (0.5 mg/mL in serum-free media) was added to the cells
and all was incubated at 37 ◦C in a humidified incubator in the dark for approximately
30 min, until a colour change into purple can be seen in control cells. MTT solution
was removed. Next, isopropanol (200 µl per well in a 96-well plate) was added to wash
out the dye, and left for a minute with gentle agitation until uniform purple solution
is obtained. 150 µl of each well were transferred to a fresh 96-well plate. The OD was
determined at 560 nm using a plate reader. Cell MA was expressed as % of untreated
control cells, which is taken as 100% MA.

9.7.3 Clonogenic survival assay

Cells were seeded in 10 cm tissue culture-treated dishes (Corning) at a density of 4 ∗ 103

cells per dish in appropriate serum-containing medium. Each condition was done in
triplicates. The next day, toxin treatment as described earlier was carried out with a
pulse of 2 h, followed by a chase over 8 days in an incubator at 37 ◦C and 5% CO2.
Treatment with APH was carried out for 24 h, then cells were washed three times with
PBS and further incubated in culture medium. Medium was regularly changed every
second day. Then, medium was poured off, then the plates were left to air dry and 10
ml of 80% ethanol was added to the plates for 15 min. Next, ethanol was removed and
plates were left to completely air dry. 8 ml per plate of 1% Methylene Blue was added
for 1 h. Methylene Blue was recycled and plates were gently washed few times with MQ
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to remove the background staining. Plates were left to air dry and visible colonies were
counted.

9.7.4 Alkaline comet assay

Comet assay is a single cell gel electrophoresis to observe DNA damage. Depending on
the pH of the buffer solutions, the method can detect DNA double strand breaks (neutral
comet assay) or DNA double and single strand breaks (alkaline comet assay). In this
work, the alkaline comet assay was used.
Cells were seeded in 6-well plates (9.5 cm2/well) with a density of 1 ∗ 105 cells per well.
Next day, cells were treated with toxin or drugs as described before. For taking samples
at the indicated time points, cells were put on ice, medium of cells was removed, and
cells were scraped off in 1 ml PBS. Samples were spun down for 5 min at 5 krpm in a
table top centrifuge (Heraeus Pico17, Thermo Scientific). Cells were resuspended in 300
µl PBS and put on ice. From there on, samples were kept in the dark. Glass slides fully
frosted on one side were prepared by pipetting 0.6% agarose in water (150 µl per sample)
under a cover glass and were allowed to settle, before the cover glass was removed. 1.2%
low melting temperature (Tm ) agarose was heated in a water bath at 42 ◦C. Cells were
mixed 1:1 with low Tm agarose in 1.5 ml tubes in a water bath at 42 ◦C to a total volume
of 300 µl. 150 µl of that mixture was pipetted onto the agarose layer on the prepared
glass slides, covered with a cover glass and allowed to settle at 4 ◦C for 30 min. After the
cover glass was removed from the settled samples, pre-chilled (30 min at −20 ◦C) Lysis
buffer was completed by addition of DMSO and TritonX-100 and samples were lysed
in 4 ml buffer per sample slide for 1 h at 4 ◦C. Next, slides were equilibrated in freshly
prepared electrophoresis buffer for 45 min at 4 ◦C. Then, electrophoresis was carried out
for 25 min at 12 V. To neutralise the samples, slides were incubated in 4 ml per slide of
0.4 M Tris pH 7 for at least 1 h or up several days at 4 ◦C.
Cells were stained immediately before imaging with a SYBR green solution (Invitrogen,
S7563). Comets were scored on a microscope with a 10x Plan Fluor objective on Nikon
inverted microscope and analysed with software Comet Assay IV.

Lysis buffer:
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compound concentration
NaCl 2.5 M
EDTA 0.1 M
Tris pH 10 10 mM
10 M NaOH to titrate to pH 10
complete lysis buffer before use with:
DMSO 1%
TritonX-100 1%

Electrophoresis buffer:

compound concentration
EDTA 1 mM
Tris pH 10 10 mM
NaOH 50 mM
complete lysis buffer before use with:
DMSO 1%

9.7.5 Senescence-associated β-galactosidase assay

Cells were seeded in 4-well tissue culture plates (1.9 cm2/well) the day before treatment.
Next day, cells were pulse-chase treated with typhoid toxin or doxorubicin as described
above. Cells were chased for several days. To stain for senescent cells, a Senescence
β-Galactosidase Staining Kit (Cell Singaling Technology, 9860) was used according to
manufacturer’s instruction. Briefly, medium was removed and cells washed once with
PBS. Cells were fixed with fixative solution (200 µl/well) at RT for 10 - 15 min. Next,
cells were washed twice with PBS. Cells were stained with 250 µl SA-β-galactosidase
staining solution at pH 6.0 overnight at 37 ◦C in plates sealed with parafilm to prevent
evaporation and formation of crystals. Next day, cells were checked with a brightfield
microscope for development of blue colour. Once blue colour had developed, staining
solution was removed and cells were overlayed with 70% glycerol and stored at 4 ◦C until
imaging.
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9.7.6 Microarray

Microarrays were used for transcriptome analysis. Cells were seeded one day before
intoxication into T75 tissue culture flasks for a 30% confluency in DMEM supplemented
with 10% FBS and PenStrep. The next day, toxin treatment with TOX (5 ng/ml) or
TOX-H160Q (5 ng/ml) as a negative control was carried out as described with a pulse
for 2 h followed by three washes with PBS and a 48 h chase in DMEM supplemented
with 10% FBS and PenStrep. After 48 h, cells were collected by trypsinisation. RNA
was isolated as described above.
Samples were analysed at the SITraN (kindly supported by Paul Heath) on Clariom™S
assay, human (ThermoFisher Scientific, 902927). Analysis was performed with Tran-
scriptome Analysis Console 4.0 software (Applied Biosystems, Thermo Fisher Scientific).
Only genes with a fold change of ≥ 1.5 and a p value of ≤ 0.01 were considered for
further analysis.
The gene list was analysed using the online tool DAVID 6.8 (Database for Annotation,
Visualization and Integrated Discovery) and ‘Functional Annotation’ function, and was
clustered using the GO terms for biological processes, cellular component, and molecular
function.
For visualisation of interactions, STRING online tool was used.

9.8 Statistical Analysis
For statistical analysis, GraphPad Prism 7 software was used. At least two experiments in
duplicates were used for statistical analysis, if not otherwise indicated. Use of statistical
tests is indicated in the figure legends. Significance is indicated with for adjusted P value
with ns i.e. non-significant for p > 0.05, * for p ≤ 0.05, ** for p < 0.01, *** for p <
0.001, and **** for p < 0.0001.



Bibliography

[1] Abraham, R. T. (1998). Mammalian target of rapamycin: immunosuppressive drugs
uncover a novel pathway of cytokine receptor signaling. Current opinion in immunology,
10(3):330–336.

[2] Agarwal, M. L., Agarwal, A., Taylor, W. R., Chernova, O., Sharma, Y., and Stark,
G. R. (1998). A p53-dependent S-phase checkpoint helps to protect cells from DNA
damage in response to starvation for pyrimidine nucleotides. Proceedings of the National
Academy of Sciences, 95(25):14775–14780.

[3] Agarwal, M. L., Agarwal, A., Taylor, W. R., and Stark, G. R. (1995). p53 controls both
the G2/M and the G1 cell cycle checkpoints and mediates reversible growth arrest in
human fibroblasts. Proceedings of the National Academy of Sciences, 92(18):8493–8497.

[4] Ahn, J.-Y., Schwarz, J. K., Piwnica-Worms, H., and Canman, C. E. (2000). Threonine
68 phosphorylation by ataxia telangiectasia mutated is required for efficient activation
of Chk2 in response to ionizing radiation. Cancer research, 60(21):5934–5936.

[5] Aird, K. M., Worth, A. J., Snyder, N. W., Lee, J. V., Sivanand, S., Liu, Q., Blair, I. A.,
Wellen, K. E., and Zhang, R. (2015). ATM couples replication stress and metabolic
reprogramming during cellular senescence. Cell reports, 11(6):893–901.

[6] Alby, F., Mazars, R., de Rycke, J., Guillou, E., Baldin, V., Darbon, J.-M., and
Ducommun, B. (2001). Study of the cytolethal distending toxin (CDT)-activated cell
cycle checkpoint: Involvement of the CHK2 kinase. FEBS letters, 491(3):261–265.

[7] Alouf, J. E. (2000). Bacterial protein toxins. In Bacterial toxins: Methods and
protocols, pages 1–26. Springer.

[8] Anantha, R. W., Vassin, V. M., and Borowiec, J. A. (2007). Sequential and synergistic
modification of human RPA stimulates chromosomal DNA repair. Journal of Biological
Chemistry, 282(49):35910–35923.

[9] Anderson, L., Henderson, C., and Adachi, Y. (2001). Phosphorylation and rapid
relocalization of 53bp1 to nuclear foci upon dna damage. Molecular and cellular biology,
21(5):1719–1729.

[10] Angello, J. C., Pendergrass, W. R., Norwood, T. H., and Prothero, J. (1987).
Proliferative potential of human fibroblasts: an inverse dependence on cell size. Journal
of cellular physiology, 132(1):125–130.



260 Bibliography

[11] Ashkenazi, A. and Dixit, V. M. (1998). Death receptors: signaling and modulation.
Science, pages 1305–1308.

[12] Bader, M. W., Sanowar, S., Daley, M. E., Schneider, A. R., Cho, U., Xu, W., Klevit,
R. E., Le Moual, H., and Miller, S. I. (2005). Recognition of antimicrobial peptides by
a bacterial sensor kinase. Cell, 122(3):461–472.

[13] Baker, S., Duy, P. T., Nga, T. V. T., Dung, T. T. N., Phat, V. V., Chau, T. T.,
Turner, A. K., Farrar, J., and Boni, M. F. (2013). Fitness benefits in fluoroquinolone-
resistant Salmonella Typhi in the absence of antimicrobial pressure. Elife, 2:e01229.

[14] Bakkenist, C. J. and Kastan, M. B. (2003). DNA damage activates ATM through
intermolecular autophosphorylation and dimer dissociation. Nature, 421(6922):499.

[15] Baldock, R. A., Day, M., Wilkinson, O. J., Cloney, R., Jeggo, P. A., Oliver, A. W.,
Watts, F. Z., and Pearl, L. H. (2015). ATM localization and heterochromatin repair
depend on direct interaction of the 53BP1-BRCT2 domain with γH2AX. Cell reports,
13(10):2081–2089.

[16] Balmus, G., Zhu, M., Mukherjee, S., Lyndaker, A. M., Hume, K. R., Lee, J., Riccio,
M. L., Reeves, A. P., Sutter, N. B., Noden, D. M., et al. (2012). Disease severity in a
mouse model of ataxia telangiectasia is modulated by the DNA damage checkpoint
gene Hus1. Human molecular genetics, 21(15):3408–3420.

[17] Banin, S., Moyal, L., Shieh, S.-Y., Taya, Y., Anderson, C., Chessa, L., Smorodinsky,
N., Prives, C., Reiss, Y., Shiloh, Y., et al. (1998). Enhanced phosphorylation of p53
by ATM in response to DNA damage. Science, 281(5383):1674–1677.

[18] Baranovskiy, A. G., Babayeva, N. D., Suwa, Y., Gu, J., Pavlov, Y. I., and Tahirov,
T. H. (2014). Structural basis for inhibition of DNA replication by aphidicolin. Nucleic
acids research, 42(22):14013–14021.

[19] Bártová, E., Krejčí, J., Harničarová, A., Galiová, G., and Kozubek, S. (2008).
Histone modifications and nuclear architecture: a review. Journal of Histochemistry
&amp; Cytochemistry, 56(8):711–721.

[20] Behar, S. M., Divangahi, M., and Remold, H. G. (2010). Evasion of innate im-
munity by Mycobacterium tuberculosis: is death an exit strategy? Nature Reviews
Microbiology, 8(9):668.

[21] Bélanger, F., Fortier, E., Dubé, M., Lemay, J.-F., Buisson, R., Masson, J.-Y.,
Elsherbiny, A., Costantino, S., Carmona, E., Mes-Masson, A.-M., et al. (2018). Repli-
cation Protein A Availability During DNA Replication Stress Is a Major Determinant
of Cisplatin Resistance in Ovarian Cancer Cells. Cancer research, pages canres–0618.

[22] Belluz, L. D. B., Guidi, R., Pateras, I. S., Levi, L., Mihaljevic, B., Rouf, S. F.,
Wrande, M., Candela, M., Turroni, S., Nastasi, C., et al. (2016). The typhoid toxin
promotes host survival and the establishment of a persistent asymptomatic infection.
PLoS pathogens, 12(4):e1005528.



Bibliography 261

[23] Bendixen, C., Thomsen, B., Alsner, J., and Westergaard, O. (1990). Camptothecin-
stabilized topoisomerase I-DNA adducts cause premature termination of transcription.
Biochemistry, 29(23):5613–5619.

[24] Bertrand, R., Solary, E., O’Connor, P., Kohn, K. W., and Pommier, Y. (1994).
Induction of a common pathway of apoptosis by staurosporine. Experimental cell
research, 211(2):314–321.

[25] Bétermier, M., Bertrand, P., and Lopez, B. S. (2014). Is non-homologous end-joining
really an inherently error-prone process? PLoS genetics, 10(1):e1004086.

[26] Beuzón, C. R., Méresse, S., Unsworth, K. E., Ruíz-Albert, J., Garvis, S., Waterman,
S. R., Ryder, T. A., Boucrot, E., and Holden, D. W. (2000). Salmonella maintains the
integrity of its intracellular vacuole through the action of SifA. The EMBO journal,
19(13):3235–3249.

[27] Bewersdorf, J., Bennett, B. T., and Knight, K. L. (2006). H2AX chromatin structures
and their response to DNA damage revealed by 4Pi microscopy. Proceedings of the
National Academy of Sciences, 103(48):18137–18142.

[28] Bezine, E., Malaisé, Y., Loeuillet, A., Chevalier, M., Boutet-Robinet, E., Salles, B.,
Mirey, G., and Vignard, J. (2016). Cell resistance to the Cytolethal Distending Toxin
involves an association of DNA repair mechanisms. Scientific reports, 6.

[29] Bezine, E., Vignard, J., and Mirey, G. (2014). The cytolethal distending toxin effects
on Mammalian cells: a DNA damage perspective. Cells, 3(2):592–615.

[30] Bhargava, R., Onyango, D. O., and Stark, J. M. (2016). Regulation of single-strand
annealing and its role in genome maintenance. Trends in Genetics, 32(9):566–575.

[31] Bhutta, Z. A., Khan, M. I., Soofi, S. B., and Ochiai, R. L. (2011). New advances
in typhoid Fever vaccination strategies. In Hot Topics in Infection and Immunity in
Children VII, pages 17–39. Springer.

[32] Blackford, A. N. and Jackson, S. P. (2017). ATM, ATR, and DNA-PK: The Trinity
at the Heart of the DNA Damage Response. Molecular Cell, 66(6):801–817.

[33] Blazkova, H., Krejcikova, K., Moudry, P., Frisan, T., Hodny, Z., and Bartek, J.
(2010). Bacterial intoxication evokes cellular senescence with persistent DNA damage
and cytokine signalling. Journal of cellular and molecular medicine, 14(1-2):357–367.

[34] Bosch, S., Tauxe, R. V., and Behravesh, C. B. (2016). Turtle-associated salmonellosis,
United States, 2006–2014. Emerging infectious diseases, 22(7):1149.

[35] Botuyan, M. V., Lee, J., Ward, I. M., Kim, J.-E., Thompson, J. R., Chen, J.,
and Mer, G. (2006). Structural basis for the methylation state-specific recognition of
histone H4-K20 by 53BP1 and Crb2 in DNA repair. Cell, 127(7):1361–1373.

[36] Bousset, K. and Diffley, J. F. (1998). The Cdc7 protein kinase is required for origin
firing during S phase. Genes &amp; development, 12(4):480–490.



262 Bibliography

[37] Bradley, S. F. and Kauffman, C. A. (1990). Aging and the response to Salmonella
infection.

[38] Broers, J., Ramaekers, F., Bonne, G., Yaou, R. B., and Hutchison, C. (2006).
Nuclear lamins: laminopathies and their role in premature ageing. Physiological
reviews, 86(3):967–1008.

[39] Brown, S. P., Cornell, S. J., Sheppard, M., Grant, A. J., Maskell, D. J., Grenfell,
B. T., and Mastroeni, P. (2006). Intracellular demography and the dynamics of
Salmonella enterica infections. PLoS biology, 4(11):e349.

[40] Bryans, M., Valenzano, M. C., and Stamato, T. D. (1999). Absence of DNA ligase IV
protein in XR-1 cells: evidence for stabilization by XRCC4. Mutation Research/DNA
Repair, 433(1):53–58.

[41] BUGLER, B., CAIZERGUES-FERRER, M., BOUCHE, G., BOURBON, H., and
AMALRIC, F. (1982). Detection and localization of a class of proteins immunologically
related to a 100-KDa nucleolar protein. European journal of biochemistry, 128(2-3):475–
480.

[42] Burns, D. L. and Manclark, C. R. (1986). Adenine nucleotides promote dissociation
of pertussis toxin subunits. Journal of Biological Chemistry, 261(9):4324–4327.

[43] Cadet, J., Anselmino, C., Douki, T., and Voituriez, L. (1992). New trends in
photobiology: Photochemistry of nucleic acids in cells. Journal of Photochemistry and
Photobiology B: Biology, 15(4):277–298.

[44] Canman, C. E., Lim, D.-S., Cimprich, K. A., Taya, Y., Tamai, K., Sakaguchi, K.,
Appella, E., Kastan, M. B., and Siliciano, J. D. (1998). Activation of the ATM kinase
by ionizing radiation and phosphorylation of p53. Science, 281(5383):1677–1679.

[45] Cann, K. L. and Dellaire, G. (2010). Heterochromatin and the DNA damage
response: the need to relax. Biochemistry and cell biology, 89(1):45–60.

[46] Canny, M. D., Moatti, N., Wan, L. C., Fradet-Turcotte, A., Krasner, D., Mateos-
Gomez, P. A., Zimmermann, M., Orthwein, A., Juang, Y.-C., Zhang, W., et al.
(2018). Inhibition of 53BP1 favors homology-dependent DNA repair and increases
CRISPR–Cas9 genome-editing efficiency. Nature biotechnology, 36(1):95.

[47] Capasso, H., Palermo, C., Wan, S., Rao, H., John, U. P., O’Connell, M. J., and
Walworth, N. C. (2002). Phosphorylation activates Chk1 and is required for checkpoint-
mediated cell cycle arrest. Journal of cell science, 115(23):4555–4564.

[48] Caron, P., Choudjaye, J., Clouaire, T., Bugler, B., Daburon, V., Aguirrebengoa, M.,
Mangeat, T., Iacovoni, J. S., Álvarez-Quilón, A., Cortés-Ledesma, F., et al. (2015).
Non-redundant functions of ATM and DNA-PKcs in response to DNA double-strand
breaks. Cell reports, 13(8):1598–1609.

[49] Chakraborty, S., Mizusaki, H., and Kenney, L. J. (2015). A FRET-based DNA
biosensor tracks OmpR-dependent acidification of Salmonella during macrophage
infection. PLoS biology, 13(4):e1002116.



Bibliography 263

[50] Chan, K., Baker, S., Kim, C. C., Detweiler, C. S., Dougan, G., and Falkow, S.
(2003). Genomic comparison of Salmonella enterica serovars and Salmonella bongori by
use of an S. enterica serovar Typhimurium DNA microarray. Journal of bacteriology,
185(2):553–563.

[51] Chang, S.-J., Song, J., and Galán, J. E. (2016). Receptor-Mediated sorting of
typhoid toxin during its export from Salmonella typhi-infected cells. Cell host &amp;
microbe, 20(5):682–689.

[52] Chapman, J. R., Barral, P., Vannier, J.-B., Borel, V., Steger, M., Tomas-Loba,
A., Sartori, A. A., Adams, I. R., Batista, F. D., and Boulton, S. J. (2013). RIF1 is
essential for 53BP1-dependent nonhomologous end joining and suppression of DNA
double-strand break resection. Molecular cell, 49(5):858–871.

[53] Chau, T. T., Campbell, J. I., Galindo, C. M., Hoang, N. V. M., Diep, T. S., Nga,
T. T. T., Chau, N. V. V., Tuan, P. Q., Page, A. L., Ochiai, R. L., et al. (2007).
Antimicrobial drug resistance of salmonella enterica serovar typhi in asia and molecular
mechanism of reduced susceptibility to the fluoroquinolones. Antimicrobial agents and
chemotherapy, 51(12):4315–4323.

[54] Chen, H., Ruiz, P. D., McKimpson, W. M., Novikov, L., Kitsis, R. N., and Gamble,
M. J. (2015). MacroH2A1 and ATM play opposing roles in paracrine senescence and
the senescence-associated secretory phenotype. Molecular cell, 59(5):719–731.

[55] Cheng, Q., Chen, L., Li, Z., Lane, W. S., and Chen, J. (2009). ATM activates
p53 by regulating MDM2 oligomerization and E3 processivity. The EMBO journal,
28(24):3857–3867.

[56] Choi, J. and Groisman, E. A. (2016). Acidic pH sensing in the bacterial cytoplasm
is required for Salmonella virulence. Molecular microbiology, 101(6):1024–1038.

[57] Choi, J.-H., Lindsey-Boltz, L. A., Kemp, M., Mason, A. C., Wold, M. S., and Sancar,
A. (2010). Reconstitution of RPA-covered single-stranded DNA-activated ATR-Chk1
signaling. Proceedings of the National Academy of Sciences, 107(31):13660–13665.

[58] Chou, H.-H., Hayakawa, T., Diaz, S., Krings, M., Indriati, E., Leakey, M., Paabo, S.,
Satta, Y., Takahata, N., and Varki, A. (2002). Inactivation of CMP-N-acetylneuraminic
acid hydroxylase occurred prior to brain expansion during human evolution. Proceedings
of the National Academy of Sciences, 99(18):11736–11741.

[59] Choudhury, A. D., Xu, H., and Baer, R. (2004). Ubiquitination and proteasomal
degradation of the brca1 tumor suppressor is regulated during cell cycle progression.
Journal of Biological Chemistry, 279(32):33909–33918.

[60] Cirillo, D. M., Valdivia, R. H., Monack, D. M., and Falkow, S. (1998). Macrophage-
dependent induction of the Salmonella pathogenicity island 2 type III secretion system
and its role in intracellular survival. Molecular microbiology, 30(1):175–188.

[61] Clanton, D., Riggsby, W., and Miller, R. (1979). NgoII, a restriction endonuclease
from Neisseria gonorrhoeae. Journal of bacteriology, 137(3):1299–1307.



264 Bibliography

[62] Cobb, A. M., Larrieu, D., Warren, D. T., Liu, Y., Srivastava, S., Smith, A. J.,
Bowater, R. P., Jackson, S. P., and Shanahan, C. M. (2016). Prelamin A impairs
53BP1 nuclear entry by mislocalizing NUP153 and disrupting the Ran gradient. Aging
cell, 15(6):1039–1050.

[63] Cohen, G. M. (1997). Caspases: the executioners of apoptosis. Biochemical Journal,
326(1):1–16.

[64] COLLINS, A. and OATES, D. J. (1987). Hydroxyurea: effects on deoxyribonucleotide
pool sizes correlated with effects on DNA repair in mammalian cells. European journal
of biochemistry, 169(2):299–305.

[65] Comings, D. (1980). Arrangement of chromatin in the nucleus. Human genetics,
53(2):131–143.

[66] Coppé, J.-P., Desprez, P.-Y., Krtolica, A., and Campisi, J. (2010). The senescence-
associated secretory phenotype: the dark side of tumor suppression. Annual Review of
Pathological Mechanical Disease, 5:99–118.

[67] Cortes, F., Gonzalez-Gil, G., and Lopez-Saez, J. (1980). Differential staining of late
replicating DNA-rich regions in Allium cepa chromosomes. Caryologia, 33(2):193–202.

[68] Cortes-Bratti, X., Chaves-Olarte, E., Lagergård, T., and Thelestam, M. (1999). The
cytolethal distending toxin from the chancroid bacterium Haemophilus ducreyi induces
cell-cycle arrest in the G2 phase. Journal of Clinical Investigation, 103(1):107.

[69] Cortes-Bratti, X., Chaves-Olarte, E., Lagergård, T., and Thelestam, M. (2000).
Cellular internalization of cytolethal distending toxin from Haemophilus ducreyi.
Infection and immunity, 68(12):6903–6911.

[70] Cortes-Bratti, X., Karlsson, C., Lagergård, T., Thelestam, M., and Frisan, T. (2001).
The Haemophilus ducreyi cytolethal distending toxin induces cell cycle arrest and
apoptosis via the DNA damage checkpoint pathways. Journal of Biological Chemistry,
276(7):5296–5302.

[71] Cougnoux, A., Dalmasso, G., Martinez, R., Buc, E., Delmas, J., Gibold, L., Sauvanet,
P., Darcha, C., Déchelotte, P., Bonnet, M., et al. (2014). Bacterial genotoxin colibactin
promotes colon tumour growth by inducing a senescence-associated secretory phenotype.
Gut, 63(12):1932–1942.

[72] Cowell, I. G., Sunter, N. J., Singh, P. B., Austin, C. A., Durkacz, B. W., and Tilby,
M. J. (2007). γh2ax foci form preferentially in euchromatin after ionising-radiation.
PloS one, 2(10):e1057.

[73] Crawford, R. W., Rosales-Reyes, R., de la Luz Ramírez-Aguilar, M., Chapa-Azuela,
O., Alpuche-Aranda, C., and Gunn, J. S. (2010). Gallstones play a significant role
in Salmonella spp. gallbladder colonization and carriage. Proceedings of the National
Academy of Sciences, page 201000862.

[74] Crump, J. A., Luby, S. P., and Mintz, E. D. (2004). The global burden of typhoid
fever. Bulletin of the World Health Organization, 82:346–353.



Bibliography 265

[75] Crump, J. A. and Mintz, E. D. (2010). Global trends in typhoid and paratyphoid
fever. Clinical Infectious Diseases, 50(2):241–246.

[76] Cuevas-Ramos, G., Petit, C. R., Marcq, I., Boury, M., Oswald, E., and Nougayrède,
J.-P. (2010). Escherichia coli induces DNA damage in vivo and triggers genomic
instability in mammalian cells. Proceedings of the National Academy of Sciences,
107(25):11537–11542.

[77] Daley, J. M. and Sung, P. (2014). 53BP1, BRCA1 and the choice between recombi-
nation and end joining at DNA double-strand breaks. Molecular and cellular biology,
pages MCB–01639.

[78] D’Amours, D. and Jackson, S. P. (2002). The Mre11 complex: at the crossroads of
DNA repair and checkpoint signalling. Nature reviews Molecular cell biology, 3(5):317.

[79] Darzynkiewicz, Z., Halicka, H. D., Zhao, H., and Podhorecka, M. (2011). Cell
synchronization by inhibitors of DNA replication induces replication stress and DNA
damage response: analysis by flow cytometry. In Cell Cycle Synchronization, pages
85–96. Springer.

[80] Das, A., Grotsky, D. A., Neumann, M. A., Kreienkamp, R., Gonzalez-Suarez, I.,
Redwood, A. B., Kennedy, B. K., Stewart, C. L., and Gonzalo, S. (2013). Lamin A
∆exon9 mutation leads to telomere and chromatin defects but not genomic instability.
Nucleus, 4(5):410–419.

[81] de Feraudy, S., Revet, I., Bezrookove, V., Feeney, L., and Cleaver, J. E. (2010). A
minority of foci or pan-nuclear apoptotic staining of γH2AX in the S phase after UV
damage contain DNA double-strand breaks. Proceedings of the National Academy of
Sciences, 107(15):6870–6875.

[82] De Rycke, J. and Oswald, E. (2001). Cytolethal distending toxin (CDT): a bacterial
weapon to control host cell proliferation? FEMS microbiology letters, 203(2):141–148.

[83] Dechat, T., Pfleghaar, K., Sengupta, K., Shimi, T., Shumaker, D. K., Solimando,
L., and Goldman, R. D. (2008). Nuclear lamins: major factors in the structural
organization and function of the nucleus and chromatin. Genes &amp; development,
22(7):832–853.

[84] Dellaire, G., Kepkay, R., and Bazett-Jones, D. P. (2009). High resolution imaging
of changes in the structure and spatial organization of chromatin, γ-H2A. X and the
MRN complex within etoposide-induced DNA repair foci. Cell Cycle, 8(22):3750–3769.

[85] den Bakker, H. C., Switt, A. I. M., Govoni, G., Cummings, C. A., Ranieri, M. L.,
Degoricija, L., Hoelzer, K., Rodriguez-Rivera, L. D., Brown, S., Bolchacova, E., et al.
(2011). Genome sequencing reveals diversification of virulence factor content and
possible host adaptation in distinct subpopulations of Salmonella enterica. BMC
genomics, 12(1):425.

[86] Deng, L., Song, J., Gao, X., Wang, J., Yu, H., Chen, X., Varki, N., Naito-Matsui,
Y., Galán, J. E., and Varki, A. (2014). Host adaptation of a bacterial toxin from the
human pathogen Salmonella Typhi. Cell, 159(6):1290–1299.



266 Bibliography

[87] Deng, W., Liou, S.-R., Plunkett III, G., Mayhew, G. F., Rose, D. J., Burland, V.,
Kodoyianni, V., Schwartz, D. C., and Blattner, F. R. (2003). Comparative genomics
of Salmonella enterica serovar Typhi strains Ty2 and CT18. Journal of bacteriology,
185(7):2330–2337.

[88] Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano,
E. E., Linskens, M., Rubelj, I., and Pereira-Smith, O. (1995). A biomarker that
identifies senescent human cells in culture and in aging skin in vivo. Proceedings of the
National Academy of Sciences, 92(20):9363–9367.

[89] Ding, D., Zhang, Y., Wang, J., Zhang, X., Gao, Y., Yin, L., Li, Q., Li, J., and
Chen, H. (2016). Induction and inhibition of the pan-nuclear gamma-H2AX response
in resting human peripheral blood lymphocytes after X-ray irradiation. Cell death
discovery, 2:16011.

[90] Ding, Q., Reddy, Y. V., Wang, W., Woods, T., Douglas, P., Ramsden, D. A.,
Lees-Miller, S. P., and Meek, K. (2003). Autophosphorylation of the catalytic subunit
of the DNA-dependent protein kinase is required for efficient end processing during
DNA double-strand break repair. Molecular and cellular biology, 23(16):5836–5848.

[91] Dlakić, M. (2000). Functionally unrelated signalling proteins contain a fold similar
to Mg2+-dependent endonucleases. Trends in biochemical sciences, 25(6):272–273.

[92] Dongol, S., Thompson, C. N., Clare, S., Nga, T. V. T., Duy, P. T., Karkey, A.,
Arjyal, A., Koirala, S., Khatri, N. S., Maskey, P., et al. (2012). The microbiological
and clinical characteristics of invasive Salmonella in gallbladders from cholecystectomy
patients in Kathmandu, Nepal. PloS one, 7(10):e47342.

[93] Dougan, G. and Baker, S. (2014). Salmonella enterica serovar Typhi and the
pathogenesis of typhoid fever. Annual review of microbiology, 68:317–336.

[94] Drake, J. W. (1970). The molecular basis of mutation.

[95] Dumble, M., Moore, L., Chambers, S. M., Geiger, H., Van Zant, G., Goodell, M. A.,
and Donehower, L. A. (2007). The impact of altered p53 dosage on hematopoietic
stem cell dynamics during aging. Blood, 109(4):1736–1742.

[96] Dutta, U., Garg, P. K., Kumar, R., and Tandon, R. K. (2000). Typhoid carriers
among patients with gallstones are at increased risk for carcinoma of the gallbladder.
The American journal of gastroenterology, 95(3):784.

[97] E. Lomax, M., K. Gulston, M., and O’Neill, P. (2002). Chemical aspects of clustered
DNA damage induction by ionising radiation. Radiation protection dosimetry, 99(1-
4):63–68.

[98] Edsall, G., Gaines, S., Landy, M., Tigertt, W., Sprinz, H., Trapani, R.-J., Mandel,
A. D., and Benenson, A. (1960). Studies on infection and immunity in experimental
typhoid fever: I. Typhoid fever in chimpanzees orally infected with Salmonella typhosa.
Journal of Experimental Medicine, 112(1):143–166.



Bibliography 267

[99] El-Deiry, W. S., Tokino, T., Velculescu, V. E., Levy, D. B., Parsons, R., Trent, J. M.,
Lin, D., Mercer, W. E., Kinzler, K. W., and Vogelstein, B. (1993). WAF1, a potential
mediator of p53 tumor suppression. Cell, 75(4):817–825.

[100] Eliezer, Y., Argaman, L., Rhie, A., Doherty, A. J., and Goldberg, M. (2009). The
direct interaction between 53BP1 and MDC1 is required for the recruitment of 53BP1
to sites of damage. Journal of Biological Chemistry, 284(1):426–435.

[101] Elwell, C., Chao, K., Patel, K., and Dreyfus, L. (2001). Escherichia coli CdtB me-
diates cytolethal distending toxin cell cycle arrest. Infection and immunity, 69(5):3418–
3422.

[102] Elwell, C. A. and Dreyfus, L. A. (2000). DNase I homologous residues in CdtB are
critical for cytolethal distending toxin-mediated cell cycle arrest. Molecular microbiology,
37(4):952–963.

[103] Enari, M., Sakahira, H., Yokoyama, H., Okawa, K., Iwamatsu, A., and Nagata,
S. (1998). A caspase-activated DNase that degrades DNA during apoptosis, and its
inhibitor ICAD. Nature, 391(6662):43.

[104] Enoch, T., Carr, A. M., and Nurse, P. (1992). Fission yeast genes involved in
coupling mitosis to completion of DNA replication. Genes &amp; Development,
6(11):2035–2046.

[105] Eshraghi, A., Maldonado-Arocho, F. J., Gargi, A., Cardwell, M. M., Prouty, M. G.,
Blanke, S. R., and Bradley, K. A. (2010). Cytolethal distending toxin family members
are differentially affected by alterations in host glycans and membrane cholesterol.
Journal of Biological Chemistry, 285(24):18199–18207.

[106] Fåhraeus, R., Paramio, J. M., Ball, K. L., Laín, S., and Lane, D. P. (1996).
Inhibition of prb phosphorylation and cell-cycle progression by a 20-residue peptide
from p16cdkn2/ink4a. Current Biology, 6(1):84–91.

[107] Fahrer, J., Huelsenbeck, J., Jaurich, H., Dörsam, B., Frisan, T., Eich, M., Roos,
W. P., Kaina, B., and Fritz, G. (2014). Cytolethal distending toxin (CDT) is a
radiomimetic agent and induces persistent levels of DNA double-strand breaks in
human fibroblasts. DNA repair, 18:31–43.

[108] Feasey, N. A., Gaskell, K., Wong, V., Msefula, C., Selemani, G., Kumwenda, S.,
Allain, T. J., Mallewa, J., Kennedy, N., Bennett, A., et al. (2015). Rapid emergence of
multidrug resistant, H58-lineage Salmonella typhi in Blantyre, Malawi. PLoS neglected
tropical diseases, 9(4):e0003748.

[109] Fedor, Y., Vignard, J., Nicolau-Travers, M.-L., Boutet-Robinet, E., Watrin, C.,
Salles, B., and Mirey, G. (2013). From single-strand breaks to double-strand breaks
during S-phase: a new mode of action of the Escherichia coli Cytolethal Distending
Toxin. Cellular microbiology, 15(1):1–15.

[110] Fernandez-Capetillo, O., Mahadevaiah, S. K., Celeste, A., Romanienko, P. J.,
Camerini-Otero, R. D., Bonner, W. M., Manova, K., Burgoyne, P., and Nussenzweig, A.
(2003). H2AX is required for chromatin remodeling and inactivation of sex chromosomes
in male mouse meiosis. Developmental cell, 4(4):497–508.



268 Bibliography

[111] Figueira, R. and Holden, D. W. (2012). Functions of the Salmonella pathogenicity
island 2 (SPI-2) type III secretion system effectors. Microbiology, 158(5):1147–1161.

[112] Finlay, B. B. and Falkow, S. (1990). Salmonella interactions with polarized human
intestinal Caco-2 epithelial cells. Journal of Infectious Diseases, 162(5):1096–1106.

[113] Flor, A. C., Wolfgeher, D., Wu, D., and Kron, S. J. (2017). A signature of enhanced
lipid metabolism, lipid peroxidation and aldehyde stress in therapy-induced senescence.
Cell death discovery, 3:17075.

[114] Flores-Romero, H., Garcia-Porras, M., and Basañez, G. (2017). Membrane insertion
of the bax core, but not latch domain, drives apoptotic pore formation. Scientific
reports, 7(1):16259.

[115] Fong, Y. W., Cattoglio, C., and Tjian, R. (2013). The intertwined roles of
transcription and repair proteins. Molecular cell, 52(3):291–302.

[116] Fowler, C. C. and Galán, J. E. (2018). Decoding a Salmonella Typhi regulatory
network that controls typhoid toxin expression within human cells. Cell host &amp;
microbe, 23(1):65–76.

[117] Fox, J. G., Rogers, A. B., Whary, M. T., Ge, Z., Taylor, N. S., Xu, S., Horwitz, B. H.,
and Erdman, S. E. (2004). Gastroenteritis in NF-κB-deficient mice is produced with
wild-type Camplyobacter jejuni but not with C. jejuni lacking cytolethal distending
toxin despite persistent colonization with both strains. Infection and immunity,
72(2):1116–1125.

[118] Francis, C. L., Ryan, T. A., Jones, B. D., Smith, S. J., and Falkow, S. (1993).
Ruffles induced by Salmonella and other stimuli direct macropinocytosis of bacteria.
Nature, 364(6438):639.

[119] Freund, A., Orjalo, A. V., Desprez, P.-Y., and Campisi, J. (2010). Inflammatory
networks during cellular senescence: causes and consequences. Trends in molecular
medicine, 16(5):238–246.

[120] Frisan, T., Cortes-Bratti, X., Chaves-Olarte, E., Stenerlöw, B., and Thelestam, M.
(2003). The Haemophilus ducreyi cytolethal distending toxin induces DNA double-
strand breaks and promotes ATM-dependent activation of RhoA. Cellular microbiology,
5(10):695–707.

[121] Frit, P., Barboule, N., Yuan, Y., Gomez, D., and Calsou, P. (2014). Alternative
end-joining pathway (s): bricolage at dna breaks. DNA repair, 17:81–97.

[122] Fujimura, Y. (1986). Functional morphology of microfold cells (M cells) in Peyer’s
patches. Gastroenterologia Japonica, 21(4):325–334.

[123] Furnari, B., Rhind, N., and Russell, P. (1997). Cdc25 mitotic inducer targeted by
chk1 DNA damage checkpoint kinase. Science, 277(5331):1495–1497.

[124] Galán, J. E. (1999). Interaction of Salmonella with host cells through the centisome
63 type III secretion system. Current opinion in microbiology, 2(1):46–50.



Bibliography 269

[125] Galán, J. E. (2009). Common themes in the design and function of bacterial
effectors. Cell host &amp; microbe, 5(6):571–579.

[126] Galán, J. E. (2016). Typhoid toxin provides a window into typhoid fever and
the biology of Salmonella Typhi. Proceedings of the National Academy of Sciences,
113(23):6338–6344.

[127] Galan, J. E. (2017). ETOX conferrence, Paris, personal communication.

[128] Galán, J. E. and Collmer, A. (1999). Type III secretion machines: bacterial devices
for protein delivery into host cells. Science, 284(5418):1322–1328.

[129] Galan, J. E. and Curtiss, R. (1989). Cloning and molecular characterization of
genes whose products allow Salmonella typhimurium to penetrate tissue culture cells.
Proceedings of the National Academy of Sciences, 86(16):6383–6387.

[130] Galán, J. E., Lara-Tejero, M., Marlovits, T. C., and Wagner, S. (2014). Bacterial
type III secretion systems: specialized nanomachines for protein delivery into target
cells. Annual review of microbiology, 68:415–438.

[131] Gan, W., Guan, Z., Liu, J., Gui, T., Shen, K., Manley, J. L., and Li, X. (2011).
R-loop-mediated genomic instability is caused by impairment of replication fork
progression. Genes &amp; development, 25(19):2041–2056.

[132] Gao, X., Deng, L., Stack, G., Yu, H., Chen, X., Naito-Matsui, Y., Varki, A., and
Galán, J. E. (2017). Evolution of host adaptation in the Salmonella typhoid toxin.
Nature microbiology, 2(12):1592.

[133] Gargi, A., Reno, M., and Blanke, S. R. (2012). Bacterial toxin modulation of the
eukaryotic cell cycle: are all cytolethal distending toxins created equally? Frontiers in
cellular and infection microbiology, 2:124.

[134] Gillespie, P. J. and Blow, J. (2010). Clusters, factories and domains: The complex
structure of S phase comes into focus. Cell Cycle, 9(16):3238–3246.

[135] Glover, T. W., Berger, C., Coyle, J., and Echo, B. (1984). DNA polymerase α
inhibition by aphidicolin induces gaps and breaks at common fragile sites in human
chromosomes. Human genetics, 67(2):136–142.

[136] Gonzalez-Escobedo, G., Marshall, J. M., and Gunn, J. S. (2011). Chronic and
acute infection of the gall bladder by Salmonella Typhi: understanding the carrier
state. Nature Reviews Microbiology, 9(1):9.

[137] Guerra, L., Nemec, K. N., Massey, S., Tatulian, S. A., Thelestam, M., Frisan, T.,
and Teter, K. (2009). A novel mode of translocation for cytolethal distending toxin.
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 1793(3):489–495.

[138] Guerra, L., Teter, K., Lilley, B. N., Stenerlöw, B., Holmes, R. K., Ploegh, H. L.,
Sandvig, K., Thelestam, M., and Frisan, T. (2005). Cellular internalization of cytolethal
distending toxin: a new end to a known pathway. Cellular microbiology, 7(7):921–934.



270 Bibliography

[139] Guidi, R., Belluz, L. D. B., and Frisan, T. (2016). Bacterial genotoxin functions as
immune-modulator and promotes host survival. Microbial Cell, 3(8):355.

[140] Guidi, R., Guerra, L., Levi, L., Stenerlöw, B., Fox, J. G., Josenhans, C., Masucci,
M. G., and Frisan, T. (2013a). Chronic exposure to the cytolethal distending toxins
of Gram-negative bacteria promotes genomic instability and altered DNA damage
response. Cellular microbiology, 15(1):98–113.

[141] Guidi, R., Levi, L., Rouf, S. F., Puiac, S., Rhen, M., and Frisan, T. (2013b).
Salmonella enterica delivers its genotoxin through outer membrane vesicles secreted
from infected cells. Cellular microbiology, 15(12):2034–2050.

[142] Gunn, J. S., Marshall, J. M., Baker, S., Dongol, S., Charles, R. C., and Ryan,
E. T. (2014). Salmonella chronic carriage: epidemiology, diagnosis, and gallbladder
persistence. Trends in microbiology, 22(11):648–655.

[143] Gupta, M., Fujimori, A., and Pommier, Y. (1995). Eukaryotic dna topoisomerases
i. Biochimica et Biophysica Acta (BBA)-Gene Structure and Expression, 1262(1):1–14.

[144] Gustafsson, M. G., Shao, L., Carlton, P. M., Wang, C. R., Golubovskaya, I. N.,
Cande, W. Z., Agard, D. A., and Sedat, J. W. (2008). Three-dimensional resolution
doubling in wide-field fluorescence microscopy by structured illumination. Biophysical
journal, 94(12):4957–4970.

[145] Haghjoo, E. and Galán, J. E. (2004). Salmonella typhiencodes a functional cytolethal
distending toxin that is delivered into host cells by a bacterial-internalization pathway.
Proceedings of the National Academy of Sciences of the United States of America,
101(13):4614–4619.

[146] Haghjoo, E. and Galán, J. E. (2007). Identification of a transcriptional regulator
that controls intracellular gene expression in Salmonella Typhi. Molecular microbiology,
64(6):1549–1561.

[147] Hardt, W.-D., Chen, L.-M., Schuebel, K. E., Bustelo, X. R., and Galán, J. E.
(1998). S. Typhimurium encodes an activator of Rho GTPases that induces membrane
ruffling and nuclear responses in host cells. Cell, 93(5):815–826.

[148] Hassane, D. C., Lee, R. B., Mendenhall, M. D., and Pickett, C. L. (2001). Cytolethal
distending toxin demonstrates genotoxic activity in a yeast model. Infection and
immunity, 69(9):5752–5759.

[149] Hassane, D. C., Lee, R. B., and Pickett, C. L. (2003). Campylobacter jejuni
cytolethal distending toxin promotes DNA repair responses in normal human cells.
Infection and immunity, 71(1):541–545.

[150] Haupt, Y., Maya, R., Kazaz, A., and Oren, M. (1997). Mdm2 promotes the rapid
degradation of p53. nature, 387(6630):296.

[151] Hayflick, L. and Moorhead, P. S. (1961). The serial cultivation of human diploid
cell strains. Experimental cell research, 25(3):585–621.



Bibliography 271

[152] Hayward, M. R., Jansen, V. A., and Woodward, M. J. (2013). Comparative
genomics of Salmonella enterica serovars Derby and Mbandaka, two prevalent serovars
associated with different livestock species in the UK. BMC genomics, 14(1):365.

[153] Hazes, B. and Read, R. J. (1997). Accumulating evidence suggests that several
AB-toxins subvert the endoplasmic reticulum-associated protein degradation pathway
to enter target cells. Biochemistry, 36(37):11051–11054.

[154] Hedlund, M., Tangvoranuntakul, P., Takematsu, H., Long, J. M., Housley, G. D.,
Kozutsumi, Y., Suzuki, A., Wynshaw-Boris, A., Ryan, A. F., Gallo, R. L., et al. (2007).
N-glycolylneuraminic acid deficiency in mice: implications for human biology and
evolution. Molecular and cellular biology, 27(12):4340–4346.

[155] Heidenreich, E., Novotny, R., Kneidinger, B., Holzmann, V., and Wintersberger,
U. (2003). Non-homologous end joining as an important mutagenic process in cell
cycle-arrested cells. The EMBO journal, 22(9):2274–2283.

[156] Heintzman, N. D., Stuart, R. K., Hon, G., Fu, Y., Ching, C. W., Hawkins, R. D.,
Barrera, L. O., Van Calcar, S., Qu, C., Ching, K. A., et al. (2007). Distinct and
predictive chromatin signatures of transcriptional promoters and enhancers in the
human genome. Nature genetics, 39(3):311.

[157] Hensel, M. (2000). Salmonella pathogenicity island 2. Molecular microbiology,
36(5):1015–1023.

[158] Hensel, M. (2004). Evolution of pathogenicity islands of Salmonella enterica.
International Journal of Medical Microbiology, 294(2-3):95–102.

[159] Hermiston, M. L., Zikherman, J., and Zhu, J. W. (2009). CD45, CD148, and
Lyp/Pep: critical phosphatases regulating Src family kinase signaling networks in
immune cells. Immunological reviews, 228(1):288–311.

[160] Hernandez-Segura, A., de Jong, T. V., Melov, S., Guryev, V., Campisi, J., and
Demaria, M. (2017). Unmasking transcriptional heterogeneity in senescent cells.
Current Biology, 27(17):2652–2660.

[161] Hernandez-Segura, A., Nehme, J., and Demaria, M. (2018). Hallmarks of Cellular
Senescence. Trends in cell biology.

[162] Hersh, D., Monack, D. M., Smith, M. R., Ghori, N., Falkow, S., and Zychlinsky,
A. (1999). The Salmonella invasin SipB induces macrophage apoptosis by binding to
caspase-1. Proceedings of the National Academy of Sciences, 96(5):2396–2401.

[163] Hickey, T. E., Majam, G., and Guerry, P. (2005). Intracellular survival of Campy-
lobacter jejuni in human monocytic cells and induction of apoptotic death by cytholethal
distending toxin. Infection and immunity, 73(8):5194.

[164] Hilton, B. A., Liu, J., Cartwright, B. M., Liu, Y., Breitman, M., Wang, Y., Jones,
R., Tang, H., Rusinol, A., Musich, P. R., et al. (2017). Progerin sequestration of PCNA
promotes replication fork collapse and mislocalization of XPA in laminopathy-related
progeroid syndromes. The FASEB Journal, 31(9):3882–3893.



272 Bibliography

[165] Hinojosa, E., Boyd, A. R., and Orihuela, C. J. (2009). Age-associated inflammation
and toll-like receptor dysfunction prime the lungs for pneumococcal pneumonia. The
Journal of infectious diseases, 200(4):546–554.

[166] Hodak, H. and Galan, J. E. (2013). A Salmonella Typhi homologue of bacteriophage
muramidases controls typhoid toxin secretion. EMBO reports, 14(1):95–102.

[167] Hofstetter, H. H., Shive, C. L., and Forsthuber, T. G. (2002). Pertussis toxin
modulates the immune response to neuroantigens injected in incomplete Freund’s
adjuvant: induction of Th1 cells and experimental autoimmune encephalomyelitis in the
presence of high frequencies of Th2 cells. The Journal of Immunology, 169(1):117–125.

[168] Holt, D. J. and Grainger, D. W. (2012). Senescence and quiescence induced
compromised function in cultured macrophages. Biomaterials, 33(30):7497–7507.

[169] Holt, K. E., Phan, M. D., Baker, S., Duy, P. T., Nga, T. V. T., Nair, S., Turner,
A. K., Walsh, C., Fanning, S., Farrell-Ward, S., et al. (2011). Emergence of a globally
dominant IncHI1 plasmid type associated with multiple drug resistant typhoid. PLoS
neglected tropical diseases, 5(7):e1245.

[170] Holt, K. E., Thomson, N. R., Wain, J., Langridge, G. C., Hasan, R., Bhutta, Z. A.,
Quail, M. A., Norbertczak, H., Walker, D., Simmonds, M., et al. (2009). Pseudogene
accumulation in the evolutionary histories of Salmonella enterica serovars Paratyphi A
and Typhi. BMC genomics, 10(1):36.

[171] Homburg, S., Oswald, E., Hacker, J., and Dobrindt, U. (2007). Expression analysis
of the colibactin gene cluster coding for a novel polyketide in Escherichia coli. FEMS
microbiology letters, 275(2):255–262.

[172] Hone, D. M., Attridge, S., Forrest, B., Morona, R., Daniels, D., LaBrooy, J.,
Bartholomeusz, R., Shearman, D., and Hackett, J. (1988). A galE via (Vi antigen-
negative) mutant of Salmonella typhi Ty2 retains virulence in humans. Infection and
immunity, 56(5):1326–1333.

[173] Hornsby, P. J. (2007). Senescence as an anticancer mechanism. Journal of Clinical
Oncology, 25(14):1852–1857.

[174] House, D., Bishop, A., Parry, C., Dougan, G., and Wain, J. (2001). Typhoid fever:
pathogenesis and disease. Current opinion in infectious diseases, 14(5):573–578.

[175] Hsiang, Y.-H., Hertzberg, R., Hecht, S., and Liu, L. (1985). Camptothecin induces
protein-linked DNA breaks via mammalian DNA topoisomerase I. Journal of Biological
Chemistry, 260(27):14873–14878.

[176] Hu, B., Lara-Tejero, M., Kong, Q., Galán, J. E., and Liu, J. (2017). In situ molecular
architecture of the Salmonella type III secretion machine. Cell, 168(6):1065–1074.

[177] Hu, X., Nesic, D., and Stebbins, C. (2006). Comparative structure–function analysis
of cytolethal distending toxins. Proteins: Structure, Function, and Bioinformatics,
62(2):421–434.



Bibliography 273

[178] Huff, J. (2015). The Airyscan detector from ZEISS: confocal imaging with improved
signal-to-noise ratio and super-resolution. Nature methods, 12(12).

[179] Iacovoni, J. S., Caron, P., Lassadi, I., Nicolas, E., Massip, L., Trouche, D., and
Legube, G. (2010). High-resolution profiling of γH2AX around DNA double strand
breaks in the mammalian genome. The EMBO journal, 29(8):1446–1457.

[180] Ichim, G., Lopez, J., Ahmed, S. U., Muthalagu, N., Giampazolias, E., Delgado,
M. E., Haller, M., Riley, J. S., Mason, S. M., Athineos, D., et al. (2015). Limited
mitochondrial permeabilization causes DNA damage and genomic instability in the
absence of cell death. Molecular cell, 57(5):860–872.

[181] Ikegami, S., TAGUCHI, T., OHASHI, M., OGURO, M., NAGANO, H., and MANO,
Y. (1978). Aphidicolin prevents mitotic cell division by interfering with the activity of
DNA polymerase-α. Nature, 275(5679):458–460.

[182] Innocente, S. A., Abrahamson, J. L., Cogswell, J. P., and Lee, J. M. (1999). p53
regulates a g2 checkpoint through cyclin b1. Proceedings of the National Academy of
Sciences, 96(5):2147–2152.

[183] Isono, M., Niimi, A., Oike, T., Hagiwara, Y., Sato, H., Sekine, R., Yoshida, Y.,
Isobe, S.-Y., Obuse, C., Nishi, R., et al. (2017). BRCA1 directs the repair pathway
to homologous recombination by promoting 53BP1 dephosphorylation. Cell reports,
18(2):520–532.

[184] Italiani, P. and Boraschi, D. (2014). From monocytes to M1/M2 macrophages:
phenotypical vs. functional differentiation. Frontiers in immunology, 5:514.

[185] Iwabuchi, K., Basu, B. P., Kysela, B., Kurihara, T., Shibata, M., Guan, D., Cao,
Y., Hamada, T., Imamura, K., Jeggo, P. A., et al. (2003). Potential role for 53BP1 in
DNA end-joining repair through direct interaction with DNA. Journal of Biological
Chemistry.

[186] Jakob, B., Splinter, J., Conrad, S., Voss, K.-O., Zink, D., Durante, M., Löbrich,
M., and Taucher-Scholz, G. (2011). DNA double-strand breaks in heterochromatin
elicit fast repair protein recruitment, histone H2AX phosphorylation and relocation to
euchromatin. Nucleic acids research, 39(15):6489–6499.

[187] Janis, C., Grant, A. J., McKinley, T. J., Morgan, F. J., John, V. F., Houghton, J.,
Kingsley, R. A., Dougan, G., and Mastroeni, P. (2011). In vivo regulation of the vi
antigen in salmonella and induction of immune responses with an in vivo inducible
promoter. Infection and immunity.

[188] Jazayeri, A., Falck, J., Lukas, C., Bartek, J., Smith, G. C., Lukas, J., and Jackson,
S. P. (2006). ATM-and cell cycle-dependent regulation of ATR in response to DNA
double-strand breaks. Nature cell biology, 8(1):37.

[189] Jiang, K., Pereira, E., Maxfield, M., Russell, B., Goudelock, D. M., and Sanchez,
Y. (2003). Regulation of Chk1 includes chromatin association and 14-3-3 binding
following phosphorylation on Ser345. Journal of Biological Chemistry.



274 Bibliography

[190] Jinadasa, R. N., Bloom, S. E., Weiss, R. S., and Duhamel, G. E. (2011). Cytolethal
distending toxin: a conserved bacterial genotoxin that blocks cell cycle progression,
leading to apoptosis of a broad range of mammalian cell lineages. Microbiology,
157(7):1851–1875.

[191] Johnson, W. and Lior, H. (1988). A new heat-labile cytolethal distending toxin
(CLDT) produced by Escherichia coli isolates from clinical material. Microbial patho-
genesis, 4(2):103–113.

[192] Jones, B. D. and Falkow, S. (1996). Salmonellosis: Host immune responses and
bacterial virulence determinants 1. Annual review of immunology, 14(1):533–561.

[193] Kamanova, J., Sun, H., Lara-Tejero, M., and Galán, J. E. (2016). The Salmonella
effector protein SopA modulates innate immune responses by targeting TRIM E3
ligase family members. PLoS pathogens, 12(4):e1005552.

[194] Kammerer, R. A. and Benoit, R. M. (2014). Botulinum neurotoxins: new questions
arising from structural biology. Trends in biochemical sciences, 39(11):517–526.

[195] Kannouche, P. and Lehmann, A. (2006). Localization of Y-family polymerases and
the DNA polymerase switch in mammalian cells. Methods in enzymology, 408:407–415.

[196] Kashosi, T. M., Muhandule, A. B., Mwenebitu, D. L., Mihuhi, N., Mutendela,
J. K., and Mubagwa, K. (2018). Antibio-résistance des souches de Salmonella spp
isolées d’hémocultures à Bukavu en RD Congo. The Pan African Medical Journal, 29.

[197] Katada, T., Tamura, M., and Ui, M. (1983). The A protomer of islet-activating pro-
tein, pertussis toxin, as an active peptide catalyzing ADP-ribosylation of a membrane
protein. Archives of biochemistry and biophysics, 224(1):290–298.

[198] Kathe, S. D., Shen, G.-P., and Wallace, S. S. (2004). Single-stranded breaks
in DNA but not oxidative DNA base damages block transcriptional elongation by
RNA polymerase II in HeLa cell nuclear extracts. Journal of Biological Chemistry,
279(18):18511–18520.

[199] Kaufmann, S. H., Desnoyers, S., Ottaviano, Y., Davidson, N. E., and Poirier, G. G.
(1993). Specific proteolytic cleavage of poly (ADP-ribose) polymerase: an early marker
of chemotherapy-induced apoptosis. Cancer research, 53(17):3976–3985.

[200] Keitel, W. A., Bond, N. L., Zahradnik, J. M., Cramton, T. A., and Robbins, J. B.
(1994). Clinical and serological responses following primary and booster immunization
with Salmonella typhi Vi capsular polysaccharide vaccines. Vaccine, 12(3):195–199.

[201] Kelly, T. J. and Brown, G. W. (2000). Regulation of chromosome replication.
Annual review of biochemistry, 69(1):829–880.

[202] Kemmerich, F. E., Daldrop, P., Pinto, C., Levikova, M., Cejka, P., and Seidel,
R. (2016). Force regulated dynamics of RPA on a DNA fork. Nucleic acids research,
44(12):5837–5848.



Bibliography 275

[203] Kerr, J. F., Wyllie, A. H., and Currie, A. R. (1972). Apoptosis: a basic biological
phenomenon with wideranging implications in tissue kinetics. British journal of cancer,
26(4):239.

[204] Kidgell, C., Reichard, U., Wain, J., Linz, B., Torpdahl, M., Dougan, G., and
Achtman, M. (2002). Salmonella typhi, the causative agent of typhoid fever, is
approximately 50,000 years old. Infection, Genetics and Evolution, 2(1):39–45.

[205] Kim, J.-A., Kruhlak, M., Dotiwala, F., Nussenzweig, A., and Haber, J. E. (2007).
Heterochromatin is refractory to γ-H2AX modification in yeast and mammals. The
Journal of cell biology, 178(2):209–218.

[206] Kinner, A., Wu, W., Staudt, C., and Iliakis, G. (2008). γ-H2AX in recognition
and signaling of DNA double-strand breaks in the context of chromatin. Nucleic acids
research, 36(17):5678–5694.

[207] Kleiner, R. E., Verma, P., Molloy, K. R., Chait, B. T., and Kapoor, T. M. (2015).
Chemical proteomics reveals a γH2AX-53BP1 interaction in the DNA damage response.
Nature chemical biology, 11(10):807.

[208] Kohbata, S., Yokoyama, H., and Yabuuchi, E. (1986). Cytopathogenic effect of
Salmonella typhi GIFU 10007 on M cells of murine ileal Peyer’s patches in ligated ileal
loops: an ultrastructural study. Microbiology and immunology, 30(12):1225–1237.

[209] Kozlov, S. V., Graham, M. E., Jakob, B., Tobias, F., Kijas, A. W., Tanuji, M., Chen,
P., Robinson, P. J., Taucher-Scholz, G., Suzuki, K., et al. (2010). Autophosphorylation
and ATM activation: additional sites add to the complexity. Journal of Biological
Chemistry, pages jbc–M110.

[210] Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V., and Kastan, M. B. (1992). Wild-type
p53 is a cell cycle checkpoint determinant following irradiation. Proceedings of the
National Academy of Sciences, 89(16):7491–7495.

[211] Kuluncsics, Z., Perdiz, D., Brulay, E., Muel, B., and Sage, E. (1999). Wavelength
dependence of ultraviolet-induced DNA damage distribution: involvement of direct or
indirect mechanisms and possible artefacts.

[212] Kumagai, A., Lee, J., Yoo, H. Y., and Dunphy, W. G. (2006). TopBP1 activates
the ATR-ATRIP complex. Cell, 124(5):943–955.

[213] Kunkel, T. A. and Loeb, L. A. (1981). Fidelity of mammalian DNA polymerases.
Science, 213(4509):765–767.

[214] Kuo, H. K., Griffith, J. D., and Kreuzer, K. N. (2007). 5-Azacytidine–Induced
Methyltransferase-DNA Adducts Block DNA Replication In vivo. Cancer research,
67(17):8248–8254.

[215] Kuzminov, A. (2001). Single-strand interruptions in replicating chromosomes cause
double-strand breaks. Proceedings of the National Academy of Sciences, 98(15):8241–
8246.



276 Bibliography

[216] Labarca, C. and Paigen, K. (1980). A simple, rapid, and sensitive DNA assay
procedure. Analytical biochemistry, 102(2):344–352.

[217] Lafon-Hughes, L., Di Tomaso, M. V., Liddle, P., Toledo, A., Reyes-Ábalos, A. L.,
and Folle, G. A. (2013). Preferential localization of γH2AX foci in euchromatin of
retina rod cells after DNA damage induction. Chromosome research, 21(8):789–803.

[218] Lai, C., Chan, R., Cheng, A., Sung, J., and Leung, J. (1992). Common bile duct
stones: a cause of chronic salmonellosis. American Journal of Gastroenterology, 87(9).

[219] Lanh, M. N., Van Bay, P., Ho, V. A., Thanh, T. C., Lin, F. Y. C., Bryla, D. A.,
Chu, C., Schiloach, J., Robbins, J. B., Schneerson, R., et al. (2003). Persistent efficacy
of Vi conjugate vaccine against typhoid fever in young children. New England Journal
of Medicine, 349(14):1390–1391.

[220] Lara-Tejero, M. and Galán, J. E. (2000). A bacterial toxin that controls cell cycle
progression as a deoxyribonuclease I-like protein. Science, 290(5490):354–357.

[221] Lara-Tejero, M. and Galán, J. E. (2002). Cytolethal distending toxin: limited
damage as a strategy to modulate cellular functions. Trends in microbiology, 10(3):147–
152.

[222] Lazebnik, Y., Kaufmann, S., Desnoyers, S., Poirier, G., and Earnshaw, W. (1994).
Cleavage of poly (ADP-ribose) polymerase by a proteinase with properties like ICE.
Nature, 371(6495):346.

[223] Lazebnik, Y. A., Takahashi, A., Moir, R. D., Goldman, R. D., Poirier, G. G.,
Kaufmann, S. H., and Earnshaw, W. C. (1995). Studies of the lamin proteinase reveal
multiple parallel biochemical pathways during apoptotic execution. Proceedings of the
National Academy of Sciences, 92(20):9042–9046.

[224] Lee, C.-S., Lee, K., Legube, G., and Haber, J. E. (2014). Dynamics of yeast histone
H2A and H2B phosphorylation in response to a double-strand break. Nature structural
&amp; molecular biology, 21(1):103.

[225] Legartová, S., Stixová, L., Laur, O., Kozubek, S., Sehnalová, P., and Bártová,
E. (2014). Nuclear structures surrounding internal lamin invaginations. Journal of
cellular biochemistry, 115(3):476–487.

[226] Leung, K. and Finlay, B. (1991). Intracellular replication is essential for the
virulence of Salmonella typhimurium. Proceedings of the National Academy of Sciences,
88(24):11470–11474.

[227] Levine, M. M., Black, R. E., and Lanata, C. (1982). Precise estimation of the
numbers of chronic carriers of Salmonella typhi in Santiago, Chile, an endemic area.
The Journal of infectious diseases, 146(6):724–726.

[228] Lewinska, A. and Wnuk, M. (2017). Helicobacter pylori-induced premature senes-
cence of extragastric cells may contribute to chronic skin diseases. Biogerontology,
18(2):293–299.



Bibliography 277

[229] Li, H., Zhu, H., Xu, C.-j., and Yuan, J. (1998). Cleavage of BID by caspase 8
mediates the mitochondrial damage in the Fas pathway of apoptosis. Cell, 94(4):491–
501.

[230] Li, L., Sharipo, A., Chaves-Olarte, E., Masucci, M. G., Levitsky, V., Thelestam, M.,
and Frisan, T. (2002). The Haemophilus ducreyi cytolethal distending toxin activates
sensors of DNA damage and repair complexes in proliferating and non-proliferating
cells. Cellular microbiology, 4(2):87–99.

[231] Li, X. and Manley, J. L. (2005). Inactivation of the SR protein splicing factor
ASF/SF2 results in genomic instability. Cell, 122(3):365–378.

[232] Liao, E., Hsu, Y., Chuah, Q., Lee, Y., Hu, J., Huang, T., Yang, P., and Chiu,
S. (2014). Radiation induces senescence and a bystander effect through metabolic
alterations. Cell death &amp; disease, 5(5):e1255.

[233] Lindahl, T. and Barnes, D. (2000). Repair of endogenous DNA damage. In Cold
Spring Harbor symposia on quantitative biology, volume 65, pages 127–134. Cold Spring
Harbor Laboratory Press.

[234] Linzer, D. I. and Levine, A. J. (1979). Characterization of a 54K dalton cellular
SV40 tumor antigen present in SV40-transformed cells and uninfected embryonal
carcinoma cells. Cell, 17(1):43–52.

[235] Liu, Q., Guntuku, S., Cui, X.-S., Matsuoka, S., Cortez, D., Tamai, K., Luo, G.,
Carattini-Rivera, S., DeMayo, F., Bradley, A., et al. (2000). Chk1 is an essential kinase
that is regulated by Atr and required for the G2/M DNA damage checkpoint. Genes
&amp; development, 14(12):1448–1459.

[236] Liu, S., Opiyo, S. O., Manthey, K., Glanzer, J. G., Ashley, A. K., Amerin, C.,
Troksa, K., Shrivastav, M., Nickoloff, J. A., and Oakley, G. G. (2012). Distinct roles
for DNA-PK, ATM and ATR in RPA phosphorylation and checkpoint activation in
response to replication stress. Nucleic acids research, 40(21):10780–10794.

[237] Liu, S., Shiotani, B., Lahiri, M., Maréchal, A., Tse, A., Leung, C. C. Y., Glover,
J. M., Yang, X. H., and Zou, L. (2011). ATR autophosphorylation as a molecular
switch for checkpoint activation. Molecular cell, 43(2):192–202.

[238] Locht, C., Coutte, L., and Mielcarek, N. (2011). The ins and outs of pertussis
toxin. The FEBS journal, 278(23):4668–4682.

[239] Lopez Perez, R., Best, G., Nicolay, N. H., Greubel, C., Rossberger, S., Reindl, J.,
Dollinger, G., Weber, K.-J., Cremer, C., and Huber, P. E. (2016). Superresolution light
microscopy shows nanostructure of carbon ion radiation-induced DNA double-strand
break repair foci. The FASEB Journal, 30(8):2767–2776.

[240] Lord, J., Roberts, L., and Lencer, W. (2006). Entry of protein toxins into mam-
malian cells by crossing the endoplasmic reticulum membrane: co-opting basic mecha-
nisms of endoplasmic reticulum-associated degradation. In Dislocation and Degradation
of Proteins from the Endoplasmic Reticulum, pages 149–168. Springer.



278 Bibliography

[241] Lu, C., Zhu, F., Cho, Y.-Y., Tang, F., Zykova, T., Ma, W.-y., Bode, A. M., and
Dong, Z. (2006). Cell apoptosis: requirement of H2AX in DNA ladder formation, but
not for the activation of caspase-3. Molecular cell, 23(1):121–132.

[242] Lukas, J., Herzinger, T., Hansen, K., Moroni, M. C., Resnitzky, D., Helin, K.,
Reed, S. I., and Bartek, J. (1997). Cyclin E-induced S phase without activation of the
pRb/E2F pathway. Genes &amp; Development, 11(11):1479–1492.

[243] Luo, X., Budihardjo, I., Zou, H., Slaughter, C., and Wang, X. (1998). Bid, a Bcl2
interacting protein, mediates cytochrome c release from mitochondria in response to
activation of cell surface death receptors. Cell, 94(4):481–490.

[244] Lynch, M. F., Blanton, E. M., Bulens, S., Polyak, C., Vojdani, J., Stevenson, J.,
Medalla, F., Barzilay, E., Joyce, K., Barrett, T., et al. (2009). Typhoid fever in the
United States, 1999-2006. Jama, 302(8):859–865.

[245] Ma, Y., Pannicke, U., Schwarz, K., and Lieber, M. R. (2002). Hairpin opening
and overhang processing by an Artemis/DNA-dependent protein kinase complex in
nonhomologous end joining and V (D) J recombination. Cell, 108(6):781–794.

[246] Maddocks, O. D., Short, A. J., Donnenberg, M. S., Bader, S., and Harrison, D. J.
(2009). Attaching and effacing Escherichia coli downregulate DNA mismatch repair
protein in vitro and are associated with colorectal adenocarcinomas in humans. PloS
one, 4(5):e5517.

[247] Maddocks, O. D. K., Scanlon, K. M., and Donnenberg, M. S. (2013). An Escherichia
coli effector protein promotes host mutation via depletion of DNA mismatch repair
proteins. MBio, 4(3):e00152–13.

[248] Magwood, S. and Bigland, C. (1962). Salmonellosis in turkeys: Evaluation of
bacteriological and serological evidence of infection. Canadian journal of comparative
medicine and veterinary science, 26(7):151.

[249] Mailand, N., Falck, J., Lukas, C., Syljuåsen, R. G., Welcker, M., Bartek, J., and
Lukas, J. (2000). Rapid destruction of human Cdc25A in response to DNA damage.
Science, 288(5470):1425–1429.

[250] Mallampalli, M. P., Huyer, G., Bendale, P., Gelb, M. H., and Michaelis, S. (2005).
Inhibiting farnesylation reverses the nuclear morphology defect in a HeLa cell model
for Hutchinson-Gilford progeria syndrome. Proceedings of the National Academy of
Sciences, 102(40):14416–14421.

[251] Mangmool, S. and Kurose, H. (2011). Gi/o protein-dependent and-independent
actions of pertussis toxin (PTX). Toxins, 3(7):884–899.

[252] Marchès, O., Ledger, T. N., Boury, M., Ohara, M., Tu, X., Goffaux, F., Mainil,
J., Rosenshine, I., Sugai, M., De Rycke, J., et al. (2003). Enteropathogenic and
enterohaemorrhagic Escherichia coli deliver a novel effector called Cif, which blocks
cell cycle G2/M transition. Molecular microbiology, 50(5):1553–1567.



Bibliography 279

[253] Marineli, F., Tsoucalas, G., Karamanou, M., and Androutsos, G. (2013). Mary
Mallon (1869-1938) and the history of typhoid fever. Annals of Gastroenterology:
Quarterly Publication of the Hellenic Society of Gastroenterology, 26(2):132.

[254] Matangkasombut, O., Wattanawaraporn, R., Tsuruda, K., Ohara, M., Sugai,
M., and Mongkolsuk, S. (2010). Cytolethal distending toxin from Aggregatibacter
actinomycetemcomitans induces DNA damage, S/G2 cell cycle arrest, and caspase-
independent death in a Saccharomyces cerevisiae model. Infection and immunity,
78(2):783–792.

[255] Matherly, L. H., Schuetz, J. D., Westin, E., and Goldman, I. D. (1989). A method
for the synchronization of cultured cells with aphidicolin: application to the large-scale
synchronization of L1210 cells and the study of the cell cycle regulation of thymidylate
synthase and dihydrofolate reductase. Analytical biochemistry, 182(2):338–345.

[256] Matsumoto, S., Shimmoto, M., Kakusho, N., Yokoyama, M., Kanoh, Y., Hayano,
M., Russell, P., and Masai, H. (2010). Hsk1 kinase and Cdc45 regulate replication
stress-induced checkpoint responses in fission yeast. Cell Cycle, 9(23):4627–4637.

[257] Matsuoka, S., Rotman, G., Ogawa, A., Shiloh, Y., Tamai, K., and Elledge, S. J.
(2000). Ataxia telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro.
Proceedings of the National Academy of Sciences, 97(19):10389–10394.

[258] Mattiroli, F., Vissers, J. H., van Dijk, W. J., Ikpa, P., Citterio, E., Vermeulen,
W., Marteijn, J. A., and Sixma, T. K. (2012). RNF168 ubiquitinates K13-15 on
H2A/H2AX to drive DNA damage signaling. Cell, 150(6):1182–1195.

[259] Mayer, M. P., Bueno, L. C., Hansen, E. J., and DiRienzo, J. M. (1999). Identification
of a cytolethal distending toxin gene locus and features of a virulence-associated region
inActinobacillus actinomycetemcomitans. Infection and immunity, 67(3):1227–1237.

[260] Mazin, A. V., Mazina, O. M., Bugreev, D. V., and Rossi, M. J. (2010). Rad54, the
motor of homologous recombination. DNA repair, 9(3):286–302.

[261] McClelland, M., Sanderson, K. E., Spieth, J., Clifton, S. W., Latreille, P., Courtney,
L., Porwollik, S., Ali, J., Dante, M., Du, F., et al. (2001). Complete genome sequence
of Salmonella enterica serovar Typhimurium LT2. Nature, 413(6858):852.

[262] McClelland, R. S., Fowler, V. G., Sanders, L. L., Gottlieb, G., Kong, L. K., Sexton,
D. J., Schmader, K., Lanclos, K. D., and Corey, G. R. (1999). Staphylococcus aureus
bacteremia among elderly vs younger adult patients: comparison of clinical features
and mortality. Archives of internal medicine, 159(11):1244–1247.

[263] McIlwraith, M. J., Van Dyck, E., Masson, J.-Y., Stasiak, A. Z., Stasiak, A., and
West, S. C. (2000). Reconstitution of the strand invasion step of double-strand break
repair using human Rad51 Rad52 and RPA proteins1. Journal of molecular biology,
304(2):151–164.

[264] Mekhail, K. and Moazed, D. (2010). The nuclear envelope in genome organization,
expression and stability. Nature Reviews Molecular Cell Biology, 11(5):317.



280 Bibliography

[265] Meyer, B., Voss, K.-O., Tobias, F., Jakob, B., Durante, M., and Taucher-Scholz, G.
(2013). Clustered DNA damage induces pan-nuclear H2AX phosphorylation mediated
by ATM and DNA–PK. Nucleic acids research, 41(12):6109–6118.

[266] Miller, R. and Wiedmann, M. (2016a). Dynamic duo—the Salmonella cytolethal
distending toxin combines ADP-ribosyltransferase and nuclease activities in a novel
form of the cytolethal distending toxin. Toxins, 8(5):121.

[267] Miller, R. A., Betteken, M. I., Guo, X., Altier, C., Duhamel, G. E., and Wiedmann,
M. (2018). The Typhoid Toxin Produced by the Nontyphoidal Salmonella enterica
Serotype Javiana Is Required for Induction of a DNA Damage Response In Vitro and
Systemic Spread In Vivo. mBio, 9(2):e00467–18.

[268] Miller, R. A. and Wiedmann, M. (2016b). The Cytolethal Distending Toxin
Produced by Nontyphoidal Salmonella Serotypes Javiana, Montevideo, Oranienburg,
and Mississippi Induces DNA Damage in a Manner Similar to That of Serotype Typhi.
MBio, 7(6):e02109–16.

[269] Misselwitz, B., Dilling, S., Vonaesch, P., Sacher, R., Snijder, B., Schlumberger,
M., Rout, S., Stark, M., Von Mering, C., Pelkmans, L., et al. (2011). RNAi screen
of Salmonella invasion shows role of COPI in membrane targeting of cholesterol and
Cdc42. Molecular systems biology, 7(1):474.

[270] Mitchell, D. L. (1988). The relative cytotoxicity of (6–4) photoproducts and
cyclobutane dimers in mammalian cells. Photochemistry and photobiology, 48(1):51–57.

[271] Miyashita, T., Reed, J. C., et al. (1995). Tumor suppressor p53 is a direct
transcriptional activator of the human bax gene. Cell, 80(2):293–300.

[272] Moiseeva, T., Hood, B., Schamus, S., O’Connor, M. J., Conrads, T. P., and
Bakkenist, C. J. (2017). ATR kinase inhibition induces unscheduled origin firing through
a Cdc7-dependent association between GINS and And-1. Nature Communications,
8(1):1392.

[273] Moldovan, G.-L., Pfander, B., and Jentsch, S. (2007). PCNA, the maestro of the
replication fork. Cell, 129(4):665–679.

[274] Montminy, M. (1997). Transcriptional regulation by cyclic AMP. Annual review of
biochemistry, 66(1):807–822.

[275] Mordes, D. A., Glick, G. G., Zhao, R., and Cortez, D. (2008). TopBP1 activates
ATR through ATRIP and a PIKK regulatory domain. Genes &amp; development,
22(11):1478–1489.

[276] Mortimer, P. P. (1999). Mr N the milker, and Dr Koch’s concept of the healthy
carrier. The Lancet, 353(9161):1354–1356.

[277] Musich, P. R. and Zou, Y. (2009). Genomic instability and DNA damage responses
in progeria arising from defective maturation of prelamin A. Aging (Albany NY),
1(1):28.



Bibliography 281

[278] Mustaev, A., Malik, M., Zhao, X., Kurepina, N., Luan, G., Oppegard, L. M., Hiasa,
H., Marks, K. R., Kerns, R. J., Berger, J. M., et al. (2014). Fluoroquinolone-gyrase-
DNA complexes: two modes of drug binding. Journal of Biological Chemistry, pages
jbc–M113.

[279] Nakano, T., Ouchi, R., Kawazoe, J., Pack, S. P., Makino, K., and Ide, H. (2012).
T7 RNA polymerases backed up by covalently trapped proteins catalyze highly error
prone transcription. Journal of Biological Chemistry, 287(9):6562–6572.

[280] Nath, G., Singh, Y. K., Kumar, K., Gulati, A. K., Shukla, V. K., Khanna, A. K.,
Tripathi, S. K., Jain, A. K., Kumar, M., and Singh, T. B. (2008). Association of
carcinoma of the gallbladder with typhoid carriage in a typhoid endemic area using
nested PCR. The Journal of Infection in Developing Countries, 2(04):302–307.

[281] Nelson, G., Kucheryavenko, O., Wordsworth, J., and von Zglinicki, T. (2018). The
senescent bystander effect is caused by ROS-activated NF-κB signalling. Mechanisms
of ageing and development, 170:30–36.

[282] Nesic, D., Hsu, Y., and Stebbins, C. E. (2004). Assembly and function of a bacterial
genotoxin. Nature, 429(6990):429.

[283] Nicolette, M. L., Lee, K., Guo, Z., Rani, M., Chow, J. M., Lee, S. E., and Paull,
T. T. (2010). Mre11–Rad50–Xrs2 and Sae2 promote 5’ strand resection of DNA
double-strand breaks. Nature structural &amp; molecular biology, 17(12):1478.

[284] Niida, H., Katsuno, Y., Banerjee, B., Hande, M. P., and Nakanishi, M. (2007).
Specific role of Chk1 phosphorylations in cell survival and checkpoint activation.
Molecular and cellular biology, 27(7):2572–2581.

[285] Nitiss, J. L. (2009). Targeting DNA topoisomerase II in cancer chemotherapy.
Nature Reviews Cancer, 9(5):338.

[286] Nolan, C., White JR, P., Feeley, J., Brown, S., Hambie, E., and Wong, K.-H. (1981).
Vi serology in the detection of typhoid carriers. The Lancet, 317(8220):583–585.

[287] Nougayrède, J.-P., Taieb, F., De Rycke, J., and Oswald, E. (2005). Cyclomodulins:
bacterial effectors that modulate the eukaryotic cell cycle. Trends in microbiology,
13(3):103–110.

[288] Ohara, M., Hayashi, T., Kusunoki, Y., Miyauchi, M., Takata, T., and Sugai, M.
(2004). Caspase-2 and caspase-7 are involved in cytolethal distending toxin-induced
apoptosis in Jurkat and MOLT-4 T-cell lines. Infection and immunity, 72(2):871–879.

[289] Okuda, J., Kurazono, H., and Takeda, Y. (1995). Distribution of the cytolethal
distending toxin A gene (cdtA) among species of Shigella and Vibrio, and cloning
and sequencing of the cdt gene from Shigella dysenteriae. Microbial pathogenesis,
18(3):167–172.

[290] O’Neill, P. (2001). Radiation-induced damage in DNA. In Studies in Physical and
Theoretical Chemistry, volume 87, pages 585–622. Elsevier.



282 Bibliography

[291] O’Neill, P. and Fielden, E. M. (1993). Primary free radical processes in DNA. In
Advances in radiation biology, volume 17, pages 53–120. Elsevier.

[292] Oosthuysen, W. F., Mueller, T., Dittrich, M. T., and Schubert-Unkmeir, A. (2016).
Neisseria meningitidis causes cell cycle arrest of human brain microvascular endothelial
cells at S phase via p21 and cyclin G 2. Cellular microbiology, 18(1):46–65.

[293] Pan, C. Q., Uumer, J. S., Herzka, A., and Lazarus, R. A. (1998). Mutational
analysis of human DNase I at the DNA binding interface: implications for DNA
recognition, catalysis, and metal ion dependence. Protein science, 7(3):628–636.

[294] Parkhill, J., Dougan, G., James, K., Thomson, N., Pickard, D., Wain, J., Churcher,
C., Mungall, K., Bentley, S., Holden, M., et al. (2001). Complete genome sequence of a
multiple drug resistant Salmonella enterica serovar Typhi CT18. Nature, 413(6858):848.

[295] Parry, C. M., Hien, T. T., Dougan, G., White, N. J., and Farrar, J. J. (2002).
Typhoid Fever.

[296] Patel, J. C. and Galan, J. E. (2005). Manipulation of the host actin cytoskeleton
by Salmonella—all in the name of entry. Current opinion in microbiology, 8(1):10–15.

[297] Paull, T. T., Rogakou, E. P., Yamazaki, V., Kirchgessner, C. U., Gellert, M., and
Bonner, W. M. (2000). A critical role for histone H2AX in recruitment of repair factors
to nuclear foci after DNA damage. Current Biology, 10(15):886–895.

[298] Peasland, A., Wang, L., Rowling, E., Kyle, S., Chen, T., Hopkins, A., Cliby, W.,
Sarkaria, J., Beale, G., Edmondson, R., et al. (2011). Identification and evaluation of
a potent novel ATR inhibitor, NU6027, in breast and ovarian cancer cell lines. British
journal of cancer, 105(3):372.

[299] Pellegata, N. S., Antoniono, R. J., Redpath, J. L., and Stanbridge, E. J. (1996).
Dna damage and p53-mediated cell cycle arrest: a reevaluation. Proceedings of the
National Academy of Sciences, 93(26):15209–15214.

[300] Péré-Védrenne, C., Prochazkova-Carlotti, M., Rousseau, B., He, W., Chambonnier,
L., Sifré, E., Buissonnière, A., Dubus, P., Mégraud, F., Varon, C., et al. (2017).
The Cytolethal Distending Toxin Subunit CdtB of Helicobacter hepaticus Promotes
Senescence and Endoreplication in Xenograft Mouse Models of Hepatic and Intestinal
Cell Lines. Frontiers in cellular and infection microbiology, 7:268.

[301] Pérès, S. Y., Marchès, O., Daigle, F., Nougayrède, J.-P., Hérault, F., Tasca, C.,
De Rycke, J., and Oswald, E. (1997). A new cytolethal distending toxin (CDT) from
Escherichia coli producing CNF2 blocks HeLa cell division in G2/M phase. Molecular
microbiology, 24(5):1095–1107.

[302] Petrova, N. V., Velichko, A. K., Razin, S. V., and Kantidze, O. L. (2016). Small
molecule compounds that induce cellular senescence. Aging Cell, 15(6):999–1017.

[303] Pittman, M. (1979). Pertussis toxin: the cause of the harmful effects and prolonged
immunity of whooping cough. A hypothesis. Reviews of infectious diseases, 1(3):401–
412.



Bibliography 283

[304] Plaut, R. D. and Carbonetti, N. H. (2008). Retrograde transport of pertussis toxin
in the mammalian cell. Cellular microbiology, 10(5):1130–1139.

[305] Pommier, Y., Pourquier, P., Fan, Y., and Strumberg, D. (1998). Mechanism of
action of eukaryotic DNA topoisomerase I and drugs targeted to the enzyme. Biochimica
et Biophysica Acta (BBA)-Gene Structure and Expression, 1400(1-3):83–106.

[306] Prouty, A., Schwesinger, W., and Gunn, J. (2002). Biofilm Formation and Inter-
action with the Surfaces of Gallstones by Salmonella spp. Infection and immunity,
70(5):2640–2649.

[307] Pu, X., Wang, Z., and Klaunig, J. E. (2015). Alkaline comet assay for assessing
DNA damage in individual cells. Current protocols in toxicology, 65(1):3–12.

[308] Purven, M., Falsen, E., and Lagergård, T. (1995). Cytotoxin production in 100
strains of Haemophilus ducreyi from different geographic locations. FEMS microbiology
letters, 129(2-3):221–224.

[309] Raffatellu, M., Chessa, D., Wilson, R. P., Dusold, R., Rubino, S., and Bäumler,
A. J. (2005). The Vi capsular antigen of Salmonella enterica serotype Typhi reduces
Toll-like receptor-dependent interleukin-8 expression in the intestinal mucosa. Infection
and immunity, 73(6):3367–3374.

[310] Raffatellu, M., Chessa, D., Wilson, R. P., Tükel, Ç., Akçelik, M., and Bäumler,
A. J. (2006). Capsule-mediated immune evasion: a new hypothesis explaining aspects
of typhoid fever pathogenesis. Infection and immunity, 74(1):19–27.

[311] Raffatellu, M., Wilson, R. P., Winter, S. E., and Baumler, A. J. (2008). Clinical
pathogenesis of typhoid fever. The Journal of Infection in Developing Countries,
2(04):260–266.

[312] Rasheed, S., Nelson-Rees, W. A., Toth, E. M., Arnstein, P., and Gardner, M. B.
(1974). Characterization of a newly derived human sarcoma cell line (ht-1080). Cancer,
33(4):1027–1033.

[313] Rastogi, R. P., Kumar, A., Tyagi, M. B., Sinha, R. P., et al. (2010). Molecular
mechanisms of ultraviolet radiation-induced DNA damage and repair. Journal of
nucleic acids, 2010.

[314] Rea, S., Eisenhaber, F., O’carroll, D., Strahl, B. D., Sun, Z.-W., Schmid, M.,
Opravil, S., Mechtler, K., Ponting, C. P., Allis, C. D., et al. (2000). Regulation of chro-
matin structure by site-specific histone H3 methyltransferases. Nature, 406(6796):593.

[315] Reaper, P. M., Griffiths, M. R., Long, J. M., Charrier, J.-D., MacCormick, S.,
Charlton, P. A., Golec, J. M., and Pollard, J. R. (2011). Selective killing of ATM-
or p53-deficient cancer cells through inhibition of ATR. Nature chemical biology,
7(7):428–430.

[316] Redon, C. E., Dickey, J. S., Bonner, W. M., and Sedelnikova, O. A. (2009). γ-H2AX
as a biomarker of DNA damage induced by ionizing radiation in human peripheral
blood lymphocytes and artificial skin. Advances in Space Research, 43(8):1171–1178.



284 Bibliography

[317] Rodier, F. and Campisi, J. (2011). Four faces of cellular senescence. The Journal
of cell biology, pages jcb–201009094.

[318] Rodier, F., Coppé, J.-P., Patil, C. K., Hoeijmakers, W. A., Muñoz, D. P., Raza,
S. R., Freund, A., Campeau, E., Davalos, A. R., and Campisi, J. (2009). Persistent
DNA damage signalling triggers senescence-associated inflammatory cytokine secretion.
Nature cell biology, 11(8):973.

[319] Rodriguez-Rivera, L. D., Bowen, B. M., den Bakker, H. C., Duhamel, G. E., and
Wiedmann, M. (2015). Characterization of the cytolethal distending toxin (typhoid
toxin) in non-typhoidal Salmonella serovars. Gut pathogens, 7(1):19.

[320] Rogakou, E. P., Boon, C., Redon, C., and Bonner, W. M. (1999). Megabase
chromatin domains involved in DNA double-strand breaks in vivo. The Journal of cell
biology, 146(5):905–916.

[321] Rogakou, E. P., Nieves-Neira, W., Boon, C., Pommier, Y., and Bonner, W. M.
(2000). Initiation of DNA fragmentation during apoptosis induces phosphorylation of
H2AX histone at serine 139. Journal of Biological Chemistry, 275(13):9390–9395.

[322] Rogakou, E. P., Pilch, D. R., Orr, A. H., Ivanova, V. S., and Bonner, W. M. (1998).
DNA double-stranded breaks induce histone H2AX phosphorylation on serine 139.
Journal of biological chemistry, 273(10):5858–5868.

[323] Romano, P., Manniello, A., Aresu, O., Armento, M., Cesaro, M., and Parodi, B.
(2008). Cell line data base: structure and recent improvements towards molecular
authentication of human cell lines. Nucleic acids research, 37(suppl_1):D925–D932.

[324] Rothkamm, K., Krüger, I., Thompson, L. H., and Löbrich, M. (2003). Pathways
of DNA double-strand break repair during the mammalian cell cycle. Molecular and
cellular biology, 23(16):5706–5715.

[325] Roumagnac, P., Weill, F.-X., Dolecek, C., Baker, S., Brisse, S., Chinh, N. T., Le,
T. A. H., Acosta, C. J., Farrar, J., Dougan, G., et al. (2006). Evolutionary history of
Salmonella typhi. Science, 314(5803):1301–1304.

[326] Roux Jr. E, Y. A. (1888). Contribution a l’etude de la diphterie. Ann Inst Pasteur,
2:620–9.

[327] Sabbagh, S. C., Forest, C. G., Lepage, C., Leclerc, J.-M., and Daigle, F. (2010). So
similar, yet so different: uncovering distinctive features in the genomes of Salmonella
enterica serovars Typhimurium and Typhi. FEMS microbiology letters, 305(1):1–13.

[328] Sahu, R., Batra, S., and Srivastava, S. (2009). Activation of ATM/Chk1 by
curcumin causes cell cycle arrest and apoptosis in human pancreatic cancer cells.
British journal of cancer, 100(9):1425.

[329] Saito, S., Goodarzi, A. A., Higashimoto, Y., Noda, Y., Lees-Miller, S. P., Appella,
E., and Anderson, C. W. (2002). ATM mediates phosphorylation at multiple p53 sites,
including Ser46, in response to ionizing radiation. Journal of Biological Chemistry,
277(15):12491–12494.



Bibliography 285

[330] Saito, Y., Murata-Kamiya, N., Hirayama, T., Ohba, Y., and Hatakeyama, M.
(2010). Conversion of Helicobacter pylori CagA from senescence inducer to oncogenic
driver through polarity-dependent regulation of p21. Journal of Experimental Medicine,
207(10):2157–2174.

[331] Saitoh, M., Tanaka, K., Nishimori, K., Makino, S.-i., Kanno, T., Ishihara, R.,
Hatama, S., Kitano, R., Kishima, M., Sameshima, T., et al. (2005). The artAB genes
encode a putative ADP-ribosyltransferase toxin homologue associated with Salmonella
enterica serovar Typhimurium DT104. Microbiology, 151(9):3089–3096.

[332] Sakahira, H., Enari, M., and Nagata, S. (1998). Cleavage of CAD inhibitor in CAD
activation and DNA degradation during apoptosis. Nature, 391(6662):96.

[333] Saksouk, N., Simboeck, E., and Déjardin, J. (2015). Constitutive heterochromatin
formation and transcription in mammals. Epigenetics &amp; chromatin, 8(1):3.

[334] Salvati, E., Rizzo, A., Iachettini, S., Zizza, P., Cingolani, C., D’Angelo, C., Porru,
M., Mondello, C., Aiello, A., Farsetti, A., et al. (2015). A basal level of DNA damage
and telomere deprotection increases the sensitivity of cancer cells to G-quadruplex
interactive compounds. Nucleic acids research, 43(3):1759–1769.

[335] Samba-Louaka, A., Pereira, J. M., Nahori, M.-A., Villiers, V., Deriano, L., Hamon,
M. A., and Cossart, P. (2014). Listeria monocytogenes dampens the DNA damage
response. PLoS pathogens, 10(10):e1004470.

[336] Savill, J. and Fadok, V. (2000). Corpse clearance defines the meaning of cell death.
Nature, 407(6805):784.

[337] Savill, J., Fadok, V., Henson, P., and Haslett, C. (1993). Phagocyte recognition of
cells undergoing apoptosis. Immunology today, 14(3):131–136.

[338] Schiavo, G., Matteoli, M., and Montecucco, C. (2000). Neurotoxins affecting
neuroexocytosis. Physiological reviews, 80(2):717–766.

[339] Scully, R., Chen, J., Ochs, R. L., Keegan, K., Hoekstra, M., Feunteun, J., and
Livingston, D. M. (1997). Dynamic changes of BRCA1 subnuclear location and
phosphorylation state are initiated by DNA damage. Cell, 90(3):425–435.

[340] Secher, T., Samba-Louaka, A., Oswald, E., and Nougayrède, J.-P. (2013). Es-
cherichia coli producing colibactin triggers premature and transmissible senescence in
mammalian cells. PloS one, 8(10):e77157.

[341] Segal-Bendirdjian, E. and Jacquemin-Sablon, A. (1995). Cisplatin resistance in a
murine leukemia cell line is associated with a defective apoptotic process. Experimental
cell research, 218(1):201–212.

[342] Seiwert, N., Neitzel, C., Stroh, S., Frisan, T., Audebert, M., Toulany, M., Kaina,
B., and Fahrer, J. (2017). AKT2 suppresses pro-survival autophagy triggered by DNA
double-strand breaks in colorectal cancer cells. Cell death &amp; disease, 8(8):e3019.

[343] Shechter, D., Costanzo, V., and Gautier, J. (2004). ATR and ATM regulate the
timing of DNA replication origin firing. Nature cell biology, 6(7):648.



286 Bibliography

[344] Shenker, B. J., Boesze-Battaglia, K., Scuron, M. D., Walker, L. P., Zekavat, A.,
and Dlakić, M. (2016). The toxicity of the Aggregatibacter actinomycetemcomitans
cytolethal distending toxin correlates with its phosphatidylinositol-3, 4, 5-triphosphate
phosphatase activity. Cellular microbiology, 18(2):223–243.

[345] Shenker, B. J., Demuth, D. R., and Zekavat, A. (2006). Exposure of lymphocytes
to high doses of Actinobacillus actinomycetemcomitans cytolethal distending toxin
induces rapid onset of apoptosis-mediated DNA fragmentation. Infection and immunity,
74(4):2080–2092.

[346] Shenker, B. J., Dlakić, M., Walker, L. P., Besack, D., Jaffe, E., LaBelle, E.,
and Boesze-Battaglia, K. (2007). A novel mode of action for a microbial-derived
immunotoxin: the cytolethal distending toxin subunit B exhibits phosphatidylinositol
3, 4, 5-triphosphate phosphatase activity. The Journal of Immunology, 178(8):5099–
5108.

[347] Shenker, B. J., Hoffmaster, R. H., Zekavat, A., Yamaguchi, N., Lally, E. T., and
Demuth, D. R. (2001). Induction of apoptosis in human T cells by Actinobacillus
actinomycetemcomitans cytolethal distending toxin is a consequence of G2 arrest of
the cell cycle. The Journal of Immunology, 167(1):435–441.

[348] Shenker, B. J., McKay, T., Datar, S., Miller, M., Chowhan, R., and Demuth, D.
(1999). Actinobacillus actinomycetemcomitans immunosuppressive protein is a member
of the family of cytolethal distending toxins capable of causing a G2 arrest in human
T cells. The Journal of Immunology, 162(8):4773–4780.

[349] Shenker, B. J., Walker, L. P., Zekavat, A., Dlakić, M., and Boesze-Battaglia, K.
(2014). Blockade of the PI-3K signalling pathway by the Aggregatibacter actino-
mycetemcomitans cytolethal distending toxin induces macrophages to synthesize and
secrete pro-inflammatory cytokines. Cellular microbiology, 16(9):1391–1404.

[350] Sherburne, C. K., Lawley, T. D., Gilmour, M. W., Blattner, F., Burland, V.,
Grotbeck, E., Rose, D. J., and Taylor, D. E. (2000). The complete DNA sequence
and analysis of R27, a large IncHI plasmid from Salmonella typhi that is temperature
sensitive for transfer. Nucleic acids research, 28(10):2177–2186.

[351] Sherwood, S. W., Rush, D., Ellsworth, J. L., and Schimke, R. T. (1988). Defining
cellular senescence in IMR-90 cells: a flow cytometric analysis. Proceedings of the
National Academy of Sciences, 85(23):9086–9090.

[352] Shieh, S.-Y., Ikeda, M., Taya, Y., and Prives, C. (1997). Dna damage-induced
phosphorylation of p53 alleviates inhibition by mdm2. Cell, 91(3):325–334.

[353] Shiotani, B. and Zou, L. (2009). Single-stranded DNA orchestrates an ATM-to-ATR
switch at DNA breaks. Molecular cell, 33(5):547–558.

[354] Shu, K.-X., Li, B., and Wu, L.-X. (2007). The p53 network: p53 and its downstream
genes. Colloids and Surfaces B: Biointerfaces, 55(1):10–18.

[355] Sibanda, B. L., Critchlow, S. E., Begun, J., Pei, X. Y., Jackson, S. P., Blundell,
T. L., and Pellegrini, L. (2001). Crystal structure of an Xrcc4–DNA ligase IV complex.
Nature Structural and Molecular Biology, 8(12):1015.



Bibliography 287

[356] Siddiqui, F. J., Rabbani, F., Hasan, R., Nizami, S. Q., and Bhutta, Z. A. (2006).
Typhoid fever in children: some epidemiological considerations from Karachi, Pakistan.
International Journal of Infectious Diseases, 10(3):215–222.

[357] Simpson, L. L. (2000). Identification of the characteristics that underlie botulinum
toxin potency: implications for designing novel drugs. Biochimie, 82(9-10):943–953.

[358] Singh, I., Ozturk, N., Cordero, J., Mehta, A., Hasan, D., Cosentino, C., Sebastian,
C., Krüger, M., Looso, M., Carraro, G., et al. (2015). High mobility group protein-
mediated transcription requires DNA damage marker γ-H2AX. Cell research, 25(7):837.

[359] Singh, M., Hunt, C. R., Pandita, R. K., Kumar, R., Yang, C.-R., Horikoshi, N.,
Bachoo, R., Sarag, S., Story, M. D., Shay, J. W., et al. (2013). Lamin A/C Depletion
Enhances DNA Damage Induced Stalled Replication Fork Arrest. Molecular and
cellular biology, pages MCB–01676.

[360] Sinha, A., Sazawal, S., Kumar, R., Sood, S., Reddaiah, V. P., Singh, B., Rao, M.,
Naficy, A., Clemens, J. D., and Bhan, M. K. (1999). Typhoid fever in children aged
less than 5 years. The Lancet, 354(9180):734–737.

[361] Snyder, M., Hornick, R., McCrumb Jr, F., Morse, L., and Woodward, T. (1963).
Asymptomatic typhoidal bacteremia in volunteers. Antimicrobial agents and chemother-
apy, 161:604.

[362] So, S., Davis, A. J., and Chen, D. J. (2009). Autophosphorylation at serine 1981
stabilizes ATM at DNA damage sites. The Journal of cell biology, 187(7):977–990.

[363] Sokolov, M. V., Smilenov, L. B., Hall, E. J., Panyutin, I. G., Bonner, W. M., and
Sedelnikova, O. A. (2005). Ionizing radiation induces DNA double-strand breaks in
bystander primary human fibroblasts. Oncogene, 24(49):7257.

[364] Solier, S. and Pommier, Y. (2011). MDC1 cleavage by caspase-3: a novel mechanism
for inactivating the DNA damage response during apoptosis. Cancer research, 71(3):906–
913.

[365] Solier, S., Sordet, O., Kohn, K. W., and Pommier, Y. (2009). Death receptor-
induced activation of the Chk2-and histone H2AX-associated DNA damage response
pathways. Molecular and cellular biology, 29(1):68–82.

[366] Solovjeva, L. V., Svetlova, M. P., Chagin, V. O., and Tomilin, N. V. (2007).
Inhibition of transcription at radiation-induced nuclear foci of phosphorylated histone
H2AX in mammalian cells. Chromosome research, 15(6):787–797.

[367] Song, J., Gao, X., and Galán, J. E. (2013). Structure and function of the Salmonella
Typhi chimaeric A (2) B (5) typhoid toxin. Nature, 499(7458):350–354.

[368] Sørensen, B. S., Jensen, P. B., Sehested, M., Jensen, P. S., Kjeldsen, E., Nielsen,
O. F., and Alsner, J. (1994). Antagonistic effect of aclarubicin on camptothecin induced
cytotoxicity: role of topoisomerase I. Biochemical pharmacology, 47(11):2105–2110.



288 Bibliography

[369] Sørensen, C. S., Syljuåsen, R. G., Falck, J., Schroeder, T., Rönnstrand, L., Khanna,
K. K., Zhou, B.-B., Bartek, J., and Lukas, J. (2003). Chk1 regulates the S phase
checkpoint by coupling the physiological turnover and ionizing radiation-induced
accelerated proteolysis of Cdc25A. Cancer cell, 3(3):247–258.

[370] Spanò, S., Ugalde, J. E., and Galán, J. E. (2008). Delivery of a Salmonella Typhi
exotoxin from a host intracellular compartment. Cell host &amp; microbe, 3(1):30–38.

[371] Steed, L. L., Akporiaye, E., and Friedman, R. L. (1992). Bordetella pertussis
induces respiratory burst activity in human polymorphonuclear leukocytes. Infection
and immunity, 60(5):2101–2105.

[372] Stein, P. E., Boodhoo, A., Armstrong, G. D., Cockle, S. A., Klein, M. H., and
Read, R. J. (1994). The crystal structure of pertussis toxin. Structure, 2(1):45–57.

[373] Stucki, M., Clapperton, J. A., Mohammad, D., Yaffe, M. B., Smerdon, S. J., and
Jackson, S. P. (2005). MDC1 directly binds phosphorylated histone H2AX to regulate
cellular responses to DNA double-strand breaks. Cell, 123(7):1213–1226.

[374] Sukegawa, J. and Blobel, G. (1993). A nuclear pore complex protein that contains
zinc finger motifs, binds DNA, and faces the nucleoplasm. Cell, 72(1):29–38.

[375] Tait, S. W. and Green, D. R. (2010). Mitochondria and cell death: outer membrane
permeabilization and beyond. Nature reviews Molecular cell biology, 11(9):621.

[376] Tajbakhsh, J., Gertych, A., Fagg, W. S., Hatada, S., and Fair, J. H. (2011). Early
in vitro differentiation of mouse definitive endoderm is not correlated with progressive
maturation of nuclear DNA methylation patterns. PloS one, 6(7):e21861.

[377] Takeuchi, A. (1967). Electron microscope studies of experimental Salmonella
infection. I. Penetration into the intestinal epithelium by Salmonella typhimurium.
The American journal of pathology, 50(1):109.

[378] Tamura, M., Nogimori, K., Yajima, M., Ase, K., and Ui, M. (1983). A role of the
B-oligomer moiety of islet-activating protein, pertussis toxin, in development of the
biological effects on intact cells. Journal of Biological Chemistry, 258(11):6756–6761.

[379] Tanaka, H., Mendonca, M. S., Bradshaw, P. S., Hoelz, D. J., Malkas, L. H., Meyn,
M. S., and Gilley, D. (2005). Dna damage-induced phosphorylation of the human
telomere-associated protein trf2. Proceedings of the National Academy of Sciences,
102(43):15539–15544.

[380] Tarunina, M. and Jenkins, J. (1993). Human p53 binds dna as a protein homodimer
but monomeric variants retain full transcription transactivation activity. Oncogene,
8(11):3165–3173.

[381] Taylor, R. C., Cullen, S. P., and Martin, S. J. (2008). Apoptosis: controlled
demolition at the cellular level. Nature reviews Molecular cell biology, 9(3):231.

[382] Tewari, M., Mishra, R. R., and Shukla, H. S. (2010). Salmonella Typhi and
gallbladder cancer: report from an endemic region. Hepatobiliary Pancreat Dis Int,
9(5):524–530.



Bibliography 289

[383] Thomas, A., Giesler, T., and White, E. (2000). p53 mediates bcl-2 phosphorylation
and apoptosis via activation of the cdc42/jnk1 pathway. Oncogene, 19(46):5259.

[384] Thomas, D. C., Roberts, J. D., Sabatino, R. D., Myers, T. W., Tan, C. K., Downey,
K. M., So, A. G., Bambara, R. A., and Kunkel, T. A. (1991). Fidelity of mammalian
DNA replication and replicative DNA polymerases. Biochemistry, 30(51):11751–11759.

[385] Toledo, L. I., Altmeyer, M., Rask, M.-B., Lukas, C., Larsen, D. H., Povlsen, L. K.,
Bekker-Jensen, S., Mailand, N., Bartek, J., and Lukas, J. (2013). ATR prohibits
replication catastrophe by preventing global exhaustion of RPA. Cell, 155(5):1088–
1103.

[386] Toledo, L. I., Murga, M., Gutierrez-Martinez, P., Soria, R., and Fernandez-Capetillo,
O. (2008). ATR signaling can drive cells into senescence in the absence of DNA breaks.
Genes &amp; development, 22(3):297–302.

[387] Tsekrekou, M., Stratigi, K., and Chatzinikolaou, G. (2017). The nucleolus: in
genome maintenance and repair. International journal of molecular sciences, 18(7):1411.

[388] Tseng, C. W., Kyme, P. A., Arruda, A., Ramanujan, V. K., Tawackoli, W., and
Liu, G. Y. (2012). Innate immune dysfunctions in aged mice facilitate the systemic
dissemination of methicillin-resistant S. aureus. PLoS One, 7(7):e41454.

[389] Tu, W.-Z., Li, B., Huang, B., Wang, Y., Liu, X.-D., Guan, H., Zhang, S.-M., Tang,
Y., Rang, W.-Q., and Zhou, P.-K. (2013). γH2AX foci formation in the absence of
DNA damage: Mitotic H2AX phosphorylation is mediated by the DNA-PKcs/CHK2
pathway. FEBS letters, 587(21):3437–3443.

[390] Turenne, G. A., Paul, P., Laflair, L., and Price, B. D. (2001). Activation of p53
transcriptional activity requires ATM’s kinase domain and multiple N-terminal serine
residues of p53. Oncogene, 20(37):5100.

[391] Tyner, S. D., Venkatachalam, S., Choi, J., Jones, S., Ghebranious, N., Igelmann,
H., Lu, X., Soron, G., Cooper, B., Brayton, C., et al. (2002). p53 mutant mice that
display early ageing-associated phenotypes. Nature, 415(6867):45.

[392] van Steensel, B. and Belmont, A. S. (2017). Lamina-associated domains: links with
chromosome architecture, heterochromatin, and gene repression. Cell, 169(5):780–791.

[393] van Velkinburgh, J. C. and Gunn, J. S. (1999). PhoP-PhoQ-regulated loci are
required for enhanced bile resistance in Salmonella spp. Infection and immunity,
67(4):1614–1622.

[394] Vassin, V. M., Anantha, R. W., Sokolova, E., Kanner, S., and Borowiec, J. A. (2009).
Human RPA phosphorylation by ATR stimulates DNA synthesis and prevents ssDNA
accumulation during DNA-replication stress. Journal of cell science, 122(22):4070–
4080.

[395] Vassin, V. M., Wold, M. S., and Borowiec, J. A. (2004). Replication protein A
(RPA) phosphorylation prevents RPA association with replication centers. Molecular
and cellular biology, 24(5):1930–1943.



290 Bibliography

[396] Veithen, A., Raze, D., and Locht, C. (2000). Intracellular trafficking and membrane
translocation of pertussis toxin into host cells. International journal of medical
microbiology, 290(4-5):409–413.

[397] Velmurugan, K., Chen, B., Miller, J. L., Azogue, S., Gurses, S., Hsu, T., Glickman,
M., Jacobs Jr, W. R., Porcelli, S. A., and Briken, V. (2007). Mycobacterium tuberculosis
nuoG is a virulence gene that inhibits apoptosis of infected host cells. PLoS pathogens,
3(7):e110.

[398] Vergnes, L., Péterfy, M., Bergo, M. O., Young, S. G., and Reue, K. (2004). Lamin
B1 is required for mouse development and nuclear integrity. Proceedings of the National
Academy of Sciences, 101(28):10428–10433.

[399] Vermeulen, K., Van Bockstaele, D. R., and Berneman, Z. N. (2003). The cell
cycle: a review of regulation, deregulation and therapeutic targets in cancer. Cell
proliferation, 36(3):131–149.

[400] Vizcaino, M. I. and Crawford, J. M. (2015). The colibactin warhead crosslinks
DNA. Nature chemistry, 7(5):411.

[401] Voeltz, G. K., Rolls, M. M., and Rapoport, T. A. (2002). Structural organization
of the endoplasmic reticulum. EMBO reports, 3(10):944–950.

[402] Vulin, A., Sedkaoui, M., Moratille, S., Sevenet, N., Soularue, P., Rigaud, O.,
Guibbal, L., Dulong, J., Jeggo, P., Deleuze, J.-F., et al. (2018). Severe PATCHED1
Deficiency in Cancer-Prone Gorlin Patient Cells Results in Intrinsic Radiosensitivity.
International Journal of Radiation Oncology* Biology* Physics, 102(2):417–425.

[403] Wahid, R., Simon, R., Zafar, S. J., Levine, M. M., and Sztein, M. B. (2012). Live
oral typhoid vaccine Ty21a induces cross reactive humoral immune responses against S.
Paratyphi A and S. Paratyphi B in humans. Clinical and Vaccine Immunology, pages
CVI–00058.

[404] Walker, J. R., Corpina, R. A., and Goldberg, J. (2001). Structure of the Ku
heterodimer bound to DNA and its implications for double-strand break repair. Nature,
412(6847):607.

[405] Wang, H., Guan, J., Wang, H., Perrault, A. R., Wang, Y., and Iliakis, G. (2001).
Replication protein A2 phosphorylation after DNA damage by the coordinated action
of ataxia telangiectasia-mutated and DNA-dependent protein kinase. Cancer research,
61(23):8554–8563.

[406] Wang, I.-N., Smith, D. L., and Young, R. (2000). Holins: the protein clocks of
bacteriophage infections. Annual Reviews in Microbiology, 54(1):799–825.

[407] Wang, J. C. (1985). DNA topoisomerases. Annual review of biochemistry, 54(1):665–
697.

[408] Wang, L. C., Morgan, L. K., Godakumbura, P., Kenney, L. J., and Anand, G. S.
(2012). The inner membrane histidine kinase EnvZ senses osmolality via helix-coil
transitions in the cytoplasm. The EMBO journal, 31(11):2648–2659.



Bibliography 291

[409] Wangdi, T., Lee, C.-Y., Spees, A. M., Yu, C., Kingsbury, D. D., Winter, S. E.,
Hastey, C. J., Wilson, R. P., Heinrich, V., and Bäumler, A. J. (2014). The Vi capsular
polysaccharide enables Salmonella enterica serovar Typhi to evade microbe-guided
neutrophil chemotaxis. PLoS pathogens, 10(8):e1004306.

[410] Ward, I. M., Wu, X., and Chen, J. (2001). Threonine 68 of Chk2 is phosphorylated
at sites of DNA strand breaks. Journal of Biological Chemistry, 276(51):47755–47758.

[411] Wassermann, K., Markovits, J., Jaxel, C., Capranico, G., Kohn, K. W., and
Pommier, Y. (1990). Effects of morpholinyl doxorubicins, doxorubicin, and actinomycin
D on mammalian DNA topoisomerases I and II. Molecular pharmacology, 38(1):38–45.

[412] Watson, K. G. and Holden, D. W. (2010). Dynamics of growth and dissemination
of Salmonella in vivo. Cellular microbiology, 12(10):1389–1397.

[413] Weber, A. M. and Ryan, A. J. (2015). ATM and ATR as therapeutic targets in
cancer. Pharmacology &amp; therapeutics, 149:124–138.

[414] Weigel, P. and Oka, J. (1981). Temperature dependence of endocytosis mediated by
the asialoglycoprotein receptor in isolated rat hepatocytes. Evidence for two potentially
rate-limiting steps. Journal of Biological Chemistry, 256(6):2615–2617.

[415] Welton, J., Marr, J., and Friedman, S. (1979). Association between hepatobiliary
cancer and typhoid carrier state. The Lancet, 313(8120):791–794.

[416] West, M. H. and Bonner, W. M. (1980). Histone 2A, a heteromorphous family of
eight protein species. Biochemistry, 19(14):3238–3245.

[417] Winter, S. E., Winter, M. G., Poon, V., Keestra, A. M., Sterzenbach, T., Faber, F.,
Costa, L. F., Cassou, F., Costa, E. A., Alves, G. E., et al. (2014). Salmonella enterica
serovar Typhi conceals the invasion-associated type three secretion system from the
innate immune system by gene regulation. PLoS pathogens, 10(7):e1004207.

[418] Wising, C., Azem, J., Zetterberg, M., Svensson, L. A., Ahlman, K., and Lagergård,
T. (2005a). Induction of apoptosis/necrosis in various human cell lineages by
Haemophilus ducreyi cytolethal distending toxin. Toxicon, 45(6):767–776.

[419] Wising, C., Mölne, L., Jonsson, M., Ahlman, K., and Lagergård, T. (2005b). The
cytolethal distending toxin of Haemophilus ducreyi aggravates dermal lesions in a
rabbit model of chancroid. Microbes and infection, 7(5):867–874.

[420] Witvliet, M., Burns, D., Brennan, M., Poolman, J., and Manclark, C. (1989).
Binding of pertussis toxin to eucaryotic cells and glycoproteins. Infection and immunity,
57(11):3324–3330.

[421] Wold, M. S. and Kelly, T. (1988). Purification and characterization of replication
protein A, a cellular protein required for in vitro replication of simian virus 40 DNA.
Proceedings of the National Academy of Sciences, 85(8):2523–2527.

[422] Wolf, B. B., Schuler, M., Echeverri, F., and Green, D. R. (1999). Caspase-3 is the
primary activator of apoptotic DNA fragmentation via DNA fragmentation factor-
45/inhibitor of caspase-activated DNase inactivation. Journal of Biological Chemistry,
274(43):30651–30656.



292 Bibliography

[423] Won, G., Hajam, I. A., and Lee, J. H. (2017). Improved lysis efficiency and
immunogenicity of Salmonella ghosts mediated by co-expression of λ phage holin-
endolysin and φX174 gene E. Scientific Reports, 7:45139.

[424] Wong, V. K., Baker, S., Pickard, D. J., Parkhill, J., Page, A. J., Feasey, N. A.,
Kingsley, R. A., Thomson, N. R., Keane, J. A., Weill, F.-X., et al. (2015). Phylogeo-
graphical analysis of the dominant multidrug-resistant H58 clade of Salmonella Typhi
identifies inter-and intracontinental transmission events. Nature genetics, 47(6):632.

[425] Wray, C., McLaren, I., and Jones, Y. E. (1998). The epidemiology of Salmonella
typhimurium in cattle: plasmid profile analysis of definitive phage type (DT) 204c.
Journal of medical microbiology, 47(6):483–487.

[426] Xu, B., Sun, Z., Liu, Z., Guo, H., Liu, Q., Jiang, H., Zou, Y., Gong, Y., Tischfield,
J. A., and Shao, C. (2011). Replication stress induces micronuclei comprising of
aggregated DNA double-strand breaks. PloS one, 6(4):e18618.

[427] Xu, G., Chapman, J. R., Brandsma, I., Yuan, J., Mistrik, M., Bouwman, P.,
Bartkova, J., Gogola, E., Warmerdam, D., Barazas, M., et al. (2015). REV7 counteracts
DNA double-strand break resection and affects PARP inhibition. Nature, 521(7553):541.

[428] Yang, R., Müller, C., Huynh, V., Fung, Y. K., Yee, A. S., and Koeffler, H. P. (1999).
Functions of cyclin A1 in the cell cycle and its interactions with transcription factor
E2F-1 and the Rb family of proteins. Molecular and cellular biology, 19(3):2400–2407.

[429] Yu, C.-Y., Chen, J.-Y., Lin, Y.-Y., Shen, K.-F., Lin, W.-L., Chien, C.-L., ter Beest,
M. B., and Jou, T.-S. (2007). A bipartite signal regulates the faithful delivery of apical
domain marker podocalyxin/Gp135. Molecular biology of the cell, 18(5):1710–1722.

[430] Yun, M. H. and Hiom, K. (2009). CtIP-BRCA1 modulates the choice of DNA
double-strand-break repair pathway throughout the cell cycle. Nature, 459(7245):460.

[431] Zernik-Kobak, M., Vasunia, K., Connelly, M., Anderson, C. W., and Dixon, K.
(1997). Sites of UV-induced phosphorylation of the p34 subunit of replication protein
A from HeLa cells. Journal of Biological Chemistry, 272(38):23896–23904.

[432] Zhang, Y., Higashide, W. M., McCormick, B. A., Chen, J., and Zhou, D. (2006).
The inflammation-associated Salmonella SopA is a HECT-like E3 ubiquitin ligase.
Molecular microbiology, 62(3):786–793.

[433] Zhao, H. and Piwnica-Worms, H. (2001). ATR-mediated checkpoint pathways
regulate phosphorylation and activation of human Chk1. Molecular and cellular biology,
21(13):4129–4139.

[434] Zhao, H., Watkins, J. L., and Piwnica-Worms, H. (2002). Disruption of the
checkpoint kinase 1/cell division cycle 25A pathway abrogates ionizing radiation-
induced S and G2 checkpoints. Proceedings of the National Academy of Sciences,
99(23):14795–14800.

[435] Zhao, J., Dynlacht, B., Imai, T., Hori, T.-a., and Harlow, E. (1998). Expression of
NPAT, a novel substrate of cyclin E–CDK2, promotes S-phase entry. Genes &amp;
development, 12(4):456–461.



Bibliography 293

[436] Zhou, D., Mooseker, M. S., and Galán, J. E. (1999). An invasion-associated
Salmonella protein modulates the actin-bundling activity of plastin. Proceedings of the
National Academy of Sciences, 96(18):10176–10181.

[437] Zhou, W. and Doetsch, P. W. (1993). Effects of abasic sites and DNA single-strand
breaks on prokaryotic RNA polymerases. Proceedings of the National Academy of
Sciences, 90(14):6601–6605.

[438] Zhu, Z., Chung, W.-H., Shim, E. Y., Lee, S. E., and Ira, G. (2008). Sgs1 helicase
and two nucleases Dna2 and Exo1 resect DNA double-strand break ends. Cell,
134(6):981–994.

[439] Zou, L. and Elledge, S. J. (2003). Sensing DNA damage through ATRIP recognition
of RPA-ssDNA complexes. Science, 300(5625):1542–1548.


	Table of contents
	List of figures
	List of tables
	I Introduction
	1 Salmonella Typhi
	1.1 Human disease caused by Salmonella Typhi
	1.1.1 History and disease manifestations of typhoid fever
	1.1.2 Multidrug resistant typhoid and treatment
	1.1.3 Chronic carrier state
	1.1.4 Colonisation of the gallbladder during chronic infection with S. Typhi

	1.2 The basis of infection by S. Typhi
	1.2.1 Salmonella pathogenesis
	1.2.2 Salmonella virulence determinants
	1.2.3 S. Typhi host adaption


	2 DNA damage repair
	2.1 Chromatin organisation
	2.1.1 Spatial organisation and compaction of chromatin
	2.1.2 Heterochromatin and euchromatin
	2.1.3 The nuclear envelope

	2.2 Cell cycle
	2.3 DNA damage and replication stress
	2.4 DNA damage repair
	2.4.1 General principles of DNA damage repair
	2.4.2 SSB repair
	2.4.3 DSB repair
	2.4.4 Sensing the damage: Apical kinases of the DDR
	2.4.5 Multiplication of the signal: γH2AX in DSB repair
	2.4.6 Mediating repair: NHEJ and HR

	2.5 Checkpoints
	2.5.1 p53
	2.5.2 Apoptosis and senescence


	3 Typhoid toxin
	3.1 Bacterial toxins
	3.1.1 Definition of a bacterial toxin
	3.1.2 AB5 toxins

	3.2 Structure and function of typhoid toxin
	3.3 Expression, secretion and exocytosis of typhoid toxin
	3.3.1 Expression of typhoid toxin from S. Typhi
	3.3.2 Secretion of typhoid toxin
	3.3.3 Exocytosis of typhoid toxin

	3.4 Uptake of typhoid toxin and translocation of CdtB to the nucleus
	3.4.1 Host-specific receptor binding by typhoid toxin
	3.4.2 Retrograde transport of typhoid toxin in the target cell

	3.5 Cytolethal Distending Toxins
	3.5.1 CDTs are expressed by different Gram negative pathogens
	3.5.2 Structure of CDTs
	3.5.3 The CdtB subunit of typhoid toxin mediates toxicity

	3.6 Evolution of typhoid toxin
	3.7 Role of typhoid toxin in pathogenesis
	3.8 Aims


	II Results
	4 Establishing experimental procedure with typhoid toxin
	4.1 Expression of recombinant typhoid toxin
	4.2 Recombinant typhoid toxin is taken up by cells and localises to the nucleus
	4.3 Recombinant typhoid toxin induces cellular distension
	4.4 Recombinant typhoid toxin induces cell cycle arrest
	4.5 Typhoid toxin induces a cellular DDR
	4.5.1 Typhoid toxin induces γH2AX
	4.5.2 Typhoid toxin induces the recruitment of DDR proteins
	4.5.3 Typhoid toxin induces a cellular DDR in other mammalian cell lines

	4.6 Cellular response to typhoid toxin is concentration-dependent
	4.7 Cellular response to typhoid toxin is time-dependent
	4.8 Typhoid toxin DNA binding is independent of the weak nuclease activity of TOX
	4.9 Discussion Chapter 4

	5 Typhoid toxin causes a replication catastrophe and a novel γH2AX distribution
	5.1 Typhoid toxin induces a novel DDR in target cells
	5.2 High-resolution microscoppy shows peripheral localisation of γH2AX
	5.3 Investigating DDR markers associated with γH2AX rings
	5.3.1 γH2AX rings localise to nuclear periphery
	5.3.2 Canonical DDR proteins are not recruited to γH2AX rings
	5.3.3 Activation and localisation of ATM/ATR and their substrates during intoxication

	5.4 Establishing an automated image quantification of nuclear γH2AX distribution
	5.4.1 Presenting γH2AX rings by image processing
	5.4.2 Algorithm design for automated γH2AX ring quantification
	5.4.3 γH2AX ring formation by CDTs is concentration-dependent

	5.5 Formation of γH2AX rings is replication-dependent
	5.5.1 Population with γH2AX rings increases over time
	5.5.2 Serum-starvation prevents γH2AX ring formation
	5.5.3 γH2AX rings form in replicating monocytes
	5.5.4 BrdU is excluded from γH2AX positive cells after intoxication
	5.5.5 Inducer of replicative stress APH induces γH2AX rings

	5.6 γH2AX rings are a sign of RPA exhaustion
	5.6.1 RPA depletion recapitulates γH2AX rings
	5.6.2 Overexpression of RPA stochiometrically prevents γH2AX ring formation
	5.6.3 Typhoid toxin induces persistent, saturated RPA activation

	5.7 ATR is involved in the formation of γH2AX rings
	5.8 Transcriptomics reveal changes in chromatin architecture and DNA damage
	5.9 Discussion Chapter 5

	6 Typhoid toxin-induced senescence primes bystander cells for Salmonella infection
	6.1 γH2AX ring cells do not undergo apoptosis
	6.1.1 γH2AX ring cells are not positive for signs of apoptosis
	6.1.2 γH2AX ring formation is not down-stream of caspases

	6.2 γH2AX ring cells enter senescence
	6.2.1 Typhoid toxin inhibits colony formation of cells
	6.2.2 γH2AX ring formation drives cells into senescence
	6.2.3 Typhoid toxin reduces the metabolic activity of cells

	6.3 Infection with toxigenic Salmonella causes senescence and γH2AX.
	6.4 Typhoid toxin induces senescence in bystander cells and primes macrophages for Salmonella invasion
	6.5 Transcriptomics support findings of senescence and changes in immune response
	6.6 Discussion Chapter 6


	III Discussion
	7 Discussion
	7.1 Manipulation of the DDR by bacterial pathogens
	7.2 Toxin manipulation of the RPA response
	7.3 Pathogen manipulation of cell fate
	7.4 Senescence and infection
	7.5 Senescence and the typhoid toxin
	7.6 New insight into typhoid and chronic carriage


	IV Methods
	8 Molecular Biology
	8.1 Bacterial work
	8.1.1 Bacterial strains used
	8.1.2 Making competent cells
	8.1.3 Measuring concentration of bacterial liquid cultures
	8.1.4 Preparation of bacterial glycerol stocks
	8.1.5 Recovery of bacterial glycerol stocks
	8.1.6 Transformation

	8.2 DNA techniques
	8.2.1 Primer Design
	8.2.2 Cloning strategies
	8.2.3 DNA agarose gels
	8.2.4 DNA borate agarose gels
	8.2.5 DNA sequencing
	8.2.6 Plasmid DNA isolation
	8.2.7 Plasmid list
	8.2.8 Measuring nucleic acid concentration
	8.2.9 In vitro DNA digestion assay

	8.3 Protein related techniques
	8.3.1 Purification of His-tagged CDT
	8.3.2 Bradford assay
	8.3.3 Protein gel electrophoresis
	8.3.4 Immunoblotting
	8.3.5 Preparation of whole cell lysate for Western blotting
	8.3.6 Fluorophore competition assay


	9 Cell biology
	9.1 Handling and manipulation of mammalian cells
	9.1.1 Maintenance of mammalian cell culture
	9.1.2 Arresting cells in cell cycle
	9.1.3 Knock-downs by transfection with siRNA

	9.2 Standard intoxication of mammalian cells.
	9.2.1 Drug treatment
	9.2.2 Toxin treatment combined with inhibitor treatment
	9.2.3 Conditioned medium from intoxication
	9.2.4 Treatment of THP1 cells with conditioned medium

	9.3 Infection assays
	9.3.1 Infection of cells with Salmonella
	9.3.2 Generation of conditioned medium from infection

	9.4 Microscopy related techniques
	9.4.1 Immunostaining
	9.4.2 BrdU staining
	9.4.3 DAPI staining
	9.4.4 Mounting cover glasses for microscopy

	9.5 Microscopy
	9.5.1 Microscopy of live cells
	9.5.2 Microscopy of fixed cells
	9.5.3 Airyscan confocal microscopy

	9.6 Microscopy analysis
	9.6.1 Average intensity measurements
	9.6.2 Counting cells with γH2AX foci
	9.6.3 Thresholding of γH2AX for ring presentation
	9.6.4 Matlab RING program

	9.7 Other techniques for analysing the effects of typhoid toxin in mammalian cells
	9.7.1 Flow cytometry
	9.7.2 MTT assay
	9.7.3 Clonogenic survival assay
	9.7.4 Alkaline comet assay
	9.7.5 Senescence-associated β-galactosidase assay
	9.7.6 Microarray

	9.8 Statistical Analysis

	Bibliography


