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Abstract 
The intestinal microbiome of Inflammatory Bowel Disease and colorectal 
cancer patients is enriched in genotoxin-producing bacteria, which cause 
DNA damage in the host cells. 

Genotoxins have recently been identified as a novel family of effectors 
produced by pathogenic and commensal bacteria. At present, only three 
types of bacterial genotoxins have been identified: colibactin, produced by 
some Escherichia coli strains; cytolethal distending toxins, produced by 
several Gram-negative pathogens; and the typhoid toxin, produced by 
Salmonella enterica serovar Typhi. 

Exposure to high toxin doses activates the classical DNA damage 
response, which consequently blocks proliferation and eventually induces 
death in mammalian cells. However, exposure to low toxin doses has 
shown to promote classical signs of carcinogenesis in vitro, such as cell 
survival and acquisition of genomic instability. Despite an extensive 
characterization of their mode of action in vitro, we have a poor 
understanding of genotoxins´ role in chronic infection and, considering 
the genotoxic potential, of their carcinogenic capacity. To investigate 
further the role played by the genotoxins, we focused specifically on 
Salmonella Typhi, since it is the only genotoxin-producing bacterium that 
induces a chronic infection associated with increased risk of tumor 
development in humans.  

The results presented in this thesis show that these unusual bacterial 
effectors are not classical toxins, but rather act as immunomodulators, 
highlighting a complex and tissue-specific crosstalk between two highly 
conserved stress responses: the immune response and the DNA damage 
response.  
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Our data indicate that the impact of genotoxin-producing bacteria on the 
modulation of the host mucosal response is still poorly characterized and 
suggest that the host-microbe interaction and the tissue 
microenvironment are the key players in determining the outcome of the 
infection and the toxin carcinogenic potential.  
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Abbreviations 
AOM: azoxymethane 

APC: adenomatous polyposis coli 

ATM: ataxia telangiectasia mutated 

ATR: ATM and RAD3-related 

BRCA1: protein encoded by BReast CAncer gene 1 

CDC25: cell division cycle 25 phosphatase 

CDK: cyclin-dependent kinase 

CDT: cytolethal distending toxin 

CHK 1 and CHK2: checkpoint kinase 1 and 2 

CRC: colorectal cancer 

DDR: DNA damage response 

DNA-PK: DNA-dependent protein kinase  

DSB: double strand break 

DSS: dextran sodium sulfate  

ER: endoplasmic reticulum 

ERAD: endoplasmic-reticulum-associated protein degradation 

FAP: familial adenomatous polyposis coli 

IFN: interferon 

IL: interleukin 

HR: homologous recombination 
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NHEJ: non-homologous end joining 

NLS: nuclear localization sequence 

OMVs: outer membrane vesicles 

PBMCs: peripheral blood mononuclear cells 

PI3K: phosphoinositide-3-kinase–protein kinase 

PKK: phosphoinositide 3-kinase related kinase 

PKS: polyketide synthase 

PLT: pertussis like toxin 

SASP: senescence-associated secretory phenotype 

SSB: single strand break 

TNF: tumor necrosis factor 

TT: typhoid toxin 

T3SS: type 3 secretion system 
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Enkel sammanfattning på svenska 
 

Tarmflora hos patienter med inflammatorisk tarmsjukdom (IBD) och 
kolorektal cancer (CRC) innehåller bakterier som producerar gentoxiner. 
Dessa toxiner kan orsaka DNA-skador i närliggande värdceller och 
omgivande vävnad. 
 
Gentoxiner har nyligen identifierats som en egen grupp av aktiva 
proteiner, som produceras av både ofarliga och sjukdomsframkallande 
bakterier. För närvarande har tre bakteriella gentoxiner identifierats: 
kolibaktin som produceras av vissa Escherichia coli-stammar, cytoletala 
utvidgande toxin (CDT) som produceras av flera gramnegativa patogener, 
samt tyfoidtoxinet som produceras av Salmonella enterica serovar Typhi. 
 
Exponering för höga toxindoser aktiverar det så kallade ”DNA-
skadesvaret” (DDR) där celldelningen blockeras och värdceller så 
småningom dör.  När man i laboratorieexperiment exponerat celler för 
mindre halter av toxin har däremot karcinogena tecken, såsom ökad 
cellöverlevnad och genomisk instabilitet, uppvisats.  
 
Trots en omfattande karaktärisering av deras funktion in vitro har vi en 
dålig förståelse för genotoxinernas roll vid kronisk infektion samt deras 
cancerframkallande förmåga. Vi fokuserade specifikt på Salmonella 
Typhi, eftersom det är den enda gentoxin-producerande bakterien som är 
associerad med ökad risk för tumörutveckling hos människor. 
 
Resultaten som presenteras i denna avhandling indikerar att Salmonellas 
gentoxiner inte är klassiska toxiner, utan snarare immunmodulatorer. 
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Detta visar på en komplex kommunikation mellan immunsvaret och DNA 
skadesvaret. 
 
Trots att kunskapen om genotoxinproducerande bakteriers effekt på 
värdslemhinnans respons fortfarande behöver fördjupas tyder våra data 
på att värd-mikrober-interaktionen och mikromiljön i vävnaden är 
nyckelspelare för resultatet av infektionen och toxinets 
cancerframkallande potential.
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Study aims  
The impact of genotoxin-producing bacteria on the modulation of the host 
mucosal response is still insufficiently understood. In agreement with the 
literature, it is becoming evident that the outcome of infection is dictated 
by the microenvironment and the immunological profile in which 
infections occur. It is conceivable that chronic exposure to genotoxin-
mediated DNA damaging activity might play a role in enhancing genomic 
instability, which leads to malignant transformations. However, it is very 
unlikely that these virulence effectors, which are widely conserved among 
many bacteria, have been transferred horizontally in many bacterial 
species with the primary purpose to trigger carcinogenesis in the host. 

Instead, it is possible that the DNA damaging activity contributes to 
shaping the host immune response in a tissue-specific manner that is not 
exclusively associated with activation of pro-inflammatory events. 

Thus, aided by in vivo and in vitro 3D human models, this thesis aims to 
understand the specific contexts in which bacterial genotoxins can 
promote specific immunomodulation of the host response (i.e., pro-
inflammatory versus anti-inflammatory), chronic inflammation and 
cancer development.  

Specific Aims: 

1) The adenomatous polyposis coli (APC) gene is mutated in the 
majority of sporadic colorectal cancers, and we investigated 
whether the loss of APC alters the response of colonic epithelial 
cells to infection with Salmonella enterica. 
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2) We have assessed the role of a functional typhoid toxin in an in 
vivo model of acute infection and its role in modulating the host-
microbial interaction in health and disease. 

 

3) Considering the immunomodulatory properties of the bacterial 
genotoxins and the importance of the microenvironment in 
determining the outcome of the infection, we propose a method 
that allows the characterization of the host immune response, and 
which identifies the extent and features of infiltrating 
macrophages in the colonic mucosa. 

 

4) To provide a deeper understanding of the molecular mechanisms 
involved in the crosstalk between DDR induced by genotoxins and 
host immune response, we have established an immunocompetent 
human organotypic 3D model mimicking different immunological 
scenarios. 
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Main findings  
 

Paper I: We investigated if APC loss alters the response to genotoxic 
Salmonella and we found that APC deficiency was associated with 
sustained activation of the DNA damage response, reduced capacity to 
repair damage from several genotoxic insults, including DNA breaks and 
oxidative damage, and failure to induce cell cycle arrest.  
The reduced DNA repair capacity and inability to activate adequate 
checkpoint responses were associated with increased genomic instability, 

as revealed by increased formation of micronuclear lesions in APC-
deficient cells exposed to the genotoxic bacteria. Inhibition of the 
checkpoint response was dependent on the activation of the 

phosphatidylinositol 3-kinase pathway. 
 
Paper II: We show for the first time that the typhoid toxin induces DNA 
fragmentation and senescence in vivo, which is associated with induction 
of an anti-inflammatory environment. The anti-inflammatory response is 
lost when infection occurs in mice presenting a pre-existing acute colitis, 
highlighting a complex context-dependent crosstalk among bacterial-
genotoxin-induced DDR, the host immune response and the pre-existing 
pathological conditions. 

Paper III: We provide a protocol to assess the extent and features of 
infiltrating macrophages in the colonic mucosa by double 
immunofluorescence. Total macrophage population was identified using 
the pan-macrophage marker F4/80, whereas the specific M2-like 
population was determined using a CD206 antibody. 
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Paper IV: We started to establish an immunocompetent organotypic 3D 
model. So far, addition of human T lymphocytes into 3D models has not 
been assessed. Therefore, we investigated how the different 
immunological scenarios might affect the genotoxin-induced DDR. Our 
data demonstrated that the addition of immune cells to a 3D mucosal 
model altered the DDR induced by genotoxigenic bacteria, highlighting 
the need to develop and optimize immunocompetent in vitro models. 
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Introduction 

Bacterial Toxins 
Bacterial toxins are one of the most efficient weapons that bacteria have 
evolved to evade host’s defenses and to penetrate their 
key barriers, leading to the establishment of a successful infection. Such 
an infection begins with efficient colonization, progresses to pathogen’s 
replication in the host’s niche(s) and subsequently, in its final stage, the 
infection culminates in intra- and inter-host spread. 

Bacterial protein toxins are multifunctional effectors delivered 
extracellularly via dedicated secretion systems, such as the type 3 
secretion system (T3SS), T4SS, T6SS, among other secretory pathways. [1, 
2] These virulence factors are usually secreted in a soluble form, and, 
when released by the bacteria, they can diffuse in the aqueous 
environments of different body fluids and reach their targeted cells. Upon 
interaction with their target cells, the toxins modulate the host cell 
signaling pathways, modify the conformation of the cytoskeleton and cell 
membrane, and damage cytosolic and nuclear components. [3] 
Alternatively to the different contact-dependent and contact-independent 
secretion systems, bacteria employ another strategy to deliver virulence 
factors to the intracellular compartments of their host cells. This secretory 
pathway comprises the production and the release of membranous 
nanospheres derived from the bacterial envelope, known as membrane 
vesicles. 
One type of bacterial membrane vesicles are the outer-membrane vesicles 
(OMVs), which result from blebbing of the outer membrane of the Gram-
negative bacteria and may contain outer-membrane lipids, DNA, RNA, 
proteins and small hydrophilic and hydrophobic molecules. [4, 5] 
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The toxins loaded into OMVs can target the infected and the neighboring 
cells in a paracrine manner.  

This thesis focuses on the AB type of toxins, where the A domain 
possesses an enzymatic activity and acts through protein-protein 
interactions within the cell, and the B domain exerts the receptor-binding 
function, providing tropism to specific cell types through receptor binding 
capacity. The B domain may also include a sub-domain that translocates 
the A domain across a lipid bilayer, either of the plasma membrane or 
within the endosomal compartment. [6] 

Bacterial Genotoxins 
Bacterial toxins can target all the key components and processes of the 
host eukaryotic cells: plasma membrane, cytoskeleton, protein synthesis, 
intracellular signaling, and even DNA. Genotoxins are a relatively novel 
family of bacterial effectors widely distributed and conserved among 
Gram-negative bacteria. As their name suggests they can reach and attack 
the DNA in the eukaryotic cells, inducing DNA breaks. These effectors 
exert their cytotoxic effect mimicking the activity of the mammalian 
deoxyribonuclease (DNase I), introducing single strand breaks (SSBs), 
double-strand breaks (DSBs) or DNA interstrand cross-linking. [7-10] Up 
to the present, three families have been discovered and described: the 
cytolethal distending toxins (CDTs), colibactin and the typhoid toxin (TT). 
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Cytolethal distending toxins (CDTs) 
 

The CDT toxin was firstly discovered by Johnson and Lior in 1988 and 
described as cytolethal to Vero, HeLa, HEp-2 and CHO cells in culture 
filtrates of over forty E. coli strains associated with diarrheal symptoms. 
[11] The term “cytolethal distending toxin” indicates the progressive 
enlargement of the nucleus and cytoplasmic distension, typical of the 
intoxicated cells. 

CDTs are very highly conserved among human pathogens including oral 
pathogens, genital pathogens and gastro-intestinal pathogens that are 
capable of establishing chronic infections. [12-19] 

These microbial effectors attack proliferating and non-proliferating cells, 
leading to cell cycle arrest either in G1 or G2 phase, cell death or 
senescence, as a consequence of toxin-induced DNA damage. [20, 21] 

CDTs are encoded by three adjacent genes within the same operon 
(cdtABC), whose products are all essential for the production of a 
functional holotoxin. [13] CdtA and CdtC exhibit a higher degree of variety 
than CdtB among bacterial species [22], and represent the binding 
moieties to the eukaryotic cell surface, which precedes the subsequent 
delivery of the enzymatically active DNase-like subunit CdtB into the 
intracellular compartment. The 3D structure of CdtB exhibits the four-
layer α/β sandwich fold that is characteristic of DNase-like proteins. [23]     

The mechanisms by which the CDT protein is internalized and reaches the 
nucleus are partially understood and might differ from one CDT family 
member to another and from one type of targeted cells to others. [24, 25] 
No specific receptor has been yet identified, but several studies suggest 
that the cholesterol in the cell membrane is required for CDT binding 
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subunits to successfully accomplish their genotoxic effect, since the 
depletion of cholesterol has been shown to prevent intoxication and 
subsequent cell cycle arrest. [24, 26-28] Other crucial roles in CDT 
internalization are played by cellugyrin (synaptogyrin-2) and Rab5A, 
ubiquitously expressed host proteins involved in the vesicles trafficking.   
It has been reported that synaptogryn-2 is translocated to lipid rafts and 
colocalized in an intracellular complex that includes CdtB. [29, 30] 
Furthermore, reduced expression of cellugyrin in a human macrophage 
cell line largely attenuated CdtB-induced cytotoxicity, while Rab5a 
silencing hampered significantly CdtB-induced cytotoxicity and apoptosis 
in colonic epithelial cells. [29, 31] 

Several in vitro studies have shown that, following the binding to the 
plasma membrane, CDT is endocytosed in a dynamin-dependent manner 
and cytotoxic effects are abolished when the fusion of early endosome and 
downstream compartment is inhibited. [25, 32] The trafficking via 
endosomes is a common feature for several CDTs, except for the ones 
produced by E. coli, which have been reported to bypass the transit 
through the late endosome. [18]   

Once internalized, CDTs undergo retrograde transport to the ER via the 
Golgi complex similarly to other toxins. [33, 34] This hypothesis has been 
proved by several studies, which have demonstrated that disruption of the 
Golgi apparatus using brefeldin A, annihilated intoxication. [24, 25, 35, 
36] 

The CdtA subunit may be disassembled in the endosome from the 
CdtB/CdtC complex, which is further transported retrogradely via the 
Golgi apparatus to the endoplasmic reticulum (ER). [37, 38] At this stage, 
CdtB is dissociated from CdtC [38] , exits the ER and reaches the 
cytoplasm through the endoplasmic-reticulum-associated protein 
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degradation (ERAD) or ERAD-related pathways, utilizing an atypical 
nuclear localization sequence(s)  (NLS) to enter the nucleus and to 
accomplish its function as a genotoxin. [24, 39] 

The route that CDT follows to reach the nucleus is the least characterized 
and the results reported in literature are divergent, indicating that the 
toxins might take different paths, as previously suggested. [7, 25] 

 

Colibactin 
The genotoxin colibactin consists of a small peptide produced by the 
enzymes of the polyketide synthase (pks) island, found primarily in E. coli. 
This metabolite triggers interstrand  DNA cross-linking, which turns into 
double-strand breaks, leading to cell cycle arrest and eventually 
chromosome aberration. [40-42] 

The colibactin-encoding genes and the colibactin-mediated DNA damage 
were identified for the first time in the E. coli strain IHE3034, isolated 
from neonatal bacterial meningitis. Yet, over the years the pks island have 
also been found in pathogenic, commensal, and even probiotic bacterial 
strains, mainly members of the Enterobacteriaceae. [8, 41, 43] The 
isolation and characterization of this genotoxin have been puzzling the 
scientific community for over 15 years because of its contact-dependent 
synthesis, minimal expression, and chemical instability. 

Colibactin is produced by a machinery, encoded by a 54kb genomic island, 
known as pks or clb gene cluster, which consists of three non-ribosomal 
peptide megasynthases (NRPS), three polyketide megasynthases (PKS), 
two hybrid NRPS/PKS megasynthases and nine tailoring and editing 
enzymes, all required for the synthesis of colibactin and its genotoxic 
phenotype. [8, 41]. The non-toxic precursor of colibactin, named 
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precolibactin, originates in the bacterial cytoplasm and when transported 
into the periplasmic compartment, it is transformed into colibactin via N-
deacylation done by ClbP; the latter cleaves the amide bond and enables 
the release of the final active colibactin product. [8, 44-47]  

To form an active colibactin, two biosynthetic intermediates generate a 
symmetrical structure that contains two electrophilic cyclopropane 
warheads. Pks-positive E. coli and a synthetic compound bearing a 
cyclopropane ring system (i.e an analogous structure to the precolibactin) 
were recently shown to alkylate cellular or plasmid DNA, respectively, 
resulting in extensive DNA breaks. [40, 44, 48]. Furthermore, recent 
evidence has shown that colibactin alkylation capacity is enhanced by the 
opening of cyclopropane ring and the formation of an unsaturated imine. 
[48] 

The mechanisms by which colibactin reaches the nucleus of the eukaryotic 
cells is largely unknown and it has not been proven whether colibactin is 
produced extracellularly and diffuses into the host cells or the intracellular 
bacteria produce colibactin once internalized in the host cytoplasm. 

Previous studies suggest that, considering the high instability of this 
metabolite, direct interaction between the colibactin-producing bacteria 
and the host is required to exert efficient genotoxicity, since the treatment 
with bacterial culture supernatants, cell lysates or direct introduction of 
colibactin failed to induce any DNA damaging effect. [41] 

 

Typhoid toxin 
The typhoid toxin was originally identified in the typhoidal serovars of 
Salmonella, but genes encoding typhoid toxins have also been described 



 

20 

in at least 48 different serovars, including both typhoidal and non-
typhoidal serovars, as well as in S. bongori. [14, 49]  

This virulence factor is an exotoxin with an A2B5 structure, indicating the 
presence of two enzymatically active subunits (named PltA and CdtB) 
which are linked through a disulfide bond between Cys 214 of PltA and 
Cys 269 of CdtB; the homopentameric ring formed by the PltB subunit 
serves as a binding component and favours the recognition of surface 
sialoglycans with terminal acetyl neuraminic residues, which are 
preferentially expressed by human cells. [50] The typhoid toxin can target 
a wide range of host cells, including intestinal and gallbladder epithelial 
cells, immune cells, and brain endothelial cells, leading to a systemic 
intoxication, distant from the primary infection site (usually the 
gastrointestinal site). [8, 51-53]  

The C-terminus of PltA is inserted into the central space of the ring shaped 
PltB homopentamer, giving a pyramidal shape to the holotoxin structure, 
whereas there is no direct interaction between CdtB and PltB. [39]  

Both PltA and PltB are essential for an efficient CdtB delivery from the 
extracellular space since only the holotoxin complex, but  not CdtB alone 
or in combination with either PltA or PltB, is toxic when added 
exogenously. [54]  

The three typhoid toxin genes are organized in two different operons 
within the same pathogenicity islet in the chromosome. This is in contrast 
with the organization of the genetic determinants of the other multi-
protein AB toxins, usually organized in the same operon. However, 
considering the unique feature of the typhoid toxin, it is conceivable that 
originally the genes of  two AB toxins might have converged, encoding 
eventually one toxin with two enzymatic activities. [8] 
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PltA exhibits a similar structure to the A subunit of the pertussis toxin, 
and it has been shown that purified PltA was able to ADP-ribosylate a 
protein in host cell lysates, although its target has not been identified yet. 
[8, 39, 54] 

Similar to CDTs holotoxins, the cytotoxic effect induced by S. Typhi CdtB 
subunit triggers DNA damage and nuclear distension, leading eventually 
to cell cycle arrest and apoptosis. [14, 39] 

Unlike other AB toxins, the typhoid toxin is expressed only after bacterial 
internalization.  

During their intracellular lifestyle, the Salmonella bacteria reside in a 
vacuole called SCV (Salmonella-containing vacuole). It is then when the 
SPI2-T3SS expression takes place, and so does the typhoid toxin 
synthesis. After translation, the subunits A and B are assembled into a 
mature holotoxin in the bacterial periplasmic compartment. Then, the 
complex is secreted into the lumen of the SCV, packaged within OMVs. 
Subsequently, the active toxin is secreted via anterograde transport to the 
cellular cortex. The toxin-loaded OMVs are then released in the 
extracellular environment, where they can reach  neighbouring cells and 
be internalized in a dynamin-dependent manner. [7, 55, 56] 

A recent study, through a genome-wide CRISPR/Cas9 screen, has 
partially revealed the transport pathway of typhoid toxin within human 
cells. Similarly to CDTs, the typhoid toxin utilizes the retrograde transport 
via the Golgi complex to reach the ER and hijacks the ERAD pathway to 
gain access to the cell cytosol; upon trafficking in the ER, the disulfide 
bond that links the two active subunits PltA and CdtB is reduced by ER 
resident reductases prior to translocation to cytoplasm. [55, 57] 
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It is speculated that CdtB further exploits nuclear trafficking of the host 
proteins from the cytoplasm to the nuclear compartment, where it can 
exert its genotoxic activity. 

DNA damage response (DDR) 
Upon intoxication, the perturbation induced by the genotoxins is 
perceived by the eukaryotic cells, which activates the classical DNA 
damage response (DDR), composed of three key steps: sensing the 
damage, blocking cell division via activation of checkpoint responses and 
activation of the DNA repair machinery. [10]  

 

  
 

Figure 1. DNA repair mechanisms activated upon genotoxin-induced DNA 
damage.  Single-strand breaks (SSB) are repaired through ATR pathway, whereas DNA 
double-strand breaks (DSBs) are repaired via non-homologous end joining (NHEJ) or 
homologous recombination (HR). Interstrand cross-links are sensed and repaired via the 
Fanconi anemia pathway. Picture created with BioRender. 
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The first step of this response is orchestrated by three different kinases, 
depending on the induced genetic lesions: the DNA-dependent protein 
kinase (DNA-PK) and the Ataxia Telangiectasia Mutated (ATM), which 
detect and act mainly in response to double strand breaks, and the ATM-
and Rad3-related (ATR) which senses the single strand breaks. In the 
presence of DNA cross-links, both ATM and ATR are activated (Figure 1). 
[58-61] 
 

DNA-PK acts as a sensor for DSBs, and its major role is to promote Non-
Homologous End Joining (NHEJ), which is responsible for repairing most 
DSBs in mammalian cells; only when they occur at DNA replication forks, 
the homologous recombination (HR) is preferred. [62-64] As its name 
suggests, NHEJ involves ligation of two broken DNA ends without 
requiring a repair template, and it is initiated when DSBs are recognized 
by the Ku70–80 heterodimer, which possesses a DNA binding-core and 
adopts a pre-formed loop that embraces the DSB and assists in tethering 
the broken ends together. Once bound, Ku translocates inwards from the 
DNA end, making the extreme termini accessible to other proteins, such 
as DNA-PK. [65-67] This recruitment stimulates the kinase activity of 
DNA-PK and activates the downstream repair machinery, consisting of an 
exonuclease, named Artemis, which processes the DNA termini to remove 
lesions that cannot be ligated; the µ and λ DNA polymerases which add 
nucleotides to fill eventual gaps; finally,  the ligase complexes (DNA ligase 
IV and XRCC4 in complex with XRCC4-like factor XLF) which ligate the 
two ends. [10, 66, 67]  

NHEJ acts mainly in the absence of a template and it is therefore 
considered error-prone, whereas homologous repair (HR) pathway 
includes a series of related sub-pathways that use DNA strand invasion 
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and template-directed DNA repair synthesis, culminating in a high-
fidelity repair. 

This pathway is preferred when a double-strand break (DSB) occurs after 
DNA replication during S and G2 phases. Both strands are then resected 
in the 5′ to 3′ direction to generate 3′ overhangs. The Mre11/Rad50/NBS1 
(MRN) complex may process the termini of the double-strand break 
before the recruitment and initiation of strand invasion of the sister 
chromatid by Rad51, which promotes the homologous pairing. [64, 68, 
69]. MRN recognizes dsDNA ends or dsDNA/ssDNA junctions and moves 
into flanking dsDNA regions to activate ATM.  

ATM and ATR are the main orchestrator of the response to the DNA DSBs, 
coordinating a large network of cellular processes to maintain genomic 
integrity. When genetic cleavage occurs, ATM rapidly translocates to the 
sites of DNA damage and its kinase activity is increased, leading to the 
phosphorylation of several downstream effectors, such as BRCA1, CHK2, 
and p53, mediating the effects of ATM on DNA repair, cell cycle arrest and 
apoptosis.[70-73]. 

One of the earliest downstream targets of ATM kinase activity is histone 

H2AX, which is rapidly phosphorylated at serine 139 (g-H2AX) residue in 

response to DNA double-strand breaks and forms nuclear foci that can be 
visualized by fluorescent microscopy, and therefore widely used as a 
surrogate marker for DNA DSBs. [10, 74] Several pieces of evidence have 

shown that ATM is recruited to the damaged site in a g-H2AX- dependent 

manner, and the complex acts synergistically in DNA repair and 
maintenance of genomic integrity. [75-77] 

g-H2AX mediates the recruitment of a downstream effector of the sensing 

kinases, called p53-binding protein 1 (53BP1), which determines the 
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choice between HR and NHEJ repair pathways, since it promotes NHEJ 
and represses HR by preventing DNA end resection at DSBs through 
antagonism with BRCA1. [78] 

 

Ataxia-telangectasia and Rad3 related (ATR) kinase forms obligatory 
tetramers with two ATR and two ATR interacting proteins (ATRIP), and 
this complex is essential for the ATR protein stability. [79] The ATR-
ATRIP heterodimer is unable to directly access the DNA and its 
recruitment and activation depend on nucleofilaments that are formed 
between the heterotrimeric replication protein A (RPA): ATR- ATRIP 
interacts with ssDNA-bound RPA and the latter promotes ATR 
localization to sites of replication stress and DNA damage. [58, 80] The 
main downstream effector kinase of ATR is CHK1; together they activate 
G2/M cell cycle checkpoint via phosphorylation and inactivation of 
CDC25 phosphatases, to maintain replication fork stability, highlighting 
their essential role during cell proliferation. [81, 82] 

The DNA interstrand cross-links are repaired via the Fanconi anemia 
pathway that operates mainly during the S phase of the cell cycle. [83] 
This perturbation poses an extreme challenge on the repair, since it affects 
both strands of the helix, linking them covalently, therefore blocking the 
untwisting performed by DNA helicases and stopping the progression of 
replication and transcription processes.  Once DNA replication is 
interrupted by a cross-link, a double strand break (DSB) is generated by 
the activity of endonucleases. This event implies the uncoupling of one 
sister chromatid from the other, which may be facilitated by FANCM, a 
DNA-binding protein with a helicase motif. [84, 85] FANCM promotes an 
ATR kinase-dependent checkpoint response, which leads to 
phosphorylation and activation of multiple Fanconi anemia proteins. 
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Once the same strand is cleaved, the crosslinked base on the other side of 
the lesion can be released and the remaining structure bypassed by 
specialized translesion polymerases. [84] In this phase, low fidelity 
translesion polymerases carry out the lesion bypass by incorporating 
nucleotides opposite the interstrand cross-links (known as 'insertion') and 
by extending the newly synthetized strand (known as 'extension'), with a 
major risk of introducing mutations in the surroundings of the interstrand 
crosslink position, with a mutation frequency of ~ 1%. [83, 86] 

Unresolved DNA damage 
 

The cell cycle is a series of tightly regulated events, which include growth 
to the appropriate cell size, replication, maintenance of the chromosomes 
integrity, their accurate segregation at mitosis and finally the segregation 
in daughter cells. It is composed of four phases known as G1, S, G2, M; the 
DNA replication occurs in S-phase, while the M-phase is dedicated to 
chromosome segregation. The other periods are not resting stages, but 
rather preparatory ones where cells obtain mass, integrate growth signals, 
organize a replicated genome, and prepare for chromosome 
segregation.[87, 88] The regulation of the cell cycle and its progression 
relies mainly on the interactions between cyclin-dependent kinases 
(CDKs) and their respective cyclins. While the transition through the G1 
phase is regulated by CDK4/cyclin D, which allow the entry into the S 
phase, the transition to G2/M phases is orchestrated by CDK1/cyclin B. 
[89] 

The term “cell cycle checkpoints” refers to an external monitoring system, 
which impedes the progression through the cell cycle until the earlier 
phase is not entirely completed or in the presence of perturbations, 
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guaranteeing the possibility to repair the damage, thus preventing the 
accumulation of genomic instability. [90, 91] 
 
Intoxication by bacterial genotoxins is one of the causative agents of the 
activation of this surveillance system, during which the entry of dividing 
cells in these checkpoints prevents their progression in the cell cycle until 
the damage is properly repaired. Indeed, when genotoxins inflict any 
genetic perturbation on the intoxicated cells, the cell cycle is arrested and 
the previously described repair machineries are activated. 
 
This part of the session will summarize the current knowledge concerning 
the activation of DNA damage response upon intoxication with protein 
toxins with DNase I activity: CDT and typhoid toxin.   
At low doses these toxins can inflict SSBs at and at high doses DSBs, which 
are then perceived by ATR and ATM or DNA-PK respectively. When SSBs 
occur, ATR is activated and phosphorylates its downstream target CHK1, 
which blocks the cell division cycle 25 (CDC25) phosphatase and 
consequently halts CDK1, thus preventing cell cycle progression into G2 
phase.  
The inhibition of cell cycle progression gives time for DNA repair before 
replication or mitosis begin. [92, 93]  
In the presence of DSBs, the damage is sensed by DNA-PK and ATM, 
which phosphorylate the transducer kinase CHK2, leading to 
phosphorylation of their downstream effector proteins. Several proteins 
phosphorylated by CHK2 are also substrates for ATM, including BRCA1, 
BRCA2, KAP-1, and p53, suggesting that CHK2 may strengthen or redirect 
ATM function. [94] 
The tumor suppressor p53 is one of the downstream effectors of this 
cascade, determining the cell fate and modulating an intricate network, 
which can result in qualitatively different outcomes. One of the most 
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important mechanisms for regulating p53 stability and its functions is 
represented by the post-translational modifications, as they determine the 
p53 levels and p53-mediated cell fate decision. These outcomes can be 
extremely various depending on the cell type, its differentiation state, 
stress conditions, and microenvironmental signals. [10, 95, 96] 
P21 is one of the direct targets of p53, whose overexpression leads to 
inhibition of cyclin-CDKs activity resulting in cell cycle arrest in G1 and 
G2 phases. [97] 
Meanwhile, ATM/ATR downstream effectors complement the repair 
process by inducing DNA-repair proteins transcriptionally or post-
transcriptionally. [89] 
 
At this stage, the fate of the intoxicated cells depends on the gravity of 
DNA damage; if the extent is beyond the capacity to repair, cells attacked 
by genotoxins undergo, in a cell-type dependent manner, either to the 
programmed cell death, known as apoptosis, or enter a permanent 
dormant state, known as senescence. [21, 98-101] 
The mechanisms of apoptosis are highly sophisticated and consist of a 
cascade of molecular events. It can be triggered by two main apoptotic 
pathways: the extrinsic or death receptor pathway and the intrinsic or 
mitochondrial pathway. [102, 103]  
The extrinsic pathway initiates the apoptotic signaling when the 
extracellular ligands, such as TNF (tumor necrosis factor), Fas-L (Fas 
ligand) and TRAIL (TNF-related apoptosis-inducing ligand) bind to the 
extracellular domains of their respective transmembrane DRs (death 
receptors). [102, 104] 
The intrinsic pathway is induced by a variety of intra- and extra cellular 
stresses, such as oxidative stress, irradiation or cytotoxic insults. It is 
orchestrated by Bax/Bak, which induce mitochondrial membrane 
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permeabilization, leading to the release of cytochrome c into the cytosol 
and subsequent activation of caspases. [103, 105, 106] 
The intrinsic and extrinsic pathway eventually converge in the same 
signaling cascade, dictated by the activation of effector caspases 3, 6 and 
7. [105] 
Several studies have shown that CDTs produced by a variety of pathogens 
(Actinobacillus actinomycetemcomitans, Helicobacter suis, and 
Haemophilus ducreyi) can induce apoptosis in key cells of the immune 
response, such as monocytes, dendritic cells and T lymphocytes, which 
have been shown to be more susceptible to programmed cell death 
compared to epithelial and mesenchymal cells, where apoptosis is a very 
late event occurring after 96 hours post-intoxication.  [107-111]  
 
Cellular senescence has been described as a response to various stressful 
insults, including exposure to genotoxic agents. The common features 
exhibited by senescent cells are the following hallmarks: (i) irreversible 
cell cycle arrest, (ii) macromolecular damage, (iii) secretion of a plethora 

of mediators known as senescence-associated secretory phenotype (SASP), 

and (iv) altered metabolism. [98] It has been suggested that pathogens 
might exploit senescence to establish persistent infections and it is 
therefore conceivable that bacteria have evolved effectors to promote 
premature senescence in the target cells, either directly via infection and 
intoxication or indirectly through SASPs secretion, which can transfer the 
senescence-like phenotype to the neighboring cells. [112]  Following this 
line of research, recent studies have shown that the presence of the 
typhoid toxin has been associated with induction of senescence, which 
allows enhanced Salmonella invasion in the host cells. [112-114] 
In contrast, other pathogenic bacteria have been shown to dampen the 
senescence process and stimulate proliferation, to expand their pool of 
infected cells or to guarantee their survival. [115] 
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Bacterial genotoxins and implications in colorectal 
cancer initiation and progression 

 
Increased risk of developing cancer is generally attributed to genetics, 
environmental risk factors or lifestyle. [116] The contribution of 
pathogens is often underrecognized, although it has been reported that 
almost 20% of malignancies are due to infections. [117] 

Epidemiological analyses support a role of the bacterial genotoxins in 
initiation/progression of gastro-intestinal tumors, strengthened by the 
evidence that the microbiota of colorectal cancer (CRC) patients is 
enriched in genotoxin-producing bacteria, which persistently cause DNA 
damage in the host cells. [118-120] These virulence factors and their 
capacity to modulate the host response seem to contribute to the 
establishment of chronic asymptomatic infection. However, their 
continuous genotoxic activity poses the question whether they could play 
a role in malignant transformations. 

 

Bacterial genotoxins and their carcinogenic 
potential in vitro 

Several studies have tried to address whether a chronic exposure to 
genotoxins may contribute to accumulation of genomic instability and 
lead to a higher frequency mutation rate, which are enabling features of 
malignant transformation.  [121] 
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It has been reported that exposure to a sublethal dose of CDTs from 
Helicobacter hepaticus or Haemophilus ducreyi enhances mutation 
frequencies, accumulation of chromosomal aberrations and promotes 
anchorage-independent growth in transformed stromal cells and human 
colonic epithelial cells. These events were coupled with impaired DDR, 
increased capacity to overcome cell cycle checkpoints in response to 
genotoxic insults and activation of survival signals. [100] 
In Paper I, we have investigated the contribution of pro-carcinogenic 
susceptibility in immortalized but non transformed human colonic 
epithelial cells infected with Salmonella strain encoding the typhoid toxin. 
Specifically, we have investigated the synergistic effect of the 
Adenomatous poliposis coli (APC) tumor suppressor gene deletion, found 
mutated in the majority of colorectal cancer patients, and the DNA 
damaging activity of the typhoid toxin [122].  
 
The APC gene was identified twenty years ago, for its association with an 
inherited syndrome of colorectal cancer known as familial adenomatous 
polyposis coli (FAP). FAP patients inherit one germline mutation and 
develop tumors from those cells in which a second hit, or loss of the other 
allele of APC, is somatically acquired. 

The tumor suppressor APC orchestrates the oncogenic Wnt signaling 

pathway through its effects on the cellular levels of b-catenin. In addition, 

APC regulates a plethora of physiological processes from cell growth to 
cell cycle and apoptosis. [123] 

Several lines of research have tried to address the question whether 
exposure to genotoxin-producing bacteria contributes to initiation or 
progression of carcinogenesis, especially in particular circumstances of 
predisposition, such as a pre-existing inflammatory state or genetic 
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mutation. In our study, we aimed to characterize the impact of infection 
with S. enterica, the only genotoxin-producing bacterium associated with 
increased risk of cancer in humans, on the DNA damage response capacity 
in normal and APC deficient colonic cells, and to investigate whether 
genotoxins might represent the second hit in triggering transformation 
where APC loss has already occurred. 

 

We have shown that APC deficiency is associated with a sustained 
activation of DNA damage response, which is coupled with an impaired 
capacity to repair the damage induced by a broad panel of genotoxic 
agents. Considering the possible link between genotoxins and malignant 
transformations, we then analyzed the effect of the sustained DDR and its 
failure to repair the genotoxin-induced DNA damage on cell proliferation. 
We proved that APC-deficient cells failed to induce upregulation of the 
cyclin dependent kinase inhibitor p21, and therefore to enter cell cycle 
arrest, leading to enhanced proliferation despite the presence of DNA 
damage. We further demonstrated that the failure to repair and arrest 
leads to the formation of micronuclear lesions, a hallmark of genomic 
instability. 

The failure to activate a proper checkpoint response was partially 
dependent on the activation of PI3K/AKT axis, which appeared to be more 
accentuated upon infection with the genotoxic strain compared to the 
isogenic control strain, consistently with previous studies showing 
activation of PI3K and AKT in response to CDT or ionizing radiation. [124] 
This effect was even more pronounced in the APC-deficient cells, most 
likely because CKS2, a direct transcriptional target of the β- 
catenin/TCF4, has been shown to activate the PI3K pathway in CRC cells. 
[125] 
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Nuclear activation of AKT is induced by DNA damage sensors, such as 
ATM and DNA-PK, in response to DSBs; interestingly, one of the 
downstream targets of AKT is mTOR, which consequently enhances the 
translation of mRNA encoding proteins, responsible for cell survival (i.e., 
survivin), proliferation (i.e., Forkhead box O family) and DNA damage 
response (i.e., BRCA1). [126] 

In line with previous findings, demonstrating that CDT may contribute to 
cell transformation in vitro, [100] which can be further transmitted to 
daughter cells through the genotoxic action of CdtB, our data highlight the 
synergistic effect of APC loss and infection with genotoxin-producing 
bacteria in promoting a microenvironment conducive to malignant 
transformation. [100, 127, 128] 

Furthermore, in this study, we have investigated the DDR kinetics in a 
classical 2D culture and in a colonic organotypic 3D human model. 
Despite a similar trend, the latter exhibited a more prominent impairment 
in DNA repair and a failure to obtain an efficient cell cycle arrest upon 
exposure to genotoxin, suggesting that more complex experimental set up 
might reveal new features that have not been observed before in 
monocellular culture systems. 
 
Similar findings were obtained when mammalian cells were exposed to 
low infection doses of pks+ E. coli, which entailed incomplete DNA repair 
with consequent formation of anaphase bridges and chromosomal 
aberrations. Moreover, intoxicated cells showed a significant increase in 
gene mutation frequency and anchorage-independent colony formation, 
demonstrating the mutagenic and transforming potential of colibactin-
producing E. coli. [129] Interestingly, recent studies on colon organoids 
cultured from healthy primary epithelial cells have demonstrated that 
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short-term infection by pks+ E. coli led to the formation of mutant 
organoids, which were able to grow in a Wnt-signal independent manner.  
The Wnt-independent organoids generated upon infection show 
increased growth and abnormal organoid formation. Of note, alterations 
of Wnt signalling pathway are observed in more than 90% of colorectal 
patients.  [130].  
 
One important feature in the context of bacterial genotoxins and their 
implication in the carcinogenesis process is the activation of survival 
signaling pathways, since the survival of cells carrying damaged DNA and 
the bypass of checkpoint responses enhance the risk of acquiring genomic 
instability and favors tumor initiation and/or progression. [70, 88] 
One of the mechanisms suggested in previous studies is represented by 
RhoA signaling survival pathway. The genetic lesions induced by CDTs 
present the same features of breakages induced by irradiations; it is very 
well established that exposure to irradiations leads to formation of actin 
stress fibers regulated by the activation of the small GTPase RhoA. [124, 
131]  In the presence of DNA damage induced by CDT, the activation of 
RhoA, leads to actin cytoskeleton remodeling, but also to phosphorylation 
of MAPK p38 and prolonged cell survival. [132]  
Therefore, it is conceivable that upon chronic exposure to the CDTs-
induced DNA damage, with specific focus on induction of DSBs, the 
response to the insults may also trigger simultaneously the overexpression 
of survival signals, such as activation of RhoA and consequent MAPK p38 
activation.  [133] 
These evidences may suggest that there might be an intriguing crosstalk 
between improper repair and genotoxin-transforming properties.  
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Bacterial genotoxins and their carcinogenic 
potential in vivo 

Several pieces of evidence for the carcinogenic potential of bacterial 
genotoxins in vitro have been provided. The link between infection and 
genotoxin-producing bacteria and cancer development has been reported 
also in several animal studies, which demonstrated that the persistent 
strong inflammatory response can further develop into malignant 
transformation, including colorectal cancer. 
It has been reported that germ-free Il10-/- mice treated with AOM (a pro-
carcinogenic chemical which mimics the lesions present in human CRC), 
followed by colonization with commensal pks+ E. coli strain NC101 
showed enhanced development of adenocarcinoma in comparison to mice 
colonized with the isogenic strain lacking the pks islet. The deletion of pks 
reduces the tumorigenicity, but not the inflammatory potential, 
suggesting that there is a synergistic effect between the host inflammation 
and E. coli–derived pks, which promotes a host microenvironment 
permissive for tumorigenesis. [134] 
These findings were further corroborated by similar studies, where a 
cooperative effect from co-colonization of the pks+ E. coli and Bacteroides 
fragilis has been observed in colon carcinogenesis in different mouse 
models, mimicking the pathogenesis of sporadic CRC (through the 
administration of AOM) or hereditary CRC (ApcMinΔ716/+ mouse model). 
Additionally, E. coli and B. fragilis have been detected as the two 
dominant biofilm members in familial adenomatous polyposis (FAP) 
patients, who carry a germline mutation of the tumor suppressor gene 
APC observed in the majority of hereditary CRC. [135] 
 
Genes encoding colibactin (clbB) and Bacteroides fragilis toxin (bft) have 
been found highly enriched in the colonic mucosa of FAP patients 
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compared to healthy individuals. Moreover, it has been recently reported 
that ApcMin/+ mice receiving the fecal microbiota transplantation from 
CRC patients develop an increased number of intestinal adenomas and a 
more advanced tumor development compared with those receiving fecal 
samples from healthy subjects. [136] 
Another study reported that the human isolate Campylobacter jejuni 81–
176 induced DNA damage and showed accelerated CdtB-dependent 
colorectal tumorigenesis in germ-free mice ApcMin/+. This effect was 
abrogated when the animals were treated with the mTOR inhibitor, 
rapamycin, which reduced C. jejuni-induced colorectal tumorigenesis and 
tumor growth, suggesting a role of mTOR signaling pathway in this 
process. [137] 
The contribution of genotoxin-producing bacteria in cancer initiation and 
progression has been extensively described. However, malignant 
transformations have been observed only in cancer-prone mouse models, 
either pre-treated with carcinogenic agents prior to infection or in a pre-
existing inflammatory microenvironment or in the presence of a germline 
mutation in key tumor suppressor genes, but few studies have been 
carried out in healthy individuals.  

 

Bacterial toxins as immune modulators 
 

Cells are continuously exposed to different perturbations and insults, 
which jeopardize the delicate balance of their homeostasis. Both DDR and 
immune responses are two very conserved lines of defence that maintain 
the homeostasis, and it is becoming evident that the two systems interact 
and influence each other. It is very well established that DNA-damaging 
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agents can influence the innate and adaptive immunity, because the 
presence of DNA damage is perceived as a threat for the organism. 
Since bacterial genotoxins can directly induce DNA damage, they can also 
modulate the host immune response. It is conceivable that microbes have 
developed this strategy to survive and spread in a stealth manner, to 
replicate and to maintain their reservoirs. 

 

Genotoxin-induced inflammatory response 
 
From the eukaryotic perspective, the DNA damage inflicted by bacterial 
genotoxins is sensed as a danger, alerting the host immune response 
resulting in either pro-inflammatory or anti-inflammatory reactions. The 
pro-inflammatory response can be triggered by four different events: (a) 
activation of nuclear factor kB (NFκB) [138, 139], (b) phosphorylation of 
MAPK p38 and STAT3, which will eventually lead to secretion of pro- 
inflammatory cytokines, such as IL1β, IL6, IL8, and TNFα [140, 141] (c) 
formation of micronuclear DNA lesions, which initiate the inflammatory 
signaling via cGAS-STING pathway, inducing further secretion of type I 
IFN; [142-144] (d) transition to senescence-associated secretory 
phenotype (SASP) and related secretion of IL6, IL8, IL24, MCP-1, and 
MMP3. [7, 10, 112, 145]  
Several in vitro studies have shown the capacity of genotoxins to induce 
secretion of a plethora of inflammatory cytokines. Synthesis and secretion 

of interleukin-1β (IL-1β), IL-6, and IL-8 and IFN-g was induced by A. 

actinomycetemcomitans CDT in peripheral blood mononuclear cells. 
Similar secretory phenotype was observed in the human acute monocytic 
leukemia cell line THP-1 and in monocytes differentiated into 
macrophages, which were stimulated to produce proinflammatory 
cytokines. This CDT-induced inflammatory response was dependent on 
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the activation of NLRP3 inflammasome and consequent caspase-1 
activation. [146, 147] 
The initiation of an inflammatory response was observed also in epithelial 
and mesenchymal cells. [148-150] 
 
The inflammatory pattern observed in in-vitro setting has been 
reproduced also in many in vivo studies. 
Enhanced gastritis and hyperplasia have been observed in mice infected 
with C. jejuni expressing a functional CDT compared to the animals 
treated with an isogenic CDT deficient strain and, despite the same level 
of colonization, no difference was observed in hepatic lesions, suggesting 
a specific CDT tissue tropism. [151] Similar results were obtained with 
Il10−/− deficient mice infected with Helicobacter cinaedi CdtB-producing 
compared to its CdtB-mutant; the latter induced significantly less severe 
typhlocolitis compared to the mice infected with the wild-type strain, in 
spite of similar levels of bowel colonization. These results suggest that 
CDT expression may not always favor bacterial colonization, but it may 
exacerbate the disease, as reported for C. jejuni, H. hepaticus, and H. 
cinaedi. [152] Considering that this study has been performed in Th1-
predisposed IL-10−/− mouse strain, it may indicate that a chronic 
inflammatory environment already present and the continuous exposure 
to DNA damage induced by bacterial genotoxins might act synergistically 
to trigger or enhance the carcinogenesis process. 
 
Interestingly, the presence of a functional CDT produced by H. hepaticus 
promoted progression of preneoplastic lesions to carcinoma over 
20 weeks post infection and it was associated with upregulated 
transcription of cecal Il-6 and TNF-α in the early stage of infection. 
Additionally, the lack of CDT decreased the ability of H. hepaticus to 
induce DNA damage and to further activate STAT3 signaling, indicating 
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that CDT might enhance the carcinogenic potential of H. hepaticus at least 
in part due to increased DSBs and increased activation of the TNF-α/      
IL-6-STAT3 signaling. [153]  
Similar outcomes have been observed in another study, where infection 
with H. hepaticus expressing a functional CDT induced an enhanced 
inflammatory response characterized by the increased mRNA levels of 

NFkB subunits p65 and p50, which coincided with enhanced expression 

of its upstream pro-inflammatory and growth regulatory genes (TNF-a 

and TGF-a) and its downstream genes IL-6, Cox-2 and anti-apoptotic Bcl-

2 and Bcl-X(L) effector proteins. [139] 

These results suggest that a sustained activation of the classical NF-κB 
pathway, and subsequent overproduction of downstream growth 

mediators IL-6 and TGF- a, in combination with upregulated anti-

apoptotic effectors, promote proliferation of hepatocytes, therefore 
leading to premalignant dysplastic lesions. 

 

It is still unrevealed to what extent bacterial genotoxins can contribute to 
initiating or enhancing the carcinogenic process and their role in shaping 
the tumor microenvironment directly or indirectly, interfering or 
exploiting other pathways. Many studies have described their 
carcinogenic potential under specific conditions, such as sustained 
activation of inflammatory response, but it is also conceivable that the 
carcinogenic process is fueled by the synergistic effects between the 
remodeling of CDT-induced host immune response and the intestinal 
mucosa where the pathogen resides, which might present distinct 
ecological niches, predisposing or hampering malignant transformation.   
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Genotoxin-mediated immune suppressive effect 
 

Despite several lines of evidence showing the capacity of bacterial 
genotoxins to induce a pro-inflammatory response, the cytolethal 
distending toxin was firstly described as an immune suppressive toxin for 
its capability for impairing human lymphocyte function by haltering cell 
cycle progression and provoking cell death in vitro. [154, 155] 
Furthermore, bacterial genotoxins might exert their immune suppressive 
effect impairing the immune cell functionality and their viability. 

E. coli producing colibactin has been shown to induce cell death in a dose 
dependent manner, where 75%–90% of CD4+ and CD8+ T primary 
lymphocytes and B220+ B lymphocytes died after exposure to colibactin 
producing bacteria. [156] 

Cells of the myeloid lineage, such as monocytes, macrophages, and 
dendritic cells, which are key activators of the adaptive immunity, are 
essential in the host defense against H. ducreyi and it has been shown that 
apoptosis was induced in monocytic THP-1 cell line and monocytic-
derived dendritic cells after treatment with CDT-producing H. ducreyi. 
[107, 155, 157, 158] These results suggest that H. ducreyi CDT causes the 
apoptosis of dendritic cells, hampering both the induction of cytokine 
production by professional antigen presenting cells (APCs) and their 
ability to elicit T-cell activation.  

The immune suppressive properties of genotoxins have been reported also 
in few in vivo studies. 

Of note, the contribution of these effectors in in-vivo infections has been 
investigated mainly in subjects prone or with higher probability to develop 
diseases, such as preexisting inflammatory condition (IBD syndrome) or 
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in presence of germline mutations in key tumor suppressor genes. Several 
aforementioned studies have proven the capacity of bacterial genotoxins 
to enhance inflammatory conditions in the gastro-intestinal mucosa [17, 
22, 152, 159] or to induce hepatic lesions [139].   

In addition, there is knowledge scarcity in the expression of genotoxins 
and their regulation in vivo and it is still unclear to what extent the 
carcinogenic effects described in in-vitro models may also be relevant in 
the context of chronic infections. 

When infection was assessed in an immunocompetent healthy mouse 
model, some unexpected results were observed. 

The probiotic activity of E. coli Nissle 1917 requires the presence of a 
functional colibactin to exert an anti-inflammatory effect on different in 
vivo models, including rats in which colitis was chemically induced 
through administration of DSS in drinking water and in T-cell dependent 
model of chronic colitis induced by the adoptive transfer of naïve CD4+ 
CD45RBhigh T cells in immunocompromised SCID mice. Oral 
administration of the wild-type Nissle bacteria improved the clinical signs 
of colitis and decreased colonic damage compared to the mice that 
received the colibactin-deficient Nissle ∆clbA bacteria. Furthermore, 
despite the overall colitis severity, decreased mortality was observed in the 
group of mice treated with the wild-type Nissle compared to the mice 
treated with Nissle ∆clbA. [160] 

It is still challenging to determine whether the beneficial activity of 
colibactin could be directly or indirectly linked to its capacity to afflict 
DNA in the host cells, since its genotoxic activity could not be dissociated 
from its probiotic activity. To address this question, further studies are 
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required with different models, including mouse models lacking a 
functional DDR, such as ATM-deficient mice.  

It is noteworthy that these immunosuppressive effects were observed also 
in infection studies performed with a TT-expressing S. enterica. Studying 
the effect of typhoid toxin in murine models poses a challenge, since 
Salmonella Typhi is a strict human pathogen; to overcome this 
impediment, S. Tyhpi pltA-pltB and cdtB genes were cloned under the 
control of their endogenous promoters and transferred into the fully 
virulent strain S. Typhimurium MC1 strain, which causes systemic 
typhoid fever-like infection in immunocompetent mice. [161, 162] Two S. 
Typhimurium strains that express either an active or inactive typhoid 
toxin have been constructed. 

In these set of studies, the presence of the cdtB gene was associated with 
a decreased mortality rate and strong suppression of the intestinal 
inflammation compared to the mice infected with the control cdtB-
deficient isogenic strain. In addition, the genotoxin-competent strain was 
shown to promote long-term infection; the presence of Salmonella could 
be detected in the mesenteric lymph nodes of the mice infected with the 
genotoxic strain at 30- and 180-days post-infection, although liver 
appeared to be the preferred site for establishing chronic infection [162]. 
The histological and transcriptomic analyses shown in this study revealed 
a complex effect of the typhoid toxin on the regulation of the host immune 
response in short and long-term infections. The data displayed a 
decreased inflammatory response in the colon but promote an 
inflammatory profile in the liver of the mice infected with the toxigenic 
strain, suggesting a different immunological modulation according to 
different tissue tropism. 

 



 
 

43 

The capacity of a functional typhoid toxin to promote an anti-
inflammatory environment was further confirmed in another study, 
carried out with S. enterica serovar Javiana, a non-typhoidal strain 
bearing the typhoid toxin genes. The livers of mice infected with S. Javiana 
wild-type strain displayed significantly higher levels of bacterial recovery 
compared to mice infected with the mutant strain, lacking the genotoxic 
subunit CdtB. Besides the enhanced colonization, the histopathological 
evaluation revealed significantly higher cecal inflammation in mice 
infected with the ΔcdtB mutant strain, implying the immune suppressive 
key role of the genotoxins in dampening the host immune response to 
allow bacterial dissemination and further spread. [163] 

In agreement with this, it has been reported that mice which were injected 
intraperitoneally with purified typhoid toxin exhibited a decrease of 
monocytes, neutrophils and lymphocytes in peripheral blood five days 
after infection, whereas the mice treated with the CdtB deficient strain 
showed levels of white blood cells analogous to the untreated or control 
animals. These findings confirm the immune suppressive features of 
genotoxins in vivo and underline their ability to modulate the host 
response to enable the bacteria to evade the immune cell killing and to 
spread systemically. [39] 

In the second paper of this thesis, we investigated in a greater detail the 
microenvironment-dependent crosstalk between the bacterial genotoxin-
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induced DNA 
damage response 
and the regulation of 
the host immune 
response [113] 
(Paper II). 

We demonstrated 
that the infection 
with the 
genotoxigenic strain  
induces DNA 
fragmentation and 
activates the DNA 
damage response in 
vivo, and we 
confirmed that this 
infection protects 
mice from intestinal 
inflammation. 

It would be 
interesting to 
investigate whether 
the DNA damage is 
present in the cells in 
the proximity of the 
bacteria and whether 
there is a preference 
of the cell type targeted for infection and intoxication.  

  
Figure 2.  Combined RNAscope analysis and 
immunofluorescence to assess the levels of co-expression of 
mRNA specific for Salmonella fljB (green) and 
phosphorylation of histone H2AX: g -H2AX (yellow).  

Upper panel: Representative micrographs of immunofluorescence 
combined with RNAscope to assess colocalization of activation of DDR 
with Salmonella in colon and liver. Phosphorylation of histone H2Ax (γ-
H2Ax) was labelled by immunofluorescence (yellow). White arrowheads 
indicate γH2Ax-positive cells. Localization of Salmonella was detected by 
RNAscope targeting Salmonella Typhimurium fljB mRNA (green). Thin 
white arrows depict γ-H2Ax and Salmonella fljB mRNA positive cells, 
thick white arrows show γH2Ax-positive cells colocalizing with 
Salmonella fljB. Nuclei were counterstained with DAPI (blue). Lower 
panel: Quantification of γ-H2Ax-positive cells, γ-H2Ax and Salmonella 
fljB mRNA double-positive cells for γH2Ax and Salmonella fljB mRNA in 
colon and liver. 
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To address these questions, we have set up a combined in situ 
transcriptomic and immunostaining assay. The in situ transcriptomic 
analysis can be performed potentially targeting 12 different transcripts, 
(known as Hiplex Assay) while the immunostaining allows the 
identification of up to 8 different markers. These two techniques 
combined would enable us to perform a characterization down to a single 
cell level, defining the phenotype and the functionality of every cell 
without losing the tissue morphology and their spatial orientation. In the 
first set of experiments, we targeted S. Typhimurium flagellin fljB mRNA 

in combination with immunofluorescent staining of g-H2AX, a surrogate 

marker widely used for detecting DSBs induction. Our preliminary results 

show that a more prominent proximity of fljB mRNA and g-H2AX is 

present in the colon of mice infected with the genotoxic strain, compared 
to the control strain (Figure 2). In the liver, where both strains promote 
an inflammatory response, this association was not observed (Figure 2). 

The host response upon infection with a TT-expressing Salmonella MC1 
strain was characterized by the induction of senescence, activation of 
nuclear factor κB (NF-κB), reduction in recruitment of leukocytes and T 
lymphocytes and production of T helper 2 (Th2) cytokines, and a higher 
percentage of anti-inflammatory macrophages and regulatory T cells. 
Overall, we observed in the intestine the promotion of anti-inflammatory 
response partially dependent on a functional ATM,  which was abolished 
when infection with the genotoxigenic strain occurred in the context of  
preexisting acute colitis, highlighting the influence of the tissue 
microenvironment on the toxin immunomodulatory properties. 

The anti-inflammatory response promoted in the colon of C57BL/6 mice 
infected with the genotoxigenic Salmonella strain was confirmed by 
RNAscope, the in situ transcriptomic analysis, which showed a higher 
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ratio between the mRNA specific for anti-inflammatory cytokine Il10 
mRNA and the pro-inflammatory Ifng mRNA. These data were confirmed 
in the Sv129 mouse model (Chiloeches ML, et al., manuscript in 
preparation).  

Our data suggest that infection with genotoxin-producing bacteria causes 
DNA fragmentation in vivo that is not associated with a pro-inflammatory 
response. This provides new insights, underlining the complexity of the 
link between DNA damage and immune response, which is more puzzling 
than the activation of the inflammatory response as a consequence of 
danger sensing. 

 

Bacterial genotoxins are widely distributed among pathogenic bacteria 
and horizontally transferred and it is unlikely that certain microbes have 
acquired these effectors with a primary purpose to cause cancer or acute 
cell death. Despite the structural homology with the mammalian DNase I, 
bacterial genotoxins have been shown to possess a cleaving capacity which 
is less efficient.[164] It is conceivable that DNA damage occurs at lower 
levels, which suffice to subvert host immunity. 

One of the mechanisms exploited by the pathogens may be cellular 
senescence, since senescent cells can secrete a plethora of mediators 
which can affect and shape the surrounding microenvironment and might 
contribute to skew it toward a more accessible scenario for pathogen gut 
colonization. 

The capacity of genotoxins to induce senescence in vitro has been widely 
investigated. We have also shown that infection with a genotoxin-
producing bacteria induces senescence in vivo (Paper II). 
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The senescent secretory phenotype is usually associated with a pro-
inflammatory phenotype; however, in our study we identified a 
subpopulation of senescent cells co-expressing mRNA-specific 
p16/INK4a and Il10. This suggests that bacterial genotoxins and their 
capacity to inflict DNA damage may play a non-cell-autonomous role in 
shaping the host immune response in a tissue-specific manner, not 
exclusively associated with pro-inflammatory response.  

In fact, the hypothesis of a preferential tissue tropism has been 
strengthened in previous studies, which have showed that the anti-
inflammatory response induced by the typhoid toxin occurs only in the 
bowel of healthy mice, while in other organs, such as spleen and liver, the 
infection with the toxigenic strain was linked to induction of a higher 
degree of inflammation. [162]  

 

Effect of bacterial genotoxins upon modification of the host 
microenvironment 
 

We are currently investigating under which specific circumstances 
bacterial genotoxins can shape directly or indirectly the niche to the 
advantage of the pathogens, and when these toxins can contribute to 
cancer development. To address this question, we have performed long-
term infection experiments (8 weeks) of SV129 mice with the S. 
Typhimurium toxigenic strain and the isogenic control strain lacking the 
genotoxic subunit. Prior to infection, mice have been treated with 
different agents mimicking inflammatory, pro-carcinogenic or 
carcinogenic conditions. The following models were used: 
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1. The DSS model, where the administration of DSS reproduces the 
human ulcerative colitis-like pathologies due to its toxicity to 
colonic epithelial cells, which results in compromised mucosal 
barrier function. [165] 

2.  The AOM model, where the alkylating agent azoxymethane (AOM) 
is given prior to infection, allows to reproduce a pro-carcinogenic 
environment, mimicking the occurrence of sporadic colorectal 
cancer. [166] 

3. The AOM/DSS model, which recapitulates the colitis-associated 
colorectal cancer (CAC). [167] 
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When the delicate equilibrium in the gut is jeopardized and infection 
occurs in the presence of pre-existing perturbations in the intestinal 
microenvironment, 
such as colitis or in a 
pro-carcinogenic 
environment, the 
protective effect of the 
typhoid toxin is lost. 
We detected several 
traits of chronic 
inflammation, which 
appeared to be 
bacteria-dependent, 
but toxin-
independent, as we 
could not observe any 
difference between the 
mice infected with the 
toxigenic strain and 
the mice infected with 
the isogenic control 
strain. This would 
suggest that the 
advantages given by the presence of the typhoid toxin can be beneficial for 
the bacteria only in specific circumstances, such as the status of the host. 
(Chiloeches ML, et al., manuscript in preparation) 

Although several lines of research indicate a putative role of bacterial 
genotoxins in promoting or initiating cancer development, our 
preliminary data suggest that the tumorigenic barrier in the host 

Figure 3. In a pro-carcinogenic environment, inflammation 
is detected in bacterial-dependent manner. Sv129 mice receive 
an intraperitoneal injection of AOM. After seven days, mice were mock 
infected with PBS (Uninf) or infected with the MC1 DcdtB (DcdtB) or 
MC1 TT (TT) strains for 8 weeks. Upper panel: representative 
micrograph of the haematoxylin and eosin staining of the colon. The 
stars indicate leukocytes recruitments. Lower panel: Analysis of 
leukocytes recruitment was performed with CD45 specific antibody, 
followed by a TRITC-conjugated secondary antibody (red). Nuclei were 
counterstained with DAPI (blue) in the colonic mucosa at 8 weeks post-
infection. 
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microenvironment is very robust. Despite induction of chronic infection 
with toxigenic strain after treatment with either DSS or AOM alone or 
combined, we only observed enhanced signs of dysplasia in colon because 
of a synergistic effect of AOM/DSS prior to infection with toxigenic strain 
compared to mice infected with the isogenic control strain.  

 

In spite of the extensive characterization of the mode of action of bacterial 
genotoxins in vitro, there are still many questions that need to be 
addressed, including the doses of genotoxins secreted in vivo, the time of 
exposure to infection and how these levels are comparable to the ones 
used for in vitro assays. 

Tools development 
 

Multiplex analysis 

The work included in my thesis highlights the puzzling link between DNA 
damage response and host immune response, which is more complex than 
activation of the inflammatory response as a consequence of danger 
sensing, since the outcome might be very different depending on the 
complexity of the niche, the interplay among the host, the microbiota and 
the status of the host cells. 

The intestinal mucosa requires a tolerogenic environment in order to 
tolerate the presence of the commensal microbiota and food antigens, but 
simultaneously it requires the ability to fight off pathogens invasion. The 
perturbations of this delicate tissue homeostasis and how tissue 
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microenvironment can be skewed by microbes to facilitate bacterial 
colonization is still unknown. 

One of the most plastic and heterogeneous populations is represented by 
the tissue macrophages, which contribute to homeostasis maintenance 
and trigger immune activation upon dangerous signals and stimuli in the 
local milieu. 

Heterogeneity and versatility are two of the main features of monocyte-
macrophage lineage, which enable its members to accomplish several 
tissue-specific functions. The F4/80 molecule was established as a unique 
marker for murine macrophages when a monoclonal antibody was found 
to recognize an antigen only expressed by these cells and it has been 
extensively used to characterize macrophage populations in a wide range 
of immunological studies under normal and pathological conditions. 
[168-170] 

The transmembrane glycoprotein CD206, also known as macrophage 
mannose receptor (MMR), is a 175-kDa glycoprotein that is expressed on 
tissue macrophages. The murine mannose receptor displays a high degree 
of conservation with the human receptors and it has the same functions 
as a mediator for the uptake of mannose-rich glycoproteins and as a 
phagocytic receptor for bacteria, yeasts, and other pathogenic 
microorganisms. [171] 

Recently, it has been shown that the mannose receptor can directly 
modulate the activation of various immune cells. Cell-bound mannose 
receptor expressed by antigen-presenting cells was proven to drive 
activated T cells towards a tolerogenic phenotype. [172, 173] It can be 
speculated that, considering the more prominent presence of M2-like 
macrophages upon infection with Salmonella toxigenic strain, 
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upregulation of mannose receptor on the resident intestinal macrophages 
could be one mechanism exploited by the pathogen to colonize the gut 
without being perceived. 

 

In Paper II, we have shown the immunomodulatory properties of 
bacterial genotoxins in vivo, and particularly, we characterized the link 
between the induction of DNA damage and the immunosuppressive 
capabilities of bacterial genotoxins in the colonic mucosa. With the 
emerging evidence that the niche, where the infections occur, dictates the 
outcome, we proposed a method for a phenotypic analysis of infiltrating 
macrophages. 

The analysis of the macrophage population was performed with the pan-
macrophage F4/80-specific antibody, followed by a TRITC-conjugated 
secondary antibody, and the CD206 antibody for non-inflammatory 
macrophages, followed by fluorescein isothiocyanate-conjugated 
secondary antibody. Nuclei were counter-stained with DAPI (blue) in the 
intestinal mucosa, and the method was described in a published STAR 
protocol (Paper III). 

In order to gain a better understanding of the immunological scenario and 
how the bacterial genotoxins are able to shape the host microenvironment 
to their own advantage, it would be important to further extend the 
phenotypical analysis to other immune cells and adapt this procedure to 
address the functionality to a single-cell level in the gut immunological 
landscape. This can be achieved through combined multiplex 
immunofluorescent staining, targeting concomitantly several surface 
markers, and a Hiplex RNA in situ hybridization assays, which are 
currently being set up in our group. 
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In vitro immune competent colonic mucosal models 

As of now, the impact of genotoxin-producing bacteria on the modulation 
of host mucosal response is still poorly characterized. Our data suggest 
that the host-microbe interaction and the tissue microenvironment play a 
key role in determining the outcome of infection, and eventually, the 
genotoxin carcinogenic potential. Thus, we are interested in performing a 
detailed investigation on the molecular mechanisms that promote the 
immunosuppressive effect of the typhoid toxin in colon. To study more 
closely the crosstalk between the DDR toxin-induced and the 
immunological host response, and to understand how the genotoxic 
ability may be exploited by the microbes to twist the host defenses to their 
own advantage, a more plastic and easily handled model is needed. 

 

 

Figure 4. Combined multiplex immunofluorescent staining, targeting concomitantly 
several surface markers and a RNA in situ hybridization assays. Left panel: representative 
confocal micrograph of immunofluorescence in colon, targeting CD45 (gray) and F4/80 (magenta). 
Right panel: positive control probes targeting Polr2a (green) and PpiB (red) for assessing the probe 
specificity and the quality of mRNA for the RNAscope analysis after immunofluorescence. 
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Current in vitro studies are conducted primarily in two-dimensional (2D) 
cell culture, which still provides a further understanding of molecular 
signaling, change of cellular morphology or cytotoxicity. However, several 
physiological and pathological cellular processes (such as migration, 
proliferation, differentiation) are mainly affected by environmental 
factors, as cell-matrix association, spatial orientation,  and mechanical 
forces, which are missing in the classical 2D cultures. [174-176] Moreover, 
most of the 2D cultures lack the immune components, impeding a better 
understanding of the interplay between the different niches and limiting 
the suitability of these models to study gut physiology and mucosal 
immunology. 

Previous studies investigated the infection with S. Paratyphi, H.pylori and 
S. Typhimurium and have been performed in gastric mucosoids and 
human enteroids,  which resemble the intestinal architecture. However, 
these models did not include the immune system components. [177, 178]  

The major challenge of developing such models remains the 
establishment of an environment that allows and regulates the crosstalk 
between the multiple cell types and immune components. In this study, 
we propose a method to establish an infection with S. enterica in a human 
colonic 3D model that includes human colonic epithelial cells, stromal 
cells, and different immunological scenarios. Our aim was to investigate 
how the presence of the immune components, specifically macrophages 
and T cells, influences the DDR induced by the typhoid toxin and to 
provide valuable insights to the molecular basis of the host response to 
enteric pathogens. Therefore, we started to develop an immunocompetent 
3D model by adding the total population of peripheral blood mononuclear 
cells (PBMCs), purified monocytes alone or in combination with T and B 
lymphocytes, as well as macrophages (Paper IV). 
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Consistently with our previous findings in organotypic 3D model 
developed with colonic fibroblasts and epithelial cells embedded in a 
collagen matrix [122], we reproduced a toxin-dependent induction of the 
DDR even in the presence of PBMCs in the collagen matrix. However, we 
observed higher levels of induction of DNA damage in samples either 

uninfected or infected with the control strain MC1 DcdtB. It is likely that 

this effect could be due to ROS production, since it has been shown that 
the addition of PBMCs promoted increased levels of the proinflammatory 
cytokines IL-6 and IL-8. [179] 

In contrast, in the presence of T cells or monocytes alone or co-cultured 
in the model, the toxin specific effect on DDR kinetics was lost for all the 
markers investigated, suggesting that the secretion of the typhoid toxin 
under these conditions might be altered, or the response to the DNA 
damage is qualitatively different in these settings. 

Noteworthy, upon infection we observed the recruitment of T 
lymphocytes at the site of the epithelial layer, suggesting that the presence 
of the bacteria, but not of the toxin as we observed this phenomenon when 
sample are infected with toxigenic strain or isogenic control strain, might 
induce the secretion of chemotactic factors by the epithelial cells.  

When the analysis of the tissue architecture was performed, upon 
infection, we did not observe any morphological reshaping of the tissue 
structure in the presence of the total population of leukocytes, in the 
presence of T cells, monocytes alone or monocytes and T cells combined. 
However, when differentiated macrophages were added into the model, in 
the presence of bacteria the epithelial layer was severely affected, resulting 
in the formation of granuloma-like structures. 
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The structures that we observed might resemble the physiological 
recruitment of immune cells to the site of infection: differentiated 
macrophages migrated from the stromal compartment to the epithelial 

layer, where the first contact with the bacterium occurs. More experiments 
are needed to confirm this hypothesis, but we can exclude the granuloma-
like structures are formed due to increased proliferation of epithelial cells, 
as we did not detect any difference in proliferation rate, assessed with 
specific antibodies targeting Ki67, widely used as proliferative marker 
(data not shown). 

Considering the putative role of bacterial genotoxins in initiating or 
promoting carcinogenesis, particularly during chronic exposure, we 
started to establish the immunocompetent organotypic 3D models in the 
presence or absence of PBMCs with a long-term setting, mimicking the 
persistent exposure to typhoid toxin.  

In this set of experiments, the models have been infected for 30 days with 
S. enterica expressing a functional typhoid toxin or the mutant isogenic 
strain lacking the genotoxin subunit. Activation of the DDR was 
monitored by immunofluorescence (Figure 4). 
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In the absence of PBMCs, the pattern of the DDR induction did not 
significantly change between the short-term and long-term infection, 
showing toxin-specific activation. However, differently to what has been 
observed at 3 days post-infection (Paper IV), the presence of PBMCs at 
30 days post infection leads to alteration of DDR, with similar levels of 
KAP1 and H2AX phosphorylation detected also in samples infected with 
the isogenic mutant strain. As discussed above, this could be due to ROS 
production to combat bacteria by triggering oxidative stress, which can 

 

 

 

 

Figure 5. Characterization of DDR in long-term infection in human organotypic 3D models 
including PBMCs. Human colonic organotypic 3D models were left untreated (uninfected) or infected with the 
MC1 DcdtB (DcdtB) or MC1 TT (TT) strains at MOI 25:1 for 30 days. Upper panel: representative micrograph of 
organotypic 3D model tissue morphology. Lower panel: quantification and percentage of positive epithelial cells. 
The activation of DNA damage response was assessed by immunofluorescence, using antibodies specific for 
phosphorylated KAP1 (p-KAP1), phosphorylated H2AX (gH2AX), p53-binding protein 1 (53BP1). 
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activate ATM-dependent phosphorylation of multiple downstream 
targets. [180]. Thus, the 
presence of PBMCs 
changes the early versus 
late DDR response 
during the infection, 
suggesting that the 
presence of immune 
cells may alter the 
kinetics of the repair 
pathways or trigger a 
qualitatively different 
response to bacterial 
genotoxins. 

To address whether the 
typhoid toxin plays a role 
in the competition with 
the host microbiome to enable S. enterica to invade host barriers, the 
organotypic 3D model was further implemented with the addition of other 
components of the host response present in the intestinal mucosa, such as 
the human gut microbiota. In fact, the human gut microbiota comprises 
of more than a thousand taxonomic units and exerts a marked influence 
on the host during both homeostasis and disease and provides a 
remarkable contribution to the intestinal protection against pathogens. 
[181, 182]. 

To reproduce the physiological intestinal microenvironment and to 
maintain the qualitative and quantitative microbiome composition, the 
human fecal microbiota was isolated from healthy donors and then 

Figure 6. PAS staining to assess level of mucus layer in 
coculture models. Mucus is stained in Blue and nuclei 
are counterstained with Hematoxylin 

Upper panel: Caco-2 and HT29-MTX were cocultured in ratio 
9:1 respectively for 25 days to differentiate into goblet cells. 

Lower panel: Caco-2 and HT29-MTX were cocultured for 25 
days in ratio 9:1 respectively and an external mucus layer was 
added (purified mucine-porcine 5mg/mL). 
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cultured in anaerobically with human colonic epithelial cell 1CT at 
different time points and diluted at several concentrations to reach the 
right amount without jeopardizing the host components.  

In the gut mucosa, a further protection for the host is represented by the 
mucus layer produced by goblet cells; therefore, several experiments 
aimed to obtain protective mucus were carried out concomitantly. 
According to several studies, HT29-MTX cells, either alone or co-cultured 
with Caco-2 cells, are capable of differentiating into goblet cells after 25 
days of culture, providing endogenous production of mucus. [183-185] 
During my PhD, we successfully reproduced the data from the literature, 
obtaining a complete differentiation of HT29-MTX into goblet cells 
(Figure 5). 

However, this part of the project would need further optimization since 
this study posed several difficulties.  

Even though HT29-MTX and Caco-2 cell lines are widely accepted as in 
vitro models to study epithelium permeability, they suffer from critical 
limitations. Since they represent cancer cell lines, many essential 
pathways, in which we are interested, are altered or abrogated. To 
overcome this issue, we tried to set up a mucus model selecting cells which 
display more physiological features: the human immortalized but not 
transformed colonic epithelial cells 1CT. [186] However, we failed to 
obtain a mucus layer in these settings, despite several attempts with 
different titrations and different fixation methods.  

We also tried to add exogenous purified porcine mucus to mimic the 
protective mucus layer, but we did not succeed in obtaining a homogenous 
distribution over the cell cultures. 
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To implement the characterization of cell signaling pathways involved in 
the crosstalk between DDR induced by genotoxins and the consequences 
to the immune shaping of the host, we initiated the development of an 
alternative method: the mouse colonic ex vivo model. 

Studies with ex vivo models are based on experiments/measurements 
performed on tissues extracted from organisms in a controlled manner 
and resemble the physiological and natural conditions. Ex vivo models are 
considered a sufficient compromise between in vitro and in vivo models; 
since the tissue morphology and spatial orientation is preserved, the 
experimental design would allow us to investigate from a molecular point 
of view the early stage of infection and which pathways are involved. [187]  

Ex vivo tissues from healthy mice were harvested and infected with 
Salmonella Typhimurium MC1 ΔcdtB strain for four, six and ten hours. 

Since in our previous findings, we could detect a higher degree of 
inflammation in the bowel of mice infected with the isogenic control 
strain, [113, 162] the rationale for these sets of experiments was to use the 
same strain to evaluate the early stages the inflammatory response. 

The presence and the spatial distribution of leukocytes and macrophages 
was analyzed by immunofluorescence, targeting CD45 (green) and the 
pan-macrophage marker F4/80 (red) (Figure 6). 

Upon infection, we could reproduce the physiological process of 
leukocytes recruitment to the site of infection, one of the hallmarks of 
inflammation observed previously in our in vivo models in mice infected 
with the isogenic control strain lacking the genotoxic subunit. [113, 162] 
These results would indicate the suitability of this model to investigate the 
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early events which occur in the initial phase of host and pathogen 
interaction. 

This model will enable us to study the tissue microenvironment, creating 
a bridge between cellular signaling pathways and the interaction of single 
cells in their surroundings, but complying with the 3R principle 
(replacement-reduction-refinement) to minimize the employment of 
animals. 

 

 

 

Figure 7. Ex vivo mouse bowel. 

Analysis of leukocytes recruitment was performed with CD45 specific antibody, followed by an FITC-
conjugated secondary antibody (green), and macrophages were labelled with F4/80 followed by a TRITC-
conjugated secondary antibody (red). Nuclei were counterstained with DAPI (blue) in the colonic mucosa at 4 
hours post-infection. 
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Conclusions 
It is commonly believed that the term “toxin” entails a negative 

connotation, usually related to danger linked to poisoning or to even more 
severe consequences.  

However, currently the word ‘toxin ’is being loosely used to mean poison, 

as toxins are also widely utilized in esthetic medical treatment and may 
also serve as medicines that are helpful in small doses, but poisonous in 
large amounts. This implies that the toxicity may vary depending on 
several factors, such as secreted dose, tropism, and general status of the 
host.  

The main message that this thesis conveys is that in general toxins should 
not be considered toxic per se, but it is the context and the dose that 
determine the consequences that these substances have. 

This concept can be applied particularly to the genotoxins families. These 
toxins have been studied for over thirty years, with many controversial 
results. More than controversial, the contexts in which infections with 
genotoxin-producing bacteria were studied were very different, leading to 
very different outcomes. 

These toxins have been shown to possess carcinogenic properties. 
However, it is unlikely that bacteria have acquired these effectors to 
induce or promote cancer in the mammalian host as their primary 
purpose. Furthermore, bacterial genotoxins are very conserved among 
Gram-negative bacteria, indicating that from the evolutionary point of 
view, they should confer many advantages. In fact, genotoxins can be seen 
as additional tools to help the pathogen to accomplish a successful 
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colonization and infection, allowing the invasion and the spreading in the 
host in a stealth manner. 

 

 

 

 

 

 

 

 

 

 

 



 

64 

Acknowledgements 
It is time to wrap up what this period in Umeå meant to me. Now that this 
journey has come to an end, I must say I would re-start from the beginning 
over and over again, and this is thanks to all the people who have 
supported me in difficult and happy moments! 
I apologize in advance if I have forgotten anybody… this does not mean I 
am underestimating the importance you had, but only that currently I am 
overwhelmed by a tornado of emotions, and a little bit of panic! 
 

All of you at the Department of Molecular Biology have 
contributed to this great and important achievement! 

Thank you all for your dedication to science! 
 
 
I would like to start by thanking my supervisor, Prof. Teresa Frisan. I 
don´t need to say how special Teresa is, everyone is aware of that. What I 
will try to convey is how it is having Teresa as supervisor. Needless to say, 
she´s the kindest and most honest person on Earth. 
During this period, we became a family, we have been through veeeery 
tough situations, but none of us has ever given up. This is the most 
important thing Teresa has taught to me in science and in life: there will 
be dark days, but there is always the sun or the rainbow after the storm. 
For 6 years, almost every day has started with a coffee and a smile, to 
discuss news worldwide, politics, foreign affairs…. And science, projects, 
issues and a loooot of troubleshooting sessions. 
Whenever I had a bad day, Teresa was the first person to notice and the 
first person running to cheer me up, no matter if it was a bad day for her 
too. 
There are not enough words in any vocabulary of any language to express 
my deepest gratitude for what she has done for me: she saw me grow, she 
let me make mistakes on my own, but always guiding me, as the best 
mentors do. (I prefer to define her “a scientific mum” rather than mentor!)   
 
Then I would like to thank the second member of my family in Umeå: 
Javier. 
In difficult times, I have never seen such a positive attitude as Javier has 
shown me during these years. He has been always a support, always a 



 
 

65 

smile, always patient and available to share his huuuuge knowledge with 
me. I am so grateful for having you here! 
 
It is then time to thank the third member of the family, Maria. 
When she joined our group, I don´t think she was aware of the challenge 
to have me as a colleague!!  Despite my willing to talk all the time and 
despite different music taste, we managed to find the proper balance for 
everything. We ended up having the perfect chemistry, having fun and 
having an enormous amount of funny and memorable moments together!! 
I am so happy for having you on my side (especially when it is about 
students supervision… and you know what I mean!!!) 
 
And finally, I would like to acknowledge our collaborator and friend 
Giannis, for his passion for science, for being so pure and genuine. An 
amazing person, a great pathologist, and a special friend! 
 
I would also like to say few words about former colleagues, during my 
period in Karolinska, where everything began. Firstly, I would like to 
thank Océane, with her it was true friendship... at first sight!!! She has 
been the older sister I never had! 
A fantastic colleague, a very talented scientist, and a true friend. After 6 
years here we are again, and with her I experience that friendship does not 
have limit in term of distance or time! 
I would also like to express my gratitude to prof. Maria Masucci for her 
encouragement at the beginning of my PhD, Soham, Paivi and 
Dimitri, for accepting me in such a friendly environment and for helping 
me whenever I needed! 
 
Now it´s time to acknowledge all the people who made my time in Umeå 
unforgettable!! 
I will start saying that I will always be extremely grateful to Saskia, for 
her sincere friendship first of all, but also for her priceless inputs and 
feedbacks in any project update, for sharing her tips for any experiments 
and basically for helping me through this fantastic journey in any way 
possible she could! And, beyond science, for being one of the closest 
persons I had in Umeå, and I will have regardless of where I will be! 
As I said, for true friendship, there are no boundaries in term of time and 
space! 
 



 

66 

I don´t have enough words for thanking my partner in crime, Niko. We 
were meant to be, since the first chat we had! How many evenings we 
spent discussing whatever dilemma, philosophical, scientific, ethics…  
One of the most polymath person I have ever met, like the shades in the 
rainbow!! One of the kindest souls that ever crossed my path! I would have 
been lost without you!! 
The time with you and our reflections have been so precious, and I don´t 
know how to explain how much you mean to me! Only you and I know 
what kind of adventures we have been through together! 
 
I will be eternally grateful to Marek for all the nice conversations and for 
saving our life sooo many times from IT-thread and troubles with updates! 
 
I wish to express my deepest gratitude to my co-supervisor, prof. Maria 
Fällman, for sharing ideas, inputs and for the important feedbacks and 
discussions during all our meetings in these years. 
Special thanks to Anna Falghren, my light in the darkness of 
complicated protocols, and the source of solutions for any issue in IHC 
and IF procedures, and thanks for being one of my first trainer for in vivo 
experiments. I have learnt so much for you! 
And of course, many thanks to the former and current members of 
Fällman´s lab for all your valuable inputs! Kemal, Rikki, Barbara F, 
Ummehan, Firoj, Kristina, Roberto Everyone one of you has 
contributed to make this path successful! 
 
My gratitude will also be for Prof. Vicky Shingler for supporting me in 
this path as examiner, and for being so patient! 
 
I wish to thank also Ulrich for clarify any doubt I had (I had many!) and 
for your willingness to help me at any time!  
 
I will be extremely grateful to Prof. Bernt Eric Uhlin and Prof. Sun 
Nyunt Wai for the continuous encouragement and support, for helping 
me in the development of many ideas and for the priceless suggestions 
they gave me! Many thanks also to the group, Aftab, Palwasha, Eric for 
being always so nice to me and for the nice chats in the tissue culture and 
in the bacterial tissue culture… as well as in the fika room! 
 



 
 

67 

I want to express my gratitude also to Björn and to the current and 
former members of his group, especially Dhirend, Fabiola, Sandra, 
Rachel, Fai. Thanks to all of you guys, for always having a smile and for 
being always ready to help and share your experience and knowledge with 
us for whatever experiment we wanted to set up! You rock guys! It has 
been sooo nice to collaborate and to share this experience with you! 
 
 
 
I would like to thank Prof Matthew Francis and the members of his 
group, Kumar and Jyoti, for being so supportive during our meetings 
and for being such nice lab neighbors! 
 
I wish to acknowledge Prof. Jenny Persson and her group, especially 
Tianyan Julius, Per and Martuza for our Wednesday meetings and 
the fruitful discussions and feedbacks, I enjoyed a lot discussing with all 
of you! 
 
 
I would like also to thank all the people who always reserved a smile to 
me, a nice word to cheer me up or who was just extremely patient to listen 
my never-ending confessions and chats when I walked around the 
corridors! And especially… for being enough patient to listen to my 
playlists in the pubs! And super thanks also for helping out in organizing 
different activities: Marga, Paula (the official reporter of any event), 
Victor, Lucia, Karsten, Kai, Alexandra, Sebastian! And huuuge 
thanks to my neighbor and one of the persons I have started this PhD 
journey with: Barbara! Together since the very first moment, and at the 
end more or less in the same moment… with whom I share the passion for 
science… and for lamas and alpacas!! 
 
 
I need to express my gratitude to all the people in the Administration 
staff, for always being ready to help and support with whatever 
bureaucratic caveat; in particular: Annika, for being always so patient, 
the economy team for all their support Maria Westling, Thez and Eva-
Maria! 
Many thanks to Viktor Skog for all the help for filling documents and 
the nice chats in fika times (and pubs!) together! 



 

68 

I am truly and deeply grateful to Ulf and Alex, as without them, many 
things and many changes would not have been possible! 
 
I am extremely grateful to National Clinical Research School in Chronic 
Inflammatory Diseases for the great activities, the wonderful lectures and 
workshops and for the opportunity to listen and to approach outstanding 
scientists. 
 
 
 
 
And last but not least, I wish to thank my family, my mum Meri, my 
brother Luca and my dad Iano for letting me free to make my choices, 
for giving me the opportunity to pursue this path and for supporting me 
around the clock. 
 
I would also like to express somehow how grateful I am towards my Italian 
friends, each one of you has contributed to make me the person I am, and 
special thanks to the bravest ones (Giulia, Emanuela, Annalisa, 
Giorgia) who travelled all the way up to the North and for being always 
on my side, no matter what, and for sharing with me these beautiful 
moments. You are the family I have chosen!! 



 
 

69 

References 
 

1. Olsnes, S., B. van Deurs, and K. Sandvig, Protein toxins acting on 
intracellular targets: cellular uptake and translocation to the 
cytosol. Med Microbiol Immunol, 1993. 182(2): p. 51-61. 

2. Lemichez, E. and J.T. Barbieri, General aspects and recent 
advances on bacterial protein toxins. Cold Spring Harb Perspect 
Med, 2013. 3(2): p. a013573. 

3. Macion, A., A. Wyszynska, and R. Godlewska, Delivery of Toxins 
and Effectors by Bacterial Membrane Vesicles. Toxins (Basel), 
2021. 13(12). 

4. Zlatkov, N., et al., Eco-evolutionary feedbacks mediated by 
bacterial membrane vesicles. FEMS Microbiol Rev, 2021. 45(2). 

5. Schwechheimer, C. and M.J. Kuehn, Outer-membrane vesicles 
from Gram-negative bacteria: biogenesis and functions. Nat Rev 
Microbiol, 2015. 13(10): p. 605-19. 

6. Henkel, J.S., M.R. Baldwin, and J.T. Barbieri, Toxins from 
bacteria. EXS, 2010. 100: p. 1-29. 

7. Lopez Chiloeches, M., A. Bergonzini, and T. Frisan, Bacterial 
Toxins Are a Never-Ending Source of Surprises: From Natural 
Born Killers to Negotiators. Toxins (Basel), 2021. 13(6). 

8. Du, L. and J. Song, Delivery, structure, and function of bacterial 
genotoxins. Virulence, 2022. 13(1): p. 1199-1215. 



 

70 

9. Grasso, F. and T. Frisan, Bacterial Genotoxins: Merging the DNA 
Damage Response into Infection Biology. Biomolecules, 2015. 
5(3): p. 1762-82. 

10. Martin, O.C.B. and T. Frisan, Bacterial Genotoxin-Induced DNA 
Damage and Modulation of the Host Immune Microenvironment. 
Toxins (Basel), 2020. 12(2). 

11. Johnson, W.M. and H. Lior, A new heat-labile cytolethal 
distending toxin (CLDT) produced by Campylobacter spp. Microb 
Pathog, 1988. 4(2): p. 115-26. 

12. Whitehouse, C.A., et al., Campylobacter jejuni cytolethal 
distending toxin causes a G2-phase cell cycle block. Infect Immun, 
1998. 66(5): p. 1934-40. 

13. Lara-Tejero, M. and J.E. Galan, CdtA, CdtB, and CdtC form a 
tripartite complex that is required for cytolethal distending toxin 
activity. Infect Immun, 2001. 69(7): p. 4358-65. 

14. Haghjoo, E. and J.E. Galan, Salmonella typhi encodes a functional 
cytolethal distending toxin that is delivered into host cells by a 
bacterial-internalization pathway. Proc Natl Acad Sci U S A, 
2004. 101(13): p. 4614-9. 

15. Thelestam, M. and T. Frisan, Cytolethal distending toxins. Rev 
Physiol Biochem Pharmacol, 2004. 152: p. 111-33. 

16. Young, V.B., et al., In vitro and in vivo characterization of 
Helicobacter hepaticus cytolethal distending toxin mutants. 
Infect Immun, 2004. 72(5): p. 2521-7. 



 
 

71 

17. Ge, Z., et al., Cytolethal distending toxin is essential for 
Helicobacter hepaticus colonization in outbred Swiss Webster 
mice. Infect Immun, 2005. 73(6): p. 3559-67. 

18. Gargi, A., et al., Cellular interactions of the cytolethal distending 
toxins from Escherichia coli and Haemophilus ducreyi. J Biol 
Chem, 2013. 288(11): p. 7492-7505. 

19. DiRienzo, J.M., Breaking the Gingival Epithelial Barrier: Role of 
the Aggregatibacter actinomycetemcomitans Cytolethal 
Distending Toxin in Oral Infectious Disease. Cells, 2014. 3(2): p. 
476-99. 

20. Li, L., et al., The Haemophilus ducreyi cytolethal distending toxin 
activates sensors of DNA damage and repair complexes in 
proliferating and non-proliferating cells. Cell Microbiol, 2002. 
4(2): p. 87-99. 

21. Cortes-Bratti, X., T. Frisan, and M. Thelestam, The cytolethal 
distending toxins induce DNA damage and cell cycle arrest. 
Toxicon, 2001. 39(11): p. 1729-36. 

22. Smith, J.L. and D.O. Bayles, The contribution of cytolethal 
distending toxin to bacterial pathogenesis. Crit Rev Microbiol, 
2006. 32(4): p. 227-48. 

23. Pons, B.J., J. Vignard, and G. Mirey, Cytolethal Distending Toxin 
Subunit B: A Review of Structure-Function Relationship. Toxins 
(Basel), 2019. 11(10). 



 

72 

24. Guerra, L., et al., Cellular internalization of cytolethal distending 
toxin: a new end to a known pathway. Cell Microbiol, 2005. 7(7): 
p. 921-34. 

25. Frisan, T., Bacterial genotoxins: The long journey to the nucleus 
of mammalian cells. Biochim Biophys Acta, 2016. 1858(3): p. 
567-75. 

26. Boesze-Battaglia, K., et al., Cholesterol-rich membrane 
microdomains mediate cell cycle arrest induced by Actinobacillus 
actinomycetemcomitans cytolethal-distending toxin. Cell 
Microbiol, 2006. 8(5): p. 823-36. 

27. Lin, C.D., et al., Cholesterol depletion reduces entry of 
Campylobacter jejuni cytolethal distending toxin and attenuates 
intoxication of host cells. Infect Immun, 2011. 79(9): p. 3563-75. 

28. Carette, J.E., et al., Haploid genetic screens in human cells 
identify host factors used by pathogens. Science, 2009. 
326(5957): p. 1231-5. 

29. Boesze-Battaglia, K., et al., Internalization and Intoxication of 
Human Macrophages by the Active Subunit of the 
Aggregatibacter actinomycetemcomitans Cytolethal Distending 
Toxin Is Dependent Upon Cellugyrin (Synaptogyrin-2). Front 
Immunol, 2020. 11: p. 1262. 

30. Boesze-Battaglia, K., et al., Internalization of the Active Subunit 
of the Aggregatibacter actinomycetemcomitans Cytolethal 
Distending Toxin Is Dependent upon Cellugyrin (Synaptogyrin 
2), a Host Cell Non-Neuronal Paralog of the Synaptic Vesicle 



 
 

73 

Protein, Synaptogyrin 1. Front Cell Infect Microbiol, 2017. 7: p. 
469. 

31. Chen, M.X., et al., Rab5a Promotes Cytolethal Distending Toxin 
B-Induced Cytotoxicity and Inflammation. Infect Immun, 2020. 
88(10). 

32. Cortes-Bratti, X., et al., Cellular internalization of cytolethal 
distending toxin from Haemophilus ducreyi. Infect Immun, 2000. 
68(12): p. 6903-11. 

33. Sandvig, K., et al., Endocytosis and retrograde transport of Shiga 
toxin. Toxicon, 2010. 56(7): p. 1181-5. 

34. Wernick, N.L., et al., Cholera toxin: an intracellular journey into 
the cytosol by way of the endoplasmic reticulum. Toxins (Basel), 
2010. 2(3): p. 310-25. 

35. Eshraghi, A., et al., Cytolethal distending toxins require 
components of the ER-associated degradation pathway for host 
cell entry. PLoS Pathog, 2014. 10(7): p. e1004295. 

36. Boesze-Battaglia, K., et al., A Journey of Cytolethal Distending 
Toxins through Cell Membranes. Front Cell Infect Microbiol, 
2016. 6: p. 81. 

37. Lara-Tejero, M. and J.E. Galan, A bacterial toxin that controls cell 
cycle progression as a deoxyribonuclease I-like protein. Science, 
2000. 290(5490): p. 354-7. 



 

74 

38. Scuron, M.D., et al., The Cytolethal Distending Toxin Contributes 
to Microbial Virulence and Disease Pathogenesis by Acting As a 
Tri-Perditious Toxin. Front Cell Infect Microbiol, 2016. 6: p. 168. 

39. Song, J., X. Gao, and J.E. Galan, Structure and function of the 
Salmonella Typhi chimaeric A(2)B(5) typhoid toxin. Nature, 2013. 
499(7458): p. 350-4. 

40. Bossuet-Greif, N., et al., The Colibactin Genotoxin Generates DNA 
Interstrand Cross-Links in Infected Cells. mBio, 2018. 9(2). 

41. Nougayrede, J.P., et al., Escherichia coli induces DNA double-
strand breaks in eukaryotic cells. Science, 2006. 313(5788): p. 
848-51. 

42. Berger, H. and T.F. Meyer, Mechanistic dissection unmasks 
colibactin as a prevalent mutagenic driver of cancer. Cancer Cell, 
2021. 39(11): p. 1439-1441. 

43. Lan, Y., et al., Prevalence of pks gene cluster and characteristics 
of Klebsiella pneumoniae-induced bloodstream infections. J Clin 
Lab Anal, 2019. 33(4): p. e22838. 

44. Xue, M., et al., Structure elucidation of colibactin and its DNA 
cross-links. Science, 2019. 365(6457). 

45. Mousa, W.K., The microbiome-product colibactin hits unique 
cellular targets mediating host-microbe interaction. Front 
Pharmacol, 2022. 13: p. 958012. 

46. Balskus, E.P., Colibactin: understanding an elusive gut bacterial 
genotoxin. Nat Prod Rep, 2015. 32(11): p. 1534-40. 



 
 

75 

47. Brotherton, C.A. and E.P. Balskus, A prodrug resistance 
mechanism is involved in colibactin biosynthesis and 
cytotoxicity. J Am Chem Soc, 2013. 135(9): p. 3359-62. 

48. Healy, A.R., et al., A Mechanistic Model for Colibactin-Induced 
Genotoxicity. J Am Chem Soc, 2016. 138(48): p. 15563-15570. 

49. Cheng, R.A. and M. Wiedmann, The ADP-Ribosylating Toxins of 
Salmonella. Toxins (Basel), 2019. 11(7). 

50. Deng, L., et al., Host adaptation of a bacterial toxin from the 
human pathogen Salmonella Typhi. Cell, 2014. 159(6): p. 1290-9. 

51. Lee, S., et al., Salmonella Typhoid Toxin PltB Subunit and Its Non-
typhoidal Salmonella Ortholog Confer Differential Host 
Adaptation and Virulence. Cell Host Microbe, 2020. 27(6): p. 
937-949 e6. 

52. Nguyen, T., et al., The role of 9-O-acetylated glycan receptor 
moieties in the typhoid toxin binding and intoxication. PLoS 
Pathog, 2020. 16(2): p. e1008336. 

53. Yang, Y.A., et al., In vivo tropism of Salmonella Typhi toxin to cells 
expressing a multiantennal glycan receptor. Nat Microbiol, 2018. 
3(2): p. 155-163. 

54. Spano, S., J.E. Ugalde, and J.E. Galan, Delivery of a Salmonella 
Typhi exotoxin from a host intracellular compartment. Cell Host 
Microbe, 2008. 3(1): p. 30-8. 



 

76 

55. Guidi, R., et al., Salmonella enterica delivers its genotoxin through 
outer membrane vesicles secreted from infected cells. Cell 
Microbiol, 2013. 15(12): p. 2034-50. 

56. Geiger, T., et al., Mechanisms of substrate recognition by a 
typhoid toxin secretion-associated muramidase. Elife, 2020. 9. 

57. Chang, S.J., et al., Unique features in the intracellular transport 
of typhoid toxin revealed by a genome-wide screen. PLoS Pathog, 
2019. 15(4): p. e1007704. 

58. Menolfi, D. and S. Zha, ATM, ATR and DNA-PKcs kinases-the 
lessons from the mouse models: inhibition not equal deletion. Cell 
Biosci, 2020. 10: p. 8. 

59. Blackford, A.N. and S.P. Jackson, ATM, ATR, and DNA-PK: The 
Trinity at the Heart of the DNA Damage Response. Mol Cell, 2017. 
66(6): p. 801-817. 

60. Bosotti, R., A. Isacchi, and E.L. Sonnhammer, FAT: a novel 
domain in PIK-related kinases. Trends Biochem Sci, 2000. 25(5): 
p. 225-7. 

61. Keith, C.T. and S.L. Schreiber, PIK-related kinases: DNA repair, 
recombination, and cell cycle checkpoints. Science, 1995. 
270(5233): p. 50-1. 

62. Jette, N. and S.P. Lees-Miller, The DNA-dependent protein 
kinase: A multifunctional protein kinase with roles in DNA 
double strand break repair and mitosis. Prog Biophys Mol Biol, 
2015. 117(2-3): p. 194-205. 



 
 

77 

63. Beucher, A., et al., ATM and Artemis promote homologous 
recombination of radiation-induced DNA double-strand breaks 
in G2. EMBO J, 2009. 28(21): p. 3413-27. 

64. Karanam, K., et al., Quantitative live cell imaging reveals a 
gradual shift between DNA repair mechanisms and a maximal 
use of HR in mid S phase. Mol Cell, 2012. 47(2): p. 320-9. 

65. Walker, J.R., R.A. Corpina, and J. Goldberg, Structure of the Ku 
heterodimer bound to DNA and its implications for double-strand 
break repair. Nature, 2001. 412(6847): p. 607-14. 

66. Mahaney, B.L., K. Meek, and S.P. Lees-Miller, Repair of ionizing 
radiation-induced DNA double-strand breaks by non-
homologous end-joining. Biochem J, 2009. 417(3): p. 639-50. 

67. Chang, H.H.Y., et al., Non-homologous DNA end joining and 
alternative pathways to double-strand break repair. Nat Rev Mol 
Cell Biol, 2017. 18(8): p. 495-506. 

68. Baumann, P. and S.C. West, Role of the human RAD51 protein in 
homologous recombination and double-stranded-break repair. 
Trends Biochem Sci, 1998. 23(7): p. 247-51. 

69. Li, X. and W.D. Heyer, Homologous recombination in DNA repair 
and DNA damage tolerance. Cell Res, 2008. 18(1): p. 99-113. 

70. Shiloh, Y., ATM and related protein kinases: safeguarding 
genome integrity. Nat Rev Cancer, 2003. 3(3): p. 155-68. 



 

78 

71. Lavin, M.F., Ataxia-telangiectasia: from a rare disorder to a 
paradigm for cell signalling and cancer. Nat Rev Mol Cell Biol, 
2008. 9(10): p. 759-69. 

72. Marechal, A. and L. Zou, DNA damage sensing by the ATM and 
ATR kinases. Cold Spring Harb Perspect Biol, 2013. 5(9). 

73. Yang, J., et al., ATM and ATR: sensing DNA damage. World J 
Gastroenterol, 2004. 10(2): p. 155-60. 

74. Burma, S., et al., ATM phosphorylates histone H2AX in response 
to DNA double-strand breaks. J Biol Chem, 2001. 276(45): p. 
42462-7. 

75. Zha, S., et al., Complementary functions of ATM and H2AX in 
development and suppression of genomic instability. Proc Natl 
Acad Sci U S A, 2008. 105(27): p. 9302-6. 

76. Stiff, T., et al., ATM and DNA-PK function redundantly to 
phosphorylate H2AX after exposure to ionizing radiation. Cancer 
Res, 2004. 64(7): p. 2390-6. 

77. Meyer, B., et al., Clustered DNA damage induces pan-nuclear 
H2AX phosphorylation mediated by ATM and DNA-PK. Nucleic 
Acids Res, 2013. 41(12): p. 6109-18. 

78. Shibata, A., Regulation of repair pathway choice at two-ended 
DNA double-strand breaks. Mutat Res, 2017. 803-805: p. 51-55. 

79. Brown, E.J. and D. Baltimore, Essential and dispensable roles of 
ATR in cell cycle arrest and genome maintenance. Genes Dev, 
2003. 17(5): p. 615-28. 



 
 

79 

80. Awasthi, P., M. Foiani, and A. Kumar, ATM and ATR signaling at 
a glance. J Cell Sci, 2016. 129(6): p. 1285. 

81. Saldivar, J.C., D. Cortez, and K.A. Cimprich, The essential kinase 
ATR: ensuring faithful duplication of a challenging genome. Nat 
Rev Mol Cell Biol, 2017. 18(10): p. 622-636. 

82. Menolfi, D. and S. Zha, ATM, DNA-PKcs and ATR: shaping 
development through the regulation of the DNA damage 
responses. Genome Instability & Disease, 2020. 1(2): p. 47-68. 

83. Ceccaldi, R., P. Sarangi, and A.D. D'Andrea, The Fanconi anaemia 
pathway: new players and new functions. Nat Rev Mol Cell Biol, 
2016. 17(6): p. 337-49. 

84. Niedernhofer, L.J., A.S. Lalai, and J.H. Hoeijmakers, Fanconi 
anemia (cross)linked to DNA repair. Cell, 2005. 123(7): p. 1191-
8. 

85. Walden, H. and A.J. Deans, The Fanconi anemia DNA repair 
pathway: structural and functional insights into a complex 
disorder. Annu Rev Biophys, 2014. 43: p. 257-78. 

86. Liu, W., et al., Fanconi anemia pathway as a prospective target 
for cancer intervention. Cell Biosci, 2020. 10: p. 39. 

87. Barnum, K.J. and M.J. O'Connell, Cell cycle regulation by 
checkpoints. Methods Mol Biol, 2014. 1170: p. 29-40. 

88. Kastan, M.B. and J. Bartek, Cell-cycle checkpoints and cancer. 
Nature, 2004. 432(7015): p. 316-23. 



 

80 

89. Jackson, S.P. and J. Bartek, The DNA-damage response in human 
biology and disease. Nature, 2009. 461(7267): p. 1071-8. 

90. Elledge, S.J., Cell Cycle Checkpoints: Preventing an Identity 
Crisis. Science, 1996. 274(5293): p. 1664-1672. 

91. Visconti, R., R. Della Monica, and D. Grieco, Cell cycle checkpoint 
in cancer: a therapeutically targetable double-edged sword. J 
Exp Clin Cancer Res, 2016. 35(1): p. 153. 

92. Boutros, R., V. Lobjois, and B. Ducommun, CDC25 phosphatases 
in cancer cells: key players? Good targets? Nat Rev Cancer, 2007. 
7(7): p. 495-507. 

93. Gralewska, P., et al., Participation of the ATR/CHK1 pathway in 
replicative stress targeted therapy of high-grade ovarian cancer. 
J Hematol Oncol, 2020. 13(1): p. 39. 

94. Zannini, L., D. Delia, and G. Buscemi, CHK2 kinase in the DNA 
damage response and beyond. J Mol Cell Biol, 2014. 6(6): p. 442-
57. 

95. Kastenhuber, E.R. and S.W. Lowe, Putting p53 in Context. Cell, 
2017. 170(6): p. 1062-1078. 

96. Kumari, R., S. Kohli, and S. Das, p53 regulation upon genotoxic 
stress: intricacies and complexities. Mol Cell Oncol, 2014. 1(3): p. 
e969653. 

97. Jung, Y.S., Y. Qian, and X. Chen, Examination of the expanding 
pathways for the regulation of p21 expression and activity. Cell 
Signal, 2010. 22(7): p. 1003-12. 



 
 

81 

98. Gorgoulis, V., et al., Cellular Senescence: Defining a Path 
Forward. Cell, 2019. 179(4): p. 813-827. 

99. Blazkova, H., et al., Bacterial intoxication evokes cellular 
senescence with persistent DNA damage and cytokine signalling. 
J Cell Mol Med, 2010. 14(1-2): p. 357-67. 

100. Guidi, R., et al., Chronic exposure to the cytolethal distending 
toxins of Gram-negative bacteria promotes genomic instability 
and altered DNA damage response. Cell Microbiol, 2013. 15(1): p. 
98-113. 

101. Cortes-Bratti, X., et al., The Haemophilus ducreyi cytolethal 
distending toxin induces cell cycle arrest and apoptosis via the 
DNA damage checkpoint pathways. J Biol Chem, 2001. 276(7): 
p. 5296-302. 

102. Elmore, S., Apoptosis: a review of programmed cell death. 
Toxicol Pathol, 2007. 35(4): p. 495-516. 

103. Fulda, S. and K.M. Debatin, Extrinsic versus intrinsic apoptosis 
pathways in anticancer chemotherapy. Oncogene, 2006. 25(34): 
p. 4798-811. 

104. Obeng, E., Apoptosis (programmed cell death) and its signals - A 
review. Braz J Biol, 2021. 81(4): p. 1133-1143. 

105. Cavalcante, G.C., et al., A Cell's Fate: An Overview of the 
Molecular Biology and Genetics of Apoptosis. Int J Mol Sci, 2019. 
20(17). 



 

82 

106. Galluzzi, L., et al., Mitochondrial control of cellular life, stress, 
and death. Circ Res, 2012. 111(9): p. 1198-207. 

107. Wising, C., et al., Induction of apoptosis/necrosis in various 
human cell lineages by Haemophilus ducreyi cytolethal 
distending toxin. Toxicon, 2005. 45(6): p. 767-76. 

108. Li, G., et al., Haemophilus parasuis cytolethal distending toxin 
induces cell cycle arrest and p53-dependent apoptosis. PLoS One, 
2017. 12(5): p. e0177199. 

109. Ohara, M., et al., Caspase-2 and caspase-7 are involved in 
cytolethal distending toxin-induced apoptosis in Jurkat and 
MOLT-4 T-cell lines. Infect Immun, 2004. 72(2): p. 871-9. 

110. Ohara, M., et al., Cytolethal distending toxin induces caspase-
dependent and -independent cell death in MOLT-4 cells. Infect 
Immun, 2008. 76(10): p. 4783-91. 

111. Guerra, L., et al., The biology of the cytolethal distending toxins. 
Toxins (Basel), 2011. 3(3): p. 172-90. 

112. Humphreys, D., M. ElGhazaly, and T. Frisan, Senescence and 
Host-Pathogen Interactions. Cells, 2020. 9(7). 

113. Martin, O.C.B., et al., Influence of the microenvironment on 
modulation of the host response by typhoid toxin. Cell Rep, 2021. 
35(1): p. 108931. 

114. Mathiasen, S.L., et al., Bacterial genotoxins induce T cell 
senescence. Cell Rep, 2021. 35(10): p. 109220. 



 
 

83 

115. Padberg, I., S. Janssen, and T.F. Meyer, Chlamydia trachomatis 
inhibits telomeric DNA damage signaling via transient hTERT 
upregulation. Int J Med Microbiol, 2013. 303(8): p. 463-74. 

116. Chen, Y.C. and D.J. Hunter, Molecular epidemiology of cancer. 
CA Cancer J Clin, 2005. 55(1): p. 45-54; quiz 57. 

117. de Martel, C., et al., Global burden of cancers attributable to 
infections in 2008: a review and synthetic analysis. Lancet Oncol, 
2012. 13(6): p. 607-15. 

118. Candela, M., et al., Human intestinal microbiota: cross-talk with 
the host and its potential role in colorectal cancer. Crit Rev 
Microbiol, 2011. 37(1): p. 1-14. 

119. Buc, E., et al., High prevalence of mucosa-associated E. coli 
producing cyclomodulin and genotoxin in colon cancer. PLoS 
One, 2013. 8(2): p. e56964. 

120. Nagaraja, V. and G.D. Eslick, Systematic review with meta-
analysis: the relationship between chronic Salmonella typhi 
carrier status and gall-bladder cancer. Aliment Pharmacol Ther, 
2014. 39(8): p. 745-50. 

121. Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next 
generation. Cell, 2011. 144(5): p. 646-74. 

122. Martin, O.C.B., et al., Infection with genotoxin-producing 
Salmonella enterica synergises with loss of the tumour suppressor 
APC in promoting genomic instability via the PI3K pathway in 
colonic epithelial cells. Cell Microbiol, 2019. 21(12): p. e13099. 



 

84 

123. Goss, K.H. and J. Groden, Biology of the adenomatous polyposis 
coli tumor suppressor. J Clin Oncol, 2000. 18(9): p. 1967-79. 

124. Frisan, T., et al., The Haemophilus ducreyi cytolethal distending 
toxin induces DNA double-strand breaks and promotes ATM-
dependent activation of RhoA. Cell Microbiol, 2003. 5(10): p. 695-
707. 

125. Qi, J., et al., New Wnt/beta-catenin target genes promote 
experimental metastasis and migration of colorectal cancer cells 
through different signals. Gut, 2016. 65(10): p. 1690-701. 

126. Huang, T.T., et al., Targeting the PI3K pathway and DNA 
damage response as a therapeutic strategy in ovarian cancer. 
Cancer Treat Rev, 2020. 86: p. 102021. 

127. Tremblay, W., et al., Cytolethal Distending Toxin Promotes 
Replicative Stress Leading to Genetic Instability Transmitted to 
Daughter Cells. Front Cell Dev Biol, 2021. 9: p. 656795. 

128. Levi, L., et al., Bacterial genotoxins promote inside-out integrin 
beta1 activation, formation of focal adhesion complexes and cell 
spreading. PLoS One, 2015. 10(4): p. e0124119. 

129. Cuevas-Ramos, G., et al., Escherichia coli induces DNA damage in 
vivo and triggers genomic instability in mammalian cells. Proc 
Natl Acad Sci U S A, 2010. 107(25): p. 11537-42. 

130. Cancer Genome Atlas, N., Comprehensive molecular 
characterization of human colon and rectal cancer. Nature, 2012. 
487(7407): p. 330-7. 



 
 

85 

131. Cortes-Bratti, X., et al., The cytolethal distending toxin from the 
chancroid bacterium Haemophilus ducreyi induces cell-cycle 
arrest in the G2 phase. J Clin Invest, 1999. 103(1): p. 107-15. 

132. Zheng, L., et al., Functional regulation of FEN1 nuclease and its 
link to cancer. Nucleic Acids Res, 2011. 39(3): p. 781-94. 

133. Guerra, L., et al., Bacterial genotoxin triggers FEN1-dependent 
RhoA activation, cytoskeleton remodeling and cell survival. J Cell 
Sci, 2011. 124(Pt 16): p. 2735-42. 

134. Arthur, J.C., et al., Intestinal inflammation targets cancer-
inducing activity of the microbiota. Science, 2012. 338(6103): p. 
120-3. 

135. Dejea, C.M., et al., Patients with familial adenomatous polyposis 
harbor colonic biofilms containing tumorigenic bacteria. Science, 
2018. 359(6375): p. 592-597. 

136. Li, L., et al., Gut microbiota from colorectal cancer patients 
enhances the progression of intestinal adenoma in Apc(min/+) 
mice. EBioMedicine, 2019. 48: p. 301-315. 

137. He, Z., et al., Campylobacter jejuni promotes colorectal 
tumorigenesis through the action of cytolethal distending toxin. 
Gut, 2019. 68(2): p. 289-300. 

138. McCool, K.W. and S. Miyamoto, DNA damage-dependent NF-
kappaB activation: NEMO turns nuclear signaling inside out. 
Immunol Rev, 2012. 246(1): p. 311-26. 



 

86 

139. Ge, Z., et al., Bacterial cytolethal distending toxin promotes the 
development of dysplasia in a model of microbially induced 
hepatocarcinogenesis. Cell Microbiol, 2007. 9(8): p. 2070-80. 

140. Cuenda, A. and S. Rousseau, p38 MAP-kinases pathway 
regulation, function and role in human diseases. Biochim Biophys 
Acta, 2007. 1773(8): p. 1358-75. 

141. Yu, H., D. Pardoll, and R. Jove, STATs in cancer inflammation and 
immunity: a leading role for STAT3. Nat Rev Cancer, 2009. 9(11): 
p. 798-809. 

142. Hartlova, A., et al., DNA damage primes the type I interferon 
system via the cytosolic DNA sensor STING to promote anti-
microbial innate immunity. Immunity, 2015. 42(2): p. 332-343. 

143. Harding, S.M., et al., Mitotic progression following DNA damage 
enables pattern recognition within micronuclei. Nature, 2017. 
548(7668): p. 466-470. 

144. Terradas, M., et al., Genetic activities in micronuclei: is the DNA 
entrapped in micronuclei lost for the cell? Mutat Res, 2010. 
705(1): p. 60-7. 

145. Coppe, J.P., et al., The senescence-associated secretory 
phenotype: the dark side of tumor suppression. Annu Rev Pathol, 
2010. 5: p. 99-118. 

146. Shenker, B.J., et al., Aggregatibacter actinomycetemcomitans 
cytolethal distending toxin activates the NLRP3 inflammasome 
in human macrophages, leading to the release of 



 
 

87 

proinflammatory cytokines. Infect Immun, 2015. 83(4): p. 1487-
96. 

147. Akifusa, S., et al., Recombinant Actinobacillus 
actinomycetemcomitans cytolethal distending toxin proteins are 
required to interact to inhibit human cell cycle progression and 
to stimulate human leukocyte cytokine synthesis. Infect Immun, 
2001. 69(9): p. 5925-30. 

148. Belibasakis, G.N., et al., Cytokine responses of human gingival 
fibroblasts to Actinobacillus actinomycetemcomitans cytolethal 
distending toxin. Cytokine, 2005. 30(2): p. 56-63. 

149. Hickey, T.E., et al., Campylobacter jejuni cytolethal distending 
toxin mediates release of interleukin-8 from intestinal epithelial 
cells. Infect Immun, 2000. 68(12): p. 6535-41. 

150. Zheng, J., et al., Campylobacter-induced interleukin-8 secretion in 
polarized human intestinal epithelial cells requires 
Campylobacter-secreted cytolethal distending toxin- and Toll-like 
receptor-mediated activation of NF-kappaB. Infect Immun, 
2008. 76(10): p. 4498-508. 

151. Fox, J.G., et al., Gastroenteritis in NF-kappaB-deficient mice is 
produced with wild-type Camplyobacter jejuni but not with C. 
jejuni lacking cytolethal distending toxin despite persistent 
colonization with both strains. Infect Immun, 2004. 72(2): p. 
1116-25. 

152. Shen, Z., et al., Cytolethal distending toxin promotes Helicobacter 
cinaedi-associated typhlocolitis in interleukin-10-deficient mice. 
Infect Immun, 2009. 77(6): p. 2508-16. 



 

88 

153. Ge, Z., et al., Helicobacter hepaticus cytolethal distending toxin 
promotes intestinal carcinogenesis in 129Rag2-deficient mice. 
Cell Microbiol, 2017. 19(7). 

154. Shenker, B.J., et al., Actinobacillus actinomycetemcomitans 
immunosuppressive protein is a member of the family of 
cytolethal distending toxins capable of causing a G2 arrest in 
human T cells. J Immunol, 1999. 162(8): p. 4773-80. 

155. Gelfanova, V., E.J. Hansen, and S.M. Spinola, Cytolethal 
distending toxin of Haemophilus ducreyi induces apoptotic death 
of Jurkat T cells. Infect Immun, 1999. 67(12): p. 6394-402. 

156. Marcq, I., et al., The genotoxin colibactin exacerbates 
lymphopenia and decreases survival rate in mice infected with 
septicemic Escherichia coli. J Infect Dis, 2014. 210(2): p. 285-94. 

157. Spinola, S.M., M.E. Bauer, and R.S. Munson, Jr., 
Immunopathogenesis of Haemophilus ducreyi infection 
(chancroid). Infect Immun, 2002. 70(4): p. 1667-76. 

158. Xu, T., et al., Interactions of Haemophilus ducreyi and purified 
cytolethal distending toxin with human monocyte-derived 
dendritic cells, macrophages and CD4+ T cells. Microbes Infect, 
2004. 6(13): p. 1171-81. 

159. Pratt, J.S., et al., Modulation of host immune responses by the 
cytolethal distending toxin of Helicobacter hepaticus. Infect 
Immun, 2006. 74(8): p. 4496-504. 



 
 

89 

160. Olier, M., et al., Genotoxicity of Escherichia coli Nissle 1917 strain 
cannot be dissociated from its probiotic activity. Gut Microbes, 
2012. 3(6): p. 501-9. 

161. Chaudhuri, D., et al., Salmonella Typhimurium Infection Leads to 
Colonization of the Mouse Brain and Is Not Completely Cured 
With Antibiotics. Front Microbiol, 2018. 9: p. 1632. 

162. Del Bel Belluz, L., et al., The Typhoid Toxin Promotes Host 
Survival and the Establishment of a Persistent Asymptomatic 
Infection. PLoS Pathog, 2016. 12(4): p. e1005528. 

163. Miller, R.A., et al., 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, 2018. 9(2). 

164. Elwell, C., et al., Escherichia coli CdtB mediates cytolethal 
distending toxin cell cycle arrest. Infect Immun, 2001. 69(5): p. 
3418-22. 

165. Chassaing, B., et al., Dextran sulfate sodium (DSS)-induced colitis 
in mice. Curr Protoc Immunol, 2014. 104: p. 15 25 1-15 25 14. 

166. Neufert, C., C. Becker, and M.F. Neurath, An inducible mouse 
model of colon carcinogenesis for the analysis of sporadic and 
inflammation-driven tumor progression. Nat Protoc, 2007. 2(8): 
p. 1998-2004. 

167. Parang, B., C.W. Barrett, and C.S. Williams, AOM/DSS Model of 
Colitis-Associated Cancer. Methods Mol Biol, 2016. 1422: p. 297-
307. 



 

90 

168. Das, A., et al., Monocyte and macrophage plasticity in tissue 
repair and regeneration. Am J Pathol, 2015. 185(10): p. 2596-
606. 

169. McKnight, A.J., et al., Molecular cloning of F4/80, a murine 
macrophage-restricted cell surface glycoprotein with homology 
to the G-protein-linked transmembrane 7 hormone receptor 
family. J Biol Chem, 1996. 271(1): p. 486-9. 

170. van den Berg, T.K. and G. Kraal, A function for the macrophage 
F4/80 molecule in tolerance induction. Trends Immunol, 2005. 
26(10): p. 506-9. 

171. Harris, N., et al., Characterization of the murine macrophage 
mannose receptor: demonstration that the downregulation of 
receptor expression mediated by interferon-gamma occurs at the 
level of transcription. Blood, 1992. 80(9): p. 2363-73. 

172. Schuette, V., et al., Mannose receptor induces T-cell tolerance via 
inhibition of CD45 and up-regulation of CTLA-4. Proc Natl Acad 
Sci U S A, 2016. 113(38): p. 10649-54. 

173. van der Zande, H.J.P., et al., The Mannose Receptor: From 
Endocytic Receptor and Biomarker to Regulator of 
(Meta)Inflammation. Front Immunol, 2021. 12: p. 765034. 

174. Baiao, A., et al., Advances in the use of 3D colorectal cancer 
models for novel drug discovery. Expert Opin Drug Discov, 2022. 
17(6): p. 569-580. 



 
 

91 

175. Hayden, P.J. and J.W. Harbell, Special review series on 3D 
organotypic culture models: Introduction and historical 
perspective. In Vitro Cell Dev Biol Anim, 2021. 57(2): p. 95-103. 

176. Honer zu Bentrup, K., et al., Three-dimensional organotypic 
models of human colonic epithelium to study the early stages of 
enteric salmonellosis. Microbes Infect, 2006. 8(7): p. 1813-25. 

177. Sepe, L.P., et al., Genotoxic Effect of Salmonella Paratyphi A 
Infection on Human Primary Gallbladder Cells. mBio, 2020. 
11(5). 

178. Boccellato, F., et al., Polarised epithelial monolayers of the gastric 
mucosa reveal insights into mucosal homeostasis and defence 
against infection. Gut, 2019. 68(3): p. 400-413. 

179. Tschachojan, V., et al., Carbon ions and X‑rays induce 
pro‑inflammatory effects in 3D oral mucosa models with and 
without PBMCs. Oncol Rep, 2014. 32(5): p. 1820-8. 

180. Kurz, E.U., P. Douglas, and S.P. Lees-Miller, Doxorubicin 
activates ATM-dependent phosphorylation of multiple 
downstream targets in part through the generation of reactive 
oxygen species. J Biol Chem, 2004. 279(51): p. 53272-81. 

181. Baquero, F. and C. Nombela, The microbiome as a human organ. 
Clin Microbiol Infect, 2012. 18 Suppl 4: p. 2-4. 

182. Biagini, F., et al., A novel 3D in vitro model of the human gut 
microbiota. Sci Rep, 2020. 10(1): p. 21499. 



 

92 

183. Elzinga, J., et al., Characterization of increased mucus production 
of HT29-MTX-E12 cells grown under Semi-Wet interface with 
Mechanical Stimulation. PLoS One, 2021. 16(12): p. e0261191. 

184. Gagnon, M., et al., Comparison of the Caco-2, HT-29 and the 
mucus-secreting HT29-MTX intestinal cell models to investigate 
Salmonella adhesion and invasion. J Microbiol Methods, 2013. 
94(3): p. 274-9. 

185. Hoffmann, P., et al., Caco-2/HT29-MTX co-cultured cells as a 
model for studying physiological properties and toxin-induced 
effects on intestinal cells. PLoS One, 2021. 16(10): p. e0257824. 

186. Roig, A.I., et al., Immortalized epithelial cells derived from 
human colon biopsies express stem cell markers and differentiate 
in vitro. Gastroenterology, 2010. 138(3): p. 1012-21 e1-5. 

187. Xu, Y., et al., An overview of in vitro, ex vivo and in vivo models 
for studying the transport of drugs across intestinal barriers. Adv 
Drug Deliv Rev, 2021. 175: p. 113795. 

 

 

 
 



 
 

93 

 


