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Chapter 1

GENERAL INTRODUCTION



Chapter 1

We live a life in close interaction with microorganisms. In fact, the number of bacteria
we carry in and on our body exceeds our own cells by 10-fold. Many microorganisms
are commensal and play a crucial role in the maintenance of homeostasis, host nutrient
metabolism, education and regulation of the immune system and protection againstinvasion
by pathogenic microorganisms. Some bacteria use cells in their life cycle. In this thesis, we
focus on one intracellular pathogenic microorganism in particular: nontyphoidal Sa/monella,
a bacterium that invades host cells and lives and propagates there before the release of
many daughter Salmonellae. During the intracellular part of the life cycle, Salmonella partially
controls the biochemical pathways in host cells. These pathways can also be involved in cell
growth and transformation, which led to the question whether Salmonella can induce cancer
as the results of its control and manipulation of the host cell biology. This question and how

to investigate this beyond laboratory experiments, is topic of this thesis.

Pathogenesis of gastrointestinal bacterial infections

Gastroenteritis is caused by an inflammation of the stomach and/or intestines and is
generally characterized by diarrhea and/or vomiting, which is commonly accompanied by
other symptoms, including nausea, abdominal pain, fever, fatigue and headache. Leading
infectious causes of gastroenteritis in Europe include norovirus, rotavirus (particularly in
children), Campylobacter spp., nontyphoidal Sa/monella, and pathogenic Escherichia coli[1, 2].
Particularly for bacteria, infection with these pathogens mainly occurs through ingestion of
contaminated food or water or contact with infected animals [3]. Gastroenteritis can also be
the result of non-infectious causes such as food intolerance and side effects of medication.
Usually, symptoms are mild and self-limiting not requiring medical attention, hence, the
etiological agent is only diagnosed in a small fraction of infections [4].

Salmonella enterica, is a genus of Gram-negative facultative anaerobe intracellular bacteria
belonging to the Enterobacteriaceae family. The genus consists of six subspecies of which
the subspecies enterica is the only one relevant for public health as virtually all human
Salmonella infections are caused by bacteria within this subspecies [5]. Based on differences
in (expression of) somatic (O), flagellar (H) and capsular (K) antigens, over 2600 distinct
serovars have been identified within the genus Salmonella [6]. While most Sa/monella
serovars are considered generalists, able to colonize a broad range of hosts including
mammals, birds, reptiles and humans; S. Typhi and S. Paratyphi (A, B, and C) are specialists
and restricted to humans [7, 8]. Serovars other than S. Typhi and S. Paratyphi are referred
to as nontyphoidal Salmonella. In contrast to nontyphoidal Sa/monella which is a causative
agent of gastroenteritis in both low- and high-income countries, typhoidal Salmonella is
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nowadays endemic only in developing countries where it causes typhoid fever characterized

by a severe systemic infection affecting multiple organs (spleen, liver, gallbladder) [7].

Nontyphoidal Salmonella is able to infect several cell types, including epithelial cells,
fibroblasts, macrophages and dendritic cells [9]. Successful cellular uptake, survival
and proliferation in the host are achieved by deploying various mechanisms [10]. These
include the production of toxins, alteration of (cell) signaling pathways and the induction of
inflammatory responses [10]. Collectively, these mechanisms can lead to loss of the barrier
function of the epithelial cell layer due to disruption of the cells and epithelial junctions,
consequently causing an imbalance in absorption and secretion of fluids and electrolytes
(i.e. diarrhea) [10, 11]. Both the pathogenesis and the degree of pathogenicity differ strongly
between subspecies or serotypes, owing to differences in presence and expression of
so-called virulence factors [12]. One such virulence factor for Salmonella is its type three
secretion system (T3SS). This complex syringe-like structure (analogues are used by many
Gram-negative bacteria), enables bacteria to translocate its proteins across the host cell
membrane into the host cell cytoplasm [13, 14]. After attachment to epithelial cells in the
terminal ileum, Salmonella injects a range of effector proteins into the host cell. Part of these
proteins (the Salmonella pathogenicity island [SPI]-1 proteins), including SopB, SopE, SopE2,
SipA and SipC have a proinflammatory effect. They mediate the invasion of Salmonella
into the host cell by inducing membrane ruffling, followed by endocytosis/pinocytosis of
the bacterium and biogenesis of the Salmonella-containing vacuole (SCV) (Figure 1). After
engulfment into the cell, Salmonella also secretes proteins with an anti-inflammatory
function (SPI1 and SPI2 proteins), including SptP, SspH1, AvrA, and SipA. These proteins
restore the host cell surface and enable Salmonella to survive and replicate within the host
cell [13, 14,15, 16] (Figure 1).

While Salmonella is traditionally considered a vacuolar pathogen living inside the SCV, a
portion of the bacteria can survive and exert their effects in the host cell cytosol [9]. The ratio
of intra-vacuolar and cytosolic bacteria in the host cell is assumed to be cell type dependent,
yet, the triggers that direct the bacterium into an intra-vacuolar or cytosolic pathway are
not fully understood as is the question how the co-existence of two intracellular niches
impacts the pathogenicity of Salmonella [9]. Several effector proteins contribute to the
inflammatory response by activating the NF-kB signaling pathway, resulting in secretion of
proinflammatory cytokines by epithelial cells and activation of the host immune system [16,
17]. The subsequent influx of neutrophils into the inflamed intestinal tissue is suggested to
be one of the explanations for the induction of diarrhea, although the exact mechanisms are

notyet fully understood [17]. In addition to gastroenteritis, Sa/monellais able to invade tissues
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beyond the intestinal epithelium, thereby causing an invasive infection, characterized by
infection of normally sterile sites, sepsis and bacteremia [18]. Invasive Salmonella infections
more often occur at older age and are associated with a higher risk of hospitalization.
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Figure 1. Schematic illustration of nontyphoidal Salmonella invasion of epithelial cells. [A].
Attachment of Sa/monella to apical surface of the epithelial cell and secretion of SPI1 effector proteins
including SopE, SopE2 and SopB. The effector proteins activate the host Rho GTPases and induce
[B] actin cytoskeletal rearrangements, membrane ruffling and uptake of the bacterium through
pinocytosis. [C]. The effector proteins induce an inflammatory response by activating the NF-kB
pathway, resulting in the production of proinflammatory cytokines such as IL-8 and the subsequent
transepithelial migration of polymorphonuclear neutrophils (PMNs). [D] After uptake of Salmonella
into the Salmonella-containing vacuole (SCV), SPI1 and SPI2 effector proteins (including SptP, SspH1
and AvrA) restore the cell surface, and inhibit Rho GTPase activation, the MAPK pathway and its
downstream pathways. Adapted from Haraga, 2008 [16].

Epidemiology of gastrointestinal infections

Enteric infections accounted for an estimated 6.6 billion human infections and 1.7 million

associated deaths worldwide in 2019, thereby remaining a leading cause of morbidity
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and mortality, particularly among young children and in low-income countries [19]. In the
Netherlands, the National Institute for Public Health and the Environment (RIVM) monitors
the annual number of human infections and deaths caused by 14 foodborne pathogens.
These pathogens collectively caused ~4.9 million incident cases of gastroenteritis in 2019.
Two of the main causative agents, Campylobacter spp. and Shiga toxin-producing E. coli 0157,
accounted for ~73,000 and ~2100 infections respectively [2]. In contrast to several other
European countries, incident cases of salmonellosis are not notifiable in the Netherlands
[20]. Instead, monitoring of (trends in) Sa/monella infections is based on data obtained from
a laboratory network with an estimated population coverage of 64%. Salmonella isolates,
mostly originating from people with severe symptoms (as testing for Salmonella is usually
performed after 1-2 weeks of illness), are submitted by peripheral laboratories to the
RIVM for subtyping/serotyping [20]. Most people acquire multiple Salmonella infections
throughout life [21]. However, given the usually mild course of illness, not requiring medical
attention, it is estimated that for each reported case of salmonellosis, 57 Salmonella
infections go unreported in the European Union [22]. While about 1500-2000 laboratory-
confirmed Salmonella infections are reported annually, the true number of symptomatic
Salmonella infections in the Dutch population is estimated at 26,000 cases annually with
24 associated deaths [2, 18]. Globally, almost 85 thousands deaths were attributable to
Salmonella infections in 2016, the majority of these were children <5 years (44.1%) and
people aged >70 years (22.5%) [1]. In the Netherlands, ~30% and ~25% of the infections are
reported among people aged <20 years and above 60 years respectively. Moreover, ~4.6%

of the reported salmonellosis cases are invasive Salmonella infections [18].

The serotypes Enteritidis and Typhimurium (including the monophasic variant 1,4,[5],12:i:-)
are responsible for the majority of human Salmonella infections in high-income countries,
up to 70% in the European Union in 2019 [8, 23, 24]. Enteritidis is a highly poultry-adapted
serovar with human infections almost exclusively attributable to eggs and poultry meat
[8, 24, 25]. On the other hand, Typhimurium is virtually ubiquitous with human cases
predominantly associated with the consumption of beef and pork, though other reported
risk factors include dairy products, vegetables and fruits [24-27]. Other risk factors, not
related to consumption, include contact with canine puppies, improper kitchen hygiene,
playing in sandboxes, contact with people suffering gastroenteritis and the use of proton
pump inhibitors allowing bacteria to pass the stomach [28].
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Biology, etiology and risk factors of cancers in the
gastrointestinal tract

The development of cancer results from a series of genetic modifications dysregulating
normal cell growth and survival of cells [29]. Tumor formation is initiated by the abnormal
proliferation of a single cell due to a genetic alteration, followed by accumulation of clonally
derived tumor cells into a tumor cell population. As a result of continuous mutations within
the tumor cells, some cells obtain selective advantages related to for instance more rapid
growth, invasion or survival. During clonal selection, cells with the most beneficial properties
become dominant, leading to growth of a tumor with increasing levels of malignancy and
metastatic capacity [29]. Cancer is characterized by different developmental stages with
distinct treatment options and prognoses. Definition of cancer stage is done according
to several indicators, including the size of the primary tumor and whether it has spread
to nearby tissues/organs (T0-T4) and/or lymph nodes (NO-N3) and/or metastasis to other
organs (M0-M1) [30]. Moreover, the degree of tumor cell differentiation (low versus high

grade) is often a proxy for the behavior and growth rate of tumors [30].

Gastrointestinal tract cancers affect the organs in the digestive tract, including the esophagus,
stomach, smallintestine, colon, rectum, anus, pancreas, liver, gallbladder and the biliary tract.
Within most of these organs different subsites/regions exist with their own distinct risk factors
for developing a tumor, diversity in clinical symptoms and prognosis [31-33]. Traditionally,
cancers are classified according to the tissue and cell type from where they originate. Many
gastrointestinal tract cancers are adenocarcinomas originating from glandular cells. These
glandular cells are situated in the inner lining of the organs and have a secretory function
(i.e. mucus production) [31]. The process and duration of tumor development until the first
clinical signs is dependent on a variety of factors, including the type and location of the
tumor, age and underlying medical conditions [34]. Estimates of the duration of the pre-
clinical phase between onset of cancer development and the first symptoms (i.e. the sojourn
time) remain elusive as outcomes are inconsistent between studies [35]. Nonetheless, the
estimated sojourn times for esophageal, liver, gallbladder and pancreatic cancer tend
to be lower as compared to gastric and colon cancer [34, 35]. Colon cancer can develop
from an initially harmless polyp into dysplasia and ultimately a malignant polyp or invasive
adenocarcinoma during a process that takes several years (Figure 2a) [36, 37]. The colon can
be divided into the proximal colon, including the cecum and ascending and transverse parts,
and the distal colon, consisting of the descending and sigmoid parts (Figure 2b). Early signs
of colon cancer often include abdominal pain, weight loss, change in bowel habits (including
diarrhea and blood in the feces), weakness and anemia [38]. Despite differences in tumor

12
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growth behavior, treatment options and prognosis, colon and rectum cancer are often

considered as one in cancer research, collectively named colorectal cancer (CRC) [39].

® Spread to other organs

hepatic flexure

splenic flexure

ascending colon descending colon

Figure 2. a) colon cancer stages. b)anatomical subsites of the colon.
a. retrieved from Colorectal Cancer Alliance, 2021 [40]; b. retrieved from Bredenoord, 2010 [41].

The risk of developing gastrointestinal tract cancer is partially defined by non-modifiable risk
factorsincluding hereditary causes, age and gender, with incidence generally being positively
correlated to age and the male gender for most gastrointestinal tract cancers [42]. One such
hereditary cause includes the familial adenomatous polyposis (FAP) syndrome, which is an
autosomal dominant disease characterized by a mutation in the adenomatous polyposis
coli (APC) gene. FAP patients develop hundreds to thousands of colonic polyps, already from
childhood, with a consequent dramatic increase in cancer risk. Less than one percent of the
colorectal cancer diagnoses is attributable to FAP, though the syndrome is also associated
with gastric and duodenal cancer [43]. In addition, the presence of an (inflammatory) disease
acts as predisposition for some cancers, as is the case for inflammatory bowel disease (IBD)
and colon cancer and Barrett's esophagus in esophageal cancer [44]. IBDs such as Crohn'’s
disease and ulcerative colitis, often present with abdominal pain, diarrhea, weight loss and
fatigue due to chronic inflammations in the digestive tract, most frequently occurring in the
small intestines, colon and rectum [45]. The cumulative probability of being diagnosed with
colorectal cancer increases from around 2% for both conditions after 10 years of disease to
8% and 18% for Crohn’s disease and ulcerative colitis respectively after 30 years of disease
[45]. Amongst the risk factors considered modifiable, such as environmental or occupational
exposures, dietary habits and factors related to lifestyle, differences in nature and magnitude
of the risk factors exist between the distinct gastrointestinal malignancies. Whilst tobacco
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use, alcohol consumption and obesity increase the risk of practically all gastrointestinal
tract cancers, (occupational) exposure to chemical substances (lead, arsenic, pesticides etc.)
or pathogens have been reported risk factors for esophageal, stomach and liver cancer
[46]. Moreover, consumption of hot drinks, pickled or spicy food, salty foods and red and
processed meat are associated with higher risk of esophageal, stomach, liver and colorectal
cancer respectively [46]. Conversely, physical activity and a diet characterized by high levels
of fruits, vegetables, whole grain and fibers decrease the cancer risk [46].

Epidemiology of cancers in the gastrointestinal tract

Globally, an estimated over 5 million new diagnoses of gastrointestinal tract cancers
and 3.6 million associated deaths were reported in 2020 (Table 1) [47]. Colorectal
(10.0%), gastric (5.6%), liver (4.7%) and esophageal cancer (3.1%) together accounted for
23.4% of all cancers [47]. Overall survival is generally low for most gastrointestinal tract
cancers as the malignancy is often detected at a late stage. The age-standardized 5-year
net survival for gastric, liver and pancreatic cancer is on average less than 30% in many
countries, whilst the prognosis is better in case of colon cancer (up to 70% 5-year net
survival) and may further increase with the National Colon Screening programs [48].

Table 1. Number of new diagnoses of gastrointestinal tract cancers in 2020, worldwide and in the
Netherlands

Malignancy Worldwide The Netherlands
Diagnoses Deaths IR* Males (%) Diagnoses

Esophagus 604,100 544,076 6.3 69.3 2476

Stomach 1,089,103 768,793  11.1 66.1 984

Colon 1,148,515 576,858 11.4 52.3 8400

Rectum 732,210 339,022 7.6 60.6 3300

Anus

Liver 905,677 830,180 9.5 69.8 800

Gallbladder & biliary tract 115,949 84,695 1.2 35.4 918

Pancreas 495,773 466,003 4.9 53.0 2668

* Age-standardized incidence rate per 100,000 person-years. Cancers of the small intestine are rare,
hence, not shown in the table.
Data retrieved from WHO, 2021 [49] and IKNL, 2021 [50]

Substantial global diversity is observed in the incidence of the different gastrointestinal tract
cancers, mainly due to differences in genetic susceptibility and the occurrence or magnitude of

risk factors [51]. Colon, rectum and pancreatic cancer are most frequently diagnosed in Europe,
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North America and Australia/New Zealand, reflecting the average higher levels of sedentary
behavior in high-income countries. On the other hand, the incidence of esophageal cancer
(particularly squamous cell carcinoma), gastric cancer and liver cancer is high in Asian countries
resulting from a combination of lifestyle related factors (alcohol consumption and tobacco use),
genetic predisposition, sanitary conditions as well as infectious causes (hepatitis B or C virus

infection in case of liver cancer andHelicobacter pylori for gastric cancer) [33, 47, 51, 52].

Worldwide, colorectal cancer is the third most common cancer, with over a million new
diagnoses annually (Table 1). In the Netherlands, almost 12000 people were diagnosed with
colorectal cancer in 2020, about one-third of these represent rectal cancers (Table 1, Figure 3)
[50]. More than half of the colorectal cancer diagnoses occur after the age of 70 year, whilst
6% of the people diagnosed were under the age of 50 years (based on 2020 data) [53]. The age
distribution of the colorectal cancer diagnoses in the Netherlands largely corresponds to the age
distributions in other countries, albeit the incidence in people before the age of 50 is increasing
in a multitude of countries (including the Netherlands) for yet unknown reasons [54].
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Figure 3. number of new diagnoses of colon and rectum cancer in 1990-2020. Rectal cancers
represent ~30% of the colorectal cancer diagnoses.
Data retrieved from Atlasvolksgezondheid.info, 2021 [53].

In most Western/developed countries, a colorectal screening program is being executed by
means of a non-invasive stool test (fecal occult blood test [FOBT] or fecal immunochemical
test [FIT]) or a colonoscopy, which is offered regularly to adults above the age of 50 to 60
years [36, 55]. FOBT and FIT are based on detection of traces of blood in stool samples, as

early sign of colorectal cancer. In the Netherlands, this screening program was introduced in
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2014, which led to an increased number of diagnosis for several years (Figure 3). Nowadays,
individuals aged between 55-75 years are invited every two years for a FIT, which is in case
of a positive outcome followed by a colonoscopy [56]. The participation rate of the screening
was 71.5% in 2019 [56]. Among people diagnosed with colorectal cancer by means of the
screening program in 2019, almost 50% present with stage | cancer and <10% with stage IV
cancer, whereas among people diagnosed outside the screening program, about 15% and
30% are diagnosed with stage | and stage IV respectively [50]. Worldwide, mortality rates

have decreased up to 60% after introduction of the screening programs [57].

Link between bacterial infection and cancer - the
experimental perspective

An increasing number of bacteria is being recognized as another external risk factor
contributing to the onset and progression of cancer. During its infection cycle, bacteria
can manipulate their hosts in various ways including the elicitation of an inflammatory
response, manipulation of cell signaling pathways, and the induction of DNA damage by
toxins [58]. For bacteria, the fueling of cancer is a collateral damage of the induced host cell
manipulations which are essential for successful infection. The best established causal links
between bacterial infection and gastrointestinal cancers are the development of gastric
cancer and gallbladder carcinoma resulting from chronic Helicobacter pylori infection and S.
Typhi respectively. Several H. pylori proteins, including CagA, CaglL and VacA, stimulate host
cell signaling pathways such as the ERK, Akt and Wnt/B-catenin pathways [58, 59]. These
pathways play crucial roles in (embryonic) development and homeostasis, upregulation
or continuous activation can lead to a perturbation in cell proliferation, malignant cell
transformation and the inhibition of apoptosis [59, 60]. Part of the oncogenic potential of
S. Typhi can be attributed to the action of its CdtB toxin. CdtB causes DNA damage in host
cells and activates the host MAPK signaling pathway through a cascade of intermediate
steps, thereby supporting cell transformation, the accumulation of genomic instability and
prolonged survival of damaged cells [58, 61, 62].

Although nontyphoidal Salmonella lacks the production of CdtB toxin, various mechanisms
have been proposed by which nontyphoidal Salmonella supports the progression of cancer.
The effector protein acetyltransferase AvrA secreted by S. Typhimurium induces epithelial
cell proliferation through activation of the B-catenin/Wnt signaling pathway, possibly
in cross-talk with the STAT3 signaling pathway [58, 63]. AvrA inhibits phosphorylation of
B-catenin, leading to cytosolic accumulation of B-catenin and translocation to the nucleus
where it activates the transcription of oncogenes including c-MYC and IL-8 (Figure 4a) [63, 64].

16
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Moreover, AvrA represses both an inflammatory response as well as apoptosis by blocking
the MAPK pathway and the downstream JNK and NF-kB signaling pathways (Figure 4a) [65,
66]. Alternatively, several Sop effector proteins provoke the malignant transformation of

cells by activating the MAPK, STAT3 and Akt signaling pathways in a multistep process (Figure

4b) [58, 67, 68].
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Pre-existing alterations in host cell processes, such as overexpression of the oncogene c-MYC,
can act as predisposing factors for development of colon cancer after Salmonella infection.
¢-MYC plays an important role in promoting growth and proliferation of cells, inhibition of cell
differentiation and apoptosis. Upregulation of c-MYC has been associated with many human
cancers [69]. In vivo research demonstrated that mice heterozygous for APC (Apc”™", leading
to c-MYC overexpression), developed colon tumors after oral infection with S. Typhimurium
[69]. Unlike in humans, infection of mice with nontyphoidal Salmonella elicits a systemic
infection resembling typhoid fever, rather than intestinal inflammation [71, 72]. However,
pretreatment of mice with streptomycin depletes the normal gut flora and subsequent
infection with S. Typhimurium allows for gut colonization and colitis, with symptoms similar
human nontyphoidal Salmonella infections [72]. In contrast to mice infected with wild-type
S. Typhimurium, mice infected with a mutated strain lacking the T3SS did not develop colon
carcinomas [70]. Similarly, c-MYC overexpression was more frequently found in gallbladder
tumors of cancer patients from India, a region with high S. Typhi incidence, as compared to
Dutch gallbladder cancer patients generally lacking exposure to S. Typhi [70]. In the same
study, the effect of inactivation of the tumor suppressor protein TP53, which is one of the
most frequently observed mutations in gallbladder carcinoma patients, was assessed in
a cell model [70, 73]. Single cells from murine gallbladder organoids (i.e. a simplified and
miniature 3D in vitro version of the gallbladder organ) with inactive TP53 were cultured after
being infected with either wild-type or mutant S. Typhimurium that cannot enter effectors
for manipulation in host cells. In contrast to organoids infected with mutant Sa/monella,
organoids infected with wild-type Salmonella did not require growth supplements to form new
organoids [70]. Also, the wild-type Salmonella-infected organoids had enlarged irregular nuclei
and lost their cohesion and polarity, altogether demonstrating the transforming potential of
Salmonella in predisposed cells even in absence of inflammation and immune responses [70].
The prerequisite for both TP53 inactivation and c-MYC overexpression was confirmed in an
experiment where mouse embryonic fibroblasts (MEFs) were infected with S. Typhimurium
or S. Typhi. MEF cells comprise a simple cell model extensively used in biomedical research
for studying signaling pathways, inflammation and immunity. The MEFs harboring TP53
deficiency and overexpressed c-MYC formed significant more colonies in a soft agar assay,
as compared to the MEFs with only one or none of these mutations, with similar results
for S. Typhi and S. Typhimurium. Predisposed MEFs were able to maintain the transformed
state when Salmonella was removed with antibiotics after several hours of infection [70]. The
induction of cellular transformation and tumor formation in respectively MEFs and mice which
harbor mutations resembling the mutations found in human gallbladder tumors, shows that

Salmonella is able to induce cancer in these model systems under certain conditions.
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Link between bacterial infection and cancer - the
epidemiological perspective

The causal evidence of the contribution of bacteria to formation of malignancies is
substantiated by epidemiological studies. The most studied association comprises the risk
of gastric cancer (specifically mucosa associated lymphoid tissue [MALT] lymphoma) after H.
pylori infection, with the earliest reports of a correlation dating back to the 1990s [74]. The
association between H. pylori and MALT gastric lymphoma is restricted to strains expressing
specific genes, including the cagA and vacA genes encoding for toxins which enhance the
pathogenicity of H. pylori [75]. While estimates of the magnitude of gastric cancer risk after
cagA-/vacA-positive H. pylori infection differ strongly between studies/countries, pooled risk
estimates show over two-fold excess risk of gastric cancer [75]. Currently, H. pylori is the
only bacterium which is officially declared as carcinogenic agent by the International Agency
for Research on Cancer [76]. Yet, a plethora of research has been published postulating
an association between other bacterial infections and cancer. Examples of these include
Chlamydia trachomatis and human papillomavirus co-infection and cervical cancer [77], as
well as some commensal bacteria such as Fusobacterium nucleatum and Bacteroides fragilis
associated colorectal cancer [78]. With regard to Salmonella, multiple studies revealed
an 4-5 times increased risk of gallbladder cancer associated with (chronic) infection with
S. Typhi [79]. However, the epidemiological association between nontyphoidal Salmonella
and cancer is limited to three studies [80-82]. Antibody titers against a Sa/monella-specific
antigen (flagellar subunit protein [FIiC]) appeared significantly higher in colorectal cancer
patients as compared to controls [80], whereas traces of S. Typhimurium were found in the
tumor tissue and adjacent tissue of gallbladder patients [81]. Another study focused on the
risk of colon cancer after Salmonella infection [82]. This nation-wide registry study found
a significant association between a notified Salmonella infection and risk of colon cancer
later in life among Dutch residents. The association particularly concerned the proximal
part of the colon (1.5-fold increased risk) and was most pronounced for people infected
between 20-60 years of age (2.1-fold increased risk). Also, the magnitude of the risk was
serovar-dependent, with the highest observed incidences of proximal colon cancer after S.
Enteritidis infection (3-fold increased risk) [82].

Knowledge gaps and thesis aims

Although the association between bacteria and cancers of the gastrointestinal tract is being
gradually unraveled, several knowledge gaps appear from the above paragraphs. First,

from an epidemiological perspective, there is only one large cohort study available in the
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literature that assesses the association between nontyphoidal Salmonella infection and
colon cancer. Therefore, substantiating this association with a similar study design applied
to an independent cohort seems necessary. Moreover, this cohort study was based on
notified Salmonella infections, which generally include patients that experienced a relatively
severe course of the disease. However, people acquire multiple Sa/monella infections
throughout life, mostly a- or pauci-symptomatically. Whether these ‘mild" infections also
contribute to colon cancer development is yet to know. Similarly, the risk of gallbladder
or biliary tract cancer after nontyphoidal Salmonella infection has never been studied
before. From a causal perspective, limited knowledge is available about the drivers of the
potential tumorigenic potential of Sa/monella and whether this potential is restricted to
the expression of specific virulence factors within certain serovars or even strains. Hence,
unraveling the role of bacteria in the multistep process of developing cancer contributes to
improve our understanding of the complex etiology of the disease. Ultimately, this might
serve as input for improving early detection of cancer and reducing its burden. The general
objective of this thesis is therefore to elucidate the role of nontyphoidal Sa/monella infection
in the development of cancers in the gastrointestinal tract, with particular focus on colon
cancer. To this end, we used both experimental and epidemiological approaches to assess

the association between Salmonella infection and gastrointestinal cancer.

Thesis outline

This thesis contains nine chapters. After this general introduction (Chapter 1), we present
the results of a large epidemiological study assessing the occupational risk of (severe)
salmonellosis and campylobacteriosis in the Dutch employed population, using data
from several linked nationwide registries (Chapter 2). Here, the risk of salmonellosis and
campylobacteriosis was assessed across the whole spectrum of registered occupations,
including pre-defined groups of professions with a potentially higher degree of exposure
to zoonotic gastrointestinal pathogens, such as Salmonella. We also verified whether the
observed patternsinreported salmonellosis and campylobacteriosisamong the occupational
groups could be explained by differences in the magnitude of exposure to these pathogens,
as defined by serological data. In Chapter 3, we present another nationwide registry study
in which we assessed the association between occupation and colon cancer. Here we
specifically emphasized those jobs with possible long-term (low-dose) exposure to zoonotic
gastrointestinal pathogens by using the risk groups defined in the previous chapter. In
Chapter 4, we studied the effect of repeated (low-dose) infections on colon cancer risk

from both an epidemiological and experimental in vivo and in vitro perspective. Here we

20



General introduction

used serological data from a large cross-sectional serosurvey in the Netherlands to assess
whether colon cancer diagnosis is more likely to happen when it is preceded by (a period
of) higher exposure to Salmonella earlier in life. Subsequently, we present the results of a
study assessing the impact of Sa/monella infection caused by multiple low-dose versus a
single high dose of Salmonella bacteria in genetically predisposed mice on the formation
and characteristics of colon tumors. Third, the effect of repeated exposure to Sa/monella
was studied at the cellular level using colony formation in an in vitro model. In Chapter 5,
we investigated the risk of colon cancer after a (severe) nontyphoidal Sa/monella infection
in the Danish population in a nationwide population-based registry study. This study served
as an corroboration of the previous Dutch cohort study in another independent Western
population. In Chapter 6, we explored the association between severe nontyphoidal
Salmonella or Campylobacter infection and biliary tract cancer in the Dutch population.
For this registry-based epidemiological study, we linked the data from the nationwide
salmonellosis and campylobacteriosis surveillance systems to biliary tract cancer diagnosis
data in the Netherlands. Chapter 7 summarizes the methodological characteristics and
main outcomes of epidemiological studies assessing the associations between (commensal
or pathogenic) bacteria and parasites and cancers in the gastrointestinal tract. In Chapter 8,
we present the results of a case-control study including people with a history of severe
nontyphoidal Sa/monella infection who either developed proximal colon cancer later in life
(i.e. the cases) or did not (i.e. the controls). The study aimed at exploring the genetic basis
for the observed differences in the expression of virulence factors, nutrient metabolism
and transformation capacities among the Salmonella strains isolated from the cases and
controls. Lastly, we summarized and discussed the findings of this thesis in light of previous
literature and the implications and future perspectives for this rapidly evolving field of
science (Chapter 9).
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Abstract

Objectives: Occupational exposure to animals and foods thereof is a poorly characterized
risk factor for salmonellosis and campylobacteriosis, the main causes of bacterial
gastroenteritis in the Western world. We performed a population-based registry study in the
Netherlands to assess whether differences exist in the incidence of reported salmonellosis
and campylobacteriosis cases among occupational groups, and whether they can be
explained by differences in the magnitude of exposure to these pathogens, as defined by

serology.

Methods: Person-level occupational data for all Dutch residents were linked to lab-confirmed
salmonellosis and campylobacteriosis data, and to serological data from a previous national
serosurvey. SIRs for salmonellosis and campylobacteriosis among occupational sectors and
specific high-risk occupations were calculated based on the total employed population.
Moreover, Salmonella and Campylobacter seroincidence rates were compared among

sectors and high-risk occupations.

Results: Occupational exposure to live animals or manure and working in the sale of animal-
derived food products were associated with significantly increased risks of salmonellosis (SIR
1.55-1.82) and campylobacteriosis (SIR 1.36-1.65). Moreover, incidences were significantly
higher in specific industrial sectors, as well as healthcare and social work sectors. Mean
seroincidence rates ranged from 1.28 to 2.30 infections/person-year for Campylobacter,
and from 0.36 to 0.99 for Salmonella, with only slightly higher rates for people in high-risk

occupations.

Conclusions: Significant differences in reported salmonellosis and campylobacteriosis
incidence exist among occupational sectors, with the highest incidence in those persons
occupationally exposed to live animals. These differences are only partially reflected in the

serology.
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Occupational risk of salmonellosis and campylobacteriosis

Background

Salmonella and Campylobacter are the main causes of bacterial gastroenteritis in the Western
world, including the European Union [1]. In the Netherlands, the annual number of salmonellosis
casesis estimated at~27 000, whereas for campylobacteriosis, this number is twofold to threefold
higher [2]. In terms of disability-adjusted life years (DALY), both pathogens are estimated to
cause altogether over 4000 DALYs in the Netherlands every year, with the associated cost
amounting to ~€75 million/year. Such burden is mainly attributable to possible sequelae beyond
gastroenteritis (i.e., Guillain-Barré syndrome, reactive arthritis, irritable bowel syndrome and
inflammatory bowel disease) [3, 4]. Surveillance of salmonellosis and campylobacteriosis in the
Netherlands is based on voluntary reporting of a network of diagnostic laboratories capturing
mainly cases with more severe symptoms. Besides the main and extensively researched route
of transmission via food, Salmonella and Campylobacter infections may be acquired through
contact with animals or manure [5, 6]. The risk of Salmonella or Campylobacter transmission via
contact with animals or manure has been shown to be significant in specific cohorts, including
people occupationally exposed to live animals or animal-derived products (e.g., farmers and
abattoir workers) [7, 8]. Studies assessing salmonellosis and campylobacteriosis incidence
across different types of occupations on a national level are scarce [9]. Therefore, the aim of this
study was to assess whether differences exist in the incidence of reported salmonellosis and
campylobacteriosis cases among occupational groups, and whether they can be explained by
differences in the magnitude of exposure to these pathogens, as defined by serology.

Methods

Data and study population

We linked two national registries and a national serosurvey in the Netherlands (~17 million
inhabitants). One registry included deidentified person-level data on occupation as derived
from Statistics Netherlands (CBS), which records the occupation of all Dutch residents at
any moment in time based on tax returns. Occupations are coded based on the European
Nomenclature of Economic Activities (NACE) (second revision) classification of productive
economic activities, which is part of the integrated International Standard Industrial
Classification of All Economic Activities (ISIC) system [10]. NACE codes consist of five digits,
allowing for four hierarchical levels (i.e., sections, divisions, groups, classes) [10]. At the time
of analysis, the data set included data for 12 566 846 individuals of legal working age with
recorded type of occupation (5-digit level) and the dates of start and end of employment,
between January 1999 and December 2016.
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The second data set contained data on reported human salmonellosis and campylobacteriosis
cases in the Netherlands, derived from the national laboratory surveillance network coordinated
by the Dutch National Institute for Public Health and the Environment. Estimated population
coverage is 64% and 52% for salmonellosis and campylobacteriosis, respectively [11]. At the time
of analysis, the data set included 27 425 records of culture-confirmed non-typhoid Salmonella
infection and 31 855 records of culture-confirmed Campylobacter infections (both among
outpatients and hospitalized patients), with relevant metadata (i.e., gender, birth date, residence
location). The salmonellosis data set contained data between January 1999 and December 2016,
whereas campylobacteriosis data between January 2004 and December 2016.

The third data set contained serological data for Sa/monella and Campylobacter from
participants of a population-based cross-sectional serosurvey in the Netherlands in 2006-
2007. This serosurvey has already been presented in detail before [12]. Briefly, participants
provided a blood sample and completed an epidemiological questionnaire. In total, serum
samples from 7904 individuals were available, 1304 of which were tested for anti-Salmonella
and anti-Campylobacter IgA, 1gM and IgG concentrations (optical density values) using a
mixed ELISA based on lipopolysaccharides of S. Enteritidis and S. Typhimurium [13, 14] and
an acid glycine extract of C. jejuni strain SSDZ-01 [15] as capture antigens. This data set has
been used in several previous studies on immunodynamic modelling of Salmonella [16, 17]

and Campylobacter infections [18-20].

Data linkage and exposure/outcome definition

All three data sets were transferred to CBS, which acted as trusted third party for data
anonymization by adding a unique Record Identification Number (RIN), based on persons’
gender, birth date and residence location. On generation of the RINs, all the personal
identifiers were removed, and the RINs were then used for linkage to the study data [21].
We limited the analyses to people aged 16-69 years, as compulsory education applies
until 16 years and almost all people retire by the age of 70 years. The data set was cleared
from duplicate isolations of the same S. enterica subsp. enterica serovar or Campylobacter
sp. within 3 months after the initial infection. Participants of the serosurvey with start of
employment after the sampling date were excluded. We excluded also participants who
ended employment >1year before the sampling date, to account for waning immunity,
leaving 733 participants with Salmonella and/or Campylobacter serology data for analysis.

The structure of the NACE framework allows for analysis at different classification levels.

We performed the first analysis at the division level where all occupations are mutually
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classified into 86 divisions, hereafter also referred to as ‘sectors’. Due to revision of the
NACE classification in 2008, some occupations could not be classified into a single sector
in the period before the revision; hence, these were excluded from the analysis. The
serology analysis was performed at section level due to sample size constraints. In total,
21 sections exist, each containing one or multiple sectors (mutually classified). To test for
differences between Sa/monella serovars, these were classified as S. Typhimurium and its
monophasic variant (35.3%), S. Enteritidis (35.8%), and other serovars (28.9%). Based on the
type of sample the Salmonella isolate originated from (i.e., faeces, blood, urine, and so on),
Salmonella infections were classified as enteric (faeces, 91.1%), septicaemic (blood, 3.7%) or
others (mostly urinary tract and wound infections, 5.2%). For Campylobacter, the analysis
was limited to the most frequently reported species in the Netherlands: C. jejuni (92.9%) and

C. coli (7.1%); further information on the Campylobacter isolates was not available.

Statistical analysis

Time at risk (age >16) started at the date of employment and ended at the date of first
reported Salmonella or Campylobacter infection, end date of that employment (when this
corresponded to the start of an unemployment period) or the end of the study period (1
January 2017), whichever occurred first. As long as no Salmonella or Campylobacter infection
occurred, individuals were allowed to re-enter the study cohort at any point in time in case
of intermittent employment periods and shifts between occupations, and they could be
included in multiple sectors (either subsequently or simultaneously). Accounting for an
average reporting delay of 3weeks [11], the reporting date of Salmonella or Campylobacter
infection minus 3 weeks was used for analysis. An event was therefore defined as a reported
salmonellosis or campylobacteriosis case with estimated date of infection during an
employment period. Separate analyses were performed for Salmonella and Campylobacter,

allowing for occurrence of both infections in one individual.

Incidence rates (IR) per 100 000 person-years at risk of salmonellosis and campylobacteriosis
in the employed population were calculated by Sa/monella serovar and type of infection,
Campylobacter sp., gender, age (5-year bands) and calendar year. SIRs for salmonellosis and
campylobacteriosis were calculated for each occupational sector by dividing the observed
number of reported Salmonella and Campylobacter infections by the expected number of
infections based on the IRs in the employed population (matched by gender, age and calendar
year); 95% Cls were estimated based on Poisson distribution of person-time data. For sectors
with significantly increased or decreased SIRs and >10 cases, analyses were stratified by

Salmonella serovar, Campylobacter sp., gender and age group (16-19, 20-29, 30-39, 40-49,

33




Chapter 2

>50years). Next, based on the 5-digit NACE codes, we classified 42 occupations with potential
risk of occupational exposure to Sa/monella and/or Campylobacter into three specific groups
(Supplementary table S1). Those risk groups entailed occupations with possible contact with
live animals or manure (e.g., farmers and abattoir workers), occupations in food production/
preparation (e.g., bakers, cooks/chefs) and occupations in sale of animal-derived products
(e.g., butchers). Overall and stratified SIRs of salmonellosis and campylobacteriosis were
calculated for each of these high-risk groups using the rates in the employed population as
reference. Cumulative incidence plots with years of employment as timescale were made to
graphically display the risk of infection in the risk groups versus the employed population.

Seroincidence rates for Salmonella and Campylobacter infections, defined as the average
number of infections per person-year, were determined based on the optical density
values of serum IgA, IgG and IgM as described in detail elsewhere [20]. Briefly, we used the
European Centre for Disease Prevention and Control's (ECDC) seroincidence calculator tool
(https://ecdc.europa.eu/en/publications-data/seroincidence-calculator-tool), which uses
the combination of IgG, IgM and IgA values at a given point in time to estimate the time
since seroconversion, thereby providing an estimate of the annual ‘force of infection’ for
each individual using a Bayesian back-calculation model. This model is based on the kinetics
of 1gG, IgM and IgA observed during previous longitudinal studies of adult patients with
stool culture-confirmed Salmonella or Campylobacter infections, which provided reference
values for peak levels and decay rates of Ig concentrations and their relationship over
time. Following the analytical approach of Monge et al [18], we tested for differences in log-
transformed seroincidence rates between sections using a multivariate linear regression
model including also gender and years of employment as covariates. We then compared
seroincidences in high-risk occupations with those of other occupations. All statistical
analyses were performed using STATA V.14.2. P values <0.05 were considered statistically
significant.

Results

Cohort description

The cohort consisted of 12566 831 individuals aged 16-69 years employed between 1999
and 2016 (Supplementary figure S1). People entering the cohort after the start of the study
(1 January 1999) had a median age of 17 years (IQR: 16-29). Overall, 8220 individuals with
a reported Salmonella infection during employment were observed, corresponding to an
IR of 6.51 infections per 100 000 person-years at risk (95% Cl 6.36 to 6.65). Supplementary
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table S2 shows the IRs of salmonellosis by serovar, type of infection, gender and age group.
Highest IRs were observed for age groups 16-19 years (IR: 12.72, 95% Cl 11.94 to 13.50) and
20-29 years (IR: 10.85, 95% Cl 10.45 to 11.24). Infection occurred after a median of 5 years of
registered employment (IQR: 2-9).

For Campylobacter, the study period was limited to 2004-2016, with a total of 11615429
people in the cohort, of which 14 352 with a reported Campylobacter infection. The overall
IR was 15.54 infections per 100000 person-years at risk (95% Cl 15.29 to 15.79). As for
salmonellosis, the IRs for campylobacteriosis were higher in the younger age groups
(Supplementary table S2). The median time of registered employment at infection was
5years (IQR: 2-8).

Increased occupational risks

Among the 86 sectors, a median of 31 Salmonella infections (IQR: 11-87) and 53
Campylobacter infections (IQR: 19-149) were reported. Supplementary table S3 shows the
SIRs of salmonellosis and campylobacteriosis per sector. Among sectors with >10 reported
cases, 12 sectors showed a significantly increased SIR for salmonellosis, campylobacteriosis
or both (Table 1, Supplementary tables S4-S15). The highest SIRs were observed for the
sector ‘veterinary activities’, with a twofold increased risk for salmonellosis (SIR 2.03, 95% Cl
1.22 to 3.37) and campylobacteriosis (SIR 1.96, 95% Cl 1.33 to 2.87). Most reported cases
within this sector were female (salmonellosis: 80.0%; campylobacteriosis: 84.6%) and aged
20-29 years (Supplementary table S4). Increased SIRs, mainly for campylobacteriosis,
were found in five industrial sectors, including the manufacturing of chemicals, paper and
machinery, and the extraction and supply of petroleum, gas and electricity. Among these
sectors, SIRs were only significant for males (salmonellosis: 1.40-1.42; campylobacteriosis:
1.44-2.59) and people aged =30 years. Within the ‘other manufacturing’ sector, reported
cases were mostly attributable to the occupation ‘social employment’ (Sa/monella n=165;
Campylobacter n=301), whereas the other occupations within this sector had <15 reported
cases each. Social employment includes customised and supervised occupations for people
with physical or mental disabilities. Most cases were reported among people being >40
years (salmonellosis: 69.4%; campylobacteriosis: 77.7%). Marginally increased risks were
also observed among healthcare and social workers (mean SIR 1.13 salmonellosis; mean
SIR 1.17 campylobacteriosis), with most cases being females (77.6%-92.5% salmonellosis;
76.7%-90.2% campylobacteriosis). SIRs for salmonellosis were highest in the youngest age
group (16-19 years), whereas this was not the case for campylobacteriosis (Supplementary

tables S11-S13). In the healthcare sector, most cases were reported among people working
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within hospitals (salmonellosis: n=413; campylobacteriosis: n=833). Within ‘residential

care activities’, which includes occupations in nursing homes, psychiatric hospitals, home

care for elderly and disabled people, reported infections were evenly distributed across

occupations, with SIRs higher for males (Supplementary table S12). Furthermore, an

increased risk for campylobacteriosis was found for the ‘accommodation’ sector (e.g., hotels

and campsites), with highest risks in the younger age groups (Supplementary table S14).

Table 1. Sectors with significantly increased or decreased standardized incidence ratios (SIRs) for
overall salmonellosis and/or campylobacteriosis.

Salmonellosis

Campylobacteriosis

Sector Obs Exp SIR (95%Cl) Obs Exp  SIR(95%CI)
Higher SIRs

Veterinary activities 15 7.4 2.03(1.22-3.37)** 26 13.3  1.96(1.33-2.87)**
Manufacture of chemicals 59 42.6  1.38(1.07-1.79)* 112 81.0 1.38(1.15-1.66)**
Manufacture of paper 15 19.5 1.03(0.64-1.66) 51 34.1  1.50(1.14-1.97)**
(products)

Extraction of crude 6 3.4 1.75(0.79-3.89) 16 6.3 2.54 (1.56-4.15)***
petroleum and natural gas

Electricity, gas, steamand 17 23.2 0.73(0.46-1.18) 67 439 1.53(1.20-1.94)**
air conditioning supply

Manufacture of machinery 59 455 1.30(1.01-1.67)* 114 1247 0.91(0.76-1.10)
and equipment

Other manufacturing 183 115.8 1.58(1.37-1.83)*** 323 230.7 1.40(1.26-1.56)***
Human health activities 550 492 1.12(1.03-1.21)* 1,123 918.6 1.22(1.15-1.30)***
Residential care activities 559 4783 1.17(1.08-1.27)*** 981 835.4 1.17(1.10-1.25)***
Social work activities 362 331.6 1.09(0.98-1.21) 686 620.5 1.11(1.03-1.19)**
without accommodation

Accommodation 102 955 1.06(0.87-1.28) 213  155.0 1.37(1.20-1.57)***
Activities of households 26 232  1.12(0.76-1.65) 82 57.8 1.42(1.14-1.76)**
as employers of domestic

personnel

Lower SIRs

Architectural and 79 102.8 0.77 (0.62-0.96)* 162 191.3 0.85(0.73-0.99)*
engineering activities;

technical testing and

analysis®

Computer programming 80 91.9 0.87(0.70-1.08) 149  240.5 0.62(0.53-0.73)***
and consultancy®

Financial service activities® 125 145.8 0.86(0.72-1.02) 200 256.3 0.78(0.68-0.90)***
Activities auxiliary to 59 58.8 1.01(0.78-1.30) 72 100.1 0.72(0.57-0.91)**
financial services and

insurance activities®

Activities of head offices; 134 141.5 0.95(0.80-1.12) 191  279.0 0.68 (0.59-0.79)***

management consulta ncy

activities®
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Salmonellosis Campylobacteriosis

Sector Obs  Exp SIR (95%Cl) Obs Exp  SIR(95%CI)

Activities of membership 74 81.1  0.91(0.73-1.15) 113 140.0 0.81(0.67-0.97)*
organizations®

Education 428 502.3 0.85(0.78-0.94)** 857 934.6 0.92(0.86-0.98)*
Crop and animal 105 119.2 0.88(0.73-1.07) 141 181.2 0.78 (0.66-0.92)**
production and hunting

Construction of buildings 64 64.1 1.00 (0.78-1.27) 141  169.7 0.83(0.70-0.98)*
Wholesale trade 403 431.5 0.93(0.85-1.03) 716  845.7 0.85(0.79-0.91)***
Land transport 157 185.1 0.85(0.73-0.99)* 365 345 1.06(0.95-1.17)
Services to buildings and 184 176.2 1.04(0.90-1.21) 247 287.5 0.86(0.76-0.97)*

landscape activities

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio; *p<0.05;
**p<0.01; ***p<0.001; § white collar sector

Decreased occupational risks

Twelve sectors (with >10 cases) showed a significantly lower SIR for salmonellosis and/or
campylobacteriosis (Supplementary tables S3, S16-27). SIRs were 0.77-0.85 for salmonellosis
and0.62-0.92for campylobacteriosis (Table 1). Some of these sectors are ‘white collar’sectors,
which includes jobs at professional, administrative or managerial level, generally associated
with a higher socioeconomic status (SES). No consistent differences were observed among
age groups or gender in the white collar sectors. Within the educational sector, risk was
significantly reduced only for females (SIR 0.83, 95% Cl 0.74 to 0.94 salmonellosis; SIR 0.85,
95% Cl 0.78 to 0.93 campylobacteriosis).

High-risk occupations

Supplementary table S28 shows the characteristics of the three high-risk groups. The
group occupationally exposed to live animals or manure (live animals’) consisted of
240993 and 172978 people for the salmonellosis and campylobacteriosis analysis,
respectively, with the majority being male (63.5%). Within this group, 93 Sa/monella and
147 Campylobacter infections were reported. The second group included 2037 210 people
with occupational exposure through food production/preparation (‘food production’) for
the salmonellosis analysis and 1666 621 people for the campylobacteriosis analysis, with
423 and 762 salmonellosis and campylobacteriosis cases, respectively. The third group
included 244051 people involved in the sale of animal-derived food products (food
sale’) for the salmonellosis analysis and 178 427 for the campylobacteriosis analysis, in

which 78 salmonellosis and 109 campylobacteriosis cases were reported. Analysis of
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the three risk groups showed a significantly increased risk for both salmonellosis and
campylobacteriosis in the live animals group and in the food sale group (Table 2, Figure 1).
For salmonellosis, the SIR was 1.82 (95% Cl 1.49 to 2.23) for the live animals group and 1.55
(95% Cl 1.24 to 1.93) for the food sale group. In both groups, risk was most pronounced for
S. Typhimurium, whereas the risk for serovars other than Enteritidis and Typhimurium was

not significantly elevated. SIRs were generally higher in the younger age groups (Table 2).

Salmonellosis Campylobacteriosis
A A
015 030
5 g
I3 o
“ g
ERNE §
£ 3
H 2
2 £
S 5
£ i1
2 005 2 o104
z :
E kol
© 5
3
000 000
. 6 s 10 12 u 1 ® . s s 10 1
Years of occupation Years of occupation
Live animals Total employed population Live animals Total employed population
B B
015 030
£ it
o ]
3 oo § on]
£ 2
:
E /_;J g
8 3
3 ¢
g - 3
2 o ]
s 005 T £ 010+
= g
3
000 000
s 6 s 10 2 u % 1 . s s 0 2
Years of occupation Years of occupation
Food production Total employed population Food production Total employed population
© €]
015 030
g H
T 010 — § o2y
e °
£ >
= E
H g
H g
e @
] o
3 g
2 o5 2 10
g s
g 5
(s} E
3
000 0.00-]
s 6 } 10 1 u 1 ® s s s 0 P
Years of occupation Years of occupation
Food sale Total employed population Food sale Total employed population

Figure 1. Cumulative incidence (Cl) plots of salmonellosis and campylobacteriosis by risk group. (A)
Live animals. (B) Food production. (C) Food sale.
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Serology

Data from 732 serosurvey participants remained for analysis (294 males; 438 females). Mean
age at sampling was 37 years (SD: 12). Duration of registered employment (since >1999) at
sampling increased with age, from a median of 1.1 year (IQR: 0.5-2.2) for those aged 16-19
years to 7.8 years (IQR: 7.4-8.2) for people =50 years.

Mean seroincidence adjusted for gender and years of employment was 0.74 infections/person-
year (95% Cl 0.73 to 0.75, n=721) for Salmonella and 1.81 infections/person-year (95% Cl 1.80
to 1.83, n=725) for Campylobacter (Table 3). Seroincidence in females versus males was slightly
lower for Salmonella (exp(b): 0.915 (95% Cl 0.770 to 1.086, p=0.308)) and slightly higher for
Campylobacter (exp(b): 1.086 (95% ClI 0.996 to 1.185, p=0.062)), though both non-significant.
Age at sampling and years of employment showed a significant positive association with
Salmonella and Campylobacter seroincidences; however, due to high collinearity between
these two variables, we only considered years of employment (exp(b): 1.074 (95% CI 1.036
to 1.113) per year of employment for Salmonella; exp(b): 1.038 (95% Cl 1.019 to 1.057 for
Campylobacter)). Serology data were available for 19 occupational sections (Table 4). Mean
seroincidence of Salmonella per section ranged from 0.36 to 0.99 infections/person-year. No
significant differences were observed in the seroincidence for Salmonella between sections
(i.e., comparisons of each section vs. all others). Among sections with >10 participants,
seroincidences were highest in the sections ‘transportation and storage’, ‘financial and
insurance activities' and ‘real estate activities'. For Campylobacter, the mean seroincidence
ranged from 1.28 to 2.30 infections/person-year, with a significantly higher seroincidence rate
in the ‘other service activities’ section (2.30; 95% Cl 2.18 to 2.43) compared with other sections.
Table 4 shows the seroincidence for Salmonella and Campylobacter in people exposed to
the high-risk occupations: for both pathogens, seroincidence was slightly increased in
these high-risk occupations (exp(b): 1.08, 95% Cl 0.75 to 1.56, p=0.677, for Salmonella;
exp(b): 1.03, 95% CI 0.86 to 1.24, p=0.732, for Campylobacter), although non-significant.

Table 3. Mean and 95% confidence interval of seroincidence rates (i.e. number of infections/person-
year) of Salmonella and Campylobacter, by age at sampling

Salmonella Campylobacter

Age at sampling N Mean® 95%Cl N Mean® 95%Cl

16-19 years 49 0.52 0.51-0.53 49 1.53 1.27-1.83
20-29 years 176 0.69 0.68-0.71 178 1.76 1.73-1.78
30-39 years 193 0.78 0.77-0.80 194 1.87 1.86-1.89
40-49 years 160 0.78 0.77-0.80 159 1.86 1.84-1.88
>50 years 143 0.79 0.77-0.81 145 1.87 1.84-1.89
Total 721 0.74 0.73-0.75 725 1.81 1.80-1.83

§ Adjusted for gender and years of employment at time of sampling.
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Table 4. Mean and confidence interval of seroincidence rates (number of infections/person-year) of
Salmonella and Campylobacter, by section

Salmonella Campylobacter
Section N Mean (95%Cl)® N Mean (95%Cl)®
Agriculture, forestry and fishing 6 0.77 (0.57-1.04) 8 1.62 (1.46-1.79)
Manufacturing 76  0.70(0.67-0.73) 76 1.78 (1.74-1.82)
Electricity, gas, steam and air conditioning 4 0.44(0.31-0.63) 4 1.55(1.21-1.98)

supply
Water supply; sewerage, waste management 4 0.36(0.25-0.53) 4 1.28 (1.06-1.56)
and remediation activities

Construction 36 0.61(0.57-0.68) 35 1.72 (1.66-1.78)
Wholesale and retail trade 133 0.63(0.61-0.65) 134 1.81(1.77-1.84)
Transportation and storage 26 0.99(0.91-1.09) 26 1.76 (1.69-1.84)
Accommodation and food service activities 29 0.48(0.44-0.51) 29 1.78 (1.71-1.85)
Information and communication 19 0.76(0.69-0.84) 19 1.57 (1.51-1.64)
Financial and insurance activities 35 0.97(0.91-1.04) 36 2.07 (1.98-2.15)
Real estate activities 10 0.95(0.80-1.13) 10 1.64(1.51-1.78)
Professional, scientific and technical activities 61 0.68 (0.64-0.71) 60 1.81(1.77-1.86)
Administrative and support service activities 109 0.67(0.65-0.68) 108 1.72(1.69-1.75)
Public administration and defence; compulsory 47  0.77 (0.73-0.81) 48 1.89 (1.84-1.94)

social security

Education 72 0.78(0.75-0.82) 73 1.82(1.78-1.87)
Human health and social work activities 167 0.70(0.68-0.72) 169 1.78(1.76-1.80)
Arts, entertainment and recreation 20 0.45(0.43-0.49) 20 1.54 (1.48-1.59)
Other service activities 21 0.91(0.84-0.99) 21 2.30(2.18-2.43)**
Activities of households as employers 2 0.95(0.72-1.26) 2 2.26 (1.96-2.62)
High risk occupations’ 43  0.65(0.60-0.70) 44 1.69 (1.64-1.75)
All occupations 721 0.74(0.73-0.75) 725 1.81(1.80-1.83)

§ Adjusted for gender and years of employment at time of sampling; *p<0.05; **p<0.01; ***p<0.001
t Risk groups ‘live animals’, food production’ and ‘food sale’ combined.

Discussion

We assessed the distribution of reported salmonellosis and campylobacteriosis cases,
as well as the magnitude of exposure to these pathogens, among different occupational
groups in the Dutch-employed population. We identified significantly increased SIRs for
both salmonellosis and campylobacteriosis in several occupations. These observations can
be explained by a combination of multiple coexisting factors entailing exposure levels to the
pathogens, susceptibility to infection and medical awareness/knowledge associated with
the occupations in question.
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The risk of reported salmonellosis and campylobacteriosis was almost twofold higher
in people in the ‘live animals’ group, presumably caused by increased exposure to both
pathogens. Similar, although stronger, associations were found in a registry study in the
USA where the relative risk of salmonellosis and campylobacteriosis among people working
in occupations including farming was respectively 10-fold and threefold higher compared
with other occupations [9], whereas in another study, 17% of the campylobacteriosis cases
reported occupational exposure to animals [7]. Among people with occupational exposure
to animal-derived food products, we observed a significantly increased risk of infection
in the ‘food sale’ group and in the ‘accommodation’ sector. However, we did not observe
it in the overall risk group involved in food production/preparation. Acquired immunity
against Salmonella and Campylobacter might be an explanation for the latter observation.
Furthermore, SIRs (for salmonellosis and/or campylobacteriosis) were significantly higher in
fiveindustrial sectors, mainly those associated with the use of chemicals. Long-term exposure
to chemical substances is associated with altered composition of gut microbiota, resulting
in dysregulation of the gut mucosal immune function, which in turn might lead to adverse
health effects and possibly increased susceptibility to enteric infections [22]. Generally,
frailty and low SES are risk factors for increased morbidity and mortality of disease [23].
This could explain the increased SIRs among people working in the ‘other manufacturing’
sector, whereas the decreased SIRs among people working in ‘white collar’ sectors could be
explained by a higher educational level, SES and general health. Moreover, marginally higher
SIRs were observed among people working in healthcare and social work. An underlying
factor might be increased infection pressure in such facilities, as nosocomial outbreaks and
outbreaks in long-term care facilities are documented for Salmonella [24, 25]. On the other
hand, the increased SIRs might also be partially attributable to increased healthcare-seeking
behaviour caused by medical awareness/knowledge among people working in these
sectors. Shift work, being common in healthcare and industrial sectors, has been proposed
to increase the risk of infection as an indirect result of sleep rhythm and health behaviour on
the immune function [26, 27]. In addition to the infection risk from occupational exposure,
the observed distribution of salmonellosis and campylobacteriosis cases in our study is, to
some extent, influenced by surveillance/detection bias, potential healthy worker effect, as
well as the confounding effect of lifestyle, which we could not fully control for [28]. Indeed,
here we could not account for other potential risk factors related to, for example, eating
habits, pet ownership, travel and ethnicity, which might have played a role as well. Moreover,
the study period covered 17 years in which diagnostics of gastrointestinal infections and
hygiene standards in, for example, abattoirs, might have changed. However, we consistently
used the same type of data (i.e., culture-confirmed Salmonella and Campylobacter infections,
as culture is still performed for antimicrobial resistance determination after positive PCR
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screening) and temporal trends in reported salmonellosis/campylobacteriosis were not
assessed, that is, data were analysed retrospectively by including (cumulative) employment
time of each individual in each sector, and not chronological time per se. Thus, while the
strength of some associations might differ between periods, our study was meant to provide
overall estimates for the average effects of occupation during the whole study period.

Salmonellosis and campylobacteriosis IRs are based on laboratory-confirmed cases reported
to public health surveillance. These cases constitute only a small fraction of all cases occurring
in the community and are usually patients with severe or prolonged symptoms. The extent
of under-reporting is influenced by healthcare-seeking behaviours and patient-related
sensitivity of the healthcare and surveillance systems (e.g., patients with travel history or those
with underlying chronic diseases are more likely to undergo increased medical scrutiny on
presentation of symptoms). Serology allows us to assess infection risks independently of these
factors, as it also includes asymptomatic infections, hence it sheds light on the epidemiology of
Salmonella and Campylobacter from a different perspective [18]. We found the seroincidence
to be only slightly associated with occupational groups with a higher incidence of reported
salmonellosis and campylobacteriosis cases. Previous studies comparing seroincidence rates
among countries have found no significant correlations with incidence of reported cases,
with seroincidence rates being up to 130-fold higher than reported incidence [17]. Besides
surveillance artefacts, possible explanations could be the intrinsic limitations of seroincidence
data, such as differential antibody decay over time in different groups of the population. It is
difficult to predict how this may have affected the seroincidence estimates of our high-risk
groups. If the antibody response is stronger, seroincidence would be overestimated. However,
if frequent infections induce a weaker immune response, especially lower IgM production,
seroincidence would be underestimated, as pointed out before [17].

A limitation of the NACE classification is that a person’s NACE code is based on the economic
activity of the company/organisation employing the linked person, rather than the actual job
tasks. The proportion of people employed via an employment agency differs among sectors,
with most people in the ‘employment activities’ sector working in industry (24% males; 14%
females) [29]. This might affect the observed risk of infection among occupational groups.
Furthermore, serological data were limited by the sample size of serosurvey participants in
some sectors (probably due to participation bias), which hampered comparisons between
groups. In conclusion, we found significantly increased occupational risks for salmonellosis
and campylobacteriosis among people with occupational exposure to animals or animal-
derived products, healthcare and social workers, as well as people working in specific industrial
sectors. Seroincidence in these high-risk groups was only slightly increased, suggesting possible
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differential antibody response and decay over time (on increased exposure to Salmonella and
Campylobacter) in different groups. Campylobacteriosis and salmonellosis should be considered
when workers in occupations at increased risk for infection have symptoms compatible with
these diseases. Although the exact transmission routes in these occupational groups are yet
to be fully understood, targeting education and prevention strategies may help reduce disease

and provide a better understanding of these occupationally acquired infections.
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Supplementary material

Table S1. Classification of risk groups.

NACE code* Description

Risk group 1 - Contact with live animals and animal manure

01410 Raising of dairy cattle

01420 Raising of other cattle and buffaloes

01430 Raising of horses and other equines

01450 Raising of sheep and goats

01460 Raising of swine and pigs

01470 Raising of poultry

01490 Raising of other animals

01500 Mixed farming

01620 Support activities for animal production

10110 Processing and preserving of meat

10120 Processing and preserving of poultry meat

20150 Manufacture of fertilizers and nitrogen compounds
37000 Sewerage

38210 Treatment and disposal of non-hazardous waste**
46231 Wholesale of live farm animals

46232 Wholesale of live pets

75000 Veterinary activities

91041 (Petting) zoos

Risk group 2 - Production and handling of food products

10130 Production of meat and poultry meat products
10510 Operation of dairies and cheese making

10520 Manufacture of ice cream

10710 Manufacture of bread; manufacture of fresh pastry goods and cakes
10730 Manufacture of macaroni, noodles, couscous and similar farinaceous products
10840 Manufacture of condiments and seasonings

10850 Manufacture of prepared meals and dishes

10890 Manufacture of other food products n.e.c.

10910 Manufacture of prepared feeds for farm animals
10920 Manufacture of prepared pet foods

55101 Hotel-restaurants

56101 Restaurants

56102 Fast food restaurants and mobile food service activities
56210 Event catering activities

56290 Other food service activities (e.g. canteens)

Risk group 3 - Sale of animal products

46320 Wholesale of meat and meat products

46331 Wholesale of dairy products
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NACE code* Description

46332 Wholesale of eggs

47221 Retail sale of meat and charcuterie in specialized stores

47222 Retail sale of game meat and poultry meat in specialized stores
47230 Retail sale of fish, crustacean and mollusks in specialized stores
47241 Retail sale of bread, cakes, flour confectionary in specialized stores
47291 Retail sale of cheese in specialized stores

*NACE code (first 4 digits), Netherlands' specific digit (fifth). ** includes processing/disposal/
destruction of slurry and animal carcasses.

Table S2. IRs of salmonellosis and campylobacteriosis in the Dutch employed population.

Salmonellosis Campylobacteriosis

Obs IR (95%Cl)® Obs IR (95%Cl)
Total 8,220 6.51 (6.36-6.65) 14,352 15.54 (15.29-15.79)
Gender
Male 4,174 6.06 (5.88-6.25) 7,584 15.31(14.97-15.65)
Female 4,046 7.04 (6.82-7.25) 6,768 15.81(15.43-16.18)
Salmonella serovar or Campylobacter species
S. Typhimurium 2,113 1.67 (1.60-1.74) - -
S. Enteritidis 3,263 2.58 (2.49-2.67) - -
Other Salmonella serovars 2,844 2.25(2.17-2.33) - -
C. jejuni - - 13,377 14.48 (14.24-14.73)
C. coli - - 975 1.06 (0.99-1.12)
Type of infection
Enteric 7,672 6.07 (5.94-6.21) - -
Septicemic 226 0.18 (0.16-0.20) - -
Other* 322 0.25(0.23-0.28) - -
Age group
16-19 years 1,024 12.72(11.94-13.50) 1332 22.89 (21.67-24.12)
20-29 years 2,930 10.85(10.45-11.24) 4285 22.46 (21.79-23.13)
30-39 years 1,428 4.69 (4.45-4.93) 2419 11.52(11.06-11.98)
40-49 years 1,352 4.33 (4.10-4.56) 2763 11.98 (11.53-12.43)
>50 years 1,486 5.02 (4.77-5.28) 3553 15.19 (14.69-15.69)
Total number of individuals 12,566,831 11,615,429
exposed
Years of data 1999-2016 2004-2016

Obs: observed numbers. IR: incidence rate. § per 100 000 person-years. ¥ Salmonella isolated from
urinary or wounds.

49



Chapter 2

Statistics Netherlands database
12,566,831
individuals with occupational record(s)
registered in the Netherlands in 1999-2016

RIVM database (1)
27,475
individuals with non-typhoidal salmonellosis
reported in the Netherlands in 1999-2016

16,519 matches
salmonellosis cases with occupational data

Exclusion of:
- 8,299 cases with salmonellosis

8,220 salmonellosis cases infected during
employment

during unemployed period

RIVM database (2)
31,588

individuals with campylobacteriosis (jejuni/coli)
reported in the Netherlands in 2004-2016

22,877 matches
campylobacteriosis cases with occupational
data

’

14,352 campylobacteriosis cases infected
during employment

Exclusion of:

- 8,525 cases with
campylobacteriosis during
unemployed period

Serosurvey dataset (2006-2007)
1,304

participants with serological data of Salmonella

and/or Campylobacter

1,067 matches
participants with occupational data

Exclusion of:
- 226 participants aged <16 or
>70 at sampling time

733 participants with Salmonella and/or
Campylobacter serological data during or
shortly after employment

- 31 participants with start date
employment after sampling date
- 77 participants with end date
employment >1 year before

sampling date.

Figure S1. Schematic representation of the data management process.

50




Occupational risk of salmonellosis and campylobacteriosis

Table S3. SIRs of salmonellosis and campylobacteriosis by division

Salmonellosis

Campylobacteriosis

Div Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Crop and animal production, 105 119.2 0.88(0.73-1.07) 141  181.2 0.78 (0.66-0.92)**
hunting

Forestry and logging 1 1.4 0.69 (0.09-4.93) 1 2.5 0.39 (0.06-2.78)
Fishing and aquaculture 2 1.5 1.36 (0.34-5.45) 5 2.4 2.06 (0.86-4.95)
Extraction of crude petroleum 6 3.4 1.75(0.79-3.89) 16 6.3 2.54 (1.56-4.15)***
and natural gas

Other mining and quarrying 5 1.9 2.61(1.08-6.26) 5 35 1.42 (0.59-3.41)
Mining support service 5 2.8 1.78 (0.74-4.27) 9 5.8 1.55(0.80-2.97)
activities

Manufacture of food products 126 132.8 0.95(0.80-1.13) 230 225.2 1.02(0.90-1.16)
Manufacture of beverages 5 7.8 0.64 (0.27-1.54) 8 13.1  0.61(0.31-1.22)
Manufacture of tobacco 4 3.6 1.11(0.42-2.97) 7 5.6 1.24 (0.59-2.60)
products

Manufacture of textiles 16 134 1.19(0.73-1.94) 20 21.0 0.95(0.61-1.47)
Manufacture of wearing 7 4.0 1.75(0.84-3.68) 4 4.6 0.87 (0.33-2.31)
apparel

Manufacture of leather 1 2.1 0.47 (0.07-3.31) 3 3.2 0.95 (0.31-2.95)
(products)

Manufacture of wood/cork 17 16.5 1.03(0.64-1.66) 22 27.1 0.82(0.53-1.23)
etc

Manufacture of paper 15 19.5 0.77(0.46-1.28) 51 34.1 1.50 (1.14-1.97)**
(products)

Printing and reproduction of 28 35.0  0.80(0.55-1.16) 44 53.1 0.83(0.62-1.11)
recorded media

Manufacture of coke and 7 5.2 1.34(0.64-2.82) 13 10.6  1.22(0.71-2.10)
refined petroleum products

Manufacture of chemicals 59 42,6 1.38(1.07-1.79%* 112 81.0 1.38(1.15-1.66)**
Manufacture of basic 8 8.0 1.00 (0.50-1.99) 15 22.6  0.66(0.40-1.10)
pharmaceutical products and

preparations

Manufacture of rubberand 38 31.1 1.22(0.89-1.68) 65 56.0 1.16(0.91-1.48)
plastic

Manufacture of other non- 23 251 0.92(0.61-1.38) 45 446  1.01(0.75-1.35)
metallic mineral products

Manufacture of basic metals 13 20.3  0.64(0.37-1.10) 38 38.5 0.99(0.72-1.36)
Manufacture of fabricated 99 89.2 1.11(0.92-1.35) 153 158.6 0.96(0.82-1.13)
metal products

Manufacture of computer, 33 286 1.15(0.82-1.62) 45 48.3 0.93(0.70-1.25)
electronic and optical

products

Manufacture of electrical 9 13.2 0.68(0.36-1.31) 43 33.2 1.29(0.96-1.75)
equipment

Manufacture of machinery 59 455 1.30(1.01-1.67)* 114 124.7 0.91(0.76-1.10)
and equipment

Manufacture of motor 22 16.8 1.31(0.86-1.99) 28 34.2 0.82(0.56-1.18)

vehicles
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Salmonellosis

Campylobacteriosis

Div Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Manufacture of other 12 109 1.11(0.63-1.95) 37 28.2 1.31(0.95-1.81)
transport equipment

Manufacture of furniture 9 15.8 0.57(0.30-1.09) 33 33.2 0.99(0.71-1.40)
Other manufacturing 183 115.8 1.58(1.37-1.83)*** 323 230.7 1.40 (1.26-1.56)***
Repair/installation of 31 223  1.39(0.98-1.98) 61 62.2 0.98(0.76-1.26)
machinery

Electricity, gas, steam and air 17 23.2  0.73(0.46-1.18) 67 43,9 1.53(1.20-1.94)**
conditioning supply

Water collection, treatment 4 5.3 0.75(0.28-2.01) 13 10.0 1.30(0.76-2.24)
and supply

Sewerage 3 4.0 0.75(0.24-2.33) 9 7.7 1.18 (0.61-2.26)
Waste collection, treatment 31 23.3  1.33(0.94-1.89) 54 44.8 1.21(0.92-1.57)
and disposal activities

Remediation activities and 4 1.19  3.35(1.26-8.94) 6 29 2.06 (0.92-4.58)
other waste management

services

Construction of buildings 64 64.1 1.00(0.78-1.27) 141 169.7 0.83(0.70-0.98)*
Civil engineering 39 533 0.73(0.53-1.00) 97 100.1 0.97(0.79-1.18)
Specialized construction 24 218.1 0.98(0.86-1.12) 370 373.9 0.99(0.89-1.10)
activities

Wholesale, retail trade and 117 136.6 0.86(0.71-1.03) 224  231.0 0.97(0.85-1.11)
repair of motor vehicles

Wholesale trade 403 431.5 0.93(0.85-1.03) 716  845.7 0.85(0.79-0.91)***
Retail trade 1000 1041.5 0.96 (0.90-1.02) 1621 1621.3 1.00 (0.95-1.05)
Land transport 157 185.1 0.85(0.73-0.99)* 365 345.0 1.06(0.95-1.17)
Water transport 23 155 1.48(0.99-2.23) 32 27.8 1.15(0.81-1.63)
Air transport 83 69.4 1.20(0.96-1.48) 43 49.6 0.87(0.64-1.17)
Warehousing and support 87 747 1.17(0.94-1.44) 153 144.0 1.06(0.91-1.25)
activities for transportation

Postal and courier activities 84 85.5 0.98(0.79-1.22) 140 144.2 0.97(0.82-1.15)
Accommodation 102 955 1.06(0.87-1.28) 213  155.0 1.37(1.20-1.57)***
Food and beverage service 396 393.2 1.01(0.91-1.11) 641 632.0 1.01(0.94-1.10)
activities

Publishing activities 31 39.7 0.78(0.55-1.11) 69 60.0 1.15(0.91-1.46)
Motion picture, video, 19 17.7 1.07(0.68-1.68) 20 28.2 0.71(0.46-1.10)
television program production

etc.

Programming and 9 7.5 1.20(0.62-2.31) 6 13.8  0.43(0.20-0.97)
broadcasting activities

Telecommunications 36 425 0.85(0.61-1.17) 59 64.5 0.92(0.71-1.18)
Computer programming, 80 919 0.87(0.70-1.08) 149  240.5 0.62(0.53-0.73)***
consultancy and related

activities

Information service activities 11 7.9 1.39(0.77-2.50) 17 19.6  0.87(0.54-1.40)
Financial service activities, 125 145.8 0.86(0.72-1.02) 200 256.3 0.78(0.68-0.90)***

except insurance and pension

funding
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Salmonellosis Campylobacteriosis

Div Obs Exp SIR (95%Cl) Obs Exp  SIR(95%CI)

Insurance, reinsurance and 56 63.4 0.88(0.68-1.15) 126 121.7 1.04(0.87-1.23)
pension funding

Activities auxiliary to financial 59 58.5 1.01(0.78-1.30) 72 100.1 0.72(0.57-0.91)**
services and insurance

activities

Real estate activities 83 688 1.21(0.97-1.50) 114  128.6 0.89(0.74-1.07)

Legal and accounting 133 139.7 0.95(0.80-1.13) 220 241.0 0.91(0.80-1.04)

activities

Activities of head offices; 134 141.5 0.95(0.80-1.12) 191 279.0 0.68 (0.59-0.79)***
management consultancy

activities

Architectural and engineering 79  102.8 0.77 (0.62-0.96)* 162 191.3 0.85(0.73-0.99)*
activities; technical testing

and analysis

Scientific research and 34 34.8 0.98(0.70-1.37) 49 63.0 0.78(0.59-1.03)
development

Advertising and market 61 62.7 0.97(0.76-1.25) 76 934 0.81(0.65-1.02)
research

Other professional, scientific 12 20.0  0.60 (0.34-1.06) 36 441  0.82(0.59-1.13)
and technical activities

0.68-1.42

Veterinary activities 15 7.4 2.03(1.22-3.37)** 26 13.3  1.96(1.33-2.87)**
Rental and leasing activities 37 30.3  1.22(0.88-1.68) 48 53.4 0.90(0.68-1.19)
Employment activities 640 672.8 0.95(0.88-1.03) 1,170 1106.3 1.05 (1.00-1.12)

( ) (

Travel agency, tour operator 28 28.5 0.98
reservation service etc.

Security and investigation 34 331 1.03(0.73-1.44) 62 64.8 0.96 (0.75-1.23)
activities

Services to buildings and 184 176.2 1.04(0.90-1.21) 247 287.5 0.86(0.76-0.97)*
landscape activities

Office administrative, office 30 324 0.93(0.65-1.33) 60 67.7 0.89(0.69-1.14)
support etc.

Public administration and 513 506.6 1.01(0.93-1.10) 987 944.0 1.05(0.98-1.11)
defence; compulsory social

46 441 1.04(0.78-1.39)

security
Education 428 502.3 0.85(0.78-0.94)** 857 934.6 0.92(0.86-0.98)*
Human health activities 550 492  1.12(1.03-1.21)* 1,123 918.6 1.22(1.15-1.30)***

Residential care activities 559 478.3 1.17
Social work activities without 362 331.6 1.09
accommodation

Creative, arts and 20 245 0.82(0.53-1.26) 47 47.5 0.99(0.74-1.32)
entertainment activities

Libraries, archives, museums 26 22.5 1.15(0.79-1.70) 50 42.1 1.19(0.90-1.57)
and other cultural activities

—_ o~~~

) (
) (
1.08-1.27)%** 981 8354 1.17 (1.10-1.25)***
0.98-1.21) 686 620.5 1.11(1.03-1.19)**

Gambling and betting 8 9.0 0.89 (0.44-1.78) 19 15.8  1.20(0.77-1.88)
activities

Sports activities and 95 84.7 1.12(0.92-1.37) 157 152.9 1.03(0.88-1.20)
amusement and recreation

activities
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Salmonellosis Campylobacteriosis
Div Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)

Activities of membership 74  81.1 0.91 (0.73-1.15) 113  140.0 0.81(0.67-0.97)*
organizations

Repair of computers and 3 5.6 0.54 (0.17-1.67) 9 10.7 0.84(0.44-1.62)
personal/household goods

Other personal service 75 79.7 0.94(0.75-1.18) 144 131.1 1.10(0.93-1.29)
activities

Activities of households 26 23.2 1.12(0.76-1.65) 82 57.8  1.42(1.14-1.76)**
as employers of domestic

personnel

Undifferentiated goods-and 0 0.003 - 0 0.01 -

services-producing activities
of private households for
own use

Activities of extraterritorial 0 1.6 - 4 3.6 1.12(0.42-2.99)
organizations and bodies

Obs: observed numbers; Exp: expected numbers; *p<0.05; **p<0.01; ***p<0.001.

Table S4. SIRs of salmonellosis and campylobacteriosis in the ‘veterinary activities’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 3 0.9 3.26 (1.05-10.09)* 4 1.8 2.22 (0.84-5.93)
Female 12 6.5 1.86 (1.05-3.27)* 22 11.5 1.91 (1.26-2.91)**
Serovar/species
S. Typhimurium 9 1.82 4,94 (2.57-9.50)*** - - -
S. Enteritidis 2 2.8 0.71(0.18-2.85) - - -
Salmonella other 4 2.8 1.45 (0.54-3.86) - - -
C. jejuni - - - 24 124 1.93(1.29-2.88)**
C. coli - - - 2 0.9 2.30 (0.58-9.20)
Age group
16-19 years 1 0.2 4.34 (0.62-30.82) 0 0.3 -
20-29 years 10 4.1 2.44 (1.31-4.54)** 14 6.7 2.10 (1.24-3.54)**
30-39 years 0 1.6 - 5 2.9 1.70(0.71-4.08)
40-49 years 2 0.8 2.36 (0.59-9.43) 3 1.8 1.62(0.52-5.03)
>50 years 2 0.6 3.12(0.78-12.46) 4 1.6 2.57(0.96-6.83)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S5. SIRs of salmonellosis and campylobacteriosis in the ‘'manufacture of chemicals’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 48 33.9 1.42(1.07-1.88)* 96 66.5 1.44 (1.18-1.76)***
Female 11 8.7 1.26 (0.70-2.27) 16 14.5 1.10 (0.68-1.80)
Serovar/species
S. Typhimurium 9 9.6 0.94 (0.49-1.80) - - -
S. Enteritidis 26 17.6 1.48 (1.01-2.17)* - - -
Salmonella other 24 15.4 1.55(1.04-2.32)* - - -
C. jejuni - - - 101 75.5 1.34(1.10-1.63)**
C. coli - - - 11 5.6 1.97 (1.09-3.56)*
Age group
16-19 years 0 0.7 - 0 0.9 -
20-29 years 9 8.7 1.03 (0.54-1.98) 15 1.5 1.30(0.78-2.16)
30-39 years 13 10.2 1.28(0.74-2.21) 24 14.9 1.61 (1.08-2.40)*
40-49 years 18 1.3 1.59 (1.00-2.52)* 32 23.8 1.35(0.95-1.90)
>50 years 19 11.7 1.63 (1.04-2.55)* 41 29.9 1.37(1.01-1.86)*

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S6. SIRs of salmonellosis and campylobacteriosis in the ‘manufacture of paper (productsy

sector
Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 15 16.0 0.94 (0.57-1.56) 49 28.9 1.70 (1.28-2.24)***
Female 0 3.5 - 2 5.2 0.38 (0.10-1.53)
Serovar/species
S. Typhimurium 7 4.3 1.61(0.77-3.38) - - -
S. Enteritidis 3 8.3 0.36 (0.12-1.12) - - -
Salmonella other 5 6.9 0.73(0.30-1.75) - - -
C. jejuni - - - 50 31.7 1.58 (1.19-2.08)**
C. coli - - - 1 2.4 0.42 (0.06-2.99)
Age group
16-19 years 0 0.5 - 0 0.5 -
20-29 years 2 3.9 0.51(0.13-2.03) 4 4.4 0.90 (0.34-2.40)
30-39 years 2 4.8 0.42 (0.10-1.66) 9 6.1 1.46 (0.76-2.81)
40-49 years 4 5.3 0.75(0.28-2.01) 19 10.9 1.75 (1.11-2.74)*
>50 years 7 4.9 1.42 (0.68-2.99) 19 121 1.57 (1.00-2.47)*

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S7. SIRs of salmonellosis and campylobacteriosis in the ‘extraction of crude petroleum and
natural gas' sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 4 2.9 1.38 (0.51-3.67) 14 5.4 2.59 (1.54-4.38)***
Female 2 0.5 3.78(0.95-15.12) 2 0.9 2.22(0.56-8.89)
Serovar/species
S. Typhimurium 0 0.7 - - - -
S. Enteritidis 4 1.4 2.76 (1.03-7.37)* - - -
Salmonella other 2 1.2 1.60 (0.40-6.41) - - -
C. jejuni - - - 16 5.9 2.72 (1.67-4.45)%**
C. coli - - - 0 0.4 -
Age group
16-19 years 0 0.01 - 0 0.01 -
20-29 years 0 0.5 - 2 0.8 2.66 (0.66-10.62)
30-39 years 1 0.7 1.42 (0.20-10.08) 3 1.1 2.65(0.86-8.23)
40-49 years 3 1.1 2.72(0.88-8.43) 4 1.7 2.42(0.91-6.45)
>50 years 2 1.1 1.82(0.45-7.27) 7 2.8 2.54(1.21-5.33)*

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S8. SIRs of salmonellosis and campylobacteriosis in the ‘electricity, gas, steam and air
conditioning supply’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 10 17.9 0.56 (0.30-1.04) 52 34.1 1.53(1.16-2.00)**
Female 7 5.3 1.32(0.63-2.77) 15 9.8 1.53(0.92-2.54)
Serovar/species
S. Typhimurium 3 5.2 0.58 (0.19-1.80) - - -
S. Enteritidis 7 9.3 0.75 (0.36-1.58) - - -
Salmonella other 7 8.7 0.81 (0.39-1.70) - - -
C. jejuni - - - 60 41.0 1.46 (1.14-1.89)**
C. coli - - - 7 2.9 2.41(1.15-5.05)*
Age group
16-19 years 0 0.2 - 0 0.3 -
20-29 years 5 4.5 1.10 (0.46-2.65) 9 7.7 1.18(0.61-2.26)
30-39 years 6 4.7 1.29 (0.58-2.87) 15 8.1 1.84(1.11-3.06)*
40-49 years 3 5.8 0.52 (0.17-1.60) 10 9.9 1.01 (0.54-1.87)
>50 years 3 7.9 0.38(0.12-1.17) 33 17.9 1.85(1.31-2.60)***

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S9. SIRs of salmonellosis and campylobacteriosis in the ‘manufacturing of machinery and
equipment’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 55 39.2 1.40 (1.08-1.83)* 101 110.1 0.92 (0.75-1.11)
Female 4 6.2 0.64 (0.24-1.71) 13 14.6 0.89 (0.52-1.53)
Serovar/species
S. Typhimurium 18 12.5 1.44 (0.91-2.29) - - -
S. Enteritidis 19 15.3 1.24(0.79-1.95) - - -
Salmonella other 22 17.7 1.24 (0.82-1.89) - - -
C. jejuni - - - 103 116.2  0.89(0.73-1.08)
C. coli - - - 11 8.5 1.29(0.71-2.33)
Age group
16-19 years 0 2.3 - 4 4.0 1.00 (0.38-2.67)
20-29 years 18 12.8 1.41 (0.89-2.24) 20 24.3 0.82(0.53-1.28)
30-39 years 15 9.5 1.58 (0.95-2.62) 24 23.8 1.01 (0.67-1.50)
40-49 years 20 9.8 2.04 (1.31-3.16)** 26 32.4 0.80(0.55-1.18)
>50 years 6 1.1 0.54 (0.24-1.21) 40 40.2 1.00 (0.73-1.36)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S10. SIRs of salmonellosis and campylobacteriosis in the ‘other manufacturing’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 127 79.1 1.61(1.35-1.91)*** 233 164.2 1.42 (1.25-1.61)***
Female 56 36.8 1.52(1.17-1.98)** 90 66.5 1.35(1.10-1.66)**
Serovar/species
S. Typhimurium 56 26.3 2.13(1.64-2.76)*** - - -
S. Enteritidis 58 46.8 1.24(0.96-1.60) - - -
Salmonella other 69 427 1.62(1.28-2.05)*** - - -
C. jejuni - - - 300 214.7  1.40(1.25-1.56)***
C. coli - - - 23 16.0 1.44 (0.95-2.16)
Age group
16-19 years 3 2.4 1.23 (0.40-3.81) 1 2.6 0.39(0.05-2.75)
20-29 years 26 24.0 1.08 (0.74-1.59) 20 345 0.58 (0.37-0.90)*
30-39 years 27 19.1 1.41 (0.97-2.06) 51 31.3 1.63 (1.24-2.14)**
40-49 years 46 28.0 1.64 (1.23-2.20)** 101 55.3 1.83(1.50-2.22)***
>50 years 81 42.3 1.92 (1.54-2.38)*** 150 107.0  1.40(1.19-1.64)***

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S11. SIRs of salmonellosis and campylobacteriosis in the ‘human health activities' sector

Salmonellosis Campylobacteriosis
Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 123 102.8  1.20(1.00-1.43)* 262 213.4  1.23(1.09-1.39)**
Female 427 389.9 1.10(1.00-1.20) 861 705.2 1.22 (1.14-1.31)***

Serovar/species
S. Typhimurium 121 113.5 1.07 (0.89-1.27) - - -

S. Enteritidis 212 1934  1.10(0.96-1.25) - - -

Salmonella other 217 185.8 1.17 (1.02-1.33)* - - -

C. jejuni - - - 1,055 8554  1.23(1.16-1.31)***
C. coli - - - 68 63.3 1.08 (0.85-1.36)
Age group

16-19 years 27 19.2 1.41 (0.96-2.05) 32 26.0 1.23(0.87-1.74)
20-29 years 205 176.4  1.16(1.01-1.33)* 354 281.0  1.26(1.14-1.40)***
30-39 years 92 93.7 0.98 (0.80-1.20) 182 166.4  1.09(0.95-1.26)
40-49 years 107 98.9 1.08 (0.89-1.31) 244 200.2  1.22(1.07-1.38)**
>50 years 119 1044  1.14(0.95-1.36) 311 245.0  1.27 (1.14-1.42)***

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S12. SIRs of salmonellosis and campylobacteriosis in the ‘residential care activities’ sector

Salmonellosis Campylobacteriosis
Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 81 60.2 1.34 (1.08-1.67)** 153 116.6 1.31 (1.12-1.54)**
Female 478 418.1 1.14 (1.05-1.25)** 828 718.8 1.15(1.08-1.23)***

Serovar/species
S. Typhimurium 144 113.9  1.26(1.07-1.49)** - - -

S. Enteritidis 220 188.8  1.17(1.02-1.33)* - - -

Salmonella other 195 175.6 1.11 (0.96-1.28) - - -

C. jejuni - - - 912 7782  1.17 (1.10-1.25)%**
C. coli - - - 69 57.3 1.20(0.95-1.53)
Age group

16-19 years 57 457 1.25(0.96-1.62) 67 64.4 1.04 (0.82-1.32)
20-29 years 214 176.5  1.21(1.06-1.39) 329 2712 1.21(1.09-1.35)***
30-39 years 82 72.4 1.13(0.91-1.41) 155 120.7  1.28(1.10-1.50)**
40-49 years 98 88.6 1.11(0.91-1.35) 196 169.0 1.16(1.01-1.33)*
>50 years 108 95.0 1.14 (0.94-1.37) 234 210.1 1.11(0.98-1.27)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S13. SIRs of salmonellosis and campylobacteriosis in the ‘social work activities without

accommodation’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 27 31.3 0.86 (0.59-1.26) 67 61.9 1.08 (0.85-1.38)
Female 335 300.3  1.12(1.00-1.24)* 619 558.6  1.10(1.02-1.20)*
Serovar/species
S. Typhimurium 95 77.8 1.22 (1.00-1.49) - - -
S. Enteritidis 135 127.7  1.06 (0.89-1.25) - - -
Salmonella other 132 126.1 1.05(0.88-1.24) - - -
C. jejuni - - - 636 577.7 1.10(1.02-1.19)*
C. coli - - - 50 42.8 1.17 (0.89-1.54)
Age group
16-19 years 37 18.7 1.98 (1.43-2.73)*** 24 29.0 0.83(0.56-1.24)
20-29 years 128 127.2  1.01(0.85-1.20) 229 216.6  1.06(0.93-1.20)
30-39 years 67 52.2 1.28 (1.01-1.63)* 102 97.9 1.04 (0.86-1.26)
40-49 years 59 61.8 0.95 (0.74-1.23) 155 124.5 1.25(1.06-1.46)**
>50 years 71 71.7 0.99 (0.78-1.25) 176 152.5 1.15(1.00-1.34)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S14. SIRs of salmonellosis and campylobacteriosis in the ‘accommodation’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 53 39.3 1.35(1.03-1.76)* 103 63.7 1.62 (1.33-1.96)***
Female 49 57.2 0.86 (0.65-1.13) 110 91.3 1.20 (1.00-1.45)
Serovar/species
S. Typhimurium 32 28.6 1.12(0.79-1.58) - - -
S. Enteritidis 45 37.2 1.21(0.90-1.62) - - -
Salmonella other 25 30.8 0.81 (0.55-1.20) - - -
C. jejuni - - - 202 1449  1.39(1.21-1.60)***
C. coli - - - 11 10.2 1.08 (0.60-1.95)
Age group
16-19 years 26 24.6 1.06 (0.72-1.55) 51 33.2 1.54 (1.17-2.02)**
20-29 years 54 46.1 1.17 (0.90-1.53) 100 70.5 1.42 (1.17-1.73)***
30-39 years 9 10.2 0.88 (0.46-1.70) 17 17.5 0.97 (0.61-1.57)
40-49 years 7 7.8 0.90 (0.43-1.88) 21 16.1 1.30 (0.85-2.00)
>50 years 6 7.8 0.76 (0.34-1.70) 24 17.8 1.35(0.90-2.01)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S15. SIRs of salmonellosis and campylobacteriosis in the ‘activities of households as employers
of domestic personnel’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 1 4.4 0.23(0.03-1.61) 15 12.7 1.18(0.71-1.95)
Female 25 18.8 1.33(0.90-1.97) 67 451 1.49 (1.17-1.89)**
Serovar/species
S. Typhimurium 3 6.0 0.50 (0.17-1.56) - - -
S. Enteritidis 9 7.0 1.29 (0.67-2.47) - - -
Salmonella other 14 10.2 1.37(0.81-2.31) - - -
C. jejuni - - - 76 53.9 1.41 (1.13-1.77)**
C. coli - - - 6 4.0 1.51 (0.68-3.37)
Age group
16-19 years 4 1.7 2.36 (0.89-6.29) 4 3.2 1.24(0.46-3.29)
20-29 years 4 8.4 0.48 (0.18-1.27) 18 16.9 1.06 (0.67-1.69)
30-39 years 4 2.9 1.38 (0.52-3.69) 12 7.4 1.62 (0.92-2.86)
40-49 years 8 4.0 2.02 (1.01-4.04)* 23 12.7 1.81 (1.20-2.72)**
>50 years 6 6.3 0.95 (0.43-2.12) 25 17.6 1.42 (0.96-2.10)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S16. SIRs of salmonellosis and campylobacteriosis in the ‘architectural and engineering
activities; technical testing and analysis’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 59 76.8 0.77 (0.59-0.99)* 122 1471 0.83(0.69-0.99)*
Female 20 26.0 0.77 (0.50-1.19) 40 44.2 0.90 (0.66-1.23)
Serovar/species
S. Typhimurium 17 25.2 0.67 (0.42-1.08) - - -
S. Enteritidis 33 40.8 0.81(0.58-1.14) - - -
Salmonella other 29 36.8 0.79 (0.55-1.13) - - -
C. jejuni - - - 148 178.4  0.83(0.71-0.97)*
C. coli - - - 14 13.0 1.08 (0.64-1.82)
Age group
16-19 years 3 3.0 1.00 (0.32-3.12) 5 3.6 1.37 (0.57-3.30)
20-29 years 33 37.4 0.88 (0.63-1.24) 45 52.1 0.86 (0.64-1.16)
30-39 years 16 24.8 0.65 (0.40-1.05) 42 441 0.95(0.70-1.29)
40-49 years 13 17.9 0.73(0.42-1.25) 21 39.9 0.53(0.34-0.81)**
>50 years 14 19.8 0.71(0.42-1.19) 49 51.6 0.95 (0.72-1.26)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S17. SIRs of salmonellosis and campylobacteriosis in the ‘computer programming and

consultancy’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 59 71.5 0.82 (0.64-1.06) 122 191.9 0.64 (0.53-0.76)***
Female 21 20.4 1.03 (0.67-1.58) 27 48.5 0.56 (0.38-0.81)**
Serovar/species
S. Typhimurium 20 25.2 0.80(0.51-1.23) - - -
S. Enteritidis 22 30.9 0.71 (0.46-1.08) - - -
Salmonella other 38 35.9 1.06 (0.77-1.46) - - -
C. jejuni - - - 136 224.4 0.61 (0.51-0.72)***
C. coli - - - 13 16.1 0.81(0.47-1.39)
Age group
16-19 years 2 2.0 0.98 (0.24-3.91) 2 3.6 0.55 (0.14-2.20)
20-29 years 34 37.6 0.90 (0.65-1.26) 59 74.9 0.79 (0.61-1.02)
30-39 years 25 255 0.98 (0.66-1.45) 37 66.6 0.56 (0.40-0.77)***
40-49 years 14 15.9 0.88 (0.52-1.49) 30 54.8 0.55 (0.38-0.78)**
>50 years 5 10.8 0.46 (0.19-1.11) 21 40.5 0.52 (0.34-0.80)**

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S18. SIRs of salmonellosis and campylobacteriosis in the ‘financial service activities’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 70 77.2 0.91 (0.72-1.15) 115 149.1 0.77 (0.64-0.93)**
Female 55 68.6 0.80 (0.62-1.04) 85 107.2 0.79 (0.64-0.98)*
Serovar/species
S. Typhimurium 20 32.4 0.62 (0.40-0.96)* - - -
S. Enteritidis 47 60.7 0.77 (0.58-1.03) - - -
Salmonella other 58 52.8 1.10(0.85-1.42) - - -
C. jejuni - - - 190 238.8  0.80(0.69-0.92)**
C. coli - - - 10 17.5 0.57 (0.31-1.06)
Age group
16-19 years 3 2.7 1.11 (0.36-3.45) 2 29 0.70(0.17-2.78)
20-29 years 36 40.5 0.89 (0.64-1.23) 40 49.0 0.82(0.60-1.11)
30-39 years 35 39.1 0.89 (0.64-1.25) 44 64.2 0.69 (0.51-0.92)*
40-49 years 22 33.7 0.65 (0.43-0.99)* 51 68.6 0.74 (0.56-0.98)*
>50 years 29 29.8 0.97 (0.68-1.40) 63 71.7 0.88 (0.69-1.13)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S19. SIRs of salmonellosis and campylobacteriosis in the ‘activities auxiliary to financial
services and insurance activities' sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 30 29.2 1.03(0.72-1.47) 37 54.5 0.68 (0.49-0.94)*
Female 29 29.3 0.99 (0.69-1.42) 35 45.6 0.77 (0.55-1.07)
Serovar/species
S. Typhimurium 4 13.9 0.29 (0.11-0.77)* - - -
S. Enteritidis 30 24.2 1.24(0.87-1.78) - - -
Salmonella other 25 20.5 1.22(0.83-1.81) - - -
C. jejuni - - - 66 93.2 0.71 (0.56-0.90)**
C. coli - - - 6 6.9 0.87 (0.39-1.94)
Age group
16-19 years 1 34 0.29 (0.04-2.09) 1 34 0.30 (0.04-2.09)
20-29 years 27 20.5 1.32(0.90-1.92) 13 25.8 0.50 (0.29-0.87)*
30-39 years 14 13.6 1.03(0.61-1.74) 19 22.9 0.83(0.53-1.30)
40-49 years 8 11.0 0.73(0.36-1.45) 21 24.2 0.87(0.57-1.33)
>50 years 9 10.0 0.90 (0.47-1.74) 18 23.9 0.75 (0.48-1.20)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S20. SIRs of salmonellosis and campylobacteriosis in the ‘activities of head offices; management

consultancy activities’ sector

Salmonellosis

Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 73 83.2 0.88(0.70-1.10) 133 176.8  0.75(0.63-0.89)**
Female 61 58.2 1.05 (0.82-1.35) 58 102.1  0.57 (0.44-0.73)***
Serovar/species
S. Typhimurium 28 34.9 0.80 (0.55-1.16) - - -
S. Enteritidis 50 55.4 0.90 (0.68-1.19) - - -
Salmonella other 56 51.2 1.09 (0.84-1.42) - - -
C. jejuni - - - 171 259.9  0.66(0.57-0.76)***
C. coli - - - 20 19.1 1.05 (0.68-1.62)
Age group
16-19 years 13 6.9 1.88(1.09-3.24)* 8 8.6 0.93 (0.46-1.85)
20-29 years 48 48.4 0.99 (0.75-1.32) 54 73.5 0.74 (0.56-0.96)*
30-39 years 22 31.5 0.70 (0.46-1.06) 38 58.9 0.64 (0.47-0.89)**
40-49 years 26 26.5 0.98 (0.67-1.44) 37 63.7 0.58 (0.42-0.80)**
>50 years 25 28.2 0.89 (0.60-1.31) 54 74.2 0.73(0.56-0.95)*

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

62



Occupational risk of salmonellosis and campylobacteriosis

Table S21. SIRs of salmonellosis and campylobacteriosis in the ‘activities of membership
organizations' sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 33 40.1 0.82(0.58-1.16) 56 67.0 0.84 (0.64-1.09)
Female 41 40.9 1.00 (0.74-1.36) 57 73.0 0.78 (0.60-1.01)
Serovar/species
S. Typhimurium 16 20.8 0.77 (0.47-1.25) - - -
S. Enteritidis 26 32.5 0.80(0.54-1.18) - - -
Salmonella other 32 27.7 1.15(0.82-1.63) - - -
C. jejuni - - - 107 130.1 0.82 (0.68-0.99)*
C. coli - - - 6 9.9 0.61 (0.27-1.35)
Age group
16-19 years 13 11.9 1.09 (0.63-1.88) 10 11.2 0.89 (0.48-1.66)
20-29 years 20 22.1 0.90 (0.58-1.40) 26 33.7 0.77 (0.53-1.13)
30-39 years 12 12.9 0.93(0.53-1.64) 19 221 0.86 (0.55-1.35)
40-49 years 8 14.2 0.56 (0.28-1.12) 17 28.1 0.60 (0.38-0.97)*
>50 years 21 20.0 1.05 (0.69-1.61) 41 449 0.91 (0.67-1.24)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S22. SIRs of salmonellosis and campylobacteriosis in the ‘education’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 169 190.7 0.89(0.76-1.03) 382 376.7  1.01(0.92-1.12)
Female 259 311.6 0.83 (0.74-0.94)** 475 557.9 0.85 (0.78-0.93)***
Serovar/species
S. Typhimurium 93 113.9 0.82(0.67-1.00) - - -
S. Enteritidis 161 200.6  0.80(0.69-0.94)** - - -
Salmonella other 174 187.8  0.93(0.80-1.07) - - -
C. jejuni - - - 795 870.0  0.91(0.85-0.98)*
C. coli - - - 62 64.6 0.96 (0.75-1.23)
Age group
16-19 years 20 12.9 1.55(1.00-2.40) 22 17.6 1.25(0.83-1.90)
20-29 years 113 148.4 0.76 (0.63-0.92)** 244 234.8 1.04 (0.92-1.18)
30-39 years 80 83.0 0.96 (0.77-1.20) 134 153.0 0.88 (0.74-1.04)
40-49 years 93 104.0 0.89(0.73-1.10) 146 183.4  0.80(0.68-0.94)**
>50 years 122 154.0  0.79 (0.66-0.95)* 311 345.8  0.90(0.80-1.01)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S23. SIRs of salmonellosis and campylobacteriosis in the ‘crop and animal production and
hunting’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 76 77.5 0.98 (0.78-1.23) 108 1211 0.89 (0.74-1.08)
Female 29 41.7 0.70 (0.48-1.00) 33 60.1 0.55 (0.39-0.77)**
Serovar/species
S. Typhimurium 40 35.8 1.12(0.82-1.52) - - -
S. Enteritidis 47 47.5 0.99 (0.74-1.32) - - -
Salmonella other 18 35.9 0.50 (0.32-0.80)** - -
C. jejuni - - - 134 168.8  0.79(0.67-0.94)**
C. coli - - - 7 12.4 0.56 (0.27-1.18)
Age group
16-19 years 33 36.9 0.90 (0.64-1.26) 50 44.5 1.12 (0.85-1.48)
20-29 years 35 38.8 0.90 (0.65-1.26) 41 52.5 0.78 (0.58-1.06)
30-39 years 11 14.7 0.75 (0.41-1.35) 13 22.2 0.59 (0.34-1.01)
40-49 years 16 13.9 1.15(0.71-1.88) 14 27.6 0.51 (0.30-0.86)*
>50 years 10 14.9 0.67 (0.36-1.25) 23 34.4 0.67 (0.44-1.01)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S24. SIRs of salmonellosis and campylobacteriosis in the ‘construction of buildings’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 58 56.1 1.03 (0.80-1.34) 123 151.2  0.81(0.68-0.97)*
Female 6 8.1 0.74 (0.33-1.65) 18 18.5 0.97 (0.61-1.54)
Serovar/species
S. Typhimurium 22 18.2 1.21 (0.80-1.84) - - -
S. Enteritidis 22 22.0 1.00 (0.66-1.52) - - -
Salmonella other 20 24.0 0.83(0.54-1.29) - - -
C. jejuni - - - 136 158.0  0.86(0.73-1.02)
C. coli - - - 5 11.7 0.43(0.18-1.02)
Age group
16-19 years 2 3.1 0.64 (0.16-2.56) 4 5.4 0.75(0.28-1.99)
20-29 years 29 22.8 1.27 (0.88-1.83) 35 42.5 0.82 (0.59-1.15)
30-39 years 12 11.8 1.01 (0.58-1.79) 26 30.3 0.86 (0.58-1.26)
40-49 years 8 10.2 0.78 (0.39-1.56) 28 34.4 0.81(0.56-1.18)
>50 years 13 16.1 0.81 (0.47-1.39) 48 57.1 0.84 (0.63-1.11)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S25. SIRs of salmonellosis and campylobacteriosis in the ‘wholesale trade’ sector

Salmonellosis Campylobacteriosis
Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 284 288.8  0.98(0.88-1.10) 517 592.7  0.87(0.80-0.95)**
Female 119 142.8  0.83(0.70-1.00)* 199 253.0  0.79(0.68-0.90)**

Serovar/species
S. Typhimurium 103 109.9  0.94(0.77-1.14) - - -

S. Enteritidis 168 168.6  1.00(0.86-1.16) - - -

Salmonella other 132 153.1 0.86(0.73-1.02) - - -

C. jejuni - - - 665 788.1 0.84 (0.78-0.91)***
C. coli - - - 51 57.6 0.89(0.67-1.17)
Age group

16-19 years 37 32.2 1.15(0.83-1.59) 41 41.2 1.00 (0.73-1.35)
20-29 years 137 147.8  0.93(0.78-1.10) 189 2233  0.85(0.73-0.97)*
30-39 years 94 96.2 0.98 (0.80-1.20) 164 181.8  0.90(0.77-1.05)
40-49 years 68 78.4 0.87 (0.68-1.10) 174 195.2  0.89(0.77-1.03)
>50 years 67 76.9 0.87 (0.69-1.11) 148 204.2  0.72(0.62-0.85)***

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S26. SIRs of salmonellosis and campylobacteriosis in the ‘land transport’ sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 137 153.2 0.89 (0.76-1.06) 315 293.6 1.07 (0.96-1.20)
Female 20 32.0 0.63 (0.40-0.97)* 50 51.4 0.97 (0.74-1.28)
Serovar/species
S. Typhimurium 40 45.1 0.89(0.65-1.21) - - -
S. Enteritidis 65 75.3 0.86 (0.68-1.10) - - -
Salmonella other 52 64.7 0.80 (0.61-1.05) - - -
C. jejuni - - - 337 321.3 1.05 (0.94-1.17)
C. coli - - - 28 23.7 1.18 (0.81-1.71)
Age group
16-19 years 7 9.6 0.73 (0.35-1.53) 12 9.3 1.28 (0.73-2.26)
20-29 years 48 49.7 0.97 (0.73-1.28) 66 65.1 1.01 (0.80-1.29)
30-39 years 25 335 0.75(0.50-1.10) 47 51.9 0.91 (0.68-1.21)
40-49 years 26 38.2 0.68 (0.46-1.00) 77 77.0 1.00 (0.80-1.25)
>50 years 51 54.2 0.94 (0.72-1.24) 163 141.7 1.15(0.99-1.34)

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.
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Table S27. SIRs of salmonellosis and campylobacteriosis in the ‘services to buildings and landscape
activities' sector

Salmonellosis Campylobacteriosis

Obs Exp SIR (95%Cl) Obs Exp SIR (95%Cl)
Gender
Male 77 69.3 1.11(0.89-1.39) 106 117.2  0.90(0.75-1.09)
Female 107 106.9  1.00(0.83-1.21) 141 170.4  0.83(0.70-0.98)*
Serovar/species
S. Typhimurium 46 44.7 1.03(0.77-1.37) - - -
S. Enteritidis 81 71.9 1.13(0.91-1.40) - - -
Salmonella other 57 59.7 0.95 (0.74-1.24) - - -
C. jejuni - - - 225 267.5  0.84(0.74-0.96)**
C. coli - - - 22 20.0 1.10(0.72-1.67)
Age group
16-19 years 23 234 0.98 (0.65-1.48) 17 23.7 0.72 (0.45-1.15)
20-29 years 46 60.8 0.76 (0.57-1.01) 75 84.7 0.89(0.71-1.11)
30-39 years 38 30.6 1.24(0.90-1.70) 45 494 0.91 (0.68-1.22)
40-49 years 37 31.3 1.18 (0.86-1.63) 63 62.7 1.00 (0.78-1.29)
>50 years 40 30.2 1.33(0.97-1.81) 47 66.9 0.70 (0.53-0.93)*

Obs: observed numbers; Exp: expected numbers; SIR: standardized incidence ratio. *p<0.05;
**p<0.01; ***p<0.001.

Table S28. Risk group characteristics

Live animals Food production Food sale

Number of people exposed
Salmonellosis data (1999-2016)

Total 240,993 2,037,210 224,051

Male 154,471 962,653 101,096

Female 86,522 1,074,557 142,955
Campylobacteriosis data (2004-2016)

Total 172,978 1,666,621 178,427

Male 108,825 791,387 75,799

Female 64,153 875,234 102,628

Median age at entry 27 years (20-39) 20 years (17-28) 23 years (18-36)
(IQR)

Median age at infection (IQR)

Salmonellosis 26 years (20-38) 22 years (19-29) 21 years (18-33)
Campylobacteriosis 31 years (21-49) 23 years (20-34) 25 years (20-39)
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Chapter 3

Abstract

Objectives: While colon cancer (CC) risk is associated with several lifestyle-related factors,
including physical inactivity, smoking and diet, the contribution of occupation to CC morbidity
remains largely unclear. Growing evidence indicates that gastrointestinal infections like
salmonellosis could contribute to CC development. We performed a nationwide registry
study to assess potential associations between occupation (history) and CC, including
also those occupations with known increased exposure to gastrointestinal pathogens like
Salmonella.

Methods: Person-level occupational data for all residents in The Netherlands were linked
to CC diagnosis data. Differences in the incidence of (overall, proximal and distal) CC among
occupational sectors and risk groups were tested for significance by calculating standardized
incidence ratios (SIRs) with 95% Cls using the general population as reference group. Effects
of gender, age, exposure duration and latency were also assessed.

Results: Significant differences in CC incidence were observed only for a few occupational
sectors, including the manufacturing of rubber and plastics, machinery and leather, the
printing sector and the information service sector (SIRs 1.06-1.88). No elevated risk of CCwas
observed among people with increased salmonellosis risk through occupational exposure
to live animals, manure or among those working in the sale of animal-derived food products
(SIRs 0.93-0.95, 0.81-0.95 and 0.93-1.09 for overall, proximal and distal CC, respectively).

Conclusions: The results of this study suggest that occupation in itself provides a relatively
small contribution to CC incidence. This is consistent with previous studies where a similar
degree of variation in risk estimates was observed. The lack of an association with the high-
risk occupations for salmonellosis might be due to higher levels of physical activity, a known
protective factor for CC and other diseases, of people working in the agricultural sector,
which might outweigh the potential Sa/monella-associated risk of CC.
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Background

With over a million new diagnoses, colon cancer (CC) was the third most frequent malignancy
worldwide in 2018 [1]. In The Netherlands (~17 million population), the age-standardized
incidence rate of CC is 1.83 per 10 000 inhabitants.1 While the survival rates of patients
with CC continue to improve as a result of screening programs and targeted treatments
[2], the past three decades have been characterized by an increase in the incidence of
colorectal cancer among people aged <50 years in several high-income countries [3]. In The
Netherlands, the annual percent change of colorectal cancer between 2001 and 2016 was
2.1 for people aged 20-39 years and 2.3 for people aged 40-49 years [4]. The reason for this
increase remains largely unknown.

Apart from genetic background (i.e., inheritable CC, such as hereditary non-polyposis colorectal
cancer and familial adenomatous polyposis), the main risk factors for CC comprise dietary
and lifestyle factors, including the consumption of red and processed meat, smoking, alcohol
consumption, obesity and limited physical activity [5, 6]. The latter factor in particular has been
addressed in several studies showing that people with sedentary jobs (e.g., white-collar workers)
are at increased risk of colorectal and CCs [7]. Occupational exposure to chemical compounds
used in several industrial productions, such as leather, metals, plastic and rubber, as well
as asbestos, has also been reported to increase the risk of CC [8-10]. Moreover, in the past
decade, the role of bacterial infections in cancer development has gained momentum [11]. For
the gastrointestinal system, these infections concern mainly Helicobacter pylori and Salmonella
Typhi as causative agents of gastric cancer and gallbladder carcinoma, respectively [12, 13],
as well as (severe) non-typhoidal Salmonella infection for CC [14-17] and colibactin secreting
Escherichia coli strains for colorectal cancer [18, 19]. Whether repeated, low-dose exposure to
Salmonella leading to asymptomatic or paucisymptomatic infection, for instance in occupational
settings, is also a risk factor for CC, remains unclear and has not yet been investigated.

While occupational exposure to carcinogens for among others lung and skin cancers, have
been extensively documented, the role of occupation in CC epidemiology is complex and
ambiguous [20, 21] Moreover, apart from a large study in five northern European countries
making use of multiple-year census data [22], most studies have addressed only specific
occupational groups (e.g., nurses, farmers, asbestos plant workers), rather than the total
employed population, and these studies did not consider the occupational risk cumulatively
based on exposure history, but rather the effect of occupation at a given moment in time
[23-25]. The primary aim of this nationwide registry-based cohort study was to assess the
potential association between occupations with known increased exposure to zoonotic
pathogens like Salmonella and CC incidence. We also extended the analyses to the whole
spectrum of occupational exposures in The Netherlands between 1999 and 2016. Rectal
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cancers were not included in the analysis, as in a previous Dutch cohort study, a significant
association between non-typhoidal Salmonella and CC was only found for the proximal part
of the colon [14]. Moreover, colon and rectal cancers differ from each other with respect to
molecular carcinogenesis, clinical symptoms and risk factors, with for instance high levels of
physical activity being a protective factor for colon but not rectal cancer [26].

Methods

Data registries and linkage

We assessed the association between occupation and CC risk by linking two national registries in
The Netherlands. Statistics Netherlands (CBS) provided person-level, de-identified occupational
history data for all Dutch residents at any moment in time, including changes in occupational
group, specific functions therein, and employer, between January 1999 and December 2016.
The occupational groups were coded according to the European Nomenclature of Economic
Activities (NACE) based on the economic activity of a registered company providing employment
[27]. The NACE data are structured in four hierarchical levels (sections, divisions, groups and
classes) by a five-digit code, allowing for analyses at different levels, as described in more detail
elsewhere [28]. The second data set was retrieved from The Netherlands Cancer Registry and
contained 135 909 CC diagnoses between January 2000 and December 2016, of which 74 254
pertained to the proximal colon (International Classification of Diseases, 10th Revision (ICD-10)
codes C180-C185) and 61 655 to the distal colon (ICD-10 codes C186, C187).

Sectors and risk goups

First, we assessed the risk of CC at the NACE-level of division where all occupations are
mutually classified into 86 different divisions (hereafter referred to as ‘sectors’) [25]. We
then defined three risk groups (based on the most detailed NACE-codes of the occupations),
including occupations with contact with live animals or animal manure (e.g., farmers,
veterinarians), occupations involved in the production and handling of animal-derived food
products (e.g., cooks, bakers) and occupations involved in the sale of animal-derived foods
(e.g., butchers). This risk group classification was in accordance with the risk groups used in
a previous study assessing the occupational risk of Salmonella infection [27].

Statistical analysis
For the data analysis, individuals entered the at-risk period after 1 year of registered

employment in a given occupational group of interest (i.e., a sector or a risk group) or when
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reaching the age of 20 years, whichever came last. Hence, the earliest date of onset of follow-
up was 1 January 2000. CC diagnosis under the age of 20 years is rare (i.e., there were only
14 CC diagnoses in people aged 10-19 years during the total study period) and this is mostly
the result of inheritable factors.29 The follow-up period ended at the date of CC diagnosis
(i.e., the event of interest), date of death or the end of the study period (31 December 2016),
whichever came first. No censoring on emigration was applied. Individuals were allowed to
be included in multiple sectors or risk groups simultaneously. We excluded people from the
analysis who were diagnosed with CC before onset of employment in a sector or risk group
or were diagnosed after less than 1 year of exposure. First, we calculated the incidence rates
(IRs) of CC (overall and per subsite) per 10 000 person-years at risk in the total employed
population, by gender, age group (<50 and =50 years), duration of exposure (i.e., the number
of years employed (<2; 2-4; 5-9; >10 years)) and latency (i.e., the number of years since the
onset of exposure (1-4; 5-9; >10 years)). Second, the risk of CC in the 86 sectors and three
risk groups was compared with the risk of CC in the general Dutch population which was
used as the baseline reference risk. To this end we calculated standardized incidence ratios
(SIRs) of CC (overall, proximal and distal) in men and women separately (and overall) by
dividing the observed number of CC diagnoses in a sector or risk group by the expected
number of diagnoses based on age-matched (5-year bands), gender-matched, calendar
year-matched (1-year bands) and subsite-matched CC IRs in the Dutch population. For the
sectors a stratified analysis was done for the age groups <50 years and >50 years, while for
the three risk groups, stratified analyses were done by subsite, gender, age group (20-39;
40-49; >50 years), duration and latency. The 95% Cls for the SIRs were calculated assuming a
Poisson distribution. In the analyses, p values <0.05 were considered statistically significant.
Statistical analysis was performed using Stata V.16 (StataCorp LP, College Station, USA).

Patient and public involvement

No patients were involved.

Results

Cohort description

The total cohort comprised 11 136 434 individuals with registered employment in (part
of) the study period. The majority of the cohort consisted of men (54%), although the
percentage of women increased over the years. CC was diagnosed in 44 778 individuals over
the whole study period (2000-2016), corresponding to an overall average IR of 3.03 (95% Cl
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3.01 to 3.06) CC cases per 10 000 person-years at risk (Table 1). For both colon subsites, the
IR was higher in men than in women (Table 1). On average, women were diagnosed with
CC at a lower age (median: 57.4 years; IQR: 50.6-62.8) as compared with men (median: 61
years; IQR: 55.1-65.9). Online supplementary table S1 and S2 show the SIRs for proximal,
distal and overall CC among men and women, respectively, with employment history in at
least 1 of the 84 different sectors. SIRs for overall CC ranged from 0.68 to 1.45 in men and
0.66 to 2.53 in women (Supplementary tables S1 and S2). The SIRs of CC in the age group
under 50 years versus above 50 years differed substantially within and between sectors
(Supplementary table S3). Among sectors with at least 10 observed CC diagnoses in both age
groups, SIRs differed on average 12.5% (range: 0%-48%) between the two age groups within
a sector. For overall CC, a significantly increased risk was observed in men, women and/or
both combined for seven sectors, whereas for proximal and distal CC, this was three and six
sectors, respectively. Significantly decreased risks were observed in nine sectors for overall

CC, eight for proximal CC and six for distal CC for men, women and/or both combined.

Table 1. Incidence rates (IRs) of colon cancer (overall, proximal and distal) in the employed population

Colon cancer - overall Proximal colon cancer Distal colon cancer

N IR* (95%Cl) N IR* (95%Cl) N IR* (95%Cl)
All 44,778 3.03(3.01-3.06) 21,515 1.46(1.44-1.48) 23,263 1.58(1.56-1.60)
Males 29,446 3.63(3.59-3.68) 13,487 1.66(1.64-1.69) 15,959 1.97 (1.94-2.00)
Females 15,332 2.30(2.27-2.34) 8,028 1.21(1.18-1.23) 7,304 1.10(1.07-1.12)

Age group

<50 years 5479  0.54(0.52-0.55) 2,820 0.28(0.27-0.29) 2,659  0.26(0.25-0.27)
>50 years 39,299 8.65(8.57-8.74) 18,695 4.12(4.06-4.18) 20,604 4.54 (4.47-4.60)
Exposure duration

<2 years 3,401 2.35(2.27-2.43) 1,691 1.17(1.12-1.23) 1,710 1.18(1.13-1.24)
2-4 years 10,959 2.73(2.68-2.78) 5,511 1.37(1.34-1.41) 5,448 1.36 (1.32-1.39)
5-9 years 14,376 2.86(2.81-2.91) 7,006 1.39(1.36-1.43) 7,370  1.47(1.43-1.50)
>10 years 16,042 3.76(3.70-3.82) 7,307 1.71(1.67-1.75) 8,735  2.05(2.00-2.09)
Latency’

1-4 years 4,422 1.31(1.27-1.35) 2,245  0.66(0.64-0.69) 2,177  0.64(0.62-0.67)
5-9 years 9,649 1.96(1.93-2.00) 4,806  0.98(0.95-1.01) 4,843  0.99(0.96-1.01)

>10 years 30,706 4.75(4.70-4.80) 14,463 2.24(2.20-2.27) 16,243 2.48-2.55)

* Incidence rate (IR) per 10,000 person-years at risk. T Period between start at-risk period and CC
diagnosis.
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Occupations with increased risk

Significantly elevated SIRs for overall CC were found for men with employment history
in manufacturing of rubber and plastics (SIR 1.14), sale and repair of motor vehicles (SIR
1.10), land transport (SIR 1.06), information service activities (SIR 1.45), (re)insurance and
pension funding (SIR 1.12) and real estate activities (SIR 1.11) (Figure 1). Concerning distal
CGC, significantly increased risk was observed for six sections, compared with one section for
proximal part of the colon (Figure 1). Within the section of rubber and plastic manufacturing,
SIRs were increased for both colon subsites (proximal: SIR 1.10 (95% Cl 0.92 to 1.31); distal:
SIR 1.17 (95% CI 1.00 to 1.37)). For the sale and repair of motor vehicles and land transport
sections, SIRs were highest for the distal part, whereas for the information service activities
the higher risk concerned the proximal colon only (SIR 1.88; 95% Cl 1.25 to 2.83) (Figure
1). Among men with employment history in (re)insurance and real estate, the risk was
most pronounced for distal CC and among people aged >50 years, as compared with the
general population (average SIRs 1.19 (range 1.04 to 1.35) and 1.13 (range 1.01 to 1.26),
respectively). Additionally, an increased risk concerning only the distal colon was observed
among those with employment history in printing and reproduction of recorded media (SIR
1.16) and manufacturing of machinery (SIR 1.17), with the highest SIRs in the older age group
and among people with long-term exposure. Among women, a significant increased SIR for
overall CC was only observed for those employed in manufacturing of leather, with a SIR of
2.39(95% ClI 1.39 to 4.12) for proximal CC and a SIR of 0.87 (95% Cl 0.33 to 2.32) for distal CC,

although the observed numbers were relatively low.
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Figure 1. Standardized incidence ratios (SIRs) (squares) with 95% Cls (bars) of colon cancer (overall,
proximal and distal) in the total employed population and in men and women separately per sector.
Red, significantly increased SIR; green, significantly decreased SIR; grey, non-significant SIR.

Occupations with decreased risk

Among men, for 10 sectors, significantly decreased risks were observed, of which three were
significant for both colon subsites (Figure 1). In women, CC risk was significantly lower for
five sectors. In the agricultural sector (crop and animal production), SIRs of 0.85 (95% CI 0.75
to 0.97) and 0.86 (95% Cl 0.76 to 0.97) for distal CC were found in men, whereas for women
the SIRs were slightly higher than 1, though not significant. The SIR for proximal CC in men
was particularly low in the age group =50 years (SIR 0.83; 95% CI 0.72 to 0.96), compared
with the group under 50 years (SIR 0.99; 95% Cl 0.71 to 1.37). The opposite was true for distal
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CCwhere the SIR for individuals <50 years was 0.64 (95% Cl 0.40 to 1.01) (=50 years: SIR 0.88;
95% Cl 0.78 to 1.00). Within the education sector and the sector of retail trade, significant
lower risks of proximal CC were observed for both men and women (Figure 1). Moreover,
lower risk of distal CC was found for men (SIR 0.86; 95% Cl 0.78 to 0.96) and women (SIR 0.74;
95% CI 0.56 to 0.96) with employment history in architectural and engineering activities. In
the sector of food and beverage service activities (e.g., cooks, waiters) the risk of overall CC
and proximal CC was lower for women exclusively (SIR 0.87; 95% Cl 0.77 to 0.98). Similarly, a
significant, though marginal lower risk of overall CC was observed for the human healthcare
sector (SIR 0.95; 95% Cl 0.91 to 1.00) in women. In this sector, the risk appeared lower for
overall CCin the age group >50 years (Supplementary table S3).

Risk groups

We also assessed specifically the incidence of CCin three groups with increased occupational
exposure to zoonotic pathogens with oncogenic potential like Salmonella, as showed in
a previous study [28]. All three groups showed a marginally decreased risk for overall CC
(Table 2). Within the group involved in the sale of animal-derived food products, the SIRs
were lowest for proximal CC (SIR 0.81; 95% Cl 0.68 to 0.97), whereas for distal CC, the SIRs
were above 1 for both men and women (Table 2).
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Discussion

In this study, we linked two nationwide registries to assess potential associations between
occupation (history) and CC incidence in The Netherlands in order to identify possible risk-
conferring exposures in the workplace for CC development. Moreover, we looked at specific
occupations for which an increased risk of infection with zoonotic pathogens like Salmonella
has been found [28], as Salmonella infection has shown to promote colon carcinogenesis
in both epidemiological [14] and experimental [11, 13, 30] studies. In contrast to other
malignancies, the magnitude of occupation as risk factor for CC is relatively small compared
with the major nutritional and lifestyle-related risk factors. It is also more difficult to quantify
due to confounding factors (e.g., smoking, physical activity), which are shared between some
and differ substantially between other occupational groups [20, 22, 31, 32]. This nationwide
study in a high-income country covering a broad range of occupational sectors therefore
wants to contribute to the existing knowledge on the occupational exposures associated
with increased CC risk.

We found significantly increased risks for CC in several occupational sectors. Most of the
results of this study were confirmatory in nature and mirrored previous observations
available in the literature. For instance, significantly increased risks of (overall, proximal
and/or distal) CC were found in multiple industrial sectors with potential exposure to
chemicals, including the manufacturing of rubber and plastics, machinery and leather, as
well as the printing sector. Extensive research has been done to assess the carcinogenic
risk of exposures to, for example, benzene, solvents and dyes in these industries. While the
causal relations between, for example, working in the rubber industry and bladder cancer
and leukemia [33], and working in the leather industry and pancreatic cancer [34], are well
documented, the association with CC is more ambiguous. In a meta-analysis assessing
occupational exposure and CC risk, relative risks of 1.16 (95% CI 0.99 to 1.36) for the rubber
and plastic industry, 1.49 (95% CI 0.90 to 2.46) for the leather industry and 1.80 (95% ClI 1.20
to 2.70) for the printing sector were reported [9].

A significantly increased risk of CC among people occupationally exposed to Salmonella via
live animals or manure or through working in the sale of animal-derived food products,
was not observed here. In the past decade, a growing number of experimental studies
have unraveled the pathways by which pathogenic bacteria contribute to the development
of cancer in the gastrointestinal tract. On infection, non-typhoidal Salmonella hijacks the
host cell biology by introducing several effector proteins into the host cell. Specifically,

acetyltransferase AvrA suppresses the immune response and apoptosis by inhibiting the
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host-signaling pathway NF-kB while enhancing epithelial cell proliferation by B-catenin
signaling-pathway activation [11, 35]. Similarly, SopB-, SopE-, SopE2- and SptP-effector
proteins can facilitate transformation of pre-transformed host cells by activating the AKT-
pathways and MAPK-pathways [11]. This was shown in a study of Scanu et al. (2015) where
mouse fibroblast and gallbladder organoids underwent irreversible transformation under
conditions of an inactivated p53 tumor suppressor gene and an overexpressed c-MYC
oncogene [13]. Besides laboratory evidence, the risk of developing proximal CC was found
to be over twofold higher in people with a registered severe Salmonella infection in the past
(SIR 2.12; 95% Cl 1.38 to 3.09) [14]. This risk was specifically higher for individuals infected
with Salmonella Enteritidis (SIR 2.97; 95% Cl 1.73 to 4.76) and people aged <60 years at
time of infection (SIR 1.54; 95% Cl 1.09 to 2.10) [14]. Also, we showed in an earlier study
that the risk of suffering severe salmonellosis was higher among people working with live
animals or animal manure (SIR 1.82; 95% Cl 1.49 to 2.23) and among people working in
the sale of animal-derived food products (SIR 1.55; 95% Cl 1.24 to 1.93) [27]. While these
prior epidemiological studies focused on severe salmonellosis, here we particularly looked
at the risk of CC after possible long-term occupational exposure to Sa/monella, not per se
leading to clinically-overt salmonellosis. The risk of CC in people working with live animals or
manure appeared to be slightly reduced as compared with the general population. Acquired
immunity against Sa/monella in people with frequent exposure to such pathogens could also
be an explanation for the observed findings, as the bacterium is more rapidly cleared from the
body leaving less time for Salmonella to induce cellular transformation. Acquired immunity
in the occupationally exposed population has been shown for Campylobacter [36, 37]. As
both pathogens are epidemiologically comparable in that respect, a similar mechanism can
be assumed for Salmonella. In addition, it is possible that the Salmonella serovars in livestock
differ from those contributing to human cell transformation. Unraveling the exact molecular

mechanism by which Salmonella contributes to CC development could clarify this.

Extensive research into the risk of different forms of cancer among farmers has been done
in the past, most of which found a reduced risk of CC as compared with non-farmers [9,
31, 38]. On the one hand, this may be related to the beneficial effect of increased physical
activity (a known protective factor for CC) of people working in the agricultural sector, which
might therefore outweigh other risk factors [39]. Similarly, lower smoking rates have been
reported among farmers compared with other occupational groups, which might have
reduced the risk of developing CC as well [40], though risk estimates only slightly differed
with and without adjustment for tobacco use and alcohol consumption in a large European

cohort study [20]. Although a previous study reported an increased CC incidence among
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poultry farmers, this could not be confirmed here [24]. With regard to people working with
raw meat, some studies reported a slightly increased (often non-significant) risk for overall
CC among butchers and employees of meat-processing plants, however, a pooled analysis
of multiple studies did not reveal a significant association [9, 41]. While physical activity can
reduce the risk of CC up to 24% [42], we did not observe a clear overall risk difference across
sectors with a higher level of occupational physical activity versus more sedentary sectors
(Supplementary tables S2 and S3). Nonetheless, SIRs of CC were significantly increased
for three sectors, with mainly sedentary jobs, including the sectors of information service
activities, real estate and insurance (Figure 1). Conversely, significant risk deficit was found
for a number of sectors with limited sedentary professions such as construction workers,
farmers, teachers, the retail trade sector, the health sector and the services to buildings and
landscapes sector (i.e., interior cleaning of buildings and maintenance of public parks and
gardens) (Figure 1). Previous studies showed non-significant risk estimates close to 1 for
both the education sector and the health sector [9, 31], whereas for construction workers
a significantly reduced risk of 5%-20% was found earlier [31]. Also, for some sectors,
particularly those associated with higher education and income, it is plausible that the lower
CCrisk is partly explained by an average healthier lifestyle, as it was previously shown that
smoking rates and overweight/obesity were lower among teachers as compared with non-
teachers [43].

Apart from differences in incidence ratios across sectors, we found small differences
between the sexes within some sectors. The NACE-code(s) linked to an individual person are
based on the economic activity of the company/organization at which he/she is employed,
rather than the actual job task or individual measurements. Hence, due to this limitation, we
could not disentangle possible gender disparities resulting from different job tasks of men
versus women within a sector. Likewise, people might have been misclassified into a high
risk group while their actual occupation does not involve exposure to zoonotic pathogens
(e.g., people with an office job at a slaughterhouse company). Also, whether an individual
is working part-time or full-time was not registered at the person-level in the occupational
records. Hence, this might have led to an overestimation of the exposure duration of women
as compared with men, as in The Netherlands over 70% of women have a part-time job [44].
Furthermore, although working environments in, for example, industries have become safer
in the last decades with regard to exposure to hazardous/carcinogenic substances [45], SIRs
were not consistently higher in those diagnosed with CC at an age of >50 years compared
with the younger age group (Supplementary table S3). Probably, the study period is too

small to evaluate potential causes of a risk difference between age groups within sectors.
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For this study, we lacked information at the individual level about emigration. This has, to
some extent, led to an underestimation of the cancer risk as a result of the overestimation
of the total number of person-years at risk. Moreover, we lacked information about major
risk factors, such as smoking, dietary habits, alcohol consumption and body weight, as these
data are not usually routinely collected at the population level in national registries. Given
that tobacco use and alcohol intake differ between occupational groups, there is evidence
that adjustment for these variables could yield slightly different risk estimates [20, 46].
Likewise, consumption of red and processed meat, another risk factor for CC, is inversely
correlated with income and educational level [47-49]. Yet, adjustment for these time-varying
risk factors is impossible in a registry-based study with national coverage such as ours, and
would require another type of study design.

In conclusion, only a few significant differences in CC incidence as a function of occupational
exposures in different sectors were observed. This is unlike other forms of cancer, but is
consistent with other literature on occupational risks of CC. The occupational exposures
associated with increased CC risk were mainly those in the industrial sectors with potential
exposure to toxic chemicals, such as the manufacturing of rubber and plastics, machinery
and leather and the printing sector. These observations stress the need of continuous
improvement of workplace-safety as well as more research in the future to assess
whether these policies adequately reduce the incidence of cancers related to occupation.
A significantly increased risk of CC among people occupationally exposed to live animals
or manure or working in the sale of animal-derived food products (i.e., the groups with
increased salmonellosis risk) was not observed. This may be related to both the beneficial
effect of increased physical activity (a known protective factor for CC) of people working in
the agricultural sector, which might outweigh other risk factors, as well as an overestimation
of the number of people truly occupationally exposed to zoonotic pathogens due to the lack
of detailed job content data at the individual level. Large population-based epidemiological
studies based on national registries, such as the present study, have the advantage to
allow for inference from available large data sets, providing an inventory of differences in
CC incidence among occupational sectors that helps understanding the epidemiology of
CC from a public health perspective. Yet, there are many other factors playing a role in
CC development that cannot be properly controlled for in this type of studies. Therefore,
understanding how different factors contribute to cancer formation can result in the design
of studies with defined and coherent groups to limit the number of variables. Yet, the
contribution of occupation to CC is limited regardless of the differences in the actual activity

during the job.
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Abstract

During its infectious cycle, Salmonella exploits its host by targeting and manipulating
essential signalling pathways. This may disrupt cellular integrity and induce oncogenic
transformation. Chronic S. Typhi infection can indeed cause gallbladder cancer whereas
severe non-typhoidal Salmonella (NTS) infection is associated with colon cancer (CC). These
severe cases, however, represent only a small fraction of all NTS infections occurring in the
population. To assess the overall impact of NTS infections on CC development, we performed
a retrospective serological study on NTS exposure in CC patients. We observed significant
positive association between the magnitude of exposure to NTS and CC risk. Furthermore,
repetitive exposure to low NTS doses were shown to recapitulate the tumorigenic effect of a
high NTS exposure in vivo and repetitive infection with NTS was shown to induce an increase
in malignant transformation in predisposed fibroblast cells.

Statement of significance

We observed a higher NTS seroincidence among prospective CC patients and an oncogenic
role of repetitive NTS infections in tissue culture and mouse models. As people acquire
numerous NTS infections throughout their life these findings raise the importance to
consider NTS as an environmental risk factor for CC.
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Introduction

Salmonella enterica subspecies enterica is a Gram-negative bacterium including more than
2,500 different serovars that can cause gastrointestinal disease and occasionally invasive
infection of variable severity. These serovars are commonly divided into two groups. The
typhoidal serovars (i.e., Typhi and Paratyphi) are human restricted pathogens that can cause
the severe systemic illnesses; typhoid or paratyphoid fever. The non-typhoidal Sa/monella
(NTS) serovars, of which Enteritidis and Typhimurium are among the most common ones in
clinical patients, can colonize asymptomatically a broad range of animals and usually cause
gastroenteritisin humans. As S. Typhi and Paratyphi are mainly transmitted between humans
via the fecal-oral route, the vast majority of (para)typhoid fever cases occur in densely
populated areas lacking access to improved sanitation [1]. Conversely, NTS infections occur
worldwide, are common in developed countries and are transmitted mostly from animals to

humans via food, as well as directly via animal contact or indirectly via the environment [2,3].

Both typhoidal and non-typhoidal serovars have been linked to human cancer. Globally,
the incidence of typhoid fever and gallbladder cancer (GBC) show substantial geographical
overlap [4, 5]. This link is further supported by histological findings of S. Typhi in tumors
of GBC patients from geographic areas with high GBC prevalence [6]. Similar to S. Typhi,
severe NTS infection is epidemiologically associated with increased colon cancer (CC) risk
[7]. Indeed, in a large registry-based nationwide cohort study in the Netherlands, the risk of
proximal CC was twice as high among people with a laboratory-diagnosed NTS infection as
in the general population [7].

During host cell invasion, Salmonella injects over 30 different effector proteins into its host
to increase its uptake, intracellular survival and egress [8] (LaRock et al., 2015). Among
these effectors, AvrA, SopE, SopE2, SopB and SptP are known to mediate activation of the
hosts B-catenin, MAPK and AKT signalling pathways, respectively [6, 9-12]. The activation
of these pathways by Salmonella results in transformation of both in vitro and in vivo
models harbouring pre-transformed genotypes, such as partial (heterozygote) or total
(homozygote) deficiency of the tumor suppressor genes Apc or Arf, respectively, and
constitutive expression of the protooncogene c-MYC [6]. Salmonella infection thus triggers
the activation of oncogenic pathways and as such contributes to one or more steps in the

multi-step oncogenic transformation of pre-transformed cells [13, 14].

The severity of a Salmonella infection is determined by (a) host factors, (b) the Salmonella
virulence profile, and (c) the number of Salmonellae ingested [15]. While about 90,000

human salmonellosis cases are reported to public health authorities in Europe each year

103




Chapter 4

[16], this number is based on only those cases needing medical attention, laboratory
diagnosis and reporting to public health authorities. It has been estimated that, on average,
for every reported salmonellosis case in Europe, approximately 57 Sa/monella infections
go unreported [16]. The reported cases therefore represent mostly severe infections, i.e. a
small fraction of all Salmonella infections occurring in the population. This has been further
supported by serological studies where the rate of the immune response-eliciting exposures
to NTS was measured, showing that such exposure vastly exceeds the incidence of clinically
overt salmonellosis, with people acquiring numerous mild NTS infections throughout their
life [17-19].

As severe or long-lasting Sa/monella infections may promote colon carcinogenesis by virtue
of their higher chance of affecting pre-transformed cells [20], it needs to be understood
whether repetitive exposure to NTS also contributes to the multistep CC formation process.
To test this, we integrated a serological approach with both in vivo and in vitro analyses and
show that the magnitude of exposure to NTS is epidemiologically associated to CC formation
and that in vivo exposure to repetitive low doses of NTS contributes to CCin a similar manner
as a single high NTS dose. We furthermore report that repetitive NTS infections significantly
increase the proliferation of transformed cells in tissue culture experiments. As exposure
to NTS is difficult to avoid, these results indicate that Salmonella should be considered an

environmental risk factor for CC development.

Results

Increased Salmonella seroincidence is associated with increased CC risk

Previously we showed that notified Sa/monella infections are epidemiologically associated
with increased CC risk [7]. However, this study included only reported Salmonella infections,
which represent a small fraction of the NTS infections that people can acquire throughout
life [17-19]. To assess the risk of CC development as a function of the magnitude of NTS
exposure, regardless of disease severity, we performed a retrospective matched cohort
study on two linked data sets. The first data set was derived from a nationwide cross-
sectional serological survey conducted in the Netherlands between October 1995 and
December 1996, the so-called ‘PIENTER-1" study (De Melker and Conyn-van Spaendonck,
1998). This study established a large serum bank with accompanying epidemiological data
representative of the Dutch general population, primarily aimed at immunosurveillance
to evaluate the national immunization program. The second data set, obtained from the

Netherlands Cancer Registry (NCR), covers all Dutch residents and includes data on patients
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diagnosed with CC in the proximal part of the colon since 1998 (ICD-10 codes: C180-C185).
We focused our analyses on these colon subsites, as our previous study highlighted a
significantly increased risk of cancer after NTS infection only in the proximal but not in the
distal part of the colon [7].

By linking the PIENTER-1 study data to CC diagnoses in the NCR data, 36 participants in the
PIENTER-1 study were found to have a diagnosed cancer in the proximal colon in the period
between January 1%, 1998 and December 315, 2017 (end of the present study period). Each
of the 36 CC patients was then demographically matched with two other PIENTER-1 study
participants who were not diagnosed with CC (and were still alive) during the study period
(Figure 1A). The characteristics of the total cohort are shown in Supplementary Table 1.
The cohort comprised 108 participants (36 CC cases and 72 CC-free individuals), consisting
of 42% men and 58% women, with a median age of 63 years (mean 60 years, interquartile
range [IQR] 52-68 years) at serum sampling within the PIENTER-1 study.

The serum samples of the 36 CC patients (i.e. ‘case’) and the 72 persons without CC (i.e.
‘controls’) were retrieved from the PIENTER-1 serum bank and tested for anti-Sa/monella IgA,
IgM and IgG concentrations using a validated mixed ELISA based on commercially available
lipopolysaccharides of the two most common serovars, S. Enteritidis (O-antigens 1,9,12) and
S. Typhimurium (O-antigens 4,5,12). These were used as capture antigens in solid phase
and have been extensively validated as a means to determine the rate of infection [21].
For each sample, the concentrations of each Ig isotype were measured and expressed as
optical density (OD) units (Supplementary Figure 1). These OD values were then used to
estimate the seroincidence of NTS infection, i.e. the average number of NTS infections per
person-year, as a measure of NTS infection pressure or force of infection in the person in
question. This was done considering the established kinetics of anti-Salmonella IgG, IgM, and
IgA serum antibody levels following NTS infection [17-19], using an established Bayesian
back-calculation model available as an R package called ‘seroincidence’ [17-19] (Figure 1B).
The overall seroincidence was found to be 0.80 (95%Cl 0.62-0.98) NTS infections per person-
year. When stratified by CC status, the mean seroincidence was 0.94 (95%Cl 0.55-1.32) NTS
infections per person-year among those who later developed CC, which is higher than the
seroincidence of 0.73 (95%Cl 0.57-0.89) NTS infections per person-year in the control group.
This difference was, however, not statistically significant (HR 1.24, 95%Cl 0.82-1.88, p=0.302)
(Figure 1C, Overall; Supplementary Table 2).
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Figure 1. Increased sero-incidence rates among individuals <60 years of age at serum sampling
is significantly associated with increased CC risk.

(A) Schematic overview of study design: 36 participants in the PIENTER-1 study with a diagnosed
cancer in the proximal colon were demographically matched at a 1:2 ratio with other PIENTER-1
study participants who were not diagnosed with CC (i.e. ‘controls’). The serum samples were tested
for anti-Salmonella 1gA, 1IgM and IgG concentrations (B) Concentrations of IgA, 1gG and IgM anti-
Salmonella antibodies in cases and controls, expressed in optical density (OD) values. (C) Salmonella
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sero-incidence rates and colon cancer risk stratified by gender, age, ethnicity, educational level,
socioeconomic status and smoking. ns= not significant; the value between brackets shows the
p-value of the corresponding hazard ratio. * p-value <0.05.

In our previous study, the increased CC risk concerned specifically individuals with age
<60 years at reported NTS infection, as CC risk increases dramatically with age due to a
multitude other factors that may dilute the relatively smaller contribution of NTS infection
[7]. We therefore stratified the present analysis by age at serum sampling and found
that increased seroincidence among individuals <60 years of age at serum sampling was
significantly associated with increased CC risk (HR 1.41, 95%Cl 1.03-1.94, p=0.033) (Figure
1C, Age; Supplementary Table 2). Other factors like gender, educational level or smoking
were not significantly associated with increased seroincidence and CC risk (Figure 1C
Gender, Educational level, Smoking; Supplementary Table 2). The only other factor modifying
significantly the effect of increased seroincidence on CC risk was living in neighborhoods
of high socioeconomic status (SES) (HR 1.32, 95%Cl 1.03-1.69, p=0.027), suggesting that the
link between NTS seroincidence and CC risk can be enhanced by additional environmental
settings (Figure 1C, Neighborhood SES; Supplementary Table 2). In conclusion, the serological
analyses indicated that a high NTS infection pressure (as defined by seroincidence) in age
groups in which age itself can be expected to exert lower oncogenic effects than later in life,

may act as risk factor for proximal CC.

Impact of repetitive low dose NTS infections on CC formation in mice

To evaluate whether repetitive NTS infections are capable to trigger cell transformation in
vivo, a mouse study was designed to compare to role in CC formation of repetitive mild
infections versus a single severe infection. Since the severity of a NTS infection is determined
by the NTS genotype, host factors and the ingested dose [15], we selected the optimal NTS
strain for this long-term CC mice-study through an in vivo mortality and morbidity screen
of several human clinical NTS isolates (Supplementary Figure 2). Higher NTS doses are
reported to give higher attack rates and more severe disease [15]. Mild infections were
thus mimicked by infecting mice with a low NTS inoculum of 10 bacteria, whereas a severe
infection was mimicked by infecting mice with a high inoculum of 10.000 bacteria; a known

and well established dose of Salmonellae for mice studies [22, 23].

Mouse experiments were performed using specific pathogen-free female C57BL/6 mice in
a carcinogen azoxymethane (AOM)+ inflammatory agent dextran sodium sulphate (DSS) CC

model, that has been extensively used as a model system to investigate the accelerating
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effect of NTS infections on the multi-step CC formation process [11]. Single high dose
exposures (“Single High Sal.”) were performed with single subjection to 10.000 bacteria
(equivalent CFU) in a 100-ul HBSS suspension. Repetitive low dose exposures (“Multiple
Low Sal.”) were performed with 3 subjections to 10 bacteria (equivalent CFU) in a 100-pl
HBSS suspension. In case of repetitive infections, there was two 4-week delays between
exposures (Weeks 1, 4, and 8). As control, non-infected untreated mice were used, as well as
non-infected AOM+DSS treated mice (Figure 2A).

Throughout the experiment, changes in body weight were monitored for all groups (Figure
2B). From week 0 to 16, overall weight increased for all these four groups. The increased
rates were, however, markedly different between the untreated control group and the
AOM+DSS and AOM+DSS-Salmonella-infected treatment groups. However, amongst the
three treatment groups, no significant differences were observed. In the first 2 weeks after
treatment initiation, the increasing rates of mice’'s body weight from the three treatment
groups all slowed down. Until week 2 or 3, the average weight of all three treatment groups
were significantly lower than the control group (Figure 2B). As no additional effects on body
weight could be observed for any of the NTS exposures, we concluded that the observed

body weight changes were solely the result of AOM+DSS treatment

As anticipated from previous studies, AOM+DSS treatment was dominant for tumor
formation [11]. Colonic tumors were found to be formed at a similar incidence throughout
all treatment groups with no significant differences in case of AOM+DSS-only treatment
(tumor incidence: 76.7%; mice with tumor/total mice: 23/30), or in case of both multiple low
(71.0%, 22/31) or single high (62.1%, 18/29) Salmonella exposures. No tumors were formed
in the control group (0/10) (Figure 2C). Yet, tumor sizes of the mice in the groups exposed
to multiple low (p<0.001) or single high (p<0.01) doses of NTS were significantly increased
compared to the AOM+DSS treated group (Figure 2C and 2D). NTS infection thus appear
to accelerate cancer growth in this model and multiple low doses of NTS trigger a similar
tumorigenic impact on CC formation as a singular high dose of NTS. Moreover, the location
of the colonic tumors was distributed from distal to proximal colon in both multiple low
(p<0.05) and single high (p<0.05) NTS exposed groups compared with the AOM+DSS treated
group where the tumors were restricted to the distal colon (Figure 2E) [11].

To further assess this attributing effect, colon tissues were subjected to Hematoxylin
and Eosin (H&E) staining and pathological analysis (Figure 2I). Lesions of colon tissues of
AOM+DSS treated mice revealed low grade dysplasia in the formed tumors. In comparison,

both the multiple low dose and single high dose NTS-exposed mice tissues showed
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high grade dysplasia and signs of invasive carcinoma. Control mice did not show any
abnormalities (Figure 2/). We then evaluated tumor cells and their adjacent tissue growth by
BrdU labelling. BrdU labelling was significantly higher in the tumors from both NTS infected
groups compared to the AOM+DSS control group (p<0.01), with no significant difference
between the single high dose and multiple low dose NTS exposed groups (Figure 2F/G). In
the tissue adjacent to tumor, BrdU positive cells in the colon crypts were significantly higher
for all treatment groups compared to the non-treated control group (p<0.01). Furthermore,
both the low and high dose NTS exposed mice displayed significantly higher BrdU signals in
colon crypts than the AOM+DSS control group (p<0.01) (Figure 2f/H). Similar to the tumor
tissue, no significant difference in BrdU intensity between the singular and repetitive NTS
exposed mice were observed in the colon crypt tissue (Figure 2F/H). These data suggest
that both repeated low dose NTS infections or a single high dose NTS infection accelerate
proliferation of tumor and tumor adjacent tissue. Colon tissues of mice exposed to both
low dose NTS infections and a single high dose NTS infection were found to be colonized
by NTS (Figure 2J). Tumor tissues were however colonized with significantly more bacteria
in comparison to adjacent non-tumor tissues (Figure 2K), indicating that in case of both low
and high inoculates, NTS preferentially accumulated in tumor-tissues.
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Figure 2. Repetitive Salmonella exposures have tumorigenic impact on colon cancer
formation in vivo

(A) Treatment timeline of mice cohort. Mice were infected with either 10 CFU (100-pl suspension in
HBSS) for the repetitive low dose of S. typhimurium, with 10,000 CFU (100-pl suspension in HBSS)
for one single high dose, or treated with sterile HBSS (control and AOM+DSS groups) by oral gavage
at day 1. The carcinogen AOM was administrated through intraperitoneal injection at day 2 for all
groups, except for the control group. After 7-day recovery period, the inflammatory agent dextran
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sodium sulphate (DSS) was administrated at 2% in drinking water for seven days for all groups except
for the control. This DSS treatment was repeated at 5 and 9 weeks. In case of repetitive low-dose
infections, oral gavage with 10 CFU (100-pl suspension in HBSS) of S. typhimurium was repeated at
4 and 8 weeks (Figure 2A). The experiment was evaluated at 16 weeks post infection. n=10, 30, 31,
and 29 for control, AOM+DSS, AOM+DSS+Multipe Low Sal. and AOM+DSS+Single High Sal. group,
respectively. (B) Percent of body weight change throughout the experiment for indicated groups
of the mice cohort. Data was expressed as mean * SD. (C) Colonic tumors in situ. Representative
colons of indicated groups of the mice cohort at 16 weeks post infection were illustrated. Tumors
are indicated by red arrows. (D) The tumor volume of indicated groups of within the mice cohort. The
data was expressed as mean +SD; one-way ANOVA, **p<0.01, ***p<0.001. (E) The tumor distribution
of indicated groups within the mice cohort. The data was expressed as mean + SD; one-way ANOVA,
*p<0.05. (F) Immunohistochemistry staining of BrdU in normal colon and colonic tumors of the mice
cohort. Scale bars 75 pm. (G) Quantification of BrdU staining in tumors from the indicated groups in
the mice cohort. The data was expressed as mean + SD; one-way ANOVA, **p<0.01, n=6 per group.
(H) Quantification of BrdU staining in normal tissue from the indicated groups in the mice cohort.
The data was expressed mean + SD; one-way ANOVA, **p<0.01, n=6 per group. (/) Representative
images of normal control colon tissue and colon tumor tissues of indicated groups of the mice
cohort. Control tissue section from different parts of the colon of control mice. Representative section
of a tumor in the colon of AOM+DSS mice shows a mucosal lesion with low grade dysplasia showing
minor gland distortion and nuclear pseudostratification without significant atypia. Some normal
colon tissue is still visible on the edge of the lesion. Representative sections through tumors of both
the single high and multiple low Salmonella exposed mice show high grade dysplasia with mayor gland
distortion, cribriform growth and intraluminal cell debris. There is more obvious nuclear atypia with
pseudostratification and hyperchromasia. Scale bars 150 pm. (J) Salmonella invasion in the colon
tissue. Localization of Salmonella (red arrow) in adjacent normal tissue and colonic tumor tissue was
assessed by immunofluorescence staining with Salmonella-specific antibody. (K) Salmonella invasion
in the colon tissue. The number of Salmonella was counted per High Pure Field (HPF). Data was
expressed as mean * SD; one-way ANOVA, ***p<0.001. n=5-6 per group.

Repetitive NTS infection accelerates growth of pre-transformed cells

We have established a minimal tissue culture model for monitoring Sa/monella-induced
transformation [6]. This model includes Mouse Embryonic Fibroblasts (MEF) engineered
to mimic two steps towards transformation: Arf deficiency (resulting in TP53 inactivation)
and overexpression of ¢-MYC (named Arf-/- + ¢-MYC). Both TP53 mutations and c-MYC
overexpression was also observed in gallbladder carcinoma from patients with a history of
S. Typhi infection (Scanu et al., 2015). To test whether repeated exposures to NTS increased
the rate of transformation, Arf-/-+ c-MYC MEFs were firstly infected with S. Typhimurium (MOI
5 and 25) and seeded in soft agar. As previously reported [6], the acquired capacity of the
cells to grow and form colonies anchorage independently, which is an established hallmark
of transformed cells, resulted from NTS-induced transformation (Figure 3A/B; Arf-/- + c-MYC,
MOI 5, MOI 25). As control, non-infected Arf-/-+ c-MYC MEFs were included that failed to
induce colony formation (Figure 3A/B; Arf-/- + c-MYC, non-infected). Several colonies of NTS-

infected Arf-/-+ c-MYC MEFs were then isolated from soft-agar and cultured under normal
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2D cell culture conditions. Throughout culturing no remaining NTS was observed in these
cells, as reported previously [6]. These procedures resulted in the establishment of Arf-/-+
¢-MYC MEFs cell lines with a history of NTS infection (hereafter referred to as transformed
MEFs). Following re-seeding of the transformed cells, a subset of cells remained able to
form colonies in soft agar, as reported previously [5] (Figure 3A/B). To evaluate the effect of
repeated NTS exposures on cell transformation, transformed MEFs were re-infected prior to
re-seeding in soft-agar, which yielded significantly more colonies (Figure 3A/B; transformed,
comparing non-infected with MOI 5 and MOI 25). This increase was NTS-dose dependent, as an
MOI of 25 resulted in significantly more colonies than an MOI of 5 (Figure 3A/B; transformed,
comparing MOI 5 to MOI 25). Remarkably, colonies of the transformed cells were also larger
following a re-infection, indicating that these colonies proliferated faster than the reseeded
Arf-/-+ c-MYC MEFs or non-infected transformed MEFs (Figure 3C). Increased transformation
upon repeated infections was found to be consistent amongst various subsets of the NTS-

transformed Arf-/-+ c-MYC MEFs-isolates (Supplementary Figure 3).

NTS preferably infects (pre-)transformed cells in vitro

As observed in our mouse cohort, tumor tissues where significantly more colonized by NTS
in comparison to adjacent non-tumor tissues. In line with these observations it has been
reported that NTS preferentially accumulates in tumors when compared to other organs a
week after systemic injection [24]. Moreover, specific targeting of host cells by NTS has been
reported for particular morphological and microenvironmental features [25]. To evaluate
whether NTS specifically targets (pre-)transformed host cells, we compared NTS infection
efficiency of MEF cell lines that harbored either one (Arf-/-) or two pre-transforming-mutations
(Arf-/- and c-MYC) to the NTS infection efficiency of transformed MEFs. Intracellular bacterial
counts of transformed MEFs were found to be significantly higher than the intracellular
bacterial counts of the pre-transformed Arf-/- and Arf-/- + c-MYC MEFs, indicating that
transformed MEFs are more susceptible to NTS invasion than pre-transformed MEFs (Figure
3D). Moreover, intracellular bacterial counts of Arf-/- + c-MYC MEFs were significantly higher
than the intracellular bacterial counts of Arf-/- MEFs, also correlating infection efficiency to
transformation state (Figure 3D). The selectivity of NTS for infecting transformed MEFs was
further confirmed in a mixed culture of pre-transformed Arf-/- MEFs and transformed MEFs.
Increasing the proportion of transformed MEFs within the overall cell population correlated
with a similarincreasein total intracellular NTS numbers, further illustrating that transformed
MEFs are infected by NTS with higher efficiency (Figure 3E). Fluorescence microscopy of NTS
infected Arf-/- c-MYC MEFs and transformed MEFs confirmed higher numbers of
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Figure 3: Salmonella preferentially infects (pre-)transformed cells, and repetitive Sa/monella
infections increase cellular transformation in vitro
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(A) Representative images of anchorage-independent growth assay of Arf-deficient MEFs
overexpressing ¢-MYC that have not been previously exposed to Sa/monella (top panels: Arf-
/- ¢-MYC), and transformed Arf-deficient MEFs overexpressing c-MYC that have been previously
exposed to Salmonella (bottom panels: Transformed). Arf-/- c-MYC or transformed MEFs either non-
infected, infected with an MOI of 5, or infected with an MOI of 25 are indicated in the left, middle and
right panel, respectively. Images represent at least three independent experiments with technical
triplicates. Scale bar 750 pm. (B) Average number of soft-agar colonies per well of Arf-/- c-MYC and
transformed MEFs overexpressing c-MYC that have been either non-infected, infected with an MOI
of 5, or infected with an MOI of 25. Results derive from at least three independent experiments
with technical triplicates; one-way ANOVA, **p<0.01, ****p<0.0001. (C) Average colony diameter of
anchorage-independent growth of naive and transformed Arf-deficient MEFs overexpressing c-MYC
that have been either non-infected, infected with an MOI of 5, or infected with an MOI of 25; one-way
ANOVA, ***%*p<0.0001 (D) CFU counts of intracellular bacteria in Arf-/-, Arf-/- c-MYC and transformed
MEFs after infection with Salmonella at MOI 25 for 1 hour (E) CFU counts of intracellular bacteria in
mixed populations of Arf-/-and transformed MEFs after infection with Salmonella at MOI 25 for 1
hour (F) Representative images of intra-(inside) and extracellular (outside) Salmonella bacteria in Arf-
/- ¢-MYC and transformed MEFs after infection with Salmonella at MOI 25 for 1 hour. Scale bar 10 ym.
(G) Quantification of intra-(inside) and extracellular (outside) Salmonella bacteria in Arf-/- c-MYC and
transformed MEFs after infection with Salmonella at MOI 25 for 1 hour; one-way ANOVA, **p<0.01,
**%p<0.001.

Salmonellae in transformed MEFs compared to pre-transformed MEFs. To distinguish in-
tracellular NTS from cell surface bound NTS (i.e., not eliminated during washing steps), we
used an NTS strain constitutively expressing a dsRed fluorophore and immunolabelled the
extracellular salmonellae. Noteworthily, NTS counts at the cell surface of transformed MEFs
were also higher in comparison to pre-transformed MEFs, suggesting that the transformed
state increased the host cell-adherence of NTS (Figure 3F/G). Together, our in vitro data

demonstrate a privileged tropism of NTS for cells with the highest level of transformation.

Discussion

Environmental factors are important drivers of CC [26], and colonic microbiota play
an important role in both the development and progression of CC [27-29]. In addition
to microbial factors that directly affect the genomic integrity of epithelial cells, such as
genotoxins [30,31], NTS infections have shown to induce oncogenic transformation of pre-
transformed cells upon targeting and manipulation of essential signalling pathways [6]. In
long-lasting and severe NTS infections, NTS are more likely to encounter a pre-transformed
cell increasing the risk of oncogenic transformation. This has already been suggested by
the epidemiological association between severe NTS infections and increased CC risk [7].
It then follows that the sum of multiple NTS infections, which people are known to acquire
throughout life [17-19], are similarly conceivable to induce CC.
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To test this hypothesis, we assessed the risk of CC development as a function of the
magnitude of NTS exposure using a retrospective serological study. This provided unique
insights into the frequency of NTS infections and revealed an increased risk of developing CC
among people with increased NTS seroincidence before 60 years of age, so before advanced
age becomes a dominant risk factor in itself. Indeed, after 60 years of age, CC risk increases
considerably due to a multitude of factors that would dilute the relatively smaller effect of
NTS infection [7].

The magnitude of exposure to NTS was found to be significantly associated with CC risk
among people with a high SES. A higher SES is often associated with a more sedentary
occupation (i.e. the so called ‘white collar’ professions), which is a known risk factor for
CC [32]. Hence, it seems that colon carcinogenesis fueled by increased exposure to NTS
interacts with other drivers of CC. Specifically, depending on the presence or absence of
other risk factors for CC like age and lifestyle (which SES is a proxy for), an effect of NTS

infection on CC risk is more evident.

Previously high doses of NTS were shown to contribute to CC formation in pre-transformed
mice models [6, 11]. Here we observed that multiple low doses of NTS accelerate in vivo
tumor formation in a similar manner as a single high dose, thereby indicating that repetitive
low dose exposures to NTS triggers tissue and tumor proliferation in a comparable manner
as a single high dose NTS exposure. Moreover, after both repetitive low dose infections and a
single high dose infection, NTS similarly colonized mice's colon tissues at the end of the study,
as deduced by pathology. This could be attributed to our observation that (pre)-transformed
cells are more efficiently infected by NTS, whereby a repetitive low inoculum could suffice to
target and colonize (pre-)transformed tissues with similar efficiency as a high inoculum. NTS
persistence at the end of the in vivo study suggests acceptance of the infection without sign
of inflammation as deduced from the fact that no significant differences in serum cytokines
and chemokines were observed between the groups at that point (Supplementary Figure 4).
This is in line with previous studies, in which the NTS infection induces high immune
cytokines in the blood of the mice after one week, but then drops to the normal level at 10
weeks post infection [33]. These outcomes furthermore demonstrate that NTS infection did
not induce immunomodulatory mechanisms in mice. These mechanism thus do not seem

to be involved in the here observed NTS-induced CC formation.

The higher NTS seroincidence among prospective CC patients and the oncogenic role of
recurrent low dose NTS infections observed in tissue culture and mouse models identify
recurrent low dose NTS infections as a cumulative risk factor for CC development. Low dose
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NTS infections can be easily obtained from many sources. Indeed, numerous NTS serovars
colonize animals and environmental reservoirs, with S. Enteritidis transmission being
essentially foodborne, whereas S. Typhimurium is virtually ubiquitous [32]. While exposure
via food can in principle be prevented, elimination of environmental exposure to NTS is
practically impossible. Like sunlight, mild and recurrent NTS infections may represent a
hitherto unknown environmental risk factor for CC that cannot be avoided and this may be
the case for other cancers and bacterial species as well [34].

Methods

Sero-epidemiological study design

A retrospective matched cohort study was performed based on two linked data sets. The
first data set derived from a nationwide cross-sectional serological survey conducted in
the Netherlands in October 1995-December 1996, the ‘PIENTER-1' study [35] (De Melker
and Conyn-van Spaendonck, 1998). The design and rationale of PIENTER-1 are described
in detail elsewhere [35] (De Melker and Conyn-van Spaendonck, 1998). In brief, a two-
stage cluster sampling design, with 48 municipalities nested in five study-defined regions
and age-stratified random sampling applied within these municipalities, was performed.
In total, 18,217 people were invited to complete an epidemiological questionnaire and to
donate a blood sample. Informed consent was obtained for all participants. Data on the
neighbourhood socio-economic status (SES: classified as low, intermediate, and high, based
on a standardized index including income, occupation, and education) per postal code area
was obtained from Statistics Netherlands (www.cbs.nl). In total, 9948 persons provided a
serum sample. The second data set, maintained by the Dutch Association of Comprehensive
Cancer Centres (IKNL) (www.iknl.nl), was derived from the Netherlands Cancer Registry
(NCR). This registry covers all residents in the Netherlands, the data are more than 95%
complete, and includes data on patients diagnosed with CC (ICD-O-3 codes: C180-C189)
since 1990. These data also include the colon subsite (proximal, distal) in which the tumour

has been found.

Statistics Netherlands (CBS) acted as a trusted third party for data anonymization and linkage
by adding a Record Identification Number (RIN) as unique identifier for each individual in the
two data sets. Birth date, gender, residence location, and date of registration formed the
basis for the derivation of the RIN numbers. To this end, CBS used a reference database
containing all mutations due to death or relocation in the Dutch population, including a
complete housing history of all Dutch residents. After the RIN numbers were added, all
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personal identifiers were removed. Based on RIN numbers, the participants of the PIENTER-1

study were linked to the NCR data on patients with diagnosed CC.

All data sets were cleared from duplicates. CC patients with a date of diagnosis falling after
the end of the study period (December 31, 2017) were censored. As a previous study
highlighted a significantly increased risk of cancer only in the proximal part of the colon
after reported NTS infection [7], we excluded cases with cancer in the distal part of the
colon. After linking the PIENTER-1 records to those of the CC patients in the NCR data set,
36 matches were found, i.e. 36 participants in PIENTER-1 who were diagnosed with cancer
in the proximal colon in the period between January 1%, 1998 and December 31, 2017 (end
of the present study period). Each of these 36 CC patients was matched at 1:2 ratio to other
PIENTER-1 participants who were not diagnosed with any CC and did not die during the
study period. Matching was based on age (+1 year), gender, self-reported educational level
(low=primary, lower vocational or lower secondary education; intermediate=intermediate
vocational, intermediate secondary or higher secondary education; high=higher vocational
and university education), and smoking behavior (smoker, no-smoker, unknown), as
reported in the PIENTER-1 study.

Median follow-up time (i.e. time between entry into the cohort and CC diagnosis for the
cases or censoring for the matched controls) was 13 years (mean 12 years, IQR 6-16 years),
amounting to 1293 person-years at risk in total. The median age at exit from the cohort
(i.e. CC diagnosis for the cases or censoring for the matched controls) was 75 years (mean
72 years, IQR 65-80 years). The cohort was mainly composed by persons with a low to
intermediate educational level and living predominantly in neighborhoods of low socio-

economic status (SES) (Table 1).

Serological analyses and seroincidence calculation

The serum samples of the 36 CC cases and the 72 persons without CC (i.e. ‘controls’)
were retrieved from the PIENTER-1 serum bank and tested for anti-Sa/lmonella 1gA, 1gM,
and IgG concentrations using a validated mixed ELISA based on commercially available
lipopolysaccharides (SIGMA, Copenhagen) of the two most common serovars, namely
Enteritidis (O-antigens 1,9,12) and Typhimurium (O-antigens 4,5,12), as capture antigens
in solid phase. A detailed description of this ELISA and its validation has been published
previously [21]. For each sample, the concentrations of each Ig isotype were measured
separately and expressed as optical density (OD) units. These OD values were then used
to estimate, for each sample, the seroincidence of NTS infection, i.e. the average number
of NTS infections per person-year as a measure of NTS infection pressure (or force of
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infection) in the person in question. This was done using the Bayesian ‘back-calculation’
model provided for in the R package called ‘seroincidence’, which has been described in
detail elsewhere [17-19] and has been adopted as the standard seroincidence calculator by
the European Centre for Disease Control (ECDC) (https://ecdc.europa.eu/en/publications-
data/seroincidence-calculator-tool). In brief, the model is based on the kinetics of IgG, IgM,
and IgA observed during an 18-month follow-up study with repeated bleeding of 302 Danish
adult patients with stool culture-confirmed NTS infections. The model used these data as
reference values for peak levels and decay rates of IgG, IgM, and IgA concentrations over
time after Salmonella infection so that the Ig values measured in a sample can be modelled
as a function of time since last seroconversion, taking into account inter-individual variation,
thereby estimating an annual seroincidence for any observed set of Ig values in a single
sample. This model has been used in several studies on immuno-dynamics of NTS [18, 19]
and has been adapted to Campylobacter [36- 39] and Yersinia enterocolitica [40] as well.

Statistical analysis of sero-epidemiological data

The goal of the analysis was to assess whether NTS seroincidence was a significant predictor
of CC. Cox proportional hazards models with attained age as the time scale were used to
calculate hazard ratios (HR) and 95% confidence intervals (95%Cl) for CC (failure event) as
a function of the NTS seroincidence (continuous predictor variable). Follow-up started at
cohort entry (i.e. serum sampling at the PIENTER-1 study) and ended at CC diagnosis for
both the cases and their matched controls (censoring). As the follow-up time was equal for
the members of each matched set, the Breslow method for ties in follow-up time produced
HRs that corresponded to risk ratios [41]. A clustered sandwich estimator for variance was
used to account for the matched sets, which shown to yield robust estimates of variance

for hypothesis testing [42] and generally produce results comparable to frailty models [43].

Stratified analyses were performed according to age at sampling (defined as <60 vs. >60
years, as this was the mean age in our sample and a previous study showed that the potential
effect of NTS infection on CC development is unlikely to be observed after that age given the
prominent role of other risk factors that may ‘dilute’ the effect of the infection) [7], as well as
gender, neighbourhood SES, educational level, and smoking status, to assess whether there
were modifications of the effect of NTS infection pressure on CC risk according to these
strata. The two-way interactions between seroincidence and the aforementioned variables
were assessed in separate models adjusted for the other variables. However, to avoid
collinearity due to the strong association between educational level and neighbourhood
SES, only one of these two factors was included as covariate based on the best model fit
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as revealed by the Akaike's information criterion. Proportional hazard assumptions were
verified using graphical and residual-based methods and found to be met. Statistical analysis
was performed using STATA 15 (StataCorp, LP, College Station, Texas, USA).

Animals and ethics statement

Female and male C57BL/6 aged 6-8 weeks mice were obtained from the Jackson Laboratory
(Bar Harbor, ME, USA). All animal work was approved by University of lllinois at Chicago
Committee on Animal Resources (AAC 18-216). Euthanasia was accomplished via sodium
pentobarbital (100 mg per kg body weight) I.P., followed by cervical dislocation. All methods
were carried out in accordance with the approved guidelines by the Committee on Animal

Resources.

Bacterial strains for animal model and growth condition

Six clinical isolates, including Salmonella Typhimurium 1090200009, Salmonella Enteritidis
1090301578, Salmonella Enteritidis 1091100412, Salmonella Typhimurium 1090601671,
Salmonella Typhimurium 1090404321, and Salmonella Enteritidis 1091302626, were used
for the morbidity and mortality animal studies. The clinical isolate Salmonella Typhimurium
1090404321 was used for the long-term colon cancer mouse model study. Non-agitated
microaerophilic bacterial cultures were prepared by inoculating 0.01 mL of a stationary-
phase culture to 10mL Buffered Peptone Water (Sigma-Aldrich, St. Louis, MO, USA) followed
by overnight incubation (~18 hours) at 37°c.

NTS-infected CC mouse model

Mice experiments were performed using a specific pathogen-free male and female C57BL/6
AOM+DSS CC model, that has been extensively used as a model system to investigate the
accelerating effect of NTS infections to the multi-step CC formation process [11]. Animal
experiments were performed with 50 male and 50 female C57BL/6 mice aging 6-7 weeks
old (The Jackson Laboratory, Bar Harbor, ME, USA) [11,12]. After setting-down for one
week in the animal facility, the mice were infected with either a) a single high dose of
1x10% CFU (100-pl suspension in HBSS) S. Typhimurium, b) repetitive low doses of 1x10'
CFU (100-pl suspension in HBSS) S. Typhimurium or c) treated with sterile HBSS (control)
by oral gavage, as previously described [7, 11]. After NTS gavage, the carcinogen AOM was
administrated through intraperitoneal injection with the dose based on body weight (10
mg/kg) [11]. After a 7-day recovery period, the inflammatory agent dextran sodium sulphate
(DSS) was administrated at 2% in drinking water for seven days. This DSS treatment was

repeated at 5 and 9 weeks. In the group of repetitive low dose infections, oral gavage with
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1x10" CFU (100-pl suspension in HBSS) of S. Typhimurium was repeated at 4 and 8 weeks.
Throughout the experiment, mice were weighed and monitored regularly. At 16 weeks post
NTS infection, tumors and tissue samples were collected. Tumor counts and measurements
were performed in a blinded fashion under a stereo-dissecting microscope (Nikon SMZ1000,
Melville, NY, USA). The tumor volume (V) was calculated with caliper measurements using
formulas V= (W2 x L)/2 as described before [44].

Histological testing

Tissues were fixed in 10% neutral buffered formaldehyde for 4-12 hours, then transferred
into 70% ethanol and processed by standard techniques. Sections (4pum) were stained with

hematoxylin and eosin.

Immunohistochemistry

Tissues were fixed in 10% neutral-buffered formaldehyde for overnight, then transferred into 70%
ethanol the next day and processed by standard techniques. Immunohistochemistry staining
of target protein was performed on paraffin-embedded sections (4 pum). Briefly, the paraffin
sections were baked in an oven at 56 °c for 30 minutes. The sides were deparaffinized and
rehydrated in xylene, followed by graded ethanol washes at room temperature. Antigen retrieval
was achieved by boiling the slides in a microwave oven with 0.01 M, pH 6.0 sodium citrate buffer.
Then, the slides were incubated in hydrogen peroxide (3% H,O, in PBS) for 10 minutes, followed
by incubation in 5% fetal bovine serum/PBS for 1 hour at room temperature. Purified Anti-BrdU
antibody (Abcam, Cambridge, MA, USA) was used in this study [45].

Immunofluorescence and Confocal Imaging

Fresh tumors were fixed in 10% neutral buffered formalin followed by paraffin embedding.
For immunofluorescence staining, slides were incubated in 5% bovine serum albumin
(BSA) with 0.1% goat serum in PBS for 1 hour at room temperature to reduce nonspecific
background. The samples were incubated overnight at 4°c with primary antibody at 1:100
dilution. The sections were then incubated with secondary antibodies and DAPI for 1 hour at
room temperature, and they were examined with confocal microscope as described before
[45, 46]. The mouse monoclonal antibody for S. Typhimurium 0-4 (Santa Cruz, Dallas, TX,
USA) was used in this study.

Luminex immunoassays

The cytokines and chemokines in the plasma samples from the studied animals were
assessed using the ProcartaPlex Mouse Cytokine/Chemokine Convenience Panel 1 26plex
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(Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instruction.
Briefly, after adding magnetic beads, 25ul of plasma samples were added and followed
by detection of antibody and streptavidin-PE provided by the kit. The plate was read on
a MAGPIXTM system platform (Millipore Sigma, Burlington, MA, USA) after adding reading
buffer.

Statistical analysis of mice experiments

For the mouse model related experiments, data were expressed as mean + SD. One-way
ANOVA was performed to the statistical analysis in the animal studies. All statistical tests
were two-sided, and p-values <0.05 were considered statistically significant. The statistical

analyses of experimental data were performed with GraphPad Prism 5.

Bacterial strains and cell lines for in vitro experiments

S.Typhimurium strain SL1344 was a courtesy of S. Méresse [47]. Mouse Embryonic Fibroblasts
(MEFs) were derived from Arf-deficient C57BL/6 mice. MEFs overexpressing c-MYC were
generated by retroviral transduction using a pLZRS-GFP(ires)-HA backbone. MEFs were
cultured at 37°C, 5% CO, in Dulbecco's Modified Eagle's Medium/(DMEM) (Invitrogen) [6].

In vitro NTS infection, CFU, microscopy and anchorage-independent growth assays

NTS infection of MEFs cells was performed as described previously [9]. In brief, S.
Typhimurium strain SL1344 was grown overnight at 37°C in LB medium, supplemented with
100 pg/mL ampicillin throughout the bacterial culturing. The next day, the bacteria were
sub-cultured at a dilution of 1:33 in fresh LB medium and incubated for 2 hours at 37°C
while shaking. Cells were infected with NTS at the indicated MOl in DMEM medium without
antibiotics for 20 minutes at 37°C, 5% CO, in a tissue culture chamber and then incubated in
the presence of 100 pg/mL gentamicin (GIBCO) for 1 hour to eliminate extracellular bacteria.
In case of CFU or microscopy experiments cells were then lysed and plated on LB plates
or fixed with 4% PFA for 10 min at room temperature, respectively. In case of anchorage-
independent growth assays MEFs were cultured for another 2 hours in the presence of 10 g/
mL gentamicin. The infected MEFs were subsequently collected and resuspended in DMEM
medium supplemented with 10 pg/mL gentamicin and 0.35% low melting point agarose
(UltraPure™, Invitrogen) and were poured on a soft agar bottom layer consisting of 0.7%
low melting point agarose in DMEM with 10 pug/mL gentamicin. Anchorage-independent
cell growth and number of soft agar colonies were assessed after 1-3 weeks of incubation
at 37°C, 5% CO, using GelCountTM (Oxford Optronix, UK). For microscopy analysis fixed
slides were stained with rabbit polyclonal anti-S.Typhimurium LPS (Difco, Detroit, MI) and
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DAPI (Life Technologies). Images were acquired using a Leica TCS SP8 (Leica Microsystems,
Wetzlar, Germany) at 40x or 63x magnification.
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Supplementary tables

Supplementary Table 1. Baseline characteristics of the study cohorts

Individuals who developed Individuals who did not
colon cancer during the follow- develop colon cancer during
up period the follow-up period*

Gender

Male 15 (42%) 30 (42%)

Female 21 (58%) 42 (58%)

Age at entry

<60 years 15 (42%) 30 (42%)

>60 years 21 (58%) 42 (58%)

Educational level at entry**

Low 14 (39%) 28 (39%)

Intermediate 14 (39%) 28 (39%)

High 8 (22%) 16 (22%)

Neighbourhood SES at entry***

Low 24 (67%) 49 (68%)

Intermediate 5(14%) 10 (14%)

High 7 (19%) 13 (18%)

Smoking at entry

Smoker 6 (17%) 12 (17%)

Non-smoker 29 (80%) 58 (80%)

Unknown 1(3%) 2 (3%)

Follow-up time

<5years 6 (16%) 12 (16%)

5-15 years 15 (42%) 30 (42%)

>5 years 15 (42%) 30 (42%)

*Matched to the colon cancer patients at a 1:2 ratio based on gender, age at entry (1 year),
educational level and smoking status. **Low = primary, lower vocational or lower secondary
education; intermediate = intermediate vocational intermediate secondary or higher secondary
education; high = higher vocational and university education. ***Socio-economic status, classified as
low, intermediate and high based on a standard index including income, occupation and education
per postal code area (‘neighbourhood’) obtained from Statistics Netherlands (www.cbs.nl).
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Supplementary Table 2. Salmonella sero-incidence rates and colon cancer risk by gender, age,
ethnicity, educational level, socioeconomic status and smoking.

Mean (95%CIl) Mean (95%Cl) Person-years Hazard ratio P-value
Salmonella Salmonella at risk (95%Cl)
sero-incidence sero-incidence
among colon among controls
cancer cases
Overall 0.94 (0.55-1.32) 0.73(0.57-0.88) 1293 1.24(0.82-1.88)° 0.302
Age at entry
<60 years 1.26 (0.48-2.04) 0.96 (0.64-1.28) 617 1.41 (1.03-1.94)" 0.033
>60 years 0.71(0.40-1.01) 0.58(0.48-0.67) 676 0.77 (0.29-2.01)" 0.704
Gender
Male 1.13(0.32-1.94) 0.73(0.61-0.85) 581 1.46 (0.97-2.22)* 0.072
Female 0.80(0.50-1.10) 0.73(0.47-0.99) 712 1.06 (0.68-1.64)° 0.810
Educational level at entry*
Low 0.55(0.38-0.73) 0.54(0.42-0.65) 424 0.83(0.23-2.94)° 0.771
Intermediate 0.67 (0.47-0.88) 0.90 (0.55-1.25) 564 1.01(0.59-1.73)° 0.965
High 2.07 (0.71-3.44) 0.78(0.60-0.96) 305 1.26 (0.96-1.66)° 0.102
Neighbourhood SES at entry**
Low 0.63(0.47-0.78) 0.73(0.51-0.95) 827 0.87 (0.47-1.60)" 0.656
Intermediate 0.92 (0.22-1.62) 0.57(0.44-0.70) 202 1.03(0.71-1.49)" 0.866
High 2.01 (0.44-3.58) 0.85(0.65-1.08) 264 1.32(1.03-1.69)" 0.027
Smoking at entry
Smoker 1.33(0.00-3.11) 0.65(0.36-0.93) 242 1.46 (0.97-2.19)" 0.068
Non-smoker 0.88(0.58-1.17) 0.76(0.57-0.94) 988 1.06 (0.73-1.52)" 0.234
Unknown 0.32(0.32-0.32) 0.48(0.00-1.27) 63 - -

*Low=primary, lower vocational or lower secondary education; intermediate=intermediate
vocational intermediate secondary or higher secondary education; high=higher vocational and
university education. **Socio-economic status, classified as low, intermediate and high based on a
standard index including income, occupation and education per postal code area (‘neighbourhood’)
obtained from Statistics Netherlands (www.cbs.nl). 8Adjusted for all other variables in the table,
except for neighbourhood SES, as it was collinear with the educational level and the inclusion of
educational level in the model resulted in a better model fit (lower AIC) as compared to including
neighbourhood SES. tAdjusted for all other variables in the table, except for educational level, as
it was collinear with the neighbourhood SES and the inclusion of neighbourhood SES in the model
resulted in a better model fit (lower AIC) as compared to including for educational level.
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Supplementary figures
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Supplementary Figure 1. Violin plot of the optical density (OD) values of IgA, IgG and IgM of the 36
cases (red) and 72 controls (green).
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Supplementary Figure 2. Body weight and mortality of the clinical human NTS isolates.

(A) Percent of body weight change throughout the experiment for indicated groups of the mice
cohort. The animals (5-female and 5-male per groups) were inoculated with indicated Salmonella
isolates (1x105 bacteria per mouse). Data was expressed by mean + SD, n=10 mice each group.
(B) Mortality of the infected animals throughout the experiment for indicated groups. n=10 mice
each group.
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Supplementary Figure 3. Repeated Salmonella infection increases cellular transformation.

(A) Representative images of anchorage-independent growth assays of Arf-/- c-MYC MEFs that have
not previously encountered Sa/monella (top panels: Arf-/- c-MYC) and of 3 Arf-/- c-MYC MEFs that did
previously encountered Sa/monella (bottom 3 panels; Transformed (1), (2) and (3)). Arf-/- c-MYC or
transformed MEFs either non-infected, infected with an MOI of 5 or infected with an MOI of 25 are
indicated in the left, middle and right panel, respectively. Scale bar: 750 pm. (B) Average number of
soft agar colonies per well of naive and transformed Arf-/- c-MYC MEFs that have been either non-
infected, or infected with an MOI of 25. Results are averages of three technical triplicates.
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Supplementary Figure 4: Cytokine and chemokines in plasma from mouse model. The cytokines
and chemokines in the serum from the experimental animals were evaluated with the Luminex kit
as product’s instructions. The data was expressed as mean + SD; one-way ANOVA, n=5 per group.
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Abstract

Laboratory data increasingly suggest that Salmonella infection may contribute to colon
cancer (CC) development. Here, we examined epidemiologically the potential risk of CC
associated with salmonellosis in the human population. We conducted a population-based
cohort study using four health registries in Denmark. Person-level demographic data of
all residents were linked to laboratory-confirmed non-typhoidal salmonellosis and to CC
diagnoses in 1994-2016. Hazard ratios (HRs) for CC (overall/proximal/distal) associated with
reported salmonellosis were estimated using Cox proportional hazard models. Potential
effects of serovar, age, sex, inflammatory bowel disease and follow-up time post-infection
were also assessed. We found no increased risk of CC >1 year post-infection (HR 0.99; 95%
confidence interval (Cl) 0.88-1.13). When stratifying by serovar, there was a significantly
increased risk of proximal CC >1 year post-infection with serovars other than Enteritidis
and Typhimurium (HR 1.40; 95% CI 1.03-1.90). CC risk was significantly increased in the
first year post-infection (HR 2.08; 95% Cl 1.48-2.93). The association between salmonellosis
and CC in the first year post-infection can be explained by increased stool testing around
the time of CC diagnosis. The association between proximal CC and non-Enteritidis/non-
Typhimurium serovars is unclear and warrants further investigation. Overall, this study
provides epidemiological evidence that notified Salmonella infections do not contribute
significantly to CC risk in the studied population.
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Introduction

Colon cancer (CC) is the third most common cancer in industrialised countries, with 1.1
million new diagnoses annually worldwide [1]. Although genetic, environmental and lifestyle-
related exposures are the best-known risk factors for cancer, around 20% of the global
cancer burden is estimated to be attributable to infectious agents, including bacteria [2].
Examples hereof concerning the gastrointestinal tract include Helicobacter pylori infection
as risk factor for gastric cancer, and Sa/monella Typhi infection as risk factor for gallbladder
carcinoma in chronic typhoid carriers [3-5].

Several mechanisms have been identified through which bacteria can contribute to cancer
formation. These include chronic inflammation, production of DNA-damaging toxins and
manipulation of host cell signaling pathways [3, 4, 6]. The latter promotes bacterial uptake,
intracellular survival and egress in case of Salmonella infection. Indeed, several Salmonella
effector proteins have been shown to activate the major host cell signaling pathways AKT and
MAPK, which are central to many signaling cascades and are often deregulated in cancers
[4]. Salmonella is expected to contribute to carcinogenesis mainly under conditions of long-
lasting infections, an intact bacterial type 3 secretion System (T3SS), and with a background
of host predisposition, in which significant numbers of pre-transformed cells are presentin
the intestine. This has been shown in vivo by experiments demonstrating a higher risk of
colon carcinoma formation after infection with wild type vs. AprgH mutant S. Typhimurium
(lacking the T3SS) strains in mice genetically predisposed to cancer (APC*") vs. normal mice

(4.

Against this background of experimental data, population-based epidemiological studies
addressing the association between Salmonella infection and CC are limited to one [7].
In a nationwide registry study in the Netherlands, an increased risk of CC was observed
among patients who had a reported (severe) Salmonella infection between 20 and 60 years
of age as compared to the baseline CC risk in the Dutch population [7]. This increased
risk was significant following infection with S. Enteritidis and for the proximal part of the
colon. Moreover, it was shown that among CC patients, the risk of having had a previously
notified Salmonella infection was higher for individuals with pre-infectious inflammatory
bowel disease (IBD), although numbers were small [7]. IBD is a known risk factor for both
CC and salmonellosis, as this chronic condition is associated with recurrent episodes of gut
inflammation and increased susceptibility to infection and testing [8, 9].

Salmonella is a major cause of bacterial gastroenteritis worldwide, with over 90 000 infections

reported to public health authorities in Europe each year [10]. In Denmark, an annual
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average of 1100 salmonellosis cases has been reported in recent years through the national
surveillance system [11]. As most Salmonella infections are mild with self-limiting symptomes,
the majority of infections go unreported. It is estimated that the true number of Salmonella
infections (i.e. after correction for underreporting and underdiagnosis) is approximately 10
times higher than the number of infections reported in the national disease surveillance
system in Denmark [12]. Each year, around 3400 people are diagnosed with CC in the Danish
population [13]. Although screening programs aiming at early detection of CC typically target
the older population (i.e. individuals aged >50 years), the incidence of CC in young adults has
increased during the last 25 years, being a cause for concern [14].

In this study, we assessed the potential association between Salmonella infection and CC
in Denmark. To this end, we made use of data from comprehensive health registries in
Denmark to compare the incidence of CC among individuals with a previously reported
salmonellosis to that of individuals without reported salmonellosis. In addition, we assessed
potential effects in subgroup analyses as defined by age, sex, IBD and time since infection

on the association between Salmonella infection and CC.

Methods

Data sources

We conducted a population-based cohort study with data from four health registries in
Denmark between January 1994 and December 2016. Demographic characteristics including
sex, date of birth, vital status (e.g. date of death, immigration and emigration), marital status
and region of living of all people residing in Denmark were retrieved from the Danish Civil
Registration System [15]. A second dataset included information on bacterial gastrointestinal
infections, with recorded bacterial species and subspecies/ serovar and date of diagnosis
(Danish Register on Enteric Pathogens) [16]. The presence of IBD, i.e. ulcerative colitis and
Crohn's disease with date of diagnosis, was obtained from the Danish National Patient
Registry [17]. The fourth dataset contained all CC diagnoses from 1978 until December 2016
reported to the Danish Cancer Registry, with date of diagnosis and tumor location (based on
ICD-10 code) [18]. Data of all four sources were matched using the CPR-number, which is a
unique identifier used across all national registries [15].

Study population

The cohort consisted of 7 646 978 individuals who contributed at least 1 day of follow-up
between 1994 and 2016, of which 47 856 had been diagnosed with a Salmonella infection.
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Median age at infection was 34 years (interquartile range (IQR): 14-54). S. Enteritidis (SE)
(43.5%) and (monophasic) S. Typhimurium (ST) (28.6%) caused the majority of reported
infections. Among the more than 400 other reported serovars (hereafter referred to as

‘other serovars'), S. Infantis, S. Newport and S. Stanley were the most frequent.

Exposure and outcome definition

The exposure variable was defined as having or not having had a reported non-typhoidal
Salmonella infection. Salmonella infection was categorized into infections with SE, ST or other
serovars. For individuals with multiple Sa/monella infections, only the first reported infection
was considered. In analyses restricting exposure to a serovar, only the first infection of the
serovar of interest was used. Considering a minimal development time of 1 year for CC
formation after infection, which has been assumed previously to have a plausible relation
to the infection [7, 19], people were considered at risk of CC from 1 year after reported
Salmonella infection onwards. Hence, we defined the exposure status as a time-varying
variable with three states: individuals were ‘unexposed’ (reference) until first reported
infection, ‘newly exposed' in the first year post-infection and ‘exposed’ from 1 year post-
infection onwards. We excluded individuals with a diagnosed CC between January 1978 and
December 1993, to reduce the risk that CC had developed before the Salmonella infection
occurred. The outcome studied was CC (ICD-10 codes C180-C187). For the analysis, we
looked at CC overall and by colon subsite: proximal colon (C180-C185) and distal colon
(C186, C187). In the analyses of risk of cancer in one colon subsite individuals were not

censored for cancers in the other subsite.

Statistical analysis

Characteristics of the study population were presented descriptively. In the survival
analyses, individuals were followed from birth or 15t January 1994, whichever was last.
Follow-up ended at date of cancer diagnosis, death or the end of study (315 December 2016),
whichever occurred first. In addition, risk time excluded periods where individuals were
temporarily or permanently living outside of Denmark. Three of the potential confounders;
geographical region, marital status and IBD status were time-varying variables with five
(North Jutland, South Jutland, Middle Jutland, Zealand, Capital), four (unmarried, married,
divorced, widowed) and two (yes, no) levels, respectively.

We used Cox proportional hazard models to estimate hazard ratios (HRs) with 95% confidence
intervals (Cls) for developing CC in individuals with a history of reported Salmonella infection

vs. people without such history. The main comparison of interest was exposed vs. unexposed;
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hence, all analyses show the HRs for this comparison. Besides, in the main analysis the HRs
for ‘newly exposed’ vs. unexposed were displayed to address the potential effect of testing/
diagnostic bias in symptomatic individuals with yet undiagnosed CC [20]. Attained age was
used as the time scale for the baseline hazard function, which was stratified by sex, year
of birth, geographical region, marital status and IBD to adjust for potential confounding
effects. Additionally, we conducted analyses to examine whether HRs varied by sex, attained
age (<50, 50-59, 60-69, 70-79 and >80 years), age at infection (<50, 50-59, 60-69, 70-79
and >80 years), follow-up time post-infection (2"-5% year, 61"-10" year and >10 years) and
IBD. The proportional hazards assumption of the main analysis (salmonellosis overall and
CC overall) was assessed using a test for homogeneity of the HR in the age intervals; <50,
50-59, 60-69, 70-79 and >80 years of age. Incidence curves of CC (overall and by subsite) in
the exposed vs. unexposed group (stratified by Salmonella serovar) were also generated to
graphically display the comparison; incidences at all ages were calculated by weighting the
number of cancers and risk days within a time span of 5 years using a parabolic kernel. In all
analyses, P-values <0.05 were considered statistically significant. In accordance with privacy
legislation, small numbers were not displayed in tables. Statistical analysis was performed
using the PHREG procedure of SAS (version 9.4).

Results

During a total of 124.7 million person-years of follow-up, 54 902 individuals were
diagnosed with CC, at a median age of 72 years (IQR: 64-80). Among those with a CC
diagnosis, 278 individuals were diagnosed with CC after salmonellosis, of which 33
occurred within the first year post-infection. The median time span between infection
and CC diagnosis was 7.5 years (IQR: 3.0-13.9). In the subsite-specific analyses, 29 422
individuals were diagnosed with proximal CC and 26 108 with distal CC. Table 1 shows
the number of overall CC events and incidence rates (IRs) in the exposed and unexposed
groups by different subgroups. The average IR of CC in the exposed group was 47.16
per 100 000 person-years at-risk, whereas in the unexposed group the IR was 44.02.
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Table 1. IRs of colon cancer (overall) of people with (‘exposed’) and without (‘unexposed’) a reported
Salmonella infection per 100 000 person-years, by different subgroups

Unexposed Exposed? Total

No. events IRP No. events IRP No. events IRP
Total 54,624 44.02 278 47.16 54,902 44.04
Sex
Female 28,124 44.90 138 46.20 28,262 44,90
Male 26,500 43.14 140 48.14 26,640 43.16
Birth year
<1930 21,964 225.23 71 275.19 22,035 225.36
1931-1950 26,474 100.93 159 130.97 26,633 101.06
1951-1970 5,728 16.27 42 25.03 5,770 16.31
1971-1990 415 1.36 6 4.05 421 1.38
>1991 43 0.19 0 0.00 43 0.19
Age group
0-49 years 2,368 2.93 17 4.48 2,385 2.94
50-59 years 5,942 36.06 34 40.67 5,976 36.08
60-69 years 13,638 103.74 79 113.83 13,717 103.80
70-79 years 18,828 217.40 88 228.57 18,916 217.45
>80 years 13,848 278.74 60 331.49 13,908 278.94
Marital status
Married 30,014 61.20 164 67.57 30,178 61.23
Divorced 6,011 62.28 32 65.17 6,043 62.29
Not married 4,117 7.10 24 8.94 4,141 7.1
Widowed 14,482 196.10 58 199.31 14,540 196.11
Region
North Jutland 6,064 45,93 28 50.72 6,092 45,95
South Jutland 12,390 45.83 97 65.41 12,487 45.94
Middle Jutland 11,412 40.96 48 35.93 11,460 40.93
Zealand 9,132 49.90 46 48.12 9,178 49.89
Capital 15,626 41.47 59 37.65 15,685 41.46
IBD status
No 51,854 42.77 249 44.56 52,103 42.78
Yes 2,770 97.97 29 94.77 2,799 97.93

IR: incidence rate. IBD: Inflammatory Bowel Disease # Per 100 000 person-years. ® Including both
‘newly exposed’ and exposed.

Risk of colon cancer

Adjusting for sex, year of birth, region of residence, IBD and marital status, the
overall risk of CC did not differ between the exposed and unexposed groups (HR:
0.99 [95% Cl 0.88-1.13]) (Table 2). Similarly, no differences were observed between
these groups when stratifying by colon subsite and sex. However, within 1 year post-
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infection the overall risk of CC increased twofold compared to the unexposed group
(HR: 2.08 [95% ClI 1.48-2.93]). For the exposed group, when stratifying by serovar,
an HR of 1.40 (95% Cl 1.03-1.90) for cancer in the proximal colon was observed in

individuals who had an infection with serovars other than SE and ST (Table 2).

Table 2. Risk of colon cancer after salmonellosis, by sex, serovar and IBD status

CC (overall) Proximal colon Distal colon

Events HR (95%Cl)? Events HR (95%Cl)? Events HR (95%Cl)?
Unexposed ref ref ref
Newly exposed 33 2.08 (1.48-2.93)*** 18 2.16 (1.36-3.43)** 15 1.96 (1.18-3.26)**
Exposed 245 0.99 (0.88-1.13) 144 1.09(0.93-1.29) 102 0.87 (0.71-1.05)
Exposed vs. unexposed
Sex
Male 121 0.99 (0.83-1.18) 59 0.99(0.77-1.28) 62 0.96 (0.75-1.24)
Female 124 1.00 (0.84-1.19) 85 1.18(0.95-1.46) 40 0.75 (0.55-1.03)
Salmonella serovar
Enteritidis 137 1.03(0.87-1.21) 74 1.04(0.83-1.31) 63 0.99 (0.77-1.26)

Typhimurium 43 0.74 (0.55-1.00)* 28 0.90(0.62-1.31) 15 0.54 (0.33-0.90)*
Other serovars 65 1.17 (0.91-1.49) 42 1.40(1.03-1.90)* 24 0.91 (0.61-1.36)
IBD

Yes 28 1.18(0.81-1.71) 20 1.40(0.90-2.19) 8 0.80(0.40-1.61)
No 217 0.98 (0.85-1.11) 124 1.06(0.89-1.26) 94 0.87(0.71-1.07)

CC: colon cancer; HR: Hazard ratio; IBD: Inflammatory Bowel Disease; ref: Reference. @ Adjusted for
sex, year of birth, geographical region, IBD status, marital status. * p-value <0.05; ** p-value <0.01;
*** p-value <0.001.

The association between Sa/monella infection and CC did not vary by attained age (Table 3).
Atest for homogeneity of HRs in the five age groups yielded a P-value of 0.59. Figure 1 shows
the incidence of CC (overall and per colon subsite) by attained age for the different serovars.
For both proximal and distal CC, the IRs were the lowest for ST in people aged above 60
years as compared to SE and other serovars. In the age-stratified analyses, a 1.87-fold (95%
Cl 1.00-3.50) increased risk of distal CC was observed in the exposed group aged 0-49 years
(for Salmonella overall). For the proximal colon, the highest HR, although not significant, was
also observed in the age group 0-49 years among those infected with other serovars (HR:
1.75; 95% Cl 0.56-5.44). The estimated association between Salmonella and CC risk did not
vary much by age at infection (Table 4). The median observed ages at infection of different
serovars in the total cohort were 37 years (IQR: 16-54) for SE, 30 years (IQR: 9-52) for ST and
32 years (IQR: 16-54) for other serovars.
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Figure 1. Incidence of overall (a), proximal (b) and distal (c) colon cancer by attained age, stratified
by serovar.
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Table 3. Risk of colon cancer 21 year after salmonellosis, by attained age group and serotype

Colon cancer (overall)

Proximal colon

Distal colon

HR (95%Cl)*

HR (95%Cl)?

HR (95%Cl)?

Salmonella (total)

Unexposed
<50 years
50-59 years
60-69 years
70-79 years
>80 years

ref

1.39(0.85-2.27)
0.90 (0.62-1.32)
0.97 (0.77-1.23)
0.93(0.75-1.17)
1.09 (0.84-1.43)

ref

0.96 (0.43-2.14)
1.32(0.83-2.11)
1.08 (0.78-1.48)
0.97 (0.72-1.30)
1.24(0.89-1.71)

ref

1.87 (1.00-3.50)*
0.54 (0.28-1.05)
0.89 (0.63-1.25)
0.87 (0.62-1.22)
0.83(0.52-1.34)

Salmonella Enteritidis

Unexposed
<50 years
50-59 years
60-69 years
70-79 years
>80 years

ref

0.70 (0.26-1.88)
0.62 (0.33-1.15)
1.06 (0.78-1.44)
1.10 (0.84-1.46)
1.18 (0.83-1.67)

ref

0.34(0.05-2.39)
0.95 (0.45-2.01)
0.99 (0.63-1.55)
1.00 (0.67-1.47)
1.34(0.88-2.03)

ref

1.09 (0.35-3.40)
0.34(0.11-1.04)
1.11(0.73-1.69)
1.19(0.80-1.77)
0.87 (0.47-1.63)

Salmonella Typhimurium

Unexposed
<50 years
50-59 years
60-69 years
70-79 years
>80 years

ref

1.39(0.52-3.71)
1.24 (0.65-2.40)
0.68 (0.38-1.24)
0.60 (0.34-1.05)
0.59 (0.28-1.25)

ref

1.23(0.31-4.96)
1.83(0.82-4.09)
0.88 (0.42-1.85)
0.73 (0.36-1.45)
0.70 (0.29-1.69)

ref

1.57 (0.39-6.30)
0.75(0.24-2.33)
0.49 (0.18-1.30)
0.43(0.16-1.14)
0.42 (0.10-1.66)

Other Salmonella serovars

Unexposed
<50 years
50-59 years
60-69 years
70-79 years
>80 years

ref
2.61(1.30-5.25)**
1.19 (0.60-2.39)
1.03 (0.64-1.67)
0.89 (0.55-1.43)

( )

1.44 (0.87-2.40

ref

1.75(0.56-5.44)
1.62 (0.67-3.90)
1.45 (0.82-2.55)
1.14 (0.65-2.01)
1.57 (0.84-2.93)

ref
3.65(1.51-8.86)**
0.82 (0.26-2.55)
0.73(0.33-1.62)
0.57 (0.24-1.36)
1.18 (0.49-2.85)

HR: hazard ratio; ref: reference. @ Adjusted for sex, year of birth, geographical region, IBD status,

marital status.

* p-value <0.05; ** p-value <0.01; *** p-value <0.001.
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Table 4. Risk of colon cancer 21 year after salmonellosis, by age group at infection and serotype

Colon cancer (overall) Proximal colon Distal colon

HR (95%Cl)?

HR (95%Cl)?

HR (95%Cl)®

Salmonella (total)

Unexposed ref ref ref

<50 years 1.10 (0.84-1.45) 1.07 (0.72-1.60) 1.12(0.76-1.63)
50-59 years 0.91(0.71-1.16) 1.02 (0.74-1.42) 0.77 (0.53-1.13)
60-69 years 0.95 (0.75-1.20) 1.08 (0.80-1.45) 0.80(0.55-1.17)
70-79 years 1.11(0.84-1.47) 1.22(0.86-1.73) 0.92 (0.58-1.47)
>80 years 0.91 (0.50-1.65) 1.13(0.56-2.26) 0.57 (0.18-1.77)
Salmonella Enteritidis

Unexposed ref ref ref

<50 years 0.90 (0.60-1.36) 0.91 (0.50-1.64) 0.89(0.51-1.57)
50-59 years 0.90 (0.65-1.26) 0.87 (0.54-1.39) 0.93(0.58-1.47)
60-69 years 1.08 (0.80-1.46) 1.08 (0.72-1.61) 1.06 (0.68-1.67)
70-79 years 1.27 (0.89-1.82) 1.31(0.83-2.09) 1.15(0.65-2.02)
>80 years 1.03 (0.46-2.30) 1.19(0.44-3.19) 0.76 (0.19-3.09)

Salmonella Typhimurium

Unexposed

ref

ref

ref

<50 years 1.16 (0.67-2.00) 1.47 (0.74-2.95) 0.86 (0.36-2.07)
50-59 years 0.88 (0.51-1.52) 1.08 (0.54-2.16) 0.67 (0.28-1.62)
60-69 years 0.51 (0.27-0.99) 0.63 (0.28-1.41) 0.36 (0.12-1.13)
70-79 years 0.52 (0.23-1.16) 0.59 (0.22-1.57) 0.41 (0.10-1.65)
>80 years 0.64 (0.16-2.58) 1.06 (0.27-4.28) -

Other Salmonella serovars

Unexposed ref ref ref

<50 years 1.52(0.91-2.52) 1.00 (0.42-2.41) 2.00(1.08-3.73)*
50-59 years 0.93 (0.56-1.54) 1.33(0.73-2.40) 0.50(0.19-1.32)
60-69 years 1.08 (0.68-1.71) 1.54 (0.91-2.61) 0.64 (0.27-1.54)
70-79 years 1.43(0.85-2.42) 1.73(0.93-3.23) 0.95 (0.36-2.55)
>80 years 0.94 (0.30-2.93) 1.06 (0.26-4.24) 0.73(0.10-5.22)

HR: hazard ratio; ref: reference. @ Adjusted for sex, year of birth, geographical region, IBD status,
marital status.
* p-value <0.05; ** p-value <0.01; *** p-value <0.001.

There was no significant effect of follow-up time post-infection on CC risk; the HRs
of proximal CC for people infected with other serovars were 1.62 (95% CI 0.96-
2.74), 1.47 (95% ClI 0.85-2.53) and 1.20 (95% Cl 0.72-1.90) at 1-5 years, 5-10 years
and >10 years post-infection, respectively (Table 5). With regards to the potential
effect modification of IBD on CC risk, the HR for overall CC was not significantly
higher for people with underlying IBD (HR 1.18; 95% Cl 0.81-1.71) (Table 2).
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Table 5. Risk of colon cancer >1 year after salmonellosis, by serovar and time post-infection

Colon cancer (overall) Proximal colon Distal colon
HR (95%Cl)? HR (95%Cl)? HR (95%Cl)?
Salmonella (total)
Unexposed ref ref ref
1-5 years 1.09 (0.85-1.38) 1.29 (0.95-1.75) 0.88 (0.60-1.29)
5-10 years 0.96 (0.76-1.22) 1.03(0.75-1.42) 0.86 (0.60-1.24)
>10 years 0.97 (0.80-1.16) 1.03(0.81-1.32) 0.87 (0.65-1.16)
Salmonella Enteritidis
Unexposed ref ref ref
1-5 years 1.22 (0.88-1.70) 1.30 (0.83-2.03) 1.12 (0.69-1.83)
5-10 years 0.98 (0.71-1.36) 1.02 (0.66-1.58) 0.91 (0.56-1.48)
>10 years 0.97 (0.76-1.23) 0.95 (0.68-1.33) 0.97 (0.68-1.38)
Salmonella Typhimurium
Unexposed ref ref ref
1-5years 0.86 (0.51-1.45) 0.92 (0.46-1.83) 0.78 (0.35-1.73)
5-10 years 0.45 (0.23-0.90)* 0.64 (0.29-1.42) 0.24 (0.06-0.95)*
>10 years 0.87 (0.57-1.34) 1.09 (0.64-1.83) 0.61(0.29-1.29)
Other Salmonella serovars
Unexposed ref ref ref
1-5years 1.05 (0.65-1.69) 1.62 (0.96-2.74) 0.52 (0.20-1.39)
5-10 years 1.45(0.97-2.17) 1.47 (0.85-2.53) 1.41(0.78-2.54)
>10 years 1.04 (0.70-1.55) 1.20(0.72-1.99) 0.83(0.43-1.60)

HR: hazard ratio; ref: reference. @ Adjusted for sex, year of birth, geographical region, IBD status,
marital status.
* p-value <0.05; ** p-value <0.01; *** p-value <0.001.

Discussion

We assessed the risk of CC after reported Salmonella infection in a 23-year follow-up of
the entire Danish population. The risk of CC in individuals with reported salmonellosis
was compared to the risk in individuals without a reported salmonellosis, accounting for
potential confounding and modifying effects of age, sex, IBD and follow-up time post-
infection. Overall, we observed no increased risk of CC among salmonellosis cases. The only
significantly increased risk of CC concerned the proximal colon after infection with serovars
other than SE and ST. The proximal part of the colon is the subsite of primary interest, as
exposure to Salmonella is highest in this part of the large intestine located directly after the
ileum, where Salmonella typically establishes infection. CC risk was highest at an attained
age of <50 years for those infected with other serovars. For SE, the estimated HRs increased
with increasing age, whereas for ST they decreased with increasing age, which may be due
to differences in age-specific reporting between these serovars.
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In a recent Dutch study, a statistically significantly increased risk of cancer in the proximal
colon was found among individuals with a history of SE infection [7]. This result was not
confirmed in the current study, indicating that the previously observed association between
SE infection and proximal CC is not generalizable to other study populations. On the one
hand, the inconsistent findings might be explained by a more complex causal mechanism
than originally anticipated and the existence of situational differences, but may also
represent a chance finding. Indeed, our results seem to indicate a possible scenario of
increased risk of proximal CC associated with infection with a Salmonella serovar other than
SE or ST, but it could also be the result of type | error due to multiple hypothesis testing.

For surveillance design reasons, the two studies used different types of analyses and
effect measures. The Dutch Salmonella surveillance system covers approximately 64% of
the population; therefore, the risk of CC in individuals with a reported salmonellosis was
compared to the baseline CCrisk in the general Dutch population, expressed as standardized
incidence ratios [7]. The Danish surveillance system covers the whole population, which
allowed us to compare the risk of CC in people with those without a reported salmonellosis
using Cox regression. Yet, both studies used individual-level data and the inclusion criteria
were comparable. Apart from the aforementioned possibility of a chance finding, other and
largely unknown factors might underlie this dissimilarity including, for instance, different
serovar distributions and populations exposed to them. Disease outcomes (e.g. severity,
antimicrobial resistance, etc.) and epidemiology (e.g. sources, modes of transmission,
high-risk groups, etc.) differ by serovar, partly due to differences in exposure but also
potential factors related to virulence, invasiveness and toxins of the bacterium itself [21].
The estimated number of Salmonella infections in Denmark is somewhat higher compared
to the Netherlands, with respectively 18.1 and 15.8 infections per 10 000 inhabitants in
Denmark and the Netherlands in 2017 [12, 22]. In both the Netherlands and Denmark, SE
accounts for a substantial part (25-30%) of the salmonellosis cases [11, 23]. The successful
implementation of a Salmonella control program in the poultry production chain led to a
marked reduction of domestically acquired human SE infections in Denmark since 1998,
with most infections nowadays being attributable to foreign travel (78.2% in 2016) [11, 24].
In contrast, most SE infections in the Netherlands remain domestically acquired; therefore,
the groups of people infected with SE might not be fully comparable in terms of, e.g. general
health status, lifestyle, socio-economic status, ethnicity and possible co-morbidities. Besides,
with regards to serovars other than SE and ST, different distribution and exposure patterns,
as well as specific strains, might also have contributed to these differences, as the genetic

makeup of the strains themselves might be associated with their ability to transform [21].
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It has been shown experimentally that Salmonella infection of pre-transformed fibroblasts
and organoids induces full cell transformation [4]. Development from a pre-malignant state
to an advanced carcinoma takes several years; however, Salmonella infection is likely to
accelerate this process [4, 25]. The results of a sub-analysis showed a twofold increased risk
of CC (overall and per subsite) for individuals within the first year post-infection. Even though
Salmonella could accelerate transformation, tumor development in less than 1 year seems
implausible. We therefore consider this observation to reflect testing/diagnostic bias rather
than the transformation capacity of Salmonella. Undiagnosed CC patients often present at
their general practitioner (GP) with nonspecific symptoms resembling gastroenteritis, such as
diarrhea and frequent bowel movements. In a Danish cohort, it was shown that CC patients
had significantly more GP consultations in the 9 months prior to the cancer diagnosis [17].
A similar pattern was observed in another Danish cohort study that examined the risk of
IBD after a Salmonella-positive stool test. An increased risk of IBD was observed in the first
year after Salmonella infection; however, this was even more pronounced in the first year
following a negative stool test [9]. The association we found in the first year post-infection
is compatible with these prior observations. An alternative hypothesis might be that people
in an early stage of cancer are more susceptible to Salmonella infection due to dysbiosis or
other changes in the gut microbiome [26], so the association observed in the first year after
infection might also reflect reverse causality. Still, both the testing/diagnostic bias and the

increased susceptibility could co-exist in people with an early-stage pre-diagnosed CC.

This study has some limitations. First, mainly severe infections, outbreak-related infections
or infections with a suspected foreign source are included, as most people do not present
at their GP with mild and self-limiting gastrointestinal complaints. Hence, we could not
assess whether multiple mild Salmonella infections that are undiagnosed and unreported
contribute to CC risk or not. This could be the subject of another study using, for instance,
serology to measure the magnitude of exposure to Salmonella regardless of reporting bias.
Second, in the Dutch cohort, the risk of cancer was only significantly increased for enteric
infections and not for invasive (bloodstream) infections [7], but we were not able to address
this observation in the current study. Third, we were not able to control for some of the main
risk factors for CC, such as obesity, smoking and alcohol consumption. Although considering
these variables would be relevant to explain CC risk along with the studied Salmonella
infection, this would require a different study design as these types of time-varying variables

are not generally present in national health registries.

In conclusion, the current study found no unusual CC risk associated with previously

reported Sa/monella infection overall. Therefore, although there is growing experimental
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evidence for a potential role of Sa/monella in CC development, notified Salmonella infections
do not appear to be an important driver of CC risk in the studied population. Indeed, the
previously observed epidemiological association between SE infection and proximal CC
was not confirmed here. The explanation for these differences, if not merely occurring by

chance, is unclear.
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Chapter 6

Abstract

Salmonella spp. infection has shown to have oncogenic transformative effects and thereby
increases the risk of certain cancers. For Campylobacter spp., similar effects have been
demonstrated. Risk factor identification may allow for timely diagnosis and preventive
treatment. To substantiate the oncogenic potential of Salmonella and Campylobacter spp.,
this study compared the incidence of extrahepatic biliary tract cancer (BTC) in patients with
diagnosed Salmonella or Campylobacter spp. infection with BTC incidence in the Netherlands.
National infectious diseases surveillance records of patients diagnosed with a laboratory-
confirmed Salmonella or Campylobacter spp. infection during 1999-2016 were linked to
the Netherlands Cancer Registry. Incidence of BTC in Salmonella and Campylobacter spp.
patients was compared to the incidence of BTC in the general population using Standardized
Incidence Ratios (SIRs). In total, 16,252 patients were diagnosed with Salmonella spp. and
27,668 with Campylobacter spp. infection. Nine patients developed BTC at a median of 46
months (13-67) after Salmonella spp. infection and seven at a median of 60 months (18-138)
after Campylobacter spp. infection. SIR of BTC in salmonellosis patients was 1.53 (95% C1 0.70-
2.91). In patients aged <60 years, the SIR was 1.74 (95% Cl 0.36-5.04). For campylobacteriosis
patients, the SIR was 0.97 (95% Cl 0.39-2.00). Even though Salmonella or Campylobacter spp.
infection was not significantly associated with increased BTC risk in this cohort, it remains
extremely important to study potential risk factors for cancer to facilitate screening and
ultimately improve prognosis of cancer patients.
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Introduction

Biliary tract cancers (BTC) are rare malignancies of the distal and proximal bile ducts, the
gallbladder and the cystic duct. Despite significant improvement in the overall survival
of cancer patients, 5-year survival of patients with extrahepatic biliary tract cancer (i.e.,
gallbladder cancer, proximal and distal cholangiocarcinoma) is still only 10% [1, 2, 3].
Currently, radical surgery is the only curative treatment available. Unfortunately, surgery is
not an option in the majority of patients, because BTC frequently goes undetected until the
disease has progressed to an advanced, unresectable stage [4, 5].

Geography appears to be the primary risk factor for the development of non-intrahepatic
BTC, and as a result, incidence rates vary significantly per region. For example, gallbladder
cancer (GBC) incidence ranges from 0.9/100,000 women in the Netherlands to 35/100,000
women in Chile [6, 7]. Other risk factors for BTC include age, parasitic infections, congenital
malformations of the biliary tract and primary sclerosing cholangitis, and sex [8]. However,
most patients with BTC do not have any of the known risk factors apart from age [9].
Screening for and detection of risk factors in addition to geography and age could lead to
significantly faster detection of BTC and a subsequent improvement in survival.

An estimated 20% of the global cancer burden can be attributed to infectious diseases [10].
The association between viral infections, such as human papilloma virus, hepatitis B and C
and certain forms of cancer, has been well-established [11, 12]. This knowledge has led to the
implementation of successful targeted treatment and screening programs that can facilitate
prevention and early detection of these cancers and improve survival, such as the Dutch
national program for cervical cancer [13]. Although less studied, bacteria also have oncogenic
potential and thereby increase the risk of cancer [14]. The primary example is Helicobacter pylori
infection, which increases the risk of gastric cancer through the secretion of toxins that mediate
cell signaling, as well as chronic inflammation [15]. Similarly, Salmonella spp. enforce bacterial
uptake by manipulating host cell signaling pathways. Specifically, host AKT and ERK pathways are
activated. Both pathways are active in many cancers and are an essential step in the malignant
transformation of pre-transformed cells [16]. Sa/monella spp. infection iscommon and represents
a known risk factor for gallbladder and colon cancers, with the former pertaining specifically to
Salmonella typhi, the agent of typhoid fever, and the latter to non-typhoidal Salmonellae [16, 171].
However, the role of non-typhoidal Salmonella has not yet been investigated for other biliary
cancers. Campylobacter spp. is another frequently-occurring gastrointestinal infection able to
promote colon tumorigenesis by producing cytolethal distending toxins and is more frequently
present in the microbiome of colorectal cancer patients, although a causal relationship between
colorectal cancer and Campylobacter spp. infection has not been demonstrated [18-21].
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Salmonella spp. is known to cause chronic inflammation of the bile ducts and to produce
toxins with carcinogenic potential, which may lead to cancer of the extrahepatic biliary tract
[22]. After an outbreak of Sa/monella typhi in 1964, researchers found that the risk of biliary
tract cancer was increased by 164 times in carriers compared to non-carriers [23]. Although
non-typhoidal Salmonella has been associated with the development of colon cancer, its role
has not been specifically investigated in biliary tract cancers other than gallbladder cancer
[17]. Campylobacter spp. is found in abundance in the biliary microbiome of patients with
BTC [24]. The potential association with non-typhoidal Sa/lmonella or Campylobacter spp. and
BTC has not been studied in large cohorts due to the rarity of BTC, especially in Western
populations. In case an association is found, targeted screening for BTC in Salmonella spp.
and Campylobacter spp. patients might be considered. To assess whether infection with non-
typhoidal Salmonella or Campylobacter spp. is a risk factor for BTC, this study compares the
incidence of BTC in patients with a registered non-typhoidal Salmonella or Campylobacter
spp. infection in the past to the incidence of BTC in a Western-European population.

Results

Cohort characteristics

The final cohort consisted of 16,283 Salmonella spp. patients (reported between 1999-2016),
27,692 Campylobacter spp. patients (reported between 2002-2016) and 8506 patients with
BTC (Figure 1). After linkage, nine Salmonella spp. patients and seven Campylobacter spp.
patients were diagnosed with BTC >1 year after infection.

Salmonella Extrahepatic biliary Campylobact
spp. cases tract cancer cases er spp. cases
(n=28,674) (n=8,506) (n=36,784)
Excluded Excluded
- Age <20 at infection (n= 12,049) - Age <20 at infection (n= 8,052)
- Multiple infections (n= 368) . —» - Multiple infections (n= 1,037)
- ehBTC before Salmonella spp. - ehBTC before Salmonella spp.
infection (n=5) infection (n= 3)
Salmonella spp. cases Campylobacter spp.
without ehBTC cases without enBTC
(n=16,274) (n=27,685)
Salmonella spp. cases Campylobacter spp.
with ehBTC cases with ehBTC
(n=9) (n=7)

Figure 1. Cohort selection. ehBTC = extrahepatic biliary tract cancer.
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Baseline characteristics of the cohorts are provided in Table 1 (salmonellosis and
campylobacteriosis) and Table 2 (BTC). Median age at infection was 48.9 years (IQR: 30.0-
66.0) for salmonellosis patients (66.5%, <60 years) and 48.5 years (IQR: 31.3-62.4) for
campylobacteriosis patients (70.8%, <60 years). Median follow-up after infection was 7 years
(IQR 3-12) in salmonellosis patients and 5 years (IQR 3-9) in campylobacteriosis patients.
Median age at diagnosis was 73 years (IQR 64-80) in BTC patients. Median follow-up time
from diagnosis to death or end of study in in BTC patients was 55 months.

Table 1. Baseline characteristics of the salmonellosis and campylobacteriosis patients.

Salmonella Campylobacter
Characteristic N (%) N (%)
Age
<40 6167 (38%) 10,125 (37%)
40-49 2190 (13%) 4499 (16%)
50 - 59 2445 (15%) 4985 (18%)
60 - 69 2273 (14%) 4153 (15%)
70-79 2003 (12%) 2703 (10%)
80+ 1172 (7%) 1227 (4%)
Sex
Male 7640 (47%) 14,293 (52%)
Female 8612 (53%) 13,399 (48%)
Serotype/species
(monophasic) S. Typhimurium 4487 (28%) !
S. Enteritidis 5544 (34%) !
S. (Para)Typhi 318 (2%) 1
Other Salmonella serotypes 5903 (36%) !
C. jejuni 2 23,647 (85%)
C. coli 2 1910 (7%)
Other Campylobacter species 2 2135 (8%)
Type of infection
Septicemic 884 (5%) 3
Enteric 13,864 (88%) 3
Other 1066 (7%) 3

" Not applicable for Campylobacter. > Not applicable for Salmonella. * Not registered for
campylobacteriosis cases.
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Table 2. Baseline characteristics of patients with BTC in the Netherlands (2000-2017).

Characteristic N (%) / Median (95% Cl)
Age

<40 99 (1%)

40 - 49 326 (4%)
50 -59 993 (12%)
60 - 69 2048 (24%)
70-79 2851 (33%)
80+ 2189 (26%)
Sex

Male 3822 (45%)
Female 4684 (55%)
Tumor location

Gallbladder 2586 (30%)
Bile ducts, NOS 2421 (28%)
Proximal bile ducts 1846 (22%)
Distal bile ducts 1490 (18%)
Other! 163 (2%)
Clinical stage

Non-metastatic 4078 (48%)
Metastatic 4428 (52%)
Treatment

Resection 2479 (29%)
Chemotherapy 647 (8%)
Survival (months) 5.8 (5.5-6.0)

" Includes cystic duct and mixed types.

Patients with Salmonella spp. infection and BTC

Nine salmonellosis patients were diagnosed with BTC >1 year after salmonellosis diagnosis
(Table 3). Mean time to BTC diagnosis was 47 months (range 13-81). Three of nine (33%)
salmonellosis patients were <50 years old at time of BTC diagnosis, as opposed to the general
BTC population, in which only 5.0% of patients were <50 years old at time of BTC diagnosis (p
< 0.001). Four cases were diagnosed with S. enteritidis, three with S. typhimurium, and two
with other Salmonella serovars. Eight patients had an enteric infection, one had an invasive
(bloodstream) infection. Two patients had a distal cholangiocarcinoma, one patient had a
proximal cholangiocarcinoma, one patient had gallbladder cancer, and five had BTC NOS
(not otherwise specified).
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Table 3. Baseline characteristics of patients with Salmonella infection and extrahepatic biliary tract
cancer.

Characteristic N (%)
Sex (male) 5 (56%)
Age

<60 3(33%)
>60 6 (67%)
Serotype

Enteritidis 4 (45%)
(monophasic) Typhimurium 2 (22%)
Other 3(33%)
Interval

<60 months 7 (78%)
>60 months 2 (22%)
Tumor location

Gallbladder / proximal bile ducts 2 (22%)
Distal bile ducts 2(22%)
Extrahepatic bile ducts, NOS 5 (56%)
Base of diagnosis

Cytology / imaging 6 (67%)
Histology 3 (33%)

Patients with Campylobacter spp. infection and BTC

Seven campylobacteriosis patients were diagnosed with BTC >1 year after diagnosis (Table 4).
Mean time to BTC diagnosis was 60.6 months (range 18-138). All patients were >50 years
of age at time of BTC diagnosis. Five patients had a proximal cholangiocarcinoma and two
patients had gallbladder cancer.
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Table 4. Baseline characteristics of patients with Campylobacter spp. infection and biliary tract
cancer.

Characteristic N (%)
Sex (male) 3 (43%)
Age

<60 2 (29%)
>60 5(71%)
Interval

<60 months 3 (43%)
>60 months 4 (57%)

Tumor location
Gallbladder / proximal bile ducts !
Distal bile ducts !

Extrahepatic bile ducts, NOS 0 (0%)
Base of diagnosis

Cytology / imaging 2 (29%)
Histology 5(71%)

" Numbers cannot be provided due to risk of subject identification.

Risk of BTC After Salmonella spp. or Campylobacter spp.
infection

The SIR of BTC among the salmonellosis patients (compared to the general population)
was 1.53 (95% Cl 0.70-2.91, Table 5) and the absolute risk was 0.05%. Subgroup analysis in
patients <60 years of age demonstrated that the SIR in this group was 1.72 (Cl 0.36-5.04).
Subgroup analysis according to gender revealed similar findings. In campylobacteriosis
patients, the SIR was 0.97 (95% Cl 0.39-2.00, Table 5) and the absolute risk was 0.03%.

Subgroup analyses stratified according to gender and age revealed similar results.
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Table 5. Incidence of biliary tract cancer in patients 21 year after laboratory confirmed infection with
Salmonella spp. or Campylobacter spp., stratified by age at infection and gender.

Observed Expected SIR 95% Cl p-value
incidence incidence
Salmonella spp.
All patients 9 5.875 1.53 0.70-2.91  0.280
20-60 3 1.740 1.72 0.36-5.04 0.507
Male 5 2.665 1.88 0.61-4.38 0.264
Female 4 3.289 1.22 0.33-3.11  0.835
Campylobacter spp.
All patients 7 7.221 0.97 0.39-2.00 0.868
20-60 2 2.126 0.94 0.11-3.40 0.715
Male 3 4.025 0.75 0.15-2.18  0.857
Female 4 3.233 1.24 0.34-3.17 0.810

SIR: standardized incidence ratio.

Discussion

This study assessed whether Salmonella spp. or Campylobacter spp. infection represents a
significant risk factor for BTC by comparing the incidence of BTC in patients with a history
of Salmonella spp. or Campylobacter spp. infection to the (age-, gender- and calendar year-
matched) incidence of BTC in the general Dutch population. Additionally, age and gender
effects on the association between Sa/monella spp. or Campylobacter spp. infection and BTC
were investigated. No significantincrease in BTC occurrence in patients who had experienced
a severe Salmonella spp. or Campylobacter spp. infection was observed.

The relatively low number of Salmonella spp. (and Campylobacter spp.) infections linked to
the (already rare) BTC patients found in this study was the main limitation for statistical
significance, as considerable uncertainty was introduced in the estimates by such low
number of outcome events. The upper limit of the SIR for BTC in salmonellosis patients was
2.7, which implies that a clinically significant effect may be present, but the study is simply
insufficiently powered to detect its presence. This issue is, however, not unique to this
study alone, but rather affects all studies investigating rare diseases. Experts increasingly
recognize that some evidence, although maybe imprecise, may be better than no evidence
at all [25].

In countries where typhoid fever is still endemic, such as the Indian subcontinent and some

parts of South America, multiple epidemiological studies have shown an increased risk
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for the development of BTC and especially gallbladder cancer. Besides chronic infection,
an increased risk of gallstones in these populations, a higher incidence of obesity, and
potential environmental pollution have been mentioned as potentially contributing to this
phenomenon [22]. However, none of these factors (apart from gallstones and gallbladder
cancer, which is not unique to these countries) show an extremely high correlation with the
incidence of BTC. On the other hand, researchers have demonstrated a clear association
with chronic S. typhi infection and the development of gallbladder cancer in these countries
[26]. In contrast, a Chinese study investigating the correlation between chronic infection
with S. typhi and biliary tract cancer failed to find a significant association due to a very low
occurrence of such infection [27]. One may argue that association does not equal causation
and that in areas with endemic typhoid fever and high rates of gallbladder cancer, other
factors might be at play as well. However, even in Western countries with typically extremely
low incidence of S. typhi infection (as typhoid fever has been eradicated in most Western
countries thanks to modern sanitation), after large outbreaks of typhoid fever, an increase
in number of BTC diagnoses was observed [23].

This paper focusses primarily on the incidence of BTC in non-typhoidal Salmonella. We
hypothesized that, similar to gallbladder cancer, the increased incidence of BTC after
typhoidal Salmonella infection would translate to increased BTC risk in non-typhoidal
Salmonella [28]. The lack of significant correlation in non-typhoid Sa/monella infection may
be attributed to the fact that non-typhoid Salmonella strains are less likely to cause chronic
infection and thus have lower oncogenic potential compared to their typhoid counterparts
[29].

Remarkably, one third of the patients with both Salmonella spp. infection and BTC were
under 50 years of age at time of BTC diagnosis. This proportion was significantly higher
than in the general BTC population, in which only 5% is aged 50 years or younger [30].
Because the risk of BTC increases exponentially with age, we performed a subgroup analysis
in all patients aged <60. Although this subgroup analysis also failed to reach significance
due to the even lower numbers, the relatively high proportion of young patients suggests
that Salmonella spp. infection at a young age might contribute to the risk of developing
BTC later in life. Possibly, patients who acquire a Salmonella spp. infection at the age of
70 or older may die from other diseases before they develop BTC and are thus less well-
represented. The median time between Salmonella spp. infection and BTC diagnosis was 4
years. This finding implies that the potential oncogenic effect of Salmonella spp. results in
malignant transformation of epithelial cells in a relatively short timeframe and is concurrent

with other studies [17]. Another explanation may be that patients with inflammatory bowel
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disease (IBD) are at a higher risk for developing a serious Salmonella spp. infection. Since IBD
often has an onset in early adulthood and is also a potential independent risk factor for the
development of BTC, it is possible that this difference in age can be explained by the fact that
the patients with Salmonella spp. infection also had IBD and therefore were at greater risk
for developing BTC at a younger age [31].

No tendency towards increased BTC incidence after Campylobacter spp. infection was seen
in this study. Campylobacter spp. and Salmonella spp. bacteria both release the genotoxic
protein cytolethal distending toxin (CDT). However, whereas Salmonella spp. is linked to the
development of BTC by overexpression of c-MYC in tissue samples, Campylobacter spp. is
not [16]. Differences in bacterial mechanisms, specifically concerning the alteration of host
cell signaling pathways during invasion, may account for differences in oncogenic potential
between the two species.

Molecular characterization of cancers and subsequent personalization of therapy is a
prime topic in current oncological research. Although the genomic landscape of BTC is
incredibly diverse, multiple preclinical and clinical models show that BTC development may
be associated with the alteration of several actionable genes. A particular example is the
overexpression of cyclophilin-A in patients with liver-fluke-associated cholangiocarcinoma
[32,33]. Identification of inflammation-associated driving mutations is an important
topic as it has implications for both risk profiling and potential personalized treatment.
Although molecular profiling of patients with salmonellosis and BTC was outside of the
scope of this study, a study in gallbladder cancer has managed to identify the signaling
pathway associated with S. typhi development and gallbladder cancer [16]. Further research
investigating molecular alterations in infected cancer patients is paramount to increase our

understanding of tumor cell transformation and cancer development.

The primary limitation of this study is the low number of Sa/monella spp. and Campylobacter
spp. infected patients that also developed BTC, leading to a high risk of type-2 error.
Typically, patients with Salmonella spp. infection in the Netherlands who require medical
attention, laboratory diagnosis and reporting to health authorities are severely ill. As most
patients with Salmonella spp. infection only show mild symptoms, the actual number of
Salmonella spp. cases in the Netherlands is much higher than reported. It is estimated that
close to 1 million inhabitants developed a symptomatic Salmonella spp. infection in the
Netherlands between 1999-2015, which is 35 times the number of cases included in this
study. Campylobacteriosis cases are estimated around 81,000 in the Netherlands annually

[34]. As a result, a number of patients with mild and therefore unreported Salmonella spp.
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or Campylobacter spp. infection, but with a BTC diagnosis, may have been misclassified and
included in the group of BTC patients without (reported) Sa/monella spp. or Campylobacter
spp. infection. Since the contribution of these mild infections to the risk of developing BTC
is implicitly included in the baseline risk, our results may be considered as very conservative
estimates of their true contribution to BTC risk. Moreover, although chronic infections are
those mostly implicated in BTC formation, they could not be studied as such in this study
because this information (i.e., differentiation between acute and chronic infection) is simply
not available in the RIVM data set [35]. Yet, we included all reported infections, and because
these infections represent the most severe ones (in terms of magnitude and duration of
symptoms) occurring in the population, our analysis implicitly focused on a selection of
salmonellosis and campylobacteriosis patients that showed extreme clinical manifestations.
Finally, the RIVM registry only contains data on Salmonella spp. and Campylobacter spp.
infection from 1999 onwards and consequently we only had a median follow-up period
of 7 years. If, like in pancreatic cancer, the interval between first mutation and cancer
development is over 10 years, the study period may have been insufficient to detect a

correlation between infection and BTC development [36].

A major strength of this study is the cohort size and nation-wide design. Indeed, it should
be acknowledged that the low number of BTC events in our cohort—despite the large
surveillance data sets used—reflects mainly the rare occurrence of these tumors. The
cohort analyzed in this paper is large and comprehensive, being nation-wide and covering
all available years of systematic data collection. Previous studies investigating the role
of bacterial infections in the development of BTC have typically drawn from case-control
cohorts or small case series. Additionally, to our knowledge, this paper describes the first
Western cohort of patients with Sa/monella spp. or Campylobacter spp. infection and BTC
[26].

Materials and methods

Data collection and linkage

Analyses were based on three linked health registries with national coverage. The first
registry contains records from laboratory-confirmed human infections with Salmonella spp.
(from 1999 onwards) and Campylobacter spp. (from 2002 onwards) based on the national
laboratory surveillance system for gastrointestinal pathogens coordinated by the Dutch
National Institute for Public Health and the Environment (RIVM) [35]. The surveillance

system has an estimated coverage of the resident Dutch population of 64% for Salmonella
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spp. and 52% for Campylobacter spp. infection [37]. The second registry consisted of
histopathological records provided by the automated pathological archive, the nation-
wide network of histopathology and cytology in the Netherlands (PALGA) [38]. The third
registry was the Netherlands Cancer Registry (NCR) [39], which contains data on all newly
diagnosed malignancies since 1989, covering around 95% of the Dutch population [39]. The
NCR is updated through PALGA and supplemented annually by information from hospital
discharge records. Statistics Netherlands (CBS, www.cbs.nl) acted as a trusted third party to
anonymize and link the data sets. The CBS used the date of birth, gender and six digit postal
code, which were available in all three registries, to generate a unique personal identifier
(Record Identification Number (RIN)). After the RIN was generated, all personally identifying
data was removed from the data sets. The researchers used the RIN to link all three data
sets. Ethical Approvals were given by the CMO Arnhem-Nijmegen, code: 2017-3912 in 18
December 2017. A waiver of informed consent was provided, no informed consent form

was used.

Patient Selection and Variable Definitions

All patients aged >20 years of age with a diagnosed non-typhoidal Sa/monella infection from
the 1 January 1999, and with a diagnosed Campylobacter spp. infection from the 1 January
2002, until the 31 December 2016 were identified in the RIVM database. Additionally, all
patients with non-intrahepatic biliary tract cancer (ICD-O-3 location codes C239, C240, C242,
€243, C244, C248, C249) were identified in the NCR database. Patients who were diagnosed
with intrahepatic BTC, BTC before or within 1 year of salmonellosis/campylobacteriosis
diagnosis or had less than 1 year of follow-up were excluded. In case the patient had
multiple recorded Salmonella spp./Campylobacter spp. infections, only the first diagnosis
was considered. Both databases were cleared from duplicates. Time at risk was defined
as the number of days between 1 year after salmonellosis/campylobacteriosis diagnosis
and development of BTC, death, or end of the study period (31 December 2017), whichever

occurred first.

Outcomes

The primary outcome of the study was the incidence of BTC among individuals with a
registered non-typhoida ISa/monella or Campylobacter spp. infection in the past as compared
to the incidence of BTC in the general Dutch population. Subgroup analyses were conducted
to investigate the risk of BTC in patients <60 years of age (at the time of infection) and by

gender.
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Statistical Analysis

Standardized incidence ratios (SIR) were calculated for salmonellosis and campylobacteriosis
patients separately to compare the difference in incidence of BTC in patients with Salmonella
spp. or Campylobacter spp. infection to an age-, gender- and calendar year-matched cohort
of the general Dutch population. To this end, the observed number of BTC cases in the
salmonellosis and campylobacteriosis patients was divided by the expected number of BTC
cases in the matched cohort provided by the NCR. 95% confidence intervals (95% Cl) for the
SIRs were calculated assuming a Poisson distribution. In all analyses, p-values < 0.05 were
considered statistically significant. Statistical analysis was performed using STATA version
14 (StataCorp. 2015. Stata Statistical Software: Release 14. College Station, TX: StataCorp
LP).

Conclusions

There is accumulating evidence that pathogenic bacteria like Salmonella spp. play a role
in cancer development, including cancers of the digestive system. However, we could not
demonstrate a significantly increased occurrence of BTC among reported salmonellosis
or campylobacteriosis patients as compared to the general population. Potentially, the
study was either underpowered due to the low number of BTC events or Salmonella and
Campylobacter spp. infections are not associated with the development of BTC in Western
countries. Additional research is needed to unravel the biological mechanisms behind
bacterial infections as a cause of cancer and identify potential infections that may warrant
early screening and therefore facilitate early cancer detection, especially in third-world

countries with high rates of (hyper)endemic bacterial infections.
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Chapter 7

Abstract

The oncogenic potential of viral infections is well established and documented for many
years already. However, the contribution of (commensal) bacteria and parasites to the
development and progression of cancers has only recently gained momentum, resulting
in a rapid growth of publications on the topic. Indeed, various bacteria and parasites have
been suggested to play a role in the development of gastrointestinal cancer in particular.
Therefore, an overview of the current epidemiological knowledge on the association
between infections with bacteria and parasites and cancers of the gastrointestinal tract
is needed. In this review, we summarized the methodological characteristics and main
results of epidemiological studies investigating the association of 10 different bacteria
(Bacteroides fragilis, Campylobacter spp., Clostridium spp., Enterococcus faecalis, Escherichia
coli, Fusobacterium nucleatum, Porphyromonas gingivalis, nontyphoidal Salmonella, Salmonella
Typhi, and Streptococcus spp.) and three parasites (Cryptosporidium spp., Schistosoma spp.
and Strongyloides stercoralis) with gastrointestinal cancer. While the large body of studies
based on microbiome sequencing provides valuable insights into the relative abundance
of different bacterial taxa in cancer patients as compared to individuals with pre-malignant
conditions or healthy controls, more research is needed to fulfil Koch’s postulates, possibly
making use of follow-up data, to assess the complex role of bacterial and parasitic infections
in cancer epidemiology. Studies incorporating follow-up time between detection of the
bacterium or parasite and cancer diagnosis remain valuable as these allow for estimation of
cause-effect relationships.
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Bacterial and parasitic pathogens as risk factors for cancers in the gastrointestinal tract

Introduction

In 2020, an estimated number of over 5 million new cancers of the gastrointestinal (Gl) tract
were diagnosed globally [1]. For most of these cancers, the incidence is increasing, mostly
as a result of increasing age and welfare characterized by factors such as changing diets
and more sedentary lifestyles. Apart from the major risk factors for Gl tract cancer that
include genetics, age, smoking, alcohol consumption, obesity and exposure to radiation/
chemicals, a potentially carcinogenic role of microorganisms is gaining momentum.
Particularly, the rapid evolution of high throughput sequencing as a tool to identify/quantify
the composition of the human microbiome, has led to accumulating indications for a role
of commensal bacteria such as Escherichia coli and Fusobacterium nucleatum in cancer
development [2]. Several mechanisms have been described by which bacteria contribute
to cancer development, including induction of DNA damage by toxins and manipulation of
host cell signaling pathways, thereby affecting cell proliferation, differentiation, apoptosis
and immune signaling [3]. Concerning the gastrointestinal tract, the association is best
established (both mechanistically and epidemiologically) for Helicobacter pylori as causative
agent of gastric cancer (GC) and Mucosa-Associated Lymphoid Tissue (MALT) lymphoma
[4, 5]. Yet, while substantial laboratory evidence already exists for the role of several
pathogens in cancer development, epidemiological data on of the broader (potential) role
of (opportunistic) pathogens in Gl cancer development is generally dispersed and unclear.

This review paper aims to provide an overview of the current epidemiological knowledge
regarding the association between bacteria and parasites and cancers in the Gl tract. To this
end, we reviewed epidemiological studies reporting on an association between bacterial
or parasitic gastrointestinal infections and Gl cancers to identify (in)consistencies in their
results also in relation to the different study designs.

Methods

We systematically searched PubMed, Embase and Web of Science for articles published
since 1966, 1946, and 1988 respectively until April 2021. Details about the search
strategy as well as inclusion and exclusion criteria are listed in Supplementary Tables 1,
2. The search was conducted using every possible combination of keywords listed in the
categories in Supplementary Table 1, including key words related to malignancies in the
Gl tract, microorganisms and study design or measurement indicators. We included case-
control studies, cohort studies and cross-sectional studies making use of surveillance data

(e.g. bacterial infection records), serological assays or data about presence/abundance of
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microbial genetic material in human specimens (e.g. tumor tissue, blood, feces) in relation
to Gl cancer. The outcome of interest comprised all primary malignancies of the Gl, including
esophagus, stomach, small intestine, duodenum, colon, rectum, anus, liver, intrahepatic bile
ducts, biliary tract, gallbladder and pancreas. Viruses were not included in this review. Given
that the association between H. pylori and gastric cancer is already extensively reviewed
and meta-analyzed, this was excluded from this review. For the same reason, the relation
between the microbiome composition at bacterial phylum- or family-level in and Gl cancer
(i.e. those studies addressing commensal bacterial phyla or families rather than bacterial
species) was excluded. Finally, also the relation between the presence or abundance of
specific microorganisms during or post-cancer treatment, as well as experimental (in
vivo or in vitro) studies were excluded (Supplementary Table 2). This primary search was
supplemented by a search in MedRvix, Google Scholar and Google for pre-prints of articles
and conference abstracts, using the aforementioned inclusion and exclusion criteria
(Supplementary Table 2). To ensure literature saturation, we scanned the reference lists of
included studies or relevant reviews identified through the search. The search results were
exported and unduplicated by EndNote. PROSPERO was screened for ongoing or recently
completed systematic reviews about this topic.

In the primary eligibility screening, titles and abstracts were screened against the inclusion
criteria, subsequently, (potential) relevant articles were screened based on full text
reports. The following data items were extracted from the included articles: first author,
year of publication, country/region of study, study period, microorganism and cancer(s) of
interest, study design, population size or number of cases and controls, type of test(s) (e.g.
serological, culture-confirmed infection, presence of bacterial DNA) and type of material
tested (e.g. blood, tumor tissue, feces), measurement indicator(s) (e.g. odds ratios, hazard
ratios) and main study outcomes. For each of the included studies, the primary outcome was
the overall risk estimate of the association between infection and cancer. Further, subgroup
estimates (e.g. stratified by gender, age group or follow-up time) were considered secondary
outcomes. Characteristics and findings of the included studies were summarized in text
and tables and (in)consistencies in study outcomes within and between microorganisms
and malignancies were discussed, also in light of the study designs. The definition of search
terms and inclusion and exclusion criteria was done by three reviewers (JD, LMG, EF). One
reviewer (JD) performed the search, screening of abstracts an full-text articles and data
extraction, whereas the process thereafter was performed by four reviewers (JD, LMG, EF,

IN).
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Results

We identified 4,826 articles by searching the electronic databases (Supplementary Figure
1). After exclusion of duplicates and ineligible articles, 229 articles remained for full-text
screening, resultingin 91 included scientific articles. In addition, the manual search (in Google
[Scholar]) and screening of the reference lists of eligible studies yielded another 65 scientific
articles and two conference abstracts (Supplementary Figure 1). The 158 eligible articles/
abstracts cover 13 different micro-organisms, including 10 bacteria and 3 parasites (Figure
1). Most studies had a case-control design (n=101), 33 were cohort studies (22 retrospective,
11 prospective), 23 were cross-sectional studies and 1 was a case series. The majority of
the studies were published during the last decade (>2011: n=116). Study characteristics and
main outcomes of the reviewed studies are elaborated in the following paragraphs.
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Figure 1. Number of studies included in the review for each bacterium/parasite in relation to the
location of GI malignancies.

175



Chapter 7

Bacteroides fragilis

Bacteroides fragilis is a commensal bacterium of the gut, subdivided into non-toxigenic B.
fragilis (NTBF) and enterotoxigenic B. fragilis (ETBF). In contrast to the non-harmful NTBF,
ETBF is associated with inflammatory bowel disease (IBD) and plays a role in colorectal
carcinogenesis by producing pro-inflammatory cytokines and stimulating Wnt signaling [6].
Many studies report the presence or abundance of the Bacteroides genus (also including
NTBF)in the human microbiome in relation to Gl cancers. Supplementary Table 3 summarizes
the characteristics and main results of 16 studies investigating the association between B.
fragilis and colorectal cancer (CRC) [7-22]. Most (n=7) studies found an increased presence
of B. fragilis and/or ETBF in fecal (n=3) or mucosa/tissue (n=4) samples from CRC patients
versus healthy controls, albeit that the prevalences differed substantially between studies
(Supplementary Table 3). One study found no significant difference in antibody titers against
B. fragilis between CRC patients and healthy controls [11]. No studies were found assessing
potential associations between antibody-levels against B. fragiliss/ETBF and risk of cancer
later in life (i.e. with follow-up time). In fact, one study reported similar antibody titers against
B. fragilis in CRC patients as compared to healthy controls [11]. B. fragilis appeared also
significantly enriched in precancerous conditions [8] and was significantly associated with
late stages of CRC (Supplementary Table 3) [7, 12, 21]. Whilst the role of the gut microbiome
(including the relative abundance of the Bacteroides phylum) in other Gl cancers is gaining
interest, no studies directly assessed the role of B. fragilis in Gl cancers beyond CRC yet.

Campylobacter spp.

Within the genus Campylobacter, two zoonotic species, Campylobacter jejuni and
Campylobacter coli, are the leading causes of gastroenteritis worldwide. A small portion of
infections lead to long-term sequelae, including Guillain-Barré syndrome, reactive arthritis,
and irritable bowel syndrome [23]. An experimental study in mice showed that infection
with a human C. jejuni strain induced the development of colorectal tumors and changes in
microbial composition through the action of cytolethal distending toxin (CDT). CDT causes
double-stranded DNA breaks that may contribute to cancer formation [24]. In Supplementary
Table 4 nine epidemiological studies are summarized which assess the association between
Campylobacter and GI cancer [25-33]. In humans, Campylobacter spp. is significantly more
abundant in the feces of CRC patients compared to healthy controls (Supplementary Table
4) [33]. Similarly, some studies observed significant higher abundance of Campylobacter
spp. in tumor tissue versus adjacent normal tissue [25, 26] and tissue samples from cancer

patients versus healthy controls (Supplementary Table 4) [31, 33]. Three cohort studies
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assessed the association between Campylobacter infection and risk of colon cancer (CC),
biliary tract cancer or multiple types of cancer later in life. All three studies used a follow-
up time of more than 10 years (Supplementary Table 4) [28-30]. None of the studies found
a significantly increased risk of digestive cancer after infection compared to the general
population, all with standardized incidence ratios (SIRs) below or close to 1. Subgroup
analysis in a Dutch cohort study revealed only a significant two-fold increased risk of CC
when infected with Campylobacter jejuni or coli between 40-49 years of age [30]. Another
species, Campylobacter concisus, is considered a human host-adapted species (not isolated
from animals), which belongs to the commensal bacteria of the oral cavity and is associated
with gingivitis, periodontitis, Barrett's esophagus (a complication of gastroesophageal reflux
disease), gastroenteritis and IBD [34]. Recently, C. concisus has been linked to esophageal
adenocarcinoma as this species was found to be significantly more abundant in patients
with Barrett's esophagus, which is a precursor of esophageal cancer (Supplementary Table
4) [27, 35, 36].

Clostridium spp.

Clostridium is a genus of spore-forming bacteria with over 200 species. While the
commensal species constitute 10-40% of the total gut microbiome, contributing to gut
homeostasis from early infancy onwards, the bacteria are also a common cause of food-
poisoning and nosocomial infections, particularly in immunocompromised patients [37,
38]. Chemotherapeutic cancer treatment alters the composition of the gut microbiome
and damages the intestinal mucosa, favoring C. difficile colonization and the subsequent
production of toxins (toxin A and B) which induce inflammation, tissue damage and cell
death [39]. Whether Clostridium also contributes to cancer progression remains elusive.
Supplementary Table 5 summarizes 11 studies focusing on Clostridium infection and cancer
risk [9, 14, 17, 19, 40-46]. Significant increased risk of CRC was observed among individuals
with a history of bacteremia with Clostridium perfringens or Clostridium septicum in a
Chinese cohort. However, these numbers were low and the lag-time between bacteremia
and cancer diagnosis was not reported [17]. Likewise, Justesen et al. found 22 incidences
of CRC among 457 individuals with a history of bacteremia, most of them caused by C.
septicum [9]. The majority of these cancers (n=20) were diagnosed within one year after
the bacteremia (Supplementary Table 5) [9]. In another study, significant higher levels of C.
difficile were detected in feces of CRC patients (prior to treatment) as compared to healthy
controls (Supplementary Table 5) [14]. Similarly, Clostridium hathewayi, a relative unknown
Clostridium species, has been proposed as potential biomarker for early detection of CRC
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(rather than a causal agent), as it has been associated with overabundance in CRC patients
(Supplementary Table 5) [41, 46].

Cryptosporidium spp.

Cryptosporidium spp. is a protozoan parasite causing enteric infections, generally presenting
as a self-limiting watery diarrhea. Infection occurs mainly through the fecal-oral pathway
or through consumption/ingestion of contaminated food and water. Over 90% of the
infections are caused by the species Cryptosporidium parvum and Cryptosporidium hominis
[47]. Cryptosporidium is known for its opportunistic behavior in immunocompromised
patients (e.g. HIV-patients or individuals receiving oncological treatment) [48]. Experimental
studies in mice suggest that Cryptosporidium infection can induce intestinal dysplasia [49,
50]. Supplementary Table 6 summarizes the characteristics of six studies assessing the
association between Cryptosporidium and CRC (n=5), CC (n=1) or gastric cancer (n=1) in 4
different cohorts in Poland, Saudi, Lebanon and Tunisia [51-56]. In a recent meta-analysis
summarizing the association between Cryptosporidium and cancer, most of the 19 included
studies focused on all types of cancer combined (Supplementary Table 7) [48]. An over
three-fold increased risk of Cryptosporidium infection was observed among cancer patients
(all malignancies) as compared to non-cancer controls (OR 3.30; 95%Cl 2.18-4.98), whereas
for the digestive cancers only a site-specific estimate for CRC was given (OR 3.70; 95%Cl 2.10-
6.50), based on 4 studies (Supplementary Tables 6, 7) [48, 51, 53-55].

Enterococcus faecalis

Enterococcus faecalis is one of the most abundant bacterial species of the human
gastrointestinal microbiome playing a major role in maintaining gut homeostasis, particularly
in newborns. Some strains are widely used as probioticin food (supplements) for their health-
promoting effects. However, by virtue of its capacity to exchange/acquire virulence factors,
E. faecalis is frequently associated with severe illness, including bloodstream infections and
infective endocarditis [57]. Similarly, the contribution of E. faecalis in (colorectal) cancer
development is controversial with some studies suggesting cancer promoting capacities
while others reported protective effects [57], likely depending on the presence/absence
of specific virulence factors. De Almeida et al. (2019) assessed the oncogenic potential of
different E. faecalis strains isolated from CRC patients and healthy controls on tumor cell
lines. Four strains from controls had an antiproliferative effect on three tumor cell lines,
whereas four other strains (two from CRC patients and two from controls) showed no
effect [58]. Upon infection of colonic epithelial cells, E. faecalis induces the production of
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reactive oxygen species (ROS), leading to DNA damage and activation of multiple signaling
pathways, thereby contributing to cancer [59]. Regarding epidemiological literature, most
of the 11 studies summarized in Supplementary Table 8 compare the (relative) abundance
of the bacterium in feces from cancer patients versus healthy controls [21, 58, 60-68]. Five
studies reported a higher abundance of E. faecalis in feces from CRC patients compared
to healthy controls or controls with polyps (Supplementary Table 8) [60, 62, 63, 65, 67],
whereas one study reported an opposite pattern [58]. E. faecalis was more frequently found
in tumor tissue as compared to normal adjacent tissue (Supplementary Table 8) [21, 68].
Also, patients with a history of E. faecalis infective endocarditis showed a higher risk of being
diagnosed with CRC [61, 64].

Escherichia coli

Escherichia coli is a commensal bacterium and part of the normal human gut flora. However,
within the species, different pathogenic groups exist causing various types of enteric
infections [69]. Moreover, some E. coli strains contribute to CC development through the
production of cyclomodulins; toxins that induce DNA double-stranded breaks, chromosomal
instability and cell cycle arrest [70, 71]. Particularly, strains harboring the pks genomic island
(pks* E. coli) produce colibactin, which is subject of research in relation to CC during the
last decade [71]. Microbiome studies aiming at the identification of bacterial genera and
abundance of bacterial species in the gut of CRC patients revealed a significantly reduced
(relative) abundance of Escherichia in feces of CRC patients compared to healthy controls [72-
74]. Supplementary Table 9 summarizes the results of 14 studies assessing the link between
(mainly) oncogenic/cyclomodulin-producing E. coli and CRC [14, 22, 73, 75-85]. Multiple
studies report overrepresentation of E. coli in tumor tissue or fecal samples from CRC
patients compared to (paired) normal tissue or fecal samples from healthy controls [75, 76,
78, 80]. Presence of pks* E. coli or specific genes coding for toxins was assessed in 7 studies,
most of which observed a significantly higher prevalence among CRC patients, though
substantial difference in observed prevalences existed between studies (Supplementary
Table 9) [22, 76, 77,79, 81-83].

Fusobacterium nucleatum

The anaerobic bacterium Fusobacterium nucleatum is one of the most dominant species
of the oral microbiome, displaying opportunistic behavior by causing oral inflammations
such as periodontitis and gingivitis. Periodontitis is often caused by a complex of bacteria
and is characterized by degradation of the soft tissue and alveolar bone around the teeth
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and tooth loss [86]. The last decades, the association between F. nucleatum and CRC is
intensively studied. Multiple mechanisms have been proposed by which F. nucleatum
promotes carcinogenesis, including the suppression of antitumor activities of the host,
promotion of tumor cell proliferation and the induction of a pro-inflammatory tumor
microenvironment [87]. The earliest research assessing the abundance of Fusobacterium (at
genus level) in relation to CC, dates from 1980, where lower numbers of Fusobacterium were
isolated from feces of CC patients as compared to healthy controls [88]. A large number of
microbiome studies have been published during the last decades in which the composition
of the major phyla of commensal bacteria, including Fusobacterium, was examined in cancer
patients versus (healthy) controls. Over 100 epidemiological studies have been identified
in the primary search specifically mentioning F. nucleatum in the abstract. Supplementary
Table 10 summarizes the characteristics and main outcomes of 42 of these epidemiological
studies which met the eligibility criteria, most of which comparing F. nucleatum presence/
abundance in feces from CRC patients versus healthy controls and of tumor tissue versus
adjacent normal tissue (Supplementary Table 10) [13-15, 17, 41, 44, 46, 82, 85, 89-121]. Two
meta-analyses published in 2020 reported pooled ORs of 8.3 for detection of F. nucleatum
in colorectal specimens (feces/mucosa/tissue) and being diagnosed with CRC, and 10.06 for
detection of F. nucleatum in CRC tissue versus healthy tissue from controls (Supplementary
Table 7) [122, 123]. A similar odds was observed when comparing the presence/abundance
of F. nucleatum in fecal samples from CRC patients versus healthy controls (OR: 9.01, 95%Cl
3.39-23.95; n=7 studies) [91, 92, 94, 98, 102, 105, 122]. The odds of detecting F. nucleatum in
CRC tissue was also significantly higher than in adjacent normal tissue (OR: 2.42, 95%Cl 1.62-
3.61; n=7 studies) [14, 33, 92, 93, 95, 100, 103, 122]. The association between F. nucleatum
and CRC appeared stronger in Asian populations (OR 12.6; 95%Cl 7.2-21.9) compared to
American and European populations (OR 5.6; 95%Cl 2.8-11.6 and OR 4.6; 95%Cl 2.5-8.4
respectively) [123]. A previous review identified a relatively large difference in observed
prevalences of F. nucleatum in CRC tissue, ranging from 13% till 75% [87]. In addition to
detection of F. nucleatum DNA in fecal or tissue samples, few studies assessed the humoral
immune response against F. nucleatum in relation to CRC. Significantly higher IgA and
IgG titers were measured in serum from CRC patients compared to healthy controls and
controls with benign colon diseases (Supplementary Table 10) [96, 119]. Antibody titers
were higher for proximal versus distal CRC [119], though no association between antibody
titer and CRC stage was found [96]. A large European study investigated whether higher F.
nucleatum antibody titers represent a risk factor for CRC later in life (0.4-8.5 years after serum
sampling) [104]. Antibody responses against =2 or >3 out of 11 F. nucleatum proteins were

similar for individuals who were diagnosed with CRC after the serum sampling compared
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to a control group without cancer diagnosis (17% and 9% vs 21% and 9% respectively). Also,
no difference was observed when stratifying for time of serum analyses and CRC diagnoses
[104]. In addition to CRC, the potential role of F. nucleatum in carcinogenesis of other (Gl)
cancers is gaining momentum. While F. nucleatum is an oral bacterium, it is suggested to
be translocated hematogenously from the oral cavity to tumor tissues via the bloodstream
during periodontitis. Here, its adhesion protein Fap2 binds to a carbohydrate (GallGalNAc),
which is overrepresented in tumor cells of several Gl cancers [124]. Ten studies investigated
the association between F. nucleatum and other organs in the Gl tract, including esophagus
(n=4) [101, 109, 117, 118], stomach (n=6) [44, 101, 107, 109, 113, 114]), pancreas (n=2) [101,
112], liver and gallbladder (both n=1) [85, 101]. In two studies, presence of F. nucleatum was
confirmed in (tumor) tissue samples of a large portion of esophageal cancer patients [117,
118], whereas presence of F. nucleatum in saliva of esophageal cancer patients as compared
with controls appeared less consistent [109, 118]. For gastric cancer, significant associations
between F. nucleatum presence/abundance in tumor tissue were observed as compared to
adjacent normal tissue and individuals with other underlying medical conditions [44, 107,
113, 114]. For pancreatic cancer, the antibody concentrations against F. nucleatum in saliva
and plasma were higher in cancer patients than in controls, [112], with poor evidence of F.

nucleatum presence in pancreatic tumor tissue (Supplementary Table 10).

Porphyromonas gingivalis

The gram-negative bacterium Porphyromonas gingivalis is part of the oral microbiome and
is considered a leading cause of severe periodontitis [86, 125]. The (chronic) inflammatory
responsein periodontitisis associated with several systemicdiseasesincluding cardiovascular
disease, diabetes and cancer [126]. P. gingivalis exhibits a range of virulence factors enabling
invasion of (oral) endothelial and epithelial cells, dysregulation of the immune response and
inhibition of apoptosis, conditions that favor cancer initiation [126]. Recently, Liu et al. (2019)
published a literature review about the role of P. gingivalis in gastrointestinal cancers, in which
they observed that this bacterium is particularly associated with esophageal, colorectal and
pancreatic cancers [127]. Generally the presence or abundance of P. gingivalis is measured
through detection of bacterial DNA in oral/tissue/fecal samples or antibody serum titers
(Supplementary Table 11) [32, 109, 118, 120, 128-135]. Increased orodigestive cancer
mortality was reported in individuals with higher serum antibody levels against P. gingivalis
(relative risk [RR] 2.25; 95%Cl 1.23-4.14) although this study also included oral cancers and no
site-specific estimates were provided [128]. With regard to esophageal cancer, in a Chinese
cohort, serum IgA and IgG titers against P. gingivalis were significantly higher in esophageal

squamous cell carcinoma (ESCC) patients compared to controls (Supplementary Table 11)
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[131]. Similarly, the bacterium was detected in 61% of tumor tissues whereas none of the
normal esophageal tissue contained bacterial DNA [130]. This was confirmed in a US cohort,
in which the OR for presence of P. gingivalis DNA in an oral swab was 1.30 (95%Cl 0.96-1.77)
for ESCC patients versus controls (Supplementary Table 11) [Peters, 2017]. Moreover, some
mechanistical evidence exists for the oncogenic potential of P. gingivalis in CRC development
[134], though limited studies assessed the association from an epidemiological perspective
(Supplementary Table 11). Ahn et al. (2012) reported a significant excess risk of CRC mortality
in patients with periodontal disease (RR: 3.58; 95%Cl 1.15-11.16); however, direct links with
P. gingivalis serum levels were not provided [128]. Yet, elevated levels of P. gingivalis have
been found in feces and tumor tissue samples from CRC patients (Supplementary Table
11) [134, 135]. Regarding pancreatic cancer, two studies reported a significant association
between P. gingivalis and pancreatic cancer, either based on its presence in oral samples of
cases versus controls (OR 1.60; 95%Cl 1.15-2.22) [129] or based on high (>200 ng/ml) versus
low (<200 ng/ml) serum antibody titers (OR 2.14; 95%Cl 1.05-4.36) [132]. However, another
study reported a significant reduced abundance of P. gingivalis in saliva of pancreatic cancer
patients (Supplementary Table 11) [32]. Although, several studies confirmed an association
between periodontitis and liver cancer and P. gingivalis is suggested to play a role in liver
diseases [127], no epidemiological studies directly assessing the association between P.

gingivalis and liver cancer were found.

Nontyphoidal Salmonella

Nontyphoidal Salmonella (NTS) is one of the major zoonotic bacteria causing (foodborne)
gastrointestinal infections. Most infections are mild and do not require medical care. NTS
induces celltransformation of pre-transformed cells by activating the AKT and MAPK pathways
through secretion of its effector proteins which was shown for S. enterica subspecies enterica
serotype Typhimurium in an experimental setting using murine gallbladder organoids [136].
Seven epidemiological articles were found assessing the association between NTS infection
and colorectal (n=3), colon cancer (n=2), biliary tract cancer (n=2) and gallbladder, gastric, liver
and pancreatic cancer (latter four: n=1) (Supplementary Table 12) [29, 137-142]. The humoral
immune response against Salmonella flagellin in CRC patients and individuals with colorectal
polyps versus healthy controls was assessed in two different cohorts (Supplementary Table
12) [140]. In both cohorts, significantly higher antibody titers were observed in CRC patients
versus controls [140]. In another study, the Salmonella effector protein AvrA, exerting arolein
carcinogenesis through activation of the host -catenin pathway, showed higher abundance
in colorectal tumor tissues than in healthy mucosa [141]. Moreover, two studies focusing

182



Bacterial and parasitic pathogens as risk factors for cancers in the gastrointestinal tract

exclusively on CC, used a comparable design in which the risk of developing CC after severe
salmonellosis was investigated [138, 142]. In both studies, the risk of proximal CC after
salmonellosis was higher than of distal CC for most subgroups (Supplementary Table 12)
[138, 142]. However, a generally lower risk of CC after NTS infection was found in the Danish
cohort as compared with the Dutch cohort. Whilst a significantly increased risk of proximal
CC was observed after S. Enteritidis infection in the Dutch cohort (SIR: 1.86; 95%CI| 1.28-
2.61), the Danish study reported only a significant increased risk for serotypes other than
Enteritidis and Typhimurium (HR: 1.40; 95%Cl 1.03-1.90). In the Dutch cohort, NTS infections
reported in people >20 years were included in the study, while the risk estimates of the
Danish cohort study were based on NTS infections in all age groups. Risks of overall CC and
proximal CC were particularly higher in people infected between 20 and 60 years of age in
the Dutch cohort (SIRs 1.54 [95%Cl 1.09-2.10] and 2.12 [95%CI 1.38-3.09] respectively) [142].
After the age of 60, the incidence of cancer increases substantially due to multiple factors,
such as spontaneous mutations [143]. Hence, this may dilute the observed effect of NTS in
risk estimates including the older age groups. In a Taiwanese cohort, a HR of 1.03 (95%Cl
0.72-1.47) was reported for the combined risk of colon and rectum cancer, while an over
2-fold significantly increased risk of gastric cancer was observed (Supplementary Table 12)
[137]. In addition, also an increased risk of developing biliary tract cancer after salmonellosis
was reported in both a Dutch study (SIR: 1.53; 95%Cl 0.70-2.91) and the Taiwanese cohort
(HR: 2.23; 95%Cl 0.83-6.05), though numbers were low in both studies [29, 137]. lyer et al.
(2016) demonstrated the presence of traces of S. Typhimurium in 12 out of 26 tumors from

Indian gallbladder cancer patients (Supplementary Table 12) [139].

Typhoidal Salmonella

Salmonella Typhi is a pathogenic bacterium causing typhoid fever mainly in developing
countries in Southeast-Asia, South-America and Africa. Upon invasion of the intestinal
mucosa, S. Typhi spreads to other organs leading to colonization of the gallbladder and
liver in 2-5% of the infections [144]. Subsequently, an estimated 1-4% of the infected
people become chronic asymptomatic carriers, as the bacterium is able to form biofilms
on gallstones [144]. A strong correlation exists between concurrent carriage of chronic S.
Typhi and gallstones (up to 90% in endemic countries), with the latter considered a major
risk factor for GBC [144]. While GBCis a (relatively) rare malignancy in Western countries, its
incidence is higher in countries with endemic S. Typhi. Secretion of the typhoid toxin (CDT) is
suggested to play a role in establishing long-term infection. Also, CDT induces DNA double-
stranded breaks and is involved in activation of the MAPK and AKT pathways, ultimately
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leading to transformation of pre-transformed cells [136, 144]. Numerous epidemiological
studies assessing the association between S. Typhi infection and/or chronic carriage and
cancer have been published. Supplementary Table 13 summarizes 23 studies, mostly
focusing on GBC[85, 136, 139, 145-164]. The design of the studies is often based on observed
differences in antibody response against S. Typhi between GBC patients and controls or
detection rates of the bacterium in gallbladder tissue or bile. A meta-analysis from 2014
reported an overall pooled OR of 4.28 (95%Cl 1.84-9.96) (Supplementary Tables 7, 13) [146-
149, 151-161, 163-165]. Results were similar for serological detection (OR: 3.52; 95%Cl 2.48-
5.00) versus culturing methods (OR: 4.14; 95%CI 2.41-7.12) [165]. Results were corroborated
by a more recent meta-analysis of Koshiol et al. (2016) who also reported slightly higher
estimates for culturing methods as compared to antibody detection (Supplementary Tables
7,13)[145, 147,148, 150, 152, 154, 155, 158, 160, 162-164, 166].

Schistosoma spp.

Schistosoma is a genus of trematode worms, commonly referred to as blood flukes, which
cause chronic schistosomiasis characterized by intestinal and hepatosplenic disease [167].
The species causing most infections are Schistosoma japonicum, endemic in parts of China,
East Asia and the Philippines, Schistosoma mansoni mainly occurring in South America and
Africa, and Schistosoma haematobium present in Africa and the Middle East. Schistosomiasis
is associated with high morbidity and mortality levels, particularly in populations with poor
sanitation and limited access to safe drinking water [167]. Infection with S. japonicum is
assigned as a group 2b (possibly carcinogenic to humans) carcinogen by the International
Agency for Research on Cancer (IARC) for its role in liver cancer, whereas the carcinogenicity
of S. haematobium infection in bladder cancer is well established (classified as group 1 by
IARC) [168]. Part of the Schistosoma eggs become trapped in the gut and liver where they
induce inflammations and granulomas, thereby being the major drivers of Schistosoma
pathogenicity. Moreover, S. mansoni soluble egg antigens activate c-Jun (proto-oncogene)
and STAT3 (transcription factor), which facilitate the development and progression of
HCC tumor formation [169]. In addition, the inducible nitric oxide synthase present in
host cells as part of antimicrobial defense against S. japonicum, has a promoting effect on
p53 mutations, and tumor formation and progression [170]. Disease severity is generally
worse in case of co-infection of a Schistosoma species with hepatitis B (HBV) or hepatitis C
virus (HCV), which is frequently observed in areas with high incidences of both pathogens
[171]. Chronic infection with HBV/HCV can lead to liver fibrosis/cirrhosis and ultimately liver
cancer. The interaction between schistosomiasis and chronic hepatitis infection and their
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combined contribution to cancer formation remains to be clarified [171]. With regard to the
epidemiological evidence, the earliest documentation dates from the late 1970s with several
sources, mainly from China, reporting the transforming potential of S. japonicum infections.
They describe (geographical) associations between S. japonicum infection and (mortality
from) colorectal cancer [172]. It should be mentioned that most of these older studies
are difficult to access and hardly describe the methods used. Increased risks of CC of 3.3
and 1.2 were observed among Chinese individuals with a history of S. japonicum infection,
although the latter was not significant, whereas 8-fold and almost 4-fold increased risks
were observed for rectal cancer and liver cancer respectively [173, 174]. Still, literature about
S. japonicum and cancer is limited to a number of case reports and case series and relatively
few larger case-control/cohort studies (Supplementary Table 14) [173-176]. Similarly, for S.
mansoni a small number of epidemiological studies have been published (Supplementary
Table 14) [177, 178]. Particularly for this species, quantification of the cancer risk after
infection is more challenging as it remains elusive whether it directly promotes cancer
development or indirect through the action of HBV/HCV co-infections [179]. In the past,
HBV/HCV viruses have often been transmitted (via contaminated blood, syringes, needles)
during antischistosomal parenteral therapy, particularly in Egypt [179]. None of the seven
HCC patients with a history of schistosomiasis in Brazil had antibodies against HCV, whereas
four were tested positive for HBV-antibodies [178]. In an Egyptian cohort, CRC of patients
with S. mansoni schistosomiasis occurred at an earlier age and were in a more advanced
stage as compared to CRC in patients not associated with schistosomiasis (Supplementary
Table 14) [177].

Streptococcus spp.

Streptococcus gallolyticus subsp. gallolyticus (hereafter referred to as Sgg), formerly known
as Streptococcus bovis biotype | is a low-abundance commensal bacterium of the gut. Sgg
is associated with infective endocarditis and CRC, which is proposed to be related to its
capacity to adhere to collagen (types | and IV), frequently present in damaged heart valves
and tumors [180]. Laboratory evidence shows that Sgg promotes tumor development
through increasing epithelial cell proliferation and upregulated B-catenin levels [181]. Many
studies assessed the association between infection with (different types of) Streptococcus
and endocarditis and CRC, albeit that the magnitude of the observed associations in these
studies vary considerably, probably due to differences in study populations and methodology
(Supplementary Table 15) [9, 11, 13, 17, 19, 31, 61, 182-203]. A meta-analysis published in
2011, showed that 60% of people with S. bovis infections undergoing colonoscopy were
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diagnosed with CRC, which exceeds the CRC prevalence in the general population (10-
25%) (Supplementary Tables 7, 15) [182-188, 190-192, 204]. Similarly, the risk of CRC was
significantly increased among people infected with Sgg compared to individuals infected
with S. bovis biotype Il (pooled OR: 7.26 [95%CI 3.94-13.36]) [204]. Another, more recent,
meta-analysis (Supplementary Table 7) reported pooled ORs of 14.54 (95%Cl 5.66-37.35)
and 2.52 (95%Cl 1.14-5.58) for co-occurrence of S. bovis infective endocarditis and CRC
and fecal carriage and CRC respectively (Supplementary Table 7) [205]. Fecal carriage of
Streptococcus ranged from 6-46% in individuals with adenomas or CRC to 7-14% in controls
(Supplementary Table 15) [180, 203], while the presence of Streptococcal DNA in tumor
tissue varies considerably between studies (3-74%) [180]. Sgg infection is more frequently
associated with adenomas than carcinomas [204, 206]. Whilst the majority of evidence
on the association between Streptococcus and CRC originates from studies assessing the
presence of the bacterium in feces and tumor tissue concomitant with CRC diagnosis as
compared with controls, in vitro and in vivo evidence for a causal relationship between
Streptococcus and CRC is limited [180]. Corredoira et al. (2015) found that within a cohort
of people with a history of S. bovis infective endocarditis 43/54 (80%) of the individuals
developed a colorectal neoplasm ([non-Jadvanced adenoma or carcinoma) several years
after the acute infective endocarditis (mean follow-up time 60.6 months) (Supplementary
Table 15) [61]. More recently, a series of large cohort studies have been published assessing
the association from a serological perspective. In these studies, using data from Germany,
Spain and the US, associations between several Sgg antigens and CRC were confirmed.
Results from these studies collectively showed that an earlier infection with Streptococcus,
as detected by antibodies, is a predictor of CRC development, also when the antibodies
were detected in blood collected up to 10 years before cancer diagnosis. One study showed
a particular stronger association in people aged <65 years (Supplementary Table 15) [196,
197, 199, 200]. In contrast to the numerous studies corroborating the association between
Streptococcus and CRC, only 3 studies were found describing Streptococcus in relation to
other Gl malignancies (mainly pancreatic and liver cancers), but these concerned (sub)
species other than Sgg (Supplementary Table 15) [190, 195, 202].

Strongyloides stercoralis

Strongyloides stercoralis is a soil-transmitted helminth mainly occurring in (sub)tropical
regions where it is estimated to cause over 100 million infections annually [207]. Most S.
stercoralis infected people are asymptomatic or have intermittent symptoms including
abdominal pain, diarrhea, respiratory complaints or skin problems. Individuals with an
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HTLV-1 (human T-cell lymphotropic virus type 1) coinfection or immunocompromised
patients, the autoinfective cycle within the host can result in a hyperinfection, characterized
by disseminated colonization affecting numerous organs with a high mortality rate [208].
This causes colitis-like intestinal symptomes, including ulcer formation, patchy inflammation,
submucosal hemorrhage and eosinophilic infiltration, mimicking Crohn’s disease and
ulcerative colitis [209]. The mechanism by which S. stercoralis contributes to initiation and/
or progression of malignancies is unclear. It is also unclear whether this nematode exhibits
direct oncogenic potential. It is hypothesized that S. stercoralis stimulates replication of
HTLV-1, which is known to cause adult T cell leukaemia/lymphoma. The association between
S. stercoralis and HTLV-1 was supported by epidemiological data that which showed an over
two-fold increased prevalence of S. stercoralis among HTLV-1 patients as compared to HTLV-
freeindividuals. However, risk of Gl cancers other than liver cancer were not elevated amongst
HTLV-infected individuals [210]. Epidemiological data addressing the association between S.
stercoralis infection and Gl cancers is limited to few case-control studies (Supplementary
Table 16) [210, 211] and a number of case reports addressing strongyloidiasis and gastric
cancer [212] and intestinal cancer [209, 213-215]. An almost three-fold higher risk of
developing cancer in the biliary tract was observed amongst patients with a S. stercoralis
infection in a Japanese cohort (OR 2.7; 95%Cl 1.1-6.3) [211]. Yet, these results could not be
corroborated in a larger study several years later [210]. Moreover, no significant increased
risk of other Gl cancers in patients infected with S. stercoralis were found (Supplementary
Table 16) [210, 211]. Both studies in Japan, as well as the case reports, assessed the co-
occurrence of S. stercoralis infection and cancer, which hampers definitive conclusions
about the direction of the association. In another study, strongyloidiasis was considered
an opportunistic infection, as patients with Gl cancer receiving chemotherapy were found
to have a 6.7 times higher risk of being infected with S. stercoralis as compared to patients
receiving treatment for other forms of cancer (OR 6.7; 95%Cl 1.3-34.2) [216].

Discussion

Agrowing number of microbial species is being associated with the induction and progression
of cancers, partly driven by the development of new diagnostic techniques allowing for a
rapid and better understanding of the complex interplay between commensals, pathogens
and human cells. For some (mostly pathogenic) microorganisms, the link with cancer
has been studied repeatedly in different study populations for many years, whereas for
others the scarce evidence is scattered and originates from relatively recent studies. In
this review, we provide a comprehensive consideration of epidemiological insights into the
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association between Gl cancers and 13 bacteria and parasites. Figure 2 provides a graphical
summary of the study characteristics. Most studies concerned S. Typhi, Streptococcus spp.
and the commensals F. nucleatum and B. fragilis. Amongst studies comparing the incidence,
presence or abundance of these microorganisms in cancer patients versus healthy controls
or the general population, significant positive associations were observed for B. frogilis
(6/11 studies), Campylobacter spp. (4/9), Clostridium spp. (4/8), Cryptosporidium spp. (3/3), E.
faecalis (4/7), E. coli (5/9), F. nucleatum (13/24), P. gingivalis (7/11), NTS (3/6), S. Typhi (9/10),
Schistosoma spp. (2/2), Streptococcus spp. (11/14), and S. stercoralis (1/2) (Supplementary
Tables 3-6, 8-16). It is noteworthy that over half of the reviewed studies included less than
50 cancer patients, whilst only 20 percent of the studies included over 100 cancer patients
(Supplementary Tables 3-6, 8-16). For relatively rare malignancies and/or infections with
low incidences, the samples sizes of studies are generally rather small, hence, statistical
significance is frequently not achieved.
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Figure 2. Graphical summary of the 158 included studies.
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Forty-two studies were identified, that had a study design suitable for estimating the cause
and effect relation between bacterial/parasitic infection and Gl cancer by inclusion of
several years of follow-up (Figure 2). These concerned mostly bacterial infections, including
Streptococcus (n=16), Porphyromonas (n=5), S. Typhi (n=5), NTS (n=4), Campylobacter (n=4),
Fusobacterium (n=5), E. faecalis (n=2), B. fragilis (n=4) and Clostridium (n=1) (Figure 1). For
pathogenic microorganisms able to cause severe illness, such as NTS, Campylobacter spp.
and S. bovis, often person-level records exist (e.g. from physicians, laboratory diagnoses
or surveillance systems) that provide opportunity for linkage with cancer registry data.
Subsequently, this allows for comparison of the cancer incidence among those with a
registered history of infection and the cancer incidence in the general population. Maximum
follow-up durations of <10 years, 10-20 years and >20 years were reported in 10, 13 and
6 studies, respectively, whereas details about maximum follow-up time were not listed
in a substantial fraction of the articles (n=13) (Figure 2). Amongst the studies with follow-
up time, five assessed whether seropositivity is a predictor of Gl cancer risk later in life
[104, 128, 132, 199, 200]. Significantly increased risks of up to 2-fold were observed for
CRC and pancreatic cancer among individuals positive for S. bovis and P. gingivalis antigens,
respectively, in the period up to 10 years before cancer diagnosis [132, 199, 200]. Conversely,
seropositivity for F. nucleatum was not a predictor of CRC risk later in life [104].

For studying the association between commensal bacteria and cancer, a registry-study
based on linkage of retrospective databases is often not feasible. However, also the number
of studies using a prospective design (with a follow-up period) was limited. Instead, studies
focusing on commensal bacteria, including E. faecalis, F. nucleatum and B. fragilis, primarily
compare the presence or abundance of bacteria in patient material (feces, tumors, saliva)
to the presence/abundance in normal tissue or samples from healthy controls, measured
at one pointin time, usually resulting from a medical intervention (colonoscopy, endoscopy,
surgery) (Figure 2). These studies are often presented as case-control studies; however, the
cross-sectional design without retrospective (risk-factor) data does not allow for assessment
of the cause and effect relationship. Tjalsma et al. (2012) described the distinct temporal
associations and separate roles of different bacteria with CRC tissue in a ‘driver-passenger’
model [217]. In this model, bacteria that initiate tumorigenesis by causing DNA damage
and malignant transformation of epithelial stem cells are referred to as ‘driver bacteria’.
Subsequently, the induced intestinal alterations favor the proliferation of opportunistic
‘passenger bacteria’ leading to colonization of the tumor microenvironment, thereby
outcompeting the original driver bacteria [217]. Among the bacteria discussed here,
Bacteroides, Clostridium and members of the Enterobacteriaceae family (including Salmonella

spp.) are considered driver bacteria according to this model, whereas Fusobacterium spp.
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and Streptococcus are considered passengers [217, 218]. Although the driver-passenger
model was originally developed for CRC, it might apply for other malignancies as well, as F.
nucleatum and P. gingivalis are suggested passengers in pancreatic cancer [219].

Twenty-eight studies exclusively made use of control groups with underlying medical
conditions, including individuals presenting with gastritis or cholelithiasis, or patients
undergoing colonoscopy for gastrointestinal complaints. Although selection of individuals
with medical conditions as controls is a convenient option (i.e. with regard to obtaining
samples)and can provide insights into the correlation between microbial infection/presence/
(relative) abundance and the presence of risk factors (such as cholelithiasis) or pre-malignant
conditions (e.g. polyps), the lack of a baseline healthy reference group hampers the accurate

assessment of causality [220].

For all bacteria and parasites, except B. fragilis, the association was studied for more
than one malignancy, with colon and rectal cancer being the most frequent malignancies
analyzed in the literature (CRC n=83, CC n=21, rectum n=1) (Figure 1). Whilst cancers in
colon and rectum are commonly combined into one outcome or risk estimate (i.e. CRC) in
epidemiological research given the similarities in anatomical structure; differences in risk
factors, etiology and incidence favor the reporting of separate estimates for these subsites
[221,222]. Arecent study showed that the relative abundance of commensal bacteria differs
at genus level in patients with sigmoid colon cancer as compared to rectal cancer patients
[222]. Similarly, part of the included studies reported separate estimates for proximal versus
distal CC and EAC versus ESCC, as these cancers differ in life-style and diet related risk
factors [223]. Particularly for pathogenic bacteria establishing infection in the intestine, the
proximal part of the colon (i.e. closest to the ileum) might be of more interest as exposure
to bacteria is highest in this part of the colon. For B. fragilis, E. faecalis, E. coli, F. nucleatum
and NTS, significant differences in the estimated cancer risk or the observed presence in
samples in proximal versus distal CC were reported, though not consistent across bacteria
for either of the colon subsites.

Substantial differences were observed in the magnitude of the microorganism-cancer
association across different countries/continents for some of the bacteria and parasites.
Various factors might underly these inconsistencies, including differences inincidence of both
the bacterial/parasitic infections and the specific malignancy, diagnostic performance and
cancer screening programs. With respect to global cancer epidemiology, Asian, African and
Latin American countries generally have higher incidences of esophageal, stomach, liver and

gallbladder cancer, although there is an ongoing displacement towards cancers associated
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with a higher development index (based on life expectancy, education and income), such
as colorectal and pancreatic cancer, which display higher incidences in countries in Europe,
Northern America and Australia/New Zealand [1]. Moreover, the cancer inducing and/or
promoting capacities sometimes differ between subtypes of the same microorganism, as
suggested for E. coli, NTS, and Campylobacter, consequently leading to differences in cancer

risk when global distributions of microorganism subtypes vary [224].

For pathogenicbacteria and parasites, the burden of disease is usually based on the incidence,
morbidity and possible long-term sequalae, expressed as disability adjusted life years
(DALYs) or years of life lost (YLLs) [225]. According to the IARC, none of the bacteria and only
one parasite (Schistosoma) discussed in this review is classified as potentially carcinogenic for
humans [193]. Considering more bacteria and parasites to this IARC list would imply cancer
to be recognized as a long-term sequalae of infection and as a consequence a much higher
disease burden associated with the specific pathogens. This requires ongoing research to
unravel the magnitude and conditions for existence of the association between bacteria/

parasites and cancers, and the fraction of Gl cancers attributable to these infections.

In order to establish a causal relationship between a microorganism and a disease, the four
Koch's postulates need to be met. Overabundance of the microorganism in people with the
disease compared to healthy individuals and isolation of the microorganism from diseased
people (either directly or indirectly through serum antibodies) as defined in the first two
postulates, are fulfilled in epidemiological studies. However, the last two postulates defining
that the microorganism must be able to cause disease in a healthy organism and can be
isolated from an experimental host, are not always met and require an experimental design.
Hence, this might be a goal for the years to come. Whilst for pathogenic bacteria, measures
for prevention of spread (e.g. improved kitchen hygiene, sanitation, etc.) could aid in the
prevention of cancers, for commensals prevention is more complex and mainly requires life-
style changes related to smoking, eating habits, alcohol consumption and physical activity,

as these factors shape the composition of the microbiome [226-229].

The aim of this review was to provide an comprehensive overview of the volume of
research on the several documented associations between bacteria/parasites and Gl
cancers. However, describing all associations in detail was beyond the scope of this review.
Moreover, comparing the magnitude and strength of evidence of the cancer promoting
potential between the bacteria and parasites would require thorough quality assessments
and weighing of the included articles considering the different study designs and sample

sizes, which would be a worthwhile future research objective. As for all literature reviews,
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relevant articles might have been missed in the search of databases, which may especially
be true for those associations addressed only to a limited extent in a few bodies of the
scientific literature and not cited in other papers. Likewise, we neither included bacteria nor
parasites for which the main body of evidence is indicative of reverse causality, nor bacteria
that were exclusively addressed at phylum or family level in, for example, microbiome
studies. Last, the review is subject to a degree of publication bias, as studies observing no or

limited associations are less likely to be published.

Conclusion

In conclusion, this review provides a broad overview of the currently existing epidemiological
literature about bacterial and parasitic infection/colonization in relation to development
and progression of GI malignancies. While the rapidly growing body of studies based on
microbiome sequencing provides valuable insights into the relative abundance of different
bacterial taxa in cancer patients as compared to individuals with pre-malignant conditions
or healthy controls potentially leading to new biomarkers for early detection of cancer, more
research is needed to fulfil Koch’s postulates. This involves the use of follow-up data, assessing
the complex role of bacteria and parasites in cancer epidemiology and experimental data
where isolated infectious species are tested under controlled (laboratory) conditions for
their transforming potential. In the future, artificial intelligence could aid in the analysis and

transformation of the increasing amount of research data into meaningful risk estimates.
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Supplementary tables and figure

Supplementary Table 1. Search terms used in literature search

Ca}tegory 11 Ca!tegory 2t Ca.tegory 3t Category 4t Category 51
[Title] [Title] [Title/Abstract] [TitIeIAbstract] [Title]
digestive cancer* bacteria* hazard ratio* COVID
orodigestive neoplasm* bacterium HR* COVID-19
) ) neoplasia* ) ) R
gastrointestinal adenocarcinoma* microorganism* relative risk* SARS-COV2
enteric adenoma* microbe* RR* virus*
abdomen tumor* microbial standardized incidence viral
' carcinoma* . ratio* ' "
abdominal ’ parasite papillomavirus
malignancy SIR*
esophagus malignancies parasitic HPV
oesophagus sti_miardlzed mortality  Helicobacter
ratio
esophageal lori
phag SMR* py
oesophageal treatment®
odds
stomach o chemotherap*
) incidence*
gastric c therapy
ox
duodenum therapies
case-control .
duodenal therapeutic
. . cohort
intestine cholecystectomy
intestinal hemicolectomy
gut splenectomy
colon colectomy
colorectal gastrectomy
bowel surgery
rectosigmoid surgeries
rectum postoperative
rectal operative
anus surgical
anal rat
liver rats
intrahepatic mouse
hepatic mice
bile duct
cholangiocarcinoma
gallbladder
gall-bladder
biliary
pancreas
pancreatic

t Categories 1-4 combined with ‘AND’, Category 5 ‘AND NOT".
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Table S2. Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

- One of the following study designs:
- Case-control;
- Cohort;
- Cross-sectional.

- Atleast one of the following data types:

- Surveillance or survey data (e.g. bacterial
infection records, self-reported disease);

- Serological assays;

- Data about presence and/or abundance
of microbial genetic material in human
specimens (e.g. tumor tissue, blood,
feces, saliva) in relation to Gl cancer.

- Diagnosed malignancy in one of the
following organs:

- Esophagus;

- Stomach;

- Small intestine;
- Duodenum;

- Colon;

- Rectum;

- Anus;

- Liver;

- Intrahepatic bile ducts;
- Biliary tract;

- Gallbladder;

- Pancreas.

Articles exclusively focusing on viruses in
relation to cancer.

Articles exclusively focusing on
Helicobacter pylori.

Articles focusing on the broad
composition of the microbiome in
relation to cancer, i.e. those only
addressing bacterial phyla or genera
rather than bacterial species*

Articles addressing the association of
bacteria/parasites and cancer during or
after cancer treatment.

Articles with an experimental design (e.g.
in vitro or in vivo studies).

Review articles.

* Based on search of title and abstract.
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Records identified through database Additional records identified through other
searching sources
_5 PubMed 1975-2021 (n = 833); Google (Scholar) and screening of reference
§ Embase 1972-2021 (n = 2,347); lists of included records (n = 67)
g Web of Science 1994-2021 (n = 1,646)
8
A 4 A
Records after duplicates removed
(n=2,533 + 69 = 2,602)
A 4
o Records screened (based on Records excluded
= title and abstract) o (n=2,304)
8 (n=2,602) "
O
N
A 4
Full-text articles assessed for
£ eligibility Full-text articles excluded
% (n=298) (n=142)
w
A\ 4
Studies included in qualitative
synthesis (n = 156)
@; &
E (Conference) abstracts included
in qualitative synthesis (n = 2)

Supplementary Figure 1. Prisma flow-diagram of the article selection process.
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Chapter 8

Abstract

Introduction: Epidemiological and experimental research suggests an association between
nontyphoidal Salmonella (NTS) and colon cancer development. Yet, the drivers and
potential mechanisms involved in this putative oncogenic role have not been deciphered.
This study aims to unravel a causal link between NTS and colon cancer from the bacterial

perspective.

Methods: We performed a matched case-control study based on NTS isolates obtained
from 30 individuals who were diagnosed with colon cancer later in life (i.e., case-isolates)
and 30 people without colon cancer diagnosis (i.e., control-isolates). All 60 NTS isolates
were subjected to the following experiments/analyses: a) in vitro infection and host cell
transformation assay; b) whole-genome sequencing; c) passage through an in vitro model
system resembling the human gastrointestinal tract; d) in vitro quantification of different
carbon (C-), nitrogen (N-), phosphorus (P-) and sulfur (S-) source utilization. The outcomes
of the different experiments and analyses were used to assess whether case-isolates were
different from control-isolates in terms of genotype or phenotype and whether this was

associated with transformation efficiency.

Results: Substantial variation was present in the isolates’ capacity to induce infection and
cellular transformation in vitro, with a tendency towards higher transformation efficiency
among the case-isolates. This could, however, not be explained by the genotype, neither were
significant genotypic differences observed between case- and control-isolates. However,
higher transformation efficiency was correlated with increased metabolic utilization capacity
of multiple N-, P- and S-sources.

Conclusion: The outcomes ofthisstudyindicateaphenotypicratherthanagenotypicdriverfor
transformation efficiency. Yet, RNA sequencing of the isolates can reveal whether expression
of genes differs between isolates with a high versus a low transformation efficiency.
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Introduction

In the last decades, the role of bacteria in the onset and progression of cancers is being
gradually acknowledged. Numerous mechanisms have been identified by which bacteria
manipulate the host during infection, for instance by alteration of the host signaling
pathways, the induction of chromosomal instability or prevention of apoptosis of damaged
cells [1]. While S. Typhi and Helicobacter pylori as causative agents of respectively gallbladder
and gastric cancer are well established, more species are added to the list of bacteria
(potentially) contributing to cancer formation. An example hereof includes nontyphoidal
Salmonella (NTS), which provokes cellular transformation in predisposed gallbladder
organoids, as well as the development of colon tumors in mice after oral infection with
the NTS serovar Typhimurium [2]. This was corroborated by an epidemiological study in
the Netherlands where a significant positive association was found between infection with
NTS and the risk of colon cancer (CC) [3]. In this registry-based study, routinely collected
surveillance data of confirmed human NTS infections were linked at the person-level to
nationwide CC diagnosis data. The overall risk of CC among people with a history of NTS
infection between 20-60 years of age was 1.5-fold higher as compared to the general Dutch
population. The association concerned particularly the proximal part of the colon, with
over a two-fold increased risk, whereas no excess risk of distal CC was observed after NTS
infection. The proximal colon is the most exposed part to NTS bacteria leaving the ileum
(i.e., were NTS mainly resides). Moreover, the CC risk appeared to be higher after infection
with the serovar Enteritidis as compared to Typhimurium or other serovars [3]. Whether
the observed differences in risk estimates between the serovars can be explained by a
difference in oncogenic capacity between NTS serovars or strains and which mechanisms
and/or pathways are involved, is not yet known. Moreover, much about how transformation
is maintained after Salmonella has been cleared from the host and which virulence factor(s)
might be involved in the oncogenicity of NTS remains to be elucidated. To address these
questions, we conducted a multi-faceted explorative study aiming to investigate the causal
link between NTS infection and CC from bedside to bench, at a molecular epidemiology
level. We first analyzed whether tumors obtained from people with a reported NTS infection
are different in nature compared to tumors from people without such history. Second,
we conducted a matched case-control study using a multi-angle approach, including in
vitro and in vivo experiments to assess the infection, invasion, cellular transformation and

metabolic capacities of NTS isolates as well as a genomic analysis of NTS isolates.
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Materials and methods

Part A - Pathology
Formalin-fixed paraffin-embedded (FFPE) tissue blocks of 24 patients with proximal CC with

a registered NTS infection in the past and 67 tissue blocks from age- and gender-matched
controls (with proximal CC) without such history were obtained from the Dutch nationwide
network and registry of histo- and cytopathology (PALGA).The tissue blocks were sectioned
and the sections stained and counter-stained according to standard protocols. The sections
were analyzed with immunohistochemistry for p53, c-MYC and MAPK/ERK. In addition,
the tumor grading was determined for each of the 91 CC patients by an experienced CC
pathologist.

Part B - Case-control study

We used data from the Dutch national surveillance program for Salmonella where public
health laboratories send NTS isolates from human salmonellosis patients to the National
Institute for Public Health and the Environment (RIVM) for serotyping [4]. This data was
previously used in the epidemiological study in which 65 people with a reported NTS
infection between January 1999-December 2015 were identified who developed proximal
CC=>1 year after the reported salmonellosis [3]. Of these 65 people, the NTS isolates from 30
people were still available for further analyses. We focused on cancers in the proximal part
of the colon (ICD-10 codes C180-C185), as the association between NTS and CC was strongest
for the proximal colon. Hence, we defined these 30 NTS isolates as cases. In addition, we
selected NTS isolates (in the surveillance database) obtained from people with salmonellosis
who did not develop CC during the period January 1999-December 2015 as controls. The 30
case isolates were matched on serovar, type of infection (enteric, septicemic, other [urinary,
wound etc.]), year of infection, age at infection and gender to 30 controls (1:1 ratio), totaling
60 isolates.

Gastrointestinal tract model system

Prior to assessing the cellular transformation capacities of the 60 NTS isolates, we studied their
host invasion and host infection potential in an in vitro model. The NTS isolates were cultured
overnight at 37°C and subsequently exposed to conditions resembling the human digestive tractin
a gastrointestinal tract (GIT) model system consisting of two parts: the simulated gastrointestinal
passage and the attachment and invasion assay (Supplementary Figure S1) [5-7]. First, an
overnight culture (ON) of each NTS isolate was sequentially exposed to simulated gastric fluid
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(SGF) and simulated intestinal fluid (SIF) at 37°C for 30 minutes and 2 hours, respectively.
After that, differentiated Caco-2 cells mimicking the small intestinal epithelium were inoculated
with the SGF/SIF/bacterial-mixture at 37 °C for 1 hour on a 12-well plate to test the bacterial
attachment (ATT) and invasion (INV) capacities. Between each step of the GIT model (ON, SGF,
SIF, ATT and INV), serial 10-fold dilutions of samples were made and NTS bacteria present were
enumerated. For quantification of attachment, 6 out of 12 wells containing the Caco-2 cells were
lysed (to release attached and invaded bacteria), whereas for enumeration of invaded bacteria
only, the other 6/12 wells were treated with gentamicin to kill attached bacteria before lysing cells
to release invaded NTS. Details about the cell cultures, the dilutions steps, the compositions of
SGF and SIF and the experimental procedures are described elsewhere [5-7]. The GIT model
was applied for each of the 60 NTS isolates separately. For analysis of the change in bacterial
count between each of the steps in the GIT model, we used a hierarchical Bayesian framework by
applying Markov chain Monte Carlo sampling assuming Poisson distributed bacterial counts and
lognormal distributed concentrations [6, 7]. Following the methodology of Wijnands et al. (2017),
we calculated the in vitro infectivity (expressed as log P[inf]) as the sum of all log changes in
NTS concentrations throughout the GIT model from the overnight culture until the concentration
of invaded bacteria. The bacterial count data for all GIT system stages of the 60 NTS isolates
were subjected to principal component analysis (PCA) to assess whether isolates obtained from
cases differ from those obtained from controls in terms of their behavior/survival in the GIT model

system [6]. Statistical analyses were performed in RStudio version 1.4 1103.

Bacterialstrainsandcelllinesfor NTSinfectionandtransformation
assays

S. Typhimurium strain SL1344 was a courtesy of S. Méresse [8]. This strain was used as
reference strain in the in vitro infection and transformation assays. Mouse Embryonic
Fibroblasts (MEFs) were derived from Arf-deficient C57BL/6 mice. MEFs overexpressing c-MYC
were generated by retroviral transduction using a pLZRS-GFP(ires)-HA backbone. MEFs were
cultured at 37°C, 5% CO2 in Dulbecco's Modified Eagle's Medium’(DMEM) (Invitrogen) [2].

In vitro NTS infection, CFU and transformation assays

NTS infection of MEFs was performed as described previously [9]. In brief, NTS were grown
overnight at 37°C in LB medium. The next day, the bacteria were sub-cultured at a dilution of
1:33in fresh LB medium and incubated for 2 hours at 37°C while shaking. Cells were infected
with NTS at multiplicity of infection (MOI) 20 in DMEM medium without antibiotics for 20

minutes at 37°C, 5% CO, in a tissue culture chamber and then incubated in the presence
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of 100 pg/mL gentamicin (GIBCO) for 1 hour to eliminate extracellular bacteria. In the CFU
assays, cells were lysed with lysis buffer (ddH20 + 1%NP-40), and serial dilutions of the
lysate were plated on LB plates. In the anchorage-independent growth assays, MEFs were
cultured for another 2 hours in the presence of 10 yg/mL gentamicin. The infected MEFs were
subsequently collected and resuspended in DMEM medium supplemented with 10 pg/mL
gentamicin and 0.35% low melting point agarose (UltraPure™, Invitrogen) and were poured
on a soft agar bottom layer consisting of 0.7% low melting point agarose in DMEM with 10
pg/mL gentamicin. Anchorage-independent cell growth and number of soft agar colonies
were assessed after 1-3 weeks of incubation at 37°C, 5% CO, using GelCountTM (Oxford
Optronix, UK). For microscopy analysis, samples were fixed with 4% paraformaldehyde for
10 min at room temperature, and stained with rabbit polyclonal anti-S. Typhimurium LPS
(Difco, Detroit, Ml) and DAPI (Life Technologies). Images were acquired using a Leica TCS SP8
(Leica Microsystems, Wetzlar, Germany) at 40x or 63x magnification. Every experiment was

performed in triplicate.

Genomic analysis

DNA extraction, whole genome sequencing (WGS) and assembly

As a next step in unraveling the role of NTS in cancer formation, we analyzed whether the
degree of transformation capacity of the NTS isolates could be explained by differences in
presence/absence of virulence genes. To this end, all 60 isolates were submitted to whole-
genome sequencing (WGS). DNA isolation, 2x125 bp paired-end library preparation and
WGS analysis on a HiSeq 2500 platform (lllumina) was performed by BaseClear (Leiden, the
Netherlands). All resulting fastq files were subjected to quality control with CheckM v1.0.7
[10], and de novo assembled using an in-house developed pipeline (https://github.com/
RIVM-bioinformatics/Juno_pipeline). The assembled genomes were analyzed with the SISTR
application to confirm the Salmonella serovar [11]. Genome annotation of the assembled
genomes was performed with Prokka v1.14.6 [12]. Next, the annotation data was used as
input for Roary v3.13.0 to construct the core- and accessory genome of the 60 isolates, with
a blastp identity cut-off of 95%, indicating a presence in at least 57/60 NTS isolates for a gene
to be defined as part of the core-genome [13]. The core genome alignment from Roary was
used to build a phylogenetic tree in RAXML v8.2.12 [14]. Single nucleotide polymorphisms
(SNPs) were extracted using parsnp v1.2 [15]. The large number of serovars in the dataset,
with consequently high genetic variability among the sequences, restrained us from
calling SNPs on the full dataset. Instead, we created subsets comprising only S. Enteritidis,
only S. Typhimurium, and both these serovars taken together. High density nucleotide
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polymorphisms were filtered out with Gubbins v2.3.4 [16]. Protein function annotation was

performed with Pannzer2 [17].

Genome-wide association analysis (GWAS)

Several genome-wide association tests were conducted using the R-package TreeWAS, which
accounts for recombination and population structure [18]. Reconstruction of ancestral
states was done with the parsimony method, and phylogenetic trees were constructed using
maximum likelihood (ML) phylogeny. For all association tests, Bonferroni correction was
applied to account for multiple testing. The outcome variable used in the association tests
was the ranked transformation capacity of the bacterial strains, as inferred from the in vitro
tests (see above). As differences in properties between bacterial strains may be the result
of a modified structure of proteins or mutations in regulatory regions, which cannot be
assessed from presence/absence of genes, we also performed the analysis at SNP (single

nucleotide polymorphism) level. Statistical analyses were performed with R v3.6.2.

Phenotype Microarray analysis

In addition to the genomic analyses, we investigated phenotypic traits of the 60 NTS isolates
by means of analyzing the utilization of carbon (C), nitrogen (N), phosphorus (P) and sulfur
(S) sources. For this, we used the BioLog® Phenotype MicroArray (plates PM1, PM3 and
PM4), which allows for high-throughput metabolic quantification of bacterial respiration
and growth on a range of different substrates [19, 20]. Briefly, the quantification is based
on redox technology, in which cell respiration is measured by the degree of irreversible
reduction of a tetrazolium dye. Following Biolog instructions, a cell suspension of each
individual cultured NTS isolate and a defined medium (including a dye) were added to 96-well
plates containing a single C-, N-, P-, or S-source in each well. Plates were incubated at 37°C
for 24h and color formation was measured every 15 minutes using an ELx808 Microplate
Reader and Gen5 software (BioTek). The analyses were performed twice for each of the 60
NTS isolates. The ratio of the integrals of each C-, N-, P-, and S-source and a negative control
(i.e. the PM1, PM3 and PM4 plates contain a negative control well without substrate for
each source type), was used as outcome for further analysis. An hierarchical cluster analysis
(HCA) and principal component analysis (PCA) was performed on the scaled data for each of
the three plates to compare the metabolic phenotypes of NTS isolates obtained from cases
versus controls taking into account the transformation capacity of the strains (as defined in

the transformation assays). The analyses were performed in RStudio version 1.4 1103.
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Results

Part A- Pathology

The objective of the pathology examination of the tumors was to determine whether the
patients with a history of (severe) salmonellosis have different types of tumors with regard
to the aforementioned markers as compared to the patients without such exposure. None
of the markers (p53, c-MYC, MAPK/ERK) was significantly associated with a history of reported
Salmonella infection. The tumors from patients with a history of Salmonella infection showed
a tendency to be less likely undifferentiated than those of the patients without a reported
Salmonella infection (odds ratio 0.21, 95% Cl 0.04-1.06; p 0.059) (Figure 1, Supplementary
Table S1 and Figure S2).

B0 = No hisiory of mporied Salmoneds infeciion 50
=3 Haicry of reperied Saimoneds infaction a8
]
ko
#
40 0
) pin []
— M 'I_I M . g
] T T T T Fim i AT e ety e ey (e
e Lirdemgrer Lyt [, ]
{re e e — Sftererraned
c-Myc immunahistodsection
Tumer staging
0 80
ED
40
& # 40
Ful
) H |_l
e T T T T @ T |_I- T T
Hagparion Uil nine eermatel e Sy poetion fmatan Lafcy joscs  buemedooly fostes  Saongly posave

P53 immunochistodetection MAPK/ERK immunohistedetection

Figure 1. Immunohistochemistry and tumor staging results of the colon tumor blocks from
patients with and without history of severe salmonellosis.
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Part B - Case-control study

Description of study population

Supplementary table S2 shows the characteristics of the patients from whom the 30 case
and 30 matched control NTS isolates were obtained. Two-third of the salmonellosis patients
were male. The median age at infection was 63 years (interquartile range [IQR] 51-72) for
controls and 67 years (IQR 55-76) for cases. Eleven different NTS serovars were included,
mostly Enteritidis (n=22) and Typhimurium (including its monophasic variant) (n=18) (Figure
2, Supplementary table S2). Serovars other than Typhimurium and Enteritidis are hereafter
referred to as ‘other’. The vast majority (87%) of isolates were obtained from feces (i.e.
enteric infections). One pair of Typhimurium isolates were obtained from blood or other
normally sterile sites (i.e. invasive infections) and three pairs of isolates, belonging to the
serovars Enteritidis, Typhimurium and Hadar, were obtained from urine or wound infections

(Supplementary table S2).
Total n=60
Albany Bareilly
Typhimurium Bovismorbificans
Braenderup
Thompson
Newport Enteritidis
London

Kentucky Hadar

Figure 2. Serovar distribution of the 60 nontyphoidal Salmonella isolates.

Gastrointestinal tract model system

The mean in vitro infectivity (P[inf]) tends to be higher in NTS isolates obtained from cases
(-1.74 + 0.69; range -5.60 / -0.08) as compared to isolates obtained from controls (-1.39 +
0.20; range -3.30 / -0.22), though (just) not statistically significant (paired t-test: t(29): 1.85,
p 0.07). Figure 3 shows the log fractions of surviving bacteria in each of the four transitions
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(SGF/ON, SIF/SGF, ATT/SIF, INV/ATT) of the GIT model for isolates obtained from cases versus
controls as well as the mean in vitro infectivity. No statistically significant difference was
observed between isolates obtained from cases versus controls for all four transitions (based
on conditional logistic regression analysis). These results were confirmed by the outcomes
of the PCA in which no clusters could be observed (Supplementary Figure 3). In fact, the
data showed a negative correlation between the level of attachment (ATT_SIF) and invasion
(INV_ATT), as well as between the amount of bacteria surviving the gastric fluid (SGF_ON)

and those surviving intestinal fluid (SIF_SGF), as indicated by the arrows in Supplementary

Figure 3.
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Figure 3. Log transformed fractions of bacterial counts in each of the transitions (survival of gastric
fluid and intestinal fluid, attachment and invasion) in the gastrointestinal tract (GIT) model system
for nontyphoidal Salmonella isolates obtained from cases vs. controls. SGF_ON: simulated gastric
fluid vs. overnight bacterial culture; SIF_SGF: simulated intestinal fluid vs. simulated gastric fluid;
ATT_SIF: attachment vs. simulated intestinal fluid; INV_ATT: invasion vs. attachment; P(inf): mean in
vitro infectivity (INV/ON).
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Infection and transformation assays

In the in vitro analyses, the infection and transformation capacity of the 60 NTS strains was
assessed in Arf-/- + c-MYC MEFs. Infection and transformation capacities were normalized
against the S. Typhimurium reference strain. Ten isolates, belonging to the serovars Enteritidis
(n=4), Typhimurium (n=2), Albany (n=1), Bovismorbificans (n=1), Hadar (n=1) and Newport
(n=1) failed to infect the MEFs (Figure 4). These included eight control isolates and two case
isolates. Case isolates had a lower average infection efficiency compared to control isolates
(0.55 vs. 0.58), whereas the opposite was true for the transformation efficiency (1.62 vs. 1.17)
(Figure 4, Figure 5). Twenty-four isolates showed a higher infection efficiency as compared
to the S. Typhimurium reference strain, 14 of these were case isolates (n=6 Typhimurium,
n=4 Enteritidis, n=4 other serovars) (Figure 4, Supplementary Figure S4a, S4c). With regard to
transformation efficiency, 18 case isolates (60%) and 10 control isolates (33%) showed a higher
transformation efficiency as compared to the reference strain (Figure 5, Supplementary Figure
S4b, S4d). Yet, the differences in infection and transformation capacity did not reach the level
of significance (t-tests, both the infection and transformation capacities were not significantly
higher for case isolates as compared to control isolates). Nonetheless, there was a tendency
towards higher similar/higher infection efficiency in the case isolates (Figure 4). Likewise, case
isolates were associated with higher transformation efficiencies, (Figure 5b, 5c).
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Figure 4. Mean infection potential of the 60 nontyphoidal Sa/monellaisolates obtained from cases (n=30;
red bars) and controls (n=30; green bars) expressed in colony forming units (CFU) normalized against
the infection efficiency of the S. Typhimurium reference strain. Results derive from three independent
experiments with technical triplicates. Ten isolates were unable to infect mouse embryonic fibroblasts.
Isolates with an infection efficiency >0.1 performed better than the laboratory strain.
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Transformation efficiency
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Figure 5. Mean transformation efficiencies of the nontyphoidal Salmonella isolates obtained from
cases (n=30; red bars) and controls (n=30; green bars) normalized against the transformation
efficiency of the S. Typhimurium reference strain. Results derive from three independent experiments
with technical triplicates. Isolates with a transformation efficiency >1 performed better than the
laboratory strain. Isolate ‘London_control’ shows an unexpected high transformation efficiency,
likely as a result of sample contamination.

Genomic analysis

The genes in the pangenome of NTS as inferred by Prokka and Roary were used to inform
the association tests performed by TreeWAS. We restricted the analysis to S. Enteritidis and S.
Typhimurium isolates as these totaled 22 and 18 isolates respectively (in contrast to all other
serovars with 2-4 isolates each). Presence of five genes appeared significantly associated with
a higher transformation efficiency in the S. Typhimurium subset and four in the combined
Enteritidis/Typhimurium subset (Supplementary Table S3). One of the significant genes of the
S. Typhimurium subset and three from the combined Enteritidis/Typhimurium subset had
unknown functions. For the remaining genes, functional annotation revealed three proteins
involved in UV protection and mutation of which two are part of the bacterial SOS response
to DNA damage (UmuC and UmuD). There were seven SNPs significantly associated with the
ranked transformation efficiency of each of S. Enteritidis and S. Typhimurium subsets, and
only one SNP significantly associated with the combined Enteritidis/Typhimurium subset. The
genes in which these SNPs are located were associated with several functions including DNA

cleavage and transcription activities (Supplementary Table S3).

292



From bedside to bench

Metabolic characterization of NTS isolates

In the metabolic analysis of bacterial phenotypes we analyzed 95 sole sources of carbon
(PM1), 95 nitrogen sources (PM3) and 59 and 35 sole sources of respectively phosphorus and
sulfur (PM4) (Supplementary Table S4). Conditional logistic regression was used to assess
the association between substrate utilization and the likelihood of the host being diagnosed
with colon cancer later in life. We observed a significant (p<0.05) positive association
between isolates from cases and utilization of 11 substrates (10 phosphorus sources, 1
nitrogen source) and a negative association for 10 substrates (7 nitrogen sources, 3 carbon
sources). Spearman’s rank correlation test revealed 135 significant positive correlations
and 34 significant negative correlations between substrate utilization and transformation
efficiency (Supplementary Table S4). After Bonferroni correction for multiple testing, 76
positive correlations remained, comprising 34, 27 and 15 N- and P-/S-sources respectively.
The remaining eight significant inverse correlations included 6 carbon sources and 2 sulfur
sources (Supplementary Table S4). The tendency towards increased substrate utilization
for isolates with a higher transformation efficiency was particularly pronounced for amino
acids and several phosphorus sources. Before conducting a PCA, we defined the optimal
clustering method for hierarchical clustering. The average linkage clustering showed the best
fit to the data (lowest Gower distance and highest cophenetic correlation). Supplementary
Figure S5 shows the heatmap of the scaled utilization scores of all 60 NTS isolates for the
76 positive correlations and eight inverse correlations with isolates being clustered using
average linkage. PCAs on the scaled data revealed that the first two principal components
(PCs) accounted for 58.7-63.5% of the total variance for the three plates (Supplementary
Figures S6-S8). Ninety percent of the variance was explained by 13, 15 and 14 PCs for C-,
N- and P-/S-sources respectively. Figure 6 shows the heatmaps of the nutrient utilization of
the 60 isolates for the 20 nutrients with the highest contribution to the variance in the data,
for the C-, N- and P-S-plate respectively. Particularly for several amino acids, peptides and
phosphorus and sulfur sources the degree utilization tends to be higher for isolates with
a higher transformation efficiency (part of the sources as also depicted in Supplementary
Figure S5).
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Figure 6. Heatmap of scaled utilization scores of the 60 nontyphoidal Salmonella (NTS) isolates for the
top 20 sources mostly contributing to the variance in the carbon (A), nitrogen (B) and phosphorus/sulfur
(C) data. NTS isolates are clustered based their utilization scores using the average linkage method. Left
annotation depicts the group (case vs. control) and transformation efficiency (in four categories).
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Discussion

Colon cancer ranks among the highest cancer incidences worldwide and the complexity
of all microbial factors putatively contributing to the development of colon tumors is
gradually being acknowledged. Literature on the role of microorganisms reveals a number
of commensal and pathogenic bacteria associated with the induction of malignancies and
progression of tumor growth. Yet, from a mechanistical perspective, a lot is unknown
about possible pathways involved and whether the oncogenic potential of bacteria might
be attributable to certain bacterial genes. For several bacteria, the oncogenic potential is
restricted to strains/serotypes expressing specific genes or producing toxins [21-23]. With
regard to NTS, multiple (effector) proteins have been identified that manipulate host cell-
signaling pathways to escape immunity, reduce inflammation and apoptosis and enhance
bacterial proliferation [1]. As collateral damage from host cell manipulation induced in the
infection cycle, host cells can enter a cancerous state as part of the multistep process of
cancer formation [1]. Whether the possible tumorigenic potential of NTS is attributable to

serovar specific traits or genes is not yet investigated.

Here we describe the first study assessing possible genotypic or phenotypic traits of NTS
related to cell transformation potential. Also we compared characteristics and markers of
tumors derived from proximal colon cancer patients with a notified Sa/monella infection
in the past (Salmonella*) to tumors from patients without such reported infection
(Salmonellar). A higher portion of tumors from Salmonella* patients were well-differentiated
as compared to tumors from Salmonella patients. Generally, well-differentiated (low-grade)
tumors have a much better prognosis compared to poorly-differentiated tumors. These
outcomes correspond to earlier research which revealed also a slightly higher percentage
of well-differentiated proximal colon tumors in patients with a past Salmonella infection
[3]. Immunohistochemistry of the tumor suppressor p53 and proto-oncogene c-MYC
showed excess staining in tumors from Salmonella* patients, though not significant. Yet,
many of the tissue samples were old and have been stored at different places throughout
the Netherlands which presumably affected the labelling. Mutations in p53 and c-MYC
are frequently observed in cancer patients, high levels of p53 staining are indicative for
(mutated) inactivated p53 whereas c-MYC overexpression is presumably associated with
tumor staging [2, 24-26]. Earlier experimental research showed that S. Typhimurium is able
to induce tumor formation in mice as well as cellular transformation in gallbladder organoids
and MEFs when these organisms/cell harbored inactivated p53 and overexpressed c-MYC
[2]. The outcomes of a previous study corroborated this and we here demonstrate that also
other NTS strains are able to induce the cellular transformations in MEFs [27].
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Substantial variation in infection and transformation efficiency was observed between the
isolates. Despite the lack of significant correlations between infectivity and transformation
efficiency and disease outcome (cancer or no cancer), there was a tendency towards a higher
transformation efficiency for the case-isolates. To our knowledge, this is the first study
in which the transformation capacity was assessed for multiple NTS isolates allowing for
comparison between isolates. In earlier studies, transformation assays were performed with S.
Typhimurium [2, 27], yet our study clearly showed that other serovars might have an even
higher transformation capacity. The results of the genomic analysis suggest several proteins
involved in SOS response to be associated with transformation capacity in the S. Typhimurium
subset. Nonetheless, these results should be interpreted with caution, as variants of the same
gene might be differentially present between S. Typhimurium isolates. We observed this for the
gene encoding the UmuC protein (data not shown). Whether a higher transformation capacity
is related to restricted variants of genes (as could be for the UmuC gene) or the number of
copies or variants presentis not yet known. Furthermore, we observed several SNPs associated
with transformation capacity in the S. Enteritidis, S. Typhimurium and combined Enteritidis/
Typhimurium subsets. The functions of the genes in which these SNPs were located were
diverse and did not consistently indicate a possible role in cellular transformation.

The phenotypic microarray assay showed significant correlations between transformation
efficiency and utilization scores of several nitrogen, phosphorus and sulfur sources. A
high degree of metabolic flexibility confers a biological advantage for the bacterium as
the availability and amount of nutrients changes during its infectious cycle [28]. Several
putrefaction pathways have been identified by which commensal and pathogenic bacteria
utilize amino acids released during fermentation of undigested proteins by resident bacteria
[29]. During amino acid fermentation harmful metabolites such as H,S, amines, phenol,
indole and histidine are produced. Some of these metabolites have been associated with
progression of colon cancer [29, 30]. How the metabolic signatures of specific NTS strains
might induce a cascade of events and which pathways can be involved, will be the subject
of further studies. A limitation of this study, which might have affected the observations, is
the large portion (70%) of cases with a reported Salmonella infection above the age of 60.
The risk of colon cancer increases substantially in older people, mostly as a result of the
age-related accumulating of mutations associated with cancer [31]. This might have diluted
some of the results, though unfortunately the sample size restrained us from restricting the

analysis to the younger subgroups.

The outcomes of this study suggest that the oncogenic potential of Salmonella is better

explained by phenotypic rather than genotypic traits of the isolates. Despite the absence of
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relevant significant associations between gene presence and transformation in our study,
we consider supplementing the genomic analyses with RNA sequencing analyses a good step
forwards to improve our understanding of the underlying mechanisms. RNA sequencing
provides information about the genes actually expressed rather than the presence/absence
of genes and gene mutations as identified by DNA sequencing. This method revealed that the
degree of pathogenicity among relatively genetically homogeneous strains of S. Enteritidis
can be attributed to a multitude of genes differentially expressed between high and low
pathogenic strains. Those genes were distributed over a range of functional classes including
carbohydrate and amino acid metabolism, biogenesis and cell motility [32]. Applying RNA
sequencing to the 60 NTS strains in our study might potentially identify differences between

case- and control-isolates relevant for tumorigenesis.

Overall, this study revealed that tumors from colon cancer patients with a notified Salmonella
infection in the past differ from tumors obtained from patients without such reported
Salmonella infection with regard to tumor differentiation, yet tumor markers were not
different between those groups. Moreover, the capacity to induce cellular transformation
in MEFs varied between Salmonella isolates, with a tendency towards better transformation
efficiency for isolates derived from people who were diagnosed with colon cancer later
in life. This transformation efficiency was significantly correlated to utilization capacity
of multiple nitrogen, phosphorus and sulfur sources. More in depth research is needed
to unravel possible mechanisms and metabolic pathways which might be involved in the

Salmonella-induced colon cancer development/progression.
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Supplementary material
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Figure S1. Schematic representation of the simulated gastrointestinal passage (A) and the
attachment and invasion assay (B) of the gastrointestinal tract (GIT) model system. NTS: nontyphoidal
Salmonella. Adapted from: Wijnands LM, Teunis PF, Kuijpers AF, Asch DV, Ellen HM, and Pielaat A.
(2017). Quantification of Sa/monella survival and infection in an in vitro model of the human intestinal
tract as proxy for foodborne pathogens. Front. Microbiol., 8, 1139.
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Table S1. Immunohistochemistry and tumor staging results of the colon tumor blocks from patients

with and without history of severe salmonellosis.

No history of reported NTS

History of reported NTS

infection infection
Differentiation
Negative (no tumor) 2(3.13%) 1(4.17%)
Well differentiated 27 (42.19%) 14 (58.33%)
Intermediately differentiated 17 (26.56%) 7 (29.17%)
Undifferentiated 18 (28.13%) 2 (8.33%)
c-MYC
Negative 4 (8.51%) 1(5.56%)
Lightly positive 18 (38.30%) 7 (38.89%)
Intermediately positive 12 (25.53%) 2(11.11%)
Strongly positive 13 (27.66%) 8 (44.44%)
MAPK/ERK
Negative 27 (61.36%) 7 (38.89%)
Lightly positive 7 (15.91%) 5(27.78%)
Intermediately positive 9 (20.45%) 6 (33.33%)
Strongly positive 1(2.27%) 0 (0.00%)
P53
Negative 0 (0.00%) 0 (0.00%)
Lightly positive 19 (31.15%) 9 (42.86%)
Intermediately positive 15 (24.59%) 0 (0.00%)
Strongly positive 27 (44.26%) 12 (57.14%)

NTS: nontyphoidal Sa/monella.
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Figure S2. Principal component analysis of colon tumor blocks from colon cancer patients with
(red dots) a without (black dots) reported history of Salmonella infection as a function of tumor
differentiation and immunochemistry (markers p53, ¢-MYC, and fosfo-AKT/ERK). The principal
components 1 and 2 respectively explain 32% and 28% of the total variance in the data.
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Figure S3. Principal component analysis (PCA) biplot of the fractions of enumerated bacteria in the
steps of the gastrointestinal tract (GIT) model system for all 60 nontyphoidal Salmonella (NTS)
isolates. The color scale of the dots reflects the log P(inf). The principal components (PC) 1 and PC2
explained 36.9% and 27.5% of the variance in the data respectively.
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Table S2. Characteristics of the nontyphoidal Sa/monella infection in individuals who developed
colon cancer later in life (i.e. cases) versus those who did not develop cancer (i.e. controls).

Pair Case/ Follow-up  Serotype Type of Age at Gender
control (years) infection infection
#1 Case 13.6 Enteritidis Enteric 50-54 Female
Control - Enteritidis Enteric 50-54 Female
#2 Case 10.4 Enteritidis Enteric 35-39 Female
Control - Enteritidis Enteric 30-34 Female
#3 Case 5.4 Enteritidis Enteric 70-74 Female
Control - Enteritidis Enteric 65-69 Female
#4 Case 2.6 Enteritidis Enteric 40-44 Female
Control - Enteritidis Enteric 40-44 Female
#5 Case 9.9 Enteritidis Other 65-69 Male
Control - Enteritidis Other 65-69 Male
#6 Case 1.3 Enteritidis Enteric 45-49 Female
Control - Enteritidis Enteric 45-49 Female
#7 Case 3.4 Enteritidis Enteric 55-59 Female
Control - Enteritidis Enteric 55-59 Female
#8 Case 7.8 Enteritidis Enteric 75-79 Female
Control - Enteritidis Enteric 75-79 Female
#9 Case 4.0 Enteritidis Enteric 75-79 Male
Control - Enteritidis Enteric 75-79 Male
#10 Case 4.0 Enteritidis Enteric 75-79 Female
Control - Enteritidis Enteric 70-74 Female
#11 Case 1.9 Enteritidis Enteric 70-74 Female
Control - Enteritidis Enteric 70-74 Female
#12 Case 5.4 Typhimurium Enteric 60-64 Male
Control - Typhimurium Enteric 60-64 Male
#13 Case 13.7 Typhimurium Enteric 35-39 Male
Control - Typhimurium Enteric 35-39 Male
#14 Case 34 Typhimurium Enteric 65-69 Male
Control - Typhimurium Enteric 70-74 Male
#15 Case 2.1 Typhimurium* Other 75-79 Male
Control - Typhimurium* Other 75-79 Female
#16 Case 1.1 Typhimurium Enteric 50-54 Male
Control - Typhimurium Enteric 50-54 Male
#17 Case 4.3 Typhimurium Septicemic 65-69 Male
Control - Typhimurium* Septicemic 60-64 Female
#18 Case 3.0 Typhimurium* Enteric 70-74 Female
Control - Typhimurium* Enteric 70-74 Female
#19 Case 1.5 Typhimurium Enteric 75-79 Female
Control - Typhimurium* Enteric 75-79 Female
#20 Case 1.1 Typhimurium* Enteric 75-79 Female
Control - Typhimurium* Enteric 75-79 Female
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Pair Case/ Follow-up  Serotype Type of Age at Gender
control (years) infection infection
#21 Case 3.1 Albany Enteric 60-64 Female
Control - Albany Enteric 50-54 Female
#22 Case 4.3 Bareilly Enteric 70-74 Male
Control - Bareilly Enteric 20-24 Female
#23 Case 7.1 Bovismorbificans Enteric 65-69 Female
Control - Bovismorbificans Enteric 65-69 Female
#24 Case 8.0 Bovismorbificans Enteric 60-64 Male
Control - Bovismorbificans Enteric 50-54 Female
#25 Case 11.5 Braenderup Enteric 60-64 Female
Control - Braenderup Enteric 50-59 Male
#26 Case 1.1 Hadar Other 75-79 Female
Control - Hadar Other 70-74 Female
#27 Case 1.9 Kentucky Enteric 50-54 Male
Control - Kentucky Enteric 50-54 Male
#28 Case 4.2 London Enteric 65-69 Female
Control - London Enteric 65-69 Female
#29 Case 4.3 Newport Enteric 50-54 Female
Control - Newport Enteric 50-54 Female
#30 Case 2.5 Thompson Enteric 75-79 Male
Control - Thompson Enteric 75-79 Male

*monophasic variant as shown by WGS analysis.
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Figure S4. Mean infection and transformation efficiency of the 22 S. Enteritidis isolates (a, b) and 18
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Table S3. Genes and SNPs significantly associated with transformation efficiency in S. Enteritidis, S.
Typhimurium and combined Typhimurium/Enteritidis subsets.

Gene name

Annotation

Gene function

S. Typhimurium subset

group_2788

group_2807

group_1096

group_420
umubD_2

DNA-invertase hin
[ https://www.uniprot.org/uniprot/
P03013]

protein ImpC
[ https://www.uniprot.org/uniprot/
POA1GO ]

protein UmuC

unknown

protein umuD
[ https://www.uniprot.org/uniprot/
P22493 ]

Synthesis of phase-2 flagellin.

Belongs to the imp operon which
has a function in UV protection
and mutation.

Functions in UV protection and
mutation, induced/SOS mutation.

unknown

Functions in UV protection and
mutation, induced/SOS mutation.

Combined S. Typhimurium and S. Enteritidis subset

group_2065
group_2540
group_4752
group_4753

unknown
unknown
unknown

regulatory protein rop
[ https://www.uniprot.org/uniprot/
P03051 ]

unknown
unknown
unknown

Regulatory role in plasmid DNA
replication.

SNP locus name
[gene name]

S. Enteritidis subset

Annotation

Gene function

502 [ehaB]
503 [res]
504 [res]
505 [res]
506 [hsdR]

507 [unknown]
508 [wcal]

Autotransporter/virulence factor

Type Ill restriction-modification
system endonuclease

Type lll restriction-modification
system endonuclease

Type lll restriction-modification
system endonuclease

Type | restriction enzyme R
protein

Cytoplasmic protein

Glycosyltransferase, group 1
family protein

Cell surface protein. Biofilm
formation.

DNA cleavage.

DNA cleavage.

DNA cleavage.

DNA cleavage. Nuclease and
ATPase activities.

unknown
Glycosyltransferase activity.

S. Typhimurium subset

1926 [yegE]

2058 [Yacl]
2154 [unknown]
2367 [hxIA]

Anti-FIhC(2)FIhD(4) factor YdiV

UPF0231 protein YacL
ISNCY family transposase

Putative hexulose 6 phosphate
synthase

Transcription regulation.
Virulence.

unknown
unknown

Formaldehyde fixation (ribulose
monophosphate pathway).
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Gene name Annotation Gene function

3604 [rfaB]

Lipopolysaccharide core
heptose(l) kinase

Adding glycosyl residue to
the core lipopolysaccharide.
Detergent resistance.

3751 [rpoB] DNA-directed RNA polymerase

subunit beta

Catalyzation of the transcription
of DNA into RNA.

4579 [unknown] RpoE-regulated lipoprotein unknown
Combined S. Typhimurium and S. Enteritidis subset

20679 [oppA]

Periplasmic oligopeptide-binding
protein

Peptide transmembrane
transporter activity.

SNP: single nucleotide polymorphism.
IQR: interquartile range."

Table S4. Median and interquartile range of carbon, nitrogen, phosphorus and sulfur source
utilization by case isolates (n=30) and control isolates (n=30) and Spearman correlation coefficient
(rho) and p-value for the correlation between source utilization and transformation efficiency.

Control isolates Case isolates Spearman
Median (IQR) Median (IQR) rho p-value Sig

PM1 - carbon sources

L-Arabinose 1.72(1.26-2.31)  1.62(1.30-2.22) -0.2350 0.071
N-Acetyl-D-Glucosamine 2.44(1.48-3.02) 2.06(1.50-2.58) -0.3716 <0.01
D-Saccharic Acid 2.45(1.01-3.56) 2.89(1.27-3.22) 0.4127 <0.01
Succinic Acid 3.03(2.44-3.94) 3.01(2.73-3.62) 0.1880 0.150
D-Galactose 2.71(1.88-3.56) 2.32(2.03-3.22) -0.3101 <0.05
L-Aspartic Acid 2.91(2.34-3.71)  3.03(2.62-3.47) 0.1431 0.276
L-Proline 3.13(2.35-3.93) 3.10(2.76-3.79) 0.2184 0.094
D-Alanine 2.58(1.60-3.08) 2.58(2.24-3.02) 0.3207 <0.05
D-Trehalose 2.79(1.82-3.83) 2.41(1.88-3.20) -0.2954 <0.05
D-Mannose 2.35(1.73-3.04) 2.04(1.72-2.84) -0.3079 <0.05
Dulcitol 2.62(2.04-3.45) 2.49(1.98-3.16) -0.2152 0.099
D-Serine 3.52(2.68-4.25) 3.32(2.97-3.60) 0.0699 0.595
D-Sorbitol 2.97(2.45-3.47) 2.78(2.20-3.12) -0.1900 0.146
Glycerol 3.31(2.56-4.32) 3.24(2.88-3.74) 0.1173  0.372
L-Fucose 2.37(2.04-3.14)  2.25(1.94-3.04) -0.1807 0.167
D-Glucuronic Acid 3.95(3.07-4.58) 3.70(3.28-4.47) 0.0440 0.739
D-Gluconic Acid 3.88(3.28-4.79) 3.97(3.55-4.79) 0.1120 0.394
D,L-a-Glycerol-Phosphate 3.49(2.66-4.06) 3.31(2.93-3.86) 0.1332 0.310
D-Xylose 2.03(1.36-2.83) 2.41(1.68-3.05) 0.1695 0.195
L-Lactic Acid 3.08 (2.56-3.58) 3.03(2.72-3.61) 0.1313 0.317
Formic Acid 0.98(0.93-1.13)  0.99(0.92-1.10) 0.3365  <0.05
D-Mannitol 2.50(1.74-3.20)  1.97 (1.65-2.74) -0.3204 <0.05
L-Glutamic Acid 2.18(1.85-2.88) 2.00(1.75-2.44) -0.0356 0.787
D-Glucose-6-Phosphate 4,19 (3.72-4.89) 4.38(3.65-5.09) -0.0166 0.900
D-Galactonic Acid-y-Lactone 1.92(1.29-2.50) 1.45(1.06-1.91) -0.5263 <0.001 +
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Control isolates Case isolates

Median (IQR)

Median (IQR)

D,L-Malic Acid
D-Ribose

Tween 20

L-Rhamnose
D-Fructose

Acetic Acid
a-D-Glucose

Maltose

D-Melibiose

Thymidine
L-Asparagine
D-Aspartic Acid
D-Glucosaminic Acid
1,2-Propanediol

Tween 40
a-Keto-Glutaric Acid
a-Keto-Butyric Acid
a-Methyl-D-Galactoside
a-D-Lactose

Lactulose

Sucrose

Uridine

L-Glutamine
M-Tartaric Acid
D-Glucose-1-Phosphate
D-Fructose-6-Phosphate
Tween 80

a-Hydroxy Glutaric Acid-y-Lactone

a-Hydroxy Butyric Acid
B-Methyl-D-Glucoside
Adonitol

Maltotriose

2-Deoxy Adenosine
Adenosine
Glycyl-L-Aspartic Acid
Citric Acid

M-Inositol
D-Threonine

Fumaric Acid

Bromo Succinic Acid
Propionic Acid

Mucic Acid

Glycolic Acid

2.77 (2.14-3.60)
2.46 (1.48-3.19)
2.24(1.72-2.95)
2.06 (1.54-2.54)
2.83(1.88-3.26)
2.13(1.37-2.52)
2.57(1.93-3.16)
2.74(2.13-3.76)
2.76 (2.16-4.35)
3.34(2.69-3.78)
2.87(2.28-3.77)
1.91 (1.56-2.31)
3.09 (2.43-4.05)
0.98 (0.91-1.05)
2.48(1.72-3.17)
1.18(1.11-1.34)
1.96 (1.44-2.57)
3.13(2.49-4.22)
1.18 (1.06-1.32)
0.86 (0.63-0.97)
1.05 (1.01-1.14)
3.95(2.76-5.17)
1.95 (1.54-2.21)
2.07 (1.23-2.83)
3.06 (1.90-3.90)
3.78 (2.66-4.51)
1.98 (1.47-2.45)
1.13(0.92-1.31)
1.88 (1.56-2.64)
1.45 (1.29-1.76)
1.10 (1.05-1.18)
3.01 (2.48-4.01)
4.01(3.39-5.13)
4.37 (3.40-5.05)
2.47 (1.98-2.95)
2.95(1.37-3.63)
0.99 (0.89-1.21)
0.95 (0.88-1.16)
2.88(2.26-3.37)
2.35(1.71-2.98)
2.29(1.30-2.92)
2.11(1.05-3.45)
0.94 (0.80-0.99)

2.86 (2.53-3.44)
2.44(2.01-2.84)
2.19(1.95-2.84)
1.66 (1.43-2.20)
2.31(1.84-2.88)
2.11(1.83-2.60)
2.02(1.62-2.83)
2.63(2.19-3.07)
2.87(2.07-3.39)
3.15(2.66-3.56)
2.93(2.64-3.42)
2.01(1.80-2.33)
3.08 (2.67-3.63)
0.99 (0.86-1.04)
2.41 (2.25-2.86)
1.23(1.12-1.33)
2.02(1.80-2.31)
2.74(2.31-3.52)
1.23(1.12-1.28)
0.70 (0.57-0.85)
1.13(0.98-1.22)
3.97 (3.48-4.96)
1.85(1.59-2.34)
2.12(1.55-2.34)
3.41(2.34-3.90)
3.82(3.43-4.64)
2.04 (1.87-2.45)
1.03(0.78-1.18)
2.05(1.83-2.28)
1.66 (1.33-1.80)
1.10(1.01-1.16)
2.79 (2.48-3.59)
3.81(3.33-4.54)
3.84(3.38-4.57)
2.18(2.05-2.75)
2.99 (2.68-3.44)
0.90 (0.72-1.52)
0.93(0.80-1.05)
2.85(2.37-3.20)
2.35(1.96-2.80)
2.35(2.04-2.71)
2.52(1.11-3.11)
0.86 (0.75-1.01)

Spearman

rho p-value Sig
0.1081  0.411
0.0543  0.680
0.2136  0.101
-0.3300 <0.05
-0.3292 <0.05
0.1909  0.144
-0.2838 <0.05
-0.2182 0.094
-0.2008 0.124
0.1426  0.277
0.2035 0.119
0.2859  <0.05
0.1207  0.358
-0.0462 0.726
0.3645  <0.01
0.3115 <0.05
0.0471  0.721
-0.1918 0.142
0.3368 <0.05
-0.4206 <0.01
0.1119  0.395
0.1195 0.363
-0.0308 0.815
0.0718  0.585
0.2860  <0.05
0.3266  <0.05
0.3719  <0.01
-0.2633  <0.05
0.1966  0.132
0.2906  <0.05
-0.0123  0.926
-0.2102  0.107
-0.1582  0.227
-0.127  0.335
0.138 0.294
0.359 <0.01
0.010 0.940
-0.268  <0.05
0.015 0.913
0.155 0.237
0.278 <0.05
0.298 <0.05
-0.135  0.303
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Chapter 8

Control isolates Case isolates

Median (IQR)

Median (IQR)

Glyoxylic Acid

D-Cellobiose

Inosine

Glycyl-L-Glutamic Acid
Tricarballylic Acid

L-Serine

L-Threonine

L-Alanine

L-Alanyl-Glycine
Acetoacetic Acid
N-Acetyl-B-D-Mannosamine
Mono Methyl Succinate
Methyl Pyruvate

D-Malic Acid

L-Malic Acid
Glycyl-L-Proline

p-Hydroxy Phenyl Acetic Acid
m-Hydroxy Phenyl Acetic Acid
Tyramine

D-Psicose

L-Lyxose

Glucuronamide

Pyruvic Acid

L-Galactonic Acid-y-Lactone
D-Galacturonic Acid
Phenylethylamine
2-Aminoethanol

1.37(0.98-1.76)
1.29(1.16-1.86)
4.26 (3.37-5.42)
2.45 (1.76-2.87)
3.41(2.48-4.07)
3.40 (2.84-4.32)
1.34(1.02-1.76)
2.44 (1.56-3.08)
2.67(2.02-3.32)
1.00 (0.84-1.19)
3.27(2.73-3.91)
1.10(0.93-1.33)
3.21(2.67-4.01)
0.81(0.63-0.96)
2.87 (2.24-3.56)
2.60(1.88-3.09)
3.02(2.31-3.77)
3.01(2.36-3.73)
2.76 (1.31-3.58)
1.51(1.27-1.80)
0.78 (0.70-0.98)
1.01(0.76-1.10)
3.64 (2.85-4.59)
0.92 (0.69-1.01)
0.99(0.79-1.07)
0.77 (0.64-0.95)
0.84 (0.64-0.98)

1.39(1.07-1.66)
1.28 (1.19-1.90)
3.95(3.33-5.46)
2.28 (2.20-2.83)
3.39(2.85-3.85)
3.44 (2.96-3.97)
1.21(1.04-1.77)
2.63(2.30-3.00)
2.64 (2.41-3.36)
0.99 (0.88-1.14)
3.01(2.72-3.47)
1.09 (0.86-1.36)
2.89(2.53-3.73)
0.67 (0.55-0.86)
2.71(2.46-3.44)
2.56 (2.24-2.91)
2.92 (2.64-3.47)
2.98 (2.65-3.51)
2.95(2.62-3.35)
1.47 (1.31-1.79)
0.75 (0.62-0.88)
0.82 (0.68-0.97)
3.46 (2.95-4.31)
0.72 (0.65-0.94)
0.85(0.75-1.03)
0.69 (0.59-0.81)
0.71 (0.56-0.89)

PM3 - Nitrogen sources

Ammonia
Nitrite

Nitrate

Urea

Biuret
L-Alanine
L-Arginine
L-Asparagine
L-Aspartic Acid
L-Cysteine
L-Glutamic Acid
L-Glutamine
Glycine
L-Histidine
L-Isoleucine

1.00(0.98-1.12)
0.88 (0.85-0.96)
0.96 (0.93-0.99)
0.95 (0.92-1.00)
0.98 (0.93-1.02)
2.77 (1.02-3.91)
1.83(1.10-3.40)
2.54(1.01-4.26)
1.47 (1.01-3.77)
6.56 (1.07-8.18)
1.94(1.12-3.03)
3.19(1.17-4.34)
2.20(1.04-3.56)
2.83(1.09-3.92)
0.99 (0.97-1.01)

1.00(0.98-1.72)
0.87(0.80-0.92)
0.94 (0.87-0.99)
0.93 (0.85-0.98)
0.95 (0.85-1.00)
3.43(2.13-3.84)
2.94 (1.72-3.58)
3.71(2.04-4.18)
2.74 (1.65-3.96)
6.69 (3.09-8.41)
2.36(1.58-3.20)
3.97 (2.73-4.72)
3.31(1.97-3.87)
3.43(2.07-4.46)
1.00(0.91-1.04)

Spearman

rho p-value Sig
0.223 0.087
-0.044  0.739
-0.108  0.411
0.137 0.296
0.204 0.118
0.102 0.436
-0.118  0.370
0.345 <0.05
0.283 <0.05
-0.125  0.340
0.056 0.672
-0.390  <0.01
-0.171 0.192
-0.523  <0.001 +
0.076 0.562
0.314 <0.05
0.146 0.266
0.182 0.164
0.375 <0.01
0.028 0.829
-0.347  <0.05
-0.518  <0.001 +
0.025 0.848
-0.485  <0.001 +
-0.427  <0.01
-0.482  <0.001
-0.534  <0.001
-0.044  0.738
-0.367  <0.01
-0.072  0.584
-0.126  0.337
-0.023  0.862
0.639 <0.001 +
0.649 <0.001 +
0.607 <0.001 +
0.570 <0.001 +
0.541 <0.001 +
0.467 <0.001 +
0.632 <0.001 +
0.682 <0.001 +
0.595 <0.001 +
0.187 0.152
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From bedside to bench

Control isolates Case isolates

Median (IQR)

Median (IQR)

L-Leucine

L-Lysine
L-Methionine
L-Phenylalanine
L-Proline

L-Serine
L-Threonine
L-Tryptophan
L-Tyrosine

L-Valine

D-Alanine
D-Asparagine
D-Aspartic Acid
D-Glutamic Acid
D-Lysine

D-Serine

D-Valine
L-Citrulline
L-Homoserine
L-Ornithine
N-Acetyl-D,L-Glutamic Acid
N-Phthaloyl-LGlutamic Acid
L-Pyroglutamic Acid
Hydroxylamine
Methylamine
N-Amylamine
N-Butylamine
Ethylamine
Ethanolamine
Ethylenediamine
Putrescine
Agmatine
Histamine
B-Phenylethyl-amine
Tyramine
Acetamide
Formamide
Glucuronamide
D,L-Lactamide
D-Glucosamine
D-Galactosamine
D-Mannosamine
N-Acetyl-D-Glucosamine

0.99 (0.96-1.07)
1.05(1.01-1.14)
1.01(0.97-1.07)
1.08 (1.00-1.47)
4.23 (1.22-5.30)
2.98 (1.00-4.52)
1.23(1.04-1.98)
1.01(0.95-1.05)
1.08 (1.04-1.14)
1.00 (0.98-1.03)
2.84(1.22-3.91)
1.05(1.00-1.18)
1.08 (1.04-1.36)
0.86 (0.79-0.93)
1.09 (1.02-1.15)
4.07 (1.51-4.71)
1.09(1.01-1.16)
1.03(0.99-1.14)
0.85 (0.80-0.94)
1.11(1.00-1.18)
0.95(0.92-1.01)
1.03(0.94-1.12)
0.97 (0.93-1.00)
0.80(0.75-0.90)
0.96 (0.91-1.02)
1.00 (0.96-1.03)
1.03 (1.00-1.06)
1.04 (1.02-1.09)
1.03 (0.99-1.04)
0.98 (0.93-1.07)
1.01(0.98-1.05)
1.00 (0.96-1.03)
1.04 (0.98-1.08)
0.97 (0.94-1.03)
3.34(1.27-4.21)
1.06 (1.03-1.11)
1.07 (1.03-1.10)
1.71(1.26-2.10)
1.07 (1.02-1.11)
4.77 (1.88-6.01)
0.95 (0.89-1.00)
1.14(1.07-1.28)
5.10(2.10-6.45)

1.01(0.91-1.10)
1.14(1.01-1.44)
1.02(0.98-1.12)
1.25(1.05-1.61)
4.40 (3.04-5.66)
3.91(2.02-4.78)
1.40(1.09-2.17)
0.98 (0.90-1.03)
1.03(0.96-1.09)
0.98 (0.92-1.02)
3.66 (1.80-4.54)
1.08 (1.02-1.58)
1.09 (1.04-1.33)
0.81(0.70-0.89)
1.07 (1.00-1.14)
4.21 (3.52-5.08)
1.16 (1.00-1.33)
1.08 (0.99-1.26)
0.83(0.74-0.92)
1.14(1.02-1.42)
0.93(0.85-1.01)
0.98 (0.85-1.06)
0.96 (0.86-1.01)
0.79 (0.66-0.85)
0.91 (0.81-1.00)
0.98 (0.88-1.05)
1.04 (0.93-1.06)
1.03(0.97-1.09)
1.01(0.93-1.07)
0.96 (0.85-1.03)
1.01 (0.92-1.05)
0.99 (0.89-1.03)
0.99 (0.91-1.08)
0.96 (0.90-1.01)
3.76 (2.60-4.54)
1.05(1.01-1.09)
1.04(1.01-1.09)
1.66 (1.46-1.92)
1.05(0.97-1.11)
5.20 (4.01-5.63)
0.95 (0.82-1.00)
1.15(1.03-1.31)
5.24 (4.10-6.38)

Spearman

rho p-value Sig
0.100 0.447
0.657 <0.001 +
0.430 <0.01
0.428 <0.01
0.648 <0.001
0.646 <0.001
0.527 <0.001
-0.103  0.434
-0.118  0.369
0.204 0.118
0.689 <0.001 +
0.323 <0.05
0.342 <0.05
-0.332  <0.05
0.323 <0.05
0.657 <0.001
0.508 <0.001
0.520 <0.001
-0.187  0.160
0.435 <0.01
-0.139  0.289
-0.013  0.920
-0.132  0.317
-0.325  <0.05
-0.271 <0.05
-0.088  0.503
-0.033  0.804
0.153 0.242
0.118 0.368
-0.115  0.381
0.140 0.285
-0.023  0.863
-0.237  0.069
-0.094  0.476
0.653 <0.001 +
0.141 0.282
0.147 0.261
0.333 <0.05
0.030 0.821
0.553 <0.001 +
-0.118  0.369
0.154 0.241
0.438 <0.001




Chapter 8

Control isolates Case isolates Spearman

Median (IQR) Median (IQR) rho p-value Sig
N-Acetyl-D-Galactosamine 1.02(0.96-1.07) 0.99(0.89-1.05) -0.119 0.365
N-Acetyl-D-Mannosamine 2.22(1.12-3.24) 2.72(2.07-3.65) 0.559 <0.001 +
Adenine 1.15(0.96-1.57)  1.35(1.00-1.70) 0.307 <0.05
Adenosine 6.26 (5.31-7.17)  6.09(5.33-7.43) 0.449 <0.001
Cytidine 6.22 (3.34-7.47) 6.51(5.63-7.32) 0.539 <0.001 +
Cytosine 1.04(1.01-1.10)  1.04 (0.99-1.08) 0.101 0.441
Guanine 2.64(2.02-3.58) 2.33(1.93-3.26) 0.002 0.987
Guanosine 1.27(1.16-1.78)  1.29(1.07-1.87) -0.146  0.267
Thymine 1.03(0.99-1.11)  1.00(0.92-1.12) -0.040  0.762
Thymidine 1.02(0.95-1.09) 0.98(0.88-1.11) 0.102 0.439
Uracil 1.00(0.96-1.02) 0.98(0.88-1.04) -0.141 0.282
Uridine 1.04(0.98-1.11) 1.03(0.89-1.10) 0.006 0.963
Inosine 1.05(1.00-1.10)  1.03(0.88-1.12) -0.110 0.405
Xanthine 0.98 (0.90-1.13)  0.98 (0.87-1.06) -0.028 0.833
Xanthosine 1.14(1.02-1.42) 1.14(1.03-1.41) 0.459 <0.001
Uric Acid 1.48 (1.23-1.78) 1.40(1.26-1.58) 0.077 0.561
Alloxan 1.17(1.07-1.25) 1.17(1.01-1.20) 0.223 0.086
Allantoin 1.01(0.97-1.05)  1.01(0.93-1.04) 0.208 0.111
Parabanic Acid 1.03(0.97-1.06)  1.03(0.95-1.06) 0.223 0.087
D,L-a-Amino-N-Butyric Acid 0.86 (0.78-0.93) 0.81(0.73-0.87) -0.253 0.051
y-Amino-N-Butyric Acid 1.04(1.01-1.12)  1.04 (0.99-1.21) 0.436 <0.001
g-Amino-N-Caproic Acid 1.00 (0.98-1.04) 1.03(0.96-1.07) 0.391 <0.01
D,L-a-Amino-Caprylic Acid 1.44(1.26-1.88) 1.43(1.15-1.87) -0.061 0.642
8-Amino-N-Valeric Acid 1.07(0.99-1.32) 1.08(1.00-1.26) 0.556 <0.001 +
a-Amino-N-Valeric Acid 0.86(0.81-0.92) 0.84(0.76-0.90) -0.294  <0.05
Ala-Asp 4.40(1.30-5.41)  4.69(3.29-5.63) 0.629 <0.001 +
Ala-GIn 493(1.25-6.29) 5.15(4.28-6.30) 0.578 <0.001 +
Ala-Glu 4.38(1.37-5.56) 4.77(3.81-5.93) 0.653 <0.001 +
Ala-Gly 3.45(1.11-4.42) 4.02(2.67-4.72) 0.672 <0.001 +
Ala-His 2.77 (1.03-3.61) 3.17(2.14-4.06) 0.668 <0.001 +
Ala-Leu 2.88(1.08-3.72) 3.07(1.83-3.95) 0.651 <0.001 +
Ala-Thr 3.04(1.07-3.60)  3.19(2.25-4.13) 0.654 <0.001 +
Gly-Asn 416 (1.45-5.27) 4.61(3.38-5.68) 0.629 <0.001 +
Gly-GIn 4.50(1.43-5.77) 4.70(3.42-5.94) 0.594 <0.001 +
Gly-Glu 1.57(1.16-3.13)  2.28(1.29-2.90) 0.493 <0.001 +
Gly-Met 1.64(1.01-2.73)  2.35(1.22-3.21) 0.650 <0.001 +
Met-Ala 2.07 (1.03-3.25) 2.50(1.35-3.58) 0.645 <0.001 +
PM4 - Phosphorus sources
Phosphate 1.13(1.01-2.40) 2.10(1.14-3.26) 0.412 <0.01
Pyrophosphate 3.35(2.35-4.03) 3.26(2.74-4.20) 0.070 0.598
Trimeta-phosphate 1.05(1.00-2.13) 1.59(1.15-2.89) 0.406 <0.01
Tripoly-phosphate 1.04(0.98-1.85) 1.40(1.04-2.63) 0.417 <0.01
Triethyl Phosphate 1.00(0.99-1.04) 1.03(1.01-1.08) 0.137 0.296
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From bedside to bench

Control isolates Case isolates Spearman

Median (IQR) Median (IQR) rho p-value Sig
Hypophosphite 1.00(0.97-1.02) 0.99(0.96-1.01) -0.275 <0.05
Adenosine-2'-monophosphate 3.43(1.14-4.80) 4.70(3.85-5.41) 0.347 <0.05
Adenosine-3'-monophosphate 5.38(1.93-6.79) 6.30(4.99-7.00) 0.484 <0.001 +
Adenosine-5'-monophosphate 5.01(2.50-6.53) 5.25(4.53-6.58) 0.390 <0.01
Adenosine-2',3'-cyclic 4.77 (1.33-6.02) 5.77 (4.48-6.34) 0.456 <0.001
monophosphate
Adenosine-3',5"-cyclic 1.17 (1.14-1.21)  1.20(1.17-1.24) 0.253 0.051
monophosphate
Thio-phosphate 1.37(1.00-2.71)  2.15(1.04-3.16) 0.552 <0.001 +
Dithio-phosphate 1.22(1.06-2.36) 1.85(1.08-2.87) 0.581 <0.001 +
D,L-a-Glycerol Phosphate 2.77 (1.12-4.04) 3.63(3.15-4.80) 0.613 <0.001 +
B-Glycerol Phosphate 1.77 (1.06-3.24)  2.95(1.70-4.05) 0.587 <0.001 +
Carbamyl Phosphate 1.17(1.07-2.34)  2.03(1.20-2.98) 0.379 <0.01
D-2-Phospho-Glyceric Acid 2.37(1.25-3.32) 2.90(1.74-3.73) 0.602 <0.001 +
D-3-Phospho-Glyceric Acid 3.04(1.85-4.41) 3.99(3.03-4.67) 0.489 <0.001
Guanosine-2'-monophosphate 2.46(1.10-3.96) 3.72(2.65-4.56) 0.455 <0.001
Guanosine-3-monophosphate 5.06 (1.55-6.75) 6.13(4.87-7.15) 0.585 <0.001
Guanosine-5-monophosphate 2.85(1.12-5.61) 3.91(2.73-5.63) 0.491 <0.001
Guanosine-2',3'"-cyclic 2.82(1.24-4.75) 4.52(2.58-5.35) 0.483 <0.001
monophosphate
Guanosine-3',5"-cyclic 1.26 (1.20-1.30)  1.25(1.22-1.29) -0.055 0.675
monophosphate
Phosphoenol Pyruvate 2.76 (1.40-4.27) 3.71(2.37-4.50) 0.493 <0.001 +
Phospho-Glycolic Acid 1.20(1.05-2.73) 2.38(1.45-3.31) 0.411 <0.01
D-Glucose-1-Phosphate 4.70(1.32-5.60) 5.32(4.30-5.98) 0.531 <0.001
D-Glucose-6-Phosphate 4.59(1.89-5.62) 5.64(4.13-6.04) 0.619 <0.001
2-Deoxy-D-Glucose 6-Phosphate 1.11(1.08-1.14) 1.13(1.11-1.20) 0.066 0.616
D-Glucos-amine-6-Phosphate 3.61(2.46-4.97) 4.59(3.79-5.47) 0.630 <0.001 +
6-Phospho-Gluconic Acid 1.23(1.11-1.50) 1.32(1.26-1.77) 0.294 <0.05
Cytidine-2'-monophosphate 5.43(2.38-7.11) 6.22(4.81-7.12) 0.591 <0.001 +
Cytidine-3'-monophosphate 1.14(1.09-1.20) 1.17(1.14-1.26) 0.319 <0.05
Cytidine-5'-monophosphate 3.10(1.14-4.65) 3.01(1.72-4.45) 0.362 <0.01
Cytidine-2',3"-cyclic 4.33(1.29-6.37) 5.51(4.17-6.40) 0.596 <0.001 +
monophosphate
Cytidine-3',5"-cyclic 1.23(1.20-1.26) 1.26(1.24-1.31) 0.338 <0.05
monophosphate
D-Mannose-1-Phosphate 2.93(1.08-5.15)  4.61(2.35-5.57) 0.614 <0.001 +
D-Mannose-6-Phosphate 3.69(1.58-4.82) 4.74(3.81-5.37) 0.606 <0.001 +
Cysteamine-S-Phosphate 1.20(1.06-2.71)  2.27 (1.34-3.52) 0.545 <0.001 +
Phospho-L-Arginine 1.62(1.09-3.45) 2.98(1.81-3.94) 0.532 <0.001 +
0O-Phospho-D-Serine 1.15(1.12-1.58)  1.43(1.13-1.99) 0.440 <0.001
0O-Phospho-L-Serine 1.27 (1.16-1.72)  1.33(1.24-2.24) 0.346 <0.05
O-Phospho-L-Threonine 1.45(1.17-1.79) 1.72(1.35-2.10) 0.481 <0.001
Uridine-2'-monophosphate 2.87(1.31-4.55) 4.02(3.28-5.17) 0.500 <0.001
Uridine-3-monophosphate 5.10(1.92-6.63) 5.94 (4.56-6.52) 0.550 <0.001
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Control isolates Case isolates Spearman

Median (IQR) Median (IQR) rho p-value Sig
Uridine-5-monophosphate 2.56 (1.12-4.68) 3.61(2.67-4.87) 0.519 <0.001 +
Uridine-2',3’-cyclic monophosphate 5.20(1.57-6.84) 6.11(4.76-6.92) 0.574 <0.001 +
Uridine-3',5’-cyclic monophosphate 1.13(1.09-1.15)  1.14(1.12-1.18) 0.279 <0.05
0O-Phospho-D-Tyrosine 2.16(1.07-3.50) 2.98(1.91-3.90) 0.425 <0.01
O-Phospho-L-Tyrosine 1.62(1.06-3.37) 2.93(2.12-3.69) 0.442 <0.001
Phosphocreatine 1.21(1.08-2.26) 2.07 (1.24-3.28) 0.399 <0.01
Phosphoryl Choline 1.13(1.08-1.22) 1.18(1.14-1.33) 0.266 <0.05
O-Phosphoryl-Ethanolamine 1.23(1.14-1.31) 1.27(1.22-1.46) 0.385 <0.01
Phosphono Acetic Acid 1.24(1.17-1.29) 1.23(1.19-1.29) 0.009 0.946
2-Aminoethyl Phosphonic Acid 1.43(1.25-2.28) 2.25(1.40-2.84) 0.416 <0.01
Methylene Diphosphonic Acid 1.70(1.65-1.92) 1.87(1.67-2.02) 0.013 0.920
Thymidine-3'-monophosphate 2.03(1.19-3.70) 3.74(2.83-4.36) 0.487 <0.001
Thymidine-5-monophosphate 2.84(1.33-5.03) 3.92(3.35-5.03) 0.537 <0.001
Inositol Hexaphosphate 2.35(1.25-3.63) 2.74(1.25-3.32) 0.042 0.752
Thymidine 3',5'-cyclic 1.20(1.17-1.25)  1.21(1.19-1.25) 0.130 0.323
monophosphate
PM4 - Sulfur sources
Sulfate 1.05(1.01-1.12)  1.05(1.02-1.27) 0.293 <0.05
Thiosulfate 1.11(1.01-1.53)  1.36(1.11-1.52) 0.459 <0.001
Tetrathionate 1.07(1.02-1.25)  1.20(1.05-1.50) 0.360 <0.01
Thiophosphate 1.21(1.02-1.79) 1.38(1.15-1.76) 0.547 <0.001
Dithiophosphate 1.16(1.01-1.70)  1.44(1.08-1.70) 0.506 <0.001
L-Cysteine 1.11(1.04-1.38)  1.26 (1.05-1.40) 0.343 <0.05
D-Cysteine 1.33(1.04-1.81)  1.59(1.25-1.74) 0.597 <0.001
L-Cysteinyl-Glycine 1.17(1.05-1.61)  1.41(1.26-1.59) 0.590 <0.001
L-Cysteic Acid 1.08 (1.02-1.28) 1.10(1.02-1.26) 0.389 <0.01
Cysteamine 1.07 (1.01-1.11)  1.05(1.03-1.11) 0.302 <0.05
L-Cysteine Sulfinic Acid 1.53(1.09-2.03) 1.60(1.25-1.82) 0.571 <0.001
N-Acetyl-L-Cysteine 1.01(0.91-1.04) 0.98(0.93-1.01) -0.496  <0.001 +
S-Methyl-L-Cysteine 1.01(0.95-1.04) 1.00(0.93-1.06) -0.276  <0.05
Cystathionine 1.22(1.07-1.48) 1.42(1.18-1.59) 0.622 <0.001 +
Lanthionine 1.50(1.08-1.85) 1.60(1.36-1.85) 0.588 <0.001 +
Glutathione 1.32(1.11-1.82) 1.60(1.25-1.78) 0.552 <0.001 +
D,L-Ethionine 0.97 (0.62-1.08) 0.82(0.57-1.03) -0.511 <0.001 +
L-Methionine 1.34(1.12-1.57)  1.51(1.32-1.66) 0.496 <0.001 +
D-Methionine 1.41(1.11-1.81)  1.69(1.34-1.96) 0.621 <0.001 +
Glycyl-L-Methionine 1.44(1.14-1.85)  1.60 (1.46-2.00) 0.591 <0.001 +
N-Acetyl-D,L-Methionine 1.29(1.11-1.61)  1.54(1.35-1.69) 0.568 <0.001 +
L-Methionine Sulfoxide 1.33(1.07-1.61) 1.45(1.28-1.71) 0.572 <0.001 +
L-Methionine Sulfone 0.99 (0.63-1.12)  0.80(0.50-1.02) -0.464 <0.001
L-Djenkolic Acid 1.40(1.07-1.60) 1.45(1.16-1.66) 0.557 <0.001 +
Thiourea 1.08 (1.05-1.23)  1.14(1.08-1.27) 0.508 <0.001
1-Thio-B-D-Glucose 1.08 (1.04-1.12)  1.07(1.04-1.12) -0.302 <0.05
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Control isolates Case isolates

Median (IQR)

Median (IQR)

D,L-Lipoamide

Taurocholic Acid

Taurine

Hypotaurine

p-Amino Benzene Sulfonic Acid
Butane Sulfonic Acid
2-Hydroxyethane Sulfonic Acid
Methane Sulfonic Acid
Tetra-methylene Sulfone

1.08 (1.04-1.12)
1.09 (1.04-1.15)
1.04 (0.99-1.09)
1.07 (1.04-1.10)
1.09 (1.04-1.13)
1.06 (0.97-1.15)
1.07 (1.01-1.11)
1.07 (1.01-1.10)
1.07 (0.95-1.14)

1.09(1.03-1.12)
1.10(1.05-1.16)
1.01(0.94-1.07)
1.03(0.97-1.09)
1.08 (0.99-1.12)
1.04 (0.93-1.10)
1.03(0.97-1.07)
1.02(0.97-1.07)
1.03 (0.96-1.09)

Sig: significance after Bonferroni correction (empty cells: not significant, +:

Spearman

rho p-value Sig
0.151 0.249
-0.130 0.324
-0.223  0.087
-0.107 0.417
-0.298 <0.05
-0.295 <0.05
-0.228  0.080
-0.212  0.105
-0.344  <0.05
significant).
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Figure S5. Heatmap of scaled utilization scores of the 60 nontyphoidal Sa/monella (NTS) isolates for
the sources with a significant positive or inverse correlation with transformation efficiency. Left eight
columns depict the sources with inverse correlation (left of black line), right 76 columns depict the
source with a positive correlation. NTS isolates are clustered based their utilization scores using the
average linkage method.
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Figure S6. Principal componentanalysis (PCA) plot of the carbon source utilization of 60 nontyphoidal
Salmonella isolates. The color scale of the dots reflects the log transformation efficiency. Principal
component 1 (PC1)and PC2 collectively accounted for 63.4% of the variance in the nutrient utilization
data. Transf: transformation efficiency.
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Figure S7. Principal component analysis (PCA) plot of the nitrogen source utilization of 60
nontyphoidal Salmonella isolates. The color scale of the dots reflects the log transformation
efficiency. Principal component 1 (PC1) and PC2 collectively accounted for 58.3% of the variance in
the nutrient utilization data. Transf.: transformation efficiency.
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PM4 - Phosphorus and sulfur sources - PCA
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Figure S8. Principal component analysis (PCA) plot of the phosphorus and sulfur source utilization
of 60 nontyphoidal Salmonella isolates. The color scale of the dots reflects the log transformation
efficiency. Principal component 1 (PC1) and PC2 collectively accounted for 58.5% of the variance in
the nutrient utilization data. Transf.: transformation efficiency.
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Chapter 9

Worldwide, the incidence of colon cancer ranks among the highest of all cancers with 1.1
million diagnoses annually [1]. Apart from hereditary causes of colon cancer, the main risk
factors are related to lifestyle and dietary habits. However, the impact of microorganisms
in the initiation and progression of cancers has been the subject of study for decades.
Nowadays, over 20% of all cancers is estimated to be attributable to microorganisms [2],
which therefore constitute a significant risk factor for a number of malignancies. While
the earliest reports of an association between viral infections and cancer date back to the
beginning of the 20™ century, the oncogenic potential of bacteria has long been neglected.
This might be related to the fact that bacteria, in contrast to viruses, do not leave a genetic
imprint in human cells after infection, thereby hampering causal inference. Fortunately, the
oncogenic potential of pathogenic and commensal bacteria is gradually being acknowledged,
as an ever expanding list of bacteria are being associated with the onset and progression
of cancer [3]. Few in vitro and epidemiological studies suggested a role of nontyphoidal
Salmonella in the development of colon cancer. In this thesis, we aimed to explore the role of
bacteria in the onset and progression of cancers in the gastrointestinal tract, with particular
focus on the association between Sa/monella and colon cancer. Broadly, the objectives of the
thesis were covered by three main themes. First, we aimed to investigate whether repeated
exposure to (lower doses of) Salmonella yields a similar risk of colon cancer development
as compared to a single severe or high-dose infection. Second, we attempted to strengthen
the evidence of an association between Sa/monella and gastrointestinal tract cancers from
an epidemiological perspective by conducting two registry-based studies and reviewing
the current worldwide knowledge on these associations. This was done also for other
correlations between bacteria/parasites and gastrointestinal tract cancers. The third theme
covers the question whether the Salmonella phenotype in terms of its oncogenic potential
can be explained by its genotype and which mechanisms might play a role in the Salmonella-
induced tumorigenesis. In the following paragraphs, the main findings within these themes
will be summarized and discussed. Also, we put the results from this thesis in a broader
perspective of existing literature. This is followed by a paragraph elaborating the overall
lessons learnt, as well as implications and recommendations for further study.
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Experimental evidence for an association between
repeated exposure to Salmonella and colon cancer is
generally stronger than epidemiological data

Over a thousand culture-confirmed Sa/monella infections are reported annually in the
Netherlands, mostly representing salmonellosis patients with symptoms severe enough to
require medical attention, including symptoms lasting at least 1-2 weeks, and travel-related
infections [4]. In an earlier Dutch cohort study, an association was found between these
reported Sa/monella infections and proximal colon cancer, with an almost 3-fold increased
risk of proximal colon cancer after infection with S. Enteritidis [5]. However, people acquire
multiple Salmonella infections throughout life via consumption of contaminated food or
water, contact with live animals, the environment and to a lesser extent human-to-human
transmission [6, 7]. The vast majority of these infections are asymptomatic or present
themselves with mild and self-limiting symptoms that do not require medical attention,
thereby remaining undiagnosed and unreported. Whether the cumulative effect of multiple,
a- or pauci-symptomatic infections also contributes to the initiation or progression of colon
cancer, was unknown, and therefore became the subject of the studies in Chapters 2-4. Here,
we approached this research question from both an experimental and an epidemiological

angle.

In the experiments described in Chapter 4, mice were orally infected with either a single
high dose or multiple low doses of a laboratory S. Typhimurium strain to assess the effect
on cancer development. To this end, a frequently used mouse model, mimicking human
colitis-associated colon cancer, was used in which the mice received the pro-carcinogen
azoxymethane (AOM) and colitis inducing dextran sulfate sodium (DSS) to induce the
formation of colon tumors. The group of mice infected with a single high dose received
10,000 colony forming units (CFU) of Salmonella, whereas the group receiving multiple low
doses were three times infected with 10 CFU of Salmonella with an interval of 4 weeks. Both
groups infected with Salmonella (high or low dose), as well as a control group that received
the AOM+DSS without infection, developed colon tumors in the 16 weeks of follow-up.
This was in contrast to control mice that were neither exposed to AOM+DSS nor received
Salmonella infection, indicating that the AOM+DSS treatment was the main driver of tumor
formation. Overall, no differences were observed in the number of tumors, tumor volume,
number of proliferating cells or colonization with Sa/monella between the mice that received
a single high dose of infection and the mice that received multiple low doses. However,
the tumors were significantly larger in the Salmonella-infected mice as compared to the
AOM+DSS control group. In addition, the tissues in both groups of Sa/monella-infected mice
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showed high grade dysplasia and signs of invasive carcinoma, which was not observed in the
AOM+DSS control group. Also, higher amounts of proliferating cells were observed in the
Salmonella-infected mice in both the tumor tissue, as well as the adjacent tissue, whereas the
degree of colonization was higher in the tumor tissues as compared to adjacent tissue. The
observation that low doses of Sa/monella are sufficient to induce an (oncogenic) effect are in
line with earlier experiments in rats where a low dose of S. Enteritidis caused colonic lesions,
even in the absence of symptoms of illness [8]. Next to the mice experiments, the effects
of a low- or high-dose infection were examined in a simple cell model consisting of mouse
embryonic fibroblasts (MEFs) with a tumorigenic predisposition inflicted by overexpression
of the proto-oncogene c-MYC and inactivation of tumor suppressor gene TP53 (Chapter
4). Exposure of the MEFs to either a high (multiplicity of infection [MOI] 25) or low (MOI
5) dose of a laboratory S. Typhimurium strain led to transformation, as characterized by
colony formation in soft agar assays. Culturing of these transformed MEFs (i.e. after the
first Salmonella infection) and subsequent reinfection with the same high or low dose of
Salmonella resulted in the formation of more and larger colonies. This was particularly true
for the MEFs infected with a high dose of Salmonella. Still, the number and size of colonies
was larger after reinfection of MEFs with a low dose as compared to a single infection
with a high dose. Similarly, Salmonella showed a tropism for MEFs with the highest level of
transformation. This is in line with the in vivo experiment, as well as prior studies in which
Salmonella showed preferential accumulation and proliferation in tumor tissue as compared
to normal tissue at a ratio of >1000:1 [9]. Hence, both in vitro and in vivo experiments showed
that infections with a low dose of Salmonella trigger a similar tumorigenic effect as a single
high-dose infection, though in MEFs a high-dose infection positively impacts the number and
size of the colonies formed. All in all, the experimental evidence for an association between
Salmonella infection and colon cancer obtained in Chapter 4 was substantial and generally
indicated that, under certain conditions that may occur realistically in nature, Salmonella is
able to promote colon carcinogenesis.

To complement these experimental findings, we also conducted several epidemiological
studies. First, we investigated whether the presumed higher levels of (repeated) exposure
to Salmonella are reflected by a higher incidence of salmonellosis. To this end, we compared
the incidence of reported salmonellosis among different occupational groups in a large
nationwide population-based registry study (Chapter 2). We also included reported
Campylobacter infections in this study, as this pathogen is a leading cause of gastroenteritis
as well, albeit scarcely associated with cancer. We thus studied the incidence of salmonellosis

and campylobacteriosis among the whole spectrum of occupations grouped into ‘divisions’

326



General discussion

according to an internationally agreed upon occupational classification system. Moreover,
we defined three risk groups or divisions with a presumedly higher degree of occupational
exposure to zoonotic pathogens, including Sa/monella, due to contact with animals and
products thereof. As anticipated, a significantly higher incidence of salmonellosis (1.8-fold)
and campylobacteriosis (1.7-fold) was observed among people working with live animals or
animal manure (e.g. farmers, veterinarians, abattoir workers) as compared to the incidence
in the total employed population. Among people involved in the sale of animal-derived
products (e.g. butcher's and cheese shops), the reported incidences were also significantly
higher for both salmonellosis (1.6-fold) and campylobacteriosis (1.4-fold), whereas the
incidences among people involved in the processing of foods of animal origin (e.g. cooks and
chefs) were not significantly different from those in the total employed population. These
results agree to a major extent with a previous Dutch study based on a combined analysis of
microbial subtyping and epidemiological (case-control) data on human Salmonella infections
in which occupational exposure to raw meat or animals was found to be associated with
an over 6-fold increased incidence of cattle-borne human salmonellosis [6]. Excess cases
of salmonellosis and campylobacteriosis (as compared to the total employed population)
were observed among health care associated occupations, as well as some industrial
divisions. The observed differences in incidence of reported infections might reflect a
genuinely higher level of exposure to Salmonella and/or Campylobacter. However, the
analysis based on reported infections only includes symptomatic cases of disease and is
affected by one’s propensity to seek medical care. Inequalities in the utilization of medical
care are relatively minor in the Netherlands, though several studies found a significant
higher probability of visiting a general practitioner (GP) among people with a lower socio-
economic status (SES) as compared to those with a higher SES, also after correction for
differences in overall health status between the groups [10-12]. Hence, differences in
GP visitation rates between occupational groups are inevitable. Apart from the virulence
determinants of the specific bacterial strain affecting its pathogenicity, the probability of
developing severe gastroenteritis (i.e. requiring medical attention) also incorporates host-
dependent factors related to susceptibility to infection and the ability to clear the infection
before severe or long-term complaints appear. Exposure to pollutants such as chemicals,
heavy metals and nanoparticles, as observed in some industrial occupations, is suggested
to alter the composition of the microbiome, potentially rendering people more susceptible
to (severe) Salmonella or Campylobacter infection [13]. As the propensity to use medical care
and an individual’s likelihood to develop a severe infection are only partially related to the
extent, type and frequency of exposure to the pathogen, we analyzed other types of data,

namely serological data, to compare the sero-incidence of Salmonella and Campylobacter in
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a subset of the employed population (Chapter 2). The anti-Salmonella/-Campylobacter 1gM,
IgG and IgA antibody titers in an individual's serum sample served as input for calculating
the time since last seroconversion (i.e. time since last exposure to the pathogen) using an
established Bayesian back-calculation model [14]. The time since last seroconversion can
subsequently be translated into an estimated average number of infections per person-
year, i.e. the seroincidence [15]. Since the seroincidence is based on an antibody response
and does not discriminate between symptomatic and asymptomatic disease, it constitutes
a less biased measure of infection pressure. In our study, we observed minor variation in
the seroincidences of Salmonella and Campylobacter in different occupational groups, albeit
that the seroincidences were assessed at a lower hierarchical level of occupational coding
due to sample size constraints. Also, the seroincidences among people with an occupation
included in one of the three risk groups did not differ from the average seroincidences in
the whole subset. Such a disconcordance between reported infections and seroincidence
has been observed in several European countries [16, 17]. Registered type of occupation
is just one proxy for the level of exposure to Salmonella. Yet, this covers only a part of the
myriad of possible exposures in an individual's life. Consumption of raw or undercooked
meat and eggs, ownership of companion animals, use of proton pump inhibitors and poor
kitchen hygiene practices leading to cross-contamination have been found to be the main
risk factors for salmonellosis in the Netherlands, while occupational exposure to live animals
or meat was only a risk factor for cattle-associated Salmonella infection, with a relatively
minor contribution to the total set of risk factors [6]. Moreover, other studies have found
higher incidences of salmonellosis and campylobacteriosis among people living in close
proximity to broiler farms or areas with a high density of dairy/cattle farms [18, 19]. Our
study clearly indicated an increased risk of salmonellosis (and campylobacteriosis) in people
occupationally exposed to ‘the source’ of the pathogen, i.e. livestock and products thereof,
but the relation between occupation and frequency of exposure, as depicted by serology,
did not help much disentangling further the deeper mechanistic process.

We then explored the incidence of colon cancer among different professions in order to
assess whether the occupational groups with increased salmonellosis incidence were also
those more prone to develop cancer. To this end, in Chapter 3 we presented the results
of another nationwide occupational registry-based study with a comparable design and
occupational (risk) group classification as in the study presented in Chapter 2. Overall, the
differencesin colon cancerincidence among occupational divisions, including the pre-defined
risk groups, was relatively minor. Indeed, no excess risk of colon cancer was observed among

people with a history of employment in the three risk groups as compared to the general
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population, despite significantly higher incidences of salmonellosis. Significantly increased
risks of up to 45% were observed for some divisions including mainly ‘blue-collar’ and
manual occupations (e.g. occupations involved in printing, manufacturing of rubber, plastics,
machinery and equipment and the sale of motorcycles/-vehicles), as well as some divisions
pertaining mainly to the ‘white-collar’ and non-manual occupations (e.g. information service
and real estate activities, and (re)insurance and pension funding). Yet, the significantly
higher incidence of colon cancer among people with (a history of) employment in the real
estate and (re)insurance and pension funding divisions corresponded to the Sa/monella
seroincidence results, as the seroincidence among people working in these divisions was
amongst the highest ones. In general, however, the study presented in Chapter 3 helped
us ascertain that occupation in itself provides little differences in colon cancer incidence
and that a direct link between (occupational) exposure to Sa/monella and (increased) colon
cancer risk was not possible to make with this approach.

To overcome the limitations of using occupation as a proxy for Salmonella infection pressure,
we then studied whether colon cancer risk is correlated to increased exposure to Salmonella
earlier in life, regardless of occupation but still using seroincidence data (Chapter 4). By
linking individual-level data from a Dutch serosurvey to colon cancer diagnosis data, we
found 36 individuals who provided a serum sample in the survey and were diagnosed
with proximal colon cancer >1 year later (hereafter referred to as ‘cases’). In a matched
case-control analysis, we then observed that, overall, Salmonella seroincidence did not
differ significantly between cases and controls. However, upon stratification, we noted
that Salmonella seroincidence was significantly higher among cases younger than 60 years
at the time of the serosurvey as compared to controls. Similarly, a higher seroincidence
was observed among cases living in a neighborhood with a high socio-economic status at
time of the serosurvey. These findings suggested that the effect of (increased exposure to)
Salmonella on colon cancer risk would be (epidemiologically) appreciable only in absence of
other (and generally much stronger) known risk factors for colon cancer, such as older age
and unhealthy lifestyle (which low socio-economic is a proxy for), which might thus mask the
relatively smaller effect of Sa/monella itself. A proximal colon cancer diagnosis preceded by a
higher seroincidence before the age of 60 is in agreement with the results of an earlier Dutch
cohort study where salmonellosis reported between 20-60 years of age was associated with

a significant higher risk of proximal cancer [5].

Several factors might explain the absence of a correlation between the incidence of reported
salmonellosis and colon cancer among occupational groups. The most predominant one is
the fact that colon cancer is, to a large extent, attributable to lifestyle and dietary habits.
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Despite substantial variations in literature concerning the magnitude of risks and population
attributable fractions (PAFs), a number of well-established risk factors account for a
significant portion of colon and colorectal cancer diagnoses. These include the consumption
of red and processed meat (PAF 5-12%), a low intake of dietary fibers (PAF 16-18%), alcohol
consumption (PAF 1-13%), low calcium intake (PAF 6-10%), excess body weight (PAF 1-17%),
low levels of physical activity (PAF 5-18%) and tobacco use (9-12%) [20-23]. Although the risk
of colon cancer due to (repeated) exposure to Salmonella could be partially contained in the
PAF for the consumption of red and processed meat, this would be limited to a very minor
contribution, given that a larger portion of human Salmonella infections were attributable to
layers, eggs and broilers as compared to pigs and cattle in the study period [6]. Of note, during
the last decade, the sources of human Salmonella infections have been changing gradually,
with pigs being nowadays the main source of human infections and eggs decreasing in
importance as attributable source relative to pigs [4]. Adherence to a healthy lifestyle (i.e.
the absence of the aforementioned major risk factors for colon cancer) differs strongly
between occupational groups. This is partially for reasons inherent to specific jobs, such as
a more sedentary lifestyle for non-manual workers (i.e. occupations at a more managerial
or administrative level) and exposure to chemical substances in some manual occupations
[24, 25]. An example is the relatively low incidence of colon cancer observed in the risk group
involving contact with live animals in Chapter 3, which is consistent with earlier research
reporting a reduced risk of colon and colorectal cancer among farmers, presumably owing
to high levels of occupational physical activity [26, 27]. On the other hand, adherence to a
healthy lifestyle is to a certain extent correlated to socio-economic status unrelated to the
content of the occupation itself [28, 29]. Examples hereof are an average higher intake of
red/processed meat, lower levels of leisure time physical activity and higher smoking rates
among people with a lower socio-economic status [30-32]. Yet, whether socio-economic
status can serve as a proxy for colon cancer risk remains arguable since inconsistent results
are documented in literature [33].

Both the in vitro and in vivo experiments suggested that multiple low doses of Salmonella
infection suffice to induce a tumorigenic effect in predisposed cells/organisms. Yet,
extrapolating these experimental conditions to human infections under natural conditions
raises some difficulties. First, the seroincidence and the reported salmonellosis as used in
the registry-based studies provide an estimation of the annual number of infections and
roughly the severity and longevity of disease symptoms (requiring medical care) but lack
information about the dose of the infection. Literature about the dose-response relationship

for Salmonella in the human population is relatively scarce. Of note, the implementation
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of Salmonella dose-response studies during foodborne outbreaks is often subject to data
availability constraints, such as lack of the contaminated product consumed by the time that
people visited the GP for persistent symptoms of gastroenteritis. Estimating the number of
ingested bacteria is therefore practically impossible. Moreover, the size of the population
exposed to the contaminated product is often unknown, as people with an asymptomatic
or paucisymptomatic infection remain unidentified [8]. Salmonella dose-response models
of outbreak data showed that the average ingested dose of bacteria that corresponds to an
infection- or illness-probability of 50% (ID50) was 7 CFUs for infection and 36 CFUs for illness
[34]. However, the dose-response relation strongly depends on the virulence profile of the
bacterial strain, as well as on the hosts’ susceptibility and immune response. Hence, the
dose of infection cannot be deduced from the course of disease and a simple threshold for a
low- versus high-dose infection is hard to establish in humans. The dose of infection can also
not be estimated from the seroincidence, although the dynamics of the serological response
in terms of the time until the peak of antibody production, the maximum concentrations of
antibodies and the shape of the decay curve are to an unknown extent affected by the dose, as
well as the serovar. Under experimental conditions, the production of IgG antibodies against
S. Enteritidis was positively correlated with dose of infection in rats [35], whilst infection of
piglets with different S. Typhimurium strains led to differences in onset of seroconversion
[36]. Therefore, the epidemiological analyses in this thesis did not allow for disentanglement
of low-versus high-dose infections, nor the actual frequency/degree of exposure to Sa/monella
in all groups of the population under study, nor the definition of a mild versus severe infection.
However, we consider the contribution of Salmonella to colon cancer development to be the
product of several factors. Ultimately, the probability that a predisposed or pre-transformed
cell is infected by a Salmonella bacterium leading to replication of mutated cells and the
development of a tumor is determined by a) the frequency of infection, b) the bacterial
load as defined by the number of bacteria ingested, the number of bacteria surviving the
gastric acid, bacterial replication and killing, as well as c) the duration of Salmonella bacteria

being present in the colon before being eliminated by the hosts’ immune system [37].
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Epidemiological findings from other cohorts and
malignancies confirm only small effects of Salmonella
infection

As the epidemiological evidence of a possible association between severe (nontyphoidal)
Salmonella infection and colon cancer was based on a single registry study in a Dutch
cohort [5], we aimed to substantiate these results using an independent but comparable
cohort. To this end, we performed a cohort study based on linked registries from the
Danish population (Chapter 5). The design of the study resembled the Dutch cohort study
with the exception that the Danish Salmonella surveillance system covers virtually the
whole population (in contrast to the ~64% population coverage of the Dutch surveillance
system), allowing for comparison of colon cancer incidence in individuals with a history
of reported culture-confirmed salmonellosis versus individuals without such reported
infection. Cox regression revealed no overall increased risk of colon cancer (both proximal
and distal) >1 year after Salmonella infection. An 1.4-fold significant risk of proximal colon
cancer was observed among people with a history of infection with a serovar other than
Enteritidis and Typhimurium (including its monophasic variant), which are the most
frequently occurring serovars among human salmonellosis cases. Besides, the hazard
ratios (HRs) for proximal colon cancer in subgroup analyses were consistently higher for
the group infected with other serovars as compared to Enteritidis and Typhimurium. The
incidence of distal colon cancer diagnosis before the age of 50 after infection with a non-
Enteritidis/Typhimurium infection was over three-fold higher. Remarkably, the incidence
of diagnosed colon cancer was over two-fold increased among individuals with a recent
(i.e. <1 year interval) Salmonella infection as compared to those without reported infection.
While a causal relationship in terms of initiation of tumor development is implausible for
reported Salmonella infections less than one year before cancer diagnosis, we cannot rule
out that Salmonella infection in the early (prediagnostic) phase of colon/colorectal cancer
leads to enhanced tumor progression. The tropism for infecting transformed MEFs and
the higher rates of colonization in murine tumor tissue compared to adjacent tissue, as
observed in Chapter 4, support this hypothesis. As the Dutch and Danish cohort used a
comparable study design, we meta-analyzed the main outcomes of both studies. Analysis of
heterogeneity of the two studies showed a low between-study variation (p=0.958; 12=0.01%).
A priori, we decided to use a random-effects model when significant heterogeneity would
be observed (p<0.1 or 1>>50%), whereas a fixed-effects model would be used if p>0.1 or
[2<50. Hence, the fixed-effect model was used to obtain a pooled study estimate. An
overall pooled risk ratio (RR) of 0.81 (95%Cl 0.73-0.89) was obtained with a higher weight
assigned to the Danish study (74.1%) compared to the Dutch study (25.9%) (Table 1).
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Table 1. Risk ratios of colon cancer after Salmonella infection in the Dutch and Danish cohort studies.

Reported Salmonella No reported Salmonella

infection infection

Colon No cancer Colon No cancer RR (95%Cl)

cancer cancer
Netherlands§ 96 14,168 140,458 16,619,770 0.803 (0.658-0.980)
Denmark 245 47,578 54,624 7,544,498 0.808 (0.719-0.909)
Pooled 0.807 (0.729-0.893)

estimate

RR: risk ratio. § Data derived from Mughini-Gras et al. (2018) [5].

The lack of correspondence between the outcomes of the two studies is presumably
attributable to several effect modifying or diluting factors not equally presentin both cohorts.
One such factor is the epidemiology of human salmonellosis. In both the Netherlands and
Denmark, control programs have been implemented aiming to reduce the prevalence
of Salmonella in animal production systems. In Denmark, the implementation of three
major control programs in 1988, 1993 and 1997 targeting Salmonella reduction in broiler
chickens, pigs/pork and laying hens respectively, have led to a marked decrease of human
Salmonella infections and a shift in the distribution of serovars [38, 39]. During the study
period (1994-2015) the total number of reported salmonellosis decreased from a median
of 2100 infections annually in 1994-2005 to 1129 in 2006-2016. S. Enteritidis accounted
for the largest reduction (-61.1% in 2006-2016 vs. 1994-2005), followed by (monophasic)
S. Typhimurium (-36.3%) and other Salmonella serovars (-19.6%) [40-43]. The reduction of
notified salmonellosis in the Netherlands was less pronounced during the study period
of the Dutch cohort study (1999-2015). A median annual number of 1674 infections was
reported in the first part of the study period (1999-2007) compared to 1264 in the second
part (2008-2015). S. Enteritidis infections reduced by 49.1% (2008-2015 vs 1999-2007), whilst
the reduction of infections with S. Typhimurium and other serovars was limited to 5.4% and
3.6% respectively. Considering that the reported infections are only the tip of the iceberg
of the true burden of disease, changes in infection pressure of Salmonella over time are
presumably not sufficiently comparable between the two countries. In 2009, the incidence
of human salmonellosis based on reported infections was 38.5 per 100,000 inhabitants
in Denmark versus 11.6 per 100,000 inhabitants in the Netherlands [44, 45]. However,
data from serosurveys conducted in 2006-2007 showed a higher infection pressure in
the Netherlands compared to Denmark, with respective seroincidences of 0.149 and
0.084 infections per person-year [16]. In addition to a dissimilar degree of exposure, both
countries have a distinct distribution of serovars and strains/clones responsible for human
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salmonellosis, partly driven by travel and import of food products. For instance, the portion
of sporadic human Salmonella infections related to travel is considerably higher in Denmark
compared to the Netherlands (30-40% vs. 12%) [39, 44, 46]. Both the extent of exposure
to Salmonella as well as serovar distributions might have contributed to the differences
in observed outcomes between the Dutch and Danish cohort studies. Besides distinct
exposures, the differences may also have been influenced by factors directly affecting the
outcome probability, such as consumption behavior, physical activity and body weight. In
2014, the percentage overweight in young adults (18-24 years) was 25% in Denmark versus
20% in the Netherlands, while an opposite pattern was observed among individuals aged
>65 (48-57% in Denmark, 55-62% in the Netherlands) [47]. Likewise, the consumption of
red and processed meat per capita in Denmark is about 1.5 times higher as compared to
Dutch inhabitants (840 grams/week vs. 560 grams/week) [48, 49]. The consumption of red
and processed meat can act as confounder in the two studies, given that in both Denmark
and the Netherlands a substantial part of the Salmonella infections is attributable to pigs
or pork and the heme iron in red meat can modify the microbiome in favor of Salmonella

colonization whilst it also directly increases colon cancer risk [50].

Looking at other malignancies than colon cancer, while a significant body of literature
shows an association between S. Typhi and gallbladder carcinoma, the association between
nontyphoidal Sa/monella infection and cancers in the biliary tract has barely been studied. In
contrast to S. Typhi that causes a systemic disease and is frequently associated with chronic
infection, nontyphoidal Salmonella generally causes a local inflammation of the intestine
[51]. Hence, direct manipulation of the epithelial cells of the gallbladder or bile ducts by
nontyphoidal Sa/monella as part of the infectious cycle is implausible for the vast majority
of infections. Nonetheless, in vitro S. Typhimurium infection of gallbladder organoids and
MEFs induced cellular transformation and the formation of colonies in soft agar [52].
Whether this tumorigenic potential could also be observed at the population level in an
epidemiological study was addressed in Chapter 6. Here we performed a registry-based
cohort study in the Dutch population, investigating the risk of cancers of the biliary tract
after reported nontyphoidal Salmonella or Campylobacter infection. Cancers in the biliary
tract include the gallbladder, the proximal and distal bile ducts and the extrahepatic bile
ducts. The study design resembled the designs of the Danish study (Chapter 4) and the
earlier Dutch study assessing the risk of colon cancer after salmonellosis [5]. Biliary tract
cancer was diagnosed in nine individuals with a history of reported salmonellosis and
seven individuals with a history of reported campylobacteriosis. These low numbers are not

surprising given that biliary tract cancer is a rare malignancy in the Netherlands, with only

334



General discussion

~800 diagnoses annually. Although none of the outcomes reached the level of significance,
a clear tendency towards increased biliary tract cancer risk was observed for people with a
history of Salmonella infection (standardized incidence ratios [SIRs] ranging from 1.22-1.88),
whilst no such tendency was observed for Campylobacter (SIRs ranging from 0.75-1.24). The
small sample size did not allow us to analyze subgroups, such as splitting by serovar/species
or age at infection. Yet, the observed higher risk of cancer after Salmonella infection has
been corroborated by others in a Taiwanese cohort, in which a HR of 1.78 was observed
for biliary tract cancer after reported salmonellosis [53]. Likewise, traces of S. Typhi and S.
Typhimurium were found in 9/26 and 10/26 samples respectively of tumor and adjacent

normal tissue [54].

In parallel with the start of the research activities of this thesis, we noticed a substantial
increase in literature addressing the association between microorganisms and cancers
owing to rapidly evolving sequencing techniques. As a consequence, the need for a summary
of the current epidemiological efforts and knowledge on this topic increased as well. We
therefore conducted a literature review summarizing current epidemiological reports for the
association between cancer in the gastrointestinal tract and bacterial or parasitic infections
(Chapter 7). Viruses and the bacterium Helicobacter pylori were not included in this review,
as these have already been addressed in many studies and reviews before. The majority of
the 158 included studies and abstracts, covering 10 different bacteria and three parasites,
focused on colon/colorectal cancer. A total of seven publications were found that studied
the association between nontyphoidal Sa/monella and gastrointestinal cancer, including
the ones that are part of this thesis. A registry study based on data from the Taiwanese
population found no evidence of an increased risk of colorectal cancer after Salmonella
infection. In contrast, two other studies revealed significant higher antibody levels against
Salmonella flagellin in Dutch colorectal cancer patients versus healthy controls, and a higher
abundance of Salmonella in colon tissue adjacent to the tumor as compared to tissue from
healthy controls in the USA [50, 54].

Only a few years ago, the scientific community focused mostly on microorganisms
inducing the formation of a malignancy, whereas nowadays there is accumulating evidence
recognizing a role for a larger group of (predominantly) bacteria that aid the progression of
tumor growth. This has been described in a so-called driver-passenger model for colorectal
cancer in which bacterial species that trigger the initiation of cancer are considered ‘drivers’,
whereas opportunistic bacteria benefitting from the altered intestinal (tumor micro)
environment and facilitating tumor development are considered ‘passengers’ [55]. The

driver-passenger model/theory demands some flexibility though, as many bacteria have
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potentially carcinogenic capacities (e.g. stimulation/inhibition of an inflammatory response,
production of toxins or effector proteins) leading to manipulation of cell signaling pathways
and ultimately the growth and proliferation of malignant cells, while they are also enriched in
advanced/late stage tumors. According to the model, Enterobacteriaceae (the family to which
Salmonella belongs) are considered driver bacteria given their abundance in off-tumor tissue
as compared to tumor tissue and their perceived resemblance to enterotoxigenic Bacteroides
fragilis in terms of prolonged inflammation [55]. While this hypothesis is supported by the
results in this thesis, as well as outcomes of prior research showing that Sa/monella is able
to induce transformation in naive non-malignant cells, Salmonella also shows passenger
behavior by exploiting the metabolic niche arisen in the tumor microenvironment for its

survival an proliferation.

The oncogenic potential of nontyphoidal Salmonella
is difficult to explain from both a genotypic and
phenotypic perspective

In previous in vivo and in vitro research, different Salmonella strains were used to assess
their capacity to induce tumorigenic changes [Chapter 4; 52; 56]. Attempts to infect mice
with three different S. Typhimurium and three S. Enteritidis isolates originating from human
clinical samples (obtained from the Salmonella laboratory surveillance system) resulted in
over 50% mortality rates in the mice for two of the Typhimurium isolates and one Enteritidis
isolate (Chapter 4, data not shown). Moreover, the estimated risk of colon cancer after
infection with S. Enteritidis, S. Typhimurium and other serovars were not consistent among
the epidemiological studies [Chapter 5; 5]. Hence the aim of Chapter 8 was to unravel
possible virulence factors and other mechanisms responsible for the oncogenic potential of
Salmonella and to examine whether colon tumors from patients with a reported Salmonella
infection are different in nature to tumors from patients without a reported infection. With
regard to the tumor characteristics, no significant differences were present between the two
groups in terms of tumor markers, although the percentage of poorly differentiated tumors
was lower in patients with a past reported Sa/monella infection. For the other analyses, we
used a matched case-control design based on 60 Salmonella isolates derived from patients
suffering from gastroenteritis and visiting a GP. Thirty of these patients had developed colon
cancer >1 year after the Salmonella infection (i.e. the ‘case isolates’), whereas the other 30
did not develop cancer (i.e. ‘control isolates’). Assessing the in vitro infectivity and capacity
to induce cellular transformation of MEFs for each of the 60 isolates individually, showed

a tendency towards higher infectivity and transformation capacity for case isolates as
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compared to control isolates. However, subjecting the individual strains to a gastrointestinal
model system resembling the human intestinal tract did not reveal a significant difference
in infectivity between case and control isolates. Similarly, no consistent differences were
observed in the presence of bacterial genes between case and control isolates. Analysis
of the S. Typhimurium and S. Enteritidis subset revealed some bacterial genes and single
nucleotide polymorphisms (SNPs) to be associated with transformation capacity, although
the biological relevance of these genes/SNPs in terms of Salmonella’s oncogenic potential
were unclear. Investigating the isolates’ ability to utilize a range of different nutrient sources
yielded several differences between isolates with a high versus a low transformation capacity.
It therefore seems that the tumorigenic potential of Sa/monella is better explained by
phenotypic/metabolic differences rather than genotypic differences. Of note, transcriptional
research not only revealed a distinct expression of genes associated with cell cycle, cytokine
signaling and immune signaling at 2.5 versus 8 hours post infection, but also significant
differences in the activation of (metabolic) pathways between the serovars Typhimurium
and Enteritidis [57]. Hence, RNA sequencing might comprise a useful tool to examine the
transcriptional signature of isolates with a high versus low transformation capacity [58].
Part of the isolates with a lower transformation capacity revealed a reduced ability to utilize
several amino acids and peptides, whereas a contrasting utilization pattern was observed for
isolates with a higher transformation capacity. Likewise, the utilization of several phosphorus
and sulfur sources was more consistently low for isolates with low transformation capacity
as compared to isolates with high transformation capacity which showed mixed results. Of
note, both the transformation assay in MEFs and the nutrient utilization arrays are based
on simple models unlike the human gut. Whether the observed variation in transformation
capacity and the corresponding patterns in nutrient utilization are still valid in the complex
colonic environment and confer a biological advantage on these strains in terms of oncogenic
potential, remains to be elucidated. Despite this need for further research deciphering the
possible biological relevance of these outcomes, we could generate some hypotheses of
underlying mechanisms that may contribute to them. For instance, the development of
colonic adenomas and carcinomas is accompanied by significant changes in metabolic
pathways to comply with the increasing energy demand of the growing polyp/tumor allowing
tumor progression and metastasis. Such metabolic changes include higher demands for
nitrogen, amino acids and glucose, and a shift to aerobic glycolysis (i.e. the Warburg effect)
[59]. Regarding this point, the review in Chapter 7 summarized a myriad of studies that
found a distinct presence of bacteria in tumor and off-tumor tissues as compared to tissue
from healthy controls. In our previous experiments, Salmonella showed a tropism for

transformed cells. However, this implies that the bacterium has to adjust its nutrient uptake
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to the altered metabolic profile of the (early) tumor/polyp microenvironment. As for many
bacteria in the gut, glucose is the preferred source of energy for Salmonella when available
[60]. Yet, Salmonella has a profound adaptive response, using host- and microbiota-derived
metabolites (produced as an intermediate or by-product during inflammation) to assure its
metabolism even under suboptimal conditions [61, 62]. Upon invasion of the host cell, most
Salmonella bacteria reside in the Salmonella-containing vacuole (SCV) without direct access
to host cytosolic metabolites/nutrients. Literature suggest that Sa/monella recruits host cell
transporters to obtain nutrients such as arginine and glutamine in the SCV [63, 64]. Since
developing colorectal tumors are accompanied with an accumulation of L-Arginine, the
observed increased L-arginine utilization by strains with a higher transformation capacity
supports the hypothesis of Salmonella as a passenger bacteria [65]. Salmonella strains with a
higher capacity to utilize a broad spectrum of nutrients, as observed in Chapter 8, therefore
have an advantage of surviving and replicating in the altered microenvironment stimulating
tumor progression, particularly when it also outcompetes other bacterial species lacking
such metabolic capacities or when microbe-microbe interactions play a role [66].

Several strategies have been postulated by which Salmonella might induce colonic
tumorigenesis. Briefly, these include the upregulation of Wnt signaling and suppression of JNK
and NF-kB by the Sa/monella AvrA protein and the activation of STAT3 and MAPK/Akt pathways
by the Salmonella effector proteins leading to epithelial cell proliferation, suppression of host
immune responses and cell transformation [67]. A possible complementing strategy might
include hyperactivation of the serine-threonine kinase mammalian target of rapamycin
(MTOR). mTOR is part of the upstream phosphatidylinositol-3-kinase (PI3K)/Akt pathway,
which is involved in a myriad of cellular functions, including metabolism, growth and survival
[68]. Aberrant Akt signaling is frequently associated with cancers and constitutes one of the
causes of the downstream overactivation of mTOR. On the other hand, the mTOR gene itself
is identified as proto-oncogene with strong tumorigenic capacities. A myriad of pathways
leading to stimulation of mMTOR have been linked to tumorigenesis and proliferation of cancer
cells [69, 70]. Overactivation of mTOR has been associated with cellular transformation of
MEFs (tested in a soft agar assay) and rapid development of tumors after subcutaneous
administration in mice [69]. mTOR consists of two complexes, activation of mMTOR complex
1 (MTORC1) is mainly regulated by nutrient availability (particularly amino acid levels,
including glutamine, leucine and arginine), growth factors, oxygen levels and reactive
oxygen species (ROS) [71]. Under normal conditions, active mTOR complex 1 (mTORC1)
induces cell growth and proliferation by the phosphorylation of the downstream protein S6

kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein (4EBP1). In case
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of Salmonella infection, a transient damage of the SCV membrane shortly after infection
(1-2h), induces a rapid decline in cytosolic amino acids (mainly L-leucine and L-isoleucine), a
phenomenon also observed in reaction to infection by other intracellular bacteria [72]. This
decline appears to be host-driven rather than the result of consumption of amino acids by
Salmonella. The low levels of amino acids lead to autophagy due to mTORC1 inhibition (i.e. a
catabolic response of cells to cope with stress conditions) [72]. However, Salmonella triggers
a rapid normalization of the amino acid levels in the cytosol (3-4h post infection), as well as
relocation of mTOR to the maturing SCV [72]. The mechanism behind the rapid restoration
of amino acid levels during Salmonella infection as compared to other intracellular bacterial
infections is not yet known. Nonetheless, by reactivating mTOR, Sa/monella escapes from
autophagy, thereby favoring its growth and replication within the host [72].

Another route of mTOR activation involves ROS production by mitochondrial activity. Upon
infection, mitochondria produce higher levels of ROS as part of the innate host defense
against pathogens [73]. Yet, the amount of mitochondrial ROS (mtROS) produced was shown
to be dependent on the Salmonella serovar [57]. Infection of human intestinal organoids (HOI)
with S. Enteritidis revealed upregulated gene expression of mitochondrial related processes
(including mitochondrial translation, protein import and oxidative phosphorylation) as
compared to infection by S. Typhimurium. Consistently, the increase in mtROS production
between 1 and 24 hours post infection was significantly higher for Enteritidis compared
to Typhimurium [57]. Remarkably, enhanced mitochondrial activity has been observed in
transformed predisposed MEFs (i.e. harboring Arf” and c-MYC mutations) with a history
of S. Typhimurium infection as compared to predisposed MEFs without a prior Salmonella
infection. This mitochondrial activity appeared crucial for maintaining the transformed state
of the MEFs as inhibition of mitochondrial activity led to abolishment of the Salmonella-
induced transformation [D.M. van Elsland, personal communication, December 5%, 2019].
These results suggest that the induction of enhanced mitochondrial activity (and the
subsequent production of mtROS) is not restricted to S. Enteritidis and might vary within
serovars. How Salmonella reprograms the mitochondria towards sustained activity even
when bacterial infection is cleared, remains to be elucidated. Mitochondrial dysfunction has
been associated with a multitude of human pathologies, including cancers [74]. Aberrations
in mitochondrial metabolism play a role in the oncogenesis cascade from malignant
transformation to tumor progression [75]. The overactivated mitochondria continuously
produce ROS. As a consequence, the activity of the tumor suppressor PTEN (phosphatase
and tensin homolog deleted on chromosome 10) is restrained due to oxidation by ROS

[76], which subsequently leads to activation of the Akt pathway and the downstream mTOR
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pathway [68]. Remarkably, the effect of ROS on mTORC1 is dose-dependent, as low doses
are associated with mTORC1 activation whereas high-dose or long-term ROS exposure leads
to decreased mTORC1 activity (as a result of AMPK-induced phosphorylation of Raptor) [77].
Whether mTOR is one of the missing links in the causality of Salmonella-induced cancer
progression, warrants further study butitis found activated in human gallbladder carcinoma

samples from Indian patients that have been chronically infected by S. Typhi.

Association between bacteria and gastrointestinal
cancer - lessons learned and a way forward

This thesis aimed to contribute to the existing knowledge about the association between
Salmonella and colon cancer. Overall, the outcomes show a mixed picture. On the one hand,
the invitro and in vivo experiments showed results clearly supporting an association between
Salmonella and the development of colon cancer. On the other hand the epidemiological
outcomes were less consistent and challenging to interpret. Amongst the possible reasons
are the lack of data concerning other possible risk factors, effect modifiers and confounders
that warrant attention in the analyses, as well as the inherent risk of (left and right)
truncation of observations in the relative short study periods. Moreover, since people are
estimated to acquire, on average, a Salmonella infection every ~7 years (in the Netherlands),
a truly unexposed population does not exist [16]. This implies that epidemiological
studies using indicators on a more continuous scale, such as abundance of bacterial DNA
in tumor versus off-tumor tissue or concentrations of anti-Salmonella antibodies, rather
than the dichotomous (and sometimes indirect) design of our registry studies, might be
recommended approaches for future research, particularly when combined with a multiyear
follow-up period. Ideally, one would aim for the implementation of a large-scale prospective
cohort study with a long-term follow-up, such as in the LifeLines cohort in the northern part
of the Netherlands to assess phenotypic, environmental and genomic parameters related
to development of chronic diseases and healthy aging by following people for >30 years
[78]. The design of such cohort study, including repeated follow-up questionnaires and
collection of biomaterials (e.g., blood, feces), as well as linkage to medical/environmental
registries, allows for the assessment of the risk of cancer(s) in relation to diet, physical
activity, body weight, occupational and environmental exposures, medication use, and
(fluctuating) microbiome compositions. Although this might provide better insights into the
correlations between risk factors and their relation with microbiome, such study would be
costly, time consuming and is highly dependent on the perseverance of the participants.
Alternatively, future research can aim at using existing data sources and the application of

340



General discussion

machine learning techniques to reveal patterns/associations in the tremendous amount of

data generated from high-throughput sequencing methods worldwide.

Overall, the epidemiological outcomes of this thesis seem to indicate the contribution of
Salmonella infection to the burden of colon cancer in the Netherlands (North West Europe) as
negligible, yielding no urgent implications for colon cancer screening policies or Salmonella
control programs. However, the increased incidence of colon cancer diagnosis within one
year after Salmonella infection, as well as the elevated rates of proliferation in tumors
compared to adjacent normal tissue, and the propensity of Sa/monella to infect cells with the
highest level of transformation all confirm that Sa/monella has a strong tropism for infecting
transformed/malignant cells. This implies that, regardless of the magnitude of Sa/monella
infection as driver for cancer induction at the population level, the bacterium might
substantially enhance or accelerate tumor growth with the inherent risk of cancer being
diagnosed in a late stage. Therefore, Salmonella could be added to the list of microorganisms,
including F. nucleatum and Clostridium hathewayi amongst others, warranting further
study into their potential as biomarker for (early) colon cancer diagnosis [79]. Owing to
the chemotaxis of Salmonella towards tumors, attenuated avirulent Salmonella strains are
a topic of interest in several animal models and clinical trials to assess their applicability
in bacterial-mediated cancer therapy [9, 80]. The mechanisms by which Salmonella exerts
the anti-tumor effects remain elusive [9]. Yet, despite the contrasting roles of Salmonella as
oncogenic versus therapeutic agent, we can continuously learn from the gained knowledge
in the therapeutic discipline, particularly concerning the mechanisms by which Salmonella
exerts its effects on tumor cells and the interaction with the immune system [9].

The pathogenesis of colon cancer is driven by a tripartite relationship between the
microbiome, the mucosal immune balance in the colon and the colonic epithelial cells
[81]. However, the vast majority of research on the association between microorganisms
and cancer focused on the role of a single microorganism in cancer development or a
snapshot of the distinct abundances of bacterial phyla/families in relation to cancer stage.
Presence and magnitude of microbe-microbe interactions with either counteracting or
amplifying effects on cancer development have hardly been studied. Several studies
observed cooperative or antagonistic behaviors between bacterial species or between
gut bacteria and the gut virome, such as protection of S. Typhimurium against B-lactam
antibiotics by Staphylococcus aureus, Bacteroides species and resistant E. coli [82-84], and
the inflammation-induced SopE® bacteriophage transfer to S. Typhimurium, which fosters
disease progression [85-87]. Likewise, influenza virus infection has been associated with
enhanced Salmonella colonization in the gut through the action of type | interferons and an
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altered gut microbiome composition [88], highlighting the interplay between microbiome
compartments and the immune response. Despite the obvious complexity, future research
could aim at deciphering polymicrobial interactions between microbes (in the gut) that

potentially exert synergistic effects on tumor formation.

As for many intestinal bacteria, research on the association between Salmonella and colon
cancer is still in its infancy, and the studies in this thesis were rather explorative in nature.
The absence of obvious genetic or metabolic markers or dose-dependent effects explaining
the tumorigenic potential of Sa/monella, suggests a more subtle contribution of Sa/monella
when certain conditions or prerequisites are met. Next steps could involve experimental
research focusing on these possible conditions, such as the comparison of transcriptional
profiles between serovars/strains and the effects of gene silencing on cell transformation
potential. In this thesis, the experimental in vivo and in vitro research was performed in
mice, MEFs and Caco-2 cells. Innovations such as intestines-on-a-chip and cell models with a
higher resemblance to the human colon such as HOI might offer an opportunity to capture
more realistically the putative tumorigenic role of Salmonella in the complex intestinal
environment [89]. Moreover, the multitude of bacteria being associated with gastrointestinal
cancer initiation and progression suggests a plethora of pathways involved that remain to
be unraveled in the coming decades.
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Summary

A growing body of scientific literature documents a putative role of commensal and
pathogenic bacteria in the initiation and progression of cancers. One such bacterium is
nontyphoidal Salmonella, which has been associated with colon cancer in a few studies.
Yet, a lot is still unknown about the magnitude and underlying mechanisms, including the
necessary conditions or ‘prerequisites’, of the potential colon carcinogenesis promoting
effects of Salmonella. The main objective of this thesis was to elucidate the role of
nontyphoidal Salmonella infection in the development of cancers in the gastrointestinal tract,
with particular focus on colon cancer. To this end, we performed several complementary
analyses based on both experimental and epidemiological study designs.

In chapter 2, 3 and 4 we investigated whether frequent exposure to zoonotic pathogens
such as Salmonella is associated with an increased risk of colon cancer. Exposure to
Salmonella might occur in occupational settings, for instance due to contact with live
animals or (raw) products thereof. In chapter 2 we assessed the association between
reported culture-confirmed Salmonella and Campylobacter infection and occupation in
a nationwide registry study in the Netherlands in the period 1999-2016. To this end, we
used an internationally agreed upon occupational classification system. Besides analyses
of the incidence in occupational divisions within the total dataset, we defined three high-
risk groups for zoonotic infection. These high-risk groups include occupations possibly
associated with frequent exposure to (low dose) Salmonella through 1) contact with live
animals and animal manure (e.g., farmers, abattoir workers, veterinarians), 2) processing
of foods of animal origin (e.g., cooks and chefs) and 3) sale of products of animal origin
(e.g., butchers and cheese store employees). Occupational data was linked to salmonellosis
or campylobacteriosis data at the individual person level. We compared the incidence of
salmonellosis and campylobacteriosis in the occupational divisions and high-risk groups
with the incidence in the matching group (based on Salmonella serovar or Campylobacter
species, calendar year and people’s gender and age group) in the total employed
population of the Netherlands. The standardized incidence ratios of both salmonellosis and
campylobacteriosis were significantly increased in the risk groups involving contact with live
animals or animal manure and food sale (1.4-1.8-fold increased). Also, significant excess
incidence of reported salmonellosis and campylobacteriosis was observed in healthcare-
related occupations and several industrial occupations. In addition to reported infections,
we compared the serological incidence (or seroincidence) of Salmonella or Campylobacter in
a subset of the employed population. The seroincidence is defined as the estimated number
of (in this case Salmonella or Campylobacter) infections per person per year, which provides
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a less biased method for the estimation of the infection pressure (i.e., force of infection), as
it is based on seroconversion (i.e., immune response-eliciting infection), rather than clinical
disease alone. Little variation was found in the seroincidences between occupational groups
or high-risk groups, hence, the observed differences in incidence of reported infections were
only slightly reflected by the infection pressure. In chapter 3, we used a comparable study
design to explore the incidence of colon cancer among different professions and assessed
whether the occupational groups with increased salmonellosis incidence were also those
more prone to develop colon cancer. In accordance with previous literature, occupation in
itself provided little differences in colon cancer incidence, as relatively minor differences
in incidences were observed among occupational divisions. Likewise, no increased risk of
colon cancer was observed in the three pre-defined high-risk groups with higher incidences
of salmonellosis. Significant higher incidences of colon cancer were found for several
industrial divisions, as well as a few non-manual occupational divisions associated with
more sedentary tasks. The contribution of the major lifestyle-related risk factors of colon
cancer and the heterogeneity of these risk factors among occupational groups might have

diluted the relatively minor putative effect of Salmonella.

In chapter 4, we assessed whether the risk of colon cancer is associated with Salmonella
exposure earlier in life by using serum samples from a Dutch serosurvey, which were linked
to colon cancer diagnosis data. To this end, we compared the Salmonella seroincidence of 36
people who developed proximal colon cancer >1 year after participation in the serosurvey
(i.e., cases) to the seroincidence of 72 matched individuals without a colon cancer diagnosis
(i.e. controls). Matching was done on gender, age, educational level, socioeconomic status
and smoking behavior. The seroincidence was significantly higher in cases versus controls
in the subgroup aged <60 years at time of the serosurvey and the subgroup with a high
socioeconomic status. Besides the epidemiological analyses, we also investigated whether
repeated exposure with a low dose of Salmonella can induce a tumorigenic response under
experimental conditions. Mice with a predisposition for colon cancer received either three
low-dose infections or one high-dose infection with S. Typhimurium. Both infected groups
of mice, as well as the control group (without infection), developed colon tumors. However,
the tumors of infected mice were larger and showed more often high-grade dysplasia. Yet,
repeated low-dose infections with Salmonella sufficed to induce a similar tumorigenic effect,
as no differences were observed between the mice with multiple low- versus single high-
dose infections. Also, mouse embryonic fibroblasts (MEFs) with a predisposition for cancer
were infected with a high or a low dose S. Typhimurium. After this first infection, cellular

transformation was observed in both groups of MEFs in a soft agar assay. Reinfection of
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these transformed MEFs (i.e. with prior exposure to Sa/monella) with the same low or high
dose led to the formation of more and larger colonies as compared to the first infection. Still,
two-fold infection with a low dose was more successful as compared to a single high-dose

infection (i.e. more and larger colonies).

In chapter 5, we continued with an epidemiological study in a Danish cohort to complement
the findings of an earlier Dutch cohort study which found an increased risk after reported
(severe) Salmonella infection. In the Danish cohort, the incidence of colon cancer was
compared for individuals with a reported Sa/monella infection in the past versus individuals
without a reported Sa/monella infection in the period 1994-2015. Again, the salmonellosis
surveillance data was linked to colon cancer diagnosis data and demographic data. Cox
regression showed no overall increased risk of colon cancer after Salmonella infection.
However, the risk of proximal colon cancer was significantly increased (1.4-fold) >1 year
after infection with serovars other than Enteritidis and Typhimurium (the two serovars which
cause over 70% of the infections). Remarkably, an over two-fold increased incidence of colon
cancer was found among individuals with a Salmonella infection less than one year before
the cancer diagnosis. These results differ from the findings of the earlier Dutch cohort study
which found an increased risk of proximal colon cancer in people aged <60 when infected,
particularly when infected with S. Enteritidis.

The association between chronic S. Typhi infection and gallbladder carcinoma is well
established and earlier research showed that also S. Typhimurium is able to induce
tumorigenesis in gallbladder organoids. Whether nontyphoidal Salmonella is associated with
a higher risk of biliary tract (including gallbladder) cancer was addressed in chapter 6. By
comparing the incidence of biliary tract cancer >1 year after Salmonella or Campylobacter
infection with the incidence of biliary tract cancer in the general Dutch population, we found
atendency towards a higher risk of biliary tract cancer after Salmonella but not Campylobacter
infection. Yet, as biliary tract cancer is rare in the Netherlands, the numbers were too low to

reach the level of significance.

As the list of microorganisms being associated with a variety of cancers continues to grow,
we performed a literature review to summarize the epidemiological studies addressing
the association between bacteria and parasites and cancers in the gastrointestinal tract
(chapter 7). Overall, we provided an overview of the study designs and main findings of 158
studies covering 10 bacteria and three parasites. Most studies addressed the association
between bacteria and colon or colorectal cancer. Many of these compared the presence or

abundance of a bacterium in cancer patients versus healthy controls or tumor tissue versus
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Summary

off-tumor tissue, which does not allow for assessing cause-effect relationships. A relative

small portion of studies included a follow-up time of several years.

In chapter 8, we aimed to further unravel a causal link between Sa/monella infection and
colon cancer from a bacterial perspective. We therefore performed a ‘case-control study’
using 60 Salmonella isolates selected based on the linkage of national Sa/monella surveillance
and cancer diagnosis data in the Netherlands. Indeed, through this linkage, 30 isolates were
identified that were obtained from patients with a Salmonella infection who developed
proximal colon cancer >1 year after the infection (i.e., case isolates), and another 30 matched
isolates (based on Salmonella serovar, gender, age and calendar year) were obtained from
patients who were not diagnosed with colon cancer (i.e., control isolates). All these isolates
were sent to the Dutch National Institute for Public Health and the Environment (RIVM) for
typing as part of the national (human) salmonellosis surveillance. The selected 60 Sa/monella
isolates were used in several analyses. No difference in infectivity was observed between
case isolates and control isolates in a cell model resembling the human gastrointestinal
tract. On the other hand, we found substantial variation between isolates in terms of their
capacity to infect MEFs and to induce cellular transformation, with a tendency towards higher
transformation efficiency in the case isolates. Whole-genome sequencing of the isolates
did not reveal biologically relevant genes or single nucleotide polymorphisms significantly
associated with transformation efficiency. Assessing the capacity of the isolates to utilize
a broad range of carbon, nitrogen, phosphorus and sulfur sources showed a significant
positive correlation between transformation efficiency and utilization of a range of sources,
mainly amino acids, peptides and phosphorus sources. Isolates with a larger metabolic
flexibility in response to nutrient availability possess a biological advantage during human
infection. However, the implications of these findings for Salmonella's putative tumorigenic

potential and which pathways/mechanisms might be involved need to be further unraveled.




Samenvatting

Dikkedarmkanker (hierna ‘darmkanker’ genoemd) is de op twee na meest voorkomende
vorm van kanker wereldwijd. In Nederland wordt jaarlijks bij meer dan 8,000 personen
darmkanker vastgesteld. Hoewel de incidentie van darmkankerin de oudere leeftijdsgroepen
al daalt mede door de invoering van darmkankerscreening bij personen 55-75 jaar (sinds
2014), stijgt de incidentie in jongere leeftijdsgroepen (<50 jaar). Een klein deel van de
gediagnosticeerde darmkankers (<5%) heeft een erfelijke oorzaak. Naast de bekende
risicofactoren zoals overgewicht, consumptie van rood en bewerkt vlees, een tekort aan
lichaamsbeweging, alcoholgebruik, roken en een lage inname van voedingsvezels en
calcium, spelen mogelijk andere nog onbekende risicofactoren een rol in de ontwikkeling
van darmkanker. Een toenemend aantal micro-organismen wordt geassocieerd met
de inductie en ontwikkeling van kanker. Enkele bekende voorbeelden zijn de associatie
tussen het humaan papillomavirus en hepatitis virus en de ontwikkeling van respectievelijk
baarmoederhalskanker en leverkanker. In tegenstelling tot virussen laten bacterién geen
genetische afdruk achter in cellen waardoor het causale verband tussen bacteriéle infectie
en kanker lange tijd is onderkend. Tijdens infectie manipuleren bacterién de bestaande
processen/routes van cellulaire communicatie in de gastheer wat mogelijk aantasting van
de integriteit van de gastheercel tot gevolg heeft. Dit heeft voor de bacterie als doel om
overleving en replicatie in de gastheer te waarborgen en te optimaliseren, echter het kan
als nevenschade ook kwaadaardige transformatie van cellen en daarmee het ontstaan
van kanker teweegbrengen. De best onderzochte associaties tussen bacteriéle infectie en
kanker zijn op dit moment Helicobacter pylori als veroorzaker van maagkanker en chronische
Salmonella Typhi infectie als oorzaak van galblaaskanker. Daarnaast wijst experimenteel en
epidemiologisch onderzoek op een verband tussen niet-tyfeuze Sa/monella en darmkanker.
Niet-tyfeuze Salmonella is een van de meest voorkomende oorzaken van gastro-enteritis
wereldwijd en infectie heeft veelal een mild, zelflimiterend beloop. Het bewijs voor een
mogelijke associatie tussen niet-tyfeuze Salmonella en kanker is slechts gebaseerd op
enkele onderzoeken en veel is nog onbekend over de mechanismen en condities voor het
mogelijke verband tussen Sa/monella en darmkanker en mogelijke andere vormen van
kanker in het spijsverteringskanaal. Daarom heeft deze thesis als hoofddoel de bestaande
kennis over de mogelijke associatie tussen niet-tyfeuze Salmonella infectie en kanker in het
spijsverteringskanaal verder uit te diepen, met een focus op darmkanker. Hiervoor hebben

we een geintegreerde epidemiologische en experimentele aanpak gebruikt.

In hoofdstukken 2, 3 en 4 onderzoeken we of frequente blootstelling aan zodnotische
pathogenen zoals Sa/monella een verhoogd risico op darmkanker tot gevolg heeft. Een van de
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mogelijke manieren van blootstelling is via werk, bijvoorbeeld door contact met levend vee
of (rauwe) producten van dierlijke oorsprong. In hoofdstuk 2 hebben we in een landelijke
registerstudie onderzocht of er een verband is tussen incidentie van gerapporteerde
humane salmonellose en campylobacteriose en beroep in de Nederlandse bevolking,
daarbij gebruikmakend van een internationaal beroepsclassificatiesysteem. Naast analyse
van de incidenties in de verschillende beroepsgroepen in de totale dataset, hebben we drie
risicogroepen gedefinieerd. Deze risicogroepen omvatten beroepen mogelijk geassocieerd
met een frequente blootstelling aan (een lage dosis) Sa/monella via 1) contact met levende
dieren en dierlijke mest (bijv. veehouders, slachthuismedewerkers en dierenartsen),
2) dierlijke producten tijdens voedselproductie/-bereiding (bijv. koks) en 3) dierlijke
producten tijdens verkoop (bijv. slagers en medewerkers van kaas-/delicatessenwinkels). De
incidentie van salmonellose en campylobacteriose in de beroepsgroepen en risicogroepen
werd vergeleken met de incidentie in de matchende groep (o.b.v. Salmonella serovar of
Campylobacter species, geslacht en leeftijdsgroep van de mensen, en kalenderjaar) in de
totale beroepsbevolking (de referentiepopulatie) in de periode 1999-2016. De uitkomstmaat
was een gestandaardiseerde incidentie ratio (SIR). SIRs voor zowel salmonellose en
campylobacteriosewarensignificantverhoogdin derisicogroep metblootstellingaan levende
dieren of dierlijke mest en de verkoop van dierlijke producten (1,4-1,8 maal verhoogd). De
incidentie van gerapporteerde salmonellose/ campylobacteriose was eveneens verhoogd in
gezondheidszorg-gerelateerde beroepen en een aantal industriéle beroepen.

Tevens hebben we in deze studie de Salmonella- en Campylobacter-seroincidentie
vergeleken tussen verschillende beroepsgroepen in een subgroep van de beroepsbevolking.
Gerapporteerde infecties geven het topje van de ijsberg weer, gezien met name infecties
met ernstige of langdurige klachten worden gerapporteerd. Seroincidentie daarentegen
is gebaseerd de ontwikkeling van een immuunrespons in reactie op infectie ongeacht
ziekteverschijnselen. Hiertoe hebben we gebruik gemaakt van serummonsters uit
een eerdere seroprevalentiestudie. De anti-Sa/monella/-Campylobacter 1gM, 182G en IgA
antilichaamtiters in een individueel serum sample werden gebruikt als input om de periode
sinds de laatste seroconversie (blootstelling aan pathogeen) te berekenen door middel
van een Bayesiaans model. De periode sinds laatste seroconversie kon vervolgens worden
geconverteerd naar een seroincidentie, gedefinieerd als het geschatte aantal infecties per
persoonsjaar. De spreiding in seroincidentie van Sa/monella en Campylobacter was slechts
beperkt binnen verschillende beroepsgroepen en was niet significant hoger in de drie
gecombineerde risicogroepen in vergelijking met de seroincidenties in niet-risicogroepen.

In hoofdstuk 3 hebben we de associatie tussen darmkanker en beroep onderzocht in een

landelijke registerstudie in de periode 2000-2016. Om de uitkomsten te kunnen vergelijken
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met de eerdere beroepsstudie (hoofdstuk 2) hebben we gebruik gemaakt van dezelfde
beroepsclassificatie en risicogroepen. De incidentie van darmkanker (proximaal noch
distaal) was niet significant verhoogd in de drie risicogroepen vergeleken met de incidentie
in matchende referentiegroep in de algemene Nederlandse bevolking. Over het algemeen
waren de verschillen in darmkankerincidentie tussen de onderzochte beroepsgroepen klein.
Ook bleek de seroincidentie van Salmonella in personen die een aantal jaar later werden
gediagnosticeerd met proximale darmkanker niet significant hoger dan in gematchte
controles die geen darmkanker ontwikkelden, behalve in de groep die een serummonster
afstonden voor hun 60e levensjaar (hoofdstuk 4). In een experimentele setting is onderzocht
of een herhaalde infectie van gepredisponeerde muizen met een lage dosis S. Typhimurium
versus een enkele infectie met een hoge dosis eenzelfde tumorontwikkeling teweegbrengt. Dit
bleek het geval te zijn, echter tumoren van muizen met een Sa/monella-infectie waren groter
en invasiever dan in de tumoren in de controle groep. Ook was Salmonella in hogere mate
aanwezig in tumorweefsel in vergelijking met het omliggende weefsel. Dit werd bevestigd
in een in vitro experiment waar gepredisponeerde embryonale muizenfibroblasten (MEFs)
met een herhaalde blootstelling aan een lage dosis S. Typhimurium meer kolonies vormden
in agar dan MEFs met een enkele hoge dosis infectie. Herhaalde blootstelling aan een hoge
dosis Salmonella leidde echter tot een hoger aantal kolonies. Bovendien had Salmonella een
voorkeur voor infectie van cellen met de hoogste mate van pretransformatie.

In hoofdstukken 5 en 6 hebben we de associatie tussen Sa/monella-infectie geanalyseerd
in twee retrospectieve cohortstudies. De studie in hoofdstuk 5 had als doel om de associatie
tussen ernstige (d.w.z. gerapporteerde) salmonellose en darmkanker te onderzoeken
d.m.v. een landelijke cohortstudie in de Deense populatie in de periode 1994-2016. Door
data uit verschillende registratiesystemen op persoonsniveau te koppelen konden we de
incidentie van darmkanker vergelijken tussen de groep personen met een gerapporteerde
Salmonella-infectie in het verleden en de groep zonder gerapporteerde Sa/monella-infectie
(controle groep). Daarbij werd onderscheid gemaakt tussen darmkankerdiagnose <1 jaar
na Salmonella-infectie en >1 jaar na infectie. In het algemeen was het risico op darmkanker
niet hoger in de groep met Salmonella-infectie >1 jaar geleden ten opzichte van de controle
groep, met uitzondering van de subgroep met gerapporteerde infectie door serovars
anders dan Enteritidis en Typhimurium waar een 1,4 maal verhoogd risico op proximale
darmkanker werd gevonden. Daarentegen was de incidentie van darmkanker in de groep
met een recente infectie meer dan tweemaal hoger dan in de controle groep. In hoofdstuk
6 hebben we een vergelijkbare studie uitgevoerd om het risico op galblaas- en galwegkanker

na Salmonella- of Campylobacter-infectie vast te stellen in de Nederlandse populatie in
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de periode 2000-2016. Galblaas-/galwegkanker is relatief zeldzaam in Nederland (~800
diagnoses/jaar), echter de overlevingskans is laag en diagnose kan in veel gevallen niet
worden geattribueerd aan de bekende risicofactoren. Hoewel de associatie tussen S. Typhi
en galblaascarcinoom inmiddels vaak onderwerp is van studie, is er nog weinig bekend over
het risico op galblaas-/galwegkanker na niet-tyfeuze Salmonella infectie. Kankerdiagnoses <1
jaar na infectie werden geéxcludeerd in de analyse, evenals infecties voor de leeftijd van 20
jaar. Galblaas-/galwegkanker werd vastgesteld bij negen personen met een gerapporteerde
Salmonella-infectie en zeven personen met een gerapporteerde Campylobacter-infectie. Deze
aantallen waren te laag om statistische significantie te bereiken, echter voor Salmonella was

er een indicatie voor een hogere kans op galblaas-/galwegkanker na infectie.

Het afgelopen decennium is het aantal gepubliceerde studies die het verband tussen micro-
organismen (met name bacterién) en kanker in het spijsverteringskanaal onderzoeken,
substantieel toegenomen. Dit is onder andere te danken aan de snelle ontwikkeling van
sequencing-methoden zoals ‘whole-genome sequencing' dat onderzoek naar onder andere
het microbioom in relatie tot gezondheid en ziekte in een stroomversnelling heeft gebracht.
Hoofdstuk 7 bevat een reviewartikel van de epidemiologische studies die het verband
onderzoeken tussen bacterién/parasieten en kanker in de spijsverteringsorganen. H.
pylori hebben we niet meegenomen in deze literatuurstudie omdat voor deze bacterie
al veel reviewartikelen bestaan. Het artikel bevat een samenvatting van de belangrijkste
methodologischeaspectenenresultatenvan 158studieswaarinhetverband metkankerwordt
onderzocht voor verschillende 10 bacterién en 3 parasieten. Naast de Deense cohortstudie
uit hoofdstuk 5, werd in vier andere studies de associatie tussen niet-tyfeuze Salmonella
en colorectaalkanker onderzocht. Eén daarvan was een Nederlandse registerstudie waarin
een significant verhoogde incidentie van darmkanker werd gevonden in personen met een
gerapporteerde Salmonella-infectie in de leeftijd 20-60 jaar. De incidentie van proximale
darmkanker was bijna drie keer zo hoog na infectie met S. Enteritidis in vergelijking met de
algemene bevolking. Deze resultaten konden niet worden bevestigd in zowel de Deense
cohortstudie als een Taiwanese cohortstudie. Daarentegen werd in twee andere studies een
significante associatie gevonden tussen Sa/monella antilichaamtiter en colorectaalkanker en
tussen aanwezigheid van Salmonella AvrA eiwit in feces en colorectaalkanker.

De studie in hoofdstuk 8 had als doel meer inzicht te krijgen in mogelijke genetische
factoren die verband houden met de vermeende oncogene rol van Salmonella alsmede
mogelijke mechanismen die daarbij betrokken zijn. In een case-control studie hebben we 30
Salmonella-isolaten van mensen met een gerapporteerde Salmonella-infectie die een aantal

jaar later werden gediagnosticeerd met darmkanker (‘case-isolaten’) vergeleken met 30

357



Salmonella-isolaten van mensen zonder darmkankerdiagnose (‘control-isolaten’). De cases
en controles werden gematcht op basis van serotype, geslacht, leeftijd en jaar van infectie.
De 60 Salmonella-isolaten werden vervolgens gebruikt voor verschillende experimenten.
In een in vitro model bleek de mate waarin isolaten in staat waren MEFs te infecteren en
cellulaire transformatie te induceren te verschillen. Een verschil in infectiviteit werd echter
niet gevonden in een in vitro model systeem wat het humane spijsverteringskanaal nabootst.
Ook werd in het genoom van de Sa/monella-isolaten geen eenduidige aanwijzing gevonden
voor betrokkenheid van specifieke genen of ‘single-nucleotide polymorphisms’ (SNPs)
bij de capaciteit om transformatie te induceren. Wel bleken de isolaten met een hogere
transformatie-efficiéntie beter in staat om een variéteit aan nutriénten te verbruiken, zoals
aminozuren, peptiden en andere stikstof- en fosforbronnen, in tegenstelling tot de isolaten
met een lagere transformatie-efficiéntie. In de studie werden er geen duidelijke verschillen
tussen case-isolaten en control-isolaten gevonden op genotypisch en fenotypisch niveau.

Op basis van de uitkomsten van deze thesis kunnen we verschillende conclusies trekken.
Allereerst, waren de resultaten van de epidemiologische analyses minder consistent en
moeilijker te interpreteren in vergelijking met de experimentele analyses. Een mogelijke
reden hiervoor is dat Salmonella waarschijnlijk een kleine rol speelt in darmkanker
ontwikkeling ten opzichte van de bekende leefstijl-gerelateerde risicofactoren die het risico
van Salmonella overschaduwen. Correctie voor deze risicofactoren die in tijd variéren is in
veel epidemiologische studiedesigns niet mogelijk. Daarnaast wordt elk individu meermaals
blootgesteld aan Salmonella gedurende zijn/haar leven. Een niet-blootgestelde populatie
bestaat in feite niet. Gerapporteerde infecties omvatten slechts een klein deel van het
werkelijke aantal infecties, waardoor de kans bestaat dat de associatie tussen Salmonella en
darmkanker wordt onderschat. Op basis van de uitkomsten van de muisexperimenten en
de in vitro analyses in deze thesis kunnen we concluderen dat Sa/monella onder bepaalde
omstandigheden (die in werkelijkheid voor kunnen komen) in staat is om de ontwikkeling
van darmkanker te initi€ren en daarmee een ‘driver' rol kan innemen. Daarnaast blijkt uit de
in vivo en in vitro analyses alsmede de observatie dat de darmkankerdiagnoses met name
verhoogd zijn in het eerste jaar na Salmonella infectie, dat Salmonella een tropisme heeft
voor het infecteren van gepretransformeerde cellen en kankercellen. Dit ondersteunt de
hypothese dat Salmonella een ‘passenger’is die profiteert van het veranderde microklimaat
in/om de tumor en mogelijk de progressie van darmkanker stimuleert. Hoewel we in deze
thesis geen causale link hebben kunnen vaststellen tussen Sa/monella en darmkanker,
biedt de geobserveerde variatie in cellulaire transformatie capaciteit en de correlatie met
het gebruik van nutriénten mogelijkheden voor verder onderzoek naar de verstoring van
cellulaire processen in de gastheer die leiden tot tumorontwikkeling.
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met de vorderingen van mijn onderzoek, de goede gesprekken en vooral de ontspanning
tijdens alle gezellige avonden/dagen. Pa en ma, de basis voor dit alles heb ik aan jullie te
danken. Heel veel dank voor alle liefde, steun, belangstelling en altijd luisterend oor. Zussen,

broers, (schoon)zussen en zwagers, jullie zijn er altijd voor mij, het is niet in woorden uit te
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drukken hoe waardevol dat is. Arno en Henk, hoewel ik bij de start van mijn promotietraject
me nog geen voorstelling kon maken dat ik mijn proefschrift ook daadwerkelijk ooit zou
verdedigen, één ding stond al vast: ik wil mijn beide broers als paranimfen. Bedankt dat jullie
dit willen doen. Schoonfamilie, bedankt voor jullie belangstelling voor mijn proefschrift,

gezamenlijke klusdagen en alle gezellige familiemomenten.

Lieve Michel, wat een geluk dat ik jou heb leren kennen. Bedankt voor alles wat je hebt

gedaan om dit proefschrift mogelijk te maken!




