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CHAPTER 1

General introduction and outline of this thesis



Chapter 1

General introduction

The microbial world of bacteria, viruses, fungi and archaea is not directly apparent to the
naked eye, but constitutes a wealth of intrigue and interest for many scientists. While
individual (opportunistic) pathogens have shown their capability to cause clinical disease,
much is yet to be learned about the microbial communities that reside within our human
bodies. Since trillions of microbes are encountered at the protective internal and external
epithelial linings on a daily basis, it is of great importance to understand their implications
for human health and disease. Culture-independent microbial research has become the
method of choice to study the presence of the microbial residents (microbiota) and their
genomes (microbiome). The bacteria in particular have gained vast attention from the
scientific community as their number within the human body equals the amount of human
cells [1l. Many bacterial phyla (>90) have been identified as part of the tree of life [2], but
the majority of bacteria colonizing humans are represented by Firmicutes, Bacteroidetes,
Actinobacteria and Proteobacteria [3, 4l. Variation in bacterial community structure in
healthy subjects is primarily determined by body site (e.g. gut, oral cavity, skin) while strong
interpersonal differences exist within the habitats [3, 41. The microbiome profile of each
person is indeed unique, but also influenced by internal (e.g. host genetics) and external

(e.g. environment, diet and antibiotics) factors.

The human gastrointestinal (GI) tract is inhabited by the bulk of bacterial residents,
especially the gut, which contains the most dense and diverse microbial population.
Colonization starts right at birth, where after the Gl microbial composition undergoes
further changes as it matures over time [5-71. Since the Gl microbiota are involved in
multiple important aspects of host physiology (e.g. maturation of the Gl tract, modulation
of the immune system, energy supply and vitamin production), these microbial residents
are considered to function as an exceptional “organ” of the host [8]. While the maintenance
of microbial homeostasis is beneficial for human health, the significance of disturbances
of Gl microbial communities (dysbiosis) in disease warrants further exploration [9l. Both
untargeted shotgun metagenomics and targeted 16S rRNA amplicon sequencing have
led to more insight into the bacterial microbiota of the Gl tract, revealing associations of
the Gl microbiota with diseases within the Gl tract (e.g. colorectal cancer [CRC)) as well as
remote organ systems (e.g. autism) that seems more complex [8]. An interplay of microbes
with temporal changes in different stages of disease pathogenesis is conceivable, but the
precise contribution of individual agents remains to be established and warrants further
exploration. Animal models such as rodents are commonly used to study Gl microbial

dynamics and to provide proof for causality in an experimental set up. Nevertheless, these
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General introduction

models do not mimic the natural setting within humans and therefore the inclusion of
human subjects and the collection of preferentially longitudinal biological samples are

essential for human microbiome studies.

The investigation of the Gl microbiota often relies on the collection of fresh or frozen
biopsy and stool samples. Although the mucosal microbiota are thought to be more
representative for the local microbiota at near proximity to human epithelial cells, the fecal
content is often used as a proxy for the lower Gl tract [10], offering an opportunity to study
metabolic profiles and to identify new non-invasive biomarkers. Fecal immunochemical
tests (FITs) are currently applied in CRC screening programs to detect subjects at risk
for (pre)malignant transformation of the colon. These stool-based tests rely on the
measurement of occult blood (i.e. hemoglobin), but not all subjects with (pre)malignant
lesions are detected [11-13], and the relatively high false positivity rate of this assay means
that many patients unnecessarily undergo endoscopic surveillance procedures. The
application of the Gl microbiome as additional non-invasive biomarker seems promising,
but microbiome profiling by high throughput sequencing is not cost-effective and labor
intensive for screening purposes. Targeted analysis of metagenomics markers in stool
derived samples would be more feasible [14-171, but it is worthwhile to examine the
possibility of using FITs of lower biomass instead of whole stool samples in future efforts
[18]. The selection of microbial biomarkers remains to be determined for different disease
stages and warrants validation in study populations with different ethnic background and
in presence of other (Gl) comorbidities. Since environmental and genetic host factors are
significant contributors to host susceptibility to disease, these factors also require further
investigation.

Microbiome studies have enabled the identification of species that were previously not
defined, providing a more complete overview of the taxonomic and functional repertoire
of the human Gl microbiota [8]. We have started to unravel the significance of the Gl
microbiota within this new scientific era with ongoing technical advances, but their precise
contribution in the pathological basis of disease and their utility in medical practice

deserves further exploration.

Outline of this thesis

The importance of the Gl microbiota in health and disease has gained attention in
recent years, and many disease entities are now linked to changes in the gut microbial
composition. In Chapter 2, we provide a detailed description of the Gl microbiota in human

healthy physiology and its emerging role in Gl oncogenesis. This review of literature
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Chapter 1

indicates that different studies together have contributed to our general knowledge
regarding the bacterial Gl residents in the healthy state, but many of them have focused on
a section of the Gl tract only. In Chapter 3, we conducted 16S rRNA amplicon sequencing
to explore the bacterial composition along nine mucosal sites within the Gl tract of 14
subjects using biopsies obtained during double balloon enteroscopy. We demonstrate
that both the bacterial load and a-diversity were higher in the lower Gl tract, the bacterial
communities of which cluster separately from the upper Gl tract. While fresh or frozen
specimens (e.g. biopsies and feces) are commonly used to answer specific microbe-related
health questions, collection of these samples for research involving specific disease sites,
rare diseases or a long follow-up time of patients may be difficult. In these situations,
tissues from pathology archives may be useful. The application of formalin-fixed paraffin
embedded (FFPE) tissues for deoxyribonucleic acid (DNA) isolation remains difficult due
to the detrimental effect of tissue fixation procedures on DNA integrity and the inherent
low bacterial biomass, but these specimens might be the only source directly available. In
Chapter 4, we show the feasibility of conducting bacterial analysis of FFPE sections under
specific conditions, but also demonstrate that despite rigorous technical conditions, 16S
rRNA amplicon sequencing of this material remains challenging. Our recommendations to
achieve quality control and to account for unintentional bacterial contamination might be
helpful for future research using low biomass specimens, but other microbiome sources
are also of interest. In Chapter 5, we demonstrate that specific bacterial markers can be
stably measured up to six days in FITs from the CRC screening program and that bacterial
contamination is overall low when analyzed by quantitative polymerase chain reaction
(QPCR). Thus, the application of FITs to analyze the Gl microbiome for the detection of
(pre)malignant lesions is promising. The clinical application of the microbiome also holds
promise in radiation enteropathy (RE) as stated by study of Ferreira et al [19]. In Chapter
6, we discuss their findings in the context of recent literature and the parallels of RE with
inflammatory bowel disease (IBD), a disease group known to have an altered microbial
composition [20, 211 and to be at increased risk of developing CRC. Interestingly, human
genomic DNA can also be extracted from stool alongside microbial DNA, and utilized for
the measurement of methylated levels of specific host loci (i.e. BMP3 and VAV3 genes).
This may hold promise for the screening of high grade dysplasia and CRC in IBD patients
[22], though we discuss the effect of IBD medication on such diagnostic measurements
in Chapter 7. Since IBD is associated with several extra-intestinal complaints, including
skin diseases psoriasis [23, 24] and hidradenitis suppurativa (HS) [25-27], a role for the ClI
microbiota in processes beyond the gut is increasingly being speculated upon. While
the concept of a gut-skin axis implicating the Gl microbiota to skin diseases has been
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General introduction

widely proposed [28-31], we are among the first to characterize the fecal microbiome
in HS patients and to demonstrate some interesting bacterial taxonomic alterations in
patients compared to healthy controls in Chapter 8. Removal of inflamed intestine through
ileocecal resection is a successful treatment strategy for the IBD sub-entity Crohn's
disease (CD), but recurrence of disease may still occur. In Chapter 9, we used FFPE tissue
resection specimens to explore whether microbial biomarkers might be helpful to predict
CD patients at risk of postoperative surgical recurrence. We show that bacterial markers
(Faecalibacterium prausnitzii and adherent invasive Escherichia coli) were not able to
distinguish between subjects with and without re-resection in retrospective. Host genetic
factors (i.e. single nucleotide variants in the autophagy gene ATG16L1) have been shown to
affect host bacterial handling by affecting Paneth cell function [32]. Nevertheless, neither
histopathological markers for Paneth cell function nor ATG16L1 status were predictive for
disease recurrence and the search for suitable future markers thus continues. In Chapter
10, we turned our attention to the role of host genetic factors in the bacterial handling of
Helicobacter pylori (H. pylori), a known risk factor for gastric carcinogenesis [33, 341. We
investigated the genetic association between Toll-Like receptor 1 (TLR1) locus and anti-H.
pylorilgG levels, which was not uniformly confirmed across cohorts, and demonstrate that
antibody decay and TLR1-independent effects of H. pylori may complicate these genetic
association studies in different cohorts.
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Chapter 2

Abstract

Advances in research techniques have made it possible to map the microbial communities
in the gastrointestinal (GI) tract, where the majority of bacteria in the human body reside.
Disturbances in these communities are referred to as dysbiosis and have been associated
with Gl cancers. Although dysbiosis is observed in several Gl malignancies, the specific
role of these changes has not been understood to the extent of Helicobacter pylori (HP)
in gastric cancer. This review will address the bacterial communities along the Gl tract,
from the oral cavity to the anal canal, particularly focusing on bacterial dysbiosis and
carcinogenesis. Just as non-HP bacteria in the stomach may interact with HP in gastric
carcinogenesis, the same may hold true for other Gl tract malignancies, where an interplay
between microbes in carcinogenesis seems conceivable, especially in colorectal cancer
(CRQ). In the last part of this review, we will discuss the potential mechanisms of bacterial
dysbiosis in Gl carcinogenesis.

Keywords:

Microbiota; microbiome; cancer; gastrointestinal; oral; esophageal; gastric; colorectal.
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1 Introduction

One of the first people to directly observe bacteria was Antoni van Leeuwenhoek, who
in 1683 described the presence of single cell organisms living in the human oral cavity,
which he called ‘animalcules' Nevertheless, it was not until the 19" century that the theory
that bacteria could cause disease was commonly accepted. Today, we are starting to
recognize the complex relationships between microbes and their hosts in health and
disease. Historically, the identification and classification of microorganisms was based on
microscopic and culture-based methods, and the advent of molecular technologies has
contributed significantly to the emerging insight into the microbes that collectively reside in
a given ecosystem (the microbiota) and their genomes (the microbiome) [1, 2I. The human
microbiome is mostly found at the interface between our body and the outside world
- i.e. our skin, mucosa and in particular, the gastrointestinal (GI) tract, which can also be
represented as one large complex microbial ecosystem. This tract, simplified as a hollow
tube system from the oral cavity to the anal canal, is openly connected to the outside world
and the epithelial layer of the Gl tract therefore acts as an important barrier function to keep
microorganisms from invading. Since a major part of the 10* bacteria in the human body
resides in the alimentary tract [3], continuous exposure to these microbiota is inevitable.
Owing to the uneven distribution of the bacterial load, different parts of the Gl tract are
exposed to different amounts and types of microorganisms. Bacterial counts drop from the
oral cavity to the acidic stomach and then markedly increase from the small intestines to
reach a maximum in the colon. As the latter harbors a quantity that exceeds other organs
by at least two orders of magnitude, the bacterial content in the colon has been a preferred
focus for study [3, 4]. Nevertheless, there has been an exponential interest in unravelling the
microbial content of the entire Gl tract. Disturbances in this highly complex system (termed
dysbiosis) can affect human health [5-7] and have been associated with different Gl diseases,

including infectious diarrhea, inflammatory bowel disease (IBD) and cancer.

Given the extensive research and data availability, this review will focus mainly on bacteria
as a major component of the Gl tract microbiota. The healthy human microbiome, sampled
across different body parts, is mainly (>90%) represented by the phyla Actinobacteria,
Firmicutes, Proteobacteria and Bacteroidetes [8]. Since each body habitat harbors its
own characteristic microbiota, the relative abundances of these phyla and their sublevels
(class, order, family, genus and species) are likely to vary across different Gl sites in healthy
and diseased states (Figure 1). In this review, we will focus on the interaction between
the microbiota and Gl carcinogenesis, focusing on site-specific microbial changes and

summarizing what is known about the molecular pathways involved.
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Chapter 2

2 The microbiome of the upper Gl tract

Much effort has been directed towards the identification of causative microbial agents in
carcinogenesis. The global burden of new cancer cases attributed to infectious agents
was estimated to be 15.4% (2.2 million cases) in 2012 [9l. The leading contributor to this
list was Helicobacter pylori (HP), with a total of 770,000 cancer cases that year. HP was
involved in 29% of the gastric carcinomas of the cardia, and was accountable for 89% of the
non-cardia gastric carcinomas and 74% of the non-Hodgkin lymphomas of the stomach.
The involvement of HP in gastric cancer (GC) is the most notorious example of microbial
infection related cancer within the human Gl tract. Already in 1994, this Gram-negative
flagellated bacterium was classified as a group | carcinogen by the International Agency
of Research on Cancer (IARC) [10]. In contrast, the microbial contribution to other Gl tract
malignancies has not been fully understood. Since the compartments of the alimentary
tract are all virtually interconnected to one another, it is important to uncover site specific

microbes involved in carcinogenesis.

2.1 Oral cavity

The oral cavity is the starting point of the Gl tract and is lined by mucosa that covers
the lips and the mouth. Despite the possibility of direct visualization, cancer affecting
this site is often recognized at late stages [11l. Oral squamous cell carcinoma (OSCC) is
the most common type and a major cause of morbidity and mortality [11, 12]. Tobacco
smoking remains an important contributor besides other factors such as alcohol and beta
nut exposure. Despite these, the etiological picture is not fully elucidated, and recently the
attention has been shifted to the identification of potential microbial agents [30]. A minor
role (4.3%) for human papillomavirus (HPV) infection in oral cancer was acknowledged
earlier 9], but studies have not agreed on the role of specific bacteria, individually or
collectively, in OSCC [31l.

»Figure 1 | The human gastrointestinal (GI) microbiome: composition in healthy and Gl cancer.

The bacterial numbers in the different parts of the Gl tract; adopted from [3].
The phylum composition in healthy state; adopted from [5, 13-171.
Changes within and between phyla in Gl tract cancers; adopted from [18-29].

General abbreviations: + positive; -, negative. Microbial abbreviations: E. coli, Escherichia coli; E.
faecalis, Enterococcus faecalis; F. nucleatum, Fusobacterium nucleatum; ETBF, enterotoxigenic
Bacteroides fragilis; H. pylori, Helicobacter pylori; HPV. human papillomavirus; P. melaninogenica,
Prevotella melaninogenica; S. gallolyticus, Streptococcus gallolyticus; S. mitis, Streptococcus mitis.
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Chapter 2

Two consecutive papers addressed the presence of living bacteria in OSCC tissue,
and showed an increased presence of saccharolytic and aciduric bacteria in OSCC as
compared to normal tissue of the same patient. This suggests the presence of specialized
microbes attracted by the acidic and hypoxic tumor environment [32, 33], and could
point to a consequence of tumorigenesis rather than a driving factor for these bacteria.
Differences in bacterial composition of tumor versus normal adjacent tissue included an
increased abundance of phylum Firmicutes (85%), and a relative shift of Gram-negative
to Gram-positive microbiota, including saccharolytic Streptococcus [34]. Using next-
generation sequencing (NGS), a later study managed to classify almost all reads (99.6%)
from three OSCC biopsies to species level (228 species). Thirty-five species were shared
among the OSCC subjects studied, including potential pathogens Fusobacterium spp.,
Aggregatibacter segnis and Prevotella oris (P oris). Interestingly, a small group of non-oral
taxa (5%), including Bacteroides fragilis (B. fragilis), was found [19].

Meanwhile, non-invasive microbial profiling of saliva and oral swabs has been of great
interest for the purpose of OSCC diagnostics. One study explored forty common oral
microorganisms in saliva and suggested Prevotella melaninogenica (P. melaninogenica),
Capnocytophaga gingivalis (C. gingivalis) and Streptococcus mitis (S. mitis) as potential
biomarkers, with a promising sensitivity and specificity of 280% [35]. To pursue a more
complete picture of bacterial saliva, Pulshalkar et al. conducted a 454-sequencing study
which revealed Firmicutes as the most prevalent of 8 phyla in OSCC subjects. In total,
15 phylotypes were found to be unique for OSCC which included the above-named P
melaninogenica and also Capnocytophaga spp. [20]. Similarly, salivary changes were
also noticed in a high throughput study investigating oral leukoplakia (OLK), OSCC and
controls. While Firmicutes was again the dominant phylum, unlike biopsies, it showed a
lower prevalence in saliva from OSCC patients [36]. A significant decrease of Firmicutes
(genus Streptococcus), as well as Actinobacteria (genus Rothia), was also found in oral
swabs from both cancerous and precursor oral lesions when compared to the non-
affected contralateral sites, although not in comparison to healthy controls [37]. However,
a recent 16S rRNA gene sequencing study did show significant differences between
the oral microbiota from swabs taken from patients presenting with different stages of
malignancy and normal controls. Interestingly, the microbial community of potentially
malignant disorders overlapped and was positioned between those of oral cancer and
healthy controls, suggesting a gradual shift of microbiome during carcinogenesis. One
of the microbes isolated from specifically from precancerous lesions was Megasphaera
micronuciformis, which together with other bacteria that were in higher abundance in
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these lesions compared to either the normal (P. melaninogenica, Prevotella veroralis) or the
cancerous sites (Rothia mucilaginosa) might serve as potential biomarker [18].

Taken together, while relatively few studies have examined the microbiome associated
with oral cancer, they have indicated shifts in microbial diversity. However, methodological
differences between these studies make it difficult to draw definite conclusions about the
bacterial association in OSCC [31, 371, as the sampling sites (i.e. mucosa vs fluid) can affect
outcomes. While Firmicutes is undoubtedly one of the most abundant phyla present in
the mouth, both up- and down-regulation of this phylum in OSCC samples have been
observed. It remains undetermined whether the shift within the bacterial community

contributes to OSCC carcinogenesis or reflects the changed microenvironment.

2.2 Oropharyngeal cavity and esophagus

The next section of the Gl tract is the oropharyngeal cavity, which includes the tonsils.
As for other head and neck cancers, tobacco and alcohol are important risk factors in
oropharyngeal cancers. Nevertheless, HPV infections are highly associated with this
malignancy [38, 39] and have been estimated to contribute to 30% of the oropharyngeal
cancer cases worldwide [gl. On the other hand, bacterial associations with oropharyngeal
malignancies are so far not evident. HP has shown the ability to colonize the oropharyngeal
tissue, but its role in carcinogenesis could not be confirmed [40].

Another understudied area is the microbial structure of the esophagus, especially the
bacterial community [41]. While HPV has been linked to Barrett's esophagus (BE) and
esophageal cancer [42, 43], bacterial involvement in esophageal disease has not been
fully determined. Nevertheless, interesting findings have been observed in a limited
number of non-culture based studies that have been performed [43, 44]. The normal
esophagus harbors a complex bacterial community and has shown to be predominated
by the phylum Firmicutes, followed by Bacteroidetes, Actinobacteria, Proteobacteria
and Fusobacteria which appeared in decreasing order [45]. Supervised and phenotype
directed analyses have demonstrated two types of microbiomes present in the distal
esophagus [21]. Type | was more closely associated with normal esophagus and was
predominated by genus Streptococcus, while type Il, in which Gram-negative anaerobic/
microaerophilic bacteria were more abundant, corresponded to esophagitis and Barrett's
esophagitis, suggesting the presence of microbiota shifts in disease states. Highly
abundant genera of the type Il microbiome included Veillonella and Granulicatella
(Firmicutes), Prevotella and Porphyromonas (Bacteroidetes), Haemophilus, Neisseria
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and Campylobacter (Proteobacteria), Rothia and Actinomyces (Actinobacteria) and
Fusobacterium (Fusobacteria).

When focusing on cancer of the esophagus, approximately 90% of the cases worldwide
consist of esophageal squamous-cell carcinoma (ESSC), although in North America and
Europe, esophageal adenocarcinomas (EAC) is the predominant type [46]. The role of local
bacteria in esophageal carcinogenesis is disputed [44, 471, but it has been hypothesized
that the type Il microbiome contributes to gastro-esophageal reflux disease (GERD) and
also EAC, potentially by stimulating the immune system and triggering inflammation-
associated carcinogenesis [21]. However, while some characteristics of the type I
microbiome have been confirmed in other studies, the exact microbial signature in GERD
and EAC remains to be reproduced. One relatively large study combined a cultured based
approach with molecular analysis in GERD, BE, EAC and controls and found that the
most prominent shift was reflected by increased abundance of the genus Campylobacter
(species Campylobacter concisus) in GERD and BE [48]. A more recent prospective BE
cohort study showed that the majority of sequencing reads obtained from the esophageal
site belonged to the phyla Firmicutes (genus Streptococcus) and Bacteroidetes (genus
Prevotella), with a small proportion of reads (5%) representing HP [22].

While BE poses a substantial risk factor for esophageal cancer, it has also been speculated
that HP infection is protective against both BE [49, 501 and esophageal cancer [501. This
would be consistent with the fact that the presence of HP in BE is associated with lower
aneuploidy rates [22]. A meta-analysis of 27 studies confirmed this inverse association
between HP and EAC risk, although not for ESCC [51]. Since heterogeneous findings were
previously found for BE, this association has been re-evaluated in case-control studies [52,
53l. HP infection was inversely related to BE, but particularly in case of corpus atrophy or
regular anti-secretory medication use [52] and cytotoxin-associated gene A (cagA) positive
strains [53]. In addition to BE, an inverse correlation with HP was also seen for erosive
esophagitis although not for GERD symptoms [53], and HP eradication does not increase
GERD risk [54]. Thus, while a role for HPin GERD is less clear, most evidence points towards
a protective role for HP in BE and esophageal cancer, potentially by neuro-immunological
anti-inflammatory mechanisms [55].

2.3 Stomach
2.3.1 The gastric microbiota composition

Despite its potential protective role in the esophagus, HP is undoubtedly a carcinogen in
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gastric oncogenesis and, since its discovery in 1982, has been the most studied bacterium
isolated from the stomach [561. While HP may thrive in the stomach, the relatively hostile
conditions in the stomach generally correspond to a lower colonization as compared to
other Gl sites; with only an estimated abundance of 107 bacteria, the stomach is several
orders lower in bacterial load than more distal parts of the Gl tract. Over time, new
molecular techniques have made it possible to identify the remaining members of the
gastric community and have overcome the restrictions of conventional culture based
methods [57-601. Emerging studies have pointed out that HP is by no means the only
predominant species in the stomach, and the role of these non-Helicobacter species in
gastric diseases is under investigation [61-63]. Using traditional culture combined with
16S rRNA pyrosequencing, examination of the gastric microbiota of healthy HP negative
individuals showed the presence of 69 genera, 59 families and 9 phyla of which Firmicutes
(genera Streptococcus, Lactobacillus and Enterococcus), Proteobacteria and Actinobacteria
(genus Propionibacterium) were the most abundant in descending order. Other phyla (<3%)
included Deinococcus-Thermus, Bacteroidetes and Gemmatimonadetes. Cultivation of
gastric juice and mucosa did not only pick up members of these common genera, but also
indicated that these bacteria were alive. However, positive cultures were less frequent
in gastric juice as compared to gastric mucosa [59l, and it has been suggested that the
microbial composition at the mucosa would be more representative of the physiology at
the epithelium [64l. A high prevalence (65%) of non-Helicobacter microorganisms was also
found in a HP positive Chinese cohort with dyspeptic complaints, identifying 18 additional
genera and 43 species of which Neisseria, Streptococcus, Rothia and Staphylococcus were

most prevalent [65].

While it is becoming clear that in addition to HP, many other bacteria are able to thrive in
the gastric environment, the question remains whether the presence of HP directly shapes
the gastric microbial composition. Bik et al. was one of the first to confirm the microbial
diversity of the stomach (with main phyla Firmicutes [genus Streptococcusl, Proteobacteria
[main genus Helicobacterl and Actinobacteria in descending abundance) and showed that
the presence of HP did not influence the gastric community distribution [66]. Similarly, a
Malaysian study showed that HP did not influence the microbial diversity in patients with
divergent gastric diseases [67]. In contrast, a study in healthy persons identified the same
major phyla, but did find that HP status was important in making a difference in microbial
diversity. In this study, HP negative samples contained a more diverse community with
262 phylotypes belonging to 13 phyla whereas HP positive samples harbored only
33 phylotypes and were dominated by HP [68]. Similarly, Maldonado-Contreras et al
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demonstrated a change in microbial composition related to HP status. While similar phyla
were detected among HP positive and negative subjects, with phyla Proteobacteria,
Firmicutes, Actinobacteria in descending order, HP positivity was associated with a relative
increase of abundance within the phyla Proteobacteria, Spirochetes and Acidobacteria
and a decline in Actinobacteria, Bacteroidetes and Firmicutes. However, this study also
pointed out that although the presence of HP attributed to the composition of the gastric

microbiota, origins or ethnicity might contribute even more [69l.

Thus, in addition to HP, the four main Gl phyla are well represented in the stomach with
Streptococcus being one of the most often identified genera. Whether or not HP infection
affects the composition of the remaining microbiota remains unclear, but may be linked to
more to disease state and ethnicity than the presence of HP per se.

2.3.2 Microbiota in gastric cancer (GC)

GC is globally the fifth most common cancer and was the third leading cause of
cancer death in 2012 [70]. HP has been acknowledged as an important risk factor in the
development of GC, in particular non-cardia cancer [71l. Although only a small percentage
of HP infected subjects develop GC [72], HP eradication has been shown to reduce the
odds of GC incidence [73]. While a direct causative role for HP in gastric carcinogenesis is
undisputed [74], the role of the remaining microbiota in the oncogenic process is unclear.
Interestingly, spontaneous gastritis and gastrointestinal intra-epithelial neoplasia (GIN)
development was significantly retarded in an insulin-gastrin (INS-GAS) mouse model
under germ free conditions, demonstrating that commensal bacteria do contribute to
gastric carcinogenesis. The authors further suggested that enteric bacterial overgrowth
during gastritis contributed to HP-induced carcinogenesis [75. Indeed, co-infection of INS-
GAS mice with restricted Altered Schaedler Flora (rASF; consisting of ASF356 Clostridium
species, ASF361 Lactobacillus murinus and ASF519 Bacteroidetes species) was sufficient to

enhance GIN development in an inflammation-dependent manner [761.

Whether non-HP members in the gastric microbiota play a role in gastric carcinogenesis
in human remains uncertain. Dicksved et al., when comparing GC patients to dyspeptic
controls, did not find significant differences in gastric microbiota between these groups
using terminal restriction fragment length polymorphism (T-RFLP). Subsequent 16S rRNA
gene analysis of GC samples demonstrated a highly complex community of 102 phylotypes,
which was clustered into five major phyla consisting of Firmicutes (most represented),
Bacteroidetes, Actinobacteria, Proteobacteria and Fusobacteria. HP was only seen in a
low abundance in this study [23]. However, HP incidence is higher in Asia compared to
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Western countries, and a Korean study using 16S rRNA pyrosequencing detected HP DNA
in 92% of paraffin-embedded tissues from resected gastric adenocarcinomas. In non-HP
GC patients, Helicobacter cinaedi, Helicobacter mustelae and Campylobacter hyointestinalis
were detected [77]. Nevertheless, no significant functional role for bacteria other than HP

seems to be apparent in GC [78l.

However, some studies do suggest that bacterial shifts may occur during progression of
gastric disease. In 1992, the Correa model of gastric carcinogenesis illustrated the sequential
stages of chronic gastritis, atrophy, intestinal metaplasia (IM) and dysplasia prior to
development GC of the intestinal type [79]. During this progression, a gradual shift of gastric
microbial community from precancerous lesions to GC appears to take place, although
different studies disagree on the nature of these shifts. Both decreases [80] and increases
[81, 82] in bacterial diversity have been reported when comparing samples from chronic
gastritis and/or IM towards GC. The most consistent findings between these studies were an
increase in Lachnospiraceae, and members of the Lactobacillaceae and Streptococcacaea
families, during carcinogenesis. The presence of HP appears to enhance microbial differences
between chronic gastritis, IM and GC [81] and bacterial load [82]. Furthermore, a recent study
showed an inversed correlation between HP abundance and bacterial diversity in chronic
gastritis and IM patients, which was corrected upon eradication of HP [83]. We have recently
identified differences in bacterial interactions across stages of gastric carcinogenesis. The
significant enrichments and network centralities suggest the potentially important roles of
Peptostreptococcus stomatis (P. stomatis), Dialister pneumosintes, Slackia exigua, Parvimonas
micra (P micra) and Streptococcus anginosuss in GC progression. Moreover, stronger
interactions among gastric microbes were observed in HP-negative samples compared to
HP-positive samples in superficial gastritis and IM [84].

In addition to comparing the gastric microbiomes from GC and non-GC patients, the
microbial profile of the cancerous stomach and the adjacent normal mucosa within the
same patient has also been addressed. Paradoxically, HP levels in HP positive GC patients
were significantly reduced in malignant tissue compared to normal mucosa [85]. This might
seem counterintuitive, as physical interaction of the gastric epithelium with HP is one of the
driving factors in gastric carcinogenesis. However, it is conceivable that the altered local
microenvironment upon oncogenesis is more permissive of other bacteria rather than HP
(as detailed later) [86]. At genus level, a decline was also seen for Propionibacterium sp.,
Staphylococcus sp. and Corynebacterium sp., whereas Clostridium sp. and Prevotella sp.
were increased in GC mucosa [85].
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Overall, there is emerging evidence of the presence of non-Helicobacter bacteria in the
human stomach besides HP, but the specific role of individual microorganisms in human
gastric carcinogenesis remains unclear [82, 87-89l. The gastric microbiota composition
of GC patients seems to be affected in some studies, but contradictory outcomes have
been reported by others. Again, the different methodological approaches make it difficult
to directly compare studies, and more homogeneous studies are required to validate the

results obtained so far [90].

2.4 Duodenum

The bacterial residents of the duodenum have not been thoroughly investigated despite
some evidence for their involvement in upper Gl disorders (e.g. irritable bowel syndrome
(IBS) and coeliac disease) [60]. Molecular studies are especially limited, but evidence so far
indicates that phyla Firmicutes, Proteobacteria and Actinobacteria are predominately part
of the healthy microbiome [13, 91, 92]. When descending to lower taxonomy levels, distinct
compositions were noticed for duodenal biopsies (genera Acinetobacter, Bacteroides,
Prevotella) versus luminal contents (genera Prevotella, Stenotrophomonas, Streptococcus)

[13], with mucosa-associated microbes appearing less variable and more conserved.

Investigation of bacterial profile shifts might lead to the better understanding of the
pathophysiology in upper Gl disorders. For instance, in duodenal IBS, both bacterial
overgrowth and a decline in microbial diversity have been noticed and might be relevant
for future treatments [91l. However, duodenal malignancies are relatively rare and the

relevance of bacterial involvement in duodenal cancers has not been investigated yet.

3 The microbiome of the middle and lower Gl tract

3.1 Jejunum & ileum

Although the jejunum and ileum are the longest Gl parts with the largest contact surface
area, collection of samples from these sites remains challenging [60]l. Nevertheless,
molecular analysis of 16S rRNA genes demonstrated that the jejunum harbors a less
complex bacterial community compared to the distalileum and large intestines [15]. Asmall
study using a single healthy volunteer showed predominance of the genus Streptococcus,
but a better impression was given by a more recent NGS study which included jejunal
biopsies from nineteen healthy subjects [14]. The phyla in descending order of relative
abundance consisted of Proteobacteria (Neisseria, Helicobacter), Bacteroidetes (Prevotella),
Actinobacteria (Brevibacterium), Firmicutes (Streptococcus) and Fusobacteria.
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Like the collection of biopsies, selective luminal collections are usually not easy in the small
intestinal lLumen of subjects with intact anatomy. However, a post-mortem study managed
to demonstrate the presence of mainly facultative anaerobes and aerobes in the luminal
content of the jejunum and ileum [93] Although there were inter-individual differences,
genera belonging to the phyla Firmicutes (Streptococcus, Lactobacillus, Enterococcus),
Proteobacteria (Gammaproteobacteria) and Bacteroidetes (Bacteroides) were observed.
The presence of a highly inter-individual bacterial community was also confirmed in
ileostomy subjects [16]. Nonetheless, knowledge about the microbial community of the
small intestines is still limited in health and disease, and the role of bacterial dysbiosis in
cancers of the small intestines remains to be elucidated.

3.2 Large intestines
3.2.1 Colorectal microbiota composition

The colon harbors one of the most dense and diverse bacterial communities of the
human body and consist of both luminal and surface-associated populations [94, 95l.
This complexity is depicted by the increasing numbers of new phylotypes identified in
recent studies [94, 96-98I. There is little variation within the same subject, but high inter-
individual diversities exist in both colonic tissue [94, 98] and fecal [8, 94, 96, 99] samples.
Although mucosal and fecal microbiomes differ significantly in lower taxonomy classes,
characterization at phylum level indicated that members of the mucosa associated and
fecal microbiota consist mainly of Firmicutes (cluster Clostridia) and Bacteroidetes [14, 15,
94, 97, 99-101l. Less abundant phyla in the colorectal compartment include Proteobacteria,

Actinobacteria, Fusobacteria and Verrucomicrobia.

3.2.2 Microbiota in colorectal cancer (CRC) - drivers and passengers?

According to the multi-hit model of CRC, sequential mutations are needed to drive
colorectal carcinogenesis [102, 103l. Like the Correa sequence defined in GC, an adenoma-
to-carcinoma sequence with accumulating mutations is apparent for CRC development.
Triggers of these events are not defined yet [104], but accumulating clues have linked
bacterial agents to CRC development. A well-established example is the association
of Streptococcus gallolyticus (S. gallolyticus; formerly Streptococcus bovis) with CRC,
which justifies endoscopic bowel examination in case of positive blood cultures [105].
Since emerging insight into CRC pathogenesis has tremendous health benefits, it is not
surprising that the residents of the colon are extensively explored. CRC remains a major
health burden as the second and third most common cancer in respectively women and
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men. With an estimated 1.3 million cases, worldwide and mortality rates over 690.000 in
2012 [70], it is critical to unravel the role of bacterial dysbiosis in sporadic CRC in hope to

improve clinical diagnostics and possibly treatment.

Similar to what was observed in the stomach, early signs of dysbiosis were detected in
adenoma [28, 101] and CRC, with more pronounced changes in the latter [28]. Despite
high inter-individual differences in the microbiota, shifts in mucosal bacterial patterns
have been observed in CRC patients compared to healthy individuals, including the
increased presence of Fusobacterium [25, 106, 1071, Enterococcus faecalis (E. faecalis) [106]
and recently Peptostreptococcus anaerobius [108] in colorectal tumors. Other commonly
reported agents are genotoxic Escherichia coli (E. coli) and enterotoxigenic Bacteroides
fragilis (ETBF) [109-111] which are also able to confer pro-inflammatory signaling in the
colon. The association of such bacteria with CRC [112, 113] has led to the ‘alpha bug'
hypothesis. This model states that certain pro-oncogenic bacteria remodel the colonic
bacterial community to enhance mucosal immune responses and epithelial changes
leading to CRC [104]. The alpha bugs in this case do not act alone, but remodel the colonic

microbiota to induce a more oncogenic ecosystem [114].

Other studies have also investigated the microbiome of tumor and normaladjacent mucosa
from CRC patients. Although the over- and under-representation of community members
between these sites seem to vary among cohorts, the most consisting finding has been
the enrichment Fusobacterium (in particular F. nucleatum, a common oral commensal
[115]) at CRC sites [25, 27, 116], which in high relative abundance has been associated with
regional lymph node metastases [116] and tumor location (2% in rectum towards 11% in
cecum) [117]. However, other studies have shown that in addition to the tumor site, the
microbial constitution of normal mucosa from adenoma patients is also altered [118, 119].
The fact that commensal and anti-inflammatory butyrate-producing bacteria (family
Coriobacteriaceae, genera Fusobacterium, Roseburia, Faecalibacterium, Lactococcus) are
also often found at the tumor site [26] whereas pathogenic members of Proteobacteria
(Pseudomonas, family Enterobacteriaceae with Escherichia-Shigella, Citrobacter and
Salmonella spp.) are seen in the normal adjacent tissue [25, 261, has led to the postulation
of the ‘driver-passenger’ theory. In this model, 'bacterial drivers’ are held responsible
for the initiation of carcinogenesis by causing epithelial DNA damage. The subsequent
niche changes allow relatively poorly colonizers with competitive advantage in the tumor
environment, the ‘bacterial passengers’ to outgrow the bacterial drivers of CRC, which
are consequently enriched in the surrounding mucosa. The ‘passengers’ themselves can

either promote or suppress the carcinogenic process, and therefore may represent a
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consequence of disease rather than a causative factor. Temporal changes of both bacterial
drivers and passenger could be present due to continuous tumor development [2]. This
model could also explain the previously mentioned observation that HP might gradually
disappear at later stages of GC [85]. Obviously, temporal changes in bacterial presence
‘on’ and ‘off' the tumor would greatly complicate comparisons of different cohorts, and
may explain the fact that despite intense scientific efforts, it has been difficult to get a clear

consensus on the ‘CRC-associated microbiome’.

In addition to bacteria acting as potential oncogenes, it is also conceivable that the
commensal microbiome acts as a tumor-suppressive factor, and that disturbance
therefore results in the accumulation of mutagenic events. Feces from patients with
malignant lesions show a decrease in beneficial bacteria such as Lachnospiraceae [120]
and it was recently demonstrated that fecal bacteria (in particular Actinobacteria; genera
Streptomyces and Rhodococcus) from healthy subjects showed potent in vitro and in vivo
anti-tumor effects [121]. Interestingly, this effect was greater for younger subjects, and
it is tempting to speculate that changes in microbiome occurring at older age account
for some extent for the increased CRC risk at older age. It is of interest to note that in
inflammatory conditions such as ulcerative colitis, associated with altered microbiome
characterized by a reduced presence of beneficial bacteria [122-125], is also associated
with an increased risk of CRC development. This is commonly attributed to the chronic
inflammatory process, but could theoretically also be driven by the loss of commensal
anti-tumor effects.

3.2.3 Microbial biomarkers for CRC

In recent years, considerable interest has emerged to develop affordable non-invasive
biomarkers for early CRC diagnosis. Both guaiac fecal occult blood tests (gFOBT) and
fecal immunochemical tests (FIT) have been used to screen individual stool specimens
for the presence of hemoglobin. However, not all pre-malignant lesions bleed, and blood
can sometimes also be detected in stool from healthy individuals. Thus, there is clinical
need for additional biomarkers for CRC, for which the use of the gut microbiome seems
promising [126, 127]. Several metagenome studies have recently been conducted to identify
stool based bacterial biomarkers. Zeller et al. demonstrated marker species F. nucleatum
subspecies vincentii and animalis, P. stomatis, and Porphyromonas asaccharolytica, that
together discriminated between CRC and controls with the same accuracy as FOBT [1271.
Furthermore, a select microbial panel was also able to discriminate healthy subjects from
CRC oradenomas in a study by Zackular et al [126]. Among the six CRC-specific operational
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taxonomic units (OTUs), genus Fusobacterium was enriched in addition to both family/
genus Porphyromonadaceae and Porphyromonas.

Two consecutive Chinese studies took the next steps in developing clinical affordable
fecal biomarkers. Two potential CRC markers (F. nucleatum and P. micra) were validated
in cohorts of different ethnicity using quantitative polymerase chain reaction (qPCR) [128].
Diagnostic utility was confirmed for a combination of four bacterial markers (F. nucleatum,
Clostridium hathewayi, Bacteroides clarus and undefined species ‘m7), and shown to be
more accurate than F. nucleatum alone [129]. The addition of microbiome profiling to FIT
testing seems to lead to the improvement of CRC detection [120, 129, 130], thus validation
of these results in other cohorts would be of great use to improve CRC detection rates
worldwide. Interestingly, these analyses would be feasible in FIT rest material, as bacterial
DNA isolated from FIT tests largely resembles that from feces [131]. However, as it has
been shown that the fecal microbiome from adenoma patients differs little from healthy
controls (except for the levels of Ruminococcus), alternative markers for this group of
patients is called for [1271.

Concluding, it is safe to say that in addition to the role of HP in GC, the CRC associated
microbiome is the best studied interaction between bacteria and Gl cancers to date.
While mucosal bacteria arguably exert larger influences on the epithelial barrier cells
than luminal bacteria due to their direct contact with the host cells, the effect of luminal
bacterial metabolites on the epithelial barrier should not be disregarded [132]. Regardless
of the differences between fecal and mucosal microbiome, a recent systematic review
investigating the role of bacteria in CRC agrees on the overexpression of specific bacteria
such as Fusobacteria (F. nucleatum) and E. coli in CRC [24]. Other bacterial changes
validated across several studies include increases in S. gallolyticus, E. faecalis, B. fragilis,
Enterobacter, Leptotrichia, Porphyromonas asaccharolytica, Lactococcus [25, 28, 29, 109-
111, 120l In contrast, commensal (e.g. Bifidobacteria, Lactobaccillus, Ruminococcus) and
butyrate producing bacteria (e.g. Lachnospiraceae and Faecalibacterium spp.) [24, 29,
110, 120] appear to be decreased. Thus, despite the fact that the fecal microbiome does
not adequately reflect the mucosal microbiome [1071, fecal microbiome profiling may be
useful for identification of CRC-associated microbiome risk factors. However, it appears
that combining classical FIT tests with microbial profiles results in the highest clinical

performance of such assays.
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3.3 Anus

The last part of the alimentary tract is the anal canal, where malignant lesions are less
common. Globally, approximately ninety percent of anal cancer cases are attributed to
HPV infections [9] whereas the role of potential bacterial agents has been understudied.
Microbial profiles of the anal compartment are scarce, but a recent study in healthy female
adolescents showed that the anal microbiome was dominated by genera Prevotella and
Bacteroides of phylum Bacteroidetes [17]. In a different cohort consisting of MSM (men who
have sex with men) subjects, the microbes were mainly distributed in phyla Firmicutes
and Bacteroidetes whereas the composition altered during uncontrolled advanced
human immunodeficiency virus (HIV) infections with reduced and increased members
in respectively phylum Firmicutes and Fusobacteria [133]. However, whether relevant
bacterial shifts are indicated in anal malignancies is undetermined so far.

4 Potential mechanism of microbiota in Gl tract
malighancies

While it is evident that dysbiosis within the niches of the alimentary tract are associated
with Gl malignancies, the exact identity of potential causative members of these complex
bacterial communities and their oncogenic mechanisms are not fully understood. However,
lessons learned from the much studied interaction of HP with gastric oncogenesis may
provide clues for the oncogenic role of the microbiome in CRC, and the main hypotheses

regarding microbial-driven oncogenic routes in GC and CRC will be briefly discussed here.

4.1 Potential microbial mechanism in gastric carcinogenesis

HP exhibits several mechanisms through which it exerts its role in gastric oncogenesis,
which have been extensively reviewed elsewhere [74]. While ongoing research shows
increasing layers of complexity in the HP-induced oncogenic transformation, the
mechanisms through which HP exerts its effect can be broadly divided into virulence
factor-induced oncogenic changes, inflammation-mediated carcinogenesis and gastric
hormone-driven induction of oncogenic signaling. HP possesses various virulence factors,
including vacuolating cytotoxin A (VacA) and cagA. which are injected into host cells
through a pilus-like structure. Virulence factors of various strengths are found in different
HP strains, which vary globally and may contribute to different global incidences of GC.
The main effect of these virulence factors is to activate oncogenic signal transduction
pathways (including the mitogenic Ras-extracellular signal regulated kinase (ERK)
pathway, the phosphatidyl-inositol 3-kinase (PI3K) cell survival pathway, and CDC42/
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Rac-focal adhesion kinase cytoskeletal rearrangement pathways), the combined effects
of which are cellular changes in morphology, cell cycle, proliferation and cell death
[134-136]. The second common mechanism of oncologic transformation induced by HP
is through activation of inflammatory pathways. HP induces the production of reactive
oxygen species (ROS) in gastric epithelial cells, which activates inflammatory signaling
pathways inside these cells, resulting in cellular stress responses. In addition, massive
amounts of reactive oxygen and nitrogen species (NOS) are produced by immune cells
attracted by HP infection, and the resulting oxidative stress and nitration of DNA bases
drives accumulation of DNA damage and oncogenic mutations. Thirdly, initial HP infection
causes atrophic gastritis, characterized by destruction of acid producing parietal cells.
A compensatory upregulation of the acid-inducing hormone gastrin ensues, which is
directly correlated to gastric inflammation levels. In addition to modulation of acid levels,
gastrin is known to directly activate oncogenic signaling, including the earlier mentioned
PI3K pathway, in gastric epithelium cells.

In addition to HP, factors involved in GC include host genetic risk factors and environmental
factors such as smoking, high salt consumption, and other gastric microbes [113] that
interact with HP in a complex manner [112, 1371. In context of the hypothetic models in CRC,
HP can be seenas the ‘alphabug' or 'bacterialdriver'in the initial phases of GC development.
HPis thought to be mainly involved at the stage where chronic atrophic gastritis is induced
while subsequent microbial changes could lead to IM and GC progression [88]. This has
been supported by the model of crosstalk in which co-colonization of HP with other
microbiota could lead to atrophy related pH and nutritional changes and innate immune
responses, which then allows bacterial overgrowth of microbes that initially could not thrive
in the stomach [137]. Consequently, these microbes might induce further inflammatory
responses and epithelial damage and overshadow the role of HP at this point. Although
these culprits are not fully identified, general mechanistic routes may be present.

Bacterial overgrowth as a result of reduced gastric acidity has been linked the production
of potent carcinogenic N-nitroso-compounds (NOCs) [76, 137, 138]. Endogenous exposure
to these substances is associated with an increased risk of non-cardia cancer [139]. The
substrate for NOC formation is nitrite, which itself is formed by reduction of nitrate by
bacteria. [138, 1401. Elevated nitrite and bacterial levels are measured in hypochlorhydric
gastric juice [141, 142] which is in line with the finding of higher nitrite and nitrosamine
concentrations in atrophic gastritis compared to normal stomachs and non-atrophic
gastritis [143]. Furthermore, GC subjects have significantly elevated gastric nitrite
concentration compared to atrophic gastritis subjects with similar pH and HP status [144].
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These findings are supported by the doubled numbers of nitrosating and nitrate reducing
bacteria in GC subjects, albeit not significant compared to controls [78], and also the
enrichment of phylum Nitrospirae in GC subjects in another report [82]. More supportive
evidence comes from surgically treated patients in which bacterial gene functions prior
to treatment indicated the significant prevalence of N-nitrosation genes, and a shift
towards genes for nitric oxide (NO) reductase, nitrous oxide (N20) reductase and bile salt
hydrolase afterwards [145]. Therefore, the above findings indicate the potential of microbes
to influence GC development via NOCs.

Toll-like receptors (TLRs) expressed on immune and epithelial cells play an essential role in
the recognition of invading pathogens by activating inflammatory signaling, and inducing
pro-inflammatory cytokine as well as ROS and NOS production. As such, they contribute
to gastro-intestinal integrity, but possibly also to HP associated malignant transformation
when chronically activated [146]. During HP infection, pathogen-associated molecular
pattern molecules (PAMPs) derived from this bacterium are recognized by TLR2, TLR4,
TLR5, TLR9 [147], which are upregulated in dysplasia/carcinoma as compared to healthy
mucosa [148, 149]l. An even more striking finding has been the loss of polarized TLR
distribution in IM, dysplasia and GC [148-150I, suggesting that this diffuse localization could
make lesions more susceptible for TLR activation by PAMPS [149] and therefore enhanced
exposure to inflammation-mediated oncogenic signaling. It has been suggested that other
microbes than HP possibly fulfill a more prominent role during malignant transformation
by TLR activation, although other pattern-recognition receptors (PRRs) are also thought to
be involved (see [147] for excellent review).

Overall, while the mechanistic role of HP in gastric carcinogenesis is well-described,
the interaction between HP and the gastric community in GC seems complex and well-
defined mechanisms of non-HP microbes have not been defined yet. The question still
remains whether HP facilitates the outgrowth of bacteria with carcinogenic profile, or

whether other microbiota could promote a more malignant HP as well [86, 1371.

4.2 Potential microbial mechanism in CRC carcinogenesis

Just as virulence factors are of considerable importance in HP induced gastric
carcinogenesis, the release of toxic compounds by intestinal microbes also promotes
malignant transformation of colonic epithelial cells. A familiar example is the bacterial
product from ‘alpha bug' ETBF, B. fragilis toxin (BFT), which not only triggers a cascade
of known CRC oncogenic signaling pathways in colonic epithelial cell, (including the ERK

35



Chapter 2

pathway, but also Wnt, NF-B and STAT3) [104, 151], but possibly also causes ROS production
[152] and direct DNA damage [104]. Colibactin is another potent genotoxin that is synthetized
by pathogenic E. coli strains which harbor the genomic island pks (pks+ E. coli). Epithelial cells
that encounter this strain not only suffer from DNA double-strand breaks by colibactin [153],
but may also go into cellular senescence, which characterized by growth factor production
that might promote proliferation of other non-infected cells [154].

Another microbe-specific way to provoke malignant transformation is by direct interactions
with the colonic epithelial cells. This has been described for F. nucleatum which was
not only enriched at the tumor site, but also showed signs of invasive behavior [27, 116].
Attachment and invasion of this bacterium into epithelial cells requires surface molecule
Fusobacterium adhesion A (FadA) to bind the cellular adhesion molecule E-cadherin.
Binding to E-cadherin is sufficient to activate Wnt and other oncogenes, but internalization
of the bacterium is essential for the activation of inflammatory genes [155]. The elevated
FadA gene expression was confirmed in tissues from adenomas and CRC, which is in line
with the enrichment of FadA in fecal metagenomes of CRC subjects [127].

As suggested before for colitis associated cancers, inflammation mediated bacterial
participation is also conceivable in sporadic cancers. Functional analysis of the fecal
microbiome has demonstrated a CRC-associated increase in lipopolysaccharides (LPS)
metabolism [127], implying that increased LPS-induced TLR-mediated signaling pathways
in epithelial cells may contribute to disease. Indeed, both colon adenomas and cancers
express higher levels of TLRs (TLR2, 4, 5) that are diffusely and homogenously spread
throughout the cell compared to normal mucosa, including ectopic cytoplasmic expression.
An intensified activation of TLR is therefore imaginable and has been reflected by higher
expression levels of pro-inflammatory mediator cyclooxygenase (COX) 2 [156] and increased
TLR mediated pro-inflammatory NF-B pathway activation [157]. Substrates for TLR activation
can derive from various bacterial products of a wide range of bacteria (LPS, PAMPs) as well
as damage associated molecular patterns (DAMPs). The contribution of TLR signaling to CRC
development is underscored by the fact that CRC risk is significantly affected by functional
single nucleotide polymorphisms (SNPs) in TLR2 and TLR4 genes [158I.

While the focus has been on potential pathogenic members of the CRC microbiome,
it has been indicated that the depletion of protective bacteria might similarly promote
oncogenesis [126]. Short chain fatty acids (SCFAs), which have been suggested to have
potent anti-inflammatory and anti-tumor effects, are the end product of anaerobic

bacterial fermentation of dietary fibers [132, 159]. These metabolites consist of acetate,
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propionate and butyrate of which the latter is the major energy source of colonic cells
[160]. A higher abundance of butyrate-producing bacteria was found in stools of native
Africans with low CRC risk as compared to Afro-American subjects with a higher risk. The
microbe Faecalibacterium prausnitzii is one of the major butyrate producers together with
others of the Clostridium cluster IV and XlIVa [161], and depletion of the Faecalibacterium
genus increases CRC risk [29]. Similarly, butyrate producer Lachnospiraceae was reduced
in feces of CRC subjects [120]. Therefore, one can imagine that a decline of butyrate
and other SCFA producing bacteria could contribute to tumor progression. Interestingly,
some potential pathogens (e.g. Fusobacterium) are also capable of producing butyrate via
different butyrogenic pathways. However, these bacteria use amino acids as substrates
for butyrate production (glutarate, 4-aminobutyrate, Lysine), which is accompanied by the
formation of ammonia which is harmful to the gut [160l.

Since the colonic lumen contains the substrates for bacterial metabolic activity, dietary
intake could influence CRC risk. This has been illustrated by higher concentrations of both
proteolytic fermentation products and secondary bile acids in African Americans with
a relative protein rich and high fat diet in comparison to native Africans that have lower
CRC risk [161]. Bacterial products from protein fermentation are thought to have cancer
promoting effects and include NOCs and ammonia, hydrogen sulfide and also polyamines
[132]. The latter toxic product is one of the degradation products of the putrefaction pathway
which was shown to be enriched in CRC associated microbiota [1271. Secondary bile acids
are also considered carcinogenic and are formed from primary bile acids that escapes
the enterohepatic circulation [132]. Thus, it has been suggested that the metabolic profile
induced by the entire microbiome is potentially more relevant to the cancer process than

individual pathogenic agents.

In short, there are several ways for microbes to participate in CRC oncogenesis. Beside
the release of carcinogenic toxic factors and direct host interaction by specific microbes,
other microbes might exert their effects via inflammation and metabolic mediated
mechanisms. However, polymicrobial biofilms have recently also been associated with
CRC initiation and development, and potentially lead to severe inflammation and a more
an aggressive tumor. These ‘higher-order spatial structures of bacteria’ are able to impair
epithelial barrier function, affect cellular proliferation, enhance pro-inflammatory and pro-
oncogenic responses and enhance intestinal dysbiosis [162] and as such may present the
next focus of the scientific community in the search for microbial causative agents in CRC.
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5 Practice points

Culture-independent microbial research techniques have made it possible to map the
residents along the Gl tract (microbiota) and their genomes (the microbiome).

In upper, middle and lower gastrointestinal (Gl) tract malignancies, a shift in microbial
community (dysbiosis) seems be involved in oncogenesis and reflects this disease

state.

Helicobacter pylori (HP) appears to protect against esophageal cancer, but increases
gastric cancer (GC) risk, where non-HP residents may also engage in gastric

carcinogenesis.

In addition to genetic and environmental risk factors, microbial content may contribute
to colorectal cancer (CRC), since polymicrobial interplay with ‘driver’ and ‘passenger’
bacteria has been indicated in tumor progression.

The use of the Gl microbiome as non-invasive diagnostic biomarkers seems promising,

especially in oral (swabs) and colorectal cancers (feces).

The bacterial mechanisms in Gl tract malignancies have not been fully understood,
but inflammation mediated pathways and bacterial metabolite associated shifts

seems important.

6 Research agenda

The different methodological approaches make it difficult to compare microbiome

studies, suggesting the need for more homogeneous approaches.

Potential microbial biomarkers in Gl malignancies seem promising, but should be
validated in different ethnic cohorts to test for general applicability.

Future microbiome studies are indicated to identify subjects with increased Gl cancer
risk, to predict disease outcome and to develop potential treatments based on

microbial profiles.

7 Summary

The advent of culture-independent methodologies in microbial research has led to
increased insight into the members (microbiota) of the gastrointestinal (GI) tract and their
genomes (microbiome) in both health and disease. The healthy GI microbiome varies
considerably among subjects, but the common bacterial members predominately belong
to four major phyla (Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria). However,
disruption of the microbial community (dysbiosis) is seen in Gl tract cancers, and are best
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described for oral squamous cell carcinomas (OSCC), gastric cancer (GC) and colorectal
cancer (CRC) in comparison to other parts of the Gl tract (oropharynx, small intestines,
anus). In the esophagus, microbiome type Il is thought to be involved in carcinogenesis,
whereas Helicobacter pylori (HP) may play a protective role. In contrast, a causative
function of HP in GC is evident, whereas the relative contribution of non-HP in this disease
is still under investigation. A polymicrobial interplay has also been suggested in CRC
cancer, illustrated by two models, the ‘alpha bug' and ‘driver-passenger’ hypotheses. Both
theories center around the involvement of bacteria in early stages of CRC oncogenesis,
where the ‘alpha bug' theory suggests a cooperation with other bacteria to create a more
hostile tumor environment whereas the bacterial ‘drivers’ are thought to be gradually
replaced by ‘passengers’ with advantages in the new niche. Whether dysbiosis in Gl cancer
is truly a cause of disease or mainly the effect of an altered microenvironment remains
in many cases disputed, as the specific role of these microbes is not fully understood.
Nevertheless, inflammation and metabolite mediated pathways are likely to affect the
epithelial lining and may contribute to initiation and progression of cancer. Future studies
might help to explore the applicability of the microbiome in diagnostics, prognostics and
potentially prevention and treatment.
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Chapter 3

Abstract

Background: Homeostasis of the gastrointestinal tract depends on healthy bacterial
microbiota, with alterations in microbiota composition suggested to contribute to diseases.
To unravel bacterial contribution to disease pathology, a thorough understanding of the
microbiota of the complete gastrointestinal tract is essential. To date, most microbial
analyses have either focused on fecal samples, or on the microbial constitution of one
gastrointestinal location instead of different locations within one individual.

Objective: \We aimed to analyse the mucosal microbiome along the entire gastrointestinal
tract within the same individuals.

Methods: Mucosalbiopsies were taken from nine different sites in 14 individuals undergoing
antegrade and subsequent retrograde double-balloon enteroscopy. The bacterial
composition was characterized using 16S rRNA amplicon sequencing with Illumina Miseaq.

Results: At double-balloon enteroscopy, one individual had a cecal adenocarcinoma
and one individual had Peutz-Jeghers polyps. The composition of the microbiota
distinctively changed along the gastrointestinal tract with larger bacterial load, diversity
and abundance of Firmicutes and Bacteroidetes in the lower gastrointestinal tract than the
upper gastrointestinal tract, which was predominated by Proteobacteria and Firmicutes.

Conclusion: We show that gastrointestinal location is a larger determinant of mucosal
microbial diversity than inter-person differences. These data provide a baseline for further
studies investigating gastrointestinal microbiota-related disease.

Keywords:

Colonic microflora; colon; gastrointestinal tract; intestinal microbiology; small bowel.
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The mucosa-associated microbiota along the human Gl tract

1 Introduction

In recent years, an increasing level of knowledge on the interaction between host and
bacteria has made us come to regard the gut microbiota as a separate entity [1l. The
microbiota have important immunological, structural, metabolic and defence functions
in the gut. Alterations in microbiota composition have been linked to intestinal disease,
including colorectal cancer and inflammatory bowel disease (IBD). Unravelling the
microbiota composition and its distribution along the gastrointestinal (G) lining in healthy

individuals is important to understand the role of the microbiota in disease [2].

Characterization of the microbiota in the entire Gl tract is hampered by the fact that some
locations are more difficult to access than others and most research has focused on
the colonic fecal microbiota [1]. The mucosal microbiome is arguably the more relevant
compartment, as such mucosa-associated flora lives in close contact with the Gl tract lining.
The microbial composition of the colonic mucosa has been most often investigated. While
it is clear that the composition and abundance of mucosal microbiota of the esophagus
and stomach in healthy individuals differ from that in the colon [3-5], information about the
microbial composition in the jejunum and ileum is scarce because of the inaccessibility
of these sites. Nevertheless, differences in the physiological functions of Gl sites logically
predict regional bacterial differences. The colonic microbiota for example, are driven
by complex carbohydrates whereas simple carbohydrates fuel the microbiota in the
small intestine [2, 6]. Furthermore, the composition of the mucus layer protecting the
epithelial barrier from excessive bacterial contact differs along the intestinal tract [7, 8l.
Given the limited information about mucosal microbiota in the entire Gl tract, we aimed
to characterize the mucosal microbiota along the length of the entire Gl tract within the

same subjects.

2 Materials and Methods

2.1 Subject recruitment

Subjects, all inhabitants of The Netherlands, had abdominal symptoms of unknown cause
requiring diagnostic antegrade and subsequent retrograde double-balloon enteroscopy
(DBE). Exclusion criteria were: patients younger than 18 years, use of antibiotics three
months before DBE, IBD, and failure to understand written Dutch. The study was conducted
in accordance with the Declaration of Helsinki Principles and approved by the ethical
committee of the Erasmus MC University Medical Center, Rotterdam (MEC-2017-151) on 3
April 2017. Written informed consent was obtained from each patient included in the study.
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2.2 Sampling

Mucosal samples were obtained endoscopically using antegrade and subsequent
retrograde DBE at the Erasmus MC University Medical Center Rotterdam using Fujinon
EN-450P5 and EN-450T5 endoscopes (Fujinon Inc., Saitama, Japan). Endoscopes were
disinfected before use. Mucosal biopsies using standard biopsy forceps were taken at nine
different sites of the Gl tract (Figure 1). Upper Gl biopsies (esophagus to proximal ileum)
were collected using antegrade endoscopy and lower Gl biopsies (distal ileum to rectum)
with retrograde endoscopy. Between the antegrade and retrograde endoscopy, the canal
of the endoscope was cleaned with sterile water. All patients used bowel preparation
before DBE consisting of macrogol and electrolytes (Klean-Prep, Norgine BV, Amsterdam,
The Netherlands).

Samples were stored in Eppendorf tubes (0.2 ml) with a stabilising reagent Allprotect (Qiagen
Gmbh, Hilden, Germany). The samples were homogenised using the MagNA Lyser machine
(Roche Diagnostics, Mannheim, Germany), stored in Trizol tubes (Invitrogen, Groningen,
The Netherlands) and immediately frozen and stored at -80°C for subsequent analyses.
Deoxyribonucleic acid (DNA) was isolated from the samples using QlAamp DNA mini kit
(Qiagen) with an initial bead beating step added to the protocol, as described previously [9l.

2.3 Generation of 16S rRNA gene amplicons
Sequencing libraries were prepared by amplifying the V3-V4 region of the 16S rRNA gene

using the 341F-805R primers, as described earlier [101. After the initialamplification, polymerase
chain reaction (PCR) products were confirmed with gel electrophoresis and purified using
Agencourt AMPure XP magnetic beads (Beckham Coulter Inc., Bromma, Sweden).

A second PCR was performed to attach Illumina adapters and barcodes that allow for
multiplexing and the products were purified as above, quantified and pooled into equimolar
amounts. Samples were sequenced using the Illumina MiSeq platform at Science for Life
Laboratory, Solna, Sweden. From the generated sequence data, primer sequences were
trimmed away and the paired-end reads produced by the sequencing instrument were
merged using SeqPrep version 1.1 (https:./github.com/jstjohn/SeqPrep) with default
parameters and thereafter the merged sequences were processed with QIIME 1.8 pipeline
(Quantitative Insights into Microbial Ecology) [11]. A de novo operational taxonomic unit
(OTU) strategy was used to assign sequences to OTUs. Using the UCLUST algorithm built
into the QIIME pipeline, sequences were clustered at 97% identity against the Greengenes

reference database [12, 13I.
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AFigure 1| Study overview. (a) Location of retrieved mucosal biopsies of the gastrointestinal (GI) tract.
(b) Marked differences in bacterial taxa are present between different Gl locations as indicated by
boxplot of the median Shannon index of different locations. (c) Diversity as measured by the Shannon
index is higher in the distal (dist) ileum, ascending (asc) colon, descending (desc) colon and rectum
as compared to distal (dist) esophagus, antrum, proximal (prox) duodenum, distal (dist) jejunum and
proximal (prox) ileum. (d) Relative abundance of the major phyla fluctuates along the Gl tract.

2.4 Polymerase chain reaction (PCR) analysis

Conventional PCR was performed to confirm bacterialand human DNA isolation of biopsies.
While analysing the results of this study, we noticed that family Helicobacteraceae was in
the antrum, but also in other parts of the Gl tract. However, sequencing did not allow us to
identify this feature on species level. Toimprove our understanding, additional PCR analyses
were performed. DNA amplification was executed with the Applied Biosystems 2720
Thermal Cycler (Thermo Fisher Scientific, Waltham, MA) using primers targeting 16S rRNA,
Helicobacter pylori (HP) specific UreA and VacA and human ACTB genes (Supplementary
Table S1). The reaction mixture contained GoTaq buffer (Promega, Madison, WI), 1.25mM
MgCL, (Promega), 0.167mM (each) deoxynucleotides (Roche Diagnostics), 25U Golaq
polymerase (Promega), 333nM of each primer (Sigma-Aldrich, St Louis, MO) and 2ul non-
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normalized stock DNA. The PCR cycle program consisted of four minutes of 95°C, several
cycles of 30 seconds of denaturing at 95°C, 30 seconds of annealing and one minute
extension at 72°C, followed by the final extension for 10 min at 72°C. Annealing temperature
was 60°C for 16S rRNA, UreA and VacA primers and 60.5°C for ACTB primers. Number of
cycles was 40 for HP specific gene primers and 35 for 16S rRNA and ACTB gene primers.
Amplicons were analyzed by gel electrophoresis using 2% agarose gel in 1X TBE (Tris-

borate-EDTA) buffer and bacterial DNA load quantified by Image J software.

2.5 Statistical analysis

The similarity between two samples was calculated using weighted UniFrac distances.
Biodiversity within a sample was measured using the Shannon index. All diversity
calculations were also performed for a least detectable relative abundance of 0.1%,
corresponding to 1000 sequences in a sample, but this did not alter the results (data
not included). Principal coordinate analysis (PCoA) using Bray-Curtis metrics based on
abundance data from sequences classified to genus level was performed to determine
clustering patterns among the subjects. Differences in diversity and similarity indices were
tested with Mann-Whitney or Kruskal-Wallis test using the IBM SPSS statistics 21 software
(Chicago, IL). For differences in relative abundance of specific bacterial taxa, Wilcoxon

tests and linear regressions were applied using the r statistical framework, version 3.0.1.

3 Results
3.1 Sub