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CHAPTER 1

GENERAL INTRODUCTION

“All Disease Begins in the Gut”
Hippocrates (460-370 BC)

If Hippocrates was right, our gut is the key orchestrator of health and disease. Although
Hippocrates is seen as the founder of Western medicine, his view on the extraordinary
functions of the gut was not adopted by his medical disciples until the 20 century. In
contrary, Eastern medicine has always recognized the gut -together with its inhabitants-
as the core facilitator of health. For instance, Japanese refer to the intestines as Onaka,
or “Honoured Middle”,* and in the fourth-century, the Traditional Chinese medical
practitioner Ge Hong even prescribed “yellow soup” (feces from a healthy person) to
treat diarrhea.?

Despite the initial disgust for fecal matters in the West, in the past two decades a major
paradigm shift occurred. Whereas initially bacteria were merely seen as a potential
threat for human health, microorganisms are now being isolated for new treatment
modalities. Particularly, the collection of microorganisms harboring in the intestines, the
so called gut microbiota, is currently accepted to have a profound influence on human
health and disease, including metabolic syndrome,® cancer,* and psychiatric conditions
like depression® and anorexia nervosa.®

The gut microbiota not only consists of bacteria, but also of a vast number of diverse
microorganisms including viruses, fungi and archaea.” The composition and function
of these microbes are largely influenced by environmental factors (e.g. dietary intake,
drugs), whereas host genetics only account for 2-8% of the variation in these intestinal
microorganisms.® Collectively, these factors (in-)directly affect multiple microbial-host
processes, including metabolism,® weight regulation?®, the immune system,'**? and
effectiveness of drugs.'**

As the findings in microbiota research seem to be promising, the publications in this field
are growing exponentially. This outburst of studies contains papers with considerable
heterogeneity and findings are often inconsistent or difficult to reproduce.’®
Nonetheless, the studies seem to share a common goal, which is answering the two
most urgent questions in the field:

A.) what is a healthy gut microbiome composition, and
B.) can we prevent or cure disease by altering this composition?

Before we can answer these questions, we need to overcome some major hurdles.

Regarding the first question, most microbiome studies are based on associations,
meaning there is a difference in gut microbiota composition between two phenotypes,
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but this does not imply that the gut microbiota actually influences the course of a
disease or phenotype. To prove a causal relation between a microbe and a disease,
the nineteenth century physicians Robert Koch and Friedrich Loeffler formulated the
four postulates *. Since only a few diseases fulfill the original form of Koch’s postulates,
Evans and colleagues'’ proposed a modified version which is found to be more suitable
to demonstrate causation between microorganism and diseases.

Based on these criteria, the following steps should be followed in order to prove a
causal relation:

1. There must be an association between a phenotype or disease and a specific
microbe, assessed with a cross-sectional or longitudinal study

2. Introduction or removal of the specific microbes causes a change in the phenotype
or disease.

3. The causal relation between a specific microbe and disease should make biological
or epidemiological sense

Once an association is proven and it is clear which microbe or group of microbes is
“healthy” or “beneficial”, step 2 can be considered: wat is the most effective method
to manipulate or engineer the gut microbiota composition in order to prove causality
and ultimately prevent or cure a specific disease. In fecal microbiota transplantation
(FMT) an entire intestinal microbial ecosystem is transferred, using donor feces. In
the past decades, this strategy is found to be a useful method to modify the gut
microbiota composition and has even become treatment of choice in antibiotic resistant
Clostridioides difficile (formerly Clostridium difficile) infections.*® Furthermore, studies in
humans have shown that metabolic traits can be transmitted via FMT, including glucose
metabolism,? feeding behavior*? and most remarkably body composition.?* With FMT,
an entire intestinal microbial ecosystem is transplanted, with the use of donor feces.

Other strategies to manipulate the gut microbiota composition, including dietary
interventions, pre-and probiotics, are currently being investigated in many different
diseases.

THESIS OUTLINE

In this thesis we explored the role of the gut microbiota in host metabolism and cancer
(Figure 1). The term metabolism refers to all the chemical reactions accountable for
numerous processes, such as harvesting energy from food, constructing proteins,
lipids and others biomolecules. Specific conditions or diseases, such as undernutrition,
metabolic syndrome (MetSyn) and cancer can lead to an imbalance in these
processes.
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CHAPTER 1

In line with the modified instructions by Evans, we performed three observational
studies to assess the association between gut microbiota composition and specific
phenotypes. Furthermore, in an attempt to modify the gut microbiota and prove a
causal relation between the intestinal microbes and a specific metabolic condition,
we performed two intervention studies, using fecal microbiota transplantation. The
ultimate aim of this thesis, was to identify specific microbial-host pathways involved in
different metabolic conditions and effectiveness of anticancer treatments, which could
guide future research into the development of new therapeutic options.
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Figure 1. Thesis outline.

Created with EioRender.cnm/

PART I. GUT MICROBIOTA & WEIGHT REGULATION

Part | focusses on the role of the gut microbiota in weight regulation, in particular
in the pathophysiology of malnutrition. This complex metabolic condition, including
both obesity and undernutrition, is believed to be the one of the major causes of
death and disease worldwide.?? In 2019, 1.9 billion people were overweight or obese
and 462 million people were underweight.?* Although these metabolic states seem
completely opposing, they share important pathophysiological factors, such as a
distorted nutritional intake and an imbalance of the gut microbiota composition.?*2°
Indeed, many observational studies have found distinct differences in gut microbiota
composition between malnourished individuals and healthy controls.?**°
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Chapter 2 provides an extensive overview on how the gut microbiota is involved in the
pathophysiology of malnutrition, with a special focus on the gut-brain-axis®-*2, This
bi-directional axis refers to the interaction between the gut microbiota and the brain,
which is found to influence both (feeding) behavior and host metabolism3! and thus
thought to be involved in the pathophysiology of malnutrition, including obesity and
anorexia nervosa.

To explore a potential causal relation between gut microbiota composition and
malnutrition, we next conducted a FMT from a healthy obese donor in a patient
with persistent underweight (Chapter 3). Prior to the FMT, this patient was clinically
recovered from anorexia nervosa and despite that she adhered to a high caloric diet,
she remained underweight. In line with previous findings, we hypothesized that a FMT
from an obese donor would increase the capacity to harvest energy from nutritional
intake and consequently improve body weight.

PART Il. GUT MICROBIOTA & METABOLIC SYNDROME

The global obesity pandemic mentioned in Part | has resulted in an alarming increase
in the prevalence of metabolic syndrome and diabetes type 2.3 The progression from
obesity to metabolic syndrome is thought to be partly driven by the gut microbiota
composition through the production of bio-active molecules, such as plasma
metabolites. Chapter 4 summarizes the current available literature on how the gut
microbiota and their metabolites are involved in many metabolic functions, for example
insulin sensitivity, energy expenditure and nutritional intake (appetite).

Some of these so called microbial-derived metabolites, such as short chain fatty acids
(SCFAs)** and imidazole propionate®, have been recognized as potential drivers for the
development of insulin resistance in metabolic syndrome and diabetes type 2. However,
only a few studies have dissected the molecular pathways through which these
metabolites contribute to host metabolism and the development of insulin resistance. In
an attempt to identify new microbial-metabolite pathways involved in insulin sensitivity,
we conducted a cross-sectional study in 115 individuals with metabolic syndrome and
explored the relation between the gut microbiota composition, plasma metabolites
and insulin sensitivity (Chapter 5).

PART Ill. GUT MICROBIOTA & CANCER
In addition to malnutrition and metabolic syndrome, there is compelling evidence that

the gut microbiota influences different aspects of cancer biology, including response
to anti-tumor therapies and toxicity. In the past decades, bacterial and viral infections
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have been found to potentially contribute to onset of cancer (carcinogenesis), such
as Helicobacter pylori*® in gastric cancer and Fusobacterium nucleatum® in colorectal
cancer. Moreover, fecal and tumor microbes are associated with the response to
chemotherapy?® and immune checkpoint inhibitors (ICls),?>*° and manipulation of
the gut microbiota can improve anti-tumor response in mice through enhancing host
immune response. However, as stated previously, outcomes of these studies are
heterogeneous and there is no consensus on how the “ideal” or “most beneficial” gut
microbiota composition looks like and what the best strategies are to target the gut
microbiota composition. These inconsistencies might also be driven by the fact that
researchers have mainly analyzed fecal and tumor microbiota composition, even though
the duodenal microbiome, and the metabolites they produce, play a crucial role in
regulating the immune system.*

|n

To further explore the role of the gut microbiota in therapeutic efficacy and toxicity
we analyzed fecal, tumor and duodenal microbiome composition together with plasma
metabolites in patients with resectable esophageal adenocarcinoma (rEAC) treated
with neo-adjuvant chemoradiotherapy combined with atezolizumab, a PD-L1 antibody
(Chapter 6). The ultimate goal of this exploratory study was to identify microbial-
metabolite pathways involved in pathological response and/or immune-related adverse
events.

Furthermore, the gut microbiota has been implicated in moderating different aspects
of cancer cachexia. This multifactorial syndrome, characterized by reduced appetite
(anorexia), increased energy expenditure and muscle loss, is associated with reduced
response to anti-cancer therapies and poor survival rates. A major factor contributing
to cancer cachexia is systemic inflammation mediated by both tumor and host factors,
including the gut microbiota. Hence, in Chapter 7 we explored the effect of FMT from
healthy obese donors in cachectic patients with metastasized gastroesophageal cancer
on metabolic outcomes. The ultimate aim of this study was to improve cancer cachexia
and consequently oncological outcomes, including anti-tumor efficacy and survival
rate.

PART IV. GUT MICROBIOTA & CHRISTMAS EFFECT

Chapter 2 and 4 provide a brief introduction in the gut-brain axis, in particular on how
the gut communicates with the central nervous system (CNS) and thereby influences
eating behavior and energy expenditure. However, beyond the metabolic functions of
this bidirectional axis, the gut can also affect mental well-being through direct (vagus
nerve) and indirect (immune system, metabolites and hormones) pathways.*> For
example, germ free mice exposed to a stressor resulted in a stress response and a
change in gut microbiota composition compared to control mice. ** Furthermore, the
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stress response in these mice could partially be reversed through an FMT from the
control group, providing evidence for a causal relation. However, so far, no study has
been able to translate these findings in mice to the complex physiology in humans.

The Christmas season is a perfect supra-physiological circumstance to assess the
consequence of a sudden exposure to a stressful condition, such as visiting your in-
laws, on gut microbiota composition. Therefore, to remind ourselves that research
should also be fun and entertaining, we investigated the effect of visiting in-laws during
Christmas on the gut microbiota composition (Chapter 8). The aim of this study was to
provide indispensable input to the annual marital discussions regarding the obligatory
family visits during Christmas.

In summary, this thesis aims to further explore the role of the gut microbiota in the
regulation of host metabolism and cancer treatment. The ultimate goal is to identify
“beneficial” microbes or microbial-metabolites to improve body composition, insulin
sensitivity and anti-cancer efficacy.

The research questions underlying this thesis are:

1. Can we change and improve host metabolism and oncological outcomes through
modulating the gut microbiota using fecal microbiota transplantation?

2. Can we identify new microbial-metabolite pathways involved in insulin resistance
and anticancer efficacy and toxicity?

3. Finally, is visiting our in-laws during Christmas detrimental for out gut microbiota
composition and should we therefore avoid this annual obligatory visit?
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