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Abstract

Background

A growing body of work has emerged which suggests that not only is the gut microbiome
integral to maintaining human health, but also promising in the treatment of chronic
inflammatory gastrointestinal diseases. Obesity and inflammatory bowel disease (IBD) are two
such conditions with perhaps the greatest evidence for microbial intervention. However, our
understanding of the role gut microbial modulation has in the management of these diseases

remains in its infancy thereby limiting our ability to harness its therapeutic potential.

Aims
The aim of this thesis is to explore the role of gut microbial modulation for two chronic

inflammatory gastrointestinal diseases in which we face the biggest therapeutic challenges to

date - obesity and inflammatory bowel disease.

Hypothesis

The overarching hypothesis of the enclosed thesis is that gut microbial modulation can be
utilized to improve metabolic and gastrointestinal health in obesity and inflammatory bowel

disease.

Methods

In our first study, a randomized double-blinded placebo-controlled trial was performed to

evaluate whether gut microbial modulation through fecal microbial transplantation (FMT)



combined with fiber supplementation could improve insulin resistance in patients with severe
obesity and metabolic syndrome. Secondly, we conducted a systematic review and pooled
proportion meta-analysis to evaluate whether two gut microbial modulation strategies, repeated
FMT delivery and antibiotic pre-treatment, could improve IBD response and remission. Lastly,
we utilized an established murine model of ileocecal resection to evaluate if peri-operative
tributyrin supplementation, an adjunct chosen to restore luminal hypoxia and gut barrier
integrity, could improve post-operative inflammation by fostering a recolonization of anti-

inflammatory anaerobic microbes.

Results

Results of our randomized trial demonstrated that microbial modulation imparted improvements
on insulin resistance using a safe and tolerable oral FMT delivery method in a North American
bariatric population undergoing concurrent medical therapy. Interestingly, fiber fermentability
was found to differentially modulate metabolic response, with patients receiving low-
fermentability fiber following FMT demonstrating significant improvements for insulin
resistance, insulinemia, and enteroendocrine physiology. These benefits were associated with
increased microbial richness and a bloom in select microbial taxa such as

Phascolarctobacterium, Christensellaceae, Bacteroides, and Akkermansia.

Results of our systematic review on the efficacy of repeated FMT and antibiotic pre-treatment
with respect to improvement of IBD outcomes revealed a potential for both strategies in
modulating IBD response and remission rates. That these benefits were also associated with an

enrichment in select bacterial taxa like Bifidobacterium, Roseburia, Lachnospiraceae,



Prevotella, Ruminococcus, and Clostridium related species which are associated with anti-
inflammatory metabolite production further supports an adoption of these strategies in future

clinical trials.

Lastly, our ileocecal mouse model study provided evidence that timing of tributyrin delivery in
the peri-operative period was associated with differences in gastrointestinal inflammation and
gut microbial recolonization. Notably, mice receiving tributyrin postoperatively demonstrated
improvements in colonic inflammation and a bloom of anti-inflammatory anaerobic taxa
including Bacteroides thetaiotomicorn, Bacteroides caecimuris, Parabacteroides distasonis,

Clostridia, and Turicibacter.

Conclusion

These studies add further backing to the growing body of evidence supporting the ongoing
pursuit of gut microbial modulation strategies as a novel therapeutic modality for management of
chronic inflammatory gastrointestinal diseases. In so doing, they also serve as a framework for
the ongoing development of novel microbial biotherapeutic strategies aimed at combatting the
growing obesity and IBD epidemics through the future delivery of safe, effective, and affordable

designer bacterial consortia.
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Chapter 1: Introduction

1.0 Background

Our understanding of microbes and their implications on human gastrointestinal health and
disease has experienced a dramatic evolution over the course of the last few decades!-?. Recent
culture-independent technologies have broadened our understanding of microbes from that of
single organisms responsible for acute pathology to one of complex dynamic communities

essential in the maintenance of host immunologic and metabolic homeostasis®.

The collection of bacteria in our gastrointestinal tract- our gut microbiome- has indeed been
associated with a number of critical functions ranging from maturation and education of the host
immune response to intestinal enteroendocrine regulation and providing colonization resistance
against bacterial pathogens *. The relevance of these functions on human health and disease have
led many to reconsider the human gut microbiome as a novel ‘microbial organ’>, one with which
we have co-evolved over the span of millions of years and are just now beginning to harness to

our benefit.

A growing body of evidence has emerged which suggests that not only is the gut microbiome
integral to maintaining human health, but also promising in the treatment of chronic
inflammatory gastrointestinal diseases®. Obesity and inflammatory bowel disease are two
conditions with perhaps the greatest evidence for microbial intervention and are the topic of the
enclosed thesis. Together, obesity and IBD are of particular importance because while their
prevalence is rapidly growing worldwide’*, they both have limited response to modern medical

management *'°. In addition, current therapies for obesity and IBD are costly, often poorly



tolerated, and are associated with life-threatening complications when used long-term!%-12,

Challenges in managing these diseases thus necessitate the development of new therapeutic

paradigms.

Modulation of the gut microbiome presents a promising novel target with which to potentially
alter the disease course for both obesity and IBD!*"!°. This concept will be explored in greater
detail in the following sections while discussing the history of the microbiome, its relationship

with obesity and IBD, and its role in ultimately developing novel personalized biotherapeutics.

1.1 The Human Gut Microbiome and Chronic Inflammatory Gastrointestinal

Disease

1.1.1 History of the Microbiome

The human microbiome was first studied by Antonie van Leewenhoek in the 1680s. He noted
what now seems obvious, that remarkable differences exist between oral and fecal microbiota
and that differences in the microbiota also exist between individuals, and for different pathologic
states'®. Perhaps the first theory that postulated gut microbial modulation could impart benefits to
the human host was proposed by Elie Metchnikoff, at the turn of the last century. Metchnikoff, a
Nobel Prize winner for his studies on phagocytosis, hypothesized that gut microbial metabolites
were responsible for the toxic substances involved in aging and that supplementation with
fermented milk products would reverse the deleterious effects of these microbial by-products!’.
His theories were based on the observation that Bulgarian peasants who lived in harsh unsanitary
conditions and consumed fermented milk had unexpectedly long-life expectancies when

compared to more affluent Bulgarian citizens.



Following these initial theories, the first causal link between a specific microbe and human
disease was eventually established in 1983 by Marshal and Warren with the discovery of
Helicobacter pylori as a cause of gastric ulcers'®. The majority of scientific efforts remained
focused on the pathologic implications of bacteria until the 21st century despite the fact the vast
proportion of gut microbiomes are not associated with disease and may, in fact, prove
beneficial'”"'°. The prevailing theories regarding the gut microbiome solely acting as a
contributor to human disease remained predominantly shaped by the culture of single microbes'¢
- a major limitation since most microbes residing in our gastrointestinal tract cannot be cultured

through typical laboratory conditions®.

This philosophy changed in 2007 after the Human Microbiome Project (HMP) set out to create a
healthy cohort microbiome reference database using culture-independent microbial analytical
techniques®'. The HMP recruited 300 healthy adults and sampled their microbiome up to three
times over two years from 15 different body sites. Microbiomes were then characterized using
16S ribosomal ribonucleic acid (rRNA) and meta-genomic sequencing, providing the
foundational catalogue for the adult human gut microbial genome. This work has not only been
pivotal in advancing our knowledge of gut microbial composition in a human host, but also in
our understanding of a ‘healthy’ gut ecology that is perturbed in chronic inflammatory

gastrointestinal diseases such as obesity and IBD**2*,



1.1.2 Composition of Human Gastrointestinal Microbiome

The gut microbiome consists of over 100 trillion organisms that have co-evolved in our
gastrointestinal tract over millions of years>»*>*®, This amounts to nearly as many microbial cells
as there are somatic cells present in the human body?’. The highest concentration of microbes
resides in the colon and contribute up to 1.5kg of our total body weight?®. Studies have
demonstrated that over 3 million genes compose the microbiome while approximately only 23,
000 genes make up the human genome!®?°. In other words, the gut microbiome has nearly 200
times the genetic potential of our own genome'®. Up to 10% of all circulating metabolites are
bacterial derived, a feature that has helped establish the symbiotic relationship responsible for
modulating a number of essential host functions including energy metabolism and immune
system regulation — key functions underlying the aetiologies of both obesity and IBD3!.

21.32.33 existing not in isolation,

The human gut microbiome is primarily composed of four phyla
but within a complex dynamic ecosystem. Of the four phyla, Bacteroidetes and Proteobacteria
are gram negative, whereas Actinobacteria and Firmicutes are gram positive bacteria. The
majority of the human microbiome is composed of Bacteroidetes and Firmicutes which account
for over 90% of bacterial taxa’. Interestingly, while the gastrointestinal tract contains anywhere
from 500 to 1000 distinct species, only 40 stable species make up 75% of the total bacterial
population and 60 to 80 species compose 99% of our overall microbiome* 7. This suggests that
although each person has a unique ‘core’ microbiome, the functional capacity of the gut
microbiome remains relatively consistent across healthy individuals and remarkably conserved at

high taxonomic levels'¢-3*,



1.1.3 Acquisition and Development of the Gut Microbiome

A number of environmental and host factors are responsible for the inheritance and assembly of
our gut microbial communities in the perinatal period*®. These include mode of delivery,

nutritional intake, and geographic location’.

While debate exists regarding the exact timing of microbial colonization in the neonate, the
prevailing consensus, including that of this author, is that of microbial acquisition at the time of
delivery. Infants delivered vaginally are exposed to and are subsequently initially colonized by

the maternal fecal and vaginal microbiota associated with the birth canal®®

. Evidence to support
this acquisition is that the meconium composition of vaginally delivered babies consists of
Lactobacillus and Prevotella- microbes common within the vaginal flora. In contrast, infants
delivered surgically by caesarean section exhibit a meconium composition more closely
resembling that of skin flora**°. Although differences in the gut microbiota between vaginally

and surgically delivered children decrease over time, some have reported detectable differences

in children up to 7 years of age*!.

Following the first critical colonization event of delivery route, the next major factor influencing
the development of neonatal microbial communities is nutritional intake*?. Breastfed infants have
a reduced microbial diversity versus formula-fed infants and a higher proportion of
Lactobacillus, Staphyloccoccus, and Bifidobacterium**. In addition, breastfeed infants also
demonstrate an increased expression of genes associated with milk oligosaccharide metabolism.
Formula fed infants on the other hand have more diverse microbiomes with higher proportions of

Bacteroides and lower proportions of Bifidobacteria®***. The introduction of solid food next



shifts the infant microbial composition from one that is Bifidobacterium dominated to one that is
characterized by increased diversity and increased abundance of Bacteroides, and Firmicutes.
The initially heterogenous infant microbiome eventually reaches stability around four years of
age and continues to increase in diversity and decrease in interindividual variability until

adulthood®.

In contrast to the vertical microbial transmission discussed above, horizontal transmission is
dictated by a variety of environmental and geographic factors. In a recent Danish cohort study,
infants with older siblings were found to have increased microbial diversity*. Other trials have
also demonstrated differences due to family structure with the KOALA Birth Cohort trial

showing an increased Bifidobacteria in infants with older siblings*.

Lastly, geographic factors such as industrialization have led to an adoption of a calorie dense,
nutrient poor diet deficient in microbiota accessible carbohydrates*®. Together with differences in
sanitation and antibiotic use, these factors are thought to be major contributors to the microbial
changes present between rural and industrial populations. For instance, in comparison to rural
populations, industrialized populations have a decrease in phylogenetic and carbohydrate-active
enzyme diversity*. The industrialized microbiome is also associated with an increased
abundance of Bacteroides and Akkermansia muciniphilia. Such shifts have been implicated in
the deterioration of human health leading to the concept of microbial ‘dysbiosis’- a pathologic
imbalance in native microbial communities thought to be key predisposing factor to chronic

inflammatory gastrointestinal disease.



1.1.4 Microbiome in Health and Inflammatory Gastrointestinal Disease

The combination of our innate and adaptive gastrointestinal host response together with our
commensal gut microbiome have been termed the “mucosal firewall”*° (Figure 1.1). In a state of
health, the epithelial mucous layer presents the initial barrier between our microbes and host
immunity. A healthy mucous layer allows resident macrophages and dendritic cells to constantly
sample commensal microbiota. Meanwhile, intestinal epithelial cells secrete antimicrobial
peptides, ensuring only adequate exposure of potential microbial pathogens to the underlying
immune cells of the lamina propria’!. This controlled sampling of commensals allows for a

dynamic regulation of both pro- and anti-inflammatory immune regulation.

Even in healthy gastrointestinal tissues, translocation of luminal gut bacteria occurs, albeit in a
controlled fashion. These microbes are quickly engulfed by resident macrophages with
subsequent antigen presentation to either resident dendritic cells of local Peyer’s patches, or to
more distant mesenteric lymph nodes. Depending on the presented commensal antigen, activated
dendritic cells are able to induce an array of pro-inflammatory or anti-inflammatory pathways
through modulation of T-cell differentiation into Th1, Th2, Th17, and regulatory T-cells>>>.
These responses are further coordinated by anti-inflammatory microbial metabolite by-products
like short chain fatty acids. Differentiated T-cells also coordinate B-cell immunoglobulin class
switching towards IgA-production further modulating commensal microbial composition. The
sum of this “mucosal firewall” results in a gastrointestinal immune homeostasis responsible for

the development, regulation, and propagation of our gut health>.



In states of gastrointestinal chronic inflammation, as exist in obesity and IBD, the harmony
between pro-inflammatory and anti-inflammatory responses is lost. The “mucosal firewall”
responsible for homeostasis is perturbed. While the combination of genetic and environmental

factors between these two diseases differ, the resulting picture is remarkably similar.

The once effective primary mucous barrier becomes defective leading to an increased and
uncontrolled translocation of commensal bacteria. Innate resident macrophages and dendritic
cells in the lamina propria continue the process of phagocytosis, antigen presentation, and
adaptive immune response activation®®. Initially, intestinal epithelial cells also continue
production of regulatory antimicrobial peptides and provide an effective microbial barrier
through expression of tight junction proteins®*. Yet, with continued loss of gut barrier integrity
and immune system activation, the once harmonious environment eventually turns into a battle

ground.
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Figure 1.1 Overview of gut microbiome in a state of homeostasis in comparison to a state of
inflammation.
(Reprinted from Cell, Vol 157, Issue 1, Belkaid Y. and Hand T. Role of the Microbiota in
Immunity and Inflammation, Pages 121-141, Copyright 2014, with permission from
Elsevier to publish in enclosed PhD thesis both electronically and in-print, License

Number 5044361094592)

Continued translocation leads to a decreased synthesis of anti-inflammatory microbial
compounds and an increased presentation of microbial antigens. This results in a vicious cycle
leading to persistent pro-inflammatory immune activation, loss of intestinal epithelial barrier
integrity, ongoing loss of mucous thickness, and adverse changes to the once stable commensal

microbial communities>® (Figure 1.1). The fact that the perturbation of the “mucosal firewall”



coincides with a western diet, microbial dysbiosis, and increased prevalence of chronic
gastrointestinal inflammatory diseases like obesity and IBD presents a unique therapeutic

opportunity we are just beginning to harness>’.

1.1.5 Strategies for modulating the gut microbiome

A number of current strategies exist with which to modulate the gut microbiome and improve
human health with regards to chronic gastrointestinal inflammatory disease. These include
dietary interventions, fecal microbial transplantation (FMT), prebiotics, probiotics, and other
supplements. General mechanisms of each will be explored in the following paragraphs with

more detailed disease-specific evidence provided in the subsequent obesity and IBD sections.

1.1.5.1 Fecal Microbial Transplantation

Fecal microbiota transplantation seeks to achieve a reestablishment of balanced gut microbial
composition and can be performed through a number of different techniques®®. The use of FMT
in modulating the host microbiota has become a field of significant research and has shown
extraordinary promise in the treatment of a variety of medical diseases >, In addition to
obesity and IBD, case reports have indeed reported benefit for numerous conditions from
multiple sclerosis to Parkinson’s disease, chronic fatigue, and idiopathic thrombocytopenic

purpura®,

While a novel therapy in contemporary Western medicine, the concept of FMT can be traced
back as early as the 4th century China®®®!, Originally known in China as the ‘yellow soup’ or

‘golden syrup’, FMT was used to treat cases of severe diarrhea. Evidence of fecal transplantation
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in European culture was first demonstrated by Italian surgeon Acquapendente (1537-1619) after
he noticed benefit when transferring stool from healthy animals to sick ones®. The importance of
gut bacteria modulation would later be revealed during the Second World War, when German
soldiers began dying of dysentery. After noticing improvement of symptoms by locals who
ingested fresh camel stools®, German scientists isolated Bacillus subtilis and observed resolution

of dysentery with its administration.

Currently, the only indication for fecal microbiota transplantation is refractory Clostridioides
difficile infection (CDI). CDlI is a gastrointestinal disease provoked by antibiotic use leading to a
state of microbial dysbiosis that is characterized by a pathologic bloom of C. difficile **~¢!. FMT
was first performed by Dr. Eiseman in a group of 4 critically-ill CDI patients with
pseudomembranous colitis induced toxic mega-colon %768, These patients were treated with fecal
enemas with stool obtained from healthy donors. Conventional surgical treatments at the time
were associated with a mortality of 50% or greater, yet Eiseman et al. were able to demonstrate a
remarkable cure rate in excess of 90%. Randomized controlled trials have since validated these

initial case studies, confirming the safety and long-term efficacy of FMT treatment®’.

The resounding success of FMT therapy in improving outcomes for patients with CDI has
recently drawn attention to its potential role in modulating outcomes for additional
gastrointestinal diseases associated with perturbed microbial ecology 62, Indeed, it stands to
reason that reversing the gut dysbiosis implicated in propagating other inflammatory
gastrointestinal diseases like obesity and IBD with a healthy microbiome may impart similar

benefits. However, unlike C. difficile, the evidence for FMT in these diseases is still very much
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in its infancy. Major limitations include only short-term donor microbial engraftment,
inconsistent clinical efficacy, and lack of information regarding optimal donor-recipient

combinations’®.

To date, expert consensus does not recommend the use of FMT for obesity or IBD treatment
given lack of high-quality evidence. Yet, current FMT studies are underway to determine

presence of clinical efficacy as well as optimal delivery, dosing, and treatment duration.

1.1.5.2 Prebiotics

The advent of high-throughput sequencing technologies together with our expanding knowledge
of the gut microbiome have helped shaped the definition of the term prebiotic. Originally defined
in 1995 as a “non-digestible food ingredient that beneficially affects the host by selectively
stimulating the growth and/or activity of one or a limited number of bacteria already resident in

the colon”’!

, it soon became evident that the impact of prebiotics on gut microbial ecology is
more complex and not just limited to only select bacterial taxa. This knowledge led to a number
of subsequent revisions culminating in an International Scientific Association for Probiotics and
Prebiotics (ISAPP) consensus whereby prebiotics are defined as “a substrate that is selectively

utilized by host microorganisms conferring a health benefit”’>.

Dietary fibers, or prebiotics, are carbohydrate compounds which have a degree of polymerization
of ten or more monomers and are not absorbed or digested in the human gastrointestinal tract’>.

Since prebiotics are not digestible, they resist stomach acid breakdown as well as pancreatic and

brush border enzyme digestion. Fibers thus reach the colon where they are selectively utilized by

12



commensal gut bacteria. This selective utilization is thought to differentially modulate microbial
ecology as well as the production of health-promoting microbial end-products which have been
shown to confer a health benefit’*.

Ample epidemiologic studies have provided support for use of prebiotics in prevention of
inflammatory gastrointestinal diseases on a population level. For example, a recent 2019 meta-
analysis of 185 cohort studies demonstrated that patients with increased fiber intake were
associated with improved overall mortality, diabetes, and cardiovascular disease in comparison
to those with decreased fiber intake”. A large prospective cohort study of 170,776 women with a
26-year follow-up further found that women with higher intake of dietary fiber were associated
with reduced risk of Crohn’s disease’®. However, while promising, interventional human studies

evaluating the clinical impact of fiber as a therapy for obesity and IBD remain conflicting.

A number of psychochemical properties dictate the classification and mechanisms of prebiotic
function in the human gastrointestinal tract: solubility, viscosity and fermentability’®. The degree
to which different prebiotics express these characteristics affects a range of host factors from gut
transit to metabolite bioavailability, gut barrier integrity, and intestinal inflammation. Of these
properties, fiber fermentability has been a topic of great interest due to the ability to selectively

modulate specific microbial communities and, in turn, their potentially beneficial metabolites’’.

High-fermentability fibers are differentially degraded in the colon by microbial taxa. These

include resistant starches, arabinoxylans, pectins, inulin, galacto-oligosaccharides amongst

others’®. Greater intake of high-fermentability starches have been associated with increased anti-
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inflammatory SCFA concentrations in numerous human studies and have been purported to
improve human health”. In contrast, low-fermentability fibers such as cellulose and maltodextrin
are resistant to mirobial degradation and modulate gut health through changes in fecal pH, stool
transit time, and branched-chain amino acids metabolites (BCAAs)*.

Despite their promise, a variety of questions remain to be answered regarding the role of
prebiotics in chronic inflammatory gastrointestinal diseases. Namely, we do not yet understand
from which bacterial communities we stand to gain most benefit nor the optimal dose or duration
of prebiotic intervention. Additionally, and of particular importance to this thesis, the concept of
using of prebiotics to selectively tailor microbial communities as an adjunct to FMT has been
much discussed in literature®' 3. However, no real-world clinical trials which evaluate this

concept currently exist.

1.1.5.3 Probiotics

According to the World Health Organization, probiotics are defined as “live microorganisms,
that when administered in adequate amounts, confer a health benefit to the host™®,
Commercially, most probiotic strains currently in use include Lactobacillus and
Bifidobacterium®. While they do occur naturally, probiotic strains are often produced separately
and either then added to foods or sold separately in many health food stores and pharmacies.
Unfortunately, these strains are often selected for factors like safety and shelf-life instead of
desired metabolic function which may explain the conflicting efficacy surrounding their

administration. It is therefore unsurprising that many probiotics have been found to have limited

effect on the gut microbiome or health benefits.
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Recent landmark work, however, has demonstrated that novel designer probiotics can indeed
impart specific microbiome-mediated benefits to outcomes like metabolic parameters. For
example, in a study by Depommier et al., supplementation of Akkermansia muciniphilia in
patients with metabolic syndrome was associated with improvements in insulin sensitivity, body
weight, and other inflammatory markers®. Interestingly, these changes were independent of
shifts in gut microbial structure suggesting a failure for probiotics to engraft new microbes in
niches already colonized by host commensal bacteria. Failure of sustained colonization is
therefore one reason for the transient observed effects of probiotics seen after cessation of
supplementation®’. Elaborate work to culture and supplement ‘autochthonous’ taxa, or bacteria
normally occupying human microbial communities, together with strategies which sustain their

engraftment are currently underway.

1.1.5.4 Antibiotics

The gut microbial revolution is in large part due to both the successes and failures of antibiotic
utilization. On one hand, the ability to selectively culture bacteria and study their functions could
not be possible without antibiotics. On the other, the uncontrolled prescribing of antibiotics
worldwide has led to widespread antimicrobial resistance and an unprecedented increase in
multi-drug resistant organisms. As mentioned earlier, one of these organisms, C. difficile, has

indeed been responsible for the current transition of FMT to both obesity and IBD®®.

Paradoxically, while antibiotics have been clearly shown to adversely alter gut microbial
ecology, they may also prove essential in optimizing restoration of normal ecology following

FMT8, FMT literature in both obesity and IBD has been conflicting and potentially limited by
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lack of host engraftment of donor microbes’’. If colonization resistance by native gut microbial
communities is a barrier to FMT efficacy, it stands to reason that pre-clearing these communities
with antibiotics prior to FMT may serve to open new ecological niches for donor microbes to
successfully engraft. Emerging evidence indeed suggests potential for this approach, but caution

and further evidence are needed as to not repeat our prior failures of over-utilization.

1.1.6 Concluding Summary
This section has been a broad overview of the microbiome and its implications on health and
chronic inflammatory gastrointestinal disease. Topics and rationale for the enclosed experiments

will be discussed in greater detail in the following specific sections on obesity and IBD.
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1.2 Obesity and the Gut Microbiome

1.2.1 Epidemiology and Economic Costs of Obesity

Obesity is one of the greatest health epidemics of the 21 century. According to recent World
Health Organization (WHO) estimates, the worldwide prevalence of obesity has nearly tripled
from 1975 to 2016'. Currently, over 13% of the world’s adult population suffers from obesity,
with 39% of adults aged 18 years and older being overweight>*. In 2016 alone, nearly 2 billion
adults were overweight, while over 650 million adults were diagnosed with obesity. The
economic impact of this epidemic is overwhelming, with the total global cost of obesity
estimated at $2.0 trillion, nearly surpassing the economic costs of smoking, war, and terrorism®.
With rates of obesity rapidly continuing to climb, the management of obesity is at the forefront
of modern research. Outside of bariatric surgery, current medical therapies have limited efficacy,

are costly, and are poorly tolerated®’. Thus, novel therapeutic approaches to combat this

evolving epidemic are urgently needed.

Subsequent sections will discuss, from a gut microbiome perspective, the complex nature of
obesity. This includes its definition, its etiology and link to chronic systemic inflammation, and
the ongoing limitations of current management approaches. Using this framework, these sections
will help provide justification for the active pursuit of the novel microbial based biotherapeutic

strategies presented in Chapter 2.

1.2.2 Defining Obesity and Metabolic Syndrome
Obesity is a complex chronic progressive inflammatory gastrointestinal disease defined by the

WHO simply as excessive fat accumulation that poses a risk to one’s health®. It is measured
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using the body mass index (BMI) which is calculated by dividing an individual’s body weight in
kilograms by the square of their height in meters. Adults are considered obese if their BMI is 30
kg/m? or greater, and overweight if their BMI is 25kg/m? or greater. Using BMI, obesity can be
further categorized into three distinct classes using the National Institutes of Health
Classification (NIH) (Table 1)°. Obesity classes are then stratified based on the health risks

associated with increasing BMI and are further used to help guide therapeutic interventions'’.

BMI (kg/m?) Weight Classification
<18.5 Underweight
18.5-24.9 Normal weight
25-29.9 Overweight
30.0-34.9 Class I Obesity
35-39.9 Class II Obesity

>40 Class III Obesity

Table 1.1 National Institutes of Health Classification of Overweight and Obesity by BMI

1.2.3 Metabolic Syndrome: An Obesity Phenotype

Metabolic syndrome was first described in 1956 when Vague identified an association between a
pattern of adiposity distribution and development of future metabolic complications such as
diabetes, dyslipidemia, and cardiovascular disease'! 4. Vague described two phenotypes, gynoid
and android, each with different patterns of subcutaneous fat distributions. Gynoid, or female,
obesity phenotypes were observed to have an increase in lower body adipose storage with a

decreased truncal fat distribution. Android, or male, obesity patterns displayed the opposite fat
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localizing pattern- an increased truncal fat deposition with a proportional reduction in lower

body adipose storage.

Both obesity phenotypes have since been shown to be strong predictors of weight gain and
subsequent development of diabetes, vascular disease, calculous disease, and gout. Additional
studies have further expanded on Vague’s initial metabolic syndrome list of key traits to
currently include hypertriglyceridemia and hyperinsulinemia. Metabolic syndrome is now
understood to be an obesity phenotype, with the presence of each additional trait incrementally

increasing the risk of developing subsequent health complications®!%!415,

The National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATP III),
ultimately unified the diagnosis of the metabolic syndrome in 2001'°. To meet NCEP criteria for
metabolic syndrome, the presence of three of the following five factors is required: abdominal
obesity (waist circumference >102 cm for men and >88 cm for women), triglycerides > 1.7
mmol/L, high density lipoprotein (HDL) cholesterol < 1.03 mmol/L (male) and < 1.29mmol/L
(female), blood pressure >130/85 mmHg or treatment for hypertension, or fasting plasma glucose
>6.1 mmol/L. In 2003, the American Association of Clinical Endocrinologists (AACE) later
modified the metabolic syndrome definition such that a minimum number of traits are no longer
required to establish a diagnosis'’. A variety of metabolic syndrome definitions now exist with
each still dependent on the presence of the original key traits: obesity, dyslipidemia,

hypertension, and insulin resistance.
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Today, metabolic syndrome is also known by a variety of terms including Syndrome X,
Reaven’s syndrome, and insulin resistance syndrome'*!*!81°_ These terms are interchangeable in
literature and underscore the importance of promptly identifying at-risk individuals in order to
prevent the future development of diabetes and cardiovascular disease. While a consensus has
yet to be reached regarding a unified definition of metabolic syndrome, it is evident that
understanding its pathophysiology will help foster the ongoing development of effective

therapies.

1.2.4 History of Obesity

Initial theories of obesity were first proposed by Hippocrates as early as the 5™ century BC?* %,
Hippocrates originally prescribed exercise and reducing dietary intake to one fatty meal per day
as a treatment for obesity. Implicit in this treatment approach was a theory that decreasing
dietary consumption and increasing energy expenditure would promote weight loss. This energy
imbalance theory prevailed until the late 18™ century when it was observed that some individuals
with obesity only ate moderately, while other lean individuals were able to consume large

amounts of food without gaining weight>?*,

Such observations lead to the “Luxus Konsumption” theory of obesity!!**?3. A healthy
individual ingesting excess food, this theory argued, was able to appropriately increase their
metabolic consumption to maintain a lean body weight. Individuals with obesity, however, were
believed to lack this homeostatic mechanism. This theory was later refuted with the advent of
metabolomics and human calorimetry®®. Benedict et al., at the turn of the first World War,

restricted the intake of 22 healthy subjects for 3 months?®. Subjects lost only 7-11% of their body

29



weight despite much more dramatic reductions seen in their basal metabolic rates. This
observation made it clear that food intake and metabolic rate were not the sole players in

development of obesity and metabolic syndrome.

The early 20" century brought a more comprehensive, albeit still naive understanding of the
pathophysiology of obesity. Medical literature, including Osler’s textbook of medicine identified
hereditary, endocrine, and patient sex as additional factors associated with obesity?’. Osler
concluded that diet and exercise were responsible for less than half of all obesity cases with the
other half presumed to be multifactorial in nature. Despite this conclusion, ongoing theories
remained limited by a lack of available technology and population-based research studies at the
time. Indeed, it was not until the 21" century with the advent of genomic sequencing and the
Human Microbiome Project that a more complete understanding of the etiology of obesity began

to unfold'+'821:27,

1.2.5 Obesity and Chronic Systemic Inflammation

Demonstrated associations between systemic inflammation, the human gut microbiome, and
obesity have helped to further our understanding of how the gut microbiome may contribute to
the pathogenesis of obesity and metabolic syndrome *33°. A key step in identifying the now well
acknowledged link between obesity and the gut microbiome was first establishing obesity as a

chronic inflammatory gastrointestinal disease.

Cross-sectional population studies have long provided support for systemic inflammation as an

important underlying factor associated with the etiology and progression of obesity and
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metabolic disease’!. A recent review of 51 studies, for example, demonstrated that C-reactive
protein (CRP), a well-studied clinical marker of inflammation, was positively correlated with

increasing body weight*?

. Similar correlations have also been found between obesity and other
pro-inflammatory markers including erythrocyte sedimentation rate, interleukin 6, and tumor
necrosis factor-a*. In contrast, health-promoting anti-inflammatory markers such as adiponectin

have been found to be reduced in patients with metabolic syndrome, with these lower levels also

linked to increased risk of atherosclerosis®>.

Strong clinical evidence further exists that obese patients with elevated inflammatory markers
are at an increased risk of developing cardiovascular complications. A 2010 meta-analysis
demonstrated that for every standard deviation increase in CRP, patients were associated with an
60% higher risk of developing metabolic complications®*. That these markers increase with
progressive severity of obesity and are ameliorated by interventions like bariatric surgery, further
highlight the importance of incorporating strategies which mitigate systemic inflammation as
novel targets for obesity intervention. The gut microbiome presents a remarkable opportunity
with which to modulate this pathologic state of chronic systemic inflammation. In so doing, it
can be harnessed to potentially reverse the associated risk of adverse metabolic complications.

Rationale for this concept and mechanistic insight will be provided in greater detail below.

1.2.6 Obesity and the Gut Microbiome
Landmark work by Turnbaugh et al. in 2006 first implicated the gut microbiome in the
5

development of obesity by demonstrating the existence of an obesity-associated microbiome?” .

Comparing the microbial metabolic potential of genetically obese mice to those of lean mice
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revealed that an “obese microbiota” that harbored an increased ability to harvest energy from the
diet. Furthermore, this observed obesogenic microbial phenotype was found to be surprisingly
transmissible. Germ-free mice provided with “obese microbiota” from mice fed a Western diet
were also found to demonstrate greater weight gain than those provided with “lean microbiota”

despite a decrease in food consumption®->.

Convincing human studies exist which also support the link between obesity and the gut
microbiome?*-°. A recent metagenomic study of 154 monozygotic and dizygotic twins revealed
that obesity was associated with reduced bacterial diversity, a reduction of Bacteroidetes, and an
increase in Actinobacteria versus lean individuals®®. Transfer of fecal content from human twins
of different obesity phenotypes to germ-free mice demonstrated that the mice adopted their
human donor phenotypes®’. Additional studies also revealed that the imbalanced microbial
ecology, or dysbiosis, seen with obesity and metabolic syndrome was restored with
improvements in weight-loss achieved through lifestyle, pharmacologic, or surgical therapies>®.
Together, these studies implicate the human microbiome as an important contributor in the

pathophysiology of obesity and metabolic syndrome*,

Although still debated, specific bacterial phyla have been linked to obesity and metabolic
syndrome®®#142, In particular, phylum Firmicutes has been associated with obesity while
Bacteroidetes has been linked to weight loss**’. Bacteroidetes sp. have been demonstrated to
enhance host nutrient absorption and be reduced in mice fed a Western diet*®. This shift is
thought to be a result of the inability of Bacteroidetes sp. to efficiently metabolize and promote

absorption of lipids and carbohydrates. On the other hand, Firmicutes species are found to be
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more abundant in those with a western diet possibly due to their increased capacity to degrade
complex carbohydrates®. Bifidobacterium has also been shown to have a role in obesity, as
several human studies have revealed an association between excess body weight and lower levels
of Bifidobacterium**°. Lastly, Akkermansia muciniphilia, a mucin-degrading bacterium, has

also been associated with improved metabolic outcomes in both human and murine studies!.

Exact mechanisms of how the gut microbiome may be responsible for developing or propagating
obesity and metabolic syndrome have yet to be fully elucidated. A prevailing theory is that of an
obesity-mediated gut dysbiosis which has been linked to an increase in nutrient absorption and
storage. In addition, the microbial dysbiosis concept is thought to foster a state of chronic
gastrointestinal inflammation which is associated with bacterial translocation and gut barrier
dysfunction**462_If this is true, reversal of dysbiosis may therefore have significant therapeutic
implications by ameliorating the pathologic shifts in microbial ecology. These concepts and

supporting evidence for microbial modulation will be discussed below.

1.2.6.1 The Storage Hypothesis

The storage hypothesis postulates that an obesity microbiome exists that is more capable
absorbing dietary calories for the human host 2>#33% Germ-free mice lacking a gut microbiome
have demonstrated a resistance to weight gain when supplied with a high-calorie obesogenic diet.
As discussed previously, re-colonization of lean germ-free mice with microbiota from obese
mice resulted in greater weight gain when compared to germ-free mice receiving gut microbiota
from lean mice. These results in weight gain were independent of mice caloric intake suggesting

a mechanism of increased total caloric absorption®>~’. In murine studies, an “obese microbiota”
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thus appears to facilitate excess caloric extraction and fat deposition independent of caloric

intake.

1.2.6.2 The Metabolic Endotoxemia Hypothesis

Obesity is a chronic disease characterized by progressive low-grade gastrointestinal and systemic
inflammation in addition to gut barrier dysfunction 3. Individuals with obesity, for example,
have been shown to have higher proportions of cytotoxic T cells, pro-inflammatory monocyte
populations, and neutrophils primed to produce increased concentrations of free radicals®.
Studies have recently provided evidence for the correlation between gut dysbiosis and an
elevation in proinflammatory cytokines such as IL-6, and TNF-«a in patients with obesity and
metabolic syndrome?>3*¢!. One explanation for this detrimental pro-inflammatory cascade is

believed to be associated with the translocation of gram-negative bacterial endotoxins.

Microbiota in obese individuals produce an increase in lipopolysaccharide (LPS), a pro-
inflammatory endotoxin released upon degradation of gram-negative bacteria cell walls.
LPS interacts with the human host immune system by binding to the toll-like receptor-4 (TLR-4)
complex?83862-6%(Figure 1.2). Cani et al. were able to correlate LPS-mediated metabolic

38, Subcutaneous infusion

endotoxemia in mouse models by inducing obesity with a high fat die
of LPS in mice has also been shown to induce the metabolic abnormalities found with obesity.
Moreover, LPS knockout mice displayed resistance to development of metabolic

complications®>%6,
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Anderson et al. were also able to demonstrate similar physiologic effects of LPS endotoxemia in
human subjects®. LPS in obese patients was associated with elevated TNF and IL-6
concentrations and subsequent development of metabolic syndrome. Of note, metabolic
endotoxemia was not present in patients receiving a diet rich in fruits and vegetables. The finding
that chylomicrons, which are increased with a high fat diet, increase gastrointestinal LPS

absorption provide further support for the endotoxemia hypothesis®’.

1.2.6.3 The Microbial Metabolite Hypothesis
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Figure 1.2 Implications of gut microbial metabolites on pathogenesis of obesity.
(Reprinted from Gastroenterology, Vol 152, Issue 7, Kristien E. Bouter, Daniél H. van
Raalte, Albert K. Groen, Max Nieuwdorp. Role of the Gut Microbiome in the
Pathogenesis of Obesity and Obesity-Related Metabolic Dysfunction, Pages 1671-1678,
Copyright 2017, with permission from Elsevier to publish in enclosed PhD thesis both

electronically and in-print, License Number 5043170209564)

A theory proposed by the author of this thesis which combines the totality of potential metabolic
and immune effects of the gut microbiome on the human metabolome is the microbial metabolite
hypothesis. This theory builds upon the prior two yet incorporates the more dynamic and
complex function of the microbiome in postulating that a shift in microbial-derived metabolites

is associated with the development and propagation of obesity.

The most well understood microbial metabolites are short-chain fatty acids®®. SCFAs are primary
end products of fermented carbohydrates which are not digested by our gut. They exist in a 3:1:1
proportion of acetate, propionate and butyrate and have a wide range of functions including
antimicrobial activity, energy source for colonic epithelial cells, regulation of gut barrier
integrity, and anti-inflammatory properties®-’. In addition, SCFAs also account for nearly 70%
of the colonic epithelial cell energy requirements’!’2, The mechanisms below, together with the
fact that patients with obesity have decreased levels of SCFA-producing bacteria provide strong

support for their role the pathogenesis of obesity.
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An example of the complex immunologic role for SCFAs is their ability to regulate the
differentiation, recruitment and activation of neutrophils, dendritic cells, and macrophages’’*.
Through free fatty acid receptor (FFAR2) mediated mechanisms, SCFAs have also been shown
to induce anti-inflammatory regulatory T-cells which reduce macrophage infiltration in white

adipose tissue, preventing the development of insulin resistance’®. Additional functions include

regulation of tight junction proteins by increasing expression of claudin, zonula and occludin.

SCFAs are also potent regulators of the enteroendocrine system through activation of G-protein
coupled receptors and inhibition of histone deacetylases’. FFAR2 receptors are highly expressed
in enteroendocrine colonic and pancreatic beta-cells. Activation of these receptors has been
linked with increased glucagon like peptide 1 (GLP-1), peptide YY (PYY), two anorexic

neuropeptides’>’6.

In addition to LPS which was discussed in the inflammatory theory above, other important
metabolites implicated in obesity and its metabolic complications are bile acids, trimethylamine
N-oxide (TMAO), and BCAAs®. Secondary bile acids are deconjugated by our gut microbes and
regulate lipid, glucose and bile acid metabolism through stimulation of farnesoid X receptor
(FXR) as well as TGR5"". These receptors are highly expressed in enteroendocrine cells, hepatic
tissue and adipose tissue where they have been shown to promote GLP-1 secretion, decrease
gluconeogenesis, and improve insulin sensitivity. TMAO is an important microbe-dependent
metabolite associated with atherosclerotic disease through activation of NF-kappa B pathways
and implicated in the pathogenesis of systemic inflammation’®. Lastly, BCAAs, which have been

shown to be associated with an increased risk of developing diabetes, are also microbial-derived
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metabolites which interfere with insulin signaling by stimulation of the mammalian target of
rapamycin (mTOR) pathway’®. Multi-omics studies have shown that patients with metabolic
syndrome have microbial species with enriched BCAA synthesizing potential including

Prevotella copri and bacteroides vulgatus®.

Since nearly 10% of circulating metabolites are derived from our microbiome®!, it stands to
reason that abnormal shifts in microbial populations responsible for the synthesis of these
products would be implicated in the pathogenesis of obesity. Unfortunately, no modern medical
therapies currently target the microbiome and its functional potential, a factor which may be

responsible to their current limited efficacy.

1.2.7 Obesity Current Therapeutic Options

1.2.7.1 Lifestyle Intervention: Diet and Exercise

Lifestyle intervention is first offered to patients with the aim of modifying dietary intake and
increasing physical activity. These interventions are not simply just unilateral recommendations
provided by primary care physicians but involve high-intensity behavioral counselling requiring
ongoing monthly assessments. Lifestyle intervention trials such as the Diabetes Prevention
Program (DPP) have demonstrated successful reduction in incidence of diabetes for high risk
individuals®?. The DPP trial randomized 3234 patients with metabolic syndrome to placebo,
metformin or a lifestyle modification therapy over a mean follow-up of 2.8 years. Lifestyle
intervention was found to reduce incidence of diabetes by 58% versus 31% for metformin

groups. These interventions, however, required significant resource utilization including
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behavioral self-management training, individual case managers, and development of individual

adherence strategies.

Recent research has examined a variety of dietary trends, hoping to find the optimal diet required
to induce sustained weight loss®*. These range from severe low-calorie diets to specific
macronutrient restriction. Severe caloric restriction has been associated with more rapid weight
loss, but also with a reduction in resting metabolic rate affecting minimizing long-term weight
loss. Consensus recommendations now advise diets with a minimum of 800 kcal/day3**>.
Dansinger et al. performed a randomized trial to compare a variety of diets including Atkins,
Weight Watchers, and Zone diets and their impact on weight loss and heart disease reduction®.
Each diet produced a modest reduction in body weight, and cardiac risk factors at one year.
There was no statistical significance in weight loss between diet types. The greatest predictor of
weight loss was importantly found to be dietary adherence and not the type of diet chosen. This

suggests that the type of diet is not as important an individual’s ability to consistently adhere to a

particular diet plan.

Exercise therapy alone is not as successful at inducing weight loss in comparison to caloric
restriction. Combination therapy appears to produce the most consistent results. Villareal et al.
conducted a clinical trial demonstrating that aerobic and resistance exercise was superior to
either treatment alone in improving functional status and weight loss for obese adults®’. Given
such promise, the AHA has recently increased their exercise recommendations for adults to
include at least 150 minutes per week of moderate-intensity aerobic exercise while also

encouraging at least moderate-intensity strength training at least two days per week. Modern
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interdisciplinary programs also now incorporate fitness apps, and wearable activity tracking
devices®®. Studies assessing the benefit of these devices are promising, however have failed to
demonstrate a sustained clinical benefit®.

While effective, lifestyle modifications are resource intensive and are prone to weight recidivism
for the majority of patients®. For this reason, pharmacotherapy adjuncts are typically started

concurrently in obese patients at time of initial assessment.

1.2.7.2 Obesity and current Pharmacologic Therapy

In the United States, only five medications are approved for long-term weight management. Of
those, only the major three medications used at Edmonton’s Bariatric Weight Wise Clinic will be
discussed in detail below®!. Each medication should be trialed for 3 to 4 months and
continuously reassessed for efficacy. Patients who do not demonstrate at least a 5% weight loss

during this time are unlikely to receive long-term benefit.

1.2.7.2.1 Orlistat

Orlistat is a pancreatic and gastric lipase inhibitor that works to improve weight loss by
inhibiting fat digestion. A systematic review and meta-analysis by Leblanc et al. performed from
2005 to 2010 identified that combination therapy of orlistat with lifestyle modification resulted
in 3kg more weight loss at one year than placebo'*!*?!. A recent randomized trial by Yancy et al.

examined the effect low-carbohydrate diet versus orlistat plus a low-fat diet*?

. Findings revealed
similar changes in weight, lipid and glycemic parameters suggesting that even patients on low fat

diets receive benefit. Long-term therapy with orlistat also shows promise. Trials have
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demonstrated decreased incidence of diabetes versus placebo with improved glycated
hemoglobin A1C after 3 years of follow up’®. Orlistat is relatively well tolerated, with common

side effects including flatulence and oily stools.

1.2.7.2.2 Incretin Peptide Therapy: Liraglutide and Sitagliptin

Liraglutide and sitagliptin both act as GLP-1 agonist'*?. Liraglutide is a direct GLP-1 agonist,
while sitagliptin is a DPP4 inhibitor that works by preventing GLP-1 degradation by the DPP4
enzyme. Indications for liraglutide use include all patients with metabolic syndrome that are not
pregnant or have multiple endocrine neoplasia. In a randomized, double-blinded trial, liraglutide
demonstrated significantly greater weight loss than placebo at 3 years in patients with type 2
diabetes '*!1%%* Le Roux et al. not only demonstrated 4 kg weight reduction versus placebo, but
also statistically significant reduction in Hgb Alc and improvement in quality of life. Another
recent landmark randomized trial further evaluated the role of once-weekly liraglutide versus
placebo on sustaining longterm weight loss®. In this trial, Wilding et al. demonstrated that
liraglutide was associated with sustained weight loss at 68 weeks along with improvements in

cardiometabolic comorbidities and patient-reported outcomes.

Although these medications are generally well tolerated, they are costly, associated with adverse

gastrointestinal symptoms, and are not universally covered by healthcare plans®®.

1.2.7.2.3. Buproprion-Naltrexone
Combination therapy of buproprion and naltrexone is not first-line therapy for obesity or

metabolic syndrome but has a role in patients with obesity who also desire to quit smoking.

41



Naltrexone is a dopamine and norepinephrine reuptake inhibitor while bupropion acts to reduce
hunger and improve satiety. One-year outcomes have demonstrated up to a 5% weight reduction,

but also a significant elevation in blood pressure when compared to placebo®’.

1.2.7.3 Obesity and Bariatric Surgery

Bariatric surgery is currently the most effective sustained long-term therapy for obesity and
metabolic syndrome °%. The number of bariatric procedures performed have increased
dramatically over the past decade with laparoscopic sleeve gastrectomy (LSG), and Roux-en-Y
gastric bypass (RYGB) being the two most commonly performed procedures worldwide.
Indications for bariatric surgery include BMI >= 40 or more than 100 pounds overweight, BMI
>=35 with at least one feature of metabolic syndrome, and inability to achieve a healthy weight
despite appropriate efforts” %!, While significantly more effective than lifestyle or
pharmacologic therapy, bariatric surgery comes with operative risks and long-term nutritional

complications'?%103,

To date, RYGB is the bariatric procedure with the most proven long-term results. In an
observational US study, mean weight loss at 12 years was 45 kg versus 2.9kg in patients who
elected not to undergo surgery. Other studies have reported similar success, with five year
sustained weight loss up to 70% of the excess body weight 1%4-1%_ Rates of diabetes resolution
are also unrivaled in contrast to other therapeutic interventions. The landmark Surgical Therapy
and Medications Potentially Eradicate Diabetes Efficiently (STAMPEDE) trial demonstrated that
80% of diabetics were medication free at three years versus 0% of patients treated

nonoperatively'?” 1% Furthermore, the incidence of new diabetes was approximately 90% lower
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than in patients without surgery. In addition to improvements in weight and diabetes, RYGB

patients also experience drastic improvement in dyslipidemia, OSA, and reflux.

1.2.8 Evidence and Future Directions for Obesity and Microbial Modulation

1.2.8.1 FMT and Obesity and Metabolic Syndrome
Since obesity and metabolic syndrome are associated with gut dysbiosis, resulting in a complex
metabolic and immune dysregulation, it is therefore intuitive that the first step in microbiota

therapy would be the direct modulation of dysbiosis via FMT.

The first landmark trial by Vrieze et al. provided great initial excitement and promise for this
strategy'!’. Vrieze performed a randomized double-blind controlled trial of 18 patients with
metabolic syndrome allocated to either autologous or allogenic transplant from lean donors.
Recipients of lean donor transplants noticed marked improvement of insulin sensitivity, gut
microbiota diversity, and a 2.5-fold increase in Roseburia intestinalis, a butyrate producing
bacteria. In summary, Vrieze et al. provided the first high-quality evidence that direct intestinal
microbiota modulation may be successfully utilized as a novel obesity and metabolic syndrome

therapy.

The initial excitement for the therapeutic potential of FMT has since been quelled after
subsequent trials have revealed conflicting results. A recent systematic review of current
literature performed by our group identified a total of three randomized placebo-controlled trials
where patients with obesity and metabolic syndrome received FMT!!'!. Only two studies reported

improvements in peripheral insulin sensitivity for patients receiving FMT at 6-weeks. No
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differences in other metabolic parameters such as serum lipids, BMI, glycemia, or blood pressure

were observed.

Significant limitations exist with current FMT study designs!!'?. So far, only one group has been
able to demonstrate metabolic benefit of FMT using solely European male patients with limited
metabolic dysfunction and a nasojejunal route of FMT delivery!'®. Included patients also did not
undergo concurrent medical therapy, limiting our ability to evaluate the real-world impact of
FMT therapy. Further, FMT benefits appear to be short-lived due to loss of donor microbial
engraftment after six weeks, adding further impracticality to adoption of FMT as a therapeutic
intervention!'>!'. This suggests that utilization of complementary microbial modulation

strategies which help to sustain donor microbes are warranted.

1.2.8.2 Prebiotics as an adjunct to FMT

The use of dietary fibers, or prebiotics, to selectively modulate the gut microbiota have been
recently described in healthy individual, but evidence for their use in patients with obesity and
metabolic syndrome is lacking'!®. In a trial of healthy subjects receiving either fermentable or
non-fermentable fiber supplementation, Deehan et al. demonstrated that physicochemical
properties of supplemented fibers were associated with precise dose-dependent microbial
responses' %17 Crystalline maize resistant starch supplementation was associated with a bloom
of Eubacterium rectale, a well-known butyrate producer. Meanwhile, patients receiving cross-
linked tapioca resistant starch supplementation demonstrated an increase in Parabacteroides
distasonis. Importantly, these microbial shifts were highly specific and associated with changes

in both propionate and butyrate SCFA metabolites. In contrast, non-fermentable starches had no
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effects on the microbiome or fecal SCFA concentrations. This work is just one trial which
provides compelling evidence for the potential use of prebiotics for microbial modulation either

solely or as a supplement to concurrent microbial strategies.

1.2.8.3 Rationale for FMT and fiber trial

If we hope to reach a point where fecal microbial transplantation and other novel personalized
microbial biotherapeutics are incorporated into current clinical obesity management, a number of
current limitations need to be addressed. Firstly, novel pragmatic and generalizable studies which
incorporate North American patients, with an emphasis on gender equity, are required. These
studies must also emphasize the concept of clinical equipoise, where concurrent medical therapy
should not be withheld in order to allow us to evaluate the potential efficacy of FMT as an
adjunct to modern intervention. Secondly, new safe and practical delivery methods of FMT need
to be studied given the lack of practicality and potential life-threatening risks of nasojejunal
delivery. Lastly, microbe-centered strategies like prebiotic supplementation which are aimed to

sustain and enhance the efficacy of FMT by enhancing microbial engraftment are needed.

These concepts are the topic of Chapter 2, wherein the findings of this author’s study, and the
first landmark North American randomized placebo controlled clinical trial using oral-
encapsulated FMT and fiber supplementation to modulate metabolic outcomes in patients with

metabolic syndrome and severe obesity are presented.
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1.3 Inflammatory Bowel Disease and the Gut Microbiome

1.3.1 Epidemiology and Economic Costs of IBD

Inflammatory bowel disease (IBD) is a chronic idiopathic progressive inflammatory condition of
the gastrointestinal tract and most often used to describe Crohn’s disease (CD) and ulcerative
colitis (UC)!. The prevalence and global burden of IBD have risen dramatically over the last
several decades with nearly 7 million confirmed cases of IBD present worldwide as of 2017. A
recent analysis on the impact of IBD in 195 countries and territories demonstrated a near
doubling of years lived with IBD-related disability from 1990 to 2017°. In Canada, the rates of
IBD are nearly 1% of the overall population, amongst the highest rates in the world®. Further, the
economic impact of IBD in Canada alone approached nearly $3.0 billion in 2018 after

accounting for both direct and indirect costs*>.

Despite the rising prevalence, morbidity, and economic costs of IBD, current modern therapeutic
approaches — much like obesity- have shown a lack of long-term efficacy in addition to a number
of other significant limitations*°. For example, current strategies depend on non-selective
systemic immunosuppression therapy which is associated with life-threatening complications
like malignancy, hepatotoxicity and malignancy’. Surgical intervention, while curative for UC,
only serves to stabilize CD with over 50% of CD patients requiring repeated surgical resection
within 10 years®. New tailored therapeutic approaches for the management of IBD which are

safe, cost effective, and have more favorable side effect profiles are thus required.

Following a similar approach to the obesity sections above, the subsequent IBD sections will

discuss the following through the lens of the gut microbiome with an emphasis on gut microbial
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modulation: history and definition of IBD, etiology of IBD, current IBD therapies and their
limitations. Together, these will serve as a framework for the work discussed in Chapter 3 and

Chapter 4.

1.3.2 IBD History and Definition

The term “ulcerative colitis” was first noted in a case report by Sir Samuel Wilks in 1859 where
Sir Wilks described a clinical presentation very much in keeping with what we expect of modern
UC today- a presentation of non-infectious bloody diarrhea, fevers, and pan-colonic
inflammation leading to the death of a 42 year old female’. Crohn’s disease was identified many
years later in a landmark article by Burrill Crohn in 1932 which described a case series of 14
patients with what he termed was “regional ileitis!?. Although these diseases share similar
medical therapeutic approaches and are both grouped under the umbrella term of inflammatory

bowel disease, they are characterized by different endoscopic and histologic findings.

Significant overlap exists in the clinical presentation of CD and UC limiting the ability to
diagnose each disease solely on clinical history or physical examination alone. Endoscopic
findings demonstrating skip lesions and cobblestone mucosa are more in keeping with CD while
continuous disease extending from the rectum proximally is a feature suggestive of UC.
Histologic findings of CD reveal focal transmural granulomatous inflammation alongside crypt
distortion. On gross examination, CD may further demonstrate “creeping fat” of the bowel
mesentery. UC on the other hand, traditionally was thought to be associated with a distribution of

inflammation primarily involving the submucosa or mucosa'!. Recent guidelines now suggest
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that no histologic feature is diagnostic of UC and that both clinical and histologic features need

to be contextualized for accurate diagnosis’.

1.3.3 The Gut Microbiome and IBD

The etiology of IBD remains elusive and is thought to be multifactorial, involving a complex
interplay of host genetics, environmental factors, and nutrition '>!*. The advent of affordable
high-throughput microbial sequencing facilitating the microbial revolution has produced

convincing evidence in both animal and human studies for the role of the gut microbiome in

IBD14717.

Germ-free murine studies have shown that knockout mice which are genetically engineered to
develop colitis are protected in the absence of gut microbes'®. Further evidence supporting
Koch’s postulates for causality is that pro-inflammatory microbes obtained from colitis-induced
mice and transferred into healthy animals subsequently initiate colitis!®. Together, this evidence
suggests that alterations in the gut microbiome are implicated in the aberrant mucosal response

characteristic of IBD?.

A number of elegant human studies have also provided convincing evidence which highlight the
gut microbiome as a causal player in the etiology of IBD. For ethical reasons, fecal
transplantation of dysbiotic communities to induce colitis in healthy subjects has not been
conducted in human studies. However, antibiotic studies have demonstrated success in obtaining
disease remission and preventing postoperative recurrence by eliminating purported

pathobionts?!. Further, the dysbiotic microbial ecology observed in IBD is improved with fecal
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diversion (via ostomy) from the diseased bowel with the disease re-activating after intestinal
continuity is restored?*?%?3, Lastly, a large proportion of genetic polymorphisms associated with

20,24

IBD have been found to involve mucosal barrier dysfunction”** — the key interface regulating

our host-microbiome relationship.

Together, this culmination of work has led to four prevailing theories linking the gut microbiome
to the pathogenesis of IBD?: (a) an increase in mucosally adherent and invasive pathogenic
bacteria, (b) microbial dysbiosis leading to a pro-inflammatory environment, (c) defective gut
barrier integrity causing increased bacterial translocation, and (d) an exaggerated immunologic
response to normal commensal bacteria (Figure 1.3). Research is ongoing to determine the
implications of these theories and our ability to utilize them to design novel microbial therapies
and improve IBD outcomes. Various iterations of these theories are thought to be dictated by a

patient’s predisposing dietary, environmental and genetic factors.
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Figure 1.3 Summary of prevailing theories implicating the gut microbiome in the pathogenesis

of IBD.

(Reprinted from Journal of Internal Medicine, Vol 263, Issue 6, Sartor R.B., and Packey

C.D. Interplay of commensal and pathogenic bacteria, genetic mutations, and

immunoregulatory defects in the pathogenesis of inflammatory bowel diseases, Pages 10,
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Remarkably consistent differences in microbial ecology have been demonstrated when

comparing the gut microbiome of IBD patients versus healthy controls!626-28

, especially for
Crohn’s disease?®. Much like the “obesity microbiota”, the microbial signature of IBD is one of
reduced bacterial alpha diversity, a reduction of anti-inflammatory anerobic bacteria, and a
bloom of pro-inflammatory aerobic species®’>!. Specific bacteria routinely found to be
decreased in abundance in IBD patients include Bacteroides, Bifidobacterium, Clostridium XIVa
and IV, and Faecalibacterium pmusnitzii”’“. Notably, these bacteria are all well-known SCFA
producers which provides support for current modulation strategies aimed at replenishing
microbes capable of SCFA synthesis?’*. Taxa associated with pro-inflammatory host immune
shifts are found to bloom in patients with IBD and include Fusobacterium, Ruminococcus along

with the major phylum Proteobacteria®®®,

Current work is underway to evaluate whether the reversal of these purportedly pathologic
microbial shifts through tailored microbial modulation approaches can safely and effectively
alter the course of IBD*7%°, Until such real-world evidence exists, the management of IBD will
continue to rely on use of costly therapies resulting in long-term immunosuppression and

potential risk of fatal side effects.
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1.3.4 IBD and current Pharmacologic Therapy
The management of IBD is complex and dictated by disease type, disease severity, medication
safety profile and patient preferences. A brief general overview of the classes of medications and

their limitations are provided below.

1.3.4.1 5-Aminosalicylic acid

Mesalazine or 5-Aminosalicyclic Acid (5-ASA) has been in use for management of IBD for over
50 years*’. It’s mechanism of action involves reducing the production of inflammatory
prostaglandin and leukotriene metabolites, reducing leukocyte activation, and improving reactive
oxygen species elimination*!. Currently oral 5-ASA is the first line therapy for induction and
maintenance of mild to moderate UC with its use supported by high quality Cochrane analyses**.
In contrast, a Cochrane review of CD literature have shown that 5-ASA has no efficacy in either
disease induction or maintenance in patients managed with medical therapy®. 5-ASA therapy is

generally well tolerated but is associated with nephrotoxicity requiring periodic monitoring of

renal function*.

1.3.4.2 Corticosteroids

Corticosteroids come in topical or systemic oral formulation and are the next step in management
of IBD’. A meta-analysis of randomized trials demonstrated that corticosteroids are indeed
superior to placebo for inducing remission in patients with UC*. They are also the treatment of
choice for the initial treatment of moderate to severe CD flares*®. Corticosteroids have both anti-
inflammatory and immunomodulating properties through inhibition of the pro-inflammatory

arachidonic acid pathway, suppression of leukocyte migration, and stimulation of lymphocyte
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apoptosis. Side effects of corticosteroids are seen in every organ system with nearly 50% of IBD

patients experiencing at least short-term adverse events*’.

1.3.4.3 Thiopurines

Failure of 5-ASA and requirement of chronic corticosteroids necessitates evaluation for
thiopurine therapy. Azathioprine, a thiopurine drug, has shown benefit when compared to
placebo in patients with UC. A Cochrane review demonstrated a near 30% relative risk reduction
for UC patients receiving Azathioprine versus placebo*®. For CD, thiopurines have shown
limited benefit for inducing remission*. However, they have shown a near two-fold improved
odds of improved maintenance of remission, once successfully induced, when compared to
placebo’®. Like corticosteroids, adverse effects of thiopurines are many and include pancreatitis,

hepatotoxicity, and myelosuppression’.

1.3.4.4. Anti-TNF monoclonal antibodies

The advent of anti-TNF monoclonal antibodies has revolutionized the disease course of IBD in
addition to many other chronic inflammatory conditions®'. Through different mechanisms, these
drugs work by blocking the host immune response to high levels of pro-inflammatory systemic
TNF present in these conditions>>. While numerous trials have demonstrated their efficacy in
both UC™> and CD*, they are costly *>and prolonged use of such systemic immunotherapy comes

with severe side effects including infection and malignancy’.
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1.3.5 Evidence for Gut Microbial Modulation in IBD

1.3.5.1 FMT and IBD

In comparison to the fields of obesity and metabolic syndrome, evidence for the use of FMT in
modulating IBD outcomes is much more established. A recent review by Paramsothy et al. which
investigated the efficacy of FMT in management of IBD identified a total of 53 studies®. Using
a limited pooled proportion analysis, the authors concluded that FMT appears most effective for
UC remission with limited efficacy observed for CD. In contrast, another systematic review
conducted by Caldeira et al. identified 36 studies of which only six could be used for meta-
analysis. CD patients using this approach appeared to benefit more from FMT than those with

uc’.

It is evident that a signal towards clinical benefit for FMT has been demonstrated in current IBD
literature®®. Yet, substantial barriers preventing the adoption of FMT in routine IBD cases
remain>’. One example is the problem of extensive inter-study heterogeneity potentially
stemming from variable engraftment of donor microbes or persistence of host pathobionts. Two
approaches to address such barriers relating FMT engraftment have been increasingly utilized in

t and increasing frequency of FMT delivery®'. However,

clinical trials- antibiotic pretreatmen
no systematic reviews have been conducted to evaluate their efficacy which limits the ability to

optimize IBD outcomes in patients receiving FMT. Addressing this gap in knowledge is another

focus of this author’s work and is presented in Chapter 3 of the enclosed thesis.
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1.3.5.2 Efficacy of Prebiotics and Probiotics in IBD

The promise of using prebiotics and probiotics to modulate host microbial communities and
improve IBD outcomes has unfortunately been met with limited success. A systematic review
and meta-analysis by Derwa et al. provides perhaps the best evidence regarding the limited
clinical efficacy of probiotics®?. Evaluation of 22 eligible randomized trials revealed no benefit in
inducing remission or presenting relapse in CD. Only trials utilizing VSL#3 in patients with UC
suggested a potential benefit for induction of remission. A similar appraisal of clinical trials
investigating the clinical efficacy of prebiotics by Wedlake et al. demonstrated further
demonstrated weak evidence for use in IBD%. There is therefore insufficient evidence at present

for adoption of either prebiotic or probiotic therapies into routine clinical care.

1.3.6 The Microbiome and postoperative Crohn’s disease recurrence

Particular interest has been drawn to the peri-operative microbiome of patients with Crohn’s
disease®*%°. Unlike UC, which is cured by surgical resection, CD is a chronic relapsing disease in
which affected patients often requiring multiple gastrointestinal surgeries during their lifetime.
Studies by our group® and others®”*® have demonstrated that the pre-operative microbial ecology
is predictive of post-operative disease recurrence. This feature of the gut microbiome is of great
interest as it may present both a predictive tool to identify patients at high-risk for disease

recurrence and as a potential strategy for intervention.

In a recent prospective study by Hamilton et al., the fecal samples of 130 CD patients were

obtained before surgery and compared at routine intervals until 18-months following surgical

resection®®. Microbial composition was then compared with endoscopic findings to evaluate for
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specific associations between bacterial taxa and disease activity. The Lachnospiracae tamily was
found to be enriched in patients with disease remission while Enterobacteriaceae was associated
with a six-fold increased odds of recurrence. Additional work by Machiels et al. also
demonstrated dramatic differences in the postoperative microbial recolonization between disease
remission and recurrence using fecal samples from 121 CD patients who underwent ileocecal
resection and were followed for six-months’’. Patients with disease recurrence were found to
have a higher abundance of Fusobacteria and Negativicutes while those in remission had a

decrease in Streptococcaceae and Actinomycineae.

Challenges remain when attempting to draw conclusions from such studies given the high
heterogeneity of CD patients. Additional factors like geographic differences may further
influence the observed microbial changes through confounders like dietary intake or variations in
clinical management. Regardless, it is clear that the peri-operative microbial shifts appear to
significantly influence the disease course of CD. Given the wide variety of microbial shifts noted
between current studies, a consensus target for specific bacterial strain level modulation remains
elusive. Instead, current approaches aim to more broadly influence microbial shifts towards a

bloom of anaerobic bacteria with increased capacity for anti-inflammatory SCFA synthesis.

An example of such an approach is provided by work from our group where the prebiotic
Fructooligosaccharide (FOS) supplementation following murine ileocecal resection aimed to
facilitate a bloom of postoperative Bifidobacterium’". Since Bifidobacterium are decreased in
abundance in patients with IBD and are associated with the production of anti-inflammatory

metabolites, it presented an optimal target for microbial modulation. Interestingly, although FOS
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supplementation produced the desired increase in Bifidobacterium, FOS-supplemented post-
operative mice instead experienced a worsening in inflammatory makers and reduced bacterial

diversity.

Findings from this work highlighted the complex ecological challenges present when aiming to
restore a number of bacterial communities using a supplement which may preferentially facilitate
the bloom of only select bacterial taxa’?. In clinical terms, the narrow-spectrum of activity from a
single fiber supplement may thus not be sufficient to reverse the global ecologic microbial
imbalances induced by IBD or the aerobic insult of gastrointestinal surgery. If this is true, a
different strategy which instead aims to facilitate a more anaerobic environment fostering the
broader recolonization of desirable SCFA anaerobic communities may prove promising. This

concept is the focus of Chapter 4.

1.3.7 Linking IBD, Obesity and Microbial Modulation
Although IBD and obesity are traditionally thought of as two distinct diseases, it is clear that
they both share many important similarities when considered through the lenses of chronic

inflammation and microbial modulation presented above.

However, further promising links between these two diseases exist. Retrospective studies have
shown that contrary to classical teaching, nearly 40% of patients with IBD also suffer from
obesity’®. This coexistence between both diseases is important since observational studies have
suggested that obesity may adversely influence the natural course of IBD through presence of

excess pro-inflammatory adipose tissue’. Obesity has also been shown to be a risk for poor
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medical response to IBD therapy by adversely affecting biologic agent pharmacokinetics in
addition to increasing the technical difficulty of IBD surgical intervention and increasing risks of
post-operative complications’>”. Conversely, supplementation of diet-induced metabolic
syndrome mice with anti-inflammatory 5-ASA IBD therapy has demonstrated improvements in
gut inflammation and insulin resistance’®. Taken together, these findings suggest a complex link
between obesity and IBD which, while not yet entirely understood, presents a promising target

for microbial modulation therapy and justification for the enclosed studies below.
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2.0 Abstract

Fecal microbial transplantation (FMT) from lean donors to obese patients has been associated
with promising yet inconsistent metabolic benefits. In this study we tested the application of
daily fiber supplementation as an adjunct to FMT therapy aimed to modulate cardiometabolic
markers. We performed a double-blinded randomized trial in patients with metabolic syndrome
(MS) and severe obesity receiving oral FMT followed by 6-wk supplementation with either high-
fermentability or low-fermentability fibers (NCT03477916). Primary outcomes were changes in
insulin resistance (IR) from baseline to 6-wks evaluated using the homeostatic model assessment
(HOMAZ2-IR). At six weeks, subjects receiving FMT and low-fermentability fiber demonstrated
significant improvements in IR and insulinemia. Metabolic benefits were associated with
increases in microbial richness and select bacterial taxa, including Phascolarctobacterium,
Christensellaceae, Bacteroides, and Akkermansia. Interventions were safe and well tolerated
with no attributed serious adverse events. In conclusion, we provide proof-of-concept for use of a
single-dose oral FMT combined with daily low-fermentability fiber supplementation to attenuate

IR in patients with MS and severe obesity.

2.1 Introduction

Obesity and metabolic syndrome (MS) comprise one of the greatest health epidemics of the
twenty-first century' > with current medical strategies having limited efficacy, poor tolerance,

and high cost*?®

. Continued lack of progress in curbing this epidemic has drawn growing interest
into new approaches such as fecal microbial transplantation (FMT) which target the gut

microbiome’ 4. Recent landmark studies where MS patients received FMT from lean healthy

donors have indeed demonstrated metabolic improvements, but effects have been inconsistent
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and short-term, likely due to progressive loss of donor microbe engraftment!>'7. While
promising, only one group has demonstrated these benefits to date and solely in male subjects

with mild metabolic dysfunction through invasive FMT delivery techniques'®2!.

In order to establish FMT as a pragmatic therapy for obesity and MS, novel strategies that
enhance efficacy using non-invasive delivery methods in both male and female patients with a
diverse spectrum of metabolic dysfunction are needed®>2°. The concept of using dietary fiber
supplementation to maintain healthy microbial communities introduced by FMT is one strategy
that has been proposed, but no human trials have examined this concept?’ . The aim of our
work was thus to evaluate orally encapsulated FMT with adjunctive fiber supplementation in a
representative North American population of MS and severe obesity — the most rapidly

escalating form of obesity worldwide’!.

Dietary fibers are non-digestible carbohydrates that exert a variety of health benefits dependent
on their physicochemical properties®?. High-fermentability fibers, for example, are readily
fermented by select microbial strains and produce beneficial metabolites such as short chain fatty
acids while low-fermentability fibers are largely resistant to gut microbial fermentation and can
act through fecal bulking and modulating gastrointestinal transit®*. Together, these diverse
properties provide opportunities with which to influence engraftment of an FMT and microbiome

assembly in the recipient to enhance metabolic benefits**.

In this study we present the primary outcomes of a four-arm randomized, double-blind, placebo-

controlled proof-of-concept safety and feasibility study where patients with severe obesity and
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MS received either FMT or placebo followed by 6 weeks of daily fermentable or non-
fermentable fiber supplementation (Figure 2.1). Participants were consecutively enrolled, block
randomized and stratified by sex into one of four groups: (1) FMT and high-fermentability fiber
(FMT-HF), (2) FMT and low-fermentability fiber (FMT-LF), (3) placebo FMT and high-
fermentability fiber (HF), and (4) Placebo FMT and low-fermentability fiber (LF) (Figure 2.2).
All patients underwent concurrent medical therapy but were asked to discontinue alternative
prebiotic or probiotic therapies. Fermentable fiber supplementation consisted of an equal mixture
of soluble corn fiber, type-1V resistant starch, and acacia gum while non-fermentable fiber
supplementation consisted of microcrystalline cellulose at doses of 33g/day for males and

27g/day for females.

We hypothesized that orally administered FMT would alter recipient microbial ecology
thereby improving insulin resistance and that dietary fiber supplementation would
enhance or maintain these effects. Our primary outcome was to evaluate changes in insulin
resistance and sensitivity between baseline (BL) and 6 weeks (T6) after treatment using the
homeostatic model assessment (HOMAZ2-IR/IS). Secondary outcomes included evaluating safety
and tolerability in addition to changes in anthropometrics, glycemic markers, lipid profile,
quality of life measures, dietary intake, serum inflammatory markers, fecal short-chain fatty

acids, and fecal microbiota composition.

2.2 Methods

2.2.1. Trial Design Overview

This pragmatic proof-of-concept feasibility pilot trial was approved by the University of
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Alberta Health Research Ethics Board policies (Pro00076642), Health Canada (control
#212903) and registered with clinicaltrials.gov (NCT03477916). Informed consent was
obtained from all participants and safety monitoring was conducted independently by the
University of Alberta Quality Management in Clinical Research Department (QMCR). The

study complied with all relevant institutional and national regulatory body requirements.

The trial utilized an exploratory four-arm parallel double-blinded randomized placebo-
controlled study design (Figure 2.2). All patients with obesity and metabolic syndrome who
provided informed consent were consecutively enrolled through the Weight Wise Bariatric
Clinic (Edmonton, Alberta, Canada) from July 2018 to October 2019 inclusive. Participants
underwent a two-week screening and clinical baseline assessment prior to being randomized
to one of four groups: (1) FMT and HF, (2) FMT and LF, (3) placebo FMT and HF, and (4)

placebo FMT and LF.

Randomization was performed at a 1:1:1:1 ratio in blocks of 4 and stratified by sex via

computer-generated codes using REDCap cloud (Version 1.6). The individual generating the

random allocation sequence (NH) was different from staff who enrolled and assessed patients.

Participants and all study personnel were blinded to study allocation for the duration of the
trial. Interventions included a single FMT dose (or placebo) followed by a 6-week study
period during which high-fermentability or low-fermentability fibers were added daily to the
participant’s normal diet. All patients were provided concurrent medical therapy by the

bariatric team through the duration of the trial.
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In total, participants attended 5 clinic appointments (baseline, FMT, 2, 6, and 12 weeks) for
anthropometric measurements, vitals assessment, assessment questionnaires (dietary intake,
hunger and satiety, quality of life), as well as blood and stool sample collection (Figure 2.3).
Telephone interviews were conducted at 1 and 4 weeks to assess for adverse events and
compliance monitoring. A two-hour 75g oral glucose tolerance test was performed at baseline
and 6-weeks. Compensation was provided in the form of cash stipends ($10 CDN) at each in-

person clinic appointment.

2.2.2. Bariatric Management

Edmonton’s Weight Wise Bariatric Clinic is a diverse multidisciplinary clinic staffed with
bariatricians, endocrinologists, psychologists, physiotherapists, and dieticians. Clinical teams
were blinded to study allocation and all patients underwent concurrent bariatric therapy

including medical pharmacotherapy, nutritional modification, and mental health counselling.

2.2.3. Study Population

Our inclusion criteria were: (1) age between 18 and 65 years; (2) BMI greater than 30 kg/m?;
(3) total body weight fluctuation over the last 6 months less than 10%; (4) a fasting plasma
glucose > 5.6 mmol/L or a HgbAlc >5.5% or antidiabetic medication use; and (5) at least one
of (a) fasting triglycerides = 1.7 mmol/L, (b) HDL cholesterol <1.03 mmol/L in males or <
1.29mmol/L in females, (c) known diagnosis of hypertension or systolic blood pressure >
130mmHg or diastolic blood pressure >85mmHg, (d) dyslipidemia medication use, or ()

antihypertension medication use.
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Exclusion criteria were: systolic blood pressure > 180mmHg or diastolic blood pressure >
110 mmHg at screening, fasting triglycerides =6mmol/L, acute infection or inflammatory
condition over the presiding 4 weeks, antibiotic use within the past 4 weeks, current or use of
insulin within the last 6 months, prior weight loss surgery, dysphagia, inflammatory bowel
disease, colon cancer, colonic polyps with high grade dysplasia, history of autoimmune or
chronic inflammatory conditions (rheumatoid arthritis, chronic/active hepatitis B or C, HIV,
pancreatitis, advanced non-alcoholic steatohepatitis, or liver cirrhosis), active malignancy,

pregnancy, active substance or alcohol abuse (>2 80z drinks/day).

2.2.4. Sample Size and Recruitment

Assuming a treatment allocation factor of 1:1 and accepting a type 1 error of 0.05 and a
correlation between repeated measurements of 50%, a sample size of 15 subjects per arm gave
the study a power of 80% to detect a change of 0.8 log [SD=1] in the logHOMAZ2-IR value, or
80% power to detect a minimal difference of 1.1 [SD 1.1] in HbAlc levels between groups.
Accounting for an expected 10% drop-out rate, we enrolled a total of 68 subjects for this
feasibility study. All randomized subjects who complete 6 weeks of follow-up were included

for analysis.

2.2.5 Study Endpoints

The primary outcome was a change in insulin sensitivity between baseline and 6 weeks as
estimated by the homeostatic model assessment of insulin resistance (HOMA2-IR) (HOMA?2
Calculator, University of Oxford). Secondary outcomes included changes in vitals (blood

pressure, heart rate), anthropometric parameters (BMI, hip and waist circumference), glycemic
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parameters (fasting plasma glucose, glycated hemoglobin, serum insulin, GLP-1), fasting lipid
profile (total cholesterol, HDL, LDL, triglycerides), quality of life assessed by EQ-5D-5L
questionnaires, perceived satiety assessed by the Satiety Labeled Intensity Magnitude (SLIM)
questionnaire, gastrointestinal tolerance assessed by a gastrointestinal tolerance questionnaire,
dietary habits assessed by dietary history questionnaire III (DHQ3), gut hormones (leptin,
ghrelin), serum inflammatory markers (CRP, TNF-c, IL-6, IL-8, IL-10, LPS), fecal short

chain fatty acids, and fecal microbiota composition between baseline, 6, and 12 weeks.

2.2.6 Study Interventions.

2.2.6.1 FMT manufacturing

Four lean healthy volunteer stool donors with no metabolic comorbidities provided stool for
study participants. The limited number of donors did not allow for equal stratification of
donors across all four groups (7able 2.1). Donor selection was done by availability and
screening was in compliance with Health Canada regulations. Oral FMT capsules were
manufactured as previously described®. Placebo FMT pills consisted of cellulose and were

identical in appearance to ensure blinding of patients and study staff.

2.2.6.2 FMT administration

The day prior to FMT delivery, patients were instructed to undergo a 24-hr clear fluid fast and
a bowel preparation involving two doses of Pico-Salax®, a routine colonoscopy preparation.
On the day of transplantation, 20 FMT capsules (50g) from a one of four universal donor or 20
placebo capsules were administered orally. Patients were instructed to restart a solid diet one

hour following the procedure as tolerated and to stop any other prebiotic or probiotic
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supplementation until trial completion.

2.2.6.3 Fiber selection, manufacturing, and administration

Fibers were chosen by expert consensus based on criteria of metabolic efficacy, tolerability,
and safety®®*°, High-fermentability fiber supplementation consisted of an equal mixture by-
weight of soluble corn fiber (PROMITOR®, Tate&Lyle, 114 Kcal / 100 g), resistant wheat
starch 4 (Fibersym®, MGP Ingredients, 35 Kcal / 100 g), and Acacia gum (Pre-Hydrated Gum
Arabic, TIC GUMS, 17 Kcal / 100 g). In addition to the previous factors, these components
were selected due to their ability to promote beneficial gut microbial and immune modulation
(REF). Low-fermentability fiber supplementation consisted of microcrystalline cellulose

(Microcel MC-12, Blanver Farmoquimica Ltd, 0 Kcal/100g).

Fibers were weighed and proportioned into 27g (females) or 33g (males) foil packets. The first
three sachets (days 1-3) contained half the dose by weight to minimize gastrointestinal side
effects. Three-week batches were provided on the day of FMT and at the time of the 2-week
visit. Participants were instructed to start fiber supplementation the day following FMT and were
given dietary instructions from registered dietitians to optimize adherence. All sachets and fibers

were identical in appearance to ensure blinding.

2.2.7 Anthropometric and Serology collection
Anthropometric assessment was performed by trained personnel following the recommendations
made by the CDC and published in the Anthropometry procedures Manual of the National

Health and Nutrition Examination Survey (available at www.cdc.gov). Body weight was
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measured using a validated, calibrated bariatric scale (Scale Tronix®) and recorded to the nearest
0.1 kg. Height was measured to the nearest 0.1 cm using a wall-mounted stadiometer. Waist and
hip circumferences were measured following the recommendations of the Center for Disease

Control (CDC) and Prevention Anthropometry Procedures Manual *' and the National Institutes

of Health (NIH) guidelines*?.

Blood samples were collected after an overnight fast (>8hr) with aliquots of plasma and serum
snap frozen in liquid nitrogen and stored at -80C. Routine laboratory investigations were
completed using standardized laboratory techniques and included: Cell blood count and
differential, electrolyte panel (sodium, potassium, chloride, and carbon dioxide), renal panel
(creatinine, blood urea nitrogen), liver panel (aspartate transaminase, alanine transaminase,
alkaline phosphatase, albumin, international normalized ratio for pro-thrombin time), glycemic
panel (glycated Hemoglobin HbAC, blood glucose, insulin), lipid panel (total cholesterol, HDL,

LDL, and triglycerides), and C-Reactive Protein.

2.2.8 Enzyme-linked immunosorbent Assay (ELISA) analysis

All assays were conducted in singlet following manufacturer protocol and storage
recommendations. Immunologic evaluation included IL-1B (R&D Systems DuoSet ELISA,
catalog DY201-05), IL-6 (R&D Systems DuoSet ELISA, catalog DY206-05), IL-10 (R&D
Systems DuoSet ELISA, catalog DY217B-05), TNFa (R&D Systems DuoSet ELISA, catalog
DY210-05), and LPS (Abbexa Endotoxin (ET) ELISA Kit, catalog ABX514093). Glycemic
markers were assessed using insulin (R&D Systems DuoSet ELISA, catalog DY 8056-05) assays

using a two-fold serum dilution. Enteroendocrine markers were evaluated using total GLP-1
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(EMD Millipore Corporation, catalog EZGGLP1T-36K). Hormones influencing hunger and
satiety were conducted using ghrelin (R&D Systems DuoSet ELISA, DY 8149-05) and leptin

(R&D Systems DuoSet ELISA, DY398-05) assays using a 20-fold serum dilution.

2.2.9 Stool collection, Short-Chain Fatty Acid, and Microbiome analysis

Participants were provided stool collection kits and instructed to collect stool samples within two
days of their scheduled visits. Written instructions were provided to preserve at least 30 grams of
stool, store at 4C prior to transport, and to deliver the sample on ice. On arrival, samples were

subsequently aliquoted, and flash frozen at -80C for storage.

Stool short-chain fatty acid concentrations were analyzed using gas chromatography at the
Agricultural, Food and Nutritional Science chromatography core facility as previously
described®. Briefly, 800uL of 0.1N hydrochloric acid and 200uL of 25% phosphoric acid
were added to approximately 0.2g of stool. The contents were vortexed until fully
homogenized and centrifuged at 5000g for 15 minutes or until the obtaining a clear
supernatant. An internal standard solution (150mg of 4-methyl-valeric acid, S381810, Sigma-
Aldrich), 5% phosphoric acid, and supernatant were then added to glass chromatography tubes
and stored at -80C prior to analysis. Samples were analyzed with a gas chromatograph (Bruker
SCION 456-GC, Bruker Corporation, Billerica, MA, USA) using a 30m x 0.53 mm inner
diameter x 0.5 pm film thickness capillary column (Stabilwax-DA, Restek Corporation,

Belefonte, PA, USA).

Fecal DNA extraction for microbiome analysis was conducted using a modified MultiTarget
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Pharmaceuticals protocol. Bleached beads were added to tubes in combination with 200uL of
AquaStool (MultiTarget Pharmaceuticals, USA), approximately 100mg of thawed stool, and
homogenized. The resultant homogenate was centrifuged (14000g for 5 mins) followed by
addition of 100uL of AquaRemove (MultiTarget Pharmaceuticals, USA). After re-
centrifugation, the supernatant was collected, and isopropanol was added prior to precipitation
on ice for 10 min. The DNA pellet was collected and washed three times with 70% ethanol. A
total of 100uL of EB Buffer (Qiagen, USA) was then added to solubilize the DNA followed
by 1uL of RNASE A (Qiagen, catalog 1007885). The mixture was incubated at 37C for 1
hour and then recentrifuged. DNA precipitation was obtained with 10uL of SM NaCl, 100uL
of ice cold 100% ethanol, and a 30-minute incubation at -20C. The mixture was recentrifuged
and the pellet was rinsed three times with 70% ethanol. An additional 50uL of EB buffer were
added after removal of excess ethanol, and the solution was left overnight at 4C for

solubilization.

After ensuring appropriate extraction quality using a Nanodrop 1000 Series device (Thermo
Fisher Scientific, USA), samples were sent for 16s rRNA gene amplicon sequencing
(Microbiome Insights, Canada). Microbial composition was characterized by 16S rRNA gene
amplicon sequencing of the v4 region using MiSeq [llumina technology (2x300bp) and the
following primers: 515F ‘GTGCCAGCMGCCGCGGTA’ and 806R
‘GGACTACHVGGGTWTCTAAT’. QIIME2 and DADA?2 were used to perform quality
control and feature table construction **. Taxonomic assignment (from kingdom to genus
level) of the representative sequences of each sample were performed using the Silva 132 pre-

trained Naive Bayes classifier and the q2-feature-classifier plugin in the QIIME2 pipeline.
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2.2.10 Statistical Analysis

2.2.10.1 General Analyses

A modified-intent-to-treat analysis was performed to assess the effect of intervention from
baseline (T0) to 6-weeks (T6). Continuous variables were reported as means =+ standard
deviations if normally distributed or medians and interquartile ranges if non-normally
distributed. Normality was evaluated using Shapiro-Wilk tests. Categorical data were reported
as proportions and analyzed using the Cochran-Mantel-Haenszel® test. Figures reported data as
mean = SEM. unless otherwise stated. Percentage change in variables was calculated by
dividing the difference between T6 and baseline by the baseline value. The reported mean
difference of primary outcomes was calculated using the difference in percentage change
between interventions. Within-group paired changes between baseline and T6 were conducted
using two-tailed Wilcoxon Signed-rank test while between-group comparisons were
conducted using the Mann-Whitney U test. Where more than two measures were compared
over time, repeated measure linear regression were applied to compare within-group
differences relative to baseline. Data not normally distributed were transformed using cube
root method before analysis by the linear regression model. Data greater than five standard

deviations from the mean were removed as outliers.

A non-parsimonious logistic regression model was developed using a prospective hypothesis
driven methodologic approach to identify factors which independently predict changes in our
primary outcomes. HOMA2-IR and HOMAZ2-IS outcomes were dichotomized into responder

and non-responder groups. Responders were defined by improved HOMAZ2 percent change
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parameters while non-responders were defined by worsened percent change in HOMA?2 markers.
Variables which demonstrate a significance of p<0.1 were included in the main effects models
unless otherwise deemed clinically relevant. Analysis for clinical, biochemical, and immunologic
data was be conducted using STATA 15 (StataCorp 2017; College Station, TX) and figures were
designed using Prism 9.0.0 (GraphPad Software, San Diego, CA, USA). Statistical significance

was defined using two-tailed tests with a p value < 0.05.

2.2.10.2 Microbiome Bioinformatics and Statistical Analyses

Alpha diversity was calculated by Chaol and Shannon indices using QIIME2. To compare
microbial beta-diversity between samples, Bray-Curtis distance matrices were measured using
the ‘vegan’ package in R**, and Unifrac distance matrices were measured using QIIME2.
Principal coordinate analysis (PCoA) was applied on the resulting distance matrices to generate
two-dimensional plots using the ‘ape’ R package *°. Significant differences of beta-diversity via
permutational multivariate analysis of variance (PERMANOVA, n = 999) using the ‘Adonis’
function in ‘vegan’. For the microbiota compositional features (alpha diversity index and
centered log-ratio-transformed bacterial taxa counts, repeated measures linear regression and
paired t-tests were applied to compare within-group differences relative to baseline. Between-
group differences were assessed by linear regression, and pairwise comparisons (FMT-HF vs.
HF; FMT-LF vs. LF) were used unpaired t-tests. P-values were adjusted by Benjamin-Hochberg
false discovery rate (FDR) method. The microbiome analysis was conducted using R (Version

3.5.1).
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2.3 Results

2.3.1 Overview of Trial Enrollment

From May 7, 2018 to Oct 9, 2019, 5200 patients were electronically screened, 780 were assessed
for eligibility, 70 were randomized, and 68 received study intervention (Figure 2.1).
Randomization and study enrollment continued until 68 patients received study intervention. A
total of 61 patients completed their T6 visit and were analyzed using a modified intent-to-treat
protocol. Seven patients withdrew before the primary outcome (FMT-HF = 2; FMT-LF = 3; HF
= 2) with three patients citing time commitment concerns, two requiring prolonged antibiotic

courses (leg cellulitis = 1, prostatitis =1), and two offered early surgery.

2.3.2 Characteristics of Study Population

Basic characteristics of study participants revealed a mean age of 47.8 + 10.0 years, a mean body
mass index of 45.3 + 7.0 kg/m?, with a female sex predominance (83.6%) (Table 2.2). The
majority of patients received novel GLP-1 (n =39, 63.9%) and SGLT2 (n = 3, 4.9%)
antihyperglycemic medications while a minority received conventional metformin (n = 15,
24.6%) therapy. No differences in basic characteristics, degree of metabolic dysfunction,

medications, or dietary intake were observed between groups at baseline.

2.3.3 FMT and low-fermentability fiber associated with improved HOMAZ2 and insulinemia
After six weeks, participants receiving FMT with low-fermentability fiber supplementation
demonstrated improvements in the mean difference (MD) for HOMA2-IR (MD -24.0% + 12.0%;
p=0.02), HOMA2-IS (MD 27. 6% + 12.3%; p=0.02), and insulinemia (MD -25.4% + 12.3%;

p=0.02) (Figure 2.4 a-c). There was no difference in FMT donor allocation between FMT-HF
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and FMT-LF groups (Table 2.1). No differences in fasting glycemia or glycated hemoglobin
were seen either within or between interventions. These findings occurred in the absence of any
significant changes in anthropometric values (Figure 2.), lipid parameters (Figure 2.6), or dietary
intake (7Table 2.3). Follow-up at 12 weeks revealed that these beneficial effects were not

maintained in the absence of daily fiber intake.

2.3.4 HOMAZ2 benefits observed after adjusting for clinical covariates

We then examined whether our findings could have been confounded by factors unrelated to our
study intervention including differences in basic characteristics, medication regimen, or degree
of metabolic dysfunction. Two multivariable logistic regression models were developed to
evaluate for changes between baseline and T6 for insulin resistance (IR) and insulin sensitivity
(IS) (Table 2.4). After adjusting for these clinical covariates, the greatest independent predictor
of improvements in both IR and IS was allocation to FMT-LF intervention (p=0.003).
Interestingly, baseline hyperinsulinemia was also an independent predictor of improved IR and

IS.

2.3.5 Patient Reported Outcomes, Intervention Safety and Tolerability

Patient reported outcomes including quality of life, hunger and satiety, and gastrointestinal
symptoms (flatulence, bloating, stool consistency, stool frequency) did not differ between groups
(Figures 2.7-2.9). FMT and fiber tolerability were excellent with only one patient per group
unable to tolerate fiber therapy and two patients reporting emesis following placebo FMT (Table

2.5). There were no serious adverse events attributed to any study intervention.
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2.3.6 Improvements in glycemic parameters were independent of changes in inflammatory
markers
As systemic inflammation has been linked with altered gut barrier function and the development

4748 we measured serum markers of inflammation and endotoxemia (Table

of insulin resistance
2.6). While subjects receiving high-fermentability fiber showed reduced levels of TNFa and IL-8
at T6, these changes did not translate to observed benefits in glycemic outcomes. Circulating
plasma LPS which is an established marker of gut barrier integrity and associated with insulin
resistance was also not altered by treatment in any of the groups. Notably short-chain fatty acids

(SCFAs) hypothesized to improve gut barrier function and insulin resistance were not influenced

by either FMT or fiber intervention (7able 2.7).

2.3.7 FMT-LF was associated with improved oral glucose tolerance test

Blunted enteroendocrine responses to glycemia have long been implicated in the
pathophysiology of insulin resistance in patients with obesity and metabolic syndrome®. To
elucidate potential mechanisms through which FMT-LF attenuated insulin resistance, we
compared serum GLP-1 and insulin responses to oral glucose tolerance tests at baseline and T6
(Figure 2.10). After 6 weeks, FMT-LF was associated with restoration of physiologic patterns of
GLP-1 secretion as evidence by significant increases between 0-, 1- hours and decreases between
1- and 2- hours (p < 0.05). Peak 1-hour serum GLP-1 levels at T6 also significantly increased
compared to FMT-HF (p=0.04) and approached significance in the LF group (p=0.08). Marked
reductions in peak insulinemia were also demonstrated at 1- hour (BL to T6, p <0.05) in all
patients receiving non-fermentable fiber therapy with these effects notably more pronounced in

the FMT-LF group (p=0.052).
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2.3.8 FMT-LF was associated with altered microbial ecology

We then evaluated the extent to which gut microbiota correlated with our observed metabolic
improvements. a-diversity analysis revealed that FMT-LF was associated with increases in
bacterial richness (Chaol index) from BL to T6 (Figure 2.11a, g<0.01). There were no
differences in evenness (Shannon index) from BL to T6. At T6, B-diversity for both FMT groups
demonstrated significant shifts in microbiota composition (Figure 2.11b, p <0.02) with the FMT-
LF group showing a greater degree of compositional change (Figure 2.11b). When focusing on
specific taxa, FMT-LF intervention led to changes in seven genera and twelve amplicon
sequence variants (ASVs), several of which were detectable at T6 including increases in relative
amounts of Phascolarcobacterium, Christensenellaceae, Bacteroides, and Akkermansia

muciniphilia and decreases in Dialister and Ruminococcus torques (Figure 2.11c).

2.3.9 Select baseline taxa independently predicted improvements in HOMA2

To assess whether the abundance of particular bacterial taxa at baseline was able to
independently predict improvements in HOMAZ2-IR and insulin sensitivity in patients receiving
FMT-LF after adjusting for baseline characteristics, we conducted a repeated linear mixed
model. This revealed that Phascolarctobacterium, Bacteroides stercoris, and Bacteroides caccae
(Figure 2.11d) demonstrated significant associations. Since these taxa have been associated with
insulinemic and enteroendocrine benefits in MS and obesity °°2, they may represent an adaptive
host microbial response particularly responsive to microbial biotherapeutic intervention and be

used as treatment.
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2.3.10 Fiber fermentability differentially modulates FMT engraftment

Lastly, we conducted a post hoc analysis to evaluate if donors or fibers differentially modulated
FMT engraftment. Donor oral capsules retained the microbial composition of the corresponding
stool samples (Figures 2.12 -2.13) and differed from recipients at BL and T6 (Figure 2.13).
FMT-LF was the only group in which we observed significant increases in bacterial richness as
well as shifts in microbial composition more closely resembling donor ecology over time
(Figures 2.15-2.16, g< 0.05). Engraftment of specific taxa (Figure 2.15f) in the FMT-LF group
was also donor-meditated with donor 28 engrafting the highest number of unique ASVs
including the primary fiber degrader (ASV50 Bifidobacterium breve/longum), SCFA producing
members (ASV79 Phascolarctobacterium succinatutens, ASV144 Odoribacter splanchnicus>=*,
and the taxa with modulatory characteristic in the suppression of tumor growth (ASV93 Alistipes

shahii®>. However, no significant associations between HOMA?2 response and specific donor-

recipient combinations were found (Figure 2.17).

2.4 Discussion

Taken together, we show that patients receiving low-fermentability fiber supplementation
following FMT had improved glycemic markers from baseline to 6-weeks. The fact that these
changes were independent of factors like diet or medications but were associated with improved
enteroendocrine responses, altered microbial ecology, and increased engraftment of donor
microbes provides further support for gut microbial modulation as a promising strategy to
ameliorate metabolic dysfunction.

Our understanding of the efficacy of FMTs in pathologies other than Clostridioides difficile

infections is still very much in its infancy. However, there is increasing evidence that targeting

99



the microbiome can impact metabolic health. Regarding our study, key questions remain as to
the underlying mechanisms whereby patients receiving low-fermentability microcrystalline

cellulose fiber supplementation, after FMT therapy demonstrated benefits to insulin resistance.

Possible explanations include the ability of cellulose to act as a bulking and binding agent which
could alter metabolite luminal concentrations, influence gastrointestinal transit and modulate the
donor microbial-host mucous layer interface. Cellulose supplementation may also directly alter
the function of specific taxa including cellulose-degrading H2-producing methanogens leading to
changes in gut microbial fermentation efficiency and by-products **°7. Together these factors
may constitute mechanisms through which FMT-LF increased microbial diversity and richness
while also potentially inducing functional changes in taxa associated with host HOMA2-IR/IS

improvements.

Limitations of our study are in keeping with the nature of our proof-of-concept study design.
Given our relatively small sample size, we were not sufficiently powered to evaluate for small
differences across the full spectrum of metabolic outcomes or for other plausible mechanisms
associated with the two fiber therapies. The study was also only powered to evaluate for changes
occurring from BL to T6, limiting our ability to identify why the effects were not maintained
following fiber cessation. As we did not conduct any ‘omics’ analysis, the complex functional
implications of our microbial modulation could not be fully evaluated. Hence, caution should be
taken while interpreting the results from the inferential analysis. It is also possible that factors
such as medications, diet and exercise could have confounded our findings. All patients,

however, were managed by the same clinical care team which provided standardized nutritional,
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exercise, and psychosocial guidance thereby minimizing the potential confounding effects of
these variables. Lastly, due to scarcity, donors could not be stratified across groups.
Nevertheless, the proportion of donors did not differ significantly between groups arguing

against a super-donor phenomenon which may have confounded our results.

2.5 Conclusion

In conclusion, this proof-of-concept pilot trial provides novel evidence that (1) a single-dosed
oral FMT can be safely and feasibly engrafted in patients with metabolic syndrome and severe
obesity and that (2) daily low-fermentability fiber supplementation can attenuate insulin
resistance following FMT by differentially modulating engraftment of select bacterial taxa and
the enteroendocrine axis. Results from our trial will serve as a basis for the ongoing development
of novel microbial biotherapeutic strategies aimed at combatting the growing MS and obesity
epidemics through the future delivery of safe, effective, and affordable designer bacterial

consortia.
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Figure 2.1. Study Consort diagram.
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Figure 2.2. Overview of Study Design by week and study visit. FMT-HF, FMT and high-
fermentability fiber group. HF, high-fermentability fiber group. FMT-LF, FMT and low-
fermentability fiber group. LF, low-fermentability fiber group.
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Figure 2.3. General schedule for assessment and intervention.

X: Sample collection, S1- Screening visit 1, S2- Screening visit 2, BL- baseline visit, TC —
telephone call, T2/6/12- Weeks 2/6/12.

* Not re-drawn if previous result available within 3 months
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Figure 2.4. Changes in glycemic parameters across intervention groups. a, HOMA2-IR. b,
HOMAZ2-IS. ¢, Serum insulin. d, Fasting Plasma Glucose (FPG). Values are reported as mean +
SEM or as percent change from BL to T6. Lines represent raw unadjusted values at baseline and
week 6 following FMT and/or fiber supplementation. Box-and-whisker plots represent the
distribution of each group from baseline to week 6 by intervention group. The median is
represented by the middle line while the upper and lower borders of the box plot identify the 75
and 25" percentile, respectively. The whiskers correspond to the maximal and minimal values.
FMT-HF (n=15), FMT and high-fermentability fiber group. HF (n=15), high-fermentability
fiber group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF (n=17), low-
fermentability fiber group. All tests were two-tailed with a p-value <0.05 identifying statistical
significance.
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Figure 2.5. Changes in anthropometric parameters across intervention groups. a, Weight. b, Waist circumference. ¢, Systolic Blood Pressure (SBP). d, Diastolic Blood
Pressure (DBP). Values are reported as mean £ SEM or as percent change from BL to T6. Lines represent raw unadjusted values at baseline and week 6 following FMT and/or
fiber supplementation. Box-and-whisker plots represent the distribution of each group from baseline to week 6 by intervention group. The median is represented by the middle line
while the upper and lower borders of the box plot identify the 75™ and 25™ percentile, respectively. The whiskers correspond to the maximal and minimal values. FMT-HF
(n=15), FMT and high-fermentability fiber group. HF (n=15), high-fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF (n=17), low-
fermentability fiber group. All tests were two-tailed with a p-value <0.05 identifying statistical significance.
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Figure 2.6. Changes in lipid parameters across intervention groups. a, Total Cholesterol. b, High-density lipoprotein (HDL-C). ¢,
Low-density lipoprotein (LDL-C). d, Triglycerides (Tg). Values are reported as mean + SEM or as percent change from BL to Té6.
Lines represent raw unadjusted values at baseline and week 6 following FMT and/or fiber supplementation. Box-and-whisker plots
represent the distribution of each group from baseline to week 6 by intervention group. The median is represented by the middle line
while the upper and lower borders of the box plot identify the 75" and 25™ percentile, respectively. The whiskers correspond to the
maximal and minimal values. FMT-HF (n=15), FMT and high-fermentability fiber group. HF (n=15), high-fermentability fiber
group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF (n=17), low-fermentability fiber group. All tests were two-
tailed with a p-value <0.05 identifying statistical significance.
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Figure 2.7. Composite scores of 5-level EQ-5D (EQ-5D-5L) survey domains from BL to T6.
a, Mobility domain. b, Self-Care domain. ¢, Usual Activity domain. d, Pain and Discomfort
domain. e, Anxiety and Depression domain., f, Visual Analogue Health Scale. Data reported as
mean + SEM. Pairwise comparisons between two groups were conducted using Mann-Whitney
U-tests and Kruskal-Wallis tests for four group comparisons. FMT-HF (n=15), FMT and high-
fermentability fiber group. HF (n=15), high-fermentability fiber group. FMT-LF (n=14), FMT
and low-fermentability fiber group. LF (n=17), low-fermentability fiber group. All tests were
two-tailed with a p-value <0.05 identifying statistical significance.
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Figure 2.8. Responses to Hunger and Satiety SLIM from BL to T6. a, Hunger and satiety
SLIM scoring upon waking. b, Hunger and satiety SLIM scoring 1-1.5 hours after a meal. ¢,
Hunger and satiety SLIM scoring 2-2.5 hours after a meal. Data reported as mean + SEM.
Pairwise comparisons between two groups were conducted using Mann-Whitney U-tests and
Kruskal-Wallis tests for four group comparisons. Paired data was analyzed by fitting a mixed
model. FMT-HF (n=15), FMT and high-fermentability fiber group. HF (n=15), high-
fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF
(n=17), low-fermentability fiber group. All tests were two-tailed with a p-value <0.05 identifying

statistical significance.
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Figure 2.9. Responses to Gastrointestinal Tolerance questionnaire from BL to T6. a,

Stomach aches. b, Bloating. ¢, Flatulence. d, Overall Well-being. e, Consistency. f, Frequency.
Data reported as mean + SEM. Pairwise comparisons between two groups were conducted using

Mann-Whitney U-tests and Kruskal-Wallis tests for four group comparisons. Paired data was

analyzed by fitting a mixed model. FMT-HF (n=15), FMT and high-fermentability fiber group.
HF (n=15), high-fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber
group. LF (n=17), low-fermentability fiber group. All tests were two-tailed with a p-value <0.05

identifying statistical significance.
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Figure 2.10. Changes in Glucagon-like peptide-1 (GLP-1) and Insulin during 75g Oral
Glucose Tolerance Test (OGTT) at 0, 1, and 2 hours across intervention groups performed
at BL and Té. a, baseline GLP-1 response to OGTT. b, week 6 GLP-1 response to OGTT. c,
baseline insulin response to OGTT. d, week 6 insulin response to OGTT. GLP-1 and insulin
levels were normalized to each group’s respective baseline values and reported as mean = SEM.
Pairwise comparisons between groups were conducted using Mann-Whitney U-tests. Paired time
points were compared to baseline values using the Wilcoxon signed-rank test without adjustment
for multiple comparisons. FMT-HF (n=15 patients), FMT and high-fermentability fiber group.
HF (n=1S5 patients), high-fermentability fiber group. FMT-LF (n=14 patients), FMT and low-
fermentability fiber group. LF (=17 patients), low-fermentability fiber group. All tests were
two-tailed with a p-value <0.05 identifying statistical significance.

+ represents significant differences between BL and T6 normalized GLP-1 values (+ p = 0.004; ++
p=0.0007).

6 represents statistically significant differences between BL and T6 normalized insulin values (&
p=0.06; 66 p=10.04; 666 p=0.01).
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Figure 2.11. Changes in gut microbiome and associated predictors of improved HOMA2-
IR and insulin sensitivity from BL to T6. a, Differences in alpha diversity using microbial
richness (Chaol) and microbial diversity (Shannon) indices. **¢ <0.01, *¢ < 0.05 for within and
between group comparisons. b, Differences in Beta diversity between baseline (T0) and 6 weeks
(T6). ¢, Changes in bacterial species between groups across all time points. d, Bacterial taxa
independently predict improvements in HOMAZ2-IR and insulin sensitivity in patients receiving
FMT-LF. Analysis conducted using linear mixed model regression after adjusting for patient sex
and age. Changes within-group relative to baseline (e.g. AW6-BL) were assessed by repeated
linear regression with FDR correction. Between-group comparison (FMT-HF vs. HF; FMT-LF
vs. LF) of bacterial shifts were conducted by linear regression with FDR correction. ** g < 0.05
* ¢ <0.10 for within-group comparisons relative to baseline. * g <0.15 for between-group
comparisons. FMT-HF (n=15), FMT and high-fermentability fiber group. HF (n=15), high
fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF
(n=17), low-fermentability fiber group. All tests were two-tailed with a p-value <0.05 identifying
statistical significance.

119



ASV count
w
8
o

4000
3000
2000
1000
0
Stool 002 Stool024 Stool028 Stool 031 Capsule 002 Capsule 024 Capsule 028 Capsule 031
M Eukaryota W Euryarchaeota W Actinobacteria Bacteria M Bacteroidetes
M Cyanobacteria M Epsilonbacteraecta MFirmicutes B Fusobacteria M Lentisphaerae
B Proteobacteria M Spirochaetes M Syner gistetes ¥ Tenericutes Verrucomicrobia

Figure 2.12. Donor composition at Phylum level of stool and oral capsules. Bar chart
represents proportion of ASV counts at the phylum level.
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Figure 2.13. Donor composition at Family level of stool and oral capsules. Bar chart
represents proportion of ASV counts at the phylum level.
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Figure 2.14. Family level microbial composition of FMT recipients and paired donors from

BL to T6. a, BL FMT-LF composition. b, Composition of matched FMT-donor in patients
receiving FMT and low-fermentability fiber. ¢, T6 FMT-LF composition. d, BL FMT-HF
composition. e, Composition of matched FMT-donor in patients receiving FMT and high-

fermentability fiber. f, T6 FMT-HF composition.
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Figure 2.15. Evidence of fecal microbial engraftment in FMT-LF patients from baseline to
week 6. a, Recipient Chaol index from baseline to week 6 versus donor FMT. Box-and-whisker
plots represent the distribution of each group’s Chaol index from baseline to week 6. The
median is represented by the middle line while the upper and lower borders of the box plot
identify the 75™ and 25" percentile, respectively. The whiskers correspond to the maximal and
minimal values. Between-group differences were assessed by linear regression, and pairwise
comparisons were conducted using unpaired #-tests. P-values were adjusted by Benjamin-
Hochberg false discovery rate (FDR) method. b, Principal-coordinate analysis (PCoA) of ASVs
demonstrating that at baseline, recipients have significantly different microbial clustering
patterns than donors. At week 6, no significant differences in microbial structure were observed
between recipients and donors. Significant differences were assessed by PERMANOVA based
on unweighted UniFrac distances with FDR correction (* g < 0.05). c-e, PCoA grouping of
patients and donors (baseline, week 2, and week 6) demonstrating substantial increases in
similarity between recipient and donor microbial structure over time. f, Evidence of donor
specific ASV engraftment obtained if taxa were shared between donor and recipients at week 6
but not present in recipients at baseline ASVs with the highest number of post-FMT patients
received showing evidence of acquisition of the donor’s taxa. FMT-LF (n=14 patients), FMT
and low-fermentability fiber group. All tests were two-tailed with a g-value <0.05 identifying
statistical significance.
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Figure 2.16. Evidence of fecal microbial engraftment in FMT-HF patients from BL to T6.
a, Recipient Chaol index from BL to T6 versus donor FMT. Error bars reflect standard deviation
with time points sharing the same letter indicating no significant differences in a-diversity. b,
Principal-coordinate analysis (PCoA) of ASVs demonstrating that at BL, recipients have
significantly different microbial clustering patterns than donors. At T6, no significant differences
in microbial structure were observed between recipients and donors. ¢, PCoA grouping of
patients and donors (baseline, week 2, and week 6) demonstrating increasing similarity between
recipient and donor microbial structure over time. FMT-HF (n=15), FMT and high-
fermentability fiber group. Significant differences were assessed by PERMANOVA based on
unweighted UniFrac distances (* q < 0.05).
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Figure 2.17. Mosaic bar graph of responders and non-responders for FMT-LF and
combined FMT recipient groups by FMT donor. a, FMT-LF HOMA2 response to the four
donors. b, HOMAZ2 response of all FMT recipients to the four donors. The width of bars for each
donor is weighed by the number of corresponding donations for each group. Responders were
defined by patients having a negative percent change in HOMA?2 from BL to T6 while non-
responders were defined as those having a positive percent change.
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FMT-LF FMT-HF Combined FMT groups

Donor Responders Non- Responders Non- Responders Non-Responders (n, %)
(n, %) Responders | (n, %) Responders | (n, %)
(n, %) (n, %)
2 3 (100) 0(0) 3 (60.0) 2 (40.0) 6 (75.0) 2 (25.0)
24 5(83.3) 1(16.7) 1(25.0) 3 (75.0) 6 (60.0) 4 (40.0)
28 3(75.0) 1(25.0) 3(75.0) 1(25.0) 6 (75.0) 2(25.0)
31 1 (100) 0 (0) 1 (50.0) 1 (50.0) 2 (66.7) 1(33.3)

Table 2.1. Overview of donor allocation between FMT-LF and FMT-HF groups. FMT-HF,
FMT and high-fermentability fiber group. FMT-LF, FMT and low-fermentability fiber group.
Responders were defined by patients having a negative percent change in HOMA?2 from BL to
T6 while non-responders were defined as those having a positive percent change. No significant

difference between groups was observed with regards to donor allocation using the Chi-square
test (p=0.75)
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FMT-HF HF FMT-LF LF
(n = 15) (n=15) m=14) (n=17)
Sex (females, %) 14 (93.3) 13 (86.7) 12 (85.7) 12 (70.6)
Age (years) 47.6 (10.2) 483 (10.4) 469 (11.8) 48.4(8.8)
fg"hc pressure (mm 55 )5, 128 (15) 130 (12) 134 (10)
Diastolic pressure
(mmHg) 84 (9) 78 (6) 81 (11) 84 (7.0)
Heart Rate (bpm) 75 (8) 76 (11) 77 (13) 79 (10)
Weight (kg) 128.6 (25.0) 122.8 (25.5) (1231272) 131.3 (32.0)
Height (cm) 170.1 (6.8) 1662 (9.8)  165.4 (6.1) 170.3 (8.2)
Medications
Metformin (n, %) 3 (20.0) 4(26.7) 3214)  5(29.4)
GLP-1(n, %) 10 (66.7) 9 (60.0) 10(71.4)  10(58.8)
SGLT2 (n, %) 1(6.7) 0 (0) 1(7.1) 1(5.9)
Body mass index
(ko) 442 (6.1 442 (6.8)  483(7.0)  44.8(7.6)
X’;‘)St cireumference’ 157 (33) 11927)  133(23)  123(22)
Hip circumference 144.8
(om) 136.9 (10.0) 1344214) (79 136.2 (18.7)
Waist to Hip ratio” 0.89 (0.17) 0.92(0.22)  0.90 (0.10)  0.94 (0.22)
Hemoglobin Alc* (%)  5.9(0.8) 5.8(0.6) 5.6 (0.4) 5.8(0.7)
Fasting glucose”
Pl 5.2 (1.2) 55(2.0)  57(0.6)  5.4(L1)
Insulin* (pmol/L) 161 (124) 162 (121) 150 (90) 166 (113)
HOMA2 IR* 2.8(2.1) 3.2(2.8) 28(1.6)  3.1(1.9)
HOMA2 %S" (%) 352 (23.8) 312(30.8) 363 (17.9) 32.8(17.5)
C-reactive protein”
(mg/L) 5.509.7) 9.4 (11.8) 5.8(7.4) 11 (10.8)
Total Cholesterol
(tnmolL) 4.7 (0.9) 50(1.3) 47(1.0)  41(1.1)
HDL-C (mmol/L) 1.1 (0.3) 1.2 (0.3) 12(03)  1.0(0.3)
LDL-C (mmol/L) 2.9 (0.9) 3.1(0.8)  29(09)  23(0.9)
Triglycerides”
(VL) 1.5 (0.8) 1.8 (2.2) 1.5(0.5)  1.5(0.7)
HGB (g/L) 136 (10) 141 (11) 138 (10) 143 (6)
WBC (10°/L) 7.3 (1.5) 71(1.3) 74(15)  7.69(L9)
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PLT (10°/L) 305 (67) 282 (60) 297 (46) 261 (59)
ALT" (U/L) 25(19) 23 (18) 21 (9) 24 (6)
AST" (U/L) 23 (11) 22 (14) 21 (4) 22 (7)
ALK" (U/L) 65 (20) 64 (16) 64 (21) 62 (21)
Total Bilirubin® 8.5(5) 11(5) 13 (6) 12 (6)
(rmol/L)

INR (Units) 1.0 (0.1) 1(0.1) 1.0 (0.1) 1.0 (0.1)
Creatinine (umol /L) 69 (14) 73 (12) 70 (9) 73 (15)
¢GFR (mL/min/1.72m?) 92.5 (18.8) 88.2(14.6) 92.4(12.9) 92.3(19.2)
Urea” (umol /L) 4.6 (1.4) 5.1(1.6) 4.1 (1.8) 4.7 (4.6)
Albumin (g/L) 42 (3) 42 (4) 42 (3) 41 (3)
MCYV (fL) 86 (4) 88 (5) 87 (4) 89 (3)
RDW* (%) 13.3(1.7) 13.2 (1.2) 13.1 (2.5) 13.4 (0.5)
TSH* (uIU/mL) 1.7 (0.9) 24 (2.4) 1.7 (1.2) 2.3(1.3)

GLP-1 glucagon-like peptide-1; SGLT2- sodium-glucose transport protein 2 inhibitors,
HOMA2-IR homeostatic model of insulin resistance; HOMA2-IR homeostatic model of
insulin sensitivity; HDL-C high-density lipoprotein cholesterol; LDL-C low-density
lipoprotein cholesterol; HGB serum hemoglobin count; WBC serum white blood cell count;
PLT serum platelet count; ALT alanine aminotransferase; AST- aspartate aminotransferase;
ALK alkaline phosphatase; INR international normalized ratio; eGFR estimated glomerular
filtration rate; MCV mean corpuscular volume; RDW red cell distribution width, TSH thyroid

stimulating hormone

Table 2.2. Baseline characteristics of study cohort. Values represent mean + standard
deviations or absolute values and percentages unless otherwise stated. Differences between
cohorts were analyzed using Kruskal-Wallis or Chi-square test as appropriate. FMT-HF—- FMT
and high-fermentability fiber group; HF — high-fermentability fiber group; FMT-LF — FMT and
low-fermentability fiber group; LF- low-fermentability fiber group. All tests were two-tailed
with p values less than 0.05 deemed significant. “Values presented as median and IQR after

normality evaluated using Shapiro-Wilk test.
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Supplemental Table 2.3. Macronutrient Intake at Baseline and Week 6 of Intervention as Estimated by the Diet History Questionnaire III.

FMT - HF (n=12) HF (n=13) Between FMT - LF Fiber (n=10) LF (n=12) Between
Within Within Group Within Within Group
Group  Change Group Change Change p Group Group Change Change p
Baseline  Week 6 p value (%) Baseline  Week 6 p value (%) value Baseline  Week 6  p value Change (%) Baseline  Week 6 p value (%) value
Energy (keal) 16567(; + 13‘3199 47 2432 1;5750 + 165192 = s 11+73 0.8 12(;26 £ 120633 = o7 837 119(?29; 16734803 008 932 03
Carbohydrates (g) 22697 205453 0.6 8+52 06112 223116 0.8 29492 0.9 195482 214466 04 34579 231116 220+£117 08 035 04
Total sugar (g) 131274  118+¢44 05 29117 111470 129486 0.7 50138 0.7 105458 130£56 0.3 45897 118465  116£74 0.9 2+37 0.4
Added sugar () 97£57 9046 09 74240 77457 91469 05 131¥380 g4 75452 98451 0.4 60+138  g7.58 87469 0.9 245 03
Dietary fiber (g) * 1948 1746 0.5 -5+25 1949 2010 0.7 1141 0.2 1948 1746 0.9 1753 1848 1747 0.8 949 0.7
Insoluble fiber (g) 1346 1144 0.6 427 1245 1245 0.8 436 0.6 1245 114 04 1847 1246 1144 0.6 450 04
Soluble fiber (g) 743 643 03 -5+27 745 845 03 2956 0.1 743 642 0.8 2075 643 643 03 2130 038
Proteins (g) 70427 6624 0.5 -1£32 77140 63+14 0.1 14126 0.4 64+22 6216 1 5428 90445 72431 008  -13+40 0.2
Animal proteins (g) 50423 47+18 0.5 140 56+31  44+12 006 121¥525 o3 46+18  44+11 1 2427 68+36 52423 0.07  -16¥42 0.2
Plant proteins (g) 2046 196 0.6 -1£29 0 aqaq 1948 0.4 2459 0.7 1848 176 0.5 25462 22411  21£10  0.60 -2+40 0.4
Total fats (g) 55419 51422 0.5 3433 70440 61+18 0.3 9+80 0.8 6428 56421 0.6 1+43 77+46 57427  0.08  -16£29 0.4
Saturated fat (g) 1948 1748 0.5 -1£38 23414 2148 04  23%125 0.8 21410 2049 0.9 4+40 26£17  19¢10  0.07  -16£27 0.2
Unsaturated fat (g) 31£10 29413 0.3 3434 41423 35+11 0.3 6+69 0.6 38£16  32+10 0.4 1+48 43125 3316 0.1 -16+30 0.4
Cholesterol (ng) 2624130 2424111 0.6 9464 2574125 223+123 0.1  I87%756 02 251+128 235489 0.6 3#45 3374191 259+126 0.1 -15+41 0.4

Statistical significance of changes within-group were determined by the Wilcoxon signrank test while between-group differences (FMT-HF vs HF, FMT-LF vs. LF; [week 6 — baseline]/baseline*100) were determined by the
Mann-Whitney test. Data are presented as means + SD. Statistical significance was set at p<0.05.
* Total dietary fiber provided by the background diet without consideration of the supplemented fiber.
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HOMAZ2-IR Response HOMAZ2-IS Response

Q09 gseicr PVale ol 9s%Cl P-Value

Study Allocation
FMT-HF vs. HF 286 0.54-15.2 0.22 206  0.41-103 0.38
FMT-LF vs.LF 234 2.8-193.3 0.003 166  2.19-125.8 0.007
FMT-LF vs. FMT-HF 589 0.75-42.9 0.09 332 0.63-173 0.15
HF vs. LF .46 0.28-7.68 0.65 161 0.33-7.98 0.58
Male Sex 0.69  0.10-4.77 071 135  020-8.98 0.75
Increasing Age (per year) 1.05 0.98-1.12 0.15 103 0.96-1.10 0.44
Increasing BMI (per kg/m?) 0.99 0.89-1.10 0.85 0.97 0.88-1.07 v
zzfiﬁzﬁiﬁﬁsf;iﬁesopmol L 2.01 1.19-3.41 0.009 187  1.133.11 0.015
Use of novel anti-hyperglycemic 5, 3159 0.8 106 0.28-4.02 0.94

medications

Table 2.4. Predictors of beneficial response in percent change of insulin resistance
(HOMAZ2-IR) and insulin sensitivity (HOMA2-IS) from baseline to week 6 using
multivariate logistic regression. FMT-HF (n=15), FMT and high-fermentability fiber group.
HF (n=15), high-fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber
group. LF (n=17), low-fermentability fiber group.
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FMT-HF HF FMT-LF LF

(n=15) (n=16) (n=15) (n=17)
No. of AEs related to
. . 1 3 2 1
study intervention
Bloating requiring 1 1 1 1
fiber cessation
Constipation 0 0 1 0
Emesis following FMT 0 2 0 0
No. AEs unrelated to
. . 1 2 0 2
study intervention
Ear, Throat and
Respiratory Infections 1 1 | 1
Prostatitis ° 0 1 0 0
Lower Extremity
Cellulitis 0 0 ! !
No. Serious AEs 0 0 0 0

Table 2.5. Overview of recorded Adverse Events (AE) and Serious Adverse events of all
patients receiving either FMT or fiber Intervention. FMT-HF, FMT and high-fermentability
fiber group. HF, high-fermentability fiber group. FMT-LF, FMT and low-fermentability fiber
group. LF, low-fermentability fiber group. Two patients required prolonged antibiotics prior to
the T6 visit and were excluded from the modified intent-to-treat analysis as they were withdrawn
from the trial and did not reach their T6 visit.

 Ear, throat, and respiratory infections included upper respiratory tract infections,
nasopharyngitis, laryngitis, sinusitis, bronchitis, and otitis.

® Diagnosed by cystoscopy following urologic consultation
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FMT- HF (n=12 HF (n=13 FMT - LF (n=10 LF (n=12
(n=12) (n=13) Between (n=10) (n=12) Between
Within Within group Within Within group
) Group Change ) Change change . Group Change i Group Change change
Baseline Week 6 p (%} Baseline Week 6 G\I;::.LFJED (%) p value Baseline Week 6 p (%) Baseline Week 6 D (%) p value
value value value
Cytokines i :
LPS (EU/mL) 2.0(1.7) 1.1 (0.7) 0.054 Es‘?ﬁ 1.5(2.0) 1.6(1.3) 0.4 ;;72) 01 | 16(17) 1.3(1.1) 07 53(163.0)i 1.0(0.8) 1.0 (1.0) 0.6 4.3(129.3) 0.7
: i . I i
IL1B (pg/mL) 145 (193.2) 15.5 (177.7) 0.5 -19(207) i 52(53.2) 5.3 (49.7) 0.2 -1.9(18.7) 06 | 27(288) 4.1(22.0) 0.8 1.7(154) i 4.8(185) 5.1 (16.0) 0.4 -1.3(25.3) 0.6
: 1 H -
IL-6 (pg/mL) 9.6 (268.3) 11.4 (205.4) 0.5 96(49.1) i 7.8(188) 7.5(19.8) 0.5 -8.3(31.7) 06 | 44(48) 5.7 (7.2) 0.2 60(382) i 66(6.7) 5.4 (5.6) 0.1 {21[?‘; 0.03
: I : :
IL-8 (pg/mL) 5.0 (36.3) 4.0(30.9) 0.01 {_,;';‘g} 4.2(9.7) 3.8 (4.4) 0.06 {;g% 09 | 41(69) 5.8 (7.5) 0.056 14.5(74.0)} 2.4(0.9) 3.0(2.1) 0.4 24.2(83.1) 0.7
. : . | :
IL-10 (pg/mL)  38.2(1915.0)  32.1(1772.0) 0.3  -74(201) i 31.2(96.3) 29.5 (85.6) 1 3.1 (17.1) 0.4 | 21.6(69.4) 20.8 (69.8) 0.6 0.8(186) i 26.2(20.9) 28.9 (34.7) 0.8  -28(15.7) 0.6
: 1 :
TNF-a 256 i -12.3 i !
(oa/mL) 60.4 (433.3)  24.2(219.3)  0.005 690) | 29.2 (144.4)  13.1(127.7) 0.054 (45.8) 0.4 I 13.0 (16.2) 14.8 (16.5) 0.6 '1‘2{”‘2’5 18.9 (29.6) 21.2 (29.8) 0.7  1.6(29.4) 0.7
SCFA ! ; :
(T'“"‘a' mL) 9.7 (4.5) 11.5 (6.6) 0.1 155(77.1) i 9.2 (4.6) 12.6 (3.6) 0.4 16.0 (60.6) 0.9 | 9431 11.5 (6.6) 0.5 155(77.1) i 11.4(3.0) 12.3 (5.3) 0.7  8.2(57.7) 0.7
ual : 1 :
Acetate : 1 -15.5
(waalimL) 6.2(3.2) 6.8 (3.6) 0.1 22.5 (56.1) 6.2(3.1) 7.7 (2.0) 0.4 10.4 (57.7) 0.7 i 6.1(1.3) 5.4 (2.2) 0.2 (569) | 6.9(1.9) 7.7 (2.1) 0.9  8.8(48.1) 0.3
f‘““‘f’,ﬁ;_‘}e 1.9(1.7) 2.4 (0.8) 0.2 126(665) i 1.7(1.1) 23(1.3) 0.2 32.9(72.6) 0.8 1 14(14) 1.6 (0.7) 09 -48(772)F 22(1.0) 25(1.3) 0.9  5.4(61.4) 1
Butyrate 421 16.2 ! 327 17.8
(uelmL) 1.2 (0.9) 1.8 (2.0) 0.1 (131.1) 1.0 (0.8) 1.5(1.2) 0.6 (145.9) 0.7 : 0.9 (0.5) 1.1(1.1) 0.3 (165.4) 1.5(1.2) 1.5(2.1) 0.5 (146.2) 0.8
Hormones : I
f;';f:& 81.3(5942.7) 90.4 (8933.9) 0.7 0.3(18.8) 73.2(587.6)  80.0(362.0) 0.3 3.8 (14.6) 06 ! 81.1(27.7) 61.9 (24.2) 0.6 20(9.1) i 65.8(32.3) 65.1 (49.1) 0.6  25(17.4) 0.9
. H 1 H
Leptin 3075.7 2959.3 i 30696 3193.0 | 36946 3595.6 i 32408 3074.9
(pe/mL) (838.5) (1117.6) 06  05(18.7) :  (ggq 1) (867.4) 0.5~ 0.6(24.9) 04 1 (1414.5) (1474.5) 09 08(114) ¢ gg34) (975.5) 0.6  0.1(8.0) Q.4

Table 2.6. Summary of changes to cytokines, SCFAs, and satiety hormones from baseline to week 6. Statistical significance of changes

within-group were determined by Wilcoxon sign-rank tests while between-group differences (FMT-HF vs HF, FMT-LF VS LF; [week 6 —
baseline]/baseline*100) were determined by Mann-U Whitney tests. Data are represented as medians and IQR. FMT-HF(n=15), FMT and high-
fermentability fiber group. HF (n=15), high-fermentability fiber group. FMT-LF (n=14), FMT and low-fermentability fiber group. LF (n=17),

low-fermentability fiber group. All tests were two-tailed with a p-value <0.05 identifying statistical significance.
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3.0 Abstract

The response of patients with inflammatory bowel disease (IBD) to fecal microbial
transplantation (FMT) has been inconsistent possibly due to variable engraftment of donor
microbiota. This failure to engraft has resulted in the use of several different strategies to attempt
optimization of the recipient microbiota following FMT. The purpose of our study was to
evaluate the effects of two distinct microbial strategies—antibiotic pre-treatment and repeated
FMT dosing—on IBD outcomes. A systematic literature review was designed and implemented
in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. A medical librarian conducted comprehensive searches in MEDLINE,
Embase, Scopus, Web of Science Core Collection, and Cochrane Library on 25 November 2019
and updated on 29 January 2021. Primary outcomes of interest included comparing relapse and
remission rates in patients with IBD for a single FMT dose, repeated FMT dosages, and
antibiotic pre-treatment groups. Twenty-eight articles (six randomized trials, 20 cohort trials, two
case series) containing 976 patients were identified. Meta-analysis revealed that both repeated
FMT and antibiotic pre-treatment strategies demonstrated improvements in pooled response and
remission rates. These clinical improvements were associated with increases in fecal microbiota
richness and a-diversity, as well as the enrichment of several short-chain fatty acid (SCFA)-
producing anaerobes including Bifidobacterium, Roseburia, Lachnospiraceae, Prevotella,

Ruminococcus, and Clostridium related species.

3.1 Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the gastrointestinal

tract categorized by Crohn’s disease (CD), ulcerative colitis (UC), and indeterminate colitis '-*.

134



The incidence of IBD is steadily increasing worldwide °, as are its extensive healthcare and
economic burdens. While IBD is believed to involve a host’s genetic predisposition,
environmental factors, and an imbalanced gut microbial community, the etiology of IBD has yet
to be fully elucidated *®. The complex pathophysiology underlying IBD has led to the current
implementation of non-specific therapeutic strategies centered on systemic immunosuppression
%10 Despite the significant complications associated with these strategies, ongoing high rates of

11-13

refractory disease remain suggesting that alternative targeted approaches are needed to

enhance the clinical efficacy and safety of modern IBD therapies'*.

Accumulating evidence suggests that imbalances in the gut microbiome, a highly diverse
community of microorganisms that inhabits the gastrointestinal tract of humans, plays a
causative role in the pathogenesis of IBD'>"!7. In general, gut microbial communities of patients
with IBD are characterized by reduced microbial diversity, an increased abundance of aerobic
pro-inflammatory bacteria, and a reduction in anaerobic bacteria that generate beneficial anti-
inflammatory metabolites, such as short-chain fatty acids (SCFA). These findings have fostered
growing interest in adopting microbiota-targeted strategies into the forefront of modern IBD
18-20 ;

therapeutics in order to reduce the need for long-term immunosuppressants and their

associated adverse complications.

Fecal microbial transplantation (FMT) is one such microbiota-targeted strategy that has shown
initial promise for the management of IBD by implanting members of microbiota from healthy
donors in an attempt to restore imbalances in host-microbial ecology?'. However, clinical

response of IBD to FMT has shown extensive inter-study heterogeneity®?, which might stem
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from the variable engraftment of donor derived microbes and the high or persistent populations
of unfavorable pathobionts in the host>*~2°. In this regard, both antibiotic pre-treatments (to
lessen competitive interactions) and increased frequency of FMT delivery may both enhance the
engraftment of putatively beneficial microbes, correcting dysbiotic populations, and promoting
clinical response and disease remission?’>°. While several trials utilizing either antibiotic pre-

31734 or repeated FMT regimens®>*® have been conducted in patients with IBD, no

treatments
pooled analyses of these findings exist, therefore hindering the optimization of FMT-based IBD

therapies.

The purpose of our study was to address this important gap in knowledge by conducting a
systematic review and meta-analysis to characterize the effects of antibiotic pre-treatment and
repeated FMT dosing on IBD response and remission. Our primary outcome was to compare
differences in pooled relapse and remission rates between antibiotic pre-treatment and repeated
FMT dosing strategies. Secondary outcomes included comparing differences in fecal microbiota

composition associated with disease response and remission for these two approaches.

3.2 Methods

3.2.1 Eligibility Criteria

A systematic literature search strategy was designed using the Population, Intervention,
Comparison, Outcome, and Study Design (PICOS) framework and implemented in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. FMT was defined as the administration of a fecal matter solution from a healthy

donor to the gastrointestinal tract of a recipient to confer a health benefit. Our inclusion criteria
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included studies with adults (age > 18 years) that had a diagnosis for IBD and received FMT. All
modalities of FMT delivery, such as colonoscopy, nasogastric tube, oral capsules, or enemas, and
any regimen of antibiotic pre-treatment were included. Studies were excluded if disease was
localized to the surgical pouch (i.e., pouchitis), patients had concurrent Clostridioides difficile
infection, less than six patients were enrolled, or in a pediatric population. Duplicate studies, kin

studies, studies using animal models, and non-English studies were also excluded.

3.2.2 Search Strategy

A medical librarian (JK) systematically searched the MEDLINE (via Ovid), Embase (Ovid),
Scopus, Web of Science Core Collection, and Cochrane Library (via Wiley) databases on 25
November 2019 (see Table S3.1 for full-text search strategy) and updated on 29 January 2021.
No language or date limits were applied. To complement this approach, the research team also
screened the first 200 results from Google Scholar for inclusion. Manual searches of references

from included studies were further performed to identify potentially missed articles.

3.2.3 Study Selection

Titles and abstracts of relevant articles were first manually screened for inclusion by two
independent reviewers (VM, SR). Studies meeting initial screening criteria by at least one
reviewer were selected for a full text review by two independent reviewers (VM, SR) using pre-
specified inclusion and exclusion criteria. Disputes were resolved by a third reviewer (JD). Data
were extracted independently by two reviewers (VM, SR) into separate Excel spreadsheets and

cross-examined for accuracy. Studies were then assessed for methodological quality and bias
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using the Newcastle-Ottawa>’ tool for cohort studies and the Cochrane Risk of Bias*® evaluation

for randomized controlled trials (RCTs).

3.2.4 Data Extraction

Study characteristics were evaluated for study design, year, and country of origin. Primary
outcomes of interest included relapse and remission rates following FMT. Secondary outcomes
included differences in fecal microbiota composition, and adverse events. Patient characteristics
included age, sex, mean disease duration, type of IBD, histology disease scoring, and current
medications. FMT strategy-specific variables included donor stool processing, mode of delivery,

type of FMT regimen, and type and duration of antibiotic pre-treatments.

3.2.5 Data Synthesis
Continuous data were expressed as mean + standard deviation (SD). For the purpose of meta-
analysis, data extracted as medians and interquartile ranges were converted to mean + SD using

methods outlined by Hozo et al.**

. Meta-analyses of pooled proportions were conducted using a
random effects models by the DerSimonian-Laird method*’. Estimates of heterogeneity were
obtained from inverse-variance fixed-effect models. Pooled estimate variances were stabilized
using the Freeman-Tukey Double Arcsine Transformation. Heterogeneity was assessed using the
Chi-squared test with significance set at p < 0.10 and the amount of heterogeneity quantified by
the I? statistic as low <50%, moderate 50—-75%, or high >75%?*!. Categorical data were assessed
using either Chi-squared or Fischer’s exact tests. A two-sided a of less than 0.05 was considered

statistically significant. Meta-analysis was conducted using the metaprop function in STATA

(v15.1; StataCorp, College Station, TX, USA).
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3.3. Results

3.3.1 Search Results and Study Characteristics

Comprehensive search of the five databases yielded a total of 4220 results, and after duplicate
records were removed, 3624 articles remained (Figure 3.1). After initial screening of the titles
and abstracts, the text of 45 articles were fully reviewed. Following full text review, 28 articles
were eligible for inclusion in the final systematic review. No prior systematic reviews examining
FMT outcomes with respect to antibiotic pre-treatment or repeated FMT regimens were
identified. Of the included articles, six were randomized controlled trials, 20 were prospective

cohort trials, and two studies were case series.

Of the 28 studies reviewed, 22 included patients with UC, four included patients with CD, and
two studies assessing both UC and CD. Most studies examined disease response in patients with
mild to moderate disease (n = 9 studies), with twelve studies assessing patients with severe
disease (7Table 3.1). Study duration and follow-up ranged from 4 weeks to 13 years with most
studies having a follow up < 12 weeks (n = 17). Five studies utilized pre-operative antibiotics
prior to FMT, with only two studies utilizing the same antibiotic regiments. Nearly half of the

studies included a single FMT delivery (n = 12), while the remaining trials use varied regimens.

3.3.2 Risk of Bias Assessment
Risk of bias for cohort studies was characterized using an adjusted 7-point Newcastle-Ottawa
scale of selection, comparability, and study outcome categories (7able S3.2). The 19 included

cohort studies demonstrated low to moderate risk of bias due to a lack of long-term follow-up
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greater than three months (n = 7 studies), and inadequate description or evaluation fecal
microbiota changes (n = 8 studies). The six randomized trials were assessed for bias using the

Cochrane Risk of Bias tool and together demonstrated low risk of bias.

3.3.3 Baseline Demographics

A total of 976 patients were identified from the 28 studies included (7able 3.2). Twenty-two
studies included only patients with UC (n = 767), while three studies included patients with CD
(n = 87) alone. The mean weighted age of all patients was 40.0 years, of which 59% were on
average male with a mean weighted disease duration of 6.2 years. The proportion of patients
receiving concurrent corticosteroids varied extensively from 7% to 100%. Patients with a diverse
spectrum of IBD severity were included although the majority of included patients had mild-
moderate disease (n = 439; 9 studies). Prior to FMT, total Mayo scores for UC activity ranged
from 6.1 to 11.1 and CD activity index ranged from 275 to 345. No significant differences in

clinical characteristics were observed between CD and UC patients prior to FMT.

3.3.4 FMT Administration, Dosing, and Donor Characterization

FMT methodologies varied substantially across all studies. The most frequent mode of FMT was
via colonoscopy (n = 19 studies), followed by nasoduodenal/naso-jejunal tube (n = 4 studies),
enemas (n = 4 studies), gastroscopy (n = 3 studies), and oral capsules (n = 1 study). The dosage
of FMT ranged from 12 g to 300 g of stool per administration with 50% (n = 10 studies) of all
studies delivering multiple doses. Antibiotic pre-treatment regimens ranged from three to 14
days prior to FMT (n =5 studies), with most studies using a combination of antibiotics (n =4

studies) and specifically vancomycin (n = 3 studies). FMT donors of included studies were
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typically healthy donors unrelated to the recipients. Nine studies utilized donors that were either

relatives or specifically chosen by the patients.

3.3.5 Response and Remission Rates for Repeated FMT Regimens

Of the 976 patients included, 41.9% (n=409) were treated with a single FMT and 30.0% (n=229)
with repeated FMT (Tables 3.1 and 3.3). Meta-analysis of all included studies revealed that
repeated FMT studies had higher pooled response rates (15 studies; 70%; 95% CI 59-80%; 1% =
72%; Figure 3.2a) than those with single FMT (13 studies; 53%; 95% CI 39-67%; I> = 80%;
Figure 3.2b). Pooled remission rates for studies with multiple FMTs (15 studies; 43%; 95% CI
31-56%; I> = 82%; Figure 3.2c) were also higher than for studies with a single FMT (13 studies;

30%; 95% CI 15-47%; 1> = 88%; Figure 3.2d).

Subgroup analysis of UC studies revealed more pronounced differences in pooled response (12
studies; 72%; 95% CI 61-83%; 12 = 71% vs. 10 studies; 47%:; 95% CI 34—61%; I* = 75%) and
remission rates (12 studies; 43%; 95%CI 30—-57%; I>= 82% vs. 10 studies; 19%; 95% CI 8-34%;
I = 83%) when comparing repeated and single FMT regimens, respectively. Taken together,
pooled response and remission rates were more favorable for patients receiving repeated FMT
regimens than single FMT alone. Heterogeneity for all pooled analyses was high with all I?

values greater than 70%.

3.3.6 Response and Remission Rates for Antibiotic Pre-Treatments
Antibiotics were not frequently administered as pre-treatments, with only 11.2% (n=109) of

patients receiving an antibiotic regimen prior to FMT. Meta-analysis of included studies revealed
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that pooled response rates for antibiotic pre-treatment (five studies; 82%; 95% CI 58-98%; I? =
82%; Figure 3.3a) were higher than for no pre-treatment (23 studies; 58%; 95% CI 48—-68%; I* =
77%; Figure 3.3b). Likewise, antibiotic pre-treatment was also associated with improved
remission rates (five studies; 66%; 95%CI 31-94%; 1> = 91%; Figure 3.3c) when compared to

no pre-treatment (23 studies; 31%; 95%CI 21-43%; 1> = 86%; Figure 3.3d).

The favorable effect of antibiotic pre-treatment on pooled response (four studies; 73%; 95% CI
52-90%; 1> = 68% vs. 17 studies; 58%; 95% CI 48—70%; I* = 80%) and remission rates (four
studies; 51%; 95% CI 24-77%; 1> = 81% vs. 18 studies; 29%; 95% CI 17-42%; 1> = 88%) was
also observed on subgroup analysis of UC studies. Similar to the repeated FMT analysis,

heterogeneity for the pooled proportion analyses of antibiotic pre-treatment was high.

3.3.7 Fecal Microbiota Compositional Changes Following FMT

3.3.7.1 Overview of Microbiota Reporting of Included Studies

Although FMT aims to shift the gut microbial communities of patients with IBD, only 64% of
studies (n = 18 studies) characterized the recipient’s fecal microbiota following FMT and only
two studies directly assessed associations between IBD remission and fecal microbiota
compositional changes (7Table 3.4). Further, no study directly compared microbial changes of
antibiotic pre-treatment vs. no pre-treatment or repeated FMT vs. single-dose FMT. Only five
studies provided donor microbial characterization. The majority of studies (n= 14 studies) used
16 s rRNA gene amplicon sequencing methods, with three studies using whole-genome

sequencing and one using Bacteroides HSP60 sequencing.
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3.3.7.2 Changes in Alpha and Beta Diversity Following FMT

Of these 18 studies, nine (50%) reported an increase in microbial richness and a-diversity
following FMT, as estimated by the abundance of operational taxonomic units (OTUs), Chaol,
Simpson and Shannon indices. Six studies reported no change in a-diversity after FMT. Changes
in B-diversity evaluated using Bray-Curtis dissimilarity were reported in five studies, with the
majority (n = 4 studies) showing that the microbial ecology of FMT recipients underwent shifts
towards those of their respective donors. Within these four studies, increased engraftment was

associated with improved clinical outcomes.

In terms of specific bacterial shifts, the effects of FMT were shown to be highly variable (Table
3.4). Nonetheless, 15 of the 18 studies (83%) that evaluated for shifts in specific gut microbial
taxa reported increases in the abundance of anaerobes purported to produce health promoting
anti-inflammatory SCFAs, such as Bifidobacterium, Roseburia, Lachnospiraceae, Prevotella,

Ruminococcus, and Clostridium related species.

3.3.7.3 Recipient and Donor Microbial Ecology Associated with IBD Outcomes

Findings from the two studies that assessed associations between IBD remission and fecal
microbiota compositional and functional changes were also variable. Parmsothy et al. provided
the best assessment of bacterial taxa and corresponding metabolic pathways related to specific
IBD outcomes. Following intensive multi-donor FMT, patients with sustained remission had
increased relative abundance of Eubacterium halii, Roseburia inulivorans, and Ruminococcus
while those who relapsed had higher proportions of Fusobacterium, Escherichia, and Prevotella.

Metabolomics of remission patients further revealed increased activation of metabolic pathways
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associated with the biosynthesis of SCFAs and secondary bile acids. In addition, only one study
by Kump and colleagues explored the role of donor microbiota with respect to IBD outcomes
following FMT. Patients that received donor fecal microbiota of greater bacterial richness and a-
diversity (assessed by OTU abundance and Shannon diversity) and with increased Ruminococcus

and Akkermansia abundances were shown to have higher rates of IBD remission.

3.3.8 Reported Adverse Events

Overall, FMT in patients with IBD was shown to be safe and well tolerated. Frequently reported
symptoms related to FMT included a transient self-limiting fever alleviated with paracetamol,
and non-specific transient gastrointestinal symptoms such as abdominal discomfort, bloating,
nausea, vomiting, and diarrhea (7able 3.5). Of 26 studies that reported serious adverse events, 13
patients with UC required colectomies and one required hospitalization due to disease
progression. One patient also contracted Clostridioides difficile requiring a colectomy and one
patient contracted cytomegalovirus infection seven weeks after FMT. Overall, the reported
serious adverse events were suggested by the authors to be unrelated to the FMT therapy. No

patient receiving FMT intervention in the included studies suffered mortality.

3.4 Discussion

To our knowledge, we present the first systematic review and meta-analysis evaluating the
effects of antibiotic pre-treatment and repeated FMT approaches on improving response in
patients with IBD response. Notably, our meta-analysis revealed that repeated FMT and
antibiotic pre-treatment were associated with improvements in both pooled IBD response and

pooled remission rates. These improvements were associated with key changes in fecal microbial
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composition such as increased bacterial richness, a-diversity and relative abundance of
anaerobes purported to produce SCFAs. Taken together, our findings are novel in that they
highlight the potential of these microbiota-targeted strategies to optimize the efficacy of FMT for

the management of IBD.

Our findings are in agreement with previous systematic reviews and meta-analyses examining
the impact of FMT as a therapy for IBD. In 2014, Colman et al. first identified a lack of literature
characterizing FMT treatment efficacy despite publications investigating FMT therapy for IBD
more than doubling since 2012 [64]. The systematic review and meta-analysis of 18 studies
consisting of 122 IBD patients by Colman and colleagues further revealed that the pooled
proportion of patients achieving clinical remission was 36.2% (95% CI 17.4-60.4%). The
authors concluded that, while FMT demonstrated variable efficacy, further rigorously designed
RCTs were needed to determine efficacy, with a particular need for studies that investigate the
effects of FMT frequency and route of administration. More recently, Imdad et al. conducted a
2018 Cochrane review examining FMT therapy on IBD response and remission [65]. Four
studies with a total of 277 UC patients were identified and revealed an improved clinical
response (RR 1.70; 95% CI 0.98-2.95) and endoscopic remission (RR 2.96; 95% CI 1.60-5.48)
for patients receiving FMT vs. placebo. These systematic reviews were, however, limited by a
lack of high-quality RCTs and standardized fecal microbiota analysis. Our study addresses a
number of these gaps by evaluating both high-quality RCTs and cohort studies, which allowed us
to specifically characterize the impact of FMT frequency and antibiotic pre-treatment on IBD

outcomes.
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Repeated FMT strategies have been employed with variable success in a number of different
clinical entities thought to be associated with imbalances in host-microbial ecology*>**. Perhaps
the most compelling evidence for repeated FMT is observed in the Clostridiodes difficile
infection (CDI) literature. In a recent systematic review and meta-analysis by Baunwall et al.,
repeated FMT was found to be superior to single-dose FMT in management of recurrent CDI
(91% vs. 84%)*. Similarly, El-Salhy et al. demonstrated an increased clinical efficacy for
repeated FMT dosing in patients with irritable bowel syndrome, albeit in a small case series of
10 patients*. Lastly, in a double-blinded placebo-controlled pilot trial, repeated FMT in patients
with obesity and metabolic syndrome demonstrated successful engraftment of donor derived
microbes, but without any clinical improvements in host metabolic parameters*?. These
inconsistencies are in large part due to the dramatic study heterogeneity with respect to donor
selection, FMT preparation and route of delivery, as well as underlying differences in host-gut
microbiome interactions implicated in disease pathophysiology*. Notwithstanding, our study
findings indeed suggest that repeated FMT dosing provides a promising approach to improve
IBD outcomes by facilitating donor microbe engraftment, increase a-diversity, and promote

SCFA producing taxa.

Ongoing debate exists regarding the pre-treatment of recipients with antibiotics prior to FMT to
increase efficacy*®*’. Conceptually, antibiotic pre-treatment helps provides a proverbial
ecological clean slate for the engraftment of donor microbes by freeing up otherwise occupied
niches. Elegant work by Ji et al. compared antibiotic pre-treatment versus bowel cleansing or no
pre-treatment in mice prior to FMT. The authors demonstrated that FMT efficacy was dependent

on the number of niches available for donor microbe engraftment*. Further, they found that

146



antibiotic pre-treatment proved to be the most effective strategy for enhancing host gut
microbiota reprogramming by increasing donor microbe colonization. Work by Freitag et al., on
the other hand, demonstrated that antibiotic pretreatment prior to FMT in mice had only minor

effects on overall donor microbial engraftment*®

. Antibiotics disrupted pre-FMT host microbial
communities, yet only select donor-derived bacterial taxa such as Bifidobacterium were
increased and no improvements in overall similarity to the donor microbiota were noted. Indeed,
questions remain regarding the optimal antibiotic regimens required to make niches accessible,
which niches should be targeted for FMT re-colonization, and whether the potential benefit
surpasses the potential harm associated with antibiotic resistance and CDI. While our findings
are promising as they show improvements in IBD remission and relapse for groups receiving

antibiotic pre-treatment prior to FMT, further studies are needed that evaluate the mechanisms

and implications of similar approach on IBD.

We acknowledge that our systematic review and meta-analysis has a number of important
limitations. Pooled analysis of our primary outcomes demonstrated a high degree of
heterogeneity and does not allow for direct comparison of effect size associated with either
repeated FMT or antibiotic pre-treatment regiments. The heterogeneity of our results was
extensive and, in a large part, due to differences in study design, FMT regimens and
individualized responses to FMT. In general, the administration and preparation of FMT is not
standardized with practice patterns varying dramatically. Major differences in route of delivery,
donor selection, dosing rationale, and antibiotic pre-treatment regimen are all likely to promote
inter-study heterogeneity in our review. Follow-up timeframes also ranged from two weeks to 13

years, with nearly half of the studies having a follow up <3 months. This may have introduced a
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bias towards more favorable clinical response and remission rates following FMT therapy.
Therefore, arguments can be made that, given the immense variability of such disparate study
interventions, more focused inclusion criteria are warranted in future studies. As this is the first
IBD review to evaluate repeated FMT and antibiotic pretreatment concepts, we elected a priori to
broadly include all potentially relevant literature in order to highlight current limitations and to

allow for explorative hypothesis generation.

Correlations regarding outcomes and antibiotic pre-treatment should also be interpreted with
caution given the small proportion of patients within included studies and the lack of direct
comparison with patients receiving FMT alone. Histologic assessments pre- and post- FMT were
also not consistently reported across studies hindering our ability to evaluate the histologic
effects of FMT on disease activity, or the effects of FMT on mucosal adherent bacterial
communities. The findings of our review also heavily favored patients with UC and are therefore
less generalizable to CD. Additionally, consistent reporting and analysis of fecal microbiota
compositional data for both donors and patients were not reported across all studies, which limits
the ability to elucidate potential underlying features of the gut microbiome important for
optimizing clinical efficacy. Finally, our literature search revealed a number of abstracts and
protocols not ultimately published as final manuscripts, which is indicative of publication bias in

the FMT literature.

Despite these limitations, our study provides the first systematic review and meta-analysis that
evaluates the impact of two key microbial-based strategies which optimize the efficacy of FMT

on IBD outcomes. Results of this study may have a number of important implications. Firstly, we
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demonstrate that repeated FMT dosing and antibiotic pre-treatment approaches have a promising
role in optimizing IBD remission and response rates following FMT. Second, results of this
study also highlight a need for standardization of FMT therapy protocols (donor, dose, delivery,
and pre-treatment) and reporting of microbial data as the lack of this data seen in current
practices preclude meaningful meta-analysis of microbial ecology. Lastly, additional high quality
randomized trials are needed which directly compare these two strategies in order to help
overcome the high degree of heterogeneity in present studies and to elucidate the mechanisms
through which these improved outcomes occur. Only through such standardization practices can
we eventually bring tailored microbial transplant therapies from the forefront of current IBD

research to standard clinical practice.

3.5 Conclusions

Repeated fecal microbial transplantation and antibiotic pre-treatment engraftment strategies in
patients with IBD were associated with improvements in pooled response and remission rates
following FMT. These improvements were associated with an increase in fecal microbiota
richness, a-diversity, and several SCFA-producing anaerobic taxa. Further standardization of
FMT therapies is required to bring microbial-targeted therapies based on FMT from the forefront

of current IBD research to modern clinical practice.
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Figure 3.2. A-2D: Meta-analysis of pooled response and remission rate for repeated vs. single

FMT.
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Figure 3.3. A-3D: Meta-analysis of pooled response and remission rate for antibiotic pre-
treatment vs. no pre-treatment.
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Table 3.1. Study design and FMT regimen characteristics.

i S Total
Study Stu.d y  Patients Country Disease Severity FMT FMT Donor FMT Dosage FMT Frequency Pre'T.“’f‘ trpent Antibiotic Follow-up
Design (n) Delivery Antibiotics Frequency (Weeks)
g . Vancomycin (500 mg bid),
Boro‘;‘? Case series 6 Australia ucC Severe Enema Healthy donqrs 200-300 g/2.00 300 Daily for 5 days  metronidazole (400 mg bid), 7-10 days 676
2003 chosen by patient mL saline . L .
rifampicin (150 mg bid)
Chen 2020%Frospective g China UC  Moderate-severe  Naso-jejunal  Healthy donor 200-250 mL of fecal 3 dosesat I, 3 and 3 - - 12
cohort suspension days
Chen 20205 Frospective 4y China uc Mild- Colonoscopy ~ Healthy donor 120200 & 810011000 50y ooy - - 12
cohort moderate mL saline
Cold 201951 Prospective 7 Denmark uc Active Oral Healthy 12 g daily dose of 25 25 capsules/day for 50 ) ) 24
cohort capsules volunteers capsules days
Healthy 50 g/200 mL saline
Costello . Mild- Colonoscopy and  volunteers colonoscopy, 25 Ix colonoscopy then
15 RCT 73 Australia uc . . 2x enemas over 1 - - 8
2019 moderate enema recruited by g/100 mL saline
. week
advertisement enema
Prospective Related or
Cui 2015 co%o ot 30 China CD  Moderate-severe  Gastroscopy unrelated 60 mL/100 mL saline x1 - - 65
volunteer
Dang 202033 Case series 12 China UC  Moderate-severe Colonoscopy Healthy 15 mL bacterlalipellet multiple, exact - - 52
volunteers in 75 mL saline frequency NR
Damman Prospective Mild- Chosen by  Diluted with 2-3 mL
20155 cohort 7 USA uc moderate Colonoscopy patient saline/g of stool x1 ) ) 12
Ishikawa Prospective . Spouse or 150-250 g/350-500 Amox1c1ll_1n (1500 mg/day), 2 weeks until 2
55 36 Japan ucC Mild-severe Colonoscopy . . x1 Fosfomycin (3000 mg/day), days before 4
2017 cohort relative mL saline .
metronidazole (750 mg/day) FMT
Jacob 201756Pr(zi;;1eocrtt1ve 20 USA ucC Active Colonoscopy  Healthy donor 60 mL x1 - - 4
Related or Vancomycin (250 mg qid),
Kump  Prospective . . 50 g/200-500 mL paromomycin (250 mg tid),
201757 cohort 27 Austria ucC Mild-severe Colonoscopy unrelated saline 5x, 14 days apart nystatin (10 mL, 1 million 10 days 13
volunteer -
IE qid)
Mizuno Prospective . 50-300 g/50-100 mL
201758 cohort 10 Japan UC  Moderate-severe Colonoscopy Healthy relatives saline x1 - - 12
M20 (;1 lyg;dl RCT 70 Canada uc Mild-moderate Enema Healthy donors 50 g/300 mL water x6; 0;1/2:26,13;4,5,6 - - 7
Nishida Prospective . . 150-200 g/500 mL
20175 cohort 41 Japan ucC Mild-moderate ~ Colonoscopy Healthy relatives saline x1 - - 12
Okahara Prospective . Spouses and 350—590 mL ﬁlte.r ed Amox1c1ll.1n (1500 mg/day), 2 weeks prior
6l 92 Japan ucC Mild-severe Colonoscopy X bacterial suspension X1 Fosfomycin (3000 mg/day), 104
2020 cohort relatives . . . to FMT
infusion metronidazole (750 mg/day)
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Healthy

Paramsothy  p oy 85  Austalia  UC  Mild-moderate CO1onOScoPyand - volunteers 375¢ x5/week for 8 weeks - - 8
2017 enema recruited by
advertisement
. Relatives
Rossen . Mild- Nasoduodenal > )
2015% RCT 50 Finland ucC moderate tube partner, or 120 g x2; 3 weeks apart - - 12
volunteer
Schierova Prospective Czech 50 g stool/150 mL  5x/week for 1 week
202094 cohort 16 Republic uc NR Enema Healthy donors saline then weekly x 6 weeks ) ) 12
Sokol 20209  RCT 17 France CD NR Colonoscopy ~ Healthy donors 50-100 g/250-350 X1 - - 24
mL saline
. . Two healthy .
Sood 2019 Prospective 41 India ucC Mild- Colonoscopy unrelated NR x7;0,2,6,10,14,18,22 - - 22
cohort moderate weeks
volunteers
Prospective 80 g stool/ 200 mL X7;
Sood 2020°¢7 P 140 India ucC Moderate-severe Colonoscopy  Healthy donors & . 0,2,6,10, 14, 18,22 - - 30
cohort saline
weeks
Uygun Prospective Relatives,
e 68 P 30 Turkey UC  Moderate-severe Colonoscopy partner, or 120-150 g x1 - - 12
2017 cohort
volunteer
Vaughn Prospective . Healthy .
9 19 USA CD Active Colonoscopy unrelated 50 g/250 mL saline x1 - - 4
2016 cohort
volunteers
Vermeire Prospective . ucC+ Naso-jejunal or Family, friend, or . . .
20167 cohort 14 Belgium cD Refractory rectal tube partner 200 g/400 mL saline x2; 2 consecutive days - - 8
Wang  Prospective . 100 g stool/ 500 mL x3; 2-3 month
202071 cohort 16 China UC  Moderate- severe Colonoscopy  Healthy donor saline intervals - - >24
. Healthy Twice a day for
Wei 20153 Frospective China uc+ NR Colonoscopy or —\\o1iéd 60 g/350 mL saline x1 Vancomycin (500 mg) 3 days before 4
cohort CD naso-jejunal tube
donor FMT
Yang 20197> RCT 27 China CD Mild- Gastroscopy or Healthy donors 200 g in saline x2; 1 week apart - - 2
moderate colonoscopy
Zhang  Prospective .
20167 cohort 19 China UC  Moderate-severe  Gastroscopy NR NR x1 - - 13

IBD—Inflammatory Bowel Disease; FMT—Fecal Microbiota Transplantation, UC—Ulcerative Colitis; CD—Crohn’s Disease; NR—Not recorded; RCT—Double-
blinded, randomized controlled trial.
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Table 3.2. Baseline characteristics of patients for included studies.

Patients Sex  Disease gns%;)rl:lgc Total
Study Diseaselntervention Arm ) Age (% Duration C)(I)r ticosteroi dsMayoCDAI
male)(years) Score
(%)
Antibiotic pre-
2B(§)5§)dy UC  treatmentand 6 ?151'80) 50.0 (151 '87) NR NR -
repeated FMT ' '
47.9 5.9
Chen 2020 UC  Repeated FMT 9 (10.6) 77.8 5.3 (5.1) 333 2.0)
44 4 5.9
Chen 2020 UC  Repeated FMT 44 (15.5) 57 4.6(2.1) 25.0 2.0)
38.3 10.8
Cold 2019 UC Repeated FMT 7 (5.8) 71.4 (3.8) NR NR -
Repeated donor 38.5 7.2
Costello e FMT 38 ©) 53.0 4.9 (4.8) 21.0 (1.7 "
2019 Repeated 35.0 7.4
autologous FMT 33 (5.25) 370 58(2.2) 31.0 (1.9)
Cui 2015 CD Single FMT 30 ?183'08) 64.5 7.4 (5.3) 56.7 NR NR
Damman . 41.1 16.6
2015 uC Single FMT 8 (15.5) 25.0 (13.1) NR NR -
Dang 2020 UC Repeated FMT 12 ?11 4.0) 66.0 NR 41.7 NR -
Antibiotic pre- 40.4 75
Ishikawa treatment and 17 (14 2) 76.5 7.8(8.4) 29.4 (1' 9)
2017 uC single FMT ' '
Antibiotic pre- 44.8 8.2
treatment only 19 (14.9) 632 7.0(3.0) 474 (2.2)
Jacob 2017 UC Single FMT 20 ?18 2'46) 60.0 NR 30.0 le 4"
Antibiotic pre-
Kum treatment and 17 ?f éoo) 82.0 8.0(8.0) 59.0 fi96) -
201 7p ucC repeated FMT ' '
Antibiotic pre- 10 36.0 30.0 7.0 (6.0) 30.0 8.1
treatment only (13.0) =7 ' (3.1)
Mizuno . 31.8 6.25 6.1
2017 ucC Single FMT 10 (7.8) 70.0 (3.5) NR (1.0)
422 8.2
Moayyedi e Repeated FMT 38 (15.0) 47.0 7.9 (5.6) 39 2.6)
2015 Placebo 37 28700 7.0(6.8) 35 .
(12.1) 7 T (2.3)
Nishida . 39.6 5.6
2017 ucC Single FMT 41 (16.9) 68.3 7.6 (8.6) 26.8 2.4) "
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Okahara

Antibiotic pre-

40.1

6.3

2020 ucC treatment Single 55 (13.3) 69.1 8.6(7.4) 43.2 @1 "
FMT
Repeated FMT 41 35.6 54.0 5.8(1.4) 22.0 8 -
ParamsothyUC P (5.3) T ' (0.8)
2017 354 8
Placebo 40 (4.5) 63.0 5.8(1.4) 28.0 0.8)
Single donor 423
Rossen FMT 23 (5.8) 47.8 7(NR) 21.7 NR -
2015 uc Single autologous 41
FMT 25 (4.5) 44.0 9 (NR) 20.0 NR -
41.3 5.8
Schierova ue Repeated FMT 8§ (10.1) 50.0 NR 0 7 "
2020 Medical therapy 8 ?f(')34) 50.0 NR 25.0 (61’05) -
Single FMT 8 ?615) 62.5 8.5(8.1) 100 NR ?390 5)
Sokol 2020 CD 38' 3 113 61 5
Placebo 9 6.0) 44.4 2.0) 100 NR (20.1)
Sood 2019 UC  Repeated FMT 41 ?16(')57) 58.5 4.6 (4.2) 100 ?2'86) -
Sood 2020 UC  Repeated FMT 93 ?15 1 62.4 5.2 (4.6) 78.5 ?2'10) -
Uygun . 34.6 11.1
2017 UC  Single FMT 30 (10.3) 46.7 5.3(3.3) NR (L)
Vaughn . 36 12.5
2016 CD  Single FMT 19 (12.3) 63.0 (10.6) 42.0 NR NR
Vermeire UC and 38.6 10.2 84 290
2016 cD Repeated FMT 14 (8.2) 50.0 (7.5) 214 0.6) (29)
Wang 2020 UC Repeated FMT 16 ?49) > 62.5 7.5(5.8) NR (92'92) -
Antibiotic pre-
Wei 2015 O 3¢ catmentand 14 ?13654) 429 4.1(3.2) 7.1 fl'gg) g’;‘; )
single FMT ' ) '
Yang2019 CD  Repeated FMT 30 /22 579 13(0.4) NR NR 283
& P (10.8yy°> "7 2 (131)
Zhang . 39.2 10.5
2016 ucC Single FMT 19 (14.1) 36.8 8.0(5.8) NR (1.7) "

Values are presented as mean +/—SD; UC- ulcerative colitis; CD- Crohn’s disease; NR—Not
Recorded; CDAI- Crohn’s Disease Activity Index.
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Table 3.3. Response and remission rates for included studies.

Follow-Up at

Study Intervention Arm Response/Remissi g:;tlents g/es)ponse ?)/er)nlssmn
on (weeks) ’ ’
Antibiotic pre-treatment and o o
Borody 2003 repeated FMT 676 6 6 (100%) 6 (100%)
2 weeks for
response 0 o
Chen 2020 Repeated FMT 12 weeks for 7(77.8%)  5(55.6%)
remission
Chen 2020 Repeated FMT 12 44 34 (77.3%) 30 (68.2%)
Cold 2019 Repeated FMT 24 7 7 (100%) 4 (57.1%)
Repeated donor FMT 8 38 21 (55%) 18 (47%)
Costello 2019 Repeated autologous FMT 8 35 8 (23%) 6 (17%)
Cui 2015 Single FMT 12-72 15 8(53.3%) 4(26.7%)
Dang 2020 Repeated FMT 52 12 11 (91.7%) 5 (41.7%)
Damman 2015 Single FMT 4 7 1 (14.3%) 1 (14.3%)
Ant1b1ot1c pre-treatment and 4 17 14 (82.3%) 9 (52.9%)
. single FMT
Ishikawa 2017 Antibiotic pre-treatment
only p 4 19 13 (68.4%) 3 (15.8%)
Jacob 2017 Single FMT 4 20 7 (35%) 3 (15%)
Antibiotic pre-treatment and 13 17 10 (59%) 4 (24%)
repeated FMT
Kump 2017 Antibiotic pre-treatment
only p 13 10 1(10%) 0 (0%)
Mizuno 2017 Single FMT 12 10 1 (10%) 0 (0%)
Moayyedi 2015  Repeated FMT 7 38 15 (39%) 9 (24%)
Placebo 7 37 9 (24%) 2 (5%)
Nishida 2017 Single FMT 8 41 11 (26.8%) 0 (0%)
Okahara 2020 Single FMT 4 55 31(56.3%) 19 (34.5%)
Repeated FMT 8 41 22 (54%) 18 (44%)
Paramsothy 2017 51 ebo 8 40 9 (23%) 8 (20%)
Repeated donor FMT 12 23 11(47.8%) 7(30.4%)
Rossen 2015 Repeated autologous FMT 12 25 13 (52.0%) 8 (32.0%)
Schierova 2020  Repeated FMT 12 8 5(62.5%) 1 (12.5%)
Sokol 2020 Single FMT 24 8 NR 4 (50%)
Sood 2019 Repeated FMT 22 41 31(75.6%) 19 (46.3%)
Sood 2020 Repeated FMT 30 93 NR 57 (61.3%)
Uygun 2017 Single FMT 12 30 21 (70%) 13 (43.3%)
Vaughn 2016 Single FMT 4 19 11 (58%) 10 (53%)
6 weeks for
. response o 0
Vermeire 2016 Repeated FMT 8 weeks for 14 4 (50%) 2 (14.3%)
remission
Wang 2020 Repeated FMT >6 mo 16 14 (87.5%) 0 (0%)
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Wei 2015 Antibiotic pre-treatment and

0 0
single FMT 4 14 14 (100%) 14 (100%)
Yang 2019 Repeated FMT 2 27 21(77.8%) 18 (66.7%)
Zhang 2016 Single FMT 13 19 11(57.9%) 2 (10.5%)
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Table 3.4. Effect of fecal microbial transplant therapy on microbiota composition.

Donor Microbiota Recipient Microbiota Changes Recipient Microbiota
Study Methods  Differences vs. P . & Changes Associated with
. . Following FMT .
Recipient Response/Remission
Borody 2003 NR NR NR NR
Chen 2020 NR NR NR NR
i . 1 a—diversity (Shannon,
Chen2020  16sRNA | & diversity Chaol) NR
(Shannon, Chaol) o
1 F. Prausnitzii
Cold2019  16srRNA NR No change in a—diversity NR
(Shannon, Simpson)
1 o—diversity (operational
taxonomic units - OTUs)
1 Peptococcus niger,
1 Faecalicoccus pleomorphus,
1 Olsenella sp.,
Costello 2019 16 s TRNA NR 1 Acidaminococcus intestini, NR

1 Prevotella copri,

1 Clostridium methylpentosum,
1 Allistipes indistinctus,

1 Odoribacter splanchnicus

| Anaerostipescaccae,

| Clostridium aldenense

Cui 2015 NR NR NR NR

No significant difference in o
c diversity (Shannon)
Damman 2015 NR 1 Actinobacteria, NR

Metagenomi

glelg;‘(’:;rclmg 1 Bacteroidetes
(Prevotella copri)
Dang 2020 NR NR NR NR
Ishikawa 2017 16 stDNA NR 1 Bacteroidetes NR
1 o—diversity (OTUs, Shannon)
Jacob 2017 16 stTRNA NR Change in f—diversity (Bray- NR

Curtis) towards donor

1 Akkermansia,

1 unclassified No change in o—diversity o
Ruminococcus sp (Chaol) l Dzalzs{er 5P .
Kump 2017 16 stTRNA oY . o Change in p—diversity
1 Akkermansia Change in B—diversity (Bray- (Bray-Curtis) towards donor
muciniphila Curtis) towards donor Y

in responders

No significant difference in

Mizuno 2017 16 stTRNA NR .S o
diversity or composition

NR

Moayyedi 16 s IRNA 1 Lachnospiraceae, Change in B—diversity (Bray- Change in p—diversity
2015 1 Ruminococcus Curtis) towards donor (Bray-Curtis) towards donor

o . . No significant difference in o—
Nishida 2017 16 s tRNA 1 Bifidobacterium diversity (Shannon) or p— NR
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diversity (Bray-Curtis) between
responders and non-responders

HSP60 1 Bacteroides uniformis,
Okahara 2020 Bacteroidete NR Increase‘ in 51m11ar1‘ty of 1 f’arachterozdes
S Bacteroidetes species to donor distasonis,
Sequencing 1 Bacteroides dorei
1 a—diversity (OTUs, Shannon) .
16 s IRNA Shift towards donor at OTU I Barnesiella SPP-
Paramsothy shoteun NR level 1 Parabacteroides spp.,
2017 gun 1 Clostridium cluster IV,
sequencing 1 Prevotella spp., :
| Bacteroides spp. T Ruminococcus spp.

1 o—diversity (OTUs, Shannon)
1 Clostridium clusters IV, XIVa,
XVl

| Bacteroidetes

Rossen 2015 16 srRNA NR NR

1 Lachnospiraceae,

1 Ruminococcaeae,

1 Clostridaceae,

1 Bifidobacteriaceae,
1 Coriobacteriaceace
1Faecalibacterium

1 Blautia,

1 Coriobacteria,

1 Collinsella,

No difference in a—diversity
Schierova (Shannon, Chaol, Faith’s
2020 16 sSRNA — NR phylogenetic

diversity) or p—diversity

1 Slackia,

1 Bifidobacterium
Transient T a—diversity Sorensen index similarity
(Shannon, Chaol) showing improved
Trend towards change in B—  engraftment;

Sokol 2020 16 s TRNA  NR diversity (Bray—Curt%s, So[iensen 1 Iguminococcaecea,
similarity index) between 1 Coprococcus,
donor/recipient correlated 1 Desulfovibrio

Sood 2019  NR NR NR NR

Sood 2020  NR NR NR NR

Uygun 2017 NR NR NR NR

1 a—diversity (Shannon)
1 Bacteroides cellulosilyticus,
1 Bilophila unclassified,

o e Chngeing_dneny
Vaughn 2016 & NR PHLLG ’ (Bray-Curtis) towards donor
shotgun 1 Clostridium leptum, )
. . . in responders
sequencing 1 Odoribacter splanchnicus,

1 Bacteroides dorei,
1 Parasutterella
excrementihominis,
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1 Lachnospiraceae bacterium 7
1 58FAA,

1 Eubacterium ventriosum,

1 Burkholderiales bacterium 1 1
47,

1 Dorea longicatena,

1 Alistipes finegoldii

| Coprobacillus unclassified,

| Bacteroides massiliensis,

| Ruminococcus lactaris,

| Veillonella dispar,

| Lachnospiraceae bacterium 5
1 57FAA,

| Bifidobacterium adolescentis,
| Bacteroides vulgatus,

| Bacteroides ovatus,

| Streptococcus parasanguinis,
| Streptococcus salivarius,

| Clostridium scindens

Vermeire 2016 16 s DNA 1 a—diversity (OTUs)

1 a—diversity (OTUs),

1 Roseburia,

Oscillibacter, NR
1 unclassified Lachnospiraceae,

1 unclassified Ruminococcaceae

Wang 2020 NR NR NR NR
Wei 2015 NR NR NR NR
Yang 2019 16 s RNA NR 1 o—diversity (OTUs, Shannon)NR
Zhang 2016 NR NR NR NR

NR—Not recorded.
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Table 3.5. Adverse events and interventions reported for included studies.

Study

FMT or
Antibiotic

Patients

Treatment (n)
Delivery and
Frequency

Adverse Events Per Patient Action

Borody
2003

Daily enema
for 5 days

NR NR

Naso-jejunal

Chen 2020 3 doses at 1, 39

and 5 days

Mild bloating (n = 3)

Treatment failure (n = 1) Colectomy (1 =

1)

Chen 2020

Colonoscopy
x3 in 1 week

NR NR

Cold 2019

25 oral
capsules per
day for 50
days

No adverse

No adverse events
events

Single donor
FMT
(colonoscopy 38

After 8 weeks:
Worsening colitis (n = 1)
C. difficile infection (n = 1)

Pneumonia (n = 1) Colectomy (n =

and 2 enemas New anemia (n = 1) D
over a week) Mild elevation of alkaline phosphatase (n = 2)
and alanine aminotransferase (n = 1)
Slll?flls ous After 8 weeks:
g Worsening colitis (n = 2)
FMT .
New anemia (n = 2) NR
Costello  (colonoscopy . . . .
Mild elevation of alanine aminotransferase (n
2019 and 2 enemas =3
over a week)
After 12 months:
Worsening colitis (n = 13)
Infections (n = 8)
New psoriatic arthritis (n = 2) _
61 Entero-pathic arthritis (n = 1) 9C)olectomy (n =
Crohn’s disease (n = 1)
Allergy to infliximab (n = 1)
Weight gain (n = 13)
Weight loss (n = 8)
. Single Fever (n = 2)—1-6 h after FMT
Cui 2015 gas‘?roscopy Increased diarrhea (n = 7)—1-6 h after FMT NR
Damman  Single Abdomi'nal crqmping, increase in stool output
2015 colonoscopy (NR)—}mme41ately after FMT None
Abdominal pain (n = 1)—after 5 days
Ishikawa  Single Transient borborygmus (n = 10)—during or ~ Resolved after
2017 colonoscopy soon after FMT end of
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treatment (n =

10)
Antibiotic . .. Discontinued
Nausea and watery diarrhea—after antibiotic antibiotic
pre-treatment 20 treatment (n = 8) treatment (n =
only
3)
Fever (n=1)
Chills (n=1)
Fatigue/malaise (n = 4)
. Abdominal pain (n = 3)
Jacob 2017 fé?fisco Anorexia (1 = 1)
Py Diarrhea (n = 2) Conservative
Constipation (n = 1) care
Transient febrile response (n = 1) Anti-TNF
Increase in Mayo score (n = 2)—at week 4 alpha blockade
therapy or
colectomy
Colonoscopy Required
(5 times, 14 17 Worsening colitis (n = 1)—after day 3 additional
days apart) therapy (n = 1)
Kump 2017Antibiotic C. difficile infection (n = 3)—after 14 days = Required
pre-treatment 10 Antibiotic-associated diarrhea (n = 1) additional
only Worsening colitis (7 = 1) therapy (n =5)
g/([)llz ;l 1o Scl)lllfii)scopy Worsening colitis (n = 6)
Enema (once Patchy inflammation and rectal abscess (n = 2)
Abdominal discomfort (n = 1) Antibiotic
per week for 38 C. difficile infection (n = 1)—after end of therapy (n = 2)
. 6 weeks)
Moayyedi study
2015 Colectomy (n =
Worsening colitis (n =1 1
Placebo 37 Patchy inf%ammation an(i rectal abscess (n = I)A)ntibiotic
therapy (n=1)
Nishida  Single
2017 col fnoscopy No adverse events
Okahara  Single
2020 col gnoscopy Nausea (n = 20) None
Infection-related adverse event (n = 10)
Colonoscopy Serious'advers'e eveilt (n=2) Colectomy (n =
Abdominal pain (n = 12) .
Paramsothyand enema Colitis (1 = 10) 1), intravenous
2017 (x5 per week corticosteroid

for 8 weeks)

Flatulence (n = 10)
Bloating (n = 8)
Upper respiratory tract infection (n = 7)

therapy (n = 1)
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Headache (n = 4)
Dizziness (n = 3)
Fever (n=3)
Rash (n = 3)

Placebo 40

Infection-related adverse event (n = 14)
Serious adverse event (n = 1)
Abdominal pain (n =11)

Colitis (n =9)

Flatulence (n = 8)

Bloating (n =11)

Upper respiratory tract infection (n = 6)
Headache (n = 2)

Dizziness (n = 3)

Fever (n=2)

Hospitalization

(n=1)

Donor FMT

by
nasoduodenal 23
tube (twice, 3
weeks apart)

Discomfort with tube placement (n = 1)
Fever (n =2)

Nausea (n = 2)

Diarrhea (n = 5)

Headache (n =1)

Vomited fecal infusion (n = 2)
Vomiting (n = 1)

Abdominal pain (n = 1)

Transient borborygmus (n = 4)

Mild constipation (n = 1)

Discomfort with tube placement (n = 1)
Nausea (n=1)

2R(§) 1S gen Malaise (n=1)
Autologous Diarrhea (n = 1)
FMT by Headache (n =1)
nasoduodenal 25 Abdominal cramps (7 = 6)
tube (twice, 3 Abdominal pain (n =4)
weeks apart) Transient borborygmus (n = 8)
Dizziness (n = 1)
Cytomegalovirus infection (n = 1)—7 weeks Ganciclovir (n
after the first FMT; unrelated to treatment =1)
Severe small bowel Crohn’s disease (n =1)  Antibiotics (n =
50 Abdominal pain (n = 1)—after 11 weeks 1)
Cervix carcinoma (n = 1)—after 6 weeks;
unrelated to treatment
Enema 5x for
§Slzli)erova gllr;; Vv‘;eeeellily X No adverse events None
6 weeks
Single Gastroenteritis (n = 2)
Sokol 2020 Transient asthenia (n = 1) Self-limiting
colonoscopy

Cutaneous abscess (7 = 1)
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After FMT, at 0 weeks:

Colonosco Abdominal discomfort (n = 26) fv}érrlclap;glr?- >
Py Abdominal distension (n = 14) vere
at0, 2, 6, 10, _ limiting
Sood 2019 14. 18 22 41 Fever (n =4) Oral
C o7 Worsening diarrhea (n = 4) .
weeks _ rehydration
Flatulence (n = 2) solution (n = 4)
Fatigue (n = 2)
Colonosco Abdominal discomfort (n = 28)
At 0.2 6 l%y Flatulence (n = 12)
Sood 2020 14 ’1 8’ 2’2 > 93 Borborygmi (n = 10) Self-limiting
we’eks’ Low grade fever (n = 8)
Diarrhea (n = 7)
Uygun Single Nausea, vomiting, abdominal pain, diarrhea (n
30 NR
2017 colonoscopy =17)
Vaughn  Single . _ Oral steroids (n
2016 colonoscopy 19 Hives (n=1) =1)
Naso-jejunal Paracetamol (n
or rectal tube =4)
Vermeire (twice one 14 High fever (n = 4)—few hours after FMT Broad-
2016 day, then the Vomited and pneumonia (n = 1)—after FMT spectrum
following antibiotics (n =
day) 1)
Colonoscopy
Wang 2020 x3; 2-3 16 None None
month
intervals
Single
. colonoscopy Intolerance with FMT (n = 1) N
Wei 2015 Or Naso- 14 Moderate fever (n = 2)—after FMT Self-limiting
jejunal tube
Nausea (n = 1)
Reflux (n =4)
OGraStrOSC‘)py Belching (n = 2)
Diarrhea (n = 10)
Yang 2019 colgnoscopy 31 Constipation (7 = 1) NR
(twice, one Fever (1 = 2)
week apart) Aggravation of abdominal pain (n = 5)
Abdominal distension (n = 3)
: Transient increased diarrhea (n = 7)
Zhang Single 19 Mild skin pruritus (n = 1) -
2016 endoscopy

Borborygmus (n = 2)

NR—Not recorded.
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Table S3.1: Full-text search strategy of included databases.

Database Search Strategy
MEDLINE | 1. Fecal Microbiota Transplantation/
2. FMT ti,ab.
Ovid 3. feces infusion*.mp.
MEDLINE( | 4. donor feces.mp.
R) ALL 5. (stool adj2 transplant*).mp.
1946 to 6. f?ecal transfusion®.mp.
January 28, | 7. f?ecal bacteriotherap®.mp.
2021 8. (f?ecal adj3 transplant™®).mp.
9. or/1-8
10. exp Inflammatory Bowel Diseases/ or inflammatory bowel disease*.mp.
11. Crohn*.mp.
12. ulcerative colitis.mp.
13. IBD.ti,ab.
14. indeterminate colitis.mp.
15. or/10-14
16.9 and 15
17. Animals/ or (veterinary or rabbit or rabbits or animal or animals or mouse or mice or
rodent or rodents or rat or rats or pig or pigs or porcine or horse* or equine or cow or
cows or bovine or goat or goats or sheep or ovine or canine or dog or dogs or feline or cat
or cats or zebrafish).ti.
18. Humans/
19. 17 not (17 and 18)
20. 16 not 19
Embase 1. fecal microbiota transplantation/
2. FMT ti,ab.
Ovid 3. feces infusion®.mp.
Embase 4. donor feces.mp.
1974 to 5. (stool adj2 transplant™).mp.
2021 6. f?ecal transfusion*.mp.
January 28 | 7. f?ecal bacteriotherap™.mp.

8. (f?ecal adj3 transplant™).mp.

9. or/1-8

10. exp inflammatory bowel disease/ or inflammatory bowel disease*.mp.

11. Crohn*.mp.

12. ulcerative colitis.mp.

13. IBD.ti,ab.

14. indeterminate colitis.mp.

15. or/10-14

16.9 and 15

17. animal/ or (veterinary or rabbit or rabbits or animal or animals or mouse or mice or
rodent or rodents or rat or rats or pig or pigs or porcine or horse* or equine or cow or
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cows or bovine or goat or goats or sheep or ovine or canine or dog or dogs or feline or cat
or cats or zebrafish).ti.

18. human/
19. 17 not (17 and 18)
20. 16 not 19
Scopus TITLE-ABS-KEY ( fmt OR "feces infusion*" OR "donor feces" OR (
stool W/2 transplant* ) OR "fecal bacteriotherap*" OR "faecal bacteriotherap*" OR (
fecal W/3 transplant®* ) OR ( faecal W/3 transplant®* ) ) AND TITLE-ABS-KEY (
"inflammatory bowel disease*" OR crohn* OR "ulcerative
colitis" OR ibd OR "indeterminate colitis" ) AND NOT TITLE (
veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR
rodent OR rodents OR rat OR rats OR pig OR pigs OR porcine OR horse* OR e
quine OR cow OR cows OR bovine OR goat OR goats OR sheep OR ovine OR
canine OR dog OR dogs OR feline OR cat OR cats OR zebrafish )
Web of #1 TS= (fmt OR "feces infusion*" OR "donor feces" OR ( stool NEAR/2 transplant™ )
Science OR "fecal bacteriotherap™*" OR "faecal bacteriotherap*" OR ( fecal NEAR/3 transplant™® )
Core OR ( faecal W/3 transplant* )) AND TS= ("inflammatory bowel disease*" OR crohn* OR
Collection | "ulcerative colitis" OR ibd OR "indeterminate colitis")
#2 TI=(veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR
rodent OR rodents OR rat OR rats OR pig OR pigs OR porcine OR horse* OR equine OR
cow OR cows OR bovine OR goat OR goats OR sheep OR ovine OR canine OR dog OR
dogs OR feline OR cat OR cats OR zebrafish)
#3 #1 NOT #2
Cochrane #1 MeSH descriptor: [Fecal Microbiota Transplantation] this term only
Library #2 FMT:ti,ab
#3 feces infusion™
via Wiley #4 donor feces
#5 stool NEAR/2 transplant™*
#6 f?ecal next transfusion™
#7 f?ecal next bacteriotherap*

#8 f?ecal NEAR/3 transplant*®

#9 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8

#10  MeSH descriptor: [Inflammatory Bowel Diseases] explode all trees
#11  inflammatory next bowel next disease*

#12  Crohn*

#13  ulcerative colitis

#14  IBD:ti,ab

#15  indeterminate colitis

#16  #10 OR #11 OR #12 OR #13 OR #14 OR #15

#17  #9 AND #16
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#18  (veterinary OR rabbit OR rabbits OR animal OR animals OR mouse OR mice OR
rodent OR rodents OR rat OR rats OR pig OR pigs OR porcine OR horse* OR equine OR
cow OR cows OR bovine OR goat OR goats OR sheep OR ovine OR canine OR dog OR
dogs OR feline OR cat OR cats OR zebrafish):ti

#19  #17 NOT #18

Google
Scholar

("fecal transplant" OR "fecal transfusion" OR FMT OR "feces infusion" OR "donor feces"
OR "stool transplant") AND ("inflammatory bowel disease" OR Crohn's OR "ulcerative
colitis" OR "indeterminate colitis")
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Table S3.2. Newcastle-Ottawa scale for assessing risk of bias for included cohort studies.
a-Inadequate microbiome description.

Quality Accepted Chen Chen Cold Cui Damman Ishikawa Jacob Kump Mizuno Nishida Okahara Schierova Sood Sood Uygun Vaughn Vermeire Wei Zhang Wang
assessment criteria 2020 2020 2019 2015 2015 2017 2017 2017 2017 2017 2020 2020 2019 2020 2017 2016 2016 2015 2016 2020
scale
Selection
Representative | Representative * * * * * * * * * * * * * * * * * * * *
ness of the of average IBD
exposed adults
cohort
Ascertainment Secure records * * * * * * * * * * * * * * * * * * * *
of FMT
Demonstration | Evidence of no * * * * * * * * * * * * * * * * * * * *
that outcome prior FMT
of interest was | exposure
not present at
start of study
Comparability
Comparability Described FMT a * * a * * * * * * * * a a a * * a a a
of cohorts on regiment and
the basis of delivery, current
the design or medications,
analysis disease severity,
microbiome
analysis
Outcome
Assessment of | Pre-defined cut- * * * * * * * * * * * * * - * * * * * *
outcome off points for
response and
remission
Was follow- 3 months * * * * - - - * * - - * * * * - - - * -
up long
enough for
outcomes to
occur?
Adequacy Of FOHOW Up Of * * * * * * * * * * * * * * * * * * * *
follow-up of complete cohort
cohorts or appropriate
characterization
of dropouts
Total (Max = 7) 6 7 7 6 6 6 6 7 6 6 6 7 6 5 6 6 6 5 6 5

a-Inadequate microbiome description
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4.0 Abstract

Background: Gastrointestinal surgery imparts dramatic and lasting imbalances, or a dysbiosis,
to the composition of finely tuned microbial ecosystems. Current strategies aimed to restore
these imbalances have been met with mixed success due to the inherent challenges of re-
establishing anaerobic bacterial communities in an aerobic environment that is unable to

successfully foster recolonization of native microbes.

Aims: The aim of the present study was to use an established mouse ileocecal resection (ICR)
model to determine if peri-operative tributyrin (TBT) supplementation, a butyrate analogue
shown to improve tissue hypoxia and gut barrier integrity, could prevent the onset of
postoperative microbial dysbiosis or alternatively enhance recovery of the gut microbiota and

reduce gastrointestinal inflammation.

Methods: Male wild type (129s1/SvimJ) mice aged 8-15 weeks were separated into single cages
and randomized 1:1:1:1 to each of the four experimental groups: control (CTR), 1-week of pre-
operative TBT supplementation (PRE), 1-week of post-operative TBT supplementation (POS),
and combined two-weeks of pre- and post-operative supplementation (TOT) (Figure 4.1a). ICR
was performed one week from baseline assessment with mice assessed at 1-, 2-, 3-, and 4- weeks
postoperatively. Primary outcomes included evaluating changes to gut microbial communities
due to study intervention occurring from ICR to 4-weeks. Secondary outcomes included
evaluating for differences inflammatory cytokines, fecal short-chain fatty acid concentrations,

and histologic injury scoring.
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Results: A total of 34 mice that underwent ICR (CTR n=9; PRE n=10; POS n=9; TOT n=6)
and reached the primary endpoint were included in the analysis. PRE mice had a trend towards
decreased ileal inflammation as evidenced by decreased levels of IL-1B (p = 0.09), IL-6
(p=0.03), and TNF- a (p < 0.05) versus CTR. In comparison to PRE mice, POS mice had trends
towards reduced colonic inflammation demonstrated by decreased levels of IL-6 (p =0.07) and
TNF- a (p=0.07). Notably, postoperative TBT supplementation was associated with an increased
bloom of anaerobic taxa recolonization. The microbial recolonization of PRE mice was
characterized by a bloom of Staphylococcus, Lactobacillus, Enteroccaceae and
Peptostreptococcacea. In contrast, mice treated with post-operative TBT had a bloom of
anaerobes including Bacteroides thetaiotomicorn, Bacteroides caecimuris, Parabacteroides

distasonis, Clostridia, and Turicibacter.

Conclusion: Taken together, the results of our work demonstrate that timing of TBT
supplementation differentially modulates gastrointestinal inflammation and gut microbial
recolonization following murine ICR. Results of this trial build upon our understanding of peri-
operative gut microbial shifts and provide evidence for the ongoing pursuit of gut microbial

modulation strategies as a novel therapeutic modality following gastrointestinal surgery.
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4.1 Introduction

The human gut microbiome contains over 100 trillion microorganisms, species which are not
simply innocent bystanders, but have co-evolved with their human hosts to achieve a complex
symbiotic relationship integral to human health! 6. In a healthy state, commensal bacteria provide
a number of essential functions from producing anti-inflammatory short-chain fatty acid (SCFA)
metabolites to regulating both adaptive and innate immunity, conjugating bile acids, maintaining
gut-barrier integrity, synthesizing antimicrobial peptides, and providing colonization resistance

to gut pathogens®7”*.

Gastrointestinal surgery imparts dramatic and lasting imbalances, or a dysbiosis, to the
composition of these finely tuned microbial ecosystems®!'!. Luminal exposure to oxygen
facilitates a depletion of anti-inflammatory obligate anaerobes and a bloom of pro-inflammatory
aerotolerant organisms'?. Animal models have demonstrated that perturbation of these
commensal microbial communities triggers loss of anti-inflammatory SCFAs, increased
expression of bacterial virulence genes, and heightened protease activity. >!>!%. The cumulative
effect of these changes are important since they have been implicated in a variety of adverse
clinical outcomes including surgical site infections, anastomotic leak, and recurrence of Crohn’s

disease.

Although our group and others have shown the importance of these factors in mitigating adverse

10.11 "it is not known whether

surgical outcomes and maintenance of host immune homeostasis
this loss of microbial ecology can be avoided nor the degree to which these shifts can be

manipulated following surgery. Approaches that harness the gut microbiome in the immediate
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post-operative period thus present a novel opportunity to optimize the physiological stress
imparted by surgery'4. Current strategies including prebiotic, probiotic and synbiotic
supplementation, however, have been met with mixed success!®'>. This is thought to be due to
the inherent challenges of re-establishing anaerobic bacterial communities in an aerobic

environment that is unable to successfully foster recolonization of native microbes'%!!-16,

An approach which instead emphasizes the re-establishment of an anaerobic environment may
thus prove more effective in restoring pre-surgical microbial ecology. A promising supplement
to facilitate this recovery is tributyrin (TBT), a butyrate analogue shown to increase butyrate
delivery at the level of the colon and terminal ileum. Butyrate has been recently demonstrated to
augment luminal hypoxia through modulation of hypoxia-inducible factor-1 (HIF-1)!"-13, In
dextran sulphate sodium-induced colitis mice, HIF-1 has been found to play a protective role in
maintenance of gut barrier integrity through butyrate-mediated tight junction protein
upregulation'®. Yet, while TBT has demonstrated benefit in a number of acute and chronic
inflammatory gastrointestinal diseases, its effects on gut barrier health or microbial

recolonization following surgery are currently not known.

To evaluate the above concept, the aim of the present study was to use an established mouse
ileocecal resection (ICR) model to determine if peri-operative TBT supplementation could
prevent the onset of postoperative microbial dysbiosis or alternatively enhance recovery of the

gut microbiota and reduce gastrointestinal inflammation.
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4.2 Methods

4.2.1 Experimental Design
Experimental protocols were approved by the University of Alberta animal ethics committee
(AUP00000293) with peri-operative mouse husbandry protocols approved by the university’s

Health Sciences Laboratory Animal Services.

To evaluate for the inflammatory and microbial effects of peri-operative tributyrin
supplementation on a mouse model of ileocecal resection (ICR), a parallel four arm study design
was utilized. The four intervention groups were control (CTR), pre-operative TBT
supplementation (PRE), post-operative TBT supplementation (POS), and combined pre- and
post-operative supplementation (TOT) (Figure 4.1a). PRE mice received one week of pre-
operative TBT followed by ICR, POS mice received ICR followed by one week of post-
operative TBT, and TOT mice received a one week of pre-operative TBT followed by ICR and
an additional one week of post-operative TBT. CTR mice received surgery but no TBT

supplementation.

At baseline (BL), male wild type (129s1/SvlmJ) mice aged 8-15 weeks were separated into
single cages to avoid cage effects biasing microbial analysis and were randomized 1:1:1:1 to
each of the four experimental groups. ICR was performed one week from baseline assessment
with mice assessed at 1-, 2-, 3-, and 4- weeks postoperatively. Mouse weights along with water
and chow consumption were measured at BL and then weekly until sacrifice. Stool samples were
immediately collected and frozen at -80C at baseline, prior to start of the surgical liquid diet, and

then weekly until our end point. At the start of four weeks, mice were sacrificed with the
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following collected and frozen at -80C for immunologic analysis: ocular blood, ileal tissue,

colonic tissue, and anastomotic tissue.

4.2.2 Study Interventions

4.2.2.1 Tributyrin Supplementation

All TBT intervention groups were provided tributyrin (Tributyrin 97% FG, Sigma Aldrich,
Product# W222305) at a concentration of 10mM. Rationale for TBT dosing was based on prior
ethanol-induced gut injury mouse models which demonstrated evidence for improved gut
epithelial integrity at the level of the ileum and proximal colon. To minimize animal stress
during the peri-operative period, TBT supplementation was added to existing water-bottles and
provided ad libitum while CTR mice received water alone in identical delivery systems. Standard
mouse chow Labdiet 5001 (LabDiet, USA) was further provided ad libitum throughout the
course of the experiment with the exception of the four peri-operative days where mice were
kept on liquid diet. Throughout, animals were housed in filter-top cages in humidity and
temperature-controlled facilities with regulated day/night cycles at the University of Alberta

(Edmonton, AB, Canada).

4.2.2.2 Ileocecal Resection

The ileocecal resection procedure was conducted using a modified version of a protocol
previously described by our group®. Two days prior to ICR, mice were transitioned to a Lieber-
DeCarli '82 liquid diet (Bio-Serv, Product#F1259SP) to minimize risk of post-operative
obstruction. Following induction of anesthesia, Meloxicam (Metacam ®, 3mg/kg) was

administered subcutaneously. Induction and maintenance of anesthesia was achieved using
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isoflurane and titrated to a respiratory rate of approximately 50 breaths/min and absent pedal
pain responses. A bolus of 30ml/kg of Normal Saline was given subcutaneously with mice then
positioned in a supine position and immobilized on a warming pad. Hair was depilated over the
site of the incision and the abdomen was then prepped with betadine and draped with sterile

gauze.

A 1 cm midline incision was then made sharply and extend through the skin and peritoneum. The
cecum was identified and delivered through the incision with the proximal colon and distal
ileum. The ileocolic vascular pedicle was first identified and ligated. Next, the segmental blood
supply to the terminal ileum located approximately 2cm proximal to the ileocecal valve was
ligated. The ischemic tissue was allowed to demarcate, and the colon and ileum were then
transected at the borders of ischemia. The resulting ends of the colon and terminal ileum were
inspected for perfusion, gently dilated, and then generally re-approximated on moistened sterile

gauze using stay-sutures.

Using a dissecting microscope an end-to-end anastomosis using simple interrupted 8-0
monofilament Prolene sutures was then created. Upon completion, the anastomosis was checked
for leak and re-inserted into the abdomen. The abdomen was then irrigated with sterile saline
(~2mL) to ensure clear effluent. The abdominal wall and skin were then closed in separate layers
using 5-0 Vicryl in a running continuous fashion for the abdominal wall and in a simple
interrupted fashion for the skin. Vet-bond (3M, USA) was then applied to all external visible

suture knots to prevent wound dehiscence.
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Postoperatively, each mouse was recovered under a heat lamp until alert, placed in a clean cage,
and maintained on the liquid diet for two days. Analgesia was continued for three days via daily
Meloxicam subcutaneous injections at 3mg/kg. Water (CTR) and tributyrin supplementation
were continued in the perioperative phase ad-/ibitum. Solid chow diet was reintroduced two days
postoperatively during which animals were monitored twice daily for lack of stooling or other

signs of obstruction. When followed closely, survival rates of this protocol approached 90%.

4.2.3 Primary and Secondary Outcomes

Primary outcomes included evaluating changes to gut microbial communities due to study
intervention occurring from ICR to 4-weeks evaluated by 16s rRNA sequencing. Secondary
outcomes included evaluating for differences in the following from ICR to 4-weeks: weight,
water and food intake, inflammatory cytokines (LPS, IL-1p, IL-6, IL-10, TNF-a), fecal short-

chain fatty acid concentrations, and histologic injury scoring.

4.2.4 Analytical Techniques

4.2.4.1 Microbiome Extraction

Fecal DNA extraction for microbiome analysis was conducted using a modified MultiTarget
Pharmaceuticals protocol. Bleached beads were added to tubes in combination with 200uL of
AquaStool (MultiTarget Pharmaceuticals, USA), approximately 100mg of thawed stool, and
homogenized. The resultant homogenate was centrifuged (14000g for 5 mins) followed by
addition of 100uL of AquaRemove (MultiTarget Pharmaceuticals, USA). After re-
centrifugation, the supernatant was collected, and isopropanol was added prior to precipitation

on ice for 10 min. The DNA pellet was collected and washed three times with 70% ethanol. A
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total of 100uL of EB Buffer (Qiagen, USA) was then added to solubilize the DNA followed
by 1uL of RNASE A (Qiagen, catalog 1007885). The mixture was incubated at 37C for 1 hour
and then recentrifuged. DNA precipitation was obtained with 10uL of SM NaCl, 100uL of ice
cold 100% ethanol, and a 30-minute incubation at -20C. The mixture was recentrifuged and
the pellet was rinsed three times with 70% ethanol. An additional 50uL of EB buffer were
added after removal of excess ethanol, and the solution was left overnight at 4C for

solubilization.

After ensuring appropriate extraction quality using a Nanodrop 1000 Series device (Thermo
Fisher Scientific, USA), samples were sent for 16s rRNA gene amplicon sequencing (Genome
Canada, QC, Canada). Microbial composition was characterized by 16S rRNA gene amplicon
sequencing of the v4 region using MiSeq Illumina technology (2x300bp) and the following
forward and reverse primers: 341F
‘CCTACGGGNGGCWGCAGTCCTACGGGNGGCWGCAGACCCTACGGGNGGCWGCA
GCTACCTACGGGNGGCWGCAG’

and 805R
‘GACTACHVGGGTATCTAATCCTGACTACHVGGGTATCTAATCCACGACTACHVG

GGTATCTAATCCCTAGACTACHVGGGTATCTAATCC".

4.2.4.2 Enzyme-Linked Immunosorbent Assay (ELISA)
Assays were conducted in singlet using commercially available kits while following
manufacturer protocol and storage recommendations. Preparation of frozen tissue homogenate

for ELISA analysis was performed by combining the frozen tissue together with 0.5mm silica
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beads (BioSpec Products, catalog 11079105) and 400uL an extraction buffer mixture of Tween-
20 (0.05%), Bovine Serum Albumin (BSA) 0.1%, and 1uL/mL protease inhibitor (Sigma P-
8340) solubilised in 1x phosphate buffered saline (PBS). Samples were then homogenised with a
beadmill (MPBiologicals, Fast-Prep 24) for 40s at 6m/s and centrifuged at 10000g to pellet
excess debris. Resulting supernatant was then used for ELISA analysis with concentrations
corrected for dry weight of tissue. Immunologic evaluation included IL-18 (R&D Systems
DuoSet ELISA, catalog DY201-05), IL-6 (R&D Systems DuoSet ELISA, catalog DY206-05),
TNF-a (R&D Systems DuoSet ELISA, catalog DY210-05), and LPS (Abbexa Endotoxin (ET)

ELISA Kit, catalog ABX514093).

4.2.4.3 SCFA extraction

Fecal short-chain fatty acid concentrations were analyzed using gas chromatography at the
Agricultural, Food and Nutritional Science chromatography core facility as previously
described!’. Briefly, 800uL of 0.1N hydrochloric acid and 200uL of 25% phosphoric acid
were added to approximately 0.2g of stool. The contents were vortexed until fully
homogenized and centrifuged at 5000g for 15 minutes or until the obtaining a clear
supernatant. An internal standard solution (150mg of 4-methyl-valeric acid, S381810, Sigma-
Aldrich), 5% phosphoric acid, and supernatant were then added to glass chromatography tubes
and stored at -80 prior to analysis. Samples were analyzed with a gas chromatograph (Bruker
SCION 456-GC, Bruker Corporation, Billerica, MA, USA) using a 30m x 0.53 mm inner
diameter x 0.5 um film thickness capillary column (Stabilwax-DA, Restek Corporation,

Belefonte, PA, USA).
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4.2.4.4 Histology preparation and Analysis

At the time of sacrifice, sections of perianastomotic ileum, colon, and anastomotic tissue were
opened and flushed with 1xPBS+Gentamycin 50ug/ml (Gibco 15750-60), then fixed in 10%
buffered formalin (Fisher Scientific #245-685) for a minimum of 24hrs. Tissues were processed
for paraffin embedding using a Leica Automated Tissue Processor with the following program:
Thr 70% ethanol, 1hr 90% ethanol, 3x 30min 100% ethanol, 4x 40min Xylene then 2x 40hr
paraffin under vacuum. Embedded tissues were further cut and processed for Hematoxylin &
Eosin staining at the Alberta Diabetes Institute histology with their standard procedures. Slide
were blinded and scored by a single pathologist (AT) using a validated scale which evaluates
enterocyte injury, epithelial hyperplasia, lamina propria, lymphocytes, and lamina propria

neutrophils®'.

4.2.5 Statistical Analysis

Continuous variables are reported as means + standard deviations if normally distributed or
medians and interquartile ranges if non-normally distributed. Categorical data are reported as
proportions and analyzed using the Cochran-Mantel-Haenszel” test. Within-group paired changes
were conducted using two-tailed Wilcoxon Signed-rank test while between-group comparisons
were conducted using the Mann-Whitney U test. Outliers were defined as greater than 3 standard
deviations and were removed prior to analysis. Analysis for changes in weight, dietary intake,
and immunologic data were be conducted using STATA 15 (StataCorp 2017; College Station,
TX). Figures were designed using Prism 9.0.0 (GraphPad Software, San Diego, CA, USA).

Statistical significance was defined using two-tailed tests with a p value < 0.05.
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For microbial analysis, 16s rRNA sequences were first processed using the divisive amplicon de-
noising algorithm version 2 (DADA?2) pipeline. This pipeline allowed for sequencing quality
control and was used for trimming, error correction, exact sequence inference, chimera removal
and for generation of an amplicon sequence variant (ASV) table. Taxonomic classification was
performed using a native RDP Bayesian classifier alongside the Silva database (version 138).
Calculation of a-diversity (Shannon, Chao) and B-diversity (weighted UniFrac) were performed
using the ‘phyloseq’ (v1.28.0) package in R. Samples with a minimum cut-off of 10,000 counts
based on a-diversity rarefaction or where rarefaction curves plateaued were included for
analysis. Changes in B-diversity were evaluated using the permutational multivariate analysis of
variance (PERMANOVA), a non-parametric test which determines if the centroids of sample
clusters differ. Differences in bacterial ASV abundance were analyzed using DESeq2, an
estimate of variance-mean dependence based on a negative binomial distribution model.

Microbial analysis was conducted using R (Version 3.5.1).

4.3 Results

4.3.1 Tributyrin is associated with a quicker restoration of postoperative weight loss

A total of 34 mice that underwent ICR (CTR n =9; PRE n=10; POS n=9; TOT n = 6) and
reached the primary endpoint were included in the analysis. There were no differences for mouse
weight or food intake between groups either at baseline or across any other time points (Figure
4.1b, Figure 4.1d). PRE and TOT mice receiving preoperative TBT had increased water intake
from BL to ICR (p<0.05) when compared to CTR (Figure 4.1¢). Relative to baseline weights,
significant differences in the percent weight change were observed between groups (Figure 4.1c¢).

All groups demonstrated significant differences in precent weight change between ICR and W1
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(p<0.05), and between ICR and W2 (p<0.05). No significant differences were observed at W3
for any groups receiving TBT supplementation or for all groups at W4 suggesting that TBT may

facilitate a quicker weight-regain following ICR.

4.3.2 Peri-operative timing of TBT differentially modulates ileal and colonic inflammation
Analysis of cytokine concentrations for peri-anastomotic ileal and colonic tissue at week 4
revealed at different inflammatory profiles associated with TBT supplementation (Figure 4.2 a-
J)- PRE mice had a trend towards decreased ileal inflammation as evidenced by decreased levels
of IL-1B (Figure 4.2b, PRE vs. CTR; p = 0.09), IL-6 (Figure 4.2¢, PRE vs. CTR p=0.03), and
TNF- a (Figure 4.2e PRE vs. CTR/TOT; p < 0.05). In contrast, POS mice demonstrated trends
towards reduced colonic inflammation, particularly when comparing to PRE mice. This was
demonstrated by decreased levels of IL-6 (Figure 4.2h, POS vs. PRE; p =0.07) and TNF-
(Figure 4.2j POS vs. PRE; p=0.07). These findings suggest that timing of TBT supplementation

differentially modulates ileal and colonic inflammation following ICR.

4.3.3 TBT supplementation altered colonic tissue weight to length ratio but not histologic
injury scoring or serum pro-inflammatory cytokines

At week four, all groups demonstrated low levels of pro-inflammatory LPS (Figure 4.3a) and IL-
6 (data not shown) in the serum with no differences observed between groups. Similarly,
histologic injury scoring of ileal and colonic tissue revealed minimal levels of active tissue
inflammation (Figure 4.3b-c). Weight to length values of ileal tissue did not differ between
groups (Figure 4.3d). However, when comparing PRE mice with those receiving post-operative

TBT (PRE vs. POS; p =0.09; PRE vs. TOT p = 0.04), a trend towards reduced colonic weight to
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length ratio, in keeping with reduced tissue inflammation, was observed for post-operative TBT
supplemented mice (Figure 4.3d). Correlation of colonic weight to length ratio with cytokine
trends observed in colonic tissue homogenate adds further support to the observation that TBT

differentially modulates perianastomotic inflammation.

4.3.4 Effects of ICR and TBT on fecal SCFA concentrations

Neither total nor individual fecal SCFA concentrations differed significantly between groups
from BL to W4 (Figure 4.4 a-e¢). While acetate and total SCFA levels remained relatively
unchanged during the course of the experiment, ICR resulted in a significant reduction in
propionate and an even more pronounced loss of butyrate. Concentrations of both of these anti-
inflammatory metabolites remained decreased from ICR to W4, with no return to preoperative
levels observed in any group (Figure 4.4 c-e). Notably, TBT supplementation was not found to

alter fecal butyrate concentrations.

4.3.5 ICR imparts a dramatic shift in microbial ecology

A dramatic shift in gut microbial ecology was observed in all groups following ICR
(Supplemental Tables 4.1-4.4). In decreasing order of relative abundance, the preoperative
microbiome of all mice was composed of the following bacterial phyla: Bacteroidetes,
Firmicutes, Verrucomicrobia, and Proteobacteria (Figure 4.5a). Immediately following ICR, at
week 1, a complete loss of Bacteroides and Verrucomicrobia phyla was observed. These changes
resulted in a corresponding bloom of Firmicutes and Proteobacteria that were sustained
throughout the postoperative period. At four weeks, only four mice demonstrated a recovery of

Bacteroidetes, three of which received postoperative TBT supplementation.
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Evaluation of changes in a-diversity and in B-diversity revealed similar dramatic microbial
changes imparted by ICR. a-diversity as assessed by Chaol and Shannon indices significantly
decreased from ICR to W1 and did not recover to pre-operative levels at any time point. After
one week of TBT supplementation, PRE mice demonstrated a decrease in alpha diversity
(g=0.045) in comparison to CTR. No other differences in a-diversity were noted between groups
at other time points. B-diversity analysis revealed a significant difference in pre- and post-
operative microbial composition (Figure 4.5¢, q<0.05). Although at four weeks no intervention
demonstrated a complete return to pre-operative B-diversity, POS and TOT groups receiving
post-operative TBT supplementation were associated with the most substantial shifts towards

that of preoperative composition.

4.3.6 Timing of TBT differential modulates recolonization following ICR

Lastly, differences in relative abundance of bacterial taxa between groups from W1 to W4 were
assessed using DESeq?2 to observe if TBT supplementation was able to facilitate a recolonization
of anaerobic bacteria following ICR (Figure 4.6a-d). When comparing group receiving
preoperative supplementation to those receiving post-operative TBT, POS and TOT mice were
associated with significant increased bloom of specific anaerobic taxa. These included
Bacteroides thetaiotomicorn, Bacteroides caecimuris, Parabacteroides distasonis, Clostridia,
and Turicibacter. Since the POS group was associated with trends towards improved
inflammatory markers when compared to PRE mice, we next compared their differences in

relative abundance at week 4. This analysis revealed that POS groups had a significant increase
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in Clostridia (p<0.05), a prominent anerobic class of commensal bacteria, while PRE groups had

a relative bloom of Staphylococcus, Lactobacillus, Enteroccaceae and Peptostreptococcacea.

4.4 Discussion

This study evaluated the effects of various peri-operative tributyrin (TBT) regimens on
gastrointestinal inflammation and gut microbial ecology using a mouse model of ileocecal
resection. Pre-operative TBT supplementation was associated with a reduction in ileal tissue
inflammation and an increase in colonic tissue inflammation when compared to mice receiving
postoperative TBT. The microbial recolonization of PRE mice was characterized by a bloom of
Staphylococcus, Lactobacillus, Enteroccaceae and Peptostreptococcacea. In contrast, mice
treated with post-operative TBT had a bloom of anaerobes including Bacteroides
thetaiotomicorn, Bacteroides caecimuris, Parabacteroides distasonis, Clostridia, and
Turicibacter. Taken together, the results of our work demonstrate that timing of TBT
supplementation differentially modulates gastrointestinal inflammation and gut microbial

recolonization following murine ICR.

Tributyrin is an oral butyrate analogue which has shown substantial promise in ameliorating
inflammatory gastrointestinal pathology in murine studies. Perhaps the first high-quality
evidence was provided by Vinolo et al. nearly a decade ago using murine models of obesity and
metabolic disease?’. Supplementation of TBT in mice receiving a high-fat diet was found to
attenuate systemic inflammation, insulin resistance, and hepatic steatosis. Subsequent studies by
Cresci et al. on ethanol-induced murine gut injury further demonstrated a protective role for TBT

in modulating gastrointestinal barrier integrity by increasing the expression of tight junction
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proteins in the ileum and proximal colon?®. Lastly, elegant work by Rivera-Chavez et al. showed
that TBT was able to restore the epithelial anaerobic environment perturbed by streptomycin

treatment and prevent an aerobic expansion of pathogenic Salmonella enterica®*.

In healthy colonic mucosa, butyrate inhibits histone deacetylases leading to reduced activation of
the pro-inflammatory NF-kB pathway, increased expression of tight junction proteins which
promote gut barrier integrity, regulation of antimicrobial peptides, and attenuation of aberrant
innate and adaptive host immune responses. Additional in vivo evidence in support of butyrate
and SCFA supplementation as a promising target for restoring microbial-mediated intestinal
epithelial dysfunction exists. For example, administration of oral short-chain-fatty acids have
been found to restore the abnormal intestinal epithelial cell turnover present in specific pathogen-
free mice after antibiotic depletion of SCFA producing bacteria taxa. Given the well accepted
anti-inflammatory properties of butyrate on the intestinal epithelium, our findings of decreased
ileal inflammation at the expense of increased colonic inflammation when comparing mice

receiving pre-operative and post-operative supplementation are unexpected.

While our study was not specifically designed to evaluate the underlying mechanisms
responsible for these findings, a number of possible explanations exist. The degradation of TBT,
release of butyrate, and subsequent absorption of butyrate along the length of the gastrointestinal
tract are currently not well understood. It is thus possible that in the PRE group, TBT may have
been preferentially absorbed in the proximal small intestine prior to reaching the colon and

providing any potential benefits. Removal of the terminal ileum resulting in bile acid changes

196



and altered gastrointestinal motility may have facilitated an increased delivery of butyrate to
mice supplemented TBT postoperatively leading to improved colonic inflammatory profiles.
Alternatively, it is possible that the timing of TBT in relation to ICR may have altered the
concentrations of butyrate at the level of the intestinal crypts to modulate tissue inflammatory
responses. Butyrate exerts differential effects on intestinal crypt stem cells by impairing cell
proliferation in response to mucosal injury through Foxp3 transcription factor dependent
mechanisms?>. Supra-physiologic butyrate concentrations in the presence of healthy colonic
epithelial cells may have overcome endogenous colonocyte butyrate utilization capacity. This
would in turn increase crypt concentrations in the PRE and TOT groups leading to impaired
response to surgical insult. In POS mice which received only post-operative supplementation,
however, these supra-physiologic butyrate concentrations may have instead been fully utilized by

injured colonocytes for restoration of barrier integrity and immune regulation.

The advent of high throughput cost effective sequencing technologies has brought a remarkable
understanding of the complex gut microbial ecologic shifts imparted by surgery. Yet, our ability
to modulate these shifts, including restoring the loss of anti-inflammatory SCFA-producing
anaerobes, in the peri-operative period has been met with initial challenges. Through stimulation
of hypoxia inducible factor-1 (HIF-1), butyrate presents a particularly promising strategy as it
has been demonstrated to restore luminal hypoxia via regulation of enterocyte transcriptional
factors and improve gut barrier integrity in colitis models'>*°. Findings from our study indeed
support the promise of this concept. All mice receiving post-operative TBT demonstrated an
increased bloom of anaerobic bacteria, with the TOT group showing the greatest bloom and also

a trend towards restoration of beta-diversity at four weeks.
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Our study was not without its limitations. Mice used in our experiment did not have active
gastrointestinal inflammation at the time of surgery which may have limited our ability to
observe significant differences in inflammatory markers between intervention groups. In future
studies, this limitation could be overcome either by using mouse colitis models, while accepting
an increased operative mortality, or by separating arms into early and late cohorts. Early cohorts,
between 1-3 weeks postoperatively may allow for a clearer evaluation of inflammatory markers.
Late cohorts, on the other hand, may provide more complete characterization regarding the
timing and effect of TBT on post-operative microbial re-colonization. Additional limitations
were that TBT dosing was provided through pre-existing water supplies, making dosing less
accurate than oral gavage. However, the stress of surgery combined with that of daily gavage
makes the use of gavage vehicle difficult to justify. Lastly, our study did not elucidate exact
mechanisms responsible for our immunologic or microbial findings and should thus serve as

hypothesis generating.

Despite these limitations, this study is the first to demonstrate that the peri-operative timing of a
a supplement aimed at optimizing the gut microbiome differentially alters gastrointestinal
inflammation and gut microbial recolonization following ileocecal resection. Results of this trial
build upon our understanding of peri-operative gut microbial shifts and provide evidence for the
ongoing pursuit of gut microbial modulation strategies as a novel therapeutic modality following

gastrointestinal surgery.
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4.5 Conclusion

Timing of tributyrin supplementation differentially modulates gastrointestinal inflammation and
gut microbial recolonization following murine ileocecal resection. Results of this trial build upon
our understanding of peri-operative gut microbial shifts and provide evidence for the ongoing
pursuit of gut microbial modulation strategies as a novel therapeutic modality following

gastrointestinal surgery.

199



4.6 References

1.  Pradhan, B., Datzkiw, D. & Aich, P. Gut microbiota and health: A review
with focus on metabolic and immunological disorders and microbial
remediation. Biomed. Rev. 27, 1-17 (2016).

2. Koboziev, I., Reinoso Webb, C., Furr, K. L. & Grisham, M. B. Role of the
enteric microbiota in intestinal homeostasis and inflammation. Free Radic.
Biol. Med. 68, 122—-133 (2014).

3.  Knudsen, J. K., Bundgaard-Nielsen, C., Hagstrom, S., Sorensen, S. &
Leutscher, P. The human gut microbiota. Ugeskr. Laeger 179, (2017).

4.  Hold, G. L. et al. Role of the gut microbiota in inflammatory bowel disease
pathogenesis: what have we learnt in the past 10 years? World J.
Gastroenterol. 20, 1192—-1210 (2014).

5.  Chattopadhyay, A. & Mythili, S. The journey of gut microbiome — An
introduction and its influence on metabolic disorders. Front. Biol. (Beijing).
13, 327-341 (2018).

6. Durack, J. & Lynch, S. V. The gut microbiome: Relationships with disease
and opportunities for therapy. J. Exp. Med. 216, 20—40 (2019).

7. Matijasic, M. et al. Modulating Composition and Metabolic Activity of the

Gut Microbiota in IBD Patients. Int. J. Mol. Sci. 17, (2016).

200



10.

11.

12.

13.

Halmos, T. & Suba, 1. Physiological patterns of intestinal microbiota. The
role of dysbacteriosis in obesity, insulin resistance, diabetes and metabolic
syndrome. A belbakteriota elettani Jell. es a dysbacteriosis szerepe az
elhizasban, inzulinrezisztenciaban, diabetesben es Metab. szindromaban.
157, 13-22 (2016).

Lam, A., Fleischer, B. & Alverdy, J. The Biology of Anastomotic Healing—
the Unknown Overwhelms the Known. J. Gastrointest. Surg. 24, 2160-2166
(2020).

Laffin, M. et al. Prebiotic Supplementation Following Ileocecal Resection in
a Murine Model is Associated With a Loss of Microbial Diversity and

Increased Inflammation. /nflamm. Bowel Dis. 24, 101-110 (2018).

Perry, T. et al. lleocolic resection is associated with increased susceptibility
to injury in a murine model of colitis. PLoS One 12, e0184660—e0184660
(2017).

Gaines, S., Shao, C., Hyman, N. & Alverdy, J. C. Gut microbiome influences
on anastomotic leak and recurrence rates following colorectal cancer surgery.

Br. J. Surg. 105, e131—¢141 (2018).

Meyer, J. et al. Reducing anastomotic leak in colorectal surgery: The old
dogmas and the new challenges. World J. Gastroenterol. 25, 5017-5025

(2019).

201



14.

15.

16.

17.

18.

19.

20.

21.

Guyton, K. & Alverdy, J. C. The gut microbiota and gastrointestinal surgery.
Nat. Rev. Gastroenterol. Hepatol. 14, 43-54 (2017).

Kinross, J. M. et al. A Meta-Analysis of Probiotic and Synbiotic Use in
Elective Surgery. J. Parenter. Enter. Nutr. 37,243-253 (2013).

Gilbert, J. A. & Lynch, S. V. Community ecology as a framework for human
microbiome research. Nat. Med. 25, 884—889 (2019).

Kelly, C. J. et al. Crosstalk between Microbiota-Derived Short-Chain Fatty
Acids and Intestinal Epithelial HIF Augments Tissue Barrier Function. Cel//
Host Microbe 17, 662—-671 (2015).

Miki, K. et al. BUTYRATE SUPPRESSES HYPOXIA-INDUCIBLE
FACTOR-1 ACTIVITY IN INTESTINAL EPITHELIAL CELLS UNDER
HYPOXIC CONDITIONS. Shock 22, (2004).

Shah, Y. M. et al. Hypoxia-inducible factor augments experimental colitis
through an MIF-dependent inflammatory signaling cascade.
Gastroenterology 134, 2036-2048.¢20483 (2008).

Perry, T., Borowiec, A., Dicken, B., Fedorak, R. & Madsen, K. Murine
Ileocolic Bowel Resection with Primary Anastomosis. JoVE €52106 (2014).
doi:doi:10.3791/52106

Madsen, K. et al. Probiotic bacteria enhance murine and human intestinal

epithelial barrier function. Gastroenterology 121, 580-591 (2001).

202



22.

23.

24.

25.

26.

Vinolo, M. A. R. et al. Tributyrin attenuates obesity-associated inflammation
and insulin resistance in high-fat-fed mice. Am. J. Physiol. Metab. 303,

E272-E282 (2012).

Cresci, G. A., Bush, K. & Nagy, L. E. Tributyrin Supplementation Protects
Mice from Acute Ethanol-Induced Gut Injury. Alcohol. Clin. Exp. Res. 38,
1489-1501 (2014).

Rivera-Chavez, F. et al. Depletion of Butyrate-Producing Clostridia from the
Gut Microbiota Drives an Aerobic Luminal Expansion of Salmonella. Cel//
Host Microbe 19, 443—-454 (2016).

Kaiko, G. E. ef al. The Colonic Crypt Protects Stem Cells from Microbiota-
Derived Metabolites. Cell 165, 1708—1720 (2016).

Cummins, E. P. & Crean, D. Hypoxia and inflammatory bowel disease.

Microbes Infect. 19, 210-221 (2017).

203



a Wild type 12951/SvimJ
8- 15wk

Pre-surgery TBT (n=10) Post-surgery TBT (n=9) Total TBT (n=6)

Flow -1wk Surgery +1 wk 2wk 3wk 4wk
TBT therapy I I I
Time Points BL ICR w1 w2 w3 w4
b, C < 10 =
Il CTR < - CTR
kil giil it ssbt Ribl £
1] I I PRE 5 5 -» PRE
B 201 = POS 2 - POS
E ToT 5 - TOT
© g 54
= 104 o
E 0+
2
@ I3
Y T T T a -15 T T T T T T
BL ICR W1 W2 W3 W4 BL ICR W1 W2 W3 W4
d W € ™ B CTR
= Il CTR =
r PRE $ 60 . I 1 PRE
Z B POS 5 . I ] B Pos
- e 404 TOT
e TOT £ 00 1 1 il
£ £
; E 20
o ©
2 =
AP T & & &
¢ & & & @ & & & O ®

Figure 4.1. Overview of study design and changes in weight, food, and water intake. a.
Study design overview. Column graphs represent median +/- SEM. b. Mouse weights from BL
to W4 across intervention groups c¢. Percent change in weight relative to baseline across
intervention groups. d. differences in weekly food intake across intervention groups. e.
Differences in weekly water intake across intervention groups. All p-values were two-sided with
statistical significance defined as p< 0.05. * represents significance in paired analysis for percent
change relative to baseline for all groups; @ represents significance in paired analysis for percent

change relative to baseline for CTR group alone.
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Figure 4.2. Tissue-weight adjusted cytokine concentrations in peri-anastomotic ileal and
colonic tissue homogenate. Box-and-whisker plots represent the distribution of each group at
W4. The median is represented by the middle line while the upper and lower borders of the box
plot identify the 75™ and 25" percentile, respectively. The whiskers correspond to the maximal
and minimal values. a. Heatmap of ileal tissue cytokine concentrations after logarithmic
transformation of data. b-e. Concentration of IL-1 f, IL-6, IL-10, and TNF- « , respectively, per
gram of dry ileal tissue. f. Heatmap of colonic tissue cytokine concentrations after logarithmic
transformation of data. g-j. Concentration of IL-1 f, IL-6, IL-10, and TNF- a , respectively, per

gram of dry colonic tissue.
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Figure 4.3. Serum pro-inflammatory cytokines, tissue histologic injury scoring, and tissue
weight to length ratios. Box-and-whisker plots represent the distribution of each group at W4.
The median is represented by the middle line while the upper and lower borders of the box plot
identify the 75" and 25" percentile, respectively. The whiskers correspond to the maximal and
minimal values. a. Serum LPS concentrations obtained from ocular blood at W4. b-c. Histologic
injury scoring for ileal and colonic tissues, respectively. d-e. Weight to length ratio for ileal and

colonic tissue, respectively.
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Figure 4.4. Concentrations of fecal short-chain fatty acids (SCFAs) from BL to W4 by
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Flgure 4.5. Difference in microbial abundance at the phylum level along changes in alpha

and beta diversity from BL to W4. a. Phylum level differences in relative microbial abundance
between groups over time. b. Within- and between- group changes in a-diversity using Chaol

and Shannon indices. ¢. Between-group differences from BL to W4 in B-diversity using weighted

UniFrac analysis.
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Figure 4.6. Volcano plots demonstrating significant differences (p adj. <0.05) in relative
abundance of microbial taxa from W1 to W4. a. CTR group volcano plot b. PRE group c.

POS group volcano plot. d. TOT group volcano plot.
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CTR
Group

Phylum

Class

Family

Genus

Bacteroidetes
Firmicutes
Proteobacteria
Verrucomicrobiota

Alphaproteobacteria
Bacilli

Bacteroidia

Clostridia
Gammaproteobacteria
Verrucomicrobiae

Akkermansiaceae
Bacteroidaceae
Clostridiaceae
Enterobacteriaceae
Enterococcaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Muribaculaceae
Oscillospiraceae
Peptostreptococcaceae
Sutterellaceae
Tannerellaceae

[Clostridium] inoculum group

Akkermansia
Anaeroplasma
ASF356
Bacteroides

Clostridium sensu stricto 1

Enterococcus
Escherichia-Shigella

Lachnospiraceae NK4A4136

group

Time Point

BL

58.0 (2.2)
29.9 (2.7)
2.1(0.3)
9.7 (1.3)

1.0 (0.2)
3.5(0.7)
58.0 (2.2)
26.3 (2.7)
1.1 (0.1)
9.7 (1.3)

9.9 (1.3)
7.5 (0.7)

0 (0)

0.01 (0.01)
0 (0)

0.2 (0.1)
21.8(2.2)
2.5(0.7)
474 (2.1)
2.9 (0.6)
0.01 (0.01)
1.1 (0.1)
3.9 (0.6)

0.4 (0.2)
32.3 (4.0)
2.7 (1.0)
2.0 (0.4)

0 (0)

0 (0)

0 (0)

0.02 (0.02)
2.4 (1.0)

ICR

56.0 (2.0)
33.5 (2.6)
2.2(0.2)
8.0 (0.8)

1.1(0.2)
3.2 (0.8)
56.0 (2.0)
30.2 (2.2)
1.1 (0.1)
8.0 (0.8)

8.1 (0.8)
7.1 (0.8)
0 (0)

0 (0)

0 (0)

0.1 (0.04)
25.6 (2.3)
2.3(0.9)
46.4 (1.8)
3.2(0.3)
0.01 (0.01)
1.1(0.1)
3.1 (0.4)

0.3 (0.1)
28.2 (2.4)
2.6 (1.1)
3.0 (0.9)
24.9 (2.6)
0 (0)

0 (0)

0 (0)

4.2 (1.5)

W1

0.03 (0.03)
68.1 (9.7)
31.9 (9.7)
0(0)

0 (0)

47.7 (8.9)
0.03 (0.03)
20.1 (7.1)
32.2(9.7)
0 (0)

0 (0)

0 (0)

3.6 (3.6)
30.6 (9.5)
4.1(1.4)
0.8 (0.6)
0.01 (0.01)
44.0 (8.9)
0.03 (0.03)
0 (0)

16.5 (7.3)
0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

2.9 (2.9)
5.1(1.8)
17.9 (6.3)
0 (0)

W2

2.7 (2.5)
64.8 (6.3)
32.5 (6.6)
0.02 (0.02)

0.01 (0.01)
48.3 (6.1)
2.7 (2.6)
16.1 (7.7)
33.0 (6.6)
0.02 (0.02)

0.02 (0.02)
0 (0)

8.3 (8.3)
33.0 (6.7)
8.0 (1.8)
2.5(1.8)
0.3 (0.3)
37.7 (5.0)
0 (0)

0.3 (0.3)
7.1 (2.7)
0 (0)
2.72.7)

0.6 (0.4)
0.02 (0.02)
0 (0)

0 (0)

0 (0)

8.2 (8.2)
9.7 (2.0)
16.6 (5.9)
0 (0)

W4

6.9 (6.9)
75.3 (8.7)
17.7 (7.6)
0(0)

0 (0)
44.8 (7.1)
7.1 (7.1)
29.7 (7.0)
18.4 (7.8)
0 (0)

0 (0)
6.3 (6.3)
8.4 (8.4)
18.1 (7.6)
9.6 (2.1)
52(3.3)
3.6 (2.3)
30.7 (5.9)
0 (0)

0.2 (0.2)
17.1 (3.7)
0 (0)

0.9 (0.9)

1.7 (0.7)
0 (0)

0 (0)

0 (0)

7.3 (7.3)
8.3 (8.3)
13.1 2.9)
8.6 (4.7)
0 (0)
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Lactobacillus 79(24) 7827  723(78) 593(8.5) 53.7(9.7)

Muribaculum 2.8 (1.0) 4.1(1.3) 0(0) 0(0) 0(0)
Parabacteroides 123(1.9) 10.6(1.4) 0(0) 2.9(2.9) 1.0 (1.0)
Parasutterella 3.5(0.4) 3.9(0.2) 0(0) 0(0) 0 (0)
Turicibacter 0(0) 0(0) 1.0 (0.7) 2.2 (1.7) 6.2 (3.9)

Table S4.1. Shifts in microbial taxa from BL to W4 in CTR mice.
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PRE
Group

Phylum

Class

Family

Genus

Bacteroidetes
Firmicutes
Proteobacteria
Verrucomicrobiota

Alphaproteobacteria
Bacilli

Bacteroidia

Clostridia
Gammaproteobacteria
Verrucomicrobiae

Akkermansiaceae
Bacteroidaceae
Clostridiaceae
Enterobacteriaceae
Enterococcaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Muribaculaceae
Oscillospiraceae
Peptostreptococcaceae
Sutterellaceae
Tannerellaceae

[Clostridium] inoculum group
Akkermansia

Anaeroplasma

ASF356

Bacteroides

Clostridium sensu stricto 1
Enterococcus
Escherichia-Shigella
Lachnospiraceae NK44136

group
Lactobacillus

Time Point

BL

61.2 (0.9)
24.6 (2.0)
3.4 (0.7)

10.4 (1.9)

1.9 (0.6)
3.3 (1.0)
61.2 (0.9)
21.3 (2.0)
1.5 (0.1)
10.4 (1.9)

10.8 (1.9)
12.6 (1.8)
0 (0)

0.1 (0.1)

0 (0)

0.2 (0.1)
17.9 2.1)
2.6 (1.0)
45.2(1.5)
2.0 (0.4)
0.04 (0.03)
1.5 (0.1)
5.8 (0.9)

0.4 (0.1)
28.2 (4.4)
1.8 (0.8)
1.4 (0.3)
33.4 (3.2)
0 (0)

0 (0)
0.1(0.1)
1.3 (0.7)

6.9 (2.3)

ICR

60.8 (2.2)
28.1(2.0)
3.0 (0.3)
7.8 (1.4)

1.5 (0.3)
2.4 (0.4)
60.8 (2.2)
25.7 (2.1)
1.5 (0.2)
7.8 (1.4)

8.0 (1.4)
11.5 (1.3)
0 (0)

0.02 (0.02)
0 (0)

0.08 (0.03)
21.1 2.2)
1.8 (0.4)
454 (2.1)
2.9 (0.6)
0.1 (0.03)
1.4 (0.2)
5.4(0.2)

0.2 (0.1)
24.3 (3.6)
2.0 (1.1)
3.5(0.9)
33.8 (2.4)
0 (0)

0 (0)

0 (0)

1.3 (0.7)

5.1(0.8)

W1

0 (0)
79.0 (6.9)
20.9 (6.9)
0 (0)

0(0)
55.8 (6.2)
0(0)
23.0 (8.4)
21.1 (6.9)
0(0)

0 (0)

0 (0)

0 (0)
21.196.9)
1.9 (0.9)
4.1(3.1)
0 (0)
49.6 (5.8)
0 (0)

0 (0)
22.9 (8.4)
0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0.1 (0.1)
2.7 (1.1)
16.6 (5.2)
0 (0)

75.8 (6.3)

W2

0 (0)
68.3 (7.8)
31.7 (7.8)
0 (0)

0(0)
58.3 (6.9)
0(0)
9.5(3.1)
32.3 (7.9)
0(0)

0 (0)
0 (0)

0.1 (0.1)
31.4 (7.7)
4.6 (1.3)
5.7 (3.6)
1.0 (1.0)
48.8 (8.0)
0 (0)

0 (0)

8.4 (2.8)
0 (0)

0 (0)

0.8 (0.5)
0 (0)

0 (0)

0 (0)

0 (0)

0.1 (0.1)
5.3 (1.1)
12.2 (5.6)
0 (0)

75.4 (8.7)

W4

0 (0)
73.7 (8.3)
26.3 (8.3)
0 (0)

0(0)
56.9 (7.6)
0(0)
16.3 (5.4)
26.8 (8.3)
0(0)

0 (0)
0 (0)

0 (0)
26.4 (8.4)
7.2 (1.3)
10.4 (5.8)
3.0 (2.0)
40.0 (8.6)
0 (0)

0.2 (0.2)
12.8 (4.4)
0 (0)

0 (0)

1.7 (0.9)
0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

10.0 (2.9)
8.6 (3.6)
0 (0)

65.2 (8.8)
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Muribaculum 1.8 (1.0) 2.2 (1.1) 0 (0)
Parabacteroides 152(1.8) 159(1.8) 0(0)
Parasutterella 4.1(0.3) 4.4 (0.5) 0 (0)
Turicibacter 0(0) 0 (0) 4.3 (3.1)

Table S4.2. Shifts in microbial taxa from BL to W4 in PRE mice.

0 (0)
0 (0)
0 (0)
6.1 (3.7)

0 (0)
0(0)
0(0)
14.0 (7.1)
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POS
Group

Phylum

Class

Family

Genus

Bacteroidetes
Firmicutes
Proteobacteria
Verrucomicrobiota

Alphaproteobacteria
Bacilli

Bacteroidia

Clostridia
Gammaproteobacteria
Verrucomicrobiae

Akkermansiaceae
Bacteroidaceae
Clostridiaceae
Enterobacteriaceae
Enterococcaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Muribaculaceae
Oscillospiraceae
Peptostreptococcaceae
Sutterellaceae
Tannerellaceae

[Clostridium] inoculum group
Akkermansia

Anaeroplasma

ASF356

Bacteroides

Clostridium sensu stricto 1
Enterococcus
Escherichia-Shigella
Lachnospiraceae NK44136

group
Lactobacillus

Time Point

BL

59.6 (2.2)
24.7 (2.5)
3.0 (0.5)

12.5 (1.8)

1.6 (0.4)
2.6 (0.5)
59.4 (2.2)
22.1 (2.6)
1.4 (0.3)
12.5 (1.8)

12.9 (1.9)
9.7 (1.9)
0 (0)

0.1 (0)

0 (0)

0.2 (0.1)
18.5 (2.7)
2.1 (0.6)
46.8 (1.7)
2.0 (0.4)
0.1 (0)
1.3(0.2)
5.2 (0.6)

0.3 (0.1)
37.7 (5.0)
1.4 (0.7)
2.3(0.7)
27.3 (4.3)
0 (0)

0 (0)

0 (0)

1.2 (0.6)

5.6 (1.3)

ICR

58.5 (3.7)
30.2 (3.9)
2.7 (0.6)
8.1 (1.4)

1.6 (0.5)
1.7 (0.4)
58.5 (3.7)
28.4 (4.1)
1.1 (0.1)
8.1(1.4)

8.3 (1.4)
9.4 (1.6)
0 (0)

0 (0)

0 (0)

0.1 (0)
24.3 (4.0)
1.4 (0.4)
46.5 (3.1)
2.7 (0.6)
0.1 (0)
1.2 (0.1)
4.4 (0.5)

0.2 (0.1)
29.4 (4.7)
0.9 (0.6)
4.4 (1.3)
31.5 (4.1)
0 (0)

0.1 (0)

0 (0)

0.7 (0.5)

4.8 (1.4)

W1

0 (0)
82.9 (6.7)
17.1 (6.7)
0 (0)

0(0)
62.7 (6.4)
0(0)
20.1(8.5)
17.2 (6.6)
0(0)

0 (0)

0 (0)

0 (0)

14.0 (6.4)
3.9 (1.5)
2.8(2.7)
0 (0)
58.5 (7.6)
0 (0)

0 (0)
20.0 (8.5)
0 (0)

0 (0)

0.2 (0.2)
0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

4.9 (2.1)
14.4 (6.3)
0 (0)

77.0 (7.0)

W2

6.1 (4.9)
64.7 (8.2)
29.2 (8.2)
0 (0)

0 (0)
47.4 (6.0)
6.3 (5.1)
16.9 (6.2)
29.4 (8.2)
0 (0)

0 (0)
6.4 (5.1)
0.7 (0.7)
16.5 (6.7)
8.2 (0.9)
3.2 (1.9)
0.5 (0.5)
49.4 (8.5)
0 (0)

0.1 (0)
15.1 (5.6)
0 (0)

0 (0)

1.8 (1.3)
0 (0)
0 (0)
0 (0)
11.4 (7.6)
1.1 (1.0)
9.0 (1.1)
11.6 (5.1)
0 (0)

62.4 (8.2)

W4

6.4 (6.4)
64.2 (7.8)
29.4 (8.1)
0 (0)

0 (0)
46.7 (7.4)
6.5 (6.5)
16.9 (6.5)
29.9 (8.1)
0 (0)

0 (0)
6.7 (6.7)
0 (0)
29.7 (8.1)
8.9 (3.5)
3.8 (1.9)
2.3(1.3)
34.4 (4.0)
0 (0)

0 (0)

14.1 (6.4)
0 (0)

0 (0)

1.6 (0.6)
0 (0)

0 (0)

0 (0)

8.5 (8.5)
0 (0)
11.1(3.3)
14.6 (6.3)
0 (0)

60.8 (8.7)

214



Muribaculum 0.7 (0.7) 0.7 (0.7)
Parabacteroides 14.7 (1.3) 153 (1.5)
Parasutterella 3.5(0.6) 4.1 (0.2)
Turicibacter 0(0) 0 (0)

Table S4.3. Shifts in microbial taxa from BL to W4 in POS mice.

0 (0)
0(0)
0(0)
2.7 (2.7)

0 (0)
0 (0)
0 (0)
2.4(1.9)

0 (0)
0 (0)
0 (0)
3.3(1.6)
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TOT
Group

Phylum

Class

Family

Genus

Bacteroidetes
Firmicutes
Proteobacteria
Verrucomicrobiota

Alphaproteobacteria
Bacilli

Bacteroidia

Clostridia
Gammaproteobacteria
Verrucomicrobiae

Akkermansiaceae
Bacteroidaceae
Clostridiaceae
Enterobacteriaceae
Enterococcaceae
Erysipelotrichaceae
Lachnospiraceae
Lactobacillaceae
Muribaculaceae
Oscillospiraceae
Peptostreptococcaceae
Sutterellaceae
Tannerellaceae

[Clostridium] inoculum group
Akkermansia

Anaeroplasma

ASF356

Bacteroides

Clostridium sensu stricto 1
Enterococcus
Escherichia-Shigella
Lachnospiraceae NK44136

group
Lactobacillus

Time Point

BL

58.8 (2.0)
27.1(2.2)
2.7(0.7)

11.0 (2.5)

1.4 (0.6)
3.6 (1.3)
58.9 (2.0)
23.4 (3.0)
1.3(0.2)
11.0 (2.6)

11.4(2.6)
15.0 (3.1)
0 (0)

0 (0)

0 (0)

0.1 (0.1)
19.5 (3.5)
2.5 (1.0)
40.0 (3.3)
1.7 (0.5)
0.1 (0.1)
1.4 (0.2)
5.4 (1.4)

0.2 (0.1)
28.0 (7.0)
2.4 (0.8)
2.4 (0.9)
35.8 (7.1)
0 (0)

0 (0)

0 (0)

1.9 (1.1)

57(2.2)

ICR

59.4 (5.5)
30.4 (5.9)
3.1(0.7)
6.1 (0.7)

2.0 (0.6)
2.8 (0.8)
59.5 (5.5)
27.6 (5.6)
1.2 (0.1)
6.1 (0.7)

6.4 (0.8)
13.1 (4.1)
0 (0)

0 (0)

0 (0)

0 (0)
22.9 (4.7)
1.3 (0.4)
42.4 (2.1)
2.6 (1.0)
0 (0)

1.2 (0.1)
5.4 (1.5)

0.3 (0.1)
19.0 (3.1)
3.9(1.2)
2.6 (1.1)
342 (7.7)
0 (0)

0 (0)

0 (0)

3.8 (1.8)

4.0 (1.4)

W1

0 (0)
77.4 (6.1)
22.6 (6.1)
0 (0)

0(0)

54.4 (6.9)
0(0)

22.6 (10.6)
23.0 (6.2)
0(0)

0 (0)

0 (0)

0 (0)
22.4(5.9)
0(0.0)

0 (0)

0 (0)
53.4(6.9)
0 (0)

0 (0)
22.6 (10.6)
0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

0 (0)

1.6 (1.2)
16.7 (8.4)
0 (0)

81.1 (9.0)

W2

0 (0)
82.1 (7.4)
17.9 (7.4)
0 (0)

0(0)
65.1 (5.9)
0(0)
16.9 (8.4)
18.0 (7.4)
0(0)

0 (0)
0 (0)

0 (0)

18.0 (7.5)
9.4 (6.2)
0.2 (0.2)

0 (0)

56.0 (10.0)
0 (0)

0 (0)

16.5 (8.1)
0 (0)

0 (0)

0.3 (0.3)
0 (0)

0 (0)

0 (0)

0(0)

0 (0)

14.5 (11.0)
11.2 (5.7)
0 (0)

74.0 (10.9)

W4

18.8 (12.1)
61.0 (11.3)
20.2 (7.9)
0 (0)

0 (0)
48.0 (13.4)
18.9 (12.1)
12.6 (4.1)
20.4 (8.1)
0 (0)

0 (0)
9.3 (9.3)

0 (0)

20.1 (8.0)
3.1 (1.0)
0.4 (0.3)
5.1(2.7)
44.6 (13.1)
0 (0)

0.2 (0.2)
7.1 (2.8)

0 (0)

10.0 (8.2)

0.5 (0.3)
0 (0)

0 (0)

0 (0)

12.8 (12.8)
0 (0)
3.1(0.8)
8.4 (5.8)

0 (0)

61.2 (16.0)
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Muribaculum 1.6 (1.1) 2.8 (1.8)
Parabacteroides 125@3.3) 14.1 (2.7)
Parasutterella 3.2(0.3) 3.6 (0.3)
Turicibacter 0(0) 0 (0)

Table S4.4. Shifts in microbial taxa from BL to W4 in TOT mice.

0(0)
0(0)
0(0)
0(0)

0(0)
0 (0)
0 (0)
0(0)

0 (0)
11.8(9.3)
0 (0)
0 (0)
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a Treatmen-4W, Control vs Pre_surgery (padj < 0.05,cutoff=0) b Treatmen—4W, Control vs Post_surgery (padj < 0.05,cutoff=0)
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Chapter 5: Conclusion

Gut microbial modulation has profound implications on the management of chronic human
disease. In the enclosed thesis, the principles of this novel biotherapeutic strategy are explored
with respect to two notable diseases of particular consequence to the health of North American

populations- obesity and inflammatory bowel disease.

As mentioned in the introduction of this thesis, obesity remains one of the greatest epidemics of
our time with its economic costs nearly surpassing the combined costs of smoking, war, and
terrorism. Similarly, the prevalence and burden of IBD has increased markedly worldwide.
Canadian rates of IBD are amongst the highest in the world with associated economic costs
approaching nearly $3.0 billion in 2018. In addition to the similarities in their rising prevalence
and increasing socioeconomic burdens, obesity and IBD also share important communal links

essential to the justification of the work presented in this thesis.

Overwhelming evidence in animal and human studies supports a role for the gut microbiome in
the development, propagation, and treatment of disease. Further, modern therapeutic approaches
for both diseases are currently hampered by related overarching limitations: a lack of long-term
efficacy, rising medication costs, and life-threatening complications. Together, these factors
highlight that a pursuit of novel therapeutic strategies which harnesses the principles of gut

microbial modulation is therefore warranted.

The first such strategy is presented in Chapter 2, wherein a landmark trial conducted by this

author tested whether daily fiber supplementation used as an adjunct to FMT could provide
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metabolic benefit in patients with severe obesity. This randomized double-blinded proof-of-
concept trial is the first of its kind for a number of reasons. It demonstrates that microbial
modulation could impart improvements in metabolic benefits using a safe and tolerable oral
capsule FMT delivery method in a North American bariatric population undergoing concurrent
medical therapy. Interestingly, fiber fermentability was found to differentially modulate
metabolic response, with patients receiving low-fermentability fibers following FMT
demonstrating significant improvements in insulin resistance, insulinemia, and enteroendocrine
physiology. These benefits were associated with increased microbial richness and a bloom in
select microbial taxa such as Phascolarctobacterium, Christensellaceae, Bacteroides, and
Akkermansia — all of which have been shown by others to be associated with improved metabolic
outcomes. Further, fiber fermentability was found to also optimize donor microbial engraftment,
a principle that is thought to be a key roadblock to the efficacy of FMT in other inflammatory

gastrointestinal diseases like IBD.

In chapter 3, alternative gut microbial modulation approaches which also aim to improve
engraftment and optimize clinical IBD responses following FMT are discussed. Using a
systematic review and pooled proportion meta-analysis, we evaluated the differences between
two increasingly utilized strategies currently employed to overcome challenges with variable
engraftment of donor FMT microbes- repeated FMT and antibiotic pretreatment. A total of 28
articles containing 976 patients were identified following a systematic search conducted by a
medical librarian. Importantly, pooled analysis indeed revealed potential for both repeated FMT
and antibiotic pre-treatment strategies in modulating IBD response and remission rates. That

these benefits were also associated with an enrichment in bacterial taxa like Bifidobacterium,
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Roseburia, Lachnospiraceae, Prevotella, Ruminococcus, and Clostridium related species which
are associated with anti-inflammatory metabolite production further supports an adoption of

these strategies in future clinical trials.

Lastly, in Chapter 4 the principles of gut microbial modulation are applied to an established
murine model of ileocecal resection to assess whether an oral supplement designed to restore
hypoxia and improve gut barrier integrity could enhance the immunologic dysfunction and
microbial dysbiosis imparted by surgery. In this experiment, we provide evidence that tributyrin
supplementation in the peri-operative period was associated with a differential modulation in
gastrointestinal inflammation and gut microbial recolonization. Notably, mice receiving
tributyrin postoperatively demonstrated a bloom of anaerobic taxa including Bacteroides
thetaiotomicorn, Bacteroides caecimuris, Parabacteroides distasonis, Clostridia, and
Turicibacter. These changes were also associated with improved trends in colonic inflammatory
markers. These findings are the first to show that the peri-operative timing of a supplement
differentially modulates gastrointestinal inflammation and gut microbial recolonization following

gastrointestinal surgery.

Taken together, these studies add further backing to the growing body of evidence supporting the
ongoing pursuit of gut microbial modulation strategies as a novel therapeutic modality for
management of chronic inflammatory gastrointestinal diseases. In so doing, they also serve as a

framework for the ongoing development of novel microbial biotherapeutic strategies aimed at
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combatting the growing obesity and IBD epidemics through the future delivery of safe, effective,

and affordable designer bacterial consortia.
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Chapter 6: Future Directions

The gut microbial revolution has brought equal parts promise and excitement to the management
of various diseases. Indeed, we are currently in what this author regards as the golden era of
translational research within the field of gut microbial modulation- one where we hope to
establish the gut microbiome as a viable target for population-based medical intervention. In this
pivotal era, our goals must be to take the promising concepts learned from current murine studies
and proof-of-concept human trials so as to develop novel safe, effective and tolerable

biotherapeutic therapies.

In order to achieve these goals, a number of key questions remain to be answered. For example,
ongoing debate exists regarding the concept of microbial dysbiosis. Are the imbalances in
microbial communities truly causal to the pathogenesis of these diseases or do they result as a

consequence of the underlying host pathology?

Currently, the gold-standard methodologic approach in answering these questions is the use of
human microbiota-associated (HMA) rodent studies. Using these elegant designs, researchers are
able to evaluate if human microbiota transferred to germ-free mice animals can successfully
transmit human disease phenotypes. However, a recent review of these studies has raised
important concerns regarding their methodological rigor advocating for caution when
interpreting causality. Walter et al. found that out of 38 studies an alarming 36 demonstrated a
successful transfer of human disease phenotype. This finding, the authors believed, was
particularly implausible given the shortcoming in experimental design, inappropriate statistical

analysis, lack of negative studies, and failure to provide mechanistic insight. Studies in the
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translational era must thus adopt newfound methodological rigor if we aim to successfully

establish causality and eventually translate experimental findings to routine clinical practice.

Another important next step in transitioning gut microbial modulation therapy from theory to
routine clinical practice is the adoption of standardized practices. Fecal microbial transplantation
is an excellent example of why this is needed. In our review of IBD and FMT literature, many of
the donors were chosen based on convenience, or donor availability, with some receiving donor
stool from healthy family members while other receiving FMT from established donors. Routes
of delivery, dosing, and timing of delivery also differed dramatically between studies. Further
variations in sequencing methodologies which utilized different primers resulted in high inter-
study heterogeneity and precluded effective meta-analysis. If we truly hope to incorporate FMT

as a novel medical therapeutic strategy, future standardization of these practices is needed.

In addition to incorporating enhanced experimental rigor and standardization of microbial
modulation practices, perhaps the last critical hurdle is the adoption of ‘omics’ analyses. While
currently cost-prohibitive, these technologies remain pivotal in helping us understand the
complex ways in which gut microbial modulation can benefit gastrointestinal health.
Commonplace 16s sequencing only tell us what bacteria are there and provide little mechanistic
information regarding how various therapies are able to change bacterial function within our
complex gut microbial ecosystem. It is only with this enhanced mechanistic understanding of our
newfound microbial organ that the golden era of translational research can help to usher away

the growing epidemics of chronic inflammatory gastrointestinal disease.

224



Bibliography

Chapter 1.1 References

1. Bull, M. J. & Plummer, N. T. Part 1: The Human Gut Microbiome in Health and Disease.
Integr. Med. (Encinitas). 13, 17-22 (2014).

2. Shreiner, A. B., Kao, J. Y. & Young, V. B. The gut microbiome in health and in disease.
Curr. Opin. Gastroenterol. 31, 6975 (2015).

3. Lynch, S. V & Pedersen, O. The human intestinal microbiome in health and disease. N.
Engl. J. Med. 375, 2369-2379 (2016).

4, Kho, Z. Y. & Lal, S. K. The Human Gut Microbiome - A Potential Controller of
Wellness and Disease. Front. Microbiol. 9, 1835 (2018).

5. Baquero, F. & Nombela, C. The microbiome as a human organ. Clin. Microbiol. Infect.
18, 2-4 (2012).

6. Guinane, C. M. & Cotter, P. D. Role of the gut microbiota in health and chronic
gastrointestinal disease: understanding a hidden metabolic organ. Therap. Adv. Gastroenterol. 6,
295-308 (2013).

7. Inoue, Y. et al. Epidemiology of Obesity in Adults : Latest Trends. 276288 (2018).

8. Molodecky, N. A. et al. Increasing Incidence and Prevalence of the Inflammatory Bowel
Diseases With Time, Based on Systematic Review. Gastroenterology 142, 46-54.e42 (2012).

0. Barnes, A. S. The epidemic of obesity and diabetes: trends and treatments. Texas Hear.
Inst. J. 38, 142-144 (2011).

10. Canada, C. and C. 2018 Impact of Impact of Inflammatory Bowel Disease in Canada.

(2018).

225



11. Schauer, P. R. et al. Bariatric Surgery versus Intensive Medical Therapy for Diabetes - 5-
Year Outcomes. N. Engl. J. Med. 376, 641-651 (2017).

12. Tek, C. Naltrexone HCI/bupropion HCI for chronic weight management in obese adults:
patient selection and perspectives. Patient Prefer. Adherence 10, 751-759 (2016).

13. Oka, A. & Sartor, R. B. Microbial-Based and Microbial-Targeted Therapies for
Inflammatory Bowel Diseases. Dig. Dis. Sci. 65, 757-788 (2020).

14. De Sire, R. et al. Microbiota and inflammatory bowel disease: an update. Ruolo del
microbiota Intest. nelle Mal. infiammatorie croniche Intest. un Aggiorn. 109, 570-573 (2018).
15. Chakaroun, R. & Bliither, M. The microbiome, obesity, and metabolism. Diabetologe 12,
401-408 (2016).

16. Ursell, L. K., Metcalf, J. L., Parfrey, L. W. & Knight, R. Defining the human
microbiome. Nutr. Rev. 70 Suppl 1, S38-S44 (2012).

17. Cresci, G. A. & Bawden, E. Gut Microbiome: What We Do and Don’t Know. Nutr. Clin.
Pract. 30, 734-746 (2015).

18.  Marshall, B. & Warren, J. R. UNIDENTIFIED CURVED BACILLI IN THE STOMACH
OF PATIENTS WITH GASTRITIS AND PEPTIC ULCERATION. Lancet 323, 1311-1315
(1984).

19.  Alvarez-Mercado, A. 1. et al. Microbial Population Changes and Their Relationship with
Human Health and Disease. Microorganisms 7, (2019).

20.  Berg, G. et al. Microbiome definition re-visited: old concepts and new challenges.
Microbiome 8, 103 (2020).

21. Proctor, L. M. The National Institutes of Health Human Microbiome Project. Semin.

Fetal Neonatal Med. 21, 368-372 (2016).

226



22. Landman, C. & Quevrain, E. Gut microbiota: Description, role and pathophysiologic
implications. Le microbiote Intest. Descr. role Implic. Physiopathol. 37, 418-423 (2016).

23. Li, J. & Hu, F. B. Research digest: reshaping the gut microbiota. Lancet Diabetes
Endocrinol. 7, 671 (2019).

24, Sommer, F., Anderson, J. M., Bharti, R., Raes, J. & Rosenstiel, P. The resilience of the
intestinal microbiota influences health and disease. Nat. Rev. Microbiol. 15, 630-638 (2017).
25. Sanmiguel, C., Gupta, A. & Mayer, E. A. Gut Microbiome and Obesity : A Plausible
Explanation for Obesity. 250-261 (2015). doi:10.1007/s13679-015-0152-0

26. Everard, A. & Cani, P. D. Gut microbiota and GLP-1. 189—-196 (2014).
doi:10.1007/s11154-014-9288-6

27. Sender, R., Fuchs, S. & Milo, R. Revised Estimates for the Number of Human and
Bacteria Cells in the Body. PLOS Biol. 14, e1002533 (2016).

28.  Pluznick, J. L. Gut microbes and host physiology: what happens when you host billions
of guests? Front. Endocrinol. (Lausanne). 5, 91 (2014).

29.  Miiller, M. J. et al. The case of GWAS of obesity: does body weight control play by the
rules? Int. J. Obes. 42, 1395-1405 (2018).

30. Wikoff, W. R. et al. Metabolomics analysis reveals large effects of gut microflora on
mammalian blood metabolites. Proc. Natl. Acad. Sci. 106, 3698 LP — 3703 (2009).

31. Postler, T. S. & Ghosh, S. Understanding the Holobiont: How Microbial Metabolites
Affect Human Health and Shape the Immune System. Cell Metab. 26, 110-130 (2017).

32. Article, R. Part 1 : The Human Gut Microbiome in Health and Disease. (2014).

33. Pray, L., Pillsbury, L. & Tomayko, E. The Human Microbiome , Diet , and Health.

227



34, Lloyd-Price, J., Abu-Ali, G. & Huttenhower, C. The healthy human microbiome.
Genome Med. 8, 51 (2016).

35. Guarner, F. & Malagelada, J.-R. Gut flora in health and disease. Lancet 361, 512-519
(2003).

36. Rinninella, E. et al. What is the Healthy Gut Microbiota Composition? A Changing
Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 7, 14 (2019).

37. Martinez, 1., Muller, C. E. & Walter, J. Long-Term Temporal Analysis of the Human
Fecal Microbiota Revealed a Stable Core of Dominant Bacterial Species. PLoS One 8, €69621
(2013).

38. Milani, C. et al. The First Microbial Colonizers of the Human Gut: Composition,
Activities, and Health Implications of the Infant Gut Microbiota. Microbiol. Mol. Biol. Rev. 81,
e00036-17 (2017).

39.  Biasucci, G. et al. Mode of delivery affects the bacterial community in the newborn gut.
Early Hum. Dev. 86, 13—15 (2010).

40.  Dominguez-Bello, M. G. et al. Delivery mode shapes the acquisition and structure of the
initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. 107, 11971
LP—-11975 (2010).

41.  van Nimwegen, F. A. et al. Mode and place of delivery, gastrointestinal microbiota, and
their influence on asthma and atopy. J. Allergy Clin. Immunol. 128, 948-955.e3 (2011).

42.  Ma,J. et al. Comparison of gut microbiota in exclusively breast-fed and formula-fed
babies: a study of 91 term infants. Sci. Rep. 10, 15792 (2020).

43. Guaraldi, F. & Salvatori, G. Effect of breast and formula feeding on gut microbiota

shaping in newborns. Front. Cell. Infect. Microbiol. 2, 94 (2012).

228



44. Ho, N. T. et al. Meta-analysis of effects of exclusive breastfeeding on infant gut
microbiota across populations. Nat. Commun. 9, 4169 (2018).

45. Ihekweazu, F. D. & Versalovic, J. Development of the Pediatric Gut Microbiome: Impact
on Health and Disease. Am. J. Med. Sci. 356, 413-423 (2018).

46. Laursen, M. F. et al. Having older siblings is associated with gut microbiota development
during early childhood. BMC Microbiol. 15, 154 (2015).

47. Penders, J. et al. Gut microbiota composition and development of atopic manifestations
in infancy: the KOALA Birth Cohort Study. Gut 56, 661 LP — 667 (2007).

48. Sonnenburg, E. D. & Sonnenburg, J. L. The ancestral and industrialized gut microbiota
and implications for human health. Nat. Rev. Microbiol. 17, 383-390 (2019).

49. Martinez, I. et al. The Gut Microbiota of Rural Papua New Guineans: Composition,
Diversity Patterns, and Ecological Processes. Cell Rep. 11, 527-538 (2015).

50. Macpherson, A. J., Slack, E., Geuking, M. B. & McCoy, K. D. The mucosal firewalls
against commensal intestinal microbes. Semin. Immunopathol. 31, 145-149 (2009).

51.  Peterson, L. W. & Artis, D. Intestinal epithelial cells: regulators of barrier function and
immune homeostasis. Nat. Rev. Immunol. 14, 141-153 (2014).

52. Steinert, A., Radulovic, K. & Niess, J. Gastro-intestinal tract: The leading role of mucosal
immunity. Swiss Med. Wkly. 146, w14293 (2016).

53. Koboziev, 1., Reinoso Webb, C., Furr, K. L. & Grisham, M. B. Role of the enteric
microbiota in intestinal homeostasis and inflammation. Free Radic. Biol. Med. 68, 122—133
(2014).

54, Belkaid, Y. & Hand, T. W. Role of the microbiota in immunity and inflammation. Cell

157, 121-141 (2014).

229



55. Camara-Lemarroy, C. R., Metz, L., Meddings, J. B., Sharkey, K. A. & Wee Yong, V.
The intestinal barrier in multiple sclerosis: Implications for pathophysiology and therapeutics.
Brain 141, 1900-1916 (2018).

56. Liu, S., Zhao, W., Lan, P. & Mou, X. The microbiome in inflammatory bowel diseases:
from pathogenesis to therapy. Protein Cell (2020). doi:10.1007/s13238-020-00745-3

57. Clemente, J. C., Manasson, J. & Scher, J. U. The role of the gut microbiome in systemic
inflammatory disease. BMJ 360, j5145 (2018).

58. Fuentes, S. & de Vos, W. M. How to Manipulate the Microbiota: Fecal Microbiota
Transplantation. Adv. Exp. Med. Biol. 902, 143—-153 (2016).

59.  Allegretti, J. et al. The Current Landscape and Lessons from Fecal Microbiota
Transplantation for Inflammatory Bowel The Current Landscape and Lessons from Fecal
Microbiota Transplantation for In fl ammatory Bowel Disease : Past , Present , and Future.
(2018). doi:10.1097/MIB.0000000000001247

60.  De Groot_Fecal microbiota transplantation in metabolic syndrome: History, present and
future 2017 _ Gut Microbes.pdf.

61.  Wingarden Intestinal microbiota fecal microbiota transplantation and inflammatory
bowel disease 2017 Gut Microbes.pdf.

62. Greenblum, S., Turnbaugh, P. J. & Borenstein, E. Metagenomic systems biology of the
human gut microbiome reveals topological shifts associated with obesity and inflammatory
bowel disease. Proc. Natl. Acad. Sci. U. S. A. 109, 594-599 (2012).

63.  Narkiewicz, K. Obesity and hypertension—the issue is more complex than we thought.

Nephrol. Dial. Transplant. 21, 264-267 (2006).

230



64. Jung Lee, W., Lattimer, L. D. N., Stephen, S., Borum, M. L. & Doman, D. B. Fecal
Microbiota Transplantation: A Review of Emerging Indications Beyond Relapsing Clostridium
difficile Toxin Colitis. Gastroenterol. Hepatol. (N. Y). 11, 24-32 (2015).

65. Malnick, S. & Melzer, E. Human microbiome: From the bathroom to the bedside. World
J. Gastrointest. Pathophysiol. 6, 79-85 (2015).

66. Gaines, S. & Alverdy, J. C. Fecal Micobiota Transplantation to Treat Sepsis of Unclear
Etiology. Crit. Care Med. 45, 1106—-1107 (2017).

67. EISEMAN, B., SILEN, W., BASCOM, G. S. & KAUVAR, A. J. Fecal enema as an
adjunct in the treatment of pseudomembranous enterocolitis. Surgery 44, 854—859 (1958).

68. Gough, E., Shaikh, H. & Manges, A. R. Systematic Review of Intestinal Microbiota
Transplantation (Fecal Bacteriotherapy) for Recurrent Clostridium difficile Infection. Clin.
Infect. Dis. 53, 994-1002 (2011).

69. Baunwall, S. M. D. et al. Faecal microbiota transplantation for recurrent
<em>Clostridioides difficile</em> infection: An updated systematic review and meta-analysis.
EClinicalMedicine 29, (2020).

70. Sbahi, H. & Di Palma, J. A. Faecal microbiota transplantation: applications and
limitations in treating gastrointestinal disorders. BMJ open Gastroenterol. 3, €000087 (2016).
71.  Gibson, G. R. & Roberfroid, M. B. Dietary Modulation of the Human Colonic
Microbiota: Introducing the Concept of Prebiotics. J. Nutr. 125, 1401-1412 (1995).

72. Gibson, G. R. et al. Expert consensus document: The International Scientific Association
for Probiotics and Prebiotics (ISAPP) consensus statement on the definition and scope of

prebiotics. Nat. Rev. Gastroenterol. Hepatol. 14, 491-502 (2017).

231



73. Gill, S. K., Rossi, M., Bajka, B. & Whelan, K. Dietary fibre in gastrointestinal health and
disease. Nat. Rev. Gastroenterol. Hepatol. (2020). doi:10.1038/s41575-020-00375-4

74. O’Grady, J., O’Connor, E. M. & Shanahan, F. Review article: dietary fibre in the era of
microbiome science. Aliment. Pharmacol. Ther. 49, 506-515 (2019).

75. Reynolds, A. et al. Carbohydrate quality and human health: a series of systematic reviews
and meta-analyses. Lancet 393, 434-445 (2019).

76. Ananthakrishnan, A. N. et al. A Prospective Study of Long-term Intake of Dietary Fiber
and Risk of Crohn’s Disease and Ulcerative Colitis. Gastroenterology 145, 970-977 (2013).

77. Oliphant, K. & Allen-Vercoe, E. Macronutrient metabolism by the human gut
microbiome: Major fermentation by-products and their impact on host health. Microbiome 7, 91
(2019).

78. Gill, S. K., Rossi, M., Bajka, B. & Whelan, K. Dietary fibre in gastrointestinal health and
disease. Nat. Rev. Gastroenterol. Hepatol. 18, 101-116 (2021).

79. den Besten, G. et al. The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340 (2013).

80. Makki, K., Deehan, E. C., Walter, J. & Bickhed, F. The Impact of Dietary Fiber on Gut
Microbiota in Host Health and Disease. Cell Host Microbe 23, 705-715 (2018).

81. Leshem, A., Horesh, N. & Elinav, E. Fecal Microbial Transplantation and Its Potential
Application in Cardiometabolic Syndrome. Front. Immunol. 10, (2019).

82.  Zou, J. et al. Fiber-Mediated Nourishment of Gut Microbiota Protects against Diet-
Induced Obesity by Restoring IL-22-Mediated Colonic Health. Cell Host Microbe 23, 41-53.e4

(2018).

232



83. Dahiya, D. K. et al. Gut Microbiota Modulation and Its Relationship with Obesity Using
Prebiotic Fibers and Probiotics: A Review . Frontiers in Microbiology 8, 563 (2017).

84. Versalovic, J. The Human Microbiome and Probiotics: Implications for Pediatrics. Ann.
Nutr. Metab. 63(suppl 2), 42-52 (2013).

85. Chiu, Y. H., Lin, S. L., Tsai, J. J. & Lin, M. Y. Probiotic actions on diseases: implications
for therapeutic treatments. Food Funct. 5, 625-634 (2014).

86. Depommier, C. et al. Supplementation with Akkermansia muciniphila in overweight and
obese human volunteers: a proof-of-concept exploratory study. Nat. Med. (2019).
doi:10.1038/s41591-019-0495-2

87. Zmora, N. et al. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics
Is Associated with Unique Host and Microbiome Features. Cell 174, 1388-1405.e21 (2018).

88. Borody, T., Fischer, M., Mitchell, S. & Campbell, J. Fecal microbiota transplantation in
gastrointestinal disease: 2015 update and the road ahead. Expert Rev. Gastroenterol. Hepatol. 9,
1379-1391 (2015).

89. Keshteli, A. H., Millan, B. & Madsen, K. L. Pretreatment with antibiotics may enhance
the efficacy of fecal microbiota transplantation in ulcerative colitis: a meta-analysis. Mucosal
Immunol. 10, 565-566 (2017).

90.  Walter, J., Maldonado-Gomez, M. X. & Martinez, I. To engraft or not to engraft: an
ecological framework for gut microbiome modulation with live microbes. Curr. Opin.

Biotechnol. 49, 129-139 (2018).

233



Chapter 1.2 References

1. WHO. WHO | Obesity and overweight. World Health Organisation Media Centre Fact
Sheet No. 311 1-2 (2012).

2. Wilborn, C. et al. Obesity : Prevalence , Theories , Medical Consequences , Management
, and Research Directions. 2, 4-31 (2005).

3. Inoue, Y. et al. Epidemiology of Obesity in Adults : Latest Trends. 276288 (2018).

4. Altfas, J. R. Prevalence of attention deficit/hyperactivity disorder among adults in obesity
treatment. BMC Psychiatry 2, 9 (2002).

5. Bomberg, E. et al. ScienceDirect The Financial Costs , Behaviour and Psychology of
Obesity : A One Health Analysis. J. Comp. Pathol. 156, 310-325 (2017).

6. Wharton, S. et al. Obesity in adults: a clinical practice guideline. Can. Med. Assoc. J.
192, E875 LP-E891 (2020).

7. Ruban, A., Stoenchev, K., Ashrafian, H. & Teare, J. Current treatments for obesity. Clin.
Med. 19, 205-212 (2019).

8. Organization, W. H. World Health Organization. Available at:
https://www.who.int/topics/obesity/en/.

9. Health, N. L. of. Classification of Overweight and Obesity by BMI, Waist Circumference,
and Associated Disease Risks.

10. Katzmarzyk, P. T. Obesity in Canadian Children. CMAJ 164, 1563-1564 (2001).

11.  Vague, J. The Degree of Masculine Differentiation of. 4, (1996).

12. Lee, L., Sanders, R. A. & Lee, L. Metabolic Syndrome. (2012). doi:10.1542/pir.33-10-
459

13. Lean, M. E. J. Metabolic syndrome. Medicine (Baltimore). 43, 80-87 (2014).

234



14. Martin, K. A., Mani, M. V & Mani, A. New targets to treat obesity and the metabolic
syndrome. Eur. J. Pharmacol. 763, 6474 (2015).

15. Karmali, S. et al. Weight recidivism post-bariatric surgery: A systematic review. Obesity
Surgery (2013). doi:10.1007/s11695-013-1070-4

16. Expert Panel on Detection and Treatment of High Blood Cholesterol in Adults, E.
Executive Summary of the Third Report of the National Cholesterol Education Program (NCEP)
Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults
(Adult Treatment Panel I1I). JAMA 285, 2486-2497 (2001).

17. Jeffrey I. Mechanick, Chair Rhoda H. Cobin, Daniel Einhorn, Y. H. & Richard Hellman,
P. S. J. American College of Endocrinology/American Association of Clinical Endocrinologists:
Reaffirmation of the 2003 ACE Insulin Resistance Syndrome (IRS) Position Statement.

18. Whitehead, J. P., Richards, A. A., Hickman, I. J., Macdonald, G. A. & Prins, J. B.
Adiponectin — a key adipokine in the metabolic syndrome. 264-280 (2006). doi:10.1111/j.1463
19.  Kootte, R. S. et al. Clinical and Translational Report Improvement of Insulin Sensitivity
after Lean Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota
Composition Clinical and Translational Report Improvement of Insulin Sensitivity after Lean
Donor Feces in Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition.
611-619 (2017). doi:10.1016/j.cmet.2017.09.008

20. A. Strewart & Truswell. MEDICAL HISTORY OF OBESITY. Nutr. Med. 1, 1-25
(2013).

21.  Heymsfield, S. B. & Wadden, T. A. Mechanisms, Pathophysiology, and Management of
Obesity. N. Engl. J. Med. 376, 254-266 (2017).

22. Khan, M. Z. Mechanism linking diabetes mellitus and obesity. 587-591 (2014).

235



23. Jebb, S. A. Aetiology of obesity. 3, 264—285 (1997).

24. Wensveen, F. M. & Valenti, S. ECI 2015 Review Series The “ Big Bang ” in obese fat :
Events initiating obesity-induced adipose tissue inflammation. 24462456 (2015).
doi:10.1002/€ji.201545502

25. Sanmiguel, C., Gupta, A. & Mayer, E. A. Gut Microbiome and Obesity : A Plausible
Explanation for Obesity. 250-261 (2015). doi:10.1007/s13679-015-0152-0

26. Benedict FG, Miles WR, Roth P, S. H. Human vitality and efficiency under prolonged
restricted diet. (1919).

27. Klok, M. D., Jakobsdottir, S. & Drent, M. L. The role of leptin and ghrelin in the
regulation of food intake and body weight in humans : a review. 21-34 (2006).
doi:10.1111/5.1467-789X.2006.00270.x

28. Chakraborti, C. K. New-found link between microbiota and obesity. 6, 110-119 (2015).
29. Maruvada, P., Leone, V., Kaplan, L. M. & Chang, E. B. Perspective The Human
Microbiome and Obesity : Moving beyond Associations. Cell Host Microbe 22, 589-599 (2017).
30. Wouw, M. Van De, Dinan, T. G. & Cryan, J. F. Microbiota-Gut-Brain Axis : Modulator
of Host Metabolism and Appetite 1, 2. 727-745 (2018).
doi:10.3945/jn.116.240481.Downloaded

31. Cox, A.J., West, N. P. & Cripps, A. W. Obesity, inflammation, and the gut microbiota.
Lancet Diabetes Endocrinol. 3, 207-215 (2015).

32. Choi, J., Joseph, L. & Pilote, L. Obesity and C-reactive protein in various populations: a

systematic review and meta-analysis. Obes. Rev. 14, 232-244 (2013).

236



33, Ellulu, M. S., Patimah, I., Khaza’ai, H., Rahmat, A. & Abed, Y. Obesity and
inflammation: the linking mechanism and the complications. Arch. Med. Sci. 13, 851-863
(2017).

34, Brooks, G. C., Blaha, M. J. & Blumenthal, R. S. Relation of C-reactive protein to
abdominal adiposity. Am. J. Cardiol. 106, 56—61 (2010).

35. Turnbaugh, P. J. et al. An obesity-associated gut microbiome with increased capacity for

energy harvest. Nature 444, 1027-1031 (2006).

36. Turnbaugh, P. J. et al. A core gut microbiome in obese and lean twins. Nature 457, 480—
484 (2009).
37.  Ridaura, V. K. et al. Gut microbiota from twins discordant for obesity modulate

metabolism in mice. Science (80-. ). 341, (2013).

38. Boulangg, C. L., Neves, A. L., Chilloux, J., Nicholson, J. K. & Dumas, M.-E. Impact of
the gut microbiota on inflammation, obesity, and metabolic disease. Genome Med. 8, 42 (2016).
39. Wang, J. & Jia, H. Metagenome-wide association studies: fine-mining the microbiome.
Nat. Rev. Microbiol. 14, 508 (2016).

40.  Greenblum, S., Turnbaugh, P. J. & Borenstein, E. Metagenomic systems biology of the
human gut microbiome reveals topological shifts associated with obesity and inflammatory
bowel disease. Proc. Natl. Acad. Sci. U. S. A. 109, 594-599 (2012).

41. Pray, L., Pillsbury, L. & Tomayko, E. The Human Microbiome , Diet , and Health.

42. Ley, R. E., Turnbaugh, P. J., Klein, S. & Gordon, J. I. Human gut microbes associated
with obesity. Nature 444, 1022-1023 (20006).

43, Postler, T. S. & Ghosh, S. Understanding the Holobiont: How Microbial Metabolites

Affect Human Health and Shape the Immune System. Cell Metab. 26, 110-130 (2017).

237



44, Valdes, A. M., Walter, J., Segal, E. & Spector, T. D. Role of the gut microbiota in
nutrition and health. BMJ 361, k2179 (2018).

45. Durack, J. & Lynch, S. V. The gut microbiome: Relationships with disease and
opportunities for therapy. J. Exp. Med. 216, 20—40 (2019).

46. Lynch, S. V & Pedersen, O. The human intestinal microbiome in health and disease. N.
Engl. J. Med. 375, 2369-2379 (2016).

47. Rinninella, E. et al. What is the Healthy Gut Microbiota Composition? A Changing
Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 7, 14 (2019).

48. Clarke, S. F. et al. The gut microbiota and its relationship to diet and obesity: new
insights. Gut Microbes 3, 186202 (2012).

49, Flint, H. J., Scott, K. P., Duncan, S. H., Louis, P. & Forano, E. Microbial degradation of
complex carbohydrates in the gut. Gut Microbes 3, 289-306 (2012).

50. Kho, Z. Y. & Lal, S. K. The Human Gut Microbiome - A Potential Controller of
Wellness and Disease. Front. Microbiol. 9, 1835 (2018).

51.  Depommier, C. et al. Supplementation with Akkermansia muciniphila in overweight and
obese human volunteers: a proof-of-concept exploratory study. Nat. Med. (2019).
doi:10.1038/s41591-019-0495-2

52. Broecker, F., Klumpp, J. & Moelling, K. Long-term microbiota and virome in a Zurich
patient after fecal transplantation against Clostridium difficile infection. in Nutrition and the
Microbiome 1372, 2941 (Blackwell Science Publ, 2016).

53. Stephens, R. W., Arhire, L. & Covasa, M. Gut Microbiota: From Microorganisms to

Metabolic Organ Influencing Obesity. Obesity 26, 801-809 (2018).

238



54. Harley, I. T. W. & Karp, C. L. Obesity and the gut microbiome: Striving for causality.
Mol. Metab. 1, 21-31 (2012).

55. Murphy, E. F. et al. Composition and energy harvesting capacity of the gut microbiota:
relationship to diet, obesity and time in mouse models. Gut 59, 1635 LP — 1642 (2010).

56. Samuelsson, A. et al. Diet-Induced Obesity in Female Mice Leads to Offspring and
Insulin Resistance A Novel Murine Model of Developmental Programming. 383—-392 (2008).
doi:10.1161/HYPERTENSIONAHA.107.101477

57. Showalter, M. R. et al. Obesogenic diets alter metabolism in mice. PLoS One 13,
€0190632 (2018).

58. Cani, P. D. et al. Changes in gut microbiota control inflammation in obese mice through a
mechanism involving GLP-2- driven improvement of gut permeability. 1091-1103 (2009).
doi:10.1136/gut.2008.165886

59.  Lee, J. C. et al. Obesogenic diet-induced gut barrier dysfunction and pathobiont
expansion aggravate experimental colitis. PLoS One 12, e0187515 (2017).

60.  Richard, C. et al. Individuals with obesity and type 2 diabetes have additional immune
dysfunction compared with obese individuals who are metabolically healthy. BMJ Open
Diabetes Res. &amp;amp; Care 5, 000379 (2017).

61. Asghar, A. & Sheikh, N. Role of immune cells in obesity induced low grade
inflammation and insulin resistance. Cell. Immunol. 315, 18-26 (2017).

62. Stephens_et al-2018-Obesity.pdf.

63.  Cockburn, D. W. & Koropatkin, N. M. Polysaccharide Degradation by the Intestinal
Microbiota and Its Influence on Human Health and Disease. J. Mol. Biol. 428, 3230-3252

(2016).

239



64. Lam, S. Y., Yu, J., Wong, S. H., Peppelenbosch, M. P. & Fuhler, G. M. The
gastrointestinal microbiota and its role in oncogenesis. Best Pract. Res. Clin. Gastroenterol. 31,
607-618 (2017).

65. Kim, J. J. & Sears, D. D. TLR4 and Insulin Resistance. Gastroenterol. Res. Pract. 2010,
212563 (2010).

66. Saad, M. J. A., Santos, A. & Prada, P. O. Linking Gut Microbiota and Inflammation to
Obesity and Insulin Resistance. Physiology (Bethesda). 31, 283-293 (2016).

67.  Anderson, P. D. et al. Innate Immunity Modulates Adipokines in Humans. J. Clin.
Endocrinol. Metab. 92, 2272-2279 (2007).

68. Ghoshal, S., Witta, J., Zhong, J., Villiers, W. & Eckhardt, E. Chylomicrons promote
intestinal absorption of lipopolysaccharides. J Lipid Res 50, (2009).

69. Li, X., Shimizu, Y. & Kimura, I. Gut microbial metabolite short-chain fatty acids and
obesity. Biosci. microbiota, food Heal. 36, 135-140 (2017).

70. Corréa-Oliveira, R., Fachi, J. L., Vieira, A., Sato, F. T. & Vinolo, M. A. R. Regulation of
immune cell function by short-chain fatty acids. Clin. Transl. Immunol. 5, e73—73 (2016).

71.  Agus, A. et al. Western diet induces a shift in microbiota composition enhancing
susceptibility to Adherent-Invasive E. coli infection and intestinal inflammation. Sci. Rep. 6,
19032 (2016).

72. den Besten, G. et al. The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J. Lipid Res. 54, 2325-2340 (2013).

73. Gill, P. A., van Zelm, M. C., Muir, J. G. & Gibson, P. R. Review article: short chain fatty
acids as potential therapeutic agents in human gastrointestinal and inflammatory disorders.

Aliment. Pharmacol. Ther. 48, 15-34 (2018).

240



74. Suez, J. & Elinav, E. The path towards microbiome-based metabolite treatment. Nat.
Microbiol. 2, (2017).

75. Parada Venegas, D. et al. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and
Immune Regulation and Its Relevance for Inflammatory Bowel Diseases. Front. Immunol. 10,
277 (2019).

76. Tan, J. et al. The Role of Short-Chain Fatty Acids in Health and Disease. Advances in
Immunology 121, (Elsevier Inc., 2014).

77. Bouter, K. E., van Raalte, D. H., Groen, A. K. & Nieuwdorp, M. Role of the Gut
Microbiome in the Pathogenesis of Obesity and Obesity-Related Metabolic Dysfunction.
Gastroenterology 152, 1671-1678 (2017).

78. Molinaro, A., Wahlstrom, A. & Marschall, H.-U. Role of Bile Acids in Metabolic
Control. Trends Endocrinol. Metab. 29, 31-41 (2018).

79.  Yang, S. et al. Gut Microbiota-Dependent Marker TMAO in Promoting Cardiovascular
Disease: Inflammation Mechanism, Clinical Prognostic, and Potential as a Therapeutic Target.
Front. Pharmacol. 10, 1360 (2019).

80. Tobias, D. K. et al. Circulating Branched-Chain Amino Acids and Incident
Cardiovascular Disease in a Prospective Cohort of US Women. Circ. Genomic Precis. Med. 11,
€002157-e002157 (2018).

81.  Pedersen, H. K. et al. Human gut microbes impact host serum metabolome and insulin
sensitivity. Nature 535, 376-381 (2016).

82.  Wikoff, W. R. et al. Metabolomics analysis reveals large effects of gut microflora on

mammalian blood metabolites. Proc. Natl. Acad. Sci. 106, 3698 LP — 3703 (2009).

241



83. Knowler, W. C. et al. Reduction in the incidence of type 2 diabetes with lifestyle
intervention or metformin. N. Engl. J. Med. 346, 393—403 (2002).

84. Gardner, C. D. et al. Comparison of the Atkins, Zone, Ornish, and LEARN diets for
change in weight and related risk factors among overweight premenopausal women: the A TO Z
Weight Loss Study: a randomized trial. JAMA 297, 969-977 (2007).

85. Mozaftarian, D. Dietary and Policy Priorities for Cardiovascular Disease, Diabetes, and
Obesity: A Comprehensive Review. Circulation 133, 187-225 (2016).

86. Freedman, M. R., King, J. & Kennedy, E. Popular diets: a scientific review. Obes. Res. 9
Suppl 1, 1S-40S (2001).

87. Dansinger, M. L., Gleason, J. A., Griffith, J. L., Selker, H. P. & Schaefer, E. J.
Comparison of the Atkins, Ornish, Weight Watchers, and Zone diets for weight loss and heart
disease risk reduction: a randomized trial. JAMA 293, 43-53 (2005).

88. Villareal, D. T. et al. Aerobic or Resistance Exercise, or Both, in Dieting Obese Older
Adults. N. Engl. J. Med. 376, 1943-1955 (2017).

89. Cheatham, S. W., Stull, K. R., Fantigrassi, M. & Motel, I. The efficacy of wearable
activity tracking technology as part of a weight loss program: a systematic review. J. Sports Med.
Phys. Fitness 58, 534-548 (2018).

90. Sullivan, A. N. & Lachman, M. E. Behavior Change with Fitness Technology in
Sedentary Adults: A Review of the Evidence for Increasing Physical Activity. Front. public
Heal. 4, 289 (2017).

91. Burgess, E., Hassmen, P. & Pumpa, K. L. Determinants of adherence to lifestyle

intervention in adults with obesity: a systematic review. Clin. Obes. 7, 123—135 (2017).

242



92. Leblanc, E. S., O’Connor, E., Whitlock, E. P., Patnode, C. D. & Kapka, T. Effectiveness
of primary care-relevant treatments for obesity in adults: a systematic evidence review for the
U.S. Preventive Services Task Force. Ann. Intern. Med. 155, 434-447 (2011).

93. WS, Y. et al. A low-carbohydrate, ketogenic diet versus a low-fat diet to treat obesity and
hyperlipidemia: A randomized, controlled trial. Ann. Intern. Med. 140, 769—777 (2004).

94, Mehta, A., Marso, S. P. & Neeland, I. J. Liraglutide for weight management: a critical
review of the evidence. Obes. Sci. Pract. 3, 3—14 (2016).

95. le Roux, C. W. et al. 3 years of liraglutide versus placebo for type 2 diabetes risk
reduction and weight management in individuals with prediabetes: a randomised, double-blind
trial. Lancet 389, 1399-1409 (2017).

96. Romera, L., Cebrian-Cuenca, A., Alvarez-Guisasola, F., Gomez-Peralta, F. & Reviriego,
J. A Review of Practical Issues on the Use of Glucagon-Like Peptide-1 Receptor Agonists for the
Management of Type 2 Diabetes. Diabetes Ther. 10, 5-19 (2019).

97.  Wilding, J. P. H. et al. Once-Weekly Semaglutide in Adults with Overweight or Obesity.
N. Engl. J. Med. 384, 989-1002 (2021).

98. Tek, C. Naltrexone HCI/bupropion HCI for chronic weight management in obese adults:
patient selection and perspectives. Patient Prefer. Adherence 10, 751-759 (2016).

99. Tadross, J. a & le Roux, C. W. The mechanisms of weight loss after bariatric surgery. Int.
J. Obes. (Lond). (2009). doi:10.1038/1j0.2009.14

100. Smith, B. R., Schauer, P. & Nguyen, N. T. Surgical approaches to the treatment of
obesity: bariatric surgery. Endocrinol. Metab. Clin. North Am. 37, 943—-64 (2008).

101. Pollard, S. The current status of bariatric surgery. Frontline Gastroenterol. 2, 90-95

(2011).

243



102.  Ponce, J. et al. American Society for Metabolic and Bariatric Surgery estimation of
bariatric surgery procedures in 2015 and surgeon workforce in the United States. Surg. Obes.
Relat. Dis. 12, 1637-1639 (2016).

103.  Brethauser SA, Hammel JP, S. P. Systematic review of sleeve gastrectomy as staging and
primary bariatric procedure. Surg. Obes. Relat. Dis. 5, 469-475 (2017).

104.  Gerber, P., Anderin, C., Szabo, E., Néslund, I. & Thorell, A. Impact of age on risk of
complications after gastric bypass: A cohort study from the Scandinavian Obesity Surgery
Registry (SOReg). Surg. Obes. Relat. Dis. 14, 437442 (2018).

105. Walsh, C. & Karmali, S. Endoscopic management of bariatric complications: A review
and update. World J. Gastrointest. Endosc. 7, 518 (2015).

106. Chang, S. H. et al. Early major complications after bariatric surgery in the USA, 2003—
2014: a systematic review and meta-analysis. Obes. Rev. 19, 529-537 (2018).

107. Morgan, D. J. R., Ho, K. M., Armstrong, J. & Litton, E. Long-term Clinical Outcomes
and Health Care Utilization After Bariatric Surgery: A Population-based Study. Ann. Surg. 262,
86-92 (2015).

108.  Peterli, R. et al. Effect of Laparoscopic Sleeve Gastrectomy vs Laparoscopic Roux-en-Y
Gastric Bypass on Weight Loss in Patients With Morbid Obesity: The SM-BOSS Randomized
Clinical Trial. Jama 319, 255-265 (2018).

109. Korner, J. et al. Randomized double-blind placebo-controlled study of leptin
administration after gastric bypass. Obesity (Silver Spring). 21, 951-956 (2013).

110.  Schauer, P. R. et al. Bariatric Surgery versus Intensive Medical Therapy for Diabetes - 5-

Year Outcomes. N. Engl. J. Med. 376, 641-651 (2017).

244



111. Vrieze, A. et al. Transfer of Intestinal Microbiota From Lean Donors Increases Insulin.
YGAST 143,913-916.e7 (2012).

112.  Hanssen, N. M. J., de Vos, W. M. & Nieuwdorp, M. Fecal microbiota transplantation in
human metabolic diseases: From a murky past to a bright future? Cell Metab. 33, 1098—-1110
(2021).

113.  Vrieze, A. et al. Transfer of intestinal microbiota from lean donors increases insulin
sensitivity in individuals with metabolic syndrome. Gastroenterology 143, 913-916.e7 (2012).
114. Keshteli, A. H., Millan, B. & Madsen, K. L. Pretreatment with antibiotics may enhance
the efficacy of fecal microbiota transplantation in ulcerative colitis: a meta-analysis. Mucosal
Immunol. 10, 565-566 (2017).

115.  Zhang, Z. et al. Impact of Fecal Microbiota Transplantation on Obesity and Metabolic
Syndrome — A Systematic Review. Nutrients 11, 2291 (2019).

116. Cerdd, T., Garcia-Santos, J. A., G Bermudez, M. & Campoy, C. The Role of Probiotics
and Prebiotics in the Prevention and Treatment of Obesity. Nutrients 11, 635 (2019).

117. Makki, K., Deehan, E. C., Walter, J. & Béckhed, F. The Impact of Dietary Fiber on Gut

Microbiota in Host Health and Disease. Cell Host Microbe 23, 705-715 (2018).

245



Chapter 1.3 References

1. Lee, S. et al. The ‘ins and outs’ of faecal microbiota transplant for recurrent Clostridium
difficile diarrhoea at Wits Donald Gordon Medical Centre, Johannesburg, South Africa. S. Afr.
Med. J. 108, 403—407 (2018).

2. Alatab, S. et al. The global, regional, and national burden of inflammatory bowel disease
in 195 countries and territories, 1990&#x2013;2017: a systematic analysis for the Global Burden
of Disease Study 2017. Lancet Gastroenterol. Hepatol. 5, 17-30 (2020).

3. Ng, S. C. et al. Worldwide incidence and prevalence of inflammatory bowel disease in
the 21st century: a systematic review of population-based studies. Lancet 390, 27692778
(2017).

4. Canada, C. and C. 2018 Impact of Impact of Inflammatory Bowel Disease in Canada.
(2018).

5. Bernstein, C. N., Longobardi, T., Finlayson, G. & Blanchard, J. F. Direct Medical Cost of
Managing IBD Patients: A Canadian Population-based Study. Inflamm. Bowel Dis. 18, 1498—
1508 (2012).

6. Park, K. T. et al. The Cost of Inflammatory Bowel Disease: An Initiative From the
Crohn’s &amp; Colitis Foundation. Inflamm. Bowel Dis. 26, 1-10 (2020).

7. Lamb, C. A. et al. British Society of Gastroenterology consensus guidelines on the
management of inflammatory bowel disease in adults. Gut 68, s1-s106 (2019).

8. Frolkis, A. D. et al. Cumulative Incidence of Second Intestinal Resection in Crohn’s
Disease: A Systematic Review and Meta-Analysis of Population-Based Studies. Off. J. Am.

Coll. Gastroenterol. | ACG 109, (2014).

246



0. Wilks, S. Morbid appearances in the intestine of Miss Bankes. Med Times Gaz. 2, 264—
265 (1859).

10.  CROHN, B. B., GINZBURG, L. & OPPENHEIMER, G. D. REGIONAL ILEITIS: A
PATHOLOGIC AND CLINICAL ENTITY. J. Am. Med. Assoc. 99, 1323-1329 (1932).

11. Bernstein, C. N. et al. World Gastroenterology Organization Practice Guidelines for the
diagnosis and management of IBD in 2010. Inflamm. Bowel Dis. 16, 112—124 (2010).

12. Guo, X. Y., Liu, X. J. & Hao, J. Y. Gut microbiota in ulcerative colitis: insights on
pathogenesis and treatment. J. Dig. Dis. 21, 147-159 (2020).

13.  Kuhnen, A. Genetic and Environmental Considerations for Inflammatory Bowel Disease.
Surg. Clin. North Am. 99, 1197-1207 (2019).

14.  Movva, R. et al. Cecal microbiota directly affect colitis development in a mouse model of
induced colitis. Gastroenterology 152, S987-S988 (2017).

15. Serban, D. E. Microbiota in Inflammatory Bowel Disease Pathogenesis and Therapy: Is It
All About Diet? Nutr. Clin. Pract. 30, 760-779 (2015).

16. Kostic, A. D., Xavier, R. J. & Gevers, D. The Microbiome in Inflammatory Bowel
Disease: Current Status and the Future Ahead. Gastroenterology 146, 1489—-1499 (2014).

17.  Morgan, X. C. et al. Dysfunction of the intestinal microbiome in inflammatory bowel
disease and treatment. Genome Biol. 13, 1-18 (2012).

18.  Veltkamp, C. et al. Continuous stimulation by normal luminal bacteria is essential for the
development and perpetuation of colitis in Tge26 mice. Gastroenterology 120, 900-913 (2001).
19. Schaubeck, M. et al. Dysbiotic gut microbiota causes transmissible Crohn ’ s disease-like
ileitis independent of failure in antimicrobial defence. 225-237 (2016). doi:10.1136/gutjnl-2015-

309333

247



20. Glassner, K. L., Abraham, B. P. & Quigley, E. M. M. The microbiome and inflammatory
bowel disease. J. Allergy Clin. Immunol. 145, 16-27 (2020).

21. Rutgeerts, P. et al. Controlled trial of metronidazole treatment for prevention of Crohn’s
recurrence after ileal resection. Gastroenterology 108, 1617-1621 (1995).

22. Janowitz, H. D., Croen, E. C. & Sachar, D. B. The role of the fecal stream in Crohn’s
disease: an historical and analytic review. Inflamm. Bowel Dis. 4, 29-39 (1998).

23. D’Haens, G. R. et al. Early lesions of recurrent Crohn’s disease caused by infusion of
intestinal contents in excluded ileum. Gastroenterology 114, 262-267 (1998).

24. Graham, D. B. & Xavier, R. J. Pathway paradigms revealed from the genetics of
inflammatory bowel disease. Nature 578, 527-539 (2020).

25.  Packey, C. D. & Sartor, R. B. Interplay of commensal and pathogenic bacteria, genetic
mutations, and immunoregulatory defects in the pathogenesis of inflammatory bowel diseases. J.
Intern. Med. 263, 597-606 (2008).

26. Saad, M. J. A., Santos, A. & Prada, P. O. Linking Gut Microbiota and Inflammation to
Obesity and Insulin Resistance. Physiology (Bethesda). 31, 283-293 (2016).

217. Lavelle, A. & Sokol, H. Gut microbiota-derived metabolites as key actors in
inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 17, 223-237 (2020).

28.  Wright, E. K. et al. Recent Advances in Characterizing the Gastrointestinal Microbiome
in Crohn’s Disease: A Systematic Review. Inflamm. Bowel Dis. 21, 1219-1228 (2015).

29. Pascal, V. et al. A microbial signature for Crohn’s disease. Gut 66, 813 LP — 822 (2017).
30. Degruttola, A. K., Low, D., Mizoguchi, A. & Mizoguchi, E. Current understanding of

dysbiosis in disease in human and animal models. Inflamm. Bowel Dis. 22, 1137-1150 (2016).

248



31. Bull, M. J. & Plummer, N. T. Part 1: The Human Gut Microbiome in Health and Disease.
Integr. Med. (Encinitas). 13, 17-22 (2014).

32. Quévrain, E. et al. Identification of an anti-inflammatory protein from Faecalibacterium
prausnitzii, a commensal bacterium deficient in Crohn’s disease. Gut 65, 415425 (2016).

33, Sartor, R. B. & Wu, G. D. Roles for Intestinal Bacteria, Viruses, and Fungi in
Pathogenesis of Inflammatory Bowel Diseases and Therapeutic Approaches. Gastroenterology
152, 327-339.€324 (2017).

34, Liu, S., Zhao, W., Lan, P. & Mou, X. The microbiome in inflammatory bowel diseases:
from pathogenesis to therapy. Protein Cell (2020). doi:10.1007/s13238-020-00745-3

35. Wang, J., Chen, W. D. & Wang, Y. D. The Relationship Between Gut Microbiota and
Inflammatory Diseases: The Role of Macrophages. Front. Microbiol. 11, 1065 (2020).

36. Somineni, H. K. & Kugathasan, S. The Microbiome in Patients With Inflammatory
Diseases. Clin. Gastroenterol. Hepatol. 17, 243-255 (2019).

37. Verbeke, K. A., Boesmans, L. & Boets, E. Modulating the microbiota in inflammatory
bowel diseases: prebiotics, probiotics or faecal transplantation? Proc. Nutr. Soc. 73, 490497
(2014).

38. Basson, A. R., Lam, M. & Cominelli, F. Complementary and Alternative Medicine
Strategies for Therapeutic Gut Microbiota Modulation in Inflammatory Bowel Disease and their
Next-Generation Approaches. Gastroenterol. Clin. North Am. 46, 689-729 (2017).

39, Qiao, Y. Q., Cai, C. W. & Ran, Z. H. Therapeutic modulation of gut microbiota in
inflammatory bowel disease: More questions to be answered. J. Dig. Dis. 17, 800—810 (2016).
40. Caprilli, R., Cesarini, M., Angelucci, E. & Frieri, G. The long journey of salicylates in

ulcerative colitis: The past and the future. J. Crohn’s Colitis 3, 149—156 (2009).

249



41. Punchard, N. A., Greenfield, S. M. & Thompson, R. P. Mechanism of action of 5-
aminosalicylic acid. Mediators Inflamm. 1, 151-165 (1992).

42. Murray A, N. T. M. P. C. E. F. B. G. & MacDonald, J. K. Oral 5-aminosalicylic acid for
maintenance of remission in ulcerative colitis. Cochrane Database Syst. Rev. (2020).
doi:10.1002/14651858.CD000544.pub5

43. Akobeng AK, Z. D. G. M. & MacDonald, J. K. Oral 5-aminosalicylic acid for
maintenance of medically-induced remission in Crohn’s disease. Cochrane Database Syst. Rev.
(2016). doi:10.1002/14651858.CD003715.pub3

44, Oikonomou, K., Kapsoritakis, A., Eleftheriadis, T., Stefanidis, I. & Potamianos, S. Renal
manifestations and complications of inflammatory bowel disease. Inflamm. Bowel Dis. 17,
1034-1045 (2011).

45. Turner, D., Walsh, C. M., Steinhart, A. H. & Griffiths, A. M. Response to Corticosteroids
in Severe Ulcerative Colitis: A Systematic Review of the Literature and a Meta-Regression. Clin.
Gastroenterol. Hepatol. 5, 103—110 (2007).

46. Kuenzig, M. E. et al. Budesonide for the Induction and Maintenance of Remission in
Crohn’s Disease: Systematic Review and Meta-Analysis for the Cochrane Collaboration. J. Can.
Assoc. Gastroenterol. 1, 159-173 (2018).

47.  Ford, A. C. et al. Glucocorticosteroid therapy in inflammatory bowel disease: systematic
review and meta-analysis. Am. J. Gastroenterol. 106, 590-599 (2011).

48. Timmer A, P. P. H. C. N. M. J. W. D. & MacDonald, J. K. Azathioprine and 6-
mercaptopurine for maintenance of remission in ulcerative colitis. Cochrane Database Syst. Rev.

(2016). doi:10.1002/14651858.CD000478.pub4

250



49, Fraser, A. G., Orchard, T. R. & Jewell, D. P. The efficacy of azathioprine for the
treatment of inflammatory bowel disease: a 30 year review. Gut 50, 485-489 (2002).

50. Hazlewood, G. S. et al. Comparative effectiveness of immunosuppressants and biologics
for inducing and maintaining remission in Crohn’s disease: a network meta-analysis.
Gastroenterology 148, 344-354 (2015).

51. Pagnini, C., Pizarro, T. T. & Cominelli, F. Novel Pharmacological Therapy in
Inflammatory Bowel Diseases: Beyond Anti-Tumor Necrosis Factor. Front. Pharmacol. 10, 671
(2019).

52.  Neurath, M. F. Current and emerging therapeutic targets for IBD. Nat. Rev.
Gastroenterol. Hepatol. 14, 269-278 (2017).

53. Lawson MM, T. A. G. & Akobeng, A. K. Tumour necrosis factor alpha blocking agents
for induction of remission in ulcerative colitis. Cochrane Database Syst. Rev. (2006).
doi:10.1002/14651858.CD005112.pub2

54, Wright, E. K., Ding, N. S. & Niewiadomski, O. Management of inflammatory bowel
disease. Med. J. Aust. 209, 318-323 (2018).

55. Murthy, S. K. et al. Introduction of anti-TNF therapy has not yielded expected declines in
hospitalisation and intestinal resection rates in inflammatory bowel diseases: a population-based
interrupted time series study. Gut 69, 274 LP — 282 (2020).

56.  Paramsothy, S. et al. Faecal Microbiota Transplantation for Inflammatory Bowel Disease:
A Systematic Review and Meta-analysis. J. Crohns. Colitis 11, 1180-1199 (2017).

57. Caldeira, L. d F. et al. Fecal microbiota transplantation in inflammatory bowel disease

patients: A systematic review and meta-analysis. PLoS One 15, 0238910 (2020).

251



58. Thomas, H. IBD: FMT induces clinical remission in ulcerative colitis. Nat. Rev.
Gastroenterol. Hepatol. 14, 196 (2017).

59. Quraishi, M. N., Critchlow, T., Bhala, N., Sharma, N. & Igbal, T. Faecal transplantation
for IBD management-pitfalls and promises. Br. Med. Bull. 124, 181-190 (2017).

60. Keshteli, A. H., Millan, B. & Madsen, K. L. Pretreatment with antibiotics may enhance
the efficacy of fecal microbiota transplantation in ulcerative colitis: a meta-analysis. Mucosal
Immunol. 10, 565-566 (2017).

61. Cui, B. et al. Step-up fecal microbiota transplantation (FMT) strategy. Gut Microbes 7,
323-328 (2016).

62.  Elfaituri, M. K. et a. COMPARATIVE EFFICACY AND SAFETY OF PROBIOTICS
TREATMENT IN INFLAMMATORY BOWEL DISEASES: A SYSTEMATIC REVIEW AND
NETWORK META-ANALYSIS. Gastroenterology 156, S-643 (2019).

63. Wedlake, L., Slack, N., Andreyev, H. J. N. & Whelan, K. Fiber in the Treatment and
Maintenance of Inflammatory Bowel Disease: A Systematic Review of Randomized Controlled
Trials. Inflamm. Bowel Dis. 20, 576-586 (2014).

64. Dey, N., Soergel, D. A. W., Repo, S. & Brenner, S. E. Association of gut microbiota with
post-operative clinical course in Crohn’s disease. BMC Gastroenterol. 13, 1-11 (2013).

65.  Mondot, S. et al. Structural robustness of the gut mucosal microbiota is associated with
Crohn’s disease remission after surgery. Gut 65, 954-962 (2016).

66.  Laffin, M. R. et al. Endospore forming bacteria may be associated with maintenance of
surgically-induced remission in Crohn’s disease. Sci. Rep. 8, 9734 (2018).

67.  Wright, E. K. et al. Microbial Factors Associated with Postoperative Crohn’s Disease

Recurrence. J. Crohn’s Colitis 11, 191-203 (2016).

252



68. De Cruz, P. et al. Association between specific mucosa-associated microbiota in Crohn’s
disease at the time of resection and subsequent disease recurrence: A pilot study. J.
Gastroenterol. Hepatol. 30, 268-278 (2015).

69. Hamilton, A. L. et al. Luminal microbiota related to Crohn’s disease recurrence after
surgery. Gut Microbes 11, 1713-1728 (2020).

70. Machiels, K. et al. Early Postoperative Endoscopic Recurrence in Crohn’s Disease Is
Characterised by Distinct Microbiota Recolonisation. J. Crohn’s Colitis 14, 1535-1546 (2020).
71. Laffin, M. et al. Prebiotic Supplementation Following Ileocecal Resection in a Murine
Model is Associated With a Loss of Microbial Diversity and Increased Inflammation. Inflamm.
Bowel Dis. 24, 101-110 (2018).

72. Walter, J., Maldonado-Gémez, M. X. & Martinez, 1. To engraft or not to engraft: an
ecological framework for gut microbiome modulation with live microbes. Curr. Opin.
Biotechnol. 49, 129-139 (2018).

73. Singh, S., Dulai, P. S., Zarrinpar, A., Ramamoorthy, S. & Sandborn, W. J. Obesity in
IBD: epidemiology, pathogenesis, disease course and treatment outcomes. Nat. Rev.
Gastroenterol. Hepatol. 14, 110-121 (2017).

74. Pavelock, N., Masood, U., Minchenberg, S. & Heisig, D. Effects of obesity on the course
of inflammatory bowel disease. Proc. (Bayl. Univ. Med. Cent). 32, 14-17 (2019).

75. Greuter, T. et al. Impact of obesity on disease activity and disease outcome in
inflammatory bowel disease: Results from the Swiss inflammatory bowel disease cohort. United
Eur. Gastroenterol. J. 8, 1196-1207 (2020).

76.  Luck, H. et al. Regulation of Obesity-Related Insulin Resistance with Gut Anti-

inflammatory Agents. Cell Metab. 21, 527-542 (2015).

253



Chapter 2 References

1. Hruby, A. & Hu, F. B. The Epidemiology of Obesity: A Big Picture. Pharmacoeconomics
33, 673-689 (2015).

2. Twells, L. K., Gregory, D. M., Reddigan, J. & Midodzi, W. K. Current and predicted
prevalence of obesity in Canada : a trend analysis. C. open 2, 18-26 (2014).

3. Twells, L. K., Janssen, I. & Kuk, J. L. Canadian Adult Obesity Clinical Practice
Guidelines: Epidemiology of Adult Obesity. (2020). Available at:
https://obesitycanada.ca/guidelines/epidemiology. (Accessed: 20th September 2020)

4, Mehta, A., Marso, S. P. & Neeland, I. J. Liraglutide for weight management: a critical
review of the evidence. Obes. Sci. Pract. 3, 3—14 (2016).

5. Dansinger, M. L., Gleason, J. A., Griffith, J. L., Selker, H. P. & Schaefer, E. J.
Comparison of the Atkins, Ornish, Weight Watchers, and Zone diets for weight loss and heart
disease risk reduction: a randomized trial. JAMA 293, 43-53 (2005).

6. le Roux, C. W. et al. 3 years of liraglutide versus placebo for type 2 diabetes risk
reduction and weight management in individuals with prediabetes: a randomised, double-blind
trial. Lancet 389, 1399-1409 (2017).

7. Klebanoff, M. J. et al. Cost-effectiveness of Bariatric Surgery in Adolescents With
Obesity. JAMA Surg. 152, 136-141 (2017).

8. Wolf, A. M. & Colditz, G. A. Current Estimates of the Economic Cost of Obesity in the

United States. Obes. Res. 6, 97-106 (2012).

254



9. Parekh, P. J., Balart, L. A. & Johnson, D. A. The influence of the gut microbiome on
obesity, metabolic syndrome and gastrointestinal disease. Clin. Transl. Gastroenterol. 6, €91
(2015).

10. Pradhan, B., Datzkiw, D. & Aich, P. Gut microbiota and health: A review with focus on
metabolic and immunological disorders and microbial remediation. Biomed. Rev. 27, 1-17
(2016).

11. Dovrolis, N., Filidou, E. & Kolios, G. Systems biology in inflammatory bowel diseases:
on the way to precision medicine. Ann. Gastroenterol. 32, 233-246 (2019).

12. Meijnikman, A. S., Gerdes, V. E., Nieuwdorp, M. & Herrema, H. Evaluating Causality of
Gut Microbiota in Obesity and Diabetes in Humans. Endocr. Rev. 39, 133—-153 (2018).

13. de Groot, P. F., Frissen, M. N., de Clercq, N. C. & Nieuwdorp, M. Fecal microbiota
transplantation in metabolic syndrome: History, present and future. Gut Microbes 8, 253267
(2017).

14.  Bakker, G. J. & Nieuwdorp, M. A. X. Fecal Microbiota Transplantation : Therapeutic
Potential for a Multitude of Diseases beyond Clostridium difficile. Microbiol Spectr. 5, BAD-
0008-2017 (2017).

15. Vrieze, A. et al. Transfer of Intestinal Microbiota From Lean Donors Increases Insulin.
Gastroenterology 143, 913-916.e7 (2012).

16.  Kootte, R. S. et al. Improvement of Insulin Sensitivity after Lean Donor Feces in
Metabolic Syndrome Is Driven by Baseline Intestinal Microbiota Composition. Cell Metab. 26,

611-619.e6 (2017).

255



17. de Groot, P. et al. Donor metabolic characteristics drive effects of faecal microbiota
transplantation on recipient insulin sensitivity, energy expenditure and intestinal transit time. Gut
69, 502 LP — 512 (2020).

18. Zhang, Z. et al. Impact of Fecal Microbiota Transplantation on Obesity and Metabolic
Syndrome — A Systematic Review. Nutrients 11, 2291 (2019).

19. Ianiro, G., Bibbo, S., Gasbarrini, A. & Cammarota, G. Therapeutic modulation of gut
microbiota: current clinical applications and future perspectives. Curr. Drug Targets 15, 762—770
(2014).

20. Chis, R., Sheth, P. M. & Petrof, E. O. Fecal Microbiota Transplants: Current Knowledge
and Future Directions. in Mechanisms Underlying Host-Microbiome Interactions in
Pathophysiology of Human Diseases 279-302 (Springer, 2018).

21.  Allegretti, J. et al. The Current Landscape and Lessons from Fecal Microbiota
Transplantation for Inflammatory Bowel Disease: Past, Present, and Future. Inflamm. Bowel
Dis. 23, 1710-1717 (2017).

22. Sbahi, H. & Di Palma, J. A. Faecal microbiota transplantation: applications and
limitations in treating gastrointestinal disorders. BMJ open Gastroenterol. 3, €000087 (2016).
23. Stripling, J. & Rodriguez, M. Current Evidence in Delivery and Therapeutic Uses of
Fecal Microbiota Transplantation in Human Diseases-Clostridium difficile Disease and Beyond.
Am. J. Med. Sci. 356, 424-432 (2018).

24.  Marotz, C. A. & Zarrinpar, A. Treating obesity and metabolic syndrome with fecal
microbiota transplantation. Yale J. Biol. Med. 89, 383-388 (2016).

25. Aron-Wisnewsky, J., Clement, K. & Nieuwdorp, M. Fecal Microbiota Transplantation: a

Future Therapeutic Option for Obesity/Diabetes? Curr. Diab. Rep. 19, (2019).

256



26. Porras, D. et al. Intestinal Microbiota Modulation in Obesity-Related Non-alcoholic Fatty
Liver Disease. Front. Physiol. 9, (2018).

217. Leshem, A., Horesh, N. & Elinav, E. Fecal Microbial Transplantation and Its Potential
Application in Cardiometabolic Syndrome. Front. Immunol. 10, (2019).

28. Zou, J. et al. Fiber-Mediated Nourishment of Gut Microbiota Protects against Diet-
Induced Obesity by Restoring IL-22-Mediated Colonic Health. Cell Host Microbe 23, 41-53.e4
(2018).

29.  Dahiya, D. K. et al. Gut Microbiota Modulation and Its Relationship with Obesity Using
Prebiotic Fibers and Probiotics: A Review . Frontiers in Microbiology 8, 563 (2017).

30.  Lee, P., Yacyshyn, B. R. & Yacyshyn, M. B. Gut microbiota and obesity: An opportunity
to alter obesity through faecal microbiota transplant (FMT). Diabetes, Obes. Metab. 21, 479-490
(2019).

31.  Finkelstein, E. A. et al. Obesity and Severe Obesity Forecasts Through 2030. Am. J.
Prev. Med. 42, 563-570 (2012).

32. Gill, S. K., Rossi, M., Bajka, B. & Whelan, K. Dietary fibre in gastrointestinal health and
disease. Nat. Rev. Gastroenterol. Hepatol. 18, 101-116 (2021).

33. Makki, K., Deehan, E. C., Walter, J. & Backhed, F. The Impact of Dietary Fiber on Gut
Microbiota in Host Health and Disease. Cell Host Microbe 23, 705-715 (2018).

34.  Walter, J., Maldonado-Gomez, M. X. & Martinez, I. To engraft or not to engraft: an
ecological framework for gut microbiome modulation with live microbes. Curr. Opin.

Biotechnol. 49, 129-139 (2018).

257



35. Kao, D. et al. Effect of oral capsule- vs colonoscopy-delivered fecal microbiota
transplantation on recurrent Clostridium difficile infection: A randomized clinical trial. JAMA -
Journal of the American Medical Association 318, (2017).

36. Martinez, 1., Kim, J., Duffy, P. R., Schlegel, V. L. & Walter, J. Resistant Starches Types
2 and 4 Have Differential Effects on the Composition of the Fecal Microbiota in Human
Subjects. PLoS One 5, €15046 (2010).

37. Tan, W. S., Chia, P. F., Ponnalagu, S., Karnik, K. & Henry, C. J. The Role of Soluble
Corn Fiber on Glycemic and Insulin Response. Nutrients 12, (2020).

38.  Babiker, R. et al. Effects of gum Arabic ingestion on body mass index and body fat
percentage in healthy adult females: two-arm randomized, placebo controlled, double-blind trial.
Nutr. J. 11, 111 (2012).

39. Al-tamimi, E. K., Seib, P. A., Snyder, B. S. & Haub, M. D. Consumption of Cross-
Linked Resistant Starch ( RS4 XL ) on Glucose and Insulin Responses in Humans. 2010, 10—15
(2010).

40.  Upadhyaya, B. et al. Impact of dietary resistant starch type 4 on human gut microbiota
and immunometabolic functions. Sci. Rep. 6, 28797 (2016).

41. National Health and Nutrition Examination Survey (NHANES)- Anthropometry
Procedures Manual. (2011). Available at:

https://www.cdc.gov/nchs/data/nhanes/nhanes 11 12/Anthropometry Procedures Manual.pdf.
(Accessed: 22nd November 2020)

42. Guide Identification , Evaluation , and Treatment of Overweight and Obesity in Adults.

(2011).

258



43. Laffin, M. et al. Prebiotic Supplementation Following Ileocecal Resection in a Murine
Model is Associated With a Loss of Microbial Diversity and Increased Inflammation. Inflamm.
Bowel Dis. 24, 101-110 (2018).

44, Bolyen, E. et al. Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852-857 (2019).

45, Oksanen, J.; Blanchet, G.F.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.;
Minchin, P.R.; O’Hara, R. B. . & Simpson, G.L.; Solymos, P. . et al. Vegan: Community
Ecology Package.

46. Paradis, E.; Blomberg, S.; Bolker, B.; Brown, J.; Claude, J.; Cuong, H.S.; Desper, R.
Package ‘ape’. Available at: http://ape-package.ird.ft/ . (Accessed: 15th December 2019)

47. Cani, P. D. et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes
56, 1761-1772 (2007).

48. Ellulu, M. S., Patimah, I., Khaza’ai, H., Rahmat, A. & Abed, Y. Obesity and
inflammation: the linking mechanism and the complications. Arch. Med. Sci. 13, 851-863
(2017).

49. Gribble, F. M. & Reimann, F. Function and mechanisms of enteroendocrine cells and gut
hormones in metabolism. Nat. Rev. Endocrinol. 15, 226-237 (2019).

50.  Wang, T.-Y. et al. A comparative study of microbial community and functions of type 2
diabetes mellitus patients with obesity and healthy people. Appl. Microbiol. Biotechnol. 104,
7143-7153 (2020).

51.  Naderpoor, N. et al. Faecal Microbiota Are Related to Insulin Sensitivity and Secretion in

Overweight or Obese Adults. Journal of Clinical Medicine 8, (2019).

259



52. Atzeni, A. et al. Gut Microbiota Profile and Changes in Body Weight in Elderly Subjects
with Overweight/Obesity and Metabolic Syndrome. Microorganisms 9, (2021).

53. Louis, P., Hold, G. L. & Flint, H. J. The gut microbiota, bacterial metabolites and
colorectal cancer. Nat. Rev. Microbiol. 12, 661-672 (2014).

54. Hiippala, K. et al. Novel Odoribacter splanchnicus Strain and Its Outer Membrane
Vesicles Exert Immunoregulatory Effects in vitro . Frontiers in Microbiology 11, 2906 (2020).
55. Iida, N. et al. Commensal Bacteria Control Cancer Response to Therapy by Modulating
the Tumor Microenvironment. Science (80-. ). 342, 967 LP — 970 (2013).

56. Chassard, C., Delmas, E., Robert, C. & Bernalier-Donadille, A. The cellulose-degrading
microbial community of the human gut varies according to the presence or absence of
methanogens. FEMS Microbiol. Ecol. 74, 205-213 (2010).

57. Abenavoli, L. et al. Gut Microbiota and Obesity: A Role for Probiotics. Nutrients 11,

(2019).

Chapter 3 References

1. Loftus, E. V. Clinical epidemiology of inflammatory bowel disease: incidence,
prevalence, and environmental influences. Gastroenterology 126, 1504—1517 (2004).

2. Nikolaus, S. & Schreiber, S. Diagnostics of Inflammatory Bowel Disease.
Gastroenterology 133, 1670-1689 (2007).

3. Molodecky, N. A. et al. Increasing Incidence and Prevalence of the Inflammatory Bowel
Diseases With Time, Based on Systematic Review. Gastroenterology 142, 46-54.e42 (2012).

4. Palmela, C. et al. Adherent-invasive Escherichia coli in inflammatory bowel disease. Gut

67, 574-587 (2018).

260



5. Kim, D. H. & Cheon, J. H. Pathogenesis of Inflammatory Bowel Disease and Recent
Advances in Biologic Therapies. Immune Netw. 17, 2540 (2017).

6. Wu, H., Tremaroli, V. & Backhed, F. Linking Microbiota to Human Diseases: A Systems
Biology Perspective. Trends Endocrinol. Metab. 26, 758770 (2015).

7. Wu, G. D. & Lewis, J. D. Analysis of the human gut microbiome and association with
disease. Clin. Gastroenterol. Hepatol. 11, 774-777 (2013).

8. Mcllroy, J., Ianiro, G., Mukhopadhya, 1., Hansen, R. & Hold, G. L. Review article: the
gut microbiome in inflammatory bowel disease-avenues for microbial management. Aliment.
Pharmacol. Ther. 47, 2642 (2018).

9. Philpott, J., Ashburn, J. & Shen, B. Efficacy of vedolizumab in patients with antibiotic
and anti-tumor necrosis alpha refractory pouchitis. Inflamm. Bowel Dis. 23, ES—E6 (2017).

10.  Wilhelm, S. M. & Love, B. L. Management of patients with inflammatory bowel disease:
Current and future treatments. Clin. Pharm. 9, (2017).

11. Furfaro, F., Fiorino, G., Allocca, M., Gilardi, D. & Danese, S. Emerging therapeutic
targets and strategies in Crohn’s disease. Expert Rev. Gastroenterol. Hepatol. 10, 735-744
(2016).

12.  Abu-Sbeih, H. & Wang, Y. Management Considerations for Immune Checkpoint
Inhibitor-Induced Enterocolitis Based on Management of Inflammatory Bowel Disease.
Inflamm. Bowel Dis. (2019). doi:https://dx.doi.org/10.1093/ibd/izz212

13. Torres, J., Danese, S. & Colombel, J. New therapeutic avenues in ulcerative colitis :

thinking out of the box. 1642—-1652 (2013). doi:10.1136/gutjnl-2012-303959

261



14. Chande, N. et al. Alternative and Complementary Approaches for the Treatment of
Inflammatory Bowel Disease: Evidence From Cochrane Reviews. Inflamm. Bowel Dis. (2019).
doi:https://dx.doi.org/10.1093/ibd/izz223

15. Maharshak, N. et al. Low enteric microbial diversity in patients with ulcerative colitis
after pouch surgery having a mature normal ileal pouch may be predictive of pouchitis. J.
Crohn’s Colitis 10, S490 (2016).

16. Ishikawa, D. et al. Alterations of intestinal microbiota in ulcerative colitis patients treated
with sequential antibiotic combination and faecal microbiota transplantation. J. Crohn’s Colitis 9,
S364-S365 (2015).

17.  Zuo, T. & Ng, S. C. The Gut Microbiota in the Pathogenesis and Therapeutics of
Inflammatory Bowel Disease. Front. Microbiol. 9, 2247 (2018).

18.  Pigneur, B. & Sokol, H. Fecal microbiota transplantation in inflammatory bowel disease:
the quest for the holy grail. Mucosal Immunol. 9, 1360-1365 (2016).

19. Gallo, A., Passaro, G., Gasbarrini, A., Landolfi, R. & Montalto, M. Modulation of
microbiota as treatment for intestinal inflammatory disorders: An uptodate. World J.
Gastroenterol. 22, 7186—7202 (2016).

20. Zeng, W. et al. Cutting Edge: Probiotics and Fecal Microbiota Transplantation in
Immunomodulation. J. Immunol. Res. 2019, 1603758 (2019).

21.  Weingarden, A. R. & Vaughn, B. P. Intestinal microbiota, fecal microbiota
transplantation, and inflammatory bowel disease. Gut Microbes 8, 238-252 (2017).

22.  Paramsothy, S. et al. Faecal microbiota transplantation for inflammatory bowel disease:

A systematic review and meta-analysis. Gastroenterology 152, S1007 (2017).

262



23. Khoruts, A. et al. Inflammatory Bowel Disease Affects the Outcome of Fecal Microbiota
Transplantation for Recurrent Clostridium difficile Infection. Clin. Gastroenterol. Hepatol. 14,
1433-1438 (2016).

24. Khanna, S. et al. Changes in microbial ecology after fecal microbiota transplantation for
recurrent C-difficile infection affected by underlying inflammatory bowel disease. Microbiome
5, (2017).

25. Langdon, A., Crook, N. & Dantas, G. The effects of antibiotics on the microbiome
throughout development and alternative approaches for therapeutic modulation. Genome Med. 8§,
(2016).

26.  Khoruts, A. & Sadowsky, M. J. Understanding the mechanisms of faecal microbiota
transplantation. Nat. Rev. Gastroenterol. Hepatol. 13, (2016).

27.  Ishikawa, D. et al. Eradication of dysbiotic indigenous species by multiple antibiotic pre-
treatment contribute to effective faecal microbiota transplantation. J. Crohn’s Colitis 12, S553
(2018).

28.  Ishikawa, D. et al. Combination therapy of fresh fecal microbial transplantation and
triple-antibiotic therapy for ulcerative colitis. Am. J. Gastroenterol. 114, S14 (2019).

29. Shimizu, H. et al. Outcome of the repetitive fecal microbiota transplantation using fecal
solution prepared under the anaerobic condition following the antibiotic pretreatment in eight
children with ulcerative colitis. Inflamm. Bowel Dis. 25, S21-S22 (2019).

30.  Blesl, A. et al. Predictors of non-response to repeated faecal microbiota transplantation in
patients with therapy refractory ulcerative colitis. J. Crohn’s Colitis 13, S412 (2019).

31. Borody, T. J., Warren, E. F., Leis, S., Surace, R. & Ashman, O. Treatment of ulcerative

colitis using fecal bacteriotherapy. J. Clin. Gastroenterol. 37, 42—47 (2003).

263



32. Ishikawa, D. et al. Efficacy of combination of fresh fecal microbiota transplantation and
triple-antibiotic therapy for ulcerative colitis. Inflamm. Bowel Dis. 25, S73 (2019).

33. Ishikawa, D. et al. Efficacy of combination therapy of fresh faecal microbiota
transplantation and triple-antibiotic therapy for ulcerative colitis. J. Crohn’s Colitis 13, S301
(2019).

34, Wei, Y. et al. Fecal Microbiota Transplantation Improves the Quality of Life in Patients
with Inflammatory Bowel Disease. Gastroenterol. Res. Pract. 2015, 517597 (2015).

35. Costello, S. P. et al. Effect of Fecal Microbiota Transplantation on 8-Week Remission in
Patients With Ulcerative Colitis: A Randomized Clinical Trial. Jama 321, 156-164 (2019).

36. Sood, A. et al. Role of Faecal Microbiota Transplantation for Maintenance of Remission
in Patients With Ulcerative Colitis: A Pilot Study. J. Crohns. Colitis 13, 1311-1317 (2019).

37. Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the
quality of nonrandomized studies in meta-analyses. Eur. J. Epidemiol. 25, 603—-605 (2010).

38.  Higgins JPT, G. S. Cochrane Handbook for Systematic Reviews of Interventions Version
5.1.0. Cochrane Collab. Available, (2011).

39. Hozo, S. P., Djulbegovic, B. & Hozo, I. Estimating the mean and variance from the
median , range , and the size of a sample. 10, 1-10 (2005).

40. Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, W. V. Chapter 10:
Analysing data and undertaking meta-analyses. Cochrane, 2019. Cochrane Handbook for
Systematic Reviews of Interventions version 6.0 (updated July 2019). (2019). Available at:
https://training.cochrane.org/handbook/archive/v6/chapter-10. (Accessed: 29th December 2020)
41.  Higgins, J. P. T., Thompson, S. G., Deeks, J. J. & Altman, D. G. Measuring inconsistency

in meta-analyses. BMJ 3, 557-560 (2003).

264



42. Yu, E. W. et al. Fecal microbiota transplantation for the improvement of metabolism in
obesity: The FMT-TRIM double-blind placebo-controlled pilot trial. PLOS Med. 17, e1003051
(2020).

43. El-Salhy, M. & Mazzawi, T. Fecal microbiota transplantation for managing irritable
bowel syndrome. Expert Rev. Gastroenterol. Hepatol. 12, 439—-445 (2018).

44. Baunwall, S. M. D. et al. Faecal microbiota transplantation for recurrent
<em>Clostridioides difficile</em> infection: An updated systematic review and meta-analysis.
EClinicalMedicine 29, (2020).

45. Kim, K. O. & Gluck, M. Fecal Microbiota Transplantation: An Update on Clinical
Practice. Clin. Endosc. 52, 137-143 (2019).

46.  Freitag, T. L. et al. Minor Effect of Antibiotic Pre-treatment on the Engraftment of Donor
Microbiota in Fecal Transplantation in Mice . Frontiers in Microbiology 10, 2685 (2019).
47. Oliphant, K. et al. Effects of Antibiotic Pretreatment of an Ulcerative Colitis-Derived
Fecal Microbial Community on the Integration of Therapeutic Bacteria &lt;emé&gt;In
Vitro&lt;/em&gt; mSystems 5, €00404-19 (2020).

48.  Ji, S. K. et al. Preparing the Gut with Antibiotics Enhances Gut Microbiota
Reprogramming Efficiency by Promoting Xenomicrobiota Colonization. Front. Microbiol. 8,
1208 (2017).

49. Chen, M. et al. Efficacy and safety of fecal microbiota transplantation by washed
preparation in patients with moderate to severely active ulcerative colitis. J. Dig. Dis. 21, 621—
628 (2020).

50. Chen, H. T. et al. Fecal microbiota transplantation ameliorates active ulcerative colitis.

Exp. Ther. Med. 19, 2650-2660 (2020).

265



51. Cold, F. et al. Multidonor FMT capsules improve symptoms and decrease fecal
calprotectin in ulcerative colitis patients while treated - an open-label pilot study. Scand. J.
Gastroenterol. 54, 289-296 (2019).

52. Cui, B. et al. Fecal microbiota transplantation through mid-gut for refractory Crohn’s
disease: safety, feasibility, and efficacy trial results. J. Gastroenterol. Hepatol. 30, 51-58 (2015).
53. Dang, X. F., Qing-Xi, W., Yin, Z., Sun, L. & Yang, W. H. Recurrence of moderate to
severe ulcerative colitis after fecal microbiota transplantation treatment and the efficacy of re-
FMT: a case series. BMC Gastroenterol. 20, 401 (2020).

54.  Damman, C. J. et al. Low Level Engraftment and Improvement following a Single
Colonoscopic Administration of Fecal Microbiota to Patients with Ulcerative Colitis. PLoS One
10, e0133925 (2015).

55.  Ishikawa, D. et al. Changes in Intestinal Microbiota Following Combination Therapy
with Fecal Microbial Transplantation and Antibiotics for Ulcerative Colitis. Inflamm. Bowel Dis.
23, 116-125 (2017).

56.  Jacob, V. et al. Single Delivery of High-Diversity Fecal Microbiota Preparation by
Colonoscopy Is Safe and Effective in Increasing Microbial Diversity in Active Ulcerative
Colitis. Inflamm. Bowel Dis. 23, 903-911 (2017).

57.  Kump, P. et al. The taxonomic composition of the donor intestinal microbiota is a major
factor influencing the efficacy of faecal microbiota transplantation in therapy refractory
ulcerative colitis. Aliment. Pharmacol. Ther. 47, 67-77 (2018).

58. Mizuno, S. et al. Single fecal microbiota transplantation failed to change intestinal
microbiota and had limited effectiveness against ulcerative colitis in Japanese patients. Intest.

Res. 15, 68-74 (2017).

266



59. Moayyedi, P. et al. Fecal Microbiota Transplantation Induces Remission in Patients With
Active Ulcerative Colitis in a Randomized Controlled Trial. Gastroenterology 149, 102-109.e106
(2015).

60. Nishida, A. et al. Efficacy and safety of single fecal microbiota transplantation for
Japanese patients with mild to moderately active ulcerative colitis. J. Gastroenterol. 52, 476482
(2017).

61. Okahara, K. et al. Matching between Donors and Ulcerative Colitis Patients Is Important
for Long-Term Maintenance after Fecal Microbiota Transplantation. J. Clin. Med. 9, (2020).

62.  Paramsothy, S. et al. Multidonor intensive faecal microbiota transplantation for active
ulcerative colitis: a randomised placebo-controlled trial. Lancet (London, England) 389, 1218—
1228 (2017).

63. Rossen, N. G. et al. Fecal microbiota transplantation as novel therapy in
gastroenterology: A systematic review. World J. Gastroenterol. 21, 5359-5371 (2015).

64. Schierova, D. et al. Gut Microbiome Changes in Patients with Active Left-Sided
Ulcerative Colitis after Fecal Microbiome Transplantation and Topical 5-aminosalicylic Acid
Therapy. Cells 9, (2020).

65. Sokol, H. et al. Fecal microbiota transplantation to maintain remission in Crohn’s
disease: a pilot randomized controlled study. Microbiome 8§, 12 (2020).

66. Sood, A. et al. Efficacy of fecal microbiota therapy in steroid dependent ulcerative colitis:
a real world intention-to-treat analysis. Intest. Res. 17, 78-86 (2019).

67.  Sood, A. et al. Clinical Predictors of response to Faecal Microbiota Transplantation in
patients with active ulcerative colitis. J. Crohns. Colitis (2020).

doi:https://dx.doi.org/10.1093/ecco-jcc/jjaal 63

267



68. Uygun, A. et al. Fecal microbiota transplantation is a rescue treatment modality for
refractory ulcerative colitis. Medicine (Baltimore). 96, €6479 (2017).

69. Vaughn, B. P. et al. Increased Intestinal Microbial Diversity Following Fecal Microbiota
Transplant for Active Crohn’s Disease. Inflamm. Bowel Dis. 22, 2182-2190 (2016).

70. Vermeire, S. et al. Donor Species Richness Determines Faecal Microbiota
Transplantation Success in Inflammatory Bowel Disease. J. Crohns. Colitis 10, 387-394 (2016).
71. Wang, Y. et al. Pilot study of cytokine changes evaluation after fecal microbiota
transplantation in patients with ulcerative colitis. Int. Immunopharmacol. 85, 106661 (2020).
72.  Yang, Z. et al. Fecal Microbiota Transplant via Endoscopic Delivering Through Small
Intestine and Colon : No Difference for Crohn ’ s Disease. Dig. Dis. Sci. 65, 150—-157 (2020).
73. Zhang, T., Cui, B., Li, P. & Zhang, F. Short-term surveillance of cytokines and CRP
cannot predict efficacy of fecal microbiota transplantation for ulcerative colitis. Gastroenterology

150, S380-S381 (2016).

Chapter 4 References

1. Pradhan, B., Datzkiw, D. & Aich, P. Gut microbiota and health: A review with focus on
metabolic and immunological disorders and microbial remediation. Biomed. Rev. 27, 1-17
(2016).

2. Koboziev, 1., Reinoso Webb, C., Furr, K. L. & Grisham, M. B. Role of the enteric
microbiota in intestinal homeostasis and inflammation. Free Radic. Biol. Med. 68, 122133
(2014).

3. Knudsen, J. K., Bundgaard-Nielsen, C., Hagstrom, S., Sorensen, S. & Leutscher, P. The

human gut microbiota. Ugeskr. Laeger 179, (2017).

268



4. Hold, G. L. et al. Role of the gut microbiota in inflammatory bowel disease pathogenesis:
what have we learnt in the past 10 years? World J. Gastroenterol. 20, 1192—-1210 (2014).

5. Chattopadhyay, A. & Mythili, S. The journey of gut microbiome — An introduction and
its influence on metabolic disorders. Front. Biol. (Beijing). 13, 327-341 (2018).

6. Durack, J. & Lynch, S. V. The gut microbiome: Relationships with disease and
opportunities for therapy. J. Exp. Med. 216, 20—40 (2019).

7. Matijasic, M. et al. Modulating Composition and Metabolic Activity of the Gut
Microbiota in IBD Patients. Int. J. Mol. Sci. 17, (2016).

8. Halmos, T. & Suba, I. Physiological patterns of intestinal microbiota. The role of
dysbacteriosis in obesity, insulin resistance, diabetes and metabolic syndrome. A belbakteriota
elettani Jell. es a dysbacteriosis szerepe az elhizasban, inzulinrezisztenciaban, diabetesben es
Metab. szindromaban. 157, 13-22 (2016).

9. Lam, A., Fleischer, B. & Alverdy, J. The Biology of Anastomotic Healing—the
Unknown Overwhelms the Known. J. Gastrointest. Surg. 24, 2160-2166 (2020).

10.  Laffin, M. et al. Prebiotic Supplementation Following Ileocecal Resection in a Murine
Model is Associated With a Loss of Microbial Diversity and Increased Inflammation. Inflamm.
Bowel Dis. 24, 101-110 (2018).

11.  Perry, T. et al. Ileocolic resection is associated with increased susceptibility to injury in a
murine model of colitis. PLoS One 12, e0184660—0184660 (2017).

12. Gaines, S., Shao, C., Hyman, N. & Alverdy, J. C. Gut microbiome influences on
anastomotic leak and recurrence rates following colorectal cancer surgery. Br. J. Surg. 105,

el31-el41 (2018).

269



13. Meyer, J. et al. Reducing anastomotic leak in colorectal surgery: The old dogmas and the
new challenges. World J. Gastroenterol. 25, 5017-5025 (2019).

14. Guyton, K. & Alverdy, J. C. The gut microbiota and gastrointestinal surgery. Nat. Rev.
Gastroenterol. Hepatol. 14, 43-54 (2017).

15. Kinross, J. M. et al. A Meta-Analysis of Probiotic and Synbiotic Use in Elective Surgery.
J. Parenter. Enter. Nutr. 37, 243-253 (2013).

16. Gilbert, J. A. & Lynch, S. V. Community ecology as a framework for human microbiome
research. Nat. Med. 25, 884-889 (2019).

17.  Kelly, C.J. et al. Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and
Intestinal Epithelial HIF Augments Tissue Barrier Function. Cell Host Microbe 17, 662—671
(2015).

18.  Miki, K. et al. BUTYRATE SUPPRESSES HYPOXIA-INDUCIBLE FACTOR-1
ACTIVITY IN INTESTINAL EPITHELIAL CELLS UNDER HYPOXIC CONDITIONS.
Shock 22, (2004).

19. Shah, Y. M. et al. Hypoxia-inducible factor augments experimental colitis through an
MIF-dependent inflammatory signaling cascade. Gastroenterology 134, 2036-2048.20483
(2008).

20. Perry, T., Borowiec, A., Dicken, B., Fedorak, R. & Madsen, K. Murine Ileocolic Bowel
Resection with Primary Anastomosis. JOVE 52106 (2014). doi:doi:10.3791/52106

21.  Madsen, K. et al. Probiotic bacteria enhance murine and human intestinal epithelial
barrier function. Gastroenterology 121, 580-591 (2001).

22.  Vinolo, M. A. R. et al. Tributyrin attenuates obesity-associated inflammation and insulin

resistance in high-fat-fed mice. Am. J. Physiol. Metab. 303, E272-E282 (2012).

270



23. Cresci, G. A., Bush, K. & Nagy, L. E. Tributyrin Supplementation Protects Mice from
Acute Ethanol-Induced Gut Injury. Alcohol. Clin. Exp. Res. 38, 1489-1501 (2014).

24. Rivera-Chavez, F. et al. Depletion of Butyrate-Producing Clostridia from the Gut
Microbiota Drives an Aerobic Luminal Expansion of Salmonella. Cell Host Microbe 19, 443—
454 (2016).

25. Kaiko, G. E. et al. The Colonic Crypt Protects Stem Cells from Microbiota-Derived
Metabolites. Cell 165, 1708-1720 (2016).

26. Cummins, E. P. & Crean, D. Hypoxia and inflammatory bowel disease. Microbes Infect.

19,210-221 (2017).

271



	Chapter 1: Introduction
	1.0 Background
	1.1 The Human Gut Microbiome and Chronic Inflammatory Gastrointestinal
	Disease
	1.1.1 History of the Microbiome
	1.1.2 Composition of Human Gastrointestinal Microbiome
	1.1.3 Acquisition and Development of the Gut Microbiome
	1.1.4 Microbiome in Health and Inflammatory Gastrointestinal Disease
	1.1.5 Strategies for modulating the gut microbiome
	1.1.5.1 Fecal Microbial Transplantation
	1.1.5.2 Prebiotics
	1.1.5.3 Probiotics
	1.1.5.4 Antibiotics

	1.1.6 Concluding Summary
	1.1.7 References

	1.2 Obesity and the Gut Microbiome
	1.2.1 Epidemiology and Economic Costs of Obesity
	1.2.2 Defining Obesity and Metabolic Syndrome
	1.2.3 Metabolic Syndrome: An Obesity Phenotype
	1.2.4 History of Obesity
	1.2.5 Obesity and Chronic Systemic Inflammation
	1.2.6 Obesity and the Gut Microbiome
	1.2.6.1 The Storage Hypothesis
	1.2.6.2 The Metabolic Endotoxemia Hypothesis
	1.2.6.3 The Microbial Metabolite Hypothesis

	1.2.7 Obesity Current Therapeutic Options
	1.2.7.1 Lifestyle Intervention: Diet and Exercise
	1.2.7.2 Obesity and current Pharmacologic Therapy
	1.2.7.2.1 Orlistat
	1.2.7.2.2 Incretin Peptide Therapy: Liraglutide and Sitagliptin
	1.2.7.2.3. Buproprion-Naltrexone

	1.2.7.3 Obesity and Bariatric Surgery

	1.2.8 Evidence and Future Directions for Obesity and Microbial Modulation
	1.2.8.1 FMT and Obesity and Metabolic Syndrome
	1.2.8.2 Prebiotics as an adjunct to FMT
	1.2.8.3 Rationale for FMT and fiber trial

	1.2.9 References

	1.3 Inflammatory Bowel Disease and the Gut Microbiome
	1.3.1 Epidemiology and Economic Costs of IBD
	1.3.2 IBD History and Definition
	1.3.3 The Gut Microbiome and IBD
	1.3.4 IBD and current Pharmacologic Therapy
	1.3.4.1 5-Aminosalicylic acid
	1.3.4.2 Corticosteroids
	1.3.4.3 Thiopurines
	1.3.4.4. Anti-TNF monoclonal antibodies

	1.3.5 Evidence for Gut Microbial Modulation in IBD
	1.3.5.1 FMT and IBD
	1.3.5.2 Efficacy of Prebiotics and Probiotics in IBD

	1.3.6 The Microbiome and postoperative Crohn’s disease recurrence
	1.3.7 Linking IBD, Obesity and Microbial Modulation
	1.3.8 References


	Chapter 2: Fiber fermentability differentially modulates responses to oral encapsulated fecal microbial transplantation in patients with metabolic syndrome and severe obesity: a randomized double-blinded placebo-controlled pilot trial
	2.0 Abstract
	2.1 Introduction
	2.2 Methods
	2.2.1. Trial Design Overview
	2.2.2. Bariatric Management
	2.2.3. Study Population
	2.2.4. Sample Size and Recruitment
	2.2.5 Study Endpoints
	2.2.6 Study Interventions.
	2.2.6.1 FMT manufacturing
	2.2.6.2 FMT administration
	2.2.6.3 Fiber selection, manufacturing, and administration

	2.2.7 Anthropometric and Serology collection
	2.2.8 Enzyme-linked immunosorbent Assay (ELISA) analysis
	2.2.9 Stool collection, Short-Chain Fatty Acid, and Microbiome analysis
	2.2.10 Statistical Analysis
	2.2.10.1 General Analyses


	2.3 Results
	2.3.1 Overview of Trial Enrollment
	2.3.2 Characteristics of Study Population
	2.3.3 FMT and low-fermentability fiber associated with improved HOMA2 and insulinemia
	2.3.4 HOMA2 benefits observed after adjusting for clinical covariates
	2.3.5 Patient Reported Outcomes, Intervention Safety and Tolerability
	2.3.6 Improvements in glycemic parameters were independent of changes in inflammatory markers
	2.3.7 FMT-LF was associated with improved oral glucose tolerance test
	2.3.8 FMT-LF was associated with altered microbial ecology
	2.3.9 Select baseline taxa independently predicted improvements in HOMA2
	2.3.10 Fiber fermentability differentially modulates FMT engraftment

	2.4 Discussion
	2.5 Conclusion
	2.6 References

	Chapter 3: Repeated Fecal Microbial Transplantations and Antibiotic Pre-Treatment are Linked to Improved Clinical Response and Remission in Inflammatory Bowel Disease: A Systematic Review and Pooled Proportion Meta-Analysis
	3.0 Abstract
	3.1 Introduction
	3.2 Methods
	3.2.1 Eligibility Criteria
	3.2.2 Search Strategy
	3.2.3 Study Selection
	3.2.4 Data Extraction
	3.2.5 Data Synthesis

	3.3. Results
	3.3.1 Search Results and Study Characteristics
	3.3.2 Risk of Bias Assessment
	3.3.3 Baseline Demographics
	3.3.4 FMT Administration, Dosing, and Donor Characterization
	3.3.5 Response and Remission Rates for Repeated FMT Regimens
	3.3.6 Response and Remission Rates for Antibiotic Pre-Treatments
	3.3.7 Fecal Microbiota Compositional Changes Following FMT
	3.3.7.1 Overview of Microbiota Reporting of Included Studies
	3.3.7.2 Changes in Alpha and Beta Diversity Following FMT
	3.3.7.3 Recipient and Donor Microbial Ecology Associated with IBD Outcomes

	3.3.8 Reported Adverse Events

	3.4 Discussion
	3.5 Conclusions
	3.6 References

	Chapter 4: Timing of Tributyrin supplementation differentially modulates gastrointestinal inflammation and gut microbial recolonization following murine ileocecal resection
	4.0 Abstract
	4.1 Introduction
	4.2 Methods
	4.2.1 Experimental Design
	4.2.2 Study Interventions
	4.2.2.1 Tributyrin Supplementation
	4.2.2.2 Ileocecal Resection

	4.2.3 Primary and Secondary Outcomes
	4.2.4 Analytical Techniques
	4.2.4.1 Microbiome Extraction
	4.2.4.2 Enzyme-Linked Immunosorbent Assay (ELISA)
	4.2.4.3 SCFA extraction
	4.2.4.4 Histology preparation and Analysis

	4.2.5 Statistical Analysis

	4.3 Results
	4.3.1 Tributyrin is associated with a quicker restoration of postoperative weight loss
	4.3.2 Peri-operative timing of TBT differentially modulates ileal and colonic inflammation
	4.3.3 TBT supplementation altered colonic tissue weight to length ratio but not histologic injury scoring or serum pro-inflammatory cytokines
	4.3.4 Effects of ICR and TBT on fecal SCFA concentrations
	4.3.5 ICR imparts a dramatic shift in microbial ecology
	4.3.6 Timing of TBT differential modulates recolonization following ICR

	4.4 Discussion
	4.5 Conclusion
	4.6 References

	Chapter 5: Conclusion
	Chapter 6: Future Directions
	Bibliography
	Chapter 1.1 References
	Chapter 1.2 References
	Chapter 1.3 References
	Chapter 2 References
	Chapter 3 References
	Chapter 4 References


