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Abstract

The intestinal tract harbours the largest population of microbes in the human body where they play
an important role in promoting the health of their host. If the composition of these microbes is
altered, this may lead to dysbiosis that triggers or exacerbates intestinal and extra-intestinal
diseases. Probiotics have been investigated as a complementary therapy in dysbiosis-related
diseases. However, their effectiveness in treating severe conditions such as Inflammatory Bowel
Disease (IBD) is quite variable and have shown controversial results. To address the importance
of a personalized probiotic approach to treat intestinal inflammation, we first examined the effect
of personalized bacteria using a model of chemical induced colitis. The animals that received
commensals isolated from their own feces were more protected against inflammation as they
showed reduced signs of colitis, less histological damage and lower levels of inflammatory
markers as compared to mice given a commercial probiotic strain. Next, the role of the intestinal
mucin Muc2 and the Core-1 enzyme that glycosylates it were explored using the Citrobacter
rodentium model of infectious colitis. The intestinal mucus layer is the first line of defense in the
intestine and is largely composed of the secreted mucin Muc2. Since almost all enteric bacteria
must cross the overlying mucus layer to infect the host, the mucus-enteric bacterial interactions
provide fundamental knowledge about infectious diseases as well as inflammatory conditions
linked to dysbiosis (e.g. IBD). Specifically, we compared C. rodentium susceptibility by infecting
WT, Muc2 ™", core 3 (C3GnT) ", core -1 (Clgaltl) ™", and Clgalt] " mice. While C3GnT ™~ mice
showed a very similar phenotype to WT mice with only mild inflammation, complete absence of
Muc? or just core 1 derived O-glycans resulted in significantly higher histological damage, barrier

disruption, and increased pathogen burdens. Interestingly, the supplementation of tributyrin
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protected mice against infection resulting in less histological damage and lower C. rodentium
colonization as compared to control groups. These studies highlight a novel personalized therapy
that may be considered relevant to diseases affected by dysbiosis as well as the key role of Muc2

and its core 1 glycosylation in host defense against enteric infections.

Keywords: IBD; colitis, microbiota; microbiota biobank, personalized probiotic, mucus layer
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Lay Summary

The human gut harbors several types of bacteria that play an important role in the well-being of
their host. The intestinal mucus layer is also important for intestinal health, since it acts as a
physical barrier that prevents bacteria and food products from escaping the gut and causing
inflammation. Using an animal model of intestinal inflammation, I discovered that beneficial
bacteria isolated from the host are more effective in protecting mice against intestinal damage as
compared to probiotic bacteria available on the market. Further, using an animal model of a gut
bacterial infection, I tested the impact of the mucus layer on protection against intestinal
inflammation. I found that the mucin Muc2 and one of its sugar compounds protect mice against
intestinal damage caused by enteric bacteria. These findings have implications for both
Inflammatory Bowel Disease and people with gut infections— and could help develop new and

effective complementary treatments.
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Chapter 1: Literature review

1.1 The human microbiome

Humans have co-evolved with the trillions of microbes that inhabit their bodies, thereby creating
a complex yet symbiotic ecosystem. These microbes include bacteria, viruses, archaea, and
eukaryotic microorganisms (1). It is estimated that the human body contain slightly more bacterial
cells than human cells (4 x 10"/ 3 x 10") (2), with over 1000 different strains of bacteria. (3,4).
Several definitions have recently been used to describe this microbial community that colonizes
our bodies. While microbiota refers to a community of microorganisms that are present in a
particular habitat, the microbiome comprises both the microorganisms at a specific site as well as
their genomes, physiochemical properties and activities (5). Therefore, microbiome is a more
refined term that should be used when taking into consideration the genes carried by the microbes,

as well as the environment that a particular microbiota inhabits.

Several bacterial and fungal communities have been investigated in the past decades using
traditional microbiology techniques such as culturing using selective and differential media. These
media usually contain all the necessary nutrients for the growth of certain microorganisms as well
as inhibitors to select and identify target microorganisms. Studies using conventional microbiology
methods provided significant information regarding microbial environments and are still very
useful in terms of classifying different genera and/or determining their antimicrobial
susceptibilities. However, considerable disadvantages are involved in culturing techniques - such

as poor sensitivity for some sample types (blood, tissues, fecal content), challenges to characterize



microbes to the species level, the long incubation time (especially for fungi and mycobacteria),
poor clinical application, and little information provided about community dynamics (6,7).
Moreover, with regards to the human microbiota, it is estimated that 20% to 60% of the microbes
living within the human body are unculturable (8). This range varies according to the body site but
is it already a strong indication of how little was known about the human microbiome and its

diversity until recent years.

Over the last two decades, advances in next-generation sequencing (NGS), along with
bioinformatic developments, have brought new insights regarding our understanding of the
unculturable microbes that inhabit soil, oceans and the human body (9,10). This field of research,
called metagenomics, allows the examination of the total genomic DNA of microbial communities
sampled from natural environments without the prior need for culturing, thus providing valuable
information about the complexity and diversity of the human microbiome — in situ. The two main
types of sequencing data analysis are marker gene metagenomics and shotgun metagenomics
(11,12). Sequencing of the 16S ribosomal RNA (rRNA) gene is restricted to microbes of the
bacteria and archaea domains, with the sequencing data compared to a database containing a great
number of sequences of this gene fragment (16S libraries). A similar approach can be applied for
fungi and eukaryotes, although in this case the preferred marker genes are the internal transcribed
spacer (ITS) and the 18S rRNA gene, respectively (11). Through shotgun metagenomics analysis,
the complete sequences of all microorganisms present in a sample (previously characterized or
novel) are investigated, thus offering extremely useful insights regarding microbial community
dynamics (11,12). Besides the knowledge gained about the differences in the microbiome at

particular body sites, these molecular techniques help researchers understand how microbial
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communities affect health and disease and how it is possible to influence or even manipulate the
human microbiome (13). In addition, more than just aiding our understanding of microbiome-host
interactions, some of these high-throughput sequencing technologies allow the identification of
microbiome changes in a more detailed manner such as to the strain-level, which poses a
significant improvement over the detection of species-level differences which may not represent a

reliable marker in several health conditions (3).

The Human Microbiome Project (HMP) was created in 2008 by the National Institutes of Health
(NIH) in the United States, as an initiative to study the different microorganisms living in
association with the human body, and thus potentially involved in human health and disease. The
mission of this project is to generate resources that will help scientists in the field understand the
makeup of the “normal” human microbiome and if certain medical conditions affect the microbes
living in our body (8). The term “normal” rather than “healthy” was chosen by body site-specific
experts and was used in the study as a matter of criteria selection for volunteers. According to
clinicians’ opinions, the recruitment of “healthy” volunteers would lead to several exclusion
criteria making the selection a very slow and complicated process (8). The main (and ongoing)
goals of the HMP are: to characterize the human microbiome by studying samples from multiple
body sites (gastrointestinal tract, mouth, nasal cavity, vagina, and skin) collected from “normal”
volunteers; to understand the influence of the microbiome in health and disease by studying their
differences in several clinical conditions such as obesity, psoriasis, bacterial vaginosis, and cancer;
and finally to provide standardized data resources as well as improved technology to facilitate

future studies in this field (8).



The HMP and all the other various studies characterizing the human microbiome play a very
important role in better defining the concept of “dysbiosis” and the diseases related to this
condition. Presently, there is no specific description of what constitutes a “healthy" microbiome
or which group of microorganisms are present in a dysbiotic state. Early research in the field aimed
to identify a “core” group of microorganisms that are universally present in healthy individuals
but are also absent in those individuals presenting with disease phenotypes (14,15). However,
microbiomes regularly show a large degree of interpersonal variation - even in the absence of any
overt disease (16,17), therefore the general concept of a “healthy” microbiome is no longer
practical as a reference or marker for eubiotic or dysbiotic states. Moreover, besides the variability
in the metagenome of the human microbiome, only a third of its constituent genes are found in the
majority of healthy individuals (14), making the search for specific taxa a poor reflection of what

constitutes the “normal” microbial community.

Although no specific characteristics can be used to define dysbiosis, several authors associate this
term with certain conditions. The oral cavity carries hundreds of bacterial species and an imbalance
in this microbiota is associated with oral diseases, mainly periodontitis and dental caries (18). In
periodontitis, pathogens such as Porphyromonas gingivalis, Treponema denticola and Tannerella
forsythia are described to play a key role in this disease due to their ability to produce biofilms
(19). Regarding dental caries, Streptococcus mutans seems to be the chief pathogen associated
with this condition, although Lactobacillus spp., Prevotella spp., Atopobium spp., Olsenella spp.
and Actinomyces spp. have also been implicated (20). The skin microbiota composition varies
according to the body site and its particular properties (dry versus moist versus sebaceous sites),

and is mainly colonized by Corynebacterium spp., Propionibacterium spp., and Staphylococcus
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spp. (21). Staphylococcus aureus 1s closely related to atopic dermatitis and although most species
of Corynebacterium do not cause any disease in humans, Corynebacterium minutissimum and
Corynebacterium tenuis have been associated with superficial skin pathology (22). Curiously,
rather than showing a lack of microbial diversity - female urogenital diseases (bacterial vaginosis,
yeast infection, sexually transmitted infection) and their consequences (e.g. pre-term birth, HIV
infection) are often associated with a more diverse vaginal microbiota profile, where there is a shift
from predominantly lactic acid-producing bacteria (i.e. Lactobacillus spp.) to more strict
anaerobes comprising taxa such as Sneathia spp., Prevotella amnii, Atopobium spp. and
Gardnerella vaginalis (23,24). In gastrointestinal disorders, a reduced diversity of microbes, a
lower abundance of obligate anaerobic bacteria, and an expansion of facultative anaerobic bacteria,
such as Escherichia spp., are thought to indicate the presence of an abnormal/aberrant microbiota.
These changes in the microbiota are often seen in combination with intestinal and extra-intestinal
disorders such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), obesity, type

2 diabetes, among others (25).

Interestingly, studies investigating the human microbiome in different countries have observed
inter-population differences in the composition of what is considered a ‘“healthy microbiome”,
emphasizing the geographical variation in microbes worldwide (14). This inter-country variation
in taxonomic composition was compared using large cohort studies from different continents —
MetaHIT (Europe), HMP (America), and Chinese diabetes cohorts — and together with genetics,
diet and other environmental factors, one’s place of residence joins the list of factors that influence
the human microbiome (14). Besides evolution, immigration patterns and modifiable factors that

reflect lifestyle (diet, exercise, hygiene habits), the healthcare system of a particular country may
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also influence the microbiome composition of that population. Medical procedures like mode of
infant delivery and use of antibiotics at an early age are directly associated with differences in
microbiota composition, and the frequency of these procedures usually varies between countries.
Moreover, climate and sunlight exposure have also been described as factors that impact microbial
dysbiosis, by, for example, influencing the biosynthesis of vitamin D (25). Lower sunlight
exposure combined with a lack of adequate vitamin D supplementation can result in vitamin D

deficiency, pre-disposing to dysbiosis and inflammatory conditions such as IBD (25).

1.2 The human gastrointestinal tract

The mammalian gastrointestinal (GI) tract is a complex organ system that includes anatomically
and functionally distinct regions — each with a unique diversity of cell types (26). The GI tract
extends from the mouth to the anus and is in essence, a long tubular structure comprising (in order)
the oral cavity, esophagus, stomach, small and large intestines, rectum and anus. Each of these
segments is strategically separated by sphincters that not only create different compartments in the
GI tract but also control the flow of the digestive process (27). The primary functions of the GI
tract are to maintain water homeostasis, secrete enzymes to aid the digestion process, sample and
absorb essential nutrients and electrolytes, and finally eliminate waste products in the form of feces
(26,27). In addition, adjacent glandular organs (e.g. salivary glands, liver, gall bladder, and
pancreas), neurons and vasculature are connected to the GI tract, where they help facilitate
digestion in an integrated process whereby each organ and all the different cell types play their

specialized roles in the gut (26).



The small intestine is the longest segment of the GI tract, measuring 6-9 m long in adults, and
consisting of three parts: the duodenum, jejunum, and ileum. The duodenum is the most proximal
segment of the small intestine and it plays an important role in the mixing of food products with
digestive enzymes from the pancreas as well as with alkaline secretions from duodenal glands, that
together are responsible for neutralizing the acidic chyme that is received from the stomach. The
bile produced in the liver and stored in the gall bladder also helps the digestive process by
emulsifying dietary fat into micelles for absorption (28). Another critical enzyme for digestion,
intestinal alkaline phosphatase (IAP), is expressed and secreted by intestinal epithelial cells (IEC)
and is found in high concentrations in the duodenum. One of the major functions of IAP is the
regulation of bicarbonate secretion and duodenal surface pH, thus contributing to intestinal
homeostasis along with other functions such as inactivation of bacteria lipopolysaccharide (LPS)
and regulation of the gut microbiome through dephosphorylation of adenosine triphosphate (ATP)
and adenosine diphosphate (ADP) in the intestinal lumen. IAP converts these phosphorylated
nucleotides to adenosine which acts as a scavenger of oxygen thus influencing bacterial growth
and diversity (29). Following the digestion of food, nutrient absorption continues to take place
throughout the jejunum and ileum. The main function of the small intestine is thus the digestion
and absorption of nutrients, and to do this, the inner surface of the small intestine is covered with
villi and microvilli that project into the lumen resulting in a very high surface area of approximately

30 m” in humans (27).

The large intestine, also known as the colon, is wider and shorter (~1.5 m) than the small intestine

and extends from the distal end of the ileum to the anus (30). This region receives chyme from the
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small intestine and is responsible for forming the feces, as well as absorbing fluids and salts that
maintain homeostasis in the human body. The colon can be functionally divided into the ascending,
transverse and descending colon. The cecum and ascending colon are located on the right side of
the abdomen and play a central role in water and electrolyte absorption, in the fermentation of
complex carbohydrates (i.e. dietary fiber) as well as in the production of metabolites (i.e. short-
chain fatty acid) by resident microbiota (28). The transverse colon crosses the abdomen
transversely connecting the right side to the left side, including the descending colon, sigmoid
colon and rectum, which are primarily involved in the storage and evacuation of feces (28). The
appendix is a tube-like structure found just off the cecum, and acts as a storage compartment for

commensal bacteria and immune cells (31).

The wall of the human GI tract consists of four distinct functional layers, which from the outer
surface inward include: the serosa, the muscularis externa, the submucosa, and the mucosa. The
serosa is the outermost layer formed of connective tissue that contains major blood vessels and
nerves. The muscularis externa consists of smooth muscle which is usually arranged as an inner
circular layer and an outer longitudinal layer that together coordinate the muscle contractions that
mediate peristalsis (32). The submucosa layer is made up of connective tissue that supports the
mucosa and contains larger blood vessels, lymphatic vessels and nerves. Together, they help
control secretions from the mucosal glands and regulate mucosal movement and blood flow. The
mucosa is made up of three sublayers: the muscularis mucosae, which consists of a thin smooth
muscle layer that separates the lamina propria and the underlying submucosa; the lamina propria,

which resides at the base of the intestinal epithelium and is rich in immune cells; and finally a



single layer of IEC lining the lumen of the GI tract, which defends the host against the varied

noxious stimuli that can be found in the luminal environment (32).
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Figure 1.1. Schematic of the human colon showing the full thickness of the intestinal wall.

Epithelial cells originate from stem cells at the base of crypts. The crypts are embedded in the lamina propria
and are separated from the submucosa by the muscularis mucosae. The mucosa is made up of crypts, the
lamina propria and the muscularis mucosae. The surface of the mucosa is scattered with the openings of
crypts, which are continuous with the intestinal lumen. Image modified from ref. (33) with permission.

The intestinal epithelium consists of an array of IEC subtypes, and each one carries out different
and specialized functions (34). Enterocytes constitute 80% of IEC and are mainly responsible for
water absorption and nutrient transport due to their large surface area. Goblet cells (GCs),
enteroendocrine cells and Paneth cells are classified as secretory cells and are known to release
mucins, hormones and antimicrobial factors, respectively. In addition, intestinal stem cells reside
at the base of intestinal crypts and are constantly being sorted into transient proliferating cells or

mature cells that travel up the crypt before being released into the lumen. Lastly, there are tuft cells
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which are chemosensory cells that can sense luminal helminths, and M cells which overlie Peyer’s
patches and aid in antigen uptake and sensing (34,35). All together, these various IEC subtypes
work together harmoniously to maintain intestinal homeostasis and promote host defense, thus

guaranteeing a functional balance within the GI tract (34).

The mucosal surface that coats the GI tract is approximately 200-300 m” in humans (36) and it
harbors a vast array of microorganisms known as the microbiome (25,37). These microbes include
bacteria, viruses, fungi, and eukaryotes and under normal conditions they maintain a healthy
symbiotic relationship with the host. Since the GI mucosal surface is the largest area of the body
that is in contact with the external environment, the interactions between the different cells in the
gut play a key role in regulating normal gut physiology as well as host defense by working to
exclude harmful opportunistic microbes. Before particles present in the luminal environment reach
the IEC, they first encounter the mucus layer, which is a physical and biochemical protective
barrier comprised of mucin glycoproteins that coats the entire GI tract (38). This dynamic barrier

is constantly renewed, thus limiting any transient impairments in epithelial barrier integrity (39).

1.3 The intestinal microbiota

The first time a human usually encounters environmental microorganisms occurs at birth. During
delivery the newborn comes into contact with the microbes present in the mother’s vaginal canal
and on her skin, leading to these commensal bacteria colonizing the infant. This community of
microorganisms gradually develops into a diverse ecosystem as the host ages and grows, with both

microbes and the immune system maturing together in a symbiotic relationship (37). The host
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provides a place to reside as well as nutrition for the microbes, while the gut microbiota in turn
protects the host against pathogenic bacteria (40,41), helps in food digestion and vitamin
biosynthesis (42,43), produces important metabolites such as short chain fatty acids (SCFA)

(40,44), and promotes normal immune function (45).

The intestine harbours the largest population of microorganisms within the human body, and the
four main intestinal microbial phyla in humans are Firmicutes, Bacteroidetes, Proteobacteria and
Actinobacteria (46). Firmicutes and Bacteroidetes are described as the dominant phyla in the gut
(4,17) accounting for more than 90% of the total community (47—-49), and although this broad level
of classification may not directly indicate a health status association, the Firmicutes/Bacteroidetes
(F/B) ratio is a common index used as a comparison of gut microbiota composition in certain
diseases such as obesity and intestinal disorders. Obese subjects usually show a higher proportion
of Firmicutes over Bacteroidetes as compared to lean people, and the F/B ratio tends to decrease
as an individual loses weight (50). Conversely, a higher Bacteroidetes population has been
associated with intestinal conditions such as IBD (51). At the genera level, it has been suggested
that most individuals can be classified into one of three clusters or “enterotypes” according to their
prevalent genera (Bacteroides spp., Prevotella spp. or Ruminococcus spp.) (52). These enterotypes
seem to be driven primarily by dietary habits and despite being still a wide categorization, they
may help us understand underlying mechanisms linking gut microbiota to diseases. The
stratification of individuals in these three groups may identify possible correlations with dietary
patterns such as the consumption of animal protein versus vegetarianism, fermented food,

“Western” diet lifestyle, among others.
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As previously discussed, the concept of a “healthy microbiome™ is difficult to define, however this
definition may be characterized by the microbiome behavior over time, where a personalized
“functional core” of metabolic and molecular functions provides benefits to the host and protects
it against noxious stimuli (14). Since interpersonal variation in the gut microbiome is high, a better
way to predict dysbiosis related diseases would be the stability of the microbiota within an
individual through time. It is believed that our microbiota develops during the first few years of
life becoming relatively stable in healthy adults (1,42). However, studies have indicated that a
decrease in Bifidobacterium spp., Bacteroides spp., and Lactobacillus spp. occurs in elderly

population, accompanied by an increase in the number of facultative anaerobes (53-55).

Mode of delivery is considered the first aspect that influences gut microbiota composition, even
though recent studies indicate that diet and stress in late pregnancy can also influence the first
microbiome colonizers (49,56,57). Infants born by vaginal delivery present a microbial community
close to the one found in the vaginal microbiota of their mothers (mainly Lactobacillus spp.), while
infants delivered by caesarean section display a microbiota dominated by typical skin microbial
taxa such as Staphylococcus spp. and Propionibacterium spp. (58). Breastfeeding is another factor
that has been suggested to enrich Lactobacillus spp. in comparison with formula feeding in
newborns (59). Furthermore, Bifidobacterium spp. present in breast milk display bifidogenic

activity that protects infants against gastrointestinal infections and acute diarrhea (60).

Antibiotic use is one of the major external perturbations that directly affects the microbiota
composition. The aim of antibiotic treatment is to fight against severe - and sometime life-

threatening - infections that may cause major complications to the host. However, despite the acute
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beneficial effects of eliminating pathogenic bacteria, the use of antibiotics is also linked to long
term negative consequences as the microbial community may not always return to its pre-treatment
composition. Interestingly, even months after antibiotic treatment - a low bacterial diversity has
been described in the microbiota of adults treated with ciprofloxacin (61). Furthermore, studies
show that a single course of antibiotics is sufficient to modify the microbial community with this
change persisting for years (62—64). Lastly, the overuse of antibiotics is associated with an increase
in antibiotic-resistant pathogens, as after the treatment some pathogens have more opportunity to

outgrow commensal bacteria and to colonize the microbiota in a permanent way (1).

Dietary changes are also another modifiable factor that directly influences the microbiota
composition. Products of digestion that were not absorbed in the upper digestive tract reach the
colon where they come in contact with the gut microbiota. As an anaerobic environment, the
fermentation process provides both energy and carbon sources for the microorganisms in addition
to changing pH and substrate availability in the colon, therefore impacting both host metabolism
and health (65). In the last several decades, dietary patterns have shifted dramatically from diverse
and nutritious whole foods to what is known as a modern “Western” style. The “Western” diet
comprises large amounts of sugar and fat rich, high calorie processed foods combined with a lack
of fruits, vegetables, legumes and whole grains (66). Aside from lacking fiber and essential
nutrients such as vitamins and minerals, this “Western” dietary lifestyle is associated with
inflammatory and detrimental health effects leading to increased rates of obesity and other chronic

diseases (67).
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Studies using animal models have demonstrated that lean mice have a greater percentage of
Firmicutes as compared to Bacteroidetes (60% and 40% respectively). However, obese mice have
an even greater percentage of the same phyla, thus correlating obesity with increased numbers of
Firmicutes in mice (68—70). Additionally, it has been shown in mice that shifting to a high-fat,
high-sugar “Western” diet from a low-fat, plant polysaccharide-rich diet can change the microbiota
within a day (71). Moreover, animals fed with a high fat diet showed reduced cecal
Bifidobacterium spp., increased circulating LPS concentrations (72,73), and lower abundance of

Clostridium cluster XIVa, including Roseburia spp. (74).

The consumption of the typical “Western” style diet is also associated with significant changes in
human microbiota composition at the phylum and genus levels, including reductions in both Gram
positive (e.g., Bifidobacterium spp.) and Gram negative bacteria (e.g., Bacteroides spp.) in African
and European Americans as compared to native Africans with a diet rich in resistant starch and
low in animal products (75). In another study in humans, shifting from a high-fat/low-fiber diet to
a low-fat/high-fiber diet caused notable changes in the gut microbiota composition within 24 hours
(76). Interestingly, enterotypes are associated with long-term diet, as individuals on a diet high in
protein and animal fat have a Bacteroidetes-dominated enterotype, whereas a carbohydrate-rich

diet is associated with a Prevotella dominated enterotype (76).

Regarding the impact of macronutrients in the gut microbiota, most benefits are related to
carbohydrates in the form of dietary fibers. Carbohydrates are the major carbon/energy source for
colonic microbes and fiber promotes gut health by increasing digesta mass thus facilitating fecal

transit thought the colon. Additionally, SCFA (acetate, propionate and butyrate) are the principal
14



endproducts of carbohydrate fermentation and besides helping lower pH levels within the colon
thereby limiting pathogenic bacterial activity, these acids have roles beyond the gut - impacting
metabolic and immune system diseases and disorders (77). These by-products of colonic
microbiota have received significant attention in the recent years, in particular butyrate, which is
produced by bacteria from the Clostridiale clusters IV and XIVa. The main butyrate producing
species are described to be Eubacterium rectale and Faecalibacterium prausnitzii, in addition to
others in the genera Coprococcus and Roseburia (78). The presence of butyrate producers in the
colon has been shown to be negatively correlated with functional dysbiosis, while reducing the
risk of infections with opportunistic pathogens and decreasing oxidative stress, highlighting
beneficial synergistic interactions between diet, microbes and host. Butyrate producers can
respond to different environmental conditions, such as diet or pH, and engage different
fermentation pathways in which the final products are lactate, formate, hydrogen and carbon
dioxide. It has been shown that cross- feeding between Bifidobacterium spp. and butyrate
producers is also possible: Bifidobacterium spp. break down polysaccharides and produce lactate
and acetate, which are further utilized by butyrate - producers to form butyrate (78). Butyrate is
also the main source of energy for colonocytes and it inhibits expression of pro-inflammatory
cytokines in the mucosal layer of the intestine, thus playing a key role in maintaining homeostasis
of the intestine (79). Moreover, butyrate has a positive effect on the integrity of the mucosal layer
by stimulating expression of tight junction proteins, and by inducing the production of mucin and

antimicrobial peptides (80).

The use of probiotics and prebiotics as nutritional strategies are also known for promoting general

health benefits by improving the gut microbiota composition. A prebiotic is “a substrate that is
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selectively utilized by host microorganisms conferring a health benefit” (81). Established
prebiotics include inulin-type fructans (i.e. fructo-oligosaccharides [FOS], inulin and
oligofructose), galacto-oligosaccharides (GOS) and lactulose. Other fermentable carbohydrates
that have shown prebiotic potential include resistant starch, [-glucans, arabinoxylan
oligosaccharides, xylo-oligosaccharides, soy bean oligosaccharides, isomalto-oligosaccharides
and pectin. Prebiotics are found naturally in foods (i.e. inulin is found in breads and cereals, onions,
garlic and artichokes), are added to foods to increase their fiber content (i.e. inulin containing
yoghurts), or can be added to the diet in the form of powdered supplements. Prebiotics have the
potential to create a new nutritional niche within the human GI tract, providing microbes sufficient
nutrients to establish residence. Probiotics, are defined as “microorganisms that confer a health
benefit to the host when administered in adequate amounts” (82,83) and will be discussed further

in this chapter as a strategy to modulate the gut microbiota.

1.4 Gut microbiome in health and disease

Through its metabolic activity and its direct interactions with the host, the gut microbiota plays an
important role in regulating certain metabolic functions such as insulin resistance, lipid and choline
metabolism, vitamin biosynthesis, and the breakdown of complex carbohydrates — thus generating
SCFA (37,84,85). Another critical role of commensal microorganisms is their ability to promote
immune system development and maturation (86), as animals raised under germ-free conditions
often display defective T and B cell function, poorly developed lymphoid tissues, lower levels of

CDA4+T cells and decreased antibody production (87,88). Germ-free animals also have anatomic
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alterations such as cecum enlargement, villi hyperplasia and defective crypt cell cycling (89,90),

thus emphasizing the importance of microbes in normal gut architecture.

Considering the important role of the gut microbiota and the several benefits described in the
literature, it is clear that a breakdown in gut microbiota homeostasis impacts an individual’s
predisposition to chronic diseases. For example, over the last few decades, intestinal dysbiosis has
been linked to several intestinal and extra-intestinal conditions such as IBD (91-93), IBS (94),
obesity (50), type 2 diabetes (95), asthma (96), colon cancer (97,98), non-alcoholic fatty liver

disease (99,100), and neurological diseases (101,102).

IBDs, including Crohn’s Disease (CD) and Ulcerative Colitis (UC) are chronic relapsing diseases
characterized by intestinal inflammation and microbial dysbiosis. The gut microbiota of
individuals with IBD are characterized by low microbial diversity (103,104), a reduced abundance
of Bifidobacterium spp. (103,105), Lactobacillus spp. (104) and Faecalibacterium prausnitzii
(103,105,106), and a higher abundance of pathobionts such as AIEC (107,108) and Clostridium
difficile (109), resulting in lower SCFA concentrations (110) as compared to healthy individuals.
The reason why a dysbiotic microbiota is found in so many IBD patients has not been fully
elucidated. Several studies have indicated that intestinal dysbiosis might play a causative role in
IBD, since inflammation is usually located in the distal ileum or colon, which are also the sites of
highest bacterial abundance in the intestine. Moreover, studies using spontaneous and induced
animal models of IBD have shown that animals develop little if any inflammation under germ free
conditions (111-113). However, an inflamed environment on its own influences oxygen levels in

the gut and thereby seems to favour the typical dysbiosis seen in IBD patients, i.e. depletion of
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Firmicutes and the expansion of Enterobacteriaceae, especially E. coli strains (108,114,115).
Considering the unique ability of Enterobacteriaceae to thrive proximal to inflamed tissues, these
examples support the concept that microbial dysbiosis might be a consequence rather than a cause

of inflammation in IBD patients (25).

1.5 Animal models of intestinal inflammation

In the past decades, several animal models have been developed to study IBD and intestinal
inflammation. These models can be broadly divided into those involving chemically induced
colitis, bacterially induced colitis, spontaneous colitis (i.e. congenital and genetically engineered),
and adoptive transfer models (116). Each model possesses advantages and disadvantages, and
therefore should be carefully chosen according to the research hypothesis. Although animal models
cannot fully represent human diseases, they do allow us to study different aspects of GI
inflammation thus being extremely helpful in understanding the pathogenesis of IBD and in the
development of novel therapeutic approaches. The remainder of this section will focus on chemical

and bacterial induced colitis models, since they are directly relevant to this thesis.

Chemically induced mouse models of colitis are commonly used to test potential therapeutic agents
such as drugs, peptides, and probiotics (117). The chemical administration varies from rectal to
oral delivery and recreates similar histopathological and clinical features to those seen in GI
disorders. These models are widely employed to investigate intestinal inflammation based on their
simplicity, short duration, practicality and controllability of disease severity (116). Acute and

chronic colitis can be induced by rectally injecting a haptenating agent (e.g. trinitrobenzene
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sulfonic acid (TNBS), dinitrobenzene sulfonic acid (DNBS) and oxazolone) dissolved in ethanol.
The ethanol damages the epithelial barrier in the colon allowing the haptenating substances to
trigger an inflammatory response. Moreover, the inflammation causes epithelial and mucus barrier

disruption, thereby resulting in an altered and dysbiotic microbial ecosystem (117).

Colitis can also be induced orally by providing rodents with drinking water supplemented with
dextran sodium sulphate (DSS) for several days (118). The DSS model is the most commonly used
model to test probiotic candidates and multistrain combinations due its simplicity and
reproducibility. This was therefore our model of choice for testing the probiotic strategies outlined
in chapter 2. DSS is a sulfated polysaccharide, which seems to be toxic to colonic epithelial cells,
thereby causing a disruption of the surface epithelium that affects tight junction (TJ) proteins and
compromises the mucosal barrier. One cycle of 3-5% DSS in drinking water for 5-7 days results
in an acute colitis, characterized by weight loss, loose stools/diarrhea and rectal bleeding (119).
Histologically, the DSS-colitis phenotype resembles the clinical course of human UC, with crypt
and epithelial cell damage in the distal colon, tissue edema and ulceration, as well as infiltration
of granulocytes and mononuclear cells (Figure 1.2) (116,119). Moreover, DSS can be used to study
chronic and relapsing intestinal inflammation by optimizing the protocol with different
concentrations, frequency or even cycling the administration of this chemical. Regarding the
inflammatory response, chronic DSS colitis seems to be T-cell mediated while acute DSS colitis
is independent of the adaptive immune system (B and T cells) since immunodeficient mice also
develop severe intestinal inflammation when treated with DSS (120). Therefore, the DSS model
is useful in studying the role of the innate immune system in colitis as well as several aspects of

IBD such as barrier disruption, mucosal healing and bacteria-host interactions at the mucosal
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surface. Furthermore, this model can be applied in several mouse backgrounds, thus facilitating

the investigation of probiotic effectiveness in different diseases (117,118).

Figure 1.2. Histological analysis of damage caused in colonic tissues by DSS-colitis.

A: Images show healthy distal colon tissue from a mouse that received only water as a control. B: inflamed
distal colon from mice that received 3% DSS in the drinking water for 4 days, characterized by epithelial
damage (arrow), ulceration, crypt damage and severe inflammation. Image reproduced from reference (121)
with permission.

Another way to study intestinal disorders is by infecting the host with a pathogen that triggers gut
inflammation. There are several enteric bacterial pathogens that are used as animal models of
intestinal inflammation: Salmonella, Vibrio, Shigella, Clostridium difficile, Campylobacter
enterohemorrhagic and enteropathogenic Escherichia coli (EHEC and EPEC). These pathogens
alter the intestinal ecosystem when infecting their hosts (122). Moreover, how the host responds
to and recovers from the GI inflammation and the dysbiosis caused by the virulence factors of
these pathogens highlight mechanisms that could be useful for future therapeutic options and

clinical applications. Additionally, changes in the microbiota composition post-GI inflammation
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such as increased colonization of E. coli and C. difficile has been linked to a higher risk of

developing IBD (123).

Citrobacter rodentium is a Gram-negative bacterium and murine pathogen surrogate to EPEC and
EHEC, two human pathogens of significant clinical interest (124,125). Our laboratory has been one of
the leading groups using C. rodentium as a model of infection to understand the pathogenesis of
attaching and effacing (A/E) pathogens, a family of bacteria that attach to the apical cell membrane of
IEC — thereby forming a pedestal-like structure (126). Since EPEC and EHEC are unable to infect mice
effectively, C. rodentium is commonly chosen for studying A/E pathogen-host interactions in vivo as
it shares 67% of its genes with both EPEC and EHEC (including the locus of enterocyte effacement
(LEE) pathogenicity island) thus causing very similar pathological lesions (127). Following
administration by oral gavage, C. rodentium colonizes the cecum at earlier stages of infection
progressing to the distal colon 2 to 3 days later. The peak of infection occurs between day 6 and 10
and clearance is complete between 21 and 28 days post-infection in most mouse strains, including
C57BL/6, NIH Swiss and Balb/c. A few mouse strains such as C3H/Hel and CeHOu/J have been
described as being extremely susceptible to this infection, suffering high mortality rates (128). During
its peak, C. rodentium is usually shed from its host in the stool where it is hyper-infectious and can
effectively transmit to new hosts via coprophagy (oral-fecal route). The hallmark pathologies
associated with C. rodentium infection include dramatic crypt hyperplasia, goblet cell depletion, barrier
disruption as well as a strong Th1/Th17 response, resulting in immune cell infiltration into the intestinal
mucosa (Figure 1.3) (124,129). As a non-invasive pathogen, C. rodentium is an ideal microorganism
to investigate A/E bacterial pathogenesis as well as the mucosal host responses generated through

different cells and mediators against A/E pathogens (128). Furthermore, it is believed IEC and
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epithelial-derived mucin production play a significant role in limiting C. rodentium colonization (130—

132), which explains our choice of model for the experiments performed in chapter 3.

Uninfected » Day 7 post infection

Figure 1.3 Histological damage caused to murine colonic tissues by C. rodentium infection.

By day 7 post-infection moderate immune cell infiltration, as well as elongation of crypts, goblet cell
depletion and mild edema are observed — as compared to control uninfected tissue. Image reproduced from
reference (126) with permission.

1.6 Modulation of the gut microbiome through probiotics

One approach to overcome the microbial dysbiosis seen in IBD patients is through the oral or
enema delivery of beneficial gut microbes (probiotics) known to be lacking in IBD patients.

Probiotics can be easily incorporated into the diet through the consumption of fermented foods
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(i.e. yoghurt, kefir, kimchi, sauerkraut) or, consumed on a daily basis as a probiotic supplement.
Studies attribute several health benefits to probiotics including direct effects such as producing
SCFAs (e.g. butyrate) and excluding pathogens from the gut by competition for space and
nutrients, as well as indirect effects such as enhancing epithelial barrier function and promoting
antimicrobial peptide secretory IgA production. Moreover, probiotics have been shown to increase
mucin secretion from intestinal goblet cells and to beneficially modulate the host immune system
through the stimulation of anti-inflammatory cytokines such as IL-10 and TGF-3 as well as
stimulate the induction of Tregs (133,134). The exact mechanism(s) by which probiotics exert
these positive effects are unclear; however, it is clear that the efficacy of probiotics varies

depending on the microbial strain used and the dose administered.

Microorganisms from the genera Lactobacillus and Bifidobacterium as well as the yeast
Saccharomyces boulardii are among the most common probiotic candidates. Extensive in vitro
research has shown that several Lactobacillus spp. exhibit anti-inflammatory effects, as primarily
assessed by toll-like receptor (TLR) activation (135). For example, Lactobacillus casei Shirota
treatment restores the normal stimulatory capacity of dendric cells (DC) from UC patients by
reducing TLR2 and TLR4 expression (136,137). Lactobacillus plantarum CGMCC1258 increases
tight junction protein levels and decreases permeability in the intestinal epithelial cell line, IPEC-
J2. Moreover, this probiotic reduces IL-8 and TNFa expression in intestinal porcine epithelial cells
challenged by E. coli K88, possibly via a decrease in TLR expression, nuclear factor kappa B

(NFxB) activation, and mitogen-activated protein kinase (MAPK) pathways (138).
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In mouse models of intestinal inflammation, Lactobacillus acidophilus Bar 13 and
Bifidobacterium longum Bar 33 promote the expansion of Treg cells and reduce the number of
intraepithelial lymphocytes in the 2,4,6-trinitrobenzene sulfonic acid (TNBS) induced colitis
(139). In a similar model of murine colitis (2,4-Dinitrobenzene sulfonic acid [DNBS)), L. casei
DN-114 001 ameliorates disease severity through the induction and expansion of colonic
CD4'FoxP3" Treg cells (140). Other studies using mice with dextran sulfate sodium (DSS) colitis
show that a combination of eight different probiotic strains (VSL#3) effectively reduces disease
activity and colon inflammation including a significant reduction in inflammatory markers such as
IL-1B, NF«xB, and the neutrophil marker, myeloperoxidase (MPO) (141-143). Similarly,
administration of L. plantarum 299V prevents spontaneous colitis development in IL-10 deficient
(111077) mice (144), and treatment with VSL#3 ameliorates colitis and overall disease activity in

11107 mice.

Curiously, despite the broad success of probiotics in animal models of colitis, their effects in
clinical IBD trials have been less successful, with only small subsets of treated patients showing
beneficial effects (reviewed in (145—-147). One reason behind this limited effect in IBD patients
may stem from the “one size fits all” approach that has been commonly employed with probiotics.
It is strongly believed that as an infant’s immune system matures, they develop a mutualistic
relationship with the resident microbes in their intestine. This ensures that these resident gut
microbes establish an environmental niche, as well as an immunological niche which is recognized
by the immune system as a long-term part of the host. In contrast, new microbes encountered after
this relationship has developed are typically seen as foreign and are expelled. Thus, providing

exogenous probiotic microbes to patients without defining whether there are environmental/
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immunological niches for those gut microbes, may mean that the probiotics will be seen as foreign
and unable to take up permanent residence in the GI tracts of those patients. Similarly, the inflamed
intestines of IBD patients are often\inhospitable to probiotic microbes due to the exaggerated
inflammatory and antimicrobial responses seen during disease. These responses clear new
microbes, including potentially beneficial bacteria, rapidly from the intestine, often before they

have the opportunity to work.

Clearly, new approaches to designing probiotics, and promoting their survival will be key to the
future success of this potential therapy. Additionally, engineered probiotics have been developed
that produce and release the anti-inflammatory cytokine IL-10 (148,149) or trefoil factor (TFF) as
strategies to locally suppress intestinal inflammation and promote healing (150). Moreover, recent
insights regarding the makeup of the human microbiome should allow us to identify potential next-
generation probiotic species with improved potential for colonizing the human GI tract. Recently,
Mandonado-Gomez and colleagues (151) demonstrated that the microbe B. longum AH1206 was
able to persist in the intestines of a subset of individuals for at least six months after administration
without causing side effects or overtly altering the resident microbiota composition. This
microbe’s extended colonization is attributed to its ability to establish a nutritional niche related
to genes involved in carbohydrate utilization. This finding suggests that the establishment of new
probiotic microbes will depend on an individual’s baseline microbiota as well as on the availability
of nutritional resources, thus supporting the critical role of dietary substrates such as fermentable

carbohydrates and prebiotics in permitting the long-term persistence of a probiotic strain.
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Studies over the past two decades have provided important information identifying person-specific
particularities (e.g. allelic gene variations, increased disease predisposition in patients under
medication from a pre-existing condition) that could be used to diagnose disease as well as
optimize both disease prevention and therapies (152,153). This new strategy represents a shift from
a disease-specific approach towards a patient-specific approach, favoring stratifications of
subpopulations that consequently improves the accuracy and cost-effectiveness of follow up and
treatment. Most progress in precision medicine has been within the oncology field (152,153) (e.g.
preventive mastectomy for BRCA1/2 mutation patients (154)), however, this personalized concept
has also been discussed by scientists in the microbiome field. It is believed that the gut microbiome
may act as a marker for diseases such as obesity (69,155), asthma (156), and rheumatoid arthritis
(157), and assessing its composition could be useful in stratifying a patient’s disease risk and

consequently aid in early disease detection in humans.

In the same line of thought, we believe personalized strategies for the use of probiotics are clearly
needed - especially for dysbiotic-related diseases. While commercial and novel probiotics are
promising in conditions with a specific target, diseases such as IBD do not appear to benefit from
single or even multi-strain probiotics since each patient seems to have a distinct dysbiotic profile.
The individual characteristics of a person’s microbiota, as well as its changes during their lifetime
or in response to environmental stimuli, are the only known factors regarding microbiota
composition. Therefore, strategies focusing on personalized probiotics may provide advantages

over specific isolates from an exogenous source.
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1.7 The intestinal mucus layer and its role in host defense

The GI mucosal barrier comprises epithelial cells and immune cells that together with the resident
microbiota form a protective barrier against harmful luminal substances. The IECs are covered by
a thick mucus layer that serves as a first line of innate host defense. Besides lubricating the
epithelium, the mucus layer also acts as a physical and biochemical barrier preventing noxious
luminal substances from reaching the surface of the epithelium (158). The major building blocks
of mucus are mucins (mucin (MUC)2 in intestinal mucus), which are large and highly glycosylated
proteins with over 80% of their mass comprised of carbohydrates concentrated into mucin
domains. These domains are built on a protein core that is rich in the amino acids proline, serine
and threonine, called PTS sequences, with the length varying according to each particular mucin.
Thus, the PTS sequences have a critical role in MUC2 function by serving as sites of O-linked

glycosylation (159).

Primarily produced by goblet cells, mucins are packaged into secretory granules within the goblet
cell cytoplasm and secreted at their apical membrane (39). Although the mechanisms defining the
thickness of the intestinal mucus layer are not completely elucidated, it is known that mucus
thickness varies throughout the GI tract. While the small intestine has only one layer of surface
mucus, the colon has a two-layered mucus system. The inner layer is very dense, attached to the
underlying IECs and relatively sterile whereas the outer mucus layer is loosely attached and filled
with commensal bacteria (158,159). Both layers are comprised of the mucin MUC2 (Muc2 in

mice), in spite of behaving differently in each part of the intestine (160). Underneath the mucus
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layer, a dense network of highly diverse glycoproteins and glycolipids form a thin layer called the

glycocalyx which is directly attached to the IEC.

Mucins can be widely classified into secreted or transmembrane mucins. The secretory forms
(MUC2, MUCSAC, MUC6) are found throughout the GI tract and can be further subdivided into
gel-forming or non-gel forming mucins, based on their ability to form polymers. However, studies
have described MUC2 as the major small intestinal and colonic secretory mucin (161,162).
Transmembrane mucins (MUCI1, MUC4) are membrane-bound glycoproteins, abundantly
expressed and found attached to the apical surface of epithelial cells. In addition to hydrating and
lubricating the epithelial surface, they provide defense against enteric pathogens (anti-adhesive)
and participate in inducing host-signaling pathways such as Wnt, the mitogen-activated protein
kinase (MAPK) and the PKB/Akt pathways — all of which are involved in epithelial growth, cell

migration and wound healing (131,163,164).

1.7.1 MUC?2 structure and synthesis

The MUC?2 protein comprises a central PTS domain made up by sequences ordered in tandem
known as Variable Number of Tandom Repeats (VNTR). Likewise, MUC2 has cysteine rich N-
and C-terminus regions decorating the core protein with four complete von Willebrand D domains
(3 at the N-terminus and 1 at the C-terminus) and one incomplete von Willebrand D domain at the
N-terminus flanking the central PTS region. These domains are rich in cysteine residues, which
can form disulphide bridges with individual mucin proteins that together result in a polymerized

network (160,165,166). After synthesis of its main protein core (within goblet cells), MUC2 is
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transported to the endoplasmic reticulum (ER) where it forms head-to-head covalently linked
dimers via disulfide linkages between the cysteine-knot domains on the C-terminus. Next, the
MUC?2 dimers pass into the Golgi apparatus, where the O-glycans are attached onto the VNTR
region through the actions of specific glycosyltransferases (i.e. Polypeptide N-
acetylgalactosaminyltransferase, Core 1 p1-3 galactosyltransferase, Core 2 p1-6 N-
acetylglucosaminyltransferase, Core 3 B1-3 N-acetylglucosaminyltransferase, Core 2/4 B1-6 N-
acetylglucosaminyltransferase), resulting in dimers with molecular masses of approximately
SMDa. In the trans-Golgi, disulfide bridges are formed between the N-terminal D termini to form
a net-like MUC2 structure (167). Once ready to transport, MUC2 polymers are packaged into
numerous secretory granules and stored in the goblet cell theca creating the apical granule mass
that gives the theca its swollen appearance. Once released, MUC2 becomes highly hydrated and
instantly and dramatically expands in volume, forming the gel-like structure that comprises the

inner and outer mucus layers (39,168).
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Figure 1.4. Domain structure and biosynthesis of MUC2 mucin.

MUC?2 has cysteine-rich N- and C-terminal parts with four complete von Willebrand D domains in total.
The central PTS domains are rich in serine, threonine, and proline, and these domains become heavily O-
glycosylated to generate mucin domains. MUC2 forms dimers in the endoplasmic reticulum by disulfide
bonds between the C termini. The dimer is translocated into the Golgi apparatus, where it is O-glycosylated,
resulting in a size of ®5 MDa. The MUC2 network is formed by disulfide-linked trimers connecting the N
termini. The large polymers are stored in mucin granules in the goblet cells before being secreted. Image
reproduced from reference (167) with permission.

1.7.2 MUC?2 glycosylation

The MUC2 mucin is a highly glycosylated molecule where 80% of its mass is composed by
glycans while only the remaining 20% is the protein mass (160,169). Mucin type O-linked
glycosylation begins with the addition of N-acetylgalactoseamine (GalNac) on Ser/Thr regions,

forming the “Tn antigen” which is further modified by downstream specific glycosyltransferases
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to generate a series of core O-linked glycans. The major O-glycan is Galp1-3GalNAc, also known
as the core-1 O glycan, which is generated after the addition of a galactose residue to the Tn antigen
by the glycosyltransferase core 1 B1,3-galactosyltransferase (Clgaltl, also known as T-synthase).
Core 2 O-glycans are generated after the addition of N-acetylglucosamine to the core 1 structure,
while addition of N-acetylglucosamine to the Tn antigen by core 3 betal, 3-N-
acetylglucosaminyltransferase (C3GnT) forms core 3 O-glycans. Further addition of N-
acetylglucosamine to the core-3 structure results in formation of core 4 O-glycans. The addition
of core 2 and core 4 monosaccharaides to the precursor core 1 and core 3 structures respectively
is facilitated by tissue specific glycosyltransferases (170,171). There are eight core structures that
can be modified by the addition of sugars, however core glycans 1-4 are the most common and
important for mucin structure. Moreover, the majority of the oligosaccharides in human colonic
MUC?2 are based on core 3 and core 4 structures whereas murine colonic Muc? is predominantly
characterized by the presence of core 1 and core 2 based glycans (172,173). Each core structure
can further undergo terminal modifications such as fucosylation, sialylation and sulfation.
Complex O-glycosylation of the mucin structure provides protection against protease degradation.
Likewise, O-linked glycans are hydrophilic and negatively charged, thus being essential for Muc2

hydration and expansion through the binding of water and salts (172).
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Figure 1.5. The biosynthesis of mucin type O-glycans.

Muc?2 glycosylation begins with the addition of GalNac onto the hydroxyl group of PTS (proline, threonine,
serine) amino acids, generating a Tn antigen. Next, the Tn antigen can be modified by the addition of
galactose by core 1 glycosyltransferase (Clgaltl) generating core 1 O-glycans. Similarly, addition of a
GlcNac residue to the Tn antigen by core 3 glycosyltransferase results in the formation of core 3 structures.
Core 1 and core 3 glycans can be further modified to generate Core 2 and Core 4 O-linked glycans,
respectively. Addition of sialyl by sialyltransferase forms the sialylated Tn antigen which cannot be
modified further. Image reproduced from reference (171) with permission.

1.7.3 Mucus and the gut microbiome

The colonic mucus layer plays an important role in intestinal homeostasis by protecting the

underlying epithelial cells from commensal bacteria and food products. In addition, the mucins
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present in this barrier seem to influence the composition of the GI tract microbiota. Although the
fetal intestine possesses both GCs and mucus, it is only after birth that the complete glycosylation
structure is determined with the addition of either sialic acid or fucose residues, thus supporting
the role of bacterial colonization in determining the glycosylation patterns of Muc2 (39,174).
Moreover, studies using germ free (GF) mice describe their mucus layer as thinner and more
penetrable as compared to conventionally housed mice, with their intestinal tissues possessing
fewer GCs and only modest levels of Muc?2 as well as the pro-inflammatory resistin-like molecule-
B (Relm-B) (175). Likewise, the expression of enzymes responsible for these glycosylations also
appear to be reduced in GF mice (176). Correspondingly, it has been hypothesized that these
glycan structures influence the makeup of the gut microbiota since they impact the expression of
binding sites for specific bacteria thus controlling their ability to adhere to the intestinal mucus

(39).

Studies using mice deficient in Muc2 (Muc2”) have shown that they exhibit an increased
susceptibility to infection by enteric pathogens. When infected with C. rodentium, Muc2”" mice
exhibited rapid weight loss, higher pathogen burdens and suffered more histological damage as
compared to WT mice (130). Moreover, commensal microbes seem to cluster with C. rodentium
and adhere to host tissues in Muc2” mice in the form of multispecies biofilms, suggesting a key
role for Muc?2 in regulating the intestinal microbiota as well defending the gut mucosal surface

(130). Another recent study demonstrated that Muc2” mice carry an altered bacterial community
within their guts, and this dysbiotic state was attenuated when the deletion of Muc2” was

combined with loss of another GC derived mediator (RELM-f) (177). Analysis suggested that
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expression of RELM-3 promoted an antimicrobial environment that led to the depletion of specific

microbes, such as Lactobacilli.

Several bacteria from the Bacteroidetes, Firmicutes, Actinobacteria, and Verrucomicrobia phyla
have been described as mucin degraders. These bacteria produce specific enzymes (i.e.
fucosidases, mucinases, glycosilsulfatases, sialidases, sialate O-acetylesterases and N-
acetylneuraminatelyses) that are able to degrade glycans found within the mucus layer. Thus,
terminal O-glycans cleaved/released from the MUC2 protein can serve as a nutrient source for
both commensal and pathogenic bacteria in the gut (178). Bacteroides thetaiotaomicron is a
member of the human intestinal microbiota that relies on mucins and other host glycans for
nutrients in the absence of dietary complex carbohydrates (179). It has been described that B.
thetaiotaomicron produces enzymes that cleave fucose from host glycans, thus increasing the
concentration of this terminal sugar within the gut lumen (180). Besides B. thetaiotaomicron itself,
specific enteric pathogens such as EHEC and Campylobacter jejuni are able to sense these newly
released glycans, thus resulting in an indirect influence on their virulence and ability to colonize
hosts. Regarding potentially beneficial microbes, Akkermansia muciniphila is another well studied
example of a mucin-degrading bacterium that is present both in within feces and on the gut mucosal
surface (181-183). Notably, 4. muciniphila levels in the stool seem to be reduced in IBD patients
thus suggesting an anti-inflammatory role for this bacterium — with some groups suggesting A.
muciniphila as a potential next generation probiotic (183). The metabolism of certain
Bifidobacterium spp. is also impacted by the presence of mucin-type O-glycans (171) as various
strains of this genus possess enzymes to degrade glycans from mucin (i.e. glycoside hydrolases,

endo-a-N-acetylgalatosaminidase) (184,185). Members of this genus are Gram-positive obligate
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anaerobes and several strains are able to confer beneficial effects to the host thus being classified

as probiotics.

Although the mechanisms are not completely elucidated, the mucus layer is considered to be a key
ecological niche for many of the bacteria found in the gut. Hence, the relationship between mucin
and bacteria — and their products - has a direct impact on health and disease by regulating host
functions that are associated with the gut microbiota. Besides serving as a nutrient and carbon
source for commensal bacteria within the gut, these mucin-derived glycans also promote the
production of important metabolites from bacterial fermentation such as SCFA (186). These
metabolites have the ability of diffuse through the mucus layers where the IECs can use them -
especially butyrate - as an alternative energy source apart from SCFA derived from dietary fiber

(39).

Members of Clostridia followed by the Bacteroides class are the major butyrate producers within
the gut as these bacteria encode the necessary metabolic pathways for butyrate production (i.e.
acetyl-CoA, glutarate, lysine, and the 4-aminobutyrate pathways) (187). The oxidation of butyrate
to carbon dioxide (CO2) through P-oxidation required by surface colonocytes consumes high
amounts of oxygen within the host cells, thereby making the epithelium hypoxic. Consequently,
less oxygenation within the epithelium drives an anaerobic environment in the intestinal lumen,
hence favoring anaerobic microbes that are usually associated with intestinal homeostasis and thus
protecting the host against pathogens via microbiota based colonization resistance (187,188).
When there is a depletion of butyrate producers within the gut, this can shift the energy metabolism

of colonocytes towards fermentation of glucose, which increases the circulating oxygen within
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host cells and further into the intestinal lumen. The resulting increase in oxygen levels in the gut

favors facultative anaerobic bacteria such as E. coli. This leads to a bloom of E. coli which is a

marker for intestinal dysbiosis and has been strongly associated with IBD pathogenesis (34).
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Figure 1.6. Intestinal homeostasis as promoted by SCFA.
A: Butyrate and oxygen gradients are inversely correlated during colonic homeostasis. Members of
Clostridia and Bacteroides class produce butyrate from dietary fibers and colonocytes are able to use this
SCFA as a nutrient through (3-oxidation that consumes local oxygen within the host cells. B: Colonic cells
metabolism during intestinal homeostasis consumes oxygen and creates the ideal anaerobic environment
for butyrate-producing bacteria. C: Colonocyte metabolism during dysbiosis. A shift in the butyrate-oxygen
gradient leads to anaerobic glycolysis pathway which favors the proliferation of microaerophilic bacteria
(like E. coli) over butyrate-producers resulting in a dysbiotic state. D: Metabolic interactions between
Paneth and stem cells. The lactate produced by Paneth cells via glycolysis is essential for small intestinal
homeostasis. Lactate is then converted to pyruvate by LGR5+ stem cells and further leads to reactive
oxygen species (ROS) signaling and p53 activation. Image reproduced from reference (34) with permission.
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1.8 Research hypothesis and objectives

Taken together, these studies suggest that beneficial microbes such as probiotics help in
maintaining an overall bacterial balance within the gut and may be beneficial in preventing
dysbiotic-related diseases. However, the effect of probiotics in severe conditions such as IBD still
show conflicting results mainly due to strain specific effects, the baseline status of the host, and
microbiota resilience in incorporating new microbes in a permanent way. This lack of
reproducibility highlights the need for further research in the field and the mechanisms involved
need to be better elucidated. Moreover, we wondered whether the mucin Muc2 could potentially
impact host defense, since the mucus layer is not only a physical protective barrier but also serves
as a nutrient source for several bacteria in the gut, thus impacting gut microbiota composition and
bacterial pathogenesis. Therefore, the goals of my PhD thesis were twofold. First - I sought to
determine how personalized commensal bacteria isolated from the host could impact inflammatory
responses in the GI tract during DSS induced colitis, focusing on intestinal epithelial pathology
and gut microbiota modulation. DSS-colitis was chosen based on its wide application when testing
novel probiotics and because it replicates closely several phenotypes found in IBD patients
including loss of colonic crypts, severe ulceration and infiltration of inflammatory cells. Second -
for the experiments investigating the role of mucus layer in host defense, the C. rodentium model
was chosen as it replicates A/E bacterial pathogenesis as well as certain aspects of IBD, especially
epithelial barrier disruption, dysbiosis, and the histological tissue damage. Furthermore, the C.
rodentium mouse model is well established and allowed us to explore enteric microbe-mucus
interactions from both the host and pathogen perspective in a dynamic way. We hypothesize that
a personalized probiotic approach represents a better strategy to beneficially modulate the host

response against DSS-colitis as endogenous bacteria are already incorporated in the environment
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and it is just a matter of quantitative balance to protect the host against noxious stimuli.
Additionally, we believe the mucin Muc2 and its core 1 glycosylation play an important role in
host defense against enteric pathogens functioning as a physical barrier as well as providing a
niche for complex interactions with the intestinal microbiota and its metabolites. The objectives of
my thesis are 1) To examine the protective role of endogenous commensal bacteria acting as a
personalized probiotic during intestinal inflammation induced by DSS, and 2) To determine how
the mucin Muc2 and one of its major glycosylations (core 1) impact colonic homeostasis and
susceptibility to infection with C. rodentium. Findings from these studies will increase our
understanding of the interactions between a balanced gut microbiota and disease susceptibility thus
helping define basic mechanisms of intestinal homeostasis and consequently intestinal health.
Moreover, my work also highlights the importance of the mucus layer in maintaining host-microbial
homeostasis by presenting a possible mechanistic role for intestinal disease caused by enteric

pathogens.
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Chapter 2: Isolation and characterization of potentially probiotic bacterial

strains from mice: proof of concept for personalized probiotics

2.1 Introduction

At birth, the human gastrointestinal (GI) tract becomes colonized by a complex ecological
community of microorganisms, referred to as the “gut microbiota” (15,37). Most microbes residing
in the gut are harmless or even beneficial to the host, thus resulting in a harmonious and generally
symbiotic relationship. However, disruption of the normal balance in bacterial composition,
function, and diversity (termed dysbiosis) has recently been associated with several negative health
conditions such as Inflammatory Bowel Disease (IBD) (91-93), Irritable Bowel Syndrome (IBS)
(94), obesity (50), type 2 diabetes (95), asthma (96), colon cancer (97,98), non-alcoholic fatty liver

disease (99,100), and neurological diseases (101,102).

The term “microbial dysbiosis™ is still poorly defined, as there is much uncertainty regarding what
constitutes a ‘healthy’ microbiota. Previous studies in the GI tract have claimed that a dysbiotic
condition is usually characterized by a reduced diversity of microbes often in combination with a
lower abundance of obligate anaerobic bacteria and an expansion of facultative anaerobic bacteria,
particularly from the Proteobacteria phylum (189—192). Nevertheless, more evidence is needed to
better describe the concept of dysbiosis, considering that it may be defined differently at the

population and individual levels. For the purpose of this paper, ‘dysbiosis' refers to an aberrant
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microbiota that is represented by low microbial diversity, loss of beneficial microbes, and an

expansion of pathobionts.

Besides genetics, environmental factors, such as diet and the gut microbial community, appear to
be involved in IBD development. These modifiable factors have gained more attention over the
last few decades since IBD incidence has increased significantly in developing countries that have
recently transitioned to a more ‘Western’ diet style and lifestyle (25). One of the strategies
proposed to positively modulate the gut microbiota is the oral administration of beneficial
microbes known as probiotics. Studies suggest that probiotics promote several positive host-
microbe interactions, by excluding pathogens via their competition for nutrients and space, and by
promoting epithelial barrier function and mucus secretion from intestinal goblet cells. Probiotics
have also been shown to increase the production of antimicrobial peptides and SCFA, and

stimulate the expression of anti-inflammatory cytokines such as IL-10 and TGF-$ (117,193—-198).

Despite the beneficial effects of probiotics seen in different conditions (reviewed in (25,199-201)),
the mechanisms by which they exert these benefits in humans remains uncertain. Moreover, the
effects of probiotics are known to be strain- and dose- specific, which may explain in part the
divergent results found when using different probiotic strains, even though they are from the same
genera or species. Additionally, there are several factors that might influence the results seen using
probiotics in clinical trials, including the use of different probiotic strains, either alone or in
combination with other therapies, the baseline health status of the host, the resistance of the host
microbiota to incorporating new microbes in a permanent way (microbiota resilience), and the

environmental niche created (and controlled) by the host immune system during the early stages
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of life (25). Furthermore, in certain serious conditions such as IBD, probiotics are usually taken as
adjuvants to traditional therapies or during the remission stage of the disease, thus leaving little to
no opportunity to evaluate their potential effectiveness during times of acute inflammation and

severe intestinal dysbiosis.

Recently, an area of significant discussion has emerged regarding the self-regenerative capacity of
the host microbiota (202). The gut microbiota is sensitive to many environmental challenges such
as diet, infections, antibiotic use, and hygiene habits (i.e. early-life exposure to environmental
microbes, household pets and siblings, city vs. rural living conditions) (49,58). Even so, the
changes in microbiota makeup caused by these challenges appear to be limited and/or transient, as
microbes are considered both resilient and resistant to change, and thus, an individual’s microbiota
composition and function are thought to be fairly stable in the face of external perturbations
(194,202). While the resilience of the intestinal microbiota clearly protects us from infections by
the myriad pathogens we encounter (202—204), it also poses an obstacle to the use of probiotic
strains, making it a significant challenge to manipulate/alter the microbiota, even during states of
dysbiosis. This phenomenon explains the need for probiotics to be repeatedly delivered to observe

their health benefits over the long term (194).

Based on our understanding of how an individual’s genetics influences their physiology, a new
concept termed “personalized” or “precision” medicine has emerged focusing on diagnostics and
treatments that favor the specific characteristics of the host, thus avoiding the “one size fits all”
approach, that has often proven ineffective (153). A personalized strategy using probiotics was

recently proposed for bacterial vaginosis, an aberrant state of the vaginal microbiota, which may

41



be attenuated by the administration of Lactobacillus spp. isolated from the host (205). The method
called “TripleA” involves three consecutive steps described as the Acquisition of the patient
sample during an infection, the Alteration of the microbial composition by sampling and enriching
Lactobacillus spp. ex-vivo, and finally the Administration of the enriched sample in a personalized
gel formula (205). This method hypothesizes that Lactobacillus spp. isolated in a personalized way
would facilitate colonization based on the specific genetic makeup of the host. Although there are
no studies yet demonstrating the efficacy of the TripleA method, this strategy presents possible
advantages in comparison to the common antibiotic treatment (i.e. extensive side effects and
infection recurrences), as well as to commercial probiotics available on the market, because they
are adapted to the host microbiota and would (in theory) simply restore a healthy vaginal

microbiota.

Taken together, the aim of the current study was to introduce the concept of a personalized
probiotic therapy for intestinal diseases, where commensal bacteria isolated from the gut
microbiota of healthy hosts could be stored in a ‘microbiota biobank’ after having their intrinsic

characteristics tested, and ultimately used as a therapy for dysbiosis-related diseases.
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2.2 Experimental procedures

2.2.1 Mice

Male C57BL/6 mice were purchased from CEMIB (Campinas, SP, Brazil), kept in sterilized, filter-
topped cages and fed autoclaved food (Standard Rodent Diet, Presence, Paulinia, SP, Brazil) and
water ad libitum under specific-pathogen-free conditions at the Sao Paulo State University.
Findings in Brazil were repeated with C57BL/6 mice bred in house at the British Columbia
Children’s Hospital Research Institute (BCCHRI) (Vancouver, BC, Canada). Sentinel animals
were routinely tested for common pathogens at both facilities. The protocols employed were
approved by the Sao Paulo State University (34/2014) and by the University of British Columbia’s
Animal Care Committee (A15-0206), and were in direct accordance with guidelines provided by
the Brazilian College of Animal Experimentation and by the Canadian Council on the Use of

Laboratory Animals.

2.2.2 Isolation of commensal bacteria strains

Several commensal bacteria strains were isolated from the stool of healthy C57BL/6 mice (n=10).
In brief, fresh stool pellets were homogenized in 1.0 mL phosphate buffered saline (pH 7.2), plated
on Man Rogosa Sharpe agar (MRS — Acumedia, Lansing, MI, USA) and Bifidobacterium
1odoacetate medium 25 agar (BIM-25 - Acumedia, Lansing, MI, USA) for Lactobacillus spp. and
Bifidobacterium spp. selection, respectively. The plates were incubated under anaerobic conditions
at 37 °C for 48 h to 72 h. Five colonies with distinct morphologies were selected from
Lactobacillus spp. and Bifidobacterium spp. genera from each mouse sample. The selected

colonies were further purified by streak plating in the same media. The isolated colonies were
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transferred to MRS broth (Lactobacillus spp.) or MRS broth with the addition of 0.5% L-cysteine
(InLab, Brazil) (Bifidobacterium spp.), and then incubated under anaerobic conditions at 37 °C for

48 h to obtain a liquid culture of each individual isolate.

2.2.3 Preliminary identification

The isolated colonies were stained using Gram’s method (206) and then classified into Gram-
positive and Gram-negative bacteria based on their cell wall properties and the resulting color
(pink or purple). The slides were analyzed using a trinocular microscope with a camera (E200
Nikon, Tokyo, Japan). Additionally, a loop containing a liquid culture of each isolated bacterium
was tested for the expression of the catalase enzyme using 3% hydrogen peroxide (H,0,). A
positive result for catalase was confirmed with the rapid evolution of oxygen (5-10 s) as evidenced

by bubbling (206)

2.2.4 Genera confirmation

All selected strains underwent a combination of colony-PCR and randomly-amplified polymorphic
DNA-—polymerase chain reaction (RAPD-PCR) to confirm the target genera and as a preliminary
form of species identification. In brief, single colonies from each isolated strain were used directly
as the template, without any DNA extraction and purification prior to PCR. Next, a set of two short
arbitrary (10bp) primers was used in the PCR reaction: Lactobacillus spp. (Lab-0159: 5°- GGA
AACAG (A/G) TGC TAA TAC CG-3’; Lab-0677: 5°- CAC CGC TAC ACA TGG AG -37) (207),
Bifidobacterium spp. (OPA-02: 5°-TGC CGA GCT G -3’; OPA-07: 5°- AGG CGG GAA C -3’)
(208). The RAPD-PCR was performed by adding 1x Taqg DNA buffer, 1.5 mM of MgCL, 0.2 mM

of each deoxynucleotide, 1 uM of each primer, 2 ng of genomic DNA and 2U of Tag DNA
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polymerase enzyme, in a final volume of 25 pL. All reactions were assembled in duplicate and the
amplification was carried out using a Veriti Thermo Cycler (Thermo Fisher Scientific, Waltham,
MA, USA) under the following conditions: initial denaturation at 94°C for 10 min, followed by 35
cycles at 94°C for 20 s, 55°C for 20 s, 72°C for 30 s and then a final extension at 72°C for 5 min.
Distinct species of Lactobacillus spp. and Bifidobacterium spp. were identified by analyzing the
PCR products through agarose gel electrophoresis (1% in TAE buffer— 40 nmol/L Tris, 11%
glacial acetic acid, 1 mmol/L EDTA) using a 100 bp ladder (Invitrogen, Carlsbad, CA, USA) as a
molecular size marker. The gels were stained with SYBR Safe (Invitrogen, Carlsbad, CA, USA)
and the images acquired under UV illumination using a Gel Doc XR System (Bio-Rad, Hercules,
CA, USA). The similarity of the RAPD profiles was compared within the isolates to distinguish
possible different species, while commercially-purchased strains of Lactobacillus spp. and

Bifidobacterium spp. were used as controls.

2.2.5 Evaluation of survival in simulated gastrointestinal conditions

The gastrointestinal resistance of the isolated strains was tested according to the approach of
Liresse and colleagues (209) and Buriti and colleagues (210), with minor modifications. Aliquots
of each bacterial culture suspension (10*CFU/mL) were added to an acid solution (NaCl 0.85%,
IN HCI, 3g/L of pepsin from porcine stomach mucosa (Sigma® Aldrich Co., St. Louis, MO,
USA), and 0.9mg/L of lipase from porcine pancreas (Sigma® Aldrich Co., St. Louis, MO, USA)
to reach a pH of 2.4. Samples were incubated at 37 °C (150 rpm) (Incubator shaker, Tecnal,
Piracicaba, SP, Brazil) for 2 h, leading to the simulated gastric phase. Next, the pH was increased
to 5.0 using an alkaline solution (150 mL of 1 N NaOH, 10.77 g of POsH;Na.2H,0 and distilled

water up to 1 L) and biliary salts (Oxgall Powder, Sigma® Aldrich Co., St. Louis, MO, USA) and
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porcine pancreatin (Sigma® Aldrich Co., St. Louis, MO, USA) were added to reach a
concentration of 10 g/L and 1 g/L, respectively. Samples were incubated again at 37 °C for 2 h
under agitation (150 rpm), leading to the simulated enteric phase 1. Finally, the pH was increased
to 7.0 using the same alkaline solution. Biliary salts and pancreatin were adjusted to maintain their
concentrations at 10 g/L and 1 g/L, respectively, and the samples were incubated again at 37 °C
for 2 h under agitation, leading to the simulated enteric phase 2, thus completing the 6 h of assay.
Enumeration of Lactobacillus spp. and Bifidobacterium spp. was performed in aliquots collected
in duplicate after 2 h, 4 h, and 6 h. Aliquots of 1 mL were pour-plated in MRS or BIM-25 for

colony forming unites (CFU) of Lactobacillus spp. and Bifidobacterium spp., respectively.

2.2.6  Antibiotic susceptibility test

Each isolated strain was tested for its susceptibility against ten different antibiotics (ceftriaxone 30
ng, imipenem 10 pg, aztreonam 30 pg, erythromycin 15 pg, vancomycin 30 pg, chloramphenicol
30 ng, tetracycline 30 pg, nitrofurantoin 300 ug, norfloxacin 10 pg, and ciprofloxacin 5 pg) using
the disk diffusion assay (211,212). Fresh bacterial cultures were diluted to a suitable turbidity
equivalent to 0.5 McFarland Units (10°CFU/mL). Five antibiotic disks were placed in MRS or
BIM-25 agar plates containing 100 uL of each bacterial culture, and the plates were incubated
under anaerobic conditions at 37 °C for 16 h to 18 h. The tests were conducted in duplicate, and
the plates were not inverted during the incubation period. The zone diameter around each disk was
measured as the inhibited bacterial growth areas, and the strains were categorized as sensitive
(=20mm), intermediate (15-19mm), or resistant (<14mm), according to criteria established by the

Clinical and Laboratory Standards Institute (211).
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Stool collection from
each individual mouse

Administration of the selected Lactobacillus spp. and Bifidobacterium spp.
strains to the donor animal sampling using specific media
(personalized probiotics)

Personalized
microbiota biobank

Characterization of the selected strains

Figure 2.1. Schematic image describing the steps for isolation and characterization of potentially probiotic
bacterial strains.

The first step in the personalized probiotic procedure involves the collection of a stool sample from a
healthy mouse. For human application in the future, the sample could be collected in disease predisposed
individuals or during the remission stage of certain disorders (i.e. IBD, IBS). Several strains of
Lactobacillus spp. and Bifidobacterium spp. are selected using specific media and growth conditions. The
selected strains undergo characterization tests to investigate their potential to be classified as a probiotic.
Next, the most promising strains in the screening step are frozen at -80°C in a personalized probiotic
biobank, allowing long-term storage and potential application in several dysbiotic-related diseases. Finally,
the personalized strains are administered to the host (donor animal or patient) during the disease as a
personalized probiotic treatment.
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2.2.7 Dextran sodium sulfate (DSS)-induced colitis experiment

The bacterial isolates were tested in the DSS-induced colitis model to assess their potential to
protect mice against colitis, and thus, to function as a potential probiotic. Male 8-week-old
C57BL/6 mice were provided with either the personalized combination of probiotics (PP) or the
commercially obtained probiotic Lactobacillus rhamnosus GG (LGG), which was used as a
comparison based on its wide application in gastrointestinal disorders (213,214). Healthy mice and
DSS-only treated mice were used as negative and positive controls, respectively, totaling four

study groups (n=10) as described in Figure 2.2.

@ ) CTRL = Healthy

/Q ) DSS =DSS only
@ mEE) DSS+LGG = DSS + L. rhamnosus GG

@ :> DSS + PP = DSS + personalized probiotics

Figure 2.2. Description of the groups used in the DSS experiment.

CTRL: healthy mice with no intervention - negative control; DSS: mice challenged with 3% DSS with no
intervention - positive control; DSS + LGG: mice challenged with 3% DSS and treated with Lactobacillus
rhamnosus GG prior and during DSS — commercial probiotic control; DSS + PP: mice challenged with 3%
DSS and treated with a personalized pool of commensal bacteria isolated from their own microbiota.

After the isolates were selected and characterized, three strains were chosen based on their distinct
species profiles obtained by RAPD-PCR. These isolates were grown separately in their specific
media under the conditions described in section 2.2.2 and then combined into a personalized pool
of bacteria for each individual mouse in the PP group. The final personalized pool of probiotics

consisted of an equal mixture (1:1:1) of each of the three isolates. Both treatments, i.e. the
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personalized pool of probiotics and the LGG, were administered daily by oral gavage (0.1mL =
approximately 2.5 x 10° CFU) starting seven days prior to DSS, as well as throughout the course
of the DSS exposure (14 days total) (Figure 2.3). Animals from the control groups received the
same volume of sterile water by oral gavage to avoid any differences in handling during the
experiment. Colitis was induced by adding DSS (36.000-55.000 Da, MP Biomedicals, Santa Ana,
CA, USA) to sterile drinking water at a concentration of 3% (w/v). Animals were treated with DSS
for seven days and then euthanized by cervical dislocation following prior anesthesia with
isoflurane. Over the course of the experiment, mice were weighed daily and monitored for any
signs of distress. During the DSS treatment, the severity of the colitis was determined daily using
the disease activity index (DAI), which takes into account three parameters: weight loss, stool
consistency, and occult bleeding in the feces, as tested using the commercial Hemoccult kit

(Beckman Coulter, Pasadena, CA, USA).

LGG or PP administration

A

& oW
| | |
1 | 1

~__ -

do d7 TN d14
DSS euthanasia
treatment

Figure 2.3. DSS experiment timeline.

Male C57BL/6 mice were given either LGG or PP via oral gavage starting 7 days prior to receiving 3%
dextran sodium sulfate (DSS) and then every day during DSS exposure until they were euthanized (total =
14 days). DSS was given in drinking water for 7 days. d0: day 0 of experiment - baseline condition; d7: day
7 of experiment — mice received their respective product or sterile water as vehicle; d14: day 14 of
experiment — mice received their respective product or vehicle and 3% DSS.
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2.2.8 Tissue collection

After euthanasia, mouse colonic tissues were collected for histological analysis. Colon tissues were
opened longitudinally, stool was gently removed, and distal colon sections were placed in
histological cassettes. The cassettes were immediately placed in 10% neutral buffered formalin

(Fisher, Hampton, NH, USA) (24 h, R/T) for histological processing.

2.2.9 Histopathological scoring

Colonic pathology was scored using a previously-adapted scoring system (215). In brief, paraffin-
embedded colonic tissue sections (5 um) were stained with hematoxylin and eosin (HE), and were
examined by three blind observers. The tissue sections were assessed for immune cell infiltration
(0 = occasional immune cell in LP; 1 = granulocytes in LP; 2 =infiltration into the submucosa; 3
= extensive transmural infiltration), severity of crypt damage (0 = all crypts intact; 1 = loss of basal
side of crypts; 2 = some crypt structure can be identified 3 = crypt structure is lost with surface
epithelium still intact; 4 = Crypt structure is lost with epithelial surface erosion), edema (0= no
edema 1= mild/occasional edema 2=moderate edema 3=severe edema/over long stretches), and
amount of tissue affected (0 = 0%; 1 = 5-25%; 2 = 25-50%; 3 = 50-75% 4 =75-100%). The

maximum score that could be obtained with this system was 14 points.

2.2.10 RNA extractions and quantitative real-time PCR

Following euthanization of the mice, distal colonic tissues were immediately placed in RN A-later
(Qiagen, Hilden, Germany) and stored at -80 °C. Total RNA was extracted using the Qiagen
RNeasy Mini Kit according to manufacture’s instructions, and then quantified using a Nanodrop

spectrophotometer (ND1000 — Thermo Fisher Scientific, Massachusetts, USA). Complementary
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DNA (cDNA) was synthesized using 1 pg of RNA with Omniscript RT kit (Qiagen, Hilden,
Germany), followed by quantitative real-time PCR techniques. The qPCR reaction had a final
volume of 20 pL, where 5 uL. of cDNA was added to 15 pL of a PCR mix containing 10 pL of
BioRad SsoFast EvaGreen and 5 pLL comprised of RNase- and DNase-free water and primers to a
final concentration of 0.6 uM. Primer sequences and annealing temperatures were as follows: IL-
10 (forward: 5'-GTT GCC AAG CCT TAT CGG AA-3'; reverse: 5'-CCA GGG AAT TCA AAT
GCT CCT-3'; annealing 55 °C) (216); TGF-p (forward: 5'-GAC TCT CCA CCT GCA AGA CCA
T-3'; reverse: 5'-GGG ACT GGC GAG CCT TAG TT-3’; annealing 59 °C) (216); IL-6 (forward:
5'-GAG GAT ACC ACT CCC AAC AGA CC-3'; reverse: 5'-AAG TGC ATC ATC GTT GTT
CAT-3"; annealing 59 °C) (217); IL-1P (forward: 5'-CAG GAT GAG GAC ATG AGC ACC-3%
reverse: 5'-CTC TGC AGA CTC AAA CTC CAC-3'; annealing 59 °C) (217); Thp (reference gene)
(forward: 5’-ACC GTG AAT CTT GGC TGT AAA-3’; reverse 5’-GCA GCA AAT CGC TTG
GGA TTA-3’; annealing 59 °C) (218). qPCR was carried out on a CFX Connect Real-Time PCR
system (BioRad, Hercules, CA, USA) for 40 cycles using the following conditions: denaturation
at 95 °C for 5 s, annealing at 57 °C or 59 °C for 10 s, and elongation at 72 °C for 20 s. The data
was analyzed using CFX Manager Software (BioRad, Hercules, CA, USA). The mRNA
expression was determined by the average quantification cycle (Cq) values from duplicate
measurements using 7hp as a reference gene (218), and was normalized with the average Cq value

of the control group (healthy mice) (219).

2.2.11 Myeloperoxidase (MPQO) and malondialdehyde (MDA) activity
Colonic tissue homogenates were used to measure MPO and MDA activity. MPO activity was

measured using a colorimetric activity assay kit (Sigma-Aldrich, St. Louis, MO, USA). In brief,
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the tissues were homogenized in the buffer solution provided with the kit, and the assay was
performed according to the manufacturer’s instructions. Colorimetric change was measured on a
microplate reader (BioRad, Hercules, CA, USA) using 412nm absorbance, and the results were
used to calculate the MPO concentration in each sample as per the manufacturer’s instructions.
Similarly, the lipid peroxidation in colonic tissue was investigated using a commercial kit (Abcam,
Cambridge, UK) that assesses MDA levels though a method dependent on thiobarbituric acid
(TBA). The assay was performed according to the manufacturer’s protocol where TBA was added
to the homogenate supernatant, and the samples were boiled for 60 min at 95 °C before the

absorbance was assessed at 532nm using a spectrophotometer (BioRad, Hercules, CA, USA).

2.2.12 Statistical analysis

All results presented in this study are expressed as the mean value + Standard Deviation (SD).
Statistical analysis was performed using the GraphPad Prism Software Version 7.0 (GraphPad
Software, San Diego, California). One-way analysis of variance (ANOVA) and Tukey’s or
Dunnett’s multiple-comparison test were used to analyze the results. Significance was declared

when p<0.05.
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2.3 Results

2.3.1 Isolation and genera confirmation of the strains

From the different stool samples of each mouse plated either in MRS or BIM-25 media, colonies
displaying typical Lactobacillus spp. and Bifidobacterium spp. characteristics (220,221) were
selected based on their distinct morphology. Initially, ten strains were isolated from each mouse
in the experiment, where 50% were Lactobacillus spp. and 50% were Bifidobacterium spp. All
samples presented typical colony morphologies of these two genera, confirming that they were
part of the murine gut microbiome as described in previous studies (222). Figure 2.4 shows the
PCR products from each strain isolated per mouse, revealing two different band profiles for
Bifidobacterium spp. and only one profile for Lactobacillus spp. The similar species profile found
for these mice likely reflects their inbred nature and their co-housing, resulting in similar gut
microbiota. Based on the profiles found in the agarose gel, three different bacterial strains per
mouse (two Bifidobacterium spp. and one Lactobacillus spp.) were chosen to proceed for further
analysis totaling in 30 host-selected strains (n=10). In summary, a personalized combination of
three different commensal bacteria was prepared for each mouse after growing the strains

separately in their specific media and conditions.
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Figure 2.4. PCR products of isolated commensal bacteria.
PCR products (run on 1% agarose gels) obtained from Bifidobacterium spp. (left) and Lactobacillus spp.

(right) colonies isolated from the stool of healthy mice. The numbers correspond to each mouse in the
experimental group (n=10). The first 2 lines are 100bp and 1kb ladders, respectively.

2.3.2 Invitro tests demonstrate a potential probiotic effect of the isolated strains

Prior to testing the effects of the strains isolated ex vivo, we first sought to verify their probiotic
potential using established in vitro tests such as their resistance to adverse gastrointestinal
conditions (i.e. low pH, presence of pepsin and pancreatin enzymes, and tolerance to bile salts),
and their antibiotic susceptibility. All the 30 selected strains in the previous analysis were classified
as Gram-positive bacteria and catalase-negative, confirming the usual characteristics of both target
bacteria genera. Furthermore, we observed that all strains showed high tolerance to the adverse
conditions of the in vitro test (Table 2.1). More specifically, the selected strains were able to resist
low pH levels, the presence of digestive enzymes, and bile acids, with a maximum reduction of
1.4 log;o CFU/mL in their population. Moreover, all strains maintained their population above 8

log;o CFU/mL after the incubation period in the gastric and intestinal simulated solutions.
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Table 2.1. Population of the strains exposed to simulated gastrointestinal solutions

Animal  Strain log;(CFU/mL
Oh 2h 6h Gram Catalase
Bifidobacterium spp. 8.85+0.02 8.76+0.04 8.10+0.10 + -
1 Bifidobacterium spp. 8.97+0.01 8.44+0.02  8.12+0.11 + -
Lactobacillus spp. 9.96+0.01 9.35+0.04 9.19+0.08 + -
Bifidobacterium spp. 9.18+0.08 8.95+0.03 8.18+0.15 + -
2 Bifidobacterium spp. 9.99+0.01 8.64+0.12 8.60+0.05 + -
Lactobacillus spp. 10.17+0.08 9.62+0.02 9.35+0.04 + -
Bifidobacterium spp. 9.35+0.04 9.11+0.02 8.55+0.06 + -
3 Bifidobacterium spp. 8.96+0.03 8.55£0.06  8.12+0.11 + -
Lactobacillus spp. 9.62+0.02 9.40+0.06 8.91+0.04 + -
Bifidobacterium spp. 8.96+0.03 8.72+0.02 8.38+0.09 + -
4 Bifidobacterium spp. 9.65+0.03 9.34+0.09  8.85+0.02 + -
Lactobacillus spp. 10.43+0.06 9.97+0.01 9.85+0.05 + -
Bifidobacterium spp. 8.89+0.03 8.10+0.10 8.07+0.03 + -
5 Bifidobacterium spp. 9.96+0.02 9.12+0.01 8.95+0.01 + -
Lactobacillus spp. 9.48+0.06 8.89+0.03 8.06+0.07 + -
Bifidobacterium spp. 9.17+0.09 8.95+0.01 8.55+0.06 + -
6 Bifidobacterium spp. 9.84+0.04 9.40+0.06  9.34+0.09 + -
Lactobacillus spp. 9.34+0.09 8.91+0.04 8.55+0.06 + -
Bifidobacterium spp. 8.76+0.07 8.38+0.09 8.07+0.03 + -
7 Bifidobacterium spp. 9.66+0.01 9.36+0.08  8.85+0.02 + -
Lactobacillus spp. 9.96+0.02 9.68+0.06 8.77+0.05 + -
Bifidobacterium spp. 8.85+0.02 8.44+0.02 8.24+0.08 + -
8 Bifidobacterium spp. 9.41+0.04 9.11+0.01 8.89+0.03 + -
Lactobacillus spp. 9.12+0.01 8.60+0.05 8.10+0.10 + -
Bifidobacterium spp. 8.97+0.01 8.64+0.12 8.31+0.07 + -
9 Bifidobacterium spp. 8.34+0.04 8.21£0.06  8.06+0.02 + -
Lactobacillus spp. 8.89+0.03 8.55+0.06 8.06+0.07 + -
Bifidobacterium spp. 9.41+0.04 8.98+0.01 8.74+0.03 + -
10 Bifidobacterium spp. 8.91+0.04 8.72+0.02 8.60+0.05 + -
Lactobacillus spp. 9.65+0.02 9.61+0.08 8.63+0.02 + -

Oh= baseline CFU counts before the in vitro gastrointestinal test; 2h= after the gastric phase; 6h= after the
intestinal phase. +: gram-positive bacteria; —: catalase negative. Data for survival rates are presented as
means = SD of triplicates.
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Ten antibiotics from different classes and with diverse mechanisms of action were tested to assure
the safety of the commensals isolated from the mice, thus guaranteeing they could be eliminated
by antibiotic use if necessary. The antibiotic susceptibility of each strain is presented in Table 2.2
as the zone diameter values for each antibiotic investigated. The results show that all the evaluated
strains were resistant to the antibiotic aztreonam (30 pg). In contrast, all evaluated strains proved
susceptible to the other antibiotics tested, as evidenced by the inhibition halo formed around each

disk (Supplemental Figure Al).
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Table 2.2. Zone diameter values to indicate susceptible, intermediate, and resistance breakpoints of
each strain.

Animal Strains CRO IPM ATM ERI VAN CLO TET NIT NOR CIP
Bifidobacterium spp. 29.0 27.0 9.0 32.0 23.0 32.0 37.0 25.0 23.0 26.0

1 Bifidobacterium spp. 20.0 29.0 0.0 35.0 25.0 34.0 39.0 25.0 26.0 27.0
Lactobacillus spp. 25.0 25.0 0.0 33.0 27.0 32.0 34.0 29.0 24.0 25.0
Bifidobacterium spp. 27.0 31.0 0.0 35.0 25.0 30.0 35.0 26.0 29.0 30.0

2 Bifidobacterium spp. 26.0 30.0 0.0 31.0 23.0 32.0 32.0 20.0 21.0 23.0
Lactobacillus spp. 25.0 34.0 0.0 32.0 29.0 30.0 32.0 28.0 25.0 28.0
Bifidobacterium spp. 29.0 32.0 0.0 34.0 22.0 32.0 35.0 25.0 23.0 24.0

3 Bifidobacterium spp. 28.0 33.0 0.0 33.0 26.0 32.0 40.0 22.0 24.0 26.0
Lactobacillus spp. 27.0 29.0 0.0 30.0 24.0 30.0 35.0 27.0 29.0 21.0
Bifidobacterium spp. 25.0 29.0 11.0 35.0 25.0 31.0 27.0 24.0 27.0 27.0

4 Bifidobacterium spp. 18.0 28.0 0.0 36.0 27.0 38.0 40.0 24.0 26.0 29.0
Lactobacillus spp. 23.0 25.0 0.0 31.0 26.0 31.0 31.0 25.0 28.0 23.0
Bifidobacterium spp. 28.0 28.0 2.0 33.0 25.0 35.0 39.0 25.0 25.0 28.0

5 Bifidobacterium spp. 28.0 32.0 0.0 36.0 25.0 32.0 35.0 25.0 27.0 30.0
Lactobacillus spp. 30.0 30.0 0.0 34.0 24.0 32.0 32.0 25.0 26.0 24.0
Bifidobacterium spp. 26.0 27.0 0.0 39.0 26.0 31.0 35.0 25.0 25.0 29.0

6 Bifidobacterium spp. 28.0 32.0 0.0 35.0 25.0 32.0 36.0 24.0 27.0 30.0
Lactobacillus spp. 31.0 26.0 0.0 36.0 24.0 30.0 34.0 24.0 24.0 32.0
Bifidobacterium spp. 20.0 30.0 0.0 36.0 26.0 37.0 40.0 26.0 26.0 30.0

7 Bifidobacterium spp. 26.0 30.0 1.0 37.0 26.0 32.0 36.0 23.0 27.0 30.0
Lactobacillus spp. 25.0 25.0 0.0 37.0 23.0 30.0 35.0 23.0 29.0 30.0
Bifidobacterium spp. 29.0 30.0 0.0 34.0 27.0 39.0 36.0 23.0 26.0 29.0

8 Bifidobacterium spp. 26.0 31.0 1.0 37.0 27.0 31.0 37.0 28.0 26.0 29.0
Lactobacillus spp. 27.0 32.0 0.0 37.0 25.0 30.0 39.0 27.0 27.0 32.0
Bifidobacterium spp. 30.0 36.0 0.0 37.0 26.0 31.0 36.0 24.0 26.0 30.0

9 Bifidobacterium spp. 16.0 30.0 0.0 39.0 27.0 35.0 41.0 21.0 26.0 29.0
Lactobacillus spp. 29.0 26.0 0.0 36.0 25.0 33.0 39.0 23.0 23.0 31.0
Bifidobacterium spp. 25.0 28.0 8.0 36.0 25.0 31.0 37.0 25.0 27.0 30.0

10 Bifidobacterium spp. 25.0 29.0 9.0 37.0 27.0 30.0 34.0 25.0 26.0 29.0
Lactobacillus spp. 27.0 25.0 0.0 35.0 26.0 34.0 33.0 28.0 24.0 31.0

CRO-=ceftriaxone 30 pg, IPM=imipenem 10 pg, ATM=aztreonam 30 pg, ERI=erythromycin 15 pg,
VAN=vancomycin 30 pg, CLO=chloramphenicol 30 pg, TET=tetracycline 30 pg, NIT=nitrofurantoin 300 pg,

NOR=norfloxacin 10 pg e CIP=ciprofloxacin 5 pg. All values are expressed in millimeters (mm).
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2.3.3 Personalized commensal strains protect mice against acute dextran sodium sulfate-

induced colitis

To determine if the isolated strains had the potential to be considered probiotic bacteria, we
conducted animal experiments using a well-characterized mouse model of intestinal inflammation
(DSS-induced colitis). This model was chosen for its wide application in testing new probiotic
strains for use in the GI tract (116,117,223). Fresh cultures of the isolated strains, as well as the
probiotic LGG, were prepared every two days in their respective media, and an aliquot was plated
to perform CFU counts. All the cultures remained above 9 log;(CFU throughout the experimental
protocols (Supplemental Table Al). The weekly average population of the commercial strain L.
rhamnosus GG was 9.34 log;oCFU and 9.74 log oCFU in the first and the second week of study,

respectively (Supplemental Figure A2).

Mice were given equal quantities of either LGG, the PP, or sterile water via oral gavage 7 days
prior to being challenged with 3% DSS in their drinking water, and then every day thereafter until
they were euthanized at day 7. As expected, DSS-colitic mice given just water lost significant
levels of weight (15%), whereas mice treated with LGG or PP lost much less weight (5%) during
DSS exposure. Notably, PP mice showed a significantly lower disease activity index (DAI) as
compared to healthy controls, beginning at the 5™ day of DSS challenge and lasting until mice
were euthanized, indicating a better outcome with PP regarding the parameters of stool consistency
and blood in the stool (Figure 2.5). Besides weight loss and the DAI score, mice treated with the
PP presented fewer clinical signs of morbidity (i.e. hunched posture, no activity, riffled fur) and
appeared active and healthy throughout the experiment. These results suggest that the PP treatment

was more effective than LGG at reducing the susceptibility of mice to DSS colitis. As expected,
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healthy mice from the control group continued to gain weight and remained healthy throughout

the entire experimental protocol.
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Figure 2.5. Disease activity index (DAI) during the course of DSS-induced colitis.

CTRL: healthy mice; DSS: 3% DSS with no intervention; DSS + LGG: 3% DSS + LGG prior and during
DSS; DSS + PP: 3% DSS + PP prior and during DSS. Significant differences as compared to CTRL group
were identified using ANOVA and Dunnett’s as a post-hoc test (¥*p<0.05, **p<0.01, ***p<0.001,
**%*p<0.0001).

Histologically, DSS treated mice (positive control) developed severe mucosal damage in their
distal colons, characterized by the widespread loss of crypts, severe ulceration, and infiltration of
inflammatory cells (Figure 2.6). In contrast, the distal colons of PP mice showed only minimal
signs of tissue damage with histopathological scoring revealing well-preserved crypt structures,
decreased numbers of inflammatory cells, and significantly less tissue damage in comparison with
the vehicle-treated mice, scoring 2.8 + 0.2 versus 10.0 £ 0.5 (p < 0.05; n=10 per group) (Figure 7).
Mice that received the commercial probiotic LGG also demonstrated less histological damage in
comparison with non-treated colitic mice; however, there were still large numbers of inflammatory
cells in their colons, indicating a greater severity in their colitis and less protection as compared to

the personalized probiotic strains (pathology score 6.0 = 0.3 versus 2.8 £ 0.2 (p < 0.05; n=6-7 per
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group) (Figure 2.7). Taken together, our assessments confirm that the PP effectively protects the
mammalian GI tract during DSS colitis and to a greater extent than that seen with the commercial

probiotic LGG.

CTRL DSS + LGG

COLON

DSS DSS + PP

Figure 2.6. Representative photomicrographs of mouse distal colon sections stained with
haematoxylin and eosin.

CTRL: healthy mice; DSS: 3% DSS with no intervention; DSS + LGG: 3% DSS + LGG prior and during
DSS; DSS + PP: 3% DSS + PP prior and during DSS. (200x magnification).
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Figure 2.7. Histopathology score.

Histopathological scores as assessed by 3 individuals blinded to the identity of the groups in the study. Data
are presented as mean + SD. Different letters indicate statistical difference between groups using ANOVA
and Tukey as a post-test (p<0.05).

2.3.4 Personalized probiotic therapy positively modulates the host immune response

during DSS-colitis

The transcription of different cytokines was investigated to evaluate if the personalized probiotic
therapy was more effective in suppressing inflammatory responses, thereby contributing to tissue
homeostasis. The cytokine mRNA levels were measured in the distal colon since the histological
damage was limited to this tissue area in all groups. Figure 2.8 shows the relative expression of
the pro-inflammatory cytokines (//-1f and 1I-6), as well as the anti-inflammatory cytokines (//-10
and TGF-p) after seven days of DSS-colitis. All results are expressed as the fold-change over the

gene expression in the control group. As expected, the transcript levels of //-6 and II-15 were
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higher in the DSS-vehicle treated group, confirming the more severe inflammation found through
histological analysis. Moreover, both groups treated with probiotics showed evidence of attenuated
inflammation, as their tissues showed lower transcript levels of //-6 and //-1f and higher levels of
1I-10 and TGF-p as compared to vehicle treated mice. However, the most striking result from data
in Figure 8 was the cytokine mRNA expression comparing the two probiotics treated groups (LGG
and PP). The PP treatment was clearly more effective in increasing anti-inflammatory responses
and in suppressing the elevated expression of pro-inflammatory cytokines as compared to the

commercial probiotic LGG (p<0.05).
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Figure 2.8. Pro-inflammatory and anti-inflammatory cytokines.

Effect of LGG and PP on the mRNA levels of pro-inflammatory and anti-inflammatory cytokines in mice
with DSS-colitis. A) Expression of I/-1f in the distal colon after 7 days of DSS treatment. DSS+PP group showed
the lowest levels of /I-1, which were significantly different from both the DSS and DSS+LGG groups. B) Expression
of 1I-10 in the distal colon after 7 days of DSS treatment. DSS+PP group showed the highest levels of //-10, which
were significantly different from both the DSS and DSS+LGG groups. C): Expression of //-6 in distal colon after 7
days of DSS treatment. DSS+PP group showed the lowest levels of 7/-6, which were significantly different from both
DSS and DSS+LGG groups. C) Expression of TGF-f in the distal colon after 7 days of DSS treatment. DSS+PP group
showed the highest levels of TGF-f, which were significantly different from both the DSS and DSS+LGG groups.
DSS: 3% DSS with no intervention; DSS + LGG: 3% DSS + LGG prior and during DSS; DSS + PP: 3%
DSS + PP prior and during DSS. Different letters indicate statistical difference using ANOVA and Tukey
as a post-test (p<0.05).



Figure 2.9 shows the expression of MPO and MDA in distal colon tissues after seven days of DSS-
colitis, with all results normalized to the control group data (as the baseline). As shown in Figure
9, the lowest levels of MPO in colitic mice were observed in the group that received the PP therapy.
Although the LGG group presented lower absolute levels of MPO, their levels did not reach
statistical significance as compared to the DSS-vehicle treated group (p<0.05). Regarding MDA
level in colonic tissues, there was no significant different within the groups, indicating that neither

probiotic tested influenced this byproduct of oxidative stress.
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Figure 2.9. Colonic expression of MPO and MDA.

A) MPO levels in colonic tissues after 7 days of DSS treatment. PP group showed levels of MPO that were
significantly lower than the DSS and DSS+LGG groups. B) MDA levels in colonic tissues after 7 days of DSS. No
significant difference between groups for MDA levels. CTRL: healthy mice; DSS: 3% DSS with no intervention;
DSS + LGG: 3% DSS + LGG prior and during DSS; DSS + PP: 3% DSS + PP prior and during DSS.
Different letters indicate statistical difference using ANOVA and Tukey as a post-test (p<0.05).
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2.4 Discussion

At present, it remains unclear if the microbial dysbiosis seen in IBD patients plays a role in their
disease pathogenesis, or if it is simply secondary to the inflammation that develops in these
conditions. A potential causative role for dysbiosis is supported by studies showing that
spontaneous mouse models of IBD often show no disease development when the mice are raised
under germ-free conditions. Moreover, the predominant inflamed sites in IBD patients are also the
sites that hold the highest abundance of microbes in the intestine (distal ileum and colon). In this
case, IBD could be explained as an impaired immune response to gut microbes in genetically-
predisposed individuals. However, an inflammatory environment itself seems to favor an
expansion of Enterobacteriaceae and a depletion of Firmicutes bacteria, which curiously are the

typical features of the microbial dysbiosis observed in IBD patients (25).

Although the microbiota imbalance seen in the stool of IBD patients has yet to be defined as either
the cause or a consequence in IBD, it almost certainly plays a role in these conditions, as IBD
patients usually show a significant decrease in commensal bacteria diversity. A healthy and diverse
microbiota is important for several intestinal physiological processes, such as protection against
pathogens and pathobionts, food digestion, and vitamin biosynthesis, as well as the production of
key metabolites and anti-inflammatory mediators such as transforming growth factor-p (TGF-p),
retinoic acid, and thymic stromal lymphopoietin (TSLP) (25). Importantly, in the absence of a
noxious stimulus, a balanced and diverse microbiota keeps the immune system in a hypo-

responsive state, thus influencing both host metabolism and immunity. Therefore, developing new
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approaches to positively modulate the gut microbiota and maintain bacterial diversity offer the

potential to act as therapies for dysbiosis-related diseases.

Our work demonstrates that a personalized probiotic therapy can protect mice against DSS-
induced colitis to a greater extent than that seen with the commercial probiotic LGG, and this better
outcome — if replicated in clinical studies — could make a tremendous difference to the treatment
of severe diseases such as IBD, IBS, type 2 diabetes, among others. Although probiotic bacteria
are thought to benefit hosts through several mechanisms of actions, the ability to persistently
colonize the gut may be critical for the ability of probiotics to effectively treat dysbiosis-related
diseases. Because the human microbiome is a complex and dynamic ecosystem, and dysbiosis is
linked to diverse diseases, we believe that beneficial bacteria need to be present in the gut for an
extended period, or preferably in a permanent way, to avoid the bacterial imbalance that triggers
dysbiosis. However, the majority of commercially-available probiotics appear unable to
accomplish this task. Recent findings outline that a combination of 11 probiotic strains (Superherb
Bio-25) varies considerably in their ability to colonize the human gut, depending on the host’s
indigenous microbiome, as well as on host factors and site-specific immune responses (224), thus
highlighting the need for new, personalized approaches. Thus, delivering large numbers of
endogenous commensal bacteria to the gut after their propagation ex vivo could represent a more
promising strategy for serious microbiota-related diseases, since these commensals are already
incorporated in the host’s microbiota, and will thus more readily colonize the host gut where they

can — for example - help promote colonization resistance against invading pathogens/pathobionts.
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In our study, we first confirmed that the selected strains isolated from each individual mouse could
be considered potentially probiotic due to their performance in preliminary screens using in vitro
tests. RAPD-PCR is a practical method that provides both sensitive and rapid results. For this
reason, it has been widely used in the differentiation of lactic acid bacteria (225-228). It is worth
noting that this step was performed to confirm the bacterial genera, as well as select different
species from Lactobacillus spp. and Bifidobacterium spp. to be administered prior to - and during
DSS challenge. However, the exact identification of each particular strain was not the focus of our
study, since our current aim was to develop a personalized approach for probiotic administration
focusing on the healthy microbiota composition prior to inflammation, rather than isolating
particular strains to be commercialized for general health benefits. The results from this part of the
study indicated that three commensals (two of Bifidobacterium spp. and one of Lactobacillus spp.),
isolated from each animal in the PP group had the potential to be used as probiotic microorganisms
as they were able to survive in adverse conditions, and therefore, they were administered to the

donor animal in the second part of the study (animal experiment).

High survival rates during gastrointestinal transit is one of the key requirements to classify a
commensal microbe as a potential probiotic bacterium (83,199), as the probiotic needs to be acid
and bile resistant to exert its beneficial effects in the colon, when dealing with microbial dysbiosis-
related diseases (25). Another important feature when selecting new probiotic strains is to evaluate
their susceptibility to the antibiotics commonly used in antimicrobial therapy. Although negative
events following the administration of commensal microbial strains are extremely uncommon,
antibiotic resistance of each strain is important to guarantee that the bacterium could be easily

removed in case of bacterial translocation, and consequently — in extremely rare circumstances —
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systemic infection. Considering that we focused on endogenous bacteria, there are fewer risks of
complications and negative effects than with commercial microbes. However knowledge about the
antimicrobial susceptibility of the isolates also helps our characterization of the personalized
strains, as the classification could be used in the future for stratification purposes. Resistance of
bacteria to antibiotics may be intrinsic or acquired as a result of a chromosomal mutation or by
horizontal gene transfer (229). Lactobacillus spp. are usually susceptible to B-lactam antibiotics
(greater sensitivity to penicillins and less to cephalosporins), protein synthesis inhibitors
(chloramphenicol, macrolides and tetracycline), and more resistant to vancomycin (extrinsic
resistance). Strains from Bifidobacterium spp. are usually intrinsically resistant to mupirocin (an
antibiotic used in selective media for Bifidobacterium spp.) and high concentrations of
aminoglycosides. On the other hand, they are sensitive to macrolides (erythromycin, aztreonam),
chloramphenicol, B-lactams, vancomycin, streptomycin, and rifampicin (230,231). All the strains
selected to be administered in the PP group were resistant to the antibiotic aztreonam; however,
this does not represent a safety issue in itself, considering that intrinsic antibiotic resistance in
probiotic strains could actually be useful for restoring the diverse microbiome after antibiotic

treatment (229).

In the second part of this study, we compared the ability of the PP isolated from the host against
the ability of the commercial probiotic LGG to reduce the inflammatory characteristics of DSS-
induced colitis. The DSS-colitis model is one of the most-widely used mouse models of intestinal
inflammation due its simplicity, reproducibility, and controllability (232,233). DSS is a sulfated
polysaccharide that cause colitis by disrupting the colonic epithelium and allowing the passage of

luminal bacteria and associated antigens into the mucosa. This activates an inflammatory process
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in the underlying tissues, resulting in clinical and histopathological features similar to those seen
in IBD patients. These include weight loss, diarrhea, occult blood in stools, mucin depletion, loss
of epithelial crypt architecture, and neutrophil infiltration (232). In our study, the groups that
received DSS in their drinking water showed typical signs of colitis characterized by body weight
loss, diarrhea, occult blood in their stools, and piloerection. However, probiotic administration
before and during DSS exposure was able to reduce these signs, especially in the group receiving
the PP. Furthermore, histological changes were attenuated in the PP group as compared to the mice
receiving the commercial probiotic LGG, suggesting that the proposed personalized strategy was
more effective in decreasing DSS-colitis. We strongly believe that the provision of endogenous
commensal bacteria protected the host against the inflammation caused by DSS, and helped
maintain gut homeostasis by replenishing the numbers of endogenous commensal bacteria in the

gut after their ex vivo propagation.

Under homeostatic conditions, the intestinal mucosa is able to maintain the balance between pro-
inflammatory and anti-inflammatory cytokines. However, IBD patients often display increased
intestinal permeability and impaired epithelial barrier function (234-237), leading to elevated
levels of pro-inflammatory cytokines such TNF-a, IFN-y, interleukin (IL)-1, IL-6, and IL-12
(238). Similar increases in pro-inflammatory mediators are also observed in the DSS-colitis model
correlating well with clinical parameters (232). Consistent with the known anti-inflammatory
effects of some probiotic strains (239-242), we found that both probiotic strategies (PP and LGG)
significantly reduced mRNA levels of //-1f and /I-6 in the colons of treated mice, which were
accompanied by increased anti-inflammatory cytokine expression (//-10 and TGF-p).

Interestingly, the personalized probiotic group showed a more effective immune modulation as
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compared to the commercial probiotic LGG, suggesting that resident microbes of the gut may yield
stronger anti-inflammatory effects since they already possess a mutualistic anti-inflammatory

relationship with the host’s immune system.

Certain biochemical markers, such as myeloperoxidase (MPO) and malonaldehyde (MDA)
activity, have also been investigated in IBD and in animal models of intestinal inflammation as
parameters of intestinal damage. MPO is commonly used as a neutrophil marker, while MDA has
been studied as a oxidative stress marker associated with the pathogenesis of IBD (243-245). As
expected based on previous studies (246,247), we found higher levels of MPO in all groups
challenged with DSS in comparison with healthy mice. However, MPO levels in the DSS + PP
group were significantly reduced as compared to both the non-treated group and the group that
received the commercial probiotic LGG. These results support the idea of personalized probiotics
as better candidates to protect against DSS-colitis, at least in part due to their ability to reduce
neutrophil infiltration. MDA levels were not significantly different between the groups that
received DSS, suggesting that neither probiotic was able to attenuate the typical oxidative stress

caused by inflammation.

Based on our results, commensal bacteria isolated from the host microbiota were more effective
at preventing the symptoms and pathological changes seen in the DSS-colitis model. The improved
efficacy of the personalized treatment in comparison with the commercial probiotic LGG suggests
the benefits of using microorganisms that are already incorporated into the host microbiota to
reduce the typical dysbiosis seen in DSS treatment, as well as other forms of colitis, since the

personalized strategy is based on the maintenance of the initial healthy microbiota by constantly
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replenishing the host with these beneficial microbes. We believe that administration of these
personalized probiotics has the potential to treat dysbiotic-related and multifactorial diseases based
mainly on maintaining the quantitative balance of beneficial versus pathobiont and/pathogenic
microbes. Moreover, we recognize that commercial probiotics, as well as novel engineered
bacteria expressing specific transgenes, could prove effective in diseases where the etiology and
the mechanisms of disease are better elucidated. In additional, specific populations (e.g. infants,
athletes) and their particular needs would also benefit from designed probiotics aiming at a specific

beneficial effect.

The current evidence supporting personalized therapies are more focused on strategies to treat
specific groups of subjects and avoid the generalist approach considered outdated for many disease
treatments. Although we recognize the importance of developing novel probiotics for specific
populations, we believe that certain diseases linked to microbial dysbiosis could benefit more from
the use of personalized probiotics, which we have named “autoprobiotics”. The novelty of our
approach includes not only selecting strains from the host in a personalized way, but also by
selecting these strains before disease begins, or alternatively, in the remission phase in the case of
IBD. As described in Figure 2.1, the prior isolation and selection of the strains leaves the
opportunity to store the isolates and use them to treat any disease where microbial dysbiosis is

thought to play a central role.

In summary, these results show that personalized probiotics are a potent and promising approach
to healthcare, and as such, may protect against dysbiosis-related symptoms during clinical

diseases. However, considering the novelty of the proposal, it is clear that additional studies need
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to be performed using different models of intestinal and extra-intestinal diseases as well as
different comparisons made with commercially available probiotics, before these personalized
probiotics are ultimately tested in clinical trials. We emphasize that this strategy has the potential

to assist in the treatment of several diseases associated with microbial dysbiosis.
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Chapter 3: Role of the mucin (Muc)2 and its glycosylation in controlling

susceptibility to Citrobacter rodentium infection

3.1 Introduction

Enteric bacterial pathogens are a major cause of diarrheal disease in developed as well as
developing countries (248,249). Infection by enteric pathogens is known to promote GI
inflammation along with intestinal pathology and pathophysiology, including not only diarrhea
but also intestinal epithelial barrier dysfunction (126). Additionally, infections by enteric
pathogens as well as impaired intestinal barrier function have been associated with IBD, although

it remains unclear if the microbial community in the gut plays a causative or an aggravating role

in IBD (25).

To infect their host, most enteric pathogens need to directly infect the intestinal epithelium.
However, to do so, they must cross the overlying intestinal mucus layer. As previously discussed
in Chapter 1, intestinal mucus is predominantly comprised of the mucin Muc2, a highly O-
glycosylated protein with core 1 and core 3 derived O-glycans (in mice) as its primary constituents.
We previously showed that mice lacking Muc?2 are highly susceptible to infection by Citrobacter
rodentium (130), a mouse specific relative of the bacterial pathogen enterohemorrhagic E. coli
(EHEC), with Muc?2 deficient (") mice carrying very high pathogen burdens as well as suffering
severe intestinal inflammation and epithelial damage. Moreover, Muc2”™ mice are also more
susceptible to Salmonella Typhimurium infection as compared to wide-type mice, indicating that

the protective role of the mucin Muc?2 is not limited to a singular virulence mechanism (217).
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Interestingly, IBD patients often display a relatively thin mucus layer in affected regions of their
intestines, as well as overt GC depletion in inflamed intestinal tissues (250). At present, it is not
completely elucidated if the impaired mucus barrier is a primary abnormality in IBD patients or if
it is simply a consequence of the intestinal inflammation in addition to the microbial dysbiosis
typically found in the disease. Studies have shown that mice deficient in Muc2 develop
spontaneous colitis as they age (~12-16 weeks), correlating with increased interactions between
gut bacteria and the intestinal mucosal surface, thus supporting a causative role for mucin
dysfunction in IBD. Moreover, it has been described that some IBD patients and animal models of

IBD develop overt defects in their mucus layer even prior to overt inflammation (251,252).

At present, despite the essential role of Muc2 in promoting intestinal homeostasis and mucosal
protection, it is still unclear whether this protection reflects the actions of the Muc2 protein itself,
its glycosylation, or both. The mucin-type O-glycans are localized around the mucin protein
domain thus being intimately associated with the external environment. Therefore, based on the
evidence that spontaneous colitis in Muc2”" mice is directly associated with increased contact
between microbes and the mucosal surface, the mucin-type O-glycans seem to influence in host
diseases susceptibility as they are constantly interacting with the microorganisms present in the
environment (171). Additionally, a similar spontaneous colitis phenotype to that seen in Muc2”"
mice is also described in mice lacking the core 1 glycosylation specifically in their IEC (IEC

Clgaltl™") (171).
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Core 1 and core 3-derived O-glycans are important components of colonic mucin glycosylation,
whereas core 1-derived O-glycans are the most predominant O-glycans expressed in mouse tissues
(171,253). IEC Clgalt]”~ mice display a thinner inner mucus layer than normal and they suffer

overt breaches in its structure as compared to IEC Clgalt]™"

mice. The spontaneous colitis
displayed at an older age by IEC Clgalt]”" mice resembles human UC (253), characterized by the
infiltration of myeloid cells and the development of crypt abscesses especially in the distal colon
and rectum. Although not developing spontaneous disease, mice deficient in core 3 derived O-

glycans (C3GnT"") showed higher susceptibility to DSS-colitis due their impaired mucosal barrier

integrity (254).

The outer mucus layer contains an array of intestinal bacteria and the glycoproteins that comprise
the mucus layer can be considered a potential carbon source for bacteria , although just a few
bacteria display the mucolytic properties necessary to break down the complex mucus glycans
(255). Besides the impaired mucus barrier, previous studies have shown that mice lacking the
mucin Muc?2 also carry an aberrant gut microbiome (256), showing reduced levels of Lactobacillus
spp. (177). Mechanistically, it remains uncertain how this dysbiotic microbiota influences disease
susceptibility in Muc2”" mice, but the SCFA butyrate appears to be involved as it is a major energy
source for colonocytes and it may promotes mucosal healing (177). Moreover, butyrate seems to
play a role in modulating mucin synthesis and release (257,258) as well as in modifying MUC

gene expression in intestinal GC deprived of glucose (259).

The aim of this study was to explore the role of Muc2 glycosylation in providing host defense in

mice challenged with the bacterial pathogen C. rodentium, by comparing the susceptibility of mice
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lacking Muc2 and Core 1 glycosylation with their respective littermate controls. We also tested
tributyrin supplementation in these knockout mice to investigate its effect in the C. rodentium
model, as a means to see if the susceptibility of the Muc2 -/- and IEC Clgalt]”” mice was due to
an impairment in the ability of their commensal microbes to produce butyrate. We hypothesized
that core 1—derived O-glycans play a key nutritional role within the GI tract, and are thus essential
in preventing dysbiotic changes in the gut microbiome. Therefore, alterations in the Muc2
glycosylation pattern may be closely associated with the pathogenesis of common intestinal

diseases, such as IBD and enteric infections.
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3.2 Experimental procedures

3.2.1 Mice

Six to eight week old C57BL/6 and Muc2”~ mice were bred in-house at the BC Children’s Hospital
Research Institute (BCCHRI). Mice deficient in core 3 derived O-glycans (C3GnT™") and intestinal
epithelial cell (IEC) specific knockout mice IEC Clgaltl” (core 1 p1,3-galactosyltransferase) (on the
C57BL/6 and 129 genetic background, respectively) were generated in Dr. Lijun Xia’s laboratory
(University of Oklahoma) as previously described (253) and bred in the BCCHRI animal facility.
Briefly, IEC Clgalt” mice (lacking Clgaltl” specifically in their IEC) were generated by crossing
mice with loxP sites flanking C/galt] with an intestinal epithelium-specific Cre-expressing transgenic
line (VillinCre mice). IEC Clgaltl™" mice were used as littermate controls in all experiments. Mice
were kept in sterilized, filter-topped cages and fed autoclaved food and water while being routinely
monitored and tested for common pathogens. The protocol employed in the experiments was
approved by the University of British Columbia’s Animal Care Committee (A15-0206) and was
in direct accordance with guidelines provided by the Canadian Council on the Use of Laboratory

Animals.

3.2.2 Bacterial strains, Citrobacter rodentium infection and tributyrin supplementation

For C. rodentium infection, mice were orally gavaged with 100 pL (~2.5 x 10® CFU) of wild-type
C. rodentium DBS100. The culture was grown overnight with shaking at 200 rpm in Luria-Bertani
(LB) broth at 37 °C. For tributyrin supplementation experiments, mice received 100 pL (~5g/kg)
of tributyrin (97% FQG) (Sigma-Aldrich, St. Louis, USA) or only glycerol as a control by oral

gavage every other day starting on day 1 post C. rodentium infection. Mice from other groups were
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mock treated with glycerol at the same timepoints. Tributyrin is a triglyceride composed of butyric
acid and glycerol, that presents some advantages over butyrate supplementation as it is odourless

and it is rapidly absorbed and chemically stable (260).

3.2.3 Tissue collection

Mice were anesthetized with isoflurane and euthanized by cervical dislocation at 6 days post-
infection or after losing approximately 20% of their initial bodyweight and showing signs of
significant morbidity (piloerection, hunching and/or less activity). For bacterial enumeration, gut and
systemic tissues (colon, cecum, spleen, liver and mesenteric lymph nodes — MLN) as well as
luminal contents (stool) were collected in pre-weighed 2 mL tubes containing 1 mL of phosphate
buffered saline (PBS), pH 7.2, and metal beads (Qiagen, Hilden, Germany). Next, samples were
homogenized in a Retch MM400 1/30 Htz homogenizer for 6 min and CFU counts were
determined by serial dilutions on specific LB agar plates supplemented with 100 pg/mL
streptomycin. Plates were incubated overnight at 37 °C and colony counts were normalized by the
weight of the respective tissue to obtain CFU/gram results. For histology, colon and cecum tissues
were fixed in 10% neutral buffered formalin (Fisher, USA) (24 h, R/T) and then transferred to 70%
ethanol. Fixed tissues were embedded in paraffin, cut into 5 pm sections and routinely processed
according to standard techniques by the Histology Core Facility at BCCHRI. Additionally, colon
and cecum tissues were also stored in RNA later (Qiagen, Hilden, Germany) at -80 °C for further

host response analysis by quantitative PCR.

3.2.4 Histopathological scoring

Colonic and cecal pathology were scored using a previously adapted scoring system (216). In brief,
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hematoxylin and eosin (HE) stained slides were examined by three blinded observers. Tissue
sections were assessed for submucosal edema (0 = no change; 1 = mild; 2 = moderate; and 3 =
profound), epithelial hyperplasia (scored based on percentage above the height of the control
where 0 =no change; 1 = 1-50%; 2 = 51-75%; and 3 = >75%), epithelial integrity (0 = no change;
1 = <10 epithelial cells shedding per lesion; 2 = 11-20 epithelial cells shedding per lesion; 3 =
epithelial ulceration; and 4 = epithelial ulceration with severe crypt destruction) and neutrophil
and mononuclear cell infiltration (0 =none; 1 =mild; 2 = moderate; and 3 = severe). The maximum

score that could be obtained with this system was 15 points.

3.2.5 Short chain fatty acid analysis

Using gas chromatography, the fecal concentration of the three major SCFAs — acetate, propionate,
and butyrate — was analyzed as previously described (261). Briefly, fresh stool pellets were
collected from healthy mice before infection and then immediately frozen at —20°C until analysis.
Fecal samples were homogenized in distilled water resulting in a 17% (w/w) suspension, which
was further acidified with 5M HCI until pH 2-3 was reached. The suspension was centrifuged for
20 min at 5000 rpm and a 2-ethylbutyric acid solution was spiked into the supernatant at a final
concentration of 1 mm. The supernatant was injected into a Thermo TG-WAXMS A GC column
(Thermo Trace 1310, Fisher Scientific, Waltham, MA, USA), coupled to a flame ionization
detector (Thermo Fisher Scientific, Waltham, MA, USA). The results were expressed as mmol of

acetate, propionate and butyrate per kilogram of feces.
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3.2.6  Statistical analysis

All results presented in this study are expressed as the mean value + Standard Deviation (SD).
Statistical analysis was performed using a two-tailed Student t test, with assistance from GraphPad
Prism Software Version 7.0 (GraphPad Software, San Diego, California). Significance was

declared when p<0.05.
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3.3 Results
3.3.1  Muc2 " mice show increased susceptibility to C. rodentium infection

As outlined previously, the mucin Muc?2 that makes up the intestinal mucus layer is known to
protect the host against infectious and noxious stimuli. We confirmed this observation, finding that
mice lacking Muc?2 exhibited heightened susceptibility to C. rodentium infection as compared to
WT mice, demonstrating increased body weight loss (~15%) (Figure 3.1A) and increased pathogen
burdens by day 6 PI (Figure 3.1B). Moreover, Muc2” mice displayed more severe clinical signs

of morbidity such as hunched posture, piloerection and inactivity as compared to WT mice.
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Figure 3.1 Muc2” mice exhibit dramatic susceptibility to C. rodentium-induced morbidity and
mortality.

A. Body weights following C. rodentium infection of WT and Muc2” (n=12) mice. Muc2”" mice rapidly
lost weight following C. rodentium infection. Results are representative of 3 independent experiments.

B. Enumeration of C. rodentium in stool at various times post-infection. Bars represent the average of
counts (n=12). Results are pooled from 3 separate infections. (2 DPI, **p<0.01; ***p<0.001, t-student test).

We also confirmed previous findings by our research group that together with higher bacterial

burdens, Muc2”" mice showed more severe colitis when infected with C. rodentium as compared
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to WT mice. Over the course of infection, Muc2”~ mice developed progressive diarrhea and after
euthanization, their colons were found to be thickened and reddish in color, containing loose stool
rather than formed stool pellets. The macroscopic analysis also showed that the ceca of Muc2”

mice were severely shrunken with 50% of them exhibiting focal ulcerations (Figure 3.2).

Muc2”-

Figure 3.2. Macroscopic image of heightened mucosal damage suffered by Muc2”™ mice as compared
to WT mice.

Resected large intestines and ceca of infected WT and Muc2” mice at 6 DPL The cecum of the Muc2”
mice is shrunken and severe inflamed, showing ulcerations and thickening of colonic tissue.

3.3.2  C3GnT” mice show modest susceptibility to C. rodentium similar to WT mice

Regarding the major glycosylations of the mucin Muc?2 and their protective role against infections,
we found that mice lacking core 3 glycosylation were roughly similar to WT mice -showing only
modest susceptibility to C. rodentium infection (Figure 3.3). Both their colons and ceca showed
only mild histological damage with no significant difference in histopathological scores as

compared to WT mice (Figure 3.4).
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Figure 3.3. C3GnT™ mice exhibit similar susceptibility to C. rodentium infection as WT mice.

A: C3GnT"" and WT mice show similar weight loss (~5%) throughout the course of infection. B: C3GnT"”"
and WT mice display similar C. rodentium colonization over the course of infection with no significant
difference between the groups using t-student test. Bars represent the average of counts (n=12). Results are
pooled from 3 separate infections.
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Figure 3.4. C3GnT™ mice exhibit modest tissue damage during infection, similar to WT mice.

A: H&E stained sections of distal colon and cecum from infected C3GnT™ mice at 6 DPI. Both colon and
cecum tissues showed only modest inflammation with mild epithelial hyperplasia and disruption of
epithelial integrity in the cecum (200x magnification). B: Pathology scores showed no significant difference
between C3GnT” and WT type at day 6 PL. Scores were determined by two independent observers under
blinded conditions. Bars represent the average of counts (n=12). Results are pooled from 3 separate
infections. (ns: no significant difference using t-student test).

3.3.3 Clgaltl (IEC) -/~ mice develop exaggerated colitis during C. rodentium infection

In contrast, mice lacking core 1 glycosylation (CIgalt ") in their IEC were similar to Muc2” mice
in terms of showing higher susceptibility to C. rodentium as characterized by significant weight

loss (~15%) (Figure 3.5A) and increased pathogen burdens starting at 4 DPI (Figure 3.5B).
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To assess the role of core 1 glycosylation during C. rodentium infection and compare the findings
with mice completely deficient in the mucin Muc2, we infected Muc2 -/-, and Clgaltl -/- mice
with C. rodentium and monitored their body weights over a 6 day infection period. The results
were compared to WT mice as well as mice with JoxP sites flanking Clgalt! (Clgalt"”). While
WT and Clgalt’” mice showed only modest body weight loss, Clgalt] -/- mice displayed
significant weight loss during C. rodentium infection. By day 6 PI, the Clgaltl -/- mice had lost
~15% of their initial/starting body weight (Figure 3.5A) and they also displayed clinical signs of
morbidity such as hunched posture, piloerection and inactivity as compared to Clgalt!’’ mice.
Additionally, we enumerated C. rodentium burdens in the stool samples of these mice over the
course of infection. While there were no significant differences in C. rodentium burdens between
Muc?2 -/- and Clgaltl -/- mice, both knockout mouse strains showed significantly greater pathogen
burdens than control mice (10-100 fold greater) starting at day 4 and maintaining this trend until
the end of infection (Figure 3.5B). Overall, these findings suggested that both Muc2-/- and Clgalt]
-/- mice were highly susceptible to C. rodentium infection, shedding much higher C. rodentium

burdens than other mouse strains during infection.
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Figure 3.5. Muc2”and Clgalt” mice exhibit similar high susceptibility to C. rodentium.

A: Muc2”and Clgalt”” mice show significant weight loss (~15%) at 6 DPI as compared to their respective
controls. B: Muc2”and Clgalt” mice display similar C. rodentium colonization over the course of infection
with no significant difference between the groups. Bars represent the average of counts (n=12). Results are
pooled from 3 separate infections. (*, P < 0.05 by the t-student test).
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3.3.4 Clgalt] " mice carry high C. rodentium intestinal burdens similar to Muc2”

Next, we enumerated C. rodentium burdens within the GI tract and at systemic sites. C. rodentium
CFU counts from Muc2-/- and Clgaltl -/- mice was significantly greater (10-1000 fold higher)
than in control mice, at all intestinal sites (colon and cecum), with these microbes considered to
be adherent (or directly infecting) these tissues. Luminal content burdens, representing non-
adherent C. rodentium collected from Muc2-/- and Clgaltl -/- mice were also significantly greater
as compared to WT and Clgalt’’ mice (Figure 3.6). Likewise, C. rodentium burdens in systemic
tissues also reflected the trend found within the GI tract, with higher C. rodentium burdens found
in the Muc2-/- and Clgaltl -/- mice as compared to their respective controls. Interestingly, no
differences were found in CFU counts when comparing Muc?2-/- and Clgaltl -/- mice, thus
emphasizing the impact of core 1 glycosylation in host defense against C. rodentium, with its loss

producing a similar phenotype to the loss of the entire Muc2 protein.
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Figure 3.6. Muc2-/- and Clgaltl -/- mice carry heavier intestinal pathogen burdens.

C. rodentium burdens enumerated from the colon, cecum, luminal content, liver, spleen and mesenteric
lymph nodes (MLN) at day 6 PI. Muc?2 -/- and Clgaltl -/- carried significantly higher pathogen burdens
than WT and ClgaltI” mice. Note that Muc2 -/- mice had comparable pathogen burdens to Clgalt] -/-
mice, with no significant differences except for the MLN. Bars represent the average of counts (n=12).
Results are pooled from 3 separate infections. (*, P < 0.05; **, P < (.01 by the t-student test).
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Consistent with their increased pathogen burdens, Muc?2 -/~ and Clgaltl -/- mice showed greater
macroscopic intestinal damage, characterized by shrunken ceca, thickening of the colon,
ulcerations and absence of solid stool contents. No such phenotype was observed in either WT or
Clgalt" mice infected with C. rodentium (Figure 3.7A). To further examine and characterize the
intestinal tissue pathology, H&E stained tissues (distal colon and ceca) were examined
histologically (Figure 3.7B). Histological samples from Clgalt ” and Muc2” mice showed
significantly higher pathology scores in comparison with WT and CIgalt/"/ — as demonstrated by
severe submucosal edema, loss of epithelial integrity, crypt hyperplasia (increased colonic crypt
heights), increased PMN infiltration and goblet cell depletion (Figures 3.7B and C). Once again,
no significant difference was observed when comparing Clgalt ” with Muc2” mice, thus

reinforcing the similar phenotype and the fundamental role of core 1 glycosylation in the

phenotype found during C. rodentium infection.
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Figure 3.7. Muc2” and Clgalt] " mice display similar susceptibility to C. rodentium infection.

A: Resected large intestines and ceca of infected WT, Muc2”, Clgalt™, and Clgal?” mice at 6 DPIL Ceca
of Muc2” and Clgalt” mice showed similar signs of inflammation with shrunken cecum and thicker colons
in comparison with their respective controls. B: H&E stained sections of distal colon and cecum from
infected WT, Muc2”, Clgalt™, and Clgal?” mice at 6 DPL Both colon and cecum from Muc2” and Clgalt
“mice exhibited severe inflammation characterized by crypt hyperplasia (Muc2”) and loss of epithelial
integrity in colonic tissue (Clgalt ™), together with severe edema and immune cell infiltration in cecal
tissues (200x magnification). C: Pathology scores showed significant differences between Muc2” and WT
mice as well as between Clgalt” and Clgal?” at day 6 P1. However, no significance was declared when
Muc2"and Clgalt "mice were compared. Scores were determined by two independent observers under
blinded conditions. Bars represent the average of counts (n=12). Results are pooled from 3 separate
infections. (ns: no significant difference; **p<0.01; ***p<0.001; t-student test).

3.3.5 Muc2-/- mice exhibit lower stool concentrations of propionic and butyric acids

under baseline condition

As previously discussed, mucus may serve as a key nutrient source in the gut, thereby directly
influencing intestinal microbial composition and their metabolites such as SCFA. As increased
intestinal pathology could be associated with intestinal dysbiosis and unbalanced oxygen and
butyrate levels in the gut, we next examined the concentrations of the three major SCFA (i.e. acetic

acid, propionic acid, and butyric acid) in stool pellets from uninfected WT, Muc2 ", Clgalt] -
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and Clgalt]”’ mice. Interestingly, we found that Muc2 ”~ mice showed significant lower levels of
propionic acid as well as butyric acid as compared to WT mice under baseline conditions (Figure
3.8 B and C). While Clgalt] ”" mice levels did not reach significance as compared to their
counterpart for all SCFA investigated, we did observe a trend towards decreased levels of butyric

acid before the infection (Figure 3.8C).
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Figure 3.8. Muc2-/- mice display lower levels of propionic and butyric acids under baseline condition.
A: No significant difference in acetic acid levels between groups for all mouse strains analyzed. B: Muc?2 -
/- exhibited lower concentrations of propionic acid in comparison with WT mice. C: Muc2 -/- exhibited
lower concentrations of butyric acid in comparison with WT mice as well as in comparison with Clgaltl-
/- mice. Bars represent the average of counts (n=8). Results are pooled from 2 separate infections. (ns: no
significant difference; *p<0.05; **p<0.01; t-student test).
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3.3.6 Tributyrin supplementation ameliorates damage caused by C. rodentium infection

Considering the lower levels of butyric acid under baseline conditions, we tested if
supplementation with tributyrin (TB) a triglyceride composed of three butyric acids - would induce
any significant alterations in the infection susceptibility of Muc2-/- and Clgalt]l -/- mice. Mice
from control groups received only glycerol (GL) by oral gavage to reach a similar caloric intake
as the treated groups thus avoiding weight variation due to TB supplementation. Interestingly,
Muc2-/- mice lost less weight upon receiving the TB as compared to the control group (5% vs.
12%), suggesting TB was protective during C. rodentium infection. Similarly, Clgalt] -/- mice
displayed a strikingly positive outcome when supplemented with TB - showing practically no
weight loss over the 6 days of infection while mice receiving solely glycerol lost 8% of their body
weight (Figure 3.9). Likewise, both Muc?2-/- and Clgaltl -/- mice exhibited fewer clinical signs of
colitis with TB supplementation, characterized by normal posture and activity as well as stool that
was more normal in consistency. TB supplementation also impacted C. rodentium colonization in
Muc?2-/- and Clgaltl -/- mice, as enumeration of this pathogen was found to be significantly lower
in groups that received TB, as seen from as early as 2 DPI — (Figure 3.9). These reduced pathogen
burdens remained low until the end of the infection (6 DPI) suggesting that TB protects against

the typical C. rodentium expansion.
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Figure 3.9. Muc2”and Clgalt ” mice supplemented with TB showed reduced susceptibility to C.
rodentium.

A: Muc2” and Clgalt”” mice show none to mild (5%) weight loss at 6 DPI when supplemented with TB
as compared to their respective controls (8% and 12%). B: Muc2”"and Clgalt " mice displayed lower C.
rodentium shedding/colonization over the course of infection when supplemented with TB as compared to
GL supplementation. Bars represent the average of counts (n=12). Results are pooled from 3 separate
infections. (*, P <0.05; ** P <0.01; *** P <0.001 by the t-student test). CR+GL: C. rodentium + glycerol;
CR+TB: C. rodentium + tributyrin)
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As previously described, C. rodentium colonization is usually 10-100 fold higher in Muc2 -/- and
Clgalt 1 -/- mice as compared to their respective controls. Notably, this trend of higher numbers
of C. rodentium was attenuated by tributyrin administration in both susceptible mouse strains
(Muc?2 -/- and Clgalt 1 -/- mice) (Figure 3.10). Correspondently, along with less severe colitis, TB
was able to protect mice against higher pathogen burdens in tissues within the GI tract (distal colon

and cecum) as well as within the luminal stool content combined from both the colon and cecum.
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Figure 3.10. Clgaltl -/- mice carry heavier intestinal pathogen burdens.

C. rodentium burdens enumerated from the colon, cecum and luminal contents at 6 DPI. Muc2-/- and
Clgaltl-/- mice carried significantly lower pathogen burdens (100-1000 fold) when supplemented with TB
than groups supplemented with GL alone - for all intestinal samples collected (distal colon, cecum and
luminal contents). Bars represent the average of counts (n=12). Results are pooled from 3 separate
infections. (*, P <0.05; ** P <0.01; *** P <0.001 by the t-student test). CR+GL: C. rodentium + glycerol;
CR+TB: C. rodentium + tributyrin)

Consistent with fewer signs of colitis and lower pathogen burdens, Muc2-/- and Clgaltl -/- mice
also suffered less histological damage in colonic tissue when supplemented with TB in comparison

with mice supplemented only with GL. Tissues from mice that received TB were characterized by
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less edema and immune cell infiltration, in addition to have their crypt organization and

architecture almost intact and displaying few signs of crypt hyperplasia (Figure 3.11).
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Figure 3.11. Muc2-/- and Clgalt]l /- display less severe colitis with TB supplementation.

Representative H&E stained colonic tissues of C. rodentium infected Muc2 -/- and Clgalt 1 -/- mice. Groups
that received TB supplementation develop less exaggerated damage to their mucosal surface and displayed

normal crypt heights as well as maintenance of epithelial integrity (200x magnification).
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3.4 Discussion

The intestinal mucus layer is considered the first barrier of protection against noxious luminal
stimuli such as pathogens and some food/bacterial products. Studies have shown that patients with
intestinal disorders such as IBD and colon cancer often have a defective intestinal mucus layer,
which seems to be thinner and more penetrable than that seen in healthy subjects (160,262-264).
As most bacteria in the gut are localized to the lumen and the outer mucus layer, an impaired
mucus barrier may facilitate these microorganisms and their end products crossing this “normally”
protective barrier resulting in undesired interactions with the underlying immune cells. The Muc2
mucin is the predominant mucin found within the distal GI tract, and previous studies by our
research group have shown that Muc2 promotes host defense against enteric pathogens such as C.
rodentium (130) and S. Typhimurium (217). Although we have already demonstrated that the
Muc2 mucin plays an important role in host defense, the exact mechanisms behind its protective
role have not been completely elucidated. 80% of the mass of the Muc2 mucin is comprised of
carbohydrates, and in fact Muc? is decorated by several different terminal glycans that are able to
interact with bacterial products and dietary fibers (265). Besides providing a physical and
biochemical barrier against luminal products, our understanding of the role and the mechanism of

action of Muc2 glycosylation in providing protection in the gut is limited.

Considering the importance of the mucin MUC2/Muc2 in IBD patients as well as in enteric
infections, our focus was to investigate which part of the Muc2 molecule is key to promoting host
defense — the protein core, the glycosylation of the protein, or both. In this study, we provide

evidence that the loss of core 1 derived O- glycans dramatically increases host susceptibility to the
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A/E pathogen C. rodentium, with the Clgalt]l -/- mice showing a very similar infectious
phenotype, to that seen in mice suffering the complete loss of the mucin Muc2. An impaired mucus
barrier also increased intestinal pathogen burdens along with systemic translocation of C.
rodentium in both Muc2-/- and Clgaltl -/- mice, resulting in dramatically increased morbidity and
pathology suffered by these mice during infection. Overall these findings suggest that core 1
derived-O glycans, rather core 3 derived-O glycans, play a significant role in controlling luminal
and mucosal pathogen burdens in mice. Additional host innate and adaptive immune responses
may also influence C. rodentium colonization and burdens during infection (266,267). Moreover,
interactions of the intestinal microbiota with components of the intestinal mucus seem to regulate
pathogen growth and colonization, since the mucus barrier also prevents microbes from reaching
and adhering to the intestinal epithelial surfaces and thus play a key role in innate defense.
However, for the purpose of this study, our focus was to investigate the role of the mucin Muc2
and its glycosylation in host defense as well as the relationship between the mucus layer and

bacterial products in the gut.

Overall, mice lacking the core 1 glycosylation solely in their IECs (IEC Clgaltl -/-) displayed a
similar susceptibility phenotype to that seen in mice completely deficient in the mucin Muc?2
(Muc?2 -/~ mice), indicating that the key function of Muc2 in our model appears to reflect its
glycosylation. Notably, Clgalt] -/- mice still produce and secrete Muc2, although in lower
concentrations and with a different structure than in WT mice. Thus, proper Muc2 glycosylation
rather than the mere presence of the Muc2 mucin appears to control C. rodentium burdens in the

intestinal mucosa and its translocation to systemic sites. These results confirm previous data that
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Muc?2 production and secretion are critical host defense mechanisms that regulate the interactions

of C. rodentium with the intestinal mucosal surface (130).

Curiously, loss of core 3 derived O-glycans did not overtly impact susceptibility to C. rodentium
infection in our studies, in contrast to the major effect seen with Clgaltl -/- mice. C3GnT -/- mice
showed a similar phenotype as WT mice, which was characterized by modest weight loss and mild
histological damage such as intestinal crypt elongation, immune cell infiltration, and goblet cell
depletion (126,129). This finding is consistent with previous studies describing core 3 O-
glycosylation of Muc2 playing an important role in humans, but a less important role in promoting
murine host defense against enteric pathogens such as C. rodentium and S. Typhimurium

(217,268,269).

Previous data from our research group has shown a dysbiotic intestinal microbiota in Muc2 -/-
mice with reduced numbers of Firmicutes bacteria, involving specific deficits in Lactobacillus spp.
along with a trend towards more y-Proteobacteria (130,177). In keeping with the loss of such
microbes, it is already well known that metabolites such SCFA are key products to confer
protection against colitis. Considering the importance of dysbiosis in triggering inflammatory
responses, we assessed the three major SCFAs — acetate, propionate and butyrate — in Muc?2 -/-
and Clgaltl -/- mice before infection with C. rodentium, to better define whether these SCFAs
might play a role in infection susceptibility. Interestingly, Muc?2 -/- mice displayed lower levels of
propionate and butyrate under baseline conditions, suggesting an imbalanced microbiota with a
reduction in obligate anaerobes such as butyrate producers and an increase in facultative anaerobes

such as E. coli and most pathogenic/pathobiont bacteria. Although not significantly different from
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their controls, Clgaltl -/- mice also showed a trend towards lower levels of butyrate that may be
a reflection of their thinner mucus layer, rather than the complete absence of Muc2. Nevertheless,
further studies investigating their microbiota composition are necessary to confirm the hypothesis

that specific microbes and their products regulate/limit C. rodentium infection.

Since SCFAs — especially butyrate - have been successful applied in murine models of intestinal
inflammation as well as in IBD patients (270-273), we administered the triglyceride tributyrin for
three consecutive days after C. rodentium infection and compared the disease severity in treated
mice with mice given only the tributyrin carrier matrix glycerol. We noted that mice supplemented
with tributyrin proved less susceptible to C. rodentium infection, as indicated by them suffering
only modest body weight loss, carrying relatively small pathogen burdens as well as suffering only
mild histological damage in their colonic tissues. We also noted that Muc?2-/- and Clgaltl -/- mice
again showed a similar phenotype, ie. both mouse strains benefitted from the tributyrin. These
findings are supported by other studies showing that oral supplementation of tributyrin acts as
more than just an energy source for colonocytes but also controls immune responses and interferes
in immune cell migration and mucosal healing (260). Another study found that S. Typhimurium
was able to expand in the gut following antibiotic treatment due to elevated epithelial oxygenation
as a consequence of the loss of butyrate-producing Clostridial bacteria (187). As reviewed by
Allaire and colleagues (34), butyrate directly impacts gut homeostasis by influencing intestinal
pro- and anti-inflammatory mechanisms, colonocyte metabolism, and consequently the intestinal

microbiota composition.
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The present study provides additional evidence of the critical protective role of the mucus layer in
providing host defense against C. rodentium infection. It also demonstrates that the protective role
played by Muc2 in this model reflects its glycosylation, rather than the protein itself. Furthermore,
our data also provides evidence that tributyrin supplementation could benefit the host during
enteric infections — putatively by shifting oxygen and butyrate gradients in the gut, and potentially
through changes in the gut microbiota. These findings underscore the need for further exploration
of the mechanisms by which the mucus layer protects the intestinal tract from bacterial pathogens

and other noxious stimuli.
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Chapter 4: Conclusions

4.1 The big picture: potential application of the research findings

Animal models have been widely used to study several GI human diseases, such as IBD and enteric
infections. Although animals are not completely identical to humans in terms of anatomy and
physiology, they share most human genes and are biologically similar. Therefore, murine models
have served as important tools to examine underlying mechanisms involved in both the initiation
and the progression of IBD. Moreover, these models have contributed towards novel therapeutic
strategies for intestinal diseases before these strategies are tested in humans. Thus, the animal
models used in this research project, along with the results we obtained, provide interesting
insights into the development of novel probiotics to prevent and treat intestinal conditions.
Moreover, the use of mice lacking specific genes, such as the Muc2” mice and the CIgalt]” mice,
allow us to isolate particular targets from the complex intestinal environment that might be playing

a more important role in host defense.

Over the last years, several approaches have been studied to positively modulate the gut
microbiome and therefore prevent gastrointestinal and metabolic diseases related to a dysbiotic
state. One of the most common strategies currently used is the administration of beneficial
microbes known as probiotics. Probiotics can be incorporated into the daily diet through the
consumption of fermented food or as dietary supplement. Although the use of probiotics has
proven beneficial in different conditions such as cow’s milk allergy (274), antibiotic associated
diarrhea (275), infant colic and constipation (276), respiratory tract infections (277,278), among

others, their efficacy in IBD is still controversial. The commercial probiotic VSL#3 seems to be
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effective in inducing remission in active UC patients as well as in preventing disease relapse in
these patients. However, more evidence is required for the use of probiotics in CD patients as its

efficacy remains uncertain in several studies (279).

The work described in this thesis, proposes a novel strategy —i.e. a personalized probiotic approach
that we believe is highly promising for treating different dysbiotic related diseases. Considering
the particular characteristics of an individual’s microbiome, as well as the environmental factors
that influence this microbial community during life, we believe that therapies should focus on the
host’s endogenous commensal microbes. By isolating personalized probiotics, rather than trying
to incorporate new microorganisms from exogenous sources, we propose this strategy will prove
more effective as compared to the “one size fits all” approach that has been used for several
decades and yet has not proven sufficiently reproducible to affect clinical practice in IBD. Our
personalized approach did protect mice against the intestinal inflammation caused by DSS, and to

a greater extent than that seen with the commercial probiotic LGG.

Although further studies are necessary to define the exact mechanism of this protection, our
hypothesis is that this beneficial effect reflects an increase in the numbers of these endogenous
commensal bacteria in the gut after their ex vivo propagation and delivery. Previous studies have
shown IBD patients, as well as people suffering from enteric infections undergo dramatic shifts in
the makeup of their microbiomes. Thus, by orally providing/restoring large numbers of these
microbes to intestinal diseases patients, we hypothesize this will reduce the dysbiosis, as well as

provides beneficial factors to reduce inflammation, such as short chain fatty acids.
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Another important factor in shaping the composition of the intestinal microbiome is the colonic
mucus layer. Besides acting as a primary defense barrier against enteric pathogens, the colonic
mucus layer also serves as a nutrient source for commensal bacteria, therefore shaping the gut
microbial community. Recent findings have described that in the absence of Muc2, the major gel-
like forming mucin in the colonic mucus layer, mice are significantly more susceptible to enteric
infections (130,217). Moreover, patients with IBD often have a thinner and more penetrable mucus
layer, which could be either cause or consequence for a dysbiotic state within the gut. These
findings intrigued us to explore in more detail the enzymes that control the glycosylation patterns

of the mucin Muc2, and how their absence would affect mice challenged with C. rodentium.

We found that mice deficient in Core 1 derived O-glycans (Clgalt] ) showed very similar
susceptibility to C. rodentium infection as that seen with the complete absence of the mucin Muc2
(Muc2 ™" mice). Conversely, mice lacking the Core 3 derived O-glycans had only minor effects on
pathogen burdens and inflammation, showing a roughly similar phenotype to that displayed by
WT mice. The different data obtained from the two major glycosylations of Muc2 may reflect the
specific role of each O-glycan in the models studied, since Core 1 is the most prominent
glycosylation in mice while Core 3 is most prominent in humans. Our results thus indicate that
Core 1 glycosylation may play the key role in protecting mice against C. rodentium rather the
protein core of the mucin Muc2. We also demonstrated that the administration of tributyrin was
effective in decreasing pathogen burdens during infection in both Muc2 ” and Clgalt] " mice.
Future studies are needed to verify the mechanisms of this protective role, however, we believe
the supplementation of tributyrin shifts the intestinal environment to a more anaerobic state, thus

creating a disadvantageous habitat for the expansion of facultative anaerobes such as C. rodentium.
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Overall, these findings are important to establish a central role for Muc2 and its glycosylation in
intestinal homeostasis. Besides confirming previous discoveries of the importance of Muc?2 in host
health and disease, my studies provide novel insights regarding the complex interactions between

mucus, enteric bacteria and host defense.

4.2 Future directions

Since dysbiosis has been associated with the pathogenesis of numerous intestinal diseases, future
studies focusing on how to positively modulate the intestinal ecosystem may provide new therapies
for patients with IBD as well as those suffering from enteric infections. Furthermore, additional
discoveries regarding the mechanistic role of the microbiota in these disorders may assist in
developing novel therapies for intestinal conditions that directly benefit the overall health and

general well-being of individuals.

Regarding the personalized probiotics strategy, we understand that, like all novel ideas, additional
experiments are necessary to validate and confirm the positive effects described in this thesis. Even
so, we believe the manuscript published with our findings will initiate a productive discussion
regarding optimal strategies for personalized therapies in the microbiome field. We believe our
study is the first one demonstrating a promising result when shifting the strategy of microbiota
manipulation from a general “one size fits all” approach to a more personalized approach for each
patient. To prove this, we suggest further comparisons of personalized probiotics against

commercially available probiotics containing different formulations and applications.
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Additionally, we recognize that the selection process will be more challenging in humans as
compared to murine models due to the complexity of the human microbiome. A few strategies
have been discussed by our research group seeking an approach that will be effective in clinical
practice. First, the selection of personalized commensals at an early age in children genetically
predisposed to develop IBD (for example - and before any disease has developed), could represent
a promising idea. These bacteria could be stratified based on their potential probiotic capacity (in
vitro tests and characterization) and then kept in a microbiota biobank as proposed in Chapter 2.
Since several diseases have been liked to a dysbiotic state in the gut we see the microbiota bank
as an opportunity to treat both intestinal and extra-intestinal conditions. Second, we suggest the
selection of beneficial commensal bacteria during the remission phase of inflammatory conditions
such as IBD or any other relapsing condition. This period is known to have a more diverse
microbiota as compared to that found during acute disease, thus allowing the selection of different
genera/species/strains. Lastly, we propose for future studies the isolation and selection of
commensal bacteria during the acute phase of IBD or any other inflammatory/dysbiotic disease,
in combination (or not) with the ones isolated when the patient is in remission/healthy. Although
microbial diversity is affected during the disease/inflammatory phase, the potentially beneficial
strains that survive within this noxious inflammatory environment could be the most promising

ones to act as probiotic bacteria due to their capacity to survive through adverse conditions.

With reference to the mucus layer and its importance in intestinal homeostasis, several additional
experiments are necessary to further elucidate the mechanistic roles of the mucin Muc2 and its
glycosylations in host defense. It is fundamental to better understand the complex dynamics of the

major Muc2 glycosylations before and during infection as some specific steps of these
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glycosylations pathways may impact in IBD susceptibility. Furthermore, we should examine the
microbiota composition of the different mouse strains studied in Chapter 3, before and over the
course of infection. Such analysis may bring new insights regarding specific groups of microbes
affected by the mucus layer and by C. rodentium. Analysis using high-throughput techniques, such
as 16S sequencing, may help us to understand in more detail how different microbes behave in the
absence of mucus or its glycosylations as well as how they affect host health. Additionally, the
investigation of bacterial metabolites such as SCFA also contributes towards our understanding of
changes in the microbial gut composition and the impact of this complex community on health and
disease. Moreover, future studies in our lab will focus on the supplementation of tributyrin through

the diet, as this represents a better model of how SCFA might be modified in humans.

Lastly, we believe that focusing on oxygen levels in the gut is extremely important for future
research projects as the availability of oxygen, along with other electron acceptors, may impact
host physiology and control the luminal expansion of Enterobacteriaceae (280). As previously
mentioned in Chapter 3, the oxygen-butyrate gradient within the colon provides important
information about the microbial community in the gut, as well as influencing the host resident and

transient microorganisms and their impact on health and disease.

4.3 Final remarks

Overall, the work described in this thesis has provided numerous contributions towards the
advancement of strategies to positively modulate the intestinal microbiota, either by developing a

new and personalized strategy for using probiotics or by improving our understanding of the
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interactions between the mucus layer and enteric bacteria as well as their metabolites. Besides the
novelty and the positive effects found when using endogenous commensal microbes to prevent
intestinal inflammation, the personalized probiotic strategy opens an interesting discussion in the
field regarding the focus on the particularities of each person’s unique microbiota. Furthermore,
the role of Muc2 and Core 1 glycosylation in controlling susceptibility to bacterial infections
provides new research directions in the lab to continue investigating how the intestinal microbial
community is affected by the mucus components and bacterial metabolites, and how these

interactions are reflected in the health or disease of the host.
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Appendix A

Addendum to Chapter 2.

Supplemental Figure A.1. Representative image of one selected strain challenged with different
antibiotics.

CRO=ceftriaxone 30 pg, IPM=imipenem 10 pg, ATM=aztreonam 30 pg, ERI=erythromycin 15 pg,
VAN=vancomycin 30 pg, CLO=chloramphenicol 30 pg, TET=tetracycline 30 ug, NIT=nitrofurantoin 300
ug, NOR=norfloxacin 10 pg e CIP=ciprofloxacin 5 pg.
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Supplemental Figure A.2. Weekly average CFU counts of Lactobacillus rhamnosus GG.

1* week: before the DSS administration; 2" week: During DSS administration. Values are represented as

the average of four CFU counts along the week. No significant difference between the groups using t-

student test.
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Supplemental Table A.1. Weekly viability of the strains isolated from the DSS+PP group in

10g10CFU.

Results correspond to the weekly average CFU counts + standard deviation (SD) of each isolate from

group DSS+PP.

Animal  Strain 1" week 2" week
Bifidobacterium spp. 9.23£0.02  9.97+0.02
1 Bifidobacterium spp.  9.21+£0.02  9.57+0.01
Lactobacillus spp. 9.64+0.06  9.85+0.03
Bifidobacterium spp. 9.344£0.02  9.62+0.02
2 Bifidobacterium spp.  9.00+0.03  9.35+0.02
Lactobacillus spp. 9.2240.03  9.19+0.02
Bifidobacterium spp. 9.52+0.03  9.80+0.01
3 Bifidobacterium spp.  9.32+0.02  9.62+0.06
Lactobacillus spp. 9.30+0.04 9.61+0.09
Bifidobacterium spp. 9.40+0.06  9.17+0.09
4 Bifidobacterium spp.  9.94+0.02  9.17+0.06
Lactobacillus spp. 9.66+£0.01  9.62+0.02
Bifidobacterium spp. 9.2840.02  9.91+0.02
5 Bifidobacterium spp.  9.52+0.02  9.97+0.01
Lactobacillus spp. 9.2840.01  9.72+0.02
Bifidobacterium spp. 9.12+0.04  9.17+0.03
6 Bifidobacterium spp.  9.18+0.01  9.76+0.01
Lactobacillus spp. 9.83+0.03  9.90+0.06
Bifidobacterium spp. 9.62+0.08  9.70+0.03
7 Bifidobacterium spp.  9.38+0.03  9.80+0.04
Lactobacillus spp. 9.20+0.04  9.80+0.04
Bifidobacterium spp. 9.24+0.02  9.80+0.04
8 Bifidobacterium spp.  9.22+0.06  9.77+0.02
Lactobacillus spp. 9.90+0.04  9.96+0.02
Bifidobacterium spp. 9.25+0.02  9.50+0.02
9 Bifidobacterium spp.  9.64+0.02  9.99+0.01
Lactobacillus spp. 9.3240.01  9.57+0.06
Bifidobacterium spp. 9.40+0.02  9.66+0.05
10 Bifidobacterium spp.  9.62+0.04  9.62+0.04
Lactobacillus spp. 9.50+0.08  9.90+0.02
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