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ABSTRACT

Alterations of the microbiota-host interactions at the mucosal border may be
of importance in symptom generation in irritable bowel syndrome (IBS), a
disorder of gut-brain interaction. Hence, microbiota-targeted interventions
may benefit some patients by beneficially modulating the intestinal
microenvironment. This thesis aimed to determine the importance of the
intestinal microenvironment for the intestinal immune activity and barrier
function in IBS, as well as to assess the effects of human milk oligosaccharide
(HMO) supplementation in IBS patients. First, we describe that the IBS
patients have a distinct intestinal microenvironment, in particular metabolites,
that is linked to bowel habits. Second, we present an in vitro model using
patient-derived fecal supernatants and healthy-derived epithelial colonoids for
exploring the interactions between the intestinal microenvironment and the
epithelial barrier in IBS. Third, we show that a HMO mixture of 2’-O-
fucosyllactose and lacto-N-neotetraose (4:1 ratio) (2’FL/LNnT) increases the
abundance of bifidobacteria, with no risk of symptom deterioration. Finally,
we demonstrate that supplementation with 2’FL/LNnT modulates the gut
microbiota, increasing bifidobacteria, and fecal and plasma metabolites, but it
does not influence the intestinal immune activity and barrier function.

In conclusion, the results of this thesis support the importance of the intestinal
microenvironment and the microbiota-host interactions at the mucosal border
in IBS, which might be modulated by HMO supplementation. Future studies
are warranted to provide a better insight into the cross talk at the mucosal
border as well as the mechanisms of action of HMO supplementation for the
management of IBS symptoms.



Keywords: colonoids, epithelium, gut microbiota-host interaction, human
milk oligosaccharides, intestinal milieu, irritable bowel syndrome,
metabolites, microbiota, mucosal border.

ISBN 978-91-8009-789-5 (PRINT)
ISBN 978-91-8009-790-1 (PDF)



SAMMANFATTNING PA SVENSKA

Irritable bowel syndrome (IBS) 4r en kronisk funktionell magtarmsjukdom dar
patienterna, varav en Overvidgande andel &r kvinnor, drabbas av buksmértor
och avforingsrubbningar. Orsakerna till sjukdomen &r dnnu inte helt klarlagda.
Fordndringar i samspelet mellan cellerna i tarmens ytskikt och de lokalt
forkommande bakterierna och deras metabola produkter, som tillsammans
utgér den lokala mikromiljon, kan dock ha betydelse for uppkomst av
sjukdomens symtom. Det har déarfor foreslagits att interventioner som
fordelaktigt modulerar tarmens lokala mikromiljé kan gynna och forbéttra
symptomen hos atminstone vissa patienter.

Syftet med denna avhandling var dérfor att faststélla betydelsen av den lokala
mikromiljon for tarmens immunologiska aktivitet och barridrfunktion, samt att
pavisa effekterna pa dessa parametrar av humana mjolkoligosackarider (HMO)
som prebiotiskt kosttillskott, hos patienter med IBS. Till att borja med
beskriver vi att IBS patienter har en distinkt mikromiljo i tarmen, med
avseende péd bakterier och deras metabola produkter, vilken &r kopplad till
patienternas avforingsvanor. For det andra presenterar vi en in vitro modell
som baseras pa odling av generiska tarmceller i nirvaro av fekala metabola
produkter for att utforska interaktionerna mellan tarmens mikromiljo och
tarmslemhinnans ytskikt hos patienter med IBS. For det tredje demonstrerar vi
att kosttillskott i form av HMO (4:1 mix av 2'-O-fukosyllaktos och lakto-N-
neotetraos, 2'FL/LNnT) okar forekomsten av bifidobakterier i tarmen, utan att
orsaka fOrsdmring av patienternas symtom. Slutligen visar vi att HMO
modulerar den totala sammanséttning bakterier 1 tarmen samt metabola
produkter i avforing och blod. Dessutom, tillskott av HMO leder till 6kad
forekomst av bifidobakterier i tarmen utan att paverka dess immunaktivitet
eller barridrfunktion.

Sammanfattningsvis stoder resultaten i denna avhandling betydelsen av
interaktionen mellan cellerna i tarmens ytskikt och den lokala mikromiljon,
samt att kosttillskott i form av HMO modulerar detta samspel hos IBS
patienter. Fler studier behdvs for att ytterligare fordjupa kunskapen om
betydelsen av tarmens lokala mikromiljo vid IBS samt att utrona
verkningsmekanismerna av prebiotiska kosttillskott, saisom HMO, och dess
effekt pé patienternas symptom.
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Human milk oligosaccharides and interactions at the epithelial barrier in IBS

PREFATORY

The intestinal epithelial barrier plays a key role in maintaining gut homeostasis
acting as first line of defense against intruders. It forms a physical barrier that
separates the intestinal content of the lumen from the underlying tissues.
Hence, there is a constant interplay between the intestinal epithelial barrier and
the intestinal microenvironment, including gut microbiota and microbial-
derived metabolites. Furthermore, the gut microbiota is essential in
maintaining the health of the host. Thus, alterations of the intestinal
microenvironment or a compromised interaction with the intestinal epithelial
barrier may be of central importance for symptom generation in irritable bowel
syndrome (IBS), a common disorder of gut-brain interaction.

The overall aim of this thesis was to determine the importance of the intestinal
microenvironment for the intestinal immune activity and barrier function in
IBS. Moreover, it aimed to assess the effects of dietary supplementation with
human milk oligosaccharides (HMOs) in patients with IBS (Figure 1). More
specifically:

Paper I assessed the link between IBS-related symptoms and the intestinal
microenvironment, represented by the combined fecal microbiota and
metabolite profile, in patients with IBS, and healthy subjects.

Paper II defined events taking part in the cross talk between the local
microenvironment and the intestinal epithelial barrier in IBS using an
innovative setup based on healthy-derived epithelial colonoids and patient-
derived fecal supernatants.

Paper III determined the dose of a mixture of HMOs (2°-O-fucosyllactose and
lacto-N-neotetraose (4:1 ratio), 2’FL/LNnT) associated with increasing fecal
bifidobacteria abundance, without negatively influencing IBS-related
symptoms, and the fecal microbiota profile in patients with IBS.

Paper IV determined the effects of a mixture of HMOs (2’FL/LNnT) as a
modulator of the intestinal microenvironment, immune activity and barrier
function in patients with IBS.

vi
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Figure 1. Graphical summary of the overall aim of this doctoral thesis. The
general aim was to determine the importance of the intestinal microenvironment
(A) for the intestinal immune activity (B) and barrier function (C) in IBS.
Moreover, it aimed to assess the effects of dietary supplementation with human
milk oligosaccharides (D) in patients with IBS. Cyan Y-shaped bacteria represent
bifidobacteria. (IEC, Intestinal Epithelial Cell; GC, Goblet Cell; ECC,
enterochromaffin cell.) Created with BioRender.com.
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THE GASTROINTESTINAL TRACT

The external environment and the body interact through a one-way tube termed
the gastrointestinal (GI) tract. Assisted by the adjacent vascular, lymphatic,
and nervous systems, the GI tract metabolizes nutrients (digestion and
absorption processes). Any possible waste product generated during this
downstream of events is finally excreted from the body in form of feces
(excretion). This physiological process is well described in the literature [1,2].

The intestine is an eight-meter-long muscular organ with cylindrical shape that
plays a key role in the digestion and the absorption of nutrients [2-4]. The whole
intestine comprises of two well-differentiated organs, the small intestine, and
the large intestine (or colon). Multiple folding of the intestinal surface
enhances its capacity of absorbing nutrients as it increases the mucosal surface
up to approximately 32 m? (equivalent to half a badminton court), of which
approximately 2 m? correspond to the colon [2-4]. In the small intestine,
chemical reactions break down the food and the absorption of water, ions, and
around 90% of nutrients takes place [1,2]. The colon recovers luminal water
and ions and excretes the undigested material (feces) [2,5].

The intestine is considered ‘a second brain’ since its walls are innervated by
the enteric nervous system, and thereby directly in connection with the brain.
This close interconnection is widely known as the gut-brain axis. The gut-brain
axis embraces the bidirectional communication between the central nervous
system (brain) and the enteric nervous system (gut). This cross talk is essential
as it allows the brain to regulate certain functions of the gut (e.g., motility,
mucus production, intestinal permeability, and the mucosal immune response),
and to modulate the intestinal microenvironment. In return, signaling
molecules with microbial and dietary origin communicate any potential
changes in the GI lumen to the enteric nervous system and the brain [6,7].

THE INTESTINAL EPITHELIAL BARRIER

The intestinal epithelial barrier is a monolayer of intestinal epithelial cells
(IECs) that physically separates the lumen from the underlying tissues. As the
outermost layer of the intestine, the intestinal epithelial barrier plays a key role
in maintaining gut homeostasis and as first line of defense against intruders. It
also functions as a permeable barrier, allowing for selective exchange of water
and nutrients throughout the intestine [8]. Furthermore, it participates in the
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cross talk between the local luminal microenvironment and the cells residing
in the underlying tissues [9,10]. The IECs are supported by a basement
membrane [5]. Underneath, the lamina propria comprises connective tissue,
immune cells, lymph nodes, and elements of the enteric nervous system [11],
followed by the intestinal muscularis mucosae, a deep inner layer of smooth
muscle cells. Altogether, the IECs, the basement membrane and the lamina
propria jointly constitute the mucosa, a tissue layer in close contact with
surrounding connective tissue and elements of the vascular and nervous system

[5].

The intestinal epithelium is constantly remodeled from precursor cells located
in the crypts of Lieberkiihn. The precursor cells give rise to mature and
specialized epithelial cells, that migrate to the top of the villi until their
exfoliation into the lumen [12,13]. The barriers of the small intestine and the
colon, respectively, present distinctive architectures and cellular compositions.
Specifically in the colon, absorptive enterocytes, enteroendocrine cells, and
abundant mucus-producing goblet cells along with invaginating crypts assure
the colonic absorptive function [5,14].

A layer of intestinal mucus covers and lubricates the intestinal tube, separating
the epithelial barrier from the luminal content [15]. The specialized secretory
goblet cells are the main producer of this protective glycocalyx. The colonic
epithelial barrier is covered by a double layer of mucus, comprising a dense
inner layer, closely attached to the epithelium that keeps away bacteria, and a
flexible outer mucus layer inhabited by bacteria [16,17], the key component of
the intestinal microenvironment.

THE INTESTINAL MICROENVIRONMENT

The lumen of the GI tract harbors multiple elements such as microbiota, dietary
and microbial metabolites, antimicrobial peptides, cytokines, proteases, and
other immunological mediators [18-21], constituting the luminal content
(‘intestinal milieu’ or ‘intestinal microenvironment’). These components,
directly and indirectly, interact with the intestinal epithelial barrier and the
underlying lamina propria. Because the microbiota is considered a key element
of the GI luminal compartment, the interplay between the intestinal
microenvironment and the host system is commonly known as gut microbiota-
host cross talk.
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Intestinal microbiota

Approximately 3.8:10' bacterial cells are estimated to inhabit the body
(equivalent to 200 g of mass of a 70 kg reference man) [22]. The collection of
bacterial cells together with other living organisms found in the intestinal
microenvironment (e.g., archaea, fungi, algae) constitute the gut microbiota
[23]. This highly plastic community of microorganisms occupies a common
ecological niche (GI tract), and it establishes mutualistic, and sometimes
pathogenic, relationships with the host and among themselves. At the same
time, the gut microbiota co-evolves gradually with us while being extrinsic
[24].

The distribution and composition of the gut microbiota varies along the GI
tract, where the colon is the most colonized region (~10' bacterial cells in the
colon vs. 107 cells in the small intestine) [22]. The GI tract is believed to be
primarily colonized by microbiota during birth [25,26], although a vertical
transmission of microbiota through placental signals might also take place [27].
The combination of early colonization and environmental exposures
determines the initial diverse microbiota profile in infants. Over time, the gut
microbiota shifts towards an adult-like microbiota profile [28]. The microbiota
composition however fluctuates throughout the entire human life [28],
influenced by age, gender, diet or antibiotics among other factors [29-31]. The
microbiota composition seems to differ more between individuals than within
the same individual with time [32].

The phyla Firmicutes and Bacteroides occupy the majority of the gut
microbiota profile of healthy adults [32,33], followed by Actinobacteria and
Proteobacteria. At the genus level, Clostridium, Ruminococcus and
Faecalibacterium prausnitzii  (Firmicutes), Bacteroides and Prevotella
(Bacteroidetes) and Bifidobacterium (Actinobacteria) and Akkermansia
(Verrucomicrobia) have been associated to health [32-35] and therefore of
interest for this thesis.

This thesis also has a genuine interest in bifidobacteria, a genus thought to be
universally related to health and the management of different diseases [36,37].
The members of Bifidobacterium are gram-positive and non-motile bacteria
[38] with anaerobic and saccharolytic metabolism [39] and resemble irregular
V- or Y-shaped rods or have bifid morphology [38]. Therefore, in the
illustrations of this thesis, bifidobacteria are presented as cyan Y-shaped
bacteria. According to the literature, Bifidobacterium spp. is one of the first
colonizers of the GI tract in newborns [40-42]. In infants, high proportions of
Bifidobacterium longum and Bifidobacterium infantis are often identified
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[42,43]. The levels of bifidobacteria decrease during childhood but stabilize in
adulthood, when Bifidobacterium adolescentis and Bifidobacterium longum
are commonly found, to later decline even further in elderly groups [41,43,44].

The gut microbiota contributes to host health through multiple processes such
as nutrient digestion, protection against pathogen colonization and
development, and maintenance of the intestinal mucosal barrier and immune
activity [45-47]. The gut microbiota is also key in the fermentation of non-
digestible compounds, compensating the host’s lack of specialized enzymes
[46].

Intestinal microbial metabolites

Microbial metabolites are small and diverse molecules that result from the
anaerobic fermentation of undigested dietary compounds. Along with dietary
compounds, microbial metabolites constitute an energy source and substrate
for multiple biological pathways. Furthermore, metabolites interact with the
host at the gut barrier and immune system levels, contributing to its
homeostasis [45]. This explains why metabolites are considered ‘messengers’
in the host-microbiota interactions and its profile a ‘fingerprint’ of these
functional interactions [46,48,49]. The metabolite production is closely affected
by changes in the microenvironment such as substrate availability [50], pH [51],
renewal of colonic mucosa, or transit time [52]. This reflects the complex
interaction between the host and the microbiota and explains why any
disturbance may lead to non-favorable effects [21].

Metabolites such as pyruvic acid and succinic acid, the amino acids tryptophan,
ornithine and glutamic acid, and end products (e.g., purine-derived xanthine)
have been involved in multiple physiological functions such as energy
pathways, intestinal barrier function, or inflammatory processes [53-55].
Overall, metabolites can have a broad range of effects on host health. Whether
their effects are beneficial or detrimental depend on the type of metabolite,
context and circulating levels, among other factors [21], which partly explains
why metabolites can increase the risk of disease under certain conditions [56-
58].
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THE MUCOSAL IMMUNE SYSTEM

The mucosal immune system is constantly exposed to commensal
microorganisms, dietary and microbial components, and potential pathogens.
Thus, the anatomical and physiological regionalization of the GI tract
conditionate the immune cell composition within each region [13]. At the same
time, the mucosal immune system is complex and comprises multiple immune
cell types residing in different compartments: the intestinal epithelium, lamina
propria and gut-associated lymphoid structures (GALT).

The IECs are essential in the separation and mediation between the intestinal
microenvironment and the mucosal immune system [59]. The diverse
specialized cells conforming the IEC monolayer all together coordinate
complex tasks to keep away intruders. As part of the innate defense, goblet
cells produce mucus, that prevents from pathogen invasions (physical barrier)
and repels many bacteria thanks to its antimicrobial properties (chemical
function) [13]. IEC-derived antimicrobial components retained within the
mucus also contribute to the chemical protection barrier [13,60]. IECs sense
signals from microbes and their metabolites through Toll-like receptors (TLRs)
or other pattern recognition receptors and orchestrate the appropriate defensive
response, including production of pro-inflammatory mediators (tumor necrosis
factor alpha (TNF-a) and interleukin (IL)-1B) and antimicrobial peptides
(lysozyme) as part of the innate immune response [59-63]. Furthermore, the
intraepithelial lymphocytes, although very rare in the colon [13], reside
interspersed between the IECs and are key in maintaining immune and
epithelial barrier homeostasis [59,64].

In the lamina propria, effector immune cells such as dendritic cells (DCs),
macrophages (M®) and mast cells, primarily reside [13]. DCs and M® are
phagocytes that engulf microorganisms and degrade them into particulate
antigens which are presented to other immune cells. Certain subtypes of these
cells are also involved in resolving inflammation. Mast cells are involved in
epithelial barrier integrity and are able to interact directly with intruders after
TLR-mediated recognition, among other processes [13]. Activated T-
lymphocytes, IgA producing-plasma cells, and innate lymphoid cells, that have
previously been in contact with antigens, can also be found dispersed within
the lamina propria [65].

The main inductive sites for the adaptive immune responses are the gut-
associated lymphoid tissue (GALT) and the mesenteric lymph nodes [13]. The
GALT in the intestinal mucosa embraces lymphoid aggregates covered by
follicle-associated epithelium (FAE). The FAE includes DCs, M®, B and T



Human milk oligosaccharides and interactions at the epithelial barrier in IBS

cells and microfold (M) cells. The M cells are the main entry for luminal
antigens into the mucosa, particularly into a subepithelial dome region very
rich in DCs. The GALT of the small intestine comprises the Peyer’s patches
and solitary isolated lymphoid tissue (SILTs). The Peyer’s patches are
organized structures containing B-cell lymphoid follicles and T-cell zones,
while SILTs comprise germinal centers (B cells), DCs, innate lymphoid cells,
and a diffuse T zone. Similar to Peyer’s patches, the colon has colonic patches
with M cell-containing macroscopic structures, and SILTs, regions potentially
initiators of local T cell-independent IgA responses [13,66]. Concerning the
mesenteric lymph nodes, they have an afferent lymph connection to the gut.
They comprise three regions (paracortex, cortex and medulla), where large
numbers of lymphocytes as well as antigen presenting cells (APCs) are
distributed and ready to detect incoming antigens in the lymph [65].

APCs, e.g., DCs and M®, capture the antigen at the mucosal boarder and
present it to T cells in the patches or in the mesenteric lymph nodes [13,66]. B
cells bind to free antigens (peptides) and the presentation of peptides to T cells,
leads to activation and differentiation of B cells into antibody secreting plasma
or memory cells [67]. If the antigen accesses through the epithelial barrier, the
MHC class II* enterocyte itself may act as a local APC and present the antigen
directly to T cells [13,66]. The activated effector T and B cells exerts its
response in the effector site (lamina propria or epithelial barrier), that will
induce either immune response or tolerance depending on the route of access,
type of antigen and APC, and other signals from the intestinal
microenvironment [65]. In this downstream of events, IECs are important in
the activation of adaptive immune response by delivering antigens to immune
cells and contributing to antigen-specific IgA responses and the promotion of
oral tolerance to dietary antigens [13,59,66]. Furthermore, effector T cells may
in return produce IL-17 and IL-22 and enhance the production of antimicrobial
peptides by IECs to control the potential colonization and overgrowth of
pathogenic microorganisms [59,65].

All in all, alterations of the gut microbiota-host cross talk may compromise
health and the loss of homeostasis can lead to disease, for instance, IBS.
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IRRITABLE BOWEL SYNDROME (IBS)

IBS embraces a group of symptoms that characterize a sensitive bowel with
abnormal function [68,69]. As per today, IBS is one of the most researched
functional GI disorders (or disorders of gut-brain interaction, as they are now
called) [70], with an estimated worldwide prevalence of approximately 4%
based on the Rome IV criteria [70,71]. Most studies agree that IBS is more
commonly reported in women (2:1 female-to-male ratio) [70,71] and that
previous GI infections, psychological factors and age are risk factors for
developing symptoms compatible with IBS [72].

Patients with IBS suffer from recurrent abdominal pain associated with
abnormal bowel habits, i.e., constipation, diarrhea or a combination of both
[73]. In clinical practice and for research purposes, patients with IBS are
categorized into four subtypes based on the bowel habits, i.e., IBS with
predominant constipation (IBS-C), IBS with predominant diarrhea (IBS-D),
IBS with mixed constipation and diarrhea bowel habits (IBS-M) or IBS
unsubtyped [73]. This classification uses the Bristol stool form scale (BSFS) to
determine the bowel transit rate, by grading the stool form on a 7-point Likert
scale over a specific period [74,75]. Stools are classified according to form and
consistency ranging from hard and lumpy stools to loose stools [74] (Table 1).
Furthermore, comorbidities such as psychological disorders (including anxiety
and depression) and extraintestinal symptoms (i.e., back pain, headache,
gynecological symptoms and fatigue) are commonly reported among IBS
patients [73].

Table 1. The Bristol stool form scale.

Type Description
1 Hard feces shaped like nuts Constivation-lik
2 Lumpy sausage-shaped onstipanon-ie
3 Sausage shape, with cracks
4 Sausage shape, with smooth surface “Normal stool”
5 Small and soft blobs
6 Mushy stool . .
7 Watery stools Diarrhea-like

The seven types of the stool forms and their corresponding descriptions used to sub-
classify patients with IBS based on bowel habits. Types with constipation-like and
diarrhea-like description are considered as abnormal stools [74].
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Despite the extensive research, well-defined biological markers are still
lacking [76,77] and the diagnosis of IBS is based on the assessment of clinical
history and symptoms using diagnostic criteria, i.e. various versions of the
Rome criteria [78,79]. The IBS patients in the cohorts included in this thesis
were diagnosed according to the Rome III (Paper I) and Rome IV criteria
(Paper II-1V). Table 2 summarizes the main differences between these
criteria.

Table 2. Main differences between Rome Il and Rome 1V criteria.

Rome III (2006) Rome IV (2016)

Main symptom Abdominal pain and Abdominal pain
discomfort

Main symptom associated to Relief after bowel Defecation
movement

IBS subtyping Based on the total Based solely on days
number of bowel with reported
movements defined abnormal bowel
using the BSFS ¢ movements (Types 1
(Types 1-7) and 2 or 6 and 7 of

BSFS %)

®The Bristol Stool Form Scale (BSFS) classifies stools based on form and
consistency using a 7-point Likert scale. Types 1 and 2 correspond to hard
consistency, while types 6 and 7 are watery stools. Intermediate values correspond to
“normal stool pattern”. Sources used: Rome Il [79] and Rome IV [78].

In most patients with typical GI symptoms, a limited number of tests are
recommended to rule out other possible explanations for the GI symptoms. For
example, blood tests to exclude inflammation (e.g., fecal calprotectin), anemia
(e.g., hemoglobin), and celiac disease (e.g., transglutaminase antibodies). Any
additional tests are only recommended if there is suspicion of another disease
process explaining the symptoms [78,79].

In all, IBS is not considered dangerous or life-threatening but it greatly impacts
on the patients’ everyday life [80]. In addition, IBS has a high economic cost
for patients, including costs for health care and work loss, which negatively
influences the economy of the society [81].
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PATHOPHYSIOLOGY

IBS is a heterogeneous disorder with multiple factors contributing to the
pathophysiology, such as changes of the gut microbiota and/or microbial
metabolites, intestinal epithelial barrier alterations, and dysregulation of the
mucosal immune activity [73]. However, these proposed factors cannot always
explain the presence of GI symptoms in patients [73]. For example, a
microbiota signature was associated with clinical variables in a cluster of
patients with IBS while the same study could not distinguish another subgroup
of patients from the healthy subjects [82]. Hence the precise disease
mechanisms are yet to be unraveled, and there are likely subgroups of patients
with different dominant pathophysiological factors [73,83].

Still, in a majority of patients indications of altered reciprocal cross talk
between the gut and the brain can be demonstrated, justifying the new umbrella
term for IBS and other functional GI disorders, as disorders of gut-brain
interaction [6,7,84]. The gut-brain communication includes intestinal and
enteric nervous cooperative functions like intestinal motor, sensory, secretory
and inflammatory responses [7], which can lead to changes in cellular and
molecular factors in the intestine [85]. Furthermore, the combination of
previous exposures, experiences and psychological factors may influence
defects of these functions [7]. In this equation, the gut microbiota has been
proposed as a third factor where modulation of the microbiota-gut-brain
interactions, via either neural, immune, or through other factors [85-87], may
lead to symptom generation [88,89]. Hence, the name of microbiota-gut-brain
axis [85,86,90] (Figure 2).
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Figure 2. The microbiota-gut-brain axis in IBS. IBS is a disorder of gut-brain
interaction, with bidirectional communication, where the microbiota seems to be
an important factor. The microbiota, together with other luminal factors that
constitute the intestinal microenvironment, are physically separated by the
intestinal epithelial barrier from the lamina propria. The lamina propria hosts
several immune cells (e.g., plasma and T cells, mast cells (MC) and dendritic cells
(DC)) and enteric nerves that, independently or cooperatively, sense and respond
to signals from the intestinal microenvironment. The intestinal epithelial barrier
also contributes to this cross talk. Hence, changes in the intestinal
microenvironment may participate in the pathophysiology of IBS and contribute
to symptom generation. (IEC, Intestinal Epithelial Cell; GC, Goblet Cell; ECC,
enterochromaffin cell.) Created with BioRender.com.

This framework will only cover the factors of relevance for this thesis.
Nevertheless, besides of the features presented here, other functional
alterations, where the intestinal microenvironment may be involved, have been
described, for example, visceral hypersensitivity [91], food intolerance [92] and
bile acid metabolism [93].

Altered intestinal microenvironment

Growing evidence support the role of the intestinal microenvironment in IBS
[94], where the gut microbiota seems to be a core element, but not the only one
as also other luminal factors seem to be important [95-97].

Microbiota composition

The critical role of the gut microbiota in IBS has been manifested through
different approaches. For some patients, the onset of IBS symptoms results
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from an acute GI infection caused by a pathogen (post-infection IBS) [98,99].
The risk of developing IBS also increases with the use of systemic antibiotics
[100]. Moreover, the presence of pathogenic intestinal microorganisms could
potentially contribute to the pathogenesis [101].

Multiple studies indicate that the microbiota composition differs between
patients with IBS and healthy subjects in fecal samples [102-109] and mucosal
biopsies [106,110,111]. In line with previous literature [103,107,112], our
research group identified fecal bacterial taxa, such as Clostridium sp.,
Bifidobacterium spp., Faecalibacterium and Bacteroides fragilis, which were
found in altered abundance in patients with IBS (all subtypes) compared to
healthy subjects (Paper I). We have also shown that patients with IBS-D have
a distinct microbiota profile, different from that of healthy subjects (Paper II)
(Figure 3). Numerous studies have linked the microbiota profile to specific IBS
subtypes [104,110,113,114]. In this context it is interesting to note that also our
research group identified Firmicutes, Escherichia spp. and Shigella sp. to be
more abundant in IBS patients with constipation than in patients with IBS-D
(Paper I). Additionally, similar to others [102,112], we have demonstrated
Ruminoccocus gnavus and Proteobacteria to be more abundant, and
Bacteroides pectinophilus to be lower, in IBS-D patients than in healthy
subjects (Paper II). Still, our findings need to be confirmed in future larger
studies.
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Figure 3. The fecal microbiota profile of healthy subjects and patients with I1BS-
D (Paper II). On the left, a visual representation of the distinct microbiota profile
in fecal samples from healthy subjects and patients with IBS-D. On the right, a
Principal Component Analysis (PCA) showing the separation between healthy
subjects (n=7, light blue hexagons) and IBS-D patients (n=9, green hexagons)
based on the microbiota profile of fecal samples that comprises 54 bacterial taxa
detected by GA-map™ dysbiosis test. Created with BioRender.com.

An altered microbial signature, or specific bacteria, have also been linked to
diverse features of the IBS pathophysiology. Some of these changes have been
associated to the presence and severity of clinical [82,106,115,116] and
psychological [82,87,115] symptoms, while other studies could not support
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such links [108,117-119]. While the findings described above refer exclusively
to fecal microbiota, the mucosal microbiota comprises its own microbial
community [110,119] and compositional alterations have also been linked to
symptoms, immune activation and colonic antibacterial gene expression [110].

Overall, the composition of the gut microbiota is altered in IBS patients,
although it still is not clear what a standard ‘healthy microbiota profile’ is (if
it exists). However, the diversity and heterogeneity between different studies
does not enable a direct validation of findings, either because of the use of
different microbiota analysis, different IBS diagnostic criteria (Rome III vs.
IV) and subtypes, or sampling sites (feces vs. mucosa). Therefore, future
studies should include the application of standardized protocols to assess the
gut microbiota, a control of dietary habits and drug intake to reduce partly
variability and cofounders and, hopefully, to improve the insight of the gut
microbiota composition in the pathophysiology of IBS.

Metabolites

The metabolites are suggested to reflect the alterations of the microbial
community [46,48]. Metabolites can be found and measured in feces that likely
reflect the gut microbial function. Other biomatrices such as plasma and urine
can also provide information about microbial-derived metabolites in the gut
microbiota-host interactions, but to a lesser extent [48]. Overall, distinct fecal
metabolite profiles have been identified in patients with IBS irrespective of
subtype [103,105,108,116] and in patients with predominant diarrhea [115,120-
123], compared with healthy subjects. In certain cases, these variations may
correlate to GI symptoms [107,115,121], severity of symptoms [109,116,121] or
psychological status [105,107,115]. Besides changes at the microbial level, our
research group has detected differences at the metabolite level in fecal samples
from patients with IBS-D as compared to healthy subjects (Paper II) (Figure
4). The distinct fecal metabolite profile of IBS-D patients could be independent
of intestinal transit, since another study depicted no link to use of laxatives
[122].
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Figure 4. The fecal metabolite profile of healthy subjects and patients with
IBS-D (Paper II). On the left, a visual representation of the distinct metabolite
profile in fecal samples from healthy subjects and patients with IBS-D. On the
right, a Principal Component Analysis (PCA) showing the separation between
healthy subjects (n=7, light blue hexagons) and IBS-D patients (n=9, green
hexagons) based on the metabolite profile of fecal samples that comprises 9,699
spectral features detected by non-targeted liquid chromatography. Created with
BioRender.com.

The link between gut microbes and their metabolites has also been explored in
patients with IBS [103,107,115,120]. Mars and colleagues identified variations
in metabolite levels and gut microbiota composition in a longitudinal multi-
omics study in IBS patients [109]. Along with the imbalance of fecal microbial
composition, they found changes in genes related to metabolism in colonic
biopsies [109]. The identification of the close microbe-metabolite connection
has probably opened the path to new approaches to investigate luminal
interactions. Shankar er al. were among the first to propose the utility of
combining the fecal bacterial and metabolite profiles to classify IBS patients.
This approach indeed improved the accuracy to discern children with IBS-D
from age-matched healthy controls [124]. Along the same line, we have
reported that the combination of fecal microbiota and microbiota profiles allow
us to identify adult IBS patients from healthy subjects (Figure 5) (Paper I).
Furthermore, the intestinal microenvironment could also differentiate patients
with predominant constipation and diarrhea, respectively (Figure 5) (Paper I).
Yet, two other studies were unable to discriminate between IBS subtypes,
irrespective of combining microbiota and metabolomic profiles [125] or
analyzing them separately [108]. In our study, the link between the intestinal
microenvironment and bowel habits was greatly influenced by metabolites
(Paper I), potentially suggesting a relevant change in the microbiota function,
over composition, that is reflected by fecal metabolites composition. However,
we could not implement this approach in the determination of the intestinal
microenvironment of fecal samples in Paper II, due to the great difference of
size between metabolomic (>9,000 metabolites) and microbiota (54 bacterial
taxa) datasets.
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Figure 5. The intestinal microenvironment in healthy subjects and patients with
IBS (Paper 1), a visual representation. The intestinal microenvironment, defined
by fecal microbiota (n=54) and metabolites (n=155), is altered in IBS patients
(blue background) and differs from a presumptively homeostatic intestinal
microenvironment of healthy subjects (light blue background). Furthermore, the
combined microbiota and metabolite profiles from fecal samples allows to discern
between IBS patients based on their predominant bowel movement (IBS-C,
magenta background, vs. IBS-D, green background). Cyan Y-shaped bacteria
represent bifidobacteria. Created with BioRender.com.

While other studies have described associations between metabolite alterations
and severity of symptoms [109,116,121], we could not classify patients based
on symptom severity according to the intestinal microenvironment (Paper I).
The sampling site might be a reason for the lack of association between
symptom severity and the fecal microbiota and metabolite profile in Paper I,
as a previous study from our group identified a link between mucosal, but not
fecal, microbiota composition and severity of symptoms [110]. This would
implicate that also metabolite composition may differ at these sampling sites.
Fecal-derived metabolites have further been associated with the psychological
status [105,107,115]. Although we did not find any support for the intestinal
microenvironment profile to cluster the patients depending on
presence/absence of anxiety (Paper I), another research group using a similar
approach was able to differentiate patients based on stress and serotonin-
related GI symptoms [125].
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Among the different metabolites that have been proposed to be altered in
patients with IBS, amino acids [103,121,126], fecal volatile organic metabolites
[123] or products derived from purine degradation [109] are a few examples.
We could recognize variations in some amino acids and intermediate
molecules (Paper I), indicating disturbances in microbial metabolism [103],
biological activities related to minor inflammation [53], disruptions in the gut-
brain axis [126] or even associations with symptom severity [121]. Increased
levels of xanthine, a purine-derived metabolite, were also identified (Paper I
and II), suggesting the implication of this metabolite in the intestinal barrier
function [54]. However, the complexity of the metabolomic data presented in
Paper II did not allow identification and annotation of most of the compounds
that were part of the intestinal microenvironment (read more in Methods). Still,
alterations of fecal metabolite composition could potentially reflect changes in
underlying functional pathways related to metabolic processes and other
biological functions at cellular and molecular levels in patients with IBS
(Paper I).

Overall, metabolites provide a deeper understanding of the role of the gut
microbiota in IBS (‘what the microbiota does’). The accumulating evidence
suggests that metabolomic analyses may improve characterization of patients
with IBS that potentially could improve the diagnosis as well as lead to the
discovery of biomarkers or new pathophysiological mechanisms. Furthermore,
metabolites could be used as an add-on tool for future microbiota-targeted
therapies, for example, by providing information about clinical response, or as
basis for the development of new dietary interventions. However, prior to
translating this approach to the clinical setting, the available knowledge should
be further explored in larger, well-characterized and homogenous cohorts of
patients with IBS, where the diet is controlled, the collection of samples is
longitudinal, and the levels of fecal metabolites are adjusted to the fecal water
content. Besides, the inclusion of a control group, ideally taking laxatives may
reduce the inter-individual variability of bowel habits.

Others

Other luminal factors, such as lipopolysaccharide (LPS) and protease activity,
are suggested to be involved in IBS pathophysiology [95,96]. IBS patients have
been described to have higher levels of fecal LPS than healthy subjects, which
could be restored after a diet low in fermentable sugars [95]. In another study,
LPS as well as fecal supernatants from IBS patients triggered visceral
hypersensitivity and alterations on the intestinal epithelial barrier in rats, which
could be ameliorated by a LPS antagonist [95]. Per contra, when we determined
fecal LPS in our samples, IBS-D patients and healthy subjects had similar
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levels (Paper II). Concerning protease activity, the limited number of studies
are so far promising. Increased protease activity in IBS patients may influence
physiological functions, like epithelial barrier function, and lead to symptom
generation [96,127-129]. The use of protease inhibitors could revert this effect
[96,127-129].

All in all, the modulation of gut microbiota has been suggested as a strategy to
manage IBS symptoms [130,131] (see Microbiota-targeted strategies), where
changes in the gut microbiota may also be reflected in the microbial function,
i.e., metabolites.

Altered intestinal microenvironment-epithelial barrier
interactions

Some patients with IBS present a ‘leaky gut’ or an abnormal intestinal
permeability [132]. Overall, patients with IBS-D are more likely than patients
with IBS-C to present alterations related to intestinal epithelial permeability
(37 - 62% vs. 4 - 25%), when compared to healthy subjects [133,134].

Several studies suggest that the function and integrity of the gut may be
compromised at different levels. For instance, some studies suggest
modifications in the architecture of IECs [8,135] and the ultrastructure of tight
junctions (TJ) [8,136] or the apical-junctional complex [137]. The modulation
of the intestinal epithelial barrier may also involve transcriptional and post-
transcriptional mechanisms, potentially reflected at gene and protein
expression levels [138-140], or even molecular pathways [141-143].
Furthermore, some of these changes have been linked to clinical symptoms,
including bowel movements, visceral hypersensitivity, [127,134-
136,139,141,143,144] and mucosal inflammation [134,137,141]. However, the
exact mechanisms behind these alterations and how they contribute to the
pathophysiology of IBS are far from being understood [8].

The intestinal microenvironment is presumed to impact significantly the
intestinal epithelial barrier function [140,145,146], possibly through IECs’
receptors [62,147]. The studies of intestinal microenvironment-epithelial
barrier interactions in IBS, although scarce, may bring light to potential
abnormalities of the luminal content. To assess the contribution of intestinal
microenvironment to the pathophysiology of IBS, luminal components have
been exposed to intestinal biopsies and cell lines [128,129,148]. In a PAR-2-
deficient mice model, the repeated intracolonic infusion of fecal supernatants
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from IBS-C patients increased the visceral sensitivity and colonic permeability
to FITC-dextran while decreased the expression of occludin protein in colonic
mucosa, but with no apparent epithelial damage [128]. In the same study, these
findings were verified in a cell culture of colonic adenocarcinoma-derived T84
epithelial cells, where IBS-C derived fecal supernatants increased the
permeability to dextran and were able to degrade occludin on cell culture [128].
Abnormal permeability has also been described in colonic biopsies from IBS
patients incubated in presence of either fecal supernatants [129] or colonic
factors from centrifugation and filtration of the culture of the colonic biopsies
[148] from these patients. Similarly, colonic factors obtained from IBS patients
seem to mimic functional and molecular alterations of the disease in IECs, i.e.,
inducing changes on permeability and gene expression of zonula occludens
(Z0O)-1 in CaCo-2 cells, a human colorectal adenocarcinoma-derived epithelial
cell model [148]. Altogether, these studies suggest that microbiota and luminal
proteases are putative cause of alterations on the host’s intestinal barrier and,
indirectly, of symptoms in IBS [128,129,148].

The use of intestinal biopsies and cell lines as models to study pathophysiology
of IBS present have limitations that may be mastered by human intestinal
epithelial organoids (see Methods). To develop further in vitro gut barrier
models, Han et al. and our group are among the pioneers in using human
intestinal organoids, 3-dimensional (3D) organized multicellular tissue derived
from intestinal stem cells, to evaluate intestinal microenvironment-epithelial
barrier interactions in IBS [149] (Paper II). The exposure of monolayers
generated from human colonoids to fecal supernatants from IBS patients and
healthy subjects, respectively, induced distinct gene expression profiles
(Paper II) (Figure 6), and differences included genes related to epithelial
integrity (TJP2, DSC2 and CLDN15). Although our study was not designed to
assess directly barrier integrity, there was no evidence of a disrupted
monolayer, as the epithelial barrier was functional and able to secrete cytokines
in a polarized manner (Paper II). Still, our findings need to be validated and
confirmed by others or us. However, at a structural level, micro-injection of
fecal supernatants from IBS patients into 3D basal-out intestinal-derived
organoids induced abnormal epithelial barrier function as compared to the
micro-injection of healthy-derived supernatants [149]. At the protein level,
exposure of IFN-y to the basolateral side of 3D organoids has been
demonstrated to modify the paracellular permeability, and in parallel, modulate
the expression of ZO-1 and occludin [149].
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Figure 6. The influence of fecal supernatants on the gene expression of
healthy-derived colonoid monolayers (Paper I1). On the lefi, fecal supernatants
and human epithelial colonoids aim to represent the intestinal microenvironment
and the intestinal epithelial barrier, respectively. The colonoid monolayers were
incubated with fecal supernatants for 24h and the gene expression was analyzed
by PCR arrays. On the right, a Principal Component Analysis (PCA) based on the
gene expression of colonoid monolayers (n=75 detected genes related to immune
activity and barrier function) showing that fecal supernatants obtained from IBS
patients with predominant diarrhea (IBS-D, n=9, green hexagons) influence the
gene expression of colonoid monolayers differently than fecal supernatants from
healthy subjects (n=7, light blue hexagons). Created with BioRender.com.

Several studies have attempted to pinpoint the cause of the impaired interaction
between the luminal milieu and the intestinal barrier. By using, for example,
inhibitors of proteases, the authors were able to block the effects triggered by
fecal supernatants from IBS patients on T84 epithelial cell line and colonic
biopsies from human [128] and mice [127,128]. Hence, enhanced protease
activity has been suggested as one of the mediators involved in the altered
intestinal microenvironment-epithelial barrier interactions in IBS [127,128].
Furthermore, specific metabolites have been suggested to have distinct impact
on the gut barrier function. Two examples are trefoil factor 3 and butyrate
[150,151]. The release of trefoil factor 3 by mucin-producing cells has been
proposed to be key in the maintenance of mucosa integrity [150], whereas
altered levels of butyrate in IBS patients [152] may impact the intestinal
mucosal barrier [151]. When performing our study on organoid monolayers we
did not include any inhibitor of proteases or specific metabolites to our fecal
supernatants, and we did not evaluate effects of specific metabolites. In fact,
only one of the top metabolites could be annotated as Xanthine (Paper II),
which is a metabolite seemingly related to barrier integrity and found in high
levels in IBS (Paper I and II). Although we were not able to annotate most of
the metabolites contributing to the main differences between IBS patients and
healthy subjects, we hypothesize that the global intestinal microenvironment
composition of IBS patients is likely to induce the distinct gene expression of
intestinal epithelial organoids.
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The diversity of in vitro models and sources of representation of the intestinal
microenvironment used to study the intestinal microenvironment-epithelial
barrier interactions, makes it more difficult to generalize and corroborate our
findings (Paper II). Still, the in vitro model introduced in Paper 11 suggests
that fecal supernatants can represent the intestinal microenvironment of the
corresponding donor. It also provides an innovative first look at how human
epithelial colonoids can be used to understand the interplay between the
luminal factors and the intestinal epithelial barrier (Paper II). Taken together,
the studies presented above highlight the relevance of the interactions between
the intestinal microenvironment and the intestinal epithelial barrier in IBS,
while they await further investigations for confirmation.

Altered intestinal microenvironment-mucosal immune
system interactions

Another factor contributing to the pathophysiology of IBS may be a low-grade
inflammation [153]. An altered immune activity may include dysregulation of
systemic pro-inflammatory cytokine release [154-156], changes in cytokine-
related TLR activity [155] or increased numbers of T cells [157]. The colonic
mucosa of IBS patients may also display elevated frequencies of immune cells,
like CD3" T cells [158] and mast cells [158-160], as compared to healthy tissue.
Also, the location and physiological function of the immune cells is potentially
key for symptom generation, e.g., mast cells located near nerve endings [160],
although not all studies are in agreement [161]. Not only the immune cells but
also the mechanism of defense of the IECs can be compromised in IBS
patients. For example, the expression of immune receptors, such as TLRs of
IECs, or mucosal cytokine secretion (IL-1fB and IL-8) have been described as
altered in subsets of patients [162,163]. The colonic expression of genes
involved in innate immune response against bacteria also discriminates subsets
of IBS patients [164]. However, despite signs of immune activity, there is not
always proof of infiltration of immune cells in the tissue [161,163]. Although
there are exceptions [165], a dysregulated immune activity has been related to
clinical symptoms [154,156].

Both inflammation and luminal factors are suggested to compromise the
intestinal epithelial barrier. At the same time, elements of the intestinal
microenvironment may interact with receptors of the gut, regulating its
physiology [147], and with the immune cells underlying the dynamic epithelial
barrier. Hence, the IECs are regarded as mediators in the cross talk between
the luminal factors and the mucosal immune system [62].
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To date, the cross talk between the intestinal microenvironment and mucosal
immune response in IBS has been poorly explored. Edogawa, et al. [129]
described that fecal protease activity of luminal mediators induced barrier
disruption. Such effects could be weakened by inhibition of protease activated
receptor-2 (PAR-2), a receptor localized at both sides of the intestinal
epithelium and involved in inflammatory responses [166].

To our knowledge, Paper II presents the first evidence of immune-related
response of human colonoid monolayers upon fecal supernatant exposure.
Compared to the addition of fecal supernatants from healthy subjects, fecal
supernatants from IBS patients promoted a different gene expression of
colonoid monolayers that included changes of genes related to antibacterial
innate immune response and inflammation, e.g., the pro-inflammatory
cytokines TNF-a and IL-1B, endosomal TLR9 recognizing unmethylated CpG
sequences, microbicidal lysozyme, and the cytokine APRIL (Paper II). In our
study, we identified similar secretion of pro-inflammatory cytokines between
the study groups (healthy and IBS) at the protein level. The presence of fecal
supernatants, however, reduced the cytokine secretion when compared to the
control stimulations (Paper II), supporting that the gut epithelium is tolerant
to the presence of microbial and dietary antigens [167]. To validate the findings
of our in vitro model (Paper II) we need to determine if our results corroborate
the native gene expression and cytokine production of mucosal colonic
biopsies from IBS patients and healthy subjects. Hence, we provide evidence
that fecal supernatants derived from patients with IBS activate a distinct
immune response of IECs compared to healthy subjects (Paper II), which may
contribute to the low-grade inflammation previously described in IBS.

Altogether, a dissonance of the cross talk between the intestinal micro-
environment and the epithelial barrier seems to influence the IECs and
immune-related responses at the mucosal border in IBS. Therefore, strategies
targeting the microbiota seem like a rational approach to induce modulation of
the intestinal microenvironment and indirectly, to manage IBS symptoms. One
example of the current strategies is the supplementation with prebiotics such
as human milk oligosaccharide (Paper III and IV), that will be covered more
in detail under the section Human milk oligosaccharides.
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MANAGEMENT OF IBS

The diversity of symptoms manifested in patients with IBS is a challenge for
clinical management [168]. Therefore, when selecting treatment, it is important
to bear the multidimensional clinical profile of the individual patients in mind,
including the pattern and severity of the GI symptoms and its impact on daily
life and mental health [168,169]. A proportion of patients experience
spontaneous remission over time, but others may require different treatment
strategies to manage their symptoms. There is no known remedy to cure IBS
yet, but the current treatment options can provide symptom relief and improve
the quality of life of the patients [73,169].

The general guidelines for management of IBS support the use of a stepwise
approach [168,170], where good communication between health care personnel
and patients is the basic principle. At an early stage, advice about lifestyle
factors, including stress management and regular exercise, is often given [168].
As food is a common trigger of GI symptoms [171], general dietary advice is
often provided, e.g., modifying eating patterns and the use of probiotic
supplementation [168,170] (refer to Probiotics for further details).

If the symptoms persist, an individualized management plan is initiated, which
can include a low Fermentable Oligo-, Di-, Monosaccharides and Polyols
(FODMAP) diet, and/or pharmacological agents [168,170]. The low FODMAP
diet comprises restriction of poorly absorbed carbohydrates for up to 6 weeks,
followed by a re-introduction of tolerable carbohydrates under the supervision
of a dietician. Such a strategy aims to reduce the colonic gas production and
luminal distension [172]. Multiple studies support the efficacy of the low
FODMAP diet for improving symptoms [173], and the clinical benefit may be
predicted by the baseline gut microbiota [174-176], the production of colonic
methane and short-chain fatty acids (SCFAs) [177], and fermentation activity
of saccharolytic bacteria [178], or even metabolites [179]. However, there are
concerns regarding the potentially detrimental effects on the intestinal
microenvironment (i.e., altering the gut microbiota and reducing abundance of
beneficial gut bacteria) [197,198], and the long-term consequences on safety
and efficacy are debated [180,181]. Most of the pharmacological agents
recommended for patients with IBS target the predominant symptom(s)
experienced by the patients [168,170] and exert their effect on the gut itself or
target gut-brain interactions [169]. The first-line drugs are selected based on
the predominant symptom, usually related to the IBS subtype, and include
laxatives, anti-diarrheal medications, and antispasmodics. Gut-brain
neuromodulators, secretagogues, or S5-hydrohydroxytryptamine antagonists

21



Human milk oligosaccharides and interactions at the epithelial barrier in IBS

are used as second-line drugs if there is no improvement after 3 months
[168,169]. In addition, patients with IBS-D in US may be treated with non-
absorbable antibiotics at this stage [182], which may influence the altered gut
microbiota and, indirectly, symptoms (refer to Antibiotics for further detail).
Last, patients with refractory IBS and other comorbidities (like psychological
symptoms) can be treated with behavioral therapies [168,169], such as cognitive
behavioral therapy, that potentially influences the gut-brain axis also at the gut
microbiota level [88]. Nevertheless, at the end of the day the final decision
regarding the treatment choices lays on the patient, who relies on the clinician’s
advice and support [168,169].

MICROBIOTA-TARGETED STRATEGIES

The adaptability of the gut microbiota and its central contribution in the
pathophysiology of IBS via microbiota-gut-brain axis has presumably
promoted the numerous therapies targeting the microbiota for symptoms
management [90,130,183]. These strategies would aim to perturb the ‘altered
microbiota’ and shift it to a ‘modulated microbiota’ state. To date, several
strategies have been proposed, from ‘feeding’ health-related bacteria with
prebiotics, to the replacement of the microbial community with healthy-like
microbiota through fecal microbiota transplantation [184]. Here, the focus will
be on those strategies that potentially influence the normal growth and/or
functions of microbial ecosystems giving rise to a ‘modulated microbiota’ state
(Figure 7), potentially linked to improved symptoms.
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Figure 7. The main principle of action of antibiotics, probiotics, and prebiotics
to modulate the microbiota composition. Overall, the administration of either
antibiotics, probiotics or prebiotics aims to influence and improve the gut
microbiota composition using different strategies. Antibiotics may modulate the
gut microbiota through bactericidal effects and/or inducing other alterations of
the microbial metabolism such as modifications of the microbial fermentation
activity. The colonization of beneficial live microbes (probiotics) may exert
modulatory effects on the gut microbiota, while the selective feeding of bacteria
using prebiotics may induce changes in health-related bacteria (e.g.,
bifidobacteria, presented as Y-shaped bacteria) and indirectly lead to changes in
the overall gut microbiota ecosystem. Created with BioRender.com.

Antibiotics

The presumed mechanism of action of antibiotics is through bactericidal effect,
blocking essential biological bacterial pathways [185,186]. However, the use of
non-absorbable antibiotics in IBS is proposed to be based on the hypothetical
capacity to change a gut microbiota that deviates from the healthy state [187].
Still, other mechanisms not yet studied might be associated with the effect of
antibiotics on IBS symptoms [185,186,188].

The promise of antibiotics for IBS management was first demonstrated in a
cohort of patients diagnosed with IBS and Small Intestinal Bacterial
Overgrowth (SIBO), two entities with overlapping symptoms [189]. The
diagnosis of SIBO is generally based on non-invasive breath tests following
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carbohydrate intake that quantifies the excreted hydrogen and methane gas
produced by microbial fermentation [190], which potentially reflects
alterations in microbiota composition in IBS patients [189]. However, the link
between IBS and SIBO and the reliability of breath test are debatable [191]. As
per today, non-absorbable antibiotics are not yet included in the European
guidelines for IBS management [130,169].

Neomycin

The available information about the effect of neomycin on the intestinal
microenvironment is very scarce. Neomycin has shown clinical benefit in
patients with all subtypes of IBS, and normalized the lactulose breath test of
the patients [192]. However, the improvement, specifically in IBS-C patients,
depended on the elimination of methane in the breath test [193], suggesting the
potential of the treatment to modulate the gut microbiota.

Rifaximin

At the intestinal microenvironment level, rifaximin decreases the bacterial
richness in IBS patients without constipation [194], and temporarily reduces
the abundance of certain fecal bacterial taxa in patients with IBS-D [195]. To
date there is no evidence of the effect on fecal metabolites [194]. When SIBO
is also present, rifaximin modestly modulates the gut microbiota composition
[196] and function [197] in patients with IBS-D. Nonetheless, the link between
the modulation of gut microbiota and symptom improvement and/or SIBO
eradication following rifaximin administration is not clear [196,197]. Still,
some studies have linked changes in the breath test (mirroring the bacterial
fermentation) to symptom improvement [197-199]. Furthermore, breath test
outcome [200] and gut microbiota composition [201] have been suggested to
predict the clinical benefit of treatment with rifaximin. Concerning symptoms,
evidence supports use of rifaximin for IBS management [130,199,202-204],
especially in IBS-D subtype [130,202-204]. Indeed, it is currently approved and
used to treat IBS-D in the United States [182], while in Europe it is not
approved for treatment of IBS [169].

Rifamycin
Rifamycin SV is a poorly absorbed antibiotic, approved in the United States
for treatment of traveler’s diarrhea [205,206] that shows pro-inflammatory

properties in vitro [207]. New formulations are currently under development
for treatment of GI conditions. Rifamycin SV has been shown to be minimally
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absorbed in healthy subjects [208] and holds promise to improve abdominal
pain and diarrhea in patients with IBS-D [209]. Whereas the effects of
rifamycin SV in the intestinal microenvironment are not yet described, this
antibiotic might be included in future IBS management.

Probiotics

Probiotics [~for life] have been widely used to promote gut health for a long
time [210], although its use to treat GI symptoms was intensified during the
1990s [239]. According to the International Scientific Association for
Probiotics and Prebiotics, probiotics are defined as “live microorganisms that,
when administered in adequate amounts, confer a health benefit on the host”
[211] (Box 1). The definition of probiotics refers to well-studied species, e.g.,
defined species of Bifidobacterium and Lactobacillus [211,212]. Probiotics are
generally linked to health benefits in the digestive tract and immune system,
but they may also exert an effect in other parts of the body [211] (Box 1).

Box 1. PROBIOTICS

Live microorganisms

Well-studied strains that are genetically characterized

v Exert a general benefit on gut microbiota

v Support a healthy digestive tract and immune system, but
not limited to these zones

v Beneficial impact on health is supported by evidence from
randomized placebo-controlled studies

The clinical efficacy of probiotic bacterial strains has been investigated with
diverse outcomes in IBS, and the knowledge about their effect on the intestinal
microenvironment is still limited [130,213,214]. Consequently, recommen-
dations of probiotic supplementation are generally avoided in the guidelines of
gastroenterology associations. However, it is acknowledged that probiotics
may be useful in certain patients, and although it is unclear which patients will
benefit, the patient preference is important in the decision of treatment choice
[168-170,214].
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Bifidobacterium spp.

The administration of probiotic bifidobacteria may improve abundance of
Bifidobacterium spp., reported to be low in IBS patients [112], and thereby
indirectly ameliorate symptoms [89,215]. However, little is known about the
effects of bifidobacterial strains on the intestinal microenvironment in IBS and
the interaction with IBS symptoms is still not clear [89,216,217]. For instance,
Bifidobacterium infantis 35624 temporarily has been demonstrated to colonize
and shift the gut microbiota composition, without influencing IBS symptoms
in this small proof-of-concept study [216], but with clinical efficacy in a larger
randomized controlled trial in IBS [218]. In contrast, two strains of
Bifidobacterium longum have shown potential to relieve IBS symptoms and
psychological traits, but with no apparent effect on fecal microbiota
composition [89,217] or inflammatory markers [89].

Lactobacillus

Lactobacillus is often related to health [219]. Even though its relevance in the
pathophysiology of IBS is not clear [104,112], positive results of placebo-
controlled studies support its efficacy in the improvement of GI symptom
[130,220,221]. In relation to the intestinal microenvironment, the effects of
Lactobacillus are disparate. For example Lactobacillus paracasei CNCM 1I-
1572, has been shown to modulate the gut microbiota composition (e.g.,
Ruminococcus bromii, and Lactobacillus), microbial metabolites and regulates
pro-inflammatory cytokines, but did not improve symptoms [222], whereas the
clinical benefit induced by Lactobacillus paracasei HA-196 was independent
of effects on the microbiota composition [217]. Moreover, changes of certain
bacterial taxa (e.g., increase of bifidobacteria and lactobacilli and decrease of
Faecalibaterium) accompanied amelioration of diarrhea and quality of life
after administration of Lactobacillus gasseri BNR17 [221].

Mixtures of probiotic bacteria

Mixtures of probiotic bacteria, rather than single strains, have been suggested
to constitute a better approach treating diseases with multifactorial etiologies,
such as IBS [130]. The combination of different strains of Bifidobacterium and
Lactobacillus seems to influence the intestinal microenvironment at different
levels. However, the diversity of formulations does not make direct
comparisons possible. Different mixtures of probiotic bacteria have been
reported to improve colonic permeability [223], shift enzymatic activity of
bacterial B-glucuronidase but not SCFA production [224], and/or modulate gut
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microbiota composition [225-230], although other studies are in disagreement
[224,228]. Furthermore, certain mixtures of probiotic bacteria seem to have the
potential to ameliorate IBS symptoms [228,231], having long-term effects on
symptoms after removal of the supplement [230]. Additionally, the clinical
response might even be predicted at baseline based on the gut microbiota
composition [229].

Prebiotics

An alternative approach to modulate beneficially the gut microbiota is via
prebiotics (~ food for bacteria). Although prebiotics have been studied for long
[232,233], this concept was first introduced in 1995 [234]. The original
definition accurately described ingredients that can reach the colon intact and
serve as substrates for specific colonic bacteria (“colonic foods”) [234]. This
definition has evolved through the years [235-239] with the latest version
updated by the International Scientific Association for Probiotics and
Prebiotics in 2017. As per today, the accepted definition of a prebiotic is “a
substrate that is selectively utilized by host microorganisms conferring a health
benefit” [235]. This new definition emphasizes the importance of assessing the
impact of prebiotics on microbiota composition and function along with
biomarkers related to health [235,240] (Box 2).

Box 2. PREBIOTICS

v Substrates non-digestible by the host

v Utilized by specific host microorganisms, i.e., beneficial
microorganisms, but not pathogens

Induce tailored modulation of the microbiota
Exert an effect that is not limited to the GI tract

v Beneficial impact on health supported by placebo-
controlled studies

Prebiotics show promising effects on gut health [241,242] but as we still lack
good quality evidence for IBS management [130,243] they are not included in
the general clinical guidelines [130]. Inulin-type fructans (ITFs) (including
inulin and fructo-oligosaccharides (FOS)) and galacto-oligosaccharides (B-
GOS) are accepted prebiotics [240], extensively investigated as food
ingredients or supplements [239], whereas they are little explored in IBS
[130,241,243]. Out of the list of accepted prebiotics [240], human milk
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oligosaccharides (HMOs) are known to provide health benefits [244-247] and
hold promise for IBS management [248] (Paper III). Other dietary
components, not necessarily carbohydrate based, have also been proposed to
have potential prebiotic effects in IBS [240,242,249,250] but they will not be
covered in this thesis.

Prebiotic oligosaccharides

Inulin, FOS and B-GOS are dietary carbohydrates often identified in the
literature as prebiotic oligosaccharides [251,252]. They can be naturally found
in food [253,254] or industrially produced [255,256] and are widely used in the
food industry. For instance, prebiotic oligosaccharides supplementing infant
formula are the functional alternative of human milk-derived oligosaccharides
due to the complexity of manufacturing HMOs. Nevertheless, the chemical
structure of prebiotic oligosaccharides differs from oligosaccharides typically
found in human breast milk and therefore, the protective effects are thought to
differ between the different structures [251,257-259] (Figure 8).

PREBIOTIC OLIGOSACCHARIDES HUMAN MILK OLIGOSACCHARIDES
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Figure 8. Schematic representation of prebiotic oligosaccharides and human
milk oligosaccharides presented in this thesis. Inulin-type fructans (ITFs) consist
of a linear skeleton based on fructose residues (p(2«—1)) ended with an a-linked
glucose. p and n refer to the number of residues. Galactooligosaccharide (ff -
GOS) consists of galactose units bonded primarily by p(1— 4) and p(1— 6)
linkages ended with a terminal glucose unit. 2°-O-fucosyllactose (2'FL) and
Lacto-N-neotetraose (LNnT) are two examples of human milk oligosaccharides.
2°FL contains a fucosylated monosaccharide while LNnT has a neutral core
containing N-acetyl-D-glucosamine (GlcNAc).

Inulin-type fructans
Inulin-type fructans (ITFs) comprise molecules with a fructose residue-based

main linear skeleton B(2«—1) ended with an a-linked glucose [260] (Figure 8).
The degree of polymerization of ITFs can vary from long chains, e.g., inulin
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(2 - 60 fructose molecules) to short chains, such as fructo-oligosaccharide
(FOS, also known as oligofructose) (2 - 8 units) [239,256,260]. Inulin can be
extracted from plants (often chicory root) [254], while FOS is produced from
partial hydrolysis of inulin or enzymatically synthesized [255,256,260]. The
prebiotic potential of ITFs is based on their ability to impact gut microbiota
[261,262], including a bifidogenic effect [263], and to influence gut health such
as regulation of GI function in health and disease [241,261,264].

Studies focusing on the effects of inulin in IBS, although very scarce, suggest
its potential to regulate bowel function in IBS-C patients, via effects on gut
microbiota [265]. The prebiotic FOS, has been more studied in IBS and its
effect seems to be dose-dependent [243]. Low doses of oligofructose for four
weeks have shown both non-beneficial effect in IBS patients (5 g/day) [266],
or improvement of IBS symptoms comparable to placebo along with
bifidogenic effect and reduction of anxiety (6 g/day) [267]. In contrast, a high
dose of FOS (20 g/day), after a temporary worsening during the beginning of
the intervention, had an effect on symptoms that was not different from placebo
[268]. Interestingly, FOS supplementation (16 g/day) may compensate for
some of the detrimental effects the low FODMAP diet have on the intestinal
microenvironment, by restoring the gut microbiota. However, FOS
supplementation is likely not beneficial for patients who suffer from GI
symptoms upon FOS intake (FOS sensitivity) [269].

B-Galactooligosaccharides

The skeleton of B-galactooligosaccharides ((B-)GOS, trans-galactooligo-
saccharides) often comprises 2 - 5 galactose units bound mostly by B(1— 4)
and B(1— 6) linkages with a terminal glucose unit [255] (Figure 8). f-GOS can
be industrially obtained from lactose either by synthesis or by extraction and
hydrolysis [255].

To date, three clinical trials have explored the effects of prebiotic GOS in IBS.
In general, B-GOS supplementation modulates the gut microbiota, increasing
bifidobacteria and improving GI symptoms [270,271]. Compared to a low
FODMAP diet, B-GOS seems to be equally effective although perhaps
maintaining the clinical effect for a longer period [271]. Interestingly, the
combination of B-GOS and a low FODMAP diet could ameliorate IBS
symptoms, as compared to a control group, although B-GOS was not able to
prevent the reduction of fecal bifidobacteria caused by the low FODMAP diet
[272].
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HUMAN MILK OLIGOSACCHARIDES

Human breast milk is the gold standard food for newborns [273] and
breastfeeding is important for promoting infant health. Indeed, breastfeeding
has been associated with decreased mortality and infections, and increased
protection against GI diseases (e.g., inflammatory bowel disease) [273-276].

Human milk is composed of water (~87%) and other bioactive molecules
(including lactose, lipids, and oligosaccharides), which convert human milk
into ‘liquid gold’. The third main macronutrient of the human milk are HMOs
(5-25 g/L) [245,277], complex soluble glycans with varying structure, size, and
composition [245,278]. HMOs are composed of four monosaccharides: fucose,
galactose, N-acetyl-D-glucosamine (GIcNAc) and/or sialic acid (i.e., N-
Acetyl-Neuraminic Acid). To date, more than 200 oligosaccharide structures
have been identified in human milk. The composition of oligosaccharides
varies between individuals as well as with lactation stage. HMOs are classified
according to their structure into three classes: neutral-core (containing
GlcNAc), neutral fucosylated (with fucose) and acidic HMOs (with sialic
acid). Of them, neutral-core HMOs (42-55%) and neutral fucosylated HMOs
(35-50%) are the most abundant [245,278]. Interestingly, the top 15 individual
HMOs comprising more than 70% of the total HMO concentration correspond
to these two structural classes [277]. 2°-O-fucosylactose (2°FL) and lacto-N-
neotetraose (LNnT) are the most abundant structures of the neutral fucosylated
HMO and neutral-core HMO classes, respectively [245,277,278] (Figure 8).
According to a review based on 57 peer-reviewed articles, 2°FL is found at a
mean concentration in mature human breast milk between 0.69 g/L. and 4.28
g/L, while the concentration of LNnT ranges from 0.06 g/L to 1.24 g/L [277].

Historically, studies have focused on the function and properties of human
breast milk-derived HMOs. However, the health benefit of HMOs created a
need for biosynthetic and large-scale production, to allow for a commercially
available product. In 2015, the first registered HMOs as novel food ingredients
in Europe were the synthetic 2’FL and LNnT by Glycom A/S (now DSM), and
they were manufactured via microbial fermentation [279-281]. Since then,
alternative formulations have been also produced elsewhere and 2°FL, alone
or in combination with LNnT, have been extensively investigated and used as
supplement of infant formulas or as dietary supplements [248,279,282-284].
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BENEFICIAL EFFECTS OF
HUMAN MILK OLIGOSACCHARIDES

Human milk oligosaccharides were initially recognized to exert a bifidogenic
effect. However, evidence also suggests other health benefits in infants, mainly
supported by infant-based or pre-clinical models [244,245,282,285].

As a prebiotic, HMOs meet most of the criteria (Box 2) [39,285,286]. HMOs,
1) are substrates, 2) minimally digested in the GI tract, that 3) constitute a
nutrient source for specific bacteria. Furthermore, HMOs, 4) induce
modulation of the gut microbiota, and 5) influence other sites than the GI tract
(see below). Despite the fact that HMOs reach the large intestine intact
[287,288], small amounts have been detected in the systemic circulation, urine
[289], and feces [285], suggesting potential effects also outside the GI tract
[285]. Even so, HMOs are not officially included under the umbrella of
prebiotics, likely because the current clinical evidence is based on HMOs,
either individual or in a mixture, that are part of a supplemented infant formula.

As modulators of the gut microbiota, HMOs induce the growth of specific
health-related bacteria [39,290,291] and the overall gut microbiota profile
[284,292-294]. HMOs (including 2’FL and LNnT) are utilized, directly or
indirectly, as substrate by specific bacterial taxa such as Bifidobacterium spp.,
Bacteroides and Ruminococcus gnavus [39,290,291,295]. In an in vitro colon
simulation using fecal samples from either formula- or breast-fed infant
donors, supplementation with 2°FL shifted the bacterial diversity and altered
the metabolite profile [292]. Based on animal models, 2’FL changes the cecal
microbiota and metabolite profiles of mice on a high-fat diet [294], and
modulated specific fecal bacterial taxa and the urinary metabolite signature in
suckling rats [296]. In infants, formula supplemented with 2'FL and LNnT (2:1
ratio) shifted the fecal microbiota and metabolite profiles towards a breastfed
infant-like profile [284]. Similarly, supplementation with 2°FL or a mix of 2’FL
and LNnT (4:1 ratio) has recently been reported to be well tolerated in children
and safely modulated fecal microbiota and increased bifidobacteria abundance
[293].

As modulators of the intestinal epithelial barrier, HMO may influence the
function of IECs differently, by adhering to receptors in the IECs or affecting
the gene expression of IECs that will modulate the cell responses (e.g.,
changing the surface glycans) [244,282,285]. Thus, HMOs can adhere to soluble
glycan receptors and block the adhesion of pathogenic microbes, or
alternatively they can promote the adhesion of beneficial bacteria for
colonization of the gut. For instance, 2’FL and 6’-sialylactose reduce the
adhesion of pathogenic Escherichia coli to CaCo-2 cell cultures [297], whereas
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2’FL alone can enhance the gene expression of adhesion proteins and promote
the adhesion of Bifidobacterium bifidum to CaCo-2 cells [298]. 2’FL can also
influence the production of mucus of goblet cells [299] and, in combination
with other HMOs, they may protect the epithelial barrier from an inflammatory
provocation [300]. Furthermore, in small intestine-derived organoid
monolayers, human breast milk can improve the paracellular permeability and
increase protein expression of occludin in enterocytes as well as secretory
epithelial cells such as goblet cells [301].

As immune modulators, HMOs regulate immune maturation and immune cell
responses [244,245,285,294,301-304]. In a co-culture of IECs and DCs, the
presence of 2°’FL influences the release of cytokine mediators and contribute
to the mucosal immune response upon exposure to a bacterial trigger [302].
Further, 2°’FL promotes the maturation of the immune system of suckling rats
(e.g., increasing plasma IgG and IgA levels), and modulates the gene
expression of pro-inflammatory cytokines IL-1B and IL-6 and of the
chemokine MCP-1 (monocyte chemoattractant protein-1) in the cecum of mice
on a high-fat diet [294]. Moreover, in a mouse model of food allergy, daily oral
treatment of either 2°FL or 6’-sialylactose modulated IL-10" T-regulatory cells
and stabilized mast cells activity while symptoms of diarrhea and hypothermia
diminished [303]. The production of antimicrobial peptides and cytokines of
pediatric enteroid monolayers was also influenced by breast milk, by
increasing the production of a-defensin 5 primarily by a goblet and Paneth cell
population and by blocking the apical secretion for granulocyte macrophage-
colony stimulating factor [301]. In infants, a formula supplemented with 2’FL
lowered the plasma and ex vivo pro-inflammatory cytokine profiles to levels
similar to those of a breastfed group [304].

As modulators of the gut-brain axis, HMOs have been suggested to contribute
to brain development and function through the microbiota-gut-brain axis
[285,305]. Moreover, 2°’FL seems to regulate gut contractility in an ex vivo
murine colon model [306] and improve gut-brain signaling in mice following
a high-fat diet [294].

Human milk oligosaccharides as dietary supplement

in adults
The extensive body of evidence of the positive effects of HMOs in infant health
has motivated the exploration of possible benefits in adulthood. This area is

gradually expanding, although the current knowledge is primarily limited to
the synthetic HMOs 2’FL and LNnT [248,283,307,308] (Paper I1I and IV).
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As dietary supplement in adulthood, an oral daily supplementation with 2’FL
and LNnT at a maximum dose of 20 g, either alone or in a mix (2:1), has been
suggested to be suitable for healthy adults [283]. The choice of dose was based
on infants daily intake of these HMOS from breast milk (mg of 2’FL or LNnT
per body weight (kg)) [280,281,283], taking the distinct gut microbiota
communities of infants and adults into account [283]. Based on these
interesting preliminary findings, a novel formulation of 2°FL and LNnT has
been evaluated as dietary supplement in patients with IBS (Paper III). Hence,
we used a synthetic HMO mixture of 2’FL and LNnT manufactured in a ratio
that mirrored the average proportion of these HMOs in human breast milk (4:1)
based on previous reports [245,277]. Here we will use the term 2’FL/LNnT to
exclusively refer to this specific 4:1 mix (Paper III and IV) [243].

There is a general concern that non-digestible dietary substrates may induce
gas related symptoms in IBS patients [271,309]. Indeed, high doses of prebiotic
FOS have been reported to induce symptoms in the sensitive gut of IBS
patients at the onset of the intervention [268] or during short-term
administration [269]. Therefore, similar to Elison, et al. [283], we designed a
phase II study with the primary aim to investigate the safety and tolerance of
2°FL/LNnT in IBS patients, but using lower doses than 20 g (i.e., 5 g and 10
g) (Paper I1I), and address the biological effects in the gut (see below) (Papers
III and IV) (Figure 9). Hence, the study was not designed and powered to
explore improvement of any clinical endpoints, such as IBS symptom severity
(Paper III). The drop-out rate was low, i.e., 1/40 patients in the active groups
(Paper III). Although the size of the IBS cohort recruited (n=60 patients
diagnosed with IBS) was not sufficiently large to detect a clinical effect (Paper
III), a shift of the gut microbiota composition was shown, in agreement with
the study by Elison, et al. [283].

Conversely, a phase 111, open-label and multicenter study conducted in the US
reported that a 5 g dose of 2’FL/LNnT normalized bowel movements and
ameliorated severity and improved quality of life of IBS patients already within
the first four weeks of a 12-month intervention [248]. The number of dropouts
was again low, i.e., 8/245 patients, predominantly related to development of
minor GI symptoms [248]. This study included a larger number of patients and
had sufficient statistical power to detect a clinical improvement (n=317
recruited patients), and also allowed investigation of differences across IBS
subtypes [248] (Figure 9). However, the lack of a placebo control group of
course limits the clinical relevance of the promising findings [248] and further
support for the clinical efficacy of HMOs in IBS can be expected from an
ongoing  placebo-controlled  study  (ClinicalTrials.gov  Identifier:
NCT05205785). Taken together, the currently available data support that
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2’FL/LNnT is well tolerated by patients with IBS and might be regarded as a
promising treatment alternative in the management of IBS patients.
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Figure 9. Overview of the study designs of the currently published interventions
of 2’FL/LNnT in patients with IBS (Paper III and IV and Palsson, et al. 2020
[245]). Created with BioRender.com.

Human milk oligosaccharides as modulators of the
intestinal microenvironment and epithelial barrier
in adults

Human milk oligosaccharides exert a bifidogenic effect and provide other
health benefits in infants [285]. HMOs, specifically synthetic 2’FL and LNnT,
are safe to use as a dietary supplement in adults and have shown promising
results in ameliorating IBS symptoms [248]. Still, the current knowledge about
the modulatory effects of HMOs on the intestinal microenvironment as a
potential microbiota-targeted strategy in adults is limited, especially in patients
with IBS.

Similar to studies in infants [289], 2’FL was detected in plasma and urine
samples of patients with IBS (Paper IV), but not in fecal samples after
treatment with 2’FL/LNnT. Although LNnT has previously been found in
minimal amounts in plasma and urine [289], we did not detect LNnT in any of
the biological samples in our treatment trial (Paper IV). The absence of 2’FL
and LNnT in feces suggest that both oligosaccharides reached the colon and
were primarily consumed by the gut microbiota (Paper IV).
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As prebiotics, 2’FL and LNnT (alone or in a mix) also promote the growth of
bifidobacteria in healthy adults [283], in patients with IBS (Paper III and IV),
and in an in vitro simulator of the human intestinal microbial ecosystem
(SHIME®) platform with fecal samples from an healthy adult donor [307]. The
bifidogenic effect was shown to be dose-dependent in healthy adults [283], but
not in IBS patients (Paper III and IV). Interestingly, only the highest
2’FL/LNnT dose modulated the fecal bifidobacteria abundance in Paper III,
whereas both 2’FL/LNnT doses increased fecal bifidobacteria as well as
mucosal bifidobacteria in Paper IV (see Methods for further details explaining
this discrepancy). Increased abundance of fecal bifidobacteria in our IBS
patients might be explained by a higher proportion of fecal Bifidobacterium
adolescentis (Paper 1V), which is in line with previous findings after HMO
supplementation in healthy adults [283]. Alternatively, Bifidobacterium
adolescentis accompanied by Bifidobacterium longum were the drivers of the
increased bifidobacteria abundance in mucosal samples (Paper IV). These two
bifidobacterial strains are commonly detected in adult gut [44]. Because HMOs
are nutrient source of bifidobacteria [39,290,291], the bifidogenic effect was
transient and bifidobacteria returned to basal levels at the end of the 4-week
washout period, emphasizing the importance of a continued supplementation
for maintaining a bifidogenic effect (Paper III).

As modulators of the gut microbiota, HMO supplementation influences the
microbiota composition. We have reported that in patients with IBS, the
highest dose of 2’FL/LNnT shifted the overall composition of fecal microbiota,
defined by 54 Gl-related bacterial taxa, (Paper I1I) as well as fecal B-diversity
(Paper IV). However, we did not detect changes in the B-diversity in the
mucosa (Paper 1V), which may be related to 2’FL/LNnT being more easily
accessible for consumption of the luminal microbiota. Neither fecal nor
mucosal overall microbiota profiles were modulated by the 5 g dose of
2’FL/LNnT, although the abundance of specific bacterial taxa was altered
(Paper III and IV).

While previous studies in healthy adults have demonstrated reduction of
Firmicutes and increments of Actinobacteria after HMO supplementation
[283], both bacterial classes increased after 2’FL/LNnT intake in patients with
IBS (Paper III). At the species levels, the 10 g dose of 2’FL (alone or in a
mix) has been demonstrated to exclusively increase bifidobacteria in healthy
subjects [283]. However, in our studies we recorded a moderate normalization
in the abundances of specific bacterial taxa previously described to be altered
in IBS (Table 3). We also detected changes of Bacteroides, Bifidobacterium
and Ruminococcus 2 in the mucosa (Paper 1V).
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Table 3. Overview of the fecal bacterial taxa detected to be altered in the
thesis. Paper 1] IBS vs. healthy subjects as well as IBS-D vs. IBS-C; Paper
11] IBS-D vs HS; Paper lI-1V] effects of 2’FL/LNnT (5 and 10 g doses) on
IBS patients.

Paper Paper Paper Paper
1 11 111 v

16S rRNA
sequencing’

GA-map™ dysbiosis test!

IBS 5g 10¢g S5¢g 10g
BACTERIAL IBS-D | IBS-D | S0 | 3fy | 2FL | 2°FLy

VS.
TAXA4 as | ¥¢C | YSHS |y \yTe | LNnT® | LNnT® | LNnT®

Class ACTINO-
BACTERIA B ) } B T ) )

Bifidobacterium l - - _ 0 1 1

Class
FIRMICUTES

Dorea spp. - - 1 ! LT - !

Class
CLOSTRIDIA T
Faecali-
bacterium ! ) j } } T )

LB | 1A | - SV N :

Clostridium spp. ! 1 - - - - -

Ruminococcus - - - - - 1 -

Ruminococcus
gnavus

Order
BACTEROIDALES

Alistipes - - - - 1 - -

to| - : : t : :
1=t

Bacteroides - - - - - -
and 1°

1 - - - - - -
- - ! - T‘ﬂ - -

Alistipes
onderdonkii

Bacteroides
fragilis
Bacteroides
pectinophilus

Gray cells indicate statistically significant difference (p<0.05). HS, healthy subjects;
|, decrease; 1, increase. Microbiota profile determined by GA-map™ dysbiosis test.
Any change refers to probe intensity (~absolute values). *Microbiota profile
determined by 16S rRNA sequencing. Any change refers to relative abundance.

® week 4/ baseline. 1 Non-significant, p >0.05. *Probe targeting Bacteroides spp.,

" Probe targeting the members of Bacteroides spp. & Prevotella spp. together.
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Firmicutes: A and B refer to two different probes used to detect specific families
within this phylum.

Several factors may explain the difficulties to make direct comparisons
between the studies included in this thesis. First, the heterogeneity of IBS
patients is well known, and the number of subjects in the respective studies
may have affected the study outcomes. Second, different methodologies were
used to determine the microbiota profiles, i.e., GA-map™ dysbiosis test vs.
16S ribosomal RNA (rRNA) sequencing have different analysis depth. This
calls for further analysis using larger and more homogeneous IBS groups with
regards to IBS subtypes. Also, the use of the same methodology to assess the
gut microbiota will facilitate direct comparisons between different studies.
Additionally, our results also show that the intestinal bacterial communities
representing the gut lumen and the mucosa, respectively, differ and should be
regarded as distinct entities (Paper 1V).

It is possible that the gut microbiota composition before the intervention could
predict an individual’s ability to respond to HMO supplementation. The study
conducted in healthy subjects defined a response as an increase of at least 10%
in the relative abundance of bifidobacteria after a 2-week HMO intervention
[283]. They reported that 77% of the study subjects responded to the 2’FL and
LNnT supplementation (2:1 ratio), but the response was not associated to the
baseline levels of bifidobacteria [283].

In our study, the response to HMOs was defined as an increase of at least 50%
in absolute abundance of bifidobacteria after the HMO intervention. We
recorded that 48.7% of the patients with IBS undergoing active treatment
fulfilled the responder definition (Paper III). The highest response rate was
found in the 10 g 2’FL/LNnT group (63%) (Paper III). In paper IV we used
16S rRNA sequencing, a method describing the relative abundance of a certain
taxa among all other taxa in a given sample. Therefore, in this paper response
to HMOs (‘bifido effect’) was expressed as the fold change of bifidobacteria
relative abundance in fecal samples during the intervention (after
intervention/before intervention ratio). The third quartile (75" percentile) of
the fold change in the placebo group was used as cutoff to distinguish those
patients presenting with an increase of bifidobacteria after the intervention
(~fold change of active group > cutoff) from those who did not. Similar to
Paper III, almost 40% of patients undergoing the intervention with
2’FL/LNnT met the responder definition, and thus demonstrated a bifidogenic
effect of the HMO supplementation (Paper IV). The effect of the HMO
intervention on the overall gut microbiota composition was different between
patients defined as responders versus non-responders. However, the gut
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microbiota composition at baseline could not predict this response (Paper I1I).
The HMO intervention altered the abundance of certain bacteria that we have
reported to be related to IBS. Particularly, we demonstrated low abundance of
Coprobacillus cateniformis, in IBS patients (Paper I), and Bacteroides pecti-
nophilus in IBS-D (Paper II) and the abundance of Coprobacillus catenifor-
mis, and Bacteroides pectinophilus increased after 2’FL/LNnT administration
in the responders in the 10 g group (Paper III).

Overall, HMO supplementation seems to, directly and/or indirectly, modulate
the overall gut microbiota composition, as well as certain specific microbial
taxa potentially linked to IBS. However, the lack of a control cohort consisting
of healthy subjects also receiving 2’FL/LNnT, did not allow us to evaluate
whether the changes recorded at microbiota level in IBS patients resulted in a
more “healthy-like microbiota profile”.

Hitherto, little is known about the potential of HMOs to modulate microbial
function. Utilizing a dynamic in vitro simulator of the human gut (SHIME®)
including fecal material, the fermentation of 2’FL, LNnT, or 2’FL/LNnT mix
increase the concentrations of fecal SCFA [307]. We have reported that
2’FL/LNnT shifts the fecal and plasma, but not urine, metabolite profiles in
IBS patients, suggesting distinct impact on these three biological systems that
have different physiological functions (Paper IV). Still, the low number of
urine samples in our study may partly explain the lack of effect on urine
metabolites. Additionally, IBS patients with an increase in bifidobacteria
abundance after the HMO intervention changed their fecal and plasma
metabolite profiles differently than IBS patients without an effect on
bifidobacteria abundance. Even though dietary changes may be an important
confounder and we lack a detailed diet registration, our findings support that
an increased abundance of fecal bifidobacteria after 2’FL/LNnT intake seem
to influence microbial function (Paper IV).

Fermented 2’FL and 2’FL/LNnT have the potential to modulate the immune
response of [ECs, and simultaneously strengthen the intestinal barrier function,
e.g., by regulating tight junction proteins and reducing permeability [307].
Particularly the change in gut permeability has been associated with a change
in the metabolite profile in an irn vitro gut simulator system [307]. However, we
could not demonstrate any changes the expression of genes related to
antibacterial response and intestinal barrier integrity in mucosal samples after
2’FL/LNnT intake (Paper IV). Explanations for this discrepancy might be that
the duration of the intervention might have not been sufficiently long to induce
detectable changes in the mucosa, or the analytical method may have not been
appropriate (see Methods for more details). This calls for further investigations
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to decipher whether 2’FL/LNnT influence intestinal immune and epithelial
barrier, for instance by using human epithelial colonoids (see Methods for
more details), in order to further investigate the effect of the HMO-modulated
intestinal microenvironment on IECs.

All things considered, supplementation with 2°’FL/LNnT in patients with IBS
exerts not only a bifidogenic effect (Paper III and IV) but also modulates the
intestinal microenvironment (Paper IV) as it is summarized in Figure 10.

IBS patients
(Rome IV)

v Modulation of
fecal and plasma metabolites

I

v Microbiota modulation l
v Link with |
I

I

‘. ¥ Link with bifido response
Sz Fecal A fecal bifidogenic effect
Ty Bifidobacterium spp. 9 = No changes of urine metabolite profile

1 B. adolescentis ' -~ -~ -~ -~ -~ -~ -~ -~ -~ - - - - - - - - - - - - -—~--=-

e ,‘;:(”i- # T Mucosal
\ Ty Bifidobacterium spp. IMMUNE ACTIVITY | - Not affected

|
! :
I| I8 + !
1t B. adolescentis :, and BARRIER FUNCTION (4 + N [
I T !
I I
I

T B. longum

Figure 10. Overview of the effects of 2’FL/LNnT on the intestinal
microenvironment and at mucosal level in patients with IBS (Paper Il and IV).
The modulatory effects of a HMO mixture of 2°-O-fucosyllactose and lacto-N-
neotetraose (4:1 ratio) were investigated in fecal (n=116), plasma (n=115) and
urine (n=76) samples and mucosal colonic biopsies (n=116) before and after the
intervention and compared to placebo. Created with BioRender.com.
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METHODS TO STUDY INTESTINAL
MICROENVIRONMENT-EPITHELIAL
BARRIER INTERACTIONS

In this thesis, interactions between the host and the microbiota were evaluated
at three different levels: 1) microbiota composition; 2) metabolites profiles, as
a measure of gut microbiota function; and 3) the effects on the intestinal
epithelial barrier (Table 4).

Table 4. Methods and biological samples used throughout this thesis to
investigate the intestinal microenvironment, i.e., microbiota composition and
metabolite profiles, and the intestinal epithelial barrier.

Paper Paper Paper Paper
1 I 111 v
MICROBIOTA COMPOSITION
Microbiota GA-map™ | GA-map™ GA-map™ 16S rRNA
sequencing
Biolowical Feces and
rotosica Feces Feces Feces mucosal
sample L
biopsies
METABOLITE PROFILES
Untargeted | Untargeted Eét?\;gsitf/fls
Method GC- LC-MS - (an;lo tated
MS/MS (no annotation) metabolites)
Biological Feces Feces ) F eces,lplasma
sample and urine

INTESTINAL EPITHELIAL BARRIER

Custom-made Pre-designed
Method - PCR array, and - PCR array, and
MSD assay. targeted qPCR
Biological Human colonoids, Mucosal
- and cell culture - L
sample biopsies

supernatants

GC-MS/MS, gas chromatography-tandem mass spectrometry; LC-MS, liquid
chromatography-mass spectrometry; LC-MS/MS, liquid chromatography-tandem
mass spectrometry;, MSD, Meso Scale Discovery, gPCR, quantitative PCR.
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Fecal samples are easy to access and constitute a fair representation of the
intestinal microenvironment of the GI tract. We used fecal samples to assess
the luminal microbiota composition in Paper I-IV. The aqueous phase of
ultracentrifuged fecal samples with PBS, called fecal supernatants, comprises
microbial and dietary metabolites, microbial ligands and components derived
from physiological processes in the host. We performed metabolomic analyses
of fecal supernatants (Paper I, II and IV), which were used to stimulate
colonoid cultures (Paper II).

The mucosa-associated microbiota constitutes its own microbial community
[110,119] and contributes a snapshot of a specific microscopic region of the
intestinal microenvironment. Mucosal microbiota was analyzed in Paper IV.
Compared to fecal samples, the collection of biopsies is more invasive, costly
and time consuming, which might limit its accessibility, while the use of
biopsies allows pursuing a wider array of investigations.

The intestinal epithelial barrier can be studied using mucosal colonic biopsies
and human intestinal organoids (human colonoids). Its response to the
influence of the intestinal milieu may be addressed at a functional level in
either cell culture supernatants, colonic biopsies or colonoids (Paper II and
IV). For these purposes, colonic biopsies were collected for Paper II and IV.

GUT MICROBIOTA COMPOSITION

The GA-map™ technology (Paper I - III) and 16S rRNA gene sequencing
analysis (Paper IV) can be used to depict the composition of the gut
microbiota. Both are DNA-based methods that detect sequence differences in
the hypervariable regions of the 16S rRNA gene for taxonomic identification.
By using these methods, an overview of the composition of the microbial
communities at different depths are obtained (Table 4).

The GA-map™ analysis provides information about the absolute value of the
targeted bacteria and the analysis and interpretation are straight forward. It
provides an overview of specific bacterial taxa that are known to be associated
to GI conditions. By contrast, the results reported from16S RNA gene analysis
provide the relative abundance of detected Operational Taxonomic Units
(OTUs, equivalent to bacterial taxa) and, although more complex to analyze,
information about species richness and diversity can be extracted. Thus, 16S
rRNA sequencing gives a better picture of the microbial community of the
analyzed samples, allowing the determination also of species frequently found
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in low abundance. This may partly explain why GA-map™ technology was
more accessible, and less expensive and time consuming than 16S rRNA
sequencing. Hence, regarding results obtained, these microbiota analyses have
different sensitivity and specificity, which might explain the incongruency of
the ability of 5 g 2’FL/LNnT dose to induce the growth of fecal bifidobacteria
(Paper III and IV).

Table 5. Differences between GA-map™ technology and 16S rRNA gene

sequencing.
GA-map™ technology ::(?ul;l;l;iggene
Amplified regions V3-V9 V3-V4
Identification Targeted Untargeted
Depth of Limited to 54 DNA probes | Up to the taxonomical level

identification

targeting more than 300
Gl-related bacterial taxa

of species, including
previously unknown species

Data report

Absolute abundance of
bacterial taxa (probe signal
intensity)

Sequences grouped into
Operational Taxonomic
Units (OTUs) with 97% of
shared sequence identity and
the corresponding relative
abundance

During data
analysis

Comparisons between
different probes
(~bacteria) in the same
sample cannot be done

Comparisons between
different bacteria in the same
sample are possible

Comparisons between the
same probe in different
samples are possible

Comparisons between
bacteria in different samples
are difficult due to the
relative values

GA-map™ technology, Genetic Analysis™ technology. Sources used: GA-map™
technology [310], 16S rRNA sequencing method [49,283,311] and Paper IV.

METABOLITE PROFILES

Metabolites are regarded as a valuable source of information on the dynamic
function of the microbial communities and its interaction with the host
[46,48,49]. Based on method preference and availability, we used gas
chromatography-tandem mass spectrometry (GC-MS/MS) (Paper I) and
liquid chromatography mass spectrometry (LC-MS) (Paper II and IV)
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methods to analyze fecal samples. Plasma and urine metabolites were also
analyzed using the LC-MS method (Paper IV) (Table 4). Whereas the
metabolite profiles identified using GC-MS/MS were more limited (n=155
metabolites in Paper I), non-targeted LC-MC analysis provided a global
overview of the metabolite profiles (n>9,000 in Paper II and n>3,000 luminal
compounds Paper 1V). Both chromatography methods are coupled to a mass
spectrometer (MS) with high sensitivity that allows greater separation of the
metabolites of the sample [97]. When combined with GC, the analysis allows
simultaneous detection of nontargeted and targeted compounds, although
limited to the detection of compounds that are volatile and semi-volatile or that
can undergo derivatization [97,312]. LC-MS however offers a higher
throughput at a lower cost [97].

The output data of both metabolomic methods are non-annotated compounds
that may be identified by comparisons with reference materials. However,
these datasets have different degree of size and complexity and annotation is
not always feasible. Specifically, the LC-MS method generates large amounts
of data so analysis is tedious, often overwhelming, and it may require a lot of
resources to annotate a few compounds with fair certainty [313] (Paper II).
Depending on the objective of the study, it may not be necessary to decipher
fully the metabolite profile of the samples if there is a pattern of discrimination
between the study groups [313] (Paper II). The differences in sample
preparation, analytical protocols for LC-MS and data processing may explain
the dissimilarities between the datasets (i.e., number of detected compounds)
in Paper Il and I'V. Together, these factors might partly explain differences in
the metabolomic results presented in Paper II and IV.

INTESTINAL EPITHELIAL BARRIER

Several studies indicate that the intestinal microenvironment influences the
intestinal epithelial barrier function, causing disturbances that may indirectly
provoke symptoms in IBS [128,129,148]. Therefore, we assessed the response
of the intestinal epithelial barrier to intestinal microenvironment exposure at
the gene level in human colonoids (Paper II). Moreover, we evaluated the
effect of 2’FL/LNnT supplementation on mucosal colonic biopsies from IBS
patients (Paper IV). In both cases, we performed targeted quantitative PCR to
determine the mRNA expression (Table 4). The analysis of selected gene
targets is cheap, easy to perform and allows for a specific research question
(Paper II and IV). We however could not detect any changes at the mucosal
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level after the 2’FL/LNnT intervention (Paper IV). Due to the selection of a
narrow catalogue of evaluated genes, we might have overlooked any potential
change in non-targeted genes or at different RNA forms (e.g., microRNA) that
RNA sequencing analysis could have captured.

At the protein level, we targeted specific pro-inflammatory cytokines released
into the cell culture media by IECs upon fecal supernatant exposure using the
Meso Scale Discovery (MSD) assay (Table 4). Just like enzyme linked
immunosorbent assay (ELISA), MSD is based on a sandwich immunoassay
that measures the concentration of target molecules within a sample. However,
the MSD technology offers higher sensitivity, broader detection range and
higher precision with a small amount of sample, compared to ELISA [314].
This method allowed the detection of the cytokines of interest in the samples,
but as earlier commented, we could not identify differences between the groups
in the study (Paper II). Possibly the exposure time was not sufficiently long
to detect changes at the protein level, and longer cell culture times could be
beneficial. Additionally, the assessment of a broader selection of cytokines
could have increased the chance to identify potential changes at the protein
level.

HUMAN EPITHELIAL COLONOIDS AS IN VITRO
MODEL

The impact of the intestinal microenvironment on the intestinal epithelial
barrier has previously been studied using immortalized gut-derived epithelial
cell lines and biopsies [129,148,315]. However, these in vitro models have some
limitations that organoids aim to partially overcome [316] (Table 6). For
instance, some frequently used IEC lines, e.g., the differentiated colon-derived
CaCo-2 cells, are not always relevant models because they lack the diversity
of specialized cell types and exhibit a shallow representation of the primary
tissue originated from colorectal cancer [317]. On the other hand, primary IECs
and biopsies are patient-derived and are thus more complicated to access and
suffer from short-term viability and low reproducibility as compared to
commercial cell lines [317] (Table 6).
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Table 6. Main differences between in vitro models used to study the
intestinal epithelial barrier function.

Biobsies & Intestinal
Cell lines °P epithelial
primary IECs .
organoids
S Represent native Miniaturized version
Simplistic model | . . o
. . tissue. Biopsies of the epithelial
Representation | (unicellular) of . . .
. . may include barrier from which
of the gut the intestinal . .
. . immune cells from | they derive;
epithelial barrier . . .
the lamina propria multicellular
Culture Short-term Relative long-term
o Long-term
viability (days) (months)
Unique donor, Study subject- Study subject-
Donor often cancer- dependent dependent
derived P P
. Commercially Invasive collection Invasive collection
Establishment .
available method method
Reproducibility | High Individual-specific | Low

Intestinal epithelial organoids are 3D multicellular structures containing
different types of cells, i.e., colonocytes, enteroendocrine cells, goblet cells,
when cultured under specific conditions [318,319]. Organoids generated from
colonic crypts-resident stem cells are called colonoids and mirror the intestinal
epithelium of a miniaturized colon [319,320] (Table 6). In line with the
literature [318,321], our human colonoid-derived epithelial monolayers were
polarized and expressed mature IECs and goblet cells, producers of mucin
(Paper II). Although human biopsies are required to generate organoids, they
can exhibit longer viability in vitro, up to one year [319]. Our experiments were
performed within the first months of the establishment of the culture. The long-
term viability of organoids expands the number of potential investigations that
can be done from a single donor, despite the low reproducibility (subject-
specific) that is shared with the culture of biopsies and primary [ECs. Epithelial
colonoids are grown embedded in a membrane-like matrix, where the apical
side faces inwards to the structure (lumen) [319,321]. In order to allow the
access to the apical side for stimulation assays, they can be grown on transwell
membranes [321] (Paper II) or suspended in culture media, which leads to
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eversion and exposure of the apical side (3D apical-out organoids) [322]
(Figure 11).

/ MONOLAYER

BASAL-OUT

APICAL-OUT

Figure 11. Spatial organization of human intestinal colonoids in culture. The
apical side of the organoids can be accessed when 3-dimensional (3D) colonoids
are seeded as 2D monolayers or as inverted (apical-out) 3D structures. Created
with BioRender.com.

The method available at the time when we started and performed our
experiments was the 2D monolayer culture. However, monolayers seeded in
transwells may not reach the same degree of confluency at once, which might
lead to different culture conditions. We therefore stimulated both the apical
and the basolateral sides to assure homogeneity between wells during the
stimulations (Paper II). This approach might not truly reflect the in vivo
situation where the intestinal microenvironment is in closer contact with the
apical side of the IECs (Paper II). Apical-out colonoid cultures, which just
like spherical structures are fully confluent, would perhaps allow
forstimulations more similar to the physiological conditions. The experimental
set-up used by us, i.e., the exposure of colonoids from one single healthy donor
to different patient-derived fecal supernatants, aimed to manifest the
importance of the intestinal microenvironment on the epithelial response
(Paper II). Still, our results would be strengthened with a validation based on
the native expression of colonic biopsies derived from the fecal samples’
donors.

46



Cristina Iribarren Gomez

CONCLUSIONS AND FUTURE
PERSPECTIVES

Alterations of the cross talk at the mucosal border between the intestinal
microenvironment and epithelial barrier seem to be of relevance in the
pathophysiology of IBS. This thesis described the importance of the intestinal
microenvironment in IBS. A proportion of patients with IBS-D presented with
distinct fecal microbiota and metabolite profiles. On top of that, the
combination of both entities as part of the intestinal microenvironment
signature provided a deeper level of understanding of the IBS pathophysiology
(‘which microbes and what they do”). Here we described that patients with IBS
present with an altered intestinal microenvironment as compared to healthy
subjects and particularly, regarding bowel habit abnormalities in IBS. Yet, our
findings need to be corroborated in further studies that should include larger
and well characterized cohorts, with longitudinal sampling and correction of
the stool water content, and potentially also a control group taking laxatives,
in order to assess if alterations are related to the IBS per se, or to the altered
bowel habit. All in all, advanced knowledge of the intestinal microenvironment
may eventually open a path towards its translation into the clinical setting for
improved diagnosis of IBS patients and the discovery of new biomarkers or
pathophysiological mechanisms. Besides, it may establish the foundations for
the development of new dietary interventions or innovative tools to assess
clinical response of microbiota-targeted strategies.

The ambiguity of IBS pathophysiology and the limited number of therapies for
this patient population urge for studies that complement or extend the current
knowledge of available treatment regimens as well as introduce new
therapeutic options. In this context, microbiota-targeted strategies such as the
prebiotic HMOs has appeared as a promising strategy to manage IBS. In this
thesis we provide basic knowledge of HMOs as dietary supplements for IBS
patients. In other words, we reported that the HMO mixture consisting of 2°O-
fucosyllactose and lacto-N-neotetraose (4:1 ratio) is safe to use in patients with
IBS. Furthermore, we showed its capacity to modulate the intestinal
microenvironment, specifically gut microbiota and fecal and plasma
metabolite profiles, underlying mechanisms related to a potential health
benefit. Future placebo-controlled interventions including IBS cohorts that are
large enough to determine clinical benefit of HMOs, with a longer intervention
period, and that also account for the interaction between the different layers of
intestinal microenvironment-related data (i.e., microbiota, metabolites,
immune activity) and IBS-related symptoms are warranted. The incorporation
of a control group of healthy subjects would also likely improve the insight
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into the mechanisms of action of 2’FL/LNnT in IBS patients and its potential
of modulation of the gut microenvironment towards a more balanced “healthy-
like” profile. Additionally, improved knowledge of HMOs could also open a
new path to its use as an adjunct to other therapies followed by these patients
that might have detrimental effects on the gut microbiota, such as antibiotic
treatment or a low FODMAP diet.

This thesis also described the importance of the intestinal microenvironment
in the interaction with the intestinal epithelial barrier in relation to the intestinal
immune activity and barrier function. We provide a first overview of the use
of human epithelial colonoids as an in vitro model to investigate how the
intestinal microenvironment influences the immune-related responses of the
intestinal epithelial barrier. We show that fecal supernatants from IBS patients
and healthy subjects can symbolize the corresponding intestinal
microenvironment and that such cell responses to fecal supernatants would
potentially mirror the mechanisms involved in the disease pathophysiology.
Still, our findings call for further validation using apical-stimulated organoid
monolayers and evaluating the native gene expression and cytokine production
of mucosal colonic biopsies from IBS patients. Moreover, future work should
investigate the effects of luminal factors on barrier integrity. Further, the
addition of fecal supernatants generated from fecal samples of patients with
IBS undergoing 2’FL/LNnT interventions to our in vitro colonoid model could
provide information about how the modulation of the intestinal
microenvironment by HMOs potentially influences the interaction between the
luminal factors and the intestinal epithelial border. Thus, our organoid model
has the opportunity to impact the research field and contribute to the
improvement of studies focused on intestinal microenvironment-epithelial
barrier interactions and the impact of microbiota-targeted strategies in this
cross talk in IBS.

Altogether, future studies are warranted to improve our understanding of the
cross talk of intestinal microenvironment and the intestinal epithelial barrier at
the mucosal border of patients with IBS. Improved knowledge about the
modulatory effects of HMO supplementation will also help us to understand
more precisely how the management of IBS-related symptoms is best achieved
and provide information about other factors of importance in the symptom
generation in IBS. Such studies will provide a better insight of the implication
of the microbiota-gut-brain axis in the disease pathophysiology and will open
new paths for the development of diagnostic tools and microbiota-targeted
strategies for patients with IBS.
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