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1. Introduction

1.1 The microbiome as part of the human physiology

The human gut microbiome, a large and complex community of microorganisms
that reside primarily in the intestine, plays a critical role in human health and
disease. Consisting of bacteria, archaea, viruses and fungi, the collective
genome of the gut microbiome is thought to encode over 100 times more genes
than the human genome itself (Thursby and Juge, 2017a). The microbiome is
involved in vital biochemical processes such as digestion, metabolism, immune
modulation and neurochemical production, forming a symbiotic relationship by
providing essential functions to the human host (Thursby and Juge, 2017a; Kuziel
and Rakoff-Nahoum, 2022).

A growing field of research indicates that disruptions in the gut microbiome,
commonly termed dysbiosis, are linked to a multitude of illnesses. Dysbiosis can
manifest as a reduction in microbial diversity, the proliferation of pathogenic
species, or alterations in the functional activity of the microbiome. An increasing
number of diseases such as obesity, type 2 diabetes, cardiovascular disease,
and even neurodegenerative disorders such as Alzheimer's disease have been
linked to disturbances in gut microbial composition (Thursby and Juge, 2017a;
Nesci et al., 2023; Liu et al., 2024). Such imbalances are then frequently linked
to inflammatory bowel diseases (IBD), including Crohn's disease (CD) or

ulcerative colitis (UC), as well as colorectal cancer (Thursby and Juge, 2017a).

Given the significant impact of the gut microbiome on human health, there is
growing interest in modulating this ecosystem to prevent or treat diseases. One
approach hereby is the administration of probiotics or faecal microbiota
transplantation (FMT) as an emerging therapeutic strategy aimed at restoring a
healthy microbial balance (Thursby and Juge, 2017a; Zhang et al., 2022).

1.2 Composition of the human microbiome

In healthy individuals the gut microbiome is characterised by a high level of
species diversity and functional stability. The majority of the gut microbiota is
constituted by bacteria, predominantly belonging to the phyla Bacillota (Former

Firmicutes) and Bacteroidetes, with smaller populations originating from
1



Actinobacteria, Proteobacteria and Verrucomicrobia (Kennedy and Chang, 2020;
Hou et al., 2022). However, the relative distribution of microorganisms is unique
between individuals and also undergoes variations within the same individual.
The composition of the gut microbiota is highly variable and susceptible to
alteration in response to factors such as age, diet, lifestyle or medication.
Furthermore, the composition of the gut microbiota differs between the various
anatomical regions of the gastrointestinal tract (Figure 1) (Ruan et al., 2020; Hou
et al., 2022). The small intestine is dominated by rapidly dividing facultative
anaerobes such as Proteobacteria and Lactobacillales. In contrast, members of
the Bacteroidetes, Bacillota (Firmicutes), Verrucomicrobia and Actinobacteria are
frequently observed in the colon (Kennedy and Chang, 2020; Ruan et al., 2020;
Hou et al., 2022).
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Figure 1: Human microbiome composition varies by location in the Gl tract.
Predominant bacterial genera in the oral cavity, esophagus, stomach, small intestine, and colon
(edited from Ruan et al., 2020).

1.3 Clostridium species in the human gut

The genus Clostridium occupies a prominent position within the human gut
microbiome, due to its abundance, functional diversity and clinical relevance.
Members of the Clostridium genus belong to the phylum Bacillota and are

primarily obligate anaerobe, playing diverse roles ranging from maintaining gut
2



health (Faecalibacterium prausnitzii, Clostridium butyricum, Clostridium
sporogenes) to contributing to pathogenic states (Clostridium botulinum,
Clostridium difficile) (Guo et al., 2020a; Liu et al., 2022; Candeliere et al., 2023).
The taxonomic classification of the genus Clostridium has undergone substantial
revisions in recent decades, driven by advancements in molecular techniques,
such as 16S rRNA sequencing and whole-genome analysis. The genus, originally
defined based on morphological characteristics such as spore formation and
anaerobic metabolism, has undergone a significant expansion to encompass a
vast array of species that display a multitude of physiological behaviours (Cruz-
Morales et al., 2019).

In the human gut, the Clostridium genus is among the most dominant bacterial
taxa, particularly in the colon, where they play essential roles in the fermentation
of complex carbohydrates, maintenance of gut integrity and modulation of the
immune system (Guo et al., 2020b; Candeliere et al., 2023). Notable species,
including those within Clostridium cluster IV and Clostridium cluster XIVa, are
responsible for the production of several bacterial metabolites beneficial for the
human host health (Guo et al., 2020a). Clostridia exhibits a high level of diversity
and encompasses a wide range of metabolic and functional capabilities. They are
capable of obtaining energy from various fermentative pathways that break down
undigested or unabsorbed carbohydrates and proteins present in the intestinal
lumen. This process results in the production of a diverse range of fermentation
products, including short-chain and branched-chain fatty acids, CO2, and H2
(Candeliere et al., 2023).

1.4 Clostridium sporogenes and its metabolites

Among the genus Clostridium, Clostridium sporogenes is of particular interest
due to its metabolic capabilities, its role in the human gut and its potential
application in medicine. C. sporogenes is, like most bacteria of the genus
Clostridium, a Gram-positive, obligate anaerobe bacterium, able to form heat-
resistant endospores (Candeliere et al., 2023). C. sporogenes is closely related
to the pathogenic Clostridium botulinum, but unlike its toxic counterpart, it does
not produce the botulinum toxin, presenting itself as a commensal organism that

contributes to metabolic processes within the gut microbiome (Cruz-Morales et
3



al., 2019). Furthermore, the presence of C. sporogenes in the gut is frequently
linked with a healthy microbiota. In instances of gut dysbiosis, resulting in a
reduction in overall microbial diversity, C. sporogenes is among the first bacteria
to decline (Riazati et al., 2022). The bacterium exhibits metabolic versatility,
capable of fermentative breakdown of complex indigestible organic compounds,
resulting in the production of metabolites like short-chain fatty acids (SCFAs),
branched-chain fatty acids (BCFAs) and unusual tryptophan derivates like indole-
3-propionic-acid (IPA) (Guo et al., 2019; Candeliere et al., 2023; Luu et al., 2024).

1.4.1. Short-chain fatty acids

Among the various microbial metabolites, SCFAs play an essential role in
maintaining gut health and influencing systemic physiology. SCFAs are saturated
aliphatic organic acids comprising one to six carbons. The most abundant SCFAs
are acetate (C2), propionate (C3), and butyrate (C4) (Figure 2), representing a
minimum of 95% of the total SCFAs. In the colon and stool, the molar ratio of
acetate, propionate and butyrate is approximately 60:20:20 (Den Besten et al.,
2013; Bongiovanni, Yin and Heaney, 2021). While propionate is primarily
produced by bacteria belonging to the Bacteroidetes phylum, butyrate is mainly
produced by members of the Bacillota phylum (Den Besten et al., 2013). SCFAs
in general are produced by hydrolysis of indigestible carbohydrates into
oligosaccharides and monosaccharides, which are then further fermented in the
anaerobic environment of the gut. The primary metabolic routes undertaken by
bacteria are the Embden-Meyerhof-Parnas pathway (glycolysis, for six-carbon
sugars) and the pentose-phosphate pathway (for five-carbon sugars). These
processes facilitate  the conversion of  monosaccharides into
phosphoenolpyruvate (PEP). Subsequently, PEP is converted into fermentation
products, including organic acids and alcohols (Den Besten et al., 2013). These
fatty acids serve as principal signalling molecules and energy sources for both
the gut microbiota and the host, exerting profound effects on metabolic, immune,

and neurological processes (Venegas et al., 2019).

The concentration of SCFAs in the intestine ranges from 20 to 140 mM, with
acetate representing 60—75% of this concentration, exceeding the levels of
propionate and butyrate by a factor of at least two. It has been estimated that



Nomenclature Anion
Carbon Common IUPAC Common IUPAC Chemical Structure
Number
2 Acetic acid Ethanoic acid Acetate Ethanoate (o]
H3C )LOH
3 Propionic acid Propanoic acid Propionate Propanoate 0
ch\)L
OH
4 Butyric acid Butanoic acid Butyrate Butanoate 0
H;C/\AOH
4 Isobutyric acid 2-Methylpropanoic acid Isobutyrate 2-Methlypropanoate 0
HsC
OH
CH3
5 Valeric acid Pentanoic acid Valerate Pentanoate 0
Hzc\/\)L
OH
5 Isovaleric acid 3-Methylbutanoic acid Isovalerate 3-Methylbutanoate CH3 0
HsC MOH

Figure 2: Overview and structure of SCFAs and BCFAs.
A list of short-chain and branched-chain fatty acids containing between two and five carbon atoms
(edited from Bongiovanni, Yin and Heaney, 2021).

36% of colonic-derived acetate becomes systemically available, reaching
concentrations of 50-200 uM in venous serum. At the local level, it plays a crucial
role in maintaining the integrity of the gut barrier, promoting epithelial
maintenance and wound healing while serving as an energy substrate for
colonocytes (Hosmer, McEwan and Kappler, 2024). Furthermore, acetate
displays antimicrobial properties limiting the proliferation of pathogenic bacteria.
Mechanistically, the majority of the molecular effects of acetate are mediated by
G-protein coupled receptors (GPCRs), which are expressed on intestinal
enterocytes and other cell types distributed throughout the body. Both GPCR43
(also known as free fatty acid receptor (FFAR2)) and GPCR41 (also known as
FFAR3) have the capacity to sense acetate. However, the majority of acetate
signalling is mediated by GPCRA43, which, in contrast to GPCR41, exhibits a
preferential binding affinity for acetate in comparison to other SCFAs (Den Besten
et al., 2013; Hosmer, McEwan and Kappler, 2024). Additionally, elevated acetate
levels impact protein acetylation through the generation of acetyl-CoA made from
acetate. This process is mediated by histone acetylases (HACs) and histone
deacetylases (HDACs) which are ubiquitously expressed by host cells. However,

the phenomenon of histone hyperacetylation, particularly on histones H3 and H4,
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was not only found to be dependent on increased acetyl-CoA concentrations.
Rather, this effect was also additionally promoted by acetate-mediated inhibition
of HDACs (Vinolo et al., 2011; Hosmer, McEwan and Kappler, 2024). Inhibition
of HDAC has been demonstrated to result in the inactivation of nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB), which in turn leads to
the suppression of pro-inflammatory cytokines, including tumour necrosis factor
alpha (TNFa), interleukin 1 beta (IL-1B), interleukin 18 (IL-18) and interleukin 6
(IL-6), as well as the reduction of nitric oxide (NO) production in a range of human

epithelial cells (Vinolo et al., 2011; Hosmer, McEwan and Kappler, 2024).

Similar to acetate, propionate is produced through bacterial fermentation of
dietary fibres. Propionate can be produced via three distinct metabolic pathways:
the succinate, acrylate and propanediol pathway (Hosseini et al., 2011). One of
its most well-characterised roles is in lipid metabolism, where it has been
demonstrated to inhibit hepatic cholesterol synthesis. This effect is particularly
relevant in the context of cardiovascular health, as there is evidence that
propionate lowers serum cholesterol levels and reduces the risk of
atherosclerosis (Hosseini et al., 2011). Furthermore, propionate was shown to
enhance insulin sensitivity and reduce hepatic gluconeogenesis, thereby
stabilising blood glucose levels (Hosseini et al., 2011; Blaak et al., 2020). In
addition to its metabolic functions, propionate has also been identified as a
modulator of the immune system. Studies demonstrated propionate to diminish
the synthesis of pro-inflammatory cytokines, indicating its potential involvement
in the attenuation of IBD, including UC and CD (Tedelind et al., 2007; Agus et al.,
2021). Indeed, propionate levels have been reported to be markedly decreased
in patients with CD compared with healthy individuals (Agus et al., 2021).

Butyrate, a four-carbon SCFA, serves as the primary energy source for
colonocytes and promotes blood flow and gut motility. This SCFA is absorbed by
colonocytes through active transport mechanisms, where it undergoes [-
oxidation to fuel cellular processes, particularly the maintenance of gut barrier
integrity (Hodgkinson et al., 2023). Butyrate signals through three GPCRs
(GPR43, GPR41 and GPR109A), which are present on colonic epithelial,
adipocyte and immune cells. GPR41 is expressed in a multitude of tissues,

whereas GPR43 is highly specific to lymphatic tissues and various immune cells
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(Brown et al., 2003; Hodgkinson et al., 2023). Upon activation in colonocytes and
immune cells, these receptors cause alterations in cytokine levels and diverse
signalling pathways, inducing an anti-inflammatory response. This effect is
additionally promoted by butyrate’s ability to act as an HDAC inhibitor, further
supporting its anti-inflammatory effect (Hodgkinson et al., 2023). As has been
demonstrated with propionate, individuals diagnosed with either CD or UC also
exhibit diminished levels of butyrate and administration of butyrate has been

shown to result in clinical improvement (Hodgkinson et al., 2023).

Valerate is a five-carbon SCFA that is primarily produced through the
fermentation of amino acids by specific gut bacteria. In contrast to the before
mentioned SCFAs, which are primarily derived from carbohydrate fermentation,
valerate is produced through the fermentation of protein-derived substrates,
making it a distinctive metabolic product within the gut ecosystem (Gao et al.,
2022). In comparison to acetate, propionate and butyrate, valerate is a relatively
unusual and rare bacterial metabolite produced by low-abundant commensals,
such as Megasphaera massiliensis or Megasphaera elsdenii (Yoshikawa et al.,
2018; Yuille et al., 2018). Similar to butyrate, valerate has been demonstrated to
enhance the function of the intestinal barrier at physiological concentrations by
promoting the assembly of tight junctions and reducing epithelial permeability
(Gao et al., 2022). In addition, valerate has also been identified as a potent
immunomodulatory molecule that induces metabolic rewiring in T cells through
the activity of the mechanistic target of rapamycin (mTOR), resulting in increased
glucose oxidation, elevated acetyl-CoA levels for histone acetyltransferases and
increased secretion of interleukin-10 (IL-10) (Luu et al., 2019). Furthermore,
valerate has been observed to possess a strong histone deacetylase-inhibitory
activity in CD4* T cells, leading to a reduction in the production of interleukin-17A
(IL-17A). Consequently, valerate was demonstrated to suppress autoimmune

inflammation in mouse models of colitis and multiple sclerosis (Luu et al., 2019).

1.4.2. Branched-chain fatty acids

A lesser-known but increasingly relevant subgroup of SCFAs are the branched-
chain fatty acids (BCFAs), which include isobutyrate and isovalerate (Figure 2).
BCFAs are derived from microbial fermentation of branched-chain amino acids,

including valine, leucine, and isoleucine and are primarily produced by the genera
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Bacteroides and Clostridium (Rios-Covian et al., 2020; Lu et al., 2024). Evidence
suggests that diets with a high protein and low carbohydrate content, like the
typical western diet, result in elevated levels of BCFAs. On the other hand, dietary
supplementation with complex carbohydrates has been demonstrated to result in
a reduction of BCFA levels present in faeces (Rios-Covian et al., 2020). It has
been reported that isobutyrate stimulates colonic Na* absorption and that BCFAs
may play a role in regulating glucose and lipid metabolism (Heimann et al., 2016;
Rios-Covian et al., 2020). In vitro studies with human epithelial cells also
demonstrated that BCFAs enhance intestinal epithelial integrity in response to
inflammatory stimuli (Ezzine et al., 2022). However, in contrast to SCFAs, BCFAs
are produced in much smaller quantities. Consequently, only a limited number of
studies have been conducted to investigate their faecal levels, intestinal
microbial-producing populations and their overall influence on health, positioning
them as a subject of current research.

1.4.3. Indole-3-propionic acid

As a gut microbiota-derived indole metabolite, IPA has attracted considerable
attention in recent years due to its diverse effects on intestinal homeostasis,
inflammation, neuroprotection and oxidative stress management (Xie et al., 2022;
Jiang, Chen and Gao, 2023; Chen et al., 2024). IPA is predominantly produced
from tryptophan by certain strains of Clostridium species, particularly C.
sporogenes, via the reductive Stickland metabolism (Figure 3) (Dodd et al.,
2017a; Liu et al., 2022). While several other bacteria species like C. botulinum,
Clostridium caloritolerans, Clostridium cylindrosporum or Peptostreptococcus
asaccharolyticus were found to also produce IPA, C. sporogenes is the only
currently known commensal gut bacterium to produce significant amounts of IPA
in vivo (Dodd et al., 2017a). It has been demonstrated that IPA is intimately linked
with elevated microbial diversity. Furthermore, probiotic supplementation has
been shown to enhance IPA levels in the host (Abildgaard et al., 2017; Jiang,
Chen and Gao, 2023).

IPA has become a significant contributor to the field of gut-brain axis research,
linking the gut microbiota with the central nervous system. The neuroprotective
properties of IPA have been demonstrated in several studies, whereby it has



been shown to prevent neurodegenerative Tryptophan
processes by inhibiting oxidative stress and
inflammation in neural tissues (Hwang et al., 2009; HN-on
aar’i H Y
N\
oxidative reductive

Rothhammer et al., 2016; Agircan et al., 2024).

Additionally, IPA was identified as a contributing 1 paway indolepyruvicacid _pathway
por8,C?/ 0,
. . . . 7 o fldH OH
factor in the pathogenesis of allergic reactions. The / { \
0 OoH
N N
. . i indoleacetic acid indolelactic acid
was observed to result in a reduction in ”decl Q lo.«

mitochondrial respiration and an increased {

tendency for the development of allergic airway

H
indoleacrylic acid
0,
OH

inflammation. The administration of IPA was achl

N

administration of antibiotics to mice during early life | X ;
observed to mitigate this effect (Perdijk et al., E i

L)
indolepropionic acid

2024). On the local level, IPA has been associated +------- - - t========:

Figure 3: Generation of IPA
from  tryptophan in C.
has the capacity to attenuate pro-inflammatory sporogenes. (edited from Dodd
et al., 2017a)

with the modulation of immune responses, where it

cytokine production and facilitate anti-inflammatory
pathways in the gut. Recent studies have demonstrated that IPA enhances the
viability of HT-29/CACO-2 cells, promotes the expression of tight junctions,
reduces paracellular permeability, and improves gut barrier function against
lipopolysaccharide (LPS)-induced damage, mainly through aryl hydrocarbon
receptor (AhR) and/or Pregnane X receptor signalling (J. Li et al., 2021; Huang
et al., 2022; Flannigan et al., 2023; Jiang, Chen and Gao, 2023). This immune
regulatory function contributes to the maintenance of a balanced gut
environment, which is essential for the prevention of chronic inflammation and

the development of gut-related diseases.

1.5 Colonic tuft cells

The colon represents the final section of the gastrointestinal tract, with the primary
function of absorbing water, electrolytes and bacterial metabolites produced by
the local microbiome (Venegas et al., 2019; Siri et al., 2020). The structural
integrity of the colon, particularly the epithelial layer, is of great importance as it
serves as a pivotal border between the host and the microbial community that

inhabit the gut lumen. This single-cell-thick layer is composed of a variety of cell
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types, including enterocytes, goblet cells, enteroendocrine cells and tuft cells
(Figure 4) (Gerbe and Jay, 2016). The primary function of enterocytes is
absorption, whereas goblet cells secrete mucus, which forms a protective layer
over the epithelial surface. Enteroendocrine cells release hormones that regulate
gut moatility, fluid balance and interaction with the nervous system (Gerbe and
Jay, 2016; Siri et al., 2020).

Tuft cells represent a rare and morphologically distinct chemosensory cell type,
which is found throughout various organs, including airways, the urethra, the
stomach and the colon (Figure 4). These chemosensory cells are renowned for
their distinctive capacity to detect environmental stimuli within the gut lumen,
orchestrate immune responses and modulate tissue repair (Gerbe and Jay, 2016;
Park et al., 2022; Silverman et al., 2024). In the intestinal epithelium, tuft cells
constitute approximately 0.4-2% of all epithelial cells under homeostatic
conditions (Silverman et al., 2024). However, tuft cell proportions undergo
significant alterations in response to commensal microbes, pathogens,

inflammation, or tissue damage.
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Figure 4: Schematic view of the intestinal epithelium and underlying immune cells.

Shown are the epithelial villi composed of enterocytes, goblet cells, enteroendocrine cells and tuft
cells. The underlying lamina propria compartment contains cells of the immune system like DCs,
macrophages and B- and T cells. (Figure from Gerbe and Jay, 2016)
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Tuft cells have been demonstrated to be essential for the response to parasitic
helminths (Park et al., 2022; Silverman et al., 2024). This response is initiated by
the release of interleukin-25 (IL-25) by tuft cells, which stimulates the subsequent
release of interleukin-13 (IL-13) by type 2 innate lymphoid cells (ILC2s). Elevated
levels of IL-13 act upon stem cells to increase the specification of tuft and goblet
cells, thereby aiding in parasite clearance. However, recent studies have
demonstrated that tuft cells are not only important for helminth clearance, but also
play an important role in colitis associated diseases, C. difficile infections or

colorectal cancer (Steele, Melchor and Petri, 2016; Silverman et al., 2024).

One of the defining characteristics of tuft cells is their dependence on the
transcription factor Pou2f3, which belongs to the POU domain family. Pou2f3 is
a crucial factor in the differentiation and development of tuft cells in a multitude
of tissues, including the respiratory tract and the gastrointestinal system and
deletion of Pou2f3 results in a complete loss of tuft cells (Gerbe and Jay, 2016;
Silverman et al., 2024). Pou2f3 is responsible for the regulation of genes essential
for the chemosensory function of tuft cells, including those involved in taste
transduction and immune signalling. Besides Pou2f3, Doublecortin-like kinase 1
(DCLK1) and ChAT are well-characterized markers of tuft cells. DCLK1 has been
demonstrated to be specifically expressed in tuft cells within the intestinal
epithelium and DCLK1* tuft cells have been associated with tissue regeneration
and maintenance of the gut barrier during inflammation or injury (Yi et al., 2018).
ChAT encodes for an enzyme that synthesises the cholinergic neurotransmitter
ACh. In the intestinal epithelium, tuft cells are the exclusive source of ACh, which
plays a pivotal role in regulating WNT signalling (Silverman et al., 2024). The
WNT signalling pathway is essential for the development of the embryo and, like
DCLK1, the maintenance of adult tissue homeostasis and regeneration
(Silverman et al., 2024).

A recent study, using single-cell RNA-sequencing, has revealed that tuft cells are
not a homogenous population but can be classified into three subtypes (C1, C2
and C3) based on their gene expression profiles and functional properties. C1 tuft
cells were found to be transcriptionally inactive, while the gene expression
patterns of C2 and C3 cells were found to resemble active tuft cells as described
in other studies (Park et al., 2022). This cellular heterogeneity suggests that tuft
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cells play specialized roles in the colon depending on environmental cues and

immune challenges.

1.6 The mucosal immune system

Beneath the epithelial layer lies the lamina propria, a connective tissue that forms
a part of the colonic mucosa (Figure 4). The lamina propria is densely populated
with fibroblasts, blood vessels, nerve fibres and immune cells, providing structural
support and playing a crucial role in immune surveillance (Gerbe and Jay, 2016).
In order to maintain tissue homeostasis and prevent chronic inflammation, it is
essential that the mucosal immune system maintains a balance between
tolerance towards harmless antigens and symbiotic microbes as well as a robust
response against pathogens. One of the major actors in this intricate defensive
mechanism are innate lymphoid cells (ILCs), dendritic cells (DCs), and T cells.
These cells function collectively to detect environmental stimuli, initiate immune
responses and maintain tissue integrity (Shao et al., 2021; Ryu et al., 2023;
Kayama, Okumura and Takeda, 2024).

1.6.1. Innate lymphoid cells

ILCs represent a relatively recent discovery in the field of immunology, that lack
classical rearranged antigen receptors like T and B cells. However, they are
capable of rapidly producing cytokines in response to tissue damage or infection,
without the necessity of prior antigen exposure. This makes them indispensable
first responders at the mucosal barrier, where rapid action is required to control
infection and inflammation (Ryu et al., 2023). ILCs are predominantly tissue-
resident, with their precursors establishing residence during organogenesis.
Upon maturation, they undertake a range of effector functions that are often
highly tissue-specific (Ryu et al., 2023).

ILCs are classified into three main groups based on their cytokine production and
functional similarities to T helper cells. Type-1 helper ILCs (ILC1s) are analogous
to T-helper (Th1) cells, group-2 ILCs (ILC2s) are analogous to Th2 cells and
group-3 ILCs (ILC3s) are analogous to Th17 cells (Ryu et al., 2023). Group 1
ILCs constitutively express the T-box transcription factor T-bet, which is essential
for the development of ILC1s. ILC1s express receptors for IL-12 and IL-18 and
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produce IFN-y and TNFa. ILC2s express two transcription factors, namely GATA-
binding protein-3 (GATA3) and retinoic acid receptor-related orphan receptor a
(RORa). Furthermore, they express the IL-33 receptor and secrete substantial
quantities of type 2 cytokines (e.g., IL-5 and IL-13) along with other cytokines
such as amphiregulin, GM-CSF and IL-9. Intestinal ILC2s are instrumental in the
elimination of intestinal parasites. This process is mediated by the production of
type 2 cytokines, particularly IL-13, which stimulates mast cells to produce
proteases and induces parasite expulsion (Ryu et al., 2023). The transcription
factors RORyt and AhR regulate ILC3s, which express receptors for IL-1 and IL-
23 and secrete IL-17 and IL-22 (Shao et al., 2021; Ryu et al., 2023). ILC3s play
a vital role in maintaining intestinal homeostasis. They are involved in preventing
the disruption of the epithelial barrier, which can lead to infection and intestinal
disorders such as IBD. This function of ILC3s is mediated by their secretion of IL-

22, a crucial cytokine in maintaining intestinal homeostasis (Ryu et al., 2023).

1.6.2. Dendritic cells

DCs are professional antigen-presenting cells that play a pivotal role in initiating
and modulating immune responses at the mucosal surface. Upon encountering
pathogen-associated molecular patterns (PAMP) or damage-associated
molecular patterns (DAMP), DCs undergo maturation and migrate to nearby
lymphoid tissues, such as Peyer's patches or draining lymph nodes (Zaher and
Basingab, 2023). A mature DC exhibits elevated levels of the chemokine
receptor, CCR7, and secretes cytokines essential for T-cell activation.
Consequently, mature DCs interact with antigen-specific T cells to elicit antigen-
specific immune responses. By interacting with CD4" T cells via the major
histocompatibility molecule 2 (MHC-II), DCs induce differentiation into distinct T
helper cells subsets (Hermoso et al., 2018; Zaher and Basingab, 2023).

One of the most important functions of DCs is the differentiation of regulatory T
cells (Tregs), which are essential for maintaining tolerance to commensal
microorganisms and dietary antigens. The release of cytokines such as IL-10 and
TGF-B by DCs ensures the avoidance of inappropriate inflammatory responses,
which is of particular significance in maintaining mucosal tolerance (Hermoso et
al., 2018). In addition to their role in the induction of tolerance, dendritic cells are

also pivotal in the orchestration of immune responses during infection. By
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presenting pathogen-derived antigens to naive T cells and production of
cytokines such as IL-12 and IL-6 they drive the differentiation of effector T cells,
including Th1, Th2 and Th17 cells, depending on the nature of the invading
pathogen. Thus, DCs act as a connection between innate and adaptive immunity

at the mucosal surface (Hermoso et al., 2018; Zaher and Basingab, 2023).

1.6.3. CD4* T cells: subsets, differentiation, and function

CD4* T cells, commonly designated as T helper (Th) cells, are crucial in the
coordination of immune responses and are indispensable for the adaptive
immune system. Upon activation, naive CD4" T cells differentiate into distinct
functional subsets: Th1, Th2, Th17 and Tregs (Figure 5). Each of these subsets
is characterised by unique transcription factors, cytokine production profiles and
immunological functions that contribute to various aspects of immune defence
and homeostasis (Zhu and Paul, 2008; Tian et al., 2022).

At the beginning, T cell precursors, which originate from a common lymphoid
haematopoietic stem cell, leave the bone marrow and migrate to the thymus,
where they undergo maturation. In the thymus, T cell precursors undergo a
rearrangement of the T-cell receptor (TCR) and selection to ensure that mature
T cells are capable of recognising foreign antigens while sparing self-antigens.
During the differentiation process, the precursors migrate through the distinct
thymic microenvironment and interact with peptide-MHC complexes (pMHC)
presented on specialised thymic antigen-presenting cells. This process plays an
essential role in the shaping of the T cell repertoire for antigen recognition, the
selection process and the expression of surface molecules such as CD4 and CD8
(Luckheeram et al., 2012). The selection process is driven by an affinity model,
whereby the precursors expressing a TCR with negligible affinity to pMHC are
eliminated, while those with very high affinity are destroyed (negative selection).
Only T cells with TCRs of intermediate affinity to the pMHC undergo positive
selection and further differentiation into mainly CD4* or CD8* mature T-
lymphocytes (Klein et al., 2009; Luckheeram et al., 2012).

After maturation in the thymus, naive CD4* T cells are subsequently deployed to
secondary lymphoid organs, including the spleen, lymph nodes, and mucosa-
associated lymphoid tissue, where they perform continuous surveillance for
matching MHC Il molecules presented by APCs. Once bound to a corresponding
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antigen, the differentiation of CD4* T cells is initiated, leading to the activation of
a series of intracellular signalling cascades. The NF-kB pathway is one of the
major cascade activated during this process, in conjunction with the mitogen-
activated protein kinase (MAPK) and mammalian target of rapamycin (mTOR)
pathway. Costimulatory signals, particularly those mediated by CD28 and the
TCR, are essential for amplifying NF-kB activation, ensuring full T cell activation
and proliferation. Upon stimulation, the IkB kinase (IKK), which is comprised of
IKKa, IKKB and the regulatory subunit NEMO, phosphorylates the IkB proteins,
resulting in their subsequent ubiquitination and degradation. Consequently, NF-
KB dimers (p65, c-Rel and RelB) are released from IkB inhibition and translocate
to the nucleus, where they bind to kB-binding sites in the promoter or enhancer
regions of target genes (Oh and Ghosh, 2013). In addition to NF-kB, the mTOR
pathway plays a pivotal role in regulating T cell activation by driving glycolysis
and gene expression to support rapid cell growth and proliferation. Following its
activation, the mechanistic target of rapamycin complex 1 (mTORC1) directly
phosphorylates two key substrates: the S6 kinases S6K1 and S6K2, which
phosphorylate the ribosomal S6 protein and the eukaryotic translation initiation
factor 4E binding proteins 1 and 2 (4E-BP) (Myers, Wheeler and Roose, 2019).
Active S6K1 then stimulate the production of ribosomes by phosphorylating and
interacting with a number of effector proteins that promote the translation of
mRNAs with &' terminal oligopyrimidine features. These include elongation
factors and cap-binding proteins. Furthermore, phosphorylation of 4E-BP results
in the dissociation of 4E-BP from elF4E, thereby enabling elF4E to bind to the 5'
cap of mMRNAs, allowing translation of the mRNA by ribosomes (Myers, Wheeler
and Roose, 2019).

Once activated, further differentiation of CD4* T cells is dependent on the
cytokine milieu present during TCR engagement, which results in the polarization
of specific subsets. This process of polarization is controlled by dedicated master
transcription factors and results in the production of cytokines that define the

functional identity of the cell.

Th1 cells play a pivotal role in the immune system's defence against intracellular
pathogens, including viruses and intracellular bacteria. The differentiation of

these cells is dependent on the presence of IL-12 and interferon-gamma (IFN-y),
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with T-bet acting as the primary transcription factor that drives the differentiation
of Th1 cells (Figure 5) (Luckheeram et al., 2012). The primary cytokine produced
by Th1 cells is IFN-y, which activates macrophages, enhances their ability to
destroy intracellular pathogens and stimulates the production of immunoglobulin
G (IgG) by B cells (Smith et al., 2000). Additionally, Th1 cells are implicated in
the promotion of CD8" cytotoxic T lymphocyte (CTL) responses, thus positioning
them as pivotal actors in cellular immunity. The dysregulation of Th1 responses
has been linked to the development of chronic inflammatory conditions, including
rheumatoid arthritis and multiple sclerosis (Zhu and Paul, 2008; Luckheeram et
al., 2012).

Th2 cells are primarily responsible for orchestrating immune responses to
extracellular parasites and for promoting humoral immunity through the activation
of B cells. The differentiation of cells into the Th2 lineage is driven by IL-4, with
GATAS serving as the principal transcription factor (Figure 5) (Luckheeram et al.,
2012). Th2 cells produce cytokines such as IL-4, IL-5 and IL-13, which stimulate
B cells to undergo class switching to immunoglobulin E (IgE), activate
eosinophils, mediate allergic inflammation and initiate the clearance of parasites.
Although Th2 responses are essential for combating parasitic infections,
excessive activation of this pathway can result in the development of allergic
diseases, including asthma, atopic dermatitis and food allergies (Zhu and Paul,
2008).

Th17 cells represent a subset of CD4* T cells that are essential for the immune
response against extracellular bacteria and fungi, particularly at mucosal
surfaces. The differentiation of these cells is induced by a combination of
cytokines, including transforming growth factor-beta (TGF-), IL-6 and IL-23, with
retinoic acid receptor-related orphan receptor gamma t (RORyt) acting as the
master regulator of Th17 development (Figure 5) (Luckheeram et al., 2012).
However, TGF-f signalling pathways are also instrumental in the development of
Tregs, representing the opposite of Th17 cells. TGF-B, when present in high
concentration, can redirect lineage differentiation towards Treg development
through the induction of FoxP3. Conversely, at low concentration and in the
presence of IL-6, TGF- induces Th17 differentiation, production of IL-21 and
upregulates expression of the IL-23-rezeptor (Luckheeram et al., 2012). Th17
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Figure 5: Activation and differentiation of CD4* T lymphocytes.

Following stimulation by an antigen-presenting cell (APC) via the peptide-MHCII complex and the
T cell co-receptor CD28 to CD80/CD86, the naive CD4 cell is activated and undergoes
differentiation. The differentiation of T cells into distinct effector T cell subtypes (Th1, Th2, Th17
and Treg cells) is influenced by different combinations of cytokines, which also induce the
production of signature cytokines. (Edited from Tian et al., 2022)

cells produce the IL-17 family interleukins IL-17A and IL-17F, cytokines that play
a pivotal role in neutrophil recruitment and the enhancement of mucosal barrier
function. In addition to IL-17, Th17 cells also secrete IL-22, which plays a role in
maintaining epithelial cell integrity and in the production of antimicrobial peptides.
The aryl hydrocarbon receptor (AhR), a ligand-dependent transcription factor,
has been demonstrated to facilitate Th17 differentiation, presumably via the
inhibition of STAT1 and STATS5, which exert a negative regulatory effect on Th17
development. However, the absence of AhR-signalling did not result in the
complete interruption of Th17 differentiation but was associated with an inability
to produce IL-22 (Veldhoen et al., 2009). Further, Th17 cells are dependent on
interferon regulatory factor 4 (IRF4), as T cells lacking IRF4 are not able to induce
RORyt expression (Luckheeram et al., 2012). Although Th17 cells are essential
for mucosal immunity, their dysregulation has been implicated in the
pathogenesis of autoimmune diseases such as psoriasis, inflammatory bowel
disease and rheumatoid arthritis (Zhu and Paul, 2008; Luckheeram et al., 2012).
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Tregs are essential for maintaining immune tolerance and preventing excessive
immune responses that could result in tissue damage. These cells are
distinguished by the expression of the transcription factor forkhead box P3
(FoxP3) and are induced by TGF-f3 (Figure 5) (Sakaguchi et al., 2008). However,
it is necessary to differentiate between two distinct categories of Tregs: induced
Tregs (iTregs) and natural Tregs (nTregs). iTreg cells are defined as Foxp3*
CD4*CD25" cells, which are developed in the peripheral lymphoid organs
following antigen priming. This is in contrast to the natural Treg cells, which are
released from the thymus as a distinct lineage with Foxp3 already expressed
(Luckheeram et al., 2012). This thesis focused only on iTregs, and in the following
iTregs are referred to as Tregs. Tregs exert their suppressive functions through
a number of mechanisms, including the production of anti-inflammatory cytokines
such as IL-10 and TGF-p3, direct suppression of effector T cells and modulation
of APC function. Tregs play a pivotal role in the prevention of autoimmunity and
the regulation of immune responses to commensal microbes and environmental
antigens. A deficiency in Treg function can result in the onset of autoimmune
disorders, including type 1 diabetes, systemic lupus erythematosus and multiple
sclerosis. On the other hand, depletion of Treg cells and/or inhibition of their
function can enhance immunity against tumors and chronic infectious agents
(Zhu and Paul, 2008; Luckheeram et al., 2012).

1.7 Goal of this thesis

The gut microbiota is becoming increasingly recognised for its critical role in
maintaining intestinal immune homeostasis, largely through the production of
metabolites that modulate immune responses. The objective of this thesis is to
investigate the specific contributions of the human commensal bacterium
Clostridium sporogenes in shaping the intestinal immune system. The unique
metabolic fingerprint of C. sporogenes, which includes the production of short-
chain fatty acids (SCFAs), branched-chain fatty acids (BCFAs) and the unusual
tryptophan-derived metabolite indole-3-propionic acid (IPA), is going to be
analysed. Further the influence of C. sporogenes on the colonic immune system
will be examined in germ-free mice, monocolonised with C. sporogenes. This will

include an investigation of the regulation of different protective genes, including
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1122 and 1113, the abundance of transcriptionally active tuft cells, and the activity

of Foxp3* regulatory T cells under homeostatic conditions.

Furthermore, the protective impact of C. sporogenes against intestinal
inflammation by examining its function in regulating immune responses in a
mouse model of DSS-induced colitis will be assessed. In particular, this thesis
will investigate how C. sporogenes influences tuft cell numbers and activity under
colonic inflammation, analysing colonic tissue state and weight progression.
Furthermore, this thesis will examine the mechanism by which C. sporogenes-
derived metabolites, particularly IPA, suppresses IL-17A/F in Th17 cells.
Additionally, the study will demonstrate how C. sporogenes-derived BCFAs and
SCFAs induce cytokine production in T cells, thereby providing a protective

mechanisms in inflammatory bowel diseases.

The final objective is to identify C. sporogenes as a potential probiotic therapeutic
for the treatment of inflammatory bowel disease, thereby providing novel insights

into microbiota-mediated immune regulation.
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2. Material

2.1 Mice and cell lines

Table 2: List of mice and cell lines

Name Description
C57/BI6N Ahr”- Molecular Immunology, Ruhr University Bochum , Prof Ingo Schmitz
C57/BI6N FIRxTiger | Laboratory mouse, inbred strain mus musculus, crossbreed between
FoxP3 reporter mice (FIR mice) and IL-10eGFP mice (Tiger mice),
animal facility Marburg
C57BI/6N Laboratory mouse, inbred strain mus musculus, animal facility
Marburg
C57BI/6N GF Hanover Medical School, Dr Marijana Basic
C57BI/6N OMM?2 Max von Pettenkofer Institute, Munich, Prof. Dr. Barbel Stecher (Eberl
et al., 2020)
ChAT-EGFP Department Clinical Neurobiology, University of Heidelberg, Jakob
von Engelhardt (Von Engelhardt, Eliava, Axel H. Meyer, et al., 2007)
HT-29 Human colon cancer cell line
2.2 Kits
Table 3: List of molecular biological kits
Name Manufacturer
CD4* T Cell Isolation Kit, mouse Miltenyi Biotech, Bergisch
Gladbach
CD8a (Ly-2) MicroBeads, mouse Miltenyi Biotech, Bergisch
Gladbach
EXTRACT ME total RNA kit BLIRT, Danzig
FoxP3/transcription Factor staining buffer set Thermo Fisher, Waltham
GM-CSF Mouse Uncoated ELISA Kit with Plates Thermo Fisher, Waltham
IL-10 Mouse Uncoated ELISA Kit Thermo Fisher, Waltham
IL-17A (homodimer) Mouse Uncoated ELISA Kit with Thermo Fisher, Waltham
Plates
IL-22 Mouse Uncoated ELISA Kit with Plates Thermo Fisher, Waltham
Lamina Propria Dissociation Kit Miltenyi Biotech, Bergisch
Gladbach
Mouse IL-12 p70 ELISA Ready-SET-Go!™ KIT Thermo Fisher, Waltham
Mouse IL-6 ELISA Ready-SET-Go!™ KIT Thermo Fisher, Waltham
Mouse TNFa ELISA Ready-SET-Go!™ KIT Thermo Fisher, Waltham
Pierce™ BCA Protein Assay Kit Thermo Fisher, Waltham
QIAamp Fast DNA Stool Mini Kit Qiagen, Hilden
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Name

Manufacturer

Trans-Blot Turbo RTA Mini 0.2 um PVDF Transfer Kit

TURBO DNA-free™ Kit
Vectastain Elite ABC kit

2.3 Antibodies for flow cytometry

Table 4: List of antibodies for flow cytometry

Bio-Rad, Hercules

Thermo Fisher, Waltham

Vector Laboratories, Newark

Name Recognized Conjugate Clone Dilution ~ Company
species
Anti-IFN-y human APC 4S.B3 (1:500) BioLegend, San
Diego
Anti-CD11c mouse APC N418 1:500 Thermo Fisher,
Waltham
Anti-CD4 mouse PerCP RM4-5 (1:300) Biolegend, San
Diego
Anti-CD4 human PerCP OKT4 (1:300) BioLegend, San
Diego
Anti-CD8 mouse PE 53-6.7 (1:300) Biolegend, San
Diego
Anti-CD8a human FITC RPA-T8 (1:200) Invitrogen,
Carlsbad
Anti-FoxP3 bovine, dog, cat, PE FJK-16s (1:300) Thermo Fisher,
mouse, pig, rat Waltham
Anti-GM-CFS | mouse PE MP1-22E9 (1:300) Thermo Fisher,
Waltham
Anti- human, mouse PE QA16A02 (1:300) BioLegend, San
Granzyme B Diego
Anti-IFN-y mouse APC XMG1.2 (1:500) Thermo Fisher,
Waltham
Anti-IL-13A mouse PE eBio13A (1:300) Thermo Fisher,
Waltham
Anti-IL-17A mouse, rat PE 17B7 (1:300) Thermo Fisher,
Waltham
Anti-IL-17A human PE BL168 (1:300) BioLegend, San
Diego
Anti-IL-17F mouse, rat PE 18F10 (1:300) Thermo Fisher,
Waltham
Anti-IL-2 mouse PE JES6-5H4 (1:300) Biolegend, San

Diego
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Name Recognized Conjugate Clone Dilution ~ Company
species
Anti-IL-22 mouse PE 1TH8PWSR (1:300) Thermo Fisher,
Waltham
Anti-IRF4 human, mouse PE IRF4.3E4 (1:300) BioLegend, San
Diego
Anti-MHC mouse PE M5/114.15.2  1:300 Thermo Fisher,
class Il Waltham
Anti-omTOR | human, mouse PE MRRBY 0.06 Thermo Fisher,
pg/test Waltham
Anti-pS6 human, mouse APC cupk43k 0.06 Thermo Fisher,
pg/test Waltham
Anti-pSTATS5 | human, mouse PE SRBCZX 0.25 Thermo Fisher,
Mg/test Waltham
Anti-ROR human, mouse PE B2D 0.25 Thermo Fisher,
gamma t Mg/test Waltham
Anti-TNFa mouse FITC MP6-XT22 (1:200) Invitrogen,
Carlsbad
Anti-TNFa human PE Mab11 (1:300) BioLegend, San

Diego

2.4 Antibodies for western blot and histology

Table 5: List of antibodies for western blot

Name Target species Clone Dilution Company

Anti- p-mTOR | human, mouse, D9C2 1:1000 Cell Signaling Technology,
(Ser2448) rat Danvers

Anti- p-NF-kB human, mouse,  93H1 1:1000 Cell Signaling Technology,
p65 (Ser536) rat, Danvers

Anti-CD3 mouse A452 1:4000 Agilent Dako, Santa Clara
Anti-Dclk1 mouse AP7219b 1:300 Abgent, San Diego
Anti-mouse- mouse - 1:2000 Cell Signaling Technology,
19G-HRP Danvers

Anti-p-4E-BP1 | human, mouse, 236B4 1:1000 Cell Signaling Technology,
(Thr37/46) rat Danvers

Anti-Pou2f3 mouse HPA019652 1:200 Sigma-Aldrich, St. Louis
Anti-rabbit IgG | rabbit 711-065-152 1:200 Dianova, Hamburg
Anti-rabbit- rabbit - 1:2000 Cell Signaling Technology,
lgG-HRP Danvers
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Name Target species Clone Dilution Company
Anti-B-Aktin human, mouse, AC-15 1:10000 Sigma-Aldrich, St. Louis
rat
2.5 Primer

Table 6: Primer for quantitative real-time polymerase chain reaction

Name Sequence (5°2 3)
mAHR FWD CTGGTTGTCACAGCAGATGCCT
mAHR REV CGGTCTTCTGTATGGATGAGCTC

mCyp1a1 FWD
mCypi1al REV
mCyp1b1 FWD
mCyp1b1 REV
mCyp3a11 FWD
mCyp3a11 REV
mFoxP3 FWD
mFoxP3 REV
miL12/23p40 FWD
miL12/23p40 REV
miL12p35 FWD
miL12p35 REV
miL13 FWD
miL13 REV
miIL17A FWD
miL17A REV
miIL17F FWD
miIL17F REV
miL1b FWD
miL1b REV
miL-22 FWD
miL-22 REV
miL23p19 FWD
miL23p19 REV
miL25 FWD
miL25 REV
miL6 FWD

miL6 REV
mMDR-1 FWD
mMDR-1 REV

CATCACAGACAGCCTCATTGAGC
CTCCACGAGATAGCAGTTGTGAC
GCCACTATTACGGACATCTTCGG
ACAACCTGGTCCAACTCAGCCT
ACAGCACTGGTCAGAGCCTGAA
GAGAGCAAACCTCATGCCAAGG
TTCCCATTCACATGGCAGGCTTCA
TGTTTGTGAGACGTTGGAGG
ATGTGTCCTCAGAAGCTAAACATC
CGTGTCACAGGTGAGGTTCACT
TACTAGAGAGACTTCTTCCACAACAAGAG
TCTGGTACATCTTCAAGTCCTCATAGA
TTGCTTGCCTTGGTGGTCTC
CCATACCATGCTGCCGTTGC
CTTTCAGGGTCGAGAAGATGCTG
AAGCAGTTTGGGACCCCTTTACA
TGCTACTGTTTGGGAC
AATGCCCTGGGTTGAA
AGTTGACGGACCCCAAAAG
AGCTGGATGCTCTCATCAGG
GCTTGAGGTGTCCAACTTCCAG
ACTCCTCGGAACAGTTTCTCCC
AGCGGGACATATGAATCTACTAAGAGA
TGCAAGCAGAACTGGCTGTTG
ACAGGGACTTGAATCGGGTC
TGGTAAAGTGGGACGGAGTTG
CCGGAGAGGATCACAG
CAGAATTGCCCACAAC
GGTGGTGTCATTGTGGAGCAAG
GCATCAGTGTCACTCTGGGATC
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Name Sequence (52 3)

mPXR FWD GCGTCATCAACTTCGCCAAAGTC
mPXR REV CGTGTTGAACCTCAGGATGCAC
mRorc FWD GTGGAGTTTGCCAAGCGGCTTT
mRorc REV CCTGCACATTCTGACTAGGACG
mTnfa FWD AAAATTCGAGTGACAAGCCTGTAG
mTnfa REV CCCTTGAAGAGAACCTGGGAGTAG
mur HPRT FWD CTGGTGAAAAGGACCTCTCG

mur HPRT REV TGAAGTACTCATTATAGTCAAGGGCA
Sporog FWD CCGCAGGAATAAACAATGTTCTAA
Sporog REV CAGCATAAGCAGCCCCTAAAA

2.6 Buffer, media and supplements

Table 7: List of media, buffer and solution

Solution

Composition

6 x SDS-sample buffer

Anti-CD3 coating buffer

Balanced salt solution (BSS)

Blocking buffer

Brain heart infusion (BHI)

Dulbecco's modified Eagle's medium

(DMEM)

ELISA blocking buffer (pH 7.0)
ELISA coating buffer (pH 6.5)

5ml 1.5 M TRIS-Base, ph 6.8

24 ml glycerol (p=1.26g/ml = 30.4 g)
4.8 g SDS

5 ml B-mercaptoethanol

0.024 g bromophenol blue

Fill to 40 ml with dH20

6.05 g TRIS-Base

In 11dH20

pH 9.475

9.9 g/ BSS

17 mM NaHCO3

10 mM HEPES

in dH20

100 ml western blot washing buffer
5g BSA

11dH20

37 g BHI-powder

autoclaved

500 ml DMEM

10% FCS

30 mg penicillin/50mg streptomycin
10% FCS [v/v]in 1x PBS

0.2 M sodium phosphate

In sterile dH20
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Solution

Composition

ELISA stop solution

ELISA wash buffer

Iscove's Modified Dulbecco's Medium
(IMDM)

MACS buffer

PBS/FCS

Phosflow wash buffer

Phosphate buffered saline (PBS)

Protein lysis buffer

RPMI 1640

Running buffer

Saponin buffer

2 N H2SOq4 in dH20

0.05% Tween [v/v]in 1x PBS
500 ml IMDM

10% FCS

30 mg penicillin/50mg streptomycin
1 mg L-glutamine

5 mlI NEAS

50 uM B-mercaptoethanol
0.5% BSA

2 mM EDTA (pH 8.0)
In11PBS

980 ml PBS

20 ml FCS

500 ml PBS

2% FCS

0.2% Tween-20

8 g of NaCl

0.2 g of KCI

1.44 g of Na2HPO4

0.24 g of KH2PO4

In 11dH20

pH 7.4

100 pl RIPA

1ul Halt™ protease inhibitor cocktail
1 ul EDTA (0.5 M)

1 pl NasVOs4 (0.2 mM)

4 ul NaF (20 mM)

500 ml RPMI

10% FCS

30 mg penicillin/50mg streptomycin
1 mg L-glutamine

5 mI NEAS

50 uM B-mercaptoethanol
200 mM Gilycine

25 mM Tris

0.1% SDS

In dH20

3 g saponin

20 ml FCS

In 11dH20
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Solution Composition

Sterile filtered
Transfer buffer 200 mM glycine
Tris 25 mM
0.1% SDS

20% methanol

In dH20
Washing buffer ELISA 11dH20

10 x PBS 100 mi
0.05% Tween 20
Washing buffer western blot 5 M NaCl

Tris (pH7.5)1 M
0.05% Tween 20
In dH20

2.7 Western blot gel composition
Table 8: Western blot gel composition

Solution Composition

Resolving gel 12 % 1.6 ml dH20

2 ml Rotiphorese®Gel30
1.3 ml 1.5 M Tris (pH 8.8)
0.05 ml 10 % SDS

0.05 ml 10 % APS

0.004 ml TEMED

Stacking gel 5% 0.68 ml dH20

0.17 ml Rotiphorese®Gel30
0.13ml 1.0 M Tris (pH 6.8)
0.01 ml 10 % SDS

0.01 ml 10 % APS

0.004 ml TEMED
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2.8 Cytokines and antibodies for in vitro T cell differentiation

Table 9: List of cytokines

Antibody/Cytokine Recognized Manufacturer

species
Anti-CD28 mouse BioLegend, San Diego
Anti-CD28 human BioLegend, San Diego
Anti-CD3 mouse BioLegend, San Diego
Anti-CD3 human BioLegend, San Diego
Anti-IFN-y mouse BioLegend, San Diego
Anti-IFN-y human BioLegend, San Diego
Anti-IL-4 mouse supernatant of hybridoma 11B11 cell

line

Anti-IL-4 human BioLegend, San Diego
Lipopolysaccharide (LPS) from E. coli PeproTech, Hamburg
Recombinant human (rh) IL-12 mouse PeproTech, Hamburg
Recombinant human (rh) IL-6 mouse PeproTech, Hamburg

Recombinant human (rh) TGF-8

Recombinant human (rh) IL-2

mouse, human

mouse, human

2.9 Chemicals and reagents

Table 10: List of chemicals and reagents

Chemical

PeproTech, Hamburg
PeproTech, Hamburg

Company

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid) (HEPES)

0.05% Trypsin-EDTA
3,3-diaminobenzidine
3-Hydroxybutyric acid

3-Indoleacetic acid

5-Pregnen-3[-ol-20-one-16a-carbonitrile

Ammonium chloride (NH4CI)
Ammonium nickel sulphate
Ammonium persulfate (APS)
Attune 1X focusing fluid
Attune 1X shutdown solution
Attune performance tracking
Attune wash solution
Balanced salt solution (BSS)
Bovine serum albumin (BSA)
Brain heart infusion (BHI)

Carl Roth GmbH, Karlsruhe

Invitrogen, Carlsbad
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Merck, Darmstadt
Sigma-Aldrich, St. Louis
Merck, Darmstadt
Invitrogen, Carlsbad
Invitrogen, Carlsbad
Invitrogen, Carlsbad
Invitrogen, Carlsbad
Biochrom, Berlin
Sigma-Aldrich, St. Louis
Thermo Fisher, Waltham
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Chemical

Company

CH-223191

Chloroform

Colombia blood agar

Deoxyribonucleic acid, single stranded from
salmon testes

Dextran sodium sulfate, 35 000—50 000 kDa
Dextran sulfate sodium salt from Leuconostoc
spp.

Dimethyl sulfoxide

DNase |

Ethanol 96%

Ethylenediaminetetraacetic acid (EDTA)

Fetal calf serum (FCS)

FICZ (6-Formylindolo[3,2-b]carbazole)
Fluoreszeinisothiocyanat—Dextran, average mol
wt 4,000, (FITC:Glucose = 1:250)

Formamide

Glacial acetic acid

Glycine

Halt™ protease inhibitor Cocktail

Hanks™ balanced salt solution (HBSS)

HBSS (10x, w/o phenol red, NaHCO3)
Hydrochloric acid 1M

Indole

Indole-3-propionic acid
Indole-3-propionic-2,2-d2 acid

Isobutyric acid

Isopropanol

Isovaleric acid

L-glutamine

MEM non-essential amino acid solution (100x)
Methanol

Page Ruler™ Plus, prestained protein ladder
Pancoll human

Paraformaldehyde

Penicillin — streptomycin (100x)

Percoll

Phosphate buffered saline (PBS) (10x)
ProLong™ Gold Antifade Mountant with DAPI

Radioimmunoprecipitation assay (RIPA) buffer

Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Becton Dickinson, Franklin Lakes
Sigma-Aldrich, St. Louis

MP Biomedicals, Heidelberg
Sigma-Aldrich, St. Louis

Thermo Fisher, Waltham

Qiagen, Hilden

Otto Fischar GmbH, Saarbrticken
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis

Sigma-Aldrich, St. Louis
Thermo Fisher, Waltham
Carl Roth GmbH, Karlsruhe
Thermo Fisher, Waltham
PAN-Biotech, Aidenbach
PAN-Biotech GmbH, Aidenbach
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
EQ Laboratories, Augsburg
Sigma-Aldrich, St. Louis
Riedel-de Haen, Seelze
Sigma-Aldrich, St. Louis
Biochrome, Berlin
Sigma-Aldrich, St. Louis
Carl Roth GmbH, Karlsruhe
Thermo Fisher, Waltham
PAN Biotech, Aidenbach
Sigma-Aldrich, St. Louis
Applichem, Darmstadt

GE Healthcare, Chicago
Biochrom, Berlin

Thermo Fisher, Waltham

Merck, Darmstadt
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Chemical

Company

Resveratrol

RPMI-1640

Saponin

Sodium butyrate

Sodium chloride (NaCl)

Sodium fluoride (NaF)

Sodium hydroxide 1M

Sodium hypochlorite solution
Sodium orthovanadate (Na3VQy)
Sodium pentanoate

SSC buffer 20x concentrate
Takyon Rox Sybr 2x masterMix
Tetramethylethylendiamin (TEMED)
Thioglycolate (Thio)
Tris-hydrochloride (Tris-HCI)
Triton X-100

Trypan blue stain 0.4%
Tween®20

Water (sterile)

B-mercaptoethanol

2.10 Laboratory supplies

Table 11: List of laboratory supplies

Product Type

Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Merck, Darmstadt

Merck, Darmstadt
Sigma-Aldrich, St. Louis
Merck, Darmstadt

Merck, Darmstadt
Sigma-Aldrich, St. Louis
Sigma-Aldrich, St. Louis
Eurogentec, Seraing
AppliChem Panreac, Darmstadt
Thermo Fisher, Waltham
Carl Roth GmbH, Karlsruhe
Thermo Fisher, Waltham
Gibco, Karlsruhe

EMD Chemicals, Darmstadt
Braun AG, Melsungen
Sigma-Aldrich, St. Louis

Company

96 well plate

Anaerobier gas pack GasPak™ EZ anaerobe container

Black, F-form

system sachets

Greiner bio-one,
Frickenhausen
BD Biosciences,
Heidelberg

BD Biosciences,
Heidelberg

Cannula 20G

Cell Counting Slides TC10™/TC20™ cell counter slides
Cryotubes Microbank™ 2D — beads and cap
Cuvette 1000 pl, polystrol, 10 x 4 x 34 mm

Dissociator Tubes

ELISA plates

C tubes

96 micro-well

Bio-Rad Laboratories,
Hercules

Pro-Lab Diagnostics,
Toronto

Sarstedt, NUmbrecht
Miltenyi Biotech, Bergisch
Gladbach

Nunc, Langenselbold



Product Type Company

FACS tubes 5ml Sarstedt, Nurnbrecht
Falcon tubes 15 ml, 50 ml Sarstedt, Nurnbrecht
Inoculation loop 1 ul Sarstedt, Nurnbrecht

Magnetic separation
columns

Microplate BCA-assay
PCR reaction tubes

Petri dish
Pipette tips
Plastic pipets

Pre-separation filters

Reaction tubes
Reagent reservoir
RNase free tubes
Sterile filter

Sterile filter

Syringe

Tissue culture flasks
Tissue culture plates

LS-column, MS-column

TC-platte, 96-wells, standard, F
0.2 mi

Corning - Primaria™ cell culture dish
10 pl, 100 pl, 1000 pl

5ml

10 ml

25 ml

30 um

0.5ml, 1.5 ml, 2 mi

50 mi

Biosphere® safe seal micro

Vented Millex GS 0.22 ym

100 um, cell strainer sterile, nylon -
Falcon®

2ml

25 ml, 75 ml
6-, 12- and 96-well (standard, F)

2.11 Laboratory equipment

Table 12: List of laboratory equipment

Milteny Biotech, Bergisch
Gladbach

Sarstedt, Nurnbrecht
Greiner bio-one,
Frickenhausen

Corning, Corning

Star Lab, Hamburg
Greiner Bio-One,

Frickenhausen

Milteny Biotech, Bergisch
Gladbach

Eppendorf, Hamburg
Sarstedt, Nurnbrecht
Sarstedt, Nimbrecht
Merck, Darmstadt

Corning, Corning

BD Biosciences,
Heidelberg

Sarstedt, Nimbrecht
Sarstedt, Nimbrecht

Instrument Model Manufacturer
Anaerobic jar 2.5 liters Merck, Darmstadt
Block heater Dri-Block® DB-2A VWR, Radnor
Techne®
Blotting device Trans-Blot® Bio-Rad Laboratories, Hercules

Cell casting stand and

clamps for Western blotting

Turbo™ transfer
system
Mini-PROTEAN®

tetra cell casting

stand & clamps

Bio-Rad Laboratories, Hercules
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Instrument

Model

Manufacturer

Cell counter
Centrifuge |
Centrifuge Il

Chemiluminescence imaging
system

Combs for Western blotting

CRYOBANK™ pacterial
culture freezing system
ELISA reader

Flow cytometer

Flow cytometer

Glass plates

Hemocytometer

Incubator

Incubator

Laboratory balance

Laboratory precision balance

Laminar flow cabinet

Laminar flow hood

Light microscope

Magnetic separator |

Magnetic separator Il

Magnetic stand
Magnetic stirrer
Microplate reader
Microscope
Multichannel pipette

TC20

Megafuge 1.0 R
Microstar 17R
mikrocentrifuge
MicroChemi —
model 2.0
Mini-PROTEAN®
Comb, 10-well,
1.0 mm, 44 ul
CRYO80/M

FLUOstar Omega
Attune NxT

FACSCalibur

Mini-PROTEAN®
short plates
Neubauer-
improved counting
chamber

Heraeus BB6220
Heraeus BBD 6220
Adventurer™ Pro
AV4101

ABP 200-4M
HERAsafe Typ 18
(1/PE AC)
HERAsafe

Leica DMIL

MiniMACS™
separator
MidiMACS™
separator

MACS® Multi stand
IKA® RCTbasic
FLUOstar® Omega
Leica EC3

50-300 pl

Bio-Rad Laboratories, Hercules
Hereaus, Hanau
VWR International, Darmstadt

Biostep, Burkhardtsdorf

Bio-Rad Laboratories, Hercules

COPAN Diagnostics, Murrieta

BMG Labtech, Ortenberg

Invitrogen, Carlsbad

BD Biosciences, Heidelberg

Bio-Rad Laboratories, Hercules

Paul Marienfeld GmbH & Co.KG,

Lauda-Kdnigshofen

Kendro Laboratory Products, Hanau
Kendro Laboratory Products, Hanau

Mettler-Toledo, Columbus

KERN, Balingen

Kendro Laboratory Products, Hanau

Kendro Laboratory Products, Hanau

Leica, Wetzlar

Miltenyi Biotec, Bergisch Gladbach

Miltenyi Biotec, Bergisch Gladbach

Milteny Biotec, Bergisch Gladbach
IKA, Staufen

BMG Labtech, Ortenberg

Leica, Wetzlar

Eppendorf, Hamburg
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Instrument Model Manufacturer

Nanodrop ND-1000 Peqlab, Erlangen

pH-meter InoLab pH level 2 WTW, Weilheim

Photometer Biophotometer™ Thermo Fisher Scientific, Waltham
D30

Pipetboy Accu-Jet™pro Brand, Wertheim

Pipettes 1-10 pl Eppendorf, Hamburg
10-100 pl
100-1000 pl

Power supply Biometra Standard  Analytik Jena, Jena

Refrigerator -80°C

Refrigerator 4°C
Running chamber for

western blotting

Spacer plates for western

blotting

Tilt and roll shaker

Tissue dissociator

Vortex mixer

Vortex mixer

Water bath

Wide-field microscope

power pack P25T
HeraFreeze, HFU T
Series

Gastro line
Mini-PROTEAN®
Tetra vertical
electrophoresis cell
Mini-PROTEAN®
spacer slates with
1.0 mm integrated
spacers

RS-TR 5
gentleMACS™
Octo dissociator
with heaters
Minishaker MS2
IKA® VORTEX 4
basic

Rowa

DM 5500

2.12 Bacterial strains

Table 13: List of bacterial strains

Thermo Fisher Scientific, Waltham
Liebherr, Mannheim

Bio-Rad Laboratories, Hercules

Bio-Rad Laboratories, Hercules

Phoenix Instruments, Garbsen

Miltenyi Biotech, Bergisch Gladbach

IKA, Staufen
IKA, Staufen

Kottermann, Uetze

Leica, Wetzlar

Bacterium Culture no. Origin
Bacteroides fragilis 2102 Strain collection, medical microbiology UKGM
Clostridium butyricum 629 Strain collection, medical microbiology UKGM
Clostridium difficile ATCC 9689 ATCC
Clostridium innocuum 1891 Strain collection, medical microbiology UKGM
Clostridium perfringens | 15563/74 Strain collection, medical microbiology UKGM
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RStudio v2022.07.0+548

Bacterium Culture no. Origin
Clostridium sporogenes | ATCC 19404 ATCC
Escherichia coli ATCC 25922 ATCC
Enterococcus faecalis ATCC 29212 ATCC
2.13 Software
Table 14: List of Software
Software Company
Capture 7.0.12 DNR Bio Imaging Systems, Jerusalem
ChatGPT OpenAl, California
DeepL DeepL SE, Cologne
FlowJo 7.6™ Treestar, Ashland
GraphPad Prism 10 GraphPad, La Jolla
lllustrator CS2 Adobe Inc., San José
ImagedJ 1.48v National Institutes of Health, Bethesda
Mendely Elsevier, Amsterdam
MS Office (Word, Excel, PowerPoint) Microsoft, Redmond
Omega 1.2 BMG Labtech, Ortenberg
Rv4.3.2 The R Foundation.

Posit PBC
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3. Methods
3.1 Mice

WT mice on a C57BL/6N background were purchased from Charles River, while
ChAT-EGFP transgenic mice (Von Engelhardt, Eliava, Axel H Meyer, et al., 2007)
and Oligo-MM?'? (Eberl et al., 2020) animals were bred in-house. All mice were
housed under SPF conditions at the Biomedical Research Centre, Philipps-
University Marburg, Germany. Eight to sixteen week old mice were used for the
experiments. Germ-free (GF) breeding pairs on a C57B/6N background were
generously provided by Dr. M. Basic, Hannover Medical School. These mice,
together with Oligo-MM' mice and gnotobiotic counterparts (mice
monocolonised with C. sporogenes), were bred in sterile isolators with positive
pressure differential and filter-top cages. The isolators contained autoclaved
bedding, food and water provided ad libitum. Monthly sterility checks for GF mice
included cultivation of faeces in thioglycollate medium under both aerobic and
anaerobic conditions for at least 10 days, in addition to faecal gram staining. For
gnotobiotic mice, contamination checks were performed by culturing faeces on
blood agar plates under aerobic conditions. All procedures involving GF and
gnotobiotic mice were performed in a laminar flow hood to ensure sterile
conditions. All animals were kept in accordance with the European Community
guidelines for the care and use of animals. The breeding and use of samples from
sacrificed mice for further experiments were approved by the responsible
authorities of the Regierungsprasidium Gielten (Hesse), Germany, according to
approved protocols (G24/2019, G49/220, Ex-18-2022, Ex-21-2023 and Ex-14-
2024).

3.1.1. Colonisation of mice

For colonisation, C. sporogenes was grown in BHI under anaerobic conditions for
one day and washed in PBS. Then 5 ml PBS containing C. sporogenes at an
ODesoo of 2 was once added to the food pellets of GF mice. Colonisation and
possible contamination were tested 2 weeks later, by plating out faeces from
colonised mice on blood agar plates. Colonies were then testes via MALDI-TOF

to confirm successful C. sporogenes colonisation.
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3.1.2. Induction of experimental colitis by dextran sodium sulfate (DSS)
Age- (9-12 weeks) and sex-matched (female or male) conventional (SPF), GF or
gnotobiotic mice were used. DSS 2.5% (w/v) was administered via the drinking
water for 5 days. Thereafter, mice were switched to normal water and analysed
on day 7. Mice were monitored and weighted every day starting 2 days before
DSS administration.

3.1.3. Gut permeability assay with Fluorescein Isothiocyanate-Dextran

Mice were gavaged with 600 mg/kg Fluorescein Isothiocyanate (FITC)-Dextran
solution and kept for 4 h. Mice were then sacrificed and blood was collected via
heart puncturing. The blood was then incubated at RT for 10 min to coagulate
and then centrifuged for 10 min at 1500 rpm. The serum (supernatant) was taken
and was diluted 1:2 with PBS. Then 100 pl were added to a black 96-well plate
and the fluorescence was measured at 520 nm (extinction: 485 nm). For
quantification, a standard series war performed reaching from 16 ug/ml to 0.0625

pg/ml FICT-Dextran.

3.2 In vitro T cell differentiation

Mice aged between 8 and 16 weeks were sacrificed by cervical dislocation.
Superficial cervical, deep cervical, axillary, brachial, renal, mesenteric, inguinal,
lumbar, sacral and sciatic lymph nodes and spleen were isolated and single cell
suspensions were prepared by rubbing through a 30 um filter. Cells were washed
in BSS and centrifuged at 1500 rpm for 5 min at 4°C. The cells were then
incubated in 4 ml NH4Cl for 5 min to lyse red blood cells. Cells from lymph nodes
and spleen were pooled and resuspended in MACS. After counting, CD4* T cells
were purified using a negative isolation kit (Miltenyi Biotec) according to the
manufacturer's protocol. T cells were stained with anti-CD4 and measured by flow
cytometry and samples with a purity of = 95% were used. Isolated T cells were
transferred in RPMI media to a 96- or 12-TC plate at 2x108 cells/ml (200 pl total
volume in 96-well, 2 ml volume in 12-well) and stimulated with plate-bound anti-
CD3 (5 pug/ml) and soluble anti-CD28 (1.5 ug/ml). Th17 cells were differentiated
in the presence of anti-IFN-y (5 ug/ml), anti-IL-4, IL-2 (25 U/ml), TGF-1 (1 ng/ml)
and IL-6 (60 ng/ml) for 3 days (37°C, 5% COz2). Tregs were polarized in the

presence of anti-IFN-y (5 pg/ml), anti-IL-4, IL-2 (100 U/ml) and TGF-B1 (3 ng/ml)
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for 3 days. Th1 cells were differentiated in the presence of anti-IL-4, IL-2 (50 U/ml)
and IL-12 (10 ng/ml) for 3 days. Th2 cells were polarized in the presence of anti-
IFN-y (5 pg/ml), IL-2 (50 U/ml) and IL-4 (60 ng/ml) for 6 days (37°C, 5% CO2),

with medium change on day three.

For the isolation of CD8" T cells, cells from spleen and lymph nodes were isolated
and pooled as described in the previous paragraph. T cells were purified by a
positive isolation kit (Miltenyi Biotec), following the manufacturer’s protocol. T
lymphocytes samples with a purity of = 95% were used. Isolated T cells were
transferred to a TC plate at 2x10° cells/ml and stimulated with plate-bound anti-
CD3 (4 pg/ml) and soluble anti-CD28 (1 ug/ml). Tc17 cells were differentiated in
the presence of anti-IFN-y (5 pg/ml), anti-IL-4, IL-2 (10 U/ml), TGF-B1 (1 ng/ml)
and IL-6 (50 ng/ml) for 3 days. CTL cells were differentiated in the presence of
anti-IFN-y (5 pg/ml) anti-IL-4 and IL-2 (50 U/ml) for 3 days (37°C, 5% COz).

Stimuli were always added in a volume of 5 ul for 96-well plates and 50 ul for a

12-well plate.

3.3 Isolation of bone marrow-derived dendritic cells

Eight to sixteen week old C57BL/6 mice were sacrificed by cervical dislocation,
the hind legs were amputated and the femurs and tibias were prepared. After
removal of tissue, the ends of the bones were cut off and the bone shafts were
placed in a 0.5 ml reaction tube with a puncture at the bottom made by piercing
with a 28 G cannula. The 0.5 ml tube was placed in a 1.5 ml tube and the bone
marrow was collected by pulse centrifugation. The erythrocytes were lysed with
4 ml ammonium chloride for 5 min. The reaction was stopped with RPMI followed
by a centrifugation step (5 min, 1500 rpm, 4°C). Following, the cell pellet was
resuspended in 5 ml RPMI and passed through a 100 pm filter. After counting,
10x108 cells were seeded on a petri dish using 10 ml RPMI with 15% granulocyte-
macrophage colony-stimulating factor (GM-CSF). As agitation may activate
dendritic cells (DCs), all following steps were carried out carefully, avoiding any

shaking.

Three and six days after seeding, further medium was added, by slowly pouring
10 ml of medium with GM-CSF into the petri dish. At day 7, differentiated DCs
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were harvested by collecting the medium with unattached (inactive) DCs using a
pipette. Activation (MHC class II-) and differentiation (CD11c*) of DCs was
determined by flow cytometry. Meanwhile, the harvested DCs were centrifuged
without applied brake (10 min, 2000 rpm, 4°C) and resuspended in 5 ml RPMI.
After counting, 2x10° cells per well were seeded in a 12-well tissue culture plate,
treated with respective stimuli and incubated at 37°C, 5% CO:2 for different time

periods.

3.4 Isolation of lamina propria T cells

Lamina propria T cells were isolated using the Lamina Propria Dissociation Kit
(Miltenyi Biotec) according to the manufacturer’s instructions. In short, mice were
sacrificed and the colon was isolated, opened longitudinal and cut into 1 cm long
pieces. Epithelial cells were washed off in DTT (1 mM) containing PBS/FCS
under shaking for 20 min at 37°C. The sample was then given onto a 100 um cell
strainer and the tissue collected in the filter was again shaken in DTT containing
PBS/FCS for 20 min at 37°C. The sample was then given onto a 100 um cell
strainer and the tissue was transferred into HBSS (w/o) containing 0.01 M HEPES
and again shaken for 20 min at 37°C. Tissues were then transferred to a
preheated digestion solution in C tubes (Miltenyi Biotec) and processed by
gentleMACS Octo Dissociator (Miltenyi Biotec) after the manufacturer’s protocol
(Lamina Propria Dissociation Kit). The obtained cell suspension was filtered on a
100 um cell strainer and washed with MACS buffer. To remove erythrocytes or
dead cells, the cell suspension was then centrifuged (20 min for 2000 RPM at
RT, without applied brake) in a density gradient (40% percoll in RPMI top layer
containing the cells and 70% percoll in RPMI bottom layer). Cells were then
extracted out of the transition zone of the density gradient and counted using the
TC20 automated cell counter (Bio-Rad). Following, the isolated cells were

restimulated, stained and analysed via flow cytometry.

3.5 Flow cytometry

Prior to flow cytometry analysis, T cells were harvested and restimulated with 50

ng/ml PMA, 750 ng/ml ionomycin and 10 ug/ml brefeldin A in 1 ml RPMI in a 5 ml
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FACS-tube for 4 h at 37°C, 5% COz2. Cells were then washed in PBS/FCS and
stained with anti-CD4 or CD8 (1:300 each) in 150 pl total volume for 10 min. Cells
were then fixed in 2% formalin for 20 min at RT. Following, cells were first washed
in PBS/FCS and then in saponin buffer. Cells were then stained in saponin buffer
(150 ul total volume) with anti-IL-17A (1:300), anti-IFN-y (1:500), anti-IL-22
(1:300), anti-IL-2 (1:300), anti-granzyme B (1:300), anti-TNFa (1:200) or anti-IL-
13 (1:300). After staining the cells were washed again in PBS/FCS and used for

flow cytometry.

For intracellular staining, cells were harvested, washed with PBS and treated with
Foxp3 Fixation/Permeabilization Buffer Set. Following, cells were washed in
PBS/FCS, then in saponin buffer and stained in saponin buffer (150 ul total
volume) with anti-Foxp3 antibody (1:300), anti-IRF4 (1:300) or anti-RORyt (0.25
pg/test). After staining, the cells were washed again in PBS/FCS and used for

flow cytometry.

For staining of phosphorylated proteins, cells were washed in ice cold PBS and
fixed in 2% formalin for 10 min at 37°C. After incubation, cold methanol at -20°C
was slowly added and the cells were rested for 30 min on ice. The cells were then
washed with phospo-wash buffer (PBS, 2% FCS, 0.2% Tween-20) and stained
in phopho-wash buffer (150 ul total volume) for 1 h at RT. Cells were then stained
with anti-p-mTOR (0.06 pg/test) or anti-p-S6 (0.06 pg/test). Stained cells were
analysed using a FACSCalibur cytometer or an Attune NxT flow cytometer. Data

were analysed using FlowJo analysis software.

3.6 Western blot

For protein extraction, T cells were differentiated (see 3.2) in a 12-well plate with
2x108 cells/well and treated for indicated time points. DCs were also plated out in
a 12-well plate with 2x108 cells/well and treated for indicated time points. Cell
samples were harvested by pipetting up and down in the plate and centrifuged at
300 g for 5 min at 4°C. The cell pellet was then lysed in RIPA-buffer for 10 min
on ice with regular vortexing. After incubation, the samples were centrifuged at
10000 g for 10 min at 4°C and the protein containing supernatant was decanted
and stored at -80°C.
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SDS-PAGE was performed following the measurement of protein concentration
via BCA with the Pierce™ BCA Protein Assay” Kit, following the manufacturer’'s
protocol. Protein samples were denaturated in Laemmli buffer by 95°C for 5 min
and a 12% resolving and a 5% stacking gel was casted. The samples were
loaded onto the gel and a voltage of 80 V was applied until samples reached the
resolving gel. Then, the voltage was increased to 120 V until samples reached

the end of the resolving gel.

Proteins were then transferred from the gel to a PVDF-membrane (Trans-Blot®
Turbo™ Transfer System”) with 30 min at 60 V and 60 A. The membrane was
then blocked with western blot washing buffer, containing 5% BSA for 1.5 h. After
that, the membrane was incubated with primary antibodies (p-NF-kB p65, p-4E-
BP1 or p-mTOR) overnight. Three subsequent washing steps with washing buffer
for 10 min each followed. The membrane was then treated with a secondary
HRP-linked antibody and incubated for 2 h and washed again. For visualization,
western blotting luminol reagent was added and analysed in a
chemiluminescence imaging system. After that, the membrane was washed
again and incubated with (B-actin as a loading control for 2 h. After another
washing step, the membrane was treated with a secondary HRP-linked antibody,
incubated for 2 h, washed again and analysed in the chemiluminescence imaging

system.

3.7 Enzyme-linked immunosorbent assay (ELISA)

For the detection of specific protein levels in the supernatant of T cell or DC
cultures an ELISA was used. All ELISAs performed in this work were bought by
Thermo Fisher Scientific and carried out after the manufacturer’s protocol if not

stated otherwise.

In brief, wells were coated with 50 yl of capture antibody overnight at 4°C,
washed, blocked for 1 h, washed again and 50 pl of BSA standard and diluted
supernatant (Table 15) was added for incubation overnight at 4°C. On the next
day the plate was washed again, 50 pl detection antibody was added to every
well and after incubation for 1 h and washing, 50 ul of Avidin-HRP was added for
30 min. After thorough washing, 50 pl of 1 x 3,3',5,5"-Tetramethylbenzidine was
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added and the reaction was stopped after 15 min with 50 pl stop solution.
Immediately, absorbance was measured at a wavelength of 450/570 nm with the

microplate reader FLUOstar® Omega.

Table 15: Sample dilution for ELISA

Protein Sample material Sample dilution
IL-6 DC culture supernatant 1:500

IL-12 DC culture supernatant 1:10

TNFa DC culture supernatant 1:50

GM-CSF T cell culture supernatant undiluted
IL-17A T cell culture supernatant 1:10

IL-22 T cell culture supernatant undiluted

IL-10 T cell culture supernatant 1:10

3.8 RNA isolation

Isolation of total RNA from in vitro generated cells were purified using the
EXTRACT ME total RNA kit (BLIRT) with on column DNase treatment following
the manufacturer's protocol. Concentrations were determined using a NanoDrop

spectrophotometer.

For the RNA isolation of colon tissue, mice were sacrificed and the whole colon
was isolated, opened longitudinal and cut into 1 cm long pieces. All following
steps were performed under a fume cupboard. The tissue was homogenised in
EXTRAZzol with a hand blender (IKA® T10 basic, homogenizer workcenter) for 1
min. After complete homogenization, samples were centrifuged at 12000 g for 10
min at 4°C and the supernatant containing RNA was transferred to a RNase-free
tube. Phase separation was performed by adding chloroform (200 pl/1 ml TRIzol).
Following centrifugation at 12000 g for 5 min at 4°C, the upper phase containing
the RNA was transferred into a new tube and overlaid with isopropanol to
precipitate the RNA. After centrifugation at 12000 g for 10 min at 4°C, the
supernatant was discarded and the pellet was overlaid with 75% ethanol. After
another centrifugation step, the pellet was dried and resuspended in RNA-free
water. Concentrations were determined using a NanoDrop spectrophotometer.
Samples were then treated with DNase (TURBO DNA-free™ Kit).
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3.9 RNA sequencing and data evaluation

For sequencing of T cells, cells were differentiated for two days as described in
3.2 and total RNA was purified from untreated and IPA-treated murine Th17 cells
using the EXTRACT ME total RNA kit with on column DNase treatment following

the manufacturer's protocol.

For sequencing of colon tissue, mice were sacrificed and the tissue was
homogenization in EXTRAzol with a hand blender and RNA was extracted via
phenol-chloroform precipitation (3.8). RNA from T cells and tissue were both
treated with DNase (TURBO DNA-free™ Kit, Thermo Fisher Scientific) before

sequencing.

The RNA sequencing was done by the core facility “Genomics” of the Philipps-
University Marburg. In brief, the purified RNA was quality-controlled by capillary
gel electrophoresis and sequenced on an lllumina NextSeq 550 device. The raw
data was then evaluated by Dr. Wilhelm Betrams (Institute for Lung Research,
Philipps-University, Marburg, Germany). In brief, reads were aligned to the
genome of Mus musculus revision GRCm39 (mm39) with Qiagen CLC
workbench v.10.0. Counts were calculated and normalized to one million mapped
exonic reads (transcripts per million, TPM). Sets of differentially expressed genes
were calculated in R (v.4.3.0) with the DESeq2 package (v.1.40.2). Only genes
with adjusted p-value < 0.05 were considered as significantly regulated. The
KEGG pathway and Reactome database was used for the pathway enrichment
analysis. Sequencing data were deposited at NCBI GEO under accession
numbers GSE193358 (T cells) and GSE264024 (colon tissue).

For the generation of heatmaps transcripts per million (TPM) values were
computed, z-score transformed and represented in heatmaps. Heatmaps were
generated with the R package “pheatmap” version 1.0.12 (CRAN: Package
pheatmap, 2019) using Euclidean distances. Trees indicate hierarchical

clustering (complete or ward.d2 method).

Venn diagrams were also generated with R using the R package “VennDiagram”
version 1.7.3 (CRAN: Package VennDiagram, 2022).
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3.10 Quantitative real-time polymerase chain reaction (qQPCR)
For gPCR RNA was isolated and cDNA synthesis was performed using the
RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) according
to the manufacturer's instructions using a 500 ng template. gPCR was performed
on a StepOne Plus instrument. The Takyon ROX SYBR Master Mix blue dTTP
kit was used for analysis. For mRNA quantification, mMRNA expression was
normalized to the housekeeping gene HPRT using the 222t method (Livak and
Schmittgen, 2001).

3.11 Cultivation of bacteria

Bacteria were either grown in thioglycollate or brain heart infusion (BHI) medium
for liquid culture or on Columbia agar with 5% sheep blood by 37°C. For liquid
culture, bacteria were inoculated at an ODsoo of 0.05 and incubated for 24 h. All
used anaerobic bacteria were aerotolerant and handled under normal
atmospheric conditions. For cultivation, all anaerobic bacteria were grown in an

anaerobic jar containing anaerobic atmosphere generation bags.

3.12 Cryoconservation of bacteria

For long-term storage of bacterial strains, bacteria were grown on Columbia blood
agar and one full inoculation loop of bacteria was resuspended in one tube of the
CRYOBANK™ bacterial culture freezing system. Excess suspension was

removed and cryotubes were stored at -80°C.

3.13 Generation of bacterial supernatant

Bacteria were grown in BHI medium for 3 days and then diluted to an ODeoo of
0.7. The bacterial cell suspension was transferred to a 50 ml tube and centrifuged
(4600 rpm, 15 min, RT). Supernatant was decanted into a syringe and sterile
filtered (0.22 ym). The supernatant was filled in reaction tubes and stored
at -20°C or -80°C for long term storage.

42



3.14 Cultivation of HT-29

The human colon adenocarcinoma cell line HT-29 was cultured in Dulbeccos
Modified Eagle Medium (DMEM) supplemented with 10 % fetal calf serum (FCS),
2 mM L-glutamine, 60 mg/ml penicilin G and 100 mg/ml streptomycin in the
incubator at 37°C with 5 % COz2 in 75 ml tissue culture flasks. When reaching a
confluence of 100%, cells were washed with PBS and detached with
trypsin/EDTA (5 min at 37°C). Cells were then splitted 1:10 or 1:20 in a new flask.

3.15 Storage of HT-29

HT-29 cells were grown to confluence in tissue culture flasks in DMEM. The cell
medium was removed and the cells were washed with PBS. Then 2 ml
trypsin/EDTA was added and incubated at 37°C for 5 min. Then 8 ml DMEM was
added and the cells were transferred to a 50 ml tube. After centrifugation (1500
rom, 10 min, 4°C), the supernatant was discarded, and the pellet was
resuspended in 3 ml of freezing medium (DMEM with 16% DMSO and 33% FCS).
The cell suspension was adjusted to 2x10° cells/ml and 1 ml was transferred to
each cryotube. The cryotubes were stored overnight in a polystyrene box at -80°C
to ensure slow freezing. For long-term storage, the HT-29 cells were then stored

in liquid nitrogen.

3.16 Scratch assay

To evaluate the ability of IPA to improve wound healing, a scratch assay was
performed as described in the literature (Liang, Park and Guan, 2007). HT29 cells
were grown to confluence in tissue culture flasks in DMEM, and 600000 cells per
well were seeded in a 12-well plate. After reaching confluence of =2 95% a scratch
was applied in the middle of the well with a 1 ml pipet tip. Following, the media
was change to get rid of non-adherent cells, IPA and indole were added and the
scratch was documented under a microscope. A picture was then taken every
day for 3 days at the same position of the well to evaluate the closure of the
scratch. The pictures were analysed with Imaged, by measuring the distance
between the closing sites of the scratch. In every picture the distance was

measured at five different positions, averaging the values.
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3.17 Detection of SCFA, BCFA and IPA by MS

For the detection of SCFA, BCFA and IPA, faeces and serum were collected from
mice. After being sacrificed by cervical dislocation, faeces was isolated from the
small intestine, cecum and colon and stored in 0.5 ml tubes at -80°C. Blood was
collected by puncturing the heart with a syringe, followed by 30 min rest at RT for
coagulation. The samples were then centrifuged at 300 g for 10 min at 4°C and

the upper phase (blood serum) was collected and stored in a 0.5 ml tube at -80°C.

The detection of SCFA, BCFA and IPA was performed by Dr. Jelena Pesek and
Bernhard Watzer at the Core Facility “Metabolomics” of the Philipps-University
Marburg. Samples (8-18 mg faeces or 50 yl serum) were mixed with 350 ul water,
10 pl acidic acid, and 1 nmol IPA-d2 as internal standard. To extract IPA, 350 pl
diisopropyl ether was added. The organic phase was dried and derivatized with
20 pyl MTBSTFA (1 h, 60°C). For quantification of IPA, a GC-MS method was
applied using an Agilent 7890A gas chromatograph with 5975C mass
spectrometer. Samples (1 pl; split 1:10) were injected via an autosampler on an
HP-5MS column (30 m x 0.25 mm; film thickness 0.25 ym) and eluted with helium
(1 ml/min). The inlet was 250°C and the transfer line 310°C. A temperature
gradient was applied from 220°C (hold 1 min) to 320°C (hold 4 min) with
15°C/min. The mass spectrometer operated with electron impact ionization. Mass
spectra were acquired with selected ion monitoring of IPA (m/z 246 and 303) and
IPA-d2 (m/z 248 and 305) between 4 and 4.6 min. For quantification a 6-point
calibration curve was used (0.2-5 nmol). Data analysis was performed using
Mass Hunter Quantitative Analysis (B.05.00).

The SCFA and BCFA concentrations in faeces and serum samples were
determined analogously to the method of Lotti et al. using XTR-EI-GC/MS/MS in
MRM mode (Lotti et al., 2017). Briefly, 25-150 mg faeces samples were mixed
with 1 ml HPLC water and homogenized within one hour using an overhead
shaker and 2-3 steel balls with a diameter of 3 mm. The samples were then
centrifuged at 13000 g at 4°C for 30 min. 100 pl of the aqueous supernatant or
100 pl of the serum samples were mixed with deuterated internal standards (C2-
C6) and extracted with 200 pl of methyl tert-butyl ether. 100 pl of the extract was
transferred into a GC vial with an insert and 2 pl of the sample was injected into

an Agilent 7000 series GC-MS/MS. The chromatographic separation was carried
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out on a 30 m, 0.25 mm, 0.25 ym Agilent J&W Wax column. Due to the high
volatility of the analytes, all samples, solvents and vials used were cooled with
ice during processing. To avoid contamination of the ubiquitous SCFAs, fresh
solvents were always used for each sample series and gloves were worn during
the entire processing. In some experiments, SCFAs and polar metabolites were

measured as described earlier (Romero et al., 2022).

3.18 Histology staining and analysis

Histologic staining was performed by Prof. Burkhard Schitz, Anna-Lena Ruppert
and Sarah Winterberg at the Institute of Anatomy and Cell Biology (Philipps-
University, Marburg). Tissue sections were stained with hematoxylin and eosin,
or with Alcian blue and nuclear red staining solutions. Examination of
histomorphological changes after DSS treatment was performed by Anja Kuhl
(iPATH.Berlin, Core Unit of Charité-Universitatsmedizin Berlin) as previously
described (Erben et al., 2014). In brief, an additive score was given for infiltration

of inflammatory cells and epithelial damage.

3.19 In situ hybridization

In situ hybridization was performed by Prof. Burkhard Schutz, Anna-Lena
Ruppert and Sarah Winterberg at the Institute of Anatomy and Cell Biology
(Philipps-University, Marburg). For gene expression analyses on tissue sections,
about 1 cm long pieces of the colon were placed in TissueTek compound and
quickly frozen in isopentane. After initial storage at -70°C, 16 um thick tissue
sections were cut with a cryostat, mounted on silanized glass slides, and
subjected to an established in situ hybridization protocol (Keshavarz et al.,
2022a). The generation of a template for the detection of Egfp transcripts has
been described previously (Schutz et al., 2015). DNA fragments from Ffar2
(GeneBank acc. no. NM_146187.4, nt 924-1672, 749 bp) and Ffar3 (GeneBank
acc. no. NM_01033316.2, nt 441-1207, 767 bp), were amplified by PCR from
mouse C57BL/6J ileum cDNA, subcloned into pGEM-T, the inserted sequence

confirmed by double-stranded sequencing and used as templates for the
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generation of digoxigenin-labelled (Egfp) or 35S-labelled (Ffar2 and Ffar3) sense
and anti-sense riboprobes.

3.20 Immunohistochemistry

Immunohistochemistry was performed by Prof. Burkhard Schutz, Anna-Lena
Ruppert and Sarah Winterberg at the Institute of Anatomy and Cell Biology
(Philipps-University, Marburg). For the detection of protein distribution in tissue
sections, about 1-2 cm long pieces of colon, cecum, ileum, jejunum and
duodenum were placed for 24 h at RT in methacarn fixative containing 60 % (v/v)
methanol, 30 % (v/v) chloroform and 10 % (v/v) glacial acetic acid. Afterwards,
the tissues were washed in absolute ethanol, cleared with xylene, and embedded
in paraffin. Longitudinal and transverse sections, 7 um thick, were cut with a
microtome and mounted on silanized glass slides. The immunohistochemical
procedure was essentially performed as described previously (Schitz et al.,
2019). For the detection of antigen-antibody conjugates, a biotinylated donkey
anti-rabbit IgG antibody was used in combination with an avidin-biotin-peroxidase
complex. Immunoreactions were visualized by 8 min incubation in 3,3-
diaminobenzidine and enhanced by the addition of 0.08 % ammonium nickel
sulphate. Quantification of DCLK1, Pou2f3, or CD3 immunoreactive cells was
performed as followed: For DCLK1 cell counts in the colon, and Pou2f3 cell
counts in ileum, jejunum and duodenum, in transverse sections the length of the
mucosa was measured along the lamina muscularis mucosae using the freehand
tool of Imaged. Then, immunoreactive cells were counted and expressed as
cells/mm?. In the jejunum and duodenum, only cells from the basal 200 um (crypts
and lower villi) were included, while in the ileum and colon the whole mucosa was
investigated. For colonic Pou2f3 counts, in longitudinal and transverse sections
the mucosal area was measured using ImagedJ, and the immunoreactive cells
were counted and expressed as cells/mm?. For CD3 cell counts, again the
mucosal area was used to investigate lymphocyte cell numbers. In all analyses,
3-4 sections per tissue were analysed. Separated by at least 35 ym, cells were
counted in a blinded fashion, and mean values were calculated using Adobe

Prism.
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3.21 Statistical analysis

Statistical analyses were performed using the one-way or two-way ANOVA
(Prism 8.0, GraphPad Prism) depending on the data set. Results were expressed
as the mean £ SD, and P values of < 0.05 were considered significant. Differential
gene expression from RNA sequencing was computed as logarithmic fold change
with the DeSeq2 Package v.1.40.2 in R v4.3.0. Genes were considered
differentially expressed at padj. <0.05 (p-value adjusted by Benjamini—-Hochberg

correction for multiple testing).
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4. Results

4.1 Clostridium sporogenes generates high amounts of
tryptophan-derived IPA, SCFAs and BCFAs in vivo

The gut microbiota of mammals consists of trillions of microorganisms, including
bacteria, archaea, fungi and viruses, residing in the digestive tract. This complex
community plays crucial roles in digestion, nutrient absorption, immune
modulation, and overall health (Thursby and Juge, 2017a; Kuziel and Rakoff-
Nahoum, 2022).

Clostridium sporogenes is a spore-forming, anaerobic bacterium commonly
found in the gut of mammails. It plays a notable role in the gut microbiome by
fermenting dietary fiber and amino acids into short- and branched-chain fatty
acids (SCFAs and BCFAs) as well as indole-3-propionic acid (IPA), producing
molecules that can influence host physiology (Tan et al., 2014; Dodd et al.,
2017b). The presence and activity of C. sporogenes in the gut highlight its
importance in both normal gut function and potential implications for health and
disease (Tan et al., 2014; Liu et al., 2022).

To obtain a first insight on the metabolite levels in the gut of mice, amounts of
acetate, propionate, butyrate and numerous small polar molecules were analysed
via MS (Figure 6 a, b). For this, SPF (specific pathogen free), OMM'? (oligo-
mouse microbiota) and GF (germ free) mice were analysed. SPF mice exhibit the
typical gut microbiota of conventional laboratory mice, without harbouring harmful
pathogens. OMM'? mice are characterized by a selected microbial community
comprising 12 defined commensals, whereas GF mice are devoid of any
microbiome. While GF mice exhibited no significant accumulation of acetate,
propionate or butyrate, OMM'2 mice demonstrated the production of these
SCFAs, with SPF mice displaying the highest levels of all SCFAs. Other bacterial
products, such as hippuric acid, indole-3-lactic acid, glutamic acid or lactic acid
were also decreased in GF mice (Figure 6 b). Interestingly, levels were only
decreased when compared to OMM'? mice, as SPF mice showed comparable
levels of those metabolites, indicating a possible further utilization of those
metabolites in the complex SPF flora. In contrast, GF mice showed increased
levels of dietary amino acids like e.g. tyrosine, glutamine, phenylalanine or

leucine compared to OMM'2 and SPF mice (Figure 6 b). Tryptophan was also
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Figure 6: C. sporogenes synthesizes a broad range of metabolites in the gut of mice.

(a) Levels of acetate, propionate, butyrate (n = 4) and (b) numerous small polar molecules in the
cecum of GF, OMM'2 and SPF mice, measured by GC-MS and LC-MS (data provided by Dr.
Rossana Romero). (c) Levels of tryptophan in the colon of GF, CS and SPF mice measured by
GC-MS (n = 3). (d) Detection of IPA in GF, CS, OMM'2 and SPF mice in the ileum (n = 2), cecum,
(n = 3) colon (n = 3) and serum (n = 3). Pooled human serum samples were measured as a
reference (n = 3). (e) Levels of SCFAs and (f) BCFAs in the colon of GF and CS mice measured
by GC-MS (n = 4). Statistical analysis was done with one-way ANOVA with *p < 0.05; **p < 0.01;
***n < 0.001; ****p < 0.0001. Data are presented as mean and error bars represent SD.

elevated in comparison to SPF mice, but not as much as in OMM'? mice,
demonstrating that only a complex microbiome was able to utilize all dietary

amino acids.

Because the microbiome of mammals represents such a complex interactive
metabolic network, this work focused on the impact of the commensal bacterium

C. sporogenes as it produces a wide spectrum of different metabolites with an
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impact on the host physiology (Dodd et al., 2017b; Liu et al., 2022). Therefore,
GF mice were monocolonised with C. sporogenes (CS mice) to analyse

metabolites, gut physiology and the impact on the immune system.

Because C. sporogenes is the only know commensal which is able to metabolise
tryptophan into high levels of IPA via reductive Stickland metabolism (Dodd et al.,
2017b), tryptophan and IPA levels were analysed in the gut of mice (Figure 6 c).
Even when not reaching significance, it could be observed, that CS mice had
lower levels of tryptophan than GF mice, nearly reaching SPF levels. As
described before, this was not the case in OMM' mice (Figure 6 b),
demonstrating an efficient metabolisation of tryptophan by C. sporogenes. On the
other hand, IPA levels in CS mice were highly enriched in the colon, cecum and
serum (Figure 6 d) as described in the literature (Dodd et al., 2017b). When grown
in vitro (BHI media), IPA levels reached 530 uM after 24 h incubation (Figure 16
a). Notably, IPA levels were only enriched in the cecum and colon of mice, but
not in the ileum, as C. sporogenes is primarily found in the colon and cecum. SPF
mice exhibited a comparable pattern to that observed in CS mice, although the
levels of IPA were markedly lower in both the gut and serum. GF and OMM'?
mice had no detectable amounts of IPA in the gut and serum. Likewise, pooled
human serum samples showed small amounts of IPA, demonstrating the
presence of indole-3-propionic acid in the human body, which indicate its
potential role as a microbiota-derived metabolite involved in human health and

metabolism.

As Clostridia in general are known to be a producer of SCFAs (Guo et al., 2019),
production was measured in vivo in CS mice (Figure 6 €) and in vitro (Figure 16
a). While a robust production of acetate, propionate, butyrate and valerate could
be detected in vitro, in vivo only acetate and propionate production could be
observed, as shown in the literature (Guo et al., 2019). In contrast to SCFAs,
there is relatively little known about BCFAs. BCFAs are produced to a much
lesser extent in the human gut, but they also contribute to human health. (Rios-
Covian et al., 2020). The BCFAs isobutyrate and isovalerate were not only
produced in vitro by C. sporogenes (Figure 16 a), but also in vivo (Figure 6 f).
While no BCFAs could be detected in GF mice, the levels of BCFAs in CS mice
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were on the same or a higher level as in SPF mice, showing the ability of C.

sporogenes to mimic a complex microbiota in terms of BCFA production.

4.2 C. sporogenes alters the local immune system in the gut

towards an anti-inflammatory phenotype
Given the central role of the microbiome in gut physiology and its involvement in
the immune systems function, the impact of C. sporogenes colonisation was
investigated. For this, germ-free mice that had been colonised with C.

sporogenes were analysed for immune cells in the colon.

One of the major characteristic of GF rodents is an enlarged cecum, as a result
of the absence of microbial enzymes able to digest otherwise indigestible food
compartments (Bolsega et al., 2023). This was also observed in GF mice
analysed in this study, while mice colonised with C. sporogenes for 2 months
already showed a decreased cecum size (Figure 16 b). However, not only the
physiology of the cecum was altered, but also cells from the colonic lamina
propria. Lamina propria T cells were analysed, and an increase in CD4* FoxP3*
cells was observed, indicating an anti-inflammatory effect of C. sporogenes
colonisation in comparison to GF mice (Figure 7 a). This effect was also
detectable when examining the RNA levels of Foxp3 in the colonic lamina propria
(Figure 7 b and Figure 16 c), additionally showing increased expression
compared to SPF mice. Besides Foxp3, the protective interleukins //13 and /122
were also increased compared to GF and SPF mice (Figure 7 b and Figure 16 d,
e). While IL-13 is primarily responsible for enhancing mucosal barrier function
and modulating immune responses, IL-22 is indispensable for epithelial cell
regeneration, antimicrobial defence, and tissue repair. These two cytokines
collectively play a pivotal role in maintaining gut health (Sanjabi et al., 2009;
Mannon and Reinisch, 2012). Interestingly, /122 was only enriched in the colonic
lamina propria, not in the ileum (Figure 16 f), showing that only the direct
colonisation of C. sporogenes has an impact on interleukin expression.
Concerning pro-inflammatory cytokines, RNA levels of //17a were increased in in
the colonic lamina propria in CS mice compared to SPF and GF (Figure 16 g),
but no increase in CD4* IL-17A* or CD4" IFN-y* cells was observed in the lamina

propria (Figure 16 h, i). And while IL-17A can lead to inflammation and is
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implicated in the pathogenesis of inflammatory bowel diseases, it also plays a
protective role by maintaining the epithelial barrier integrity and the protection
against infections (Douzandeh-Mobarrez and Kariminik, 2019). Concerning the
epithelial barrier integrity, mice were gavaged with FITC-Dextran, but no
significant differences were observed between GF, CS and SPF mice (Figure 16
j)-

As C. sporogenes colonisation of mice triggered //22 expression in the gut of
mice, it was investigated if the different metabolites of C. sporogenes also
induced secretion of IL-22 in T cells, demonstrating a possible source of the IL-
22 in the gut. For this, T cells were isolated from mice and differentiated in vitro
under Th17 polarizing conditions and then analysed in a flow cytometer. Indeed
propionate, butyrate, valerate and isovalerate increased the IL-22 levels
significantly. IPA and isobutyrate also appeared to increase IL-22, however failed
to reach significance (Figure 7 c). This observation was also detected when cell
free supernatant of C. sporogenes grown in media was added to Th17 cells
(Figure 7 d). From all tested bacteria, C. sporogenes increased IL-22 levels the
most, followed by C. difficile. While C. butyricum and C. innocuum only
demonstrated slight increased expression levels, B. fragilis, E. faecalis and E.

coli showed none.

However, the intricate network of gut immunity involves not just cytokines like IL-
22, IL-13 or IL-17 but also specialized cells such as tuft cells. Tuft cells, found in
the intestinal lining, are unique chemosensory cells that contribute to the gut's
immune response. These cells are involved in the detection of pathogens,
primarily parasites like helminths, and initiating immune responses, thereby
working in concert with cytokines like IL-22 and IL-13 to maintain gut homeostasis
(Strine and Wilen, 2022; Churchill et al., 2023). Since SCFAs act as direct
activators of some mucosa-associated tuft cells and intestinal derived IL-13
induces the differentiation of this cell type by activating crypt-based Lgr5-positive
progenitors (Keshavarz et al., 2022b; Silverman et al., 2024), it was investigated
whether C. sporogenes colonisation affects tuft cell abundance and activity.
SCFAs are detected by the free fatty acid receptors 2 and 3 (FFAR2, FFAR3),
which are G-protein-coupled receptors (GPCRs) that play a significant role in
mediating the effects of SCFAs in the body (Kimura et al., 2020). Using in situ
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Figure 7: Alterations in the local immune system and colonic tuft cell abundance in mice
monocolonised with C. sporogenes.

(a) Representative flow cytometry dot-blots and scatter blot of lamina propria CD4* FoxP3* T cells
in the colon of GF and C. sporogenes monocolonised (CS) mice (n = 8). (b) Representative bar
graphs showing the relative fold change of Foxp3, //13 and /122 expression in the colon of GF, CS
and SPF mice via quantitative real time PCR (gPCR). Expression is shown relative to
hypoxanthine-guanine phosphoribosyl-transferase (HPRT) expression (n = 3). (c-d) Flow
cytometry analysis of Th17 cells showing the percentage of IL-22* cells after 3 days in vitro
differentiation. (c) Cells were treated with C. sporogenes metabolites (IPA 50 uM; propionate,
isobutyrate, valerate, isovalerate, each 2 mM; butyrate 0.5 mM) or (d) bacterial cell-free
supernatants from day 0 on (n 2 4). Statistical analysis was done with one-way ANOVA with *p <
0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. Data are presented as mean. (e-i) Tuft cell
experiments were performed in cooperation with Prof. Burkhard Schiitz and Anna-Lena Ruppert
(e) Detection of Ffar2 and Ffar3 mRNA in colonic tissue sections of SPF mice by in situ
hybridization (ISH) using radioactive labelled (S35) anti-sense (as) RNA probes. Representative
images (n = 5). (f) In double-labelling ISH experiments, colonic tuft cells (Egfpdig-labelled in Chat-
EGFP mice) were found Ffar2 negative, but Ffar3 co-positive (representative images of n = 100
analysed cells). (g) The density of colonic epithelial tuft cells was analysed in GF, CS and SPF
mice by Pou2f3 immunohistochemistry (n = 7). (h) Pou2f3 immunoreactivity discriminated C1-
type (cytoplasmic signals) from C2/3-type (nuclear signals) colonic tuft cells. (i) Quantification of
C2/3-type tuft cells in the colon of GF, CS and SPF mice (n = 4). Statistical analysis was done
with two-way ANOVA with Tukey post hoc test with *p < 0.05, ****p < 0.0001.

hybridisation (ISH) to detect gene transcripts in tissue sections, it was observed

that Ffar2 and Ffar3 were found to be differentially expressed in the mouse
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colonic epithelium (Figure 7 e). Ffar2 expression was seen in many epithelial cells
but was most prominent in the lower half of the crypt. Expression of Ffar3, on the
other hand, was restricted to individual epithelial cells. As a control for specificity,
the use of sense riboprobes did not result in specific labelling (Figure 16 k).
Double-labelling ISH in mice expressing enhanced green fluorescent protein
(EGFP) under the choline acetyltransferase (ChAT) promoter revealed that Ffar3-
expressing cells were cholinergic tuft cells, whereas Ffar2 expression spared this
cell type (Figure 7 f), indicating that SCFAs can be specifically detected by tuft
cells. If BCFAs can also activate FFAR2 and FFARS3 is not known yet, but it is
much likely (Heimann et al., 2016).

After demonstrating that tuft cells can detect SCFAs, the next step was to
investigate if colonisation of the SCFA and BCFA producer C. sporogenes
influences tuft cells. While FFAR2 and FFARS3 are involved in the functional
responses of tuft cells, the development and function of tuft cells themselves are
governed by the transcription factor Pou2f3, which is essential for tuft cell
differentiation (Silverman et al., 2024). Pou2f3 was therefore used as a marker to
specifically detect tuft cells in the gut of mice. Mice colonised with C. sporogenes
showed significantly increased numbers of tuft cells in the colon, compared to GF
and SPF animals (Figure 7 g). This was also the case for tuft cells in the ileum,
jejunum and duodenum, although the effect was less prominent with further
distance to the colon (Figure 16 I-n). Nevertheless, the number of tuft cells is not
the sole determining factor, as tuft cell activity is also of significance. Based on
transcriptional signatures, tuft cells can be divided into three groups, namely C1,
C2 and C3. Pou2f3 immunoreactivity was found as a marker to discriminate
between transcriptionally inactive (C1, cytoplasmic signals) and transcriptionally
active (C2/3, nuclear signals) tuft cells (Park et al., 2022), making it possible to
differentiate both types in vivo (Figure 7 h). Following this, it could be observed
that GF mice had approximately the same numbers of tuft cells as SPF mice,
except those cells were not as active (Figure 7 i). On the other hand, CS mice
had not only increased tuft cell numbers, but also increased activity compared to
both, SPF and GF mice.

54



Concluding, colonisation of mice with C. sporogenes increased anti-inflammatory
FoxP3 levels, protective interleukins and increased numbers and activity of tuft

cells, demonstrating an overall protective phenotype.

4.3 C. sporogenes ameliorates colitis in mice by modulating the

intestinal immune system
The increased expression of /122, //13 and Foxp3 as well as the higher numbers
of tuft cells suggest that microbial exposure in the C. sporogenes group may drive
a distinct immunological environment that could influence the severity and
progression of overall inflammation in the gut. As the mentioned factors have
been described to be protective in colitis (Sugimoto et al., 2008; Atarashi et al.,
2013; Steele, Melchor and Petri, 2016), CS, GF and SPF mice were challenged

with DSS to induce an experimental colitis.

Mice were treated with DSS in their drinking water for five days and then allowed
to recover for two days before analysation. To assess their health status, mice
were weighted and looked after every day. All three groups started losing weight
on day five of the DSS treatment with the SPF group losing the most (Figure 8
a). While on day six GF and CS mice still had roughly the same weight, the first
mice of the GF group had died (Figure 8 b), as also shown in previous
publications (Hernandez-Chirlaque et al., 2016). Additionally, nearly all GF and
SPF mice started showing rectal bleeding and appeared exhausted and sickly,
while CS mice overall appeared healthy with only sporadic signs of rectal
bleeding in a few individuals. On day seven GF and SPF mice still had lost a
significant amount of weight, while CS mice already started to gain weight again.
A number of additional GF mice exhibited such pronounced weakness or were
on the verge of death that they had to be euthanized. This resulted in the sacrifice
of all other groups, which were then analysed to ensure the comparability of the

data.

Colonisation with C. sporogenes significantly increased the survival and weight
gain of animals following challenge with DSS. SPF animals showed a high colonic
histopathological score (Figure 8 c), associated with increased weight loss and a

complete destruction of the crypt and goblet cell structure (Figure 8 d, e). In
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Figure 8: C. sporogenes protects mice against DSS-induced colitis.

(a) Weight curve, (b) survival and (c) histopathology scores of GF, CS and SPF mice treated with
DSS (2.5%) in drinking water for 5 days (n = = 7). Histopathology scores were performed by Anja
KUhl and statistical analysis was done with two-way ANOVA with *p < 0.05. The horizontal line
represents the mean. (d, e) Stainings were performed by Prof. Burkhard Schiitz and Anna-Lena
Ruppert, showing representative colon tissue sections from DSS-treated GF, CS and SPF mice
stained with (d) hematoxylin and eosin (HE) or (e) Alcianblue and nuclear red (n == 7).

contrast, most of the CS mice showed no clear signs of colonic inflammation or
destruction of crypts or goblet cells. While many of the GF mice also showed no
to less pathological changes in the colon, several of the GF mice had died in the

experiment which was not the case for CS or SPF mice.

Having shown that C. sporogenes significantly improved colitis weight gain,
survival and protection from structural damage, it was investigated which

immunological changes were observable. While GF and SPF mice already had
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decreased tuft cell numbers and activity compared to CS mice in physiological
conditions, this observation was also true in active colitis. Tuft cells, via
doublecortin-like kinase 1 (Dclk1), play a central role in the mucosal response to
colitis by enhancing epithelial repair responses, which in turn limits bacterial and
pro-inflammatory substance infiltration into the tissue. (Steele, Melchor and Petri,
2016; Yi et al., 2018). As therefore Dclk1 is an important marker for active tuft
cells involved in tissue repair, this marker was used to stain tuft cells in the gut of
colitis animals. Again, CS mice showed significantly higher numbers of tuft cells
in the colon as SPF or GF animals (Figure 9 a). In addition, a massive infiltration
of CD3* T lymphocytes was identified, in the colonic lamina propria of SPF mice
after DSS treatment, while CS and GF mice showed no to little infiltration (Figure
9 b). FACS analysis from T lymphocytes isolated from the colonic lamina propria
confirmed these data, revealing a high number of pro-inflammatory CD4" IL-17A*
and CD4" IFN-y* T cells in SPF, but not in CS or GF mice (Figure 9 c). Anti-
inflammatory CD4* FoxP3* T cells on the other hand were tendentially lower in

SPF mice, demonstrating a highly inflammatory phenotype in SPF animals.

To obtain a deeper insight into the complexity of an active colitis, we subjected
colonic tissue from GF, CS and SPF mice to RNA sequencing (RNA-seq). The
transcriptome analysis revealed significant differences in gene expression
profiles between CS, SPF and GF animals after DSS exposure. Because SPF
and CS mice demonstrated the biggest difference concerning weight loss,
histological score and immune cell invasion, these two cohorts were first
analysed. Several genes involved in the onset of intestinal inflammation and the
migration of immune cells to inflammatory sites, such as the alarmins S7100a8
and S700a9 (together forming the dimer calprotectin) and the pro-inflammatory
chemokines Ccl3-5, Cxcl1, Cxcl5, Cxcl9 and Cxcl13, were highly enriched in the
SPF mouse cohort in comparison to the C. sporogenes group (Figure 9 d).
Likewise, genes part of the complement system like C3, Cfb or C1ra were
increased. Furthermore, epithelial and macrophage-derived metalloproteases
such as Mmp9 and Mmp 13, which are key mediators of colonic tissue injury, were
upregulated in SPF mice. Among the pro-inflammatory factors, several genes
associated with the induction of Th17 cell differentiation (Ir1e1, ll1r2, I11b, ll17ra,
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Figure 9: C. sporogenes reduces inflammation markers in DSS-induced colitis.

(a-d) GF, CS and SPF animals were orally treated with DSS (2.5%) in drinking water for 5 days
and analysed on day 7. (a,b) Staining was performed by Prof. Burkhard Schiitz and Anna-Lena
Ruppert, showing immunohistochemistry and scatter plots from DSS-treated GF, CS and SPF
mice stained with (a) anti-Dclk1 or (b) anti-CD3 antibodies (n = 7). Statistical analysis was done
with two-way ANOVA with Tukey post hoc test with ****p < 0.0001. The horizontal line represents
the mean. (c¢) Scatter plots showing CD4* cells in the lamina propria of the colon in DSS-treated
GF, CS and SPF mice. Shown are the percentage and cell count of CD4* cells, cell count of CD4*
IL-17A* and CD4* IFN-y* cells and the percentage of CD4* FoxP3* cells (n=4-5). Statistical
analysis was done with one-way ANOVA with *p < 0.05; **p < 0.01. The horizontal line represents
the mean. (d) Heat map displaying significantly changed genes in the Reactome pathway
“Immune system” between SPF and CS mice after DSS-induced colitis. Colon tissue was
harvested, and RNA was extracted and sequenced (n = 3). Expression changes of genes were
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considered significant with padj. value < 0.05. Transcripts per million (TPM) values were
computed, z-score transformed and represented in heatmaps. Heatmaps were generated with
the R package pheatmap v. 1.0.12 using Euclidean distances. Trees indicate hierarchical

clustering (complete method).

116 and Icos) were significantly enriched in SPF mice compared to CS animals.
Similarly, the genes Lat and Vav1, which encode signalling proteins required for

T cell activation, were upregulated in the colon of SPF animals (Figure 9 d).

While most of the upregulated genes were pro-inflammatory related, most of the
genes downregulated were part of uptake mechanisms like calcium (Try4, Try5,
Aoc1, Mettl7a1 or Fos) or metabolic and regulatory pathways of the host cell (Ggh
Calm2 or Prss2).

Compared to GF mice, CS mice showed increased colonocytes activity in terms
of cell cycle related genes (Figure 17 a) and also genes associated with epithelial
cell repair and integrity (Figure 17 b). Notably, Cldn2 and Lgr5 were upregulated
in CS mice compared to GF mice (Figure 17 b), both genes playing an important
role in maintaining barrier integrity and permeability (Girish et al., 2021; Ahmad
et al., 2023). Pro-inflammatory genes like //6 and //1b were upregulated in CS
mice compared to GF mice (Figure 17 b, c), but appeared downregulated when

compared to SPF mice (Figure 10 d, e).

In summary, SPF mice showed a highly inflammatory phenotype after DSS
treatment, with complete destruction of the crypt structure, severe loss of weight,
invasion of CD3" cells in the tissue and vastly increased inflammation markers.
In comparison CS mice were nearly completely protected from colitis, showing
no to little signs of crypt destruction, less weight loss, increased protective tuft
cell numbers and no invasion of immune cells into the tissue. While GF mice
showed almost the same phenotype concerning histology and immune cell
invasion as CS mice after DSS treatment, several GF mice however died and
appeared much sicklier overall. Therefore, colonisation with C. sporogenes

rescued GF mice from colitis-induced death.
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4.4 C. sporogenes changes in vivo Th17 differentiation and
signalling pathways in colitis
Differences between SPF, GF and CS mice treated with DSS were not only
limited to different weight curves, histological changes or survival, but could also
be seen on the transcriptional level as already shown between SPF and CS mice
in Figure 9 d. While significant changes in gene expression profiles between all
groups could be detected (Figure 10 a), the focus stayed on the comparison
between SPF and CS mice (Figure 10 b), as this cohorts had the most prominent
differences in the previous assays. While many genes were immune or
inflammation related (Saa3, Lcn2, Ngp or S100a9) also several genes for

metabolism/cell structure (Try4, Cpal1, Mmp8 or Cyp2c69) or cell signalling

a b d

Significant changes in RNA expression SPFvsCS IL=17/TNF signaiing pattiway
50
GF vs C8 SPF vs CS i
40
Fos i
T
£ " j
: =" Bea
= Cxelt
= Mmp3
£20 i Cxol5
b
Socs3 -1
10 Cebpb
Ccl5
oot nz2rm2
& .
e T el WA g o Nindia
SPF vs GF 0 W 3 ey Mmpd
B 5] ] 7] @ [ @
log2 (fold change) @ @ »n 3 b ]
@ = 19 R n ]
N = 2 a
KEGG pathway SPF vs CS
Pancreatic secretion
Cytokine-cylokine receptor interaction
IL-17 signaling pathway e
Prolein digestion and absorption Th17 cel dffereniation
Lipid and atherosclerosis
Viral protein interaction with cytokine-{receptor)
Rheumatoid arthritis
Cell adhesion molecules Fos W15
TNF signaling pathway Wb i
Fat digestion and absorption W2ra 05
0 5 fo 15 20 L
p value (log10) Nikbia | ~0.5
Irf4 il
KEGG pathway SPF vs GF KEGG pathway GF vs CS Lat 1.5
IL17 signaling pathway |— Cell cycle - —— s
Chemokine signaling pathway - Hematopoietic cell lineage - EG——— -
Cytokine-cytokine receptor interaction - Staphylococous aureus infection - EEEGE_——_—T——.—— Iy] o O 17} © ®
TNF signaling pathway -— Viral protein interaction with cytokine-{receptor) —EGE———— ! 2 4 R 3 3
Lipid and atherosclerosis - — Th17 cell differentiation - EE—_—
Viral protein interaction with cytokine-(receptor) -E—_—_—_—_ Inflammatory bowel disease -——)
Rheumatoid arthritis - Cytokine-cytokine receptor interaction -
C-type lectin receptor signaling pathway - Rheumatoid arthritis - J—
Malaria - DNA replication -
Staphylococeus aureus infection - IL-17 signaling pathway -
2 4 6 2 4 6
p value (log10) P value (10910)

Figure 10: C. sporogenes influences Th17 cells in DSS-induced colitis.

(a-e) GF, CS and SPF animals were orally treated with DSS (2.5%) in drinking water for 5 days
and analysed on day 7. Colon tissue was harvested and RNA was extracted and sequenced (n =
3). Expression changes of genes were considered significant with padj value < 0.05. (a) Venn
diagram indicating the amount of significantly changed genes between the three groups. (b)
Volcano plot of murine colon tissue after DSS treatment showing differently regulated genes
between SPF and CS mice. (¢) KEGG pathway analysis showing the top ten most changed
pathways between SPF, CS and GF mice. (d,e) Heat map displaying significantly changed genes
in the (d) “IL-17- and TNF-signalling pathway” (IL-17- and TNF-signalling pathway are two
different pathways, but all significantly changed genes were shared in both) and (e) “Th17 cell
differentiation” between SPF and CS mice after DSS-induced colitis. Transcripts per million (TPM)
values were computed, z-score transformed and represented in heatmaps. Heatmaps were
generated with the R package pheatmap v. 1.0.12 using Euclidean distances. Trees indicate
hierarchical clustering (ward.D2 or complete method, respectively).
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(Retnlg or Camk2b) were differently expressed between SPF and CS mice
(Figure 10 b).

To obtain a deeper insight into the transcriptomic changes of the colitis
challenged mice cohorts, a KEGG pathway analysis between all groups was
performed (Figure 10 c). While pathways concerning metabolism, cell cycle or
resorption/secretion were observed in the different groups (Figure 10 c; Figure

LN 11

17 a), the T cell related pathways like “IL-17-signalling pathway”, “TNF signalling
pathway” (Figure 10 d) and “Th17 cell differentiation” (Figure 10 e; Figure 17 c)
were in the top ten regulated pathways in each of the groups compared. Given
that alterations in T cells following treatment with C. sporogenes metabolites had

already been observed (Figure 7 c, d), this finding was of particular interest.

4.5 C. sporogenes-derived metabolites suppress differentiation
of Th17 cells

Given that KEGG pathway analysis revealed notable alterations in the IL-17
signalling pathway during colitis progression in SPF and CS mice, it was
investigated how metabolites produced by C. sporogenes affect the
differentiation of Th17 cells.

Since it was already shown in this work that C. sporogenes supernatant induced
IL-22 production in Th17 cells (Figure 7 d), the key interleukin of Th17 cells, IL-
17A, was now investigated. Interestingly, while IL-22 was increased after
treatment, IL-17A levels were greatly diminished when treated with C.
sporogenes supernatant (Figure 11 a). Of all the other bacteria that were tested,
only C. difficile also showed a noteworthy reduction in IL-17A, however the
reduction was significantly less as observed by C. sporogenes. As previously
shown (Luu et al., 2019), SCFAs, as produced by C. sporogenes, are capable of
reducing the IL-17A expression in Th17 cells. It was observed that the reduction
in IL-17A levels was not exclusive to SCFAs. Similarly, the BCFAs isobutyrate
and isovalerate were observed to reduce IL-17A to a comparable extent (Figure
11 b). Besides SCFAs and BCFAs, C. sporogenes also produces the unique
metabolite IPA through the reductive Stickland metabolic pathway out of dietary
tryptophan (Dodd et al., 2017a). While IPA had nearly no effect on the production
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of IL-22 (Figure 7 c), it was able to supress IL-17A levels by more than 50% in
Th17 cells (Figure 11 c), at concentrations that were below the serum levels
detected in C. sporogenes monocolonised mice (Figure 6 d). Intriguingly, this
effect decreased with increasing IPA levels, possibly indicating some sort of
negative feedback inhibition. In contrast, the IPA precursor indoleacetic acid
(IAA) was unable to induce any changes in IL-17A levels. While the reduction of
IL-17A trough IPA was also detectable via ELISA (Figure 18 a), no changes on
the mRNA level could be detected (Figure 18 b).

Generally, a decline in the production of molecules, including interleukins, could
be part of an overall decreased fitness or survivability, hence proliferation and
survival of treated cells were assessed. Carboxyfluorescein succinimidyl ester
(CFSE) staining showed only a slight impact on proliferation at 50 uM IPA, while
1 mM reduced proliferation significantly (Figure 11 d). The C. sporogenes
supernatant also significantly impaired proliferation of Th17 cells. Annexin
staining of the treated cells however showed no effect of IPA on the survival of
Th17 cells, while cells treated with C. sporogenes supernatant only exhibited a

small reduction of survival (Figure 18 c).

The effect from IPA and C. sporogenes supernatant seen on IL-17A, was also
detected for IL-17F (Figure 11 e), demonstrating the exact same pattern. On the
other side, IL-2, was not influenced by IPA, while C. sporogenes supernatant
(Figure 11 f), SCFAs, BCFAs and other bacterial supernatants tended to increase
IL-2 levels (Figure 18 d). IPA had also no effect on the granulocyte-macrophage
colony-stimulating factor (GM-CSF), which acts as a bridge between the adaptive
and innate immune systems by promoting the activation and function of myeloid
cells, including macrophages and dendritic cells (Ariki et al., 2023). C.
sporogenes supernatant on the other hand significantly increased GM-SCF
production in Th17 cells (Figure 11 g).

Next, the anti-inflammatory CD4* FoxP3* Tregs were analysed, with IPA
demonstrating a slight reduction of the key transcription factor FoxP3, while C.
sporogenes supernatant showed no significant alteration (Figure 11 h). Even
though FoxP3 levels were lower, no changes in IL-10 production could be

observed in Tregs or Th17 cells (Figure 18 g). Concerning Th1 cells, the levels
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Figure 11: IPA reduces IL-17A levels in Th17 cells.

(a-j) CD4* T cells were isolated from two- to four-month-old C57BL/6N mice and differentiated in
vitro under Th17-polarising conditions for 3 days. Cells were treated with different stimuli starting
at day 0. (a) Flow cytometry analysis of Th17 cells showing the percentage of IL-17A* cells after
3 days differentiation. Cells were treated with 2.5 vol% bacterial cell-free supernatant set to an
ODeoo of 0.7 (n = 3). (b,c) Flow cytometry analysis of Th17 cells showing percentage of IL-17A*
cells after 3 days differentiation. Cells were treated with C. sporogenes metabolites (b)
propionate, isobutyrate, valerate, isovalerate, each 2 mM and butyrate 0.5 mM (n = 5) or (c) IPA
and IAA at indicated concentrations (n = 3). (d) Flow cytometry analysis of CFSE stained Th17
cells treated with IPA (5, 50 and 1000 uM) or C. sporogenes cell free supernatant for 3 days
(representative histograms). The red area indicates control cells (untreated for IPA or medium for
C. sporogenes) and the blue area IPA- or C. sporogenes-treated cells (n = 3). (e-g) Flow
cytometry analysis of Th17 cells showing percentage of (e) IL-17F*, (f) IL-2* or (g) GM-CSF* cells
after 3 days differentiation (n = 3). (h) Flow cytometry analysis of Treg cells showing the
percentage of FoxP3* cells after 3 days in vitro differentiation (n = 5). (i) Flow cytometry analysis
of Th1 cells showing the percentage of IFN-y* cells after 3 days in vitro differentiation (n = 6). (j)
Flow cytometry analysis of Th2 cells showing the percentage of IL-13* cells after 3 days in vitro
differentiation (n = 5). Statistical analysis was done with one-way ANOVA with **p < 0.01; ***p <
0.001; ****p < 0.0001. Data are presented as mean and error bars represent SD.

of their key cytokine IFN-y was reduced by IPA treatment, while C. sporogenes
supernatant increased IFN-y levels (Figure 11 i), the same pattern which was
also observed with IL-13 in Th2 cells (Figure 11 j). The effect of C. sporogenes

on IL-13 in Th2 cells was not specific, as all other bacterial supernatants, except
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E. coli, also increased IL-13 (Figure 18 e). This effect was also observable for
butyrate, isobutyrate, propionate and isovalerate, but not for valerate (Figure 18

e).

As IPA administration demonstrated anti-inflammatory properties, and was
described in the literature to improve cell healing (Hwang et al., 2009; Zhao et al.,
2019a), a wound healing assay was performed (Liang, Park and Guan, 2007).
For this experiment the human cell line HT29 was used and indole was added,
as it was described to improve the IPA effect via PXR (Venkatesh et al., 2014a).
However, no improvement in wound healing could be detected with IPA, with or

without indole (Figure 18 f).

4.6 IPA alters the mTOR pathway by reducing phosphorylation

of successor molecules

Treatment of Th17 cells resulted in a reduction of the key interleukin IL-17A, while
mMRNA levels remained unchanged, indicating changes at the post-translational

level. The mechanism of action was therefore further investigated.

In a first step, nuclear factor kappa B (NF-kB) activation was analysed. NF-kB is
a critical transcription factor in the differentiation and function of Th17 cells and
plays a pivotal role in promoting the production of pro-inflammatory cytokines,
such as IL-17A (Park, Cho and Park, 2014). Activation of NF-kB was analysed
via the phosphorylation of the subunit p65 (RelA), which leads to activation of NF-
kKB upon phosphorylation. However, no changes in the activation
(phosphorylation) of p65 could be observed, neither in resting nor activated Th17
cells (Figure 12 a). Besides NF-kB, RORVyt (retinoic acid receptor-related orphan
receptor gamma t) and IRF4 (interferon regulatory factor 4) are also key
transcription factors in the differentiation and function of Th17 cells. RORvt is
essential for the expression of Th17-specific cytokines like IL-17A. IRF4 works
alongside RORyt to promote Th17 differentiation by regulating the expression of
genes crucial for Th17 cell function (Capone and Volpe, 2020). Levels of both
transcription factors were analysed via flow cytometry, again displaying no

difference between untreated and IPA treated cells (Figure 12 b).
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Figure 12: IPA downregulates phosphorylation of mTOR-associated proteins in Th17 cells.
(a,b) CD4* T-cells were isolated from two to four month-old C57BL/6N mice and differentiated in
vitro under Th17-polarizing conditions for 3 days. Cells were treated with different stimuli starting
on day 0. (a) Representative western blot of NF-kB p-p65 in Th17 cells treated with 50 yM IPA
for 3 days and phorbol 12-myristate 13-acetate (PMA) / ionomycin (P/I) for indicated time points.
B-actin was used as a loading control. (b) Staining of RORyt and IRF4 in Th17 cells via flow
cytometry on day 3 (n = 3). (c-e) CD4* T-cells were isolated from two to four month-old C57BL/6N
mice and differentiated in vitro under Th17-polarizing conditions for 2 days. Cells were then
harvested, RNA was isolated and sequenced. Cells were treated with different stimuli starting on
day 0. (c¢) Heat map displaying all significantly (padj. < 0.05) changed genes between untreated
(C) and IPA-treated Th17 cells. (d) KEGG pathway analysis showing the top 10 most changed
pathways in IPA-treated Th17 cells compared to the control. (e) Heat map showing the genes
significantly (padj. < 0.05) differently regulated in the KEGG pathway “Ribosome”. (f-J) CD4* T-
cells were isolated from two to four month-old C57BL/6N mice and differentiated in vitro under
Th17-polarizing conditions for 3 days. Cells were treated with different stimuli starting on day 0.
(f) Flow cytometry analysis of Th17 cells from WT (white) and Ahr’ (grey) mice showing the
percentage of IL-17A* cells after 3 days differentiation (n = 4). (g) Phospho-staining of p-mTOR
in Th17 cells via flow cytometry on day 3 of in vitro differentiation (n = 3). (h) Phospho-staining of
p-S6 in Th17 cells via flow cytometry on day 3 of in vitro differentiation (n = 4). (i) Representative
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western-blot of phosphorylated-4E-BP1 and bar graphs showing relative p-4E-BP1 signals
normalized to B-actin in Th17 cells after 3 days of in vitro differentiation (n = 3). All statistical
analyses were done with one-way ANOVA with *p < 0.05; **p < 0.01. The horizontal line
represents the mean. For the generation of heatmaps, transcripts per million (TPM) values
were computed, z-score transformed and represented in heatmaps. Heatmaps were
generated with the R package pheatmap v. 1.0.12, using Euclidean distances. Trees indicate
hierarchical clustering (complete method).

Since NF-kB, RORyt and IRF4 were not altered under IPA treatment, mRNA-
sequencing of Th17 cells was conducted to gain a deeper insight into the
mechanism of action. RNA-seq analysis revealed strong alterations in the gene
expression profile of IPA-treated Th17 cells (Figure 12 c¢), again with no direct
changes in the //17a or Il17f gene-expression. KEGG-pathway analysis however
showed changes in the Th17 cell differentiation pathway, but the most prominent
changes appeared in ribosome and ribosome biogenesis related pathways
(Figure 12 d, e). As it was described before that IPA is able to activate the aryl
hydrocarbon receptor (AhR) (Huang et al., 2022; Zhuang et al., 2023) and that
AhR is able to interact with the ribosome and protein biogenesis (Gao et al., 2017,

Lafita-Navarro et al., 2018a), AhR ko mice (Ahr’) were analysed.

While IL-17A expression was overall less in Ahr’”- mice, as already described by
B. Stockingers group (Veldhoen et al., 2009), IPA was still able to reduce IL-17A
levels by over 50% in WT and Ahr’- mice (Figure 12 f), demonstrating an AhR
independent mechanism. The same effect was also observable using C.
sporogenes supernatant (Figure 18 g).

As the effect of IPA could not be explained with the involvement of AhR, other
pathways needed to be studied. While ribosomes are the molecular machines
responsible for synthesizing proteins, the efficiency and regulation of protein
synthesis are tightly linked to cellular growth and energy status. This processes
however are under the control of the mechanistic target of rapamycin (mTOR).
mMTOR is a central regulator of cell metabolism, growth, and proliferation, and it
directly influences ribosome biogenesis and function (Mayer and Grummt, 2006).
Therefore, activation of mMTOR and its successor molecules S6 and 4E-BP1 was
investigated. Flow cytometry analysis of the phosphorylated (activated) form of
MmTOR (p-mTOR) and S6 (p-S6) showed, that Th17 cells treated with IPA had
significant less phosphorylated mTOR and S6 (Figure 12 g, h). This could also
be observed for S6 phosphorylation in Ahr’- mice, but not for mTOR (Figure 18

66



h, i). Besides S6, 4E-BP1 was also significantly less phosphorylated in IPA
treated cells (Figure 12 j), together demonstrating a possible explanation for the
decreased levels of IL-17A in IPA treated Th17 cells.

4.7 Dendritic cells are not influenced by IPA

T cells, key players in adaptive immunity, require activation to perform their
functions effectively. This activation is largely dependent on interactions with
dendritic cells (DCs), which serve as crucial antigen-presenting cells. Upon
encountering an antigen, DCs process and present it on their surface along with

costimulatory molecules (Tai et al., 2018).

As IPA was able to reduce the key interleukin IL-17A in Th17 cells, it was
investigated whether changes in interleukin expression could also be observed
in DCs. Lipopolysaccharide (LPS) from E. coli was used to activate the DCs to
analyse if IPA would affect activated or resting DCs differently. In all cases LPS
lead to an overall increase of interleukin expression, however, no significant IPA
dependent changes could be observed in IL-6, IL-12, IL-23 or TNFa interleukin
levels in the DC supernatant (Figure 13 a-d), independent of whether DCs were
stimulated with LPS or without. This was also observed concerning the gene
expression of p35, p40, p19, 113, Tnfa or 1I6 (Figure 19 a-f).

While IPA treatment at low concentrations of only 50 uyM already significantly
decreased 4E-BP1 phosphorylation in Th17 cells (Figure 12 i), 4E-BP1 was only
slightly affected by IPA treatment in DCs at a concentration of 500 uM (Figure 13
e). Like in Th17 cells, NF-kB activation was also assessed in DCs. However,
when analysing IkBa phosphorylation, no difference in NF-kB activation could be
observed in DCs after IPA treatment, as already observed in Th17 cells (Figure
13 f).
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Figure 13: IPA demonstrates no influence on dendritic cells.

(a-d) Bone marrow was isolated from eight- to sixteen-week-old C57BL/6 mice, and myeloid
precursor cells were differentiated into DCs in the presence of GM-CSF for 7 days. DCs were
then pre-treated with IPA for 24 h and then with or without LPS for another 24 h. The supernatant
was used for ELISA to determine (a) IL-6, (b) IL-12, (c) IL-23 and (d) TNFa levels (n = 3).
Statistical analysis was done with one-way ANOVA with ****p < 0.0001. Data are presented as
mean and error bars represent SD. (e) Representative western blot showing p-4E-BP1 protein
levels in DCs. DCs were pre-treated with IPA for 24 h and then with LPS for another 24 h. (n = 3)
(f) Representative western blot showing NF-kB activity as p-IkBa protein levels in DCs. DCs were
pre-treated with IPA for 24 h and then with LPS for 30 min (n = 3).

4.8 C. sporogenes supernatant improves DSS outcome in SPF

mice

After analysing the impact of C. sporogenes monocolonisation on DSS induced

colitis and the impact of its metabolites on T cells, it was investigated if C.

sporogenes could also improve the outcome of colitis when applied as a probiotic

to SPF mice.

SPF mice were therefore gavaged with C. sporogenes for one week prior to DSS

induction and weight change was observed. However, no difference between the

control group and C. sporogenes group could be observed (Figure 14 a). Since

the application of probiotics is challenging (Wolfe et al., 2023) and C. sporogenes
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Figure 14: Gavage of C. sporogenes supernatant improves DSS-induced colitis.

(a) SPF mice were gavaged every day with C. sporogenes in PBS (ODesoo 5) or PBS (control) for
one week prior to DSS treatment (DSS (2.5%) in drinking water from day 0-5) and weight change
was measured. (b-c) SPF mice were treated with DSS (2.5%) in drinking water for 5 days and
analysed on day 7. Mice were gavaged every second day with C. sporogenes supernatant, grown
in BHI for 3 days in an anaerobic environment, or BHI medium as control. (b) Weight curve of
DSS-treated mice (n = 4). Statistical analysis was done with two-way ANOVA with *p < 0.05. The
horizontal line represents the mean. (¢) Scatter plot showing the percentage of live CD4* T cells
in the colon lamina propria of DSS-treated mice (n = 3). Statistical analysis was done with one-
way ANOVA with **p < 0.01. Horizontal lines represent the mean. (d-I) SPF mice were treated
with DSS (2.5%) in drinking water for 5 days (days 0-5) and then back to normal drinking water
until analysis on day 12. Mice were gavaged every day with IPA in PBS (20 mg/kg) or PBS as a
control. (d) Weight curve of DSS-treated mice and (e) colon length on day 12 (n = 8). Statistical
analysis was done with two-way ANOVA. Data are presented as mean and error bars represent
SD. (f-1) Flow cytometry analysis of colon lamina propria cells showing the percentage of (f) CD4*
cells, (g) CD4* IL-17A* cells, (h) CD4* IFN-y* cells and (i) CD4* FoxP3* cells (n = 3). (j-I) Analysis
of the colon lamina propria showing the cell numbers of (j) CD4* cells, (k) CD4* IL-17A* cells and
(I) CD4* FoxP3* cells (n = 3). Statistical analysis was done with one-way ANOVA with *p < 0.05.
The horizontal line represents the mean.

was probably not able to successfully colonise the gut of mice with an already
established and stable microbiome, the experiment was repeated using only the

cell free supernatant of C. sporogenes. Interestingly, mice gavaged with C.
69



sporogenes supernatant showed a significant improved outcome after DSS
induced colitis, with less weight loss (Figure 14 b) and lower CD4" cell numbers

in the lamina propria (Figure 14 c).

Having seen the effect of IPA on T cells and the protective effect of C. sporogenes
supernatant, it was questioned whether IPA alone could rescue mice from DSS-
induced colitis. Therefore, mice were gavaged with IPA two days prior to DSS
application and during DSS application. Concerning the weight progression, no
differences were observable between the control group and the IPA treated group
(Figure 14 d). Also no changes in colon length (Figure 14 e), lamina propria CD4*
cells (Figure 14 f), lamina propria CD4* IL-17A" cells (Figure 14 g), lamina propria
CD4* IFN-y* cells (Figure 14 h) or lamina propria CD4* FoxP3* cells (Figure 14
i) were detectable. While no changes in the percentage of CD4" cells was
observable, the total number of CD4" cells isolated from the lamina propria was
increased in the IPA group (Figure 14 j). Also, the total numbers of CD4* IL-17A*
and CD4" FoxP3* cells were slightly increased in the IPA group, even though the
difference was not significant (Figure 14 k, I).

In summary C. sporogenes was not able to improve the outcome of colitis as
probiotic in an already established and intact microbiome. And while IPA alone
was not able to protect mice from colitis as well, the complete metabolite cocktail
from C. sporogenes was able to improve the colitis outcome significantly

demonstrating a putative therapeutically approach in treating colitis and IBD.
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5. Discussion

The gut microbiome, composed of trillions of microorganisms including bacteria,
fungi and viruses, plays a critical role in maintaining human health (Thursby and
Juge, 2017b; Liu et al., 2021). These microbes are involved in essential functions
such as nutrient absorption, immune system modulation and protection from
pathogens. An imbalance in the gut microbiome, known as dysbiosis, has been
linked to several health problems, particularly inflammatory bowel diseases (IBD)
such as ulcerative colitis (UC) or Crohn’s disease (CD). In diseases such as UC,
changes in the gut microbiota contribute to chronic inflammation of the colon,
exacerbating symptoms and complicating treatment (Thursby and Juge, 2017b;
Kuziel and Rakoff-Nahoum, 2022). Understanding the role of the gut microbiome
in health and disease is critical to developing therapeutic strategies aimed at
restoring microbial balance to manage and potentially prevent conditions such as
IBD. Given the complex nature of the microbiome, including the interactions
between the microbiome and its metabolites with the host, it is a formidable
challenge to conduct comprehensive research in this field. This study, therefore,
concentrated on a single bacterium, Clostridium sporogenes, with the aim of
gaining insight into its interactions with and impact on the host's gastrointestinal

tract and immune system.

5.1 Clostridium sporogenes produces a distinctive set of

metabolites beneficial for the host
C. sporogenes, a key member of the gut microbiota, plays a significant role in
modulating host health through the production of various metabolites (Dodd et
al., 2017b; Liu et al., 2022). Among these, short-chain fatty acids (SCFAs) and
branched-chain fatty acids (BCFAs) are particularly noteworthy. SCFAs, such as
acetate, propionate, butyrate and valerate, are produced through the
fermentation of dietary fibers and are essential for maintaining gut health and
immune function (Tan et al.,, 2014; Luu and Visekruna, 2019). While C.
sporogenes was able to produce high amounts of acetate, propionate, butyrate
and valerate in vitro (Figure 16 a), only acetate and propionate were detectable
in CS monocolonised mice. This observation was in line with already published

literature (Guo et al., 2019).
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BCFAs like isobutyrate and isovalerate, on the other hand, are derived from the
fermentation of branched-chain amino acids and have distinct metabolic roles
that are not well understood at this time (Rios-Covian et al., 2020). The BCFAs
isobutyrate and isovalerate were robustly produced by C. sporogenes in vitro, but
unlike butyrate and valerate, they were also produced at high levels in vivo, even
reaching levels detected in SPF mice (Figure 16 f). While in general SCFAs are
more commonly discussed, BCFAs also contribute to gut health. Isobutyrate and
isovalerate can serve as alternative energy sources for colonocytes, supporting
the maintenance of gut barrier function. Additionally, BCFAs may modulate the
gut environment by influencing the growth of other commensal bacteria and

regulating immune responses (Rios-Covian et al., 2020; Lu et al., 2024).

Another important metabolite produced by C. sporogenes is indole-3-propionic
acid (IPA), a derivative of tryptophan metabolism. While there are nine known
producers of IPA at this time point, C. sporogenes is the best studied, producing
high amounts of IPA in vitro and in vivo. While C. sporogenes is part of the normal
gut microbiota, most of the other bacteria however are not primarily associated
with the human microbiome (Dodd et al., 2017b; Jiang, Chen and Gao, 2023).
Monocolonisation of germ free (GF) mice with C. sporogenes resulted in high IPA
concentrations in serum and stool (Figure 16 d), while tryptophan levels were
almost as in SPF mice (Figure 16 c). While normal tryptophan metabolism is
critical for maintaining intestinal health, excessive tryptophan levels or
imbalanced metabolism may exacerbate or contribute to the development of
inflammatory conditions in the gut and can even lead to psychiatric disorders e.g.
depression (Choi et al., 2020; Comai et al., 2020). In general, IPA has garnered
attention for its antioxidant and anti-inflammatory properties (Venkatesh et al.,
2014b; Dodd et al., 2017b; Konopelski and Mogilnicka, 2022). IPA crosses the
blood-brain barrier and has been shown to protect neurons from oxidative stress,
suggesting a potential role in neuroprotection (Hwang et al., 2009; Xie et al.,
2022). In the gut, IPA helps maintain intestinal barrier integrity, reducing
inflammation and potentially preventing conditions like IBD (Jiang, Chen and
Gao, 2023).

Other commensal bacteria, such as Faecalibacterium prausnitzii and Bacteroides

fragilis, are also known to produce beneficial SCFAs and contribute to gut health
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(Thursby and Juge, 2017a). However, the role of C. sporogenes is distinct due to
its production of IPA and BCFAs, which provide additional protective
mechanisms, particularly in terms of antioxidant defence and alternative energy
sources for the gut. This suggests that a diverse gut microbiome, including C.
sporogenes, is essential for overall gut health, providing a wider range of

metabolic products that contribute to the overall well-being of the host.

5.2 C. sporogenes and its metabolites alter the host immune

system towards a protective phenotype
Bacterial metabolites play a key role in shaping the mucosal immune system. By
influencing the behaviour of immune cells, improving the integrity of the intestinal
barrier and modulating inflammation, bacterial metabolites help maintain a
delicate balance between immune tolerance and activation. This balance is
critical for preventing excessive inflammation while ensuring effective defence
against pathogens. After having analysed the metabolites of C. sporogenes in
vivo, it was investigated how the mucosal immune system of the host is altered

upon C. sporogenes colonisation.

As members of the Clostridium species mainly colonise the mammalian colon
(Guo et al., 2020c), the colonic lamina propria, specifically T cells, were first
examined. In C. sporogenes monocolonised mice, anti-inflammatory CD4*
FoxP3* cells were increased compared to GF animals (Figure 7 a), while
inflammatory CD4" IL-17A* and CD4" IFN-y* T cell numbers were not changed
(Figure 16 h, i). As the gut is constantly exposed to a vast array of antigens,
including food particles and commensal bacteria, Tregs, characterized by the
expression of CD4 and the transcription factor FoxP3, are essential in preventing
inappropriate immune responses to these antigens. Increased numbers of CD4*
FoxP3* Tregs in the gut can be beneficial, particularly in the context of
inflammatory diseases such as IBD. Tregs help to mitigate these pathological
immune responses, thereby reducing inflammation and tissue damage (Atarashi
et al., 2013; Sun et al., 2015). Certain commensal bacteria, such as Clostridium
species, and their metabolites, such as SCFAs, have been shown to improve
Treg function and stability (Atarashi et al., 2013; Luu and Visekruna, 2019),

bringing C. sporogenes in line with observations in the literature.
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Besides increased Treg numbers, /22 and //13 expression was also increased in
CS animals (Figure 7 b). Elevated levels of IL-22 and IL-13 in the mammalian
gut play an important role in modulating immune responses, maintaining the
integrity of the intestinal barrier and influencing the gut microbiota. These
cytokines are central to the complex interplay between the immune system and
the gut environment, particularly in the context of inflammation and infection
(Sugimoto et al., 2008; Mannon and Reinisch, 2012). IL-22 increases epithelial
cell proliferation, promotes mucus production by goblet cells and improves the
secretion of antimicrobial peptides, all of which contribute to the maintenance of
intestinal barrier function. This cytokine is particularly important during
inflammatory responses, where it helps to repair damaged epithelium and
prevent the translocation of bacteria and toxins into the systemic circulation
(Sugimoto et al., 2008). IL-13 on the other hand is beneficial in controlling
parasitic infections by strengthening the mucus layer and expelling parasites, but
its chronic elevation can contribute to pathological conditions such as fibrosis and
exacerbation of inflammation, which may worsen disease outcomes in conditions
such as IBD (Mannon and Reinisch, 2012). While both cytokines have distinct
roles, their interactions can be complex. In general, when both cytokines are
elevated, it may indicate an ongoing immune response that can either protect or
harm the host, depending on the context. However, when looking at CS mice, the
elevated levels of IL-22 and IL-13 appeared to be protective, as the mice
appeared generally healthy and showed no signs of inflammation or other
pathological changes in the gut. In addition, as discussed in more detail later, CS
mice were protected from colitis, further supporting a protective phenotype of the

elevated interleukin levels.

As IL-22 is produced by Th17 cells (Sugimoto et al., 2008; Korn et al., 2009), it
was assessed if C. sporogenes metabolites can induce IL-22 secretion. All
metabolites tested increased IL-22 production in Th17 cells, although not all
reached significant levels (Figure 7 c). The same effect was observed when the
supernatant of C. sporogenes grown in media was used (Figure 7 d), providing a
strong indication that the elevated IL-22 levels in the gut of CS mice are triggered
by the metabolites produced by C. sporogenes, rather than by the direct
interaction between the bacteria and the host. Intriguingly, the supernatant of C.

sporogenes increased the IL-22 production in Th17 cells by far the most. Only C.
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difficile showed similar levels of IL-22. But as it is a pathogenic bacterium in the
gut, particularly associated with antibiotic-induced dysbiosis and healthcare-
associated infections (Guo et al., 2020c), it does not contribute to host health,
unlike C. sporogenes.

The protective role of IL-22 is closely linked to the function of tuft cells in the gut.
Tuft cells, which are a rare and morphologically distinct chemosensory epithelial
cell type, also contribute to the immune landscape of the gut by sensing
environmental cues and coordinating responses to parasitic infections and
dysbiosis (Steele, Melchor and Petri, 2016; Silverman et al., 2024). Analysis of
CS mice revealed an overall increase in the number and activity of colonic tuft
cells compared to SPF and GF mice (Figure 7 g-i). The number of tuft cells in CS
mice decreased with further distance from the colon, demonstrating that it is
primarily the direct colonisation of C. sporogenes that archives the expansion of
tuft cells, while also affecting most of the remaining gastrointestinal tract (Figure
16 I-n). The tuft cells were also shown to possess the free fatty acid receptors 2
and 3 (FFAR2 and FFAR3). These receptors are stimulated by SCFAs such as
acetate, propionate or butyrate and lead to the activation of tuft cells, resulting in
the expression of /125, a cytokine that stimulates ILC2s. This leads to the
activation of type 2 immune responses and the secretion of IL-13, which, among
other effects, leads to tissue repair (Schneider, O’Leary and Locksley, 2019;
Kimura et al., 2020; Silverman et al., 2024). As a result, tuft cells induce epithelial
cell proliferation and improve epithelial cell integrity, contributing to a protective
phenotype by reducing the invasion of inflammatory antigens and bacteria
(Steele, Melchor and Petri, 2016). In addition, IL-25 not only initiates the type 2
response, but also suppresses the production of IL-17A by inhibiting the
differentiation of Th17 cells, thereby inhibiting the type 3 response, which, if not
properly regulated, is associated with chronic inflammation and tissue damage
(Su et al., 2013). In line with this, recent studies have shown that tuft cells are
significantly increased in the colon of mammals undergoing acute inflammation,
such as colitis (Steele, Melchor and Petri, 2016). On the other hand, patients with
chronic inflammation like UC or CD had fewer total //25 expressing cells in their
intestinal mucosa (Silverman et al., 2024). This suggests that patients with active
IBD may possess fewer tuft cells than healthy controls, leading to an increased

and not correctly regulated type 3 response. When used as a probiotic, C.
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sporogenes could dampen active inflammation and help achieve and maintain

remission, by increasing tuft cell numbers and supressing the type 3 response.

5.3 Colonisation with C. sporogenes rescues GF mice from DSS
induced death

Having demonstrated several putative mechanisms by which C. sporogenes
colonisation could supress colitis, DSS was administered to CS, GF and SPF
mice to study the impact of acute colitis. Following DSS administration, SPF mice
showed drastic weight loss, inflammation and destruction of colonic crypts, which
was not observable in GF or CS mice (Figure 8 and Figure 9). However, several
GF mice died in the course of DSS induced colitis, as previously described in the
literature (Hernandez-Chirlaque et al., 2016). CS mice on the other hand, showed

faster weight gain, no inflammation, no crypt destruction and no fatalities.

In the past, it has been reported that GF mice can be rescued from DSS-induced
death by transferring a complex microbiota from healthy animals (Hernandez-
Chirlaque et al., 2016). Stool transplantation is also part of ongoing research to
cure various diseases, including UC and CD (Zhang et al., 2022). While stool
transplantation involves the transfer of numerous bacteria, the rescue of GF mice
from a single bacterium was only reported once until now with B. fragilis (Chiu et
al., 2014), while many other bacteria like E. coli, C. difficile or Porphyromonas
gingivalis are rather known to exacerbate colitis (Steele, Melchor and Petri, 2016;
Yang et al., 2020; Jia et al., 2024). However, B. fragilis and C. sporogenes appear
to have different protective mechanisms. While C. sporogenes supernatant
induced IL-22 in Th17 cells in vitro, this was not the case with B. fragilis (Figure
7 d). Chiu et al. also reported no changes in IL-22 or IL-13 levels in vivo. The
protective mechanism of B. fragilis was reported to be mediated by decreased
TNFa levels and increased IL-10 levels (Chiu et al., 2014), which were not
detected in C. sporogenes colonisation when compared to GF animals. However,
when compared to SPF animals, changes in the TNFa-signalling pathway (Figure
10 c, d) were observed, even when no direct changes in the Tnfa expression
were measurable. Concerning the /110 expression, CS mice showed increased
populations of CD4" FoxP3™ cells in steady state (Figure 7 a), but not under acute

colitis conditions (Figure 9 c). Nonetheless, no direct changes in IL-10 levels were
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detectable. The protective mechanism of C. sporogenes described in this thesis
therefore represents a novel finding that could provide further insight into the

pathophysiology of diseases such as IBD.

Analysis of the colon tissue of DSS-treated SPF mice revealed a massive
infiltration of CD3* and CD4* cells along with increased inflammatory markers
(Figure 9). DSS administration resulted in the destruction of the epithelial layer,
allowing bacterial invasion into the tissue and exacerbating structural damage
through an increased immune response. On the other hand, CS and GF animals
showed little or no evidence of structural damage in the colon tissue. Due to a
lack of bacteria, fungi and viruses, the immune system of GF animals is not
properly primed (Hernandez-Chirlaque et al., 2016). Also, probably due to the
lack of bacteria and other pathogens, excessive inflammation is not triggered
when the epithelium is damaged. The GF mice therefore did not die as a result
from excessive inflammation. When comparing GF with CS mice, KEGG pathway
analysis revealed changes in the “inflammatory bowel disease” pathway (Figure
10 c). CS mice showed increased levels of colitis associated genes like Stat1,
Gata3, 116, II1b, Runx1, H2-ab1, H2-dmb1 and H2-dmb1. In previous studies,
these genes were found to be upregulated in colitis or IBD (Hung et al., 2014;
Okamura et al., 2014; Schaupp et al., 2020; Eshleman et al., 2023; Shahini and
Shahini, 2023). However, many of those genes are in general downregulated in
GF animals, out of a lack of microbial interaction (Hernandez-Chirlaque et al.,
2016; Schaupp et al., 2020; Eshleman et al., 2023). For example, /I6 and //1b
appeared downregulated in CS mice when compared to SPF animals. This leads
to the hypothesis that these genes are not pathologically overexpressed in CS
mice, but at levels necessary for intestinal homeostasis. For example, while IL-6
can induce chronic inflammation and tissue damage, it also mediates repair
mechanisms through its beneficial effects on the epithelial barrier (Shahini and
Shahini, 2023) and MHCII (H2-ab1, H2-dmb1, and H2-dmb1) signalling is
required to maintain a balance between immune activation and immune

tolerance, activating anti-inflammatory Tregs (Eshleman et al., 2023).

As reported in the literature, GF animals have reduced colon thickness and suffer
severe blood loss after DSS-induced colitis (Hernandez-Chirlaque et al., 2016).

Both factors were not analysed in this study but are consistent with the
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observation that GF mice had increased rectal bleeding. The Reactome pathway
analysis between CS and GF animals also showed a strong increase in cell cycle
related pathways in CS animals (Figure 17 a). Also several genes associated with
epithelial repair and integrity like Cldn2 and Lgr5 (Girish et al., 2021; Ahmad et
al., 2023) were upregulated in CS mice compared to GF mice (Figure 17 b). This
leads to the hypothesis that C. sporogenes colonisation led to increased
proliferation and integrity of epithelial cells, probably triggered by increased
numbers of tuft cells, IL-22 and IL-13 in CS mice, which strengthened the colonic
cell structure, in turn preventing excessive inflammation as well as the loss of
blood, nutrients and electrolytes. To validate this hypothesis, further experiments
and parameters need to be analysed. Hereby clinical blood values such as the
haematocrit (Hernandez-Chirlaque et al., 2016) should be monitored, as well as

nutrient and electrolyte levels of the mice.

5.4 C. sporogenes metabolites change Th17 differentiation and

cytokine production
Colitis is often associated with or results from a dysregulated intestinal immune
response. Key players in this process are Th17 cells, a subset of CD4* T cells
known for their role in mucosal immunity, particularly through the secretion of IL-
17A/F. When investigating the effect of DSS-induced colitis on GF, CS and SPF
mice, changes in IL-17 and/or Th17 related KEGG pathways were detected
between every group compared. Having already shown that C. sporogenes
metabolites can induce IL-22 in Th17 cells (Figure 7 c, d), the next step was to
investigate how the signature interleukin of Th17 cells, IL-17A, is affected by C.

sporogenes metabolites.

As has been shown previously (Luu et al., 2019, 2021), SCFAs like propionate,
butyrate and valerate can reduce the expression of IL-17A in Th17 cells. As
expected, the supernatant of C. sporogenes, containing significant amounts of
propionate, butyrate and valerate (Figure 16 a), decreased IL-17A production in
Th17 cells (Figure 11 a). No other bacterium tested was able to reduce IL-17A
levels as much, except C. difficile, but to a much lesser extent, highlighting the
unique properties of C. sporogenes. Besides the SCFAs, the BCFAs isobutyrate

and isovalerate also were able to reduce IL-17A levels in Th17 cells (Figure 11
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b), which represents a novel finding. Interestingly, treatment of Th1 cells with C.
sporogenes supernatant on the other hand increased the production of the Th1
signature cytokine IFN-y. This effect is most likely also mediated by SCFAs in the
supernatant, which was shown in previous studies (Luu et al., 2021). Yet, the
used concentrations of the SCAFs or BCFAs in these in vitro studies are far from
the concentrations detectable in vivo (Figure 6). However, several studies have
shown that the host immune system can still be influenced by SCFA
supplementation, altering the outcome of diseases such as colitis or experimental
autoimmune encephalomyelitis (EAE) (Tan et al., 2014; Luu et al., 2019; Lee et
al., 2022). At present, there are no studies available in which the effect of BCFAs
on different diseases, such as colitis or IBD in general, has been investigated.
Since there are many similarities between SCFAs and BCFAs, the influence of
BCFAs should be further investigated in the future in the same way that has
already been done for SCFAs.

Besides SCFAs and BCFAs, C. sporogenes also produces the rare tryptophan
derived metabolite indole-3-propionic acid (IPA). Whilst IPA has already been the
subject of research demonstrating neuroprotective-, anti-inflammatory- and
antioxidant-properties (Hwang et al., 2009; Venkatesh et al., 2014b; Jiang, Chen
and Gao, 2023), its effect on T cells is not yet understood. In vitro treatment of
Th17 cells with low micro molar IPA concentrations resulted in a significant
reduction of IL-17A and IL-17F levels (Figure 11 c, e; Figure 18 a), without
affecting proliferation or cell viability (Figure 11 d; Figure 18 c). Interestingly this
effect decreased with an increasing concentration of IPA, indicating a non-
monotonic “U-shaped” dose-response curve. The exact mechanism behind this
phenomen however stays elusive. At higher concentrations, all available
receptors may be saturated and excess IPA molecules may even block or
desensitise receptors, reducing the overall response. Th17 cells treated with 1
mM IPA, which does not represent physiological conditions, were also severely
impaired in terms of proliferation, demonstrating a generally toxic concentration.
Notably, the precursor molecule indole-acetic-acid (IAA), which differs by only
one hydroxyl group, showed no effect in Th17 cells (Figure 11 c¢). Thus, the
observed effects are not mediated by a general indole-derived effect, highlighting
the specificity of IPA.
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The observed effect of IPA on T cells is consistent with a previous study showing
that IPA modulates T cell differentiation, specifically by decreasing IL-17
producing Th17 cells in an in vivo high salt diet-induced hypertension model
(Baranwal et al., 2023). The in vivo study also showed an increase in Foxp3
expressing Treg cells after IPA treatment (Baranwal et al., 2023), which was not
the case in this work. Treatment of Treg cells differentiated in vitro with IPA
resulted in a slight but significant reduction of FoxP3 levels (Figure 11 h).
Interestingly, IL-10 production in Treg cells was not influenced by IPA treatment
(Figure 18 g). Typically, a reduction in Foxp3 expression leads to impaired Treg
function. Nevertheless, studies have shown that Foxp3 downregulation does not
necessarily impair IL-10 production, suggesting that alternative regulatory
pathways may maintain //70 expression independent of FoxP3. For example,
ICOS signalling has been shown to promote IL-10 production in Tregs even when
FoxP3 levels are reduced (Landuyt et al., 2019), indicating that IPA may
selectively impair specific pathways in Tregs. This also appears to apply to Th17
cells, as IL-10, IL-2 and GM-CSF levels were also not affected in this cell type
after IPA treatment (Figure 18 g; Figure 11 f, g). This observation suggests that
IPA does not broadly suppress T cell activity. In Th17 cells, the selective
downregulation of IL-17A and IL-17F by IPA suggests that it directly affects the
pathways responsible for Th17 cell pathogenicity without completely shutting
down the broader immunoregulatory functions of these cells. This selective
cytokine modulation therefore may be beneficial for controlling inflammation while

maintaining overall immune homeostasis.

5.5 IPA modulates Th17 cells by interfering with the mTOR-
pathway

Having described the effects of IPA treatment in T cells, the next step was to
investigate how IPA mediates its effect. Since the observed effects were most
pronounced in Th17 cells and these cells are the primary effector cells in terms
of bacterial interaction, the underlying mechanism was further investigated in this

cell type.

Treatment of Th17 cells with 50 uM IPA resulted in a downregulation of IL-17A

production by about 50%. Interestingly, //77a mRNA levels were not altered
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(Figure 18 b), suggesting that IPA affects IL-17A production post-
transcriptionally. Additionally, the vital transcription factors for Th17 differentiation
NFkB, RORyt and IRF4 were also not changed under IPA treatment (Figure 12
a, b). This finding is in contrast to recently published studies, showing that IPA
mediates its effects via the NFkB pathway in human epithelial cells and rodent
chondrocytes and macrophages (Zhao et al., 2019b; Zhuang et al., 2023; Chen
et al., 2024). This led to the hypothesis that the effect of IPA on Th17 cells may
not be mediated by immune-related factors, but rather cell metabolism-related
ones. T cell metabolism differs significantly from that of other cell types in several
key aspects like metabolic reprogramming or energy requirements (Ma et al.,
2024). Therefore, it is not unlikely that the response of T cells with IPA may be
different from that of other cell types described in the literature (Zhao et al.,
2019b; Zhuang et al., 2023; Chen et al., 2024). Therefore, in order to gain a
deeper insight into the mechanism of IPA, mRNA sequencing of Th17 cells was

carried out.

Treatment of Th17 cells with IPA resulted in a significantly altered mRNA
expression profile (Figure 12 c). KEGG pathway analysis revealed a substantial
change in ribosome-related pathways (Figure 12 d, e), supporting the hypothesis
of a metabolism-based mechanism of action. Studies had shown that IPA and
other tryptophan-derived metabolites were capable of activating the aryl
hydrocarbon receptor (AhR) (Lafita-Navarro et al., 2018b; Granados et al., 2022;
Huang et al., 2022; Zhuang et al., 2023). As AhR-signalling was described to
influence protein synthesis through ribosome biogenesis (Larigot et al., 2018),
Th17 cells from AhR deficient mice (Ahr”) were analysed. As already
demonstrated in previous studies, Ahr- Th17 cells showed an overall lower
production of IL-17A, highlighting an important function of AhR in Th17
differentiation (Veldhoen et al., 2009). The observed effect of IPA treatment
however, remained unchanged even in the absence of AhR-signalling (Figure 12
f). This finding highlights a unique interaction of IPA with T cells, as other studies
have demonstrated an AhR-dependent IPA mechanism in other cell types and
models. For example, IPA inhibited the IL-1B-induced expression of inflammatory
factors in rat chondrocytes (Zhuang et al., 2023), protected mice against sepsis-
related mortality and alleviated sepsis-induced bacterial burden and organ injury

(Huang et al., 2022) and reduced the proliferation, movement and metastasis
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formation of cancer cells in mice (Sari et al., 2020). All of these effects were found

to be AhR-dependent and were abolished when AhR-signalling was blocked.

Besides AhR, IPA was also found to act as an agonist for the Pregnane X
Receptor (PXR), a receptor involved in the detoxification and metabolism of
xenobiotics (He et al., 2017). Activation of the PXR by IPA has been shown to
improve the function of the gastrointestinal barrier and to protect against LPS-
induced inflammation (Venkatesh et al., 2014a; Du et al., 2021). On the other
hand, Wlodarska et al. were able to show that IPA treatment did not significantly
activate the PXR in colonic spheroid lines (Wlodarska et al., 2017). However,
conflicting results regarding the target of IPA are not limited to PXR, but also
include AhR, as studies have also shown no activation of AhR or its downstream
targets after IPA treatment (Wlodarska et al., 2017; Roager and Licht, 2018). The
overall role of AhR- or PXR-signalling in the context of IPA therefore remains
elusive and is likely to be highly dependent on concentration, time point and, most
importantly, cell type. Regarding AhR activation in IPA-treated Th17 cells, mMRNA
sequencing in this thesis revealed increased mRNA levels of Cyp7a7, a gene
targeted by AhR-signalling (Veldhoen et al., 2009). This suggests that IPA
activated AhR-signalling in Th17 cells, even when it was not the crucial
mechanism behind the observed effects. However, target genes of PXR such as
Mdr-1 or Cyp3a4 (He et al., 2017) remained unchanged and further experiments
with PXR-deficient mice should be performed to elucidate the role of PXR in Th17
cells and IPA.

Since the AhR pathway could not explain the effects of IPA on the altered
ribosomal pathways, further investigation was required. Besides changes in the
general “ribosome” KEGG pathway, the KEGG pathway “ribosome biogenesis in
eukaryotes” was also significantly altered in IPA treated Th17 cells. Ribosome
biogenesis is a crucial step in protein biosynthesis in cells and is depending on
the energy state of the cell, which is regulated by the mTOR pathway, a central
regulator of cell growth, metabolism and protein synthesis. The pathway
integrates signals from nutrients, energy levels and growth factors to control
cellular processes, particularly translation and ribosome biogenesis (Mayer and
Grummt, 2006; Gentilella, Kozma and Thomas, 2015). Th17 cells treated with

IPA, showed significantly reduced mTOR activation, concerning mTOR itself as
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well as its downstream targets S6 and eukaryotic initiation factor 4E-binding
protein 1 (4E-BP1) (Figure 12 g-i). IPA thereby downregulated IL-17 production
in Th17 cells most likely by downregulating the mTOR pathway, leading to an
altered biogenesis of proteins. However, this effect appears to be specific for
individual proteins such as IL-17A and IL-17F, while other proteins such as IL-2
or IL-10 and proliferation in general were spared. This suggests that IPA exerts
a selective regulatory effect, targeting the role of the mTOR pathway by specific
cytokines without broadly affecting the ability of Th17 cells to grow and survive.
This is noteworthy because mTOR has traditionally been associated with driving
not only differentiation, but also cell proliferation and metabolic fithess (Hannan
et al., 2003; Mayer and Grummt, 2006; Marques-Ramos and Cervantes, 2023).
For example, in many cell types, mTOR inhibition results in reduced cell growth
and proliferation, as well as increased autophagy and apoptosis (Hannan et al.,
2003; Marques-Ramos and Cervantes, 2023). In the case of Th17 cells, however,
IPA appears to "decouple" the influence of the mTOR pathway on cytokine
production from its role in cell survival and division. In a most recent study, IPA
was found to reduced mitochondrial respiration (OCR) and decrease the
extracellular acidification rate (ECAR) in a human type 2 airway epithelial cell line
(A549) (Perdijk et al., 2024). IPA also decreased basal respiration and induced a
shift from oxidative phosphorylation (OXPHOS) to glycolysis, also without
affecting cell viability (Perdijk et al., 2024). The findings of Perdijk et al. are
supported by the results presented in this thesis, which demonstrate that IPA
treatment in Th17 cells resulted in the downregulation of multiple genes
associated with mitochondrial ribosomes (Figure 12 e). It has been demonstrated
that T cells with impaired mitochondrial function or glycolysis are unable to
produce the distinctive cytokine repertoire that is characteristic of these cells,
protecting mice from inflammatory or autoimmune diseases (Steinert, Vasan and
Chandel, 2021). This observation is consistent with the findings reported in this
thesis regarding the effects of IPA treatment on Th17 cells. In conclusion, IPA
reduces mTOR activity and, based on the data from Perdijk et al., most likely
mitochondrial respiration while supporting the shift from oxidative
phosphorylation to glycolysis. However, in order to confirm this hypothesis,
further research is needed, and experiments should be carried out that focus on

T cell metabolism, ribosome biogenesis as well as mitochondrial function.
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In summary, IPA reduces IL-17 production in Th17 cells by downregulating the
mTOR signalling pathway, a critical regulator of cytokine production and cell
metabolism. This reduction occurs without affecting Th17 cell proliferation or
viability, suggesting that IPA exerts a selective and non-cytotoxic
immunomodulatory effect. This property of IPA establishes it as a putative
therapeutic tool for the treatment of autoimmune or inflammatory diseases in
which Th17 cells exert a pathogenic influence. However, further research is

needed to elucidate the exact mechanism by which IPA modulates Th17 cells.

5.6 Cytokine levels of dendritic cells are not changed after IPA

treatment
In the adaptive immune response, T cells play a central role in recognizing and
responding to foreign antigens. However, their activation and function are closely
linked to interaction with dendritic cells (DCs). As professional antigen-presenting
cells (APCs), DCs are responsible for capturing and processing antigens and
then presenting these antigens to T cells, thereby initiating and shaping the T cell
response. After studying the effect of IPA on T cells, it was now analysed whether

IPA is also able to alter interleukin levels in DCs.

Surprisingly, IPA treatment of DCs did not alter IL-6, IL-12, IL-23 nor TNFa
production (Figure 13 a-d) or gene expression (Figure 19). To this time point no
other study investigated the influence of IPA on DCs. However, one study
demonstrated that IPA downregulates //6 and Tnfa in macrophages via changes
in the Nf-kB pathway (Zhao et al., 2019a), while another study showed no
influence of IPA on the expression levels of those cytokines in macrophages
(Huang et al., 2022). On the contrary to the results from Zhao et al. in
macrophages, IPA did not alter the Nf-kB pathway in DCs (Figure 13 f). The
mTOR-pathway was also not altered significantly, compared to the observed
results in Th17 cells.

The differential effects of IPA on Th17 cells and DCs suggests that IPA’s
mechanism of action is highly selective, affecting only certain immune cell
pathways. In Th17 cells, IPA's downregulation of mTOR likely disrupts the

metabolic and signalling processes necessary for IL-17 production. However, in
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DCs, cytokine production may be driven by other signalling pathways which
exhibiting less sensitivity to IPA's effects. When naive T cells encounter their
antigen in combination with appropriate co-stimulation, they undergo a rapid and
extensive clonal expansion. In mammals, this type of proliferation is a fairly
unique feature of T cells. Despite the presence of sufficient oxygen to support
mitochondrial oxidative phosphorylation, T cells ferment glucose to meet their
energy demands. This phenomenon is known as the Warburg effect, and is an
unusual metabolic aspect of proliferating T cells (Pearce, 2010; Ma et al., 2024).
Given that the observed effects of IPA in T cells are likely a result of metabolic
changes (MTOR and ribosome alterations), and that T cells have distinct
metabolic features (Pearce, 2010) it is reasonable to conclude that the disparate

effects in DCs are likely based on different metabolic mechanisms of the cell

types.

5.7 The metabolites of C. sporogenes improve the outcome of
DSS colitis

The beneficial effects of the colonisation of GF mice with C. sporogenes, along
with the immunomodulating effects of its metabolites, raise the question of
whether C. sporogenes could also exert its protective phenotype in an already
established microbiome. SPF mice were therefore gavaged with live C.
sporogenes as probiotic and analysed in a DSS colitis model. However, no
beneficial effects could be observed (Figure 14 a). The introduction of a new
bacterium into an existing, healthy and stable microbiome represents a significant
challenge. The existing gut microbiota often exhibit resistance to colonisation by
new probiotic strains, outcompeting introduced probiotics for nutrients and niche
space, which subsequently reduces their persistence (Hemarajata and
Versalovic, 2013; Wolfe et al., 2023). C. sporogenes was therefore most probably
not able to establish a stable persistence in the gut of the SPF mice. As C.
sporogenes is part of the normal microbiome of mammals, another strain of C.
sporogenes is most probably already established in the SPF mice (indicated by
detection of IPA in SPF mice), blocking this specific niche for new introduced C.
sporogenes strains. In further experiments, mice could be pre-treated with

antibiotics, mimicking a clinical approach in patients with an impaired microbiome,
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improving the success rate of C. sporogenes colonisation. To further improve
colonisation, C. sporogenes could be supported by co-administration of the
probiotic Lactobacillus reuteri, which has been shown to improve the abundance
of tryptophan metabolising bacteria (e.g. C. sporogenes) while increasing IPA

levels and alleviating colitis (Wang et al., 2024).

As the colonisation of SPF mice was unsuccessful, the mice were gavaged with
C. sporogenes supernatant to evaluate the potential of the complex metabolite
cocktail to enhance the outcome of a DSS colitis model. Indeed, mice gavaged
with the C. sporogenes supernatant showed improved weight gain and lower
numbers of CD4* cells in the lamina propria (Figure 14 b, c). This effect was most
likely due to the high levels of SCFAs, BCFAs and IPA found in the supernatant.
SCFAs and IPA have already been shown to improve intestinal homeostasis and
to modulate immune cells (Venegas et al., 2019; J. Li et al., 2021; Lee et al.,
2022). The impact of BCFAs on the gastrointestinal tract remains largely
unstudied. However, based on the observed effects presented in this thesis, it is
possible that they exert a comparable effect to that of SCFAs. It can be postulated
that the combination of SCFAs, BCFAs and IPA suppressed inflammation and
therefore reduced DSS induced damage to the epithelial layer resulting in an
improved weight gain. Nevertheless, additional experimentation is necessary to
validate this hypothesis, as there may be other unidentified metabolites in the
supernatant that are responsible for the observed effects.

When SPF mice were gavaged with IPA alone instead of the combination of all
C. sporogenes metabolites, no changes were observed in the DSS colitis model
compared to the control group (Figure 14 d-l). IPA administration also did not
result in any alteration in IL-17 or IFN-y levels in the lamina propria (Figure 14 g,
h), as observed in the in vitro experiments (Figure 11 c, i). These findings are in
stark contrast to those previously reported by Alexeev et al., who demonstrated
a reduction of DSS colitis severity by IPA (Alexeev et al., 2018). Several other
studies also showed protective effects of IPA on the gut barrier, for example by
enhancing the gut mucus barrier (J. Li et al., 2021) or promoting the expression
of tight junctions, improving the gut barrier function (Zhao et al., 2019b). One
possible explanation for the conflicting results could be the different microbiomes
in the guts of the mice housed in different animal facilities (Rausch et al., 2016).
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As the composition of the microbiome can have a significant impact on the
outcome of colitis as shown in the literature (K. Li et al., 2021; Liu et al., 2021)
and in this thesis, different bacteria compositions may enhance or mitigate the
effect of administered IPA, resulting in disparate readouts. Despite the absence
of a distinct impact of IPA on T cells, Riazati at al. were able to demonstrate that
IPA indeed exerts influence over a range of cell types, including T cells and
basophiles, within the living organism (Riazati et al., 2022). The research team
also observed a reduction in the levels of IPA in patients with obesity (Riazati et
al., 2022), which is indicative of the initial stages of gut dysbiosis. The collective
findings indicate that IPA plays an important role in maintaining gut homeostasis,
with notable effects on diverse cell types. These observations warrant further
investigation to elucidate the underlying mechanisms and broaden our

understanding of the complex interactions within the gut ecosystem.

5.8 C. sporogenes as part of a healthy gut microbiome

The human microbiome plays a pivotal role in maintaining overall health and well-
being by contributing to vital physiological processes, including digestion,
immune regulation and protection against pathogens (Kuziel and Rakoff-
Nahoum, 2022). A balanced microbiome supports metabolic functions and helps
prevent infections. Conversely, dysbiosis or an imbalance in the microbial
community, has been linked to various diseases, including cardiovascular
conditions, gastrointestinal disorders and even cancer (Liu et al., 2021; Kuziel
and Rakoff-Nahoum, 2022).

The data presented in this thesis elucidate the protective effects of C. sporogenes
in the gastrointestinal tract and underscore its significance as a component of the
physiological microbiome. The production of a diverse range of metabolites,
including SCFAs, BCFAs and IPA by C. sporogenes confers substantial benefit
to the host by strengthening the gut barrier and promoting anti-inflammatory
properties (Figure 15). In summary, it is hypothesised that the C. sporogenes-
derived SCFAs and BCFAs promote expansion of the tuft cell lineage and
activation via the SCFA-receptor Gpr41 (also known as FFAR3), which then leads
to increased regeneration of the intestinal epithelium and suppression of

inflammatory responses in the gut. Furthermore, both BCFAs and SCFAs
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produced by C. sporogenes have been observed to increase the secretion of IL-
22, a key protective factor that supports intestinal epithelial cell integrity. In
conclusion, C. sporogenes should be further therapeutically exploited as a
probiotic bacterium to better understand the beneficial effects of its metabolites,

which may be able to ameliorate disease progression in IBD patients.
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Figure 15: Schematic overview of the impact of C. sporogenes on the course of intestinal
inflammation. (illustrated by Maik Luu)

88



6. Summary

The gut microbiota exerts a profound influence on intestinal immune
homeostasis, primarily through the production of metabolites that regulate host
immune responses. This doctoral thesis examines the role of the human
commensal bacterium Clostridium sporogenes in producing specific metabolites,
including indole-3-propionic acid, branched-chain fatty acids and short-chain fatty
acids, and their effects on the immune system and colitis progression.

Using germ-free mice monocolonised with C. sporogenes, it was demonstrated
that C. sporogenes produces significant amounts of the short-chain fatty acids
acetate and propionate as well as the branched-chain fatty acids isobutyrate and
isovalerate while significantly elevating indole-3-propionic acid levels in the colon
and serum. These metabolites are known factors that contribute to gut health by
shaping immune cell phenotypes. For instance, colonised mice exhibited
enhanced levels of anti-inflammatory FoxP3™* regulatory T cells, and an increased
production of IL-22 and IL-13, key cytokines that regulate mucosal barrier integrity

and immune responses.

In a dextran sulfate sodium-induced colitis model, colonised mice showed
significant resistance to colitis symptoms, including reduced weight loss with
faster weight gain, preserved colonic crypt structure, limited immune cell
infiltration and reduced inflammation. RNA-sequencing of colonic tissues
revealed that inflammatory and Th17-related genes were highly upregulated in
conventional mice compared to the monocolonised mice, indicating a protective
immunological environment. Furthermore, C. sporogenes-derived indole-3-
propionic acid was found to suppress the pro-inflammatory cytokines IL-17A and
IL-17F, which play a key role in driving inflammation in Th17 cells. The
suppression of IL-17A/F was found to be mechanistically linked to the
downregulation of the mechanistic target of Rapamycin (mTOR) pathway and
alterations in the ribosomal protein biosynthesis, but without affecting cell
viability. This observation provides a new insight into how microbial metabolites

can modulate T cell function.

This study also shows that C. sporogenes-colonisation significantly increased the
number and activity of tuft cells in the colon, an essential cell type for epithelial

repair and immune signalling. These tuft cells were found to express the free fatty
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acid receptors 2 and 3, which mediate responses to short-chain fatty acids and
branched-chain fatty acids. Notably, the increased tuft cell activity was associated
with an elevated IL-22 and IL-13 production, further contributing to the protective

phenotype observed in C. sporogenes-colonised mice.

While C. sporogenes-colonisation improved colitis outcomes in germ-free mice,
the probiotic administration of C. sporogenes to conventional mice with an
established microbiome did not yield the same protective effects, likely due to the
competitive microbial environment. However, oral administration of C.
sporogenes-derived metabolites to conventional mice significantly reduced colitis

severity, pointing to its potential for future clinical applications.

This thesis identifies C. sporogenes as a key producer of beneficial gut-derived
metabolites that modulate immune responses and protect against colitis. Its
unique metabolic profile, including indole-3-propionic acid, branched-chain fatty
acids and short-chain fatty acids underscores its potential as a therapeutic agent
for inflammatory bowel diseases. The mechanistic insights provided by this
research offer a foundation for developing novel probiotic strategies to treat

intestinal inflammation.
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7. Zusammenfassung

Das intestinale Mikrobiom bt einen entscheidenden Einfluss auf die
ImmunhomoOostase des Darms aus, wobei bakterielle Metaboliten eine
wesentliche Rolle spielen. Die vorliegende Arbeit befasst sich mit der Rolle des
menschlichen kommensalen Bakteriums Clostridium sporogenes und dessen
Metaboliten, einschlieBlich der Indol-3-propionsaure, verzweigtkettiger
Fettsduren und kurzkettiger Fettsauren, sowie deren Auswirkungen auf das

Immunsystem in Homdostase und Kolitis.

Die Ergebnisse der vorliegenden Arbeit belegen, dass C. sporogenes in vivo
signifikante Mengen der kurzkettigen Fettsauren Acetat und Propionat sowie der
verzweigtkettigen Fettsauren Isobutyrat und Isovalerat generiert. Gleichzeitig
konnte eine deutliche Erhéhung des Indol-3-propionsaure-Spiegels im Kolon und
Serum Kkolonisierter Mause nachgewiesen werden. Diese Metaboliten sind
bekannt, zur Aufrechterhaltung der Darmhomoostase beizutragen, indem sie
Einfluss auf Immunzellen des Darms nehmen. So konnten bei kolonisierten
Mausen erhdhte Zahlen von anti-inflammatorischen FoxP3*-regulatorischen T-
Zellen festgestellt werden. Weiter konnte eine gesteigerte Produktion von [L-22
und IL-13, wichtigen Zytokinen, die die Integritat der mukosalen Barriere und die

Immunantworten regulieren, nachgewiesen werden.

In einem Dextran-Sulfat-Natrium (DSS)-induzierten Kolitis-Modell zeigten die
kolonisierten Tiere einen deutlich abgeschwachten Krankheitsverlauf im
Vergleich zu konventionellen und keimfreien Tieren. Dies aulRerte sich in einem
geringeren Gewichtsverlust mit schnellerer Gewichtszunahme, der Erhaltung der
Kryptenstruktur im Kolon, einer begrenzten Infiltration von Immunzellen sowie
generell reduzierter Entzindungsmarker. Die Analyse der mRNA-Expression im
Kolongewebe konventioneller Mause ergab im Vergleich zu den
monokolonisierten Mausen eine Hochregulierung von Genen, die mit
Entzindungen und der Th17-Zellaktivitdt assoziiert sind, was auf einen
protektiven und anti-inflammatorischen Effekt einer C. sporogenes-Besiedlung
hindeutet. Des Weiteren konnte nachgewiesen werden, dass die von C.
sporogenes generierte Indol-3-propionsaure die Produktion der pro-
inflammatorischen Zytokine IL-17A und IL-17F in Th17 Zellen hemmt, welche
eine wesentliche Rolle bei Entzindungen spielen. Die Suppression von IL-17A/F
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war dabei mechanistisch mit einer Supprimierung des ,mechanistic target of
Rapamycin® (mTOR)-Signalwegs sowie Veranderungen in der ribosomalen
Proteinsynthese assoziiert, jedoch ohne dabei die Zellviabilitat zu
beeintrachtigen. Diese Beobachtung erlaubt neue Einblicke in die Modulation der

T-Zell-Funktion durch mikrobielle Metaboliten.

Die Ergebnisse dieser Arbeit zeigten auch, dass die Kolonisierung mit C.
sporogenes die Anzahl und Aktivitat von Buschelzellen im Kolon signifikant
erhohte. Diese Zellart ist essentiell fur epitheliale Reparatur und
Immunregulation. Es konnte festgestellt werde, dass Buschelzellen die freien
Fettsaurerezeptoren 2 und 3 exprimieren, welche die Detektierung von
kurzkettigen und verzweigtkettigen Fettsduren vermitteln. Weiter konnte in dem
Kolitis-Modell festgestellt werden, dass die erhohte Aktivitat der Buschelzellen
mit einer gesteigerten Produktion von IL-22 und IL-13 einherging, was zusatzlich
zum protektiven Phanotyp einer C. sporogenes-Kolonisierung beitrug.

Wahrend die Kolonisierung mit C. sporogenes die Kolitis-assoziierten Symptome
bei keimfreien Mausen verbesserte, zeigte eine probiotische Verabreichung von
C. sporogenes bei konventionellen Mausen mit etablietem Mikrobiom keine
detektierbare Verbesserung der Symptome. Dies war wahrscheinlich auf die
Konkurrenz im mikrobiellen Umfeld zurlckzufuhren, die eine Besiedlung
erschwert. Jedoch konnte gezeigt werden, dass eine orale Verabreichung der
von C. sporogenes produzierten Metaboliten bei konventionellen Mause die
Schwere der Kolitis signifikant abschwachte, was auf ein Potenzial flr zukinftige

klinische Anwendungen hinweist.

Die vorliegende Arbeit identifiziert C. sporogenes als einen maligeblichen
Produzenten von darmassoziierten Metaboliten, welche Einfluss auf das
Immunsystem nehmen und einen Schutz vor Kolitis bieten. Das
aulRergewohnliche metabolische Profil von C. sporogenes, welches unter
anderem Indol-3-propionsaure, verzweigtkettige Fettsauren und kurzkettige
Fettsduren umfasst, unterstreicht dessen Potenzial als therapeutisches Mittel bei
entzundlichen Darmerkrankungen. Die in der vorliegenden Arbeit gewonnenen
mechanistischen Einblicke bieten eine Grundlage fur die Entwicklung neuartiger

probiotischer Strategien zur Behandlung von intestinalen Entziindungen.
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9. Appendix
9.1 Supplemental Data
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Figure 16: Mice colonised with C. sporogenes show decreased cecum size and increased
tuft cell numbers compared to GF mice.

(a) Levels of metabolites produced by C. sporogenes in vitro. C. sporogenes was grown in BHI
medium for 3 days in an anaerobic environment at 37°C and SCFAs and BCFAs were measured
via GC-MS (n = 1). (b-n) Germ free (GF) mice were colonised with C. sporogenes (CS) at the
age of 1 month and analysed after 2 months of colonisation. (b) Cecum size and weight in GF
and CS mice. (c-g) Colon and ileum tissue from GF, CS and SPF mice was harvested, RNA was
isolated and qPCR was performed. Shown are dot blots representing (c) IL-17A levels (colon) (d)
IL-13 levels (colon), (e) IL-22 levels (colon), (f) IL-22 levels (ileum) and (g) FoxP3 levels (colon)
(n=3). (h) CD4* IL17A* T cells in the lamina propria of GF and CS mice (n = 8). (i) CD4* IFN-y*
T cells in the lamina propria of GF and CS mice (n =2 7). (j) FITC-Dextran levels in the serum of
GF, CS and SPF mice. Mice were gavaged with a FITC-Dextran solution and levels

106



were measured in the serum after 4 h of incubation (n = 3). Statistical analysis was done with
one-way ANOVA with ***p < 0.001; ****p < 0.0001. The horizontal line represents the mean.
(k) Riboprobes for Ffar2 and Ffar3 show no unspecific binding. (I-n) The density of epithelial
tuft cells in the ileum (1), jejunum (m) and duodenum (n) was analysed in GF, CS, and SPF
mice by Pou2f3 immuno-histochemistry (n = 6). Statistical analysis was done with two-way
ANOVA with Tukey post hoc test with *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. The

horizontal line represents the mean.

Cell Cycle Reactome

Tubb2b

Spc25

Rangap1

— Haus8
[ Rmi2
Ncapd2

Clspn

Sgot

Pift

Mcm5

Lig1

Cdc25b

| Cenpe
| Tubatb
T Nuf2
Cdké

S Prim1
Dket

Aurkb

Aurka

Spc24

Ube2c

Cdc45

Ndc8o

Exot

Mcm6

Spdit

4 Cdk1
Cenb1

Cks1b

Ccna2

Smc2

Mad2l1

Hmmr

Kntet

Skat

Cenpf

Tpx2

Mcm3

Birc5

Cdca8

Cenph

Phldat

Cenpi

[l Cenpm
Lmnb1

Kif23

Cdc20

Mis18bp1

Esco2

Epithelial cell function

Th17 cell differentiation KEGG

o

@ [2] 2]
n n ]
N = w

o o o
@« 0 1%
N = @

Figure 17: Heatmaps of KEGG pathways from DSS-treated mice.
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(a-c) GF, CS and SPF animals were orally treated with DSS (2.5%) in drinking water for 5 days
and analysed on day 7. Colon tissue was harvested, and RNA was extracted and sequenced (n
= 3). Expression changes of genes were considered significant with padj value < 0.05. Heat map
displaying significantly changed genes in the (a) Reactome pathway “Cell Cycle”, (b) genes
associated with epithelial cell repair and function and (¢) KEGG pathway “Th17 cell differentiation”
between GF and CS mice after DSS-induced colitis. Transcripts per million (TPM) values were
computed, z-score transformed and represented in heatmaps. Heatmaps were generated with
the R package pheatmap v. 1.0.12 using Euclidean distances. Trees indicate hierarchical
clustering (ward.D2).
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Figure 18: Effect of IPA on different T cell types and wound healing capabilities.

(a-d) CD4* T cells were isolated from two- to four-month-old C57BL/6N mice and differentiated
under Th17-polarizing conditions for indicated days. Cells were treated with different stimuli
starting on day 0. (a) IL-17A ELISA of the supernatant of Th17 cells after 3 days of incubation (n
= 3). (b) gPCR analysis of ll17a expression relative to HPRT in Th17 cells after 2 days of
incubation (n = 2). (c) Flow cytometry analysis of Th17 cells showing the percentage of
Annexin/PI- cells after 3 days (n = 2-3). (d) Flow cytometry analysis of Th17 cells showing the
percentage of IL-2* cells after 3 days (n = 4). (e) Flow cytometry analysis of Th2 cells showing
the percentage of IL-13* cells after 3 days. CD4* T cells were differentiated under Th2-polarizing
conditions for 3 days. Cells were treated with different stimuli starting on day 0 (n = 4). Statistical
analysis was done with one-way ANOVA with *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Data are presented as mean and error bars represent SD. (f) Wound healing in HT29 cells when
treated with IPA and/or indole. Cells were seeded in a 12 well plate and a scratch was applied
after 100% confluence was reached. Closing of the scratch “wound” was then assessed every
day in a microscope. Indole was used in a fixed concentration of 0.5 mM. Statistical analysis was
done with two-way ANOVA. Data are presented as mean and error bars represent SD. (g) IL-10
ELISA of the supernatant of Th17 (white) and Treg (grey) cells after 3 days of incubation (n = 3).
(h) Flow cytometry analysis of Th17 cells showing the percentage of IL-17A* cells in WT and
Ahr’- mice after 3 days (n = 4). (i) Phospho-staining of p-S6 in Th17 cells in WT and Ahr’- mice
via flow cytometry on day 3 of in vitro differentiation (n = 3). (j) Phospho-staining of p-mTOR in
Th17 cells in WT and Ahr’- mice via flow cytometry on day 3 of in vitro differentiation (n = 3).
Statistical analysis was done with one-way ANOVA with **p < 0.01; ****p < 0.0001. Data are
presented as mean and error bars represent SD.
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Figure 19: Expression of central DC cytokines after IPA treatment.

(a-f) Bone marrow was isolated from eight- to sixteen-week-old C57BL/6 mice, and myeloid
precursor cells were differentiated into DCs in the presence of GM-CSF for 7 days. DCs were
then pre-treated with IPA for 24 h and then with or without LPS for another 24 h. (a) Bar graph
showing expression levels of p35 in DCs relative to HPRT measured via qPCR. (b) Bar graph
showing expression levels of p40 in DCs relative to HPRT measured via qPCR (n = 1). (¢) Bar
graph showing expression levels of p79 in DCs relative to HPRT measured via gPCR (n = 1). (d)
Bar graph showing expression levels of //15 in DCs relative to HPRT measured via qPCR (n = 1).
(e) Bar graph showing expression levels of Thfa in DCs relative to HPRT measured via qPCR (n
= 1). (f) Bar graph showing expression levels of //-6 in DCs relative to HPRT measured via gPCR
(n=1).
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