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Introduction

1 Introduction

1.1 Gnotobiology

Due to the complexity of the microbiota, simplified in-vitro studies to investigate
host-microbe and microbe-microbe interactions still do not offer an adequate
representation of in-vivo model’s scenarios. Moreover, studies where the gut
microbiota plays a critical role, face tremendous challenges for the investigation
of the role of specific bacterial strains in allergy, disease or homeostasis.
Gnotobiology offers a platform for the research of microbe’s interactions in a

complex environment, where the host complete microbial composition is known.

1.1.1 Germ-free mice

Germ-free (GF) animals are a suitable tool to investigate direct microbiota-host
interactions. They were first successfully raised in the 1910’s, but it was not until
the 1940’s that the first large-scale GF production was established, and with it, a
new door of opportunities regarding gnotobiology research was opened
(Mallapaty, 2017). Already during this time, a series of unexplained effects were

seen in animalsthat led a germless life, such as smaller lymphatic tissue, enlarged
middle bowels and the inability of the tissue to decay even after death (“Life
without germs”, 1949). Therefore, the early stages of GF animal model research

focused on the investigation of the role of the microbiota in gut morphology,
development of the immune system as

well asimmune responses, especially in LIFE WITHOUT GERMS
infectious diseases. Since then, it has
been widely acknowledged that GF
mice are highly susceptible to different
viral and bacterial pathogenic
challenges (Abt et al. 2012; Fagundes et
al. 2012; Collins and Carter 1978). This

iIs mostly because GF mice lack one of

the most important barriers against

MICROBE-FREE ANIMALS GROW TO MATURITY AND BEAR YOUNG
eXtel’na| pathogens nam ely the WITHIN A STRANGE, NEW STERILE LABORATORY AT NOTRE DAME

microbiota; but also due to their Figure 1. ,Life without germs*

inability to mount appropriate immune Life Magazine (1949)
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responses (Round and Mazmanian, 2009). The immune-hyporesponsive state of

GF mice can also be seen in several autoimmune models, such as Experimental
Autoimmune Encephalomyelitis (EAE) and arthritis, where they show a

protective phenotype with minimal symptoms (Luu et al. 2019; Wu et al. 2010).

The latter observations were attributed to the fact that Segmented Filamentous
Bacteria (SFB) drive autoimmunity by inducing TH17 differentiation in the gut

(Castillo-Alarez and Marzo-Sola, 2017). Thus, the intestinal microbiota trains and

primes the mucosal immune system by keeping it in a state of “controlled

physiological inflammation” (Shanahan, 2002).

1.1.2 Minimal bacterial consortia

Along with GF mice came the first experiments involving a defined microbiota.
In 1965, Russell W. Schaedler developed a minimal bacterial consortium
consisting of eight bacterial strains, which he named the altered Schaedler flora
(ASF) (Wymore et al. 2015). The main reasons that were used to choose the ASF

consortium were the persistence of the strains to colonize in the mice through
several generations and their ability to induce caecum shrinkage comparable to
that of conventional mice (Schaedler et al. 1965). Even though the methodology

and parameters used for the isolation and establishment of the ASF community
were rather unrefined in comparison to modern techniques, the ASF consortium
has been used for decades to study host-microbiota interactions. Although ASF
colonizations have been shown to improve intestinal immune- and metabolic
functions in ex-GF mice, one of its main limitations is the poor diversity within

the eight bacterial strains (Wymore et al. 2015).

Using a genome-guided design for the identification of bacterial functions
within the murine conventional microbiome, a new defined mouse microbiota
was developed, the Oligo-Mouse-Microbiota (OMM12). The OMM12 consortium
consists of 12 bacterial strains that represent the five most prevalent and

abundant bacterial phyla in the murine gut of laboratory mice (Brugiroux et al.

2016). In a Salmonella infection model, OMM12 bacteria enriched with three
facultative anaerobes (FA3) were able to provide full colonization resistance
against the pathogen (Brugiroux et al. 2016). This effect, however, was absent in
ASF mice enriched with FA3. Consequently, it was postulated that the OMM!12

consortium potentially allows FA3 to occupy some crucial niche-space that

Salmonella enterica serovar Typhimurium cannot longer exploit (Brugiroux et
2
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al. 2016). Moreover, we could recently show that enriching the OMMI12
consortium with Alistipes finegoldii, an anti-inflammatory and cellulose-

degrading bacterium, could protect mice against DSS colitis (Fischer et al. 2020).

Thus, the OMM!12 is a suitable minimal consortium that can be enriched and
adjusted to better fit the researcher’s scientific question and possibly is a
preferable model than the ASF bacterial community for microbiome intervention

studies.

1.2 Intestinal physiology and immune homeostasis

The intestine is a complex organ mainly involved in the absorption of water and
nutrients derived from the food into the bloodstream, but it also has a critical
immunological function that together with the gut microbiota provides an
efficient defence mechanism against harmful external challenges (Gasbarrini et
al. 2008).

1.2.1 Structure

The intestine is divided into morphologically and functionally different regions,
principally, the small and the large intestine. The small intestine (SI) is the
longest part of the gastrointestinal tract measuring at around ~7 metersin length
in humans and ~30 centimetres in mice; it is comprised of the duodenum, the

jejunum and the ileum (Helander and Féndriks, 2014; Hugenholtz and de Vos,

2017). The main role of the Sl is to absorb food-nutrients derived from the

digestion process (Gasbarrini et al. 2008). Structurally, the Sl is made of

intestinal crypts (glands or crypts of Lieberkthn), which are invaginations of the
epithelium, and of villi, hair-like projections consisting of side-by-side
enterocytes equipped with microvilli protruding into the lumen (Nigam et al.
2019). This structural organization is especially adapted to increase the

absorption-area of digestion products (Gasbarrini et al. 2008).

The large intestine or colon, on the other hand, consists only of colonic
crypts and is significantly smaller than the SI, despite its name, which was given
toit duetoitsincreased width (Humphries and Wright, 2008). Unlike the SI, the

colon houses the largest proportion of the gut microbiota and its main roles are
the intake of water and the mobilization of waste material (stool) (Gasbarrini et
al. 2008; Kahai et al. 2020).
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In many mammals, the small and the large intestine are connected through
the caecum, a small pouch in which contents from the SI are mixed and lubricated

with mucus to enter the colon (Britannica, 2020). In humans, the caecum is

morphologically considered the beginning of the colon and does not appear to
have an important role, however, in mice, it is anatomically compartmentalized
and has been shown to harbour specific bacteria and to be important for certain

immune responses (Treuting and Dintzis, 2012; Brown et al. 2018).

Each intestinal compartment has a distinct microbial composition,
function and morphology, which varies depending on the host age-maturity

(Dehmer et al. 2011). During postnatal development, the intestine undergoes

several morphological changes where its surface area greatly increases via a

process called crypt fission also known as crypt bifurcation (Dehmer et al. 2011).

During the boost of crypt fission, the crypts appear bifurcated (Bruens et al.
2017). This is due to the intestinal crypts undergoing multiple rounds of
replication, where out of one individual crypt two progenitor crypts arise (Bruens

et al. 2017). This processis critical for intestinal development and elongation, and

correspondingly, it becomes less frequent in adulthood (Langlands et al. 2016).

1.2.2 The intestinal barriers

In addition to the digestion and absorption of dietary nutrients, the intestine is
constantly exposed to a myriad of commensal bacteria and harmless food
antigens (Kagnoff, 1993). Therefore, it must remain in a non-belligerent state

towards benign environmental factors, but still be able to quickly react and
maintain a barrier against harmful agents and pathogens in order to ensure

homeostasis (Faria et al. 2017).

1.2.2.1 The gut-associated lymphoid tissue (GALT)

The gut is by far the largest immune organ, with the GALT containing over 40%
of the lymphoid cells in the body (Gasbarrini et al. 2008). The GALT consists of
aggregated lymphoid follicles as well as isolated lymphocytes dispersed

throughout the small and the large intestine (Mdrbe et al. 2021). Its main role is

to keep both commensal and pathogenic microorganisms at bay by maintaining
immune tolerance or inducing an inflammatory response, respectively (Faria et
al. 2017). Lymphoid follicles can be divided into Peyer’s patches (PP’s) found
solely in the SI as well as numerous isolated lymphoid follicles (iLFs), present

4
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both in the SI and in the colon (Buettner and Lochner, 2016). Moreover, the

murine caecum harbours the caecal patch, which consists of a single lymphoid

cluster, morphologically and cellularly similar to PP’s (Mizoguchi et al. 1996). The

distribution of these immune-compartments seems to correlate with the density
of luminal commensal bacteria, since the Sl harbours higher numbers of
intraepithelial lymphocytes (iELs) as well as the PP’s, which are absent in the
colon. This most likely is the case in order to warrant immune-tolerance towards

the much denser colonic microbiota (Miron and Cristea, 2012). It is within the

lymphoid follicles that antigen presenting cells (APCs) prime adaptive immune
cells to undergo differentiation and subsequently localize either in the lamina
propria (LP) or in the epithelium to become iELs in order to maintain barrier

integrity and provide protective immunity (Mo6rbe et al. 2021). The most

prominent cell type within the GALT are B cells, in particular IgA-producing
plasma cells (Buettner and Lochner, 2016). The secretory IgA neutralizes toxic

antigens and prevents bacterial adhesion to the intestinal epithelium (Gasbarrini
et al. 2008). Moreover, another particular cell type found almost exclusively in
the mucosal tissue and considered the innate counterparts of T-cells, are the

innate lymphoid cells (ILCs) (Panda and Colonna, 2019). ILCs are tissue resident

cellsthat secrete specific cytokines and have been shown to mediate crucial innate
immune responses against enteric pathogens (Satoh-Takayama et al. 2008).

Thus, the immune cells that reside in the GALT produce immunomodulatory
molecules that keep the gut under an active immunosurveillance, hence

constituting one of the three “intestinal barriers” (Gasbarrini et al. 2008).

1.2.2.2 The mucosal barrier

Apart from the GALT, the intestine houses specialized absorptive and secretory
enterocytes that together with the mucus play a fundamental role in the mucosal
barrier mechanism all the while preserving the intestine’s ability to absorb
nutrients (Noah et al. 2011). The intestinal epithelial cells (IECs) are absorptive

cells that form the luminal single-cell-layer lining of the gut (Sansonetti, 2004).

The apical side of IECs is equipped with microvilli that create the so-called brush
border, which allows mucus mobilization and the absorption of end-products
from the ingested food (Holmes and Lobley, 1989). For many years, they were

thought to only play a role in nutrient absorption and in being the physical

division between the LP and the commensal microbiota (Gasbarrini et al. 2008).
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However, several studies could demonstrate the capability of enterocytes to sense
harmless and pathogenic environmental factors and act accordingly by secreting
cytokines/ chemokines for leukocyte recruitment as well as expressing adhesion

molecules to aid in leukocyte transmigration (Miron and Cristea, 2012). For

instance, |ECs express pathogen recognition receptors (PRRs), such as toll-like
receptor 4 (TLR-4), however, only in the Golgi apparatus, which stands in
contrast to innate immune cells which express TLR-4 on their surface (Espevik et
al. 2003). This allows IECs to react to bacterial lipopolysaccharide (LPS) only
once it penetrates into their cytoplasm. Furthermore, IECs facilitate the
trafficking of immunoglobulins produced in the LP to the lumen and can mount

efficient innate immune responses upon pathogen invasion (Miron and Cristea,

2012). 1ECs are constantly undergoing differentiation, maturation and renewal
every 3-7 days. Their renewal relies on cell division of intestinal stem cells (1SCs)
located at the bottom of the intestinal crypts, which migrate to the top where they
eventually reach full maturity and undergo apoptosis (Miron and Cristea, 2012).

Other cells from the intestinal epithelium, such as Paneth cells (PCs), also

originate from 1SCs, but remain at the bottom of the crypts and are phagocytized

by neighbouring cells approximately every 20 days (Porter et al. 2002). PCs are

granular secretory enterocytes that actively modulate the microbial flora by

producing lysozyme and antimicrobial peptides (Gassler, 2017). Unlike |ECs, PCs
are solely found in the small intestine, particularly in the ileum, and their
differentiation differs within different mammalian species (Falk et al 1998).

While PCs appear during the embryonic stage in humans, they emerge and start

their differentiation during the postnatal stage in mice (Lueschow and McElroy,

2020). PC numbers in both human- and rodent newborns are low, but increase
drastically during the postnatal phase, a time-point that coincides with the start
of microbial colonization (Lueschow and McElroy, 2020). Concordantly,

histological analyses of jejunal PCs showed decreased numbers as well as
decreased expression of the antimicrobial protein, Regenerating islet-derived
protein 3 gamma (Reg3y), in GF mice in comparison to conventional mice

(Schoenborn et al. 2019). Moreover, PCs have been shown to directly control

crypt fission in a Wnt-signalling-dependent manner and conversely, the Wnt-
signalling pathway has been linked to directly mediate PC differentiation

(Gassler, 2017; van Es et al. 2005). While most studies on PCs were performed
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using histological approaches, PCs are beginning to being characterized using
flow cytometry. Flow cytometry analysis revealed that PCs expressed the CD24
marker and can be distinguished from enteroendocrine cells by using the side-

scatter channel (SSC) to assess the granularity (Sato et al. 2011). Thus,

CD24+SSchi cells were shown to be PCs that contained lysozyme granules and
CD24+SSClow cells were enteroendocrine cells which produced chromogranin A

(Sato et al. 2011). Further characterization of PCs beyond the small intestine
revealed that the colon is equipped with Paneth-like cells that express the CD24
marker but were also positive for goblet-cell markers such as Muc2 (Rothenberg
et al. 2012). Therefore, antimicrobial peptide production and control of
morphological changes like crypt fission might be supported by Paneth-like cells

in the colon (Langlands et al. 2016).

Lastly, the mucosal barrier is further comprised of more secretory cells,

such as enteroendocrine, tuft and mucus-producing goblet cells as well as the

mucus (Noah et al. 2011). Enteroendocrine cells make up approximately 1% of the

intestinal epithelium and produce hormones like serotonin (Noah et al. 2011).
Tuft cells are even rarer than enteroendocrine cells and its function has been
debated for many years, nevertheless, they have been shown to be involved in

chemical sensation (Kokrashvili et al. 2009). Conversely, goblet cells are the most

abundant of all the secretory enterocytes and their main role is the production of

mucus (Noah et al. 2011). Together with the cells that form the intestinal

epithelium, the mucus is a potent weapon against microorganisms but it also

functions as a lubricant of luminal contents (Herath et al. 2020). It is within the

mucus that secretory IgA and many antibacterial mediators produced by PCs

accumulate (Herath et al. 2020). This allows the mucus to repel most of the

commensal bacteria; however, some bacterial strains have adapted to the harsh

mucus-environment and can use it as a nutrient source (Shin et al. 2019).

Moreover, experiments on GF mice demonstrated that commensal bacteria
positively regulate mucus production, since GF mice have a thinner mucus layer

than specific-pathogen-free (SPF) mice (Petersson et al. 2011).

1.2.2.3 Gut microbiota
The last intestinal barrier, which is considered by some an organ in itself, is the

commensal microbiota (O'Hara and Shanahan, 2006). The gut microbiota

profoundly guides the development, education and function of the intestine, but
7
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it also exerts powerful effects on the host physiology and has been shown to even
influence mood and behaviour (Knight, 2019). The intestinal microbiota consists
of different microorganisms and the most studied are the bacterial species, while
the knowledge on viral, protozoan and fungal microbes is still quite scarce
(Tlaskalova-Hogenova et al. 2015). This is because the gut microbiota harbours

an incredibly high number of bacterial communities that substantially exceed the

amount of host eukaryotic cells (Al Nabhani et al. 2019). Their distribution,
however, is not homogenous. The microbiota is largely absent at the beginning of
the small intestine, probably due to the enzymes and acidic conditions needed for
digestion (Saavedra and Moore, 2005). It gradually increases in diversity and

numbers of bacterial species along the gastrointestinal tract, until it reaches the

highest concentration at the most densely colonized compartment, the colon

(Knight, 2019).

Straight after birth, a direct symbiotic relationship between the microbiota

and all mammals begins (Tlaskalova-Hogenova et al. 2015). This relationship,
however, may even start indirectly during the prenatal stage. Recent studies could
show that the foetus senses microbial metabolites; hence, the maternal microbial
colonization may play a role in our metabolic phenotype and innate immune

development long before we are born (Kimura et al. 2020; Gomez de Aguiero et

al. 2016). Nevertheless, it is widely acknowledged that all mammals are born GF,
which is how the first GF animals came to be: through aseptic caesarean sections
(Mallapaty, 2017). It is during the postnatal period, after the GF newborn babies

emerge from the sterile environment of the mother’s uterus, when the body is

most sensitive to the effects of microbial colonization (Tlaskalova-Hogenova et

al. 2015). At the same time, the colonizing microbiota is shaped by environmental
factors such as the delivery method (vaginal or caesarean), the dietary and
immunological components of the milk and the introduction of solid foods
(Dominguez-Bello et al. 2010; Gomez de Aguero et al. 2016; Al Nabhani et al.

2019). Itis not until around three years of age in humans and 5-6 weeks of age in

mice that the gut microbiota fully matures and resembles that of an adult
individual (Yatsunenko et al. 2012; Al Nabhani and Eberl, 2020). Early
microbiota in mice is characterized by y-Proteobacteria and Lactobacillales, the
latter being the best adapted to the milk environment (Al Nabhani et al. 2019). At

weaning the microbiota induces a strong immune response, which was named a
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weaning reaction, associated with a marked expansion of Clostridia and

Bacteroidia (Al Nabhani et al. 2019). Indeed, Clostridia colonization in neonatal

mice increases the chances of survival from S. Typhimurium and Citrobacter

rodentium infections (Kim et al. 2017). Moreover, Clostridia can better colonize

neonatal mice which were preinoculated with Lactobacillus murinus or

Escherichia coli, two bacterial strains from the order/ class Lactobacillales and y-

Proteobacteria, respectively (Kim et al. 2017). This is a typical example of

microbes engaging in cooperative behaviours (Figueiredo and Kramer, 2020).
After the weaning period, the microbiota slowly starts to acquire an adult-type
complex microbiome with predominant bacterial communities from
Bacteroidetes, Firmicutes and Proteobacteria at the phylum level both in humans

and in mice (Tanaka and Nakayama, 2017; Xiao et al. 2015).

The interactions between the microbiota and the development and
function of the immune system were made evident thanks to experiments on GF

mice; these animals, as previously mentioned, have a severely underdeveloped

intestinal immune system (Round and Mazmanian, 2009). Moreover,
associations of GF mice with selected bacterial strains could elucidate the
dramatic effects of specific members of the microbiota on the host immune
system. Therefore, several commensals were categorized as “Inflammatory
commensals”, “Immunoregulatory commensals” or “Pathobionts” (Palm et al.
2015). Inflammatory commensals, such as SFB, intimately bind to IECs, which
leads to the induction of TH17 differentiation and IgA production in the gut
(Hedblom et al. 2018). On the other hand, immunoregulatory commensals like B.

fragilis induce intestinal regulatory T cells (Tregs), which aid in the maintenance

of immunological tolerance (Palm et al. 2015). Lastly, pathobionts are commensal

bacteria that under certain circumstances can become opportunistic pathogens

or cause inflammation (Jochum and Stecher, 2020). For example, A.

municiphila, anormal occurring-commensal known to produce mucin-degrading
enzymes, has been shown to mitigate the progression of several metabolic

diseases (Xu et al. 2020). However, its presence exacerbates S. typhimurium-

induced inflammation in gnotobiotic mice (Ganesh et al. 2013). Thus, in a

complex microbial environment, a dysregulated expansion of certain
commensals (e.g. antibiotic treatment) can lead to dysbiosis and be detrimental

to the intestinal homeostasis.
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Finally, the gut microbiota also provides strong colonization resistance
against pathogens, is involved in the synthesis of vitamins and short chain fatty
acids (SCFAs) derived from dietary fibres as well as in the metabolism of bile

acids, hormones, lipids and several drugs (Gasbarrini et al. 2008). Colonization

resistance is mediated through commensal competition for nutrients, adhesion
and colonization of spatial intestinal niches that potential pathogens cannot

longer use and exploit (Kamada et al. 2012). But colonization resistance is also

important for the maintenance of microbial homeostasis and prevention of

dysbiosis (Spees et al. 2013). Moreover, it is closely supported by SCFAs. The

production of SCFAs carefully ensures that members of the phylum
Proteobacteria do not overgrow in order to maintain an optimal microbial
balance. To this end, bacteria from the phyla Bacteroides and Firmicutes ferment
complex polysaccharides into SCFAs, such as acetate, butyrate and propionate,
which evoke a metabolic exclusion of members of the phylum Proteobacteria
(Spees et al. 2013). SCFAs, in turn, reduce inflammation by inducing Tregs, and

can be utilized by enterocytes as an energy source (Spees et al. 2013; Donohoe et

al. 2012). Microbiota-derived SCFAs, in addition, inhibit virulence-gene
expression of enteric pathogens and may help resolve intestinal inflammation
after infection by suppressing neutrophil-induced tissue damage (Gantois et al.
2006; Maslowski et al. 2009). Ergo, their anti-inflammatory properties work

both on eukaryotic and prokaryotic cells (Spees et al. 2013).

1.2.3 The intestinal vascular system
The intestine is a highly vascularized organ, due to its main role: the absorption

of nutrients and water into the bloodstream (Granger et al. 2015). The intramural

blood supply of the intestine can be divided into blood vessels in the submucosa
(or muscularis) and the mucosa (Kvietys, 2014). The submucosal arterial plexus,

located in the submucosa, arterially supplies both the mucosa and the submucosa

(Geboes, 2001). It branches into capillary networks in the mucosa, where, in the

Sl crypt and villus, microcirculations form (Figure 2) (Kvietys, 2014). In the
colon, the submucosa arterioles form capillary networks that surround the crypts
and resemble a honeycomb appearance, when viewed from above (Figure 2)
(Araki et al. 1996).
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Figure 2: Vascular organization of the small intestine and colon.

Image abbreviations: CA: cryptal arteriole, CC: capillaries, CN: capillary network, MA: marginal
artery, SA: supplying artery, SAP: submucosal arterial plexus, VA: villous arteriole, VC: villous
capillaries, VR: vasa recta. (Source: Geboes, 2001)

Within the small intestine LP and surrounded by the villi capillaries, blind-

ended capillaries (also known as lacteals), are found (Bernier-Latmani et al.

2015). Lacteals are a part of the intestinal lymphatic vessels and drain into a

submucosal lymphatic vascular network (Bernier-Latmani and Petrova, 2017).

They are formed by a single cell-layer of lymphatic endothelial cells (LECSs)
connected through cell-cell “button-like” junctions (Bernier-Latmani and

Petrova, 2017). Lacteals help support the role of the GALT by constituting a one-

way drainage system for interstitial fluids and immune cells. Moreover, lacteals
are in a permanent regenerative and proliferative state, indicating an ongoing

lymphangiogenesis (Bernier-Latmani et al. 2015). Concordantly, villus capillaries

show an unusual dependence on vascular endothelial growth factor (VEGF)
signalling in contrast to quiescent endothelial cells in other tissues (Yang et al.

2013; Kamba et al. 2006). This constant regeneration mode of intestinal

lymphatic- and blood vessels may be due to the continuous exposure to dietary
and microbial products as well as the mechanical strain that the intestine is

subjected to (Bernier-Latmani et al. 2015). However, the microbiota might play a

direct role in controlling this constant renewal. Gut microbiota depletion led to
lacteal regression and villus capillary network reduction in antibiotic-cocktail
(ABX)-treated mice (Suh et al. 2019). Studies on GF mice could show that the

microvascular density of the villous capillary network in the sterile gut was lower

than in conventionally raised mice (Stappenbeck et al. 2002). Mono-association

of GF mice with B. thetaiotaomicron induced angiogenesis in the villous
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capillaries and this observation directly correlated with the presence of PCs
(Stappenbeck et al. 2002). In accordance, depletion of PCs in SPF mice resulted

in a reduction of the villous microvascular density in addition to a decreased

expression of angiogenic genes in the small intestine (Hassan et al. 2020).

Additional bacteria have been shown to elicit angiogenic effects in the small and
large intestine of GF mice. Transient colonization of GF mice with E. coli induced
an increase in the villous capillary network, which persisted once the mice
returned to the GF status (Uchimura et al. 2018). Another study could show that

monocolonization of GF mice with S. boulardii promoted an increase in the blood
vessel diameter and upregulation of genes involved in angiogenesis in the colon

(Hoffmann et al. 2016). These studies suggest that specific bacterial strains

regulate intestinal angiogenesis through a PCs-mediated mechanism.

Due to the close symbiotic relationship between the intestine and the

commensal microbiota, the intestinal vascular system meticulously checks the

passage of antigens from the gut into the bloodstream (Thomas, 2015). It was
shown that similarly to the endothelial cells from the blood-brain barrier (BBB),
intestinal endothelial cells constitute another line of defence by generating the
gut-vascular barrier (GVB) (Spadoni et al. 2015). The GVB is impermeable to 70

kDa particles, and enteric pathogens like S. Typhimurium can change this

permeability by down-regulation of the Wnt-signalling (Spadoni et al. 2015). The

permeability of the GVB can also be modulated by the host. For instance, during
pathogen invasion, the host’s tissue-resident leukocytes and IECs secrete
cytokines, reactive oxygen species (ROS) and lipid mediators that activate
intestinal endothelial cells to express chemokine receptors and adhesion
molecules to facilitate immune cell extravasation into the LP (Gentile and King,
2018).

1.3 Leukocyte migration

During infection, inflammation or tissue injury, leukocytes are required to
migrate through activated venular walls and reach the inflamed-site in question.
Innate and adaptive effector cells such as neutrophils and T cells, directly interact
with activated endothelial cells to abandon the bloodstream and enter the tissue
(Nourshargh and Alon, 2014).
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1.3.1 Neutrophils
Neutrophils are polymorphonuclear (PMN) leukocytes that belong to the innate

immune system (Scher et al. 2013). Around 60% of the hematopoietic capacity of

the bone marrow (BM) is dedicated to neutrophil-production, making them, once
released into the bloodstream, the most abundant white-blood cell type in the
human blood (Scher et al. 2013). In contrast, murine neutrophils make up around
10-25% of the cells in the peripheral blood (Hidalgo et al. 2019). Neutrophil

development, also known as granulopoiesis, starts in the BM, where

hematopoietic stem cells take about 14 days to differentiate into either
eosinophils, basophils or neutrophils (Scher et al. 2013). Mature neutrophils can

either reside in certain tissues, such as the liver, lung, spleen, and BM, or circulate

in the bloodstream (Summers et al. 2010). Circulating mature neutrophils are

short-lived cells, with a half-life of approximately 6-8 hours (Hidalgo et al. 2019).

The reason for their extremely short half-life is largely uncertain, however, some
studies suggest that this reduced life cycle ensures less neutrophil-induced
collateral damage to the host’s tissues during inflammation (Wang, 2018). This s
because neutrophils can contribute to tissue injury by amplifying the
inflammatory response through degranulation of antimicrobial products like
serine proteases and the release of neutrophil extracellular traps (NETSs) (Kruger
et al. 2015).

Neutrophils are highly motile cells and can infiltrate tissues that other
migrating cells cannot, making them first-responders to inflammatory stimuli.
Neutrophilic tissue-recruitment, also known as extravasation, is a multi-step
process involving neutrophil response to inflammatory cytokines, chemokines
and microbe-associated molecular patterns (MAMPs) (Filippi, 2019). Circulating
neutrophils first begin to roll on endothelial cells with weak (low-affinity)
interactions mediated by selectins like PSGL-1 and L-selectin (Granger and

Senchenkova, 2010). Subsequently, the selectin-signalling, accompanied by
chemokines presented on the luminal site of endothelial cells, triggers the

activation of neutrophil integrins, such as LFA-1, Mac-1 and VLA-4, evoking firm

adhesion and arrest on the endothelium (Nourshargh and Alon, 2014). Once
neutrophils are firmly attached, they begin transmigration across the endothelial

barrier, a step known as diapedesis (Filippi, 2019). Diapedesis can occur

transcellularly, through endothelial cells, or paracellularly, in between them.
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Neutrophils seem to prefer paracellular transmigration, probably due to their
highly malleable and multi-lobular nucleus, which allows them to better squeeze

in between the endothelial tight-junctions (Nourshargh et al. 2010; Olins et al.

2008). While the majority of leukocytes (~70%-90%) also actively engage in
paracellular migration, some vascular beds, like the BBB which possess
specialized tight junctional structures, favour transcellular migration
(Nourshargh and Alon, 2014).

Once transmigration is complete and neutrophils are at the inflamed site,
different antibacterial effector functions are activated depending on the
inflammation type and location. For instance, the presence of serum inhibits
NETs formation, while the complement system and 1gG antibodies enhance the

phagocytic activity (Hakkim et al. 2010; Kruger et al. 2015). Upon pathogen

encounter, neutrophils can multitask by showing strong phagocytosis and
NETosis (Yipp et al. 2012). NETosis or NET formation is a mechanism in which

neutrophils release DNA traps composed of decondensed chromatin and

antimicrobial proteins (Brinkmann et al. 2004). Since NETs are fatal to

neutrophils, they are considered a form of cell death which should not be

mistaken with programmed-cellular apoptosis (Kruger et al. 2015).

Granulopoiesis, neutrophil effector activity and leukocyte migration might
be regulated by mucosal commensals. Prolonged ABX-treatment of neonatal
mice was shown to reduce neutrophil numbers in the blood and BM, while GF

rats also suffered from severe neutropenia (Deshmukh et al. 2014; Ohkubo et al.

1990). Moreover, the phagocytic activity of BM neutrophils from GF mice and
ABX-treated mice is diminished (Zarzycka, 2017; Clarke et al .2010). This
regulation of neutrophil function was attributed to the translocation of

peptidoglycan from the gut to BM-neutrophils (Clarke et al .2010). Lastly,

neutrophil recruitment into the lung during K. pneumoniae infection was
severely impaired in GF mice, which led to a higher mortality rate due to pathogen

dissemination (Fagundes et al. 2012). Also, intraperitoneal injection of zymosan

led to a decreased neutrophil extravasation into the peritoneum in GF and ABX-

treated mice (Karmarkar and Rock, 2013). In line with the last two studies, GF

mice also showed impaired mast-cells gut-homing and B-cell recruitment in
models of food-allergy and autoimmunity, respectively (Schwarzer et al. 2019;
Berer et al. 2011).

14



Introduction

1.3.2 Endothelial cells

Endothelial cells constitute the single-cell layer that line blood vessels and
capillaries. They are the body’s crucial life-support system in which cell migration
and passage of materials into almost every region takes place (Alberts et al.
2002). Endothelial cells adapt to their environment and show significant
heterogeneity among organs and tissues. For instance, endothelial cells from
arterioles, capillaries and venules have different phenotypes when it comes to
adhesion molecule expression (Ley, 2008). Moreover, sinusoidal-, BBB-, GVB-
and lymph vessel endothelial cells have further specialized to exert different pro-
or anti-inflammatory functions (Ley, 2008).

In order for leukocytes to reach inflamed tissues, they must interact with

activated endothelial cells (Granger and Senchenkova, 2010). Thus, endothelial

activation represents a crucial step in the inflammatory response. Many factors
have been shown to activate the endothelium, most importantly the complement
system, cytokines, chemokines and MAMPs (Ley, 2008). TLR ligands like LPS
and cytokines, such as IL-1p and TNF-q, strongly induce the expression of | CAM-
1 and VCAM-1 on endothelial cells (Ley, 2008). Both adhesion molecules are
known to interact with LFA-1 and VLA-4 on leukocytes to facilitate arrest and

transmigration (Granger and Senchenkova, 2010). The complement C5a induces

endothelial degranulation of Weibel-Palade bodies and subsequent P-selectin

expression on the surface (Fischetti and Tedesco, 2006). The regulation of

additional cell adhesion molecules that are functionally involved in paracellular
migration, such as CD31 (PECAM-1), remains to be determined (Woodfin et al.

2007). PECAM-1 is expressed on both endothelial cells and leukocytes and
engages a homophilic interaction with neighbouring PECAM-1 proteins on

adjacent cells (Sun et al. 1996; Dejana, 2004). Nevertheless, at least in endothelial
cells, PECAM-1 is a major constituent of the endothelial intercellular junctions

and is therefore crucial for the maintenance of the vascular barrier. Additionally,

it also plays a prominent role during angiogenesis (Privratsky and Newman,
2014). Another cell adhesion molecule involved in the organization of
intercellular junctions between endothelial cells is CD146 (LSEC) (Leroyer at al.
2019). CD146 is expressed on endothelial cells and pericytes and has been shown
to play an important role in the development of the BBB by controlling vessel

integrity and permeability (Chen et al. 2017). In mucosal tissues, endothelial cells
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express specific adhesion molecules that are not found elsewhere in the body and
gut microbes have been linked to influence cell adhesion molecules’ expression
(Komatsu et al. 2000; Formes and Reinhardt, 2019). MadCAM-1 is an adhesion
molecule expressed on high endothelial venules (HEVS) in the mesenteric lymph

nodes (MLNs) and PPs (Ley, 2008). MadCAM-1 has been shown to have a central
role in the formation of the gut lymphoid tissue during the postnatal stage in
addition to the recruitment of leukocytes into the LP (Schippers et al. 2009;
Clahsen et al. 2015).

Endothelial proliferation via angiogenesis, sprouting of existing blood
vessels, can occur in response to injury or hypoxic conditions during tissue

development/ growth and cancer (Alberts et al. 2002). In normal physiological

conditions, endothelial cells are usually in a quiescent state and their turnover is

very slow (Kriger-Genge et al. 2019). As previously mentioned, however,

intestinal endothelial cells undergo constant regeneration during homeostasis, as
seen by their dependency on and expression of VEGF, an important angiogenesis

marker (Yang et al. 2013). VEGF is a crucial growth factor involved in the

initiation of angiogenesis, and its expression can be stimulated by HIF-proteins
like HIF-1a that activate the HIF-pathway (Al-Soudi et al. 2017). Regulation of

angiogenesis has been shown to be triggered by similar mechanisms that induce
endothelial activation. For example, cytokines such as TNF-a, IL-1, TGF- and
IL-17 can enhance angiogenesis usually via VEGF-signalling. Activation of
different TLRs also induces angiogenesis by increasing VEGFs as well as
metalloproteinases (MMPs) (Bhagwani et al. 2020). MMPs degrade the

extracellular matrix (ECM), which facilitates endothelial migration to form new

vascular tubes (Sun et al. 2017). Lastly, SCFAs may also play a role in regulating

angiogenesis, as administration of sodium butyrate was shown to increase the
capillary density in the myocardium of high fat diet (HFD)-mice (Zhang et al.
2018).

1.4 Citrobacter rodentium

The murine gastrointestinal pathogen C. rodentium, previously known as C.
freundii 4280, belongs to a family of extracellular enteric pathogens, related to
human enteropathogenic- (EPEC) and enterohemorrhagic (EHEC) E. coli
infections (Barthold, 1980; Mundy et al. 2005; Luperchio and Schauer 2001).

Genome analyses of C. rodentium confirm its evolutional relationship with EPEC
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and EHEC bacteria, namely the sharing of ~67% of its genes with both bacterial

strains (Petty et al. 2010). Thus, mouse experiments with C. rodentium represent

an ideal in-vivo model for the investigation of EPEC and EHEC infections.

1.4.1 Course of infection
Similar to most enteric pathogenic bacteria, C. rodentium is transmitted via the

fecal-oral route (Collins et al. 2014). In the wild, C. rodentium infection involves

infected mice in close proximity with naive mice and transmission via coprophagy

(Bouladoux et al. 2017). This infection cycle can be reproduced in a laboratory

setting by cohousing infected and naive mice (Crepin et al. 2016). However, in
order to establish reproducibility, most C. rodentium-infection studies are done

by inoculation of mice via oral gavage (Bouladoux et al. 2017). Laboratory-

cultured C. rodentium is usually grown in LB-media, which has been shown to
downregulate the virulence genes of enteric pathogens (Abe et al. 2002;

Mullineaux-Sanders et al. 2017). Cultivation of C. rodentium in DMEM

upregulates its virulence genes due to the presence of NaHCO3 (Abe et al. 2002).

Therefore, it is believed that C. rodentium has evolved to upregulate the virulence
genes needed for colonization when it reaches the bicarbonate-rich host
environment of the gastrointestinal tract (Yang et al. 2008; Yang et al. 2010).

Once in the intestine, few C. rodentium bacteria begin to establish and expand in

the caecum, more specifically in the caecal patch (Wiles et al. 2004). The caecal

patch is a place that is thought to provide essential signals for the triggering of
virulence factors, thus allowing C. rodentium to adapt to the intestinal

environment (Wiles et al. 2004). Nevertheless, caecum removal did not impair C.

rodentium’s ability to colonize its host (Brown et al. 2018). Colonization then

expands to the colon, where C. rodentium predominately stays and bacterial
loads reach a peak at day 10 post-infection (p.i.) (Wiles et al. 2004). Yet, C.

rodentium colonization dynamics can vary greatly due to the different microbiota

composition between animal facilities (Osbelt et al. 2020). During the peak of

infection, C. rodentium is able to comprise 1-3% of the total intestinal microbiota,

leading to acute dysbiosis in SPF mice (Lupp et al. 2007). Colonic pathogen

burden starts to decrease on day 14 p.i., simultaneously with a decrease in the
colonization of the caecal patch (Wiles et al. 2004). This finding pointed to the

caecal patch as a bacterial reservoir, thus, continuously releasing new bacteria

into the colon and subsequently representing an important starting point for
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pathogen elimination (Wiles et al. 2004). Cecectomized mice, however, showed

no difference in densities of C. rodentium shed in the feces to mice that received

sham surgeries (Brown et al. 2018).

The mechanisms by which C. rodentium infects its host include the use of
attaching and effacing (A/E) lesions that in turn consist of the induction of
pedestal-like structures on the apical site of enterocytes by intimate bacterial
attachment, resulting in the damage of the brush-border and cytoskeletal

rearrangements in the underlying cytoplasm (Schauer and Falkow 1993;

Luperchio and Schauer 2001). C. rodentium’s ability to form A/E lesions is

encoded, as seen in EPEC and EHEC bacteria, by the presence of a pathogenicity
island (PAIl), known as the locus of enterocyte effacement (LEE) (Nataro and
Kaper, 1998; Collins et al. 2014). LEE encodes a type |11 secretion system (T3SS)

composed of approximately 20 proteins and known as an injectisome, which
allows the translocation of different effector proteins into the cytoplasm of

enterocytes (Collins et al. 2014; Cornelis, 2006). These virulent proteins provoke

structural changes in enterocytes, which lead to transmissible murine colonic
hyperplasia (TMCH) (Luperchio and Schauer 2001). TMCH development and
disease severity correlate with mice age and strain. Adult in-bred mice develop a

milder disease progression, less morbidity and mortality than suckling mice or
susceptible mice strains, who have a higher probability to develop rectal prolapse,

acute diarrhea and severe colonic inflammation (Papapietro et al. 2013; Barthold

et al. 1978). The intestinal lesions as a result of TMCH in mice resemble lesions
found in humans suffering from inflammatory bowel diseases (I1BDs) (Luperchio

and Schauer 2001). Therefore, the research of C. rodentium can also be used to

study IBDs and colon carcinogenesis, since the infection is known to cause
elongation of colonic crypts, decrease of goblet cells and an increase of the mitotic
activity in enterocytes (Collins et al. 2014). The subsequent epithelial hyper-

proliferation can create a perfect environment for colon tumorigenesis, as seenin

patients suffering from ulcerative colitis (UC) (Luperchio and Schauer 2001).

1.4.2 Immune response

C. rodentium infections promote several host immune responses, some of which
are essential for pathogen clearance. Even though C. rodentium is a strictly
extracellular pathogen and does not invaded the LP or become systemic in wild-

type (WT) mice, Neutrophil-, Ragl- and c-rel knockout (KO) mice have been
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shown to succumb to the infection due to systemic bacteremia (Kamada et al.

2015; Luu et al. 2020). Thus, the first line of defence against C. rodentium

constitutes the cells of the innate immune system, particularly neutrophils.
Neutrophils are crucial to reduce the bacterial load of C. rodentium in the gut by
migrating into the intestinal lumen and phagocytizing 1gG-opsonized virulent
bacteria (Spehlmann et al. 2009; Kamada et al. 2015). They work closely together

with 1gG-plasma cells, which are absent both in Ragl- and c-rel KO mice, to keep
pathogenic-attaching C. rodentium at bay, while avirulent C. rodentium is

outcompeted by the intestinal microbiota in the colonic lumen (Kamada et al.

2015; Luu et al. 2020). Further important immune mediators, such IL-17, elicit a

key role in neutrophilic migration during infection (de Oliveira et al. 2016).

Indeed, due to C. rodentium’s close contact with and adherence to epithelial cells,
as seen in SFB, a strong IL-17 is induced (Atarashi et al. 2015). This IL-17

production is triggered and produced by cells of both the innate and adaptive
immune systems, namely ILC3, TH17 and a subset of conventional dendritic cells
(cDCs) (Coallins et al. 2014; Schreiber et al. 2013). IL-17 A/F KO mice show

impaired neutrophilic recruitment into the gut throughout C. rodentium

infections; however, clearance was achieved due to infiltrating macrophages,
which, in the absence of neutrophils, control and clear the pathogen (Zarzycka,
2017). This finding implies that the immune response against C. rodentium can
vary depending on the mouse strain as well as their immunological status. For
instance, in WT mice, macrophage immunity is dispensable during C. rodentium

infection (Zarzycka, 2017). 1L-22, produced mainly by ILC3, is another important

soluble mediator in the defense against C. rodentium infection (Collins et al.
2014). Apart from inducing the production of antimicrobial peptides, IL-22
further represents a crucial promoter of intestinal epithelial barrier integrity

during C. rodentium infection (Zheng et al. 2008). Lastly, infections with C.

rodentium provide immunity to immunocompetent mice against re-infection,

although, it appears to wane over time, thus making the animals newly

susceptible to C. rodentium infection (Barthold 1980).

1.4.3 Role of the microbiota
Under physiological conditions, the murine gut flora is devoid of C. rodentium,
meaning that there is no known carrier-state in wild or SPF WT mice (Baker,

1998). A study on the impact of antibiotic treatment towards host response to
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different bacterial challenges revealed that C. rodentium can act as an
opportunistic pathogen, as antibiotic treatment caused its overgrowth in the

murine gut (van_ Oqgtrop et al. 1991). Moreover, metrodinazole-antibiotic

treatment prior to an infection with C. rodentium led to increased susceptibility,
whereas streptomycin treatment did not affect disease severity (Wlodarska et al.

2011). This observation indicates that specific bacteria or bacterial communities
confer resistance against C. rodentium. A study in genetically identical mouse
lines from different animal facilities, revealed that microbiota composition
predetermines whether the mice present a resistant or susceptible colonization

phenotype (Osbelt et al. 2020). The resistant microbiota harboured multiple

Enterobacteriaceae such as C. amalonaticus, E. coli and K. oxytoca as well as
elevated levels of the SCFA butyrate (Osbelt et al. 2020).

The importance of the microbiota during C. rodentium infectionsis further
emphasized in experiments involving GF mice. While SPF mice eradicate the

infection in around 3 weeks, C. rodentium persists lifelong in GF mice and

behaves as a commensal by downregulating its virulence factors (Kamada et al.

2012; Zarzycka, 2017). A similar scenario has been observed in asymptomatic

EPEC human carriers, however the circumstances that incline certain individuals

to become carriers remain unclear (Nataro and Kaper 1998; Hu and Torres,

2015). Despite the asymptomatic infection, monocolonization of GF mice with C.
rodentium quickly leads to high bacterial numbers (=10° CFU/g), which remain
unchanged even after 1 year p.i. (Zarzycka, 2017). Monocolonization of GF mice

with selected bacterial strains like E. coli was shown to exert a reduction of the C.

rodentium bacterial burden in the intestine (Kamada et al. 2012). As both E. coli

and C. rodentium are Enterobacteriaceae, it was hypothesized that bacterial
competition for certain nutrients as well as intestinal niches plays a role in the

colonization dynamics of C. rodentium (Kamada et al. 2012). Consistently, mice

with ASF bacteria are unable to eliminate C. rodentium, probably due to the lack
of competing bacteria, as the ASF community lacks Enterobacteriaceae (An et al.

2021; Wymore et al. 2015). Even though the competition provided by the

microbiota plays a crucial role in C. rodentium elimination, a functional immune
system is also essential. B-cell deficient SPF mice are unable to eliminate C.

rodentium and show no mortality after 40 p.i. (Maaser et al. 2004). But the

presence of the microbiota may actually regulate whether C. rodentium
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downregulates its virulence genes or not through a quorum sensing system

(Coulthurst et al. 2007). C-rel KO SPF mice remain C. rodentium carriers for at

least 3 months, but show decreased survival and bacteria septicaemia at later

time-points (Luu et al. 2020). Thus, C. rodentium elimination involves a careful

interplay between the gut microbiota and the immune system.

1.5 Aim of the work

This study’s main goal is to understand how specific commensal bacterial strains
shape the maturation of a previously sterile and immature intestine to effectively

fight and eliminate an enteric infection.
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2 Material and methods

2.1 Material

2.1.1 Mice

Strain Hygiene
status

C57BL/6 SFP

C57BL/6 OMM12

C57BL/6 germ-free

Origin

Charles River

Laboratories

Institute for Laboratory
Animal Science and
Central Animal Facility,
Hannover Medical
School

Institute for Laboratory
Animal Science and
Central Animal Facility,
Hannover Medical
School

2.1.2 Consumables and equipment

Consumables,
equipment
Anaerobic culture

system

Bioanalyzer

Cell counter

Type

Anaerocult® A
anaerobic jar
GasPak™ EZ anaerobe
container system

2100

Experion™ Automated
Electrophoresis System
Cell counting slides

Maintenance

Institute for Medical
Microbiology and
Hospital Hygiene,
University Marburg
Institute for Medical
Microbiology and
Hospital Hygiene,
University Marburg

Institute for Medical
Microbiology and
Hospital Hygiene,
University Marburg

Company
Merck, Millipore,
Darmstadt

BD, Heidelberg

Agilent, USA
Biorad, USA

BioRad, Hercules, USA
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Cell homogenisators

and dissociaters

Cell strainers

Centrifuges

Flow cytometer

Gel documentation

system

Heater and shaker

Incubator
Inoculation loop
Microplate reader

Microscope

NanoDrop system

TC20™ Automated Cell
Counter

gentleMACS Octo
dissociator
Ultra-Turrax

Easystrainer, 100 um

Pre-separation cell
strainer, 30 um
Megafuge

Microstar 17R, Ministar

Attune™ NxT

BD FACSCanto™
CytoFLEX

Herolab

omniDOC
IKA KS260
Thermomixer comfort

Unitexer 1

HERAcell240i
10
FLUOstar omega

Leica DM 5500 wide
field microscope
1000

BioRad, Hercules, USA

Miltenyi Biotec,
Bergisch Gladbach
|KA, Staufen im
Breisgau

Greiner, Kremsmunster,
Osterreich

Miltenyi Biotec,
Bergisch Gladbach
Heraeus, Hanau
Avantor, VWR,
Pennsylvania, USA
Thermo Fisher
Scientific, Waltham,
USA

BD, New Jersey, USA
Beckman Coulter,
California, USA
Herolab, Wiesloch

Cleaver Scientific, UK
KA, Staufen
Eppendorf, Hamburg
LCG Labware,
Meckenheim
Heraeus, Hanau
Sarstedt, Numbrecht
BMG Labtech,
Ortenberg

Leica Mikrosysteme,
Wetzlar

Thermo Fisher
Scientific, Waltham,
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Digital pH meter
Pipettes

Power supply
(RT-) PCR systems

Scales

Sequencing system

Sterile filters

Syringes and needles

Tubes and dishes

inoLab pH Level 2
Eppendorf Research®
plus

TipOne® filter tips

LightCycler® 480

Instrument 11

Personal cycler
StepOnePlus Real-time
PCR System

Adventurer® Analytical
AV812M, Explorer®
Analytical EP114CM
MiSeq sequencing
system

NovaSeq 6000

HiSeq2500
Fitropur BT50 filters,

0.22 um
Syringe filters, 0.2 um

Syringe, 1.0 ml

Gavage needle

Biosphere® plus
SafeSeal tube, 1.5 ml,

USA
Xylem, WTW, Weilheim
Eppendorf, Hamburg

Starlab, Hamburg
Biometra, Gottingen
Roche Molecular
Systems, Basel,
Switzerland
Biometra, Gottingen
Thermo Fisher
Scientific, Applied
Biosystems, Waltham,
USA

Ohaus, Nanikon,

Switzerland

[llumina, San Diego,
USA
[llumina, San Diego,
USA
[llumina, San Diego,
USA
Sarstedt, Nimbrecht

Thermo Fisher
Scientific, Waltham,
USA

B. Braun, Melsungen
Thermo Fisher
Scientific, Waltham,
USA

Sarstedt, Numbrecht
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Water purification

system

2.1.3 Bacteria

Strain

Citrobacter rodentium

Escherichia coli

Citrobacter amalonaticus

Lactobacillus murinus

Enterococcus gallinarum

2.0 ml

Centrifuge tube, 15 ml,
50 ml

Cell culture dishes, 24
wells

C tubes

DNA LoBind tubes, 1.5
ml

Microplates, polystyrene

Microplates,

polypropylene
Reaction tubes, 0.5 ml,

1.5ml, 2.0 ml
Petri dishes

Milli-Q Integral

Origin

Sarstedt, Nimbrecht

Sarstedt, Nimbrecht

Miltenyi Biotec,
Bergisch Gladbach
Eppendorf, Hamburg

Greiner, Kremsmunster,
Osterreich

Greiner, Kremsmidnster,
Osterreich

Eppendorf, Hamburg

Greiner, Kremsmunster,
Osterreich

Bruker Daltonics,
Billerica, USA

Kindly provided by Till Strowig,

Department Microbial Immune

Regulation, HZI, Braunschweig

Institute of Medical Microbiology and

Hygiene, Marburg

Institute of Medical Microbiology and

Hygiene, Marburg

Institute of Medical Microbiology and

Hygiene, Marburg

Institute of Medical Microbiology and
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Hygiene, Marburg
Peanibacillus sp. Institute of Medical Microbiology and
Hygiene, Marburg
Escherichia coli DH5a Institute of Medical Microbiology and

Hygiene, Marburg

2.1.4 Enzymes
Enzyme Origin

Lysozyme, chicken egg white Merck, Sigma-Aldrich, Darmstadt

Hindll1l Fermentas, Vilnius, Litauen
Ncoll Fermentas, Vilnius, Litauen
Notl Fermentas, Vilnius, Litauen

2.1.5 Antibodies
2.1.5.1 Antibodies for FACS

Antibody Conjugate Clone W orking Company/
concentration cat#
human a-mouse FITC REA1064 1:100 Miltenyi/
CD146 (LSEC) (0,5x106 cells) 130-118-252
human a-mouse FITC REA880 1:100 Miltenyi/
CD11a/CD18 (LFA-1) (0,5x106 cells) 130-114-423
human a-mouse FITC REA977 1:100 Miltenyi/
CD326 (EpCAM) (0,5x106 cells) 130-117-863
human a-mouse APC REA743 1:100 Miltenyi/
CD24 (0,5x106 cells) 130-110-824
hamster a-mouse APC 3E2 1:400 BD/
ICAM-1 (0,5x106 cells) 561605
rat a-mouse BB700 MECA-367 1:300 BD/
MadCAM-1 (0,5x106¢cells) 746132
rat a-mouse PE 1A8 1:300 Biolegend/
Ly6G (0,5x106 cells) 127608
rat a-mouse AF700 HK1.4 1:300 Biolegend/
Ly6C (0,5x106cells) 128024
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2.1.5.2 Antibodies for histology

Antibody Conjugate Clone W orking Company/
concentration cat#
a-mouse VEGFA none VG-1 1:200 abcam/
ab1316
rat a-mouse CD31  AlexaFluor®594 390 1:400 Biolegend/
102432
2.1.6 Primers and probes
2.1.6.1 Primers and probe for OMM2 gPCR
Primer Sequence (5-37) Source

Isol46_Exonucl.2_fwd

Isol46_Exonucl.3_rev
Probe3 1sol46

sol49_ Exonucl._fwd

Isol49 Exonucl._rev
Probe Isol49

YL58_ Exonucl._fwd

YL58 Exonucl._rev

Probe YL58

YL27_Exonucl.2_fwd
YL27_Exonucl.2_rev

Probe2_YL27

YL31 Exonucl.2_fwd
YL31 Exonucl.3 rev

Probe2_YL31

CGG ATCGTAAAGCTCTGT TGT
AAG
GCT ACC GTC ACT CCC ATAGCA

FAM-AAG AAC GGC TCA TAG
AGG-BHQ1

GCA CTG GCT CAA CTG ATT GAT
G

CCG CCA CTC ACT GGT GAT C

HEX-CTT GCA CCT GAT TGA
CGA-BHQ1
GAAGAGCAAGTCTGATG
TGAAAGG

CGG CACTCT AGAAAAACAGTT
TCC
FAM-TAA CCC CAG GACTGC

ATB-HQ1

TCA AGTCAG CGG TAAAAATTC
G

CCCACT CAAGAACATCAGTTT
CAA

HEX-CAA CCC CGT CGT GCC-

BHQ1
AGG CGG GAT TGC AAG TCA

CCAGCACTC AAG AACTACAGT
TTCA
FAM-CAA CCT CCA GCC TGC-

BHQL

Brugiroux et al.
2016, biomers

Brugiroux et al.
2016, biomers

Brugiroux et al.
2016, biomers

Brugiroux et al.
2016, biomers

Brugiroux et al.
2016, biomers
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Primer Sequence (5-37) Source
YL32_Exonucl.2_fwd AAT ACC GCA TAA GCG CAC AGT Brugiroux et al.
YL32_Exonucl.2_rev CCATCT CACACCACCAAAGTT 2016, biomers

1T
Probe2_YL32 HEX-CGC ATG GCA GTG TGT-
BHQ1
KB1 Exonucl._fwd CTTCTTTCCTCCCGAGTGCTT  Brugirouxet al.
KB1_Exonucl._rev CCCCTCTGATGG GTA GGT TAC 2016, biomers
C
Probe_KB1 FAM-CAC TCA ATT GGA AAG
AGG AG-BHQ1
YL2_Exonucl._fwd GGG TGA GTAATG CGT GAC Brugiroux et al.
CAA 2016, biomers
YL2_Exonucl._rev CGG AGC ATC CGG TAT TAC CA ’
Probe_YL2 HEX-CGG AAT AGC TCC TGG
AAA-BHQ1

KB18 Exonucl.2_fwd TGG CAAGTC AGT AGT GAA ATC Brugiroux et al.

CA 2016, biomers
KB18_Exonucl.2_rev TCACTCAAGCTCGACAGTTTC '
AA
Probe2_KB18 FAM-CTT AAC CCA TGA ACT
GCB-HQ1
YL44 Exonucl._fwd CGG GAT AGC CCT GGG AAA Brugiroux et al.
YL44 Exonucl._rev GCGCATTGCTGCTTT AATCTT 2016, biomers
T
Probe_YL44 HEX-TGG GAT TAATAC CGC

ATA GTA-BHQ1
YL45 Exonucl. fwd AGA CGGCCTTCG GGTTGTA Brugiroux et al.

YL45 Exonucl. _rev CGT CATCGTCTATCG GTATTA 2016, biomers
TCAA

Probe_ YL45 FAM-ACCACT TTT GTA GAG
AAC GA-BHQ1

Isol48 Exonucl._fwd GGC AGCATGGGAGTTTGCT Brugiroux et al.
Isol48 Exonucl._rev TTATCG GCA GGT TGG ATACGT 2016, biomers

Probe_1s0l48 HEX-CAA ACT TCC GAT GGC
GAC-BHQ1

2.1.6.2 Probe for fluorescence in situ hybridisation (FISH)
Probe Sequence (5’-37) Source
Eub338 FITC-GCT GCC TCC CGT AGG AGT Amann et al. 1990, biomers
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2.1.7 Plasmids

Plasmid

PSAB7

PSAB3

pSAB9

PSABI12

pSAB4

PSABS

pSAB6

pM1459-1

pM1460-1

pM 1452

pM1457-1

pM1456-1

2.1.8 Kits
Kit

AllPrep DNA/RNA/ Protein Mini Kit
eBioscience™ Foxp3/ Transcription

Factor fixation/ permeabilization

Backbone

pJET 1.2

pJET 1.2

pJET 1.2

pJET 1.2

pJET 1.2

pJET 1.2

pJET 1.2

PCR® 2.1-
TOPO®
PCR® 2.1-
TOPO®
PCR® 2.1-
TOPO®
PCR® 2.1-
TOPO®
PCR® 2.1-
TOPO®

Insert Restrictions
site

‘B. caecimuris’' 148 Hindlll

‘M. intestinale’ YL27  Notl

E. faecalis KB1 Notl

‘A. muris’ KB18 Hindl !l

B. coccoides YL58 Hindlll

L. reuteri 149 Hindl !l

C. innocuum 146 Notl

A. muciniphilaYL44  Hindlll

‘T. muris’ YL45 Ncoll

B. longum YL2* Hindlll

C. clostridioforme Hindl !l

YL32

F. plautii YL31 Hindlll

Company

Qiagen, Hilden, Germany

Source

Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016
Brugiroux et
al. 2016

Thermo Fisher Scientific, Waltham,
Massachusetts, USA
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concentrate and diluent
QIAmp DNA stool mini kit

Lamina Propria Dissociation Kit, mouse

LightCycler® 480 Probes Master

RNeasy Plus Micro Kit
RNeasy Plus Mini Kit

2.1.9 Software and databases

Softwarel/ Database
Adobe Illustrator 2021
AmiGO

Fiji

FlowJo 10

GraphPad Prism 9
ImageJ

Imaris

Imaris File Converter
Imaris Stitcher

Imaris Viewer

MC Office 2016
PANTHER
QuantAnalysis 2.2

R, RStudio

STRING

2.2 Methods

2.2.1 Ethic statement

Qiagen, Hilden, Germany

Miltenyi Biotec Germany, Bergisch
Gladbach, Germany

Roche Molecular Systems, Baser,
Switzerland

Qiagen, Hilden, Germany

Qiagen, Hilden, Germany

Source

Adobe Inc.

GO Consortium

National Institutes of Health
Becton Dickinson GmbH
Graphpad Software, Inc.
National Institutes of Health
Bitplane

Bitplane

Bitplane

Bitplane

Microsoft

University of Southern California
Bruker Daltonics GmbH
RStudio Inc.

Academic Consortium

All animal experiments have been performed in agreement with the guidelines of

the national animal protection law (Tierschutzgesetz (TierSchG) and animal

experiment regulations (Tierschutz-Versuchstierverordnung (TierSchVersV)),

and the recommendations of the Federation of European Laboratory Animal
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Science Association (FELASA). The study was approved by the
Regierungsprasidium Giel3en, (Germany) under project numbers EX7-2015, Ex9-
2019, Ex22-2020, Mr 40/2015 and G49/2020.

2.2.2 Mice maintenance and breeding

All mice were kept in the animal facility of the Biomedical Research Centre of
Philipps-University Marburg. WT mice (C57B/6 background) were purchased
from Charles River Laboratory and bred under SPF conditions in individual
ventilated cages (IVC), with 12 h light cycle, standard rodent pellet diet
(LasQCdiet Rod18, HiHyg (Altromin)) and water ad libitum. For transcriptome
and metabolomics analyses, SPF mice were bred with the same condition as GF
mice. GF and mice harboring the OMM2 minimal consortium (C57B/6
background) were kindly provided by Dr. M. Basic (Hannover). GF and
gnotobiotic mice were bred in sterile isolators with positive pressure differential
and filter-top cages (Tecniplast) with autoclaved bedding, food (Altromin 1324 P
Forti) and water ad libitum. Sterility in GF mice was checked monthly by
culturing feces in thioglycollate medium under aerobic and anaerobic conditions
for at least 10 days as well as fecal gram-staining. Contamination in gnotobiotic
mice was checked by culturing the feces on blood agar plates under aerobic
conditions. All handling procedures for GF and gnotobiotic mice were conducted

under a laminar flow hood under sterile conditions.

2.2.3 Experiments with C. rodentium

2.2.3.1 Nalidixic acid preparation

Nalidixic acid (powder) was weighted using gloves, face mask and protective
clothing due to its mutagenic properties. Using a precision scale, 500mg Nalidixic
acid powder was weighed and transferred into a 15ml Falcon tube containing 5ml
1xPBS. Since Nalidixic acid is soluble at a basic pH, therefore, IM NaOH was
added dropwise until the solution turned clear. Subsequently, 1xPBS was added
to the solution to reach 10ml and afinal concentration of 50pug/ ml. Under asterile
hood, the solution was filtered through a 0, 22um filter and freeze in aliquots of
600ul at -20°C.

2.2.3.2 Preparation of LB-agar plates supplemented with nalidixic acid
For Lysogeny Broth (LB) medium preparation, 20 gr LB-powder was diluted in 1

Liter distilled water and autoclaved. 7,5 gr Agar powder was added to 500ml
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autoclaved LB-medium and the solution was newly autoclaved. Autoclaved LB-
agar was allowed to cool down in a water bath at ca. 50°C and supplemented with
0,1% Nalidixic acid (50ug/ ml) solution. Under a sterile hood, LB-agar
supplemented with nalidixic acid was distributed onto sterile petri dishes (2-5ml
per dish) and allowed to solidify at room temperature. The petri dishes were then
stored in sealed plastic bags at 4°C.

2.2.3.3 Overnight culture of C. rodentium for oral gavage

Under a sterile hood, 100ml autoclaved LB-medium were transferred into a
sterile Erlenmeyer flask and supplemented with 100pl nalidixic acid (50ug/ ml).
A single colony from a nalidixic acid plate containing single colonies of C.
odentium was added to the liquid media. The flask was then placed on a shaker
at 150 rpm at 37°C overnight (~16-18hrs).

2.2.3.4 Oral gavage preparation and CFUs quantification

Overnight culture of C. rodentium was transferred into two 50ml falcon tubes and
centrifuged at 4000 rpm for 20 minutes at 4°C. Supernatant was discarded and
the pellet resuspended in 10ml sterile PBS. Mice received an oral gavage (200pl)
containing the bacterial solution. For titer quantification, 1 ml was put aside and
used later for serial dilution (1:10) with 1xPBS. 10ul of each dilution was placed
on a LB-agar plate supplemented with nalidixic acid (50ug/ ml). Plates were

incubated overnight at 37°C and colony forming units were counted the next day.

2.2.3.5 Stool sample collection and serial dilution for titer quantification of
infected mice

Fecal samples were collected by manually restraining the mice and waiting until
spontaneous defecation. Samples were collected on 2ml Eppendorf tubes and
weighed using a precision scale. 100pl sterile PBS was added per 10mg of stool
sample. With the help of an inoculation loop each sample was homogenized till
all visible lumps were gone. The serial dilution was performed on a 96-well plate
with each well previously filled with 90ul PBS. Undiluted samples were vortexed,
10ul of each sample was transferred to the first wells to make a 10-fold dilution.
Subsequently each sample was serially diluted by 10-fold. After dilution, two 10l
drops of each dilution were placed on LB-agar plates supplemented with Nalidixic
acid (50ug/ ml). Plates were incubated over night at 37°C and colony forming
units were counted for quantification the next day.
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Counted colonies per dilution
CFU/ml =

10diluti0n factor 103 l
2 (drops per dilution) x x 10° (ml)

2.2.4 Microbiological experiments

SPF donor C. rod-carrier GF
feces mouse
—
Aerobic fecal

O/N culture

Fecal bacteria

isolation &
identification
MC?
Escherichia coli = Moo : 2
Citrobacter amalonaticus
MCs
MC?® Escherichia coli
Enterococcus gallinarum Citrobacter amalonaticus
Lactobacillus murinus
Peanibacillus sp. Enterococcus gallinarum

Lactobacillus murinus
Peanibacillus sp.

Figure 3: Mining the gut microbiota of SPF mice for facultative anaerobic bacteria.

Outlining of the bacterial isolation process. O/ N: Overnight culture, MC: Minimal consortium.

2.2.4.1 Preparation of an aerobic bacteria suspension from SPF stool samples
SPF mice from Charles River laboratory were euthanized by cervical dislocation
and stool contents from ceacum and colon were transferred to an Erlenmeyer
flask containing 100 ml LB-medium. The suspension was incubated overnight
(~16-18hrs) at 37°C on a shaker at 150rpm. 200ul of the suspension was given to
GF mice infected with C. rodentium (day 22 pi).
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2.2.4.2 Isolation of commensal bacteria from ex-GF mice colonized with
aerobic bacteria suspension

Stool samples from mice that received the aerobic bacteria suspension (2.1.4.1)
were weighted and 100ul PBS was added per 10mg stool. After homogenization,
the samples were streaked onto different agar plates (Columbia-blood agar,
chocolate-, clostridium difficile-, mdller-hinton- and schaedler- agar) and
incubated under different conditions (aerobic, anaerobic and CO2) at 37°C
overnight or until colonies were formed. Colonies with different morphologies
were isolated and streaked onto new plates. The identification of the different
isolated bacterial strains was done using Matrix Assisted Laser Desorption
lonization Time-Of-Flight Mass-Spectrometry (MALDI TOF-MS).

2.2.4.3 Association of mice with commensal bacteria
Facultative anaerobes: A single colony from the isolated bacterial strains was
inoculated in 50ml LB- medium and allowed to incubate at 150 rpm at 37°C
overnight. The overnight culture was then centrifuge for 20 minutes at 4000 rpm
at 4°C. The pellets were resuspended in 5ml PBS and mix together.
MCs: L. murinus (1:4), E. gallinarum (1:4), Paenibacillus sp (1:4), E. coli
(1:8) and C. amalonaticus (1:8)
MC3: L. murinus (1:3), E. gallinarum (1:3) and Paenibacillus sp (1:3)
MCz: E. coli (1:1) and C. amalonaticus (1:1)
Mice were manually restrained and received an oral gavage (200ul) of bacteria

suspension.

2.2.4.4 DNA isolation from faecal and caecal samples

Fecal samples were collected and transferred into 2-ml Eppis containing
InhibitEX (Qiagen) buffer and store at -20°C until further processing. Genomic
DNA was isolated using the QlAamp DNA Stool mini Kit (Qiagen) following the
manufacturer’s instructions for DNA isolation for pathogen detection. In brief,
faecal samples were homogenized using an inoculation loop and vortexed
vigorously for 1 min. The suspension was heated (70°C, 5 min) and vortexed again
for 15 sec. Samples were centrifuged (13,000 x g, RT, 1 min) and 200 pl of the
supernatant was transferred into a fresh 1.5 ml tube containing 15 ul proteinase
K, 200 pl Buffer AL was added and samples were vortexed for 15 sec and
incubated at 70°C for 10 min. Afterwards, 200 pl ethanol (96-100%) was added
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and the lysate was transferred onto a QlAamp spin column and centrifuged
(13,000 x g, RT, 1 min). The column was washed twice with 500 pl Buffer AW1
and subsequently 500 pl Buffer AW2, each wash step followed by centrifugation
(13,000 x g, RT, 1 min). Finally, the column was dried by one more centrifugation
step (13,000 x g, RT, 3 min). The column was transferred into a fresh 1.5 ml
microcentrifuge tube and 100 pl 70°C-prewarmed Buffer ATE was added on the
column. The DNA was eluted by centrifugation (13,000 x g, RT, 1 min). The
concentration and purity of the DNA were measured with the NanoDrop system

(Thermo Fisher Scientific). DNA samples were stored at -20°C.

2.2.4.5 Quantitative PCR for OMM!2 consortium

Quantification of the OMM12 consortium bacterial distribution within stool
samples, was made using hydrolysis probe-based RT-gPCR assays (Brugiroux et
al. 2016). Here, the probe contains a fluorophore reporter at the 5-end and a
quencher at the 3’-end, which allow FRET (Fluorescence Resonance Energy
Transfer). The quencher quenches the fluorescence emitted by the fluorophore
and only during amplification, the polymerase hydrolyses the probe leading to
the release of the fluorophore and the quencher resulting in the emission of a
detectable signal. The amount of specific DNA sequences in the sample correlates
with the amount of fluorophores being release and the intensity of the fluorescent
signal. Using this method, one can detect several templates per reaction by using

probes with different fluorophores.

Genomic bacterial DNA was isolated from faecal and caecal samples as

mentioned above.

Duplex RT-gPCRs were run using the LightCycler® 480 Probes Master (Roche)

with the following features:

Component Volume
2 X Probes Master 10 pl
forward primer 1 (30 uM) 0.2ul
forward primer 1 (30 puM) 0.2 ul
probe 1 (25 uM), FAM-labelled 0.2 ul
forward primer 2 (30 uM) 0.2ul
forward primer 2 (30 uM) 0.2ul
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probe 2 (25 uM), HEX-labelled 0.2ul
template/ standard DNA (4 ng/ pl) 2.5ul
PCR grade water ad 20 pl
Cycling Conditions Temperature and time
1. polymerase activation 95°C, 2 min
2. denaturation 95°C, 2 min
3. annealing 43°C, 10 sec
4. extension 70°C, 10 sec
Repeats of steps 2-4 40 cycles

For quantification, a standard curve with known DNA concentrations was used
(2.1.4.6). Beginning with the calculation for the concentration of sequence copy
numbers, ten-fold serial dilutions (108-102 copies/ pl) were prepared in water
supplemented with 100 ng/ ul yeast t-RNA. Standard curves measured once can
be used for absolute quantification of the copy number in template DNA, for
example DNA isolated from faecal samples. Just one single standard in every
further run is needed to reproduce the standard curves by the software of the
LightCycler® 480 Instrument (Roche). Establishment of the OMM12 gPCR
guantification was made by Dr. Florence Fischer.

2.2.4.6 Plasmids for OMM12 gPCR-standard curve
The absolute quantification of a DNA template via quantitative RT-qPCR requires
a standard with known concentration of the copy number. Therefore, plasmids
harbouring a sequence of the bacterial 16S rRNA gene were prepared to serve as
standard for RT-qPCR assays. Plasmids containing the 16S rRNA gene of OMM!2
bacteria were kindly provided by Prof. B Stecher (Max von Pettenkofer-Institute
Munich). The dried plasmids were solved in 10 pl water and transformed into
E. coli DH5a via heat shock (42°C, 30 sec).Bacteria were cultured on LB-Agar
plates containing ampicillin (100 pg/ ml) at 37°C overnight. Several clones of the
overnight culture were picked and cultured in 30 ml LB Medium containing
ampicillin (100 pg/ml) at 37°C overnight. The overnight cultures were
centrifuged (3,000 xg, 4°C, 10 min). Plasmid DNA was isolated using the
NucleoSpin Plasmid Kit (Macherey-Nagel) according to manufacturer’s
36



Material and methods

instructions. In short, bacterial cells were resuspended and lysed, following
centrifugation (11,000 x g, RT, 10 min) to remove cell debris. The supernatant
was loaded on a DNA-binding column. After a washing procedure and drying of
the membrane the DNA was eluted by addition of elution buffer and
centrifugation (11,000 x g, RT, 1Imin). The yielded plasmids were linearized by
cleaving once by restriction enzymes (Notl, Ncol, Hindlll). The DNA
concentration was measured by NanoDrop system (Thermo Fisher Scientific) and
the sequence was controlled by sequencing (Seglab). Establishment of the

Plasmids for OMM12 gPCR-standard curve was made by Dr. Florence Fischer.

2.2.4.7 Invitro bacterial competition assay

Bacterial competition assay was performed as previously described with a few
modifications (Speare et al. 2019). A single colony from C. rodentium was
incubated in 100-LB medium with a single colony of another commensal bacterial
strain overnight at 37°C (150 rpm). Bacterial suspension was centrifuged and the
CFU/ ml of C. rodentium was quantified using serial dilutions. Growth inhibition
was measured as normalized fold changes to C. rodentium normal growth in LB-

medium.

2.2.4.8 Ultra-High Performance Liquid Chromatography Mass Spectrometry
Analysis of Short Chain Fatty Acids

SCFAs isolation was performed in collaboration with Dr. Alesia Walker

(Helmholtz Center Munich).

Caecum content (~20mg) were weighed in sterile ceramic bead tubes
(NucleoSpin® Bead Tubes, Macherey-Nagel, Dueren, Germany) and extracted
with 1 mL chilled methanol (-20°C; LiChrosolv, Supelco, Merck, Darmstadt,
Germany) containing 10 parts per million (ppm) of butyric acid-4,4,4-d3 (98
atom% D, Sigma Aldrich, St Louis, MO, USA) as internal standard.

Homogenization and extraction were performed with Precellys® Evolution
Homogenizer (Bertin Corp., Rockville, Maryland, USA; 4,500 rpm, 40%x3 s, 2 s
pause time). Then, samples were centrifuged for 10 min at 21,000 x g and 4°C.
SCFA standards including acetic, propionic, and butyric acid were all purchased
from Sigma Aldrich (St Louis, MO, USA). They were prepared in methanol as
stock solutions at a concentration of concentration of 1,000 ppm. SCFA stock
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solutions were diluted 1:10 with methanol to a SCFA working solution of 100
ppm. We prepared a 100 ppm stock solution of butyric acid-4,4,4-d3 in methanol.

Derivatization of SCFAs was performed with 3-nitrophenylhydrazone. Stock
solutions of 200 mM 3-nitrophenylhydrazine hydrochloride (3-NPH) and 120
mM of N-(3-dimethylaminopropyl)-NO-ethylcarbodiimide hydrochloride (EDC)
were prepared in MilliQ Water (milliQH20, Milli-Q Integral Water Purification
System, Billerica, MA, USA). In total, 3 pL of fecal extract, 3 uL 100 ppm SCFA
Mix, 3 uL butyric acid-4,4,4-d3, 20 pL of 3-NPH and 20 pL of EDC were mixed
and incubated for 30 min at 40 °C and 1000 rpm in a Thermomixer. A volume of
257 uL MilliQ H20 was added to the derivatized mixture to stop the reaction and
was used for LC-MS analysis. DerivatizedSFCAs were prepared at different
concentrations (0.4ppm — 0.02 ppm) in MilliQ H20 for calibration spiked with
0.1 ppm 3-NPH-butyric acid-4,4,4-d3.

UHPLC (Acquity UPLC, Waters, Milford, MA, USA) coupled to MS. A reversed-
phase separation was applied using a C8 column (C8: 1.7 um, 2.1 mm x 150 mm,
Acquity UPLC BEH, Waters, Milford, MA, USA). Elution of 3-NPH-SCFAs was
ensured by the following solvent system of ammonium acetate (NH4Ac, 5 mM,
Sigma Aldrich, St Louis, MO, USA) in 0.1% (v/v) acetic acid (Ac, A) (Acetic acid
glacial ULC/MS, Biosolve, Valkenswaard, Netherlands) and acetonitrile (B)
(ACN, LiChrosolv®, Supelco®, Merck, Darmstadt, Germany). Samples were
injected via partial-loop-injection (5 pL). The flow rate was set to 0.3 mL/ min,
and column temperature to 45°C. A gradient profile was applied by starting at
15% B for 1 min, increasing to 55% B until 10 min, following an increase to 99%
B within 4 min. The 99% B was maintained for 2 min, resulting in a total run time
of 16 min. A pre-run time of 5 min ensured equilibration of the column applying
the starting condition of 15% B.

The MS analysis (amaZon ETD lonTrap, Bruker Daltonics GmbH, Bremen,
Germany) was performed in negative electrospray ionization mode with the
following parameters: nebulizer gas pressure of 2.0 bar, dry gas flow of 8.0
L/ min, dry heater of 250°C, capillary voltage of 4,500 V, and end plate offset of
500 V.

Theoretical m/z values and corresponding retention times of the 3-NPH-SCFAs
were the following: acetic acid ([M-H]-: 194.06, 4.1 min), propionic acid ([M-H]-
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:208.08,5.2min), butyricacid ([M-H]-: 222.09, 6.5min), and butyric acid-4,4,4-
d3 ([M-H]-: 225.11, 6.5 min). The MS analysis was time-segmented, and mass
signals were recorded in multiple reaction monitoring mode with an isolation

window on (5 Dalton).

Targeted peak picking and calibration was performed in QuantAnalysis 2.2
(Bruker Daltonics GmbH, Bremen, Germany) with following settings: retention
time window 0.1-0.2 min, m/z window = 0.5 Dalton, Gaussian smoothing
window of 0.3 and 6 cycles. Data was exported to comma-separated values files
for further analysis. Picked data was normalized to wet caecal weight with a final

concentration unit of umol/ g.

2.2.4.9 Non-targeted metabolomics using HILIC UHPLC-MS/MS
Metabolomics was performed in collaboration with Dr. Alesia Walker (Helmholtz
Center Munich).

An aliquot of methanol extract (50uL) was evaporated (40°C, SpeedVac
Concentrator, Savant SPD121P, ThermoFisher Scientific, Waltham, MA, United
States) and reconstituted in an aqueous solution containing 75% ACN. Samples
were analyzed by using an UHPLC system (ExionLC, Sciex LLC, Framingham,
MA, USA) coupled to a quadrupole time-of-flight mass spectrometer (X500
QTOF MS, Sciex LLC, Framingham, MA, USA).

Mass calibration of the MS was performed prior the analysis of the study by using
the calibrant delivery system pump of the X500 QTOF MS (ESI Negative
Calibration Solution). Additionally, after every fifth injection an automatic mass
calibration of the X500 QTOF MS was conducted for the TOF MS and TOF
MS/MS mode. The MS method was set to IDA (Information Dependent
Acquisition). The parameters are summarized in Table 1 for negative ionization
IDA mode.

Hydrophilic interaction liquid chromatography was conducted by using an
iHILIC® - Fusion UHPLC column SS (100 x 2.1 mm, 1.8 um, 100 A, HILICON
AB, Umea, Sweden). Chromatographic conditions are as follows: Eluent A
consisted of 5 mmol/L NH4Ac (pH 4.6) in 95% ACN (pH 4.6) and eluent B of 25
mmol/L NH4Ac (pH 4.6) in 30% ACN.
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The LC-run started with 0.1% B and kept for 2 minutes, following by the increase
of B t0 99.9% over 7.5 minutes. The starting condition of 99.9% B was kept for 2
minutes and reversed to 0.1% B within 0.1 minutes and equilibrated for 4 minutes
prior next injection. The run was finished after 12.1 minutes. The flow rate was
set to 0.5 mL/min, column temperature was set to 40°C and 5 pL of sample was
injected on the column and sample manager was set to 4°C. Weak and strong
wash consisted of 95% ACN and 10% ACN.

2.2.4.9.1 Data processing and analysis

Raw LC-MS (.wiff2) data were post-processed using GeneData Expressionist
Refiner MS 13.5 (GeneData GmbH, Basel, Switzerland) including chemical noise
subtraction, intensity cutoff filter, chromatographic peak picking, deisotoping
and library MS search on MS1 level (precursor mass tolerance 0.005 Dalton).
Data processing resulted in a data matrix containing clusters (m/z and retention
time values) and observed maximum intensity values for each sample. Maximum

intensity values were normalized to the wet caecal weight.

Metabolite identification was done by matching experimental tandem MS spectra
against spectral libraries, downloaded from MassBank of North America by using
MS PepSearch (0.01 Dalton mass tolerance for Precursor and Fragment Search)
or by running authentic standards within the study batch. Matches with dot
product over 500 were kept for further analysis. Multiple matches were filtered
for the best match. For identification levels, level 1 identification was included
matching against the set of authentic standards, level 2 included metabolites that
were identified by spectral libraries search and level 3 was set for metabolites
solely based on MS1 annotation within a precursor mass tolerance of 0.005
Dalton.

2.2.5 Histology
2.2.5.1 Fixation and embedding in paraffin

Around 1 cm of piece of intestine was fixated either with the water-free methacarn
(methanol-Carnoy’s) fixation to preserve the intestinal mucus layer (Puchtler et

al. 1970) or 4% PFA. Following steps were done prior to embedding in paraffin:

Solution Time

Dry methanol 2 x 30 min
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Ethanol, 100% 2x15min
Ethanol/xylene (1:1, [v/V]) 1x 15 min
Xylene 2x15min

For PFA fixation, the tissue was transferred into 5 ml PFA solution and fixed over

night at 4°C. Following steps were done prior to embedding in paraffin:

Solution Time
Running water 3h
Ethanol, 70% 2 h-O/N
Ethanol, 80% 2h
Ethanol, 100% 2h
Isopropanol | 1,5-2h
Isopropanol 11 1,5-2h

2.2.5.2 Periodic acid-Schiff (PAS) staining of Par affin-Embedded Tissue
After sectioning in 3-5 um thin sections dewaxing was accomplished by an initial
incubation at 60°C for 10 min and subsequent incubation in xylene prewarmed

at 60°C for 10 min and ethanol for 5 min. The sections were stained with periodic-

acid-Schiff (PAS):

Solution Time
Periodic acid, 0,5% [w/ V] 10 min
Running water 5-10 min
Schiff's reagent 20-30 min
Running water 20 min
Mayer’s Hamalaun 1-5min
Running water 5min

2.2.5.3 Immunohistochemistry Staining of Paraffin-Embedded Tissue

For immunohistochemistry, heat-induced epitope retrieval was performed with
EDTA. Staining was performed on a DAKO autostainer plus. After blocking
endogene peroxidase, sections were incubated for 45 minutes with mouse
monoclonal anti-VEGFa antibody (1:200; abcam #ab1316, clone VG-1). Sections
were washed and incubated with Dako REAL EnVision HRP Rabbit/ Mouse
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polymer, which reacts with DAB-Chromogen, according to the manufacturer”s

protocol.

2.2.5.4 Fluorescence in situ hybridisation (FISH)

Colonic intestinal tissues containing fecal pellets were fixed over night with
methacarn as described in 2.1.5.1. For FISH analysis, 3—5 um thin tissue sections
were dewaxed by incubating the slides for 10min at 68°C. The following

incubation steps were done:

Solution Time

ROTI® histol, 60°C prewarmed 1x5min
ROTI® histol 2X5min
Ethanol, 100 % 2x 3 min
Ethanol, 80 % 1x3 min
Ethanol, 60 % 1x3min
Aqua dest. 1x 30 sec

Slides were then treated with 50 pl 4% lysozyme solution (45 min, 37°C) for
nucleic acids demasking. After washing, 50 pl hybridization solution containing
the primer-probe EUB338 (Amann et al. 1990) was added and incubated for 3
hours at 50°C. Slides were washed several times at 37°C and were dried at RT
before mounted with ProLong™ Gold Antifade Mountant with DAPI (Thermo

Fisher Scientific) following manufacturer’s instructions. The samples were
documented at a Leica DM 5500 wide field microscope (Leica) and analyzed with

Imaris Software (Bitplane).

2.2.5.5 Tissue preparation for whole-mount staining and ECi clearing

Mice were euthanized with isoflurane and perfused with ice-cold PBS containing
heparin. Colon was cut longitudinally and faeces washed out. The tissues were
placed in a 12-well plate containing paraformaldehyde (PFA) solution as fixative
reagent. After 2 h at 4 °C the samples were washed 3 times (30 min at 4°C) with
PBS with 0,3 % Triton-X. Tissues incubated for two hours at RT in 10% normal
goat serum (NGS) containing 0,2 % Triton-X. Vessels were stained with Alexa
Fluor® 594 anti-mouse CD31 Antibody (Biolegend) in 2% NGS and incubated for
ca. 60 h at 4 °C. After antibody incubation the immunolabeled samples were

washed in PBS overnight and transferred into the bracket of the autostainer. The
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first vial contained a 50% EtOH solution with Aqua ad iniectabilia. For adjusting
the pH value, 0.1M NaOH and 0.1M HCI was used. The samples were placed into
an ascending ethanol order, starting from 50% to 70% and two times 100% EtOH,
toslowly dehydrate the tissue. Each dehydration step was performed for 4 h. After
dehydration, the sample was played into a glass vessel and incubated with Ethyl
cinnamate (ECi) (Sigma). After at least 2 h incubation in refractive index (RI)
matching agent the translucent sample was put into a modified view chamber
containing ECi and was analyzed using a 2-photon microscope (Olympus
FVMPE-RS) fitted with a 25X water immersion objective (NA = 1,05) with a
correction collar set to 0,17 to adjust the RI to the microscopy chambers.
Autofluorescence was stimulated using a laser (Spectra Physics) with an
excitation wavelength of 780 nm (MaiTai). The Alexa Fluor 594 conjugated CD31
Antibody was excited using the DeepSee laser with an excitation wavelength of
810 nm. Pictures recorded by 2-photon microscopy covered 509 um2 in total. For
quantification, up to 200 crypts per individual image were examined. Using
Imaris surface modules for marking crypts partially surrounded by vascular

vessels, the vascularization of crypts was quantified.

2.2.5.6 Intravital microscopy (ITM)

Mice were anesthetized by intraperitoneally injection of Ketamine (0,1g/ Kg BW)
and 0.01 g Xylazin (0,01g/ KG BW) (Injection solution: 10ul/g BW). Mice were
placed on a preheated plate at 37°C and the depth of anesthesia was monitored
by checking withdrawal reflexes and using the MouseSTAT® Jr (Kent Scientific)
heart monitor. A small piece of the Ileum (~1 cm) was taken, longitudinally open,
feaces were flushed out and the tissue was fixed on a preheated metal plate using
agarose gel and tissue glue. After preparation of the ileum, mice were injected
intravenously with Qtracker™ 655 Vascular Labels (Invitrogen) to provide real-
time vascular contrast. Afterwards mice were euthanized. Quantification was
made using Imaris Stitcher and Imaris Software (Bitplane) to manually construct
surface modules from the fluorescence intensity. The surface area was measure

within a surface bounding box area.

2.2.6 Cell isolation techniques

2.2.6.1 Collecting leukocytes from murine whole blood using Histopaque 119
Mice were euthanized with isoflurane and blood was drawn through cardiac

puncture. Blood was collected in 2-ml Eppi tubes with 1 ml HBSS prep
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supplemented with 80ul of heparin solution (25.000 I. E/5ml). Blood was then
carefully pipetted on top of 3 ml Histopaque 119 in a 15-ml falcon tube to obtain
a density gradient. Samples were centrifuged at room temperature for 5 min at
300 g followed by 20 min at 800 g without break. Interphase containing white
blood cells was pipetted into a new 15 falcon tube and wash with FACS buffer.
Pellets were treated for erythrocyte lysis with 5ml NH4CL solution for 5 min at

room temperature.

2.2.6.2 Isolation of intraepithelial and lamina propria lymphocytes from the
murine gut
Before starting, the lab ambient temperature was lowered, all consumables were
stored at 4°C and buffers were supplemented with DPI (referred in materials) to
reduce intraepithelial neutrophils NETosis (Brinkmann et al. 2004). Mice were
euthanized by cervical dislocation. For small intestine preparation, Peyer’s
patches were removed. Intestines were longitudinally dissected and feces were
removed by washing with HBSS WO solution on a petri dish. Intestines were cut
into 0,5 cm pieces and transferred into 50-ml falcon tubes with 20ml predigestion
solution. Samples were incubated for 20 min at 37°C under constant rotation.
Tubes were vortexed for 10 seconds and filtered through a 100 pum strainer, the
flow-through containing intraepithelial lymphocytes was stored on ice. The
incubation procedure with predigestion solution and vortexing was repeated one

more time.

Intraepithelial lymphocytes isolation: Working fast, intraepithelial cells were
centrifuged and cell number was quantified as described in 2.1.6.5. Intraepithelial
cells were transferred into a 15 ml tube and washed with ice-cold MACS buffer.
CD45 magnetic beads were added to the pellets (10pul/ 107 cells) and samples were
incubated for 15 min at 4°C. Cells were washed and resuspended in 500ul ice-cold
MACS buffer. Cell suspensions were applied onto cold-LS columns holding 70 um
and 30 um filters (to avoid obstruction of the column) on a MACS separator.
Columns were wash 3 times with 500 pl ice-cold MACS buffer, removed from the
separator, placed on new 15 ml tubes and labeled cells were flushed out with 5 ml
ice-cold MACS buffer. The CD45-negative flow-through cell suspension was used
for epithelial cellsisolation (2.1.6.4). Cells numbers were quantified as previously

described and stained for FACS analysis.
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Lamina propia lymphocytes isolation: After the second incubation with
predigestion solution, samples were incubated with HBSS WO solution for 20
min at 37°C under constant rotation, vortexed for 10 seconds and filtered through
a 100 pum strainer (flow-through was discarded). The intestinal pieces were then
transferred into a C tube and incubated with digestion solution containing
enzyme D, R and A on the gentleMACS Dissociator with heaters (Program:
37C_m_LPDK_1). Samples were shortly centrifuged and lamina propria cells
were resuspended several times with 5 ml MACS buffer. Samples were then
filtered through a 100 um strainer and the filter was washed with 10 ml MACS
buffer. Samples were centrifuged and cell number was quantified as described in
2.1.6.5. Samples were centrifuged and pellets were resuspended in the remaining
buffer. CD45 magnetic beads were added to the cell suspension (10ul/ 107 cells)
and samples were incubated for 15 min at 4°C. Cells were washed and
resuspended in 500ul MACS buffer. Cell suspensions were applied onto LS
columns holding 30 um filters (to avoid obstruction of the column) on a MACS
separator. Columns were wash 3 times with 500 pl MACS buffer, removed from
the separator, placed on new 15 ml tubes and labeled cells were flushed out with
5 ml MACS buffer. The CD45-negative flow-through cell suspension was used for
endothelial cellsisolation (2.1.6.3) Cells numbers were quantified as described in
2.1.6.5 and stained for FACS analysis.

2.2.6.3 Isolation of lamina propria endothelial cells from the murine gut

The cd45- flow-through cell suspension after lamina propriaisolation from 2.1.6.5
was washed with MACS buffer. Pellets were resuspended in the remaining buffer
and CD45 magnetic beads were added to the cell suspension (10ul/107 cells).
Samples were incubated for 15 min at 4°C. Cells were washed and resuspended in
500ul MACS buffer. Cell suspensions were applied onto LS columns on a MACS
separator. Columns were wash 3 times with 500 pl MACS buffer, removed from
the separator, placed on new 15 ml tubes and labeled cells were flushed out with
5 ml MACS buffer. Cells numbers were quantified as described in 2.1.6.5 and
stained for FACS analysis.

2.2.6.4 Isolation of epithelial cells from the murine gut
The cd45 flow-through cell suspension after intraepithelial lymphocytes
isolation from 2.1.6.5 was washed with MACS buffer. Cells numbers were

quantified as described in 2.1.6.5 and stained for FACS analysis.
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2.2.6.5 Cell counting

Cell number was quantified using trypan blue, an azo dye that selectively dyes
dead cells blue. Cells suspension was mixed together with trypan blue (1:1) and
the mixture was pipetted into dual-chambered slides (Biorad). Cell number was
analyzed by the TC20 automated cell counter (gating setup: 6 pum — 15 um).

2.2.7 Flow cytometry analysis (FACS)

This technology uses laser light to classify and count cells upon their morphologic
characteristics and or the presence of biomarkers. With the help of the forward
scatter channel (FSC), information on the cell size and the side scatter channel
(SSC), information on the granularity of the cells can be gathered. Using both
channels, living cells were selected, different cells population identified and cell
debris discarded from the analysis. Moreover, fluorochromes bounded to specific
antibodies were used to recognize cell markers. Upon encounter with the laser,
these fluorochromes become excited and emit light of a certain wavelength, which

allows classification of the cells according to the labeled feature.

2.2.7.1 Cell surface staining

Isolated cells were transferred into FACS tubes and washed with FACS buffer
before staining. Cells were incubated with FcR blocking reagent for 10 min on ice.
After washing, cells were incubated with antibodies for 15 min at 4°C. Cells were
washed with 1 x PBS and fixed with 2% Formaldehyde for 20 min at 4°C. After
one more washing step, cells were analyzed in a flow cytometer or stained for

intracellular markers.

2.2.7.2 Intracellular staining of transcription factors

After surface staining, 100pl fixed cell suspension was permeabilized with 100ul
fixation/ permeabilization buffer at RT for 20 min. Cells were washed with 1 x
permeabilization buffer and incubated for 15 min at RT in 100ul 1 x
permeabilization buffer. After washing with 1 x permeabilization buffer, cells
were staining with antibodies diluted in 1 x permeabilization buffer for 30 min at

RT. Cells were washed one last time and analyzed in a flow cytometer.
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2.2.7.3 Gating for FACS analysis
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Figure 4: Gating strategy for FACS

(A) Endothelial cells were gated on single ICAM-1*, CD146* and MadCAM-1* cells. (B)
Neutrophils were gated for single Ly6G*Ly6C* cells. LFA-1 expression was measured on
Ly6G*Ly6C* cells.

2.2.8 Transcriptional profiling methods

2.2.8.1 RNA sequencing of sorted endothelial cells
The RNA sequencing of endothelial cells was performed in collaboration with Dr.
Matthias Klein (Immunology Department, Mainz). Sorted endothelial cells were
resuspended in RLT-Buffer containing b-mercaptoethanol. RNA was purified
using the RNeasy Plus Micro Kit (Qiagen) according to the manufacturer’s
instructions. RNA was quantified with a Qubit 2.0 fluorometer (Invitrogen) and
the quality was assessed on a Bioanalyzer 2100 (Agilent) usinga RNA 6000 Pico
chip (Agilent). Samples with an RNA integrity number (RIN) of > 8 were used for
library preparation. Barcoded mRNA-seq cDNA libraries were prepared from
20ng of total RNA using NEBNext® Poly(A) mMRNA Magnetic Isolation Module
and NEBNext® Ultra™ Il RNA Library Prep Kit for Illumina® according to the
manual with a final amplification of 15 PCR cycles. Quantity was assessed using
Invitrogen’s Qubit HS assay kit and library size was determined using Agilent’s
2100 Bioanalyzer HS DNA assay. Barcoded RNA-Seq libraries were onboard
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clustered using HiSeq® Rapid SR Cluster Kit v2 using 8pM and 59bps were
sequenced on the Illumina HiSeq2500 using HiSeq® Rapid SBS Kit v2 (59
Cycle). The raw output data of the HiSeq was preprocessed according to the
[llumina standard protocol. Sequence reads were trimmed for adapter sequences
and further processed using Qiagen’s software CLC Ge-nomics Workbench (v20
with CLC’s default settings for RNA-Seq analysis). Reads were aligned to
GRCm38 genome. Total read counts were further processed in R using the
DeSeq2 package to compute differential gene expression and adjusted P values.
Gene ontology (GO) analysis and pathway enrichment were performed using
PANTHER and AmiGO. Known and predicted interactions for differentially
regulated genes (log2fold change higher than 1 and adjusted p value lower than
0.05) were derived using the STRING database. The RNA-Seq data were
deposited in the Gene Expression Omnibus (GEO) of the National Center for
Biotechnology Information and can be accessed with the GEO accession number
GSE 180156
(https://www.ncbi.nlm.nih.gov/ geo/ query/ acc.cgi?acc=GSE180156).

2.2.8.2 Microarray of isolated endothelial cells

Microarrays were done in collaboration with Dr. Hans-Joachim Mollenkopf
(MPI, Berlin). MACS-isolated endothelial cells were resuspended in RLT-Buffer
containing b-mercaptoethanol. RNA was purified using the RNeasy Plus Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNA quantity and quality
was assessed with an Experion StdSens Chip on an Experion™ Automated
Electrophoresis System (Biorad). Microarray experiments were performed as
dual-color dye-reversal color-swap hybridizations. Total RNA was labeled with
the Low Input Quick-Amp Labeling Kit (Agilent Technologies). In brief, 100 ng
total RNA was reverse transcribed and amplified using an oligo-dT-T7 promoter
primer and labeled with cyanine 3-CTP and/or cyanine 5-CTP by T7 in-vitro
transcription. After precipitation, purification and quantification, 500 ng labeled
cRNA of each ratio sample was mixed, fragmented and hybridized to SurePrint
G3 Mouse GE v2 8x60K multipack microarrays (Agilent-074809) according to
the supplier’s protocol (Agilent Technologies). Scanning of microarrays was
performed with 3 um resolution and 20-bit image depth using a G2565CA high-
resolution laser microarray scanner (Agilent Technologies). Microarray image

data were processed with the Image Analysis/ Feature Extraction software
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G2567AA v. A.12.1.1.1 (Agilent Technologies) using default settings and the
GE2_1200_Decl7 extraction protocol.The extracted MAGE-ML files were
analyzed with Rosetta Resolver, Build 7.2.2 SP1.31 (Rosetta Biosoftware). Color-
swap Ratio profiles comprising single hybridizations were combined in an error-
weighted fashion to create ratio experiments. A 0.5 log2 fold change expression
cut-off for ratio experiments was applied together with anti-correlation of ratio
profiles, rendering the microarray analysis highly significant (p < 0.05). In
addition, microarray data was analyzed using the R package limma [Ritchie ME,
Phipson B, Wu D, et al. imma powers differential expression analyses for RNA-
sequencing and microarray studies. Nucleic Acids Res. 2015;43(7):e47.
doi:10.1093/ nar/ gkv007]. The microarray readout txt files were background
corrected, normalized and controlled for quality [Smyth, G. K., and Speed, T. P.
(2003). Normalization of cDNA microarray data. Methods 31, 265{273.] (version
3.40.6). Within-array normalization was done by locally estimated scatterplot
smoothing (Loess) and between-array normalization was done using the
Aquantile method. The hybridization control samples were removed and the gene
expression values were averaged for each probe over all replicates of that probe
on the microarray, using the avereps function. Microarray data were deposited in
the Gene Expression Omnibus (GEO) of the National Center for Biotechnology
Information and can be accessed with the GEO accession number GSE 180907
(https://www.ncbi.nlm.nih.gov/ geo/ query/ acc.cgi?acc=GSE180907).

2.2.8.3 RNA sequencing of whole colon

RNA sequencing of whole colon was done in collaboration with MedGenome.Inc
(California, USA). Colon tissues were preserved directly after dissection in
Allprotect Tissue Reagent (Qiagen). Total RNA was isolated using AllPrep
DNA/RNA/Protein Mini Kit (Qiagen) according to the manufacturer’s
instructions. The RNA was then treated with RNase-Free DNase Set (Qiagen
cat#: 79254) and converted to cDNA synthesis technology and generates
[llumina-compatible libraries via PCR amplification (Takara cat#: 634444). The
directionality of the template-switching reaction preserves the strand orientation
of the original RNA according to the manufacturer’s protocol. Libraries were
sequenced for PE100 cycles to a depth of 30 million paired reads using Illumina
NovaSeq 6000. Over Representation Analysis (ORA) and Gene Set Enrichment

Analysis (GSEA) was performed for significant differentially expressed protein
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coding up and down regulated genes from RNA-Seq data. Gene Ontology ORA
was done using enrichGO method from clusterProfiler. Known and predicted
interactions for differentially regulated genes (log2fold change higher than 1 and
adjusted p value lower than 0.05) were derived using the STRING database.
Correlation analysis were performed for normalized counts of all the protein
coding genes from all the samples. The RNA-Seq data were deposited in the Gene
Expression Omnibus (GEO) of the National Center for Biotechnology
Information and can be accessed with the GEO accession number GSE 181502

(https://www.ncbi.nlm.nih.gov/ geo/ query/ acc.cgi?acc=GSE181502).

2.2.9 Statistics

Statistical analyses were done using GraphPad Prism 9. The data are presented
as mean + standard deviation (SD). Multiple group comparisons were done using
One-way ANOVA. Multiple group comparisons with kinetics were done using
Two-way ANOVA. In-vivo data was corrected by controlling the False Discovery
Rate using Two-stage step-up method for Benjamin, Krieger and Yakutieli. In-
vitro data was corrected using statistical hypothesis testing (Tukey). Data with a
p-value under 0,05 were considered statistically significant.

50



Results

3 Results

3.1 14 commensal bacteria from SPF mice induce C.

rodentium clearance in gnotobiotic mice.

Ever since the unexpected discovery that GF mice become carriers of C.
rodentium all the while remaining healthy, the question arose as to whether a

complex microbiota is needed to eliminate the pathogen (Kamada et al. 2012;

Collins et al. 2014). To this date, a defined microbiota capable of inducing the

elimination of the widely used enteric pathogen C. rodentium has not been
described.

The OMM!2 consortium was used to investigate C. rodentium colonization
dynamics in the presence of a minimal consortium that previously showed

colonization resistance against S. Thypimurium infection (Brugiroux et al. 2016).

Mice harboring OMM?2 bacteria were quickly colonized with C. rodentium as
shown on the pathogen’s CFUs in the shed feces on day 2 p.i. (Figure 5A). From
day 10 p.i. on, there was a 200-fold reduction in the pathogen burden (Figure 5
A). The titer then remained constant until the end of the experiment on day 40
p.i. (Figure 5A). Despite harboring less pathogen CFUs than GF mice, OMM12
mice also became carriers of C. rodentium. As the OMM!12 consortium can be
enriched with different bacterial strains and facultative anaerobes, especially the

Enterobactericeae, are underrepresented, we sought to find bacterial strains from
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Figure 5: 14 commensal bacteria are sufficient to induce C. rodentium clearance in
ex-GF mice.

(A) C. rodentium-carrier GF mouse was gavaged with an overnight (O/ N) culture of SPF feces on
day 22 p.i. (B, C) Fecal CFUs in indicated mice after infection with C. rodentium.

For C. rodentium infection: animals were orally infected with (10° CFU/ ml) C. rodentium. Data
shown are mean +SD of 2-3 independent experiments (A and C).
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the microbiota of SPF mice to add to the OMM!12consortium. In order to isolate
the bacterial strains, fecal samples from the caecum and colon of SPF mice were
taken. The samples were incubated under aerobic conditions to potentiate the
growth of facultative anaerobic bacteria. Prolong C. rodentium-carrier GF mice
received the fecal microbiota transfer (FMT) and the C. rodentium titer was
monitored until pathogen elimination (Figure 5B). Once a FMT culture capable
of inducing C. rodentium elimination in carrier mice was found, bacterial strains
still present in the mice after pathogen elimination were isolated (outline in
Figure 3). Five facultative anaerobic bacterial strains were successfully isolated:
E. coli, C. amalonaticus, L. murinus, E. gallinarum and Paenibacillus sp. The
five strains were named minimal consortium 5 (MC5) in this study. While MC>
bacteria in the absence of OMM?2 bacteria did not induce pathogen elimination
(Figure 5C), OMM2+MC> mice eliminate the pathogen in 3 weeks as seen in SPF
mice (Figures 5A and 5C). This finding prompted further selection within the MC5
bacteria. Both E. coli and C. amalonaticus are Enterobactericeae that have
previously shown colonization resistance against C. rodentium (Kamada et al.
2012; Osbelt et al. 2020). Thus, MC5 bacteria was divided into E. coli and C.
amalonaticus (MC2), and L. murinus, E. gallinarum and Paenibacills sp. (MC3).

OMM22+MC2mice also eliminated the infection as comparable to SPF mice, while
OMM2+MC3mice show similar pathogen titers as OMM2 mice (Figures 5A and
5C). Based on this finding, it was concluded that the mediated clearance observed
in OMM12+MC> mice was promoted by MC2 bacteria. A breakdown of the
individual contributions of the different bacteria will be provided later.
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3.2 Gut microbes drive neutrophil recruitment into the gut
intraepithelial compartment during C. rodentium
infection.

Neutrophils have a crucial role in the survival and clearance of C. rodentium

infections (Kamada et al. 2015). Transient depletion of neutrophils with
neutralizing antibodies led to a high C. rodentium bacterial burden during the
duration of the treatment followed by a markedly delayed pathogen clearance in
SPF mice (Zarzycka, 2017). Previously, it was shown that GF mice show a normal

LP neutrophil infiltration during the infection (Kamada et al. 2012). On the other

hand, whole colon kinetic analysis of neutrophil migration showed decrease
neutrophil numbers in GF mice in comparison to conventional mice during C.

rodentium infections (Zarzycka, 2017). Moreover, neutrophil migration peaked

on day 8 p.i. in GF and on day 10 p.i. in SPF mice (Zarzycka, 2017).

Analyses of the absolute cell number (ACN) of infiltrating neutrophilsin the colon
of GF, gnotobiotic and SPF mice showed increased neutrophils numbers in
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Figure 6: Neutrophil recruitment during C. rodentium infection into the intestinal
lumen isimpaired in GF mice.

(A, C) Absolute cell number (ACN) of infiltrating neutrophils in the colon (A) and blood (C) of
indicated mice at day 8 and 10 p.i. (B, D) Neutrophil frequencies in the colonic iEL compartment
(B) and LP (D) of indicated mice at day 8 and 10 p.i.

For C. rodentium infection: animals were orally infected with (10° CFUs/ ml) C. rodentium. Data
shown are mean +SD of 2-3 independent experiments, each symbol represents the individual
value for one mouse. Two-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, hon-
significant.
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OMM2 and OMM2+MC2 mice on day 8 p.i. in comparison to both GF and SPF
mice (Figure 6A). On day 10 p.i., SPF mice showed a strong neutrophilic
migration as seen in the neutrophil numbers in the whole colon tissue (Figure
6A). OMM12+MC2, but not OMM12 mice showed similar neutrophil numbers as
SPF on day 10 p.i. (Figure 6A). Notably, OMM12+MC2 mice showed an increased
neutrophil infiltration into the gut than OMM12, both on day 8 and 10 p.i. (Figure
6A). As neutrophils migrate from the blood into the luminal site, they first
extravasate into the LP, followed by the iEL compartment. Therefore, neutrophil
frequencies in the LP and in the iEL compartment were examined. Similar to
previous reports (Kamada et al. 2012), no significant differences were observed

in the neutrophil frequencies in the LP of GF, gnotobiotic and SPF mice, neither
on day 8 nor on day 10 p.i. (Figure 6D). The neutrophil percentages in the iEL
compartment, however, showed a different outcome. Again, on day 8 p.i., OMM12
and OMM12+MC2 mice had higher neutrophil percentages than GF and SPF mice
(Figure 6B). On day 10.pi., the neutrophilic frequencies in the iEL compartment
were significantly decreased only in GF mice. In contrast, OMM2, OMM12+M C2
and SPF mice showed similar higher percentages (Figure 6B). Analyses of
neutrophil numbers present in the blood excluded a possible granulopoiesis
defect in GF or OMM12 mice during the infection, as all mice displayed similar
neutrophil amounts (Figure 6C). These data point to a microbiota-mediated
mechanism that favors neutrophil recruitment into the intestinal IEL

compartment during an enteric infection.
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3.3 LFA-1expression on neutrophilsis not regulated by the

gut microbiota.
Neutrophil function has been shown to be partially modulated by the microbiota,
as neutrophils from the BM of GF mice display a reduced phagocytic activity than
BM neutrophils from SPF mice (Clarke et al .2010). Due to the impaired

neutrophil recruitment observed in GF mice during C. rodentium infection, the
expression of LFA-1 on neutrophils from GF, gnotobiotic and SPF was
investigated.

Circulating neutrophils and those infiltrating into the colon expressed high levels
of LFA-1 on the surface independently of the host’s microbial status (Figure 7).
Thus, cell adhesion molecule expression on neutrophils, important for
transmigration, might not be regulated by the intestinal microbiota.
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Figure 7: Neutrophils express high levels of LFA-1 regardless of the host microbial
colonization.

Frequencies of LFA-1* neutrophilsin the blood and colon of C. rodentium infected mice.

Animals were orally infected with (10° CFUs/ ml) C. rodentium. Data shown are means +SD and
representative of at least two independent experiments, each symbol represents the individual
value for one mouse. One-way ANOVA was used: ns, non-significant.
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3.4 Colonic endothelial cell gene expression and activation

is modulated by the intestinal microbiota.
Leukocyte transmigration requires the activation of the endothelium. In
particular, the presence of the gut microbiota was found to facilitate vascular

leukocyte adhesion under challenge conditions (Karbach et al. 2016).

Gene expression of endothelial cells from GF and SPF mice during steady state
conditions was analysed. Volcano plotting of the upregulated genes in both mice
showed that endothelial cells from conventional mice had a far more active

cellular transcriptome than their GF counterparts (Figure 8A). STRING analysis
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Figure 8: Gut microbes influence the transcriptome and adhesion-molecule
expression of colonic endothelial cells.

(A) Volcano plot showing fold-change of gene expression in colonic endothelial cells of GF and
SPF mice. Genes with significantly upregulated expression between the two groups are (log2-fold
change = 1; p-adj < 0.05) are marked in red. (B) STRING analysis for significantly upregulated
transcripts of colonic endothelial cells from SPF mice. (C) Expression of ICAM1*, CD146* and
MadCAM 1+ on colonic endothelial cells in indicated mice.

Data shown are representative of at least two independent experiments with means £SD, each
symbol represents the individual value for one mouse (C). One-way ANOVA was used: ****p <
0.0001; ** p <0.01; * p < 0.05; ns, non-significant.
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of the upregulated genes in SPF mice revealed gene networks for cell adhesion,
lymph vessel development and angiogenesis (Figure 8B). Isolated colonic
endothelial cells from GF, gnotobiotic and SPF mice were further analysed via
FACS. The percentages of ICAM-1, CD146 and MadCAM-1 positive endothelial
cells were similarly in OMM12+MC2 and SPF mice, and significantly much higher
than in GF and OMM?12 mice (Figure 8C). The OMM!2 bacteria could partially
induce ICAM-1 and CD146 expression in comparison to GF mice, which had the
lowest expression of all three cell adhesion molecules (Figure 8C). Interestingly,
OMM12 bacteria did not promote MadCAM-1 expression, meaning that MC2
bacteria was specifically able to induce its expression in the presence of OMM12
(Figure 8C).
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Figure 9: M C2 bacteria promotes expression of angiogenesis-genes in colonic
endothelial cells.

Volcano plot showing fold-change of gene expression in colonic endothelial cells of OMM?2 and
OMM12 +MC2 (log2-fold change=1; p-adj < 0.05). STRING analysis for significantly upregulated
transcripts in colonic endothelial cells of OMM?12 (left) and OMM2 + MC2 (right) mice.

As addition of MC2 bacteriainduced endothelial activation, endothelial cells from
OMM12 and OMM2+MC2 mice were analysed using microarray technology.
Similar to SPF mice, OMM12+MC2 mice displayed more upregulated genes than
OMM2mice as shown in the volcano plot (Figure 9). Moreover, STRING analysis
showed significantly upregulated gene networks for cell adhesion in both mice,
however, only in OMM2+MC2 mice gene networks for angiogenesis were
detected (Figure 9).

Collectively, these data indicate that members of the commensal microbiota
regulate the transcriptome and activation of colonic endothelial cells, thus,

possibly making them more permissive to leukocyte transmigration.
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3.5 Microbial colonization reduces crypt bifurcation

thereby increasing colonic vascular connections.
Crypts undergoing fission is a typical sign of the developing and, therefore,
immature intestine. Contrarily, adult GF rats have been shown to have
significantly more bifurcated crypts than conventional rats (McCullough et al.
1998).

As the endothelial proliferation marker, CD146, and gene networks for
angiogenesis were upregulated/induced in colonic endothelial cells from
OMM22+MC2 and SPF mice, colonic vessels were examined using whole-mount
staining. Histological analyses of the medial colon revealed significantly more
bifurcated crypts in GF mice than in all the other groups (Figure 10B). Crypt
bifurcations were also accompanied by a reduced crypt vascularization, as seen in
the missing vascular cross connections using CD31 staining (Figure 10A).
Quantification of bifurcated crypts disclosed that OMM!2 colonization led to a
significant reduction in branched crypts in comparison to GF mice (Figure 10B).
Importantly, only once OMM12 mice received MC2 bacteria, the crypt bifurcations

were comparable to SPF mice (Figure 10B). Concordantly, the relative abundance

of colonic endothelial cells was similarly reduced in GF and OMM12 mice and only
increased in OMM12+MC2 and SPF mice (Figure 10C).
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Figure 10: Strong reduction of crypt bifurcations leads to more vascular cross-
connections and higher abundance of colonic endothelial cells.

(A) Schematic and microscopic representation of vascular cross-connections (missing: arrows) in
the colon (Red staining, CD31* blood vessels). (B) Representative images and quantification of
whole-mount-staining in indicated mice. Partial vascularized crypts were quantified by insertion
of contour surface modules (grey areas) (Red staining, CD31* blood vessels). (C) Relative
abundance (RA) of colonic endothelial cells in the LP of indicated mice.

Shown are representative data of at least two independent experiments with means £SD, each
symbol represents the individual value for one mouse (B and C). One-way ANOVA was used: ****p
<0.0001; ** p < 0.01; * p < 0.05; ns, non-significant.
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3.6 Small intestinal endothelial activation is not regulated

by the intestinal microbiota.

Previous studies showed that GF mice have a decreased ICAM-1 expression not
only in the ileum but also in other distant organs (Komatsu et al. 2000).

Intrigued by the commensal-induced endothelial activation in the colon, the cell
adhesion molecules expression in the whole SI was investigated. In contrast to
the results obtained from the colon, ICAM-1, CD146 and MadCAM-1 expression
was unaffected by the commensal colonization in endothelial cells of the whole SI
(Figure 11). Hence, as the commensal burden in the Sl is significantly less diverse
and dense than in the colon, non-microbial factors might specifically regulate

small intestinal endothelial activation in the duodenum and jejunum.
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Figure 11: Cell adhesion molecule expression in endothelial cells from the whole SI

isnot influenced by the gut microbiota.

Expression of ICAM1+, CD146+ and MadCAM 1+ on endothelial cells of the Sl in indicated mice.

Data shown are representative of at least two independent experiments with means £SD, each
symbol represents the individual value for one mouse. One-way ANOVA was used: ****p <
0.0001; ** p <0.01; * p < 0.05; ns, non-significant.
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3.7 Small intestinal angiogenesis and VEGF expression are

induced by specific bacteria.
The presence of the gut microbiota ensures the upholding of the intricate villus
capillary network by inducing VEGF expression, as the SI microvascular density
is substantially reduced in GF and ABX-treated mice (Suh et al. 2019;
Stappenbeck et al. 2002).

In a complementary approach, the Sl vascularity was examined using intravital

microscopy (IVM). As previously reported (Stappenbeck et al. 2002), GF mice

had a lower villus capillary network than SPF mice (Figure 12A), but also in
comparison to OMM12 and OMM12+MC2 mice (Figure 12A). While OMM12
colonization triggered partial ileal angiogenesis, the addition of MC2resulted in a
similar villus vascularity as SPF mice (Figure 12A). More importantly, the
observed angiogenesis correlated with strong VEGFa induction in OMM12+MC2
mice, which was almost comparable to SPF (Figure 12B). On the other hand, GF
and OMM2 mice were found to express marginal levels of VEGFa in the ileum
(Figure 12B). These data suggest that small intestinal angiogenesis and VEGFa
induction are specifically modulated by MC2 bacteria and only partially by

members of the OMM?2 consortium.
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Figure 12: The microvascular density and VEGFa expression in the ileal villi
positively correlate with the host microbial status.

(A) Representative images and quantification of VM, multi-photon microscopy of small
intestinal blood capillaries after i.v. injection of Qtracker™ 655. Vessel areas were quantified with
trace image processing to make morphometric measurements within a bounding box (BB).
Results are representative of 4-5 experiments. (B) Representative immuno-staining and violin-
plot quantification of VEGFa expression (brown staining) in the ileum of indicated mice.

Shown are representative data with means +SD, each symbol represents the individual value for
one mouse (A). One-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, non-
significant.
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3.8 MC2 bacteria drive PC differentiation in the adult Sl of
ghotobiotic mice.

PCs play a crucial role in regulating small intestinal angiogenesis by secreting
pro-angiogenic signalling molecules in response to microbial signals
(Stappenbeck et al. 2002; Hassan et al. 2020).

PC frequencies were examined using FACS analyses. Total PCs were identified as
EpCAM+CD24+ cells, and lysozyme producing PCs as CD24+SSChi cells (Figures
13A-D). The frequencies of total PCs were only elevated in OMM12+MCz2, while
GF, OMM12 and even SPF mice had similar quantities of total PCs (Figure 13A).
A similar outcome was found when lysozyme PCs were analysed, as only
OMM2+MC2 showed elevated levels of this cell type (Figure 13B). Since natural
microbial colonization happens during the postnatal stage in SPF mice, total PCs
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Figure 13: PCs differentiation can be triggered in the adult Sl by specific bacteria.

(A, B) Quantification and representative flow cytometry plots of CD45-EpCAM+CD24* and CD45-
CD24+SSChi paneth cells in GF, gnotobiotic and SPF mice. (C, D) Quantification and
representative flow cytometry plots of CD45-EpCAM+CD24+ and CD45-CD24+SSCh paneth cells
in adult and 3-week old SPF mice.

Data shown are representative at least two independent experiments with means £SD, each
symbol represents the individual value for one mouse. One-way ANOVA was used: ****p <
0.0001; ** p <0.01; * p <0.05; ns, non-significant.
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and lysozyme producing PCs percentages were analysed in SPF mice before
weaning. 3-week old SPF mice showed significantly elevated levels of both PCs
(Figures 13C and 13D). Thus, PC differentiation might possibly be a direct

response towards initial microbial colonization of specific bacterial strains.

3.9 Commensals do not modulate colonic Paneth-like cell

differentiation and epithelial Ki67 expression.

Even though PCs are absent in the colon, CD24+ cells with analogous PC-

phenotypes have been described to reside there (Sato et al. 2011). These colonic
Paneth-like cells could be implicated in driving colonic crypt fission and

angiogenesis (Langlands et al. 2016)

In contrast to the SI, Paneth-like cells in the colon were not affected by the
microbial status of their host (Figures 14A and 14B). Further, the proliferation of
colonic epithelial cells was investigated using the proliferation marker Ki67.
Interestingly, despite the decreased crypt bifurcation, colonic epithelial cells did
not change their proliferative properties after microbiota introduction or in SPF
mice (Figure 14C). Ki67 expression was only elevated, as expected, in young SPF
mice (data not shown). These data challenge the assumption that Paneth-like
cells drive angiogenesis in the colon. Furthermore, as Ki67 expression remained
unchanged, the question arises as to whether the GF colon is constantly

undergoing crypt fission or whether the crypts are simply branched.
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Figure 14: Paneth-like cells differentiation and ki67+ expression on epithelial cells
is not mediated by the microbiotain the colon.

(A, B) Quantification of CD45-EpCAM+CD24+ and CD45-CD24+SSChi Paneth-like cells, (C) and
CD45 EpCAM+Ki67+ epithelial cells in the colon of indicated mice.

Data shown are representative of at least two independent experiments with means +SD, each
symbol represents the individual value for one mouse. One-way ANOVA was used: ns, non-
significant.
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3.10 Gut microbiota promotes colon shorteningand colonic
crypt lengthening.

Experiments on GF mice revealed that conventionalization, as well as

colonization with certain bacterial strains, induced “normalization” of the cecal

size (Stecher, 2021; Koopman et al. 1984). Microscopically, colonic crypts of SPF
and GF pups have a similar length, however, only in SPF mice, between days 14-
20 of age, do the crypts undergo rapid elongation until reaching around 200 pm
in length (Hill and Cowley, 1990).

The colon lengths of age-matched adult C57BL/6 mice were measured and
analysed. GF mice had longer colons and caecums than all the other groups
(Figure 15A). Interestingly, OMM!12 colonization significantly reduced the length
of the colon as comparable to SPF mice (Figure 15A). The addition of MC2bacteria
did not macroscopically alter the colon morphology further (Figure 15A).
However, colons from OMM22+MC2 and SPF mice did harbour higher numbers
of fecal pellets than the ones from GF and OM M2 mice (Figure 15A). Analyses of
the crypt length indicated that GF mice bear significantly shorter crypts as well
(Figure 15B). Both OMM12 and OMM12+MC2 bacteria could marginally increase
the length of the crypts, but SPF mice still harboured the longest crypts of all
groups (Figure 15B).
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Figure 15: Morphological changes in the colon of gnotobiotic and SPF mice.

(A) Macroscopic alterations and colon length in response to the microbiota. Each symbol
represents the individual value for one mouse (B) Quantification of colonic crypt length in
indicated mice, each symbol represents one crypt (n=3).

Data shown are means +SD; at least two independent experiments were performed. One-way
ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, non-significant.

63



Results

Collectively, these data revealed that OMM?2 bacteria induce colon shortening
and together with MC2 bacteria, only partial crypt lengthening.

3.11 MC?2 changes the bacterial distribution within the
OMM12 consortium, increases adherent mucus, and

remainsin the gut lumen.
Although the OMM2 microbiota normally allows the addition of other bacterial
strains, there are some exceptions: Mice that have been previously associated
with OMM?12 cannot be colonized with SFB bacteria (Bolsega et al. 2019).
However, when mice are first monocolonized with SFB and then introduced to
OMM12 bacteria, SFB stably remain in the intestine (Bolsega et al. 2019).

In order to determine if MC2 bacteria outcompetes members of the OMM12
consortium, four GF mice were colonized with OMM?12 and the distribution of
OMM2 members was examined. The presence of 10 bacterial strains was
confirmed by qPCR (Figure 16A). OMM2 member’s B. longum and A. muris were
not detected in the shed feces, as seen in previous studies, where both strains

either do not colonize or are below the detection limit (Brugiroux et al. 2016;

Bolsega et al. 2019). The same mice were then given MC2 bacteria and the

distribution of OMM12 bacteria was again investigated. MC2 colonization led to
the significant reduction of A. municiphila, while B. caecimuris increased (Figure
16B). Next, adherent mucus was analysed using PAS-staining. SPF mice
harboured the most abundance of adherent mucus, followed by OMM12+MC2,
OMM12 and, finally, GF mice (Figure 16C). As OMM12 and MC2 bacteria are able
to profoundly change the morphology and cellular expression of the murine
intestine, FISH staining was done in order to discard possible invasive properties
coming from the bacterial members of the consortia. Staining of the medial colon
using FISH revealed that OMM2+MC2 bacteria were restricted to the gut lumen
and the mucus (Figure 16D). Concordantly, no bacteria were found in close
proximity to the epithelium as well as no epithelial lesions were observed (Figures
16C and 16D).
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Figure 16: Mc2 bacteriainduce changesin the distribution of the OMM12consortium
and colonic adherent mucus.

(A) Representative OMM2 composition (relative abundance) determined by strain-specific g°PCR
assay in indicated mice after co-housing with OMM?12 donor mice for 10 days followed by MC2
colonization for 14 days. (B) Relative abundance (RA) of A. muciniphila YL44 and B. caecimuris
148 in OMM®2 and OMM12+MC2 mice. (C) Representative PAS staining and quantification of
adherent mucus (violet staining) in the medial colon of indicated mice. (D) OMM2+MC2 bacteria
were visualized by FISH in medial colon (red, bacteria (arrows in the right image); blue, DAPI;
green, mucus (right image)).

Data shown are means £SD and representative of at least two independent experiments, each
symbol represents the individual value for one mouse (B, C). One-way ANOVA was used: ****p <
0.0001; ** p < 0.01; * p < 0.05; ns, non-significant.

3.12 OM M2+ M C2 profoundly influences the transcriptome

of the murine colon by boosting the immune system.

Transcriptomics of monocolonized mice could show that certain microorganisms

can have a specific impact on the host (Hoffmann et al. 2015; Uchimura et al.

2018). Some bacterial strains, e.g. B. thetaiotaomicron, almost recapitulate the
effects of a complex conventional microbiota in terms of the immune-system’s

pathway activation (Hoffmann et al. 2015).

Based on the previous results on intestinal angiogenesis, endothelial activation
and tissue morphology changes, the whole colon transcriptome of GF mice, mice
after colonization with the minimal consortia and SPF mice was analysed. A two-
group comparison from differentially expressed transcripts in a kinetic order
beginning with GF mice vs OMM12 mice was performed (Figures 17A-C). The

genetic and protein interactions included up-regulated gene networks for
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chemokines, cytokines, immune response/ development, B- and T- cell activation,
antimicrobial response, as well as cell adhesion, epithelial proliferation and
circadian rhythm after OMM!12 colonization (Figure 17C). Contrarily, GF mice
showed upregulated homeostatic gene networks for the mitotic cell cycle and
response to abiotic stimuli (Figure 17A). Next, we investigated the gene networks
that were distinctly upregulated after OMM12 mice received MC2 bacteria in a
time dependent manner (Figure 17D). MC2 bacteria, similar to OMM?2 bacteria
were able to further induce gene networks for cytokines/ response to cytokines,
chemotaxis, antimicrobial response, innate/ adaptive immune responses, cell
adhesion and tissue development (Figure 17D). Furthermore, colonization of MC2
bacteria, specifically induced gene networks for angiogenesis and complement
responses (Figure 17D). Principal component analysis revealed that gut
colonization with OMM12 and OMM12+MC2 bacteriainduced a similar expression
profile to that of SPF mice, while GF mice had a completely distinct profile from
the other groups (Figure 17E). Lastly, a two group comparison of SPF and
OMM2+MC2 mice revealed multiple upregulated pathways involved in immune
activation in OMM12+MC2 mice, while SPF mice showed normal homeostatic

pathways as seen in GF mice (data not shown).

These data show the extensive reprogramming that the adult murine colon
undergoes after introduction of commensal bacteria. Particularly, colonization of
GF mice with OMM12 and MC? bacteria seems to promote intestinal immune

system and vascular system maturation as well as tissue development.
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Figure 17: Commensal bacteria colonization induces intestinal reprogramming.

(A-C) Volcano plot (B) and STRING analysis showing fold-change of gene expression in whole
colon of GF (A) and OMM2 mice (C). (D) Heat map of differentially expressed gene-clusters in
OMM12 and OMM12+MCz2 at indicated time points after MC2 addition, log2-fold change > 1; p-adj
< 0.05. n = 4 biological replicates per group. (E) Principal component analysis of colonic gene
expression in differently colonized mice. The axes correspond to principal component 1 (x axis)
and 2 (y axis). The OMM2+MC2 groups were divided in days after receiving MC2 bacteria.

67



Results

3.13 OMM22 and OMM2+MC2 bacteria have similar
metabolomics profiles.

Hundreds of bacteria-derived metabolites are known to pass the GVB, enter the
bloodstream and penetrate different tissues of the host to induce host metabolic

and immunological responses (Clarke et al. 2010; Uchimura et al. 2018).

Metabolomics’ analysis was done to cecal fecal samples from GF, gnotobiotic and
SPF mice. Metabolites that were detected and identified in at least 5 mice were
used for cluster identification. 99 cluster-1Ds were identified, of which 54 were

unique metabolite-clusters without homologous isomers (Figure 18A). OMM!2
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Figure 18: M etabolomics of GF, gnotobiotic and SPF mice.

(A) Cluster analysis heatmap of small polar metabolites (m/z<520) detected and identified in all
cecal stool samples from GF, OMM2, OMM?2+MC2 and SPF mice. (B) Principal component
analysis of metabolites from cecal stool samples in indicated mice. The OMM2+MC2 groups were
divided in days after receiving MC2 bacteria. The axes correspond to principal component 1 (x
axis) and 2 (y axis).
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and OMM12+MC2 bacteria shared the production of around 20 metabolites, of
which 8 metabolites were also shared with SPF mice. Moreover, OMM12+MC2
bacteria exclusively produced the metabolites hippuric acid and 3-indoxyl sulfate
(highlighted in Figure 18A). Principal component analysis revealed that only
OMM12 and OMM12+MC2 mice shared similar metabolite-contribution profiles,
which differed greatly from the ones of SPF and GF mice (Figure 18B).

These data suggest that MC2 bacteria do not strongly impact the metabolite
production already provided by OMM!2 bacteria. Moreover, conventional
microbiota have a distinct metabolomics’ profile from OMM12 and OMM12+M C2

bacteria
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3.14 SCFAs appear after microbial colonization.
SCFAs have been linked to the regulation of gut epithelial cells, the immune

system, endothelial activation and even angiogenesis (Parada Venegas et al. 2019;
Miller et al. 2005; Zhang et al. 2018).

Concordantly with previous reports, GF mice showed no SCFAs production, as
the presence of SCFAs directly correlates with microbial colonization (Figure 19)

(Kespohl et al. 2017). SPF mice exhibited high luminal levels of acetate,

propionate, and butyrate in the ceacum, whereas only the levels of acetate were
comparable to OMM!2 and OMM12+MC2 mice (Figure 19). Despite the fact that
OMM2and OMM12+MC2 mice harboured levels of butyrate and propionate, they
were considerably lower than the ones in SPF mice (Figure 19). OMM12+M(C2
bacteria might slightly increase the production of propionate as seen in the
significant differences between SPF vs OMM12 mice, and SPF vs OMM12+M (2

mice (Figure 19). Moreover, analysis of acetate, butyrate and propionate levels in
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Figure19: OMM12 and OM M 12+M C2 bacteria produce similar quantities of the SCFAs
acetate, butyrate and propionate.

Short-chain fatty acid concentrations in cecal luminal content of GF, gnotobiotic and SPF mice
measured with ultra-high performance liquid chromatography—mass spectrometry.
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OMM12 mice after receiving MC2 bacteria in a time dependent manner revealed

no changes in their production levels (Figure 19).

Collectively, these results could show that OMM?12 bacteria induce SCFA
production, in particular acetate, which are all completely absent in GF mice.

3.15 M C2 bacteria cooperate with OMM2to induce pathogen
elimination.

Bacteria are “social” microorganisms that frequently engage in interactions with
clonemates or other microbes of the same or different species (Figueiredo and
Kramer, 2020).

In order to investigate the role of OMM!2 and MC? bacteria, together or
individually, in providing colonization resistance and pathogen elimination,
different microbial combinations were tested. First, OMMI12 mice were given
either E. coli or C. amalonaticus and consequently challenged to a C. rodentium
infection. OMM12+E, coli mice showed a slightly lower pathogen burden than
OMM2 mice at later time-points during the infection; however, these mice were
unable to eradicate the pathogen (Figure 20A). OMM12+C. amalonaticus mice,
on the other hand, eventually eliminated the pathogen at around 6 weeks p.i.
(Figure 20A), which stands in stark contrast to the 3 weeks that OMM12+ M C2 and
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Figure 20: C. amalonaticus provides stronger bacterial competition against C.
rodentium than E. coli.

(A, B) Course of C. rodentium infection in mice harbouring OMM2(A), in mono- and bicolonized
(B) mice. (C) In-vitro growth inhibition of C. rodentium in the presence of indicated bacteria.
Data are shown as fold change compared to C. rodentium O/ N culture control.

For C. rodentium infection: animals were orally infected with (10° CFUs/ ml) C. rodentium. Data
shown are mean * SD of 2-3 independent experiments, each symbol represents the value for one
assay (C). One-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, not significant.
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SPF mice need to achieve same results (Figure 5A). In the absence of OMM12
bacteria, monocolonized mice with E. coli or C. amalonaticus and bicolonized
mice with MC2 bacteria were unable to eradicate C. rodentium (Figure 20B).
Monocolonized mice, nevertheless, showed a similar pathogen burden as OMM12
mice (Figures 20A and 20B), while in GF+MC2 mice it was significantly lower
(Figure 20B). An in-vitro bacterial competition assay disclosed the strong growth
inhibition that C. amalonaticus provides against C. rodentium (Figure 20C).
Interestingly, neither E. coli, E. faecalis from the OMM?!2 consortium, nor E.
gallinarum from MC3 provided substantial C. rodentium-growth inhibition in-
vitro (Figure 20C).

To conclude, MC2 bacteria seem to engage in complex interactions with OMM12
bacteria to provide colonization resistance against C. rodentium. In addition,

bacterial competition greatly differs in-vitro vs in-vivo.
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3.16 E. coli and C. amalonaticus individually or in
combination with OMM?22 bacteria induce ICAM-1 and

CD 146 expression in colonic endothelial cells.
Having observed that OMM2+MC2 bacteria strongly induced endothelial
activation in the colon, the cell adhesion molecules of colonic endothelial cells in
mice with E. coli or C. amalonaticusin the presence or absence of OMM12 bacteria

were examined.

OMM22+E. coli and OMM2+C. amalonaticus mice showed upregulation of
ICAM-1 and CD146 expression, moreover, only their expression of CD146 was
comparable to OMM2+MC2 and SPF mice (Figure 21A). OMMI22+C.
amalonaticus bacteria were able to slightly induce a stronger ICAM-1 expression
than OMM12 mice with E. coli (Figure 21A). In the absence of OMM12 bacteria,
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Figure 21: Cell adhesion molecule expression on colonic endothelial cells of
gnotobiotic mice.

(A, B)Expression of ICAM1+, CD146+ and MadCAM1+ on colonic endothelial cells in mice
harbouring OMM12(A) GF and monocolonized (B) mice.

Data shown are mean + SD of 2-3 independent experiments, each symbol represents the value for
one mouse. Dotted line represents the reference range for OMM2+MC2 mice (A) and OMM2 mice
(B). One-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, not significant.
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monocolonized mice also showed increased ICAM-1 and CD146 expression,
however, only with comparable levels to OMM2 mice (Figure 21B). Notably,
neither microbial combination was able to induce MadCAM-1 expression as seen
previously in OMM12+MC2 and SPF mice (Figures 21A and 21B).

To sum up, both E. coli and C. amalonaticus possess the ability to partially induce
endothelial activation in the absence of OMM?2, This effect is further enhanced

by OMM?12 bacteria, which probably act as a support system to MC2 bacteria.

3.17 E. coli or C. amalonaticus colonization decrease crypt

bifurcations only in GF mice.
OMM12 colonization led to a significant reduction of crypt bifurcations, which was
further enhanced by the addition of MC2 bacteria. In order to find out if this
additional reduction of branched crypts was specifically promoted by either E.
coli or C. amalonaticus, whole mount staining was done in the absence or

presence of OMM!2 bacteria.

Unexpectedly, OMM12+E, coli and OMM2+C .amalonaticus mice showed similar
cryptal bifurcations as OMM2mice (Figure 22A). The relative abundance of
endothelial cells was also unaffected by the addition of E. coli or C. amalonaticus
to the OMM?12 consortium (Figure 22B). Monocolonized mice, on the other end,
showed reduced crypt bifurcations in comparison to GF and slightly more than
OMM12 mice (Figure 22C). Despite this observation, monocolonization did not

increase the relative abundance of colonic endothelial cells (Figure 22D).

The data suggest that MC2 bacteria cooperate with one another to enhance the
reduction of crypt branching. An increase in the relative abundance might only
be achieved if the percentage of bifurcated crypts remains bellow ~5% (Figure
10B).
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Figure 22: Crypt bifurcations in gnotobiotic mice

(A, C) Representative images and quantification of whole-mount-staining in mice harbouring
OMM12 (A), GF and monocolonized (C) mice. Partial vascularized crypts were quantified by
insertion of contour surface modules (grey areas). (B, D) Relative abundance (RA) of colonic
endothelial cells in the LP of mice harbouring OMM12(B), GF and monocolonized (D) mice.

Data shown are mean + SD of 2-3 independent experiments, each symbol represents the value for
one mouse. Dotted line represents the reference range for OMM2+MC2 mice (A, B) and OMM12
mice (C, D). One-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, not
significant.
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3.18 E. coli and C. amalonaticus strongly induce villus
angiogenesis.
In the literature, so far only two bacterial strains have been described to induce

small intestinal angiogenesis, namely B. thetaiotaomicron and E. coli
(Stappenbeck et al. 2002; Uchimura et al. 2018).

As expected, both OMM22+E. coli and E. coli-monocolonized mice exhibited an
increase in the microvascular density of the villus capillaries (Figures 23A and
23B). Surprisingly, this was also the case for OMM2+C. amalonaticus and C.

amalonaticus monocolonized mice (Figures 23A and 23B).

Thus, C. amalonaticus is a newly-described commensal bacterium capable of

inducing small intestinal angiogenesis
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Figure 23: E. coli and C. amalonaticus increase the microvascular density of the
ileal villi.

(A, B) Intravital, multi-photon microscopy of small intestinal blood capillaries in mice
harbouring OMM?2 (A), GF and monocolonized (B) mice after i.v. injection of Qtracker™ 655.
Vessel areas were quantified with trace image processing to make morphometric measurements
within a bounding box (BB). Results are representative of 4-5 experiments.

Data shown are mean + SD of 2-3 independent experiments, each symbol represents the value for
one mouse. Dotted line represents the reference range for OMM2+M C2 mice (A) and OMM12mice
(B). One-way ANOVA was used: ****p < 0.0001; ** p < 0.01; * p < 0.05; ns, not significant.
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3.19 E. coli and C. amalonaticus, individually, induce

lysozyme producing PC differentiation.
The observed angiogenesis in the SI of OMM2+E. coli and OMM12+C,
amalonaticus mice, prompted the investigation of PCs. To our surprise, total PC
frequencies were unaffected by the addition of E. coli or C. amalonaticus to
OMM2 mice (Figure 24A). However, both bacteria did induce the differentiation
of lysozyme producing PCs (Figure 24B). Hence, the observed angiogenesis might
be regulated by antimicrobial signals from granular PCs.
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Figure 24: Lyzozyme producing PCs can be specifically activated by E. coli and C.
amalonaticus.

(A, B) Quantification and representative flow cytometry plots of CD45-EpCAM+CD24+ (A) and
CD45-CD24+SSC+ (B) PCs in colonized mice.

Shown are representative data of at least two independent experiments with means £SD, each
symbol represents the individual value for one mouse. One-way ANOVA was used: ****p <
0.0001; ** p < 0.01; * p < 0.05; ns, non-significant.

3.20 The OMM2+MC2 consortium is suitable to treat

asymptomatic C. rodentium infections.

Asymptomatic carriers pose a great threat to society, since they can spread the
disease unknowingly (Chisholm et al. 2018). Treatment of certain persistent

enteric infections involved the use of FMTs (Czepiel et al. 2019).

In order to check if OMM12+MC2 could provide pathogen eradication once C.
rodentium has permanently established itself in the intestine of GF mice,

asymptomatic C. rodentium-carrier GF mice were given the bacterial consortium
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as a treatment. To this end, on day 22 p.i. the mice were cohoused with naive
OMM12 mice (Figure 25A). While GF mice showed a rapid reduction in the C.
rodentium titer (Figure 25A), OMM2 mice were quickly infected as seen by the
rapid increase in pathogen burden in these mice (Figure 25A). Ten days after
cohousing, all mice received MC2 bacteria, which led to gradual reduction of C.
rodentium load resulting in the complete elimination of the pathogen (Figure
25A). Even though no more C. rodentium CFUs were found in the shed feces of
the mice (Figure 25B, left), the facultative commensals were still present long

after pathogen elimination (Figure 25B, right).

Thus, OMM2+MC2 bacteria also provide colonization resistance after C.
rodentium infection has been established in the gut of GF mice. Furthermore,
bacterial strains with similar properties could be useful as a potential therapy
against other enteric infections such as EPEC/ EHEC or Salmonella infection in
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Figure 25: Therapeutic properties of OMM12+M C2 bacteria against C. rodentium
asymptomatic infections.

(A) C. rodentium-carriers were cohoused with OMM?2 on day 22 p.i. All mice were gavaged 10
days later with MC2 bacteria. CFUs of C. rodentium were determined in feces. (B, left)
Representative Nalidixic acid-C. rodentium selective agar plate, showing no colonies in 1:100
dilution (left) and 1:10 dilution (right) of the fecal samples from experiment (A). (B, right)
Representative Columbia blood agar universal plate of feces from experiment (A) mice after
pathogen elimination, showing colonies for E. feacalis (from OMM!2), E. coli and C.
amalonaticus.

For C. rodentium infection: animals were orally infected with (109 CFUs/ ml) C. rodentium.
Shown are representative data of at least two independent experiments with means £SD.
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4 Discussion

4.1 C. rodentium-carrier versus responder mice.
Asymptomatic carriers of different pathogenic infections are a great enigma in
the scientific community. For enteric infections, several intestinal bacteria and

parasitic pathogens have been described in healthy individuals (Umo and Okon,

2017). Perhaps the most famous case was Mary Mallon, also known as Typhoid
Mary, a cook believed to have infected around 50 people with S. Typhimurium

(Marr, 1999). While in chronic carriers of Salmonella the gallbladder has been

singled out as an important organ reservoir for the pathogen, for other enteric
pathogens such as EPEC and EHEC, more research is needed (Gunn et al. 2014).

Unlike Salmonella, a natural reservoir has been described for EPEC and EHEC
bacteria, namely cattle and other ruminants (Gunn et al. 2014; Stein and Katz,
2017). It is believed that ruminants lack receptors that prevent EPEC and EHEC

intestinal and vascular lesions and thus, these animals generally remain

asymptomatic (Stein and Katz, 2017; Pruimboom-Brees et al. 2000). Similarly, it

has been proposed that asymptomatic EPEC carriers have a deficiency in certain

binding receptors that impair EPEC pathogenic colonization as well (Hu and

Torres, 2015). Furthermore, additional nonspecific host factors might also
predispose the occurrence of an asymptomatic carrier state; for instance, the
shape of the intestinal barriers, such as the epithelium, the mucus and, of course,

the intestinal microbiota (Levine and Robins-Browne, 2012). Due to theimmense

variability of complex microbiomes and the fact that asymptomatic carriers of
enteric pathogens are usually unaware of their carrier-status, causality
investigations are very challenging as well as limiting in human individuals (Hu
and Torres, 2015).

As previously mentioned, GF mice become asymptomatic carriers of
EPEC's distant cousin, C. rodentium. In the present study, it was revealed that
OMM12 mice also become carriers of the pathogen. Even though we did not
perform quantifications of the virulence gene expression in C. rodentium-carrier
OMM2mice, it is highly likely that these mice also harbored avirulent pathogenic
bacteria and remained asymptomatic as seen in GF mice, due to the way C.

rodentium behaves during the infection. In contrast to commensal bacteria, C.
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rodentium is a murine pathogen that colonizes by attacking its host. This “attack”
is modulated by the formation of dynamic microcolonies on epithelial cells that

create A/E lesions (Buschor et al. 2017). While epithelial cells increase their

turnover and are shed into the lumen to get rid of the pathogen, the immune
system is activated and innate immune cells, in particular neutrophils, gather to

phagocytize 1gG-opsonized virulent C. rodentium intimately attached to the

epithelium (Collins et al. 2014; Kamada et al. 2015). In best case scenario, the
virulent bacteria is neutralized and eliminated by the immune system and
avirulent bacteria are outcompeted by the intestinal microbiota (Kamada et al.
2015; Kamada et al. 2012).

In GF mice, the infection course occurs to a great extent differently. As GF
mice lack the intestinal microbiota, C. rodentium can colonize the intestine much
easier and quicker than in SPF mice. This can be confirmed in the high bacterial
burden (=10° CFUs/ g) seen in GF mice already on the next day p.i.; conversely, a
similar pathogen load is usually seen in later time-points in SPF mice (days 6-8
p.i.). Due to the rapid colonization in GF mice, the activation of the immune
system also occurs faster. In accordance, GF mice show a poor neutrophil
migration that peaks on day 8 p.i., 2 days earlier than SPF mice (Zarzycka, 2017).

The question then arises as to how GF mice do not succumb to the infection but
remain healthy with a high pathogen burden even when neutrophil infiltration is
significantly impaired. This is where the quorum sensing system in C. rodentium
might come into play. C. rodentium possesses an N-acylhomoserine lactone
(AHL) quorum sensing system by which its population cell density can be

detected, and the virulence genes adjusted accordantly (Coulthurst et al. 2007).

High bacterial burden leads to downregulation of virulence genes probably in

order to prevent overpopulation and the death of the host (Coulthurst et al.

2007). Thus, in GF mice, C. rodentium senses a stable colonization and decides

toremain in the mice as an “avirulent commensal”.

OMM12 mice, on the other hand, showed a strong neutrophilic migration
almost comparable to OMM12+MC2 and SPF mice. Moreover, OMM12 bacteria
showed a partial colonization resistance, with a 200-fold less pathogen burden
reduction, in comparison to GF mice. Therefore, it is to be expected that the
immune activation would be slightly delayed to that of GF mice, and indeed, the

peak of neutrophil migration in OMM®2 mice is spread between days 8 and 10 p.i.
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Hence, OMM12 mice eliminate virulent attaching bacteria, but the 12 bacterial
strains fail to provide out-competition of avirulent luminal C. rodentium. Judging
by the mice body weight and the non-existent colonic inflammation at the end of
the experiment (day 40 p.i.), one can assume that similar to GF mice, C.
rodentium was avirulent in OMM12 mice at later time-points. This is due to the
fact that C. rodentium was able to stably colonize the mice, as seen in the high
bacterial titer, while not having to share niche space and nutrients with similar

competing commensals.

Despite the fairly similar pathogen clearance dynamics between
OMM12+MC2 and SPF mice, one has to bear in mind that, on the one hand,
OMM2+MC2 mice harbor only 12 bacterial strains and, on the other, SPF mice
possess a complex microbiota. This difference becomes especially clear at the
initial time points of the infection, where SPF mice show a much stronger
colonization resistance than OMM2+MC2 mice. Concordantly, OMM12+MC2
mice show a peak in the neutrophil migration on days 8 and 10 p.i. as also seen
in OMM2 mice. In contrast, in SPF mice, infiltrating neutrophils peak on day 10

p.i.and to alesser extent on day 12 p.i. into the colon (Zarzycka, 2017). Both mice,

however, exhibited a normal infection course, with virulent C. rodentium
elimination by the immune system and avirulent C. rodentium outcompeted by

the commensal microbiota.

Next, we further investigated in depth the individual role of MC2 bacteria
in the presence or absence of OMM12bacteria. OMM2+E. coli mice presented less
bacterial CFUs than OMM!12 |ater in the infection and, similarly, these mice were
unable to eliminate the pathogen. As the OMM!12 consortium already promotes a
strong, and probably sufficient, neutrophil migration into the intestine, E. coli
needed to directly compete against C. rodentium to ensure pathogen elimination.
In-vitro bacterial competition assays revealed that E. coli scarcely inhibited the
growth of C. rodentium. Yet, in-vivo, E. coli provided a stronger but still
insufficient competition as seen in the pathogen titers of monocolonized and
OMM22+E. coli mice. Thus, E. coli probably does not occupy crucial niche space
which is then exploited by C. rodentium to remain in the animals. Conversely,
OMM2+C. amalonaticus mice eliminated the pathogen in around 6 weeks after
initial infection. This finding correlated with the observed strong growth

inhibition of C. rodentium provided by C. amalonaticus in-vitro. Looking back at
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the infection course in OMM!12+C. amalonaticus mice, there was a strong
colonization resistance at the beginning of the infection and pathogen burden
reduction appeared to happen slowly and unevenly at later time points. This
observation points to an active battlefield between C. rodentium and C.
amalonaticus to determine which bacterium gets to stably seize the gut.
Ultimately, the battle was won by C. amalonaticus, nevertheless, even though all
mice survived the infection, we noticed an increased weight loss in OMM12+C.
amalonaticus mice than in the other groups (data not shown). Therefore, despite
OMM12+C. amalonaticus bacteria’s success in eliminating the pathogen, the
OMM2+MC2 consortium was chosen as a better candidate to base this study on.
Monocolonized mice with C. amalonaticus, interestingly, showed similar C.
rodentium pathogen burden as E. coli monocolonized mice. MC2 bicolonized
mice showed less pathogen burden than monocolonized mice, but no pathogen
clearance either. These findings highlight the role of OMM12 bacteria in providing
a foundation and support for MC2 bacteria to eliminate enteric pathogens.

Lastly, additional bacterial combinations were tested. OMM122+MC3
(outlined in Figure 3) mice showed a similar bacterial burden as OMM?12 mice and
were unable to eliminate C. rodentium, most likely due to the lack of competing
bacteria. One combination involving SFB further emphasized the role of OMM12
bacteria in providing pathogen clearance. As previously mentioned, SFB bacteria

cannot colonize OMM12mice (Bolsegaet al. 2019). Therefore, SFB monocolonized

mice were given OMM12+MC2? bacteria and subsequently challenged to a C.
rodentium infection. Surprisingly, SFB+OMM12+MC2 mice harboured an almost
undetectable C. rodentium burden (<102 CFUs/g), but did not completely
eliminate the pathogen (data not shown). Thus, unknown specific members from
the OMM?12 consortium that are outcompeted by SFB seem to play a crucial role

in providing C. rodentium efficient elimination.

In conclusion, responder C. rodentium animals possess specific members
of the gut microbiota that regulate the migration and activation of crucial
lymphocytes to efficiently orchestrate the immune response against C.
rodentium. Furthermore, these bacterial members can be narrowed down to 14
strains that additionally provide colonization resistance and outcompetition of

the pathogen.

82



Discussion

4.2 Gut microbes, the intestinal vascular system and
leukocyte transmigration

The gut microbiota is constantly linked to the activation and development of the
intestinal and peripheral immune system (O'Hara and Shanahan, 2006),

however, its role in shaping the intestinal vascular system is beginning to receive

more recognition (Stappenbeck et al. 2002; Spadoni et al. 2015). Here, we used

the murine pathogen C. rodentium to investigate the role of the microbiota in
inducing effective leukocyte transendothelial migration during an enteric

infection.

GF mice displayed an impaired neutrophil recruitment to the intestinal
IEL compartment, but neutrophil numbers and percentages were normal in the
blood and the colonic LP in the absence of the commensal microbiota. However,
it has been reported that GF animals have a suboptimal BM granulopoiesis as well
as decreased amounts of circulating neutrophils under physiological conditions
(Balmer et al. 2014; Ohkubo et al. 1990). Our data suggest that a
compartmentalized enteric pathogen is able to systemically induce neutrophil

production in the BM of GF mice in order to achieve normally circulating
neutrophils similar to conventional mice during the infection. Furthermore,
blood neutrophils managed to reach the inflamed colonic LP of GF mice, but
failed to extravasate into the iEL compartment, a crucial step for the elimination
of C. rodentium (Kamada et al. 2015). As neutrophil expression of LFA-1 was

confirmed to be normal in GF mice, we moved on to its binding partner, ICAM-1
on endothelial cells. Intestinal endothelial cells were examined during infection
or under steady state conditions. During the infection, we observed, as expected,
a strong increase in ICAM-1, CD146 and MadCAM-1 expression on endothelial
cells from GF and OMM12 mice (data not shown). Interestingly, a proper analysis
of cell adhesion molecule expression on endothelial cells from OMM2+MC2 and
SPF mice could not be performed due to contaminating mononuclear
lymphocytes firmly attached to the endothelial cells (data not shown). This
compromised purity was only observed in isolated endothelial cells from
OMM12+MC2 and SPF mice and could indicate that endothelial cells from these
animals are more permissive to leukocyte attachment and transmigration than
the ones from GF and OMM12 mice during C. rodentium infection. FACS analysis

of endothelial cells in steady state conditions revealed a decreased |CAM-1,
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CD146 and MadCAM-1 expression in GF mice. OMM12 colonization was able to
marginally increase ICAM-1 and CD146 expression, but only once OMM12 mice
were given MC2 bacteria, the expression levels of all three cell adhesion molecules
were comparable to SPF mice. This strong endothelial activation in OMM2+ M C2
and SPF mice under steady state conditions most likely ensures a better immune
response against enteric pathogens by allowing a quicker establishment of first
responder leukocytes for the secretion of cytokines and chemokines (Fine et al.
2020). The effects of microbial colonization on endothelial cells were further
confirmed by transcriptome analysis. To our knowledge, colonic endothelial cells
have not been analysed and compared between GF, gnotobiotic and SPF mice.
While microbial colonization upregulated the gene expression of cell adhesion
molecules, only OMM2+MC2? bacteria and SPF microbiota induced genes

involved in angiogenesis.

A central question remains: How do gut microbes modulate endothelial
cell function? Despite not providing a mechanistic explanation, we performed
several extensive analyses to understand how the host’s intestine reacts to
microbial introduction as well as how microbes behave in the host. Normal

microbial colonization takes place at the postnatal stage (Tlaskalova-Hogenova

et al. 2015). During weaning, the weaning reaction induces a strong immune
response that activates the differentiation of specialized Tregs that later in life

lower the susceptibility to pathological inflammations (Al Nabhani et al. 2019).

The authors emphasized that this immune response can only occur during a
specific timeframe during the postnatal stage and cannot be reproduced in

adulthood (Al Nabhani et al. 2019). However, stepwise colonization of GF mice

with OMM?12 bacteria followed by MC2 bacteria also led to a strong immune
response. Since we did not quantify the intestinal T-cell populations in the mice
after the introduction of the bacteria, we cannot corroborate that colonization
with OMM12+MC2 recreated the weaning reaction. Nevertheless, the observed
immune response might explain the activation of the endothelium. Several
cytokine families were upregulated in the colon after OMM12 and MC2 bacteria
colonization, such asIL-6,1L-1, TNF, and IL-17, all of which are known to activate
endothelial cells (Ley, 2008). Moreover, the increased expression of chemokines
correlated with a possible innate-, T- and B-cell recruitment, which requires the

participation of an activated endothelium (Nourshargh and Alon, 2014).
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Importantly, neither GF nor SPF mice showed gene networks for immune
activation, which indicates that only once mice are newly introduced to
commensals does this immune response takes place and not under other
physiological conditions. Considering that the intestine has specialized cells that
sense the microbiota (Miron and Cristea, 2012), the immune response and the

resulting endothelial activation could simply be triggered by the presence of the
bacteria in the intestinal lumen. However, MAMPs and bacterial-derived
metabolites are known to exert several immunomodulatory effects. For this
reason, we first investigated the production of SCFAs in the caecum. OMM12 and
OMM22+MC2 bacteria produced high levels of acetate and marginal levels of
butyrate and propionate, which were all completely absent in GF mice. Butyrate
has been linked to the induction of ICAM-1in human umbilical vein endothelial
cells (HUVECS) (Li et al. 2018), thus, SCFAs may also be indirectly responsible
for the activation of the endothelium. Similarly, the addition of MC2bacteria, two

gram-negative bacteria, surely increased the levels of LPS reaching endothelial
cells which is known to induce cell adhesion molecules (Ley, 2008). However,
endothelial cells from MyD88- and TLR2/4 KO SPF mice showed normal
expression of ICAM-1, CD146 and MAdCAM-1 (data not shown). Lastly, cell
adhesion molecule expression on endothelial cells from the SI was not affected by
the intestinal microbiota, which stands in contrast to previous studies that

showed decreased |CAM-1 expression in the ileum of GF mice (Komatsu et al.

2000). Since endothelial cells from the whole SI, and not from the different
compartments, were analysed, we cannot exclude that ICAM-1, CD146 and
MadCAM-1 expression in the ileum might indeed be regulated by the intestinal
microbiota. This would be a logical conclusion, since, in term of the microbiota,
the ileum is far more densely colonized than the duodenum or the jejunum
(Saavedra and Moore, 2005).

Activation of the endothelium in colonized mice was also accompanied by
intestinal angiogenesis. In accordance to previous studies, the villi of GF mice had

a decreased microvascular density (Stappenbeck et al. 2002; Uchimura et al.

2018), which was partially restored by OMM?12 bacteria and completely restored
by OMM12+MC2 colonization. Taking into consideration that PCs have a crucial

role in regulating angiogenesis in the SI (Stappenbeck et al. 2002; Hassan et al.

2020), the observed new capillary formation might have also been triggered by
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the PC differentiation after OMM12+MC2 colonization. Notably, PC frequencies
were only elevated in OMM2+MC2 mice, even though there was a light increase
in the microvascular density of OMM12 mice in comparison to GF. It needs to be
noted though that the observed villus capillary increment in OMM?2 mice might
be modulated by a PC-independent mechanism. PC frequencies were similar in
GF, OMM!2 and, unexpectedly, SPF mice. These contradictory results led us to
investigate PC differentiation in young SPF mice, as these animals, similar to
OMM2+MC2 mice, were recently introduced to the microbiota. Young SPF mice
showed elevated percentages of PCs in the SI, thus, PC differentiation potentially
occurs as a direct result of the intestinal introduction of specific bacteria
(Lueschow and McElroy, 2020). PCs have an average lifespan of 20 days,

afterwards, they are phagocytized by neighbouring iEL lymphocytes (Porter et al.
2002). PC dysfunction has been associated with different IBDs (Wehkamp and
Stange, 2020), so their activation needs to be carefully regulated. Thus, PCs in

SPF mice are probably differentiated during the postnatal stage and at later time
points their numbers and their production of antimicrobial proteins are reduced
in order to maintain intestinal homeostasis under physiological conditions
(Lueschow and McElroy, 2020). Importantly, PCs from OMM12+MC2 mice were

isolated approximately 2 weeks after MC2 colonization, hence, analysis of PCs at
later time points might deliver similar results asin SPF mice. These findings also
point to the initial PC differentiation as a stimulus that induces intestinal
angiogenesis. However, villus capillaries have been shown to constantly need
microbial signals to maintain a high vascularization. These microbial signals are

sensed by PCs to produce angiogenic factors (Hassan et al. 2020). In SPF mice,

differentiated PCs might produce these factors continuously, while in GF and
OMM2 immature PCs might not. In accordance, ABX-treatment of SPF mice for

4 weeks led to a significant reduction of villus capillaries (Suh et al. 2019), but

transient E. coli colonization showed high SI vascularization 2 weeks after the
mice returned to the GF status (Uchimura et al. 2018). As PC renewal happens

every 20 days (Porter et al. 2002), these studies could indicate that microbial-

sensitized PCs maintain vascularization, while newcomer PCs need microbial
signals to ensure the production of angiogenic factors. In addition to the
pronounced S| angiogenesis in OMM12+MC2 and SPF, there was an increased
production of VEGFa. Whether VEGFa was directly produced by small intestinal
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PCs or by villus macrophages (Suh et al. 2019), remains to be elucidated.

Interestingly, OMM12+MC2 bacteria produced the metabolite 3-indoxyl sulfate,

which might regulate endothelial cell function and angiogenesis (Pei et al. 2019).

Next, we investigated the vascularization of the colon using whole-mount
staining, which led to the finding that GF mice have an aberrant number of
bifurcated crypts in the medial colon, in accordance to previous reports on GF

rats (McCullough et al. 1998). Crypt bifurcations correlated with a decreased

vascularization, as colonic vessels usually have a honeycomb appearance (Araki
et al. 1996), which was disrupted in branched crypts. OMM!12 colonization
significantly reduced cryptal bifurcations, however, these animals displayed
neither an increase in the relative abundance of endothelial cells nor gene
networks for angiogenesis in transcriptomics of isolated endothelial cells or the
colonic tissue. MC2 addition to the OMM2 consortium further reduced the crypt
bifurcations similar to SPF mice. Moreover, OMM22+MC2 mice had a higher
relative abundance of colonic endothelial cells and displayed upregulation of
angiogenesis genes both in endothelial cells and the whole colon transcriptomics.
For this reason, we propose that reduction of cryptal bifurcations correlates with
colonic angiogenesis only once ~5% of crypts are bifurcated in the medial colon.
Similar asin the SI, we expected that Paneth-like cells in the colon might regulate
colon angiogenesis. To our surprise, the frequencies of Paneth-like cells and Ki67-
positive enterocytes were similar in all the groups. Bearing in mind that the colon
has a much higher density of microbial microorganisms and needs to maintain a
more careful immunological tolerance towards microbes than the SI (Miron and

Cristea, 2012), Paneth-like cells might not react as strongly as PCs in the SI.

However, since OMM12 and OMM12+MC2 bacteria induced gene networks for
antimicrobial peptides in the colonic RNA sequencing, maybe other markers
should be used to characterize different types of Paneth-like cells in the colon
(Rothenberg et al. 2012; Schmitt et al. 2018). The reduced Ki67 expression on

colonic epithelial cells also stands in contrast to the different gene networks for

tissue development and epithelial proliferation observed after OMM2 and
OMM22+MC2 colonization. Similar as in PCs, since the gut epithelium renews
every 3-7 days, the FACS analyses for Ki67 might have been conducted at a wrong

time point. It has to be pointed out that colonic tissue staining as well as
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transcriptomics were done on a small piece of the medial colon, while Paneth-like

cells and Ki67-positive epithelial cells were isolated from the whole colon.

Lastly, different bacterial community combinations were tested for
endothelial activation and intestinal angiogenesis. In the absence of OMM!12
bacteria, monocolonized mice with E. coli or C. amalonaticus were able to
similarly induce the partial expression of ICAM-1 and CD146 as seen in OMM12
mice. Conversely, in the presence of OMM12, endothelial cells from OMM12+E,
coli and OMM2+C. amalonaticus mice showed more ICAM-1 and especially
CD146 expression when compared to OMM!2 mice. These data suggest a
supporting role of the OMM12 bacteria towards MC2 bacteria for regulating
endothelial activation. In the colon, OMM!?2 bacteria probably colonize spatial
niches that E. coli and C. amalonaticus cannot, thus, ensuring a homogenous
distribution and the activation of endothelial cells from different colonic
compartments. However, other factors, such as LPS availability, SCFAs and
metabolite production should also be taken into consideration. Interestingly, all
bacteria combinations that involved the presence of either E. coli or C.
amalonaticus resulted in strong S| angiogenesis. Concordantly, OMM2+E. coli
and OMM12+C. amalonaticus showed lysozyme producing PCs differentiation,
which hints at a PC-mediated mechanism. On the other hand, only
monocolonized mice showed a reduction in the crypt bifurcations from 40% to
20%, which did not correlate with an increase in the relative abundance of
endothelial cells. These findings indicate that both E. coli and C.
amalonaticus possess the ability to decrease cryptal bifurcations in the absence
of OMM!12, However, in the presence of OMM?2, both bacteria need to cooperate

to further reduce the bifurcations.

To sum up, specific commensals shape the intestinal vascular system by
activating the endothelium and inducing angiogenesis in physiological
conditions. These activated endothelial cells and potentially a highly vascularized
intestine favour the recruitment of leukocytes during enteric infections. Despite
PCs playing an important role in inducing angiogenesis, their role in other
endothelial functions has not yet been described. Therefore, the activation of the
intestinal endothelium is most likely induced by the immune response triggered

by commensals colonization.
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4.3 Better together: OMM22 and MC2 microbial and host

interactions
The symbiotic relationship between the microbiota and its host involves a myriad
of complex interactions, many of which are hardly understood or even known

(Figueiredo and Kramer, 2020). Here, we could show how different bacterial

combinations induce completely different but sometimes also similar effects. For
our particular research question, we carefully chose the OMM22+MC2 minimal
consortium to investigate how these 14 bacteria shape their host while engaging

in complex interactions at the microbial level.

OMM12+MC2 spatial organization was investigated using FISH. FISH analyses
could show that all 14 commensals remain in the intestinal lumen and were not
invasive towards the gut epithelium at least in the medial colon. The distribution
of OMM12 bacteria after MC2 association revealed a reduction in the relative
abundance of A. municiphila while the relative abundance of B. caecimuris was
increased. Even though not much is yet known about B. caecimuris, a lot of
research has been done on A. municiphila. A. municiphila is one of the few
commensals that mostly inhabits the mucus layer of the intestine and is equipped

with mucus degrading enzymes (Xu et al. 2020). Concordantly, we observed an

increased abundance of adherent mucus in OMM12+MC2 mice in comparison to
OMM12 mice. As the RNA sequencing data did not show activation of goblet cells
or gene networks for mucus production in OMM2+MC2 mice, the augmentation
of adherent mucus might be explained by the reduction of mucus-degrading A.
municiphila. Moreover, colon transcriptomics showed gene families for smooth
muscle activation after OMM12+MC2 colonization (data not shown). Thus, mucus
transport might work better in OMM2+MC2 due to an increase in the intestinal
peristalsis (Ge et al. 2017), as indeed, the colons of OMM12+MC2 and SPF mice

harboured more fecal pellets than the ones from GF or OMM!2 mice. Further,

OMM12 mice displayed more colonic adherent mucus than GF, which was the

lowest in all groups similar to previous results (Petersson et al. 2011). OMM12

colonization did induce a few genes for mucins and sialomucins as seen in the
RNA sequencing (data not shown). Thus, bacterial introduction might directly

activate goblet cells to increase their mucus production.
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At the microbial level, OMM12 and OMM12+MC2 bacteria showed similar
metabolite production profiles that were fairly different to the ones from GF and
SPF mice. These results were quite unexpected, since, in many ways,
OMM2+MC2 mice resemble SPF mice. It must be noted that small-polar
metabolome analysis was performed instead of high-throughput metabolomics,
which could provide more information on metabolite production. Nevertheless,
these data go to show how different the microbial interactions are perceived by

the host versus within microbial communities.
4.4 “RePOOPulating” the gut using FMTs or isolated

bacterial strains as therapies to eliminate persistent

enteric infections.

Currently, FMTs are used as a standard treatment with high success rates against

persistent and recurrent Clostridium difficile infections (CDI) (Guptaet al. 2016).
Nevertheless, some patients show refractory infections and do not respond to

FMTs (Gupta et al. 2016). Petrof and colleagues created a “stool substitute”
(synthetic bacterial mixture) by isolating and cultivating few bacterial strains
from healthy donors to treat patients infected with a hyper virulent and

antibiotic-resistant C. difficile (Petrof et al. 2013). It was thereby demonstrated

that a simplified bacterial community can also be used to cure CDI, a process
conveniently named “gut rePOOPulation” (Petrof et al. 2013). In the current

study, we used both FMTs and isolated bacterial strains to treat persistent C.
rodentium infections. While some FMTs were successful in inducing pathogen
clearance, some others were not. Interestingly, OMM2+MC2 bacteria were able

to induce pathogen elimination in asymptomatic carrier mice.

The main goal of this study was to find a new minimal consortium that on
its own or together with OM M2 bacteria could eradicate C. rodentium in carrier
mice. In order to isolate MC2 bacteria, facultative anaerobic bacteria were mined
from the microbiota of SPF mice by cultivating cecal and colon feces overnight
under aerobic conditions. The bacterial suspension (aerobic-FMT) was given
orally and only once to asymptomatic long-time C. rodentium-carrier GF mice.
The mice then exhibited a rapid and uniform pathogen reduction for around 10
days and until the pathogen was no longer detectable. Then, unexpectedly, there

was a pathogen surge that lasted about 7 days, afterwards, the pathogen was
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successfully eliminated as no more C. rodentium’s CFUs were spotted throughout
a month (data not shown). The rapid pathogen reduction was probably due to
avirulent luminal C. rodentium being quickly outcompeted by the introduction of
the aerobic-FMT, while the sudden pathogen surge could indicate the
reactivation of C. rodentium virulence genesin an effort to try and recolonize the
intestine. Interestingly, through the isolation of bacterial strains present in the
aerobic-FMT, we identified some bacterial strains that were no longer found in
the recovered mice (e.g., Staphylococcus aureus, Lactobacillus johnsonii) (data
not shown). This finding indicates that not all bacteria from the aerobic-FMT
managed to successfully colonize the mice. Moreover, bacterial isolation from
stool samples from recovered mice revealed that despite the aerobic incubation
of the FMT, around six strict-anaerobic bacteria were present in addition to the
five facultative anaerobes (M C5). Of note, colonization of GF mice with a bacterial
cocktail consisting of MC5 and the six strict-anaerobia did not lead to pathogen

elimination (data not shown).

Considering that the aerobic-FMT was a successful treatment against
persistent C. rodentium infections, we wondered if the microbiota that colonized
and remained in recovered mice could also induce similar effects. Thus, a stool
suspension from the shed feces of recovered mice (recovered-FMT) was
administered to C. rodentium-infected GF mice at different time points during
the infection (outlined in Figure 26), which led to conflicting results. C.
rodentium-infected GF mice that received recovered-FMT on day 3 p.i. were able
to completely eliminate the infection (data not shown). However, oral
administration of recovered-FMT to long C. rodentitum-carrier GF mice (day 22
p.i.) did not lead to pathogen elimination (data not shown). Several different
factors could be used to explain this observation, however, | will discuss only two.
The first one is of course the FMT microbial composition. Stool samples for the
aerobic-FMT were taken by sacrificing the mice and removing the cecal and colon
fecal contents. In contrast, for the recovered-FMT only shed feces were gathered.
Since each intestinal compartment has a particular microbial composition

(Dehmer et al. 2011), the microbiota present in the aerobic-FMT probably had a

richer diversity than the one present in the recovered-FMT. The recovered-FMT
induced clearance only when administered in early stages of the infection possibly

since the immune system was beginning to be activated and C. rodentium had
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not yet stably established itself in the gut. Moreover, the richer microbial diversity
in aerobic-FMT could have contained bacteria that specifically colonized spatial
niches that were used by persistent C. rodentium for hiding. Furthermore, as
mentioned above, not all bacteria present in the aerobic-FMT stably colonized the
mice, but these non-colonizing bacteria may have played an important role in
aiding in pathogen eradication. The second factor could be the treatment of the
samples prior to transfer. Stool samples were incubated aerobically overnight to
create the aerobic-FMT, while stool samples for the recovered-FMT were quickly
homogenized in PBS. The aerobic incubation may have actually protected
cultivable and uncultivable strict-anaerobic bacteria, since the facultative

anaerobes might have consumed the oxygen (Friedman et al. 2018), thus,

maintaining the medium more oxygen-depleted than the PBS solution and
ensuring more microbial diversity. These potential problems can be surpassed by
switching to the administration of simplified bacterial communities, instead of
using FMTs. Here, we described 14 bacteria that could induce pathogen
elimination in C. rodentium-carrier GF mice. Bearing in mind that different
FMTs also provide persistent pathogen elimination, we believe that a different

minimal consortium can surely achieve similar results.
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Figure 26: Different FMTs used to treat C. rodentium-carrier and C. rodentium-
infected GF mice.

Image abbreviations. SPF: specific pathogen free, FMT: fecal microbiota transplant, C. rod:
Citrobacter rodentium, GF: germ-free, p.i.: post-infection.

To conclude, these findings demonstrate the ability of specific bacterial
strains to revert asymptomatic carriers to a normal bowel microbial pattern.
Furthermore, identification, isolation, and administration of specific bacterial
strains from healthy donors whose stool samples provided strong colonization

against specific enteric infections to patients with persistent or antibiotic
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resistant infections, might be a more suitable treatment than FMTs. Thus,
different synthetic bacterial mixtures to treat either EPEC, EHEC, Salmonella or

C. difficile infections might become a reality in the foreseeable future.
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5 Summary

The intestinal microbiota constitutes one of the most important symbiotic
relationships between animals and microbes. The host provides nutrients and
protection while gut microbes shape animal physiology and evolution.
Gnotobiology research has expanded our knowledge on microbial-host
interactions by allowing the identification and cultivation of isolated members of
the gut microbiota to administrate into gnotobiotic animals. In the current study,
we identified a minimal bacterial consortium consisting of 14 isolated
commensals (OMM12+MC?) that restored immunocompetence in germ-free mice
to eliminate Citrobacter rodentium infections. While germ-free animals
exhibited an impaired neutrophil migration into the colon during infection, the
addition of OMM12+MC2 bacteria promoted intestinal endothelial activation and
angiogenesis to ensure a proper leukocyte migration and pathogen elimination.
Moreover, in a proof-of-concept approach, OMM?2+MC2 bacteria also showed
potential therapeutic properties by promoting C. rodentium elimination in
asymptomatic carrier mice. This study contributes to the understanding of how
gut microbes modulate the maturation of the intestinal vascular system to favor
the elimination of an enteric pathogen and provides evidence that selected

commensals can potentially be used to treat persistent enteric infections.
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6 Zusammenfassung

Die Darmmikrobiota stellt eine der wichtigsten symbiotischen Beziehungen
zwischen Tieren und Mikroben dar. Der Wirt bietet Nahrstoffe und Schutz,
wahrend Darmmikroben die Tierphysiologie und Evolution pragen. Die
gnotobiologische  Forschung hat unser Wissen Uber mikrobielle
Wirtsinteraktionen erweitert, indem sie die Identifizierung und Kultivierung
isolierter Mitglieder der Darmmikrobiota ermdglicht hat, sowie deren
Verabreichung an gnotobiotische Tiere. In der aktuellen Studie haben wir ein
minimales Bakterienkonsortium aus 14 isolierten Kommensalen (OMM12+M C?)
identifiziert, das die Immunkompetenz bei keimfreien Mausen wiederherstellt,
um eine Citrobacter rodentium-Infektion zu beseitigen. Wahrend keimfreie
Tiere wahrend der Infektion eine beeintrachtigte Neutrophilenmigration in den
Dickdarm zeigten, forderte die Zugabe von OMMI12+MC2-Bakterien die
intestinale Endothelaktivierung und Angiogenese, um eine ordnungsgemafe
Leukozytenmigration und Pathogenelimination sicherzustellen. Dartber hinaus
zeigten OMM12+MC2-Bakterien in einem Proof-of-Concept-Ansatz potenzielle
therapeutische Eigenschaften, indem sie die Elimination von C. rodentium bei
asymptomatischen Tragermausen férderten. Diese Studie tragt zum Verstandnis
davon bei, wie Darmmikroben die Reifung des intestinalen Gefalsystems
modulieren, um die Eliminierung eines enterischen Pathogens zu begtnstigen,
und liefert Hinweise darauf, dass ausgewahlte Kommensale potenziell zur

Behandlung persistierender enterischer Infektionen verwendet werden kdnnen.
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