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Summary 

The microbiota in the gastrointestinal tract (GIT) encompasses diverse populations of 

bacteria, archaea and fungi, which have co-evolved with the host and maintain a mutually 

beneficial relationship in healthy individuals. Gut microbes, especially the ones that colonize 

the epithelial barrier of the intestine, exhibited controversial effects on host fitness during 

homeostasis or perturbation. Hence, it is important to investigate the complex microbe–host 

and microbe–microbe interactions at the epithelial layer under distinct conditions or in host 

with different genetic background. In particular, how do mucosa-associated microbes regulate 

the microbial composition and metabolome environment at the specific niche, and their 

immunomodulatory effects on immune cell development and functionality.  

In this thesis we demonstrated that mucosa-associated Helicobacter spp. enhanced host 

resistance to Citrobacter rodentium (C. rodentium) infection, and attenuated C. rodentium 

derived disrupted epithelial layer and colon inflammation not only in immune-competent mice 

but also in immune-deficient mice. In addition, Helicobacter colonization significantly 

decreased the virulence gene expression and Type III secretion system (T3SS) assembly of 

C. rodentium at the epithelial layer. Our findings emphasize that intimate C. rodentium- 

epithelial contact plays a fundamental role in C. rodentium pathogenesis and determines host 

response and resistance. This study may provide novel insights to develop therapeutic 

approaches or targets against human colitis induced by enteric pathogens. 

In the second project, we observed that tissue attached segmented filamentous bacteria 

(SFB) derived Th17 appear to be a heterogeneous population with the capacity of converting 

into diverse Th17 cell subsets. Single-cell RNA sequencing and TCR sequencing unveiled the 

association of specific TCR clonotypes and Th17 fate decision. Our data brings new insights 

on how to regulate the appropriate fate of microbiota dependent Th17 and restore homeostatic 

function during disease states. 

In summary, the intimate contact between microbes and host epithelial layer are critical for 

pathogens to establish their niche and shed to the lumen, and also essential for T cell fate 

decision and the maintenance of their phenotype. Further studies are highly demanded to 

develop targeted treatment towards mucosa-associated bacteria, thus enhance host fitness 

against intestinal or systemic diseases.  
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Zusammenfassung 

Die Darmmikrobiota besteht aus komplexen Gemeinschaften von Bakterien, Archaeen und 

Pilzen, die mit dem Immunsystem des Wirtes wechselwirken und somit von zentraler 

Bedeutung für die Aufrechterhaltung der Gesundheit sind. Insbesondere solche 

Darmbakterien, die das Darmepithel besiedeln, können sowohl symbiotische als auch 

negative Effekte unter unterschiedlichen Bedingungen aufweisen. Daher ist es besonders 

wichtig die komplexen Wechselwirkungen zwischen Mikroben und Wirt als auch 

unterschiedlichen Bakterien, die das Darmepithel besiedeln, näher zu untersuchen. 

Insbesondere soll untersucht werden, wie Mucus-assoziierte Bakterien die gesamte 

Mikrobiota sowie die Metabolit-Zusammensetzung in ihrer spezifischen Nische beeinflussen, 

und welchen Einfluss diese Bakterien auf die Entwicklung und Funktionalität von Immunzellen 

haben. 

In ersten Teil dieser Arbeit konnte gezeigt werden, dass Helicobacter spp. den Schutz gegen 

den Infektionserreger Citrobacter rodentium (C. rodentium) erhöhen indem sie die Schädigung 

des Darmepithels und die Darmentzündung in immun-kompetenten und immun-supprimierten 

Mäusen abmildern. Zusätzlich führte die Besiedelung mit Helicobacter spp. zu einer 

signifikanten Reduktion der Expression von Virulenz Genen und des Typ- 3 Sekretions 

System (T3SS) von C. rodentium an der Epithelschicht des Darmes. Der enge Zellkontaktes 

von C. rodentium mit dem Wirtsepithel hat somit eine fundamentale Rolle bei der Infektion, 

welche die Art der Immunantwort und die Anfälligkeit des Wirtes bestimmt. Diese Arbeit gibt 

neue Einblicke in den Ablauf von Infektionen und kann für die Entwicklung von 

Therapieoptionen neue Ansätze bieten. 

Im zweiten Teil dieser Arbeit konnte gezeigt werden, dass Gewebe-assoziierte segmentierte, 

filamentöse Bakterien (SFB) heterogene Th17 Zellen induzieren, welche die Kapazität haben 

in Tr1-Th17, Th1-Th17, Th1ExTh17, und Tscm-Th17 Zellen zu konvertieren und dass die SFB 

Antigen Dichte für einer wirksamen IL-17A Expression verantwortlich ist. Des Weiteren konnte 

mittels „Single-Cell“ RNA Sequenzierung und TCR Sequenzierung die Assoziation von 

spezifischen TCR Klonotypen mit dem resultierenden Th17 Schicksal entschlüsselt werden. 

Diese Daten geben neue Einblicke in die Regulation von Mikrobiota-abhängigem Th17 und 

seiner Funktion zur Wiederherstellung der Homöostase während unterschiedlichen 

Krankheitsstadien. 

Zusammenfassend konnte gezeigt werden, dass der enge Kontakt von Pathogenen mit dem 

Darmepithel notwendig ist, um sich im Darm zu etablieren und im Lumen auszubreiten. 

Gleichzeitig sind kommensale, Epithel-assoziierte Bakterien essentiell, um das Schicksal von 

T-Zell Populationen zu bestimmen und aufrecht zu erhalten. Weitere Studien in diesem 
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Bereich werden benötigt, um zielgerichtete Therapien gegen Gewebe-assoziierte Pathogene 

zu entwickeln und die systemische Verbreitung dieser Krankheitserreger zu verhindern. 
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1   Introduction 

1.1 General introduction 

Large numbers of microorganisms colonizing the skin and mucosal membranes are 

considered as a “hidden organ” that co-evolve with humans and convey immense impact on 

human health and disease 1-3. With the highest microorganism density, the gastrointestinal 

epithelial barrier constantly encounters a continuous challenge of over 100 billion 

microorganisms, including bacteria, fungi, archaea, virus and parasites 2, as well as food 

particles and molecules. In recent decades, with the development of gnotobiotic mouse 

models (mice colonized with a known and controlled microbiota) and improved sequencing 

methods, researchers unveiled indispensable roles and complex networks of intestinal 

microorganisms on the gut ecosystem and host physiology. On the one hand, gut commensals 

benefit the host by participating in food digestion and providing exclusive metabolites, 

preventing pathogen invasion, and educating the immune system. On the other hand, 

pathobionts can cause or promote disease once specific genetic or environmental conditions 

are altered in the host. Altogether, the microbiota composition and microbial immune 

regulation are associated with a broad range of diseases, such as colitis, gastrointestinal 

cancers, liver diseases, metabolic syndrome, behavioural disorders, and autoimmune 

pathology, which encourage novel therapeutics, such as probiotics, prebiotics, diet 

intervention or personalized treatment.  

The intestinal mucosal epithelia that directly contact with the microbes has the complex 

task not only to allow the absorption of nutrients, but also to limit the transport of harmful 

molecules and provide resistance to infectious diseases 4. It is estimated that more than 90% 

of pathogens infect the host through its mucosal surfaces 5. Multiple mucosal defences such 

as a specialized mucus layer, antimicrobial peptides, secreted immunoglobulins and a diverse 

array of mucosal lymphocytes maintain the homeostasis state 6, whereas loss of epithelial 

integrity, termed as “leaky gut”, is associated with numerous gastrointestinal (GI) disorders 

and systemic symptoms.  

It is crucial to decipher the causal mechanisms of microbiota related host pathophysiology 

beyond sequence-based associations. Important aspects regarding intestinal microbe-

microbe and microbe-host interactions still remain to be elucidated: 1. Can we draw a clear 

line between pathogenic and non-pathogenic symbionts? 2. The influence of microbiota on 

the host immune system, especially what signals drive the differentiation and what signals 

drive functional activation of the immune cells are important to understand. 3. Is mucosa-

associated microbiota composition a better signature to indicate perturbed intestinal barrier? 
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Investigation on these questions will improve our current knowledge of the gut barrier and 

microbe interaction, and provide a step forward towards personalised medicine. 

1.2 The structure and biological functions of the intestinal epithelial barrier 

The intestinal epithelial barrier is composed by the epithelium and the mucus layer covered 

on top of it which forms the very first line of physical defence in close proximity to the gut 

lumen 7-8. A functional intestinal barrier conducts operational absorption of nutrients and fluids 

but simultaneously prevents harmful substances, metabolites and toxins 9. Besides, the 

mucosal epithelia surface tolerates the presence of the commensals but protects from 

potentially harmful dietary or microbial antigens and invading pathogens, thus maintaining the 

intestinal homeostasis. Furthermore, the intestinal barrier acts as the coordinating hub for 

crosstalk between bacteria and immune cells via antigen presentation and signalling pathways, 

hence modulating host immune system development and health conditions.  

1.2.1 The formation and antimicrobial properties of the mucus layer 

The structure of the mucus layer varies with regional locations within the GI tract. The small 

intestine (SI) contains a single layer of mucus, which is loosely attached to the epithelium and 

easily penetrable. A viscosity gradient of the gel-forming mucus increases from the proximal 

colon (which includes the cecum and the ascending and transverse colon 10) to distal colonic 

sites (which includes the descending colon and the sigmoid colon that connects to the rectum). 

The distal colon contains two mucus layers; a loosely adhesive outer mucus layer harbouring 

mucin-degrading bacteria and an inner dense layer devoid of bacteria 11 (Figure 1.1).  
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Figure 1.1 Mouse abdominal anatomy and epithelial barrier structure of distal colon.  

The gastrointestinal (GI) tract (left) is divided into small intestine (SI), composed of duodenum, jejunum 

and ileum part, cecum and colon, composed of proximal and distal colon (Adapted from RH Stephens, 

et al., 2020). Outer and inner mucus layer together with the epithelium constructed the epithelial barrier 

of the colon (right). Enterocytes, goblet cells, enteroendocrine cells, tuft cells, stem cells, paneth cells 

consist a single layer epithelium with tight junction. Goblet cells secret glycosylated mucin protein and 

form a gel-like structure, containing antimicrobial peptides (AMPs) and secretory immunoglobulin A 

(sIgA). The microbiome is mainly distributed in the lumen and outer mucus layer. (Adapted from 

“Structure of Mucosal Barrier”, by BioRender.com. Retrieved from https://app.biorender.com/biorender-

templates). 

In both SI and colon, the mucus is composed of glycosylated mucin proteins 12, of which 

mucin 2 (MUC2) is the most abundant, produced and secreted by the goblet cells (Figure 1.1). 

Enterocytes also express transmembrane mucins including MUC3, MUC12 and MUC17, that 

remain attached to apical surfaces of epithelial cells and form the glycocalyx together with 

glycolipids 12. The highly glycosylated extracellular domain of transmembrane mucins has a 

barrier function whereas the intracellular domain can be phosphorylated and activate signal 

transduction pathways. 

While Muc2 holds 30 potential N-glycosylation sites, 80% of the mass of mammal MUC2 

in the gut encounters O-glycosylation, where a carbohydrate chain initiated with N-

acetylgalactosamine (GalNAc) is added to the serine and threonine residues of the two central 

PTS domains 13. The chains are typically terminated by fucose (Fuc), galactose (Gal), GalNAc, 

or sialic acid residues in the peripheral region, forming histo-blood-group antigens such as A, 

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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B, H, Lewis-a (Lea), Lewis-b (Leb), Lewis-x (Lex), Lewis-y (Ley), as well as sialyl-Lea and sialyl-

Lex structures 14.  

In addition, Immune regulators, such as antimicrobial peptides (AMPs) and secretory 

immunoglobulin A (sIgA) molecules, are released in the mucus gel (Figure 1.1) to neutralize 

pathogens and toxins, and favour the maintenance of the commensal flora through different 

mechanisms 15. Binding of SIgA to bacterial, viral or parasitic pathogens prevent adhesion to 

intestinal tissues 16-17 and enables antigen uptake and presentation. IgA coating selectively 

distinguishes and marks disease-driving bacteria as high IgA coating microbes isolated from 

inflammatory bowel disease (IBD) patients conferred dramatic susceptibility to colitis in a 

mouse model of IBD 18. 

The mucus layer structure can affect the microbiota in the gut, whilst the microbiota also 

determines the properties of the mucus gel 19 and regulates epithelial glycosylation 20-21. The 

intestinal mucus layer is thinner in germ-free (GF) animals than in conventional animals 22-23, 

but its thickness can be recovered after colonization with Lactobacillus plantarum 24. Some 

commensal bacteria, such as B. thetaiotaomicron and Faecalibacterium prausnitzii, are 

capable of enhancing mucus production by inducing the expression of genes involved in mucin 

glycosylation and mucus secreting goblet cell differentiation 25. Besides, bacterial colonization 

also upregulates IgA-producing plasma cells (IgA+ PCs) generation and IgA production 26 

whereas new-born humans and GF mice have few or no IgA+ PCs in the lamina propria.  

1.2.2 The epithelial layer is an integral component of innate immunity  

The next layer underneath the mucus layer is the epithelium, composed of a single layer of 

cells with several different cell types, such as absorptive enterocytes, goblet cells, paneth cells 

and microfold (M) cells, stem cells. Other less abundant cells are the tuft cells 27, 

enteroendocrine cells as well as a mixture of intraepithelial lymphocytes (IEL) comprised by 

CD8aa+ T cells, αβ and γδ T cells 28, group 1 innate lymphoid cells (ILC1s).  

Intestinal epithelial cells (IECs) not only form a tight barrier with junctional complexes, such 

as tight junctions (TJs), adherens junctions (AJs) and desmosomes 29, but also contribute as 

an integral component of innate immunity towards the intestinal luminal milieu 30 depending 

on their different functions. Enterocytes respond to noxious stimuli with chloride secret 31. 

Paneth cells reside at the base of the crypts of the SI, secreting an array of antimicrobials, 

such as alpha-defensins, that restrict the growth of bacteria near the mucosal surface 32. The 

lectin regenerating islet-derived protein 3 gamma (Reg 3γ) derived from paneth cells is 

bactericidal to gram-positive bacteria that dominate the SI because it binds to and disrupts 

their exposed peptidoglycan layer, thus prevent microbial invasion of the tissue 33. In addition, 
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other innate immune cells such as neutrophils secret antimicrobials like beta-defensins to limit 

access of pathogenic bacteria to the epithelium 34. Resistance to these host-derived AMPs is 

a general feature of many indigenous gut species of Firmicutes and Bacteroidetes 35.  

The intestinal epithelium is an integral component of innate immunity. Particularly, 

enterocytes expressing the pattern-recognition receptors (PRRs) (i.e., Toll-like receptors 

(TLRs), nucleotide oligomerization domain (NOD) like receptors and retinoic acid (RA) 

inducible gene I) 36 are essential for recognizing microbial signature molecules, so called 

microbial/pathogen-associated molecular patterns (MAMPs/PAMPs) 37, including 

lipopolysaccharide, flagellin, peptidoglycan, formyl peptides and unique nucleic acid structures. 

This interaction enables the identification of foreign molecules by antigen presenting cells 

(APCs) residing in the subepithelial compartment, such as dendritic cells (DCs) and 

macrophages (MΦ). The DCs, especially CD11c+/CD103+ DC subpopulation 38 take up and 

present antigens from the goblet cell-associated antigen passages (GAPs) to T cells for action 

or tolerance development 39. MΦs screen the intercellular space and keep it clear by 

phagocytosis. Moreover, the resident IELs cooperate with other epithelial components and 

maintain the intestinal barrier function including defence against pathogens, wound repair and 

homeostatic interactions with the epithelium, microbiota and nutrients 27, 40.  

In conclusion, the intestinal epithelial layer regulates the passage of molecules and small 

particles, facilitate mucociliary clearance, produce antimicrobial peptides, cytokines and 

chemokines, activate and recruit intraepithelial and subepithelial cells, thereby supporting a 

physical, chemical and immunological barrier. 

1.3 Features and strategies of microbes residing in the mucus layer 

The gastrial intestinal tract (GIT) is occupied with commensals that synthesize essential 

nutrient constituents (such as vitamins 41, amino acids, short chain fatty acids (SCFA) 42, 

secondary bile acid 43), outcompete pathogens during infection (named “colonization 

resistance”) 44 and drive the development of the mucosal immune system. However, the 

microbial community varies along the length of the gut and diverges between the mucosal and 

luminal locus. Human colon biopsy and swab samples as well as animal experiments have 

revealed that the mucosal microbial community is enriched in Actinobacteria and 

Proteobacteria compared to the lumen community 45. Microbes habit in the mucosal reservoir 

adapted such features: metabolizing the complex glycans, tolerating higher oxygen 

concentration 46, resisting to host-derived antimicrobial peptides, and performing tissue 

attachment and penetration.  
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1.3.1 Mucosa-associated bacteria utilize mucin as energy resources 

Mucin degraders such as Bacteroides acidifaciens in mice 47, Bacteroides fragilis in 

macaques 48, and Akkermansia muciniphila in mice and humans 47, 49 consume mucus glycans 

as a carbon and energy source. These bacteria exhibit a clear advantage and increased 

abundance during conditions of nutrient deprivation or dysbiosis by upregulating mucin 

utilization 50-51. For example, when encountering restriction of complex polysaccharides in the 

diet, B. thetaiotaomicron maintained its abundance by shifting its metabolism to utilize mucin 

glycans in a Sucrose synthase (Sus)-like systems dependent manner 52. Various pathogenic 

bacteria and protozoa such as Clostridium perfringens and Entamoeba histolytica produce 

enzymes that degrade mucus by targeting glycoproteins or their attached glycans 53. 

1.3.2 Mucosa-associated microbes escape from antimicrobials  

Mucosa-associated microbes become resistant to AMPs through subtle modifications in 

the structure or electrical charge of their outer membranes. Interestingly, these mechanisms 

of resistance are deployed at times of inflammation by certain pathogens 53 and commensals 

alike 34. To survive immune-molecule clearance, some pathogenic strains such as 

Haemophilus influenzae, Streptococcus pneumonia, Streptococcus sanguis, Neisseria 

meningitidis and Neisseria gonorrhoeae produce IgA-specific proteases 54-55. Moreover, some 

pathogens inhibit actions of IgA by the production of IgA-or sialic acid (SC)-specific binding 

proteins. 

1.3.3 Mucosa-associated bacteria perform tissue attachment or penetration 

The mucus-binding capacity of the microorganism determines the ability to colonise the 

mucus, and it is important to increase the colonisation time 56. Although the inner mucus layer 

is normally impermeable to bacteria, some specialist microorganisms have developed distinct 

mechanisms for circumventing this system.  

Both mucosa-associated commensals and pathogens deploy glycoproteins, capsular 

polysaccharides, lipooligosaccharides (LOS) or lipopolysaccharides (LPS), capsules, lectins, 

adhesins, and fimbriae (attachment pili) (Figure 1.2) to conduct epithelial adherence 57-59, yet, 

pathogens possessing virulence factors or toxins render penetration of the epithelial barrier 60-

62 and elicit systemic inflammatory responses. Listeria monocytogenes expresses a surface 

protein, internalin A, which binds epithelial E-cadherin (a host cell adhesion protein) as a first 

step before exploiting actin to induce phagocytosis 63. E. Coli uses several different types of 

pili, such as fimbrial adhesin pyelonephritis-associated pili (Pap) 64, type 1 fimbrin d-mannose 

specific adhesin FimH 65 and UclD 66 to adhere to host surfaces, and the binding specificities 

of these pili determine host and tissue tropism. H. pylori uses blood group antigen-binding 
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adhesin (BabA) and sialic acid (also known as neuraminic acid)-binding adhesin (SabA) to 

bind epithelial cell derived fucosylated glycoconjugates such as Lewis B 67. Some bacteria are 

even capable of editing the glycans, such as epithelial fucosylation to fulfil mucin attachment. 

For example, colonization of germ-free mice with different microorganism demonstrated that 

commensals like B. thetaiotaomicron, segmented filamentous bacteria (SFB) 19 induce FUT2, 

one critical enzyme for α1,2-fucose synthesis 68, thus enhance α1,2-fucose and epithelial 

fucosylation 20.  

Some bacteria even overcome the mucin barrier, either by degrading mucus or swimming 

through the viscous mucus with flagella, and localize on the epithelium to facilitate a stable 

colonization (Figure 1.2). The large parasite Entamoeba histolytica and the oral bacteria 

Porphyromonas gingivalis secrete a specific protease Gingipain R2 (RgpB) to cleave human 

MUC2 at susceptible sites 69-70. Moreover, bacterial glycosyltransferases and glycosidases 

dissolve the polymeric glycan network as part of the pathogenic process. Other human 

pathogens such as Salmonella enterica subspecies enterica serovar Typhimurium 71, Shigella 

spp., Burkholderia spp., Yersinia pestis, Pseudomonas aeruginosa, Chlamydia spp. 72-73, 

Vibrio cholerae 74, enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and 

EHEC) 75 and mouse pathogen Citrobacter rodentium (C. rodentium) 76 penetrate the mucus 

layer, assemble and utilize the type III secretion system (T3SS) to localize to the epithelial 

layer. Yersinia pseudotuberculosis and Mycobacterium avium use an outer membrane protein 

called ‘‘invasin’’ to invade M cells. Scanning electron micrographs showed that SFB distributed 

on both the follicle-associated epithelium and the absorptive epithelium, attached to the apical 

membrane or along the lateral borders of epithelial cells 19. The cell types involved included 

enterocytes, goblet cells, and M cells. 
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Figure 1.2 Patterns of commensal and pathogen performing mucin and epithelium 

attachment. 

Mucosal or tissue attached microbes conduct mucin adherence via expression of mucus binding protein. 

Some microbes express mucinases to degrade the mucus layer or swim through the mucus and perform 

specific binding to the ligands of epithelial cells such as M cell toll-like receptors (TLRs) with flagella. 

Tissue attached pathogens possess virulence factors or toxins to facilitate tissue penetration and render 

intestinal or systemic inflammation from the sub-epithelium (G.P. Donaldson, et al., 2015). 

1.4 Interactions and competitions between intestinal microorganisms 

Intestinal microbes are constantly and actively interacting or competing through secretion 

of bacteriocin, competition over nutrients, inhibition by antimicrobial peptides, stimulation of 

the host immune system, and promotion of mucus and intestinal epithelial barrier integrity. 

Importantly, GF mice and gnotobiotic mouse models proved that commensal microbial 

communities inhabiting biological niches induce colonization resistance against penetration 

pathogens or multi-drug resistant pathogens. Transfer of cecal microbiota from resistant to 

susceptible mice could delay colonization and reduce mortality of the susceptible mice against 

certain pathogens, such as C. rodentium. However, perturbation due to antibiotic or drug 

treatment resulting in a loss of microbial load or diversity destabilizes the microbial ecosystem 

and creates an opportunity for endogenous pathobionts or exogenous pathogens proliferation 

in humans 77-79.  

1.4.1 Direct inhibition by bacteriocins and metabolites  

Some commensals directly inhibit other bacteria by secreting soluble factors 80, such as 

bacteriocins, peptides with antimicrobial activity. Such factors restrain the growth of adjacent 
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bacteria via cell wall synthesis inhibition, pore formation, and nuclease activity 81. Bacteriocins 

such as microcin, thuricin, and lantibiotics, a class of polycyclic peptide antibiotics, inhibit 

pathogens such as E. coli O157:H7 82-83 and C. difficile 84. A bacterial consortium consisting of 

four strains, Clostridium bolteae, Blautia producta, Bacteroides sartorii, and Parabacteroides 

distasonis (CBBP) effectively restores resistance to vancomycin-resistant enterococci (VRE) 

colonization by replenishing lantibiotic production 85-86. Other metabolites such as SCFA 

produced by Bacteroides species lead to lower pH in the gut, thus inhibiting the growth of 

pathogens including S. typhimurium 87 and C. rodentium 88. Exopolysaccharide producing 

surface- associated Bifidobacterium breve reduced levels of the gut pathogen C. rodentium 89. 

Members of the microbiota, such as C. scindens, convert primary bile salts into secondary bile 

salts that inhibit the vegetative growth of Clostridium difficile. 

The secretion systems, especially type VI secretion system (T6SS), has been implicated 

for the proliferation of gut commensal species as well as a wide range of invasive pathogens 

such as K. pneumoniae, P. aeruginosa, P. mirabilis, E. coli, S. enterica, Y. enterocolitica, and 

Campylobacter species. A few papers outlined that T6SS can serve as interbacterial defence 

systems and inject syringe-like protrusions containing toxins and other molecules into 

neighbouring cells that then lyse 90-92. For example, B. fragilis uses a T6SS to secrete a 

ubiquitin-like protein with potent inhibitory activity against coresident strains of B. Fragilis 93.  

1.4.2 Microbial nutrient competition 

The two main resources, nutrients and space, are necessary for microbial survival but 

limited within micro-habitats. Therefore, microbes compete for resources such as amino acids 

94, sugars 95-96, iron 97-98, zinc 99-100, nitrogen, phosphorus, sulfur, hydrogen and anaerobic 

electron acceptors 101. Using In vitro co-culture or in vivo gnotobiotic model together with 

metagenomic sequencing, researchers unveiled the competitive interactions between gut 

microbes and the responsible microbial gene pathways. Commensal strains of E. coli can 

provide colonization resistance against pathogenic E. coli O157 based on overlapping sugar 

utilization 96. S. Typhimurium infection generates an inflammatory environment to inhibit other 

strains and increase the availability of alternative nutrients such as lactate 102, ethanolamine 

103, and tetrathionate 104, which S. typhimurium has adapted to metabolize in contrast to most 

other bacteria. Invasive pathogen S. Typhimurium could also promote colonization by utilizing 

the immune system for the clearance of competing strains 105-108. During infection, innate 

immune effectors limit iron availability to other bacteria at the infection site by local production 

of iron chelators, i.e., lactoferrin, hepcidin, and lipocalin-2 109. However, mechanistic 

understanding of microbe-microbe interactions especially in the mucosal niche is extremely 

far from being deciphered and currently faces several limitations and challenges. 
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1.5 The intestinal immune system and microbiota host interaction  

The intestine represents the largest compartment of the immune system. The majority of 

the cells involved in immune reactions are in the lamina propria (LP) as well as gut-associated 

lymphoid tissues (GALT), including Peyer patches (PPs) and isolated lymphoid follicles (ILF). 

Numerous specialized innate and adaptive immune cell populations bidirectionally 

communicate with IECs and take part in the immunological defence mechanisms of the 

intestinal barrier (Figure 1.3).  

Although the human microbiota is estimated to harbor 200 to more than 1,000 bacterial 

species 2, only a minority of microorganisms have been attributed the causality or directionality 

to immune-modulating capabilities. Research using gnotobiotic mice has shown that gut 

commensals or pathogens have a vital role in intestinal immune maturation and GALT 

development. Overall, modulation of host immunity by gut microorganisms depends mainly on 

the interaction between the microbial metabolites and the host immune cells, or MAMP-PRR 

recognition activated signalling cascades.  

1.5.1 The immune system in the intestinal lamina propria 

Underneath the intestinal epithelium is the LP consisting of innate and adaptive immune 

cells, such as ILCs, DCs, neutrophils, MΦ, mast cells, T cells and B cells. Moreover, the 

intestinal LP is highly enriched in lymphatic vessels, which allow foreign antigens access to 

the mesenteric lymph nodes (MLNs) and lead to naïve T cell and B cell maturation and 

migration 110-111. Mast cells that are located close to nerves can be activated by neuronal 

mediators and have been implicated in several types of neuro-inflammatory responses 112-113.  

LP innate immune cells have the ability to rapidly respond and destroy extracellular and 

intracellular invading pathogens, but also trigger inflammatory phenotype. Neutrophils and 

macrophages are among the first cells reaching inflamed areas and limit the invasion of 

microorganisms by eliminating them via phagocytosis followed by killing via AMPs and 

reactive oxygen species (ROS) 114-115. Innate lymphoid cells (ILCs) are innate counterparts of 

T cells lacking antigen-specific receptors that contribute to immune responses by secreting 

effector cytokines and regulating the functions of other innate and adaptive immune cells 116. 

ILCs are divided into three major groups: ILC1s, ILC2s, and ILC3s and each subset plays 

beneficial and detrimental roles in different manners. ILC1s secrete IFN-γ, which promotes 

the ability of macrophages and DCs to eliminate intracellular bacteria and to present antigens 

by inducing expression of MHC and adhesion molecules. ILC2s, the innate counterparts of 

Th2, secrete type-2 cytokines such as IL-5, IL-9, IL-13, which play crucial roles in the expulsion 

of helminths. As the innate counterparts of Th17, ILC3s produce IL-22 and IL-17 in response 
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to IL-23 and IL-1β, stimulate the secretion of AMPs by epithelial cells and mucus production 

by goblet cells, thereby supporting barrier integrity in the intestine. 

Adaptive immune system is highly specific and provides long lasting immunity. The LP 

contains large numbers of functionally diverse CD4+ T cell subsets, also known as T helper 

(Th) cells, T follicular (Tfh) cells, B cells and a relatively minor fraction of CD8+ T cells (Figure 

1.3). Majority of the intestinal T cells display an effector memory phenotype 117 and differentiate 

into different subsets of effector (i.e., Th1, Th2, Th9, Th19, Th22) T cells (Teff) and regulatory 

T cells (Tregs) cells to exert distinct immunogenic functions. Importantly, the balance between 

effector T cells, especially Th17 cells and Tregs results in homeostasis, which enables 

effective pathogen clearance and limited inflammation response.  

Figure 1.3 The immune responses in the lamina propria (LP). 

Underneath the intestinal epithelium is the LP consist of innate cells, such as ILCs, DCs, neutrophils, 

MΦ and adaptive immune cells, such as, T cells, B cells. Antigen presenting cells (APCs) such as DCs 

access bacterial antigens and migrate to mesenteric lymph node (MLN) and trigger naïve T cell 

maturation. Variable memory T cells localize to the LP and express feature cytokines to maintain 

homeostasis. Both ILC3 and Th17 cells produce IL-17, which upregulate the secretion of epithelial cell 

derived defensins to the lumen. MΦ and follicular T helper (Tfh) cells facilitated B cell development in 

the peyer’s patch, followed by IgA secretion from B cells (Adapted from “Intestinal Immune System”, by 

BioRender.com. Retrieved from https://app.biorender.com/biorender-templates).  

https://app.biorender.com/biorender-templates
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1.5.2 Essential metabolites modulate immune cell development and 

functionality 

Upon specific recognition, metabolite-specific receptors on the intestinal epithelial cells 

trigger signal transduction pathways and transcriptional programs that control the 

differentiation, proliferation, maturation and effector functions of many cells.  

One group of metabolites, SCFAs, the products of nondigestible carbohydrate fermentation 

by the intestinal microbiota, such as Clostridium cluster, B. fragilis, are recognized by several 

G-protein-coupled-receptors (GPR41, GPR43 and GPR109A) 118-119 and regulate both innate 

and adaptive immune cell development. SCFAs especially butyrates modulate the 

functionality of DCs by reducing the expression of co-stimulatory proteins, including CD40, 

CD80, CD86 and major histocompatibility complex class II (MHC II) molecules 120. Upon 

inhibiting histone deacetylase (HDAC), SCFAs suppress the nuclear factor-kappa B (NF-κB) 

component RelB expression and induce anti-inflammatory genes through GPR109A activation 

in DCs, thereby resulting in Tregs differentiation 121. SCFAs can also suppress NF-κB 

activation in neutrophils, thus leading to decreased nitric oxide (NO) production 122. 

RA is present at high concentrations in the small intestine due to metabolizing dietary 

vitamin A by gut epithelial cells. In this local environment, RA primes LP DCs to express 

RALDH2 and become CD103+ DCs that produce RA 123-124. Furthermore, RA plays a key role 

in directing the lineage fate of CD4+ T cells 124 through activation of the nuclear RA receptor 

(RAR) 125. DC-derived RA suppresses Th17 cell development via the reduction of RORγt and 

promotes transforming growth factor beta (TGF-β)-dependent Foxp3+ T cell differentiation as 

well as the expression of typical Treg cell-surface receptor cytotoxic T lymphocyte antigen 4 

(CTLA-4) 126. In addition, RA from gut DCs induces the specific gut-homing molecules CCR9 

and α4β7 integrin on T cells in RARα- dependent way 127. 

Tryptophanase-positive bacteria, such as Lactobacillus reuteri, generate various indole 

metabolites from dietary tryptophan that can stimulate aryl hydrocarbon receptor (AHR) 

activity. AHR is expressed more abundantly by pTregs in the gut, and its expression is 

important for Treg gut homing and function. Furthermore, AHR is dispensable for Treg stability 

and enhances Tregs suppressive activity in vivo compared to Tregs lacking AHR expression 

in a T cell transfer model of colitis 128. In summary, dietary components, especially the 

proportion of fat, salt and fibers, together with a wide range of metabolites participate in 

immune cell maturation and activation, which have been highly related to gut immune diseases 

or autoimmune conditions. 
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1.5.3 Microbiota modulated intestinal Th17 cell development and plasticity 

Microbiota and associated metabolites play crucial role on CD4+ T cell polarization and 

plasticity via various mechanisms, which implicates in mediating diverse host protective and 

homeostatic responses 129. Several studies have reported that mice lacking intestinal 

microbiota have diminished Th17 cells in the lamina propria 130-131. By comparing the Th17 

response and the microbiota from SPF mice derived from different vendors, two groups have 

shown that tissue adherent mouse commensal SFB specifically induce Th17 cells in the SI of 

mice 132-133. TCR transgenic mice further proved that two specific antigen epitopes encoded 

by SFB presented by APCs stimulate the development of naïve T cells into Th17 cells, in 

MHC-TCR signalling dependent manner 134. Notably, SFB adherence to the intestinal 

epithelium is a key factor to induce microbiota specific Th17 response, as adhesion of SFB 

results in IEC secretion of serum amyloid A1/2 (SAA), which triggers MLN derived RORγt+ T 

cells initiate IL-17A production (Figure 1.4).  SFB is not detected in human host so far. 

However, anaerobic culturing of human feces samples lead to identification of 20 different 

strains belonging to diverse species of gut bacteria i.e., Clostridium, Bifidobacterium, 

Ruminococcus, and Bacteroides that were able to induce Th17 cells in both germ-free mice 

and rats and have demonstrated IEC adhesive properties similar to that of SFB 135.  

Microbiota induced Th17 cells have also demonstrated both beneficial and pathogenic 

properties. On the one hand, the key effector cytokines IL-17A, IL-17F and IL-22 produced by 

Th17 cells promote distinct antimicrobial peptide secretion by IECs and recruit neutrophils, 

therefore enhance host resistance to numerous bacterial or fungal infections 136-139 and 

epithelial integrity 140. IL-17A secreted by Th17 and ILC3s also promote intestinal IgA 

expression 141, further contributing to intestinal homeostasis. On the other hand, pathogenic 

properties of microbiota induced Th17 cells are strongly associated to inflammatory conditions 

including colitis and systemic response such as encephalomyelitis 142-143.  
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Figure 1.4 Phenotypes of microbiota regulated Th17 and related diseases. 

Tissue adherent mouse commensal SFB specifically induce Th17 cells in the SI LP via antigen 

response. The SAA secreted by epithelial cells are contributing to maintain the expression of IL-17 

cytokine. These Th17 cells play an important role in restraining bacterial or fungal infection. They are 

also associated with long-distance autoimmune diseases including neuro-development disorder, 

autoimmune lung pathology, glumerolo-nephritis and autoimmune arthritis.    

The cytokine environment highly determines Th17 properties as in vitro experiments 

demonstrated that Th17 cells differentiated in presence of IL-2 and TGF-β act as non 

pathogenic, whereas differentiation in presence of IL-6, IL-1b and IL-23 can give rise to 

pathogenic Th17 cells 144-145 (Figure 1.5). Moreover, both human and mouse studies illustrated 

the plastic phenomenon of mucosal Th17 cells, suggesting that they are able to acquire 

additional cytokine producing capacities or completely transdifferentiate to other T cell subsets. 

Ability to produce additional cytokines such as IFN-γ and/or GM-CSF has been shown to 

associate with pathogenic Th17 cells to drive different autoimmune diseases 146-149, whereas 

Th17 cells that switch from IL-17 production to IL-10 exhibited anti-inflammatory functionality 

150. Although both SFB and C. rodentium induce Th17 response via tissue attachment, SFB 

specific Th17 cells are characterized as beneficial tissue resident Th17, whereas C. rodentium 

specific Th17 cells secrete both IL-17A and IFN-γ cytokines and are considered as pathogenic 

Th17 leading to autoimmunity. However, how gut bacteria decide the fate of Th17 cells and 

which exact signal converts non-pathogenic Th17 cells into pathogenic ones, or vice versa, 

require further detailed investigation.  
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Figure 1.5 The phenotype and plasticity of Th cells modulated by cytokine environment. 

Driven by antigen-TCR interaction, naive CD4+ T cells could be polarized to functionally distinct Th cells, 

such as Th1, Th2, Th17, follicular Th, and regulatory T cells. Th17 cells were heterogeneous and could 

differentiate into highly diverse subsets. Under different cytokine conditions, Th17 cells captured the 

ability to convert toward Th1, Th2, Tfh, Treg cells, and so on. Additionally, Th17 cells acquired 

pathogenic or immunosuppressive functions by the differentiation in autoimmune diseases like 

rheumatoid arthritis 162. (P. Yang, et al., 2019) 

Not only bacteria, but also protozoan such as Tritrichomonas musculis activates the host 

epithelial inflammasome to induce IL-18 release. Epithelial-derived IL-18 promotes DC-driven 

Th1 and Th17 immunity and confers dramatic protection from mucosal bacterial infections 151. 

A common fungal member of the gut microbiota, Candida albicans, elicits a strong Th17 

response that may cross-react with the pathogenic fungus Aspergillus fumigatus during lung 

infection and accelerate lung inflammation 152.  

1.5.4 Microbiota modulated intestinal Treg cell development and plasticity 

Intestinal Tregs, that express the transcription factor Foxp3, include two distinct 

components. One type of Tregs is generated in the thymus (tTregs) and is characterized by 

expression of the transcription factors Gata3 and Helios. The other differentiates de novo from 

naive peripheral FoxP3− CD4+ T cells (pTregs) and expresses the nuclear hormone receptor, 

RORγt, but little or no Helios 153-154. Intestinal Tregs suppress reactions to microbes, excessive 

inflammatory response and autoimmune disease. It has been shown that absence of Tregs, 
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that are generated extrathymically, can lead to spontaneous development of Th2 pathologies 

155. 

Although it is observed that Tregs are readily found in the gut of germ free (GF) mice 156, 

the frequency of Treg was 2–3 fold lower than in mice with commensal bacteria 157. Benign 

intestinal commensal altered Schaedler flora (ASF) species resulted in the compartmentalized 

expansion, activation, and de novo generation of mucosal Treg cells specifically in the CLP 

158. Colonization of mice by Clostridium species derived from mice or healthy human fecal 

samples provided a TGF-β-rich environment to foster the expansion and differentiation of IL-

10 producing Treg cells in the colon, the majority of which expressed RORγt 157, 159. MAMP 

derived from gut commensals, such as Polysaccharide A (PSA) of human 

commensal Bacteroides fragilis 160, signals through TLR and APC intermediary to promote the 

differentiation of Treg cells. Similarly, exopolysaccharides of Bifidobacterium breve induce IL-

10 production by Tregs 161, thus decrease the expression of pro-inflammatory cytokines, 

prevent a B-cell response 162 and promote immune tolerance. 

TCR usage in the colon differed greatly from that in the other organs, indicating that 

antigens derived from microbes are responsible for TCR activation and shaping Treg 

population 155. In particular, the generation of such RORγt+ pTregs with robust regulatory 

functions requires the microbiota antigens delivered by dendritic cells (DCs) major 

histocompatibility complex (MHC) class II 163. The CD103+ DC subset, as a major 

subpopulation of tolerogenic DCs, is reported to be the primary APC subset that takes up 

bacterial antigen efficiently from the gut lumen or from CX3CR1+ macrophages and that 

induces pTreg cell development 164-165. Meanwhile, CD103+ CD11b+ DCs express high levels 

of aldehyde dehydrogenase (ALDH), TGFβ, integrin β8 and several other proteins necessary 

for the pTreg gut homing 166. Mucosa-associated Helicobacter species are important inducers 

of antigen-specific RORγt+ Treg cells. Interestingly, Helicobacter species triggered both Treg 

responses during homeostasis and effector T cell (Teff) responses during colitis, as suggested 

by an increased overlap between the Teff/Treg TCR repertoires with colitis 167. 

Treg cells have a high degree of plasticity that associates with different transcriptional 

programs. The loss of Treg suppressive capacity might be related to the potential of Treg cells 

to convert into Th1-like Treg cells, secreting IFN-ү 168, as well as Th17-like Treg cells, secreting 

IL-17 with pro-inflammatory potential. In patients with MS, IFN-ү -secreting Treg cells were 

found to be increased, and Treg cells displayed lower expression levels of FoxP3 and an 

impaired suppressive capacity 169. In the context of the gut mucosa, the transcription factor c-

MAF is required for the generation of Helicobacter-specific Tregs, which selectively retrain 

Helicobacter-specific pro-inflammatory Th17 cells. In the absence of c-MAF, the bacterial-
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specific Treg–Th17 balance becomes impaired, and the animals develop pathobiont-

dependent IBD 170. However, whether microbiota can play a causative role to switch Tregs 

plasticity requires further inspection. 

1.6 Epithelial layer integrity related host diseases 

“Epithelial barrier hypothesis” 171 has been introduced, which proposes that the increase in 

epithelial barrier- damaging agents linked to industrialization, urbanization and modern life 

underlies the rise in allergic, autoimmune and other chronic conditions. Surfactants, 

emulsifiers and microplastics in processed food 172-173, dishwashing detergents, have been 

shown to increase intestinal permeability even at low concentrations. Even trace amounts of 

these agents markedly increase bacterial translocation in mouse models 174. Microbial 

dysbiosis and transepithelial translocation of commensal microbes as well as further 

colonization by opportunistic pathogens followed by disrupted epithelial layer has the potential 

to cause or promote many diseases. 

1.6.1 Altered epithelial layer modifies intestinal diseases 

Mouse experiments proved that intestinal barrier defects directly lead to GI diseases, such 

as IBD, irritable bowel syndrome, celiac disease and colon carcinoma. Gene deficient mice 

that lack of mucin or glycans exhibit loss of colonic mucosa-associated commensal 

microorganisms known to exert many beneficial effects, such as Faecalibacterium prausnitzii 

that is essential for the fermentation of non-digestible substrates and endogenous intestinal 

mucus 162. These conditions further render dysbiosis and severe intestinal inflammation, for 

example Muc2−/− mice spontaneously develop colitis 175. Despite this, clearance of pathogens 

still requires Muc2 as colonization of Muc2−/− mice results in a more severe, and often lethal, 

infection in the gut 76-176.  

Except for host gene deficiency that leads to intestinal barrier defect, certain pathogens are 

capable to disrupt the mucus or epithelial layer structure and sustain inflammatory response. 

Shiga-like toxins (SLT) 1 and 2 elaborated by enterohemorrhagic E coli (EHEC) interrupts the 

host cell protein synthesis 177 Bacteroides fragilis elaborate a 20 kDa zinc dependent 

metalloprotease toxin that alters tight junctions and intestinal permeability 178. Listeria 

monocytogenes invades the host by taking advantage of binding to normally hidden E-

cadherin, which is exposed on emptied and shrunken goblet cells 179.  

1.6.2 Systemic diseases associated with intestinal epithelial disruption 

Failure of any aspect of the intestinal barrier is also associated with allergic and metabolic 

conditions, systemic autoimmune diseases and distant inflammatory responses, such as 
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asthma, allergic rhinitis, type 1 diabetes, obesity, multiple sclerosis (MS), rheumatoid arthritis 

(RA), autoimmune hepatitis, cirrhosis, non-alcoholic fatty liver disease (NAFLD), Alzheimer 

disease (AD), Parkinson’s disease, chronic depression and autism spectrum disorders 180. 

This is partly due to translocation of mucosa-associated microbes or pathogenic metabolites 

or toxins into the blood. For example, toxic metabolites produced by the gut microbiota evade 

liver catabolism and cross the blood-brain barrier, leading to cerebral toxicity 181. The migration 

of activated T cells and circulating antibodies derived from the intestine to other organs are 

also characterized as the causality of long distant diseases. Food allergen- specific T cells 

with skin- homing receptors migrate into the skin, where they cause atopic dermatitis 182. 

Recent findings have confirmed an additional mechanism of SFB induced arthritis via 

enhancing systemic T follicular helper (Tfh) cell differentiation and thereby autoantibody 

production 183. Pediatric relapsing idiopathic nephrotic syndrome (INS) patients show gut 

microbiota dysbiosis, characterized by a decreased proportion of butyric acid-producing 

bacteria and lower fecal butyric acid quantities, concomitant with reduced circulatory Tregs 184 

Prophylactic use of a combined mixture of three Lactobacilli strains was able to suppress 

autoreactive T-cells and prevented EAE, dependent on induced Treg cells in the mesenteric 

lymph nodes and in the periphery 128. Administration of the human gut-derived commensal 

Prevotella suppressed EAE in a human leukocyte antigen (HLA) class II transgenic mouse 

model by decreasing pro-inflammatory Th1 and Th17 cells, and increasing the frequencies of 

Treg cells, tolerogenic dendritic cells and suppressive macrophages 185.  

It is worth noticing that change of mucosal microbial diversity or structure instead of luminal 

microbiota reveals dysbiosis signatures and predicts certain diseases. For example, IBD 

patients had increased concentration of bacteria on the mucosal surface 186, decreased 

microbial diversity 187-188, decreased abundance of Clostridium species 189, and increased 

number of Enterobacteriaceae (especially adherent, invasive E. coli) in ileal mucosa 190. 

Another study revealed that the faecal microbiota of cirrhotic patients with and without hepatic 

encephalopathy showed minimal differences, whereas analysing the microbiota composition 

of the colonic mucosa uncovered significant changes, including lower Roseburia and higher 

Enterococcus, Veillonella, Megasphaera, Burkholderia, and Bifidobacterium in cirrhotic 

patients with hepatic encephalopathy 191. In summary, moving from correlations to a potential 

causal etiology of the microbiota for IBD and other disorders will require further study of 

mucosa-associated communities, focusing on the close interactions between the host and 

microbiota. 
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1.7 Aim of this study 

Mucosa-associated and tissue-attached microbes are in a particular intense interaction with 

mucosal immune system through microbe-microbe and direct microbe-host interactions. 

Notably, studies have reported distinct or even controversial immunomodulatory effects for 

the same bacterium on the host. This suggests that the role of these bacteria may be 

influenced by alterations in the intestinal environment or host genetic background.  

The characterization of some members of the gut microbiome, especially mucosa-

associated species including SFB, Helicobacter spp., Prevotella, Akkermansia muciniphila, 

Mucispirillum schaedleri and protozoa has been controversially debated. Although SFB 

induces non-pathogenic tissue resident Th17 that could play a role in resisting infection, K/BxN 

mice, an animal model of autoimmune arthritis, develop severe arthritis upon SFB 

monocolonization. Intestinal Helicobacter species cause colitis, typhlitis or hepatitis in 

immune-deficient mice, but induce anti-inflammatory cytokine IL-10 production from 

macrophages and Treg cells that maintains homeostasis. Instead of defining these microbes 

as commensal, pathobiont or pathogen, it is more important to investigate the complex 

microbe–host and microbe–microbe interactions at the epithelial layer under distinct 

conditions or in hosts with different gene background. In particular, how do mucosa-associated 

microbes regulate the microbial composition and metabolome environment at the specific 

niche, and their immunomodulatory effects on T cell development and functionality. Answering 

these questions enables us to further develop targeted treatment in controlling the pathogenic 

properties of mucosa-associated bacteria, thus enhancing host fitness upon intestinal or 

systemic diseases.  

The first aim of this study is to evaluate the role of non-SPF bacteria, the Helicobacter 

community that naturally presented in wild mammals including humans, on host fitness upon 

C. rodentium infection, a mouse model to investigate the pathogenesis of EHEC and EPEC 

for humans. Evaluating the C. rodentium burdens in different loci of the GIT and the severity 

of colon tissue damage from the mice in the absence or presence of Helicobacter spp. allows 

us to examine the effect of Helicobacter spp. on C. rodentium pathogenicity. Besides, we 

performed 16S rRNA sequencing, metabolism analysis and dissected the innate and adaptive 

immune responses by flow cytometry analysis (FACS) to understand the underlying 

mechanism.  

It is known that microbiota induced Th17 cells are a plastic population and have the 

potential to obtain either pro- or anti-inflammatory properties. However, how do microbiota 

modulate Th17 fate decision remained unknown. Therefore, the second aim of my thesis is to 

dissect the role of microbiota on Th17 plasticity using SFB colonization model. By transferring 
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SFB into SPF or GF Th17 fate-mapping reporter mice, we could evaluate the stability of SFB 

specific Th17 cells by FACS at different timepoint and different organs. Furthermore, we 

applied single-cell sequencing technology to cluster SFB induced Th17 cells and discovered 

the feature genes that are involved in Th17 fate determination. Combining with TCR 

sequencing data, we built the connection between TCR clonotypes and Th17 characterization. 
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2   Materials and Methods 

2.1 Experimental mouselines and housing conditions 

Wild-type, Rag 2-/-, RORɣtGFP FoxP3RFP reporter mice, IL-17AGFP IFN-γKatushka FoxP3RFP 

reporter mice, Fate+ reporter mice used in the study were on the C57BL/6N background, 

rederived into specific pathogen-free (SPF) microbiota by embryo transfer, and bred at the 

animal facilities of the Helmholtz Centre for Infection Research (HZI). Fate+ mice, the mouse 

model for Th17 fate mapping, were generated by crossing the original Foxp3RFP IL-10eGFP IL-

17AKatushka mice 192-193 with IL-17ACRE Rosa26flox STOPflox eYFP mice 194. Both parental lines are 

kindly provided from N. Gagliani. In this model, only a high level of Il17a transcription induces 

the expression of Cre recombinase, which deletes the stop sequence 5’ to YFP, so that cells 

are permanently marked by the expression of YFP (Figure 2.1). Importantly it has been 

previously described that this IL-17A fate reporter allele faithfully marks Th17 cells that have 

acquired full effector function 194. Germ-free (GF) Fate+ mice were obtained through 

rederivation into GF foster mothers by embryo transfer and were kept in isolators (Getinge) 

during the experiment. Nlrp6-/- mice were obtained from Yale University and subsequently bred 

under conventional housing conditions at the HZI without rederivation. C57BL/6N wild-type 

mice harbouring another SPF flora (SPF2) were purchased from National Cancer Institute 

(NCI) and maintained (including breeding and housing) at the animal facilities of HZI under 

SPF conditions.  

All animals used in experiments were gender and age matched. Female and male mice 

with an age of 6-10 weeks were used. Sterilized food and water ad libitum was provided. Mice 

were kept under strict 12-hour light cycle (lights on at 7:00 am and off at 7:00 pm) and housed 

in groups of up to six mice per cage. All mice were euthanized by asphyxiation with CO2 and 

cervical dislocation. 
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Figure 2.1 Constructs contained in the Fate+ mice.  

To track Th17 cell fate towards regulatory states in vivo, we crossed IL-17A fate reporter mouse (IL-

17Acre × Rosa26 STOPfl/fl YFP (R26YFP)) with IL-17AKatushka IL-10eGFP Foxp3RFP triple reporter mouse 

model. We call the resulting mouse model Fate+ in which, cells that have previously expressed high 

level of Il17a, delete the stop cassette preceding R26YFP and are permanently marked by YFP 

expression. Meanwhile, Katushka, eGFP and RFP reporters enabled us to test if YFP+ cells express IL-

17A, IL-10 and Foxp3 ex vivo without in vitro restimulation (Adapted from N. Gagliani, et al., 2014). 

2.2 In vitro C. rodentium cultivation and in vivo infection 

2.2.1 Bacterial strains and in vivo C. rodentium infection  

Nalidixic acid and kanamycin-resistant and bioluminescent C. rodentium strain ICC180 195 

was used for all infection experiments and in vitro assays. C. rodentium inocula were prepared 

by culturing bacteria overnight at 37°C in LB broth with 50 µg/ml kanamycin. Subsequently, 

the culture was diluted 1:100 in fresh medium, and sub-cultured for 4 hours at 37°C in LB 

broth 196. Bacteria were washed twice in phosphate-buffered saline (PBS). Mice were orally 

inoculated with 108 CFU of C. rodentium diluted in 200 µl PBS. Weight of the mice was 

monitored, and feces were collected at different time points after infection for measuring 

pathogen burden and 16S rRNA gene sequencing. 

2.2.2 Quantification of in vivo C. rodentium burden 

Fresh fecal samples were collected, diluted in 1 ml PBS and homogenized by bead-beating 

with 1 mm zirconia/silica beads for two times 25 seconds using a Mini-Beadbeater-96 

(BioSpec). Cecal and colonic luminal content and tissue samples were collected from 

euthanized mice at 6 d and 12 d post C. rodentium infection. Cecum and colon were cut 

longitudinally, the content was collected and the tissue was cleaned by washing with 

autoclaved 1x PBS. Both content and tissue samples were weighed and homogenized 

mechanically using homogenizer (Polytron PT 2500 E) in PBS. 
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To determine CFUs, serial dilutions of homogenized samples were plated on LB and 

MacConkey plates with 50 µg/ml kanamycin. Plates were cultured at 37°C for 1 day before 

counting. CFUs of C. rodentium were calculated after normalization to the weight of the 

content or tissue sample. 

2.2.3 In vitro co-culture assays 

WT or Rag 2-/- Mice were sacrificed and cecal content was isolated, weighed and diluted in 

a 1:1 ratio with PBS or BHI and homogenized two times for 25 seconds using a Mini-

BeadBeater-96 (BioSpec). Samples were either prepared aerobically or anaerobically in an 

anaerobic chamber. C. rodentium was grown in BHI media and normalized to 106 CFUs/ 10 

µl. Homogenized content samples were inoculated with 10 µl C. rodentium and cultivated at 

37°C under aerobic or anaerobic conditions for 4, 8 or 24 hours. Twenty-five µl of each sample 

were serial-diluted in 96 well plates and plated on selective agar plates with kanamycin to 

recover viable amounts of C. rodentium. 

2.3 Fecal transplantation and microbiota manipulation 

2.3.1 Helicobacter species (Hb) donor establishment 

Nlrp6-/- mice, a pathobiont-containing community host which harbored 5 Helicobacter 

species 197, were taken as the source of Helicobacter for conducting the Helicobacter donors. 

To enrich Helicobacter and get rid of other SPF1 non-existing species, we started with 

scraping the colonic mucus of Nlrp6-/- mice since Helicobacter inhabits primarily the mucus of 

cecum and colon (Figure S1B). The mucus was resuspended with sterilized PBS followed by 

series dilution, and transferred to the first batch of recipient mice (R1) by oral gavage. 

Consequently, Helicobacter spp. together with Muribaculaceae and mouse protozoa 

Tritrichomonas muris (T. mu) were detected in the feces pellets collected from SPF1 R1 after 

1 week colonization by PCR (data not shown). From SPF R1 colonic mucus we sorted the 

bacterial microbes based on the size to exclude the eukaryotic species like T. mu, and 

transferred to SPF1 R2. Next, another batch of SPF1 recipients (SPF1 R3) were co-housed 

with SPF1 R2 and Helicobacter were successfully transferred after 2 weeks. Finally, after one 

more round of sorting and enrichment of Helicobacter spp. from SPF R3 colonic mucosal 

microbiota, we transferred the suspension to the fourth batch of SPF1 recipients (SPF1 R4). 

To the end, SPF1 R4 mice were taken as Helicobacter donors as multiple experiments have 

proved the stability and efficiency of engrafting Helicobacter to SPF1 recipients by fecal 

transfer or cohousing. 
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2.3.2 SFB colonization 

SFB-monocolonized NOD/scid mice were bred in gnotobiotic isolators at the Medical 

University Hannover, Germany. Colonization with SFB was achieved by cohousing or oral 

gavage with intestinal content from SFB-monocolonized mice. For fecal transplantation donor 

mice were euthanized, intestinal content was collected in BBL media (BD Bioscience) and 

homogenized by vertexing. To remove coarse particle under anaerobic conditions the content 

was filtered through 70um sterile filter. After centrifugation (10min, 500g, 4°C), the pellet 

containing fecal bacteria was resuspended in BHI medium (Sigma-Alrich). Recipient mice 

were orally gavaged with a total 200ul of fecal bacterial content. Successful establishment of 

fecal transplanted SFB is further confirmed by 16S rRNA sequencing and specific PCR of 

fecal bacteria. 

2.4 Metabolic analysis of intestinal lumen samples 

2.4.1 Measurements of short-chain fatty acids 

Approximately 50-100 mg of cecal content was collected, weighted and immediately snap-

frozen in liquid nitrogen and stored at - 80°C until further processing. For extraction of SCFAs, 

samples were resuspended in 600 µl water spiked with internal standard (2 µl o-cresol/250 ml) 

and 60 µl 65% HPLC-grade sulfuric acid per 50 mg fresh weight and mixed vigorously for 5 

min. Next, 400 µl of the mixture were extracted with 200 µl of tert-butyl methyl ether, and the 

ether phase was analyzed by Gas chromatography–mass spectrometry (GC-MS) as 

described previously 34. Standard curves of short-chain fatty acids were used for external 

calibration. 

2.4.2 GC-MS analysis untargeted metabolome 

Online metabolite derivatization was performed using an Axel Semrau Autosampler. Dried 

polar metabolites were dissolved in 15 μL of 2% methoxyamine hydrochloride in pyridine at 

40°C under shaking. After 90 min, an equal volume of N-methyl-N-(trimethylsilyl)-

trifluoroacetamide (MSTFA) was added and held for 30 min at 40°C. 

Sample (1 µL) was injected into an SSL injector at 270°C in splitless mode. GC-MS analysis 

was performed using an Agilent 7890A GC equipped with a 30m VF-35MS + 5m Duraguard 

capillary column (0.25 mm inner diameter, 0.25 µm film thickness). Helium was used as carrier 

gas at a flow rate of 1.0 mL/min. The GC oven temperature was held at 80°C for 6 min and 

increased to 300°C at a rate of 6°C/min and held at that temperature for 10 min. Subsequently, 

the temperature was increased to 325°C at a rate of 10°C/min and held at that temperature 

for 4 min, resulting in a total run time of 60 min per sample. The GC was connected to an 
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Agilent 5975C MS operating under electron impact ionization at 70 eV. The transfer line 

temperature was set to 280°C. The MS source was held at 230°C and the quadrupole at 150°C. 

The detector was operated in scan mode. Full scan mass spectra were acquired from m/z 70 

to m/z 800 at a scan rate of 2 scans/s. Tuning and maintenance of the GC-MS was done 

according to the supplier´s instructions, an automated tuning routine was applied every 150 

injections. Data processing was done using the MetaboliteDetector software 198. 

2.5 Isolation of lamina propria leukocytes (LPL) and flow cytometry 

Density gradient centrifugation using Percoll was done to isolate LPL from small intestine 

(SI), cecum and colon. In brief, intestinal organs were collected under specific pathogen free 

(SPF) condition or after Helicobacter species colonization. Fecal content was removed, 

tissues were opened longitudinally, washed with PBS and then shaken in HBSS containing 2 

mM EDTA for 20 min at 37°C. Tissues were cut into small pieces and incubated with digestion 

solution (DMEM containing 2% fetal bovine serum (FBS), 0.5 mg/ml collagenase D, 1 U/ml 

dispase and 10 μg/ml Dnase I) in a shaker for 30 min at 37°C. Digested tissues were filtered 

through 70uM cell strainer (Falcon) and DMEM + 5% FBS was added to inactivate enzymes. 

After centrifugation, cells were resuspended in 4 ml of 40% Percoll (GE Healthcare) and 

overlaid on 4 ml of 80% Percoll. Percoll gradient separation was performed by centrifugation 

at 450 g for 25 min at 20°C. Cells in the interphase were collected and used as LPL. The 

collected cells were then suspended in staining buffer containing PBS, 1% FBS and 2 mM 

EDTA. For cytokine analysis, cells were restimulated with PMA (Sigma, 10 ng/ml) and 

ionomycin (Sigma, 1 μg/ml), IL-6 (20 ng/ml), IL-23 (20 ng/ml) for 4 hours in DMEM medium 

containing 10% FCS. After 1 hour of stimulation, Brefeldin A (Sigma, 5 μg/ml) was added to 

block cytokine secretion. For intracellular staining of cytokines and transcription factors, cells 

were first stained for surface markers including anti-CD45 (30-F11), anti-CD3 (17A2), anti-

CD4 (RM4-5, GK1.5), B220 (RA3-6B2), CD8 (53-6.7), anti-CD11b (M1/70), anti-CD11c 

(N418), anti-Ly6G (IA8), anti-Ly6C (HK1.4), TCR Vβ14 (14-2), TCR Vβ12 (MR11-1), TCR Vβ2 

(B20.6), TCR Vβ8 (F23.1), Streptavidin (Lot1995331 eBioscience, Cat405208 Biolegend). To 

distinguish live dead cells AlexaFluor-350 NHS Ester (Life Technologies) was used. After that, 

cells were fixed in Fixation Buffer (Cat420801 Biolegend) at 4°C for 30 min, followed by 

permeabilization in ebioscience permeabilization buffer at 4°C for 30 min in the presence of 

antibodies including anti-IL-17A (TC11-18H10.1), anti-IFN-ɤ (XMG1.2), anti-IL-13 (eBio13A), 

PE-conjugated I-Ab/3340-A6 tetramer/clip. Flow cytometry analysis was performed using a 

BD LSRFortessa (BD Biosciences) and data were analyzed with FlowJo software (TreeStar Inc.). 
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2.6 Sequencing and Bioinformatic analyses 

2.6.1 DNA isolation and 16S rRNA gene amplification and sequencing 

Feces samples were collected and stored at -20°C until processing for DNA based 16S 

rRNA gene sequencing. DNA was extracted using a phenol-chloroform-based method. In brief, 

500 µl of extraction buffer (200 mM Tris (Roth), 20 mM EDTA (Roth), 200 mM NaCl (Roth), 

pH 8.0), 200 µl of 20% SDS (AppliChem), 500 µl of phenol:chloroform:isoamyl alcohol (PCI) 

(24:24:1) (Roth) and 100 µl of zirconia/silica beads (0.1 mm diameter) (Roth) were added per 

feces sample. Lysis of bacteria was performed by mechanical disruption using a Mini-

BeadBeater-96 (BioSpec) two times for 2 min. After centrifugation, aqueous phase was 

passed for another phenol:chloroform:isoamyl alcohol extraction before precipitation of DNA 

using 500 µl isopropanol (J.T. Baker) and 0.1 volume of 3 M sodium acetate (Applichem). 

Samples were incubated at - 20°C for at least several hours or overnight and centrifuged at 

4°C at maximum speed for 20 min. Resulting DNA pellet was washed, dried using a speed 

vacuum and resuspended in TE Buffer (Applichem) with 100 µg/ml RNase I (Applichem). 

Crude DNA was column purified (BioBasic Inc.) to remove PCR inhibitors. 

16S rRNA gene amplification of the V4 region (F515/R806) was performed according to an 

established protocol previously described 35. Briefly, DNA was normalized to 25 ng/µl and used 

for sequencing PCR with unique 12-base Golary barcodes incorporated via specific primers 

(obtained from Sigma). PCR was performed using Q5 polymerase (NewEnglandBiolabs) in 

triplicates for each sample, using PCR conditions of initial denaturation for 30 s at 98°C, 

followed by 25 cycles (10 s at 98°C, 20 s at 55°C, and 20 s at 72°C). After pooling and 

normalization to 10 nM, PCR amplicons were sequenced on an Illumina MiSeq platform via 

250 bp paired-end sequencing (PE250). Using Usearch8.1 software package 

(http://www.drive5.com/usearch/) the resulting reads were assembled, filtered and clustered. 

Sequences were filtered for low quality reads and binned based on sample-specific barcodes 

using QIIME v1.8.0 86. Merging was performed using -fastq_mergepairs – with fastq_maxdiffs 

199. Quality filtering was conducted with fastq_filter (-fastq_maxee 1), using a minimum read 

length of 250 bp and a minimum number of reads per sample = 1000. Reads were clustered 

into 97% ID OTUs by open-reference OTU picking and representative sequences were 

determined by use of UPARSE algorithm 200. Abundance filtering (OTUs cluster > 0.5%) and 

taxonomic classification were performed using the RDP Classifier executed at 80% bootstrap 

confidence cut off. Sequences without matching reference dataset, were assembled as de 

novo using UCLUST. Phylogenetic relationships between OTUs were determined using 

FastTree to the PyNAST alignment. Resulting OTU absolute abundance table and mapping 

file were used for statistical analyses and data visualization in the R statistical programming 
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environment package phyloseq 201. To determine bacterial OTUs that explained differences 

between microbiota settings, the LEfSe method was used. OTUs with Kruskal-Wallis test < 

0.05 and LDA scores > 3.5 were considered informative. Raw data are available in the 

Sequence Read Archive (SRA): PRJNA407363. 

2.6.2 Bioinformatics analysis of public metagenomics mouse gut samples 

Source data for MAGs is iMGMCv1. Selection of publicly available “mouse gut metagenome” 

samples is via database EBI-ENA spring 2021. Abundance and prevalence calculation was 

performed according to iMGMC. In brief, raw reads were mapped against the hqMAG 

collection (n=830) with bbmap. Mapping rates were normalized into TPM. Genomes with more 

than 10% genome coverage (genome breadth) were considered as prevalent in the sample. 

2.6.3 Single cell RNA sequencing and bioinformatics analysis 

Th17 cells were isolated from SI LP 3 weeks post SFB colonization and sorted using a 

FACSAria SORP Cell Sorter (BD Biosciences) according to the gating strategy in Figure 

3.2.6A. Following sorting, the cells were counted and resuspended in PBS containing 0.04% 

w/v BSA with 5% sorted splenic B cells (CD45+ B220+) at a density of 700 cells/μl. Chromium™ 

Controller was used for partitioning single cells into nanoliter-scale Gel Bead-In-Emulsions 

(GEMs). Reverse transcription, cDNA amplification and library construction were performed 

using SimpliAmp Thermal Cycler (Applied Biosystems) and ChromiumNext GEMSingle Cell 

5’Reagent Kits v2 (10X Genomics) according to the user manual. Quantity and quality were 

checked by QubitTM 3.0 Fluorometer (ThermoFisher) and Agilent Technologies 2100 

Bioanalyzer with High Sensitivity DNA kit (Agilent), respectively. 5´gene expression (GEX) 

library was sequenced using NovaSeq6000 (2x 50 bp) to attain 50,000 reads per cell. TCR 

V(D)J library was sequenced with a depth of 5,000 reads per cell on NovaSeq6000 (2x 150 

bp) 

Illumina output was demultiplexed and mapped to the mm10 reference genome by 

Cellranger-3.0.2 (10X Genomics Inc.) using Refdata-cellranger-mm10-1.2.0 in default 

parameter setting. Raw UMI-counts were further analyzed using R 4.0.3 with Seurat 3.2.2, as 

proposed by Butler et al. 28, including log-normalization of UMI-counts, scaling and detection 

of variable genes. All cells with less than 200 or more than 4700 detected genes per cell were 

filtered out. Moreover, cells with more than 6% read mapping to mitochondrial genes were 

considered as dead cells and removed. B cells, with expression for Igha ≥ 4 were used for 

reality check but excluded for the further analysis.  T-distributed stochastic neighbor 

embedding (tSNE) and the underlying principle component analysis (PCoA) was performed 

based on 15 components using variable genes and a perplexity of 35. Clusters were defined 
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at the resolution of 0.5 and differentially expressed genes (DEGs) were calculated via 

FindAllMarkers (Wilcoxon rank sum test, min.pct = 0.1, thresh.use = 0.1, only.pos = TRUE).  

2.6.4 UMI-based library preparation for TCR repertoire sequencing 

Fresh T cells were sorted by BD FACSAria SORP Cell Sorter according to the gating 

strategy in Figure S4C, immediately followed by RNA isolation with the Rneasy Micro kit from 

Qiagen according to the manufacturer's protocol. UMI-based preparation of TCR full repertoire 

libraries was performed using QIAseq Immune Repertoire RNA Library Kit (333705, Qiagen) 

and QIAseq 12-Index I (333714, Qiagen). Libraries were purified using the Agencourt AMPure 

XP Kit (Beckman Coulter). Quality and integrity of libraries were controlled on QubitTM 3.0 

Fluorometer (ThermoFisher) and Agilent Technologies 2100 Bioanalyzer. Sequencing was 

performed on an Illumina MiSeq generating 600bp paired end reads reaching 100,000 reads 

per sample. The illumine output was first analyzed with web-based read processing service 

based on QIAseq RNA TCR Immune Repertoire Read Processing, in which the clonotype 

calls are generated using the IMSEQ software.  

2.7 RNA isolation and quantitative PCR 

Tissues or content were preserved and homogenized in Trizol reagent (Invitrogen). One 

microgram of total RNA was used to generate cDNA by the protocol for first strand cDNA 

synthesis using RevertAid First Strand cDNA Synthesis Kit (ThermoScientific). RealTime-PCR 

was performed using gene-specific primer sets (Applied Biosystems) of C. rodentium (F: 

TGCCCCTGAGGCGTGGCTT and R: GCACAACCGCATCTCTGCAGTC), Ler (F: 

AATATACCTGATGGTGCTCTTG and R: TTCTTCCATTCAATAATGCTTCTT), Tir (F: 

TACACATTCGGTTATTCAGCAG and R: GACATCCAACCTTCAGCATA), Reg3γ (F: 

AACAGTGGCCAATATGTATG and R: TCTCTCTCCACTTCAGAAATC), Il22 (F: 

TCCGAGGAGTCAGTGCTAAA and R: AGAACGTCTTCCAGGGTGAA) and Kapa Sybr Fast 

qPCR kit (Kapa Biosystems) on a LightCycler 480 instrument (Roche). PCR conditions were 

95 °C for 60 s, followed by 40 cycles of 95 °C for 3 s and 60 °C for 30 s. Muc 2 primer 

Mm01276696_m1 and Taqman assay (Applied biosystems) were used for RealTime-PCR 

with 40 cycles. Data were analyzed using the deltaCt method with Hprt (F: 

CTGGTGAAAAGGACCTCTCG and R: TGAAGTACTCATTATAGTCAAGGGCA) serving as 

the reference housekeeping gene.  
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2.8 Visualization of colon tissue structure 

2.8.1 Histopathological examination 

At indicated time points, colon samples were collected, rolled up to “swiss roles”, fixed in 

4% neutrally buffered formaldehyde and embedded in paraffin according to standard 

histological procedures. Sections of 3μm thickness were stained with hematoxylin-eosin (H&E) 

and evaluated by light microscopy blinded to the experimental groups. The histological scoring 

used to evaluate the severity of colitis microscopically was adapted from the TJL-score, which 

was developed for scoring colitis in mice by The Jackson Laboratory. The alteration of the 

score has been previously described 202. The samples were scored for the general criteria: 

inflammation (0-3), oedema (0-3), erosion (0-3), hyperplasia (0-3), goblet cells (0-3) and 

bacteria (0-3) where score 0 depicted no alteration to score 3 massive alteration in the given 

parameters. The scores were added up to a total of up to 18 per sample. 

2.8.2 Lectin staining by histochemistry 

Tissue sections were deparaffinized and subjected to antigen retrieval in citrate buffer pH 

6.0, for 20 min in a rice steamer. After blocking with 2 % NGS, sections were stained with 

fluorescently-labeled lectins UEA-1 (Ulex europaeus agglutinin-1) (CosmoBio), DBA (Dolichos 

biflorus agglutinin) and WGA (wheat germ agglutinin) (Vector laboratories) for 1 h at room 

temperature. After washing, sections were mounted using ProLong Gold (Molecular Probes). 

Samples were analyzed and images were obtained using an AxioImager microscope using 

AxioVision 4.9.1 software (Zeiss). Staining intensities were quantified in goblet cells at the 

base and the apex of the crypt and in the mucus layer covering the epithelium using the 

following score: 0 (no staining), 1 (few positive cells), 2 (stronger staining intensity, several 

cells), 3 (strong staining in many cells).   

2.9 Statistical analyses 

The ratio for a given TCR Vβ (Vβ2, 12, 14) in different cell population is defined as the 

equation of (percent of Vβ+ cells in the cell population)/(percent of Vβ+ cells in the YFP- 

FoxP3RFP- fraction). For example, for Fig. 4A, Vβ14 enrichment in ExTh17 cells was calculated 

as (3.22/(3.22+22.4))/(12.3/(12.3+69.7)). 

An enrichment score for a given TCR Vβ (Vβ13, 14) in IL-17A+ Th17 or ExTh17 cells is 

defined as the equation of (percent of Vβ+ cells in the IL-17A+ Th17 fraction)/(percent of Vβ+ 

cells in the ExTh17 fraction). For example, Vb14 enrichment in Fig. 5B was calculated as 

(9.21/(9.21+14.9))/(13.3/(13.3+62.5)). Ascore>1means a positive enrichment in IL17A+ Th17 

and a score<1mean enrichment in ExTh17 cells.  
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Statistical analysis was performed using GraphPad Prism program (GraphPad Software). 

Data are expressed as mean ± SEM. Differences were analyzed by Student’s t test and 

ANOVA. P values indicated represent a non-parametric Mann-Whitney U test or Kruskal-

Wallis test comparison between groups. P values ≤ 0.05 were considered as significant: 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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3   Results 

3.1 Mucosa-associated Helicobacter spp. protect mice from lethal Citrobacter 

rodentium infection in absence of adaptive immunity 

Laboratory rodents are a valuable tool to dissect the relative contributions of intrinsic and 

extrinsic factors in the context of diseases. However, phenotype discrepancies occur when 

comparing laboratory mice, especially specific pathogen free (SPF) mice, and wild mice living 

in their natural habitat, complicating the transfer of experimental findings into clinical therapies 

203-206. This can be partly attributed to the fact that wild mice typically harbor a more diverse 

microbiota, as well as have encountered a plethora of pathogens, which have shaped the 

physiological status of the metaorganism. For instance, the gut microbiota of wild mice 

enhanced the survival of SPF laboratory mice upon Influenza A virus (IAV) infection and also 

abrogated excessive inflammation and reduced colonic cancer disease burden 207-208. 

Moreover, wild microbiota prior colonization enriches taurine and sulfide, which inhibit 

pathogen cellular respiration, therefore enhancing colonization resistance upon Klebsiella 

pneumoniae (Kpn) infection 209. However, it remains unknown what components of the wild 

microbiota are contributing to promote host fitness. 

The gastrointestinal tract of wild wood mice harbored 10 bacterial phyla, among which 

Proteobacteria (8.2 ± 0.5%) were the most abundant phylum that was absent in SPF 

laboratory mice 210. One essential Proteobacteria genus, Helicobacter, a common constituent 

of the murine gut microbiota 211, is naturally present and widely distributed in rodents, pigs, 

and other mammals including humans 212-213 but absent in SPF settings. Enterohepatic 

Helicobacter species (EHS) are Gram-negative, microaerophilic, spiral-shaped bacteria that 

preferably colonize the mucosa of the cecum and colon 211. Unlike Helicobacter pylori, a well-

characterized pathogen that induces gastritis or even gastric carcinoma 214-215, most EHS are 

classified as pathobionts since their immunomodulatory property to the host alternates based 

on the genetics and environmental conditions 216-217. Most interestingly, EHS are strong 

competitors in the mucosa niche and regulate the microbial composition as well as pathogen 

induced disease severity through mediation of the host immune response. For example, IgG 

antibodies induced by H. bilis cause antigen specific immune responses to host resident 

microbes, like Mucispirillum schaedleri 218. Another study has demonstrated that co-infection 

with H. bilis and H. pylori caused significantly less gastric inflammation by attenuating Th1 

response compared with mice mono-infected with H. pylori 219. These studies raise the 

hypothesis that EHS could enhance the host fitness upon other enterogastric pathogen 

infections. 
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To verify this hypothesis, we chose the Citrobacter rodentium (C. rodentium) infection 

model in order to dissect the impact of EHS upon attaching and effacing (A&E) lesion-forming 

bacterial infection and even more importantly, by which mechanism. C. rodentium is a natural 

mouse pathogen that mimics many aspects of human enterohemorrhagic Escherichia coli 

(EHEC) and enteropathogenic E. coli (EPEC) infections, which cause severe intestinal 

inflammation and diarrhea 220. EHEC strains expressing the highly potent Shiga toxin (Stx) 

may even cause nephrotoxicity resulting in severe cases in the death of infected individuals 

221. Recent investigations from different research groups have shown that the transfer of the 

microbiota from C. rodentium resistant mice to susceptible mice results in the transfer of host 

resistance to C. rodentium infection 222. Changes in the microbiota composition by antibiotics 

treatment have been shown to increase susceptibility by eradication of specific microbes, 

indicating that specific bacteria confer resistance to C. rodentium 223. However, the effect of 

EHS on C. rodentium infection, which is profound for human infection, is neglected due to the 

absence of EHS in SPF colonies. 

In this study, we constructed a microbial consortium containing SPF microbiota plus 3 

Helicobacter species, that could be stably transferred to SPF recipients. Our results 

demonstrated that the presence of Helicobacter delayed the initiation of C. rodentium infection 

and attenuated C. rodentium induced inflammation in WT SPF colonies. Strikingly, a 

consistent and prolonged protective effect was still exhibited when using Rag 2-/- mice, 

suggesting that Helicobacter enhanced host resistance to C. rodentium independently of the 

adaptive immune system. Furthermore, Helicobacter prior colonization caused limited 

alteration on luminal microbiota composition and the metabolomic environment, but inhibited 

C. rodentium type III secretion system (T3SS) assembly and tissue attachment by decreasing 

the gene expression of master regulator ler in both WT and Rag 2-/- mice associated with 

altered mucin glycosylation. 

3.1.1 Co-occurrence of Helicobacter spp. in the gut microbiota of wild and 

conventionally-housed mice  

Helicobacter spp. are a constituent of the murine microbiota, specifically of the mucosal 

microbiota, yet, no comprehensive culture-independent analysis of the distribution of members 

of this genus in the mouse gut microbiota exists. In order to characterize the diversity of 

Helicobacter species in laboratory and wild mice, we mined the integrated mouse gut 

metagenome catalog iMGMC 224 (see the “Methods” section) identifying 347 quality-controlled 

MAGs belonging to the genus Helicobacter.  We further retrieved a total of 60 MAGs 

taxonomically annotated to the genus Helicobacter from the non-redundant unified catalog of 

the human gut microbiome 225. In addition, we enhance our set with 8 selected genomes of 
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Helicobacter spp. previously isolated from mice (and identified by GTDB-Tk). Phylogenetic 

reconstruction of 416 recovered genomes using PhyloPhlAn3, followed by dereplication of 

MAGs and clustering (95% Mash ANI identity) 226 resulted in the identification of at least 25 

species-level genome bins (SGBs) present in the mouse gut. Besides 8 known species 

clusters, also novel species clusters not yet represented by isolates were identified (Figure 

3.1.1A). The analysis of their prevalence in the mouse gut was calculated by their occurrence 

in 3247 publicly available shotgun metagenome samples from 54 studies including SPF, 

conventionally-housed, and wild mice. The most prevalent Helicobacter spp. detected was H. 

ganmani (10.5%) followed by an uncultured species (MAG764; prevalence 9.9%), H. 

hepaticus (9.4%), H. rodentium (8.3%), and H. typhlonius (8.3) (Figure 3.1.1B). The analysis 

also demonstrated that Helicobacter spp. were as expected largely absent in SPF mice as 

expected (97.7%), but diverse Helicobacter MAGs/SGBs were detected in conventionally-

housed (24.9%) and wild mice (92.5%) (Figure 3.1.1C). Notably, the analysis also revealed 

that multiple Helicobacter species frequently co-occurred in the gut microbiota of mice with 

only 14% of Helicobacter-positive samples featuring one species, with the rest being colonized 

by two (39%), three (20%), four (25%), or even five species (2%) (Figure 3.1.1D). This co-

occurrence was particularly frequent in wild mice (Figure 3.1.1E). Next, we analyzed the co-

occurrence between different Helicobacter spp. to identify specific patterns. While H. 

typhlonius and H. hepaticus featured the highest co-occurrence (Pearson r=0.67) for many 

other species no clear co-occurrence was detected (Figure 3.1.1F). Co-occurrence seemed 

rather to be associated with studies, i.e., likely as result of analyzing specific laboratory and 

wild mouse colonies. For instance, in conventionally-housed Nlrp6-/- mice that were studied as 

a model of intestinal dysbiosis and pro-colitogenic microbiota 227, H. bilis, H. hepaticus, H. 

muridarum, H. rodentium and H. typhlonius were detected together. Thus, we concluded that 

co-occurrence of Helicobacter species within the same ecosystem is common in the 

microbiota of wild and conventionally-housed mice with yet to be determined consequences 

for the host.  
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Figure 3.1.1 Prevalence and co-occurrence of Helicobacter spp. in the gut microbiota 

of wild and conventionally-housed mice.  

(A) Metagenomic reconstruction of Helicobacter MAGs in mice and human. Phylogenomic analysis of 

human and mouse MAGs using Species-level genome bins analysis SGBs. 8 species were selected 

based on SGB size (>3 MAGs) and with reference isolates. (B) The prevalence (%) of Helicobacter spp. 

From 54 studies including SPF, conventionally-housed, and wild mice. (C) The percentage of 

Helicobacter MAGs/SGBs detected in SPF, conventionally-housed, and wild mice. (D) Among 

Helicobacter MAGs/SGBs positive samples, the frequencies of samples harboring 1-5 Helicobacter 

spp., respectively. (E) The frequencies of samples harboring 0-5 species from SFP, conventionally-

housed, and wild mice. (F) The pearson correlation of co-occurrence between two Helicobacter spp. 

Till Robin Lesker and Eric J.C. Galvez supported with bioinformatical analysis as presented in Figure 

3.1.1. 
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3.1.2 Generation of a mouse line harboring Helicobacter spp. community 

To develop a model to study the role of mucosa-associated Helicobacter community on 

host phenotypes, we decided to transfer naturally co-occurring Helicobacter spp. from 

conventionally-housed Nlrp6-/- mice 228 to SPF mice (Figure 3.1.2A). As Helicobacter spp. are 

enriched in the mucosa-associated microbiota, luminal content was carefully removed from 

colon and cecum, which were then used to isolate mucosa-associated bacteria. They were 

sequentially sorted by FACS to remove large size eukaryotic species such as Tritrichomonas 

musculis present in Nlrp6-/- mice and transferred to SPF mice to enrich Helicobacter spp. After 

three rounds of enrichment, analysis of fecal microbial composition of recipient mice 

(SPF1+Hb) by 16S rRNA gene sequencing showed that Helicobacteraceae were the only 

bacterial family with different prevalence in SPF1+Hb mice in comparison to SPF1 mice 

(Figure 3.1.2B-C). Of note, on the level of operational taxonomic units (OTU), five OTUs 

belonging to either Helicobacteraceae (n=3) or Lachnospiraceae (n=2) families displayed a 

different prevalence (Figure 3.1.2D). Screening using species-specific primers allowed the 

identification of the three Helicobacter species, namely H. hepaticus, H. typhlonius and H. 

rodentium, that were transferred from Nlrp6-/- to SPF1+Hb mice (Figure 3.1.2E). Together the 

three Helicobacter spp. represented approx. 1-2 % of the luminal microbiota in SPF1+Hb mice 

(Figure 3.1.2C) and caused only minor changes in the relative abundance of other bacteria, 

i.e., a slight increase in Lactobacillaceae and a decrease in Lachnospiraceae (Figure 3.1.2C) 

compared to SPF1 microbiota. The microbiota of these initially generated Helicobacter donor 

mice was subsequently maintained by fecal microbial transplantation (FMT) from donors to 

recipients. Routine 16S rRNA gene sequencing validated the stability of this community for at 

least three rounds of transfer (Figure 3.1.2C) with at least three months in between. We also 

assessed the influence of Helicobacter spp. on another SPF community by performing FMT 

from SPF1 or SPF1+Hb mice, respectively, creating SPF2 and SPF2+Hb mice. Specifically, 

SPF mice originally obtained from the National Cancer Institute (NCI) and bred in our vivarium 

with a distinct microbiota composition from SPF1 mice were utilized (Figure 3.1.2F). Fecal 

microbiota analysis revealed that also in the SPF2 mouse line Helicobacter spp. had little 

impact on the luminal community. 
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Figure 3.1.2 Generation of a mouse line harboring Helicobacter spp. communities.  

(A) The workflow of constructing Helicobacter (Hb) donors. (B) Analysis of relative abundances of 

different microbial families in the fecal samples of SPF1 vs SPF1+Hb mice by Linear discriminant 

analysis Effect Size (LEfSe) (Kruskal-Wallis test p<0.05, LDA 4.0). (C) Relative abundances of bacterial 

families of the fecal samples from SPF1 mice, Hb donor mice and the recipients from 3 rounds of FMT. 

(D) Venn graph displays the number of shared OTUs in the fecal microbiota from SPF1 (n=17) and 

SPF1 + Hb (n=8) mice. Data from B and D represent n=9-11 mice / group from at least two independent 

experiments. The OTUs that were presented only in SPF1+Hb microbiota were listed on the right. (E) 

Identification of the Hb species within the Hb donor (D1, D2) and recipients (R1, R2) by PCR. Positive 

and negative controls are DNA isolated from Nlrp6-/- mice (N1, N2) or SPF1 mice feces pellets, 

respectively. (F) Relative abundances of bacterial families from fecal samples of SPF2 and SPF2+Hb 

mice are shown and grouped according to their phylum. Data from F represent n=15-28 mice / group 

from at least two independent experiments. 
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Next, we analyzed the influence of Helicobacter spp. on the mucosa-associated microbiota. 

Unlike in the lumen, Helicobacter spp. reached high relative abundances of more than 40% 

and 50% in the cecal mucosa of SPF1+Hb mice and SPF2+Hb mice, respectively. (Figure 

3.1.3A). In the colonic mucosa, Helicobacter constitutes around 15% and 10% in the SPF1+Hb 

mice and SPF2+Hb mice, respectively (Figure 3.1.3B). As a consequence of Helicobacter 

colonization, the microbial community from the colon mucosa, but not lumen (content), 

clustered apart from either SPF1 or SPF2 groups, indicating a strong impact of Helicobacter 

on mucosal microbial structure (Figure 3.1.3C). Using Linear discriminant analysis Effect Size 

(LefSe) analysis demonstrated that the mucosa-associated microbes such as 

Deferribacteraceae, i.e., Mucispirillum schaedleri in SPF1 mice (Figure 3.1.3D) and 

Verrucomicrobiaceae, i.e., Akkermansia muciniphila from SPF2 (Figure 3.1.3E) mice were 

significantly reduced by Helicobacter, while many other bacteria were not affected. Based on 

these analyses we concluded that the establishment of an in vivo model to characterize the 

impact of naturally co-occurring and mucosa-enriched Helicobacter spp. via sequential 

enrichment is possible.  
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Figure 3.1.3 Helicobacter modulated mucosal microbial composition.  

16S rRNA gene sequencing of cecal (A) and colonic mucosal (B) microbiota of SPF1 or SFP2 mice in 

the presence or absence of Hb at steady state. Data from G represent n=3-5 mice / group. (C) Analysis 

of β-diversity (PCoA) of colon content or mucosa samples from two SPF colonies before and after Hb 

colonization. Analysis of relative abundances of different microbial families in the colon mucosa of SPF1 

(B) or SPF2 (C) mice in the presence or absence of Hb by LEfSe (Kruskal-Wallis test p<0.05, LDA 4.0).  

3.1.3 Mucosa-enriched Helicobacter spp. increase host resistance against  

C. rodentium infection 

Invading enteropathogens have to overcome colonization resistance (CR) of the microbiota 

to establish colonization and subsequently trigger intestinal inflammation. In order to assess 

whether mucosa-enriched Helicobacter spp. alter CR against a prominent mucosa-associated 
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pathogen, C. rodentium, gender and age-matched SPF1 and SPF1+Hb were infected with C. 

rodentium (108 CFUs per o.g.) and luminal and mucosal C. rodentium colonization was 

quantified 6- and 12-days post infection (d.p.i). (Figure 3.1.4A). Strikingly, at 6.d.p.i. SPF1+Hb 

mice harbored a lower C. rodentium burden in the cecal content (-16-fold), colon content (-28-

fold), cecal tissue (-22-fold) and colonic tissue (-11-fold), respectively (Figure 3.1.4A). 16S 

rRNA gene sequencing revealed that Helicobacteraceae replaced Enterobacteriaceae at 

6.d.p.i. in the colon content of SPF1+Hb mice, while no major alterations were observed in the 

abundance of other microbial families (Figure 3.1.5A). At a later timepoint of infection, i.e., on 

day 12 p.i. C. rodentium burden had decreased in both groups with no difference between 

SPF1 and SPF1+Hb colonized mice (Figure 3.1.4A). As the effects of specific constituents of 

the microbiota on colonization with enteric pathogens are potentially context-dependent, we 

assessed whether the effect of Helicobacter community on C. rodentium infection could be 

reproduced in SPF2 mice. Strikingly, Helicobacter similarly inhibited C. rodentium early 

infection in the cecal and colonic content as well as cecal and colonic tissue with detected 

CFUs in SPF2+Hb mice being up to 278-fold lower than in SPF2 control mice (Figure 3.1.4B). 

Taken together the data demonstrate that transfer of Helicobacter spp. Community from 

conventionally-housed mice to SPF mice delayed subsequent C. rodentium infection.  

 

Figure 3.1.4 Mucosa-enriched Helicobacter spp. conferred colonization resistance 

against C. rodentium infection.  

(A) Age and gender matched SPF1 mice were administered with either BHI or Hb microbiota for 3 

weeks. CFUs were measured in organ content and tissue on 6 or 12 days post C. rodentium infection. 

(B) Age and gender matched NCI mice were colonized with either SPF1 microbiota (SPF2) or Hb 

microbiota (SPF2+Hb) for 3 weeks followed by 108 CFU C. rodentium infection. CFU evaluation was 

conducted in different organs 6 d.p.i. Data from A-D represent n=7-15 mice / group as mean ± SEM 

from at least two independent experiments. Dashed lines indicate the limit of detection. P values 

indicated represent a nonparametric Kruskal-Wallis test: **p < 0.01; ***p< 0.001; ****p< 0.0001. 
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3.1.4 Helicobacter spp. attenuate C. rodentium induced inflammation in 

immunocompetent mice 

After initial colonization, C. rodentium induces intestinal inflammation that is resolved by 

the innate and adaptive immune system within three weeks 229. While Helicobacter 

colonization had no effect on C. rodentium clearance at 12 d.p.i., we noted that SPF1 mice 

compared to Helicobacter colonized mice displayed a mild body weight loss at 9 and 12 d.p.i., 

although the body weight of both groups recovered to the same state at 16 d.p.i. (Figure 

3.1.5B). Moreover, SPF1 mice instead of Helicobacter colonized mice encountered colon 

shortening and enhanced colon weight to length ratio (Figure 3.1.5C-D), two reliable indicators 

for colon inflammation, at late time points. We determined the colon length in SPF1 and 

SPF1+Hb mice without C. rodentium infection (0 d.p.i.) but failed to detect any differences 

(Figure 3.1.5C), indicating that Helicobacter colonization was not responsible for colon 

shortening. These results encouraged us to evaluate the colon inflammation and epithelial 

integrity in the presence or absence of Helicobacter upon C. rodentium infection. 

Histopathological examination (Figure 3.1.5E) and quantitative scoring (Figure 3.1.5F) 

revealed that SPF1 mice encountered exacerbated inflammatory cell infiltration, oedema, 

erosion, hyperplasia and loss of goblet cells upon C. rodentium infection, whereas in SPF1+Hb 

mice a milder inflammatory response was detected (Figure 3.1.5F). Taken together these data 

indicate Helicobacter colonization not only reduced C. rodentium burden at the early time 
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points but also ameliorated the severity of intestinal inflammation induced by C. rodentium 

infection and promoted host fitness.  

Figure 3.1.5 Helicobacter improved host fitness during long term C. rodentium infection. 

WT mice harboring SPF1 or SPF1+Hb were orally infected with 108 CFU C. rodentium. 16S rRNA gene 

sequencing analysed the microbiota of the feces pellet (A) at 6 d.p.i. and the body weight loss (B) during 

infection were displayed. (C) The colon length of SPF1 and SPF1+Hb at different timepoint post C. 

rodentium infection and colon weight / length ratio (D) at day 0 and 16 d.p.i. Data represent n=7-15 

mice / group as mean ± SEM from at least two independent experiments. Representative pictures (E) 

of H&E-stained distal colon sections of SPF1 or SPF+Hb mice at 16 d p.i and cumulative histologic 

damage scores (F) indicating the level of inflammation, oedema, erosion, hyperplasia, loss of goblet 

cells and bacterial burden are shown. The scale bars represent ~50 mm, n = 9–10 mice/group from two 

independent experiments. Scores were determined by two observers under blinded conditions with 0 

indicating no inflammatory cells in the LP and 3 indicating massive amounts of transmural invasion of 

inflammatory cells. Data represent n=7-15 mice/group as mean±SEM from at least two independent 

experiments. P values indicated represent a nonparametric Kruskal-Wallis test: *p < 0.05; **p < 0.01; 

***p< 0.001. Marina Pils scored the colitis severity of the histology samples as presented in Figure E-F. 
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3.1.5 Helicobacter spp. colonization suppressed pro-inflammatory T cell 

responses during C. rodentium infection 

 

Figure 3.1.6 The immunomodulatory properties of Helicobacter spp. under 

homeostasis. 

Colonic lamina propria leukocytes (cLPLs) were isolated from WT SPF1 and SPF1+Hb mice without C. 

rodentium infection and analysed by fluorescence-activated cell sorting (FACS). (B) The gating strategy 

of RORɣtGFP FoxP3RFP reporter mice. (B) Frequencies of B220+ and CD3+ cells gated on CD45+ 

lymphocytes and the cell numbers in two groups. Data represent n = 7-12 mice / group as mean ± SEM 

from at least two to three independent experiments. (C-D) RORɣt+ or RORɣt- FoxP3+ Treg cell 

frequencies gated on CD4+ cells and the cell numbers in two groups in the cecal, colonic LP and MLN. 

Data represent n = 7-10 mice/group as mean ± SEM from at least two independent experiments. (E) 

Frequencies of IL-10+ in FoxP3+ CD4+ Treg cells from the cecal and colonic LP of WT IL-10GFP FoxP3RFP 

reporter mice with SPF1 or SPF1+Hb flora. Data represent n = 5-6 mice/group as mean ± SEM from. 

(F) Frequencies of IL-17A+ and IFN-ɣ+ cells gated on CD4+ T cells and the cell numbers in two groups. 

Data in D and F represent n = 11-12 mice/group as mean ± SEM from at least two independent 

experiments. P values indicated represent a nonparametric Kruskal-Wallis test with *p < 0.05; **p < 

0.01; ***p< 0.001. 
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Helicobacter spp. possess immunomodulatory properties stimulating adaptive immune 

responses, e.g., they trigger B cell and anti-inflammatory T cell responses in homeostasis and 

potent pro-inflammatory T cells responses during colitis 230. However, how Helicobacter 

regulates immune response in the context of infection induced inflammation remains elusive. 

First, we analyzed T cell (CD3+) and B cell (B220+) frequencies and functionality in SPF1 and 

SPF1+Hb mice in absence of C. rodentium infection by FACS. Helicobacter colonization 

significantly increased B cell frequencies within colonic lamina propria lymphocytes (cLPLs) 

(CD45+), whereas the induction in B cell numbers did not reach statistical significance in 

comparison to SPF1 group (Figure 3.1.6A-B). Nevertheless, both the frequencies and 

numbers of T cells were significantly reduced due to Helicobacter colonization (Figure 3.1.6B). 

Next, we evaluated the impact of Helicobacter on variant T helper (Th) cell development. In 

line with other publications 231, we observed that Helicobacter colonization induced a potent 

Treg cell response under homeostasis, especially significantly increased frequencies and cell 

numbers of RORγt+ FoxP3+ Tregs in the cecum, colon and MLN (Figure 3.1.6C-D), indicated 

by the GFP and RFP reporters, respectively. Notably, Helicobacter colonization significantly 

enhanced the anti-proinflammatory functionality of Treg cells by upregulating IL-10 expression 

(Figure 3.1.6E). Using IL-17AGFP IFN-γKatushka FoxP3RFP reporter mice, we analyzed in vivo Th1 

and Th17 responses upon Helicobacter colonization. Only IFN-γ+ Th1 cells were significantly 

induced by Helicobacter based on the cell frequencies and cell numbers, whereas no 

significant differences of IL-17A+ Th17 cells were observed between SPF1 and SPF1+Hb 

groups at steady state (Figure 3.1.6F). 
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Figure 3.1.7 Adaptive immune response 12 days post C. rodentium infection.  

(A) Frequencies and the cell numbers of B cells (B220+) and T cells (CD3+) in the colonic LP of mice 

with SPF1 or SPF1+Hb flora at 12 d.p.i. (B) RORɣt+ or RORɣt- FoxP3+ Treg cell frequencies gated on 

CD4+ T cells and the cell numbers in the colonic LP from two groups at 12 d.p.i. (C) Intracellular staining 

and FACS analysis showed the frequencies of IL-17A+ or IFN-γ+ gated on CD4+ T cells derived from 

the colonic LP of SPF1 or SPF1+Hb mice at 12 d.p.i. (D) Cell numbers of IL-17A+ and IFN-ɣ+ CD4+ cells 

in the colonic LP from two groups of mice at 12 d.p.i. (E) Ratio of FoxP3+ CD4+ to IL-17A+ CD4+ T cells 

in the colonic LP at day 0 and 12. Data from A-E represent n = 11-12 mice/group as mean ± SEM from 

at least two independent experiments. P values indicated represent a nonparametric Kruskal-Wallis test 

with: **p < 0.01. 

We chose to evaluate the same cell types at 12 days post C. rodentium infection, when the 

mice from SPF1 and SPF1+Hb groups showed differences in colon length. Similar results 
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were observed for B cell and T cell frequencies, while now no differences were observed for 

T cell numbers but an increase in B cell numbers in SPF1+Hb mice due to changes in the 

overall cellularity (Figure 3.1.7A). The frequencies of RORγt+ Tregs remained higher in the 

Helicobacter colonized mice during infection, whereas the cell numbers of this population 

showed no differences (Figure 3.1.7B). Most interestingly, in Helicobacter colonized mice a 

reduced expansion and activation of C. rodentium induced IFN-γ+ Th1 cells and IL-17A+ Th17 

cells was observed 12 d.p.i. (Figure 3.1.7C-D). Since Th1 and Th17 T cell responses 

contribute to immune defense against C. rodentium 232, more actively responding Th1 and 

Th17 cells in SPF1 mice might lead to faster C. rodentium clearance, thus exhibited equal 

CFUs as SPF1+Hb mice at a late time point. Notably, the ratio between anti-inflammatory 

Tregs and proinflammatory Th17 cells was consistent between two groups at steady state but 

was significantly higher in SPF1+Hb mice than SPF1 mice after C. rodentium infection (Figure 

3.1.7 E). In summary, Helicobacter colonization resulted in expansion of RORγt+ Tregs before 

infection and reduced Th1 and Th17 responses during C. rodentium infection, which might 

relate to the milder inflammation that was detected in these mice. 

3.1.6 The protective effect of Helicobacter spp. against C. rodentium is 

independent of the adaptive immune response 

Adaptive immunity is critical for C. rodentium clearance as demonstrated by induction of a 

wasting disease in mice deficient in adaptive immune cells 233, e.g., Rag 2-/- mice. Hence, we 

hypothesized that modulation of adaptive immunity by Helicobacter spp. contributes to 

reduced disease severity. Hence, SPF1 Rag 2-/- mice were used for Helicobacter colonization 

followed by C. rodentium infection. Of note, Helicobacter reached a relative abundance of 5% 

in the feces of Rag 2-/- mice, which is slightly higher than WT SPF1 mice, while the microbial 

composition remained consistent before and after Helicobacter colonization (Figure 3.1.8A). 

Strikingly, in absence of T cell and B cells, i.e., in Rag 2-/- SPF1+Hb mice, Helicobacter 

colonization reduced C. rodentium burden at 6 d.p.i. in cecal content (-190-fold), colonic 

content (-107-fold), cecal tissue (-34-fold) and colonic tissue (-1,905-fold) compared to SPF1 

Rag 2-/- mice (Figure 3.1.8B), respectively. At later time points Rag 2-/- SPF1 mice failed to 

efficiently control C. rodentium colonization (12 d.p.i.) (Figure 3.1.8B) resulting in excessive 

body weight loss and intestinal inflammation as indicated by colon shortening and histology 

scores (Figure 3.1.8C-E). In contrast, SPF1+Hb microbial community controlled C. rodentium 

colonization in Rag 2-/- mice, which resulted in dampened inflammation and reduced body 

weight loss (Figure 3.1.8C-E). A more detailed analysis of the histopathological changes 

identified that Helicobacter spp. dampened C. rodentium-induced tissue oedema, erosion and 
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hyperplasia (Figure 3.1.8F), thus rescuing Rag 2-/- mice from lethal disease development in 

the absence of adaptive immunity.  

 

Figure 3.1.8 The protective effect of Helicobacter spp. (Hb) against C. rodentium is 

independent of the adaptive immune response.  

(A) Relative abundances of bacterial families of the fecal samples from Rag 2-/- SPF1 mice and Rag 2-

/- SPF1 mice colonized with Hb. (B) Age and gender matched Rag 2-/- B6 mice received either BHI or 

Hb Mb by FMT for 3 weeks, followed by 108 C. rodentium infection. Cecum and colon content as well 

as tissue were collected and homogenized to measure the CFU at 6 and 12 d.p.i. Pooled results of two 

to three independent experiments as mean ± SEM with n = 6-14 are shown. The body weight loss (C) 

of Rag 2-/- SPF1 and SPF1+Hb mice during infection. Data represent n=4-14 mice/group as mean ± 

SEM from at least two independent experiments. Also shown the colon length (D) at day 0 and 16 d.p.i. 

Data represent n=3-9 mice/group as mean ± SEM from at least two independent experiments. (E) 

Representative pictures of H&E-stained colon sections are shown. The scale bars represent ~50 mm, 

n = 9–10 mice/group. (F) Cumulative histologic damage scores indicating the level of inflammation, 

oedema, erosion, hyperplasia, loss of goblet cells and bacterial burden from colorectal tissues of SPF1 

vs SPF+Hb mice at 16 d.p.i. Scores were determined by two independent observers under blinded 

conditions with 0 indicating no inflammatory cells in the LP and 3 indicating massive amounts of 

transmural invasion of inflammatory cells. Results from (B, C, F) represent the means of two 

experiments with 9-10 mice per group. P values indicated represent a Mann-Whitney U test (A-E) and 

nonparametric Kruskal-Wallis test (G-H): *p < 0.05; **p < 0.01; ***p< 0.001; ****p< 0.0001. Marina Pils 

scored the colitis severity of the histology samples as presented in Figure E-F. 
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Different innate immune cells, e.g., innate lymphoid cells (ILCs) and neutrophils, contribute 

to the host defense against enteropathogenic infections 234-235. Notably, cell frequencies and 

numbers of ILC3 (both Tbet+ and Tbet- RORgt+ CD45+ Lin-) were significantly decreased upon 

Helicobacter colonization (Figure 3.1.9A-B). In contrast, CD11b+ Ly6Ghi neutrophils were 

increased in the colon of Rag 2-/- SPF1+Hb mice both at steady state and at 4 d.p.i. compared 

to Rag 2-/- SPF1 mice (Figure 3.1.9C-D). Hence, Helicobacter spp. pre-elicited neutrophils 

might play a critical role in defending C. rodentium invasion especially in Rag 2-/- mice.  

 

Figure 3.1.9 Helicobacter colonization modulated the innate immune responses in Rag 

2-/- mice.  

(A-B) The frequencies and cell numbers of ILCs from the colonic LP of Rag 2-/- SPF1 and SPF1+Hb 

mice on 6 d.p.i. (C-D) The frequencies and cell numbers of neutrophil cells (CD11b+ Ly6Ghi) from the 

colonic LP of SPF1 or Hb colonized Rag 2-/- mice. Results represent one to two independent 

experiments with n = 4-11 mice per group as mean ± SEM. P values indicated represent a 

nonparametric Kruskal-Wallis test comparison between groups with *p < 0.05; **p < 0.01; ***p< 0.001.  

3.1.7 Helicobacter or Helicobacter-modulated metabolic environment had no 

direct effect on C. rodentium growth 

The gut microbiota mediates CR against invading pathogens in direct and indirect manners, 

e.g., by competing for metabolites or stimulating host immunity 236. Since we recently 

demonstrated that an acidic luminal environment together with enhanced concentrations of 

SCFA directly inhibit C. rodentium growth in the lumen 237, the pH value of fecal pellets as well 
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as the SCFA concentration of cecal and colonic content collected from WT SPF1 and 

SPF1+Hb mice at steady state were determined. No differences were detected for the pH 

value (Figure 3.1.10A). While butyrate concentrations in the cecum were increased upon 

Helicobacter colonization, acetate remained consistent between two groups and propionate 

concentration in the cecum was even decreased upon Helicobacter colonization (Figure 

3.1.10B). In the Rag 2-/- mice, Helicobacter colonization slightly increased the SCFA 

concentrations only in the colon content but not in the cecal content (Figure 3.1.10C). In 

conclusion, Helicobacter had only a minor impact on SCFA concentrations, which was not 

sufficient to alter the luminal pH value. To gain a broader insight into potential metabolic 

changes, we next utilized untargeted metabolomics of cecal content from WT and Rag 2-/- 

SPF1 and SPF1+Hb mice to identify Helicobacter-induced changes in the lumen. In WT mice, 

20 compounds displayed a significantly different concentration, yet, only four compounds were 

successfully annotated. This included higher concentrations of N-Acetyl-glucosamine, a major 

component for mucin O-glycans, and malic acid, an intermediate in the citric acid cycle, in WT 

SPF1+Hb mice (Figure 3.1.10D). In Rag 2-/- mice, Helicobacter colonization led to a strong 

alteration in the metabolome with 26 compounds displaying different concentrations compared 

to non-colonized SPF1 mice. Specifically, Helicobacter colonization was linked to significantly 

elevated levels of citric acid cycle intermediates or fermentation products such as succinic and 

malic acid, and amino acids like glycine and valine, whereas mostly monosaccharides like 

glucose, mannose as well as the xylose were reduced (Figure 3.1.10E). Thus, Helicobacter 

colonization triggered minor changes in the concentrations of monosaccharide and citric acid 

cycle intermediate in the lumen at steady state, with only malic acid being more abundant in 

both WT and Rag 2-/- settings.  

In order to test in an unbiased manner whether these changes in the luminal metabolome 

induced by Helicobacter colonization directly hamper the growth and proliferation of C. 

rodentium in the gut lumen, we employed an in vitro assay previously utilized to study the 

impact of SCFA on C. rodentium expansion 237. Briefly, 106 CFUs of C. rodentium were 

inoculated into the cecal or colonic content of Rag 2-/- SPF1 or SPF1+Hb mice and cultured 

under anaerobic or aerobic conditions (Figure 3.1.10F). Notably, growth of C. rodentium was 

not influenced by the presence of Helicobacter or Helicobacter-associated metabolic changes 

at all tested time points under both anaerobic or aerobic conditions (Figure 3.1.10G). Together, 

these data support a conclusion that Helicobacter spp. did not inhibit the growth of 

C. rodentium by competition for metabolic products or direct contact, suggesting that 

competition at other sites such as in the mucus layer is decisive. 
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Figure 3.1.10 Helicobacter or Helicobacter mediated metabolic environment had no 

direct effect on C. rodentium growth.  

(A) pH level of the feces pellet of each group is displayed. Results represent three pooled experiments 

with n = 10-13 mice/group as mean ± SEM. (B-C) Cecal and colonic SCFA levels of acetate, butyrate 

and propionate for SPF1 and SPF1+Hb mice at steady state are displayed in nmol/mg content. Results 

represent two independent experiments with n = 4-6 mice/group as mean ± SEM. P values in A-C 

indicated represent a Mann-Whitney U test comparison between groups with *p < 0.05; **p < 0.01. The 

metabolic profile of cecal content derived from WT (D) or Rag 2-/-mice (E) in the presence or absence 

of Hb. (F-G) 106 C. rodentium were incubated in Rag 2-/- SPF1 or SPF1+Hb cecal content diluted in PBS 

at different time point under anaerobic or aerobic conditions and the recovery of C. rodentium was 

shown. Dashed lines indicate the limit of detection. Results represent n = 4 mice/group as mean ± SEM. 

Meina Neumann-Schaal performed quantification of short-chain fatty acids as presented in Figure A-C. 

Arne Bublitz conducted and analyzed the untargeted metabolome analysis as presented in Figure D-E. 
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3.1.8 Helicobacter modulates mucus glycosylation and inhibits C. rodentium 

adherence to the epithelial layer  

Figure 3.1.11 Helicobacter colonization did not affect mucin thickness and mucosal N-

acetylgalactosamine (indicated by DBA staining) content in the colon.   

Relative expression level of Muc2 mRNA normalized to Hprt in SPF1 or Hb colonized WT mice (A) 

before and after C. rodentium infection and in Rag 2-/- mice (B) at 6 d.p.i. Results represent two 

independent experiments with n = 4-11 mice/group as mean ± SEM. Targeted histochemistry staining 

showed the secretion of Muc2 in the mucus (C) and the expression of UEA-1 in the goblet cells of the 

upper or lower crypt of distal colon collected from WT (D) or Rag 2-/- (E) SPF1/SPF1 + Hb mice at 0, 6, 

16 days post 108 C. rodentium infection. Data from C-E represent n = 3-11 mice/group as mean ± SEM 

from one to two independent experiments. (F-G) Targeted histochemistry staining using DBA showed 

the abundance of N-acetylgalactosaminein the goblet cells of the upper or lower crypt of proximal or 

distal colon collected from WT or Rag 2-/- mice at 6 d.p.i. Data from F-G represent n = 2 mice/group as 

mean ± SEM. Guntram Grassel provided the mucin staining scores and pictures as presented in Figure 

D-G. 

In order to attach to the epithelial layer in the cecum and colon, enteric pathogens have to 

penetrate the mucus layer. C. rodentium infection can change the mucus thickness and 

composition during infection 238. The mucus layer is heavily glycosylated and the glycosylation 

pattern is a key determinant for infection with enteric pathogens 239. Hence, we next evaluated 
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whether Helicobacter colonization influences the mucus layer including its glycosylation. Initial 

analysis of Muc2 gene expression and quantification of mucus layer thickness using a Muc2-

specific antibody failed to detect any differences in the cecum and colon tissue of either WT 

or Rag 2-/- SPF1 and SPF1+Hb mice either at steady state or after C. rodentium infection 

(Figure 3.1.11A-C). Considering that Helicobacter colonization may influence glycosylation, 

we stained the mucus layer in combination with lectins specific for different mucus 

glycosylation. Similarly, staining with Ulex europaeus agglutinin-1 (UEA-1, specific for fucose 

and arabinose) (Figure 3.1.11D-E) and Dolichos biflorus agglutinin (DBA, specific for N-

acetylgalactosamine) (Figure 3.1.11F-G) did not show any differences in glycosylation pattern.  

In contrast, staining with wheat germ agglutinin (WGA, specific for sialic acid and N-

acetylglucosamine) was reduced in goblet cells located in the lower and upper crypts of the 

distal colon in WT SPF1+Hb mice compared to WT SPF1 mice (Figure 3.1.12A, C). Yet, no 

obvious differences were observed regarding the WGA staining of the mucus layer. Of note, 

WGA staining was not different at 6 days after infection with C. rodentium, but at 16 d.p.i., a 

time point when C. rodentium was almost cleared from WT mice, a reduced staining with WGA 

was observed in the lower part of the colonic crypt suggesting a recovery of the pre-infection 

status. Similar changes were observed in the WGA staining in Rag 2-/- SPF1+Hb mice before 

C. rodentium infection (Figure 3.1.12B, D), but at later time point the recovery was not as 

obvious potentially reflecting remaining inflammation and differing mucus modification in Rag 

2-/- mice.  
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Figure 3.1.12 Helicobacter decreased sialic acid and N-acetylglucosamine glycosylated 
mucin (indicated by WGA staining) at the distal colon upper crypt.  

WGA staining in the epithelial cells of the upper or lower colon crypt of WT or Rag 2-/- SPF1/SPF1+Hb 

mice at 0, 6, 16 days post 108 C. rodentium infection evaluated by targeted histochemistry staining. 

Representative pictures were taken with a 20 X lens with the same exposure times for each channel: 

red channel (WGA): 3.2 s, green channel (UEA): 2,6 s, blue channel (DAPI) 10 s from WT (A) and Rag 

2-/- mice (B) samples. Statistical results were shown in (C) and (D). Results represent one to two 

independent experiments with n=4-10 animals per group as mean ± SEM. P values indicated represent 

an unpaired Student’s t test. *p < 0,05. Guntram Grassel provided the mucin staining scores and 

pictures as presented in Figure A-B. 

After penetrating the mucus, C. rodentium utilizes a locus of enterocyte effacement (LEE)-

encoded T3SS 240 for tissue attachment and induction of inflammation 241. This causes further 

changes in the intestinal microenvironment enabling growth of the pathogen fueled by aerobic 

respiration 242. In order to determine whether Helicobacter colonization interferes with these 

steps, we measured the relative expression of the master regulator Ler encoded on LEE1, 

and the secreted effector protein Tir, an essential component of the T3SS 243 in luminal content 

and tissue in WT and Rag 2-/- mice on day 6.p.i., a time point when tissue colonization was 

already modulated by Helicobacter colonization. We normalized the relative abundance of ler 

and tir genes either to a host housekeeping gene (hprt, tissue) or the C. rodentium 16S rRNA 

gene (content and tissue) to quantify their expression within the tissue or within the C. 

rodentium population, respectively. In line with the reduced tissue colonization (Figure 

3.1.13A), ler expression was reduced when normalized to hprt expression in the cecum of WT 

(Figure 3.1.13B) and in the colon (Figure 3.1.13C) and cecum (Figure 3.1.13C) of Rag 2-/- 

mice. When normalizing to the C. rodentium 16S rRNA gene, which overcomes difficulties in 
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the interpretation due to different colonization levels, no differences were observed in the colon 

content of control and Helicobacter colonized mice regardless of the genotype (Figure 

3.1.13D). While a reduced expression was observed after Helicobacter colonization for ler in 

the cecum tissue of WT mice (Figure 3.1.13E), for ler in colon and cecum tissue of Rag 2-/- 

mice and for tir in the colon tissue of Rag 2-/- mice (Figure 3.1.13F). These results do not allow 

strong conclusions regarding a specific downregulation of genes regulating virulence and 

tissue adhesion, but rather suggest that Helicobacter colonization affects colonization of the 

mucus layer at an earlier point. Hence, as utilization of sialic acid enhances C. rodentium 

colonization 69, reduced availability of mucus-derived sugars could potentially link Helicobacter 

spp. colonization with reduced C. rodentium colonization and intestinal inflammation.  

Figure 3.1.13 Quantification of C. rodentium relative abundance and virulence gene 
expression at different loci in the intestine.  

(A) Relative abundance of intimately adherent C. rodentium present in the cecum and colon tissue of 

WT or Rag 2-/- SPF1/SPF1+Hb mice 6 days post 108 C. rodentium infection. Quantitative PCR analysis 

of Ler and Tir expression normalized to Hprt (B) or C. rodentium specific 16S rRNA gene (E) in the 

cecum tissues of the WT SPF1/SPF1+Hb mice at 6 d.p.i. Quantitative PCR analysis of Ler and Tir 

expression normalized to Hprt (C) or C. rodentium specific 16S rRNA gene (F) in the cecum and colon 

tissues Rag 2-/- mice. (D) Quantitative PCR analysis of Ler and Tir expression normalized to C. 

rodentium specific 16S rRNA gene in the colon content of WT or Rag 2-/- SPF1/SPF1+Hb mice at 6 

d.p.i. Results represent two to three independent experiments with n=6-18 animals per group as mean 

± SEM. P values indicated represent an unpaired Student’s t test. *p < 0,05; **p < 0,01; ***p< 0,001.  
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3.2 Segmented filamentous bacteria modulate Th17 fate and functionality in a 

TCR dependent manner 

Gastrointestinal lamina propria and epithelium harbor reservoirs of T cells and the interplay 

between T cell and microbiota, diet or disease condition significantly influences T cell 

maturation and the balancing of regulatory and inflammatory host immune response. Th17 

cells are defined by the expression of a RORγt as lineage-defining transcription factor and IL-

17A, IL-17F as hall-marker cytokines 244, and are particularly enriched in the intestinal lamina 

propria (LP), reaching an abundance of 10–25% of CD4+ T cells at the steady state 245. As a 

crucial T cell subset required for gut homeostasis, Th17 cells are involved in mucosal defense 

against bacterial and fungal pathogens 246-247 and in preserving the integrity of the gut barrier 

by secreting IL-22 248. However, Th17 cells also contribute to inflammatory disorders and 

promote tissue damage in the context of inflammatory bowel disease (IBD) 249 and 

autoimmune diseases like rheumatoid arthritis (RA) 250 and experimental autoimmune 

encephalomyelitis (EAE) 251. Therefore, unveiling the factors that regulate Th17 responses is 

both fundamentally and clinically important. 

It is worth noting that the immune functionality of Th17 cells is also largely related to a high 

level of plasticity: Th17 cells can share characteristics typical of other types of Th cells, or lose 

their original features to convert into another Th cell subset. In vitro polarized Th17 cells in the 

presence of different cytokine cocktails display variable fates 252 and conduct pathogenic or 

non-pathogenic immune response upon adoptive transfer. Accumulating clinical and in vivo 

experimental data suggests that the acquisition of IL-10 production and adoption of regulatory 

features resembling that of CD4+ Foxp3− Type 1 Treg (Tr1) cells, endorse Th17 cells with anti-

inflammatory properties 253. In contrast, Th17 cells gaining a Th1 profile and secreting IFN-𝛾 

have been associated with pathogenic properties and exacerbation of autoimmune diseases 

254. 

Entero-commensals or pathogens are not only necessary for intestinal Th17 development, 

but also proven to be linked with Th17 plasticity. For example, Gagliani and colleagues 255 

used fate-mapping mouse models to track Th17 cells in vivo and reported that microbiota is 

responsible for skewing Th17 into Tr1ExTH17 population. Omenetti, et al 254 discovered that C. 

rodentium elicited Th17 cells obtain a high degree of plasticity towards a pro-inflammatory 

cytokine profile and a transcriptome reflecting inflammatory effector potential. However, it 

remained to be explored how specific microbes mediate Th17 fate decision and why Th17 

cells derived from gut commensals or C. rodentium exhibited distinct fate decisions. 

Murine gut commensal Segmented filamentous bacteria (SFB) induce potent Th17 response 

in the ileum epithelia in a MHCII-TCR dependent manner 256. Although SFB is considered as 
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a mouse commensal and SFB induced Th17 cells are defined as tissue-resident homeostatic 

Th17 cells 254, introducing SFB into GF animals reinstated Th17 cell compartment and the 

production of autoantibodies, further driving a severe pathology including EAE 257 and arthritis 

254. Therefore, we wonder whether SFB triggered Th17 cells are a stable population or undergo 

transdifferentiation, which leads to altered functionality.  

For this purpose, we use Th17 fate-mapping mouse line together with gnotobiotic mouse 

models to track the fate of SFB-specific Th17 cells under steady state. In our study, flow 

cytometry analysis and single cell RNA-seq data demonstrated that SFB specific Th17 cells 

are a heterogeneous population and contain multiple clusters with diverse features: Such cells 

have the ability to convert into IL-10+ or IFN-g+ producers, or to become quiescent stem cell 

like T (Tscm) cells with no cytokine expression. Furthermore, we observed enrichment of oligo 

TCR clonotypes or specific TCR Vβ chain in particular Th17 clusters, indicating that antigen 

specificity might contribute to Th17 fate decision.  

3.2.1 A fraction of SFB induced Th17 lose IL-17A production in the steady state 

Figure 3.2.1 The microbiota composition of the small intestine content from SPF, SFB 

colonized SPF and dysbiotic micribiota (DysM) colonized SPF mice.  

16S rRNA gene sequencing of DSI content samples collected from SPF mice (n=3), SPF mice colonized 

SFB (n=5) (A) or dysbiotic microbiota (n=3) (DysM) (B) for 3 weeks. Relative abundances of different 

microbial families were shown by the average family bar plot. 

To evaluate the plasticity of SFB elicited Th17 cells, we used a Il17a Fate+-mapping mouse 

model, which allowed us to track the fate of Th17 cells independently from the actual 

expression of IL-17A and from the need of in vitro restimulation. Briefly, Il17aCre were crossed 

with a R26STOPflox/flox YFP (R26YFP), so that cells that have expressed IL-17A will be 

permanently labelled YFP. Further crossing with a triple-reporter mouse strain, consisting of 

Il17aKatushka Il10eGFP Foxp3RFP alleles, represents the current expression of these cytokines or 

TF. All parental mouse lines were rederived in HZI animal facility and harbored SPF flora with 
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no SFB presence (Figure 3.2.1A). By checking the YFP and Katushka signals with flow 

cytometry, we observed that Th17 were absent in the small intestine lamina propria (SI LP) 

(Figure 3.2.2A) as well as in other sites of the gut or lymphoid organs (Figure 3.2.3A) of the 

SPF mice. We then colonized 6–8-week-old SPF mice with SFB-monoassociated microbiota 

or SFB containing microbiota (DysM) (Figure 3.2.1B) from conventionally housed mice 31 for 

3 weeks, which resulted in the generation of Th17 population monitored by YFP reporter 

(Figure 3.2.2A) in both two groups. Notably, nearly 40% of YFP+ T cells were IL-17AKatushka- 

(ExTh17) in SPF+SFB group, meaning they were previously Th17 but stopped producing IL-

17A (Figure 3.2.2B). Moreover, DysM induced the similar levels of YFP+ IL-17AKatushka- and 

YFP+ IL-17AKatushka+ T cells as the mice only received SFB (Figure 3.2.2B), indicating that SFB 

itself is sufficient to induce both Th17 and ExTh17 cells under steady state. Although to a 

minor extent, SFB also promoted Th17 cells in the colon LP and Peyer's patches (PP), of 

which the majority is ExTh17 cells (Figure 3.2.3B).  

To further investigate whether ExTh17 cells still have the potential to produce IL-17A, we 

performed ex vivo restimulation with PMA, ionomycin and cytokines for the lymphocytes 

isolated from SI LP. Cells from one individual mouse were split to two parts to compare Th17 

phenotype with and without restimulation. We observed that IL-17Akatushka+ cells increased from 

58.23% (mean) to 80.84% (mean) among all the YFP+ T cells due to restimulation (Figure 

3.2.2C). However, there were still 19.16% (mean) of YFP+ cells that stayed IL-17AKatushka- and 

the loss of IL-17A was not rescued by the addition of IL-17A inducing cytokines (IL-6, IL-23) 

(Figure 3.2.3C), indicating that these ExTh17 cells might convert to other T cell lineages.  
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Figure 3.2.2 A proportion of SFB specific IL-17A+ Th17 and ExTh17 cells in SI LP under 

steady state or after restimulation.  

(A) Fate+ littermates were kept under SPF condition or colonized with either SFB or dysbiotic microbiota 

(DysM) for 3 weeks. Lamina propria leukocytes (LPLs) were isolated from distal small intestine (DSI) 

and were analyzed by FACS. Representative FACS plots showed IL-17Akatushka and Rosa26YFP 

frequencies gated on CD4+ cells. (B) Frequencies and total numbers of indicated cell subsets labelled 

in (A). (C) After isolating LPLs from the SI of SFB colonized mice, each sample was splitted to two. Half 

of the LPL were incubated at 37°C for 4 hours with PMA and ionomycin. Representative FACS plots 

showed IL-17Akatushka and Rosa26YFP frequencies gated on total CD4+ cells and the proportion of IL-

17A+ Th17 and ExTh17 subsets among all the YFP labelled CD4+ T cells are shown on the right. The 

kinetics of total YFP labelled cells (D), ExTh17 (E) and IL-17A+ Th17 (F) cell frequencies among CD4+ 

T cells in the PSI and DSI during SFB colonization. Data represent n=5-12 mice/group as mean ± SEM 

from at least two independent experiments. P values indicated represent a unpaired Student’s t test for 

(B), Wilcoxon test for (C-F), *p < 0,05. 
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Figure 3.2.3 Th17 cell frequencies and numbers at different organs upon SFB 
colonization.  

(A) Lymphocytes were isolated from colon LP (cLP), Peyer's patches (PP), mesenteric lymph nodes 

(MLN) and spleen of SPF mice. Representative FACS plots showed IL-17Akatushka and Rosa26YFP 

frequencies gated on CD4+ cells. (C) IL-17A+ Th17 and ExTh17 cell frequencies gated on CD4+ cells 

and numbers in cLP, PP, MLN and spleen 3 weeks post SFB colonization. (C) LPLs isolated from the 

SI of SFB colonized mice was split to two and stimulated with the combination of PMA, ionomycin or 

PMA, ionomycin, IL-6 and IL-23. The frequencies of IL-17A+ Th17 and ExTh17 cells gated on CD4+ T 

cells. (D) Relative expression of SFB specific gene compared to total 16S rRNA gene in the contents 

collected from proximal (PSI) and distal small intestine (DSI) tract in SFB colonized mice. The kinetics 

of total YFP+ CD4+ cells (E), ExTh17 (F) and IL-17A+ Th17 (G) cell numbers in PSI and DSI during SFB 

colonization. (H) The proportion of IL-17A+ Th17 and ExTh17 subsets among all the YFP labelled CD4+ 

T cells shown in Data represent n=3-12 mice/group as mean ± SEM from at least two independent 

experiments. P values indicated represent a unpaired Student’s t test for (B), Wilcoxon test for (C-G), 

*p < 0,05; **p < 0,01. 
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Since SFB preferably localize in the distal part of the SI (namely ileum 258) from one week 

colonization (Figure 3.2.3D), we wondered whether the Th17 stability was related to the 

amount of SFB antigens. Therefore, we divided the SI into proximal and distal parts and 

investigated the Th17 phenotype separately. Total Th17 cell (YFP+) level showed no 

difference over time from 1 week to 6 weeks post colonization in either proximal or distal SI, 

whereas the Th17 frequencies were significantly higher in the distal SI than proximal SI (Figure 

3.2.2D) after 6 weeks colonization. Not like ExTh17 cells that remained at the same 

frequencies in both two sites during the colonization procedure (Figure 3.2.2E), IL-17AKatushka+ 

Th17 frequencies was rising over time in the distal SI but not in the proximal SI, which lead to 

a significantly higher IL-17AKatushka+ Th17 abundance in the distal SI at 6 weeks post SFB 

colonization (Figure 3.2.2F). Consistently, IL-17AKatushka+ Th17 composed a higher fraction of 

total Th17 cells in the distal SI at 3- and 6-weeks post SFB colonization (Figure 3.2.3E). 

Nevertheless, due to higher overall lymphocyte numbers in the proximal SI, the cell numbers 

of YFP+ T cells (Figure 3.2.3F) and ExTh17 cells (Figure 3.2.3G) were significantly lower in 

the distal SI at 1 week, whereas the IL-17AKatushka+ Th17 cell numbers (Figure 3.2.3H) showed 

no difference between two loci. These data indicate that higher SFB antigen density is related 

to maintaining potent IL-17A expression in the DSI. To sum up, during steady state, SFB 

colonization is sufficient to result in the generation of Th17 and ExTh17 cell populations, with 

the latter remaining quiescent or losing IL-17A expression. 

3.2.2 SFB specific Th17 transdifferentiated into Th1, Tr1 but not Th2 like cell 

subsets in SI LP 

To further test whether SFB induced ExTh17 cells acquired the phenotype of other Th 

subsets, we examined the expression of the representative signature cytokines. First, we 

analysed IL-10 and FoxP3 expression via the reporters within CD4+ T cells in SPF mice in 

presence or absence of SFB. Interestingly, IL-10GFP+ FoxP3RFP+ Treg cells remained 

unchanged while IL-10GFP+ FoxP3RFP- (Tr1) cells were enhanced in the distal SI upon SFB 

colonization (Figure 3.2.4A). Furthermore, we observed that a proportion of IL-17AKatushka+ 

YFP+ cells obtained IL-10 expression from 1 week to 6 weeks post SFB colonization (Figure 

3.2.4B) and reached 17.4% (mean) of this population at 3 weeks, same as the mice received 

DysM (Figure 3.2.5A). In YFP+ IL-17AKatushka- subsets IL-10GFP+ cells constitute 5.5% (mean) 

and remained unchanged from 1 to 6 weeks post SFB colonization (Figure 3.2.5A, 3.2.4B). 
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Hence, some Th17 generated upon SFB colonization transdifferentiate into IL-17A IL-10 

double producers or Tr1ExTh17 cells.   

Figure 3.2.4 Effect of SFB colonization on Treg and Tr1 population and the reporter 

signals after ex vivo restimulation.   

(A) The kinetics of Treg (IL-10+ FoxP3+) and Tr1 (IL-10+ FoxP3-) cell frequencies gated on CD4+ T cells 

in PSI and DSI upon SFB colonization. (B) The kinetics of IL-10+ FoxP3+ and IL-10+ FoxP3- frequencies 

gated on IL-17A+ Th17 (left) and ExTh17 (right) cells isolated from the DSI of mice upon SFB 

colonization. (C) Representative FACS plots showed the positive signaling of the reporters before and 

after fixation and the statistical results of YFP+ and GFP+ frequencies were shown in (D). Data represent 

n=5-12 mice/group as mean ± SEM from at least two independent experiments. P values indicated 

represent a unpaired Student’s t test *p < 0,05; **p < 0,01 



61 
 

    Secondly, we performed intracellular staining after restimulation to check the expression of 

extra cytokine markers. Using 4% PFA fixation, the YFP signal stayed comparable to no 

fixation (Figure 3.2.4C-D), which enabled us to combine intracellular cytokine staining with the 

YFP fate-mapping. We found that SFB upregulated the frequencies of IFN-γ+ YFP- (Th1) cells 

gated on CD4+ T cells and the IFN-γ+ YFP- cell numbers, although did not reach a significant 

level. However, SFB significantly increased both the frequencies of IFN-γ+ YFP+ cell population 

(Figure 3.2.5B) and the cell numbers of these Th1 like Th17 cells (Figure 3.2.5B). When 

focusing on the Th2 feature cytokines, SFB colonization failed to trigger IL-13+ YFP- (Th2) 

subset, as the frequencies or cell numbers showed no difference in comparison to SPF group 

and the IL-13+ YFP+ (Th2 like Th17) subset was not detectable in CD4+ T cells (Figure 3.2.5C). 

Taken together, Th17 cells that are labelled by YFP had the capacity to acquire the feature 

markers of Th1 and Treg but not Th2 cells. When zoomed into IL-17Akatushka+ Th17 and ExTh17 

subpopulations, IL-10+ and IFN-γ+ cells appeared in both two populations at different 

proportions (Figure 3.2.4E). 

To clarify whether the Th17 fate decision is only mediated by SFB but no other bacterial 

antigens or metabolites, we mono-colonized germfree (GF) Fate+ mice with SFB to repeat this 

analysis. Although the frequencies and the cell numbers are lower (Figure 3.2.5D) than the 

SPF condition, SFB again induced Th17 (YFP+) cells in the SI LP of GF hosts. Furthermore, 

there were again IL-10+ cells within the YFP+ CD4+ population in situ, whereas the frequencies 

were lower than the SPF group (Figure 3.2.5F). Overall, SFB alone is sufficient to induce a 

heterogenous Th17 population with the presence of sub-groups that are co-expressing IFN-γ 

IL-17A or IL-10 IL-17A, or that even switch to producing only IFN-γ or IL-10. Finally, the 

intestinal commensals augmented SFB specific Th17 development and transdifferentiation.  

 

 

 

 



62 
 

Figure 3.2.5 SFB specific Th17 transdifferentiated into Th1, Tr1 but not Th2 like cell 
subsets in SI LP at steady state.  

(A) LPLs were isolated during steady state from the DSI of Fate+ mice harboring SFB flora. 

Representative FACS plots and statistical analysis exhibited the frequencies and cell numbers of IL-

17A+ Th17 and ExTh17 cells expressing IL-10GFP. (B-C) LPL were isolated 3 weeks post SFB 

colonization from the DSI. Cells were fixed and stained with intracellular cytokine antibodies after 4 

hours PMA and ionomycin restimulation. Representative FACS plots and percentages showed the 

frequencies of IFN-γ and YFP (B), IL-13 and YFP (C) among the CD4+ T cells, respectively. 

Representative FACS plots and percentages of YFP+ CD4+ T cells expressing IL-17A and IFN-g. (D) 

The frequencies and numbers of YFP labeled cells in SFB colonized GF mice or SPF mice. (E) The 

frequencies of IL-10 producing YFP labeled Th17 cells induced by SFB in GF and SPF mice. Data 

represent n=3-12 mice/group as mean ± SEM from at least two independent experiments. P values 

indicated represent a unpaired Student’s t test *p < 0,05; **p < 0,01; ****p< 0,0001.  
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3.2.3 Characterizing the transcriptome profile of SFB derived Th17 by single-cell 

RNA sequencing 

 

Figure 3.2.6 Characterization SFB induced Th17 by single cell RNA seq.  

(A) Representative pictures showing the sorting strategy of the single cell RNA-seq experiment. (B) 

UMAP dimensionality reduction embedding of all YFP+ CD4+ cells from the SI LP of SFB colonized 

mice colored according to cell type assessed by gene expression. (C) UMAP plots showing expression 

of genes mirroring key features of Th17 plasticity and functionality (scale bars indicate normalized 

expression). Lothar Gröbe supported for the sorting experiments presented in Figure A. Yogesh Kumar 

supported with bioinformatical analysis as presented in Figure B-C. 

C 
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Next, we set out to provide a detailed analysis of total YFP+ T cell induced by SFB via 10X 

Genomics based single-cell RNA and TCR sequencing. 7240 CD3+ CD4+ YFP+ Th17 cells 

were FACS sorted from the SI LP of one individual mouse 3 weeks post SFB colonization 

(Figure 3.2.6A). The sequencing raw data was dissected by cell ranger pipeline and was 

further analyzed using Seurat R package. With unsupervised t-distributed stochastic neighbor 

embedding (tSNE) for dimensionality reduction, cells were clustered based on their 

transcriptional profile. As a reality check, we found that two clusters were commingled apart 

from the rest, which were the B cells we spiked in before encapsulation, with high expression 

of Igha and Cd79a genes.  

We eliminated the B cell clusters and the analysis revealed that SFB specific Th17 cells 

consisted of various cell clusters identified by the key signature genes represented in the 

uniform manifold approximation and projection (UMAP) dimension reduction (Figure 3.2.6B). 

Comparable to previous observations by flow cytometry, cells forming cluster 1, 2, 3, 6, 8 

showed relatively high Il17a expression, whereas cells in cluster 0, 4, 5 and 7 showed 

intermediate/low levels of Il17a (Figure 3.2.6B-C). We next compared the expression of the 

differentially expressed genes (DEG) and identified six major sub-populations. Cells contained 

in cluster 2 are enriched in canonical Th17 genes such as Il17a, Rorc, Il23r, representing the 

conventional Th17 (Figure 3.2.6B-C). However, part of these cells also acquired Il10 or Ifng 

expression. Cells in cluster 3 and 0 exhibited plasticity towards Th1 cells as cluster 3 showed 

increased expression levels of Th1 signature genes Ifng and Tbx21 (encoding T-bet) together 

with high expression levels of Il17a and Rorc, whereas in cluster 0 cells were characterized 

as Th1ExTh17 as they ceased to express Il17a and Rorc and only upregulated Ifng and Tbx21 

gene expression. Notably, both Th1-Th17 and Th1ExTh17 clusters are highly enriched in 

chemokine C-X-C motif receptor 3 (CXCR3). Another major cluster (cluster 1), defined as Tr1-

Th17, showed co-expression of Il17a, Il10 and Lag3 together with genes associated regulatory 

responses such as Izumo1r, Ikzf2 (encoding Helios) and Cd83 259-260. However, very few cells 

were classified as Tr1ExTh17, which only expressed Il10 and Lag3 but not Il17a, and did not 

form a separate cluster. Cells lacking Il17a in cluster 4 and 7 also showed low levels of other 

cytokine expression and developed a stem cell-like state identified by upregulated 

transcription factors Ccr7, Tcf7 261, Cd27, Tigit, Bcl6, Lag3. Cells in cluster 5 and 6 upregulated 

a set of genes involved in cell cycle and proliferation such as Mcm5, Cks1b, and Ccna2, 

indicating that they were actively proliferating Th17 (Figure 3.2.6B). Cluster 8 is composed of 

pro-inflammatory Th17 cells, which mirrored by the highest level of Il23r, Stat3, Rora, Ccr6 

together with the expression of genes (Il17a, Il17f, Ifng, Irf4) associated with Th17 cell 

pathogenicity (Figure 3.2.6B). 
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3.2.4 ExTh17 exhibited distinct TCR repertoire compare to IL-17A+ Th17 cell 

Figure 3.2.7 Th17 sub-clusters showed distinct enrichment of SFB specific TCRs.  

(A) Fate+ mice were colonized SFB for 3 weeks followed by cell isolation from SI LP. Representative 

FACS plots showed the usage of Vβ14 TCR in YFP+/- CD4+ T cells. (B) Enrichment of Vβ14 TCR in IL-

17A+ Th17, ExTh17 and Treg cells normalized to YFP- FoxP3- population before and after ex vivo 

restimulation. (C) Fate+ mice were colonized SFB for 3 weeks followed by cell isolation from SI LP. 

Lymphocytes were split to three parts and stained TCR Vβ2, 12, and 14 individually. The ratio of 

representative TCR expressed in IL-17A+ Th17, IL-17A- Th17 and Treg cells is normalized to the naïve 

T cell population.  (D) Relative expression of 7B8 TCR, represented by MHCII/3340-A6 tetramer, in SI 

LP IL-17A+ Th17 versus ExTh17 analysed by Flow cytometry. Data from B-D represent n=4-12 

mice/group as mean ± SEM. P values indicated represent a unpaired Student’s t test *p < 0,05; **p < 

0,01, ***p < 0,001. 

Once the landscape of the SFB induced Th17 cells was clarified, we investigated how SFB 

mediated the Th17 Fate decision. TCR signalling impact at multiple levels of T cell 

differentiation, activation and function. In Treg cells, TCR specificity could mold the 

subphenotype adopted by activated Tregs 262. Thus, we wish to further explore the correlation 

between the TCR clonotypes and the fate of SFB specific Th17 cells. As it was reported by 

Yang, et al., TCR Vβ14 chain was enriched in Th17 cells but not non-Th17 from SFB colonized 

mice 256. We first examined whether there are discrepancies of the Vβ14 chain enrichment 

between IL-17A+ Th17 and ExTh17 populations using antibody staining and FACS analysis. 
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To calculate the ratio of enrichment, we normalized the Vβ14+ fraction among each cell subset 

to the Vβ14+ fraction of YFP- FoxP3-RFP- cells (Figure 3.2.7A). Interestingly, cells that lost IL-

17A production also exhibited significantly lower Vβ14 ratio than IL-17A+ Th17 cells regardless 

of restimulation, whereas FoxP3RFP+ Treg cells, as negative control, showed the lowest Vb14 

ratio (Figure 3.2.7A-B). Similarly, TCR Vβ2 and TCR Vβ12, two other SFB-specific TCRs, also 

displayed a higher enrichment in IL-17A+ Th17 cells in comparison to ExTh17 and Treg (IL-

10+ FoxP3+) populations, although the TCR Vβ12 enrichment did not reach a significant 

degree (Figure 3.2.7C). Meanwhile, we investigated the abundance of the SFB-antigen-

specific T cells by surface staining with MHCII-tetramer containing SFB epitope 7B8 encoded 

by SFBNYU_003340 (3340-A6 tetramer) 263. Similarly, there is a higher proportion of tetramer+ 

cells in IL-17A+ Th17 than ExTh17 (Figure 3.2.7D). These results indicate that the context 

between SFB specific epitope 7B8 and TCR clonotypes is related to active IL-17A production 

and Th17 fate decision. 

To further elucidate the TCR repertoire of the IL-17A+ Th17 and ExTh17 cells contained in 

SFB induced Th17 cells, we performed a TCR bulk sequencing on four cell populations per 

individual mouse obtained by FACS sorting (Figure 3.2.8A) using Qiagen Immuno repertoire 

kit. First of all, the diversity of IL-17A+ Th17 clonotypes (unique CDR3 sequences) were slightly 

reduced in comparison to ExTh17 cells (Figure 3.2.8B), whereas drastically lower than naïve 

T cells (Figure 3.2.8C-D). Next, we observed a strong TCR usage discrepancy between IL-

17A+ Th17 and ExTh17 cells, with only a few TCRα or TCRβ clones shared between IL-17A+ 

Th17 and ExTh17 cells (Figure 3.2.8E). Besides, frequencies of the shared TCRs varied 

significantly between these two sub-populations (Figure 3.2.8E). Interestingly, TCR 

clonotypes of ExTh17 cells instead of IL-17A+ Th17 cells had a larger overlap with Tr1 cells 

(Figure 3.2.8E). We listed the five most frequently used unique CDR3 sequences of the TCRβ 

chain from both IL-17A+ Th17 and ExTh17 cell subsets, which composed 38.4% (mouse 

Nr.1)/64.8% (mouse Nr.2), 33%/49.6% of these two cell populations, respectively (Figure 

3.2.9A). Furthermore, the dominant CDR3 sequences exhibited a clear bias between Th17 or 

ExTh17 cells in two individual mice (Figure 3.2.9A). In both two mice, TCR Vβ14 (encoded by 

Trbv31) reached a high proportion of the IL-17A+ Th17 cells. Other highly enriched TCRβ 

chains are TCR Vβ11 (encoded by Trbv16) and TCR Vβ7 (encoded by Trbv29). In contrast, 

the ExTh17 cells showed a distinct group of the most frequently used unique CDR3 sequences 

with the presence of TCR Vβ8 (encoded by Trbv13-1 and Trbv13-2) in both two mice. Thus, 

we performed FACS staining on TCR Vβ8 and observed enrichment of Vβ8 in ExTh17 cells 

in comparison to IL-17A+ Th17 cells (Figure 3.2.9B). Taken together, TCR sequencing data 

revealed the discrepancies of TCR clonotypes between 17A+ Th17 and ExTh17 cells, 

suggesting a variety of antigen-TCR recognition between two populations.  
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Figure 3.2.8 TCR usage and clonotypes of IL-17A+ Th17 and ExTh17 cells induced by 

SFB.  

(A) FACS sorting acquired four population for TCR sequencing, including IL-17A+Th17, ExTh17, Tr1 

and naïve T cells. (B) The clonotype diversity of IL-17A+Th17 and ExTh17 sorted from mouse number 

1 (#1) and mouse number 2 (#2). (C) The clonotype diversity of IL-17A+Th17, ExTh17, Tr1 and naïve 

T cells sorted from mouse number 1 (#1). (D) Numbers of TCR α (TRAC) and β chain (TRBC) 

clonotypes from represented populations of two mice. (E) Barplot showing the prevalence of 5 top 

expanded TCRα (TRAC) and β chain (TRBC) of IL-17A+ Th17 population in the IL-17A+ Th17 and 

ExTh17 clusters from two individual mouse. The overlaps of the TCRα and β chain among IL-17A+ 

Th17, ExTh17 and Treg cell populations. Lothar Gröbe supported for the sorting experiments presented 

in Figure A. 
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These results further encourage us to seek whether there are unique TCR patterns within 

Th17 sub-clusters. Cell Ranger generated an output file, filtered_contig_annota-tions.csv, 

containing TCR α-chain and β-chain CDR3 nucleotide sequences for the same sample shown 

in Fig.3.2.6. The R package scRepertoire (v1.2.1) was used to further combine the 

contig_annotation data of different samples to a single list object (function combineTCR). The 

combined TCR contig list file was then integrated with the corresponding Seurat object of the 

scRNA-seq data using the function combineExpression (cloneCall=”gene+nt”). Only the cells 

with both TCR and scRNA-seq data were kept for down-stream clonotype analysis. The 

clonotype was defined according to the genes comprising the TCR and the nucleotide 

sequence of the CDR3 region. Clonotype 1, the most abundant clonotype in the YFP+ cells, 

showed significant enrichment in the Tr1-Th17 cluster (Figure 3.2.9C). However, clonotype 11 

was enriched in the Tscm-Th17 cluster and clonotype 15 and 19 were highly enriched in 

Th1ExTh17 cluster. The UMAP plot in figure 3.2.9D also illustrated more clonotypes that were 

particularly distributed in the Th1ExTh17 cluster or Tr1-Th17. Taken together, we conclude that 

SFB induced IL-17+ Th17 cells showed lower TCR clonotype diversity and a different TCR 

repertoire compared to the ExTh17 cells. In Tr1-Th17 and Th1ExTh17 clusters, cells display 

exclusive TCR clonotypes, which might be linked to specific Th17 fate decision. 
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Figure 3.2.9 The clonotypes that are enriched in ExTh17 cell clusters.  

(A) Summary of the five dominant clonotypic TCR clones from IL-17A+ Th17 (labelled in blue) or 

ExTh17 clusters (labelled in red). (B) Preferential expansion of TCR Vβ8 (encoded by V13) and TCR 

Vβ14 (encoded by V31) chain in the IL-17A+ Th17 and ExTh17 compartment in the SILP. (C) Barplot 

of four top-expanded CDR3 sequences from distinct Th17 clusters are shown. (D) Distribution of five 

CDR3 sequences within the clusters of SFB induced Th17 cells. Data from B represent n=7-12 

mice/group as mean ± SEM from at least two independent experiments. Yogesh Kumar supported with 

bioinformatical analysis as presented in Figure C-D.   
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4   General discussion and outlook 

The epithelial layer along the small and large intestine fulfils vital absorptive functions for 

nutrients derived from the diet and prevents an immense burden of microbiome and harmful 

substances. Maintenance of the host fitness relies on the constantly regulated cross/talk 

between mucosa-associated microorganisms and the mucosal immune system. The objective 

of this research was to improve our current understanding of the comprehensive property and 

functionalities of mucosa-associated species towards host physiology during homeostasis or 

entero-pathogenic infection and provide enlightenment to therapeutic approaches. To achieve 

this, I applied varies gnotobiotic models, including GF mice, SPF colonies from different 

venders as well as conventionally housed mice to verify the immune-modulatory effects of 

specific mucosa-associated species. Besides, I used different sequencing techniques to 

characterize the changes of microbial composition at different loci and classify the features 

and clonotypes of adaptive immune cells. This study contributes to move beyond causal 

associations between mucosa-associated microbes and host physiology towards functional 

and mechanistic understanding. It highlights the mucus-epithelia niche as novel targets for the 

development of clinical therapies towards intestinal or systemic diseases.  

4.1 Mucosa-associated non-SPF Helicobacter spp. protect immune-deficient 

mice from lethal C. rodentium infection 

Researches have used various approaches, including transfer of human microbiota to 

laboratory mice 264, co-housing pet-store mice with lab mice 265 or constructing “wildling” 

mouse models 208, to overcome microbiota-derived discrepancies between laboratory mice 

and humans in order to maximize the translational output of animal models. Indeed, wild 

microbiota restores human-like basal immunological states of laboratory mice and enables 

them to mimic the human responses seen in clinical trials 207, therefore shortening the gap 

between early lab findings and health advances in humans. In this study, we extended our 

knowledge on how microbiota-derived factors from conventionally housed mice enhance host 

resistance to intestinal penetration of pathogens, i.e., C. rodentium. In particular, we 

highlighted the strong protective effect of the Helicobacter community, a prevalent microbial 

component in the gut of wild mammals, against A/E pathogens especially in immunodeficient 

mice. Importantly, we unveiled a previously unrecognized mechanism that mucosa-associated 

microbes de-colonize C. rodentium via interfering virulence gene expression at the epithelial 

barrier.  

In line with previous studies, we observed that Helicobacter preferably inhabits the mucosa 

of the host cecum and colon, reaching 20-50% of the total bacteria, whereas it only constitutes 
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1-2% of the luminal microbiome. Moreover, we discovered a strong discrepancy of the 

modulatory effect on different microbial niches in the intestine due to Helicobacter colonization. 

Helicobacter colonization reshaped the microbial composition in the mucus layer, namely 

downregulating the abundance of other mucosa-associated bacteria including Mucispirillum 

schaedleri, Akkermansia muciniphila and Prevotellaceae, whereas only minor reduction, for 

the same species, were observed in the luminal microbial composition. 

In the context of C. rodentium infection, Helicobacter downregulated ler and Ler-mediated 

T3SS assembly in the mucus and tissue, but not in the lumen of the cecum and colon. In fact, 

intimate contact between C. rodentium and IECs is the first and fundamental step for initiation 

of C. rodentium infection, which promotes the C. rodentium expansion and shedding from the 

mucus to the lumen 266. ler deficient C. rodentium failed to perform tissue attachment and 

proliferate in the intestine of SPF mice but reach the same abundance as WT C. rodentium in 

GF mice, indicating that ler and downstream virulence genes are essential for C. rodentium to 

expand in the presence of the microbiota 267. Our data further demonstrated that mucosa-

associated Helicobacter are key species to interfere with the onset and the pathogenicity of C. 

rodentium by dampening the virulence and the tissue-adherence capacity of C. rodentium in 

the mucosal niche of both WT and immune-deficient mice (Figure 4.1). 

 

Figure 4.1 Model of key protective effects of mucosal Helicobacter spp. towards C. 

rodentium colonization and pathogenicity.  

Mucosal enriched Helicobacter community ameliote enteric pathogen C. rodentium expansion, 

epithelial intimate contact, host tissue inflammation and erosion both in immune-competent and 

immune-deficient mice. (Created with BioRender, https://app.biorender.com/). 

https://app.biorender.com/


72 
 

Previous literature demonstrated that bicarbonate ions, amino acids cysteine and serine 268, 

host hormones and microbiota-derived metabolites, including fucose, indole 269, succinate and 

propionate 270 regulate C. rodentium Ler expression in vivo. However, Helicobacter 

colonization caused minor effect on the concentration of these metabolites in the cecal content. 

Besides, in vitro co-culture of Helicobacter microbiota and C. rodentium failed to interfere with 

the ler and tir expression in C. rodentium, suggesting a host related mechanism. One 

hypothesis could be that Helicobacter altered the mucus structure or glycosylation, since C-

type lectins facilitate C. rodentium and Salmonella cellular adherence and proliferation 271. 

Although Helicobacter had no effect on mucus thickness and Muc2 expression, metagenomic 

analysis illustrated that Helicobacter species express N-acetylglucosaminyltransferase (GTs) 

(data not shown) to regulate mucin glycosylation. Furthermore, histochemistry staining 

revealed that Helicobacter significantly reduced sialic acid and N-acetylglucosamine 

(indicated by WGA staining) in the distal colon upper crypt, where severe pathology occurs 

upon C. rodentium infection. Considering that Helicobacter hepaticus exploit type VI secretion 

system (T6SS) for binding to the mucin or epithelial layer, potential competition of tissue 

attachment loci may also relate to decreased C. rodentium adherence. Nevertheless, it 

remained unclear how Helicobacter reduced sialic acid and N-acetylglucosamine at the mucus 

layer and the proof of altered mucin glycosylation facilitating C. rodentium-tissue attachment 

is missing. 

Studies with laboratory mice have discovered contradictory immunomodulatory capacities 

of Helicobacter during homeostasis or inflammation, otherwise, in the context of host genetic 

background. In this project, I evaluated and compared the adaptive immune cell response of 

Helicobacter upon infection status to steady state. Consistent induction of B cells and Treg 

cells with significantly higher IL-10 production due to Helicobacter colonization were observed 

in wild type mice both under steady state and during C. rodentium infection. Both B cells and 

Treg cells are crucial for C. rodentium clearance and maintenance of tissue integrity as mice 

lacking B cells 233 or Treg 272 cells are highly susceptible to C. rodentium infection. By contrast, 

Helicobacter colonization exhibited minor effect on Teff cell response under steady state, and 

even critically restrained C. rodentium elicited Th17 and Th1 cells at 12 d.p.i. Reasons might 

attribute to higher Treg cell abundance that suppress Teff cell activation or weaker antigen-

TCR stimulation due to less C. rodentium burden and impaired C. rodentium-epithelial 

attachment at early time point. C. rodentium triggered dramatically higher Th17 and Th1 cells 

in SPF1 group collectively contribute to pathogen control by cytokine secretion 1 week after 

oral challenge 232, which may explain the equal CFU burdens in SPF1 and Hb colonized mice 

at a later time point. Therefore, Helicobacter colonization resulted in a protective and anti-
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inflammatory environment by eliciting B cells and Treg cells, thus inhibited early C. rodentium 

expansion and tissue disruption. 

Rag 2-/- SPF mice confirmed the central role of adaptive immune response in controlling 

disease development upon C. rodentium infection, as those mice exhibited delayed C. 

rodentium clearance, higher inflammation score, constant body weight loss and even death at 

late time points. Strikingly, prior colonization with Helicobacter compensated loss of adaptive 

immune system to a certain degree and significantly enhanced Rag 2-/- host resistance to 

C.  rodentium with prolonged CFU reduction, milder inflammation and even stronger inhibition 

of virulence gene expression. Upon initiation of C. rodentium infection, epithelial cells are 

activated to release AMPs as a first line of defense 34 and subsequent phagocytes, APCs, 

ILCs produce cytokines, ROS to respond and inhibit C. rodentium growth. Dissecting the 

innate immune cell response in Rag 2-/- mice revealed that Helicobacter prior colonization 

elevated CD11b+ Gr1+ Ly6Ghi neutrophils before and during C. rodentium infection, which may 

contribute to pathogen elimination by phagocytosis and inflammasome 114. However, no 

changes were observed regarding AMP expression in the colon tissue from Helicobacter 

colonized group, such as Reg3b and Reg3g. ILC3s are reported to promote barrier defense 

at mucosal surfaces and protection against C. rodentium infection via IL-22 expression 116. 

Nevertheless, I observed significant lower ILC3 cells and equivalent IL-22 levels in the 

Helicobacter colonized mice in comparison with SPF1 mice, which suggested their irrelevant 

roles against C. rodentium in the Rag 2-/- hosts. 

    Although Helicobacter were reported to induce endogenous colitis in Rag 2-/- mice 217, no 

spontaneous inflammation resulting from three to four weeks of Helicobacter colonization was 

observed. Besides, Helicobacter have prominent anti-inflammatory properties on epithelial 

cells, such as inhibiting TLR4 induced inflammatory gene expression in the murine intestinal 

crypt epithelial cells 273. In addition, H. hepaticus triggers early IL-10 induction in intestinal 

macrophages and produces a large soluble polysaccharide that activates a specific 

MSK/CREB-dependent anti-inflammatory and repair gene signature via the receptor TLR2 274. 

These data may explain why Helicobacter colonization promotes mutualistic state at the 

intestinal interface in Rag 2-/- mice upon C. rodentium infection.  

In summary, our study shed light on the influence of non-SPF bacteria, mucosa-associated 

Helicobacter, towards C. rodentium infection. Importantly, intimate C. rodentium tissue contact 

plays a fundamental role in C. rodentium pathogenesis and determines host response and 

resistance. Inhibiting tissue attachment and T3SS assembly at the mucosal or epithelial layer 

by mucosa-associated Helicobacter predominantly enhances host fitness and protects 

immune-deficient mice from lethal infection.  
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4.2 Th17 fate decision modulated by epithelial attached microbe under steady 

state 

Accumulating evidence has unveiled that Th17 is a plastic population and their fate decision 

is highly relevant to host fitness and disease severity. Thus, mining the key factors that control 

Th17 fate decision and targeting Th17 cell plasticity could be envisaged as a new therapeutic 

approach. In our study, we extended our knowledge of tissue attached mono-commensal SFB 

regulating intestinal Th17 plasticity in physiological conditions by using Th17 fate mapping 

mouse line. We revealed the heterogeneity of SFB derived Th17 cells, which may potentiate 

their multi-functionality. These Th17 cells shift to 3 major directions including Il-10 and Lag3 

producing immunoregulatory Tr1-Th17 / Tr1ExTh17 cells, pathogenic Th1ExTh17 cells that initiate 

T-bet and IFN-γ expression, or quiescent Tscm cells that have ceased to express cytokines 

but upregulated tissue resident chemokine receptor CCR7. The stem cell-like T cells obtained 

elevated expression of TCF-1, the earliest T cell-specific transcription factor encoded by Tcf7  

275. In mature CD4+ T cells, TCF-1 is involved in promoting follicular helper T (Tfh) but 

repressing Th1 and Th17 formation 276-277. T cells lack of Tcf7 show enhanced differentiation 

into Th17 cells, with the increased production of Th17 cytokines, including IL-17A and IL-17F, 

and the up-regulation of IL-23 receptor (IL-23R), which result in more severe EAE disease in 

an adoptive transferred model 278. In SFB induced Tscm-Th17 sub-population, I also observed 

higher follicular T helper cell signature gene expression, such as Bcl6 and Cxcr5, indicating 

their capacity on facilitating B cell development and maturation 45. Besides, enhanced 

suppressive marker genes including Lag3 and Tigit together with decreased Il17a, Il23r 

expression were also displayed in these stem cell-like T cells, which may attribute to the 

upregulated TCF-1.  

    Notably, one small cluster of the SFB induced Th17 cells exhibited high levels of 

proinflammatory signature genes as well as chemokine receptor CCR6, which is essential for 

migration and triggering long distance diseases such as lung pathology 279 and renal tissue 

damage 280. Besides, this population also overexpressed a master regulator Irf4, which bind 

to the Il17 gene promoter and significantly enhance IL-17 expression and to a lesser extent 

with IL-22 expression 281. Augmented Irf4 is correlated with active inflammation in mouse DSS 

colitis model as well as in IBD patients 281. However, the discrepancies of the transcriptional 

profile between clusters are rather limited for the reason that Th17 is already a specialized T 

cell lineage. Of note, the fate mapping mouse line is only showing a snapshot of the status of 

the Th17 cells when they are isolated instead of understanding the trace or the endpoint of 

their transdifferentiation procedures. Nevertheless, the trajectory analysis suggested that the 

convTh17 first convert into Th1ExTh17 followed by the circuit of Th1ExTh17 and Tr1-Th17 cells, 

whereas the Tscm cluster diverge from other clusters with minor flexibility. These results may 
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explain why SFB induced Th17 cells present controversial properties in different context and 

emphasise the pivotal role of developing therapeutic targets to maintain an appropriate 

functionality of microbiota derived Th17.  

Amidst the complex gut environment, fate decision post T cell differentiation is contingent 

on several variable factors: (a) induction of lineage-specific transcription factors (TFs), (b) 

cytokine gradients, (c) strength of TCR stimulation, (d) metabolic pathways, and (e) 

epigenetics. In the intestinal LP, commensal-derived metabolites trigger the generation of 

Th17- or Treg- prone cytokines in the microenvironment, which direct T cell differentiation by 

promoting the expression of specific transcription factors or stabilize their differentiation 

program by inducing epigenic changes. For example, IL-1β, but not IL-6, produced by the 

intestinal macrophages upon the presence of the microbiota is critical for Th17 differentiation. 

Microbiota-induced IL-1β acts directly on IL-1R-expressing T cells to drive the generation of 

Th17 cells in the intestine, but not spleen 282.  

In the case of SFB-triggered Th17 cell differentiation, SFB induce secretion of cytokines, 

such as SAA, from IECs that may affect DC cytokine production. DCs migrate to the MLNs 

and initiate RORγt expression in T cells via IL-6 secretion, which can be compensated by IL-

21, or IL-23, but not IL-1β. The RORγt+ Th17 cells migrate from the MLNs to the SI LP and 

PPs in an integrin β7-dependent manner 283. Although SFB-induced cytokine environment is 

important, it is not sufficient to promote Th17 cell differentiation of activated CD4 T cells. DC 

restricted expression of MHCII was necessary and sufficient for induction of Th17 cells by SFB, 

demonstrating that CD11c+ intestinal DCs are the cells that acquire and present SFB antigens 

for Th17 cell induction.  

The effect of microbiota or SFB induced changes in the cytokine milieu on Th17 post-

differentiation is poorly investigated. Xu et al. demonstrated that TGF-β is synergistic with both 

IL-6 and IL-27 for c-Maf expression and consequent IL-10 production in mouse Th17 cells, 

which further restrains the pathologic effects of Th17 cells 284. Besides, IL-10 produced by Treg 

and Tr1 cells bind to Th17 IL-10 receptors, which inhibits Th17 conversion towards pathogenic 

IFN-γ+ Th17 cells 285. From our single-cell RNA sequencing data, we also observed selective 

upregulation of Maf in IL-10+ Tr1-Th17 cluster. However, the cluster that expressed highest 

abundance of Maf are the cells showing pro-inflammatory properties.  

    Our data emphasized the prominent effect of TCR signalling strength on IL-17A 

maintenance in microbiota derived Th17 cells according to the positive correlation of the SFB 

antigen abundance and IL-17A expression. Moreover, TCR signal strength is one of the 
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contributory factors in determining Th17 plasticity. For example, induction of IFN-γ takes place 

along with IL-17A in low-strength TCR-stimulated Th17 cells 286. However, it remained 

unknown in our study whether affinity and dose of the antigen via strength of TCR stimulation 

are instrumental to bias Th17 developmental axes towards Tr1, Th1 or Tscm cells. 

Nevertheless, we observed that TCR diversity and usage varies between distinct Th17 sub-

populations. Unlike IL-17A+ Th17 cells that showed enrichment of TCR Vβ14, ExTh17 cells 

exploited dissimilar TCR repertoire and enriched in TCR Vβ8 usage. Moreover, certain 

clonotypes appeared only in one Th17 subset indicating that TCR clonotypes might lead to a 

certain Th17 fate. Studies have revealed that TCR play unanticipated roles in shaping the 

state and activation of Treg cells 263. Therefore, we speculate that distinct TCR-SFB antigen 

recognitions might preference for different Th17 features via downstream TCR signalling 

pathways. In conclusion, these results bring new insights on how to regulate the appropriate 

fate of microbiota dependent Th17 and restore homeostatic function during disease states. 

 

Figure 4.2 Model of SFB induced plastic Th17 in a TCR associated manner. 

Tissue attached mouse commensal SFB induced Th17 cells are constituted with conventional Th17 

cells (IL-17A+ IL-17F+), quiescent Tscm cells and ExTh17 cells that converted into other Th cell subsets 

(IL-10+ Tr1ExTh17 cells or IFN-γ+ Th1ExTh17 cells). The corresponding Th17 fate decision is associated with 

specific TCR-antigen recognition. 
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4.3 General Conclusion and Perspectives 

In conclusion, these two studies highlighted the indispensable and complex roles of tissue 

attached gut microbes on host fitness during homeostasis or perturbation. The intimate contact 

between microbes and host epithelial layer are critical for the course and pathogenesis of 

entero-pathogens, and are also essential for T cell fate decision and the maintenance of their 

phenotype.  

In the first study, I developed a gnotobiotic mouse model which can be applied to the 

collection and colonization of non-SPF mucosa-associated bacteria from wild mammals 

including humans to evaluate their immuno-functionalities. Besides, I unveiled that mucosa-

associated bacteria modulated the ecosystem and epithelial structure exclusively in the 

mucosal niche, thus interfere C. rodentium adherence and attenuate pathogenicity. Further 

investigation on whether this protective effect of Helicobacter is exclusive to C. rodentium or 

T3SS-expressing pathogens or a broad range of tissue-attached pathogens is necessary. 

However, the mechanism of how Helicobacter decrease the sialic acid and N-

acetylglucosamine glycosylation and whether such changes of mucin structure limits C. 

rodentium binding to the tissue requires further investigation. This study improves our 

understanding of the disease courses of other T3SS pathogens including EHEC and EPEC in 

humans, who are exposed to a complex and diverse microbial environment. Furthermore, it 

may provide novel insights in developing therapeutic approaches or targets against human 

colitis induced by enteric pathogens. 

In second part of the thesis, I emphasised the plasticity of intestinal Th17 cells induced by 

tissue attached bacteria SFB under steady state, which is associated with specific TCR-

antigen recognition and TCR strength. However, it remains to be defined what antigen 

epitopes from SFB bind to ExTh17 enriched TCRs and which downstream pathways are linked 

to loss of IL-17A expression.  As some SFB induced Th17 express dual TCRs and also 

recognize the host self-antigen and trigger lung autoimmune disease, it is also necessary to 

perform functional studies to investigate whether certain ExTh17 subsets are associated with 

diseases such as EAE or colitis due to the TCR recognition of self-antigens. Although SFB is 

lacking in the human gut (only observed in infants) 287, human symbiont Bifidobacterium 

adolescentis 288, bacterial mixture from ulcerative colitis (UC) patients 288 or pathogens such 

as Escherichia coli O157 289 and Candida albicans 290 were proven to induce Th17 cells in the 

SI of mice in a similar way as SFB. Therefore, these data also provide new insights in the 

potential impacts of microbiota derived T cells on human chronic diseases such as rheumatoid 

arthritis (RA), autoimmune hepatitis via TCR recognition and chemokine driven T cell migration. 
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To confer comprehensive analysis of the effect of microbiota on mucosal niche environment, 

new techniques that quantifying the metabolites, pH and oxygen level are highly demanded. 

Besides, establishing methods to dissect the microbiota composition and other aspects not 

only from fecal samples but also from the mucosa of patients are of great importance in the 

future to predict the risk and to develop novel therapeutic targets or personalized solutions for 

gastro-intestinal infections, IBD, intestinal cancer, obesity and chronic diseases. 
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