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Summary 

Summary 

Infectious diarrhea is a major health hazard worldwide being responsible for several 

million deaths per year. In the developing countries, the majority of deaths occur 

amongst children, but also developed countries are affected by large numbers of food-

borne diarrhea every year (Leahy et al., 2005). Bifidobacteria and other lactic acid 

bacteria have been shown to exert protective effects against different pathogens 

causing acute diarrheal disease. In this study, the CD4+ T cell response during the 

course of Citrobacter rodentium infection was characterized. Moreover, the effect of 

pre-treatment with Bifidobacterium bifidum S17 on C. rodentium-induced colitis was 

investigated. 

The presented results show that C. rodentium induces a strong CD4+ T cell response 

involving both Th1 and Th17 subpopulations with slightly higher contribution of Th17 

cells. Pre-treatment with B. bifidum S17 supported clearance of C. rodentium at the 

resolving phase of infection. Furthermore, colonic hyperplasia was ameliorated in mice 

treated with B. bifidum S17 as indicated by significantly decreased colonic crypt length. 

Nevertheless, histological signs of inflammation and T cell responses triggered by 

C. rodentium infection were not affected by treatment with B. bifidum S17. 

A red fluorescent C. rodentium was engineered and shown to be a useful tool for 

colonization studies in mice. Preliminary results obtained by confocal imaging 

indicated that C. rodentium was attached to the colonic mucosa in infected mice, and 

the numbers of attached C. rodentium was reduced in mice pre-treated with B. bifidum 

S17. 

Collectively, the presented results suggest that B. bifidum S17 has some beneficial 

effect on C. rodentium-induced colitis. However, this effect is not related to changes in 

the inflammatory response but rather seems to be a more direct consequence of the 

reduction in C. rodentium counts during later stages of infection. The exact mechanism 

by which B. bifidum S17 exerts these effects remains to be elucidated in further 

studies.  
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Zusammenfassung 

Zusammenfassung 

Infektiöse Diarrhoe stellt weltweit eine bedeutende Gesundheitsgefährdung dar, die 

jährlich Millionen Todesopfer fordert. In den Entwicklungsländern sterben in der 

Mehrheit Kinder, aber auch in den Industrieländern kommt es jedes Jahr zu einer 

großen Anzahl von Durchfallerkrankungen, die durch Lebensmittel verursacht werden 

(Leahy et al., 2005). Es wurde gezeigt, dass Bifidobakterien und andere 

Milchsäurebakterien protektive Effekte gegenüber unterschiedlichen Pathogen 

aufzeigen, die für akute Durchfallerkrankungen ursächlich sind. In dieser Studie wurde 

die CD4+ T-Zellantwort während des Verlaufs einer Citrobacter rodentium-Infektion 

charakterisiert. Zudem wurde der Einfluss von Bifidobacterium bifidum S17 auf die 

C.  rodentium-induzierte Kolitis mittels Vorbehandlung untersucht. 

Die präsentierten Ergebnisse zeigten, dass C. rodentium eine starke CD4+ T-Zellantwort 

auslöst, die sowohl Th1 als auch Th17 Subpopulationen einschließt, wobei Th17 Zellen 

ein wenig mehr beteiligt scheinen. Die Vorbehandlung mit B. bifidum S17 fördert die 

Beseitigung von C. rodentium während der späten Infektionsphase. Desweitern wurde 

die Hyperplasie des Kolons durch B. bifidum S17 Behandlung verbessert, was sich in 

signifikant verkürzten Kryptlängen des Kolons widerspiegelte. Dennoch hatte die 

Behandlung mit B. bifidum S17 keinen Einfluss auf die histologischen 

Entzündungsanzeichen und T-Zellantworten, die durch eine C. rodentium-Infektion 

ausgelöst werden.  

Ein rot fluoreszierender C. rodentium wurde generiert, der als wertvolles Werkzeug bei 

Kolonisierungsstudien in Mäusen eingesetzt werden kann. Vorläufige Ergebnisse 

konfokaler Bilduntersuchungen deuteten darauf hin, dass C. rodentium mit der 

Darmschleimhaut in infizierten Mäusen assoziiert war und dass die Anzahl der 

anhaftenden C. rodentium in Mäusen, die mit B. bifidum S17 vorbehandelt wurden, 

verringert war. 

Insgesamt deuten die dargestellten Ergebnisse darauf hin, dass B. bifidum S17 einen 

geringen positiven Effekt auf die C. rodentium-induzierte Kolitis ausübt. Allerdings 

scheint dieser Effekt nicht mit Veränderungen bei der Entzündung einherzugehen, 

sondern eher eine direkte Konsequenz der reduzierten Keimlast an C. rodentium 
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während der späten Phase zu sein. Der exakte Mechanismus wie B. bifidum S17 diese 

Effekte ausübt, sollte in weiteren Studien geklärt werden.  
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Abbreviations

%  per cent 

x g  x gravity (9.81 m/s2) 

Ω Ohm (electric resistance) 

® 'registered trademark' 

 

A 

α alpha 

Ab(s) antibody (-ies) 

ABC ATP-binding cassette 

A/E attaching/effacing 

amp ampicillin 

Apc allophycocyanin 

APC(s) antigen-presenting cell(s) 

 

B 

B6 C57BL/6J 

B.  Bifidobacterium 

bp base pairs 

BSA bovine serum albumin 

 

C 

°C degree Celsius 

c colonic 

cLP colonic lamina propria 

CD cluster of differentiation 

CFU colony forming units 

C. Citrobacter 

 

D 

DC dendritic cell 

dH2O demineralized water 

ddH2O bidistilled water 

DMSO dimethylsulfoxide 

DNA deoxyribonucleic acid 

dNTP  deoxyribonucleotide 

triphosphate 

dpi days post-infection 

 

E 

E. Escherichia 

e.g. lat. 'exempli gratia' (for 

example)  

erm erythromycin 

EHEC enterohaemorrhagic E. coli 

EPEC enteropathogenic E. coli 

EDTA ethylendiaminetetraacetic 

acid 

et al. lat. 'et ali' (and others) 
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F 

F Farad 

FBS fetal bovine serum 

Fc fragment, crystallizable  

FITC fluorescein isothiocyanate 

Foxp forkhead box protein 

FSC forward light scatter  

fwd forward 

 

G 

γ gamma 

g gram 

GALT  gut-associated lymphoid 

tissue 

 

H 

H2O water 

HCl hydrochloric acid 

H&E hematoxylin and eosin 

 

I 

IBD inflammatory bowel disease 

IBS inflammatory bowel disease 

i.e. lat. 'id est' (that is) 

IELs intraepithelial lymphocytes 

IFN interferon  

Ig  immunoglobulin 

IL  interleukin 

ILCs  innate lymphoid cells 

ILF  isolated lymphoid follicle 

 

J 

 

K 

k  kilo 

kb  kilobase pairs 

KH2PO4  potassium dihydrogen 

phosphate 

KCl  potassium chloride 

 

L 

L.  Lactobacillus 

l  liter 

LB  Luria-Bertani 

LEE  locus of enterocyte 

effacement  

LP  lamina propria 

LPLs  lamina propria lymphocytes 

 

M 

µ  micro (10-6) 

m  milli (10-3) 

M  molar (mol/l) 
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mAb  monoclonal antibody 

M cell  microfold cell 

min  minute(s) 

MLN(s)  mesenteric lymph node(s) 

mRNA  messenger ribonucleic acid 

MPEC mouse pathogenic E. coli 

MRS de Man-Rogosa-Sharpe 

broth 

MRSC MRS broth supplemented 

with 0.5% (w/v) of cysteine 

 

N 

n nano (10-9) 

Na2HPO4 sodium hydrogenphosphate 

NaCl  sodium chloride 

nal  nalidixic acid 

NK natural killer 

nm  nanometer 

 

O 

OD600  optical density at 600 nm 

wavelength 

 

P 

P  Promoter 

p  plasmid 

PAMPs  pathogen associated 

molecular patterns 

PBS  phosphate buffered saline 

PBS/1 % FBS PBS supplemented with 

1 % (v/v) FBS 

PCR  polymerase chain reaction 

PCIA  phenol/chloroform/isoamyl 

alcohol extraction 

PE  phycoerythrin 

PFA  paraformaldehyde 

pH  lat. 'pondus hydrogenii'         

(-log10 [H+]) 

PMA Phorbol 12-Myristate 13-

Acetate 

PP(s)  Peyer's patch(es) 

 

Q 

 

R 

R  resistance 

rDNA ribosomal DNA 

Reg  regenerating islet-derived 

protein  

RF  red fluorescent 

RNA  ribonucleic acid 

rpm  rounds per minute 

RPMI Roswell Park Memorial   

Institute medium 
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S 

SCFA  short-chain fatty acid 

sec  second(s) 

SEM  standard error of the mean 

SPF  specific pathogen free 

SSC  side light scatter  

spp.  species (plural) 

 

T 

TAE  Tris-acetate-EDTA 

Taq  Thermus aquaticus 

TCR  T cell receptor 

TGF transforming growth factor 

Th T helper cell 

Tir  translocated intimin 

receptor 

TLR  Toll-like receptor 

TM  'trademark' 

TMCH  transmissible murine 

colonic hyperplasia 

TNF  tumor necrosis factor 

Tr1  T regulatory type 1 cell 

Treg  regulatory T cell 

Tris  tris (hydroxymethyl) 

aminomethane 

TTSS type III secretion system 

U 

U  unit 

UV  ultraviolet 

 

V 

V  volt 

v  volume 

vs.  versus 

v/v  volume per volume 

 

W 
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X 

 

Y 
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1 Introduction 

1.1 The human gut microbiota 

The human intestinal tract is one of the ecological niches most densely populated by 

microorganisms. In this habitat, bacteria are by far the dominant microorganisms with 

a few archaea and eukarya also present (Backhed et al., 2005). The total number of 

microorganisms is estimated to be 1014 colony-forming units (CFU), which is ~ 10 times 

greater than the total number of host cells (Backhed et al., 2005; Gill et al., 2006). 

Furthermore, the total number of genes encoded by all bacterial genomes residing in 

the gut, i.e. the intestinal microbiome, is more than 100 times higher than that of the 

human genome (Backhed et al., 2005). Although the gut microbiota is complex and 

dynamic, microbial diversity on the phylum level is relatively low with only 8 major 

phyla being prevalent. Proteobacteria, Fusobacteria, Verrucomicrobia, Cyanobacteria, 

Spriochaeates are found at relatively low numbers, Actinobacteria are detected at 

higher levels and members of the Bacteriodetes and Firmicutes dominate the intestinal 

microbiota (Backhed et al., 2005; Eckburg et al., 2005).  

It was shown that the composition of the microbiota is highly variable between 

individuals, and is influenced by age, diet, and host genotype (Hopkins et al., 2001; 

McGarr et al., 2005; Kurokawa et al., 2007). Colonization of the sterile gastrointestinal 

tract starts immediately at birth with bacteria originating from the mothers birth canal 

(Park et al., 2005; Vaishampayan et al., 2010). During the first days of postnatal life, 

mainly facultative anaerobic bacteria, such as E. coli and Streptococcus spp., 

predominate the microflora of the new-born (Caicedo et al., 2005). Subsequently, the 

oxygen level in the gastrointestinal tract decreases allowing growth of obligate 

anaerobic bacteria, in particular bifidobacteria and clostridia (Ventura et al., 2012). 

With the introduction of nutrients other than breast milk the composition again 

changes and the numbers of species found increases until by approximately 1 to 2 

years of age the microbiota resembles that of an adult (Lawley & Walker, 2013). 
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The microbiota of the neonatal intestine is strongly influenced by the infant's diet. In 

new-borns and breast-fed infants, bifidobacteria are found to be a prominent 

population in the intestinal microbiota (Mariat et al., 2009; Yatsunenko et al., 2012). 

Species that are associated with early stages in life are B. bifidum, B. breve, and 

B. longum subsp. infantis (Turroni et al., 2009; Turroni et al., 2012). By contrast, 

formula-fed infants harbour a more heterogeneous composition, with lower levels of 

bifidobacteria (Hascoet et al., 2011; Lawley & Walker, 2013). Species such as B. longum 

and B. adolescentis are more frequently found in the adult's commensal gut microbiota 

(He et al., 2001; Turroni et al., 2012). 

In healthy individuals, the intestinal microbiota is engaged in a symbiotic relationship 

with the host. The human intestine provides the gut microbiota with an ecological 

niche that is rich in nutrients, thereby supporting bacterial growth. In return, the 

human microbiota contributes to the host's homeostasis in different ways. For 

example the microbiota supports nutrition of the host by breaking-down indigestible 

polysaccharides and production of essential vitamins (Guarner & Malagelada, 2003; 

Backhed et al., 2005). Furthermore, the gut microbiota enhances intestinal epithelial 

cell proliferation and differentiation, generation of a slightly acidic pH and the proper 

development of the intestinal immune system (O'Hara & Shanahan, 2006; Lawley & 

Walker, 2013). In addition, the dense colonisation of the intestinal mucosa by 

commensal bacteria provides a physical barrier against the invasion of pathogens 

(Turroni et al., 2008).  

 

1.2 Bifidobacteria 

Bifidobacteria are Gram-positive, non-spore-forming, non-motile, and catalase-

negative anaerobic bacteria with a high GC content of 55 - 67 % and genomes varying 

in size from 2.0 to 2.8 Mb (Gomes & Malcata, 1999; Lee & O'Sullivan, 2010; Turroni et 

al., 2011). These bacteria were first isolated from the feces of breast-fed infants in 

1899-1900 by Henry Tissier, and initially termed Bacillus bifidus (Tissier, 1900). 

Bifidobacteria have various shapes, including short, curved rods, club-shaped rods and 

the characteristic bifurcated Y-shaped forms (Gomes & Malcata, 1999; Leahy et al., 
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2005) (Figure 1.1). The members of the genus Bifidobacterium belong to the phylum 

Actinobacteria. Currently, the genus Bifidbacterium includes 37 species, which have 

been isolated mainly from the gastrointestinal tract of humans and animals (Turroni et 

al., 2011). Bifidobacteria are saccharolytic organisms that ferment glucose, galactose, 

and fructose to acetic and lactic acid via a metabolic pathway that involves the enzyme 

fructose-6-phosphate phosphoketolase. The presence of this key enzyme may be used 

as a taxonomic marker for the identification of the genus (Gomes & Malcata, 1999; 

Cronin et al., 2011). 

 

 Bifidobacteria as probiotics 1.2.1

Some bifidobacterial strains have been shown to exert beneficial effects on the health 

of the host, and are used as so-called probiotics by the functional food industry 

(Stanton et al., 2005). In addition to their use in the food industry, a few bifidobacterial 

strains have beneficial effects on the health of the host, hence they are categorized as 

probiotics (Sanchez et al., 2013). The term probiotic is officially defined as 'live 

microorganisms which when administered in adequate amounts confer a health 

benefit on the host' (FAO/WHO, 2001).  

Bifidobacterial strains belonging to the species B. longum, B. bifidum, B. breve, and 

B. animalis, were shown to have positive effects in the treatment of antibiotic-

associated diarrhea, pouchitis, infectious diarrhea, irritable bowel syndrome, 

Helicobacter pylori infection, Clostridium difficile disease (reviewed in Sanchez et al., 

Figure 1.1. Bright field and electron microscopy of B. bifidum S17 wild type. (A) Bright field and (B) scanning 
electron micrographs of B. bifidum S17 wild type. The latter image was kindly provided by Dr. Zhurina (unpublished 
data).  

B A 
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2013). Furthermore, the beneficial effects associated with the presence of 

bifidobacteria include support of the host nutrition (Backhed et al., 2005), modulation 

of the intestinal immune system, or antagonistic effects on pathogenic microorganisms 

(Leahy et al., 2005; Turroni et al., 2011). The mechanisms by which probiotics 

antagonize pathogens include competition for nutrients and adhesion sites (Tuomola 

et al., 1999; Fukuda et al., 2011; Fanning et al., 2012), secretion of antimicrobial 

substances, e.g. bacteriocins (Yildirim et al., 1999; Collado et al., 2005; Bayoumi & 

Griffiths, 2012), or immunomodulation (Servin, 2004).  

 

1.3 Mucosal immune system of the intestine 

 General aspects 1.3.1

Immunity refers to the protection from infectious disease and involves sequential 

activity of nonspecific and specific components (Janeway et al., 2005a). Innate 

immunity mediates early nonspecific defense mechanisms against microbial invaders. 

The main effectors are dendritic cells (DCs), macrophages, granulocytes, natural killer 

(NK) cells, and mast cells. These cells recognize common invariant features of 

pathogens, so-called pathogen associated molecular patterns (PAMPs), by a set of 

germline encoded pattern recognition receptors. PAMPs comprise different conserved 

microbial structures such as peptidoglycan, viral double-stranded RNA, 

lipopolysaccharide, flagellins, and bacterial DNA (Gill et al., 2011; Kinnebrew & Pamer, 

2012). Adaptive immunity on the other hand mediates antigen-specific immune 

responses against invading pathogens by activation of B and T lymphocytes with 

antigen receptors highly specific for a single antigen (Janeway et al., 2005a). 

Additionally, adaptive immunity creates immunological memory after an initial 

encounter with a specific antigen (Janeway et al., 2005b). Memory immune responses 

are faster, and stronger, and thus more effective in clearing the pathogen upon a 

second encounter. 

Mucosal epithelia in respiratory, gastrointestinal, and urogenital tracts are the main 

sites for entry of antigens. All mucosal tissues harbor specialized immune components 

that have evolved to efficiently sense, combat, and protect from harmful infections. 
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The gut-associated lymphoid tissue (GALT) contains the largest numbers of immune 

cells in the mammalian body (Mason et al., 2008). These cells have to be fully 

responsive towards potential infections while at any time being able to tolerate self-

antigens present in the food or on commensal bacteria (Garrett et al., 2010a; Lawley & 

Walker, 2013).  

 

 Organization of the intestinal immune system 1.3.2

The first line of defense against pathogens in the intestine is the mucosal barrier, a 

dynamic entity composed of mucus and a single-cell epithelial layer that actually 

represent a physical barrier for invading pathogens. Different cell types of the 

epithelium contribute to the barrier integrity and are involved in antimicrobial defense 

mechanisms, namely goblet cells, Paneth cells, and enterocytes. Goblet cells produce 

and secrete mucus that covers the apical surface of the epithelium (Johansson et al., 

2011), while Paneth cells secrete antimicrobial molecules (e.g. α-defensins, lysozyme 

and phospholipase A2) that interact with the membrane of both commensal and 

pathogenic bacteria, and results in lysis of the bacteria (Gill et al., 2011). Absorptive 

enterocytes are the most abundant cells in the intestinal epithelium. They are closely 

connected to each other by intercellular tight junctions, thereby acting as a barrier that 

limits the access of microbes to the underlying tissues (Gill et al., 2011). 

The mucosal immune system of the intestine is divided into two functional 

compartments, known as inductive and effector sites (Figure 1.2). The organized 

lymphoid tissues include mesenteric lymph nodes (MLNs), Peyer's patches (PPs), 

isolated lymphoid follicles (ILFs) in the small intestine and colonic patches in the large 

intestine that are essential for the induction of mucosal immune responses (Nagler-

Anderson, 2001; Mowat, 2003; Spahn & Kucharzik, 2004). Microfold (M) cells are 

specialized epithelial cells present in the small intestine overlying PPs and lymphoid 

follicles and act as main sites for uptake of luminal antigens (Garrett et al., 2010a). 

These luminal antigens are then carried by transepithelial vesicular transport to the 

antigen-presenting cells (APCs) of the PPs and lymphoid follicles (Nagler-Anderson, 

2001), which in turn directly present the antigen to resident T and B lymphocytes and 
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activate them. Alternatively, sensing and sampling of luminal antigens is performed by 

DCs, professional APCs residing in the lamina propria (LP) that, in some cases, extend 

their dendritic processes across the epithelial layer (Mowat, 2003; Niess et al., 2005). 

Once LP DCs are loaded with antigen, they migrate to the inductive sites, where they 

present antigens to naïve lymphocytes. Thereafter, lymphocytes undergo antigen-

driven activation, polarization and clonal expansion to yield distinct types of effector 

cells (Koboziev et al., 2010). The activated effector cells then home to the intestinal 

epithelium and underlying LP that are the effector sites of the gut mucosa, where they 

help to fight the invading pathogen (Garrett et al., 2010a; Koboziev et al., 2010). 

Sampling of luminal antigens is not exclusively performed by M cells or DCs, but 

involves also other cell types of the mucosal immune system, e.g. enterocytes (Mowat, 

2003).  

Figure 1.2. Schematic organization of the immune tissues of the intestinal immune system. Immune tissues of the 

intestine are divided into inductive and effector sites. Peyer's patches and mesenteric lymph nodes are involved in 

induction of immune responses where antigen loaded professional antigen presenting cells (e.g. dendritic cells) 

first encounter and activate naïve lymphocytes. Primed effector cells of both the innate (macrophages, dendritic 

cells) and adaptive immune system (B and T cells) then migrate to the effector sites, namely the lamina propria or 

the  epithelium. (This schematic diagram was inspired by Mowat, 2003.) 
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 Antigen presenting cells 1.3.3

APCs, namely DCs and macrophages, are important effector cells of the immune 

system that induce and coordinate both innate and adaptive immune responses. The 

most important APCs in the intestinal mucosa are DCs which sample pathogens and 

commensal bacteria in the gut and present processed antigens to lymphocytes 

(Mowat, 2003; Rescigno & Di Sabatino, 2009). Different subtypes of intestinal DCs 

seem to be specialized for different functions. CX3CR1+ DCs of the LP were shown to 

directly sample luminal antigens by extending transepithelial dendrites into the gut 

lumen (Rescigno et al., 2001; Niess et al., 2005). By contrast, cluster of differentiation 

(CD) 103+ DCs do not possess transepithelial extensions. Instead, they sample antigen 

in the LP that has crossed the epithelium, and then migrate to the MLN to prime naïve 

T lymphocytes and induce the expression of gut homing markers on effector T cells 

required for entry to tissue effector sites (Johansson-Lindbom et al., 2005; Stenstad et 

al., 2006).  

 

 Effector T and B lymphocytes  1.3.4

T and B lymphocytes are effector cells of the adaptive immune system that need to be 

activated by APCs to perform antigen-specific responses (Janeway et al., 2005a). 

Cellular immune responses are mediated by T lymphocytes and include cytokine- and 

chemokine-secreting CD4+ T lymphocytes or cytotoxic CD8+ T cells. On the other hand, 

B lymphocytes are the effector cells of the humoral immunity that produce antibodies 

of different Immunoglobulin (Ig) isotypes (Janeway et al., 2005a). In the mucosal 

immune system, two sets of effector lymphocytes can be discriminated according to 

their localization – intraepithelial lymphocytes (IELs) and lamina propria lymphocytes 

(LPLs) (Figure 1.2).  

A high proportion of LPLs are B cells (Nagler-Anderson, 2001). B lymphocytes are 

primed at the inductive sites of the mucosa, migrate to the MLNs, and finally home to 

the LP where they differentiate into IgA-secreting plasma cells (Fagarasan & Honjo, 

2003). Secreted IgA is transcytosed mainly as a dimer across the enterocytes into the 



 15 

 
1 Introduction 

1 Introduction 

sdfsdfsdfIndsdf

sdf<sdfsdfsdfs

dfsdsdInIntrAb

breviations 

gut lumen where it binds to the surface of bacteria, thereby limiting bacterial 

translocation across the epithelium (Gill et al., 2011).  

All subsets of T lymphocytes are present in the mucosa of the intestine. While CD8+ T 

cells are most frequent among IELs, CD4+ T helper (Th) cells represent the predominant 

T cell subset of LPLs in both mice and humans (Schenk & Mueller, 2008; Smith & 

Garrett, 2011). CD8+ T cells are cytotoxic T cells that induce apoptosis in infected target 

cells (Janeway et al., 2005c). CD4+ T cells recognize protein antigens presented by APCs 

and differentiate into distinct subsets characterized by secretion of specific cytokines 

and chemokines. The effector mechanisms of CD4+ T cells include activation and 

growth of cytotoxic CD8+ T cells, promotion of myeloid cell bactericidal activity, and B 

cell differentiation and antibody production (Smith & Garrett, 2011). The main subsets 

of effector CD4+ T cells are Th1, Th2, and Th17 cells (Figure 1.3).  

Th1 cells develop in response to intracellular bacteria and viruses, and produce the 

cytokines interferon (IFN)-γ, tumor necrosis factor (TNF)-α, and interleukin (IL)-12 

(Smith & Garrett, 2011). IFN-γ is a proinflammatory cytokine that has been involved in 

chronic inflammatory diseases of various organs, e.g. rheumatoid arthritis, 

pathogenesis of IBD, and infectious diseases (Ohteki et al., 1999; Bisping et al., 2001; 

Skurkovich & Skurkovich, 2003; Ito et al., 2006). IFN-γ supports immune responses at 

the initial phase of several bacterial infections by activation of macrophages, 

neutrophil recruitment, Th1 cell development, inhibition of a Th2 response, and 

induction of production of antimicrobial defensins by epithelial cells (Ohteki et al., 

1999; Simmons et al., 2002). TNF-α has been described to have a pro-inflammatory 

and pathogenic role in rheumatoid diseases, multiple sclerosis, and IBD (Sharief & 

Hentges, 1991; Vassalli, 1992; Maini et al., 1995; Van Deventer, 1997).  

Th2 cells defend against helminthes and parasites and produce IL-4, IL-5, IL-10, and    

IL-13 (Smith & Garrett, 2011). Secretion of these cytokines induces further generation 

of Th2 cells and IgE production of B cells (Mosmann & Coffman, 1989). IgE antibodies 

bind to the pathogens, thereby promoting their elimination.  

Recently, a new CD4+ T helper subset was identified that produces IL-17A, IL-17F, IL-22, 

and IL-21 (Harrington et al., 2005; Liang et al., 2006; Iwakura et al., 2008). Based on the 
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signature cytokines of the IL-17 family, these cells were named Th17 and have been 

shown to be involved in protective host defense mechanism against extracellular 

pathogens including C. rodentium and Klebsiella pneumonia but also in the 

development of allergic and autoimmune diseases (Happel et al., 2005; Iwakura et al., 

2008; Milner et al., 2008; Curtis & Way, 2009). Secretion of IL-17A and IL-17F by Th17 

cells recruits neutrophils, and induces expression of antimicrobial peptides by 

epithelial cells (O'Connor et al., 2010); thereby preventing systemic dissemination of 

pathogenic microorganisms.  

 

 

 

Figure 1.3. Subsets of CD4
+
 effector and regulatory T cells present in the intestine. Upon priming by antigen 

presenting cells (APCs), mainly dendritic cells (DCs), naïve CD4
+
 T cells (Tnaive) differentiate into various subsets of 

CD4
+
 T helper (Th) cells (Th1, Th2, and Th17 cells). The differentiation of these CD4

+
 T cells is dependent on the 

specific antigen presented by APCs and the local cytokine milieu present at the time of the initial encounter. 
Generally, Th1 cells are induced to fight intracellular pathogens, Th2 cells differentiate in the presence of parasites, 
while extracellular pathogens induce Th17 differentiation. Each CD4

+
 T cell type is characterized by the secretion of 

specific cytokines that determines its effector functions. Moreover, in the healthy intestine regulatory T cells 
(Foxp3

+
 CD4

+
 regulatory T (Foxp3

+
 Treg) cells, Th3, or Tr1 cells) are abundant that differentiate in response to 

luminal antigens. They play a major role in homeostasis of the gut.  
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 Regulatory T lymphocytes 1.3.5

Finally, CD4+ T cells include also different regulatory T cell populations that have 

important functions in limiting inflammation in response to pathogens, and prevention 

of excessive tissue destruction. Additionally, regulatory T cells prevent immune 

responses to antigens derived from food or commensal bacteria. Different 

subpopulations of regulatory T cells are present in the intestinal LP including forkhead 

box protein (Foxp)3+ regulatory T (Treg) cells, Th3 cells, and T regulatory type 1 (Tr1) 

cells (Groux et al., 1997; Inobe et al., 1998; Izcue et al., 2009) (Figure 1.3).  

Foxp3+ Treg cells constitutively express high levels of the transcription factor Foxp3 

which is important for their development and function (Fontenot et al., 2003; Hori et 

al., 2003; Sakaguchi, 2004). Induction of Foxp3 expression and differentiation of Treg 

cells has been shown to require transforming growth factor (TGF)-β (Gorelik & Flavell, 

2002; Chen et al., 2003; Izcue et al., 2009). Foxp3+ Treg cells are able to suppress the 

proliferation of CD4+ effector T cells in vitro (Chen et al., 2003), and to be protective in 

mouse models of colitis (Mottet et al., 2003; Murai et al., 2009), arthritis 

(Kelchtermans et al., 2005), and autoimmune diseases (Huter et al., 2008; Zhang et al., 

2010). The signature cytokine secreted by Th3 cells is TGF-β. Th3 cells can be induced 

by oral feeding of antigen (Inobe et al., 1998; Weiner, 2001), and showed suppressive 

functions on Th1 cells and other immune cells via production of TGF-β (Weiner, 2001; 

Li et al., 2006). Finally, Tr1 cells are characterized by the production of high levels of IL-

10, and are involved in prevention of intestinal inflammation in a number of 

inflammatory diseases in mice via an IL-10-dependent mechanism (Groux et al., 1997; 

Cong et al., 2002). In addition, secretion of IL-10 by Tr1 cells inhibits the release of pro-

inflammatory cytokines and thus suppresses proliferation and differentiation of Th1 

and Th2 cells (Prioult & Nagler-Anderson, 2005). IL-10-deficient mice spontaneously 

develop colitis and showed increased frequencies of Th1 cells (Kuhn et al., 1993; 

Davidson et al., 1996). This suggests an important role of IL-10-secreting CD4+ T cells in 

suppressing intestinal inflammation (Maynard & Weaver, 2009). 
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1.4 Inflammatory disorders of the gastrointestinal tract 

Intestinal diseases, in particular diarrheal disease, cause global health problems 

affecting millions of individuals worldwide per year, especially children under five 

years of age (WHO, 2013). They can be divided into chronic inflammatory disorders, 

such as inflammatory bowel syndrome (IBS) and inflammatory bowel diseases (IBDs) or 

into infectious and non-infectious diarrheal disorders, including antibiotic-associated 

diarrhea, or infections caused by enterpathogenic bacteria, viruses or parasites. IBS is 

diagnosed by its symptoms that are chronic abdominal pain, bloating and altered 

bowel habits (constipation, diarrhea, or altering between both) (Talley, 2006). It has 

been reported that IBS syndromes can be detected after enteric infection with, e.g., 

Campylobacter or enterohaemorrhagic E. coli (EHEC) O157:H7 (Spiller & Garsed, 2009; 

Gareau et al., 2010b). IBDs are chronic idiopathic inflammatory disorders of the 

gastrointestinal tract (Abraham & Cho, 2009). Patients suffer from rectal bleeding, 

severe diarrhea, abdominal pain, fever, and weight loss (Koboziev et al., 2010). The 

onset of IBD usually occurs in the second or third decade of life and the majority of 

affected individuals progress to relapsing and chronic disease (Xavier & Podolsky, 

2007). The two major clinical forms of IBD are ulcerative colitis and Crohn's disease 

(Bouma & Strober, 2003). 

Antibiotic-associated diarrhea is characterized by diarrhea starting within a few hours 

after onset of antibiotic therapy to 6 - 8 weeks after antibiotic discontinuation 

(Beaugerie & Petit, 2004). Antibiotic consumption leads to changes in the composition 

of and/or reduction in the resident gut microbiota, hence overgrowth of pathogenic 

microorganisms is possible (Beaugerie & Petit, 2004; McFarland, 2008a). Infections of 

patients with Clostridium difficile have been observed associated with antibiotic-

diarrhea (McFarland, 2008b; Gareau et al., 2010a). Furthermore, several types of 

diarrheagenic E. coli have been described to be the causative bacterial agent of 

enteric/diarrheal disease, urinary tract infections and sepsis/meningitis (Kaper et al., 

2004). The most prominent members of these pathogenic E. coli are enteropathogenic 

E. coli (EPEC) and EHEC that are among the leading bacterial causes of human diarrheal 

diseases, particularly affecting young, elderly and immune-compromised individuals 

(Vallance & Finlay, 2000; Serna & Boedeker, 2008). EPEC causes the death of 
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thousands of children in developing countries (Clarke et al., 2003), whereas EHEC 

triggers sporadic diarrheal outbreaks and deaths in North America and Europe (Kaper, 

1998). Hence, it is important to understand host-pathogen interactions to counteract 

or even prevent infections by these enteric pathogens. Recently, administration of 

distinct probiotics was tested for its effects on treatment of chronic inflammatory and 

infectious diarrheal disorders with promising outcomes (Gareau et al., 2010a).  

 

1.5 Citrobacter rodentium 

Citrobacter rodentium (Figure 1.4) is a Gram-negative, facultative anaerobic, non-

spore-forming species of the genus Citrobacter within the family Enterobacteriaceae, 

which is closely related to Salmonella and Escherichia. The genus currently comprises 

11 species: C. freundii, C. koseri, C. amalonaticus, C. farmeri, C. youngae, C. braakii, 

C.  werkmanii, C. sedlakii, C. rodentium, C. gillenii, and C. murliniae (Borenshtein & 

Schauer, 2006). C. rodentium is oxidase-negative, catalase-positive, and nonmotile 

(Borenshtein & Schauer, 2006). It is unable to produce acid from melibiose, sucrose, 

dulcitol, or glycerol. C. rodentium is able to utilize malonate but not glycerol as a sole 

carbon source (Schauer et al., 1995). The genome of C. rodentium ICC168 consists of a 

5.3 Mb circular chromosome with a GC content of 54.7 % and four plasmids (pCROD1, 

pCROD2, pCROD3, and pCRP3) which vary in size from 54 to 3 kb (Petty et al., 2010). 

 

 

 

Figure 1.4. Bright field micrograph of C. rodentium ICC169 wild type. 
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During the 1960s and 1970s, outbreaks of diarrhea with high mortality occurred in 

various mouse colonies in the USA (Brennan et al., 1965; Ediger et al., 1974; Barthold 

et al., 1976) and in Japan (Muto et al., 1969; Nakagawa et al., 1969). Animals suffered 

from diarrhea accompanied by rectal prolapse and thickening of the colon. An atypical 

C. freundii isolate (biotype 4280) strain was described to be the etiologic agent of the 

outbreaks in the USA, whereas a murine pathogen named mouse pathogenic 

Escherichia coli (MPEC) was reported to cause the outbreak in Japan. However, recent 

studies demonstrated that different isolates of the atypical C. freundii are members of 

the species C. rodentium (Schauer et al., 1995), and that MPEC is a misclassified 

C. rodentium isolate (Luperchio et al., 2000).  

 

1.6 C. rodentium-induced colitis  

C. rodentium is a natural, non-invasive enterobacterium which is the etiological agent 

of colitis and transmissible murine colonic hyperplasia (TMCH) in laboratory mice 

(Barthold et al., 1978; Mundy et al., 2005). C. rodentium infection of most adult mouse 

strains is subclinical, self-limiting, with little morbidity or mortality (Barthold et al., 

1978). In contrast, suckling mice and immunocompromised adult mice are more 

susceptible, show clinical signs such as retarded growth, dehydration, coat ruffling, and 

hunched posture (Barthold et al., 1978). These mice develop diarrhea and rectal 

prolapse which is associated with colonic inflammation, and high mortality rate 

(Barthold et al., 1977; Barthold et al., 1978; Silverman et al., 1979; Maggio-Price et al., 

1998). C. rodentium is highly infectious, and spreads via contaminated feces, food and 

environments (Wiles et al., 2005). Oral infection of immunocompetent mice with 

C. rodentium induces acute colitis that is associated with transient colonization of the 

caecum and distal colon with few bacteria reaching systemic sites or the bloodstream 

(Luperchio & Schauer, 2001; Wiles et al., 2004; Mundy et al., 2005). Shortly upon 

infection, C. rodentium is localized within the cecal patch, a specialized lymphoid 

structure in the caecum. Colonization of the distal colon is observed 2 - 3 days post-

infection (dpi), peaks at 8 - 10 dpi, and C. rodentium is cleared from the intestinal tract 

completely by 21 - 28 dpi (Luperchio & Schauer, 2001; Wiles et al., 2004; Mundy et al., 

2005).  
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C. rodentium is a member of the attaching and effacing (A/E) family of enteric bacterial 

pathogens that colonizes the intestinal mucosa via formation of A/E lesions on the 

apical surface of enterocytes (Schauer & Falkow, 1993; Garmendia et al., 2005). A/E 

lesions are characterized by intimate attachment of the bacteria to the plasma 

membranes of host epithelial cells leading to localized effacement of the brush border 

microvilli, and re-organization of the actin cytoskeleton to form pedestal-like 

structures underneath adherent bacteria (Garmendia et al., 2005; Wales et al., 2005). 

A/E lesions caused by C. rodentium (Johnson & Barthold, 1979) are ultrastructurally 

indistinguishable from those formed by the human A/E pathogens enteropathogenic 

Escherichia coli (EPEC) and enterohaemorrhagic E. coli (EHEC) (Moon et al., 1983; 

Rothbaum et al., 1983; Donnenberg et al., 1993).  

All factors that are required to form A/E lesions are encoded on a particular 

pathogenicity island termed the locus of enterocyte effacement (LEE). These factors 

include a type III secretion system (TTSS), which inserts the translocated intimin 

receptor (Tir) into the plasma membrane of the host cell, where it anchors and 

functions as a receptor for the outer membrane adhesion protein intimin (McDaniel et 

al., 1995; Deng et al., 2001). The LEE of C. rodentium and those of EPEC and EHEC are 

highly similar in its sequences and share all 41 open reading frames, but the 

localization of the rorf1 and rorf2/espG genes and the presence of several insertion 

sequences or insertion sequence remnants are unique for C. rodentium (Elliott et al., 

1998; Perna et al., 1998; Deng et al., 2001). 

C. rodentium-induced colitis in mice is characterized by thickening of the colonic 

mucosa, pronounced crypt elongation, increased mitotic activity, and a loss of goblet 

cells. In addition, infiltration of inflammatory cells in the mucosa and submucosa are 

observed. These histopathological changes peak at 2 - 3 weeks post-infection and 

resolve totally by 8 weeks post-infection in most animals (Barthold et al., 1978; 

Johnson & Barthold, 1979; Luperchio & Schauer, 2001).  

Oral infection with C. rodentium elicits adaptive immune responses involving heavy 

infiltration of the colonic lamina propria (cLP) by CD4+ T lymphocytes with minor 

contribution of intraepithelial CD8+ cytotoxic T cells, and a polarized Th1 response 



 22 

 
1 Introduction 

1 Introduction 

sdfsdfsdfIndsdf

sdf<sdfsdfsdfs

dfsdsdInIntrAb

breviations 

(Higgins et al., 1999b; Higgins et al., 1999a; Goncalves et al., 2001; Simmons et al., 

2002). 

Previous reports have shown that Th1 cells producing the cytokines IL-12, IFN-γ, and 

TNF-α, accumulate in the cLP of infected animals (Higgins et al., 1999b; Higgins et al., 

1999a). These Th1 cells are required to efficiently clear C. rodentium infection, because 

mice deficient for IL-12 or IFN-γ exhibited impaired resistance and enhanced pathology 

during infection with C. rodentium (Simmons et al., 2002; Shiomi et al., 2010). 

Additionally, cLP Th17 cells have been demonstrated to be involved in host defense 

against C. rodentium, since mice deficient for the cytokines IL-17A and IL-17F showed 

increased susceptibility to C. rodentium infection compared with wild type control 

animals (Ishigame et al., 2009).                  

Furthermore, eradication of the pathogen C. rodentium involves induction of a 

systemic CD4+ T cell-dependent IgG antibody production by B cells (Simmons et al., 

2003; Bry & Brenner, 2004; Maaser et al., 2004; Bry et al., 2006). These adaptive 

immune responses are indispensable for eradication of C. rodentium, since mice 

lacking T and B lymphocytes develop chronic infection or show high morbidity and 

mortality (Maggio-Price et al., 1998; Vallance et al., 2002; Simmons et al., 2003; Bry et 

al., 2006). 

Innate immune responses involved in host defense against C. rodentium have also 

been investigated. During the early phase of C. rodentium infection in mice, epithelial 

cells are induced for the production of regenerating islet-derived protein (Reg)IIIβ, 

RegIIIγ and β-defensins 1, 3, and 4 that inhibit the growth and dissemination of 

C. rodentium (Zheng et al., 2008; Ishigame et al., 2009; Geddes et al., 2011). The 

cytokines IL-17(A) and IL-22 secreted by different cells of the innate immune system, 

e.g. macrophages, have been reported to induce the production of these antimicrobial 

peptides by epithelial cells (Zheng et al., 2008; Geddes et al., 2011; Sonnenberg et al., 

2011; Manta et al., 2013).  

EPEC is a major cause of pediatric diarrhea in developing countries, and EHEC causes 

diarrhea, haemorrhagic colitis and haemolytic uraemic syndrome (Nataro & Kaper, 

1998). Human EPEC and EHEC are not able to cause infection of mice (Mundy et al., 

2006). As C. rodentium shares common virulence factors with the pathogens EPEC and 
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EHEC, including the pathogenicity island LEE, formation of A/E lesions, and general 

symptoms of disease (inflammation of the gastrointestinal tract, diarrhea, colonic 

hyperplasia etc.), infection of mice by this organism is a valuable system to model 

human EPEC and EHEC infections. Thus, C. rodentium infection is used to study host-

pathogen interactions, and broadens our understanding how intestinal innate and 

adaptive immune responses are coordinated to support clearance of non-invading A/E 

pathogens.  

 

 Probiotics and C. rodentium infection 1.6.1

Different probiotics were shown to have beneficial effects in animal models of colitis, 

human IBD (Kruis et al., 2004; Moayyedi et al., 2010; Philippe et al., 2011b), and acute 

diarrheal disease (Saavedra et al., 1994; Chouraqui et al., 2004). Recently, probiotics 

have been tested for their therapeutic intervention in infectious colitis by using 

C. rodentium infection in mice. Prophylactic or therapeutic administration of a 

Lactobacillus acidophilus strain to suckling BALB/c ByJ mice decreased C. rodentium 

colonization and reduced colonic histopathology (Chen et al., 2005). A mixture of 

L.  rhamnosus and L. helveticus prevented C. rodentium-induced mortality of neonatal 

mice and ameliorated the weight loss, colonic hyperplasia, and mucosal barrier 

dysfunction in neonatal and adult C57BL/6 mice (Gareau et al., 2010b; Rodrigues et al., 

2012). Also, pre-treatment with a mixture of L. rhamnosus and L. acidophilus 

attenuated the effects of C. rodentium infection in C57BL/6 mice by decreasing the 

mucosal inflammation, epithelial hyperplasia, and apotosis in the colon (Johnson-

Henry et al., 2005). Similarily, pre-treatment with Bifidobacterium breve UCC2003 

(Collins et al., 2012; Fanning et al., 2012), administration of Bacillus subtilis spores to 

suckling mice (D'Arienzo et al., 2006) and Saccharomyces boulardii treatment has been 

investigated in C. rodentium-induced colitis in adult mice (Wu et al., 2008). The results 

of these trials indicated that probiotic organisms are beneficial in modulating 

C. rodentium infection in mice.  

Collectively, the results of these studies suggest that administration of probiotic 

bacteria could serve as a therapeutic alternative for managing human EHEC and EPEC 
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infections. Additionally, results obtained in studies on infectious colitis might also 

provide certain clues towards understanding of the mechanisms by which specific 

probiotic microorganisms exhibit a protective effect in chronic inflammatory disorders 

such as IBD. This is possible, since histopathological and immune alterations induced 

by infection with C. rodentium in normal mice are similar to those observed in mouse 

models of IBD or in patients with IBD, including a highly polarized mucosal Th1 immune 

response, increased cLP IL-17 expression, or histopathology of the colon (Sadlack et al., 

1993; Higgins et al., 1999a; Nielsen et al., 2003; Mangan et al., 2006; Maynard & 

Weaver, 2009).  

 

1.7 Aim of the study 

The present study was aimed at investigating if pre-treatment with B. bifidum S17 

affects the pathology and intestinal adaptive immune responses induced by 

C. rodentium infection. For this purpose, C. rodentium-induced colitis was established 

and clinical and histopathological signs were monitored during the course of 

C. rodentium infection. Additionally, cLP T cell responses during peak and resolving 

phase of infection was characterized in detail. After successful establishment of the 

model, the effect of treatment with B. bifidum S17 on all these parameters was 

analyzed. In a second part of this thesis, a red-fluorescent C. rodentium strain was 

generated that facilitates monitoring of C. rodentium infections by confocal 

microscopy and allows identification of cell populations in the colonic mucosa that are 

involved in induction of immune responses leading to clearance of C. rodentium 

infections. 
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2 Materials and Methods 

2.1 Bacterial strains and plasmids 

All strains used in the present study are listed in Table 2.1. For the generation of 

glycerol stocks, 5 ml of an overnight culture were centrifuged (10 min, 5,000 x g), and 

the bacterial pellet was resuspended in fresh medium containing 30 % 

(volume/volume) (v/v) glycerol. The stock cultures were stored at -70°C. Plasmids 

generated and used are shown in Table 2.2.  

 

Table 2.1 Bacterial strains used in this study. 

Strain Characteristics Reference 

E. coli    

DH10B F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 
ΔlacX74 recA1 endA1 araD139 Δ(ara leu) 
7697 galU galK rpsL nupG λ– 

InvitrogenTM 
 

 

C. rodentium 
  

ICC168 Previously Citrobacter freundii biotype 4280 
Causative agent of colitis and transmissible 
murine colonic hyperplasia 

Barthold et al., 
1976 

ICC169 Spontaneous NalR derivative of ICC168 Wiles et al., 
2004 

ICC169::p16Slux ErmR, lux tagged by p16Slux integrated into a 
16S rDNA locus of ICC169 chromosome by 
homologous recombination; lux genes under 
control of constitutive promoter Phelp 

Riedel et al., 
2007 

ICC169::p16S_mRuby 
(RF-C. rodentium)   

NalR, ErmR, contains p16S_mRuby integrated 
into a 16S rDNA locus of ICC169 chromosome 
by homologous recombination; mRuby gene 
under control of coliphage T5 promoter 

this study 

 

Bifidobacterium sp. 
  

B. bifidum S17 Intestinal isolate from a breast-fed infant (Staudt, 2002) 



 26 

 
2 Material and Methods 

1 Introduction 

sdfsdfsdfIndsdfsdf<sdfsdfs

dfsdfsdsdInIntrAbbreviatio

ns 

Table 2.2 Plasmids constructed and used in this study. 

Plasmid Characteristics Reference 

   

pQE-32mRuby AmpR, vector for expressing N-terminally 
6xHis-tagged mRuby under control of 
coliphage T5 promoter 

Kredel et al., 2009 

p16Slux ErmR, thermosensitive site-specific 
integrative vector containing lux operon 
under control of constitutive promoter Phelp 

Riedel et al., 2007 

p16S_mRuby ErmR, thermosensitive site-specific 
integrative vector encoding mRuby gene 
under control of coliphage promoter T5 

this study 

 

The plasmid p16S_mRuby was constructed for labeling of C. rodentium ICC169 using 

the red fluorescent protein mRuby. p16S_mRuby is a derivative of p16Slux and 

contains the thermosensitive replicon of pGh9::ISS1 (Maguin et al., 1996) and allows 

integration of the plasmid into the bacterial chromosome of a wide range of Gram-

negative enterobacteria via a copy of the E. coli DH10B 16S rDNA sequence (Riedel et 

al., 2007). 

 

 Growth of E. coli  2.1.1

E. coli strains were grown aerobically in liquid Luria-Bertani (LB) broth (Bertani, 1951) 

(10 gram/liter (g/l) tryptone, 5 g/l yeast extract, 10 g/l sodium chloride) at 37°C with 

agitation (180 rpm), or on LB agar plates (15 g/l agar to regular LB formula, 

autoclaved). For preparation of liquid cultures, 5 ml of LB broth were inoculated with a 

single colony from a freshly streaked LB agar plate, and bacteria were grown 

aerobically overnight at 37°C with agitation. When appropriate, erythromycin (erm, 

final concentration of 300 µg/ml) or nalidixic acid (nal, 50 µg/ml) were added to the 

medium after autoclaving.  
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 Growth and preparation of C. rodentium for oral infection of mice 2.1.2

Strains of C. rodentium were grown aerobically in LB broth with agitation, or on LB agar 

plates at 37°C. For infection of C57BL/6J (B6) mice, pre-cultures of C. rodentium were 

prepared by inoculating 5 ml LB medium, supplemented with nal (50 µg/ml). Bacteria 

were grown aerobically for 6-8 h at 37°C with agitation. Depending on the strain used, 

300 µg/ml of erythromycin were added. The main culture then was inoculated by 

diluting the pre-culture with 1:5,000 in fresh medium and grown aerobically overnight 

at 37°C with agitation to stationary growth phase. Bacteria were harvested by 

centrifugation (10 min, 4,000 x g), washed twice with phosphate buffered saline (PBS; 

8.0 g/l sodium chloride, 0.2 g/l potassium chloride, 1.44 g/l disodium hydrogen 

phosphate, 0.24 g/l potassium dihydrogen phosphate, pH 7.4 for 10 x PBS), and 

resuspended in PBS at a concentration of 1 × 1011 CFU per ml. Mice were challenged 

orally with 20 µl of this inoculum, i.e. 2 × 109 CFU per mouse of either wild type 

C. rodentium ICC169 or RF-C. rodentium (Table 2.1 and Chapter 3.3). 

 

 Growth of B. bifidum S17 2.1.3

For culturing bifidobacteria, Lactobacilli de Man-Rogosa-Sharpe (MRS) broth (de Man 

et al., 1960) (BD Difco Laboratories, Detroit, USA) supplemented with 0.05 % 

(weight/volume) (w/v) cysteine (MRSC) was used. Cultures were grown at 37°C in 

anaerobic jars. Anaerobic conditions in the jars were achieved using AnaeroGenTM 

sachets (Oxoid, Thermo Fisher Scientific Inc., Waltham, USA). The AnaeroGenTM sachet 

contains ascorbic acid and activated carbon, which remove oxygen by production of 

carbon dioxide. To prepare cultures of B. bifidum S17 for animal trials, 10 ml of MRSC 

broth were inoculated with 50 µl of a glycerol stock, and grown anaerobically for 6-8 h 

at 37°C. This pre-culture was used to inoculate the main culture to an optical density at 

a wavelength of 600 nm (OD600) of 0.01, which was grown under anaerobic conditions 

for 14 h at 37°C. Bacteria were pelleted by centrifugation for 10 min at 4,000 x g, 

washed twice with PBS, and finally resuspended in PBS at a concentration of 1 × 1011 

CFU per ml. B6 mice were inoculated orally with 2 × 109 CFU of B. bifidum S17 several 

times per week as indicated in the experimental design of the trials. 
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2.2 Working with nucleic acids 

 Preparation and isolation of plasmid DNA 2.2.1

Isolation of bacterial plasmid DNA was performed with E.Z.N.A. Plasmid Mini Kit I 

(Omega Bio-tek, Inc., Norcross, USA) according to the manufacturer's instructions. 

Plasmid DNA was eluted with 35 µl of sterile dH2O. Successful plasmid isolation was 

controlled by agarose gel electrophoresis (0.8 % (w/v) agarose). The DNA was stored at 

-20°C.  

 

 Nucleic acid enrichment and purification 2.2.2

2.2.2.1 Phenol/chloroform/isoamyl alcohol extraction (PCIA) 

PCIA is a method used for the removal of proteins from a nucleic acid solution 

(Sambrook & Russell, 2001). The volume of the DNA-containing solution was adjusted 

to 200 µl and mixed with 200 µl phenol/chloroform/isoamyl alcohol (25:24:1 (v:v:v)). 

The mixture was centrifuged at 14,000 x g for 10 min for separation of the phenolic 

and aqueous phases. The upper aqueous phase contains nucleic acids, whereas 

denaturated proteins remain in the interphase. After transferring the aqueous phase 

to a new microcentrifuge tube, residual phenol were removed from the aqueous by 

adding 200 µl chloroform/isoamyl alcohol (24:1 (v:v)) and subsequent centrifugation 

(10 min, 14,000 x g). Finally, the protein- and phenol-free DNA-containing aqueous 

phase was transferred to a new microcentrifuge tube, and treated by ethanol 

precipitation to recover DNA (Chapter 2.2.2.2). 

 

2.2.2.2 Ethanol precipitation 

Ethanol precipitation is a common technique used for concentrating and de-salting of 

nucleic acid (DNA or RNA) preparations in aqueous solutions (Zeugin & Hartley, 1985). 

The DNA-containing solution was mixed with 1/10 volume of sodium acetate (3 M, pH 

5.2) and 2.5 volumes of ice-cold absolute ethanol (-20°C) and incubated for at least    

20 min at -20°C. The precipitated DNA then was pelleted by centrifugation (20 min, 
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14,000 x g, 4°C), and carefully washed with 70 % (v/v) ethanol (-20°C). The DNA pellet 

was air-dried (60 min, 37°C) and resuspended in an appropriate volume of dH2O. 

 

2.2.2.3 Purification of PCR products and DNA extraction from agarose gels  

The NucleoSpin® Gel and PCR Clean-up kit (MACHEREY-NAGEL GmbH & Co. KG, Düren, 

Germany) was used for purification of PCR products and extraction of DNA from 

agarose gels as recommended by the manufacturer. The DNA was eluted with 15-50 µl 

of sterile dH2O.  

 

 Polymerase chain reaction (PCR) 2.2.3

PCR is an efficient technique for the amplification of DNA fragments, generating 

thousands to millions of copies of requested DNA sequences using thermostable DNA 

polymerases (Mullis et al., 1986). For cloning purposes, proofreading KOD Hot Start 

DNA Polymerase (Novagen®) was used to minimize the incorporation of false 

nucleotides. In case of colony PCR, Taq DNA polymerase (Genaxxon) was used. The 

PCR reaction is based on three incubation steps at different temperatures, which are 

repeated in cycles (usually 25-35 cycles). Prior to the first PCR cycle, a prolonged 

denaturation step of 2 min at 92°C is performed to allow for complete denaturation of 

high molecular templates such as chromosomal DNA. During the subsequent cycles 

denaturation is performed for 30 sec at 92°C. Once the DNA strands are separated, the 

oligonucleotides anneal to their target sequence for 15 sec at 45-60°C, depending on 

the oligonucleotides sequences. During the third step, DNA polymerase synthesizes a 

new DNA strand complementary to the template strand starting from the annealed 

oligonucleotide. The optimal elongation temperature depends on the DNA polymerase 

used, usually between 68°C and 72°C. Duration of the elongation depends on the 

length of the DNA fragment and processing speed of the polymerase. The PCR reaction 

is completed by a final elongation step of two minutes, which allows for the 

completion of any unfinished PCR product. PCR were performed in a volume of 25 µl 

and reaction mixes were composed as follows:  
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template DNA (10-100 ng) 1 µl 

reaction buffer (10x stock solution) 2.5 µl 

DMSO 1.5 µl 

oligonucleotide 1 (10 pM final conc.) 0.5 µl 

oligonucleotide 2 (10 pM final conc.) 0.5 µl 

dNTPs (2.5 mM final con. each nucleotide) 2.5 µl 

DNA polymerase (0.5-2.5 U) 0.5 µl 

ddH2O ad 25 µl 

 

All obtained PCR products were by agarose gel electrophoresis (Chapter 2.2.4), and 

purified by NucleoSpin® Gel and PCR Clean-up (Chapter 2.2.2.3) or PCIA (Chapter 

2.2.2.1). Oligonucleotides used in this study are listed in Table 6.4 in the Addendum. All 

PCR reactions were performed in a FlexCycler (Analytik Jena AG, Jena, Germany).  

 

 Agarose gel electrophoresis 2.2.4

Agarose gel electrophoresis is a method to separate DNA fragments according to size. 

Shorter DNA fragments move faster through the agarose matrix than longer 

fragments. The agarose concentration in the gel depends on the size of the DNA 

fragment of interest (Aaij & Borst, 1972). In this study, generally 0.8 % (w/v) agarose 

gels dissolved in TAE buffer (40 mM Tris, 1 mM ethylendiaminetetraacetic acid (EDTA), 

10 mM acetic acid, pH 8.0 with HCl) were used for separation of 1-10 kb DNA 

fragments. Smaller DNA fragments were analyzed on 2 % (w/v) agarose gels. For 

preparation of gels, agarose was mixed with TAE buffer and boiled to dissolution in a 

microwave. Melted agarose was cooled down to approximately 50°C, poured into a gel 

stand apparatus (PEQLAB Biotechnologie, Erlangen, Germany), and a comb was 

inserted. After polymerization, the gel was placed in an electrophoresis apparatus 

(PerfectBlue Gel system Mini S, PEQLAB Biotechnologie GmbH, Erlangen, Germany), 

and 400 ml of TAE buffer were added. Samples were mixed with loading dye (Thermo 

Fisher Scientific, Inc., Waltham, USA) at a ratio of 5:1 and applied to the slots of the 

agarose gel. Electrophoresis was performed at 100-120 V. Following separation, DNA 

in the gel was stained in ethidium bromide (1 mg/ml in dH2O) for 5-10 min and washed 
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in dH2O to remove excess of ethidium bromide. Ethidium bromide is a DNA 

intercalating agent that fluoresces bright orange (595 nm) when exposed to UV light 

(302 nm). The fluorescent DNA bands were imaged using a gel documentation system 

(Decon Science Tec GmbH, Hohengandern, Germany). To determine the size of the 

DNA fragments, GeneRulerTM 1 kb DNA ladder (Fermentas GmbH, St. Leon-Rot, 

Germany; Addendum, Chapter 6.4) was run in a separate slot of each agarose gel. 

 

 Enzymatic treatment of DNA 2.2.5

2.2.5.1 Digestion of DNA with restriction enzymes 

Restriction endonucleases are bacterial enzymes that cleave double-stranded DNA at 

specific restriction sites. Restriction digests of DNA were performed using buffers, 

temperatures, incubation times, and inactivation steps recommended by the supplier 

of the enzymes (Fermentas GmbH, St. Leon-Roth, Germany). Typically, restrictions 

were performed in a total volume of 100 µl containing 1 µg of DNA, 2 µl of restriction 

enzyme (10 U/µl), and 10 µl of the respective buffer. The enzyme concentration should 

not exceed 1/10th of the reaction volume, to avoid unspecific activity (Fuchs & 

Blakesley, 1983). Restricted DNA was analyzed by agarose gel electrophoresis, and 

purified by NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel GmbH & Co. KG, 

Düren, Germany; Chapter 2.2.2.3).  

 

2.2.5.2 Dephosphorylation of DNA 

In order to prevent re-circularization of digested vector backbones, phosphate residues 

at 5’-ends were removed using Antarctic Phosphatase (5 U/µl) according to the 

manufacturer’s instructions (New England Biolabs GmbH, Frankfurt am Main, 

Germany). The reaction was incubated for 30 min at 37°C, and inactivation of the 

phosphatase was performed for 10 min at 65°C. Dephosphorylated plasmids were 

purified using NucleoSpin® Gel and PCR Clean-up (Macherey-Nagel GmbH & Co. KG, 

Düren, Germany; Chapter 2.2.2.3). 
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2.2.5.3 Ligation of DNA 

Ligation is a process of integrating linear DNA fragments (insert DNA) into a vector 

molecule (plasmid) (Quail, 2005). For this purpose, vector and insert DNA were cut 

with the same restriction enzymes (or enzymes creating compatible ends), and ligated 

using T4 DNA ligase. Vector and insert DNA were mixed at a molar ratio of 1:3 in a total 

volume of 20 µl containing 2 µl T4 DNA Ligase (5 U/µl) and 2 µl 10 x T4 DNA Ligase 

Buffer. Incubation was performed overnight at RT. As a control, a ligation reaction 

containing only vector DNA was prepared.  

In order to verify correct cloning, plasmid DNA was sequenced (Eurofins MWG Operon, 

Ebersberg, Germany). 

 

 Transformation of E. coli and C. rodentium  2.2.6

2.2.6.1 Preparation of electrocompetent E. coli and C. rodentium cells 

Electrocompetent E. coli and C. rodentium were prepared by growing pre-cultures of   

5 ml LB medium containing the appropriate selective antibiotic overnight at 37°C with 

agitation. The pre-culture was used to inoculate 250 ml LB medium in baffled 

Erlenmeyer flasks, and the culture was grown at 37°C with agitation to an OD600 of 0.3 

to 0.5. The culture was cooled on ice for 15-30 min and harvested by centrifugation (15 

min, 5,000 x g, 4°C). The bacterial pellet was washed twice with ice cold ddH2O, 

followed by two washes with 10 % (v/v) glycerol. Each washing step included a 

centrifugation of 15 min at 5,000 x g and at 4°C. Finally, the bacteria were resuspended 

in 1 ml of ice cold 10 % (v/v) glycerol. Aliquots of 50 µl were snap-frozen in liquid 

nitrogen and stored at -80°C. 

 

2.2.6.2 Electroporation of E. coli and C. rodentium 

For electroporation, 50 µl of competent cells were thawed on ice and mixed with           

1 - 10 ng plasmid DNA and transferred to an ice cold electroporation cuvette (1 mm 

with 1-10 electrode gap; PEQLAB Biotechnologie, Erlangen, Germany). Electroporation 

was performed in a Gene Pulser XcellTM electroporator (Bio-Rad Laboratories GmbH, 
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Munich, Germany) set to 25 mF, 200 Ω, and 1.5 kV. Following a single pulse, bacteria 

were immediately resuspended in 950 µl of pre-warmed LB medium and allowed to 

regenerated for 1 h at 37°C with agitation. Then, transformed bacteria were plated 

onto LB agar plates supplemented with the appropriate selective antibiotic, and 

incubated overnight at 37°C.  

 

2.3 Mice 

For in vivo experiments, wild type B6 mice were purchased from JANVIER SAS (Le 

Genest-Saint-Isle, France). All animals were kept for at least a week under specific 

pathogen free (SPF) conditions in the animal facility of Ulm University (Ulm, Germany) 

with access to autoclaved food and water ad libitum. Female mice were used for 

experiments at 6 - 9 weeks of age. For C. rodentium infection experiments, animals 

were handled in isolators under biosafety level 2 conditions. All animal experiments 

were performed according to the guidelines of the local Animal Use and Care 

Committee and the National Animal Welfare Law, and were approved by the local 

authorities (TVA 981, Riedel). 

 

2.4 Cell isolation 

CD4+ T cells were isolated from the cLP of B6 mice. 

 Isolation of colonic lamina propria cells 2.4.1

The lymphoid cell isolation protocol of Niess et al. (Niess et al., 2008) was adapted and 

used for the isolation of cLP cells. 

For isolation of T cells of the cLP of mice, mice were euthanized by cervical dislocation. 

The colon was dissected, opened longitudinally and cut into smaller segments (3 - 4 

pieces). Thereafter, the segments were washed with PBS supplemented with 1 % (v/v) 

fetal bovine serum (FBS) (PBS/1 % FBS) to remove fecal contents and mucus. The 

epithelium was removed by incubation at 37°C for 30 min under gentle shaking with 

1 mM dithiothreitol and 1 mM EDTA in 25 ml of PBS/1 % FBS. The remaining tissue was 

washed in PBS/1% FBS to remove residual epithelial cells, and the supernatants were 
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discarded. The segments of colon were cut into 2 x 2-mm pieces and digested with 

0.25 mg/ml collagenase type VIII from Clostridium histolyticum (Sigma-Aldrich, St. 

Louis, MO, USA) for 30-45 min at 37°C in 50 ml Roswell Park Memorial Institute (RPMI) 

1640 medium (PAA Laboratories GmbH, Pasching, Austria) under shaking. 

Supernatants containing LP lymphocytes were collected, and LP cells were pelleted by 

centrifugation for five minutes at 10°C and 550 x g. LP lymphocytes were resuspended 

in RPMI 1640 medium containing 35 % Percoll (Biochrom AG, Berlin, Germany). This 

cell suspension was overlaid onto 70 % Percoll and centrifuged for 20 min at 10°C and 

750 x g. Viable cells at the 35%/70 % Percoll interphase were collected and washed 

twice with PBS/1 % FBS. 

 

2.5 Flow cytometry analysis 

Flow cytometry analyses were performed using a four-color FACSCalibur (BD 

Biosciences, San Jose, USA). Flow cytometry is a laser-based, biophysical technology 

used for the detection of different cell types in heterogenous cell populations. In order 

to analyze single-cell suspensions of e.g. tissue samples, cells are stained with 

antibodies conjugated to fluorochromes that are directed against specific surface 

markers or other molecules inside cells. The use of multiple fluorochromes that have 

each similar excitation wavelengths and different emission wavelengths, enables 

several cell properties to be measured simultaneously. The forward light scatter (FSC) 

and side light scatter (SSC) allow discrimination between cell size and granularity, 

respectively. In this study, the forward narrow light scatter was used as an additional 

parameter to facilitate the exclusion of dead cells and aggregated cell clumps. Non-

stained CD4+ T cells were used as negative control.  

 

 Intracellular cytokine staining  2.5.1

The following protocol for intracellular cytokine staining was adapted from Manta et 

al. (Manta et al., 2013). 

Lymphocytes were resuspended in RPMI 1640 medium supplemented with 10 % (v/v) 

fetal calf serum, 1 % (v/v) L-glutamine, 1 % (v/v) penicillin/streptomycin, and 0.1 % 
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(v/v) β-mercaptoethanol and 1 × 106 cells were stimulated for 4 h with 50 ng/ml 

Phorbol 12-Myristate 13-Acetate (PMA) and 750 ng/ml ionomycin in the presence of   

1 µg/ml brefeldin A at 37°C and under 5 % CO2 atmosphere in a cell culture incubator. 

PMA and ionomycin serve to stimulate the expression of cytokines (Iwata et al., 1996). 

Brefeldin A inhibits intracellular transport of proteins, hence antigens and cytokines 

that are produced during stimulation will accumulate in the cell (Donaldson et al., 

1992). Cells were harvested and washed in FACS A buffer (PBS supplemented with 

0.5 % (w/v) bovine serum albumin (BSA) and 0.1 % (w/v) sodium azide). Non-specific 

binding of antibodies (Abs) to Fc receptors was blocked by preincubation of cells with 

monoclonal antibody (mAb) 2.4G2 directed against the FcγRIII/II CD16/CD32 (0.5 ng 

mAb/106 cells). Cells were pelleted and stained extracellularly with 2.5 ng/106 cells of 

fluorescein isothiocyanate (FITC)-conjugated anti-CD4 mAb binding CD4 GK1.5 

(enlisted in Addendum, Table 6.5). Surface-stained cells were washed twice with FACS 

A buffer and fixed by incubation with 150 µl of 4 % (w/v) paraformaldehyde (PFA) in 

PBS for 15 min at room temperature in the dark. The fixed cells were pelleted, 

resuspended in 150 µl of FACS A buffer and left overnight at 4°C in the dark. The next 

day, cells were incubated for 15 min at room temperature in the dark with 

permeabilization buffer FACS B (PBS supplemented with 0.5 % (w/v) BSA, 0.35 % (w/v) 

saponin, 0.05 % (w/v) sodium azide). Permeabilized cells were pelleted and after 

discarding the supernatant incubated for 30 min at room temperature in the dark with 

0.5 ng/106 cells of mAb directed against cytokines. The following mAbs were used: 

phycoerythrin (PE)-conjugated anti-IFN-γ and anti-IL-10, allophycocyanin (Apc)-

conjugated anti-TNF-α, and the respective isotpe controls PE-conjugated rat 

Immunoglobulin (Ig) G1,κ, and IgG2b,κ and Apc-conjugated rat IgG1,κ. All antibodies 

were purchased from eBioscience and are enlisted in the Addendum in Table 6.5. 

Antibodies were diluted in FACS B buffer. Stained cells were washed twice in FACS B 

buffer, once with FACS A buffer, resuspended in FACS A buffer and analyzed by flow 

cytometry. 

Intracellular staining for transcriptional factor Foxp3 and IL-17A cytokine was 

performed using the Foxp3 staining buffer set (eBioscience, Inc., San Diego, USA). Cells 

stimulated in vitro and stained extracellularly with 2.5 ng/106 cells of FITC-conjugated 

anti-CD4 mAb binding CD4 GK1.5 as described above. Surface-stained cells were 
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washed twice with FACS A buffer and resuspended in 150 µl of 

Fixation/Permeabilization working buffer (for working concentration of the buffer 

Fixation/Permeabilization Concentrate and Fixation/Permeabilization Diluent, provided 

in the buffer set, were mixed in the ratio 1:3). After overnight incubation at 4°C in the 

dark, permeabilized cells were washed once with FACS A buffer and once with                

1 x Permeabilization buffer (10 x Permeabilization buffer, provided in the buffer set, 

was diluted with sterile dH2O). To prevent non-specific binding of antibodies to Fc 

receptors, cells were incubated with mAb 2.4G2 directed against the FcγRIII/II 

CD16/CD32 (0.5 ng mAb/106 cells) for 15 min at 4°C in the dark. Cells were pelleted 

and after discarding the supernatant incubated for 30 min at 4°C in the dark with          

2 ng/106 cells of PE-conjugated anti-Foxp3 and 0.5 ng/106 cells Apc-conjugated        

anti-IL-17A mAb. As respective isotype controls, PE-conjugated rat IgG2a,κ and        

Apc-conjugated rat IgG2a,κ mAbs were used. All antibodies were purchased from 

eBioscience and are listed in the Addendum in Table 6.5. Antibodies were diluted in 1 x 

Permeabilization buffer. Stained cells were washed twice in 1 x Permeabilization 

buffer, once with FACS A buffer, resuspended in FACS A buffer and analyzed by flow 

cytometry. This protocol was adapted from Radulovic et al. (Radulovic et al., 2012) 

who used unstimulated cells for intracellular Foxp3 staining.  

 

 Flow cytometry analysis 2.5.2

To quantifiy CD4+ T sell subsets present in the cLP, flow cytometry data was analyzed 

using FlowJo software v8.7 (Tree Star, Inc., Ashland, USA) and displayed as dual 

parameter dot plots. The analysis of IFNγ+ CD4+ T cells are shown as an example  

(Figure 2.1). As mentioned above, the FSC and SSC laser beam allow discrimination of 

cells of different size and granularity, respectively. Furthermore, different gates were 

set to define distinct (sub-)populations: lymphocytes (Figure 2.1A) (Calvelli et al., 

1993), CD4+ T cells (Figure 2.1 B) (Nicholson et al., 1993), and IFN-γ+ CD4 T cells (Figure 

2.1 C). The number shown in the upper right quadrant indicates the percentage of cells 

stained positive for both CD4 and IFN-γ.  
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2.6 Enterocolitis model 

  Oral infection of B6 mice with C. rodentium  2.6.1

For animal trials, female B6 mice aged 6-9 weeks were randomly assigned to 

experimental groups. To establish enteric C. rodentium infections, mice were orally 

inoculated with a single dose of C. rodentium (2 × 109 CFU/animal in 20 µl of PBS) 

(groups 8 dpi and 20 dpi). Healthy control animals were not treated (healthy group). To 

examine the protective effect of B. bifidum S17 on C. rodentium-induced colitis, B6 

mice were orally administrated B. bifidum S17 (2 × 109 CFU/animal in 20 µl of PBS) or 

placebo (20 µl of PBS) for 8 consecutive days prior to C. rodentium infection and 

treatment was continued three times a week until the end of the trial (S17 + Cr group 

or PBS + Cr group, respectively). All mice were weighed every 2-3 days, starting at the 

day of inoculation with C. rodentium to assess the systemic effect of C. rodentium 

infection and probiotic administration. Animals were sacrificed 8 or 20 days after 

C. rodentium infection. 

 

 

Figure 2.1. Gating strategy for flow cytometry analysis of cLP IFN-γ
+
 CD4

+
 T cells using dual parameter dot plots. 

Immune cells were isolated from the cLP of mice and analyzed by multi-color flow cytometry. (A) Lymphocytes 

were gated based on their characteristic forward light scatter and side light scatter. (B) Within the lymphocyte 

population cells staining positive for CD4 (B) were further analyzed for expression of IFN-γ by using quadrant gates 

(C). Arrows indicate subpopulations that were used for further gating.  

A B C 
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 Quantification of C. rodentium  2.6.2

To monitor the colonization by C. rodentium, fecal pellets were collected from each 

infected mouse every 2 - 3 days, starting at the day of infection with C. rodentium. 

Fecal pellets were weighed, homogenized in PBS, serially diluted, and plated in 

triplicate on LB agar containing 50 µg/ml of nal and 50 U/ml of nystatin. After 24 h of 

incubation at 37°C, nal-resistant colonies were counted and C. rodentium load was 

calculated as log10 CFU per gram of feces (Symonds et al., 2009). No nal-resistant 

colonies were observed in non-infected control animals. 

 

2.7 Histopathological analysis 

 Preparation of colonic sections for histopathological analysis 2.7.1

Tissue samples for histopathological examinations were taken from the distal colon           

(0.5 cm) and cleared of luminal contents. For preparation of paraffin sections, distal 

colonic segments were removed and fixed with 4 % neutral buffered formalin at 4°C. 

Fixed tissues were embedded in paraffin, cross sectioned on a Leica RM2045 rotary 

microtome (Leica Mikrosysteme Vertrieb GmbH Mikroskopie und Histologie, Wetzlar, 

Germany ) (5 µm), mounted on slides, and placed on a hot plate (48°C) for at least 15 

min. Sections were incubated at 65°C overnight and stained with hematoxylin and 

eosin (H&E) (Chapter 2.7.2). The H&E staining protocol of Wissowzky (Wissowzky, 

1876) was adapted and used for the staining of colonic tissue samples.  

 

 H&E staining of paraffin sections  2.7.2

Sections were deparaffinized by two incubation steps in xylene for 7 min, and hydrated 

by a series of descending alcohols. Slides were incubated twice in absolute 

isopropanol, followed by incubation in 96 % (v/v), 90 % (v/v), 80 % (v/v) and 70 % (v/v) 

isopropanol for 3 min each. Then, sections were washed with ddH2O to remove excess 

of isopropanol and stained with filtered Mayer’s hemalum solution for 5 min at RT, 

followed by rinsing with cold tap water for 4 min and counterstaining with eosin 

solution (working solution: 100 ml 0.5 % (w/v) eosin solution + 1 ml 100 % acetic acid) 
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for 4 min. Slides were washed with ddH2O and dehydrated by dipping slides 

sequentially into 70 % (v/v), 80 % (v/v) and 90 % (v/v) isopropanol for a few seconds. 

Subsequently, sections were equilibrated in 96 % (v/v) isopropanol for 1 min and twice 

in absolute isopropanol for 3 min. Finally, slides were cleared in xylene by two 

incubation steps of 7 min and air-dried for several minutes. Slides were mounted with 

Entellan mounting medium and covered with cover slides. Stained sections were 

stored at room temperature and examined under an Axioskop light microscope (Carl 

Zeiss AG, Oberkochen, Germany). 

 

 Scoring of colonic inflammation 2.7.3

H&E stained colon sections were analyzed in a blinded manner. The severity of 

inflammation was scored according to a previously published system (Krajina et al., 

2004; Niess et al., 2008) with score 0: normal tissue; score 1: mild colitis with few 

inflammatory cells in the LP, stroma edema, and a slight reduction of goblet cells; 

score 2: moderate colitis with an intense inflammatory infiltration of the LP, 

hyperplasia of crypts, and a marked reduction of goblet cells; score 3: severe colitis 

with spillover of leukocytes beyond the mucosa into deeper layers of the colonic wall, 

complete loss of goblet cells, distortion of the mucosal architecture, erosions or 

ulcerations, and crypt abscesses. 

 

 Determination of colonic crypt depth 2.7.4

The crypt depth was measured in H&E-stained colon sections using the XY function of 

the AxioVision LE software (Carl Zeiss AG, Oberkochen, Germany) with 10 

measurements being taken per animal. Only well-oriented crypts were counted as 

described previously (Simmons et al., 2002). 
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2.8 Microscopy  

  Confocal microscopy  2.8.1

For confocal laser scanning microscopy, colons were removed and cleaned from 

intraluminal content by rinsing with PBS. The whole organ was incubated for 1 h with             

20 µg/ml of wheat germ agglutinin conjugated with Alexa Flour 350 (InvitrogenTM, Life 

Technologies GmbH, Darmstadt, Germany) diluted in PBS at RT in the dark for staining 

of colonic epithelial surface. Then, colons were washed with PBS and opened by 

longitudinal incision as previously described (Niess & Adler, 2010). Tissues were 

imaged with an LSM 710 laser scanning confocal microscope (Carl Zeiss Microscopy 

GmbH, Jena, Germany). Three-dimensional reconstructions were performed on a Zeiss 

LSM 7 workstation (Carl Zeiss Microscopy GmbH, Jena, Germany). Image analysis was 

carried out with the LSM image browser (Zeiss v4.2.0.121, Carl Zeiss Microscopy 

GmbH, Jena, Germany) and Adobe Photoshop CS4. 

 

2.9 Statistics 

All results presented in this study are mean ± standard error of the mean (SEM) with 

sample numbers as indicated in the figure legends. Statistical analyses were performed 

using Prism 4 software (GraphPad Software, Inc., La Jolla, USA). Groups were 

compared using non-parametric Mann-Whitney U test and p < 0.05 was considered 

statistically significant.  
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3 Results 

3.1 Establishment of C. rodentium-induced colitis in mice 

Recently, our group has examined the anti-inflammatory effect of probiotic 

bifidobacteria on intestinal inflammation using adoptive T cell transfer model and two 

chemically induced colitis models in mice (Preising et al., 2010; Philippe et al., 2011a). 

In this study, we aimed at investigating the potential use of probiotic bifidobacteria in 

the treatment of infectious inflammation caused by microbial pathogens. For this 

purpose, C. rodentium infection in mice was established which is as a well-

characterized murine infectious model system mimicking human EPEC and EHEC 

infections (Mundy et al., 2005). The course of disease was examined over time, and 

the pro- and/or anti-inflammatory immune responses during C. rodentium infection 

were investigated in the colon by analyzing different CD4+ T cell subsets present in the 

cLP. Subsequently, the C. rodentium-induced colitis model was used to evaluate the 

effect of treatment with B. bifidum S17 on C. rodentium infection. 

 

 C. rodentium infection of mice  3.1.1

To induce colitis of adult mice, B6 animals were orally inoculated with a single dose of 

2 × 109 CFU of C. rodentium at day 0 (illustrated in Figure 3.1). The numbers of viable 

bacteria in the feces was monitored over the period of 20 days to follow the course of 

C. rodentium colonization. As a control group, non-infected B6 mice were used. Body 

weight of both infected and non-infected animals was measured throughout the trial. 

At 8 and 20 dpi, mice were sacrificed, and the colon was assessed for macroscopic and 

microscopic signs of inflammation triggered by infection with C. rodentium. In addition, 

immune cells of the cLP were isolated and analyzed by flow cytometry for the presence 

of different CD4+ T cell subsets in infected and non-infected animals.  
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 Self-limiting C. rodentium infection is marked by delayed body 3.1.2

weight gain 

After oral administration of C. rodentium, 2.3 ± 0.6 log10 CFU/g of feces could be 

detected at 2 dpi. Shedding of C. rodentium in the feces then steadily increased and 

reached a maximum between 8 to 10 dpi at 9.2 ± 0.1 log10 CFU/g of feces. Hence, this 

time point was defined as the peak of C. rodentium infection. After 10 dpi, fecal 

numbers of C. rodentium declined continuously to 3.3 ± 0.7 log10 CFU/g of feces over 

time until 20 dpi. This represents a decrease of almost 6 log units in bacterial numbers 

compared to the levels at the peak of infection (Figure 3.2 A). In a further trial, fecal 

shedding of C. rodentium was further examined up to 31 dpi, showing that after         

24 – 28 dpi C. rodentium counts decreased below detectable levels (data not shown).  

Healthy, non-infected animals showed a steady increase in body weight throughout 

the experiment (Figure 3.2 B). By contrast, in C. rodentium-infected mice this weight 

Figure 3.1. Schematic representation of the experimental design for C. rodentium infection of mice. 
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gain is significantly delayed. This delay was most obvious during the initial phase of the 

trial. Until 13 dpi, no marked increase in body weight was observed in C. rodentium-

infected animals compared to day 0. After 13 dpi, infected animals started to slowly 

Figure 3.2. Course of C. rodentium infection in B6 mice. (A) C. rodentium counts in fecal samples of infected mice 

(n = 21) over the course of infection. On day 0, mice were orally infected with 2 × 10
9
 colony forming units (CFU) of 

C. rodentium. (B) Body weight change in healthy, non-infected mice (n = 10, solid line) and mice infected with         

2 × 10
9
 CFU of C. rodentium (n = 21, broken line). Each experimental group contained mice pooled from two 

separate trials. Data are presented as mean ± standard error of the mean (SEM). Statistical analysis was performed 

using Mann-Whitney U test (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 

A 

B 
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gain weight, but the average body weight remained below that of healthy control mice 

(Figure 3.2 B). The difference in body weight between infected and healthy control 

animals was significant throughout the trial except for day 17 post-infection. 

Interestingly, the time point when infected animals started to gain weight roughly 

correlated with the decrease in fecal load with C. rodentium (Figure 3.2 A). 

 

 C. rodentium infection triggers colonic hyperplasia 3.1.3

Histopathological examination of colonic tissue showed that adult B6 mice infected 

with C. rodentium suffered from colonic hyperplasia. Healthy animals displayed normal 

architecture of colonic mucosal tissue (Figure 3.3 A). By contrast, C. rodentium-infected 

mice showed crypt elongation, marked goblet cell depletion, and an infiltration of 

inflammatory cells in the LP at 8 and 20 dpi (Figure 3.3 B and C). The most severe 

morphological changes of the colonic mucosa were observed for C. rodentium-infected 

animals at 20 dpi. Quantification of crypt length for each experimental group 

confirmed histopathological signs of colonic hyperplasia caused by C. rodentium 

infection. The colonic crypts of C. rodentium-infected B6 mice were significantly 

elongated at 8 and 20 dpi (mean crypt length of 228.2 ± 5.8 µm and 299.4 ± 5.8 µm, 

respectively), compared to non-infected control mice (205 ± 4.6 µm) with highest crypt 

lengths being recorded at 20 dpi (Figure 3.3 D). Moreover, C. rodentium-infected mice 

showed significantly increased average colitis scores at 8 dpi (1.9 ± 0.1) and 20 dpi (2.3 

± 0.2) when compared to non-infected animals (0.2 ± 0.1; Figure 3.3 E).  
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 C. rodentium induces local immune responses by activation of     3.1.4

IL-17A+ CD4+ T cells 

It has been shown that host adaptive immune responses are indispensable for 

clearance of C. rodentium infection as mice lacking T and B cells develop chronic 

infection (Higgins et al., 1999a; Vallance et al., 2002; Bry et al., 2006). Thus, CD4+ T cell 

responses were analyzed during C. rodentium infection. CD4+ T cells were isolated from 

the cLP of C. rodentium-infected B6 mice at 8 dpi and 20 dpi and non-infected controls, 

and stimulated ex vivo with PMA and ionomycin in the presence of brefeldin A. In 

A 

D 

B C 

Figure 3.3. C. rodentium induces histopathological changes of the colonic mucosa of infected mice at 8 days post-

infection (dpi) and 20 dpi. Hematoxylin and eosin stained images of distal colonic sections taken from healthy, 

non-infected (A) or C. rodentium-infected mice at 8 dpi (B) or 20 dpi (C). Images from one representative mouse 

per group are shown (magnification, 100x; scale bar = 100 µm). (D) Crypt length and (E) histopathological colitis 

score in distal colon sections of healthy control animals and infected mice at 8 and 20 dpi. Values are mean ± 

standard error of the mean (SEM, n = 5-6 mice per group). Statistical analysis was performed using Mann-Whitney 

U test (N.S.: not significant; **: p < 0.01; ***: p < 0.001). 

A B C 

D E 
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these cells, production of cytokines and Foxp3 transcriptional factor was analyzed by 

intracellular staining and flow cytometry. 

Absolute numbers of cLP lymphocytes were increased in mice infected with 

C. rodentium at 8 dpi (2.7 ± 0.5 × 105 cells; p = 0.052) compared to healthy control 

animals (1.4 ± 0.2 × 105 cells; Figure 3.4 A and B), but returned to initial levels at 20 dpi. 

Within the total cLP lymphocyte pool CD4+ T cells significantly increased in 

C. rodentium-infected mice (Figure 3.4 A, C, and D). In non-infected mice,                    

1.7 ± 0.2 × 104 (11.6 ± 0.4 %) of cLP lymphocytes stained positive for CD4. This 

population increased significantly to 5 ± 1 × 104 (15.6 ± 0.9 %) and 5.7 ± 1 × 104       

(28.2 ± 2 %) cLP CD4+ T cells at 8 and 20 dpi, respectively (Figure 3.4 C and D).  

Further analysis of the cLP CD4+ T cell pool (see Figure 3.5) revealed that the total 

numbers of all CD4+ T cell subpopulations analyzed increased by C. rodentium infection 

(Figure 3.6). This effect was significant for IL-17A+ CD4+ (2.9 ± 1.6 × 103 (8 dpi) and 7.9 ±          

3 × 103 (20 dpi) versus (vs.) 0.3 ± 0.1 × 103 (healthy)) and IL-10+ CD4+ (3.6 ± 1.6 × 103     

(8 dpi) and 1.1 ± 0.4 × 103 (20 dpi) vs. 0.2 ± 0.1 × 103 (healthy)) T cells in the cLP of 

infected animals at 8 and 20 dpi compared to healthy control animals (Figure 3.6 C and 

D). The absolute number of cLP Foxp3+ CD4+ T cells also significantly increased at        

20 dpi (3.6 ± 1.6 × 103 (20 dpi) vs. 0.2 ± 0.1 × 103 (healthy); Figure 3.6 E). 

Analysis of the frequencies of cLP subpopulations of CD4+ T cells corroborated these 

results. In the pool of pro-inflammatory CD4+ T cells, the fraction of cLP TNF-α+ CD4+ T 

cells did not change by C. rodentium infection, whereas the frequency of IFN-γ+ CD4+ T 

cells tended to increase in the cLP of infected animals at 20 dpi (15.7 ± 4.3 %) 

compared to healthy control animals (6.1 ± 1.3%; Table 3.1). Moreover, the frequency 

of IL-17A+ CD4+ T cells significantly increased during the course of C. rodentium 

infection with highest levels at 20 dpi (Table 3.1). 

Furthermore, regulatory CD4+ T cell subsets were elevated in the cLP of C. rodentium-

infected animals. Frequencies of Foxp3+ CD4+ T cells were increased at both time 

points investigated (8.7 ± 0.7 % and 9.5 ± 1.9 % at 8 and 20 dpi, respectively) in the cLP 

of C. rodentium-infected animals compared to non-infected mice (4.9 ± 0.9%; Table 

3.1) and this effect was statistically significant at 8 dpi (p = 0.004),    



 47 

 
3 Results 

1 

Introduct

ion 

sdfsdfsdfI

ndsdfsdf

<sdfsdfsd

fsdfsdsdI

nIntrAbbr

eviations 

 

Figure 3.4. C. rodentium infection increases the number and frequency of CD4
+
 T cells in the cLP at 8 and 20 days 

post-infection (dpi). (A) Gating strategy for analysis of CD4
+
 T cells in the cLP. Cell preparations were analyzed by 

FACS and lymphocytes (upper panels) were gated based on their characteristic forward light and side light scatter. 

Within the lymphocyte populations cells staining positive for CD4 were further analyzed (lower panels). Dot plots of 

one representative mouse per group are shown. Absolute numbers of lymphocytes (B) and CD4
+
 cells (C) recovered 

from the cLP of non-infected and C. rodentium-infected mice at 8 and 20 dpi. (D) Percentage of cLP CD4
+
 T cells 

present in the distinct experimental groups in the total cLP lymphocyte pool. All values are mean ± standard error of 

the mean (SEM; n = 8-11 per group with animals of two separate trials pooled). Statistical analysis was performed 

by Mann-Whitney U test (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 

B C 

D 

A 
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and observed as a trend at 20 dpi (p = 0.073). The frequencies of regulatory IL-10+ CD4+ 

and Foxp3+ CD4+ T cells present in the cLP did not change significantly between the 

experimental groups (Table 3.1). 

 

Figure 3.5. Effects of C. rodentium infection on cytokine and Foxp3 expression by CD4
+
 T cells in the cLP. Dual 

parameter dot plots from one representative mouse per group (n = 8 - 11 per group analyzed) are shown. Numbers 

indicate the percentage of TNF-α
+
 CD4

+
, IFN-γ

+
 CD4

+
, IL-17A

+
 CD4

+
, IL-10

+
 CD4

+
, or Foxp3

+
 CD4

+
 T cells. 
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A D 

B E 

C 

Figure 3.6. C. rodentium infection affects total numbers of different CD4
+
 T cell populations in the cLP of 

C. rodentium-infected mice. Flow cytometry analysis of CD4
+
 T cell populations in the cLP of non-infected mice 

(healthy) or C. rodentium-infected mice at 8 and 20 dpi. Values are absolute numbers of cells producing TNF-α (A), 

IFN-γ (B), IL-17A (C), IL-10 (D), or expressing Foxp3 (E) within the CD4
+
 T cell population and are mean ± standard 

error of the mean (SEM) (n = 8 - 11 per group with animals of two separate trials pooled). Statistical analysis was 

performed by Mann-Whitney U test (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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3.2 Pre-treatment with B. bifidum S17 partially ameliorates 

C. rodentium-induced colitis in B6 mice 

After successful establishment of C. rodentium-induced colitis in B6 mice, the effect of 

B. bifidum S17 on C. rodentium infection and the concomitant inflammation was 

investigated. 

 

 Administration of B. bifidum S17 reduces the fecal counts of 3.2.1

C. rodentium 

To study the influence of B. bifidum S17 pre-treatment on C. rodentium-induced colitis, 

mice were assigned randomly to 3 experimental groups: (1) non-infected mice (healthy 

group), (2) C. rodentium-infected mice receiving placebo (PBS) 8 days prior to and 

during infection (PBS + Cr group), and (3) C. rodentium-infected mice administered 

B. bifidum S17 8 days prior to and during infection (S17 + Cr group) (Figure 3.7).   

Group 3 was orally treated with 2 × 109 CFU/mouse for 8 consecutive days with 

B. bifidum S17, whereas an equal volume of placebo was administered to group 2. 

Treatment with B. bifidum S17 and placebo was continued three times a week until the 

end of the trial. Mice of groups 2 and 3 were orally infected with 2 × 109 CFU/animal of 

Table 3.1. Frequency of CD4
+
 T cells producing TNF-α, IFN-γ, IL-17A, IL-10 or expressing Foxp3. 

Values in the cLP of healthy, non-infected and C. rodentium-infected mice at 8 and 20 dpi.  

 cLP CD4+ T cells 

TNF-α IFN-γ IL-17A IL-10 Foxp3 

healthy  25.9 ± 1.8% 6.1 ± 1.3% 2.5 ± 0.7% 1.0 ± 0.2 % 4.9 ± 0.9% 

8 dpi 24.9 ± 3.5% 6.4 ± 1.9% 6.0 ± 1.0% a,b 5.8 ± 2.2 % 8.7 ± 0.7%a  

20 dpi 25.0 ± 5.1 % 15.7 ± 4.3% 20.8 ± 2.2% a,b 1.5 ± 0.3% 9.5 ± 1.9% 

 All values are mean ± standard error of the mean (SEM) (n = 8 - 11 per group with animals of 
two separate trials pooled). Statistical analysis was performed using Mann-Whitney U test.         
a
 Bold numbers indicate significant differences between healthy controls and the respective 

C. rodentium-infected animals (p < 0.05).                    
b
 Significant difference between animals at 8 and 20 dpi (p < 0.05). 



 51 

 
3 Results 

1 

Introduct

ion 

sdfsdfsdfI

ndsdfsdf

<sdfsdfsd

fsdfsdsdI

nIntrAbbr

eviations 

C. rodentium at day 0, and the number of viable C. rodentium in the feces as well as 

the body weight were monitored over a period of 20 days. At 20 dpi, mice were 

sacrificed, and colonic biopsies were assessed for macroscopic and histological signs of 

inflammation. Additionally, different subsets of cLP CD4+ T lymphocytes were assessed 

by flow cytometry.  

In this trial, C. rodentium numbers in the fecal samples of infected control animals 

peaked at 13 dpi (8.6 ± 0.3 log10 CFU/g of feces). Subsequently, the fecal bacterial 

numbers declined continuously to 6.4 ± 0.6 log10 CFU/g of feces at 20 dpi              

(Figure 3.8 A). This represents a reduction of almost 2 log units compared to peak 

levels. Infected mice pre-treated with B. bifidum S17 showed a similar increase in the 

numbers of fecal C. rodentium as mice receiving placebo at the early phase of the 

infection (Figure 3.8 A). However, during the peak of infection, starting at 10 dpi, 

C. rodentium levels in B. bifidum S17-treated animals were slightly lower (7.7 ± 0.3 

log10 CFU/g of feces, 13 dpi) compared to the C. rodentium-infected control animals  

Figure 3.7. Schematic representation of the experimental design of mice pre-treated with B. bifidum S17 prior to 

C. rodentium infection. 
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Figure 3.8. B. bifidum S17 pre-treatment facilitates clearance of C. rodentium in mice. (A) C. rodentium counts in 

fecal samples of C. rodentium-infected mice - receiving placebo (PBS + Cr, n = 13, filled rectangle) or B. bifidum S17 

(S17 + Cr, n = 12, open diamond) initiated 8 days before infection and continued until the end of the trial – over the 

course of infection. On day 0, mice were orally infected with 2 × 10
9
 colony forming units (CFU) of C. rodentium.    

(B) Body weight change in healthy, non-infected mice (healthy, n = 13; filled triangle), and mice pre-treated with 

placebo or B. bifidum S17 plus infected with C. rodentium (PBS + Cr, n = 13, filled rectangle; S17 + Cr, n = 12, open 

diamond, respectively). Each experimental group contained mice pooled from two separate experiments. Data are 

mean ± standard error of the mean (SEM). Statistical analysis was performed using Mann-Whitney U test                

(*: p < 0.05). 

A 

B 
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(8.6 ± 0.3 log10 CFU/g of feces, 13 dpi). Moreover, B. bifidum S17-treated animals 

cleared the infection more effectively as indicated by significantly lower C. rodentium 

counts at 15 dpi, 18 dpi and 20 dpi. At 20 dpi, C. rodentium counts in the fecal samples 

of infected mice pre-treated with probiotic bacteria were about 3 orders of log units 

lower than in placebo-treated control animals (3.2 ± 1.1 vs. 6.4 ± 0.6 log10 CFU/g of 

feces, respectively).  

The average body weight of infected and non-infected mice did not differ significantly 

over the period of 20 days (Figure 3.8 B). Treatment with B. bifidum S17 had no effect 

on the body weight of C. rodentium-infected mice (Figure 3.8 B). The body weight 

continuously increased in all experimental groups until the end of the experiment. 

Together with the lower C. rodentium counts in infected, placebo-treated animals, and 

the later peak of infection, this indicates that the severity of C. rodentium infection was 

considerably lower compared to the first trial. 

 

 Treatment with B. bifidum S17 improves C. rodentium-induced 3.2.2

colonic hyperplasia 

To assess if pre-treatment with B. bifidum S17 influences C. rodentium-induced colonic 

hyperplasia, the colons of all animals were removed at the end of the experiment and 

analyzed for macroscopic and histological signs of inflammation (Figure 3.9). 

Upon macroscopic examination, C. rodentium-infected mice receiving placebo showed 

signs of mild colitis. In most infected animals the colonic walls were considerably 

thickened compared to healthy, non-infected control mice (Figure 3.9 A). Also, the 

colons of non-infected animals contained normal fecal pellets, whereas most infected 

animals showed signs of diarrhea with soft feces and few defined fecal pellets (Figure 

3.9 A). Pre-treatment with B. bifidum S17 did not improve macroscopic signs of 

inflammation triggered by C. rodentium infection. However, the majority of colons 

removed from infected mice fed with B. bifidum S17 appeared to have less severe 

thickening of the colonic wall, and contained defined fecal pellets (Figure 3.9 A), 

indicating a reduction in the symptoms of diarrhea. 
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As observed in the previous trial, colonic crypts were significantly elongated in animals 

infected with C. rodentium (Figure 3.9 C). Treatment with B. bifidum S17 led to a

A 

D C 

B 

Figure 3.9. Treatment with B. bifidum S17 does not ameliorate colonic inflammation caused by C. rodentium 

infection, but decreases colonic hyperplasia at 20 days post-infection (dpi). (A) Colons taken from healthy, 

placebo or B. bifidum S17-treated plus C. rodentium-infected animals at 20 dpi. Images from one representative 

mouse per group are shown. (B) Hematoxylin and eosin stained images of central colonic sections taken from 

healthy, placebo or B. bifidum S17-treated plus C. rodentium-infected animals at 20 dpi. Images from one 

representative mouse per group are shown (magnification, 100x; scale bar = 100 µm). (C) Crypt length and (D) 

histopathological colitis score in central colon sections of each group of mice at 20 dpi. Values are mean ± standard 

error of the mean (SEM, n = 4 - 5 mice per group). Statistical analysis was performed using Mann-Whitney U test 

(N.S.: not significant; **: p < 0.01; ***: p < 0.001). 
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normalization of C. rodentium-induced crypt hyperplasia (Figure 3.9 C). Furthermore, 

histopathological analysis showed that C. rodentium-infected mice had significantly 

higher colitis scores compared to healthy, non-infected control animals. This increase 

in the colitis scores was not improved by treatment with B. bifidum S17 (Figure 3.9 D). 

 

 Treatment with B. bifidum S17 has no impact on C. rodentium-3.2.3

triggered mucosal Th1 and Th17 immune responses 

To further investigate if administration of B. bifidum S17 influences mucosal T cell 

responses triggered by C. rodentium, CD4+ T cells were isolated from the cLP at 20 dpi 

and analyzed for the expression of TNF-α, IFN-γ, IL-17A, IL-10, and Foxp3 by multi-color 

flow cytometry. 

Similar to the previous trial (see Chapter 3.1.4), C. rodentium infection induced 

infiltration of lymphocytes and CD4+ T cells to the cLP (Figure 3.10). Significantly 

elevated numbers of cLP lymphocytes in C. rodentium-infected mice receiving placebo 

were observed compared to healthy, non-infected mice (Figure 3.10 A). Treatment 

with B. bifidum S17 slightly reduced numbers of cLP lymphocytes in infected animals. 

However, this effect did not reach statistical significance. Similarly, CD4+ T cells 

accumulated in C. rodentium-infected animals (Figure 3.10 B and C), and this 

accumulation was partially inhibited by treatment with B. bifidum S17 (Figure 3.10 B). 

Further analysis of the subpopulations of the CD4+ T cell pool (see Figure 3.11) 

revealed that the absolute numbers TNF-α+ CD4+ and IL-10+ CD4+ T cells in the cLP did 

not significantly differ between the experimental groups (Figure 3.12 A and D). 

However, C. rodentium infection significantly increased the total numbers of IFN-γ+ 

CD4+ (4.2 ± 0.9 × 103 vs. 9.6 ± 2.2 × 102), IL-17A+ CD4+ (2.9 ± 0.8 × 103 vs. 2.6 ± 0.6 × 

102), and Foxp3+ CD4+ (2.0 ± 0.8 × 103 vs. 4.7 ± 2.0 × 102) T cells present in the cLP of 

infected mice compared to non-infected control mice (Figure 3.12 B, C, and E). 
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Figure 3.11. Effects of treatment with B. bifidum S17 or placebo plus C. rodentium infection on cytokine and 

Foxp3 expression by CD4
+
 T cells in the cLP at 20 days post-infection (dpi). Dual parameter dot plots from one 

representative mouse per group (n = 6 - 10 per group analyzed) are shown. Numbers indicate the percentage of 

TNF-α
+
 CD4

+
, IFN-γ

+
 CD4

+
, IL-17A

+
 CD4

+
, IL-10

+
 CD4

+
, or Foxp3

+
 CD4

+
 T cells. 

A B 

C 

Figure 3.10. CD4
+
 T cells increase in the cLP of C. rodentium-infected animals at 20 days post-infection (dpi). 

Absolute numbers of lymphocytes (A) and CD4
+
 cells (B) recovered from the cLP of non-infected and placebo or 

B. bifidum S17-treated plus C. rodentium-infected animals at 20 dpi. (C) Percentage of cLP CD4
+
 T cells present in 

the distinct mouse groups in the total cLP lymphocyte pool. All values are mean ± standard error of the mean 

(SEM; n = 6 – 10 per group with animals of two separate trials pooled). Statistical analysis was performed by 

Mann-Whitney U test (*: p < 0.05; ***: p < 0.001). 
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A D 

B E 

C 

Figure 3.12. Treatment with B. bifidum S17 does not affect elevated levels of IFN-γ
+
 CD4

+
 or IL-17A

+
 CD4

+ 
 T cells 

in the cLP of C. rodentium-infected mice. Flow cytometry analysis of CD4
+
 T cell populations in the cLP of non-

infected (healthy) and placebo or B. bifidum S17-treated plus C. rodentium-infected animals (PBS + Cr and S17 +Cr, 

respectively) at 20 dpi. Values are absolute numbers of cells producing TNF-α (A), IFN-γ (B), IL-17A (C), IL-10 (D), or 

expressing Foxp3 (E) within the CD4
+
 T cell population and are mean ± standard error of the mean (SEM; n = 6 - 10 

per group with animals of two separate trials pooled). Statistical analysis was performed by Mann-Whitney U test      

(*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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Furthermore, treatment with B. bifidum S17 had no significant effect on the total 

numbers of these T cell populations (4.7 ± 1.6 × 103 IFN-γ+ CD4+; 1.9 ± 0.4 × 103 IL-17A+ 

CD4+; 1.9 ± 0.9 × 103 Foxp3+ CD4+) (Figure 3.12 B, C, and E). Nevertheless, the absolute 

number of Th17 cells tended to be attenuated by treatment with B. bifidum S17 in the 

cLP of C. rodentium-infected mice, when compared to C. rodentium-infected mice 

receiving placebo (Figure 3.12 C).  

Similar results were obtained by the analysis of the frequency of the distinct T cell 

populations. No significant differences in the percentage of cLP IL-10+ or Foxp3+ CD4+ T 

cells were observed (Table 3.2). IFN-γ+ CD4+ T cells were slightly increased, but the 

effect did not reach statistical significance. By contrast, the percentage of cLP IL-17A+ 

CD4+ T cells significantly increased by C. rodentium infection. Frequencies of TNF-α+ 

CD4+ T cells were significantly decreased (Table 3.2). Treatment with B. bifidum S17 did 

not significantly affect the percentage of these T cell populations (Table 3.2). 

  

Table 3.2. Frequency of CD4
+
 T cells producing TNF-α, IFN-γ, IL-17A, IL-10 or expressing 

Foxp3. Values in the cLP of healthy, non-infected and C. rodentium-infected mice treated 
either with placebo or B. bifidum S17 at 20 dpi.  

 cLP CD4+ T cells 

TNF-α IFN-γ IL-17A IL-10 Foxp3 

healthy  26.9 ± 1.8% 5.4 ± 1.2% 2.4 ± 0.7% 1.1 ± 0.2 % 5.0 ± 0.8% 

PBS + Cr 11.9 ± 2.4%a 7.1 ± 1.7% 6.2 ± 1.7%a 0.7 ± 0.3 % 3.6 ± 0.8%  

S17 + Cr 18.4 ± 2.6%a 9.4 ± 1.8% 7.0 ± 2.3%a 0.6 ± 0.1% 4.9 ± 1.0% 

 All values are mean ± standard error of the mean (SEM; n = 6 - 10 per group with animals of 
two separate trials pooled). Statistical analysis was performed using Mann-Whitney U test.         
a
 Bold numbers indicate significant differences between healthy controls and the respective            

C. rodentium-infected animals (p < 0.05). 
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3.3 Construction of a red fluorescent C. rodentium for in vivo 

application and microscopy analysis 

 Construction of C. rodentium ICC169::p16S_mRuby 3.3.1

A second goal of this study was the generation of a C. rodentium strain with 

constitutive expression of a red fluorescent protein to facilitate detection in the 

gastrointestinal tract of mice following infection. For this purpose, plasmid 

p16S_mRuby was constructed based on the reporter plasmid p16Slux (Riedel et al., 

2007) (Figure 3.13). mRuby is a monomeric derivative of the red fluorescent protein 

eqFP611 with exitation and emission maxima at 558 and 605 nm, respectively (Kredel 

et al., 2009). 

First, the vector p16Slux was digested with the restriction enzyme PstI to excise the 

Phelp promoter and the luxABCDE operon (5,831 bp DNA fragment), yielding p16S, 

which has a size of 4,390 bp. The mRuby-coding gene was amplified together with the 

T5 phage promoter by PCR using plasmid pQE-32mRuby as a template (Kredel et al., 

2009) and primers PT5mRuby_PstI.fwd and PT5mRuby.rev (for primer sequences see 

Addendum, Table 6.4). The 898 bp PCR product was digested with the restriction 

enzyme PstI and ligated to the PstI digested vector backbone of p16S. The resulting 

vector p16S_mRuby (Figure 3.13) was transformed into E. coli DH10B by 

electroporation. Transformants were plated on selective LB agar and incubated for    

24 h at 30°C, which is the permissive temperature of the p16S replicon. Resistant 

clones were tested for the presence of p16S_mRuby by plasmid mini preparation, 

restriction analysis, and DNA sequencing. Plasmids of confirmed positive clones were 

isolated and transformed into C. rodentium ICC169. 

Integration of p16S_mRuby into one of the 16S rDNA loci in the chromosome of 

C. rodentium ICC169 by homologous recombination was achieved as previously 

described (Riedel et al., 2007). The p16S_mRuby construct was transformed into 

C. rodentium ICC169 by electroporation. Transformants were plated on LB agar 

supplemented with erythromycin and incubated at 30°C. Resistant clones were 
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Figure 3.13. Construction of p16S_mRuby. Plasmid maps of p16Slux (A), pQE-32mRuby, and p16S_mRuby (C). 

Indicated are the E. coli DH10B 16S rDNA sequence (grey box), the thermosensitive pWV01ts replicon of plasmid 

pGh9::ISS1 (grey box), erythromycin resistance gene (ermAM; grey arrow), the Phelp promoter (blue box), luxABCDE 

genes (red arrows), colE1 origin of replication (grey box), the ampicillin resistance gene (bla; red arrow), the phage 

T5 promoter (green box), and the mRuby gene (red arrow). Relevant PstI restriction sites and location of primers 

PT5mRuby_PstI.fwd and PT5mRuby.rev used for the amplification of the PT5 promoter and mRuby gene are indicated.   

(D) Agarose gel electrophoresis of the PT5mRuby DNA fragment digested with PstI. (E) Agarose gel electrophoresis of 

p16Slux digested with PstI. 

A 

C 

B 

D E 
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screened for red fluorescence by fluorescence microscopy and presence of 

p16S_mRuby was confirmed by plasmid mini preparation and restriction analysis. 

Positive clones were further cultivated aerobically in LB medium supplemented with 

erythromycin at 30°C overnight with agitation. The next day, the overnight culture was 

diluted 1:1,000 in fresh LB medium supplemented with erythromycin, and incubated 

aerobically for approximately 6 h at 30°C with agitation. Then, the temperature was 

shifted to 42°C, which is the non-permissive temperature of the p16S replicon. 

Cultures were incubated aerobically overnight with agitation. Finally, dilutions were 

plated on LB agar supplemented with erythromycin and incubated at 42°C. Under 

these conditions, the plasmid p16S_mRuby does not replicate due to the 

thermosensitive origin of replication. By maintaining the selective pressure, integration 

into the 16S locus of the bacterial chromosome by homologous recombination is 

required for survival of bacteria (Riedel et al., 2007). Erythromycin-resistant colonies 

were controlled for red fluorescence (Figure 3.14) and integration of p16S_mRuby was 

confirmed by PCR using the primer pair 16S_fwd.new and 16S_int_rev (for primer 

sequences see Addendum, Table 6.4) confirming the successful generation of the 

strain C. rodentium ICC169::p16S_mRuby. 

 

Figure 3.14. Fluorescence microscopy of RF-C. rodentium. Bright field and fluorescence images of wild type 

C. rodentium ICC169 (upper panels) and C. rodentium ICC169::p16SmRuby (RF-C. rodentium). Images were taken 

with an Axioskop light microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) connected to an HBO Microscope 

Illuminating System (Carl Zeiss Microscopy GmbH, Jena, Germany). 
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 In vivo analysis of C. rodentium ICC169::p16S_mRuby 3.3.2

To check if C. rodentium ICC169::p16S_mRuby (RF-C. rodentium) can be used for 

analysis of infection and localization of C. rodentium in the gastrointestinal tract by ex 

vivo fluorescence microscopy, mice were orally infected with RF-C. rodentium and 

treated either with placebo (PBS) or B. bifidum S17 according to the protocol described 

in Chapter 3.2.1. At 14 dpi, one mouse per group was sacrificed and the dissected 

colon was analyzed by confocal microscopy. Clearly, red-fluorescent C. rodentium 

could be detected in colonic mucosal biopsies in infected animals (Figure 3.15 A). 

Moreover, treatment with B. bifidum S17 appeared to reduce the amount of 

C. rodentium on the luminal side of the colonic tissue in infected animals compared to 

placebo treated animals (Figure 3.15 B). 

Figure 3.15. Confocal microscopy of RF-C. rodentium in colonic mucosal biopsies. Ex vivo confocal imaging 

of colonic tissue samples removed from mice treated with either placebo (PBS) or B. bifidum S17 and 

infected with RF-C. rodentium. (A) Representative images from an Alexa Fluor 350-stained biopsy of the 

central section of the colon of one C. rodentium-infected mouse treated with placebo. The right panel 

represents an overlay of the blue (AlexaFluor 350) and red (RF-C. rodentium) channels. Blue signal indicates 

colonic epithelial surface stained by Alexa Flour 350 conjugated to wheat germ agglutinin, red signal 

represents RF-C. rodentium. (B) Representative images of one mouse of each experimental group. Biopsies 

were imaged ex vivo with an LSM 710 confocal microscope (Carl Zeiss Microscopy GmbH, Jena, Germany). 

Respective images of different parts of the central colon of one individual mouse per group are shown.  

A 

B 
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4 Discussion 

4.1 C. rodentium infection induces transient colitis and colonic 

crypt hyperplasia in mice  

EPEC and EHEC strains are human pathogens (Nataro & Kaper, 1998). EPEC causes 

infantile diarrhea in developing countries, and EHEC is the causative agent of 

hemorrhagic colitis, hemolytic-uremic syndrome and frequent outbreaks of food and 

water poisoning in the developing world (Nataro & Kaper, 1998). The closely related 

C. rodentium causes highly similar symptoms in mice. All three pathogens are 

characterized by the formation of A/E lesions. Since EHEC and EPEC are poorly 

pathogenic in other animal species, C. rodentium serves as a small animal model to 

study infections by A/E enteric pathogens in vivo (Mundy et al., 2005). 

In the current study, the mouse model of C. rodentium-induced colitis was used to 

evaluate if treatment with B. bifidum S17 has an impact on the pathology and 

inflammatory responses triggered by an enteric bacterial infection. For this purpose, 

infection of mice with C. rodentium was established in our lab. As shown in this study, 

fecal shedding of C. rodentium peaked at 8 dpi and declined afterwards. At 20 dpi, only 

few bacteria could be recovered from the feces. Complete clearance of C. rodentium 

was observed at 24 – 28 dpi.  

Furthermore, C. rodentium-infected mice demonstrated a retarded and significantly 

reduced weight gain compared to healthy, non-infected control animals. The marginal 

weight gain observed between 7 – 10 dpi coincided with the peak of infection. By 

13 dpi, the weight gain of infected mice increased, but still remained significantly 

below the average weight of healthy mice. The increase in the body weight of C. 

rodentium-infected mice roughly correlated with the reduction of bacterial fecal 

counts. Thus, this time period can be considered as the resolving phase of the C. 

rodentium infection.  

Additionally, our histological analysis demonstrate that C. rodentium induced 

pathological changes in the colonic tissue and crypt hyperplasia at the peak (8 dpi) and 

resolving phase (20 dpi) of infection. Namely, C. rodentium-infected animals showed 
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marked goblet cell depletion, infiltration of inflammatory cells and colonic crypt 

elongation with highest crypt lengths at 20 dpi. Also, the colitis scores significantly 

increased in infected animals during the course of C. rodentium infection compared to 

healthy, non-infected animals. 

Collectively, infected mice displayed signs of a modest and transient C. rodentium-

induced colitis accompanied by impaired body weight gain and colonic hyperplasia 

peaking 2 – 3 weeks post infection, which are in line with previous studies that showed 

similar C. rodentium infection kinetics and colonic histopathological changes (Barthold 

et al., 1978; Vallance et al., 2002; Maaser et al., 2004; Wiles et al., 2006; Symonds et 

al., 2009).  

In conclusion, C. rodentium-induced colitis was successfully established with infection 

kinetics and histopathological characteristics similar to already published data.  

 

4.2 C. rodentium infection in mice elicits a mucosal Th17 

cytokine response in the colon 

Oral infection of mice with C. rodentium induces adaptive immunity of the host leading 

to large infiltration of CD4+ T cells into the cLP, a slight increase in epithelial CD8+ T 

cells, and a highly polarized Th1 immune response (Higgins et al., 1999b; Higgins et al., 

1999a; Goncalves et al., 2001; Simmons et al., 2002). Also, systemic CD4+ T cell-

dependent IgG antibody production by B cells has been shown to be important in 

eradicating C. rodentium (Simmons et al., 2003; Bry & Brenner, 2004; Maaser et al., 

2004; Bry et al., 2006). In this study, we aimed to further characterize CD4+ T cell 

immune responses in the cLP during C. rodentium infection by flow cytometry analysis 

of specific cytokine-producing CD4+ T cell subsets. 

Our results demonstrate that C. rodentium infection in mice significantly increased the 

total number and frequency of CD4+ T cells in the cLP at both peak and resolving phase 

of infection. In particular, C. rodentium induced weak Th1 mucosal immune responses 

during the course of infection. This was shown by slightly elevated absolute numbers 

of cLP CD4+ TNF-α+ and CD4+ IFN-γ+ T cells and a slight increase in the frequency of 
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CD4+ IFN-γ+ T cells, especially in the late phase of C. rodentium infection. This is in line 

with previous reports that could show that C. rodentium infection is characterized by 

the accumulation of Th1 cells producing the cytokines IL-12, IFN-γ, and TNF-α in the 

cLP of infected mice (Higgins et al., 1999b; Higgins et al., 1999a). Both IFN-γ and IL-12 

were shown to be important for host defence against C. rodentium. Mice deficient for 

IL-12 or IFN-γ exhibited impaired resistance and enhanced pathology during infection 

with C. rodentium (Simmons et al., 2002; Shiomi et al., 2010). By contrast, TNF-α seems 

to play a minor role for protective immunity against C. rodentium. In mice that lack a 

functional TNF-α receptor higher bacterial burden, markedly enhanced colonic 

hyperplasia and increased mucosal Th1 response were observed. Yet, these mice 

resolved C. rodentium infection as rapidly as wild type mice (Goncalves et al., 2001).  

Although induction of adaptive T cell immune responses in the cLP were demonstrated 

to be essential for immunity against C. rodentium, recent data suggested that these 

immune cells are also involved in tissue pathology and disease symptoms observed 

during C. rodentium infection (Vallance et al., 2002). In particular, the pro-

inflammatory Th1 cytokine IFN-γ has been shown to be critical for the development of 

epithelial hyperplasia in response to infections with C. rodentium and other pathogens 

(Artis et al., 1999; Higgins et al., 1999b; Higgins et al., 1999a). During C. rodentium 

infection, IFN-γ was found to be highly expressed in the colon, and infected mice 

suffered from increased colonic hyperplasia. In addition, IFN-γ receptor-deficient mice 

did not develop mucosal hyperplasia during C. rodentium infection as compared to 

infected wild type control animals (Higgins et al., 1999b). Further studies in wild type 

B6 mice and RAG1-deficient mice, which lack T and B lymphocytes, have indicated the 

involvement of T and B lymphocytes in the crypt hyperplastic response (Vallance et al., 

2002). While wild type B6 mice showed increased crypt length even at the clearance of 

the infection by 24 dpi, only transient hyperplasia was observed until 2 weeks post-

infection in RAG1-deficient mice (Vallance et al., 2002). Therefore, even the slight 

increase in the number of IFN-γ producing CD4+ T cells observed in this study could be 

the factor that contributed to the increased crypt hyperplasia in C. rodentium-infected 

B6 mice. 
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Th17 cells are a subset of effector CD4+ T helper cells characterized by secretion of 

cytokines IL-17 (IL-17A and IL-17F), IL-22, and IL-21 (McGeachy & Cua, 2008; Ouyang et 

al., 2008). The signature cytokine IL-17 has diverse functions including the recruitment 

and activation of neutrophils and activation of innate epithelial defense mechanism, 

e.g. production of antimicrobial peptides (Bettelli et al., 2008; Ouyang et al., 2008; 

Ishigame et al., 2009). In the present study, the absolute number and frequency of 

CD4+ IL-17A+ T (Th17) cells significantly increased in the cLP of C. rodentium-infected 

B6 mice both during peak (8 dpi) and resolving phase (20 dpi) of infection, with highest 

levels being observed at 20 dpi. Similarly, an increase in cLP IL-17-producing CD4+ T 

cells and IL-17 mRNA were reported in previous studies (Mangan et al., 2006; Symonds 

et al., 2009). Also, mice deficient for the cytokines IL-17A and IL-17F showed increased 

susceptibility to C. rodentium infection compared with wild type mice (Ishigame et al., 

2009). Furthermore, IL-17A and IL-22 produced by Th17 cells induce the production of 

antimicrobial peptides (RegIIIβ, RegIIIγ or β-defensins 1, 3, and 4) by acting on colonic 

epithelial cells (Zheng et al., 2008; Ishigame et al., 2009). This may explain the 

important role of Th17 cytokines in the clearance of C. rodentium infection. Thus, cLP 

Th17 cells possibly mediate host defense against C. rodentium via production of 

antimicrobial molecules and, as a consequence, prevent systemic bacterial 

dissemination and promote clearance of C. rodentium.  

IL-10 and Foxp3 are markers of regulatory T cell subsets. IL-10 is as an anti-

inflammatory cytokine that has an important role in infection by limiting the immune 

response to pathogens, thus dampen excessive tissue damage to the host (Saraiva & 

O'Garra, 2010; Ouyang et al., 2011). In homeostasis, the intestinal LP and its associated 

lymphoid follicles already harbor high numbers of Foxp3+ regulatory T cells compared 

to other tissues, and these cells contribute to tolerance against dietary antigens and 

the gut flora (Maynard & Weaver, 2009; van Wijk & Cheroutre, 2010; Hadis et al., 

2011). Furthermore, they have been shown to be protective in mouse models of colitis 

(Fantini et al., 2006; Murai et al., 2009). 

In this study, increased numbers of IL-10-producing and Foxp3+ regulatory CD4+ T cells 

were observed especially at the resolving phase of the infection, indicating activation 

of regulatory immune responses. Similar observations were made by Symonds et al. 
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who reported that Foxp3 mRNA expression is significantly increased in the distal colon 

of mice during C. rodentium infection (Symonds et al., 2009). Another study 

demonstrated an increase in in IL-10 mRNA levels as well as accumulation of Foxp3+ 

regulatory T cells in the colon of C. rodentium-infected B6 mice at 2 and 3 weeks post-

infection (McBee et al., 2008). Activation of regulatory Tr1 and Treg populations 

observed by us and others may serve to suppress aberrant and excessive intestinal 

immune reactions, thereby limiting colonic tissue damage caused by C. rodentium.     

IL-10 is expressed by various T cell subsets, including Th1, Th2, Th17 cell populations. 

More importantly, it is expressed by both Tr1 and Treg cells (Fiorentino et al., 1989; 

Roncarolo et al., 2006; Xu et al., 2009; Sabat et al., 2010; Sakaguchi, 2011), that are 

two subsets of regulatory T cells. In contrast to Tr1 cells, Foxp3+ regulatory T cells 

constitutively express the transcription factor Foxp3 and produce TGF-β and IL-10. 

Unfortunately, in the present study cLP CD4+ T cells were not double-stained for both 

IL-10 and Foxp3. Thus, it is not possible to determine the exact portion of Tr1 cells 

induced by infection.  

In summary, the presented flow cytometry data are in line with previously published 

studies and indicate induction of both mucosal Th1 and Th17 immune responses after 

infection with C. rodentium. Nevertheless, Th17 cells appeared to be the prevalent T 

cell subset triggered by C. rodentium infection. However, these pro-inflammatory 

immune responses seem to be counteracted at later stages of infection by induction of 

IL-10 and activation of Foxp3+ regulatory CD4+ T cells. 

 

4.3 B. bifidum S17 treatment of B6 mice facilitates clearance 

of C. rodentium and decreases colonic crypt hyperplasia 

while not affecting CD4+ T cell immune responses 

Probiotics are not exclusively tested for the protective effects they exhibit in chronic 

inflammatory diseases of mice and humans, but also investigated for their role in 

treatment of infectious diarrheal disorders caused by different pathogens, including 

C. rodentium-induced colitis (Asahara et al., 2004; McFarland, 2007; Wu et al., 2008; 

Fanning et al., 2012; Rodrigues et al., 2012). Recently, a promising study has been 
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published showing that certain bifidobacterial strains encoding an ATP-binding-

cassette-type carbohydrate transporter contribute to protection of gnotobiotic mice 

from death induced by EHEC O157:H7 infection via production of acetate (Fukuda et 

al., 2011). Whether these and other probiotic strains are useful for therapeutic 

intervention in human diarrheal disorders caused by EHEC and/or EPEC, needs to be 

clarified. Previously, our lab has demonstrated that B. bifidum S17 has anti-

inflammatory capacity in vitro (Riedel et al., 2007; Preising et al., 2010) and in different 

murine models of colitis (Preising et al., 2010; Philippe et al., 2011a). In this study, the 

potential of B. bifidum S17 to ameliorate C. rodentium-induced colitis in B6 mice was 

analyzed. For this purpose, B6 animals were pre-treated with B. bifidum S17 or placebo 

(PBS) for 8 consecutive days prior to infection with C. rodentium and continued three 

times per week until the end of the trial (20 dpi). As a control, healthy, non-infected 

animals were used. 

The kinetics of C. rodentium infection in mice administered placebo prior to 

C. rodentium infection was similar to that of previous trials. However, in this trial, fecal 

shedding of C. rodentium peaked at 13 dpi, hence 5 days later than usually observed. 

In addition, the numbers of fecal C. rodentium were reduced by half a log unit 

compared to the previous trial (8.6 ± 0.3 vs. 9.2 ± 0.1 log10 CFU/g of feces). No 

differences in body weight gain over the time course of infection were detected 

between animals infected with C. rodentium and non-infected healthy control animals. 

Also, colonic histopathological changes in C. rodentium-infected animals were less 

severe than those seen in previous trials as the colitis score of C. rodentium-infected 

mice administered placebo were 2-fold decreased compared to data of C. rodentium 

infection studies presented in Chapter 3.1.3 (PBS + Cr group, colitis score of ~ 1 vs. 

20 dpi, colitis score of ~ 2.3). C. rodentium infection of mice administered placebo 

resulted in significantly elongated crypts compared to healthy, non-infected control 

mice, but the mean crypt length was shorter than that measured in previous studies 

described in Chapter 3.1.3 (261.3 ± 8.9 µm (PBS + Cr) vs. 299.4 ± 5.8 µm (20 dpi)). All of 

these data indicate ongoing inflammation in C. rodentium-infected animals though 

with a markedly milder course of infection. Although the fecal C. rodentium numbers 

were slightly reduced and a slightly retarded plateau was observed, the infection in 

this trial can still be considered in the range of previous studies (Luperchio & Schauer, 
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2001; Maaser et al., 2004; Wiles et al., 2004; Mundy et al., 2005; Symonds et al., 

2009). Considering that the aim of the trial was to study the effect of a probiotic 

Bifidobacterium, this could be regarded as an advantage since effects might be 

detected more easily. 

Mice pre-treated with B. bifidum S17 and infected with C. rodentium showed slightly 

reduced fecal load of C. rodentium at the peak of infection and cleared the infection 

more efficiently during the resolving phase (i.e. 15 dpi and later time points) compared 

to placebo administrated mice. However, pre-treatment with B. bifidum S17 did not 

appear to ameliorate the general signs of colonic inflammation induced by 

C. rodentium infection, since histopathology and average colitis scores were similar in 

C. rodentium-infected mice receiving either B. bifidum S17 or placebo. By contrast, pre-

treatment with B. bifidum S17 significantly decreased the mean colonic crypt length in 

C. rodentium-infected animals compared to animals receiving placebo. This indicates 

down-regulation of colonic epithelial cell hyperplasia triggered by C. rodentium 

colonization. If treatment with B. bifidum S17 still affects both the clearance of 

C. rodentium and hyperplasia in more heavily infected mice, needs to be clarified by 

further trials.  

As commented above, fecal numbers of C. rodentium are significantly decreased by 

treatment with B. bifidum S17 at later stages of infection. Different explanations for 

this antagonistic effect of B. bifidum S17 on C. rodentium infection might be possible. 

Enteric bacteria that colonize the gut of humans and mice have to compete with the 

resident microflora for niches and nutrients to survive (Lawley & Walker, 2013). In 

addition, probiotics can be used to prevent or to outcompete invading pathogens by 

various mechanisms, including reduction of the gut pH by SCFA formation or 

competition for nutrients (Fooks et al., 1999; Stecher & Hardt, 2008; Veiga et al., 2010) 

- a process that is termed competitive exclusion. 

Recent studies have shown that the gut microflora (i) influences the susceptibility to 

C. rodentium infection (Ghosh et al., 2011; Willing et al., 2011), and (ii) is subjected to 

global alterations in its composition (reduced total numbers and decreased diversity of 

bacteria) as a consequence of C. rodentium colonization and host inflammatory 

immune responses (Lupp et al., 2007; Hoffmann et al., 2009). Similar observations 
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were made in patients and animal models of IBD, linking inflammation with altered 

composition of the intestinal microbiota (Mai et al., 2006; Frank et al., 2007; 

Heimesaat et al., 2007). Upon infection, C. rodentium induce alterations in abundance 

for Proteobacteria, Deferribacteres, Clostridia, an enrichment of Enterobacteriaceae, 

and a decrease in Lactobacillus (Hoffmann et al., 2009; Rodrigues et al., 2012). 

Hoffmann and colleagues suggest that the increase in Enterobacteriaceae was not a 

general outgrowth of Enterobacteriaceae, but was associated with colonization and 

proliferation of C. rodentium itself. Similarly, an increase in Proteobacteria in the cecal 

microbiota has been reported in Salmonella typhimurium-infected mice after 

treatment with streptomycin (Stecher et al., 2007). However, in this case the authors 

argue that the inflammation triggered by the enteric pathogen creates a favourable 

environment for the outgrowth of Proteobacteria.          

Treatment with probiotics has been shown to counterbalance the outgrowth of 

Enterobacteriaceae observed in mouse models of infectious colitis and ulcerative 

colitis, thereby supporting the re-establishment of the normal gut microbiota. 

Prophylactic treatment of probiotic lactobacilli in B6 mice has been reported to 

suppress the overgrowth of Enterobacteriaceae, to normalize the levels of lactobacilli, 

and counteract a global decrease in diversity after infection with C. rodentium (Gareau 

et al., 2011; Rodrigues et al., 2012). Another study demonstrated that consumption of 

a fermented milk product containing a B. animalis subsp. lactis strain improved colitis 

in T-bet-/- × Rag2-/-mice (Veiga et al., 2010). The effect was shown to be mediated by 

reduction in cecal pH achieved by increased abundance of lactate-consuming and 

butyrate-producing bacteria and, consequently, alterations in fecal SCFA levels, in 

particular an increase in acetic acid. This resulted in decreased numbers of 

Enterobacteriaceae that were identified as the colitogenic components in T-bet-/- × 

Rag2-/-mice (Garrett et al., 2010b). Furthermore, Fukada and co-workers have shown 

that in BALB/c mice acetate produced by certain bifidobacteria promotes defence 

against lethal enteropathogenic infection by EHEC O157:H7 (Fukuda et al., 2011). The 

protective effect of bifidobacteria was associated with the presence of a 

chromosomally encoded fructose-specific ATP-binding-cassette (ABC)-type 

carbohydrate transporter present in B. longum subsp. longum strains. The genome of 

B. bifidum S17 does not harbour genes for such a fructose-specific ABC-type 
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carbohydrate transporter. Nevertheless, the possibility that consumption of                  

B. bifidum S17 supports the growth of resident gut bacteria, which modulate SCFA 

production and lower the pH, cannot be excluded.  

Recently, Kamada and colleagues have demonstrated that the regulated virulence of 

C. rodentium is critical to compete with the gut microbiota during infection of mice 

(Kamada et al., 2012). Early in infection (until peak of infection), the LEE-encoded 

virulence genes were expressed to allow for C. rodentium proliferation and 

colonization of the murine intestine. During the late phase of infection, the virulence 

gene expression was down-regulated, leading to relocation of the pathogen to the gut 

lumen, where it was finally outcompeted by commensals. Kamada et al. indicated that 

the ability of commensals to (out)compete with luminal C. rodentium was determined, 

in part, by the utilization of structurally similar carbohydrates. Alternatively, 

administration of B. bifidum S17 might improve the imbalance of the microbiota by 

strengthen the abundance of commensals that use similar carbohydrates 

(monosaccharides) as C. rodentium, or B. bifidum S17 itself competes with the 

pathogen for nutrients in infected B6 mice. Hence, the limited availability of nutrients 

may decrease proliferation of C. rodentium and favour clearance of this pathogen.  

As seen in the first set of experiments, C. rodentium infection induced accumulation of 

both cLP lymphocytes and CD4+ T cells in infected mice. Numbers and frequencies of 

cLP IFN-γ+ CD4+ and IL-17A+ CD4+ T cells increased during later stages of C. rodentium 

infection. This increase was, however, in the second set of experiments less 

pronounced compared to previous trials, most probably due to the decrease in fecal 

C. rodentium load. Pre-treatment with B. bifidum S17 only had minor effects on these 

immune cell populations. Nevertheless, animals treated with B. bifidum S17 tended to 

have lower numbers of cLP lymphocytes and CD4+ T cells, in particular IL-17+ CD4+ T 

cells. Similar results were obtained in a recent study on the effect of a probiotic 

mixture containing Lactobacillus helveticus and L. rhamnosus on C. rodentium infection 

in B6 mice. The authors report that the probiotic mixture prevented a C. rodentium-

induced increase in colonic IL-17 transcripts (Rodrigues et al., 2012). B. bifidum S17 

was shown to display anti-inflammatory properties in the Rag-/- transfer model of 

colitis and two chemically-induced colitis models in mice (Preising et al., 2010; Philippe 
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et al., 2011a). Flow cytometry data indicate that the mechanism by which                      

B. bifidum S17 achieves its effects seem to be dependent on the induction of cLP Treg 

cells (Schützner, unpublished data). By contrast, no induction of Foxp3+ Treg cells was 

observed in animals pre-treated with B. bifidum S17 and infected with C. rodentium, 

indicating that B. bifidum S17 might act differently in mouse models of infectious 

colitis. However, production of IL-17 by cells of the innate and adaptive immunity has 

been described to be involved in host defense against C. rodentium infection by 

inducing production of antimicrobial peptides such as β-defensins 1, 3, and 4 by 

epithelial cells (Ishigame et al., 2009). This suggests that the slight reduction in Th17 

cells observed in mice pre-treated with B. bifidum S17 might be a direct consequence 

of the reduced numbers of C. rodentium in the lumen of the colon of infected animals. 

Collectively, the data presented in this study indicate that pre-treatment with 

B. bifidum S17 facilitates clearance of C. rodentium and ameliorates colonic 

hyperplasia in infected mice at the late phase of infection. This was most probably due 

to the decrease in the fecal number of C. rodentium. The observed changes in cLP      

IL-17A+ CD4+ T cells seem to be rather a consequence of the reduced numbers of 

C. rodentium than a direct effect of B. bifidum S17 treatment on cLP CD4+ T cell 

responses. Moreover, the alleviated colitis observed in the second trial indicates that 

treatment with B. bifidum S17 has only a minor role in decreasing the symptoms of 

inflammation triggered by C. rodentium infection in mice.  

 

4.4 Infection of mice with red fluorescent C. rodentium allows 

bacterial detection by confocal microscopy 

Fluorescence labeling of bacteria, especially bacterial pathogens, is a useful tool for a 

wide variety of applications including the investigation of biofilm formation, invasion 

of host cells or colonization and survival of live bacteria in animals (Andersen et al., 

2006; Lagendijk et al., 2010; Aymanns et al., 2011; White et al., 2012). In order to 

visualize C. rodentium in the gastrointestinal tract of infected mice, a red fluorescent 

C. rodentium strain was generated that constitutively expresses mRuby. C. rodentium 

was tagged by chromosomal integration of the plasmid p16S_mRuby. The utility of 
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C. rodentium ICC169::p16S_mRuby to study infections was demonstrated by confocal 

microscopy of dissected colons of C. rodentium-infected mice pre-treated with either 

B. bifidum S17 or placebo. This revealed that red fluorescent C. rodentium could be 

detected in association with the colonic mucosa and the effect of B. bifidum S17 

treatment on C. rodentium infection was visualized by confocal microscopy. Moreover, 

the red fluorescent C. rodentium was successfully used in a recent study by our 

collaboration partners to detect specific phagocytic cell types harboring intracellular 

C. rodentium by ex vivo confocal microscopy and flow cytometry analysis (Manta et al., 

2013). This clearly demonstrates that the created strain is an extremely useful tool to 

study the interaction of C. rodentium with the mucosal immune system. 
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6 Addendum 

6 Addendum 

6.1 Chemicals 

All chemicals used in this study and respective manufacturers are listed in Table 6.1. 

Table 6.1. Chemicals and reagents  

Chemicals/Reagent Manufacturer 

0.5 % (w/v) trypan blue in 0.9 % (w/v) saline Biochrom AG, Berlin, Germany 

1,4-ditiothreitol (DTT), ≥ 99 %, p.a. Carl Roth GmbH & Co., Karlsruhe, Germany 

10x Buffer O Fermentas GmbH, St. Leon-Roth, Germany 

Acetic acid (100 %, pure acetic acid) Riedel-de Haen, Seelze, Germany 

Acetone, extra pure Merck KGaA, Darmstadt, Germany 

Agarose NEEO Ultra Qualität Carl Roth GmbH, Karlsruhe, Germany 

AnaeroGen
TM

 sachets Oxoid, Thermo Fisher Scientific Inc., 

Waltham, USA 

Antarctic phosphatase New England Biolabs GmbH, Frankfurt am 

Main, Germany 

Antarctic phosphatase reaction buffer New England Biolabs GmbH, Frankfurt am 

Main, Germany 

Bacto
TM

 agar Becton Dickinson GmbH, Heidelberg, 

Germany 

Bacto
TM

 tryptone Becton Dickinson GmbH, Heidelberg, 

Germany 

Bacto
TM

 yeast extract Becton Dickinson GmbH, Heidelberg, 

Germany 

Bovine serum albumin (BSA) PAA Laboratories GmbH, Pasching, Austria 

Brefeldin A (BFA) Alexis Biochemicals, Lörrach, Germany 

Chloroform Carl Roth GmbH, Karlsruhe, Germany 
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6 Addendum 

Table 6.1. Chemicals and reagents (continued) 

Chemicals/Reagent Manufacturer 

Collagenase type VIII from Clostridium 

histolyticum 

Sigma-Aldrich, St. Louis, USA 

Dimethylsulfoxide (DMSO)  Merck KGaA, Darmstadt, Germany  

DNA loading dye (6x) Fermentas GmbH, St. Leon-Rot, Germany  

dNTPs Fermentas GmbH, St. Leon-Rot, Germany 

di-potassium hydrogen phosphate Sigma-Aldrich Chemie GmbH, Steinheim, 

German 

di-sodium hydrogen phosphate AppliChem GmbH, Darmstadt, Germany 

Entellan® Neu Merck KGaA, Darmstadt, Germany 

Eosin G-Lösung 0,5 % wässrig Carl Roth GmbH, Karlsruhe, Germany 

Ethanol (98 %) VWR International GmbH, Darmstadt, 
Germany  

Ethidium bromide  Carl Roth GmbH, Karlsruhe, Germany  

Ethylenediaminetetraacetic acid (EDTA)  AppliChem GmbH, Darmstadt, Germany  

Erythromycin  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Fetal calf serum (FCS) Gibco® Invitrogen GmbH, Darmstadt, 
Germany 

Fetal bovine serum (FBS), heat inactivated Gibco® Invitrogen GmbH, Darmstadt, 
Germany  

Foxp3 Staining Buffer Set eBioscience, Frankfurt, Germany 

GeneRuler
TM

 1 kb DNA ladder Thermo Fisher Scientific, Inc., Waltham, 

USA 

Isopropanol Merck KGaA, Darmstadt, Germany 

Lactobacilli MRS Broth Becton Dickinson GmbH, Heidelberg, 

Germany 
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Table 6.1. Chemicals and reagents (continued) 

Chemicals/Reagent Manufacturer 

L-cysteine hydrochloride-monohydrate Merck KGaA, Darmstadt, Germany 

L-glutamine PAA Laboratories GmbH, Pasching, 

Austria 

Mayers Hämalaunlösung Merck KGaA, Darmstadt, Germany 

β-Mercaptoethanol  Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Nalidixic acid (nal) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Novagen
®
 KOD Hot Start DNA Polymerase Merck KGaA, Darmstadt, Germany 

Nystatin Gibco® Invitrogen GmbH, Darmstadt, 

Germany 

Paraformaldehyde (PFA) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Percoll  Biochrom AG, Berlin, Germany 

Penicillin/streptomycin solution  PAA Laboratories GmbH, Pasching, 

Austria 

Phorbol 12-myristate 13-acetate (PMA) Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Phosphate buffered saline (PBS) PAA Laboratories GmbH, Pasching, 

Austria 

Potassium chloride (KCl) Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany 

Potassium dihydrogen phosphate (KH2PO4)  Merck KGaA, Darmstadt, Germany  

PstI, 10 U/µl Fermentas GmbH, St. Leon-Roth, 
Germany 

Roswell Park Memorial Institute medium 
(RPMI) 1640  

PAA Laboratories GmbH, Pasching, 

Austria 

Roti
®
-Phenol/Chloroform/Isoamyl alcohol Carl Roth GmbH, Karlsruhe, Germany 

  



 94 

 

 
 

6 Addendum 

Figure 6.1. Chemicals and reagents (continued) 

Chemicals/Reagent Manufacturer 

Saponin from Quillaja Bark Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

Sodium acetate Merck KGaA, Darmstadt, Germany 

Sodium azide SERVA Electrophoresis GmbH, Heidelberg, 

Germany 

Sodium chloride Sigma-Aldrich Chemie GmbH, Steinheim, 

Germany 

 

Sodium hydroxide 

 

Merck KGaA, Darmstadt, Germany 

T4 DNA Ligase  Fermentas GmbH, St. Leon-Roth, 

Germany 

T4 DNA Ligase Buffer (10x) Fermentas GmbH, St. Leon-Roth, 

Germany 

Taq DNA polymerase, 5 U/µl Genaxxon Bioscience GmbH, Ulm, 

Germany 

Tris AppliChem GmbH, Darmstadt, Germany 

Wheat Germ Agglutinin, Alexa Fluor® 350 

Conjugate 

Invitrogen, Life Technologies, Darmstadt, 

Germany 

Xylene AnalaR Normapur® VWR International GmbH, Darmstadt, 

Germany 
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6.2 Equipment and material 

All equipment and materials used in this study and respective manufacturers are 

shown in Table 6.2. 

Table 6.2. Equipment and material  

Equipment/Material Manufacturer 

Agarose gel stand apparatus  PEQLAB Biotechnologie GmbH, Erlangen, 
Germany  

Axioskop light microscope Carl Zeiss Microscopy GmbH, Jena, 

Germany 

Baffled Erlenmeyer flask  Brandt GmbH & Co. KG, Wertheim, 

Germany 

BD FACSCalibur
TM

 flow cytometer BD Biosciences, San Jose, USA 

Biofuge® pico Heraeus DJB Labcare Ltd, Buckinghamshire, Great 
Britain  

Cell culture incubator Binder GmbH, Tuttlingen, Germany 

Cell strainer, 100 µm BD Biosciences, San Jose, USA 

Centrifuge 5810 R, Rotor A-4-62  Eppendorf AG, Hamburg, Germany 

Centrifuge 5424, Rotor FA-45-24-11  Eppendorf AG, Hamburg, Germany 

Centrifuge 5804 R, Rotor A-4-44 / F-45-30-
11 

Eppendorf AG, Hamburg, Germany 

Cuvettes ½ Micro, 1.6 ml SARSTEDT AG & Co., Nümbrecht, 
Germany  

Electroporation cuvettes (1 mm gap) PEQLAB Biotechnologie GmbH, Erlangen, 

Germany 

E.Z.N.A Plasmid Mini Kit I Omega Bio-tek Inc., Norcross, USA 

FlexCycler PCR machine Analytik Jena GmbH, Jena, Deutschland 

Galaxy MiniStar microcentrifuge VWR International GmbH, Darmstadt, 

Germany 

Gel documentation system Decon Science Tec GmbH, 

Mühlbachwiesen, Germany 
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Table 6.2. Equipment and material (continued) 

Equipment/Material Manufacturer 

Gene Pulser Xcell
TM

 system Bio-Rad Laboratories GmbH, Munich, 

Germany 

HBO Microscope Illuminating System  Carl Zeiss Microscopy GmbH, Jena, 

Germany 

Incubator (37°C) BINDER GmbH, Tuttlingen, Germany 

Leica RM2045 rotary microtome Leica Microsystems GmbH, Wetzlar, 

Germany 

Laser scanning confocal microscope LSM 

710 

Carl Zeiss Microscopy GmbH, Jena, 

Germany 

NucleoSpin
®
 Gel and PCR Clean-up kit Macherey-Nagel GmbH & Co. KG, Düren, 

Germany 

PerfectBlue Gel System Mini S PEQLAB Biotechnologie GmbH, Erlangen, 

Germany 

Petri dishes Brand GmbH & Co. KG, Wertheim, 

Germany 

Pierce
TM 

BSA Protein Assay Kit  Thermo Fisher Scientific GmbH, Ulm, 
Germany  

Polystyrene 96-well microtiter plate, 
transparent, round bottom 

SARSTEDT AG & Co., Nümbrecht, Germany 

Polystyrene 96-well plate, white, 

transparent bottom 

Brand GmbH & Co. KG, Wertheim, 
Germany 

Power supply, peqPOWER 300 V PEQLAB Biotechnologie GmbH, Erlangen, 
Germany 

Rotary shaker B. Braun Biotech International GmbH, 
Melsungen, Germany 

Spectral photometer  Implen GmbH, Munich, Germany 

Sterile filter Filtopur S  SARSTEDT AG & Co., Nümbrecht, Germany 

Superfrost® Plus Objektträger (Menzel) Thermo Fisher Scientific, Waltham, USA 

Tecan Infinite
®
 M200 multi-label microtiter 

plate reader 
Tecan Austria Ltd., Männedorf, Switzerland 
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Table 6.2. Equipment and material (continued)  

Equipment/Material Manufacturer 

Thermomixer  comfort Eppendorf AG, Hamburg, Germany 

Zeiss LSM7 workstation Carl Zeiss Microscopy GmbH, Jena, 
Germany 

 

 

6.3 Software tools 

The following table includes all the software that was used during this study. 

Table 6.3. Software used in this study. 

Software Company 

AxioVision LE Software Carl Zeiss Microscopy GmbH, Jena, 

Germany 

Clone Manager suite 7 Scientific & Educational Software, Cary, 

USA 

FlowJo software version 8.7 Tree Star, Inc., Ashland, USA 

GraphPad Prism 4  GraphPad Software, Inc., La Jolla, USA 

i-control
TM 

Tecan Group Ltd.. Männedorf, 

Switzerland 

LSM Image Browser Carl Zeiss Microscopy GmbH, Jena, 

Germany 

Microsoft Office 2010 Microsoft Corporation, Redmond, USA 
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6.4 DNA ladder 

GeneRulerTM 1 kb DNA ladder (Fermentas GmbH, St. Leon-Rot, Germany) shown in 

Figure 6.1, was used for the determination of DNA fragment sizes. 

  

Figure 6.1. GeneRuler 1 kb DNA ladder Fermentas GmbH, St. Leon-Rot, Germany. 
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6.5 List of oligonucleotides 

Table 6.4 gives an overview of the primers used in this study and their respective 

application. 

Table 6.4. Primers used in this study and their application (restriction site of PstI underlined). 

Primer Sequence(5' → 3') Application Reference 

PT5mRuby_PstI.fwd AACTGCAGAGGCCCTTTCGTCTTCACC Fwd primer for 
amplification of PT5mRuby 
of pQE-32mRuby, PstI 
restriction site 

this study 

PT5mRuby.rev GCTCAGCTAATTAAGCTTGGCTGC Rev primer for amplification 
of PT5mRuby of pQE-
32mRuby 

this study 

mRuby_colony.rev GTACCTTAACCACCACCAAGC Rev primer for amplification 
of mRuby gene of 
p16S_mRuby 

this study 

16SrDNA.fwd CGACTCACTATAGGGCGAATTG Fwd primer for 
amplification of E.coli 
DH10B 16S rDNA of p16Slux 
and its derivatives 

this study 

16SrDNA.rev GAATTCCAGGTGTAGCGGTG Rev primer for amplification 
of E.coli DH10B 16S rDNA of 
p16Slux and its derivatives 

this study 

16Slux_seq.fwd CGTTTACGGCGTGGACTACC Fwd primer for sequencing 
of gene region downstream 
of E.coli DH10B 16S rDNA of 
p16Slux or its derivatives 

this study 

mRuby_seq.rev TCCAGGACCACCTTCATACG Rev primer for sequencing 
of phage PT5 promoter of 
p16S_mRuby 

this study 

p16S_fwd_new ACACTGGAACTGAGACACGGTCCAGACTCC Fwd primer for 
amplification of p16S rDNA 
(universal) or confirmation 
of chromosomal integration 
of p16S_mRuby 

Riedel C.U. 

(2007) 

p16S_rev_XhoI CTGATCTCGAGGGCGGTGTGTACAAGG Rev primer for amplification 
of p16S rDNA (universal) 

Riedel C.U 

(2007) 

p16S_int_rev TTGTAAAACGACGGCCAGTGAGCGCGCG Rev primer for confirmation 
of chromosomal integration 
of p16S_mRuby 

Riedel C.U 

(2007) 
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6.6 List of antibodies 

Antibodies used during this study are enlisted in the following table. 

Table 6.5. Antibodies used in this study.  

Antibody Host/Isotype Company 

Anti-mouse CD4 FITC rat monoclonal IgG2b, κ eBioscience, Frankfurt, Germany 

Rat IgG2b κ Isotype Control FITC rat monoclonal eBioscience, Frankfurt, Germany 

Anti-mouse IFN-γ PE rat IgG1, κ eBioscience, Frankfurt, Germany 

Rat IgG1 κ Isotype Control PE rat monoclonal eBioscience, Frankfurt, Germany 

Anti-mouse IL-10 PE rat IgG2b, κ eBioscience, Frankfurt, Germany 

Rat IgG2b κ Isotype Control PE rat IgG2b, κ eBioscience, Frankfurt, Germany 

Anti-mouse IL-17A APC rat IgG2a, κ eBioscience, Frankfurt, Germany 

Rat IgG2a κ Isotype Control APC rat monoclonal eBioscience, Frankfurt, Germany 

Anti-mouse TNF-α APC rat IgG1, κ eBioscience, Frankfurt, Germany 

Rat IgG1 κ Isotype Control APC rat monoclonal eBioscience, Frankfurt, Germany 

Anti-mouse/Rat Foxp3 PE rat IgG2a, κ eBioscience, Frankfurt, Germany 

Rat IgG2a κ Isotype Control PE rat monoclonal eBioscience, Frankfurt, Germany 

Purified Rat Anti-Mouse 

CD16/CD32 (Mouse BD Fc 

Block
TM

) 

rat IgG2b, κ BD Biosciences, San Jose, USA 
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