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1 INTRODUCTION 

1.1 The human gastro-intestinal tract (GIT) 

1.1.1 Structure and function 

The entire human digestive tract consists of different compartments from mouth, 

oesophagus, stomach, small intestine, large intestine, rectum to the anus (Figure 1–1). Its 

main functions are the assimilation of nutrients, salts and water from food and the 

exudation of non-absorbable parts of the food and metabolic waste products. 

In the mouth the food is masticated and mixed with saliva, which contains digestive 

enzymes, such as amylase, starting already the digestion of polysaccharides. The food is 

then swallowed and, via the oesophagus, moved to the stomach. 

The stomach is composed of fundus, corpus and antrum. The latter is connected by the 

pyloric sphincter to the duodenum. In the stomach the masticated food is then mixed 

with hydrochloric acid and proteases secreted by various glands in the folded epithelium. 

The partially digested food (chyme) is finally passed through the pyloric sphincter to the 

duodenum. 

The small intestine consists of duodenum, jejunum and ileum and is the site, where most 

of the nutrients from the chyme are absorbed. The epithelium of the small intestine is 

protected by a mucus layer secreted by goblet cells. In the duodenum the chyme is mixed 

by peristaltic movements with bile, pancreatic and intestinal juice. For an effective 

absorption of nutrients the surface of the small intestine is highly increased to about 200-

300 m2 due to macroscopic and microscopic folding of the mucosa (villi and microvilli). 

The large intestine is made up of caecum, colon (ascending, transverse, descending and 

sigmoid), rectum and anus. Epithelial cells of the colon are forming crypts, which are lined 

with goblet and paneth cells. Thus, under normal conditions the epithelium is covered by 

a mucus layer. The primary function of the colon is the absorption of water and 

electrolytes from the chyme and to store fecal material until defecation.  
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1.1.3 The mucosal immune system  

In contrast to the systemic immune system, the mucosal immune system has some 

special characteristics. It comes much more often in contact with a broad spectrum of 

antigens, moreover the epithelium and the LP of the intestine contain several 

lymphocytes, such as cluster of differentiation (CD)4+ and CD8+ T cells, plasma cells, 

macrophages and DCs. While in the systemic immune system the accumulation of these 

cells is associated with an inflammatory state, these lymphocytes are present in the 

intestinal mucosa even under normal conditions (Murphy et al., 2009). 

The fundamental challenge of the mucosal immune system is to distinguish between 

potential pathogenic and harmless antigens (i.e. commensals or food; Rescigno and Di 

Sabatino, 2009). For this purpose it has to prevent an effector T cell response towards 

non-pathogenic antigens (i.e. mucosal tolerance) or initiate an effector T cell response 

when it comes in contact with pathogens (i.e. inflammatory response; Steinman, 2007). 

An essential factor that decides among the maintenance of mucosal tolerance or 

induction of an inflammatory response is the status of activation of the local DCs (Worbs 

et al., 2006). DCs are antigen presenting cells, which act as switches between adaptive 

and innate immune responses. Antigens from the luminal content, transcytosed by M 

cells, are presented to DCs, located in the M cells basal cell membrane. Nevertheless 

there are also DCs present in the LP, which continuously sample antigens directly from 

the lumen by protrusions (Jang et al., 2004). 

When non-activated (i.e. immature) DCs sample antigens from commensal microbiota or 

food and present them to naïve CD4+ T cells, they primarily promote the development of 

naïve CD4+ T cells to regulatory T cells (TReg), due to a constitutive expression of 

transforming growth factor (TGF)-β and prostaglandine E2 (PGE2) by epithelial cells (Harizi 

et al., 2002; Mowat, 2003). The induced TReg, which are important effectors of tolerance 

prevent an effector immune response towards harmless antigens by production of the 

anti-inflammatory cytokine interleukin (IL)-10 or TGF-β (Roncarolo et al., 2001; Figure 1–2 

A). 

If pathogens invade the epithelial barrier, pathogen associated molecular patterns (i.e. 

conserved bacterial or viral structures, such as lipopolysaccharides or single-stranded 
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ribonucleic acid (RNA)) are recognized by pattern recognition receptors including 

membrane-bound toll-like receptors (TLRs) and intracellular nucleotide binding 

oligomerization domain (NOD)-like receptors (NLRs) of epithelial cells (Brown et al., 2011; 

Kumar et al., 2011). Activation of the signaling cascades associated with the mentioned 

receptors stimulates the nuclear factor (NF) κB pathway, resulting in the production of 

different cytokines (e.g. IL-6, IL-1), chemokines (e.g. chemokine ligand (CXCL)8, CCL20) 

and antimicrobial defensins by epithelial cells (Karrasch et al., 2007; Murphy et al., 2009; 

Neish et al., 2000). Immature DCs, which are activated by inflammatory stimuli (i.e. 

mature DCs) produce pro-inflammatory cytokines (e.g. IL-12). This results in the 

differentiation of naïve CD4+ T cells from Peyer´s patches or mLNs to effector T helper 

(Th) cells and therefor a complete immune response, causing the clearance of infection 

(Murphy et al., 2009; Figure 1–2 B). 

Effector Th cells can be subdivided into Th1, Th2 or Th17 cells (Mowat, 2003). Th2 cells 

are involved in B cell responses and therefor release primarily IL-4 and IL-13. Th1 

responses, which are marked by release of IFNγ and TNFα, are for example involved in 

immunity against intracellular pathogens, while Th17 cells, characterized by secretion of 

the cytokine IL-17, play a role in immune responses against various bacteria and fungi 

(Rescigno and Di Sabatino, 2009). 
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Nevertheless the diversity and the numbers of microorganisms per ml content (about 102-

108) are strongly reduced in the small intestine when compared to the colon (Riedel et al. 

in press; Walter and Ley, 2011). Bacteria, which were typically identified in the ileal 

content of healthy individuals, belonged to the Bacteroidetes, Clostridium cluster XIVa 

and Proteobacteria (Zoetendal et al., 2012).  

In the colon the density of the intestinal microbiota reaches the highest level of the GIT 

(about 1010-1012 microorganisms per g intestinal content; Blaut and Clavel, 2007). More 

than 80% of the normal microbiota in the colon is composed of species belonging to the 

bacterial phyla of Firmicutes or Bacteroidetes (Wang et al., 2003). Nevertheless, members 

of Actinobacteria, Proteobacteria, Fusobacteria and Verrucomicrobia are also present, 

albeit in lower numbers (Eckburg et al., 2005). Anaerobic bacteria are dominating the 

colonic microbiota, while aerobic Enterobacteriaceae such as Escherichia coli represent 

only a minor component (approx. 8% of all bacteria; Frank et al. 2007).  

In the interaction with the host the normal microbiota of the GIT plays an important role 

in providing access to otherwise indigestible nutrients (e.g. plant polysaccharides) and in 

the synthesis of vitamins (e.g. vitamin K; Conly et al., 1994; Gill et al., 2006). Furthermore 

the normal microbiota inhibits the growth of potential pathogens (Cash et al., 2006; 

Hooper et al., 2003; Miki et al., 2012) and plays an important role for the development 

and function of the mucosal immune system (Martin et al., 2010; Mazmanian et al., 

2005). 

Before birth the gut of infants is sterile but within the first 12-24 hours of life it is 

colonized by enterococci, enterobacteria and streptococci followed by other bacteria 

including bifidobacteria and Bacteroides sp. (Stark and Lee, 1982). The maternal fecal and 

vaginal flora is the main source of bacteria, which are conferred to the child during 

natural delivery (Fanaro et al., 2003; Mikami et al., 2009). After the initial inoculation 

from these sources, new members of the developing flora strongly depend on neonatal 

nutrition (Penders et al., 2006). For example, in breast-fed infants bifidobacteria are the 

predominant bacterial group and can account for up to 90% of the total gut bacteria 

(Kurokawa et al., 2007; Yatsunenko et al., 2012). By contrast, bifidobacterial numbers are 

reduced in cesarean delivered and bottle-fed babies (Biasucci et al., 2010; Dominguez-

Bello et al., 2010) and these children have also an increased risk for colonization by 



  Introduction 

7 
 

nosocomial pathogens such as Clostridium difficile (Penders et al., 2006). Under normal 

conditions the intestinal microbiota evolves towards a normal adult microflora during the 

first 24 months, following the successive introduction of solid foods (Palmer et al., 2007). 

The composition of the colonic microbiota varies between healthy individuals in absolute 

numbers and proportions of the different taxa, but in a single person it remains relatively 

stable over time throughout adulthood (Flint et al., 2007). Changes in the normal adult 

microbiota are for example observed in elderly people as a concequence of changes in 

dietary habits. As a consequence numbers of clostridia are increased and bifidobacterial 

populations are reduced in diversity (Hopkins and Macfarlane, 2002). Alterations in the 

composition of the microbiota have also been detected in a number of diseases including 

necrotizing enterocolitis, allergy, cancer of the GIT, irritable bowel syndrome and 

inflammatory bowel disease (IBD) (Sanders et al., 2013; Shanahan, 2013). 

 

 

1.2 Inflammatory bowel diseases 

IBDs are a group of chronic gastrointestinal disorders, characterized by relapsing and 

remitting inflammation of the GIT (Podolsky, 2002), with a worldwide incidence of about 

10-300 cases per 100.000 persons (Molodecky et al., 2012). The incidence tends to be 

higher in the industrialized western than in developing countries, but a rapid increase was 

observed worldwide since the 1950´s (Ewald and Ewald, 2013). While there are almost no 

differences in the number of cases between men and women, people aged 20-30 

represent the group with the highest number of patients (Jenss and Hartmann, 2003). 

Nevertheless, infants and elderly are also affected in significant numbers (Braegger et al., 

2011). Clinical symptoms of IBD include, but are not limited to, abdominal pain, diarrhea, 

extraintestinal manifestations (i.e. inflammation of the joints, the skin or the eyes) and 

more general systemic symptoms, such as fatigue and weight loss (Macdonald and 

Monteleone, 2005). 

Crohn´s disease (CD) and ulcerative colitis (UC) are the two major forms of IBD. Even 

though symptoms are often the same, there are a number of differences between UC and 

CD. In UC the inflammation is limited to the mucosa of the large intestine and extends 



http://www.dccv.de/
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1.2.1 Animal models of IBD 

Animal models have been pivotal in the investigation of immune responses and factors 

involved in the pathogenesis of IBD. There are well above 60 animal models with 

relevance to IBD available, which can be divided into different groups (reviewed by 

Neurath, 2012). 

The first group are models, which develop mucosal inflammation due to disruption of the 

epithelial barrier by exposure to chemical compounds or immunogenic substances. It 

includes for example the 2,4,6-trinitrobenzenesulfonic acid (TNBS; Morris et al., 1989) 

and the dextran sodium sulfate (DSS) model of colitis (Ohkusa, 1985). Administration of 

DSS increases the permeability of the epithelial cell barrier, which results in an enhanced 

exposure of LP immune cells to the normal microflora. This results in a Th1 response with 

prominent secretion of TNFα and IL-6, leading to haemorrhagic dysentery and loss of 

body weight (Strober et al., 2002).  

The second group is composed of animals, which spontaneously develop mucosal colitis. 

Models of this group are suitable to identify genetic determinants involved in the onset of 

mucosal inflammation e.g. by comparative genome analysis. To this group belong for 

example C3H/HeJBir mice, which develop a spontaneous colitis due to an increased 

reactivity of T- and B lymphocytes towards antigens of the enteric microflora (Brandwein 

et al., 1997; Sundberg et al., 1994). Different candidates for genetic loci, which contribute 

to the described higher susceptibility for colitis, have already been identified in 

C3H/HeJBir mice (de Buhr et al., 2006). These include for example the loci on which the 

genes for CD14, involved in TLR-4 signaling (Muroi et al., 2002) or GBP1, mediating the 

anti-proliferative effects of pro-inflammatory cytokines are encoded (Guenzi et al., 2001), 

playing also a role in human IBD. 

The third group of colitis models consists of animals with known genetic abnormalities 

leading to dysfunction of cytokines/cytokine receptors, the antigen presenting complex or 

a disturbance of the intestinal epithelial layer. Models of this group are used to 

understand, how the dysfunction of the epithelial barrier or immunologic defects can lead 

to mucosal inflammation (Strober et al., 2002). An example of the third group, are IL-10-/- 

mice which lack the gene for the anti-inflammatory cytokine IL-10 and, as a consequence 

spontaneously develop colitis in response to the normal microbiota (Kühn et al., 1993). 
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The last category of animal models for IBD are transfer models in which the inflammation 

is induced by transfer of immunoreactive CD4+ T-lymphocyte populations of normal 

animals into animals lacking different populations of immune cells e.g. severe combined 

immunodeficient (SCID) animals (Powrie et al., 1993) or mice with a homozygous knock 

out of one of the recombination activating genes (Rag1-/- or Rag2-/- mice).  

Rag1-/- mice, which are used in the presented study, as well as Rag2-/- mice, have only 

small lymphoid organs containing no mature T- and B lymphocytes due to a defect of the 

V(D)J recombinase (Mombaerts et al., 1992; Shinkai et al., 1992). The V(D)J recombinase 

joins variable (V), diversity (D) and joining (J) gene segments of the T- and B cell receptors 

during the assembly of antigen receptors of lymphocytes (Sobacchi et al., 2006). The lack 

of Rag1 or Rag2 proteins, which are part of the V(D)J complex, causes failures in the 

rearrangement of the antigen receptor genes of lymphocytes (Sobacchi et al., 2006). As a 

consequence, differentiation of T- and B lymphocytes is arrested already at an early stage 

and thus Rag1-/- and Rag2-/- mice are deficient in functional T- and B cell populations. 

Transfer of reactive CD4+ T cell populations from normal mice into Rag1-/- (and Rag2-/-) 

mice leads to activation of CD4+ T helper cells by macrophages or DCs (Kjellev et al., 2006; 

Mudter et al., 2002; Ostanin et al., 2009). This stimulation leads to the development of a 

Th1 mediated intestinal inflammation characterized by an excessive production of IFNγ 

and TNFα, as a result of the lack of TReg subsets as well (Strober et al., 2002). 

A unifying feature of almost all models of chronic intestinal inflammation is that the 

presence of a normal intestinal microflora is required for onset of colitis and mucosal 

inflammation is not induced in germ-free animals lacking a normal microbiota (Rath et al., 

2001; Wirtz and Neurath, 2007). Moreover, reduction of microbial load by antibiotic 

treatment is effective in ameliorating or resolving colitis in most models (Bamias et al., 

2002; Fiorucci et al., 2002; Madsen et al., 2000). 
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1.3 Bifidobacteria 

Bifidobacteria are Gram-positive, obligate anaerobic, non spore forming bacteria, which 

represent one of the major genera in the large intestine (Turroni et al., 2011). Because of 

their branch shaped morphology (Figure 1–4) bifidobacteria were initially described as 

Bacillus bifidus communis (Tissier, 1900).  

 

 

Figure 1-4: Light microscopical image of a Gram-stained culture of Bifidobacterium bifidum S17. 
Microscopy was perfomed with Zeiss light microscope (Axioskop HBO 40) using a 100x objective 
lens. The image was acquired with a Zeiss AxioCam MRc camera fitted to the microscope. 

 

Bifidobacteria are assigned to the phylum Actinobacteria, which is one of the largest 

taxonomic units (Stackebrandt et al., 1997). The genus Bifidobacterium currently consists 

of 48 species (4 of which contain a total of 9 subspecies; 

http://old.dsmz.de/microorganisms/bacterial_nomenclature_info.php?genus=Bifidobacte

rium), most of which were isolated from oral cavity, vagina and gastro-intestinal tract of 

mammals, birds and other animals (Ventura et al., 2004). 

Bifidobacteria are characterized by a high GC content (55-67% depending on the species; 

Lee and O´Sullivan, 2010) and a special hexose metabolism termed `bifidus shunt´ (Fandi 

et al., 2001). In this metabolic pathway the key enzyme for conversion of hexose sugars is 

fructose-6-phosphate phosphoketolase (Schramm et al., 1958). With three exceptions, 

(Acinetobacter xylinium: Schramm et al., 1958; Leuconostoc oenos: Veiga-da-Cunha et al., 
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1993; and Gardnerella vaginalis: Gavini et al., 1996) this enzyme is exclusively found in 

bifidobacteria (Chevalier et al., 1990) and is thus used for identification of bifidobacteria. 

In breast-fed infants bifidobacteria are the predominant bacterial group and can account 

for up to 90% of the total gut bacteria. By contrast, bifidobacterial numbers are reduced 

in cesarean delivered and bottle-fed babies (Dominguez-Bello et al., 2010). Although their 

numbers decrease after weaning, bifidobacteria still represent 3-5% of the total gut flora 

in adults (Mueller et al., 2006; Sun et al., 2012).  

 

1.3.1 Bifidobacteria as probiotics 

Probiotics are defined as living microorganisms, which confer a beneficial effect on the 

health of their host, when administered in an adequate dose (FAO/WHO: 

http://www.who.int/foodsafety/publications/fs_management/en/probiotics.pdf). To 

ensure the colonization of the host in adequate numbers, successful probiotics have to 

meet other criteria beside their beneficial effects, for example survival of the acid pH of 

the stomach or bile, secreted from the gall bladder (Ruiz et al., 2011). Another factor 

facilitating the colonization of a probiotic strain is, for example the ability to use 

prebiotics (e.g. oligosaccharides), such as fructo-oligosaccharides (FOS) or galacto-

oligosaccharides (GOS), which promote the growth of bifidobacteria or lactobacilli (Sela 

and Mills, 2010). 

Because the presence of bifidobacteria in the gut has been associated with numerous 

beneficial effects for the host, bifidobacteria represent the second most frequently group 

used in functional foods amongst the marketed probiotic microorganisms, exceeded only 

by lactobacilli (Saxelin et al., 2010). A number of studies also indicated beneficial effects 

of bifidobacteria containing probiotics in various diseased states including Clostridium 

difficile-associated diarrhea (Trejo et al., 2013), rotavirus infections (Saavedra et al., 

1994), lactose intolerance (Jiang et al., 1996), atopic dermatitis (Isolauri et al., 2000), 

constipation (Ishizuka et al., 2012) and IBDs (Ishikawa et al., 2011; Whelan and Quigley, 

2013). The notion that the intestinal microbiota plays an important role in the onset and 

the perpetuation of the inflammatory process in IBD is now widely accepted. This has 

fueled the idea that probiotic treatment may be effective in the prevention and/or the 
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reduction of intestinal inflammation in IBD. Among the currently used probiotics in the 

treatment of IBD is VSL#3 (Bibiloni et al., 2005; Mimura et al., 2004), a mixture of 8 

different probiotic strains containing three bifidobacterial strains, four strains of 

lactobacilli and a Streptococcus thermophilus strain. In the treatment of UC, VSL#3 was 

shown to be as effective as the chemical drug mesalazine to maintain a remission 

(Jonkers et al., 2012). Nevertheless there are several studies demonstrating the anti-

inflammatory effect of bifidobacterial probiotics in various animal models (reviewed by 

Prisciandaro et al., 2009). Also the strain B. bifidum S17 used in this work demonstrated a 

good anti-inflammatory potential in previously published in vivo experiments by 

protection of colitic mice from clinical signs of inflammation and further improvement of 

the total colonic weight/length ratios and histological scores (Philippe et al., 2011; 

Preising et al., 2010).  

In the last years a couple of bifidobacterial health promoting effects have been reported, 

including immunomodulation of the host´s immune system by interaction with the GALT 

for example by activation of TLR-2 or inhibition of DC maturation (Khailova et al., 2010; 

Kim et al., 2012; O´Hara and Shanahan, 2007; Zeuthen et al., 2008), enhancement of the 

epithelial cell barrier (Lopez et al., 2012), antimicrobial activity against pathogens by 

production of bacteriocines (Moroni et al., 2006) or the adherence to mucus and/or 

intestinal epithelial cells (IECs), which might facilitate colonization and persistence in the 

GIT (Gonzalez-Rodriguez et al., 2012; Guglielmetti et al., 2008). The importance of 

adherence to IECs for bifidobacterial colonization was demonstrated by O´Connell 

Motherway et al. (2011), who identified a type IVb tight adherence (Tad) pilus-encoding 

gene cluster in the genome of the strain Bifidobacterium breve UCC2003. The tad locus 

was shown to be highly conserved in bifidobacteria and to be essential for the 

colonization and persistence of the bifidobacteria in the murine gut. Another example is 

also the B. bifidum S17 strain, which showed good adhesive properties to IECs in previous 

in vitro experiments (Gleinser et al., 2012; Riedel et al., 2006 (a)). In vivo experiments in 

the Rag1-/- mouse model performed with a non-adherent B. longum ssp. infantis E18 

strain also indicate that the good adhesive properties of B. bifidum S17 contribute to the 

anti-inflammatory effects of this strain (Preising et al., 2010).  
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Nevertheless all effects demonstrated to date are strain-specific and can not be 

attributed to all strains of a genus (Menard et al., 2008; Riedel et al., 2006 (b)). 

 

 

1.4 Aim of this work 

Previous in vitro studies of our group showed a good anti-inflammatory potential of 

B. bifidum S17 in different lipopolysaccharide (LPS) challenged intestinal cell lines (Riedel 

et al., 2006 (b)). The anti-inflammatory effect of B. bifidum S17 in vivo was demonstrated 

in a Rag1-/- (Preising et al., 2010) and also in a TNBS-induced (Philippe et al., 2011) mouse 

model of colitis. The aim of the present study was to confirm the previous results of 

B. bifidum S17 and to analyse the observed anti-inflammatory effects on the level of the 

mucosal immune system in more detail, using different mouse models of colitis. 

 

 



  Material and methods 

15 
 

2 MATERIAL AND METHODS 

2.1 Bifidobacteria 

All bifidobacterial strains used in this work are listed in Table 2–1. Bifidobacteria were 

grown in de Man-Rogosa-Sharpe medium (BD Difco Laboratories, Detroit, USA) 

supplemented with 0.5 g/l cysteine (MRSC) under anaerobic conditions in sealed jars at 

37 °C, as previously established in our group (Gleinser, 2012). Oxygen in the jars was 

completely chemically bound and replaced by a CO2 atmosphere using the Anaerocult® 

system (Merck KGaA, Darmstadt, Germany). Glycerol stocks of bacteria were prepared by 

centrifugation (10 min, 4500 x g, 4 °C) of 10 ml of an over night (o/N) culture. The 

bacterial pellet was resuspended in fresh medium containing 30% (v/v) glycerol and 

stored at -80 °C.  

 

Table 2-1: Bifidobacterial strains used in this work. 

Strain Characteristics Source 

B. bifidum S17 intestinal isolate from a breast-fed infant C. Staudt1 

B. longum ssp. infantis E18 intestinal isolate from an adult C. Staudt1 

B. animalis MB254 type strain D. Matteuzzi2 

1 
Institute of Microbiology and Biotechnology, University of Ulm, Germany 

2
 Department of Pharmaceutical Science, University of Bologna, Italy 

 

For animals experiments, pre-cultures (10 ml MRSC medium) of B. bifidum S17 were 

inoculated with 50 µl of a glycerol stock and grown to early stationary phase (~8 h). These 

pre-cultures were used to inoculate main cultures (100 ml MRSC medium) to an optical 

density (OD)600nm = 0.01, which were then grown for ~14 h to early stationary growth 

phase. Bacteria were then washed twice in phosphate buffered saline (PBS) to remove 

medium and adjusted to 2 x 1011 colony forming units (cfu)/ml in PBS via OD. The 

corresponding cfus per OD600nm = 1 were determined in previous experiments by plating 

of several dilution series of B. bifidum S17 cultures onto MRSC agar. 
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Ultraviolet (UV)-killed B. bifidum S17 for in vitro experiments were prepared by washing 

bacterial cells of a 10 ml o/N culture twice in PBS to remove medium. The pellet was 

resuspended in 1 ml PBS and bacteria were killed by exposure to UV light (302 nm) for 30 

min, using a UV Transilluminator (MWG-Biotech GmbH, Ebersberg, Germany). Efficient 

inactivation was confirmed by absence of growth of an aliquot plated onto MRSC agar. 

UV-killed bifidobacteria were aliquoted and stored at -80 °C in 10% (v/v) glycerol. Prior to 

use, bacteria were thawed and washed twice in 1x PBS to remove glycerol, as previously 

published by Smits et al. (2004). 

 

 

2.2 Animal models of colitis 

All animal experiments were performed according to the National Animal Welfare Law 

and institutional regulations approved by the responsible ethical committee 

(Regierungspräsidium Tübingen, Federal State of Baden-Württemberg, dossier TVA 981). 

Inbred C57BL/6J (B6) mice were purchased from Janvier (St. Berthevin Cedex, France) and 

kept under specific pathogen free (SPF) conditions in the animal facility of Ulm University. 

B6 is a common inbred strain of laboratory mice, which was created in 1921 by C. C. Little 

(Little and Cloudman, 1937). The B6 strain is one of the best studied mouse strains and 

thus most widely used as genetic background for genetically modified strains. In this work 

B6 mice were used for the DSS-induced model of colitis and isolation of splenocytes for in 

vitro experiments. 

Congenic Rag1tm1Mom (Rag1-/-) mice on a genetic B6 background were bred and kept under 

SPF conditions in the animal facility of Ulm University. Rag1-/-mice lack mature T- and B 

lymphocytes (Mombaerts et al., 1992) due to the replacement of a Rag1 gene fragment, 

encoding the zinc finger motiv and the nuclear localization signal by a neomycin cassette. 

The strain was used in this study as recipient of CD4+CD45RBhigh T cells in the transfer 

colitis model. 

The B6.Cg-Foxp3tm2Tch/J (Foxp3EGFP) strain has a targeted mutation of the forkhead fox P3 

(Foxp3) gene. Homozygote animals co-express Enhanced Green Fluorescent Protein 
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(EGFP) and Foxp3 under the control of the Foxp3 promoter. The Foxp3+ T cell population 

can be clearly identified by EGFP expression, because more than 97% of Foxp3+ T cells are 

EGFP positive (Haribhai et al., 2007). This strain allows direct identification of Foxp3+ TRegs 

in CD4+ T cell populations by fluorescence activated cell sorting (FACS) analysis, using the 

EGFP fluorescence without additional antibody staining. Therefore, this strain was used as 

donor strain to induce transfer colitis in Rag1-/- mice and for analysis of the effect of B. 

bifidum S17 on TRegs in healthy mice. 

CX3C chemokine receptor 1 (CX3CR1)EGFP x Rag1-/- mice are bred by crossing B6.129P-

Cx3cr1tm1Li tt/J with Rag1-/- animals (Niess and Adler, 2010) and selectively express EGFP in 

CX3CR1+ lymphocytes (Imai et al., 1997). Here, CX3CR1EGFP x Rag1-/- mice were used to 

analyse the potential effect of B. bifidum S17 on CX3CR1+ DCs. 

Foxp3EGFP and CX3CR1EGFP x Rag1-/- mice were provided by J.-H. Niess, Department of 

Internal Medicine I, University of Ulm. 

 

2.2.1 DSS-induced model of colitis 

Male 8 week old B6 mice were randomly assigned to one of three experimental groups. 

Animals in one experimental group were pretreated for one week with daily doses of 

2 x 109 cfu/animal of B. bifidum S17 (Figure 2–1). To induce colitis, mice of two groups 

(pretreated group and colitic control group) received 2% (w/v) DSS (MP Biomedicals, 

Ohio, USA) for 5 days ad libitum in the drinking water as previously published by Perse 

and Cerar (2012). Treatment with B. bifidum S17 was continued daily during the trial. 

Colitic and healthy control groups received PBS as placebo. During the trial mice were 

monitored for clinical signs of inflammation i.e. weight loss and bloody diarrhea. Mice 

were sacrificed before they lost 20% of their initial body weight. After sacrifice the colonic 

weight/length ratio was determined, since the weight of an inflamed colon is increased 

due to infiltration of the colonic wall with lymphocytes and formation of oedema. As a 

consequence of the ongoing inflammation the colon length is reduced and the mucosal 

tissue enlarged. Therefore colonic weight/length ratio serves as a convenient marker to 

assess inflammation macroscopically. Following macroscopic analysis, colons were 
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treatment with B. bifidum S17 or placebo (PBS) was continued 3 times a week until 

sacrifice. After sacrifice cLPs were isolated from dissected colons and stained for CD11c, 

which is a protein found on DCs, but also on macrophages, neutrophiles and moncytes 

and F4/80, a marker of mouse macrophages. Stained cells were analysed by FACS. 

 

 

2.3 Isolation of murine cells 

2.3.1 Isolation of splenic cells  

For isolation of splenic T cells and DCs, spleens were dissected from mice immediately 

post mortem, disrupted manually between the rough sides of two SuperFrost® Plus Slides 

(Thermo Scientific, Rockford, USA) and washed in PBS supplemented with 1% (v/v) fetal 

calf serum (FCS). To remove erythrocytes, cells were incubated in 5 ml lysis buffer (0.16 M 

NH4Cl, 0.17 M Tris, pH 7.2) at 37 °C for 5 min followed by washing with PBS supplemented 

with 1% (v/v) FCS, according to a previously published protocol (Fantini et al., 2007).  

 

2.3.2 Isolation of CD4+CD45RBhigh T cells 

CD4+CD45RBhigh T cells were used to induce colitis in Rag1-/- mice. This population was 

isolated from splenocytes of Foxp3EGFP mice by FACS of CD4+CD45RBhigh cells after specific 

staining for these surface markers as published previously by Niess et al. (2008). Prior to 

staining, unspecific antibody binding to Fc receptors (FcR) was blocked using culture 

supernatant of 2.4G2 cells containing 2.4G2 mAbs directed against the FcγRIII and FcγRII 

(also termed CD16 and CD32; 0.5 ng mAb/106 cells). Supernatants of 2.4G2 cultured on 

37 °C in RPMI 1640, 5% FCS, 1% Penicillin/Streptomycin, 1% Glutamin and 0.1% 

2-mercaptoethanol were provided by the Department of Internal Medicine I. 

Following blocking, splenocytes were incubated with allophycocyanin-(APC-) conjugated 

anti-CD4 mAb (for information on antibody supplier and dilutions see Table 2–2) and 

biotin-conjugated anti-CD45RB mAb (see Table 2–2) for 20 min at 4 °C. Then cells were 

washed in PBS supplemented with 1% FCS to remove unbound antibodies and stained 

with cyanine 5 (Cy5) conjugated streptavidin (see Table 2–2). 
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After washing in PBS supplemented with 1% FCS to remove unbound antibodies, cells 

were resuspended in SYTOX® dead cell stain (Invitrogen Life Technologies GmbH, 

Darmstadt, Germany) to differentiate between dead and living cells. Live CD4+CD45RBhigh 

T cell subsets were selectively isolated from the pool of splenocytes by FACS using the 

FACSAria system (BD Biosciences, Heidelberg, Germany). Sorted CD4+CD45RBhigh T cells 

with a purity > 95% were injected i.p. into congenic Rag1-/- or CX3CR1EGFP x Rag1-/- mice 

(3 x 105 cells/mouse). 

 

2.3.3 Isolation of DCs 

For isolation of DCs, total splenic cells were extracted from healthy B6 mice as described 

above (2.3.1). After determination of the total cell number, DCs were isolated by 

magnetic activated cell sorting (MACS) according to the manufacturer´s protocol using 

mouse-specific magnetic CD11c microbeads (Miltenyi Biotech, Bergisch-Gladbach, 

Germany). Via MACS, cells in a single-cell suspension are magnetically labeled with 

microbeads coupled with an antibody binding to a specific surface marker characteristic 

for the cell population in question (here for DCs: CD11c). The sample is then applied to a 

MACS column placed in a magnetic separator. Unlabeled cells can pass through the 

column, while magnetically labeled cells are retained. The flow-through can be collected 

as the unlabeled cell fraction. For elution of the magnetically labeled cells from the 

column, the latter is removed from the separator after a short washing step. Thus, both 

labeled and unlabeled cells can easily be isolated with high purity. After separation, the 

amount of CD11c+ cells was determined by counting in a Neubauer chamber. Purity of 

CD11c+ cells was analysed by flow cytometry and was 80-90% in all experiments. 

 

2.3.4 Isolation of naïve (CD4+CD25-) T cells 

For in vitro experiments naïve CD4+CD25- T cells were isolated from spleens from wildtype 

B6 mice (according to a previously published protocol by Fantini et al., 2007). Splenocytes 

were isolated and after determination of the cell number, CD4+CD25- T cells were purified 

by MACS using the CD4+CD25+ isolation kit (Miltenyi Biotech, Bergisch-Gladbach, 

Germany), according to the manufacturer´s instructions. The last flow-through contained 
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CD4+CD25- cells representing unlabelled naïve T cells. Purity of the cells and basic Foxp3 

expression was checked directly after isolation by flow cytometric analysis, using the 

corresponding antibodies (CD4-APC and Foxp3- fluorescein isothiocyanate (FITC), see 

Table 2–2). In all experiments purity was > 90% and a minor fraction of 2-4% of CD4+ cells 

was also positive for Foxp3 representing TReg.  

 

2.3.5 Isolation of intestinal LP cells 

According to a previously published protocol (Niess et al., 2008) dissected colons were 

flushed with PBS supplemented with 1% (v/v) FCS to remove fecal matter and mucus. 

Colon was opened lengthwise and cut into 3-4 pieces. Colonic tissue pieces were 

incubated in 25 ml PBS supplemented with 1% FCS, 100 µl dithiothreitol (DTT stock: 

0.25 mM) and 25 µl ethylenediaminetetraacetic acid (EDTA stock: 0.5 M) with gentle 

shaking for about 20 min at 37 °C to remove the epithelium. Then, colonic pieces were 

washed three times in PBS supplemented with 1% FCS to remove DTT and epithelial cells. 

Tissue samples were cut into very small pieces and digested at 37 °C in 50 ml RPMI 

containing 250 µl collagenase type VIII (Clostridium histolyticum, 50 µg/µl, Sigma Aldrich 

Chemie GmbH, Steinheim, Germany) until collagen was dismantled (about 30-45 min). 

Digested tissue samples, containing LP lymphocytes were passed through a cell strainer 

(BD FalconTM 100 µm Nylon, BD Biosciences, Heidelberg, Germany) and centrifuged 

(550 x g, 5 min, 4 °C). Pellets were resuspended in 2 ml RPMI containing 35% (v/v) 

Easycoll (density 1.124 g/ml, Biochrom AG, Berlin, Germany). This suspension was carfully 

pipetted onto 2 ml of 70% (v/v) Easycoll in a round bottom tube, followed by a gradient 

centrifugation (750 x g, 20 min, brake 1, 4 °C). Viable cells were collected from the 

35%/70% Easycoll interphase, washed twice with PBS supplemented with 1% FCS and 

counted after trypan blue staining using a Neubauer chamber. 
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2.4 Co-culture of dendritic and naïve T cells in vitro 

For co-culture experiments, 8 x 104 DCs were seeded with 4 x 104 naïve CD4+CD25- T cells 

onto a round bottom 96-well plate (Sarstedt AG & Co., Nümbrecht, Germany) in a total 

volume of 200 µl RPMI medium containing 10% (v/v) FCS and 1% (v/v) penicillin-

streptomycin solution. 6 x 105 UV-killed bacteria were added per well. Cells were 

incubated for 5 days at 37 °C with 5% CO2, as published previously by Radulovic et al., 

2012). As a positive control, cells were incubated without bacteria under TReg polarizing 

conditions, i.e. in the presence of TGF-β1 (5 ng/ml, R&D systems GmbH, Wiesbaden-

Nordenstadt, Germany), rIL-2 (2000 U/ml, R&D systems GmbH, Wiesbaden-Nordenstadt, 

Germany) and anti-CD3/CD28 microbeads (cell to bead ratio of 10:1; Dynabeads® mouse 

T-activator, Invitrogen, Life Technologies GmbH, Darmstadt, Germany). At the end of the 

experiment the TReg population was quantified by staining of cells with APC-conjugated 

anti-CD4 mAbs and FITC-conjugated anti-Foxp3 mAbs (for information on antibody 

supplier and dilutions see Table 2–2) followed by flow cytometric analysis. 

 

 

2.5 Flow cytometric analysis of cytokines  

Flow cytometry is used to identify subpopulations in a mixture of different cells by 

morphological differences such as different scattering of light and/or staining for specific 

markers using fluorescence-labelled mAbs. A liquid stream in which single cells pass a 

laser beam carries up the cell suspension. The laser detects the scattering of light in the 

forward and sideward direction as well as the emitted fluorescence intensity upon 

excitation. While the Forward Scatter (FSC) correlates with the volume of the cell, the 

Sideward Scatter (SSC) correlates with the cell´s granularity (Melamed, 1990). The 

fluorescence signal gives information about presence or absence of the stained marker as 

well as its expression level (fluorescence intensity).  
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2.5.1 Antibody-staining of cLPs 

For FACS analysis cLPs were isolated as described above and max. 106 cells/well were 

seeded in a 96-well round bottom plate (Sarstedt AG & Co., Nümbrecht, Germany) and 

stimulated for 3 hours with phorbol myristate acetate (PMA, Sigma Aldrich Chemie 

GmbH, Steinheim, Germany, stock: 1 mg/ml), ionomycin (Sigma Aldrich Chemie GmbH, 

Steinheim, Germany , stock: 1 mg/ml) and brefeldin A (Sigma Aldrich Chemie GmbH, 

Steinheim, Germany, stock: 1 mg/ml) in RPMI supplemented with 10% (v/v) FCS and 1% 

(v/v) penicillin-streptomycin solution. Antibody staining was performed as described 

under 2.5.2 and 2.5.3. 

 

2.5.2 Surface staining 

For staining of surface markers, cells were washed in PBS supplemented with 1% (v/v) FCS 

(550 x g, 5 min, 4 °C) and unspecific binding of mAbs blocked by incubation with 2.4G2 

mAb (0.5 ng/106 cells) for 15 min at 4 °C. Cells were washed in PBS supplemented with 

0.5% (v/v) FCS and 0.1% (w/v) NaN3 (FACS A buffer) and surface stained for example with 

anti-CD4 mAb (see Table 2–2) for 20 min at 4 °C. Cells were washed twice in FACS A to 

remove unbound mAbs, fixed in 4% (v/v) paraformaldehyde for 15 min and incubated in 

FACS A o/N. 

 

2.5.3 Intracellular staining 

For intracellular staining of cLPs cells were pelleted and the supernatant was replaced 

with Hank´s buffered salt solution containing 0.137 M NaCl, 5.4 mM KCl, 0.25 mM 

Na2HPO4, 0.44 mM KH2PO4, 1.3 mM CaCl2, 1.0 mM MgSO4 and 4.2 mM NaHCO3 

supplemented with 0.5% (v/v) FCS, 0.5% (w/v) saponin and 0.05% (w/v) sodium azide 

(FACS B buffer). Cells were incubated for 15 min in FACS B at room temperature (RT) to 

permeabilize the cells. Double stainings were performed with either phycoerythrin (PE)-

conjugated anti-IFNγ and APC-conjugated anti-IL-17A mAbs or APC-conjugated anti-TNFα 

and PE-conjugated anti-IL-10 mAbs for 30 min at RT (for information on antibody supplier 

and dilutions see Table 2–2). Cells were washed twice in FACS B to remove unbound 

mAbs and resuspended in FACS A for flow cytometry. 
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2.5.3.1 Intracellular staining of Foxp3 

For intracellular staining of Foxp3, a marker of TReg, isolated cells from B6 mice were 

seeded in an additional 96-well round bottom plate. Unspecific binding sites were blocked 

with supernatants of 2.4G2 cells containing a monoclonal antibody blocking FcγRIII/II 

(CD16/CD32). Cells were washed in FACS A and stained with APC-conjugated anti-CD4 

mAb (20 min, 4 °C). Cells were washed twice in FACS A to remove unbound mAbs, 

resuspended in 150 µl Fix/Perm buffer (Foxp3 staining buffer set, ebioscience, Frankfurt, 

Germany), incubated o/N to permeabilize the cells and washed in FACS A and 

permeabilization buffer (Foxp3 staining buffer set, ebioscience, Frankfurt, Germany) 

before blocking of unspecific binding sites. Staining with FITC-conjugated anti-Foxp3 

mAbs (see Table 2–2) was performed in permeabilization buffer for 30 min at 4 °C. To 

remove unbound mAbs, cells were washed twice in permeabilization buffer. Afterwards 

cells were resuspended in FACS A and analysed via FACS. 

 

Table 2-2: mAbs used in this work. 

mAbs  Host/Isotype Final concentration Company Cat# 

IL-10-PE Rat IgG2bκ 0.025µg/106 cells ebioscience 12-7101 

Rat IgG2bκ 

isotype control PE 

Rat IgG2bκ 0.025µg/106 cells ebioscience 12-4031 

IFNy-PE Rat IgG1κ 0.025µg/106 cells ebioscience 12-7311 

Rat IgG1κ 

isotype control PE 

Rat IgG1κ 0.025µg/106 cells ebioscience 12-4301 

IL-17A-APC Rat IgG2aκ 0.025µg/106 cells ebioscience 17-7177 

Rat IgG2aκ  

isotype control APC 

Rat IgG2aκ 0.025µg/106 cells ebioscience 17-4321 

TNFa-APC Rat IgG1κ 0.025µg/106 cells ebioscience 17-7321 

Rat IgG1κ  

isotype control APC 

Rat IgG1κ 0.025µg/106 cells ebioscience 17-4301 

CD11c-APC Rat IgGκ 0.125 µg/106 cells ebioscience 17-0114 

CD4-APC Rat IgG1bκ 0.125 µg/106 cells ebioscience 17-0041 

CD4-FITC Rat IgG2bκ 0.125 µg/106 cells ebioscience 11-0041 
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Rat IgG2bκ 

isotype control FITC 

Rat IgG2bκ 0.125 µg/106 cells ebioscience 11-4031 

Foxp3-FITC Rat IgG2aκ 0.100 µg/106 cells ebioscience 11-5773 

F4/80-PE-Cy7 Rat IgG2aκ 0.125 µg/106 cells ebioscience 25-4801 

CD45RB-Biotin Rat IgG2aκ 0.125 µg/106 cells ebioscience 13-0455 

Streptavidin-Cy5 secondary mAb 0.125 µg/106 cells ebioscience 19-4317 

 

2.5.4 Flow cytometry 

FACS analysis of stained cells was performed using a FACSCalibur (BD, Heidelberg, 

Germany) equipped with a 488 nm argon ion laser combined with a 635 nm red diode 

laser. The 488 nm laser was used to detect FSC, SSC, the green fluorescence of the FITC-

label in the FL1 channel and the yellow fluorescence of the PE-label in the FL2 channel. 

The red 635 nm laser was used to analyse the red fluorescence intensity of APC-labelled 

probes in the FL4 channel. Data was analysed using FCS express software (De Novo 

software, Los Angeles, USA). 

 

 

2.6 Analysis of colonic cytokines on protein level 

For determination of colonic cytokines on protein level the CBA mouse Th1/Th2/Th17 

cytokine kit (BD Biosciences, Heidelberg, Germany) was used. The CBA is a method to 

detect multiple cytokine proteins in research samples simultaneously via FACS. During the 

assay procedure, different bead populations (coated with capture antibodies), which are 

characterized by distinct fluorescence intensities are mixed with recombinant standards 

or unknown samples and incubated with PE-conjugated detection antibodies to form 

sandwich complexes. The intensity of PE fluorescence of each sandwich complex reveals 

the concentration of the analysed cytokine. 

 

 



  Material and methods 

27 
 

2.6.1 Isolation of colonic proteins  

For quantification of protein levels of specific cytokines, colonic samples were snap frozen 

in liquid nitrogen and kept frozen at -80 °C until use. For protein extraction, samples were 

put into Lysing Matrix C tubes (MP Biomedicals GmbH, Eschwege, Germany) containing 

600 µl of lysis buffer (RIPA buffer (Sigma Aldrich Chemie GmbH, Steinheim, Germany) 

containing 50 mM sodium fluoride, 0.2 mM sodium orthovanadate, 2 mM EDTA, 2 mM 

EGTA, 0.1% 2-mercaptoethanol and cocktail protease inhibitor (diluted 1/200; Sigma 

Aldrich Chemie GmbH, Steinheim, Germany). The tubes were placed in a Ribolyser (MP 

Biomedicals GmbH, Eschwege, Germany) and tissue was disrupted during 40 seconds at 

speed 6. Supernatants were transferred to 1.5 ml Eppendorf tubes and centrifuged (9300 

x g, 10 min, 4 °C) to remove tissue debris. Supernatants were stored at -20 °C until further 

use. Total protein concentrations were determined using the Pierce® BCA protein assay 

kit (Thermo scientific, Rockford, USA) according to the manufacturers instructions. 

 

2.6.2 Cytometric bead array 

In the kit used in this study, seven bead populations with different fluorescence 

intensities are coated with capture antibodies specific for IL-2, IL-4, IL-6, IFNγ, IL-10, IL-

17A and TNFα proteins. Cytokine standards and the capture bead mix, containing 

cytokine specific beads were prepared, according to the manufacturer´s instructions. A 

dilution series was performed with the cytokine Top standard, ranging from 0-5000 pg/ml 

of each cytokine of the assay. Protein samples were thawed on ice and 50 µl were mixed 

with 50 µl of the capture bead mix in round bottom tubes. Then 50 µl detection reagent 

containing PE-conjugated antibodies was added to each tube. The assay was incubated 

for 2 h at RT in the dark to allow formation of sandwich complexes consisting of capture 

bead + analyte + detection reagent. Then, 1 ml washing buffer (supplied) was added to 

each assay tube and samples were centrifuged at 200 x g for 5 min to remove unbound 

detection reagent. The supernatants were carefully removed and the pellet containing 

the sandwich complexes was resuspended in 300 µl washing buffer for flow cytometric 

analysis. Set-up of the cytometer was performed using the cytometer set-up beads as 

described in the manual. Flow cytometric data were analysed using FCS express software 

(De Novo software, Los Angeles, USA) and Microsoft Excel. 
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2.7 Histology 

To analyse and compare the degree of inflammation in intestinal tissue, histological 

sections were stained with hematoxylin and eosin (H&E) and scored. 

 

2.7.1 Cryosections 

Collected colonic samples were snap frozen in liquid nitrogen and stored at -80 °C. For 

processing, frozen samples were embedded in Tissue-Tek® O.C.T. compound (Sakura 

Finetek GmbH, Staufen, Germany) and then cut into 10 µm thick sections using a Cryostat 

(CM-3050 S, Leica Microsystems GmbH, Wetzlar, Germany). Sections were stored at 

-20 °C until H&E staining. For H&E staining, sections were fixed in 4% (v/v) formalin for 

15 min, air-dried and stained with hematoxylin (Mayer´s hematoxylin, Merck KGaA, 

Darmstadt, Germany) for 2 min (RT). Hematoxylin stains basophilic structures, for 

example the DNA of the nucleus, in a blue colour. Unbound hematoxylin was removed by 

washing of the sections with water. Afterwards sections were stained with eosin (Eosin G 

0.5% aqueous solution, Carl Roth GmbH & Co., Karlsruhe, Germany), which stains 

eosinophilic structures (i.e. cytoplasm, collagen) in various shades of red, for 2 min (RT) 

and washed with water to remove unbound eosin. Sections were then washed serially in 

isopropanol solutions of increasing concentrations (70%, 80%, 90%, 100%) to eliminate 

water from the sections. Finally sections were cleared by incubation in xylol (10 min), 

covered with mounting medium (Entellan®, Merck KGaA, Darmstadt, Germany) and a 

cover slip (according to a well established protocol of the Internal Medicine I, University 

of Ulm). 

 

2.7.2 Scoring of H&E stained sections 

To allow for an objective measurement of the inflammation in stained sections, scoring 

was performed in a blinded experimental set up. For this purpose, each tissue sample was 

assigned to a code number. This code number was not disclosed to the scoring person 

until scoring was completed. The degree of inflammation of each sample was scored on a 

0-3 scale according to criteria previously published (Niess et al., 2008; Table 2–3), with 

intermediate scores (i.e. 0.5, 1.5 or 2.5) allowed. 
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Table 2-3: Scoring system to quantify the degree of inflammation in histological sections of 
intestinal tissue biopsies. 

Score Criteria 

0 Normal, uninflammed tissue (no colitis) 

1 Few inflammatory cells in the LP, slight reduction of goblet cells, stroma oedema  

(mild colitis) 

2 Mucosal oedema and intense infiltration of the LP with inflammatory cells  

(moderate colitis) 

3 Extreme infiltration of the mucosa with inflammatory cells and loss of goblet cells, 

disorganisation of the mucosal architecture, crypt abscesses, ulcerations (severe colitis) 

 

 

2.8  Denaturing gradient gel electrophoresis (DGGE) 

DGGE was used to detect bifidobacterial 16S ribosomal deoxyribonucleic acid (rDNA) in 

fecal samples of mice. DGGE is a method for analysis of complex microbial communities 

(Muyzer et al., 1993). Double-stranded DNA fragments, produced by polymerase chain 

reaction (PCR), that are identical in length, but differ in sequence are separated in a 

denaturing gradient gel matrix. The technique utilizes the difference in stability of GC 

pairing (3 hydrogen bonds) opposed to AT pairing (2 hydrogen bonds). A mixture of DNA 

fragments of different sequence are electrophoresed in an acrylamide gel containing an 

increasing gradient of DNA denaturants. In general, DNA fragments richer in GC will be 

more stable and remain double-stranded until reaching higher concentrations of the 

denaturing compound. Double-stranded DNA fragments migrate better in the acrylamide 

gel, while denatured DNA molecules become larger and are slowed down in the gel 

(Green et al., 2009). 
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2.8.1 DNA extraction from fecal samples 

Fecal samples were collected from mice at the indicated time-points during animal trials 

and stored at -20 °C until further use. For DNA extraction, 1 ml PBS and 2-3 glass beads 

(diameter: 2-4 mm) were added to 40 mg of a fecal pellet and samples were 

homogenized by vigorous vortexing. Samples were centrifuged (200 x g, 1 min, RT) to 

remove dietary fibres present in the feces. Supernatants were centrifuged again 

(10000 x g, 5 min, RT) and pellets, containing fecal bacteria, were washed three times in 

PBS. According to a protocol previously established in our group (Gleinser, 2012) pellets 

were resuspended in 1 ml Tris-EDTA (TE) buffer (50 mM Tris, 5 mM EDTA) and centrifuged 

(10000 x g, 10 min, RT). For bacterial lysis, pellets were resuspended in 300 µl Tris-EDTA-

saline (TES) buffer (50 mM Tris, 5 mM EDTA, 10 mM NaCl) containing 30 µl mutanolysin 

solution (5 U/µl in TES buffer) and 100 µl lysozyme solution (5 mg/ml in TES buffer). After 

1 h of incubation at 37 °C, 10 µl RNase A (10 mg/ml) was added to each sample and 

incubation at 37 °C was continued for 1 h. To avoid protein contaminations, 15 µl 

proteinase k (20 mg/ml) and 22 µl sodium dodecyl sulfate (SDS; 10%) were added. 

Samples were then incubated for 3 h at 55 °C. DNA was precipitated by adding 100 µl 

saturated NaCl solution (6 M). After this step a phenol-chloroform extraction was 

performed to remove protein contaminations. To precipitate protein, one volume of 

phenol/chloroform/isoamylalcohol (25:24:1 (v/v/v)) was mixed with the DNA solution. 

After centrifugation (14000 x g, 5 min, RT) the aqueous phase, containing the DNA was 

carefully removed. To eliminate remaining proteins totally, the extraction step was 

repeated. Further two washing steps were performed with one volume of 

chloroform/isoamylalcohol (24:1 (v/v)) to remove remaining phenol in the aqueous 

phase. To precipitate DNA, 2.5 volumes of ethanol (99%, -20 °C) were added and samples 

were incubated at -20 °C o/N. Afterwards samples were centrifuged (10000 x g, 10 min, 

RT) and pellets were washed in 70% ethanol. After centrifugation (10000 x g, 10 min, RT) 

pellets were air-dried and resuspended in 40 µl Tris buffer (10 mM). 
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2.8.2 Polymerase chain reaction 

The PCR is used for amplification of specific DNA fragments and is one of the most 

important techniques used in molecularbiology. For DGGE analysis 16S rDNA was 

amplified using primers Bif164for 5´-GGG TGG TAA TGC CGG ATG-3´ and Bif662-GCrev 5´-

CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G-CCA CCG TTA CAC CGG 

GAA-3´ (developed by Satokari et al., 2001) specific for Bifidobacterium sp.. PCR reactions 

contained 2.5 µl reaction buffer (10x stock solution), 2.5 µl of (deoxyribonucleotide) dNTP 

mix (stock with each oligonucleotide at 2 mM), 1.5 µl dimethyl sulfoxide (DMSO, 100% 

(v/v)), 2 µl DNA template (containing 100 ng), 1 µl of each primer (stock solution: 10 

pmol/µl), 1 µl Taq polymerase (1 U/µl, Genaxxon Bioscience GmbH, Ulm, Germany) and 

13.5 µl ddH2O. For negative controls, water was used as template. PCR was run using the 

following cycling conditions: initial denaturation for 2 min at 92 °C followed by 36 cycles 

of 10 sec at 92 °C (denaturation), 30 sec at 58 °C (primer annealing) and 1 min + 

5 sec/cycle at 68°C (extension), and additonal 10 cycles of 10 sec at 94 °C, 30 sec at 56 °C, 

1 min + 10 sec/cycle at 68 °C and a final extension of the PCR products at 68 °C for 7 min 

(modified from Satokari et al., 2001). All PCRs were performed using a FlexCycler (Analytik 

Jena AG, Jena, Germany). 

To control for successful specific amplification of 16S rDNA sequences, agarose gel 

electrophoresis was used to separate DNA molecules according to their size (Lee et al., 

2012). 1 g of agarose was added to 50 ml of 1x Tris-acetic acid-EDTA (TAE) buffer (40 mM 

Tris-HCl, 1 mM EDTA, 10 mM acetic acid, pH 8.0) and boiled in a microwave oven until 

agarose was dissolved completely. Melted agarose was poured into a gel stand and fitted 

with a comb. The comb was removed after polymerization. PCR products were mixed 

(5:1) with 6x loading dye (Fermentas GmbH, St. Leon-Rot, Germany) and applied to the 

slots of the 2% agarose gel. Electrophoresis was run at 90 V in an electrophoresis 

apparatus (PerfectBlue Gel system Mini S, Peqlab Biotechnologie GmbH, Erlangen, 

Germany). For visualization of the DNA bands the gel was stained in ethidium bromide 

solution (1 µg/ml in dH2O) for 10 min. For successful PCR amplification of bifidobacterial 

16S rDNA, a band of 514 base pairs (bp) was expected. The size of the DNA fragments was 

determined using a 100 bp DNA ladder (Gene RulerTM, Fermentas GmbH, St. Leon Roth, 

Germany). 
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2.8.3 Denaturing gradient gel electrophoresis  

For DGGE, PCR products were analysed on an 8% acrylamide gel with a denaturing urea 

and formamide gradient ranging from 50%-60% denaturant concentration. The gel was 

poured using a GM-40 Gradient maker (C.B.S. Scientific Company, San Diego, USA) fitted 

to a peristaltic pump (MPP-100, C.B.S. Scientific Company, San Diego, USA). For the 60% 

denaturing solution 7.2 ml of 100% denaturing acrylamide solution (1 ml 50x TAE buffer, 

20 ml 40% acrylamide/bis solution, 39 ml ddH2O, 40 ml formamide, 42 g urea) and 4.8 ml 

of the 0% denaturing acrylamide solution (1 ml 50x TAE buffer, 20 ml 40% acrylamide/bis 

solution, 79 ml ddH2O) were mixed. For the 50% denaturing solution 6 ml of 100% 

denaturing acrylamide solution and 6 ml of the 0% denaturing acrylamide solution were 

mixed (Green et al., 2009). To both acrylamide solutions 50 µl ammonium persulfate 

(APS; 10% (w/v)) and 15 µl tetramethylethylenediamine (TEMED) were added to start 

polymerization. The solutions were transferred to the gradient maker and the gel was 

poured. The gel was fitted with a comb and allowed to polymerize for at least 1 h. During 

gel polymerization, the buffer tank (CIPHER DGGE system, C.B.S. Scientific Company, San 

Diego, USA), containing 21 l 1 x TAE buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA) 

was heated to 60 °C. After removing the comb from the gel, wells were flushed with 1x 

TAE buffer to remove unpolymerized acrylamide. 15 µl of PCR sample mixed with 6x 

loading dye (Fermentas GmbH, St. Leon-Rot, Germany) was loaded per well. As a marker, 

a mix of PCR products with amplified 16S rDNA sequences of B. bifidum S17, B. longum 

ssp. infantis E18 (marker: M1) and B. animalis MB254 (marker: M2) was loaded. 

Electrophoresis was performed o/N for 15 h at 85 V, followed by gel staining in 1x Tris-

borate-EDTA (TBE) buffer (90 mM Tris, 90 mM boric acid, 2 mM EDTA) containing 1x SYBR 

Gold (Invitrogen, Life Technologies GmbH, Darmstadt, Germany) for 20 min. Bands in the 

gels were visualized using a photodocumentation system (MWG-Biotech GmbH, 

Ebersberg, Germany). 
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3 RESULTS 

Previous in vitro studies of our group indicated the anti-inflammatory potential of 

B. bifidum S17 in different LPS challenged intestinal cell lines (Riedel et al., 2006 (b)). In 

further studies, the potential of B. bifidum S17 to ameliorate colitis in vivo was 

demonstrated in a Rag1-/- transfer (Preising et al., 2010) and in a TNBS-induced (Philippe 

et al., 2011) murine model of colitis. Here, the anti-inflammatory effect of B. bifidum S17 

was analysed more detailed in various mouse models to gain further insights into the 

immunological mechanisms underlying this effect. 

 

 

3.1 Anti-inflammatory effect of B. bifidum S17 in DSS-induced 

colitis 

3.1.1 Weight analysis 

To confirm the anti-inflammatory effect of B. bifidum S17 in vivo, the strain was tested in 

a second chemically induced model of colitis, namely the murine DSS-induced colitis 

model. In this model, healthy control animals displayed normal weight with a slight 

increase of about 2% over the experimental period (Figure 3–1). Weight loss was 

observed in mice of the colitic control group starting at day five of the experiment and 

the effect of DSS administration on weight of the animals became significant on day six. 

By contrast, mice treated with B. bifidum S17 displayed a similar weight gain as healthy 

controls. The inhibitory effect of B. bifidum S17 on DSS-induced weight loss reached 

statistical significance at day six (Figure 3–1). 
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3.1.3 Histology 

At the end of each trial H&E-stained tissue sections of the distal colon were examined 

microscopically. As shown in Figure 3–3 A, no signs of inflammation were observed in 

sections of healthy animals, while samples of the colitic control group showed a marked 

inflammation, characterized by infiltration of the mucosa with lymphocytes, oedema and 

disorganisation of the mucosal architecture. Treatment with B. bifidum S17 strongly 

reduced the inflammatory infiltrate in the colonic tissue.  

For quantitative analysis sections of all animals of the trial were scored. Upon DSS 

treatment, the inflammatory score increased to about 2.5 in the colitic group 

(Figure 3-3 B). Treatment with B. bifidum S17 reduced the score significantly to about 1.3. 

 

 

Figure 3-3: Microscopic analysis of colonic tissue samples in B6 mice. (A) Representative images 

and (B) histology scores from animals of the three experimental groups of DSS colitis trials. Values 

are mean ± SEM of 15 animals per group. Statistically significant differences as calculated by non-

parametric Student´s t-test are indicated by asterisks above the columns (***: p < 0.001). 
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Figure 3-6: Dot plots (A) of the FACS analysis and a representative calibration curve (B) of the 

CBA cytokine standard. (A) Single bead populations are gated and analysed for fluorescence 

intensity, which is indicative for the concentration of the respective cytokine. (B) Using the 

different cytokine concentrations for the standards and the corresponding mean fluorescence 

intensity of the respective bead population, calibration curves were calculated for each cytokine. 

Results for IFNγ are shown as a representative calibration curve with the equation of the 

regression and the Pearson´s correlation coefficient (R2). 

 

 

Quantification of cytokines in tissue homogenates of intestinal biopsies revealed a 

significant increase of the pro-inflammatory cytokines TNFα, IFNγ and IL-6 in colitic 

animals compared to the healthy controls (Figure 3–7). In the B. bifidum S17 treated 

group a significant decrease in TNFα and IL-6 protein levels was detected compared to 

the colitic animals (Figure 3–7), while the reduction observed for IFNγ was statistically not 

significant (p = 0.2). No significant differences between the three groups were detected 

for IL-10 and IL-17A. 
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3.1.6 Detection of B. bifidum S17 in the fecal pellets  

In order to confirm the presence of B. bifidum S17 exclusively in treated animals, fecal 

pellets were collected before treatment and during the trial on days four and seven (i.e. 

the end of the trial). Chromosomal DNA of fecal bacteria was extracted and 16S rDNA 

sequences were amplified using primers specific for the genus Bifidobacterium. PCR 

products were analysed by DGGE. A PCR product corresponding to the 16S rDNA of 

B. animalis spp. was detected in all samples prior to start of the treatment and in colitic 

and healthy controls throughout the trial (Figure 3–8). However, in the group of animals 

treated with B. bifidum S17, this band disappeared and was replaced by a PCR product 

corresponding to the size of the B. bifidum spp. 16S rDNA. This band was absent in 

untreated colitic and healthy control animals. Obtained results were confirmed by 

excision of the detected bands, DNA purification from the gel and sequencing. 

 

 

Figure 3-8: DGGE gels with bands of bifidobacteria present in feces. DGGE results of fecal 

samples from three representative animals of each experimental group are shown. Lanes A1-A3: 

animals treated with B. bifidum S17; lanes B1-B3: colitic controls; lanes C1-C3: healthy animals; 

before
treatment

day 4

day 7

A1  A2  A3  M1 M2  B1  B2  B3   C1  C2  C3
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M1: mix of PCR products obtained with chromosomal DNA of B. bifidum and B. longum ssp. 

infantis: M2: PCR product obtained with chromosomal DNA of B. animalis. 

 

 

3.2 Anti-inflammatory effect of B. bifidum S17 in Rag1-/- transfer 

colitis 

B. bifidum S17 was shown to have potent anti-inflammatory activity in the Rag1-/- T cell 

transfer model of colitis (Preising et al., 2010). This effect was further analysed in more 

detail on the level of different T cell populations and mucosal cytokine production. 

 

3.2.1 Weight analysis 

Healthy Rag1-/- control animals, that did not receive a T cell transfer displayed normal 

body weight with an increase of about 8% over the experimental period. Mice of the 

colitic control group started to loose weight on day 18 post transfer and their weight was 

significantly different from healthy controls starting at day four. By contrast, mice treated 

with B. bifidum S17 displayed a similar weight gain as healthy controls (i.e. no statistically 

significant difference; Figure 3–9), while the difference in weight between colitic and 

B. bifidum S17 treated animals started to be statistically significant after day four post 

transfer. 
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Figure 3-10: Macroscopic analysis of colons dissected from Rag1-/- animals at the end of the 

trials. (A) Representative images and (B) colonic weight/length ratios of colons dissected from 

animals of the three experimental groups. Values are mean ± SEM of 9-11 animals per group. 

Statistically significant differences as calculated by non-parametric Student´s t-test are indicated 

by asterisks above the columns (***: p < 0.001). 

 

3.2.3 Histology 

H&E stained tissue sections of the distal colon were examined microscopically at the end 

of each trial. As shown in Figure 3–11 A, no signs of inflammation were observed in 

sections of healthy animals, while all samples of the colitic control group showed 

considerable signs of inflammation. In colonic biopsies of animals treated with B. bifidum 

S17 only few inflammatory cells were observed. 

T cell transfer resulted in an increase in the inflammatory score to about 2.3 in the colitic 

control group (Figure 3–11 B), while treatment with B. bifidum S17 reduced the score 

significantly to about 1.5. 
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Figure 3-11: Microscopic analysis of colonic tissue samples. (A) Representative images and (B) 

histology scores of Rag-/- animals from colitic, healthy and B. bifidum S17 treated groups. Values 

are mean ± SEM of 9-11 animals per group. Statistically significant differences as calculated by 

non-parametric Student´s t-test are indicated by asterisks above the columns (***: p < 0.001). 

 

3.2.4 Cytokine expression in cLP cells 

Cytokine expression of cLP T cells of animals that received a T cell transfer, i.e. the colitic 

controls and animals treated with B. bifidum S17, was analysed by flow cytometry. Using 

this method, lymphocytes from healthy Rag1-/- controls could not be analysed, since 

animals did not receive a T cell transfer and lack endogenous mature T- and B cells. As 

shown in Figure 3–12 A + B, total cLPs were first gated on lymphocytes, which were 

afterwards gated on CD4+ T cells. Total numbers of lymphocytes and also of CD4+ T 

lymphocytes were significantly reduced in the B. bifidum S17 treated group compared to 

colitic animals (Figure 3–12). 
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calculated by non-parametric Student´s t-test are indicated by asterisks above the columns (*: 

p < 0.05; **: p < 0.01). 

 

3.2.5 Cytokine levels in colonic tissue biopsies  

As already observed in the DSS-induced model of colitis, colonic tissue levels of pro-

inflammatory cytokines TNFα, IFNγ and IL-6 were significantly increased in colitic animals, 

compared to healthy Rag1-/- animals, that did not receive T cells (Figure 3–14 A + C). On 

the protein tissue levels of IL-17A and IL-10 no changes were observed. Treatment of 

animals with B. bifidum S17 significantly reduced protein levels of TNFα and IL-6 (Figure 

3–14), while there was no significant difference on IL-17A, IFNγ and IL-10 protein levels 

observed between the B. bifidum S17 and the colitic group.  
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3.2.6 Detection of B. bifidum S17 in the fecal pellets  

In order to verify the presence of B. bifidum S17 in treated animals, fecal pellets were 

collected before treatment and during the trial on days 15 and 27 (i.e. the end of the 

trial). Samples were further processed and analysed by DGGE as already described (3.1.6). 

A PCR product corresponding to the 16S rDNA of B. animalis spp. was detected in all 

samples prior to start of the treatment and in colitic and healthy controls throughout the 

trial (Figure 3–15). However, in the group of animals treated with B. bifidum S17 this band 

disappeared and was replaced by a PCR product corresponding to the size of the 

B. bifidum spp. 16S rDNA. This band was absent in colitic and healthy control animals, 

which instead displayed the B. animalis-specific band. To verify that bands contained the 

expected 16S rDNA fragments, the bands were excised and sequenced after DNA 

purification. 

 

Figure 3-15: DGGE gels with bands of bifidobacteria present in feces from Rag1-/- mice. DGGE 

results of fecal samples from three representative animals of each experimental group are shown. 

Lanes A1-A3: animals treated with B. bifidum S17; lanes B1-B3: colitic controls; lanes C1-C3: 

healthy animals; M1: mix of PCR products obtained with chromosomal DNA of B. bifidum and 

B. longum ssp. infantis: M2: PCR product obtained with chromosomal DNA of B. animalis. 

A1   A2  A3 M1  M2  B1   B2   B3   C1  C2 C3

before
treatment

day 15

day 27
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3.3 Re-transfer of CD4+ T cells from Rag1-/- transfer trials 

To confirm, that the anti-inflammatory effect of B. bifidum S17 is related to changes in the 

pro- and anti-inflammatory T cell populations, a second trial was perfomed in the Rag1-/- 

transfer model as described above. At the end of the trial, CD4+ T cells were isolated from 

cLPs of animals treated with B. bifidum S17 or colitic controls and re-transferred into two 

groups of Rag1-/- mice, that were not treated with B. bifidum S17 or placebo during the 

trial. 

 

3.3.1 Weight analysis and colon weight/length ratio 

Due to the inflammatory process animals re-transferred with T cells isolated from colitic 

control animals displayed weight loss starting on day eight post transfer. By contrast, 

mice re-transferred with T cells from animals treated with B. bifidum S17 were highly 

protected from weight loss (Figure 3–16 A). The difference between colitic and B. bifidum 

S17 groups reached statistical significance on day eleven post transfer. 

At the end of the trial colonic length and weight were determined as macroscopic marker 

of inflammation. In the colitic control group the colonic weight/length ratios were 

significantly increased (Figure 3–16 B). By contrast, improved weight/length ratios were 

observed in the B. bifidum S17 re-transfer group, which was evident by a significant 

reduction of the weight/length ratio compared to colitic controls.  
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3.3.2 Histology 

All samples of the colitic control group showed an infiltration of the mucosa with 

lymphocytes, oedema and a distortion of the mucosal architecture (Figure 3–17 A), while 

histological signs of inflammation were greatly reduced in animals, that received a T cell 

re-transfer from animals treated with B. bifidum S17. Blinded scoring of these differences 

confirmed a significant reduction of the signs of inflammation in these animals 

(Figure 3-17 B).  

 

 

Figure 3-17: Microscopic analysis of colonic tissue samples. (A) Representative images and (B) 

histology scores from animals of the colitic and B. bifidum S17 re-transfer group. Values are mean 

± SEM of 9-11 animals per group. Statistically significant differences as calculated by non-

parametric Student´s t-test are indicated by asterisks above the columns (***: p < 0.001). 
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3.6 Effect of B. bifidum S17 on CX3CR1+ macrophages/DCs 

Recent studies have shown that different subsets of CX3CR1+ macrophages/DCs play an 

important role in the mucosal immunity (Manta et al., 2013; Niess and Adler, 2010) and 

that probiotic administration can alter the composition of different subsets of intestinal 

DCs (Wang et al., 2009). In order to test an effect of B. bifidum S17 on macrophage/DC 

subpopulations characterized by high, intermediate or low expression of CX3CR1, colitis 

was induced by T cell transfer in CX3CR1EGFP x Rag1-/- mice and these animals were treated 

with B. bifidum S17 or placebo. 

Animals treated with B. bifidum S17 showed significantly higher weight compared to 

placebo treated controls throughout the trial as shown in Figure 3–22. 

 

Figure 3-22: Effect of B. bifidum S17 on weight loss in CX3CR1EGFP x Rag1-/- mice. Weight was 

calculated as percent relative to the initial body weight of single mice. Values are mean ± SEM of 6 

animals per group. Asterisks indicate statistically significant differences between the groups as 

calculated by non-parametric Student´s t-test (*: p < 0.05; **: p < 0.01; ***: p < 0.001). 
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4 DISCUSSION 

There is increasing evidence that probiotic bacteria may have a profound influence on the 

immune system under certain conditions. Several probiotic strains, mostly isolated from 

the normal human intestinal microbiota, have already been tested for application in 

atopic eczema (Kim and Ji, 2012), arthritis (Amdekar et al., 2011; So et al., 2011), 

necrotizing enterocolitis (Ganguli et al., 2013; Ganguli and Walker, 2011) and gastro-

intestinal inflammatory disorders, such as IBDs (Kruis et al., 2004, de Vrese and 

Schrezenmeir, 2008). Because properties of a probiotic appear to be strain-specific 

(Foligne et al., 2007), the probiotic strains differ in their mode of action and therefore 

their applicability (reviewed by Bermudez-Brito et al., 2012). 

In previous studies, B. bifidum S17 was shown to have good anti-inflammatory properties 

in vitro and in vivo, including the inhibition of LPS-induced IL-8 secretion and NF-kB-

reporter activity in intestinal epithelial cells lines, and reduction of inflammatory markers 

in two mouse models of colitis (Riedel et al., 2006 (b); Preising et al., 2010). In this work 

anti-inflammatory effects of B. bifidum S17 were analysed on the level of the mucosal 

immune system in different models of murine colitis. Furthermore, in vivo and in vitro 

experiments were performed, investigating the potential mechanisms by which 

B. bifidum S17 exerts its beneficial effects. As additional read-out, the presence of 

B. bifidum S17 in feces during treatment was confirmed by DGGE analysis. 

Since both models used in this work (Rag1-/- transfer and DSS-induced) are characterized 

by an excessive Th1 response, animals develop a Th1 predominant mucosal inflammation 

after induction of colitis, mimicking the situation in human Crohn's disease (Egger et al., 

2000; Kawachi et al., 2000, Ostanin et al., 2009). Also in this work a Th1 response upon 

induction of colitis was observed in colitic control animals exhibited by an increase of the 

Th1 associated pro-inflammatory cytokines TNFα, IFNγ and IL-6.  

A combined Th1/Th17 response as recommended in human IBDs (Fujino et al., 2003) is 

also demonstrated by some studies for both of the colitis models used in this work (Alex 

et al., 2009; Melgar et al., 2005; Niess et al., 2008). Nevertheless, no increase of the Th17 

associated cytokine IL-17A appeared in both colitis models in this work. Another study by 

Kim et al. (2011) also observed an elevated Th1, but no Th17 response upon DSS-induced 
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inflammation. Thus, the differences among the studies might be explained by varying 

severity of DSS-induced colitis, depending on the used mouse strain (Mähler et al., 1998; 

Melgar et al., 2005) and DSS concentration (Egger et al., 2000). Furthermore, different 

methods of tissue sampling (e.g. enzyme-linked immunosorbent assay (ELISA), PCR or 

flow cytometry) might contribute to the differences upon Th differentiation observed 

among the studies (Alex et al., 2009; Kim et al., 2011). 

Nevertheless, treatment with B. bifidum S17 protected the mice in both models from 

clinical signs of disease and improved markers of inflammation, confirming results of 

previous in vivo experiments (Preising et al., 2010). Concordant with the obtained results 

for DSS-induced and Rag1-/- mouse model are data of another study by Philippe et al., 

(2011) using a TNBS-induced model of murine colitis. By treatment with B. bifidum S17 

they demonstrated a protective effect on weight loss, improvement of histology scores 

and furthermore a reduction of pro-inflammatory Th1 cytokines in this Th1 mediated 

model. Numerous studies already demonstrated the potential of different probiotic 

strains to ameliorate clinical signs of inflammation in animal models of colitis 

(Bassaganya-Riera et al., 2012; Roselli et al., 2009; Trejo et al., 2013; Zakostelska et al., 

2011). For example a probiotic mixture of four Lactobacilli and four Bifidobacterium 

species was able to reduce mucosal inflammation in DSS-induced colitis (Nanda Kumar et 

al., 2008). Oliveira et al. (2011) showed that a Lactobacillus strain was effective in 

ameliorating clinical symptoms in Rag2-/- transfer colitis. Nevertheless, the anti-

inflammatory effect of a probiotic has to be analysed individually (Foligne et al., 2007). 

As additional read-out the presence of B. bifidum S17 in feces of treated animals was 

confirmed by DGGE analysis. The observed band pattern revealed that the 16S rDNA of 

B. bifidum S17 is dominant in the feces of treated animals, because the B. animalis signal 

was not detectable in B. bifidum S17 treated animals anymore. This could be explained by 

a general rule of thumb suggested by Muyzer et al. (1993), that any target DNA that is less 

than 1% of the total target pool is unlikely to be detected by DGGE. As such, only 

predominant organisms in a community are considered to be represented in DGGE 

analysis. Another challenge of the DGGE is the appearance of double-bands, frequently 

observed in other DGGE studies, which were explained by multiple variable 16S rRNA 

gene operons of the organism (Green et al., 2009; Matsuki et al., 2003) or PCR induced, 
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for example by abortion of elongation during PCR, caused by the GC-clamp (Satokari et 

al., 2001). Despite DGGE is a good method for monitoring of qualitative changes in 

bacterial populations, a quantification or definite discrimination of different strains via 

DGGE is not possible (Satokari et al., 2001). Because 16S rDNA bands of closely related 

strains might exhibit a similar migration behavior in the gel, the detected DGGE bands 

require further identification (i.e. by sequencing) for a definite discrimination between 

the strains, even when using genus-specific primers (Roger et al., 2010; Satokari et al., 

2001).  

Regarding the probiotic colonization of the host, several studies demonstrated that 

administered probiotics were not able to colonize the colon of the host stably, but only 

transiently, even though they altered the composition of the fecal microbiota and/or 

exerted beneficial health effects (Brigidi et al., 2000; Charbonneau et al., 2013). Focussing 

on a stable or transient colonization of mice with B. bifidum S17 additional experiments 

would be required, because B. bifidum S17 was applied to the animals continuously 

during the experiments. 

The FAO/WHO defined probiotics as living microorganisms, which confer a beneficial 

effect for the host 

(http://www.who.int/foodsafety/publications/fs_management/en/probiotics.pdf). This 

definition is also supported by numerous studies showing, that probiotic bacteria have to 

be viable to exert their beneficial effects (Gobbetti et al., 2010; Ibnou-Zekri et al., 2003; 

Peluso et al., 2007). Nevertheless, several studies also demonstrated beneficial effects of 

dead probiotic bacteria (Chuang et al., 2007; Kataria et al., 2009; Zhang et al., 2005). For 

example Lopez et al. (2008) showed that dead and living cells of the same Lactobacillus 

rhamnosus GG strain were both able to exert the beneficial effect to the same extend. 

Also, UV-killed B. bifidum S17 exhibited an in vitro effect on DCs in this work. Thus, the 

action of probiotics could be a dual one. Both, viable and non-viable bacteria or their 

components might cause a beneficial effect in the host by direct interaction with the host, 

while live probiotics might additionally have an impact on the composition of the 

microbiota (Ryan et al., 2008). The potential of a probiotic strain to exert beneficial 

effects under a viable or dead condition also appears to be strain specific, depending on 

the mechanism underlying the probiotic effect. 
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Among the already described mechanisms by which probiotic bacteria positively influence 

the host´s health are: strengthening of the epithelial barrier (Dai et al., 2012; Otte and 

Podolsky, 2004; Zyrek et al., 2007), the production of antimicrobial metabolites (Hassan 

et al., 2012; Lievin et al., 2000) or the competition with pathogens about mucosal binding 

sites or nutrients (Bernet et al., 1994; Hooper et al., 1999). Furthermore, a modulation of 

the host´s immune response by suppression of pro-inflammatory and/or the induction of 

anti-inflammatory cytokines was described for several probiotics, including B. bifidum S17 

(Imaoka et al., 2008; Jeon et al., 2012; Philippe et al., 2011; Preising et al., 2010). Analysis 

of T cell populations and cytokine levels in the cLP revealed that in both models 

treatment with B. bifidum S17 counterregulated Th1 mediated immune responses. The 

mechanism by which colitis was ameliorated was analysed in more detail. 

Treatment with B. bifidum S17 has an impact on the relative abundance of different CD4+ 

T cell populations in the LP with a shift from pro-inflammatory (TNFα and IFNγ positive) 

towards regulatory (IL-10 and Foxp3 positive) T cells in both models of colitis. The impact 

of probiotics on the composition of the different T cell populations (e.g. a shift from a Th1 

to TReg) was already demonstrated by recent studies (Dai et al., 2013; Liu et al., 2013; 

Mazmanian et al., 2008; Round and Mazmanian, 2010; Smelt et al., 2012). Similar results 

were also observed by Zhao et al. (2013) in a TNBS model, where a probiotic mixture 

reduced the level of TNFα and IFNγ, while IL-10 and the frequency of TRegs were increased.  

In the present study also a reduced proliferation of CD4+ T cells upon bifidobacterial 

treatment, at least in the Rag1-/- model, was observed as the influence of probiotic strains 

on T cell proliferation in vivo and in vitro was already shown (Kirjavainen et al., 1999; 

Thomas et al., 2009; Yoshida et al., 2011). However, the responsible mechanisms of 

probiotic action are different. Thus, we focussed on the analysis of the influence of 

B. bifidum S17 on CD4+ T cells in general and TRegs in more detail in vivo and in vitro. 

Several studies have already demonstrated the role of different T cell subsets in induction 

or prevention of colitis (Aranda et al., 1997; Claesson et al., 1999; Gad et al., 2006), 

however, a re-transfer model as established in this work, has not been described in 

literature so far. The anti-inflammatory effect of B. bifidum S17 described for the Rag1-/- 

model seems to be reinforced by re-transfer of CD4+ T cells from B. bifidum S17 treated to 

a new group of Rag1-/- mice. Moreover, animals which received a T cell transfer from 
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colitic mice developed colitis much faster than Rag1-/- animals transferred with T cells 

from healthy B6 mice. Because mice of both groups were re-transferred with the same 

number of CD4+ T cells, the anti-inflammatory effect of B. bifidum S17 observed in this 

model can not be caused by a reduced T cell proliferation. Regarding the increased 

frequency of CD4+ Foxp3+ TRegs, observed in Rag1-/- animals after treatment with 

B. bifidum S17, it seems much more likely that the protective effect, observed in the re-

transfer model, depends on higher numbers of TRegs within the CD4+ T cell population. 

These results are further corroborated by the increased abundance of CD4+ Foxp3+ TRegs in 

the cLP of healthy Foxp3EGFP mice, treated with B. bifidum S17 compared to untreated 

control mice. However, the effect in healthy mice did not reach statistical significance, 

which might be explained by the low number of mice (n = 4) used for this experiment. 

Another explanation could be changes that occur during the inflammatory process, e.g. 

reduced mucus (Corazziari, 2009; Swidsinsky et al., 2005), increased permeability of the 

epithelial barrier (Turner, 2009; Zeissig et al., 2007) and altered expression of TLRs in IBD 

(Candia et al., 2012; Cario and Podolsky, 2000). All these events may facilitate the contact 

of B. bifidum S17 with IECs and/or the host´s immune system (e.g. DCs). 

Nevertheless, in vitro experiments confirmed the potential of B. bifidum S17 to convert 

naïve T cells to TRegs by priming of DCs. Induction of TRegs from naïve precursors by 

interference with DCs was shown for various probiotic strains of bifidobacteria and 

lactobacilli in different in vivo and in vitro models (Jeon et al., 2012; Konieczna et al., 

2012; Kwon et al., 2010, Roselli et al., 2009). Other bifidobacterial strains have for 

example been reported to induce IL-10 in colonic lamina propria DCs (Jeon et al., 2012; 

Smits et al., 2005). IL-10 decreases IL-12 and, concomitantly, IFNγ expression, leading to 

the development of TReg mediated immune responses (Aste-Amezaga et al., 1998). 

Therefore the ability of bifidobacteria to induce IL-10 production may be one factor 

contributing to their observed anti-inflammatory activities (Mirpuri et al., 2012). 

However, the presented results only provide limited evidence for an involvement of IL-10 

in the protective effect of B. bifidum S17. Frequencies of IL-10-producing CD4+ T cells 

were only increased in the Rag1-/- transfer model of colitis and this increase could not be 

corroborated by IL-10 protein levels in tissue homogenates. To definitely prove or rule 
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out a role of IL-10 in the anti-inflammatory effect of B. bifidum S17 additional 

experiments for example in IL-10-/- and IL-10-/- x Rag-/- animals have to be performed. 

To further elucidate the role of the antigen-presenting cells in the induction of the TReg 

response driven by B. bifidum S17 the effect of B. bifidum S17 on CX3CR1+ cells was 

analysed in vivo. Recently, different subpopulations of macrophages were characterized 

based on their relative expression of the chemokine receptor CX3CR1 (Niess et al., 2005). 

These cells were shown to be implicated in the maintenance of intestinal homeostasis 

and induction/homing of different T cell subsets (Hadis et al., 2011; Kayama et al., 2012). 

CX3CR1 expressing cells were shown to sample antigens from the intestinal lumen and 

play an important role in the prevention of the translocation of commensal bacteria to 

the mLNs (Niess et al., 2005). CX3CR1-knockout mice and mice deficient in the CX3CR1 

ligand CX3CL1 displayed a markedly increased translocation of commensal bacteria to 

mLNs. Additionally, the severity of a DSS-induced colitis was dramatically enhanced in the 

knockout mice compared to controls (Niess et al., 2005). Further an important role of 

CX3CR1+ cells in the clearance of pathogens was elucidated by Manta et al. (2013), who 

observed a delayed clearance of the murine pathogen Citrobacter rhodentium in infected 

CX3CR1-knockout mice compared to infected wildtype controls.  

However, it has become increasingly appreciated that numerous subsets of CX3CR1+ DCs 

and macrophages exist within the intestinal LP (Denning et al., 2011; Niess, 2010; 

Rescigno and Di Sabatino 2009) and regarding the important role of CX3CR1+ cells in 

antigen-sampling, results of this study indicate an involvement of CX3CR1+ cells in the 

anti-inflammatory effect of B. bifidum S17, because the population of 

CD11c+F4/80+CX3CR1high cells was significantly increased in the B. bifidum S17 treated 

group. These findings are consistent with the suppressed proliferation of CD4+ T cells 

observed in the Rag1-/- and re-transfer experiments and also in line with results published 

by Kayama et al. (2012). They described a subset of CD11c+F4/80+CX3CR1+ cells in the LP 

that can be separated into three groups, with different functions (i.e. the suppression of 

CD4+ T cell proliferation) for the mucosal immune response (CX3CR1high, CX3CR1intermed., 

CX3CR1low). The TNFα producing CD11c+F4/80+CX3CR1+intermed cell population was shown 

to be increased during an inflammatory process (Platt et al., 2010), while an increase of 
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CD11c+F4/80+CX3CR1+high population is associated with a suppression of CD4+ T cell 

proliferation and therefore an improved inflammation (Kayama et al., 2012).  

Our data suggest that the anti-inflammtory effect of B. bifidum S17 might be due to 

priming of intestial phagocytes to a regulatory phenotype, which in turn promote 

regulatory T cell species. This hypothesis is supported by in vitro data showing the 

B. bifidum S17 primed splenic CD11c+ DCs are able to induce TRegs from naïve T cells. Thus, 

one of the potential mechanisms by which B. bifidum S17 modulates the T cell pool might 

be via direct interaction with antigen-presenting cells (i.e. DCs/macrophages) which in 

turn induce regulatory and suppress pro-inflammatory T cell species (Hiramatsu et al., 

2011; Lopez et al., 2010).  

Another mechanism could be mediated indirectly by interaction with IECs, which act as 

physiological barrier between the gut lumen and the underlying immune cells. Despite 

their barrier function, IECs also are able to sense luminal antigens and transmit signals to 

the mucosal immune system (Kraehenbuhl and Neutra, 2000). Several studies have 

demonstrated that different bifidobacterial strains have the potential to modulate 

cytokine production by IECs (Candela et al., 2008; Preising et al., 2010; Riedel et al., 2006 

(b); Tomosada et al., 2013). IECs were shown to express different pattern recognition 

receptors (PRRs), which upon ligand-binding induce signaling cascades that result in 

cytokine production (Lebeer et al., 2010). PRRs such as TLRs are also expressed on the 

surface of different immune cells (e.g. macrophages, DCs). The TLR-2 receptor, for 

example was demonstrated to play a role for the immunomodulatory effects of some 

probiotics (Plantinga et al., 2011; Round et al., 2011). A fermentation product from 

Bifidobacterium breve C50 was shown to induce maturation, high IL-10 production and 

prolonged survival of DCs via the TLR-2 pathway (Hoarau et al., 2006).  

Another example of TLRs involved in probiotic mechanisms is TLR-4, which recognizes 

lipopolysaccharide of Gram-negative bacteria and induces production of pro-

inflammatory cytokines in an NF-kB-dependent manner (Chow et al., 1999). The probiotic 

E. coli strain Nissle 1917 for example was shown to ameliorate colitis via the TLR-4 

dependent pathway (Grabig et al., 2006). In fact, B. bifidum S17 is able to inhibit LPS-

induced NF-kB activation and secretion of proinflammatory cytokines such as IL-8 in 

different cell lines in vitro (Preising et al., 2010; Riedel et al., 2006 (b)) pointing towards a 
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possible interference with TLR-4-dependent inflammatory responses. It could be 

hypothesized that B. bifidum S17 directly interacts with TLR-4 or indirectly blocks binding 

of LPS to TLR-4 via steric effects by adhering to other receptors.  

 

In summary, results suggest that B. bifidum S17 ameliorates Th1-mediated intestinal 

inflammation by priming of intestial phagocytes to a regulatory phenotype, which in turn 

promote regulatory T cell species. Previous in vitro studies also indicate that blocking of 

TLR-4 signaling in epithelial cells might contribute to the anti-inflammatory effect (Riedel 

et al., 2006 (b)). The exact bifidobacterial effectors which are responsible for the anti-

inflammatory effects remain to be elucidated in further studies. To obtain more detailed 

information on the bifidobacterial molecules and their cognate receptors involved in the 

anti-inflammatory effects, further work is required. Also, additional studies will provide 

further insight into the immunological consequences of treatment with B. bifidum S17 on 

the host's mucosal immune system. Identification of the structures and/or mechanisms 

responsible for the anti-inflammatory effect of B. bifidum S17 would further improve the 

therapeutical applicability in IBDs, due to the possibility to use purified and/or 

concentrated structures, thus enforcing the anti-inflammatory effect. 
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5 SUMMARY 

Different strains of probiotic bifidobacteria have been shown to have potential in the 

treatment of chronic intestinal inflammation, e.g. in inflammatory bowel diseases. In the 

present study the anti-inflammatory properties of B. bifidum S17 were analysed in vivo in 

a Rag1-/- and a DSS-induced murine model of colitis. Also, further in vivo and in vitro 

experiments were performed to investigate the bifidobacterial effects on the level of the 

mucosal immune system.  

Collectively, the presented data demonstrate that treatment with B. bifidum S17 

significantly reduces clinical symptoms and markers in two models of chronic intestinal 

inflammation. In line with data from other studies, both models are characterized by a 

strong Th1 response, as evidenced by increased tissue levels of the pro-inflammatory 

cytokines IL-6, TNFα and IFNγ. Treatment with B. bifidum S17 led to a decrease in these 

cytokines and/or their respective T cell populations in one or both models. Furthermore, 

B. bifidum S17 inhibits intestinal inflammation by inhibition of T cell proliferation and 

skewing of the T cell pool towards a higher frequency of Foxp3+ TRegs. The TReg polarizing 

effect could be reproduced in vitro by co-culture of dendritic cells with naïve T cells in the 

presence of B. bifidum S17. Additional in vivo experiments indicate a contribution of the 

CX3CR1+high macrophage/dendritic cell population, which has been shown to support TReg 

development, to the anti-inflammatory effect.  

Further studies are required to identify the bacterial structures as well as to dissect the 

exact immunological mechanisms involved in the effects of B. bifidum S17. 
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6 ZUSAMMENFASSUNG 

Die entzündungshemmenden Eigenschaften verschiedener Bifidobakterienstämme in der 

Behandlung chronisch entzündlicher Darmerkrankungen konnten bereits in 

verschiedenen Studien nachgewiesen werden. In dieser Arbeit wurde die 

entzündungshemmende Wirkung von B. bifidum S17 in zwei Mausmodellen für Kolitis 

(Rag1-/- und DSS induziert) untersucht. Desweiteren wurden verschiedene in vitro und in 

vivo Experimente durchgeführt, um die Wirkung von B. bifidum S17 auf der Ebene des 

mukosalen Immunsystems zu untersuchen.  

In beiden untersuchten Mausmodellen zeigten Tiere, die mit B. bifidum S17 behandelt 

wurden eine deutliche Verbesserung der durch die Entzündung hervorgerufenen 

klinischen Symptome, sowie eine Verbesserung der Verhältnisse von Kolonlänge/-gewicht 

und der histologischen Marker. Wie schon in anderen Arbeiten beschrieben, sind die 

beiden verwendeten Mausmodelle durch eine Th1 Immunantwort charakterisiert, die zu 

einer vermehrten Expression der pro-inflammatorischen Zytokine IL-6, TNFα and IFNγ 

führt. Die Bestimmung verschiedener pro- und anti-inflammatorischer Zytokine im 

Darmgewebe bestätigte eine Reduktion der Expression dieser pro-inflammatorischen 

Zytokine in beiden oder einem der beiden Modelle durch Behandlung der Tiere mit B. 

bifidum S17. Desweiteren verbessert B. bifidum S17 die intestinale Entzündung durch 

Unterdrücken der T Zellproliferation und einer Frequenzerhöhung an CD4+Foxp3+ TRegs. In 

vitro Versuche mit dendritischen Zellen bestätigten, dass B. bifidum S17 durch vermutlich 

durch Interaktion mit dendritischen Zellen die Entwicklung naïver T Zellen bevorzugt zu 

TReg beeinflusst. Außerdem scheint B. bifidum S17 einen Einfluss auf die CX3CR1+high 

Makrophagen/Dendriten Population in Lamina propria Zellen zu haben. Ein Anstieg dieser 

Population wird mit einer unterdrückten Proliferation von Effektor CD4+ T Lymphozyten 

und der Induktion einer TReg Immunantwort assoziiert.  

Um genauere Rückschlüsse über die molekularen Mechanismen ziehen zu können, sind 

weitere Experimente auf mukosaler Zellebene und desweiteren die Identifikation der 

bakteriellen Oberflächenmoleküle, über die B. bifidum S17 den Wirt beeinflusst, nötig.  
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8 ADDENDUM 

8.1 Chemicals and reagents 

 

Table 8-1: Chemicals and reagents used in this work. 

Chemical/reagent Manufacturer 

 

Acetic acid (100%) Merck KgaA, Darmstadt, Germany 

40% Acrylamide/Bis solution (37.5:1) Bio-Rad, München, Germany 

Agar BD Difco Laboratories, Detroit, USA 

Agarose NEEO ultra-quality Carl Roth GmbH & Co., Karlsruhe, Germany 

Ammonium chloride Carl Roth GmbH & Co., Karlsruhe, Germany 

Ammonium persulfate (APS) Carl Roth GmbH&Co., Karlsruhe, Germany 

Anaerocult A® Merck KgaA, Darmstadt, Germany 

2-mercaptoethanol Fluka-Aldrich Chemie GmbH, Deisendorf, Germany 

Brefeldin A Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Bromophenol blue Bio-Rad, München, Germany 

Calcium chloride Carl Roth GmbH&Co., Karlsruhe, Germany 

Collagenase from Clostridium histolyticum Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Dextran sulfate sodium (DSS) MW 36.000-

50.000 

MP Biomedicals, Ohio, USA 

disodium hydrogen phosphate Fluka Chemikalien, Buchs, Switzerland 

Dithiothreitol (DTT) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

DNase I  Qiagen GmbH, Hilden, Germany 

dNTPs Fermentas GmbH, St. Leon-Rot, Germany 

Easycoll (100%), density 1.124 g/ml Biochrom AG, Berlin, Germany 
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EDTA-di-sodium salt*2 H2O (EDTA) Carl Roth GmbH & Co., Karlsruhe, Germany 

Eosin G 0.5% aqueous solution Carl Roth GmbH & Co., Karlsruhe, Germany 

Ethanol (98%) Riedel-de Haen, Seelze, Germany 

Ethidium bromide Carl Roth GmbH & Co., Karlsruhe, Germany 

Fetal calf serum (FCS) PAA Laboratories GmbH, Pasching, Austria 

Formaldehyde Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Formamide Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Glycerol Carl Roth GmbH & Co., Karlsruhe, Germany 

Mayer´s hematoxylin  Merck KgaA, Darmstadt, Germany 

Ionomycin Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Lactobacilli MRS medium BD Difco Laboratories, Detroit, USA 

L-cysteine hydrochloride-monohydrate Merck KgaA, Darmstadt, Germany 

Lysozyme Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Magnesium sulfate Fluka Chemikalien, Buchs, Switzerland 

Mutanolysine from Streptomyces globisporus Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Penicillin-streptomycin solution PAA Laboratories GmbH, Pasching, Austria 

Phorbol 12-myristate 13-acetate (PMA) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Phosphate buffered saline PAA Laboratories GmbH, Pasching, Austria 

Potassium chloride Merck KgaA, Darmstadt, Germany 

Potassium dihydrogen phosphate Merck KgaA, Darmstadt, Germany 

Proteinase K Roche Diagnostics GmbH, Mannheim, Germany 

RNAlater Qiagen GmbH, Hilden, Germany 

RNase A Roche Diagnostics GmbH, Mannheim, Germany 

RPMI medium Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Saponin Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Sodium acetat Sigma Aldrich Chemie GmbH, Steinheim, Germany 
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Sodium azide Fluka Chemikalien, Buchs, Switzerland 

Sodium chloride Fluka Chemikalien, Buchs, Switzerland 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH&Co., Karlsruhe, Germany 

Sodium fluoride Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Sodium hydrogen carbonate Merck KgaA, Darmstadt, Germany 

SYBR gold Invitrogen, Life Technologies GmbH, Darmstadt, 

Germany 

SYTOX® dead cell stain Invitrogen, Life Technologies GmbH, Darmstadt, 

Germany 

Tetramethylethylenediamine (TEMED) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Tissue-Tek® O.C. T. compound Sakura Finetek GmbH, Staufen, Germany 

Tris USB corporation, Cleveland, USA 

Urea Carl Roth GmbH&Co., Karlsruhe, Germany 
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8.2 Abbreviations 

 

APC allophycocyanin 

APS ammonium persulfate 

B. Bifidobacterium 

bp basepairs 

CaCl2 calcium chloride 

CBA cytometric bead array 

CCL chemokine C-C motif ligand 

CD Crohn´s disease 

CD4 cluster of differentiation 4 

cfu colony forming units 

CO2 carbon dioxide 

cLP colonic lamina propria cells 

CXCL chemokine C-X-C motif ligand  

d day 

DC dendritic cell  

DGGE denaturing gradient gel electrophoresis 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

dNTP desoxy-nucleosid-triphosphate 

DSS dextran sodium sulfate 

DTT dithiothreitol 

EDTA ethylene diamine tetraacetic acid 

EGTA ethylene glycol tetraacetic acid 

e.g. exempli gratia (for example) 

ELISA enzyme-linked immunosorbent assay 

et al. et alii (and others) 

FACS fluorescence activated cell sorting 

FAO/WHO Food and Agriculture Organization of the United Nations/World Health 

Organisation 
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FcR Fc receptor 

FCS fetal calf serum 

FITC fluorescein isothiocyanate 

FOS fructooligosaccharide 

Foxp3 forkhead box P3 

FSC forward scatter 

g gram 

GALT gut associated lymphatic tissue 

GC guanine cytosine 

GIT gastro-intestinal tract 

GOS galactooligosaccharide 

h hours 

HBSS Hank´s balanced salt solution 

H&E haemalum and eosin 

dH2O  demineralised water 

ddH2O bidistilled water 

IBD inflammatory bowel disease 

i.e. id est (that is) 

IEC intestinal epithelial cell 

i.p. intraperitoneal 

IFNγ interferon gamma 

IL interleucin 

l liter 

LP lamina propria 

LPS lipopolysaccharide 

KCl potassium chloride 

KH2PO4 potassium dihydrogen phosphate 

m mili (10-3) 

M molar (mol/l) 

mAb monoclonal antibodies 

MACS magnet associated cell sorting 

min minute 
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M cells microfold cells 

mg milligram 

MgSO4 magnesium sulphate 

mM millimol 

MRSC de Man-Rogosa-Sharpe medium supplemented with 0.5 g/l cysteine 

n nano ( 10-9) 

N normal 

NaCl sodium chloride 

NaHCO3 sodium hydrogen carbonate 

Na2HPO4 di-sodium hydrogen phosphate 

NaN3 sodium azide 

NH4Cl ammonium chloride 

nFκB nuclear factor kappa B 

NOD nucleotid oligomerisation domain 

NLR NOD-like receptor 

n.s. not significant 

OD600 optical density at 600 nm wavelength 

o/N over night 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PE phycoerythrin 

PGE2 prostaglandine E2 

pH lat. pondus hydrogenii, (-log10 [H
+])  

p pico (10-12) 

PMA phorbol myristate acetate 

PRR pattern recognition receptor 

Rag1 recombination activating gene 

rDNA ribosomal DNA 

RNA ribonucleic acid 

RT room temperature 

SCID severe combined immunodeficient 

SDS sodium dodecyl sulfate 
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SEM standard error of the mean 

SPF specific pathogen free 

SSC sideward scatter 

Tad type IVb tight adherence 

TAE Tris-acetic acid-EDTA  

TBE Tris-borate-EDTA 

TE Tris-EDTA 

TEMED tetramethylethylenediamine 

TES Tris-EDTA-saline 

TGF transforming growth factor 

Th T helper 

TLR toll like receptor 

TM trademark 

TNBS 2,4,6-trinitrobenzenesulfonic acid 

TNFα tumor necrosis factor alpha 

TReg regulatory T cell 

U units 

UC ulcerative colitis 

UV ultraviolet 

V volt 

v/v volume per volume 

w/v weight per volume 

µ micro (10-6) 

°C degree centigrade 

% percent 

x g x gravity (9.81 m/s2) 

® registered trademark 
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