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THESIS SUMMARY  

Dynamic molecular interactions between the microbiota and the intestinal mucosa play an 

important role in the establishment and maintenance of mucosal homeostasis. Aberrant 

host-microbiota interaction could lead to many diseases such as inflammatory bowel 

disease. The aim of our study was to evaluate the commensal and probiotic bacteria 

activities and their ability to induce pathological or exert beneficial effects. 

The most important trigger for immune system development is an exposure to mi-

crobial components. Here, we show that there is a time window at about three weeks of 

age, which enables the artificial colonization of germ free mice by a single oral dose of 

cecal content. The delayed colonization by either inoculation or co-housing causes 

permanent changes in immune system reactivity, which may downgrade the results of 

experiments performed on first generation of colonized animals. 

In this thesis we report that even non-living commensal bacteria such as Parabac-

teroides distasonis (mPd) or well known probiotics such as L. casei DN-114 001 (Lc) 

possess anti-inflammatory effects in experimental model of colitis. The mechanisms that 

this effect is achieved by the lysate of  L. casei DN-114 001  comprise: a) improvement in 

the gut barrier function, b) correction of the dysbiosis, and c) modulation of the mucosal 

immune response. Unlike the oral treatment with Lc, mPd leads to increase of specific 

antibodies in serum. 

These complex immunomodulatory properties of bacterial lysates may lead to the 

development of new therapeutic approaches for treatment of chronic intestinal inflamma-

tion and also highlight the importance of individualizing and characterizing the potential 

capacity of bacteria as immunomodulatory agents. Moreover, oral administration of 

sterile bacteria, in contrast to living bacteria, may be safer in severely ill or immunocom-

promised patients. 

Next, we demonstrated that metabolic activity of certain commensal microbes 

substantially influences the process of colitis associated cancer. We showed that antibiotic 

treatment changes the microbiota composition, and that this change is responsible for the 

beneficial effect on tumorigenesis. 

Therefore, understanding this host-microbiota crosstalk could bring new strategies 

in therapy and prevention of specific disorders associated with intestinal dysbiosis and 

disruption of mucosal homeostasis. 
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SOUHRN V ČĚŠTINĚ 

Dynamické molekulární interakce, které neustále probíhají mezi střevní sliznicí a mik-

roflórou hrají důležitou roli ve vytvoření a následném udržení sližniční homeostázy. 

Aberantní odpovědi slizničního imunitního systému na jinak neškodné složky střevní 

mikroflóry mohou vést ke vzniku mnoha onemocnění jako například nespecifických 

střevních zánětů. Cílem této práce bylo popsat vliv a schopnost komensálních a probio-

tických bakterií na vznik patologické nebo naopak  zdraví prospěšné reakce hostitele. 

Jedním z nejdůležitějších faktorů pro vývoj imunitního systému je kontakt s mik-

robiálními komponentami. V této práci ukazujeme, ževe vývoji imunitního systému 

jedince existuje takzvané časové okno (u myší do tří týdnu), které umožnuje artificiální 

kolonizaci bezmikrobních myší perorálním podánímjedné dávky střevního obsahu. 

Kolonizace v pozdějším věku  zbůsobí nevratné změny v reaktivitě imunitního systému. 

 V této práci jsme popsali, že části mrtvých  komensálních a probiotických bakterií 

na jako je například Parabacteroides distasonis (mPd) a L. casei DN-114 001 (Lc) mají 

protizánětlivý účinek v experimentálním modelu střevního zánětu. Mechanismus působe-

ní bakteriálního lyzátu L. casei DN-114 001  je následující a) zlepšuje bariérovou funkci 

střeva b) upravuje dysbiosu ve střevě  a za c) moduluje slizniční imunitní odpověd´. 

Narozdíl od léčby experimentálního střevního zánětu Lc, léčba mPd vede ke zvýšení titru 

specifických protilátek v krevním sérum. 

 Tyto komplexní imunomodulační schopnosti neživých bakteriálních lyzátů mohou 

vést k vývoji nových terapeutických přístupů pro léčbu chronických střevních zánětů a 

také poukazují na důležitost při výběru konkrétní bakterie. Navíc orální podávání bakteri-

álních lyzátů narozdíl od živých bakterií by mohlo být daleko bezpečnejší při léčbě těžce 

nemocných nebo imunokompromitovaných pacientů.  

Dále jsme ukázali, že metabolická aktivita komensálních bakterií ovlivňuje vývoj 

experimentálně indukovaného kolorektálního karcinomu. Prokázali jsme, že léčba antibi-

otiky mění zastoupení střevní mikroflóry a tato změna je příčinou protektivního učinku 

antibiotik na vznik nádoru. 

Pochopení vztahu mezi hostitelem a střevní mikroflórou by nám do budoucna 

mohlo přinést nové poznatky, které by byly využitelné při prevenci a terapii různých 

onemocnění, jež jsou asociovány s porušením slizniční homeostázy a dysbiozou. 
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1. GENERAL INTRODUCTION  

1.1 MUCOSAL IMMUNE SYSTEM  

The mucosal immune system provides a first line of defense against invading pathogens 

and creates an important encounter between the host and the outside environment. Under 

physiological conditions, mucosal surfaces are covered by epithelial cells and in humans 

represent about 300 m2 (Brandtzaeg, 2010; Mestecky et al., 1978; Tlaskalova-Hogenova 

et al., 2002). 

Mucosal immune system is composed of the lymphoid tissues that are associated 

with mucosal surfaces called mucosa-associated lymphoid tissue (MALT) and can be 

divided into several sections: gut associated lymphoid tissue (GALT), bronchus-

associated lymphoid tissue (BALT), nasopharinx-associated lymphoid tissue (NALT), the 

mammary and salivary glands, mucosal system of the inner ear and the genitourinary 

organs (Mestecky et al., 2005). 

 

1.1.1 Immune system of gastrointestinal tract 

Most of the immunologically active cells of the body belong to the mucosa-associated 

immune system and the major part of those cells (around 80%) are found in tissues of the 

gastrointestinal tract (GI) (Mestecky et al., 2005). The GALT comprises different lym-

phoid tissues, including Peyer’s patches (PP), appendix,  freely dispersed mucosa-

associated lymphoid tissue and mesenteric lymph nodes (MLN).Those different parts of 

GALT could be also divided according to their function to the inductive sites of immune 

response to which belongs PP, isolated lymphoid folicles and MLN and to effector sites 

of immune response to which belong cells dispersed in the lamina propria of the villi and 

in the epithelial layer of the mucosa. Effector sites are harboring a large population of T-

activated cells and antibody producing plasma cells (Mestecky et al., 2005). 

Peyer’s patches are macroscopic lymphoid aggregates consisting of lymphoid folli-

cles rich in germinal centers a B cells and interfollicular areas  rich in T cells and high 

endothelial venules  that are found in thickenings of the ileal tissues, located in the lamina 

propria. Peyer’s patches  similarly as other organised lymphoid tissue are covered with an 

epithelial layer (folicle-associated epithelium - FAE) and contain microfold cells (M 
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cells), which sample particular antigen from the lumen of GI and present it to antigen 

presenting cells such as dendritic cells (DC) and macrophages (MØ).    

Dispersed lymphoid cells in intestinal mucosa are important effector components of 

mucosal immune system. Intraepithelial lymphocytes (IEL) are interspersed between the 

single epithelial cell lining. IEL can be subdivided into two types, one expressing αβ T 

cell receptors (TCRs) with CD4 or CD8αβ and the other one expressing either αβTCRs or 

γδTCRs with the unique coreceptor CD8αα. One portion of IEL, which plays a role in 

inflammatory bowel disease pathogenesis, are so called natural killer T IEL. They express 

NKG2D, which is a receptor for MHC class I polypeptide-related sequence A and B 

(MICA, MICB) (Jabri and Ebert, 2007). 

Diffuse lymphocytes in lamina propria are represented predominantly by CD4 T cells 

and B cells. These B cells are mostly producing polymeric IgA  and its daily synthesis far 

exceeds that of IgG, IgM, IgD and IgE combined (Woof and Mestecky, 2005). Traffick-

ing lymphocytes to the intestine is mediated by the chemokine receptor CCR9 and 

cellular adhesion α4β7 integrin that directly binds to mucosal vascular addresin cell 

adhesion molecule- 1(MAdCAM-1) expressed on the endothelial cells of mucosal capil-

laries. 

MLN are secondary lymphoid organs placed between the layers of the mesentery. 

They are highly organized and have unique structure, where the constant influx and efflux 

of dendritic cells, T cells and B cells happens. After the antigen from the intestine is taken 

by DC and transported to the MLN the interplay between all these cell types in initiation 

of the resultant immune response begins. This MLN location and function require an 

exclusive composition of cell subsets with the specific recognition markers, cytokines, 

and chemokines, forming a unique microenvironment. 

 

1.1.1.1 Defense mechanisms on mucosal surface 

Mucosal surfaces in the intestine arrange the protective barrier function of the host and 

are dispensed into several levels. The first defense mechanism after the encounter with 

foreign antigens are humoral components of innate immunity such as mucins (MUC), 

complement, lysozyme, lactoferrin mannan-binding proteins, and defensins (Tlaskalova-

Hogenova et al., 2011). 

Mucins are highly O-glycosylated macromolecules connected to a multiply re-

peated domain that are mostly composed of Ser, Thr and Pro amino acid residues. Two 
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different types of mucins are described, the transmembrane mucins that form so-called 

glycocalyx and gel-forming mucins (MUC2, MUC5AC, MUC5B, and MUC6) 

(Johansson et al., 2011). Transmembrane mucins cover apical surfaces of epithelial cells 

and their main function is the epithelial cell protection and acting as sensors for the 

luminal milieu.  They also act as lubricant to facilitate the peristaltic movement of the 

intestine and its luminal content. Mucins are produced by goblet cells and form a hy-

drated gel along the intestine. The thickness of the secreted mucus increases along the GI 

and is 150-300 µm in the small intestine and up to 300 µm in the large intestine (Medema 

and Vermeulen, 2011). 

Other important innate immunity components protecting the mucosa are antimicro-

bial peptides. Defensins, also known as cryptidins in mice, are a large family of 

antimicrobial peptides. Defensins are small cationic microbial peptides that bind to 

negatively charged phospholipids in bacterial membranes of both Gram-negative and 

Gram-positive bacteria. Once embedded, they are forming pore-like membrane defects 

that allow efflux of essential ions and nutrients causing the death of bacteria. They are 

expressed constitutively by various cell types and stored for example in Paneth cells that 

are present in the crypts of the gut mucosa. Defensins are released upon bacterial stimula-

tion or they are expressed right after bacterial stimulation that is governed by 

microorganism-associated molecular pattern-pattern recognition receptor interaction. 

Apart from their antimicrobial activities defensins could also have a signaling function. 

For example, beta defensin expressed by leukocytes or by epithelial cells  has the ability 

to attract immature DC, monocytes, Th17 cells, or CD45RO+ CD4+ T cells through 

interaction with chemokine receptor-6 (CCR6) or chemokine receptor-2 (CCR2) that are 

crucial receptors which help to attract  professional antigen presenting cell to the site of 

inflammation. Chemoattraction of these cells to the site of infection is necessary to 

initiate adaptive immune response (Rohrl et al., 2010). It was demonstrated that alteration 

in the alpha defensin produced by Paneth cells  results in distinct changes in the composi-

tion of indigenous microbiota which ultimately leads to changes in numbers of IL-

17A+CD4+Tcells that could shift the mucosal response towards a proinflammatory 

phenotype (Salzman et al., 2010). 

1.1.1.2 The role of epithelium in innate immunity 

Intestinal epithelial cells (IEC) are the most abundant cells in both the small and the large 

intestine and are responsible for absorption of nutrients and secretion of electrolytes and 
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also represent central components of the mucosal immune system (Ahuja et al., 2006). 

They are continuously shed and generated de novo from pluripotent stem cells located 

near the base of the crypts of Lieberkühn. The entire epithelium is renewed approximately 

every five days. The progenitor cells of these stem cells undergo terminal differentiation 

into one of four cell lineages as they migrate toward the crypt surface (enterocyte, goblet 

cells or enteroendocrine cells) or to the crypt base (Paneth cells).  

Enterocytes have a role in chemical processing of food by uptake of ions, water, nutrients, 

vitamins and absorption of unconjugated bile salts. They also participate in several 

mechanisms leading to the immunological tolerance to ingested proteins. Enteroendocrine 

cells are a specialized population of cells  in the mucosa that produce a variety of hor-

mones and neurotransmitters such as serotonin, cholecystokinin and glucagon like 

peptides (Aiken et al., 1994). They modulate the responses of other mucosal cells so they 

are important in host energy metabolism, mucus secretion and intestinal motility (Cani 

and Delzenne, 2009). Paneth cells are located at the base of the small intestine crypts and 

are essential in antimicrobial defense. They produce α-defensin, lysozymes, RegIIIγ and 

phospolipase A (Barker et al., 2008). For more details about Paneth cells and see chapter 

1.1.1.1. 

In GI these cells form a single layer consisting of interconnected, polarized cells 

reinforced together by associated proteins that forms several types of junction. One of the 

most important ones is called tight juctions (TJs). TJs participate in determining the shape 

and structure of epithelial cells (Fasano, 2008). TJs establish an important barrier that 

regulates paracellular permeability and a passive entry of nutrients, ions and water and 

prevent commensal and pathogenic microbes from entering the lamina propria. TJs are 

composed of transmembrane proteins, including membrane protein occludin, claudin and 

juction-associated molecules, connected to the cytoskeleton by another protein structure, 

zonula occludens (ZO-1) (Fasano, 2001). TJs differ in permeability along the intestine, 

being more permeable in the large bowel than in the jejunum. After changes in intestinal 

mucosa, for instance lasting increased  levels of TNF-α, IL-13 or low levels of IL-10 lead 

to increased leakiness of the epithelium (Turner, 2009). Several allergic, autoimmune and 

inflammatory diseases are tightly connected with increased intestinal permeability; for 

more details see chapter 3. 
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1.1.1.2.1 MAMP signaling and its regulation in the gut epithelium 

The initiation of the host innate immunity response after pathogen encounter is achieved 

through the pattern recognition receptors (PRRs) that recognize conserved molecular 

structures known as pathogen-associated molecular patterns (PAMP) (Medzhitov et al., 

1997). These conserved structures are also found on commensal microorganisms so for 

them the term microbe-associated molecular patterns (MAMP) is used, especially in the 

context of the host-commensal interactions. Thirteen receptors have been described in 

mouse and human and each of them has a unique ligand (see Table 1.1). These signaling 

receptors can be divided into three groups: retinoic acid inducible gene I (RIG-I)-like 

receptors (RLR), nucleotide oligomerization domain (NOD)-like receptors (NLR) and the 

best characterized group Toll-like receptors (TLRs). TLRs are transmembrane proteins 

present in the cell membrane or on the membrane of endocytic vesicles or other intracelu-

lar organelles (Medzithov, 2007). 

Once a ligand is bound to PPRs, it immediately starts a signaling cascade that recruits 

adaptor protein and cellular kinases to initiate downstream signaling cascades; this leads 

to activation of mitogen-activated protein kinase (MAPK) and NF-κB pathway and other 

signaling pathways (Tlaskalova-Hogenova et al., 2004). Once the signal reaches the 

nucleus it induces the activation of the specific transcriptional factor that in the end leads 

to cellular responses including activation of antimicrobial killing mechanisms, production 

of cytokines and chemokines, maturation of antigen presenting cells, and the recruitment 

of the adaptive immune responses.  

PRRs are crucial tools of innate defenses, and could be modulated by probiotics or 

their components. This will be discussed in more detail in chapter 1.2.4.. If uncontrolled 

reactions with antigenic stimuli appear it could be the cause of pathological response that 

could lead to chronic stimulation of inflammatory signaling. This effect could be partly 

regulated by the IEC polarization and by the number of negative regulators/inhibitors of 

PRRs signaling. The main negative regulators in TLR signaling pathway are shown in  

Figure 1.1. 

One of the negative regulatory molecules in TLR signaling is IRAK-M, which is prefer-

entially expressed in monocytes/macrophages (Wesche et al., 1999). IRAK-M deficient 

cells stimulated by TLR ligands or bacteria produce elevated amounts of proinflammatory 

cytokines such as IL-12, IL-6 or TNF-α, accompanied by an increase in NF-κB and 

MAPK activation (Kobayashi et al., 2002). It has been recently shown that the absence of 
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IRAK-M in mice deteriotates the progression of experimentally induced DSS colitis 

(Berglund et al., 2010). Negative regulation of TLR signaling by IRAK-M expression, 

which is induced by gut microbiota, is required to maintain the homeostasis of the intes-

tine (Biswas et al., 2011) 

 

Table 1.1. The PRRs, subcellular localization, and recognized ligands 

Receptor 
Subcellular localiza-
tion/species 

Ligand Origin of ligand 

TLR2 Cell surface Lipoteichoic acid G (+) bacteria 

  Lipoprotein/ lipopeptides Various pathogens 

  Hemoagglutinin protein Viruses (Measles Virus) 

  
Glycosyl-
phosphatidylinositols 

Parasites (Toxoplasma gondii) 

TLR2/1 Cell surface Triacyl lipopeptides Bacteria and mycobacteria 

TLR2/6 Cell surface Diacyl lipopeptides Mycobacteria 

  Zymosan Fungi 

TLR3 Cellular compartment dsRNA Viruses 

TLR4 Cell surface 
Lipopolysaccharide, 
envelope proteins 

G (−) bacteria, Viruses (Respira-
tory Syncytial Virus) 

  
Glycosyl-
phosphatidylinositols 

Parasites (Toxoplasma gondii) 

TLR5 Cell surface Flagellin Bacteria 

TLR7/8 Cellular compartment ssRNA Viruses 

TLR9 
Cellular compartment/cell 
surface 

CpG-containing DNA Bacteria and viruses 

TLR10 Only human Not determined Not determined 

TLR11 Cell surface 
Uropathogenic bacteria 
component, profilin 

Bacteria (uropathogenic Es-
cherichia coli), parasites 

TLR12/13 Only mouse Not determined Bacterial RNA 

NOD1 Cell cytoplasm Meso-diaminopimelic acid 
PGN of G (−) and some G (+) 
bacteria 

NOD2 Cell cytoplasm Muramyl dipeptide PGN of G (+) and G (−) bacteria 

RIG-I Cell cytoplasm 
5′-triphosphate-bearing 
RNAs 

Viruses 

 

                                                       Adopted from Wells et al. 2011 
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Figure 1. 1 Toll-like receptor signaling pathway and inhibitors 

Toll-like receptor (TLR) signaling pathways and inhibitors. TLRs signal via myeloid differentiating factor 
88 (MyD88)-dependent and -independent pathways. Inhibition of signaling occurs at the membrane via 
decoy receptors, soluble receptors, or regulation by cytokines and ligands. In the cytosol and nucleus 
regulation is achieved through distinct inhibitors affecting multiple signaling steps. GIRR, single immu-
noglobulin IL-1-related receptor; LRR, leucine-rich repeats; NOD2, nucleotide binding and oligomerization 
domain 2; IRAK, IL-1 receptor-associated kinase (IRAK); SOCS1, suppressor of cytokine signaling 1; 
TAK1, TGF-β-activated kinase 1; TIRAP, Toll-interleukin 1 receptor domain containing adaptor protein; 
TRAF6, tumor necrosis factor receptor-associated factor 6; TRIF, Toll/IL-1 receptor domain-containing 
adaptor inducing IFN-β; ATF3, activating transcription factor 3; CYLD, cylinchromatosis; NEMO, NF-κB 
essential modulator, RIP2, receptor interacting protein, SARM, SAM- and ARM-containing protein; 
TRAIL-R, tumor necrosis factor-related apoptosis-inducing ligand receptor; Ubc, ubiquitin. 

 

 

Adopted from (Shibolet and Podolsky, 2007) 

1.1.1.2.2 Epithelial regulation of antigen uptake 

There are several mechanisms of antigen uptake in the intestine that play a role in both 

effector and inductive site of GALT. Gut associated lymphoid cells are in the close 

proximity with intestinal epithelium and they together orchestrate the antigen uptake. 

In general, the nature of antigen determines its route of uptake. One of the mecha-

nisms of antigen sampling happens through so-called M cells which take up particular 

antigens and with the aid of transcytosis present it to lymphoid cells lying close to the 

epithelial basal membrane. Bacteria and other bigger particles are mainly incorporated by 

transcytosis. Another mechanism is mediated by dendritic cells that capture antigens, 



 

   11 

such as haptens and polypeptides, that enter the intestinal lumen and may pass directly 

across the epithelium by paracellular difusion through pores in TJs. Larger antigens are 

transported across enterocyte through mechanism called transcytosis. Antigen may also 

be transported through epithelium in exosomes that are derived from major histocompati-

bility complex class II –expressing enterocytes. Still another mechanim involves myeloid 

cells expressing the chemokine receptor CX3CR1 that may be able to sample the intesti-

nal lumen by extending cellular processes across the epithelial barier (Niess et al., 2005). 

This mechanism does not damage epithelial integrity because dendritic cells that are 

sampling the antigen express occludin, claudin a ZO-1 and are thus able to interact with 

TJs (Rescigno et al., 2001). Moreover, transepithelial dendrites of CX3CR1+ myeloid 

cells have been shown to interact with bacteria in the lumen, so that they play a role in 

inducing tolerance to commensal bacteria (Hapfelmeier et al., 2008). Mechanisms of 

antigen uptake are important for induction and maintenance of intestinal homeostasis (for 

more information about intestinal homeostasis see chapter 1.2.1. 

1.1.1.2.3  Macrophages 

One of the most abundant leucocytes in the mammalian intestine and the largest popula-

tion of mononuclear phagocytes in the body are macrophages (MØ). Moreover, their 

numbers still increase during malignancy, wound healing and inflammation (Hume, 

2006). The largest amounts of MØ are present in the lamina propria, but they can be also 

found in all layers of intestine. The number of MØ closely correlates with the amount of 

bacteria in the intestine, reaching very low numbers in germ-free mice (Lee et al., 1985). 

MØ that reside in mucosal tissues have specific morphological features, such as mononu-

clear shape, granular cytoplasm and active phagocytic behavior. In general, they express 

tissue MØ marker macrosialin (CD68) (Niess and Adler, 2010), together with F4/80, 

CD11b and the M-CSF receptor (CD115) (Rogler et al., 1998). Mature resident MØ are 

also MHCII positive (Smith et al., 2011). They express CD36, a receptor responsible for 

phagocytic uptake of apoptotic cells (Smythies et al., 2005) and possess strong bacteri-

cidal activity (Smith et al., 2011).  

In conventional conditions, they do not respond to bacterial antigen stimuli 

through production of pro-inflammatory cytokines such as IL-6, TNF-α, IL-1, IL-23 , but 

they produce anti-inflammatory cytokine IL-10 (Mahida et al., 1989; Murai et al., 2009; 

Smith et al., 2011). Moreover, they do not upregulate costimulatory molecules or generate 

a strong respiratory burst and nitric oxid production (Mahida et al., 1989). These features 
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enable MØ not to react with commensal bacteria that have crossed the epithelial barrier 

with inflammatory response. In addition, IL-10 produced by MØ is important for regula-

tory T cell differentiation in the intestine (Murai et al., 2009).  

MØ can be also functionally polarized to M1 and M2 subsets, which are polarized 

to Th1 and Th2 mediated forms of immune response. These subsets produce different 

types of mediators. M1 phenotype is induced by IFN-γ, lipopolysaccharide, and TNF-α 

and produces reactive oxygen and nitrogen intermediates, IL-1β, TNF-α and IL-6. M2 

phenotype of MØ nowadays includes three subsets induced by IL-4, IL-13, immune 

complexes, agonists of TLRs or IL-1 receptors and by IL-10 and glucocorticoid hormones 

(Mantovani et al., 2004). M2 produce IL-10 and TGF-β and express high levels of 

scavenger and mannose receptors. M2 are believed to participate in the blockade of 

inflammatory responses and promotion of tissue repair. M2 phenotype resembles mucosal 

MØ in many features (Smith et al., 2011) 

1.1.1.3 Adaptive immunity 

Intestinal immune cells are extensively distributed throughout the intestinal mucosa, 

which is divided into organized inductive and diffusely distributed effector sites 

(Newberry and Lorenz, 2005). Innate and adaptive immune cells accumulate in these 

mucosal immune compartments and coordinate both to maintain a state of limited muco-

sal activation and to initiate active immune responses to invading microbes. 

Dendritic cells and macrophages, members of the innate immune system, present 

antigens to naïve and memory T cells leading to their activation. Naïve T cells can 

differentiate into CD4+ T helper (Th) cells, IFN-γ producing Th1 cells, IL-4 producing 

Th2 cells, IL-17 producing Th17 or T regulatory cells (Hooper and Macpherson, 2010). 

The lineage commitment is dependent on the cytokine milieu present and other environ-

mental factors. The subsequent cytokine production and transcriptional factors are crucial 

for lineage selfmaintenance. Th1 responses are important in defense against intracellular 

bacteria and viruses. Th2 responses are important to fight multicellular parasites. Th17 

cells mediate immune responses against extracellular bacteria, fungi and they play a role 

in local and systemic inflammation (McGovern and Powrie, 2007). Tregs reinforce 

intestinal immune homeostasis and limit potential damage to host tissue. Bacteria-loaded 

antigen presenting cells induce B-cell differentiaton into IgA+  plasma cells in a T cell-

dependent or independent manner. These plasma cells then migrate from the lymphoid 

structure to the lamina propria and secrete IgA.  
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As a humoral mechanism of adaptive immune system, the greatest antibody pro-

duction takes a place at the mucosa surfaces of the intestine as it is the most important site 

of encounter of antigens that are mostly generated from microbiota and food. The most 

abundant immunoglobulin at this site is the secretory IgA (SIgA) that differs in its struc-

ture from the one present in the blood circulation (Mestecky et al., 1971).The IgA present 

in the blood circulation is a monomer, dimer or trimer connected with the J-chain and 

never bears the secretory component as the one in the intestine. Daily synthesis of IgA  

far exceeds other types of immunoglobulins (Woof and Mestecky, 2005) and more than 

two-thirds of total IgA production end up in the lumen of the intestine (Conley and 

Delacroix, 1987). Transport of SIgA to the lumen of intestine is mediated by basolateral 

membrane polymeric IgA receptor. After the transport to the lumen at the apical site of 

the epithelial cells the sIgA is specifically cleaved with the rest of receptor molecule 

secretory component. The secretory component of SIgA protects the immunoglobulin 

from being degraded by proteolytic enzymes in the lumen of intestine (Brandtzaeg, 2011; 

Hanson and Brandtzaeg, 1993). 

An important aspect of the role of IgA begins with the maternal milk SIgA antibodies 

in promoting the establishment of an appropriate intestinal microbiota in neonates. It was 

demonstrated that germ-free milk-deprived piglets without any source of antibodies die of 

septicemia, whereas milk-fed animals survive (Miller et al., 1975). There is also tight 

correlation between the amount of SIgA in the intestine and the resistance to bacterial 

infection (Mestecky et al., 2005).The main mechanisms of SIgA protection at mucosal 

surfaces are inhibition of the bacterial adherence at the epithelium, helping to entrap 

bacteria in mucus layer (Magnusson and Stjernstrom, 1982)  and  ability to neutralize 

viruses (Armstrong and Dimmock, 1992). SIgA could interact with innate antimicrobial 

factors, for example lysozyme, proteins of complement, and lactoferrin. 

 

1.1.1.4 Mucosal immune system development in infancy 

Development of mucosal immunity starts prior to birth. After 200 days of gestation all 

mucosal anatomical structures are fully developed. In human fetal intestine, the B cell 

maturation commences at about 100 days of gestation with the appearance of 

IgM/IgD/CD5 positive cells (Spencer et al., 1986) and about 120 days with the appear-

ance of IgA (Russell et al., 1990); at the same time T-cells could be observed (Spencer et 

al., 1986). Also innate defense factors such as amylase, lysozyme and lactoferrin are all 
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present after 200 days of gestation (Ogra et al., 1972; Thrane et al., 1991) and they 

provide non-specific protection in early fetal life until the adaptive immunity has devel-

oped. 

The immediate postnatal period is characterized by intestinal permeability to intact 

macromolecules (Roberton et al., 1982) that is closed by membrane maturation after 

ingestion of colostrum after 48 hours of birth (Bines and Walker, 1991). In early life 

maternally acquired immunity is essential for survival until endogenous immunity devel-

ops. 

 Mucosal immune system starts to mature rapidly in response to extensive antigenic 

stimuli after a few first weeks of life. In the absence of  intrauterine infection, only a few 

IgA+ plasmablasts circulate in the blood of newborn (less than eight million mononuclear 

cells) but numbers of IgA+ cells increase nearly eight times upon bacterial stimulation 

after one month (Nahmias et al., 1991) and continually increase up to 2 years of age 

(Perkkio and Savilahti, 1980). The number of  intestinal intraepithelial lymphocytes 

expands after birth and they remain predominantly suppressor T-cells (CD3+/CD8+) 

(Russell et al., 1990). This observation supports the concept that these cells are involved 

in oral tolerance (Brandtzaeg et al., 1991). After two weeks of age, maturation of MHC 

class II antigen expression is mainly driven by cytokines produced by T cells and macro-

phages that respond to intestinal antigens. Dendritic cells are reported to appear 

postnatally (MacDonald et al., 1988). 

There are many other factors influencing mucosal immune development including 

the genetic factors – particularly cytokine gene polymorphisms, initial suppressive effect 

of maternal antibodies on the development of the infants, maternal factors -toxic chemical 

exposures, nutrition, infections, smoke exposure and so on. Moreover, significant associa-

tions were found between neonatal feeding patterns, bacterial colonization, infection rates 

and mucosal immunological maturation (Gleeson and Cripps, 2004). For example, 

significantly different colonization patterns were found between breast-fed and formula-

fed infants (Balmer and Wharton, 1989). Breast-fed infants also produce higher levels of 

total SIgA (Goldblum et al., 1989) and show enhanced vaccine responses to tetanus 

toxoid and polio (Pabst and Spady, 1990). Malnutrition during the immediate postnatal 

period might impair the immune system, is associated with decreased IgA responses to 

oral antigens and further compromises host resistance to infection (McGee and 

McMurray, 1988; Schlesinger and Uauy, 1991). 
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1.2 INTESTINAL MICROBIOTA , ROLE IN THE BALANCE BETWEEN 
HEALTH AND DISEASE  

Intestinal microbiota plays an irreplaceable role in health and disease. This is mediated 

mostly by providing nourishment, regulating development of intestinal epithelial cells and 

by influencing innate and adaptive immunity. Although the diversity of this wide ecosys-

tem remains to be completely characterized, the current molecular detections and 

metabolomic techniques have shifted the understanding of the composition and metabolic 

activities of these largely uncultivable organisms (Frank et al., 2007; Gill et al., 2006). 

Colonization with main bacterial population comprising our microbiota starts with the 

delivery and is established during the first years of life. The establishment is strongly 

influenced by weaning. Once this microbial ecosystem is developed it remains more or 

less stable throughout our life even after antibiotic treatment. 

Microbiota composition includes archea, protozoa, viruses and fungi, but is largely 

predominated by bacteria. Each individual host has a unique composition of intestinal 

microbiota. Estimated number  1 x 10 14 of  commensal bacteria including thousands of 

individual species (Frank et al., 2007). Thus, despite these studies, a staggering level of 

microbial diversity remains to be characterized because around 70 % of bacteria in the gut 

microenvironment are uncultivable by current microbiological methods. It is proposed 

that humans are superorganisms composed of bacterial and human genes that mutualisti-

cally and interdependently determine our metabolic profile (Ley et al., 2006). The 

composition of the gut microbiota in the distal ileum and colon is an irreplaceble source 

of potentially detrimental organisms, ligands, and antigens that stimulate immune re-

sponses. There is a difference between the colon and the small intestine in the density and 

composition of bacteria; this feature suggests that microbe-epithelial interactions will be 

different in each location. 

The human most abundant intestine-associated microbiota are four phyla: Firmicutes, 

Bacteroidetes, Actinobacteria and Proteobacteria (Eckburg et al., 2005).The most 

dominant (64 %) Firmicutes are attached colonic species and are predominantly com-

posed of the Clostridium species. Generally, when a decrease in Clostridia and  

Bacteroides species appear it results in an increase of Streptococceae and Lactobacillus 

species (Bacillus subgroup of Firmicutes). Lactobacillus spp. that belongs to Firmicutes 

phylum and Bifidobacterium spp. that belongs to Actinobacteria are generally considered 

as beneficial for the host. Enterobacteriaceae such as Escherichia coli are relatively minor 
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components of the Proteobacteria (Eckburg et al., 2005). The general role of an anaero-

bic Bacteroides spp. is not clear, some strains could have  beneficial or pathogenic effect, 

evidently based on the intestinal environment (Kverka et al., 2011; Mazmanian et al., 

2008; Shiba et al., 2003). 

 

1.2.1 Commensal bacteria and induction of oral tolerance  

The ability of orally administered antigen to suppress subsequent immune response was 

first described 100 years ago by Wells and Osborne and is a still intensively studied 

biological reaction (Wells and Osborne, 1911). That means that the intestinal immune 

system has to discriminate between generating protective immunity against harmful 

antigens and tolerance against harmless materials. Intact intestinal epithelial barrier and 

balanced innate and adaptive immune system are needed for this maintenance of intestinal 

homeostasis. 

Besides innate immunity mechanisms involved in oral (mucosal) tolerance, adaptive 

immunity is under circumstantial investigation and plays a very important role. Oral 

tolerance can be characterized as a state of local and systemic unresponsiveness. Systemic 

tolerance is established early in life, during lymphocyte differentiation, when unlimited 

repertoire of B and T cell receptors is produced to recognize all kinds of different anti-

gens. Even though these B and T cells can react to self antigen as well as to food and 

bacteria, the supposed deleterious immune reaction is normally prevented by the process 

of negative selection  or central tolerance (Starr et al., 2003) Moreover, T- cells that 

recognizes antigen with high affinity will become a natural regulatory T cells (Qin et al., 

1993). 

But these mechanisms are quite unsuited when an unrecognized antigen enters the in-

testine for the first time; in this case the oral tolerance is mediated by peripheral 

mechanism such as active regulation by Tregs, as well as clonal deletion and clonal 

anergy of T cells (Chen et al., 1995; Whitacre et al., 1991). The suggested mechanism is 

dependent on the feeding regime; when a single high dose of antigen is administered it 

leads to clonal deletion or anergy, whereas multiple low doses of antigen are connected 

with T cell suppression. Under non-inflammatory conditions induced Foxp3+ Tregs 

confer to the organism a long-lasting oral tolerance. Their stable pool in the intestine is 

probably maintained by the intestinal antigens that are present all the time (Lathrop et al., 

2011). Besides natural regulatory T cells and inducible Foxp3+ Tregs that are currently 
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the focus of most attention, a number of various Tregs have been implicated in oral 

tolerance, including IL-10 producing Tr1 T cells and TGF-β producing Th3 T cells 

(Groux et al., 1997; Chen et al., 1994). Moreover, natural killer T cells control immune 

responses through production of cytokines IL-4, IL-10 and IFN-γ (Godfrey et al., 2000). 

The driving force in this homeostatic mechanism appears to be antigenic stimuli derived 

from food or bacteria that conditions antigen presenting cells and T cells for tolerance 

through polarizing cytokines and their subsequent differentiation. For more information 

concerning intestinal homeostasis, e.g hygiene hypothesis, see chapter 3 and for compari-

son of cellular differentiation in the immune system to control defense against pathogens 

and tolerance see Figure 1.2. 

The adaptive immune system develops under the influence of commensal microbiota 

in the course of vertebrate evolution. In genetically predisposed host, altered or aberrant 

microbial composition can lead to inadequate immune inflammatory responses by an 

imbalance between regulatory T cells and pro-inflammatory T cells (Th1 and Th17) (Lee 

and Mazmanian, 2010). Once this type of dysbiosis occurs and the intestinal homeostasis 

is disrupted, it may probably lead to a variety of diseases, including inflammatory bowel 

disease, autoimmunity, rheumatic disease, cardiovascular disease, atherosclerosis, allergy, 

cancer, neurological and psychiatric diseases as reviewed in Chapter 3. 
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Figure 1.2 Mechanisms of host defense and tolerance towards intestinal microbes 

The intestinal environment modulates cellular differentiation in the immune system to control defense 
against pathogens and tolerance. (A) Defense mechanisms: Intestinal epithelial cells provide a physical 
barrier between the luminal microbes and the underlying intestinal tissues to control defense and tolerance. 
Specialized epithelial cells produce a mucus layer and secrete antimicrobial proteins that limit bacterial 
exposure to the epithelial cells. Production of large amounts of IgA provides additional protection from 
luminal microbiota. Innate microbial sensing by epithelial cells, DCs, and macrophages is mediated through 
PRRs such as TLRs and NLRs. Activation of PRRs on innate cells induces various pathways that mediate 
microbial killing and activate adaptive cells. DCs present antigens to naïve CD4+ T cells in secondary 
lymphoid organs (Peyer's patches, mesenteric lymph nodes) where factors such as the phenotype of the 
antigen presenting cells and cytokine milieu modulate differentiation of CD4+ T-cell subsets (Th1, Th2, 
Th17, Treg) with characteristic cytokine and intestinal homing profiles. (B) Tolerance mechanisms: Defense 
mechanisms that limit microbial entry into intestinal tissues also serve as a mechanism of tolerance. 
Activation of PRRs on the unique populations of macrophages and DCs in the intestinal lamina propria 
does not result in secretion of proinflammatory cytokines, in contrast to similar activation of systemic 
innate cells. DC present antigen to T cells in the Peyer's patches and mesenteric lymph nodes, which can 
lead to differentiation of Treg populations, regulated by IL-10, TGF-β, and retinoic acid. Thymic stromal 
lymphopoietin (TSLP) and other factors secreted by epithelial cells in the intestinal environment can 
contribute to tolerance of intestinal immune cells. 

 

 

Adopted from (Abraham and Medzhitov, 2011) 

 

1.2.2 Participation of bacteria in inflammatory bowel diseases 

Inflammatory bowel diseases (IBD), including ulcerative colitis (UC) and Crohn's disease 

(CD), are severe chronic relapsing disorders of gastrointestinal tract. UC is described as 

inflammation that is restricted to the colon. Usually, it starts in rectum and then spreads 

proximally in a continuous fashion and often involves the periappendix-cecal region. 
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Histologically UC appears as superficial inflammatory changes limited to the mucosa and 

submucosa with cryptitis and crypt abscesses. In contrast, CD comprises every part of the 

gastrointestinal tract in a non-continuous fashion, most often in the terminal ileum or the 

perianal region, and is commonly connected with complications such as strictures, 

abcesses and fistulas. Histologically CD includes thickened submucosa, transmural 

inflammation, fissuring ulceration and non-caseating granulomas. 

               The worldwide incidence and prevalence of IBD is increasing, especially in 

industrialized countries, among adults and children. The peak age-specific incidence 

occurs near 20 years of age, and a second smaller peak occurs near the age of 50. The 

annual incidence of UC and CD is between 1 to 10 cases per 100,000 people annually 

depending on the region studied, but some North American studies have shown preva-

lence as high as 200 per 100,000 people. Males and females are equally affected, but 

there are differences between ethnical groups. For example, whites and Ashkenazi Jews 

are at much higher risk of developing inflammatory bowel disease than the rest of the 

population. Also environmental factors play an irreplaceable role, industralization and 

urbanization of societes that is associated with changes to microbial exposures, sanitation, 

diet, lifestyle behavior, medications and so on is closely connected to the prevalence of 

IBD (Molodecky et al., 2012). 

In recent years, genome wide association studies (GWAS) have identified a large 

number of major loci, with many associations shared between various diseases including 

for example CD, UC, type-1 diabetes, multiple sclerosis and systemic lupus erythemato-

sus, rheumatoid arthritis and celiac disease. The power of GWAS is to interrogate 

common genetic variation across the entire human genome in an unbiased manner. This 

has yielded very satisfying, but also surprising, discoveries implicating both adaptive and 

innate immunity, and may suggest a common underlaying mechanism that leads to these 

diseases (see Figure 1.3.). 

To date, over sixty published IBD susceptibility loci have been discovered and 

replicated, of which approximately a third are associated with both UC and CD, although 

twenty-one are specific to UC and twenty-three to CD (Thompson and Lees, 2011). In 

CD these loci encode genes involved in a number of homeostatic mechanisms: innate 

pattern recognition receptors (NOD2/CARD15, TLR4, CARD9), the differentiation of 

Th17-lymphocytes (IL-23R, JAK2, STAT3), autophagy (ATG16L1, IRGM, LRRK2), 

maintenance of epithelial barrier integrity (IBD5, DLG5, PTGER4, ITLN1), and the 

orchestration of the secondary immune response (HLA-region, TNFSF15/TL1A, IRF5, 
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IL-12B, IL-18RAP) (Van Limbergen et al., 2009).The strongest genetic linkage discov-

ered in human IBD is that around 30 % pacients with CD often carry mutation in CARD 

15 gene which is encoding NOD2, one of the PRR, which recognizes muramyl dipeptide 

(Hugot et al. 2001). These days the most exciting emerging concept in UC genetics is the 

association with epithelial barrier genes, namely ECM1, CDH1, HNF4a, and 

LAMB1because it has long been postulated that mucosal ‘‘leakiness’’ is an important 

defect in the pathogenesis of UC (Thompson and Lees, 2011). 

 

 

 

Adopted from Lettre and Rioux 2008 

 

Despite intensive study, the etiology and pathogenesis of CD and UC remain un-

clear. It is generally accepted that the inflammation results from an aberrant immune 

response to antigens of  resident gut microbiota in genetically susceptible individuals 

(Sartor, 2006). Comprehensive culture and molecular-based analyses of the microbiota of 

CD and UC patients did not identify consistent increase of individual pathogenic species 

in IBD tissues. However, IBD have been shown to be strongly associated with increased 

levels of certain bacterial groups like Clostridium, Enteroccocus and Helicobacter and 

decreased abundance of bacteria like Faecalibacterium prausnitzii (Li et al., 2012; Sokol 

et al., 2008). But there is still a hope that a pathogen like Helicobacter pylori, the one that 

causes peptic ulcer, will be found. Also adherent/invasive E. coli strains were described to 

Figure 1.3 There is an overlap 
in the genetic risk loci for 
celiac disease (CeD), Crohn’s 
disease (CD), multiple sclero-
sis (MS), rheumatoid arthritis 
(RA), systemic lupus erythe-
matosus (SLE) and type- 1 
diabetes (T1D).  

This may suggest common mecha-
nisms that lead to the development of 
autoimmune diseases. We did not 
include the MHC region in this 
network, but variants in this region are 
associated with all of these diseases. 

 



 

   21 

be associated with ileal Crohn’s disease, but the precise mechanism of their action is not 

known (Miquel et al., 2010). It was described that E. coli strains significantly decreased 

transepithelial resistance, induced disorganization of F-actin and displacement of ZO-1, 

and E-cadherin from the apical junctional complex (Sasaki et al., 2007).  

   Altered composition and function of microbiota in IBD results in microbial im-

balance – dysbiosis. Dysbiosis could lead to immune dysregulation, for example to 

reduced intraluminal level of butyrate, thus contributing to down-regulation of epithelial 

TJs protein expression and increased epithelial permeability. Epithelial barrier dysfunc-

tion brings about increased bacterial translocation through the lamina propria, which is 

worsened by decreased luminal IgA and defensin concentrations. Killing of bacteria 

reaching the lamina propria through the “leaky” epithelium is also impaired by a geneti-

cally predisposed defective phagocytosis by macrophages. Ineffective bacterial clearance 

leads to excessive toll-like receptor (TLR) stimulation, secretion of pro-inflammatory 

cytokines and activation of innate and T-cell mediated immune responses. The disrupted 

mechanism of tolerance in epithelial cells and antigen presenting cells (APC) amplifies 

innate immune cell recruitment (i.e. neutrophils). Additionally, defective T-reg and APC 

cause excessive T-cell response (Th1 and Th17), with consequential intensification of the 

inflammatory response and granulomatous reaction, as recently reviewed by (Fava and 

Danese, 2011) and shown in Figure 1.3. 

Activated MØ are the central cells in the pathogenesis of inflammatory bowel dis-

eases (IBD) and thus an important target for treatment of IBD. Mutations in innate 

response genes that mediate bacterial recognition and processing have been identified  as 

susceptibility genes for IBD. Those genes are represented for example by NOD-2 (Hugot 

et al., 2001), ATG16L1 (autophagy- related like 1) (Rioux et al., 2007) and IRGM 

(immunity-related GTPase family M) genes (Parkes et al., 2007), which encode proteins 

involved in recognition and autophagy. NOD-2 deficient mice are not able to respond 

physiologicaly to bacteria, which is associated with a MØ failure (Strober et al., 2008). 

Bacteria are able to induce stimulation through NOD-2 monocyte-derived DCs in order to 

polarize CD4+ T cells for the production of IL-17, which is a cytokine associated with the 

inflammatory response in CD (Ueda et al., 2007; van Beelen et al., 2007). 
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Figure 1.3. Suggested mechanism of inflammatory bowel disease pathogenesis 

Disease arises from the initial epithelial barrier dysfunction that brings about increased bacterial transloca-
tion through the lamina propria, where microbial antigens elicit a strong inflammatory response, due to 
basolateral TLR stimulation, activation of the NF-κB pathway and consequent induction of pro-
inflammatory chemokine and cytokine secretion. This inflammatory process is aggravated by the decreased 
innate immune defense (i.e. reduced luminal defensin and IgA, defective phagocytosis in IBD), which 
amplifies the magnitude of bacterial translocation through the “leaky” epithelial layer. Disease progression 
mainly results from a more global defective immunoregulation and immunotolerance in response to the 
initial inflammatory insult, due to overaggressive T cell reaction, dysfunctional regulatory T cells and 
antigen presenting cells (APC)  

 

Adopted from Fava et al. 2011 

 

 

1.2.3 Participation of bacteria in colitis-associated cancer 

Connection between  chronic inflammation and subsequent onset of carcinogenesis has 

long been suspected (Balkwill and Mantovani, 2001). Chronic inflammation has been 

documented to be responsible for initiating, sustaining and advancing tumor growth in 

many types of cancer. Epidemiological and clinical studies have suggested that patients 

suffering from IBD have an increased risk to develop colitis-associated cancer CAC. The 

incidence of CAC in UC patients is 2% after 10 years, 8% after 20 years and 18% after 30 
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years of active disease (Eaden et al., 2001) and the incidence of CD patients is 2.9% after 

ten years of active disease (Canavan et al., 2006). 

 To date, the mechanism of association between chronic inflammation and tumor de-

velopment is not completely understood  (Karin and Greten, 2005) and neither is the 

particular connection between IBD and risk of CAC. The current opinion is  that geneti-

cally predisposed individuals have an aberrant immune reaction to intestinal commensal 

microbiota with subsequent chronic inflammatory responses in the gut (Sartor, 2008). The 

role of microbiota in CAC is best exemplified in experimental mouse knockout models. 

For example, in conventional double knockout TCRβ/p53 mouse model that mimics the 

adenocarcinoma in ulcerative colitis, 70% of mice develop adenocarcinoma at four 

months of age. On the other hand, these TCRβ/p53 knockouts raised under germ-free 

condition have no adenocarcinoma (Kado et al., 2001). Similar observation was also 

made in Smad3 (Zhu et al., 1998), TGF-β/RAG2 (Engle et al., 2002) and MUC2 (Velcich 

et al., 2002) knockout mice.  For more details about the animal models of CAC see 

chapter 1.3.3.. 

Although there is no established bacterial pathogen for cancer of gastrointestinal 

tract, there are some bacterial infections that statistically predict an increased risk of 

cancer development. The two main mechanisms how bacteria promote carcinogenesis are 

induction of inflammation and production of mutagenic compound by bacterial metabo-

lism. An example of specific cancer inducing bacteria is Helicobacter pylori which is a 

confirmed triggering agent of the chronic gastric inflammation and gastric cancer. An-

other bacterium connected with experimental animal model of CAC is Citrobacter 

freudii. Mice, once infected with this bacterium, develop colonic hyperplasia and when 

exposed to mutagens, progress more rapidly to malignancy than healthy mice (Schauer 

and Falkow, 1993). In humans, several studies indicate that certain Clostridium species 

are more common in colon cancer patients, although the reason for it remains unknown 

(Murray et al., 1980). Bacteria are also able to deconjugate and reduce bile acid; this 

could lead to growth of adenomas (Hirano et al., 1981) and also activate exogenous 

mutagen precursors (Turesky et al., 1991). However, the presence and detection of 

specific bacteria that are known to predict the increased risk of a disease do not have to 

have causal relationship to inflammation. 

To the present day, it is still not clear whether the observed changes of the intestinal 

microbiota are the cause or the consequence of the intestinal inflammation. 
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1.2.4 Probiotics 

The utilization of lactic acid bacteria as feed supplements goes back to pre-Christian 

times when fermented milks were consumed by humans. The first one to put the subject 

on to the scientific basis was Metchnikoff who described that adverse effects of flora in 

the lower gut could be ameliorated by consuming soured milk. In one of his books called 

The prolongation of life - Optimistic studies (Classics in Longevity and Aging) published 

in 1908  he also described the theory that aging is caused by toxic bacteria in the intestine 

and that lactic acid bacteria could prolong life (Metchnikoff, 1906). 

The term probiotic was first used as an antonym to the word antibiotic by Lilly 

and Stillwell in 1965 to describe substances secreted by one organism which stimulate the 

growth of another. A totally different view of using the term probiotics was introduced by 

Parker in 1974 when he described probiotics as organisms and substances that contribute 

to intestinal microbial balance (Parker, 1974). Nowadays the most generally used defini-

tion of probiotics defined by FAO/WHO 2001 is „Probiotics are live microorganisms 

which when administered in adequate amount confer a health benefit on the 

host“(FAO/WHO, 2001). The current interest in probiotics is developing rapidly as 

evidenced by expansion of research and increased interest in probiotics of the general 

public. 

1.2.4.1 Impact of probiotics on mucosal immunity 

Several meta-analyses concerning  prevention and treatment of more than thirteen gastro-

intestinal diseases by probiotics have been performed as recently reviewed (Doherty et 

al., 2010; Mihatsch et al., 2012; Ritchie and Romanuk, 2012). Generally,  a beneficial 

effect of probiotics was shown on most of the studied diseases. One of the  outcomes of 

meta-analysis studies concerning UC is that using probiotics provides no additional 

benefit in inducing remission of ulcerative colitis, but probiotic auxiliary therapy is much 

better than non-probiotics therapy for maintenance therapy (Sang et al., 2010). There are 

large differences in the function of each bacterial strain. And it is also important to 

mention that the efficiency of each bacterial strain is strongly related to the different 

analytical methods used in the relevant papers, if it is used for treatment or prevention, 

the treatment time, different animal models used, medication compliance of patients, 

whether the patients were treated by antibiotics at the same time, difference between the 

control groups, analysis of the results, and sample size. In paragraphs below I am going to 
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focus on selected details of the beneficial effects of probiotics and the mechanism of their 

function. 

The manners how probiotics could contribute to the host health are generally divided 

into three main categories. Some of them are shown in Figure 1.4. First, they may exclude 

or inhibit the growth of certain pathogens by producing antibacterial substances - bacte-

riocins, H2O2, organic acids, and biosurfactants. They are reducing luminal pH and 

inhibiting bacterial adherence and translocation. Second, probiotics may improve the gut 

barrier function, mainly by increasing mucus production and enhancing the barrier 

integrity by promoting the epithelial cell survival and restoration of tight junctions (TJs). 

The third manner is modulation of local and systemic immune responses. Probiotics could 

exert their effects on numerous cell types, such as epithelial cells, dendritic cells, mono-

cytes/macrophages,  B cells, T cells and NK cells as reviewed by (Ng et al., 2009). 

 

Figure 1.4. Regulation of the host immune system by probiotics 

 

                                      Adopted from Thomas and Versalovic 2010 

 

Probiotics preserve epithelial barrier function, which is controlled and regulated 

by the apical junctional complex that consists of TJs and subjacent adherens junction. 

Inflammatory conditions in the intestine lead to impairment of TJs architecture and to 

redistribution or loss of the TJs protein expression. TJs barrier defects have been de-
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scribed in experimentally induced models of IBD and could be influenced by probiotics 

(Madsen et al., 2001). Probiotic E. coli Nissle 1917 provides protection against DSS-

mediated leakiness and was capable of producing a specific up-regulation of ZO-1 

expression in the intestinal epithelial barrier (Ukena et al., 2007). Moreover, treatment 

with probiotic mixture VSL#3, in which one of included bacterial strain is L. casei, 

prevents changes in expression and distribution of tight junction proteins ZO-1 and 

occludin (Mennigen et al., 2009).  Futhermore in in vitro model, treatment of Caco-2 cells 

with the probiotic Lactobacillus plantarum MB452 results in increased transcription of 

occludin and cingulin genes (Anderson et al., 2010). Some probiotics could also reverse 

the adverse effect of pathogen on intestinal barrier function. When cultured simultane-

ously with enteroinvasive E. coli strain O124:NM, L. plantarum strain maintains 

permeability  in cultured Caco-2 monolayers by preventing the loss of expression and 

redistribution of TJs (Anderson et al., 2010). 

Probiotics are also known to decrease intestinal barrier dysfuntion caused by pro-

inflammatory cytokines (Kverka et al., 2011; Zakostelska et al., 2011) by interacting with 

TLR and  subsequently downregulating proinflammatory signaling pathways as recently 

rewieved (Lebeer et al., 2010). 

 As reported previously, induction of oral tolerance is crucial for keeping the 

homeostasis in the gut - see chapter 1.2.1. This mechanism is mediated by both arms of 

the immune system. There are many findings indicating that specific probiotics can 

function through an induction of adaptive  immunity, especially through induction of 

regulatory T cells (Tregs)  subset whose protective role not only in intestinal inflamma-

tion has been clearly established (Singh et al., 2001). Probiotic mixture called IRT5 

containing lactobacilli induces a protective effect associated with enrichment of Tregs in 

the inflamed regions in experimental inflammatory bowel disease, atopic dermatitis and 

rheumatoid arthritis (Kwon et al., 2010). The co-administration of live L. casei with 

collagen can potentiate the oral tolerance and can lead to an increase in Tregs  in collagen 

induced arthritis model, while oral treatment with live L. casei alone cannot (Chiba et al., 

2010; Ivanov et al., 2008). Also therapeutic treatment with a probiotic mixture containing 

three strains of lactobacilli is able to reverse established experimental autoimmune 

encephalomyelitis through regulation of systemic IL-10 release and induction of func-

tional Tregs in intestinal mesenteric lymph nodes and in the periphery (Lavasani et al., 

2010). Interestingly, in our study we confirmed that treatment with non-living Lactobacil-

lus casei DN-114 001(Lc) results in an increase of Tregs expression in MLN in a model 
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of acute colitis. The lack of protective effect of Lc in severe combined immunodeficiency 

(SCID) mice suggests that a components of adaptive immunity including Tregs could be 

involved in this beneficial effect (Zakostelska et al., 2011). 

  

1.2.4.2 Host interactions with non-living probiotic components 

In recent years the protective role of probiotics in various diseases was clearly confirmed. 

Another, no less fascinating question that has arisen concerns the character of the specific 

probiotic components that mediate the specific immunomodulation or the changes in the 

microbiota composition of the host? It is widely known that not only the intact live 

bacteria but also diffusible compounds released from live bacteria or dead bacterial 

components could also have therapeutic activity in the host. These effects are dependent 

on the specific bacterial strain and could be mediated by the exposure to intact bacteria, 

cell surface associated factors, metabolites and secreted bacterial proteins. Some of those 

bacterial strains with defined anti-inflammatory properties are listed in Table 1.2.  

Moreover, knowledge of strain-specific protective mechanisms is crucial for the de-

velopment of targeted therapies, so the identification of a specific functional molecule is 

very useful. Also, administration of sterile bacterial components in contrast to live 

bacteria may be safer for administration to small children, severelly ill or immunocom-

promised patients (Kverka et al., 2011). 
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Table 1.2. Effector molecules derived from probiotics 

Bacteria Molecule Effect References 

Lactobacillus 
reuteri 

Secreted factors by 
L. reuteri biofilms 

Suppression of human TNF production by LPS-
activated monocytoid cells 

(Jones and 
Versalovic, 2009) 

Lactobacillus 
reuteri 

Secretion of reuterin 
by L. reuteri 
biofilms 

Secretion of reuterin by biofilms demonstrated (Jones and 
Versalovic, 2009) 

Intestinal 
bacteria 

Butyrate (a short 
chain fatty acid) 

Increased intestinal barrier function in Caco2 
cell lines 

(Peng et al., 
2009) 

Lactobacillus 
acidophilus 
NCFM 

S layer protein DC-SIGN ligand involved in the modulation of 
DCs and T cells functions 

(Konstantinov et 
al., 2008) 

Faecalibacte-
rium 
prausnitzii 

F. prausnitzii 
supernatant 

Reduced the severity of TNBS colitis and 
tended to correct the dysbiosis associated with 
TNBS colitis 

(Sokol et al., 
2008) 

Lactobacillus 
casei Shirota 

Cell wall polysac-
charide moiety 

Inhibit macrophage and splenocyte activity (Yasuda et al., 
2008) 

Bifidobacteria 
infantis 

B. infantis condi-
tioned medium 

Reduced colonic permeability in mice and 
attenuated inflammation in IL-10-deficient mice 

(Ewaschuk et al., 
2008) 

Lactobacillus 
helveticus 

  S layer protein Inhibition of Escherichia coli 0157:H7 
adherence to intestinal cell lines 

(Johnson-Henry 
et al., 2007) 

Lactobacillus 
rhamnosus 
GG 

Modified teichoic 
acids 

Increased sensitivity to gastric juice and human 
beta-defensin-2 but no difference in immuno-
modulation 

(Perea Velez et 
al., 2007) 

Lactobacillus 
rhamnosus 
GG 

P40 and P75 
secreted proteins 

Prevention of cytokine-induced apoptosis in 
human and mouse intestinal epithelial cells 

(Yan et al., 2007) 

L. salivarius 
UCC118 

Secretion of 
bacteriocin Abp118 

Protected mice against infection with the 
pathogen Listeria monocytogenes 

(Corr et al., 2007) 

Escherichia 
coli Nissle 
1917 

Flagellin Induction of beta-defensin-2 in intestinal cell 
lines 

(Schlee et al., 
2007) 

Lactobacillus 
johnsonii La1 

GroEL Bind to components of the gastrointestinal 
mucosa and stimulates interleukin-8 secretion 
in macrophages and HT29 cells in a CD14-
dependent mechanism 

(Bergonzelli et 
al., 2006) 

L. delbrueckii 
ssp. bulgari-
cus 
OLL1073R 

Extracellular 
polysaccharides 
(EPS) 

Stimulation of mouse splenocytes and signifi-
cant increase in interferon-gamma production 

(Makino et al., 
2006) 

L. plantarum 
NCIMB8826 

Modified teichoic 
acids 

Protective against colitis (Grangette et al., 
2005) 

L. johnsonii 
NCC533                  

Adhesin; elongation 
factor Tu (EF-Tu) 

Mucin binding, proinflammatory response in 
the presence of soluble CD14 

(Granato et al., 
2004) 

L.  casei DN 
114-001 

Bacterial lysate Protective against intestinal inflammation and 
correcting the dysbiosis 

(Zakostelska et 
al., 2011) 

Lactobacillus 
rhamnosus 
GG 

P40 secreted protein Reduced DSS- and oxazolome-induced colitis, 
activation of epidermal growth factor, de-
creased apoptosis of epithelial cell. 

(Yan et al., 2011) 

Lactobacillus 
casei 

Cell surface proteins Mediated loss of epithelial cell derived IP-10, a 
major proinflammatory cytokine 

(Hoermannsperge
r et al., 2009) 

Lactobacillus 
paracasei 

prtP-lactocepin, a 
protease 

Normalize intestinal IP-10, reduce lymphocyte 
recruitment in murine ileitis model 

(von Schillde et 
al., 2012) 

      

  Adopted from (O'Flaherty et al., 2010) and extended. 
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1.3 ANIMAL MODELS SUITABLE FOR ANALYSIS OF THE EFFECTS 
OF MICROBIOTA  

 

Simplified in vivo and in vitro models have been the first step in exploring the molecular 

basis of physiological and pathological mechanisms. In vitro  models like cell-lines, 

Ussing chambers or isolated animal segments are frequently used as an information 

supplementary tool but they lack the systemic in vivo interplay that is found within the a 

complete organism. Between the animal models most studied at present are zebra fish, 

Drosophila spp and rodents such as rats and mice. 

 Experimentally induced, genetically modified mice that spontaneously develop 

animal models of human diseases, germfree and gnotobiotic mice provide us with attrac-

tive and genetically defined, simplified models to study the in vivo homeostatic responses 

between the microbiota and intestinal mucosa as well as deviations in these interrelations 

that may lead to a disease. They allow us to examine the role of genetic and environ-

mental factors in early events during disease development, to elucidate the pathogenic 

mechanisms and develop new preventive and therapeutic strategies (Tlaskalova-

Hogenova et al., 2011). These mouse models are sometimes too artificial to be compara-

ble with human diseases, but anyway we have no better chance since it is impossible to 

perform such molecular studies in vivo in human subjects due to the experimental and 

ethical limitations. Examples of diseases in which barrier dysfunction and involvement of 

the microbiota in human disease have been suggested and cases in which the use of germ-

free or gnotobiotic animal models of diseases were beneficial are listed below. 

 

1.3.1 Gnotobiological models 

The gnotobiology - rearing animals under germ-free (GF) conditions - has developed 

since the end of 19th century and nowadays represents a very important scientific field 

(Wiseman, 1965). The word gnotobiology comes from the greek word ,,gnosis”, meaning 

knowledge, and ,,bios” , meaning life. Nowadays gnotobiology is the key experimental 

tool for defining the interactions that occur between microbiota and their hosts. It helps us 

to define cellular function and morphology in the absence of bacteria (i.e., under germ-

free conditions) and then evaluate the effects of adding a single bacterium or defined 

population of bacteria. Germ free animals are invaluable tool for studying the role of 
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microbiota and for distinguishing genetically determined spontaneusly developing 

immune mechanisms from those induced by environmental agents (Tlaskalova-Hogenova 

et al., 2004). Gnotobiology has long lasting scientific tradition in the Czech Republic. 

Gnotobiological laboratory was established in 1951 by Professor Ivan Šterzl as a second 

laboratory of gnotobiology in Europe as part of the Institute of Microbiology and today it 

is a world-renowned centre with many foreign collaborations. 

GF rodent animals are bred in flexible-film isolators that are essentially plastic 

bubbles inflated with sterile filtered air using elevated atmospheric pressure, with all food 

and water being autoclaved. The first delivery of GF animals must be made by caesarian 

section and the animals are hand fed, but then they can be interbred in isolators (Trexler, 

1971). 

A gnotobiologic animal has visible changes in the intestinal morphology, in 

GALT structure and functions in comparison with conventional animals. For example, 

intestinal wall of GF mice is thinner because it is less cellular and also less hydrated. 

Histology of lamina propria of GF mice shows a sparse stroma with few lymphocytes and 

macrophages. Peyer’s patches are smaller. The epithelial cells are very similar in their 

shape and size and their microvillous brush borders appear wider than normal. They 

proliferate slowly in comparison to conventional mice (Thompson and Trexler, 1971). 

Epithelial cells are directly influenced by a contact with microorganisms; this becomes 

evident by the synthesis of sugar chains in membrane associated glycoproteins (Bry et al., 

1996). Microorganisms also accelerate biochemical maturation of enterocytes resulting in 

a shift of brush-border enzymatic activities (Kozakova et al., 2001). The most pronounced 

characteristic feature of GF animals is an enormously distended cecum, weighing over ten 

times as much as normal, that arises from accumulation of mucus with a retention of 

water as a consequence of missing mucolytic bacteria. Turning to cellular immunity, GF 

free mice have in general lower numbers of lymphocytes present in organised and diffuse 

lymphatic tissues (Pleasants et al., 1986; Tlaskalova-Hogenova et al., 1983) and oligo-

clonal T cell receptor diversity (Probert et al., 2007). There is also a paucity of IgA B-

cells in lamina propria and in the amount of secretory IgA in the intestine of GF mice. But 

when a normal colonization or monoassociation begins, is it always accompanied by a 

rapid rise in IgA B-cells and the production of IgA in the intestine (Bos et al., 2001; 

Tlaskalova-Hogenova et al., 1981; Tlaskalova et al., 1970). 

Studies on GF mice have shown that an early intestinal colonization by microflora 

plays a crucial role in postnatal development of the immune system and changes the 
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composition of the resident microbiota. Once colonized, the microbial community is 

established within days. Experiments on GF mice illustrated that the presence of microbi-

ota causes extensive changes in the host immune system. There are plenty of studies that 

described the effect of mono-association on the immune system, colonization by a 

specific bacterial mixture and a colonization by co-housing with specific pathogen free 

mice (Gaboriau-Routhiau et al., 2009; Hooper et al., 2001; Mazmanian et al., 2008; 

Tlaskalova et al., 1970). The microbiota is important in elevation of circulating plasmab-

last IgA+ since its numbers are normalized after four weeks of exposure of GF mice to 

conventional gut microbiota (Crabbe et al., 1970). Bacteroides and Escherichia coli 

strains seem to be particularly immunostimulatory, but also lactic acid producing bacteria 

contribute (Lodinova et al., 1973; Moreau et al., 1978). We found that there is a short 

postnatal period in the GF mice, around three weeks of age, where artificial colonization 

by cecal content leads to permanently changed levels of systemic regulatory T cells, NK 

and NKT cells and cytokine production. Interestingly, similar colonization of GF mice at 

one week of age did not permanently change the microbiota composition in contrast to the 

one  at three weeks of age (Hansen et al., 2012). Later on in life, immunity remains stable 

with far less susceptibility to change by microbial influence (Min et al., 2007; Olszak et 

al., 2012; Tlaskalova-Hogenova et al., 2002).  

An important factor contributing to phenotypic variation in animal models of hu-

man diseases is the presence or absence of certain strains of bacteria (Vijay-Kumar et al., 

2010). For example, signals derived from microbiota may thus influence the differentia-

tion potential of multipotent CD4+ T cells in the lamina propria (Zhou et al., 2008). 

C57BL/6 mice obtained from different commercial sources possess significant differ-

ences in the proportion of Th17 cells in the lamina propria of the small intestine (Ivanov 

et al., 2008) and this feature was due to the presence or absence of noncultivable seg-

mented filamentous bacteria (Ivanov et al., 2009). 

We have also found that expression of IRAK-M, negative regulator in NF-κB sig-

naling pathway, is dependent on the presence of commensal bacterial flora. The 

expression of IRAK-M was greatly reduced in the GF mice in comparison with mice kept 

under specific pathogen-free conditions and this feature was restored after colonization 

with L.plantarum or E.coli (Biswas et al., 2011). 
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1.3.2 Mouse models of IBD 

Over the last twenty years the current knowledge of the underlying mechanisms of 

pathogenesis and the treatment of the inflammatory bowel diseases (IBD) has signifi-

cantly proceeded, even though the precise etiology still remains unclear. This progress of 

knowledge occurs mainly thanks to experimental mouse models. To date more than 

twenty experimental mouse models with a variable range of clinical manifestations have 

been described (Jurjus et al., 2004). Depending on different manifestation of  inflamma-

tion, symptoms, pathophysiology, similarity with human IBD and the genetic background 

in various experimental mouse model it is quite important to choose the one most suitable 

for the feature analyzed. While none of the animal models are exact replicas of human 

diseases, they all significantly contributed to finding novel therapeutic agents and under-

standing the pathogenesis of IBD. In general, mouse models of IBD are categorized into 

several broad classes such as chemically induced, genetically modified (gene knockouts 

or transgenic), adoptive transfer models and mice spontaneously developing colitis. 

To chemically induced models belong for example iodoacetamide-induced colitis 

(Satoh et al., 1997), 2,4,6-trinitrobenzene sulfonic acid (TNBS) colitis (Hibi et al., 2002), 

oxazolone colitis (Boirivant et al., 1998) and the DSS colitis described later in this 

chapter (Okayasu et al., 1990). Genetically modified models, such as IL-2 deficient and 

IL-10 deficient, T cell receptor mutant mice and signal transducer and activating tran-

scription (STAT)-4 transgenic mice spontaneously develop intestinal inflammation at 

different ages (Elson et al., 2005; Mombaerts et al., 1993; Rubin et al., 1981; Wirtz et al., 

1999). The most frequently used adoptive transfer model, which is an adoptive transfer of 

CD4+CD45RB high T-cells (naïve T-cells) from healthy wild type mice into syngeneic 

recipients that lack T- and B-cells, was also used in some of our studies. This syngeneic 

recipient subsequently  manifested in 5-8 weeks chronic non-bloody diarrhea and wasting 

that resemble colitis (Morrissey et al., 1993). There are two  models of naturally occur-

ring colitis, one occurs as a derivative of selective breeding of C3H/Hej mice and is used 

quite often in combination with inducible colitis as a valuable tool for studying and 

identifying genetic susceptibility factors (Cong et al., 1998).The second one appears in 

SAMP1/Yit mice as a chronic terminal ileitis (Rivera-Nieves et al., 2003). Interestingly, 

after more than twenty generations of brother-sister mating several new phenotypic 

features have appeared in their colony (Matsumoto et al., 1998).  
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The main experimental mouse model chosen in this thesis was the widely used 

and well established chemically induced model of dextran sulphate sodium (DSS) colitis 

(Okayasu et al., 1990). Acute DSS model of colitis is induced by 3% DSS of 40-50kD 

molecular weight in tap water for seven days and the inflammation occurs right after the 

DSS administration whereas chronic model of colitis is induced by several 5 - 7-day-long 

cycles followed by cycles of tap water (Okayasu et al., 1990). The DSS is directly cyto-

toxic to enterocytes of the basal crypts and leads to intestinal barrier damage, microbial 

translocation, and induction of colitis phenotype that is independent of the adaptive 

immune system because it also occurred in severe combined immunodeficiency (SCID) 

mice (Dieleman et al., 1994). The clinical features of DSS model include body weight 

loss, shortening of the intestine, mucosal ulcers, diarrhea and occult rectal bleeding. 

Histologically, the DSS model exhibits an extensive and epithelial damage and a signifi-

cant infiltration of immune cells. Also enhanced colonic endothelial ICAM-1 expression 

followed by cell infiltration are early events in the inflammatory cascade (Bendjelloul et 

al., 2000). 

The importance of microbiota in the development of DSS colitis was clearly 

shown in the GF conditions where BALB/c mice develop a much milder form of acute 

DSS colitis compared to conventionally reared mice (Hudcovic et al., 2001). One of the 

best-characterized models in this respect is the IL-10-deficient mouse. IL-10-deficient 

mice showed increased morbidity and mortality when exposed to normal bacterial flora. 

The same observation was seen in some spontaneously developing models of colitis 

(Dieleman et al., 2004; Sadlack et al., 1993; Sellon et al., 1998). Moreover, in 

CD4+CD45RBhigh  T-cells transfer model of colitis, when recipient SCID mice were 

colonized with specific pathogen free microbiota and segmented filamentous bacteria 

they manifested more severe inflammation than germ-free mice (Stepankova et al., 2007). 

Sensing of the commensal flora by the innate immune system is also critical for intestinal 

homeostasis and tissue repair after injury. Consistently, depletion of commensal flora by 

antibiotic treatment or deficiency of TLRs-IL-1 receptor family common adaptor myeloid 

differentiation primary response gene 88 (MyD88) in mice impairs mucosal regeneration 

after DSS treatment (Saleh and Trinchieri, 2011).  

Moreover, one important thing that must be taken into account when comparing 

experiments in different mouse models or even merely two experiments within the same 

model is that microbiological conditions vary between each rodent facility. Direct com-
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parisons  of the clinical feature of each colitis model must be under similar conditions, 

optimally using animal colonized with the same flora (Sartor, 1995)  

1.3.3 Mouse models of colitis associated cancer 

Colon cancer is a second leading cause of cancer mortality in many industrialized coun-

tries including Czech Republic. This malignacy is one of the most serious complications 

of IBD (for informations about IBD see chapter 1.3.2). Many studies have suggested that 

chronic or repeated mucosal inflammation may result in carcinogenesis through mecha-

nisms such as induction of genetic mutations, increased cryptal cell proliferation, changes 

in crypt cell metabolism, changes in bile acid enterohepatic circulation, and alterations in 

bacterial flora (Tanaka et al., 2000). Several IBD-related CAC animal models have been 

described (Taketo and Edelmann, 2009). 

 In order to address questions concerning microbiota and cancer development in 

this thesis we have used DSS related model of CAC. It is the most widely used IBD 

related DSS colitis model  without carcinogen needs that is set up by a long period of 

DSS administration or repeated administration of DSS to induce colitis and colitis-related 

CAC. The incidence and/or multiplicity of induced tumors are relatively low (Okayasu et 

al., 2002). For this reason we have used a combination with colon carcinogen promotor-

azoxymethane (AOM) described by Clapper et al. 2007 (Clapper et al., 2007). Although 

human CAC are mainly caused by chronic exposure to small amounts of environmental 

mutagens and/or carcinogens (Sugimura et al., 2000) two-month-old C57BL/6 male mice 

received a single subcutaneous injection of azoxymethane. After one week of the AOM 

injection the mice received 3% DSS in their tap water continuously for up to 4 days.The 

experimental animals were sacrificed five weeks after AOM injection when we could 

observe dysplasia, colitis with mucosal ulceration, nuclear translocation of β-catenin and 

upregulation of inducible NO synthase and cyclooxygenase-2 (Tanaka et al., 2003). 

Since germ-free mice lack living bacterial stimuli, they serve as a useful tool to study the 

role of bacteria in intestinal carcinogenesis. Compared to conventional mice, the inci-

dence of both spontaneous and induced tumors is significantly lower in germ-free 

conditions (Reddy et al., 1975; Sacksteder, 1976). Moreover, analyses of germ-free and 

conventionally raised mice have demonstrated that indigenous intestinal bacteria could 

produce carcinogens such as alkylating agents and nitroso compounds and contribute to 

carcinogenesis development (Kautiainen et al., 1993). Effects that influence the develop-

ment of carcinogenesis were performed by probiotic administration. For example, 
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treatment with the probiotic Lactobacillus salivarius ssp. salivarius UCC118 in IL-10 

knockout mice ameliorated the intensity of mucosal inflammation and the incidence of 

colon cancer from 50% to 10%. These observations were accompanied by significant 

reduction in enteroccoci and Clostridium perfingens levels (O'Mahony et al., 2001)  
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2.  SIGNIFICANCE , AIMS AND OUTLINES OF THE THESIS  

2.1 SIGNIFICANCE OF THE STUDY  

Functional and metagenomic studies are currently being used to decipher the effects of 

the microbiota on the host. Nowadays, it is clear that microbiota affect our fates more 

than previously assumed and one of the most important moments of life is the first 

encounter with bacteria. Even though we do not know much about it we know that this 

interaction influences us throughout the life, so detailed studies are needed. Commensal 

bacteria and probiotics, throughout the co-evolution with humans, have developed unique 

mechanisms that dampen the inflammatory response. A better understanding of this 

unique ability of these molecules could be used to treat chronic inflammatory and auto-

immune disorders that represent a major medical problem in developed world.   

2.2 AIMS AND OUTLINE OF THE THESIS  

The general aim of this thesis was to describe more precisely host-microbiota interactions 

in different conditions. We addressed the influence of the microbial exposure on immune 

system development and the immunomodulatory potential of bacterial lysates isolated 

from commensal or probiotic bacteria in chemical model of colitis. The specific objec-

tives that are addressed in each chapter are listed below. 

 

Chapter 1 is a general overview of current knowledge concerning intestinal mucosal 

immune system in relation to microbiota and their role in inflammatory disease. Chapter 

3 a study in germ-free mouse model, introduces the importance of microbial community 

for the maturation of intestinal immune system and establishment of intestinal immune 

homeostasis during conventionalization in early life. In addition, we revealed the impor-

tance of time specific postnatal period in which colonization influences the reversibility 

of changes in the immune system. Chapter 4 presents our research regarding the idea that 

oral administration of sterile bacterial components, in comparison to living bacteria, could 

be safer in treatment in small children, severely ill or immunocompromised patients and 

that this protective effect could be achieved by common intestinal commensal Parabac-

teroides distasonis. The combined analyses revealed the mechanisms of the innate and 

adaptive immune responses in the experimental mouse model of acute colitis. To under-

stand more about the mechanisms and effects of bacterial components and to compare the 
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function of commensal with well defined probiotic bacteria Lactobacillus casei  DN-

114 001 we additionally performed a study presented in chapter 5, in which we tested the 

effect in the same experimental conditions. Chapter 6 aims to clarify and interconnect 

the relations between the microbiota and the host in relation to functional studies and 

metagenomic approaches at the same time. Using animal models of human diseases 

reared under defined conditions we describe the straight connection between microbiota 

and disease development.The study presented in chapter 7 investigates whether the 

antibiotic treatment changes the microbiota composition and whether it had an effect on 

the severity of colitis-associated cancer in wild type and IRAK-M deficient mice. Chap-

ter 8 summarizes and discusses the contribution of this work to the current knowledge of 

the host-microbe interactions and suggests its future directions. 
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3.1 ABSTRACT  

The most important trigger for immune system development is the exposure to microbial 

components immediately after birth. Moreover, targeted manipulation of the microbiota 

can be used to change host susceptibility to immune-mediated diseases. Our aim was to 

analyze how differences in early gut colonization patterns change the composition of the 

resident microbiota and future immune system reactivity.  

Germ-free (GF) mice were either inoculated by single oral gavage of caecal con-

tent or let colonized by co-housing with specific pathogen-free (SPF) mice at different 

time points in the postnatal period. The microbiota composition was analyzed by denatur-

ing gradient gel electrophoresis for 16S rRNA gene followed by principal component 

analysis. Furthermore, immune functions and cytokine concentrations were analyzed 

using flow cytometry, ELISA or multiplex bead assay.  

We found that a single oral inoculation of GF mice at three weeks of age perma-

nently changed the gut microbiota composition, which was not possible to achieve at one 

week of age. Interestingly, the ex-GF mice inoculated at three weeks of age were also the 

only mice with an increased pro-inflammatory immune response. In contrast, the compo-

sition of the gut microbiota of ex-GF mice that were co-housed with SPF mice at different 

time points was similar to the gut microbiota in the barrier maintained SPF mice. The 

existence of a short GF postnatal period permanently changed levels of systemic regula-

tory T cells, NK and NKT cells, and cytokine production.  

In conclusion, a time window exists that enables the artificial colonization of GF 

mice by a single oral dose of caecal content, which may modify the future immune 

phenotype of the host. Moreover, delayed microbial colonization of the gut causes 

permanent changes in the immune system. 

 

3.2 INTRODUCTION  

The intestinal microbiome regulates many aspects of host biology, including development 

of the immune system (Cebra, 1999; Tlaskalova-Hogenova et al., 2004). Gut microbiota 

heterogeneity, especially the presence and/or absence of certain strains of bacteria, is 

therefore an important factor contributing to phenotypic variation in animal models of 

human diseases (Pozzilli et al., 1993; Vijay-Kumar et al., 2010). In a recent study, Ivanov 
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et al (Ivanov et al., 2009) showed that mice from Taconic Farms had a higher frequency 

of Th17 cells compared with mice from Jackson Laboratory, due to the presence of 

uncultivable segmented filamentous bacteria (SFB) in the gut of mice from Taconic. 

Mono-colonization of germ-free (GF) mice with SFB induced production of several pro-

inflammatory cytokines in the gut mucosa compared to either GF mice or to mice colo-

nized only with cultivable microbial species (Gaboriau-Routhiau et al., 2009). 

Interestingly, addition of this particular bacterium to a specific pathogen-free (SPF) 

bacterial cocktail used for mice colonization significantly increased their sensitivity to 

intestinal inflammation in a transfer model of colitis as compared to either use of the 

cocktail alone or to mono-colonization with SFB (Stepankova et al., 2007). Furthermore, 

Kriegel and colleagues (Kriegel et al., 2011)  demonstrated that diabetes incidence, but 

not insulitis score, was lower in SFB-positive females of non obese diabetic (NOD) mice 

compared to an incidence of 91% in SFB-negative NODs. By modifying the gut microbi-

ota composition in rodent models, it may, thus, become possible to manipulate host 

immunity in order to promote or prevent certain disease traits. Accordingly, in diabetes-

prone Bio-breeding rats it was possible to modify diabetes incidence in association with 

an altered gut cytokine profile by feeding them strong diabetes-promoting antigens 

through diet or lipopolysaccharide (LPS) in the first week of life (Scott et al., 2002). 

However, studies addressing the importance of the initial intestinal colonizers on future 

immune phenotype are rather rare.  

It is reasonable to assume that either GF or altered microbial conditions within the 

first weeks of life disrupt the early development of immune functions, while later in life 

the immunity remains stable with far less susceptibility to change by microbial influence 

(Min et al., 2007). This idea is supported by the hygiene hypothesis (Musso et al., 2010; 

Strachan, 1989), which postulates that microbial exposure in early postnatal life is impor-

tant for the proper development of immuno-regulatory mechanisms and, thus, prevent 

inappropriate T cell responses and inflammatory diseases later in life.  

The aim of this study was to investigate how different patterns of artificial coloniza-

tion influence development of the immune system. For this purpose, we colonized GF 

pups at different time points with SPF microbiota from a different animal facility, and 

analyzed the gut microbiota composition and immune response later in life. 
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3.3 MATERIALS AND METHODS 

The experiment was carried out in accordance with the Council of Europe Convention 

European Treaty Series (ETS) 123 on the Protection of Vertebrate Animals used for 

Experimental and Other Scientific Purposes, and the Danish Animal Experimentation Act 

(LBK 1306 from 23/11/2007). The study was approved by the Animal Experiments 

Inspectorate, Ministry of Justice, Denmark (License number: 2007-561-1434 C3) as well 

as by the Laboratory Animal Care and Use Committee of the Institute of Microbiology, 

Academy of Sciences of the Czech Republic (Approval ID: 053/2010). All efforts were 

made to minimize the number of animals used and to minimize suffering. 

3.3.1 Animals 

For the inoculation experiment GF outbred Swiss Webster (SW) mice (Taconic, NY, 

USA) were reared in sterilized plastic film isolators at the Faculty of Life Sciences, KU, 

Denmark. The mice had free access to an autoclaved Altromin 1314 diet (Altromin, Lage, 

Germany)) and water. The pups were kept GF for either one or three weeks after birth 

before they were inoculated with a bacterial suspension (described in the next paragraph) 

and subsequently housed in our barrier protected animal facility (Faculty of Life Sci-

ences, University of Copenhagen, Denmark) under standard conditions in open cages 

without filter lids. The mice were compared with a GF control group and with SPF 

offspring from ex-GF SW mice conventionalized in our animal facility. The same diet 

continued throughout the entire experiment to all groups of mice.  

In a second experiment GF BALB/c mice were reared in isolators under GF con-

ditions at the Department of Immunology and Gnotobiology (Novy Hradek, Czech 

Republic) and fed ad libitum with Altromin 1414 diet (Altromin, Lage, Germany) steril-

ized by irradiation. These mice were not inoculated with any bacterial suspension, but 

they were conventionalized by co-housing with SPF BALB/c mice at the age of one or 

three weeks of age (co-housing experiment) and compared to GF and SPF BALB/c mice 

on the same diet. Establishment and control of GF breeding was as previously described 

(Hrncir et al., 2008). Each group consisted of approximately ten mice with half male and 

females and all mice were euthanized at eight-nine weeks of age. 
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3.3.2 Bacterial suspension and inoculation 

Two male and two female SPF SW mice were euthanized immediately upon arrival from 

Taconic farms, and caecal contents were extracted and pooled into 50 mL PBS suspen-

sion. After thoroughly mixing and addition of DMSO (1:200), the suspension was divided 

into homogeneous aliquots and frozen at -40°C until further use for inoculation. Twenty 

µL of the bacterial suspension was inoculated orally in one week and three weeks old GF 

SW mice using a 100 µL pipette with autoclaved tips. At least two litters per group were 

included in the experiment, and the mice were housed in one cage per litter together with 

their mother until weaning at four weeks of age. The mothers were not inoculated with 

the suspension and were killed when the pups were weaned and males and females 

separated into two cages per litter. 

 

3.3.3 Gut microbiota composition 

Aliquots of the inoculation suspension and feces samples aseptically obtained from 

BALB/c and SW mice at the time of their euthanasia were analyzed by Denaturing 

Gradient Gel Electrophoresis (DGGE) as described previously(Hufeldt et al., 2010). 

Briefly, cellular DNA extracted with QIAamp DNA Stool Mini Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s instructions, was used as template for Polymerase 

Chain Reaction (PCR), using primers (PRBA338fGC and PRUN518r) specific to the V3 

region of the 16S rRNA gene. Amplicons were separated by DGGE using a 9% poly-

acrylamide gel containing a 30% - 65% linear chemical gradient (where 100% correspond 

to 7M urea and 40% formamide in milliQ water). After 16 hours of electrophoresis the 

gels were stained with SYBR gold and photographed. Finally, the resulting DGGE 

profiles were analyzed using BioNumerics Version 4.5 (Applied Maths, Sint-Martens-

Latem, Belgium). 

 

3.3.4 LPS stimulation of MLN lymphocytes 

Isolated MLN cells from SW mice in the inoculation experiment were cultivated in 96 

well plates in culture medium at a concentration of 1x106 cells/mL. LPS from Escherichia 

coli O26:B6 (Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 1 
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µg/mL. The plate was placed in a humidified 5% CO2 incubator at 37°C for 24 hours 

before the supernatants were harvested for cytokine analysis. 

 

3.3.5 Determination of cytokine production by ELISA and 
multiplex bead assay 

Cytokine analyses on MLN culture supernatants were performed using the mouse 

Th1/Th2 10plex FlowCytomix Multiplex (eBiosciences, San Diego, CA). Beads for IFN-

γ, IL-1α, IL-2, IL-4, IL-5, IL-6, IL-10, IL-17, GM-CSF and TNF-α were included in the 

kit and the procedures were performed according to manufacturer’s instructions. Samples 

were analyzed using Accuri C6 flow cytometer. Cytokine concentrations were calculated 

according to standard curves prepared in supplied software FlowCytomix Pro 2.4. 

Commercial ELISA kits were used to evaluate changes in serum TGF-β (Invitrogen, 

Carlsbad, CA) and IL-10 (eBioscience) concentrations in mice in the co-housing experi-

ment according to manufacturer’s instructions. 

 

3.3.6 Cell Isolation and Flow Cytometry 

Cells were isolated from spleen and MLN by aseptically squeezing the fresh organs in 

PBS between two microscope slides and subsequently passing the suspension through a 

70 µm cell strainer. All single cell suspensions were stored on ice at all time. Spleen cells 

were resuspended in red blood cell lysis (ACK) buffer (0.15 M NH4Cl, 10 mM KHCO3, 1 

mM EDTA monosodium pH 7.3) and incubated for 6 minutes. Then, cells were washed 

in sterile PBS and resuspended in culture medium (RPMI 1640 supplemented with 10 % 

fetal calf serum (FCS), 2 mmol/L L-glutamine and 2 mmol/L penicillin and streptomycin; 

all from Sigma-Aldrich). 

Surface staining of dendritic cells was performed for 30 min with the appropriate 

antibodies. For Treg staining, cells were first surface stained with anti-mouse CD4 

antibody, then fixed, permeabilized and intracellular Foxp3 stained according to the 

manufacturer’s protocol (eBiosciences). For intracellular cytokine staining cells isolated 

from BALB/c mice were incubated for four hours with 50 ng/mL Phorbol 12-Myristate 

13-Acetate (PMA; Sigma-Aldrich) and 750 ng/mL Ionomycin (Sigma-Aldrich) in the 

presence of GolgiStop (0.7 µL/mL; BD Biosciences, San Jose, CA) in a humidified 

incubator at 37°C and 5% CO2. Cells were stained and fixed using the same protocol as 
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described for Tregs. Antibodies were purchased from either eBiosciences or BD Biosci-

ences and dilutions were optimized for all analyses. Analysis was performed using an 

Accuri C6 flow cytometer (Accuri Cytometers Inc, Ann Arbor, MI) and LSRII (BD 

Biosciences). 

 

3.3.7 Statistical analysis 

GraphPad Prism version 5.02 (GraphPad Software, San Diego, CA, USA) was used for 

statistical analysis and P-values less than 0.05 were considered significant. The experi-

mental groups were compared by either one-way ANOVA test with Tukey-Kramer post 

test or by Kruskal-Wallis test with Dunn’s post test on data that did not assume a Gaus-

sian distribution. DGGE profile comparison was performed by the Dice similarity 

coefficient with a band position tolerance and optimization of 1% using the Unweighted 

Pair Group Method with arithmetic Averages clustering algorithm (UPGMA) and by 

Principal Component Analysis (PCA). 

 

3.4 RESULTS 

3.4.1 Time of colonization influences gut microbiota 
composition 

The gut microbiota composition was compared after inoculating GF pups with caecal 

contents from SPF mice from Taconic Farms at different time points or after co-housing 

GF pups with SPF mice raised in our animal facility. After denaturing gradient gel 

electrophoresis (DGGE) of feces samples, principal component analysis (PCA) revealed 

significant differences between mice inoculated at three weeks of age and mice raised in 

our animal facility (Fig. 3.1). Moreover, gut microbiota composition of these inoculated 

mice closely resembled the DGGE profiles of the suspension aliquots used for conven-

tionalization, which differed from the resident microbiota found at our animal facility. In 

contrast, the gut microbiota of mice inoculated with the same suspension at one week of 

age was not different from mice raised in our animal facility. 

To ensure that the altered microbiota in the mice inoculated at three weeks of age 

was caused by inoculating a different microbiota and not solely due to a delayed coloniza-

tion of environmental bacteria, GF mice were conventionalized only by co-housing them 
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with SPF mice raised in our animal facility without any microbiota inoculations. Intesti-

nal microbiota of ex-GF mice that were co-housed with SPF mice did not show 

differences to barrier maintained SPF mice (Fig. 3.2). Thus, delayed colonization had no 

effect on the gut microbiota composition. Neither gender nor housing in different cages 

had an impact on the gut microbiota composition in either type of experiment (results not 

shown). 

 

Figure 3.1. Gut microbiota comparison of inoculated mice.  

 

 

 

 

 

Principal Component Analysis (PCA) plot based on DGGE profiles of 16S rRNA gene PCR derived 
amplicons of feces samples collected from mice in the inoculation experiment at nine weeks of age. Germ-
free (GF) mice were inoculated at one week of age (red balls) or at three weeks of age (yellow balls) with a 
bacteria suspension made from caecal content of specific pathogen-free (SPF) mice from Taconic Farms 
(blue balls illustrate different aliquots of the suspension). Their gut microbiota was compared with SPF 
mice raised in our barrier (green balls). ANOVA based on Principal Component (PC) 1 explaining 14.7 % 
of the variance confirmed a significant difference between mice inoculated at three weeks of age and all 
other mice (p < 0.01). No significant differences of PC values were found between ex-GF mice inoculated 
at three weeks of age and the suspension aliquots used to inoculate these mice with. DGGE: Denaturing 
Gradient Gel Electrophoresis. 
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Figure 3.2. Gut microbiota comparison of co-housed mice. 

 

 

 

 

Principal Component Analysis (PCA) plot based on DGGE profiles of 16S rRNA gene PCR derived 
amplicons of feces samples collected from mice in the co-housing experiment at nine weeks of age. Germ-
free (GF) mice were conventionalized at one week of age (red balls) or at three weeks of age (yellow balls) 
by co-housing them with specific pathogen-free (SPF) mice (green balls). No differences in gut microbiota 
composition were detected between the SPF and co-housed ex-GF mice. DGGE: Denaturing Gradient Gel 
Electrophoresis. 
 

 

3.4.2 Colonization of GF mice at three weeks of age with 
microbiota from Taconic mice results in pro-
inflammatory tuning of the immune system 

Mesenteric lymph node (MLN) cells were isolated from GF, inoculated ex-GF, and SPF 

raised mice and stimulated using LPS. Cells from mice inoculated at three weeks pro-

duced significantly more IL-12, TNF-α, IFN-γ, and IL-6 compared to any other group 

(Fig 3.3). Interestingly, this was the only group of mice which also had an altered gut 

microbiota. The other measured cytokines were below detection limit of the assay.  
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Figure 3.3. Microbial inoculation at three weeks of age results in pro-inflammatory 

tuning of the immune system. 

 

 

 

Cytokines were measured in mesenteric lymph node (MLN) cell culture supernatants and analyzed by use 
of FlowCytomix Multiplex Th1/Th2 10plex. MLN were isolated from specific pathogen-free (SPF) mice 
(SPF), germ-free (GF) mice (GF) and ex-GF mice inoculated with a caecal microbiota suspension at one 
(1W) or three weeks (3W) of age. The lymphocytes were stimulated for 24 hrs with 1 µg/mL lipopolysac-
charide (LPS) from Escherichia coli O26:B6 before the supernatants were used for analysis. Only cytokines 
with a significant difference among groups are illustrated. Error bars represent the SEM. * represents p < 
0.05 compared with SPF mice. 

3.4.3 An early postnatal germ-free period changes immune 
system regulation 

To analyze the influence of different colonization patterns, we analyzed the numbers of 

tolerogenic DCs (CD11c+CD103+) and regulatory T cells (Treg; CD4+FoxP3+) in both 

spleen and MLNs. We found that while tolerogenic DCs are not much changed in the 

inoculation experiment, GF mice and ex-GF mice in the co-housing experiment have 

significantly higher proportions of these cells in the spleen (Fig. 3.4). We observed a 

similar trend for Tregs in MLNs of ex-GF inoculated mice and in the spleen of both 

inoculated and co-housed mice (Fig. 3.4). These results show that means of colonization 

(single gavage versus co-housing) have no major impact on systemic tolerance induction, 

and that an early GF period permanently changes its development. 
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Next, serum levels of TGF-β and IL-10 in the co-housing experiment were ana-

lyzed. In addition to higher proportions of Tregs in the spleen, higher serum levels of 

these regulatory cytokines were detected in GF and co-housed ex-GF mice compared to 

SPF raised mice (Fig. 3.5). These data confirmed the induction of regulatory immunity 

following a short postnatal GF period of only one or three weeks. 

 

Figure 3.4. A germ-free postnatal period affects long-term immune-regulatory 

homeostasis. 

 
Percentages of regulatory T cells (CD4+FoxP3+) and tolerogenic dendritic cells (CD103+CD11c+) in cells 
isolated from spleen (SPL) and mesenteric lymph node (MLN) were determined by flow cytometry. 
Specific Pathogen Free mice (SPF), germ-free mice (GF) and ex-GF mice inoculated with a caecal microbi-
ota suspension or co-housed with SPF mice at one (1W) or three weeks (3W) of age are illustrated. Error 
bars represent the SEM. * represents p < 0.05, ** <0.01, *** < 0.001 compared with SPF mice. 
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Figure 3.5. A germ-free postnatal period increases serum regulatory cytokines. 

 

 
 
 Analyses of serum cytokines were performed by ELISA. Serum was extracted from Specific Pathogen Free 
(SPF) mice, germ-free (GF) mice and ex-GF mice co-housed at one (1W) or three weeks (3W) of age with 
SPF mice. Error bars represent the SEM. * represents p < 0.05 compared with SPF mice. 

 

3.4.4 An early postnatal period without microbiota alters the 
systemic mononuclear cell populations 

Next, it was analyzed how timing of colonization influences development of the immune 

system. Mononuclear cells in the spleens isolated from GF, co-housed ex-GF, and SPF 

raised mice showed the same distribution among the groups as the serum cytokines. 

Higher relative amounts of NK cells (CD3-CD49b+), NKT cells (CD3+CD49b+), CD4 T 

cells with regulatory markers CD69 or CD103, and IFN-γ-producing CD4 T cells were 

detected in spleens, but not in MLNs, of both GF and co-housed ex-GF mice compared to 

SPF mice (Fig. 3.6). Therefore, the absence of proper host-microbe interaction during the 

first weeks of life is enough to permanently change the immune profiles of mice.  
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Figure 3.6. A germ-free postnatal period alters systemic mononuclear cell popula-

tions.  

 

 

Distribution of cell populations in spleen (A) and mesenteric lymph node (B) sampled from mice in the co-
housing experiment were measured by flow cytometry. Germ-free (GF) mice were conventionalized at one 
week of age (1W) or at three weeks of age (3W) by co-housing them with Specific Pathogen Free mice 
(SPF) raised in our barrier. A group of mice remained germ-free (GF). Percentages of NK cells (CD3-

CD49b+), NKT cells (CD3+CD49b+), CD69+ and CD103+ T cells (CD3+CD4+) and IFN-γ producing T cells 
(CD3+CD4+) are illustrated. Lymphocytes were cultivated for 4 hrs with 50 ng/mL PMA and 750 ng/mL 
Ionomycin (Sigma-Aldrich) in the presence of BD GolgiStop before cells were harvested and intracellular 
IFN-γ stained. The mean is illustrated. * represents p < 0.05, ** <0.01, *** < 0.001 compared with SPF 
mice. PMA: Phorbol 12-Myristate 13-Acetate. 
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3.5 DISCUSSION 

A large amount of literature generated in humans and gnotobiotic rodents have demon-

strated that the type of microbial exposure can influence the immune system (Reading 

and Kasper, 2011). It is increasingly acknowledged that manipulating with the coloniza-

tion process, e.g. by administration of probiotics to newborns or preterm infants, may 

improve health of the host in infancy and adulthood (Lodinova-Zadnikova et al., 2003; 

Mihatsch et al., 2012). However, our understanding of how timing of this colonization 

alters the ability of microbes to colonize and immune system reactivity later in life is still 

incomplete (Kaplan et al., 2011). 

In the present study, we used caecal content of mice obtained from Taconic’s bar-

rier unit (different from the microbiota in our barrier facility) to permanently change the 

microbiota composition. This was achieved by single oral inoculation of GF mice at three 

weeks of age. Thus, the resulting microbiota composition residing in the gut corresponded 

to the one in the inoculum rather than the one in our barrier animal facility. Protected 

housing in isolators was no longer needed after inoculation to keep the gut microbiota 

stable, which is in agreement with previous findings showing that the established micro-

biota in the adult gut is less susceptible to change by environmental stimuli (Friswell et 

al., 2010; Palmer et al., 2007). Interestingly, similar inoculation at one week of age did 

not changed the adult microbiota composition, which turned out to be similar to the one 

found in our facility. The striking difference in colonization success between one- and 

three weeks old mice could be explained by changes in gut physiology during this time. 

These changes include increase in gut redox potential, changes in peristalsis and secre-

tions, mucosal immune response (i.e. expression of certain pattern recognition receptors), 

and diet, which all control the colonization pattern of the immature intestine (Mackie et 

al., 1999). The differences in diet between one- and three-weeks old mice are of particular 

interest, because weaning has striking impact on gut microbiota (Lee and Gemmell, 

1972). The lack of colonization success at first week of age could be mediated by modu-

lators of the gut microbiota composition, such as glycans (complex carbohydrates) and 

antimicrobial factors, known to be found in the maternal milk (Newburg and Walker, 

2007). These factors probably inhibited the establishment of the one-time inoculated 

bacteria in the one week old mouse gut, letting the mice to be colonized by environmental 

microbes instead. Furthermore, we found that delayed colonization did not alter the 

microbiota’s ability to colonize, because the ex-GF mice co-housed with SPF mice had 
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the same gut microbiota as the SPF mice raised in the barrier. Thus, the altered gut 

microbiota in the ex-GF mice inoculated at three weeks of age was not just due to a 

delayed colonization, but because of a successful colonization of the inoculation suspen-

sion. 

Next, we analyzed how these different colonization patterns change the immune 

system reactivity. The ex-GF mice inoculated at three weeks of age generated a pro-

inflammatory biased immune system; most likely, directed by their altered gut microbiota 

composition. This has also been observed previously in Taconic SPF mice together with 

high levels of Tregs (Ivanov et al., 2008), but in the present study the high Treg levels 

were also observed in the GF mice, which indicate that this was a consequence of the late 

colonization rather than its modified microbiota. This seems reasonable as the infant gut 

is immature and in a state favoring the development of regulatory mechanisms in re-

sponse to environmental stimuli (Mold et al., 2008; Sudo et al., 1997), which also makes 

the postnatal period an excellent time point to modify commensal-regulating pathways 

generating life-long alterations in the immune system. 

In 1989, Strachan suggested that decreased microbial burden caused by improve-

ment of hygienic standards in developed countries can lead to a higher incidence of 

immune-mediated diseases (Strachan, 1989). It is noteworthy that even though the gut 

microbiota in the co-housed ex-GF mice was not influenced by the early GF period, 

alterations in the systemic immune system still occurred. Higher serum levels of regula-

tory cytokines and higher relative amounts of several mononuclear cell populations were 

detected in spleens of GF and co-housed ex-GF mice compared to SPF raised mice. Even 

though the differences were subtle, they all showed the same pattern in the systemic 

immune populations. This shows that acquisition of microbial components in the gut 

immediately after birth plays an important role in directing future host immune profile far 

beyond the gut, which is also supported by the previous finding of a microbial signaling 

effect on systemic immunity (Clarke et al., 2010). Lack of appropriate microbial stimuli 

in the postnatal period may, thus, permanently alter important immune functions. Interest-

ingly, a decrease in bacterial burden in early life by use of broad spectrum antibiotics also 

significantly decreases the expression of gut microbial sensors, such as Toll-like receptor 

2, 4, and 5 (Dimmitt et al., 2010).  This may explain why infants given antibiotics early in 

life seem to have an increased risk of immune-mediated disease later in life (Marra et al., 

2006). Further studies are needed to elucidate how the pattern of early microbial exposure 

influences the development of inflammatory and autoimmune diseases.  
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In conclusion, there is a time window at about three weeks of age, which enables 

the artificial colonization of GF mice by a single oral dose of caecal content. In constrast, 

colonizing mice by co-housing them following a short GF period does not alter the gut 

microbiota composition. Nevertheless, delayed colonization of either type causes perma-

nent changes in immune system reactivity, which may downgrade the results of 

experiments performed on first generation of colonized animals. More research is needed 

to complete our understanding of how different components in a complex microbial 

community shape future host immune functions during critical windows of intestinal 

maturation. 
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4.1 ABSTRACT 

Commensal bacteria have been shown to modulate the host mucosal immune system. 

Here, we report that oral treatment of BALB/c mice with components from the commen-

sal, Parabacteroides distasonis, significantly reduces the severity of intestinal 

inflammation in murine models of acute and chronic colitis induced by dextran sulphate 

sodium (DSS). The membranous fraction of P. distasonis (mPd) prevented DSS-induced 

increases in several proinflammatory cytokines, increased mPd-specific serum antibodies 

and stabilized the intestinal microbial ecology. The anti-colitic effect of oral mPd was not 

observed in severe combined immunodeficient mice and probably involved induction of 

specific antibody responses and stabilization of the intestinal microbiota. Our results 

suggest that specific bacterial components derived from the commensal bacterium, P. 

distasonis, may be useful in the development of new therapeutic strategies for chronic 

inflammatory disorders such as inflammatory bowel disease. 

 

4.2 INTRODUCTION  

The current hypothesis for the pathogenesis of Crohn’s disease and ulcerative colitis, the 

two main forms of inflammatory bowel disease (IBD), involves an aberrant host 

immune response to luminal antigens. Although the precise cause of IBD remains un-

clear, the pathogenic mechanisms are multi-factorial and additional factors such as 

increased virulence of commensal bacterial species, disruption of the intestinal mucosal 

barrier and genetic susceptibility have been proposed (Sartor, 2008). 

Three lines of evidence suggest a crucial role of the intestinal microbiota in IBD patho-

genesis. First, lesions in IBD predominate in areas of highest bacterial exposure (Seksik 

et al., 2006). Secondly, manipulation of luminal content using selective antibiotics, or 

fecal stream diversion, improves inflammation in IBD patients (Rutgeerts et al., 1991; 

Prantera and Scribano, 2009). Thirdly, in some models of IBD intestinal inflammation is 

attenuated, or fails to develop, if the animals are maintained under germ-free conditions  

(Sadlack et al., 1993; Taurog et al., 1994; Rath et al., 1996; Hudcovic et al., 2001; 

Stepankova et al., 2007). It remains to be determined whether IBD can be triggered by the 

presence of a disbalanced microbiota composition with enhanced proinflammatory 

capacity. Interestingly, the intestinal microbiota is altered (dysbiosis) in a proportion of 

patients with IBD, and fecal samples from patients with Crohn’s disease exhibit greater 
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temporal instability (Seksik et al., 2003) and decreased number of commensal bacteria 

with reduction in the Firmicutes phylum (Scanlan et al., 2006). 

The current treatment of IBD targets the effector phase of the intestinal inflammatory 

response. In a proportion of patients, however, the disease is refractory to conventional 

medical treatment, or the effectiveness of the treatment is limited by serious side effects 

(Van Assche et al., 2006). Probiotics are commensal bacteria with proven health benefi-

cial effects. Thus, several probiotic candidates have been evaluated as an alternate and 

safe treatment option for IBD (Mahida and Rolfe, 2004). Some randomized, 

placebo-controlled studies, using Escherichia coli Nissle 1917 and a combination of eight 

probiotic strains, have demonstrated a beneficial effect in IBD (Kruis et al., 2004; 

Mimura et al., 2004; Bibiloni et al., 2005). However, others have failed to demonstrate 

significant therapeutic benefit and therefore the overall efficacy of probiotics in active 

chronic inflammatory conditions of the gut remains a matter of controversy (Seksik et al., 

2008). More importantly, mechanistic insight linked to a specific potential probiotic strain 

has been difficult to establish. Growing evidence indicates that experimental colitis can 

be mitigated not only with oral administration of live probiotic bacteria, but with bacterial 

components and by-products of bacteria as well (Obermeier et al., 2003; Rachmilewitz et 

al., 2004; Kokesova et al., 2006). Our previous results suggest that orally administered 

lysates from anaerobic microbiota decrease the severity of experimental colitis (Verdu et 

al., 2000). The aim of this study was to test the effect of oral administration of compo-

nents of a specific anaerobic strain on experimental colitis, and determine the underlying 

mechanisms.  

 

4.3 MATERIALS AND METHODS 

4.3.1 Mice  

Female BALB/c mice (6–8 weeks old) or female severe combined immunodeficient 

(SCID) mice BALB/cJHanHsd-SCID were obtained from a breeding colony at the 

Institute of Physiology (Academy of Sciences of the Czech Republic, Prague, Czech 

Republic) or at the Institute of Microbiology (Academy of Sciences of the Czech Repub-

lic, Novy Hradek, Czech Republic), respectively. Flow cytometry was used to 



 

   66 

exclude SCID mice that had detectable T cells. Mice were reared under conventional 

conditions at the Institute of Microbiology. The studies were approved by the Animal 

Care and Use Committee of the Institute of Microbiology.  

 

4.3.2 Identification of candidate anaerobic bacteria and 
preparation of bacterial components 

Anaerobic bacteria from mouse intestinal microbiota were grown at 37°C in liquid 

medium (see Supplementary materials and methods), separated into monocultures, lysed 

in a French press and tested for anti-inflammatory activity in an acute colitis model. To 

identify single candidate anaerobic strains for subsequent experiments, groups of mice (n 

= 5–10/group) were orally treated with isolates of anaerobic bacteria lysates (Parabacter-

oides distasonis, Bacteroides thetaiotamicron, Veillonella alcalescens, B. ovatus, B. 

vulgatus and B. stercoris; see supplementary data). Their individual 

effect on the prevention of acute dextran sulphate sodium (DSS) colitis was evaluated 

(see Supplementary Tables S7.4 and S7.5). Because only the crude lysate of P. distasonis 

significantly improved clinical parameters of acute DSS colitis, all 

subsequent experiments in the study were performed using this isolate and its compo-

nents.After cell disruption with the French press, the lysate was separated by 

centrifugation into two fractions, membranous (insoluble) and cytoplasmic 

(soluble). Lipopolysaccharides (LPS) and DNA from P. distasonis were isolated as 

described previously (Westphal et al., 1952; Ali et al., 2005).  

4.3.3 Evaluation of anti-inflammatory effects of mPd on 
macrophages in vitro    

Because macrophages have been proposed to play a role in acute intestinal inflammation 

(Okayasu et al., 1990; Murano et al., 2000), we tested the antiinflammatory effect of 

bacterial components on the LPS-activated macrophage cell line, RAW 264·7.We cul-

tured the cells in the presence of LPS and different concentrations of P. distasonis lysate 

or its components (see Supplementary materials and methods) and measured tumour 

necrosis factor (TNF)-α in supernatants by enzyme-linked immunosorbent assay 

(ELISA). 
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4.3.4 Induction and evaluation of acute and chronic colitis 

Acute colitis was induced by 3% (wt/vol) DSS (mol wt = 36–50 kDa; MP Biomedicals, 

Irvine, CA, USA) dissolved in drinking water for 7 days ad libitum. For chronic colitis, 

mice received four cycles of DSS as described previously (Okayasu et al., 1990). Each 

cycle consisted of 3% DSS in drinking water for 7 days, followed by a 7-day interval with 

normal drinking water. Colitis was evaluated on the last day of the experiment using 

a disease activity index (DAI) described by Cooper et al. (Cooper et al., 1993), a histo-

logical scoring system (see Supplementary materials and methods), and by measuring 

colon length. The level of acute-phase protein haptoglobin was determined in 

mouse serum using the modified human haptoglobin ELISA quantitation kit (GenWay 

Biotech, Inc., San Diego, CA, USA) (see Supplementary materials and methods). Water 

consumption was measured during DSS administration. 

 

4.3.5 Overall study design  

To test whether bacterial components of P. distasonis prevent acute DSS colitis, we 

administered 1.5 mg of whole lysate, LPS, membranous or cytoplasmic fraction or 200 µg 

of DNA in 50 µl of sterile phosphate-buffered saline (PBS) to mice by gavage. To reduce 

proteolytic activity in the gut, the components were co-administered with 1 mg of soy-

bean trypsin inhibitor (Sigma-Aldrich, St Louis, MO, USA) dissolved in 50 µl of 0.15 m 

sodium bicarbonate buffer (pH 8.0). Control mice were given sterile PBS with soybean 

trypsin inhibitor in bicarbonate buffer. We repeated the administration every 7 

days for a total of four doses (on days 0, 7, 14 and 21). Seven days after the last dose we 

induced acute DSS colitis, as explained above. 

To determine whether a gut-dependent pathway is necessary for bacterial compo-

nents to modulate acute colitis, additional mice were treated by four intraperitoneal (i.p.) 

or subcutaneous (s.c.) injections with mPd before acute colitis induction [5 mg of mPd or 

PBS, together with incomplete Freund’s adjuvant (Difco Laboratories, Detroit, MI, 

USA)]. The dose of mPd was chosen based on preliminary experiments 

that determined an optimal antibody response when doses of 2.5 to 1500 µg were used. 

To investigate mechanisms underlying the anti-colitic effect of mPd, serum trans-

fer experiments from orally treated mice to untreated mice were performed. Specifically, 
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200 µl of the serum from either PBS or mPd-treated mice were transferred intravenously 

to untreated mice before acute DSS colitis induction. 

To test the possible effect of mPd administration on established and chronic colitis, we 

administered 21 doses (as described above) of mPd by daily gavage once chronic DSS 

colitis had been induced, starting after the third cycle of DSS.  

 

4.3.6 Assessment of P. distasonis antibodies by ELISA 

We used indirect ELISA assay, optimized in our laboratory, to compare serum antibody 

[immunoglobulin (Ig)G, IgM and IgA] titres against P. distasonis lysate between PBS and 

mPd-treated groups (see Supplementary materials and methods).  

 

4.3.7 Gut tissue culture and measurement of cytokines 

Five sections of the intestine were obtained (Peyer’s patches, jejunum, ileum, caecum and 

colon), and cultivated for 48 h in complete RPMI-1640 media (see Supplementary 

materials and methods). The supernatants were collected and frozen at -20°C until 

analysis for cytokine production. To evaluate changes in cytokine levels induced by DSS 

treatment and mPd therapy in the colon, we used the RayBioTM Mouse Cytokine Array II 

(Raybiotech, Inc., Norcross, GA, USA) capable of detecting 32 cytokines, chemokines 

and growth factors (see Supplementary materials and methods; Table S7.2). We also used 

commercial ELISA kits to measure the concentrations of selected cytokines [interleukin 

(IL)-10, TNF-α, transforming growth factor (TGF)-β, IL-6 and interferon (IFN)-γ] (see 

Supplementary materials and methods). 

 

4.3.8 Flow cytometry 

Single-cell suspensions of spleens, mesenteric lymph nodes and Peyer’s patches were 

prepared and stained for regulatory T cells using forkhead box P3 (FoxP3) staining buffer 

set (eBioscience, San Diego, CA, USA) with these fluorochrome-labelled anti-mouse 

monoclonal antibodies (mAbs): CD4-Qdot® 605 (Invitrogen, Carlsbad, CA, USA; clone 

RM4-5), CD25-allophycocyanin (eBioscience; clone PC61·5) and FoxP3-phycoerythrin 

(eBioscience; clone FJK-16 s) according to the manufacturer’s recommendations. Flow 
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cytometric analysis was performed on LSRII (BD Biosciences, San Jose, CA, USA), and 

data were analysed using FlowJo software (Tree Star Inc., Ashland, OR, USA).  

 

4.3.9 Evaluation of intestinal microbiota   

We collected stool samples from five mice chosen randomly from PBS and mPd-treated 

groups on days 0, 28 (just before DSS administration) and 35 (the last day), and analysed 

the samples by polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-

DGGE), as described (see Supplementary materials and methods). We used quantitative 

PCR to determine the content of all Eubacteria, Bacteroides-Prevotella group and P. 

distasonis in mouse faeces (see Supplementary materials and methods). 

 

4.3.10 Statistical analysis 

The distributions of variables were tested for normality using the D’Agostino-Pearson 

omnibus normality test. Differences in colon length,DAI, histological score, haptoglobin 

levels and TNF-α production of multiple groups were compared to the control group 

(PBS/DSS) by one-way analysis of variance with Dunnett’s multiple comparison test. 

Differences in specific antibody levels, bacteria numbers, DGGE profiles, cytokine 

production and Treg numbers between the two groups were evaluated using an unpaired 

two-tailed Student’s t-test. Serum levels of P. distasonis-specific antibodies were com-

pared to the amount of P. distasonis in the stool samples using the Pearson correlation 

coefficient (r). The values are expressed as means ± standard deviation (s.d.) 

and differences were considered statistically significant at P ≤ 0.05. GraphPad Prism 

statistical software (version 5·0; GraphPad Software, Inc., La Jolla, CA, USA) was used 

for analyses.  

 

4.4 RESULTS 

4.4.1 Anti-inflammatory properties of Parabacteroides 
distasonis in vivo and in vitro  

From the anaerobic lysates tested, only the crude lysate obtained from Parabacteroides 

distasonis, and especially its membranous fraction (mPd), was able to decrease disease 
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severity significantly after induction of acute DSS colitis (Table 4.1 and Supplementary 

Table S4.4). 

 

Table 4.1 Evaluation of acute dextran sulphate sodium (DSS)-induced colitis in 
BALB/c and SCID mice orally treated with Parabacteroides distasonis components. 

Data are representative of one experiment. Similar results were obtained from three independent experi-
ments. Values are expressed as means ± standard deviation from six to 10 mice per group. One-way analysis 
of variance with Dunnett’s multiple comparison test (in BALB/c mice) or unpaired Student’s t-test [severe 
combined immunodeficient (SCID) mice] were used to evaluate differences between experimental groups 

and phosphate-buffered saline (PBS)-treated controls. cPd: cytoplasmic fraction of P. distasonis lysate; 
mPd: membranous fraction of P. distasonis; LPS: lipopolysaccharide (*P < 0.05; **P < 0.01). 

 

To test whether the anti-colitic activity observed with P. distasonis lysate (Pd) and mPd 

involved innate immune cells, we treated LPS-activated RAW264·7 macrophage cells 

with Pd or mPd in vitro. In concentrations above 10 ng/l, Pd and mPd decreased the 

production of TNF-α, suggesting that they can both directly decrease the inflammatory 

activity of RAW264.7 macrophages (Supplementary Fig. S7.5). Neither cytoplasmic 

fraction of P. distasonis lysate (cPd) nor DNA decreased TNF-α production in vitro (data 

not shown). 

 

4.4.2 Components of P. distasonis attenuate DSS colitis in 
BALB/c mice  

Both oral mPd and DNA isolated from P. distasonis were effective in preventing acute 

DSS colitis in BALB/c mice, improving clinical, serological and morphological markers 

Mouse 
strain 

Experimental 
group 

Colon length 
(cm) 

Disease activity 
index 

Histological 
grade 

Serum hap-
toglobin (g/l) 

PBS (control) 5.97±0.46 3.13±0.74 2.05±0.58 1.49±0.64 

mPd 6.77±0.40** 1.77±0.97** 1.36±0.51* 0.38±0.35* 

cPd 5.96±0.42 3.47±0.53 2.14±0.69 0.84±0.80 

DNA 7.32±0.44** 1.57±0.61** 1.01±0.36** 0.05±0.06** 

LPS 6.70±0.36** 2.07±1.30* 1.68±0.43 0.36±0.08** 

mPd without DSS 8.97±0.40** 0.00±0.00** 0.15±0.13** 0.00±0.01** 

BALB/c 

PBS without DSS 9.26±0.41** 0.00±0.00** 0.10±0.20** 0.02±0.01** 

PBS (control) 6.20±0.55 4.00±0.00 2.69±0.49 Not done SCID 

mPd 6.13±0.63 3.89±0.17 2.58±0.46 Not done  
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of colitis (Table 4.1). This effect was seen only with oral administration and was not 

observed with intraperitoneal or subcutaneous administration of mPd (see Supplementary 

information; Table S4.6). In contrast to mPd and DNA treatments, oral administration of 

cPd did not have a protective effect (Table 4.1). Orally administered mPd did not prevent 

colitis in SCID mice (Table 4.1), suggesting that mechanisms of adaptive immunity are 

necessary for this effect. 

 Therapeutic administration of mPd improved colonic length and the severity of 

clinical scores, but did not affect histological scores (Table 4.2).  

 

Table 4.2 Evaluation of chronic dextran sulphate sodium (DSS)-induced colitis in 
BALB/c mice orally treated with Parabacteroides distasonis components. 

Data are representative of one experiment. Similar results were obtained from two independent experi-
ments. Values are expressed as means ± standard deviation (10 mice per group). One-way analysis of 

variance with Dunnett’s multiple comparison test was used to evaluate differences between experimental 
groups and phosphate-buffered saline (PBS)-treated controls (*P < 0.05; **P < 0.01). mPd: membranous 

fraction of P. distasonis; cPd: cytoplasmic fraction of P. distasonis lysate; LPS: lipopolysaccharide. 

 

4.4.3 Effect of oral mPd on specific antibodies in serum  

Serum titres of anti-P. distasonis antibodies were significantly higher (P < 0.001) in mice 

treated orally with mPd compared to PBS-treated mice (IgA: 0.19 ± 0.07 versus 0.05 ± 

0.02; IgM: 0.56 ± 0.19 versus 0.15 ± 0.05 and IgG: 0.46 ± 0.17 versus 0.02 ± 0.02; n = 

10). Furthermore, serum antibody titres correlated strongly with the amount of P. 

distasonis in faeces on day 28 (r = 0.99 for IgA, r = 0.92 for IgG and r = 0.90 for IgM; P 

< 0.01). The concentration of the specific co-proantibodies was below the detection level 

in all groups. 

To investigate the potential protective role of specific antibodies in serum we per-

formed serum transfer experiments. Indeed, serum transfer from mice orally treated with 

mPd to naive mice decreased the severity of DSS colitis (Table 4.3). 

Experimental 
group Colon length (cm)  

Disease activity 
index Histological grade 

Serum haptoglo-
bin (g/l)  

PBS 6.25±0.37 3.08±0.39 1.56±0.35 0.91±0.60 

mPd 6.79±0.51* 2.25±0.56* 1.59±0.28 0.20±0.15** 

cPd 6.46±0.40 3.08±0.39 1.63±0.31 0.09±0.05** 

LPS 6.96±0.34* 2.82±0.65 1.51±0.37 0.06±0.02** 

PBS without DSS 9.22±0.83** 0.73±0.26** 0.14±0.14** 0.01±0.01** 

mPd without DSS 8.89±0.60** 0.45±0.40** 0.32±0.20** 0.01±0.01** 
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Table 4.3 Evaluation of acute dextran sulphate sodium (DSS)-induced colitis in 
conventional BALB/c mice, after transfer of serum from mice treated orally with 
membranous fraction of Parabacteroides distasonis (mPd) or phosphate-buffered 

saline (PBS). 

Experimental group Colon length (cm) Disease activity index 
Histological 
grade 

Serum from PBS treated 6.10±0.58 2.67±1.08 1.45±0.36 

Serum from mPd treated 7.82±0.15** 0.40±0.37** 0.35±0.06* 

Data are representative of one experiment. Similar results were obtained from three independent experi-
ments. Values are expressed as means ± standard deviations (five mice per group). An unpaired Student’s t-

test was used to calculate the significance of differences between the mPd-treated group and the PBS-
treated group (*P < 0.05; **P < 0.01). 

 

4.4.4 The production of cytokines in gut tissues  

To determine the effect of mPd therapy on cytokine production, colonic cytokine profiles 

from PBS-treated healthy mice, DSS/PBS-treated mice and DSS/mPd-treated mice were 

compared using cytokine antibody array (Fig. 4.1). Treatment with mPd prevented DSS-

induced increases in several proinflammatory cytokines, including IFN-γ, IL-12, IL-17 

and IL-6. Similarly, an overall decrease in both proinflammatory and anti-inflammatory 

cytokines was detected in Peyer’s patches (IL-6, TGF-β and IFN-γ), caecum (IL-10, 

TNF-α, TGF-β and IFN-γ) and colon (IL-10, TNF-α, IL-6, TGF-β and IFN-γ) of 

DSS/mPd-treated mice compared to the DSS/PBS group (Fig. 4.2), as measured by 

ELISA. No significant differences in cytokine production were found in the ileum, 

jejunum mucosa (data not shown) or spleen cells (data not shown). mPd treatment did not 

change the production of cytokines in SCID mice except for an increase in IL-10 pro-

duction in the colon (see Supplementary information; Fig. S4.6). 
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Figure 4.1 Pretreatment with membranous fraction of Parabacteroides distasonis 
(mPd) decreases the dextran sulphate sodium (DSS)-related increase in cytokine 

production in colon tissue as measured by cytokine antibody array.  

 

Values represent the percentage of the intensity of positive control. Granulocyte colony-stimulating factor 
(G-CSF), interleukin (IL)-1–12p40p70, macrophage inflammatory protein-1 (MIP), stem cell factor 

(SCF), growth-regulated alpha protein precursor (KC), tissue inhibitor of metalloproteinases-1 (TIMP), 
tumour necrosis factor- (TNF), thrombopoietin (TPO) and vascular endothelial growth factor (VEGF). 

Data are means (bars) and standard deviation (whisker) of three samples [*P < 0·05 versus DSS/phosphate-
buffered saline (PBS)] 
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Figure 4.2 Pretreatment with membranous fraction of Parabacteroides distasonis 
(mPd) decreases cytokine production (pg/mg of tissue) in different parts of the gut in 

orally treated BALB/c mice as measured by enzyme-linked immunosorbent assay 
(ELISA). 

 

*P 0·05 between mPd and phosphate-buffered saline (PBS) (a) or dextran sulphate sodium (DSS)/mPd 
and DSS/PBS (b)-treated mice. (B.D.) Values below the detection limit; n = 5 mice per group. 

 

4.4.5 Effect of oral mPd on Tregs  

We measured the number of Tregs (CD4+CD25+FoxP3+ cells) in the spleen, mesenteric 

lymph nodes and Peyer’s patches of control and mPd-treated mice. We found that after 

DSS treatment, mice treated with mPd had significantly more CD4+CD25+FoxP3+ cells in 

their mesenteric lymph nodes (mean ± s.d.; 3.40 ± 0.50 versus 4.81 ± 0.30; P = 0.014) 

than PBS-treated (control) mice (Supplementary information; Fig. S4.3). There were no 

differences between mPd-treated and control groups in Tregs numbers in spleen or 

Peyer’s patches (data not shown). 

 

4.4.6 Oral treatment with mPd does not affect the P. distasonis 
or Bacteroides/Prevotela group stool content but stabilizes 
the gut microbial ecology 

Before colitis induction, the microbiota composition in PBS and mPd-treated groups was 

similar. In both groups Lactobacillus sp. and Bacteroides acidofaciens were present, as 
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assessed by PCR-DGGE (Fig. 4.3a). In contrast, marked changes in microbiota composi-

tion were observed during DSS administration in the PBS-treated control group, as 

demonstrated in Fig. 4.3b. 

Quantitative PCR on the Bacteroides/Prevotela group and P. distasonis showed a 

statistically significant increase of these bacteria during DSS treatment from 0.84 ± 

0.39% to 9.58 ± 6.12% (P < 0.05) and from 0.01 ± 0.01% to 0.13 ±_0.11% (P < 0.05) of 

total Eubacteria, respectively. However, no statistically significant differences in bacteria 

numbers were found between the mPd-treated and control groups on the same day of the 

experiment (Fig. 4.3c). 

 

Figure 4.3 Oral treatment with membranous fraction of Parabacteroides distasonis 
(mPd) stabilize the intestinal microbiota without changing the P. distasonis or 

Bacteroides/Prevotela group stool content  

 

(a) Changes in fecal bacterial 
populations of dextran sulphate 
sodium/phosphate-buffered saline 
(DSS/PBS) and DSS/mPd-treated 
mice were measured by 16S 
rRNA gene polymerase chain 
reaction- denaturing gradient gel 
electrophoresis (PCR-DGGE) 
before the treatment day 0 (before 
colitis induction), day 28 and at 
the end of the experiment (day 
35). (b) Comparison of changes in 
DGGE profiles between PBS and 
mPd-treated mice at different 
time-points. (c) Representative 
quantitative changes in the 
Bacteroides/Prevotela group or P. 
distasonis in stool were measured 
by quantitative PCR. Data are 
expressed as a percentage of total 
Eubacteria [bar (mean); whisker 
(standard deviation)]. Samples 
from the same mouse at different 
time-points were arranged 
together. The bands marked with 
arrows were identified as B. 
acidofaciens, 100% (i), uncultured 
bacterium related to Clostridium 
(ii), Lactobacillus johnsonii, 98% 
and L. gasseri, 98% (iii), H. 
muridarum, 95% (iv) and 
Lactobacillus sp. 97% (v) by 16S 
rRNA sequence analysis. 
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4.5 DISCUSSION  

Manipulation of the intestinal microbiota by oral administration of probiotic bacteria or 

selective antibiotics has emerged as a potentially useful therapeutic strategy for 

human IBD (Kruis et al., 2004; Mimura et al., 2004; Bibiloni et al., 2005; Prantera and 

Scribano, 2009). However, the clinical utility of such an approach remains controversial, 

as the link between specific mechanisms of action and therapeutic effects of specific 

strains or bacterial components has been difficult to establish. We have shown previously 

that oral administration of crude lysates from anaerobic bacteria attenuates the severity 

of experimental colitis (Verdu et al., 2000). In this study we identified a specific anaero-

bic lysate of P. distasonis and its cellular components with anti-inflammatory capacity. 

We investigated the possible mechanisms of action using in vitro techniques 

and in vivo acute and chronic DSS colitis. 

 The intestinal microbiota is a complex ecosystem which consists of high levels of 

obligate anaerobes (making upmore than 90% of the microbiota). This system is in 

constant interaction with the host’s immune system. Commensal bacteria play an essential 

role in mucosal immune system development, and dysregulated immune responses to 

opportunistic commensals have been suggested to play a role in intestinal inflammation 

(Hudcovic et al., 2001; Tlaskalova-Hogenova et al., 2004; Monteleone et al., 2006; 

Williams et al., 2006; Sartor, 2008). Moreover, it has been proposed that microbiota 

composition can be regulated by the host’s immune system (Williams et al., 2006; 

Petnicki-Ocwieja et al., 2009; Salzman et al., 2010).  

 We found that oral administration of the membranous fraction of P. distasonis 

(mPd) and its DNA were effective in suppressing acute DSS colitis. mPd also attenuated 

chronic colitis; however, the effect was less marked. The results are consistent with 

previous observations that prevention of inflammatory bowel disease is achieved more 

easily than treatment of ongoing inflammation (Obermeier et al., 2003). Several mecha-

nisms may underlie the protective effect of oral mPd in colitis. We investigated whether 

oral mPd (a) changes local gut cytokine production, resulting in a nonspecific 

anti-inflammatory milieu (b) stimulates adaptive immune mechanisms (vaccination 

effect) and/or (c) stabilizes intestinal microbiota composition, thereby rendering 

the mice less susceptible to DSS colitis. Acute DSS colitis is believed to be driven 

initially by innate immunity mechanisms and, in particular, the role of macrophages has 

been suggested (Okayasu et al., 1990; Dieleman et al., 1994; Murano et al., 2000; 
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Hudcovic et al., 2001). We tested the ability of Pd and mPd to decrease the TNF-α 

production by LPS-activated macrophages in vitro. We found that at concentrations above 

10 ng/l both Pd and mPd decreased TNF-α production by macrophages, suggesting a 

possible direct effect of Pd and mPd on innate cell immunity. This mechanism may 

contribute to the attenuation of acute DSS injury observed in vivo by Pd and mPd. Be-

cause probiotics and their isolated DNA have been shown to attenuate the DSS colitis via 

Toll-like receptor (TLR)-dependent pathways (Rachmilewitz et al., 2004; Grabig et al., 

2006), the involvement of pattern recognition receptors in the initiation of the protective 

effect by mPd and DNA cannot be ruled out 

 Our results show that oral mPd decreases the production of many proinflamma-

tory cytokines, including TNF-α, but also of anti-inflammatory cytokines in the colon of 

treated mice. The changes were observed in Peyer’s patches, caecum and colon of mPd-

treated mice compared to control mice, suggesting local mucosal effects of mPd through-

out the intestine. This immunomodulatory activity of mPd may interfere with both 

leucocyte accumulation in intestinal mucosa and with barrier function failure, and con-

tribute to decrease inflammation (Atreya et al., 2000; Wang et al., 2005). Our results are 

consistent with previous work that reported a decrease in proinflammatory, as well as 

anti-inflammatory, cytokine production in mice treated with DSS and live probiotic E. 

coli Nissle 1917 (Grabig et al., 2006).  

 It is known that some components of the indigenous microbiota have immuno-

modulatory properties and affect cytokine production (Rachmilewitz et al., 2004; Okada 

et al., 2006; Hrncir et al., 2008; Sokol et al., 2008). Mazmanian et al. have shown that 

changes in local cytokine production caused by the common commensal bacterium B. 

fragilis and its polysaccharide A protected mice from experimental colitis (Mazmanian et 

al., 2008). Unfortunately, changes in microbiota composition or a polysaccharide A-

specific immune response were not investigated in that study. Anti-TNF-α-based thera-

pies have been shown to be effective in flare-ups of chronic inflammatory 

disorders, including IBD and rheumatoid arthritis (Papadakis and Targan, 2000; Siddiqui 

and Scott, 2005).  

 The presence of serum antibodies directed against commensals in IBD patients 

suggests that some patients may exhibit systemic priming against microbiota (Adams et 

al., 2008). The pathophysiological significance of this priming remains unclear, but may 

suggest a role of adaptive immune mechanisms in the luminal containment of microbiota 
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components in patients with mucosal damage. Indeed, a recent study has proposed that 

systemic immune responses may compensate for innate immune deficiency and constitute 

a novel homeostatic mechanism in host–microbiota mutualism (Slack et al., 2009). 

Antibodies could occur as a consequence of increased penetration of microbiota compo-

nents through impaired mucus and epithelial layers. These antibodies may play not only a 

diagnostic (Adams et al., 2008), but also a protective role against microbes that could 

perpetuate intestinal inflammation. Moreover, if bacterial epitopes are shared among 

several bacterial species (molecular mimicry), generation of antibodies against 

common commensals could constitute potential therapeutic targets in IBD. After oral 

administration of mPd, we found increased levels of P. distasonis-specific antibodies in 

sera compared to controls, suggesting the possibility that specific immune responses to P. 

distasonis are protective against experimental colitis. The identification of the specific 

antibody fraction responsible for this effect is being examined currently in our laborato-

ries. Although both oral and parenteral forms of administration of mPd increased the 

levels of specific serum antibodies, only oral administration had an effect on colitis 

prevention. This suggests that the gut microenvironment during antigen priming is 

essential for colitis prevention, but once established it can be transferred with serum. To 

investigate further the role of adaptive immunity in the anti-colitic effect of mPd, we 

studied immunodeficient mice lacking T and B lymphocytes. Although the severity of 

DSS-induced acute inflammation in SCID mice was similar to that in immunocompetent 

mice (Dieleman et al., 1994; Hudcovic et al., 2001), colitis was not prevented in SCID 

mice with oral mPd. One limitation of the comparison between BALB/c and SCID mice 

relates to differences in gut microbiota composition and/or innate immune cell activity 

between strains (Keilbaugh et al., 2005). The innate and adaptive immune systems work 

in synergy to mount appropriate immune responses to the commensal microbiota and 

maintain homeostasis (Slack et al., 2009). As suggested by our in vitro experiments, we 

cannot rule out the involvement of innate immune mechanisms in the initiation of mPd-

induced protection. However, the in vivo experiments show clearly that the adaptive 

immune response is required for mPd-induced protection.  

 Our results also suggest a role for Tregs in this mPd-induced protection. We show 

that there is an increase in both CD4+FoxP3+ and CD4+FoxP3– T cells in MLN of  mPd-

treated mice. The increase in CD4+FoxP3+ cells is, however, proportionally higher, 

therefore the increase in absolute numbers of Tregs cannot be explained solely by the 

increase in CD4+ cells. The significance of this finding requires confirmation in future 
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experiments. Previous work has proposed that the presence of microbiota and bacterial 

components in the gut can influence Treg activity (Singh et al., 2001; Hrncir et al., 2008). 

Thus, future studies will address the relative importance of induction of protective 

immunity (vaccination) and of tolerance induction in the prevention and treatment of 

acute and chronic colitis by mPd. 

 In accordance with previous work (Okayasu et al., 1990), we found that DSS 

colitis alters the intestinal ecosystem with an increase in P. distasonis. Interestingly, we 

found that oral treatment with mPd prevents the microbiota changes caused by DSS. The 

mechanism by which mPd stabilizes the microbiota composition during DSS is not clear, 

but could be secondary to improvement in inflammation. Alternatively, mPd may directly 

affect other bacteria, by a direct antimicrobial effect, or indirectly, by improving epithelial 

barrier function or regulation of the mucosal immune system. The latter has been demon-

strated previously for probiotic candidates P. freudenreichii and F. prausnitzii (Okada et 

al., 2006; Sokol et al., 2008). 

In conclusion, oral administration of P. distasonis components (mPd) protects from 

experimentally induced intestinal inflammation through several innate and adaptive 

immunomodulatory mechanisms. Oral mPd promotes an increase in the level of mPd-

specific antibodies and in the numbers of Tregs. In addition, oral mPd inhibits TNF-α 

production by macrophages in vitro and stabilizes the intestinal microbiota. These results 

highlight the importance of individualizing and characterizing the potential capacity of 

commensal bacteria as immunomodulatory agents. Moreover, oral administration of 

sterile bacterial components, in contrast to live bacteria, may be safer in severely ill or 

immunocompromised patients. 

 Our results support the hypothesis that oral supplements consisting of components 

from specific commensals may lead to the development of new therapeutic approaches 

for chronic intestinal inflammation.  
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4.9 SUPPLEMENTARY MATERIALS AND METHODS 

4.9.1 Preparation of bacterial lysates and bacterial components 

Cultures were grown on Wilkins-Chalgren Anaerobe Agar (Oxoid, Basingstoke, UK) and 

enriched with defibrinated blood. After 24 hours (h) of incubation in an anaerobic 

atmosphere (Oxoid), a small portion of agar was cut out and placed into Brain Heart 

Infusion Broth (Oxoid) for 48 h at 37°C in an anaerobic atmosphere. The cells were 

harvested by centrifugation (4000 x g, 30 min) and washed twice with sterile PBS to 

minimise contamination of the sample with the culture media.  

After disruption of the bacteria with the French press, part of the lysate was 

separated by centrifugation (8500 x g, 30 min) into two fractions, membranous (insoluble; 

mPd) and cytoplasmic (soluble; cBd). The lysate and its fractions were lyophilised and 

diluted to a working concentration of 15 g/l. Lipopolysaccharide of the P. distasonis was 

isolated by phenol-water extraction according to the procedure described by Westphal et 

al (Westphal et al., 1952). DNA from P. distasonis was isolated using a shortened version 

of the cetyltrimethylammonium bromide (CTAB) DNA isolation method described 

previously (Ali et al., 2005). Sterility of all components was verified by both aerobic and 

anaerobic cultivation before administration. 

 

4.9.2 Evaluation of colitis 

Colitis was evaluated on the last day of the experiment using a clinical activity score, 

histological score and colon length measurement. The clinical activity score represents 

the sum of separate scores ranging from 0 to 4 and was calculated using the following 

parameters: body weight decrease (none 0 points, weight loss of 1 to 5% as 1 point, 5 to 

10% as 2 points, 10 to 20% as 3 points, and 20% as 4 points), stool consistency (solid 0 

points, loose stool that did not stick to the anus 2 points, and 4 points for liquid stools that 

did stick to the anus), and bleeding (none 0, positive guaiacum reaction 2 points, and 4 

points for gross bleeding). These scores were added and divided by 3, forming a total 

clinical score that ranged from 0.0 (healthy) to 4.0 (maximal activity of colitis), as 

described previously by Cooper et al (Cooper et al., 1993).  

 Postmortem, the entire colon was removed (from caecum to anus) and placed 

without tension on a ruler and colon length measured. Colon descendens were fixed in 

4% buffered formalin and embedded in paraffin for histological evaluation. Sections were 
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stained with hematoxylin/eosin. Four transversal sections, separated with 100 µm gaps, 

were evaluated from each sample. Histological scoring was performed for each section in 

a blinded fashion by 2 expert pathologists (K. K. and P. R.) and a score combining the 

degree of leukocyte infiltration in lamina propria and submucosa and the extent of 

mucosal defect (Table S7.1 and Fig. S7.1) was obtained. The final score represents the 

mean of four sections ranging from 0 (no signs of colitis) to 3 (severe colitis). Evaluation 

of acute DSS-induced colitis in parenterally (s.c. subcutaneous, i.p. intraperitoneal) 

treated BALB/c mice is sumarised in table S7.6. 

 

Figure S4.1 Histological examples of different grades of mucosal damage in DSS 
treated mice (H&E stained colon descendens; magnification, ×40). See table S7.1 for 

detailed description. 
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Table S4.1. Detailed description of individual histological grades. 

 

4.9.3 Determination of serum and faecal antibodies  

Faecal pellets were collected and processed as previously described (deVos and Dick, 

1991). We then used indirect ELISA, optimised in our laboratory, to compare serum or 

fecal antibody (IgG, IgM and IgA) titres against P. distasonis lysate between PBS and 

mPd-treated groups. 

Briefly, 96-well ELISA plates (Nunc, Roskilde, Denmark) coated overnight with 

mPd (100 µl/well at 10 mg/l in PBS) and blocked with 1% bovine serum albumin (BSA; 

Sigma-Aldrich, St. Louis, MO, USA) in PBS were incubated for 2 h with serum samples 

diluted 1:50 (1% BSA was used as a blank, normal mouse serum as a negative control 

and a pool of the hyper-immune mouse sera as a positive control). After washing (three 

times with PBS containing 0.05% Tween 20 (Sigma-Aldrich)), secondary antibodies (50 

µl/well) were added and incubated for 1 h at room temperature. We used horseradish 

peroxidase (HRP)-labelled anti-mouse IgG (The Binding Site Ltd, Birmingham, UK) 

diluted 1:2000 in 1% BSA, HRP-labelled anti-mouse IgM (The Binding Site Ltd) diluted 

1:500 in 1% BSA, or biotinylated anti-mouse IgA (Sigma-Aldrich) diluted to a 

concentration of 1:2000 in 1% BSA and 5% fetal bovine serum (BioClot GmbH, 

Aidenbach, Germany). After a washing step, we added 50 µl/well of streptavidin-HRP 

(R&D Systems Inc., Minneapolis, MN) diluted 1:200 in 1% BSA into the IgA plate. The 

Grade Description 

0  normal mucosa Thin colon wall without oedema or infiltration, crypt without defects with well-
preserved mucus production. 

0.5  borderline Discrete focal infiltration by the crypt basis without any defect in mucosa. Also 
encountered in some control animals. 

1.0  mild Extension of cellular infiltrate to the superficial layer of lamina propria and to 
submucosa. Mild oedema of lamina propria and flattening of crypts without 
defects of epithelium. 

1.5 medium Confluence of inflammatory cells and oedema in lamina propria and patchy 
infiltrate in submucosa. The mucosa is markedly flat with discrete errosion(s) 
or ulcers covering less than 10% of colon diameter.  

2.0 medium to severe Same as above, but the ulcers extend to 10%-50% of diameter, mostly with the 
purulent exudate in the lumen. Crypts are regressed and the mucus production 
is suppressed. 

2.5 very severe Same as above, but the ulcers cover over 50% of diameter. Massive 
inflammatory infiltration and oedema of both lamina propria and submucosa 
with pseudoabscesses and intravascular leukostasis. 

3.0 extreme Same as above, but with subtotal/total denudation of the mucosa. 
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plates were developed with 3,3',5,5'-tetramethylbenzidine (TMB; Sigma-Aldrich) and the 

optical density (OD) was measured at 450 nm. The OD of the background (1% BSA) was 

subtracted and resulting adjusted ODs of the treated groups were compared with those of 

PBS-treated groups. We used 10 mice per group for the analysis of serum and 5 mice per 

group for analysis of coproantibodies. 

 

4.9.4 Determination of serum haptoglobin levels 

The level of the acute-phase protein haptoglobin was determined in mouse serum using a 

modified Human Haptoglobin ELISA Quantitation Kit (GenWay Biotech, Inc., San 

Diego, CA). Antibodies used in this kit have high cross-reactivity with mouse 

haptoglobin; the recovery for the mouse reference serum was 94%. The kit was used 

according to the manufacturer's recommendation, with minor modifications. Briefly, a 96-

well ELISA plate (Nunc) was coated with Chicken anti-Human Haptoglobin antibody 

(100 µl/well at 5 mg/l) diluted in 0.05 M Carbonate-Bicarbonate buffer (pH 9.6) and 

incubated for 1 h at room temperature. After washing (three times with PBS containing 

0.05% Tween 20), the plate was blocked with 1% nonfat dry milk in PBS. The samples 

were diluted 1:1000 in 1% nonfat dry milk and incubated for 1 h at room temperature. 

Serial dilutions of mouse reference haptoglobin serum (ICL, Inc., Newberg, OR, USA) 

were used as calibrator instead of the pure human haptoglobin provided in the kit. Then 

the plates were washed five times and incubated with HRP conjugated detection antibody 

(100 µl/well at 61.3 µg/l) for 1 h. The plates were developed with TMB (Sigma-Aldrich) 

and the OD was measured at 450 nm. The quantitative determination was performed 

between 39-2500 µg/l. 

 

4.9.5 Gut tissue fragment culture 

Five sections of mouse intestine were obtained (Peyer’s patches, jejunum, ileum, caecum 

and colon), cut open longitudinally, washed in PBS containing penicillin  and streptomycin 

and weighed.  

The tissue fragments were then cultivated for 48 h in a humidified incubator at 

37°C and 5% CO2 in RPMI-1640 (Sigma-Aldrich) containing 10% fetal bovine serum 

(BioClot GmbH, Aidenbach, Germany) and 1% Antibiotic-Antimycotic solution (Sigma-
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Aldrich). The supernatants were collected and stored at -20°C until analysis. During our 

preliminary experiments, we found that there is still significant production of IL-10 and 

TGF-β after 48h cultivation (Fig. S7.2).  

 

4.9.6 Macrophage cell line culture 

Mouse macrophage RAW 264.7 cells, originally obtained from the American Type 

Culture Colection (ATCC TIB-71), were cultured in Dulbecco´s modified Eagle´s 

medium (Institute of Molecular Genetics AS CR, Prague, Czech Republic) supplemented 

with 10% heat-inactivated fetal bovine serum (Biochrom AG, Berlin, Germany), 

penicillin (100 U/ml), streptomycin (100 mg/l, Sigma-Aldrich), 4.5 g/l glucose, 1.5 g/l 

sodium bicarbonate and 4 mM glutamine (Institute of Molecular Genetics AS CR). The 

cells were cultured in a humidified incubator at 37°C and 5% CO2. Cell viability was 

evaluated by flow cytometry. The cell density was then adjusted to 106 cells/ml and the 

cells were seeded in the wells of flat-bottom, 96-well plates (200 µl/well). The plates 

were incubated with LPS (Salmonella typhimurium, 1 mg/l, Sigma-Aldrich), LPS 

together with either bacterial lysate from P. distasonis, or mPd or cPd or DNA for 24 h 

(37°C, 5% CO2). To address the question of dose dependence, serial decreasing dilutions 

of lysate and mPd were used, ranging from 1 µg/l to 100 fg/l. Supernatants were collected 

and stored at - 20°C until analysis. The supernatants were screened semiquantitatively 

with the RayBioTM Mouse Cytokine Array 3 (Raybiotech, Inc., Norcross, GA), capable of 

detecting 62 cytokines, or quantitatively for TNF-α with ELISA (Invitrogen Corp., 

Carlsbad, CA), similarly as described below. 

 

4.9.7 Determination of cytokine production 

To determine the changes in cytokine spectra induced by DSS treatment and mPd therapy 

in the colon of mice, we used the RayBioTM Mouse Cytokine Array II (Raybiotech, Inc.) 

(see Table S7.2 for array layout). For this purpose, we used three samples of media after 

48 h of colon cultivation (see above) from healthy, DSS/PBS (sham) and DSS/mPd-

treated groups of mice. Chemiluminescence was detected by a luminescence detector 

LAS-1000 (Fujifilm, Tokyo, Japan), and quantitation of spots was performed by AIDA 

(3.28, Raytest, Straubenhardt, Germany) software as described previously (Kverka et al., 
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2007). Values from different arrays were first normalized using the intensity of positive 

controls, which are made of biotinylated antibody directly spotted on the array. 

Furthermore, the levels of selected cytokines were determined using commercially 

available ELISA sets purchased from Invitrogen (TNF-α, IFN-γ, TGF-β, IL-10; 

Invitrogen Corp.) or R&D Systems (IL-6; R&D Systems Inc., Minneapolis, MN). All 

tests were performed according to the manufacturers’ recommendations. 

 

Table S4.2 Layout of the RayBioTM  Mouse Cytokine Array II 

Abbreviations used in this table stand for the following cytokines: 6-Ckine, 6-Cysteine chemokine; 
CTACK, Cuteaneous T-cell attracting chemokine; G-CSF, Granulocyte-colony stimulating factor; GM-CSF, 
Granulocyte-macrophage colony stimulating factor; IFN (Interferon) -γ, IL (Interleukin) -2, -3, -4, -5, -6, -9, 

-10 , -12p40p70 (detects both p70 and p40), -12p70 (detects only whole cytokine IL-12), -13, -17, KC, 
Growth-regulated alpha protein precursor; MCP (Monocyte chemoattractant protein)-1, -5; MIP (Macro-
phage inflammatory protein)-1α, -2, -3β, RANTES, Regulated upon activation, normal T cell expressed, 

and presumably secreted; SCF, Stem call factor; sTNFRI, Soluble tumor necrosis factor-α receptor 1; 
TARC, Thymus and activation-Regulated chemokine; TIMP (Tissue inhibitor of metalloproteinases)-1; 

TNF (Tumor necrosis factor)-α; TPO, Thrombopoietin; VEGF, Vascular endothelial growth factor 

 

Figure S4.2 Cytokine production by colon tissue of healthy mice during the first, 
second and third days of ex vivo 
cultivation. Three colon samples were 
cultivated for 72 h in complete RPMI medium. 
Every 24 h, the tissue was gently washed in 
fresh media and transferred to the new 
cultivation well for next 24 h. The supernatant 
after the first, second and third 24 h of 
cultivation was stored for cytokine analysis. 
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IL-
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8 
Blank Blank Blank Blank Blank Blank Blank Blank Blank Blank Blank 
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Figure S4.3 Showing gating strategy in 3 mice (rows) from DSS/PBS and 3 mice 
from DSS/mPd treated group.  

 

Total number of Tregs is increased in mesenteric lymph nodes (MLN) of mPd treated mice is increased in 
cells (mean±SD; 3.40±0.50 vs. 4.81±0.30; P=0.014 for CD4+CD25+FoxP3+ or 4.29±0.26 vs. 5.36±0.10; 

P=0.019 for CD4+FoxP3+). First column shows gating on cells, second gating on CD4 and CD8 expression 
on these cells, third gating on CD4+CD25+ cells and fourth is a histogram of FoxP3 expression on these 

CD4+CD25+ cells. 

4.9.8 Evaluation of microbiota changes with PCR-DGGE  

Total bacterial DNA was isolated from mice faecal samples by using the ZR Fecal DNA 

KitTM (Zymo Research Corp., Orange, CA) according to the manufacturer’s description. 

Fragments of 16S rRNA genes were amplified from total bacterial DNA with primers 

338GC and RP534 (Muyzer et al., 1993).  

PCR products were separated and analysed on the DCodeTM Universal Mutation 

Detection System (Bio-Rad Laboratories, Hercules, CA). The denaturating gradient was 

35 – 60% and the electrophoresis was carried out for 18 h at 55 V. The gel was stained in 

SYBR® green I dye for 30 minutes and observed in a Vilber Lourmat system under UV 

light. 

Banding patterns were converted to a binary matrix, taking into account the 

presence or absence of the individual bands. This binary matrix was used to calculate the 

distance matrix between individual samples (Nei and Li, 1979) and a dendrogram 

comparing all 30 samples was obtained with UPGMA (unweighted pair-group method 

with arithmetic averages) using FreeTree software (Pavlicek et al., 1999).  

The similarity between the DGGE profiles obtained from a single mouse at 

different time points was determined by calculating Dice's similarity coefficient (DSC 

=[2j/(a+b)] x 100), where j is the number of DGGE bands found in both profiles, a is the 

number of bands at first time point, and b is the number of bands at the second time point. 

A DSC value of 100% indicates that the samples are identical. 
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To identify the bacteria, bands of interest were cut from the gel, eluted with dH2O 

and amplified with PCR. The PCR product was purified with the QIAquick PCR 

purification kit and analysed on the 3100 Avant Genetic Analyser (Applied Biosystems 

Inc., Foster City, CA). 

 

4.9.9 Quantitative PCR 

Faecal samples were weighed and total bacterial DNA was extracted by using a ZR Fecal 

kit (Zymo Research, USA) according to the manufacturer’s protocol. Real-time PCR 

analyses were performed on the Mx3005P system (Stratagene, USA) with the qPCR 2x 

SYBR Master Mix (Top-Bio, Czech Republic). The qPCR reactions were performed in a 

20 µL volume, and the primer concentrations were 0.5 µM each. The following bacterial 

groups were monitored: all Eubacteria (with primers Uni331F+Uni797R) (Bartosch et al., 

2004), Bacteroides-Prevotella group (primers Bac303F+Bac708R) (Bartosch et al., 2004) 

and P. distasonis (Bd180F+Uni797R) (Kreader, 1995). We used these amplification 

conditions: initial denaturation at 95°C (3 min), 35 cycles of denaturation at 95°C (30 

seconds) and annealing/elongation (30 seconds) (Table S7.3), and one final cycle at 95°C 

(30 seconds) followed by a dissociation curve from 55°C to 95°C (1°C per cycle of 10 s). 

DNA isolated from a known number of cells from pure cultures of Bacteroides vulgates 

and P. distasonis were used as qPCR standards. Because the weight and the consistency 

of the stool differed among the samples, the results were normalised to the total number 

of Eubacteria and expressed as a percentage of total Eubacteria. 
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Table S4.3 PCR primer sets used in the study. 

Target 
organism 

Primer 
set 

Sequence (5’-3’) Prod-
uct size 
(bp) 

Annealing 
temp (°C) 

Reference 

338GC CGCCCGCCGC GCCCCGCGCC 
CGGCCCGCCG CCGCCGCCGC 
ACTCCTACGG GAGGCAGCAG 

(Muyzer et al., 
1993) 

All eubacteria 
(PCR-DGGE) 

RP534 ATTACCGCGG CTGCTGG 

196 58 

(Muyzer et al., 
1993) 

Uni331
F 

TCCTACGGGAGGCAGCAGT All eubacteria 
(qPCR) 

Uni797
R 

GGACTACCAGGGTATCTATCC
TGTT 

466 58 

Bac303
F 

GAAGGTCCCCCACATTG Bacteroides-
Prevotella 
group 

Bac708
R 

CAATCGGAGTTCTTCGTG 

418 56 

(Bartosch et al., 
2004) 

Bd180F AAT ACC GCA TGA AGC AGG (Kreader, 1995) Parabacter-
oides 
distasonis 

Uni797
R 

GGACTACCAGGGTATCTATCC
TGTT 

617 62 

(Bartosch et al., 
2004) 

 

4.10  SUPPLEMENTARY TABLES 

Table S4.4 Evaluation of acute DSS colitis in orally treated BALB/c mice. 

Experimental group Colon length (cm)  Disease activity index Histological grade 

PBS 9.31±0.88 3.33±0.49 1.44±0.71 

P. distasonis lysate 10.85±1.26** 0.90±0.77** 0.61±0.50** 

B. ovatus lysate 9.48±0.80 2.63±1.15 1.26±0.35 

V. alcalescens lysate 9.21±0.66 1.58±0.66 1.58±0.66 

Values are expressed as means ± standard deviation (10 mice per group). One-way ANOVA with Dunnett's 
multiple comparison test was used to evaluate differences between experimental groups and PBS-treated 

controls (*P<0.05, **P<0.01). 
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Table S4.5 Evaluation of acute DSS colitis in orally treated BALB/c mice. 

Experimental group Colon length (cm)  Disease activity index Histological grade 

PBS 7.83±0.55 3.78±0.27 1.81±0.28 

B. vulgatus lysate 8.13±1.06 2.87±1.04 1.44±0.89 

B. stercoris lysate 8.60±0.60 3.40±0.80 1.33±0.41 

B. stercoris confidence level 
Capnocytophaga spp. lysate 

9.00±0.70 3.13±0.65 0.63±0.25** 

B. thetaiotamicron lysate 8.90±0.81 2.13±0.96 1.25±0.47 

Values are expressed as means ± standard deviation (5 mice per group). One-way ANOVA with Dunnett's 
multiple comparison test was used to evaluate differences between experimental groups and PBS-treated 

controls (*P<0.05, **P<0.01). 

 

Table S4.6 Evaluation of acute DSS colitis in parenterally treated BALB/c mice. 

 
Values are expressed as means ± standard deviation (5 mice per group). One-way ANOVA with Dunnett's 
multiple comparison test was used to evaluate differences between experimental groups and PBS-treated 
controls (*P<0.05, **P<0.01). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental group Colon length (cm) Disease activity index Histological grade 

PBS/IFA s.c. 6.02±0.46 3.40±0.37 1.61±0.84 

mPd/IFA s.c. 6.20±0.51 2.87±0.80 1.43±0.53 

PBS/IFA i.p. 6.72±0.54 3.13±0.69 1.69±0.81 

mPd/IFA i.p. 6.72±0.83 2.73±0.89 1.29±0.62 
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4.11 SUPPLEMENTARY FIGURES  

Figure S4.4 Cytokine 
profiling of the super-
natants after the 
cultivation of untreated 
RAW264.7 cells or cells 
after treatment with LPS, 
Pd+LPS or mPd+LPS, as 
measured by RayBio 
Mouse Cytokine Antibody 
Array 3 . Only cytokines positive 
at least in one sample are shown. 
As compared with LPS-activated 
cells, the Pd and mPd decrease 
TNF-α, IL-6, MCP-1 and MCP-5, 
and increase in CXCL16. 
 

 

 

 

 

 

 

 

 

 

 



 

   94 

Figure S4.5 The effect of Pd and mPd on TNF-αααα production by LPS-activated 

macrophage cell line RAW 264.7 was measured by ELISA. TNF-αααα production with 

sterile PBS with 1 mg/l of LPS is set at 100%. Data are means of five independent 

experiments. Error bars are SEM. P < 0.05: a (for LPS+Pd versus controls); b (for 

LPS+mPd versus controls) using ANOVA with a Dunnett’s post-hoc test. 

 

 

Figure S4.6 Pretreatment with mPd decreases cytokine production (pg/mg of tissue) 
in different parts of the gut in orally treated SCID mice as measured by ELISA.  

**P<0.01: DSS/mPd versus DSS/PBS-treated mice; n = 5 mice per group. 
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5.1 ABSTRACT 

BACKGROUND: Probiotic bacteria can be used for the prevention and treatment of 

human inflammatory diseases including inflammatory bowel diseases (IBD). However, 

the nature of active components and exact mechanisms of this beneficial effects have not 

been fully elucidated. Our aim was to investigate if lysate of probiotic bacterium L. casei 

DN-114 001 (Lc) could decrease the severity of intestinal inflammation in a murine 

model of IBD.  

METHODOLOGY/PRINCIPAL FINDINGS: The preventive effect of oral ad-

ministration of Lc significantly reduces the severity of acute dextran sulfate sodium 

(DSS) colitis in BALB/c but not in SCID mice. In order to analyze how this beneficial 

effect interferes with well-known phases of intestinal inflammation pathogenesis in vivo 

and in vitro, we evaluated intestinal permeability using the FITC-labeled dextran method 

and analysed tight junction proteins expression by immunofluorescence and PCR. We 

also measured CD4+FoxP3+ regulatory T cells proportion by FACS analysis, microbiota 

composition by pyrosequencing, and local cytokine production by ELISA. Lc leads to a 

significant protection against increased intestinal permeability and barrier dysfunction 

shown by preserved ZO-1 expression. We found that the Lc treatment increases the 

numbers of CD4+FoxP3+ regulatory T cells in mesenteric lymph nodes (MLN), decreases 

production of pro-inflammatory cytokines TNF-α and IFN-γ, and anti-inflammatory IL-

10 in Peyer’s patches and large intestine, and changes the gut microbiota composition. 

Moreover, Lc treatment prevents lipopolysaccharide-induced TNF-α expression in RAW 

264.7 cell line by down-regulating the NF-κB signaling pathway. 

CONCLUSION/SIGNIFICANCE: Our study provided evidence that even non-

living probiotic bacteria can prevent the development of severe forms of intestinal in-

flammation by strengthening the integrity of intestinal barrier and modulation of gut 

microenvironment. 

 

5.2 INTRODUCTION  

Inflammatory bowel diseases (IBD), such as Crohn's disease and ulcerative colitis, are 

severe chronic inflammatory illnesses of the gastrointestinal tract. Although their etiology 

and pathogenesis are not fully understood, it is generally accepted, that the inflammation 

is a result of an aberrant immune response to antigens of resident gut microbiota in 
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genetically susceptible individuals (Sartor, 2006). Moreover, dysbiosis, an imbalance in 

the intestinal bacterial ecosystem, has been found in IBD and linked to its pathogenesis 

(Packey and Sartor, 2009). It has been suggested that this microbial imbalances and an 

aberrant immune response could be restored by oral administration of certain beneficial 

bacterial species, probiotics (Sheil et al., 2007). 

 When administered in adequate amounts, probiotics, defined as live microorgan-

isms, confer a health benefit to the host (FAO/WHO, 2001), and have been successfully 

used in treatment of IBD (Bibiloni et al., 2005). Using animal models of IBD, three main 

mechanisms of how these beneficial microbes protect from intestinal inflammation have 

been described. A single probiotic bacterium could possess more than one mechanism 

depending on its unique specific metabolic activities and cellular structures (Lebeer et al., 

2010). First, probiotics may exclude or inhibit the growth of certain pathogens (Servin, 

2004); second, they may improve the gut barrier function (Gupta et al., 2000); and third, 

they can modulate mucosal and/or systemic immune response or metabolic functions 

(Reiff et al., 2009). The outcome of probiotic therapy also depends on the stage of the 

disease and the overall health status of the patient. Despite of the generally safe profile of 

the probiotic therapy, the use of live microorganisms may lead to severe infections, and 

therefore represents considerable risk especially in severely ill patients (Besselink et al., 

2008). There is increasing evidence, that similar beneficial effects could be achieved with 

sterile lysates or components isolated from probiotic or even commensal microbes 

(Kverka et al., 2011). 

Colitis induced by dextran sulfate sodium (DSS) is a well established and reliable 

model of IBD because its clinical features resemble the ulcerative colitis (Okayasu et al., 

1990). Acute DSS colitis starts with epithelial cell barrier dysfunction which causes the 

antigens from the gut lumen to enter the lamina propria and stimulate the immune re-

sponse. The dysfunction of the epithelial barrier starts as early as the first day after DSS 

treatment by gradual decrease in the tight junction protein ZO-1 production, which in turn 

leads to increased gut permeability (Poritz et al., 2007; Yan et al., 2009). In the acute 

phase, DSS-induced colitis is driven mainly by cells of innate immunity, because it also 

occurs in the absence of functional T, B and NK cells (Dieleman et al., 1994). The 

functional adaptive immune system, however, plays an important role in the chronic 

phase of the inflammation and might be necessary for its preventive treatment with 

microbial antigens (Dieleman et al., 1998; Kverka et al., 2011). 
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The most intensively studied and used probiotic bacteria are lactobacilli (Hanniffy 

et al., 2004; Kleerebezem and Vaughan, 2009). Oral treatment with probiotic bacterium 

L. casei DN-114 001 has been found to reduce the duration and severity of diarrhea and 

common infectious diseases in children (Merenstein et al., 2010). Moreover, supernatant 

of this probiotic strain was described to exert immunological activities and strong inhibi-

tory effect on epithelial cell adhesion of virulent E. coli strain (Ingrassia et al., 2005) . 

These studies clearly show the beneficial potential of this bacterium, however, the clinical 

utility of such approach remains controversial, as neither the specific mechanisms of 

action nor the active component responsible for its beneficial properties has been estab-

lished. 

In our previous study, we have shown that the preventive treatment with live pro-

biotic bacterium L. casei DN-114001 protects mice from subsequent acute DSS-induced 

colitis in BALB/c mice (Kokesova et al., 2006). Here, we show that oral treatment with 

lysate of this bacterium (Lc) has a similar effect, and that this effect is associated with 

change in the intestinal microbiota composition, modulation of mucosal immune system, 

and induction of regulatory T cells in mesenteric lymph nodes (MLN). Our results show 

that even killed probiotic bacteria can decrease the severity of the intestinal inflammation, 

which represents safer and more practical therapeutic intervention than the use of live 

bacteria in the treatment of intestinal inflammation. 

 

5.3 MATERIALS AND METHODS 

5.3.1 Preparation of bacteria 

Lactobacillus casei DN-114 001 (Danone Institute, Palaiseau Cedex, France),  

Lactobacillus plantarum CCDM 185 (Culture Collection of Dairy Microorganisms, 

Milcom a.s., Prague), were grown in an anaerobic chamber in De Man, Rogosa, and 

Sharpe broth (Oxoid, Basingstoke, UK) at 37°C until the cultures were in the late log 

phase of growth. Both lactobacilli were harvested by centrifugation (4000 x g, 30 min) 

and washed twice with sterile phosphate-buffered saline (PBS). After the treatment with 

the French press, lactobacilli were freeze-dried and diluted to a working concentration of 

30 g/l. In order to kill all remaining viable bacteria, the lysate was heated to 60°C for 30 

min and the sterility of all components was verified by both aerobic and anaerobic 48 

hours cultivation before administration. 
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5.3.2 Animals 

Ethics statement: All animal experiments were approved by the Animal Care and Use 

Committee of the Institute of Microbiology, Academy of Sciences of the Czech Republic, 

approval ID: 10/2005, 94/2008 and 211/2009. Female BALB/c mice (8-12 weeks old) or 

severe combined immunodeficient  mice BALB/cJHanHsd-SCID (SCID) were obtained 

from a breeding colony at the Institute of Physiology (Academy of Sciences of the Czech 

Republic, Prague, Czech Republic) or at the Institute of Microbiology (Academy of 

Sciences of the Czech Republic, Novy Hradek, Czech Republic), respectively, and reared 

under conventional conditions. 

 

5.3.3 Study design and DSS induced colitis 

We administered 1.5 mg of Lc in 50 µl of sterile PBS, i.e. 6 x 108 CFU of heat killed 

bacteria, by gavage. To reduce proteolytic activity in the gut, the Lc components were co-

administered with 1 mg of soybean trypsin inhibitor (Sigma-Aldrich, St. Louis, MO, 

USA) dissolved in 50 µl of 0.15 M sodium bicarbonate buffer (pH 8.0). Control mice 

were given only sterile PBS with soybean trypsin inhibitor in bicarbonate buffer. The 

administration of lysates was repeated every 7 days for a total number of 4 doses (on days 

0, 7, 14 and 21). Acute colitis was induced 7 days later by 3% (wt/v) DSS (molecular 

weight 36–50 kDa; MP Biomedicals, Irvine, CA, USA) dissolved in tap water for 7 days, 

and on the last day of the experiment the colitis was evaluated by using a clinical activity 

score, colon length, and the histological scoring system as described previously (Kverka 

et al., 2011). Furthermore, to analyze if the protective effect of Lc could be achieved also 

by parenteral administration, four subcutaneus doses of Lc or PBS (25 µg per dose) were 

injected in incomplete Freund's adjuvant (Difco Laboratories, Detroit, MI, USA) before 

colitis induction. For chronic colitis, mice received four cycles of DSS as described 

previously (Okayasu et al., 1990). 

 

5.3.4 Evaluation of intestinal barrier function 

5.3.4.1 Intestinal permeability in vivo 

The intestinal permeability was measured by determining the amount of FITC-dextran in 

blood after it was orally administered as described previously (Wang et al., 2001). 
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Briefly, each mouse received 440 mg/kg of body weight of FITC-dextran (molecular 

weight 4.4 kDa; Sigma-Aldrich) by gavage. A blood sample, obtained 5h later, was first 

centrifuged (3,000 rpm at 4 °C) for 30 min, and serum was collected and added to a 96-

well microplate. The concentration of FITC-dextran was determined by spectrophoto-

fluorometry (Safire2, Tecan Group Ltd., Männedorf, Switzerland) with an excitation 

wavelength of 483 nm and an emission wavelength of 525 nm using serially diluted 

samples of the marker as standard. 

 

5.3.4.2 Immunohistology 

Segments of colon and terminal ileum were frozen in liquid nitrogen immediately after 

removal and stored at -80°C until used. Frozen sections (6 µm) were mounted on the 

poly-L-lysine-coated slides. Then the slides were dried and fixed in 4% buffered para-

formaldehyde (pH 7.4) for 10 min at room temperature. Fixed sections were washed in 

PBS and blocked with 2% donkey serum (Sigma-Aldrich) in PBS for 20 min at room 

temperature. The slides were incubated with the rabbit polyclonal anti-mouse ZO-1 or 

occludin antibodies (both from Invitrogen, Camarillo, CA, USA) overnight at 4 °C. The 

negative controls were performed similarly using 1% bovine serum albumin (BSA) in 

PBS instead of primary antibody. After washing, the sections were incubated with donkey 

anti-rabbit antibody conjugated either with Texas Red or with DyLight 488 fluorochrome 

(both from Jackson ImmunoResearch Laboratories, West Grove, USA). Nuclei were 

counterstained using DAPI (4',6-diamidino-2-phenylindole; Sigma-Aldrich) stain. Fi-

nally, the sections were mounted in Vectashield mounting medium for fluorescence 

(Vector Laboratories, Burlingame, CA, USA) and viewed with a fluorescence microscope 

Olympus AX-70 (Olympus, Tokyo, Japan). 

 

5.3.4.3 Determination of ZO-1 mRNA expression in intestinal tissue 

Intestinal mucosa from terminal ileum and colon was placed in RNAlater stabilization 

reagent (QIAGEN GmbH, Hilden, Germany). Total messenger RNA (mRNA) was 

extracted by using the RNeasy Mini isolation kit (QIAGEN GmbH) following the manu-

facturer’s instructions. RNA integrity was determined by gel electrophoresis in 1.5% 

agarose gel stained with ethidium bromide. The purity of the RNA was assessed by the 

ratio of absorbance at 260 and 280 nm. RNA purity was within a range of 2.0–2.1. The 
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total RNA concentration was estimated by spectrophotometric measurements at 260 nm 

assuming that 40 µg of RNA per mililitre equal one absorbance unit. Real time PCR was 

performed as described previously (Zanvit et al., 2010). Briefly, RNA was converted to 

cDNA using Taq-Man reverse transcription reagents (Applied Biosystems, Foster City, 

CA, USA). Beta-actin was used as an endogenous control and its expression was similar 

in all tested samples. A reaction mix for real-time PCR was made with Taq-Man Univer-

sal PCR master mix, water, and assays on demand gene expression products for ZO-1 and 

β-actin (all Applied Biosystems, Foster City, CA, USA). The master mix (20 µl) was 

aliquoted to the wells on a real-time PCR plate; and each sample was analyzed in dupli-

cate. A volume of 5 µl of cDNA was added to each well, and the PCR reaction was run on 

a 7300 real-time PCR System (Applied Biosystems, Foster City, CA, USA) using stan-

dard conditions. The data was analyzed with Genex software (version 4.3.8). 

 

5.3.5 Production of cytokines 

5.3.5.1 Intestinal tissue culture and measurement of cytokines 

Sections of Peyer’s patches (PP), ileum, cecum, and colon were taken from every mouse. 

The intestines were then opened longitudinally, washed in ice cold PBS containing 

antibiotics and cultivated for 48 hours at 37°C and 5% CO2 in complete RPMI medium 

with 10%  fetal bovine serum (Biochrom AG, Berlin, Germany) and 100,000 U/l penicil-

lin, 100 mg/l streptomycin (Sigma-Aldrich), as described previously (Kverka et al., 2011) 

. Commercially available ELISA sets  were used to measure the levels of TNF-α, IFN-γ, 

TGF-β, IL-10 (Invitrogen Corp.) and IL-6 (R&D Systems Inc., Minneapolis, MN, USA) 

in these supernatants. All tests were performed according to the manufacturers’ 

recommendations. 

 

5.3.5.2 Determination of cytokine mRNA expression in intestinal tissue 

The samples were processed as described above (see Determination of ZO-1 mRNA 

expression in intestinal tissue). Gene expression assays for IL-10, IL-6, TNF-α and β-

actin were all purchased by Applied Biosystems, Foster City, CA, USA. 
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5.3.6 Determination of specific antibodies 

Sera and small intestine washings were collected for specific antibody evaluation. Gut 

washings were obtained by flushing the content of isolated small intestine with 2 ml of 

sterile PBS containing a mixture of proteinase inhibitors (Sigma-Aldrich). The samples 

were then vortexed and centrifuged at 4°C, and the supernatant was collected and stored 

at -80°C until analysis. Indirect ELISA, optimized in our laboratory as previously de-

scribed (Kverka et al., 2011), was used to assess the specific antibody response against Lc 

in serum (IgG, IgM, and IgA) and gut washings (secretory IgA; SIgA). Briefly, Nunc 

MaxiSorp 96-well plates (Thermo Fisher Scientific Inc., Rochester, NY, USA) were 

coated overnight with Lc (100 µl/well at 10 mg/l in PBS) and blocked with 1% BSA 

(Sigma-Aldrich) in PBS. Serum and gut washing samples diluted 1:50 and 1:10 in 1% 

BSA, respectively, were added and incubated for 2 hours. As control sera normal refer-

ence serum  purchased from Bethyl Laboratories (TX, USA) and hyperimmune serum 

prepared by four subcutaneous injections of Lc in incomplete Freund’s adjuvant within 14 

days intervals (50µg of Lc in the each dose) were used. After washings (three times with 

PBS containing 0.05% Tween 20 (Sigma-Aldrich)), secondary antibodies (50 µl/well) 

were added and incubated for 1 hour at room temperature. Antibody combinations were 

used as follows: 1) rabbit anti-mouse SIgA (Uscn Life Science Inc., 

China) and horseradish peroxidase (HRP)-labeled anti-rabbit IgG (Cell Signaling Tech-

nology Inc., Danvers, MA, USA); 2) biotinylated anti-mouse IgA (Sigma-Aldrich) and 

streptavidin-HRP (R&D Systems Inc.); 3) HRP-labeled anti-mouse IgG; 4) HRP-labeled 

anti-mouse IgM (both The Binding Site Ltd, Birmingham, UK). All reagents were diluted 

in 1% BSA in PBS except anti-IgA antibody that was diluted in 1% BSA with 5% fetal 

bovine serum (BioClot GmbH, Aidenbach, Germany). The plates were developed with 

3,3',5,5'-tetramethylbenzidine (Sigma-Aldrich) and the optical density (OD) was meas-

ured at 450 nm. The OD of the background (1% BSA) was subtracted and resulting 

adjusted ODs of the treated groups were compared with those of PBS-treated groups. 

 

5.3.7 Flow cytometry 

Single-cell suspensions of spleens, MLNs and PPs were prepared and stained for Tregs s 

using FoxP3 Staining Set (eBioscience, San Diego, CA, USA) with fluorochrome-labeled 

anti-mouse mAbs: CD4-Qdot® 605 (Invitrogen, Carlsbad, CA, USA), CD8-BD Hori-
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zonTM V500 (BD Biosciences, San Jose, CA, USA), CD3-FITC and FoxP3-Phycoerythrin 

(both from eBioscience) according to the manufacturer’s recommendation.  

RAW 264.7 cells were cultivated and stained for IL-7R-Alexa647 (a gift from Pavel 

Otahal, IMG AS CR, Prague, Czech Republic), CD206-PE (AbD Serotec, Oxford, UK),  

CD-11c-NC625 and  F4/80-APC780 (both from eBioscience). Hoechst 33342 (Sigma-

Aldrich) was used to determine cell viability. Flow cytometric analysis was performed on 

LSRII (BD Biosciences), and the data was analyzed using FlowJo software (Tree Star 

Inc., Ashland, OR, USA). 

 

5.3.8 Evaluation of the anti-inflammatory properties of Lc in 
vitro 

The LPS-activated macrophage cell line (RAW 264.7; ATCC TIB-71) was cultivated in 

the presence of different concentrations of bacterial lysate, as previously described 

(Kverka et al., 2011). Briefly, the cells were cultured for 24 hour at 37°C and 5% CO2 in 

Dulbecco´s modified Eagle´s medium (Institute of Molecular Genetics AS CR, Prague, 

Czech Republic) containing 10% heat-inactivated fetal bovine serum (Biochrom AG), 4.5 

g/l glucose, 1.5 g/l sodium bicarbonate, 4 mM glutamine (Institute of Molecular Genetics 

AS CR), 100,000 U/l penicillin and 100 mg/l streptomycin (both Sigma-Aldrich). The 

cells were cultured together with Lc, lysate of L. plantarum (Lp) or sterile PBS in the 

presence or absence of LPS (Salmonella typhimurium, 1 mg/l, Sigma-Aldrich). After 

cultivation, the concentration of TNF-α in the supernatant was measured with ELISA 

(Invitrogen). The nuclear proteins were extracted from stimulated RAW264.7 cells by a 

nuclear extract kit (Active Motif, Rixensart, Belgium) and used to quantify the DNA 

binding activity of p65 subunit using the TransAM NF-κB family transcription factor 

assay kit (Active Motif). In NF-κB assay, only the concentration with the strongest 

immunomodulatory properties of Lc was used, i.e. 10 pg/l. All assays were performed 

according to the manufacturer’s recommendation. 

 

5.3.9 Evaluation of microbiota changes by pyrosequencing 

Stool samples from PBS or Lc-treated mice, on day 0, 28 (just before DSS administra-

tion) and 35 (the last day of experiment) were collected. Total DNA from these samples 
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was then isolated with ZR Fecal DNA KitTM (Zymo Research Corp., Orange, CA) accord-

ing to the manufacturer’s recommendation. 

DNA was subsequently gel-purified and PCR was performed in triplicate for each primer 

pair, and pooled to minimize random PCR bias. The reaction mixture contained 1 µl of 

DNA (10 ng/µl), 1.5 mmol/l MgCl2, 0.2 mmol/l of dNTPs, 1x PCR buffer and 1U plati-

num TAQ DNA polymerase (Invitrogen) and 0.40 µmol/l of forward modified primer 

consisting of 454 adaptor A (5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3'; 

Genome Sequencer FLX system), unique 10-base tag sequence (ATATCGCGAG, 

CGTGTCTCTA, CTCGCGTGTC, TAGTATCAGC, TCTCTATGCG) and universal 

broad-range bacterial primer 5’-AYTGGGYDTAAAGNG and 0.40 µmol/l of reverse 

primer consisting of adaptor B (5'-CCATCTCATCCCTGCGTGTCTCCGACTCAG-3') 

and universal primer TACNVGGGTATCTAATCC. PCR conditions were as follows: 1 

×: 95 °C, 3 min; 35 ×: 94 °C, 50 sec; 40 °C, 30 sec; 72 °C, 60 sec; 1 ×: 72 °C, 5 min and 

final hold at 4 °C. The length of PCR product was checked on the agarose gel electropho-

resis. PCR product was subsequently purified using magnetic beads (AMPure beads, 

Beckman Coulter Genomics, Danvers, USA). Concentration was measured on Qubit 

fluorometer (Invitrogen, Carlsbad, CA, USA). Equimolar amounts of PCR product from 

each sample were used for unidirectional 454 FLX amplicon pyrosequencing using LIB-L 

emPCR kits following the manufacturer’s protocols (Roche Diagnostics, Basel, Switzer-

land). 

 

5.3.10 Metagenomic data processing 

Flowgrams were processed using amplicon analysis option in data processing software 

from Roche. The sequencing resulted in 161551 overall number of reads. Quality 

trimmed sequences obtained from the FLX sequencing run were processed using RDP 

pyrosequencing pipeline. Beforehand, data files were depleted of chimeras by Black Box 

chimera Checker (Gontcharova et al., 2010) using default settings. Processing involved 

aligning of sequences with fast, secondary-structure aware Infernal aligner, subsequent 

clustering with max distance of 3 % based on complete-linkage clustering method and 

classifying of incurred clusters by naïve Bayesian rDNA classifier (Wang et al., 2007). 

Bootstrap cutoff was set to 50 %, which was sufficient for accurate classification at the 

genus level. Generated designations of clustered sequences together with their relative 

abundances within the given samples were used for comparing bacterial diversity. 
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5.3.11 Statistical analysis 

One-way analysis of variance (ANOVA) with Dennett’s multiple comparison test was 

used to compare multiple experimental groups with the control group. Differences 

between two groups were evaluated using an unpaired two-tailed Student’s t-test and 

deviation of values from hypothetical mean were calculated by one sample t-test. The 

data is presented as the mean ± standard deviation (SD) unless stated otherwise and 

differences were considered statistically significant at P ≤ 0.05. GraphPad Prism statisti-

cal software (version 5.0, GraphPad Software, Inc., La Jolla, CA,USA) was used for 

analyses. 

 

5.4 RESULTS 

5.4.1 Oral administration of lysate L. casei attenuate the acute 
colitis in BALB/c mice but not in SCID mice 

In our previous study we showed that oral treatment with L. casei DN-114 001 attenuates 

the severity of acute experimental colitis (Kokesova et al., 2006). To test if its lysate have 

similar activity, we pretreated mice with four weekly oral doses of Lc and induced colitis 

by DSS in BALB/c and SCID mice. Oral (Table 5.1A) but not parenteral (data not 

shown) administration of Lc is effective in preventing the acute DSS colitis in BALB/c 

mice, improving clinical and morphological markers of colitis. In contrast, when colitis 

was induced in SCID mice (Table 5.1A) pretreatment with Lc failed to improve acute 

colitis in all tested parameters. Also no significant effects of Lc were found when the 

model of chronic colitis was used (data not shown). 
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Table 5.1. Lc improves the severity of DSS-induced colitis in BALB/c, but not in 

SCID mice. 

Mouse strain 
Experimental group  Disease activity index  

Colon length 

(cm)  
Histological grade  

BALB/c DSS/PBS  2.80 ± 0.68  6.35 ± 0.62  1.59 ± 0.54  

 DSS/Lc 1.67 ± 1.09***  7.14 ± 0.34***  1.20 ± 0.51*  

SCID DSS/PBS 1.95 ± 1.66 6.63 ± 0.55 1.2 ± 0,84 

 DSS/Lc 1.99± 1.54 7.17 ± 1.21 1.26 ±0.85 

 

Values are expressed as means ± SD (5 BALB/c mice per group) of one representative experiment out of 
three independent experiments. Unpaired Student’s t-test in BALB/c mice was used to evaluate the 
significance of differences between experimental groups and the PBS-treated control group (*P<0.05, 
***P<0.001) 

5.4.2 Lysate of L. casei prevents the increase in intestinal 
permeability and preserves ZO-1 expression in acute 
colitis 

Increased intestinal permeability caused by impairment of the gut barrier function drives 

the pathogenesis of intestinal inflammation in both DSS-induced colitis and human IBD 

(Kitajima et al., 1999; Munkholm et al., 1994). To investigate the effect of Lc on the gut 

barrier function in acute DSS-induced colitis, we administered a single dose of FITC–

dextran by gavage and measured the intensity of fluorescence in mouse serum 5h later. 

Oral pretreatment with Lc significantly decreased the intestinal permeability to 

macromolecules on the last day of DSS (day 35) to the same extent as found in healthy 

mice (Figure 5.1A). One possible mechanism by which this effect could be mediated is 

the reinforcement of tight junctions. Previous studies have demonstrated that DSS causes 

the extensive decrease in ZO-1 expression and occludin redistribution and that this effect 

could be prevented by live bacteria or their components in the murine colonic epithelium 

(Ewaschuk et al., 2008; Ukena et al., 2007). Therefore, we investigated whether treatment 

with Lc interferes with changes in the tight junction proteins production and distribution. 

As shown by immunohistochemistry and RT-PCR, treatment with Lc could completely 

prevent the loss of expression and changes in distribution of ZO-1 in both colon and 

terminal ileum (Figure 5.1B and D). Interestingly, in PBS-treated mice with subsequent 

induction of colitis (DSS/PBS) or in Lc-treated mice with subsequent induction of colitis 

(DSS/Lc) was a substantial loss of occludin in colon but not in terminal ileum (Figure 

5.1C and E). Nevertheless, its distribution in colon seems to be slightly less affected in 

DSS/Lc- as compared with DSS/PBS-treated mice. Thus, we are able to demonstrate that 
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the expression of ZO-1 in the colon and terminal ileum was significantly preserved 

following Lc treatment and probably contributes to reduced permeability of FITC-

dextran. These findings suggest that treatment with Lc enhances the intestinal barrier 

function. 

 

Figure 5.1. Oral treatment with Lc strengthens the gut barrier function as compared 

to PBS control mice. 

 
 (A) Measurement of intestinal permeability by FITC-dextran. Serum levels of 4.4-kDa FITC-dextran 5 
hour after administration by gavage in DSS/PBS, DSS/Lc-treated group and healthy controls. 
Immunohistological detection of tight junction proteins ZO-1 (B) and occludin (C) in representative 
sections of colon and terminal ileum from DSS/PBS-, DSS/Lc-treated group and healthy controls. 
Fluorescent signal of ZO-1 or occludin (red) is merged with DAPI counterstained nuclei (blue). mRNA 
expression of ZO-1(D) and occludin (E) evaluated in DSS/PBS, DSS/Lc treated group and healthy controls 
in colon and terminal ileum. RT-PCR was performed using TaqMan® gene expression assay for ZO-1. β-
actin was used as the internal control. One-way ANOVA with Dunnett’s multiple comparison test was used 
to evaluate the significance of differences between experimental groups and the DSS/PBS-treated control 
group (*P<0.05, **P<0.01, ***P<0.001). Data represent means (bar) ± SD (whisker) of five mice of one 
representative experiment out of three independent experiments. Scale bars are 10 µm in ZO-1 and 20 µm in 
occludin figures. 
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5.4.3 Oral treatment with lysate of L. casei results in important 
changes in the gut microbial ecology 

Changes in the intestinal gut microbial ecology are expected to be associated with the 

state of disease and could be influenced by probiotic treatment (Fava and Danese, 2011). 

To determine the impact of oral treatment with Lc on the intestinal microbiota, we used 

pyrosequencing of segments of genes for bacterial 16S rRNA. We collected feces before 

the treatment (day 0), before the colitis induction (day 28), and at the end of the experi-

ment (day 35). We found that oral treatment with Lc resulted in significant changes in the 

intestinal microbial ecology (Figure 5.2). The frequently present genus in our fecal 

samples was a little-studied genus Barnesiella, from the Bacteroidetes phylum, one of the 

most abundant phylum in intestinal microbiota. The next most abundant genus with very 

well described capability to ameliorate intestinal inflammation Lactobacillus increased in 

abundance after exposure to DSS and the Lc treatment. This increase in abundance was 

not observed in the control PBS group. The Bacteroides, known to be increased during 

DSS-induced colitis, proliferated after intestinal inflammation, was induced in Lc and 

PBS treated groups. Moreover, there is an increase in the biggest group of genera from 

Clostridium cluster: butyrate producing Butyricicoccus, Coprococcus and Anaerostipes. 

Butyrate is crucial for energy homeostasis of mammalian colonocytes, capable to prevent 

their autophagy (Donohoe et al., 2011). Dynamic changes in microbiota composition 

were observed before and during DSS administration in both Lc-treated and PBS-treated 

control group. Therefore, we can suggest that these microbial changes lead to improve-

ment in gut barrier function and decrease susceptibility to intestinal inflammation by 

producing active substances such as lactate and butyrate. 
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Figure 5.2. Oral treatment with Lc changes the intestinal microbiota composition. 

 

 

 
Normalized and z scored heat map and clustering dendrogram comparing relative abundance of the top 50 
most abundant bacterial species in fecal microbiota of PBS (pool of 5 mice) and Lc-treated mice (pool of 5 
mice) before the treatment (Day 0), before colitis induction (Day 28) and at the end of the experiment (Day 
35). Horizontal columns represent the day of the experiment and or the treatment; vertical rows depict 
genus sorted from the most abundant species from left to right. The color scale for the heat maps is shown 
in upper left corner. The samples were clustered on the basis of their similarity by unsupervised clustering 
in the package CLUTO 2.1.1 (http://glaros.dtc.umn.edu/gkhome/cluto/cluto/download), as described 
previously (Zhao and Karypis, 2003). 

 

 

5.4.4 Oral administration of Lc changes the immune response 
of gut mucosa 

Changes in cytokine microenvironment in the gut mucosa can influence the mucosal 

immune response to luminal antigens leading to the decrease of intestinal inflammation. 

Therefore, we investigated if the protective effect of Lc is associated with modifications 

in inflammatory response in the key compartments of the gut. We cultivated tissues from 

four distinct parts of the gut of either DSS/PBS or DSS/Lc-treated mice for 48h and then 

measured the cytokines in supernatants by ELISA. We found that pretreatment with 

DSS/Lc decreased the production of pro-inflammatory cytokines (IL-6, IFN-γ) and anti-

inflammatory cytokine IL-10 in PPs, cecum and colon as compared to DSS/PBS-treated 

mice (Figure 5.3). These results were confirmed at mRNA level by RT-PCR (data not 

shown)., 
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Figure 5.3. Pretreatment with Lc changes cytokine production in different parts of 

the gut 

 

 
 
 After DSS treatment and 24 hours cultivation, the production of cytokines TNF-α, TGF-β, IL-6, IL-10, 
IFN-γ differs in various parts of the gut as measured by ELISA. *P < 0.05, **P < 0.01 between DSS/PBS 
and DSS/Lc-treated mice in the same part of the gut was compared by unpaired Student’s t-test (n = 10 per 
group). 
 

5.4.5 Lc treatment increased the number of regulatory T cells 

Since the intestinal inflammation in acute DSS-induced colitis is triggered by microbial 

antigens (Hudcovic et al., 2001), the induction of oral tolerance to microbiota could be 

the one of the potential mechanisms of Lc protective effects. As the oral tolerance is 

maintained mainly at the periphery by Tregs , we analyzed the changes in CD4+FoxP3+ 

Tregs in the spleen, MLNs and PPs of DSS/PBS-, DSS/Lc-treated mice. We found a 

statistically significant increase in Tregs in MLN of DSS/Lc-treated mice as compared to 

DSS/PBS-treated mice. There were no statistically significant differences in the numbers 

of Tregs in spleen and PPs between these groups (Figure 5.4). 
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Figure 5.4. Oral treatment with Lc increases the number of CD4+FoxP3+ Tregs in 

MLNs. 

 

 

 
No significant changes were found in spleen or Peyer’s patches. The plots shows the expression of CD4 
versus FoxP3 on gated Th cells (CD3+CD8-), and the values within the plots represent the mean ± standard 
deviation of the total numbers of CD4+FoxP3+ T cells from one representative experiment out of three 
independent experiments (3-5 mice per group). One-way ANOVA with Dunnett’s multiple comparison test 
was used to evaluate the significance of differences in numbers of CD3+CD8-CD4+FoxP3+ cells between 
DSS/Lc-treated groups and the DSS/PBS-treated (control) group (*P<0.05). 
 

5.4.6 Lysate of L. casei, but not L. plantarum, decreases the 
production of TNF-α and down-regulates NF-κB activity 
in LPS-activated macrophages 

Because probiotics have an immunomodulatory effect on cells involved in innate immu-

nity (Mileti et al., 2009) and because the macrophages play a role in the pathogenesis of 

DSS-induced colitis (1990), we analyzed the anti-inflammatory effect of Lc in LPS-
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activated macrophages in vitro. We found that doses below 100 pg/l significantly de-

crease the production of  TNF-α by LPS-stimulated RAW 264.7 cells in vitro, while 

similarly prepared Lp did not (Figure 5.5A). Using the FACS analysis of cultured cells, 

we found that neither Lc nor Lp changes the viability of RAW 264.7 cells (data not 

shown). The treatment with either lysate of bacteria in the absence of LPS did not change 

the TNF-α production (data not shown), this data is in agreement with a study using L. 

casei  3260 (Lee et al., 2008). As published by others (Lee et al., 2008; Matsumoto et al., 

2005), this result suggests that Lc could interfere with the intracellular proinflammatory 

signaling cascade leading to activation of NF-κB transcription factor. To test this hy-

pothesis, we isolated the nuclear extract from the untreated RAW 264.7 cells or from cells 

treated with either LPS (1 mg/l), or LPS with Lc and measured the activity of the NF-κB 

signaling pathway. Lc significantly decreased the NF-κB/DNA binding activity of p65 

subunit as compared to the LPS-only or Lp+LPS treated cells (Figure 5.5B). 

Since Lc treatment decreased production of TNF-α by LPS-activated macro-

phages, we decided to characterize macrophages further by investigating their stage of 

polarization by FACS. We found that M2 phenotype marker, the mannose receptor 

CD206 was significantly upregulated and M1 phenotype marker IL-7R downregulated in 

LPS+Lc treated macrophages as compared to either LPS or LPS+Lp treated macrophages. 

Therefore, Lc seems to counteract the LPS mediated M1 polarization. Neither Lc nor Lp 

without the addition of LPS changes the macrophage polarization.  
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Figure 5.5 Lc exerts anti-inflammatory effect on LPS-activated macrophage cell line 

RAW 264.7.  

 

 

 

 

(A) Lc decreases the production of TNF-α in LPS-activated macrophages while Lp does not. TNF-α 
production by cells stimulated with 1 mg/l of LPS is set as 100% and data are expressed as means ± 
standard error of the mean of three independent experiments. *P<0.05: the means were compared against a 
hypothetical mean of 100% by one sample t-test (B) The effect of Lc on NF-κB binding activity in LPS-
stimulated RAW 264.7 cells. Lc and Lp was co-cultured with LPS-activated cells for 24 h, and then the 
binding activity of NF-κB subunit p65 was analyzed by colorimetric assay. Data are expressed as mean ± 
standard deviation of three independent experiments. One-way ANOVA with Dunnett’s multiple compari-
son test was used to evaluate the significance of differences between experimental groups and the LPS-
treated cells group (**P<0.01, ***P<0.001). (C, D) Lc counteracts the LPS mediated M1 polarization. 
Expression of F4/80, CD206, IL-7R was determined by flow cytometry. One-way ANOVA with Dunnett’s 
multiple comparison test was used to evaluate the significance of differences between experimental groups 
and the LPS-treated cells group (**P<0.01). 

5.5 DISCUSSION 

Oral treatment with probiotic bacteria has emerged recently as a potentially useful thera-

peutic strategy for human IBD (Bibiloni et al., 2005; Kruis et al., 2004). However, the 

clinical utility of such approach remains controversial, as the link between specific 

mechanisms of action and therapeutic effects of specific bacterium has been difficult to 

establish. We have shown previously that repeated oral administration of probiotic 
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bacteria L. casei DN-114 001 protects BALB/c mice from severe forms of acute intestinal 

inflammation (Kokesova et al., 2006). In this study we demonstrated that not only live 

probiotic bacteria, but also its lysate protects BALB/c, but not SCID, mice from severe 

forms of DSS-induced inflammation. 

The lack of protective effect in SCID mice suggests that mechanisms of adaptive 

immunity are essential for the beneficial effect of Lc. We did not find any changes neither 

in Lc-specific serum IgA, IgG and IgM, nor in gut SIgA during our experiments (data not 

shown), so we analyzed another mechanism executed by adaptive immune response, oral 

tolerance. Major role in this mechanism is played by Tregs, whose protective role in 

inflammation control has been clearly established (Singh et al., 2001). In this study, we 

found that Lc treatment leads to significant increase in Tregs in MLNs, but not PPs. This 

might be because MLNs are crossroads between mucosal and systemic immunity, be-

cause even naïve T cells (L-selectin expressing cells) can enter and after the interaction 

with gut-committed cells (α4β7-integrin expressing cells) from intestine became Tregs 

(Mowat et al., 2003).  

The intestinal barrier prevents viable enteric bacteria and the microbiota derived 

components from excessive interaction with the immune system. Here, we demonstrated 

that increase in intestinal permeability and the decrease in local ZO-1 expression, typical 

for DSS-treated mice, are both significantly improved by oral application of Lc. These 

results are in agreement with several studies showing that L. casei and other probiotics 

can strengthen the gut barrier function (Ewaschuk et al., 2008; Liu et al., 2011). Probiotic 

E. coli Nissle 1917 provided protection against DSS-mediated leakiness and was capable 

to produce specific up-regulation of ZO-1 expression in the intestinal epithelial barrier 

(Ukena et al., 2007). In addition, treatment with probiotic mixture VSL#3, where one of 

included bacterial strain is L. casei, prevents changes in expression and distribution of 

tight junction proteins ZO-1 and occludin (Mennigen et al., 2009). It is well known that 

inadequate function of intestinal barrier could lead to inflammatory and neoplastic 

diseases (Fasano, 2011; Tlaskalova-Hogenova et al., 2011). The disruption of the gut 

barrier has been  identified as one of the crucial steps in IBD pathogenesis, causing 

excessive host-microbiota interaction during the initial phases of the IBD (Munkholm et 

al., 1994). Protection of the gut barrier from disruption by induction of changes in expres-

sion and distribution of tight junction proteins and mucus was proposed as a key 

mechanism of probiotic function (Chen et al., 2010; Ukena et al., 2007). 
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Several studies showed that there is a marked difference in the gut microbiota 

composition in IBD patients (“dysbiosis”) as compared to healthy individuals. These 

changes in microbiota composition, or presence of certain microbial species with in-

creased virulence, cause or perpetuate the intestinal inflammation in IBD (Sokol et al., 

2006). Here, we report that oral treatment with Lc significantly changes the composition 

of gut microbiota. Similar effects have been already described as mechanisms involved in 

the probiotics-mediated protection from intestinal inflammation (Tannock et al., 2000; 

Ukena et al., 2007). Some of them are attributed to the fact, that probiotics can grow and 

colonize the gut, which could not be achieved with the non-living bacteria. The clear 

protective effect of bacterial lysate administration in intestinal inflammation is, therefore, 

rather indirect by shaping the gut microbial community or influencing the immune 

response. Nevertheless, similar mechanisms as in live bacteria could be involved to 

explain this effectiveness. Probiotics (or certain bacteria in general) can produce sub-

stances with antibiotic properties, such as bacteriocins, and molecules capable to signal to 

other members of the ecosystem to adjust their growth (quorum sensing modifiers), as 

recently reviewed (Boyer and Wisniewski-Dye, 2009). These molecules could be present 

in the lysates of bacteria and, selectively modify the bacterial populations (Jamuna and 

Jeevaratnam, 2004). Moreover, certain probiotics can induce long-term production of 

anti-microbial peptides in vivo, which can shape the gut microbiota composition long 

time after the probiotic therapy has ended (Mondel et al., 2009). These mechanisms cause 

more favorable microbiota composition thus renders the Lc-treated mice less susceptible 

to intestinal inflammation. 

By using the pyrosequencing technique we observed an increase in Bacteroides 

genus after induction of intestinal inflammation as shown previously [11]. DSS/Lc 

compared to DSS/PBS-treated group has shown a substantial increase in Lactobacillus 

genus which suggests that treatment with Lc promotes this genus among others. This 

effect could be caused by formation of niche ideal to lactobacilli. These and other differ-

ences in microbiota could be also explained by decreased inflammation in Lc-treated 

mice mediated by differing immunological mechanisms. 

The cytokines produced in the gut mucosa greatly influence the resulting immunological 

outcome. The production of anti-inflammatory cytokines induces the mucosal unrespon-

siveness and tolerance and high levels of pro-inflammatory cytokines induce protective 

immune response and inflammation (MacDonald et al., 2000). Here, we report that Lc 

treatment decrease the production of pro-inflammatory cytokines IL-6 and IFN-γ as well 
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as anti-inflammatory cytokine IL-10 in both PP and the large intestine. This suggests that 

Lc can influence both the induction and effectors’ functions of the mucosal immune 

system. We did not find significant decrease in local production of TNF-α, despite the 

clear differences in the colitis severity between Lc/DSS and PBS/DSS treated mice. This 

is consistent with our previous experiments, (Kverka et al., 2011) and suggests that, 

despite being crucial pro-inflammatory cytokine produced by macrophages, TNF-α could 

be either exhausted or downregulated by IL-10, cytokine inhibiting TNF-α production, at 

this stage of colitis. Interestingly, since IFN-γ increases the gut permeability (Madara and 

Stafford, 1989), a decrease in its local production can be responsible for strengthening of 

the gut barrier function as we found in Lc-treated mice. This is in agreement with findings 

that live L. casei can downregulate the pro-inflammatory mediators in the lamina propria 

of inflamed mucosa from Crohn’s disease patients during ex vivo cultivation (Llopis et 

al., 2009). However, various strains of lactobacilli could differ in their immunological 

activities (Thomas and Versalovic, 2010), and some lactobacilli are capable to induce T 

cells toward Th1 (Chuang et al., 2007) or Th2 (Delcenserie et al., 2008) immune re-

sponses. 

Acute DSS colitis is believed to be driven initially by innate immunity mecha-

nisms and, in particular, the role of macrophages has been proposed (Dieleman et al., 

1994; Hudcovic et al., 2001; Okayasu et al., 1990). Therefore we tested the ability of 

bacterial lysates to decrease the inflammatory response of LPS-activated macrophages in 

vitro. We found that Lc, but not Lp, decreases the production of TNF-α, and the activa-

tion of NF-κB cascade and polarizes macrophages to M2 phenotype, suggesting a 

possible direct effect of Lc on the cells of the innate immunity. It is not excluded that 

negative regulators are involved in beneficial anti-inflammatory effects of probiotics 

(Biswas et al., 2011). 

In conclusion, our data provide evidence that even lysate of L. casei DN-114 001 

can protect from induction of intestinal inflammation, thus confer a health benefit for the 

host. This is achieved by mechanisms that comprise: a) improvement in the gut barrier 

function, b) correction of the dysbiosis, and c) modulation of the mucosal immune 

response. These complex immunomodulatory properties of bacterial lysates may lead to 

the development of new therapeutic approaches for treatment of chronic intestinal in-

flammation. Moreover, oral administration of sterile bacteria, in contrast to live bacteria, 

may be safer in severely ill or immunocompromised patients. 
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6.1 ABSTRACT 

While metagenomic approaches are currently used to decipher the genome of microbiota 

(microbiome), functional studies concentrated on analysis of the effects of microbiota on 

the host proceed in parallel. An indispensable tool for studying consequences of bacterial 

colonisation is represented by the use of gnotobiological methods. 

Animal models of human diseases can be delivered into sterile conditions (isola-

tors for germ-free rearing) and colonised with defined microbes (including non-cultivable 

commensal bacteria). The effects of germ-free state or effects of colonisation on disease 

initiation and maintenance can be followed. Using this approach, we demonstrated direct 

involvement of microbiota components in chronic intestinal inflammation and develop-

ment of colonic neoplasia (i.e. in models of human inflammatory bowel diseases and 

colorectal carcinoma). In contrast, protective effect of microbiota colonization on devel-

opment of autoimmune diabetes was demonstrated in NOD mice. Interestingly, as 

compared to conventionally reared animals, the development of atherosclerosis in germ-

free ApoE deficient mice fed standard low-cholesterol diet is accelerated. Mucosal 

induction of tolerance to allergen Bet v1 was not influenced by the absence or presence of 

microbiota. 

Identification of microbiota components and elucidation of molecular mechanisms 

of their action when inducing pathological changes or exerting beneficial, disease-

protective activity could help to influence microbiota composition and to find such 

bacterial strains and components (e.g. probiotics, prebiotics) whose administration would 

aid in disease prevention and treatment.  

 

6.2 INTRODUCTION  

 The majority of epithelial surfaces of our body (skin, mucosae) are colonized by a vast 

number of microorganisms representing the so-called normal microflora, microbiota. 

Microbiota comprises mainly bacteria, but viruses, fungi and protozoans are also present. 

Our microbiota contains trillions of bacterial cells, 10 times more cells that the number of 

cells constituting our body. Most of commensal bacteria are symbiotic, however, after 

translocation through mucosa or under specific conditions (e.g. immunodeficiency) com-

mensal bacteria could cause pathology. Bacteria are present in places providing suitable 

conditions for their growth and proliferation. Skin is colonized by bacteria predominantly 
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in skin folds, bacteria are present in the upper airways, especially in the nasopharynx, on 

some mucosal surfaces of the genital tract, and the greatest amount of bacteria is found in 

the digestive tract. Oral cavity – tongue, teeth and parodontium - harbors high numbers of 

bacteria (1012), stomach has only 103- 104 bacteria, jejunum  105-106 bacteria, terminal 

ileum 108-109 but the largest amount of bacteria is found in the large intestine (1011 per g 

of intestinal content). Considerable part, i.e. about 70%, of this microbial cosmos inside 

our body is constituted by bacteria that cannot be cultivated by current microbiological 

methods. Microbial consortia were found to develop in close parallel with our body in 

dependence on the environment, and form a unity with us; hence, like most other higher 

organisms, we are in fact supraorganisms. Our microbiota represents a complex ecosystem 

with enormous diversity (Backhed et al., 2005; Eckburg et al., 2005). Molecular biological 

methods have brought a revolutionary advance: using these approaches microbiological 

laboratories worldwide have already joined the highly exacting project of analysis of 

human microbiota components, and collaborate intensively in the deciphering of the 

human microbiome. It is noteworthy that the number of genes of our colonic microbiota 

150 times exceeds the number of genes in the human genome (Qin et al., 2010). There are 

more than 50 bacterial phyla on Earth, but human gut associated microbiota are dominated 

by 4 main phyla: Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria (Eckburg et 

al., 2005). Fundamental comparative studies of human fecal microbiota revealed the 

astonishing fact that each of us has a unique composition of microbiota (i.e. there are 

considerable differences between the compositions of microbiota of individual persons). 

Another finding concerns the fact that the composition of main bacterial populations 

stabilized during the first years of our life. During this time, the microbiota develops and 

subsequently remains stable during our whole life in terms of major bacterial populations, 

even after antibiotic treatments(Doré et al., 2010). Large microbiome could produce 

enormous quantity of molecules able to interact with its host, however the role of these 

molecules remain to be elucidated. The existence of bacteria in the large intestine and their 

fundamental functions in nutrition and metabolism (fermentation of nondegradable oligo-

saccharides, metabolism of xenobiotics and activation or destruction of mutagenic 

metabolites) make the colonic microbiota a large fermentative organ (Martin et al., 2009) . 

 Metagenomic approaches were recently used to demonstrate that main functions of 

small intestine microbiota could differ from colonic microbiota functions. Microbiota 

present in small intestine is enriched by pathways and functions related to carbohydrate 
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uptake and metabolism (Kleerebezem, 2010). Small intestine contains major part of 

immune cells of the body and is substantially involved in appropriately functioning im-

mune system; small intestinal microbiota thus could play a more important role in 

development and maintenance of mucosal and systemic homeostasis. Dietary interventions 

and administration of probiotics could be very effective means of changing the composi-

tion of relatively simple microbial community present in small intestine and could thereby 

substantially affect its metabolic and immunomodulatory functions.     

 While molecular biological analysis of microbiota is bringing daily new knowl-

edge,   functional studies concentrated on intensive analysis of the effects of microbiota on 

the macroorganism proceed in parallel. An indispensable methodological tool in the study 

of the biological importance of microbiota and the consequences of bacterial colonization 

is represented by the use of gnotobiological methods on experimental animals. Mice or 

other species bred by a complex technology in a sterile environment (i.e. free of live 

bacteria) in isolators for germ-free breeding can be colonized in a controlled way with 

defined strains of bacteria (including nonculturable ones) and the effects of the coloniza-

tion can then be followed on both genetic and protein level (Falk et al., 1998; Hooper et al., 

2000).       

 

6.3 MUCOSAL BARRIER FUNCTION  

Epithelial surfaces evolved protective mechanisms to resist invasion of microrganisms. 

Both mucosa and skin mediate everyday contact between the organism and its external 

environment:  the organism meets there a large quantity of antigenic, mitogenic and toxic 

stimuli present in food, normal microbiota and air. Moreover, most of “exogenous” patho-

genic infections enter the organism by mucosal route. Mucosa and internal environment of 

the organism are protected by a most effective innate and highly specific immune system. 

Most immunologically active cells of the body (about 80 % !!) belong to a mucosa-

associated immune system. A major portion of these cells is present in tissues of the 

gastrointestinal tract, where also an incidence of immunogenic agents - food and microbi-

ota components - is highest. Under physiological conditions  the gut covered by the largest 

epithelial body surface (in humans around 200 m²),  is realizing complex and poorly 

understood cell interactions which regulate responses to food antigens and to antigens of 

the normal (commensal) bacterial flora(Garrett et al., 2010; Hill and Artis, 2010; Chung 
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and Kasper, 2010; Mestecky et al., 2005; Mestecky et al., 1995; Russell and Ogra, 2010; 

Tlaskalova-Hogenova et al., 2002). 

Barrier function of mucosal surfaces (namely the intestine) is ensured by complex 

mechanisms acting on several levels. Microbiota itself forms an integral part of a complex 

of natural mechanisms on mucosal surfaces and skin that safeguard the resistance of 

organism against pathogenic microorganisms. At an optimal composition, it prevents 

attachment, multiplication of pathogenic, virulent microorganisms on these surfaces and 

their invasion into epithelial cells and circulation.  Intestinal microbiota plays an important 

role in anti-infectious resistance both by direct interaction with pathogenic bacteria and by 

its influence on immune system (Tlaskalova-Hogenova et al., 2004; Turner, 2009).           

 Mucins (highly glycosylated macromolecules) are forming first host’s barrier 

between the gut content and epithelial cells, protecting them from direct contact with 

commensal bacteria and their components. Changes in amount and/or composition of 

mucus could lead to inflammatory responses (Linden et al., 2008).  The epithelial layer, 

covered by glycocalyx, forms a main barrier between host and environment.  The epithe-

lium of most mucosal surfaces consists of a single layer of interconnected, polarized 

epithelial cells. Epithelial layer of gut mucosa is reinforced by junctions (tight junctions, 

adherens junctions and desmosomes) present in paracellular spaces of epithelial cells and 

forming an interconnected network. Tight junctions were found to act as a dynamic and 

strictly regulated port of entry that opens and closes in response to various signals (e.g. 

cytokines but also  bacterial components) originating in lumen, lamina propria and epithe-

lium. Tight junctions participate in preserving cellular polarity and are regarded as key 

elements in intestinal diffusion mechanisms. The molecules forming tight junctions are 

connected to cytoskeleton of epithelial cells and in this way they participate in determining 

the shape and structure of epithelial cells (Fasano, 2008). Epithelial cells participating in 

mucosal barrier function are:  conventional enterocytes (colonocytes in colon), goblet cells 

producing both mucus and  trefoil peptides required for epithelial growth and repair, 

enteroendocrine cells produce neuroendocrine molecules having a paracrine effect, and 

Paneth cells secreting antimicrobial peptides - defensins. The products of the nervous 

system (neuropeptides) are capable to increase the permeability of tight junctions to 

macromolecules, thus modifying the mucosal barrier function(Bienenstock and Collins, 

2010). 
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The participation of the factors belonging to innate immunity in mucosal barrier 

function and during the interaction of commensal microorganisms with host immune 

system is now highly appreciated. In addition to well-known humoral components of 

innate immunity such as complement, lysozyme, lactoferin, mannan binding protein, 

recently described factors have been subjected to intensive study. An important humoral 

component of these non-specific mechanisms are antimicrobial peptides widely distributed 

throughout plant and animal kingdom. Various types of these peptides called defensins are 

produced by Paneth cells, specialised cells presented in the crypts of gut mucosa, and by 

some other epithelial cells. Innate immunity mechanisms are based mainly on phagocytic 

cells (macrophages, neutrophils, dendritic cells) which can produce cytokines essential for 

inflammatory reactions as well as factors critical for the subsequent initiation of specific 

immunity. These cells initiate innate immunity responses to microbiota through the sensing 

structures (Pattern Recognition Receptors - PRR) (Medzhitov and Janeway, 2000). These 

sensing structures, Toll-like receptors, C-type lectin receptors, RIG-like receptors and 

nucleotide-binding oligomerization domain-leucine rich repeat containing proteins, recog-

nize selective bacterial patterns and transmit activation signals to the target cell. In addition 

to their strategic localization and absorptive, digestive, and secretory functions, intestinal 

epithelial cells are equipped with various receptors enabling their participation in immu-

nological processes. To prevent uncontrolled inflammatory response to components of 

commensal microorganisms, their signaling pathways similarly as in other mucosal innate 

immunity cells are tightly regulated by a number of molecules and pathways ensuring 

negative feedback mechanisms (Kelly et al., 2004; Kobayashi et al., 2002; Tlaskalova-

Hogenova et al., 2004). We have shown that Nod2 molecule expression in gut mucosa is 

affected by the presence of microbiota and, on the other hand, that Nod2 expression 

influences the microbiota. Nod2 and intestinal commensal bacterial flora thus maintain a 

balance by regulating each other through a feedback mechanism (Petnicki-Ocwieja et al., 

2009).   

 The main cells which present antigen to the adaptive arm of mucosal immune 

system are dendritic cells (Rescigno and Di Sabatino, 2009). Induction of tolerance or 

stimulation of mucosal immune response depends on the participation of different popula-

tions of dendritic cells responsible for the activation of regulatory T cell subpopulations 

(Coombes and Powrie, 2008). Production of IL-10 and TGF beta leads to activation of 

regulatory T cells which inhibits the immune response and induces mucosal tolerance 

(Barnes and Powrie, 2009). Pathogenic microorganisms induce the maturation of dendritic 
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cells and lead to activation of effector T cells indispensable for clearing the infection and 

for prevention of the subsequent infection with homologous or related pathogens 

(Rescigno and Di Sabatino, 2009). 

 One of the main humoral defence factors ensuring the barrier function of mucosal 

surfaces and produced by adaptive arm of mucosal immune system is secretory IgA 

(SIgA).  Polymeric secretory IgA molecule is more resistant to proteolysis. Its primary task 

is to prevent both the adherence of bacteria to mucosal surfaces and penetration of antigens 

to internal environment of the organism. This is achieved by specific (binding site) or 

nonspecific (by a reaction resembling lectin binding) mechanisms(Brandtzaeg, 2010; 

Holmgren and Czerkinsky, 2005; Mestecky et al., 1999). In individuals with selective IgA 

deficiency, the mucosal barrier is insufficient and more permeable to allergens and other 

immunogens. Secretory IgA can react with certain bactericidal substances contained in 

secretions (lactoperoxidase, lactoferin) and transport them to bacterial surfaces (Mestecky 

et al., 1999). 

Mucosally administred antigens induce immune response detectable not only lo-

cally, but also in the circulation and in remote mucosal surfaces and exocrine glands (Ogra, 

2009). It was shown that cells originating from organized mucosal lymphoid tissue migrate 

after activation through lymph and blood and “home” into mucosal surfaces and exocrine 

glands (common mucosal immune system)(Brandtzaeg, 2010; Mestecky et al., 2005; 

Tlaskalova-Hogenova et al., 2002). A good example of the effect of migration and selec-

tive colonization by cells from intestinal mucosal surfaces is offered by the composition of 

secretion of mammary glands - mother’s milk. Apart from nutritive components, mother’s 

milk contains both a number of immunologically non-specific and specific factors and a 

large quantity of cells. All these components protect, not yet completely developed, 

intestine of the infant mainly against infectious agents. Mammary gland is colonized by the 

immune cells from the intestine (enteromammary axis)(Hanson and Silfverdal, 2009). As a 

consequence of this colonization, the lacteal secretion contains IgA antibodies and cells 

directed against antigens present in maternal intestine, thus protecting the breastfed infant 

from threads present in his/ hers environment.. This involves mainly bacteria of maternal 

microbiota that colonises the intestine of the infant within the first three days of life and 

may have a pathological impact on its incompletely matured mucosa, as this occurs in a 

case of necrotic enterocolitis. Therefore, a local protection provided for the infant’s intes-

tine by a number of molecules (e.g. cytokines) with immunomodulatory properties present 
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in colostrum and milk, as well as maternal secretory antibody present there,  is of major 

importance (Kverka et al., 2007). 

 

6.4 THE ROLE OF MICROBIOTA IN POSTNATAL DEVELOPMENT OF 
THE INNATE AND ADAPTIVE IMMUNITY AND MUCOSAL 
BARRIER  

The close symbiosis of microbiota and human or animal hosts is the result of a long 

evolution and mutual adaptation of both inseparable partners, which define our ability to 

adapt to the ambient environment and defend ourselves against diseases. The period in 

which the human host is most sensitively influenced by microbiota is the postnatal period, 

i.e. the time span during which the germ-free neonate arrives from the sterile environment 

of the mother’s uterus into the world full of microorganisms and his/her mucosal and skin 

surfaces are gradually colonized. The composition of main bacterial populations is not 

stabilized until after the first years of life. This is the period when the microbiota gradually 

colonizes mucosal and skin surfaces of the neonate and exerts the greatest effect on the 

development of the immune system (Adlerberth and Wold, 2009). The way of delivery is 

of utmost importance, because caesarean section delivered infants lacking first input of 

maternal bacteria, they differ substantially in composition of their intestinal microbiota. 

Components of intestinal microbiota play a crucial role in postnatal development of 

the immune system. During early postnatal period intestinal microbiota stimulates the 

development of both local and systemic immunity, while later on these components evoke, 

on the contrary, regulatory (inhibitory) mechanisms intended to keep both mucosal and 

systemic immunity in balance (Cebra, 1999; Cebra et al., 2005; Tlaskalova-Hogenova et 

al., 1981). 

The importance of microbiota for structural and functional features of the develop-

ing immune system was prognosticated by professor Jaroslav Šterzl, who established 

Laboratory of Gnotobiology at the Institute of Microbiology more than 50 years ago. This 

crucial improvement gave us the tool to study basic questions on host-microbiota interac-

tion using various animal models(Mandel and Travnicek, 1987; Sinkora and Butler, 2009; 

Stepankova et al., 1998; Sterzl and Silverstein, 1967; Tlaskalová-Hogenová, 1997; 

Tlaskalova-Hogenova et al., 1983; Tlaskalova et al., 1970). We have shown that coloniza-

tion of animals living in germ-free conditions results in an increase of immunoglobulin 



 

   129 

level, production of specific antibodies, substantial changes in mucosa associated lympho-

cyte tissues and their populations, migration patterns and increase of the systemic 

immunological capacity (Stepankova et al., 1998; Tlaskalová-Hogenová, 1997; 

Tlaskalova-Hogenova et al., 1981; Tlaskalova-Hogenova et al., 1983). In the early postna-

tal period components of normal microbiota induce a transient „physiological“ 

inflammatory response in the gut associated with enlargement of mucosa-associated 

lymphatic tissue and increase of its cellularity (Hrncir et al., 2008; Tlaskalova et al., 1970). 

 The effect of colonization with microbiota on innate immunity cells was docu-

mented in our studies concerning the development of phagocytes, dendritic cells and 

intestinal epithelial cells (Petnicki-Ocwieja et al., 2009; Williams et al., 2006).  Interest-

ingly, the repertoire of T cell receptors is also influenced by colonization with microbiota 

(Probert et al., 2007). Recently we studied the effect of microbiota on the development of 

lymphatic subpopulations of BALB/c mice bred in germ-free isolators or under conven-

tional conditions, and fed with different types of sterile diets differing in the contamination 

with microbial components. Study of lymphocyte subpopulations showed that mesenteric 

lymph nodes and Peyer’s patches of germ-free mice fed by diets with the lowest content of 

lipopolysaccharide contained lower numbers of CD4+ T lymphocytes than those of mice 

housed under conventional conditions. Germ-free mice kept on a diet with a higher content 

of nonliving microbial components had a higher number of CD4+ lymphocytes than 

animals kept on a diet with a low content of bacterial components. An important finding 

was that the development of regulatory (CD4+FoxP3+) lymphocytes depends on the 

presence of microbiota and bacterial components in the diet: germ-free mice on a diet 

containing small amounts of lipopolysaccharide had much lower numbers of regulatory T 

lymphocytes (Hrncir et al., 2008).  

Interestingly, the colonization of germ-free mice speeds up also the biochemical 

maturation of enterocytes, resulting in a shift of specific activities of brush-border enzymes 

almost to the extent found in conventional mice (Kozakova et al., 2001). Moreover, similar 

introduction of microorganisms changes also the synthesis of sugar chains of membrane-

associated glycoproteins, which could influence the gut barrier function (Bry et al., 1996; 

Chung and Kasper, 2010; Umesaki et al., 1982). 
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6.5 PARTICIPATION OF COMMENSAL BACTERIA AND THEIR 
COMPONENTS IN DEVELOPMENT OF INFLAMMATORY , 
AUTOIMMUNE AND NEOPLASTIC DISEASES  

While the major cause of death in less developed world remains infectious diseases, the 

major killers in the developed world are cardiovascular diseases and cancer. Moreover, 

steadily increasing prevalence of chronic disorders like allergy, arthritic diseases and other 

inflammatory and autoimmune diseases, is causing significant morbidity(Backhed, 2010; 

Bach, 2002). These disorders represent an important medical problem because they have a 

devastating impact on the quality of life and require longstanding medical care. 

The main characteristics of inflammatory and autoimmune diseases are tissue de-

struction and functional impairment caused by immunologically mediated mechanisms, 

which are principally the same as those functioning against dangerous (pathogenic) infec-

tions. It is without doubt that not only living and multiplying bacteria but also their 

components and metabolites are responsible for many of those modulatory mechanisms 

(Ehlers and Kaufmann, 2010). Most of the work on autoimmune, inflammatory and 

neoplastic diseases is aimed at investigating the pathogenic role of plausible environmental 

agents, including these microbial components (Selmi and Gershwin, 2009; Youinou et al., 

2010) . 

In some cases the impaired function of the intestinal barrier is leading to an in-

creased level of antibodies directed to antigens present in the intestinal lumen. It was 

recently found that the appearance of these antibodies or/and autoantibodies in individu-

als still lacking clinical symptoms could have an important predictive value for the 

development of inflammatory and autoimmune diseases (Israeli et al., 2005; Shoenfeld et 

al., 2008) . 

 In case of autoimmune diseases many efforts were done to understand mecha-

nisms leading to the loss of self tolerance. Infections were often considered to initiate the 

process in genetically predisposed individuals. Main hypothesis explaining how infec-

tious components can cause autoimmune reactions is based on the concept of cross 

reactivity, molecular “mimicry”, (similarity between the epitopes of autoantigens and 

epitopes of the environmental antigen) (Blank et al., 2007; Westall, 2006). Infections may 

trigger the development of autoimmunity also by inadequate activation of innate immu-

nity cells (Van Eden et al., 2007). Adjuvant activity of microbial components could 

participate in stimulation of antigen presenting cells (dendritic cells) which leads to 
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abnormal processing and presentation of self antigens. Superantigens are effective 

microbial components which were shown to induce inflammatory reactions. 

  Genome-wide association studies (GWAS) on large human cohorts are used to pin-

point the role of genes mutated in human chronic diseases. With their help, we can now 

suggest not only the mechanisms but also the interacting environmental factors (e.g. 

infectious components) involved in disease initiation and maintenance(Hawkins et al., 

2010; Zhernakova et al., 2009).   

Homeostasis of intestinal mucosa may be disturbed by pathogenic microorganisms 

and toxins attacking the intestine, or by inadequately functioning components of the 

immune system, as observed in immunodeficiency states or in cases of dysregulated 

mechanisms of mucosal immune system. Intestinal mucosa could be affected as a conse-

quence of either insufficient activity (immunodeficiency) or exaggerated activation of the 

immune system (Barnes and Powrie, 2009; Tlaskalova-Hogenova et al., 1998).  Various 

complex diseases may thus occur as a consequence of disturbances of mucosal barrier 

function and/or of changes in mechanisms regulating mucosal immunity to food or micro-

biota components (Abt and Artis, 2009; Sekirov et al., 2010). The studies showing both 

inter-individual differences and disease-specific pattern in the composition of microbiota in 

humans are of great interest. Nevertheless, the complexity and inter-individual variation in 

the gut microbiota composition in humans represents a confounding factor in the efforts to 

determine the possible significance of individual commensal microbial organisms in 

disease pathogenesis.      

 Patients usually come to the clinic after their disease has become advanced and 

symptomatic, and this has made understanding of the early events leading to disease very 

difficult. Despite being often too artificial to be comparable with real human diseases, 

experimentally induced and spontaneously developing animal models of human diseases 

make possible to examine the role of genetic and environmental factors in early events 

during disease development, elucidate the pathogenetic mechanisms, and develop new 

preventive and therapeutic strategies. Examples of diseases in which barrier dysfunction 

and microbiota involvement in human disease were suggested, as well as proven cases in 

which the use of germ-free or gnotobiotic animal models of diseases were beneficial, are 

listed below.  
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6.6  INFLAMMATORY BOWEL DISEASES (IBD) 

 Idiopathic inflammatory bowel diseases (IBD) i.e. Crohn’s disease and ulcerative 

colitis, are severe chronic disorders affecting approximately 0.2 % of the human popula-

tion. Despite long lasting interest, their etiology and pathogenesis remain unclear. It is 

generally accepted, tat the etiopathogenesis of IBD involve interactions among immune, 

environmental and genetic factors; the combination of these factors results in induction of 

inflammation, subsequent mucosal lesions and then repair. Disruption of T lymphocyte 

regulatory functions and impairment of the mucosal immune response to normal bacterial 

flora play a crucial role in the pathogenesis of chronic intestinal inflammation. This may 

indicate the loss of local physiological regulatory mechanisms, perhaps a breakdown of 

oral tolerance to luminal antigens (Blumberg, 2009; Clavel and Haller, 2007; Singh et al., 

2001; Uhlig et al., 2006; Xavier and Podolsky, 2007). This suggests that intestinal mucosa 

is one of the most sensitive indicators of immune system dysfunction. The finding that 

there is an abnormal T cell responsiveness against indigenous microbiota in human IBD 

awakened interest in the possibility that commensals may initiate and/or perpetuate the 

intestinal inflammation in IBD (Bengmark, 2007). Recent results of the  genome-wide 

association studies performed in large cohorts of patients confirmed previously suggested 

participation of microbial components in development of Crohn’s disease and ulcerative 

colitis (Mathew, 2008). Most of the mutations were found in genes encoding recognition, 

processing and killing of microorganisms, and regulation of immune processes. Interest-

ingly, some of these gene defects were found also in other autoimmune diseases.  

 Several animal models of spontaneously developing intestinal inflammation 

suggest that innate immunity, mucosal barrier defects or disruption of T lymphocyte 

regulatory functions could lead to chronic intestinal inflammation. A number of genetically 

manipulated mice (e.g. mice deficient in the interleukin-2, interleukin-10) develop sponta-

neous chronic intestinal inflammation (Elson et al., 2005).  Interestingly, the disease could 

be prevented when these mice are reared in germ-free conditions (Dieleman et al., 2004; 

Sellon et al., 1998). Similarly, compared to conventionally reared mice, BALB/c mice 

develop much milder form of acute dextran sulphate sodium induced colitis in germ-free 

conditions (Hudcovic et al., 2001). 

 In our studies, we used T cell transfer model of chronic colitis in germ-free and 

other gnotobiotic mice to elucidate the effects of colonization with defined mixtures of 

microbes (cocktails) on intestinal inflammation development. We found that after the 
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transfer of the CD4+CD45RBhigh T cells to SCID mice, severe inflammation was present in 

mice colonized with a cocktail of specific pathogen-free (SPF) microbiota together with 

segmented filamentous bacteria. Interestingly, germ-free mice, mice monoassociated with 

segmented filamentous bacteria alone or mice associated with the particular specific 

pathogen-free cocktail did not exhibit markers of severe intestinal inflammation 

(Stepankova et al., 2007). 

 Even oral treatment with lysed bacteria could influence the development of ex-

perimentally induced intestinal inflammation. We showed that the severity of dextran 

sulphate sodium induced intestinal inflammation in BALB/c mice is reduced by orally 

administered sonicate of microbiota containing anaerobic bacteria (Verdu et al., 2000). 

Furthermore, we found that this effect could be directed through the manipulation with gut 

microbiota and immunomodulation of mucosal as well as systemic immune response 

(Kverka et al.). Thus, the mechanisms of this protective and therapeutic effect have to be 

elucidated more precisely and this novel approach may be used for development of poten-

tial vaccine. 

 

6.7 CELIAC DISEASE  

Celiac disease is a chronic immune-mediated enteropathy that is triggered by dietary wheat 

gluten, or related prolamins, in genetically susceptible individuals. It is characterized by an 

increase in cellularity (intraepithelial lymphocytes) and atrophy of jejunal mucosa. Auto-

immune nature of the disease was confirmed by the presence of autoimmune mechanisms 

directed to several autoantigens including the most diagnostically important autoantigen, 

tissue transglutaminase. The very frequently occurring association of celiac disease with 

other autoimmune diseases (e.g. type 1 diabetes (T1D), thyroiditis), suggests that celiac 

enteropathy share certain pathogenetic mechanisms with other autoimmune 

diseases.(Kucera et al., 2003) Indeed, the gut mucosal barrier dysfunction was repeatedly 

demonstrated and confirmed by genetic studies in patients with coeliac disease and T1D 

(Fasano and Shea-Donohue, 2005; Visser et al., 2009; Wapenaar et al., 2008). Several 

intestinal viral triggers (adenovirus, hepatitis C virus, rotavirus) or bacterial infections, 

capable to initiate or augment gut mucosa responses to gluten, were suggested to play a 

role in the pathogenetic mechanism (Plot and Amital, 2009). Abnormal component found 

among microbial inhabitants adhering to diseased jejunal mucosa was described and 

recently analysed using new microbiological methods by Hammarstrom’s group (Ou et al., 
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2009). Profound changes in faecal and duodenal microbiota composition of patients with 

active disease and on gluten free diet was also demonstrated (Collado et al., 2009). Inter-

estingly, it was shown that some commensal bacteria (E. coli) promoted the activation of 

innate immunity cells by gliadin whereas others (Bifidobacteria) exerted inhibitory effects 

(De Palma et al., 2010). 

There is a limited number of suitable animal models of this disease. By long lasting 

intragastric application of gluten to AVN rats starting from birth we were able to induce 

main features of gluten enteropathy: increase of intraepithelial lymphocytes, crypt hyper-

plasia and shortening of the villi in jejunal mucosa. Moreover, we found similar changes in 

mucosal structures after transfer of intestinal lymphocytes into intestinal loops of inbred 

germ-free recipients. Changes appearing after gluten (but not albumin) feeding were 

inducible in germ-free rats, i.e. in the absence of microbiota suggesting activation of 

intestinal immune cells by this unique food protein (Stepankova et al., 1996). 

 

6.8 TYPE 1 DIABETES 

Type 1 (insulin-dependent) diabetes mellitus is one of the most studied organ-specific 

autoimmune diseases. It develops as a consequence of a selective destruction of pancreatic 

insulin-producing beta cells within the islets of Langerhans. It has been generally accepted 

that autoimmunity against beta cells may arise from activation of the immune system in 

genetically predisposed individuals by environmental factors which may bear epitopes 

similar to those in the beta cell. Several mechanism such as molecular mimicry, metabolic 

stress of beta cells, cryptic epitope exposure, co-stimulator upregulation etc. have been 

proposed but not fully validated in pathogenesis of T1D. Recently, T1D is often consid-

ered, similarly as other autoimmune diseases, being a consequence of dysbalanced or 

inadequately developed regulatory immune responses in genetically predisposed individu-

als.  

The rapid increase in the incidence of T1D in developed countries during last dec-

ades points to the role of environmental factors. Candidate environmental factors in T1D 

include various microbial and food components encountered on mucosal surfaces as well 

as gut mucosa parameters such as gut permeability (Vaarala, 2008). The main difficulty in 

characterizing the environmental factors and their mechanisms in T1D (but possibly also 

other autoimmune diseases) is their complexity, long lag period between the triggering or 

disease-modifying events and the clinical onset of the disease, and also lack of studies on 
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environmentally-defined, gnotobiological animal models. Furthermore, environmental 

factors in T1D seem to rather prevent full penetration of the disease than to trigger it.  

 In NOD (Non-obese diabetic) mice and BB (Bio-Breeding) rats, the two well-

established animal models spontaneously developing autoimmune diabetes, the quality of 

specific pathogen-free housing facilities influences incidence of the disease. Animal 

facilities with positively-defined specific pathogen-free microbiota (e.g. altered Schaedler 

microflora), antibiotic decontamination or re-derivation of the breeding nucleus facilitate 

high diabetes incidence. Thus, clean conditions increases T1D incidence, whereas infec-

tions (including parasites) and immunization with bacterial components decrease it 

(Pozzilli et al., 1993). We found rapid onset and 100% diabetes incidence in NOD females 

reared in germ-free conditions (Funda et al., 2007). Wen et al. have recently also reported 

high diabetes incidence in germ-free mice and documented an involvement of innate 

immune mechanisms in the disease. These findings indicate that some not yet well-defined 

components of commensal microbiota exert diabetes-protective effects (Wen et al., 2008). 

 The course of T1D could be also influenced by food. It is well documented that in 

both BB rats and NOD mice, the diabetes-promoting agents are not carbohydrates but 

come mainly from the plant protein fraction of natural diets (Hoorfar et al., 1993). We 

have documented that gluten-free diet (but also high gluten content in the diet) highly 

decreases diabetes incidence in NOD mice(Funda et al., 1999; Funda et al., 2008 ). In 

addition, different mechanisms are responsible for the disease prevention - some of the 

diets have microbiota-dependent diabetes-protective effect, while other prevents T1D in 

a microbiota-independent manner (Funda et al., 2007). Gliadin, the component of wheat 

gluten that triggers celiac diseases in susceptible individuals, was shown to activate 

innate immune mechanisms and also increase intestinal permeability(Drago et al., 2006; 

Jelinkova et al., 2004; Visser et al., 2009). 

Increased gut permeability preceding clinical onset of the disease and signs of acti-

vation of gut immune system were described in T1D children and related to 

etiopathogenesis of this disease (Vaarala, 2008). An impaired gut barrier function and its 

consequences on development of the disease were also demonstrated in the BB rat model 

of T1D (Watts et al., 2005). Thus, apart from various environmental factors in T1D, 

parameters of gut mucosa as an interface between the “self” and the outer environment 

further contribute to the complexity of the disease.  
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6.9 NEUROLOGICAL AND PSYCHIATRIC DISEASES  

One of the most frequent, severe autoimmune neurological diseases is demyelinating 

disease, multiple sclerosis. The disease affects mainly young people, leading finally to 

their invalidity.  Changes in gut barrier function, i.e. increased intestinal permeability in 

patients as well as in their relatives was reported (Yacyshyn et al., 1996). Viruses as well 

as bacteria were suggested to participate in the etiopathogenesis of multiple sclerosis. 

Based on morphological and immunological findings present in the brain of patients, most 

attention has recently been given to common infection with EBV (Pender, 2009). Bacterial 

involvement in etiopathogenesis of multiple sclerosis was suggested when bacterial 

peptidoglycan was found within antigen presenting cells (DC and macrophages) in the 

brain of patients but not in control individuals.(Schrijver et al., 2001) The potential role of 

molecular mimicry associated with infections was studied by Westall (Westall, 2006). By 

comparing the sequencess from three known encephalitogenic peptides with all known 

human bacterial and viral agents, he found that these mimics are presented in a wide 

variety of microorganisms. Interestingly, the mimics were found predominantly in non-

pathogenic gut bacteria. 

 Demyelinisation can be experimentally induced and achieved by immunisation of 

mice with autoantigenic molecules isolated from CNS. This widely used model of multiple 

sclerosis,  experimental autoimmune  encephalomyelitis (EAE), had shown to be invalu-

able in unravelling the pathogenesis of this debilitating disease and creating new 

therapeutic approaches (Faria and Weiner, 2006). The role of microbiota components in 

etiopathogenesis of the disease using this experimental model was recently documented by 

Kasper’s group and the results of the study were used for proposing a novel way of treat-

ment (Ochoa-Reparaz et al., 2009; Ochoa-Reparaz et al., 2010). 

 The gut-brain axis is a bidirectional communication system through which the brain 

modulates gastrointestinal function and through which gastrointestinal system is monitored 

by brain. Neural as well as immunological and endocrine mechanisms are involved in this 

communication. Intestinal microbiota influences the gastrointestinal physiology, including 

the development and function of enteric nervous system (Bienenstock and Collins, 2010; 

Collins and Bercik, 2009). Enteric nervous system (“second brain”) directly controls the 

gastrointestinal tract functions. It consists of more neurons than there are in spinal cord 

(about 108), organised in myenteric and submucosal plexuses (Gershon, 1999). Interest-

ingly, recent findings suggest potential involvement of these structures in frequently 
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occurring neurodegenerative disorders like Parkinson diseases. Characteristic Lewy bodies 

- pathological hallmarks of Parkinson disease - were found in intestinal biopsies of patients 

with Parkinson disease (Lebouvier et al., 2009). 

 There is increasing evidence that immune system, inflammation and mucosal 

barrier function are involved in pathogenesis of some psychiatric diseases. Autism is a very 

important mental illness and its strongly increasing incidence in developed countries 

attracts the attention of researchers. Antigenic load due to the impairment of gut barrier 

function, was suggested as triggering factor a few yars ago (de Magistris et al., 2010).  

Autistic enterocolitis and changes of intestinal permeability were described in this early 

onset developmental disorder (Theoharides and Doyle, 2008). Moreover, urinary metabolic 

phenotyping determined biochemical changes which were consistent with abnormalities  of 

gut microbiota composition  found in autistic children (Finegold et al., 2010; Yap et al., 

2010). Interestingly, also in another mental illness, depression, ”leaky gut” was suggested 

to play a  pathogenic role: this assumption was based on the findings of  altered  intestinal 

permeability in patients and first-degree relatives (Maes et al., 2008).     

 Analysis of behavioural changes in experimental animal models of neuropsychiat-

ric diseases started to be used for elucidating the role of mucosal barrier function and 

involvement of environmental factors in disease pathogenesis (Nestler and Hyman, 2010). 

We studied behavioral changes occurring after induction of intestinal mucosa changes 

resembling celiac diseases by feeding of high doses of gluten to rats, and we found a 

higher emotionality in open field test (Castany et al., 1995). It is interesting to note that 

behavioural, psychological changes are very often present in patients with active celiac 

disease associated with findings of regional cerebral hypoperfusion in their brains 

(Addolorato et al., 2004). 

 

6.10  RHEUMATIC DISEASES   

Involvement of intestinal changes in pathogenetic mechanisms of rheumatic diseases was 

suggested by the findings of increased intestinal permeability and the presence of gastroin-

testinal symptoms in patients with juvenile idiopathic arthritis (Weber et al., 2003). On the 

other hand, very frequent occurrence of arthritis in patients suffering from IBD suggests 

participation of gut in this immune mediated rheumatic disorder (Rodriguez-Reyna et al., 

2009).       
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 Infection with intestinal microbial pathogens such as Salmonella, Shigella and 

Yersinia precedes the development of reactive arthritis, this infection can trigger autoim-

mune reactions in joints (Toivanen, 2003). Moreover, increased level of antibodies directed 

to antigens of certain gut bacteria (e.g. Proteus) suggests that there is an etiopathogenetic 

relationship between these types of bacteria and rheumatoid arthritis (Ebringer et al., 

2010). Similarly, increased titres of anti-Klebsiella antibodies in patients with ankylosing 

spondylitis suggest that infection with these bacteria could be a triggering factor in these 

patients(Rashid and Ebringer, 2007). Only recently, the involvement of gut microbiota 

community in etipathogenesis of rheumatic diseases has started to be properly analysed. 

Most studies related to gut microbiota composition in rheumatoid arthritis were performed 

by classical cultivation methods which do not allow to analyse the non-cultivable majority 

of gut microbiota. Studies based on the use of new molecular biological methods demon-

strating alteration of gut microbiota composition in patients with rheumatic diseases (e.g. 

juvenile arthritis) have appeared only recently (Vaahtovuo et al., 2008).     

 Animal models of rheumatic disease are frequently used similarly as in other 

diseases to study the pathogenetic mechanisms and development of new therapeutic 

approaches. Currently, these models are used to study the participation of gut microbiota in 

disease development (Rehakova et al., 2000). Rat HLA-B27 transgenic model of ankylos-

ing spondylitis spontaneously develops the disease (associated with colitis) when reared in 

conventional conditions (i.e. with microbiota). After transfer into germ-free conditions the 

transgenic rats lost inflammatory changes in the gut as well as in joints (Taurog et al., 

1994). Alleviation of symptoms and inflammatory changes by oral application of probiot-

ics was described in an experimental model of adjuvant-induced arthritis (Rovensky et al., 

2009). Very exciting  results came from the recent study performed using the mouse model 

of rheumatoid arthritis: it was demonstrated that germ-free state decreases the clinical and 

autoimmune markers of arthritis  but colonisation with unique non-cultivable bacterial 

strain belonging to mouse commensals, i.e. with segmented  filamentous bacteria induced 

Th17 subpopulation, leads to clinical symptoms and increase  of autoantibody production 

(Wu et al., 2010). 

 

6.11  OBESITY, CARDIOVASCULAR DISEASES , ATHEROSCLEROSIS 

 In addition to the well-known role of intestinal bacteria in nutrition, our commensal 

bacteria were found to play an important part in many physiological processes. Consider-
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able interest was aroused by the findings of the group of Jeffrey Gordon from the Wash-

ington University that concerned the changes in the expression of genes of germ-free mice 

following colonization by a certain strains of intestinal bacteria (Falk et al., 1998). These 

studies demonstrated conspicuous effects of bacterial colonization on the expression of a 

wide range of genes, some of which take part in metabolism (Bry et al., 1996). The recent 

work of Gordon’s group concerns the study of the relationship between the composition of 

the microbiota and obesity (Backhed et al., 2007). The authors use for their research 

experimental models of genetically obese mice (leptin deficient ob/ob mice) and gnotobi-

ological techniques (germ-free mice). The first experiments of this group showed that the 

colonization of the intestine of germ-free mice by microbes from conventional mice 

brought about within a relatively short time (2 weeks) a 40% increase in body fat despite 

the low food intake being retained. In other experiments the germ-free mice were colo-

nized by the microbiota of obese mice and of a control slim strain. The colonization with 

microbiota from obese mice caused a much higher rise in body fat than the colonization 

with the microbiota from slim mice. The composition of the intestinal bacteria of the obese 

leptin deficient mice, when analyzed by molecular biological methods, was found to differ 

from that of the microbiota of slim mice, in particular concerning the proportion of the two 

main bacterial groups (Firmicutes and Bacteroidetes):  obese mice exhibited a 50% lower 

occurrence of Bacteroidetes and increased proportion of Firmicutes. These changes in 

microbiota composition increase the ability to break down fiber into short chain fatty acids 

and to release additional energy which could be stored as fat (Backhed et al., 2007; Samuel 

et al., 2008).  

 Very interesting data were brought by analyses of human microbiota. The results 

confirmed the data obtained in mice: obese patients had a lower proportion of Bacteroide-

tes and, moreover, if they lost weight during one year, the proportion of Firmicutes in their 

intestinal microbiota was comparable with that found in slim persons (Ley, 2010). The 

recent study of Gordon’s group showed that the colonization of germ-free mice leads to an 

increased de novo production of fat. This phenomenon was put in association with lowered 

expression of the intestinal factor Fiaf, which takes part in the regulation of fat production 

(Backhed et al., 2007). 

 Many laboratories endeavour to analyze the mechanisms by which intestinal 

bacteria affect the use of energy from the food, and try to find such bacterial strains whose 

administration would aid in the „treatment“ of obesity, which puts the health of millions of 

people at risk of developing cardiovascular and other diseases.  
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 Infections with Chlamydia, Helicobacter pylori or periodontopathic bacteria were 

for years considered to increase the risk for development of cardiovascular disease (Ayada 

et al., 2009; Backhed, 2010). Interest in participation of gut and its microbes was awakened  

by findings demonstrating altered intestinal function (increased permeability, augmented 

bacterial biofilm) in patients with chronic heart failure (Sandek et al., 2009). 

Experimental studies concentrated on the use of an advantageous mouse model of 

atherosclerosis, apolipoprotein E deficient mice (ApoE-/-). Few years ago it was demon-

strated that infectious stimuli are not needed for development of atherosclerotic plaques in 

ApoE deficient mice fed high cholesterol diet (Wright et al., 2000). We used this model 

and we found that in contrast to the absence of atherosclerotic plaques in conventionally 

reared ApoE deficient mice, germ-free ApoE deficient mice consuming the same low 

cholesterol standard diet exhibited developed atherosclerotic plaques in the aorta. Differ-

ences in atherosclerotic plaques between germ-free and microbiota containing ApoE 

deficient mice are not so apparent when the mice are fed a high cholesterol diet. These 

results thus document the protective effect of microbiota on atherosclerosis development 

(Stepankova et al., 2010). 

 

6.12  ALLERGY  

Epidemiologically evidenced increase in the incidence of most common, chronic 

inflammatory disease – allergy – occurring in recent years in economically developed 

countries triggered interest in potential effects of environmental factors (Bach, 2002; 

Guarner et al., 2006). The search for an explanation of this trend resulted in a hypothetical 

statement that exaggerated hygienic conditions in these countries decreased the quantity of 

natural infectious stimuli from external environment, disturbing the well-balanced devel-

opment of subpopulations of T cells, mainly the subpopulation of regulatory T cells 

(“hygiene hypothesis”) (Ehlers and Kaufmann, 2010; Strachan, 1989; von Mutius, 2009). 

Recent microbiological analyses performed by classical as well as molecular-biological  

techniques pointed out differences in  composition of intestinal microbiota between 

children from highly developed and underdeveloped countries. The former are born under 

controlled conditions in nursing homes, under maximal care and observance of all hygienic 

measures. Consequently, the spectrum of microbes of their intestinal tract is much poorer 

than that of children from less developed countries (Adlerberth and Wold, 2009). Unfortu-

nately, there is still little understanding of the role played by intestinal lymphatic tissue and 
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mucosal immunity in these processes. Recent studies are documenting the changes in 

faecal microbiota of children suffering from food allergy (Adlerberth et al., 2007). There 

are many efforts to influence the microbiota composition of children in early postnatal 

period by application of probiotics, and the results measured by allergy incidence later in 

life are promising (Bjorksten, 2004; Isolauri and Salminen, 2008; Lodinova-Zadnikova et 

al., 2003).  

 There are only a few experimental studies concerned with the question if and how 

microbiota influences the development of allergy (Lonnqvist et al., 2009). We addressed 

the question whether intestinal microbiota affects the induction of mucosal (oral) tolerance 

against the birch pollen allergen. Bet v1 allergen was applied intranasally or intragastri-

cally in an experimental model of allergy induced by subcutaneous sensitization with the 

same allergen, and induction of tolerance was tested after application of an inducing 

allergen dose. Mice reared in germ-free and conventional environment did not differ in the 

ability to induce tolerance via the mucosal route and the ability to induce the Th2 response, 

i.e. we demonstrated that the ability to induce mucosal tolerance is independent of the 

presence of microbiota (Repa et al., 2008). 

 

6.13  CANCER  

 Involvement of infectious causes in the etiology of cancer has attracted the atten-

tion of researchers in recent years. At present, association of cancer with infectious agents 

(both bacterial and viral) approaches 20% of all malignancies (de Martel and Franceschi, 

2009). This is related to the increasing number of findings demonstrating the role of 

inflammation in establishing conditions that can deeply alter the local immune responses 

and consequently the homeostasis of tissues. Especially, inflammatory mediators (like IL-

1, TNF-α, IL-8, nitric oxide or prostaglandin-2  derivatives) as well as molecules of the 

inflammatory pathways are involved in a progressive common interplay between immune 

cells and cells of a tissue ongoing to transformation (Mantovani et al., 2008). This type of 

association (inflammation-cancer) has been highlighted by studies of IBD. The degree and 

prolongation in the duration of ulcerative colitis, were recognized as factors leading to 

increase the risk in gastrointestinal cancer development (McConnell and Yang, 2009; 

Schottelius and Dinter, 2006). A correlation between gut microbiota composition and 

gastrointestinal cancers was considered and tested in experimental animal models and 

clinical/epidemiological studies on environmental etiological factors. Association between 
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Western-style diet (red meat, fats, low vegetable intake) and changes in the gut microbiota 

composition was found in animal and human studies.  This was linked to increased activi-

ties of faecal bacterial enzymes, as well as modification of the sulphidogenesis and biliary 

acid metabolism with impact on development of pro-carcinogenic conditions (O'Keefe et 

al., 2009; Vannucci et al., 2009). Interestingly, microbiota products can influence not only 

the local intestinal environment but also distant organs. Gut microbiota can metabolise 

certain plant-derived food to biologically active compounds, e.g. enterolignans, that may 

play a role in cancerogenesis (Wang et al., 2010). A recent meta-analysis indicated that 

these phyto-hormones could decrease the incidence of breast cancer (Velentzis et al., 

2009). 

The highest production of carcinogens was associated with gut anaerobic bacteria, 

and lowered by supplementation with live lactobacilli (Chung et al., 1992). Helicobacter 

pylori infection of gastric mucosa was proved to create the conditions for developing ulcer, 

adenocarcinomas and gastric B-cell lymphomas. In fact, continuous inflammation induced 

by the bacterium activates cellular pathways inducing changes in mucin production 

(MUC2), as well as metaplasia and proliferation. Changes in mucin production and struc-

ture were described both in gastric neoplastic conditions related to H. pylori, as well as 

during the colorectal carcinoma development (Babu et al., 2006). These alterations pro-

gressively modify the relationship between microbiota and mucosal epithelia due to the 

change of adhesiveness and integrity of the mucosal barrier. Some bacteria are able to 

induce modification of the mucosal permeability, facilitating the translocation of bacteria 

and bacterial toxins (e.g. lipopolysaccharide). The elicited inflammatory responses were 

demonstrated to be able to enhance the cancer progression (Fukata and Abreu, 2008). 

 Bacteria represent a continuous stimulus for maintaining activated immunity in the 

gut mucosa, and actively participate in the metabolism of bile and food components. Since 

the germ-free mice lack this stimulus, they serve as a useful tool to study the role of 

bacteria in intestinal carcinogenesis. As compared to conventional mice, the incidence of 

both spontaneous and induced tumours is significantly lower in germ-free conditions 

(Reddy et al., 1975; Sacksteder, 1976). Our studies concerning the participation of micro-

biota in carcinogenetic processes were performed in the rat model of colorectal carcinoma 

and stressed the importance of intestinal environment for the modulation of antitumor 

immunity. As compared to conventionally reared animals, germ-free rats develop fewer 

and smaller tumours. This result was associated with findings of more active local and 

systemic immune responses (Vannucci et al., 2008). 
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6.14   PROBIOTICS AND PREBIOTICS IN DISEASE PREVENTION AND 
THERAPY  

 Increased interest in the effects of intestinal microbiota on human health resulted in 

attempts to improve optimally its composition by dietary interventions or by using probiot-

ics, prebiotics or both (symbiotics) (Oozeer et al., 2010). Effects of probiotics depend on 

the properties of the microorganism used (species and strain specific effects). Probiotics 

are mainly lactic acid bacteria (Lactobacilli, Bifidobacteria) but also other bacterial species 

(enterococci or some strains of E. coli) and yeast are used as probiotics. Probiotic bacteria 

are consumed especially in foods (yogurts, cheese, etc.), in food supplements or as drugs. 

Prebiotics are compounds that support the proliferation of beneficial bacteria (Lactobacilli 

and Bifidobacteria) in the intestine; they include some saccharides (e.g. inulin). Probiotics 

were demonstrated to influence favourably the development and stability of microbiota, 

inhibit colonisation by pathogens, influence mucosal barrier by their trophic effect on 

intestinal epithelium, protect against physiological stress, and stimulate both specific and 

non-specific components of immune system (Bleich et al., 2008; Cukrowska et al., 2002; 

Hormannsperger and Haller, 2010; Isolauri and Salminen, 2008; Karczewski et al., 2010; 

Preidis and Versalovic, 2009; Trebichavsky et al., 2009; Wells et al., 2010). They may well 

replace antibiotics whose resistance is steadily increasing. Like the effects of microbiota, 

also the effects of administration of probiotics and prebiotics are being intensively studied 

worldwide. Tests with cell cultures and animal models are performed to demonstrate the 

anti-inflammatory and immunomodulating effects of different strains of probiotic microor-

ganisms. As yet, well set-up clinical studies that would clearly document the therapeutic or 

preventive effects of administering probiotics in various diseases are scarce. Even so, we 

can name at least some examples of pathological conditions in which the therapeutic or 

preventive effects of certain probiotics have been documented in therapy of pouchitis, 

traveler's and antibiotic-associated diarrhea, irritable bowel syndrome, or rotavirus enteritis 

(Floch and Kim, 2010; Fric, 2002). The effects of probiotics in allergy prevention and 

therapy are intensively studied but the results are not yet unambiguously conclusive 

(Kalliomaki et al., 2010). A long lasting effect in allergy prevention was demonstrated in 

some studies (Lodinova-Zadnikova et al., 2003). The effect of probiotics on autoimmune 

and neoplastic diseases is far less studied then their effects in allergy and intestinal diseases 

(Maassen and Claassen, 2008; Matsuzaki et al., 2007).  
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Molecular mechanisms of probiotic effects in the intestine started to be elucidated 

in humans by analysing local changes in their transcriptome (van Baarlen et al., 2009). A 

relatively new direction is represented by the use of recombinant probiotic bacteria which 

could express a number of interesting, biologically active molecules, e.g. allergens which 

after delivery into the gut could induce tolerance and inhibit allergic responses(Hanniffy 

et al., 2004; Schwarzer et al., 2010).  

 

6.15  CONCLUSION     

Similarly as homeostasis in our body systems is the product of many complex, redundant 

mechanisms, the multigenic disease development is also dependent on missing or overac-

tivated complex mechanisms. The aim to find common denominator for disease 

etiopathogenesis is thus very difficult, genetic and pathophysiological data are still 

fragmentary and, moreover, the individual variability is enormous. To study the role of 

microbiota involvement in human illnesses using animal models of human diseases reared 

in defined (gnotobiotic) conditions could help in getting insight into the unusual complex-

ity of the mechanisms involved in initiation and maintenance of chronic diseases. Though 

the most important findings in this fascinating field are still only to be expected, it is even 

now clear that our bacterial companions affect human fates more than ever assumed.   
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7.1 ABSTRACT 

Background: Microbial sensing by Toll-like receptors (TLR) and its negative regulation 

have important role in the pathogenesis of inflammation-related cancer. In this study, we 

investigated the role of negative regulation of TLR signaling and gut microbiota in the 

development of colitis-associated cancer in mouse model. 

Methods: Colitis-associated cancer was induced by azoxymethane and dextran sodium 

sulfate in wild-type and in Interleukin-1 receptor associated kinase-M (IRAK-M) defi-

cient mice with or without antibiotic (ATB) treatment. Local cytokine production was 

analyzed by multiplex cytokine assay or ELISA, and regulatory T cells were analyzed by 

flow cytometry. Changes in microbiota composition during tumorigenesis were analyzed 

by pyrosequencing, and β-glucuronidase activity was measured in intestinal content by 

fluorescence assay. 

Results: ATB treatment of wild-type mice reduced the incidence and severity of tumors. 

As compared with non-treated mice, ATB-treated mice had significantly lower numbers 

of regulatory T cells in colon, altered gut microbiota composition, and decreased β-

glucuronidase activity. However, the β-glucuronidase activity was not as low as in germ-

free mice. IRAK-M deficient mice not only developed invasive tumors, but ATB-induced 

decrease in β-glucuronidase activity did not rescue them from severe carcinogenesis 

phenotype. Furthermore, IRAK-M deficient mice had significantly increased levels of 

pro-inflammatory cytokines in the tumor tissue. 

Conclusions: We conclude that gut microbiota promotes tumorigenesis by increasing the 

exposure of gut epithelium to carcinogens and that IRAK-M negative regulation is 

essential for colon cancer resistance even in conditions of altered microbiota. Therefore, 

gut microbiota and its metabolic activity could be potential targets for colitis-associated 

cancer therapy. 

 

Key words: Cancer in IBD; Mucosal immunity; Colorectal cancer; Microbiota; Germ-free 
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7.2 INTRODUCTION  

Chronic gut inflammation, as seen in patients with inflammatory bowel diseases 

(IBD), is a strong risk factor for colon cancer. Therefore, the increase in number of IBD 

patients observed in last decades, will ultimately lead to increase in number of patients 

with colitis-associated cancer (CAC) (Eaden et al., 2001; Itzkowitz and Yio, 2004). 

Although the pathogenesis of IBD and the development of CAC are still not completely 

understood, it is generally accepted that an aberrant immune reaction to intestinal com-

mensal microbiota and subsequent chronic inflammatory responses in the gut play major 

roles (Sartor, 2008). 

Microbial stimulation in the gut is important for maintaining physiological func-

tions, including intestinal epithelium growth, mucosal permeability and production of 

antimicrobial agents, as well as regulation and development of the immune system 

(Sartor, 2008; Tlaskalova-Hogenova et al., 2011). Various resident bacteria have protec-

tive role in the process of inflammation and cancer development but on the other hand 

there is a great amount of potentially harmful species that can be derived from normal 

microbiota under specific conditions of imbalance in gut milieu (Arthur and Jobin, 2011; 

Tannock, 2010; Tlaskalova-Hogenova et al., 2011). As an example of a potentially 

harmful microbe, can serve Helicobacter pylori, which is confirmed triggering agent of 

the chronic gastric inflammation and cancer and where antibiotic treatment leads to 

cancer prevention (Parsonnet, 1993). Use of broad-spectrum antibiotics, like ciproflox-

acin and metronidazole, also brought positive results in the therapy of certain forms of 

Crohn’s disease and pouchitis (Gionchetti et al., 2006), decreasing the risk of colon 

cancer development. 

Metabolic activity of microbiota is an important detail of the gut ecosystem. Mi-

crobes are equipped with a broad-spectrum of enzymes and therefore can metabolize 

various substrates (Arthur and Jobin, 2011). Among final products belong potential pro-

carcinogens as well as beneficial substances such as short-chain fatty acids (SCFA). 

SCFA are a crucial source of energy for colonic epithelium and their lack has been 

implicated in pathogenesis of colorectal carcinoma (Thangaraju et al., 2009). Protective 

role is also ascribed to probiotics defined as live bacteria beneficial to health, that have 

stabilizing effect on gut microbiota during administration with potential to reduce pro-

inflammatory response (Azcarate-Peril et al., 2011; Barc et al., 2008). Manipulation of 
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the microbiota therefore brings wide possibilities, although not fully elucidated, of 

influencing intestinal homeostasis and immune system reactivity. 

Detection of conserved microbe-associated molecular patterns is provided by dif-

ferent cellular pattern-recognition receptors, such as family of the Toll-like receptors 

(TLR) (Kawai and Akira, 2011). TLR signalization is important in maintaining gut epithe-

lium homeostasis but the stimulation of TLR may also induce cancer development or 

promote tumor growth (Abreu, 2010). Myeloid differentiation factor 88 (MyD88), which is 

responsible for signal transduction from all TLRs except for TLR3, has been shown to 

interfere with the pathogenesis of colon inflammation and cancer by triggering pro-

inflammatory response via transcription factor NF-κB (Fukata and Abreu, 2007; Salcedo et 

al., 2010). Interleukin-1 receptor associated kinase-M (IRAK-M) is a molecule crucial in 

regulation of gut immune response through negative feedback. IRAK-M binds and blocks 

MyD88/IRAK-4 protein complex thus negatively regulating pro-inflammatory signal 

transduction by IRAK-1/TRAF6 in various immune cells and gut epithelium (Hubbard and 

Moore, 2010; Kobayashi et al., 2002). The expression of Irak-m gene is closely associated 

with the presence of intestinal microbiota and TLR signaling (Biswas et al., 2011). Its 

deficiency enhances the production of pro-inflammatory cytokines in macrophages and 

intensifies experimentally-induced dextran sodium sulfate (DSS) colitis (Berglund et al., 

2010). Recent studies showed that single immunoglobulin IL-1 receptor-related molecule 

(SIGIRR), another negative regulator of TLR signaling, is involved in inflammation and 

cancer development (Xiao et al., 2007), which suggests the important role of these mole-

cules in tumorigenesis. 

In our previous studies, we found that germ-free condition protected rats from 

colonic inflammation as well as from cancer (Vannucci et al., 2008). Since recognition of 

microbiota by TLRs plays important role in tumorigenesis, we hypothesized that both 

dysbiosis and negative regulation of TLR signaling via IRAK-M interferes with colon 

cancer development. By using inflammation-related mouse model of colon cancer induced 

by azoxymethane and DSS, we were able to follow the “inflammation-dysplasia-

carcinoma” sequence, typical for CAC, under different microbial conditions. Here, we 

show the impact of gut microbiota composition on colon cancer development and immune 

system reactivity, and analyze the role of negative regulator IRAK-M in this process. 
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7.3 MATERIALS AND METHODS 

7.3.1 Animals and experimental schedule 

We used two-month-old C57BL/6 male mice reared either in conventional (Insti-

tute of Physiology AS CR, Prague, Czech Republic) or in germ-free (GF) conditions 

(Institute of Microbiology AS CR, Novy Hradek, Czech Republic). The GF mice were 

reared in controlled sterile conditions, as described previously (Stepankova et al., 2007). 

IRAK-M deficient mice (obtained from the laboratory of Koichi S. Kobayashi) were 

backcrossed to C57BL/6 background for eleven generations and were held in specific 

pathogen-free facility in Novy Hradek. All mice received the same diet (ST-1, Velaz, 

Czech Republic) and tap water ad libitum, and were used according to the procedures 

approved by the Institute of Microbiology animal care and use committee (No. 094/2008 

and 053/2010). 

We initiated tumorigenesis using modified protocol published previously by Clap-

per et al. (Clapper et al., 2007). Briefly, the mice were given single subcutaneous injection 

of azoxymethane (AOM, 10 mg/kg; Sigma-Aldrich, St. Louis, MO). Starting one week 

after the AOM injection, mice received 3% dextran sodium sulfate (DSS, MW 36–50 kDa; 

MP Biomedicals, Illkirch, France) in their drinking water continuously for up to 4 days. 

DSS was subsequently replaced by tap water for the rest of the experiment. To induce the 

intestinal microbiota alteration in conventionally-reared mice, we treated a group of 

animals with antibiotics (ATB): metronidazole (500 mg/L; B. Braun, Melsungen AG, 

Germany) and ciprofloxacin (100 mg/L; Zentiva, a.s., Hlohovec, Slovak Republic) in their 

drinking water for the whole experimental period (50 days). Four independent experiments 

with five mice per group and three independent experiments with at least five mice per 

group were done in wild-type and IRAK-M deficient mice, respectively. 

We recorded changes in body weight, stool consistency and gross bleeding every 

week, every day during DSS administration, and sacrificed the mice 5 weeks after AOM 

injection. 

 

7.3.2 Histopathology evaluation 

At the end of the experiments, the colon length was measured and fecal samples 

were tested for occult blood using Okult-Viditest Rapid (Vidia s.r.o., Jesenice u Prahy, 

Czech Republic). The colon was cut open longitudinally and macroscopically inspected 

for the presence of pathological lesions. Proximal and distal colon and rectum were fixed 
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in 4% buffered formalin, dehydrated and embedded in paraffin. Histopathological exami-

nations were performed in 4µm sections after hematoxylin/eosin staining. The degree of 

intestinal alteration was examined by two experienced pathologists (P.R., K.K.) using 

conventional criteria to determine normal mucosa; low or high-grade dysplasia; non-

invasive or invasive carcinoma. 

 

7.3.3 Cultivation and cytokine measurement 

We took a part of the colon from every mouse, i.e. from tumor in tumor-bearing 

mice and from similar locality in the other mice, washed it in cold phosphate-buffered 

saline (PBS) and weighed. These tissues were then cultivated for 48h at 37°C in RPMI-

1640 media (Sigma-Aldrich) containing 10% fetal bovine serum (BioClot GmbH, Aiden-

bach, Germany) and 1% Antibiotic-Antimycotic solution (Sigma-Aldrich). The 

supernatants were collected and frozen at -20°C until analysis. 

Cytokine profiles were determined using a multiplex cytokine analyzer – Lu-

minex. The Fluorokine MAP Mouse Base Kit was used in accordance with 

manufacturer’s instructions in combination with recommended bead sets for selected 

cytokines: IL-1β/IL-1F2, IL-6, IL-10, IL-12 p70, IL-17, TNF-α and IFN-γ (all R&D 

Systems, Minneapolis, MN) and analyzed using Luminex 200 instrument (Luminex 

Corporation, Austin, TX). The concentrations of analytes were determined by monitoring 

the spectral properties of the beads and the amount of phycoerythrin fluorescence. 

Levels of TGF-β were measured by commercially available ELISA kit (Life 

Technologies, Carlsbad, CA) according to the manufacturer's instructions. 

 

7.3.4 Haptoglobin determination 

The level of haptoglobin in mouse sera was assessed by Human Haptoglobin 

ELISA Quantitation Kit (GenWay Biotech., Inc., San Diego, CA). Antibodies used in this 

kit have high cross-reactivity with mouse haptoglobin that allowed us to use the kit accord-

ing to the manufacturer’s instructions with minor modifications as described previously 

(Kverka et al., 2011). 

 

7.3.5 Real-time polymerase chain reaction (PCR) 

Samples of colon were placed in RNAlater stabilization reagent (QIAGEN 

GmbH, Hilden, Germany) and stored in -80°C. Total RNA was extracted by using the 



 

   159 

RNeasy Mini isolation kit (QIAGEN GmbH) following the manufacturer’s instructions. 

RNA integrity was determined by gel electrophoresis in 1% agarose gel stained with 

SYBR-green (Life Technologies) and the concentration of the RNA was assessed by 

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). First 

strand cDNA was synthesized from 0.5 µg of RNA using SuperScript II reverse transcrip-

tase (Life Technologies). Real-time PCR was performed using iQ SYBR-green Supermix 

(Bio-Rad Laboratories, Hercules, CA) on iQ5 cycler (Bio-Rad). The samples were 

analyzed in doublets and the expression was normalized to ribosomal protein S12 using 

iQ5 software (Bio-Rad). All primers were purchased from Generi Biotech (Hradec 

Kralove, Czech Republic); sequences of the primers were as follows: ribosomal protein 

S12 forward: 5‘-CCTCGATGACATCCTTGGCCTGAG-3‘, ribosomal protein S12 

reverse: 5‘-GGAAGGCATAGCTGCTGGAGGTGT-3‘; cyclooxygenase (COX)-2 

forward: 5‘-AGTGGGGTGATGAGCAACTA-3‘, COX-2 reverse: 5‘-

GGCAATGCGGTTCTGATACT-3‘; IL-18 forward: 5‘-

ACGTGTTCCAGGACACAACA-3‘, IL-18 reverse: 5‘-

ACAAACCCTCCCCACCTAAC-3‘. 

 

7.3.6 Flow cytometric analysis 

Spleens, mesenteric lymph nodes (MLN), Peyer’s patches (PP) and colonic tissue 

were collected and processed into single cell suspension. Briefly, cells from MLN, PP and 

colon were centrifuged and resuspended in 300 µL of cold FACS buffer (PBS containing 

0.1% NaN3, 0.5% fetal bovine serum and 0.5M EDTA; pH 7.2 – 7.4). Splenocytes were 

treated by 5 mL of ACK lysis buffer (0.15M NH4Cl, 10mM KHCO3, 0.5M EDTA in 

distilled water; pH 7.2 – 7.4), resuspended in 5 mL of cold FACS buffer and kept on ice 

until staining. Cells were blocked with 10% normal mouse sera and then stained for 

surface molecules with fluorescent-labeled monoclonal antibodies cocktail containing 

anti-mouse CD3 – fluorescein isothiocyanate (BD Bioscience, Heidelberg, Germany; 

clone 145-2C11), CD4 – Qdot 605 (Life Technologies; clone RM4-5), CD8 – PerCP-

Cy5.5 (BD Bioscience; clone 53-6.7) and CD25 – allophycocyanin (eBioscience; clone 

PC61.5). Subsequent intracellular staining for mouse Foxp3 was performed with phyco-

erythrin-labeled anti-mouse/rat Foxp3 staining set according to the manufacturer’s 

instructions (eBioscience; clone FJK-16s). Cells were measured using LSRII (BD Biosci-

ence) and data were evaluated by FlowJo software (Tree Star Inc., Ashland, OR). 
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7.3.7 Microbiota analysis 

Stool samples were collected from all mice on days 1, 23 (just before DSS ad-

ministration), 30 (after DSS treatment) and 50 (the last day of experiment), and total 

DNA was isolated using ZR Fecal DNA Kit (Zymo Research Corp., Orange, CA) accord-

ing to the manufacturer’s instruction. The isolated DNA was stored at -20°C for further 

analyses. 

For the detailed determination of microbiota composition, we used high-

throughput pyrosequencing described in detail elsewhere (Zakostelska et al., 2011). 

Briefly, previously isolated DNA was gel-purified and PCR with broad-range bacterial 

primers for 16S rDNA including tags for pyrosequencing was performed. PCR product 

was purified using magnetic beads (AMPure beads, Beckman Coulter Genomics, Dan-

vers, MA) and concentration was measured on Qubit fluorometer (Life Technologies). 

Equimolar amounts of PCR product from each sample were then used for unidirectional 

454 FLX amplicon pyrosequencing using LIB-L emPCR kits following the manufac-

turer’s protocols (Roche Diagnostics, Basel, Switzerland). Sequence reads were processed 

using RDP’s pyrosequencing pipeline (http://rdp.cme.msu.edu/) and Greengenes work-

bench compatible with ARB (http://greengenes.lbl.gov/cgi-bin/nph-index.cgi) following 

all standard procedures as sequence quality trimming, chimera check, phylotype identifi-

cation, phylogenetic analysis and diversity analysis. 

We performed quantitative PCR (qPCR) with specific primers to determine the 

numbers of the total bacteria (Eubacteria), Parabacteroides distasonis (P. distasonis) and 

Faecalibacterium prausnitzii (F. prausnitzii) in the stool samples. The conditions for 

PCR reactions are listed in Table 1. The qPCR 2x SYBR Master mix (Top-Bio, Prague, 

Czech Republic) was used along with Stratagene mx3005P (Agilent Technologies, Santa 

Clara, CA) equipment. Three-log diluted DNA isolated from known number of cells was 

used as standard for absolute quantification. 

 

7.3.8 β-glucuronidase determination 

 To analyze the activity of β-glucuronidase enzyme in the intestine, the stool 

samples were collected on the day of AOM injection from wild-type and IRAK-M 

deficient mice with and without ATB treatment, and from GF mice. Enzyme was 

extracted from lyophilized and weighed stool pellets into one mL of acetate buffer (50 

mM; pH 7) and incubated for two hours at 4°C. 50 µL of extract was added into 100 µL 
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of acetate buffer (50 mM; pH 5) with 50 µL of 2.5 mM MUG substrate (4-

methylumbelliferyl-β-D-glucuronide; Glycosynth, Warrington, England) and incubated at 

37°C. Product fluorescence was measured at the beginning and after two hours on 

microplate reader (Tecan GmbH, Grödig, Austria) using 388 nm as excitation and 480 nm 

as emission wavelength. 

 

7.3.9 Statistical analysis 

One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used 

to compare multiple experimental groups. Two-way ANOVA with Bonferoni post-test was 

used in determination of significant weight changes. Differences between two groups were 

evaluated using an unpaired two-tailed Student’s t test, and the incidence of invasive 

carcinoma between AOM/DSS and ATB/AOM/DSS treated IRAK-M deficient mice were 

compared by Fisher's exact test. The data are presented either as the mean ± standard 

deviation, or as percentage of mice with invasive tumors, and differences were considered 

statistically significant at P ≤ 0.05. GraphPad Prism statistical software (version 5.0, 

GraphPad Software, Inc., La Jolla, CA) was used for analyses. 

 

7.4 RESULTS 

7.4.1 Colon cancer incidence is significantly decreased in GF 

and ATB-treated mice 

To follow the effect of microbiota on tumorigenesis, we induced the CAC by 

AOM/DSS in C57BL/6 mice reared either under conventional, or germ-free conditions, or 

in conventionally-reared ATB-treated mice. After 5 weeks from AOM injection, the 

histological examination revealed that either graded dysplasia or carcinoma were present in 

over 93% of conventionally-reared mice and were not accompanied by any sign of tumor 

dissemination (Fig. 7.1A). In all cases, the tumors were situated in the descendent portion 

of colon and/or in rectum, while no lesions were found in proximal colon. This relatively 

early tumor development can be ascribed to experimental conditions including sensitive 

mouse strain, its gut microbiota, diet, or high DSS concentration we used. Therefore, we 

used shorter experimental period to see shifts in the incidence in early tumor development 

and to prevent unnecessary loss of mice due to the mortality. We found significantly 

shorter colon and heavier spleen in AOM/DSS-treated mice as compared with healthy 
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mice (Fig. 7.1B and 7.1C). Interestingly, antibiotic treatment of these mice mitigated the 

DSS-induced weight loss and significantly decreased both the incidence of tumors (16%) 

and severity of tumor lesions (Fig. 7.1D, 7.1A and 7.1E). Moreover, we did not observe 

the significant increase in weight of spleen and shortening of colon in these ATB-treated 

mice (ATB/AOM/DSS-treated) (Fig. 7.1B and 7.1C). 

To investigate the role of microbiota in carcinogenesis further, we used the same 

protocol to induce the colon cancer in GF mice. After 5 weeks, the incidence of tumors in 

GF mice (10%) was even lower than in ATB-treated conventional animals, confirming the 

significance of microbiota in the pathogenesis of inflammation associated colorectal 

carcinoma. Moreover, if present, the tumors had polypoid exophytic character, which 

corresponded to low-grade dysplasia (data not shown), they were less numerous and 

smaller in size as compared with those in conventionally-reared mice. 

 

Figure 7.1. Commensal microbiota is required for the progression of colitis-
associated cancer in AOM/DSS-induced colorectal carcinoma model.  
(A) Total percentage of cases of high-grade dysplasia and tumor incidence was higher in antibiotic (ATB)-
non-treated group. (B, C) The colon length and spleen weight were measured at the end of the experiment. 
Significant shortening of colon length and increase in spleen weight was found in ATB-non treated mice. 
** P<0.01, *** P<0.001. (D) ATB-treated mice showed significantly smaller decrease in body weight after 
DSS treatment and during tumorigenesis when compared to ATB-non-treated mice. The values are relative 
to the weight before DSS treatment. * P<0.05, ** P<0.01, *** P<0.001 for ATB/AOM/DSS compared with 
non-treated control, † P<0.05, †† P<0.01, ††† P<0.001 for AOM/DSS compared with non-treated control, ‡ 

P<0.05, ‡‡ P<0.01, ‡‡‡ P<0.001 for ATB/AOM/DSS compared with AOM/DSS. (E) Histology screening 
showed decrease of lesions severity in ATB-treated mice as compared with ATB-non-treated mice. Data 
shown are combined results from three separate experiments with at least five mice per group. 
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7.4.2 Effect of ATB on microbiota during tumorigenesis 

Since dysbiosis is characteristic for IBD and colon cancer, uncovering changes in 

microbiota composition seems to be crucial for understanding of immune mechanisms 

involved in pathogenesis of these diseases (Tlaskalova-Hogenova et al., 2011). To address 

this issue, we compared the fecal microbiota composition between ATB-treated 

(ATB/AOM/DSS-treated) and control (AOM/DSS-treated) wild-type mice by high-

throughput pyrosequencing at different time-points during tumorigenesis (Fig. 7.2A). ATB 

treatment caused an increase in occurrence of Bacteriodes, Parabacteroides, Prevotella, 

Blautia, Desulfovibrio and Subdoligranulum genera and decrease in occurrence of Allo-

baculum, Alistipes, Ruminoccocus and Johnsonella genera as compared with non-treated 

mice. In accordance with the previous report, we observed decreasing levels of Bacteroide-

tes and increasing levels of Firmicutes at the end of the experiment during tumor 

progression (Shen et al., 2010). In order to quantify these changes, we performed quantita-

tive analysis with qPCR. Using all Eubacteria and species specific primers, we found that 

ATB treatment did not decrease the total count of bacteria (Fig. 7.2B), but resulted in 

changes of particular bacteria (Fig. 7.2C). We analyzed P. distasonis and F. prausnitzii as 

prevalent representatives of Bacteroidetes and Firmicutes phyla, respectively, because of 

their evident biological activity associated with intestinal inflammation (Kverka et al., 

2011; Sokol et al., 2008). P. distasonis showed increase in abundance during the first 30 

days of ATB treatment whereas F. prausnitzii was markedly reduced. On the other hand, 

ATB-non-treated mice showed opposite trend as P. distasonis moderately decreased 

whereas F. prausnitzii abundance continuously grew during tumorigenesis. 
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Figure 7.2. Microbiota changes play an important role in the induction of colitis-

associated cancer.  

We collected and analyzed feces at the beginning, before and after DSS treatment and at the end of the 
experiment to describe the bacterial profile changes during tumor development. (A) Pyrosequencing 
demonstrates changes among the main fecal phyla of Bacteroidetes, Firmicutes and Proteobacteria during 
tumorigenesis determined on the level of genera. The heatmap is colored according to the relative abundance 
of the bacterial genera (green for low, red for high). (B, C) Continuous changes of fecal microbiota were 
assessed by quantitative PCR using specific primers. The data are normalized by the day 1. The total count of 
bacteria and the relative numbers of Parabacteroides distasonis and Faecalibacterium prausnitzii showed 
variability during tumorigenesis. (D) Activity of β-glucuronidase was measured in the colon content 
collected in the day of AOM injection from germ-free (GF), antibiotic (ATB)-treated and ATB-non-treated 
mice. The enzyme activity is significantly decreased by ATB treatment as well as in GF mice. The data are 
presented as mean ± standard deviation with * P<0.05, *** P<0.001. 
 

7.4.3 Microbiota metabolism increases tumor incidence 

The genotoxic effect of AOM can be increased by microbial β-glucuronidase, 

which releases active compound – methylazoxy-methanol from AOM metabolite (Fiala, 

1975). Thus, we analyzed the specific activity of this enzyme in germ-free mice and in 

ATB-treated and non-treated wild-type and IRAK-M deficient mice at the time of carcino-

gen introduction. For this purpose, we collected samples of feces just before AOM 

injection and compared the metabolic activity by measuring specific fluorescent product. 

We found decrease of β-glucuronidase activity in GF as well as in ATB-changed condi-
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tions (Fig. 7.2D). Almost 3-times lower activity, when compared with non-treated mice, 

was linked with lower tumor incidence in the group of ATB-treated wild-type mice and 

confirmed that ATB treatment decreased the amount of β-glucuronidase-equipped bacteria 

in the gut. Although the β-glucuronidase activity was more than 2-times lower in ATB-

treated IRAK-M deficient mice, this change was insufficient to reduce the tumor develop-

ment in these mice. Therefore, the IRAK-M seems to be the effector molecule promoting 

tumor resistance after ATB treatment in this model, i.e. under the conditions of reduced 

carcinogen load. 

 

Figure 7.3. IRAK-M regulation was important for ATB -induced colon cancer resis-

tance.  

We used the same protocol as in wild-type mice to induce colitis-associated cancer in IRAK-M deficient 
mice. (A) IRAK-M deficient mice were more sensitive to the AOM/DSS treatment, which is documented by 
the tumor incidence. (B, C) Significant shortening of the colon and increase in the weight of spleen were 
found in both AOM/DSS and antibiotic (ATB)/AOM/DSS-treated mice when compared with non-treated 
mice. * P<0.05, *** P<0.001. (D) Weight changes during tumorigenesis. The values are relative to the 
weight before DSS treatment. *** P<0.001 ATB/AOM/DSS compared with non-treated control, ††† P<0.001 
AOM/DSS compared with non-treated control. Data shown are compiled from two independent experiments 
with at least six mice per group. 
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7.4.4 IRAK-M deficient mice developed invasive tumors and 

ATB treatment was insufficient to protect them from 

cancer 

Since negative regulator of TLR-signaling, IRAK-M, and gut microbiota regulate 

each other and since IRAK-M molecule mitigates intestinal inflammation in chronic colitis 

model, as we recently published (Berglund et al., 2010; Biswas et al., 2011), we further 

analyzed the importance of IRAK-M in ATB-associated protection against colon cancer 

development. We used AOM/DSS to induce colon cancer and performed the ATB treat-

ment in conventionally-reared IRAK-M deficient mice. An increased infiltration of 

mononuclear cells was observed in lamina propria of control non-treated IRAK-M defi-

cient mice as compared with wild-type controls. IRAK-M deficient mice were also more 

sensitive to AOM/DSS treatment and the incidence of tumors reached 100% after 5 weeks 

(Fig. 7.3A). Moreover, the favorable effect of ATB treatment on tumor development was 

not presented in IRAK-M deficient mice where there was no difference in the tumor 

incidence, colon length, spleen weight and body weight between ATB-treated and ATB-

non-treated group (Fig. 7.3). Detailed histological analysis showed widespread flat tumor 

lesions with high infiltration of inflammatory cells and invasion of crypt bases into submu-

cosa, which had never been seen in wild-type mice (Fig. 7.4). The invasive carcinoma are 

significantly more common in the AOM/DSS as compared to ATB/AOM/DSS-treated 

IRAK-M deficient mice (53% vs. 10%, P=0.005, Fisher's exact test) (Fig. 4D). We also 

followed the mice for additional 6 weeks observing that both the 100 % incidence of 

tumors and histological finding are similar as 6 weeks earlier (data not shown). 
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Figure 7.4. IRAK-M deficient mice developed invasive type of tumor lesions in 

AOM/DSS model.  

(A) Macroscopic views of distal colon and rectum of IRAK-M deficient mice show healthy intestine, 
polypoid lesion and flat lesion. (B) Hematoxylin/eosin-stained representative images of intestines in low 
magnification show the differences among normal mucosa, polypoid and flat tumor lesions. (C) Detail of the 
sections shows normal mucosa of non-treated mice, and high-grade carcinoma and invasive character of 
tumor lesions in AOM/DSS-treated IRAK-M deficient mice. Magnification 10x. (D) Histological examina-
tion of colon tissue showed that only 10% of ATB-treated IRAK-M deficient mice have massive widespread 
tumor lesions with invasion to submucosa, as compared to 53% of ATB-non-treated mice  (P=0.005, Fisher's 
exact test). 
 

7.4.5 IRAK-M deficient mice showed enhanced pro-

inflammatory response 

As the chronic inflammation plays a crucial role in tumorigenesis (Itzkowitz and 

Yio, 2004), we analyzed the inflammatory response on both local (production of cytokines 

in the gut) and systemic level (serum acute phase protein – haptoglobin). We found a 

significant increase in the pro-inflammatory cytokines – IL-1β, IL-6, TGF-β and TNF-α in 

supernatants from tumor tissues of AOM/DSS-treated IRAK-M deficient mice as com-

pared with wild-type mice (Fig. 7.5A). The increased inflammatory reaction in IRAK-M 
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deficient mice became more visible in ATB-treated groups where the inflammation and 

tumorigenesis were reduced in wild-type mice. On the other hand, ATB-treated wild-type 

mice had significantly higher production of IL-10 and IL-12 than IRAK-M deficient mice. 

TGF-β is an important factor for regulatory T cells response and function under chronic 

inflammatory conditions, and for tumor invasion (Chen et al., 2007). In our experiments 

we observed low levels of TGF-β at the sites of cancer and inflammation in wild-type 

mice, while we found much higher production in tumor-bearing IRAK-M deficient mice 

(Fig. 7.5B). Moreover, we found unchanged expression of IL-18 in colon tissue of both 

wild-type and IRAK-M deficient mice, which correlates with the lower levels of IFN-γ 

found in supernatants (Fig. 7.5C). These findings suggest increased suppression of anti-

tumor immunity in IRAK-M deficient mice. The expression of COX-2 in colon tissue was 

significantly increased in tumor-bearing wild-type as well as IRAK-M deficient mice 

confirming local pro-inflammatory activation (Fig. 7.5D). 

To determine the systemic response on tumorigenesis we measured serum hap-

toglobin levels and we confirmed increased inflammatory activity in tumor-bearing mice in 

both wild-type and IRAK-M deficient mice (Fig. 7.5E). Moreover, IRAK-M deficient mice 

showed significantly higher levels of haptoglobin when compared with wild-type mice. 

Thus, IRAK-M deficiency seems to maintain an increased pro-inflammatory reactivity 

affecting the whole organism, and a decreased anti-tumor immunity, regardless of ATB 

treatment. 
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Figure 7.5. IRAK-M deficient mice showed increased pro-inflammatory response to 

AOM/DSS treatment at the end of the experiment.  

(A, B) Cytokine levels in colonic tissue culture supernatants from wild-type (WT) and IRAK-M deficient 
mice with or without antibiotic (ATB) treatment were measured by Luminex and ELISA. (C, D) The changes 
in the expression of IL-18 and COX-2 in the colon tissue of WT and IRAK-M deficient mice were analyzed 
using real-time PCR. (E) Haptoglobin levels were determined by ELISA method in the sera of wild-type and 
IRAK-M deficient mice ± ATB treatment. Data are presented as mean ± standard deviation with *P<0.05, 
**P<0.01, ***P<0.001. Data shown are compiled from two independent experiments with at least six mice 
per group. 
 

7.4.6 Regulatory T cells accumulated in tumor tissue and local 

lymph nodes 

Tumor-bearing mice are known to have different organ distribution and numbers of 

regulatory T (Treg) cells as compared with healthy controls (Nishikawa and Sakaguchi, 
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2010). Therefore, we measured the numbers of Treg cells (CD4+Foxp3+) in spleen, MLN, 

PP, and directly in the tumor tissue. We did not observe any significant differences in Treg 

cell populations in spleens and PPs among the experimental groups (data not shown). In 

contrast to significant increase of Treg cells populations that we found in MLN and colon 

tissue of tumor-bearing wild-type as well as IRAK-M deficient mice (Fig. 7.6A). Genera-

tion of Foxp3+ Tregs in the periphery is associated with TGF-β-induced expression of 

Foxp3 transcription factor in CD4+ cells (Murai et al., 2010). Interestingly, we found 

significant increase in this initial population of CD4+CD25-Foxp3+ cells in MLN of IRAK-

M deficient mice (Fig. 7.6B). These findings are consistent with other measured factors 

inducing immune suppression in tumor microenvironment (e.g. high TGF-β, low IL-12). 

 

Figure 7.6. Tumor-bearing mice showed higher levels of Treg cells.  

Percentage of CD4+Foxp3+ regulatory T (Treg) cells was measured by flow cytometry in mesenteric lymph 
nodes (MLN), and colon tissue of treated wild-type (WT) mice and IRAK-M deficient mice. (A) Signifi-
cantly increased population of CD4+CD25+Foxp3+ Treg cells was found in colon tissue of treated IRAK-M 
deficient mice. (B) Local induction of immunosuppressive milieu is documented by increase in CD4+CD25-

Foxp3+ cells in the MLN of treated IRAK-M deficient mice. Differences in Treg cells are presented as bars ± 
standard deviation and *P<0.05, **P<0.01, ***P<0.001. n.d.: not done. Data shown are compiled from two 
independent experiments with at least six mice per group. 

 

 

7.5 DISCUSSION 

Microbiota-derived signals are crucial for the development and setting of mucosal 

immune system and the gut is an important primary site of host – microbe interaction. 

Disruption of balance between intestinal mucosa and commensal bacteria can result in 

inflammatory disorders (Tlaskalova-Hogenova et al., 2011). Chronic inflammation, as IBD 

has long been recognized as a risk factor for cancer development at various sites. For 

example, individuals suffering from ulcerative colitis have a 2 – 8 fold increased risk of 

developing colorectal cancer through inflammation-related mechanisms, which increases 
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with the extent and duration of the disease (Eaden et al., 2001). Both these processes, 

intestinal homeostasis and colitis-associated carcinogenesis, are closely associated with the 

presence of stimulatory signals derived from intestinal bacteria. In our study, we showed 

that defect in regulation of signaling cascades involved in bacteria recognition resulted in 

increased pro-inflammatory response and extensive colon tumorigenesis. This is in agree-

ment with the fact that epithelial cell damage triggers the TLR/MyD88 dependent pathway 

to enhance regeneration of the epithelium and in the situation of IRAK-M deficiency, 

which means lack of negative regulation, can cause uncontrolled proliferation resulting in 

dysplasia and cancer (Asquith and Powrie, 2010). The suggestion that defect in IRAK-M 

regulation could play a role in inflammatory disease pathogenesis was later supported by 

Balaci et al., who found polymorphisms in genes encoding IRAK-M in early-onset persis-

tent asthma patients (Balaci et al., 2007). Nevertheless, the function of IRAK-M may not 

be the same in lung as it is in colon. Xie and coworkers in their study didn’t find any tumor 

growth in IRAK-M deficient mice after simple inoculation of tumor cells (Xie et al., 2007) 

and another recently published study about IRAK-M function in lung macrophages con-

firmed these results (Standiford et al., 2011). Therefore, further research is needed to 

reveal the exact role of IRAK-M in different types of tissues. We have previously shown 

that the expression of IRAK-M in colon is low in GF condition and increases after coloni-

zation (Biswas et al., 2011). One can hypothesize that changes in the type and level of 

antigenic stimulation after antibiotic treatment will increase the tumor development either 

because of lower negative regulation or by inhibition of pro-inflammatory signals. Surpris-

ingly, we found that ATB treatment had protective effect on tumor development in wild-

type mice. Subsequent investigation confirmed the important role of IRAK-M in tumori-

genesis, because we showed that ATB treatment was not sufficient to decrease the tumor 

incidence in IRAK-M deficient mice. We also observed increased production of pro-

inflammatory cytokines (IL-1β, IL-6 and TNF-α), and COX-2 expression in the colons, 

and haptoglobin level in the sera of IRAK-M deficient mice, which suggests their in-

creased sensitivity to inflammatory stimuli. These results suggest that not only microbiota 

composition but also fine tuning of MyD88-dependent signaling plays important role in the 

development of colon cancer in this model. 

It is known that administration of ATB influences the diversity of intestinal micro-

biota (Dethlefsen et al., 2008). Using high-throughput pyrosequencing, we showed that the 

microbiota composition changes in both groups of ATB-treated and ATB-non-treated mice 

during tumor development. We showed that the lower tumor incidence is associated with 
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these changes in the microbiota like an increase in proportions of Bacteroidetes and 

decrease in Firmicutes and Proteobacteria. The capability of certain microbes to metabo-

lize carcinogens in the intestine can increase the exposure of the epithelium by cancer 

causing substances (Arthur and Jobin, 2011; Hamer et al., 2011). Bile acids can serve as an 

example of endogenous substances influencing tumor development. Mainly secondary bile 

acids, products of bacterial metabolism, are suspect to promote epithelial cells mutations 

and its transition to cancer (Bernstein et al., 2011; Venturi et al., 1997). High fat diet leads 

in increased secretion of bile and enhances its prolonged contact with the intestinal mu-

cosa, which is, thus, exposed to oxidative stress, DNA damage, and activation of NF-κB 

pathway. Similar mechanisms are known for pro-carcinogen AOM, but may not be limited 

to this particular compound. The AOM is metabolized in liver to methylazoxy-methanol, 

which is conjugated with glucuronic acid and eliminated from organism in urine or bile. 

Epithelial and bacterial enzyme β-glucuronidase can dissociate the conjugate and release 

free methylazoxy-methanol, which is the main DNA methylating compound (Fiala, 1975). 

We found that there is significant decrease in β-glucuronidase enzymatic activity after 

ATB treatment, which correlates with the decrease in tumor incidence, size and severity. 

Analysis of microbiota composition confirmed that our combination of ATB decreased the 

bacteria having β-glucuronidase activity – e.g. Clostridiaceae. It is important to mention, 

that β-glucuronidase could be produced also by gut epithelium (Rod and Midtvedt, 1977). 

But since the β-glucuronidase activity is extremely low in GF mice, the majority of this 

activity seems to be generated by gut microbiota and not by epithelium. Changing the 

microbiota composition with ATB could therefore decrease the local production of β-

glucuronidase, thus decreasing the exposure of gut epithelium to carcinogens. 

The impaired regulation of TLR downstream pathway promotes the activation of 

mucosal and systemic immune response, which results in chronic pro-inflammatory 

stimulation. This effect, together with potent immune suppression, then leads to massive 

tumor progression (Vannucci et al., 2009). Here, we showed that IRAK-M deficient mice 

have lower levels of IFN-γ and decreased expression of IL-18 in their colons, which 

suggests inhibition of anti-tumor immunity. Host’s immune response is also tuned by 

regulatory T cells, which maintain the immune tolerance to harmless antigens in gut 

lumen; this is substantially influenced by microbiota presence and composition. As germ-

free mice, which are known to have decreased counts of lymphocytes including regulatory 

T cells (Hrncir et al., 2008), have also reduced tumor incidence. Thus, immune suppression 

becomes a disadvantage in such disorders like cancer, when active suppression of immune 
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response enables cancer cells to grow and spread (Nishikawa and Sakaguchi, 2010). In our 

study, we found higher levels of Foxp3+ regulatory T cells in tumors and local lymph 

nodes of tumor-bearing mice as compared with healthy controls. We also observed higher 

counts of CD4+CD25-Foxp3+ cells in tumor-bearing mice suggesting induction of local 

suppression immune response. Interestingly, as compared with wild-type controls, IRAK-

M deficient mice showed increased immune suppression. Our data are consistent with the 

observation made by Berglund et al. who found upregulated expression of Foxp3 transcrip-

tion factor, a marker of regulatory T cells, in IRAK-M deficient mice during acute DSS-

induced colitis (Berglund et al., 2010). This suggests that impaired regulation of TLR 

downstream pathway renders IRAK-M deficient mice more susceptible to tumorigenesis 

due to the active immune suppression, which is enhanced by inflammation. 

We conclude that metabolic activity of certain commensal microbes substantially 

influences the process of CAC. We showed that antibiotic treatment changes the microbi-

ota composition, and that this change is responsible for the beneficial effect on 

tumorigenesis. IRAK-M deficient mice developed increased local and systemic pro-

inflammatory response to microbial stimulation via TLR. Although the antibiotic treatment 

reduced the population of bacteria with beta-glucuronidase in the intestine, IRAK-M 

deficiency, enhancing inflammatory response of the host, led to the aggressive tumor 

development. We showed that IRAK-M is one of the important effector molecules promot-

ing tumor resistance under the conditions of reduced carcinogen load. Further investigation 

is needed to reveal how host’s genetic background shapes the intestinal microbiota and its 

role in maintaining the balance in local immune response, and in the induction of inflam-

mation or CAC. Therefore, understanding of this host-microbiota crosstalk could bring 

new strategies in IBD-related cancer therapy and prevention. 
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8.  GENERAL DISCUSSION 

The significance of the connection between intestinal microbiota, immune system, genetic 

background, diet, metabolism and environment for the host prosperity has been clearly 

established. In this thesis we are emphasizing this important interplay, with special 

reference  to the ability of bacteria to modulate immune system in health and disease. The 

most important experimental findings are described in individual chapters of this thesis 

and their future perspectives are discussed in the following chapter. 

 

8.1 M ICROBIAL EXPOSURE DURING EARLY LIFE HAS PERSISTENT 
EFFECT ON FUTURE IMMUNE RESPONSE OF THE HOST 

 

As described in chapter 6, delicate balance of numerous bacterial species affects the 

development of the immune system. The great importance of commensal bacteria is 

clearly demonstrated in GF mice raised in the absence of any bacteria. These mice exhibit 

numerous developmental abnormalities, mainly in immune system development and its 

function. GF mice have immature lymphoid follicles, an enlarged cecum, reduced plasma 

cells, impaired antimicrobial peptide and IgA secretion, reduced production of adenosine 

triphosphate  and fewer intestinal epithelial lymphocytes. Intestinal epithelial lympho-

cytes have reduced expression of the major histocompability complex II, Toll like 

receptor 9, and IL-25. CD4+ T cells in lamina propria, FoxP3+ T regulatory cells in the 

colonic lamina propria and CD4+CD25+T cells in the mesenteric lymph nodes are 

reduced (Round and Mazmanian, 2009; Smith et al., 2007). Most of these abnormalities 

can be restored by colonization with commensal microbiota. Interestingly, when GF mice 

are colonized with as little as one commensal bacterial strain, then its susceptibility to 

various infections is diminished, but these effect are strictly strain dependent  (Ivanov and 

Littman, 2010; Reading and Kasper, 2011; Tlaskalova et al., 1970). Those findings 

highlighted the importance of microbiota in immune development and homeostasis. On 

the other hand, it is also important to mention that the gut microbiota is an extremely 

complex ecosystem. Monocolonization studies exploring the effects of one bacterial 

strain must in future be complemented by investigations showing how bacteria could 

interact with each other within the intestine colonized by complex microbiota. 
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As recently supported by many studies generated in humans and gnotobiological 

rodents, immune effects of early-life microbial exposure are durable, persist into later life 

and may improve the health of the host. These effects could be restorable and are also age 

dependent, because, e.g., neonatal but not adult germ-free mice with conventional micro-

biota exhibited a complete normalization of iNKT cells and the subsequent related 

pathology also did not occur (Olszak et al., 2012). 

Our work described in chapter 6 reports on the outcome of conventionalization 

studies presented on germ-free mouse model that describe how timing alters the ability of 

the microbes to colonize the host. The time window which enables the artificial coloniza-

tion is at about three weeks of age and is probably caused by changes in the gut 

physiology such as increase in gut redox potential, changes in peristaltis and secretions, 

expression of certain pattern recognition receptors and diet (Mackie et al., 1999), or 

maybe by the protective effect of the weaning when single microbial inoculation is not 

enough to influence the host (Newburg and Walker, 2007). Like others  (Ivanov et al., 

2008), we also found that later colonization but not the way of colonization causes 

permanent changes in immune system reactivity, e.g. in the number of tolerogenic DC 

cells, Tregs, invariant NKT cells and in the amounts of cytokines (Olszak et al., 2012). 

This seems reasonable as the infant gut is immature and in a state favoring the develop-

ment of regulatory mechanisms in response to environmental stimuli (Mold et al., 2008; 

Sudo et al., 1997). Something similar is described in so called hygiene hypothesis that 

states that improvement of hygienic standards in developed countries leads to a higher 

incidence of immune-mediated diseases as a consequence of decreased microbial burden 

(Strachan, 1989). These effects may strongly influence the results of experiments made 

on first generation of colonized animals. 

Many questions about the causes of the differences in the intestinal immune matu-

rations remain unanswered. One of the explanations could be that certain host specific 

microbiota may regulate epithelial sensitivity in recognizing  microbe-associated molecu-

lar patterns through pattern recognition receptors. It may affect the cytokine or chemokine 

milieu effective in activating antigen presenting cells that leads to differences in T cell 

proliferation in  GF mice colonized by mouse or human microbiota (Chung et al., 2012).  

Another explanation could be through evolution, when specific coexisting micro-

biota that is adapted to the host intestinal environment could modulate the immune 

system differently. So when an individual lacks the ,,good “ microbes it could lead to the 
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shift in the intestinal balance toward autoimmune  disease, especially when the individual 

has genetic predisposition. 

Moreover, not only bacterial microbiota but also the content of microbial components in 

sterile diets and to a lesser extent also the LPS-rich sterile diet has a significant effect on 

the development and function of the immune system, especially the expansion of B and T 

cells in Peyer's patches and mesenteric lymph nodes (Hrncir et al., 2008). It is worth 

emphasizing that the quality of a diet and the presence or absence of certain strains of 

bacteria could also be important factors that may influence the host (Gaboriau-Routhiau 

et al., 2009; Stepankova et al., 2007) 

 

8.2 IMPACT OF HOST-MICROBIOTA INTERACTION ON 
INTESTINAL INFLAMMATION AND COLON CANCER 
DEVELOPMENT  

 

The majority of our epithelial surfaces are covered by microbiota. The largest number of 

bacteria are found in large intestine and it is important to mention that the number of 

genes of our colonic microbiota exceeds the number of genes in the human genome 150 

times. That is why we found it very important to focus our interest on the aspects of host-

microbiota interaction. 

Nowadays, genome-wide association studies have identified a large number of 

major loci, with many associations shared between different autoimmune diseases. These 

associations highlight the importance of mechanisms of host–microbe recognition, 

different aspects of innate and adaptive immunity; this metagenomic approach will help 

us to discover shared and distinct patterns of genetic associations found in many inflam-

matory and autoimmune diseases. There are many studies that connect the intestinal 

microbiota to the development of metabolic disorders in genetically susceptible persons. 

As reviewed in chapter 3, altered microbiota composition and function in inflammatory 

bowel disease result in increased immune stimulation, epithelial dysfunction and en-

hanced intestinal permeability. Moreover, increased intestinal permeability plays also a 

role in many other diseases such as celiac disease, colon cancer, type 1 insulin-dependent 

diabetes mellitus, idiopathic arthritis, chronic heart failure, or depression. Although the 

most important findings in this field are still to come, it is clear that our microbiota affect 

our lives more than previously assumed. 
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In order to find the answers to all these questions concerning the role of microbi-

ota in health and in various diseases, it is quite important to combine the use of 

genetically manipulatable model organisms and gnotobiotic models. This approach has 

the potential to provide new and important information about how bacteria affect normal 

development, establishment and maintenance of the mucosa-associated immune system, 

and epithelial cell functions as described. In our opinion, a study on GF animals and 

knockout mice can help to provide new insights into the pathogenesis of infectious 

diseases as well as acute and chronic inflammatory disorders. 

Many layers of defense compartmentalize commensal bacteria within the intestine 

so that even trillions of our bacteria normally do not induce spontaneous pathological 

responses. Signals from microbiota are delivered to adjacent immune cells such as 

macrophages, dendritic cells and lymphocytes either directly or through molecules 

expressed on the epithelial cell surface, e.g. major histo-compatibility complex I and II 

molecules and Toll-like receptors. These cells have then to distinguish if they will main-

tain host-microbiota mutualism or, alternatively, will ameliorate an aberrant reaction. In 

chapter 4 we tested the lysate of the mouse-commensal bacterium Parabacteroides 

distasonis and its fractions for their ability to influence intestinal inflammation. Although 

bacteroides phylum is known to play a role in intestinal inflammation (Swidsinski et al., 

2002), in our study the bacterium, and especially its membranous fraction (mPd), was 

chosen among many other bacterial candidates such as Veillonella alcalescens, Bacter-

oides thetaiotamicron,  B.ovatus, B. vulgatus  and Parabacteroides d. as the organism 

most sufficient in suppressing acute DSS colitis. The cytoplasmic fraction does not 

possess any protective effect, suggesting that the effective component is ,,hidden“ in 

membranous fraction. Our aim is to find and characterize the particular molecule respon-

sible for this effect. Next, here we have reported that the well-known probiotic 

Lactobacillus casei DN-114 001 or its lysate also exert a protective effect in suppressing 

acute DSS colitis but function in a slightly different way. This is in agreement with recent 

experimental evidence indicating that beneficial effects of bacteria are species and strain 

specific (Yan and Polk, 2010). We have to mention that the  administration route is very 

important. We achieved protection from intestinal inflammation only when lysates of Lc 

or Pd were administrated orally, not by subcutaneous, intrarectal or intraperitoneal route. 

Using both bacteria we were able to achieve the protective effect in preventive schedule 

before the induction of inflammation but not if the inflammation was already present, like 

in chronic colitis. This is in agreement with the known fact that the prevention of experi-
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mental inflammatory bowel disease is achieved more easily than the treatment of ongoing 

inflammation (Obermeier et al., 2003).  

In   chapters 4 and 5 we presented the finding demonstrating that not only living 

probiotic bacteria but also bacterial lysates are able to ameliorate intestinal inflammation. 

This idea is further supported by other studies which showed that the protective effect on 

gut homeostasis and barrier function could also be realized by bacterial metabolites. 

Compounds well established in this field are short chain fatty acids, with butyrate as a 

representative. They enhance mucosal barrier function, induce reduction of the pH value 

and also suppress the activity of nuclear factor κB (Kanauchi et al., 1999). 1,4-

Dihydroxy-2-naphthoic acid, the main component of bifidogenic growth stimulator, 

induces a reduction in the level of MAdCAM-1 expression through suppression of IL-1β, 

IL-6 and TNF-α that is concomitant with attenuation of mucosal damage (Okada et al., 

2006b). Also bacteria producing longer chain fatty acids, including conjugated linoelic 

acid, are compounds that suppress inflammation by activating PPAR γ (Bassaganya-Riera 

et al., 2012). Another very interesting molecule described is PrtP-encoded lactoceptin. 

PrtP-encoded lactoceptin, a cell envelope proteinase mainly expressed by lactococci and 

lactobacilli, has the ability to selectively degrade IP-10 and other proinflammatory 

cytokines in inflamed intestinal tissue. Orally administered PrtP-encoded lactoceptin 

isolated from Lactobacillus paracasei led to intense intestinal site-specific effect (which 

works mainly in cecum) and anti-inflammatory effect in T cell transferred Rag2 deficient 

mice. This was demonstrated by strongly reduced levels of IP-10 and  significantly 

reduced T cell infiltration (von Schillde et al., 2012). This clearly shows that bacterial 

components could exert all the beneficial properties of probiotics and might be a safer 

alternative to living probiotics. 

In some chronic diseases, it has been suggested that the pathological condition 

could be caused by disturbed microbiota rather than by a single organism, and this could 

mean a decreased bacterial diversity and/or different degrees of overgrowth by more 

aggressive fractions of bacteria. Our study of the correlation between the changes in 

bacterial composition and modulation of innate and adaptive immune cells after admini-

stration of bacterial lysates highlights the strong link between intestinal microbiota and 

the immune system. The shifts that we found in the microbiota composition after admini-

stration of non-living bacterial components support this statement. 

For the first time we showed that treatment not just with living bacteria but also 

with bacterial lysate can modulate gut microbial diversity. Our findings also coincide 
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with the results of a previous report demonstrating that probiotic bacteria alter the compo-

sition of the intestinal microbiota and these changes correlate with disease protection 

(Uronis et al., 2011). It seems that each bacterial lysate is acting in a different way. Lysate 

of mPd prevents the microbiota changes caused by DSS. Lc supported a substantial 

increase in Lactobacillus genus which indicates that treatment with Lc promotes, among 

others, also this genus. Therefore, we can suggest that these microbial changes lead to an 

improvement in the gut barrier function and a decrease of susceptibility to intestinal 

inflammation by producing active substances such as lactate and butyrate similarly as 

reported by studies describing the influence of Propionibacterium freudenreichii and 

Faecalibacterium prausnitzii (Okada et al., 2006a; Sokol et al., 2008). In case of lysate of 

mPd the mechanism of the beneficial effect could be direct or it could be just a conse-

quence of improvement in inflammation.  

Decreased production of proinflammatory cytokines in macrophages constitutes 

an important mechanism for the partial amelioration of colitis by probiotics, because DSS 

colitis is believed to be driven initially by innate immunity mechanisms. As reported by 

many others, macrophages are versatile cells that could possess antagonistic functions. 

They could be immunosuppressive or immunostimulatory and either maintain or suppress 

inflammation (Mantovani et al., 2004). This functional plasticity is affected by local 

milieu in which the MØ are living. Here, we report that Lc lysate in vitro polarizes MØ to 

M2 phenotype, which has in general a high scavenging activity, activates the process of 

tissue repair, suppresses adaptive immune responses and is believed to participate in the 

blockade of inflammatory responses (Allavena and Mantovani, 2012). Interestingly, 

another in vivo study suggests a different mechanism of probiotic function in MØ. Orally 

administered VSL#3  and conjugated linoleic acid  suppressed colonic mRNA expression 

of TNF-α and MCP-1, indicating that the protective effect against DSS colitis may be in 

fact due to a decrease in macrophage recruitment (Bassaganya-Riera et al., 2012). We 

demonstrated that tested Lc and mPd bacterial lysates prevented LPS-induced production 

of TNF-α and activation of NF-κB pathway in MØ, since the bacterial lysates reduced the 

cytoplasm-to-nucleus translocation of the p65 subunit. As described in our study and in 

many others, these immunomodulatory mechanisms functioning at single cell level are 

known to be strain dependent.  Not all probiotic bacteria inhibit the proinflammatory 

signaling pathway; some rather stimulate it (Ruiz et al., 2005; Zakostelska et al., 2011). 

As another example of strain specificity, Lactobacillus reuteri strain, ATCC PTA 6475, 

can downregulate LPS-induced TNF production from myeloid cells through suppression 
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of the activator protein-1 (AP-1) pathway, while another L. reuteri strain, DSM 17938, 

does not (Lin et al., 2008). Moreover, unlike lipoteichoic acid from L. plantarum K8, 

which inhibits NFκB and MAPK signaling (Kim et al., 2008), lipoteichoic acid isolated 

from L. casei YIT 9029  activates NFκB, inducing TNFα production by RAW 264.7 cells 

(Matsuguchi et al., 2003). Future studies in this area should continue to elucidate the 

strain-specific biological features and the ways in which such strains modulate host cell 

signaling pathways. 

Altered intestinal barrier function plays a pivotal role in IBD (Laukoetter et al., 

2008), but it is not certain if it is a result of disease progression or if it is a primary event. 

Increased paracellular permeability, for instance, has been shown to precede clinical 

relapse in patients with Crohn’s disease and is present in a first-degree asymptomatic 

relatives of patients with celiac disease and IBD (Arnott et al., 2000; Buhner et al., 2006; 

Groschwitz and Hogan, 2009).  It has been shown in DSS colitis model that there are 

alterations in the TJ complex, especially in the loss of ZO-1, concomitant to increased 

permeability during inflammation. The question remains whether the change in perme-

ability is a prerequisite of inflammation or not (Poritz et al., 2007). Anyway, as described 

by us and many others, enhancement of epithelial cell barrier function by induction of 

changes in expression and distribution of tight junction proteins, mucus or chloride 

expression was proposed as a key mechanism of probiotic activity in vitro and in vivo 

(Chen et al., 2010; Ukena et al., 2007). In this thesis we report that the lysate of Lc 

protects against increased intestinal permeability by up-regulation of the expression of 

proteins of the tight junctions, namely of occludin and ZO-1. These results are in agree-

ment with the study describing the effect of both heat-killed and living L. rhamnosus 

OLL2838 in DSS colitis model on intestinal barrier improvement. According to the 

authors, the observed protection against increased mucosal permeability may be caused 

by the increased expression of ZO-1 and myosin light-chain kinase in intestinal epithelial 

cells (Miyauchi et al., 2009). In addition, treatment with an exactly defined probiotic 

mixture called VSL#3, in which one of component bacterial strain is L.casei, prevents the 

changes in expression and distribution of tight junction proteins ZO-1 and occludin 

(Mennigen et al., 2009). Above all, maintaining paracellular permeability in the gut at 

normal is a very important function that plays a role in many diseases and it will be very 

challenging to implement probiotic lysates in clinical trials. 

Induction of oral tolerance to food and microbiota is crucial for keeping the ho-

meostasis in the gut. As described in chapter 3, this mechanism is mediated by the innate 
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immunity, especially in early ontogeny phases, where the inhibitory regulatory pathways 

play an important role (Biswas, et al. 2011). An equal importance in induction of oral 

tolerance is ascribed to adaptive immunity mechanisms (Barnes and Powrie, 2009), 

especially to regulatory T cells (Tregs) whose protective role has been clearly established 

(Hrncir et al., 2008; Singh et al., 2001).  

There are many findings indicating that specific probiotics can function through 

induction of Tregs .  A probiotic mixture called IRT5 containing lactobacilli induces a 

protective effect associated with enrichment of Tregs in the inflamed regions in experi-

mental inflammatory bowel disease, atopic dermatitis and rheumatoid arthritis. The co-

administration of living L. casei with collagen can potentiate the oral tolerance and leads 

to increase in Tregs in collagen induced arthritis model, while oral treatment with live L. 

casei alone cannot (So et al., 2008). Also therapeutic treatment with a probiotic mixture 

containing three strains of lactobacilli is able to reverse established experimental autoim-

mune encephalomyelitis through regulation of systemic IL-10 release and induction of 

functional Tregs in intestinal mesenteric lymph nodes and in the periphery (Lavasani et 

al., 2010). Since oral tolerance is easier to achieve with killed or inactivated microbes 

than with living ones (Rubin et al., 1981), we decided to measure the changes in Tregs  

numbers after the treatment with bacterial lysate of Lc. Our results not only confirm that 

treatment with dead bacteria and the microbiota-derived components results in an increase 

of Tregs expression in MLN similarly as shown by previous studies (Hrncir et al., 2008) 

but we also report for the first time  an increase in Tregs numbers  after stimulation with 

non-living Lc-treated mice in a model of acute colitis. We have obtained a quite similar 

result (see chapter 4) when we used the common commensal bacterium Parabacteroides 

distasonis. 

To investigate further the role of adaptive immunity in the protective activity of 

bacterial lysates, we studied severely immunodeficient (SCID) mice lacking  T and B 

lymphocytes. Although the severity of DSS-induced acute inflammation in SCID mice 

was similar to that in immunocompetent mice (Dieleman et al., 1994; Hudcovic et al., 

2001), we have not seen any preventive effect of either Lc or mPd treatment. One limita-

tion of the comparison between BALB/c and SCID mice, except the deficiency in 

adaptive immunity, relates to differences in gut microbiota composition and/or innate 

immune cell activity between strains {Keilbaugh, 2005 #138}. As suggested by our in 

vitro experiments, we can not rule out the involvement of innate immune mechanisms in 

the initiation of mPd and Lc protection. However, the lack of protective effect in SCID 
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mice and induction of Tregs in our in vivo experiments clearly shows that adaptive 

immune response is involved in this beneficial effect.. 

 

8.3 LOW MICROBIAL BURDEN PROTECTS FROM COLITIS -
ASSOCIATED CANCER 

 

Our experiments with colitis-associated cancer (CAC) showed that intestinal homeostasis 

and the process of CAC are substantially influenced by the presence of commensal 

bacteria and gut microbiota composition. In our experimental model of carcinogenesis we 

were able to change the microbiota composition (decrease the microbial load) and a 

subsequent tumor development through a decrease in the local production of β-

glucuronidase caused by changed microbiota composition after antibiotic treatment, thus 

decreasing the exposure of gut epithelium to carcinogens. Here we report that a lower 

tumor incidence is connected with changes in the microbiota such as an increase in 

proportions of Bacteroidetes and decrease in Firmicutes and Proteobacteria. Moreover, 

impaired regulation increases the activation of mucosal as well as systemic immune 

response, which results in chronic pro-inflammatory stimulation and, together with potent 

immune suppression, leads to massive tumor growth. Interesting finding is that enhanced 

immune suppression through Tregs in tumor bearing  IRAK-M knockout mice led to 

massive tumor progression advanced by inflammation, as supported by the study by 

Berglund et al. (2010). These results suggest that also fine tuning of TLR signaling plays 

an important role in the development of colon cancer.  Further investigation is needed to 

reveal how host’s genetic background shapes the intestinal microbiota and its subsequent 

role in maintaining the balance in local immune response, and in induction of inflamma-

tion or colitis-associated cancer. Therefore, individually-targeted manipulation of gut 

microbiota could be a promising strategy in IBD and CAC therapy and prevention. 

 

8.4 CONCLUSIONS 

 

An increasing number of in vitro and in vivo animal and clinical studies demonstrate the 

protective therapeutic role of probiotics and commensal bacteria. However, more studies 

are needed because many factors are to be considered in each disease or ethnical group. 
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Doses of bacteria and growth phase at the time of harvest are additional considerations in 

tandem with traditional methods of determining strain robustness or functional effect. 

Heat-killed bacteria or its components have the advantage of allowing a longer product 

shelf life, easier storage and transportation and will be also safer when administered to 

children, to low birth weight neonates with an immature digestive tract or to immuno-

compromised patients. Also, as described in our study and many others, the influence of 

microbiota on developing immune system is the greatest at the early stage of postnatal life 

so not all immunological disorders arising from altered microbiota will be efficiently 

influenced once the host microbiota diversity is established. Strain specific effects must 

be also taken into account; however, once the molecule with the desired effect is de-

scribed and used, this complication will disappear. The growth phase and viability of the 

probiotic cultures is also a factor that varies between reported experiments and expected 

results. Moreover, human studies must be well designed with careful strain selection 

because specific indications, timing, dosing and potential health risk factors have to be 

carefully considered to prevent a possible adverse outcome of microbiota administration 

(Besselink et al., 2008). While we have merely scratched the surface new functions of 

different species are continually being discovered. The two studies of bacterial lysates 

described in this thesis indicate how beneficial the effect of a single bacterial strain could 

be. In our future studies we are planning to explore the detailed mechanism of its func-

tion. 

The interplay between the host and the microbiota and its influence on mucosal im-

mune system was intensively described topic in this thesis. Important issues comprise the 

effects of early microbial colonization on the immune response of the host, interaction of 

host bacterial components with probiotics or commensals and its relevance to pathologi-

cal conditions such as IBD, colon cancer, etc. Also, the probiotic lysate can be simply 

used to restore disturbed intestinal microbial flora, e.g. after an exposure to a broad 

spectrum of antibiotics. Altogether it may be an easy, natural and a very cheap way to 

influence the host immune system, metabolism and health status in general without using 

pharmacological drugs with their contraindications.  
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APPENDIX A -  ABREVITATIONS  

 

AOM   azoxymethane 

CAC   colitis-associated cancer 

CD   Crohn's disease 

DC   dendritic cells  

DSS   dextran-sulphate sodium 

ELISA   enzyme-linked immunosorbent Assay 

FAE    folicle-associated epithelium 

FITC   fluorescein-iso-thiocyanate 

GALT    gut associated lymphoid tissue 

GF   germ free 

GI    gastrointestinal tract 

HPR   horse radish peroxidase 

IBD   inflammatory bowel diseases 

IEL    intraepithelial lymphocytes 

IFN-γ   interferon gamma 

Ig     imunoglobulin 

IL   interleukin 

IRAK-M  IL-1 receptor associated kinase M 

Lc   lysate of Lactobacillus casei DN-114 001 

LPS   lipopolysaccaride 

M1   macrophages subset 1 

M2   macrophages subset 2 

MØ    macrophages 

MAdCAM-1     mucosal vascular addresin cell adhesion molecule - 1 

MALT              mucosa-associated lymphoid tissue 

MAMP  microbe-associated molecular patterns 

MAPK   mitogen-activated protein kinase 

M cells              microfold cells 

MHC    major histocompability  complex 

MICA    MHC class I polypeptide-related sequence A 

MICB    MHC class I polypeptide-related sequence B 
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MLN    mesenteric lymph nodes 

mPd   menbranous fraction of Parabacteroides distasonis 

MUC   mucin 

MyD88  myeloid differentiation primary response gene 88 

NF-κB   nuclear factor kappa B 

NK   natural killer 

NOD   nucleotide oligomerization domain 

OD   optical density 

PAMP   pathogen-associated molecular patterns 

PBS   phosphate- buffered saline 

PCR   polymerase chain reaction 

PCR-DGGE  polymerase chain reaction-denaturing gradient gel electrophoresis 

Pd   Parabacteroides distasonis 

PP    Peyers patches 

PRRs   patern recognition receptors 

RIG-I   retinoic acid inducible gene I 

SCID   severe combined immunodeficiency 

SIgA   secretory IgA 

STBI   soybean trypsin inhibitor 

TCRs    T cell receptors 

TGF-β   transforming growth factor betta 

Th   T helper 

TLRs   Toll-like receptors 

TNF-α   tumour necrosis alpha 

TJs   tight juctions 

Tregs   regulatory T cells 

UC   ulcerative colitis 

ZO-1   zonula occludens 
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