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Abstract  
Rod-shaped bacteria were previously shown to be associated with the small intestinal 
epithelium of children with celiac disease (CD). Using culture-dependent and independent 
methods, we characterized the microbiota of small intestine in children with CD and 
controls. The normal microbiota constitutes an unique organ-specific biofilm. Dominant 
bacteria are Streptococcus, Neisseria, Veillonella, Gemella, Actinomyces, Rothia and 
Haemophilus. Altogether 162 Genus Level Operational Taxonomic Units (GELOTU) of six 
different phyla were identified in a total of  63 children. In biopsies collected during 2004-
2007 we did not find major differences in the microbiota between CD patients and controls. 
However, in biopsies collected earlier from children born during the “Swedish CD 
epidemic” and demonstrated to have rod-shaped bacteria by electron microscopy, we found 
that unclassified-Clostridales and Prevotella species were associated with CD. These 
anaerobic, rod-shaped bacteria showed marked affinity for the intestinal epithelium. 
Changes in breast-feeding practice and/or regiments for introduction of gluten containing 
food probably affect the composition of the bacterial flora in small intestine. We hypotesize 
that these bacteria contribute to contraction of CD. 

An in vitro model for studies of immune mechanisms of the intestinal epithelium 
was established. Polarized tight monolayers of the human colon carcinoma cell lines, T84 
and Caco2, were developed by culture in a two-chamber system. The two cell lines showed 
the features of mature- and immature columnar epithelial cells respectively. Polarized 
monolayers were challenged with bacteria and proinflammatory cytokines. Immune 
responses were estimated as quantitative changes in mRNA expression levels of a secreted 
mucin (MUC2), glycocalyx components (CEACAMs, MUC3), antimicrobial factors and 
cytokines (IFN-γ, TNF-α, IL-6 and IL-8). Tight monolayer cells were more resistant to 
bacterial attack than ordinary tissue culture cells and only B. megaterium induced the 
defensin, hBD2. Tight monolayer cells responded to cytokine challenge suggesting 
awareness of basolateral attack. TNF-α induced markedly increased levels of IL-8 and TNF-
α itself in both cell lines suggesting recruitment and activation of immune cells. Cytokine 
challenge also increased levels of CEACAM1, which includes two functionally different 
forms, CEACAM1-L and CEACAM1-S. In T84 cells, IFN-γ was selective for CEACAM1-
L while TNF-α upregulated both forms. Increased CEACAM1 expression may influence 
epithelial function and communication between epithelial cells and intraepithelial 
lymphocytes.     

As a pathogenic enteric bacterium, Vibrio cholerae secretes cholera toxin that is the 
major factor of cholera diarrhea. However, some strains of O1 serogroup lacking the cholera 
toxin still cause enterocolitis and most V. cholerae vaccines candidates exhibit 
reactogenicity in clinical trails. An extracellular metalloprotease PrtV was characterized. It 
was associated with killing of bacteria predators such as the nematode Caenorhabditis 
elegans. Its role in human intestine was addressed by using the T84 tight monolayer in vitro 
model. We found that Vibrio Cholera Cytolysin (VCC), a pore-forming toxin, induces an 
inflammatory response in intestinal epithelial cells that includes increased epithelial 
permeability and induction of IL-8 and TNF-α and hence could be responsible for 
enterocolitis. The inflammatory response was abolished by PrtV thus VCC is indeed an 
autologous substrate for PrtV. In protein rich environment PrtV degradation of VCC was 
inhibited, suggesting that the magnitude of the inflammatory response is modulated by the 
milieu in the small intestine. Thus, VCC is likely to be part of the pathogenesis of cholera 
diarrhea and the causative agent of enteropathy in V. cholerae strains lacking the cholera 
toxin. 
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 Abbreviations  

 
 
AMP              Antimicrobial peptide 
CD Celiac disease 
CEA Carcinoembryonic antigen 
CEACAM Carcinoembryonic antigen cell adhesion molecule 
CLR C-type lectin receptor  
CTX Vibrio cholera toxin 
DC Dendritic cell 
FDC Follicular dendritic cell 
HBD Human β defensin 
HD Human α defensin 
HLA  Human leukocyte antigen 
IEC Intestinal epithelial cell 
IEL Intraepithelial lymphocyte 
IFN Interferon 
IL Interleukin 
ITIM Immunoreceptor tyrosine-based inhibition motif 
LP Lamina propria 
LPS   Lipopolysaccharide 
LRR Leucin-rich repeat  
MHC Major histocompatibility complex 
NF-κB           Nuclear factor kappa B 
NLR NOD-like receptor 
NOD Nucleotide oligomerization domain 
PAMP Pathogen associated molecular pattern 
PP Peyer´s patches 
PRR Pattern recognition receptor 
PrtV Protease of V. cholerae 
RLR Retinoic acid-inducible gene (RIG)-I-like receptor 
STAT Signal transducer and activator of transcription 
TLR Toll-like receptor 
TNF Tumor necrosis factor 
tTG Tissue transglutaminase 
VCC Vibrio cholerae cytolysin 
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 1. Introduction 

The intestine serves several functions, notably ingestion, digestion and 
absorption of food and defecation of waste products. It is also the host of the 
largest and most complex part of the immune system indispensable for the 
survival of the individual. The intestinal mucosal surface is lined by a single 
layer of epithelial cells. In humans it covers an area of over 100 m2 that is 
continuously exposed to different antigens in the form of food constituents, 
commensal microflora, episodic pathogens, and to noxious compounds. The 
epithelial cell layer constitutes the interface between the internal milieu and 
the external environment. It is a highly regulated, selectively permeable 
barrier that supports digestion and absorption of nutrients, electrolytes, and 
water from the lumen. It also provides an essential barrier protecting against 
infection and disease. This barrier is not simply physical, but is part of a 
complex mucosal immune system (Figure 1). At the apical side of the 
polarized monolayer, the intestinal epithelium directly confronts both dietary 
and non-dietary luminal antigens, sensing their signals and subsequently 
transmitting the information to the diverse populations of cells in the 
intraepithelial compartment and the underlying tissue, the lamina propria 
(LP). At the basolateral side the intestinal epithelial cells (IECs) receive 
signals from various immune cells, nerve cells and stromal cells that 
influence their barrier function, immune activity state and/or differentiation 
state.  
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1.1 The human intestine and mucosal immunity 
 
The intestine consists of the small intestine and the large intestine. The small 
intestine is divided into three anatomic sections: duodenum, jejunum and 
ileum measuring about 6 meters in total length. The large intestine is about 
1.5 meters long and consists of the caecum, appendix, colon and rectum. In 
cross-section four distinct layers can be distinguished. Counting from the 
inside they are: mucosa, submucosa, muscularis, and serosa. The mucosa, in 
turn can be divided into an epithelial compartment, the LP, and muscularis 
mucosae. Muscularis consists of circular and longitudinal muscles.  
The mucosa of the small intestine has villi and shallow crypts facing the gut 
lumen, while the large intestine lacks villi and has deeper crypts. The 
intestinal villi are finger-like or leaf-like projections. The villi consist of a 
core of loose connective tissue covered by a single layer columnar 
epithelium. The core of the villus is an extension of the LP, which contains 
numerous fibroblasts, smooth muscle cells, lymphocytes, plasma cells, 
macrophages, dendritic cells (DCs), eosinophils and a network of blood 
capillaries as well as blind-ending lymphatic capillary, the lacteal. The 
intestinal crypts are composed of a single layer columnar epithelium that is 
continuous with the epithelium of the villi. The crypts are simple tubular 
structures that extend from the muscularis mucosae through the thickness of 
the LP, where they open to the luminal surface of the intestine at the base of 
the villi. Additionally, LP is enervated. 
The epithelial compartment contains epithelial cells and lymphocytes (Figure 
2). The epithelial cells are joined firmly together by tight junctions, which 
create a semipermeable diffusion barrier between individual cells (Liévin-Le 
Moal and Servin, 2006). At least five types of epithelial cells can be 
distinguished: enterocytes, goblet cells, Paneth cells, enteroendocrine cells 
and microfold (M) cells. All epithelial cells, both in the small and large 
intestine, are derived from stem cells located towards the base of the crypts. 
In small intestine enterocytes and goblet cells migrate upward from the crypt 
to the villus and are shed at the tip of the villus after 5 to 6 days. In colon the 
cells are shed at the free luminal surface. Enterocytes are the predominant 
cell type of the villus epithelium and are highly specialized for nutrient 
absorption. At the apical surface, enterocytes are lined by densely packed 
microvilli (~1 µm long by 0.1 µm in diameter) termed the brush border. 
Large amounts of digested nutrients can be taken up because the microvilli 
greatly increase the apical surface area of the plasma membrane. The 
membrane of the microvilli is rich in protein, cholesterol as well as 
glycolipids and contains digestive enzymes such as disaccharidases and 
peptidases. Goblet cells are large mucus-secreting cells interspersed between 
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enterocytes, both in the crypts and at the villus/luminal surface. Interspersed 
between the enterocytes are also endocrine cells that secrete neuropeptides 
such as polypeptide YY and substance P. Paneth cells, only present in the 
small intestine, are located at the base of the crypts. They contain granules 
with antimicrobial peptides, antibacterial enzymes as well as antibacterial 
glycoproteins and most likely play a role in regulating the density and 
composition of the intestinal bacterial flora. A highly specialized epithelial 
cell is the M cell, located in the epithelium covering lymphoid follicles. The 
M cell has an antigen sampling function by transporting antigens from the 
lumen to the immune cells in the underlying follicles. The enterocytes 
dominate over goblet cells in small intestine and most of colon. In colon the 
ratio decreases, approaching 1:1 near the rectum.  
 
 

 
 
Gut associated lymphoid tissue (GALT) is made up of three components: 
organized lymphoid aggregates [e.g. Peyer’s patches (PPs), the appendix, 
solitary follicles], diffuse collections of lymphocytes, macrophages, and 
plasma cells in the LP and intraepithelial lymphocytes (IELs) scattered 
within the epithelium. PPs are aggregations of lymphoid follicles present in 
small intestine (Cornes, 1965) while solitary follicles occur mainly in colon. 
The lymphoid follicles are inductive sites for the specific immune response 
and contain two major cell types, T and B cells and in addition macrophages, 
DCs and follicular dendritic cells (FDCs) (Brandtzaeg and Bjerke, 1990; 
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Yeung et al., 2000; Wittig and Zeitz, 2003). The lymphoid follicles have a 
germinal center structure rich in B cells with interspaced FDCs and 
surrounded by a T cell area containing DCs (Yeung et al., 2000).  The 
lymphoid follicles are located beneath a single layer epithelium called the 
follicle-associated epithelium (FAE) containing the highly specialized M 
cells (Brandtzaeg and Bjerke, 1990; Kraehenbuhl and Neutra, 2000).  
The LP contains most cellular components of the immune system, with large 
numbers of B cells, plasma cells, macrophages, DCs, mucosal mast cell and 
T cells. The vast majority of LP T cells are αβ T cells of both the CD4 and 
CD8 subsets and a small subset of CD4+CD8+ cells (Melgar, et al., 2002; 
Wittig and Zeitz, 2003). LP T cells secrete cytokines as IL-2, IFN-γ, and 
TNF-α (Beagley and Elson, 1992; Forsberg et al., 2002; Melgar et al., 2003). 
Most plasma cells, 70-90%, produce antibodies of the IgA class (Brantzaeg 
et al., 1999). Recently it was shown that plasma cells also secrete β-
defensins (Rahman et al., 2007).  
In contrast to the LP, all immune cells within the epithelium are 
lymphocytes. These IELs are in close contact with the epithelial cells and 
more frequent in the small intestine compared with large intestine (Lundqvist 
et al., 1995). In the human small intestine, there are 10-20 IELs per 100 
villus epithelial cells. IELs are a heterogeneous mixture of T lymphocyte 
subsets that are chiefly of activated/memory phenotype (CD45RO+ cells). In 
the small intestine, the CD8+

 

αβT cells dominate while in the large intestine 
there are almost equal proportions of CD8+

 

αβT cells, CD4+
 

αβT cells and 
CD4/CD8 double negative αβT cells (Lundqvist et al., 1995). In both small 
and large intestine, about 10% of IELs are γδT cells (Lundqvist et al., 1995). 
The majority are CD4/CD8 double negate and preferably use Vδ1 and Vγ8 
in their T cell receptor as opposed to peripheral blood γδT cells which use 
Vδ2 and Vγ9 (Lundqvist et al., 1995; Söderström et al., 1994). The Vδ1+

 

γδT 
cells have the ability to kill stressed cells (Groh et al., 1998) and tumor cells 
of epithelial origin (Maeurer et al., 1996). IELs probably play multiple 
functions including cytotoxic activities, induction and maintenance of oral 
tolerance, surveillance of the IECs, and immune protection (Wershil and 
Furuta, 2008).  
 
1.2 Hurdles for intestinal pathogens 
 
Immune defense works at three levels in the gut. Secreted factors to the gut 
lumen, at the lumen/epithelial compartment interface and inside the mucosal 
tissue. (Hooper and Gordon, 2001; Guarner and Malagelada, 2003; Mowat, 
2003; Magalhaes et al., 2007). To colonize mucosal surfaces and invade the 
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host, microorganisms typically must first penetrate the secreted mucus layer 
in order to reach the apical surface of epithelial cells or release toxins that 
disrupt epithelial integrity. A broad range of bacterial pathogens can produce 
mucus-degrading enzymes, such as glycosulfatases, sialidases and mucinases 
to destabilize the mucus gel and remove mucin decoy carbohydrates for 
adhesion (Linden et al., 2008). As mucins bind pathogens, increasing the 
secretion of mucins is likely to benefit the host by trapping and moving 
pathogens away from the epithelial surface. Underneath the secreted mucus 
layer, the cells have a dense forest of highly diverse glycoproteins and 
glycolipids, which form the glycocalyx. Membrane-anchored cell-surface 
mucins and Carcinoembryonic antigen (CEA)-related cell adhesion 
molecules (CEACAMs) are major components of glycocalyx situated at the 
top of the microvilli (Hammarström and Baranov, 2001). The 
mucus/glycocalyx compartment also contains a spectrum of antimicrobial 
proteins including secretory IgA with specificity for microbial antigens, 
defensins, lysozyme, lactoferrin etc. (Magalhaes et al., 2007). Together, 
these layers provide a first line of defense barrier preventing interactions 
between microorganisms and IECs (MacDonald, 2003; Newberry and 
Lorenz, 2005). Another important factor preventing access for pathogens is 
the commensal microbiological flora, particularly well developed in colon. 
Pathogens have to fight commensals, which are well adopted for the 
environment, for nutrients, space etc. 
The IECs take an active part in immune defense. This includes both 
production of factors of innate immunity, e.g. antimicrobial peptides and 
crosstalk between IECs and immune cells. The enterocytes serve as afferent 
sensors of danger within the luminal microenvironment by secreting 
chemokines and cytokines that alert and direct innate and adaptive immune 
responses to the infected site (Shanahan, 2005; Akira et al., 2006). M cells 
overlying lymphoid follicles directly take up and transport antigens from the 
gut lumen to underlying subadjacent DCs and other antigen-presenting cells 
(Miller et al., 2007). In addition, DCs are believed to sample antigen directly 
from the intestinal lumen by forming tight-junction-like structures with IECs 
and projecting dendrites through the epithelial-cell layer and into the lumen 
(Rescigno et al., 2001; Coombes and Powrie, 2008). The consequence of 
these mechanisms for antigen sensing is alerting of immune effector cells 
within the epithelium and LP to humoral and cell mediated defense 
responses, e.g. cytotoxicity and production of IgA as well as recruitment of 
phagocytic cells like neutrophils and macrophages. 
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1.3 Innate immunity 
 
To protect the host from invasion by microorganisms and neutralize their 
virulence factors, all multi-cellular organisms have developed defense 
mechanisms that utilize germline-encoded receptors for the detection of a 
wide range of ligands derived from microorganisms. These phylogenetically 
ancient defense mechanisms are collectively known as the innate immune 
system. The recognition strategy is based on the detection of conserved 
molecular patterns that are unique to microbes. They are called pathogen-
associated molecular patterns (PAMPs) and are present in bacteria, fungi, 
protozoa and viruses. PAMPs include lipopolysaccharide (LPS), 
peptidoglycan, lipoteichoic acid (LTA), terminal mannose (a terminal sugar 
common in microbial glycolipids, glycoproteins and polysaccharides but rare 
in those of humans), bacterial flagellin, N-formylmethionine, double-
stranded RNA (dsRNA) and single-stranded RNA (ssRNA), unmethylated 
CpG DNA and fungal glucans etc (Akira et al., 2006; Kumagai et al., 2008). 
Because all microbes, not just pathogenic microbes, have PAMPs, they are 
sometimes referred to as microbe-associated molecular patterns (MAMPs) 
(Mackey and McFall, 2006).  
The receptors on host cells recognizing PAMPs are called pattern-
recognition receptors (PRRs) (Medzhitov and Janeway, 1997). There are 
several structurally and functionally distinct classes of PRRs: Toll-like 
receptors (TLRs), nucleotide oligomerization domain (NOD)-like receptors 
(NLRs), retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and C-
type lectin receptors (CLRs). They induce partly different host defense 
pathways.  
In contrast to innate immunity, adaptive immunity is dependent on antigen 
receptors expressed on lymphocytes that are acquired by somatic 
recombination of the antigen receptor genes during B and T cell 
development. This system has a huge repertoire and is not limited to PAMPs. 
However, a major drawback with the adaptive immune response is that it 
requires a considerable time to become fully effective. At the first encounter 
of antigen it takes up to 6-7 days due to differentiation and maturation of the 
effector cells.  During evolution adaptive immunity occurs first in primitive 
fishes. In man innate and adaptive immunity works in parallel and can 
enhance each other. Since my thesis deals with innate immunity I will not 
discuss adaptive immunity further. 
 
1.3.1 TLRs and their signaling 
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The evolutionary conserved TLRs are a family of single membrane-
spanning receptors. Ten members of the human- and 13 members of the 
mouse TLR family have been identified (Roach et al., 2005; Akira et al., 
2006; Kumagai et al., 2008). TLRs are expressed as homo- or heterodimers. 
All TLR family members are made up of multiple leucin-rich repeat motifs 
(LRRs) at the N-terminal of the molecule, followed by a cysteine-rich 
region, a transmembrane domain, and an intracellular domain at the C-
terminal, the Toll/interleukin-1 (IL-1) receptor (TIR) domain. The TLRs are 
either located to the cell membrane (TLR1, TLR2, TLR4, TLR5, TLR6 and 
TLR10) or to intracellular membranes (TLR3, TLR7, TLR8, and TLR9). 
The C-terminal TIR domain located in the cytosol is able to recruit TIR-
containing intracellular proteins that mediate their signaling (Brikos and 
O'Neill, 2008; Kumagai et al., 2008).  Ligand binding to the LRR, either 
directly or by means of accessory molecules, is believed to induce a 
conformational change that brings the intracellular TIR domains in the dimer 
together (Latz et al., 2007).  
Different TLRs recognize distinct PAMPs. TLR2 plays a crucial role in the 
recognition of peptidoglycan, LTA, and lipoproteins (Takeuchi et al., 1999). 
TLR2 forms a heterodimer with either TLR1 or TLR6, and these 
heterodimers recognize lipoproteins with different lipid moieties respectively 
(Takeuchi et al., 2001; 2002). TLR1-TLR2 heterodimer recognizes 
triacylated lipoproteins (Takeuchi et al., 2002; Jin et al., 2007), whereas the 
TLR2-TLR6 heterodimer recognizes diacylated lipoproteins and LTA 
(Takeuchi et al., 2001). LPS, a cell-wall component of Gram-negative 
bacteria (Poltorak et al., 1998) is recognized by TLR4 (Triantafilou and 
Triantafilou, 2002), which involves the accessory molecule myeloid 
differentiation protein 2 (MD-2) (Nagai et al., 2002; Kim et al., 2007), 
membrane-bound CD14 (Jiang et al., 2005), and LPS-binding protein (LBP) 
(Jack et al., 1997). TLR5 is a receptor for bacterial flagellin (Hayashi et al., 
2001; Uematsu et al., 2006). TLR3, TLR7, TLR8 and TLR9, localized on 
cytoplasmic membranes of the endoplasmic reticulum or endosomes, are 
receptors for nucleic acids and their derivatives. TLR3 is a receptor for viral 
dsRNA (Alexopoulou et al., 2001). TLR7 and TLR8 recognize ssRNA from 
RNA viruses (Hemmi et al., 2002; Jurk et al., 2002; Diebold et al., 2004; 
Heil et al., 2004). TLR9 is a receptor for DNA with an unmethylated CpG-
motif (CpG-DNA) (Barton GM, et al. 2006), which is abundant in bacterial 
DNA, whereas the frequency of CpG motifs in mammalian genome DNA is 
low and mostly methylated (Ishii and Akira, 2006).  
At ligand binding to TLR the cytoplasmic TIR domains dimerize to form a 
platform for the recruitment of adapter proteins and additional signaling 
molecules (Trinchieri and Sher, 2007). Through a series of intracellular 
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molecular reactions nuclear factor-kappa B (NF-κB) and/or interferon 
regulatory factor (IRFs) are activated, leading to the expression of various 
genes associated with host defense, including proinflammatory cytokines, 
chemokines and defensins. Depending on cell type, the TLR-mediated 
immune response may differ. Moreover, the different signaling pathways 
used by distinct TLRs and the presence of different PAMPs on invading 
microbes contributes to a complex multifunctional innate immune response. 
 
1.3.2 TLR-independent pathogen recognition 
 
Microbial components are also recognized by the intracellular cytosolic 
receptor NLRs, the cytosolic RLRs and the surface expressed CLRs.  
The NLR family has over 30 members in humans and is characterized by the 
presence of a central NOD domain and a C-terminal LRR domain and a N-
terminal domain responsible for the signaling, either the caspase recruit 
domain (CARD) or the putative protein-protein interaction (PYRIN) domain 
(Kanneganti et al., 2007; Franchi et al., 2008).  
The NLRs recognize different bacterial components notably γ-D-glutamyl-
mesodiaminopimelic acid and muramyl dipeptide, respectively leading to 
activation of NF-κB (Franchi et al., 2008; Chamaillard et al., 2003; Girardin 
et al., 2003). Members of the NALP subfamily have a PYRIN domain 
instead of a CARD domain. Fourteen members (NALP1-14) have been 
described in humans (Kanneganti et al., 2007). NALP1-3 were shown to be 
involved in Caspase-1-mediated cleavage of proIL-1β, proIL-18 and proIL-
33 into their mature forms in response to stimuli (Agostini et al., 2004; 
Martinon et al., 2002; Keller et al., 2008). NALP3 is activated by LPS, 
lipoprotein, CpG-DNA, bacterial RNA, uric acid crystals and by ATP 
(Kanneganti et al., 2006; Mariathasan et al., 2006; Martinon et al., 2006). 
The cytosolic flagellin is capable of activating caspase-1 in an NLRC4-
dependent manner (Sutterwala et al., 2007).  
RLRs are DExD/H box RNA helicases located in the cytoplasm where they 
mediate recognition of virus-specific RNA and then activate IRFs inducing 
expression of type I interferon (IFN). Three members of RLRs have been 
described in mammals: retinoic acid inducible gene I protein (RIG-I), 
melanoma differentiation associated gene-5 protein (MDA5) and laboratory 
of genetics and physiology protein-2 (LGP2) (Bowie and Fitzgerald, 2007; 
Yoneyama and Fujita, 2007; 2008; Xiao, 2008). Interestingly, microbial 
ligands for members of the RLR-, NLR- and TLR-families may be the same. 
However, the molecular bases of their receptor-ligand interactions and the 
outcome of the interactions may be quite different.  The cross-talk between 
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these sensing-systems probably plays an important role in immunological 
homeostasis. 
CLRs are a family of membrane-associated receptors that are able to 
recognize carbohydrate structures present on the pathogens. So far, more 
than 60 CLRs have been identified in humans. The extra-cellular portion of 
CLR consists of one or more C-type (Ca2+ dependent) carbohydrate 
recognition domains (CRDs), involved in carbohydrate recognition 
(Zelensky and Gready, 2005). Although microbes and vertebrate cells are 
able to produce similar polysaccharide chains, the density of carbohydrates 
on microbes is generally much higher than on vertebrate cells. At least partly 
due to this difference, carbohydrates present on microorganisms can be 
specifically recognized by the CLRs (Gijzen et al., 2006; van Vliet et al., 
2008). By binding to carbohydrate moieties, CLRs mediate biological 
events, such as cell-cell or cell-matrix adhesion and glycoprotein turnover. 
Although the majority CLRs are primarily involved in antigen uptake, some 
CLRs such as Dectin-1 have been shown to trigger intracellular signaling 
cascades upon ligand binding resulting in NF-κB activation and production 
of cytokines (Rogers et al., 2005; Gross et al., 2006).  
 
1.3.3 TLR and NOD signaling in the human intestine 
 
TLRs and NODs are expressed in human small and large intestine and play 
important roles of immune and non-immune functions in the mucosa 
(Melmed et al., 2003; Otte et al., 2004; Abreu et al., 2005; Sanderson and 
Walker, 2007). Thus, IECs and lamina propria macrophages express TLR4 
and TLR2 (Hausmann et al., 2002) and jejunal smooth muscle cells express 
TLR4 (Rumio et al., 2006). NOD1 is ubiquitously expressed in many tissues 
and cells including IEC while NOD2 is constitutively or inducibly expressed 
in monocytes, macrophages, T and B cells, DCs, as well as IECs, including 
Paneth cells. (Sanderson and Walker, 2007). 
In order to maintain intestinal mucosal homeostasis against tissue damage, 
commensal microflora induced host modulatory effects seem to require 
functional TLRs and NODs (Rakoff-Nahoum et al., 2004; Kobayashi et al., 
2005). Under normal conditions, the intestinal mucosa is constantly exposed 
to TLR/NOD ligands derived from the commensal microflora and a basal 
state of activation of downstream signaling pathways is achieved, thus 
ensuring rapid compensation and limited inflammatory responses (Rakoff-
Nahoum et al., 2004). Deficient TLR or NOD signaling may elicit an 
imbalance, facilitating injury and leading to disease. There is evidence to 
show that commensal microflora directly assist the host to strengthen 
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intestinal epithelial barrier resistance (Hooper et al., 2001; Madsen et al., 
2001; Otte et al., 2004). Altered expression of TLRs and NODs in IECs has 
been reported in chronic inflammation. Thus, increased expression of TLR4 
has been demonstrated in inflammatory bowel disease (IBD), while the 
expression of TLR2 and TLR5 remained unchanged (Cario and Podolsky, 
2000). Moreover, proinflammatory cytokines such as IFN-γ and tumor 
necrosis factor-α (TNF-α) increase expression of TLR4 and MD-2 resulting 
in increased LPS responsiveness in human colonic epithelial cells (Abreu et 
al., 2001; Suzuki et al., 2003).  Polymorphisms and mutations within the 
NOD2 gene have been associated with the development of Crohns’ disease 
in a subgroup of patients ( Hugot et al., 2001; Ogura et al., 2001) and 
persons homozygous for a variant NOD2 may have a 20-fold higher 
susceptibility to Crohns’ disease (Cuthbert  et al., 2002). 

1.4 Mucins 
 
The intestinal mucosal surface in humans is covered by a layer of hydrated 
viscous mucus ranging in thickness from 50 to 700 µm. The mucus is a 
mixture of mucins, free protein, salts, and water. The major components of 
mucus are secreted gel-forming mucins produced by goblet cells (Strugala et 
al., 2003). This viscous, sticky layer traps particles, bacteria, and viruses, 
which are expelled by the peristaltic process of the gut. 
Mucins are family of heavily glycosylated proteins. Based on their 
properties, the mucins can be divided into three distinct subfamilies (Linden 
et al., 2008): (a) Secreted gel-forming mucins, which are the major 
component of mucus and confer its viscoelastic properties. They contain N- 
and C-terminal cysteine-rich domains that are involved in homo-
oligomerization mediated by inter-molecular disulfide bonds (Gum et al., 
1994; Perez-Vilar et al., 1998). (b) Cell surface mucins, also called 
membrane-bound mucins, which have a single membrane-spanning domain 
and a short cytoplasmic tail in addition to the extensive extracellular domain. 
(c) Secreted non-gel-forming mucins, which are relatively small 
glycoproteins and incapable of forming a gel (Andrianifahanana et al., 
2006). Classically, mucins are known to play a central role in the protection, 
lubrication and hydration of the external surfaces of epithelial tissue layers 
lining the intricate network of ducts and lumens within the human body 
(Strous and Dekker, 1992; Van Klinken et al., 1995). Mucins have direct and 
indirect roles in defense against infection. Different mucins are expressed in 
varying proportions throughout the normal digestive tract and the complexity 
of the mucin mixture increases from esophagus to rectum (Corfield et al., 
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2001; de Bolos et al., 2001). In the small intestine, MUC2 is predominantly 
expressed by the goblet cells, while MUC1, MUC3, and MUC4 are mostly 
found in enterocytes, and to a lesser extent in goblet cells (Audie et al., 1993; 
Jass and Roberton, 1994). MUC17 (Gum et al., 2002) and MUC20 (Higuchi 
et al., 2004) have also been detected in the small intestine. The colorectal 
part of the intestine exhibits a more diverse pattern of mucin expression. 
Here large amounts of MUC2, MUC4, and MUC11 are found in the goblet 
cells, whereas the membrane-bound mucins, MUC1, MUC3, MUC4, and 
MUC12 are detected in colonocytes (Audie et al., 1993; Jass and Roberton, 
1994; Tytgat et al., 1994). MUC13 (Williams et al., 2001), MUC17 (Gum et 
al., 2002) and MUC20 (Higuchi et al., 2004) have also been observed in 
colon. 
Gene expression of mucins in the mucosal epithelium is both constitutive 
and inducible. The mucosal epithelial cells continuously produce sufficient 
mucins to maintain the mucus layer, whereas the inducable pathway affords 
a massive discharge as a response to environmental and/or 
(patho)physiological stimuli, including cholinergic stimuli, inflammatory 
cytokines, prostaglandins, LPS, bile salts and nitric oxide (Andrianifahanana 
et al., 2006; Linden et al., 2008). Moreover, infections can induce alterations 
in mucins, such as increased mucin production through goblet cell 
hyperplasia, increased mucin secretion and altered mucin glycosylation 
affecting microbial adhesion and the ability of microorganisms to degrade 
mucus. These alterations work in concert with other defense processes to 
prevent infection (Linden et al., 2008). 
 
1.5 The Carcinoembryonic antigen family 
 
Carcinoembryonic antigen (CEA) was identified as a prominent tumor-
associated antigen in human colon cancer in 1965 (Gold and Freedman, 
1965). CEA and related genes make up the CEA gene family belonging to 
the immunoglobulin gene superfamily. The gene products are highly 
glycosylated glycoproteins. In human, the CEA family consists of 29 genes, 
18 of which normally are expressed, including seven CEACAMs, 
(CEACAM1, CEACAM3-CEACAM8) and 11 pregnancy specific 
glycoproteins (PSG1-PSG11), and 11 PSG-related pseudogenes 
(Hammarström, 1999). Recently, a group of genes more distantly related to 
CEA than the CEACAMs discussed above was identified in the human 
genome (Zebhauser et al., 2005). CEACAMs are also found in other 
mammals and CEACAM1 appears to be the phylogenetically most ancient 
member of the CEACAM subfamily. According to the new nomenclature 
CEA should be called CEACAM5 (Beauchemin et al., 1999). However, the 
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name CEA is kept for historical and practical reason. Thus, in the extensive 
literature on the use of CEA/CEACAM5 as a clinical biomarker the name 
CEA is used. Clinical aspects of the utility of CEA as a biomarker will not 
be discussed here.  
CEACAMs are linked to the cell surface by a glycosylphosphatidylinositol 
(GPI) anchor (CEA, CEACAM6-8) or through a transmembrane region with 
a cytosolic signaling domain (CEACAM1, CEACAM3 and CEACAM4), 
while PSGs are secreted glycoproteins (Hammarström, 1999; Beauchemin et 
al., 1999). There are two major CEACAM1 isoforms, which differ with 
respect to the length of their cytoplasmic domain. CEACAM1-L has a long 
cytoplasmic domain (71-73 amino acids)  and CEACAM1-S has a short 
cytoplasmic domain (10-12 amino acids). CEACAM1-L contains two 
immunoreceptor tyrosine-based inhibition motifs (ITIM) while CEACAM1-
S lacks ITIM sequences (Gray-Owen and Blumberg, 2006).  
It has been established that four CEACAMs subgroup genes are expressed in 
human intestinal epithelial cells (Frängsmyr et al., 1999). In colon, 
CEACAM1, CEA, CEACAM6 and CEACAM7 are expressed at high level 
in mature and highly differentiated enterocytes at the crypt mouth and free 
luminal surface (Frängsmyr et al., 1995; 1999). CEA/CEACAM5 is also 
present in the mucus droplets of goblet cells. Immunoelectron microscopy 
studies of colon demonstated that all four molecules are localized to the 
microvilli and the glycocalyx (the fuzzy coat) at the top of the microvilli 
(Hammarström and Baranov, 2001). Within this compartment the 4 
molecules show a different distribution. In the small intestine CEACAM1 is 
expressed by absorptive epithelial cells while CEA is only produced by 
goblet cells (Fahlgren et al., 2003). CEACAM6 and CEACAM7 appear not 
to be expressed in small intestine (Schölzel et al., 2000).  
The CEACAM family members are multifunctional molecules involved in 
cell adhesion, tumor suppression, regulation of signal transduction and 
probably also innate immunity. Several CEACAM family members have 
also been identified as receptors for host-specific viruses and bacteria in 
mice and humans, respectively, making these proteins interesting targets of 
pathogen (Hammarstrom, 1999; Gray-Owen and Blumberg, 2006; Kuespert 
et al., 2006; Griffiths et al., 2007; Hemmila et al., 2004). Deletion of CEA 
family members can render the host resistant to particular pathogens 
(Kuespert et al., 2006). The majority of the currently characterized 
meningococcal and gonococcal adhesions, the opacity-associated (Opa) 
proteins display binding specificity for human surface receptors of the 
CEACAMs family (OpaCEA proteins). All OpaCEA proteins bind to the non-
glycosylated C′CFG-face of the immunoglobulin-domain fold of the N-
terminal domain of CEACAM1, CEACAM3, CEA and CEACAM6. Binding 
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of OpaCEA proteins to CEACAM molecules is sufficient to induce the 
internalization of the bacteria into several cell types in vitro (Heyderman and 
Virji, 2007).  
Essentially all CEA family members, including GPI-anchored CEA and 
CEACAM6, function as intercellular adhesion molecules in vitro 
(Benchimol et al., 1989; Oikawa et al., 1989). CEACAM1 is primarily an 
activation-induced cell-surface molecule that functions as a co-inhibitory 
receptor. Homophilic ligation of CEACAM1 on T cells leads to a signaling 
mechanism, which results in inhibition of a broad range T-cell functions 
(Nagaishi et al., 2006). CEACAM1-L and CEACAM1-S have different 
functions. CEACAM1-L can regulate cell proliferation, invasion, cell 
migration, angiogenesis, lymphangiogenesis, and cytotoxicity. CEACAM1-
L, containing two ITIMs, generally transmit inhibitory signals while 
CEACAM1-S  contains sequences that can bind calmodulin (Edlund et al., 
1996), tropomyosin and globular actin (Schumann et al., 2001), indicating a 
regulated interaction with the cytoskeleton. In the breast, CEACAM1-S 
mediates mammary lumen formation via an apoptotic and cytoskeletal 
reorganization mechanism (Kirshner et al., 2004; Chen et al., 2007). In most 
cell types and tissues, CEACAM1-L and CEACAM1-S are expressed 
together, but at characteristically different ratios (Hauck et al., 2006). The 
abundance of CEACAM1 and the relative ratio of CEACAM1-L to 
CEACAM1-S isoforms are not static, and can vary substantially according to 
the cell type, its phase of growth and activation state (Singer et al., 2000; 
Greicius et al., 2003). Moreover, in vitro studies performed using polarized 
epithelial cells clearly show that the CEACAM1 cytoplasmic tail governs 
both the distribution of the receptor between intracellular compartments and 
the cell membrane, and the movement of the receptor between apical and 
basolateral surfaces (Sundberg et al., 2004). An optimal ratio in the 
expression level of CEACAM1-L and CEACAM1-S isoforms were found to 
be essential for some of its biological functions, e.g. the suppression of cell 
proliferation (Obrink et al., 2002). Recent data demonstrated a high ratio of 
CEACAM1-S to CAECAM1-L isoforms in normal breast tissues versus 
breast cancer suggesting that altered splicing of CEACAM1 may play an 
important role in tumorogenesis (Gaur et al., 2008).   
 
1.6 Antimicrobial peptides and lysozyme 
 
Although the alimentary tract is colonized by, and exposed to a great number 
of different bacteria, intestinal infection or translocation of bacterial agents is 
the exception, not the rule, and is largely limited to pathogenic bacteria or 
predisposing disease states (Liévin-Le Moal and Servin, 2006; Wehkamp et 



                                                                     

 

 

 - 18 - 
 

al., 2007). Intestinal epithelial cells in higher organisms not only form a 
physical barrier but also a chemical barrier. This chemical barrier is 
composed of secreted anti-infectious substances, including mucus, 
antimicrobial peptides (AMPs), and other anti-microbial molecules, such as 
lysozyme, which together with resident microbiota provide the front line of 
defense against pathogenic microorganisms (Ganz, 2002). AMPs are small 
molecular weight proteins with broad-spectrum antimicrobial activity against 
bacteria, fungi, protozoa and some enveloped viruses. Based on common 
structural and functional features, the AMPs present in the human intestinal 
tract have been divided into two major families: defensins and cathelicidins 
(Otte et al., 2003).  
The human defensins are small cysteine containing cationic peptides (range 
from 28 to 50 amino acid residues) containing three intra-molecular disulfide 
bonds (Pazgier et al., 2007). The positions of the disulfide bonds define two 
subclasses: α-defensins and β-defensins (Cunliffe, 2003; Ganz, 2003). All of 
them have anti-microbial activity against bacteria, and some also against 
fungi, viruses and protozoa (Lehrer et al., 1993).  
Human α-defensins are 29-35 amino acid residues in length and form a 
triple-stranded β-sheet. Four of the α-defensins are produced by neutrophils 
and are named human neutrophil peptides 1-4 (HNP1-4) (Ganz et al., 1985). 
The primary source of two additional α-defensins, human α-defensin-5 and 6 
(HD-5 and HD-6), is Paneth cells in the small intestine, where these cells are 
located at the crypt base (Jones and Bevins, 1992; 1993; Ganz, 1999; Porter 
et al., 1997).  
Genomic studies have revealed that there are over 40 different β-defensin 
genes arranged in 4 different clusters in the human genome (Liu et al., 1998). 
Four different β-defensins have been isolated and characterized human β-
defensin 1-4 (hBD 1-4) present in the intestine. β-defensins form three β-
strands arranged as an anti-parallel sheet held together by three intra-
molecular disulfide bonds (Dann and Eckmann, 2007; Taylor et al., 2008). In 
contrast to the high and relatively stable expression level of HD-5 and HD-6 
in the small intestine and low expression in other regions of the 
gastrointestinal tract, β-defensins expression is much more variable with 
respect to the individual peptides, anatomical location, and pathogenic 
condition. hBD1 is constantly expressed throughout the gastrointestinal tract 
and remains invariable even in inflammation or infections (O'Neil et al., 
1999; Fahlgren et al., 2003; 2004). In normal intestine, there is little hBD-2 
expression, but it is strongly upregulated in inflammatory bowel disease  
(Fahlgren et al., 2003; Ganz, 2002). It was reported that in the colonic IECs 
from patients with ulcerative colitis, the levels of mRNA expression of HD-
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5, HD-6, hBD-2, hBD-3, hBD-4 increased significantly compared with in 
the IECs from control colon (Fahlgren et al., 2003; 2004). HD-5, HD-6 was 
produced by metaplastic Paneth cells in colon of patients with ulcerative 
colitis  (Fahlgren et al., 2003). hBD-2, hBD-3 and hBD-4 also were 
produced by mature IgA and IgG producing colonic plasma cells (Rahman et 
al., 2007). mRNAs expression levels of HD-5 and HD-6 were also increased 
in proximal small intestinal IECs from children with active celiac disease 
(CD) but levels returned to normal in treated patients. The increased 
production was a consequence of Paneth cell metaplasia, which in turn 
correlated to the increased production of IFN-γ by IELs in CD (Forsberg et 
al., 2004). The increased expression of β-defensins is explained by the 
inducibility of these peptides by proinflammatory cytokines and bacteria 
probably via TLRs. The induction of hBD2, hBD3 and hBD4 is mediated by 
proinflammatory factors such as IL-1β, IFN-γ, mostly through NF-κB-
dependent and activator protein (AP-1) -dependent pathways (O'Neil et al., 
1999; Wehkamp et al., 2003; Fahlgren et al., 2004). The signaling pathways 
also include TLRs, especially TLR2 and TLR4, that recognize and bind 
PAMPs and mitogen-activated protein kinases (Froy, 2005). Complementing 
their role as antibacterial agents in innate immune defense, defensins also act 
as links to the adaptive immune system. hBD2 can bind to DCs that express 
the chemokine receptor CCR6; thereby recruiting DCs and memory T cells 
by chemotaxis to sites of infection (Yang et al., 1999). HD-5 can block the 
release of IL-1β from LPS-activated monocytes (Shi et al., 2007). 
Cathelicidins are α-helical cationic antimicrobial peptides that consist of a 
highly conserved N-terminal structural domain, cathelin, linked to a variable 
C-terminal peptide with antimicrobial activity. LL-37 is the only cathelicidin 
identified in humans, found predominantly in neutrophils and various 
epithelial cells lining the stomach, lower small intestine and throughout the 
colon (Gudmundsson et al., 1996; Hase et al., 2002; 2003; Schauber et al., 
2003; Kai-Larsen and Agerberth, 2008). The name LL-37 derives from the 
first two leucines (L) residues at the N-terminus and the number of amino 
acids in the peptide (Gudmundsson et al., 1996). The expression is most 
prominent in the lower small intestine and colon with high peptide 
abundance in superficial epithelial cells (Schauber et al., 2003). Apart from 
exhibiting a broad antimicrobial spectrum, it is now evident that LL-37 
possesses several additional functions, which are chemotaxi, endotoxin 
neutralization, angiogenesis and wound healing (Kai-Larsen and Agerberth, 
2008). 
Lysozyme is an enzyme that acts by breaking the β1, 4 linkage between N-
acetylglucosamine and N-acetylmuramic acid in the peptidoglycan layer of 
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bacterial cell walls. Paneth cells display prominent cytoplasmic granules, 
containing antibacterial proteins such as lysozyme, secretory phospholipase 
A2 type IIA, HD-5 and HD-6, which are released into the intestinal lumen in 
response to a range of stimuli (Keshav, 2006). Wehkamp and colleagues 
reported that lysozyme mRNA expression was high in the duodenum, and 
that the protein localized to both Brunner's glands in the lamina propria and 
Paneth cells (Wehkamp et al., 2006). It also has been recognized that 
lysozyme mRNA expression is increased in colonic intestinal epithelial cells 
from ulcerative colitis patients (Fahlgren et al., 2003; 2004) and in the 
proximal small intestinal mucosa of patients with active CD (Forsberg et al., 
2004). 
 
1.7 Cytokines 
  
Cytokines are a group of small soluble signaling proteins that are released 
mainly by immune cells and used extensively in cellular communication 
through cell-surface receptor-ligand interaction. The cytokine superfamily of 
proteins is an integral part of the signaling network between cells and is 
essential in generating and regulating the immune system. These signaling 
molecules can act in an autocrine, paracrine and endocrine manner that have 
important local and systemic effects. By binding to specific membrane 
receptors and acting in networks or cascades synergistically or 
antagonistically, cytokines signal the target cell and alter its functions, often 
including activation, proliferation, and expression and secretion of effectors 
molecules. Cytokines generally are pleiotropic and redundant molecules, 
which means that a particular cytokine not only acts on a number of different 
types of cells rather than on a single cell type but also that a number of 
different cytokines carry out the same function. Because of their central role 
in the immune system, aberrant expression levels of cytokines usually signal 
ongoing patho-physiological processes (Clark and Coopersmith, 2007).  
On the basis of their presumed function, cell of secretion, or target of action, 
cytokines have been classified as lymphokines, chemokines, interleukins, 
and interferons. Some cytokines promote inflammation and are therefore 
called proinflammatory cytokines, including TNF-α, IL-1β, IFN-γ and IL-
18, where other cytokines suppress the activity of proinflammatory cytokines 
and are therefore called anti-inflammatory cytokines. IL-10 and IL-6 are 
pleiotropic cytokines with both pro- and anti-inflammatory effects. 
Chemokines are cytokines with the primary function of regulating 
leukocytes recruitment. IL-8 (CXCL8) is one of more than 50 chemokines 
identified to date. Through binding to specific cell surface receptors, 
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cytokines act on their target cells and initiate signals that are critical to a 
diverse spectrum of functions.  
Of the many cell types involved in the intestinal inflammatory response, 
IECs function as an integral component of the immune defence. Indeed, 
IECs form a critical mucosal barrier between the host’s internal milieu and 
the external environment. In the course of inflammation, intestinal epithelial 
cells serve as immuno-effector cells and are capable of up-regulating surface 
molecules and secreting cytokines and chemokines to facilitate antigen 
presentation to immune cells. The induction of inflammatory gene 
expression in the intestinal epithelial compartment leads to impaired barrier 
function, cell differentiation, and proliferation (Acheson and Luccioli, 2004). 
Additionally, enterocytes can act as antigen presenting cells themselves and 
regulate lymphocyte responses in the intestine (Hershberg and Mayer, 2000). 
Enterocytes are also in constant communication with IELs and T cells within 
the lamina propria and has been shown to exhibit increased major 
histocompatibility complex (MHC) class II molecules at the basolateral 
membrane in states of inflammation (Kaiserlian et al., 1989). The polarized 
expression of levels of MHC class II molecules on enterocytes suggests that 
antigen exposure on the luminal side as opposed to the basolateral side elicits 
different immunologic responses (Hershberg and Mayer, 2000).  
 
1.7.1 Interferon-γ 
 
The interferons (IFNs), initially described as a family of antiviral proteins 
(Isaacs and Lindenmann, 1957). There are three types of IFNs, type I (α, β, ω 
and τ), type II (γ) and type III (λ), which signal through different receptors to 
produce distinct, but overlapping, cellular effects (Boehm et al., 1997). Type 
II interferon is also called interferon-γ (IFN-γ). Human IFN-γ is a 
homodimeric glycoprotein containing 146-amino acid subunits and is 
secreted by activated immune cells, primarily T and NK cells (Schroder et 
al., 2004). IFNγ is a pleiotropic cytokine that stimulates a wide range of 
cellular responses promoting cell-mediated immune responses, increased 
antigen presentation and production of proinflammatory cytokines.  
(Schroder et al., 2006; van Boxel-Dezaire and Stark, 2007). Other cellular 
responses include regulation of cell proliferation and stimulation of 
apoptosis. The biological effects of IFN-γ are elicited through activation of 
intracellular molecular signaling networks, the best characterized of which is 
the Janus kinase (JAK)/Signal Transducer and Activator of Transcription 
(STAT) signaling pathway providing the primary mechanism through which 
gene expression is induced. There are, however, differential patterns of 
activation of STAT1, STAT3, and STAT5 in different cells, and activation 
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of transcription factors other than STATs yielding cell type specific 
regulation of biological function (Darnell et al., 1994; Levy and Darnell, 
2002; van Boxel-Dezaire and Stark, 2007). 
 
1.7.2 Tumor Necrosis Factor-α   
 
Tumor necrosis factor-α (TNF-α), which was first identified in 1975 as a 
cytokine with anti-tumor effects in mice (Carswell et al., 1975), plays a 
crucial role in the immune system as it mediates inflammation, cell growth, 
apoptosis, and enhances the cellular immune response (Fukushima et al., 
2004; Thomson and Lotze, 2003). Human TNF-α cDNA was cloned and 
expressed in 1985 (Pennica et al., 1985). Monocytes and macrophages 
produce TNF-α. However, other cell-types, including T cells and IECs have 
the ability to produce TNF-α in response to bacterial toxins, inflammatory 
products, and other stimuli (Tracey and Cerami, 1993; Bazzoni and Beutler, 
1996). TNF-α is primarily synthesized as a 233-amino acid type II 
transmembrane precursor arranged in stable homotrimers that is 
subsequently cleaved proteolytically in the extracellular domain to release 
soluble TNF-α (17 kDa) (Beutler and Cerami, 1986; Tang et al., 1996). The 
biologically active soluble form of TNF-α is a non-covalently bound trimer. 
The cell membrane-associated form of TNF-α also possesses biological 
activity. The two forms of TNF-α may have distinct biological activities. A 
matrix metalloprotease, TNF-α-converting enzyme (TACE), not only 
mediates release of TNF-α from the cell membrane-bound precursor (Black 
et al., 1997) but is also involved in processing several cell-membrane-
associated proteins, including TNF-α receptors. The released soluble TNF-α 
receptor forms can neutralize the actions of TNF-α (Wang et al., 2003).  
TNF-α exerts the biological functions via interaction with its cognate 
membrane receptors, comprising the TNF-α receptors (Locksley et al., 
2001). Two types of TNF-α receptors, type I (TNFR1) and type II (TNFR2) 
are present on the plasma membrane of virtually all cell types except 
erythrocytes and bind both soluble and membrane-associated TNF-α. Each 
TNF-α trimer binds three receptor molecules to produce a hexameric (TNF-
α)3-(TNFR)3 structure triggering the intracellular signaling pathway  (Idriss 
and Naismith, 2000). TNFR1 is expressed in most tissues, and can be fully 
activated by both membrane-bound and soluble TNF-α, whereas TNFR2 is 
found only in cells of the immune system, and respond to the membrane-
bound form of the TNF-α. TNFR1 and TNFR2 share structural homology in 
the extracellular TNF-α binding domains and exhibit similar binding affinity 
for TNF-α, but they show no sequence homology, and induce separate 
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cytoplasmic signaling pathways following receptor-ligand interaction 
(Wallach et al., 1999; Ledgerwood et al., 1999).  
All known responses to TNF-α are triggered by binding to one of these two 
receptors (Al-Lamki et al., 2001). Binding causes a conformational change 
in the receptor, leading to the dissociation of the inhibitory protein called 
“silencer of death domain” (SODD) from the intracellular death domain. 
This dissociation enables the adaptor protein TNFR-associated-death-domain 
(TRADD) protein to bind to the death domain, serving as a platform for 
subsequent protein binding. Following TRADD binding, these pathways can 
be initiated, including activation of NF-κB and mitogen-activated protein 
kinases (MAPK) pathway and induction of death signaling (Wajant et al., 
2003; Chen and Goeddel, 2002). Based on cell culture work and studies with 
receptor knockout mice, both the proinflammatory and the programmed cell 
death pathways that are activated by TNF-α, and associated with tissue 
injury, are largely mediated through TNFR1. The consequences of TNFR2 
signaling are less well characterized, but TNFR2 has been shown to mediate 
signals that promote tissue repair and angiogenesis (Bradley, 2008). 
 
1.7.3 Interleukin-1β    
 
Interleukins are cytokines first found to be expressed by leukocytes. The IL-
1 family has the following member: IL-1α, IL-1β, IL-1 receptor antagonist 
(IL-1RA), IL-18 and IL-33. IL-1β is the prototypic pro-inflammatory 
cytokine involved in immune defense against infection (Arend et al., 2008).  
IL-1β is produced in a variety of cells including macrophages, monocytes, 
neutrophils, keratinocytes and epithelial cells. In the human, IL-1β is 
synthesized as a 31-kDa precursor which is processed and released from 
cytoplasm. Pro-IL-1β is biologically inactive and must be converted to the 
mature 17 kDa IL-1β by caspase-1 to acquire the ability to bind to receptors 
and to activate cells. Both IL-1α and IL-1β bind to the same receptor and 
have similar if not identical biological properties. There are two types of 
receptors for IL-1, IL-1 receptor type I (IL-1RI) and IL-1 receptor type II 
(IL-1RII), and an IL-1R accessory protein (IL-1RAcP) (Eisenberg et al., 
1991; Martin and Falk, 1997; May and Ghosh, 1998). IL-1RI possesses a 
long cytoplasmic domain of 213 amino acids and is capable of activating 
cells, whereas IL-1RII has only a short intracellular domain consisting of 29 
amino acids and may act as a suppressor of IL-1 activity by competing for 
IL-1 binding (Kuno and Matsushima, 1994; Vigers et al., 2000). After IL-1 
binds to IL-1RI, IL-1RAcP joins with IL-1/IL-1RI to form a complex, 
leading to cell activation mediated by the cytoplasmic domains of both 
receptor chains. This complex recruits a number of intracellular adapter 
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molecules, including MyD88, IL-1R-associated kinase (IRAK), and TNF 
receptor-associated factor 6 (TRAF6), to activate signal transduction 
pathways such as NF-κB, activator protein-1 (AP-1), JNK, and mitogen-
associated protein kinase (p38 MAPK) (O'Neill and Greene, 1998; 
Verstrepen et al., 2008). IECs are the major source of IL-1RI in the human 
mucosa. Upon inflammation they respond with upregulation of IL-1RI 
production instead of IL-1RII (Daig et al., 2000). IL-1 can induce IECs to 
produce several cytokines, suggesting that IEC is important in a cytokine 
network at the intestinal mucosa to amplify the effects of IL-1 during an 
inflammatory response (McGee et al., 1996).  
 
1.7.4 Interleukin-6 
 
The IL-6 is a 185 amino acid multifunctional protein that acts as both a pro-
inflammatory and anti-inflammatory cytokine. It is produced by many cell 
types including macrophages, fibroblasts, endothelial cells, keratinocytes and 
epithelial cells (Hirano et al., 1986; Xu et al., 1997). IL-6 expression is 
induced during the acute-phase response by a variety of stimuli, which 
include cytokines such as IL-1, TNF-α, and platelet-derived growth factor 
(PDGF). Bacterial and viral infection and microbial components such as LPS 
are also potent inducers of IL-6 (Taga and Kishimoto, 1997; Heinrich et al., 
1990; Kishimoto et al., 1995; Kamimura et al., 2003; Kishimoto, 2005). IL-6 
signals through the IL-6 receptor (IL-6R), which is composed of two 
different subunits, an alpha subunit, IL-6 receptor subunit alpha (IL-6Rα) 
and glycoprotein 130 (gp130), a receptor subunit for signal transduction 
(Paonessa et al., 1995; Hirano, 1998). IL-6Rα is the binding component 
specific to IL-6. In contrast, gp130 transmits signals not only of IL-6 but also 
of IL-6-related cytokines such as IL-11, ciliary neurotrophic factor, 
cardiotrophin-1, cardiotrophin-like cytokine, leukemia inhibitory factor, 
neuropoietin, oncostatin M, IL-27 and IL-31 (Taga and Kishimoto, 1997; 
Derouet et al., 2004; Dillon et al., 2004; Pflanz et al., 2004). Binding of IL-6 
to IL-6Rα leads to homo- and hetero-dimerization of gp130 and these 
complexes bring together the intracellular regions of gp130 to initiate a 
signal transduction cascade through initiating cellular events including 
activation of gp130-associated JAK kinases and activation of ras-mediated 
signaling. The tyrosine-phosphorylated gp130 further transmits signals by 
recruiting Src homology region 2 (SH2) domain-containing signaling 
molecules such as the protein tyrosine phosphatase SHP-2 and STAT1 and 
STAT3. These factors and other transcription factors like AP-1 and SRF 
(serum response factor) that respond to many different signaling pathways 
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come together to regulate a variety of complex promoters and enhancers 
that respond to IL-6 and other signaling factors (Heinrich et al., 2003; 
Murray, 2007; O'Sullivan et al., 2007; Xu and Qu, 2008).  
Together with TNF-α and IL-1, IL-6 is also considered a major 
proinflammatory cytokine important in the protection from pathogens during 
an infection. In the intestine, the major sources of IL-6 are macrophages and 
epithelial cells.  In human colon, IL-6 expression is induced locally in 
epithelial cells and macrophages in response to PAMPs (Stadnyk and 
Waterhouse, 1997; Kusugami et al., 1995; Reinecker et al., 1993). IL-6 
deficiency causes more severe infection-associated mucosal inflammation 
and ulceration, indicating that this cytokine was protective against colitis 
caused by C. rodentium infection in mice (Dann et al., 2008).  
 
1.7.5 Interleukin-8 
 
IL-8 or CXCL8 is a cytokine belonging to the CXC chemokine or α-
chemokine family. It has leukocyte chemotactic properties (Baggiolini et al., 
1994). IL-8 is produced by macrophages, fibroblasts, endothelial cells and 
epithelial cells. Expression of IL-8 is regulated by different stimuli including 
inflammatory signals, chemical and environmental stresses, and steroid 
hormones (Ben-Baruch et al., 1995). IL-8 is a major mediator of immune 
reactions in the innate immune system. The major sources of IL-8 in the 
intestinal mucosa are macrophages, epithelial cells, and fibroblasts. A large 
number of studies have shown increased levels of IL-8 in infected mucosal 
(Daig et al., 1996; Rogler and Andus, 1998). In inflammation, IL-8 is 
secreted at high levels to attract and activate neutrophils to the diseased site 
(Eckmann and Kagnoff, 2005; Jung et al., 1995). Neutrophils are effector 
cells that kill bacteria by phagocytosis and intracellular killing mechanisms 
but also destroy affected tissues through the release of enzymes from 
granules. IL-8 also enhances the expression of adhesion molecules that 
promote of neutrophils recruitment into different tissue sites (Middleton et 
al., 1997; Kobayashi, 2008). While neutrophil granulocytes are the primary 
target cells for IL-8, endothelial cells, macrophages, mast cells and epithelial 
cells also respond to this chemokine. 
There are several receptors of the cell surface capable to binding IL-8. The 
most frequently studied are two G protein-coupled receptors, CXCR1 and 
CXCR2 (Holmes et al., 1991; Murphy and Tiffany, 1991). After activation 
of heterotrimeric G proteins, IL-8 signaling promotes activation of the 
primary effectors phosphatidyl-inositol-3-kinase or phospholipase C. In 
addition, IL-8 signaling activates members of the Rho GTPase family and a 
number of nonreceptor tyrosine kinases that regulate the architecture of the 
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cell cytoskeleton and its interaction with the surrounding extracellular 
environment (Waugh and Wilson, 2008). 
 
1.8 Intestinal microflora  
 
The terms ‘intestinal microflora or microbiota’ are used to describe the entire 
population of microorganisms in the intestine regardless of type and number. 
The adult human intestinal microbiota is composed of an estimated 1014 
commensal bacteria (Ley et al., 2006) with a total weight of approximately 
1.5 kg. Somewhere between 500 and 1000 different species, of which most 
have not yet been properly characterized, live in the intestine based on 
molecular biology analysis of the collective genome, termed the 
microbiome. (Guarner and Malagelada, 2003; Sears, 2005; Eckburg et al., 
2005; Gill et al., 2006).  
In human duodenum, the density of bacteria is very low,  typically less then 
103 colony-forming units (CFU) per gram of contents, adhering to the 
mucosal surface or in transit. Along the jejunum and distal ileum, the density 
of bacteria ranges from 104 to 107 CFU per gram of intestinal content. 
Further down, in the colon, the numbers increase up to around 1012 CFU per 
gram of luminal content (Guarner, 2006). Within each compartment the 
bacteria live either close to the epithelial cells or in the lumen (Schultsz et 
al., 1999). Both DNA and RNA viruses are present in the intestine. In adult 
fecal samples, the majority of the DNA viruses are phages, while the 
majority of the RNA viruses are plant viruses. In the feces of infants, 
Adenovirus, Astrovirus, Bocavirus, Enterovirus, Norovirus, Picobirnavirus, 
Rotavirus, Sapovirus, and Torovirus were detected by using specific PCR 
methods (Breitbart et al., 2003; Zhang et al., 2006; Breitbart et al., 2008). 
Fungi and protozoa are also part of the intestinal flora, but little is known 
about their numbers and distribution. 
Population densities of intestinal bacterial species vary widely among 
individuals but stay fairly constant within an individual over time (Guarner 
and Malagelada, 2003; Eckburg et al., 2005; Gill et al., 2006; Li et al., 2008). 
The vast majority (over 99%) of human intestinal bacteria belong to the 
phyla: Firmicutes, Actinobacteria, Bacteroides, Proteobacteria and 
Fusobacteria. The proportions of the different phyla differ between 
compartments within the same individual (Wang et al., 2005; Eckburg et al., 
2005; Li et al., 2008; Andersson et al., 2008). The greatest diversity of 
bacteria is found in colon, where the predominant bacterial genera are: 
Bacteroides, Clostridium, Fusobacterium, Eubacterium, Ruminococcus, 
Peptococcus, Peptostreptococcus, and Bifidobacterium. Other genera such as 
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Escherichia and Lactobacillus are present to a lesser extent (Ley et al., 
2006; Eckburg et al., 2005; Artis, 2008). 
The colonization of gastrointestinal tract starts immediately at birth. A germ-
free infant is immediately exposed to the microflora of the mother and of the 
surrounding environment irrespective of vaginal delivery or Caesarian 
section. In the beginning, the composition and temporal pattern of the 
microbial communities varies widely from baby to baby. By the end of the 
first year of life, the idiosyncratic microbial ecosystem in each baby, 
although still distinct, has converged toward a profile characteristic of the 
adult gastrointestinal tract (Palmer et al., 2007). By the second year of life 
the fecal microflora resembles that of adults (Mackie et al., 1999). The 
composition of the commensal bacterial communities is strictly regulated by 
competition for nutrients and space. This process is dependent on complex 
regulatory mechanisms, which involve the microflora itself, the surrounding 
environment, diet, and the innate and adaptive immunity (Sanderson, 1999; 
McCracken and Lorenz, 2001). 
The intestinal commensal microflora fulfills a host of useful functions, 
including digestion of unutilized carbohydrates and nitrogenous substrates; 
production of essential nutrients and short chain fatty acids (SCFAs); 
stimulating and modulating development and function of the intestinal and 
systemic immune system; repressing the growth of harmful microorganisms; 
training the immune system to respond only to pathogens and preventing 
allergy (Guarner and Malagelada, 2003; Macpherson and Harris, 2004; 
Calder et al., 2005; Sears, 2005; Artis, 2008).  
Alterations in the acquisition or the composition of the intestinal microflora 
may trigger or influence not only the course of various metabolic and 
inflammatory disease states but also susceptibility to or progression of, 
immune-mediated diseases. Ley and colleagues have demonstrated that the 
relative proportion of commensals of Bacteroidales is reduced both in obese 
individuals and in inbred mouse strains that are genetically predisposed to 
obesity. The intestinal commensal bacteria isolated from obese mice were 
more effective at releasing calories from food, and these bacteria transmitted 
this trait to germ free mice, resulting in greater deposition of adipose tissue. 
(Bäckhed et al., 2004; 2007; Ley et al., 2005; 2006; 2006; Turnbaugh et al., 
2006). Currently, Kalliomäki and colleagues have indicated that alterations 
in the gut microbiota may be linked not only to obesity in children but also to 
the development of allergy (Kalliomäki et al., 2008). Alterations in the 
intestinal microflora have also been seen both in different patient groups and 
murine models of airway inflammation, arthritis, inflammatory bowel 
disease and necrotizing enterocolitis (Swidsinski et al., 2002; 2005; 2005; 
Guarner and Malagelada, 2003; Kalliomäki et al., 2001; 2008; Noverr and 
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Huffnagle, 2004; Tlaskalová-Hogenová et al., 2004; de la Cochetiere et al., 
2004; Ott et al., 2004; Noverr and Huffnagle, 2005; De Hertogh et al., 2006). 
The intestinal microflora displays a wide range of metabolic activities, which 
could produce potentially harmful products including toxins and carcinogens 
that have been implicated in such conditions as multisystem organ failure, 
sepsis, colon cancer, and inflammatory bowel disease. Thus, a major factor 
in health is the balance of bacterial numbers, species and distribution 
(Guarner and Malagelada, 2003; Guarner, 2006). 
 
1.9 Vibrio cholerae 
 
Vibrio cholerae is a facultative anaerobic, motile, gram negative, curved rod-
shaped bacterium with a polar flagellum, first described and named V. 
cholerae by the Italian doctor, Filippo Pacini, in 1854 (Kaper and Morris, 
1995). There are more than 200 serogroups of V. cholerae identified on the 
basis of their lipopolysaccharide O side chain antigenic structures (Osawa et 
al., 1997). Two serogroups of V. cholerae O1 and O139 infect humans and 
cause epidemic and pandemic cholera. The serogroup V. cholerae O1 is 
subdivided into two biotypes, classical and El Tor depending on biochemical 
properties and phage sensitivity. Each biotype can be divided into three 
serotypes depending on expression of three O-antigens (A, B, and C): 
Ogawa (A and B), Inaba (A and C) and Hikojima (A, B and C) (Kaper et al., 
1995). 
Cholera is a severe diarrheal disease caused by V. cholerae infection in the 
small bowel, generally contracted by intake of contaminated food or water. 
WHO estimates 3 to 5 million cases worldwide every year and that more 
than 120,000 people die from cholera  (WHO, 
http://www.who.int/topics/cholera/en/). V. cholerae is widely distributed in 
aquatic environments and cholera outbreaks are associated with 
contaminated food and water supplies. The seasonality of cholera has been 
associated with physico-chemical and biological factors (Lipp et al., 2002). 
However, many factors affect the survival of V. cholerae in aquatic 
environments such as attachment to plankton, entering into and resuscitation 
from viable but non-culturable state, and predation (Cottingham et al., 2003). 
Factors regulating the level of viable V. cholerae O1 and O139 in aquatic 
environment are still being investigated (Faruque et al., 2005). The infective 
dose of V. cholerae to cause cholera is approximately 108 live cells (Sack et 
al., 2004). Therefore, the bacteria need a biological reservoir in order to 
grow and survive in high concentrations to infect humans. Finding of aquatic 
reservoirs of V. cholerae is an important factor in the epidemiology of the 
disease. 
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V. cholerae can secrete virulence factors in two ways either soluble 
reagents or carried by vesicles (Mashburn-Warren and Whiteley, 2006). V. 
cholerae adhere to the intestinal epithelial lining by means of toxin-
coregulated pili (TCP). Cholera enterotoxin (CTX) that is produced by the 
adherent vibrios and secreted across the bacterial outer membrane into the 
extracellular environment is a major agent involved in severe diarrheal 
disease. It is composed of a catalytically active heterodimeric A-subunit 
linked with a homopentameric B-subunit. The B subunit binds to the CTX 
receptor ganglioside GM1 on the intestinal epithelial cell leading to 
conformational alterations of the toxin structure which to release the A-
subunit that enters inside the epithelial cell. The intracellular glutathione 
reduces the disulfide bond of the A subunit that dissociates into A1 and A2 
(Lencer and Saslowsky, 2005; Chinnapen et al., 2007). The A1 subunit 
hydrolyzes nicotinamide adenine dinucleotide to ADP-ribose and 
nicotinamide. The ADP-ribose activates adenylate cyclase to hydrolyze ATP 
to cyclic AMP resulting in a substantial increase in intracellular 
concentrations of cyclic AMP, followed by a protein kinase -mediated 
phosphorylation of the major chloride channel of intestinal epithelial cells. 
Osmotic movement of large quantities of water accompanies the net increase 
in Cl− secretion into the intestinal lumen. The subsequent loss of water and 
electrolytes leads to the severe diarrhea and dehydration that are 
characteristic of cholera (Vanden Broeck et al., 2007). However, the loss or 
absence of the ctx gene coding for the CTX does not eliminate all disease 
symptoms from EI Tor strains (Ninin et al., 2000; Saka et al., 2008). 
Naturally occurring CTX-negative strains both of the EI Tor biotype and of 
non-O1 types have been associated with enterocolitis, as well as septicemia 
and extraintestinal infections (Anderson et al., 2004). Additionally, studies 
with CTX-negative vaccine strains resulted in mild to severe diarrhea and 
evidence of inflammation in human volunteers (Silva et al., 1996; Tacket et 
al., 1997). All these findings strongly suggested the existence of additional 
virulence factors associated with EI Tor and non-O1 V. cholerae 
pathogenesis. One of the additional virulence factors is the pore-forming 
Vibrio cholerae cytolysin (VCC), also referred to as hemolysin A (HlyA), 
which is encoded by a hlyA gene located on the V. cholerae chromosome II 
(Heidelberg et al., 2000). VCC/HlyA was shown to be synthesized and 
secreted as a pro-cytolysin monomer of about 80 kDa molecular weight that 
is activated by proteolytical cleavage by different proteases removing a 15 
kDa polypeptide at the N-terminus (Alm et al., 1988; Nagamune et al., 1996; 
1997). In the presence of cholesterol and ceramide-rich membranes active 
VCC/HlyA forms heptameric oligomers, which insert into lipid bilayers 
generating membrane pores with an internal diameter of 1.2 nm (Zitzer et al., 
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1999; Harris et al., 2002; Pantano and Montecucco, 2006). It has been 
reported that VCC/HlyA is capable of causing several cytotoxic effects such 
as cell lysis and extensive vacuolization in vitro, depending upon the cell 
line studied and the toxin concentration (Moschioni et al., 2002; Alm et al., 
1991; Figueroa-Arredondo et al., 2001; Coelho et al., 2000; Mitra et al., 
2000; Zitzer et al., 1997; Valeva et al., 2008; Saka et al., 2008). Recently, 
Gutierrez et al. (Gutierrez et al., 2007) described that the vacuolization 
phenomenon associated to VCC/HlyA was an autophagic response of the 
cells against this toxin and was related to a protective cell response upon 
VCC/HlyA intoxication.  
CTX-negative and TCP-negative V. cholerae strains were isolated from 
patients suffering cholera-like diarrhea. In addition to gastroenteritis, non-
cholera toxigenic V. cholerae infections can cause extraintestinal infections 
such as cellulitis, meningitis, wound infections, septicemia and bacteremia 
(Anderson et al., 2004; Hlady and Klontz, 1996; Ou et al., 2003). No definite 
virulence factor(s) has yet been identified to explain their disease producing 
ability. It has been proposed that VCC/HlyA is implicated in the 
pathogenesis of these diseases. However, studies so far are contradictory 
regarding the real role of VCC/HlyA (Alm et al., 1991; Figueroa-Arredondo 
et al., 2001; Ichinose et al., 1987; Fullner et al., 2002; Levine et al., 1988; 
Faruque et al., 2004). The finding that purified fractions of VCC/HlyA 
produced fluid accumulation in ligated rabbit ileal loops supports the notion 
of a role for VCC/HlyA in gastroenteritis (Ichinose Y, et al. 1987). Recently 
Saka and colleagues (Saka et al., 2008) reported that VCC/HlyA may trigger 
apoptotic cell death during infection in vivo and they suggested that the 
apoptotic cell death pathway plays the major role in pathogenesis of a CTX 
negative V. cholerae non-O1, non-O139 strain.  
Proteases constitute important bacterial virulence factors. They may function 
in invasion, immune evasion, nutrition, and reproduction in a host 
environment (Armstrong, 2006). Several proteases produced by pathogens 
are able to modulate other bacterial virulence factors, for example the V. 
cholerae hemagglutinin/protease (Hap) can process and activate VCC/HlyA 
(Booth et al., 1984; Nagamune et al., 1996). One newly described V. 
cholerae protease, PrtV (protease of V. cholerae), was shown to confer 
protection against grazing by natural bacteriovorous predators (Paper III). 
PrtV belongs to an M6 family of metallopeptidases, with the best 
characterized member of the family being an immune inhibitor A (InA or 
InhA) from Bacillus thuringiensis, a bacterium widely used in agriculture to 
control insect pests (Ogierman et al., 1997). Vaitkevicius et al. recently 
reported that PrtV is able to degrade mammalian extracellular matrix 
components and plasminogen (Vaitkevicius et al., 2008). 
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1.10 Celiac disease  
 
Celiac disease (CD) is a gluten-dependent enteropathy that occurs in 
genetically predisposed individuals (Troncone et al., 2008). 
Clinical symptoms. The classical clinical manifestations of CD include 
chronic diarrhea, weight loss and anemia, but while CD is primarily an 
intestinal disorder, intestinal symptoms may also be limited or even absent. 
A significant proportion of CD patients present with extra-intestinal 
symptoms, such as skin lesions, bone pains and fractures, infertility, apthous 
ulceration, and polyneuropathia etc (Farrell and Kelly, 2002; Fasano, 2005). 
However, there are also some atypical forms with negligible symptoms 
(silent CD patients), but still with a positive serologic test and small 
intestinal villous atrophy (Gasbarrini et al., 2008). 
Diagnosis. Traditionally, the diagnosis of CD has required a biopsy of the 
mucosa taken from proximal small intestine. Histological characteristics 
show villus atrophy, crypt hyperplasia, and an increased number of 
lymphocytes in the lamina propria and within the epithelium. In 1970, the 
European Society of Pediatric Gastroenterology, Hepatology, and Nutrition 
(ESPGHAN) established a three-biopsy procedure as a standard for the 
diagnosis of celiac disease. The three-biopsy procedure includes one initial 
biopsy on suspicion of CD during active disease, a second biopsy on gluten-
free diet (GDF) and a third biopsy after challenge with gluten-containing diet 
(Meeuwisse, 1970). Although the three-biopsy procedure has been 
abandoned in many centers due to the introduction of serological tests, at 
least one biopsy from proximal small intestine is generally required. The 
serologic tests for diagnosis and screening of CD include anti-gliadin 
antibodies (AGA), anti-endomysium antibodies (EMA) and anti-tissue 
transglutaminase antibodies (Carlsson et al., 2001). 
Prevalence. Serologic screening studies have revealed that the prevalence of 
CD approaches 1% in the Caucasian populations, but may be even higher 
due to under-diagnosis. A growing portion of CD-diagnosis is being made in 
asymptomatic individuals (West et al., 2003; 2007; van Heel and West, 
2006). CD is one of the most common chronic childhood disorders in 
Sweden. The prevalence of CD in our study series was at least 1.0%, but 
may be as high as 2.0% (Carlsson et al., 2001). In the total childhood 
population (0-15 years old) the annual incidence rate of clinically diagnosed 
CD was 10-45 cases per 100 000 person during the period 1973 to 2003. 
However, among children of different age groups the annual incidence rate 
varied considerably (Olsson et al., 2008). In the group of children under 2 
years of age the annual incidence rate varied from 65 during 1973 to 1984, to 
around 200 during the time period 1985 to 1995 (Ivarsson et al., 2000), and 
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then to 98 from 2001 to 2003 (Olsson et al., 2008). In the group of children 
over 2 years of age, the incidence rate varied from 14 to 52. The observed 
differences in CD incidence rates in relation to year of presentation with CD 
possibly indicate that some environmental factors, such as an infectious 
component (Ivarsson et al., 2003), infant feeding style (breast feeding versus 
bottle feeding), or amount and/or timing of gluten administration in infancy 
(Ivarsson et al., 2000; 2002), influence disease incidence. 
Genetics. CD has a tendency to occur more often in some families. The 
concordance rate of CD is about 10% in first-degree relatives, about 30% in 
siblings and 75% to 100% in monozygotic twins, a rate higher than in any 
other condition with a multi-factorial basis (Sollid and Thorsby, 1993; 
Houlston and Ford, 1996; Greco et al., 2002). The principal determinants of 
genetic susceptibility are alleles within the highly variable human MHC 
complex, also called human leukocyte antigen (HLA) system1. Over 97% of 
CD patients are HLA-DQ2 or HLA-DQ8. The reason why these genes are 
associated with CD is that the peptide-binding groove of HLA-DQ2 and 
HLA-DQ8 favors the binding of gluten peptides with negatively charged 
residues at key anchor positions (Sollid, 2000; Hourigan, 2006; Kagnoff, 
2007). However, up to 30% of the normal population, most of them eating 
food containing gluten, carry the HLA-DQ2 and/or HLA-DQ8 alleles, but do 
not develop CD (Sollid, 2000; Hourigan, 2006). Thus, exposure to gliadin 
and related prolamins from wheat, barley or rye and appropriate HLA-DQ 
haplotypes are necessary, but not sufficient to develop the disease.  Apart 
from HLA genes, genes involved in intestinal permeability and immunity 
have been proposed to be risk factors for CD (Wapenaar et al., 2008; Hunt et 
al., 2008).  There is no doubt that additional inherited and/or environmental 
factors and/or epigenetic factors are involved in contraction of CD (Green 
and Jabri, 2006).  
Gluten. Almost 60 years ago, the Dutch pediatrician, Wim Dicke recognized 
for the first time gluten as a trigger of CD (Losowsky, 2008). Gluten is found 
in the seeds of cereal grains of the tribe Triticeae and is a mixture of 
prolamins of a group of plant storage proteins. Prolamins are characterized 
by a high glutamine and proline content that dissolve only in alcohol 
solutions. They are resistant to proteases and peptidases in the intestine.  
 
1The functions of MHC are to act as recognition molecules and to present antigen to effector cells in 
the immune system. There are two classes of MHC molecules, MHC class I, which is present on 
almost every nucleated cell in the body and MHC class II molecules, which is present on the cell 
surface of antigen presenting cells, such as DCs, B-cells, macrophages, and also on IECs of small 
intestine. HLA-DQ is a αβ-heterodimer of the MHC class II type. The α and β chains are encoded by 
HLA-DQA1 and HLA-DQB1 loci respectively and contain many alleles. There are 7 HLA DQ 
variants (DQ2 and DQ4 through 9). Different DQ isoforms can bind to and present different antigens 
to T-cells.  
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Some prolamins, notably wheat gliadin, and similar proteins and are only 
partly degraded resulting in long peptides in barley and rye induce CD in 
genetically predisposed individuals (Shewry and Halford, 2002; Green and 
Cellier, 2007; van Heel and West, 2006). There is also evidence of a direct 
toxic effect of gluten peptides in several biological models. However, the 
failure to control the inflammatory response may be one of the factors 
underlying gluten intolerance in these individuals. Many different gliadin 
peptides have been shown to express epitopes for gliadin-specific T-cell 
clones and also to be active when intestinal biopsies or isolated cells from 
intestinal biopsies of CD patients are challenged with them in vitro (Molberg 
et al., 1997; van de Wal et al., 1998; Sjöström et al., 1998; Mantzaris and 
Jewell, 1991; de Ritis et al., 1988; Maiuri et al., 1996).  
Transglutaminase. Because of their high glutamine content and specific 
sequence patterns, prolamins are excellent substrates for deamidation by 
tissue transglutaminase (tTG). Tissue transglutaminase or transglutaminase 2 
(TG2), a member of the vast TG enzyme family, is a ubiquitously expressed 
multifunctional enzyme and present in almost all cell types in the body. In 
the intestine, tTG is found intra-cellularly in enterocytes and myofibroblasts. 
Extra-cellularly, this enzyme is located in the membranes of enterocytes and 
in the subepithelial connective tissue of the small intestine (Biagi, et al., 
2006).  tTG catalyzes an ordered and specific  deamidation of certain 
glutamine residues of food gliadins and deamidated gluten peptides bind 
more effectively to HLA-DQ2 and HLA-DQ8 and trigger T cell responses 
(van de Wal et al., 1998; Johansen et al., 1996; Godkin et al., 1997; 
Anderson et al., 2000). Recently, Lammers and colleagues reported that one 
region of α-gliadin binds to the chemokine receptor CXCR3 and leads to 
MyD88-dependent zonulin release and increased intestinal permeability. 
Disruption of tight junctions allows entry for large peptides (Lammers et al., 
2008).  
Immuno-pathology. Gluten reactive T lymphocytes in the jejunal mucosa 
play a central role in the pathogenesis of CD. The inflammatory process, 
mediated by T cells, leads to disruption of the normal tissue architecture 
such as villous atrophy, crypt hyperplasia, and increased infiltration by 
intraepithelial lymphocytes and dysfunction of the small intestinal mucosal 
lining, leading to malabsorption. To delineate local T lymphocytes response 
to gluten, our group investigated that the gene expression of cytokines, 
including IL-2, IFN-γ, TNF-α, IL-4, IL-10, and TGF-β1, in jejunal T cell 
subsets, from pediatric CD patients with active disease (i.e. untreated- and 
gluten challenged CD patients) and asymptomatic CD patients and healthy 
controls. The results showed that the high production levels of IFN-γ and IL-
10 by intraepithelial T lymphocytes in CD patients could be the reasons for 
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both recruitment of intraepithelial lymphocytes and a leaky epithelium, 
leading to a vicious circle with amplified immune activity and establishment 
of intestinal lesions (Forsberg et al., 2002). The excessive production of IFN-
γ is believed to drive the formation of intestinal lesions in active CD. 
CD94−CD8+αβ T cells within the epithelium constitute the major sourse of 
IFN-γ in active disease. The production of IL-10 may be a common feature 
of IELs producing proinflammatory cytokines, thereby attempting to limit 
inflammation in an autocrine fashion. Active CD is associated with increased 
frequencies of αβTCR+ and γδTCR+ IEL and CD4+αβTCR+ cells in the 
lamina propria of the small intestinal mucosa, including increased 
frequencies of IEL expressing the NK-receptors CD94 and NKG2D and 
lamina propria lymphocytes (LPL) expressing CD25 (Halstensen and 
Brandtzaeg, 1993; Forsberg et al., 2007). Other groups have reported that the 
cytokine network involved in CD may include IL-15, IL-18, IL-21, and 
perhaps IL-27, which can drive the inflammatory response through STAT1 
and STAT5 pathways (Benahmed et al., 2007; Garrote et al., 2008). 
It could be argued that the pathogenic activity of T cells in the small 
intestinal mucosa of CD patients is caused by an impaired local T cell 
development and/or failure of adequate T cell receptor (TCR)-editing upon 
encounter with dietary antigens, leading to an abrogated development of oral 
tolerance. Our group also observed two signs of extrathymic TCR-genes 
rearrangement in the jejunal mucosal, including recombination activating 
gene-1 (RAG1) and preTα-chain gene. Expression levels of the four RAG1 
mRNA splice forms and preTα-chain mRNA were determined in γδTCR+ 
IEL, αβTCR+ IEL, and TCR−CD2+CD7+ IEL of children with CD and 
controls. The results show that (1) RAG1 is normally expressed in both 
TCR+ and TCR− IEL while preTα-chain is only expressed in the immature 
TCR− IEL and (2) “extrathymic” splice forms of RAG1 mRNA and preTα-
chain mRNA are down-regulated in IEL of CD patients regardless of disease 
activity suggesting that CD patients have impaired TCR-gene rearrangement 
in their jejunal mucosa which could be a contributing factor for CD (Bas et 
al., 2003; 2009).   
Intestinal microbiota. It has been suggested that intestinal bacterial infection 
or microflora alterations might be involved in the pathogenesis of CD. An 
intestinal infection could cause inflammatory response and damage to the 
intestinal mucosa, thereby raising the activity of tTG, possibly increase the 
permeability of gluten peptides across the epithelial barrier, and stress the 
epithelial cells to express major inflammatory factors. By scanning electron 
microscopy, our group observed that rod-shaped bacteria were associated 
with the intestinal epithelium in children with CD but not in controls 
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(Forsberg et al., 2004). Furthermore, by studying short chain fatty acids in 
fecal samples from CD children and healthy controls, Tjellström et al. found 
an altered pattern of these fatty acids in both treated and untreated CD, as 
compared to controls (Tjellström et al., 2005; 2007). They suggested that 
their findings might reflect a deviant gut flora in CD patients. Moreover, by 
fluorescent in situ hybridization (FISH) coupled with flow cytometry, Nadal 
and co-workers reported that the higher incidence of Gram-negative and 
potentially proinflammatory bacteria in the duodenal microbiota of celiac 
children was linked to the symptomatic presentation of the disease and could 
favor the pathological process of the disorder (Nadal et al., 2007). 
Alterations of the intestinal microflora in fecal samples from CD children 
were demonstrated by FISH (Collado et al., 2007) and by PCR coupled with 
denaturing gradient gel electrophoresis (DGGE) analysis (Sanz et al., 2007). 
To understand the relationship between intestinal bacteria and CD, it is 
necessary to perform a detailed characterization of the intestinal microflora 
from both patients with CD and healthy individuals. 
Treatment. At present, the only effective treatment for CD is a lifelong strict 
gluten-free diet (Kupper, 2005). In practice, however, this generally means a 
supposedly harmless level of gluten rather than a complete absence 
(Akobeng and Thomas, 2008). The strict gluten avoidance allows the 
intestinal mucosal restitution and improvement of symptoms in most cases 
and can also eliminate the heightened risk of osteoporosis and intestinal 
cancer (Treem, 2004). 
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2. Aims of the Thesis 

 
The purposes of this thesis were to study the composition of the microbiota 

at the proximal small intestine in children with or without celiac disease and 

also to study the immune responses of intestinal epithelial cells to different 

stimuli especially Vibrio cholerae virulence factors. The specific aims were: 

 

      • To characterize the composition of microflora at proximal small 

intestine in children with celiac disease and controls by culture-

independent and culture-dependent methods. 

 

• To identify the rod-shaped bacterium/a previously detected by scanning 

electron microscopy in proximal small intestine of children with celiac 

disease. 

 

• To establish an in vitro model for studies of innate defense mechanisms 

of human intestinal epithelial cells.  

 

• To study the roles of a Vibrio cholerae protease, PrtV and its putative 

substrate Vibrio cholerae cytolysin, VCC as secreted pathogenic factors 

for human intestine in Vibrio cholerae infection. 
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3. Results and Discussion  

3.1 Proximal small intestinal microbiota and identification of rod-
shaped bacteria associated with childhood celiac disease (Paper I) 
 
As discussed earlier, the fact that an individual expresses HLA-DQ2 or 
HLA-DQ8 on her/his immune cells and is exposed to gluten in the diet is not 
sufficient to develop CD. Obviously other factors, genetic, epigenetic or 
environmental, are also required to precipitate disease. One such factor may 
the composition of the intestinal microbiota. Indeed a previous investigation 
in our laboratory, using scanning electron microscopy (SEM), revealed that 
rod-shaped bacteria were associated with the epithelium of proximal small 
intestine of children with CD in contrast to controls (Forsberg et al., 2004). 
Moreover, even children with CD on a gluten-free diet and with no clinical 
symptoms of CD retained these bacteria indicating that it may be an inherent 
property to harbor rod-shaped bacteria in the small intestine. 
In order to identify these bacterium/a and to find possible links between 
specific bacterial populations and the development of CD, we have 
determined the composition of the bacterial flora of proximal small intestine 
in children with CD and controls, using culture-dependent and culture-
independent methods. In total, we analyzed biopsy samples from 63 
children, including 18 biopsies from clinical controls, (3 of them from 
healthy siblings of CD patients) and 33 biopsies from children with CD 
collected during 2004 to 2007. The remaining 12 biopsies were  “historical” 
biopsies from children with CD born during the Swedish CD epidemic. 
These biopsies had been stored frozen at -80°C. The fresh biopsies were 
washed repeatedly with PBS containing dithiothreitol (DTT) to dissolve the 
mucus layer. Among these biopsies, 19 were from untreated CD patients, 12 
from CD patients treated on a gluten-free diet and 3 from CD patients 
challenged with gluten containing diet. To allow different types of analysis, 
biopsies were divided into 4 parts, each part treated as required by the 
particular method utilized. 
 
The proximal small intestine is a unique ecological niche. As one of the 
culture independent methods we used sequencing of the bacterial 16S rRNA 
gene. Totally we collected 2,247 sequences of an about 440 base-pair long 
fragment of the bacterial 16S rRNA gene from 63 individuals. In Table 1 the 
data are displayed as the percentage of bacteria in proximal small intestine 
belonging to different phyla. Here we have pooled the results from CD and 
controls since, as discussed below there was no major difference between 
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CD and controls in biopsies collected during 2004-2007. Comparing with 
the microbiota from other sites, the composition of the bacterial biota in 
proximal small intestine is different from those of the other sites indicating 
that it is a distinct ecological niche. At the phylum level, Firmicutes, 
Proteobacteria and Actinobacteria dominate the bacterial community while 
Bacteriodetes and Fusobacteria constitute small populations. One hundred 
and sixty-two Genus Level Operational Taxonomic Units (GELOTUs), 
named jej201 to jej362, of six different phyla were identified. Thirty-five 
sequences were sufficiently different from all previously known bacterial 
sequences (i.e. ≤ 97% homology) to most probably represent previously 
uncharacterized phylotypes (Figure 2 and supplementary Table 2 in Paper I). 
The most diverse phyla were Firmicutes and Proteobacteria the least diverse 
phylum was TM7.  
 
Composition and properties of the normal biota of proximal small intestine. 
These results also show that the mucosa-associated microbiota in proximal 
small intestine of Swedish children with normal intestinal mucosa is 
dominated by two bacterial genera namely Streptococcus and Neisseria.  
Together with a limited number of other genera, i.e. Veillonella, Gemella, 
Actinomyces, Rothia and Haemophilus they constitute almost the entire 
bacterial community. In total 42 different GELOTUs were detected of which 
30 had not been described previously in proximal small intestine, 18 of 
which are unknown. Our findings are in general agreement with, but 
substantially expand previous studies on adults using culture-based methods 
(Sullivan et al., 2003; Zilberstein et al., 2007) also showing a predominance 
of Streptococci. To ensure that bacteria identified by 16S rDNA sequencing 
and electron microscopy are alive and potentially able to exert biological 
effects at the epithelial lining, we attempted to cultivate bacteria from 
biopsies. Ten consecutive biopsies collected during 2007 were investigated 
using selective conditions for anaerobic and aerobic growth. Live bacteria 
were identified in all ten biopsies. Bacteria from eight of the biopsies (5 CD 
patients and 3 controls) were subjected to quantitative cultivation methods 
and characterized by standard bacteriological tests. The results (Table 3 in 
Paper I) demonstrated that all genera identified by 16S rDNA sequencing in 
controls could be cultivated except Gemella, certifying that they indeed were 
alive. Most of the bacteria in the “majority community” of controls were 
cocci or coccobacilli. The only rods regularly found were bacteria of the 
genus Actinomyces. The bacteria are to a significant degree associated to the 
mucosal surface since they were identified in biopsies washed with buffer 
containing DTT, a solution that will dissolve the outer mucin layer. We 
therefore conclude that the bacteria of the “majority community” are not just 
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transient passengers in the gut lumen but constitute an organ-specific 
biofilm. It is reasonable to assume that it is protective, limiting access for 
potential pathogens to the mucosal surface and possibly influencing the 
maturation of the local immune system. Apparently lactobacilli are transient 
visitors in proximal small intestine of children since they were not found 
regardless of detection method (Table 4 and Figure 2 in Paper I) while 
abundantly seen when the intestinal content was included (Sullivan et al., 
2003; Zilberstein et al., 2007). 
 
Microbiota of children with CD, results based on biopsies collected during 
2004-2007. Using bacterial 16S rDNA sequencing we compared the 
composition of the bacterial flora in non-CD children with that of children 
with CD (supplementary Table 2 in Paper I). There was no statistically 
significant difference between CD patients and controls in frequency of 
biopsies containing any of the 38 different bacterial genera discovered in the 
material. However, a difference between the two groups was that 
Haemophilus was more common and Neisseria less common in CD than in 
controls. Although it cannot be excluded that subtle differences exist that 
would have been revealed if a larger number of clones had been analyzed we 
conclude that the proximal small intestine microbiota is essentially the same 
in the two groups. Moreover, dividing the group of CD patients into those, 
which were on gluten-free diet and those, which presented with CD we did 
not find major differences in the microbiota either. Similarly only small 
differences were seen in the flora between young untreated- and older 
untreated CD patients.  
Almost all of these biopsies were also investigated by SEM for presence of 
rod-shaped bacteria. Only one biopsy in each group contained such bacteria. 
This finding was unexpected since the previous investigation showed that 
rod-shaped bacteria were present in 20-40% of the children with CD in 
contrast to controls, which essentially lacked such bacteria (Forsberg et al., 
2004).  From this study we tentatively conclude that the differences seen 
between CD and controls in the previous study cannot be seen in the 
collection of current biopsies. 
 
Microbiota of children with CD, results based on “historical” biopsies. 
Fortunately parts of nine CD-biopsies, which showed presence of rod-shaped 
bacteria by SEM (Figure 3 in Paper I) in the earlier study and which had 
been stored frozen at -80°C were available for analysis. When these biopsies 
were compared with CD biopsies lacking rod-shaped bacteria as defined by 
SEM, three differences stand out: bacteria similar to unclassified 
Clostridales, Prevotella species and Actinomyces graevenitzii were 
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significantly more common in the former biopsies than in the latter (Table 1 
in Paper I). It is interesting to note that all 3 bacteria are rods. At the phylum 
level the two groups differed in that particularly Bacteroidetes and 
Fusobacteria were more common in the group of “historical” CD biopsies. It 
could be said that the microbiota is more colon-like. It should be pointed out 
that this Table displays only those genera that were different either in 
frequency of positive biopsies or number of clones between the two groups. 
Thus, bacteria similar to Streptococcus pseudopneumonie and Neisseria 
polysaccharea both occurred at high frequencies and in all biopsies of both 
groups. However, there was no statistically significant difference between 
the groups. Since the frozen biopsies could not be washed it could be argued 
that the difference between the two groups was due to lack of washing in one 
group and buffer/DTT washing in the other. We therefore studied the relative 
binding affinity of different bacterial genera to the epithelial lining. Ten 
DTT-washed biopsies and their corresponding wash-fluids were analyzed. 
The DTT-washed biopsy is expected to contain bacteria actually attached to, 
or inside, the mucosal tissue while the wash fluid would contain bacteria 
from the gut lumen or from inside the mucous layer that covers the epithelial 
cells. An adhesion index i.e. bacteria in biopsy/ bacteria in washings could 
be calculated (Table 2 in Paper I). Seven genera showed preferential binding 
to the epithelial lining, including jej203 (similar to unclassified Clostridiales 
species), jej273 (similar to Actinomyces species) and jej 308 (similar to 
Prevotella species). Taken together these results suggest that any or all of the 
bacteria of the genera Clostridium, Prevotella and Actinomyces could be the 
rod-shaped bacteria seen by SEM in the earlier study. On the basis of SEM 
morphology  (Figure 3 in Paper I) it is, however, not possible to discriminate 
between these possibilities.  
Most interestingly, bacteria of the three genera mentioned above could be 
isolated from two current CD biopsies (Table 4 in Paper I). These biopsies 
were from a girl born in 1995 and a boy born in 1994, both on gluten-free 
diet when the biopsies were taken in 2007. Detailed analysis revealed that 
the Clostridium species and one of the Prevotella species were hereto-
unknown species while the Actinomyces species was identified as 
Actinomyces graevenitzii. Rod-shaped bacteria probably expressing both a 
mucinase, allowing passage through the mucin layer, and forming an 
intimate contact with microvilli of jejunum epithelial cells was detected by 
transmission electron microscopy (TEM) (Figure 4 in Paper I). Four current 
biopsies were analyzed by TEM. In two of them (1 CD patient and 1 sibling 
to a CD patient), cocci and rods were found in close contact with the 
microvilli. Presently we do not know whether the isolated bacteria have 
mucinase activity and can bind to the proximal small intestine mucosa. 
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Further work with artificial tight monolayers of human small intestine as 
developed for colonocytes in paper II will hopefully tell us whether any of 
these bacteria will bind to and affect the cells biologically.  
 
Relationship to Swedish CD epidemic. Investigations have shown an 
epidemic pattern of childhood CD in Sweden during 1985-1996, in children 
younger then two years of age (Ivansson et al., 2001; Olssen et al., 2008). 
This epidemic coincided with not only changes in the recommendations of 
gluten-containing food and breast-feeding to infants (Olssen et al., 2008) but 
also with the frequency of CD patients with rod-shaped bacteria associated 
to the small intestinal mucosa (Forsberg et al., 2004; Paper I). It should be 
noted that the genetic background in the population before, during and after 
the epidemic is almost the same. These results support the notion of an 
infectious component in the pathogenesis of CD.  
The intestinal microflora is constructed during first two years after birth and 
the composition of commensal bacterial communities is regulated by 
competition for nutrients and space (Mackie et al., 1999; Palmer et al., 
2007). This process is dependent on complex regulatory mechanisms, which 
involve the microbes themselves, diet, the surrounding environment, and 
innate and adaptive immunity (Sanderson, 1999; McCracken and Lorenz, 
2001). The feeding-style and recommended food are capable of altering the 
composition of intestinal microflora. The intestinal microflora participates in 
stimulating and modulating the development and function of the intestinal 
and systemic immune system, training the immune system to respond to 
pathogens and preventing allergy and thus, possibly also CD (Guarner and 
Malagelada 2003; Macpherson and Harris, 2004; Sears, 2005; Artis, 2008). 
Our results suggest that changes in the composition of the proximal small 
intestinal microflora, especially the presence of adhering rod-shaped bacteria 
is one factor contributing to contraction of CD.  
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Table 1. Distribution of bacterial phyla in proximal small intestine and other 

sites of the human body 
 

 
Percentage of 16S rDNA clones 

 

 
 

Phylum 
 

Mouth 
 

Esophagus 
 

Stomach 
 

Proximal 
Small 

Intestine 

 
Colon 

 

 
Skin 

Actinobacteria 10.9 4.3 8.9 14.2 0.2 51.4 
Bacteroidetes 9.3 20.2 10.5 6.1 47.7 1.6 
Firmicutes 26.1 69.6 25.3 44.8 50.8 23.8 
Fusobacteria 14.0 2.2 3.1 3.3 0.1 0 
Proteobacteria 13.4 2.2 52.0 31.2 0.6 19.4 
Subtotal 73.7 98.6 99.8 99.7 99.3 96.2 

 
TM7 1.4 1.4 0.1 0.3 0 0 

Deferribacteres 3.4 0 0.1 0 0 0 
Spirochaetes 21.3 0 0 0 0 0 
Unclassified bacteria 0.2 0 0 0 0 0.7 
Verrucomicrobia 0 0 0 0 0.6 0 
Deinococcus-
Thermus 

0 0 0.1 0 0 2.9 

Cyanobacteria 0 0 0 0 0 0.2 
Thermomicrobia 0 0 0 0 0 0.1 

 
No of clones analyzed 2,522 900 1,833 2,247 11,831 1,221 

No of individuals 
analyzed 

31 4 23 63 3 6 

Reference 1 2 3 Paper I 4 5 
 
References: (1) Paster et al., 2001; (2) Pei et al., 2004; (3) Bik et al., 2006; (4) 
Eckburg et al., 2005; (5) Gao et al., 2007. 
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3.2 Contribution of intestinal epithelial cells to innate immunity of the 
human gut - studies on polarized monolayers of colon carcinoma cells 
(Paper II) 
 
In the intestine a single layer of epithelial cells separate the bodily tisssue 
from the external environment. The functional intactness of this epithelium 
is essential for survival. Not only is the epithelium a physical barrier 
protecting the host from microbial invasion it also provides direct and 
indirect defence functions since the epithelium must be seen as a component 
of both innate and adaptive immunity. The purpose of this work was to 
establish an in vitro model for functional studies of human intestinal 
epithelium in innate immunity.  
We attempted to cultivate several colon carcinoma cell lines in a two-
chamber system in which the chambers are connected by a semi-permeable 
membrane. Cells were grown on the semi-permeable membrane of the upper 
chamber and medium added both to the lower and upper chambers. As the 
cells grow some cell lines form a tight monolayer of polarized epithelial 
cells. To monitor development of a tight cell layer transepithelial resistance 
(TER) is measured. Two colonic carcinoma cell lines, T84 and Caco2 cells 
could be successfully transformed to tight monlayers. When TER reached a 
plateau both T84 and Caco2 cells formed a single layer of polarized 
epithelial cells, developed microvilli at the apical side and tight junctions 
between the cells (Figure 1 and Figure 2 in Paper II).  
For T84 cells, the monolayers exhibited several features typical for the 
mature colonic epithelium. Those were: 1) a distinct apical glycocalyx that 
expressed large amount of CEA, which is also seen on colonocytes at the 
free luminal surface of normal colon (Frängsmyr et al., 1999; Hammarström, 
1999; Hammarström and Baranov, 2001); 2) cells with mucous granules that 
are characteristic for intestinal goblet cells (Figure 2 in Paper II), 3) 
expression levels of mRNA for the apical surface components/glycocalyx 
components CEACAM1, CEA, CEACAM6 and CEACAM7 similar to those 
expressed in normal colon IECs; 4) a normal ratio between CEACAM1-L 
and CEACAM1-S. As CEACAM1-L has tumor suppressor functions 
(Hammarström, 1999; Kunath et al., 1995; Öbrink, 1997) it is likely that 
malignant features of the tumor cells are repressed in the polarized T84 cells 
and that they indeed can be expected to give a good reflection of normal IEC 
functions (Table 1 in Paper II). In one respect, however, the tight monolayer 
was different from normal mature colon epithelium namely in the expression 
levels of MUC2 mRNA and number of goblet cells, which were significantly 
lower. 
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The Caco2 tight monolayer culture was different. It showed barely any 
CEA expressing microvilli/glycocalyx and the levels of mRNA for CEA, 
CEACAM6 and CEACAM7 were low while the CEACAM1 mRNA levels 
and CEACAM1-L/CEACAM1-S ratio were normal. The MUC2 mRNA 
level was low compared to normal IEC indicating a low frequency of fully 
differentiated goblet cells. Thus, Caco2 tight monolayer culture most likely 
is a model for immature columnar epithelial cells in the lower part of the 
colonic crypts.  
The polarized monolayers were challenged with laboratory strains of Gram+ 
(B. megaterium and M. luteus), Gram− (E. coli and S. typhimurium) bacteria 
and E. coli derived LPS from the apical side in order to mimic microbial 
attack from the gut lumen. They were also challenged by proinflammatory 
IFN-γ, TNF-α and IL-1β from the basolateral side to mimic signaling from 
immune cells in gut immune reactions. Immune responses were estimated as 
changes in mRNA expression levels for mucous component MUC2, 
glycocalyx components the four CEA family members and MUC3, 
antimicrobial factors hBD1, hBD2, hBD3, and lysozyme, chemokine IL-8, 
and cytokines IL-6 and TNF-α. mRNA levels for these protein components 
were determined by specific real-time quantitative reverse transcriptase-
polymerase chain reactions with copy standards. 
We found that both tight monolayer cells generally were unresponsive to 
challenge with these bacteria except for Bacillus megaterium, which 
significantly increased hBD2 mRNA levels in both cell lines. Several 
bacterial strains and LPS also upregulated TNF-α levels in T84 tight 
monolayer cells. Tight monolayer cells responded to cytokine challenge 
suggesting awareness of basolateral attack. Thus, TNF-α induced markedly 
increased levels of IL-8 and of TNF-α itself in both cell lines suggesting that 
the epithelium participates in recruitment and activation of immune cells in 
the underlying mucosa in vivo. 
IFN-γ and TNF-α challenge most interestingly increased the level of 
CEACAM1-L mRNA in T84 monolayer cells while other CEACAMs or 
MUC3 were not affected. Although not statistically significant TNF-α also 
upregulated the CEACAM1-S form. Thus if the ratio CEACAM1-
L/CEACAM1-S is calculated it is evident that the two cytokines have 
different effects, IFN-γ selectively upregulating the form with down-
regulatory properties. Increased CEACAM1 expression may influence 
epithelial function and communication between epithelial cells and 
intraepithelial lymphocytes. 
In future studies we will use this system for biological analysis of bacteria 
associated to CD. 
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3.3 Role of V. cholerae protease, PrtV -  from C. elegans to human 
intestine 
 
3.3.1 PrtV protects V. cholerae from natural predator grazing and is 
responsible for killing of infected C. elegans (Paper III) 
 
By using C. elegans as a potential model system for studies of cholera 
diarrhea we found that C. elegans with an intestinal infection were killed by 
the bacterium. The killing efficiency was dependent on quorum sensing 
regulators. Thus, the main virulence factor of V. cholerae, cholera toxin 
(CTX) did not affect the C. elegans killing, while hapR mutated strains were 
attenuated (Figures 1 and 3 in Paper III). After testing in this C. elegans 
killing assay it was evident that only the depletion of a new protease, PrtV 
clearly attenuated the ability of V. cholerae to cause a lethal infection 
(Figure 3 in Paper III). Further studies on PrtV showed that it belongs to 
family of metallopeptidases, M6 (Vaitkevicius et al., 2008), with the best 
characterized member of the family being the immune inhibitor A (InA) 
from Bacillus thuringiensis, a bacterium widely used in agriculture to control 
insect pests (Ogierman et al., 1997). Moreover, PrtV conferred protection 
against grazing by natural bacteriovorous predators. It was recently reported 
that PrtV is a Zn2+ dependent protease able to degrade mammalian 
extracellular matrix components and plasminogen (Vaitkevicius et al., 2008). 
In order to study whether PrtV was also toxic to human intestine an in vitro 
model system consisting of polarized tight monolayers of the human colonic 
adenocarcinoma cell line T84 was utilized (described in Paper II). The 
chemokine IL-8 was used as a marker of inflammatory response. 

Unexpectedly, supernatants of the ΔprtV derivates did not induce increased 
permeability or IL-8 expression (Figure 6 and supplementary Figure 11 in 
Paper III). These results suggest a role for this protease in modulating the 
human intestinal epithelial cell response. Considering the proteolytic activity 
of the PrtV protein, the observed effect could be indirect and might result 
from processing of other secreted V. cholerae factor(s).  
 
3.3.2 V. cholera cytolysin (VCC) is the secreted proinflammatory factor 
and its activity is modulated by PrtV (Paper IV) 
 
To throw light on the contrasting effects of PrtV in human intestinal 
epithelial cells compared to in invertebrate intestine, we aimed at identifying 
secreted component(s) of V. cholerae O1 strain C6706 that induces an 
epithelial inflammatory response in human intestinal epithelial cells and 
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define whether the active component(s) are substrates for PrtV. Culture 
supernatants from V. cholerae C6706 and genetically modified strains were 
analyzed for capacity to induce changes in cytokine production, 
permeability and cell viability in the polarized tight monolayer in vitro 
model for human intestinal epithelium. The culture supernatants were also 
immunochemically characterized and monitored for capacity to lyse red 
blood cells.  
Culture supernatants from the V. cholerae ∆prtV strain when grown in 
Luria-Bertani broth caused permeability increase and increased expression 
of IL-8 and TNF-α while supernatants from wild-type bacteria did not 
(Paper III and IV). Experiments with supernatants from CTX deletion 
mutants showed that CTX was not the stimulatory component. Thus, PrtV 
influences the stability of one or more secreted factors other than CTX. This 
influence by PrtV was abolished when supernatants from bacteria cultured 
in brain heart infusion broth were used (Figure 2 in Paper IV), suggesting 
that this broth in some way inhibits PrtV degradation of the factor(s) causing 
the inflammatory response. VCC was found to be the sole active component 
causing the inflammatory response as revealed by VCC deletion mutant 
experiments (Figure 2 in Paper IV). The hemolytic activity of supernatants 
from wild-type V. cholera and its mutants showed exactly the same pattern 
(Figure 3 in Paper IV). Furthermore pure VCC protein was able to induce an 
inflammatory response of the same magnitude as the culture supernatant 
(Figure 5 in Paper IV). High doses of VCC were cytotoxic for epithelial 
cells. The inflammatory effect of VCC could be abolished by treatment with 
PrtV (Figure 6 in Paper IV). That PrtV is the major component causing 
degradation of VCC is indicated by the fact that supernatants from a 
derivative carrying an inframe deletion mutation in the gene for a regulator 
of V. cholerae proteases expression (∆hapR) caused the same changes in the 
inflammatory response as the ∆prtV mutant. 
VCC most likely is a pathogenetic factor in cholera. At high concentrations 
it caused hemolysis and epithelial cell death, which is in line with previous 
studies in a mouse model (Olivier et al., 2007). At low doses VCC induced 
an inflammatory response in intestinal epithelial cells that included 
increased epithelial permeability and induction of IL-8 and TNF-α 
suggesting that intestinal epithelial cells initially execute a front-line defense 
reaction to V. cholerae infection involving recruitment of immune cells to 
the infected site by IL-8 and activation of epithelial cells, intraepithelial 
lymphocytes, and lamina propria macrophages by TNF-α. Paracellular 
leakage due to decreased tight junction stability and/or formation of 
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transmembrane pores by VCC could be the mechanism behind the 
increased permeability in tight monolayers seen here.  
The reason why the bacterium produces VCC and PrtV simultaneously is 
unclear but the difference in VCC activity in different types of broth 
suggests that this might be an adaptation for different environments. In the 
human intestine PrtV is probably inactivated either by chelators or by high 
protein/peptide content allowing VCC to exert its toxic actions and yield 
access for the bacterium to the bodily tissues. 
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4.  Conclusions  

1. A unique bacterial flora inhabits the normal proximal jejunum of children. 
This flora is not just transient passengers in the jejunum but constitutes an 
organ-specific biofilm. The predominant bacterial genera are Streptococcus, 
Neisseria, Veillonella, Gemella, Actinomyces, Rothia and Haemophilus. 
 
2. The rod-shaped bacteria previously found in children with CD during the 
CD epidemic is likely to be one or more of a previously unidentified 
unclassified-Clostridales species, a previously unidentified Prevotella 
species or a pathogenic variant of Actinomyces graevenitzii. 
 
3. The polarized tight monolayer of both colon carcinoma cell lines T84 and 
Caco2 appear to be suitable in vitro models for studies of innate defense 
mechanisms of human intestinal epithelium. The two cell lines seem to 
represent intestinal epithelial cells at two different sites in the colonic 
mucosa, namely the luminal surface in the case of T84 and the lower crypts 
in the case of Caco2 cells. 
 
4. Polarized intestinal monolayer cells seem “more resistant” to bacterial 
attack than ordinary tissue culture cells. 
 
5. The inhibitory and tumor suppressive variant of CEACAM1, namely 
CEACAM1-L, is strongly upregulated in polarized T84 cells by stimulation 
with IFN-γ. This indicates that intraepithelial lymphocytes can influence 
epithelial cell proliferation during an immune response. 
 
6. Vibrio cholera cytolysin (VCC) was found to be solely responsible for 
induction of an inflammatory response in intestinal epithelial cells that 
includes increased epithelial permeability and production of IL-8 and TNF-
α. 
 
7. PrtV degrades VCC thereby modulating the inflammatory and cytotoxic 
response. 
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