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ABSTRACT 

Host-derived proteases have been implicated in gastrointestinal disorders including 

inflammatory bowel diseases (IBD), the etiology of which has not been elucidated yet. The 

pathogenesis of IBD is characterized by a deregulated immune response towards the 

intestinal microbiota. Enterococcus faecalis (E. faecalis) are Gram-positive lactic acid 

bacteria living as commensal inhabitants in the mammalian gastrointestinal tract and 

belonging to the core microbiome in the human gut. The secreted zinc-dependent 

metalloprotease gelatinase (GelE) has been associated with E. faecalis virulence in several 

models. Thus, the aim of the study was to unravel the mechanism how E. faecalis GelE, as a 

protease produced by commensal gut bacteria, contributes to the development of chronic 

intestinal inflammation.  

The characterized GelE expressing E. faecalis strain OG1RF, isogenic GelE mutants 

and GelE reconstituted mutant strains have been used in order to demonstrate protease 

specificity. Concentrated bacterial culture supernatant from GelE producing strains impaired 

barrier function of polarized intestinal epithelial cells (IEC). GelE expressing E. faecalis 

strains isolated from faecal samples of IBD patients and a healthy volunteer exhibited the 

same effect on epithelial barrier impairment suggesting that GelE activity of E. faecalis might 

be relevant for IBD. Additional experiments with purified GelE and Marimastat, an inhibitor for 

GelE activity, confirmed GelE to be responsible for the loss of barrier function in IEC. The 

reduction of epithelial barrier was associated with reduced expression levels of the tight 

junction protein Occludin. Bacterial GelE and pro-inflammatory cytokines exerted potentiating 

effects with respect to epithelial barrier impairment of IEC. The presence of E. faecalis GelE 

significantly reduced the ectodomain of adherence junction protein E-Cadherin in inflamed 

interleukin-10 deficient mice, but not in wild type mice. Furthermore, cleavage sites for GelE 

in the sequence of recombinant murine E-Cadherin could be identified, suggesting the 

possibility for a direct GelE-mediated degradation. Additionally, mucosal stimulation with 

purified GelE revealed the loss of epithelial barrier function and extracellular E-Cadherin in 

the distal colon of mice susceptible to intestinal inflammation. The generation of a gelE-epaB 

double deletion mutant revealed additive effects of GelE and enterococcal polysaccharide 

(epa) B, a putative glycosyl transferase, on enterococcal biofilm formation and virulence.    

In summary, this study demonstrates that E. faecalis GelE contributes to the 

development of chronic intestinal inflammation in the disease susceptible host through the 

degradation of epithelial junction proteins. Future experiments with isogenic mutants for 

various structures including the epa locus will reveal the colitogenic mechanisms of 

E. faecalis and contribute to the understanding, how commensal bacteria are involved in the 

development of IBD. 
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ZUSAMMENFASSUNG 

 

Endogenen Proteasen wird bei einer Vielzahl von Darmerkrankungen eine Rolle 

zugeschrieben. Dies gilt auch für chronisch entzündliche Darmerkrankungen (CED), deren 

Ursache bisher noch nicht aufgeklärt werden konnte. Eine überschießende Immunantwort 

gegen die intestinale Mikrobiota scheint Teil der Pathogenese von CED zu sein. 

Enterococcus faecalis (E. faecalis) ist ein kommensaler Bewohner des menschlichen 

Gastrointestinaltraktes und ist Teil des dort ansässigen humanem Mikrobioms. Das Ziel der 

vorliegenden Arbeit war es, den Einfluss der Metalloprotease Gelatinase (GelE), einem 

Virulenzfaktor von E. faecalis, auf die Entstehung von CED zu untersuchen. 

Um den Effekt der Protease zu untersuchen, wurde der charakterisierte GelE 

produzierende E. faecalis Stamm OG1RF, sowie isogene GelE Mutanten und rekonstituierte 

Stämme verwendet. Konzentrierter Bakterienüberstand von GelE positiven Stämmen 

reduzierte die Barrierefunktion von kultivierten intestinalen Epithelzellen (IEZ). Die Isolierung 

GelE produzierender E. faecalis Stämme aus dem Fäzes von CED Patienten und einer 

gesunden Kontrolle zeigte, dass GelE von diesen Stämmen ebenfalls die Barriere von IEZ 

reduzierte. Dies verdeutlicht die Relevanz von E. faecalis GelE für CED. Weitere 

Experimente mit gereinigter GelE und Marimastat, einem Inhibitor der proteolytischen 

Aktivität, bestätigten die Spezifität des GelE-vermittelten Effektes auf die Barrierefunktion 

von IEZ. Der Verlust der Barrierefunktion war mit einer Reduktion des Tight Junktion Proteins 

Occludin assoziiert. Pro-inflammatorische Zytokine potenzierten den GelE-vermittelten 

Verlust der Barrierfunktion in IEZ. Im Gegensatz zu Wildtyp Mäusen, konnte die 

extrazelluläre Domäne des Adherence Junktion Proteins E-Cadherin nicht mehr in 

Interleukin-10 defizienten Mäusen nach Monokolonisierung mit OG1RF nachgewiesen 

werden. Außerdem konnten Spaltungsstellen in der Aminosäure Sequenz von 

rekombinantem murinem E-Cadherin nachgewiesen werden. Dies deutet auf die Möglichkeit 

eines direkten, durch GelE-vermittelten Abbaus hin. Zudem führte die Stimulation von 

distalem Kolongewebe mit gereinigter GelE zu dem Verlust der mukosalen Barrierefunktion 

und der Reduktion von extrazellulärem E-Cadherin im sukzessiblen Wirt. Die additiven 

Effekte von GelE und dem enterococcal polysaccharide antigen (epa) B, einer putativen 

Glykosyltransferase, auf Biofilm Bildung und Virulenz von E. faecalis konnte durch die 

Generierung einer Doppelmutante gezeigt werden. 

Die vorliegende Arbeit zeigte, dass E. faecalis GelE zu der Entstehung von CED im 

sukzessiblen Wirt beitragen kann. Zukünftige Experimente mit Mutanten für verschiedene 

Strukturen wie dem epa Lokus werden die kolitogenen Mechanismen von E. faecalis 

aufklären und einen Beitrag dazu leisten, die Rolle der kommensalen Darmbakterien bei der 

Entstehung  von CED zu verstehen.                   
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1 Introduction 

1.1 The importance of proteases 

1.1.1 General characteristics and functions of prot eases 

In comparison to proteolytic enzymes catalyzing the cleavage of peptide bonds in other 

proteins, proteases are degradative enzymes mediating the total hydrolysis of proteins. Due 

to the huge diversity of action and structure, proteases have been divided on the basis of 

three major criteria: 1) type of reaction catalyzed (basically endo- and exopeptidases) 2) 

chemical nature of their catalytic site and 3) evolutionary relationship with reference to 

structure. Based on the functional group present at the active site, proteases have been 

further classified into serine, aspartate, cysteine, threonine, glutamic acid and 

metalloproteases [1]. Protease synthesis and storage requires tight control mechanisms in 

order to prevent excessive proteolytic activity and subsequent tissue damage. Therefore 

most proteases are synthesized and stored in the zymogen form. This inactive form serves to 

protect intracellular organelles which are responsible for protein synthesis and conversion 

from degradation. Proteolytic zymogen activation through conformational changes and the 

formation of an intact active site is either mediated by mature proteases or by autocatalytic 

domains. This process is often carefully regulated by the contribution of several mechanisms 

involved in controlling protease maturation and termination of the proteolytic action [2]. 

Proteases stand at the beginning of catabolism in almost every organ in every species. They 

participate and control a tremendous variety of different physiological events in the body 

such as the digestion of food compounds, the activation and procedure of the blood-clotting 

cascades or apoptotic events. Bacteria and other organisms such as fungi or arachnids 

produce and secrete proteases which can be part of their virulence factors. Furthermore, 

proteases are responsible for the digestion of complex extracellular matrix (ECM) 

compounds into monomers that can be absorbed providing energy and nutrient supply for 

the respective organism. Tight regulation of proteolytic activity in the body plays a pivotal role 

for homeostasis, especially in symbiotic communities such as the gut lumen. Proteolytic 

action of proteases can be inhibited by specific protease inhibitors, but also through 

environmental conditions including temperature, acidification or osmotic changes. The 

complex balance between proteases and anti-proteases or inhibitors maintains homeostasis, 

but is disturbed under pathophysiological conditions and therefore provides possibilities for 

therapeutic intervention. Proteolytic action can be disturbed in two directions, either there is 

too much proteolytic degradation or too few, which can be both contributing or leading to 
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disease development. Both situations can result from either a deregulation of the respective 

proteases or their inhibitors. 

 

1.1.2 Host-derived and bacterial proteases in the g ut – an unexplored world of 

complexity  

The proteolytic capacity of the gut and the intestinal lumen consist of host- and bacteria-

derived proteases in an unknown composition and proportion which depends on the 

intestinal region, the health status of the host, the diet and presumably other unknown 

factors. Digestive proteases including pepsin, trypsin, chemotrypsin, elastases and 

cathepsins are basically released in the small intestine in order to disintegrate and hydrolyse 

protein sources in food. Another remarkable group of host-derived proteases are matrix 

metalloproteinases (MMPs) which fulfil various functions including the degradation and 

turnover of ECM and the activation of signalling molecules including cytokines, chemokines, 

growth factors and junction proteins. The awareness of the intestinal bacterial proteolytic 

activity has already been described by MacFarlane and colleagues in the 1980s. The authors 

describe the bacterial proteolytic activity in faecal samples by using different p-nitroaniline 

substrates and various chemical protease inhibitors [3]. They identified Bacteroidetes and 

Propionibacterium spp. as the major sources for bacterial proteolytic activity [4]. Figure 1 

summarizes the mucosal protease pools in the intestine. Intestinal epithelial cells (IEC) are 

located at the centre, dividing the luminal proteases which can be host- and bacteria-derived 

proteases from the proteases that have been produced by immune cells or other cell types in 

the circulation. IEC themselves express a variety of secreted and membrane-associated 

proteases such as MMPs or peptidases that are responsible for the hydrolysis of proteins 

and play an essential role in nutrient uptake. Although the intestinal proteolytic balance has 

not been characterized yet, the host has evolved protective mechanisms to antagonize an 

imbalance or the overreaction of bacterial molecules. 
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Figure 1: Endogenous and exogenous proteases in the  gut.  The different protease pools 
(intestinal, epithelial and submucosal) consist of a variety of different proteases produced by 
various cell types. The maintenance of mucosal homeostasis is dependent on the proteolytic 
balance. Luminal proteases are of endogenous and exogenous origin in an unknown 
composition and proportion.    

 

1.2 Inflammatory bowel diseases 

Inflammatory bowel diseases (IBD), comprising the two main idiopathic pathologies 

ulcerative colitis (UC) and Crohn’s disease (CD), are spontaneously relapsing immune-

mediated inflammatory disorders of the gastrointestinal tract. The pathogenesis of IBD is 

characterized by an aggressive and deregulated immune response towards the intestinal 

commensal microbiota [5]. In the last years, IBD research focused on gene-environment 

interactions in order to elucidate the initial triggers for disease onset and to improve the 

understanding of the complex interplay between different aspects of the disease [6]. 

Environmental factors including diet, life style or frequent medication such as non-steroidal 

anti-inflammatory drugs or antibiotics do not only influence the host, but also the composition 

and functionality of the gut microbiota. The already existing intra-individual differences in the 

intestinal microbiota pose an additional challenge for the investigation of microbe-host 
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interactions in the context of IBD. Despite the substantial advances in understanding the 

pathogenesis of IBD, the therapeutic options remain limited targeting symptoms instead of 

causes. The common goal is the suppression of the abnormal immune response using 

aminosalicylates, corticosteroids and TNF-inhibitors. Antibiotics and probiotics are utilized to 

modulate the intestinal microbiota and have been shown to be effective, but not generally in 

all patients.      

 

1.2.1 Proteases in chronic intestinal inflammation 

Excessive concentrations of proteases have been found in faeces of UC patients [7]. 

Consistent with these findings, secreted factors of colonic biopsy samples from IBD and 

irritable bowel syndrome patients revealed increased proteolytic activity [8]. Although the 

origin of the proteolytic activity has not been elucidated, it is conceivable that proteases 

released from biopsy specimen are derived from the host. However, elevated faecal 

proteolytic activity might originate from colonic luminal bacteria which release serine, 

cysteine and metalloproteases [3]. Oral antibiotic treatment of mice resulted in reduced 

numbers of colonic bacteria and reduced colonic luminal serine protease activity which 

provides further evidence for the bacterial source of the proteases [9]. Bacterial proteolytic 

activity could be demonstrated even in the absence of inflammation hypothesizing that 

bacterial proteases are ubiquitously present in the gut lumen but might impact the 

development of IBD in a susceptible situation [10]. 

The deregulated expression and/or activity of host-derived MMPs has been implicated in 

several diseases including arthritis, atherosclerosis and colon cancer [11,12]. Increasing 

evidence suggests that MMPs are the predominant endogenous proteases involved in the 

pathogenesis of IBD [13,14]. MMPs influence disease progression in multiple ways involving 

the function and migration of inflammatory cells as well as matrix deposition and degradation. 

The expression and activity of certain MMPs is increased during acute inflammation [15], but 

also an imbalance between MMPs and their natural tissue inhibitors (TIMP) has been 

reported for IBD [16]. Beside MMPs, the expression and/or activity of other host-derived 

proteases including trypsin, neutrophil elastase [17], mast cell tryptase [18], cathepsins [19] 

and thrombin [20] has been associated with intestinal inflammation. 
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1.2.2 Intestinal mucosal barrier dysfunction as a c entral key player in the 

pathogenesis of IBD 

Intestinal homeostasis is provided and maintained by the mucosal barrier which separates 

the intestinal lumen with all its components (food, digestive enzymes, and microbes) from the 

host and its underlying organs and tissues. The mucosal barrier in the gut can be divided into 

three different authorities: the secreted mucus layer, the intestinal epithelial cells (IEC) and 

the immune cells of the gut associated lymphoid tissue (figure 2) [21]. Especially IEC form a 

tight line of defense against harmful molecules and microorganisms, in parallel with their task 

of allowing transport and permeation of nutrients and electrolytes at the same time [22]. 

Intercellular junctional complexes composed of tight junctions (TJ) and adherence junctions 

(AJ) maintain physical barrier and provide cell-cell contact between adjacent IEC. TJ are 

organized in 1) transmembrane proteins that bridge the intercellular space (junction adhesion 

molecules, claudins, occludin), 2) adapter molecules that link integral TJ proteins to the actin 

skeleton and other cytosolic cell signalling molecules (ZO-1, ZO-2, ZO-3) and 3) cytosolic 

and nuclear proteins that regulate various cell functions including differentiation, polarity or 

tumor suppression on transcriptional or post-transcriptional level [23]. E-Cadherin is the best 

described member of the calcium-dependent cell-cell adhesion molecules and the integral 

protein of the AJ in IEC. It consists of a single transmembrane domain and five tandemly 

extracellular repeated domains, the so called extracellular Cadherin repeats (EC1-5). The 

cytosolic domain consists of two subdomains: the membrane proximal conserved domain 

which includes the binding site for the intracellular adapter protein p120ctn and the β-catenin 

binding domain. E-cadherin plays a crucial role in epithelial cell differentiation by controlling 

proliferation and providing and maintaining cell polarity (“apicobasal”) [24,25]. Furthermore, 

the loss of E-Cadherin progress towards malignancy in epithelial tumors, suggesting E-

Cadherin as tumor suppression molecule [26,27].    

Impaired intestinal epithelial barrier function has been associated with IBD [21,28,29], 

although it is still unresolved whether the loss of barrier integrity is cause or consequence of 

chronic inflammation. Epithelial barrier dysfunction is primarily characterized by an enhanced 

paracellular permeability resulting from an increased flux across the paracellular space [30]. 

Epithelial barrier damage as a consequence of tissue damage resulting from apoptosis, 

necroptosis, erosion and ulceration, or TJ regulation both lead to the loss of epithelial barrier 

function both occurring in IBD [31,32]. 
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Figure 2: Intestinal mucosal barrier and organisati on of the junction complexes in IEC.  

The mucosal barrier has different authorities: the inner and outer mucus layer, IEC and 
underlying immune cells provide barrier function and maintain intestinal homeostasis. 
Adjacent IEC are connected with TJ and AJ which regulate the paracellular flux of molecules 
and provide barrier integrity of the IEC monolayer. Structurally transmembrane proteins 
control selective paracellular permeability with their extracellular domains. They are 
connected with intracellular adapter proteins which communicate with the actin skeleton and 
many other pathways involved in barrier regulation and cell signalling.        

 

There are numerous studies demonstrating that the expression of TJ proteins is diminished 

or deregulated in tissue of IBD patients and IEC from IBD animal models. Whereas occludin 

and junction adhesion molecule A (JAM-A) expression is reduced in intestinal inflammation 

[33], claudin-2, which increases paracellular flux of sodium ions and small uncharged 

molecules, is enhanced in TJ in IBD [34,35]. Other members of the claudin family, claudin-3, 

-4, -5 and -8 are removed from the TJ suggesting that the regulation of paracellular 

permeability by TJ proteins is complex but selective [36,37]. In contrast to TJ, the functions of 

AJ are more general, as they mediate cell-cell contact and are responsible for appropriate 

epithelial cell differentiation. In the context of IBD, AJ dysfunction could be demonstrated by 

reduced expression levels of E-Cadherin in the inflamed intestinal epithelium [38-40]. 
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Furthermore, polymorphisms in the E-Cadherin encoding gene CDH1 lead to a cytosolic mis-

localization of E-Cadherin and are associated with CD demonstrating that AJ functionality is 

critical for IBD susceptibility [41].   

Cytokine production, especially studied for tumor necrosis factor α (TNF) and interferon-γ 

(IFN-γ), has been shown to be critical for epithelial barrier function. Various studies 

demonstrated that the pro-inflammatory cytokines TNF and IFN-γ alter barrier function of 

cultivated epithelial cells [42,43], but less data are available for primary tissue. Schulzke and 

colleagues described changes of mucosal morphology, the impairment of barrier function 

and alterations in TJ profile in rectal explants from a rat model after exposure to TNF and 

IFN-γ [44] supporting in vivo relevance. Mechanistically, pro-inflammatory cytokines 

modulate epithelial barrier function through the transcriptional inhibition of TJ proteins [45] 

and redistribution of TJ proteins by myosin light chain kinase (MLCK) dependent contraction 

of the actin filaments [46,47]. Few studies have been conducted to investigate the impact of 

pro-inflammatory cytokines on AJ proteins. Yi et al. demonstrated a loss of E-Cadherin 

protein expression suggesting that not only TJ, but also AJ proteins are affected by a pro-

inflammatory milieu and are involved in epithelial barrier disruption in IBD [48]. 

 

1.2.3 Bacteria-Host interaction: Commensal gut micr obiota in IBD  

The microbial ecosystem of humans consists of between 15,000 and 36,000 species 

belonging to ~1800 genera [49]. In total the estimated number of microbes range between 

102 in the duodenum and 1012 in the colon [50]. Culture-independent methods such as large 

scale analysis of the 16s ribosomal DNA and metagenomics allowed the investigation of the 

gut microbiome in humans and animals and revolutionized the understanding of the microbial 

composition and functionality of the largely not-yet-cultivated organisms [51]. The intestinal 

microbiota is crucial for the development and maintenance of mucosal homeostasis. 

Microbe-host interactions can have a mutualistic (benefit for both species), symbiotic (at least 

one partner benefits from the relationship without harming the other) or commensal 

(coexistence without any obvious benefit or disadvantage) character [52]. The host benefits 

from intestinal microbes by the supply of essential nutrients through the digestion of 

indigestible food, the maintenance of IEC homeostasis and the regulation and development 

of the intestinal immune system. Furthermore, the so called “colonization resistance” is 

based on the hypothesis that commensal microbes compete with pathogenic bacteria for 

nutrients, binding sites and produce bactericidal compounds or inhibitory molecules leading 

to the prevention of a pathogenic infection [53]. The host immune system has to be tolerant 

against commensal microbial communities and effective in recognition and defence against 
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pathogens. Therefore the gut has evolved several strategies to live and cross-talk with 

commensal bacteria [52]. Some of those mechanisms are described in the following 

paragraph and illustrated in figure 3.  

 

 

Figure 3: Cross-talk between commensal gut bacteria  and the intestinal epithelium.  
Pattern recognition receptors and dentritic cells sense microorganism-associated molecular 
patterns and mediate the tolerance against commensal gut bacteria. Antimicrobial peptides 
prevent direct contact between luminal bacteria and the intestinal epithelium. Secretory IgA 
(sIgA) bind to bacterial antigens and anticipate the induction of a pro-inflammatory immune 
response. 

 

The production and secretion of antimicrobial peptides (defensins) by paneth cells protects 

the epithelium from bacterial colonization. This enables the appropriate development and 

differentiation of various IEC subtypes from intestinal stem cells located at the bottom of the 

crypts. Secretory immunoglobulin A (sIgA) produced by plasma cells fulfil an important role in 

intestinal homeostasis by the inhibition of pro-inflammatory signals through the binding of 

bacterial antigens. The interplay between dentritic cells and regulatory T cells involving 

inhibitory molecules such as interleukin (IL) -10 and transforming growth factor (TGF) -β 

promote nonresponsiveness to the commensal microbiota [54,55]. Pattern recognition 

receptors (PRRs) including toll-like receptors (TLR) and intracellular nucleotide-binding 

oligomerization domain (NOD) -like receptors sense microorganism-associated molecular 

patterns (MAMPs) from commensal and pathogenic bacteria. Receptor activation induces 
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signalling cascades including nuclear factor-κB (NF-κB) and mitogen-activated protein (MAP) 

kinases resulting in the subsequent transcription of pro- and anti-inflammatory proteins [56].  

The microbial composition varies between individuals and depends on environmental factors 

such as the anatomical location, diet, the intake of drugs and antibiotics or the health status 

of the host. The predominant species within the gut are Firmicutes, Bacteroidetes, 

Proteobacteria and Actinobacteria [57,58]. Several studies in experimental rodent models as 

well as clinical trials suggest the crucial role of the gut microbiota in the development of IBD 

[59,60]. It has been suggested that alterations in microbial diversity and composition in 

disease susceptible populations may alter innate defence mechanisms leading to chronic 

activation of the mucosal immune system [61,62]. The study conducted by Frank et al. 

described the intestinal dysbiosis in 190 resected tissue specimen from IBD patients and 

revealed increased numbers of Proteobacteria and Actinobacteria and a decrease in 

Firmicutes and Bacteroidetes [58]. Furthermore, a general reduction in biodiversity has been 

demonstrated in this study suggesting, that the compositional changes are more related to 

the inflamed status of the host, as the pathology and immunology of CD and UC are distinctly 

different [63]. However, there is no IBD-associated specific microbiota. In fact, it has to be 

considered that commensalism change into a harmful situation for the host which then 

becomes a continuous inflammatory trigger and leads to the development of chronic 

intestinal inflammation. 

 

1.2.4 Gastrointestinal infections as critical trigg er for IBD 

Pathogens are hypothesized to be the initiation step for the pathogenesis of IBD and are 

discussed to potentiate disease progression [59,64,65]. Pathogens have evolved several 

strategies to undermine the hosts defence mechanisms. Recent work by McGuckin and 

colleagues discuss pathogen-mucin interactions and summarize mechanisms how 

pathogens overcome intestinal mucus layers. In principle there are three strategies: 1) 

enzymatic digestion of mucus 2) avoidance of mucus by entering via M cells and 3) diffusion 

of secreted toxins through the mucus and induce barrier impairment by regulating TJ proteins 

and mucin expression [66]. Beside the direct invasion of epithelial cells and the usage of type 

specific secretion systems in order to colonize the epithelial layer, the production of toxins 

and proteases is a very common mechanism to disrupt epithelial barrier integrity that allow 

subsequent penetration and translocation of the respective organism [65].  

A number of microorganisms including Helicobacter pylori, Salmonella, Listeria, Chlostridium 

species, Yersinia and Shigella have been discussed as etiologic factors in IBD, but there is 
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no conclusive evidence showing that there is one single pathogen causing disease 

[59,63,65]. Mycobacterium avium spp paratuberculosis (MAP) has been associated with CD 

for several reasons. MAP causes spontaneous granulomatous enterocolitis in ruminants 

which is similar to transmural inflammation in human CD. Indeed MAP has been identified in 

biopsy specimen from CD patients and anti-MAP antibodies could be detected in the serum 

[67,68]. Nevertheless, it remains unresolved whether the chronic state of inflammation is 

caused by MAP or whether MAP potentiates or sustains the already existing pathology. One 

of the first organisms implicated in IBD was Escherichia coli (E. coli). It has been 

demonstrated that ileal mucosal lesions in CD patients are predominantly colonized by 

adherent and invasive E. coli (AIEC). AIEC-infected macrophages produce TNF which is 

responsible for granuloma formation occurring in 37-55% of CD patients [69,70]. Similar to 

MAP, evidence for AIEC as initial trigger for CD is missing. Additionally, other facultative 

pathogens such as Bacteroidis fragilis [71] and Staphylococcus aureus [72] have been 

discussed to play a role in the pathogenesis of IBD. In general it seems obvious that IBD 

patients have a higher risk for enteric pathogenic infections, but vice versa there is a risk of 

chronicity after pathogen-induced intestinal inflammation. Further studies are needed to 

elucidate the role of pathogenic infections in the etiology of IBD. One proof for the induction 

of IBD by pathogenic bacteria are mouse models that develop chronic intestinal inflammation 

after infection with Citrobacter rodentium [73], the rodent equivalent to human 

enteropathogenic E. coli, and Salmonella enterica spp enterica serovar Typhimurium[74].  

 

1.2.5 Bacterial proteases in IBD 

Many endeavours have been made to identify the bacterial structures or molecules 

responsible for the pathogenicity of microbes. Beside the mechanism of type-specific 

secretion systems allowing the infiltration of bacterial material or whole bacteria into host 

cells, proteases have been described to be involved in the infectious process of pathogens. 

However, the pattern of different types of proteases and their expression, regulation, 

activation and substrate specificity is very diverse. Host tissue provides different target points 

for bacterial proteases. In addition to the activation of specific types of host receptors and the 

degradation of extracellular matrix, the disruption of epithelial barrier function exhibits the 

most frequently described consequence of bacterial proteases. In consideration of the 

complex pathogenesis of IBD, targeting host epithelial barrier function is a central 

mechanism. Table 1 itemizes proteases from pathogens targeting epithelial or endothelial 

barrier function in different organs summarizing general mechanisms attributed to bacterial 

proteases and therefore might be relevant in IBD. 
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Table 1: Bacterial proteases target epithelial cell  barrier function [75]. 

Species Classification Protease Host target structure/ 
proposed mechanism Reference  

Bacillus anthracis Pathogen Metalloprotease 
lethal toxin (LT) 
M4 metalloprotease 
neutral protease 
(Npr599) 
M6 metalloprotease 
immune inhibitor A 
metalloprotease 
(InhA) 

LT impairs barrier 
function in primary 
human endothelial cells 
(altered VE-Cadherin 
distribution) 
Npr599 and InhA reduce 
endothelial barrier function 
through increased 
syndecan-1 ectodomain 
shedding in cultivated 
murine mammary gland 
cells 

[76] 

Citrobacter 
rodentium 

Pathogen Lymphostatin: 
virulence factor 
consisting of a 
glycosyltransferase, 
a protease and an 
aminotransferase 

Disruption of epithelial 
barrier function via 
modulation of the small 
GTPase Rho and Cdc42 

[77] 

Clostridium 
difficile, 
Clostridium 
sordellii, 
Clostridium novyi 

Pathogen Large clostridial 
toxins 
(glycosy-
ltransferases) 

Inactivation of GTPases 
Rho, Rac and Cdc42 in 
intestinal epithelial cells 

[78] 

Clostridium 
perfringens 

Opportunistic 
pathogen 

Collagenase A Intestinal barrier function, 
basal type-IV-collagen, 
mucus 

[10] 

Enterohemorrhagic 
Escherichia coli 

Pathogen Metalloprotease 
StcE 

Cleavage of mucin 7 and 
glycoprotein 340, 
facilitation of adherence 
to epithelial like HEp-2 
cells 

[79] 

Enterotoxigenic 
Bacteroidis fragilis 

Opporstunistic 
pathogen 

Metalloprotease 
fragylisin or 
B. fragilis toxin 
(BFT) 

Induction of γ-secretase 
dependent shedding if E-
Cadherin ectodomain in 
HT29 cells 

[80] 

Helicobacter pylori Pathogen Serine protease 
Helicobacter pylori 
high temperature 
requirement A 
(HpHtrA) 

Reduction of epithelial 
barrier integrity through 
targeting E-Cadherin 

[81] 

Pseudomonas 
aeroginosa 

Pathogen Pseudomonas 
elastase 

Reduction of barrier 
function in MDCK cells, 
altered ZO-1 expression 
and disturbed 
microfilaments 

[82] 

Staphylococcus 
aureus 

Opportunistic 
pathogen 

Serine proteases Modulation of chemokine 
expression through NF-
κB activation  

[83] 

Vibrio cholerae Pathogen Metalloprotease 
heamagglutinin/ 
protease 

Reduction of barrier 
integrity through actin 
and tight junction 
rearrangement 

[84] 
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The question of how and when commensal-derived proteases are involved in IBD is of 

clinical importance. IBD patients have an increased number of mucosa-associated bacteria, 

and the thickness of the intestinal mucus layer is diminished [85,86]. Mucolytic activity allows 

bacteria to use mucus as carbohydrate source and enable them to survive in the niche of the 

intestinal outer mucus layer. Over 20 years ago Rhodes and colleagues hypothesized that 

bacterial mucus degradation could be associated with IBD, but they could not correlate 

bacterial glycosidase activity with disease severity in IBD patients [87]. However, a recent 

study demonstrated a shift in the mucolytic consortium of bacteria in IBD patients. The most 

abundant mucolytic species in healthy controls, Akkermansia muciniphila, is reduced in IBD, 

whereas Ruminococcus species are disproportionally increased under conditions of chronic 

inflammation. Ruminococcus α- and β-glycosidases remove terminal sugars from the mucus 

matrix that subsequently become accessible for other bacteria providing a possible 

explanation for the increase in total mucosa-associated bacteria in IBD [88]. As already 

mentioned, pathogens have evolved several strategies to disrupt and avoid mucosal barriers. 

Thereby, the enzymatic degradation of mucins is one of the most common mechanisms [66]. 

The substrate specificity of bacterial proteases is often not restricted to one molecule. 

Proteases, that have been demonstrated to digest mucins, have also been shown to facilitate 

adherence to host cells [79] or to disrupt epithelial barrier function [10]. Alterations in 

microbial composition and mucus structure under disease susceptible conditions might allow 

commensal-derived proteases to gain access to the epithelium targeting protein substrates 

that would not be accessible to them under physiological conditions. As illustrated in figure 4, 

one could think of four critical scenarios that might allow access of commensal proteases to 

IEC: 1) commensals possess a mucolytic activity 2) attenuated mucosal barrier function 

during or after a pathogenic infection 3) diminished mucosal barrier function due to a genetic 

predisposition and 4) the degradation of antimicrobial peptides.  

The impact of commensal-derived proteases in the development of chronic intestinal 

inflammation might be depending on additional barrier attenuating factors and certain 

disease susceptibility. Although this hypothesis fits into the suggested multi-factorial 

pathogenesis of IBD, further evaluation is required in order to assess the overall impact in 

disease development. 
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Figure 4: Scenarios how commensal proteases gain ac cess to IEC.  A) Some 
commensals live in the outer mucus layer and use intestinal mucus as carbohydrate source. 
B) During or after pathogenic infections, mucus and barrier function of IEC are diminished. C) 
A genetic predisposition leads to reduced production and stability of mucus or an impaired 
barrier function of IEC. D) Bacterial proteases hydrolyse antimicrobial peptides. 

 

1.2.6 Receptors for bacterial proteases in the gut 

 

Protease-activated receptors 

Protease-activated receptors (PARs) are G-protein coupled receptors which are activated by 

proteolytic cleavage of the N-terminal tethered ligand. PARs are expressed on various cell 

types including endothelial and epithelial cells, smooth muscle cells, fibroblasts, platelets, 

neurons and immune cells [89]. The activation of PARs by proteases that have been 

released during inflammation and injury contributes to inflammatory mechanisms, cytokine 

production, nociception and repair mechanisms. Serine proteases such as trypsin, thrombin 

and cathepsin G are the best studied PAR activating proteases [90]. The potential of 
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bacterial proteases to target PARs has been shown for respiratory and oral epithelial cells as 

well as for platelets and neutrophils. The activation of PAR receptors has been shown for the 

cysteine protease gingipain-R from Porphyromonas gingivalis [91,92], the metalloprotease P. 

aeroginosa elastase from Pseudomonas aeroginosa [93] and the metalloprotease serralysin 

from Serratia marcescens [94]. The expression of PARs on the apical surface of IEC 

suggests a proteolytic activation from the luminal side of the gut which is most likely not only 

mediated by host proteases, but also by bacterial proteases.  

 

Pattern recognition receptors 

Toll-like receptors (TLR) are part of the innate immune system and belong to the pattern 

recognition receptor family that identifies microbial pathogens through the recognition of 

pathogen- or microbial-associated molecular patterns (carbohydrates, nucleic acids, 

peptidoglycans, lipoteichoic acids, lipoproteins). Direct proteolytic activation of a full-length 

TLR has been recently described for the avian TLR15. Virulence-associated microbial-

derived proteases from fungi Candida guilliermondii, Trichosporon spp., Penecillium spp., 

Mucor spp., and gram-negative opportunistic pathogen P. aeruginosa have been indentified 

to activate TLR15, which is an unique type of receptor that combines TLR characteristics 

with an activation mechanism typical for the evolutionary distinct PARs [95]. Although it 

remains unanswered which proteases activate TLR15 one could speculate that these are 

serine proteases as the receptor activation could be inhibited by the serine protease inhibitor 

phenylmethanesulfonylfluoride (PMSF). Mammalians seem to lack a TLR that is able to 

sense proteolytic activity, although mammalian TLR4 can be activated by elastase-activated 

compounds from the extracellular matrix [96]. Furthermore lipopolysaccharide (LPS) 

recognition by TLR4 was indirectly influenced by trypsin which is augmented in ileal 

inflammation and cleaved MD-2, an accessory glycoprotein essential for TLR4 signalling. 

The proteolysis of MD-2 provided a mechanism for intestinal epithelial LPS tolerance that 

helped to regulate immune responses to commensal bacteria-derived ligands [97]. 

 

E-Cadherin 

The adherence junction protein E-Cadherin is a calcium-dependent single-pass 

transmembrane protein generally expressed in the lateral plasma membrane of epithelial 

cells. E-Cadherin provides contact to adjacent cells and plays a major role in epithelial cell 

differentiation. The intracellular domain is highly conserved and signals through cytoplasmic 

proteins from the catenin family [24]. The extracellular domain could act as a receptor for 

bacterial or fungal entry into epithelial cells, which so far has only been demonstrated for 
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surface proteins. Internalin A from Listeria monocytogenes [98] and invasion Als3 from 

Candida albicans [99,100] interact with E-Cadherin and mediate the internalization of the 

respective microorganisms. E-Cadherin is also targeted by bacterial proteases, the 

metalloprotease toxin BFT from Bacteroidis fragilis was shown to induce the shedding of the 

E-Cadherin ectodomain through an unknown IEC receptor-mediated induction of γ-secretase 

[80]. A direct E-Cadherin cleavage could be demonstrated for the trypsin-like serine protease 

HpHtrA from Helicobacter pylori [81]. The proteolytic cleavage of E-Cadherin, either direct or 

indirect, reflects an important mechanism for bacteria, especially pathogens for reaching the 

intercellular space and to translocate across the epithelium. 

 

Protease-dependent receptor activation 

The release of tumor necrosis factor α (TNF) is associated with an increased permeability of 

the gut epithelial barrier. Blockade of TNF with anti-TNF antibodies is an established strategy 

in the treatment of IBD. The increase of soluble biologically active TNF arises from the 

conversion of membrane-bound TNF by TNF-converting enzyme (TACE) [101,102]. TACE or 

ADAM17 belong to the ADAM (a disintegrin and a metalloprotease) family of metal-

dependent proteases and has been additionally implicated in the shedding of other 

membrane-bound precursors of cytokines and growth factors [103]. One of these factors is 

the transforming growth factor-α which in turn activates the epidermal growth factor receptor 

(EGFR). Phosphorylated EGFR induces the activation of mitogen activated protein kinases 

and mediate changes in intestinal permeability [104]. Many of these processes and receptor 

activation mechanisms are described in the context of carcinogenesis [105], a frequent IBD-

associated complication. Especially the fact, that numerous cytokines and growth factors are 

membrane-associated as precursors and require proteolytic conversion may represent a 

novel mechanism for bacterial-derived proteases. 

 

1.3 Enterococci: a narrow path between commensalism  and pathogenicity 

Enterococci are Gram-positive lactic acid bacteria that are found ubiquitously in the 

environment (water, soil, plants). Furthermore they are commensal inhabitants of the 

gastrointestinal tract of mammals, vertebrates and insects. They play an important beneficial 

role in food and feed applications, some strains even exert a probiotic function. On the other 

hand, there have been emerging concerns about enterococci because of their resistances to 

antimicrobial agents and their involvement in hospital-acquired infections. 
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1.3.1 Characteristics, distribution and association  with disease 

The attention and awareness of microorganisms and bacteria started particularly in the 19th 

century with the main considered founders of microbiology Louis Pasteur, Ferdinand Cohn 

and Robert Koch. In 1899 the term “entérocoque” appeared for the first time in literature 

[106]. This name was given to a Gram-positive organism in order to emphasize its intestinal 

origin. A few years later, in 1906, Andrewes and Horder isolated a strain from an endocarditis 

patient which exerted the same characteristics of the human intestinal Streptococcus strain 

[107]. Accordingly, the authors called their new isolate Streptococcus faecalis. After the first 

description of the “enterococcal group” of streptococci in 1938 [108] they have been 

classified as “faecal streptococci or Lancefield’s group D streptococci”, until 1984 when this 

group has been divided into three separate genera: Streptococcus, Lactococcus and 

Enterococcus. Enterococci are catalase negative, non spore forming, facultative anaerobic 

cocci that are arranged in pairs or short chains. They can be separated from other cocci 

through their ability to grow under harsh conditions including a pH range from 4 to 10, a 

temperature range from 10°C up to 45°C or the prese nce of 40% bile acids [109]. The most 

prominent species among enterococci are Enterococcus faecalis (E. faecalis) and 

Enterococcus faecium (E. faecium), but at least 20 species have been identified in the genus 

Enterococcus [110]. Today over 70 different species of E. faecalis are listed in the taxonomy 

browser of the NCBI database. However, due to the development of new techniques for 

cultivation and identification of strains, this number is increasing continuously. Recently it has 

been demonstrated that E. faecalis belongs to the human core gut microbiome and therefore 

represents one of the most common commensal species in the human intestine [61]. The 

numbers range from 105 to 107 cfu/g stool [111].  

 

Enterococci in food 

Enterococci have been used in food fermentations for a long time. Despite the fact that 

faecal strains from the intestine of farm animals contaminate especially milk and meat 

products which can cause human disease, people have used enterococci strains as starter 

or ripening cultures in traditionally fermented foods made of meat and milk. Especially the 

traditional Mediterranean style production of cheese and sausages uses the ripening and 

aroma development properties of an enterococcal fermentation [109,112]. Another benefit of 

enterococci in food is the production of bacteriocins which have been shown to exert an 

antimicrobial activity against harmful foodborne pathogens such as Listeria monocytogenes 

[112,113]. The usage of enterococci as probiotics is more occasionally compared to the 

commonly used genera Bifidobacterium or Lactobacillus. Probiotics are defined according to 
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the WHO/FAO in 2001 as living microorganisms that confer a health benefit for the host 

when administered in adequate amounts. Currently, some products such as Symbioflor 1 

(SymbioPharm, Herborn, Germany), Cylactin (Hoffman-LaRoche, Basel, Switzerland), 

ECOFLOR (Walthers Health Care, Den Haag, The Netherlands) and Causido (Arla Foods, 

Viby, Denmark) contain enterococci as probiotic preparation for humans or as veterinary feed 

supplements [112]. The best described probiotic strain is E. faecium SF68 which was 

effective in the treatment of diarrhea [114], the prevention of antibiotic-associated diarrhea 

[115] and in a short-term reduction of blood cholesterol in humans [116]. Other mechanisms 

suggest the activation of the mucosal immune system, the growth-limitation of pathogenic 

bacteria or the promotion of intestinal epithelial homeostasis. In general enterococci can fulfil 

some of the essential characteristics of probiotics such as the adherence to host cells or the 

ability to survive gastric acid and bile salts [117]. Usually probiotic strains have been naturally 

present in the human intestine which assures their safety of usage, thus new isolates are 

often tested for their probiotic potential [118]. Although the probiotic benefits of some strains 

are well established, the application of enterococci as probiotics remains controversial 

because of their association with human disease. 

 

Enterococci as infectious organisms 

Enterococci are opportunistic pathogens meaning that they remain harmless in healthy 

individuals but can cause severe problems in hospitalized patients who have received 

multiple courses of antibiotics or are immunocompromised. This is not surprising as 

enterococci have been described as the main cause for endocarditis and urinary tract 

infections since the early 1900s [119]. Furthermore, they have been identified to cause 

bacteremia, infections of the blood stream and central nervous system, surgical wound 

infections and neonatal as well as hepatobiliary sepsis [119-121]. Nowadays enterococci, 

mainly E. faecalis and E. faecium, are regarded to be the third common cause for 

nosocomial infections in the US [122] and the incidence is increasing in Europe [123]. The 

major problem in the treatment of enterococcal-mediated infections is the rapid acquisition of 

antimicrobial resistances through the accumulation and transfer of genetic elements. 

Attention has been focused on enterococci because of their ability to acquire genetic 

determinants conferring resistances to many classes of antibiotics including chloramphenicol, 

erythromycin, tetracycline, penicillin and vancomycin [119,124]. Especially the resistance to 

vancomycin, which was described in 1986 in isolates from patients in France and England for 

the first time [125], gave cause to serious concern as this therapy has been used at last 

resort treatment for multiple antibiotic resistant enterococci [126]. Although antibiotic resistant 

enterococci have been isolated from different sources (human, animals and food), clinically 
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relevant resistances against penicillin or vancomycin are very rare in food isolates 

suggesting that clinical enterococci strains have rather adapted to the environmental 

pressure of antibiotic therapies in hospitals [124]. The existence of transfer mechanisms for 

resistance genes through conjugative plasmids or transposons is another serious problem 

with enterococci. Thereby enterococci can transpose genes between each other [127], but 

they can also transfer genes to other species as it has been reported for Staphylococcus 

aureus [128] and Listeria species [129]. Due to the major concerns about the treatment 

problems with multiresistances, it might be reasonable to assess the virulent potential and 

innocuousness of enterococci in a case-by-case evaluation of each strain, especially with the 

focus on the usage of enterococci in food [124].  

 

Enterococci in IBD 

As part of the commensal gut community, enterococci have been carefully discussed to play 

a role in the pathogenesis of IBD. An increased risk for bacterial endocarditis in IBD has 

already been demonstrated in 1993 [130]. In addition, hospitalized IBD patients have an 

increased risk for vancomycin resistant enterococcal infection which was in turn associated 

with the length of stay in hospital [131]. Increased numbers of enterococci have been 

detected in biopsies of children with UC and CD compared to healthy controls [86]. The 

microscopic analysis of colonic biofilms demonstrated that enterococci growing in 

microcolonies occurred on mucosal surfaces of UC patients, but not in healthy people 

suggesting that spatial distribution and mucosal proximity of the microorganisms might be 

linked to the disease process rather than their absolute numbers [132]. Furthermore, these 

authors revealed higher titres of E. faecalis specific antibodies in the serum of UC patients 

compared to healthy controls, demonstrating an immune-mediated recognition of E. faecalis 

under conditions of chronic inflammation. So far, the direct association of enterococci and the 

development of chronic intestinal inflammation could only be demonstrated under 

experimental conditions in E. faecalis monoassociated interleukin 10 deficient (IL-10-/-) mice 

[133]. Kept under germ-free conditions IL-10-/- mice remain free of intestinal pathology, but if 

they have been colonized with bacteria the pathological outcome of disease was strain 

dependent [134,135]. Wild type (Wt) counterparts did not develop colitis when colonized with 

E. faecalis demonstrating the commensal nature in a healthy host. This model clearly 

showed that there are two critical aspects playing a role in the pathogenesis of IBD, the 

genetic susceptibility of the host and the characteristics of a certain microorganism. 

Hoffmann et al have demonstrated that pathology in monoassociated IL-10-/- mice is also 

dependent on the E. faecalis strain suggesting that not only the species but also strain-

specific properties are crucial for disease development [136].     
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1.3.2 Putative virulence factors in enterococci 

In general, microorganisms express and secrete virulence factors that enable them to survive 

within a host. Usually these proteins, toxins, carbohydrates or glycoconjugates are produced 

in order to get access to nutrients, to adhere and invade host cells or to evade host defence 

mechanisms. The expression of virulence factors is attributed to pathogens that invade the 

host with active mechanisms. The pathogenicity traits of enterococci have been extensively 

studied with respect to the expression of putative virulence factors. As a result of limitations 

in antimicrobial therapy against enterococcal infections, this is of considerable interest. 

Enterococci express a variety of putative virulence factors including proteins, carbohydrates 

and glycoconjugates. Most of the studies investigating virulence-associated genes of 

enterococci have been conducted for E. faecalis and E. faecium. Table 2 summarizes the 

most often characterized putative virulence factors of E. faecalis that have been tested in 

several infection models including different host species (rat, rabbit, mouse, insects and 

nematodes). Most of the virulence-associated genes in E. faecalis have been identified to be 

involved in biofilm formation. Biofilms are populations of cells irreversibly accumulated at 

various biotic and abiotic surfaces. Bacteria cells are embedded in a self-produced hydrated 

matrix of exopolymeric substances [137]. The tolerance against antibiotic treatment, 

phagocytosis and other components of the innate and adaptive host defence mechanisms 

emphasizes the clinical relevance of bacterial biofilms [138]. The genetic determinants and 

metabolic pathways regulating biofilm formation in enterococci have been studied 

extensively, but remain not fully understood [139]. The communication of bacteria in biofilms 

is provided by quorum sensing systems which sense cell density and react with the induction 

of corresponding target genes [138]. 

 

The fsr quorum sensing system 

The E. faecalis regulator (fsr) locus, consisting of fsrA, fsrB, fsrC and fsrD, is involved in 

E. faecalis biofilm formation [140] and virulence [141-143]. As homologue to the accessory 

gene regulator (agr) system in Staphylococcus aureus, the fsr genes encode for a two 

component quorum sensing system [144]. The cell wall-associated histidine kinase FsrC 

senses the extracellular accumulation of the gelatinase biosynthesis activating pheromone 

(GBAP), a peptide lacton encoded by fsrD [145]. After reaching the threshold concentration 

of GBAP (1nM), FsrC phosphorylates the response regulator and transcription factor FsrA 

which activates in turn the expression of the co-transcribed proteases gelatinase (gelE) and 

serine protease (sprE) [140,146]. 
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Table 2: Putative virulence factors of E. faecalis. (Modified by Sava et al, 2009) [147] 

virulence gene/     
gene locus 

virulence factor/ 
encoding molecule pathophysiology/ virulence reference 

adhesion of 
collagen from E. 
faecalis (ace) 

microbial surface 
components 
recognizing adhesive 
matrix molecules 
(MSCRAMM) 

− binding to collagen type I and 
IV, laminin and dentin 

− pathogenesis in endocarditis 

[148-150] 

aggregation 
substance ( agg) 

group of surface 
proteins 

− promotes conjugation by 
directing bacterial 
aggregation 

− facilitates bacterial 
internalization into intestinal 
epithelial cells 

− binding to host cells (tubular 
cells, macrophages) and 
ECM 

− pathogenesis in endocarditis  

[151-156] 

cytolysin operon 
(cyl) 

hemolysin/ 
bacteriocin 
class I lantibiotic 

− lysis of gram-positive bacteria 
and eukaryotic cells 

− pathogenesis in peritonitis 
and endophthalmitis 

− C. elegans and Drosophila 
melanogaster infection  

[157-161] 

E. faecalis antigen 
A (efaA) 

lipoprotein adhesin − pathogenesis of peritonitis [162] 

endocarditis and 
biofilm associated 
pili ( ebp) locus 

pili − biofilm formation 
− pathogenesis in endocarditis 

and urinay tract infection 

[163,164] 

enterococcal 
polysaccharide 
antigen ( epa) locus 

proteins involved in 
carbohydrate 
metabolism 
putative glycosyl 
transfereases 

− biofilm formation 
− pathogenesis in endocarditis 

and urinary tract infection 
− resistance to killing by PMNs 

and infection by phages 
− translocation across intestinal 

epithelial cells  

[165-169] 

enterococcal 
surface protein 
(esp) 

surface protein − biofilm formation 
− pathogenesis of urinary tract 

infection 

[170,171] 

gelatinase ( gelE) 
E. faecalis regulator 
(fsr) locus 

Zn-dependent 
metalloprotease 
fsr proteins of a two-
component quorum 
sensing system 

− biofilm formation 
− pathogenesis in endocarditis 

and endophthalmitis 
− C. elegans and Galleria 

mellonella infection  
− translocation across intestinal 

epithelial cells 

[141-
144,158,172,173] 

general stress 
protein ( gls) 24 

Stress protein − pathogenesis in endocarditis 
and peritonitis 

[174,175] 

cell wall and 
capsular 
polysaccharides 

lipoteichoic acid 
(LTA) 
 

− target of opsonic antibodies [176] 

glycolipids   − biofilm formation 
− binding to intestinal epithelial 

cells 
− pathogenesis of mouse 

sepsis 

[177,178] 
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Figure 5: The fsr quorum sensing sytem of E. faecalis. After the recognition of a critical 
concentration of GBAP, the sensor kinase FsrC phospholylates the response regulator and 
transcription factor FsrA. FsrA induces expression of the fsr system, gelatinase and serine 
protease and other target genes. 

 

The metalloprotease gelatinase 

Gelatinase (GelE) is a zinc dependent secreted metalloprotease, capable of degrading a 

number of substrates including fibrin, fibrinogen, collagen, laminin, haemoglobin, endothelin 

and casein. It displays a similar substrate specificity as the mammalian endopeptidase-24.11 

and Streptococcus thermophilus thermolysin (EC3.4.24.4.) [179]. As member of the M4 

family of bacterial zinc metallo-endopeptidases, GelE is synthesized as a 509 amino acid 

prepropolypeptide which ends up in the mature protease after proteolytic cleavage of 192 

amino acids at the amino terminal end. It is supposed that GelE maturation is preceded by 

autocatalytic processing and transient association of the propeptide with the active form. A 

more recent work additionally suggests a C-terminal processing for full protease activity 

[180]. GelE controls bacterial survival and dissemination through the regulation of coccal 

chain length and the degradation of misfolded proteins on the bacterial surface [181,182]. 

Several studies with genetically modified strains lacking gelE or fsrB creating a GelE 

negative phenotype demonstrated that GelE is involved in biofilm formation [139,183]. 
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Furthermore proteolytic activity of GelE seems to be essential in this process [184]. As 

demonstrated in table 2, GelE is one of the best studied virulence factors in E. faecalis. 

Virulence of GelE has been demonstrated utilizing various models for enterococcal infections 

suggesting GelE as one interesting candidate to play a role in E. faecalis-mediated 

development of chronic intestinal inflammation. 
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2 Study objective    

Although there has been much effort and progress in understanding the complex 

pathogenesis of IBD, the initial onset for disease development remains to be elucidated. Host 

proteases are involved in this process by inducing signalling pathways, proteolytic activation 

of inflammatory mediators, degradation of ECM and subsequent tissue destruction. The 

current knowledge about the function of bacterial proteases in the context of bacterial-

associated virulence is limited to proteases from pathogens. The investigation of the gut 

microbiota in terms of composition and functionality gives novel insights with regard to the 

commensal microbiota which is different in an inflamed host compared to a healthy 

environment. Commensal microorganisms get access to the host and might change their 

commensal character towards an invasive and aggressive phenotype. This scenario has 

already been demonstrated for E. faecalis in IL-10-/- mice where a commensal strain induces 

severe colitis in the genetic susceptible host. Furthermore not all E. faecalis strains induced 

colitis to the same extent in IL-10-/- mice, suggesting that distinct bacterial features are 

responsible for disease development and/or progression [136]. Similar to pathogens, 

virulence-associated genes are hypothesized to mediate the invasive and pathogenic 

character of E. faecalis. Previous work demonstrated that IL-10-/- mice monoassociated with 

GelE deficient E. faecalis mutants developed significantly less inflammation in the colon after 

15 weeks [185]. This experiment showed for the first time the involvement of a bacterial 

protease in the development of chronic intestinal inflammation.  

The aim of the present work was to investigate mechanistically how E. faecalis GelE 

influence and contribute to intestinal inflammation. Similar to mechanisms of proteases from 

pathogens, the interaction between GelE and the intestinal mucosal barrier function was 

determined. Furthermore, the special focus of this work was based on the identification of 

host target proteins which can be proteolytically degraded by GelE.   
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3 Material and Methods 

3.1 Bacteria 

The impact of E. faecalis GelE on the development of intestinal inflammation was 

investigated by using different GelE expressing strains and isogenic mutants listed in table 3. 

The well characterized E. faecalis strain OG1RF was used as gelE expressing bacterial Wt 

strain [186,187]. The isogenic mutants, TX5264 (∆gelE), TX5243 (∆sprE) and TX5266 

(∆fsrB), were kindly provided by M. Gilmore (Sheepens Eye Research Institute, Boston, 

USA). The strains TX5439 [173] (∆gelE reconstitution) and TX5266.01 [141] (∆fsrB 

reconstitution) were provided by B. Murray (University of Texas Medical School, Houston, 

USA). The reconstitutions were accomplished by introducing stable plasmids (pTEX5438 and 

pTEX5249) which are not incorporated into the genome of the bacteria and therefore require 

the presence of erythromycin (10 µg/mL). The non-characterized E. faecalis strains CD11, 

CD28.1, UC7, UC18.1 and AH114 were isolated from faecal samples of IBD patients and 

healthy controls according to their ability to degrade gelatine [188]. Cultures were spotted 

onto tryptic soy agar supplemented with 0.5 g/L L-cysteine and 1.6% Difco gelatine and 

displayed zonal changes around them. Bacteria were considered GelE positive and were 

identified by 16S-23S ribosomal DNA intergenic spacer region sequencing. 

 

Table 3. E. faecalis OG1RF and isogenic mutants used in this study.  

strain  characteristics α reference  

OG1RF Wild type Strain; GelE+ SprE+ Rifr Fusr [186,187] 

TX5264 OG1RF gelE in-frame deletion mutant; GelE- SprE+ Rifr Fusr [141] 

TX5243 OG1RF sprE insertion mutant; GelE+ SprE- Rifr Fusr Emr [144] 

TX5266 OG1RF fsrB in-frame deletion mutant; GelE- SprE- Rifr Fusr [146] 

TX5439 TX5264 harboring pTEX5249; GelE- SprE+Rifr Fusr Emr [173] 

TX5266.01 TX5266 harboring pTEX5438; GelE- SprE- Rifr Fusr Emr [141] 

TX5692 OG1RF epaB deletion mutant; GelE+ SprE+ Rifr Fusr This study 

TX5693 TX5264 epaB deletion mutant; GelE- SprE+ Rifr Fusr This study 

TX5694 TX5266 epaB deletion mutant; GelE- SprE+ Rifr Fusr This study 
αAbbreviations: GelE, gelatinase; SprE, serine protease; Rif, rifampicin; Fus, fusidic acid; r, resistance. 
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3.1.1 Generation of the epaB deletion mutants 

The epaB deletion mutant was created using the pHOU1 plasmid [189]. DNA fragments 

upstream (902 bp) and downstream (1,112 bp) of the epaB gene were amplified with primer 

pairs of 1F (TGC TGG AAT TCG GAT AGA TTT TGT GAC GTT) + 1Ra (TCT AAA ATT TAA 

GAG GAA TGA TGA CTT TGT AGC A) and 2Fa (GTA AGG AGA ATT TAA AAT CTT TAT 

GCA ATC AAT G) + 2Ra (CGC GGA TCC AAA TGC AAA ATT AGC AAT CACTC), 

respectively. Amplified fragments were connected by cross-over PCR, digested with BamHI 

and EcoRI and then ligated into pHOU1 digested with the same restriction enzymes. The 

construct, designated pJH132, was electrophorated into E. faecalis CK111 [190] which was 

then conjugated as described previously [189] with E. faecalis OG1RF and ∆gelE. The first 

recombination was selected on Brain Heart Infusion (BHI) (BD, Sparks, USA) agar plates 

containing gentamicin (200 µg/mL), fusidic acid (25 µg/mL) and X-gal (200 µg/mL). Blue 

colonies resistant to gentamicin and fusidic acid were further characterized to verify 

recombination into the epaB region using outside primer pairs of upF (AAT CGG TAT TTT 

GTT AGC AGC ATT) + 2Ra and 1F + DnR (CAA ATG CAA AAT TAG CAA TCA CTC). The 

second cross-over event was obtained by spreading a diluted culture of first cross-over cells 

onto BHI containing X-gal (200 µg/ml) agar. White colonies tested sensitive to gentamicin 

were isolated and further confirmed by DNA sequencing after PCR amplification (upF + 

DnR). The open reading frame of epaB is composed of 789 bp (encoding 262 amino acids); 

726 bp starting from the start codon were deleted from the epaB mutant. The previously used 

counter selection medium MM9YEG supplemented with 10 mM p-CI-Phe was not successful 

in selecting for excision of pJH132 which we later found was due to severe inhibition of 

growth of the epaB deletion mutant by 10 mM p-CI-Phe. 

 

3.1.2 Cultivation and preparation of concentrated c onditioned media 

Bacteria were cultivated in BHI (BD, Sparks, USA) at 37°C under aerobic conditions (5% 

CO2). For preparation of concentrated conditioned media (conc CM) bacterial culture 

supernatant from an overnight culture was concentrated (factor 50) by using an Amicon Filter 

System (Millipore, Bellerica, USA) with an exclusion size of 10 kDa. 

 

 

 

 



 Material and Methods 
 

26 

3.1.3 Assessment of the gelatinolytic activity by c ultivation 

Bacterial cultures grown for 24 h in BHI medium were transferred (5 µL) onto BHI 

supplemented with 3% (w/v) gelatine. Plates were incubated for 24 h at 37°C (5% CO 2) 

followed by 6 h at 4°C. GelE production was indicat ed by zonal changes around the colonies.  

 

3.1.4 Assessment of GelE activity with an Azocasein  assay 

The GelE activity was assessed using an Azo-dye labeled Casein (Azocasein, Sigma 

Aldrich, Saint Louis, USA). Samples were incubated with 200 µL Azocasein (3 mg/mL) in 50 

mM Tris HCl, 150 mM sodium chloride and 1 mM calcium chloride in a 96 well plate at 37°C 

for one hour. 15% trichloroacetic acid (100 µL per sample) precipitated unconverted 

Azocasein which sticks to the bottom of the well plate after centrifugation (3000xg, 10 min). 

pH of supernatants (100 µL) was adjusted with 0.5 M NaOH (100 µL) to neutral, colour 

reaction was quantified by measuring the optical density at 440 nm. Subtilisin A from Bacillus 

licheniformis (Sigma Aldrich, Saint Louis, USA) was used as reference protease to calculate 

the protease activity in units/mL. 

 

3.1.5 Determination of gelatinolytic activity with zymography 

MMP-2 and MMP-9 activity was determined by using gelatine zymography, a gel-based 

activity assay. Recombinant murine pro-MMP2 and pro-MMP-9 (R&D systems, Wiesbaden-

Nordenstadt, Germany) was incubated with purified GelE or activated by pre-incubation with 

p-Aminophenylmercuric acetate (APMA) (Sigma Aldrich, Saint Louis, USA) for 1.5 h at 37°C. 

Samples were mixed with Laemmli without dithiothreitol and run through gelatine containing 

SDS gel (0.1% w/v gelatine). SDS was removed by shaking in 2.5% Triton X-100 (Roth, 

Karlsruhe, Germany) and protease activity was visualized after incubation overnight at 37°C 

with Coomassie staining. The activated form of MMP-9 could be further detected by silver 

staining which was purchased from Amersham Biosciences (Arlington Heights, USA) and 

performed according the manufacturer’s instructions. 

 

3.1.6 Biofilm formation 

Biofilm formation was assessed according to Baldassarri et al  [191]. 180 µL tryptic soy broth 

(TSB) supplemented with 1% glucose were inoculated with 20 µL of stationary phase 

cultures in polystyrene tissue culture plates and incubated overnight. Growth rates were 
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assessed by measuring the optical density (OD) at 600 nm. After three washing steps with 

phosphate buffered saline (PBS), plates were dried at 60°C for one hour and then stained 

with 2% Hucker’s crystal violet (Sigma Aldrich, Taufkirchen, Germany) for 2 minutes. Excess 

stain was removed by rinsing the plates thoroughly under tap water. Plates were dried for 10-

20 minutes at 60°C. Crystal violet staining was mea sured at 630 nm and biofilm formation 

was normalized to growth with the biofilm index (ODbiofilm x (0.5/ODgrowth))[192]. 

To determine biofilm thickness, E. faecalis cells were cultivated overnight in TSB 

supplemented with 1% glucose in collagen-coated chambers at 37°C with gentle shaking. 

Bacteria and liquid broth were removed carefully and carbohydrate structures in the biofilm 

were stained for 1 h using a 1:100 dilution of Alexa Fluor 488 labelled concanavalin A (con A) 

(Invitrogen, Carlsbad, USA) in PBS. The staining solution was replaced by PBS which was 

removed immediately before microscopic acquisition of biofilm images using an Olympus 

BX61 confocal microscope (Olympus, Hamburg, Germany). Biofilm thickness was calculated 

according to the number of acquired images and 3D illustrations were prepared using 

Volocity 5.4.1 software (PerkinElmar).    

 

 

3.1.7 Assessment of gene expression on transcriptio nal level using quantitative real 

time PCR (qRT-PCR) 

Bacteria were cultivated in BHI (BD, Sparks, USA) at 37°C under aerobic conditions. 

Expression of mRNA was determined after 4 and 6 h as indicated in the results section. 

Bacteria were lysed with Lysozym (40 mg/mL) and RNA was extracted by RNeasy Mini 

columns (Quiagen, Hilden, Germany) according the manufacturer’s instructions. 

Transcription to cDNA was performed with 100 ng of total RNA using a standard protocol for 

reverse transcription [193]. qRT-PCR was performed with 1 µL cDNA in a LightCycler 480 

system (Roche Diagnostics, Mannheim, Germany). For detection and quantification of genes 

of interest, we used SYBR green (Roche Diagnostics, Mannheim, Germany) to detect copies 

of cDNA and gene specific primers listed in table 4. Crossing points were determined and 

relative induction of gene mRNA expression was calculated according to the 2-∆∆Cp method 

as previously described [194]. Values were normalized to PyrC and GDH expression. To 

determine PCR products and primer specificity PCR amplicons were subjected to 

electrophoresis on agarose gels (2%).  
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Table 4. qPCR primer sequences for the detection of  virulence associated genes in 

E. faecalis. 

Gene Forward sequence Reverse sequence 

gelE 5´-ACCCCGTATCATTGGTTT-3´ 5´-ACGCATTGCTTTTCCATC-3´ 

sprE 5´-CCTGTCTGCAAATGCAGAAG-3´ 5´-CTGCCACTTCTTGTCTTCTG-3´ 

fsrB 5´-TGCTCAAAAAGCAAAGCCTTATAA-3´ 5´-GATGACGAGACCGTAGAGTATTACTGAA-3´ 

epaB 5´-GGGCGCCCTTTTCATACATGTGA-3´ 5´-GGTGGGTTCGATGAACGTTTCTTCA-3´ 

epaC 5´-CTGCCACAGTCGGATCTAACGGC-3´ 5´-AATCCAGGCCTAGCGACCGC-3´ 

epaD 5´-CGAAAGGCCATACCTGCCCCA-3´  5´-CGCACCCTGACATCCAAGTGGT-3´ 

epaG 5´-TCTGCACGCCACCAGTCTTCAT-3´ 5´-GCATGTCAACGATCGTGCAGGA-3´ 

epaN 5´-TGCCTGCCATTTGTGCATCGG-3´ 5´-AGTCCCAGTCGCAGCCACGA-3´ 

pyrC 5´- TTCAGCCGTATCTGGTAC-3´ 5´- AGAGAACCAGGCTTTACG-3´ 

gdh 5´- CAAGCATGGTTCCTATGG -3´ 5´- AGTGTTGTTCCGGTTACG -3´ 

      
 

 

3.1.8 Infection model Galleria mellonella (G. mellonella) 

G. mellonella larvae (HW-Terra KG, Germany) were infected with E. faecalis OG1RF and the 

mutant strains in order to assess enterococcal virulence. E faecalis strains were grown in 

BHI medium for 6 h at 37°C under aerobic conditions . Cells were, collected by centrifugation 

and washed once with PBS. Bacterial cell number was adjusted to 0.4x106 cfu/µL in PBS and 

aliquots were frozen at -80°C. Concurrent to bacter ial inoculation, serial dilutions of each 

aliquot were plated on BHI plates to confirm the adjusted cell number. G. mellonella larvae 

were sorted by weight (0.22-0.29 grams). Each larvae was infected at the second to last 

proleg with 5 µL of PBS containing 2x106 cfu or 5 µL PBS as control using a 20 µL syringe 

(Hamilton Bonaduz AG, Switzerland) and 0.210 x 51 mm needles (Hamilton Bonaduz AG, 

Switzerland). Per group 10 larvae were incubated at 37°C in a petri dish containing litter. The 

insect mortality was then monitored at 6-h intervals for 3 days post infection. Insect mortality 

was monitored at 6-h intervals for 3 days post infection. Experiments were repeated three 

times and resulting survival curves were statistically analyzed by log rank test (GraphPad 

Prism). 
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3.1.9 Infection model Caenorhabditis elegans (C. elegans) 

C. elegans N2 was maintained and cultivated as previously described [195]. For nematode 

infection, E. faecalis strains were cultivated under routine conditions overnight. Bacteria 

cultures were concentrated (10-fold) and spread on nematode growth medium (NGM) agar 

plates which were incubated at 37°C overnight. Plat es were equilibrated at room temperature 

before C. elegans L4 larvae were transferred individually onto the bacterial lawn of the 

respective E. faecalis strain or E. coli OP50 as control. Nematodes were transferred to fresh 

NGM plates with the corresponding feeding strain every second day. Worms were 

considered dead if they failed to respond to touch. The number of viable and killed worms 

was determined daily. Data are based on one experiment with 3 individual NGM plates per 

bacteria strain and 30-40 nematodes per plate. They were combined in survival curves which 

were statistically analyzed by log rank test using Prism 4.03 software (GraphPad software). 

 

 

3.2 Protein purification 

3.2.1 GelE purification from the culture supernatan t of enterococci strains 

GelE from E. faecalis was purified after a modified protocol from Mäkkinen et al [179]. 

Bacteria were cultivated in BHI medium (37°C, aerob ic condition) overnight and GelE 

containing supernatants were achieved by centrifugation (4500 rpm, 20 min). In order to 

remove some of the disturbing proteins from the supernatant 30% ammonium sulphate 

saturation (176 g/L) was implemented. The precipitates were removed by centrifugation 

(5500 rpm, 30 min) and GelE was precipitated by applying 60% ammonium sulphate 

saturation (addition 198 g/L). After centrifugation (5500 rpm, 30 min) precipitates were 

dissolved in 2 mL deionized H2O and then dialyzed against deionized H2O and 20 mM L-

Histidine (Roth, Karlsruhe, Germany), pH 6,0 for 24 h respectively. GelE was purified by 

Anion Exchange Chromatography using a Resource Q 4 mL column (Amershem 

Biosciences, Arlington Heights, USA). The binding buffer contained 20mM L-Histidine, the 

elution buffer included additionally 1 M NaCl, the flow rate was 4 mL/min. GelE containing 

fractions (tested with Azocasein) were pooled and concentrated using an Amicon Filter 

System (Millipore, Bellerica, USA) with an exclusion size of 10 kDa. The protein 

concentration was assessed with RotiQuant protein assay (Roth, Karlsruhe, Germany) 

according to the manufacturer’s instructions. The purity of GelE was determined by SDS-

PAGE (10 % acrylamide gel) followed by coomassie or silver staining. 
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3.2.2 Purification of the E. faecalis lipoprotein EF1362 

E. faecalis EF1362 was used as an unrelated protein control (UPC). The recombinant protein 

was overexpressed and purified as previously described [196] using a His6 tag fused to its N 

terminus. The ef1362 gene was amplified by PCR and cloned into the pQE30 vector 

(Qiagen, Hilden, Germany). The protein was expressed in the E. coli M15 (pREP4) strain 

carrying pQE30 vector containing the ef1362 gene. The production of His6-EF1362 was 

induced by the addition of 1 mM of isopropyl-D-thiogalactopyranoside. Cells were harvested 

by centrifugation, disrupted and the cell lysate was centrifuged in order to recover the soluble 

fraction of proteins. His-tagged EF1362 was purified using Ni-nitrilotriacetic acid columns 

from the Protino kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s 

instructions.  

 

3.3 Cell culture 

3.3.1 Transwell experiments: measurement of the tra nsepithelial electrical 

resistance and translocation across polarized intes tinal epithelial cells 

Ptk6 cells were kindly provided by R. Whitehead (Vanderbilt University, Nashville, 

Tennessee) and cultivated as described previously [197]. Cells grew at 33°C in RPMI-1640 

medium (Invitrogen, Carlsbad, USA) containing 5% fetal calf serum (FCS) (Biochrom, Berlin, 

Germany), 1 µg/mL Insulin-Transferrin-Selenium A (Invitrogen, Carlsbad, USA), 10 Units/ml 

murine IFN-γ and Antibiotic-Antimycotic (Invitrogen, Carlsbad, USA). For transwell 

experiments Ptk6 cells (3x105 cells/mL) were grown on 0.4 µm polyester Transwell filters 

(Costar Corning, Corning, USA) in cell culture medium without IFN-γ at 37°C. The colon 

carcinoma cell line T84 was used to validate the observed effects in Ptk6. T84 cells were 

cultivated in DMEM-F12 medium (Sigma Aldrich, Taufkirchen, Germany) and seeded for 

transwell experiments in density of 5x105 cells/mL. Cells were apically stimulated as 

indicated in the results section. The transepithelial electrical resistance (TER) was measured 

using a Volt-Ohm-meter by Millipore (Millipore, Schwalbach/TS, Germany). TER 

development was examined and cells were stimulated as indicated in the results section 

when TER values have reached a constant level. To measure translocation medium was 

replaced by Krebs solution containing 500 µg/mL sodium fluorescein or 1 µg/mL FITC-

Dextran 4000 (FD-4) or FITC-Dextran 10.000 (FD-10) (Sigma Aldrich, Taufkirchen, 

Germany) in the apical compartment. Basolateral medium was replaced by plain Krebs 

solution. The transwell plate was incubated at 37°C  under gentle shaking (100 rpm). After 1 h 
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translocated amounts were quantified in the basolateral compartment using a fluorimeter 

(Thermo Scientific, Waltham, USA). 

 

3.3.2 Translocation experiments with E. faecalis 

In order to test translocation of E. faecalis across polarized epithelial cells, the human colon 

carcinoma cell line T84 was used according to a previously published protocol [166,173]. 

Briefly, cells grew in DMEM/F12 medium (Sigma Aldrich, Taufkirchen, Germany) including 

10% FCS (Biochrom, Berlin, Germany) on 3 µm polyester Transwell filters (Costar Corning, 

Corning, USA) until they have reached maximal polarity and transepithelial electrical 

resistance remained constant. Cells were apically stimulated with 8x107 cfu/well and kept at 

37°C. Basolateral aliquots were plated on BHI agar after 6 h in order to assess number of 

translocated bacteria. 

 

3.4 Ussing chamber experiments 

In order to investigate the influence of E. faecalis GelE on distal colonic tissue resistance and 

translocation of sodium fluorescein from the luminal to the basolateral side we used Ussing 

chamber systems (Easy mount chambers, Physiologic instruments, San Diego, USA). The 

technical details and the principle of the measurement have been described previously [198]. 

We used colon segments from specific pathogen free (SPF) housed IL-10-/-, Rag2-/- mice 

(with and without transferred CD4+ T cells), NOD2 deficient (NOD2-/-) mice and conventional 

housed heterozygous TNF∆ARE/Wt, a mouse model for experimental ileitis [199],. Distal colon 

from susceptibility models for intestinal inflammation and their adequate Wt counterparts 

(129Sv/Ev or C57BL/6) was prepared as whole mount into slider with a recording area of 

0.25 cm2. Human colonic tissue samples were obtained from 6 bowel cancer patients 

undergoing surgery at the departments of surgery at the University Hospital of the Technical 

University Munich and the Clinical centre in Freising. Human tissue was dissected and the 

mucosa was mounted into slider with a recording area of 0.5 cm2. Apical and basolateral 

sides were bathed separately in 3 mL Krebs solution. The bath was maintained at 37°C and 

aerated continuously with Carbogen (95% O2 and 5% CO2). After an equilibration period of 

45 min, the Krebs solution in both compartments was replaced by 3 ml fresh Krebs solution 

containing sodium fluorescein (500 µg/mL) in the mucosal compartment and plain Krebs 

solution in the basolateral compartment. Purified GelE or UPC (10 µg/mL) were added to the 

apical part of the chamber system. TER was calculated from the short circuit current and the 

resulting voltage difference. After 5 h the tissue was disintegrated and incorporated in lysis 
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buffer for subsequent Western blot analysis. Translocated sodium fluorescein was measured 

in 100 µL aliquots from basolateral compartments using a fluorimeter (Thermo Scientific, 

Waltham, USA). 

 

3.5 Histological and immunohistochemical methods 

3.5.1 H&E staining and histological scoring 

Paraffin embedded tissue sections (5 µm) from distal colon were deparaffinised and stained 

with hematoxylin and eosin. Histological scoring was done in a blinded fashion by assessing 

the degree of lamina propria mononuclear cell infiltration, crypt hyperplasia, goblet cell 

depletion and architectural distortion as previously described [200]. Scores ranging between 

0 (non-inflamed) to 12 (severe inflammation) indicate the inflammatory state.  

 

3.5.2 Alcian blue staining 

Paraffin embedded tissue sections (5 µm) from distal colon were deparaffinised (two 

changes in xylene for 3 min each, 2 min in 100% ethanol, 2 min in 96% ethanol, 1 min in 

70% ethanol). Specimen were washed with H2Odest for 2 min and then incubated for 5 min in 

1% Alcian Blue solution (Neolab, Heidelberg, Germany). After a washing step with H2Odest for 

3 min, nuclei were stained using Nuclear Fast Red (Roth, Karlsruhe, Germany). Specimen 

were re-hydrated and covered with mounting medium (Roth, Karlsruhe, Germany). 

 

3.5.3 Immunofluorescence staining in vivo and in vitro 

Standard immunohistochemical procedures were performed to stain gram positive bacteria 

(anit-lipoteichoic acid antibody), β-Catenin (Anti-β-Catenin from Invitrogen, Carlsbad, USA), 

extracellular E-Cadherin (Anti-E-Cadherin from SantaCruz sc-8426, Heidelberg, Germany) 

and intracellular E-Cadherin (Abcam ab76055, Cambridge, UK) in paraffin embedded tissue 

sections. Paraffin embedded tissue sections (5 µm) from distal colon were deparaffinised 

(two changes in xylene for 3 min each, 2 min in 100% ethanol, 2 min in 96% ethanol, 1 min in 

70% ethanol). After 2 min in deionized H2O antigen unmasking was achieved through heat 

treatment in 10 mM sodium citrate (pH 6,0). Therefore the specimens were cooked in a 

tender cooker for 23 min in the microwave. Specimens were cooled at room temperature for 

30 min. To block unspecific binding specimen were incubated in 5% normal goat serum in 
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PBS including 0.3% Triton-X 100 for 30 min. Primary antibodies were diluted (1:100) in 

antibody diluent buffer containing 1% BSA and 0.3% Triton-X 100 in deionized H2O. 

Specimens were incubated with the antibodies at 4°C  over night. The slides were washed in 

3 changes of PBS over 15 min. Alexa Fluor 488 goat anti rabbit IgG (Invitrogen Molecular 

Probes, Carlsbad, USA) and Alexa Fluor 546 goat anti mouse IgG (Invitrogen Molecular 

Probes, Carlsbad, USA) were applied to the specimen in a 1:200 dilution in antibody diluent 

buffer also containing DAPI (Invitrogen, Carlsbad, USA) as counterstaining for the nuclei for 

one hour at room temperature. Slides were washed three times with PBS, 3 min each, and 

mounted in vectashield (Vector laboratories). 

Ptk6 and T84 cells were fixed with 4% formalin on transwell inserts and stained with anti-E-

Cadherin (SantaCruz sc-7870, Heidelberg, Germany) describing the extracellular domain of 

the protein, anti-E-Cadherin (Abcam ab76055, Cambridge, UK) describing the intracellular 

domain of the protein, anti-Occludin (Invitrogen, Carlsbad, USA) and anti-Zonula occludens 1 

(ZO-1) (Invitrogen, Carlsbad, USA) after stimulation as indicated in the results section. 

Bacteria were stained with anit-LTA antibody. Alexa Fluor 488 goat anti rabbit IgG and Alexa 

Fluor 546 goat anti mouse IgG (Invitrogen, Carlsbad, USA) were used to detect the proteins. 

Nuclei were stained with DAPI (Invitrogen, Carlsbad, USA). Confocal microscopy was 

performed using a Leica SP5 confocal microscope. 

 

3.6 Mice, bacterial monoassociation and isolation o f primary IEC 

The experiments with IL-10-/- and Wt mice were performed in collaboration with RB Sartor in 

the gnotobiotic facility of the University of North Carolina, Chapel Hill. Germ-free IL-10-/- and 

Wt mice on the 129S6/SvEv background were monoassociated at 15-18 weeks of age with 

E. faecalis OG1RF and the mutant strains ∆gelE and ∆fsrB by oral gavage and rectal swab. 

Animal use protocols were approved by the Institutional Animal Care and Use Committees of 

the University of North Carolina at Chapel Hill. Primary colonic IEC were isolated and purified 

as described previously [193]. Briefly, colonic tissue was disintegrated in little pieces and 

incubated in DMEM (Invitrogen, Carlsbad, USA) containing 10% FCS (Invitrogen, Carlsbad, 

USA) and 1 mM dithiothreitol at 37°C for 30 min. Th e suspension was filtered and the 

remaining tissue was incubated in 30 mL phosphate buffered saline (PBS) containing 1.5 

mM EDTA for 10 min at 37°C. After another filtratio n and centrifugation step (400 g, 5 min) 

the cell pellet was suspended in DMEM with 5% FCS. Primary IEC were purified by 

centrifugation through a 20%/40% discontinuous Percoll gradient at 600 g for 30 min. Finally 

primary IEC were collected in lysis buffer or in Trizol (Invitrogen, Carlsbad, USA) for 

subsequent Western Blot analysis and RNA isolation respectively. 
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3.7 Western Blot analysis 

Primary isolated IEC were mixed 1:1 with Laemmli buffer, whereas Ptk6 cells were directly 

harvested with Laemmli. After heat denaturation (95°C, 10 min) equal amounts (30 µg in the 

case of cells, 50 µg of IEC) samples were subjected to 7, 10 or 15% acrylamid gels 

depending on the molecular weight of the protein of interest. After electrophoresis proteins 

were transferred on PVDF membranes (Millipore, Schwalbach, Germany) using a Trans Blot 

SD Semi Dry Transfer Cell System (peQLab, Erlangen, Germany). Membranes were blocked 

in 5% milk to prevent unspecific binding of the antibodies. Anti-E-Cadherin (Santa Cruz sc-

7870, Heidelberg, Germany) which is raised against amino acids 600-707 mapping the 

extracellular domain of the protein, anti-E-Cadherin (Abcam ab76055, Cambridge, UK) which 

binds to the intracellular domain of the protein, anti-occludin, anti-Claudin 1,  anti-Claudin 4 

(Invitrogen, Carlsbad, USA), anti-JAM-A (SantaCruz, Heidelberg, Germany), anti-β-Catenin 

(Cell signalling, Boston, USA) and anti-β-actin (MP Biomedicals, Solon, USA) were used with 

the respective HRP-conjugated secondary antibody (Dianova, Hamburg, Germany) to detect 

immunoreactive proteins with an enhanced chemiluminescence light-detection kit (GE 

Healthcare, Buckinghamshire, UK). 

 

Table 5. Primer sequences for qPCR.  

Protein Gene Forward sequence Reverse sequence 

E-Cadherin Cdh-1 5’-ATCCTCGCCCTGCTGATT-3’ 5’-ACCACCGTTCTCCTCCGTA-3’ 
JAM-A F11r 5’-AGAACAAAGAAAGGGACTGCAC-3’ 5’-ACCAGGAACGACGAGGTCT-3’ 
Occludin ocln 5’-CACGACAGGTGGGGAGTC-3’ 5’-TTGATCTGAAGTGATAGGTGGATATT-3’ 
Claudin-1 cldn1 5´-CCCTTGACCCCCATCAAT-3´ 5´-ACACCTCCCAGAAGGCAGA-3´ 
Claudin-2 cldn2 5´-CCAGTGCGATATCTACAGTACCC-3´ 5´-TGCACTGGACGTCACCAT-3´ 
Claudin-4 cldn4 5´-CGGGCAGAAGAGGGAAAT-3´ 5´-TGCTACGAGGTGGGCAAC-3´ 
ZO-1 Tjp-1 5´-AGGCAGCTCACGTAGGTCTC-3´ 5´-GGTTTTGTCTCATTTCTTCAG-3´ 
TNF tnfa 5´-TGCCTATGTCTCAGCCTC-3´ 5´- GAGGCCATTTGGGAACTTCT-3´  
IFN-γ ifng 5´-GGAGGAACTGGCAAAAGGAT-3´ 5´-TTCAAGACTTCAAAGAGTCTGAGG-3´ 
Mucin 2 muc2 5´- GGCAGTACAAGAACCGGAGT-3´ 5´-GGTCTGGCATGCCTCGAA-3´ 
MMP-2 mmp2 5’-CAGGAGGAGAAGGCTGTGTT-3’ 5’-GGTCAGTGGCTTGGGGTAT-3’ 
MMP-9 mmp9 5’-ACGACATAGACGGCATCCA-3’ 5’-GCTGTGGTTCAGTTGTGGTG-3’ 
GAPDH gapdh 5’-TCCACTCATGGCAAATTCAA-3’ 5’-TTTGATGTTAGTGGGGTCTCG-3’ 
        

 

3.8 RNA isolation, reverse transcription and qRT-PC R 

RNA was extracted using Trizol Reagent (Invitrogen, Carlsbad, USA) according to the 

manufacturer’s instructions. Transcription to cDNA was performed with 1 µg of total RNA 
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using a standard protocol for reverse transcription [193]. Real time PCR was performed with 

1 µL cDNA in a LightCycler 480 system (Roche Diagnostics, Mannheim, Germany). For 

detection and quantification of genes of interest we used the Universal Probe Library system 

(Roche Diagnostics, Mannheim, Germany) with specific primers listed table 5. Crossing 

points were determined and relative induction of gene mRNA expression was calculated 

according to the 2-∆∆Cp method as previously described [194]. Values were normalized to 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. 

 

3.9 Degradation of recombinant E-Cadherin 

Recombinant murine E-Cadherin (Leinco, St. Louis, USA) (500 ng) was incubated with 

purified GelE (100 and 250 ng) or APMA-activated MMP-9 (500 ng) at 37°C. After SDS-Page 

on a 7% or 5% polyacrylamide gel proteins were stained with Flamingo (Biorad, Hercules, 

USA) and visualized with a typhoon TRIO+ variable mode imager (GE Healthcare, 

Buckinghamshire, UK). 

 

3.10 Identification of proteins and cleavage sites using LC-MS/MS analysis 

To determine possible impurities in our purified protein samples of GelE from E. faecalis 

OG1RF, CD11 and UC7, we subjected the samples to LC-MS/MS analysis. Furthermore, in 

order to identify possible GelE cleavage sites in murine recombinant E-Cadherin, E-Cadherin 

(1 µg) was incubated with GelE (100 ng and 250 ng) for 5 seconds prior to heat-inactivation. 

Proteins from purified GelE samples as well as from GelE-treated E-Cadherin samples were 

further denaturated as previously described [201] by adding urea in 50 mM triethylammonium 

bicarbonate (TEAB) to a final concentration of 8 M. Cystein residues were reduced with 10 

mM dithiothreitol for 30 minutes at 56°C prior to a lkylation with 100 mM iodoacetamide for 60 

minutes. The samples were diluted with 50 mM TEAB to a final urea concentration of 2 M. 

After addition of 20 ng Trypsin (Promega), the proteins were digested over night. Desalting 

and concentration of peptides prior to LC-MS/MS was performed with StageTips[202]. LC-

MS/MS measurements were performed on an amaZon ETD mass spectrometer (Bruker 

Daltonik, Bremen, Germany) coupled to an easy-nLC (Proxeon, DK). Peptides were 

separated on a self packed 0.075x15 cm reversed-phase column (Reprosil, Dr. Maisch, 

Ammerbuch, Germany) using a 30 minutes linear gradient (0-35% acetonitrile in 0.1% formic 

acid, flow rate 300 nL/min). Intact masses of eluting peptides were determined in enhanced 

scan mode and the ten most intense peaks were selected for further fragmentation by 
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collision-induced dissociation (CID) and acquisition of fragment spectra in ultra scan mode. 

Singly charged ions as well as ions with unknown charge state were rejected. Dynamic 

exclusion was enabled and dynamic exclusion duration was set to 10 seconds. Peaklist files 

were generated using DataAnalysis 4.0 (Bruker Daltonik, Bremen, Germany) and database 

searches were performed using the Mascot search engine version 2.3 (Matrix Science, 

London, UK) with a parent ion tolerance of 0.3 Da and a fragment ion tolerance of 0.5 Da 

against the NCBInr database (07/20/2010) considering oxidation of methionine (15.99 Da), 

carbamidomethylation of cystein residues (57.01 Da) and semi-tryptic peptides. Search result 

files were imported into Scaffold 3.0 (Proteome Software, Portland, Oregon) and all peptide-

spectrum matches with a Mascot ion score greater than 40 were accepted. Normalized 

spectrum abundance factors were calculated according to Zybailov et al [203].  

 

3.11 Determination of GelE antigenicity 

To investigate whether GelE was able to stimulate an immune response we used a protocol 

which has been already described in detail [204]. Briefly, T cell depleted splenocytes (antigen 

presenting cells, APC) from SPF 129SvEv mice were either pulsed with bacterial lysates 

from E. faecalis OG1RF or ∆gelE at a concentration of 10 µg/mL or with purified GelE (10 

µg/mL) over night. Keyhole limpet hemocyanin (KLH) was used as an unrelated antigen 

control. APC were collected and co-cultured with CD4+ T cell which were isolated from 

mesenteric lymph nodes of E. faecalis OG1RF monoassociated IL-10-/- mice. The IFN-γ 

response in the supernatants was evaluated using an enzyme-linked immunosorbent assay 

(BD, Sparks, USA) after 3 days of cultivation.  

 

3.12 DNA laddering 

The DNA laddering kit from BioVision (Apoptotic DNA Ladder Extraction Kit, BioVision, 

Mountain View, USA) was used to investigate the apoptotic potential of E. faecalis GelE. 

Ptk6 cells were stimulated in 6 well plates with conc CM from E. faecalis OG1RF and ∆gelE, 

purified GelE and a combination of Breveldin A and Staurosporin (0.5 µM each). After 24 h 

cells were harvested (including the already detached cells in the supernatant) and 

fragmented DNA was extracted according to the manufacturer’s instructions. 
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3.13 Wnt reporter assay 

The human embryonic kidney cell line HEK293 has been used to study the effect of purified 

GelE on the induction of the Wnt pathway. Cells grew in DMEM medium (Invitrogen, 

Carlsbad, USA) supplemented with 10% FCS (Biochrom, Berlin, Germany) and 5% non 

essential amino acids (Invitrogen, Carlsbad, USA). Cells were incubated with the multi 

transfection mix including vectors for TOP/FOP, Renilla, Wnt, pcDNA 3 and Lipofectamin 

LTX reagent (Invitrogen, Carlsbad, USA) for 4 h.  The plasmids have been provided by 

Korinek and Clevers. Afterwards cells were stimulated with purified GelE in different 

concentrations for 20 h. Chemoluminescence was determined by using a luminometer. The 

ratio between TOP and FOP values represents the induction of Wnt pathway.       

 

3.14 Statistical analysis 

Data are expressed as mean values ± standard deviation (SD). Statistical examinations were 

performed by using Sigma Plot 11.0 software. Data comparing different groups or treatments 

were analyzed with one way ANOVA. If normality test failed, data were evaluated using 

ANOVA on ranks and all pair wise multiple comparison procedures were performed 

according to Tukey or Student-Newman-Keuls Method. Differences were considered 

significant if p-values are ≤ 0.05 (*) or ≤ 0.001 (**). 
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4 Results 

4.1 Characterization of the gelatinolytic ability o f E. faecalis 

4.1.1 GelE expression in E. faecalis OG1RF, its isogenic mutant strains and non-

characterized isolates from IBD patients 

The impact of E. faecalis GelE on the development of intestinal inflammation in vivo has 

been investigated by the work of Micha Hoffmann [185]. The monoassociation of IL-10-/- mice 

with the GelE expressing E. faecalis strain OG1RF and isogenic mutant strains lacking GelE 

expression revealed a significant reduction of pathology in the absence of GelE [205]. To 

elucidate the pro-inflammatory mechanism of GelE, the proteolytic activity was evaluated and 

characterized in the GelE expressing E. faecalis strain OG1RF and the isogenic mutant 

strains TX5364 (∆gelE) and TX5266 (∆fsrB) both lacking gelE expression. To show 

specificity for the GelE mediated-effect, the strains TX5439 (∆gelE reconstituted strain) and 

TX5266.01 (∆fsrB reconstituted strain) were used. Protease expression in the reconstituted 

mutants was induced by an erythromycin sensitive gelE or fsrB containing vector. All strains 

grew equally well in BHI medium under aerobic conditions at 37°C (figure 6). 

 

Figure 6: Growth curves of E. faecalis strains in BHI medium.  OD was measured at 600 
nm over time in bacterial cultures which were aseptically inoculated with 1% from an 
overnight culture. Bacteria grew under aerobic conditions in BHI medium at 37°C. The data 
represent biological triplicates from one of three independent experiments.  
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The gelatinolytic activity of the strains was tested with gelatine containing BHI agar. The 

results show that all strains produced an enzyme able to degrade gelatine as demonstrated 

as halos around the colonies (figure 7A). An Azocasein activity assay revealed the proteolytic 

activity in concentrated conditioned media (conc CM), which was prepared as a 50 fold 

concentration of supernatants from 24 h bacteria cultures of the different strains. As 

expected the isogenic mutants ∆gelE and ∆fsrB did not produce GelE in comparison to 

OG1RF and the reconstituted strains TX5439 and TX5266.01 (figure 7B).      

 

Figure 7: Determination of proteolytic activity in E. faecalis OG1RF and the isogenic 
mutant strains.  Bacteria grew on gelatine containing BHI agar overnight at 37°C. Colony 
surrounding halos represent degradation of gelatine (A). The proteolytic activity in the conc 
CM was determined with an Azocasein activity assay. Subtilisin A from Bacillus licheniformis 
was used as reference protease to calculate the protease activity in Units/mL. Values 
represent triplicates from one of three independent experiments (B). 

 

In order to elucidate whether GelE production is relevant in human IBD, faecal samples from 

IBD patients and one healthy volunteer were screened for GelE producing E. faecalis strains. 

16S-23S ribosomal DNA intergenic spacer region sequencing identified the species 

possessing a gelatinolytic activity. With this method, GelE producing E. faecalis stains CD11 

and CD18.1 could be isolated from the faeces of CD patients, UC7 and UC28.1 from the 

faeces of UC patients and AH114 from the faeces of a healthy volunteer. GelE activity of the 
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different strains was confirmed with gelatine containing BHI agar (figure 8A). Growth curves 

in BHI medium revealed that CD isolate CD28.1 and AH114 from the healthy control did not 

reach such high density cultures as the other strains (figure 8B). Furthermore gelE mRNA 

expression was determined in the bacteria after 6 h growth in BHI medium at 37°C under 

aerobic conditions. Proteolytic activity of GelE was assessed in conc CM from 24 h bacteria 

cultures. The results demonstrate that GelE expression and activity was approximately half 

compared to GelE from OG1RF under the conditions that have been tested suggesting that 

all isolated strains possess the ability to produce functional GelE, but the amount or activity 

might be strain-specific or dependent on environmental influences (figures 8C and D).         
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Figure 8: Growth and determination of GelE expressi on and activity in E. faecalis 
isolates from IBD patients.  E. faecalis strains possessing a gelatinolytic activity on gelatine 
containing BHI agar were isolated from faecal samples (A). Growth curves were calculated 
by measuring the OD at 600 nm over time in bacterial cultures which were aseptically 
inoculated with 1% from an overnight culture. Bacteria grew under aerobic conditions in BHI 
medium at 37°C. The data represent biological dupli cates from one of three independent 
experiments (B). GelE production was assessed on transcript-level normalized to gdh and 
pyrC expression in the bacteria after 6 h growth in BHI medium (N=3) (C). Proteolytic activity 
in the concentrated conditioned media (conc CM) from E. faecalis strains was determined 
using an Azocasein activity assay (N=3) (D). Statistically significant differences are 
calculated by one way ANOVA and marked as follows: *p≤0.05, **p≤0.001. 

 

4.1.2 GelE purification using anion exchange chroma tography 

In order to provide final evidence for the E. faecalis GelE-mediated effects, the protease was 

purified from the culture supernatant by using anion exchange chromatography. Before 

chromatographic fractionation, GelE was precipitated with 60% ammonium sulphate 

saturation. The appropriate concentration of ammonium sulphate was determined with an 

Azocasein assay which demonstrated that GelE fully precipitated at 55% ammonium 

sulphate saturation (figure 9A). All fractions from the chromatographic separation were tested 

for proteolytic activity with an Azocasein assay which revealed that GelE eluted in fractions 

A4 till A10 (figure 9B).  

The protease positive fractions were unified and tested for purity with SDS-PAGE followed by 

Coomassie staining (figure 10A). The distinct protein with the size of about 32-34 kDa could 

be significantly identified as E. faecalis GelE with MALDI-TOF MS analysis. The E. faecalis 

lipoprotein EF1362 was purified with affinity chromatography and used as E. faecalis 

unrelated protein control in the experiments of the study. GelE was purified from the culture 

supernatant of E. faecalis OG1RF and TX5439 (figure 10A). Purified GelE from OG1RF and 

TX5439 exhibited a comparable proteolytic activity in the conc CM of the respective strains 

(figure 10B). Furthermore GelE from IBD isolates CD11 and UC7 was purified according to 

the same protocol. However, the activity of purified GelE from CD11 and UC7 was 

significantly lower to GelE from OG1RF. Silver staining revealed additional proteins which 

were more abundant in the GelE samples from IBD isolates (figure 3C). Despite the fact that 

GelE was the most abundant protein, LC-MS/MS analysis identified a set of other proteins in 

those samples listed in table 6 which might be responsible for the lower proteolytic activity in 

those samples. 
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Figure 9: GelE purification from the culture supern atant of E. faecalis OG1RF. GelE 
activity was assessed with Azocasein assay in the bacterial culture supernatant of OG1RF 
after Ammonium sulphate precipitation at different saturation concentrations (A). GelE was 
precipitated with 60% ammonium sulphate saturation from 1 litre OG1RF culture, resuspend 
in 4mL starting buffer and applied to anion exchange chromatography. Measurement of the 
absorbance units reflects the elution of proteins (B). 
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Figure 10: Characterization of purified GelE from E. faecalis. SDS PAGE followed by 
Coomassie staining demonstrates purity of purified GelE from E. faecalis strains OG1RF and 
TX5439 (A). Purified GelE was proteolytically active in an Azocasein activity assay (N=3) (B). 
Proteolytic activity from the purified GelE samples was significantly lower to GelE from 
OG1RF. Silver stain revealed more additional proteins in those samples (N=3) (C). 
Statistically significant differences are calculated by one way ANOVA and marked as follows: 
*p≤0.05. 

 
 

4.1.3 Inhibition of GelE activity by EDTA, heat tre atment and Marimastat  

For further characterization of GelE specificity, various protease inhibitors have been tested 

to inhibit proteolytic activity. Finally, GelE activity could be inhibited by EDTA, heat treatment 

and the broad spectrum MMP inhibitor Marimastat (figure 11A). The inhibitory kinetic of 

Marimastat differs between bacterial GelE and host-derived MMPs which might be due to the 

comparatively high concentration of GelE necessary for the Azocasein Assay. The half 

maximal inhibitory concentration (IC50) of Marimastat was calculated to be 183.12 µM for 

GelE inhibition (figure 11B).  
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Table 6. Abundance estimation and enumeration of id entified proteins in purified GelE 

samples from E. faecalis OG1RF, CD11 and UC7  
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Figure 11: Inhibitors for E. faecalis GelE. GelE activity can be inhibited by EDTA, 
Marimastat and heat treatment (inactivated) (A). The IC50 for the inhibition of GelE activity 
could be calculated for Marimastat to be 183.12 µM (B). 

  

4.1.4 E. faecalis GelE is not inducing apoptosis and is not an antig enic structure 

One of the first proposed mechanisms for the pro-inflammatory effect that has been 

observed for E. faecalis GelE in vivo was the induction of apoptotic pathways. In order to 

investigate whether GelE exhibits pro-apoptotic features, Ptk6 cells were stimulated with 

conc CM of E. faecalis OG1RF, ∆gelE and purified GelE for 24 h and apoptosis was 

determined by DNA laddering. This analysis revealed that GelE is not inducing apoptosis in 

contrast to Breveldin A and Staurosporin, a combination that has been used as pro-apoptotic 

stimulus (figure 12A). To determine whether GelE evokes an antigen-specific T cell 

response, MLN-derived CD4+ T cells from E. faecalis OG1RF monoassociated IL-10-/- mice 

were co-cultured with antigen presenting cells (APC) that had been pulsed with bacterial 

lysates from E. faecalis OG1RF and ∆gelE, as well as with purified GelE and KLH as 

negative control. Interestingly, the antigenic capacity of GelE seemed not to be associated 

with the development of tissue pathology in OG1RF monoassociated IL-10-/- mice, as purified 

GelE did not trigger interferon-γ responses in the APC-T cell co-culture system (figure 12B). 

In addition, lysates from Wt E. faecalis and ∆gelE triggered comparable IFN-γ responses in 

activated T cells, clearly supporting the hypothesis that antigen-independent mechanisms 

are important for the disease promoting effects of GelE.  
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Figure 12: Impact of E. faecalis GelE on apoptosis and its antigenic potential.  In 
contrast to Bereveldin A and Staurosporin, GelE did not induce apoptosis in Ptk6 cell which 
have been stimulated with conc CM of E. faecalis OG1RF and ∆gelE or purified GelE for 24 
h. Apoptosis was determined by DNA laddering (A). To test antigenicity of GelE, splenic APC 
from Wt mice were pulsed with KLH (negative control), purified GelE, or bacterial lysates 
from E. faecalis OG1RF and ∆gelE (10 µg/mL) for 18 hr. APC were co-cultured with CD4+ T 
cells from E. faecalis OG1RF monoassociated mice. Supernatants were collected after 72 hr 
and IFN-γ was measured by immunosorbent assay. Values represent mean ± SD of IFN-γ 
concentration in triplicate co-culture supernatants from 4 animals (B).    

 

4.1.5 E. faecalis GelE does not possess a mucolytic activity 

One possible mechanism for bacterial proteases to be involved in the development of 

intestinal inflammation is the degradation of glycoproteins in the intestinal outer mucus layer. 

This feature can be beneficial or harmless for the host, depending on the protease-producing 

microorganism. However, mucolytic activity enables the microorganism itself or allows other 

bacteria to get closer to the intestinal epithelial cell layer. Despite the fact that enterococci 

are members of the intestinal mucosa-associated microbiota, possibly due to the fact that 

they are able to form biofilms, there is only weak evidence for the ability to digest mucus or 

mucin glycoproteins. Staining of acidic mucus substances using Alcian blue revealed a 

strong reduction of mucus in IL-10-/- mice monoassociated with the GelE producing 

E. faecalis strain OG1RF. The animals colonized with the GelE lacking strains ∆gelE and 

∆fsrB showed similar mucus production compared to GF controls (figure 13A). Accordingly, 
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transcript level of MUC2, the most prominent mucin expressed in the colon, is reduced in 

isolated IEC of OG1RF monoassociated IL-10-/- mice (figure 13B).  

 

 

 

Figure 13: Impact of E. faecalis GelE on intestinal mucus production and degradatio n. 
Acidic mucus in the distal colon was stained with Alcian blue in paraffin embedded tissue 
sections of E. faecalis monoassociated mice (A). MUC2 mRNA expression revealed no 
differences neither between the different colonized E. faecalis strains nor between wt and IL-
10-/- mice (B). Purified GelE was incubated for 1 h at 37°C with scratched mucus from the 
colon of IL-10-/-,  TNF∆ARE/Wt and their respective Wt mice. Mucus proteins were separated 
with SDS PAGE and visualized with coomassie (C and D). 
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Mucins are produced and secreted by goblet cells whose number is decreased under 

inflamed conditions. The reduction in mucus staining and the lower transcript level of MUC2 

is a result of a decreased number of goblet cells in the OG1RF monoassociated IL-10-/- mice. 

GelE producing E. faecalis strains from IBD patients (UC7, UC28.1 and CD11) and from a 

healthy volunteer (AH114) did not degrade type III porcine gastric mucin in an in vitro assay 

[10]. Furthermore, purified GelE from E. faecalis OG1RF did not alter the protein pattern of 

scratched mucus from IL-10-/- and TNF∆ARE/Wt mice or their respective Wt counterparts 

providing concurrent evidence that E. faecalis GelE is not able to digest intestinal mucus 

(figure 13C and D).      

 

 

4.2 E. faecalis GelE impairs barrier integrity of intestinal epith elial cells 

4.2.1 GelE disrupt barrier function of IEC 

Proteases from pathogenic bacteria often target barrier function of IEC in order to infect the 

host. The impact of E. faecalis GelE on barrier function of IEC was addressed with transwell 

experiments in Ptk6 cells, a murine colonic epithelial cell line that forms polarized 

monolayers. The conc CM of GelE producing strains OG1RF, TX5439 and TX5266.01 

significantly decreased the transepithelial electrical resistance (TER) of cells after 24 h apical 

stimulation (figure 14A). The GelE lacking strains ∆gelE and ∆fsrB had no impact on TER 

values. The functional disruption of barrier integrity mediated by GelE could be confirmed 

with a significantly higher translocation rate of sodium fluorescein from the apical to the 

basolateral side of the chamber system (figure 14B).  
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Figure 14: Production of GelE in E. faecalis mediates loss of barrier function in 
cultivated intestinal epithelial cells.  Ptk6 cells were apically stimulated with 50 µL conc 
CM of E. faecalis OG1RF, ∆gelE, ∆sprE, ∆fsrB and TX5439 (∆gelE reconstituted strain), 
TX5266.01 (∆fsrB reconstituted strain). Barrier function was assessed after 24 h by 
measuring the transepithelial electrical resistance (TER) (A) and translocation of sodium 
fluorescein (B). Values represent triplicates from one of three independent experiments. 
Statistically significant differences are calculated by one way ANOVA and marked as follows: 
**p≤0.001. 

 

The physiological relevance of the so far described results is based on the fact that 

enterococci belong to the commensal inhabitants of the human gastrointestinal tract. In order 

to proof that GelE from faecal E. faecalis isolates of IBD patients and a healthy volunteer 

exhibit the same effect, Ptk6 cells were apically stimulated with conc CM from E. faecalis 

strains CD11, CD28, UC7, UC18 and AH112. Although the proteolytic activity was adjusted 

to the same amount, GelE from the isolated strains had not the same potential to break 

epithelial integrity as GelE from OG1RF (figure 15A). This is especially obvious with respect 

to the translocation data of sodium fluorescein (figure 15B).   
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Figure 15: GelE-mediated effect of E. faecalis isolates from IBD patients on barrier 
function of Ptk6 cells. Equal proteolytic activity of conc CM from E. faecalis strains OG1RF, 
AH114 and the IBD isolates CD11, CD18.1, UC7 and UC28.1was used for apical stimulation 
of Ptk6 cells for 24 h. TER (A) and translocation of sodium fluorescein (B) was evaluated to 
determine the GelE effect on barrier function. Values represent triplicates from one of three 
independent experiments. Statistically significant differences are calculated by one way 
ANOVA and marked as follows: *p≤0.05, **p≤0.001. 

 

Additional experiments with purified proteolytically active GelE from OG1RF, TX5439 and 

TX5243, the ∆sprE mutant, and the IBD isolates CD11 and UC7 revealed that GelE, derived 

from the OG1RF background, exhibited the same barrier breaking effect. In contrast, GelE 

from the faecal isolates CD11 and UC7 had not such a strong impact (figure 16A and B). 

However, these results clearly show that GelE is the mediator of action and not another 

secreted component of the bacteria. The differences between GelE from different E. faecalis 

strains might originate from impurities in the GelE samples from IBD isolates containing other 

E. faecalis-derived proteins. Further evaluation of the GelE effect on barrier function could be 

demonstrated with purified GelE, heat-inactivated GelE and inhibited GelE with the broad 

spectrum MMP inhibitors Marimastat. Inhibited or inactive GelE had no impact on TER 

values or increased translocation of sodium fluorescein (figure 16C and D). Accordingly, 

proteolytic activity is required to disrupt epithelial barrier integrity, suggesting that GelE 

regulate or degrade barrier promoting proteins.  
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Figure 16: Evaluation of the GelE-mediated barrier disruption using purified GelE and 
the inhibitor Marimastat.  Equal proteolytic activity of GelE from E. faecalis OG1RF, ∆sprE, 
TX5439 and the IBD isolates CD11 and UC7 was used to apically stimulate Ptk6 cells for 24 
h. GelE from CD11 and UC7 did not reduce barrier function to the same extent as GelE from 
the OG1RF background (A and B). After 15 min pre-incubation with GelE Marimastat 
inhibited the GelE mediated disruption of barrier function. Further specificity could be 
demonstrated by using heat-inactivated GelE and the E. faecalis lipoprotein 1362 as 
unrelated protein control (UPC) (C and D). Values represent triplicates from one of three 
independent experiments. Statistically significant differences are calculated by one way 
ANOVA and marked as follows: *p≤0.05, **p≤0.001. 
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The GelE-mediated effect is concentration dependent providing further evidence for an 

unspecific degradation mechanism that requires a certain concentration of the protease 

(figure 17A). The GelE-mediated disruption of barrier integrity could be further characterized 

by using different permeability markers with different sizes. The bigger the molecule the 

lower the translocation rate after GelE treatment. Of note, even the biggest permeability 

marker, FITC-Dextran 10 kDa, showed a significantly higher translocation compared to 

untreated controls suggesting that the GelE-mediated disruption is more than a physiological 

temporary opening of the paracellular pathway (figure 17B). Furthermore the GelE-mediated 

effect could be validated in T84 cells, a human colon carcinoma cell line, supporting the 

hypothesis for an unspecific, species independent mechanism for E. faecalis GelE (figure 

17C). 
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Figure 17: Characterization of the GelE effect on i ntestinal epithelial barrier function. 
The GelE mediated disruption of barrier function in Ptk6 cells is concentration dependent (A). 
After apical stimulation with GelE from E. faecalis OG1RF the different permeability markers 
sodium fluorescein, FITC-Dextran 4000 and FITC-dextran 10000 described barrier disruption 
of Ptk6 cells (B). E. faecalis GelE significantly reduce TER values of T84 cells (C). Values 
represent triplicates from one of two independent experiments. Statistically significant 
differences are calculated by one way ANOVA and marked as follows: *p≤0.05, **p≤0.001.  

 
 

4.2.2 The GelE-mediated loss of barrier function in  IEC is associated with a 

reduction of tight junction protein Occludin 

The epithelial barrier integrity is provided by proteins of the junctional complexes, namely the 

tight and adherence junctions. Western Blot analysis and immunofluorescence staining of the 

most important or frequently described proteins of the junctional complexes revealed a 

significant reduction in TJ protein Occludin after apical stimulation of Ptk6 cells with purified 

GelE for 24 h (figure 18A and B). 
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Figure 18: Impact of E. faecalis GelE on barrier comprising proteins of TJ and AJ. 
Immunofluorescence staining of TJ and AJ proteins in Ptk6 cells after GelE stimulation for 24 
h revealed a visible reduction of TJ protein Occludin (A). Further evaluation using Western 
Blot and subsequent densitometric analysis from 3 triplicates demonstrated a significant 
(p≤0.05) reduction of Occludin expression after GelE treatment (B).      
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4.2.3 Synergistic effects of E. faecalis GelE and pro-inflammatory cytokines  

It has been shown that pro-inflammatory cytokines TNF and IFN-γ disrupt epithelial barrier 

function through the modulation of cytoskeletal filaments and the activation of MAP kinases 

[42,43]. To mimic the inflammatory environment, Ptk6 cells were basolaterally pre-stimulated 

with TNF and IFN-γ for 12 h followed by 24 h stimulation with GelE from the apical side. GelE 

as well as the combination of the pro-inflammatory cytokines significantly decreased TER 

values associated with an enhanced translocation of sodium fluorescein (figure 19A and B). 

Of note, the treatment of Ptk6 monolayers with TNF and IFN-γ, in combination with GelE, 

potentiated the sodium fluorescein flux, suggesting a synergistic effect of host-derived 

cytokines and E. faecalis GelE in triggering the functional loss of intestinal epithelial barrier 

integrity. 

 

 

Figure 19: Synergistic effects of E. faecalis GelE and pro-inflammatory cytokines TNF 
and IFN-γ on barrier impairment of epithelial cells.  To show synergistic effects of GelE 
and pro-inflammatory cytokines on epithelial permeability, cells were pre-incubated 
basolateral with TNF (20 ng/mL) and IFN-γ (50 ng/mL) for 12 h followed by apical GelE 
stimulation for 24 h. Barrier function was assessed by measuring the TER (A) and 
translocation of sodium fluorescein (B). Values represent triplicates from one of two 
independent experiments. Statistically significant differences are calculated by one way 
ANOVA and marked as follows: **p≤0.001. 
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4.3 Interaction between E. faecalis GelE and host-derived gelatinases 

The synthesis as zymogen is one of the similarities between host-derived gelatinases, MMP-

2 and -9, and E. faecalis GelE. Although gelatinases hydrolyse gelatine, the stoichiometry is 

very different between endogenous gelatinases and E. faecalis GelE. In contrast to APMA 

activated MMP-2 and -9 (50 ng), a 100 times higher concentration of E. faecalis GelE (5 µg) 

is necessary to detect gelatine degradation in a gelatine zymography (figure 20A). MMP-2 

mRNA expression is not different in IEC of E. faecalis monoassociated IL-10-/- mice. In 

contrast, MMP-9 expression is significantly increased in the group of E. faecalis OG1RF 

colonized IL-10-/- mice compared to the animals colonized with the GelE lacking strains ∆gelE 

and ∆fsrB (figure 20B). MMP-9 expression was not detectable in Wt mice providing evidence 

that MMP-9 was induced in the development of colonic inflammation and not by the 

monoassociation with E. faecalis. In order to answer the question of whether E. faecalis GelE 

directly activates MMP-9, recombinant murine pro-MMP-9 was incubated with purified GelE. 

Active MMP-9 was determined with SDS-Page followed by silver staining and zymography. 

Compared to APMA that was used as positive control, E. faecalis GelE was not able to 

activate recombinant pro-MMP-9 (figure 20C). In addition purified GelE as well as conc CM 

of E. faecalis OG1RF could not induce MMP-9 mRNA expression in Ptk6 cells after 24 h 

stimulation supporting the hypothesis that the induction of MMP-9 expression in the intestinal 

epithelium of the monoassociated IL-10-/- mice was a consequence of the ongoing 

inflammation and not directly associated with the presence of bacterial GelE (figure 20D). 
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Figure 20: Induction and activation of host-derived  gelatinases MMP-2 and -9 by 
E. faecalis GelE. Transcript levels of MMP-2 and MMP-9 were determined with qPCR 
normalized to GAPDH (house keeper) and calculated as fold expression compared to GF (A 
and B). Pro- MMP-9 could be activated by APMA (blue box), but not through E. faecalis GelE 
demonstrated on protein level (Silver stain) and by determining the proteolytic activity 
(Zymography) (C). E. faecalis GelE could not induce MMP-9 mRNA expression in Ptk6 cells 
which was assessed by qPCR normalized to GAPDH and calculated as fold expression 
relative to untreated cells (D). qPCR values represent douplicates from one of two 
independent experiments. Statistically significant differences are calculated by one way 
ANOVA and marked as follows: *p≤0.05. 

 

4.4 Impact of E. faecalis GelE on junction proteins in vivo 

4.4.1 E. faecalis GelE mediates loss of extracellular domain of AJ p rotein E-Cadherin 

Cell culture experiments have demonstrated that E. faecalis GelE reduces barrier integrity of 

intestinal epithelial cells which is partly mediated through the loss of TJ protein Occludin. The 

relevance for the loss of Occludin could not be validated in vivo. However, Western Blot 

analysis of IEC revealed a non-significant reduction of TJ proteins Occludin and JAM-A in the 

E. faecalis OG1RF monoassociated IL-10-/- mice. The most remarkable reduction could be 

observed for the extracellular domain of the AJ protein E-Cadherin in the presence of GelE. 

An antibody raised against the intracellular domain did not reveal any differences between 

the colonization with the different E. faecalis strains (figures 21A-C). Most importantly, the 
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loss of extracellular domain of E-Cadherin in E. faecalis OG1RF-monoassociated IL-10-/- 

mice was confirmed by immunofluorescence staining of paraffin embedded distal colon 

sections. Expression levels of the intracellular domain of E-Cadherin remained unaffected 

(figure 21D). Additionally, there were no differences detectable at the gene transcript level 

between the different monoassociated IL-10-/- mice, neither for E-Cadherin mRNA nor for any 

tested TJ protein (figure 21E). 
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Figure 21: Impact of E. faecalis GelE on junction proteins in the intestinal epithe lium of 
monoassociated Wt and IL-10 -/- mice.  Western Blot and denistometric analysis of isolated 
IEC revealed a significant reduction in the extracellular domain of AJ protein E-Cadherin in 
the E. faecalis OG1RF monoassociated IL-10-/- mice. Denistometric analysis has been 
calculated from 5 animals per group (mean values ± SD) from E. faecalis monoassociated Wt 
(A) and IL-10-/- (B) mice. Figure C shows representative Western Blots from all tested 
junction proteins. Immunofluorescence staining of paraffin embedded distal colon sections 
confirmed the loss of extracellular E-Cadherin while the intracellular domain remained intact 
(D). Transcript levels of junction proteins were determined with qPCR. Values (n=5) were 
normalized to GAPDH and expressed as fold expression compared to GF. 

   

4.4.2 Induction of signalling pathways by E. faecalis GelE 

The induction of pro-inflammatory signalling pathways including the activation of NF-κB or 

MAP kinases specifically mediated by E. faecalis GelE could not be demonstrated. 

Immunofluorescence staining of intracellular E-Cadherin and the intracellular adapter protein 

β-Catenin indicated a cytosolic and not membrane associated distribution of β-Catenin in 

E. faecalis OG1RF monoassociated IL-10-/- mice (figure 22A and B). β-Catenin also acts as 

transcription factor in Wnt signalling, suggesting that the GelE-mediated induction of Wnt 

signalling in the susceptible host might be of physiological relevance. Interestingly, a Wnt 

reporter assay in HEK293 cells showed that Wnt signalling was significantly induced by 

E. faecalis GelE (figure 22C). 
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Figure 22: Induction of Wnt signalling by E. faecalis GelE. Immunofluorescence staining 
of paraffin embedded distal colon sections demonstrated an intracellular localization of β-
Catenin (Alexa Fluor 488, green), the intracellular adapter protein of E-Cadherin (Alexa Fluor 
546, red) in E. faecalis OG1RF monoassociated IL-10-/- mice. Representative images are 
shown for monoassociated Wt (A) and IL-10-/- mice (B). E. faecalis GelE induced Wnt 
signalling in a Wnt reporter assay in HEK293 cells (C).    
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4.4.3 E-Cadherin can be directly degraded by E. faecalis GelE 

E. faecalis GelE degrades recombinant murine E-Cadherin in a concentration and time 

dependent manner. Degradation products could be detected with SDS PAGE followed by 

Flamingo staining at lower concentration ranges of GelE (100 and 250 ng). EDTA and 

Marimastat could prevent the GelE-mediated degradation of E-Cadherin demonstrating that 

the proteolytic activity of GelE is required (figure 23A and B). GelE from the IBD isolates 

CD11 and UC7 also degraded recombinant E-Cadherin, suggesting that this protease 

substrate combination is independent of the E. faecalis strain and could be mediated by any 

E. faecalis GelE (figure 23C). In contrast, active MMP-9 did not degrade recombinant E-

Cadherin, supporting the hypothesis that GelE from E. faecalis degrades E-Cadherin, but not 

host-derived gelatinases (figure 23D). Furthermore LC-MS/MS analysis identified various 

additional cleavage sites in the extracellular domain of recombinant E-Cadherin after GelE 

incubation (appendix table 8 and 9), supporting the possibility for a direct GelE-mediated 

degradation in vivo (figure 24). 
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Figure 23: Purified E. faecalis GelE directly degrades recombinant murine E-Cadher in. 
Various concentrations of purified GelE have been tested to degrade recombinant murine E-
Cadherin and degradation products have been visualized by SDS PAGE with subsequent 
flamingo staining. 0.5, 1 and 2 µg GelE and EDTA-inhibited GelE were incubated with E-
Cadherin for 5 min at 37°C. All concentrations degr aded E-Cadherin with one prominent 
degradation product visible at ~ 80 kDa (A). Lower amounts of GelE (100 and 250 ng) and a 
shorter incubation time (~5 sec) revealed more degradation products for the GelE-mediated 
degradation of E-Cadherin (B). Purified GelE from UC7 and CD11 also degraded 
recombinant murine E-Cadherin which could be inhibited by EDTA (C). APMA-activated 
MMP-9 did not degrade recombinant murine E-Cadherin (D).    
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Figure 24: Identified cleavage sites for E. faecalis GelE in the AA sequence of murine 
E-Cadherin. LC-MS/MS analysis revealed cleavage sites for the GelE-mediated degradation 
of recombinant murine E-Cadherin. The hypothetical cleavage sites have been extracted by 
Mäkkinen et al [179].  

 
 

4.5 E. faecalis GelE reduce barrier function in IBD mouse models  

In order to investigate the relevance of the E. faecalis GelE-mediated epithelial barrier 

impairment in vivo, the impact of mucosal GelE stimulation on barrier function of distal colon 

segments from mice has been studied by using Ussing chamber systems. Wt mice did not 

develop inflammation after monoassociation with E. faecalis, demonstrating the commensal 

character of the bacteria and suggesting that E. faecalis contribute to chronic intestinal 

inflammation only in the susceptible host. In line with the observations in the 

monoassociation experiment, susceptibility models for intestinal inflammation have been 

used to study the impact of E. faecalis GelE on barrier function. Another intention was to use 

8 weeks old mice that have not developed tissue pathology at this time point to evaluate 

whether E. faecalis GelE could act as trigger in those susceptible but disease-free mice. One 

model which was used was the TNF∆ARE/Wt model. These mice develop spontaneous Crohn’s 
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disease-like ileitis due to a genetic modification that results in an increased mRNA stability of 

the pro-inflammatory cytokine TNF [199]. So far, there is nothing known about a 

predisposition in terms of barrier function. In contrast to the terminal ileum there is no 

inflammation in the distal colon of TNF∆ARE/Wt and the production of acidic mucus seems to be 

comparable to the Wt situation (figure 25A). However, they have an increase in TNF mRNA 

production which implies that the mice have a predisposition in barrier function as it has been 

demonstrated that pro-inflammatory cytokines including TNF impair intestinal epithelial 

barrier function (figure 25B) [42,43]. An impaired mucosal barrier function has already been 

reported for IL-10-/- mice [206,207]. The staining of acidic mucus revealed an already existing 

reduction of mucus in the distal colon of 8 weeks old IL-10-/- mice which was associated with 

a slight increase in TNF production but in the absence of tissue pathology (figure 25B and 

C). 
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Figure 25: Acidic mucus production and cytokine exp ression in the colon of IL-10 -/- 
and TNF ∆ARE/Wt mice.  H&E staining of paraffin embedded tissue sections demonstrate that 
TNF∆ARE/Wt mice developed chronic inflammation in the terminal ileum at the age of 8 weeks, 
but not in the colon (Histology score 0-12). Inflammation was associated with a reduction of 
acidic mucus substances as demonstrated by the Alcian blue staining (A). IL-10-/- mice show 
no colonic pathology and reduced acidic mucus production at the age of 8 weeks (B). qPCR 
analysis of colonic tissue from TNF∆ARE/Wt and IL-10-/- mice revealed increased levels of the 
pro-inflammatory cytokine TNF (C).     

 

Mucosal stimulation of distal colon segments from TNF∆ARE/Wt and IL-10-/- mice with purified 

GelE from E. faecalis OG1RF and TX5439 resulted in a significant decrease of TER values 

after 5 h (figure 26A). Wt mice were not affected supporting the hypothesis that E. faecalis 

GelE has an impact under disease susceptible but pathology-free conditions. The loss of 

barrier function could be validated with a significant reduction of the extracellular domain of 

AJ protein E-Cadherin after GelE stimulation in the susceptible mice (figure 26B). Despite the 

fact that other mechanisms could not be excluded, these results give further evidence for a 

direct GelE-mediated degradation of E-Cadherin. 
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Figure 26: Impact of E. faecalis GelE on barrier function of IL-10 -/- and TNF ∆ARE/Wt. Distal 
colon segments from 8 week old IL-10-/- and TNF∆ARE/Wt mice and their Wt counterparts were 
apically stimulated with purified GelE from E. faecalis OG1RF and TX5439 (10 µg/mL) for 5 h 
in Ussing chamber systems. The E. faecalis lipoprotein EF1362 was used as unrelated 
protein control (UPC). Results are expressed as % change of TER values compared to the 
initial value of the tissue (A). Data represent median with the 25th and 75th percentile from 5 
animals per group, statistical significance was calculated by one way ANOVA (*p≤0,05). E-
Cadherin protein expression was assessed by Western blot and densitometric analysis of 3 
animals per group and treatment (B). 

 

Another experimental colitis model that has been tested for GelE sensitivity were Rag2 

deficient (Rag2-/-) mice who lack B and T cells. After the transfer of colitogenic CD4+ T cells 

isolated from IL-10-/- mice, Rag2-/- mice developed colitis after 8 weeks. Besides, NOD2-/- 

mice who lack the intracellular pattern recognition receptor NOD2 and are susceptible for 

certain bacterial infections [208,209], have been studied as well for the susceptibility for the 

GelE-mediated disruption of epithelial barrier integrity. Appropriate Wt counterparts, 129SvEv 

and C57B6, were used as controls. Mucosal stimulation with E. faecalis GelE resulted in a 

significant loss of barrier function after 5 h in the distal colon segments from inflamed CD4+ T 
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cell transferred Rag2-/- mice and NOD2-/- mice (figure 27). In summary E. faecalis GelE 

impaired mucosal barrier function in all tested disease susceptibility models, but not in Wt 

counterparts, supporting the hypothesis that commensal-derived proteases remain harmless 

in the healthy host. Colon resections from carcinoma patients were used in Ussing chamber 

systems to assess the impact of E. faecalis GelE on human tissue. Despite GelE reduced 

barrier function in the human tissue, the results were not significant which might be a result 

of the heterogeneity of the tissue and the patients.  

Beside the measurement of the TER, the translocation of sodium fluorescein was determined 

in the Ussing chamber experiments as marker for paracellular permeability and barrier 

function. All animals on 129SvEv background displayed increased translocation of sodium 

fluorescein after mucosal stimulation with GelE for 5 h. In contrast, only the disease 

susceptible mice on C57B6 background reacted with an enhanced paracellular permeability, 

suggesting that the genetic background sets the stage for certain susceptibility or the 

permeability marker is too small to demonstrate a specific effect (figure 28). 
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Figure 27: E. faecalis GelE impairs barrier function in the susceptible h ost. Further 
susceptibility models have been tested for the impact of E. faecalis GelE on colonic barrier 
function. Rag2-/- mice lack B and T cells and develop colitis after transfer of CD4+ T cells. 
NOD2-/- mice lack the intracellular pattern recognition receptor NOD2 and are susceptible for 
certain bacterial infections. Appropriate wild type (Wt) counterparts 129SvEv and C57B6 
were used as controls. Except for T cell transferred Rag2-/- mice, all other models have not 
developed histological changes with respect to inflammation in the colon after 8 weeks. 
Distal colon segments from mice and human tissue from colonic surgeries of carcinoma 
patients were apically stimulated with purified GelE from E. faecalis OG1RF (10 µg/mL) for 5 
h in Ussing chamber systems. Results are expressed as % change of TER values compared 
to the initial value of the tissue. Data represent median with the 25th and 75th percentile from 
5 animals per group, significant differences were indicated with*p≤0.05. 

 

 

 

Figure 28: E. faecalis GelE increase translocation of sodium fluorescein across the 
mucosal barrier. The translocation of sodium fluorescein as permability marker was 
assessed in Ussing chamber experiments in order to investigate the functional epithelial 
barrier impairment after E. faecalis GelE stimulation. The translocated amount of sodium 
fluorescein was measured after 5 h apical stimulation with purified GelE (10 µg/mL). 
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4.6 Additive effects of GelE and EpaB on E. faecalis virulence 

So far, the results have demonstrated the role of E. faecalis GelE in the development of 

chronic intestinal inflammation. GelE contributes to E. faecalis-mediated inflammation by 

impairing epithelial barrier function and thus facilitating the translocation of antigens or 

possibly of bacteria themselves. The experiments further demonstrated that GelE was not 

the initial trigger for inflammation and did not induce a pro-inflammatory T cell response. 

E. faecalis express a variety of different virulence-associated molecules which can be 

implicated to act as antigenic structure. The enterococcal polysaccharide antigen (epa) locus 

has been reported to play a role in bacterial virulence and is one important mediator for 

bacterial biofilm formation [165-168]. Especially the epaB gene which encodes for a putative 

glycosyl transferase was involved in virulence in several models for enterococcal-mediated 

infection. The next purpose of the present work was the generation and characterization of 

an epaB deletion and a gelE-epaB double deletion mutant which should be tested for their 

antigenic ability in order to unravel the colitogenic mechanisms of E. faecalis. 

 

4.6.1 Generation of epaB, gelE-epaB and fsrB-epaB deletion mutants 

In order to analyze possible additive effects of GelE and EpaB on E. faecalis-mediated 

intestinal inflammation, deletion mutants TX5692 (∆epaB), TX5693 (∆gelE-epaB) and 

TX5694 (∆fsrB-epaB) were constructed by deletion of epaB gene from OG1RF, ∆gelE and 

∆fsrB (figure 29A). Colony PCR using primers flanking the epaB region indicated deletion of 

epaB (figure 29B) which was further confirmed by DNA sequencing. Growth of ∆epaB, 

∆gelE-epaB and ∆fsrB-epaB mutants was comparable to OG1RF, ∆gelE and ∆fsrB strains in 

BHI broth (figure 29C).  
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Figure 29: Generation and growth of epaB deletion mutants.  Deletion mutants of epaB 
were generated in E. faecalis OG1RF, ∆gelE and ∆fsrB (A). Amplification of the epaB region 
by using outside primers confirmed the double cross-over and therefore the deletion of epa 
(B). Growth curves were calculated by measuring the OD at 600 nm over time in bacterial 
cultures which were aseptically inoculated with 1% from an overnight culture. Bacteria grew 
under aerobic conditions in BHI medium at 37°C. The  data represent biological duplicates 
from one of three independent experiments (C).     

 

The deletion of epaB could be further validated on transcriptional level by using qRT-PCR 

analysis with epaB specific primers. In contrast to OG1RF, ∆gelE and ∆fsrB, the epaB 

deletion mutants lack EpaB mRNA expression (figure 30A). Agarose gel electrophoresis 

finally confirmed the absence of epaB transcript (figure 30B).       
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Figure 30: Confirmation of epaB deletion on transcript level.  Bacterial epaB expression 
was assessed on transcript level after 4 (mid-log phase) and 6 h (stationary phase) of growth 
in BHI medium at 37°C under aerobic conditions (A).  Data were normalized to gdh as 
housekeeping gene and represent one out of 3 independent repetitions. Amplicons were 
validated by using agarose gel electrophoresis (B).     

 

4.6.2 Characterization of ∆epaB, ∆gelE-epaB and ∆fsrB-epaB mutants 

The majority of epa genes encode for putative glycosyl transferases, but their function, 

regulation or possible interactions during growth are not well understood. In order to 

investigate whether the deletion of epaB affects expression of other epa genes, qRT-PCR 

analysis was performed after 4 h (mid-log phase) and 6 h of growth (stationary phase). 

Expression of epaC and epaD, located downstream of epaB was not reduced by the epaB 

deletion (figure 31A and B). Furthermore, expression of the further downstream located 

genes epaG (putative gylcosyl transferase) and epaN (putative dTDP-glucose 4,6-

dehydratase) was not diminished by epaB deletion (figure 31C and D).    

  

 



 Results 
 

74 

 

 

Figure 31: Effect of epaB deletion on transcription of downstream epa genes.  mRNA 
expression of epaC. epaD, epaG and epaN was determined after 4 (mid-log phase) and 6 h 
(stationary phase) of growth in BHI medium at 37°C under aerobic conditions (A-D). Data 
were normalized to GDH as housekeeping gene and represent one out of 2 independent 
repetitions. 

 

Similar to the previously described epaB disruption mutant [168], ∆epaB and ∆gelE-epaB 

displayed an altered morphological phenotype compared to OG1RF as demonstrated in 

figure 32A. Both, ∆epaB and ∆gelE-epaB mutants, had a rounded shape and occurred 

mainly as single cells. In contrast, the phenotype of ∆fsr was maintained in the ∆fsr-epaB 

mutant. The previously described medium chain length phenotype of OG1RF and the longer 

chain length of ∆gelE [181] were abrogated by the deletion of epaB, suggesting a pivotal role 

of EpaB in synthesizing the Epa polysaccharide which is involved in generation and 

maintainence of appropriate cell wall dynamics. Although gelE expression was induced on 
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transcript level in ∆fsrB and the ∆fsrB-epaB mutants, there was no gelatinolytic activity visible 

on gelatine containing BHI agar (figure 32A-C). In contrast, the Azocasein assay revealed an 

enhanced proteolytic activity in the conc CM of ∆fsrB-epaB mutant which might originate 

from the increased expression of the E. faecalis serine protease (sprE) detected by qPCR 

analysis (figure 32B-D). In general the deletion of epaB affects membrane carbohydrate 

metabolism which might lead to the weakening of membrane stability and the secretion of 

numerous proteins (figure 32E).  

In order to further verify equivalent function of GelE from the epa deletion mutants, polarized 

intestinal epithelial cells Ptk6 were apically exposed to conc CM which had been adjusted to 

the same amounts of GelE activity (1 Unit/mL). The conc CM of ∆epaB decreased barrier 

function of the cells comparable to the conc CM of OG1RF (figure 32F). Furthermore, a 

comparable functional disruption of epithelial barrier integrity was demonstrated by enhanced 

translocation of sodium fluorescein, which was used as permability marker (figure 32G). The 

fsrB-epaB deletion mutant did not impair barrier function of Ptk6 cells providing further 

evidence that the proteolytic activity result from the serine protease which has no impact on 

IEC barrier integrity. 
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Figure 32: Impact of epaB deletion on GelE expression and activity.  Morphologically the 
gelE-epaB mutant displayed a comparable phenotype as the single epaB deletion; however 
the fsrB-epaB mutant was more comparable to the fsrB phenotype (A). Bacterial gelatinolytic 
activity was determined on gelatine containing BHI agar (B). GelE expression and activity 
was determined on transcriptional level (B and C) and by using an Azocasein assay with the 
concentrated CM (D). SDS-PAGE and Coomassie staining revealed that the conc CM of the 
epaB deletion mutants contain more proteins compared to ∆gelE, ∆fsrB and the Wt OG1RF 
(E). Equal proteolytic activity of conc CM was used for apical stimulation of Ptk6 cells for 24 
h. TER (F) and translocation of sodium fluorescein (G) was evaluated to determine the effect 
of GelE on barrier function. Values represent triplicates from one of two independent 
experiments. Statistically significant differences are calculated by one way ANOVA and 
marked as follows: *p≤0.05, **p≤0.001. 

 

4.6.3 Synergistic effects of EpaB and GelE in the c ontext of enterococcal virulence  

The purpose to generate the ∆gelE-epaB mutant was to unravel the colitogenic mechanisms 

of E. faecalis on the basis of structure-function analysis. Future studies will address this 

issue by monocolonization studies with IBD mouse models. The present study further 

characterized the epaB deletion mutants in terms of possible synergistic and/or additive 

effects of GelE and EpaB in enterococcal virulence.  
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Figure 33: Assessment of biofilm formation.  Biofilm formation was assessed by crystal 

violet staining and normalized to growth in order to calculate the biofilm index (A). Staining of 
carbohydrate structures (Alexa Fluor 488) revealed constitution and thickness of biofilm 
formation. Data represent duplicates from two independent experiments. Statistically 
significant differences are calculated by one way ANOVA and marked as follows: * significant 
difference compared to OG1RF, † significant difference to ∆gelE, ‡ significant difference to 

∆fsrB and # significant difference to the respective single mutant, ∆gelE, ∆fsrB, and ∆epaB.     

 

Determination of the biofilm index revealed a significant reduction of biofilm formation for all 

tested mutants compared to OG1RF (*). However, additive effects of GelE and EpaB or FsrB 

and EpaB could not be detected. The double mutants displayed only a significant difference 

compared to ∆gelE (†) and ∆fsrB (‡) mutants, but not compared to epaB deletion (figure 

33A). In contrast, additional evaluation of biofilm formation by confocal images of 

immunofluorescence stained extracellular glycoproteins indicated additive effects of GelE 

and EpaB as well as FsrB and EpaB on biofilm formation. This showed a significant 

reduction in biofilm thickness of the ∆gelE-epaB and ∆fsrB-epaB double mutants when 

compared to OG1RF and the respective single mutants ∆epaB (#), ∆gelE and ∆fsrB (figure 

33B and C). Due to the fact that the phenotype of the ∆fsrB-epaB mutant needs further 

evaluation with respect to the non-distinctive expression and activity of GelE, additional 

experiments have been performed to elucidate attenuated virulence only of ∆gelE-epaB 

mutant.  

Experiments using the human colon carcinoma cell line T84 demonstrated that the deletion 

of gelE and epaB significantly diminished translocation across polarized cell monolayers 

compared to OG1RF and the single mutants ∆gelE and ∆epaB (figure 34A). Additionally, 

immunofluorescence staining of E. faecalis and AJ protein E-Cadherin indicate that ∆gelE-

epaB mutant was not able to access the surface of cells in comparison to the other strains. 

Of note, the expression of GelE seems to be important for bacterial internalization which can 

only be observed in OG1RF and ∆epaB infected cells (figure 34B). However, there are no 

convincing data in literature demonstrating E. faecalis internalization into epithelial cells. 

Furthermore, the paracellular route cannot be excluded for E. faecalis to overcome IEC 

barrier as translocation could also be demonstrated for the ∆gelE mutant. Additional 

experiments are needed to validate the observation of E. faecalis internalization into 

epithelial cells by a higher magnification and staining of additional IEC marker and the actin 

skeleton to resolve bacterial intracellular localization.  
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Figure 34: Deletion of GelE and EpaB attenuated tra nslocation across polarized IEC.  
Polarized T84 cells were infected with mid-log cultures of E. faecalis (8x107 cfu/well). 
Translocated bacteria in the basolateral compartment were determined by plating on BHI 
agar 6 h post-infection (A). Statistically significant differences are calculated by one way 
ANOVA and marked as follows: * significant difference compared to OG1RF, # significant 
difference to ∆gelE and ∆epaB single mutants. Immunofluorescence staining of E. faecalis 
(Alexa Fluor 488) and E-Cadherin (Alexa Fluor 546) suggest a GelE-dependent intracellular 
localization of the bacteria. IEC surface adherence was attenuated in the ∆gelE-epaB 
mutant. 

 

Further evidence for additive effects for GelE and EpaB was provided by G. mellonella and 

C. elegans models of enterococcal infection. Deletion of epaB attenuated insect mortality 

compared to OG1RF and ∆gelE mutant. Furthermore, the deletion of gelE and epaB almost 

completely attenuated enterococcal virulence in G. mellonella. Generally the differential 

outcome of insect mortality was significantly different between all strains (log rank test, 

p=0.0084) (figure 35). Enterococcal infection of C. elegans was accomplished by the oral 

route and nematode survival was monitored daily. Nematode mortality was significantly 

reduced when worms were fed with the ∆gelE-epaB mutant compared to each of the single 

mutants and compared to OG1RF (log rank test, p<0.0001) (figure 36).  
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Figure 35: Survival of G. mellonella upon E. faecalis infection.  Larvae survival was 
frequently monitored after injection of 2x106 cfu E. faecalis per insect (N=10 larvae per 
treatment). The control group received 5 µL PBS per larva. The Kaplan-Meier plot is based 
on one representative out of three independent experiments and demonstrates that deletion 
of gelE and epaB significantly attenuated enterococcal virulence (p=0.0084). 

Figure 36: Survival of C. elegans upon E. faecalis infection.  Nematodes were fed with 
E. faecalis strains and E. coli OP50 as control (N≥90 per group representing the sum of three 
triplicates from one experiment). Survival was monitored daily and plotted in a Kaplan-Meier 
graph. The survival curves were compared using a log rank test (p<0.0001).  
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5 Discussion 

The present study demonstrates for the first time how a protease from commensal gut 

bacteria contributes to the development of chronic intestinal inflammation (figure 37). The 

zinc dependent metalloprotease GelE from E. faecalis disrupted intestinal epithelial barrier 

integrity through targeting the junction proteins Occludin and E-Cadherin. The presence of 

disease susceptibility, but not tissue inflammation, is required for E. faecalis GelE-mediated 

disruption of mucosal barrier function supporting the hypothesis that commensal bacteria-

derived proteases remain harmless in the healthy host. 

 

 

Figure 37: Proposed mechanism for the E. faecalis GelE-mediated loss of epithelial 
barrier function in the susceptible host.  E. faecalis GelE gets access to IEC under 
disease susceptible conditions e.g. the presence of pro-inflammatory cytokines such as TNF 
and IFN-γ. The commensal-derived protease target junction proteins including Occludin and 
E-Cadherin in the pre-conditioned tissue and opens the paracellular pathway for bacterial or 
antigen translocation. 

 

5.1 E. faecalis GelE impairs intestinal barrier function through d egradation 

of junction proteins 

The AJ protein E-Cadherin is involved in epithelial cell differentiation and provides barrier 

function between adjacent cells. It is targeted and processed by various host-derived 

proteases including stromelysin-1, matrilysin [210], ADAM-10 [211] and meprin-β [212]. One 
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of the most frequently described infectious mechanisms of pathogenic bacteria is the 

disruption of intestinal epithelial barrier function. The bacterial molecules are often proteases 

or toxins possessing a proteolytic function. Although E-Cadherin is expressed at the lateral 

side of epithelial cells it is frequently targeted directly or passively by pathogenic molecules 

and proteases. The direct cleavage of the E-Cadherin ectodomain has been demonstrated 

for the serine protease HtrA from Helicobacter pylori [81]. In consistence to the present study 

with E. faecalis GelE, the authors have used recombinant E-Cadherin and purified HtrA, as 

well as a HtrA inhibitor, to show the HtrA-mediated cleavage of E-Cadherin. However, it 

remains unresolved whether this direct cleavage is physiologically relevant in vivo. Other 

pathogenic structures, including the surface protein Internalin A from Listeria monocytogenes 

and the invasin Als3 from Candida albicans, use the extracellular domain of E-Cadherin as 

receptor for bacterial and fungal internalization [98,100,213]. In addition, the metalloprotease 

toxin BFT from Bacteroides fragilis was shown to induce the shedding of the E-Cadherin 

ectodomain through an unknown IEC receptor-mediated induction of γ-secretase, suggesting 

the possibility that indirect bacterial protease-mediated effects might be implicated in the loss 

of E-Cadherin [80]. The study conducted by Sumitomo et al reported that the bacteriocin 

streptolysin S from Streptococcus pyogenes acts in concert with the host cysteine protease 

calpain. The interplay of the proteases led to an impairment of epithelial barrier function by 

degradation of junction proteins Occludin and E-Cadherin and thus facilitated bacterial 

translocation across epithelial cells [214]. Although the E-Cadherin ectodomain was directly 

degraded by purified GelE, it remains to be answered whether this is the mechanism in vivo 

or whether GelE induces signalling pathways or other host-derived proteases which are in 

turn responsible for the loss of extracellular E-Cadherin. 

The genetic susceptibility of the host was crucial for the E. faecalis GelE-mediated disruption 

of epithelial barrier function. In contrast to C57B6 Wt mice, Wt mice with 129SvEv 

background displayed an enhanced translocation of sodium fluorescein after mucosal GelE 

exposure (figure 28). This indicates that the 129SvEv background was more susceptible for 

the GelE treatment. Alongside, the genetic outbred of IL-10-/- mice dramatically influence 

severity of disease. Compared to C57B6, BALB/c and C3H/HeJBir backgrounds,                 

IL-10-/-/129SvEv mice develop most severe colitis [215,216]. The cytokine deficiency-induced 

colitis susceptibility locus (cdcs1) on chromosome 3 was identified to exacerbate chronic 

intestinal inflammation in combination with the experimental crossing of IL-10 deficiency in 

C3H/HeJBir mice [217,218]. The differences in disease susceptibility of IL-10-/- mice, 

depending on the genetic background, resembles the complexity of genetics in human IBD 

and addresses the need for individual causal research.  
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5.2 Comparison between endogenous gelatinases and E. faecalis GelE 

E. faecalis GelE is a zinc dependent secreted metalloprotease and member of the MEROPS 

M4 family with thermolysin from Bacillus thermoproteolyticus as the representative protease 

[219]. The MEROPS database classifies proteases into families based on sequence 

homology [220]. Formerly termed coccolysin, E. faecalis GelE was named due to the ability 

to degrade gelatine similar to the host-derived gelatinases A (MMP-2) and B (MMP-9). MMP-

2 and -9 share their main matrix substrates (type IV collagen, gelatine) and differ from other 

MMPs in terms of their structure [221]. However, the effects of endogenous gelatinases are 

rather diverse. While MMP-2 helps in maintaining barrier function in the intestine, MMP-9 

expression and activity is increased in several animal models for colitis indicating that MMP-9 

is responsible for tissue damage, one of the most serious consequences in IBD [222-224]. 

Beside the analogy in terms of synthesis as zymogens and the affinity for certain substrates, 

E. faecalis GelE and host gelatinases are not homologues and do not share much similarity 

as demonstrated in table 7. The major differences are based in the enzyme kinetics, 

stoichiometry and substrate specificities. Bacterial and endogenous gelatinases can be 

inhibited by Marimastat, a known broad spectrum MMP inhibitor which blocks the active site 

of the proteases. However the IC50 values differ dramatically between MMP-2 and -9 and for 

E. faecalis GelE ranging from nM to µM concentrations. This difference might be due to 

differences in substrate binding affinity which is much higher for the endogenous gelatinases. 

A much lower amount of endogenous MMPs is necessary to convert a certain amount of 

substrate compared to E. faecalis GelE. Zymography with gelatine as substrate revealed that 

much lower amounts of MMP-2 and -9 compared to E. faecalis GelE are necessary to detect 

gelatine degradation (figure 20A). These differences are physiologically relevant as 

excessive endogenous gelatinase activity would lead to severe tissue destruction and a tight 

regulation is pivotal for intestinal homeostasis. In contrast GelE is synthesized by the 

bacteria during their reproduction under the control of the fsr quorum sensing system, 

although there is some evidence for a fsr-independent GelE production [225]. GelE is 

secreted into the immediate bacterial environment in order to remove misfolded proteins on 

the bacterial surface and control bacterial dissemination through the restriction of coccal 

chain length [182]. More recently, it has been demonstrated that GelE contributes to cell 

death and extracellular DNA release through fratricide, the lysis of sibling cells mediated by 

isogenic cells within the same population of bacteria growing in biofilm [226]. In comparison 

to the endogenous gelatinases, GelE activity is controlled within the cells through the 

expression level and presumably through unknown mechanisms during protease release. So 

far, there are no extracellular control mechanisms or bacterial inhibitors described. 
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Table 7. Comparison between endogenous gelatinases and E. faecalis GelE 

species protease 

molecular 

weight 

latent/active 

synthesis substrates 
marimastat 

inhibition IC 50 

endogenous 

Gelatinase A 

(MMP-2) 

Gelatinase B 

(MMP-9) 

72/66 kDa 

 

92/86 kDa 
zymogen 

Non-fibrillar 

collagens, gelatine, 

fibronectin, elastin 

MMP-2: 6 nM 

MMP-9: 3 nM 

bacterial 

E. faecalis 

gelatinase  

(GelE) 

55.6/ 

33-34.5 kDa 
zymogen 

casein, gelatine, 

collagen, fibrin, 

fibrinogen, 

hemoglobin, 

endothelin 

GelE: 183.12 µM 

   

 

5.3 Receptor activation by E. faecalis GelE 

 

Activation of PARs 

The most prominent receptors for endogenous and bacterial proteases are the G-protein 

coupled PARs, 4 of which have been described so far. PARs are expressed on a variety of 

different cell types including epithelial cells, immune cells and neurons and are involved in 

mechanisms of inflammation and pain. Therefore they and their activating proteases have 

been considered as targets for the development of therapeutic options in the treatment of 

inflammation and pain associated diseases [90]. It is known that proteases from pathogenic 

bacteria including the cysteine protease gingipain-R from Porphyromonas gingivalis [91,92], 

the metalloprotease P. aeroginosa elastase from Pseudomonas aeroginosa [93], the 

metalloprotease serralysin from Serratia marcescens [94] and proteases from host dust 

mites [227,228] activate PARs. The activation is mediated by the proteolytic cleavage of the 

tethered ligand that binds to the receptor and induces intracellular signalling. Released 

peptidases from the peridontitis pathogen Treponema denticola exert an inhibitory effect on 

proteolysis mediated PAR2 activation, indicating that some proteases are able to disarm and 

therefore silent PARs by proteolytic removal of the activation site [90,229]. Despite there is 

increasing evidence for a physiologically relevant PAR activation, mediated by bacterial 

proteases, the current knowledge about bacterial proteases relevant to the intestinal 
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environment is limited. Experiments with IEC failed to demonstrate E. faecalis GelE-

mediated activation of PARs. However, purified GelE negatively influenced the ability of a 

selective PAR2-activating peptide to excite neurons suggesting that GelE may signal through 

PAR2 dependent pathways [75]. Although GelE partially activated guinea-pig enteric neurons 

directly, it could be speculated that GelE might disarm the receptor through stepwise 

proteolytic degradation of whole parts of the extracellular domain. As the cleavage sites of 

E. faecalis GelE seem to be non-specific before hydrophobic amino acids, it is more likely 

that GelE activates IEC receptor signalling through proteolytic cleavage of the receptors. 

 

Wnt signalling 

E. faecalis GelE-mediated induction of Wnt signalling could be demonstrated by using a Wnt 

specific reporter assay in vitro (figure 22A). Wnt signals are involved in stem cell 

differentiation, cell cycle control and adult tissue maintenance. Dysfunction of Wnt signalling 

has been associated with human degenerative diseases and cancer [230]. The so far for the 

intestine described canonical Wnt pathway involves the nuclear translocation of β-Catenin 

and the subsequent activation of transcription factor T cell factor [231,232]. Despite the fact 

that β-Catenin also acts as intracellular adapter protein to AJ protein E-Cadherin, the 

mechanisms in Wnt signalling are different. Nevertheless, β-Catenin somehow links epithelial 

cell polarity with Wnt signals [233]. The present study could not resolve the question of 

whether GelE acts as a Wnt signal and therefore disturbs epithelial cell differentiation. 

Immunofluorescence staining of β-Catenin revealed an intracellular localization in IL-10-/- 

mice monoassociated with the GelE expressing E. faecalis strain OG1RF (figure 22C), but it 

remains unclear whether this is a consequence of inflammation or a direct GelE-mediated 

effect. Enhanced cell proliferation and modulation of the β-Catenin subcellular localization 

could be demonstrated for the ADAM 10 mediated shedding of the E-Cadherin ectodomain 

[211] demonstrating a possible mechanism for a metalloprotease to be associated with 

disturbed β-Catenin signalling. The data of this study provide preliminary evidence that there 

might be direct receptor activation by E. faecalis GelE, but additional experiments with 

endogenous protease inhibitors or transgenic mouse models need to be performed in order 

to dissect the effect of the bacterial protease from that of the endogenous proteases.                  

 

5.4  Clinical implications for bacteria-derived pro teases 

The inhibition of host-derived proteases has been discussed as therapeutic option in IBD, but 

there are only limited reports with inconsistent results. Approaches in animal models 
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revealed that inhibition of cathepsins [19] and tryptase [234] ameliorates chemical induced 

colitis. Furthermore, the serine protease inhibitor camostat has been reported to induce and 

maintain remission in UC patients [235]. Various MMP inhibitors have been shown to 

improve inflammation particularly in rat models for IBD [236-238], but also in dextran 

sodiumsulphate (DSS)-induced colitis in mice. Despite the fact that MMP inhibitors exhibited 

beneficial therapeutic effects in experimental colitis models, a clinical trial investigating the 

beneficial potential of the MMP inhibitor prinomastat in lung cancer failed due to 

unacceptable adverse effects [239]. To date, studies that use inhibitors of host-derived 

proteases showed rather poor efficacy in the treatment of human IBD. Adverse side effects 

presumably resulting from non-specific actions and/or broad-spectrum inhibition of host 

proteases need to be addressed before protease inhibitors become a therapeutic option. 

Therefore, the usage of endogenous protease inhibitors could be considered as treatment 

option in IBD to avoid adverse side effects and to reconstitute the proteolytic balance in the 

gut. One example is elafin, a serine protease inhibitor, the expression of which is reduced in 

the gut mucosa of IBD patients [240]. Furthermore, it has been demonstrated that elafin 

protects against DSS colitis through the inhibition of pro-inflammatory mediators and the 

strengthening of epithelial barrier function [241]. The interaction between bacterial proteases 

and endogenous inhibitors and vice versa between bacterial protease inhibitors and 

endogenous proteases should be considered as important mechanisms in bacteria-host 

interactions. The current knowledge about such interactions is very limited. The work from 

Kantyka et al. described that Staphylococcus aureus cysteine proteases can be inhibited by 

epithelial-derived serpin Squamous Cell Carcinoma Antigen 1 [242]. Usually the group of 

serpins (serine protease inhibitors) inhibit endogenous cysteine proteases including papain, 

cathepsins or mast cell chymase and are involved in many physiological processes. 

Therefore the inhibition of bacterial proteases exhibits a novel mechanism how bacterial 

virulence can be attenuated by the host. Furthermore, it has been demonstrated that 

Bifidobacterium longum serpin inhibits human neutrophil elastase, an inflammation 

associated protease produced by neutrophils, suggesting that the bacterial contribution to 

intestinal proteolysis might be also beneficial for the host.           

A few clinical trials have shown that the administration of probiotics, such as the probiotic 

mixture VSL#3 induce and maintain remission in UC patients [243,244]. Although probiotic 

efficacy could be demonstrated in IBD, the active functional components/structures, the 

molecular mechanisms or the primary probiotic target still remain to be clarified. It may be 

speculated that the protective role of probiotics may be related to the release of proteases 

and/or protease inhibitors. Such a mechanism has been recently reported for the serine 

protease Lactocepin from Lactobacillus paracasei which inhibited the recruitment of pro-
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inflammatory cells to the side of inflammation through degradation of chemokines [245]. In 

general the inhibition of harmful and excessive proteolytic activity in the gut represents a 

strategy for the development of novel therapeutic options in the treatment of IBD and other 

inflammatory intestinal disorders. 

 

5.5 Possible role for EpaB in E. faecalis-mediated chronic intestinal 

inflammation 

The idea that E. faecalis GelE might be implicated in the development of chronic intestinal 

inflammation arose from the knowledge about the role of microbial metalloproteases for the 

virulence traits of pathogens and the fact that endogenous MMPs are involved in the 

pathogenesis of IBD. The presence of GelE was shown to potentiate the development of 

experimental colitis in E. faecalis monoassociated IL-10-/- mice, independent of antigen-

specific activation of colitogenic CD4+ T cells (figure 12B). Previous studies demonstrated the 

colitogenic character of the well described E. faecalis strain OG1RF in IL-10-/- mice [133,135], 

but the structural characteristics of this commensal strain responsible for disease initiation 

remained unclear. E. faecalis strains are part of the human core gut microbiome [246] but are 

also regarded as nosocomial pathogens playing a role in several infectious disease such as 

endocarditis [163], bacteremia [247] and urinary tract infections [248]. The role of E. faecalis 

GelE seems to be restricted to its ability of epithelial barrier impairment and the proteolytic 

modulation of the immune response. Zeng et al already postulated that GelE is important for 

bacterial translocation across T84 cells [173]. The present work could unravel the 

mechanism by demonstrating that GelE impairs epithelial barrier function through the 

degradation of junction proteins. Of note, the GelE-mediated degradation of proteins of the 

complement system inhibits the opsonization of bacterial cells [172] and decreases 

neutrophil migration to the side of infection [249], describing defence mechanisms of how 

E. faecalis GelE contributes to bacterial escape from the immune system. Future studies 

considering other bacterial molecules as initial trigger for the development of chronic 

inflammation have to be performed in order to elucidate the colitogenic mechanisms of 

E. faecalis. 

Enterococcal polysaccharide antigen (epa) was detected in the sera of patients with systemic 

enterococcal infections suggesting that cell wall polysaccharides have been recognized by 

the adaptive immune system [165,250,251]. Polysaccharides are involved in bacterial 

pathogenesis by mediating adherence and invasion of host cells [252,253], resistance to host 

defence mechanisms [254-256] or the induction of pro-inflammatory responses [257,258]. 

The E. faecalis epa gene cluster consists of 18 genes coding for enzymes and transporters 
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that are involved in cell wall polysaccharide metabolism. The disruption of epaB encoding for 

a putative glycosyl transferase, resulted in attenuated E. faecalis virulence [165-169]. 

Carbohydrate preparation from OG1RF and epaB disruption mutant revealed that EpaB is 

mediating the transfer of rhamnose, a 6-deoxy-hexose sugar, to cell wall polysaccharides 

[259]. Although various studies have addressed the impact of EpaB on enterococcal 

virulence, structure-function mechanisms have not been described yet. Especially the 

potential of enterococcal cell wall polysaccharides to serve as an antigen support the 

hypothesis that EpaB may contribute to chronic intestinal inflammation. In order to 

investigate the colitogenic or antigenic effect of EpaB in vivo it was necessary to generate 

deletion mutants. The characterization of the ∆epaB and ∆gelE-epaB mutants demonstrated 

that there are additive effects of the two factors in terms of biofilm formation (figure 33), 

bacterial translocation (figure 34) and enterococcal virulence (figure 35 and 36). However, it 

has to be considered that the deletion of gelE or epaB result in different bacterial morphology 

and decrease the ability to grow as biofilm compared to the Wt E. faecalis strain.  

 

5.6 Conclusion and perspective 

Enterococci live as harmless bacteria in a healthy environment, but can turn into infectious 

organisms under certain circumstances. The “commensal-to-pathogen switch” of E. faecalis 

has been demonstrated in an insect model of infection and sepsis [260]. The authors 

demonstrated that E. faecalis, also a commensal inhabitant of the lepidopteran model 

Manduca sexta itself, is only able to translocate and infect the hemocoel of the insect after 

Bacillus thuringiensis toxin-mediated disruption of the intestinal barrier function. Furthermore, 

E. faecalis injection resulted in a robust immune response and rapid death, suggesting that 

E. faecalis turns into a pathogen when it gets access to the host and its organism. This 

concept can be applied to the involvement of E. faecalis in IBD as well, where this 

commensal strain plays a role only in the susceptible host.  

The present study demonstrates that E. faecalis metalloprotease GelE contributes to the 

development of chronic intestinal inflammation through the impairment of mucosal barrier 

function and the degradation of epithelial junction proteins. Although GelE facilitates antigen 

translocation, the protease itself was not the pro-inflammatory trigger recognized by the 

immune system. Thus, other E. faecalis structures will be investigated for their inflammatory 

potential in order to unravel the colitogenic mechanisms of E. faecalis. The approach, which 

has been already addressed in the present work, considers cell wall polysaccharides as they 

have been shown to be recognized by the adaptive immune system. Besides, bacterial 

lipoproteins can be recognized by the innate immune system [261]. In literature, it has been 
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reported that lipoproteins from group B streptococci and Listeria monocytogenes activate the 

pattern recognition receptor TLR2 and induce an inflammatory response [262,263]. 

Therefore E. faecalis lipoproteins can be regarded to play a role in IBD-associated 

enterococcal pathogenesis through specific receptor activation of TLR2. To dissect the 

impact of certain bacterial structures on the development of chronic intestinal inflammation, it 

is crucial to colonize germfree animals with isogenic E. faecalis mutants lacking the 

respective molecule or structure. The identification of inflammatory triggers and structure-

function mechanisms of E. faecalis will help to understand the role of commensal gut 

bacteria in the complex pathogenesis of IBD and will possibly provide novel therapy options 

for patients.   
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6 APPENDIX 

Table 8. Identification of cleavage sites in recomb inant murine E-Cadherin for 

E. faecalis GelE-mediated degradation (100 ng GelE) 

 

 

Table 9. Identification of cleavage sites in recomb inant murine E-Cadherin for 

E. faecalis GelE-mediated degradation (250 ng GelE) 

 

 

 



 LIST OF FIGURES 
 
 

 
X 

 

LIST OF FIGURES 

Figure 1: Endogenous and exogenous proteases in the gut. ................................................. 3 

Figure 2: Intestinal mucosal barrier and organisation of the junction complexes in IEC ......... 6 

Figure 3: Cross-talk between commensal gut bacteria and the intestinal epithelium .............. 8 

Figure 4: Scenarios how commensal proteases gain access to IEC. ....................................13 

Figure 5: The fsr quorum sensing sytem of E. faecalis. ........................................................21 

Figure 6: Growth curves of E. faecalis strains in BHI medium. ..............................................38 

Figure 7: Determination of proteolytic activity in E. faecalis OG1RF and the isogenic mutant 
strains. .................................................................................................................39 

Figure 8: Growth and determination of GelE expression and activity in E. faecalis isolates 
from IBD patients. ................................................................................................41 

Figure 9: GelE purification from the culture supernatant of E. faecalis OG1RF. ....................42 

Figure 10: Characterization of purified GelE from E. faecalis. ...............................................43 

Figure 11: Inhibitors for E. faecalis GelE...............................................................................45 

Figure 12: Impact of E. faecalis GelE on apoptosis and its antigenic potential. .....................46 

Figure 13: Impact of E. faecalis GelE on intestinal mucus production and degradation. .......47 

Figure 14: Production of GelE in E. faecalis mediates loss of barrier function in cultivated 
intestinal epithelial cells. .......................................................................................49 

Figure 15: GelE-mediated effect of E. faecalis isolates from IBD patients on barrier function 
of Ptk6 cells. ........................................................................................................50 

Figure 16: Evaluation of the GelE-mediated barrier disruption using purified GelE and the 
inhibitor Marimastat. .............................................................................................51 

Figure 17: Characterization of the GelE effect on intestinal epithelial barrier function. ..........53 

Figure 18: Impact of E. faecalis GelE on barrier comprising proteins of TJ and AJ ...............54 

Figure 19: Synergistic effects of E. faecalis GelE and pro-inflammatory cytokines TNF and 
IFN-γ on barrier impairment of epithelial cells. ......................................................55 

Figure 20: Induction and activation of host-derived gelatinases MMP-2 and -9 by E. faecalis 
GelE. ....................................................................................................................57 

Figure 21: Impact of E. faecalis GelE on junction proteins in the intestinal epithelium of 
monoassociated Wt and IL-10-/- mice. ..................................................................61 

Figure 22: Induction of Wnt signalling by E. faecalis GelE. ...................................................62 

Figure 23: Purified E. faecalis GelE directly degrades recombinant murine E-Cadherin. ......64 

Figure 24: Identified cleavage sites for E. faecalis GelE in the AA sequence of murine E-
Cadherin. .............................................................................................................65 

Figure 25: Acidic mucus production and cytokine expression in the colon of IL-10-/- and 
TNF∆ARE/Wt mice. ...................................................................................................67 

Figure 26: Impact of E. faecalis GelE on barrier function of IL-10-/- and TNF∆ARE/Wt. ................68 

Figure 27: E. faecalis GelE impairs barrier function in the susceptible host. .........................70 

Figure 28: E. faecalis GelE increase translocation of sodium fluorescein across the mucosal 
barrier. .................................................................................................................70 

Figure 29: Generation and growth of epaB deletion mutants. ...............................................72 

Figure 30: Confirmation of epaB deletion on transcript level. ................................................73 



  
 
 

 
XI 

 

Figure 31: Effect of epaB deletion on transcription of downstream epa genes. .....................74 

Figure 32: Impact of epaB deletion on GelE expression and activity. ....................................77 

Figure 33: Assessment of biofilm formation. .........................................................................79 

Figure 34: Deletion of GelE and EpaB attenuated translocation across polarized IEC. .........80 

Figure 35: Survival of G. mellonella upon E. faecalis infection. .............................................81 
Figure 36: Survival of C. elegans upon E. faecalis infection..................................................81 

Figure 37: Proposed mechanism for the E. faecalis GelE-mediated loss of epithelial barrier 
function in the susceptible host. ...........................................................................82 

  

LIST OF FIGURES 



 LIST OF TABLES 
 
 

 
XII 

 

LIST OF TABLES 

Table 1: Bacterial proteases target epithelial cell barrier function. ........................................11 

Table 2: Putative virulence factors of E. faecalis. (Modified by Sava et a. 2009)[136] ...........20 

Table 3. E. faecalis OG1RF and isogenic mutants used in this study. ..................................24 

Table 4. qPCR primer sequences for the detection of virulence associated genes in 
E. faecalis. ...........................................................................................................28 

Table 5. Primer sequences for qPCR. ..................................................................................34 

Table 6. Abundance estimation and enumeration of identified proteins in purified GelE 
samples from E. faecalis OG1RF, CD11 and UC7 ...............................................44 

Table 7. Comparison between endogenous gelatinases and E. faecalis GelE ......................85 

Table 8. Identification of cleavage sites in recombinant murine E-Cadherin for E. faecalis 
GelE-mediated degradation (100 ng GelE) ..........................................................91 

Table 9. Identification of cleavage sites in recombinant murine E-Cadherin for E. faecalis 
GelE-mediated degradation (250 ng GelE) ..........................................................91 

  



 ABBREVIATIONS 
 
 

 
XIII 

 

ABBREVIATIONS 

 

ADAM a disintegrin and a metalloprotease 

AIEC adherent invasive Escherichia coli 

AJ adherence junction 

APC antigen presenting cells 

APMA p-aminophenylmercuric acetate 

BHI brain heart infusion 

CD Crohn’s disease 

cDNA complementary deoxyribonucleic acid 

DMEM Dulbecco’s modified eagle medium 

DNA deoxyribonucleic acid 

DSS dextransodiumsulphate 

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid 

C. elegans Caenorhabditis elegans 

conc CM concentrated conditioned media 

E. coli Escherichia coli 

E. faecalis Enterococcus faecalis 

E. faecium Enterococcus faecium 

EGFR epidermal growth factor receptor 

Epa enterococcal polysaccharide antigen 

FCS fetal calf serum 

Fsr E. faecalis regulator 

GAPDH glyceraldehyd 3-phosphate dehydrogenase 

GDH glutamate dehydrogenase 

GelE Gelatinase from E. faecalis 

GF germ-free 



  
 
 

 
XIV 

 

G. mellonella Galleria mellonella 

H&E hematoxylin & eosin 

IBD inflammatory bowel disease 

IEC intestinal epithelial cells 

IFN-γ interferon-γ 

IL interleukin 

IL-10-/- interleukin-10 deficient 

JAM-A junction adhesion molecule A 

KLH keyhole limpet hemocyanin 

LC liquid chromatography 

LPS lipopolysaccharide 

MAP mitogen-activated protein 

MLCK myosin light chain kinase 

MLN mesenteric lymph node 

MMP matrix metalloprotease 

mRNA messenger ribonucleic acid 

MS mass spectrometry 

MAP Mycobacterium avium spp paratuberculosis 

NF-κB nuclear factor-κB 

NOD nucleotide binding oligomerization domain 

OD optical density 

PAR protease-activated receptor 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PMSF phenylmethanesulfonylfluoride 

qRT-PCR quantitative real-time polymerase chain reaction 

RNA ribonucleic acid 

SDS-PAGE sodium dodecylsulfate polyacrylamid gel electrophoresis 

spp subspecies 

ABBREVIATIONS 



  
 
 

 
XV 

 

SprE E. faecalis serine protease 

TACE tumor necrose factor-converting enzyme 

TER transepithelial electrical resistance 

TGF transforming growth factor 

TIMP tissue inhibitor of matrix metalloproteinase 

TJ tight junction 

TLR toll-like receptor 

TNF tumor necrose factor α 

TSB tryptic soy broth 

UC ulcerative colitis 

UPC unrelated protein control 

Wt wild type 

ZO zonula occludens  

  

ABBREVIATIONS 



 REFERENCES 
 
 

 
XVI 

 

REFERENCES 

1. Rao MB, Tanksale AM, Ghatge MS, et al. Molecular and biotechnological aspects of 
microbial proteases. Microbiol Mol Biol Rev 1998;62:597-635. 

2. Twining SS. Regulation of proteolytic activity in tissues. Crit Rev Biochem Mol Biol 
1994;29:315-83. 

3. Macfarlane GT, Allison C, Gibson SA, et al. Contribution of the microflora to 
proteolysis in the human large intestine. J Appl Bacteriol 1988;64:37-46. 

4. Macfarlane GT, Cummings JH, Allison C. Protein degradation by human intestinal 
bacteria. J Gen Microbiol 1986;132:1647-56. 

5. Strober W, Fuss I, Mannon P. The fundamental basis of inflammatory bowel disease. 
J Clin Invest 2007;117:514-21. 

6. Renz H, von Mutius E, Brandtzaeg P, et al. Gene-environment interactions in chronic 
inflammatory disease. Nat Immunol 2011;12:273-7. 

7. Bustos D, Negri G, De Paula JA, et al. Colonic proteinases: increased activity in 
patients with ulcerative colitis. Medicina (B Aires) 1998;58:262-4. 

8. Cenac N, Andrews CN, Holzhausen M, et al. Role for protease activity in visceral pain 
in irritable bowel syndrome. J Clin Invest 2007;117:636-47. 

9. Roka R, Rosztoczy A, Leveque M, et al. A pilot study of fecal serine-protease activity: 
a pathophysiologic factor in diarrhea-predominant irritable bowel syndrome. Clin 
Gastroenterol Hepatol 2007;5:550-5. 

10. Pruteanu M, Hyland NP, Clarke DJ, et al. Degradation of the extracellular matrix 
components by bacterial-derived metalloproteases: Implications for inflammatory 
bowel diseases. Inflamm Bowel Dis 2010;17:1189-200. 

11. Birkedal-Hansen H, Moore WG, Bodden MK, et al. Matrix metalloproteinases: a 
review. Crit Rev Oral Biol Med 1993;4:197-250. 

12. Nelson AR, Fingleton B, Rothenberg ML, et al. Matrix metalloproteinases: biologic 
activity and clinical implications. J Clin Oncol 2000;18:1135-49. 

13. Baugh MD, Perry MJ, Hollander AP, et al. Matrix metalloproteinase levels are 
elevated in inflammatory bowel disease. Gastroenterology 1999;117:814-22. 

14. Pedersen G, Saermark T, Kirkegaard T, et al. Spontaneous and cytokine induced 
expression and activity of matrix metalloproteinases in human colonic epithelium. Clin 
Exp Immunol 2008. 

15. Ravi A, Garg P, Sitaraman SV. Matrix metalloproteinases in inflammatory bowel 
disease: boon or a bane? Inflamm Bowel Dis 2007;13:97-107. 

16. von Lampe B, Barthel B, Coupland SE, et al. Differential expression of matrix 
metalloproteinases and their tissue inhibitors in colon mucosa of patients with 
inflammatory bowel disease. Gut 2000;47:63-73. 

17. Tarlton JF, Whiting CV, Tunmore D, et al. The role of up-regulated serine proteases 
and matrix metalloproteinases in the pathogenesis of a murine model of colitis. Am J 
Pathol 2000;157:1927-35. 

18. Hamilton MJ, Sinnamon MJ, Lyng GD, et al. Essential role for mast cell tryptase in 
acute experimental colitis. Proc Natl Acad Sci U S A 2011;108:290-5. 

19. Menzel K, Hausmann M, Obermeier F, et al. Cathepsins B, L and D in inflammatory 
bowel disease macrophages and potential therapeutic effects of cathepsin inhibition 
in vivo. Clin Exp Immunol 2006;146:169-80. 

20. Saibeni S, Saladino V, Chantarangkul V, et al. Increased thrombin generation in 
inflammatory bowel diseases. Thromb Res 2010;125:278-82. 

21. McGuckin MA, Eri R, Simms LA, et al. Intestinal barrier dysfunction in inflammatory 
bowel diseases. Inflamm Bowel Dis 2009;15:100-13. 

22. Nelson WJ. Epithelial cell polarity from the outside looking in. News Physiol Sci 
2003;18:143-6. 



 REFERENCES 
 
 

 
XVII 

 

23. Tsukita S, Furuse M, Itoh M. Multifunctional strands in tight junctions. Nat Rev Mol 
Cell Biol 2001;2:285-93. 

24. van Roy F, Berx G. The cell-cell adhesion molecule E-cadherin. Cell Mol Life Sci 
2008;65:3756-88. 

25. Gooding JM, Yap KL, Ikura M. The cadherin-catenin complex as a focal point of cell 
adhesion and signalling: new insights from three-dimensional structures. Bioessays 
2004;26:497-511. 

26. Strumane K, Berx G, Van Roy F. Cadherins in cancer. Handb Exp Pharmacol 
2004:69-103. 

27. Bonnomet A, Polette M, Strumane K, et al. The E-cadherin-repressed hNanos1 gene 
induces tumor cell invasion by upregulating MT1-MMP expression. Oncogene 
2008;27:3692-9. 

28. Laukoetter MG, Nava P, Nusrat A. Role of the intestinal barrier in inflammatory bowel 
disease. World J Gastroenterol 2008;14:401-7. 

29. Su L, Shen L, Clayburgh DR, et al. Targeted epithelial tight junction dysfunction 
causes immune activation and contributes to development of experimental colitis. 
Gastroenterology 2009;136:551-63. 

30. Bruewer M, Samarin S, Nusrat A. Inflammatory bowel disease and the apical 
junctional complex. Ann N Y Acad Sci 2006;1072:242-52. 

31. Edelblum KL, Turner JR. The tight junction in inflammatory disease: communication 
breakdown. Curr Opin Pharmacol 2009;9:715-20. 

32. Gunther C, Martini E, Wittkopf N, et al. Caspase-8 regulates TNF-alpha-induced 
epithelial necroptosis and terminal ileitis. Nature 2011;477:335-9. 

33. Vetrano S, Rescigno M, Cera MR, et al. Unique role of junctional adhesion molecule-
a in maintaining mucosal homeostasis in inflammatory bowel disease. 
Gastroenterology 2008;135:173-84. 

34. Heller F, Florian P, Bojarski C, et al. Interleukin-13 is the key effector Th2 cytokine in 
ulcerative colitis that affects epithelial tight junctions, apoptosis, and cell restitution. 
Gastroenterology 2005;129:550-64. 

35. Weber CR, Nalle SC, Tretiakova M, et al. Claudin-1 and claudin-2 expression is 
elevated in inflammatory bowel disease and may contribute to early neoplastic 
transformation. Lab Invest 2008;88:1110-20. 

36. Prasad S, Mingrino R, Kaukinen K, et al. Inflammatory processes have differential 
effects on claudins 2, 3 and 4 in colonic epithelial cells. Lab Invest 2005;85:1139-62. 

37. Zeissig S, Bojarski C, Buergel N, et al. Downregulation of epithelial apoptosis and 
barrier repair in active Crohn's disease by tumour necrosis factor alpha antibody 
treatment. Gut 2004;53:1295-302. 

38. Karayiannakis AJ, Syrigos KN, Efstathiou J, et al. Expression of catenins and E-
cadherin during epithelial restitution in inflammatory bowel disease. J Pathol 
1998;185:413-8. 

39. Dogan A, Wang ZD, Spencer J. E-cadherin expression in intestinal epithelium. J Clin 
Pathol 1995;48:143-6. 

40. Jankowski JA, Bedford FK, Boulton RA, et al. Alterations in classical cadherins 
associated with progression in ulcerative and Crohn's colitis. Lab Invest 
1998;78:1155-67. 

41. Muise AM, Walters TD, Glowacka WK, et al. Polymorphisms in E-cadherin (CDH1) 
result in a mis-localised cytoplasmic protein that is associated with Crohn's disease. 
Gut 2009;58:1121-7. 

42. Fish SM, Proujansky R, Reenstra WW. Synergistic effects of interferon gamma and 
tumour necrosis factor alpha on T84 cell function. Gut 1999;45:191-8. 

43. Patrick DM, Leone AK, Shellenberger JJ, et al. Proinflammatory cytokines tumor 
necrosis factor-alpha and interferon-gamma modulate epithelial barrier function in 
Madin-Darby canine kidney cells through mitogen activated protein kinase signalling. 
BMC Physiol 2006;6:2. 



 REFERENCES 
 
 

 
XVIII 

 

44. Amasheh M, Grotjohann I, Amasheh S, et al. Regulation of mucosal structure and 
barrier function in rat colon exposed to tumor necrosis factor alpha and interferon 
gamma in vitro: a novel model for studying the pathomechanisms of inflammatory 
bowel disease cytokines. Scand J Gastroenterol 2009;44:1226-35. 

45. Mankertz J, Waller JS, Hillenbrand B, et al. Gene expression of the tight junction 
protein occludin includes differential splicing and alternative promoter usage. 
Biochem Biophys Res Commun 2002;298:657-66. 

46. Wang F, Graham WV, Wang Y, et al. Interferon-gamma and tumor necrosis factor-
alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating 
myosin light chain kinase expression. Am J Pathol 2005;166:409-19. 

47. Graham WV, Wang F, Clayburgh DR, et al. Tumor necrosis factor-induced long 
myosin light chain kinase transcription is regulated by differentiation-dependent 
signalling events. Characterization of the human long myosin light chain kinase 
promoter. J Biol Chem 2006;281:26205-15. 

48. Yi JY, Jung YJ, Choi SS, et al. TNF-alpha downregulates E-cadherin and sensitizes 
response to gamma-irradiation in Caco-2 cells. Cancer Res Treat 2009;41:164-70. 

49. Frank DN, Pace NR. Gastrointestinal microbiology enters the metagenomics era. Curr 
Opin Gastroenterol 2008;24:4-10. 

50. Gill SR, Pop M, Deboy RT, et al. Metagenomic analysis of the human distal gut 
microbiome. Science 2006;312:1355-9. 

51. Hold GL, Pryde SE, Russell VJ, et al. Assessment of microbial diversity in human 
colonic samples by 16S rDNA sequence analysis. FEMS Microbiol Ecol 2002;39:33-
9. 

52. Hooper LV, Gordon JI. Commensal host-bacterial relationships in the gut. Science 
2001;292:1115-8. 

53. Stecher B, Hardt WD. The role of microbiota in infectious disease. Trends Microbiol 
2008;16:107-14. 

54. Wells JM, Rossi O, Meijerink M, et al. Epithelial crosstalk at the microbiota-mucosal 
interface. Proc Natl Acad Sci U S A 2011;108 Suppl 1:4607-14. 

55. Jarchum I, Pamer EG. Regulation of innate and adaptive immunity by the commensal 
microbiota. Curr Opin Immunol 2011;23:353-60. 

56. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, et al. Recognition of commensal 
microflora by toll-like receptors is required for intestinal homeostasis. Cell 
2004;118:229-41. 

57. Eckburg PB, Relman DA. The role of microbes in Crohn's disease. Clin Infect Dis 
2007;44:256-62. 

58. Frank DN, St Amand AL, Feldman RA, et al. Molecular-phylogenetic characterization 
of microbial community imbalances in human inflammatory bowel diseases. Proc Natl 
Acad Sci U S A 2007;104:13780-5. 

59. Sartor RB. Microbial influences in inflammatory bowel diseases. Gastroenterology 
2008;134:577-94. 

60. Nell S, Suerbaum S, Josenhans C. The impact of the microbiota on the pathogenesis 
of IBD: lessons from mouse infection models. Nat Rev Microbiol;8:564-77. 

61. Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue established by 
metagenomic sequencing. Nature 2010;464:59-65. 

62. Sokol H, Pigneur B, Watterlot L, et al. Faecalibacterium prausnitzii is an anti-
inflammatory commensal bacterium identified by gut microbiota analysis of Crohn 
disease patients. Proc Natl Acad Sci U S A 2008;105:16731-6. 

63. Tannock GW. The bowel microbiota and inflammatory bowel diseases. Int J Inflam 
2010;2010:954051. 

64. Macfarlane GT, Blackett KL, Nakayama T, et al. The gut microbiota in inflammatory 
bowel disease. Curr Pharm Des 2009;15:1528-36. 

65. Nell S, Suerbaum S, Josenhans C. The impact of the microbiota on the pathogenesis 
of IBD: lessons from mouse infection models. Nat Rev Microbiol 2010;8:564-77. 



 REFERENCES 
 
 

 
XIX 

 

66. McGuckin MA, Linden SK, Sutton P, et al. Mucin dynamics and enteric pathogens. 
Nat Rev Microbiol 2011;9:265-78. 

67. Naser S, Shafran I, El-Zaatari F. Mycobacterium avium subsp. paratuberculosis in 
Crohn's disease is serologically positive. Clin Diagn Lab Immunol 1999;6:282. 

68. Sartor RB. Does Mycobacterium avium subspecies paratuberculosis cause Crohn's 
disease? Gut 2005;54:896-8. 

69. Glasser AL, Boudeau J, Barnich N, et al. Adherent invasive Escherichia coli strains 
from patients with Crohn's disease survive and replicate within macrophages without 
inducing host cell death. Infect Immun 2001;69:5529-37. 

70. Rolhion N, Darfeuille-Michaud A. Adherent-invasive Escherichia coli in inflammatory 
bowel disease. Inflamm Bowel Dis 2007;13:1277-83. 

71. Rabizadeh S, Rhee KJ, Wu S, et al. Enterotoxigenic bacteroides fragilis: a potential 
instigator of colitis. Inflamm Bowel Dis 2007;13:1475-83. 

72. Yang PC, Liu T, Wang BQ, et al. Rhinosinusitis derived Staphylococcal enterotoxin B 
possibly associates with pathogenesis of ulcerative colitis. BMC Gastroenterol 
2005;5:28. 

73. Hoffmann C, Hill DA, Minkah N, et al. Community-wide response of the gut microbiota 
to enteropathogenic Citrobacter rodentium infection revealed by deep sequencing. 
Infect Immun 2009;77:4668-78. 

74. Stecher B, Robbiani R, Walker AW, et al. Salmonella enterica serovar typhimurium 
exploits inflammation to compete with the intestinal microbiota. PLoS Biol 
2007;5:2177-89. 

75. Steck N, Mueller K, Schemann M, et al. Bacterial proteases in IBD and IBS. Gut 
2011. 

76. Warfel JM, Steele AD, D'Agnillo F. Anthrax lethal toxin induces endothelial barrier 
dysfunction. Am J Pathol 2005;166:1871-81. 

77. Babbin BA, Sasaki M, Gerner-Schmidt KW, et al. The bacterial virulence factor 
lymphostatin compromises intestinal epithelial barrier function by modulating rho 
GTPases. Am J Pathol 2009;174:1347-57. 

78. Voth DE, Ballard JD. Clostridium difficile toxins: mechanism of action and role in 
disease. Clin Microbiol Rev 2005;18:247-63. 

79. Grys TE, Siegel MB, Lathem WW, et al. The StcE protease contributes to intimate 
adherence of enterohemorrhagic Escherichia coli O157:H7 to host cells. Infect Immun 
2005;73:1295-303. 

80. Wu S, Rhee KJ, Zhang M, et al. Bacteroides fragilis toxin stimulates intestinal 
epithelial cell shedding and gamma-secretase-dependent E-cadherin cleavage. J Cell 
Sci 2007;120:1944-52. 

81. Hoy B, Lower M, Weydig C, et al. Helicobacter pylori HtrA is a new secreted virulence 
factor that cleaves E-cadherin to disrupt intercellular adhesion. EMBO Rep 
2010;11:798-804. 

82. Azghani AO, Gray LD, Johnson AR. A bacterial protease perturbs the paracellular 
barrier function of transporting epithelial monolayers in culture. Infect Immun 
1993;61:2681-6. 

83. Rudack C, Sachse F, Albert N, et al. Immunomodulation of nasal epithelial cells by 
Staphylococcus aureus-derived serine proteases. J Immunol 2009;183:7592-601. 

84. Wu Z, Nybom P, Magnusson KE. Distinct effects of Vibrio cholerae 
haemagglutinin/protease on the structure and localization of the tight junction-
associated proteins occludin and ZO-1. Cell Microbiol 2000;2:11-7. 

85. Schultsz C, Van Den Berg FM, Ten Kate FW, et al. The intestinal mucus layer from 
patients with inflammatory bowel disease harbors high numbers of bacteria compared 
with controls. Gastroenterology 1999;117:1089-97. 

86. Fyderek K, Strus M, Kowalska-Duplaga K, et al. Mucosal bacterial microflora and 
mucus layer thickness in adolescents with inflammatory bowel disease. World J 
Gastroenterol 2009;15:5287-94. 



 REFERENCES 
 
 

 
XX 

 

87. Rhodes JM, Gallimore R, Elias E, et al. Faecal mucus degrading glycosidases in 
ulcerative colitis and Crohn's disease. Gut 1985;26:761-5. 

88. Png CW, Linden SK, Gilshenan KS, et al. Mucolytic bacteria with increased 
prevalence in IBD mucosa augment in vitro utilization of mucin by other bacteria. Am 
J Gastroenterol 2010;105:2420-8. 

89. Bunnett NW. Protease-activated receptors: how proteases signal to cells to cause 
inflammation and pain. Semin Thromb Hemost 2006;32 Suppl 1:39-48. 

90. Vergnolle N. Protease-activated receptors as drug targets in inflammation and pain. 
Pharmacol Ther 2009;123:292-309. 

91. Lourbakos A, Yuan YP, Jenkins AL, et al. Activation of protease-activated receptors 
by gingipains from Porphyromonas gingivalis leads to platelet aggregation: a new trait 
in microbial pathogenicity. Blood 2001;97:3790-7. 

92. Lourbakos A, Potempa J, Travis J, et al. Arginine-specific protease from 
Porphyromonas gingivalis activates protease-activated receptors on human oral 
epithelial cells and induces interleukin-6 secretion. Infect Immun 2001;69:5121-30. 

93. Dulon S, Leduc D, Cottrell GS, et al. Pseudomonas aeruginosa elastase disables 
proteinase-activated receptor 2 in respiratory epithelial cells. Am J Respir Cell Mol 
Biol 2005;32:411-9. 

94. Kida Y, Inoue H, Shimizu T, et al. Serratia marcescens serralysin induces 
inflammatory responses through protease-activated receptor 2. Infect Immun 
2007;75:164-74. 

95. de Zoete MR, Bouwman LI, Keestra AM, et al. Cleavage and activation of a Toll-like 
receptor by microbial proteases. Proc Natl Acad Sci U S A 2011;108:4968-73. 

96. Brunn GJ, Bungum MK, Johnson GB, et al. Conditional signalling by Toll-like receptor 
4. Faseb J 2005;19:872-4. 

97. Cario E, Golenbock DT, Visintin A, et al. Trypsin-sensitive modulation of intestinal 
epithelial MD-2 as mechanism of lipopolysaccharide tolerance. J Immunol 
2006;176:4258-66. 

98. Mengaud J, Ohayon H, Gounon P, et al. E-cadherin is the receptor for internalin, a 
surface protein required for entry of L. monocytogenes into epithelial cells. Cell 
1996;84:923-32. 

99. Phan QT, Myers CL, Fu Y, et al. Als3 is a Candida albicans invasin that binds to 
cadherins and induces endocytosis by host cells. PLoS Biol 2007;5:e64. 

100. Moreno-Ruiz E, Galan-Diez M, Zhu W, et al. Candida albicans internalization by host 
cells is mediated by a clathrin-dependent mechanism. Cell Microbiol 2009;11:1179-
89. 

101. Freour T, Jarry A, Bach-Ngohou K, et al. TACE inhibition amplifies TNF-alpha-
mediated colonic epithelial barrier disruption. Int J Mol Med 2009;23:41-8. 

102. Kirkegaard T, Pedersen G, Saermark T, et al. Tumour necrosis factor-alpha 
converting enzyme (TACE) activity in human colonic epithelial cells. Clin Exp 
Immunol 2004;135:146-53. 

103. Peschon JJ, Slack JL, Reddy P, et al. An essential role for ectodomain shedding in 
mammalian development. Science 1998;282:1281-4. 

104. Forsyth CB, Banan A, Farhadi A, et al. Regulation of oxidant-induced intestinal 
permeability by metalloprotease-dependent epidermal growth factor receptor 
signalling. J Pharmacol Exp Ther 2007;321:84-97. 

105. Kenny PA. Tackling EGFR signalling with TACE antagonists: a rational target for 
metalloprotease inhibitors in cancer. Expert Opin Ther Targets 2007;11:1287-98. 

106. Thiercelin ME. Sur un diplocoque saprophyte de l'intestin susceptible de devenir 
pathogen. C. R. Soc. Biol. 1899;5:269-271. 

107. Andrewes FW, Horder T.J. A study of the streptococci pathogenic for man. Lancet 
1906;ii:708-713. 

108. Sherman JM. The Enterococci and Related Streptococci. J Bacteriol 1938;35:81-93. 



 REFERENCES 
 
 

 
XXI 

 

109. Franz CM, Stiles ME, Schleifer KH, et al. Enterococci in foods--a conundrum for food 
safety. Int J Food Microbiol 2003;88:105-22. 

110. Devriese LA, Pot B, Collins MD. Phenotypic identification of the genus Enterococcus 
and differentiation of phylogenetically distinct enterococcal species and species 
groups. J Appl Bacteriol 1993;75:399-408. 

111. Chenoweth C, Schaberg D. The epidemiology of enterococci. Eur J Clin Microbiol 
Infect Dis 1990;9:80-9. 

112. Foulquie Moreno MR, Sarantinopoulos P, Tsakalidou E, et al. The role and 
application of enterococci in food and health. Int J Food Microbiol 2006;106:1-24. 

113. Franz CM, van Belkum MJ, Holzapfel WH, et al. Diversity of enterococcal bacteriocins 
and their grouping in a new classification scheme. FEMS Microbiol Rev 2007;31:293-
310. 

114. Buydens P, Debeuckelaere S. Efficacy of SF 68 in the treatment of acute diarrhea. A 
placebo-controlled trial. Scand J Gastroenterol 1996;31:887-91. 

115. Wunderlich PF, Braun L, Fumagalli I, et al. Double-blind report on the efficacy of lactic 
acid-producing Enterococcus SF68 in the prevention of antibiotic-associated 
diarrhoea and in the treatment of acute diarrhoea. J Int Med Res 1989;17:333-8. 

116. Agerbaek M, Gerdes LU, Richelsen B. Hypocholesterolaemic effect of a new 
fermented milk product in healthy middle-aged men. Eur J Clin Nutr 1995;49:346-52. 

117. Lund B, Adamsson I, Edlund C. Gastrointestinal transit survival of an Enterococcus 
faecium probiotic strain administered with or without vancomycin. Int J Food Microbiol 
2002;77:109-15. 

118. Nueno-Palop C, Narbad A. Probiotic assessment of Enterococcus faecalis CP58 
isolated from human gut. Int J Food Microbiol 2011;145:390-4. 

119. Murray BE. The life and times of the Enterococcus. Clin Microbiol Rev 1990;3:46-65. 
120. Giraffa G. Enterococci from foods. FEMS Microbiol Rev 2002;26:163-71. 
121. Poh CH, Oh HM, Tan AL. Epidemiology and clinical outcome of enterococcal 

bacteraemia in an acute care hospital. J Infect 2006;52:383-6. 
122. Wisplinghoff H, Bischoff T, Tallent SM, et al. Nosocomial bloodstream infections in 

US hospitals: analysis of 24,179 cases from a prospective nationwide surveillance 
study. Clin Infect Dis 2004;39:309-17. 

123. Werner G, Coque TM, Hammerum AM, et al. Emergence and spread of vancomycin 
resistance among enterococci in Europe. Euro Surveill 2008;13. 

124. Ogier JC, Serror P. Safety assessment of dairy microorganisms: the Enterococcus 
genus. Int J Food Microbiol 2008;126:291-301. 

125. Uttley AH, Collins CH, Naidoo J, et al. Vancomycin-resistant enterococci. Lancet 
1988;1:57-8. 

126. Huycke MM, Sahm DF, Gilmore MS. Multiple-drug resistant enterococci: the nature of 
the problem and an agenda for the future. Emerg Infect Dis 1998;4:239-49. 

127. Mater DD, Langella P, Corthier G, et al. Evidence of vancomycin resistance gene 
transfer between enterococci of human origin in the gut of mice harbouring human 
microbiota. J Antimicrob Chemother 2005;56:975-8. 

128. Tenover FC, McDonald LC. Vancomycin-resistant staphylococci and enterococci: 
epidemiology and control. Curr Opin Infect Dis 2005;18:300-5. 

129. Biavasco F, Giovanetti E, Miele A, et al. In vitro conjugative transfer of VanA 
vancomycin resistance between Enterococci and Listeriae of different species. Eur J 
Clin Microbiol Infect Dis 1996;15:50-9. 

130. Kreuzpaintner G, Horstkotte D, Heyll A, et al. Increased risk of bacterial endocarditis 
in inflammatory bowel disease. Am J Med 1992;92:391-5. 

131. Nguyen GC, Leung W, Weizman AV. Increased risk of vancomycin-resistant 
enterococcus (VRE) infection among patients hospitalized for inflammatory bowel 
disease in the United States. Inflamm Bowel Dis 2011;17:1338-42. 

132. Macfarlane S, Furrie E, Kennedy A, et al. Mucosal bacteria in ulcerative colitis. Br J 
Nutr 2005;93 Suppl 1:S67-72. 



 REFERENCES 
 
 

 
XXII 

 

133. Balish E, Warner T. Enterococcus faecalis induces inflammatory bowel disease in 
interleukin-10 knockout mice. Am J Pathol 2002;160:2253-7. 

134. Sellon RK, Tonkonogy S, Schultz M, et al. Resident enteric bacteria are necessary for 
development of spontaneous colitis and immune system activation in interleukin-10-
deficient mice. Infect Immun 1998;66:5224-31. 

135. Kim SC, Tonkonogy SL, Albright CA, et al. Variable phenotypes of enterocolitis in 
interleukin 10-deficient mice monoassociated with two different commensal bacteria. 
Gastroenterology 2005;128:891-906. 

136. Hoffmann M, Kim SC, Sartor RB, et al. Enterococcus faecalis strains differentially 
regulate Alix/AIP1 protein expression and ERK 1/2 activation in intestinal epithelial 
cells in the context of chronic experimental colitis. J Proteome Res 2009;8:1183-92. 

137. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: a common cause of 
persistent infections. Science 1999;284:1318-22. 

138. Hoiby N, Ciofu O, Johansen HK, et al. The clinical impact of bacterial biofilms. Int J 
Oral Sci 2011;3:55-65. 

139. Mohamed JA, Huang DB. Biofilm formation by enterococci. J Med Microbiol 
2007;56:1581-8. 

140. Bourgogne A, Hilsenbeck SG, Dunny GM, et al. Comparison of OG1RF and an 
isogenic fsrB deletion mutant by transcriptional analysis: the Fsr system of 
Enterococcus faecalis is more than the activator of gelatinase and serine protease. J 
Bacteriol 2006;188:2875-84. 

141. Sifri CD, Mylonakis E, Singh KV, et al. Virulence effect of Enterococcus faecalis 
protease genes and the quorum-sensing locus fsr in Caenorhabditis elegans and 
mice. Infect Immun 2002;70:5647-50. 

142. Mylonakis E, Engelbert M, Qin X, et al. The Enterococcus faecalis fsrB gene, a key 
component of the fsr quorum-sensing system, is associated with virulence in the 
rabbit endophthalmitis model. Infect Immun 2002;70:4678-81. 

143. Gaspar F, Teixeira N, Rigottier-Gois L, et al. Virulence of Enterococcus faecalis dairy 
strains in an insect model: the role of fsrB and gelE. Microbiology 2009;155:3564-71. 

144. Qin X, Singh KV, Weinstock GM, et al. Effects of Enterococcus faecalis fsr genes on 
production of gelatinase and a serine protease and virulence. Infect Immun 
2000;68:2579-86. 

145. Nakayama J, Cao Y, Horii T, et al. Gelatinase biosynthesis-activating pheromone: a 
peptide lactone that mediates a quorum sensing in Enterococcus faecalis. Mol 
Microbiol 2001;41:145-54. 

146. Qin X, Singh KV, Weinstock GM, et al. Characterization of fsr, a regulator controlling 
expression of gelatinase and serine protease in Enterococcus faecalis OG1RF. J 
Bacteriol 2001;183:3372-82. 

147. Sava IG, Heikens E, Huebner J. Pathogenesis and immunity in enterococcal 
infections. Clin Microbiol Infect 2009;16:533-40. 

148. Nallapareddy SR, Qin X, Weinstock GM, et al. Enterococcus faecalis adhesin, ace, 
mediates attachment to extracellular matrix proteins collagen type IV and laminin as 
well as collagen type I. Infect Immun 2000;68:5218-24. 

149. Singh KV, Nallapareddy SR, Sillanpaa J, et al. Importance of the collagen adhesin 
ace in pathogenesis and protection against Enterococcus faecalis experimental 
endocarditis. PLoS Pathog 2010;6:e1000716. 

150. Kowalski WJ, Kasper EL, Hatton JF, et al. Enterococcus faecalis adhesin, Ace, 
mediates attachment to particulate dentin. J Endod 2006;32:634-7. 

151. Kreft B, Marre R, Schramm U, et al. Aggregation substance of Enterococcus faecalis 
mediates adhesion to cultured renal tubular cells. Infect Immun 1992;60:25-30. 

152. Rakita RM, Vanek NN, Jacques-Palaz K, et al. Enterococcus faecalis bearing 
aggregation substance is resistant to killing by human neutrophils despite 
phagocytosis and neutrophil activation. Infect Immun 1999;67:6067-75. 



 REFERENCES 
 
 

 
XXIII 

 

153. Sussmuth SD, Muscholl-Silberhorn A, Wirth R, et al. Aggregation substance 
promotes adherence, phagocytosis, and intracellular survival of Enterococcus 
faecalis within human macrophages and suppresses respiratory burst. Infect Immun 
2000;68:4900-6. 

154. Waters CM, Wells CL, Dunny GM. The aggregation domain of aggregation 
substance, not the RGD motifs, is critical for efficient internalization by HT-29 
enterocytes. Infect Immun 2003;71:5682-9. 

155. Waters CM, Hirt H, McCormick JK, et al. An amino-terminal domain of Enterococcus 
faecalis aggregation substance is required for aggregation, bacterial internalization by 
epithelial cells and binding to lipoteichoic acid. Mol Microbiol 2004;52:1159-71. 

156. Chuang ON, Schlievert PM, Wells CL, et al. Multiple functional domains of 
Enterococcus faecalis aggregation substance Asc10 contribute to endocarditis 
virulence. Infect Immun 2009;77:539-48. 

157. Coburn PS, Gilmore MS. The Enterococcus faecalis cytolysin: a novel toxin active 
against eukaryotic and prokaryotic cells. Cell Microbiol 2003;5:661-9. 

158. Singh KV, Qin X, Weinstock GM, et al. Generation and testing of mutants of 
Enterococcus faecalis in a mouse peritonitis model. J Infect Dis 1998;178:1416-20. 

159. Garsin DA, Sifri CD, Mylonakis E, et al. A simple model host for identifying Gram-
positive virulence factors. Proc Natl Acad Sci U S A 2001;98:10892-7. 

160. Cox CR, Gilmore MS. Native microbial colonization of Drosophila melanogaster and 
its use as a model of Enterococcus faecalis pathogenesis. Infect Immun 
2007;75:1565-76. 

161. Jett BD, Jensen HG, Nordquist RE, et al. Contribution of the pAD1-encoded cytolysin 
to the severity of experimental Enterococcus faecalis endophthalmitis. Infect Immun 
1992;60:2445-52. 

162. Singh KV, Coque TM, Weinstock GM, et al. In vivo testing of an Enterococcus 
faecalis efaA mutant and use of efaA homologs for species identification. FEMS 
Immunol Med Microbiol 1998;21:323-31. 

163. Nallapareddy SR, Singh KV, Sillanpaa J, et al. Endocarditis and biofilm-associated 
pili of Enterococcus faecalis. J Clin Invest 2006;116:2799-807. 

164. Singh KV, Nallapareddy SR, Murray BE. Importance of the ebp (endocarditis- and 
biofilm-associated pilus) locus in the pathogenesis of Enterococcus faecalis 
ascending urinary tract infection. J Infect Dis 2007;195:1671-7. 

165. Xu Y, Singh KV, Qin X, et al. Analysis of a gene cluster of Enterococcus faecalis 
involved in polysaccharide biosynthesis. Infect Immun 2000;68:815-23. 

166. Zeng J, Teng F, Weinstock GM, et al. Translocation of Enterococcus faecalis strains 
across a monolayer of polarized human enterocyte-like T84 cells. J Clin Microbiol 
2004;42:1149-54. 

167. Teng F, Jacques-Palaz KD, Weinstock GM, et al. Evidence that the enterococcal 
polysaccharide antigen gene (epa) cluster is widespread in Enterococcus faecalis 
and influences resistance to phagocytic killing of E. faecalis. Infect Immun 
2002;70:2010-5. 

168. Singh KV, Lewis RJ, Murray BE. Importance of the epa locus of Enterococcus 
faecalis OG1RF in a mouse model of ascending urinary tract infection. J Infect Dis 
2009;200:417-20. 

169. Mohamed JA, Huang W, Nallapareddy SR, et al. Influence of origin of isolates, 
especially endocarditis isolates, and various genes on biofilm formation by 
Enterococcus faecalis. Infect Immun 2004;72:3658-63. 

170. Shankar N, Lockatell CV, Baghdayan AS, et al. Role of Enterococcus faecalis surface 
protein Esp in the pathogenesis of ascending urinary tract infection. Infect Immun 
2001;69:4366-72. 

171. Toledo-Arana A, Valle J, Solano C, et al. The enterococcal surface protein, Esp, is 
involved in Enterococcus faecalis biofilm formation. Appl Environ Microbiol 
2001;67:4538-45. 



 REFERENCES 
 
 

 
XXIV 

 

172. Park SY, Kim KM, Lee JH, et al. Extracellular gelatinase of Enterococcus faecalis 
destroys a defense system in insect hemolymph and human serum. Infect Immun 
2007;75:1861-9. 

173. Zeng J, Teng F, Murray BE. Gelatinase is important for translocation of Enterococcus 
faecalis across polarized human enterocyte-like T84 cells. Infect Immun 
2005;73:1606-12. 

174. Nannini EC, Teng F, Singh KV, et al. Decreased virulence of a gls24 mutant of 
Enterococcus faecalis OG1RF in an experimental endocarditis model. Infect Immun 
2005;73:7772-4. 

175. Teng F, Nannini EC, Murray BE. Importance of gls24 in virulence and stress 
response of Enterococcus faecalis and use of the Gls24 protein as a possible 
immunotherapy target. J Infect Dis 2005;191:472-80. 

176. Theilacker C, Kaczynski Z, Kropec A, et al. Opsonic antibodies to Enterococcus 
faecalis strain 12030 are directed against lipoteichoic acid. Infect Immun 
2006;74:5703-12. 

177. Sava IG, Zhang F, Toma I, et al. Novel interactions of glycosaminoglycans and 
bacterial glycolipids mediate binding of enterococci to human cells. J Biol Chem 
2009;284:18194-201. 

178. Theilacker C, Sanchez-Carballo P, Toma I, et al. Glycolipids are involved in biofilm 
accumulation and prolonged bacteraemia in Enterococcus faecalis. Mol Microbiol 
2009;71:1055-69. 

179. Makinen PL, Clewell DB, An F, et al. Purification and substrate specificity of a 
strongly hydrophobic extracellular metalloendopeptidase ("gelatinase") from 
Streptococcus faecalis (strain 0G1-10). J Biol Chem 1989;264:3325-34. 

180. Del Papa MF, Hancock LE, Thomas VC, et al. Full activation of Enterococcus faecalis 
gelatinase by a C-terminal proteolytic cleavage. J Bacteriol 2007;189:8835-43. 

181. Arias CA, Cortes L, Murray BE. Chaining in enterococci revisited: correlation between 
chain length and gelatinase phenotype, and gelE and fsrB genes among clinical 
isolates of Enterococcus faecalis. J Med Microbiol 2007;56:286-8. 

182. Waters CM, Antiporta MH, Murray BE, et al. Role of the Enterococcus faecalis GelE 
protease in determination of cellular chain length, supernatant pheromone levels, and 
degradation of fibrin and misfolded surface proteins. J Bacteriol 2003;185:3613-23. 

183. Carniol K, Gilmore MS. Signal transduction, quorum-sensing, and extracellular 
protease activity in Enterococcus faecalis biofilm formation. J Bacteriol 
2004;186:8161-3. 

184. Hancock LE, Perego M. Systematic inactivation and phenotypic characterization of 
two-component signal transduction systems of Enterococcus faecalis V583. J 
Bacteriol 2004;186:7951-8. 

185. Hoffmann M. Bacterial strain specificity of Enterococcus faecalis interaction with 
intestinal epithelial cells in chronic intestinal inflammation. http://nbn-
resolving.de/urn/resolver.pl?urn:nbn:de:bvb:91-diss-20091211-813334-1-3 2010. 

186. Murray BE, Singh KV, Ross RP, et al. Generation of restriction map of Enterococcus 
faecalis OG1 and investigation of growth requirements and regions encoding 
biosynthetic function. J Bacteriol 1993;175:5216-23. 

187. Bourgogne A, Garsin DA, Qin X, et al. Large scale variation in Enterococcus faecalis 
illustrated by the genome analysis of strain OG1RF. Genome Biol 2008;9:R110. 

188. Pruteanu M, Hyland NP, Clarke DJ, et al. Degradation of the extracellular matrix 
components by bacterial-derived metalloproteases: Implications for inflammatory 
bowel diseases. Inflamm Bowel Dis. 

189. Panesso D, Montealegre MC, Rincon S, et al. The hylEfm gene in pHylEfm of 
Enterococcus faecium is not required in pathogenesis of murine peritonitis. BMC 
Microbiol 2011;11:20. 



 REFERENCES 
 
 

 
XXV 

 

190. Kristich CJ, Chandler JR, Dunny GM. Development of a host-genotype-independent 
counterselectable marker and a high-frequency conjugative delivery system and their 
use in genetic analysis of Enterococcus faecalis. Plasmid 2007;57:131-44. 

191. Baldassarri L, Cecchini R, Bertuccini L, et al. Enterococcus spp. produces slime and 
survives in rat peritoneal macrophages. Med Microbiol Immunol 2001;190:113-20. 

192. Deighton M, Borland R. Regulation of slime production in Staphylococcus epidermidis 
by iron limitation. Infect Immun 1993;61:4473-9. 

193. Ruiz PA, Shkoda A, Kim SC, et al. IL-10 gene-deficient mice lack TGF-beta/Smad 
signalling and fail to inhibit proinflammatory gene expression in intestinal epithelial 
cells after the colonization with colitogenic Enterococcus faecalis. J Immunol 
2005;174:2990-9. 

194. Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. 
Nucleic Acids Res 2001;29:e45. 

195. Stiernagle T. Maintenance of C. elegans. WormBook 2006:1-11. 
196. Riboulet-Bisson E, Sanguinetti M, Budin-Verneuil A, et al. Characterization of the Ers 

regulon of Enterococcus faecalis. Infect Immun 2008;76:3064-74. 
197. Whitehead RH, Robinson PS, Williams JA, et al. Conditionally immortalized colonic 

epithelial cell line from a Ptk6 null mouse that polarizes and differentiates in vitro. J 
Gastroenterol Hepatol 2008;23:1119-24. 

198. Schicho R, Krueger D, Zeller F, et al. Hydrogen sulfide is a novel prosecretory 
neuromodulator in the Guinea-pig and human colon. Gastroenterology 
2006;131:1542-52. 

199. Kontoyiannis D, Pasparakis M, Pizarro TT, et al. Impaired on/off regulation of TNF 
biosynthesis in mice lacking TNF AU-rich elements: implications for joint and gut-
associated immunopathologies. Immunity 1999;10:387-98. 

200. Katakura K, Lee J, Rachmilewitz D, et al. Toll-like receptor 9-induced type I IFN 
protects mice from experimental colitis. J Clin Invest 2005;115:695-702. 

201. Klammer AA, MacCoss MJ. Effects of modified digestion schemes on the 
identification of proteins from complex mixtures. J Proteome Res 2006;5:695-700. 

202. Rappsilber J, Mann M, Ishihama Y. Protocol for micro-purification, enrichment, pre-
fractionation and storage of peptides for proteomics using StageTips. Nat Protoc 
2007;2:1896-906. 

203. Zybailov B, Mosley AL, Sardiu ME, et al. Statistical analysis of membrane proteome 
expression changes in Saccharomyces cerevisiae. J Proteome Res 2006;5:2339-47. 

204. Veltkamp C, Tonkonogy SL, De Jong YP, et al. Continuous stimulation by normal 
luminal bacteria is essential for the development and perpetuation of colitis in 
Tg(epsilon26) mice. Gastroenterology 2001;120:900-13. 

205. Steck N, Hoffmann M, Sava IG, et al. Enterococcus faecalis Metalloprotease 
Compromises Epithelial Barrier and Contributes to Intestinal Inflammation. 
Gastroenterology 2011;141:959-71. 

206. Sydora BC, Macfarlane SM, Walker JW, et al. Epithelial barrier disruption allows 
nondisease-causing bacteria to initiate and sustain IBD in the IL-10 gene-deficient 
mouse. Inflamm Bowel Dis 2007;13:947-54. 

207. Schwerbrock NM, Makkink MK, van der Sluis M, et al. Interleukin 10-deficient mice 
exhibit defective colonic Muc2 synthesis before and after induction of colitis by 
commensal bacteria. Inflamm Bowel Dis 2004;10:811-23. 

208. Kobayashi KS, Chamaillard M, Ogura Y, et al. Nod2-dependent regulation of innate 
and adaptive immunity in the intestinal tract. Science 2005;307:731-4. 

209. Biswas A, Liu YJ, Hao L, et al. Induction and rescue of Nod2-dependent Th1-driven 
granulomatous inflammation of the ileum. Proc Natl Acad Sci U S A 2010;107:14739-
44. 

210. Noe V, Fingleton B, Jacobs K, et al. Release of an invasion promoter E-cadherin 
fragment by matrilysin and stromelysin-1. J Cell Sci 2001;114:111-118. 



 REFERENCES 
 
 

 
XXVI 

 

211. Maretzky T, Reiss K, Ludwig A, et al. ADAM10 mediates E-cadherin shedding and 
regulates epithelial cell-cell adhesion, migration, and beta-catenin translocation. Proc 
Natl Acad Sci U S A 2005;102:9182-7. 

212. Huguenin M, Muller EJ, Trachsel-Rosmann S, et al. The metalloprotease meprinbeta 
processes E-cadherin and weakens intercellular adhesion. PLoS One 2008;3:e2153. 

213. Bonazzi M, Lecuit M, Cossart P. Listeria monocytogenes internalin and E-cadherin: 
from bench to bedside. Cold Spring Harb Perspect Biol 2009;1:a003087. 

214. Sumitomo T, Nakata M, Higashino M, et al. Streptolysin S contributes to group A 
streptococcal translocation across an epithelial barrier. J Biol Chem 2011;286:2750-
61. 

215. Berg DJ, Davidson N, Kuhn R, et al. Enterocolitis and colon cancer in interleukin-10-
deficient mice are associated with aberrant cytokine production and CD4(+) TH1-like 
responses. J Clin Invest 1996;98:1010-20. 

216. Bristol IJ, Farmer MA, Cong Y, et al. Heritable susceptibility for colitis in mice induced 
by IL-10 deficiency. Inflamm Bowel Dis 2000;6:290-302. 

217. Farmer MA, Sundberg JP, Bristol IJ, et al. A major quantitative trait locus on 
chromosome 3 controls colitis severity in IL-10-deficient mice. Proc Natl Acad Sci U S 
A 2001;98:13820-5. 

218. Bleich A, Buchler G, Beckwith J, et al. Cdcs1 a major colitis susceptibility locus in 
mice; subcongenic analysis reveals genetic complexity. Inflamm Bowel Dis 
2010;16:765-75. 

219. Wu JW, Chen XL. Extracellular metalloproteases from bacteria. Appl Microbiol 
Biotechnol 2011. 

220. Rawlings ND, Barrett AJ, Bateman A. MEROPS: the peptidase database. Nucleic 
Acids Res 2010;38:D227-33. 

221. Overall CM. Molecular determinants of metalloproteinase substrate specificity: matrix 
metalloproteinase substrate binding domains, modules, and exosites. Mol Biotechnol 
2002;22:51-86. 

222. Salmela MT, MacDonald TT, Black D, et al. Upregulation of matrix metalloproteinases 
in a model of T cell mediated tissue injury in the gut: analysis by gene array and in 
situ hybridisation. Gut 2002;51:540-7. 

223. Seifert WF, Wobbes T, Hendriks T. Divergent patterns of matrix metalloproteinase 
activity during wound healing in ileum and colon of rats. Gut 1996;39:114-9. 

224. Medina C, Videla S, Radomski A, et al. Increased activity and expression of matrix 
metalloproteinase-9 in a rat model of distal colitis. Am J Physiol Gastrointest Liver 
Physiol 2003;284:G116-22. 

225. Singh KV, Nallapareddy SR, Nannini EC, et al. Fsr-independent production of 
protease(s) may explain the lack of attenuation of an Enterococcus faecalis fsr 
mutant versus a gelE-sprE mutant in induction of endocarditis. Infect Immun 
2005;73:4888-94. 

226. Thomas VC, Hiromasa Y, Harms N, et al. A fratricidal mechanism is responsible for 
eDNA release and contributes to biofilm development of Enterococcus faecalis. Mol 
Microbiol 2009;72:1022-36. 

227. Asokananthan N, Graham PT, Stewart DJ, et al. House dust mite allergens induce 
proinflammatory cytokines from respiratory epithelial cells: the cysteine protease 
allergen, Der p 1, activates protease-activated receptor (PAR)-2 and inactivates PAR-
1. J Immunol 2002;169:4572-8. 

228. Sun G, Stacey MA, Schmidt M, et al. Interaction of mite allergens Der p3 and Der p9 
with protease-activated receptor-2 expressed by lung epithelial cells. J Immunol 
2001;167:1014-21. 

229. Holzhausen M, Spolidorio LC, Ellen RP, et al. Protease-activated receptor-2 
activation: a major role in the pathogenesis of Porphyromonas gingivalis infection. Am 
J Pathol 2006;168:1189-99. 



 REFERENCES 
 
 

 
XXVII 

 

230. Logan CY, Nusse R. The Wnt signalling pathway in development and disease. Annu 
Rev Cell Dev Biol 2004;20:781-810. 

231. Nusse R, Fuerer C, Ching W, et al. Wnt signalling and stem cell control. Cold Spring 
Harb Symp Quant Biol 2008;73:59-66. 

232. Scoville DH, Sato T, He XC, et al. Current view: intestinal stem cells and signalling. 
Gastroenterology 2008;134:849-64. 

233. Heuberger J, Birchmeier W. Interplay of cadherin-mediated cell adhesion and 
canonical Wnt signalling. Cold Spring Harb Perspect Biol 2010;2:a002915. 

234. Isozaki Y, Yoshida N, Kuroda M, et al. Anti-tryptase treatment using nafamostat 
mesilate has a therapeutic effect on experimental colitis. Scand J Gastroenterol 
2006;41:944-53. 

235. Senda S, Fujiyama Y, Bamba T, et al. Treatment of ulcerative colitis with camostat 
mesilate, a serine protease inhibitor. Intern Med 1993;32:350-4. 

236. Sykes AP, Bhogal R, Brampton C, et al. The effect of an inhibitor of matrix 
metalloproteinases on colonic inflammation in a trinitrobenzenesulphonic acid rat 
model of inflammatory bowel disease. Aliment Pharmacol Ther 1999;13:1535-42. 

237. Di Sebastiano P, di Mola FF, Artese L, et al. Beneficial effects of Batimastat (BB-94), 
a matrix metalloproteinase inhibitor, in rat experimental colitis. Digestion 
2001;63:234-9. 

238. Medina C, Santana A, Paz MC, et al. Matrix metalloproteinase-9 modulates intestinal 
injury in rats with transmural colitis. J Leukoc Biol 2006;79:954-62. 

239. Bissett D, O'Byrne KJ, von Pawel J, et al. Phase III study of matrix metalloproteinase 
inhibitor prinomastat in non-small-cell lung cancer. J Clin Oncol 2005;23:842-9. 

240. Rolland C, Motta J-P, Rousset P, et al. Increased Proteolytic Activity at Mucosal 
Surfaces in IBD Patients: A Possible Role for Elafin. Gastroenterology 2011;140:S-
695. 

241. Motta JP, Magne L, Descamps D, et al. Modifying the protease, antiprotease pattern 
by elafin overexpression protects mice from colitis. Gastroenterology 2011;140:1272-
82. 

242. Kantyka T, Plaza K, Koziel J, et al. Inhibition of Staphylococcus aureus cysteine 
proteases by human serpin potentially limits staphylococcal virulence. Biol Chem 
2011;392:483-9. 

243. Venturi A, Gionchetti P, Rizzello F, et al. Impact on the composition of the faecal flora 
by a new probiotic preparation: preliminary data on maintenance treatment of patients 
with ulcerative colitis. Aliment Pharmacol Ther 1999;13:1103-8. 

244. Tursi A, Brandimarte G, Giorgetti GM, et al. Low-dose balsalazide plus a high-
potency probiotic preparation is more effective than balsalazide alone or mesalazine 
in the treatment of acute mild-to-moderate ulcerative colitis. Med Sci Monit 
2004;10:PI126-31. 

245. von Schillde M-A, HÃ¶rmannsperger G, Alpert C-A, et al. T2025 Probiotic-Derived 
Lactocepin Degrades the Pro-Inflammatory Chemokine IP-10: Impact on Chronic 
Intestinal Inflammation. Gastroenterology 2010;138:S-615-S-616. 

246. Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue established by 
metagenomic sequencing. Nature;464:59-65. 

247. Graninger W, Ragette R. Nosocomial bacteremia due to Enterococcus faecalis 
without endocarditis. Clin Infect Dis 1992;15:49-57. 

248. Fisher K, Phillips C. The ecology, epidemiology and virulence of Enterococcus. 
Microbiology 2009;155:1749-57. 

249. Thurlow LR, Thomas VC, Narayanan S, et al. Gelatinase contributes to the 
pathogenesis of endocarditis caused by Enterococcus faecalis. Infect Immun 
2010;78:4936-43. 

250. Xu Y, Jiang L, Murray BE, et al. Enterococcus faecalis antigens in human infections. 
Infect Immun 1997;65:4207-15. 



 REFERENCES 
 
 

 
XXVIII 

 

251. Xu Y, Murray BE, Weinstock GM. A cluster of genes involved in polysaccharide 
biosynthesis from Enterococcus faecalis OG1RF. Infect Immun 1998;66:4313-23. 

252. Hulse ML, Smith S, Chi EY, et al. Effect of type III group B streptococcal capsular 
polysaccharide on invasion of respiratory epithelial cells. Infect Immun 1993;61:4835-
41. 

253. Tamura GS, Kuypers JM, Smith S, et al. Adherence of group B streptococci to 
cultured epithelial cells: roles of environmental factors and bacterial surface 
components. Infect Immun 1994;62:2450-8. 

254. Garcia E, Lopez R. Molecular biology of the capsular genes of Streptococcus 
pneumoniae. FEMS Microbiol Lett 1997;149:1-10. 

255. Rakita RM, Quan VC, Jacques-Palaz K, et al. Specific antibody promotes 
opsonization and PMN-mediated killing of phagocytosis-resistant Enterococcus 
faecium. FEMS Immunol Med Microbiol 2000;28:291-9. 

256. Xu S, Arbeit RD, Lee JC. Phagocytic killing of encapsulated and microencapsulated 
Staphylococcus aureus by human polymorphonuclear leukocytes. Infect Immun 
1992;60:1358-62. 

257. Soell M, Diab M, Haan-Archipoff G, et al. Capsular polysaccharide types 5 and 8 of 
Staphylococcus aureus bind specifically to human epithelial (KB) cells, endothelial 
cells, and monocytes and induce release of cytokines. Infect Immun 1995;63:1380-6. 

258. Henderson B, Poole S, Wilson M. Bacterial modulins: a novel class of virulence 
factors which cause host tissue pathology by inducing cytokine synthesis. Microbiol 
Rev 1996;60:316-41. 

259. Teng F, Singh KV, Bourgogne A, et al. Further characterization of the epa gene 
cluster and Epa polysaccharides of Enterococcus faecalis. Infect Immun 
2009;77:3759-67. 

260. Mason KL, Stepien TA, Blum JE, et al. From Commensal to Pathogen: Translocation 
of Enterococcus faecalis from the Midgut to the Hemocoel of Manduca sexta. MBio 
2011;2. 

261. Bubeck Wardenburg J, Williams WA, Missiakas D. Host defenses against 
Staphylococcus aureus infection require recognition of bacterial lipoproteins. Proc 
Natl Acad Sci U S A 2006;103:13831-6. 

262. Henneke P, Dramsi S, Mancuso G, et al. Lipoproteins are critical TLR2 activating 
toxins in group B streptococcal sepsis. J Immunol 2008;180:6149-58. 

263. Machata S, Tchatalbachev S, Mohamed W, et al. Lipoproteins of Listeria 
monocytogenes are critical for virulence and TLR2-mediated immune activation. J 
Immunol 2008;181:2028-35. 

 
  



 ACKNOWLEDGEMENTS 
 
 

 
XXIX 

 

ACKNOWLEDGEMENTS 

An dieser Stelle möchte ich die Menschen erwähnen und würdigen, die mich unterstützt und 
mir in der Zeit meiner Promotion zur Seite gestanden haben. 

Zunächst bedanke ich mich bei Prof. Dr. Dirk Haller für seine zahlreichen wissenschaftlichen 
Anregungen, kritischen Diskussionen sowie die hervorragenden technischen und finanziellen 
Mittel. 

Herrn Prof. Dr. Rudi Vogel danke ich für die Übernahme des Koreferats. 

Bei Prof. Dr. Michael Schemann bedanke ich mich für die stets offene Tür, die sehr 
fruchtbare Zusammenarbeit und die Übernahme des Vorsitzes in der Prüfungskommission. 

Großer Dank gilt Prof. Dr. Barbara Murray für ihre Zusammenarbeit, Unterstützung und ihre 
Gastfreundschaft in Houston. Bei dieser Gelegenheit möchte ich Dr. Jung Roh danken, der 
nicht müde wurde, mir genetische Grundlagen mit nie endender Freundlichkeit und 
Zuversicht immer wieder zu erklären.  

Desweiteren einen herzlichen Dank an meinen ehemaligen Betreuer Micha Hoffmann, der 
durch seine Arbeit den Grundstein für mein Projekt gelegt hat. 

Im Rahmen meiner Dissertation durfte ich mit vielen talentierten Leuten von anderen 
Lehrstühlen zusammen arbeiten. Sie haben alle zum Gelingen der Arbeit beigetragen und 
mein technisches Wissen maßgeblich erweitert. Vielen lieben Dank an: Katrin Mair, Viktoria 
Doll, Hannes Hahne, Dagmar Krüger, Kerstin Hartwig, Britta Spanier, Katrin Lasch, Kerstin 
Geillinger, Angela Lindenstrauß, Mareike Wenning, Tobias Bauer, Alex Heiseke und Martin 
Kullik. 

Großer Dank gilt meinen vielen lieben Kolleginnen und Kollegen Lisa Gruber, Tom Clavel, 
Eva Rath, Jana Hemmerling, Irina Sava, Sören Ocvirk, Monika Weiher, Nadine Waldschmitt, 
Melanie Klein, Silvia Pitariu, Nico Gebhardt, Gabi Hörmannsperger, Stefan Wagner, Anna 
Zhenchuk, Ingrid Schmöller, Sigrid Kisling, Sandra Hennig, Brita Sturm, Sonja Böhm und die 
ehemaligen Tanja Werner, Anja Messlik, Benjamin Tiemann, Susan Chang, Katharina Rank 
und Pedro Ruiz für ein immer offenes Ohr und für die vielen lustigen Stunden! 

Bei meinen lieben Freunden des erweiterten MEN-Office, Marie, Emanuel und Pia, möchte 
ich mich ganz herzlich für die schöne und unvergessliche Zeit bedanken – gemeinsam 
leiden, verzweifeln, „das sinkende Schiff verlassen“, jeden Tag aufs Neue den Tatsachen ins 
Auge sehen und sich wieder über die kleinen Dinge bzw. „Erfolge“ des Lebens freuen!  

Mein ganz besonderer Dank gilt meiner Familie, meinen Freunden und meinem Freund 
Thorsten für ihre bedingungslose Unterstützung, ihren Rat und ihre Fähigkeit mich immer 
wieder zu motivieren und zum Lachen zu bringen. 

 

 

  



 CURRICULUM VITAE 
 
 

 
XXX 

 

CURRICULUM VITAE 

Persönliche Daten  

Name: Natalie Marie Annabel Steck 
Anschrift: Peiffersweg 18 

22307 Hamburg 
Geburtsdatum /-ort: 24.02.1983 in Starnberg 
Staatsangehörigkeit: Deutsch 

 

Ausbildung 

 
2006-2008 
 
 
2003-2006 
 
 
2002-2003 

 
Studium der Fachrichtung Ernährungswissenschaften 
Abschluss: Master of Science 
 
Studium der Fachrichtung Ernährungswissenschaften 
Abschluss: Bachelor of Science 
 
Ausbildung zur Fremdsprachenassistentin am Euro-
Business College München 
Abschluss: ESO-Diplom 

  
1993-2002  
 

Landschulheim Kempfenhausen (Gymnasium) in Berg   
Abschluss: Abitur 

  
  

Praktische Erfahrung 

 
November 2010 
 
 

 
4 wöchiger Forschungsaufenthalt an der Texas Medical 
School in Houston, Texas (USA), im Department für 
Infektionskrankheiten (Leitung: Prof. Dr. Barbara Murray) 
 

  
September 2008 - März 2009  Masterarbeit am Lehrstuhl für Experimentelle 

Ernährungsmedizin an der Technischen Universität 
München  

  
April 2006 – Juli 2006 Bachelorarbeit am Lehrstuhl für Ernährungsphysiologie 

an der Technischen Universität München 
  
August 2005 – September 
2005 

Praktikum im Institut für klinische Molekularbiologie und 
Tumorgenetik am Helmholz Zentrum München 

  



 ERKLÄRUNG 
 
 

 
XXXI 

 

ERKLÄRUNG 

Hiermit erkläre ich, dass ich die vorliegende Doktorarbeit selbstständig angefertigt habe. Es 

wurden nur die in der Arbeit ausdrücklich benannten Quellen und Hilfsmittel benutzt. Wörtlich 

oder sinngemäß übernommenes Gedankengut habe ich als solches kenntlich gemacht.  

 

 

 

 

_____________________                                             ________________________ 

Ort, Datum                                                                             Unterschrift 


