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Summary 

Background/Aim. Enterococcus faecalis is a commensal intestinal bacterium used 

as a probiotic and for production of Mediterranean cheese and meat products. 

However, E. faecalis emerged as a nosocomial pathogen playing a role in urinary 

tract infections, endocarditis and bacteremia. The use of animal models of 

inflammatory bowel disease (IBD) has shown that commensal intestinal microbes 

contribute to the initiation and perpetuation of inflammation. However, the role of E. 

faecalis strains in IBD is largely unknown. Therefore, we investigated the interaction 

between three different E. faecalis strains and intestinal epithelial cells (IEC) in the 

context of IBD, both in vitro and in vivo. The E. faecalis strains, selected on the basis 

of origin and virulence genes, were: the medical isolate E. faecalis strain OG1RF, the 

endogenous IL-10-/- mouse strain ms2 and the probiotic strain hs3. 

 

Results. In vitro, all E. faecalis strains were capable of activating the transcription 

factors NFκB and c-jun and the MAP kinases p-38 and ERK1/2. Furthermore, all 

strains induced secretion of the cytokine IL-6 and the T-cell attracting chemokine IP-

10 in similar amounts. E. faecalis-induced IL-6 secretion was TLR-2-dependent and 

mediated by the NFκB, the ERK1/2 and the p38 MAP kinase pathway, whereas IP-10 

secretion was mediated by NFκB and p38. Except for differences in early activation 

of ERK1/2, no strain-specific differences were found in vitro, suggesting similar 

mechanisms in recognition and signal-transduction at the level of IEC. 

Using gnotobiotic IL-10-/- mice, we found differences between the three E. 

faecalis strains. Histopathological analysis revealed moderate colonic inflammation 

after a 14-week-monoassociation with strain ms2 and severe inflammation with strain 

OG1RF. The severity of inflammation was associated with an up-regulated IP-10 

gene expression in primary IEC. In wild type mice, all E. faecalis strains activated the 

MAP kinases p38 and ERK1/2. However, activation was more pronounced for the 

probiotic strain hs3. In IL-10-/- mice, p-38 activation was completely lost for all strains 

after 14 weeks whereas ERK1/2 activation was only lost in severe E. faecalis 

OG1RF-mediated colitis. These results highlight differential roles of E. faecalis strains 
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in the induction of experimental colitis and suggest protective functions for ERK1/2 

and p-38.  

We used 2D-gel electrophoresis and MALDI-TOF mass spectrometry to compare 

protein expression in primary IEC under moderate and severe E. faecalis-mediated 

inflammation. Alix, Ezrin and F-actin capping protein alpha-2 subunit were 

differentially regulated, suggesting changes in cytoskeleton assembly in severe 

colitis. Alix regulation was confirmed by Western Blot. Knock-down of Alix protein 

expression in IEC using siRNA did not impair ERK1/2 activation and IP-10 secretion 

in vitro. Therefore, Alix regulation has most likely no function on the observed 

regulation of ERK1/2 and IP-10 in primary IEC.  

Finally, IL10-/- mice were monoassociated with isogenic mutants of E. faecalis 

OG1RF to investigate the role of E. faecalis virulence genes in experimental colitis. 

Mice colonized with a gelatinase-mutant were characterized by significantly lower 

histopathological scores. Moreover, the deletion of the fsrB gene, which is crucial for 

the expression of gelatinase together with a serine protease, led to significantly 

attenuated experimental colitis. Hence, E. faecalis gelatinase and the fsr quorum 

sensing system contribute to experimental colitis.  

 

Conclusion. Our experiments clearly demonstrate E. faecalis strain-specific 

differences in the initiation of experimental colitis and identified E. faecalis gelatinase 

and the fsr quorum sensing system as contributing factors. Therefore, the use of 

specific protease inhibitors targeting commensal bacterial proteases might be a 

promising approach to treat IBD. 
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Zusammenfassung 

Hintergrund/Ziel: Enterococcus faecalis ist ein kommensales Darmbakterium, das 

auch in mediterranen Käse- und Wurst-Produkten vorkommt und als Probiotikum 

verwendet wird. Andererseits ist E. faecalis auch ein Krankenhauskeim, der bei 

Harnwegsentzündungen, Bakterämie und Endokarditis eine Rolle spielt. Tiermodelle 

für chronisch entzündliche Darmerkrankungen (CED) haben gezeigt, dass 

kommensale Mikroorganismen zur Entstehung und Aufrechterhaltung von CED 

beitragen. Die Rolle von E. faecalis für CED ist weitgehend unbekannt. Daher haben 

wir die Wechselwirkung zwischen drei unterschiedlichen E. faecalis Stämmen und 

intestinalen Epithelzellen (IEC) im Kontext von CED untersucht. Für die in vitro und in 

vivo Experimente wurden folgende drei Stämme auf der Basis von Virulenzgen-

Präsenz und Ursprung ausgewählt: Das medizinische Isolat E. faecalis OG1RF, das 

endogene IL-10-/- Maus-Isolat ms2 und der probiotische Stamm hs3. 

 

Ergebnisse: In vitro aktivierten alle E. faecalis Stämme die MAP Kinasen p-38, und 

ERK1/2 sowie die Transkriptionsfaktoren NFκB und c-jun in IEC. Außerdem 

induzierten alle Stämme die Sekretion des Cytokins IL-6 und des T-Zell Chemokins 

IP-10 in ähnlichen Mengen. Die E. faecalis induzierte IL-6 Sekretion war TLR-2 

abhängig und wurde durch die Signalwege NFκB, p38 und ERK1/2 vermittelt 

während die IP-10 Sekretion NFκB und p38 vermittelt war. Abgesehen von 

Unterschieden in der frühen Aktivierung des ERK1/2 Signalweges konnten keine 

stammspezifischen Unterschiede gefunden werden. Daher scheinen die 

Mechanismen für die Erkennung von verschiedenen E. faecalis Stämmen und für die 

Signalweiterleitung auf der Ebene von IEC ähnlich zu sein. 

Wir konnten stammspezifische Effekte in Bezug auf intestinale Entzündung in 

monokolonisierten IL-10-/- Mäusen, ein Modell für chronische Colitis, nachweisen. 

Die histopathologische Untersuchung zeigte eine moderate Entzündung des Colons 

von E. faecalis ms2 monoassoziierten Mäusen nach 14 Wochen im Vergleich zu 

einer starken Entzündung für E. faecalis OG1RF. Im Einklang mit den Unterschieden 

in der Histopathologie war eine signifikant verstärkte Gen-Expression von IP-10 in E. 

faecalis OG1RF monokolonisierten Mäusen. Alle E. faecalis Stämme aktivierten die 

MAP Kinasen p38 und ERK1/2 in primären IEC. Die Aktivierung war jedoch stärker 
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ausgeprägt für den probiotischen Stamm hs3. In IL-10-/- Mäusen war nach 14 

Wochen für alle Stämme keine p-38-Aktivierung mehr nachweisbar. Jedoch war die 

ERK1/2-Aktivierung noch präsent und nur in starker E. faecalis OG1RF vermittelter 

Colitis deutlich schwächer. Diese Ergebnisse lassen klare E. faecalis-

stammspezifische Unterschiede in der Induktion von experimenteller Colitis erkennen 

und deuten protektive Funktionen der MAP Kinasen ERK1/2 und p38 an.  

Wir haben 2D-Gelelektrophorese und MALDI-TOF Massenspektroskopie 

verwendet um die starke und die moderate E. faecalis induzierte Entzündung auf der 

Ebene von primären IEC zu vergleichen. Die Proteine Alix, Ezrin und F-actin capping 

protein wurden als differentiell reguliert identifiziert, was einen unterschiedlichen 

Cytoskelett Aufbau im Zustand von starker Entzündung andeutet. Die Regulation von 

Alix konnten wir mit Western Blot verifizieren. Das gezielte Ausschalten der Alix 

Protein Expression mit Hilfe von siRNA hatte keinen Einfluss auf die Aktivierung von 

ERK1/2 und auf die Sekretion von IP-10 in IEC in vitro. Daher hat die differentielle 

Alix Expression in primären IEC höchstwahrscheinlich keine Bedeutung für die 

beobachtete Regulation von ERK1/2 und IP-10. 

Um die E. faecalis vermittelte Colitis auf der Ebene der Virulenzgene zu untersuchen 

haben wir IL-10-/- Mäuse mit isogenen Mutanten von E. faecalis OG1RF 

monokolonisiert. Eine Mutante für die E. faecalis Gelatinase zeigte signifikant 

weniger Entzündung im Vergleich zu E. faecalis OG1RF. Zudem führte die Deletion 

des E. faecalis fsrB-Gens, das für die Expression von Gelatinase und einer Serin-

Protease notwendig ist, zu einer signifikant schwächeren Colitis. Daher tragen 

sowohl die Gelatinase als auch das fsr Quorum Sensing System von E. faecalis zur 

Colitis bei. 

 

Schlussfolgerung: Eine differentielle Induktion von Colitis durch verschiedene E. 

faecalis Stämme sowie eine Auswirkung der E. faecalis Gelatinase auf intestinale 

Entzündung konnte somit klar gezeigt werden. Daher könnte der Einsatz von 

Inhibitoren gegen bakterielle Proteasen in der Behandlung von CED erfolgreich sein. 
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1. Introduction 

1.1. Enterococci 
 

Enterococci are commensal lactic acid bacteria in the mammalian and human 

intestinal tract1. Some strains are used as probiotics to enhance the host immune 

response2. Enterococci are also found in different mainly Mediterranean cheese and 

meet products in which they are important for flavour and ripening3, 4. They also serve 

as starter cultures.  

On the other hand, strains of enterococci possess multiple antibiotic resistances and 

they are a leading cause of hospital-acquired infections. Glycopeptide resistance, 

especially vancomycin resistance, is a great concern, since these are the antibiotics 

of the last choice in serious nosocomial infections due to enterococci5, 6. In addition, 

enterococci, especially Enterococcus faecalis, play a role in several other infections, 

e.g. edocarditis7, bacteremia8, root canal9 and urinary tract infections10. The interest 

in enterococci is rising since E. faecalis and Enterococcus faecium are frequently 

isolated from these infections, whereas the mechanisms of virulence are still 

unknown. By now it is almost impossible to discriminate potentially harmful strains 

from other commensal enterococci, a priori.  

1.1.1. Reservoirs and characteristics of enterococci 

Enterococci are ubiquitous organisms. They can be isolated from water, food, soil 

and plants11, 12,13. Enterococci can also be found as a natural part of the intestinal 

microbiota in most mammals and birds. Therefore, enterococci, especially the 

species E. faecalis and E. faecium, are often regarded as indicators for fecal 

contaminations of water. The discrimination of enterococcal strains from fecal origins 

and from plant origins is important for the control of water quality12.  

 

In 1938 Sherman described the “Enterococcal Group” of streptococci as bacteria that 

are able to grow at 10° C, 45° C and at up to pH 9.6, in 6.5% NaCl and that survive 

heating at 60° C for 30 min14. More than 45 years later, in 1984, the genus 

Enterococcus was transferred from the genus Streptococcus together with the two 

species Enterococcus faecalis and Enterococcus faecium by Schleifer and Kilpper-
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Bälz15. In 2002 at least 17 species were added to this genus1. By now, according to 

the NCBI taxonomy browser (http://www.ncbi.nlm.nih.gov/sites/entrez), 42 different 

species are known. 

Enterococci are gram positive, catalase negative, non spore forming, non motile, 

facultative anaerobic cocci. As already mentioned, enterococci can grow under 

unfavourable growth conditions. They occur singly, in pairs, or in short chains. 

Enterococci are also able to degrade a wide variety of different carbohydrates. At 

least 13 sugars are metabolized by all species and 31 additional sugars can be 

metabolized by at least one or more species16,17. The ability to utilize such a broad 

spectrum of sugars likely enhances the survival of enterococci in competitive 

environments with limited energy sources, such as the intestine. Interestingly, some 

E. faecalis strains express enzymes capable of degrading human intestinal mucins. 

Normally, human mucins are poly-O-acetylated or -sulfated at sialic acids on outer 

non reducing ends of the carbohydrate chain and therefore protected from bacterial 

degradation. E. faecalis can overcome this by expressing extracellular sialate O-

acetylesterase and arylesterase18. 

In 2003, the genome of the vancomycin-resistant strain Enterococcus faecalis V583 

was sequenced19. Its main chromosome is 3 218 031-bp-long with 3182 open-

reading frames. The three plasmids were found to be 66 320-bp, 57 660-bp and 17 

963-bp-long with 72, 64, and 19 open-reading frames respectively. The main 

chromosome has a G+C content of 37.5% and the three plasmids around 34%. One 

of the main findings of this genome project was that more than 25% of the genome 

consists of probably mobile or foreign DNA.  

1.1.2. Enterococci in food 

As already mentioned, enterococci belong to the commensal intestinal microbiota of 

mammals and birds. The species E. faecium, E. faecalis, E. durans and E. hirae are 

the most often encountered species in the intestine of farm animals like calves, cows, 

pigs and horses20. Therefore, they often contaminate milk- and meat-products during 

processing. Especially traditionally produced fermented foods made from meat or 

milk contain enterococci e.g. the Spanish cebreiro cheese3. The numbers of 

enterococci in Mediterranean-type fully ripened cheeses range from 105 to 107 

CFU/g21. Since enterococci belong to the “traditional” microbiota of fermented milk 

products and contribute to ripening and flavour of these products, food scientists use 

enterococci as starter cultures to accelerate maturation and to improve the flavour of 
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cheeses and other fermented milk products 22,11. Furthermore, different capabilities of 

enterococci, like proteolytic activity or antibiotic production, e.g. the cyclic bacteriocin 

AS-48, were investigated with the aim to enhance texture and taste or to prevent 

growth of unwanted bacteria like listeria or bacilli in foods23,24.  

 

1.1.3. Enterococci as a part of the intestinal microbiota 

The intestine harbours a complex microbial ecosystem with a wide diversity of 

organisms and a high population density. Bacterial cells in the intestine outnumber 

mammalian host cells by a factor of approximately ten25. According to recent studies 

using molecular techniques based on 16s ribosomal RNA, the intestine contains 

about 1800 genera, between 15 000 and 36 000 different bacterial species26 and 

about 1010-1012 bacteria/g intestinal content27. Anaerobes outnumber aerobes and 

facultative species by a factor of about 100 28. Although the intestinal microbiota has 

been studied in great detail, microscopic counts on human feces suggest that only 

40% of these bacteria can be cultivated with state-of-the-art bacteriological 

methodologies on non-selective agar medium 29. The species composition between 

different individuals changes. Figure 1 shows a current view of the human intestinal 

microbial composition. 

 
Figure 1: Human intestinal microbial composition (from Sartor 200830). 

 

Also enterococci belong to the „normal“, commensal inhabitants of this complex 

human intestinal microbiota. However, it has been shown by molecular analysis that 

the percentage of enterococci in the intestinal microbiota of an adult is not higher 

than 1%31 – probably by far below. Therefore, enterococci can be regarded as a 

minority of the commensal intestinal bacteria. The species E. faecalis and E. faecium 
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appear to be detected most often in human feces32, 33 and E. faecalis is considered to 

be the most common Enterococcus species in human feces12 occurring between 3.5 

and 11.5 (log10 CFU/g dry weight) (mean 7.7)32. Among the remaining species 

Enterococcus durans, Enterococcus avium and Enterococcus hirae were reported to 

be present in human feces32 and Enterococcus gallinarum and Enterococcus 

casseliflavus in the feces of animals34.  

Enterococci are also present in the intestine of infants early after birth. Interestingly, 

enterococci are less frequent in breast fed infants compared to formula fed infants 

during the first weeks of life35.  

 

1.1.4. Enterococci as probiotics 

Probiotic bacteria are defined as “Live microorganisms which when administered in 

adequate amounts confer a health benefit on the host” 36. Most probiotic bacteria 

belong to the genera Lactobacillus or Bifidobacterium. However, some enterococci 

are also used as probiotics. For example, the strain E. faecium SF68 (bioflorin) has 

been successfully used to treat enteritis by decreasing the time for normalisation of 

patients stool and the duration of diarrhoeal symptoms37. Recently it was also shown 

that E. faecium SF68 enhances the immune response to Giardia intestinalis in 

mice38. Furthermore, the Causido® culture is a probiotic mixture that consists of two 

strains of S. thermophilus and one strain of E. faecium39.  The hypo-cholesterolaemic 

effect of this mixture is controverse40. Additionally, Symbioflor® is a probiotic 

preparation sold in pharmacies which contains E. faecalis. It was shown to reduce 

the titres of circulating IgG directed against E. faecalis in a group of ten healthy 

volunteers after the oral intake of 107 viable cells for 3 weeks41. Finally, enterococci 

are also widely used as veterinary feed supplements. Since February 2004, 10 

preparations containing 9 different strains of E. faecium are authorized as additives in 

the European Union42. 

Since some enterococci, especially E. faecium, have emerged as highly antibiotic 

resistant pathogens, and because of the possibility that the strains transfer antibiotic 

resistance and virulence genes the use of enterococci as probiotics has raised 

concerns. Therefore, additional studies investigating the probiotic and pathogenic 

mechanisms of enterococci are necessary. 
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1.1.5. Enterococci and potential virulence factors 

E. faecium and E. faecalis are regarded as opportunistic pathogens and usually 

cause infections in patients that have severe underlying diseases or that are 

immunocompromised43. E. faecalis plays a role in several infections e.g. edocarditis7, 

bacteremia8, root canal9 and urinary tract infections10. Normally, the pathogenesis of 

bacterial infections follows a sequence of events: colonisation, adhesion to host 

tissues, invasion of the tissue and resistance to host defence mechanisms. The 

search for mechanisms in enterococci to fulfil these steps led to a list of genes with 

potential relation to the virulence of enterococci. Some of these genes and their 

functions are described below. Since E. faecalis is the best investigated and 

described enterococcal species in the literature, most virulence traits are only 

described for E. faecalis.  

 

Gelatinase and serine protease 
Already in 1969, Somkuti and Babel purified an E. faecalis proteinase which was able 

to hydrolytically degrade casein44. Later Jensen et al. observed that Cheddar cheese 

manufactured with E. faecalis exhibited more protein breakdown than did cheese 

manufactured with E. durans or control cheese. The finding that E. faecalis strains 

are proteolytically more active than E. durans strains was confirmed by a different 

group45 . In 1989 Mäkinen et al. purified and extensively characterized an E. faecalis 

metalloproteinase which was termed gelatinase because of its ability to digest 

gelatine. According to their study, E. faecalis gelatinase is a 31.5 kDa strongly 

hydrophobic metalloproteinase, with an isoelectric point of 4.6 and a broad pH 

optimum from 6 to 8. Its substrate specificity was found to be similar to that of the 

mammalian membrane endopeptidase-24.11 and to that of Streptococcus 

thermophilus thermolysin (EC 3.4.24.4)46. By now, gelatinase has already been 

shown to play a pathological role in 3 different animal models: A Caenorhabditis 

elegans life span model47, a mouse peritonitis model48 and a rabbit endophthalmitis 

model49. The protein expression of gelatinase is regulated by the fsr quorum sensing 

system which is described in the following section. 

 

The fsr quorum sensing system 
The fsr (for E. faecalis regulator) quorum sensing system senses high cell densities 

of E. faecalis due to high concentrations of an autoinducer, the cyclic peptide 
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gelatinase biosynthesis-activating pheromone (GBAP)50. In turn it regulates 

expression of different genes, especially expression of two proteases: gelatinase and 

serine protease. 

Qin et al. first described the fsr locus composed of three genes, fsrA, fsrB and fsrC, 

which have high similarity to the Staphylococcus aureus arg quorum sensing system, 

followed by the two genes gelE and sprE which encode the two proteases48.  

The fsrC gene encodes a membrane associated histidin kinase (Figure 2). This 

kinase phosphorylates the response regulator (FsrA) (a transcription factor) in case 

that extracellular GBAP reaches a threshold level which is around 1 nM. Upon 

activation of FsrA the fsr system regulates gene and expression of gelatinase and 

serine protease. Recent studies suggest, that the fsr system regulates by far more 

than these two genes51. 

 
Figure 2: General pathway of the Fsr-driven quorum-sensing regulation in enterococci (from 
Podbielski 200452). 

 

Recently an additional small open reading frame (fsrD, not shown in Figure 2) was 

found to encode the propeptide for GBAP. fsrD is in frame with fsrB but translated 

independently53. The fsrB gene seems to play a role in processing the GBAP 

propeptide. 

 

 

Cytolysin 

Cytolysin is a β-haemolyic toxin expressed by some strains of E. faecalis with activity 

against both, eukaryotic and prokaryotic cells54. Bacteraemia with strains expressing 

Cytolysin have been associated with a higher patient mortality compared to non β-
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haemolyic strains55. Cytolysin activities enhance enterococcal virulence in different 

infection models56-58.  

Active Cytolysin consists of two peptides which are posttranslationally modified, 

secreted and proteolytically cleaved by the gene products of cylM, cylB and cylA 

respectively as shown in Figure 3. Furthermore, one of the two peptides also plays a 

role in a quorum sensing autoinduction of the cytolysin operon. 

 
Figure 3: Model of Cytolysin maturation and regulation.  
CylLL and CylLS are synthesized as 68- and 63-amino-acid precursors, respectively, and then post-
translationally modified by the product of the cylM gene, generating CylLL* and CylLS*. After 
modification, both subunits are secreted and processed by CylB, generating CylLL’ and CylLS’. Once 
both cytolysin subunits have been externalized, an identical six-amino-acid sequence is removed from 
the N-terminus of each subunit by CylA, generating the active toxin subunits, CylLL’’ and CylLS’’. The 
cylI gene confers selfprotection. Regulation of cytolysin expression is dependent on the products of 
the cylR1 and cylR2 genes. CylLS’’ has been shown to possess signalling activity that results in the 
autoinduction of the cytolysin operon by a novel quorum-sensing mechanism (from Coburn 200354).  
 

Adhesion proteins 
To survive in a host enterococci have evolved different mechanisms to adhere to host 

tissues. One protein which facilitates adhesion is the enterococcal surface protein 

(Esp). Using an isogenic Esp mutant in a mouse model of urinary tract infection 

Shankar et al. showed that Esp contributes to colonization and persistence of 
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E. faecalis at this site, whereas histopathology was not changed by the Esp+ strain59. 

Esp also seems to play a role in binding of E. faecalis to extracellular matrix60. 

Another protein involved in adhesion of E. faecalis is aggregation substance (AS). It 

is encoded on pheromone-responsive plasmids and was shown to interact with 

fibronectin to adhere to human colon61. AS mediates the formation of cell clumps by 

binding to a complementary receptor on nearby bacteria62. AS can also mediate E. 

faecalis binding to a variety of cells via β-type integrins, including human 

macrophages and intestinal epithelial cells63,64
. 

A further molecule which mediates adhesion of E. faecalis to host tissues is ace 

(adhesin of collagen) which is a collagen binding MSCRAMM of E. faecalis65.  

MSCRAMM is an abbreviation for “Microbial Surface Components Recognizing 

Adhesive Matrix Molecule”. The E. faecalis MSCRAMM Ace is structurally and 

functionally related to the staphylococcal Cna protein. 

EfaAfs is an E. faecalis antigen. Its amino acid sequence shows 55 to 60% homology 

to a group of streptococcal proteins. These proteins have been shown to be 

adhesins66. Therefore, EfaAfs may function as an adhesin in endocarditis or other 

diseases. Furthermore, mice infected with an EfaAfs mutant showed more prolonged 

survival in a mouse peritonitis model than mice infected with the wild type strain67. 

These data clearly indicate a role of EfaAfs in E. faecalis virulence.  

 

Antibiotic resistance 
A major concern, especially in hospitals, is the emergence of multiple antibiotic 

resistant enterococci. Enterococci became the third most common cause of hospital 

acquired infections68. Especially resistance to glycopeptides like vancomycin is a 

great concern, since these are the antibiotics of the last choice in serious nosocomial 

infections with enterococci5, 6. A recent study using 411 vancomycin resistant and 

vancomycin-susceptible E. faecium isolates, “recovered from human and nonhuman 

sources and community and hospital reservoirs in 5 continents, identified a genetic 

lineage of E. faecium (complex-17) that has spread globally. This lineage is 

characterized by 1) ampicillin resistance, 2) a pathogenicity island, and 3) an 

association with hospital outbreaks.” 69 Frequent horizontal gene transfer in 

enterococci enables these bacteria to rapidly respond to changing environmental 

conditions and may have contributed to the worldwide emergence. The genetic 

subspecies E. faecium called clonal complex 17, is responsible for the majority of 
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glycopeptide-resistant enterococci-related hospital burden. Preliminary data also 

suggest that similar high-risk enterococcal clonal complexes may exist within 

E. faecalis5. Enterococci are potentially the most important transmitters of antibiotic 

resistance genes70.  

 

In summary, enterococci are commensal intestinal bacteria, are used as probiotics 

but are also often isolated from human infections. Except the screening for antibiotic 

resistances and for the above mentioned clonal complex 17 there are no well 

accepted means of distinguishing “safe” from non safe strains. Therefore, further 

studies on enterococcal virulence are necessary. 
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1.2. Bacteria host interaction in the intestine 

1.2.1. Bacteria host interaction and intestinal homeostasis 

Bacteria host interaction in the intestine is a complex interplay between bacteria, 

bacterial compounds and metabolites, epithelial cells and immune cells and their 

products. In general bacteria host interaction in the intestine is thought to be 

beneficial for the host 71. Bacteria are able to degrade indigestible plant materials like 

pectin and xylan and secrete products of benefit. Biosynthesis of vitamins and 

isoprenoids as well as short chain fatty acids (SCFA) like butyrate are examples72. 

Bacteria produced SCFA are estimated to account for up to 10% of the human 

energy source73. However, next to this symbiotic relationship the growth of 

pathogenic bacteria in the intestinal lumen has to be limited.  

Pathogenic bacteria but also commensal bacteria may trigger responses of the 

intestinal immune system. These immune responses are divided in two categories: 

The innate and the adaptive immune response. The major difference between these 

two types of immune responses is the timing and the specificity of the immune 

reactions. The innate immune response is a very fast response activated by general 

unspecific features or compounds of bacteria or pathogens, whereas the adaptive 

immune response is slow and requires the proliferation of B-cells to plasmacytes. B-

cells subsequently produce target specific antibodies. In the intestine a specialized 

mucosal tissue, named the Gut Associated Lymphoid Tissue (GALT), fulfils several 

tasks of both, the innate and the adaptive immune response. A current view of the 

intestinal epithelium and the GALT is shown in Figure 4. Peyer´s patches and 

lymphoid follicles are thought to be the primary inductor sites for intestinal adaptive 

immune responses and are enriched in antigen presenting dendritic cells, antigen 

recognizing and immune response regulating T-cells and antigen recognizing B-cells 

with the capability to proliferate into antibody secreting plasmacytes. M-cells, 

specialized cells for luminal antigen uptake are present in the epithelial monolayer 

right above the subepithelial dome of the peyer´s patches. Taking into account the 

length of the intestine and the number of immune cells present at this site, the 

intestine is often regarded as the biggest “immune organ” of the human body.  
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Figure 4: The intestinal immune system (from Magalhaes 200774). 

 

 

Next to defending pathogens, keeping homeostasis is especially important in the 

intestine. An inflamed mucosa or a destroyed epithelial layer would interfere with 

appropriate nutrient uptake and would allow entrance of bacteria into the lamina 

propria. Therefore, the single layer of Intestinal Epithelial Cells (IEC) and the 

associated glycocalyx/mucus layer play a prominent role in the intestine. Not only 

absorption of nutrients and building a barrier for bacteria by the formation of tight 

junctions but also recognition of antigens and bacteria as well as secretion of immune 

cell recruiting chemokines, immune response regulating cytokines and antimicrobial 

compounds are tasks of IEC. The primary focus of this thesis are IEC, therefore they 

are described in detail.  

IEC have a columnar cell shape and are not ciliated in contrast to the epithelium of 

the respiratory tract. Since the primary function of IEC is the absorption of nutrients, 

the luminal surface area of the small bowel epithelium is enlarged by prolongations 

and emarginations of the IEC layer named villi and crypts, respectively. Furthermore, 

single IEC are vested by microvilli on their apical side which again leads to an 
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enlargement of the luminal surface. The total surface of the human intestine is 

estimated to 300m2.  

When looking on specialized IEC located in the IEC layer the already mentioned 

active regulating and protecting effect of this cell-layer can further be described: 

Paneth cells are IEC located to the base of the crypts (Figure 5). In order to prevent 

bacterial colonization of the crypts these cells are able to secrete different 

antimicrobial compounds, for instance α-defensins75. 

 

 
Figure 5: The distribution of epithelial cell types in the mammalian small intestine (from 
Crosnier 200675). 

 

Goblet Cells are specialized IEC for the secretion of mucins to the intestinal lumen. 

Theses mucins have a crucial role in protecting the intestine from pathogens, since 

mucin Muc2 deficient mice develop colitis and later colorectal cancer76, 77. Another 

cell type which can be found in the IEC monolayer is the enteroendocrine cell. 

Enteroendocrine cells help to keep homeostasis by secreting different mediators like 

intestinal peptide hormones. Furthermore, the already mentioned M-cells are 

specialized epithelial cells without microvilli on their luminal side. They are able to 

transport luminal antigens and bacteria across the epithelial monolayer. After 

endocytosis of the antigens or phagocytosis of the bacteria by dendritic cells and 

macrophage the foreign antigens can be presented to other immune cells on MHC 
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molecules. All theses cells, M-cells, paneth cells, goblet cells and enteroendocrine 

cells derive from intestinal stem cells located to the base of intestinal crypts (Figure 

5). Except for the paneth cells which stay at the base of the crypts, stem cells divide 

and differentiate into absorptive IEC, goblet cells or enteroendocrine cells which 

migrate from the crypt towards the villus during differentiation. Therefore, the 

epithelial cell layer is subject to continuous renewal and the oldest IEC can be found 

at the tip of the villi. The turnover time for the entire epithelial cell population in mice 

averages 60h78, 79. 

 

In the last decade, considerable progress was made in the identification and 

characterization of pattern recognition receptors. These receptors are able to 

distinguish frequent compounds/patterns of commensals, pathogens and viruses and 

subsequently can induce signal transduction, protein synthesis and secretion. 

Although present on various immune cells, many of these receptors can also be 

found on IEC.  

Toll like receptors (TLRs), the biggest subgroup consisting of at least 14 members80, 

play a crucial role in the recognition of commensal and pathogenic bacteria. TLRs are 

single pass transmembrane receptors. Their structure contains luminal N-terminal 

extracellular leucine rich repeats which are responsible for the recognition of the 

bacteria or pathogen associated molecular patterns (PAMPs). On the cytoplasmic 

side an IL-1 similar domain which is designated Toll/IL-1 receptor (TIR) domain is 

required for downstream signalling. Upon recognition of their specific compounds, 

TLRs can induce signal transduction pathways like the NFκB pathway or the MAP 

kinase pathways81 which lead to the recruitment of transcription and the activation of 

gene expression and protein secretion. For example bacterial surface patterns like 

lipopolysaccharides (LPS) from gram negative bacteria or lipoteichoic acids from 

gram positive bacteria induce the secretion of inflammatory mediators via TLR-4, 

TLR-2, or dimers of TLR-2 and TLR-1 or TLR-6 (see Figure 6). Other TLRs recognize 

single stranded RNA (TLR-7, TLR-8) double stranded RNA (TLR-3),Cytosine-

phosphate-guanosine(CpG)-DNA-motifs (TLR-9), or flagellin (TLR-5)80. A recent 

summary of TLRs and their ligands is shown in Figure 6. A combination of a wide 

variety of cytokines and chemokines like IL-6, TNFα, IL-1, IP-10 or MIP1 may be 

secreted in response to TLR-activation leading to suppression or activation of 

targeted immune responses to pathogens. For example the secretion of the 
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chemokine interferon γ inducible protein-10 (IP-10) recruits T-cells to the site of 

inflammation. 
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Figure 6: Human TLR protein family and their ligands (from Ruiz 200782). 

 

B-cells in the intestine highly contribute to the repression of inflammatory responses 

in response to commensal and pathogenic bacteria. B-cells, in general, are cells 

capable of producing high amounts of target specific designed antibodies after they 

encounter an antigen which binds to their specific B-cell receptor. The antibodies 

then bind to their targets and facilitate easy recognition and elimination of the invader 

mediated by the constant Fc domain, for example uptake and destruction by 

phagocytes. In the intestine B-cells tend to produce high amounts of a special poly- 

or dimeric form of the immunoglobulin A (IgA) which can be transported across the 

epithelium into the lumen using the polymeric immunglobulin receptor (pIgR) on IEC. 

Therefore, it is also designated secretory IgA. Secretory IgA is of crucial importance 

for intestinal homeostasis because its constant Fc-domain does not induce the 
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secretion of inflammatory mediators by immune cells83. Furthermore, sIgA can 

associate with the apical membrane of M-cells and therefore facilitate antigen uptake 

from the lumen84. Other homeostatic functions include (i) prevention of adhesion or 

entry of luminal antigen into the epithelium85, (ii) binding of antigen in the lamina 

propria and secretion to the lumen86 and (iii) neutralization of proinflammatory 

antigens87.  

Dendritic Cells (DCs) in the intestine also help to keep homeostasis, for instance by 

phagocytosis of bacteria. Subsequently antigens may be presented on their cell 

surface. DCs are enriched in the sub epithelial dome of peyer´s patches. Here, DCs 

are capable of taking up and presenting antigen after trans-epithelial transport 

mediated by M-cells (see Figure 7). In the lamina propria DCs are also present. 

Recently it was discovered, that lamina propria dendritic cells are able to form 

transepithelial dendrites88 and that expression of the chemokine receptor CX3CR1 is 

necessary for the formation89. Using these dendrites DCs are able to directly sample 

the luminal content for antigen (see Figure 7).  

 

 

 
Figure 7: Bacterial/epithelial interactions in mucosal homeostasis.  
The normal intestine has limited, controlled uptake of microbial antigens; exclusion of viable 
organisms; a state of nonresponsiveness of epithelial, innate, and adaptive immune cells; and 
secretion of IL-10 and TGF-β (adapted from Sartor 200830). 

 

1.2.2. Inflammatory Bowel Diseases (IBD) 

Inflammatory bowel diseases (IBD) including Crohn´s disease (CD) and ulcerative 

colitis (UC) are idiopathic, spontaneously relapsing or chronic inflammatory disorders 
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of the gastrointestinal tract. In UC only the rectum and the colon is affected. The 

inflammatory process is limited to the mucosa and is histologically characterized by 

the presence of crypt abscesses and ulcerations. CD may affect any region of the 

gastrointestinal tract, from the mouth to the rectum. The inflammatory process can 

extend throughout the intestinal wall (transmural). Histologically, CD is characterized 

by the formation of granulomas and fibrosis.  

The etiologies of CD and UC are still unknown. However, the hypothesis that both, 

genetic and environmental factors contribute to disease development is generally 

accepted90-92. Genetic predisposition leading to dysregulated mucosal immune 

responses and the concurrent prevalence of certain environmental triggers in 

developed countries are strong etiologic factors for disease pathogenesis 93-95. 

Genetic predisposition and environmental factors may lead to changes in the 

intestinal microbiota and metabolite composition and therefore to an overly 

aggressive, dysregulated immune response and to disease development (Figure 8). 
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Figure 8: Etiology of Inflammatory Bowel Diseases 
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1.2.3. Animal models of IBD 

The strongest evidence for a role of the commensal microbiota in inducing IBD 

development comes from animal models which share features with human IBD. The 

presence of microbiota is a prerequisite for the development of intestinal 

inflammation in most of these models. In germfree models disease is absent or 

inflammation is less severe. In Table 1, a selection of microbiota driven animal 

models and the respective references is presented. 

In the years from 1995 to 2001 the number of IBD animal models increased from 18 

to at least 63 96. According to this development, probably more than 100 animal 

models exist at the moment. One possible classification of these models is by the 

mechanism of induction of inflammation: Some models lead to spontaneous 

development of inflammation, in other models inflammation can be induced by 

administration of chemicals and in further models inflammation is a result of genetic 

engineering.  

 
Table 1: Selection of microbiota driven animal models of IBD 

Animal model References
IL-10 deficient 97 

C3H/HeJBir 98 

SAMP1/Yit 99 

CD4+, CD45RBhi transfer 100 

IL-2 deficient 101, 102 

TCRa deficient 103 

HLA-B27 transgenic rats 104 

Carrageenan 105 
 

IBD animal models have provided valuable insights into IBD pathogenesis and are 

frequently reviewed in the literature 91, 106, 107. For example IBD animal models 

highlighted the importance of T-cells and T-cell responses for IBD development. T-

cells are cells which bear an antigen recognizing T-cell receptor and can be divided 

in cytotoxic T-cells, T-helper-cells, regulatory T-cells, memory T-cells and NK-T-cells. 

T-cells can, for instance, differentiate into the T-cell subsets designated T-helper-

cells 1 (TH1), T-helper-cells 2 (TH2) and in the recently described T-helper-cells 17 

(TH17 ) 108, 109. TH1 cells produce high amounts of IFNγ and therefore lead to a cell-
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mediated immune response which strongly increases phagocytosis by macrophage. 

In contrast TH2 cells produce IL-4, IL-5 and IL-6 and therefore lead to a humoral 

immune response mediated by immune globulin secreting B-cells. TH17 cells were 

shown to secrete IL-17A, IL-17F and IL-22 and seem to be potent inflammation 

effectors. Inflammation in IBD animal models is mostly characterized by a 

overwhelming TH1-response, however the newly identified TH17 subset also plays a 

major role in disease development110. Furthermore, the purification of different T-cell 

subsets and the transfer of theses to an immuno-deficient host with non functional T-

cells is sufficient for the onset of intestinal inflammation111. These examples show 

that specific T-cell subsets are able to direct the immune response, and therefore 

direct chronic intestinal disease.  

 

IL-10 deficient mice and transgenic HLA-B27/human β2 microglobulin rats are IBD 

animal models characterized by a TH1 cytokine response107. Both of these animal 

models have been described with respect to single bacterial species inducing 

inflammation in ex-germfree mice and are therefore introduced. Additionally, the 

induction of inflammation using the chemical dextran sulphate sodium (DSS) 112, is 

mentioned because of its frequent appearance in the literature.  

 

In the DSS animal model 2,5% DSS administered for 5-7 days in the drinking water 

leads to a mild colitis, 10% results in a pancolitis and 3-4 repeated cycles of DSS 

administration for 7 days leads to chronic inflammation113. TH1 and TH2 cytokines are 

induced in chronic DSS-induced colitis and the presence of T-cells or B cells is not 

required for colitis development114. DSS-induced disease is attenuated in mice 

deficient in the host gelatinase designated matrix metalloproteinase 9 (MMP9)115. 

These data suggests that DSS-induced intestinal injury is mainly mediated by cells of 

the innate immune system, for instance by polymorphonuclear leukocytes (PMN).  

The DSS colitis model seems to be not bacteria-induced since germfree mice also 

develop colitis 116, 117. Of note, administration of only 1% DSS-induced death in 

germfree IQI/Jic mice, an immunologically impaired mice strain, and the commensal 

intestinal flora was even shown to protect these mice from DSS-induced death116. In 

contrast germfree mice with a BALB/c genetic background only develop mild 

inflammatory changes after administration of 2.5% DSS in the drinking water and 

monocolonization with the probiotic E. coli Nissle 1917 did not induce inflammatory 
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changes118. DSS colitis combined with monocolonization using an uropathogenic 

strain of E. coli was able to increase inflammation118, indicating that uropathogenic 

bacteria can aggravate intestinal DSS-induced injury. In summary, the study of 

bacterial factors on intestinal injury is possible in this model. However, when 

comparing effects of commensal bacteria on intestinal injury in this model, close 

attention has to be paid on the genetic background of the mice used, because of 

different disease susceptibility119.  

 

Interleukin 10 (IL-10) deficient mice are a genetically engineered TH1 model of chronic 

intestinal inflammation. IL-10 is an important anti-inflammatory cytokine which is 

produced by T-cells and macrophage. IL-10 gene deficient mice (129/SvEv TAC) 

develop aggressive chronic colitis as well as ileitis beginning after 2 month of 

conventional breeding120. Specific pathogen free conditions result in inflammation 

limited to the colon. Crypt abscesses, focal mucosal ulcers and transmural 

inflammation are common in the late phase. Goblet cell depletion is often mentioned 

to be present in IL-10-/- mice colitis, however at least one contradictory study 

exists121. The genetic background of IL-10-/- mice highly influences the severity of 

disease122. The mice strain used in this study, 129/SvEv mice, is very susceptible 

compared to C57Bl/6J mice which are almost resistant to colitis development.  

Germfree IL-10 -/- mice stay disease-free97. Germfree IL-10-/- mice were frequently 

used to study the impact of single bacterial species on experimental colitis. 

Monoassociation of IL-10-/- mice with non-pathogenic commensals, E. faecalis or E. 

coli , revealed two variable phenotypes of colitis: Escherichia coli-induced mild cecal 

inflammation after 3 weeks of monoassociation whereas Enterococcus faecalis–

monoassociated IL-10-/- mice developed distal colitis at 10–12 weeks of age123. Dual 

association with the same E. coli and E. faecalis strains resulted in aggressive distal 

colonic-predominant pancolitis with duodenal inflammation by 7 weeks124. 

Monoassociation with other bacterial species including Bacteroides vulgatus, viridans 

group Streptococcus, Clostridium sordelli125 and Lactobacillus plantarum126 did not 

lead to the onset of colitis. These data implicate selected commensal bacteria in the 

development of chronic inflammation in IL-10-/- mice. 

 

Transgenic HLA-B27/human β2 microglobulin rats express two human genes 

involved in antigen presentation: the human class I major histocompatibility allele 
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HLA-B27 and human β2 microglobulin. HLA-B27 transgenic rats spontaneously 

developed inflammatory disease involving the gastrointestinal tract, but also 

peripheral and vertebral joints, male genital tract, skin, nails, and heart127. However, 

transfection and expression of other human class 1 HLA molecules and human β2 

microglobulin failed to induce disease127. As already mentioned in Table 1, germfree 

HLA-B27 transgenic rats do not develop intestinal inflammation104. Monoassociation 

of these rats with a strain of the gram negative anaerobe species Bacteroides 

vulgatus leads to significant increased colitis compared to an E. coli strain in which 

colitis was found to be absent by histological testing128. Furthermore, colonization of 

germfree HLA-B27 transgenic rats with a mixture of 5 different common enteric 

bacteria isolated from IBD patients (Enterococcus faecium, Escherichia coli, 

Peptostreptococcus productus, Eubacterium contortium, and Enterococcus avium) 

did not result in cecal colitis whereas the addition of B. vulgatus to this mixture 

resulted in a significantly increased histopathological score in cecum after 1 month. 

This model therefore also highlights that different bacterial species differ in their 

potential to induce colitis. 

Remarkable differences appear when comparing the bacterial species responsible for 

colitis induction in monocolonized IL-10-/- mice and HLA-B27 TG rats. B. vulgatus is 

capable of inducing colitis in HLA-B27 TG rats but not in IL-10-/- mice. In IL-10-/- 

mice E. faecalis induces colitis however two enterococcal species did not in HLA-B27 

TG rats (Figure 9). These differences could be explained by different genetic 

susceptibilities of these animal models to specific bacterial properties, enzymes, 

antigens or metabolites. Furthermore, the use of different B. vulgatus strains or 

different Enterococci might have caused the discrepancy. 
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Figure 9: Colitis induction by commensal bacterial species in gnotobiotic animal models 
reveals remarkable differences (summarized from Kim 2005, Rath 1999, Sellon 199897, 123, 128). 

 

For the luminal containment of commensal and pathogenic bacteria the barrier 

function of the epithelium is crucial.  Some animal models demonstrate the impact of 

a defective mucosal barrier on the development of IBD: N-cadherin and Cytokeratin 8 

are proteins mediating cell-cell adhesion in IEC. Expression of a dominant negative 

N-cadherin in the epithelium leads to focal areas of intestinal transmural inflammation 

with defective proliferation, migration and apoptosis in the crypts129. Deletion of the 

Cytokeratin 8 gene is lethal on most mouse genetic backgrounds. However, on a 

FVB/N background some mice survive and develop colorectal hyperplasia as well as 

mucosal and submucosal inflammation130. Recently also a Mucin 2 deficient mouse 

model was generated. These mice develop spontaneous colitis131 underlining the 

essential role of the mucus layer for intestinal homeostasis.  

 

In summary, IBD animal models have contributed to the discovery of valuable 

information about IBD pathogenesis. Intact IEC barrier function, mucin production 

and especially a well regulated mucosal immune response are important to prevent 

disease. With respect to bacterial colonization, IBD animal models clearly 

demonstrate the importance of the commensal bacterial microbiota for the initiation 

and perpetuation of disease. The selective colonization of germfree rodent models of 

chronic intestinal inflammation like IL-10 deficient mice (IL-10-/-), and HLA-B27 
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transgenic rats with single bacterial strains implicate Enterococcus faecalis, 

Escherichia coli and Bacteroides vulgatus as particularly important to the induction of 

colitis in these models 123, 128, 132. 

 

1.2.4. Bacteria host interaction in IBD 

 

Role of bacteria for IBD pathogenesis 
Next to IBD animal models several findings emphasize that the pathogen-free enteric 

microbiota plays a major role in the initiation and perpetuation of IBD: (i) Diseases 

occur mainly at areas of the highest anaerobic bacterial population, either the colon 

(UC) or the terminal ileum (CD), (ii) probiotic bacteria help to prevent relapses and 

(iii) some of the disease are successfully treatable with antibiotics 133, 134. In addition, 

abnormal bacterial composition was found in UC and CD26. 

Although all these reasons suggest that gastrointestinal microbes influence IBD 

pathogenesis in susceptible hosts, the types of microbes involved have not been 

adequately described. It is still controversial whether the entire commensal 

microbiota, specific bacterial metabolites, enzymes or individual opportunistic 

pathogens are primarily responsible for the induction of inflammation. Different 

hypotheses by which bacteria and fungi might induce chronic immune-mediated 

intestinal injury are summarized in Figure 10 and described below.  
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Figure 10: Hypotheses by which the microbiota may induce chronic immune-mediated 
intestinal injury. 
A: Changes in bacterial microbiota could lead to increased numbers of pathogenic or “facultative 
pathogenic” bacteria, leading to increased adherence of these bacteria to mucosal surfaces, increased 
toxin production and invasion of host tissue. B: Abnormal bacterial composition might change the 
metabolic profile of the intestine. Decreased Short Chain Fatty Acid (SCFA) production or increased 
toxic metabolites like H2S may increase mucosal permeability and block butyrate metabolism. C: 
Defective production of secrtory IgA or antimicrobial peptides may lead to defective host containment 
of commensal bacteria and mucosal overgrowth. Defective bacterial killing in phagocytes can lead to 
persistent intracellular bacteria. D: Defects in immuno-regulation or ineffective down-regulation of 
innate immune responses to bacterial antigen can lead to an overly aggressive response to 
commensal bacteria and their antigens. Dysfunction of regulatory T-cells or antigen presenting cells 
might be a reason (adapted from Sartor 200830). 
 
 
Pathogenic bacteria and abnormal bacterial composition 
The hypothesis that a single bacterial pathogen is responsible for UC or CD in 

humans is most likely not true. Mycobacterium avium subspecies paratuberculosis 

was subject of numerous studies with respect to CD. However, recent data suggest 

that this pathogen is not the causative agent of most CD patients30. It might play a 
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role in a small subset of patients with the same susceptibility. Since CD is a 

heterogeneous group of disorders, it is likely that different genetic susceptibilities are 

associated with different groups of pathogenic mucosa associated bacteria. 

One group of bacteria which has gained interest with respect to CD are adherent 

invasive E. coli (AIEC). The prevalence of AIEC was found to be significantly higher 

in ileal mucosa from CD patients as in control patients135. Strains isolated from CD 

patients were shown to survive and replicate within macrophages136. Expression of 

Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) on the 

apical surface of ileal IEC was reported to act as a receptor for AIEC adhesion137. In 

the DSS colitis model AIEC flaggelin was shown to aggravate colitis, compared to 

nonflagellated mutants, and TLR-5 mRNA expression was highly increased in colonic 

tissue138. These data suggest AIEC as a prominent example for a possible causative 

agent for many CD patients. 

Several findings emphasize that the balance between beneficial and detrimental 

bacteria is altered in IBD patients. Mucosa-associated bacteria, particularly 

Bacteroides species and Enterobacteriaceae were found to be significantly increased 

in IBD patients139. The total concentration of mucosal bacteria was found to be by far 

higher in IBD patients compared to controls and increased with the severity of 

disease139. Comparison between CD patients and controls revealed greater numbers 

of Escherichia coli and enterococci and lower numbers of bifidobacteria and 

ruminococci in the neoterminal ileum after ileocolonic resection for CD140. Also other 

studies confirmed lower bifidobacteria and associated beta-D-galactosidase activity 

in CD141. All these changes in mucosal bacteria and bacterial metabolites could 

contribute to, or even trigger IBD development. However, by now it is not clear 

whether the changes are the cause or a consequence of disease. 

 
 
Defective elimination of pathogenic bacteria and defective immuno-regulation  
Defective bacterial recognition is a risk factor for IBD. The pattern recognition 

receptor NOD2 (nucleotide-binding oligomerization domain containing 2) also known 

as CARD15 (caspase recruitment domain family, member 15) is able to recognize 

muramyl dipeptide from bacterial peptidoglycan by a leucine rich repeat domain 

leading to the activation of NFκB signalling. Mutations in NOD2 were found to be 

associated with IBD142. Crohn´s disease patients with NOD2 polymorphisms show 
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decreased α-defensin production143 which might play a functional role for disease 

development in this subset of patients. Also polymorphisms in the paneth cell 

defensin A5 were recently suggested to confer susceptibility to IBD144. Defensins are 

antimicrobial peptides produced at a variety of epithelial surfaces. Reduced α-

defensin levels are seen in patients with ileal CD whereas reduced β-defensin levels 

are frequently found in CD patients with colonic disease-involvement145. Wehkamp et 

al. were able to show that the probiotic strain Escherichia coli Nissle 1917 is able to 

induce NFκB-mediated human β-defensin 2 expression in IEC146.  

Furthermore, also mutations in TLRs influence the risk for IBD147, 148. These 

examples highlight the importance of adequate bacterial recognition and bacterial 

elimination for mucosal homeostasis. 

 

Recently mutations in the autophagy-related 16-like gene (ATG16L1) and in the 

immunity-related GTPase family M protein (IRGM) which functions in innate immune 

response, probably through regulation of autophagy, were found to be associated 

with CD149, 150. Autophagy is a process which contributes to killing and processing of 

intracellular bacteria. ATG16L1 is expressed in IEC and functional knock down was 

associated with defective autophagy of Salmonella typhimurium151. Therefore, next to 

bacterial recognition also defective bacterial killing can contribute to IBD. 

 

Furthermore, defective regulation of homeostatic immune responses to intestinal 

stimuli often leads to intestinal inflammation. Knock out of the cytokines IL-2 or IL-10 

in mice or defective NFκB and TGFβ signalling are examples90, 97, 101. Recently it was 

convincingly demonstrated by Garrett et al. that defective immuno-regulation can 

even change the composition of the intestinal microbiota to become pathogenic. Loss 

of T-bet, a T-box transcription factor family member regulating the differentiation and 

function of immune cells, induced the development of a pathogenic intestinal 

bacterial population in immuno-deficient T-bet-/- x Rag2-/- mice. Of note, the 

development of disease in T-bet-/- x Rag2-/- mice was found to be communicable to 

wild type mice by cohousing compared to cohousing of immuno-deficient Rag2-/- 

mice with wild type mice152. 
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In summary, the evidence that the commensal intestinal microbiota drives 

inflammation in immunologically susceptible hosts is convincing whereas the majority 

of mechanisms by which bacteria drive or trigger IBD are still poorly understood.  

 

1.2.5. Enterococci and IBD 

Already 42 years ago the relation between gut microbiota and IBD was of particular 

interest: The faecal microbiota in UC was compared to “normal persons” by Cooke at 

al. with a short conclusion: No significant differences153. One year later Gorbach et al. 

noticed a slight increase in coliforms in UC patients154. In 1975 an observation by 

Cooke, an increase of Streptococcus faecalis in UC patients, was further investigated 

with the finding, that group-D streptococci (including enterococci) were strongly 

increased in the stool of UC patients155. Because of different microbiological 

standards and techniques at that time all mentioned studies have to be considered 

with caution.  

An important finding regarding the association of enterococci with IBD was 

discovered by Balish and Warner156 in the year 2002 and is summarized in Figure 11. 

As already mentioned, conventional housed IL-10-/- mice develop aggressive chronic 

colitis as well as ileitis120. Therefore, the role of different bacterial genera for the 

induction of colitis was discovered in a newly generated germfree model of IL-10-/- 

mice. Germfree IL-10-/- mice did not develop inflammation whereas colonization of 

germfree mice with a single strain of E. faecalis results in severe chronic colitis after 

14 weeks of monoassociation (Figure 11). 

 

14 weeks
monoassociation with

E. faecalis

wild type mice IL-10 -/- mice

Germfree
WT / IL-10-/- mice

severe inflammationno inflammation

14 weeks
monoassociation with

E. faecalis

wild type micewild type mice IL-10 -/- miceIL-10 -/- mice

Germfree
WT / IL-10-/- mice

severe inflammationno inflammation  
 

Figure 11: E. faecalis monoassociation induces colitis in IL-10-/- mice. 
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Furthermore, pure cultures of Candida albicans, Escherichia coli, Lactobacillus casei, 

L. reuteri, L. acidophilus, and Lactococcus lactis, a Bifidobacterium sp. or a Bacillus 

sp. did not lead to colitis development during the 25- to 30-week study. E. faecalis-

induced colitis in IL-10-/- mice was verified and further investigated on the level of 

IEC stress mechanisms in our lab157. The ability of E. faecalis to survive in 

macrophages158 could also contribute to intestinal inflammation in IL-10-/- mice. 

A further hint for a role of E. faecalis in IBD was published by Furrie et al. in 2004: 

They investigated modulation of the polymorphonuclear leucocyte (PMNs) respiratory 

bursts by opsonization of bacteria isolated from the rectal mucosa using sera 

obtained from UC and control patients. In their study they observed a significant 

difference in the response of PMNs (from healthy donors) to E. faecalis opsonized 

with UC patient serum compared to E. faecalis opsonized with serum from healthy 

control patients. The E. faecalis strain they used originated from a UC patient159. 

These results demonstrate the increased presence of E. faecalis specific antibodies 

in serum from UC patients compared to control patients and indicate a role of E. 

faecalis for UC.  

Finally, enterococci were also implicated in CD. CD is associated with different 

extraintestinal manifestations like abscesses, fistulae, and systemic complications 

like sepsis and endocarditis. A study investigating intraabdominal abscesses 

revealed E.coli, Bacteroides fragilis, Enterococcus species and Streptococcus 

viridans as the most common organisms recovered from these abscesses160. 

 

In summary, several different findings suggest a role for enterococci in IBD 

pathogenesis. 
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2. The aim of the present study 

E. faecalis strains are both commensal intestinal bacteria and opportunistic 

pathogens. By now, different putative virulence factors of E. faecalis have been 

described. The influences of these E. faecalis virulence factors, for instance cytolysin, 

gelatinase and efaAfs, on human diseases have been shown in different animal 

models. Different studies implicate enterococci in IBD pathogenesis. However, the 

influence of different E. faecalis strains on IBD has not been investigated, yet.  

The primary aim of our study was to discover strain-specific differences in E. faecalis 

interaction with IEC in chronic intestinal inflammation. E. faecalis-mediated cytokine 

secretion and signal transduction were investigated at the level of strain-specificity in 

vitro and in vivo. The question, whether different E. faecalis strains with diverse sets 

of virulence factors differ in their ability to induce colitis in IL-10-/- mice were 

addressed with a special focus on E. faecalis-induced protein expression in IEC in 

vivo. Finally, the influence of specific E. faecalis virulence factors for experimental 

inflammation should be further evaluated. 

To address this aim, three E. faecalis strains were selected on the basis of origin and 

virulence factor presence. The mouse IEC line Mode K was used to measure 

E. faecalis strain-specific IL-6 and IP-10 profiles as well as NFκB and MAP kinase 

activation by ELISA technique and phosphor-specific immuno-blotting, respectively. 

The effect of single strains on chronic intestinal inflammation was studied by 

monoassociation of germfree IL-10-/- mice and by comparing histopathology of 

formalin fixed paraffin embedded sections by scoring. IEC of theses mice were 

isolated to monitor differential gene expression and transcription factor activation. 2D-

SDS-PAGE and subsequent MALDI-TOF MS was used as a technique to compare E. 

faecalis strain-specific protein expression in IEC and to discover differentially 

regulated proteins. The in vitro and in vivo results were compared for similarities in 

IEC. Potential strain-specific differences were discussed, verified and further 

investigated to elucidate the underlying molecular mechanisms.  
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3. Materials and Methods 

Table 2: Chemicals and Reagents 

Product Supplier 

Acetonitrile Roth, Karlsruhe 

Acrylamide/Bisacrylamide (30%/0.8%) Roth, Karlsruhe 

Acetic acid Roth, Karlsruhe 

Agar Agar Roth, Karlsruhe 

Agarose Roth, Karlsruhe 

Ammonium sulphate ((NH4)2SO4) Roth, Karlsruhe 

Ammoniumpersulfat (APS) Roth, Karlsruhe 

Ammoniumhydrogencarbonat (NH4HCO3) Roth, Karlsruhe 

Antibiotic Antimycotic solution Invitrogen, Karlsruhe 

Bromophenol Blue Roth, Karlsruhe 

Bio-Rad Protein assay Kit Bio-Rad, Munich 

Calciumchloride Roth, Karlsruhe 

CHAPS Roth, Karlsruhe 

Chloroform Merck, Darmstadt 

Coomassie brilliant Blue (G250) Serva, Heidelberg 

dNTP mixture (RT PCR) Invitrogen, Karlsruhe 

dNTP mix (virulence gene PCR) Qbiogene, Heidelberg 

DMEM: high glucose, with pyridoxine chloride, 

without sodium pyruvate 
Invitrogen, Karlsruhe 

DMEM F12 Sigma, Steinheim 

Dithiothreitol (DTT) Roth, Karlsruhe 

DEPC (diethylpyrocarbonat) Roth, Karlsruhe 

D-JNKL1 (JNK Inhibitor) Alexis Biochemicals, San Diego, USA 

ECL Detection Kit GE Healthcare, Freiburg 

EDTA Merck, Darmstadt 

Ethanol Roth, Karlsruhe 

EGF R&D Systems, Minneapolis, USA 

First-strand buffer Invitrogen, Karlsruhe 
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Foetal bovine serum (FBS) Invitrogen, Karlsruhe 

High Perfect transfection reagent Qiagen, Hilden 

L-Glutamin Invitrogen, Karsruhe 

Light Cycler-Fast Start 

DNA Master SYBR Green I kit 
Roche Diagnostics, Mannheim 

Glycerol Roth, Karlsruhe 

Glycin Roth, Karlsruhe 

IFNγ R&D Systems, Minneapolis, USA 

IL-1β R&D Systems, Minneapolis, USA 

Incubation mix (virulence gene PCR) Qbiogene, Heidelberg 

2-Iodacetamide Merck, Darmstadt 

IPG drystrips (pH 3-10) GE Healthcare, Freiburg, 

Isopropanol Roth, Karlsruhe 

IP-10 ELISA Kit R&D Systems, Minneapolis, USA 

IL-6 ELISA Kit R&D Systems, Minneapolis, USA 

Methanol Roth, Karlsruhe 

Milk powder, blotting grade Roth, Karlsruhe 

MMLV-reverse transcriptase Invitrogen, Karlsruhe 

PBS Invitrogen, Karlsruhe 

PD98059 (ERK Inhibitor) Calbiochem, Merk, Darmstadt 

Percoll Sigma, Steinheim 

Pharmalyte pH 3-10 GE Healthcare, Freiburg, 

Phosphoric acid Roth, Karlsruhe 

Ponceau S Roth, Karlsruhe 

Protease Inhibitor Mix Complete Mini Roche Diagnostics, Mannheim 

Precision Plus Protein Dual Color Standards Bio Rad, München 

RNase Out Invitrogen, Karlsruhe 

Random Hexamers Invitrogen, Karlsruhe 

SB203589 (p38 Inhibitor) Calbiochem, Merck, Darmstadt 

Sodium chloride Roth, Karlsruhe 

Sodiumdodecylsulfat Merck, Darmstadt 

Sucrose D(+) Roth, Karlsruhe 

Silicon Oil Serva, Heidelberg 

Taq-Polymerase Qbiogene, Heidelberg 
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TEMED Roth, Karlsruhe 

Thiourea Roth, Karlsruhe 

TNFα R&D Systems, Minneapolis, USA 

Trifluoracetic acid Roth, Karlsruhe 

Tris-HCL Roth, Karlsruhe 

Trizol Invitrogen, Karsruhe 

Trypsin Promega, Madison, WI USA 

Trypsin-EDTA Invitrogen, Karsruhe 

Trypan Blue Stain 0.4% Invitrogen, Karsruhe 

Tryptone Becton Dickinson, Sparks, USA 

Tween 20 Sigma, Steinheim 

Urea Roth, Karlsruhe 

Yeast Extract Becton Dickinson, Sparks, USA 

 

Table 3: Antibodies and applied dilutions 

Antibody Dilution Supplier 

Anti-Alix 1:250 Becton Dickinson GmbH, Heidelberg 

Anti-Alix 1:1000 Santa Cruz, Europe 

anti-β-Actin 1:5000 MP Biomedicals, Solon, OH, USA 

anti-RelA 1:1000 Cell Signalling Technolog, Boston, USA 

anti-phospho-RelA (Ser536) 1:1000 Cell Signalling Technolog, Boston, USA 

anti p38 1:1000 Cell Signalling Technolog, Boston, USA 

anti-phospho-p38 

(Thr180 / Tyr182) 

1:1000 Cell Signalling Technolog, Boston, USA 

anti-c-jun 1:1000 Cell Signalling Technolog, Boston, USA 

anti-phospho-c-jun (Ser73) 1:1000 Cell Signalling Technolog, Boston, USA 

anti-phospho-ERK1/2 

(Thr202 / Tyr204) 

1:1000 Cell Signalling Technolog, Boston, USA 

anti-ERK1/2 1:1000 Cell Signalling Technolog, Boston, USA 

anti-Cleaved Caspase 3 1:1000 Cell Signalling Technolog, Boston, USA 

ECL anti-Mouse IgG HRP 1:1000 GE Healthcare, Freiburg 

ECL anti-Rabbit IgG HRP 1:1000 GE Healthcare, Freiburg 

ECL anti-Goat IgG HRP 1:1000 Santa Cruz, Europe 
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Table 4: Primer sequences for E. faecalis virulence gene PCR 

Gene Forward Sequence Reverse Sequence size (bp) 

cylM  5´-ctgatggaaagaagatagtat-3´ 5´-tgagttggtctgattacattt-3´ 742 

cylB  5´-attcctacctatgttctgtta-3´ 5´-aataaactcttcttttccaac-3´ 843 

cylA  5´-tggatgatagtgataggaagt-3´ 5´-tctacagtaaatctttcgtca-3´ 517 

gelE  5´-accccgtatcattggttt-3´ 5´-acgcattgcttttccatc-3´ 419 

esp  5´-ttgctaatgctagtccacgacc-3´ 5´-gcgtcaacacttgcattgccgaa-3´ 933 

efaAfs  5´-gacagaccctcacgaata-3´  5´-agttcatcatgctgtagta-3´ 705 

agg  5´-aagaaaaagaagtagaccaac-3´ 5´-aaacggcaagacaagtaaata-3´ 1553 

cpd  5´-tggtgggttatttttcaattc-3´ 5´-tacggctctggcttacta-3´ 782 

ccf  5´-gggaattgagtagtgaagaag-3´ 5´-agccgctaaaatcggtaaaat-3´ 543 

cob  5´-aacattcagcaaacaaagc-3´ 5´-ttgtcataaagagtggtcat-3´ 1405 

 

Table 5: Primer sequences for qPCR 

Gene Forward Sequence Reverse Sequence size (bp) 

18S 5`-ccaaagtctttgggttccgg-3 5`-aacaactaagaacggccatg-3` 204 

GAPDH 5`-atcccagagctgaacg-3` 5`-gaagtcgcaggagaca-3` 198 

IP-10 5`-tccctctcgcaaggac-3` 5`-ttggctaaacgctttcat-3` 209 

Alix 5´-aggagtcgctaagattgt-3´ 5´-tggtgtctcgatggga-3´ 204 

 

Table 6: siRNA sequences 

Target 
gene 

Target sequence 
double stranded siRNA 

sequence: 
Supplier/Product 

sense: 

r(ggcuaacuugagagaagaa)dTdT 
Alix 5’-gaggctaacttagagaagaa-3’ 

antisense: 

r(uucuucucucaaguuagcc)dTdC 

Qiagen/Mm_Pdcd6ip_4_HP 

sense: 

r(gaaccuggauaaugaugaa)dTdT 
Alix 5’-cagaacctggataatgatgaa-3’ 

antisense: 

r(uucaucauuauccagguuc)dTdG 

Qiagen/Mm_Pdcd6ip_5_HP) 
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Table 7:Technical Equipment 

Autoflex 1 MALDI-TOF-MS Bruker Daltonik GmbH, Bremen, Germany 

BiblioSphere Software Genomatix Software GmbH, München, Germany 

Biophotometer Eppendorf AG, Hamburg, Germany 

Centrifuges SIGMA Laborzentrifugen GmbH, Osterode, Germany 

CO2-Incubator Binder GmbH, Tuttlingen, Germany 

Ettan Dalt II System GE Healthcare, Freiburg, Germany 

Flex Analysis software Bruker Daltonik GmbH, Bremen, Germany 

Flex control software Bruker Daltonik GmbH, Bremen, Germany 

Horizontal Shaker UniEquip GmbH, München, Germany 

Image Scanner GE Healthcare, Freiburg, Germany 

INTAS Gel Imager Intas Science Imaging Instruments GmbH, Göttingen, 

Germany 

IPGphor 2 GE Healthcare, Freiburg, Germany 

Laboratory scales Gottl. Kern & Sohn GmbH, Balingen, Germany 

Laminar flow Kojair Tech Oy, Vilppula, Finland 

Light Cycler Roche Diagnostics GmbH, Mannheim, Germany 

Light microscope Leica DMIL Leica Microsystems GmbH, Wetzlar, Germany 

Protean Mini cell Bio-Rad Laboratories GmbH, Munich,Germany 

Proteom Weaver software Definiens, Munich, Germany 

Spectrophotometer Nanodrop ND-

1000  

PEQLAB Biotechnologie GmbH, Erlangen, Germany 

Thermomixer Thermo Electron Corporation, Waltham, USA 

Thermocycler Thermo Electron Corporation, Waltham, USA 

Trans Blot SD Semi Dry Transfer Cell Bio-Rad Laboratories GmbH, Munich,Germany 

UP200s ultrasonic processor Hielscher Ultrasonics GmbH, Teltow, Germany 

Water bath Thermo Electron Corporation, Waltham, USA 
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3.1. Bacteria 
For our in vivo monoassociation studies as well as for our in vitro stimulation of cell 

lines, we used 5 different E. faecalis strains: E. faecalis OG1RF (in figures 

designated as OG1) is a human oral isolate which is well described in the literature. 

This strain and two isogenic E. faecalis OG1RF deletion mutants, the gelatinase 

mutant E. faecalis TX5264 (in figures designated as gelE-), and the fsrB mutant E. 

faecalis TX5266 (in figures designated as fsrB-) were a generous gift from Michael 

Gilmore (Sheepens Eye Research Institute, Boston, Massachusetts, USA). The strain 

E. faecalis ms2, is an endogenous isolate derived from an IL-10 -/- mouse. Strain E. 

faecalis hs3 is a strain used as a probiotic which is sold as Symbioflor® in 

pharmacies. 

 

3.2. Growth curves  
Luria Broth (LB) Medium containing 1% (w/v) tryptone, 0.5% (w/v) yeast extract 

and 0.5% (w/v) NaCl was inoculated with 5% (v/v) of an E. faecalis overnight culture 

and grown aerobically at 37°C on a horizontal shaker. 1ml aliquots were aseptically 

taken and OD600nm was measured. 

 

3.3. Isolation of DNA from Enterococcus faecalis  
E. faecalis strains were grown overnight in LB and bacteria were lysed using 

0.03 g/ml lysozyme for 18 h at 4° C. Subsequently SDS was added to a final 

concentration of 2% (w/v) and samples were incubated for 10 min at 60°C. NaCl was 

added to 1 M. An equal volume of a 1:1 (v/v) mixture of phenol:chloroform was added 

and after 10 min of mixing samples were centrifuged at 5000g for 10 min (RT). The 

upper phase was mixed with an equal volume of chloroform for 5 min and centrifuged 

at 5000g for 10 min (RT). The upper phase was again taken and mixed with a 3 M 

sodium acetate solution 1/9 (v/v). To precipitate the DNA 2.5 total sample volumes of 

ice cold 99% ethanol were added, the DNA was pelleted by centrifugation at 5000g 

for 5 min (RT) and resuspended in 200 µl TE Buffer (10 mM Tris-HCl, 1 mM EDTA, 

pH8). 
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3.4. Analysis of Enterococcus faecalis virulence genes by PCR. 
Presence of E. faecalis virulence genes in our strains was investigated by 

polymerase chain reaction (PCR). The specific primer pairs for the virulence genes 

(cylM, cylB, cylA, gelE, esp, efaAfs, agg, cpd, ccf and cob) were designed as 

described by Eaton and Gasson161 and are summarized in Table 4.  

For PCR a mixture of 0.5 µl DNA, 0.2U Taq polymerase, 40 pmol of forward and 

reverse primer, 16 µM dNTP mix, 2.5 μl incubation mix (10 mM Tris-HCl, 50 mM KCl, 

1.5 mM MgCl2, 0.1% Triton X-100, 0.2 mg/mL BSA) and water up to 25 µl was used. 

Samples were amplified in a thermocycler using the following program: 90 sec initial 

denaturation at 94°C, 29 cycles consisting of 30 sec denaturation at 94°C, 90 sec of 

annealing at 54°C, and 45 sec elongation at 72°C followed by a final elongation step 

at 72°C for 5 min. 1.2% (w/v) agarose was diluted in TBE buffer (890 mM Tris-Base, 

890 mM boric acid, 20 mM EDTA) to cast gels, samples were loaded and run at 90 V 

for 1 h. After staining with ethidium bromide the bands were visualized using a gel 

imager. In the case of presence of a PCR product the size was compared with the 

expected size in Table 4. 

 

3.5. Mice, bacterial monoassociation, and histology 
Germfree 129 SvEv TAC wild type mice and germfree IL-10 gene-deficient (-/-) 129 

SvEv TAC mice (derived by Dr. Edward Balish, University of Wisconsin, Madison, 

WI) were monoassociated at 12-16 weeks of age with one of the E. faecalis strains. 

In collaboration with Prof. R. Balfour Sartor (University of North Carolina, Chapel Hill, 

NC) the mice were maintained in the National Gnotobiotic Rodent Resource Center 

at the University of North Carolina, Chapel Hill. Mice were monoassociated by 

gavage feeding and rectal swabbing with cultured bacteria. The absence of 

contamination by other bacterial species was evaluated by plating ten-fold dilution 

series of cecal content of all mice at necropsy. Animal use protocols were approved 

by the Institutional Animal Care and Use Committee (IACUC), North Carolina State 

University. Mice were killed 1 or 14-15 weeks after initial bacterial colonization. 

Germfree mice were used as controls.  

Sections of proximal colon, distal colon or from the cecal tip were fixed in 10% (v/v) 

neutral buffered Formalin. The fixed tissue was embedded in paraffin. Histology 

scoring (0-4) was analyzed by blindly assessing the degree of lamina propria 

mononuclear cell infiltration, crypt hyperplasia, goblet cell depletion, and architectural 



 53

distortion in hematoxylin and eosin (H&E) stained sections as described by Berg et 

al.122. A score from 0-1 is regarded as no inflammation, 1-2 as mild, 2-3 as moderate 

and 3-4 as severe inflammation. 

 

3.6. Isolation of primary mouse epithelial cells 
Colon and cecum of germfree as well as monoassociated mice were removed, 

opened longitudinally, washed in calcium/magnesium free PBS, cut into approx. 5 

mm pieces and incubated for 30 min at 37°C in 30 ml DMEM containing 5% (v/v) 

FBS, 1% (v/v) antibiotic antimycotic solution and 1 mM dithiothreitol (DTT). During 

incubation samples were vortexed 3 times for 60 sec. After incubation samples were 

filtered and the filtrate was centrifuged for 7 min at 300 g. The pellet was 

resuspended in 5 ml DMEM containing 5% (v/v) FBS as well as 1% (v/v) antibiotic 

antimycotic solution. The pieces remaining on the filter were incubated for 10 min at 

37°C in 30 ml calcium/magnesium free PBS containing 1.5 mM EDTA, vortexed for 

60 sec before and after incubation and filtered. The filtrate was centrifuged for 7 min 

at 300 g and the pellet was resuspended in the same 5 ml DMEM already mentioned 

above. This IEC suspension was filled on top of a 20% (v/v) / 40% (v/v) discontinuous 

Percoll gradient and centrifuged at 600 g for 30 min to purify and collect primary 

mouse IEC. Finally, one part of the primary IEC was lysed in Trizol reagent for RNA 

isolation, the other part in proteome lysis buffer for Western Blotting as well as 2D-

Gel electrophoresis and stored at -80°C. Absence of T-cell contamination was 

assessed by Western Blotting for CD3 to confirm purity of the IEC.  

 

3.7. Bacteria culture conditions 
Luria broth medium containing 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 

0.5% (w/v) NaCl was inoculated with 5% (v/v) of an E. faecalis overnight culture and 

grown aerobically at 37°C on a horizontal shaker. After 24 h, OD600nm was determined 

with a biophotometer, bacteria were harvested in the late stationary growth phase at 

4500 g for 10 min and resuspended in Mode K cell culture medium. Mode K cells 

were stimulated with E. faecalis using an moi of 30 (moi= multiplicity of infection = 

bacteria to epithelial cell ratio). 
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3.8. Cell culture and cell stimulation 
For Cell culture experiments we used the mouse intestinal epithelial cell line Mode K 

(a generous gift from Ingo Authenrieth, University of Tübingen, Germany). Mode-K 

cells are adherent non differentiated cells which were initially generated from 

enterocytes derived from C3H/HeJ mice and were immortalized by SV40 large T 

gene transfer 162. Because of a missense mutation in one of the exons of the TLR-4 

gene in C3H/HeJ mice163, Mode-K cells do not respond to LPS and are therefore not 

sensitive to LPS contaminations. Mode-K cells (passage 15-35) were cultured in 25 

or 75 cm2 flasks, six-well or 12 well culture plates in a humidified 5% CO2 atmosphere 

at 37°C. The culture medium consisted of DMEM (without sodium pyruvate, high 

glucose, with pyridoxine chloride), supplemented with 10% (v/v) FBS, 2 mM L-

glutamine and 0.8% (v/v) antibiotic/antimycotic solution and was replaced every 2-3 

days. At sub-confluent density cells were passaged with trypsin-EDTA. Cells were 

washed twice with 10 ml of pre-warmed PBS. 4 ml trypsin-EDTA solution were added 

and the cells were incubated at 37°C in a humidified 5% CO2 atmosphere for 3 min to 

allow detachment of the cells. After collecting and diluting the cells with 10 ml culture 

medium they were centrifuged at 300 g for 5 min. The pellet was resuspended in 

fresh culture medium and the cells were seeded at a cell density of approximately 

2x105 cells/ml.  

For experiments Mode-K cells were stimulated with bacteria (if not indicated moi 30), 

with cycloheximide (75 µg/ml), or with epidermal growth factor (EGF) (20 ng/ml) as 

indicated. The pharmacological inhibitors PD98059 and SB203580 were used in 

20 µM final concentration, D-JNK-I-1 in 1 µM final concentration. Pharmacological 

inhibitors were pre-incubated for 1 h before bacterial stimulation.  

 

 

3.9. Adenoviral infection 

Mode K cells were infected overnight with adenoviral dominant-negative (dn)IKKβ 

(Ad5dnIKKβ) vector (a generous gift from C. Jobin, University of North Carolina, 

Chapel Hill, NC) in serum-reduced (2% (v/v)) cell culture medium in the absence of 

antibiotics at an moi of 50. The adenovirus was removed by washing, and fresh cell 

culture medium was added. Cells were then stimulated with the E. faecalis strains 

(moi30) for 12 h. 
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3.10. ELISA analysis 
For enzyme linked immuno sorbent assay (ELISA) we used an interferon-gamma 

inducible protein-10 (IP-10) and an interleukin 6 (IL-6) ELISA Kit (R&D Systems, 

Minneapolis, USA) according to the manufacturer’s protocol. The ELISA assay was 

performed in 96 well polystyrene microplates. 

 

3.11. RNA isolation and quantitative PCR  
Primary IEC from wild type as well as IL-10-/- mice were lysed in Trizol reagent. 

RNA was isolated according to the manufacturer’s protocol and dissolved in 20 µl 

water containing 0.1% (v/v) diethyl-pyrocarbonate (DEPC). RNA concentration and 

purity was assessed by measuring the absorption at 260 nm and the absorption ratio 

A260 nm/A280 nm, respectively. 

Transcription to cDNA was performed from 1 μg of total RNA. First 1 μg RNA, 8 μl 

of 5x first-strand buffer, 4 μl of DTT (100 mM) and 6 μl of desoxyribonucleoside 

triphosphate mixture (300 mM) were incubated for 5 min at 65 °C. After that 10 μl of a 

solution containing 0.2 μg of random hexamers, 40 U of RNase Out and 200 U of 

MMLV-reverse transcriptase were added to every sample. For cDNA generation the 

mixture was incubated for 60 min at 37°C using a thermocycler, followed by heating 

to 99°C for 1 min. 

 

Primers were designed with the Light Cycler Probe Design software (Roche 

Diagnostics, Mannheim, Germany). The nucleotide sequences were derived from the 

National Center for Biotechnology Information (NCBI) GenBank database 

(http://www.ncbi.nlm.nih.gov). Primer-dimer-formation, self-priming and the primer 

melting temperature were criteria for the selection of optimal primer pairs. 

Quantitative PCR was performed using glass capillaries in a Light Cycler system. The 

Light Cycler-Fast Start DNA Master SYBR Green I kit, 1 µg of cDNA and a total 

sample volume of 10 μl were used. The qPCR program included an initial activation 

of the hot-start polymerase at 95°C for 10 min, followed by 50 cycles with 15 sec 

denaturation at 95°C, 10 sec annealing at 60°C and 20 sec extension at 72°C. The 

crossing point (Ct) of the log-linear portion of the amplification curve was determined. 

The relative induction of gene mRNA expression was calculated using the following 
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equation: E ∆Ct (control samples – treated samples). Values were normalized to the expression of 

the house-keeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or 

18S ribosomal mRNA. 

 

3.12. Protein from primary IEC 
Purified IEC were lysed in a buffer containing 7 M urea, 2 M thiourea, 2% (w/v) 

CHAPS, and 2% (v/v) pharmalyte pH 3-10. 1% (w/v) DTT and Complete Mini 

protease inhibitor were freshly added prior to lysis. Complete Mini protease inhibitor 

was used in a ratio of 1 tablet for every 12.5 ml of extraction volume.  Every sample 

was subjected to 10 ultrasonic impulses on ice (amplitude 35, cycle 0.5) using an 

UP200s ultrasonic processor followed by 30 min incubation on ice and 30 min 

centrifugation at 18 000 g and  4°C for 30 min. Supernatants were stored at -80°C. 

Protein concentrations were determined using the Bio-Rad protein assay as 

recommended in the manufacturer’s protocol. 

 

3.13. Isoelectric focusing and 2D- SDS PAGE  
Immobilized pH gradient (IPG) dry strips (pH 3-10, 18 cm) were rehydrated over 

night using 350 µl buffer containing 8 M urea, 0.5% (w/v) CHAPS, 15 mM DTT and 

0.5% (v/v) pharmalyte pH 3-10. Isoelectric focusing (IEF) was performed with an 

IPGphor 2, using anodic cup loading of 500 µg protein per IPG strip. IEF conditions 

were as follows: 500 V (1 min, gradient), 4000 V (1.5 h, gradient), 8000 V (28000 Vh, 

Step-n-hold). 

For the second dimension 12.5% (v/v) SDS-PAGE gels were cast using the 

following gel-solution: Acrylamide/bisacrylamide (30 % (v/v) /0.8 % (v/v)): 333 ml; 

Tris-HCL pH 8.8: 200 ml; aqua bidest.: 250 ml; SDS 20% (w/v): 4 ml; APS 10% (w/v): 

8 ml; TEMED: 200 μl. Prior to electrophoresis, IPG-stripes were incubated for 15 min 

in an equilibration buffer (6 M urea, 1.5 M Tris-HCL, pH 8.8, 26% (v/v) glycerol, 2% 

SDS (w/v)) containing 1% DTT (w/v) and further 15 min in the same buffer containing 

4% (w/v) iodacetamide instead of the DTT. IPG stripes were then embedded on top 

of the SDS-polyacrylamide gels using a 0.5% (w/v) agarose gel solution (25 mM Tris-

HCL, 192 mM glycin and 0.1% SDS (w/v)). Electrophoresis was carried out at 4 mA 

per gel for 1 h followed by 12 mA per gel over night. The SDS running buffer 

contained 25 mM Tris-HCl, 192 mM glycin and 0.1% (w/v) SDS. For protein staining, 
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gels were fixed in a solution containing 40% (v/v) ethanol and 10% (v/v) acetic acid 

for 6 h followed by an over-night exposure to a Coomassie solution containing 10% 

(w/v) (NH4)2SO4, 2% (v/v) phosphoric acid, 25% (v/v) methanol, and 0.625% (w/v) 

Coomassie brilliant blue G-250. Destaining of the gels was performed in aqua bidest. 

until the background was completely clear. For all comparisons all gels were 

simultaneously subjected to all steps of 2D-gel electrophoresis including IEF, SDS-

PAGE, Coomassie staining and quantitative analysis in order to minimize variability 

between gels. Only for the comparison of IEC from IL-10-/- mice monoassociated 

with the E. faecalis isogenic mutants this was not possible because 30 gels were 

necessary for the experiment. 

 

3.14. Image analysis and mass spectrometry 
Coomassie-stained gels were scanned and analyzed by Proteome Weaver 

software including background subtraction and normalization. Except for the 

experiments using the E. faecalis OG1RF isogenic mutants all proteomic 

experiments were performed in the same way as published by Shkoda et al.157 to get 

comparable results. Reference gels from pooled IEC samples of all 5 mice in the 

control group were generated and compared with 5 single gels from E. faecalis-

monoassociated mice using Proteome Weaver Software. Spots with at least two fold 

differences in protein intensity present in at least 3 out of 5 gels were submitted to 

MALDI-TOF MS and 4 spots were excised. In the experiments using E. faecalis 

OG1RF and its isogenic mutants for all 5 mice in the reference group and in the 

compared group 2 separate gels were generated. All 10 gels of every group were 

compared using proteome weaver software. Spots which were at least present in 18 

out of 20 gels, which additionally showed significance (p<0.05) using the Mann 

Whitney U Test and which showed at least 1.5 fold regulation were excised and 

submitted to MALDI-TOF MS. From the 20 compared gels at least 10 spots were 

excised for subsequent MALDI-TOF MS. Spots were alternately washed using 50 

mmol/L NH4HCO3 and a 1:1 mixture of acetonitrile and 50 mmol/L NH4HCO3 followed 

by 100% acetonitrile. Spots were digested with 6 µl of 0.02 µg/µl trypsin at 37°C over 

night. Protein fragments were spotted on a MTP AnchorChip 600/384 target using the 

thin-layer affinity HCCA AnchorChip preparation by Bruker Daltonics. Peptide mass 

fingerprints were generated using an Autoflex 1 mass spectrometer and the Flex 

Control as well as Flex Analysis software. Proteins were identified by using the 
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Mascot server 1.9 based on mass searches within murine sequences only. The 

search parameters allowed the carboxyamidomethylation of cystein and 1 missing 

cleavage. The mass accuracy was set to 100 ppm. As criterion for the positive 

identification of proteins we used the significant score value of 61 defined by 

MASCOT. This score value equals a p value of 0.05 and proteins with a higher score 

value can be regarded as significantly identified. Only proteins which were at least 3 

times identified by MALDI-TOF MS using 3 different spots are listed. 

In the proteomic result tables the data is abbreviated in the following way: Molecular 

mass (Mass), isoelectric point (pI), mean Mascot score of at least three identifications 

(mean score), standard deviation of the mean Mascot score (SD score), mean 

sequence coverage of at least three identifications (mean SCov), mean regulation 

factor according to Proteome Weaver software (mean fold change), standard 

deviation of the fold change (SD fold change) and the “frequency” of the regulated 

proteins (= number of mice regulated/number of mice investigated). 

 

3.15. Western Blotting 
For SDS-PAGE a Protean Mini cell was used according to the manufacturer’s 

instructions and according to the method provided by Laemmli et al.164. Cells were 

harvested in Laemmli buffer and samples were heated (10 min, 95°C) to denature 

the proteins. In case of primary IEC equal protein amounts of IEC from 5 equally 

treated mice were pooled and mixed 1:1 with Laemmli Buffer before use. Stimulated 

Mode-K cells were lysed in Laemmli and stored at -20°C. 50 µg of protein (primary 

IEC) or 20 µl protein lysates (Mode K cells) were subjected to 10%-15% (v/v)-

acrylamide gels depending on the molecular weight of the protein of interest and 

electrophoresis was performed at 15 mA until the bromophenol blue dye reached the 

bottom of the gel. Size was confirmed with the Precision Plus protein dual color 

standards. Proteins were blotted on PVDF membranes using a Trans Blot SD Semi 

Dry Transfer Cell  (0.2 A for 50 min) and semi-dry blotting buffer (Tris 25 mM, glycine 

192 mM, methanol 20% (v/v)). Presence of proteins on the membranes was detected 

by staining with 0.5% (w/v) ponceau S in 1 % (v/v) acetic acid for 1 minute. 

Thereafter membranes were rinsed with H2O followed by Tris buffered saline (TBS: 

20 mM Tris, 137 mM NaCl) supplemented with 0.1 % (v/v) tween 20 (TBST). 

Membranes were blocked with a blocking solution containing 5% (w/v) dry milk in 

TBST for 1 h at RT on a rocking shaker. All antibodies were diluted in this blocking 
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solution as shown in Table 3. After binding of the antibody (either 1h at RT or over 

night at 4°C on a rocking shaker) membranes were rinsed 1 time with TBST and then 

washed 3 times for 10 min with TBST on a rocking shaker. Anti-rabbit IgG, anti-

mouse IgG or anti-goat IgG conjugated with horseradish peroxidase were used as 

secondary antibodies in a 1:1000 blocking buffer dilution for 1 h at RT on a rocking 

shaker. Subsequently membranes were rinsed and washed as described above. The 

proteins were detected using an enhanced chemiluminescence light (ECL) detection 

kit as recommended by the manufacturer. 

 

 

3.16. Small interference RNA transfection 
Mode-K cells were cultured in 24-well cell culture plates using 400 µl DMEM per 

well containing 10% (v/v) FBS as well as 0.8% (v/v) antibiotic antimycotic solution 

and 1% (v/v) L-glutamin. After reaching 50-80% confluency cells were transfected 

using 10 nM synthetic Alix siRNA (Mm_Pdcd6ip_5_HP or Mm_Pdcd6ip_4_HP) or All 

Star negative control siRNA and 4.5 µl High Perfect transfection reagent according to 

the manufacturer’s protocol. The Mm_Pdcd6ip_5_HP siRNA resulted in better Alix 

protein knock down and was used for all experiments. In Figure 28 “Alix si 1” 

represents an experiment with 1.5 µl High Perfect transfection reagent and “Alix si 2” 

an experiment using 4.5 µl. After 72 h of transfection cells were stimulated with 

recombinant mouse epidermal growth factor (EGF) for 5 min or with the E. faecalis 

strains at moi 30 for 1 h. For ELISA cell culture supernatants were taken after 12 h of 

stimulation and stored at -20°C. For Western Blot cells were lysed in 70 µl Lämmli 

buffer, stored at -20°C and analyzed as described above. 

 

3.17. Bibliometric analysis 
Bibliometric analysis for cocitation was performed using BiblioSphere Pathway 

Edition Software supplied by Genomatix Software GmbH. This software connects 

regulated proteins with potential interactions. BiblioSphere software is based on 

cocitations of genes in PubMed abstracts. All networks shown are based on articles 

in which the genes/proteins were cocitated in one sentence of an abstract. The same 

sentence also contained a function word (e.g. regulates, inhibition). Colours 

represent whether proteins were up-regulated (red colours) or down-regulated (blue 
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colours) compared to control (either germfree mice or E. faecalis OG1RF colonized 

mice). 

 

3.18. Statistical analyses 

Data are expressed as the mean ± SD. Statistical analysis was performed by the 

two-tailed student’s t test. Significance was depicted in the following way: (*) for 

p<0.05; (**) for p<0.01. 
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4. Results 

4.1. Interaction of three Enterococcus faecalis strains with IEC in vitro.  

4.1.1. Characterization of the Enterococcus faecalis strains 

Three E. faecalis strains were selected for this work including E. faecalis OG1RF (in 

Figures abbreviated as “OG1”) which is a well known clinical isolate widely used and 

described in the literature. E. faecalis ms2 is an endogenous isolate derived from an 

IL-10 deficient mouse and E. faecalis hs3 is a human isolate which is used as a 

probiotic. 

To characterize the selected strains growth curves were recorded and ten fold 

dilution series of the bacteria were plated on LB agar to determine the CFU/ml culture 

in the stationary growth phase after 24 h. As shown in Figure 12 all three E. faecalis 

strains showed a logarithmic growth phase lasting for about 3 h followed by a 

stationary phase with a constant OD600nm value up to 24 h. The logarithmic growth 

phase of strain OG1RF was slightly delayed. Cell counts of the strains in the 

stationary growth phase after 24 h were similarly around 8.5 (log10 CFU/ml) (Table 

8). 
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Figure 12: Growth curves of the selected Enterococcus faecalis strains.  
LB Medium was inoculated with 5% of E. faecalis overnight cultures and grown aerobically at 37°C on 
a horizontal shaker. 1 ml aliquots were aseptically taken and OD600nm was measured using a 
biophotometer. The growth curves are representative for 3 independent experiments. 
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Table 8: Mean bacterial cell densities after 
24h of growth and plating of serial dilutions 
on LB (n=3). 
E. faecalis 
strain 

log10(CFU/ml)(±SD) 

OG1RF 8.51±0.07 

ms2 8.54±0.02 

hs3 8.41±0.04 

 

Next we investigated the presence of putative virulence genes in our E. faecalis 

strains. Chromosomal DNA was isolated from the E. faecalis strains and screened for 

virulence genes using PCR and specific primers as described by Eaton at al.161. In 

Table 9 the virulence genes of the selected strains are listed. Differences were found 

for the genes coding for cytolysin (cylABM), gelatinase (gelE) as well as aggregation 

factor (agg). As shown in Table 9 all strains had the genes cob, cpd and ccf which 

are necessary for pheromone responsive plasmid exchange in E. faecalis. None of 

the strains had the gene esp. 

 

Table 9: Presence of putative virulence genes in the selected strains analysed by 
PCR and specific primers 

Putative virulence genes E. faecalis strain 
cylA cylB cylM gelE esp efaAfs agg cpd ccf cob 

OG1RF 0 0 0 1 0 1 0 1 1 1
ms2 1 1 1 1 0 1 1 1 1 1
hs3 0 0 0 0 0 1 1 1 1 1

 

 

4.1.2. Mode K cells secrete IL-6 and IP-10 and activate different signal 
transduction pathways in response to the Enterococcus faecalis strains. 

 

We used the intestinal epithelial cell line Mode K to investigate strain-specific 

differences in the interaction of the E. faecalis strains with IEC and to characterize 

the response of IEC to stimulation with the E. faecalis strains. Mode K cells are a non 

carcinoma cell line which originates from C3H/HeJ mice. Since C3H/HeJ mice have a 

missense mutation in the TLR-4 gene165, Mode K cells are not sensitive to LPS which 

is advantageous because LPS frequently contaminates stimulation agents. 

Furthermore, we knew from our previous study166 that Mode K cells and also primary 

IEC derived from germfree Fisher F344 rats secrete the acute phase cytokine IL-6 in 
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response to the gram positive bacterium Bifidobacterium lactis. Therefore, we first 

investigated whether Mode K cells also secrete IL-6 in response to gram positive E. 

faecalis strains and whether there are any differences between the strains. 

In preliminary experiments (data not shown) we used different bacteria to epithelial 

cell ratios: moi 30, 100 and 300. These experiments demonstrated that Mode K cells 

secrete IL-6 also in response to E. faecalis strains and that a further inflammatory 

mediator, the T-cell attracting chemokine Interferon γ inducible protein-10 (IP-10), is 

also secreted (data not shown). However, both, moi 100 and moi 300 led to a pH 

change in the cell culture medium after 24 h of stimulation, indicating excessive 

metabolic activity. Therefore, we used moi 30 and moi 3 in our next experiment and 

also investigated the time dependency of E. faecalis-induced IL-6 and IP-10 

secretion as well as possible E. faecalis strain dependent differences in IL-6 and IP-

10 secretion. Figure 13 shows that all E. faecalis strains induced a time and dose 

dependent secretion of IL-6 and IP-10. Cell culture medium did not indicate pH 

changes for both moi. Therefore, we used moi 30 in all further experiments. Whereas 

the amount of IL-6 in the culture supernatant did not further increase or only 

increased slightly after 12 h and 24 h of stimulation, the IP-10 secretion of Mode K 

cells in response to E. faecalis continued for 24 h. The comparison of E. faecalis 

strains showed slight to moderate differences in E. faecalis-induced induction of IL-6 

and IP-10, especially for the IL-6 secretion induced by E. faecalis OG1 compared to 

the other strains using moi 30 after 6 h and 24 h. However, these differences turned 

out to be not significant in further experiments (compare with Figure 15). 
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Figure 13: Enterococcus faecalis strains induce IL-6 and IP-10 secretion in IEC. 
Mode K cells were stimulated with the E. faecalis strains (moi 3 or 30) for 3 h, 6 h, 12 h, or 24 h  as 
indicated. Culture supernatants were analysed by ELISA technique with specific antibodies for IL-6 
and IP-10. Results represent the mean ±SD of triplicate samples.  
 

IL-6 and IP-10 are inflammatory mediators which can be regulated by the NFκB and 

the MAP kinase signal transduction pathways. The MAP kinase pathways are 

complex signalling pathways which have diverse cellular functions and are capable of 

activating transcription factors as well as various kinases. Briefly, p38 is implicated in 

angiogenesis, cell proliferation, inflammation  and cytokine production, JNK controls 
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apoptosis and the development of multiple cell types in the immune system whereas 

the predominant role of ERK1/2 is proliferation and differentiation167. For further 

reading the reviews by Brown et al. 167, Huang et al. 168 and Katz et al.169 are 

suggested. To investigate the activation of these signal transduction pathways in 

response to the E. faecalis strains we stimulated Mode K cells with the E. faecalis 

strains for 1h and 2h and harvested the cells in Lämmli Buffer for Western Blot 

analysis. The Western Blots showed, for all strains, phosphorylation of the MAP 

kinases p38 and ERK1/2, of c-jun, which is a subunit of the heterodimeric 

transcription factor AP1 and is phosphorylated by the MAP kinases JNK, and of RelA, 

a subunit of the NFκB heterodimer (Figure 14). Of note, stimulation with strain ms2 

led to strong ERK1/2 phosphorylation after 1 h whereas stimulation with the other 

strains did not. 
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Figure 14: Enterococcus faecalis induces activation of MAP-kinases and NFκB (RelA-subunit) 

in IEC. 
Mode K cells were stimulated with the E. faecalis strains (moi 30) for 1 h or 2 h as indicated. Cells 
were lysed in Lämmli Buffer and analysed by Western Blot with phospho-specific antibodies as 
described in Materials and Methods.  
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4.1.3. Impact of NFκB and MAP kinase inhibitors on Enterococcus faecalis-

induced IL-6 and IP-10 secretion in IEC. 

Since E. faecalis strains are capable of inducing MAP kinase and NFκB activation, 

we further used specific inhibitors for the MAP kinase pathways and for the NFκB 

pathway to evaluate the influence of these pathways for E. faecalis-induced IL-6 and 

IP-10 expression. E. faecalis-induced IL-6 and IP-10 expression was found to be 

dependent on the NFκB and the p38 MAP kinase, but not the JNK MAP kinase 

pathway (Figure 15). No differences were found comparing the 3 E. faecalis strains. 

Inhibition of the ERK1/2 cascade using the pharmacological inhibitor PD98059 

revealed that only E. faecalis-induced IL-6 expression but not E. faecalis-induced IP-

10 expression was strongly attenuated by this inhibitor. 
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Figure 15: Impact of NFκB and MAP kinase inhibitors on Enterococcus faecalis-induced IL-6 

and IP-10 secretion in IEC. 

Mode K cells were infected with Ad dn IKK: Adenovirus dominant negative for IKKβ or pre-treated with 
the following inhibitors: SB203580: p38 Inhibitor; D-JNKI1: JNK inhibitor; PD98059: Mek1 inhibitor 
(Erk1/2-cascade).  Cells were then stimulated with the E. faecalis strains (moi30) for 24 h as indicated. 
Culture supernatants were analysed by ELISA technique with specific antibodies for IL-6 and IP-10. 
Results shown represent the mean ±SD of triplicate samples. 
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4.1.4. All three Enterococcus faecalis strains induce IL-6 secretion in 
myoembryonic fibroblasts cells via toll like receptor-2 

 

Many bacteria have been shown to activate NFκB signalling via toll like receptors 

(TLR), a group of pattern recognition receptors. Gram positive bacteria are likely to 

mediate signals via TLR-2. Therefore, we used wild type and TLR-2-/- myoembryonic 

fibroblasts (MEF) to investigate the role of TLR-2 in mediating E. faecalis-induced 

signals. As shown in Figure 16, IL-6 expression in response to E. faecalis in TLR-2-/- 

MEF cells was completely abrogated compared to wild type MEF demonstrating that 

the pattern recognition receptor TLR-2 is necessary for E. faecalis-induced IL-6 

expression. IL-1β-induced IL-6 expression was intact in TLR-2-/- MEF which 

confirmed responsiveness of the cells.  
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Figure 16: Enterococcus faecalis-induced IL-6 secretion is TLR-2 dependent. 
Wild type MEF cells and TLR-2-/- MEF cells were stimulated with the E. faecalis strains (moi 30) or 
with the cytokines IL-1β or IFNγ (as controls) for 24 h as indicated. Culture supernatants were 
analysed by ELISA technique for secreted IL-6. Results shown represent the mean ±SD of triplicate 
samples. 
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4.2. Interaction of the three Enterococcus faecalis strains with IEC in vivo. 
 

To investigate the influence of different E. faecalis strains on chronic intestinal 

inflammation and to better understand E. faecalis – IEC interaction in vivo the 

germfree IL-10-/- mouse model of chronic experimental colitis was selected. One 

reason for this was that the complex interaction between a “normal” commensal 

microbiota or a specific pathogen free (SPF) microbiota and IEC of the host is by far 

not understood by scientists at the moment - especially not on the level of strain-

specific interaction. The big advantage of the germfree approach using 

monoassociation with single E. faecalis strains is that changes in the histopathology 

of the mice can directly be related to the E. faecalis strains used. Therefore, germfree 

wild type and IL-10-/- mice were monocolonized with the same E. faecalis strains 

which were already characterized in vitro. The primary aim of this experiment was to 

investigate whether different E. faecalis strains differ in their ability to induce colitis in 

IL-10-/- mice (Figure 17).  
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Figure 17: Do all E. faecalis strains induce colitis in IL-10-/- mice? 

 

Furthermore, primary epithelial cells were isolated from these mice and RNA as well 

as protein samples were generated for every mouse as described in Materials and 

Methods (Figure 18). The luminal bacteria were frozen and bacterial RNA was 
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isolated and sampled for virulence gene expression by our project collaborators 

Carrie Hew Ferstl and Rudi Vogel (for results see Table 17).  
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Figure 18: Experimental design. 
Wild type and IL-10-/- mice were monoassociated at 12–16 weeks of age (5 mice in each group). Mice 
were killed 14 weeks after bacterial monoassociation. Blinded histopathological analysis (score 0-4) 
was performed in formalin-fixed paraffin-embedded tissue sections of the distal colon and the cecum. 
IEC were isolated for subsequent protein and RNA extraction.  
 

4.2.1. Histopathological analysis revealed significantly different colitis between 
Enterococcus faecalis OG1RF and E. faecalis ms2-monoassociated IL-10-/- 
mice. 

 

To characterize the colitogenic nature of E. faecalis, we monoassociated germfree IL-

10-/- and wild type mice with the three E. faecalis strains. Histopathological analysis 

of formalin-fixed paraffin-embedded tissue sections from the colon of IL-10-/- mice 

monoassociated for 14 weeks with E. faecalis strain OG1RF (OG1-mice) or with E. 

faecalis strain ms2 (ms2-mice) revealed significant differences in the severity of 

colonic inflammation (Figure 18). The level of tissue pathology was moderate in ms2-

mice (Histology Score: 2.4 ± 0.6; n = 5) compared to severely inflamed OG1-mice 

(Histology Score: 3.6 ± 0.2; n = 5). Wild type mice were not inflamed demonstrating 

the non pathogenic nature of the E. faecalis strains. Equal colonization was 

confirmed by plating ten-fold dilution series of cecal contents of all mice (Table 10).  
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Figure 19 Endogenous Enterococcus faecalis ms2 induces significantly less colitis in IL-10-/- 
mice compared to strain OG1RF. 
Germfree wild type and IL-10-/- mice were monoassociated with the E. faecalis strains at 12–16 weeks 
of age (5 mice in each group). Mice were killed 14 weeks after bacterial monoassociation. Blinded 
histopathological analysis (score 0-4) was performed in formalin-fixed paraffin-embedded tissue 
sections of the distal colon, as described in Materials and Methods. *p<0.05. 
 

 
Table 10: Mean bacterial cell densities after 
plating serial dilutions of cecum content. 
Mice E. faecalis strain log10(CFU/g)(±SD) 

germfree - 

OG1RF 9.62±0.05 
Wild type 

(n=5) 
ms2 9.67±0.17 

germfree - 

OG1RF 9.69±0.15 
IL-10-/- 

(n=5) 
ms2 9.53±0.22 
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4.2.2. Differential gene expression of IP-10 in primary IEC from Enterococcus 

faecalis-monoassociated IL-10-/- mice. 

 

The inflammatory chemokine interferon γ inducible protein-10 (IP-10; also referred as 

CXCL10) is responsible for chemotaxis of activated T-cells to the site of 

inflammation. Experimental studies in IL10-/- mice demonstrated that the blockade of 

IP-10 by an anti-IP-10 antibody reduced colitis disease severity170, supporting the 

pathological relevance of IP-10 expression for chronic intestinal inflammation. To 

better understand the role of bacteria-host interactions in E. faecalis-mediated 

experimental colitis, primary IEC were isolated from E. faecalis-monoassociated IL-

10-/- and wild type mice. Consistent with the level of tissue pathology, IP-10 mRNA 

expression in IEC from OG1-mice was strongly increased compared to ms2-mice 

(Figure 20, black bars). Also E. faecalis hs3-monoassociated IL-10 -/- mice showed 

significantly reduced IP-10 mRNA expression. E. faecalis-monoassociated wild type 

mice did not induce high levels of IP-10 mRNA expression in primary IEC (Figure 20, 

grey bars). 

IP
-1

0 
m

R
N

A
 e

xp
re

ss
io

n
(fo

ld
 in

cr
ea

se
)

0

5

10

15

20

25

E. faecalisGF OG1 ms2 GF OG1 ms2

Wild type IL-10-/-

*

hs3 hs3

*

IP
-1

0 
m

R
N

A
 e

xp
re

ss
io

n
(fo

ld
 in

cr
ea

se
)

0

5

10

15

20

25

E. faecalisGF OG1 ms2 GF OG1 ms2

Wild type IL-10-/-

*

hs3 hs3

*

 
Figure 20: Epithelial IP-10 mRNA expression is significantly higher in severely inflamed OG1-
mice. 
Germfree wild type and IL-10-/- mice were monoassociated with the E. faecalis strains at 12–16 weeks 
of age. Mice (n = 5 in each group) were killed 14 weeks after bacterial monoassociation and primary 
IEC from large intestine (cecum and colon) were isolated, as described in Materials and Methods. 
Total RNA was extracted and reverse transcribed into cDNA. Real time PCR was performed using the 
Light Cycler system with specific primers for murine IP-10 and GAPDH. The induction of IP-10 mRNA 
was calculated relative to germfree WT controls (mean fold increase ± SD) using the crossing point of 
the log-linear portion of the amplification curve after normalization with GAPDH. *p<0.05.  
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4.2.3. MAP kinase activation in primary IEC derived from Enterococcus 

faecalis-monoassociated IL-10-/- mice. 

 

Since E. faecalis was able to induce NFκB and MAP kinases in vitro in Mode K cells 

we further investigated the activation of these signal transduction cascades in 

primary IEC derived from wild type and IL-10 -/- mice. Equal amounts of IEC protein 

from 5 equally treated mice were pooled and subjected to SDS-PAGE gels. As 

shown in Figure 21 strain E. faecalis hs3 led to strong p38 phosphorylation in wild 

type mice after 14 weeks of monoassociation. Also c-jun was only significantly 

phosphorylated in response to E. faecalis hs3, but not in response to the other 

strains.  
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Figure 21: Signal transduction cascades activated by Enterococcus faecalis monoassociation 
of wild type and IL-10-/- mice. 
Germfree wild type and IL-10-/- mice were monoassociated with the E. faecalis strains at 12–16 weeks 
of age. Mice (n = 5) were killed 14 weeks after bacterial monoassociation and primary IEC from the 
large intestine were isolated, as described in Materials and Methods. Protein was isolated from 
primary IEC and equal amounts of protein from 5 equally treated mice were pooled and subjected to 
Western Blot analysis with phospho-specific antibodies as described in Materials and Methods. 
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We were not able to detect phosphorylated c-jun and p38 in IL-10-/- mice and 

phosphorylated RelA (a NFκB subunit) in wild type and IL-10-/- mice after 14 weeks 

of monoassociation. In IL-10-/- mice ERK1/2 was found to be phosphorylated after 14 

weeks. Of note, phosphorylation of ERK1/2 was lost in the severely inflamed OG1-

monoassociated IL-10-/- mice compared to E. faecalis ms2 and hs3.  

 

4.2.4. Protein profiling in primary IEC derived from IL-10-/- mice 
monoassociated with Enterococcus faecalis ms2 and Enterococcus faecalis 
hs3. 

 

Previously the effect of E. faecalis OG1RF monoassociation on IEC in germfree IL-

10-/- mice was investigated in our lab by Anna Shkoda et al. using a proteomic 

approach 157. This study revealed increased expression levels of the glucose-

regulated ER stress protein (grp)-78 under conditions of chronic inflammation, 

demonstrating an activated ER stress response in the inflamed epithelium. The 

results of this proteomic comparison are shown in Table 11. 

We therefore investigated IEC derived from E. faecalis ms2- and E. faecalis hs3-

monoassociated IL-10-/- mice in a similar proteomic approach to get comparable 

results. 2D-PAGE was conducted according to methods developed and provided by 

Görg et al. and Berkelman et al. 171-173 with minor modifications as described in 

Material and Methods. Pooled IEC samples from 5 germfree IL-10-/- mice were 

compared with 5 single E. faecalis-monoassociated mice. Isoelectric focusing was 

performed by using IPG strips with a broad pH gradient from 3 to 10, followed by 

SDS-PAGE separation of the proteins using 12.5% SDS PAGE gels. Coomassie 

stained gels were analysed for differentially regulated proteins using the Proteome 

Weaver software. The fold changes of these proteins were at least two fold different 

to control intensities (germfree-mice) with a frequency of at least 3 out of 5 mice 

(referred as frequency in all tables below). Regulated spots were excised from the 

gels and proteins were identified by matrix assisted laser desorption ionisation – time 

of flight mass spectrometry (MALDI-TOF MS) as described in Materials and Methods. 

We identified 10 and 21 differentially regulated proteins in E. faecalis ms2- and E. 

faecalis hs3-monoassociated IL-10-/- mice, respectively. Table 12, Table 13,Table 14 

and Table 15 summarize molecular mass (Mass), isoelectric point (pI), mean Mascot 

score (Mean Score), standard deviation of the mean Mascot score (SD Score), mean 
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sequence coverage (Mean SCov), mean fold change, standard deviation of the fold 

change (SD Fold Change) and the frequency (number of mice in which the protein 

was found to be regulated/number of mice investigated) of the regulated proteins. 

Figure 22, Figure 23 and Figure 24 show the localization of the regulated spots and 

their regulation.  

 
Table 11: Results published by Shkoda et al.157: Differentially regulated proteins in IEC of 
IL-10-/- mice after 14 weeks of colonization with Enterococcus faecalis OG1RF compared to 
germfree controls. 

N° 
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass

[Da] a
pI b 

Mean  

SCov

[%] c 

Mean  

Fold 

Change d 

SD 

Fold 

Change e 

Frequency f 

1 Hspa5 A37048 DnaK type  molecular chaperone grp78 72491 5.12 27 2.42 0.50 5/5 

2 Pcca Q922N3 Propionyl-CoA-carboxylase, alpha chain 80517 7.00 15 2.73 0.28 3/5 

3 Gins1 Q6ZQH1 MKIAA0186 protein 19922 8.65 41 2.74 0.41 3/5 

4 Ywhae S31975 14-3-3 protein epsilon 29326 4.63 24 2.85 0.76 3/5 

5 Tubb5 BAB27292 Tubulin beta 5 50064 4.78 28 3.43 0.50 3/5 

6 Pkm2 CAA65761 Pyruvate kinase M2 58448 7.18 38 0.34 0.08 5/5 

7 Hmgcs2 B55729 Hydroxymethyl-glutaryl-CoA-
synthase mitochondrial 

53115 7.46 14 0.28 0.08 5/5 

8 Ugdh AAH06749 UDP-glucose dehydrogenase 55482 7.49 37 0.35 0.06 5/5 

9 Ckmt1 S24612 Creatine kinase, mitochondrial 47373 8.39 43 0.40 0.06 5/5 

10 Serpinb1a Q9D154 Serin protease inhibitor clade B 42719 5.85 16 0.37 0.08 4/5 

11 Mpst Q99J99 3-mercapto-pyruvate sulfurtransferase 33231 6.11 21 0.40 0.08 4/5 

12 Aldh1a1 JQ1004 Aldehyde dehydrogenase NAD precursor 55131 7.89 41 0.30 0.07 3/5 

13 Lgals3 A45983 Lactose-binding lectin Mac-2, Galectin-3 27455 8.57 20 0.39 0.01 3/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search result. c Mean 

sequence coverage of the proteins in % derived from the Mascot search result. d Mean fold change in spot intensity of the regulated proteins derived from the 

Proteome Weaver software comparison. e Standard deviation of the mean fold change.  f Frequency: number of mice in which the protein was differentially 
regulated/number of mice investigated. 
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Table 12: Differentially up-regulated proteins comparing IEC derived from germfree IL-10-/- mice  
(reference) vs. Enterococcus faecalis ms2-monoassociated. 

N° 
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass a

[Da] 
pI b 

Mean

Score c 

SD 

Scored

Mean  

SCov 

[%] e 

Mean  

Fold 

Changef 

SD 

Fold 

Changeg 

Fre-

quencyh

1 Psma2 P49722 

Proteasome subunit alpha type 2 

(EC 3.4.25.1)  

(Proteasome component C3) 

(Macropain subunit C3) 

25892 8.42 82.8 11.8 41.5 2.39 0.23 5/5 

2 Nme1 A46557 
nucleoside-diphosphate kinase (EC 

2.7.4.6)(fragment) 
18843 8.44 88.0 14.4 40.6 2.73 0.57 4/5 

3 Hspa5 A37048 
dnaK-type molecular chaperone 

grp78 precursor 
72491 5.12 174.8 84.3 34.8 2.50 0.24 5/5 

4 Hspd1 
Q8C2C7 

(S13084) 

heat shock protein, 60 kDa 

(chaperonin groEL precursor ) 

mitochondrial 

61089 5.67 123.0 77.8 24.5 3.27 0.70 4/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search 
result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. e Mean 
sequence coverage of the proteins in % derived from the Mascot search result. f Mean fold change in spot intensity of the regulated proteins 
derived from the Proteome Weaver software comparison. g Standard deviation of the mean fold change. h Frequency: number of mice in which 
the protein was differentially regulated/number of mice investigated. 

 
Table 13: Differentially down-regulated proteins comparing IEC derived from germfree IL-10-/- 
mice  (reference) vs. Enterococcus faecalis ms2-monoassociated. 

N° 
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass a

[Da] 
pI b 

Mean

Score c
SD 

Scored 

Mean  

SCov 

[%] e 

Mean  

Fold 

Changef 

SD 

Fold 

Changeg

Fre-

quencyh 

1 Tkt Q9ESA0 Transketolase (Fragment) 61115 6.54 127.0 31.0 32.0 0.39 0.14 5/5 

2 Ugdh AF061017 
UDP-glucose dehydrogenase 

(Ugdh) 
55482 7.49 197.0 45.1 47.8 0.40 0.13 3/5 

3 Gpd2 Q8VDT0 
Glycerol-3-phosphate 

dehydrogenase 2 
81446 6.26 139.8 17.2 28.0 0.33 0.09 3/5 

4 Hmgcs2 Q8N7N8 

hydroxymethylglutaryl-CoA 

synthase (EC 4.1.3.5), 

mitochondrial 

57334 8.53 120 36.0 32.3 0.41 0.06 4/5 

5 Eef2 P58252 Elongation factor 2 (EF-2) 96091 6.42 181.5 78.8 24.5 0.35 0.15 3/5 

6 Aco2 BC004645 aconitase 2, mitochondrial 86151 8.08 264.5 25.6 41.5 0.36 0.05 3/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search 
result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. e Mean 
sequence coverage of the proteins in % derived from the Mascot search result. f Mean fold change in spot intensity of the regulated proteins 
derived from the Proteome Weaver software comparison. g Standard deviation of the mean fold change. h Frequency: number of mice in which 
the protein was differentially regulated/number of mice investigated. 
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Figure 22: Proteome analysis of primary IEC derived from germfree vs. Enterococcus faecalis 
ms2-monoassociated IL-10-/- mice. 
Germfree IL-10-/- mice were monoassociated with E. faecalis hs3 for 14 weeks. Primary IEC were 
purified from germfree and E. faecalis hs3-monoassociated animals. 2D SDS-PAGE and proteome 
analysis was performed as described in Materials and Methods. The reference gel (left side) was 
obtained with pooled IEC samples from germfree IL-10-/- mice (n=5) and compared with each of the 5 
IEC samples from E. faecalis ms2-monoassociated mice using the Proteome Weaver software. 
Localization and regulation of the numbered differentially regulated spots is shown. Identified proteins 
with at least 2-fold changes in expression level confirmed in at least 3 out of the 5 mice were 
considered as differentially regulated.  
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Table 14: Differentially up-regulated proteins comparing IEC derived from germfree IL-10-/- mice  
(reference) vs. Enterococcus faecalis hs3-monoassociated. 

N° 
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass a

[Da] 
pI b 

Mean

Score 
c 

SD 

Score
d 

Mean  

SCov 

[%] e 

Mean  

Fold 

Change
f 

SD 

Fold 

Changeg 

Fre-

quencyh 

Up-regulated Proteins: 

1 Calml4 Q8R1P1 Calmodulin-like 4 17783 7.7 76.5 29.2 37.5 3.21 0.64 5/5 

2 
Hspa5, 

Grp78 
A37048 

dnaK-type molecular chaperone 

grp78 precursor 
72491 5.1 330.7 85.1 47.0 3.41 0.31 5/5 

3 Tpt1, Trt S00775 

Translationally controlled tumor 

protein (TCTP), 

also known as IgE-dependent 

histamine-releasing 

factor (HRF) 

19564 4.8 73.0 10.8 26.0 3.06 0.65 5/5 

4 Aco2 BC004645 

Aconitate hydratase, mitochondrial 

precursor  

(EC 4.2.1.3) (Citrate hydro-lyase) 

(Aconitase) 

86151 8.1 125.3 50.8 25.0 2.51 0.78 3/5 

5 Mrps22 AK013925 
mitochondrial ribosomal protein 

S22 
41281 8.6 91.0 36.0 33.9 2.40 0.82 3/5 

6 Bcat2 BC017688 
branched chain amino-transferase 

2, mitochondrial 
44669 8.6 80.3 23.7 25.8 2.06 0.52 3/5 

7 Nucb1 AK004886 nucleobindin 53376 5 129.3 46.3 42.0 3.63 1.21 3/5 

8 
Pdia3, 

Grp58 

Q8C2F4; 

M73329 

glucose regulated protein, 58 kDa, 

Protein disulfide-isomerase A3 

precursor (EC 5.3.4.1) 

57103 5.8 218.6 65.4 47.8 2.35 0.57 4/5 

9 Golph3l Q8R088 Golgi phosphoprotein 3-like 32999 5.7 104.0 27.0 35.2 2.58 0.65 4/5 

10 G6pdx 

A56686; 

S17293; 

S31406 

glucose-6-phosphate 1-

dehydrogenase (EC 1.1.1.49) 
59681 6.0 212.3 54.4 42.5 4.16 1.24 5/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search 
result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. e Mean 
sequence coverage of the proteins in % derived from the Mascot search result. f Mean fold change in spot intensity of the regulated proteins 
derived from the Proteome Weaver software comparison. g Standard deviation of the mean fold change. h Frequency: number of mice in which 
the protein was differentially regulated/number of mice investigated. 
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Figure 23: Proteome analysis of primary IEC derived from germfree vs. Enterococcus faecalis 
hs3-monoassociated IL-10-/- mice – up-regulated proteins. 
Germfree IL-10-/- mice were monoassociated with E. faecalis hs3 for 14 weeks. Primary IEC were 
purified from germfree and E. faecalis hs3-monoassociated animals. 2D SDS-PAGE and proteome 
analysis was performed as described in Materials and Methods. The reference gel (left side) was 
obtained with pooled IEC samples from germfree IL-10-/- mice (n=5) and compared with each of the 5 
IEC samples from E. faecalis hs3-monoassociated mice using the Proteome Weaver software. 
Localization and regulation of the numbered differentially up-regulated spots is shown. Identified 
proteins with at least 2-fold changes in expression level confirmed in at least 3 out of the 5 mice were 
considered as differentially regulated.  
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Table 15: Differentially down-regulated proteins comparing IEC derived from germfree IL-10-/- 
mice  (reference) vs. Enterococcus faecalis hs3-monoassociated. 

N° 
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass a

[Da] 
pI b 

Mean

Score c
SD 

Scored 

Mean  

SCov 

[%] e 

Mean  

Fold 

Changef 

SD 

Fold 

Changeg 

Fre-

quencyh 

Down-regulated Proteins: 

1 Glod4 Q9CPV4 
Glyoxalase domain-containing 

protein 4 
33581 5.28 165.67 48.63 52.3 0.33 0.07 5/5 

2 Hmgcs2 B55729 

hydroxymethylglutaryl-CoA 

synthase (EC 4.1.3.5),  

mitochondrial 

53115 7.46 201.25 42.45 47.25 0.49 0.13 3/5 

3 Anxa4 Q7TMN7 Annexin A4 36192 5.4 180.50 63.92 50.0 0.56 0.33 3/5 

4 Ak2 
Q9WTP6; 

Q9CY37; 

Adenylate kinase isoenzyme 2, 

mitochondrial (EC 2.7.4.3)  

(ATP-AMP transphosphorylase) 

25686 7.2 75.00 16.46 37.2 0.39 0.05 5/5 

5 Prdx6 

O08709; 

Q91WT2;  

Q9QWP4;  

Q9QWW0 

Peroxiredoxin 6 (EC 1.11.1.15) 

(Antioxidant protein 2) (1-Cys 

peroxiredoxin) (1-Cys PRX) 

(Acidic calcium-independent 

phospholipase A2) (EC 3.1.1.-) 

(aiPLA2)(Non-selenium 

glutathione peroxidase) (EC 

1.11.1.7) (NSGPx) 

24838 5.7 150.67 34.41 60.4 0.45 0.05 5/5 

6 Hao3 Q8JZR9 
Hydroxyacid oxidase (Glycolate 

oxidase) 3 
39145 7.6 66.60 13.28 27.0 0.36 0.11 4/5 

7 Ugdh AF061017 
UDP-glucose dehydrogenase 

(Ugdh) 
55482 7.49 148.17 63.70 37.5 0.40 0.07 5/5 

8 Aldh1a1 JQ1004 
Retinal dehydrogenase 1 (EC 

1.2.1.36)  
55131 7.89 185.00 55.13 42.0 0.46 0.09 3/5 

9 Mpst Q99J99 

3-mercaptopyruvate 

sulfurtransferase  

(EC 2.8.1.2) (MST) 

33100 6.12 159.00 20.66 51.3 0.46 0.09 3/5 

10 Aldh2 I48966 

aldehyde dehydrogenase (NAD) 

(EC 1.2.1.3) 2  

precursor, mitochondrial 

57015 7.53 130.75 47.54 33.0 0.43 0.09 4/5 

11 Eef2 P58252 
Elongation factor 2 (EF-2) 

 
96091 6.42 148.25 34.54 21.8 0.77 0.43 3/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search 
result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. e Mean 
sequence coverage of the proteins in % derived from the Mascot search result. f Mean fold change in spot intensity of the regulated proteins 
derived from the Proteome Weaver software comparison. g Standard deviation of the mean fold change. h Frequency: number of mice in which 
the protein was differentially regulated/number of mice investigated. 
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Figure 24: Proteome analysis of primary IEC derived from germfree vs. Enterococcus faecalis 
hs3-monoassociated IL-10-/- mice – down-regulated proteins. 
Germfree IL-10-/- mice were monoassociated with E. faecalis hs3 for 14 weeks. Primary IEC were 
purified from germfree and E. faecalis hs3-monoassociated animals. 2D SDS-PAGE and proteome 
analysis was performed as described in Materials and Methods. The reference gel (left side) was 
obtained with pooled IEC samples from germfree IL-10-/- mice (n=5) and compared with each of the 5 
IEC samples from E. faecalis hs3-monoassociated mice using the Proteome Weaver software. 
Localization and regulation of the numbered differentially down-regulated spots is shown. Identified 
proteins with at least 2-fold changes in expression level confirmed in at least 3 out of the 5 mice were 
considered as differentially regulated.  
 

 

Interestingly, we were able to identify the glucose-regulated ER stress protein grp78 

to be up-regulated also in E. faecalis ms2- and E. faecalis hs3-monoassociated IL-

10-/- mice compared to germfree animals. Furthermore, the proteins 

hydroxymethylglutaryl-CoA synthase and UDP-glucose dehydrogenase were found 

to be down-regulated for all three E. faecalis strains, indicating general E. faecalis-

induced mechanisms in monoassociated IL-10-/- mice. 
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4.2.5. Bibliometric analysis 

BiblioSphere software was used to connect regulated proteins with potential 

interactions. BiblioSphere software is based on cocitations of genes in PubMed 

abstracts. For the network tree shown in Figure 25 only genes cocitated in the same 

sentence of abstracts which also contained a function word (e.g. regulates, inhibition) 

are shown. Red colours represent up-regulation and blue colours down-regulation 

compared to control (germfree mice in this case). 
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Figure 25: Gene-gene network tree based on regulated proteins between germfree and 
Enterococcus faecalis-monoassociated IL-10-/- mice and bibliometric analysis. 
Connections represent cocitations in PubMed abstracts in the same sentence including a function 
word (e.g. regulates, interacts etc.). Red colour indicate up-regulation, blue colour down-regulation 
compared to germfree mice. Aldh1a1: Retinal dehydrogenase 1; Aldh2: Aldehyde dehydrogenase, 
mitochondrial; Anxa4: Annexin A4; Eef2: Elongation factor 2; G6pdx: Glucose-6-phosphate 1-
dehydrogenase x; Gins1: MKIAA0186 protein; Gpd2: Glycerol-3-phosphate dehydrogenase, 
mitochondrial; Hspa5: 78 kDa glucose-regulated protein (grp78); Hspd1: 60 kDa heat shock protein, 
mitochondrial; Nme1: Nucleoside diphosphate kinase A; Pdia3: Protein disulfide-isomerase A3; 
Serpinb1a: Serin protease inhibitor clade B = Leukocyte elastase inhibitor A; Tkt: Transketolase; Tpt1: 
Translationally-controlled tumor protein; Lgals3: Lectin, galactose binding, soluble 3; Ugdh: UDP-
glucose 6-dehydrogenase; 
 
 

4.2.6. Comparison of IL-10 -/- mice monoassociated with the differential colitis 
inducing Enterococcus faecalis strains OG1RF and ms2. 

In a further analysis we compared the differential colitis inducing E. faecalis strains 

OG1RF and ms2 in order to investigate mechanisms induced in IEC.  Again 
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proteomic technique was used to identify novel protein targets in the intestinal 

epithelium associated with the disease progression from moderately to severely 

inflamed conditions. To compare protein expression profiles in IEC from OG1-mice 

and ms2-mice we performed 2D SDS-PAGE gel electrophoresis, Coomassie 

staining, Proteome Weaver analysis and MALDI-TOF mass spectrometry as 

described in Materials and Methods. Reference gels from pooled IEC samples of all 5 

OG1-mice were generated and compared with 5 gels from single ms2-mice using 

Proteome Weaver Software. Between 480 and 550 spots were detected in the single 

gels. We were able to identify 13 differentially regulated proteins (Table 16, Figure 

26). The fold change of these proteins was at least two fold different to control 

intensities (OG1-mice). None of these 13 proteins was found to be regulated in E. 

faecalis-monoassociated wild type mice (Figure 26B). 
Table 16: Differentially regulated proteins for the primary IEC proteomic comparison of 
Enterococcus faecalis OG1RF (Reference) vs. Enterococcus faecalis ms2 

  
Gene 

Name 

Accession 

Number 
Name of Protein 

Mass a

[Da] 
pI b

Mean

Scorec 

SD 

Scored 

Mean  

SCov 

[%] e 

Mean  

Fold 

Changef 

SD 

Fold 

Changeg 

Fre-

quencyh 

Up-regulated Proteins:          

1 Mpst Q99J99 
3-mercaptopyruvate sulfurtransferase  

(EC 2.8.1.2) (MST) 
33100 6.12 120.0 17.8 41.8 2.53 0.38 3/5 

2 Gsto1 AK027922 Glutathione S-transferase omega 1 27708 6.92 115.3 12.1 37.5 2.92 0.54 4/5 

3 Dnajb11 Q99KV1 
DNAJ homolog subfamily B member 11 

(Erdj3) 
40853 5.81 103.0 24.6 31.7 2.29 0.21 3/5 

4 Ugdh AF061017 UDP-glucose dehydrogenase (Ugdh) 55482 7.49 134.2 30.9 41.25 4.07 1.71 4/5 

5 Pdcd6ip Q80Y09 
Alix (ALG-2 interacting protein (AIP-1))  

(Pdcd6ip-protein) 
96822 6.15 229.5 64.0 31.5 3.02 0.33 4/5 

6 Ppid Q9CR16 

40 kDa peptidyl-prolyl cis-trans isomerase 

(EC 5.2.1.8) (PPIase) (Rotamase) 

(Cyclophilin-40) (CYP-40) 

40985 7.05 117.8 21.1 38.0 3.94 0.78 4/5 

7 Tufm Q8BFR5 
Elongation factor TU, mitochondrial (P43) 

homolog 
49876 7.23 124.5 7.7 36.0 4.92 1.93 3/5 

8 Pcca Q922N3 
Propionyl-Coenzyme A carboxylase, alpha 

polypeptide 
80517 7.00 150.0 25.6 33.0 4.62 1.69 4/5 

9 Vil2 P26040 Ezrin (p81) (Cytovillin) (Villin 2) 69407 5,83 87,7 18,7 20,0 2,85 0,91 3/5 

Down-regulated Proteins:          

1 Phb A39682 Prohibitin 29859 5.57 116.3 4.7 53.8 0.344 0.053 4/5 
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2 Capza2 P47754 
F-actin capping protein alpha-2 subunit  

(CapZ alpha-2) 
32987 5.58 113.7 17.0 57.3 0.283 0.145 3/5 

3 Suclg2 Q66JT3 

Succinate-Coenzyme A ligase, GDP-

forming, beta subunit mitochondrial 

[precursor] 

47080 6.58 80.3 18.1 32.0 0.261 0.119 3/5 

4 Idh3a Q8C8A1 
Isocitrate dehydrogenase [NAD] subunit 

alpha, mitochondrial [Precursor] 
40099 6.27 80.5 17.0 32.8 0.356 0.126 3/5 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot search 
result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. e Mean 
sequence coverage of the proteins in % derived from the Mascot search result. f Mean fold change in spot intensity of the regulated proteins 
derived from the Proteome Weaver software comparison. g Standard deviation of the mean fold change. h Frequency: number of mice in which 
the protein was differentially regulated/number of mice investigated. 
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Figure 26: Proteome analysis of IEC derived from Enterococcus faecalis OG1RF vs. 
Enterococcus faecalis ms2-monoassociated wild type and IL-10-/- mice. 
Germfree IL-10-/- mice (A) and wild type mice (B) were monoassociated either with E. faecalis OG1RF 
(reference) or with E. faecalis ms2 for 14 weeks. Primary IEC were purified for 2D SDS-PAGE and 
proteome analysis was performed as described in Materials and Methods. The reference gel (left side) 
was obtained with pooled IEC samples from E. faecalis OG1RF-monoassociated mice (n=5) and 
compared with each of the 5 IEC samples from E. faecalis ms2-monoassociated mice using the 
Proteome Weaver software. Localization and regulation of the numbered differentially regulated spots 
is shown. Identified proteins with at least 2-fold changes in expression level confirmed in at least 3 out 
of 5 mice were considered as differentially regulated.  
 

4.3. Validation of Alix down-regulation and characterization of Alix function in 
IEC. 

 

Proteomic analysis revealed reduced Alix expression levels under conditions of 

severe but not moderate inflammation and Alix was found to be regulated in 4 out of 

5 investigated mice. Alix is a multifunctional adaptor protein which can interact with 

various cytoskeletal elements like focal adhesion kinase 174, F-actin, cortactin and α-

actinin 175. Since also other cytoskeleton proteins were found to be regulated and Alix 
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therefore might be important in cellular restitution and wound healing processes we 

further investigated Alix regulation in primary IEC and in IEC lines. 

In Figure 27A individual representative Alix 2D-gel spots are shown.  Alix 2D-gel spot 

intensity was only reduced in E. faecalis OG1RF-monoassociated IL-10-/- mice but 

not in E. faecalis OG1RF-monoassociated wild type mice, suggesting a role of Alix in 

the development of chronic intestinal inflammation. Therefore, we next investigated 

the differential regulation of Alix protein by Western Blot analysis and characterized 

Alix function in IEC using siRNA knock down. 

 

4.3.1. Validation of epithelial Alix protein down-regulation in severe 
Enterococcus faecalis OG1RF-induced colitis. 

 

In order to validate the down-regulation of Alix in primary IEC from E. faecalis-

monoassociated wild type and IL-10-/- mice Alix protein expression was measured by 

Western Blot analysis. Equal amounts of protein derived from 5 single equally treated 

mice were pooled and subjected to 10% SDS-PAGE gels followed by immuno-

blotting for Alix using specific antibodies. 

As shown in Figure 27B Alix protein expression was confirmed to be down-regulated 

in severely but not in moderately inflamed IL-10-/- mice after 14 weeks of 

monoassociation with E. faecalis OG1RF or E. faecalis ms2, respectively. Alix protein 

levels in E. faecalis ms2-monoassociated IL-10-/- mice were comparable or slightly 

higher than in WT- mice. In addition, and most important to understand the kinetics of 

protein expression changes we demonstrated that Alix protein was down-regulated 

after 14 but not after 1 week of bacterial monoassociation, suggesting a functional 

role for Alix in the pathogenesis of experimental colitis (Figure 27C). Equal loading 

was confirmed using β-actin antibodies. 
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Figure 27: Severely inflamed OG1-mice express less Alix.  
Germfree IL-10-/- mice and wild type mice were monoassociated either with E. faecalis OG1RF or with 
E. faecalis ms2 for 14 weeks (Figure 27C: 1 and 14weeks). (A) Primary IEC were purified from the 
large intestine as described in Materials and Methods and 2D SDS-PAGE was performed. Gels were 
analyzed by Proteome Weaver Software, spots were excised and washed and Alix was detected by 
MALDI-TOF MS as described in Materials and Methods. 3 representative Alix spots are shown for all 
groups. (B, C) Protein was extracted from primary IEC and 50 µg of protein sample was subjected to 
SDS–PAGE followed by Alix and β-actin immuno-blotting using the ECL technique. Bands represent 
combined equal protein amounts from 5 mice for each group. In Figure 4C germ free (GF) mice were 
used as controls. Blots shown are representative for 2 different Western Blots using separately pooled 
samples. 
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4.3.2.  EGF and Enterococcus faecalis-induced ERK1/2 phosphorylation was 
not affected by Alix siRNA knock down. 

Alix can directly or indirectly interact with different cell surface receptors, including the 

Epidermal Growth Factor (EGF) Receptor EGFR 176-178. EGFR-mediated ERK1/2 

activation is probably involved in cell proliferation, cell migration and cell 

differentiation169. As already shown in Figure 21 ERK1/2 phosphorylation levels were 

reduced in IEC from severely inflamed OG1-mice compared to the moderately 

inflamed ms2-mice. We therefore asked the question whether ERK1/2 

phosphorylation is affected by reduced Alix protein expression. The mouse intestinal 

epithelial cell line Mode K was used to knock down Alix protein expression by 

applying siRNA transfection techniques as described in Materials and Methods. As 

shown in Figure 28, two different siRNA/transfection reagent ratios (“Alix si 1” and 

“Alix si 2”) resulted in a knock down of Alix/AIP 1 protein expression in Mode K cells. 

We stimulated these cells with EGF for 5 min to investigate the effect of Alix siRNA 

knock down on EGF-mediated ERK1/2 signalling. However, the siRNA-mediated 

knock down of Alix protein expression did not reduce EGF-induced ERK1/2 

phosphorylation in Mode-K cells.  
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Figure 28: Alix siRNA knock down did not reduce EGF-induced ERK1/2 phosphorylation in 
Mode K cells. 
Mode K cells were transfected with Alix siRNA or control siRNA as described in Materials and 
Methods and stimulated with 20 ng/ml EGF as indicated. Cells were lysed in Lämmli Buffer and 20 µl 
of the lysates were subjected to SDS–PAGE followed by Alix, phospho-ERK1/2, total ERK1/2 and β-
actin immuno-blotting using the ECL technique. 
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As already shown, E. faecalis ms2 but not E. faecalis OG1RF triggered strong 

ERK1/2 phosphorylation in Mode K cells after 1 h of stimulation (see Figure 14). We 

therefore next used the capability of E. faecalis ms2 to induce early ERK1/2 

phosphorylation to further investigate the role of Alix in bacteria-mediated ERK1/2 

signalling. Mode K cells were transfected with Alix siRNA or control siRNA and 

stimulated with the two E. faecalis strains for 1 h. As shown in Figure 29 E. faecalis 

ms2-induced ERK1/2 phosphorylation was not reduced by siRNA-mediated Alix 

knock down.  
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Figure 29: Alix siRNA knock down did not reduce Enterococcus faecalis-induced ERK1/2 
activation in Mode K cells. 
Mode K cells were transfected with Alix siRNA or control siRNA as described in Materials and 
Methods and stimulated with the E. faecalis strains (moi 30) as indicated. Cells were lysed in Lämmli 
Buffer and 20 µl of the lysates were subjected to SDS–PAGE followed by Alix, phospho-ERK1/2 and 
β-actin immuno-blotting (as loading control) using the ECL technique.  
 

4.3.3. Enterococcus faecalis-induced IP-10 secretion in Mode K cells is not 
affected by Alix siRNA knock down. 

 

Since E. faecalis OG1RF and ms2 differentially induced IP-10 mRNA expression in 

the intestinal IL-10-/- mouse epithelium (see Figure 20), the role of Alix expression for 

E. faecalis-mediated IP-10 responses was characterized. Mode K cells were 

transfected with Alix siRNA or with control siRNA, and stimulated with the E. faecalis 

strains alone or in combination with EGF for 12 h. Cell culture supernatants were 

subjected to ELISA analysis and secreted IP-10 was measured. As shown in Figure 
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30, Alix knock down did not affect E. faecalis-induced IP-10 secretion in the presence 

or absence of EGF.  
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Figure 30: Alix siRNA knock down did not affect IP-10 secretion in Mode K cells. 
Mode K cells were transfected with Alix siRNA or control siRNA as described in Materials and 
Methods and stimulated with E. faecalis OG1RF (A), E. faecalis ms2 (B) (both moi 30) and with EGF 
(20ng/ml) for 12 h as indicated. Cell culture supernatants were analyzed for secreted IP-10 Protein 
using ELISA technique. Bars represent different experiments. 
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4.4. Enterococcus faecalis virulence factor mRNA induction in IL-10-/- mice. 
 

Carrie Hew Ferstl, (Technische Universität München, Institut für Technische 

Mikrobiologie, Prof. Vogel, Freising) analysed isolated bacterial RNA derived from the 

gut contents of our E. faecalis OG1RF-monoassociated IL-10-/- and wild type mice. 

The bacterial mRNA was reverse transcribed into cDNA and E. faecalis virulence 

gene expression was determined on the basis of the presence or absence of 

amplified products following normal PCR with specific primers for E. faecalis 

virulence genes. 

As shown in Table 17 virulence gene expression of the gelE gene coding for the 

E. faecalis zinc metalloprotease termed gelatinase was induced after 14 weeks of 

monoassociation in IL-10-/- mice, but not in wild type mice and not in 1 or 2 weeks 

old IL-10-/- mice. These findings suggested a functional role for gelatinase 

expression in the pathology of chronic E. faecalis-induced colitis. Further analysis 

using quantitative PCR in a Light Cycler system confirmed up-regulation of the gelE 

gene in IL-10-/- mice compared to wild type mice (data not shown)179. 

 
Table 17: Virulence gene expression in Enterococcus faecalis OG1RF, derived from 
monoassociated IL-10-/- or wild type mice. These results were conducted by Carrie Hew Ferstl 
and Rudi F. Vogel179, Technische Universität München, Institut für Technische Mikrobiologie, 
Freising. 

Virulence gene expression 
Bacterium 

Mouse 

genotype 
Sampling time 

efaAfs gelE agg esp 

1 week + - - - 

2 weeks + - - - 
E. faecalis 

OG1RF 
IL-10-/- 

14 weeks + + - - 

1 week + - - - 

2 weeks + - - - 
E. faecalis 

OG1RF 

Wild type 

 
14 weeks + - - - 
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4.5. Comparison of Enterococcus faecalis OG1RF with an isogenic gelE-
mutant and an isogenic fsrB–mutant using monassociation of IL-10-/- 
mice. 

 

Based on the findings by Carrie Hew Ferstl et al. (see above) we further investigated 

the function of bacterial proteases on experimental colitis in IL-10-/- mice. Therefore, 

IL-10-/- mice were monoassociated with E. faecalis OG1RF or its isogenic mutant 

with a deletion in the gelE gene (strain TX5264) (Figure 31). We additionally 

colonized IL-10-/- mice with an E. faecalis OG1RF isogenic mutant for fsrB (strain 

TX5266) which is a gene of the fsr quorum sensing system. This quorum sensing 

system regulates the expression of gelatinase and a serine protease in E. faecalis. 

For this reason the fsrB mutant is not able to induce gelatinase expression. 

 

 

 

+

germfree wildtype mice 1 week 15 weeks

• Histopathology
• Protein and RNA 

from isolated IEC

germfree IL-10-/- mice 1 week 15 weeks

• Histopathology
• Protein and RNA 
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1 week and 15 weeks monoassociation with:

•E. faecalis OG1RF
•E. faecalis TX5264 (gelE deletion mutant)
•E. faecalis TX5266 (fsrB deletion mutant)E. faecalis

+
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• Histopathology
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1 week and 15 weeks monoassociation with:

•E. faecalis OG1RF
•E. faecalis TX5264 (gelE deletion mutant)
•E. faecalis TX5266 (fsrB deletion mutant)E. faecalis

 
Figure 31: Experimental design. 
Wild type and IL-10-/- mice were monoassociated at 12–16 weeks of age (5 mice in each group). Mice 
were killed 1 or 15 weeks after bacterial monoassociation. Blinded histopathological analysis (score 
0-4) was performed in formalin-fixed paraffin-embedded tissue sections of the distal colon and the 
cecum. IEC were isolated for subsequent protein and RNA extraction.  
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4.5.1. Histopathological comparison of Enterococcus faecalis OG1RF-
monoassociated IL-10 deficient mice with gelE mutant- and fsrB mutant-
monoassociated mice. 

Histopathological analysis after 15 weeks of monoassociation clearly demonstrates 

an effect of the E. faecalis gelatinase on experimental colitis. IL-10-/- mice 

monoassociated with the gelE mutant showed significantly less colitis in proximal and 

distal colon when compared to the E. faecalis OG1RF (Figure 32A-B). The fsrB 

mutant induced even more significantly reduced inflammation in the proximal and 

distal colon as well as in the cecum of IL-10-/- mice, confirming the finding (Figure 

32A-C). 
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Figure 32: Histological analysis. Both, the E. faecalis gelatinase mutant and the Enterococcus 
faecalis fsrB mutant induce significantly less colitis in IL-10-/- mice compared to Enterococcus 

faecalis OG1RF.  
Germfree wild type and IL-10-/- mice were monoassociated with E. faecalis strain OG1RF or with its 
isogenic mutants for the gelatinase gene (gelE-) and for the fsrB gene (fsrB-) at 12–16 weeks of age (n 
= 5 in each group). Mice were killed 15 weeks after bacterial monoassociation. Blinded 
histopathological analysis (score 0-4) were performed in formalin-fixed paraffin-embedded tissue 
sections of the proximal and distal colon and the cecum, as described in Materials and Methods. 
*p<0.05, **p<0.01. 
 

 

In Figure 33 representative H&E stained, formalin-fixed paraffin-embedded tissue 

sections from germfree and E. faecalis-monoassociated IL-10-/- mice are shown. 

Comparing sections from E. faecalis OG1RF with the isogenic mutants revealed 

considerably increased mucosal thickening, goblet cell depletion, and lamina propria 

cellular infiltration in the E. faecalis OG1RF-monoassociated IL-10-/-mice. 

Furthermore, inflammation seems to progress from the distal colon to the proximal 

colon, since histological sections and scores from the cecum and the proximal colon 

show markedly lower inflammation than those from the distal colon. 
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Figure 33: Intestinal inflammation in germfree and Enterococcus faecalis-monoassociated IL-
10-/- mice.  
Germfree (GF) IL-10-/- mice (1A, 2A) were monoassociated with E. faecalis OG1RF (1B, 2B) or with 
its isogenic mutants TX5264 (gelE-) (1C, 2C) and TX5266 (fsrB-) (1D, 2D) for 15 weeks. Blinded 
histopathological analyses (grade 0-4) were performed in formalin-fixed paraffin-embedded tissue 
sections of the distal (1A-D) and proximal (2A-D) colon as described in Materials and Methods. 
Representative sections are shown. The grade of inflammation is mentioned in the individual sections.  
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4.5.2.  IEC Proteome of IL-10-/- mice monoassociated with Enterococcus 

faecalis OG1RF compared with the isogenic gelE or fsrB mutant. 

 

To further investigate the function of gelatinase in E. faecalis-induced experimental 

colitis on the level of epithelial cells we compared IEC derived from E. faecalis 

OG1RF and from E. faecalis TX5264-monoassociated IL-10-/- mice by a proteomic 

approach (OG1RF = reference). In a further experiment IEC from E. faecalis OG1RF 

and E. faecalis TX5266-monoassociated IL-10-/- mice were compared (OG1RF = 

reference). For every compared group 10 gels were cast: samples from all 5 

biological replicates where run in duplicates. Proteins selected showed significance in 

the Mann Whitney U Test (p<0.05) and were additionally at least 1.5 fold regulated in 

spot intensity. Table 18 summarizes the regulated proteins. In Figure 34A the 

location of the regulated proteins is shown. Individual regulated spots are shown in 

Figure 34B and Figure 34C. Of note, in both comparisons cytokeratin 8 and 

glyoxalase domain containing protein 4 were found to be down-regulated in the less 

inflamed mice suggesting a function of these proteins in the pathogenesis of 

experimental E. faecalis-induced colitis.  

 
Table 18: Differentially regulated proteins comparing IEC derived from IL-10-/- mice  
monoassociated with Enterococcus faecalis OG1RF (Reference) vs. isogenic mutants. 

N° 
Gene 

Name 

Accession

Number 
Name of Protein 

Mass

[Da]a 
pI b 

Mean 

Score c 

SD 

Score d 

Mean  

SCov 

[%] e 

Mean  

Fold 

Change f 

Proteins down-regulated in IL-10 -/- mice monoassociated with Enterococcus faecalis gelE mutant TX5264;  

when compared with Enterococcus faecalis OG1RF monocolonized mice (Reference) 

1 Glod4 Q9CPV4 
Glyoxalase domain-containing 

protein 4 
33581 5.16 126.25 37.74 44.25 0.55 

2 Atp5h ATP5H 
ATP synthase D chain, 

mitochondrial 
18664 5.41 121.29 24.10 69.71 0.55 

3 Tufm Q497E7 
Tu translation elongation factor, 

mitochondrial 
49876 7.91 136.33 7.57 40.67 0.57 

4 Gstp1 
GSTP1_M

OUSE 
Glutathione S-transferase P 1 23634 8.92 78.63 22.76 45.38 0.56 

5 Krt8 P11679 Keratin 8, Cytokeratin 8 53210 5.28 167.14 55.45 35.71 0.41 

6 Ola1 BAB28624 
Obg-like ATPase 1 (EC 3.6.3.-) 

(GTP-binding protein 9) 
44929 8.59 115.00 50.29 38.75 0.53 

7 PyCard Q9EPB4 
Apoptosis-associated speck-like 

protein containing CARD 
21502 5.14 103.00 25.79 70.83 0.54 

8 Ugdh AAC36096 UDP-glucose 6-dehydrogenase 55482 8.57 136.20 59.34 39.80 0.55 
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Proteins down-regulated in IL-10 -/- mice monoassociated with Enterococcus faecalis fsrB mutant TX5266;  

when compared with Enterococcus faecalis OG1RF monocolonized mice (Reference) 

1 Glod4 Q9CPV4 
Glyoxalase domain-containing 

protein 4 
33581 5.16 102.00 55.15 42.50 0.59 

5 Krt8 P11679 Keratin 8, Cytokeratin 8 53210 5.28 151.00 56.87 43.00 0.57 

9 Hspd1 Q8C2C7 
60 kDa heat shock protein, 

mitochondrial [Precursor] 
61089 5.56 119.63 46.63 38.25 0.45 

10 Uqcrfs1 Q5SVV1 

Ubiquinol-cytochrome c 

reductase iron-sulfur subunit, 

mitochondrial [Precursor] 

29634 9.71 111.67 17.01 41.33 0.56 

a Theoretical protein mass according to the Mascot search result. b Theoretical isoelectric point of the proteins according to the Mascot 
search result. c  Mean Mascot Mowse score derived from the Mascot search result. d Standard deviation of the mean Mascot Mowse score. 
e Mean sequence coverage of the proteins in % derived from the Mascot search result. f  Mean fold change in spot intensity of the regulated 
proteins derived from the Proteome Weaver software comparison. 
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Figure 34: Proteome analysis of primary IEC derived from Enterococcus faecalis OG1RF- vs. 
Enterococcus faecalis TX5264 (gelE-)- and vs. Enterococcus faecalis TX5266 (fsrB-)-
monoassociated IL-10-/- mice. 
Germfree IL-10-/- mice were monoassociated with the E. faecalis strains for 15 weeks. Primary IEC 
were purified from monoassociated animals. 2D SDS-PAGE from n=5 IL-10-/- mice were run in 
duplicate for every group. Proteome Weaver comparison of the gels and identification of the excised 
spots by MALDI-TOF MS was performed as described in Materials and Methods. Localization and 
regulation of the numbered differentially down-regulated spots is shown (A). Regulated spots are 
shown for (B) E. faecalis OG1RF (left side) and E. faecalis gelE- (right side) or (C) E. faecalis OG1RF 
(left side) and E. faecalis fsrB- (right side). Identified proteins that showed significant regulation (Mann 
Whitney Test p<0.05) and at least 1.5 mean fold change in expression were considered as 
differentially regulated. 
 

 

4.5.3. Bibliometric analysis 

Finally, BiblioSphere software was used to find cocitated proteins. For the network 

tree shown in Figure 35 only proteins cocitated in the same sentence of abstracts 

which also contained a function word (e.g. regulates, inhibits) are shown. The 

analysis only includes comparisons of highly inflamed mice (E. faecalis OG1RF, 

control group) with mild to moderate inflamed mice (E. faecalis m2, E. faecalis 

TX5264, E. faecalis TX5266).  
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Figure 35: Gene-gene network tree based on regulated proteins between severe and 
moderately inflamed IL-10-/- mice and bibliometric analysis.  
The gene-gene network tree was genrated using BiblioSphere bibliometric analysis. Connections 
represent a least one cocitation a in PubMed abstract in the same sentence including a function word 
(e.g. regulates, interacts etc.). Red colour indicates up-regulation, blue colour down-regulation. Gsto1: 
glutathion S-transferase omega 1; Gstp1: glutathione S-transferase P 1; Hspd1: 60 kDa heat shock 
protein, mitochondrial; Krt8: Keratin 8; Pdcd6ip: Programmed cell death 6 interacting protein = Alix; 
Phb: Prohibitin; Ugdh: UDP-glucose 6-dehydrogenase. 
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5. Discussion 

5.1. Interaction of Enterococcus faecalis with IEC induces NFκB- and MAP 

kinase-mediated IL-6 and IP-10 secretion 
 

E. faecalis strains are frequently isolated from traditional Mediterranean food 

products and some strains are used as probiotics. On the other hand, E. faecalis 

strains can acquire various antibiotic resistances, are regarded as nosocomial 

pathogens and are also a common cause of endocarditis, urinary tract infections and 

bacteremia. The role of E. faecalis strains in the pathogenesis of IBD is unknown. 

Therefore, we compared three E. faecalis strains of different origins on their 

mechanisms to induce proinflammatory cytokine and chemokine expression in IEC: A 

medical human oral isolate, E. faecalis OG1RF, which is well known and described in 

the literature and is known to be colitogenic in IL-10-/- mice156, 157, the gastrointestinal 

endogenous isolate E. faecalis ms2, derived from an IL-10-/- mouse, and the 

probiotic isolate E. faecalis hs3.  

In the beginning of the study we also used two further strains, E. faecalis 34.5, a food 

isolate, and an endogenous E. faecalis isolate derived from a wild type mouse 

(genetic background 129 SvEV TAC). However, since these two strains did not show 

striking differences in our studies regarding IL-6 and IP-10 secretion in IEC (data not 

shown), and, since we were only able to use 3 strains for the cost intensive in vivo 

studies in IL-10-/- and wild type mice, we concentrated on the strains E. faecalis hs1, 

ms2, and hs3. Another reason for our decision to choose these 3 strains was the 

genotypic characterization of the strains. According to the studies of Hew et al., 

Eaton et al. and our studies the genes for pheromone responsive plasmid exchange 

(cpd, ccf, cob) and the efaAfs gene can be found in almost every E. faecalis strain 161, 

180. Therefore, the differences in the more sporadic appearing genes agg, gelE, esp, 

and cylMBA, were regarded as more interesting. Since E. faecalis hs1, ms2 and hs3 

showed differences in the presence of the virulence genes agg, gelE and cylMBA, we 

decided to implement these 3 strains in our studies. 

 

All 3 E. faecalis strains were capable of inducing IL-6 secretion in IEC. Our results 

using pharmacologic inhibitors suggested that E. faecalis-induced IL-6 secretion in 
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IEC is mediated by the NFκB, the ERK1/2 MAP kinase and the p38 MAP kinase 

pathway. The inhibition of ERK1/2 led to an about 8-fold decrease in IL-6 secretion. 

However, no significant differences were found between the strains, suggesting that 

the strains share similar signalling mechanisms to trigger IL-6 secretion. 

IL-6 is a cytokine with multiple functions in the intestinal mucosa: IL-6 stimulates 

acute phase protein synthesis in enterocytes181, it can induce IgA secretion in B-cells 

of intestinal Peyer´s Patches182, and it was reported that high levels of IL-6 were 

associated with a higher mucosal permeability183. Of note, IL-6 was reported to 

enhance T-cell survival and apoptosis resistance in the lamina propria at inflamed 

sites184. In a recent phase II study IL-6 antibodies were shown to reduce disease 

activity in CD patients185. Hence, our results clearly show the capability of both, a 

probiotic and a medical E. faecalis strain equipped with different virulence factor 

subsets to induce an inflammatory response in IEC with potential functions on B-cells 

and/or T-cells. Further the results suggest that the epithelium is also responsive to 

commensal or probiotic bacteria and not only to infectious pathogens.  

We confirmed this finding by different experiments. Using probiotic Lactobacilli, 

Bifidobacteria and a Streptococcus species derived from the probiotic preparation 

VSL#3 we found that all these species were capable of inducing IL-6 secretion in 

Mode K cells (unpublished data). Lactobacillus acidophilus, Lactobacillus plantarum 

and Streptococcus thermophilus induced only low levels of IL-6 compared to 

Lactobacillus casei and the Bifidobacteria. In vivo we were able to induce transient 

IL-6 expression by monoassociation of gnotobiotic Fisher rats with the probiotic 

Bifidobacterium lactis BB1282. Finally, we used reconstituted Lactobacillus free (RLF) 

mice to study the effect of a non infectious commensal Lactobacillus strain on the 

activation of signal transduction pathways in IEC in mice that have a complex 

microbiota (recently published in the Journal of Nutrition; Hoffmann M., Rath E. et 

al.186). RLF mice do not harbour lactobacilli in their intestine, however they harbour a 

complex microbiota which is functionally similar to that of conventional animals187, 188. 

These mice clearly responded to the first exposure to Lactobacillus reuteri by 

inducing a transient inflammatory reaction with increased levels of IL-6 mRNA and 

decreased levels of the negative NFκB-regulators A20 and Toll interacting protein 

(TOLLIP) after 6 days of colonization186. These finding demonstrate that the intestinal 

epithelium is able to regulate the NFκB pathway in vivo in response to Lactobacillus 

reuteri even in the presence of an already-established microbiota. Therefore, IL-6 
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and several other NFκB-induced cytokines and negative regulators of NFκB like A20 

or TOLLIP might play a role in the induction of immune tolerance to commensal 

bacteria in the intestine. Interestingly, van Baarlen et al. 189 very recently published a 

study showing differential NFκB pathway induction by Lactobacillus plantarum in 

duodenal biopsies of healthy humans. The differential NFκB pathway induction 

correlated with immune tolerance and therefore supported the hypothesis that NFκB-

induced pathways and negative regulators of NFκB play a role in the induction of 

immune tolerance in the intestine. 

 

The role of IP-10, a chemokine to attract activated TH1 lymphocytes and phagocytes, 

is not elucidated in the pathophysiology of IBD. IP-10 is secreted by endothelial cells, 

epithelial cells, fibroblasts, keratinocytes, and monocytes190. We were able to 

measure high levels of IP-10 secretion in response to all E. faecalis strains. 

Compared to IL-6 secretion, E. faecalis-induced IP-10 secretion in IEC was mediated 

by the NFκB- and the p38 MAP kinase- but not by the ERK1/2-pathway. Since no 

differences were found between the individual E. faecalis strains the mechanisms of 

IP-10 secretion in IEC are probably the same for all E. faecalis strains. In contrast 

Lactobacillus casei and Streptococcus thermophilus were not able to induce IP-10 

secretion in Mode K cells (data not shown). We were even able to show, that 

Lactobacillus casei is capable of inhibiting TNFα-induced IP-10 secretion by post-

translational degradation191. These findings show that probiotic bacteria have 

different mechanisms to influence epithelial IP-10 secretion.  

 

5.2. Monoassociation of IL-10-/- mice with Enterococcus faecalis strains 
results in different severity of experimental colitis.  

 

A widely accepted hypothesis suggests that the development of IBD is influenced by 

host susceptibility genes, by immunological and by environmental factors like the 

commensal intestinal flora90, 92. Various rodent models of IBD, for example IL-10-/-, 

IL-2-/- mice or HLA-B27 transgenic rats have demonstrated the importance of 

commensal bacteria as a trigger of inflammation107,192. Using these models in 

germfree conditions colonized by single bacterial species yields tools to analyze the 

individual impact of different bacterial species on intestinal inflammation.  
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We used germfree IL10-/- mice and demonstrated that monoassociation of these 

mice with different strains of E. faecalis for 14 weeks can lead to significant 

differences in colonic inflammation. Monoassociation of IL-10-/- mice with the two 

commensal bacteria E. faecalis or E. coli resulted in intestinal inflammation with 

distinctly different kinetics and anatomic distribution in the same host123. Furthermore, 

dual association with both non-pathogenic commensal bacteria led to an aggressive 

pancolitis with duodenal inflammation after 7 weeks124. Hence, E. coli and E. faecalis 

seem to have additive effects in IL-10-/- mice.  

Our results show that germfree IL-10-/- 129SvEv mice not only allow discriminating 

colitogenic bacterial species but also discriminating between more or less colitogenic 

strains and that E. faecalis OG1RF strain-specific features initiate a significantly 

intensified colitis compared to E. faecalis ms2. There are different possible reasons 

to explain this finding for example (i) different expression of E. faecalis virulence 

genes (ii) different abilities of E. faecalis  to produce extracellular superoxide leading 

to DNA damage of IEC 193, (iii) different abilities in E. faecalis mucin degradation18, or 

(iv) changes of the intestinal cytokine profile induced by E. faecalis strains 194.  

To explain the differential colitis inducing effects we focussed on the induction of host 

responses in IEC like activated signal-transduction pathways or cytokine mRNA 

induction and on the analysis of virulence genes present in our strains. Paradoxically 

analysis of virulence genes of our strains revealed more virulence genes for the less 

colitis inducing strain E. faecalis ms2 (cylMAB+, agg+, additional to gelE+, efaAfs+, 

cpd+, ccf+, cob+, esp-) than for E. faecalis OG1RF (only gelE+, efaAfs+, cpd+, ccf+, 

cob+, esp-). These results suggest that the E. faecalis ms2 genes for cytolysin and 

aggregation factor are either not functional or that they are not expressed in the 

intestinal environment. For both genes it was shown that expression is dependent on 

the environmental conditions like pH or nutrient supply180. Interestingly, expression of 

the E. faecalis cylB gene was significantly reduced in stationary phase bacteria 

grown in LB media at pH5 compared to pH7180, suggesting down-regulation of cylB in 

the acidic environment of the intestine. Furthermore, the presence of the additional 

virlulence genes could be explained by a lack of impact of these genes on chronic 

intestinal inflammation. However, clear conclusions on the impact of these genes on 

colitis can only be drawn by using isogenic mutants of a colitiogenic strain like E. 

faecalis OG1RF in a animal model of IBD. 
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To investigate E. faecalis-induced signal transduction pathways and possible strain-

specific differences in E. faecalis activated pathways, we compared E. faecalis-

mediated phosphorylation of MAP kinases and NFκB in IEC in vitro and in vivo. 

In vitro all E. faecalis strains were capable of inducing activation of c-jun, ERK1/2 and 

RelA. This is consistent with our finding that inhibitors targeting these pathways 

resulted in decreased IL-6 secretion in IEC. RelA is a subunit of the NFκB hetero-

dimer and phosphorylation leads to nuclear translocation and activation of NFκB-

dependent gene-transcription. Activation of all TLRs with their respective ligands can 

lead to NFκB activation, and peptidoglycan as well as lipoteichoic acid from gram 

positive bacteria are ligands for TLR-281. Since we also show that TLR-2 deficient 

MEF cells do not secrete IL-6 in response to E. faecalis stimulation compared to 

TLR-2 competent MEF cells, it is most likely that E. faecalis-induced NFκB activation 

in Mode K cells is also mediated by TLR-2 leading to IL-6 and IP-10 secretion.  

In IEC, ERK1/2, p38 and c-jun were activated by all E. faecalis strains. c-jun is a 

subunit of the heterodimeric transcription factor AP1 which is phosphorylated by the  

MAP kinase JNK. p38, JNK and ERK1/2 activate transcription factors as well as 

various kinases and play a role in diverse cellular functions. p38 is implicated in 

angiogenesis, cell proliferation, inflammation  and cytokine production, JNK controls 

apoptosis and the development of multiple cell types in the immune system whereas 

the predominant role of ERK1/2 is induction of proliferation and differentiation167.  

Furthermore, all MAP kinases play different roles in cell migration events168. Strong 

ERK1/2 phosphorylation was observed after stimulation with E. faecalis ms2 for 1h 

but not for the other strains. This finding was confirmed to be an E. faecalis strain-

specific effect in several experiments (also compare with Figure 29) suggesting 

proliferation or differentiation events being early induced by this strain. Strong early 

ERK1/2 activation points to a different mechanism of signal-induction, which may be 

mediated by a different receptor. 

In vitro E. faecalis-induced IL-6 secretion in IEC was dependent on activated NFκB, 

p-38, and ERK1/2 whereas IP-10 secretion was only dependent on NFκB and p-38. 

In vivo all MAP kinases were activated in the epithelium of wild type mice but only 

ERK1/2 activation was detected in E. faecalis monocolonized IL-10-/- mice. Since p-

38 and c-jun activation was lost in IL-10-/- mice these kinases seem to regulate 

protective mechanisms in the epithelium. We further found that p-38 was present in 1 

week but not in 14 weeks E. faecalis monocolonized IL-10-/- mice195 and persistent 
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TLR-2 protein expression was observed in the epithelium of E. faecalis 

monocolonized Il-10-/- mice up to 28 days, whereas wild type mice were able to 

downregulate TLR-2 protein expression196. Therefore, c-jun or p-38 might also be 

involved in the inhibition of TLR-2 protein expression in wild type mice which is lost 

due to a lack of protective TGFβ/SMAD signalling in the epithelium of IL-10-/- mice196. 

High TLR-2 expression probably explains the significantly elevated IP-10 mRNA 

expression in severe E. faecalis OG1RF-mediated colitis, since IP-10 expression 

may be induced by TLR-2-mediated NFκB signalling.  

ERK1/2 phosphorylation was absent in severe E. faecalis OG1RF-mediated colitis 

but not in moderate E. faecalis ms2-mediated colitis. Since p38 and c-jun activation 

was absent in all inflamed E. faecalis monocolonized IL-10-/- mice also ERK1/2 

phosphorylation might play a protective role in moderate colitis under conditions 

when p38 and c-jun phosphorylation is absent. Wound healing-associated cell 

migration and wound closure are protective functions of ERK1/2 signalling in IBD197. 

Recent studies also implicate ERK1/2 in intestinal wound closure198 and treatment of 

colitis by growth factors like EGF, which induce ERK1/2 signalling, has been 

suggested199, 200. 

Experimental studies demonstrated that IP-10 plays an important role in colitis since 

treatment with an anti-IP-10 antibody reduced the number of colon infiltrating TH1 

effector cells in a newly established model of colitis201. When comparing E. faecalis 

OG1RF and E. faecalis ms2 in IL-10-/- mice, we measured increased epithelial IP-10 

mRNA expression. This was consistent with the histopathology seen in IL-10-/- mice. 

Therefore, we confirmed the finding by Noguchi et al.202 that increased IP-10 

expression is associated with higher colitis diseases activity.  

Interestingly, E. faecalis hs3 induced lower IP-10 mRNA expression in the epithelium 

of IL-10-/- mice compared to E. faecalis OG1RF whereas the grade of colitis induced 

by E. faecalis hs3 was still severe. This might point to a different less IP-10-mediated 

mechanism of colitis in E. faecalis hs3 monocolonized IL-10-/-mice. This seems to be 

possible, since E. faecalis hs3 also led to strong p38 phosphorylation in wild type 

mice after 14 weeks of monoassociation compared to the other strains, suggesting 

different p-38 signalling mechanisms. Hence, E. faecalis hs3 has the potential of 

inducing differential signal transduction pathways, at least in wild type mice. 

Therefore, these results present an attractive starting point for further studies on the 

signal transduction mechanisms induced by E. faecalis hs3 in IEC. 
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5.3. Proteins regulated by Enterococcus faecalis strains in monoassociated 
IL-10-/- mice suggest induction of stress, detoxification and cytoskeleton 
remodelling mechanisms in severe colitis 

 

For all three E. faecalis strains UDP-glucose dehydrogenase and 

hydroxymethylglutaryl-CoA synthase were found to be down-regulated in IL-10-/- 

mice compared to germfree mice. Of note, Shkoda et al. found both enzymes to be 

down-regulated in IL-10-/- mice already after 2 weeks of monoassociation with E. 

faecalis OG1RF.195 Therefore, the regulation of these enzymes seems to be an early 

E. faecalis-induced effect on IEC which occurs before the onset of colitis. 

Hydroxylmethylglutaryl-CoA-synthase is a protein localized in mitochondria and is 

involved in the synthesis of the ketone body acetoacetic acid. Ketone bodies are 

mainly synthesized in energy deficiency (catabolism) and are used as a source of 

energy in heart and brain. A recent study demonstrated effects of the gut microbiota 

on myocardial ketone body metabolism during nutrient deprivation203. In contrast to 

germfree mice, the commensal microbiota was able to supply energy for the heart, 

probably by the secretion of short chain fatty acids. Taken together, down-regulation 

of hydroxylmethylglutaryl-CoA-synthase-mediated ketone body synthesis in the 

epithelium induced by E. faecalis would suggest that this beneficial effect of the 

microbiota is decreased or not present in E. faecalis monoassociated mice. 

UDP-glucose dehydrogenase is an enzyme involved in the biosynthesis of 

glycosaminoglycans, hyaluronan, chondroitin sulfate, and heparan sulfate 204. These 

substrates might serve as nutrients for E. faecalis. Interestingly, it was shown by 

Baldassarri et al. that glycosaminoglycans mediate invasion and survival of 

Enterococcus faecalis into macrophages158. Furthermore, it was shown that 

glycosaminoglycans, especially heparin and/or heparan sulfate play an important role 

in the binding of enterococci to human colon cells 205. Therefore, the down regulation 

of UDP-glucose dehydrogenase might be an early counter regulation of IEC against 

bacterial adhesion.  

Grp78 was found to be up-regulated for all E. faecalis strains in IL-10-/- mice 

compared to germfree mice. This protein is a chaperone and the major inducer of the 

unfolded protein response, which is a result of mis- or unfolded protein accumulation 

in the endoplasmic reticulum (ER). Induced by dissociation of grp-78 from IRE1, 
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PERK, and AFT6, these proteins then mediate an ER stress response leading to up-

regulated transcription of genes that increase ER protein folding and secretory 

capacities. We recently published that primary IEC from IL-10-/- mice as well as IBD 

patients revealed increased expression levels of grp78 under conditions of chronic 

inflammation. As a mechanism, we show that IL-10 modulates the recruitment of 

ATF6 to the grp78 promoter in IEC 157. The up-regulation of grp78 in all 

monoassociated IL-10-/- mice reveals that this response is not specific for the 

medical isolate E. faecalis OG1RF and therefore increases the probability that 

inadequate ER stress induction is a mechanism which can lead to colitis. Very 

recently an association of a polymorphism in the XBP1 gene with IBD patients was 

found. XBP1 is spliced by IRE1 after ER stress induction to induce protective gene 

transcription206. This finding underlines that dysregulated ER stress responses might 

be a cause for IBD. 

 

Comparing different grades of inflammation induced by different E. faecalis strains in 

IEC might reveal protective strain-specific-induced proteins. Therefore, we directly 

compared E. faecalis OG1RF and ms2. Monoassociation of germfree IL-10-/- mice 

coupled with 2D gel electrophoresis and MALDI-TOF mass spectrometry resulted in 

the identification of 13 proteins with differentially regulated steady state protein 

expression in the epithelium of severe inflamed OG1-mice compared to moderately 

inflamed ms2-mice. Parallel proteomic analysis of wild type mice and IL10-/- mice 

made it possible to show that these proteins were exclusively regulated in IL-10-/- 

mice. Since OG1-mice were significantly more inflamed than ms2-mice, the 

differences found by proteomic comparison are likely to be related to the different 

histopathology induced by the two strains, rather than to changes directly triggered 

by these strains. This hypothesis is supported by the fact that 3 of the 13 regulated 

proteins - F-actin capping protein alpha-2 subunit, Ezrin, and Alix - are associated 

with cytoskeleton functions and cytoskeleton interactions, suggesting morphological 

rearrangements during development of severe colitis.   

Another protein found to be regulated in severe colitis in OG1-mice is prohibitin. 

Theiss et al.207 already showed that prohibitin is down-regulated in biopsies from 

Crohn´s disease patients and in animal models of experimental colitis including DSS-

induced colitis and piroxicam-induced colitis in IL-10-/- mice. It was recently 

suggested that prohibitin expression is modulated by the acute phase cytokine IL-6 in 
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IEC 208. We revealed increased expression levels of prohibitin in primary IEC from 

severely inflamed OG1-mice compared to moderately inflamed ms2-mice. Since 

prohibitin protects against oxidative stress in intestinal epithelial cells 207, the elevated 

prohibitin protein expression in the intestinal epithelium of OG1-mice might reflect a 

response against the accumulation of reactive oxygen species produced by 

macrophage and neutrophils under conditions of severe inflammation.  

DNAJ homolog subfamily B member 11, also designated Erdj3, is a soluble ER-

glycoprotein which is up-regulated during ER stress209. Erdj3 was found to be up-

regulated in OG1-mice. ERdj3 binds directly to unfolded proteins 210 and the release 

of Erdj3 from its substrate is regulated by grp78 211. Hence, up-regulation of Erdj3 

further confirms the induction of an ER-stress response in primary IEC from IL-10-/- 

mice and might lead to a better understanding of the intensity of an ER stress 

response, since it was less expressed in less inflamed mice. 

Shkoda et al.195 found 3-mercaptopyruvate-sulfurtransferase (MST) to be down-

regulated (2.5 fold) in E. faecalis OG1RF-induced colitis. Consistently we found this 

protein to be down-regulated in severe E. faecalis hs3-induced colitis (reference: 

germfree mice) and up-regulated when comparing moderate colitis in ms2-mice with 

severe colitis in OG1-mice (reference). These results suggest that inhibition of 

epithelial MST expression is a characteristic of severe IBD.  MST is an enzyme which 

functions in cyanide detoxification212 and in cysteine catabolism to form pyruvate, 

suggesting lower availability of cysteine in IEC to form pyruvate. This would support 

the hypothesis that under conditions of chronic inflammation, IEC are in a state of 

energy deficiency in which cysteine is not available to be degraded to provide energy 

in the form of pyruvate. Ramasamy et al.213 showed in UC patients that MST 

expression in the colonic mucosa is lost under conditions of chronic inflammation. 

According to this finding, it is more likely that decreased MST expression is a general 

feature of severe IBD and not an E. faecalis specific effect. The intensity of the MST-

spot in our 2D-gels suggests that MST is expressed in high amounts in IEC and 

therefore probably has an important physiological role, for example energy supply by 

providing pyruvate.  

Using a proteomic approach the colitogenic effect of the E. faecalis gelatinase mutant 

and the fsrB mutant strains was compared with the wild type strain OG1RF. 

Interestingly, for both comparisons the two proteins glyoxylase domain-containing 

protein 4 and cytokeratin 8 were found to be down-regulated in conditions of 
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moderate colitis, suggesting general mechanisms of gelatinase and the E. faecalis fsr 

quorum sensing system. Vice versa this means that these two proteins are up-

regulated in severe colitis induced by E. faecalis OG1RF. 

No references were found for glyoxylase domain-containing protein 4. According to 

the Uniprot proteinknowledgebase (http://www.uniprot.org/uniprot/Q9CPV4), this 

protein is probably localized in mitochondria and interacts with a member of the 

Nudix hydrolase familiy designated NUDT9 (This information is based on protein 

similarities). NUDT9 was shown to be an ADP-ribose (ADPR) pyrophosphatase, 

which plays a role in the removal of the potentially toxic ADPR214, 215. Interestingly, 

also glyoxalases have a function in the detoxification of the cytotoxic methylglyoxal, a 

normal byproduct of carbohydrate metabolism216. Therefore, glyoxylase domain-

containing protein 4 might also be involved in detoxification processes in the 

intestinal epithelium under conditions of chronic inflammation. This conclusion is 

supported by our finding that up-regulated grp78 indicates induced stress 

mechanisms in the epithelium of E. faecalis monoassociated IL-10-/- mice which are 

probably associated with higher energy supply and toxic by-products. 

Cytokeratin 8, also designated Keratin 8 or Cytokeratin EndoA, is a type II 

intermediate filament protein expressed in the intestinal epithelium217. The spot 

intensity in our 2D gels suggests that expression of Keratin 8 in colonic IEC is high, 

especially in severe colitis. The function of Keratin 8 is essential in the intestinal 

epithelium because the intermediate filament Keratin 7, which is able to substitute 

Keratin 8 functions in other epithelia, is not expressed in IEC217. This explains why 

keratin 8-deficient mice develop hyperplasia and inflammation in the colon 130 but not 

in many other epithelia. Although colonic inflammation in keratin 8-deficient mice was 

already discovered in 1994130, its relevance in the pathogenesis of chronic intestinal 

inflammation is just starting to be discovered. In 2004, mutations in the Keratin 8 

gene were linked with IBD in patients218. Recently a novel Keratin 8 mutation was 

correlated with extensive UC219.  

We found Keratin 8 up-regulated in severe E. faecalis-mediated colitis compared to 

mild disease mediated by the E. faecalis OG1RF mutants, suggesting that 

dysregulated Keratin 8 expression is an attribute of colitis. Interestingly, the stress-

induced ER-chaperone grp78 can associate with cytosolic Keratin 8 in vitro under 

conditions that induce grp78 expressions, for instance glucose starvation or 

tunicamycin treatment.220 In addition, simple epithelial Keratins like Keratin 8 were 
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shown to protect cells from TNFα- and Fas-mediated apoptosis221, 222. Since high 

TNFα expression is a characteristic of CD, increased Keratin 8 might allow 

preserving a low level of epithelial barrier function by the inhibition of IEC apoptosis 

under condition of severe inflammation. This is consistent with a recent publication 

implicating IL-6-induced Keratin 8 expression in barrier function alterations223. 

Cytosolic grp78 might protect Keratin 8 from degradation.  

In summary, and additional to the already discussed regulated proteins, also 

elevated levels of Keratin 8 and glyoxylase domain-containing protein 4 suggest 

mechanisms of cytoskeleton remodeling, stress induction, and detoxification under 

conditions of severe colitis. 

 

5.4. Role of Alix in Enterococcus faecalis stimulated IEC. 
  

We showed for the first time that Alix is down-regulated in severe but not moderate 

intestinal inflammation, suggesting a protective role of Alix in the process of disease 

progression. Alix is homologous to two different yeast proteins, Bro1 and Rim20, and 

to the Aspergillus nidulans PalA Protein. PalA/Rim20 have a function in pH regulation 

by binding the transcription factor PacC/Rim101 and allowing its cleavage.224 In 

higher eukaryotes, no PacC/Rim101 homologue has been identified.225 The second 

Saccharomyces cerevisiae Alix homologue, Bro1, can be recruited to endosomes by 

binding to Vps32226 which is part of the ESCRT-III complex (endosomal sorting 

complex required for transport III). Bro1 is conserved in evolution and mammalian 

Alix Protein also includes an N-terminal Bro1 domain. Additional to that domain, Alix 

structure contains a middle domain with a recently solved V-structure227 and a 

proline-rich domain (PRD) which can bind to endophilins, SETA/CIN8530 and 

apoptosis linked gene 2 (ALG2).228 The N-terminal Bro1 domain, as well as the PRD 

binds filamentous actin. The middle domain can recruit alpha actinin which bundles 

F-actin in stress fibers and cortactin which has a function in clathrin-mediated 

endocytosis.175 Interestingly, Alix directly or indirectly interacts with different cell 

surface receptors like the transferrin receptor176, the vasopressin receptor,177 the 

platelet-derived growth factor beta-receptor229, and the EGFR.178 In this context, Alix 

has been suggested to play a role in down-regulation and sorting of cell surface 

receptors through the endosomal compartments toward the lysosome.229 In addition, 

Alix can associate with different cytoskeleton elements. For example, Schmidt et 
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al.174 demonstrated the interaction of Alix with the focal adhesion kinase and other 

cytoskeletal elements. Focal adhesion kinase is a protein involved in integrin-

mediated cell migration.230 Consistent with these findings, siRNA-mediated knock 

down of Alix inhibited cytoskeleton assembly in WI38 cells.175 In addition to Alix, we 

found F-actin capping protein alpha-2 subunit and Ezrin to be regulated under 

conditions of severe inflammation. Both proteins are associated with cytoskeleton 

functions and cytoskeleton interactions, suggesting morphological rearrangements 

during development of severe colitis. Therefore, one possible function of Alix might 

be associated with mechanisms of cellular restitution and orchestrating the re-

epithelialization process of intestinal wounds. 

Stimulation of the EGFR may lead to phosphorylation of the MAP kinase ERK1/2. 

Since Alix may associate with the EGF Receptor and Alix expression in 293T cells 

inhibited insulin like growth factor-induced MAP kinase activation,231 we postulated 

an inhibiting function of Alix on ERK1/2 phosphorylation. The Ras/Raf/MEK/ERK1/2 

signalling cascade is important for cell proliferation and differentiation and is 

implicated in cell cycle regulation.232 Nakamura et al.233 showed that 5-hydroxy-I-

tryptophan, a serotonin precursor, decreased phosphorylation of ERK1/2 and 

specifically induced actin remodelling in gut microvilli. Tarnawski et al.197 

demonstrated that gastric ulceration triggers overexpression of EGF and EGFR in 

epithelial cells of the ulcer margins. Interestingly, healing of the epithelial cell 

compartment of gastric ulcers involved activation of the EGFR-ERK1/2 signal 

transduction pathway, including a dramatic increase in ERK1/2 activity. Since we 

showed that ERK1/2 phosphorylation was dramatically reduced in severely inflamed 

mice, ERK1/2 activation might have a protective role for the epithelium by modulating 

IEC migration and cytoskeletal remodelling under conditions of moderate intestinal 

inflammation. Although Alix has been associated with EGFR signalling,178 we showed 

that Alix siRNA knock down did not impact EGF-mediated ERK1/2 phosphorylation in 

epithelial cell cultures. 
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5.5. Enterococcus faecalis gelatinase and the fsr quorum sensing system 
contribute to experimental colitis – what is the role of bacterial proteases 
in IBD? 

 

Inspired by the findings from Carrie Hew Ferstl et al.179 who demonstrated that E. 

faecalis gelatinase gene expression was induced in our OG1-mice at 14 weeks but 

not at earlier time points (see Table 17), we further investigated the effect of this 

protease on colitis in gnotobiotic IL-10-/- mice. Therefore, we used an E. faecalis 

OG1RF isogenic deletion mutant for the gelE gene. In an additional approach, and to 

confirm results we monoassociated IL-10-/- mice with an E. faecalis fsrB deletion 

mutant, for it is known that the fsr quorum sensing system regulates gelatinase 

protein expression. 

We were able to show that intestinal inflammation in monoassociated IL-10-/- mice 

was significantly reduced using the gelE mutant compared to the wild type strain 

OG1RF. This finding was significant for distal colon and proximal colon. Therefore, 

our results clearly demonstrate that E. faecalis gelatinase contributes to the 

development of experimental colitis. The effect of gelatinase might either be 

mediated by gelatinase itself or by a gelatinase-cleaved substrate.  

As seen in Figure 32A-C inflammation was even more reduced in E. faecalis fsrB--

monoassociated IL-10-/- mice. In contrast to the E. faecalis gelE- mutant significance 

was not only reached for the distal and proximal colon, but also for the cecum. These 

results verify the colitogenic effect of E. faecalis gelatinase. However, it is not 

surprising that deletion of the fsrB gene leads to a stronger effect, when keeping in 

mind that the fsr quorum sensing system not only regulates expression of gelatinase 

but also of serine protease and of numerous other proteins51. Therefore, this result 

also raises several new questions, for instance: Which other fsrB-induced proteins 

orchestrate with gelatinase? Is gelatinase itself the colitis increasing component or 

does it only activate the serine protease? The latter question will be discussed below.  

 

E. faecalis gelatinase belongs to the thermolysin family (M4) of zinc containing 

metalloproteases 46. Bacillus thermoproteolyticus thermolysin is the type example for 

this group. Interestingly, these zinc metalloproteases are frequently found in 

prokaryotic organisms and they are often implicated in bacteria-mediated diseases. 
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Examples are Clostridium perfringens λ-toxin234, Helicobacter pylori 

hemagglutinin/proteinase235, 236 or Pseudomonas aeruginosa pseudolysin237. 

Therefore, and to investigate whether our observed colitis contributing effects are 

specific for E. faecalis gelatinase, it would be interesting whether monoassociation of 

IL-10-/- mice with other commensal bacteria expressing similar M4-famlily members 

are also capable of inducing colitis and whether the colitis is also aggravated by 

these enzymes. These experiments would shed light on the question whether 

bacterial metalloproteases in general contribute to the development of colitis and 

whether the mechanisms of action are similar.  

Our results suggest that treatment of colitis using a general protease inhibitor against 

commensal bacterial zinc metalloproteases might be possible. By now, treatment of 

IBD using protease inhibitors was mainly focused on the inhibition of host proteases. 

Examples for targets are the aggressive human matrix metalloproteinase MMP9 238, 

which has been implicated in IBD as a tissue degrading mediator of disease239 or the 

T-cell proteases dipeptidyl peptidase IV (DPIV/CD26) and aminopeptidase N 

(APN/CD13)240, which play a role in immune activation by hydrolyzing bioactive 

polypeptides. However, the inhibition of commensal bacterial zinc metalloproteases 

by specific protease inhibitors might be a new treatment of IBD.  

Another example for a thermolysin family member is the Staphylococcus aureus 

metalloproteinase aureolysin241. Interestingly, aureolysin is also regulated by a 

quorum sensing system, the arg system (accessory gene regulator)242. The arg 

system shows intriguing similarities to the fsr system. The deduced amino acid 

sequence of FsrA shows 26% identity and 38% similarity to Staphylococcus aureus 

AgrA (the transcription factor in the agr locus), FsrB shows 23% identity and 41% 

similarity to S. aureus AgrB, and FsrC shows 23% identity and 36% similarity to S. 

aureus AgrC48. Therefore, mechanisms in the better described arg system might be 

transferable to the fsr system. Furthermore, aureolysin is able to cleave and activate 

another Staphylococcus aureus protease, the serine protease V8243. This enzyme 

was shown to efficiently inactivate α1-proteinase inhibitor (α1-PI), a potent neutrophil 

elastase inhibitor of human plasma, by specific cleavage at the exposed reactive site. 

This cleavage leads to a molecule with potent chemotactic activity toward 

neutrophils244. Therefore, it is tempting to speculate that E. faecalis gelatinase is 

responsible for the activation of another protease, may be the co-transcribed E. 



 114

faecalis serine protease. Furthermore, active E. faecalis serine protease might induce 

chemotactic activity by cleavage of inhibitors in a similar manner. 

 

To investigate mechanisms of a protease, its substrate specificity is valuable 

information. An early study by Shockman et al.245 suggested casein, gelatin, 

hemoglobin, and a streptococcal lysine as substrates of E. faecalis gelatinase. 

Makinen et. al.46 confirmed gelatin and casein as substrates, and expanded the list 

by adding insulin β-chain, collagen, fibrinogen, and several sex pheromone-related 

peptides of E. faecalis. Five years later they also identified human endothelin as an 

E. faecalis gelatinase substrate246. This should be investigated further, since 

endothelin-3 is a peptide hormone, which was recently found to stimulate human 

colonic epithelial cell proliferation and survival of goblet cells using an organotypic 

culture system247. The substrates of E. faecalis serine protease are poorly described. 

Hence, further investigation of the substrates of E. faecalis serine protease and E. 

faecalis gelatinase might pave the way for understanding pathologic mechanisms of 

E. faecalis - not only with respect to experimental colitis, but also - probably even 

more important - to the mechanisms of bacteremia and endocarditis. 

 

One additional mode of action of E. faecalis gelatinase might be the activation of 

protease-activated receptor 2 (PAR-2). PARs are G-protein coupled receptors and 

are activated by the proteolytic cleavage of their N-terminal domain. Interestingly, 

these receptors were linked to irritable bowel syndrome (IBS) and were recently 

suggested as a target for the treatment of IBS248. In addition, Serralysin, a bacterial 

zinc metalloprotease secreted by Serratia marcescens, a gram negative opportunistic 

pathogen causing nosocomial infections, activated NFκB via PAR-2 in epithelial 

cells249, suggesting a similar mechanism for the effect of E. faecalis gelatinase.  

 

The already mentioned human MMP9 and MMP2 are also zinc metalloproteases and 

gelatinases. MMP2 and MMP9 are parts of complex protease cleavage cascades 

which are in general activated by the cleavage of an inactive zymogen of one of the 

cascade members. After activation, MMP9 cleaves and destroys extracellular matrix 

tissue, which is necessary in tissue remodeling, repair, and for the movement of 

immune cells. Interestingly, MMP9 and MMP2 are up-regulated in colitis238. 

Therefore, it might be possible that E. faecalis gelatinase activates a human protease 



 115

cascade by cleavage of a human inactive MMP zymogen or by cleavage of its 

inhibitors. Since balance between MMPs and their tissue inhibitors is essential for 

homeostasis in the gut, and imbalances are implicated in IBD239, this might represent 

a second possible mode of action of E. faecalis gelatinase or serine protease. 
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