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ZUSAMMENFASSUNG

Chronisch entziindliche Darmerkrankungen (CED) sind immunvermittelte Erkrankungen des
Gastrointestinaltraktes, die durch eine Stérung des Darmgleichgewichtes charakterisiert sind.
Obwohl die intestinale Mikrobiota bei CED eine wichtige proinflammatorische Rolle einnimmt,
fuhrt die orale Aufnahme von VSL#3, einer probiotischen Mischung aus acht verschiedenen
Milchsaurebakterienstdmmen in klinischen Studien zu einer Reduktion der Entzindung. Im
Kontrast zu der klinischen Relevanz sind die antientzindlichen Wirkstrukturen und
Wirkmechanismen von VSL#3, welche der Starkung des Darmgleichgewichtes zugrunde
liegen, weitgehend unbekannt. Das intestinale Epithel ist als Schnittstelle zwischen den
luminalen Antigenen und dem intestinalen Immunsystem maligeblich an der
Aufrechterhaltung des Darmgleichgewichts beteiligt. Die intestinalen Epithelzellen (IEC)
verarbeiten die Signale von beiden Seiten und tragen zur Induktion einer adequaten
Immunantwort bei. Diese immunregulierende Funktion der |IEC ist bei CED gestort. Das Ziel
der vorliegenden Arbeit war somit die Charakterisierung protektiver Wirkmechanismen von
VSL#3 auf der Ebene der IEC sowie die Identifizierung protektiver bakterieller Strukturen.

In vitro fuhrt die Stimulation von aktivierten IEC mit VSL#3 zu der selektiven Reduktion eines
entziindungsférdernden Chemokins, des Interferon-induzierbaren Proteins (IP)-10. Dieser
protektive Effekt wird durch Lactocepin, eine zellwandstandige und sekretierte Serinprotease
von Lactobacillus casei, vermittelt. Lactocepin induziert eine [P-10-spezifische
Sekretionsblockade und in der Folge den Abbau von IP-10 in IEC. Auf funktioneller Ebene
blockiert die selektive Reduktion von IP-10 die IEC-induzierte T-Zell-Transmigration.

Fitterungsstudien in Mausmodellen fiir chronische lleitis (TNFAARE™

) und chronische Colitis
(IL-10-/-) zeigten, dass die antientzindliche Wirksamkeit von VSL#3 mit der Reduktion von
IP-10 in den IEC korreliert und je nach Lokalisation der Entzindung im Darm variiert.

Die Ergebnisse der vorliegenden Arbeit deuten darauf hin, dass die Lactocepin—induzierte
Inhibierung der IP-10 Sekretion in IEC einen klinisch relevanten probiotischen Mechanismus
im Kontext spezifischer IBD Indikationen darstellt. Die Identifizierung von Lactocepin als eine
der ersten probiotischen Wirkstrukturen konnte einen wichtigen Beitrag zur Entwicklung

neuartiger Therapiemethoden leisten.
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ABSTRACT

Inflammatory bowel diseases (IBD) are immune-mediated chronic diseases which are
characterized by an overreaction of the intestinal immune system towards the intestinal
microbiota. VSL#3, a mixture of eight different lactic acid bacteria, is a clinically relevant
probiotic compound in the context of IBD but the bacterial structures and molecular
mechanisms underlying the observed protective effects on the intestinal homeostasis are
largely unknown. The intestinal epithelium plays a very important role in the maintenance of
the intestinal homeostasis since the intestinal epithelial cells (IEC) are capable of sensing
signals from the luminal microbiota and the intestinal immune system. IEC process the
signals from both sides and elicit an adequate immune response. In IBD, this important
immune regulatory functions of the IEC is lost due to dysregulated activation of the IEC,
resulting in increased secretion of immune-activating chemokines and cytokines. Thus, the
aim of the present study was to reveal protective mechanisms of VSL#3 on IEC function and
to identify active probiotic structures.

In vitro, VSL#3 was found to selectively inhibit activation-induced secretion of the T-cell
chemokine interferon-inducible protein (IP)-10 in IEC. Lactocepin, a cell-wall associated and
secreted serine protease of VSL#3-derived Lactobacillus casei was identified to be the active
anti-inflammatory component of VSL#3. Mechanistically, Lactobacillus casei did not impair
initial 1P-10 protein production but induced an IP-10-specific secretory blockade followed by
subsequent degradation of the proinflammatory chemokine in IEC. Specific inhibition of IP-10
secretion was found to be functionally relevant as it resulted in abrogation of IEC-mediated
T-cell transmigration. VSL#3 feeding studies in mouse models for experimental ileitis
(TNFA*RE™) and experimental colitis (IL-10-/-) revealed that VSL#3 has intestinal
compartment specific protective effects on the development of inflammation. Reduced
histopathological inflammation in the cecum of IL-10-/- mice after VSL#3 treatment was
found to correlate with reduced levels of IP-10 protein in primary cecal epithelial cells.

The results of the present thesis suggest that the inhibitory effect of lactocepin on IP-10
secretion in IEC is an important probiotic mechanism that contributes to the anti-inflammatory
effects of VSL#3 in specific subsets of IBD patients. Most important, the identification of
lactocepin as one of the first protective probiotic structures can serve as the basis for the

development of new efficient therapeutical strategies in the context of IBD.
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1 INTRODUCTION

Bacteria: from foe to friend.

Bacteria were discovered and described for the first time by Antoni van Loewenhoek in the
17 century. From then on, bacteria were found to be the cause of many, often life-
threatening infectious diseases and generally regarded as a threat towards human health.
The finding that the human intestinal tract harbours large amounts of these microorganisms
in the 19™ century was thereby thought to be a disease-associated situation and was called
“intestinal toxaemia”. In logical consequence, the british royal surgeon Sir William Arbuthnot
Lane (1856-1943) suggested to remove the large intestine in order to get rid of these
dangerous inhabitants.

Some decades later, it was found that the normal intestinal microbiota is not only
harmless but even necessary for the development and protection of human intestinal function
and health. In addition, oral uptake of specific bacterial strains was found to exert beneficial
effects in the context of intestinal disorders like diarrhea. This finding constitutes the origin of
the probiotic theory and led to extensive investigations of numerous bacterial strains in order
to reveal their potential to prevent or reduce a variety of intestinal and extra-intestinal
diseases. Although several clinical and experimental studies proved beneficial effects of
different bacterial strains in various disease indications, these scientific studies revealed that
probiotic efficacy and safety is highly dependent on a complex interplay between the
bacterial strain, the resident intestinal microbiota, specific disease indications and general
health of the host as well as on timing and dosage of the probiotic treatment. These findings
led to the current World Health and Food and Agriculture Organisation (WHO/FAQ) definition
of probiotics as “living organisms, which, after oral uptake in sufficient amounts, exert a
beneficial effect on the host”.

With regard to this definition, almost none of the “probiotic” food supplements and
functional food products, that are currently sold at the supermarket, do contain probiotic
bacteria. In spite of the fact that the claimed health benefits have not been proven yet, the
giantic, constantly increasing market volume of these “probiotic” products clearly shows that

the view of bacteria turned around from foe to friend.
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1.1 Microbiota-host interactions in health and disease

1.1.1 Development and complexity of the microbial ecosystem in the
gastrointestinal tract.

The intestinal tract of an adult individual harbours 10 cfu bacteria in total, a number that
exceeds the amount of our “own” cells by a factor of 10. Every individual is born sterile but
gets rapidly colonized from the moment of birth and develops a characteristical “fingerprint”
microbiota which is stable during adulthood until it gets more variable in elderly people again
(Woodmansey, 2007). The composition of this “adult” intestinal microbiota was found to be
highly dependent on the very first microbes colonizing the intestine after birth. Initial
colonisation of the gastrointestinal tract is characterized by the presence of facultative
anaerobic or aerotolerant bacteria which acidify and deplete oxygen in the intestine, thereby
setting the stage for the colonization with anaerobic bacteria which are then the dominating
group of the adult microbiota (Mackie et al., 1999). In this context, it has been shown that the
microbiota of caesarean born children differs from the one of vaginal birth children (Harmsen
et al., 2000). The fact that the former ones have an increased risk of developing allergic
diseases later in life (Wu and Chen, 2009) might be a consequence of these delivery-
dependent changes in the intestinal microbiota.

Regarding the variability of bacteria in other ecological niches, it is quite surprising
that the intestinal microbiota of an adult individual mainly consists of only four phyla:
Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria. These phyla show extremely
high diversity on the subgenus level (Backhed et al., 2005). Culture based methods to
determine the intestinal diversity resulted in estimations of about 400-500 different species
(Moore and Holdeman, 1974). The development of molecular techniques to identify bacteria,
like the analysis of 16S ribosomal RNA, led to assessments reaching from approximately
1000 (Eckburg et al., 2005) to about 15000 (Frank et al., 2007) different species in the
intestine. This discrepancy between the results of culture-based and molecular methods
clearly shows that the vast majority of the intestinal bacterial species are uncultivable,
making it difficult to describe these bacteria or to investigate their functions.

The gastrointestinal tract of a healthy individual offers various different niches for
bacteria, resulting in a characteristical composition of the intestinal microbiota in different

intestinal segments. Bacterial numbers continuously increase from the almost sterile
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stomach (10° cfu/g) to the highest load of mostly anaerobic bacteria in the large intestine
(10" cfu/g) (Holdeman et al., 1976) (Figure 1).

Stomach {103 cfuig):

Lactobacilli
Streptococci
Staphylococc
Enterobacteria O
_ { )f Small Intestine {10 cfuiml):
Finegold el. al. 1583 R S Lactobacill, Streptococc]
3 O Staphylococei Entercbacteria,
Large Intestine (102 cfuiml): Q,g B'f'dob’@de”a- Bacteroides,
Eacteroides, Eubacteria, Clostridia, - Clostridia
Peptostreptococc, Streptococai, ‘ ' Finegold ef. al. 1963

Bifidobacteria, Fusobacteria, Lactobacilli,
Enterobacteria, Staphylococci

Holdemann ef. al. 1876

Figure 1. The diversity and number of intestinal microbes increases from the stomach to the
distal part of the gastrointestinal tract.

The intestinal microbiota is characterized by high interindividual variability, although the
application of molecular methods recently proved the existence of a subset of bacterial
species which are present in most healthy individuals, the so-called core microbiome (Tap et
al., 2009). In addition, the intestinal microbiota of a single individual is prone to fluctuations
dependent on the lifestyle, environment and health status of the host. In this context, it is
important to understand that it is not only the composition of the intestinal microbiota, but the
functional activity of every single constituent at a given point of time, that has an impact on
the intestinal health and vice versa.

The intestinal microbiota fulfills various important functions like providing the host with
additional energy by fermentation of undigestible food components or the production of
important micronutrients like vitamin B or K. Furthermore, the intestinal microbiota is involved
in bile acid metabolism and influences the activity of xenobiotics and secondary plant
metabolites (Cummings and Macfarlane, 1997). Changes in the composition and functionality
of the intestinal microbiota were associated with many intestinal disorders (Tannock, 2008)
but also extraintestinal diseases like allergy (Sepp et al., 2005), liver diseases (Wigg et al.,

2001) and adipositas (Kalliomaki et al., 2008). These findings indicate that the intestinal
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microbiota might be an important target for therapeutic interventions in the context of these
diseases. However, a lot of research needs to be done in order to get a grip on the complex
environmental and host factors influencing the composition and function of the intestinal
microbiota. This knowledge would possibly enable to modulate the intestinal microbiota in a

targeted way in the future.

1.1.2 Impact of the intestinal microbiota on the intestinal immune system.

The importance of the intestinal microbiota on gut health and subsequently on the overall
health of an individual was not experienced until antibiotics were broadly used in the
treatment of infectious diseases from the 1950s on. Antibiotics were unexpectedly found to
have detrimental effects on the host via their negative impact on the intestinal microbiota.
Antibiotic-associated diarrhea and infections gave a first hint that the intestinal microbiota is
pivotal for the gastrointestinal health of the host. Today, it is common knowledge that the
resident intestinal bacteria prevent the colonisation and attachment of pathogens via the
occupation of mucosal attachement sites, the secretion of bacteriocins, the reduction of the
intestinal pH and the competition for micronutrients (Levy, 2000).

Apart from these intrinsic pathogen restrictive functions of the intestinal microbiota,
studies with gnotobiotic (germfree) animals showed that the signals derived from intestinal
bacteria are necessary for the development of a morphologically and functionally normal
intestinal immune system. Under normal circumstances, the intestinal immune system is able
to sense intestinal bacteria and their products via pattern recognition receptors (PRR), mainly
Toll like receptors (TLR) or cytosolic nucleotide binding oligomerization domain (NOD)
receptors, and reacts upon these signals in an adequate way (Medzhitov, 2001; Medzhitov
and Janeway, 2000). The absence of the intestinal microbiota and microbiota-derived signals
in germfree animals was found to result in abnormal immune development. Germfree
animals show a strongly enlarged cecum and reduced vascularisation of the lamina propria
as well as disturbed differentiation of IEC. Furthermore, germfree mice were found to be
immunodeficient due to the lack of functional Peyer’'s Patches as well as reduced presence
of intraepithelial and lamina propria lymphocytes (Thompson and Trexler, 1971). In addition,
the development of B and T cell follicles in mesenteric lymph nodes and even in the spleen
was found to be impaired in germfree animals (Gordon, 1959). Compared to conventional
mice, germfree mice were found to be biased towards T helper (h) 2-type immune activity
resulting in impaired induction of oral tolerance mechanisms (Sudo et al., 1997). Early
colonisation of germfree mice with normal intestinal microbiota, single bacterial strains or

even specific single bacterial antigen like the polysaccharide A (PSA) of Bacteroides fragilis
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were found to result in normalization of the aberrant intestinal morphology and immune
function (Hooper et al., 2001; Mazmanian et al., 2005; Sudo et al., 1997).

These results clearly show the importance of microbiota-derived signals especially
during immune maturation for the development of an efficient host defense system which is
able to discriminate between harmless and pathogenic antigens. The intestinal immune
system must tolerate huge amounts of highly variable food- and commensal-derived antigens
in order to prevent constant inflammation whereas it needs to prevent and cease infections. It
is still largely unknown how the intestinal immune system is able to differentiate between
harmless microbes and pathogens, as both bacterial groups express similar microbial
associated molecular pattern (MAMP), which are called pathogen associated molecular
pattern (PAMP) in the context of pathogens. However, pathogenic bacteria induce strong
inflammatory immune responses whereas harmless microorganisms are tolerated by the
intestinal immune system. In this context, immune tolerance towards ingested Lactobacillus
(L.) plantarum was found to be a consequence of transient activation of proinflammatory
pathways in the duodenal mucosa of healthy humans (van Baarlen et al., 2009), suggesting
this kind of physiological inflammation to play an important role in the induction of tolerance
towards newly encountered antigens. These homeostatic mechanisms are abrogated in IBD

patients, resulting in chronic inflammation of the gastrointestinal tract.

1.1.3 Disturbed microbiota-host interactions in IBD.

About 0.1% of the population of Europe, North America and Japan suffer from one of the two
idiopathic IBD disorders, Crohn’s Disease (CD) or Ulcerative colitis (UC), whereas these
diseases are almost unknown in third world countries (Loftus, 2004). The fact that the
incidence rate of IBD increases in parallel to progressing industrialization indicates that the
environment plays a very important role in the development of IBD. Although the initial trigger
inducing the development of IBD is unknown, the intestinal microbiota was revealed to be
one of the environmental factors that constitute a major proinflammatory drive in genetically
susceptible hosts (Sartor and Muehlbauer, 2007).

The microbiota of IBD patients was found to differ in composition and metabolic
activity from the one of healthy individuals, and the amount of mucosa-associated bacteria
was found to be increased in IBD (Sartor, 2008). In addition, the reduction of the intestinal
microbiota by antibiotic treatment (Schultz et al., 2003) or by diversification of the fecal
stream (Ginzburg et al., 1939; Winslet et al., 1994) results in reduced disease activity.
Furthermore, a meta-analysis of genome-wide association studies defined more than 30

susceptibility loci for CD (Barrett et al., 2008), mostly affecting genes that are responsible for
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bacterial recognition and clearance (NOD2/CARD15, ATG16L1, IRGM) as well as immune
regulation (IL23R, IL12B) (Cho, 2008). This finding supports the impact of dysregulated
bacteria-host interactions in IBD.

Some of these gene polymorphisms, like IL23R, or additional ones, like MAGI2, a
protein important for the mucosal barrier maintenance (McGovern et al., 2009), were also
found to play a role in UC. Generally, genetic susceptibility seems to be more important in
CD as the disease concordance rate between monozygotic twins is significantly higher in CD
than in UC (Tysk et al., 1988). The two idiopathic IBD disorders differ with regard to disease
location and pathology. CD is a Th1-mediated transmural inflammation which can affect
every part of the gastrointestinal tract and lead to extraintestinal manifestations like fistulas.
In contrast, UC is characterized by a mixed Th1/Th2-type inflammation and is restricted to
the mucosa of the colon.

However, CD as well as UC are characterized by loss of tolerance of the intestinal
immune system towards the intestinal microbiota (Figure 2). The loss of tolerance leads to
constant immune activation followed by intestinal inflammation, mucosal tissue damage and
reduced intestinal barrier function. In consequence, penetration of more immune-activating
antigens and pathogens into the host tissue is facilitated inducing further progression of the
inflammatory response. This viscious circle is thought to be due to a complex interplay
between changes of the intestinal microbiota, disturbances of IEC function and dysregulated

immune cell responses, resulting in the chronic disease state that is characteristic for IBD.
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Figure 2. Loss of intestinal homeostasis results in chronic intestinal inflammation.

Microbiota-derived signals induce tolerogenic mechanisms in a healthy host, resulting in intestinal
homeostasis. In contrast, constant IEC activation and overshooting proinflammatory effector
mechanisms in response to the intestinal microbiota result in the development of IBD. Abbreviations:
GALT; gut associated lymphoid tissue

1.2 IBD are characterized by disturbed IEC functions and

dysregulated immune cell activities.

1.2.1 Impaired intestinal epithelial barrier functions in IBD.

The intestinal epithelium is a cell monolayer that constitutes a selective barrier between
luminal contents and the underlying lamina propria immune cells. The intestinal epithelial
layer is the site of efficient and selective uptake, transport and intercellular penetration of
digested nutrients but luminal microorganisms and bacterial antigens are effectively excluded
from host tissues. Reduced or abrogated intestinal epithelial barrier function was found to be
prominent in IBD patients but it is not known whether this is a primary defect preceding IBD
development or whether reduced intestinal barrier function is a consequence of ongoing
inflammation and tissue disruption.

Physical epithelial barrier function is dependent on the integrity of the epithelial cell

monolayer which is determined by IEC viability and the spatial expression of tight junctions
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(TJ) between neighbouring IEC. In this context, continuous supply of fresh and undamaged
IEC by pluripotent stem cells at the bottom of the crypts is pivotal for proper IEC barrier
function. The controlled high IEC turnover constitutes an effective barrier mechanism as
even if pathogens succeed in attaching or infecting IEC, these cells are often shedded off
and replaced before the pathogens can proliferate and spread into deeper host tissues. In
contrast, increased IEC apoptosis, as it was observed in inflamed tissue of IBD patients, is
highly detrimental on epithelial barrier function (Strater et al., 1997). Apart from infection- or
inflammation-mediated IEC apoptosis, reduced IEC viability could be due to disturbed IEC
energy homeostasis in IBD (Roediger, 1980). Constitutive high energy consumption as a
result of persistent IEC activation on the one hand and reduced energy supply due to
impaired nutrient digestion, uptake and bioavailability on the other hand most probably
contribute to the failure of IEC to maintain energy homeostasis in IBD. In the context of
reduced nutrient bioavailability, the level of short chain fatty acids (SCFA), which are mainly
produced by Bacteroides and Clostridia species in the healthy colon, was found to be
decreased in IBD patients (Marchesi et al., 2007). SCFA constitute a major source of energy
for enterocytes (Gassull, 2006) and impaired energy availability was shown to be a major
inductor of endoplasmic reticulum (ER) stress responses (Zhao and Ackerman, 2006). In
contrast to transient ER stress, which is a homeostatic response resolving cellular stress
situations like an accumulation of misfolded proteins, prolonged ER stress has deleterious
effects and induces IEC apoptosis (Messlik et al., 2009; Shkoda et al., 2007).

The intestinal epithelial barrier in IBD patients was also found to be impaired due to
reduced expression and redistribution of TJ proteins (Schulzke et al., 2009), indicating
facilitated paracellular entry of proinflammatory antigens and infectious agents into the host
tissue.

Apart from constituting a mere physical barrier, the intestinal epithelium is armed with
various biochemical and immunological means in order to prevent bacterial attachment and
translocation. The pluripotent stem cells at the bottom of the crypts give rise to four differently
specialized IEC types which contribute to the intestinal barrier via unique features.

The majority of IEC are enterocytes, which, besides their nutrient absorptive function, are
continuously transporting plasma cell derived dimeric immune globulin (Ig) A into the
intestinal lumen. The binding of IgA to its respective antigen in the lumen is an important
mean to neutralize toxins, to prevent pathogenic adherence and translocation as well as
antigen penetration into the mucosa. In IBD patients, the concentration of IgA in fecal content
was found to be strongly reduced indicating a defect in this important first-line defense

system (Brandtzaeg et al., 2006).
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In addition to the transport of IgA, enterocytes do produce and secrete anti-microbial -
defensins. Defensins are small cationic proteins which are able to bind to bacterial surfaces
and to kill bacteria by forming pores into the bacterial cell wall. The main producers of
defensins are Paneth cells, which are mainly located at the bottom of the crypts and produce
high levels of antimicrobial a-defensins (Salzman et al., 2007) in order to protect the stem
cells. In IBD patients, defensin production from enterocytes and paneth cells has been
shown to be strongly reduced (Ramasundara et al., 2009). Furthermore, the variation of the
CD susceptibility gene NOD2/CARD15 is strongly associated with reduced secretion of
human defensin 5 (HD-5) by ileal Paneth cells. These data generated the hypothesis that CD
ileitis may be in part a defensin deficiency syndrome (Wehkamp et al., 2005a; Wehkamp et
al., 2005b) but although this finding shows that microbial clearance is hampered in IBD, it is
still unclear whether reduced defensin production is a cause or consequence of IBD.

A highly viscous mucus layer on top of the IEC monolayer constitutes the very first
physical barrier for luminal antigens. The mucus is produced by Goblet cells and was shown
to strongly reduce direct contact between IEC and intestinal microbes. The inflamed tissue of
UC patients is characterized by loss of Goblet cells and consistently, biopsies of UC and CD
patients revealed impaired mucin production compared to controls (Moehle et al., 2006).
Furthermore, missense mutations of a gene coding for a specific mucin (Muc2) were found to
result in spontaneous development of colitis in transgenic mice (Heazlewood et al., 2008),
suggesting that the observed defective mucin production in humans might be a primary
barrier defect contributing to the development of IBD.

The fourth epithelial cell type, the hormone-secreting enterochromaffine cells, are
known to be in close proximity to enteric nerves but whether they contribute to the intestinal
epithelial barrier function remains to be elucidated.

Although it is commonly accepted that impaired intestinal barrier function does
promote intestinal inflammation, it was recently found that the reduction of the intestinal
barrier via constitutively active myosine light chain kinase is not sufficient to induce
spontaneous colitis in mice (Su et al., 2009). This result clearly shows that additional disease
promoting factors are necessary for the development of chronic intestinal inflammation. In
this context, it is important to know that disturbances of IEC function were found to play an

important role in the loss of intestinal immune homeostasis in IBD.

1.2.2 Loss of IEC homeostasis in IBD.

IEC constitute an important component of the intestinal immune system as they were found

to be capable to sense and respond to the intestinal microbiota as well as to directly interact
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with lamina propria dendritic cells (Niess et al., 2005), lamina propria lymphocytes and
intraepithelial lymphocytes (Neutra et al., 2001). Dependent on the kind, amount and
localisation of the bacterial stimuli, PRR activate intracellular signalling pathways in IEC
which result in subsequent induction of adequate immune reactions (Artis, 2008).

In a healthy host, IEC are in a relatively unsensitive and unreactive state towards the
normal luminal microbiota. It is thought that TLRs are only expressed at low numbers and in
a compartimentalized way in IEC (Abreu et al., 2003; Otte et al., 2004). In addition,
microbiota-derived signals that initiate the activation of proinflammatory NFkB or mitogen
activated protein kinases (MAPK)-dependent pathways via PRR are ceased by intrinsic
negative regulatory mechanisms of these pathways in IEC (Haller and Jobin, 2004) or by
host-derived regulatory signals (Haller, 2006). Transient IEC activation after the encounter of
new harmless antigens is even thought to play a role in the induction of homeostatic
mechanisms as monocolonisation of germfree rats with non-pathogenic Bacteroides vulgatus
did induce transient RelA phosphorylation (Haller et al., 2002). Even the epithelium of mice
with an established microbiota was found to be sensitive to new luminal microbes. The
reconstitution of lactobacilli-free mice with probiotic L. reuteri resulted in transient IEC
activation but without any pathological consequences (Hoffmann et al., 2008). The fact that
the CD susceptibility polymorphism NOD2 3020insC is associated with defective bacterial
recognition and failure to activate NFkB in IEC (Barnich et al., 2005), suggests NOD2-
dependent NFkB activation to play an important role in the maintenance of intestinal
homeostasis.

In contrast to the induction of tolerance towards harmless antigens, pathogenic
attachment or infection results in strong and enduring activation of NFkB and MAPK
pathways in IEC. In addition to pathogenic stimuli, lymphocyte or leukocyte-derived
proinflammatory mediators like TNF and IFNy strongly activate NFkB as well as Janus
Kinase (JAK)/signal transducer and activator of transcription (STAT) dependent pathways in
IEC (Figure 3). The major consequence of the activation of these pathways in IEC is the
upregulation of PRR (Abreu et al., 2002) as well as the production and secretion of cytokines

and chemokines.
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Figure 3. PAMPs and the immune cell-derived cytokines TNF and IFNy are potent inducers of
NFkB and STAT1-dependent cytokine and chemokine expression.

The activation of TLRs by PAMPs results in the formation of TLR homodimers and subsequent
recruitment of the adaptor protein MyD88. Upon binding, MyD88 recruits IL-1 receptor associated
kinase (IRAK) to the receptor complex which is subsequently autophosphorylated. After its
dissociation from the receptor complex it recruits the kinase TRAF-6. TRAF-6 phosphorylates
transforming growth factor activated kinase (Tak) 1, a downstream kinase which is also activated by
TNF-induced signalling. Tak1 in turn phosphorylates NIK, the NFkB inducing kinase which then
activates the IkB kinase complex (IKK). This complex is responsible for the phosphorylation of the
NFkB inhibitor IkB which is followed by subsequent ubiquitination and degradation of IkB. The freed
and activated p50/p65 complex then translocates into the nucleus, binds to kB-binding sites and
activates the transcription of proinflammatory cytokines and chemokines. TNF-binding induces
trimerization of the TNF receptor resulting in association of the TNF receptor associated death
domains (TRADD) and the receptor interacting protein (RIP) which in turn recruits and activates
TRAF-2. TRAF-2 subsequently phosphorylates Tak1 resulting in the above mentioned downstream
signals. IFNy-binding induces heterodimerization of IFNy receptors 1 and 2, which induces the
activation of receptor bound JAKs. Activated JAKS in turn phosphorylate STAT1 which homodimerizes
and translocates into the nucleus where it activates proinflammatory chemokine transcription at
interferon signal response element binding sites (ISRE).
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Upon activation with PAMPs or proinflammatory cytokines, IEC were found to secrete an

array of cytokines like IL6, IL18 or IL1[3, which are important for the activation of different
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effector cells. In addition, the secretion of various chemokines, aiming to attract innate and
adaptive immune effector cells into the mucosal tissue, plays a central role in the induction of
mucosal immune responses by IEC. Chemokines bind to their respective seven-
transmembrane G-protein coupled receptors on the surface of target cells and induce the
migration of these cells towards the site of chemokine secretion along a chemokine
concentration gradient. Most chemokine receptors can bind different chemokines but every
chemokine induces the transmigration of a specific subset of effector cells and characteristic
proinflammatory effects (Rollins, 1997). The recruitment of monocytes by monocyte
chemoattractant protein (MCP) 1 or eotaxin as well as neutrophils by IL-8 results in pathogen
clearance through the production of antibacterial substances like superoxide anions, nitric
oxide or proteolytic enzymes. In addition, natural killer cells as well as antigen specific
complement determining (CD) 8+ T cells are recruited to kill and erade infected host cells.
The attraction of T and B cells via specific chemokines is responsible for the induction of
highly efficient antigen-specific mechanisms to erade extracellular or phagocytosed
pathogens. In a healthy host, these proinflammatory activities are readily terminated after
successful elimination of the infectious agent, thereby limiting the tissue disruptive effects of
these effector mechanisms.

In contrast to the tightly regulated immune response towards harmless microbes or
pathogens in a healthy host, IBD are characterized by failure of the intestinal immune system
to mount an adequate immune response towards antigens (Sartor and Muehlbauer, 2007). In
this context, IEC of IL10-/- mice, an experimental model of chronic colitis, were found to be
persistently activated upon monocolonisation with colitogenic Enterococcus faecalis,
whereas wildtype mice show only transient IEC activation (Ruiz et al., 2005). Unceased IEC
activation results in enhanced cytokine and chemokine secretion followed by constant
recruitment and activity of effector cells. Prolonged effector cell activity subsequently results
in mucosal tissue damage and reduction of the intestinal barrier. Consistently, increased
chemokine secretion has been shown to play an important role in the development and
perpetuation of experimental inflammation (Scheerens et al., 2001) as well as in IBD patients
(Singh et al., 2007) (Figure 4). In consequence, these IBD-associated chemokines,
especially CX3CL1/fractalkine, CCL20/MIP3a, CCL25/TECK and CXCL10/IP-10, as well as
the respective receptors, are thought to be promising new targets for the therapy of IBD
(Nishimura et al., 2009).
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Figure 4. Chemokine classification.

Chemokines are classified into C, CC, CXC and CX3C families according to their conserved N-
terminal cystein motifs with X indicating a non-conserved amino acid residue. CXC-chemokines are
further subdivided according to the presence or absence of an amino-terminal amino acid sequence,
the glutamine acid-leucin-arginine (ELR) motif, just before the cystein residues, which is necessary for
the recruitment of neutrophils and the ability to induce or inhibit angiogenesis. In addition, the IFNy-
inducible CXC ELR- chemokines were found to have antibacterial activity (Cole et al., 2001). All
chemokines that are displayed in the scheme were found to play a role in IBD and the chemokines
that are marked with * were found to be secreted by IEC. Abbreviations: I-TAC; IFN-inducible T cell a
attractant, MIG; monokine induced by IFNy, MIP3a; macrophage inflammatory protein 3a, SDF-1;
stromal derived factor 1, TCA-3; thymocyte-derived chemotactic agent-3, TARC; thymus and
activation regulated chemokine, TECK; thymus-expressed chemokine

Apart from their role in initiating mucosal immune responses via the secretion of cytokines
and chemokines, IEC were also found to be able to express major histocompatibility complex
(MHC) II and non-classical Ib MHC molecules as well as costimulatory molecules upon
activation, making them capable to present antigens to T cells. This finding indicates that IEC
might also play a role in the induction of antigen-dependent adaptive immunity (Ruemmele et
al., 1998). In summary, disturbed IEC activation and function was found to contribute to the

dysregulated intestinal immune response in IBD.
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1.2.3 Dysregulated activities of the intestinal immune system in response to
the normal intestinal microbiota in IBD.

Uncontrolled and aggressive immune cell reactions towards antigens of the intestinal
microbiota, as it is observed in IBD, can be the consequence of enhanced effector T cell
activity or the failure of adequate negative regulatory mechanisms. In a healthy host, luminal
food-or microbiota-derived antigens induce oral tolerance, which is characterized by the
suppression of mucosal as well as systemic immune reactions towards these antigens. Oral
tolerance is dependent on the induction of regulatory T cells, the induction of clonal anergy or
clonal deletion of antigen-specific T cells and these mechanisms are favored by the gut
associated lymphoid tissue (GALT) (Weiner, 1994). In general, the development of a naive T
cell into an effector or a regulatory T cell is dependent on the cytokine milieu and on the
costimulatory activity of the antigen presenting cell (APC). In addition, the nature and amount
of the presented antigen plays an important role. Secretion of IL-12, IFNy or IL-17 by APC
induces proinflammatory Th1 or Th17 effector cells, whereas antigen presentation in the
presence of IL-4 induces the generation of Th2 effector cells. In contrast, the cytokines IL-10
and transforming growth factor (TGF) 8 mediate the development of regulatory T cells which
are important for the induction of tolerance mechanisms (Doganci et al., 2005) (Figure 5). In
consequence, dysregulated immune responses on the T cell level can be due to increased
induction of proinflammatory immune cells by dysregulated APCs or due to intrinsically
increased proliferation and activity of the respective effector cells. Most important, the
induction of effector cells results in the suppression of regulatory cells and vice versa
(Strober et al., 2002).
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Figure 5. Development and effector functions of different T cell subsets.

The cytokine milieu in which antigen presentation to a naive T cell takes place drives the generation of
different T cell subsets. Every effector T cell subset subsequently activates specific effector cell types
which contribute to the clearance of pathogens. In contrast, regulatory T cells (Treg) suppress the
activity of effector T cells and induce tolerance mechanisms or reduce inflammation. Abbreviations:
TCR; T cell receptor, MHCII; major histocompatibility complex I

CD was found to be a typical Th1-mediated disease showing high levels of IFNy and
TNF in the intestinal mucosa, whereas it is not that clear in UC, showing some indications for
a Th2-type disease (Hanauer, 2006). However, the induction of oral tolerance towards newly
encountered luminal antigens was found to be defective in both IBD indications (Kraus et al.,
2004), suggesting an intrinsic failure of regulatory mechanisms in IBD. In addition, increased
levels of Th17-derived IL-17 were detected in the mucosa of UC and CD patients (Fujino et
al., 2003).

Interestingly, most experimental IBD models show a Th1-type disease, mimicking CD
with regard to the effector mechanisms whereas the disease location is almost exclusively
the colon like in UC (Table 1). The reason for this discrepancy is unclear but might be due to
the higher bacterial load in the colon compared to the ileum, making it more vulnerable to

disease induction. Experimental IBD models are subclassified into type | models, which
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develop chronic inflammation due to increased effector cell function, and type Il models,

which develop chronic inflammation due to disturbed regulatory mechanisms.

Table 1: Common murine IBD models grouped by disease phenotype.

Th1 Models Th2 Models
Colitis lleitis Colitis lleitis
SCID-transfer** Samp1/Yit TCR-a deficiency /
IL-10-/-** TNFAARET Oxazalone
Tg:26™* WASP deficiency

Gi2a-deficiency*
T-bet Tg
STAT4 Tg*
DSS*

IL-7 Tg*
MDR1a-deficiency
TGFB RIl negativ Tg**

Table 1 shows a sample of murine IBD models. Most IBD models develop a Th1-mediated
experimental inflammation in the colon. The two exisiting ileitis models also show a Th1-type
experimental inflammation, mimicking CD. Interestingly, there is not a single experimental IBD model
that exhibits Th2-mediated ileitis. Mouse models that are indicated with * are members of the group of
Type | models (induced by increased effector functions) whereas ** indicates that the model belongs
to the group of Type Il models (due to disturbed regulatory mechanisms). Abbreviations: SCID; severe
combined immuno-deficiency, DSS; dextran sodium suphate, Tg; transgene, Gi; G protein, MDR; multi
drug resistance, TCR; T cell receptor, WASP; Wiskott-Aldrich-Syndrome Protein

TNFRE™ ‘mice are a notable exception as this type | IBD model develops mucosal
inflammation in the terminal ileum due to constant TNF overproduction. The increase in TNF
is due to a knockout of adenosine uracil-rich elements (ARE) in the untranslated regulatory
region of the TNF gene, resulting in increased translation of TNF. The disease phenotype in
TNF2RE™ ‘mice is very similar to CD, showing transmural lesions and granulomatosis.
Interestingly, chronic ileitis and arthritis seem to be the only phenotypical consequences of
constant TNF-overproduction in these mice (Kontoyiannis et al., 1999).

In contrast to TNFAARE™* mice, IL10-/- mice constitute a classical type Il IBD model as
mucosal inflammation in the large intestine is caused by the knockout of IL-10, an important
regulatory cytokine. Lack of IL-10 results in defective immuno suppressive mechanisms and
consequently, IL-10-/- mice develop a Th1-type colitis showing epithelial cell hyperplasia,

abcesses and transmural inflammation. Most important, IL10-/- mice, like most experimental
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IBD models, do not develop chronic inflammation when they are raised under germfree
conditions (Strober et al., 2002). This fact again underlines the major impact of the intestinal

microbiota on the initiation and development of IBD and sets the stage for IBD therapies

aiming at changing the intestinal microbiota towards a more “regulatory” one. In this context,

probiotic therapy was found to be an effective tool.

1.3 Probiotics: Clinical relevance and molecular mechanisms

1.3.1 History and definition of probiotics.

The term “probiotics” originates from the greek expression “pro bios” (for life). Fermentation
of milk products by lactic acid bacteria to prevent food rotting was used in many cultures for
thousands of years without even knowing about the existence of microorganisms. The direct
positive effect of live bacteria within these products was recognized in the 19" century and
this knowledge was subsequently used to treat diarrhea. Elie Metchnikoff is regarded as the
father of the modern probiotic theory as he was the first to postulate the hypothesis that the
uptake of beneficial lactic acid bacteria might be protective by replacing harmful bacteria in
the intestine in 1907. In the 1950s, a preparation of Bacillus subtilis, Bactisubtil®, was
developed in France to restore the intestinal microbiota after antibiotic treatment
(Schmoeger, 1960). Bactisubtil® thereby can be seen as the first commercially available
probiotic product. The definition of probiotics changed several times ranging from “growth
promoting substances produced by microorganisms’ (Lilly and Stillwell, 1965) and ’living
microorganisms as food supplements, which positively influence the intestinal homeostasis
of animals® (Fuller, 1989) to the definition from the WHO/FAO in 2001, which defined
probiotics as microorganisms that confer a health benefit to the host, if they are taken up in
sufficient amounts.

According to the WHO/FAO definition, the currently sold “probiotic” functional food
products do not contain probiotics, as there are no placebo controlled studies proving the
claimed general benefits for the intestinal immune system of healthy consumers. The only
study reporting beneficial effects of a specific probiotic strain on healthy individuals showed
that the uptake of L. reuteri increases work place healthiness (Tubelius et al., 2005).
However, specific probiotic strains were convincingly proven to have protective activites in
the prevention and therapy of very specific intestinal disease indications. Great success of

specific probiotic strains was reported in the prevention and treatment of antibiotic-
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associated diarrhea or travellers diarrhea (Sazawal et al., 2006) as well as in the prevention
of necrotising enterocolitis in preterm infants (Alfaleh and Bassler, 2008). Taking into account
that dysregulated bacteria-host interaction is thought to be the underlying cause for the
development and progression of IBD, the uptake of probiotics was hypothesized to be a

sensible therapeutical approach.

1.3.2 Clinical relevance of probiotics in the context of IBD.

Up to now, IBD can not be cured and all therapeutical approaches aim to suppress disease
symptoms like abdominal pain, bleeding and diarrhea in the acute phase or to prolong
remission. The status quo in IBD treatment is the use of anti-inflammatory non-steroidal
drugs like mesalazine, steroid-analoga like cortisol, anti-TNF antibodies and/or immuno-
suppressive agents. Lack of response towards medication results in a significant number of
patients who have to undergo surgical resection (Hwang and Varma, 2008) with a high risk of
post-operative disease recurrence. Apart from that, all current treatment approaches are
hampered by severe side-effects. In this context, probiotics were thought to be a safe and
promising therapeutic alternative due to their microbiota-modulating activities. In
consequence, the protective potential of many different probiotic preparations was
investigated in numerous clinical studies. Unfortunately, many of these clinical studies were
performed unblinded and are hampered by low numbers of study participants and/or the lack
of adequate controls, making it impossible to draw firm conclusions. VSL#3, a mixture of
eight bacterial strains and the single bacterial strain Escherichia coli Nissle 1917 (E. coli
Nissle) are the only probiotics that were repeatedly found to have protective effects on IBD in
well-designed clinical studies (Table 2).

E. coli Nissle was found to be equivalent to mesalazine standard treatment in the
maintenance of remission in UC patients (Kruis et al., 2004; Kruis et al., 1997; Rembacken et
al., 1999). VSL#3 has been shown to prevent the onset of post-operative inflammation of the
ileal pouch in UC patients, the so called pouchitis (Gionchetti et al., 2003; Pronio et al.,
2008). Furthermore, VSL#3 was revealed to be an effective mean to maintain remission in
pouchitis patients (Gionchetti et al., 2000; Mimura et al., 2004; Venturi et al., 1999).

First small and uncontrolled studies suggested VSL#3 to be effective in the maintenance of
remission in UC patients (Venturi et al., 1999) and in the reduction of active UC or pouchitis
(Bibiloni et al., 2005; Gionchetti et al., 2007). Additional open label studies revealed better
results for the induction of remission in mildly to moderately inflamed UC patients by VSL#3
in combination with low balsalazide treatment compared to mesalazine or balsalazide

treatment alone (Tursi et al., 2004). Nevertheless, well-designed studies with higher numbers



INTRODUCTION

27

of study participants are necessary to prove these preliminary results. In contrast to the

promising results of probiotic therapy in pouchitis and UC patients, CD was found to be

unresponsive towards probiotic therapy in several studies.

Table 2. Probiotic efficacy in clinical studies.

Disease Publication
Pouchitis (Pronio et al., 2008)
(Mimura et al., 2004)
(Gionchetti et al., 2003)
(Gionchetti et al., 2000)
(Kuisma et al., 2003)
Ulgg:';it;ve (Furrie et al., 2005)
(Cui et al., 2004)
(Kruis et al., 2004)
(Kato et al., 2004)
(Ishikawa et al., 2003)
(Rembacken et al.,
1999)
Crohn’s (Chermesh et al., 2007)
Disease

(Van Gossum et al.,
2007)

(Marteau et al., 2006)

(Bousvaros et al.,
2005)

(Schultz et al., 2004b)

(Prantera et al., 2002)

Probiotic Compound

VSL#3

VSL#3

VSL#3

VSL#3

LGG

B. longum/Synergy

Bifidobacteria, BIFICO

E. coli Nissle

Bifidobacterium
breve/bifidum,
Lactobacillus
acidophilus-fermented
milk

Bifidobacteria

E. coli Nissle

Synbiotic 2000

LA1

LA1

LGG

LGG

LGG

Study
Design

PC, 31

R, PC, 36

R, PC, 40

R, PC, 40

R, PC, 20

R,PC, 18

R, PC, 30

R, 5-ASA,
222

R, PC, 20

R, PC, 21

R, 5-ASA,
120

R, PC, 30

R,PC, 70

R,PC, 98

R, PC, 75

R,PC, 11

R, PC, 45

Outcome

Effective prevention

Maintenance of remission

Effective prevention

Maintenance of remission

No reduction of active disease

No reduction of active disease

Maintenance of remission

Equivalent in maintenance of
remission

Induction of remission

Maintenance of remission

Equivalent in maintenance of
remission

No prolongation of remission

No prolongation of remission

No prolongation of remission

No prolongation of remission

No reduction of active disease

No prolongation of remission
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(Malchow, 1997) R, PC, 75 No prolongation of remission

E. coli Nissle

Table 2 summarizes published clinical studies investigating the effects of probiotics on IBD in a
controlled and blind manner. Abbreviations: R; randomized, PC; placebo controlled, 5-ASA;
mesalazine, n°; number of study participants, LGG; Lactobacillus rhamnosus GG, LA1; Lactobacillus
johnsonii LA1

In summary, probiotics were shown to be effective in the prevention of pouchitis as well as in
the maintenance of remission in UC and pouchitis patients whereas there is only preliminary
data indicating probiotic efficacy in the reduction of active disease or CD. It became clear
that the efficacy of probiotic therapy greatly varies dependent on the probiotic strain and the
respective IBD indication. The clinical outcomes suggest that probiotic efficacy might depend
on the induction of protective mechanisms that are no longer intact or overwritten in highly
active inflammation, indicating that the right timing of probiotic supplementation plays a
considerable role for probiotic efficacy. Furthermore, the protective mechanisms induced by
probiotics seem to be disease and/or intestinal segment specific, as probiotic therapy was
found to be uneffective in CD, a disease which differs from UC by being a typical Th1-type
disease which does often affect the ileum. The only study indirectly reporting protective
activity of a certain bacterial strain in the context of CD revealed that the amount of the
commensal Faecalibacterium prausnitzii attached to the ileal mucosa inversely correlated
with the rate of postoperative relapse (Sokol et al., 2008). To date, no study addressed the
question of whether the lack of significant probiotic effects on CD might be due to the partly
ileal disease location. In consequence, there is a clear need for large, well-designed clinical
studies in order to draw reliable conclusions for the efficacy of every single probiotic

preparation in the context of every single IBD indication.

1.3.3 Probiotic treatment results in increased IEC barrier functions and
normalisation of the intestinal immune response.

Although probiotic efficacy in the prevention and treatment of several IBD indications has
been proven in clinical studies, the molecular mechanisms underlying the protective effects
are unclear. In order to shed some light on these mechanisms a lot of in vitro as well as
experimental studies in IBD animal models addressed this question (Table 3).

Probiotics were found to protect intestinal epithelial barrier function by exerting anti-
apoptotic effects on IEC. Salmonella-induced reduction of transepithelial resistance as well
as increase of IEC apoptosis were found to be counteracted by secreted proteins of VSL#3
(Madsen et al., 2001). The anti-apoptotic effect of these probiotic proteins was found to be

dependent on the induction of protective heat shock proteins (hsp) in IEC (Petrof et al.,
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2004), but the bacterial proteins as well as their target receptors on IEC remained
unidentified. The inhibition of TNF-induced pro-apoptotic signalling in IEC by LGG was found
to be mediated by two secreted proteins, p40 and p75, which induced Akt-protein kinase
dependent survival pathways via the activation of the epidermal growth factor receptor (Yan
et al., 2007).

The reduction of active inflammation in UC patients by Bifidobacteria-fermented milk
was correlated with increased luminal levels of butyrate, proprionate and other SCFA. This
finding indicates that increased IEC nutrient supply by probiotics might be protective through
mechanisms that counteract the loss of energy homeostasis and the subsequent induction
of apoptosis in IEC (Kato et al., 2004).

In addition to protective effects on IEC viability, increased paracellular leakage due to
reduced and dysregulated TJ proteins in IBD patients was revealed to be counteracted by
probiotics. E. coli Nissle was found to inhibit enteropathogenic E. coli-mediated redistribution
of the TJ protein zonula occludens (ZO)-2 in IEC in vitro (Zyrek et al., 2007). In addition,
monocolonization of gnotobiotic mice with E. coli Nissle was found to increase the
expression of the TJ protein ZO-1 and to reduce dextran sodium sulphate (DSS)-induced
colitis in these mice (Ukena et al., 2007).

Apart from its effects on enterocytes, VSL#3 was found to increase intestinal mucin
secretion by Goblet cells in healthy Wistar rats. The observed effect of the probiotic mixture
was found to be induced by a heat, protease and DNAse insensitive compound that was
mainly secreted by the lactobacilli group of the probiotic mixture (Caballero-Franco et al.,
2007). In contrast, DSS-induced extensive disruption of the mucus and the IEC layer,
resulting in subsequent development of severe experimental colitis, was not prevented or
reduced by VSL#3 treatment (Gaudier et al., 2005). However, additional studies in other
experimental models of IBD are necessary to answer the question of whether VSL#3-
induced increased mucin secretion contributes to the protective effects of the clinically
relevant probiotic mixture VSL#3.

In addition to protective effects on the physical epithelial barrier, probiotics were also
shown to strengthen the first line of defense against luminal contents that is set up by IEC.
Probiotics were found to increase IgA secretion in healthy mice as well as in DSS colitis,
resulting in amelioration of DSS-induced inflammation (Vetrano et al., 2008). Furthermore,
the flagellum of E. coli Nissle as well as unknown components of VSL#3 were found to
induce the production of R-defensins via the activation of NFkB and activating protein (AP)-1
dependent pathways in IEC in vitro (Schlee et al., 2008; Schlee et al., 2007; Wehkamp et al.,
2004).
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In addition to protective effects on IEC barrier function, probiotic bacteria were found
to have suppressive effects on increased IEC activation, resulting in reduced secretion of
proinflammatory chemokines. Secreted factors of E. coli Nissle were shown to inhibit TNF-
induced secretion of the neutrophil attracting chemokine IL-8 without inhibiting NFkB
activation in IEC in vitro (Kamada et al., 2008). Interestingly, VSL#3-derived DNA was also

reported to reduce expression of IL-8 in IEC in vitro. In contrast to the effect of E. coli Nissle,

the inhibition of IL-8 by VSL#3 was mediated by the reduction of proteasomal activity in IEC,
resulting in blocked degradation of IkB, a major inhibitor of NFkB in IEC (Jijon et al., 2004).
Consistently, soluble proteins of the probiotic mixture were found to inhibit Salmonella dublin-
induced activation of NFkB and subsequent secretion of MCP-1 via proteasomal inhibition in
IEC in vitro (Petrof et al., 2004). Although probiotics are convincingly reported to reduce IEC
activation as well as chemokine secretion in cell culture systems, studies in experimental
animal models are lacking in order to prove the physiological relevance of these
mechanisms. In addition, although IP-10 was found to be a major proinflammatory
chemokine in IBD (Banks, 2003; Hyun et al., 2005; Suzuki, 2007), no study addressed the
question whether probiotics are able to modulate the expression of this specific chemokine in
IEC. In addition to increased recruitment and activity of immune effector cells by chronically
activated |EC, intrinsic dysregulation of immune effector cells plays a major role in IBD. In
this context, probiotics were found to exert regulatory effects on adaptive immune responses.

A clinical study in pouchitis patients revealed that oral uptake of VSL#3 induced the
proliferation of mucosal CD4°CD25" and CD4"/latency-associated peptide (LAP)" regulatory
T cells, which are known to confer immunosuppressive effects. In addition, VSL#3 was found
to increase the transcription of regulatory Foxp3 whereas the expression of proinflammatory
IL1B was reduced in the mucosal tissue of these patients (Pronio et al., 2008). In consistence
with clinical data, the induction of tolerance and immunosuppressive mechanisms by VSL#3
was proven in several animal models of chronic colitis. The probiotic mixture increased the
expression of IL-10 and induced the proliferation of TGF bearing regulatory T cells resulting
in reduced trinitrobenzene sulfonic acid (TNBS)-induced colitis (Di Giacinto et al., 2005). A
recent study showed that probiotic-reduced TNBS-colitis is correlated with increased
numbers of CD4"CD25" as well as yd-intraepithelial lymphocytes (IEL), which are thought to
exert regulatory activites (Roselli et al., 2009). Whether the observed induction of regulatory
T cells by VSL#3 in IBD and experimental inflammation is due to a direct effect of VSL#3 on
mucosal T cells or due to regulatory effects of probiotics on APC or IEC is unknown.

A retrospective analysis of UC patients that were treated with VSL#3 revealed

reduced expression of IL-8, IFNy and IL1B as well as reduced numbers of polymorphnuclear
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cells in mucosal tissues (Lammers et al., 2005). Furthermore, biopsies of pouchitis patients
treated with VSL#3 revealed reduced levels of TNF and IL1a whereas the expression of
antiinflammatory IL-10 was increased. In addition, the authors reported reduced activity of
tissue damaging enzymes such as gelatinase and nitric oxid synthase in the mucosa of
probiotic-treated patients (Ulisse et al., 2001). VSL#3 and VSL#3-derived DNA were found to
significantly reduce histopathological inflammation in IL10™ mice. This effect was correlated
with reduced mucosal and splenic expression of the proinflammatory cytokine IFNy,
indicating the reduction of Th1 cell activity by VSL#3 (Jijon et al., 2004; Madsen et al., 2001).
However, it needs to be elucidated which effects are directly induced by probiotic bacteria
and which ones are secondary effects due to reduced inflammation. With regard to this
question, it is pivotal to reveal those host cells that are directly affected by probiotic activity in
IBD animal models.

In this context, the bifidobacteria subgroup of VSL#3 was shown to exhibit potent anti-
inflammatory activities through mechanisms that regulate antigen presentation and cytokine
expression of dendritic cells (DC), suggesting that probiotics are capable to modulate the
generation of T cell subsets. Intestinal- and blood derived dendritic cells produced high levels
of IL-10 after stimulation with cell wall components of VSL#3-derived bifidobacteria whereas
the expression of pro-inflammatory IL-12 and the costimulatory molecule CD80 was
significantly reduced, indicating impaired capability of these DC to induce the maturation of
Th1 cells (Hart et al., 2004). Similarly, Hoarau et al. showed that a fermentation product of
Bifidobacterium (B.) breve induced maturation, enhanced IL-10 expression and prolonged
survival of DC in a phosphoinositol-3-kinase-dependent manner in vitro (Hoarau et al., 2008).
Most important, the transfer of Lactobacillus rhamnosus Lr32-treated bone marrow derived
dendritic cells (BMDC) was shown to ameliorate TNBS-induced experimental colitis. In this
study, the observed regulatory activity of probiotic-treated dendritic cells was found to be
dependent on intact TLR2 and NOD signaling as well as on the induction of regulatory
CD4"CD25" T cells via IL-10 independent mechanisms (Foligne et al., 2007).
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Table 3. Probiotic effects on experimental inflammation in IBD animal models.

Animal

Probiotic effect

Model Publication Probiotic Compound Bacterial Component associated with reduced
colitis
(Jijon et al., Reduc_:tlon of promﬂam.
1L10-/- 2004) VSL#3 DNA cytokines/chemokines
systemic effect
(Madzsggﬁt 2l VSL#3 - Enhanced Barrier
(Kamada et al., E_coli Nissle Heat-killed bacteria, )
2005) ’ bacterial DNA
SCID (van der Kleij et L. reuteri, _ Reduction of proinflamm.
transfer al., 2008) B. infantis cytokines/enzymes
Schultz et al., . Reduced MLN-derived
E. coli Nissle -
2004a) ’ proinflammatory cytokines
DSS (Ukzr(])%?; gl E. coli Nissle Cell surface structures Enhanced barrier
(Vetrzaggsc)at s Iysce?j“]?e?cl?ee:'ia - Increased IgA secretion
(Kamada et al., E_ coli Nissle Heat-killed bacteria, _
2005) ’ bacterial DNA
(Foligne et al., o Induction of regulatory
2007) LGG-stimulated BMDC  Cell wall components DC
(Rachmilewitz et VSL#3/E. coli .
al., 2004) oral/sc Unmethylated DNA Systemic effect
(Fitzpatrick et al., VSL#3 ) Reduction of inflammatory
2007) cytokines/enzymes
(Kokesova et al., E. coli Nissle, : _
2006) L. casei, E. coli
(van der Kleij et L reuteri. B.infantis _ Reduction of inflammatory
al., 2008) ' T cytokines/enzymes
(Di Giacinto et ) Induction of regulatory T
TNBS al., 2005) VSL#3 cells
(L'B zﬁgggﬁml)us, Induction of regulatory
(Roselli et al., (L. plantarum, ) |In tri;?ehpcl)tcr:]yetlelzl
2009) S. thermophilus, Red yd phce H
B. animalis subsp educed proin amrpatory
' lactis) ' cytokines/chemokines
(Foligne et al., L. rhamnosus LR32 - Cell wall components Induction of regulatory
2007) stimulated BM-DC P DC
(Peran et al., L fermentum ) Reduction of oxidative
2006) : stress
(Shibolet et al., VSL#3/LGG ) Reduction of inflammatory
lod-acetamid 2002) cytokines/enzymes

Table 3 summarizes all experimental studies that showed significant protection of probiotic therapy in
the context of experimental colitis. Reduced inflammation was found to be due to various probiotic
effects on the level of intestinal barrier function and IEC, APC or immune effector cell function. All
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studies reporting protective effects of probiotics were conducted with colitis models whereas there is
no data about probiotic effects on experimental ileal inflammation. Abbreviations: SCID; severe
combined immunodeficiency; MLN; mesenteric lymph nodes

In summary, it was found that probiotics are able to counteract an array of intestinal
disturbances that are known to contribute to the development and progression of IBD.
However, from a mechanistical point of view, probiotic efficacy is still far from being
understood. Several in vitro studies revealed barrier protective and anti-inflammatory
mechanisms of probiotics in IEC or DC but almost none of these mechanisms were
subsequently tested with regard to their physiological relevance. On the other hand,
experimental studies showing protective effects of probiotics on experimental colitis mostly

remain on a descriptive level. In most studies, it is completely unclear which cells were the
primary probiotic target cells and which molecular mechanisms initiated the anti-inflammatory
cascade. In addition, studies addressing the efficacy of probiotics in ileal inflammation are
lacking. However, many studies showed that live bacteria are not always necessary for the
induction of protective mechanisms. The finding that cell-wall associated components,
secreted proteins or bacterial DNA can be equally effective than live bacteria revolutionizes
the probiotic theory once again and is even contradictory to the current definition of
probiotics. Nevertheless, the identification and isolation of these active bacterial structures

would open the opportunity to develop new therapeutical approaches in the context of IBD.
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2 AIMS OF THE WORK

Whereas many clinical and experimental studies revealed protective effects of probiotics in
the context of IBD, the underlying protective mechanisms are unclear. There is almost
nothing known about bacteria-host interactions with regard to active probiotic structures, host
target cells and receptors as well as signalling pathways that are induced in host cells.
Consistent with the lack of mechanistical understanding, it is completely unknown why
probiotic therapy was found to be effective in the prevention and treatment of UC and
pouchitis, but not in CD. The intestinal epithelium, which constitutes the borderline between
luminal bacteria and host tissue, was shown to have important regulatory functions on the
intestinal homeostasis, suggesting that probiotic effects on this particular cell type can be of
high relevance in the treatment and prevention of IBD.

Hence, the present work aimed to unravel structure-related anti-inflammatory mechanisms of
VSL#3, a clinically protective probiotic mixture, in IEC. A major interest of the present study
was to subsequently analyse the physiological relevance of these probiotic mechanisms. In
order to contribute to the understanding of why probiotic therapy is protective in some IBD
indications but not in others, the anti-inflammatory effect of VSL#3 on intestinal compartment
specific inflammation was investigated in two murine experimental models for IBD, exhibiting

ileal or cecal/colonic experimental inflammation.
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3 MATERIAL AND METHODS

Cell culture. The small intestinal epithelial cell line Mode-K (Vidal et al., 1993) (passage 10-
25), the human embryonic kidney epithelial cell line (HEK) 293 (passage 5-25), TLR2
deficient HEK cells (Cat.Nr.:293-null) and TLR2-positive HEK cells (Cat.Nr.:293-mtir2)
(Invitrogen, Carlsbad, USA) (passage 2-5) as well as T84 cells (differentiating, polarizing
human colon carcinoma cells) were grown in a humidified 5% CO, atmosphere at 37°C. Cells
were grown to confluency in 6, 12 or 24 well tissue culture plates (Greiner bio-one,
Frickenhausen, Germany) prior to stimulation experiments. Mode-K cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, USA) containing 10%
fetal calf serum (FCS) (Invitrogen, Carlsbad, USA), 1,0% Glutamine (Invitrogen, Carlsbad,
USA) and 0,8% antibiotic antimycotic (AA) (Invitrogen, Carlsbad, USA). Glutamine was
omitted for the cultivation of HEK293 cells and Blasticidin (10 pg/ml) (InvivoGen, San Diego,
USA) was added to HEK cell culture media for the cultivation of stably transfected HEK293
cells. Cell culture media was changed prior to cell culture stimulation experiments. T84 cells
were cultivated in DMEM/Ham F12 (Invitrogen, Carlsbad, USA) (10% FCS, 0,8% AA).

Bacterial culture and treatment. Lyophilized VSL#3 bacteria (a generous gift from Dr.
DeSimone, L Aquila, Italy) were resuspended in DMEM before they were used in cell culture
stimulation experiments. VSL#3 derived L. casei (reclassified as L. paracasei according to
VSL#3 pharma in 2008) (a generous gift from Dr. DeSimone, L Aquila, Italy), L. casei BL23,
L. plantarum 299v (generous gifts from Dr. Gaspar, Instituto de Agroquimica y Tecnologia de
Alimentos, Valencia, Spain) and L. casei ATCC393 were grown at 37°C in MRS Broth (Fluka,
Heidelberg) containing 0.05% L-cysteine (Roth) under anaerobic conditions using Anaerogen
packages (Anaerogen, Oxoid, UK). E. coli strain Nissle 1917 (a generous gift from Dr.
Sonnenborn, Ardeypharm GmbH, Herdecke, Germany) was grown aerobically in LB-medium
(AppliChem, Darmstadt, Germany). Bacteria were centrifuged (4500 g, 10 min), washed in
an equal volume of PBS (1x) (4500 g, 10 min) and resuspended in DMEM. To characterize
effective probiotic components, L. casei was heat-killed (90°C, 30 min), fixed (fL.c) (5%
formaldehyde, 3 h, 4°C) or lysed by lysozyme (50 mg/ml) (Sigma, Steinheim, Germany) in
filter sterilized Tris buffer (10 mM Tris, pH8). Fixed bacteria were washed three times with
sterile 1xPBS (Invitrogen, Carlsbad, USA) and resuspended in the respective cell culture
media. All cell culture experiments were performed with fixed bacteria, if not otherwise
indicated. For cell surface treatment, bacteria were incubated with Phospholipase A (2

mg/ml) (Sigma, Steinheim, Germany), Trypsin (2 mg/ml) (Roth, Karlsruhe, Deutschland),
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Proteinase K (50 ug/ml) (Roth, Karlsruhe, Deutschland) in filter sterilized Tris buffer (50 mM
Tris, 0,1 M NaCl, pH 8) (37°C, 1 h) in a shaker.

Preparation of bacterial conditioned media (CM). CM was generated by growing VSL#3-
derived L. casei, L. casei BL23, L. casei ATCC393 and L. plantarum 299v (5x10° cfu/ml)
anaerobically in DMEM (1% Glutamine) containing HEPES (20 mM) (Invitrogen, Carlsbad,
USA) (37°C, 5% CO,, 24 h). CM was cleared from bacterial cells (4500 rpm, 10 min), titrated
to a pH of 7,6 and filter-sterilized. Sterile CM was either supplemented with FCS and used to
replace the cell culture media in cell culture stimulation experiments or concentrated using 10
or 50 kDa amicon filter devices (Millipore, Carrigtwohill, Ireland) and diluted to 1xCM in the
cell culture supernatant. Where indicated, CM was heat-inactivated (60°C, 20 min),
supplemented with PMSF (1 mM) (RT, 15 min) or underwent precipitation with 50% ice cold
ammoniumsulfate (-20°C, o.n.) followed by resuspension of the dried precipitate (12000g,
4°C, 10 min) in DMEM.

Protease Assay. Serin/cystein protease activity of CM L. casei (VSL#3) and CM L. casei
BL23 was analysed using a Protease Assay Kit (Cat. Nr. 539125, Calbiochem, Darmstadt,
Germany) which is based on proteolytic degradation of FTC-casein according to the

manufacturers instructions.

Cell culture stimulation. Confluent Mode-K or HEK cell monolayers were stimulated with
TNF (10 ng/ml) (R&D Europe, Abington, England), IFNy (50 ng/ml), brefeldin A (0.5 uM)
(Calbiochem, Darmstadt, Deutschland), lactacystin (22 mM) (Biomol, Hamburg, Germany),
NH.Cl (20 mM) (Sigma, Steinheim, Germany), 3-methyladenine (3-MA) (5 mM) (Sigma,
Steinheim, Germany), VSL#3, VSL#3-derived L. casei, L. plantarum 299 v, L. casei BL23, L.
casei ATCC 393 (type strain) or E. coli Nissle 1917 (24 h, moi 20, if not otherwise indicated).

ELISA. IP-10 (murine/human) and IL-6 (murine) concentrations in IEC supernatants were
determined using the appropriate ELISA kits (R&D Europe, Abington, England) according to
the manufacturers instructions. Serum amyloid A (SAA) concentrations in plasma were
determined using the appropriate ELISA kit (Invitrogen, Karlsruhe, Germany) according to

the manufacturers instructions.

Chromatin Immunoprecipitation (ChIP). Mode-K cells in 75 cm? flasks (Greiner bio-one,
Frickenhausen, Germany) were preincubated with L. casei (1 h) and stimulated with TNF (10

ng/ml) (2 h). Cells were fixed in formaldehyde fixing solution (1%) followed by nuclear
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extraction as well as chromatin immunoprecipitation (ChIP) analysis, using a ChlP-kit (Active
Motif, Carlsbad, USA). Immunoprecipitation was performed using an anti-NFkB p65 antibody
(Cell Signaling, Beverly, USA) (4°C, o.n.). DNA/protein/antibody-complexes were incubated
with salmon sperm saturated protein A/G agarose (Santa Cruz, Heidelberg, Germany) (30
min) and washed in high salt buffer (3x) followed by washes in no salt buffer (3x). DNA was
released from the immune complex by heating and subsequent proteinase K treatment. DNA
was extracted using phenol-chloroform and eluted in water. Total DNA from the nuclear
extract was used as input control for the PCR analysis. PCR was performed with 1 ul of DNA
using the following IP-10 promoter-specific primers:

5"-AACAGCTCACGCTTTG, 5-GTCCTGATTGGCTGACT.

The length of the amplified product was 186 bp. PCR products (10 pyl) were subjected to
electrophoresis on 2% agarose gels and visualized by Geneflash Imager (VWR, Ismaning,

Germany).

Transfection. Mode-K cells (luciferase assay) or HEK293 cells (IP-10 overexpression assay)
(50% confluent, 24-well plate) were transfected using FUGENE (Roche, Mannheim,
Germany) according to the manufacturers instructions. A mixture of 23 yl DMEM, 1.5 ul
FuGENE (Roche, Indianapolis, USA) and 0.5 ug of the appropriate plasmid (pGL3-basic-
IP10 (p-IP-10), pGL3-basic (control-vector), plP-10-DsRed, pDsRed-Monomer-C1 (control-
vector) was added to every well and incubated for 24h (luciferase assay) or 6h (IP-10
overexpression assay) prior to stimulation experiments. Plasmids were (Hormannsperger et
al., 2009).

Luciferase assay. Mode-K cells transfected with the luciferase-reporter plasmid or the
control plasmid were stimulated with TNF or TNF and L. casei for 24 h. Cells were lysed in
30 ul lysis buffer (Promega, Madison, USA) and cell debris were separated by centrifugation
(12000 rpm, 5 min). Supernatants (25 pl) were mixed with Reagent A (PJK, Kleinblittersdorf,
Germany) and firefly luminescence was measured (550 nm). A volume of 100 ul of Reagent
B (PJK, Kleinblittersdorf, Germany) was added and renilla luminescence was measured (480
nm). Relative luciferase activity was calculated in percentage: ((firefly/renilla)sampie/
(firefly/renilla)/sontror)x100.

RNA isolation, reverse transcription and real-time PCR. RNA isolated from Mode-K cells
or primary IECs was extracted using Trizol Reagent (Invitrogen, Karlsruhe, Germany)
according to the manufacturers instructions. Extracted RNA was solved in 20 yl DEPC-water

(0.1%). RNA concentration and purity (Azso/Azso ratio) was determined by spectrophotometric
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analysis (ND-1000 spectrophotometer, NanoDrop Technologies, Willigton, USA). Reverse
transcription was performed of 1 ug total RNA using M-MLV (Invitrogen, Karlsruhe,
Germany). Real-time PCR was performed using 1 ul cDNA in a Light Cycler™ system
(Roche Diagnostics, Mannheim, Germany) as previously described (Ruiz, 2005). Primer

sequences were the following:

TLR2 | Sense 5-TGGGGGTAACATCGCT

Reverse 5-CATCTACGGGCAGTGG

IP-10 | Sense 5°-TCCCTCTCGCAAGGAC

Reverse 5-TTGGCTAAACGCTTTCAT

18S | Sense  5-CGGCTACCACAT-CCAAGGAA

Reverse 5-GCTGGAATTACCGCGGCT

The amplified product was detected by the presence of a SYBR green fluorescent signal.
Melting curve analysis was used to document amplicon specificity and crossing points (Cp)
were determined. Relative induction of mRNA expression was calculated according to the
22%P method (Pfaffl, 2001) and normalized to the expression of 18S. Data were expressed
as fold change versa the indicated control cells.

Presence or absence of TLR2 transcripts in the transfected HEK293 cells was visualized by
running a 2% Agarose gel with real time PCR amplicons (321 bp) generated after reverse
transcription of mRNA.

T cell transmigration assay. Murine splenocytes were isolated from a fresh spleen (mouse
genotype: C57BI//N) and activated with 2.5 pg/ml Concavalin A (Sigma, Steinheim,
Germany) in RPMI (Invitrogen, Karlsruhe, Germany) (10% FCS, 37°C, 5% CO,, 16 h). Cells
were then centrifuged and 1x108 cells were resuspended in 1 ml RPMI (25 mM Hepes). The
cell suspension was given onto a 5 ml NycoPrep 1.077 A (AXIS-SHIELD, Oslo via Progen)
and centrifuged (600 g, 20 min). The activated T lymphoblasts were taken and resuspended
in 30 ml transmigration media (RPMI, 5% FCS, 25mM Hepes). The cells were washed three
times (250 g, 10 min) and resuspended to a final cell number of 2x10° cells/ml transmigration
media. The activated murine T lymphoblasts were seeded on top of transwell filters (5 um) at
a concentration of 2x10° cells/ml transmigration media. The lower chamber was filled with

500 pl of transmigration medium and 100 ul of pure Mode-K cell culture media or cell culture
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media from stimulation experiments with Mode-K cells (control, TNF, TNF/fL.c) or TNF-
conditioned media supplemented with either a neutralizing anti-IP-10 antibody (30ug/ml)
(R&D Europe, Heidelberg, Germany) or a control goat-IgG (30 ug/ml) (Dianova, Hamburg,
Germany). The assay was then incubated (37°C, 5% CO, 2 h) and the number of
transmigrated cells in the lower chamber was analyzed using an Axiovision Cell Counter
(Zeiss, Gottingen, Germany). The assay was performed in triplicates and the number of
transmigrated cells at three representative regions (roi) of each single triplicate was

measured.

Western Blot. Protein isolated from primary IEC or Mode-K cells that were taken up in
Laemmli buffer (TrisCl (12,5 ml), 10% SDS (8 ml), Glycerol (7,9 g), DTT (7,7 mg),
Bromphenole (0,5%) (1,25 ml), H>O (50 ml)) (200 pl/sixwell after PBS washes (2x)) was
denatured (95°C, 15 min). 25 ug of protein were subjected to sodium-dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on 10%/15% SDS-PAGE gels. Anti IP-10
(R&D Europe, Heidelberg, Germany, Arlington), anti-IkB, anti-phospho-RelAS®%®  anti-
ubiquitine, anti-phospho-EIF4E, anti-phospho-EIF4G (Cell Signaling, Beverly, MA), anti-
DsRed (clontech) and anti-3-actin-antibody (ICN, Costa Mesa, CA) were used to detect
immunoreactive [P-10, IkB, phospho-RelA, phospho-EIF4E, phospho-EIF4G, DsRed,
ubiquitine and [-actin, using an enhanced chemoluminescence light-detecting kit

(Amersham, Freiburg, Germany).

Pulse-chase experiment. Mode-K cells (6-well plates) in DMEM (0.5% FCS) were
stimulated with TNF during a 3h pulse period (S** Methionine/Cysteine Labeling Mix, 25
pCi/ml) (Perkin Elmer, Waltham, USA). After the pulse period, the cells were washed with
1xPBS (3x) and either lysed in 200 ul of 1x lysis buffer (Cell Signaling, Beverly, USA)
supplemented with PMSF (1 mM) or they underwent an additional chase period of 3h with or
without stimulation with L. casei. After the chase period, cells were washed with 1xPBS (3x)
and lysed as described above. IP-10 co-immunoprecipitation was performed as described
and beads were resuspended and cooked (95°C, 10 min) in 20 pl of Laemmli buffer for
subsequent gel electrophoresis on a 15% SDS gel. After drying the gel it was placed on a
Kodak Storage Phosphor screen (Amersham bioscience, Freiburg, Germany) in a cassette
(Amersham Bioscience, Freiburg, Germany) (o0.n.). The Storage Phosphor screen was then

scanned by a Typhoon TRIO+scanner (Amersham Bioscience, Freiburg, Germany).

Electrospray liquid chromatography-tandem mass spectrometry (ESI-LC-MS/MS)

preparation and analysis. Active and non-active chromatographic fractions of CM L. casei



42 MATERIAL AND METHODS

were subjected to SDS-gel electrophoresis in order to remove contaminants that could
disturb differential LC-MS/MS analysis. Gels were fixed (2% acetic acid, 40% MeOH) (RT, 1
h) followed by Coomassie Blue staining (16% Coomassie, 64% ddH,0O, 20% MeOH) (RT, 2
h) (4°C, o.n.). Gels were destained by a short wash (5% acetic acid, 25% MeOH) followed by
two washes in 25% EtOH (RT, 1 h) and one wash in bdH,O (RT, 1h). Stained gel pieces
were subjected to in-gel trypsin digestion using triethylammonium bicarbonate (TEAB),
formic acid (FA) (both Sigma-Aldrich, Steinheim, Germany) and acetonitrile (ACN) (Rathburn

Chemicals, Walkerburn, Scotland) according to the following procedures:

. Spin Kept
VolluL Buffer Time | Temp | 4460 rom, | compartment
(min) | (C°) 1 min)
; 50% 5mM
1. Destain 100 TEAB/50%EtOH 120 55 Yes Pellet
. 50% 5mM

2. Destain 100 TEAB/50%EtOH 60 55 Yes Pellet
3. Dehydration 100 Absolute EtOH 10 RT Yes Pellet
4. Wash 100 5mM TEAB 20 RT Yes Pellet
5. Dehydration 100 Absolute EtOH 10 RT Yes Pellet
6. Dehydration 100 Absolute EtOH 10 RT Yes Pellet
7. Trypsin ;
addition 25121 10 ”59/ HLIYRSIN | 15 | 4 / /
onice inom
8. Trypsin Spin out rgsidual Yes Pellet
removal trypsin
9. Digestion
buffer 20 5mM TEAB 4h 37 / /
addition
10. Acidification 5 5% FA 0 RT Yes Solution
11, First 20 1% FA 30 | RT Yes Solution
Extraction
12. Second 20 1% FA 30 | RT Yes Solution
Extraction
13.Third 60%ACN 40% .
Extraction 20 0.1% FA 30 RT Yes Solution
14. Drying Step 30 ACN 15 RT / /
15. Drying Step 20 ACN 15 RT Yes Solution

Peptides were then lyophilized and stored at -20°C until they were resuspended in 20 pl

0.1% FA. ESI-LC-MS/MS analysis was performed on an amaZon ETD iontrap mass
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spectrometer (Bruker Daltonik GmbH, Germany) coupled to an easy nLC nano LC system
(Proxeon Biosystems, Odense, Danmark). Buffer A contained 0.1% FA in ddH,O and buffer
B 0.1% FA in ACN. The injection volume was 20 pl per sample, and after precolumn
equilibration (5 min, 2 yl/min, buffer A) and analytical column equilibration (5 min, 300 nl/min,
buffer A) the sample was separated over a 110 min gradient going from 0% buffer B to 40%
buffer B at a flow rate of 300 nl/min. The peptides eluting off the column were sprayed
directly into the mass spectrometer where the masses of intact peptides were acquired in
enhanced scan mode (8300 amu/s). Subsequent mass spectrometry analysis was performed
with on-the-fly determination of precursor charge state, exclusion of singly charged ions and
further fragmentation of the five most intense precursor ions.

Protein identification was performed using Mascot 2.2.04 and ProteinScape 2.0-MR 42
searching for sequence hits in Swissprot (Bacteria-Firmicutes). Search parameters were
chosen as follows: Carbamidomethylation and methionine oxidation were taken into account
as variable modification, and a tolerance of 0.3 Da was applied for both, peptides and
fragments. Proteins identified by at least one peptide showing a fragment score over 30 were

regarded as hits.

Co-immunoprecipitation. Mode-K cells (6-well plates) were stimulated with TNF or TNF
and L. casei (6 h). Cells were lysed in 200 ul of 1x lysis buffer (Cell Signaling, Beverly, MA)
supplemented with PMSF (1 mM). Cell debris were removed by centrifugation (1400 g, 10
min) and supernatants were incubated with anti-IP-10-antibodies (R&D Europe, Heidelberg,
Germany) (4°C, 3 h) in a shaker. Samples were then incubated (4°C, o.n.) together with 13
Ml of protein A/G beads (Santa Cruz, Heidelberg, Germany), which were previously washed
twice with 1x lysis buffer (Cell Signaling, Beverly, USA) in a shaker. Beads were collected by
centrifugation (8000 g, 5 min), washed with 1x lysis buffer (2x) and resuspended in 50 pl

Laemmli buffer for subsequent Western blot analysis.

Transwell experiments. T84 cells were grown to confluency in the apical compartment of
transwells (0,4 um) (Corning, NY, USA) according to the manufacturers instructions. When
T84 cells had built up a stable transepithelial resistance (TEER)(Ohm/cm?) measured by
using a voltohmeter at 37°C (Millipore, Millicell, ERS), the respective stimulation experiments
were performed in triplicates. IFNy (50 ng/ml)/TNF (20 ng/ml) stimulation was used as a
positive control for TEER reduction. The effect of the stimulants on TEER was measured at
30 min, 1 h,2h, 3h,6h, 12 h and 24 h after the stimulation.
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Animal models. Conventionally raised TNF*ARE*

mice (a generous gift from Kollias G.,
Institute for Immunology, Biomedical Sciences Research Center “Al. Fleming”, Greece) on
C57BL/6 background as well as wildtype C57BL/6 were fed 1.3x10° cfu VSL#3 or VSL#3
derived L. casei in 13.2% (w/v) gelatine, 20% (w/v) glucose in water every weekday for 15
weeks. The gelatine was prepared freshly every third day. Probiotic feeding was started post-
weaning at the age of three weeks. Placebo-fed mice were used as controls.

Analogously, TNFAR¥™ and wildtype mice were fed VSL#3 from day one after birth for 18
weeks in a pre-weaning experimental setup with additional feeding of the mother mice (as
soon as plaque was detected as a first indication of pregnancy until the end of the weaning
period). The offspring was fed with liquid VSL#3-suspension that was prepared freshly every
day for the first two weeks after birth. Placebo-fed mice were used as controls. Mice were
killed at the age of 18 weeks.

SPF-raised IL-10-/- mice on a 129 SvEV/BL/6 background and 129 SvEv wildtype mice were
fed VSL#3-gelatine every weekday for 21 weeks starting post-weaning at the age of three
weeks. Placebo-fed mice were used as controls. Mice were killed at the age of 24 weeks.
After sacrificing the mice, sampling of plasma and gut content as well as IEC isolation was
performed. Sections of the distal ileum, cecal tip and distal colon were fixed in 10% neutral
buffered formalin (Sigma Aldrich, Steinheim, Germany). Fixed tissues were hematoxylin-and
eosin (H&E)-stained and embedded in paraffin. Histology scoring was performed by an
independent pathologist in a blinded way, assessing the degree of lamina propria
mononuclear cell infiltration, crypt hyperplasia, goblet cell depletion and architectural
distortion, resulting in a score from 0 (not inflamed) to 12 (inflamed), as previously described
(Katakura, 2005). Animal use was approved by the institution in charge (approval no. 55.2-1-
S4-2531-74-06 and 32-2347/4+63).

Isolation of primary mouse IEC. Primary IEC were purified as previously described (Ruiz,
2005). Briefly, either ileal/jejunal or cecal/colonic tissue was cut into small pieces and
incubated (37°C, 15 min) in Mode-K cell culture media supplemented with 1 mM DTT (Roth,
Karlsruhe, Germany). The tissue/lEC suspensions were filtered, centrifuged (300 g, RT, 7
min) and cell pellets were resuspended in DMEM containing 5% FCS. The remaining tissue
was incubated in 30 ml PBS (37°C, 10 min) containing 1.5 mM EDTA (Roth, Karlsruhe,
Germany). After filtration, the tissue was discarded and the cell suspension from this step
was centrifuged as above. Finally, primary IEC were loaded onto a 20%/40% discontinuous
Percoll gradient (GE Healthcare, Uppsala, Sweden) and purified by centrifugation (600 g, 30
min). Primary IEC that assemble between the two phases were collected in proteome lysis
buffer (7 M urea, 2 M thiourea, 2% CHAPS, 1% DTT) for subsequent protein isolation or in
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trizol (Qiagen, Maryland, USA) for subsequent RNA isolation. Purity of IEC was confirmed

using anti-CD3"-Western blot analysis.

DNA isolation from gut content and bacteria-specific PCR. DNA was extracted from 200
mg of gut content using the QlAamp DNA Stool Mini Kit (Qiagen, Maryland, USA) according
to the manfacturers instructions. Streptococcus thermophilus (S. thermophilus) (Tilsala-
Timisjarvi, 1997)- and L. casei (Haarman and Knol, 2006)-specific PCR of the rRNA

intergenic spacer region was performed as previously described.

Sample preparation and molecular enumeration of mucosal L. casei. Distal ileal tissue
segments (3 mm) were prepared according to published work (Conte MP, 2006). Briefly,
segments were washed four times to prevent analysis of luminal bacteria. After preparation,
bacterial and tissue pellets were obtained by centrifugation (8000 g, RT, 3 min). DNA was
extracted from cell pellets using the DNeasy Blood & Tissue kit (Qiagen, Maryland, USA).
L. casei-specific primer were used to perform real time PCR as previously described
(Haarman and Knol, 2006). For calibration, mucosal tissue pieces of a non-treated wild-type
mouse were spiked with 10-fold dilutions of L. casei (VSL#3), ranging from 5.4 x 10° to 10°

cfu/ml.

Immunohistochemical labeling. Cecum was dissected and immediately immersed in
Tissue Tek OCT compound (Agar Scientific, Stansted, UK) and frozen in liquid nitrogen.
Samples were stored in liquid nitrogen. 8 ym sections were cut using a Leica CM1950
cryostat, picked up onto polylysine coated slides and air dried (RT, 45 min). Sections were
fixed (4% paraformaldehyde, 0.1 M phosphate, pH 7.4, 5 min) before being washed with 6
changes of PBS (pH 7.4) over 20 minutes. Slides were then incubated with 0.1% Triton X
100 (Sigma, Steinheim, Germany) in PBS (3 min) before being washed as above. Fc
receptors were blocked (Fcy Ill/Il receptor, BD Pharminogen Heidelberg, Germany) and
slides incubated in 10% BSA 5% normal donkey serum in PBS (RT, 2 h). Blocking buffer was
removed by capillary action and the slides incubated in either IP-10 goat polyclonal 1gG
(Santa Cruz G-15 sc-14641) or control goat IgG (Santa Cruz sc-2028) in 2% BSA (4°C, o.n.).
The slides were washed with 6 changes of PBS over 1 hour. Alexa Fluor 488 donkey anti
goat IgG (Invitrogen Molecular Probes) was applied to the sections and incubated (RT, 30
min). The slides were washed as above and mounted in DAPI-containing vectashield (Vector
laboratories, Burlingham, USA). Sections were viewed on a Zeiss Axioskop microscope

using a FITC and DAPI filter set and imaged using a QIMAGING camera.
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Statistical analysis. Data were expressed as mean of triplicates +/- standard deviation.
Statistical tests were performed using two-tailed Student test except for the in vivo feeding
study as the normality test failed. In this case, rank sum test was applied. Differences were
considered significant if values were < 0.05 (*) or < 0.01 (**). Experimental procedures were

repeated in independent experiments as indicated.
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4 RESULTS

41 L. casei (VSL#3) mediates functionally relevant selective
inhibition of IP-10 secretion in IEC

4.1.1 L. casei (VSL#3) selectively inhibits IP-10 expression in IEC

VSL#3 was tested for effects on the expression of proinflammatory cytokines and
chemokines in unstimulated and TNF-activated Mode-K cells. VSL#3 was found to
significantly reduce the amount of TNF-induced IP-10 expression in IEC after 24 h of
probiotic costimulation. In contrast, expression of the cytokine IL-6 was strongly induced by
probiotic costimulation, suggesting a selective inhibitory mechanism of VSL#3 on IP-10

expression (Figure 6).
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Figure 6: Probiotic effects on cytokine and chemokine secretion.

ELISA analysis showed that VSL#3 selectively reduces IP-10 concentration in the cell culture
supernatant of TNF-activated Mode-K cells.
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Stimulation experiments with the eight different bacterial strains of VSL#3 revealed that the
specific inhibition of IP-10 by the probiotic mixture was mediated by a single one of these
bacterial strains, by L. casei (VSL#3) (Figure 7). The seven other bacterial strains of VSL#3
did not exert an inhibitory effect on IP-10 expression (data not shown). L. casei (VSL#3)
selectively inhibited TNF-induced IP-10 expression, whereas IL-6 expression (Figure 7) and
the expression of another chemokine, macrophage inflammatory protein (MIP)-2 (data not

shown), were increased by the probiotic strain.
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Figure 7: Probiotic effects on cytokine and chemokine secretion.

ELISA analysis shows that the stimulation of Mode K cells with living L. casei (VSL#3) is sufficient to
induce selective inhibition of IP-10 in the cell culture supernatant of TNF-activated Mode K cells.

In order to assess the potential of other probiotic bacterial strains to induce similar effects as
L. casei (VSL#3) in IEC, the effects of two more clinically effective probiotic strains were
investigated. E. coli Nissle 1917 (E.c. Nissle) and L. plantarum 299v (L.p 299v), a probiotic
that has been shown to be clinically effective in irritable bowel syndrome (Niedzielin et al.,
2001), were used to stimulate TNF-activated Mode K cells. We found that the selective

inhibition of IP-10 in IEC by L. casei (VSL#3) is not a ubiquituous characteristic of probiotic
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bacteria, given that E. coli Nissle and L. plantarum 299v did not exert analogous effects
(Figure 8).
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Figure 8: The selective inhibition of IP-10 secretion is a specific feature of L. casei (VSL#3).

ELISA analysis of cell culture supernatants after stimulation experiments with different probiotic
bacterial strains in different mois revealed that only L. casei (VSL#3) is capable to selectively inhibit
IP-10 secretion whereas E. coli Nissle (E.c. Nissle) and L. plantarum 299v (L.p 299v) do not have
similar effects.

Interestingly, the inhibition of IP-10 was found to be mediated not only by L. casei (VSL#3)
but also by L. casei ATCC393, the type strain of L. casei. In contrast, L. casei BL23, one of

the two L. casei strains that are sequenced, did not exert similar effects (Figure 9). This
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finding suggests that the observed inhibition of IP-10 expression in IEC is a strain-specific

effect.
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Figure 9: The type strain of L. casei (L. casei ATCC393) is equally potent to inhibit IP-10
secretion as L. casei (VSL#3).

ELISA analysis of cell culture supernatants after stimulation experiments with L. casei (VSL#3),
L. casei ATCC393 (A) and L. casei BL23 (B) in different mois revealed that the L. casei type strain is
as potent to inhibit IP-10 secretion as L. casei (VSL#3) whereas L. casei BL23 has no effect on IP-10
secretion.
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4.1.2 L. casei (VSL#3)-induced selective inhibition of IP-10 in IEC impairs pro-
inflammatory T cell recruitment

T cell transmigration assays were performed in order to address the question whether the
observed selective inhibition of IP-10 secretion in IEC by L. casei (VSL#3) is functionally
relevant. Supernatants of TNF- and L. casei (VSL#3)-stimulated Mode K cells were analysed
in a T cell transmigration assay using activated murine T lympoblasts. The culture
supernatants of L. casei (VSL#3)-stimulated TNF-activated Mode K cells were found to
induce significantly less migration of activated T lymphoblasts compared to culture
supernatants derived from TNF-activated IEC without probiotic stimulation. In addition,
neutralisation of IP-10 in the supernatant of TNF-activated IEC via anti-IP-10 antibodies
resulted in strongly reduced numbers of transmigrated T cells (Figure 10), revealing that
functionally active IP-10 is a major IEC chemokine in the context of T cell recruitment. These
results suggest the observed selective inhibition of IP-10 in IEC by L. casei (VSL#3) to be of

potential therapeutical relevance in the context of intestinal inflammation.
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Figure 10: L. casei (VSL#3)-mediated selective reduction of IP-10 in the supernatant of TNF-
activated IEC is sufficient to block IEC-induced T cell recruitment.

The left figure shows representative pictures of transmigrated activated T lymphoblasts and the figure
on the right shows the mean number of transmigrated activated T cells per region of interest (roi) after
a T cell transmigration assay using the indicated IEC-conditioned media. Neutralisation of IP-10 in the
supernatant of TNF-activated IEC using a goat-anti-IP-10 antibody resulted in significant reduction of
the number of transmigrated T cells, whereas a control-goat antibody did not have similar effects.
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4.1.3 Surface proteins of L. casei (VSL#3) induce the inhibition of IP-10 in IEC
via TLR2-independent mechanisms

To unravel the question, which molecular structures of L. casei (VSL#3) are responsible for
the observed inhibition of IP-10 expression in IEC, the probiotic bacteria was subjected to
heat, formaldehyde-fixation and enzymatic treatments. The effect of these treatments on
L. casei (VSL#3)-mediated inhibition of IP-10 expression was subsequently analysed in cell
culture stimulation experiments. The results show that active interaction between viable
L. casei (VSL#3) and IEC is not necessary for the inhibition of IP-10, as formaldehyde-fixed
bacteria were as effective as live bacteria. In contrast, heat treatment or lysis of L. casei
(VSL#3) by lysozyme completely abrogated the inhibitory effect. These results show that
heat-labile surface structures are the active bacterial component. In an attempt to clarify the
nature of this surface component, enzymatic treatment studies with fixed L. casei (VSL#3)
were performed. It was found that phospholipase A treatment did not affect the inhibitory
effect of L. casei (VSL#3) on IP-10. In contrast, Proteinase K as well as trypsin treatment of
L. casei (VSL#3) abolished its ability to inhibit IP-10 expression in IEC (Figure 11), revealing
that the active component is a surface protein of L. casei (VSL#3). As a consequence of
these findings, formaldehyde fixed bacteria were used in all in vitro studies, allowing better

standardisation of the experiments.
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Figure 11: Protease-sensitive surface components of L. casei (VSL#3) are the active bacterial
structures with regard to the inhibition of IP-10 in IEC.

ELISA analysis of cell culture supernatants after stimulation experiments with differentially treated
L. casei (VSL#3) showed that live bacteria are not necessary for the observed inhibition of IP-10
expression in IEC. In contrast, proteolytic treatment abrogates the anti-inflammatory effect of L. casei
(VSL#3). Abbreviations: fix; fixed, lys; lysed by lysozyme, heat; heat-killed, try; trypsin, pK: proteinase
K, pA; phospholipase A
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In consistence with the observation that the active bacterial component is a specific surface
protein of L. casei (VSL#3), and not a ubiquitous cell wall component of gram-positive
bacteria, the inhibition of IP-10 in IEC was found to be independent of the pattern recognition
receptor TLR2. Probiotic stimulation was found to inhibit IP-10 secretion to the same extent
in TLR2-negative as well as TLR2-positive HEK cells (Figure 12). Of note, the finding that L.
casei (VSL#3) inhibits IP-10 secretion not only in Mode K cells but also in HEK cells shows
that the inhibitory mechanism that is induced by L. casei (VSL#3) is not cell line specific or

restricted to IEC.
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Figure 12: The selective inhibition of IP-10 secretion in IEC is independent of TLR2-dependent
signalling pathways.

The left figure shows the result of a TLR2-specific PCR that was performed after reverse transcription
of MRNA isolated from the indicated HEK cells, confirming lack of TLR2 expression in TLR2-/- HEK
cells. ELISA analysis (right figure) of stimulation experiments in TLR2-positive or TLR2-deficient HEK
cells revealed that the inhibition of IP-10 by L. casei (VSL#3) is independent of TLR2-dependent
signalling pathways.

4.1.4 L. casei (VSL#3) does not inhibit TNF-induced NFkB signalling

TNF-induced IP-10 expression is mediated via the activation of the transcription factor NFkB.
As VSL#3 had previously been shown to inhibit NFkB activation by the inhibition of
proteasome activity (Petrof et al., 2004), it was speculated that L. casei (VSL#3) might
mediate the observed inhibition of IP-10 via analogous effects. Surprisingly, stimulation
experiments with Mode K cells revealed that L. casei (VSL#3) did not inhibit proteasome
activity. Lactacystin, a known proteasome inhibitor was used as a positive control.
Consistently, neither TNF-induced degradation of IkB nor TNF-induced phosphorylation of
RelA/p65 was inhibited by L. casei (VSL#3) (Figure 13).
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Figure 13: TNF-induced NFkB signalling is unaffected by stimulation with L. casei (VSL#3).

Western Blot analysis of untreated cells, L. casei (VSL#3)-stimulated cells and lactacystin-treated cells
(positive control) showed that L. casei (VSL#3) did not inhibit proteasomal degradation in Mode K cells
(A). TNF-induced IkB degradation (A) and TNF-induced RelA phosphorylation (B) were also not
inhibited by L. casei (VSL#3).

41.5 L. casei (VSL#3) inhibits TNF-induced IP-10 expression at a post-
transcriptional level

In order to investigate whether L. casei (VSL#3) interferes with the recruitment of RelA to the
IP-10 promoter or with IP-10 promoter activity in general, chromatin immunoprecipitation
(ChlIP) assays as well as luciferase reporter assays were performed. It was found that
L. casei (VSL#3) did not block TNF-induced recruitment of RelA to the IP-10 promoter and
that TNF-induced IP-10 promoter activity was also not reduced by the probiotic bacteria
(Figure 14).
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Figure 14. TNF-induced IP-10 promoter activity is unaffected by L. casei (VSL#3).

ChIP analysis demonstrated that TNF-induced recruitment of RelA to the IP-10 promoter is not
inhibited by L. casei (VSL#3) (A). TNF-induced luciferase reporter activity measured within Mode K
cell lysates was also not reduced by L. casei (VSL#3) (B).
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Subsequent IP-10 mRNA analysis of TNF and/or L. casei (VSL#3)-stimulated Mode K cells
six hours after the stimulation showed that L. casei (VSL#3) did not inhibit TNF-induced IP-
10 mRNA transcription. In contrast to the lack of effects of probiotic stimulation on NFkB
signal transduction and IP-10 gene transcription, intracellular IP-10 protein was almost
completely lost in IEC after 24 h of costimulation (Figure 15). This finding suggests that L.
casei (VSL#3) induces inhibitory mechanisms that mediate the loss of IP-10 on a post-

transcriptional level.
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Figure 15: L. casei (VSL#3) mediates loss of IP-10 protein via post-transcriptional mechanisms
in IEC.

Real-time PCR analysis showed that IP-10 mRNA levels are not reduced after probiotic stimulation
(6h) (A) whereas Western Blot analysis showed that IP-10 protein is strongly reduced within IEC (24
h) (B).

The finding that L. casei (VSL#3) induces post-transcriptional inhibitory mechanisms raised
the question of whether the observed loss of IP-10 might be completely independent of TNF-
induced signal transduction pathways. To prove this hypothesis, the effects of L. casei
(VSL#3) on IFNy-induced IP-10 expression in IEC were investigated. In addition, IP-10
overexpression experiments were performed using HEK cells instead of Mode K cells, as the
former ones show a much higher transfection efficacy. HEK cells were transfected with
plasmids encoding for an IP-10-DsRed fusion protein (IP-10-DsRed), or control plasmids,
encoding for the reporter protein DsRed, under the control of a constitutively active murine
leukemia virus (MLV)-promoter. L. casei (VSL#3) was found to inhibit IFNy-induced IP-10
expression as well as the amount of constitutively-produced IP-10 in IEC (Figure 16). These
results clearly show that the post-transcriptional inhibition of IP-10 by L. casei is stimuli

independent.
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Figure 16. The inhibition of IP-10 in IEC by L. casei (VSL#3) is stimuli independent.

ELISA analysis showed that L. casei (VSL#3) inhibits IFNy-induced IP-10 secretion into the cell culture
supernatant (upper panel) and Western Blot analysis revealed analogous loss of IP-10 within IEC
(lower panel) (A). In addition, constitutively expressed IP-10 protein is lost within IEC, as well as in the
cell culture supernatant, after stimulation with L. casei (VSL#3), whereas overexpression of a control
protein (DsRed) is unaffected by probiotic treatment (B).

4.1.6 L. casei (VSL#3) induces an IP-10 specific secretional blockade resulting
in degradation of the chemokine in IEC

In order to reveal whether L. casei (VSL#3) had an effect on protein translation in IEC, the
activation status of two important proteins of the translational machinery, EIF4AG and EIF4E,
was analysed after the stimulation with TNF or TNF and L. casei (VSL#3). L. casei (VSL#3)
did not inhibit TNF-induced activation of EIF4G and EIF4E. In contrast, the probiotic bacteria
was found to increase TNF-induced activation of EIF4G and EIF4E (Figure 17), which is
consistent with increased expression of IL-6 (Figure 7) and MIP-2 (data not shown) in IEC
that were costimulated with TNF and L. casei (VSL#3). Kinetic analysis of IP-10 expression
in TNF-activated Mode K cells revealed that IP-10-specific protein translation was also not
inhibited by L. casei (VSL#3). IP-10 protein was found to be initially produced but it was lost
intracellularly at later time points (6h, 24h) in the presence of L. casei (VSL#3) (Figure 17).
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However, the observed loss of IP-10 protein in IEC was not due to secretion of IP-10 into the
cell culture supernatant, suggesting that L. casei (VSL#3) induces post-translational
degradation of IP-10 in IEC.
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Figure 17. L. casei (VSL#3) does not inhibit initial IP-10 translation in IEC

Western Blot analysis showed that L. casei (VSL#3) does not inhibit the activation of the translational
machinery in IEC (A). In addition, initial production of IP-10 protein is not inhibited by L. casei (VSL#3)
whereas intracellular IP-10 protein is lost at later time points without being secreted into the cell
culture supernatant (B).

To investigate the fate of initially produced IP-10 protein in IEC in the presence of L. casei
(VSL#3), pulse chase experiments were performed using S*-labelling of proteins.
Subsequent immunoprecipitation of IP-10 revealed that initially produced S*-labelled IP-10
protein was absent within cells that were not stimulated with L. casei (VSL#3) during the

chase period, indicating normal secretion of the chemokine in these cells. In contrast, s%.
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labelled IP-10 protein was still present in IEC that were stimulated with L. casei (VSL#3)
during the chase period (Figure 18), suggesting that the probiotic bacteria mediates inhibition
of IP-10 secretion. Interestingly, the inhibition of the secretory machinery via Brefeldin A
resulted in loss of IP-10 analogous to the one induced by L. casei (VSL#3) (Figure 18). This
finding led to the hypothesis, that initial IP-10 accumulation due to a secretory blockade
might induce an intrinsic degradation program in IEC, in order to prevent harmful chemokine

accumulation.
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Figure 18. L. casei (VSL#3) mediates an IP-10-specific secretional blockade and subsequent
activation of degradation mechanisms resulting in loss of IP-10 protein.

Pulse-chase experiments showed that TNF-induced S*-labelled IP-10 protein, that is produced during
the 3h pulse period, is captured within L. casei (VSL#3)-stimulated IEC throughout the following 3h
chase period. In contrast, S*-labelled IP-10 protein is lost in unstimulated IEC due to normal protein
secretion (A). Western Blot analysis showed that the inhibition of protein secretion via brefeldin A also
results in loss of IP-10 protein (B).

The finding that IP-10 protein shows a distinct ubiquitination pattern after six hours of
costimulation with  TNF and L. casei (VSL#3) (Figure 19) suggested that ubiquitine-
dependent degradation pathways might be involved in the observed loss of IP-10 in IEC.
Surprisingly, the blockade of proteasomal activity by lactacystin, or the blockade of lysosomal

degradation by NH,4CI, did not rescue IP-10 protein (Figure 19).
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Figure 19. Degradation of IP-10 protein in IEC is dependent on alternative degradation
pathways.

Immunoprecipitation of IP-10 and subsequent Western Blot analysis showed that IP-10 is
ubiquitinated after 6 h of stimulation with L. casei (VSL#3) (A). Ubiquitination does not result in IP-10
degradation via proteasomal or lysosomal pathways, as the inhibition of these pathways by lactacystin
or ammoniumchloride (NH,CI) does not prevent IP-10 degradation (B).

The blockade of the third major cellular degradation machinery, autophagy, by 3-
methyladenine (3-MA) did also not inhibit IP-10 degradation. Mechanistically of most interest,
the inhibition of autophagic vesicle formation by 3-MA resulted in similar effects as the
stimulation with L. casei (VSL#3) with regard to cytokine and chemokine secretion. The
blockade of autophagy-related vesicular transport was found to result in loss of intracellular
and secreted IP-10, whereas the production and secretion of IL-6 was found to be even
increased. In addition, the loss of IP-10 was found to be mediated via post-transcriptional
mechanisms (Figure 20). This result indicates that IP-10 secretion is dependent on the
formation of autophagy-related vesicles, suggesting that L. casei (VSL#3) might have

inhibitory effects on this specific IP-10 secretory pathway.
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Figure 20. Autophagy-related vesicles play a role in IP-10 secretion.

The inhibition of vesicle formation by 3-MA results in exactly the same selective inhibition of IP-10
secretion as it was observed after the stimulation with L. casei (VSL#3). In addition, 3-MA mediates
loss of intracellular IP-10 protein after 24 h of stimulation (A) without affecting TNF-induced IP-10 gene
transcription (6 h) (B).
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4.2 Lactocepin, a surface-associated and secreted bacterial serin
protease is responsible for the observed loss of IP-10

4.2.1 Secreted compounds of L. casei (VSL#3) induce loss of IP-10 protein in
IEC analogous to bacterial surface proteins

In order to analyse the effects of secreted components of L. casei (VSL#3) on TNF-activated
IEC, we generated bacterial conditioned media (CM) of L. casei (VSL#3) (CM L.c).
Interestingly, we found that L. casei (VSL#3) does secrete active components that induce
selective inhibition of IP-10 secretion in IEC (Figure 21), analogous to bacterial cell surface
components (Figure 11). TNF-induced IL-6 secretion (Figure 21) and MIP-2 secretion (data
not shown) are not reduced by the stimulation of IEC with CM L. casei (VSL#3).
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Figure 21. CM of L. casei (VSL#3) selectively inhibits IP-10 secretion whereas CM of
L. plantarum 299v and L. casei BL23 do not show analogous effects.

ELISA analysis revealed that CM of L. casei (VSL#3) reduces the concentration of IP-10 in the
supernatant of TNF-activated IEC whereas it induces the secretion of IL-6.
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The observed inhibition of IP-10 via bacterial CM was found to be specific for L. casei
(VSL#3) as CM generated by L. plantarum 299v (CM L.p 299v) or L. casei BL23 (CM BL23)

did not exert similar effects (Figure 21). Of note, CM generated by E. coli Nissle strongly
induced apoptosis in IEC whereas CM generated by the gram-positive bacterial strains did
not affect viability of IEC (data not shown). To clarify whether the observed inhibition of IP-10
by secreted compounds of L. casei (VSL#3) was mediated via the same molecular
mechanisms than the one observed with whole cell L. casei (VSL#3), several central
experiments were repeated with CM L. casei (VSL#3) using CM L. casei BL23 as a negative
control. Analogous to cell surface components of L. casei (VSL#3), CM L. casei (VSL#3)
induced almost complete loss of IP-10 protein in IEC whereas TNF-induced IP-10 mRNA

expression and IkB degradation were found to be unaffected (Figure 22).
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Figure 22. CM L. casei (VSL#3) induces loss of intracellular IP-10 protein via a post-
transcriptional mechanism analogous to whole cell L. casei (VSL#3).
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Western Blot analysis showed that intracellular IP-10 protein is completely lost after stimulation with
CM L. casei (VSL#3) without being secreted into the cell culture supernatant. CM L. casei BL23 did
not have analogous effects (A). RT-PCR analysis revealed that TNF-induced IP-10 gene expression
(B) and TNF-induced IkB degradation are unchanged after stimulation with CM L.casei (VSL#3) (C).

Consistent with previous experiments, CM L. casei (VSL#3)-mediated loss of IP-10 protein in
IEC was found to be independent of the initial stimuli that induced IP-10 expression. IFNy-
induced IP-10 protein accumulation in IEC was strongly inhibited by CM L. casei (VSL#3)
(Figure 23).

R « |P-10
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Figure 23. CM L. casei (VSL#3)-induced loss of IP-10 protein is stimuli independent.
CM L. casei (VSL#3) strongly inhibits IFNy-induced increase of intracellular IP-10 protein.

In summary, these results indicate that the active secreted components of L. casei (VSL#3)
and the active L. casei (VSL#3) surface proteins mediate analogous post-translational
mechanisms, resulting in loss of IP-10 protein in IEC. This finding suggests, that the surface-
associated and the secreted active components of L. casei (VSL#3) might be identical

bacterial structures.

4.2.2 The active bacterial component secreted by L. casei (VSL#3) is a
bacterial protease

Bacterial CM is a very complex suspension of abundant bacterial components like
unmethylated DNA, metabolites, proteins and polysaccharides. In order to analyse, which
specific bacterial component is responsible for the observed inhibition of IP-10 expression in
IEC, CM was subjected to several treatments. Heat-treatment of CM L. casei (VSL#3) was
found to result in inactivation of the active component (Figure 24) whereas Benzonase A
treatment (data not shown) did not have any effect, excluding bacterial DNA as the active
component. Activity was found to be precipitable by 50% ammoniumsulfate (Figure 24),

suggesting that the inhibition of IP-10 secretion is mediated via proteinaceous bacterial
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components. This result was consistent with the fact that the active surface-expressed

components of L. casei (VSL#3) were also found to be proteinaceous in nature (Figure 11).
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Figure 24. The active secreted component of L. casei (VSL#3) is a bacterial protein.

ELISA analysis with differently treated CM L. casei (VSL#3) revealed that heating of CM L. casei
(VSL#3) abrogates its inhibitory activity on IP-10 secretion, whereas 50% ammoniumsulfate
precipitation results in complete precipitation of the active component. Activity is regained by
resolubilisation of the precipitate whereas the precipitate supernatant does not exert any detectable
activity on IP-10 secretion.

Importantly, size exclusion experiments showed that the active protein is bigger than 50 kDa.
The active component is concentrated in the retentate using a 50 kDa filter device, whereas

the flow-through was found to be completely unactive (Figure 25).
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Figure 25. The active secreted bacterial protein is bigger than 50 kDa.

Concentration of CM L. casei (VSL#3) using a 50 kDa filter device results in loss of activity in the flow-
through whereas the retentate (1x) remains active.

Surprisingly, PMSF, an irreversible serine/cysteine protease inhibitor, abrogated the
inhibitory effect of CM L. casei (VSL#3) on IP-10 expression in IEC (Figure 26). This result
raised the question of whether the PMSF-mediated effect was due to the inhibition of an
active bacterial protease or due to the inhibition of a cellular protease involved in the
degradation of IP-10 in IEC. Stimulation experiments with untreated CM L. casei (VSL#3) in
PMSF-preincubated Mode K cells revealed that PMSF does not inhibit the degradation of IP-
10 in IEC, but that it inhibits the activity of a bacterial protease in the CM of L. casei (VSL#3)
(Figure 26).
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Figure 26. The active secreted protein of L. casei (VSL#3) is a bacterial serine protease.

The application of the irreversible serine protease inhibitor PMSF completely abrogates the inhibitory
effect of CM L. casei (VSL#3) on IP-10 protein secretion (upper panel) and rescues intracellular IP-10
protein (lower panel) (A). The observed inhibition of IP-10 degradation is due to the inhibition of a
bacterial protease and not due to the inhibition of a cellular protease, as PMSF-preincubation (1 h) of
Mode K cells does not inhibit subsequent induction of IP-10-degradation via CM L. casei (VSL#3) (B).

Subsequent serine/cystein protease activity assays showed that CM L. casei (VSL#3) indeed
contains one or more PMSF-sensitive serine/cysteine proteases in contrast to CM L. casei
BL23. However, the proteolytic activity of CM L. casei (VSL#3) in the FTC-casein assay was
found to be rather weak and was only observed when CM L. casei (VSL#3) was used in high
concentrations (Figure 27). These results suggest that FTC-casein is not a preferred

substrate for the active bacterial protease that mediates the loss of IP-10 in IEC.



RESULTS 67

_1
=}
)

=
o

Protease Activity
Extinction (492 nm)}

=
o

— + - — - CMBL23
- - + - - CML.c

- - - + -  CML.c PMSF
- - - - +  Trypsin

Figure 27. L. casei (VSL#3), but not L. casei BL23 secretes a bacterial serine protease which is
able to degrade FTC-casein.

CM L. casei (VSL#3) (10x) is able to degrade FTC-casein whereas CM L. casei BL23 (10x) does not
show proteolytic activity.

4.2.3 The active bacterial protease does not reduce TEER

Bacterial proteases were recently shown to be able to reduce intestinal barrier function
(Steck et. al, 2009, Gastroenterology, 136-5, supplement 1, A21-A22). In order to investigate
whether the secreted protease of L. casei (VSL#3) exerts similar detrimental effects on IEC
barrier function, T84 cells were stimulated with CM L. casei (VSL#3) using CM L. casei BL23
as negative control. The active protease secreted by L. casei (VSL#3) did not reduce TEER
of T84 cells. In addition, CM L. casei (VSL#3) did not induce further decrease of TNF/IFNy-
reduced TEER of T84 cells (Figure 28). This result shows that the active bacterial protease
secreted by L. casei (VSL#3) does not negatively influence intestinal epithelial barrier

function.
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Figure 28. The anti-inflammatory bacterial protease secreted by L. casei (VSL#3) does not
negatively affect TEER.

The stimulation of T84 cells with CM L. casei (VSL#3) and CM L. casei BL23 revealed that the active
bacterial protease in the CM L. casei (VSL#3) does not affect normal or TNF/IFNy-reduced TEER.

4.2.4 Lactocepin is the active bacterial protease of L. casei (VSL#3)

In order to characterize the active bacterial protease that is secreted by L. casei (VSL#3),
chromatographic fractionation of CM L. casei (VSL#3) was performed in collaboration with
Dr. Alpert at the DifE in Potsdam. CM L. casei (VSL#3) was fractionated according to
molecular mass (superdex chromatography), hydrophobicity (phenyl-sepharose) or charge
(MonoQ-ion exchange chromatography). The resulting chromatographic fractions were
subsequently screened in cell culture stimulation experiments with regard to their potential to
reduce IP-10 secretion. Surprisingly, each of the three different chromatographic methods
led to the elution of several active fractions, which were separated by non-active fractions
(Figure 29). This uncommon elution profile of the active protein points towards an oligomeric
protease with different active subunits, self-processing of the active protease during elution

or the existence of several independently active proteases in the CM of L. casei (VSL#3).
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Figure 29. Chromatographic fractionation of CM L. casei (VSL#3) results in several separated
active fractions.

Chromatographic separation of the constituents of CM L. casei (VSL#3) according to molecular mass
(Superdex), charge (Mono-Q) or hydrophobicity (Phenyl-Sepharose) was performed. Subsequent cell
culture stimulation experiments revealed probiotic activity in several chromatographic fractions which
were often separated by non-active fractions.
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Several chromatographic fractions that were identified to be highly active or non-active were
subsequently subjected to LC-MS-MS analysis. All active fractions were found to contain a
bacterial protease, lactocepin, that was absent from non-active fractions (Table 4).
Lactocepin is a membrane-bound and secreted serine protease with a molecular weight of
200 kDa (precursor), thereby fitting all the previously detected characteristics of the active
component of L. casei (VSL#3). This result suggests that lactocepin is the active probiotic

structure that mediates the observed loss of IP-10 in IEC.

Table 4: Lactocepin was identified as the active protease secreted by L. casei (VSL#3).

chromatography fractions
gene T MY ) . .
name protein name (kDa) nala|a|najla|na
! 0-2 hydroxyisocaproate dehydrogenase 36 + | +
graL |BOkDa chaperanin A7 + [+ |+ +
vals  [Yalyl-tRMA synthethase 100 + | +
gap |Glyceraldehyde-3-phosphate dehydrogenase 35 + [+ |+ | + +
qued | S-adenosylmethionine:tRMA ribosyliransferase | 38 +
ghd |B-phosphogluconate dehydrogenase 52 + | +
gros= |10 kDa Chaperonin 10 + |+
prtP  |Plltype proteinase precursor {Lactocepin} | 200 + |+ +
metG (MethionytRMNA synthetase 76 +
dnakl |hspf0 BB +
ldh |L lactatdehydrogenase 35 +
gale |UDP-glucose 4-epimerasze 36 +
pF  |Pl-type proteinase precursor 199 +
purF  |Amidophosphonbosyltransferase 112 +
guaB |Inosine-5"-monophosphate dehydrogenase 52 +
pgk  |Phosphoglycerate kinase 42 +
tuf  |Elongation factor Tu 43 +

n.a (not active)
a (active)

Different active as well as non-active fractions derived from chromatographic separations were
subjected to LC-MS-MS analysis. The table shows all proteins that were identified in the respective
fractions. All active fractions were found to contain a cell wall associated and secreted serine
protease, lactocepin, which was absent from the non-active fractions.
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4.3 VSL#3 and L. casei (VSL#3) are not effective in the prevention

or treatment of ileitis in TNF2*R¥* mice

4.3.1 Post-weaning feeding of VSL#3 or L. casei (VSL#3) does not reduce ileitis
in TNFA*RE™ mice

In order to analyse whether the inhibition of IP-10 secretion in IEC by VSL#3 and L. casei
(VSL#3) is a physiologically relevant anti-inflammatory mechanism with regard to ileal
inflammation, we performed feeding experiments in TNFAARE
of chronic ileitis. Feeding of TNFAR¥* mice with VSL#3 or L. casei (VSL#3) was started post-

weaning. At the age of 18 weeks, the mice were sacrificed and samples were taken for

mice, an experimental model

subsequent analysis of probiotic effects. Histopathological analysis of distal ileal sections

showed that VSL#3 did not have protective effects on ileitis in TNFAARE®

FAARE/+

mice. Analogously,

L. casei (VSL#3) was not effective in the reduction of ileitis in TN mice (Figure 30).

A lleum

wt + placebo TNFAARER 4 vSL#3

TNF2ARE™ 4 placebo TNFAARE™+ | casei (VSL#3)
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Figure 30. VSL#3 and L. casei (VSL#3) do not reduce ileitis in TNF*AR* mice.

The figure shows representative H&E stained ileal tissue sections (A) and the mean histopathological
scores (B) of differentially treated wildtype and TNF*RE* mice, demonstrating that none of the two
probiotic treatments had a protective effect on ileal inflammation.

As the probiotic treatments were uneffective, it was important to prove that the applied
feeding protocol did result in an increase of probiotic bacteria in the intestine of TNFAARE*
mice. PCR analysis was performed with DNA isolated from gut content using species-
specific primers for S. thermophilus, the most prominent bacterial strain of VSL#3, or L. casei
(VSL#3) (Figure 31). As expected, this analysis confirmed increased numbers of
S. thermophilus in the intestine of VSL#3-fed mice as well as increased numbers of L. casei
(VSL#3) in the intestine of L. casei (VSL#3)-fed mice. Interestingly, L. casei (VSL#3) was

also found to be attached to the ileal mucosa in L. casei (VSL#3)-fed mice.

A

S. thermophifus

placebo VSL#3
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L. casei
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TNFdeltaARE n.d. 531141

Figure 31. VSL#3 and L. casei (VSL#3) are present in the intestine of TNFAR¥* mice.

The numbers of S. thermophilus (A) and L. casei (VSL#3) (B) are increased in the gut content of
VSL#3-and L. casei (VSL#3)-fed mice compared to placebo-fed mice. The table in Figure B shows
that L. casei (VSL#3) is even attached to the ileal mucosa in detectable amounts in L. casei (VSL#3)-
fed mice whereas this is not the case in placebo fed mice.

In consistence with the lack of effects on ileal inflammation in TNFARE* mice, the level of IP-
10 in isolated ileal/jejunal IEC was not reduced by the different probiotic treatments (Figure
32). Furthermore, subsequent proteome analysis revealed that VSL#3-feeding did not
change protein expression profiles in primary ileal/jejunal IEC isolated from TNF**RE* mijce

(data not shown).

llealfjejunal IEC:
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Figure 32: lleal IEC isolated from inflamed TN mice show increased levels of IP-10

protein which were not reduced by probiotic treatments.

Western Blot analysis of isolated primary ileal/jejunal epithelial cells revealed that IP-10 protein levels
are strongly upregulated under inflammatory conditions and that the uptake of VSL#3 or L. casei
(VSL#3) did not counteract this effect.
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4.3.2 Combined pre-weaning and post-birth VSL#3-feeding does not prevent
ileitis in TNFAARE™ mice

In order to analyse whether earlier onset of probiotic therapy would be effective in the

FAARE/+

reduction or prevention of ileitis in TN mice, a pre-weaning feeding study was

performed. Pregnant wildtype mice were fed VSL#3 and in addition, the offspring of these

FAARE/+

mice (wildtype and TN mice) were fed VSL#3 from day one after birth. The mice were

sacrificed at the age of 18 weeks. Histopathological analysis of the distal ileum revealed that

FARE® mice in this

the probiotic mixture did not exert protective effects on the ileitis in TN
experimental setup (Figure 33). As plasma levels of serum amyloid A (SAA), a general
marker of inflammation, were paradoxically found to be undetectable even in highly inflamed
TNFARE* mice, plasma levels of TNF were determined in order to assess the systemic
impact of VSL#3. In addition to the lack of protective effects on ileal inflammation, plasma
levels of TNF were found to be unaffected by probiotic treatment in TNFA*RE* mice (data not

shown).

A lleum

wt + placebo TNFAARE 4 placebo

wt + VSL#3 TNFAARER 4 ySL#3
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Figure 33: Pre-weaning feeding of VSL#3 does not prevent ileal inflammation in TNF**"¥"* mice.

The figure shows representative pictures of H&E stained ileal tissue sections FgA) as well as the mean
histopathological score (B) of placebo or probiotic-treated wildtype and TNFARE mice, demonstrating
that pre-weaning feeding of VSL#3 has no protective effect on ileal inflammation.

4.4 Protective effects of VSL#3 on colitis in IL10-/- mice are
segment-specific and correlate with IP-10 expression in IEC

441 VSL#3 is protective on cecal inflammation in IL10-/- mice whereas
colonic inflammation is unaffected by probiotic treatment

Previous studies had already shown significant reduction of cecal and colonic inflammation in
IL-10-/- mice by VSL#3 (Madsen et al., 2001). In order to analyse the protective effects of
VSL#3 on IEC in this experimental colitis model, IL-10-/- and 129SvEv wildtype mice were
fed VSL#3, starting post-weaning. At 24 weeks of age the mice were sacrificed and samples
were taken for subsequent analysis of probiotic effects. Surprisingly, histopathological
analysis of the cecum and the distal colon showed that VSL#3 had segment-specific
protective effects as colonic inflammation was not reduced whereas cecal inflammation was

significantly abrogated in probiotic fed IL10-/- mice (Figure 34).



76 RESULTS

A Colon

wt + placebo IL10-/- + placebo

wt + VSL#3 IL10-/- + VSL#3

B Colon

Histopathological score (0-12)
(median)

- + - + VSL#3
wt IL-10-/-




RESULTS 77

C Cecum

wt + placebo IL10-/- + placebo

wt + VSL#3 IL10-/- + VSL#3

D Cecum

sk

Histopathological score (0-12)
(median)

- + - + VSL#3
wt IL-10-/-

Figure 34. VSL#3 has local protective effects on cecal inflammation in IL10-/- mice.

Representative pictures of H&E stained colonic tissue sections (A) and the median histopathological
scores (B) of the colon of placebo or VSL#3-fed wildtype and IL10-/- mice demonstrate that VSL#3
had no protective effect on colonic inflammation. In contrast, representative pictures of H&E stained
cecal tissue sections (C) and the median histopathological scores of the cecum (D) of placebo or
VSL#3-fed wildtype or IL10-/- mice demonstrate that VSL#3 reduces cecal inflammation in IL10-/-
mice.



78 RESULTS

Systemically, enhanced serum amyloid A (SAA) plasma levels were found to be unaffected
by probiotic feeding (Figure 35), underlining the histopathological finding that the anti-
inflammatory effect of VSL#3 on IL10-/- mice was due to a local probiotic mechanism

restricted to the cecum.

SAA (pg/ml)

- + - + VEL#3
wt IL-10-/-

Figure 35: The systemic inflammation marker SAA is not reduced by VSL#3 feeding

ELISA analysis showed that SAA is strongly increased in the plasma of IL10-/- mice and that probiotic
feeding did not reduce the high plasma level of SAA.

4.4.2 VSL#3-induced attenuation of cecal inflammation correlated with reduced
expression of IP-10 in cecal epithelial cells

Protein analysis of pooled cecal/colonic IEC revealed reduced levels of IP-10 in IEC isolated
from VSL#3-fed IL10-/- mice compared to the ones isolated from placebo-fed IL10-/- mice.
Immunohistochemical analysis of cecal tissue sections confirmed that IP-10 expression was
strongly reduced in cecal epithelial cells of VSL#3-fed IL10-/- mice (Figure 36) whereas there
was no difference in IP-10 expression in colonic IEC (data not shown). In consistence with
the reported post-translational inhibition of IP-10 expression in IEC in vitro, the reduction of
IP-10 protein in pooled primary cecal/colonic IEC was found to be mediated via post-
translational mechanisms, as the production of IP-10 mRNA in these cells was not reduced
by VSL#3 (Figure 36). These results suggest that the local induction of IP-10 degradation in
cecal IEC by L. casei (VSL#3) might play an important role in the observed VSL#3-mediated

reduction of cecal inflammation in IL10-/- mice.
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Figure 36: Reduced cecal inflammation is paralleled by reduced IP-10 protein expression in
cecal epithelial cells.

Western Blot analysis of isolated cecal/colonic epithelial cells revealed a strong increase of IP-10 in
IEC isolated from placebo-fed IL10-/- mice. VSL#3-feeding was found to decrease the level of IP-10
protein in IEC whereas IP-10 mRNA expression within these cells was not reduced (A).
Immunohistochemical staining (B) revealed that IP-10 protein (green) is strongly reduced in cecal
epithelial cells of VSL#3-fed mice, correlating with reduced cecal inflammation.
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DISCUSSION

The aim of the present thesis was to reveal bacterial structure-related molecular mechanisms
underlying protective effects of VSL#3 in the context of IBD. The findings revealed post-
translational inhibition of IP-10 secretion in IEC as a new probiotic mechanism. This anti-
inflammatory effect of VSL#3 was found to be mediated by L. casei-derived lactocepin and
was proven to be of relevance in specific IBD indications in vivo.

The inhibitory effect of VSL#3 on IP-10 expression was revealed to be due to a single
bacterial strain of the probiotic mixture, L. casei (VSL#3). The protective bacterial structure of
L. casei (VSL#3) was found to be a bacterial serine protease and was identified as lactocepin
type Il (PrtP). Lactocepins are bacterial cell surface proteases which can also be shedded off
the membrane via autoproteolysis, explaining why both, whole cell L. casei (VSL#3) as well
as bacterial supernatants, were found to induce the inhibition of IP-10 expression in IEC.
Lactocepins were first discovered in Lactococcus lactis and caseins were found to be the
main substrate of this bacterial protease. In consequence, lactocepin-expressing bacteria are
capable of using caseins for their amino acid supply (Juillard et al., 1995). There are three
known types of lactocepins, PI to PIIl, which show at least 95% sequence homology. The
different lactocepin types are classified according to biochemical properties and according to
their specificity towards casein subgroups. These subtypes can be subclassified into different
groups of lactocepins (a—f) according to their preferred cleavage sites of the substrate (Holck
and Naes, 1992). Apart from the respective amino acid sequence of the proteases, the
specificity of lactocepins towards alpha, beta or kappa casein was found to be determined
via post-translational modifications, mainly through autoproteolysis (Broadbent et al., 2002;
Flambard and Juillard, 2000). Genetic engineering experiments revealed that lactocepin is
still active even if large peptide sequences are excised (Bruinenberg et al., 1994). The
extensive proteolytic processing of lactocepin is thought to be the reason for the very
uncommon elution profile of probiotic activity after chromatographic fractionation of CM.
Differently processed isoforms of lactocepin are thought to elute in separate fractions
according to the respective molecular weight or charge. Consequently, several separated
fractions were found to be active with regard to the inhibition of IP-10 in IEC (Figure 29). LC-
MS-MS finally revealed that all active fractions contain peptide sequences that have a
lactocepin type Il precursor in common (Table 4), but which processed forms of this
precursor are active isoforms of lactocepin remains to be elucidated.

So far, lactocepin is one of the very first probiotic structures that have been identified

to exert a specific anti-inflammatory effect. To date, it is unclear why other Lactobacillus
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strains like L. casei BL23 and L. casei ATCC334, which both do encode lactocepins, were
inactive with regard to the inhibition of IP-10 expression in IEC. A possible explanation for
this finding could be that these strains do either not express lactocepin on protein level at all,
or that they do not express the serine protease under the bacterial growth conditions applied
in this study. In this context, the transcription of lactocepin was found to be sensitive to
peptide and amino acid concentrations in the growth media (Marugg et al., 1995; Marugg et
al., 1996). It could also well be that the bacterial strains that were found to be inactive with
regard to the inhibition of IP-10 secretion encode a lactocepin protein that exhibits a different
substrate specificity compared to the one produced by the active strains. Another possible
explanation is that lactocepin is not processed into the active isoforms which are responsible
for the antiinflammatory effect on IP-10 expression in the lactocepin-encoding but unactive
strains. In this context, it is known that some lactocepin isoforms need to be processed into
the respective active forms by a proteinase maturation protein, prtM. Furthermore, some
bacterial strains were found to encode non-functional lactocepins (Cai et al., 2009).

To date, there is nothing known about the target receptor or protein on IEC which is
activated or cleaved by lactocepin, resulting in the observed loss of IP-10 in IEC. Regarding
the weak proteolysis of FTC-casein by CM L. casei (VSL#3) compared to the strong
inhibitory effect of CM L. casei (VSL#3) on IP-10 secretion in IEC, it might be speculated that
L. casei (VSL#3) produces lactocepin isoforms with high specificity for the sofar unknown
receptor on IEC. Alternatively, it might well be that there are only very low amounts of
lactocepin needed to induce an inhibitory cascade in IEC. The finding that CM of L. casei
BL23 does not show any proteolytic activity on FTC-casein indicates that this strain does
indeed not produce active forms of lactocepin.

Interestingly, the ability of a bacterial strain to reduce the level of secreted IP-10 via
lactocepin might be an important survival factor, as high levels of IP-10 were found to exert
antibacterial, defensin-like effects (Cole et al., 2001; Eliasson and Egesten, 2008). The
evolutionary strain-specific development of lactocepin isotypes that are able to inhibit
antibacterial IP-10 secretion might be an important anti-inflammatory probiotic mechanism in
the context of IBD.

Inflamed intestinal tissue in IBD patients and animal models of experimental
inflammation is characterized by highly elevated levels of the proinflammatory chemokine IP-
10 (Banks, 2003; Hyun, 2005; Suzuki, 2007). In a healthy host, pathogen-induced secretion
of IP-10 triggers recruitment of effector Th1 cells and monocytes into the mucosa, resulting in
subsequent deletion of the infectious agent. In IBD, dysregulated secretion of high amounts
of IP-10 in the absence of any pathogenic stimuli may lead to continuous recruitment and

activation of effector cells, resulting in the loss of epithelial cell integrity and tissue damage.
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The present work shows for the first time that IP-10 expression in IEC correlates with
inflammation in IBD. IP-10 expression was found to be strongly elevated in primary IEC from
the ileum of heterozygous TNF**RE* mice as well as in IEC isolated from the large intestine
of IL-10-/- mice compared to healthy wildtype mice. These findings show that IEC are a major
source of IP-10 within chronically inflamed intestinal tissues, suggesting a strong anti-
inflammatory impact of lactocepin-reduced IP-10 secretion in the context of IBD. This
hypothesis is supported by protective effects of a neutralizing anti-IP-10 antibody in an
experimental study. The use of this anti-IP-10 antibody was found to be sufficient to
significantly reduce colitis in IL10-/- mice. The protective effect was shown to be mediated by
reduced recruitment of activated Th1 cells into the mesenteric lymph nodes as well as into
the colonic mucosa of IL10-/- mice. The study also revealed that the anti-IP-10 antibody was
more effective in the prevention of severe colitis than in the reduction of active disease (Hyun
et al., 2005). This finding might be explained by the fact that neutralization of IP-10 does
block the recruitment of proinflammatory effector cells but does not inhibit the activity of
already present Th1 cells or monocytes. As a consequence of the great success of the anti-
IP-10 therapy on experimental colitis in IL10-/- mice, a phase one clinical study with an anti-
IP-10 antibody was performed. As the phase one trial was successfully completed, a phase I
clinical study was started in 2008 but the results are not yet published (Medarex
Announcement, 2008).

Since IP-10 secretion has a profound impact on health and disease, it becomes clear
that the expression and secretion of this chemokine has to be tightly regulated. Consistently,
IP-10 expression has been shown to be modulated at various levels. The activation of
peroxisome proliferators activated receptor (PPAR) y by PPARYy ligands was found to inhibit
IFNy-induced IP-10 expression by reducing IP-10 promoter activity in human endothelial
cells (Marx et al., 2000). In addition, butyrate was revealed to inhibit IFNy and TNF-induced
IP-10 gene transcription by STAT1-independent pathways in colonic subepithelial
myofibroblasts (Inatomi et al., 2005). Apart from the transcriptional regulation, processing of
cytokines and chemokines at the post-transcriptional and post-translational level is
suggested to be very important for their proper functionality (Proost et al., 2006; Proost,
2006) but exact mechanisms are mostly unknown. In this context, flagellin-induced-
interleukin 8 expression was shown to be downregulated by the inhibition of p38 via a post-
transcriptional mechanism in IEC (Yu et al., 2003). In addition, the biosynthesis of IFNy
protein was found to be selectively suppressed in Th1 cells stimulated with lead, whereas
IFNy mRNA levels were not reduced (Heo et al., 2007). Concerning IP-10, complex post-
transcriptional regulatory mechanisms seem to play a very important role. Recent studies

revealed that S100b-induced increase of IP-10 mRNA half-life in monocytes seems to be
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responsible for increased IP-10 protein production and secretion (Shanmugam et al., 2006).
Furthermore, extensive post-translational proteolytic processing of IP-10 was found to take
place. The truncation of four amino acids at the C-terminal end of IP-10 was found to be
mediated through furin, a pro-protein convertase in keratinocytes. Furthermore, extracellular
IP-10 was found to be processed C-terminally by neutrophil secreted neutrophil
collagenase/matrix metallo proteinase 8, whereas Gelatinase B/matrix metallo proteinase 9
was found to degrade the chemokine completely (Van den Steen et al., 2003). The impact of
C-terminal processing of IP-10 on IP-10 functionality remains to be elucidated as neither IP-
10 heparin binding (Luster et al., 1995) or CXCR3 binding properties nor the direct
antimicrobial effect of IP-10 is changed by this kind of posttranslational processing
(Hensbergen et al., 2004). In contrast, N-terminal dipeptide cleavage by extracellular and/or
intracellular proteases like CD26 dipeptidyl prolyl IV peptidase results in neutralisation of IP-
10. This mechanism is very important for the termination of an inflammatory response, for
example after successful elimination of pathogens from tissues. In addition to the strong
reduction of its own chemotactic activity, N-terminally truncated IP-10 acts as a chemotactic
antagonist for other chemokines whereas it retains its inhibitory activity on angiogenesis
(Proost et al.,, 2001; Proost et al., 2006). A recent study reported that post-translational
citrullination of IP-10 (conversion of arginine to citrullin) by a peptidylarginine deiminase
resulted in similar loss of IP-10 chemotactic activity without affecting CXCR3 binding (Loos et
al., 2008). In addition to post-translational processing, the functionality of IP-10 was shown to
be modulated by its oligomerization status (Jabeen et al., 2008). Oligomeric but not
monomeric IP-10 was found to mediate transendothelial migration of lymphocytes via its
binding to endothelial cells (Campanella et al., 2006). The present work revealed for the first
time that probiotic bacteria are able to induce protective post-translational regulatory
mechanisms in IEC.

L. casei (VSL#3) was found to induce an IP-10 specific secretory blockade resulting
in subsequent degradation of IP-10. Loss of intracellular IP-10 protein was also found to be
induced by brefeldin A, a general inhibitor of protein secretion. This finding suggests that
intracellular degradation of IP-10 is due to an intrinsic mechanism that is induced in IEC as a
consequence of blocked IP-10 secretion. It is hypothesized that the degradation of IP-10 is a
protective mechanism, preventing harmful IP-10 accumulation in IEC. Interestingly, 3-MA, an
inhibitor of vesicle formation and exosome secretion (Dardalhon, 2002) specifically inhibited
the secretion of IP-10. Considering the extensive post-translational processing of IP-10, the
inhibition of IP-10 secretion by 3-MA might be a consequence of chemokine maturation
processes in endolysosomal compartments prior to exocytosis. Endolysosomal protein

maturation has been shown to play a role in the context of several other secretory proteins
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(Marinari, 2003; Schahs, 2008). Since 3-MA and L. casei (VSL#3) show exactly the same IP-
10-specific inhibitory profile it is hypothesized that L. casei (VSL#3) mediates an inhibition of
vesicular trafficking similar to 3-MA. This inhibition is thought to result in impaired secretion of
IP-10, followed by degradation of the chemokine. However, proteases that are involved in the
clearance of intracellular IP-10 in IEC remain to be elucidated since L. casei (VSL#3)-
induced ubiquitination of IP-10 does not target the protein for proteasomal degradation.
Furthermore, and in contrast to the finding that LPS-induced TNF is degraded in lysosomes
under hypoxic conditions (Lahat, 2008), the blockade of lysosomal pathways did not rescue
IP-10 protein from L. casei (VSL#3)-induced degradation, suggesting alternative degradation

pathways to be involved.
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Figure 37. Hypothetic blockade of IP-10 specific vesicular secretory pathways by L. casei
(VSL#3).

L. casei (VSL#3) is thought to block IP-10 specific vesicular secretion pathways. Blocked secretion of
IP-10 induces degradation of IP-10 via unknown proteolytic pathways in IEC.

In consistence with the post-translational nature of the inhibitory mechanism induced by
L. casei (VSL#3), IP-10 protein degradation in IEC was found to be stimuli-independent. This
finding is very important for the relevance of the observed mechanism in vivo as IP-10
expression in IEC is triggered by various different stimuli like TNF, IFNy and LPS.
Furthermore, the finding that the inhibition of IP-10 secretion in IEC by L. casei (VSL#3) has
a strong negative impact on the migration of activated T cells, without affecting epithelial cell

viability, is promising with regard to the relevance of this mechanism in vivo.
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In agreement with the promising in vitro data, VSL#3 feeding studies revealed
physiological relevance of the inhibition of IP-10 expression in primary IEC, but the protective
effect of VSL#3 was found to be dependent on the spatial distribution of the intestinal
inflammation. VSI#3 feeding was found to be protective in the context of cecal inflammation
in IL10-/- mice, whereas colonic inflammation in IL10-/- mice as well as ileal inflammation in
TNF2*RE™ mice were found to be unaffected by the probiotic treatment.

Post weaning feeding of VSL#3 or L. casei (VSL#3) did not exhibit protective effects
on the development of ileal inflammation in TNFA*R¥"* mice. In addition, the lack of protective
effects of pre-weaning feeding of VSL#3 in TNF**RE* mice conclusively revealed that VSL#3
is not able to prevent the onset of ileal inflammation. The failure of probiotic therapy in the

FAARE™ mice could be due to a combination of several factors. First, the

FAARE/+

context of ileitis in TN
findings might indicate that the constant overexpression of TNF in TN mice drives
such a strong Th1-cell mediated immunopathology, that the anti-inflammatory effects of
probiotic therapy are too weak to confer a notable protection on the development of tissue

FAAREM mice could

pathology. Second, the lack of protective probiotic effects on ileitis in TN
also be a consequence of the disease localisation, as the ileal bacterial load is lower
whereas the transit rate is higher compared to the large intestine (Savage, 1977). These
conditions might account for low numbers of probiotic bacteria in the ileum. It might also be
that the probiotic bacteria pass the ileum before being fully recovered from the low pH in the
stomach as well as from high concentrations of bile acids and digestive enzymes in the
duodenum. These stressful conditions in the upper gastrointestinal tract might be responsible
for delayed protective activities of probiotic bacteria, although probiotics are characterized by
the ability to survive these hostile conditions. In this context, it is also possible that the sour
and highly digestive environment in the small intestine hampers probiotic functionality by the
disruption of active surface components, without affecting probiotic activity and viability. The
latter hypothesis could serve as an explanation for the lack of IP-10 inhibition in primary IEC
of TNFAR®" mice by L. casei (VSL#3), as the protective mechanism was found to be
mediated by trypsin sensitive, cell surface bound lactocepin. Cell-surface bound lactocepin
might be cleaved and inactivated by digestive proteases after the entry of L. casei (VSL#3)
into the duodenum. It might take some time until the probiotic bacteria resynthesize and
secrete the active component in protective amounts. This hypothesis suggests probiotic
therapy to be more efficient in the more distal compartments of the intestine. However, the
observation that VSL#3 does not reduce ileal inflammation in TNF*RE* mice is consistent
with clinical studies in CD patients which mostly failed to show protective probiotic effects
(Rolfe et al., 2006).
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In contrast to the lack of protective effects on ileitis in TNFARE*

mice, post-weaning
feeding of VSL#3 was found to abrogate cecal inflammation in IL10-/- mice. Unlike the result
of previous studies (Madsen et al.,, 2001), colonic inflammation in IL10-/- mice was not
reduced by oral uptake of VSL#3. This finding suggests a strong impact of the resident
colonic microbiota on the efficacy of probiotic therapy. The finding of intestinal segment
specific probiotic protection in a single animal model of experimental colitis clearly shows that
probiotic efficacy is dependent on the localisation of inflammation. The different response
towards probiotic treatment in cecal and colonic compartments might be due to the fact that
the cecum exhibits a lower inflammatory grade compared to the colon even in placebo
treated IL-10-/- mice. The mildly inflamed tissue might be receptive for regulatory effects of
probiotic bacteria whereas the protective pathways triggered by probiotics might be
overwritten under conditions of severe inflammation. Another explanation for the different
response might be the different bacterial colonisation in these two intestinal compartments
enabling protective probiotic effects in the cecum but not in the colon. The intestinal
microbiota has already been shown to have an enormous impact upon the onset, severity
and localisation of experimental colitis, suggesting that even small differences might impact
the effectiveness of probiotic treatment (Kim, 2005). To date, the reason why VSL#3 is
effective in one intestinal compartment but not in the other remains speculative but detailed
analysis of probiotic presence and functionality in the different intestinal compartments might
resolve at least parts of these questions in the future. The severity of the colonic
inflammation in VSL#3-fed IL10-/- mice likely accounts for the high plasma level of the
inflammatory marker SAA, despite the fact that cecal inflammation was reduced by the
probiotic therapy. This finding indicates that the reduced cecal inflammation is due to a local
probiotic effect and not due to the induction of systemic regulatory mechanisms. Consistent
with this hypothesis, the protective activity of VSL#3 on cecal inflammation in IL10-/- mice
was found to correlate to reduced IP-10 expression in primary cecal epithelial cells. In
addition, the number of CCL5 positive T cells was found to be strongly reduced in the cecum
of VSL#3 treated mice (Reiff et al., 2009) indicating that the reduction of IP-10 secretion in
IEC results in impaired recruitment of effector cells. Interestingly, the loss of IP-10 protein in
primary IEC was found to be mediated by a post-transcriptional mechanism. This result
suggests that the in vitro-observed post-translational inhibition of IP-10 secretion in IEC by L.
casei (VSL#3)-derived lactocepin is indeed relevant in vivo, and contributes to the protective
effect of VSL#3 in the context of IBD (Figure 38).
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Figure 38. Postulated tissue protective effect of lactocepin in vivo.

Increased secretion of IP-10 from dysregulated IEC (1.) results in enhanced recruitment of
proinflammatory CXCR3-bearing effector cells into the mucosal tissue along an IP-10 gradient (2.).
The effector molecules produced by these cells (3.) subsequently damage the mucosal tissue cells
and reduce the intestinal barrier function (4.). Cell-surface bound or secreted lactocepin from specific
probiotic strains inhibits the secretion of IP-10 in IEC (5.) and thereby protects the mucosal tissue from
the deleterious consequences of uncontrolled IP-10 secretion.

Future feeding experiments of IL10-/- mice including L. casei (VSL#3) and a lactocepin
deficient isogenic mutant will finally answer the question of whether this bacterial serine
protease is responsible for the observed loss of IP-10 protein in primary IEC, resulting in
reduced chronic intestinal inflammation. If this holds true, the determination and purification
of active lactocepin isoforms as well as the analysis of the efficacy and safety of this defined
bacterial structure in experimental IBD models will be an important future task. In the best of
all cases, the identification of lactocepin as an anti-inflammatory probiotic structure might
lead to its successful use as a new anti-inflammatory macromolecule in pharmaceuticals or

functional food preparations in the context of IBD.
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