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Abstract 

The incidence of Esophageal Adenocarcinoma (EAC) is increasing, with the only known 

precursor lesion being Barrett’s Esophagus (BE). BE describes the replacement of the 

squamous epithelium in the esophagus with columnar epithelium, likely mediated by 

inflammation. BE and EAC are associated with obesity and a western style diet through 

currently unknown mechanisms. However, there remains no way to identify patients at risk 

for EAC and thus no effective surveillance programs. As a consequence no preventive 

programs exist either. L2-IL-1β mice are a model of BE and EAC which show accelerated 

tumor formation when fed with a high fat diet (HFD) without getting obese.  

The aim of this thesis was to investigate if the gut microbiome plays a role in a HFD 

mediated and accelerated phenotype. L2-IL-1β mice were raised in an open-cage facility 

(VAT), a specific pathogen free facility (SPF) and a germfree facility. Germfree L2-IL-1β 

showed reduced tumor formation and inflammation. VAT mice showed a stronger 

phenotype than SPF mice, meaning the phenotype was intensified with decreasing the 

hygiene level. This data links inflammation and tumor formation to the presence of 

bacterial communities. 16S sequencing was performed for the VAT and SPF fecal samples 

to analyze the microbiome. β-diversity analysis showed separate clustering of HFD fed L2-

IL-1β mice in comparison to all other groups, due to a unique taxonomic profile. These 

microbiome changes in HFD fed L2-IL-1β mice were linked in silico to functionality by 

performing a PICRUSt analysis creating a predictive metagenome. Significant differences 

found in the KEGG pathways in HFD fed L2-IL-1β suggest a functional component 

contributing to BE and EAC development. While the mechanisms remain unclear these 

results show an influence of the gut microbiome on BE and EAC development in L2-IL-1β 

mice and could potentially support patients screening. Furthermore inflammatory cytokines 

such as IL-8 are important mediators of the observed HFD induced phenotype possibly by 

influencing progenitor cells by the tumor microenvironment. The elimination of this 

microenvironment under germfree housing conditions showed a systemic effect on 

inflammatory signaling of the intestinal microbiome. 

To investigate the feasibility of chemopreventive approaches in BE and EAC, L2-IL-1β 

mice were treated with the IL-1 receptor antagonist Anakinra and the nonsteroidal anti-

inflammatory drugs (NSAIDs) Asprin (ASS) and Sulindac. Anakinra treatment proved the 
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concept that the L2-IL-1β mice can be treated with anti-inflammatory drugs to reduce 

tumor progression. Both Aspirin (ASS) and Sulindac act on cyclooxygenase 2, a 

proinflammatory enzyme. A protective effect of both NSAIDs could be observer in HFD 

fed L2-IL-1β mice with a marked change in the immune cell profile of Sulindac treated 

mice. Considering the results of the AspECT trial, where ASS with/without Esomeprazole 

was reducing the incidence of EAC, chemoprevention with NSAIDs seems a highly 

promising treatment strategy for a specifically symptomatic population. 

In summary we could demonstrate that HFD alters the microbiome composition in the gut 

in L2-IL-1β mice. Our novel concept of esophageal carcinogenesis proposes that the gut 

microbiome affects systemic inflammatory responses that maybe abrogated under germfree 

conditions. In conclusion, future studies need to further analyze the systemic effects of diet 

or microbiome changes in order to further develop anti-inflammatory (or antibiotic) 

preventive strategies for human patients.  
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Zusammenfassung 

Die Inzidenz des ösophagealen Adenokarzinoms (esophageal adenocarcinoma=EAC) 

steigt an, wobei die einzige bekannte Vorläuferläsion der sog. Barrett-Ösophagus (Barrett’s 

Esophagus=BE) ist. BE beschreibt den Austausch des Plattenepithels im Ösophagus durch 

Säulenepithel, welcher wahrscheinlich durch Entzündung vermittelt wird. BE und EAC 

sind mit Adipositas und einer Ernährung im westlichen Stil mit derzeit unbekannten 

Mechanismen assoziiert. Allerdings gibt es aktuell keine Möglichkeit, Patienten mit einem 

Risiko für EAC zu identifizieren, weswegen es keine wirksamen 

Überwachungsprogramme gibt. Infolgedessen gibt es auch keine präventiven Programme. 

L2-IL-1β Mäuse sind ein Modell für BE und EAC, die eine beschleunigte Tumorbildung 

zeigen, wenn sie mit einer fettreichen Diät (high fat diet=HFD) gefüttert werden, ohne 

adipös zu werden.  

Ziel dieser Arbeit war es zu untersuchen, ob das Darmmikrobiom bei einem HFD-

vermittelten und beschleunigten Phänotyp eine Rolle spielt. L2-IL-1β Mäuse wurden in 

einer offenen Käfighaltung (VAT), einer spezifisch pathogenfreien Haltung (SPF) und 

einer keimfreien Haltung aufgezogen. Keimfreie L2-IL-1β zeigten eine reduzierte 

Tumorbildung und Entzündung. VAT-Mäuse zeigten einen stärkeren Phänotyp als SPF-

Mäuse. Es zeigt sich eine Verstärkung des Phänotyps bei abnehmendem Hygieneniveau. 

Diese Daten verbindet Entzündung und Tumorbildung mit dem Mikrobiom. Zur Analyse 

des Mikrobioms wurde für die VAT- und SPF-Kotproben eine 16S-Sequenzierung 

durchgeführt. Die β-Diversitätsanalyse zeigte separates Clustering von HFD-gefütterten 

L2-IL-1β-Mäusen im Vergleich zu allen anderen Gruppen, was auf ein einzigartiges 

taxonomisches Profil zurückzuführen ist. Diese Mikrobiomveränderungen in HFD-

gefütterten L2-IL-1β-Mäusen wurden in silico mit der Funktionalität in Zusammenhang 

gebracht, indem eine PICRUSt-Analyse durchgeführt wurde, die ein prädiktives 

Metagenom errechnet. Signifikante Unterschiede in den KEGG-Pathways in HFD-

gefütterten L2-IL-1β-Mäusen weißen auf eine funktionelle Komponente, die zur 

Entwicklung von BE und EAC beiträgt. Während die Mechanismen unklar bleiben, zeigen 

diese Ergebnisse einen Einfluss des Darmmikrobioms auf die BE- und EAC-Entwicklung 

bei L2-IL-1β-Mäusen und könnten möglicherweise das Patienten-Screening unterstützen. 

Des Weiteren sind inflammatorische Zytokine, wie IL-8, wichtige Mediatoren des 

beobachteten HFD-induzierten Phänotyps, möglicherweise durch die Beeinflussung von 



VIII 

 

Vorläuferzellen durch die Tumormikroumgebung. Die Eliminierung dieses 

Mikroumgebung unter keimfreien Haltungsbedingungen zeigt eine systemische Wirkung 

auf die Entzündungssignalwege durch das Darmmikrobiom. 

Um die Durchführbarkeit von Chemoprävention bei BE und EAC zu untersuchen, wurden 

L2-IL-1β Mäuse mit dem IL-1-Rezeptorantagonisten Anakinra und den nichtsteroidalen 

Antirheumatika (nonsteroidal anti-inflammatory drugs =NSAIDs) Aspirin (ASS) und 

Sulindac behandelt. Die Behandlung mit Anakinra bewies das Konzept, das L2-IL-1β-

Mäuse mit entzündungshemmenden Medikamenten behandelt werden können um die 

Tumorprogression zu reduzieren. ASS und Sulindac beeinflussen beide die 

Cyclooxygenase 2, ein proinflammatorisches Enzym. Eine protektive Wirkung beider 

NSAIDs konnte bei HFD-gefütterten L2-IL-1β Mäusen beobachtet werden, wobei sich das 

Immunzellprofil von mit Sulindac behandelten Mäusen deutlich veränderte. In Anbetracht 

der Ergebnisse der AspECT-Studie, bei der ASS mit/ohne Esomeprazol die Inzidenz von 

EAC reduzierte, scheint die Chemoprävention mit NSAR eine vielversprechende Strategie 

zu sein, wenn man in der Lage ist, die richtige zu behandelnde Population zu identifizieren. 

Zusammenfassend konnten wir zeigen, dass HFD die Mikrobiom-Zusammensetzung im 

Darm von L2-IL-1β-Mäusen verändert. Wir schlagen ein neuartiges Konzept der 

Karzinogenese des Ösophagus vor, in dem das Darmmikrobiom systemische 

Entzündungsreaktionen beeinflusst, die unter keimfreien Bedingungen aufgehoben werden 

konnten. Zusammenfassend lässt sich sagen, dass zukünftige Studien die systemischen 

Auswirkungen von Ernährungs- oder Mikrobiomveränderungen weiter analysieren 

müssen, um antiinflammatorische (oder antibiotische) präventive Strategien für 

menschliche Patienten weiterzuentwickeln. 
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1. Introduction 

1.1 Anatomy and pathophysiology of the esophagus 

The gastro-intestinal tract is a long hollow tube, responsible for the fragmentation, 

digestion and uptake of food and fluids. Briefly, the oral cavity fragments and predigests 

the food, which is then transferred via the esophagus into the stomach. The stomach is an 

intermediate storage organ which also lyses protein. Most of the digestion occurs in the 

duodenum, while most of the resorption happens in the jejunum and the ileum, with these 3 

parts forming the small intestine. The colon and rectum are mainly responsible for 

recovering water and are also called large intestine [4]. An overview of the gastro-

intestinal tract is depicted in Figure 1. A more detailed description of the esophagus and 

the sequence of cancer development to esophageal adenocarcinoma will be found below, 

while the central role of microorganisms in the gastrointestinal tract will be further 

described in 1.3. 

 

Figure 1: Overview over the human gastro-intestinal tract.  

Figure taken from Pubmed Health [5] 
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1.1.1 Anatomy of the esophagus 

The human esophagus is a 18-26 cm long muscular tube connecting the oral cavity and the 

stomach [6, 7]. Peristaltic movement of the esophagus transports food to the stomach [8]. 

The esophageal wall is made by 4 layers starting from the luminal side: mucosa, 

submucosa, muscularis propria, and adventitia [8]. In contrast to the rest of the 

gastrointestinal tract, the esophagus has no serosa [6, 8]. The esophageal mucosa is a non-

keratinized squamous epithelium featuring submucosal esophageal glands [9]. At the lower 

esophageal sphincter the esophagus enters the stomach, above the squamous epithelium 

transitions to the columnar epithelium of the stomach at the so called Z-line or squamous-

columnar junction [6].  

1.1.2 Reflux disease and esophagitis 

Gastroesophageal reflux disease (GERD) is defined as the reflux of gastric contents into 

the esophagus causing troublesome symptoms [10, 11]. The most common symptoms are 

heartburn and regurgitating, but patients may remain asymptomatic even though they have 

significant GERD. Chronic GERD is the main cause for esophagitis, commonly attributed 

to the damage caused to the esophageal epithelium by the acidic refluxate [12]. Another 

causative mechanism has been proposed (possibly in addition to the caustic damage by 

acids) where the epithelial cells of the esophagus are stimulated by the reflux to produce 

cytokines responsible for the tissue damage [13]. The current standard therapy for GERD 

and esophagitis is the treatment with proton-pump inhibitors, lowering the acidic content 

of the stomach and thus the refluxate [14, 15]. Bile acids originating from duodenal reflux 

into the stomach are another component of the refluxate damaging the mucosa [16, 17]. 

One possible consequence of GERD is Barrett’s esophagus which can lead to esophageal 

adenocarcinoma. 

1.1.3 Barrett’s esophagus and esophageal adenocarcinoma 

Barrett’s esophagus (BE), a condition named after Norman Barrett, is characterized by 

columnar epithelium replacing regular squamous epithelium in the esophagus [18, 19]. 

Barrett originally suggested that the columnar epithelium represents intrathoracic stomach, 

however in 1953 this was contradicted, suggesting that it is gastric epithelium that lines the 

esophagus [18, 20]. Norman Barrett himself only agreed in 1957 to this notion [18]. 

Despite being described as early as 1805, the pathological relevance of columnar lined 
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epithelium in the esophagus has only been recognized in the 20th century [21, 22]. It is 

worth noting that some authors suggest that the use of columnar lined epithelium (CLE) 

should be preferred over the term “Barrett’s esophagus” as other authors seem to have 

described the condition earlier it is more descriptive and because Barrett himself never 

described endoscopic or histological properties of BE [21, 23]. Depending on national 

guidelines, the diagnosis of BE may or may not require the presence of intestinal 

metaplasia in histological samples, defined as the presence of goblet cells. US and German 

guidelines require the presence of intestinal metaplasia for BE to be diagnosed, while the 

British guidelines only require the presence of columnar lined epithelium [24-26]. Within 

this thesis the term “Barrett’s esophagus” will be used for columnar epithelium in the 

esophagus of mice and men with goblet (-like) cells, since it is still the most common term 

being used internationally and by our lab.  

BE is diagnosed first by endoscopy, during which visible pink columnar epithelium is 

found above the gastro-esophageal junction  and from which biopsies should be taken for 

histologic assessment, as depicted in Figure 2 [27]. 

 

Figure 2: Schematic representation of Barrett’s esophagus and the corresponding histology 

At the dashed line the gastro-esophageal junction is defined endoscopically by the gastric folds. The HE 

stains show metaplasia characterized by goblet cells in the upper region and gastric mucosa in the lower 

region, both adjacent to normal esophageal squamous epithelium. Figure taken from [28] 
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Endoscopically BE is often separated into short segment BE which is less than 3 cm and 

long segment BE, which is longer than 3 cm [29]. BE is the only known precursor lesion 

for esophageal adenocarcinoma (EAC), however the progression rate is reported to be 

rather low in the range of 1.2-7 per 1000 person years [30-33]. This might be depending on 

the subgroup screened, since the progression rate seems to be related to the length of the 

BE segment, with very short segments (below 1 cm) rarely progressing to EAC [34, 35]. 

Non-dysplastic BE in general rarely progresses to EAC [35, 36]. Interestingly the length of 

a BE segment might be relatively stable over years, adding to the evidence that BE is only 

one factor for the development of EAC [37]. Currently BE is treated with proton-pump 

inhibitors or by endoscopic ablation [38]. Ablation can help to stop the progression of BE 

to EAC [39, 40].  

1.1.4 Incidence and prognosis of esophageal adenocarcinoma 

Currently, EAC is the most common form of esophageal cancer in the western world and 

has surpassed squamous cell carcinoma of the esophagus by its frequency, possibly due to 

the decrease in smoking, a known risk factor for squamous cell carcinoma [41]. Data from 

the US has shown a rising incidence of EAC in the past decades, as depicted in  Figure 3 

[42]. 
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Figure 3: Epidemiologic features of EAC in the USA 

A: Incidence of EAC in the USA over the past decades B: Mortality of EAC in the USA over the past 

decades (adapted from [42]) 

The incidence of EAC in the western world has constantly been rising over the past 

decades, but a plateau effect has been suggested leading to stabilizing numbers of EAC 

cases [43]. The 5 year survival of EAC patients has increased, but remains poor [44]. EAC 

is known to be associated with age, male gender, Caucasian ethnicity, GERD, BE and 

obesity/dietary factors [44, 45]. Obesity in particular, is a factor that has been rising over 

the past decades, is easily influenced and seems to be highly relevant to the disease 

progression [46-48]. This might be due to increased intraabdominal pressure and thus 
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increased reflux, but this does not seem to be the only mechanism [49]. Current screening 

is limited to endoscopy and histologic analysis of BE segments, however it is unclear  

which patient group should be screened for EAC and how to identify that patient group 

which is complicating risk adapted screening for EAC. Only a minority of patients with BE 

progress to EAC and only a minority of patients with EAC has a history of BE, as depicted 

in Figure 4 [50]. 

 

Figure 4: Only a minority of EAC patients is identified by current screening 

The vast majority of EAC patients does present without a history of BE.  Only 7% of all US cases have a 

history of GERD and BE. (Figure taken from [50]) 

It remains challenging to predict which patient group would benefit the most from 

screening for EAC due to the fact that the origin and development of BE and EAC is not 

fully understood and research in this field remains ongoing. 

1.1.5 Origin of Barrett’s esophagus and esophageal 

adenocarcinoma 

Several hypotheses are published regarding the origin of BE and EAC, none of which have 

been finally proven. The commonly suggested and widely discussed concepts are depicted 

in Figure 5 and are discussed in more detail below. 
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Figure 5: Models of the origin of Barrett’s esophagus  

A: Transdifferentiation of squamous epithelial cells B: Migration and transdifferentiation of bone marrow 

cells C: Expansion of submucosal glands D: Expansion of stem cells from the cardia E: Expansion of 

residual embryonic cells. Figure taken from [51] 

One hypothesis proposes the transdifferentiation of squamous epithelial cell into columnar 

cells. Transdifferentiation refers to the transformation of a differentiated cell to another 

differentiated type of cell with or without a cell division in between [52]. The 

transdifferentiation of columnar epithelium of the esophagus to squamous epithelium 

occurs physiologically in the embryonic development of mice [53]. The inverse 

transdifferentiation from squamous epithelium to a (more) columnar epithelium has been 

shown in cell culture and in mice [54, 55]. 
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Circulating bone marrow cells have been described to migrate across tissues, giving rise to 

different tissues, often in response to injury [56-59]. By now there is evidence suggesting 

that circulating bone marrow cells contribute to cancer development as an origin of tumor 

cells [60]. In a study of irradiated rats, bone marrow was transplanted and 

esophagojejunostomy was performed to induce BE, results showed that circulating bone 

marrow cells can take part in the formation of intestinal metaplasia in the esophagus [61]. 

Similar results could be shown in mice and also in a human case, where a male patient 

treated with a stem cell transplantation from a female donor later developed EAC with 

cells harboring two X chromosomes [62].  

Submucosal glands have been proposed as an origin of BE [63]. Experiments in a canine 

model of BE have shown that columnar epithelium can rise after removal of the squamous 

epithelium, potentially from submucosal glands [64]. Following the submucosal glands 

into the BE epithelium has shown that a gradual morphological transition between the cells 

of the gland duct and the columnar epithelium can occur in humans [65]. Analysis of the 

genetic heterogeneity of crypts in human BE and EAC specimens has shown that BE is not 

a monoclonal disease and that a point mutation in a gland can be seen in adjacent BE 

epithelium, suggesting a contribution of submucosal glands to the development of 

metaplastic, columnar epithelium [66]. RNA sequencing of single cells has shown the 

similarity of cells from BE to cells from esophageal submucosal glands [67].  

The gastric cardia is a short mucosal segment containing mucus glands at the gastro-

esophageal junction, where the proximal stomach meets the distal esophagus, and seems to 

increase in length during inflammation [68]. It has been shown that a specific Lgr5 

expressing stem cell population is present at the squamous-columnar junction in mice, 

which has also been described in the human cardia and BE [69-71]. This is the hypothesis 

on which the work presented in this thesis is based, since the mouse model used in this 

study has been shown to develop metaplasia originating from stem cells at the squamous-

columnar junction [72]. 

p63 is thought to be essential for maintenance and morphogenesis of stratified epithelia 

and p63 deficient mice show erosion or loss of stratified epithelia due to the loss of 

regenerative cell populations maintained by p63 [73]. p63 deficient mice embryos present 

with BE like metaplasia and gene expression profiles similar to BE. Interestingly residual 
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embryonic stem cells are present at the squamous-columnar junction in mice and men and 

can migrate towards the squamous epithelium [74]. 

A recent publication suggests transitional basal cells as the origin of BE [51]. Briefly, the 

authors presented evidence for a transitional zone at the squamous-columnar junction with 

p63+KRT5+KRT7+ cells contributing to BE. This hypothesis is supported by lineage 

tracing experiments. 

Even though there is a plethora of publications supporting most of the above mentioned 

hypothesis, none of them has been proven conclusively. This is why different models are 

currently being used to investigate and understand BE and EAC. 

1.1.6 Models of Barrett’s esophagus and esophageal 

adenocarcinoma 

To understand the mechanisms responsible for the development of BE and EAC various 

models have been used. Several cell lines have been derived from BE and EAC tissues, i.e. 

OE33 and BAR-T, while normal esophageal cell lines like HET-1A have been established 

as well [75-77]. Most of the experiments performed with these cell lines were treatment 

experiments (e.g. with bile acids and/or different pH) to investigate the mechanism beneath 

the transition of normal tissue to BE and further to EAC [78-80]. In addition to these 

classic 2D cell culture experiments, novel techniques have been developed over the past 

years to expand the study of BE and EAC. Organotypic cultures try to mimic a 

physiological epithelium. A basal layer of fibroblasts and epithelial cells can grow to a 

multilayered epithelium with specific medium and the introduction of a liquid-air interface 

[81, 82]. This more complex system can be used for treatment with growth factors, shows a 

histology similar to the in vivo situation and allows the introduction of additional cell 

types, e.g. immune cells [83]. Another very promising and widely applied technology is 

the generation of 3D organoids. These are cells (often stem cells) embedded in a matrix 

and treated with growth factors to form 3 dimensional structures with spatially oriented, 

specialized cells [84, 85]. Organoids have been created from different tissues (e.g. 

stomach, kidney) and can be used for experiments with growth factors, other cell types and 

bacteria [86-92]. Other models, like using a porcine esophageal scaffold cultured with 

human epithelial cells and fibroblasts are published, but rarely used compared to the 

conventional cell culture techniques [93]. Given the limitations of cell culture based 
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approaches (limited cell types, limited interaction of different tissues, lack of the immune 

system), different animal models of BE and EAC have been developed and used by 

researchers.  

While relatively rare, dogs can develop spontaneously BE and EAC [94, 95]. Most canine 

studies use surgical models of BE and EAC, sometimes accelerated by mimicking reflux 

[96, 97]. Though dog’s esophagi are similar to human esophagi, the model is rarely used 

because the difficulty of handling and the long progression times [98]. Interestingly 

baboons have naturally reflux and develop BE but not EAC [99, 100]. Those primates 

might be a useful model due to the close relationship to humans but primate research is 

cost intensive and ethically difficult [101]. Another animal model which is very similar to 

the human situation is the pig in which the esophagus is similarly structured as in humans 

[102]. Pigs would be a good model due to their evolutionary closeness to humans and the 

fact that recently transgenic pigs are possible e.g. by utilizing Crispr/Cas technology [103-

105]. However, so far no models of BE and EAC in pigs have been reported. The most 

commonly used animal model in BE and EAC research are rats and mice. 

Rats have been used since 1962 as a model for reflux disease, when surgical anastomosis 

was used to prove the importance of duodenal reflux for the development of esophagitis 

[106]. This surgical intervention is able to develop into a BE like phenotype via a 

multilayered epithelium [107, 108]. Addition of known carcinogens leads to an increase in 

tumor incidence and nightlights the importance of duodenal reflux for the development of 

EAC [109]. Surgical mouse models have only been used over the last decades, likely due 

to the increased difficulty of performing surgery [110]. A new model drastically reducing 

the mortality has been recently developed, where neodymium magnets are implanted in the 

esophagus and the jejunum, leading to fistula formation due to pressure necrosis [111]. 

Similar surgical models have also been developed in mice [111-113].Other models utilize a 

Zinc-deficient diet in addition to the treatment with bile acids to generate a BE like 

phenotype [114].  

Genetic models of cancer have become available over the last years, mainly due to the 

sequencing of the mouse genome and the development of techniques to manipulate the 

mouse genome [115]. Genetic modification of mice has been combined successfully with 

surgical techniques. In 1999 total gastrectomy with esophagojejunostomy was performed 

in p53 knock-out mice, leading to 2/4 mice developing EAC [116]. A similar experiment 
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was performed on p27 knock-out mice, where the mice were treated with the carcinogen 

N-methyl-N–benzylnitrosamine after esophagojejunostomy leading to BE and EAC 

formation [117]. Another approach used epithelial cells and fibroblasts grown from the 

esophagus of Sonic hedgehog transgenic mice on a decellularized rat trachea implanted 

beneath the skin of immunodeficient mice. This leads to a more columnar phenotype of the 

epithelium [118]. p63 deficient mice are embryonically lethal, but present with BE like 

metaplasia in the esophagus [74]. The model used in this thesis is a transgenic mouse 

model, in which human IL-1β is expressed under the control of the EBV‐L2 promotor. 

This leads to continuous inflammation in the esophagus and leads to BE and EAC, which 

can be accelerated by bile acids and/or nitrosamines [72]. This is highly similar to the 

human situation where inflammation is considered to be a central driver of BE and EAC 

[119-121]. A recently developed model uses doxycyclin inducible CDX2 overexpression 

in the transitional basal cells to investigate BE [51]. Interestingly most of the models 

support an involvement of inflammation in the development of EAC, highlighting the 

relevance of inflammatory processes and supporting the use of L2-IL-1β mouse model for 

investigating the link between inflammation and EAC. 

1.2 Inflammation and esophageal adenocarcinoma 

While cancers are highly diverse regarding location and development, they often share the 

hallmarks of cancer: self-sufficiency in growth signals, insensitivity to growth-inhibitory 

(antigrowth) signals, evasion of programmed cell death (apoptosis), limitless replicative 

potential, sustained angiogenesis, and tissue invasion and metastasis [122]. In an update of 

these hallmarks, inflammation and avoiding immune destruction have been presented as 

emerging hallmarks, highlighting the importance of inflammatory processes in cancer 

development [123]. 

1.2.1 Inflammation and the development of cancer 

The notion that inflammation is associated with cancer seems to be an old concept, 

apparently dating back to 1863 and Rudolf Virchow [124, 125]. Nowadays it is thought 

that chronic infection and inflammation contribute to about 25% of all cancers worldwide 

[126]. Inflammation is a physiological process which does not necessarily lead to a 

pathological outcome. A schematic representation of inducers and effectors within the 

inflammatory pathway is depicted in Figure 6. 
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Figure 6: The inflammatory pathway.  

a generic inflammatory pathway consists of inducers, sensors, mediators and effectors.. b Inducers of 

inflammation can be classified as exogenous or endogenous, and these two groups can be further classified as 

shown. ECM, extracellular matrix; PAMP, pathogen-associated molecular pattern. (Figure and legend from 

[127]) 

Bacterial infection leads to the activation of pattern recognition receptors, such as the Toll-

like receptors mainly present on immune cells [128]. This leads to a signaling cascade 

involving e.g. NF-κB which translocates to the nucleus and regulates the expression of 

inflammatory cytokines [129]. These cytokines recruit and activate immune cells, such as 

neutrophilic granulocytes (neutrophils) which target and destroy the bacteria [130]. As 

another example, inflammation is involved in the process of tissue repair, where after 

injury mainly macrophages produce important growth factors for tissue regeneration [131]. 

Normally the inflammatory reaction is resolved once infection has been repelled or the 

wound is healed, though sometimes the reaction persists and becomes chronic. Chronic 

inflammation is associated with a wide range of diseases such as metabolic syndrome, liver 

fibrosis and cancer [132-134]. 

Cancer is linked to chronic inflammation through various molecular mechanisms. The 

central player NF-κB (as shown in Figure 7) is activated by oxidative and inflammatory 
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signals, leading to phosphorylation and degradation of IkBα and a translocation of NF-κB 

into the nucleus [135].  

 

Figure 7: Molecular mechanisms involved in tumor formation and progression. 

Cytokines and reactive oxygen species regulate NF-κB signaling and regulate tumor development (Figure 

from [134]) 

NF-κB signaling seems to be activated in most tumors and targets anti-apoptotic signaling, 

inflammatory mediators, regulators of invasion and DNA damage repair [136, 137]. It has 

to be considered though that NF-κB signaling is not only relevant in the tumor cells, but 

also in immune cells, as has been shown in experimental colitis in mice, where the 
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inactivation of NF-κB in the epithelium leads to less tumor formation, but the inactivation 

in myeloid cells leads to a reduction in tumor size [138]. This led to the conclusion that it 

depends on cell type and cell environment whether NF-κB signaling has tumor supporting 

or tumor repressing properties. 

Interleukins are a group of cytokines that consist of more than 50 different proteins, having 

pro- and anti-inflammatory properties depending on the involved cell types  [139]. 

Interleukin-1β is mainly active in immune cells, involved in NF-κB signaling and regulated 

by inflammatory signals as depicted in Figure 8. 

 

Figure 8: IL-1β regulation and expression 

Transcriptional and posttranscriptional regulation results in expression of functionally inactive pro-IL-1β. 

Stimulatory (green) and inhibitory (red) activities exerted by stimuli, signaling adaptors and TF are indicated 

by arrows. TF binding sites (boxes) within the IL-1β gene promoter that induce (green) or inhibit (orange) 

gene expression are named. The transcription start site is drawn (black arrow). Exons (boxes) encompass 

non-coding (yellow) and protein-coding (orange) regions. The derived IL-1β mRNA, and the location of the 

AU-rich elements (ARE) engaged by RNA-binding proteins are depicted. Pro-IL-1β is cleaved by active 

inflammasomes which yields bioactive IL-1β. (Figure and Figure legend from [140]) 

IL-1β expression is regulated on two levels. First mRNA expression is mainly activated by 

MYD88, which is downstream to receptors reacting to extracellular stimuli such as TLR, 

TNFα or even IL-1β signaling [141-143]. MYD88 also interacts with NF-κB signaling and 

can thus promote IL-1β as an reaction to NF-κB [144]. In addition it seems to be possible, 

that IL-1β is not only regulated on the mRNA level by the expression, but also by changes 

to the half-life of the IL-1β mRNA itself. IL-1β and TNF-α stimulation of neutrophils can 
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lead to an increased half-live, while IL-4 seems to reduce it in monocytes [145, 146]. The 

translated pro-IL-1β needs to be further processed. The canonical pathway starts with the 

activation of cytoplasmic receptors, such a NLRP3, which is activated by 

Lipopolysaccharides (LPS) [147]. As a consequence inflammasomes are formed and 

recruit Caspase-1 which cleaves pro-IL-1β leading to the active form IL-1β [148]. IL-1β 

activates the IL-1 receptor family at the cell membrane, namely IL-1R1, which is mainly 

expressed on immune cells and epithelial cells and can be antagonized by IL-1 receptor 

antagonist (IL-1RA) [149]. While IL-1β is considered to be a pro-inflammatory cytokine 

crucial in inflammation, its role in cancer development is ambiguous. IL-1β seems to have 

anti-tumorigenic properties, since injection of IL-1β into tumors has been described to 

have a positive effect on tumor regression [150, 151]. This is possibly due to necrosis but 

also leads to severe side-effects [152, 153]. On the other hand, possibly in the setting of 

chronic inflammation, IL-1β has tumorigenic properties mainly be modifying the tumor 

microenvironment, as depicted in Figure 9. 

 

Figure 9: Tumorigenic properties of IL-1β 

Mechanisms by which IL-1β affects changes in the tumor microenvironment promoting tumor formation, 

growth and metastasis (Figure adapted from [154]) 

In summary the role of inflammation, often driven by IL-1β and NF-κB, is ambiguous and 

seems to be depending on the context within the local microenvironment. 

1.2.2 The role of inflammation in BE and EAC 

Inflammation plays a large role in the development of various malignancies. Since BE is 

often associated with reflux disease (both gastric and duodenal), bile acids in the reflux are 
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thought to support inflammation by the activation of COX and Notch signaling [72, 155]. 

COX signaling also plays a role in the reaction to oxidative stress and as a consequence 

anti-oxidative agents have experimentally shown to be protective against BE and EAC 

[156, 157]. This is possibly due to DNA damage and oxidative processes induced by 

inflammation, as depicted in Figure 10. 

 

Figure 10: Schematic representation of inflammation causing cellular damage via oxidative stress 

Reflux and inflammation are causing oxidative stress by free radicals which lead to DNA damage (Figure 

taken from [158]) 

Since obesity is an important factor associated with BE and EAC, various links between 

obesity, inflammation and BE/EAC have been established. One hypothesis states that 

increased reflux due to increased intraabdominal pressure supports inflammation and 

tumor development [159-161]. Another hypothesis is that fat, functioning as a 

physiologically active tissue, leads to a chronic systemic low level inflammation associated 

with increased serum values of pro-inflammatory cytokines such as IL-6 or TNF-α, which 

likely influence tumor development [162-164]. The concept of systemic inflammation is 

supported by data that shows increased cytokine and adipokine levels in plasma samples 

were associated with an increased hazard ratio to develop EAC and BE respectively [120, 

165, 166]. Increased IL-8 level in the esophageal tissue have been demonstrated to be 

associated with esophagitis, reflux disease, BE and EAC [167, 168]. IL-1β is also present 

in inflamed esophageal mucosa after acidic injury, possibly mediated by IL-6 expression 
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[169-171]. The inflamed area then forms a microenvironment in an interplay with immune 

cells, epithelial cells and mesenchymal cells, which mediate and resolve the inflammation, 

chronic inflammation and tumor formation [170, 172-174]. This suggests that BE and EAC 

formation depends on inflammation and not only on tissue damage caused by reflux [13, 

72]. While epithelial cells often are in contact with bacteria, viruses and fungi (especially 

in the digestive tract), not much is known about the role of these microorganisms in the 

development of BE and EAC. 

1.3 The microbiome’s role in tumor development  

1.3.1 Microbiome: Definition and core concepts 

The microbiome is originally defined as the entirety of all microorganisms in a specific 

habitat, including bacteria, viruses and fungi [175]. However some authors refer to the 

microbiome as the collective genome of the microorganisms in a habitat and use the term 

microbiota to describe the organisms themselves [176]. In current literature the terms 

microbiome and microbiota are often used synonymously or following one of the presented 

definitions. In this work the term microbiome will be used to refer to the genomes, 

functions and products of the microbiota [177]. The human microbiome project aimed to 

investigate the human microbiome across the whole body, whereas most  other studies 

focus on a particular organ of interest [176]. Both kind of studies provide valuable insight 

in the understanding of the role of the microbiome in health and disease. The term 

dysbiosis is often used to describe changes in the microbiome associated with a pathogenic 

phenotype [178]. Often there is no clear definition of dysbiosis due to the lack of a 

definition of how exactly a healthy microbiome should be composed, which is based on the 

lack of knowledge and lack of functional data. In studies a dysbiotic microbiome is mostly 

defined by its association with a pathologic phenotype. A commonly used proxy for a 

dysbiotic microbiome is one with a reduced microbial diversity. An extreme example is 

(recurrent) Clostridium difficile infection, where C. difficile often is the dominating species 

and the disease can be cured by the restoration of a healthy gut microbiome [179-181]. 

To understand functional implications, microorganism are being cultured, however due to 

the fact that most bacteria are not yet cultivable, genomic and transcriptomic technologies 

are currently being used to analyze the microbiome and its functions [182-184]. The 

microbiome has been shown to play various roles in health and disease in a wide range of 
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processes, e.g. cancer, neurobiological behavior (anxiety, depression) and metabolic 

phenotypes [185-189]. While some of these associations remain controversial, it is widely 

acknowledged that the microbiome of the gut is a highly relevant player in health and 

disease. 

1.3.2 The role of the gastrointestinal microbiome in health and 

disease  

While most surfaces of mammals are colonized by a microbiome, the amount of 

microorganisms and their relevance is most clearly described in the gastrointestinal tract 

[190, 191]. As depicted in Figure 11, there is an observable gradient in the microbiome 

density along the human gastrointestinal tract. 

 

Figure 11: Distribution of the gastrointestinal microbiome in humans 

A: Density and diversity of the microbiome along the gastrointestinal tract B: Distribution of bacterial 

species ranging from the epithelium to the lumen C: Establishment, influences on and stability of the 

gastrointestinal microbiome (Figure taken from [192]) 

The stomach is the least colonized compartment of the human gastrointestinal tract and the 

number of bacterial cells vastly increases distally, with a shift in the composition of the 

bacterial families observed. Due to changes in the local environment, there is also a 

gradient of bacterial families observed reaching luminally from the epithelium. The 

microbiome is thought to be largely stable after weaning and the beginning of adult eating 

habits, though the composition might be changing due to e.g. diet, environmental 

influences or antibiotic treatment [193, 194].  
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It is widely known, that the gut microbiome is essential for the digestion and metabolizing 

of nutrients in the gut. It has been shown that obesity can be induced in germfree mice 

through the bacterial transfers from either obese men or mice with changes in the 

Firmicutes:Bacteroidetes ratio in interaction with dietary contents [195-197].  Possible 

mechanisms include short chain fatty acids which are produced by the microbiome and can 

act via the gut-brain axis [198]. While the associations with obesity and metabolic disease 

are highly relevant, there is also increasing evidence for the involvement of the gut 

microbiome in cancer. Colorectal cancer is a common cancer which is rarely inherited and 

is associated with a low intake of fiber and high intake of protein [199]. Additionally it has 

been shown that the fecal microbiome of patients with colorectal cancer is changed 

compared to healthy controls [200-202]. One causative mechanism might be that bacteria 

are able to influence the gut epithelium by causing inflammation [203, 204]. While the 

exact contribution of the microbiome and the interplay with other factors (e.g. genetics, 

nutrition) is not known in detail, it’s relevance in colorectal cancer is well described [205, 

206]. 

In contrast to the well-established relevance of the microbiome in gut disease, relatively 

little is known about the relevance of the microbiome in BE and EAC. The normal 

microbiome within the human esophagus is relatively small compared to the lower 

digestive tract, but possibly diverse [207]. Early studies reported changes of the local 

microbiome linked to BE and other risk factors such as obesity [208, 209]. A lower 

diversity of the microbiome or possibly single strains (such as Fusobacterium nucleatum) 

in the esophagus has been reported to be detrimental [210-212]. Interestingly the treatment 

of reflux disease with proton pump inhibitors also influences the local microbiome, likely 

due to the pH changes [209, 213, 214]. While very little is known about the microbial 

mechanisms influencing the formation of BE and EAC, nitric oxides and nitrosative stress 

have been suggested as a responsible mechanism [215, 216]. The interplay of nutrition, the 

microbiome and inflammation is not fully explained yet and was thus a focus of this thesis. 
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1.4 Aims of this thesis 

1.4.1 Aim 1: Investigation of the influence of the microbiome on 

the L2-IL-1β mouse model 

The first aim was to investigate the role of the microbiome and purified diets in BE and 

EAC. While it is known that changes in the microbiome and diet are associated with 

intestinal disease, little is known about the microbiomes influence on esophageal disease 

formation. The focus of this part was about detecting differences in the microbiome 

between different strength of phenotypes in the L2-IL-1β mouse and investigating possible 

causative links. 

1.4.2 Aim 2: Effects of an anti-inflammatory treatment on the 

L2-IL-1β mouse model 

The second aim was to investigate the influence of anti-inflammatory prevention (such as 

Anakinra, Sulindac and Aspirin) on L2-IL-1β mice. Since inflammation is likely a central 

driver for esophageal carcinogenesis, anti-inflammatory treatment is a potential preventive 

measure. While Anakinra directly inhibits IL-1β signaling, Sulindac and Aspirin are more 

common anti-inflammatory drugs that act on COX signaling. The focus of this part was to 

observe changes in inflammation and dysplastic lesion formation to investigate which of 

these drugs could be of use to prevent the development of EAC in patients.  
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2. Material and methods 

2.1 Mice 

All animal experimental work performed in Germany was carried out with the approval of 

the Regierung Oberbayern according to the animal experimental permits 

(Tierversuchsanträge) 55.2.1.54-2532-125-12 and 55.2-1-54-2532-24-2016. L2-IL-1β mice 

express human IL-1β under the control of the EBV‐L2 leading to continuous inflammation 

in the esophagus BE and EAC [72]. L2-IL-1β mice were breed with C57BL/6J mice 

(wildtype=wt). Mice in the SPF and VAT were frequently backcrossed with C57BL/6J 

wildtype mice. The offspring was weaned at the age of 3 weeks and the ears were punched 

to assign a unique number. The punch biopsies (55.2-1-54-2532-24-2016) or the tips of the 

tail (55.2.1.54-2532-125-12) were then used for genotyping. After genotyping, the mice 

were assigned to experimental cohorts and treatment with experimental diets started at the 

age of 6 weeks. Mice were weighed every week to monitor weight gain/loss and inspected 

for health issues.) L2/IL8Tg mice were created by crossbreeding the L2-IL-1β mice with 

mice expressing human IL8 [217]. 

2.1.1 Holding 

2.1.1.1 Specific-pathogen-free (SPF) facility 

The specific-pathogen-free (SPF) facility is an individually ventilated cage facility 

fulfilling the FELASA criteria. The mice were maintained in 12 hours day to night cycle, 

bedding and water was replaced weekly unless stated otherwise. The mice had free access 

to food and water. Mice were sacrificed at 3,6,9 and 12 months of age. 

2.1.1.2 Versuchsanlage Tierernährung (VAT) 

The Versuchsanlage Tierernährung (VAT) is an open cage facility and has a lower hygiene 

level than the SPF (e.g. being positively tested for Helicobacter spp., Pasteurella spp., 

Trichomonas spp., Syphacia spp.). The mice were maintained in 12 hours day to night 

cycle, bedding and water was replaced weekly. The mice had free access to food and 

water. Mice were sacrificed at 6 months of age. 
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2.1.1.3 Germfree facility 

Germfree mice were generated by embryo transfer rederivation of conventional L2-IL-1β 

mice into Germfree Swiss recipient mothers as previously described [218, 219]. Germfree 

mice were maintained in sterile isolators on autoclaved food (RMH3000, Purina) and 

water. Sterility of isolators was confirmed every other week by 16S PCR, aerobic, 

anaerobic and fungal culture as well as Gram stains of fecal smears. Germfree mice were 

hold and breed and their paraffin sections were kindly donated by James G. Fox at the 

Massachusetts Institute of Technology, Cambridge, MA, USA. Mice were sacrificed at 12-

14 months of age. 

2.1.1.4 Diets 

Mice were bred on standard lab chow. At the age of ~6 weeks the mice were then 

distributed to the different diet based cohorts. The composition of the diets is presented in 

Table 1. Chow was autoclaved before entering the mouse holding area, while the control 

diet and the high fat diet (HFD) were irradiated with γ radiation by the manufacturer before 

they were fumigated and entered the mouse area. It is important to note that the control diet 

is matched to the HFD, while the chow is different to both special diets. All diets were 

manufactured by Ssniff in Germany. 

Table 1: Composition of experimental diets 

  V1124-000 S5745-E712 S5745-E702 

Dietary components Standard Chow 
High fat diet 

Palm oil 
Control 

Gross Energy (GE) 16.7 MJ/kg 21.9 MJ/kg 16.9 MJ/kg 

Metabolizable Energy (ME) 14.0 MJ/kg 19.7 MJ/kg 15.3 MJ/kg 

Protein [kJ%] 27 18 23 

Fat [kJ%] 12 48 13 

Carbohydrates [kJ%] 61 34 64 

Crude Nutrients [%] 
   

Protein 22.0 21.2 21.2 

Fat 4.5 25.1 5.1 

Fiber 3.9 5.0 5.0 

Ash 6.2 5.3 5.3 

Starch 34.2 26.7 45.9 

Sugar 5.1 6.1 6.1 

N free extracts 51.2 37.7 56.8 

Amino Acids [%] 
   

Lysine 1.5 1.8 1.8 

Methionine 0.5 0.8 0.8 

Met + Cys 0.4 1.1 1.1 
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  V1124-000 S5745-E712 S5745-E702 

Dietary components Standard Chow 
High fat diet 

Palm oil 
Control 

Amino Acids [%]    

Threonine 0.9 0.9 0.9 

Tryptophan 0.3 0.3 0.3 

Minerals [%] 
   

Calcium 1.0 0.9 0.9 

Phosphorus 0.7 0.7 0.7 

Sodium 0.2 0.2 0.2 

Magnesium 0.2 0.2 0.2 

Vitamins [IU/kg] 
   

Vitamin A 25,000.00 18,000.00 18,000.00 

Vitamin D3 1,500.00 1,800.00 1,800.00 

Vitamin E 135 180 180 

Fatty acids [%] 

   C 12:0 - 0.01 0.01 

C 14:0 0.01 0.21 0.02 

C 16:0 0.54 9.18 0.58 

C 18:0 0.14 1.11 0.18 

C 20:0 0.02 0.1 0.02 

C 16:1 0.02 0.05 0.01 

C 18:1 1.03 9.19 1.29 

C 18:2 2.42 4.67 2.65 

C 18:3 0.28 0.35 0.29 

 

2.1.2 Genotyping of mice 

Mice tail tips/ear punch biopsies were incubated over night at 55° C in a shaker in 198/99 

µl DirectPCR® Lysis Reagent Tail (31-102-T, Peqlab) supplied with 2/1 µl Proteinase K 

(03115828001, Roche Diagnostics) respectively. After visual inspection of the lysis 

process samples were heated at 85°C for 45-60 minutes. After quickly spinning down 0.5 

to 1 µl of the supernatant were transferred to a fresh PCR tube. 5 µl ReadyMixTM 

REDTaq® PCR Reaction Mix (R2648, Sigma) were added with 1 mM of the respective 

Primers and filled up to 10 µl with PCR grade water. PCR was performed as shown in 

Table 2 using the primer pairs described in Table 3 in a Thermal Cycler (T100, BioRad). 

The PCR product was visualized on a 1,5% agarose gel in TAE solution (840004, Biozym) 

with ethidium bromide (2218.1, Roth) with a 100 bp ladder (N0467L, BioLabs). The 

presence of a band with the corresponding size indicates the presence of the transgene in 

the mouse. 
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Table 2: Thermocycler settings for genotyping of mice 

Phase Temperature [°C] Time [s] No. of cycles 

Denaturation 94 180 1 

Denaturation 94 30 35 

Annealing L2-IL-1β 57 30 

Annealing IL8 55 30 

Elongation 72 30 

Storage 4 ∞ 1 

 

Table 3: Gentoyping primers 

Target Forward/Reverse Sequence (5’ – 3’) Amplicon size 

pL2-IL-1β Forward CTT CCT GTT CCA TTC AGA GAC GAT 277 bp 

Reverse CTC CAG CTG TAG AGT GGG CTT ATC 

IL-8 Forward TGA GGT CAA GGG CTA GGA GA 300 bp 

Reverse AAA TTT GGG GTG GAA AGG TT 

 

2.1.3 Bedding transfer 

L2-IL-1β mice were feed with a control diet after weaning. In contrast to the regular 

procedure, the bedding was removed weekly but only half of it replaced with fresh 

bedding. The other half was bedding from a cage of adult female L2-IL-1β mice (9-12 

months old) on HFD.  

2.1.4 Anti-inflammatory treatment 

The Anakinra study was performed by Dr. rer. nat. Natasha Stephens Münch and Jonas 

Ingermann. L2-IL-1β mice were put on either HFD or regular lab chow at the age of 6 

weeks. At the age of 18 and 24 weeks, an osmotic pump (Minipump 2006, Alzet) was 

implanted. Briefly the pumps were filled with 200 μl containing 150 μg/µl Anakinra 

(Kineret, Swedish Orphan Biovitrum AB). For implantation mice were narcotized with 0.5 

mg/kg Medetomidin, 5 mg/kg Midazolam and 0,05 mg/kg Fentanyl injected 

intraperitoneally. Shortly before the cut 10 mg/kg Rimadyl was injected subcutaneously. 

After surgery the mice were woken up by 2.5 mg/kg Atipamezol, 0.5 mg/kg Flumazenil 

and 1.2 mg/kg Naloxon and allowed to recover on a heating plate. The treatment schedule 

is depicted in Figure 12.  
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Figure 12: Treatment plan for the treatment of L2-IL-1β mice with Anakinra 

A: Time table with implantation timepoints B: Schematic representation of the implants position 

For the treatment with nonsteroidal anti-inflammatory drugs (NSAIDs), mice were fed the 

HFD or Control diet enriched with 0.032% Sulindac (S8139-5G, Sigma) by the 

manufacturer Ssniff [220]. The Sulindac enriched diets were given from 6 weeks of age on 

until the time of sacrifice. Aspirin was purchased from the veterinary pharmacy at the 

Wissenschaftszentrum Weihenstephan (Suispirin, Animedica). Aspirin was prepared 

freshly 3 times a week, sterile filtrated and given ad libitum in the water bottles at 30 mg/L 

to the mice starting at the age of 6 weeks [221].  

2.1.5 Sacrificing and preparation of mice 

The mice were euthanized using either Isoflurane (Isofluran CP, CP-Pharma) or CO2. 

Briefly, CO2 was introduced to a chamber with a deflecting plate at a constant flow of 60% 

volume of the chamber per minute [222]. For Isoflurane mice were put in a locked 

chamber with a tissue soaked in Isoflurane. If no respiration could be observed anymore, 

death was verified by testing for reflexes. The mouse was then fixed on its back using 

needles and a careful cut opening the skin from the lower abdomen up to the head was 

performed. Blood was drawn directly from the heart with a syringe (305501, BD Plastipak) 

and transferred into a microvette (20.1344, Sarstedt). The blood was allowed to rest for 

~20 minutes and then spun down at 13000g for 10 minutes. The serum was taken of and 

snapfrozen in liquid nitrogen. The stomach, intestine, liver, kidney and spleen were taken 

out and put on ice. The stomach was opened along the large curvature, washed in PBS and 

flattened out on Whatman paper (3030 917, Schleicher&Schuell) as depicted in Figure 13. 

The flattened stomach was then photographed with a ruler for scale using a compact 

camera (Ricoh CX6) in macro mode for macroscopic scoring of lesions. 
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Figure 13: Schematic representation of a mouse stomach. 

A: Stomach, as presented after taken out of the mouse. The stomach was then cut open along the large 

curvature (red dotted line) B: Stomach after opening and flattening out. 

Parts from the esophagus, forestomach, cardia and the rest of the stomach were cut off and 

snap frozen in liquid nitrogen while the flattened stomach was secured with a sponge 

(094005, Kabe Labortechnik), put in a histologic cassette (7-0014, neoLab) and fixed in 

4% paraformaldehyde (Pharmacy of the Klinikum Rechts der Isar) in PBS (A0965, 

AppliChem).  

2.1.6 Macroscopic scoring 

Photographs of the stomach were evaluated to measure a macroscopic score for evaluating 

the lesions. The cardia region and the esophagus were scored according to Table 4. The 

average of the scores for tumor size and coverage were then calculated and used as the 

lesion score.  

Table 4: Macroscopic scoring 

Tumor size  Tumor coverage 

0 No abnormalities 0 No abnormalities 

1 <0.5mm  1 Focal tumors (<20%) 

2 <1.0mm  2 Partial tumors (20-50%) 

3 <2.0mm  3 Increased tumors (>50-80%) 

4 <3.0mm  4 Continuous tumors (>80%) 
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2.2 Histology 

2.2.1 Generation of FFPE sections 

Tissue samples were fixed in 4% paraformaldehyde (Pharmacy of the Klinikum Rechts der 

Isar) in PBS (A0965, AppliChem) for 24h and then stored in 70% ethanol at 4° C until 

they were dehydrated in a Leica ASP300S overnight. After the dehydration the flattened 

stomachs were cut and embedded as depicted in Figure 14, allowing staining of large 

sections of stomach tissue in one slide. 

 

Figure 14 Schematic representation of sectioning and embedding of a mouse stomach 

A: The stomach was cut in 4 pieces (red dotted line)B: The sections were embedded with the cut side facing 

the bottom of the paraffin block 

 

All other tissues were embedded without any additional preparations. The formalin fixed 

paraffin embedded (FFPE) blocks were then cut to 2-3 µm thick sections on a microtome 

(HM 355S, Thermo Scientific). The cut sections were flattened out on ~58° C warm 

distilled water and pulled on microscope slides (J1800AMNZ or J3800AMNZ, Thermo 

Scientific). The slides were allowed to dry overnight and were then baked at 60° C for 1 

hour in an incubator (UT 12, Heraeus). The slides were stored at room temperature until 

staining. 
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2.2.2 Hematoxylin and eosin (HE) staining 

The slides were rehydrated and stained as described in Table 5. Slides were then mounted 

using Pertex (41-4010-00, Medite). 

Table 5: Protocol for hematoxylin and eosin staining. 

All steps were performed in glass containers, all steps which were performed twice were done using 2 glass 

containers. 

Reagent Time Article number Manufacturer 

Roti-Histol 10-30 min 6640.4 Roth 

Roti-Histol 5 min 6640.4 Roth 

100% Ethanol 2x 3-5 min Pharmacy of the Klinikum Rechts der Isar 

96% Ethanol 2x 3-5 min Pharmacy of the Klinikum Rechts der Isar 

70% Ethanol 2x 3-5 min Pharmacy of the Klinikum Rechts der Isar 

dH2O (running) 3-5 min   

Mayer haemalum 3 min 1.09249.2500 Merck 

Tap water (running) 10 min   

0.33% Eosin 3.5 min Pharmacy of the Klinikum Rechts der Isar 

96% Ethanol 25 sec Pharmacy of the Klinikum Rechts der Isar 

Isopropanol 25 sec Pharmacy of the Klinikum Rechts der Isar 

Roti-Histol 2x 1.5 min 6640.4 Roth 

 

HE stained slides were scored for inflammation, metaplasia and dysplasia by an 

experienced gastroenterologist according to Table 6. 

Table 6: Description of the histologic scoring used to grade inflammation, metaplasia and dysplasia. 

Score Inflammation Metaplasia Dysplasia 

0 no inflammation no metaplasia no dysplasia 

1 mild inflammation rare mucus cells superficial epithelial 

atypia 

2 moderate inflammation single metaplastic glands atypia in glandular 

complexity 

3 severe inflammation multiple metaplastic 

glands 

low grade dysplasia 

4    high grade dysplasia 
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2.2.3 Immunohistochemistry (IHC) 

All steps are performed at room temperature unless specified otherwise. Rehydration of 

slides was performed as described in steps 1-6 in Table 5. Antigen retrieval was performed 

either by boiling slides for 20 minutes in Citrate Buffer pH 6.0 (2L dH20 + 5.88g Citrate 

(Sigma) in a pressure cooker with a 20 minutes cool down or for 20 minutes with 

unmasking solution (H-3300, Vector Labs) in the microwave followed by a 15 minutes 

cool down or for 20 minutes with 0.3%Triton (X100, Sigma) in PBS (A0965, AppliChem) 

in the microwave followed by a 20 minute cool down. The tissue sections were encircled 

with a Dako Pen (S2002, Dako) and blocking was performed in 3% H2O2 (1.08597.1000, 

Merck) for 10 minutes followed by 3 times washing with PBS for 5 minutes. Blocking was 

performed using a Streptavidin/Biotin Blocking Kit (SP-2002, Vector Labs) and the 

matching serum (S-1000 or S-5000, Vector Labs) for 30 minutes. After 3 times washing 

with PBS for 5 minutes the primary antibody was allowed to bind in a wet chamber for 

either 2 hours at room temperature or at 4° C overnight. After 3 times washing in PBS for 

5 minutes the secondary antibody (BA-1000 or BA-4000, Vector Labs) was applied for 30 

minutes. After 15 minutes the ABC kit (PK-6100, Vector Labs) was prepared and added 

for 30 minutes after 3 times washing with PBS for 5 minutes. After 3 times washing with 

PBS the DAB was applied (SK-4100, Vector Labs) and the development was monitored 

under a microscope. The development was stopped by dipping the slides in PBS and 

counterstaining with haematoxylin (1.05175.2500, Merck) was performed for 1 minute. 

After blueing in tap water for 3-5 minutes the slides were dehydrated by following steps 1-

6 in Table 5 inversely and then mounted using Pertex (41-4010-00, Medite). Analysis was 

performed by counting several 10x fields under a microscope for Ly6C and Ly6G staining. 

CXCR2/Lgr5 double staining was performed according to the RNA Scope 2.5 HD assay 

manual (312171, ACD) for the Lgr5 in situ hybridization followed by standard IHC 

procedure for CXCR2 staining. 

Table 7: Primary antibodies and their properties for IHC 

Antigen Dilution Antigen 

retrieval 

Article 

number 

Manufacturer 

Ki67 1:500 0.3%Triton/PBS Ab15580 Abcam 

Ly6C 1:100 0.3%Triton/PBS 56-5931-82 eBioscience 

Ly6G 1:100 0.3%Triton/PBS 12-5932-82 eBioscience 

CXCR2 1:250 0.3%Triton/PBS Ab14935 Abcam 
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2.3 Flow cytometry of immune cells 

Mice were euthanized and the abdomen and thorax were opened. Blood was drawn using a 

disposable small volume syringe (07664163, BD) from the heart and approximately 100-

200 μl were added to 5 ml of Red Blood Cell lysing buffer (R7757, Sigma) and lysed at 

room temperature. Stomach, Liver, Spleen and the intestine were taken out and put into 

PBS (A0965, AppliChem) until further processing. The spleen was put in PBS on ice. The 

stomach was opened as described before (2.1.5) and dissected into esophagus, cardia and 

forestomach and the rest of stomach. Colon and liver pieces were also collected.  

Esophagus, cardia and forestomach, rest of stomach, colon and liver were put in small 

dishes (628161, Greiner) with 1 ml of 0.5 M EDTA (AM9260G, Invitrogen) and cut into 

small pieces with a fine scissor. The cut samples were transferred into 50 ml tubes 

(227261, Greiner) and 5 ml of the appropriate digestion buffer was added (Table 8 and  

Table 9). 

Table 8: Digestion buffers for tissue samples for flow cytometry.  

The digestion buffers were prepared fresh shortly before sacrificing the mice. 

Tissue Buffer Contents 

Esophagus Krebs-Ringer-

Solution 

BSA 40 mg/ml (9418, Sigma) + Collagenase 

P (11213873001, Roche) 2 mg/ml 

Cardia and forestomach 

+  Rest of stomach 

RPMI (11875-

093, Invitrogen) 

Collagenase P 2 mg/ml (11213873001, 

Roche)  + Pronase 2 mg/ml (10165921001, 

Roche) 

Liver + Colon RPMI(11875-

093, Invitrogen) 

Collagenase P 2 mg/ml (11213873001, 

Roche) 

 

Table 9: Krebs-Ringer-Solution for digestion of esophagus samples for flow cytometry.  

The Krebs-Ringer-Solution was prepared in ddH2O and adjusted to pH=7.4. 

Compound Concentration g/L Article number Manufacturer 

NaCl 118 mM 6.9 S3014-1KG Sigma 

NaHCO3 24.8 mM 2.08 1.06329.0500 Merck 

KH2PO4 1.2 mM 0.16 3904.1 Roth 

KCl 4.8 mM 0.358 1.04936.1000 Merck 

CaCl2 1.25 mM 0.139 CN93.1 Roth 

MgSO4 1.2 mM 0.14 208094-500G Sigma 

HEPES 10 mM 2.383 9105.3 Roth 
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The tissue samples were digested in a shaking incubator (TH15, Edmund Bühler GmbH) at 

37 °C and 150 rpm for 30 minutes. Meanwhile the spleens were passed through a 40 μm 

cell strainer (352340, Falcon) with the plunger of a syringe (4606108V, B Braun). The 

spleen samples were spun down with the blood at 400 g 4°C for 10 minutes. The 

supernatant was discarded and the pellet resuspended in 1 ml Red Blood Cell lysing buffer. 

After again being spun down at 400 g 4°C for 10 minutes spleen and blood were 

resuspended in ~150 μl of FACS buffer (DPBS (14190-094, life technologies) with 2% 

BSA (A2153, Sigma) and 2mM EDTA (AM9260G, Invitrogen)) and transferred into a 

conical bottom 96 well plate (650180, Greiner) which stayed on ice for the whole 

procedure. 

After digestion the tissue samples were passed through 40 μm strainer as described before 

and centrifuged at 400 g 4°C for 10 minutes. The supernatant was discarded, and the liver 

tissue resuspended in 1 ml Red Blood Cell lysing buffer while the other samples were 

resuspended in FACS buffer and transferred into the 96 well plate. After spinning down 

the liver, the supernatant was discarded, and the liver resuspended and transferred into the 

96 well plate. The whole plate was spun down at 400 g 4°C for 10 minutes, the supernatant 

discarded and the cells resuspended in 200 µl FACS buffer. After being spun again the 

supernatant was discarded and the cells resuspended in 50 µl of the appropriate staining 

solution (Table 10). Staining was performed for 30 minutes on ice while the whole box 

was covered with tin foil. 

Table 10: Antibodies used for staining in flow cytometric assessment of immune cells.  

All Antibodies were added at 0.5 µl and filled up to 50 µl with FACS buffer per sample. The antibodies were 

all purchased from eBioscience and are all anti-mouse. 

Myeloid panel 

Antibody                      Reference number 

T-cell panel 

Antibody                      Reference number 

CD11c FITC 11-0114-85 NK1.1 APC-eFlour 780 47-5941-82 

F4/80 APC 17-4801-82 CD3e FTIC 11-0033-82 

CD11b APC-eFlour 780 47-0112-82 CD8a APC 17-0081-82 

CD45 eFlour 450 48-0451-82 CD4 eFlour 450 48-0041-82 

Ly-6C PE 12-5932-82 γδ TCR PE 12-5711-82 

Ly-6G Alexa Flour 700 56-5931-82   
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After staining 150 µl of FACS buffer were added, the plate was spun down 400 g 4°C for 

10 minutes and the supernatant was discarded. The pellets were resuspended in 200 µl 

FACS buffer and spun down as described before. After discarding the supernatant the 

pelleted cells were resuspended in 130 µl FACS buffer and transferred to 1.4 ml tubes 

(MP32022, MICRONIC) containing 45 µl of FACS buffer and 5 µl of 7-AAD (00-6993-

50, eBioscience). The cells were then immediately transferred to the flow cytometer 

(Gallios, Beckman Coulter). The gating strategy used to identify immune cell populations 

in FlowJo (BD) after applying compensation is shown in Figure 15 and Figure 16.  

 

Figure 15: Representative gating strategy for immune cells of the myeloid lineage.  

Living cells were either gated for CD45 and CD11b positive cells or first CD45 positivity and afterwards for 

CD11b positivity. Double positive cells were then used for the identification of immune cells. Cells being 

positive for Ly6G and negative for F4/80 were identified as neutrophils, while cells negative for Ly6G and 

positive for F4/80 were identified as macrophages. Ly6C negative Ly6G positive cells were identified as 

immature myeloid cells. Cells positive for CD11b and CD11c are putative dendritic cells. 
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Figure 16: Representative gating strategy for immune cells of the T-cell lineage. 

Living cells were either gated for CD3 positive. CD3 negative cells were gated for NK1.1 positivity and the 

positive population referred to as NK cells. CD3 positive cells were analyzed for CD4 and CD8 expression. 

CD4 positive cells were considered T helper cell and CD8 positive cells as cytotoxic T-cells. CD4 and CD8 

negative cells were gated for γδ TCR or NK1.1 positivity, leading to the identification of γδ T-cells and NKT 

cells. 

Blood and spleen samples were used as positive controls to identify immune cells. Samples 

yielding less than 25000 events were excluded from the analysis.  

2.4 16S RNA sequencing and analysis 

2.4.1 Overview of fecal samples 

The samples used in this analysis were partially generated by Dr. Natasha Stephens Münch 

during her doctoral thesis [88]. Briefly fecal samples were collected at the time of 

sacrificing, frozen in liquid nitrogen and stored at -80° C. Fecal samples were chosen to 
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show the L2-IL-1β phenotype progressing over time while using adult (6 months old) 

wildtype mice as a reference for an adult, matured microbiome. A detailed overview of the 

samples used for 16S sequencing from the SPF representing the major cohort used for the 

microbiome analysis is presented in Table 11.  

Table 11: Overview of fecal samples from the SPF used for 16S RNA sequencing (HFD=high fat diet) 

 Age 

[months] 

3 6 9 12 

L2-IL-1β-HFD Male 5 5 5 5 

Female 5 5 5 5 

L2-IL-1β-Chow Male 5 5 5 5 

Female 5 5 5 5 

L2-IL-1β-Control Male  3   

Female  3   

      

wt-HFD Male  5   

Female  5   

wt-Chow Male  5   

Female  5   

wt-Control Male  3   

Female  3   

 

Additionally a cohort of male mice from the VAT was analyzed to investigate the 

influence of a lower hygiene level. The samples used are depicted in Table 12. 

Table 12: Overview of fecal samples from the VAT used for 16S RNA sequencing (HFD=high fat diet) 

Age [months] 6 

L2-IL-1β-Control 4 

L2-IL-1β-HFD 5 

  

wt-Control 5 

wt-HFD 5 

 

2.4.2 Sequencing 

The whole sequencing procedure was performed as follows by TATAA Biocenter in 

Gothenburg, a commercial provider of sequencing services. The fecal samples were sent 

on dry ice to TATAA and stored at -80° C. DNA was extracted using the PowerMag 

Microbiome RNA/DNA Isolation Kit (27500-4-EP, MO BIO Laboratories/Qiagen). 

260/280 ratios were analyzed using a Dropsense 96 (2010-64, Trinean/Unchained labs). 

Libraries were prepared according to 16S Metagenomic Sequencing Library Preparation as 
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recommended by Illumina [223]. Samples were fragmented, end repaired and ligated using 

Nextera XT DNA Library Preparation Kit (FC-131-1096, Illumina). Finalized libraries 

were quality checked with capillary electrophoresis using a Fragment Analyzer (Advanced 

Analytical) and the concentration was checked. The libraries were normalized and pooled 

before MiSeq sequencing (MiSeq, Illumina). Run specifications were MiSeq 2x300 bp v3 

in a total of one run. Sequences were demultiplexed and provided to us. 

2.4.3 Analysis of 16S sequencing data based on IMNGS and 

RHEA 

The sequences were remultiplexed using remultiplexor, a Perl script provided by the 

creators of IMNGS [224]. IMNGS provides the user with a workflow to analyze 16S 

rRNA amplicon datasets using a web interface [224]. Briefly, IMNGS is based on the 

UPARSE pipeline [225]. Pairing, quality filtering and OTU (operational transcriptional 

units) clustering is done by USEARCH 8.0 [226]. Chimera filtering is done by UCHIME 

with the RDP set 15 as reference database, with the RDP training set 15 being used for 

classification with the RDP classifier 2.11 [227, 228]. Sequence alignment is performed by 

MUSCLE [229]. A phylogenetic tree was created using Fasttree [230]. Manual curation of 

the taxonomic assignment was performed by checking the OTU sequences by aligning 

with the Silva database via their webtool and the RDP classifier [228, 231]. Mismatches 

between the two classifications were resolved by identifying the OTU sequence using 

EzBioCloud [232]. Normalization of Sequences and further analysis was performed using 

Rhea in RStudio, a graphical user interface for the statistical programming language R 

[233-235]. To identify potential indicator species LDA Effect Size (LEfSe) analysis was 

performed with the default settings on the public galaxy server of the Huttenhower lab 

[182, 236]. 

2.5 Statistical analysis 

Statistic testing was performed using Graphpad Prism 6 [237]. Tests were performed as 

indicated in the respective figure legends. Briefly, ANOVA with Tukey post-hoc testing 

and t-test were performed first to test for normality and variance. If the assumption of 

normality or equal variance was violated, Kruskal-Wallis tests with Dunn’s post-hoc 

testing or Mann-Whitney U tests were performed. Histological scores were compared 
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using Kruskal-Wallis tests with Dunn’s post-hoc testing or Mann-Whitney U tests due to 

the ordinal nature of this kind of data. 
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3. Results 

3.1 Microbial differences in the gut influence the 

development of esophageal cancer 

Our lab has shown that cancer progression is accelerated in L2-IL-1β mice by feeding a 

HFD independent of obesity [88]. While microbial changes were suspected to be 

associated with this phenotype, it remained unclear whether that was an effect of local 

changes at the squamous-columnar junction or rather a systemic effect of the gut 

microbiome. The laboratory of Professor Timothy Cragin Wang at Columbia University 

kindly provided data regarding the microbiome localized at the squamous-columnar 

junction. Briefly L2-IL-1β mice were treated with bile acids and N-methyl-N-nitrosourea 

and sacrificed at the age of 12 months as described before after which 16S DNA from the 

squamous-columnar junction was isolated, amplified, sequenced and analyzed with QIIME 

[72, 238].  

 

Figure 17: Weighted UniFrac analysis of the microbiome at the squamous-columnar junction 

(WT=wildtype) 

Figure 17 shows the results of a weighted UniFrac analysis which includes not only 

phylogenetic distances but also abundances in a distance metric. Since no obvious 

clustering could be observed regarding the local microbiome, analysis performed by our 

lab was focusing on the gut microbiome based on our experiences regarding diet and 

holding facility. 
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3.1.1 Housing conditions define the phenotype, part I: VAT 

The VAT cohort is from an open cage facility and represents the lowest hygiene level 

analyzed within this project. 

 

Figure 18: Macroscopic analysis of VAT mice  

A: Representative images of the mouse cohorts stomachs B: Macroscopic scoring of the cardia lesions C: 

Macroscopic scoring of the esophagus lesions D: Average of the lesion score for esophagus and and cardia 

E: Spleen to body weight ratio as an indicator for splenomegaly. A Kruskal-Wallis test with Dunn post-hoc 

testing was performed to test for significant differences. Plotted is mean with SEM *p<0.05, **p<0.01, 

***p<0.001 (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, wt=wildtype) 

The macroscopic analysis of the VAT mice is depicted in Figure 18. While the trend is 

similar to the previously reported SPF mice, the esophageal lesions show a trend towards a 

stronger phenotype of L2-IL-1β mice in the VAT [88].  
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Figure 19: Histologic analysis of VAT samples using HE staining 

A: Representative images of the squamous-columnar junction B: Inflammation score C: Metaplasia score D: 

Dysplasia score. A Kruskal-Wallis test with Dunn post-hoc testing was performed to test for significant 

differences. Plotted is mean with SEM *p<0.05, **p<0.01 (HFD=high fat diet, Control=Control diet, L2=L2-

IL-1β, wt=wildtype) 

Figure 19 shows increased inflammation, metaplasia and dysplasia in L2-IL-1β mice 

compared to wildtype mice. Though not significant, the phenotype is stronger in HFD 

mice, matching results from the SPF cohorts. Interestingly the dysplasia score is higher in 

the VAT-L2-HFD mice compared to the SPF-L2-HFD mice. 

 
Figure 20: α-diversity of VAT samples 

A: Number of Shannon effective species B: Number of Simpson effective species. An ANOVA with Tukey 

post-hoc testing was performed to test for significant differences. Plotted is mean with SEM *p<0.05 

(HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, wt=wildtype) 
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Figure 20 shows the α-diversity observed in the VAT samples, which was the highest in 

L2-HFD samples and for L2-HFD mice significantly increased compared to wildtype mice.  

 

Figure 21: Generalized UniFrac using non-metric Multi-Dimensional Scaling of VAT samples 
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A: Separation by diet (turquoise=HFD, red=Control) B: Separation by genotype (turquoise=wt, red=L2)  C: 

separation by diet and genotype (turquoise=wt-Control, red=L2-Control, purple=wt-HFD, green=L2-HFD)  

D: corrected p-values for pairwise comparisons in C. p-values were calculated after PERMANOVA with 

Bonferroni-Hochberg post-hoc testing (L2=L2-IL-1β, wt=wildtype, HFD=high fat diet, Control=Control 

diet) 

Figure 21 shows the different clustering in a generalized UniFrac. While diet and genotype 

alone are sufficient to cause significant differences between the microbial profiles, a clear 

and significant separation can be observed as well when testing for the interaction of diet 

and genotype. It is worth to note that L2-HFD and L2-Ctrl animals are clustering 

completely separately from the wildtype animals. 
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Figure 22: Taxonomic distribution of VAT samples 

A: Taxonomy at phylum level B: Taxonomy at Class level C: Taxonomy at Order level D: Taxonomy at 

Family level  

The taxonomic overview of the VAT samples in Figure 22 shows a similar distribution 

between all samples, with a small presence of Peptostreptococcaceae in L2-HFD mice.  
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Figure 23: Common obesity associated phyla in VAT samples 

A: Ratio of members of the phylum Firmicutes to the members of the phylum Bacteroidetes B: Relative 

abundance of the phylum Firmicutes C: Relative abundance of the phylum Bacteroidetes D: Relative 

abundance of the phylum Proteobacteria. An ANOVA with Tukey post-hoc testing was performed to test for 

significant differences. Plotted is mean with SEM. (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, 

wt=wildtype) 

Figure 23 shows bacterial phyla associated with obesity, which are not significantly 

different in the VAT cohort. There seems to be a trend of an increased 

Firmicutes:Bacteroidetes ratio in control diet fed mice which resembles more of an obesity 

phenotype. 

3.1.2 Housing conditions define the phenotype, part II: SPF 

The histology of the mice from the SPF has been presented in the thesis by Dr. Natasha 

Stephens Münch and our corresponding paper [2, 88]. Briefly L2-IL-1β mice fed with a 

HFD present with more tumors and increased dysplasia compared to L2-IL-1β on a chow 

diet and present with faster progression. In the following paragraph the 16S data from 6 

month old mice from the SPF is analyzed. 
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Figure 24: α-diversity of SPF samples 

A: Number of Shannon effective species B: Number of Simpson effective species. A Kruskal-Wallis with 

Dunn’s post-hoc testing was performed to test for significant differences. Plotted is mean with SEM *p<0.05, 

**p<0.01 (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, wt=wildtype) 

Figure 24 shows the α-diversity observed in the SPF samples. Interestingly the highest 

diversity was observed in the chow samples, while the control diet samples had the lowest 

diversity. The effective count of species was intermediate in HFD mice. This holds true for 

wildtype and L2-IL-1β mice, where the observed diversity is similar between the 

genotypes. 
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Figure 25: Generalized UniFrac using non-metric Multi-Dimensional Scaling of SPF samples 

A: Separation by diet (red=Chow, blue=HFD, green=Control) B: Separation by genotype (turquoise=wt, 

red=L2) C: separation by diet and genotype (turquoise=wt-Chow, red=L2-Chow, purple=wt-HFD, 

green=L2-HFD, blue=wt-Control, yellow=L2-Control)  D: corrected p-values for pairwise comparisons in A 

E: corrected p-values for pairwise comparisons in C. p-values were calculated after PERMANOVA with 

Bonferroni-Hochberg post-hoc testing (L2=L2-IL-1β, wt=wildtype, HFD=high fat diet, Control=Control 

diet) 

Figure 25 shows a clear separate clustering of samples according to the diet, however the 

difference between Chow and HFD samples is not significant, while Control samples are 

significantly different from both, Chow and HFD samples. Unlike in the VAT samples 

genotype alone is not leading to significantly different clustering in the UniFrac. 
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Figure 26: Taxonomic distribution of SPF samples 

A: Taxonomy at phylum level B: Taxonomy at Class level C: Taxonomy at Order level D: Taxonomy at 

Family level  

Figure 26 shows an overview of the taxa found in the SPF samples. It was not possible to 

identify taxa clearly associated with genotype or diet, possibly due to the large variety 

observed. 
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Figure 27: Common obesity associated phyla in SPF samples 

A: Ratio of members of the phylum Firmicutes to the members of the phylum Bacteroidetes B: Relative 

abundance of the phylum Firmicutes C: Relative abundance of the phylum Bacteroidetes D: Relative 

abundance of the phylum Proteobacteria. An ANOVA with Tukey post-hoc testing was performed to test for 

significant differences. Plotted is mean with SEM. (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, 

wt=wildtype) 

Figure 27 shows bacterial phyla associated with obesity. There seems to be an increase of 

the Firmicutes:Bacteroidetes ratio in wt-HFD mice, which is mainly due to a decrease of 

Bacteroidetes. For all other mice the Firmicutes:Bacteroidetes ratio is unchanged. 

Especially in the L2 group the Firmicutes:Bacteroidetes ratio is not changed at all, only a 

small decrease in Proteobacteria is observable in L2-Control and L2-HFD mice. 
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3.1.3 Comparison of VAT and SPF housing of L2-IL-1β mice 

 

Figure 28: α-diversity of VAT and SPF samples  

A: Number of Shannon effective species B: Number of Simpson effective species. A Kruskal-Wallis with 

Dunn’s post-hoc testing was performed to test for significant differences. Plotted is mean with SEM *p<0.05, 

**p<0.01, ***p<0.001 (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, wt=wildtype) 

Figure 28 shows the combined α-diversity of 6 month old mice from both, VAT and SPF. 

In accordance to the VAT data, the diversity in SPF mice on a control is reduced in L2-IL-

1β and wildtype mice compared to the respective chow groups. The HFD mice present 

with an intermediate species number, located between Chow and Control in the SPF group. 

Interestingly, the VAT samples do not show many more species in comparison to the 

cleaner SPF mice. 
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Figure 29: Generalized UniFrac using non-metric Multi-Dimensional Scaling of VAT and SPF samples 

A: Separation by diet (blue=HFD, green=Control, red=Chow) B: Separation by genotype (turquoise=wt, 

red=L2) C: Separation by holding facility (turquoise=VAT, red=SPF) D: corrected p-values for pairwise 

comparisons in A. p-values were calculated after PERMANOVA with Bonferroni-Hochberg post-hoc testing 

(HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, wt=wildtype) 

Figure 29 shows a highly significant clustering of samples according to the diet, even 

though the HFD and controls are overlapping considerably. The genotype alone is leading 

to significantly different values with a strong overlap of L2-IL-1β and wildtype samples. 

The same is true for the separation based on the holding facility, were a significant 

difference is observable with overlapping clustering. 



50 

 

 

Figure 30: Generalized UniFrac using non-metric Multi-Dimensional Scaling of VAT and SPF samples 

A: Separation by genotype and diet (turquoise=wt-Chow, red=L2-Chow, purple=wt-HFD, green=L2-HFD, 

blue=wt-control, lime=L2-Control) B: Separation by genotype, diet and holding facility (red=SPF-L2-Chow, 

green=SPF-wt-Chow, mint=SPF-wt-Control, orange=SPF-L2-Control, lime=SPF-L2-HFD, turquoise=SPF-

wt-HFD, blue=VAT-L2-Control, purple=VAT-wt-Control, magenta=VAT-wt-HFD, lavender=VAT-L2-HFD   

C: corrected p-values for pairwise comparisons in A. p-values were calculated after PERMANOVA with 

Bonferroni-Hochberg post-hoc testing (HFD=high fat diet, Control=Control diet, L2=L2-IL-1β, 

wt=wildtype) 

 

Figure 30 shows highly significant separate clustering of generalized UniFrac data from 

the VAT and the SPF. It is noteworthy that the chow fed mice cluster most separately, 

regardless if they are separated by genotype and diet or separated by genotype, diet and 

holding. Figure 30A shows an overlapping clustering for HFD and Control mice, which 

nevertheless are significantly different from each other. In contrast to that the chow 

samples cannot be discriminated by genotype. Figure 30B shows the plot for separation by 
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diet, genotype and holding facility. Only 9 out of 45 pairwise comparisons yield a non-

significant result, as depicted in the Appendix Table 13. 

 

3.1.4 SPF during aging 

To investigate potential changes over time within the cohorts, fecal samples from 13, 26, 

39 and 52 week old L2 mice were analyzed. As a reference for a normal adult sample 26 

week old wildtype mice on Chow and HFD were used.  

 

Figure 31: α-diversity of SPF samples during aging 

A: Number of Shannon effective species B: Number of Simpson effective species. 2-way ANOVA showed 

that only the group (L2-Chow or L2-HFD) has a significant influence on diversity and not the age or an 

interacting term of group and age. Plotted is the mean with SEM (L2=L2-IL-1β, wt=wildtype, HFD=high fat 

diet) 

Figure 31 shows the diversity observed in the SPF samples in L2 mice at different ages, 

however only the diet is influencing the species number significantly. The curves seem to 

meet at the age of 52 weeks, indicating a very similar number of species in L2-Chow and 

L2-HFD mice at the age of 52 weeks. 
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Figure 32: Generalized UniFrac using non-metric Multi-Dimensional Scaling of SPF samples during 

aging 

A: Separation by age and genotype for Chow mice (purple=wt-Chow-26, red=L2-Chow-13, lime=L2-Chow-

26, mint=L2-Chow-39, blue=L2-Chow-52) B: Separation by age and genotype for HFD mice (purple=wt-

HFD-26, red=L2-HFD-13, lime=L2-HFD-26, mint=L2-HFD-39, blue=L2-HFD-52). p-values were 

calculated after PERMANOVA with Bonferroni-Hochberg post-hoc testing (L2=L2-IL-1β, wt=wildtype, 

HFD=high fat diet) 

 

Clustering of generalized UniFrac data shows an overall significant p-value, as depicted in 

Figure 32. The pairwise comparisons calculated show no significant differences between 

the timepoints. The older the L2-IL-1β mice, the more distant they seem to cluster from the 

respective wildtype controls. 
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Figure 33: Common obesity associated phyla in SPF samples during aging 

A: Ratio of members of the phylum Firmicutes to the members of the phylum Bacteroidetes,  B: Relative 

abundance of the phylum Firmicutes C: Relative abundance of the phylum Bacteroidetes D: Relative 

abundance of the phylum Proteobacteria. 2-way ANOVA was performed to test for significant differences 

between L2-Chow and L2-HFD. Plotted is mean with SEM. (L2=L2-IL-1β, wt=wildtype, HFD=high fat diet) 

Figure 33 shows the abundances of phyla associated with obesity. Since the wildtype mice 

could not be integrated in the 2-way ANOVA due to the fact that there is only one 

timepoint, the 2-way ANOVA describes differences between L2-Chow and L2-HFD mice. 

Only the phylum Proteobacteria is significantly different, while the age is significant for 

the ratio Firmicutes:Bacteroidetes, Firmicutes, Bacteroidetes and Proteobacteria. The 

interacting term of diet and age is significant for the Firmicutes:Bacteroidetes ratio, 

Bacteroidetes and Proteobacteria. Interestingly the value for 26 weeks old wildtype mice is 

often similar to the L2-HFD values. 
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3.1.5 Germfree housing of L2-IL-1β mice abrogates the 

inflammatory phenotype 

Germfree L2-IL-1β mice have been raised by the James G Fox laboratory at MIT 

(Cambridge, MA, USA) and analyzed in our laboratory. 

 

Figure 34: Histologic analysis of germfree and conventional L2-IL-1β mice 

A: Representative HE staining of the squamous-columnar junction B: Inflammation score C: Metaplasia 

score D: Dysplasia score E: Goblet cell ratio. A t-test was performed to test for significant differences. 

Plotted is mean with SEM *p<0.05, **p<0.01 (L2=L2-IL-1β) 

As depicted in Figure 34 germfree L2-IL-1β mice present with a different phenotype 

compared to L2-IL-1β mice from a conventional facility. Germfree mice have significantly 

reduced inflammation, metaplasia and dysplasia meaning a reduced tumor phenotype. 

Additionally they have more goblet cells than the conventional mice, suggesting a more 

differentiated cell type found in the germfree mice. 
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Figure 35: Representative Ly6G and Ly6C IHC staining and quantification 

Ly6G staining for neutrophils and Ly6C staining for immature myeloid cells for germfree mice compared to 

the L2-Chow and L2-HFD mice generated by Dr. Münch (grey background) [88]. A 1-way ANOVA with 

Tukey post-hoc testing was performed to test for significant differences. Plotted is mean with SEM *p<0.05, 

**p<0.01, ***p>0.001 (L2=L2-IL-1β, HFD=high fat diet) 

IHC of neutrophils and immature myeloid cells shows a significantly reduced immune cell 

invasion in germfree mice as depicted in Figure 35, suggesting immune cell invasion as an 

important mechanism in tumor formation. 

3.1.6 Bedding transfer is sufficient for a phenotype transfer 

L2-IL-1β mice in the VAT present with a significantly stronger dysplastic phenotype than 

age matched SPF mice while germfree mice present with reduced inflammation and 

reduced tumor formation. This is suggestive of a phenotype mediated by the observed 

differences in the microbiome. To investigate whether the L2-HFD phenotype can be 

transferred with the microbiome, a simple bedding transfer experiment was performed. 

Bedding from a cage of adult, female L2-IL-1β mice on HFD (9-12 months old) was 

transferred weekly to L2-IL-1β mice on control diet until the age of 9 months starting at 

the age of 6 weeks. 5 male and 5 female mice were treated this way to transfer the 

suspected dysbiotic L2-HFD microbiome. 
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Figure 36: Histologic analysis of bedding transfer samples compared with L2-HFD and L2-Control 

mice 

A: Inflammation score B: Metaplasia score C: Dysplasia score. A Kruskal-Wallis test with Dunn post-hoc 

testing was performed to test for significant differences. Plotted is mean with SEM **p<0.01, ***p<0.001 

(L2=L2-IL-1β, HFD=high fat diet) 

As depicted in Figure 36, the bedding transfer lead to significant change in the histologic 

phenotype. Inflammation, metaplasia and dysplasia scores of the mice who received the 

bedding are remarkably similar to the scores of L2-HFD mice and considerably stronger 

than in L2-Control mice. 

3.1.7 Predictive functional profiling 

The 16S data generated was analyzed in close collaboration with Dr. Sama Islam Sayin 

from the laboratory of Professor Timothy Cragin Wang at Columbia University using 

PICRUSt, a tool designed to predict the function of microbial communities based on 16S 

sequencing data [239]. This analysis was performed for the 6 months timepoint.  
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Figure 37: Predictive KEGG pathway enrichment of 16S data from wildtype and L2-IL-1β mice on 

chow, control diet and HFD using PICRUSt 

A: Principal component analysis of the predicted KEGG pathways B: Heatmap showing differences in 

KEGG pathways (wt=wildtype, HFD=high fat diet) 

Figure 37A shows the clustering of predicted KEGG pathways showing that there is no 

clear difference observable in the predicted function of the microbiome in wildtype mice, 

since they present with a strong scatter and overlapping clustering. In contrast the L2-HFD 
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mice cluster completely separately from the L2-IL-1β mice on chow and control, 

suggesting a different functionality. The heatmap in Figure 37B shows that L2-IL-1β mice 

seem to have a different KEGG profile compared to wildtype mice, suggesting an effect of 

the genotype on the function of the microbiome. 

 

Figure 38: Significant predictive KEGG pathways of 16S data from wt and L2-IL-1β mice on chow, 

control diet and HFD using PICRUSt 

A: Heatmap of significantly regulated pathways B: KEGG pathways for lipopolysaccharides (wt=wildtype) 

Figure 38A shows significantly regulated KEGG pathways, among which there are 

metabolic pathways potentially contributing to the non-obese phenotype of L2-HFD mice. 

The synthesis of lipopolysaccharides is highly downregulated in wildtype mice on the 

purified diets, while L2-Control mice seem to maintain a chow-like phenotype in contrast 

to L2-HFD mice where the synthesis of lipopolysaccharides is downregulated similarly as 

in the wildtype mice. 

3.1.8 Potential indicator species associated with the L2-IL-1β 

HFD phenotype could not be detected 

LDA Effect Size (LEfSe) analysis was performed to identify indicator species potentially 

linked to tumor formation. 
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Figure 39: Results of the LDA Effect Size (LEfSe) analysis of the 26 weeks timepoint of the SPF cohort 

A: Significantly different bacterial groups B-C: Relative abundances of the 3 significant results pointing 

towards the identity of OTU_38 (L2=L2-IL-1β, wt=wildtype, Ctrl=Control diet, HFD= high fat diet) 

As depicted in Figure 39, the only significant result was the differentiation between L2-

Chow and wt-Control mice. It should be noted that OTU_38, a member of the 

Lachnospiraceae family is depicted twice, first as the OTU but also as a genus.  No other 

effects could be detected indicating that there is no single bacterial species or strain 

associated with the genotype and the diet.  

 

Figure 40: Results of the LDA Effect Size (LEfSe) analysis of the 26 weeks timepoint of the SPF cohort 

based on diet and genotype 

A: Top 5 significantly different bacterial groups between the diets across genotypes B: Significantly different 

bacterial group between the genotypes across the diets C: Relative abundance of the significantly different 

OTU between the genotypes across diets (L2=L2-IL-1β, wt=wildtype, Ctrl=Control diet, HFD= high fat diet) 
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To verify if the analysis can be performed successfully the data was analyzed only based 

on the diet, which is a well-known influence on the microbiome composition. Figure 40A 

shows the most significant differences showing that the diet is associated with the 

microbiome across the genotypes. The full results are depicted in Appendix Figure 47. 

Figure 40B-C show the only OTU which is significantly different between wildtype and 

L2-IL-1β mice across the diets with the control diet presenting different. 

3.1.9 Inflammatory signaling leads to increased 

Lgr5+progenitorcells 

The L2-HFD phenotype has been shown to be linked to IL8/KC signaling and an increase 

in Lgr5+ stem cells [88]. To investigate a mechanistic link between inflammation and stem 

cell proliferation CXCR2 expression was analyzed. L2/IL8Tg mice were used as a positive 

control for two reasons. L2/IL8Tg mice show a similar phenotype as L2-HFD mice 

regarding acceleration and strength of tumor development. CXCR2 is a receptor reacting to 

IL-8/KC and leads to proinflammatory signaling.  

 

Figure 41: CXCR2 and Lgr5 expression 

A: CXCR2 IHC in L2-IL-1β mice B: Lgr5 ISH in L2-IL-1β mice C: CXCR2 (red) and Lgr5 (brown) double 

staining and the correlation with the dysplasia score. An ANOVA with Tukey post-hoc testing was 

performed to test for significant differences. Plotted is mean with SEM.  *p<0.05 (L2=L2-IL-1β, 

L2/IL8tg=L2-IL-1β+IL8Tg, HFD= high fat diet)  
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CXCR2 expression depends significantly on the hygiene/inflammation level, as depicted in 

Figure 41A. This is paralleled by an increase of Lgr5 positive cells as shown in Figure 

41B. Figure 41C shows that CXCR2 expressing cells are also expressing Lgr5, linking 

inflammation to the expansion of progenitor cells. Interestingly the amount of 

CXCR2/Lgr5 double positive cells correlates with the dysplasia score, highlighting the 

importance of inflammation to tumor formation. 

Taken together this data suggests that changes of the intestinal microbiome are associated 

with BE and EAC progression in mice. Since the HFD phenotype seems to be transferable 

with the microbiome, preventive approaches based on changing the microbiome (e.g. diet 

changes, antibiotic treatment or microbiome transfers) could be considered for further 

research. An alternative approach for prevention would be to target the inflammatory 

processes involved which seemingly influence the stem cell niche using anti-inflammatory 

treatment. 
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3.2 Anti-inflammatory treatment affects tumor 

progression 

3.2.1 Anakinra attenuates the HFD phenotype 

 
Figure 42: Histologic analysis of Anakinra treated mice samples using HE and Ki67 staining 

A: Inflammation score B: Metaplasia score C: Dysplasia score D: Ki67 staining. A Mann Whitney  test with 

was performed to test for significant differences. Plotted is mean with SEM *p<0.05, **p<0.01, ***p<0.001 

(L2=L2-IL-1β, HFD=high fat diet) 

 

Figure 42 shows that the treatment with Anakinra attenuates the HFD-Phenotype in regard 

to metaplastic and dysplastic changes. A highly significant effect can be observed in 

regards to cell proliferation analyzed by Ki67 staining. This shows that Anakinra treatment 

has a significant effect on tumor development in L2-IL-1β mice. 
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3.2.2 NSAIDs change the immune phenotype 

 

Figure 43: Macroscopic analysis of L2-IL-1β mice treated with ASS or Sulindac 

A: Representative images of the mouse cohorts stomachs B: Macroscopic scoring of the cardia lesions C: 

Macroscopic scoring of the esophagus lesions D: Average of the lesion score for esophagus and and cardia. 

A ANOVA test with Tukey post-hoc testing was performed to test for significant differences. Plotted is mean 

with SD *p<0.05 (L2=L2-IL-1β, HFD=high fat diet, ASS=Aspirin) 

Figure 43 shows a weak, yet significant influence of the Sulindac treatment on tumor 

formation in the cardia, but not the esophagus while ASS doesn’t seem to have an 

influence.  
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Figure 44: Histologic analysis of L2-IL-1β mice treated with ASS or Sulindac 

A: Representative HE stainings of the BE region B: Inflammation score C: Metaplasia score D: Dysplasia 

score E: Representative Ki67 staining in BE region F: Quantification of Ki67 positive cells in the BE region. 

A ANOVA test with Tukey post-hoc testing was performed to test for significant differences. Plotted is mean 

with SD *p<0.05(L2=L2-IL-1β, HFD=high fat diet, ASS=Aspirin) 

While the effect of Sulindac on the histologic scorings is significant as well for 

inflammation and dysplasia, as shown in Figure 44, ASS seems to have an effect on 

dysplasia development which fails to reach significance. It is worth to note that only 

Sulindac has a significant effect on proliferation quantified by Ki67 staining. 
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Figure 45: Analysis of immune cells of the myeloid lineage in L2-IL-1β mice treated with ASS or 

Sulindac 

Percentage of CD45 positive cells identified as immature myeloid cells (IMCs) (A, D, G), Macrophages (B, 

E, H) and Neutrophils (C, F, I) in the blood (A-C), esophagus (D-F) and the cardia region (G-I). A ANOVA 

test with Tukey post-hoc testing was performed to test for significant differences. Plotted is mean with SD 

*p<0.05, ***p<0.001 (HFD=high fat diet, ASS=Aspirin) 

Figure 45 shows the influence of ASS and Sulindac on the immune cell profile of the 

myeloid lineage. Significant differences could only be observed in the esophagus of L2-IL-

1β mice, were ASS and Sulindac lead to a reduced invasion of immature myeloid cells 

(IMCs) and neutrophils. Interestingly the Sulindac treated animals present with decreased 

macrophage invasion in the esophagus and increased macrophage invasion in the cardia. 
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Figure 46: Analysis of immune cells of the T cell lineage in L2-IL-1β mice treated with ASS or Sulindac 

Percentage of living cells identified as cytotoxic T cells (A, E, I), γδT cells (gdT cells) (B, F, J), NKT cells 

(C, G, H) and T helper cells (D, H, L) in the blood (A-D), esophagus (E-H) and the cardia region (I-L). A 

ANOVA test with Tukey post-hoc testing was performed to test for significant differences. Plotted is mean 

with SD *p<0.05, **p<0.01(HFD=high fat diet, ASS=Aspirin) 

Figure 46 shows the influence of ASS and Sulindac on the immune cell profile of the T 

cell lineage. Interestingly there seems to be a systemic effect linked to the treatment with 

Sulindac leading to increased gdT and NKT cells in the blood, while ASS does not seem to 

have an influence on a systemic level. Apparently there is also an increased immigration of 

these two cell types in the cardia which fails to reach significance. NKT cells migrate 

significantly more into the esophagus of L2-IL-1β mice treated with Sulindac, while there 

is an increase of T helper cells in the esophagus which is more pronounced in the cardia 

region with a stronger increase in ASS treated mice. 
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4. Discussion 

EAC is a common form of esophageal cancer with rising incidence over the past decades 

but still a poor prognosis [42, 44]. BE and EAC are associated with age, male gender, 

Caucasian ethnicity, GERD, BE and obesity/dietary factors [44, 45]. While obesity was 

increasing in parallel, the increase of EAC incidence was rising about a decade earlier, 

suggesting other (environmental) factors as relevant actors [240]. It has been shown that 

L2-IL-1β mice on a HFD present with an accelerated phenotype independent of obesity, 

suggesting that other mechanisms than obesity are responsible for the development of EAC 

[88]. This data leads to the hypothesis that the western diet/lifestyle is a driver for EAC 

development. Since nutritional behavior is highly associated with the composition of the 

gastrointestinal microbiome, the correlation of the microbiome shaped by diet and 

environment with tumor development in L2-IL-1β mice was investigated. Since it remains 

unclear how the microbiome can be influenced in a protective way, anti-inflammatory 

treatment was investigated as preventive measure. 

4.1 The gut microbiome is changed in tumor bearing 

mice 

Until now no clear associations of BE and EAC with changes of the microbiome have been 

described [241]. Studies of the local microbiome at the gastroesophageal junction or at 

BE/EAC are limited in power due to the acidic environment caused by the commonly 

found reflux [242]. One prevalent association of the microbiome and BE/EAC association 

is with Helicobacter pylori. The eradication of H. pylori was found to be inversely 

associated with BE/EAC [243-245]. However it remains unclear whether H. pylori itself is 

protective or just a proxy for further microbiome changes [246]. In contrast H. pylori is 

well associated with and a well-established cause of gastric ulcers [247]. However it seems 

unlikely to find many instances of disease where a single bacterial species is responsible. 

Regarding complex gastrointestinal diseases it seems highly likely that changes in the 

microbiome composition play a bigger role than single species [248, 249]. It seems 

possible that systemic immune effects are linked to local inflammation in BE and EAC, 

which was investigated in the L2-IL-1β mouse model. 
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Breeding the L2-IL-1β mice in different hygiene levels ranging from a “dirty” open cage 

facility (VAT), a SPF facility and a germfree facility showed that tumor development 

increases in an inverse proportionally relationship to the hygiene level. Germfree L2-IL-1β 

mice present with a reduced phenotype, corresponding to reduced inflammation which is 

well reported for germfree mice [250, 251].  This likely due to the reduced immune cell 

invasion compared to conventional L2-IL-1β mice. Feeding L2-IL-1β mice a HFD leads to 

increased tumor formation in both the SPF and the VAT facilities; to a stronger extent in 

the VAT. This phenotype was transferable by a simple bedding transfer from L2-HFD 

mice to L2-IL-1β mice on a control diet, suggesting that the microbial composition is 

highly relevant. The L2-HFD mice have a distinct gut microbiome measured by 16S 

sequencing of feces. These results suggest an influence of the gut microbiome on the 

development of BE and tumors in the L2-IL-1β mouse model. Taking together the 

evidence from the data presented here the association of changes in the gut microbiome 

with tumor development is highly plausible. While a traditional proxy of an obesity 

associated microbiome could not be observed in L2-HFD mice, the shift of the 

Bacteroidetes:Firmicutes ratio observed in obese mice could be reproduced in the wildtype 

mice in the SPF but not in the VAT [252, 253]. This suggests that it is not an obesity 

associated microbiome observed in the L-2-HFD mice but rather a distinct HFD associated 

microbiome and that the Bacteroidetes:Firmicutes ratio should be interpreted with care and 

depending on the hygiene level of the environment. This highlights the relevance of the 

hygiene level of a mouse facility regarding the characteristics of a microbiome. If one 

considers not only the hygiene level, but also other environmental variables, careful 

planning should be done before setting up experimental conditions in cancer models in 

mice. E.g. the ambient temperature, which is often below thermoneutrality for mice, is 

known to influence tumor growth and the regulation of the immune system, possibly by 

metabolic stress [254]. This adds to the evidence that the metabolism and its regulation are 

a central player in tumorigenesis and tumor development and is an additional link of cancer 

to nutrition. Overnutrition, ie. the intake of more energy than the energy spent, is 

associated with obesity and the metabolic syndrome, defined by increased BMI, insulin 

resistance/hyperinsulinemia, hyperglycemia, dyslipidemia and hypertension. It has become 

evident that the metabolic syndrome is associated with cancer development [255, 256]. 

Potential drivers include insulin dependent growth factor activation, adipokine secretion by 

adipose tissue and leptin induced angiogenesis via the VEGF pathway [257-260].While 

obesity is clearly associated with metabolic syndrome, it seems highly likely that a 
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metabolic syndrome can be present even in patients without excessive body fat, expanding 

the potential of associated cancers developing in normal weight patients [261, 262]. 

While metabolic changes could be a cause or consequence of changes in the microbiome, 

little is known about the mechanisms behind. One relevant mechanism is FXR signaling, 

which reacts to bile acids metabolized by bacteria. It has been shown that FXR signaling is 

involved in obesity and bacterial community shifts associated with metabolic changes 

[263-265]. Recently it has been shown that FXR signaling in the context of a HFD can 

support intestinal tumor formation in mice [266]. While bile acids alone have been shown 

to be sufficient to accelerate tumor formation in L2-IL-1β mice, a functional relevance of 

FXR signaling in L2-IL-1β mice has been described highlighting the relevance of FXR 

signaling in BE and EAC in the L2-IL-1β mouse model [72, 267]. A predictive functional 

analysis by using PICRUSt however does not hint toward bile acid metabolism, but 

highlights metabolic pathways.  The metabolic pathways could be a factor influencing the 

non-obese phenotype of L2-HFD mice, since the carbohydrate digestion seems to be 

influenced. On the other hand other pathways, e.g. the lipid metabolism pathway, seem to 

be similar to wt-HFD mice. These ambiguous results do not allow any further conclusions 

regarding the metabolic function of the microbiome in this model, but highlights its 

relevance. Interestingly there seems to be change regarding the pathways regulating 

lipopolysaccharide synthesis, which are known to bind to TLR which is also involved in 

inflammatory signaling [268]. Lipopolysaccharides can pass from the intestinal lumen to 

the circulatory system and are associated with inflammation [269]. TLR receptors can 

stimulate immune cells together with CD14 to progress into inflammatory signaling e.g. 

via NF-κB signaling [251, 270]. TLR signaling has been shown to induce the expression of 

IL8 among other proinflammatory cytokines [271, 272]. Interestingly it has been shown 

that BE and EAC are associated with IL8 expression and that IL-1β can lead to IL8 

activation, suggesting a synergistic effect of IL-1β driven inflammation and microbiome 

induced inflammatory processes in L2-HFD mice [120, 121, 273, 274]. Furthermore, it has 

been shown that the IL8 receptor CXCR2 is necessary for IL8 dependent proliferation in 

cancer and that CXCR2 is expressed in EAC and that CXCR2 inhibition leads to reduced 

invasion [119, 275-277]. While CXCR2 is mainly known as a receptor on immune cells, it 

has been reported that CXCR2 signaling can also support self-renewal of (cancer) stem 

cells [278-281]. Consequently the inflammatory phenotype found in L2-HFD mice 

mediates an increase in Lgr5/CXCR2 positive cells, directly linking inflammation and 
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progenitor cells at the SCJ. This is suggestive of an inflammatory, tumor promoting stem 

cell niche similar as described for skin lesions [282]. While these predictive results support 

the functionality of the microbiome regarding immune signaling in our mouse model, a 

causative connection has yet to be revealed. Further information could be gained by using 

complimentary techniques, such as metagenomic sequencing of the microbiome. 

There are several limitations regarding these results. Even though the preliminary results of 

the 16S sequencing of the cardia region did not show a clear pattern, an influence of the 

local microbiome cannot be excluded. This is relevant due to the previously described 

microbial differences reported locally in BE and EAC patients [210-212]. A recently 

published study has shown that wildtype mice develop inflammation and metaplasia at the 

gastroesophageal junction when fed a HFD with DCA [283].  Interestingly HFD+DCA 

was correlated with an increased bacterial diversity in the esophagus, suggesting that the 

local microbiome might be involved. Additionally there are methodical drawbacks, such as 

the limited transferability of results of mouse microbiome studies to humans due to 

anatomical differences (e.g. stomach anatomy, mucosa layout), differences in the 

biorhythm (e.g. night-day activity), genetic heterogeneity and diet [284-286]. Furthermore, 

while it is known that 16S sequencing data from fecal samples is a proxy for luminal 

bacteria this does not allow any direct conclusions to be made about mucosal bacteria 

[287-289]. It has been described that the mucosal microbiome can regulate immunity, 

possibly linking it to inflammation [290-292].While the functionality of the microbiome in 

our study is only predictive data, there could be a direct effect of fatty acids not 

investigated yet. It has been shown for the mouse intestine that a HFD per se is capable of 

enhancing stemness and tumor formation by increasing the amount of Lgr5 positive stem 

cells [293]. In mice treated with a HFD and DCA, a marked difference could be observed 

in the lipidome in the serum, highlighting the relevance of metabolic functions to 

esophageal inflammation [283].Indeed it seems possible that not only obesity but more 

likely metabolic syndrome might be a driver of EAC [294]. In general 16S sequencing is 

limited in resolution, since only short fragments are analyzed which might be biased due to 

amplification biases and clustering issues [295-297]. While 16S analysis is still widely 

used, metagenomics sequencing might reduce biases and increase resolution and add 

information about the non-bacterial components of the microbiome [298, 299]. 

In summary, the influence of a HFD on the gut microbiome and an association of 

microbiome changes with the cancer phenotype in L2-IL-1β mice is highly plausible 
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considering the data presented here and similar data reported on intestinal tumor formation 

[300]. The hypothesis is that a systemic influence of the intestinal microbiome on the 

inflammatory system is responsible for the acceleration than effects of the local 

microbiome possibly linked by TLR signaling that activates IL8/KC and influences the 

local stem cell niche. Clinical studies, such as BarrettNET, could analyze the microbiome 

to investigate the predictive value for human patients [301]. It could be speculated that, due 

to the existence of normal weight patients with metabolic syndrome and the changed 

microbiome in the normal weight L2-HFD mice, the collective of patients at risk for 

developing BE and EAC is larger than previously thought. However to date it remains 

unclear whether any preventive measures targeting the microbiome (e.g. changing 

nutritional behavior, antibiotics or microbiome transfers) could have a beneficial effect in 

BE/EAC patients. In contrast more is known about treatment with anti-inflammatory 

drugs, which directly act on the mechanism suspected for cancer development. 

4.2 Anti-inflammatory treatment could be used for 

chemoprevention in BE/EAC 

4.2.1 Anakinra reduces IL-1β mediated inflammation 

The IL-1 receptor antagonist (IL-1RA) is a member of the IL-1 family binding to the IL-1 

receptor and competitively inhibiting IL-1 receptor activation [302, 303]. IL-1RA is thus 

able to reduce or inhibit inflammatory responses induced by IL-1 [304]. IL-1RA is a 

glycosylated 22 kDa protein which can be expressed as 3 isoforms with isoform 1 being 

the secreted one [305, 306]. The non-glycolysated recombinant IL-1RA is 17 kDa and 

keeps its antagonistic effect [302, 307]. Even though the affinities of IL-1 and IL-1RA for 

the IL-1 receptor are similar, the need for 10-100 fold molar excess seems to be necessary 

to block IL-1 signaling in cell culture experiments [308]. Interestingly experiments in 

rabbits and baboons suggest the need for 100-1000 fold molar excess in vivo [309, 310]. 

For mice 200 μg of IL-1RA have been reported to be necessary to block the lethal effect of 

1 μg of IL-1 [311]. Treatment of patients with rheumatoid arthritis (a systemic autoimmune 

disorder with crucial IL-1 contribution) with recombinant IL-1RA showed promising 

results regarding safety and efficacy [312, 313]. This led to the approval of recombinant 

IL-1RA as Anakinra (tradename Kineret) as a treatment for patients with rheumatoid 

arthritis in 2002 in Germany [314]. While it remains unclear whether the efficacy of 
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Anakinra is due to IL-1β or IL-1α blocking, it has shown to be effective in a wide range of 

diseases such as (auto-)inflammatory diseases, bone diseases and metabolic diseases [315]. 

A phase II trial has shown that patients with smoldering or indolent multiple myeloma 

might benefit from the treatment with Anakinra possibly in combination with 

dexamethasone [316]. Trials are currently in progress regarding other cancers (e.g. 

pancreatic cancer, colon cancer) but none regarding EAC that are publicly known [317]. 

The treatment of L2-IL-1β mice with Anakinra showed promising results, serving as a 

proof of concept that the inhibition of inflammation can reduce tumor formation.  This 

method might not be feasible for prevention in patients due to possible side-effects and the 

high cost, so more common drugs should be considered for chemoprevention. 

4.2.2 Sulindac inhibits tumor formation by a change in immune 

cell profiles 

Sulindac and ASS seem to have a very similar effect on tumor formation regarding 

macroscopic scoring and the histology, even though ASS treatment repeatedly fails to 

reach significance. However, Sulindac treatment in L2-HFD mice changed the 

immunphenotype analyzed by flow cytometry significantly. The reduced invasion of 

neutrophils in the esophagus of L2-IL-1β mice treated with Sulindac (and non-significantly 

in the mice treated with ASS) could be a potential mechanism that reduces tumor growth. 

While neutrophils can be tumor antagonizing, increased levels of neutrophils have been 

reported frequently in association with a higher tumor grade and poor prognosis [318-320]. 

While the increase of gdT cells is not significant, these cells may have antitumoral 

properties. Human gdT cells are capable of killing tumor cells in cell culture experiments 

[321]. gdT cell lacking mice present with increased tumor growth, however being limited 

in explanatory power due to the different functionality of gdT cells in mice and men [322]. 

While also having tumor-supporting properties, e.g. in cancers of the gall bladder, clinical 

trials have shown a weak to medium beneficial effect of gdT cells in different cancers 

[323-327].  There is a massive increase of NKT cells in the esophagus and blood of the 

Sulindac treated mice. NKT cells have been reported to have at least 2 subtypes and it 

should be noted that the NK1.1 marker used here is not necessarily expressed in non 

C57BL/6J mice strains [328]. Type I NKT cells have been reported to have cytotoxic and 

antitumourigenic properties mediated by IFN-γ and IL-2 signaling [329-331]. In contrast, 

type 2 NKT cells are capable of suppressing immune surveillance of the tumor [332-334]. 
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It seems possible that type I NKT cells are activated by Sulindac and are suppressing 

tumor growth in L2-IL-1β mice possibly assisted by T helper cells.  

The changed immune cell invasion presents a plausible mechanism causing the reduced 

phenotype due to ASS and Sulindac treatment, with the later appearing more pronounced. 

Recently it has been suggested in a study analyzing GERD, BE and EAC patients that the 

severity of the disease is linked to reduced T-cell invasion and suggesting chemokine 

receptor antagonism as a preventive measure [335]. Additionally reduced T cell invasion 

has been reported with a poor prognosis in combination with PD-1/PD-L1 expression in 

EAC [336]. This is similar to the observed effect of Sulindac on the immune cell profile 

with an increased T cell influx into the esophagus linked with reduced tumor formation. In 

contrast, macrophage invasion has been reported with a poor prognosis in EAC, fitting the 

observation of reduced macrophage invasion into the esophagus in L2-HFD mice treated 

with Sulindac [337]. The increased invasion of macrophages at the cardia region of the 

Sulindac treated mice suggests different roles of macrophages at the main region of 

inflammation (the esophagus) and within the stem cell niche (the cardia). 

This project was not designed to identify the subtypes of the detected immune cells, 

limiting the explanatory power on detailed immune mechanisms at work. ASS and 

Sulindac are both nonsteroidal anti-inflammatory drugs which reduce pain and 

inflammation. ASS is a commonly used drug which irreversibly inhibits COX-1 and to a 

lesser extent COX-2 [338]. ASS usage has been reported to have a protective effect 

regarding various cancers, e.g. colon cancer and prostate cancer [339-341]. Most of the 

cancer preventive effects of ASS are thought to be due to COX-2 inhibition which is rarely 

expressed under normal conditions, despite COX independent effects that have been 

reported [342]. COX-2 inhibition causes a reduction of pro-inflammatory prostaglandins, 

angiogenesis and increases apoptosis [343]. COX independent mechanism include the 

inhibition of  IKKβ and thus NF-κB signaling [344]. These effects may be dose-dependent 

and thus have the potential to increase common side effects of ASS such as gastrointestinal 

bleeding [345]. It has been shown that TLR-4 is activated in BE and EAC tissue, activating 

COX-2 and highlighting the relevance of ASS in BE and EAC [346]. It is noteworthy that 

even though ASS is a very common drug, the mode of action so far is still not completely 

understood. The recently published AspECT trial investigated the influence of 

Esomeprazole and/or ASS on BE in patients and showed that ASS, especially in 

combination with Esomeprazole, could reduce the incidence of EAC [347]. Sulindac is 
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currently not approved in Germany. Sulindac is thought to act on COX-2, NF-κB and 

STAT3 signaling [348-350]. Sulindac has been suggested to be preventive in colorectal 

cancer, another gastrointestinal cancer associated with inflammatory processes [351-353]. 

Studies in a mouse model of breast cancer have shown that Sulindac enhances survival and 

tumor regression and led to reduced influx of macrophages in the tumor environment, 

supporting the observation of a changed immune profile due to Sulindac [354]. In regard to 

COX-2 inhibition, it has been recently shown in a mouse model of esophageal squamous 

carcinoma, based on Krt5 driven KrasG12D expression and p53 knock-out, that tumor 

formation depends on COX-2 signaling [355].  

In summary both, ASS and Sulindac are interesting candidates regarding chemoprevention 

in BE and EAC and need further (clinical) investigation. Since ASS and Sulindac show an 

effect on tumor formation in the L2-IL-1β mice, the relevance of COX-2 signaling for 

tumor formation could be investigated by crossing in COX-2 knock-out mouse. Sulindac 

might be the more interesting candidate for chemoprevention due to the stronger effect on 

the immune cell profile and the markedly reduced proliferation it causes. It remains unclear 

if the observed immunophenotype and the presumed anti-tumorigenic effects are 

translatable to other cancers types in mice or have similar effects in patients. In the patient 

setting it seems likely that other factors adding to chronic inflammation may have an 

additional effect and that anti-inflammatory chemoprevention will only benefit a subgroup 

of patients or will need to be considered in combination with other interventions (i.e. 

changes of nutritional behavior, reflux management). 
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5. Conclusion and outlook 

In summary, the tumor phenotype of L2-IL-1β mice depends on the hygiene level of the 

holding facility and on the diet. These differences are accompanied by changes in the gut 

microbiome in these mice. While the microbiome analysis shows associations with tumor 

development, and computational predictions of the function of the microbiome suggest a 

functional impact on tumor formation and inflammation, this study is not able to prove the 

functional relevance of these microbiome changes. Notably, there was an increase in 

possibly inflammation induced progenitor cells. Additional experiments, like the 

investigation of functional properties of single bacteria or bacterial consortia could be 

performed in vitro (e.g. on gut or esophageal organoids) and in vivo (e.g. in germfree 

mice) could help to further investigate this association. Possibly colonizing mice with a 

humanized microbiome from either healthy controls or BE/EAC patients could support the 

idea of a systemic effect. It would be interesting to test the gut microbiome as a predictor 

of progression to EAC in BE patients to verify the medical relevance of the observed 

associations in patients. Additionally, it would be highly interesting to investigate the 

metabolic changes found by Dr. Münch in her doctoral thesis, since the level of 

metabolites in e.g. serum could influence inflammatory processes and thus could link the 

microbiome changes to inflammation and tumor development in L2-IL-1β mice. 

Considering the link of bile acids, the microbiome and FXR signaling mentioned before, it 

would be worthwhile to further investigate this mechanism linking the microbiome to 

tumor formation. Currently work on this concept is performed in the laboratory of Dr. 

Michael Quante in mice and patients. 

Chemoprevention using NSAIDS could be an easy and affordable preventive measure and 

since the ASPECT trial has shown that ASS could help BE patients it could be a 

worthwhile approach. Sulindac could be considered for chemoprevention in humans but 

large trials would be necessary to establish it efficiency in preventing EAC. Since the main 

problem of not knowing who to treat or survey persists, further research in the etiology of 

BE and EAC is needed. 
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7. Appendix 

7.1 p-values Unifrac VAT SPF 

Table 13: p-values for generalized UniFrac using non-metric Multi-Dimensional Scaling of VAT and 

SPF samples 

 Samples are separated by genotype, diet and holding facility. p-values were calculated after PERMANOVA 

with Bonferroni-Hochberg post-hoc testing and are rounded to 4 digits. 

Comparison Corrected p-value 

 

Comparison Corrected p-value 

SPF-L2-Control vs SPF-Wt-Chow 0.0038 

 

SPF-L2-Chow vs VAT-L2-HFD 0.0094 

SPF-Wt-Control vs SPF-Wt-Chow 0.0038 

 

VAT-L2-Control vs SPF-L2-Chow 0.0108 

VAT-L2-HFD vs SPF-Wt-Chow 0.0038 

 

VAT-L2-Control vs SPF-Wt-Chow 0.0113 

VAT-Wt-Control vs SPF-L2-Chow 0.0038 

 

VAT-Wt-HFD vs VAT-L2-HFD 0.0113 

VAT-L2-Control vs SPF-Wt-HFD 0.0038 

 

SPF-L2-HFD vs VAT-L2-HFD 0.0113 

VAT-Wt-HFD vs SPF-L2-HFD 0.0038 

 

VAT-Wt-Control vs SPF-Wt-Control 0.0120 

VAT-Wt-HFD vs SPF-Wt-Chow 0.0038 

 

SPF-Wt-HFD vs VAT-L2-HFD 0.0120 

SPF-L2-Chow vs SPF-Wt-HFD 0.0038 

 

VAT-L2-Control vs SPF-L2-HFD 0.0203 

SPF-L2-Chow vs SPF-Wt-Control 0.0038 

 

VAT-L2-Control vs SPF-Wt-Control 0.0225 

SPF-L2-HFD vs SPF-L2-Control 0.0038 

 

VAT-Wt-Control vs SPF-L2-HFD 0.0286 

SPF-L2-HFD vs SPF-Wt-Control 0.0038 

 

VAT-Wt-Control vs SPF-Wt-Chow 0.0357 

SPF-Wt-HFD vs SPF-L2-Control 0.0038 

 

VAT-L2-Control vs SPF-L2-Control 0.0399 

VAT-Wt-HFD vs SPF-Wt-Control 0.0056 

 

VAT-Wt-Control vs VAT-L2-HFD 0.0463 

SPF-L2-Chow vs SPF-L2-Control 0.0056 

 

VAT-Wt-Control vs VAT-Wt-HFD 0.0715 

SPF-Wt-HFD vs SPF-Wt-Chow 0.0056 

 

VAT-Wt-Control vs SPF-Wt-HFD 0.0715 

SPF-L2-Control vs VAT-L2-HFD 0.0056 

 

VAT-L2-Control vs VAT-Wt-HFD 0.0715 

VAT-Wt-Control vs SPF-L2-Control 0.0075 

 

VAT-Wt-HFD vs SPF-Wt-HFD 0.0776 

SPF-L2-HFD vs SPF-Wt-Chow 0.0075 

 

VAT-L2-Control vs VAT-L2-HFD 0.0790 

SPF-Wt-Control vs VAT-L2-HFD 0.0082 

 

VAT-Wt-Control vs VAT-L2-Control 0.1628 

VAT-Wt-HFD vs SPF-L2-Chow 0.0082 

 

SPF-L2-Control vs SPF-Wt-Control 0.1643 

VAT-Wt-HFD vs SPF-L2-Control 0.0082 

 

SPF-L2-HFD vs SPF-Wt-HFD 0.1718 

SPF-Wt-HFD vs SPF-Wt-Control 0.0082 

 

SPF-L2-Chow vs SPF-Wt-Chow 0.9470 

SPF-L2-Chow vs SPF-L2-HFD 0.0094 
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7.2 Indicator species 

 

 

Figure 47: Results of the LDA Effect Size (LEfSe) analysis of the 26 weeks timepoint of the SPF cohort 

based on the diet 
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