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Abstract 

Background & Aims: Barrett’s esophagus (BE) is a precursor to esophageal adenocarcinoma (EAC). 

Progression from BE to cancer is associated with obesity, possibly due to increased abdominal 

pressure and gastroesophageal reflux disease, although this pathogenic mechanism has not been 

proven. We investigated whether environmental or dietary factors associated with obesity contribute to 

progression of BE to EAC in mice. 

Methods: Tg(ED-L2-IL1RN/IL1B)#Tcw mice (a model of BE, called L2-IL1B mice) were fed a chow 

(control) or high-fat diet (HFD), or crossbred with mice that express human IL8 (L2-IL1B/IL8 mice). 

Esophageal tissues were collected and analyzed for gene expression profiles and by quantitative PCR, 

immunohistochemistry, and flow cytometry. Organoids were established from BE tissue of mice and 

cultured with serum from lean or obese individuals, or neutrophils from L2-IL1B mice. Feces from 

mice were analyzed by 16s rRNA sequencing and compared to 16s sequencing data from patients 

with dysplasia or BE. L2-IL1B were mice raised in germ-free conditions.  

Results : L2-IL1B mice fed a HFD developed esophageal dysplasia and tumors more rapidly than 

mice fed the control diet; the speed of tumor development was independent of body weight. The 

acceleration of dysplasia by the HFD in the L2-IL1B mice was associated with a shift in the gut 

microbiota and an increased ratio of neutrophils to natural killer cells in esophageal tissues, compared 

to mice fed a control diet. We observed similar differences in the microbiomes from patients with BE 

that progressed to EAC vs patients with BE that did not develop cancer. Tissues from dysplasias of 

L2-IL1B mice fed the HFD contained increased levels of cytokines that are produced in response to 

CXCL1 (the functional mouse homolog of IL8, also called KC). Serum from obese patients caused 

organoids from L2-IL1B/IL8 mice to produce IL8. BE tissues from L2-IL1B mice fed the HFD and from 

L2-IL1B/IL8 mice contained increased numbers of myeloid cells and cells expressing Cxcr2 and Lgr5 

mRNAs (epithelial progenitors) compared to mice fed control diets. BE tissues from L2-IL1B mice 

raised in germ-free housing had fewer progenitor cells and developed less dysplasia than in L2-IL1 

mice raised under standard conditions; exposure of fecal microbiota from L2-IL1B mice on HFD to L2-

IL1B mice on control diet accelerated tumor development.  
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Conclusions: In a mouse model of BE, we found that a HFD promoted dysplasia by altering the 

esophageal microenvironment and gut microbiome, thereby inducing inflammation and stem cell 

expansion, independent of obesity. 

Keywords:  

NK cells, neutrophils, cytokines, IL1B 
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Introduction 

BE is thought to arise as a consequence of gastro-esophageal reflux disease (GERD), which 

damages the esophageal mucosa, leading to a replacement of squamous epithelium by a metaplastic 

columnar epithelium above the gastroesophageal junction (GEJ)1. The increase in EAC incidence in 

the Western world has led to some uncertainty in the clinical management of BE and the estimation of 

its risk for EAC. While current strategies employ aggressive screening, surveillance and/or ablation 

procedures, the benefits of such procedures have been difficult to demonstrate2 and a better 

understanding of risk factors is needed.  

In addition to male gender, age and tobacco use3, obesity is strongly associated with the development 

of EAC4 and is now endemic in Western countries and Asia. Obesity or a high waist circumference are 

thought to promote BE/EAC through increased abdominal pressure and GERD5, although this 

mechanism has not been proven and the degree of GERD correlates poorly with disease progression. 

Evidence linking obesity to cancer risk derives primarily from observational cohort studies, which may 

not establish directly causality, but identified associations of multiple obesity-related factors 

(hormones, cytokines, adipokines) with increased risk and poor outcome. In this context, obesity is 

mostly used as a proxy for an underlying but still undefined mechanism6. This leaves the possibility 

that environmental or dietary factors that are prevalent in obese patients influence the risk of BE 

progression, rather than increased body fat per se7, as recently demonstrated for colorectal cancer8. 

Changes in diet can lead to alterations in the gut microbiome9, with effects on stem cell biology10 and 

thus the susceptibility to gastrointestinal neoplasia. Furthermore, a Western-style diet itself can 

contribute to chronic inflammation8, 11, 12, which itself can favor the emergence of gut microbiota that 

favor carcinogenesis13. 

Here, we utilize the L2-IL1B mouse model of BE14 to analyze dietary effects of a HFD on BE 

progression. The L2-IL1B mouse model expresses human interleukin 1β in the esophagus and 

forestomach squamous epithelium, resulting in inflammation with progression to metaplasia and 

dysplasia. We demonstrate that HFD leads to global changes in the gut microbiome that mirror closely 

those observed in BE patients, and facilitates the establishment of an inflammatory pro-carcinogenic 

microenvironment at the GEJ accelerating disease progression.  
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Important Methods 

Animals 

The mouse model (L2-IL1B, Tg(ED-L2-IL1RN/IL1B)#tcw)14, was backcrossed to C57BL/6J mice and 

fed a standard Chow diet from birth until weaning, and water ad libitum. Between 6 and 8 weeks of 

age, mice were started on HFD, control diet or remained on the Chow (ssniff). For bedding transfer 

experiments, cages were filled half with fresh bedding, while the other half was bedding from HFD 

cages starting at the age of 6 weeks until 9 months. IL8 mice15 and Mc4rX16 mice16 were bred with 

L2-IL1B, mice to obtain L2-IL1B/IL8Tg mice and L2-IL1B/Mc4R mice. Germfree mice were generated 

by embryo transfer rederivation of conventional L2-IL1B mice into germfree Swiss recipient mothers17 

and maintained in sterile isolators on autoclaved food (RMH3000, Purina, USA) comparable to the 

standard chow and water (Suppl. Figure 8). Sterility was confirmed every other week by 16s PCR, 

aerobic, anaerobic and fungal culture as well as Gram stains of fecal smears. Animal experiments 

were approved by the District Government of Bavaria and performed in accordance with the German 

Animal Welfare and Ethical Guidelines and by the Committee on Animal Care at the MIT, USA.  

Tissue preparation and disease evaluation 

Macroscopic scoring of the squamocolumnar junction (SCJ) and the esophagus was performed and 

scores averaged as shown in Suppl. Fig.  1B, C. For further RNA or protein analysis the SCJ was 

macroscopically identified as the first 2 mm of columnar tissue and cut with a magnifying glass 

dissection-scope to eliminate squamous tissue contamination as good as possible. Mouse tissues 

were fixed in formalin and paraffin-embedded then cut and stained with H&E (Haematoxylins and 

eosin). Histopathological scores were performed by an experienced mouse pathologist by previously 

established criteria for  the influx of immune cells per high-power field, metaplasia and dysplasia14 

(Suppl. Fig 1D): Inflammation was scored by the percentage of different immune cells (mostly 

neutrophilic myeloid cells) in a defined tissue area of the SCJ in a high-power field evaluation.  

Metaplasia was evaluated by the abundance of mucus producing or cells per gland and the 

abundance of glands with mucus producing cells in the BE area at the SCJ. Dysplasia was evaluated 

by the amount of cellular atypia and the presence of low or high grade dysplasia in single or multiple 

glands as assessed by experienced mouse pathologists. Mucus production was assessed by Periodic 
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Acid-Schiff- (PAS) staining and quantified as percentage of PAS positive area in BE regions. Crypt 

fission was quantified by counting fused crypts in the BE region.   

Statistics  

Statistical analysis was performed using Graph Prism 6 with Student’s t-tests or one-way or two-way 

ANOVA’s with p-values noted in each corresponding figure. For 2-way ANOVA, Sidak-Holm post-hoc 

was used, for 1 way ANOVA, Tukey post-hoc was used.  
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Results 

HFD accelerates esophageal dysplasia in the L2-IL1B  mouse model, independent of obesity 

To study the effect of diet on BE and EAC, we fed wild type (WT) and L2-IL1B mice either Chow or 

high fat diet (HFD, 48% fat, Suppl. Fig.  1A). No pathological phenotype at the squamocolumnar 

junction (SCJ) in Chow and HFD fed WT mice (Fig. 1A-F, Suppl. Fig.  1B, C, D), in contrast to L2-IL1B 

mice on both diets.  Compared to Chow fed L2-IL1B mice, a significant increase in macroscopic tumor 

burden at the SCJ and in the esophagus was observed in L2-IL1B mice on HFD at 9 and 12 months 

(Fig. 1A, B). Both L2-IL1B mice on HFD and Chow diet developed increasing but similar amounts of 

inflammation and columnar metaplasia over time (Fig. 1A, C, D, F). However, HFD-treated L2-IL1B 

mice exhibited a significant increase in proliferation only at the age of 12 months (Fig. 1A,G) 

compared to chow fed L2-IL1B mice. This correlated with markedly elevated dysplasia scores in HFD 

fed L2-IL1B mice as early as 9 months (Fig. 1A, E), demonstrating an accelerating effect of HFD on 

esophageal carcinogenesis in the mouse model.   

In contrast to HFD-induced obesity in WT mice (48% weight gain (p<0.001)), HFD-fed L2-IL1B mice 

did not gain body weight (p<0.001) (Fig. 1H). Both fat and lean mass were lower in L2-IL1B mice on 

HFD relative to WT mice on HFD (Suppl. Fig.  1E). Thus, acceleration of the BE phenotype occurred 

independent of body weight (Fig. 1I). To examine whether obesity alone without an additional 

inflammatory component was sufficient to influence BE progression, we interbred the L2-IL1B mice 

with mice lacking a functional melanocortin-receptor-4 (Mc4rW16X)16, which exhibit an obese phenotype 

comparable to HFD-induced obesity and are modeling the most common monogenic cause for obesity 

in humans18 (Suppl. Fig.  2A-C). L2-IL1B mice with a heterozygous (Mc4r+/- or Mc4rhet) or homozygous 

(Mc4r-/- or Mc4rki) loss of Mc4r showed a similar BE phenotype as L2-IL1B mice on a chow diet. In 

contrast to L2-IL1B mice on a HFD, Mc4rhet; L2-IL1B mice showed an absence of disease acceleration, 

with no increase in the level of inflammation, metaplasia or dysplasia (Suppl. Fig.  2A,D-G). There was 

no increase in the expression of inflammatory cytokine (data not shown), splenomegaly (Suppl. Fig.  

2H) in L2-IL1B/Mc4rhet and L2-IL1B/Mc4rki mice, compared to L2-IL1B mice (Suppl. Fig. 2I)14. These 

data suggest that genetic obesity does not promote BE progression, and HFD accelerates the 

phenotype independent of body weight. 
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HFD induces an immune response leading to a distinc t local inflammatory reaction 

Previously, we showed that overexpression of IL1B in the esophagus leads to upregulation of pro-

inflammatory cytokines14. HFD promotes chronic inflammatory responses, as has been demonstrated 

for colorectal carcinogenesis8. Thus, we postulated that the enhancement of dysplasia in L2-IL1B 

mice by HFD might be due primarily to a change of systemic and esophageal inflammation profiles. 

Although our tissue inflammation metric was not significantly altered in HFD L2 mice compared with 

chow fed L2 mice (Fig. 1C), Gene-expression (Fig. 2A) and Gene-Set-Enrichment-Analysis (GSEA) 

(Suppl. Fig.  3A) of SCJ tissue revealed changes in cytokine expression associated with HFD. Key 

mediators of this cytokine response were related to cell survival, proliferation, angiogenesis, apoptosis 

and importantly chemoattraction for the observed immune cells (Fig. 2A, B and Suppl. Fig. 3B). 

aSMA+ myofibroblasts within the SJC region were significantly increased in HFD fed L2-IL1B mice 

(Fig. 2E), indicating an activated stromal reaction associated with the inflammatory response.   

Serum from L2-IL1B mice fed with HFD significantly stimulated the growth of 3D mouse BE organoids 

(Fig. 2C), compared to serum from Chow mice, suggesting that systemic inflammatory components 

affect epithelial cell growth. Of note, serum analysis of 20 obese versus non-obese patients revealed 

that the pro-inflammatory cytokines IL-6 and leptin were elevated, and adiponectin decreased (Suppl. 

Fig.  4A). Additionally, we observed an upregulation of chemokines involved in recruitment and/or 

differentiation of myeloid cells and T cells, such as CCL6, CCL12 and G-CSF, (Fig. 2B, Suppl. Fig.  

3B) in esophageal tissue in L2-IL1B mice on HFD. Importantly, the functional mouse homolog of IL8, 

KC or CXCL1, was among those cytokines in the chemokine array (Fig 2B), and was also upregulated 

6-fold in esophagus tissue lysates from L2-IL1B mice on HFD for 12 months (Fig. 2D). Thus, HFD 

activates a systemic immune response that also affects the local microenvironment. Cytokine arrays 

of SCJ and esophageal tissue in Chow and HFD fed WT mice did not show any major changes; 

nevertheless, serum from WT-HFD showed a mainly obesity related phenotype, compared to chow 

fed WT mice, whereas HFD fed L2-IL1B mice showed an accelerated inflammatory phenotype 

compared to Chow fed L2-IL1B mice (Suppl. Fig.3C). 

 

HFD leads to levels of IL8/KC chemokines that promo te esophageal dysplasia  
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Esophageal tissue IL8 expression has been shown to be associated with histopathological 

inflammation in 50 BE patients and has been hypothesized to play a role in esophageal 

carcinogenesis19.  Consistent with these earlier clinical observations, levels of the functional mouse 

IL8 homologue, KC or CXCL120, were significantly increased in the esophagus of HFD fed L2-IL1B 

mice (Fig. 2B, D). We also noted increased IL8 levels in conditioned media of a human EAC 

compared to BE or squamous cell lines (Fig. 2 F), and increased IL8 levels in conditioned media from 

BE and EAC esophageal biopsies compared to normal and esophagitis (Fig. 2G). Since rodents lack 

the IL8 gene, we crossed a human IL8-BAC-transgenic mouse model15, which exhibits tissue specific, 

physiologic IL8 gene regulation, with the L2-IL1B mice to generate L2-IL1B/IL8Tg mice. L2-IL1B/IL8Tg 

mice showed an accelerated phenotype, remarkably similar to that of L2-IL1B HFD mice (Fig. 3A-C, 

Suppl. Fig 4B), with a 2-fold increase in dysplasia scores (Fig. 3D), along with increased proliferation 

(Fig. 3E) and differentiation (Fig. 3F). Furthermore, we observed significant increases in aSMA+ 

stromal myofibroblasts (Fig. 3G).  

Utilizing gene expression data from L2-IL1B/IL8Tg compared to L2-IL1B mice, we generated an IL8 

specific gene set including 150 upregulated and 110 downregulated genes. Genes stimulated by IL8 

pathway activity were enriched in HFD fed WT and L2-IL1B mice compared to Chow fed mice (Fig. 

3H), suggesting that the IL8/CXCL1 chemokine family contributes to the observed HFD L2-IL1B 

phenotype. However, we could not detect a difference in serum IL8 levels (Suppl.Fig. 4C) nor a 

correlation with obesity (Suppl. Fig. 4D) in patients with BE, LGD, HGD or EAC. Instead, elevated 

tissue concentrations of IL8 measured in conditioned medium from human patient biopsies (Fig. 2G), 

suggested that IL8 acts at a local level. When we treated BE organoids from L2-IL1B/IL8Tg mice with 

lean or obese human sera, obese sera stimulated growth of BE organoids (Suppl. Fig.4E). Relative to 

lean serum treatment, obese serum resulted in higher levels of L2-IL1B/IL8Tg mouse epithelial cell 

derived IL8 in the supernatant (Fig. 3I), indicating that serum components from obese subjects could 

induce local epithelial IL8 secretion. These data demonstrate that IL8 secretion in esophageal tissue 

is induced by HFD and plays an important role in stimulating BE cell proliferation in vitro and in vivo. 

 

HFD increases neutrophils and decreases NK cells at  the SCJ 
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Assessment of the immune cell infiltrate in the lower esophagus using FACS (Suppl.Fig. 5A) in 12-

month old L2-IL1B HFD mice with dysplasia showed a significant increase in neutrophils and 

immature myeloid cells (IMC) (Fig. 4A), previously linked to the IL8 pathway15. No differences in 

macrophages, CD4 helper T-cells, CD8 cytotoxic T-cells or gamma-delta T-cells were observed 

(Suppl. Fig. 5B). The influx of granulocytic myeloid cells was confirmed by IHC of the SCJ and lower 

esophagus (Fig. 4B) and was not observed in the glandular stomach (data not shown), highlighting 

the specificity of the response for the SCJ. Additionally, we observed a significant decrease in NK 

cells in HFD compared to chow fed mice (Fig. 4A), suggesting an inhibitory effect by neutrophils on 

NK cells, as previously reported21. We also found increased neutrophils in esophageal tissue of L2-

IL1B/IL8Tg mice (Fig. 4C, D), consistent with the known role of IL8 as a recruiter of granulocytic 

immune cells15, while no difference could be detected for other immune cells (Suppl. Fig. 6A, B). 

Importantly, a significant increase of immune cells expressing IL8 receptor CXCR2 was observed in 

L2-IL1B HFD and L2-IL1B/IL8-Tg mice compared to L2-IL1B mice (Fig. 4E,F). 

Co-cultured mouse BE organoids with neutrophils from the spleens of 9-12 months old L2-IL1B mice 

demonstrated a significant increase in proliferation and organoid growth in a dose-dependent fashion 

suggesting a direct stimulatory effect of neutrophils on BE epithelial cells (Fig. 4G). This response was 

mediated by inflammatory cytokines, such as leptin and IL-10, which were secreted solely under 

organoid-neutrophil co-culture conditions (Fig 4H,I). 

The esophageal inflammatory niche recruits SCJ prog enitor cells 

In addition to elevated CXCR2+ immune cells, we observed increased CXCR2 expressing epithelial 

cells in BE regions during disease progression (Fig. 5A), suggesting an effect of the inflammatory 

microenvironment on a distinct epithelial cell population. Previous studies by our group14 and others22 

have pointed to the gastric SCJ23 as the origin of BE and EAC, with expansion of SCJ progenitor cells 

into the esophagus in response to chronic inflammation, thus giving rise to metaplastic and dysplastic 

lesions1. Indeed, when we analyzed gene expression changes related to HFD and IL8 expression, we 

observed a highly significant enrichment of stem cell signatures (Fig. 5B,C). In situ hybridization 

revealed a significant increase of the naturally present Lgr5+ progenitor cells24 in areas of BE at the 

SCJ in L2-IL1B mice on HFD, compared to Chow, and in L2-IL1B/IL8Tg mice (Fig. 5D). Lgr5+ cells 

could be found in the typical location at the bottom of the first SCJ crypt as well as in the BE region at 

the SCJ. These findings suggest that IL8/KC family members may directly stimulate through CXCR2 
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the expansion of Lgr5 progenitor cells at the SCJ. Indeed, Lgr5+ cells in HFD fed L2-IL1B mice highly 

expressed the IL8 receptor, CXCR2, and Lgr5+ cells increased with dysplastic progression (Fig. 5E). 

Additionally, analysis of BE specimens from 12-month old L2-IL1B HFD and L2-IL1B/IL8Tg mice 

showed significantly more crypt fission compared to age-matched L2-IL1B chow fed mice (Fig. 5F). 

These observations suggest a mechanism by which activation of SCJ progenitor cells by HFD/IL8 

through CXCR2 could lead to crypt fission and expansion of SCJ glands into the esophagus, thus 

giving rise to metaplasia and dysplasia.  

 

HFD altered intestinal microbiota promote the accel erated immune response and dysplasia 

phenotype  

Diet affects the composition of gut microbiota9 and dysbiosis is linked to cancer development13. 

Previously, a modest reduction in microbial diversity in BE tissue in the human esophagus was 

shown25, matching our results from 16S-rRNA gene sequencing of bacterial DNA isolated from the 

mouse SCJ. No clustering could be observed in the tissue from WT or L2-IL1B mice (Suppl. Fig. 7A) 

suggesting that esophageal microbes are difficult to categorize in their role during carcinogenesis. 

Since the lower GI tract harbors the majority of the intestinal microbiota, which mediate much of the 

dietary effects, we analyzed the intestinal microbiota by 16S-rRNA gene sequencing of fecal samples 

from 6-month-old WT and L2-IL1B mice on Chow, HFD, or nutrient-matched experimental diet26 

(referred to as ‘Control’, Suppl. Fig. 8A). There was no difference in the SJC histopathology between 

Control and Chow, indicating that HFD, rather than the purified nutrient component, was responsible 

for the accelerated phenotype (Fig.6F, Suppl.Fig. 8B-E). Analysis of microbial β-diversity showed 

separate clustering of HFD fed L2-IL1B mice compared to all other groups, with a unique taxonomic 

profile, while WT and L2-IL1B harbored very microbiota on control and on chow (Fig. 6A). Importantly, 

we observed an altered Firmicutes to Bacteroidetes ratio in HFD fed mice (Fig. 6B, Suppl. Fig.  7B,C), 

which correlated well with the increased Firmicutes: Bacteroidetes ratio in  previously published 

patient (BE and HGD) data25 (Fig. 6B), although these data were from different tissue sites (feces 

versus esophagus) and comparisons of the microbiota between two species must be made cautiously.  

To investigate whether the gut microbiota in general influenced inflammation and tumor development 

in the L2-IL1B HFD  mouse model, we re-derived L2-IL1B mice as germfree (GF) and found a marked 
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reduction of inflammation, metaplasia and dysplasia, with an increase in goblet-like cells (Fig. 6C, D, 

Suppl.Fig 6C). This correlated with a significantly reduced influx of neutrophils and IMCs into the 

esophagus of germfree L2-IL1B mice (Fig. 6E), directly linking the elimination of enteric microbes to 

the inflammatory phenotype. Lgr5+ and Cxcr2+ cells at the SJC were significantly decreased under 

germfree conditions (Fig. 5A,D). When transferring bedding including feces from L2-IL1B mice on 

HFD to cages of L2-IL1B mice on Control diet over 9 months, the tumor phenotype could be 

transmitted, suggesting that the fecal microbial community is at least partly responsible for the SCJ 

phenotype (Fig. 6F and Suppl.Fig.  8F). Changes in the microbial community structure from HFD fed 

L2-IL1B mice pointed to unique functions, as the well-established PICRUSt pipeline27 in silico analysis 

of 16S-rRNA genes generated a predictive metagenome in KEGG pathway analysis. Clustering 

KEGG data showed that in L2-IL1B mice, HFD differentiated microbial function from Chow and 

Control diet (Fig. 6G). Functional pathway differences between HFD and Control in L2-IL1B mice27 

(Fig. 6H, Suppl.Fig. 7D) suggest a microbial HFD associated component contributing to disease 

acceleration.  One of the mostly regulated pathways in KEGG analysis in HFD fed L2-IL1B mice was 

bacterial Lipopolysaccharides (LPS) biosynthesis (Fig. 6I), known to have effects on inflammatory 

responses. GSEAs revealed an upregulation of the inflammatory response to LPS and Toll-Like 

Receptor (TLR) signaling in the SCJ of L2-IL1B HFD mice, suggesting that such gut microbiota 

changes are likely influenced through TLR signaling (Fig. 6J, K and Suppl. Fig 7E).   
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Discussion 

The increase in BE and EAC in developed countries points to pathogenetic environmental influences.  

However, the increase in obesity32-35 did not precede this rise in EAC as one might suspect for a 

causative factor28. We provide evidence for an alternative hypothesis, suggesting that obesity and 

BE/EAC are secondary to the increasing consumption of a western-style or HFD7. HFD accelerated 

BE progression in the L2-IL1B mouse model through effects on gut microbiota, demonstrating the 

importance of the microbiome, and linking its influence in part to activity of the IL8/CXCL1 chemokine 

family within a distant altered inflammatory microenvironment. 

HFD induced obesity in WT mice but not in L2-IL1B mice, where it accelerated the BE/EAC phenotype. 

The absence of weight gain in L2-IL1B mice on HFD was likely due to systemic effects of IL1B, but 

also raises the question as to whether increased body fat alone contributes to BE/EAC.  In contrast to 

the HFD model, a genetic model of obesity (Mc4rx16) did not increase BE progression, arguing against 

body weight alone as a driver of esophageal carcinogenesis in mice. Instead, disease acceleration 

correlated with increased inflammation29, through pro-inflammatory cytokines and chemokines30 

altering the local microenvironment with accumulation of immune cells and αSMA+ fibroblasts, which 

are known to recruit immune cells through specific factors (VEGF, HGF, MMP2, and IL8)31. 

In our initial report of L2-IL1B mice, we noted upregulation of IL-6, a downstream target of IL1B, 

whose genetic ablation could attenuate the phenotype14. Here, we demonstrate a role for HFD in BE 

progression through inflammatory factors such as the IL8/CXCL1 family of chemokines14.  The 

IL8/CXCL1 chemokine family is an additional well-defined downstream target of IL1B, and we 

observed elevated levels of the functional murine homolog CXCL1 at the SCJ of HFD treated L2-IL1B 

mice. Other studies have also suggested that chemokines such as IL-8 and IL1B are involved in 

esophageal carcinogenesis, and that CXCR1 and CXCR2 are expressed in esophageal mucosa32. 

During disease progression, human BE tissue produces abundant IL8, which is strongly 

overexpressed in EAC patients, pointing to an important role in human carcinogenesis19. Together 

with the observed elevation of CXCL1 gene and protein levels, and most importantly, the finding that 

immature myeloid cells and neutrophils were mainly attracted to the SCJ, this led us to further 

examine the effect of IL8 pathway in our mouse model. Indeed, reconstitution of the human IL8 gene 

in the BE mouse model resulted in acceleration of dysplasia, mimicking the HFD phenotype, 
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confirming the importance of local IL-8 expression.33 In this study, we were not able to investigate 

comprehensively other inflammatory mediators, whether expressed locally or systemically.  It has 

previously been demonstrated that circulating cytokines, including IL8, are associated with increased 

risk for BE34 and could be used as potential biomarker35. Nevertheless, IL8 likely plays a key local role 

during esophageal carcinogenesis19, with the IL8 specific gene signature being enriched in GSEA 

analysis of HFD fed L2-IL1B mice. IL8 is known to be upregulated by pro-inflammatory cytokines or 

pathogen-associated factors through toll-like receptors (TLRs)36, likely through an alteration of the gut 

microbiome. Although we cannot prove directly in our work that a specific microbial species is 

activating IL8 signaling in the esophagus, we provide evidence in our KEGG analysis: The bacterial 

community profile associated with LPS biosynthesis, known to activate TLR signaling, was 

upregulated in the SCJ of L2-IL1B HFD mice. We would therefore speculate, that gut microbiota 

changes on the immune system are influenced through TLR signaling, which in turn has an effect on 

IL8 activation, which is known to activate granulocytic myeloid cells that appear essential to the BE 

phenotype.  

IL8 is a chemoattractant for myeloid cells through its cell surface receptors, CXCR1 and CXCR215. In 

HFD fed L2-IL1B and L2-IL1B/IL8Tg mice, we observed an accumulation of CXCR2+ IMCs and 

neutrophils. In combination with organoid culture data, these findings suggest that dietary fat 

components can result in increased local secretion of IL8/CXCL1 chemokines that then promote the 

accumulation of immature, granulocytic cells in the esophagus. These observations are consistent 

with previous studies that reported an increase in IMCs resulting from HFD feeding of WT mice37, and 

H. felis infection of WT mice11. Of note, bile acid treated L2-IL1B mice also exhibit a granulocytic shift, 

along with acceleration of dysplasia at the SCJ region14 pointing to the importance of neutrophils. 

IMCs can carry out both, tumor promoting and immunosuppressive functions38. A subtype comprising 

CD11b+Ly6GhighLy6Clow neutrophils and CD11b+Ly6GlowLy6Chigh IMCs likely contributes to epithelial 

growth and progression, as demonstrated in 3D organoid cultures. However, myeloid cells may also 

possess immunosuppressive properties that could modulate tumor immunity. Tumor-derived G-CSF 

can promote the differentiation of IMCs into immunosuppressive neutrophils39 that inhibit cytotoxic T-

cell responses, thereby facilitating tumor growth and metastasis40. Upregulation of G-CSF in HFD fed 

L2-IL1B mice underlines this possibility of increased myeloid suppressor cell recruitment and/or 
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differentiation into an immunosuppressive local phenotype. While there was no significant change in 

cytotoxic T-cell numbers, increases in neutrophils were accompanied by reduced NK cells. Indeed, 

neutrophils protect against NK cell mediated clearance of tumor cells21 and have been proposed as a 

positive prognostic markers in esophageal cancer41. Although there are clearly limitations to studies of 

inflammation in a pro-inflammatory mouse model of BE, the findings suggest that an altered 

neutrophils to NK ratio may portend a poor prognosis, as shown in other cancers42.  

Apart from IL8 effects on the esophageal inflammatory niche, we observed an epithelial effect of the 

IL8/CXCL1 chemokine family, with an expansion in the gastric SCJ of Cxcr2 expressing Lgr5+ 

progenitor cells with accelerated dysplasia. The increase in crypt fission at the SCJ is likely related to 

this expanded stem/progenitor cell pool. Thus, the transition of the normal SCJ niche to a distinct IL8 

driven inflammatory niche may enhance the expansion of BE lesions into the esophagus, a scenario 

similar to that recently described in skin lesions43, providing a mechanism for HFD to influence tissue 

regeneration and cancer incidence44, 45.  

The gut microbiome is modulated by diet46, and growing evidence indicates that both the microbiome9 

and dietary components8 can potentiate cancer risk as shown for intestinal cancer13. However, such 

an interaction has not yet been reported for esophageal carcinogenesis. Esophageal carcinogenesis 

was attenuated under germfree conditions, with reduced influx of immune cells and decreased 

expansion of stem and epithelial cells. As suggested by previous studies47,48 and in line with reduced 

Cxcr2 expressing cells in germfree mice, epithelial IL8 secretion was likely induced by the gut 

microbiota. We propose that alterations in the esophageal immune niche might be related to body 

wide inflammatory effects of an altered gut microbiome as reported already for metabolic diseases49, 

and as such play a key role in esophageal carcinogenesis. The findings may be relevant to the care 

and treatment of patients with BE, as dietary modifications could change the gut microbial community 

and delay or prevent BE progression. Moreover, one could speculate that elimination of specific 

microbial species through antibiotics might provide a potential tool for cancer prevention. Nevertheless, 

such commensal bacteria have yet to be identified and further studies are needed to elucidate the role 

of the gut and/or esophageal microbiome in predicting the development of BE50. While GERD and bile 

acid reflux are known to induce inflammation in the esophagus and believed to contribute to the 

development of early BE, the gut microbiome may play an important role in malignant progression 

through acceleration of the inflammatory microenvironment. 
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While there are alterations in the composition of the microbial community in EAC, there were only 

modest reductions in microbial diversity in human BE samples25. In accordance, we found only 

modest changes in the microbiota at the SCJ in L2-IL1B mice, while microbial composition in the 

colon was changed upon feeding HFD, with an altered Firmicutes:Bacteroidetes ratio that correlated 

with BE progression. This ratio, together with a lower microbial α-diversity, have been associated with 

HFD46 and mirrored the changes seen in BE patients. Although the fecal material may not fully reflect 

the changes in the microbiota colonizing the gastroesophageal region, we would suggest that the 

fecal microbiota is highly relevant, and may have a systemic impact on BE progression. Changes in 

gut microbiota may account for the inflammatory phenotype observed in HFD L2-IL1B mice and 

importantly, can induce an increased cancer phenotype, if transferred to L2-IL1B mice on chow diet. 

16S-rRNA gene profiling under diet-controlled conditions demonstrated that the HFD component was 

responsible for this effect. The esophageal microbiota in humans is thought to be transitory, and may 

change in association with esophagitis51, whereas the microbiota of the lower GI tract is quantitatively 

much greater, with potential systemically mediated inflammatory effects.  Indeed, the “pathogenic 

microbial community” theory suggests that the entire microbial community contributes to pathogenicity, 

even though no individual community members can be clearly categorized as causative pathogens52. 

We noted a correlation between TLR signaling in GSEA and upregulation of TLR2 in the esophagus, 

linking the alteration of the gut microbiota to IL8 signaling. In terms of a preventive antibiotic treatment 

for patients with BE the knowledge of distinct components of the microbiome seems essential, as too 

long term antibiotic treatment seems to be a difficult option and broad short term antibiotic treatment 

will result in a fast reconstitution of commensal bacteria 53.  

In summary (Suppl. Fig.  9), we propose here that a diet enriched in fat, rather than increased body 

weight, is responsible for accelerated esophageal carcinogenesis. While IL-1B-dependent chronic 

inflammation on its own can cause dysplasia, HFD accelerates this disease phenotype by altering the 

intestinal microbiome and inducing a distinct inflammatory response in the esophagus marked by 

IL8/KC chemokines. Increased esophageal IL8 expression alters the neutrophils/NK cell ratio and 

promotes the expansion at the SCJ of Cxcr2+ progenitors that eventually progress to dysplasia. 

These findings offer some potential new strategies for prevention of BE and EAC and should be 

investigated further in patient cohorts. 
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Figure Legends 

Figure 1. HFD accelerates esophageal dysplasia in t he L2-IL1B mouse model.  

(A) (i) macroscopic image and epresentative pictures of (ii) Haematoxylin & Eosin (H&E), (iii) Periodic 

acid–Schiff (PAS) and (iv) Ki67 of the SCJ. A WT Chow mouse was used as a representative for all 

WT mice. Macroscopic tumor score at 3-12 months (mean ±SEM) (B), inflammation (C) metaplasia 

(D), and dysplasia scores (E) (n=8-12, mean ± SD). Quantification of (F) PAS and (G) Ki67 staining 

(n=8-12). (H) Body weight of L2-IL1B mice. (I) Correlations between body mass and dysplasia score.  

Quantification of 4 high-magnification-field (20X) of esophagus and SCJ tissue (****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05)  For (B-E) 2-way ANOVA with Sidak-Holm post-hoc was used, for (F,G)  

a 1 way ANOVA with Tukey post-hoc and for (H,I) 2 way ANOVA with Tukey Post-hoc. BE region was 

defined as the region between squamous epithelium and oxyntic mucosa of the stomach. L2=L2-IL-1β, 

WT=wildtype, HFD=High fat diet 

 

Figure 2. HFD induces a systemic immune response le ading to a distinct local inflammatory 

microenvironment reaction  

(A) Gene expression analysis from SCJ tissue (n=3). (B) Cytokine array for chemoattractants of 

immune cells and cytokines/chemokines related to immune cell differentiation, cell survival, 

proliferation, angiogenesis and apoptosis in pooled esophageal tissue from12 month old L2-IL1B mice 

on Chow (n=4) or HFD (n=6). (C) Treatment with serum from L2-IL1B mice on HFD induces 

proliferation of 3D mouse BE organoids from L2-IL1B mice (Serum was collected and pooled from L2-

IL1B mice maintained on Chow or HFD (n=3)). (D) qRT-PCR of CXCL1/KCin SCJ of  L2-IL1B mice on 

HFD at 12 months (n=6). (E) a-SMA+  staining in L2-IL1B mice on HFD (n=6). (F) IL8 concentration in 

supernatant from  esophageal squamous (Het), BE (QH) and EAC cell lines OE33 (n=3). (G) IL8 

concentration in tissue conditioned medium from human normal esophagus, oesophagitis, BE and 

EAC. (n=10). NCM-normal conditioned medium, OCM-oesophagitis, BCM-BE, and TCM-EAC. Data 

are represented as mean ± SEM (****p<0.0001, ***p<0.001, **p<0.01, *p<0.05) For (C,D) 2 way 

ANOVA with Sidak-Holm post-hoc was used, for (E,F)  1 way Anova with Tukey post-hoc was used. 

(G) used a Kruskal-Wallis test against NCM and Dunns post-ho . L2=L2-IL-1β, WT=wildtype, 

HFD=High fat diet 
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Figure 3. IL8 is one of the key cytokines that acce lerates esophageal dysplasia in HFD mice.  

(A) Representative macroscopic pictures and Haematoxylin & Eosin (H&E) staining and (B) 

macroscopic tumor score in L2-IL1B/IL8Tg mice (n=10). (C) metaplasia and (D) dysplasia score in 

mice (n=8, mean ± SD). (E) Ki67 (F) PAS and (G) a-SMA+ staining in L2-IL1B/IL8Tg mice (n=6, mean 

± SEM). (H) Gene Set Enrichment Analysis (GSEA): Differential expression between (i) WT HFD and 

Chow mice, (ii) L2-IL1B and WT Chow mice and (iii) L2-IL1B HFD and Chow mice (n=3) and analyzed 

with IL8 gene set, generated by utilizing gene expression data from L2-IL1B/IL8Tg mice and L2-IL-1β 

mice (n=3, mean ± SEM). (I) 3D mouse BE organoids from L2-IL1B/IL8Tg mice co-cultured with 

human lean or obese serum (pooled from 10 patients) for 48 hours. (****p<0.0001, ***p<0.001, 

**p<0.01, *p<0.05) For (B-D) a 2 way Anova with Sidak-Holm post-hoc was used. (E-G) use a 1 way 

Anova with Tukey post-hoc. (I) uses a t-test. L2=L2-IL-1β, L2/IL8Tg=L2-IL-1β/IL8Tg, HFD=High fat 

diet. 

 

Figure 4. HFD induces a specific immune response wi th neutrophils infiltration and NK cells 

reduction.  

(A) FACS of neutrophils, immature myeloid cells (IMC) and NK cells in the esophagus of HFD mice at 

12 months (n=9-11). (B) IHC of neutrophils (Ly6G), immature myeloid cells (Ly6C) and macrophages 

(F4/80) in the squamous epithelium in 10 low power fields (n=3). (C) FACS of neutrophils in 

esophagus of L2-IL1B/IL8Tg mice (n=5-8). (D) IHC of neutrophils (Ly6G) in L2-IL1B/IL8Tgmice (n=3). 

(E) Cxcr2 expression and (F) score in the esophagus of L2-IL1B mice on HFD and in L2-IL1B/IL8Tg 

mice (n=8). (G) Proliferation of BE organoids of L2-IL1B mice co-cultured with neutrophils from the 

spleens of 9-12 months old L2-IL-1 β mice including a representative image of the organoids (n=3). (H) 

and (I) Cytokine arrays of BE organoid co-culture with neutrophils. Data are represented as mean ± 

SEM (*p<0.05) (A-C) use t-tests.  (D,F) uses a 1 way Anova with Tukey post-hoc. (G) is a repeated 

measure 2 way Anova with Tukey post-hoc. L2=L2-IL-1β, L2/IL8Tg=L2-IL-1β/IL8Tg, HFD=High fat 

diet. 

 

Figure 5. The esophageal inflammatory niche recruit s SCJ progenitor cells   
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(A) CXCR2 expression in BE in L2-IL1B mice on HFD and in L2-IL1B/IL8Tg mice and germfree L2-

IL1B mice (n=4-8). GSEAs for (B) a mouse epithelial (cancer) stem cells gene signatures comparing 

L2-IL1B HFD vs. L2-IL1B Chow and L2-IL1B/IL8Tg vs. L2-IL1B Chow or a (C) human migratory 

cancer cell gene signature. (D) ISH for Lgr5+ progenitor cells at the SCJ in the BE region in L2-IL-1B 

mice on HFD and in L2-IL1B/IL8Tg mice compared to germfree L2-IL1B mice (n=5-7). (E) ISH show 

co-expression of Lgr5+ (brown) and CXCR2 (red) progenitor cells. (F) Crypt fission in L2-IL1B HFD 

mice and L2-IL1B/IL8Tg mice. Data are represented as mean ± SEM (*p<0.05). L2=L2-IL-1β, 

L2/IL8Tg=L2-IL-1β/IL8Tg, HFD=High fat diet. 

 

Figure 6. The effect of HFD on the intestinal micro biome.  

(A) Weighted Unifrac plot shows β-diversity after 16S-rRNA gene-sequencing of feces from L2-IL1B 

and WT mice on Chow (n=10), Control (n=6) and HFD (n=10) at the age of 6 months. (B) Ratio of the 

phylum Firmicutes to Bacteroidetes calculated after 16s-rRNA sequencing. Left: WT and L2-IL1B mice. 

Right: patient cytosponge samples (Control n=20, BE n=24, HGD n=23). (C) Representative H&E 

staining of SCJ and (D) Quantification of inflammation, metaplasia, dysplasia scores and goblet cell 

ratio in germfree (n=8, age 14 months, mean ± SD) and conventional L2-IL1B mice (n=16, age 11.5-

16.5 months). (E) Representative pictures and quantification of IHC of neutrophils in the squamous 

epithelium in 10 low power fields (Ly6G) and IMCs (Ly6C) in germfree L2-IL1B mice (Germfree n=8, 

L2-IL1B-Chow n=3, L2-IL1B-HFD n=4). Groups with grey background are same mice as in Figure 4B. 

(F) Dysplasia score of L2-IL1B mice on control diet exposed to the old bedding of HFD L2-IL-1β mice 

(G) Principal component analysis of all significantly regulated KEGG pathways of the microbiome of 

WT (left) and L2-IL1B mice (right) at 6 months. (H) KEGG pathways of the microbiome in WT vs L2-

IL1B mice on Chow (n=10 each), Control (n=6 each) and HFD (n=10 each) predicting the 

microbiomes function with PICRUSt. (I) KEGG pathway prediction of LPS synthesis. (J and K) GSEAs 

show an enrichment of mouse derived LPS response and TLR signaling in L2-IL1B-HFD mice.  Data 

are represented as mean ± SEM. *p<0.05, **p<0.01 ***p<0.001. (B,E,F) used a 1-way ANOVA with 

Tukey post-hoc testing. For (D) a t-test was used.  L2=L2-IL-1β, wt=wildtype, HFD=High fat diet. 
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Need to Know 

Background:  

We investigated whether a high-fat diet and/or obesity contribute to progression of Barrett’s esophagus 

(BE) to esophageal cancer in a mouse model and by studying esophageal tissues from patients with BE. 

Findings:  

We found a high-fat diet to promote esophageal dysplasia by altering the intestinal microbiome and 

promoting inflammation and stem cell expansion, independent of obesity.     

Implications for Patient Care:  

Patients with BE should be encouraged to avoid a high-fat diet. 

 

Lay Summary: 

In an inflammation induced mouse model of esophageal tumor development a diet rich in fat is leading to 

accelerated tumor growth in part caused by changes in the gut microbiome which induces an accelerated 

inflammatory microenvironment. 
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Supplement 

High fat diet accelerates Barrett esophageal carcinogenesis by IL-8 dependent immune and 

stem cell responses through changes in gut microbiota 

 

Supplementary Figure Legends 

Supplementary Figure 1. 

(A) Nutrient composition of the Chow and high fat diet. (B) Areas which are evaluated for the scoring 

of  acroscopic lesion are highlighted in red (C)  Representative images of WT HFD mice showing 

macroscopic imaging of the stomach and esophagus, HE, PAS and Ki67 staining  (D) Scoring protocol 

for macroscopic lesions. SCJ and esophagus were evaluated for tumors based on size and coverage 

(E) Scoring for microscopic scoring of HE slides (F) Fat and lean mass in L2-IL-1β mice and wild type 

mice, data is presented as mean ± SEM (n=12). WT: wild type. HFD: High fat diet. L2-Chow: L2-IL-1β 

mice on Chow feeding. L2-HFD: L2-IL-1β mice on HFD feeding. 

 

Supplementary Figure 2. 

(A) Representative images of Mc4rhet, Mc4rki, L2-IL-1β/Mc4rhet and L2-IL-1β/Mc4rki stomach and HE 

sections.(B) Body weight until the age of 12 months of wildtype mice on a HFD and Mc4rki mice. (C) Fat 

mass of wiltype HFD mice and Mc4rki mice (D) Macroscopic tumor score of L2-IL-1β/Mc4rhet (n=3), L2-IL- 

1β/Mc4rki (n=4), L2-IL-1β Chow (n=10) and L2-IL-1β HFD (n=15) mice. Quantification of the inflammation 

(E), metaplasia (F) -, dysplasia (G) scores of L2-IL-1β/Mc4rhet (n=3, mean ± SD), L2-IL-1β/Mc4rki (n=4), L2-

IL-1βChow (n=10) and L2-IL-1βHFD (n=15) mice. (H) Spleen to body mass ratio of Mc4rhet, Mc4rki, L2-IL-

1β/Mc4rhet and L2-IL-1β/Mc4rki mice. (I) Spleen to body mass ratio calculated for WT and L2-IL-1β mice on 

Chow and HFD feeding (n=12 per group, mean ± SEM). WT: wild type. L2: L2-IL-1β mice HFD: High fat 

diet. Chow=regular lab chow. ** : p<0.01, ***: p<0.001, ****: p<0.0001 (D-G) Grey background within the 

graphs indicate that these are the same mice as in Figure 1A 

 

Supplementary Figure 3. 

(A) Shown are relevant enrichment plots comparing L2-IL-1β HFD with L2-IL-1β Chow fed mice if not 

indicated otherwise. All displayed GSEAs have a p-value of less than 0.01. (B) Quantitative Real-Time 

PCR of MMP3 and MMP7 in esophageal tissue lysates from L2-IL-1β HFD mice normalized to 

GAPDH (n=6). (C) Cytokine arrays of pooled serum from WT-Chow, WT-HD, L2-Chow and L2-HFD 
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mice. Data is presented as mean ± SEM HFD: High fat diet. L2-Chow: L2-IL-1β mice maintained on 

Chow diet. L2-HFD: L2-IL-1β mice on HFD feeding. 

 

Supplementary Figure 4. 

(A) Serum profiles of 19 lean patients and 20 obese patients. (B) Quantification of inflammation score 

in L2-IL-1β/IL-8Tg mice, presented as mean ± SD. Grey background within the graphs indicate that 

these are the same mice as in Figure 1A (C) IL-8 concentrations in serum from human esophagitis 

patients, BE patients, low grade (LGD) - high-grades dysplasia (HGD) patients, and EAC patients.(D) 

Correlations between body mass index (BMI) and IL8 concentration in serum. (E) Organoid growth 

from organoids derived from L2-IL-1β/IL-8Tg mice  treated with either human lean serum or human 

obese serum (pooled from n=10 patients). Data is presented as mean ± SEM. 

 

Supplementary Figure 5. 

(A) Gating strategy for the FACS analysis of immune cells. (B) FACS analysis shows no significant 

increases in macrophages, CD3+CD4+ T helper cells, CD3+CD8+ Cytotoxic T cells and gamma delta T 

cells in HFD mice at 12 months age (n=9-11). Data is presented as mean ± SEM, L2=L2-IL-1β 

 

Supplementary Figure 6. 

(A) FACS analysis shows no significant increases in macrophages, CD3+CD4+ T helper cells, 

CD3+CD8+ Cytotoxic T cells and gamma delta T cells in L2/IL-8Tg mice at 9 months and 12 months 

age (n=5-8). (B) Immunohistochemistry (IHC) staining of immature myeloid cells (Ly6C) and 

macrophages (F4/80) in L2/IL-8Tg mice at 9 months and 12 months age (n=3) compared to L2-Chow 

mice from Fig 4B in 10 low power fields. (C) Representative  images of goblet cells being analyzed in 

HE scoring. Data is presented as mean ± SEM 

 

Supplementary Figure 7. 

(A) Unifrac showing β-diversity after 16S rRNA gene sequencing of the gastro-esophageal junction of 

wildtype and L2-IL-1β mice treated with MNU and bile acid after removal of lactobacilli (wildtype n=4, 

red, L2-IL-1β n=6, blue). (B) Relative abundance of phyla after 16S rRNA gene sequencing of feces of 

wildtype and L2-IL-1β mice on either Control diet (n=6 each) and or HFD (n=10 each).(C) Heatmap of 

relative abundance of 300 most abundant OTUs of the fecal from microbiome of wildtype and L2-IL-1β 
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mice on Chow (n=10), Control diet (n=6) and HFD (n=10). (D) Heatmap of KEGG pathways between 

bacteria inhabiting wildtype and L2-IL-1β mice on Chow (n=10 each), Control diet (n=6 each) and HFD 

(n=10 each). Genes for KEGG analysis were estimated after 16s rRNA sequencing and predicting the 

microbiomes function with PICRUSt. (E) TLR2 quantitative real time PCR of L2-IL-1β mice at the age 

of 12 months using GAPDH as a reference (n=6 per group). Data are represented as mean ± SEM. *: 

p<0.05 

 

Supplementary Figure 8 

Diet composition of Chow, Control diet, HFD and RMH3000. (B) Body weight of L2-IL-1β mice at the 

age of 6 months on Chow (n=6), control diet (n=5) and HFD (n=6), mean ± SEM. (C) Macroscopic 

tumor score of L2-IL-1β mice at the age of 6 months on Chow (n=10), control diet (n=6) and HFD 

(n=12), mean ± SD. (D) Representative macroscopic image of the stomach of 6 months old L2-IL-1β 

mice on control diet. (E) Representative H&E staining of the stomach of 6 months old L2-IL-1β mice 

on control diet. (F) Representative H&E stainings of  the stomach of 9 month old mice on control diet, 

HFD and HFD bedding transfer mice.  

 

Supplementary Figure 9  

A Model of Esophageal carcinogenesis: In the model of HFD treated L2-IL-1β mice, HFD alters the 

intestinal microbiome and subsequently induces distinct inflammatory cytokine responses marked by 

secretion of IL-8/KC and G-CSF which lead to recruitment of neutrophils and expansion of stem cells 

with crypt fission at the SCJ and esophagus. This ultimately accelerates the dysplasia phenotype and 

could be transmitted through a pathogenic microbiome or be attenuated in germfree conditions. 

Analysis was mainly performed and mouse SCJ and the anatomic differences between mice and 

humans regarding cellular and molecular changes at the SCJ need to be acknowledged. 
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Supplementary Methods 

Cytokine array 

Mouse Cytokine Array, Panel A (R&D Systems,# ARY028)) was performed according to the 

manufacturer’s instructions and scanned for analysis. Background was subtracted by using a rolling 

ball algorithm (width = 50 pixels). The pixel density of each spot was then measured normalized to the 

reference spots and then averaged and for comparisons. For multiple comparisons the intensities 

were normalized to their reference spots, differences larger than 1.3 and above the background where 

plotted. 

ELISAs 

Levels of IL-8 in the tissue conditioned media and sera were assessed using MesoScale Diagnostics 

ELISAs as per product protocol. Cytokine levels (pg/ml) were normalized to total protein content in 

biopsy tissues and were expressed as pg/ul Plates were read using the MesoScale Diagnostics 

SECTOR imager 2400. 

Immunohistochemistry 

Standard immunohistochemical procedures with citrate buffer antigen retrieval (H-3300, Vector labs) 

were performed using the following antibodies: rabbit-anti-mouse Ki67 (Abcam, 1:500, 2h room 

temperature), rabbit-anti-a-SMA (Abcam, 1:400, 2 h room temperature), rabbit-antimouse DCLK 

(1:500, 4°Covernight) and rabbit-anti-Cxcr2 (Abcam,  1:250, 4°C overnight). Immune cells 

immunohistochemistry was performed using 0.3% Triton/PBS for antigen retrieval and the following 

antibodies: Ratanti-F4/80 (eBioscience 1:75, 4°C ov ernight), Rat-anti-Ly6G (eBioscience 1:100 4°C 

overnight), and Rat-anti Ly6C (eBioscience 1:100, 4°Covernight). Quantification was accessed as 

percentage of positive cells in BE regions, which were defined as the region between squamous 

epithelium and oxyntic mucosa of the stomach or as number of positive cells in the 

esophagus/squamous epithelium in 10 low power fields of vision. 

Transcriptional profile analysis  

Total RNA from SCJ and forestomach tissues were extracted by TRIzol reagent (Invitrogen) according 

to the manufacturers protocol. Expression profiling was accomplished using Mouse gene 2.1 

Affymetrix arrays. Differential expression in relation to WT mouse control groups was determined 

using Limma1 as implemented in oneChannelGUI2 operating as part of the Bioconductor Suite3  in the 

R statistical computing environment4.  A significance cutoff of the Benjamini-Hochberg False 

Discovery Rate <0.05 was used5.  Estimates of the statistical significance of overlap between gene 
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sets were performed using the chi-square test8 as implemented in R. Raw data have been deposited 

in National Center for Biotechnology Information’s Gene Expression Omnibus (GEO) (GSE103616). 

Functional annotation of phenotypes was performed by gene set enrichment analysis (GSEA) using 

the MSigDB database v5.2 where each phenotype was represented by three mice. An internal IL8 

dependent gene set was generated comparing L2-IL1B/IL8 with control p2-IL1β mice using 

differentially expressed genes that had log2 fold change of +/- 0.6, equivalent to an increase by a 

factor of  at least 1.5  (equivalent to a 50% increase) in L2-IL1B/IL8Tg mice. Additional gene sets 

reflecting a mouse specific epithelial (cancer) stem cell phenotype (STEM-CELL-GENE-SET6, 

GENES-IN-MOUSE-ADULT-TISSUE-STEM-MODULE7) were also applied.  

3-D organoid culture  

The SCJ tissue of mice was processed for organoid culture as previously described8. Organoids were 

cultured for 7-14 days prior to the co-culture with lean patient serum or obese patient serum or sera 

from mice fed chow or HFD for 24, 48 and 72h. For neutrophil co-culture experiments, neutrophils 

were isolated daily from spleens of 9-12-month-old L2-IL1B mice by using anti-Ly6G MACS magnetic 

microbeads system according to the manufacturer's protocol (MiltenyiBiotec). Then neutrophils were 

added to each well at Day-1 and Day-2, and neutrophils then were allowed to infiltrate organoids for 

up to 120h.  

Microbiome analysis 

For human microbiota analysis, Cytosponge samples were analyzed from patients with non-dysplastic 

and dysplastic BE and control patients with dyspepsia from a cohort that was published previously9. 

Microbial DNA extraction and 16S rRNA gene amplicon sequencing was performed as previously 

described and analysed by using mothur 10. Data have been deposited in the European Nucleotide 

Archive under accession number ERP005191. For mouse microbiome, fecal samples were taken 

during the necropsy of the experimental mice. DNA purification and 16s sequencing was performed by 

the Tataa Biocenter in Gothenburg using MiSeq sequencers. The analysis of the sequences was 

performed using QIIME 11. 

Real-Time PCR Analysis 

Superscript II Reverse Transcriptase (Invitrogen) was used for synthesis of cDNA. Real-time PCR 

analysis with a Power SYBR Green PCR Master Mix (Applied Biosystems) was performed on a 
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LightCycler 480 Instrument (Roche). RNA levels were normalized to GAPDH and calculated as copies 

per 10000 copies of GAPDH . Primer sequences are listed in Supp. Table 1. 

Patient Serum profile: 

Serum was collected from lean (men; n=10, women; n=9) and obese (men; n=10, women; n=10) 

volunteers at Rockefeller University (New York, NY). The median age of the male and female cohorts 

were 48 years (range 40-68) and 56 years (45-66) respectively. The median BMI of the lean and 

obese men was 22.4 (range 19.5-25) and 37.75 (range 35.2- 49.7), respectively, while the median BMI 

of the lean and obese women was 22.4 (range 19.7- 24.9) and 38.1 (range 36.1-46.1), respectively. 

Serum was stored at -80°C and then hormone and cyto kine levels in serum were measured by ELISA 

Flow cytometry 

Single-cell suspensions were generated as previously described1. The following antibodies were used: 

APC-anti-F4/80, APC-e780-anti-cd11b1β, Alexo700-anti-Ly6G, eFluor450-lanti- CD45, PE-Ly6C, 

eFluor450-anti-CD4, APC-CD8a, FITC- anti-CD3, APCe780-NK1.1, PE-antigamma delta TCR. 7-AAD 

was used to quantify live cells. (All antibodies were purchased from eBioscience). FACS data were 

acquired on a Gallios flow cytometer (Beckman Coulter) and analyzed using FlowJo software 

(TreeStar). 
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V1124-000 S5745-E712 S5745-E702 RMH3000

Dietary

components

Standard

Chow

HFD	Palm

oil
Control

Germfree

Chow

Gross

Energy	(GE)
16.7 MJ/kg 21.9 MJ/kg 16.9 MJ/kg 17.2

Metabolizab

le	Energy

(ME)

14.0 MJ/kg 19.7 MJ/kg 15.3 MJ/kg 13.3888

Protein

[kJ%]
27 18 23 23

Fat [kJ%] 12 48 13 14

Carbohydrat

es [kJ%]
61 34 64 60

Crude

Nutrients

[%]

Protein 22.0 21.2 21.2 22.5

Fat 4.5 25.1 5.1 5.4

Fiber 3.9 5.0 5.0 4.0

Ash 6.2 5.3 5.3 6.1

Starch 34.2 26.7 45.9 30.4

Sugar 5.1 6.1 6.1 1.3

N free

extracts
51.2 37.7 56.8 52.0

Amino	Acids

[%]

Lysine 1.5 1.8 1.8 1.3

Methionine 0.5 0.8 0.8 0.5

Met + Cys 0.4 1.1 1.1 0.8

Threonine 0.9 0.9 0.9 0.8

Tryptophan 0.3 0.3 0.3 0.3

Minerals

[%]

Calcium 1.0 0.9 0.9 1.0

Phosphorus 0.7 0.7 0.7 0.8

Sodium 0.2 0.2 0.2 0.3

Magnesium 0.2 0.2 0.2 0.2

Vitamins

[IU/kg]

Vitamin A 25,000.00 18,000.00 18,000.00 29,000.00

Vitamin D3 1,500.00 1,800.00 1,800.00 2,400.00

Vitamin E 135 180 180 75

Fatty	acids

[%]

C 12:0 - 0.01 0.01 NA

C 14:0 0.01 0.21 0.02 NA

C 16:0 0.54 9.18 0.58 NA

C 18:0 0.14 1.11 0.18 NA

C 20:0 0.02 0.1 0.02 NA

C 16:1 0.02 0.05 0.01 NA

C 18:1 1.03 9.19 1.29 NA

C 18:2 2.42 4.67 2.65 1.73

C 18:3 0.28 0.35 0.29 0.16
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Supplementary Figure9:
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