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Abstract

Abstract

Esophageal Adenocarcinoma (EAC) incidence has increased faster than any other can-
cer in Western nations, which is likely due to multiple extrinsic cofactors. Shifts in micro-
bial community composition may display external influences, so that the microbiome may
present a biomarker or contributing factor for malignant progression. We aimed to inves-
tigate whether different disease stages in EAC carcinogenesis are associated with a dis-
tinct local tissue, salivary or fecal microbiome, and whether smoking and reflux as the
strongest known risk factors for EAC are linked to definite microbiota patterns also found

in advanced stages.

We conducted a case-control study in a cohort of 48 subjects with Barrett's Esophagus
(BE), dysplasia (DP), esophageal adenocarcinoma (EAC), and controls. Epidemiological
and clinical-pathological data of patients were gathered via questionnaire and the clinic
database. Biospecimens including local esophageal and cardia mucosa biopsies, saliva
and fecal samples were collected and their microbiomes were profiled using 16S rRNA
gene sequencing. The epidemiological, clinical-pathological and microbial information

gained was processed, merged and analyzed via a bioinformatical pipeline.

The microbiota composition in biopsies (not in saliva or feces) was associated with diag-
nosis (beta diversity, p=0.001). The two most abundant phyla present in biopsies were
significantly altered in EAC in comparison to BE: Firmicutes was enriched, while Actino-
bacteria was depleted. In the disease groups, Bradyrhizobium and Streptococcus were
reduced, Fusobacterium and Ralstonia were increased, and Granulicatella was reduced
in EAC in comparison to BE. In saliva, several Streptococcus and Granulicatella species
were differentially abundant in the different diagnosis groups. In feces, in DP and EAC
in comparison to BE, Betaproteobacteriales was enriched, Eubacterium coprostanoli-
genes was reduced; and Faecalibacterium was reduced in EAC in comparison to BE.
The microbial profiles of BE patients were associated to smoking and reflux symptoms
in all three sample types. In BE smokers, Actinobacteria was reduced in biopsies, one
Streptococcus species was reduced in saliva and Faecalibacterium was increased in

feces. All of these taxa were linked in the same or inverse direction to EAC.

The diagnosis and exposure to smoking and reflux is associated with alterations of mi-
crobiome in all three sample types. Major shifts were identified in local biopsies and in
subjects with a history of smoking. In conclusion, local biopsy-associated microbiome

presents a promising field for further research.
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Zusammenfassung

Die Inzidenz des Adenokarzinoms des Osophagus (EAC) in den westlichen Landern hat
schneller zugenommen als jede andere Krebsart, was wahrscheinlich auf multiple extrin-
sische Cofaktoren zurtickzufuhren ist. Verschiebungen in der Zusammensetzung der
mikrobiellen Gemeinschaft kdnnen aulere Einflisse anzeigen, sodass das Mikrobiom
einen Biomarker oder einen beitragenden Faktor fur die maligne Progression darstellen
kann. Unser Ziel war es zu untersuchen, ob verschiedene Krankheitsstadien in der EAC-
Karzinogenese mit einem bestimmten lokalen Gewebe-, Speichel- oder Stuhlmikrobiom
assoziiert sind, und ob Rauchen und Reflux als die starksten bekannten Risikofaktoren
fur EAC mit bestimmten Mikrobiota-Mustern verbunden sind, die auch in fortgeschritte-

nen Stadien zu finden sind.

Wir flihrten eine Fall-Kontroll-Studie in einer Kohorte von 48 Probanden mit Barrett-Oso-
phagus (BE), Dysplasie (DP), Adenokarzinom des Osophagus (EAC) und Kontrollen
durch. Epidemiologische und klinisch-pathologische Daten der Patienten wurden mittels
Fragebogen und der Klinikdatenbank erhoben. Bioproben einschlief3lich lokaler Biopsien
der Speiseréhren- und Kardia-Schleimhaut, Speichel- und Stuhlproben wurden gesam-
melt, und ihre Mikrobiome wurden mittels 16S rRNA-Gensequenzierung profiliert. Die
gewonnenen epidemiologischen, klinisch-pathologischen und Mikrobiom Daten wurden

Uber eine bioinformatische Pipeline verarbeitet, zusammengefiihrt und analysiert.

Die Zusammensetzung des Mikrobioms in den Biopsien (nicht in Speichel oder Stuhl)
war mit der Diagnose assoziiert (beta-Diversitat, p=0.001). Die am haufigsten vorkom-
mende Phyla in Biopsien waren beim EAC in Vergleich zu BE signifikant verandert: Fir-
micutes war erhdht, wahrend Actinobacteria erniedrigt war. In den Krankheitsgruppen
waren Bradyrhizobium und Streptococcus reduziert; Fusobacterium und Ralstonia er-
hoéht; in EAC Granulicatella im Vergleich zu BE reduziert. In Speichel waren einzelne
Streptococcus und Granulicatella Arten in den verschiedenen Diagnosegruppen unter-
schiedlich haufig vorhanden. In Stuhl war in DP und EAC im Vergleich zu BE, Betapro-
teobacteriales angereichert, Eubacterium coprostanoligenes reduziert; und in EAC im
Vergleich zu BE Faecalibacterium reduziert. Die mikrobiellen Profile von BE Patienten
waren mit Rauchen und Reflux Symptomen in allen drei Probentypen assoziiert. Bei BE-
Rauchern war Actinobacteria in Biopsien reduziert, Streptococcus im Speichel reduziert
und Faecalibacterium im Stuhl angereichert. All diese Taxa waren ebenfalls mit EAC

assoziiert.
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Die Diagnose und die Exposition gegentber Rauchen und Reflux ist mit Veranderungen
des Mikrobioms in allen drei Probentypen verbunden. Grofiere Veranderungen wurden
in lokalen Biopsien und bei Personen mit einer Rauchergeschichte festgestellt. Zusam-
menfassend lasst sich sagen, dass das lokale Biopsie-assoziierte Mikrobiom ein vielver-

sprechendes Feld fur die weitere Forschung darstellt.
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1 Introduction 1

1 Introduction

1.1 Barrett’'s Esophagus

1.1.1 Definition, epidemiology and pathogenesis

Barrett's Esophagus (BE) is a facultative premalignant condition of the distal esophagus,
defined by the replacement/transformation of squamous epithelium with/into columnar
epithelium with similarity to intestinal mucosa, therefore it is also called intestinal meta-
plasia of the esophagus [101]. Metaplasia is a term used in the field of pathology, denot-
ing the reversible replacement of one specialized cell type by another specialized cell
type, usually occurring as a response to chronic inflammation of tissue [92]. Gas-
troesophageal reflux disease (GERD) is the most well-known risk factor for developing
BE, as it causes chronic inflammation at the esophagogastric junction. The development
of BE is only detected in approximately 5-8% of patients suffering from GERD [147]. A
metaplastic area may progress into a dysplastic area, which is classified as low-grade
(LGD) or high-grade Dysplasia (HGD) depending on the dimension of cytological and
architectural changes [88]. Dysplasia, in contrast to metaplasia, is defined by the prolif-
eration of atypical cells that have not yet fulfilled the criteria for cancer but are likely to
become malignant cells. The last stage in the BE progression cascade is esophageal
adenocarcinoma. In a study undertaken in 2000, which analyzed estimated risk for BE
progression based on several studies performed between 1966 and 1998, the progres-
sion rate of BE to esophageal adenocarcinoma (EAC) was stated to be 0.5% per patient-
year [119]. Nevertheless, recent studies report lower progression rates of BE to cancer
(0.10 and 0.13% per year) [101]. The data situation referring to BE progression to EAC
remains ambiguous, however, as it depends on several factors such as BE definition and
diagnosis, size of the analyzed cohort, and possible publication bias [119]. To identify
progression of BE in the clinical routine, patients attend a surveillance program involving
repetitive control endoscopies at fixed time intervals. Given the low progression rates of
Barrett's Esophagus, the invasiveness of endoscopy, and the subsequent high costs for
the health system, it is essential to identify biomarkers for risk stratification among BE

patients.

The incidence of esophageal adenocarcinoma in the United States has risen by approx-
imately 460% since 1970, for reasons that remain unclear [13]. The timing of this inci-

dence increase is some years after the introduction and clinical use of the first antibiotics
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(the first clinical use of Penicillin being in 1941), which can be seen as an indication for
a possible role played by antibacterial therapy and thus of the microbiome in pathogen-
esis [79].

There are some well investigated epidemiologic factors associated with BE development
and its progression to esophageal adenocarcinoma, including age, sex, ethnic back-
ground, obesity (Waste-to-Hip-Ratio), smoking, medication, Helicobacter pylori, and re-
flux symptoms [105]. Large metanalyses confirm that men are affected by BE twice as
much as women, and that the highest disease prevalence is found in Caucasians [24].
In recent ten years, more focus has been given to obesity as a risk factor for BE [65]. A
study involving 1,102 BE cases and 1,400 controls revealed a significant association
between abdominal obesity and BE in both men and women [65]. An association with
patients’ BMI was not found [65]. Abdominal obesity is more prevalent among men than
women [35], which correlates with the higher prevalence of BE among men. Another
explanation for the higher prevalence of BE among men could be that fertile women
might benefit from the anti-inflammatory properties of estrogen [4], decreasing the risk
of developing BE. Regarding obesity as a risk factor for BE, experts assert that this as-
sociation is provided through a simple mechanical mechanism by which a high ab-
dominal pressure induces the relaxation of the lower esophagus sphincter and conse-
quently causes GERD and BE [25, 27, 44]. However, studies have found a slight asso-
ciation between GERD and abdominal obesity; therefore, the mechanism by which obe-

sity influences BE development remains unclear [65] and requires further explanation.

A possible explanation for this association could be the link between abdominal obesity
and a high-fat diet, incidence of which has increased in recent decades in western coun-
tries. Studies using IL1B3-mouse, a mouse model that undergoes stages of esophagitis,
metaplasia, dysplasia, and esophageal adenocarcinoma due to the overexpression of
the proinflammatory cytokine IL-1( in the esophagus [101], demonstrated the presence
of an alternated microbiome in mice fed with high-fat chow compared to mice fed with
conventional chow [80]. In addition, mice fed with chow containing a higher percentage
of fat showed an advanced phenotype [80]. Accordingly, a high-fat diet, and thus micro-

biome alternation, can be seen as influencing factors for disease progression.

Although much is known about epidemiological factors linked to BE and EAC, their path-
ogenesis remains unclear and controversial, since there is divided opinion on this. Two
particular theories of the origin of BE have been researched most [103]. The first involves

the tissue wounding model, which proposes that microinjuries to the mucosal epithelium
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occur in squamocolumnar junction (SCJ) due to chronic exposure to a severe environ-
ment. The injured epithelium is replaced by a reparative epithelium consisting of adjacent
squamous and columnar cell progenitors. In the course of the disease, columnar cells
dominate due to their selection advantage. The columnar cells of the reparative epithe-
lium most likely originate from cardia stem cells, which expand driven by luminal factors
such as acid-biliary reflux, microbiome, and the inflammatory tissue microenvironment
to the esophagogastric junction; subsequently, the columnar progenitor cells evolve into
glands and differentiate into Barrett’'s glands in order to adapt to the local conditions
(Figure 1) [103]. This hypothesis is also supported using lineage tracing methods in BE
mouse models [94, 102, 103]. Gastric cardia stem cells (labeled by LGR5) expanded
proximally to the esophagus driven by inflammation and application of bile acids to drink-

ing water in the IL-13 mice [102].

The second model explains BE’s origin through a transformation of the differentiation
lineage of squamous cells of the esophagus to a columnar cell lineage. It was shown,
that after daily exposure of an in vitro cell line model to acid and bile, transcription factors
that are lineage-determining for columnar epithelium like SOX9 and CDX2 were upreg-
ulated and TAp63, determiner for squamous epithelium, was downregulated at the

mRNA or/and protein level [77].

Finally, in a very small percentage of patients, BE progresses to esophageal adenocar-
cinoma. It is likely that the progression is also driven by the inflammation inducing a
number of genetic mutations in the Barrett’s niche. These mutations are not yet fully
studied, but the most frequent mutations in EAC tissue seem to be chromosomal insta-
bility and DNA hypermethylation [83].
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Inflammatory Progenitor
| microenvironment cell
' expansion

Figure 1. Luminal factors and inflammatory immune response mediate stem cell expansion from
gastric cardia [103].

(A) The squamocolumnar junction (SCJ) is the boundary between the squamous epithelium of
the esophagus and the columnar epithelium of the stomach and is consistent with the anatomical
boundary between the esophagus and the stomach. (B) Stem cells in cardia glands (orange)
expand toward the SCJ, influenced by acid-biliary reflux and dysbiosis from the luminal side and
present the origin of the columnar epithelium in the junction. (C) The next stage is the evolution
of glands from these progenitor cells, which are more resistant to the severe conditions at the
SCJ than the squamous epithelium.
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1.1.2 Diagnostics and surveillance

An Esophagogastroduodenoscopy (EGD) remains the standard procedure for diagnos-
ing BE. The normal esophageal tissue appears endoscopically pale due to its squamous
epithelium, while BE areas appear salmon pink and velvety [8]. To confirm the diagnosis

histologically, biopsies from suspicious areas are taken during endoscopy.

Previous diagnostic classification classified BE into long (>3 cm) or short (<3 cm) seg-
ment Barrett based on the 3-cm length threshold [21]. This simple classification of vari-
ous endoscopic findings was assessed in the clinical practice as too crude to describe

the endoscopic appearance of BE [21].

The Prague classification system was created by the International Working Group for the
Classification of Esophagitis (IWGCOQO) in 2004 to standardize the length of BE in endos-
copy; it is based on measures of the circumferential (C) and maximal (M) extents of BE
[120]. This classification is currently the most common classification system used in the

clinical routine to describe the extent of BE.

In the current German S2k guidelines for gastroesophageal reflux disease, regular en-
doscopic controls are recommended at defined intervals due to the chance of early de-
tection of possible progression to dysplasia or cancer. According to this surveillance pro-
gram, high-resolution video endoscopy controls, possibly with chromoendoscopy (with
acetic acid 1.5-3% for EAC), are recommended at predetermined intervals. Biopsies from
suspicious areas and four quadrant biopsies every 1-2 cm in columnar-lined epithelium
are taken each time. The frequency of control EGD is dependent on the presence of
dysplasia and on its grade. Conforming to German surveillance guidelines, in case of BE
diagnosis in the index examination, a control upper endoscopy is recommended after
one year. Upon the first control assessment, if non-dysplastic BE is still present, control
EGDs are required every 3—4 years. If low-grade dysplasia is diagnosed, control EGDs
are recommended every 6 months within the first year, and if low-grade dysplasia has
not progressed in the first year, annual control EGDs are recommended. In the event
that the BE region is endoscopically conspicuous, a radiofrequency ablation (RFA) or an
endoscopic mucosa resection (EMR) can be conducted. Once HGD is diagnosed, a sim-
ilar therapeutic approach to that used for early carcinomas is recommended because of

the risk of synchronous adenocarcinoma or the high risk of rapid progression [43].
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1.2 Esophageal Adenocarcinoma

1.2.1 Definition and epidemiology

Adenocarcinoma of the esophagus represents the second most prevalent esophageal
cancer worldwide after squamous cell carcinoma (SCC) and occurs almost 75% of the
time in the distal esophagus. Studies in the last two decades have shown that esopha-
geal adenocarcinoma (EAC) has overtaken SCC in prevalence in industrialized nations
[117, 130]. Compared to other tumors, esophageal carcinoma is a tumor with aggressive
features, representing the eighth most prevalent cancer and the sixth most frequent
cause of cancer-associated deaths in the world [48]. Importantly, in western countries
EAC is one of the tumor identities with the fastest-growing incidence rates, and it has

shown a 500% increase since 1970 [26].

Adenocarcinomas of the esophagogastric junction (AEG), defined as tumors whose cen-
ter is localized within 5 cm proximal or distal of anatomical cardia, were first described
by Siewert and Holscher as particular tumor identities [121]. The 7th edition of the TNM
classification categorized adenocarcinomas of the esophagogastric junction as esopha-
geal carcinomas if the tumor center is localized 5 cm proximal or distal of the esoph-
agogastric junction and the tumor infiltrates the esophagus simultaneously [106]. Tumors
infiltrating the first 5 cm of the stomach without infiltration of the esophagus, or those with
a greater extension than 5 cm from the esophagogastric junction, are ranked as gastric

cancers [106].

1.2.2 Diagnostics and staging

Unfortunately, symptoms of EAC are non-specific and appear mostly for the first time in
advanced tumor stages. If it occurs after the age of 40, dysphagia is a warning symptom
of esophageal cancer [47]. In such cases, an upper control endoscopy is recommended
to exclude the existence of tumors, because at this age carcinoma represents the most
frequent cause of esophageal stenosis [47]. The other non-specific symptoms are pain
and the sensation of pressure retrosternal and in the spine, reflux, unintended weight

loss, anorexia, gastrointestinal bleeding, anemia, and pale skin.

The primary diagnostic tool for identification of EAC is often an esophagogastroduo-
denoscopy, by which most carcinomas are found incidentally [76]. To confirm the diag-

nosis histologically, more than eight biopsies from tumor suspicious areas should be
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performed [45], as the probability of detecting carcinoma from biopsies increases with
the number of biopsies performed [32]. Endoscopic mucosa resection offers an alterna-

tive tool to carcinoma detection [45].

A pretherapeutic accurate staging is important for prognosis and decision-making for an
individual therapeutic strategy, as a clear correlation has been shown between TNM
stage and prognosis [46]. The clinical stage can be determined based on the TNM clas-
sification system developed by the American Joint Committee on Cancer (AJCC) (Table
1) [82].

Stage T N M Therapeutic options
0 Tis NO MO Local ablative therapy
I T1 NO MO Surgery

A T2 NO MO Surgery
T3 NO MO

IIB T N1 MO Neoadjuvant therapy with or without surgery
T2 N1 MO

1 T3 N1 MO Neoadjuvant therapy with or without surgery

T4 Any MO

IVA Any T  Any M1a Chemotherapy or radiation therapy with or without surgery

VB Any T  Any M1b  Palliative treatment

Table 1. Tumor stage and therapeutic options of esophageal adenocarcinoma [82].

Table 2 presents the TNM system, which is used to describe esophageal tumor expan-
sion. T describes the depth of tumor invasion across the organ wall layers, N the affection
of lymph nodes, and M the existence of metastasis. For the assessment of tumor stage,
different imaging options are available, including endoscopic ultrasound (EUS), com-
puted tomography (CT) and 18F-fluorodeoxyglucose positron emission tomography

(FDG-PET scan) [62]. EUS represents an imaging modality to evaluate the tumor infil-
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tration within the organ layers and lymph nodes. Several studies have revealed the su-
periority of EUS in comparison to CT in terms of assessment of primary tumor extension
within the organ wall layers, nearby invasion (T stage), and lymph node metastasis (N)
[127]. In addition, EUS was evaluated as being the most accurate modality for the as-
sessment of tumor stages | to lll, as an accurate differentiation between T1, T2, and T3
infiltration is not possible using CT [109]. Nevertheless, a computed tomography is gen-
erally performed in order to identify local dissemination to adjacent structures [82] and
distant metastasis. Lymphatic metastasis is observed in early tumor stages, while hem-
atogenic metastasis in states of advanced disease. 20-30% of patients have distant me-
tastasis at the time of primary diagnosis [106]. The preferred metastasis localizations
include liver, lung and bone [62].

TNM  Description

Tis Carcinoma in situ

T1 Tumors invade lamina propria or submucosa
T2 Tumors invade muscularis propria

T3 Tumors invade adventitia

T4 Tumors invade adjacent structures

NO No regional lymph node metastases

N1 Metastases of 1-2 lymph nodes

N2 Metastasis of 3-6 lymph nodes

N3 Metastasis in 7 or more lymph nodes
MO No distant metastasis
M1 No distant metastasis

Table 2. Clinical TNM classification system of esophageal adenocarcinoma [110].

Another accepted classification of EAC separates adenocarcinoma of the esophagogas-
tric junction (AEG) into type |, I, and Il based on the anatomic position of the tumor
center: type | AEG are carcinomas of the distal esophagus infiltrating the esophagogas-
tric junction from above; type |l carcinomas present the so-called true cardia carcinomas;
type lll represent subcardial gastric carcinomas infiltrating the esophagogastric junction
and esophagus from below [122]. This classification is given in order to choose the right

surgical approach.
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However, there is disagreement regarding the surgical approach [78]. In the diagnostics
of carcinomas of the esophagogastric junction, the exact statement of tumor and adja-
cent structures via imaging processes is important due to the classification into three
different types [78]. The endoscopy, representing one of the imaging diagnostic tools of
AEG carcinomas, should be performed anterograde and retrograde in order to assess rf
the largest tumor mass localization [78]. However, it is difficult to distinguish these three
types of AEG in the endoscopy; the final allocation can occur intraoperative and through
evaluation of the resected parts [78]. Additionally, the lymph node metastasis localization
distinguishes between these three types: while in AEG | metastasis are frequently found
in superior mediastinum with infiltration of tracheal bifurcation and above, in the case of
AEG Il and lll metastasis occurs in the inferior mediastinum and parts of the coeliac

trunk, which shows a strong similarity between types Il and Il [78].
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1.2.3 Therapy

Esophageal adenocarcinoma represents a challenging tumor identity, not only because
of difficulties in early diagnosis, but also due to complex therapeutic decisions. Although
different treatment modalities are available—including endoscopic, surgical, chemother-
apeutic, and radiation-based modalities, mostly combined in a multimodality treatment
strategy—the prognosis remains poor. The decision for the appropriate individual ther-
apy is usually taken by an interdisciplinary team (tumor board), who consider several

factors such as tumor stage and patient’s health condition.
Endoscopic therapy

Endoscopic therapy represents an approach with curative intent, and it is used as ther-
apy for early carcinomas (T1 carcinomas). Studies revealed that endoscopic therapy
provides a cancer-free survival rate with lower morbidity similar to that of surgical therapy
[98]. The diagnosis frequency of an early esophageal carcinoma is relatively low, given
with one in eight [64]. In the endoscopic approach, resection techniques such as EMR
and submucosal dissection (ESD) can be distinguished from ablative techniques such

as radiofrequency ablation (RFA) [5].

There are different indications for the use of each technique. EMR has an advantage in
providing large tissue specimens, which can be used for histological diagnostic and for
a better staging [79]. EMR is usually used for nodular BE, BE with high grade dysplasia,
and T1a lesions (mucosal lesions) [5]. ESD can be used for the same indications as
EMR, but is used more commonly for large areas of dysplasia or T1b lesions (submuco-
sal lesions) [5]. Ablative techniques such as RFA have superficial ablation properties,

and thus a limited use for treatment of early carcinomas as monotherapy [84].
Surgical therapy

For esophageal carcinomas, there are diverse surgical approaches, the most frequently
performed ones being the transthoracic and the transhiatal esophagectomy [81]. The
objectives of the surgical approach are the RO resection with the complete excision of
tumorous tissue and resection of adjacent lymph nodes. The surgical approach for type
I AEG consists of a transthoracic en bloc esophagectomies including two-field lymphad-
enectomy (posterior mediastinum, upper abdomen), as better long-term survival rates
were associated with this approach compared to the transhiatal approach [90]. Never-
theless, in terms of the oncologic outcome, for other esophageal cancer localizations
with the exception of AEG I, no significant differences were found between the transtho-

racic and transhiatal approaches [90].
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Referring to 2018 German guidelines for esophageal carcinoma, the extent of the lym-
phonodectomy depends on the location of the primary tumor; whereby three fields are
distinguished; the 2-field lymphadenectomy represents the standard approach [68]. The
extent of lymph node dissection for esophageal adenocarcinoma is still matter of debate
[81]. The preoperative evidence of distant metastasis presents a contraindication for a
surgical approach; if limited metastasis is identified as intraoperative, a resection of me-
tastasis and primary tumor can be considered [68]. The local and distant recurrence rate
is unfortunately high. In the case of recurrence, a multimodal therapeutic approach and

a reevaluation of chemotherapy and radiation is necessary.
Radio-/Chemotherapy

In terms of a multimodal therapeutic approach, chemotherapy and radiation can be com-
bined adjuvant or neoadjuvant with surgical therapy [82]. Multiple studies have sug-
gested that a surgical therapeutic approach, in conjunction with neoadjuvant chemother-
apy, provides a better treatment of EAC than surgery alone [1]. Referring to German S3
guidelines for esophageal cancer published in 2015, in the event of tumor respectability
in cT2 stage, preoperative chemotherapy should be conducted, and in ¢T3 or respecta-
ble cT4 stage preoperative chemotherapy or radio-chemotherapy is recommended. The
recommended chemotherapeutic substance combinations for the adequate chemother-
apy from this guideline are (i) 5-Fluorouracil (5-FU)/ Cisplatin; (ii) Carboplatin/Paclitaxel;
and (iii) FOLFOX including Oxaliplatin, Folic acid and 5-FU.

Considering EAC’s rapidly increasing incidence rate, its detection in advanced stages,
and the limited therapeutic success and poor prognosis, there is a pressing clinical need
to design dependable risk-prediction models and to reveal causal factors of disease pro-

gression.

1.3 BarrettNET study

The BarrettNET study, which has previously been described in great detail [141], is a
multi-center prospective cohort study in Germany, that aims among others to estimate
the risk of malignant progression in BE patients and identify potential biomarkers of this
malignant progression. To achieve this objective, BE patients, who visited the clinic for

follow-up endoscopies, were included in this study.

The BarettNET study consists of collecting patient-related information (through a ques-

tionnaire) and various biosamples, including blood samples, tissue biopsies, saliva and
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fecal samples. Per patient 2-6 tissue biopsies were taken: 1-4x from BE/dysplasia/EAC-
region, 1x from the inconspicuous esophageal squamous mucosa (proximal of the le-
sion), 1x from inconspicuous cardia mucosa (distal of the lesion). The collection of saliva
and fecal samples from patients of the BarrettNET study was initiated with the present
microbiome project. The frequency of sample collection follows the individual patient sur-
veillance plan as recommended by German guidelines, rather than a fixed scheme pre-
determined by the study [141]. After approval of the study by the local ethics committee
(#5428/12), participants are consecutively asked to participate [141]. The recruitment of
patients takes place at the Department of Gastroenterology, Interdisciplinary Endoscopy,
Klinik und Poliklinik fir Innere Medizin I, Klinikum rechts der Isar, Munich, Germany and
20 external study centers in Germany [141]. Participants are informed by a trained phy-
sician of the study purpose, the sampling, the risks and benefits of participation, their
rights, and the content and extent of the epidemiological questionnaire. All participants
grant written, informed consent. Those eligible to participate are patients aged 18-80 with
an endoscopic or histologic confirmed BE (minimum extension of COM1 according to the
Prague C&M criteria guidelines), LGD, HGD, or EAC prior to inclusion, who are partici-
pating in a surveillance program for BE and capable of giving consent [141]. Exclusion
criteria are contraindication for specimen sampling (thrombocytes <50000 Tc/ul, Quick
<60 percent, pTT >50 seconds), any other tumor disease, and general health [141]. With
the implementation of fecal and saliva sample collection, further exclusion criteria are
considered, such as antibiotic use in the last six weeks, chronic inflammatory bowel dis-
ease, diarrhea, vegetarian or vegan eating habits, and diseases of the liver and gallblad-

der. A diagnosis of HGD/EAC or withdrawal of informed consent are the endpoints.

Around 560 patients are currently taking part of BarrettNET [141]. The follow up period

is defined as more than 10 years or, in case of progression, until EAC is diagnosed [141].

1.4 Microbiota and esophageal adenocarcinoma

The abrupt increase in esophageal adenocarcinoma incidence rates in western countries
suggests that, apart from host factors, environmental factors may influence pathogenesis
[30, 143]. Lifestyle factors such as smoking and alcohol consumption, as well as high-fat
diet, increased hygiene, and antibiotic use might possibly cause—directly or indirectly,
through acid-biliary reflux induction—changes in the esophageal microbiome and gen-
erate an inflammatory microenvironment [103]. Microbiota composition and diversity may

probably embody of a range of external influences on the esophagogastric junction.
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Cigarette smoking has been repeatedly associated with changes in microbiota. Laryn-
geal tissue biopsies of smokers reveal a lower microbial diversity and alterations in the
abundance of several bacteria, such as a greater abundance of Streptococcus, com-
pared to those of non-smokers [57]. Smoking-related microbiota perturbations were also

found in oral wash and salivary samples of large patient cohorts [9, 142].

It is well known that microbes inhabiting our bodies play a causal role in many human
diseases. Considering the localization of 99% of the human microbiome within the gas-
trointestinal tract [118] and the several functions of microbial communities in the host
organism, it is plausible to assume a role for microbiota in pathogenesis of digestive tract
diseases. In recent decades, many studies in this field have revealed links between mi-
crobiota, inflammatory bowel disease, and cancer [36, 118]. Bacteria are able to exert
local effects through various mechanisms, inter alia by toxin release, genotoxic effects,
and local inflammation, as well as systemic effects through metabolizing ability and sys-

temic inflammation [3].

From 1994 onwards, H. pylori has been considered by the International Agency for Re-
search on Cancer as a class | carcinogen based on epidemiology, history, animal mod-
els, and human studies [53]. Compared to gastric cancer, it seems that in CRC dysbiosis
plays a potential role in cancer initiation, since germ-free mice develop a lower number
of tumors in their colon [108]. Nevertheless, in recent years, single bacteria with the abil-
ity to cause damage at DNA-level were also identified in CRC. In this context, there is a
lack of clarity regarding the question of whether a singular bacterial strain, the dysbiosis,

or both at once promote carcinogenesis [104].

Even though the role of the microbiome in the development of gastric cancer and CRC
has been widely investigated, its role regarding BE and EAC remains poorly explored.
Studies on IL1B mice have shown some indications of microbiota being involved in dis-
ease pathogenesis. In IL18 mice, BE development was associated with Infiltration of
CD11b+Gr1+ myeloid cells [53]. These cells are not only known as suppressors of T
cells in cancer tissue (myeloid-derived suppressor cells), but also as early immune sys-
tem responders to bacteria [15, 132]. High-fat diets enhanced IL1f3 mice phenotypes and
altered their intestinal microbiome [80]. Furthermore, germ-free IL-13-mice showed lower
histopathological scoring compared to conventional mice. Other animal experiments
have revealed that lipopolysaccharides (LPS), which are an integral part of the cell mem-
brane of gram-negative germs, can cause a relaxation of the lower esophagus sphincter,
with reflux as a consequence [17, 34]. LPS binding also seems to increase NF-kB ex-

pression levels, which correlate with tissue inflammation and progression to esophageal
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cancer [86]. In summary, based on these data, it could be assumed that in the case of

EAC the effects of bacteria consist of modulation of inflammation.

These findings derived from animal models also needed to be shown in human cohorts,
as animal-based microbiome experimental approaches do not reflect the complex com-
position of the human microbiome [118]. Several studies have demonstrated that sam-
pling techniques and microbiome identification methods have a large impact on the range
of species identified. In order to begin the present microbiome study on humans, it was
essential to be confidential with the sampling and microbiome profiling. The first studies
on the profiling of the esophageal microbiome took place in the 1980s and used culture-
based methods. In these first attempts, in which samples of luminal esophageal washes
were analyzed, no species, or only a few, could be identified, leading to the postulation
that the esophagus is almost free of bacteria [39, 92]. In tissue biopsies, it was possible
to identify more bacteria. Differences in the number of species identified in samples
gained by esophageal luminal washes and those gained by tissue biopsies can be ex-
plained by the fact that only transient bacteria were detected by luminal washes, while
the species associated with the mucosal layer were not detected [95]. Studies using mi-
croscopy found that the bacteria are related to the mucosa [91]. Since then, using the
16S rRNA gene sequencing method, 95 species-level operational taxonomic units (OTU)
have been revealed from biopsies of the normal esophagus [95]. Researchers assume
that not all species inhabiting the esophagus have yet been identified, the estimated
number of species being around 139 [95]. The higher number of taxa identified by 16S
rRNA gene sequencing in comparison to culture-based methods indicates that not every
species is culturable, or that some require special cultivation settings [95]. These facts
underline the importance of choosing the appropriate material and technique to sample

and identify OTU in the esophageal microbiome.

The most common method that is currently being used to identify microbiome OTU is
16S ribosomal RNA (16S rRNA) gene sequencing. One of the reasons why the 16S
rRNA gene is used to identify the bacterial communities is that it can be found in almost
all bacteria [56], thus providing a genetic marker for bacteria. Other reasons are (i) the
presence of high variable regions within the gene, making it possible to identify different
bacteria [22], in the best scenario at species level; (ii) the presence of conserved gene
regions within the 16S rRNA gene, which can be used to produce suitable primers for
amplification [116]; (iii) the presence of several databases in which the sequencing da-
tasets can be compared, making it possible to assign taxonomy to sequences [6]; and
(iii) the presence of well-established primers that are specific for bacteria [123, 133].

Operational taxonomic units represent groups of similar sequence variants of 16S rRNA
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gene [94]. Comparing the sequences in the available databases, a taxonomic assign-
ment can be provided to each OTU. Studies on human esophageal biopsies, involving
small cohorts, have so far shown that the microbial composition of subjects with reflux
esophagitis or BE differs from that of the normal esophagus, with BE biopsies showing

an overabundance of Gram-negative bacteria [96, 143].

Based on this knowledge, in this study we aimed at evaluating the role of the microbiome
as a biomarker for esophageal adenocarcinoma and researching the potential link be-
tween EAC risk factors and microbiota. Epidemiologic factors, when separately consid-
ered, are not reliable for risk stratification among patients with or without predisposition
for malignant progression. For example, even though reflux is considered as the main
cause of BE, studies involving a large number of patients describe more cases of BE,
HGD, or EAC among patients without reflux symptoms than among patients with reflux
symptoms [33], showing that reflux symptoms are not an adequate predictor for disease
development or progression. For the generation of prediction models, it is important to
consider the prediction priority of the evaluation of multiple factors compared to that of
single factors [105]. In this sense, it is important to acquire knowledge of the epidemio-
logical background, host genetics, and microbial community to design a comprehensive
risk prediction model [105] for such a multifactorial disease as BE. Considering the high-
throughput sequencing methods, the microbiome might currently outline a feasible
marker. Snider et al. showed that different sampling locations such as squamous epithe-
lium, BE, or cardia have similar biota diversity and composition [126]. This emphasizes
the potential role of microbiota in risk stratification among Barrett's patients, where the
diagnostics are currently limited to local biopsy sampling and its histological evaluation,
with a permanent remaining risk of missing a progression, and the likelihood of unnec-

essary effort for patients without progression.

Furthermore, we also aimed at identifying microbiome composition in materials gained
by non-invasive sampling such as saliva and feces. Several studies support the notion
that the esophageal microbiome is similar to the oropharynx microbiome, suggesting sa-
liva as a possible and readily accessible biomarker for pathologies of distal esophagus
[61, 95].

The intestinal microbiome might have a systemic impact by changing the inflammatory
status in the human organism. Consumption of a high-fat diet has been linked to changes
in the fecal microbiome and simultaneously to BE progression in the IL18 mice [80]. The
bile acid pool size in blood has been shown to depend on intestinal bacteria, which me-

tabolize primary bile acids such as tauro-B-muricholic acid (T-BMCA) to secondary bile
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acids. Secondary bile acids are agonists of the Farnesoid-X-Rezeptor (FXR); this recep-
tor can be found among other organs also in the intestine. FXR activation through sec-
ondary bile acids in the intestine induces the release of FRF-15, which inhibits the key
enzyme for bile acid synthesis in the liver (cholesterol 7a-hydroxylase (CYP7a1)) and in
this way regulates bile acid blood levels [111]. Changes in microbiome composition or
abundance may influence bile acid blood levels. In the IL13-mice, the damaging potential
of unconjugated bile acids submitted to drinking water has been shown, as it enhances
BE progression to EAC [102]. Bile acids may exert their damaging influences on esoph-
ageal tissue locally through bile acid reflux or possibly systemically through high uncon-
jugated bile acid blood levels. To summarize, microbiota linked to a high-fat diet or bile
acid metabolism might serve as potential markers for systemic inflammation and disease

progression.

It would be useful if future studies could evaluate the functional role of microbiota in
esophageal pathologies. If the findings were to show that the microbiome has a causal
role in pathogenesis, it could potentially be used for chemoprevention or treatment. The
microbiome has simple modifiable properties and might thus present a readily accessible
therapeutic target. Antibiotics, probiotics, prebiotics, or microbiota transplants can be ap-
plied to modify the microbiome [7]. Antibiotics with a limited germ spectrum, non-absorb-
able antibiotics, or the combination of antibiotics with chemotherapy [19] should be re-
searched with caution. For example, a 2013 study showed that the effect of oxaliplatin

and immunotherapy was reduced in antibiotic-treated- and germ-free mice [54].
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2 Materials and Methods

2.1 Study design, epidemiological data, and sample
acquisition

2.1.1 Study design

The present study was a case-control study involving 48 participants, with cases diag-
nosed with BE (n=15), BE-associated dysplasia (n=4), esophageal adenocarcinoma
(n=15), and controls with no BE-related pathologies (n=14). The study was performed in
Klinikum rechts der Isar from March 2017 to February 2018 and was part of the Bar-
rettNET study described in detail in Section 1.3. This study was approved by the local
ethics committee (#5428/12). All subjects underwent upper endoscopy for clinical indi-
cations, including the control subjects. At the time of recruiting patients in the study, the
diagnosis of Barrett's Esophagus, dysplastic Barrett’'s Esophagus and Esophageal ade-
nocarcinoma had already been confirmed by a pathologist from previous patient surveil-
lance visits. The final classification of patients into a diagnostic group was determined
based on the most advanced current or previous histological diagnosis, after the biopsies

of the most current patients’ visit were evaluated by a pathologist.

The objectives of this project were i) the establishment of a methodology for studying the
human microbiome, from biospecimen sampling to the final bioinformatical microbiome
data analysis; ii) the investigation of the association between different stages of disease
and local tissue-, fecal-, and salivary-microbiomes to identify the microbiome linked to
disease progression; iii) the investigation of the association between smoking history/re-
flux symptoms and microbiota to assess the potential relationship between the microbi-
ome and the most proximate noxious substances linked to esophageal adenocarcinoma

development.

Materials collected in this study included a questionnaire, patients’ epidemiological data,
blood samples, tissue biopsies, and saliva and fecal samples. This was the first attempt
to characterize the biopsy-associated salivary and fecal microbiomes in a small group of
patients within the BarrettNET study. The collection of fecal and saliva samples is how
an integral part of BarrettNET and continued even after finalization of this project, with
the objective of collecting information about the microbiome composition from a larger

patient cohort.
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The first step to recruitment of possible study patients consisted of researching the re-
spective internal center database, initially with the help of trained study staff. Strict inclu-
sion and exclusion criteria were considered to obtain a relatively homogeneous patient

group. The inclusion and exclusion criteria are described in Section 1.3 of this work.

In this project, patients were recruited at the Department of Gastroenterology, Interdisci-
plinary Endoscopy, Klinik und Poliklinik fir Innere Medizin Il. Patients were consecutively
approached to participate in the study according to the regulations of the ethics commit-
tee. They were informed about the study’s purpose and sampling, its risks, the benefits
of participation, and participants’ rights, as well as the content and extent of the epide-
miological questionnaire. All participants gave written, informed consent. To protect the
identity of participants, each patient was assigned a barcode, which was used to identify
all samples and epidemiological information provided that patient. Study inclusion and
epidemiological survey data were subsequently registered in an online study database.
The blood samples and tissue biopsies were provided by the physician performing the
endoscopy. Additionally, saliva- and fecal-sample collection kits containing written in-
structions, shipment boxes, and all the necessary components for sample collection in
home conditions were provided to patients. To summarize, this study involved acquiring
epidemiological, clinical-pathological, and microbiota information, and integrating the ac-
quired information for each patient. It represents a concept of individualized medicine
that aims to develop a more individual and comprehensive risk stratification for BE pa-
tients, and presents simultaneously a tool for evaluating the potential role of microbiome
composition and diversity in BE and its malignant progression. Figure 2 presents the
working methodology of the current microbiome study starting from sample collection to

final bioinformatic microbiome and metadata integration and analysis.
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2.1.2 Epidemiological and clinical-pathological data

The questionnaire completed by the patients in this study corresponds to the survey de-
signed for the BarrettNET study, which is a very comprehensive survey—no additional
information was required in the context of this microbiome project. The questionnaire of
the BarrettNET study contains 10 main topics, including demographics, general medical
history, BE history and family history, epigastric pain in terms of days/week and intensity,
chronic diseases, medication, physical activity, smoking, alcohol consumption, and diet
[141]. Each topic contains precise questions and response options, thereby allowing a
specification and an exact evaluation of patient statements. The design of this survey
was modified according to items of the KORA (Cooperative Health Research in the Re-
gion of Augsburg, Southern Germany) study [49, 140] for reasons of comparison with a
population-based German cohort. For non-German speakers, an English version of the
questionnaire was provided. Patients were supported in the event of queries or required
clarification. The survey answers were recorded and stored via a mobile study database
(BarrettNET DIS database).

The clinical-pathological data was provided by searching the clinic database and sum-
marizing the latest information found from endoscopic imaging, radiological imaging, pa-
thology reports, and physicians’ letters. Among other things, this was an important step

for determining the pretherapeutic cancer stage in patients diagnosed with EAC.

For the statistical analysis of the data stemming from the epidemiologic questionnaire,
and for hypothesis generation, we used tranSMART, a Data Warehouse, where data
from different source systems are stored, incorporated, and statistically evaluated. In
order to make constructive use of tranSMART, we took part in a training course held by
a member of the IMSE team (Institute for Medical Informatics, Statistics and Epidemiol-
ogy) at the Klinikum rechts der Isar. After the epidemiological information was obtained
from all patients, the data was exported from the BarrettNET DIS database, and after
necessary modifications it was uploaded to tranSMART. In tranSMART, to determine
statistical differences between the analyzed groups, the Fisher exact test was used for
categorical variables, whereas analysis of variance (ANOVA) was used for numerical

variables.
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2.1.3 Biospecimen acquisition and preanalytical workflow

Tissue

In addition to the routinely performed biopsies, two to six forceps biopsies were taken
during upper endoscopy from each patient in this cohort: one to four biopsies from sus-
pected Barrett or neoplastic tissue, if present; one from the inconspicuous region proxi-
mal to the lesion (squamous epithelium of distal esophagus); and one from the incon-
spicuous region distal to it (cardia region of the stomach). For the preanalytical prepara-
tion of tissue, the PAXgene tissue system, a formalin-free tissue fixative and stabilizer,
was used. It consists of a PAXgene tissue container including two chambers, one con-
taining a fixative and the other a stabilizing solution. Biopsies were placed immediately
after provision into a cassette with six compartments for up to six biopsies and after that
into the PAXgene tissue fixative chamber of the dual-chamber tissue container. After this
procedure, the PAXgene container was scheduled with a patient barcode, and the cor-
responding batch card was sent to the tissue biobank in the Department of Pathology at
Klinikum rechts der Isar. After two hours of fixation, the cassette was transferred into the
PAXgene tissue stabilizer chamber. The length of stabilization was two hours at RT.
Downstream tissue processing and paraffin-embedding were conducted based on es-
tablished SOPs. For long-term archiving, the tissue biopsies were stored at -80°C. Part
of the biopsy block cuts had been stained by our cooperation team for necessary patho-

logical assessment by one gastrointestinal pathologist.

In addition to the biopsy cuts, which were necessary for purposes of histological assess-
ment by a pathologist, additional tissue biopsy cuts were generated to perform stains for
morphology review and a goblet cell ratio evaluation. From two to six tissue blocs pro-
vided from each patient, cuts of 2.5um thickness were processed using a microtome and
placed into object slides (Super Frost Plus, Microm, Walldorf). Slides were air-dried for
12 hours at room temperature and subsequently baked at 60°C in an oven for one hour
(Functionline T12, Hereaus, Hanau). This step removes the paraffin. Hematoxylin-eosin

(H&E) and Alcian blue and periodic acid-Schiff (PAS) stains were then applied.
Saliva samples

Saliva samples required for salivary microbiota analysis were self-sampled by patients
via the Stratec SalivaGene® Collector with DNA stabilizer. For the self-collecting and
shipment procedure, a saliva collection kit with a SalivaGene® collection tube containing

150mg of dry stabilization buffer, disposable gloves, an illustrated description of the col-
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lection procedure, as well as a shipment box, was provided. The collection occurred ei-
ther prior to endoscopy or at home. Collection prior to endoscopy was favored, to avoid
bias, as fasting was a requirement of this procedure, for which the subjects had to abstain
from eating, drinking, smoking, or gum chewing during the 30 minutes before saliva pro-
vision. However, some patients preferred to process sampling at home. All subjects re-
ceived written and verbal instructions about the sampling procedure of saliva samples.
Subjects were required to provide 2mL of saliva and to shake the tube gently in order to
dissolve the dry DNA stabilization buffer (150mg of stabilization buffer) (STRATEC Mo-
lecular GmbH, 2018). This process takes a few minutes and requires a high patient com-
pliance, as patients need to rub their cheeks from the outside and press them against
their teeth to encourage saliva secretion. The shipment was addressed to one of the

biobank laboratories in MRI. Upon receipt, samples were stored at -80°C.

It is noteworthy that the collection of saliva samples was initiated after the collection of
fecal samples. For this reason, the first patients included in this study could not obtain a
saliva collection kit on their first visit in person to the clinic. These subjects were called
at a later date and invited to provide their saliva sample for study purposes. Upon pa-

tients’ approval, a saliva collection kit and a shipment box for specimen return was sent.
Fecal samples

Fecal samples required for fecal microbiome analysis were self-sampled by patients us-
ing the Stratec® stool collection tube with DNA stabilizer mostly in at-home conditions,
or at the clinic in cases where patients were hospitalized. For the self-collecting and
shipment procedure, a stool collection kit was provided, including a stool collection tube
with integrated spoon and 8ml of stool DNA stabilizer reagent, a second light imperme-
able tube, a special stool specimen collection unit, disposable gloves, and an illustrated
description of the collection procedure, along with a shipment box. In addition to the
written and illustrated Information, patients were given verbal instructions regarding the
collection procedure, the optimal stool sample size, and shipping possibilities. The sam-
pling procedure consisted of taking a small amount of stool (small bean size) with the
integrated spoon, placing it in the stool collection tube, shaking the mixture, and placing
it in the light impermeable tube (STRATEC Molecular GmbH, 2018). For the hospitalized
patients, the stool samples were collected during their stay in the clinic by the patients
themselves and picked up by the study team in the corresponding ward. The samples
were shipped to the same biobank laboratory in MRI as for the saliva samples and were
stored at -80°C.
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2.2 Tissue staining

2.2.1 Hematoxylin and eosin (H&E)

Two to six slides per patient were stained with H&E to control the morphology and to
provide the diagnosis. For this purpose, a deparaffinization using xylol (2 x 20 minutes)
and a rehydration step using the decreasing alcohol solutions (2 x 100%, 2 x 96%, 2 x
70%, 2 minutes each) were applied. In this procedure, slides were washed for 3 minutes
using distillated water (dH20) and transferred to Mayer modified hematoxylin solution
for 3 minutes to stain acid tissue structures. After a short washing step using tap water,
the samples were transferred to an ethanolic eosin solution 0.33% for 3.5 minutes to
stain the basic tissue structures. For dehydration, 96% ethanol and isopropanol was
used. A deparaffination step with xylol (2 x 1.5 minutes) followed. Finally, slides were

covered using Pertex®.

2.2.2 Alcian blue and Periodic Acid-Schiff (PAS)

Alcian blue and PAS staining was performed on all available human tissue biopsies to
verify the diagnosis histologically and to evaluate tissue differentiation calculating the
goblet cell ratio. Alcian blue visualizes sulfated and carboxylated acid mucopolysaccha-
rides [139], thus highlighting the goblet cells of Barrett’s metaplasia. Alcian blue stained
parts appear blue to bluish-green. PAS stain is a reaction used to highlight tissue neutral
mucopolysaccharides. Periodic acid oxidizes carbohydrates. After this reaction, alde-
hyde groups are formed, which create a magenta tone in reaction with Schiff's agent
[71]. Initially, mounted slides were deparaffinized in xylol (2 x 20 minutes) and rehydrated
using the decreasing alcohol solutions (2 x 100%, 2 x 96%, 2 x 70%, 2 minutes each). A
dH20 washing step followed, and the slides were then placed for 20 seconds in Alcian
blue to stain acidic polysaccharides, washed under running tap water, rinsed briefly in
dH20, and dipped in periodic acid (0.5%) for 5 minutes if fresh, or 15 minutes if very old
solution. After a washing step using running tap water and a short rinse using dH20, the
slides were transferred to Schiff's reagent for 15 minutes. They were washed under run-
ning tap water and given a short rinse in dH20, followed by a counterstain with Gill Il
modified Hematoxylin, a further washing step, dehydration, and deparaffination. Pertex®

was used as mounting medium.
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A previous case-control study of our research group revealed a decreased goblet cell
ratio from the BE region of patients diagnosed with high grade dysplasia and early car-
cinoma compared to the BE region of patients with non-dysplastic BE, thus suggesting
goblet cell ratio as a risk prediction factor for malignant progression [115]. Goblet cells
are considered as highly differentiated cells unlikely to transform to cancer cells, and
their rate correlates with the degree of tissue differentiation [115]. To ascertain whether
results of the present patient cohort were consistent with the findings of our previous
study with approximately 190 patients, goblet cell ratio was calculated. In this project,
each Alcian blue and PAS-stained biopsy containing BE region from patients with a reli-
able diagnosis of BE, dysplasia, or cancer was evaluated. The total number of Barrett
crypts regardless of the presence of goblet cells and the number of Barrett crypts con-
taining goblet cells were counted. Subsequently, the quotient of the number of Barrett
crypts with goblet cells to the total number of Barrett crypts was formed. A Barrett crypt
was defined as any lumen lined with a columnar epithelium and depending on whether
a crypt contains goblet cells or not, it is evaluated as positive or negative for goblet cells;
glands opened to the biopsy surface were not considered, to avoid counting pseudo-
goblet cells [115]. Notably, no Barrett’s region could be identified in biopsies of patients
with the reliable diagnosis of EAC, and thus no goblet cell ratio was calculated for this
group of patients; only biopsies from the BE and dysplasia patient groups were evalu-
ated. Eight biopsy specimens from patients with the diagnosis of BE and low-grade or
HGD were analyzed using Aperio ImageScope, a slide viewing software with analyzing
tools. Using Aperio ImageScope, an overview of the overall biopsy and a detailed view
was provided. Since three to six biopsies were taken from each patient with suspicious
morphology of the distal esophagus, for some patients there was more than one biopsy
available containing BE region. Therefore, for those patients, the mean value from the
determined GC ratio from each biopsy was calculated. To evaluate whether the deter-
mined GC ratio differed significantly between the two diagnosed groups, a two-paired t-

test was performed.

2.3 DNA extraction for 16S rRNA sequencing

DNA was extracted from all available samples, including tissue, feces, and saliva. For
each sample type a different DNA extraction protocol was used. Additionally, water sam-
ples were processed for DNA and used as negative controls. In order to measure the
concentration and purity of the extracted DNA, we used NanoDrop® Spectrophotometer
ND-1000 (ThermoFisher Scientific, USA).
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2.3.1 Tissue biopsies

For the extraction of DNA from PAXgene-fixed, paraffin-embedded biopsies, we used

the PAXgene® tissue DNA Kit (Preanalytix), following the manufacturer’s instructions.

Sections of 10um thickness were generated from each PFPE biopsy, and the first two or
three sections were discarded because of block exposure to air. Two to three sections
of all available biopsies of a patient were pooled together. The excess paraffin surround-

ing the tissue was discarded during cryotomy by removing it with needles.

The samples were then placed in a 1.5 ml microcentrifuge tube; EtOH and 650 pl Appli-
chem, which is a xylene substituent that does not precipitate, were added to the sample
and incubated for 3 minutes. 650l ethanol of 100% purity was added and a centrifuga-
tion for 5 minutes at maximum speed was performed. After this, the supernatant was
removed by pipetting. The tube was then opened and incubated for 5 minutes at 37°C
using a shaker-incubator for dispersal of remaining alcohol. Following this, 150ul Buffer
TR1 was added, and the pellet was resuspended by vertexing, after which 130ul of
RNase-free water and 20ul proteinase K were added. The tube was then incubated for
5 minutes at 45°C, using a shaker-incubator at 1400rpm. After incubation, a short cen-
trifugation was performed to remove drops from inside the tube. 200ul Buffer TR1 were
added, and after a centrifugation step the sample was pipetted into a PAXgene DNA spin
column and centrifuged. The sample was stored at room temperature (15-25°C) for up
to 24 hours for DNA purification. After 24 hours, 350 pl Buffer TD3 was added to the
PAXgene tissue DNA spin column and centrifuged for 1 minute at 6000 x g. The eluate
was placed in a new processing tube and the flow-through was discarded. After this, 25ul
proteinase K was mixed with 50ul Buffer TD3 and centrifuged. This mixture was pipetted
onto the PAXgene DNA spin column and the eluate was incubated for 30 minutes at
ambient temperature (20-30°C). After this, 350 ul Buffer TD3 and 500 ul Buffer TD4
were added to the PAXgene DNA spin column and centrifuged; the old processing tube
containing the flow-through was discarded and a new one was used. To dry the mem-
brane, a 3-minute centrifugation step at maximum speed followed, and the flow-through
was discarded. Following this, 20—200 pl Buffer TD5 was added to the PAXgene DNA
spin column membrane and centrifuged for 1 minute. The precipitation was performed
via sodium acetate precipitation. For the resuspension, dH20 was used. During library

preparation the samples were stored at 4°C.
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2.3.2 Saliva

The DNA extraction from the saliva samples was performed using the DNA mini kit (Qi-
agen), following the manufacturer’s instructions for DNA purification from saliva stabi-
lized in RNAprotect® Saliva Reagent. The first 38 saliva samples obtained from the pa-
tients of this cohort underwent the DNA extraction procedure. The DNA was extracted

from the total amount of saliva available from each patient (normally 2mL saliva).

The following steps prescribed from the manufacturer were followed: Initially, saliva sam-
ples were balanced to RT before the DNA extraction procedure, as they had been stored
at -80°C. The mixture of saliva and RNAprotect® Saliva Reagent was centrifuged for 10
minutes at 10,000 x g, the supernatant was eliminated, and the pellet was loosened.
After this, 350 yL Buffer RLT, which contains among other substances guanidine isothi-
ocycanate to facilitate the binding of DNA to the silica membrane, was added and the
pellet was completely dissolved by vortexing. The suspension was subsequently trans-
ferred to a QlAamp Mini spin column placed in a 2 ml collection tube and centrifuged for
30 seconds at 8000 x g. A new 2ml collection tube was taken, and the spin column was
stored there briefly at room temperature. Then, 350 ul Buffer AW1 was added to the spin
column and centrifuged for 15 seconds in order to wash the spin column. The exact
composition of the buffers (Buffer RLT, AW1, AW2) is confidential and not precisely de-
scribed by the manufacturer. 20 ul Proteinase K mixed with 60 pl distilled water was
added to the spin column membrane and incubated at 56°C for 10 minutes. After this,
the spin column membrane was washed using 350 ul of Buffer AW1. After throwing away
the flow-through, an additional washing step using 500 ul Buffer AW2 was performed. A
3-minute centrifugation at maximum speed followed, in order to remove the ethanol,
which had been used to suspend the washing buffers (AW1 and AW2), since ethanol
may interfere with downstream reactions. 100 pl of Buffer AE (comprising 10 mM Tris-Cl
and 0.5 mM EDTA; pH 9.0) was added two times to the spin column and centrifuged for
one minute each time to elute DNA. The applied centrifugal force for all centrifugation
steps was 8000 x g except for the last washing step, in which the highest adjustable force

was used. During library preparation, the samples were stored at 4°C.

2.3.3 Feces

The DNA extraction from patient fecal samples was conducted using silica beads and
subsequently based on a modified version of the Godon et al. protocol [41]. The first 42

fecal samples obtained underwent DNA extracting procedures. The mixture of feces and
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DNA stabilizer (Sarstedt, Stool Collection Tubes® with Stool DNA Stabilizer, Cat.
1038111300) had been frozen at -80°C since sample arrival in the human biobank la-

boratory for long-term storage.

In the first step, aliquots of 700uL were dispensed into cryovial tubes on dry ice, and 250
uL of 4 M guanidine thiocyanate - 0.1 M Tris (pH 7.5) and 500 uL of 5% N-lauroyl sarco-
sine - 0.1 M phosphate buffer (pH 8.0) were then added to the aliquots and vortexed,
followed by incubation for 1 hour at 70°C. For mechanical bacterial membrane disruption,
sterile silica beads (0.1 mm, Biospec products) were used in a FastPrep-24 bead beater
(MP biomedicals) with cooling adaptor. After this, 15 mg of Polyvinylpolypyrroli-done
(PVPP, Sigma Aldrich), which served as a polyphenol adsorbent, was added. This sus-
pension was then centrifuged at 15.000g at 4°C for 3 minutes. The supernatant was
collected and once again centrifuged at 15.000xg at 4°C for 3 minutes. 2uL RNAse (10
mg/mL) were added to the supernatant (500 pl) and the solution was incubated at 37°C

for 30 minutes with continuous shaking at 700 rpm in order to discard bacterial RNA.

The final steps involved purification of the genomic DNA with the NucleoSpin gDNA
Clean-up kit (Macherey Nagel) following the manufacturers protocol: To 500uL elute,
300pL Tris EDTA buffer (10 mM Tris/HCI pH 7.5, 0.1 mM EDTA) and 200 uL NT buffer
(guanidinium thiocyanate) were added and the solution was vortexed. For each sample,
one NucleoSpin® gDNA Cleanup XS Column was placed into a collection tube (2 mL).
500 pL of the mixture was placed in the column and centrifuged for 30 s at 11,000 x g,
and the supernatant was removed. The remaining mixture was added to the column
again and centrifuged for 30 s at 11,000 x g. The silica membrane was then washed
using 100 uL Buffer B5 to remove contamination and centrifuged for 2 minutes at 11,000
x g. The NucleoSpin® gDNA Clean-up XS Column was placed into a 1.5 mL microcen-
trifuge tube, and then 6—15 pL BE buffer (5 mMTris/HCI, pH 8.5) was twice added directly
to the center of the membrane and centrifuged for 1 min at 11,000 x g each time. Finally,
the residual ethanol was removed by incubating the elute with an open lid at 90°C for 8

minutes. During library preparation, the samples were stored at 4°C.

2.4 16S rRNA gene sequencing, sequencing data
processing, and microbiome profiling

To characterize the microbiota, the variable regions V3-V4 of the 16S rRNA gene were
amplified. The 16S rRNA gene contains around 1550 bp and includes nine variable re-

gions across the conserved 16 S gene sequence, which enables the identification of
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bacteria [58]. Here, we amplified only the variable regions V3-V4, which are about 450
bp long, to identify the microbial communities. The amplification of the V3—-V4 region of
16S rRNA gene was performed through 25 cycles for fecal and saliva samples, and 15
cycles for tissue samples from the processed DNA (12ng from each sample of tissue,
saliva, and feces processed) using the bacteria-specific primers 341F and 785R [63] and
a two-step protocol. As Caporaso et al. 2011 described, the 5’ and 3’ primers used for
the V4 region of bacterial 16S gene, contain generally three parts: an adapter, which
provides binding to the DNA; a linker and pad sequence, which improves linking of the
primer to the DNA; and the sequence complementary to the target gene region (V3/V4)
[18]. In addition, the 3’ primer contains barcode sequences to provide assignment of the
sequencing reads to each sample [18]. The purification of the replicated material was
processed using the AMPure XP system (Beckman-Coulter, MA, USA). 16S rRNA gene
sequencing was conducted in a run for the first 124 samples collected (43 tissue biopsy
samples, 38 saliva samples, and 42 fecal samples) in paired-end modus utilizing the
MiSeq system (lllumina, CA, USA).

The next step was to process the raw data provided from the sequencing. For this pur-
pose we utilized the integrated microbial NGS platform (IMNGS), created by ZIEL Insti-
tute for Food and Health, Core Facility NGS/Microbiome, Technische Universitat Min-
chen, Freising, Germany [67]. The raw amplicon dataset was first demultiplexed to the
samples they belonged to, based on the mapping file incorporating the barcodes of each
sample [85], permitting a maximum of two errors in the barcodes. After that, each sample
was processed using the UPARSE approach [29]. Cutoff values were set to provide an
accurate processing of the sequencing data. The determination of cutoff values was
based on the experience of our collaboration laboratory in Freising, Germany, with the
procession of sequencing data originating from human specimens, and on the infor-
mation provided from negative controls (in this case, water samples). The first step of
the UPARSE pipeline consisted of trimming the first base at both sequence ends to avoid
possible bias [67]. The reads were then paired. After this step, sequences containing
less than 400 nucleotides and more than 600 nucleotides were excluded. Pared se-
quences, in which >3 errors were found, were eliminated and the sequences left were
trimmed by five nucleotides at both sequence ends. This was done to prevent GC bias
and other composition-based bias. It is already known that GC-rich or GC-poor DNA
material is associated with inaccurate sequencing results, mostly arising from bias during
PCR as a result of inadequate amplification [14], [55], [100]. The pared sequences were

then de-replicated. To monitor for chimeras on the de-replicated sequences, UCHIME



2 Materials and Methods 29

was utilized. The next step comprised the fusion of all sequences of all samples, ar-
ranged by abundance. Clustering of sequences into OTUs was done when sequences
shared a 97% identity. Finally, all sequences were assigned to corresponding OTUs, and
this way an OTU table was created. The OTU table contains in the first column the names
of the OTU (named OTU_1 to OTU_999, a total of 682 OTUs); the first row shows the
barcodes of each sample, and the next rows show the abundance of each OTU in each
specific sample. The OTUs with a relative abundance higher than 0.5% in all sequences
in at least one sample are included, and the other OTUs are excluded from the final table.
The taxonomy of each OTU is presented in the last column. The assignment of taxonomy
in IMNGS was done at an 80% confidence level by comparing the present sequences to
those existing in the RDP classifier. The output files of the IMNGS platform consisted of
one OTUs table, one file containing the sequences and one phylogenetic tree (con-
structed using fasttree). We used the SILVA database for ribosomal RNA genes (project
50) and the EzTaxon database at an 80% confidence level for taxonomic classification
[67].

After modification of the OTU table, Rhea R-package was performed for downstream
microbiome analysis. Rhea package includes a series of R scripts (six scripts) and is
programed from the Core Facility Microbiome/NGS of Technical University of Munich,
Freising, Germany. The analysis steps using the Rhea pipeline included: (1) a normali-
zation of the OTUs table to compensate for bias deriving from unequal sequencing
depths between samples; (2) downstream analysis to determine alpha diversity; (3)
downstream analysis to determine beta diversity; (4) taxonomic-binding at kingdom,
phyla, class, order, family, and genus level; (5) serial-group-comparisons to provide com-
parisons between groups determined by the user; and (6) correlations between metavar-
iables and taxonomic variables [66]. Rhea scripts all have the same structure, which
facilitates the application. They consist of the initialization stage, in which the user must
change parameters accordingly; the comments, which assist in an understanding of
every step of the analysis; and the main part. The input files must be processed by the
user prior to analysis according to the individual project needs. In our analysis, the input
files, including the OTUs table, the tree file, and the mapping files were processed prior
to each analysis. The parameters of the initialization part of the scripts were changed
according to the analyses we intended to conduct. In the main part of the script, the color
settings of plots, as well as the order in which the groups were intended to be visualized,

were changed manually.

The microbiome analyses consisted of (i) sample-type guided microbiota analysis, com-

paring microbiome diversity and composition in saliva, tissue, and feces; (ii) diagnosis-
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guided microbiota analysis comparing microbiome diversity, composition and
taxa’s’/OTU’s relative abundance in BE, DP, EAC and controls — this analysis was con-
ducted separately for all three sample-types; and (iii) risk factors guided analyses. The
risk factor-guided analyses compromised two separately analyses: (1) Analysis 1 in-
cluded the comparison of subjects sub-stratified by (1i) smoking history (smokers vs.
never-smokers); (1ii) presence of reflux symptoms (subjects with reflux symptoms vs.
without reflux symptoms) — independent of the diagnosis; (2) Analysis 2 included the
comparison of subjects sub-stratified by (2i) diagnosis and smoking history (BE smoker
vs. BE never-smoker, DP smoker vs. DP never-smoker, EAC smoker vs. EAC never-
smoker, Ctrl. smoker vs. Ctrl. never-smoker); (2ii) diagnosis and presence of reflux
symptoms (BE reflux symptoms vs. BE no reflux symptoms, DP reflux symptoms vs. DP
no reflux symptoms, EAC reflux symptoms vs. EAC no reflux symptoms, Ctrl. reflux
symptoms vs. Ctrl. no reflux symptoms) — these analyses were performed separately for
all three sample-types. Last, we identified bacteria, that were altered in both — patients

with exposure to a risk factor and in — patients with progressed phenotype.

The first Rhea script performed was the normalization script, which calculates relative
abundances of each OTU in order to offset the different sequencing depths between
samples. We used the rarefication curves provided in this step to identify samples that
were not sufficiently sequenced. Here, one fecal sample out of a total of 124 samples
(including saliva, tissue, and feces) was excluded from downstream analysis. The nor-
malized OTUs table containing the relative abundances of each OTU, which were com-

puted here, was used in the following analysis steps.

In script 2, alpha diversity within each sample was determined. Alpha diversity is a pa-
rameter that shows the diversity of OTUs within a sample. To determine alpha diversity,
only OTUs with an abundance greater than 0.5 counts were considered. There are dif-
ferent dimensions that can be used to express the alpha diversity within a sample, in-
cluding Species Richness, Shannon and Simpson diversity indices, and effective number
of species. Species Richness is calculated by counting the number of OTUs found in a
single sample without considering the abundance of an individual OTU. In contrast,
Shannon and Simpson diversity indices also consider the structure of the bacterial com-
munity by taking into account the abundance of every single OTU. After analyzing the
limitations of indices, Jost proposed using Shannon and Simpson to effectively determine
alpha diversity rather than indices [59]. The effective number of species represents the
number of equally abundant species needed to reach the associated index value and is
less distorted by the number of species found only rarely. All dimensions described

above were calculated for each sample. We chose to visualize Richness and Simpson
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effective number of species (i.e., not all indices of alpha diversity) in the above-men-
tioned groups to prevent misconception of data. A one-way ANOVA was applied to de-
termine significance. If the result of the ANOVA was significant, the groups were ana-

lyzed pairwise using the Welch Two Sample t-test.

In script 3, beta diversity between samples was determined. Beta diversity describes the
diversity of OTUs through different samples [66]. To determine beta diversity, distances
between OTUs were calculated by using generalized UniFrac distances, which provide
a precise calculation of differences between bacterial community members (OTUs)
based on their genomic distances and considering the abundance of each OTU. We
compared the microbial profiles after sub-stratifying samples as previously described. A
PERMANOVA test was used to define the statistical significance of microbial profile dis-
tances between groups. The final step was the visualization of the provided distances by

applying Multidimensional Scaling (MDS) and the non-metric version of MDS (NMDS).

Script 4 provides a calculation of the relative abundance of taxa that share the same
taxonomic classification at a given level—for example, kingdom, phylum, class, order,
family, genus, and species in a single sample—providing an overview of microbial com-
position at a higher taxonomic level than OTUs level. The output files of this script consist
of six tables with respectively relative abundance of taxa in kingdom, phylum, class, or-
der, family, and genus level for each sample; one taxonomic summary table including all

levels for each sample; and a graphical illustration.

Script 5 compares the relative abundances of taxa and OTUs between predefined
groups. The statistical tests used to define significance among groups were the Kruskal-
Wallis Rank Sum test (a non-parametric analysis of variance) and the Fisher test, fol-
lowed by a pairwise comparison of groups using the Mann-Whitney Test (a non-para-
metric test). The taxa relative abundances are not usually normally distributed, hence
non-parametric tests were used for statistical analyses. Part of this script was also the
correction for multiple testing utilizing the Benjamini-Hochberg method [10]. A corrected

p-value was given beside the p-value calculated from the pairwise comparison.

Script 6 offers the option to run correlations between taxonomic and numeric metavaria-
bles. We did not perform this analysis in this work. The reasons for this included our
intension to avoid such correlations analyses and keep our results descriptive. Addition-
ally, the main research question in this work involves establishing methodology and char-
acterizing the microbiome among groups sharing a fixed characteristic; and, in this study,

these characteristics comprise (i) sample type; (ii) diagnosis; and (iii) exposure to risk
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factors such as smoking and reflux complaints, all of which are categorical and not nu-

merical variables.
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3 Results

3.1 Epidemiological and clinical-pathological
characteristics of the patient cohort

The demographics, lifestyle, medication and diet characteristics of this cohort are sum-
marized in Table 3 to provide an overview of distribution in the different diagnosis groups.
The mean age of this cohort was 62.02 years, ranging from 33 to 80 years. The gender
distribution was 82.74% male and 17.26% female. The controls were age and gender
matched. The diagnosis groups did not differ significantly in regard to age and gender.
The only significant differences between the diagnosis groups were with regard to smok-
ing and PPI usage: the number of smokers (versus non-smokers) was notably higher in
the BE group and in the esophageal adenocarcinoma group than in the control group
(BE vs. control p= 0.012, EAC vs. control p=0.008); and the PPI intake was significantly
higher in the BE patients and in the DP patients than in the controls (BE vs. control p=
0.035, DP vs. control (p=0.015). No remarkable differences were revealed with regard
to BMI and alcohol consumption. Intake of analgesics such as ASS, Ibuprofen, and Pa-
racetamol, and heart medication, did not differ significantly among groups; however,

there was a tendency toward a higher usage in EAC patients.

Control Barrett's Low-/high-grade Esophageal p-value
Characteristics esophagus dysplasia adenocarcinoma

n=14 n=15 n=4 n=15
Age, years 0.294
- Mean (SD) 56.4 (16.1) 61.7 (12.3) 65.0 (10.4) 65.3 (9.9)
- Range 33-80 37-79 51-76 46-80
Gender, n (%) 0.405
- Male 9 (64.3%) 11 (73.3%) 4 (100%) 13 (86.7%)
- Female 5(35.7%) 4 (26.7%) 0 (0.0%) 2 (13.3%)
BMI, kg/m? 0.299
- Mean (SD) 25.5 (3.57) 27.6 (3.35) 26.3 (2.27) 27.7 (3.53)
- Range 19,95 - 31,01 23.11 - 32.85 24.44 - 29.24 22.28 - 34.57
Smoking, n (%) 0.022
- Smoker 3 (21.4%) 10 (66.7%) 3 (75.0%) 11 (73.3%)
- Never-smoker 10 (71.4%) 4 (26.7%) 1(25.0%) 4 (26.7%)
Missing information 1(7.1%) 1(6.7%) 0 (0.0%) 0 (0.0%)
Alcohol consumption,
n (% 0.065
- Daily/almost daily 0 (0.0%) 2 (13.3%) 2 (50.0%) 4 (26.7%)
- Rarer than daily/almost daily 13 (92.9%) 12 (80.0%) 2 (50.0%) 11 (73.3%)

Missing information 1(7.1%) 1(6.7%) 0 (0.0%) 0 (0.0%)
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Reflux symptoms, n (%) 0.854
‘Yes 6 (42.9%) 7 (46.7%) 1(25.0%) 6 (40.0%)

- No 5 (35.7%) 7 (46.7%) 3 (75.0%) 9 (60.0%)

Missing information 3 (21.4%) 1(6.7%) 0 (0.0%) 0 (0.0%)

Medication, n (%)

- ASS 1(7.1%) 2 (13.3%) 1(25.0%) 6 (40.0%) 0.162
- Paracetamol/Ibuprofen 2 (14.3%) 1(6.7%) 0 (0.0%) 1(6.7%) 0.774
- PPI 4 (28.6%) 10 (66.7%) 4 (100.0%) 9 (60.0%) 0.04
- Diuretics 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.0
- Corticoids 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1.0
- Heart medication 3 (21.4%) 2 (13.3%) 0 (0.0%) 5 (33.3%) 0.564
- Hormones 0 (0.0%) 1(6.7%) 0 (0.0%) 0 (0.0%) 0.659
Missing Information 1(7.1%) 1(6.7%) 0 (0.0%) 0 (0.0%)
Diet
Meat consumption, n (%) 0.089
+ almost daily or several 7 (50.0%) 6 (40.0%) 4 (100.0%) 12 (80.0%)

times a week
' ?;ZT; once a week or 5 (35.7%) 8 (53.3%) 0 (0.0%) 3 (20.0%)
Sausage consumption, n (%) 0.527
+ almost daily or several 7 (50.0%) 10 (66.7%) 4 (100.0%) 11 (73.3%)

times a week
' fabr‘;‘lj; once a week or 5 (35.7%) 4 (26.7%) 0 (0.0%) 4 (26.7%)
Missing information 2 (14.3%) 1(6.7%) 0 (0.0%) 0 (0.0%)

Table 3. Epidemiological characteristics of the cohort patients.

The DP and EAC groups, and the control group, included subjects with inhomogeneous
clinical-pathological features. In the dysplasia group, 2/4 subjects were diagnosed with
low-grade dysplasia and 2/4 with HGD. In the EAC group, 5/15 subjects showed T1
stage, 1/15 T2 stage, 9/15 T3 stage, 9/15 lymph node metastasis, and 2/15 distant me-
tastasis at the time of their inclusion in the study. Regarding the histologic grading, 4/15
EAC subjects showed a well differentiated carcinoma (G1), 8/15 a moderately differenti-

ated carcinoma (G2), and 3/15 a poorly differentiated carcinoma (G3) (Table 4).

The control patients attended the clinic for reasons of chronic upper abdominal pain
(10/14) or due to reflux symptoms (4/14). For the latter group, the decision to perform an
upper endoscopy was made by a clinic physician. Importantly, study participation did not
interfere with the decision of whether or not to undergo an endoscopy. In fact, 9/14 con-
trols were diagnosed with chronic gastritis, with 2 additionally diagnosed with reflux
esophagitis, while 5/14 controls had no pathological finding in the upper endoscopy (Ta-
ble 5).

A generally good patient compliance was observed regarding the range of information

and samples provided. Patients showed a great willingness to cooperate in the collection
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of saliva and feces, and 45 out of 48 patients included in the study provided saliva and

fecal samples. Tissue biopsies were taken from 47 out of 48 patients.

Characteristics n (%)
Gender

- Male 14  (93.3%)
- Female 1 (6.7%)

Depth of invasion

T4 5 (33.3%)
T2 1 (6.7%)
‘T3 9 (60.0%)

Lymph node metastasis
- Yes 9 (60.0%)
- No 6 (40.0%)

Distant metastasis
- Yes 2 (13.3%)

. No 13 (86.7%)

Histologic grade
- Well differentiated (G1) 4 (26.7%)
- Moderately differentiated (G2) 8 (53.3%)

- Poorly differentiated (G3) 3 (20.0%)
AJCC TNM stage

O 4 (26.7%)
N 4 (26.7%)
- 5 (33.3%)
NV 2 (13.3%)

Table 4. Demographic and clinical-pathological characteristics of cohort patients diagnosed with
esophageal adenocarcinoma.
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Characteristics n (%)
Gender

- Male 9 (64.3%)
- Female 5 (35.7%)

Main symptom
- Upper abdominal pain 10 (71.4%)
- Reflux 4 (28.6%)

Endoscopic diagnosis

- Corpus-/antrum gastritis 9 (64.3%)
- Reflux esophagitis 2 (14.3%)
- No pathological finding 5 (35.7%)

Pathology report

- Low grade chronic gastri-
tis

- High grade chronic gastri-
tis

- H. pylori +

- H. pylori -

No pathology report

5 (35.7%)

(28.6%)

(28.6%)
(35.7%)
(35.7%)

SIS B NN

Table 5. Demographic and clinical-pathological characteristics of control patients.

3.2 Histopathological tissue analysis

Histopathological diagnosis differed partially from the endoscopic diagnosis

A total of 160 biopsies (68 biopsies from patients with BE, 17 biopsies from patients with
dysplasia, 53 from patients with EAC, and 26 from controls) were stained with H&E to
evaluate the morphology and to determine histologic diagnosis. In Figure 3, respectively,
one image per localization is presented from H&E stained PAXgene-fixed biopsies of the
present cohort: from the esophageal squamous epithelium, cardia epithelium, BE, DP,

EAC from tubular type, and EAC from mucinous type.

It is noteworthy that only 15 out of 34 biopsies (44.1%) from BE subjects, 8 out of 9
biopsies (88.9%) from DP subjects, and 12 out of 23 biopsies (52.2%) from EAC sub-
jects—which were taken from suspicious areas for BE, DP, or EAC—actually contained

metaplastic, dysplastic, or cancer tissue (Table 6).
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Figure 3. Representative Hematoxylin and Eosin (H&E) staining of PAXgene-fixed paraffin-em-
bedded biopsies of the present cohort.

(A) stratified squamous epithelium of the esophagus; (B) columnar-lined epithelium of the cardia
mucosa (arrow indicates the gastric pits); (C) columnar-lined epithelium with single goblet cells
from a biopsy taken at a suspicious region at the esophagogastric junction, histologically well
compatible with intestinal metaplasia of esophagus (Barrett's Esophagus); (D) columnar-lined ep-
ithelium containing cell atypia from a biopsy taken at a suspicious area at the esophagogastric
junction, histologically compatible with low-grade dysplasia; (E) tubular adenocarcinoma of the
intestinal type (Laurén-classification) of esophagus; (F) mucinous adenocarcinoma of esophagus.
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Phenotype Obtained Obtained bi-  Obtained biopsies Obtained biopsies from Biopsies with a Biopsies with a Biopsies with a
biopsies opsies from from normal suspicious areas at the histological diag-  histological diag-  histological diag-

cardiac mu- esophageal mu- esophagogastric junction  nosis of metapla-  nosis of dysplasia nosis of carci-
cosa cosa sia noma

BE 64 15 15 34 15 0 0

DP 17 4 4 9 7 1 0

EAC 53 15 15 23 0 3 12

Control 26 13 13 0 0 0 0

Total 160 47 47 66 22 4 12

Table 6. Number of biopsies and their histological assessment.
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The Goblet cell ratio did not differ significantly between BE and DP patients

All available biopsies were stained with Alcian blue and PAS for the confirmation of the
diagnosis and the calculation of the goblet cell ratio. Figure 4 presents images from Al-
cian blue and PAS-stained biopsies of patients diagnosed with BE, low-grade dysplasia,
and esophageal adenocarcinoma. The goblet cell ratio provided from the metaplastic
region of BE subjects was 0.61, of low-/high-grade dysplasia subjects 0.47 (Figure 5).
Even through no statistical significance could be determined between BE and DP, a trend
toward lower goblet cell ratio among patients with dysplastic BE was observed.

Figure 4. Representative PAS and Alcian blue Staining of PAXgene-fixed paraffin-embedded
biopsies of the present cohort.

(A), (B) BE crypts containing goblet cells; (C) BE crypts containing partially goblet cells; (D) BE
crypts containing no goblet cells; (E) esophageal adenocarcinoma glands, which have lost the
ability to produce mucus; (F) esophageal mucinous adenocarcinoma containing no goblet cells.
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Figure 5. Goblet cell ratio in biopsies of BE and DP subjects.

3.3 Microbiome profiling

3.3.1 Sample type-guided analyses

Microbiota diversity and composition was associated with the sample type

In total, 124 samples from 137 samples collected were examined, including 44 tissue

biopsies sets, 42 fecal samples, and 38 saliva samples (Table 7).

First, we investigated the diversity in all three sample types (Alpha diversity). This was
assessed by different alpha diversity parameters, including Richness and Simpson ef-
fective. On average, we identified 90 OTUs in saliva samples, 156 OTUs in tissue biop-
sies, and 147 OTUs in fecal samples (Richness). Statistical analyses revealed that spe-
cies richness was significantly lower in saliva samples compared to tissue biopsies and
feces samples (p<0.0001), while no significant difference was determined between tis-
sue and feces samples (Figure 6.A). While comparing Simpson effective between sam-
ple types—which, apart from the species number, also considers the abundance of each
species within a sample—significant differences between all three sample types were
revealed (saliva vs. tissue p<0.0001, saliva vs. feces p<0.0001, and tissue vs. feces
p<0.0491) (Figure 6.B). As a result, fecal samples of this cohort showed the highest

species diversity, followed by esophageal tissue biopsies and saliva.

Second, we compared the microbial composition between the three sample types (Beta

diversity). The graphical illustration of beta diversity between saliva, tissue, and fecal
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samples was provided by a non-metric multidimensional scaling (NMDS) plot of microbial
profiles (Figure 6.C). The beta diversity statistical analysis revealed that fecal, salivary,
and esophageal tissue microbial profiles differ significantly from each other (p<0.0001).
Nevertheless, a slight overlap of tissue biopsy and salivary microbial profiles was ob-
served, whereas fecal microbial communities were very different to both salivary and

tissue-associated microbial communities.

Sample type had a greater impact on microbiome composition as patients’ diag-

nosis

Figure 7 shows a NMDS plot of microbial profiles of samples, which were sub-stratified
by the sample type and the diagnosis (BE, DP, EAC, controls). In this analysis, as ex-
pected, a clear separation was observed between biospecimen types, as saliva, tissue,
and fecal samples clustered apart from each other, independent of the diagnosis of the

subjects from which the sample had come.

On a closer inspection, exclusively in tissue, the diagnosis groups clustered together.
This suggests that dysbiosis is present in local biopsies, and that the microbiome could
sub-stratify and reflect diagnosis related to malignant progression. In addition to this brief
overview of the relationship between microbiome composition and patients’ diagnoses,
deeper insights into microbiome alterations in disease onset and progression are pro-

vided in the next sections.

In total, 11 phyla were identified in tissue biopsies. The most present phyla were Firmic-
utes (21%), Actinobacteria (20%), Proteobacteria (19%), Bacteroidetes (17%), and
Fusobacteria (15%) (Figure 8).

In saliva, 7 phyla were identified, all of which were also identified in tissue biopsies. The
most prevalent ones were: Firmicutes (35%), Actinobacteria (20%), Bacteroidetes
(16%), Proteobacteria (15%), and Fusobacteria (11%) (Figure 8).

In fecal samples, 7 phyla were revealed. The most prevalent ones were Firmicutes
(37%), Bacteroidetes (19%), Proteobacteria (18%), and Actinobacteria (18%) (Figure 8).
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Number of samples collected

Control BE DP EAC Total
Saliva 12 15 4 14 45
Tissue 13 15 4 15 47
Feces 11 15 4 15 45

Number of samples sequenced

Control BE DP EAC Total
Saliva 10 14 3 11 38
Tissue 11 14 4 15 44
Feces 9 15 4 14 42

Table 7. Total number of samples collected and sequenced.
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Figure 6. Alpha and beta diversity of microbiota in saliva, biopsies, and feces.
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(A) Alpha diversity assessed through species richness, showing a significant difference in rich-
ness of number of species between saliva and tissue biopsies (p<0.0001), as well as between
saliva and feces (p<0.0001). (B) Alpha diversity assessed through Simpson effective number of
species, showing significant differences in number of species between saliva and tissue
(p<0.0001), saliva and feces (p<0.0001), and tissue and feces (p=0.0491). (C) Beta diversity il-
lustrated by the multidimensional scaling plot (MDS plot) of microbial profiles obtained in saliva,
tissue, and feces, showing significant difference in the overall microbiome composition between
the three sample types (p=0.001).

Feces

MDS plot of Microbial Profiles
(p—value0.001)

Figure 7. Beta diversity of microbiota in saliva, biopsies, and fecal samples after sub-stratifying
the samples by diagnosis.

Beta diversity illustrated by a multidimensional scaling plot (MDS), showing a significant differ-
ence between microbial profiles in different sample types (p=0.001), as well as a greater impact
of the sample type in the microbiome composition as the clinical diagnosis.
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Figure 8. The most prevalent taxa in tissue, saliva, and fecal samples.
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3.3.2 Diagnosis-guided analyses
Tissue biopsies

Microbiota diversity and composition in tissue biopsies was different between the

diagnosis groups

Forty-three of 47 collected tissue biopsy sets (each set containing two to six biopsies
taken from esophageal mucosa, cardia mucosa, and endoscopically suspicious areas
for BE, dysplasia, or EAC) from this patient cohort were sequenced (Table 8). The quality
control demonstrated that all tissue biopsy samples were sufficiently sequenced, and
thus all sequenced biopsies were included in the downstream microbiome analysis. For
the quality control of the sequencing, rarefication curves of all samples were provided
(Figure 9). They demonstrate whether the sequencing depth is sufficient or not and, in
this case, they showed that a plateau of number of species was achieved in each sample

after all available reads were assigned (Figure 9).

The alpha diversity was assessed by different parameters, including Richness and Simp-
son effective, which are visualized in Figures 10 and 11. The Richness number of spe-
cies did not differ between disease (including BE, DP, and EAC) and control, while there
was a significant higher Simpson effective in disease (p= 0.0053, unpaired t-test with

Welch's correction), (Figure 10).

Next, all four diagnosed groups were compared with each other. The richness number
of species was significantly higher in DP than in Control or EAC, while the Simpson ef-
fective number of species did not show any significant difference between the pheno-

types (Figure 11A, B).

Beta diversity statistical analysis revealed that samples from subjects with the same di-
agnosis cluster together, and that the microbial community composition differs signifi-
cantly between the diagnosis groups. Moreover, it is observed that the microbial com-

munity composition shows high interindividual variation in biopsies of subjects with EAC.

The results of the pairwise beta diversity analysis between the diagnosis groups showed
significant difference between the control group and all other disease phenotypes (Con-
trol vs. BE, Control vs. DP, Control vs. EAC) and between BE vs. EAC; no significant
separation of microbial profiles was present between DP vs. BE or DP vs. EAC (Figure
12).
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Phenotype Number of samples collected Number of samples sequenced
Control 13 1
(n=14)
BE 15 14
(n=15)
Dysplasia 4 4
(n=4)
EAC 15 15
(n=15)
Total 47 44
Table 8. Total number of tissue biopsy sets collected and sequenced.
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Figure 9. Rarefaction curves of biopsy samples sequenced.
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Figure 10. Alpha diversity in tissue biopsies of controls and patients with disease phenotype in-
cluding BE, DP, and EAC.

(A) Alpha diversity assessed through species richness, showing no difference between health
and disease. (B) Alpha diversity assessed through Simpson effective, showing a significant
higher number of species in biopsies of patients with disease phenotype as in healthy controls.
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Figure 11. Alpha and beta diversity in tissue biopsies of patients diagnosed with BE, DP, EAC,
and controls.

(A) Alpha diversity assessed through species richness, showing no significant difference be-
tween the diagnosis groups. (B) Alpha diversity assessed by Simpson effective number of spe-
cies, showing no significant difference between the diagnosis groups. (C) Beta diversity illus-
trated by a multidimensional scaling plot (MDS plot) of microbial profiles obtained from tissue
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biopsies of patients diagnosed with BE, DP and EAC, and from controls, showing a significant
difference in the overall microbiome composition between the diagnosis groups (p=0.001).
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Figure 12. Pairwise comparison of microbial profiles in biopsies of different diagnosis groups.
Beta diversity, illustrated by a non-metric multidimensional scaling plot, comparing the microbial
profiles of patients with different diagnosis pairwise, showing significant differences between
Ctrl. vs. BE (p=0.017), Ctrl. vs DP (p=0.011), Ctrl. vs. EAC (p=0.003), and BE vs. EAC
(p=0.012).
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In EAC, Firmicutes was more abundant than in BE, while Actinobacteria was less
abundant than in BE

In addition to significant differences between the diagnosis groups in terms of overall
microbial diversity and composition, single taxa were differently abundant among groups

at phylum, genus, and OTUs level.

Four phyla—Actinobacteria, Firmicutes, Tenericutes, and Patescibacteria—showed sig-
nificant differences between diagnosis groups (Figure 13). The relative abundance of
Actinobacteria was significantly lower in EAC compared to all other groups (Ctrl., BE,
DP), while the abundance of Firmicutes was higher in EAC than in BE. Tenericutes was
only present in EAC, while Patescibacteria was less present in EAC than in BE and dys-

plasia (Figure 13).

At genus level, Bradyrhizobium and Streptococcus were significantly underabundant in
disease phenotypes compared to controls (Figure 13). While Bradyrhizobium was un-
derabundant in all disease phenotypes (BE, DP, EAC), Streptococcus was only undera-
bundant in BE and EAC compared to controls. Furthermore, Actinomyces and Granu-
licatella were underabundant in EAC compared to controls. Granulicatella abundance
was also significantly lower in EAC compared to BE (Figure 13). At genus level, Fuso-
bacterium and Ralstonia were significantly enriched in disease phenotypes compared to
controls. While Fusobacterium was enriched in all disease phenotypes (BE, DP, EAC),
Ralstonia was only enriched in BE and EAC (Figure 13). Additionally, an overabundance
of Sphingomonas and Porphyromonas in BE compared to controls was observed (Figure
13).

Several taxa were exclusively present in specific diagnosis groups

Figure 14 shows the taxa that were present exclusively in certain diagnosis groups.
Some taxa were almost only present in samples of EAC patients and included Anaero-
plasma (6/15 EAC patients); ASF 356 (5/15 EAC patients); Rikenellaceae RC9 gut group
(5/15 EAC patients); Clostridiales vadin BB60 group (6/15 EAC patients); Rominiclostrid-
ium (5/15 EAC patients); and Odoribacter (6/15 EAC patients and 1/11 controls). The

genera of Rothia and Haemophilus were less prevalent in EAC than in other phenotypes.

The genera of Bifidobacterium, Campylobacter, Unknown Lachnospiracae, and one un-

cultured unknown genus were, with few exceptions, only found in disease phenotypes.
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The genera of one unknown Saccharimonadaceae and Atoponium were, with few ex-

ceptions, only found in BE.
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Figure 13. Taxa present in varying abundance in tissue biopsies of different diagnosis groups.
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Figure 14. Taxa that occur exclusively in biopsies of certain groups.
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Saliva

Salivary microbial community diversity and composition did not differ between the

diagnosis groups

Thirty-eight of 45 saliva samples collected from the patients of this cohort were se-

quenced and analyzed (Table 9).

The quality control demonstrated that all saliva samples were sufficiently sequenced,
and thus all sequenced samples were included in the downstream microbiome analysis.
For the quality control of the sequencing, rarefication curves of all samples were provided
(Figure 15) and they show a plateau of number of species in each sample after all avail-

able reads were assigned (Figure 15).

The alpha diversity was assessed by different parameters, including Richness and Simp-
son effective, which are visualized in Figure 16A, B. There was no significant difference
in either Richness or Simpson effective number of species between the four diagnosis
groups. A high interindividual variation regarding the number of species could be deter-

mined in saliva samples, varying from 36 to over 150 OTUs identified per sample.

Statistical analyses of the beta diversity in saliva did not find any significant difference
between the diagnosis groups (Figure 16.C). A high overlap of the microbial profiles of
patients belonging to different diagnosis groups shows that saliva microbiome diversity

cannot separate between the phenotypes.

Streptococcus and Granulicatella were differently abundant in different diagnosis

groups

Although there was no significant difference in overall diversity and composition at the
phylum and genus levels, salivary microbial community composition showed alterations
between phenotypes in the abundance of Streptococcus and Granulicatella at OTU level
(Figure 17). The relative abundance of some species belonging to the Streptococcus
genus differed significantly among groups, with a downward tendency in EAC. Addition-
ally, a continuous fall of the relative abundances of species belonging to the Granulica-

tella genus from controls to esophageal adenocarcinoma was determined.
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Phenotype Number of samples collected Number of samples sequenced
Control 12 10

(n=14)

BE 15 14

(n=15)

Dysplasia 4 3

(n=4)

EAC 14 11

(n=15)

Total 45 38

Table 9. Total number of saliva samples collected and sequenced.

Number of Species

200

150

100

50

Rarefaction Curves of All Samples

T T I I I
10000 20000 30000 40000 50000

Number of Reads

Figure 15. Rarefaction curves of saliva samples sequenced.
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Figure 16. Alpha and beta diversity of microbiota in saliva samples of patients diagnosed with
BE, DP, and EAC, and controls.

(A) Alpha diversity assessed through species richness, showing no significant difference be-
tween the diagnosis groups. (B) Alpha diversity assessed by Simpson effective number of spe-
cies, showing no significant difference between the diagnosis groups. (C) Beta diversity illus-
trated by a multidimensional scaling plot (MDS plot) of microbial profiles obtained in saliva sam-
ples of patients diagnosed with BE, DP, and EAC, and controls, showing no significant differ-
ence in the overall microbiome composition between the diagnosis groups (p=0.408).
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Figure 17. OTUs present in varying abundance in saliva samples of different diagnosis groups.

Feces

Fecal microbiota diversity and composition did not differ between the diagnosis

groups
Forty-two of 45 fecal samples collected were sequenced (Table 10).

The quality control demonstrated that one out of 42 fecal samples was not sufficiently
sequenced (Figure 18). This insufficiently sequenced sample belonged to a patient of

the EAC diagnosis group and was excluded from downstream analysis.

The alpha diversity was assessed by different parameters, including Richness and Simp-
son effective. There was no significant difference in either Richness or Simpson effective
number of species between the four diagnosis groups (Figure 19A, B). In contrast to
other sample types (tissue, saliva), the fecal samples presented only a low interindividual

variation with regard to the number of OTUs identified per sample.

Statistical analysis of beta diversity in fecal samples showed no significant separation
between the diagnosis groups, with a high overlap of the samples from different diagno-

sis groups (Figure 19C).
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Betaproteobacteriales was enriched in DP and EAC in comparison to BE, while

Eubacterium coprostanoligenes was depleted in DP and EAC in comparison to BE

In the different diagnosis groups, several taxa were presented in different abundances
(Figure 20). An overabundance of the Coriobacteriia class was revealed in EAC in com-
parison to controls, as well as an overabundance of the Burkholderiaceae family and the

Betaproteobacteriales order in DP and EAC in comparison to BE.

At genus level, Faecalibacterium was significantly underabundant in BE and EAC com-
pared to controls, but overabundant in DP compared to BE and EAC. Phascolarctobac-
terium was underabundant in EAC compared to controls, and Eubacterium coprostanoli-

genes was underabundant in DP and EAC in comparison to BE.

Several taxa were exclusively present in specific diagnosis groups

Several taxa were differently represented between groups (Figure 21). Acidaminococcus
and Sutterella were more commonly represented in disease phenotypes than in controls.
The genera of Parasaturella and Rominococcaceae UCG-005, as well as two OTUs that
contained species of Romincoccaceae UCG-002 and Bacteroides genera, were more
abundant in EAC compared to BE, while the genus of Lachnospira was less abundant in
EAC compared to controls. Holdemanella was found in seven out of 15 BE subjects and

in one out of 11 controls identified, while in dysplasia and EAC this genus was not found.

Phenotype Number of samples collected Number of samples sequenced
Control 11 9

(n=14)

BE 15 15

(n=15)

Dysplasia 4 4

(n=4)

EAC 15 14

(n=15)

Total 45 42

Table 10. Total number of fecal samples collected and sequenced.
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Figure 18. Rarefaction curves of fecal samples sequenced.
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Figure 19. Alpha and beta diversity of microbiota in fecal samples of patients diagnosed with
BE, DP, and EAC, and controls.

(A) Alpha diversity assessed through species richness, showing no significant difference be-
tween the diagnosis groups. (B) Alpha diversity assessed by Simpson effective number of spe-
cies, showing no significant difference between the diagnosis groups. (C) Beta diversity illus-
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trated by a multidimensional scaling plot (MDS plot) of microbial profiles obtained in fecal sam-
ples of patients diagnosed with BE, DP, and EAC, and controls, showing no significant differ-
ence in the overall microbiome composition between the diagnosis groups (p=0.302).

Class, order, family and genus level
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Figure 20. Taxa present in varying abundance in fecal samples of different diagnosis groups.
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Figure 21. Taxa that occur exclusively in fecal samples of certain groups.

3.3.3 Diagnosis- and risk factor-guided analyses

Smoking and gastroesophageal reflux were related to microbiota alternations

One of the aims of this study was to investigate whether the most-known risk factors
related to esophageal adenocarcinoma are associated with specific microbiota alterna-
tions. In order to achieve this, the patients’ epidemiological data were merged with the

microbiome sequencing data.

First, we analyzed the microbiome of smoker vs. never smoker and patients with reflux
symptoms vs. without reflux symptoms independent of the diagnosis running alpha and
beta diversity analysis. A significant difference was observed between the microbial com-
position of patients with reflux symptoms vs. those without reflux symptoms in saliva
material (beta diversity, p=0.022), while the stratification based on smoking did not show

any significant result (Figure 22).
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A Saliva

MDS plot of Microbial Profiles MDS plot of Microbial Profiles
(p-value0.854) (p-value0.019)

B Tissue

MDS plot of Microbial Profiles MDS plot of Microbial Profiles
(p-value0.346) (p-value 0.159)

MDS plot of Microbial Profiles MDS plot of Microbial Profiles
(p=value 0.923) (p=-value 0.459)

Figure 22. The presence of reflux symptoms correlates with microbiome diversity in saliva.
(A) Beta diversity in saliva samples of patients divided by smoking history or alcohol consump-
tion or GERD. (B) Beta diversity in tissue samples of patients divided by smoking history or al-

cohol consumption of GERD. (C) Beta diversity in fecal samples of patients divided by smoking
history or alcohol consumption of GERD.
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When stratifying subjects based on their smoking history/reflux symptoms and clinical
diagnosis simultaneously, we observed significant differential microbial composition not
only between different diagnosis groups, but also within diagnosis group at the BE stage
of disease: BE subjects with reflux symptoms had different microbial profiles compared
to BE subjects without reflux symptoms in saliva; BE smoker had different microbial pro-
files compared to BE never-smoker in tissue biopsies; and BE subjects with reflux symp-
toms vs. BE subjects without reflux symptoms, as well as BE smokers vs. BE never
smokers showed different microbial profiles in fecal samples, proposing an impact of

these risk factors in the microbiome composition at the BE disease stage (Figure 23, 24).

We run group comparison analysis at taxon/OTU level between these 8 subgroups and
found here several differentially abundant bacteria; however, none of them was consist-
ently associated with smoking or reflux. We revealed (i) a trend towards a decreased
abundance of Actinobacteria in smokers (BE smoker vs. BE never-smoker p= 0.0240)
and in patients with progressed phenotype in tissue biopsies; (ii) a trend toward enrich-
ment of one Streptococcus species in BE subjects with reflux symptoms (BE reflux symp-
toms vs. BE no reflux symptoms p=0.0200) but a loss in patients with progressed phe-
notype in saliva; (iii) a trend toward higher abundance of Faecalibacterium in smokers
(BE smokers vs. BE never smokers p= 0.0264) but a decreased abundance in EAC in

feces (Figure 25).

Next, we analyzed the relative abundances of taxa/OTUs exclusively in BE patients; the
sub stratification was conducted as described above in BE smoker vs. BE never smoker;
BE reflux symptoms vs. BE without reflux symptoms; all significant taxa of this analysis
are presented in Supplementary Table 1. These taxa/OTUs were compared to the sig-
nificant ones from the previously conducted diagnosis-guided analysis; a summary of
altered bacteria in both Barrett's subjects with exposure to a risk factors and subjects
with progressed phenotype are presented in Supplementary table 2. Here, we could con-
firm the results described in the upper paragraph: (i) in tissue biopsies the phylum of
Actinobacteria was decreased among BE smokers, which was also the case in esopha-
geal adenocarcinoma samples compared to BE and to other phenotypes; (ii) in saliva,
one Streptococcus species was decreased in smokers, and in esophageal adenocarci-
noma compared to other phenotypes; another Streptococcus species was increased in
subjects with reflux symptoms but decreased in esophageal adenocarcinoma; (iii) in fe-

ces, Faecalibacterium was increased in BE smokers but decreased in EAC (Figure 26).
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Figure 23. Alpha- and beta diversity of microbiota in samples sub-stratified by diagnosis and exposure to smoking or reflux symptoms.

Alpha diversity assessed by Simpson effective showing a tendency toward higher interindividual variations between subjects with progressed
phenotype. Beta diversity visualized by MDS plots of generalized Unifrac distances showing significant separation between subgroups with
different diagnosis and between BE smokers and BE never-smokers in tissue; significant separation between BE with reflux symptoms vs. BE
without reflux symptoms in saliva; as well as between BE smokers vs. BE never smokers, BE with reflux symptoms vs. BE without reflux symp-
toms in feces.
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Figure 24. Risk factors for EAC such as smoking and GERD correlate with microbiome diversi-
ties in Barrett’'s Esophagus.

(A) Beta diversity in saliva samples of BE subjects with reflux symptoms vs. without reflux symp-
toms. (B) Beta diversity in tissue biopsies of BE smokers vs. BE never-smokers. (C) Beta diver-
sity in fecal samples of BE smokers vs. BE never-smokers and BE subjects with reflux symp-
toms vs. without reflux symptoms.
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Figure 25. Single Taxa and OTUs are presented in same or reverse abundance tendency in subjects with exposure to a risk factor and in subjects with ad-
vanced phenotype.
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Figure 26. Single Taxa and OTUs presented in same or reverse abundance tendency in BE subjects with exposure to a risk factor and in subjects with pro-

gressed

phenotype.
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4 Discussion

4.1 A study with standardized methodical instruments
made investigating associations between microbiota,
disease and risk factors feasible

In this project we established the methodology of profiling the human esophageal and
cardia mucosa microbiome from biopsy material, salivary and fecal microbiome in a co-
hort of 48 patients. We conducted a case-control study on cases diagnosed with dis-
eases of the esophageal adenocarcinoma cascade, including BE, DP and EAC, and
controls with no history of BE associated pathologies using 16S rRNA amplicon sequenc-
ing. The microbiome characterization was achieved by stratifying the samples according
to sample type, the patient’s clinical diagnosis, and the patient’s exposure to well-known
risk factors for the development of esophageal adenocarcinoma. We found clear asso-
ciations between the microbiota and all metavariables analyzed, which are discussed in
the following sections. The pipeline established within the scope of this work, is currently
a firm part of the BarrettNET Study and continues collecting samples for further investi-

gation of the microbiome in a larger cohort.

Active participation and cooperation were notable in this cohort, reflected in the broad
spectrum of information and samples provided. Reasons for participation based on pa-
tients’ comments included interest in the study purpose, altruism, and the recruiter’s ap-
proach. Only a small percentage declined to participate, mostly due to patients’ insecu-
rities in terms of higher risk associated with additional biopsy sampling for study pur-

poses or due to patients’ subjective assessment of their own poor general condition.

Aside from the esophageal tissue-associated microbiome, the present study represents
one of the first efforts to discover the salivary and fecal microbiome of patients with a
pathology of the distal esophagus. The saliva and fecal microbiome have potential etio-
logical implementations in disease initiation and progression, and knowledge about the
microbial population in these materials at different disease stages could generate novel
hypothesis and elucidate further aspects of EAC pathogenesis important for prevention
and risk stratification. The identification of shifts in salivary or fecal microbiota among the
disease cascade would open new avenues for non-invasive risk assessment among BE
patients at risk of progression, and thus present one of the few opportunities to screen

for EAC progression without the effort of endoscopy.
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Beside this, patients with low-/high-grade dysplasia and esophageal adenocarcinoma at
different stages of tumorigenesis and different tumor grades were included in the study.
Whereas the microbial community composition of normal esophagus, GERD and BE
patients has been widely investigated, until recently there was a gap with regard to mi-
crobiome composition among patients with enhanced phenotypes, which this study

aimed to address.

Another strength of this study was the exclusion of patients with antibiotic use in the last
6 weeks, diarrhea, and vegetarian diets, all of which might influence the microbial diver-
sity and composition [52] [11, 124, 144].

The study also captures comprehensive patient epidemiologic data, providing an accu-
rate overview of distribution of possible risk factors for disease development among pa-
tients with different clinical diagnosis. The patient-related epidemiological information en-
abled us to examine the possible effects of known risk factors for EAC development in
microbial population diversity and composition: firstly, between Barrett's subjects with
different exposure to reflux and smoking, and finally between all cohort subjects divided

by diagnosis and exposure to these two risk factors.

The standardized sampling and preanalytical phase, the diagnosis confirmation by cer-
tified gastrointestinal pathologists, and the DNA extraction procedure performed by fol-
lowing well-established protocols by a trained scientific staff member contributed to the
quality assurance of this study and thus presents another strength. We used the
PAXgene tissue system, a formalin free preparation system, for biopsy tissue fixation
and stabilization. The advantages of using this fixation and stabilization system is the
preservation of both morphology, antigenicity and other biomolecule [99]. It enables his-
topathological and biomolecular analysis to be conducted from a single tissue-biopsy
sample, which allowed us to perform both histological tissue evaluation and DNA extrac-
tion for microbiome characterization from each single biopsy sample. PAXgene-fixed,
paraffin-embedded colon cancer tissue showed comparable histopathological morphol-
ogy results to formalin-fixed, paraffin-embedded mirrored tissue in a blinded randomized
trial [42]. In particular, the nuclear structures could be better recognized from PFPE tis-
sues [42]. Both quality and yield of PAXgene fixed tissue RNA were comparable with
those of the snap frozen tissue RNA — a marked improvement over the formalin fixed
tissue [135]. Snap-freezing in liquid nitrogen, which is the most popular method used for
molecular analytical purposes to date, may damage tissue morphology and antigenicity.

It requires a high degree of methodical, logistical effort and is cost-intensive, making its
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integration into the clinical routine difficult. DNA extraction was conducted using a differ-
ent extensive nucleic acid extraction protocol for each sample type, all of which showed
sufficient DNA quality with the exception of one fecal sample, which was excluded for

downstream analysis due to low sequencing depth.

Other strengths of this study are the standardized sequence data processing using the
Integrated Microbial Next Generation Sequencing platform, followed by comparison of
the three largest and most known taxonomy databases, such as the latest version of
RDP classifier, SILVA and EzTaxon databases to improve the taxonomic assignment of
OTUs. In addition, the utilization of the Rhea pipeline offered a systematic testing of all
OTUs and taxa, providing a range of parameters for accessing the microbiome and ap-

plying suitable statistical tests for microbiome data [66].

This study has also some limitations. Among them, is the small cohort size; in particular
the low number of patients with LG-/HG-IEN, which can be explained by the rare diag-
nosis of this intermediate disease stage before neoplastic progression to EAC. These
limitations might reduce the power of the statistical tests and restrict the generalizability

of the results. To prevent this, larger and ethnically different cohorts are necessary.

A further study limitation is the notably large number of controls (80%) diagnosed endo-
scopically and histologically with chronic gastritis. Gastritis may impact on microbiome
diversity and composition of the esophagus and thus present a confound. Gastritis in-
duced by Helicobacter pylori (H.pylori) infection leads, after chronification, to atrophy of
the gastric mucosa, thus reducing gastric acid production (Hypochlorhydrie). This might
be relevant in cases with reflux symptoms since H.pylori gastritis may alter the compo-
sition and pH of the refluxing gastric fluid, altering therefore the microbial community
inhabiting the esophagogastric junction; this was also suggested by Pei et al. [95]. H.
pylori is known to influence the gastric microbiome [85]. Some authors attribute a crucial
role to H pylori in the composition of esophageal microbial community. Additionally, the
fecal microbiome of H. pylori positive subjects has been found to be altered relative to
H. pylori negative subjects and showed a higher microbiota diversity relative to H. pylori
negative subjects [37]. Other studies, however, did not find any alteration in diversity
from fecal samples in connection with H. pylori colonization. In our study, the most sub-
jects diagnosed with gastritis, who also complained about reflux symptoms, did not man-
ifest H. pylori colonization. Two control subjects were diagnosed simultaneously with
chronic gastritis and reflux esophagitis. However, in neither subjects’ gastric biopsies
was Helicobacter pylori found. To summarize the pathology findings, the number of con-

trol subjects with H. pylori turned out to be equal to the number of these without H. pylori
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in gastric biopsies. Additionally, 5/9 controls had slight corpus antrum gastritis and 4/9
controls had severe corpus antrum gastritis, and none of the controls manifested atrophic
gastritis. Since the distribution of H. p infection in the control cohort is balanced, the
majority of controls with reflux had no H. p associated gastritis and none of controls
showed atrophic gastritis, it suggests that no great shifts are to be expected in esopha-
geal microbiota diversity and composition. The fact that approximately the half of the
control subjects of this study had an H. pylori infection is consistent with the finding that

50% of the population worldwide are also known to have a H. pylori colonization [131].

Control subjects were patients of the gastroenterology department of Klinikum rechts der
Isar, undergoing a scheduled upper endoscopy examination for clinical indications, such
as upper abdominal pain or heartburn symptoms, and had no history of BE associated
lesions or other tumor diseases. Difficulties in including healthy controls in the study were
encountered due to the invasiveness of the examination and strict indication for an upper
endoscopy in Germany. The esophagogastroduodenoscopy (EGD) is not part of routine
check-up examinations, unlike a precautionary colonoscopy, which is in Germany in-
tended for all patients over the age of 55. Hence, only patients with prolonged or severe

symptoms receive an upper endoscopy.

Further, using the 16S rRNA amplicon sequencing method to access the microbiome is
a common and cost-effective method with very high throughput, which has some disad-
vantages compared to whole genome sequencing (WGS); among other issues, the lower
taxonomic resolution makes it impossible to distinguish between taxa with a very similar
sequence [107]. In this study, however, we aimed primarily to reveal whether dysbiosis
occurs at the tumor niche, as well as in saliva and fecal samples. We therefore utilized
16S amplicon sequencing. We aimed to provide a comprehensive description of the al-
terations of the microbial population, without intending to define the one species respon-
sible for carcinogenesis. This will require larger cohorts and longitudinally designed stud-
ies. Facts to date, even for the H. pylori case, suggest that it is the dysbiosis which con-

tributes to cancer development rather than a single species.

We chose a case-control study design, an observational study design which compares
cases to controls with regard to the exposure to one or more risk factors and describes
the associations observed between potential risk factors and disease. Here, we observed
(i) the association of the microbial community to disease, (ii) the association of epidemi-
ologic factors to disease, as well as (iii) the association of risk factors to the microbial

community at different stages of disease. A case-control study might present problems
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of validity, typically caused by recall bias, interviewer bias and precision of the infor-
mation required [128]. Patients might be influenced by the disease, their general condi-
tion, the interviewer, unclarities in the survey or other factors to not provide accurate
information [128]. Here, we used the same standardized multiple-choice survey to inter-
view both cases and controls, and the patients were guaranteed privacy and the possi-
bility to contact the study staff in case of unclarities to avoid interviewer bias or miss-
ing/ambiguous data. Another difficulty affecting a case-control study is the selection of
the control group [128]. The controls in our study were age, gender and race matched to
cases to make groups comparable. Utilizing a case-control study design does not enable
differentiation of genesis from consequence [85]. To get closer to the goal of determining
causality between microbiota and disease/risk factors at different disease stages in a
human study setting, a prospectively conducted longitudinal cohort study is needed. This
would discover the alterations to the esophageal, salivary and fecal microbiome, occur-
ring at different timepoints in the cascade of EAC development. However, the longitudi-
nal cohort study design requires prolonged follow up periods and might thus lead to at-

trition bias (loss to follow-up) [128].

4.2 This cohort was a representative cohort of patients
with BE associated pathologies in the population
based on epidemiologic information

The epidemiologic characteristics of patients diagnosed with diseases of the esophageal
adenocarcinoma cascade suggests that this cohort was a small representative sample
of this patient group in the population, while the controls were age and gender matched.
The percentage of smokers was higher in patients diagnosed with Barrett's Esophagus
and esophageal adenocarcinoma than in the control group, which conforms with known
epidemiologic information about BE related lesions. Barrett’s and dysplasia subjects also
differed to controls with regard to higher proton-pump inhibitor usage. However, it is still
not clear whether PPls are cancer-protective and the data in this respect is very contro-
versial [23]. In a recent metanalysis of a total of 9 studies, no significant risk reduction of
esophageal adenocarcinoma in BE patients was shown to be associated with PPI ther-
apy (unadjusted OR 0.43, 95% CI1 0.17-1.08) [23] [50]. One interesting observation in our
study was, although not significant, that the number of subjects with reflux complaints
was relatively lower in the dysplasia and esophageal adenocarcinoma group than in the
control and BE groups, given that 3/4 DP and 9/15 EAC subjects did not report reflux

symptoms. This is also consistent with previous data, where more cases of dysplasia
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and esophageal adenocarcinoma have been found among patients undergoing the up-
per endoscopy for reasons other than reflux symptoms vs them underdoing upper en-
doscopy due to reflux symptoms [33]. These findings suggest that a number of patients
with malignant progression unfortunately do not show reflux symptoms and are diag-
nosed in advanced stages due to development of other symptoms such as dysphagia.
This insight is very important in shifting our focus to other epidemiological factors for BE
associated diseases in order to perform screening endoscopies or other screening strat-
egies in an additional target group other than just reflux patients. The clinical pathological
data of patients diagnosed with EAC show that at timepoint of primary diagnosis, the
majority of them already had stage three carcinoma. Studies to date also report that the
esophageal adenocarcinomas are frequently diagnosed in advanced stages and the five-
year survival after diagnosis is approximately 17% [114]. This fact makes clear the urgent

necessity of developing novel cancer screening and early detection strategies.

4.3 PAXgene fixed biopsies provided the histological
diagnosis and sufficient microbial DNA quality and
quantity

We used the PAXgene stabilization and fixation system, a formalin free system for pre-
analytical preparation of our biopsies sampled in a clinical setting, as we aimed to check
the morphology, assess the goblet cell ratio and identify the tissue-associated microbi-
ome. To this end, H&E as well as PAS and Alcian blue stainings were performed from
each biopsy sample in addition to the stainings required for histological evaluation by the
pathologist. All microscopically examined biopsies contained evaluable tissue with well-

preserved morphology represented by high-contrast colors.

The goblet cell ratio was not found to differ significantly between non-dysplastic and dys-
plastic Barrett's samples, but a trend toward lower goblet cell ratio among dysplastic BE
biopsies was apparent. As mentioned in the introduction to this dissertation, a previous
study by our research group revealed a significant lower goblet cell ratio in endoscopic
mucosa resection (EMR) samples of T1 esophageal adenocarcinoma than in non-dys-
plastic Barrett tissue samples by using the same calculation approach as in the present
study [115]. The explanation for this might be, in addition to the higher number of sam-
ples analyzed in the previous study, that a resection specimen from EMR was analyzed,
whose sample size is much higher than that of biopsies. The results of our study show
that the determination of goblet cell ratio in biopsies might not operate alone as a risk

predictor for disease progression. It is usually only patients with conspicuous BE such



4 Discussion 72

as nodular BE, dysplastic Barrett’s or esophageal adenocarcinoma T1a who are sched-
uled for an EMR for therapeutic and rarely for diagnostic purposes, as this carries a
higher intervention risk and requires higher technological and endoscopist experience in
comparison to biopsies. Therefore, EMR specimens do not play a crucial role in the clin-
ical routine for risk prediction in early BE stages, emphasizing the need for easily read-
able prediction markers, which are safe and independent of the endoscopist’s experi-
ence. The need for these kinds of markers is also underscored by the fact that the vast
maijority of patients diagnosed with Barrett’'s Esophagus do not progress to esophageal
adenocarcinoma (approximately 0.2-0.3%progress annually) [51], and the detection
rates of cancer in early stages is unfortunately low. The characterization of tumor niche
alterations, which are manifested in the entire lower esophagus, independent of lesion
localization, such as microbiota alterations are, will possible be essential components in

future risk prediction models.

The quality of the DNA extracted using the PAXgene® tissue DNA Kit (Preana-lytix) from
PAXgene-fixed-paraffin-embedded biopsies was satisfactory as showed by DNA ratios
in 260/280 nm with mean = SD value of 1.9 £ 0.07 and in 230/260nm with mean + SD
value of 1.51 £ 0.25 identified by NanoDrop from biopsy samples of BE, DP and EAC —
these results have been already presented in the BarrettNET paper [141]. All biopsy
samples were of good quality and we did not exclude any of the samples from down-
stream microbiota analysis. In summary, the PAXgene system, as demonstrated in pre-
vious studies, preserves both the morphology and provides sufficient DNA quality and
quantity, and is feasible for future clinical research, which aims simultaneously at histo-

pathological and biomolecular analysis.

4.4 The microbiome of mucosal biopsies, saliva and
feces differed significantly from each other,
suggesting a unique microbial composition of the
mouth, esophagus and intestine

We found a significantly different number of species in samples originating from different
body compartments, ranging from fecal samples with the highest Simpson effective num-
ber of species to esophageal mucosa tissue biopsies and finally saliva samples. Beside
differences in the number of species, they also differed in the composition of the micro-
bial community. We observed 3 clusters, one for each sample type: The samples origi-
nating from the same sampling compartment clustered together and were significantly

different regarding the microbial profile composition from the other clusters. However, a
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very slight non- significant overlap in microbial community structure was observed be-

tween the salivary and esophageal tissue biopsy samples.

The overlap found between saliva and esophageal biopsy microbiota is consistent with
data from previous studies, which also revealed a closeness of the normal human esoph-
ageal microbiota population to the oral microbiota, which also encouraged us to examine

the salivary microbiome for BE associated esophageal pathologies [95].

The microbial profile of saliva and fecal samples were found to be substantially different
in an older study (2008), which compared the PCR-denaturing gradient gel electropho-
resis analysis (DGGE) profiles of these two materials in healthy subjects as well as in a
recent study, which assessed the transcriptionally active bacteria along the gastrointes-
tinal tract including amongst other mucosal tissue samples as well as saliva and fecal

samples in healthy subjects [74, 134].

The same 2008 study, found a significantly higher number of amplicons in feces than in
saliva, which is compatible with our results [74]. In contrast to this, the study which ana-
lyzed the transcriptionally active microbiota found a higher number of species in saliva
compared to feces [134]. The decreasing number of species found in the lower Gl tract
in comparison to the upper Gl tract is attributed by Vasapolli et al. to the physiologic
selection processes through the passage into the gastrointestinal tract [134]. In keeping
with this logic, the higher number of species in fecal relative to saliva samples in our
study, and the 2008 study, can be explained through the identification of bacterial DNA
from feces, originating from the whole gastrointestinal tract and not being functionally
active as in saliva due to loss of function. Additionally, it is important to note that the
cohort in this study consisted of three quarters of unhealthy patients, i.e., those with a
premalignant lesion and patients with esophageal adenocarcinoma, and thus makes our
results not directly comparable to those for healthy cohorts. Even though we did not find
any differences between controls and disease patients with regard to the species number
in saliva or feces, this nevertheless renders our results incomparable in precise terms to

those of the aforementioned studies.

This study is, to the best of our knowledge, one of the first studies to compare the micro-
biota originating from three different strategic body sites of patients with BE associated
pathologies. The sampled niches, including the oral and colonic compartment repre-
sented by saliva and feces, are at the entrance and the end of the gastrointestinal tract
and are therefore readily accessible microbiomes, which may serve to non-invasively

lighten esophageal pathologies relative to sampling local esophageal mucosa biopsies.
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These findings suggest that each of these three body niches harbors a unique microbial
community. This was till recently unclear, since the esophagus was thought to be either
sterile or have only transient bacteria corresponding to the microbiota originating from
oral cavity and stomach [40, 93, 95]. The results of this study and previous studies finding
that the bacterial biota inhabiting the esophageal and oral cavity differ from each other,
illustrates that the microbiome of the esophagus is unique, and suggests that the esoph-

ageal tissue luminal and mucosal side environment has an influence on its biota [96].

The conclusion of our study, that these three niches are unique, and the knowledge of
similarities/overlaps is important for decisions about where to sample the human micro-
biome efficiently and reasonably and which targets need further investigation, depending
on the disease, as many authors recommend a selective sampling based on up-to-date

knowledge of the human microbiome [134].

4.5 The microbial population in tissue was highly
associated with disease phenotype

One of the aims of this study was to provide a comprehensive description of microbiota
found in esophageal/cardia biopsies, as well as in saliva and fecal samples at different
disease stages of esophageal adenocarcinoma cascade. Further, we sought to assess
the usefulness of microbiota sampling from saliva and feces as a non-invasive tool com-
pared to biopsy. For this purpose, we performed a phenotype-guided analysis on micro-
bial data from all three sample types and were able to determine — for each sample type
— microbes that were differently abundant at different disease stages, sub-stratifying and
reflecting disease phenotype. Based on our results, the majority of significant differences
could be determined in tissue biopsies. Here, notably, we found great shifts in the overall
diversity and microbial community composition throughout the stages of the EAC cas-

cade.

We found an increased microbial diversity regarding the richness and number of species
(alpha diversity) in biopsies of dysplasia subjects compared to all other diagnostic
groups. However, the Simpson effective, another index to estimate alpha diversity, which
considers beside the absolute number of species as well as the community structure
through abundance information, showed no significant difference between diagnostic
groups. In early esophageal microbiome studies, which included subjects at early stages
of the Barrett’'s Esophagus progression cascade, biopsies of gastrointestinal reflux dis-

ease and Barrett’'s Esophagus subjects have been reported to have a significantly higher



4 Discussion 75

microbial diversity than those of healthy controls [73, 96, 143]. One of the few previous
studies analyzing the esophageal microbiota from biopsy material at advanced disease
stages found a decreased diversity in esophageal adenocarcinoma compared to con-
trols, whereas dysplasia biopsies were not sampled [31]. From cytosponge material, a
decreased alpha diversity has been revealed in dysplasia [31]. However, Snider et al.,
who more recently analyzed the microbiota from esophageal brushings of a cohort con-
sisting of Barrett’'s Esophagus, LGD, HGD and esophageal adenocarcinoma subjects
did not find any significant differences in alpha diversity between the phenotypes [126].
The results of the aforementioned studies are inconsistent, and the dysplasia subgroup
of our study consisted of only 4 patients in total — this small number of samples might
reduce the power of the statistical analysis. The aforementioned studies used different
methods for sampling, preanalytical processing, and analyzing the esophageal microbi-
ome, making the findings not directly comparable. To date, there is still no standard
method for investigating the esophageal microbiome, which makes additionally data
comparison difficult. In summary, however, it is important to conclude, with reference to
the data available so far, that the alpha diversity of a sample is not a reliable parameter

for separation between the disease phenotypes and risk estimation.

Biopsies samples from BE, DP, EAC patients and controls showed different microbial
profiles; in the pairwise analysis controls differed significantly from BE, DP and EAC,
while BE differed significantly from EAC. Similar studies have also found distinct micro-
bial profiles at different disease stages [31, 126]. The distance between samples was
determined using the generalized UniFrac, which considers the genetic distance be-
tween OTUs found in each sample to the OTUs in all other samples, as well es the
relative abundance of OTUs, and defines what is known as beta-diversity across sam-
ples [20, 66].

We did not find a difference between microbial profiles of BE and DP subjects, but only
between BE and EAC, in our study, possibly due to the small number of DP samples
analyzed. In one previous study altered microbial profiles have been already identified in
dysplasia stage [126]. If this could be validated, it would enable clinicians to fish out
patients whose microbial profile clusters are distinct from Barrett’'s Esophagus and closer
to dysplasia microbial profile. This would serve as an early cancer detection measure,

most importantly in the cases where dysplastic progression is not detectable in biopsies.

The samples of esophageal adenocarcinoma subjects showed the highest inter-individ-
ual variations. This is potentially attributable to the different stages of the esophageal

adenocarcinoma in this cohort, extending from stage 1 to stage 4. It would be of interest
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to validate the promising role of the beta diversity for risk stratification and early detection

in Barrett’s Esophagus progression cascade in larger cohorts.

As we pooled biopsies from inconspicuous squamous esophageal mucosa, cardia and
injured lesions for each patient, this method is not dependent on the accuracy of biopsy
sampling from the conspicuous area, in contrast to histology. The success rates in sam-
pling the pathologic area are unfortunately low and dependent on endoscopist experi-
ence, which additionally emphasizes the importance of these findings. Several studies
have proved that the alternations in microbiota concern the whole lower esophagus and
are not limited to the histologically modified area [28, 31], This clarifies the role tumor
microenvironment might have, part of which is also the microbiome, in accurate risk strat-
ification and early detection strategies. Importantly, we sampled also biopsies originating
from gastric cardia due to the data of our research group which suggest that Barrett’s
Esophagus and esophageal adenocarcinoma may arise from gastric cardia progenitor
cells [102].

In tissue biopsies, several single taxa were found to be differently abundant between the
disease phenotypes and controls. These included the genera of Fusobacterium and Ral-
stonia, which were enriched in esophageal adenocarcinoma relative to controls, while
Bradyrrhizobium, Streptococcus, Actinomyces and Granulicatella were represented in
higher abundance in controls as compared to disease phenotypes. Both Fusobaterium
and Ralstonia belong to gram-negative genera and are in conformity with previous find-
ings, which have repeatedly reported an overabundance of gram-negative genera in BE
[75].

It should be noted that some taxa were significantly differently present or abundant in BE
and EAC and may have importance as biomarkers for risk stratification among BE pa-
tients. The genera of Actinobacteria and Granulicatella were less abundant in EAC as
compared to BE, while the phylum of Firmicutes was overabundant in EAC compared to
BE. These taxa with the potential to distinguish between BE patients with or without in-
creased risk of malignant progression need to be validated in a prospective longitudinal

follow-up study.

An overabundance of gram-negative strains has been also isolated much earlier in sub-
jects with colorectal cancer. In particular, Fusobacterium has received increased atten-
tion among other taxa in the last few years due to its association with colorectal cancer
(CRC). However, several authors focusing on the esophageal microbiome in EAC and

its premalignant conditions have also reported an enrichment of Fusobacterium in BE
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[69]. For CRC, the mechanism by which Fusobacterium may initiate and progress car-
cinogenesis are widely investigated [12]. Fusobacterium promotes cell proliferation
through binding of its FadA protein to E-cadherin of mucosal cells and subsequently ac-
tivation of 3-Catenin and WNT pathway, and through activation of TLR4 and NF-«B [88].
Once the tumor is present, Fusobacterium nucleatum can bind the Gal-GalNAc protein
that is expressed in the surface of tumor cells and thus enrich its abundance in the tumor

niche and promote tumor progression [88].

Further, our analysis showed that Streptococcus presents the most abundant taxon in
both saliva and esophageal tissue microbial community and its relative abundance is
decreased in the tissue of BE and EAC patients. This suggests that dysbiosis with large

shifts in several single taxa occurs in the esophagus during BE and EAC pathogenesis.

In addition, several taxa were exclusively present in biopsies of patients with disease
phenotype or solely in EAC, and included, inter alia, Campylobacter, unknown Lachno-
spiracae and Atobium in disease phenotypes and Anaeroplasma, ASF 356, Rikenellacae
RC9, Clostridiales vadin BB60 and Ruminoclostridium in EAC. In fact, several previous
studies profiling the local esophageal microbiome reported the presence of Campylobac-
ter exclusively in biopsies of subjects with the disease phenotype, whereas none of the
controls showed a Campylobacter colonization in their esophagus [73]. As such, ques-
tions with regard to Campylobacter’s role in EAC pathogenesis and hypothesis of its
significance in EAC to the one of H. pylori in gastric cancer have been raised [60]. Cam-
pylobacter species possess special virulence properties which may contribute to carcin-
ogenesis, such as toxin production, cellular invasion and intracellular survival. Coloniza-
tion with Campylobacter concisus was associated with higher levels of IL-18 and IL-8
expression [87]. Furthermore, macrophages infected with Campylobacter concisus pro-
duce bacterial DNA recognizing macromolecular patterns and, as a result, trigger innate
immune response. The infection with this species has also been shown to affect several
genes and proteins related to EAC pathogenesis. For example, the known NF-kB and
STAT3 pathways are upregulated during colonization with C. concisus. The TGF-b1
pathway, loss of which is associated with BE development, is downregulated during C.

concisus infection.

These examples and others support the hypothesis that this single taxon might have the
potential to contribute to EAC pathogenesis. What is intriguing with regard to our results
showing higher abundance and prevalence of Campylobacter and Fusobacterium in dis-
ease phenotypes, is the potential of Campylobacter to aggregate with Fusobacterum and

Leptotricha species, as reported by some authors studying the microbiome in colorectal
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cancer [138]. Also intriguing is that some Campylobacter species may also colonize the
human oral cavity, and that Fusobacterium nucleatum primarly inhabits the oral cavity
and has been associated with periodontal disease [7]. This raises the question why we
did not find alterations of the relative abundance in saliva samples. The saliva microbiota
is only a representation of the oral microbiome, but it might be that these microbiotas
prefer to reside and stay stacked in the mucosa, which makes them undetectable in

saliva.

In saliva, the overall microbial community diversity and composition did not show sepa-
ration between phenotypes, but at the OTU’s level, alternations were observed in the
abundance of Streptococcus and Granulicatella. Snider et al. also failed to reveal any
significant separation of the overall diversity in their case control study with 49 patients
between BE and controls, while they identified an overabundance of Firmicutes and un-
derabundance of Proteobacteria at the phylum level in BE patients relative to controls
[125]. Additionally, Snider et al. suggest the possibility of diagnosing BE non-invasively
by analyzing the salivary microbiome with a sensitivity of 97% and specificity of 88%
using a three-taxon model including Streptococcus, Lautropia and unspecified genus of
the Bacteroidales order [125]. In the present study, we could not determine any signifi-
cant enrichment of Firmicutes at the phylum level among BE patients compared to con-
trols, nor alterations of Lautropia or Bacteroidales. One of the first prospective study of
oral microbiome also showed no differences between phenotypes in terms of the overall
diversity but revealed a relation between Tannerella forsythia and higher EAC risk as
well as an inverse relation between Streptococcus pneumoniae and EAC [97]. Tanerella
forsythia has been associated in previous studies with periodontitis. However, in the
aforementioned study the association of EAC with periodontitis was not consistent be-
tween the two parallel cohorts. A lower abundance of Streptococcus pneumoniae was
also determined in dysplasia and EAC from biopsies by Zaidi et al. [145]. The incon-
sistent results reported from different studies profiling the salivary microbiome suggest
that the salivary microbiome is exposed to many influences, such as smoking, eating,
mouth hygiene and oral pathologies, and much higher sample sizes are needed to lower
the effect of all these factors. In summary, it will be a challenging task to determine well-
validated salivary taxa in order to distinguish between disease progression phenotypes

and to replace invasive endoscopic examination.

To the best of our knowledge, this is the first human study to characterize the fecal mi-
crobiome in the BE progressions cascade. Previously our group has found some exiting
links of the high-fat diet in the L2-IL1B Barrett's Esophagus mouse model with alterna-

tions of the gut microbiota and disease progression [80]. In this human study, samples
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from different disease phenotypes did not differ in terms of overall and diversity or com-
position. However, we revealed an enrichment of Burkholderiaceae and a loss of Fae-
calibacterium and Phascolarctobacterium in EAC fecal samples in comparison to con-
trols, as well as several taxa only prevalent in samples of diseased subjects, proving that
the gut microbiota in BE pathogenesis is altered. It remains for future studies to investi-
gate the functional roles of these bacteria, as beside important local effects in the intes-
tine, they might also exert systemic effects, such as bile acids - metabolism and - blood
levels. Bile acids have been associated with colon and esophageal cancer [38, 102].
Deoxycholic acid (DCA) results from the metabolism of primary bile acids by bacterial
enzymes. In fact, Zheng et al. found increased bile acids in blood levels 12h after feeding
mice with a high fat diet, and 24h later, an alteration of gut microbial community compo-
sition [148]. Therefore, since we were able to show that the gut microbiota in the BE
progressions cascade is altered in this human cohort, our groups’ future projects will
focus on the metabolomics analysis of these samples to identify taxa involved in the
metabolism of bile acids. If these links can be proved, there is every prospect of future
development of prevention or risk stratification algorithms, which also take into consid-

eration the fecal microbiota composition for malignant progression in BE.

In the end, the mechanisms by which bacteria contribute to cancer development in BE
are poorly understood. There are two most commonly discussed principles: The first im-
plements bacterial crosstalk with the immune system, leading to the release of inflam-
matory cytokines followed by activation of cancer-promoting signaling pathways — this
has been supported by studies focusing on cytokine releasing (e.g. IL-8), myeloid-de-
rived suppressor cells, bacterial LPS, Toll-like receptors and NF-kB pathway [2, 15, 72,
80, 86, 118, 132, 145]; the second implements the ability of bacteria to produce metab-
olites that can promote cancer — an example is the elevation of bile acid blood levels by
bile acid-metabolizing bacteria, which have also been linked to BE carcinogenesis, or
bacteria associated with obesity or higher glucose/lactate serum levels [16, 70, 146,
148]. Supporting studies exist for both of the aforementioned principles, although metab-
olomic studies have been limited to small cohort numbers or have been so far descriptive
and had a statistical design rather than a mechanistic one. Based on current data, it is
highly suggestive that bacteria promote carcinogenesis at least partly through their

crosstalk with the host immune system.
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4.6 Most-known risk factors for esophageal
adenocarcinoma were associated to microbiota
alternations

In the course of this study, questions have been raised as to whether the patient’s expo-
sure to the strongest risk factors for esophageal adenocarcinoma affected their microbi-
ota composition. Since we obtained comprehensive epidemiological data from our pa-
tients utilizing the BarrettNET survey, we had the facility to integrate metadata into the
microbial data and conduct further advanced analyses. Cigarette/tobacco smoking (for-
mer or current smoking) and the presence of gastroesophageal reflux symptoms during
the previous week (burning sensation behind the sternum or acidulous taste in the mouth
or regurgitation of stomach contents) were taken into consideration, as the most investi-

gated and established risk factors for the onset of esophageal cancer.

In our epidemiological data statistical analysis, the proportion of habitual smokers (pre-
sent or former smokers) was found to be higher among Barrett's Esophagus and esoph-
ageal adenocarcinoma subjects than in controls even for this small cohort of patients. In
contrast, the proportion of current smokers in the different diagnostic groups did not vary
significantly, revealing that the majority of diseased subjects had quit smoking. Unfortu-
nately, only a slightly reduced risk for EAC development was revealed in a large meta-
nalysis in former smokers, who have quit smoking for 20 or more years, compared to
current smokers, showing that former smokers’ risk is not reduced to that of those who
have never smoked [23, 137]. In contrast to this, quitting smoking in subjects with esoph-
ageal squamous cell carcinoma was strongly associated with lower risk of cancer [137].
For this reason, we conducted our analysis by sub-stratifying our cohort into smokers
and never-smokers to identify microbiota alternations that are smoking-related regard-

less of whether the subjects are current or former smokers.

In our epidemiological data statistical analysis, the number of patients reporting reflux
symptoms did not differ significantly between the diagnosis groups. This can probably
be explained by the high portion of controls reporting reflux symptoms and by the signif-
icant higher intake of PPI in the disease groups (BE and DP), which might have led to

symptom relief.

We found a significant separation between the microbial profiles of patients with reflux
symptoms and patients without reflux symptoms in saliva, but no significant difference
with regard to the number of species. These results conform the results of one 2019

conducted study, which also did not reveal any significant difference in the number of
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species between GERD and non-GERD patients in saliva, but a significant difference in
microbial community composition [149]. The altered microbial community composition in
patients with reflux symptoms suggests a direct influence of the gastroesophageal re-

fluxate reaching the mouth on the oral microbiota.

In risk factor- and diagnosis-directed microbial analysis only the microbial profiles of BE
patients (not of other phenotypes) showed an association with smoking or reflux in all
three sample types: in tissue an association to smoking was found, in saliva an associ-
ation to reflux symptoms and in feces an association to smoking and reflux symptoms.
Remarkably, in tissue the microbial profiles of non-smokers were closely clustered, while
those of smokers showed high interindividual variations - EAC patients also showed high
interindividual variations. This did not apply to saliva and fecal samples. To the best of
our knowledge, there are no studies that analyzed the esophageal biopsy-associated
microbiome with focus on smoking history, so accurate comparisons with the results of
other studies are not possible. However, there are studies that have analyzed this matter
in saliva and in esophageal balloon cytology samples. In saliva, higher inter-individual
variability was found among smokers compared to non-smokers [113]. In the other study,
the upper gastrointestinal microbiome of 278 Chinese men was analyzed from esopha-
geal balloon cytology samples — here current smokers showed a higher number of
unique species and different microbial profiles compared to non-smokers, while former

smokers showed no significant difference from non-smokers [136].

In the abundance analyses we found a decrease of Actinobacteria in biopsies of BE
smokers and EAC patients. Also, in saliva samples we found a decrease of one Strep-
tococcus species in BE smokers and EAC patients. A previous study comparing the mi-
crobial profiles of smokers and non-smokers in saliva showed that Streptococcus was
the most common genus in both groups and that it was present in a higher percentage
in non-smokers than in smokers [112] — this result is not fully consistent with our result
as we did not find differences between both groups for Streptococcus at genus level but
only for a specific Streptococcus species. As regards reflux symptoms, we identified one
Streptococcus species in saliva which was enriched in patients which reported reflux
symptoms but depleted in EAC patients. These results show that certain bacteria asso-
ciated with smoking in saliva and biopsies are associated with an advanced phenotype
in the same direction; while bacteria associated with reflux are associated with an ad-
vanced phenotype in the opposite direction, suggesting that smoking may be a causal

factor in microbiota shifts and malignant progression.
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Cigarette smoking is a well-established risk factor for EAC and BE, but the mechanism
by which smoking is involved in pathogenesis are still unknown. Currently there are indi-
cations that smoking leads to DNA damage in the BE mucosa [89]. In addition, it is also
known that smoking shuttles the immune system down [129]. In recent years, given the
higher feasibility of accessing the microbiome and the broad range of alterations in mi-
crobiota revealed as associated with smoking in saliva, the focus has been directed to
the effects of smoking on microbiota composition and contribution to disease develop-

ment.

The microbiota alterations caused by reflux in saliva were inversed correlated with dis-
ease progression, which suggests a protective role of reflux induced bacteria in patho-
genesis, strengthened also by the fact that the most cancer patients in this cohort did not
report reflux symptoms. The problem with investigating reflux as risk factor is that it en-
compasses a number of subjective complaints; and PPI usage is a potential confound in

that it leads to relief of reflux symptoms and to microbiota alterations [126] for their part.

Our results indicate that some risk factors may be linked to microbiota shifts and clinical
diagnosis, and at this point it can only be hypnotized that this connection is casual. Still,
these results should be interpreted with caution as we considered here the microbiomes

of a small representative cohort in the cascade of BE carcinogenesis.

4.7 Clinical and scientific implications and suggestions
for future research

In this study, we hypothesized that microbiota may have a significance in both the diag-
nostics and pathogenesis of esophageal adenocarcinoma. We were able to show that
the microbiota composition and abundance in tissue biopsies differs between controls,
BE, DP and EAC subjects, independently of the biopsy sampling location. This was
thanks to the fact that we pooled biopsies from the cardia, esophagus and injured regions
of each patient together, thus demonstrating the potential role of microbiota in diagnos-
tics. The association of bacterial biota with EAC pathogenesis can be explained by the
potential of several environmental factors, in addition to host genetic and epigenetic, to
alter the microbiota and the cancerogenic or protecting properties of microbiota as re-
vealed in previous studies. In fact, we were able to identify taxa altered in subjects shar-
ing the same diagnosis but having exposure to smoking or reflux complaints, amongst

others, for taxa which have previously been linked to cancer.
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The most frequently asked question is whether microbiota perturbations contribute to
cancer pathogenesis or whether it is the cancerogenic tissue perturbating the microbiota
that inhabits that niche [75]. The overgrowth or deletion of specific taxa related to the
subject’s diagnosis may also be influenced by microscopic structure or release of
toxic/stimulating substances in the associated Barrett’s lesion niche, thus encouraging
bacterial selectivity. In this sense, the results of this study should be interpreted with
caution. Single taxa might present potential biomarkers of cancer progression and some

of them might even have partly a causative role for development or lack of EAC.

The results of this study may open up new doors for promising future findings. For this
initially, prospective longitudinal large cohort human studies are needed to identify the
alternations of microbiome at different progression and rest stages of disease and vali-

date possible biomarkers.

The performance of 16S rRNA gene sequencing is relatively expensive for clinical routine
and requires intensive laboratory work. For this reason, a PCR test of keystone taxa

might offer an alternative to identifying these faster and more cost-effectively [125].

In addition, the pathways driven by microbiota in the host organism are promising areas,
which should be further investigated using animal experimental approaches and human
translational studies to better uncover the mechanism by which microbiota contribute to

pathogenesis.
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BE S vs. NS

Tissue

BE R vs.NR

Saliva
BE S vs. NS

BE R vs.NR

BE S vs. NS

Feces
BE R vs. NR

p__Actinobacteria
p__Bacteroidetes
p__Proteobacteria
c__Actinobacteria
c__Bacteroidia
c__Gammaproteobacteria
o__Actinomycetales
f__Actinomycetaceae
f__Burkholderiaceae
g__Actinomyces
OTU_2 g_Streptococcus
OTU_29 g_Actinomyces
OTU_65 g_Actinomyces

f__Beijerinckiaceae
f__Family XI

g__Methylobacterium

OTU_1584 g_Streptococcus
OTU_4168_g_Streptococcus
OTU_65 g_Actinomyces

p__Proteobacteria
c__Clostridia
c¢__Gammaproteobacteria
c__Negativicutes
o__Actinomycetales
o__Bacillales
o__Clostridiales
o__Pasteurellales
o__Selenomonadales
f__Actinomycetaceae
f__Pasteurellaceae
f__Veillonellaceae
g__Actinomyces
g_ Gemella
g__Haemophilus
g__Veillonella
OTU_1583 g_Streptococcus
OTU_1584 g_Streptococcus
OTU_2073 g_Streptococcus
OTU_23 g_Gemella
OTU_261 g_Actinomyces
OTU_31 g_Haemophilus
OTU_33 g_Veillonella
OTU_4168 g_Streptococcus
OTU_75 g_Streptococcus

p__Proteobacteria
c__Gammaproteobacteria
f__Bacteroidaceae
g__Bacteroides
g_ Dorea
g__Faecalibacterium
g__uncultured
OTU_12 g_Subdoligranulum
OTU_16 g_Blautia
OTU_44 g_Dorea

p__Actinobacteria
c__Actinobacteria
c__Erysipelotrichia
o__Bifidobacteriales
o__Erysipelotrichales
f__Bifidobacteriaceae
f__Erysipelotrichaceae
f__Prevotellaceae
f__Veillonellaceae
g__Bifidobacterium
g_ CAG-56
g__Erysipelotrichaceae UCG-003
OTU_136 g_CAG-56
OTU_52 g_Erysipelotrichaceae UCG-003

Supplementary table 1. Summary of taxa presented in a significantly distinct abundance between Barrett's Esophagus subjects with/without exposure to a

risk factor.
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Tissue Saliva Feces
BE S vs. NS BE Rvs. NR BE S vs. NS BE Rvs. NR BE S vs. NS BE Rvs. NR
p__Actinobacteria OTU_1584 g_Streptococcus OTU_1584 g_Streptococcus g__Faecalibacterium
c__Actinobacteria OTU_2073 g_Streptococcus
o__Actinomycetales OTU_75 g_Streptococcus

f__Actinomycetaceae
g__Actinomyces
OTU_2 g_Streptococcus
OTU_29 g_Actinomyces

Supplementary table 2. Summary of taxa presented in significantly distinct abundance in both Barrett’s subjects with/without exposure to a risk factor and
subjects with progressed phenotypes.
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Supplementary figure 1. Alpha diversity assessed by Simpson number of species in smokers and never-smokers in tissue, saliva and feces.
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Supplementary figure 2. Alpha diversity assessed by Simpson number of species in smokers and never-smokers in tissue, saliva and feces.
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