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Abstract

Esophageal adenocarcinoma and its precursor Barrett's esophagus have been rapidly increasing in
incidence for half a century, for reasons not adequately explained by currently identified risk
factors such as gastroesophageal reflux disease and obesity. The upper gastrointestinal microbiome
may represent another potential cofactor. The distal esophagus has a distinct microbiome of
predominantly oral-derived flora, which is altered in Barrett's esophagus and reflux esophagitis.
Chronic low grade inflammation or direct carcinogenesis from this altered microbiome may
combine with known risk factors to promote Barrett's metaplasia and progression to
adenocarcinoma.
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Introduction

Esophageal adenocarcinoma (EAC) is becoming an increasingly common cause of
morbidity and mortality among Western populations. Overall five-year survival of patients
with EAC is approximately 17%, as most tumors are discovered in later stages, after local
invasion and/or metastasis has occurred (1). Esophageal adenocarcinoma develops from the
precursor lesion Barrett's esophagus (BE), a characteristic intestinal metaplasia of the distal
esophagus (1). The presence of BE is associated with a 10-40 fold increased risk for the
development of esophageal cancer; however, the rate of progression from BE to EAC is very
low at only 0.1-0.3% per year (2-4). As such, there is considerable interest in understanding
how BE develops and who progresses to EAC, as to identify biomarkers of EAC risk or
therapeutic targets to prevent the development of EAC. The major identified modifiable risk
factors for BE and EAC include gastroesophageal reflux disease, obesity, high dietary fat,
and smoking (1). However, there are significant gaps in our understanding of the origins of
BE and its progression to EAC. Here we review the upper gastrointestinal microbiome, a
new potential co-factor in Barrett's neoplasia (Figure 1). We summarize recent developments
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in characterizing the microbiome in esophageal adenocarcinoma and its precursors, and
postulate potential future avenues of investigation and therapeutic targets.

Historical Trends in BE and EAC

Although previously uncommon, EAC has the most rapidly increasing incidence of any
tumor type in Western populations (5). There has been a slight decrease in the rise in
incidence in more recent years, particularly with early stage tumors (5). However, the
incidence continues to rise in younger birth cohorts, suggesting that the overall incidence
will continue to rise in the near future (6). Data from the Surveillance, Epidemiology and
End Results (SEER) database demonstrates steadily increasing incidence of EAC since data
collection began in 1975 (7). However, there was no baseline plateau in this data set, which
suggested that the increasing incidence began before this time frame. Our group analyzed
data from the Connecticut Tumor Registry, which dates to the 1930s, and demonstrated that
the age-adjusted incidence of esophageal adenocarcinoma was very low (~0.4 cases per
100,000 person-years) and relatively stable until the late 1960s, and has had an overall
approximately ten-fold increase since that time (8) (Figure 2). Similar findings have also
been reported in Scandinavian cohorts (9). Incidence rates of BE are more difficult to
estimate, as the rates of diagnosis are strongly influenced by endoscopy utilization. Like
EAC, until recently BE incidence trends also seemed to show a sharp increase (10-12).
Interestingly, however, a recent population-based study using diagnosis codes found a
decrease in BE diagnoses from 2001-2010, suggesting that the incidence of BE may no
longer be on the rise (13).

Although the reasons underlying the initial rise in EAC incidence are unknown, two
hypothetical scenarios, either alone or in combination, could explain this historical pattern:
the risk of progression of BE to EAC may have dramatically increased, and/or the incidence
of BE sharply increased at some point predating the rise of EAC. While neither can
definitively be proven, we believe that the latter scenario is more likely. BE and EAC share
virtually identical risk factors, so changes in exposure leading to increased EAC likely also
increased the risk of BE. It is difficult to extrapolate exactly when arise in BE incidence
may have occurred, as definitive data is lacking in the time of progression from BE to EAC.
Long-term surveillance studies of patients with BE have demonstrated ~5 years time-to-
progression in patients that develop cancer (14). However, the date of BE onset is unknown,
and some estimates suggest that progression time may be as long as 20-30 years (15).
Regardless, changes in exposures in the mid-20t" century are likely responsible for the initial
rise in incidence of EAC.

Currently identified modifiable risk factors, including gastroesophageal reflux disease,
obesity, smoking and high-fat diet cannot fully explain the chronology and magnitude of the
rise of incidence in EAC (16) (Figure 2). Gastro-esophageal reflux disease (GERD) is the
strongest known risk factor for the development of BE and EAC (1). However, analyses
using claims data suggest that GERD prevalence began to rise in the late 1970s, after the
initial 3-4 fold rise in EAC incidence (17, 18). Likewise, obesity, another strong risk factor
for EAC, did not begin markedly increasing in the United States until the mid-1980s, and
increasing obesity is estimated to account for only 6.5% of the observed rise of EAC (19,
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20). Smoking is another known risk factor for EAC, and smoking prevalence rose
dramatically in the first half of the 20" century. While this trend fits chronologically with
the initial increase in EAC, it does not explain the continued rise, as smoking rates have
dropped while EAC becomes increasingly common (21). Additionally, smoking is only a
moderate risk factor for EAC, and other GI tumors with similar strengths of association did
not have the same dramatic increase seen with EAC (22, 23). Changes in dietary habits, and
specifically a diet high in fat, have been epidemiologically linked with the development of
EAC (24). While accurate national survey-based dietary data do not exist prior to the 1970s,
significant changes occurred in the normal western diet in the early 20t century, following
the development of industrial methods for productions of oils and sweeteners (25). However,
the proportion of daily calories from fat has decreased since the late 1970s, while EAC
continues to rise (26-28).

Development and widespread use of antibiotics began in the 1940s and likely caused major
shifts in the upper gastrointestinal microflora (29). Helicobacter pylori dominates the gastric
microbiome and causes gastric cancer, but is inversely associated with risk of EAC (30). H.
pyloriinfection rates began to decline in the middle of the 201" century, prior to the observed
rise of EAC (31, 32). The temporal associations between increased antibiotic use, decreased
H. pyloriprevalence, and subsequent rise in EAC incidence suggest that the upper
gastrointestinal microbiome may play a key causative role in the development of BE and
EAC.

Microbiome and Cancer

Much recent work has focused on the gastrointestinal microbiome, the complex symbiotic
community of bacteria colonizing the human Gl tract, made up of some 1014 individual
bacteria and 3 million bacterial genes (33). Whereas former bacteriological work was
founded on the Koch hypotheses of a single pathogen leading to disease, modern research
has focused on characterizing these bacterial communities, and identifying global
differences in healthy and disease states (33, 34). The rise of molecular techniques and
sequencing in the early 215! century has revealed the diversity of the gastrointestinal
microbiome (35). Alterations of the gut microbiome have been implicated in many
gastrointestinal diseases, including cancers along the Gl tract, in particular gastric and
colorectal cancer(33).

Several mechanisms by which specific bacteria contribute to the development of GI cancers
have been elucidated. For example, in the stomach the H. py/ori CagA protein activates the
oncogenic tyrosine phosphatase SHP2, leading to cell morphology changes and loss of cell
polarity (33). Certain bacterial toxins, such as cytolethal distending toxin (CDT), produced
by several Gram-negative species, and colibactin, produced by pks+ Escherichia coli strains,
cause direct DNA damage and promote tumorigenesis through activation of DNA repair
pathways in colorectal cancer (36, 37). Bacterial virulence factors can also activate host-
derived tumor-promoting pathways. In colorectal cancer, FadA-producing Fusobacterium
nucleatum interacts with E-cadherin to activate the beta-catenin pathway (38). The
esophageal microbiome is less well-studied than other parts of the human gastrointestinal
system, but work in characterizing the human esophageal microbiome in normal and

Dig Dis Sci. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Snider et al. Page 4

pathologic states has revealed significant alterations in resident flora that may contribute to
the pathogenesis of metaplasia and dysplasia.

Native Esophageal Microbiome

The esophagus, like all other parts of the human gastrointestinal system, harbors a distinct,
diverse microbiome, which is broadly similar to the oropharyngeal microbiome in terms of
phyla distribution, although with key taxa-level differences. Like the stomach, the esophagus
was long thought to be a relatively sterile environment. Early studies using cultivation of
esophageal washes isolated few organisms, which were typically attributed to transient
passage of oropharyngeal contents (39-41). However, Pei et al, using culture-independent
techniques, characterized a diverse esophageal microbiome using mucosal biopsies of four
patients undergoing upper endoscopy and without esophageal disease (42). Using
sequencing of the unique bacterial 16S ribosomal RNA gene, they isolated ~100 unique
taxa, made up of 6 major phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria and TM7. The majority of clones isolated belonged to the Streptococcus genus,
making up 39% of the total isolates. Prevotella (17%) and Veilonella (14%) were also
common. While the esophageal flora was made up of oropharyngeal species, the overall
makeup of the characterized esophageal microbiome was not identical to that of a typical
oropharynx (43). Certain common oropharyngeal genera such as Spirochaetes were not
found in the esophagus, indicating that the esophagus has its own, distinct microbiome, and
is not merely a reflection of oropharyngeal colonization.

BE and Reflux-associated Microbiome

A history of gastroesophageal reflux is the strongest modifiable risk factor for EAC.
Published data suggest that patients with BE and reflux esophagitis harbor a distinct
esophageal microbiome, characterized by an increased relative abundance of Gram-negative
bacteria, including Fusobacterium, Neisseria, Campylobacter, Bacteroides, Proteobacteria
and Veilonellataxa, while the Gram-positive Streptococcus is reduced in reflux-related
conditions. These microbiome alterations are potentially due to reflux of gastric and bile
acids, intestinal and gastric species, or alteration of the distal esophagus microenvironment.

The initial understanding of the BE-associated microbiome was derived from culture-based
studies. Osias et al. demonstrated that resident bacteria colonized the Barrett's mucosa, and
were not simply transiently deposited, based on close mucosal association of cultivable
bacteria on microscopic examination of biopsy specimens (44). Macfarlane et al cultured
mucosal biopsy and gastric aspirate samples collected at upper endoscopy from patients with
and without BE, and used 16S rRNA gene sequencing to identify isolated organisms. A
broader range of bacteria was isolated in BE patients as compared to non-BE patients (23
species from 11 genera vs. 12 species of 7 genera), indicating a potentially increased
microbiological diversity in patients with reflux-related BE (45). Notably, several Gram-
negative genera, including Fusobacterium, Neisseriaand Campylobacterwere identified
only in Barrett's patients, with none isolated in controls.
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Yang et al more comprehensively defined the reflux-related microbiome using culture-
independent techniques in a cross-sectional study of 34 patients with BE, reflux esophagitis,
and controls (46). Biopsy samples of patients undergoing endoscopy for upper
gastrointestinal symptoms (heartburn, fecal occult blood, nausea, etc.) were taken 2 cm
above the gastroesophageal junction, and were then classified as normal, esophagitis or BE
based on histology. They performed unsupervised clustering on 16S rRNA gene sequencing
data from biopsies and identified microbiomes clustered into one of two broad categories,
deemed Type | and Type Il. The Type | microbiome was characterized by a predominance of
Gram-positive taxa, especially Streptococcus, with a relative abundance of 79%. The Type Il
microbiome had an overall greater diversity, relatively less abundant Streptococcus (30%),
and a predominance of Gram-negative taxa (53%), including notable increases in
Bacteroides, Proteobacteria and Fusobacterium. Eleven of twelve (92%) of the type |
microbiome subjects were controls, while the Type Il microbiome was strongly linked with
reflux esophagitis (odds ratio 15.4) and Barrett's esophagus (odds ratio 16.5).

A similar study in Japanese patients again characterized a rich reflux-associated esophageal
microbiome (47). Streptococcus was the most abundant taxon in controls, while a diverse
array of Gram-negative taxa, including Verlonella, Neisseria, and Fusobacterium
predominated in BE. Normal, reflux esophagitis and BE patients all harbored similar total
bacterial DNA by qPCR (10%-107 CFU equivalent), indicating that relative species
abundance may be more significantly associated with inflammation and metaplasia of the
distal esophagus than total bacterial load. Amir et al compared the esophageal squamous
microbiome in patients with symptomatic non-erosive reflux, reflux esophagitis, and BE.
Notably, patients taking acid-suppressive therapy prior to the study were excluded. Using
16S pyrosequencing, they found a diverse microbiome composed of mostly oral flora. This
study did not note statistically significant differences in microbiome composition between
these groups with GERD, indicating that acidic gastric reflux may be a key determinant of
microbiome diversity and composition in the distal esophagus.

A recently published study by Gall et al used 16S pyrosequencing to characterize the
microbiome at several upper gastrointestinal sites in patients with known BE (48). Samples
were taken from esophageal squamous mucosa, Barrett's mucosa, stomach corpus and
stomach antrum. Like previous studies, they described an esophageal microbiome consisting
of the phyla Firmicutes, Actinobacteria, Bacteroidetes, Proteobacteria and Fusobacteria. No
substantial difference in phylogenetic diversity was noted between squamous and Barrett's
mucosa microbiome within subjects, and the stomach antrum microbiome more closely
resembled the BE microbiome than the contiguous corpus. Relative abundance of species
varied greatly between patients, and intra-subject variability across biopsy sites was less than
inter-subject comparison at each site. This study used mucosal brushings as well as biopsies,
and showed that brushings give a superior yield of bacterial DNA and significantly improve
the ratio of bacterial to host DNA, allowing detection of a greater number of taxa (48). We
thus favor the use of brushings to sample the esophageal microbiome.
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Microbiome in Esophageal Adenocarcinoma

The microbiome in esophageal adenocarcinoma is less well characterized than that of
Barrett's esophagus. Several early culture-based studies of esophagectomy specimens from
both EAC and squamous cell cancer carried out in the 1980s did not note any difference in
organisms isolated in benign versus malignant tissue, however these studies were more
concerned with identifying pathogens associated with post-surgical infections than
characterizing differences in non-pathogenic bacteria between patients with EAC and
control patients (39-41). A more recent study using 16S sequencing of normal versus tumor
tissue in esophageal cancer patients found increased 7reponema denticolain tumor tissue,
but the histologic subtypes of the tumors analyzed was not specified (49). Blackett et al.
performed quantitative 16S rRNA sequencing of pre-specified species chosen based on
culture isolation, comparing controls without symptomatic reflux and patients with GERD,
BE and EAC (50). A “U-shaped” trend was noted of decreased relative abundance of several
genera, including Bifodobacteria, Bacteroides, Fusobacteria, Veillonella, Staphylococcus
and Lactobacilliin GERD and BE, with a rise toward the control level in EAC.
Campylobacter species had a reversed trend, with low abundance in control and cancer
patients, but higher prevalence in GERD and BE. The analyses did not include several
potentially key genera, such as Streptococcus and Neisseria species. The microbiome in
esophageal adenocarcinoma therefore remains a significant gap in knowledge, and there is
insufficient data to date on which to base any firm conclusions.

The Gastric Cardia, BE, and the Microbiome

Studies to date on microbiome risk factors for EAC have focused on characterizing the
resident esophageal microbiome in both esophageal squamous and columnar tissue in reflux
esophagitis and BE. The origin of Barrett's is controversial, and there is increasing evidence
that BE may in fact originate from the gastric cardia, a short region of tissue just distal to the
esophagus that is chronically inflamed and exposed to a more acidic environment than the
rest of the stomach (51, 52). Quante et al. developed a transgenic mouse model of Barrett's
metaplasia and EAC, where IL-1p is overexpressed in esophageal tissue, leading to rapidly
progressive BE and EAC upon exposure to bile acids and nitrosamine. Using this model,
they were able to demonstrate that markers of intestinal progenitor cells, absent in normal
squamous esophageal epithelium, were expressed first in the gastric cardia and later in
metaplastic esophageal tissue (53).

In humans, Barrett's glands are typically a mix of gastric and intestinal epithelium (type II
and type Il intestinal metaplasia), so the presence of goblet cells cannot discount a gastric
origin. A recent excellent review on the subject argued that, compared to a squamous origin
for BE, a cardia origin is better able to account for the presence of the multiple gland
phenotypes seen in BE and their distribution in Barrett's glands (52). There is no published
data comprehensively describing the microbiome of the cardia, and it is plausible that the
cardia microbiome may directly influence BE risk. Future understanding of microbiologic
risk factors of BE and EAC should include characterization of the gastric cardia microbiome
in addition to that of the distal esophagus.
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The Role of H. pylori and the Gastric Microbiome

As previously noted, H. pyloriinfection, especially with the cagA+ strain, is associated with
a decreased risk of development of both BE and EAC (30, 54). Conversely, H. pylori
infection strongly increases the risk of gastric cancer, and this paradox is not well
understood. The inverse association with BE and EAC is frequently ascribed to decreased
acid production in the presence of H. pyloriinfection, especially in patients with resulting
atrophic gastritis. However, while H. pyloriinfection is associated with reduced risk of BE,
no significant association has been noted with GERD or reflux esophagitis; thus, the
protective effect is likely not entirely due to reduced gastric acid production (55).
Alternatively, the observed associations may be due to more direct microbiome-mediated
effects. The gastric microbiome differs greatly in H. pyloriinfected and uninfected patients.
However, H. pyloridoes not typically colonize the esophagus in high abundance in infected
individuals (56). In a mouse model, gastric infection with H. py/oriled to an altered
esophageal microbiome with increased taxonomic diversity, and H. pylori eradication
resulted in a decrease in lower esophageal diversity (57). Thus, H. pyloriinfection of the
stomach in humans may have a direct impact on the lower esophageal microbiome and
disease risk.

When present, H. pylori dominates the gastric microbiome, making up 75-99% of total
clones in samples from stomach corpus samples (56, 58). In individuals not infected with H.
pylori, far fewer total bacteria inhibit the stomach, and the microbiome, like that of the
esophagus, is comprised of many oropharyngeal taxa. Actinobacteria, Firmicutes,
Bacteroidetes, Proteobacteria and Fusobacteria are the most abundant phyla, with either
Proteobacteria or Actinobacteria tending to be most common (56, 58-61). In the absence of
H. pylori, the gastric microbiome more closely resembles the Barrett's microbiome than the
normal squamous esophageal microbiome, with decreased Firmicutes, and increased Gram-
negative phyla such as Fusobacteria, Bacteroidetes and Proteobacteria (42, 46, 58, 59).

Proton Pump Inhibitors and the Upper Gl Microbiome

Proton pump inhibitors (PPIs) are a mainstay of treatment of GERD and BE. However,
alteration of the ecologic niche through reduced acidity affects the composition of the
microbiome. Additionally, PPls may have direct antibiotic activity against bacteria such as
H. pyloriand S. pneumoniae that contain P-type ATPase enzymes. In studies of the fecal
microbiome, PPIs have been shown to increase the relative abundance of pharyngeal flora,
including Streptococcus species, relative to resident colonic bacteria, likely through
removing the barrier of a highly acidic environment (62, 63). PPI treatment increases total
bacterial concentrations in the stomach, and significantly alters the gastric microbiome, with
statistically significant increases in several genera, including Streptococcus, Staphylococcus,
Veilonella (64). Amir et al. compared esophageal biopsies and refluxate aspirate of 34
patients before and after PPI treatment. After PPl administration, significant increases in
relative abundance were seen in members of the Firmicutes phylum, with decreases in
Proteobacteria and Bacteroidetes phyla in both aspirate and biopsy samples. These
microbiome alterations are similar to the differences seen between the BE and non-reflux
related microbiomes, indicating the key role an acidic environment may play in the
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microbiota of this region. Given the abundance of patients with upper Gl symptoms
regularly taking these medications, PPl use must be accounted for in studies of the upper
gastrointestinal microbiome.

Diet and the Upper Gl microbiome

As previously discussed, dietary factors have been identified as risk factors for BE and EAC
(24). Although not studied in the esophageal microbiome, dietary choices cause rapid
microbiome alterations and likely potentiate cancer risk in other parts of the human
gastrointestinal system (65, 66). A diet high in fat has been shown to cause microbiome-
mediated carcinogenesis in the small intestine in mice (67). In humans, reducing dietary fat
and increasing dietary fiber leads to decreased colonic inflammation and a less pro-
carcinogenic microbiome (68). Potentially similar effects of diet on the upper Gl
microbiome deserve further investigation.

Potential Mechanisms for Microbiome-Mediated EAC Risk

Several theories have been put forward to explain how microbiome alterations could
predispose to Barrett's esophagus and EAC. These tend to revolve around the concept that
certain bacteria can promote chronic low grade tissue inflammation, which in turn
contributes to the development of metaplasia and progression to cancer. There appears to be
a high relative abundance of Gram-negative bacteria in the reflux-associated esophageal
microbiome. Although causation is difficult to determine from observational studies, there
are plausible mechanisms through which Gram-negatives could lead to metaplasia. Bacterial
antigens specific to Gram-negative organisms, such as lipopolysaccharide (LPS), promote
tissue inflammation. LPS binding induces increased expression of NF-xf3, which plays a
central role in many tissue inflammatory responses, and has increased expression along the
spectrum from BE to EAC (69, 70). Interestingly, LPS may also promote BE via increased
reflux. In animal studies, LPS has been shown to relax the lower esophageal sphincter and
delay gastric emptying, both important mechanisms contributing to gastro-esophageal reflux
in humans (71, 72). Gram-negative bacteria can also reduce dietary nitrates to nitrites, which
in turn can become carcinogenic N-nitroso compounds in the acidic environment of the
cardia and distal esophagus in reflux disease (73).

Studies of colon carcinogenesis have focused on specific bacteria such as £ nucleatum, and
genotoxins such as CDT and colibactin that induce DNA damage or promote oncogenic
signaling pathways as discussed above. The roles that these bacteria may play in progression
from BE to EAC are unknown.

Key Questions

Although progress has been made toward an understanding of the native esophageal
microbiome in healthy and pathological states, several key questions remain unanswered.
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Are esophageal microbiome alterations causative of BE or just associated with disease?

As mentioned previously, studies to date on the esophageal microbiome have been
predominantly cross-sectional in nature, and increased taxa abundance in disease does not
necessarily infer a causal role. Experimental alteration of the microbiome, in germ-free or
gnotobiotic animals, will be necessary to clarify a correlative or causatve role for the
microbiome in BE.

Are there specific pathogenic bacteria that drive the development of BE and/or
progression to EAC?

Thus far little is known with regard to specific taxa that are associated with Barrett's
dysplasia and EAC. However, lessons can be drawn from studies in colon cancer.
Fusobacterium nucleaturm has been shown to directly promote colorectal carcinogenesis
through the E-cadherin/B-catenin pathway (38). Increased abundance of Fusobacterium spp.
has been noted in BE (46, 47). Further investigations are warranted to assess the role of
LPS-induced inflammation, £ nucleatum, and other potential pro-neoplastic bacterial
species and genotoxins such as colibactin and CDT in esophageal carcinogenesis.

Is the microbiome of this region stable over time?

Existing studies of the esophageal microbiome have been predominantly cross-sectional, so
little is known about the stability of the esophageal microbiome over time. Only a small
subset of BE patients progress to EAC, and alterations in the microbiome over time may be
important drivers of neoplastic progression.

What exposures influence the esophageal and cardia microbiome?

A full understanding of the role of the microbiome in the development of EAC requires that
it be viewed within the context of the esophageal environment (Figure 1). The major
modifiable risk factors for BE and EAC (gastro-esophageal reflux, obesity, high-fat diet, and
smoking) all have the potential to alter significantly the esophageal microbiome. GERD, in
particular, may alter the esophageal microbiome either through reflux of gastric acid, bile
acids, and intestinal flora, or alteration in the distal esophageal microenvironment. Thus,
effects of these exposures on the esophageal microbiome need to be described, and these
effects need to be accounted for in future studies aimed at elucidating the microbiome-EAC
relationship.

How can the microbiome be modified to mediate BE and EAC risk?

If the esophageal microbiome directly contributes to the development of EAC, then
therapeutic interventions to alter the microbiome should be investigated as a means of
reducing EAC risk. The use of systemic antibiotics is not a reasonable option for
chemoprevention, as long-term use will likely have detrimental effects elsewhere in the
body. Probiotic treatment with benign flora is an alternative that may not carry such risk of
systemic alterations. Gastric acid suppression may have chemopreventive effects via
alterations in the microbiome, and the effects of other medications used in chemoprevention,
such as aspirin or statins, on the esophageal microbiome have not been described. Direct
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treatment of the esophageal lining with topical prebiotics or antibiotics and targeting the oral
microbiome may also represent approaches to reduce the risk of EAC.

Conclusion

In summary, increasing rates of esophageal adenocarcinoma are not adequately explained by
currently identified risk factors such as GERD, obesity, smoking and diet, and the upper Gl
microbiome may represent another potential cofactor. The normal distal esophagus has a
distinct microbiome of predominantly oral flora. This microbiome is altered in Barrett's
esophagus and reflux esophagitis, with relatively increased Gram-negative bacteria and
reduced Streptococcus, similar to the H. pylori-negative gastric microbiome. The presence or
absence of H. pylori may serve as a biomarker of the microbiome of the gastric cardia, a
crucial region from which Barrett's esophagus potentially arises. Future multi-omic analyses
should aim to define microbiome alterations in Barrett's esophagus and its progression to
esophageal adenocarcinoma, combined with assessment of alterations in key tissue-level
pathways, in order to more fully understand the role of the microbiome in esophageal
carcinogenesis and to identify potential risk biomarkers and therapeutic targets.
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Figurel.
Factors promoting Barrett's esophagus and esophageal adenocarcinoma. Chronic low grade

inflammation of the gastric cardia, from a combination of factors including reflux, diet and
an altered microbiome, promotes stem cell proliferation and intestinal metaplasia, leading to
Barrett's esophagus, which in some cases can progress to esophageal adenocarcinoma
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Figure2.
Historical trend of esophageal adenocarcinoma incidence. Esophageal adenocarcinoma

began dramatically increasing in incidence in the 1960s, with a rise in Barrett's esophagus
presumably preceding this by at least 5-10 years. This predates the increasing incidence of
known risk factors for esophageal adenocarcinoma, including gastroesophageal reflux
disease and obesity, but coincides with major changes in the upper gastrointestinal
microbiome.
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