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Abstract
Genomic sequencing, bioinformatics, and initial speciation (e.g., relative 
abundance) of the commensal microbiome have revolutionized the way we think 
about the “human” body in health and disease. The interactions between the gut 
bacteria and the immune system of the host play a key role in the pathogenesis of 
gastrointestinal diseases, including those impacting the esophagus. Although 
relatively stable, there are a number of factors that may disrupt the delicate 
balance between the luminal esophageal microbiome (EM) and the host. These 
changes are thought to be a product of age, diet, antibiotic and other medication 
use, oral hygiene, smoking, and/or expression of antibiotic products 
(bacteriocins) by other flora. These effects may lead to persistent dysbiosis which 
in turn increases the risk of local inflammation, systemic inflammation, and 
ultimately disease progression. Research has suggested that the etiology of 
gastroesophageal reflux disease-related esophagitis includes a cytokine-mediated 
inflammatory component and is, therefore, not merely the result of esophageal 
mucosal exposure to corrosives (i.e., acid). Emerging evidence also suggests that 
the EM plays a major role in the pathogenesis of disease by inciting an 
immunogenic response which ultimately propagates the inflammatory cascade. 
Here, we discuss the potential role for manipulating the EM as a therapeutic 
option for treating the root cause of various esophageal disease rather than just 
providing symptomatic relief (i.e., acid suppression).
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Core Tip: The interactions between the gut bacteria and the immune system of the host 
play a key role in the pathogenesis of gastrointestinal diseases, including those 
impacting the esophagus. This evidence-based review brings forward the emerging 
data on the microbial changes related to esophageal disease. Better understanding of 
these data will lead to mitigation strategies for intervention and innovation.
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INTRODUCTION
Investigation of the gut microbiome has progressively changed the understanding of 
esophageal disease. During the past two decades, 16S rRNA gene sequencing was 
used to characterize and compare the esophageal microbiomes (EMs) of healthy 
individuals with those in patients with esophageal diseases including gastroeso-
phageal reflux disease (GERD), Barrett’s esophagus (BE), esophageal adenocarcinoma 
(EAC), eosinophilic esophagitis (EoE), and esophageal motility disorders[1,2]. 
Analyzing the compositional differences between healthy and dysbiotic microbiomes 
in the esophagus has provided further insight into the pathogenesis of GERD and 
related sequelae along with other associated pathology (Table 1). In particular, it is 
noted that the diseased esophagus, relative to healthy controls, is colonized by a 
bacterial population that is unusually rich in gram-negative species. Furthermore, the 
aberrant bacteria conform, to a great extent, with pro-inflammatory oral pathogens. 
This insight into the EM can help guide further investigation into new therapeutic 
tools that target these mechanisms.

NORMAL GASTROESOPHAGEAL MICROFLORA
Characterizing the ‘normal’ vs ‘abnormal’ esophageal luminal flora
Metagenomic sequencing of the human population revealed that the gastroesophageal 
(GE) microbiome is predominated roughly in order of prevalence by six major phyla: 
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and 
Saccharibacteria[3]. Typically, Bacteroidetes and Firmicutes often predominate-
primarily in response to abundance of either Bacteroides or Clostridium spp.[4]. Here, 
phylum-level classification is an oversimplification that does not account for the 
diversity that exists in a relatively simple microbiome like that found in the distal 
esophagus. Considerable variation of both the identity and relative abundance of 
specific bacteria exists, especially when the taxa are characterized with greater 
resolution by elucidation of taxa to species or strain-level. In 2009, one group identified 
two distinct types of GE microbiomes[5]. Comparing the results from individuals with 
GERD to healthy controls[5], they characterized the control population, which is 
predominated by gram-positive organisms, Streptococcus spp., as a type I microbiome. 
The type II microbiome was largely associated with pathological states, such as GERD 
and BE, and demonstrated a relative increase in abundance of gram-negative 
anaerobes[5].

Further work delineated the taxa and observed that three distinct clusters of 
esophageal microbiotas were predominant in biopsies of human esophageal tissue. 
Each is characterized by their relative abundance of Streptococcus and Prevotella spp.[6]. 
Cluster 1 is intermediate, with an approximately equal proportion of both genera with 
an increased presence of Haemophilus and Rothia spp. Cluster 2 consists predominantly 
of Streptococcus spp. Cluster 3 is primarily represented by Prevotella spp.[6].

In addition to inter-individual variation, the composition of luminal microbiota also 
varies in the esophagus from the mouth to the stomach both in health and disease. 
Specifically, the commensal flora of the proximal, mid-, and distal esophagus varies 
both in makeup, and relative abundance. In a study of 12 patients under routine 
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Table 1 Changes in local flora that occur with particular esophageal disease states

Disease states Changes in microbiome

Non-erosive reflux disease: A shift towards Proteobacteria (Neisseria oralis, Moraxella spp.) and Bacteroidetes (Bacteroides uniformis, 
Capnocytophaga spp., and Prevotella pallens); A shift away from Fusobacteria (Leptotrichia) and Actinobacteria (Rothia spp.); Increased 
abundance of Dorea spp.

GERD

Reflux esophagitis: Decreased Firmicutes (Mogibacterium spp., Streptococcus infantis, Solobacterium moorei) and increased 
Fusobacteria (Leptotrichia spp.) and Proteobacteria (Marivita spp., Nisaea spp., Mesorhizobium spp.)

Barrett’s esophagus Increased Fusobacteria, and Proteobacteria (Neisseria spp., and Campylobacter spp.); Decreased alpha diversity as well as Bacteroidetes 
and Prevotella

Esophageal 
adenocarcinoma

Increased abundance of Proteobacteria and decreased Firmicutes; Relatively unchanged Streptococci abundance

Eosinophilic 
esophagitis

Increased Proteobacteria (Neisseria and Haemophilus) and Corynebacterium; Decrease in Clostridia spp.

GERD: Gastroesophageal reflux disease.

surveillance for BE, the proximal esophagus was more similar to the oropharynx in 
that it had higher concentrations of gram-positive organisms than the distal 
esophagus[7]. Streptococcus spp. were found throughout the entirety of the esophagus, 
increasing in relative abundance from the proximal to mid-esophagus and markedly 
decreasing thereafter in the distal esophagus[7]. Gram-negative organisms included 
Prevotella and Delftia spp., which overall were more concentrated in the distal 
esophagus[7]. This is not surprising, because the lipopolysaccharide (LPS) “shell” 
around gram-negative organisms hardens them to variation in pH, bile salt concen-
tration, proteases, and to some extent, temperature[8-15]. This is why most enteric 
pathogens are gram negative—they can survive the selection and potentially adverse 
effects related to proximity to gastric contents. It would be thereby expected that the 
microbiome becomes much less diverse and increasingly enriched in gram-negative 
species. Diversity is greatest in the region nearest to the source (oronasal cavity) and 
with mildest conditions, e.g., saliva/mucous, luminal physiological pH, and moderate 
physiological temperatures[16,17]. It would be expected to see a gradient toward 
facultative and obligate anaerobes (probably from the subgingival space) in the 
esophageal lumen distally towards the stomach. Notably, many bacteria also have 
increased abundance because of the protective nature of sporulation (e.g., Clostridia 
spp.) within the harsh surrounding environment[18,19]. Accordingly, the underlying 
GE pathology appears to be associated with alterations in the composition of this gram 
positive/gram negative continuum and balance[7].

The biomic differences for esophageal disease is notable. Patients with BE had 
overall higher levels of Streptococcus spp. in tissue biopsies throughout the entirety of 
the tract compared to those without the disease. While this appears to be in contrast 
with the gram-positive/gram-negative imbalance discussed previously, this may be an 
indirect effect of persistent local irritation caused by immunogenic gram-negative 
species that facilitates bacterial proliferation and the infiltration of underlying tissue 
with gram-positive bacteria—of which streptococci are a major part. Whether this is a 
cause of BE metaplasia or a consequence is unknown. Furthermore, the sharper 
decrease in overall abundance of Streptococcus spp. from mid- to distal-esophagus is 
greater in individuals with BE compared to those without metaplasia, which suggests 
that the overall effect on relative composition of Streptococcus spp. is negative despite 
an increased tissue prevalence[7].

These findings suggest that an increase in relative abundance of gram-negative flora 
in the distal esophagus leads to a local inflammatory response which negatively 
impacts the barrier function. This ultimately leads to tissue proliferation of all flora, 
including commensal Streptococcus spp. The proximal-distal variation in specific flora 
changes from healthy to diseased states, in conjunction with the previous GE 
microbiome subtyping, illustrate the pathological potential of dysbiosis. The emerging 
data may offer insight into new treatment paradigms focused on microbial alteration 
which could supplement, and even possibly replace, the need for acid suppression in 
these disease states.

Factors affecting the composition of the microbiota
The GE microbiome is shaped by the oral cavity, oropharynx, and stomach due to 
migration of oral bacteria to the esophagus and reflux of gastric microbiota[20]. 
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Recognizably, this varies considerably from person to person, even in the apparently 
healthy population. In addition to anatomic location, factors that have been noted to 
alter the EM composition include age, diet, proton pump inhibitor (PPI) use, oral 
hygiene, and smoking. Studies of these factors have helped provide a framework for 
understanding the GE microbiota.

Contrary to the philosophy that, for example, the colon is a discrete microbiome that 
stands alone, we view the whole of the gastrointestinal tract as a contiguous system 
separated by “gates” imposed by selection pressure driven by factors related to 
function (pH, osmolarity, proteases, indigenous flora, etc.). That is, a series of discrete 
“neighborhoods” connected by means of a tube and the assumption that the oronasal 
cavity if the sole source of inoculum. Prior to weaning, infants do not have established 
“gates,” and an evolving colonization with what will ultimately become the adult 
microbiome takes place until the age of approximately three[21]. Thereafter, barring 
unnatural perturbation, the gastrointestinal neighborhoods are established, stable, and 
at equilibrium with the host. Unfortunately, humans are pioneers of the unnatural, 
and a number of behaviors, many now considered essential, systematically undermine 
the balance. Recognizably, there may be sequential changes associated with age, 
medication exposures, diet, hygiene, sleep efficiency, and environmental exposures.

Age: Age has an effect on the GE microbiome, although the full significance has not 
yet been determined[22-25]. During early life, the human colonic microbiome varies 
greatly. Analysis of the microbial composition of the human colonic microbiome in 
patients ranging from newborns to 80 years old, and across three distinct geographic 
locations (United States, Venezuela, and Malawi) has found that the phylogenetic 
composition fluctuates dramatically during the first 3 years of life before stabilizing 
into a more stable adult-like composition, regardless of geographic location[26]. 
Conceivably, a similar dynamic microbial shift exists for the esophagus given the same 
multifactorial environmental factors in early life, based on mode of delivery (vaginal 
birth or cesarean section),the type of dietary feeding (breast or formula feeding), as 
well as the timing of adult food introduction[27,28].

With aging, humans seem to have a less dramatic, but still notable shift in the GE 
microbiome. Evaluation of the EM of adults of ages 30 years to 60 years, using 16S 
rRNA-, 18S rRNA-amplicon sequencing, and shotgun sequencing, has found age to be 
a significant factor driving microbiome composition. Notably, they indicated a positive 
correlation with age and the relative abundance of Firmicutes such as some Strepto-
coccus spp., including Streptococcus parasanguinis with increasing age[6]. Furthermore, 
increasing age was inversely correlated with prevalence of Bacteroidetes including 
Prevotella melaninogenica[6]. To better place this in the context of our current 
understanding of the GE microbiome and the previously demonstrated community 
clusters (Streptococcus predominant, Prevotella predominant, and intermediate 
predominant), this study showed that regardless of disease state, with increased age, 
there is a more robust microbiome composition and a higher number of gram-positive 
(Streptococcus parasanguinis) species and a lower number of gram-negative (Prevotella 
melaninogenica) species[6]. Thus, age may contribute to the different esophageal 
microbial community types. Despite this, gram-negative proliferation is associated 
with progression of esophageal disease at all ages[6]. It may be that age may affect and 
predict a ‘baseline’ microbiome that is incrementally altered by microbial imbalance.

Notably, there is a degenerative effect of aging on esophageal motor function which 
may play a role in the differences seen in the GE microbiome of the elderly population 
as esophageal function naturally deteriorates after the age of 40[29]. The presence of 
GERD has a significant impact on esophageal contraction wave amplitude but not on 
peristalsis[30]. Accordingly and hypothetically, the mechanistic and functional 
changes of the esophagus influence the microbiota as a direct or indirect consequence 
of the aging process.

Diet: Dietary factors influence the colonic microbiome both as an infant (breast vs 
formula feeding) and as an adult (affecting the colonic microbiome with short-term 
macronutrient changes)[31-33]. With specific focus on the GE microbiome, dietary 
intake has been associated with the development of esophageal diseases such as BE, 
EAC, and esophageal squamous cell carcinoma (ESCC)[34,35]. In particular, 
consumption of leafy and cruciferous vegetables, as well as raw fruits is associated 
with decreased risk of BE and EAC, while red meat intake is associated with increased 
risk[35].

In early life, breastfeeding, formula feeding and the introduction of solid foods, play 
a large role in development of the gastrointestinal microbiome[36]. While more 
specific investigation is needed to evaluate the specific effects on the EM, it is likely 
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that similarities exist in the progression due to the same factors. Human breast milk is 
predominantly composed of the microbes Corynebacterium, Ralstonia, Staphylococcus, 
Streptococcus, Serratia, Pseudomonas, Propionibacterium, Sphingomonas, and Bradyrhizo-
biaceae in addition to milk oligosaccharides[37-39].

The impact of breastfeeding on the infant gastrointestinal microbiome was 
highlighted in two studies that found formula-fed infants to have a lower proportion 
of Bifidobacterium and Lactobacillus spp. and a higher proportion of Clostridiales and 
Proteobacteria when compared with breast-fed infants[40]. Furthermore, formula fed 
infants have lower microbial diversity after the first year of life when compared to 
breast-fed infants[41]. Several other epidemiologic studies have suggested breast-
feeding to have a protective role against asthma, autism, and type 1 diabetes, while 
also showing a lower association of inflammatory and autoimmune diseases[37,42]. As 
stated earlier, the phylogenetic composition fluctuates dramatically during the first 3 
years of life before evolving into a more mature and stable adult-like con-
figuration[26]. This shift is likely to allow infants to be better equipped to handle 
processing of a more robust diet.

In adults, the GE microbiome and the relationship to diet is still under investigation. 
Our focus here will be on diet and its relationship to esophageal disease as a 
foundation for possible future studies into the GE microbiome role. There are several 
difficulties, particularly with confounding and study-design issues, when correlating 
dietary factors in adults with esophageal disease[34]. Thus, most of the existing 
literature on diet and BE or EAC is based on case-control studies in which minor to 
moderate inverse associations have been reported with a diet low in fruits and 
vegetables (green, leafy, and cruciferous vegetables). It has been theorized that fruits 
and vegetables, which are high in antioxidants, phytosterols, and other substances, 
may inhibit carcinogenesis by free-radical reduction or by blocking the formation of N-
nitroso compounds in the alimentary and respiratory tract[43,44]. Other case-control 
studies have shown an association with a diet high in red and processed meats and an 
increased risk of esophageal cancers, likely due to processed meats being a major 
source of nitrites and nitrosamines[35,45]. Given the potential for multiple interactions 
between specific macronutrients, other studies have turned to looking at diet-regimens 
for easier study design. They found that the Mediterranean diet is inversely associated 
with both BE and EAC, whereas the “Western diet”, high in meat consumption and 
low in fruits and vegetables, appears to increase the risk of these diseases[46,47]. 
Although this relationship between dietary intake of fruits, vegetables, as well as red 
and processed meats, has been more recently implicated, further evaluation is needed 
in regard to the interaction of these diets and the GE microbiome composition.

A study specifically looking at the relationship of diet with the GE microbiome 
evaluated patients with high overall fiber vs high fat intake and found that dietary 
fiber, but not fat intake was associated with a distinct EM[48]. In particular, increasing 
fiber intake was significantly associated with increasing relative abundance of 
Firmicutes, including Streptococcus spp., and decreasing relative abundance of gram-
negative bacteria overall[48]. Low fiber intake was associated with increased relative 
abundance of several gram-negative flora, including Prevotella, Neisseria, and Eikenella 
spp.[48]. These findings offer a potential dietary therapeutic option for prevention or 
slowing the progression of esophageal disease by decreasing exposure to a higher 
abundance of gram-negative influence, and thereby reducing the induction of a gram-
negative-LPS induced inflammatory cascade.

PPIs: PPIs are the therapeutic first-line treatment for many esophageal disorders such 
as GERD, erosive esophagitis, and BE. The main mechanistic action of PPIs is to lower 
acid production at the level of the stomach by inhibiting the hydrogen-potassium 
ATPase pump, a transmembrane protein responsible for releasing hydrochloric acid 
into the stomach lumen. PPIs inhibit acid secretion by binding within this domain, 
promoting a higher gastric pH, and thus increasing the pH of the refluxate[49].

The use of PPIs has been demonstrated to alter both GE and colonic microbiomes, 
although the full extent is yet unknown. The clearest defined role is reduction of 
gastric acid, thereby allowing survival of orally ingested organisms to populate the 
more distal esophagus. This pH-related microflora change may allow propagation of 
bacterial species that would otherwise not flourish under more acidic conditions. For 
example, a significant increase in oral microbiome species such as Rothia dentocariosa, 
Rothia mucilaginosa, Scardovia spp., and Actinomyces spp. in the gut microbiome has been 
noted following PPI use[50-52].

In the distal esophagus, the effect of PPIs may be more likely to be due to microbial 
related inflammatory changes, whereas previously attributed to direct acid contact 
mucosal injury. A study of patients with non-erosive reflux disease (NERD), erosive 
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GERD, and BE compared PPI use vs no use within each respective group and found no 
change in α diversity or β diversity between PPI and non-PPI users of each group was 
reported, but composition of specific bacteria taxa at the phylum level was noted[53]. 
In particular, PPI use was associated with an increase in Firmicutes and Proteobacteria 
in BE, and a decrease in Bacteroidetes in NERD and reflux esophagitis (RE)[53]. In 
another study, biopsies taken before and after 8 wk of PPI treatment (lansoprazole 30 
mg twice daily) revealed a significant decrease in the gram-negative Comamonadaceae 
spp. and increased gram-positive Clostridia (Clostridiaceae and Lachnospiraceae spp.) and 
Actinomycetales (Micrococcaceae and Actinomycetaceae spp.)[54].

These studies offer evidence that PPI use may have effects beyond that of acid 
suppression. This supports a possible mechanistic role for PPIs altering the GE 
microbiome, favoring gram-positive bacteria that prefer environments with higher pH. 
This effect would reduce induction of the Toll-like-receptor (TLR)/inflammatory 
cascade by gram-negative LPS producing bacteria.

Although their association with GERD is unknown, acid-producing bacteria are 
found in the esophagus and oral cavity. The use of PPIs may directly target the proton 
pumps (P-type ATPase enzymes) of these bacteria (notably Streptococcus pneumoniae 
and Helicobacter pylori)[55]. Further studies are warranted to determine if these bacteria 
are a causal factor of GERD by directly producing acid, which are in turn inhibited by 
PPIs. In addition, PPI use may indirectly change the natural bacterial flora in non-
gastric tissues that express H+/K+-ATPases by shutting down proton pumps[55,56].

PPIs may also reduce inflammation apart from direct acid suppression. In 
esophageal squamous epithelial cells, omeprazole has been shown to inhibit 
interleukin (IL)-8 expression by blocking the nuclear translocation of a nuclear factor-
kappa beta (NF-kB) subunit and the binding of AP-1 subunits to the IL-8 
promoter[56]. IL-8 is an inflammatory mediator that has been implicated in the GERD, 
BE, and EAC pathways. Increased expression of LPS from gram-negative bacteria, and 
subsequent activation of the TLR-4-NF-κB pathway are associated with expression of 
downstream mediators such as IL-8 and cyclooxygenase (COX)-2[57]. The levels of 
both are directly correlated with transition from metaplasia to dysplasia in BE[57]. 
Thus, if PPI therapy has an effect on IL-8 expression by blocking NF-kb and AP-1, 
there may be a role for therapeutic use outside of direct acid suppression.

Oral hygiene: Oral hygiene is thought to play a vital role in the GE microbiome. 
Bacteria found in the oral cavity can migrate distally via deglutition[20]. The role of 
oral microbiota in colonizing the esophagus, and becoming part of the commensal GE 
microbiota, remains uncertain.

Maintained oral hygiene is associated with a higher proportion of gram-positive 
cocci and rods, mostly comprised of Streptococcus spp., which contrasts with those with 
poor oral hygiene showing shifts to a higher proportion of anaerobic gram-negative 
bacteria such as Prevotella spp.[58]. The oral microbiome shift to a more gram-negative 
dominant flora may have distal effects of LPS-inducing TLRs and activation of an 
inflammatory cascade in the esophagus as described previously. It is also unclear 
whether antibiotic mouthwashes damage an otherwise healthy microbiome. Further 
research is needed to better define the relationship between oral hygiene and the GE 
microbiome.

One recent population-based, case-control study reported that poor oral health was 
associated with an increased risk of ESCC[59]. More specifically, they found that tooth 
loss was associated with a moderately significant increased risk of esophageal cancer 
and that brushing once per day or less was associated with an 80% increased risk of 
developing ESCC in this population. They propose that tooth brushing influences the 
balance of microorganisms by directly removing plaque, food residue, and 
carcinogenic products of tobacco and alcohol. Accordingly, this affects the levels of 
inflammation and/or production of the carcinogenic by-products of nitrosamines and 
acetaldehyde. While this is currently theoretical, given the proximity of the oral cavity 
to the distal esophagus, it is reasonable that oral hygiene would have downstream 
effects on the GE microbiome and esophageal disease as well as perhaps on intestinal 
microbial mediated disease as well.

Smoking: Up to 20% of United States adults use a tobacco product, and tobacco’s 
effect on the GE microbiome is uncertain[60]. Esophageal balloon procured cytology 
found that current smoking was associated with an increase in both α and β diversity 
of the esophagus[61]. It is suspected that the increase is due to smoking-related 
immunosuppression, permitting novel bacteria to colonize the upper gastrointestinal 
tract[61]. The study also found two anaerobic bacteria, Dialister invisus and 
Megasphaera micronuciformis, are more commonly detected in current smokers[61]. 
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Increased α and β diversity after smoking exposure may also be a result of biofilm 
formation[62]. There is some evidence that cigarette smoking induces staphylococcal 
biofilm formation in an oxidant-dependent manner by increasing fibronectin binding 
protein-A. This leads to increased binding of staphylococci to fibronectin and 
increased adherence to human cells[62].

Smoking exposure can affect a wide range of human physiologic processes by 
inducing a proinflammatory state, increasing cytokines such as tumor necrosis factor 
(TNF)-α, IL-1, IL-6, IL-8 all while decreasing anti-inflammatory cytokines such as IL-
10[63]. Further investigation into the EM and its relationship to smoking and the 
development of disease are needed.

Bacteriocins
Bacteriocins are ribosomal derived peptides produced by microorganisms colonizing 
the gastrointestinal tract that are thought to inhibit competitive flora, thereby out-
competing other pathogens. Additionally, in humans, bacteriocins are thought to 
maintain barrier function, partake in immune modulation, have direct antimicrobial 
activity, and also exhibit anti-neoplastic activity[64]. Bacteriocins’ diverse functional 
role is reflected in their wide-ranging bactericidal properties, amino acid sequence and 
peptide structures, bacteriocin operon type, and different molecular weights and 
charges[65,66].

In a normal, healthy individual, the gut-blood barrier is responsible for maintaining 
homeostasis between the bloodstream and the gastrointestinal tract, which ultimately 
regulates water and nutrient absorption[67]. Along with a growing interest of the GE 
microbiome and its relationship with the intestinal barrier, recent in vitro studies have 
reported that the size and properties of bacteriocins allow them to cross this gut-blood 
barrier[64,68]. The size and charge contribute to bacteriocin movement across 
membranes and barriers and account for the large role in different physiologic 
mechanisms[64].

The bacteriocins in the gastrointestinal tract also have specific, potent antimicrobial 
properties[69,70]. This antibacterial property makes it essential in maintaining and 
affecting the composition of the local microbiome. The anti-neoplastic role of 
bacteriocins is still an area warranting further investigation. In vitro studies evaluating 
the effect of nisin have shown that bacteriocin may trigger apoptosis in head, neck, 
and squamous cell carcinoma, effectively reducing the size of tumor xenografts[71,72].

Defensins
Defensins are small host-derived polypeptide molecules of host-origin that play a role 
in innate immunity with both direct and indirect bactericidal effects. They serve a 
similar purpose to bacteriocins, but are eukaryote derived[73]. Human defensins are 
typically classified into α-defensins, which are mainly neutrophil-derived, and β-
defensins, which are mainly epithelial cell-derived. Defensin expression is typically 
inducible through cellular exposure to bacterial products such as LPS or cytokines, 
which include TNF and IL-1[73]. Binding of defensins can lead to direct bacterial cell 
membrane disruption. The positive charge of some defensins is attracted to the 
negative components of bacterial capsules, leading to oligomerization and pore 
formation[74]. Alternately, defensin binding can stimulate recruitment of the adaptive 
immune response[73].

Defensins have been demonstrated to play a role in normal gut-microbe 
interactions. Loss of human β-defensin (hBD) 1 and hBD3 is associated with 
progression of EoE, and this may be a result of unmitigated microbe-immune 
interactions[75]. Uncontrolled defensin production may also negatively impact gut 
health. The production of hBD5 by metaplastic Paneth cells, can lead to a loss of E-
cadherin, and thus inhibit cell adhesion[76]. This loss of structural integrity has been 
associated with progression of BE[76].

Similar to bacteriocins, modification of defensin expression or structure may 
provide a therapeutic venue for alteration of the commensal microbiome. Chimeric 
variants of defensins have been explored as possible antimicrobial agents, but this 
potential treatment modality is still in early stages of exploration, and further work is 
needed to evaluate their therapeutic safety and efficacy[77].
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MECHANISMS OF DYSBIOSIS
Initial paradigms for dysbiosis
Dysbiosis is a term that encompasses a change in the composition of commensal 
microbiome relative to that found in healthy individuals[78]. When distinguishing the 
biome of a normal healthy esophagus to dysbiotic disease states such as GERD, EE, BE, 
or EAC, it is evident that dysbiosis may precede inflammation. Thus, the composition 
of the microbiota may play a large role in the downstream events[79]. Gram-negative 
bacterial products activate TLRs that are present on the esophageal endothelial cells 
causing an inflammatory cascade which leads to downstream LES relaxation[79]. 
Prevotella, which are found in greater abundance in the dysbiotic distal esophagus, 
have been shown to be a key producer of LPS that contributes to TLR activation[6]. 
The activation results in chemokine-induced production of nitric oxide and COX-2, 
which may promote LES relaxation and decrease gastric emptying[80].

DYSBIOSIS IN DISEASE STATES
GERD
GERD is an inflammatory disease state that is most commonly caused by inappro-
priate transient relaxation or secondly, by a chronically decreased tonicity of the lower 
esophageal sphincter[81]. It is further classified into two large phenotypes: RE and 
NERD, as determined by endoscopy. Additionally, there is a category of 
uninvestigated GERD wherein treatment is initiated without direction from an 
endoscopic evaluation[82].

Inflammatory pathogenesis of GERD: Classically, GERD has been described as the 
result of reflux of gastric acid and/or duodenal bile salts, causing direct chemical 
mediated mucosal injury and inflammation[83]. The majority of patients that present 
with clinical symptoms of GERD have no endoscopic evidence of reflux, suggesting 
alternative pathophysiologic pathways. An animal study demonstrated that RE does 
not develop as a chemical injury starting at the epithelial surface but rather, begins 
with a submucosal infiltration by lymphocytes that later progresses upward to the 
epithelial surface[84]. Subsequent work analyzed human esophageal squamous cell 
lines exposed to acidified bile salts and found evidence that reflux did not directly 
damage the mucosal esophagus, but instead stimulated epithelial cells and led to 
subepithelial cytokine-mediated and retrograde directed mucosal damage of the 
tissue[85].

Acid exposure is believed to contribute to mucosal expression of inflammatory 
markers, including IL-8, as well as several other chemokines, that promote local 
migration of leukocytes, mainly neutrophils[85]. This is done through activation of 
transient receptor potential cation channel subfamily V member 1 on epithelial cells 
and neurons, which results in calcitonin gene-related peptide (CGRP) and substance P 
expression[86]. Both CGRP and neutrophil activation initiate a cascade of cytokine 
expression, leading to local submucosal inflammation as well as hydrogen peroxide 
production as well as further immune cell, including lymphocytic proliferation into 
the mucosa (Figure 1). Peroxide-mediated smooth muscle relaxation of the lower 
esophageal sphincter further contributes to reflux[87].

Role of the microbiome in GERD: Gram-negative bacterial products, mainly LPS, 
bind to TLR-4, which stimulates IL-18 production, and initiates a cascade of IL and 
TNF production. This leads to downstream effects including lower esophageal 
sphincter relaxation as well as decreased gastric motility[1].

It has been theorized that the bacterial biofilm may be involved in the pathogenesis 
of GERD[88]. Biofilm is an organized community of microbes that produce protective 
factors and adhesion molecules which enhance the survival of the local microbial 
community. Biofilm has been implicated in the pathogenesis of a variety of disease 
states elsewhere in the gastrointestinal tract, notably in the oral cavity and colon, while 
the extent of contribution to esophageal disease is still unclear[89-91].

Compositional variation in the localized microbiome may help explain the 
mechanistic and clinical difference between the two phenotypes of GERD. A recent 
study found distinct microbiota in patients with NERD when compared with controls 
and RE subjects. The NERD microbiota composition shifted towards Proteobacteria (
Neisseria oralis and Moraxella spp.) and Bacteroidetes (Bacteroides uniformis, Capnocyt-
ophaga spp., and Prevotella pallens), and away from Fusobacteria (Leptotrichia) and 
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Figure 1 Environmental factors alter the local esophageal microbiome, which normally has a gram-positive to gram-negative gradient, 
towards increased proportion of gram-negatives. Activation of Toll-like-receptor-4 by gram-negative lipopolysaccharide leads towards an inflammatory 
cascade that results in lymphocyte infiltration. In addition, gastric acid activates transient receptor potential cation channel subfamily V member 1 on local nerve fibers 
and results in calcitonin gene-related peptide and substance P expression, which contributes to the local inflammatory response as well as pain. LPS: 
Lipopolysaccharide; TLR: Toll-like-receptor; NF-κB: nuclear factor-kappa beta; IFN: Interferon; ROS: Reactive oxygen species; TRPV1: Transient receptor potential 
cation channel subfamily V member 1; CGRP: Calcitonin gene-related peptide.

Actinobacteria (Rothia)[53]. Several Firmicutes genera were reduced in NERD (
Peptococcus and Moryella). An increased abundance of Dorea spp., however, resulted in 
an overall higher Firmicutes composition compared with controls[53]. The same study 
speculated that the increase in sulfate-reducing Proteobacteria spp. and Bacteroidetes spp. 
along with hydrogen producing Dorea spp. is associated with a mechanistic role in 
visceral hypersensitivity present in NERD[53]. Alternatively, patients with RE have a 
decrease in Firmicutes (Mogibacterium spp., Streptococcus infantis, Solobacterium moorei) 
and increase in gram-negative Fusobacteria (Leptotrichia spp.) and Proteobacteria (
Marivita, Neisseria, and Mesorhizobium spp.)[53].

The compositional changes in esophageal flora can also occur as a response to 
environmental factors. High-fat diet has been heavily associated with localized 
mucosal inflammatory changes in murine models[92]. It is theorized that alterations in 
the luminal microenvironment seen with high-fat diet leads to increased gut-epithelial 
interactions and drives progression of the inflammatory response. In addition, these 
dietary changes have been demonstrated to contribute to colonic increased colonic 
Firmicutes/Bacteroidetes ratio, which is associated with obesity and an inflammatory 
response characterized by expression of chemokine IL-8[92]. Other dietary factors, 
including consumption of insoluble carbohydrates, can contribute to reflux through 
effect on gastric and esophageal tone. Colonic bacterial metabolism of carbohydrates 
into short-chain fatty acids (SCFAs) is associated with increase in peptide YY and 
oxyntomodulin, which inhibit gastric motility and LES function[93].

BE
BE is a disease state characterized by stratified squamous to columnar metaplasia of 
the distal esophageal epithelium, and is typically associated with longstanding 
GERD[94,95]. The incidence of BE has increased since the mid-20th century, which is 
thought to be related to population-level changes in EM composition following the 
introduction of antibiotics[96]. The activation of the LPS-TLR4-NF-κB pathway 
through dysbiotic changes may contribute to inflammation and malignant 
transformation[3].

Inflammatory pathogenesis of BE: The inflammatory-mediated model of reflux-
related inflammation seen in GERD is also present in BE[97]. There are, however, 
several specific dysbiotic changes that contribute to inflammatory mediated 
metaplasia as well. Murine models of BE demonstrated localized cytokine expression, 
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especially in the distal esophagus, which can lead to an inflammatory response in 
gastric stem cells, ultimately promoting columnar epithelial formation[98]. 
Additionally, the same pro-inflammatory response associated with LPS and TLR-4 
binding may be more notable in the distal esophagus with increased gram negative 
presence, and specifically contributes to metaplastic transformation[80].

Pro-inflammatory cytokine IL-1b, has been shown to be highly expressed in BE. The 
precursor for IL-1b necessitates proteolytic cleavage by caspase-1[98]. Caspase-1 also 
allows apoptosis of cells which can elicit further inflammation[99]. The functional role 
of caspase-1 is activated by inflammasomes which contain pattern-recognition 
receptors (PRRs). The PRR captures particular pathogen-associated molecular patterns 
(PAMPs) from microbes and damage-associated molecular patterns (DAMPs) from 
injured cells[100]. Once the PRR recognizes a certain PAMP or DAMP, a large complex 
of inflammasomes activates caspase-1 which initiates the inflammatory response 
pathway. One study demonstrated that LPS in Barrett’s epithelial cells was shown to 
prime and activate NOD-like receptor protein 3 inflammasomes and caused a cascade 
of pro-inflammatory responses and induced apoptosis[101]. These data suggest that 
BE is perpetuated through a chronic inflammatory response from localized cytokine 
release which is initiated at the molecular level of the microbiome and related mucosal 
cell responses.

Role of the microbiome in BE: Patients with BE have been found to have both 
similarities and distinct features in EM profile when compared to those with 
GERD[102]. Using the original clustering model, Type I to Type II microbiome 
transition likely contributes to local inflammation[103,104]. More recently, it has been 
demonstrated that specific flora plays a contributing role in its pathogenesis. 
Fusobacteria, Neisseria spp., and Campylobacter spp. have been linked to BE when 
compared to controls[105]. Additionally, comparison of metaplastic tissue to adjacent 
normal areas demonstrates decreased α diversity and decreased prevalence of 
Bacteroidetes including Prevotella spp.[106]. Distinct compositional differences in 
specific phyla occur along the NERD, BE, and EAC pathway. While Proteobacteria are 
massively over-represented in NERD (Bacteroidetes to a lesser extent), microbiota in in 
BE and RE demonstrate increase in Fusobacteria and Proteobacteria. The transition to 
the EAC microbiome demonstrates an increase in Firmicutes, which are decreased in 
NERD and BE[53]. This increase may mirror the increase in Firmicutes/Bacteroidetes 
ratio that is seen in obesity and colorectal adenocarcinoma, as impaired fermentation 
by Bacteroidetes spp. of fiber to anti-inflammatory SCFAs may contribute to the local 
inflammatory cascade.

EAC
Inflammatory pathogenesis: The pathogenesis of EAC has been attributed to a 
combination of genetic predisposition as well as environmental factors[107]. The 
majority of cases are associated with environmental triggers such as smoking, obesity, 
and GERD/BE[108]. The incidence of EAC in BE has been clearly established, albeit 
more recent data suggests lower rates, more in the range of 0.1-0.2%[109].

Role of the microbiome in EAC: All stages in the GERD-BE-EAC pathway have 
commonalities in composition of local flora. The change from type I to type II EM is 
generally associated with the initiation of reflux-associated inflammatory processes 
that are present in GERD and BE, and persist in EAC. The subsequent activation of the 
LPS-TLR4 cascade leads to NF-kB activation, which further increases COX-2 
production[3]. COX-2 elevation is associated with the progression of BE to high-grade 
dysplasia[80]. More recent data, however, has identified specific floral changes in 
relative abundance that are associated with the progression from BE high-grade 
dysplasia and EAC. Patients with dysplastic disease have increased abundance of 
Proteobacteria and decreased Firmicutes[110]. Notably, Streptococcus spp. abundance is 
reportedly unchanged between non-dysplastic BE and high-grade dysplasia/EAC, 
suggesting that variation in Streptococcus spp. may not play a role in carcino-
genesis[110].

The composition of the EM in EAC is closely linked to that of the oral cavity, with 
aboral movement of flora being theorized as one mechanism for compositional 
changes[111]. Specifically, oral flora such as Treponema denticola, Streptococcus mitis, 
and Streptococcus anginosus are associated with esophageal carcinogenesis[112]. While 
the overall abundance of Streptococci appears unchanged in between non-dysplastic BE 
and EAC, it is possible that individual species may have varied abundance.
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In addition to pathogenic linkage between the oral and esophageal flora, composi-
tional changes that are associated with decreased adenocarcinoma risk are also shared. 
Notably, the abundance of Bifidobacteria spp., Bacteroides spp., Fusobacteria spp., 
Veillonella spp., Lactobacillus spp., and Staphylococcus spp. is associated with adenocar-
cinoma risk[88,106]. Leptotrichia spp. have been demonstrated to be a specific genus 
linked to EAC. In addition, reduction in some species, including Neisseria and Strepto-
coccus pneumoniae decreased risk of progression to cancer[113,114].

ESCC
Inflammatory pathogenesis: ESCC is more common than EAC in regions such as Asia 
and South America[115]. Classically, ESCC has been associated with environmental 
exposures, including tobacco, alcohol, and hot-drink consumption, as well as genetic 
predisposition[116]. Other risk factors, such as poor oral health, have been linked to 
esophageal squamous dysplasia, a precursor for ESCC[117]. Exposure to various 
environmental triggers may directly stimulate epithelial expression of inflammatory 
markers, or may indirectly lead to proinflammatory state through changes in the 
microbiome[118].

Role of the microbiome in ESCC: Evaluation of microbiomes of patient’s with ESCC 
demonstrates specific changes when compared to healthy controls, notably increased 
in proportion of Actinomyces spp. and Atopobium spp., and decrease in Fusobacterium 
spp., and Porphyromonas spp.[118]. Generally, there is also a decrease in bacterial 
diversity, and increase in interpersonal compositional variation, suggestive that the 
dysbiotic state is not stable[118,119]. As with EAC, there is a close association with oral 
cavity disease/dysbiosis and ESCC. Decrease diversity of oral flora is associated with 
ESCC, as aboral movement of microbes likely disrupts the normal esophageal 
microbial composition and contributes to dysbiosis[119].

Specific environmental agents may directly contribute to dysbiosis through nutrient 
availability. Tobacco smoking is associated with many oral microbiome changes that 
have some overlap with dysbiosis in ESCC. Particularly, increases in flora within 
phylum Actinobacteria and genera Atopobium and Prevotella, and decreases in 
Fusobacteria spp. have been reported[120]. Alcohol consumption may negatively affect 
epithelial barrier function that normally modulates epithelium-microbe 
interaction[121]. It may additionally contribute to local dysbiosis through metabolism 
by local flora into toxic metabolites such as acetaldehyde. Alcohol consumption is 
associated with colonic microbial changes that are reversible with probiotics, 
suggesting plasticity of the microbiome[122]. A combination of dysbiosis and 
epithelial dysfunction may contribute to endotoxemia and systemic inflammatory 
response[123], which may play a role in carcinogenesis.

Microbiome changes may also play a prognostic role in ESCC. Increases in phyla 
Firmicutes, Bacteroidetes, and Spirochaetes, and decrease in Proteobacteria are 
associated with lymph node spread, with Streptococcus spp. and Prevotella spp. being 
specifically indicated[124].

EoE
Inflammatory pathogenesis: EoE is a chronic immune mediated disease of the 
esophagus characterized by marked eosinophilic infiltration in response to T helper 
type 2 (Th2) cells[125]. Factors such as genetics, environment, allergens, and 
microbiome have been identified as triggers of the chronic disease[126]. Several genes 
have been identified as contributors to EoE, which include thymic stromal 
lymphopoietin (TSLP), calpain 14 (CAPN14), EMSY, LRRC32, STAT6, and 
ANKRD27[126]. Among the identified genes, TSLP appears to be the major contributor 
as it is activated by epithelial cells and induces Th2 differentiation[127]. Different 
allergens also induce an inflammatory cascade which increases inflammatory markers 
such as IL-5 and IL-13, which introduce a potential inflammatory path of EoE[126]. In 
addition to the genetics and environmental exposure, the microbiome of the 
esophagus has recently emerged as a potentially key mediator in the pathogenesis of 
EoE.

Role of the microbiome: Analysis of the microbiome in EoE has reported an increase 
of proteobacteria, specifically Neisseria spp. and Corynebacterium spp., in children with 
active EoE[128]. This study, in conjunction with the evidence of altered gut 
microbiome with infantile antibiotic use and Cesarean section delivery, further 
supports that dysbiosis in the human microbiome has a role in EoE[129,130]. Analysis 
by an esophageal string test to evaluate the microbiome of children and adults with 
active EoE found a greater abundance of Haemophilus spp. in active EoE[131]. Notably, 
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there was also a decrease in specific taxa of Clostridia that had been observed in 
patients with active EoE[132]. In antibiotic treated mice, the addition of Clostridia-
containing microbiota prevents sensitization to a specific food allergen. Induction of 
IL-22 by RAR-related orphan receptor innate lymphoid cells and T cells in the 
intestinal lamina propria are proposed as the mechanism of blocking sensitization to a 
food allergen[133]. The recent evidence suggests that the EM may be involved in the 
pathogenesis of EoE, and may represent new treatment approaches.

IMPLICATIONS FOR THERAPY
As previously discussed with modification of other environmental exposures, 
additional therapeutic options such as prebiotics, probiotics, and antibiotics have been 
investigated to reduce dysbiosis by directly or indirectly improving the gram-positive 
to gram-negative ratio for esophageal diseases. Although there is increasing evidence 
of altering dysbiosis utilizing these therapies in other gastrointestinal diseases, further 
research is needed in specific esophageal diseases.

Prebiotics
Supplements which increase the concentration of beneficial flora have been invest-
igated. Lactobacillus spp., which are found in the esophagus, metabolize maltosyl-
isomaltooligosaccharides (MIMO), thereby enhancing the populations of favorable 
gram-positive organisms. Daily ingestion of MIMO has been reported to improve or 
eliminate symptoms in chronic GERD patients[134]. An expanded comprehensive 
evaluation of this promising approach is needed. A tolerability study is underway 
(NCT04491734), and a comprehensive multicenter randomized placebo-controlled 
study will begin in early 2021. Sugarcane flour has also been evaluated as a prebiotic 
with some benefit seen on one study[135]. The proposed mechanism for benefit is 
slower fermentation and thus greater luminal availability compared to traditional 
fiber-containing products[135].

Probiotics
Probiotics add bacterial strains as dietary supplementation, attempting to improve the 
gut flora composition to a preferential state. Probiotics containing Lactobacilli spp. and 
Bifidobacteria spp. have been evaluated and demonstrated relief of GERD 
symptoms[136-140]. However, long term effects and histological benefit have not been 
studied, and more recent guidelines have suggested no evidence based reco-
mmendation for routine use[141]. Further investigation is needed to evaluate potential 
efficacy of probiotics in esophageal diseases.

Antibiotics
Antibiotics are a potential therapeutic option for direct modification of the EM, and are 
widely used in the treatment of gastrointestinal infectious diseases. Antibiotics with 
focused intraluminal bioavailability have been used in treating small-intestinal 
bacterial overgrowth, hepatic encephalopathy, and Clostridium diff icile  
infections[142-144]. There is, however, no evidence of the effectiveness of antibiotic use 
for esophageal dysbiosis in GERD, BE, or EAC.

Bacteriocins
Bacteriocins facilitate competition between local and foreign microbes, direct microbial 
properties, have potential for crossing the gut-blood barrier, and have antineoplastic 
properties[64]. Bacteriocin-based drug therapy, whether in the form of targeted drug 
therapy via encapsulation or attachment of bacteriocins to macromolecules, metals, or 
polymer-based nanoparticles, remains an area of ongoing investigation[145].

CONCLUSION
The EM plays a major role in the pathogenesis of esophageal disease. Various factors 
can affect the composition of the commensal flora, which may lead to dysbiosis and 
ultimately result in esophageal diseases. The dysbiosis likely contributes to a pro-
inflammatory, cytokine-mediated state that starts in the submucosa. The pathogenic 
consequence, affecting the esophageal mucosa, has previously been attributed to 
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caustic acid mucosal injury, but now appears to be multifactorial, with the EM playing 
a major role. Specific flora has been more recently identified that may play a 
pathogenic role in this process. Several potential methods for therapeutic alteration of 
microbiome exist, including prebiotics, probiotics, antibiotics, and bacteriocin based 
therapies. The prebiotic treatment data is particularly promising as directed EM 
modification for effective disease treatment.
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