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Cross-talk between the microbiome and chronic inflammation
in esophageal cancer: potential driver of oncogenesis
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Abstract

Esophageal cancer (EC) is frequently considered a lethal malignancy and is often identified at a later stage. It is one of the
major causes of cancer-related deaths globally. The conventional treatment methods like chemotherapy, radiotherapy, and
surgery offer limited efficacy and poor clinical outcome with a less than 25% 5-year survival rate. The poor prognosis of
EC persists despite the growth in the development of diagnostic and therapeutic modalities to treat EC. This underlines the
need to elucidate the complex molecular mechanisms that drive esophageal oncogenesis. Apart from the role of the tumor
microenvironment and its structural and cellular components in tumorigenesis, mounting evidence points towards the involve-
ment of the esophageal microbiome, inflammation, and their cross-talk in promoting esophageal cancer. The current review
summarizes recent research that delineates the underlying molecular mechanisms by which the microbiota and inflammation
promote the pathophysiology of esophageal cancer, thus unraveling targets for potential therapeutic intervention.

Keywords Esophageal squamous cell carcinoma - Esophageal adenocarcinoma - Inflammation, Microbiome - Tumor

microenvironment

Ashna Gupta and Ravi Chauhan contributed equally to second

1 Introduction

Esophageal cancer (EC) is the sixth most common cause of
cancer mortality and the eighth-most commonly detected

authorship. cancer worldwide [1]. Histologically, esophageal squamous
‘ cell carcinoma (ESCC) is the most predominant subtype,
>4 Mayank Singh followed by the esophageal adenocarcinoma (EAC), the lat-
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_ ter being increasingly reported in the western nations [2].
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ESCC can be found throughout the esophagus, while EAC
occurs in the distal region of the esophagus [3]. Risk fac-
tors for EAC are markedly different from those of ESCC.
Tobacco smoking, genetic factors, excessive consumption
of alcohol, intake of red meat, and very hot beverages are
common risk factors for ESCC [4-7]. Another potential risk
factor is poor oral health due to the shift in the oral micro-
biome [8—10]. In comparison, the main risk factors for EAC
include obesity, gastroesophageal reflux disease (GERD),
Helicobacter pylori infection (inverse association), and the
pattern of sex difference [11].

Environmental exposure can contribute to chronic inflam-
mation and epithelial cell transformation in both the EC
subtypes, leading to precancerous lesions and cancerous
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tissues. For example, the development of EAC involves
chronic exposure of the distal epithelium to stomach and
bile acids, triggering inflammation and intestinal metaplasia,
also known as Barret’s esophagus (BE) [12]. The esophageal
injury can directly be caused by reflux [13] or indirectly by
the generation of reactive oxygen species (ROS) [14, 15].
Furthermore, chronic tobacco exposure can also cause tissue
damage and inflammation. Chronic irritation of the esopha-
geal epithelium by smoking and alcohol intake is also known
to trigger esophageal squamous dysplasia and ESCC via
direct toxicity and ROS production [16, 17]. Reportedly, the
dysbiosis of oral microbiota has been associated locally with
esophageal cancer [18]. One of the major environmental fac-
tors known to influence orodental pathophysiology is smok-
ing [19]. The mechanisms by which the toxic components
and bacteria in a cigarette can impact oral bacteria include
immunosuppression, biofilm formation, and lack of oxygen.
These factors could directly or indirectly lead to coloniza-
tion of harmful bacteria and loss of beneficial bacteria and,
consequently, lead to the emergence of diseases, including
cancer [20, 21]. Recent studies have uncovered a mecha-
nism by which nicotine addiction induces lymphatic metas-
tasis of esophageal cancer [22]. Mechanistically it indicated
that OTU domain-containing protein 3 (OTUD3) is down-
regulated by nicotine in heavy smokers and correlates with
poor prognosis in EC patients. Furthermore, it was shown
that downregulation of OTUD3 and its interacting partner,
ZFP36, is essential for nicotine-induced VEGF-C production
and lymphatic metastasis in esophageal cancer. Overall, this
study established that induction of VEGF-C mRNA decay
might be a potential therapeutic strategy in EC [22]. Moreo-
ver, recent studies suggest that a dysbiotic microbiome may
play a significant role in disrupting the epithelial barrier,
causing chronic inflammation, and inducing DNA damage
and gastrointestinal (GI) carcinogenesis [23]. Although the
direct role of esophageal microbiota in EC has not been
well defined, growing evidence indicates that significant
alterations in commensal flora may play a potential role as
a co-factor in the pathogenesis of metaplasia and dysplasia.
Reportedly, a shift in the esophageal microbiome towards
the gram-negative bacteria leads to LPS mediated inflam-
mation via Toll-like receptor-4 (TLR-4), NF-kB activation,
and increased reflux through nitric oxide synthase (NOS)
induced relaxation of the esophageal sphincter [24-26]. The
poor prognosis and low median survival of both ESCC and
EAC are attributed to late symptoms and clinical diagnosis
at locally advanced or already metastasized stages.
Standard therapy is limited to surgical or endoscopic
resection and chemotherapy. The potential effect of targeted
therapy on the prognosis of EC is still unclear, and options
are limited to targeting the human epidermal growth factor
receptor 2 (HER?2) [27, 28], epidermal growth factor recep-
tor (EGFR) [29], or phosphoinositide 3-kinase/mammalian
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target of rapamycin (PI3K/mTOR) [30]. The addition of spe-
cific EGFR or HER2 monoclonal antibodies to concurrent
chemoradiation therapy did not exhibit any significant clini-
cal response [26, 27]. Thus, only narrow survival advantages
have been observed in EC patients with chemotherapy, sur-
gery, CT, radiation therapy, or targeted therapy. Conceivably,
to develop new targeted therapies complementing conven-
tional therapy, the complex molecular mechanisms under-
lying the pathophysiology of ESCC and EAC need to be
deciphered. The progress in high-throughput metagenomic
DNA sequencing in recent years has greatly improved our
understanding of not only the complex human microbiome
but also its potential role in carcinogenesis directly through
the adaptive and innate immune system or indirectly through
metabolites and toxins in EC [31]. Emerging evidence also
indicates that the microbiota can be manipulated to treat
several diseases like cancer; consequently, a deeper under-
standing of how the microbiome-immune system cross-talk
contributes to EC tumorigenesis can guide the development
of future therapeutics and diagnostics for EC [32, 33].

Here, we review recent studies that demonstrate the
potential association between EC, chronic inflammation,
and microbiome in the gut and esophagus. We also summa-
rize chronic inflammatory microbiota-mediated pathways as
potential targets for EC therapy.

2 Tumor microenvironment
in the progression of EC

The esophageal cancer tumor microenvironment (TME) is
a very dynamic and complex network of cell types such as
immune cells, endothelial cells, cancer-associated fibro-
blasts (CAFs), adipocytes, extracellular matrix proteins like
fibronectins, collagen, elastin, proteoglycans, and hyaluronic
acid, and secretory proteins like chemokines, cytokines,
and growth factors [34]. Furthermore, there is infiltration
of TME with tumor-associated macrophages (TAMs),
regulatory T (Treg) cells, myeloid-derived suppressor cells
(MDSCs), which are immunosuppressive in their func-
tion [35]. The chemokines, growth factors, and cytokines
secreted by the tumor cells further induce the immune cells
to reprogram the TME, thereby promoting tumorigenesis,
metastasis, and resistance to chemoradiation therapy (CRT)
[36-39]. Since the TME components play a major role in
modulating the CRT response and inducing resistance, they
can be exploited as potential targets for therapy [40, 41]. For
example, immune cell-secreted cytokines and chemokines
activate several downstream effector pathways such as JAK/
STAT and NF-xB, which induce several hallmarks of tumo-
rigenesis [42]. Notably, in patients undergoing esophagec-
tomy, the IL-6 and IL-6Ra induced activation of STAT3
has been associated with poor prognosis. However, robust
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clinical studies are yet to be carried out in this area. Con-
versely, the inhibition of STAT3 has shown potential in EC
in preclinical studies [43]. NF-xB is an important transcrip-
tion factor that regulates the expression of genes involved in
the immune/inflammatory responses and cell proliferation.
NF-xB modulates EC TME and might be a potential molecu-
lar target in ESCC as it is selectively expressed in this type
of cancer, and its expression is linked to poor prognosis and
resistance to CRT in ESCC patients [44]. It constitutes a key
mechanism linked with inflammation, metastases, and poor
prognosis in EC patients [45]. An effective mechanism by
which chronic inflammation causes EC involves the cross-
talk between STAT3 and NF-xB signaling pathways by
modulating EC TME [39]. Moreover, the stabilization of the
transcription factor, hypoxia-inducible factor-1o (HIF-1a),
in the tumor core upregulates several pro-angiogenic genes
expressing cytokines and growth factors that subsequently
induce an angiogenic response. One of the most potent pro-
angiogenic factors mediating cell survival, proliferation, and
migration, is the vascular endothelial growth factor (VEGF)
in the EC TME [46, 47]. Reportedly, high serum-VEGF lev-
els are associated with tumor progression, poor treatment
outcomes, and poor survival in ESCC patients [48]. Nota-
bly, chronic inflammation, TME, and angiogenesis in tumour
development have a direct role in tumor development, which
will be discussed in the subsequent section.

Furthermore, EAC is reported to be triggered by chronic
inflammation as a result of GERD leading to metaplasia and
upregulation of inflammatory cytokines, and the malignant
progression is significantly influenced by immune cells [49,
50]. Studies suggest that tumor-infiltrating macrophages,
in both EAC and ESCC, play a critical role in malignant
progression and resistance to therapy, thereby acting as a
potentially valuable therapeutic target in EC [50]. Although
the difficulty with sampling methods and the dynamic
esophageal environment limits our present knowledge of the
esophageal microbiome, which forms an essential part of EC
TME. However, studies report that EC may also be promoted
through an imbalance of microbiota, where lack of micro-
bial diversity is seen to be linked with esophageal squamous
dysplasia [51, 52]. For instance, the bacteria Fusobacterium
nucleatum, found in the EC tissue, is linked with shorter
survival and is involved in aggressive tumor progression
by activating chemokines like CCL20 [53, 54]. Similarly,
in patients with high-grade dysplasia and EAC, alterations
in the esophageal microbiome have been observed to occur
with the progression from BE to EAC, with an increase
in Enterobacteriaceae and Akkermansia muciniphila and
reduction of Veillonella species [52]. Such alterations in
the microbiome are implicated to be the cause of a sudden
rise in the incidence of EC in the past few decades. Col-
lectively, all the evidence suggests a complex and dynamic
network of immune cells, fibroblasts, inflammatory factors,

and microbiota have a dominant role in carcinogenesis and
the therapeutic outcome of EC.

3 Microbiota as a modulator of TME in EC
3.1 Healthy esophageal microbiome

The conventional bacterial culture-based studies have identi-
fied only a few esophageal microbial species, such as Strep-
tococcus viridans, expelled from the stomach by reflux or
swallowed from the oropharynx [55, 56]. However, most
indigenous oesophagal microflora is non-culturable and
likely to go undetected by traditional culturing methods.
Therefore, a more advanced methodology such as poly-
merase chain reaction (PCR) of 16S ribosomal RNA has
been used to characterize the native esophageal microbiota
delineating 95 species under 6 phyla, namely Firmicutes,
Bacteroides, Proteobacteria, Fusobacteria, Actinobacteria,
and TM7 [55, 57]. Microscopic examination of the tissue
revealed a close link between the bacteria and the mucosal
epithelium, indicating a stable residential flora. Another
study through 16S rRNA sequencing characterized the dis-
tal esophageal microbiome in healthy patients, thus reveal-
ing the presence of 9 phyla and 166 species, predominantly
Streptococcus [24]. Similarly, another published study con-
firmed the predominant esophageal bacterial flora of Strep-
tococcus, Prevotella, and Veillonella through a minimally
invasive esophageal string test in 15 pediatric patients, and
the string samples from esophagus were analyzed by rRNA
gene sequencing [58]. These studies collectively show that
bacterial taxa, namely Streptococcus, Haemophilus, Neis-
seria, Prevotella, and Veillonella, most commonly inhabit
the normal esophagus.

Intriguingly, even in the normal esophagus, the micro-
flora composition may vary according to different factors,
one of them being age. In the esophageal microbiome, age
was found to be positively correlated with the prevalence of
Streptococcus species [59]. Although the effect of age on
the composition of the gastric microbiome has been studied
[60], but its influence on the esophageal microbiome is not
yet understood. Findings suggest that the composition of
stomach microflora may change due to chronic inflammation
and decreased acidity by aging [61], which could modu-
late the esophageal microbiome since gastric content can
influence esophageal mucosa. An additional factor that can
influence the esophageal microbiome is the intake of proton
pump inhibitors (PPIs), with studies demonstrating dramatic
changes in the esophageal tissue microbiota in esophagi-
tis patients due to PPI treatment [62]. PPIs are believed to
modulate the esophageal microbiome by increasing the gas-
tric pH and decreasing the acid exposure in the mucosa of
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the distal esophagus [63] or by directly targeting the proton
pumps of specific bacteria like H. pylori.

Moreover, the esophageal microbiome can also be
altered by diet, as a high dietary fiber intake was report-
edly linked with an increased number of Firmicutes and a
decreased number of gram-negative bacteria. In contrast, a
low fiber intake was associated with an increased number
of gram-negative bacteria, like Parvimonas and Eikenella
[64]. The microbial diversity and the presence of potentially
pathogenic genera like Parvimonas and Porphyromonas are
positively correlated with poor periodontal health [51]. Col-
lectively these findings indicate that the esophageal micro-
biome is susceptible to lifestyle and environmental factors.

3.2 Microbiotain EC

The microbial population in the normal healthy esophageal
tissue differs markedly from that in pathological conditions
like the BE, GERD, and EAC. One of the foremost risk fac-
tors of EAC, GERD, also influences the esophageal micro-
biome, with Firmicutes and Proteobacteria being the pre-
dominating phyla in the esophageal microbiome of GERD
patients [24, 59, 65-68]. Reportedly, both BE and GERD
patients demonstrate an increase in gram-negative bacteria
such as Prevotella, Neisseria, Campylobacter, Leptotrichia,
and Fusobacterium and a decrease in gram-positive bacteria
composition [59, 65-68]. Although limited in their sample
size, studies have demonstrated a shift in esophageal micro-
biome in patients with a milder form of GERD, called non-
erosive reflux disease (NERD), where an increase in Bacte-
roidetes and Proteobacteria and decrease in Fusobacteria
and Actinobacteria, was seen with respect to controls [67].

Comparable to GERD, gram-negative bacteria are pre-
dominant in the esophageal microbiome of BE patients.
Notably, Campylobacter, including Leptotrichia, Fusobac-
terium, Rothia, and Capnocytophaga, were found enriched
in 29(n) subjects with GERD, 7 with glandular mucosa, and
5 with BE, when compared with 59 control subjects with
the histologically normal esophagus [59]. Chronic exposure
of the esophageal squamous epithelium to gastric acid and
bile salts in the refluxate are thought to cause inflamma-
tion and injury, and such changes are likely to contribute
to shifts in the BE microbiome [59]. Notably, the micro-
biome of the metaplastic tissue was found to be different
from normal esophageal tissue in BE patients [57], with the
lower relative abundance of Bacteroidetes and TM7 at the
phylum level and Prevotella, Selenomonas, Campylobacter,
and Fusobacterium, at the genus level [69]. In another study,
the differences in relative abundances of bacterial taxa were
observed in esophageal biopsies from proximal, mid, and
distal regions [70]. Despite being limited to small sample
sizes and cross-sectional analysis, existing studies on the
BE microbiome have revealed consistent conclusions, such
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as alterations in the ratio of Streptococcus and Prevotella,
and the association of gram-negative bacteria. However, pro-
spective studies on large sample size are needed to substanti-
ate that the gram-negative bacteria and the Streptococcus:
Prevotella ratio changes are associated with the etiology of
BE.

Since an increasing number of studies suggest that the
gut microbiome may play an important role in cancer, an
improved understanding of the microbiome in esophageal
carcinoma is very critical. Recent studies have utilized 16S
sequencing technology to characterize normal and cancer-
ous esophageal tissue microbiota. The microbiota in both
EC subtypes was consistently dominated by the oral peri-
odontopathic spirochete like Treponema denticola, Strepto-
coccus mitis, and Streptococcus anginosus [71]. Reportedly,
Campylobacters were significantly enriched in GERD and
BE than in the controls and EAC, and tissues colonized by
Campylobacter expressed higher levels of IL-18, cytokine
linked with carcinogenesis [68]. Studies point towards the
pathogenicity of Campylobacter species which indicates its
role in EAC progression could be similar to that of H.pylori
in gastric cancer [72].

Interestingly, a study by Sawada et al. found no effect on
the incidence of esophageal adenocarcinoma due to antibi-
otic alteration in the esophageal microbiome [73]. Further-
more, EAC samples show no stable bacterial composition.
In contrast, other studies demonstrate a decreased microbial
diversity, and another reported increased diversity in EC
patients [52, 74]. As a result, there is no consensus regarding
the microbial diversity in the EAC microenvironment, and
further evidence is needed to arrive at the unanimity. Stud-
ies reported an abundance of lactic acid-producing bacteria
such as Staphylococcus, Lactobacillus, Bifidobacterium,
and Streptococcus in the EAC cascade microenvironment,
which may mediate carcinogenesis through dysregulated lac-
tate metabolism. However, more studies characterizing the
EAC microbiome in a large sample population are required
to ascertain the clinical utility of these findings. Neverthe-
less, these findings suggest that the changes in the microbi-
ome could be potentially responsible for the progression of
GERD and BE towards adenocarcinoma.

Through 16S rDNA sequencing technology, it has been
shown that gastric dysbiosis is involved in the progression
from esophageal squamous dysplasia to squamous cell carci-
noma (Fig. 1A) [75]. Reportedly, Porphyromonas gingivalis
was found to infect esophageal mucosa of ESCC, suggesting
a pathogenic role of this microbe in ESCC [76] (Fig. 1).
Importantly, its presence in cancer tissue was associated
with a significantly shorter survival time. A prospective
and high-throughput profiling of the esophageal mucosal
microbiota in ESCC was carried out by Yang et al., who
have characterized top 10 bacteria strains that may influence
carcinogenesis and progression of ESCC. These are namely,
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Aggregatibacter segnis, involved in oral cancer; Treponema
amylovorum, implicated in chronic periodontitis; Porphy-
romonas endodontalis and Streptococcus infantis found in
the salivary microbiome and in breast cancer; Veillonella
dispar, in oral mucosa, which is involved in autoimmune
hepatitis; Streptococcus anginosus, found to be enriched in
gastric cancer; Prevotella intermedia and Prevotella melani-
nogenica which cause periodontitis; and Prevotella nigres-
cens, which induces inflammation and also causes respira-
tory tract infections [77] (Fig. 1B,C). Nevertheless, more
studies are required to validate these findings and delineate
the mechanism by which alteration in the microbiome leads
to the development of esophageal carcinoma.

Viruses along with bacteria are an important compo-
nent of microbiota. Viruses have been demonstrated to
be a stable component of the total microbial ecosystem
of the gastrointestinal tract (the esophagus, stomach, and
colon) [78]. Notably, viral infections may play a role in
carcinogenesis and the development of tumors by modu-
lating the immune homeostasis and inducing DNA altera-
tions through viral-dependent mechanisms [79]. Mounting
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Fig. 1 Esophageal microbiota and its influence on inflammatory
and oncogenic pathways, which stimulates oncogenesis and pro-
gression to ESCC. (A) Characterization of esohageal micribiome by
16S rRNA sequencing. (B) The native microbial phyla composition in
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3.3 How esophageal microbiome contributes to EC

Overall, EC is associated with the bacterial profile, which
most likely activates the innate immune system. The gram-
negative bacteria found in BE produce lipopolysaccharide
(LPS) that is known to activate innate immune responses by
stimulating TLR-4 in the epithelial or immune cells leading
to the activation of NF-kB. The increased NF-kB activation
is linked to high levels of pro-inflammatory cytokines. This
activation of the NF-kB pathway is paralleled by a simul-
taneous increase in interleukin (IL) IL-1p, IL-6, IL-8, and
tumor necrosis factor (TNF) along the spectrum of reflux
esophagitis, BE, and adenocarcinoma [84—86]. Given that
Fusobacterium nucleatum may lead to the development of
colorectal cancer, it may also play a role in EC. The study
further reported that nearly 23% of EC patients contained
Fusobacterium nucleatum in their cancer tissue. F. nuclea-
tum can activate the beta-catenin pathway through interac-
tion between E-cadherin and F. nucleatum—produced FadA
adhesion and differentially regulates inflammatory onco-
genic pathways [53, 87].

Altogether, the alteration in the microbiome of BE may
lead to EAC by triggering chronic inflammation [25].
Another study has reported the prevalence of Escherichia
coli (E.coli) in BE and EAC with upregulation of TLR 1-3,
6, 7, and 9 in EAC when compared with normal epithe-
lium., pointing out that the initial molecular changes could
be induced by microbes as shown in the rat model of EAC
[88]. This suggests a possible link between the TLR signal-
ing pathway and E.coli.

One of the most extensively studied TLR in the EAC
oncogenic cascade is TLR-4 [89, 90]. An increase in TLR-4
expression during malignant changes of esophageal colum-
nar epithelium leads to unfavorable disease outcomes. Inter-
estingly, instead of being confined to the basal layer in the
squamous epithelium, during reflux, there may be superficial
damage to the esophageal epithelium; as a result, there is not
only an increased TLR-4 expression but also an increased
exposure of the TLR-4 to pathogen-associated molecular
patterns (PAMPs). Reportedly, TLR-4 expression was sig-
nificantly upregulated in EAC, BE, and esophagitis com-
pared to the normal squamous esophageal samples [91].
The stimulation of TLR-4 induces inflammatory response
and cyclooxygenase-2 (COX-2) expression in BE. COX-2
is believed to play an essential role in EAC progression
in BE [92]. Furthermore, it was found that inhibition of
COX-2 prevents adenocarcinoma provoked by reflux. This
provides proof that COX-2 inhibitors may have a chemo-
therapeutic effect in BE. TLR-4 activation in BE may con-
tribute to malignant transformation through the induction
of COX-2. One of the mechanisms for the strong increase
in COX-2 expression upon TLR-4 activation could be an
increased stability / or transcription of COX-2 through
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NF-kB independent mitogen and stress-activated protein
kinase (MSK), mitogen-activated protein kinase (MAPK)
pathways [93, 94]. Therefore, the shift in microbiota in
the EAC cascade may cause LPS activation of TLR-4 and
lead to activation of NF-kB, secretion of IL-8, increased
COX-2 expression, and increased proliferation [91]; each of
these factors may induce carcinogenesis (Fig. 3). Secondly,
COX-2 can induce cell proliferation, inhibition of apoptosis,
angiogenesis, and tumor invasiveness [92]. Furthermore, the
cytokine IL-8 may play a role in carcinogenesis through the
regulation of angiogenesis, cancer cell growth, tumor cell
movement, leukocyte infiltration, and immune responses
[95]. As a result, the shift in BE microbiota may induce the
carcinogenesis of the EAC cascade through the activation
of TLR-4.

TLR expression is intricately connected to esophageal
microbiota, with research studies showing the variable loca-
tion of Toll-like receptor-2 (TLR-2) expression in EAC. In
BE, TLR-2 was expressed in normal oesophagal epithe-
lium basal keratinocytes and the superficial epithelial cells
and lamina propria [96]. However, in EAC, there was dif-
fused TLR2 expression throughout the biopsy. Long-term
activation of TLR-2 in bile salts exposed BE epithelium
cells (BAR-T) results in more expression of mitochondrial
enzymes, lysosomal enzymes, and other factors involved in
endocytosis. [96]. Furthermore, TLR-2, due to its ability
to heterodimerize with other TLRs and its ability to recog-
nize a wide range of ligands, may play an important role in
identifying dysbiotic microbial components. Studies show
that TLR2/6 and TLR1/6 heterodimers recognize several
PAMPs of dysbiotic microbiota, including bacterial cell wall
components. Huhta et al. suggested heterodimerization, in
the EAC cascade, through immunohistochemical analysis
of TLR expression in pathologic esophageal samples [89].
They have shown an upregulation of TLR1/2/6-network in
Barrett's metaplasia and cancer. Recognition of bacteria by
a precancerous metaplastic cell is increased when there is
upregulation of TLR1/2/6-network leading to inflammation.
(Fig. 2 and 3). Although the microbiota regulates TLR-2
expression in the small intestine, more studies are needed to
ascertain if TLR-2 expression directly varies with the com-
position of the esophageal microbiota. It has been shown
that increased cytoplasmic and nuclear expression of TLR-4
is associated with poor prognosis in EAC. Additionally, in
EAC tumors, expression of Toll-like receptor-9 (TLR-9)
is correlated with high pathological tumor stage, distant
organ metastases, high tumor grade, and decreased 10-year
survival rates [97]. Many ligands have been described as
ligands for TLR-9 such as apoptotic DNA, microbial DNA,
and CpG-containing oligonucleotides. Stimulation by these
ligands induces invasion in LR-9-expressing cancer cells.

Furthermore, the gram-negative, dysbiotic microbiota
in the EAC may stimulate inducible Nitric Oxide Synthase



Cancer and Metastasis Reviews (2022) 41:281-299

287

Fig.2 Chronic inflammatory
pathways associated with
ESCC and their role in aiding
carcinogenesis in ESCC. (A)
Downstream inflammatory sign-
aling pathways (IL-6/STAT3,
NF-kB) implicated in the
development and progression of
esophageal carcinogenesis (B)
Induction of tumor cell growth,
invasion, and angiogenesis by
chronic exposure to gastric acid
and bile salts and the role of
inflammatory microenvironment
in the development of esopha-
geal carcinoma

Fig.3 Dysbiosis-associated
pathways and their role in
promoting EC. (A) The risk
factors associated with micro-
bial dysbiosis and esopha-

geal tumorigenesis; and the
predominant component of a
healthy esophageal microbiome.
(B) Increased TLR expression
during esophageal malignant
transformation and induction of
downstream signaling pathways
(COX-2, NLRP inflamma-
some, iNOS, NF-kB) upon TLR
activation by PAMPs, and the
consequent development and
progression of EC

(INOS), thereby relaxing the lower esophageal sphincter
and inducing GERD (Fig. 3). Generally, cells do not express
iNOS, but LPS and cytokines can stimulate its expression.
High concentrations of NO produced by iNOS can gener-
ate free radicals, causing DNA damage and inhibiting DNA
repair enzymes [98]. NO, and iNOS activity has been shown
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to induce apoptosis, angiogenesis, and DNA damage during
tumorigenesis [99] (Fig. 3). Clemons et al. have explored
the mechanism behind NO-mediated invasion of BE cells
and found that NO increases the expression of matrix metal-
loproteinase (MMP) and its inhibitor (TIMP), and the latter
promotes progression of dysplastic lesion of BE to invasive
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carcinoma [100]. It was further seen that there is a higher
expression of iNOS in BE and EAC than in the normal
esophagus. In immunohistochemical analysis, it was seen
that iNOS expression was high in BE patients compared to
matched gastric control [101].

Interestingly, the dysbiotic microbiota in the EAC can
induce inflammation-induced carcinogenesis. The nod-like
receptor protein 3 (NLRP3), an important component of the
innate immune system, mediates the secretion of cytokines
IL-1B/IL-18 and caspase-1 activation in response to micro-
bial infection. Various mechanisms have been proposed for
NLRP3 mediated inflammasome activation (Fig. 3). The first
signal is provided by microbial stimuli or cytokines that acti-
vate toll-like receptors or tumor necrosis factor receptors
(TNFRs). Consequently, NF-kB is activated by TLRs or
TNFRs, thereby causing the upregulation of pro-IL-1f and
NLRP3 transcription. The second signal is generated by par-
ticulate matter, pore-forming toxins that activate the NLRP3
inflammasome [102]. Studies have shown that the NLRP3
inflammasome may also modulate the esophageal micro-
biome composition. It has been shown that impaired crypt
bactericidal activity in NLRP3 knockout mice has reduced
TGF-B and IL-10, an anti-inflammatory cytokine. Also,
NLRP3~~mice has decreased colonic antimicrobial secre-
tions that exhibit remarkable changes in intestinal microbiota
composition [103]. On the other hand, hyperactive NLRP3,
i.e. Nlrp3 R258W mutation, enhances the relationship
between gut microbiota and the immune system by remod-
eling gut microbiota. NLRP3 %W mutation allows Tregs to
maintain homeostasis in the gut by enhancing the secretion
of IL-1p, an anti-inflammatory cytokine, thus neutralizing
the effect of inflammation [104]. The role of dysbiosis on
NLRP3 inflammasome activation with respect to EAC has
been investigated by treating the normal esophageal squa-
mous cells and BE epithelial cells with LPS in the presence
or absence of TLR4 or NLRP3 inflammasome inhibition. It
was seen that the LPS activates the NLRP3 inflammasome
by inducing the expression of NLRP3, pro-IL1f, and pro-
IL18 downstream of TLR4. Secondly, LPS increases mito-
chondrial ROS that activates the NLRP3 inflammasome.
The activated NLRP3 inflammasome subsequently enables
pyroptosis and converts pro-IL1p and pro-IL18 into mature
IL1P and IL18 [102]. Anecdotal evidence indicates that
another important signaling mediator, lactate, may have a
role in the oncogenesis of EAC. Lactate is an essential sign-
aling molecule for cancer metabolism and plays an impor-
tant role in angiogenesis, immune evasion, cell migration,
and metastasis [105]. There is a marked lowering of blood
glucose levels in cancers with an increase in lactate levels;
this is known as the “Warburg effect. The increased glu-
cose uptake by cancer cells and its fermentation into lactate
enable their survival and proliferation. In EAC, the micro-
biota may induce the Warburg effect. Deshpande et al., upon
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analyzing 106 microbial brush samples, found that GERD or
BE esophagus exhibited an upregulated lactate production
[59]. Another group showed that the dysbiotic microbiota in
EAC consisted of a larger number of lactic acid-producing
bacteria, such as Staphylococcus, Lactobacillus, Bifidobac-
terium, and Streptococcus [67] (Fig. 1). However, the exact
role of the microbiota on lactate availability and its effect on
the host cells needs to be investigated since a comparable
increase in lactate-producing bacteria is reported in gastric
adenocarcinoma [106]. We have summarized how Esopha-
geal microbiota influences different inflammatory and onco-
genic pathways, which stimulates oncogenesis progression
to ESCC, as shown in Fig. 2 and Fig. 3. The evidence today
indicates that esophageal microbiota composition can pre-
dict the outcome of EC and help identify patients at risk of
EC.

4 Role of chronic inflammation
in the development of EC

There is ample evidence indicating that the inflammatory
microenvironment plays a role in carcinogenesis in many
cancers by generating a different form of reactive oxygen
species. As a result, “inflammation” was among one of the
seven originally envisaged hallmarks of cancer, joining the
other six—cancer cells’ ability to multiply, angiogenesis,
immortality, resistance to inhibitory signals and apopto-
sis, and the ability to spread [36]. In GERD and Barrett’s
esophagus, persistent gastric acid and bile salt exposure
can cause chronic inflammation and esophageal injury.
Chronic inflammation leads to increased secretion of pro-
inflammatory cytokines, chemokines, prostaglandins, and
ROS. These mediators of inflammation induce cell growth
and invasion, mutagenesis, and angiogenesis. Furthermore,
upon persistent stimulation, the inflammatory mediators lead
to transformation and initiation of tumor formation [107].
In addition, these inflammatory factors can also potentially
suppress immune function, thereby promoting the risk of
cancer development in inflamed regions [108]. During tis-
sue damage, a host response is generated by a complex net-
work of cellular signals that infiltrate the damaged area with
immune cells such as macrophages, lymphocytes, dendritic
cells, and neutrophils, which starts the healing process.
Acute inflammatory factors persist, which results in a state
of chronic inflammation. Additionally, chronic inflammation
leads to tumor development by forming a local microenvi-
ronment that promotes neoplastic transformation and can-
cer progression by driving mutagenesis. The inflammatory
microenvironment can induce the breakage of the basement
membrane, thus causing invasion and migration of tumor
cells [107] (Fig. 2B).
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4.1 Cause/ molecular basis of inflammation

The primary mechanism by which inflammation causes
esophageal carcinogenesis is through the constitutive acti-
vation of inflammatory signaling pathways, leading to down-
stream activation of genes involved in tumor growth and
survival [109]. One of the main pathways involved in EC is
the interleukin-6/STAT3 signaling pathway, which is upreg-
ulated in several other cancers [110]. Under normal physi-
ological conditions, the IL-6/STAT3 pathway enables cells
to survive toxic inflammatory conditions. The cytokine, IL-6
signals by associating its receptor (IL-6Ra) with gp130 and
induces downstream recruitment and activation of several
molecules (SHP2, Ras-mitogen-activated protein kinase, and
phosphatidylinositol 3 kinase) and the STAT1 and STAT3
transcription factors [111]. The IL-6/STAT3 pathway allows
cells to survive in a highly toxic inflammatory environment
induced by the immune system to kill pathogens in normal
physiological conditions. However, this pathway is hijacked
by neoplastic cells during carcinogenesis, thus promoting
growth, survival, angiogenesis, and metastasis [112]. Fur-
thermore, there is constitutive activation of STAT3 signaling
in cancer that inhibits both apoptosis and antitumor immu-
nity [113, 114] (Fig. 2A).

Several studies have found that cell proliferation and
apoptotic resistance in BE and EAC correlated with
increased epithelial IL-6/STAT3 activity. In addition,
increased serum IL-6 was associated with progression
from BE to EAC [115] and with a poor prognosis in ESCC
patients receiving neoadjuvant chemoradiotherapy. Addi-
tionally, immunohistochemistry analysis revealed that the
frequency of IL-6 in EC tissues was much higher than in
non-malignant epithelium, and its expression was linked to
the development of distant metastasis [116, 117]. Studies in
mouse models and human samples show that this pathway
is induced due to exposure to bile acid and low pH in the
esophagus [23, 118]. Mechanistically, it leads to tumorigen-
esis as IL-6 drives expansion of pro-tumorigenic MDSCs
[119], whereas STAT3 activation leads to the production
of anti-apoptotic molecules like myeloid cell differentiation
protein-1 (Mcl-1) [120].

The pro-inflammatory transcription factor NF-xB regu-
lates cellular processes like survival, apoptosis, prolifera-
tion, and cytokine production. Upon stimulation by factors
such as oxidative or inflammatory stimuli, or radiation,
it translocates to the nucleus and subsequently activates
transcription of genes involved in tumorigenesis, hypoxia,
immune evasion, and treatment resistance [121, 122]. NF-xB
is overexpressed in both EAC and ESCC, and its activa-
tion is considered a critical link between an inflammatory
microenvironment and cancer development. Although rarely
activated in reflux esophagitis, NF-kB activation is increased
in BE and EAC, which suggests that it may be a marker

of metaplasia—dysplasia—adenocarcinoma progression in
addition to its role as an inflammatory marker. Addition-
ally, in esophagitis and Barrett's epithelium, the levels of
pro-inflammatory cytokines IL-8 and IL-1p are high, and in
adenocarcinoma, it is dramatically enhanced. However, only
patients with adenocarcinoma showed a link between NF-xB
activation and cytokine overexpression. This suggests that
blocking the NF-kB /pro-inflammatory cytokine pathway
could be a key target for future chemoprevention strategies
[86]. Reportedly, the expression of NF-kB in EAC samples
correlated with the stage of the disease [84], and its expres-
sion was induced by acid and bile in experimental models
[123]. IL-8 and IL-1p are the two main downstream effectors
of NF-kB that play a role in esophageal carcinoma. IL-8
plays a role in angiogenesis, cell survival, migration, metas-
tasis, and immune cell infiltration [95, 124]. Whereas IL-1
is secreted in large quantities by the tumor sites, promoting
invasiveness, stemness, and immune suppression [125, 126].
Importantly, both STAT3 and NF-kB pathways interact in a
complex and interdependent manner. Amplification of signal
is achieved by maintenance of a continuous positive feed-
back loop established between NF-kB/IL-6/STAT3. Further-
more, several downstream effector molecules are common
between STAT3 and NF-kB [127] (Fig. 2A). This redundant
nature of molecular interactions imparts plasticity to cancer
cells in the presence of inhibitors that target any of these
pathways, ensuring their survival [128].

Under normal conditions, TGF-B1, an anti-inflamma-
tory cytokine acts as a tumor-suppressor; however, it is
linked with tumorigenesis in the abnormal microenviron-
ment. In the cases of Barrett's adenocarcinoma, it was
found that relative expression of TGF-B1was significantly
more in tumor tissue when compared with squamous epi-
thelium. Furthermore, its overexpression is associated with
reduced survival [126]. TGF-1 signalling is activated by
phosphorylation of the intracellular signalling components
Smad2 and Smad3 via type I and II transmembrane ser-
ine/threonine kinase receptors. This complex is accompa-
nied by Smad4 [129]. After translocating to the nucleus,
there is an activation of target genes, allowing TGF- f1
to act as a negative growth factor. During different stages
of Barrett’s-metaplasia-dysplasia, the responsiveness of
TGF-1 is reduced due to abnormalities in the signaling
pathway [129]. The epidemiologic relationship between
the low risk of EC and the use of NSAIDs has stimu-
lated research into the inflammation and carcinogenesis-
related expression of cyclooxygenase-2 [130]. Exposure
to bile acid results in significant upregulation of COX-2
in esophageal tissue. COX-2 regulates various processes
like angiogenesis cell proliferation changes in the inva-
sion properties of the cancer cell. In Barrett’s-associated
EAC, COX-2 is linked to higher lymph node metastases
and decreased survival [131].
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Under normal conditions, ROS is constantly generated
during T cell activation or oxidative phosphorylation in the
mitochondria. In BE, high levels of ROS are seen associ-
ated with tumor initiation by inducing DSBs and tumour
growth [132]. When benign Barrett’s epithelial cell line is
exposed to acid, there is a generation of ROS and a time-
dependent increase in the levels of phosphoH2AX, a double-
strand DNA break marker [133]. The antioxidant defence
comprising superoxide dismutase (SOD) and the glutathione
redox system are considered protective mechanisms against
oxidative stress. As expected in BE, it has been shown that
the levels of SOD and glutathione are lower than in normal
esophageal mucosa [134]. The tumor core is a site associ-
ated with the hypoxic tumor microenvironment. Hypoxia
results in stimulating hypoxia-inducible factors (HIF-1 and
-2), and subsequent reoxygenation can cause considerable
oxidative stress via the generation of nitric oxide, ROS, and
H,0, [135]. HIF-1a is upregulated in BE and correlates with
the inflammation, but since it is not upregulated in dysplasia
or neoplasia, it is thought to be an initial event to neopla-
sia and inflammation [136]. On the other hand, HIF-2 « is
upregulated in dysplasia and even more so in EAC, but not in
BE, implying that it is active later in the neoplastic process
[137]. There is enough scientific evidence to indicate that
hypoxia is one of the co-factors which aggravate inflamma-
tion in the TME.

The tumor hallmarks associated with angiogenesis are
also altered by inflammation which is an important driver
of oncogenesis. In the esophagus during the metaplasia to
cancer sequential events, plasmacytoid and myeloid den-
dritic cells are recruited which upon stimulation by TNFa
or TGF-a causes metaplastic cells in BE to release VEGF,
which can encourage nearby endothelial cell development
by phosphorylating beta-catenin [138]. Macrophages are
another source of VEGF. In EAC, macrophages are more
numerous, and they also secrete matricular protein like
matrix metalloproteinase-12 (MMP-12), which increases
from BE to EAC. In comparison to reflux esophagitis,
inflammation at the site of metaplasia is characterized by an
increase in Th2 effector cells, as well as Th1 effector cells,
supporting the concept that distinct esophageal immune
responses may influence disease progression [139]. The
ECM is altered to allow immune cells to infiltrate. Matricel-
lular proteins are elevated in both BE and EAC. A secreted
acidic protein high in cysteine has anti-adhesive and anti-
proliferative properties and can change the cell cycle and
remodel the matrix [140]. It is assumed that overexpres-
sion of anti-MMP protein in the tumor microenvironment
can inhibit tumor growth. Together, these studies conclude
that inflammation alters the TME and facilitate disease pro-
gression. The molecular basis of inflammation and how this
inflammation is associated with the development of EC are
represented in Fig. 2.
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5 Cross-talk between inflammation
and microbiota

Under normal physiological conditions, there exists a state
of homeostasis between the microbiota and the immune
system at the esophageal epithelium. The wide range of
esophageal bacteria regulates inflammation, immunity, and
metabolism [60] (Fig. 3). However, “dysbiosis,” that is,
any loss of physiological balance in the microbial com-
position, can lead to various pathological conditions.
Interestingly, dysbiosis has been reported to be a com-
mon effector in pathways implicated in cancer [141, 142].
Several factors such as hormonal imbalance, dietary com-
pounds, toxins, and antibiotics can lead to dysbiosis. The
cross-talk between the microbiota and stomach/ esopha-
geal mucosal immune cells is complex and critical and
regulated by an intricate network of cytokines produced
by immune cells [143] (Fig. 3). In the case of esophageal/
gastric dysbiosis, the immune response to prevent bacte-
rial growth may trigger the process of oncogenesis. The
profiling of the gastroesophageal microbial community has
shown that dysbiosis is linked with EC [144, 145]. The
commensal bacteria play a critical role in the functioning
of the adaptive immune system, and conversely, the devel-
opment of the microbiota is regulated by the host immune
system. This was confirmed by a study on germ-free ani-
mals that lack intestinal microbiota [146]. These mice have
impaired development of the innate immune system and
the adaptive immune system. Their intestinal epithelial
cells show a reduced expression of TLRs and MHC II and
a low number of CD4*T-cells. Furthermore, they have
decreased IgA and IgG levels in the serum, which along
with gut dysbiosis, may lead to gluten-sensitive enteropa-
thies [146]. A study indicates that commensal bacteria
colonization can correct the Th2 type allergic response in
germ-free mice [147].

In a state of equilibrium, the innate immune cells,
through TLR, can recognize foreign antigens such as
LPS, peptidoglycan, or flagellin, and can signal via
the MyD88 (myeloid differentiation primary response
protein)-dependent pathway to induce innate immune
cell response [148]. Furthermore, local immunity can
be influenced by the bacterial metabolites through IgA
production by plasma cells to enhance immune response.
The maturation of antigen-presenting cells such as DCs
is induced by the PAMPs. Upon activation, the DCs can
interact and stimulate naive T-cells to form CD4*T—cells,
and DCs may also directly stimulate CD8*T -cells [149].
The adaptive immunity at distant sites can be induced by
effector molecules like cytokines and interferons produced
by innate immune cells via TLR recognition of microbial
peptides and downstream signaling [149]. Furthermore,
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after priming by antigen-presenting DCs, the Tregs and
Th17 cells can circulate systemically to induce immune
responses to specific antigens at distant sites [150]. There-
fore, impaired local and systemic immune responses can
result from a dysbiotic microbial composition which fur-
ther leads to activation of inflammatory pathways whose
hyperactivation leads to accumulation of DSBs at the cel-
lular level, which give rise to EC tumor.

6 Inflammation and microbiota mediated
pathways as avenues for therapeutic
interventions

As discussed earlier, it is well established that the IL-6/
STAT3 pathway is the prominent pathway that induces
esophageal oncogenesis and is a potential target for therapy
in EC. For example, IL-6 inhibition in ESCC cell lines using
small interfering RNA-mediated led to enhanced chemosen-
sitivity and increased cell death, decreased angiogenesis and
less epithelial-to-mesenchymal transition (EMT) [117, 151].
Furthermore, inhibiting STAT3 signaling by small-molecule
stattic radio sensitized ESCC cells in vivo, especially under
hypoxia. Moreover, stattic inhibited STAT3 activation and
downregulated HIF-1o and VEGF expression and is a poten-
tial adjuvant for the radiotherapy in ESCC [43]. Stattic also
induced apoptosis in BE and EAC cells and restored chemo-
and radiosensitivity [43, 152].

Like STATS3 inhibition, blocking NF-kB sensitizes the
esophageal cancer cells to paclitaxel and 5-fluorouracil [153,
154]. Given that IL-6 and IL-8 expression induced by acid
may lead to mucosal injury in GERD, thus inhibition of the
pro-inflammatory cytokine pathways like NF-kB may act
as an important therapeutic target for treating esophageal
inflammation. A plant-derived anti-NF-kB compound, cur-
cumin, inhibits the esophageal inflammatory response to bile
and acid in BE and EAC [154] (Table 1). IL-1p, secreted
from the tumor microenvironment or the tumor cells, stimu-
lates inflammation that induces invasiveness. Inhibition of
IL-1 reduces tumor invasiveness, thus pointing to its utility
in cancer therapy. COX-2 inhibitors have also shown thera-
peutic potential in esophageal cancer by targeting inflam-
matory pathways. Several studies have demonstrated that
both selective and nonselective COX-2 inhibitors reduce
inflammation and inhibit cell growth, and at the same time,
induce apoptosis in BE and EAC [155, 156]. Furthermore,
chronic intake of non-steroidal anti-inflammatory drugs is
linked with a decreased incidence of EAC.

In ESCC, COX-2 inhibition leads to decreased cell pro-
liferation, prostaglandin E(2) production, and overall tumor
progression in vitro and in vivo [157] (Table 1). By delineat-
ing the mechanisms and the role of the microbiome in the
development and progression of EC, research groups are

working towards developing novel therapeutics to treat or
prevent EC by altering the microbiota composition. This can
be achieved by using antibiotics, probiotics, prebiotics, or
microbiota transplants. Interestingly, the ability of the micro-
biota to modulate the toxicity and efficacy of chemotherapy
is also being investigated [60]. Reportedly, the microbiota
and immune system have enhanced the efficacy of oxalipl-
atin, an anticancer drug that treats EC [60].

There is relatively little research so far on the effects of
probiotics on the esophageal microbiome and how they can
aid in preventing EC oncogenesis. Intriguingly, since spe-
cific bacteria are implicated in the development of esopha-
geal diseases, like EC, theoretically, therapy aimed at alter-
ing the esophageal microbiome could potentially lower
risk or improve disease outcomes in EC. In a study on the
surgical rat model for EAC, rats were given penicillin G
and streptomycin; however, they showed a non-significant
reduction in EAC development [73]. There is enough evi-
dence indicating that microbiota and the immune system
closely interact, raising the possibility that the microbiota
can affect the host’s responsiveness to immunotherapy [160].
To date, there has been no study that has evaluated the effect
of probiotics on the inflammatory disease of the esopha-
gus. Eosinophilic esophagitis (EoE) is a severe inflamma-
tory disease of the esophagus in which there is eosinophilic
infiltration into the esophageal tissue. A study has identi-
fied a probiotic, lactis NCC 2287, which improves esopha-
geal inflammation in experimental EoE [159]. This effect
is strain-specific and depends on the timing and duration
of bacterial supplementation. Furthermore, phase I clinical
trial is underway to assess the safety of a defined mixture
of bacterial species administered orally along with immune
checkpoint inhibitors (NCT03686202). Another phase I
study assesses the tolerability and preliminary efficacy of a
microbial cocktail given with immunotherapy in melanoma
patients (NCT03817125). Zaharuddin et al. have demon-
strated a marked reduction of circulating pro-inflammatory
cytokines such as IL-6, tumor necrosis factor—a (TNF-a),
IL-17A, IL-17C, and IL-22 in colorectal cancer patients by
treatment with a postoperative probiotic mix [161]. Further-
more, Li et al. have shown that a probiotic mix adminis-
tered to mice after subcutaneous tumor inoculation affects
the progression of hepatocellular carcinoma cell growth
in mice in a manner identical to cisplatin treatment [162].
Another strategy for modulating the microbiota is through
fecal microbiota transplantation (FMT), which involves the
transplantation of liquefied and filtered stools of a healthy
donor to recipients [163]. Riquelme et al. have utilized FMT
in pancreatic cancer patients and shown the ability of gut
microbiota to alter the local tumor microbial composition
and subsequently modulate the tumor growth response. The
group which received the FMT from long-term survivor pan-
creatic cancer patients had lower oncogenic signatures in
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comparison to those who received the FMT from short-term
survivor pancreatic cancer patients [164]. Collectively, the
research suggests that altering the microbiota could shift the
inflammatory and immune response towards the anticarcino-
genic phenotype and prevent cancer progression.

Since there exists a close relationship between the oral
and esophageal microbiome, another potential approach
being explored is to alter the oral microbiome. Table 1 lists
different dysregulated pathways in EC and how excessive
dependence of EC cells on these pathways can be used to
develop new therapeutic options.

7 Conclusion and Future perspectives

One of the key mediators of inflammatory and neoplastic
conditions of the gastrointestinal tract has been identified
to be the microbiome. Although with the growing advance-
ment in microbial 16S rRNA sequencing and computational
analysis, we have better understood the microbial composi-
tion and its role in altering the host immune system and
modulating the cancer immunotherapy treatment [165, 166].
However, its role in the pathogenesis of esophageal diseases
such as BE, EC, and EoE remains unexplored.

One major challenge is to find new methodologies to eval-
uate the precise role that diet and medications (antibiotics,
PPIs) play in influencing gastroesophageal tumorigenesis
and its treatment. Several observational and cross-sectional
studies have attempted to characterize the microbial compo-
sition implicated in esophageal oncogenesis but have been
unable to establish the causal association between the two.
Therefore, more mechanistic studies need to be undertaken
to determine the roles of specific bacteria in the esophagus
and identify novel therapeutic approaches. In this context,
the development of animal and organoid models for esopha-
geal cancer can be useful, as they mimic the molecular het-
erogeneity of clinical EC [167, 168]. This is critical since
2D cell lines lack the genomic characterization of primary
cell lines [169]. The genetically engineered mouse models
lack well-defined genetic drivers, such as the APC gene in
the colon. In a mouse model of BE, a study demonstrated
through microbiome transplants that a high-fat diet-induced
dysplasia by modulating the esophageal microenvironment
and gut microbiome, thereby causing inflammation [170].
Therefore, studies like these are critical in delineating the
function of microbiota in the esophageal microenvironment.
The difficulty of collecting esophageal samples is another
potential limitation, which can be overcome by using non-
endoscopic collection methods such as the Cytosponge—a
mesh contained in a capsule and attached to a string that
yields ten times more microbial DNA than endoscopic
techniques [74]. Such minimally invasive screening tools
will enable screening of patients at high risk for developing

various esophageal conditions. Future studies of the micro-
biome and EC should also consider oral health, given the
mounting evidence of an association between the oral
pathogen Porphyromonas gingivalis and ESCC [76, 171].
Additionally, a clear association between alterations in the
esophageal microbiome and the development of dysplasia
could provide an important new opportunity for esophageal
cancer screening [71]. The etiology of EC may involve infec-
tion with multiple bacterial species rather than some promi-
nent and well-studied bacteria such as the F. nucleatum and
Porphyromonas gingivalis. Thus, it is critical to assess if
these bacteria are the lone drivers of tumorigenesis by tak-
ing into account the entire bacterial community and their
mutual interaction as a whole. Furthermore, rather than just
identifying bacterial species, it is more important to deline-
ate their functional roles by using high throughput global
profiling approaches such as metabolomics, proteomics, and
metatranscriptomics to delineate differential functional pro-
files of the microbiome linked with EC [172]. Thus, under-
standing the diverse pathway through which the microbiota
leads to esophageal carcinogenesis will open new avenues
for diagnosing, preventing, and treating EC.
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