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ABSTRACT

Esophageal cancer (EC) is the eleventh most commonly diagnosed cancer, and its prognosis
remains poor. Several challenges remain for improving the clinical outcomes of EC, and improving
technologies for early detection, diversifying treatment options, and advancing personalized
treatment are essential. Alterations in the intestinal and esophageal microbiota are associated
with the pathogenesis and progression of EC; for instance, Fusobacterium nucleatum is important in
the pathogenesis and progression of esophageal squamous cell carcinoma. Therefore, a novel
diagnostic biomarker may be identified using the intestinal microbiota. Furthermore, targeting the
intestinal and esophageal microbiota may help in the early detection of EC, use of a novel
prognostic biomarker, and even the detection of a therapeutic target, resulting in a more indivi-
dualized therapeutic approach for EC. In this review, we summarize the clinical research focused on
the intestinal and esophageal microbiota in EC development and its treatment, and discuss the
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challenges in the clinical application of intestinal and esophageal microbiota.
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Introduction

Esophageal cancer (EC) is the eleventh most com-
monly diagnosed cancer and the seventh leading
cause of cancer-related deaths worldwide, with an
estimated 510,716 new cases constituting 2.6% of
all cancerous diagnoses and 445,129 deaths consti-
tuting 4.6% of all cancer-related deaths by 2022."
Esophageal squamous cell carcinoma (ESCC)
and esophageal adenocarcinoma (EAC) are EC
subtypes. Approximately 90% of worldwide cases
are ESCC, which is more widespread in East Asia,
Southern Africa, East Africa, and Southern
Europe.” In contrast, EAC is more common in

microbiota

Esophageal
adenocarcinoma

North America, Australia, and Western Europe,’
where its incidence has increased four-fold over the
past four decades.*® Risk factors for ESCC include
the consumption of tobacco, alcohol, pickled vege-
tables, hot foods, and poverty,” whereas those for
EAC include gastroesophageal reflux disease
(GERD), Barrett’s esophagus (BE), obesity, and
metabolic syndrome.’

The identification of these characteristics and risk
factors has been well investigated. However, the pro-
jected number of cases of EC is expected to increase to
957,000 (141,300 EAC cases and 806,000 ESCC cases)
by 2040, with deaths rising to 880,000.° Several
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clinical challenges to improve clinical outcomes of EC
remain. EC is often diagnosed at an advanced stage,
and its early detection is difficult because patients
only present with few symptoms in the early stage.”
Endoscopy is a well-established diagnostic procedure
for EC. However, access to high-precision testing
varies among different regions worldwide.** The
application of endoscopy is still limited due to its
invasive nature and high cost. Endoscopy is effective
for the early detection of EC, but its contribution to
improving early detection is limited by challenges in
performing screening over a wide area. Novel techni-
ques such as the use of blood-based biomarkers for
EC diagnosis are being developed.'”"> However,
a standard method has not yet been established.
Similarly, various predictive biomarkers for
treatment efficacy are being developed via blood
examination,' ' imaging,15 and tumor tissue
sampling.'®'” These biomarkers can be important
indicators for determining optimal treatment strate-
gies in individual patients. Nonetheless, their use in
standard clinical settings should be further evaluated
and validated. Several treatment strategies including
surgery, radiation therapy, chemotherapy, and use of
immune checkpoint inhibitors (ICIs) have been
established. However, the efficacy of these therapies
is often limited. Further, the risk of recurrence in
patients with advanced-stage cancer who underwent
surgery is high, and the treatment options for patients
with recurrence are limited. To address these chal-
lenges, the methods used for early detection should be
improved, and treatment options must be diversified.
Moreover, individualized treatments should be
developed.

To identify novel approaches, based on an
increased understanding of the role of intestinal
microbiota in humans, the importance of incorpor-
ating intestinal microbiota research into cancer
studies is higher than ever. Recent studies have
revealed that the intestinal microbiota can influ-
ence cancer progression, treatment response, and
patient immunity. Esophageal microbiota refers to
the presence of specific microbiota in the esopha-
gus. Previous studies have revealed that the tumor
microenvironment affects the tumor microbiota.
Hence, the tumor microbiota plays an important
role in the development and progression of EC.

Therefore, a novel diagnostic biomarker may
be identified using the intestinal microbiota.

Furthermore, targeting the intestinal and esopha-
geal microbiota may help in the early detection of
EC, use of a novel prognostic biomarker, and even
the detection of a therapeutic target, resulting in
a more individualized therapeutic approach for EC.
Emphasizing the importance of intestinal and eso-
phageal microbiota research may be essential in
addressing the current clinical challenges asso-
ciated with improving the clinical outcomes of
EC. The current study aimed to summarize the
clinical research focusing on the role of intestinal
and esophageal microbiota on the development
and treatment of EC.

Gut microbiota and dysbiosis of the intestinal
microbiota

The diverse human gut microbiota contains
approximately 40 trillion microorganisms represent-
ing up to 1000 different bacterial species.'®'® The
gut microbiota is often compared to “one organ”
because intestinal bacteria have diverse effects on
the physiological functions of the host via bacterial
components and metabolites. The gut microbiota
plays critical roles in the host; specifically, it influ-
ences immune maturation and homeostasis, cell
proliferation, vascularization, neurological signaling,
pathogenic burden, intestinal endocrine functions,
bone density, and energy biogenesis; the biosynth-
esis of vitamins, steroid hormones, and neurotrans-
mitters; and the metabolism of branched-chain and
aromatic amino acids, dietary components, bile salts,
drugs, and xenobiotics.”>*!

The bacterial composition of the gut microbiota
changes with age, and bacterial diversity expands
rapidly in infancy and stabilizes in childhood; by
preadolescence, the number of bacterial taxa and
functional genes present in the gut microbiome is
similar to that in adulthood.”” Shotgun metage-
nomics sequencing through random sequencing
of all genes established that the intestinal micro-
biota of healthy human is dominated by
phyla Firmicutes, Bacteroidetes, Actinobacteria,
Proteobacteria and Verrucomicrobia. Phyla
Firmicutes and Bacteroidetes represent 90% of the
intestinal microbiota.*'

The composition of the gut microbiota varies,
and multiple endogenous and exogenous factors
influence the gut microbiota.>> Dysbiosis is defined



as the alteration or imbalance in the structure,
composition, and function of the microbial
communities.** It has various interpretations, but
in this review, the abovementioned definition is
adopted because it fits the objectives and context.
This definition requires considering that, due to
the wide inter-individual variation of these com-
munities, there is no gold standard for determining
the ideal composition of healthy gut microbiota.

Dysbiosis of intestinal microbiota affects various
diseases such as inflammatory bowel disease,>
auto-immune  disease,”® obesity,”’ type 2
diabetes,”® and allergy.”” Furthermore, dysbiosis is
associated with various cancers, including color-
ectal cancer,” gastric cancer,”! prostate cancer,”
breast cancer,” acute myeloid leukemia,”* malig-
nant lymphoma.>

Association between dysbiosis of the intestinal
microbiota in fecal samples and esophageal cancer

An increasing number of studies have focused on
dysbiosis of intestinal microbiota in EC patients.
Table 1 shows the previous studies investigating the
association between the intestinal microbiota iden-
tified via fecal sample analysis and EC, mainly
ESCC.>*>

The findings across the studies have consistently
shown that patients with ESCC exhibited altered
intestinal microbiota profiles in fecal samples com-
pared with healthy controls. In particular, in each
study, the number of specific bacterial genera or
species in patients with ESCC either increased or
decreased compared with that in healthy
controls,® 04345464852 The bacterial genera that
are reported to be more or less abundant in the
intestinal microbiota of fecal samples from patients
with ESCC compared to healthy subjects in two or
more papers are summarized in Figure 1. Notably,
the common findings include the following: Patients
with ESCC were more likely to have a higher abun-
dance of Streptococcus,”>*****> Fusobacterium,*>**>*
and Bacteroides””*>** than healthy controls.
Moreover, patients with ESCC were more likely to
have a lower abundance of Lachnospira,’®>
Prevotella,””*' and Faecalibacterium*>>* than healthy
controls. These variations in the abundance of speci-
fic bacterial species attempt to use as biomarkers for
diagnosing ESCC that they can be detected
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noninvasively and cost-effectively. However, the
intestinal microbiota that characterize ESCC has
been inconsistent. Similarly, regarding diversity in
patients with ESCC compared to healthy controls,
the findings were inconsistent.

Moreover, previous studies have revealed that the
intestinal microbiota can be used as a predictive bio-
marker for therapeutic response in patients with
ESCC.*1##4447:49°52 The intestinal microbiota in
fecal samples may predict the response of ICIs in
patients with ESCC,*"** similar to those with other
types of cancers. Responders to neoadjuvant therapy
combined with ICIs for ESCC had a high abundance
of Pyramidobacter, Butyricimonas, Prevotella,
Barnesiella, Odoribacter,*' Anaerostipes,
Erysipelotrichaceae  UCG 003, Subdoligranulum,
Faecalibacterium, Eubacterium eligens group,and
Phascolarctobacterium faecium.”> Meanwhile, non-
responders had a high abundance of Dialister,*'
Enterobacteriaceae, Corynebacteriaceae, Veillonella,
Corynebacterium, Streptococcus parasanguinis, and
Prevotella buccalis.” In addition, patients with higher
levels of Bacteroides plebeius and Bacteroides ovatus
were more responsive to chemotherapy.50 Patients
with recurrence requiring surgery had high levels of
Butyricimonas and Actinomyces.*” Based on these
results, the abundance of specific bacterial species
can play an important role in pretreatment monitor-
ing. However, the intestinal microbiota profiles that
are used as predictive markers of therapeutic response
in ESCC are inconsistent.

There are only a few reports on the association
between EAC and intestinal microbiota in fecal
samples. In particular, they are only limited to
studies that analyzed EAC and ESCC together, as
shown in Table 1.°****! The abundance of
Bacteroides,  Flavonifractor, Incertae  sedis,
Odoribacter, Parabacteroides, and Parasutterella
in rectal samples (sampling method not stated)
differed between healthy controls and patients
with EAC.*?

These intestinal microbiota specifically affects
the physiological functions of the hosts. The dys-
biosis of the intestinal microbiota changes the
metabolites, affecting the metabolic pathways,
inflammation, and immune function and has
attracted attention for its possible role in the devel-
opment and pathogenesis of ESCC. Patients with
ESCC exhibited a significant increase in the
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Figure 1. The bacterial genera reported to be more or less abundant in the intestinal microbiota of fecal samples from patients with
esophageal squamous cell carcinoma compared to healthy subjects. The bacterial genera reported in two or more papers are

extracted. Details are described in Table 1.

community richness of intestinal microbiota in
tecal samples. Further, in patients with ESCC, the
abundance of SCFA-producing, particularly buty-
rate-producing, bacteria decreased. Meanwhile, the
abundance of LPS-producing bacteria increased.
These phenomena may lead to the destruction of
the intestinal barrier and the promotion of the
intestinal permeability and inflammation. In addi-
tion, inflammatory factors and LPS may then be
released into the bloodstream to target organs via
long-distance migration, and such long-term
effects of chronic exposure contribute to the devel-
opment of ESCC.>®* Furthermore, differential
metabolites between patients with ESCC and
healthy controls, mainly amino acids, peptides,
and analogs on nontargeted metabolomics ana-
lyses, significantly inhibited multiple amino acid
metabolism pathways in patients with ESCC
patients via pathway analysis of the microbiota
and metabolites. Therefore, these patients had sig-
nificant disruption in amino acid metabolism,
which could possibly affect the development of
ESCC.*® An increase in the number of
Enterobacteriaceae and Lactobacillus significantly

reduced the L-aspartate and pantothenic acid
levels, which may be involved in the development
of ESCC by downregulating the protein expres-
sions in the pantothenate and coenzyme
A biosynthesis pathways.** Similarly, according to
nontargeted metabolomics analyses, patients with
ESCC had higher relative abundance of differential
metabolites, such as indoles and derivatives, tro-
pane alkaloids, lipids, and lipid-like molecules,
than healthy controls.*® By metagenome function
prediction, unsaturated fatty acids, ascorbate, and
Aldrete metabolism and the hypoxia-inducible fac-
tor 1 signaling pathway were significantly asso-
ciated with differential metabolites.*® Prevotella
were significantly positively correlated with indoles
and their derivatives, therefore it could influence
the occurrence of ESCC through the regulation of
indoles and derivatives.*® Based on these results,
the dysbiosis of the intestinal microbiota changes
the metabolites, and it may affect the development
of ESCC by regulating multiple metabolic path-
ways. The intestinal microbiota and its metabolites
in fecal samples are being integrated for use as
biomarkers for diagnosing ESCC.*>*
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Esophageal microbiota

The presence of the esophageal microbiota has
been revealed, and its relationship with various
esophageal diseases has been investigated as well
as intestinal microbiota.

In 1983, a pioneering study of esophageal micro-
biota using culture techniques identified
Streptococcus viridans, Haemophilus influenzae,
Neisseria catarrhalis, Streptococcus group B,
Streptococcus faecalis, and Klebsiella pneumoniae
as commensals populating the esophageal micro-
biota of healthy subjects.”

In 2004, using broad-range 16S rDNA PCR, 95
bacterial species from six phyla - Firmicutes,
Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria, and TM7 - were identified in the
esophageal microbiota.”® At the genus level,
Streptococcus, Prevotella, and Veillonella were
the most common bacteria within the esophageal
microbiota.”® A comparison of the microbiota in
the lower esophagus, upper esophagus, and oral
mucosa of healthy subjects revealed comparable
compositions among them.’® The esophageal
microbiota was classified into two types: type
I is dominated by Streptococcus and concentrated
in the phenotypically normal esophagus, while
type II contains a greater proportion of gram-
negative anaerobes or microaerophiles and is pri-
marily correlated with esophagitis.”” Moreover,
using 16S rRNA amplicon sequencing and shot-
gun sequencing, the esophageal microbiota was
clustered into functionally distinct community
types (esotypes) defined by the relative abun-
dances of Streptococcus and Prevotella; the cluster
dominated by Streptococcus (Streptococcus mitis/
oralis/pneumoniae) was enriched for the pentose
phosphate pathway as well as fructose and man-
nose metabolism that dominated by Prevotella
(Prevotella melaninogenica and Prevotella pallens)
was enriched for lipopolysaccharide biosynthesis,
and the other cluster was the intermediate type
with respect to Streptococcus and Prevotella but
had increased levels of Haemophilus parainfluen-
zae and Rothia mucilaginosa for the glycolysis as
well as the pathways involved in the metabolism
of SCFA."®

Then, recent studies revealed alterations in the
esophageal microbiota of patients with EC.

Association between esophageal microbiota and
esophageal adenocarcinoma

Table 2 depicts the studies investigating the asso-
ciation between esophageal microbiota and
EAC.49’53’59_67

The findings across the studies consistently
showed that the esophageal microbiota profiles
in EAC tissues were altered compared with
those in non-EAC or healthy tissues. In particu-
lar, in each study, the number of specific bacterial
genera or species either increased or
decreased.”>>*"®” However, the esophageal micro-
biota that characterize EAC has been inconsis-
tent. Similarly, the diversity of esophageal
microbiota between patients with EAC and
healthy controls is inconsistent. In addition, pre-
vious studies on the utility of the esophageal
microbiota as a predictive biomarker of therapeu-
tic response in patients with EAC were limited.
For example, EAC tissues exhibited enriched
Fusobacterium and reduced Streptococcus in
patients with shorter survivals from neoadjuvant
therapy to surgery.*

In relation to the EAC and esophageal micro-
biota, previous studies have emphasized the
dynamic changes in the esophageal microbiota
during the EAC cascade, which showed the pro-
gression from GERD to BE and finally to EAC. The
esophageal microbiota differed between healthy
controls and patients with GERD, BE, and EAC
in the nonguided culture-based study.®® The pre-
dominant organisms shifted from gram-positive
bacteria to gram-negative anaerobic bacteria in
the EAC cascade. However, the esophageal micro-
biota of EAC is less well defined than that of GERD
and BE. The increase in the abundance of
Veillonella and the decrease in the abundance of
Streptococcus occurred progressively along with the
EAC cascade.”>®® The number of Leptotrichia
increases in patients with BE and EAC. Then,
a corresponding elevation in the number of
Veillonella and Prevotell is observed. Thus, they
could be plausible prooncogenic partners.”> The
keystone  genera, including  Atopobium,
Veillonella,  Burkholderia,  Ralstonia,  and
Lautropia, increase from the GERD and BE to the
EAC sequence.” Thus, these organisms can be
potential biomarkers for monitoring progression.
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The functional analysis can help provide an
understanding of role of the esophageal microbiota
in the development and progression of EAC.
Alterations in the composition and abundance of
the esophageal microbiota could promote the
development of GERD, BE, and EAC via multiple
mechanisms. The altered esophageal microbiota
activated and stimulated multiple toll-like recep-
tors (TLRs),*”””" inducible nitric oxide synthase,72
and nod-like receptor protein 3 (NLRP3),”" which
then promoted malignant cellular behavior. TLR4
activation led to the activation of the nuclear factor
kappa-light-chain-enhancer of activated B cells
(NF-kB)”?> and increased the expression of
cyclooxygenase-2.”° Alterations in the esophageal
microbiota lead to chronic inflammation and
a decreased immune response, thereby establishing
a microenvironment that is suitable for malignant
transformation. In terms of other mechanism, the
genes related to nitrate — nitrite - nitric oxide path-
ways were enriched along from the GERD and BE
to the EAC sequence.”” The number of gram-
negative bacteria increased in the esophageal
microbiota of patients with EAC. This phenom-
enon may stimulate the expression of inducible
nitric oxide synthase (iNOS). This can relax the
lower esophageal sphincter and induce GERD. In
addition, high concentrations of NO produced by
iNOS can generate free radicals, causing DNA
damage.”* NO and iNOS activities induce apopto-
sis, angiogenesis, and DNA damage during
‘[umorigenesis.75 NO increases the expression of
matrix metalloproteinase and its inhibitor and pro-
motes the progression of dysplastic lesions in BE to
invasive carcinoma.”” These functional changes are
essential because they identify the pathways that
could be involved in promoting tumorigenesis.

Association between esophageal microbiota and
esophageal squamous cell carcinoma

Table 3 shows the studies investigating the associa-
tion between esophageal microbiota and
ESCC 61.76-101

The findings across the studies consistently
showed that ESCC tissues exhibited altered esopha-
geal microbiota profiles compared with non-ESSC
or healthy tissues. This revealed that the number of
specific bacterial genera or species either increased

or decreased in each study.61’76’77’79_93 »93,95,98-100

The bacterial genera that reported to be more or
less abundant in the esophageal microbiota of
ESCC compared to nontumor tissues or healthy
subjects in two or more papers are summarized in
Figure 2. In particular, across various studies,

pathogenic bacteria such as

Fusobacterium77,79,80,84,86,90—93,95,96,98,100 and
81,85,88,93,1 :

Porphyromonas’®®"3>%823190 were consistently

more abundant in ESCC tissues than in healthy
tissues.

The dynamic changes in the esophageal micro-
biota from intraepithelial neoplasia to ESCC can be
potential biomarkers for monitoring disease
progression.®"®* In addition, some bacteria were
detected at different stages of ESCC
progression,”®”77%:80:8386.90.9293 15 particular, an
increase in the number of Fusobacterium nuclea-
tum (F. nucleatum)”””*%%%% and Porphyromonas
gingivalis (P. gingivalis) in the esophageal
tumor microbiota in ESCC was more likely to be
positively correlated with the progression of clin-
ical stages.

Moreover, previous studies have revealed the
utility of the esophageal tumor microbiota as
a predictive biomarker of therapeutic response in
patients with ESCC.”®77:80-8591.939496.101 15 54 ;-
tion to disease progression, an increase in the num-
ber of F. nucleatum’”***"*>°¢ and P. gingivalis’*®
in the esophageal tumor microbiota was more
likely to be related to poor prognosis in ESCC.

The dysbiosis of the esophageal microbiota, fol-
lowed by alterations in the microbial cooccurrence
network and host functional pathways in ESCC,
may be involved in the carcinogenesis and progres-
sion of the local microenvironment for ESCC.
Compared with the tumor tissue, a denser and
more complex association network was formed in
the adjacent non-tumor tissue of ESCC.*>* Most
differential abundances in adjacent non-tumor tis-
sues were negatively associated with the epidermal
growth factor receptor, erb-b2 receptor tyrosine
kinase 2, erb-b2 receptor tyrosine kinase 4, and
fibroblast growth factor receptor 1 signaling path-
ways. Further, they were positively associated with
the MET protooncogene, receptor tyrosine kinase,
and phosphatase and tensin homolog signaling
pathways.*® The lipoic acid metabolism in adjacent
non-tumor tissues was more prevalent. Meanwhile,

76,85
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Figure 2. The bacterial genera reported to be more or less abundant in the esophageal microbiota of esophageal squamous cell
carcinoma compared to nontumor tissues or healthy subjects. The bacterial genera reported in two or more papers are extracted.

Details are described in Table 3.

the LPS biosynthesis pathway of microorganisms
in tumor tissues was more significant.89 In the
ESCC tissues, the functional composition of the
ESCC microbiota had decreased nitrate reductase
functions and nitrite reductase functions compared
with the healthy tissues.*>** In addition, via whole-
exome sequencing and functional metagenome
prediction, the cell cycle, positive regulation of
the apoptotic process and transcription, DNA-
templated synthesis, and further classification of
the epidermal growth factor-related domain (EGF-
like domain) by protein domain were significantly
enriched in the ESCC tissues than in the non-
tumor tissues.

The abundance of F. nucleatum and P. gingivalis
was more likely to increase in ESCC tissues.
Moreover, it was positively correlated with pro-
gression and poor prognosis in patients with
ESCC. The possible mechanisms associated with
the pathogenesis and progression of ESCC due to
these processes have been reported.

P. gingivalis infection increased interleukin IL-6
levels and it promoted the epithelial-mesenchymal
transition and myeloid-derived suppressor cells

recruitment.®> P. gingivalis inhibited epithelial cell
apoptosis and promoted carcinogenesis through the
activation of PI3K/Akt signaling'®>'** and the inha-
bition of P2X7'%*!%® and other pathways.' In recent
study, on a transcriptomic analysis, the presence of
a P. gingivalis infection increased transforming
growth factor-beta (TGF-P) levels and enhanced pre-
dominantly Glycoprotein A expression repetitions,
thereby activating TGF-p/Smad signaling.'”” The
P. gingivalis infection remarkably activated TGF-f
signaling and subsequently enhanced the tumor
growth and metastasis in xenograft models."”” Thus,
P. gingivalis is thought to be implicated in the patho-
genesis and progression of ESCC.

Previous studies have reported some mechan-
isms associated with the effect of F. nucleatum on
the pathogenesis, progression, and chemoresis-
tance of ESCC. F. nucleatum promoted ESCC
progression via the NODI1/RIPK2/NF-kB
pathway.'”® Moreover, F. nucleatum promoted
early ESCC development by upregulating the IL-
32/PRTN3 expression and activating the PI3K/
AKT signaling pathway.”> F. nucleatum acceler-
ated cell proliferation by activating the AHR/



CYP1Al signaling pathway in ESCC.'”
Intracellular F. nucleatum infection increases
METTL3 transcription. Then, METTL3 promotes
c-Myc mRNA methylation in the 3’-untranslated
region and enhances its mRNA stability in
a YTH N6-Methyladenosine RNA binding pro-
tein 1-dependent manner, which contributes to
F. nucleatum-induced proliferation and metasta-
sis in ESCC.”®> F. nucleatum inhibits the prolif-
eration and cytokine secretion of T cells, and Fn-
Dps binds to the PD-L1 gene promoter that
activates transcription factor-3 to transcription-
ally upregulate PD-L1 expression.”® In terms of
chemoresistance, F. nucleatum increased the
expression of NLRP3 and then enriched the
expression of myeloid-derived suppressor cells,
thereby leading to cell chemoresistance in
ESCC.'""? In addition, F. nucleatum invaded and
survived in senescent ESCC cells. This mechan-
ism further activates the DNA damage response
pathway, which enhances the senescence-
associated secretory phenotype and promotes
ESCC recurrence and chemotherapy
resistance.”” These associated mechanisms are
being recognized. In particular, F. nucleatum is
the most commonly implicated in the pathogen-
esis and progression of ESCC.

Based on recent research, ESCC tissues exhibited
a significant higher abundance of Fusobacterium
periodonticum (F. periodonticum) than adjacent
non-tumor tissues.'”’ According to a metabolomics
and lipidomics analysis, in the F. periodonticum-
infected group, the enriched metabolic pathways
primarily revolve around lipid metabolism.'® In
ESCC, the N-nitrosamine-mediated upregulation
of FadAL induces the formation of epithelial
mesenchymal transition (EMT) subtypes by directly
interacting with FLOT1 and promoting palmitic
acid accumulation, thereby enhancing Wnt3A pal-
mitoylation and activating the Wnt/B-catenin sig-
naling pathway.'” Regarding mechanisms,
F. periodonticum alters metabolic profiles, enhances
glycolysis, and releases lactic acid, which is regulated
by the TLR4/Akt/HIF-la signaling pathway.''!
Then, lactic acid promotes EMT in ESCC and
enhances migratory and invasive capabilities via
the GPR81/Wnt/B-catenin signaling pathway.''!
Thus, F. periodonticurn may promote EMT in
ESCC, and it can be a future treatment target.
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Stomach microbiota and its association with
esophageal cancer

16S rRNA sequencing reveals a diverse stomach
microbiota community.112 However, most EC
studies have focused on the association between
EC and Helicobacter pylori (H. pylori).

Several studies have shown an inverse associa-
tion between H. pylori infection and EAC.'">1?°
These epidemiologic evidence indicates that
H. pylori infection is a protective factor against
EAC development. This can be attributed to the
fact that H. pylori may suppress gastric acid secre-
tion, reduce the risk of developing GERD and BE,
and decrease the EAC cascade. In contrast,
H. pylori infection in esophageal epithelial cells
has a detrimental effect, leading to the dysregula-
tion of micro RNAs and subsequently causing
the overexpression of intestinal metaplasia factors
and carcinogenic factors such as caudal-type
homeobox 2 and cyclooxygenase-2."*' The
association between H. pylori and EAC is still
controversial.

Currently, there is no definite evidence showing
that H. pylori infection contributes or inhibits the
incidence of ESCC. A large meta-analysis revealed
no significant associations between ESCC and
H. pylori infection."'>'?* A recent report with
a small number of cases showed that the tumor
microenvironment in ESCC with H. pylori infection
exhibited an immunosuppressive phenotype.'*
Thus, H. pylori may influence the tumor microen-
vironment in ESCC. However, there is no sufficient
evidence supporting this notion.

Moreover, there are a few reports on the associa-
tion between stomach microbiota and EC, in addi-
tion to H. pylori, based on an analysis using
endoscopic gastric mucosa samples. The stomach
microbiota composition of the gastric fundal
mucosa differs between patients with early ESCC
and ESD and those with a normal esophagus, with
a higher abundance of bacteria in the orders
Clostridiales and  Erysipelotrichales.'"**  The
Firmicutes/Bacteroidetes ratio of the early-stage
intramucosal ESCC group was significantly lower
than that of the normal esophagus group. This
indicated the potential dysbiosis of stomach micro-
biota in patients with ESCC.'*
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In summary, epidemiological reports have
shown that H. pylori infection is inversely asso-
ciated with the development of EAC, but not with
ESCC. However, this associated is not yet estab-
lished, and the association between stomach micro-
biota and EC remains unclear.

Future perspectives on the role of intestinal and
esophageal microbiota in esophageal cancer

The impact of intestinal and esophageal microbiota
on the development and progression of EC is becom-
ing clearer. However, the results of current studies
vary. The use of intestinal and esophageal microbiota
in the clinical assessment of EC is till challenging.

The early detection of EC using fecal samples,
which are noninvasive and simple to use, is
a promising clinical modality for EC. However,
the intestinal microbiota profiles in fecal samples
that characterize EC are inconsistent. Hence, they
are still challenging to use for the early detection of
EC. The intestinal microbiota in fecal samples has
been used for the early detection of various types of
cancers, but it has not yet been clinically applied.
For example, in colorectal cancer, which is consid-
ered as closest to clinical applications, metage-
nomic and metabolomic markers are used to
differentiate patients with intramucosal carcinoma
from healthy ones. The relative abundance of
F. nucleatum is significantly, continuously elevated
in intramucosal carcinoma to more advanced
stages.'**'?” Moreover, the number of Atopobium
parvulum and Actinomyces odontolyticus are sig-
nificantly high only in multiple polypoid adenomas
and/or intramucosal carcinomas.'”® Moreover,
based on metabolome analyses, the expressions of
branched-chain amino acids and phenylalanine in
intramucosal carcinomas and bile acids, including
deoxycholate, were significantly high in multiple
polypoid adenomas and/or intramucosal
carcinomas.'?® Based on these results, the early
diagnosis of intramucosal carcinoma is being
attempted by extracting DNA from stools, examin-
ing bacterial-derived genes using whole-genome
shotgun sequencing, and combining several bacter-
ial species and metabolites for machine learning.'*®
However, such a strategy that uses intestinal bac-
teria for the early detection of colorectal cancer has
not been used in clinical practice.

In clinical settings, the intestinal and esophageal
microbiota are most likely to be applied as
a biomarker for predicting the efficacy and adverse
events of treatment in EC. Several clinical studies
have revealed that specific intestinal microbiota
such as Akkermansia muciniphila'*® "** and
Faecalibacterium prausnitzii'™> '>° can be biomar-
kers for predicting the efficacy of ICIs.
Nevertheless, the use of these intestinal microbiota
as biomarkers for predicting the efficacy of
immune checkpoint inhibitors in EC should be
validated in a large cohort. Previous research has
revealed the association between intestinal bacteria
and a series of immune-related adverse events dur-
ing ICIs administration in patients with gastroin-
testinal cancers, including EC.*"'*° Further,
F. nucleatum in the esophageal tumor microbiota
can be promising for prognostic prediction in
ESCC.”78%91939 Thys, the clinical application of
the intestinal and esophageal microbiota as
a biomarker for predicting treatment efficacy and
adverse events is important for promoting indivi-
dualized treatment.

In the future, combining conventional therapy
and probiotics, prebiotics, and synbiotics is the
next step in the clinical application of intestinal
microbiota as a novel strategy to improve the suc-
cess rate of EC treatment. In EC, probiotics, prebio-
tics, and synbiotics have been used in the past.
However, they aim to prevent and improve compli-
cations from surgery and anticancer drugs.'*'~'*°
Recently, there have been attempts to induce the
intestinal microbiota and their metabolites to
increase antitumor effects. In laboratory studies,
the probiotics Lactobacillus  rhamnosus,'*’
L. acidophilus, L. plantarum, L. fermentum,'*® and
Lactobacillus casei'* and the prebiotic cranberry
proanthocyanidins"® in vivo and in vitro have
been found to have antitumor effects against EC.
L. rhamnosus has antitumor effects by reducing the
expression of the Wnt signaling pathway genes.'*’
Supplementation with Lactobacillus species after
bile injury accelerated the repair of bile-induced
DNA damage via the recruitment of pH2AX/
RADS51. Furthermore, it reduced NF-kB-associated
inflammation in esophageal cells."*® Ferrichrome,
produced by the probiotic Lactobacillus casei,
induces DNA damage-inducible transcript-3,
thereby producing antitumor effects, including cell



cycle arrest and apoptosis in EC cells.'*’ Cranberry
proanthocyanidins exhibit prebiotic activity by
abrogating GERD-induced dysbiosis of the intest-
inal microbiota and mitigating bile acid metabolism
and transport. This results in the significant inhibi-
tion of EAC via TLR/NF-kB/TP53 signaling
cascades."”

Further, to modulate the intestinal microbiota
composition in humans, fecal microbiota trans-
plantation (FMT) is one of the strategies that are
now being investigated. In EC, FMT from a healthy
donor prior to first-line chemotherapy improved
the response and survival of patients with meta-
static EC."”' In melanoma treated with ICIs, FMT
shifted the intestinal microbiota composition
toward a favorable ICIs efficacy to induce clinical
responses.'”>'> In addition, better disease control
rate was achieved with the combined use of ICIs
and FMT for advanced gastrointestinal cancers.'*
Clinical studies on combination therapy with ICI
and FMT for patients with unresectable advanced-
stage or recurrent EC are ongoing."””

Several studies have shown that F. nucleatum
functions as an oncogenic bacterium. Moreover, it
is implicated in the pathogenesis and progression
of ESCC. F. nucleatum, which is the bacterium in
the esophageal tumor microbiota, itself or its meta-
bolic products and regulated pathways can be ther-
apeutic targets.

Although an association was observed between
the intestinal and esophageal microbiota and EC,
whether the association is causal or merely correla-
tional is not yet completely understood. For exam-
ple, whether changes in the intestinal and
esophageal microbiota contribute to the develop-
ment and progression of EC or whether EC alters
their composition has not been confirmed. In addi-
tion, different methods can be used for sampling
and analyzing samples in the study of intestinal
bacteria, and it is difficult to reproduce or compare
results. Thus, a standardized protocol should be
established. Further, the characteristics of the
intestinal and esophageal microbiota are signifi-
cantly influenced by different factors including
diet, medications, age, genetics, ethnicity, and life-
style habits. Further detailed studies must be per-
formed to validate the application of the intestinal
and esophageal microbiota of EC in clinical
settings.
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Conclusion

Patients with EC worldwide have a poor prognosis.
The association between EC and the intestinal and
esophageal microbiota should be further elucidated
to improve the efficacy of treatment modalities
against EC. The role of dysbiosis of the intestinal
and esophageal microbiota in the development,
progression, and treatment of EC is becoming
clear. F. nucleatum functions as an oncogenic bac-
teria, and it is implicated in the pathogenesis and
progression of ESCC. In terms of potential, it is
most suitable as a biomarker for predicting thera-
peutic efficacy in clinical settings. Further, combin-
ing conventional therapy and probiotics,
prebiotics, and synbiotics or FMT may improve
therapeutic efficacy in EC. Nonetheless, the clinical
application of this novel combination therapy has
several issues. The characteristics of the intestinal
and esophageal microbiota are significantly influ-
enced by several factors including diet, medica-
tions, age, genetics, ethnicity, and lifestyle habits.
Therefore, due to significant individual variations,
the application of the intestinal and esophageal
microbiota as a biomarker of EC in clinical practice
is still challenging. The attempt to examining bac-
terial-derived genes using whole-genome shotgun
sequencing and combining several bacterial species
and metabolites for machine learning may be
a promising new approach. Further, more detailed
studies on the adaptation of the intestinal and
esophageal bacteria to EC treatment should be
performed to facilitate individualized treatments.

Materials and methods

This review for the impact of the intestinal and
esophageal microbiota on EC (ESCC or EAC)
development and treatment involved a systematic
literature search and data extraction process.

Systematic search to identify studies for inclusion

On February 21, 2025, we conducted a systematic
literature search for published research articles
using MEDLINE/PubMed using the following
search terms: ((((esophagus cancer) OR (esopha-
geal cancer)) OR (esophagus neoplasm)) OR (eso-
phageal neoplasm)) AND ((((((((gut microbes) OR
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(gut microbiota)) OR (intestinal microbiota)) OR
(microbiota)) OR (microbiome)) OR (microbial))
OR (gastrointestinal microbiota)) OR (esophageal
microbiota)). The outcomes of interest were: (1)
differences in intestinal or esophageal microbiota
composition between EC patients and healthy con-
trol group; (2) differences in esophageal microbiota
composition between EC tissue and non-EC tissue;
(3) associations between intestinal or esophageal
microbiota composition and prognosis of EC.

Identification of primary studies for inclusion

Inclusion criteria were: (1) human observational
studies; (2) patients with a diagnosis of EC; (3)
Outcome indicators including the quantitative
abundance of gut microbiota.

Exclusion criteria were: (1) only cell studies and
animal studies; (2) intervention studies; (3) multi-
ple types of cancer are analyzed together and there
is no analysis of EC separately; (4) analysis of
existing publicly available databases only; (5)
review articles, letters to the editor, editorial com-
ment, and case reports; (6) studies with incomplete
or unreported data; (7) written in a language other
than English.

Two reviewers (YB and KT) independently
screened titles and abstracts for relevant papers,
with conflicts discussed to achieve consensus on
inclusion and exclusion of retrieved titles.

Study selection and extraction

A total of 611 studies were retrieved, and we extracted
studies according to inclusion and exclusion criteria.
Furthermore, re-extraction from these studies’ refer-
ence lists and Google Scholar citation checks based on
the criteria. Finally, were finally included: (1) 17 for
relationship between dysbiosis of intestinal micro-
biota and EC; (2) 11 for relationship between esopha-
geal microbiota and EAC; (3) 27 for relationship
between esophageal microbiota and ESCC.

The extracted studies are summarized in Tables
1-3.
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