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Simple Summary: This study explores the microbiome of the upper digestive tract using a non-
endoscopic capsule-sponge device, aiming to understand the differences in microbial communities
among patients with varying risks for esophageal squamous cell carcinoma (ESCC). We compared
microbiomes from the oral cavity, esophagus, and stomach across three groups: patients with
esophageal squamous intraepithelial neoplasia, head and neck squamous cell cancer (HNSCC)
survivors, and patients with functional dyspepsia. By analyzing microbial DNA using 165 rRNA
gene sequencing, the study found distinct differences in microbiota diversity and composition
between FD patients and HNSCC survivors, particularly in gastric and esophageal samples. However,
differences between FD patients and those with esophageal neoplasia were minimal. These findings
could help identify microbial patterns associated with ESCC risk and guide future research on the
role of microbiome alterations in cancer development, potentially leading to new diagnostic or
therapeutic approaches.

Abstract: Background: A non-endoscopic capsule-sponge device allows sampling the entire length of
the esophagus. Here, we compared microbiomes of the oral cavity, esophagus, and gastric corpus
collected by oral swab, capsule-sponge device, and endoscopic biopsy, respectively, in patients
representing three distinct risk profiles for esophageal squamous cell carcinoma (ESCC). Methods:
The study enrolled 11 patients with esophageal squamous intraepithelial neoplasia, 21 patients
after curative treatment for head and neck squamous cell cancer (HNSCC) (HNSCC survivors), and
40 patients with functional dyspeptic (FD) symptoms. Microbial genomic DNA was analyzed using
16S rRNA gene amplicon sequencing. Results: The Shannon index of the capsule-sponge sample
microbiota was significantly higher in FD group than in patients after treatment for HNSCC, and the
Chao index of gastric samples differed between HNSCC survivors and FD patients. Analysis of the
B-diversity of FD patients, HNSCC, and esophageal squamous intraepithelial neoplasia showed that
different genera formed at each location. The abundance of 205, 116, and 9 genera differed between
FD patients and HNSCC survivors in the gastric, capsule-sponge, and oral samples, respectively;
33 genera differed between the FD group and patients with esophageal squamous intraepithelial
neoplasia in capsule-sponge samples. Conclusions: The bacterial communities of the upper digestive
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tract were clustered according to the anatomic site. Despite substantial differences in gastric and
esophageal microbiota samples between FD patients and HNSCC survivors, the microbial members
and diversity showed small differences between FD patients and those with esophageal squamous
intraepithelial neoplasia. It remains unclear whether gastric and esophageal dysbiosis is associated
with or is a consequence of treatment for HNSCC.

Keywords: capsule-sponge device; microbial dysbiosis; head and neck squamous cell cancer (HN-
SCC); esophageal squamous intraepithelial neoplasia; early esophageal squamous cell carcinoma
(ESCCQ)

1. Introduction

Microbial communities naturally inhabit the human body with widespread involve-
ment in physiological, metabolic, and immunological processes. Although the composition
and function of microbiota located in different sites may depend on specific environmental
conditions that give rise to regional specificity in microbial populations [1], most studies so
far have focused on the gut microbiota. In contrast, the microbiota of the upper gastroin-
testinal tract has attracted less attention [2]. The gastroesophageal microbiota is shaped by
the oral cavity, pharynx and stomach due to the migration of oral bacteria to the esophagus
and the reflux of the microflora in the stomach [3]. In addition to anatomic location, age,
diet, use of proton pump inhibitors (PPIs), oral hygiene and smoke can result in esophageal
microbiota dysbiosis.

Culture-independent molecular techniques suggest that the oral, pharyngeal, esophageal,
and gastric microbiota can be clustered according to anatomic site [4]; the microbial com-
munities of the gastric body are distinct from those of the esophagus, and the communities
of the stomach and esophagus differ from those in the mouth and the lower GI tract [4].

The microbiota in the upper digestive tract may play an important role in the devel-
opment of gastric and esophageal cancer, and the difference in esophageal microbiome
composition between healthy individuals and those with cancerous or cancer-predisposing
conditions is well established. A cross-sectional study on a Chinese cohort first showed
an increase in Gram-negative bacteria linked to adenocarcinoma and Barrett’s esophagus.
Research by Liu et al. [5] revealed distinct bacterial communities among normal esopha-
gus, reflux esophagitis, and Barrett’s esophagus in Japanese patients, with Streptococcus
prevalent in normal and reflux esophagitis patients, while Veillonella dominated in Bar-
rett’s esophagus. Additionally, Fusobacterium was present in patients but absent in healthy
esophageal tissue. Another study found that Streptococcus and Prevotella were dominant
and significantly associated with Barrett’s esophagus.

Although the oral cavity has a higher bacterial abundance than the esophagus [6],
its microbial residents, dominated by Streptococcus, Veillonella, Neisseria, Haemophilus, and
Prevotella species, play an important role in the seeding of downstream sites of the GI
tract [7-13]. Changes in the microbiota of the lower esophagus have been reported in
gastro-esophageal reflux disease, Barrett’s esophagus (BE), eosinophilic esophagitis, and
esophageal carcinoma [14]. The esophageal microbiota of healthy individuals is dominated
by streptococci species, and its composition differs between subjects with a normal esoph-
agus and those with reflux esophagitis and BE by the increased abundance of Prevotella,
Veillonella, Haemophilus, Neisseria, Rothia, and Fusobacterium [4,13,15-19]. However, another
study [19] failed to detect such reflux-associated differences.

The microbial density within the stomach ranges from 10% to 10* CFU/g, depending
on the pH of the gastric lumen [20]. The gastric microbiome comprises Gram-negative and
Gram-positive commensal bacteria, which reside in both the gastric mucosa and gastric
fluid [21]. In Helicobacter pylori (HP)-infected subjects, Proteobacteria is the predominant
phylum, comprising 72-99% of all bacteria in the gastric mucosa [12]. In previous work, we
showed that HP accounts for 20-98% of all identified gastric mucosal bacteria in infected
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subjects; in HP-negative individuals, Bacteroidota and Firmicutes are dominant in all
gastric sites [22].

Most studies on the upper GI tract microbiota have employed biopsies or brushing
samples obtained during upper endoscopy [6,23-25]. Non-endoscopic sampling techniques,
including the Esophageal String Test [26], inflatable balloons [4], and capsule-sponge
devices [27], have also been used in studies of esophageal microbiota. The capsule-sponge
device consists of a mesh packed in a capsule that is swallowed and dissolves in the
stomach, releasing the sponge, which is withdrawn by pulling the string. Its yield of
microbial DNA is >10-fold higher than that of biopsies or brushings, and it provides a more
comprehensive view of the esophageal microbiome because samples are collected along
the entire length of the esophagus. The capsule-sponge technique has been mainly used for
the early diagnosis of Barrett’s metaplasia in the primary care setting [27].

Here, we used 16S rRNA gene amplicon sequencing to compare bacterial diversity
and composition in the upper digestive tract between three groups of patients, including
functional dyspeptic (FD) patients, patients who underwent curative treatment for head
or neck squamous cancer (HNSCC survivors), and patients with histologically proven
esophageal squamous intraepithelial neoplasia. The mucosal samples were collected from
the oral cavity, esophagus, and gastric corpus using oral swabs, the capsule-sponge device,
and gastric endoscopic biopsies, respectively.

2. Materials and Methods
2.1. Patients

This study enrolled 72 subjects who underwent upper endoscopy for clinical indica-
tions. Participants were divided into three patient groups, as follows: (1) 40 FD patients
(20 men and 20 women; median ages, 66 and 65 years, respectively; range, 26-76 years),
who met the Rome IV criteria defining dyspepsia as any combination of postprandial
fullness, early satiety, epigastric pain, and epigastric burning that occur at least 3 days per
week over the last 3 months with an onset of at least 6 months in the absence of evidence
of organic, structural, systemic or metabolic disease that could explain the symptoms
presented [28-30]; (2) 21 patients (20 men and 1 woman; median age, 68 years; range
34-80 years) who completed curative treatment for histologically confirmed head and
neck squamous cell cancer (HNSCC survivors) of the larynx, oral cavity, oropharynx, or
hypopharynx at least 1 year before enrollment (HNSCC survivors); and (3) 11 patients
(5 men; median age, 67 years, range 51-80 years, and 6 women; median age, 66 years, range
51-85 years) with histologically proven esophageal squamous intraepithelial neoplasia
undergoing qualification for endoscopic treatment. Demographics, clinical data, and an-
thropometric measures are summarized in Table 1. Subjects were prospectively enrolled
over 12 months at a single oncological center, the Maria Sklodowska-Curie National Re-
search Institute of Oncology, Warsaw, Poland. The study was conducted according to the
guidelines of the Declaration of Helsinki, and approved by the Bioethics Committee at the
Maria Sklodowska-Curie National Research Institute of Oncology (109/PB/2019). Written
informed consent for participation in this study was obtained from each participant before
the examination.

2.2. Procedures

All participants underwent routine upper gastrointestinal endoscopy with gastric
biopsy sampling, followed by the collection of capsule-sponge samples (Cytosponge™,
Medtronic, Minneapolis, MN, USA) and oral swabs. The gastric biopsy specimens used for
histological examination were fixed in buffered 10% formalin, embedded in paraffin, and
stored at room temperature. Serial sections were cut and stained with hematoxylin and
eosin, and then examined by an experienced pathologist. The capsule-sponge samples were
vortexed in BD SurePath liquid at 4 °C, centrifuged to pellet cellular debris (215 g for 5 min),
and the residual supernatants were used for DNA extraction. The stomach corpus biopsy
specimens, capsule-sponge supernatant samples, and oral swabs, which were used for 16s
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rRNA sequencing, were flash frozen in liquid nitrogen and stored at -80 °C. All esophageal
squamous intraepithelial neoplasia, except one (who underwent definitive Chth /Rth for a
T2NOMO ESCC), ultimately underwent endoscopic removal of neoplastic tissue from the
esophagus. Microbial genomic DNA was extracted using a Qiamp DNA Mini Kit (Qiagen,
Hilden, Germany) and used for PCR amplification of bacterial 16S hyper-variable regions.
Prepared libraries were sequenced using the PGM platform (Thermo Fisher Scientific,
Waltham, MA, USA) as described previously [31].

Table 1. Demographics, clinical data, and anthropometric measures.

Esophageal Squamous

Characteristics FD Patients HNSCC Survivors Intraepithelial Neoplasia
Number of cases 40 21 11
Age: mean (£SD) years 59.2 (+13.9) 66.6 (+10.9) 66.0 (+10.3)
Sex: male; n (%) 20 (50%) 20 (95.2%) 5 (45.5%)
BMI: median cm/m? (IQR) 26.2 (24.6-28.3) 26.5 (25.7-27.9) 23.4 (21.5-26.4)
Smoking: active and former; n (%) 17 (42.5%) 18 (85.7%) 7 (63.6%)
Primary tumor site Esophagus
N Oral cavity: 3 (14.3%) Proximal: 3 (27.3%)
Tumor location: n (%) N/A Oropharynx: 8 (38.1%) Middle: 5 (45.4%)
Larynx: 10 (47.6%) Distal: 3 (27.3%)
HG-IEN: 3 (27.3%)
. PN Squamous cell carcinoma: pT1la ESCC: 2 (18.2%)
Histopathology: n (%) N/A 21 (100%) pT1b ESCC: 5 (45.5%)

T2 ESCC: 1 (9.0%)

BMI, body mass index; ESCC, esophageal squamous cell carcinoma; FD patients, functional dyspeptic patients;
HNSCC, head and neck squamous cell cancer; HG-IEN, high grade intraepithelial neoplasia; IQR, interquartile
range; N/A, not applicable; SD, standard deviation.

2.3. Bioinformatics and Statistical Analysis

Unmapped BAM files were converted to FASTQ using Picard’s SamToFastq v. 1.115 [32].
Additional steps of the analysis were performed using Mothur version 1.47 software [33].
FASTQ files were converted to the FASTA format. For analyses, only sequences 200-300 bp
in length, with an average base quality of 20 in a sliding window of 50 bases and a
maximum homopolymer length of 10, were kept. Chimeric sequences were identified with
the VSEARCH chimera detection algorithm using default parameters [34], with internal
sequence collection as the reference database. Chimeric sequences were removed, and the
remaining 165 rRNA sequences were classified using the Wang method and the SILVA
bacterial 16S rRNA database [35] for reference (release 138), at an 80% bootstrap cut-off.
Differential taxa abundance was assessed with a mixed-effects model implementation in
LinDA [36]. The non-parametric Shannon diversity index and the Chao richness index were
determined with Mothur, and differences in index values were assessed using the Mann—
Whitney U-test. Bray—Curtis index analysis and principal coordinate analysis (PCoA)
were performed with the vegan package [37]. The ANOSIM test was performed to verify
the significance of clustering patterns, differentiating FD patients from neoplasia and
HNSCC survivors. For comparison between different sampling sites in FD patients, mixed-
effects models on principal component values were used instead. FDR-adjusted [38].
p-values < 0.05 were considered statistically significant.

3. Results
3.1. Patients Overview

The study included three groups of participants who underwent diagnostic gas-
troscopy: 40 FD patients, 21 HNSCC survivors, and 11 patients with esophageal squamous
intraepithelial neoplasia being evaluated for endoscopic resection. Although the FD pa-
tients and esophageal neoplasia groups consisted of equal numbers of women and men,
HNSCC survivors were predominantly men. Patients” age and BMI did not differ signifi-
cantly between the groups (Table 1). No participant had received antibiotic treatment or
used PPIs routinely within 1 month prior to sample collection. The quantity and quality
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of the isolated DNA enabled the construction of libraries from all 72 capsule-sponge sam-
ples (all cases), including 67 (39 in FD group, 21 HNSCC survivors, and 7 in esophageal
squamous intraepithelial neoplasia groups) gastric biopsy samples, and 54 (40 in FD group,
6 in a group of HNSCC survivors and 8 in esophageal squamous intraepithelial neoplasia
groups) oral cavity swabs. Of 67 patients diagnosed by a rapid urease test, 15 (22.4%)
were HP positive. After filtering the sequencing data, the median numbers of reads for

the gastric corpus mucosa, capsule-sponge samples, and oral cavity swabs were 131,976,
131,482, and 116,837, respectively.

3.2. General Bacterial Populations

Across all samples, phylum level analysis showed that the bacterial populations could
be classified into 39, 33, and 27 phyla in gastric, capsule-sponge, and oral samples, respec-
tively. Of these, Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota, and Fusobacte-
riota had a median abundance of >1% in all sites (Figure 1A-C), and Campilobacterota was
identified only in gastric and capsule-sponge samples (Figure 1A,C).

onald

%9T elIRXS

& emely o
Tanulicatella 1

Lactobacillus 29

¥
g
§
H
2
]

Figure 1. Krona charts of the genera with a mean abundance >1% of the total found in the gastric
mucosa (A), oral cavity swabs (B), and capsule-sponge samples (C).

3.3. Characterization of Microbiota in the FD Group

We first assessed the microbiota of the upper digestive tract in the FD group. The bac-
terial community structure was evaluated by analyzing o- and (3-diversity. The o-diversity
was analyzed using the Shannon index, a marker of bacterial richness and evenness, and the
Chao index, a marker of richness. The -diversity was analyzed using PCoA of Bray—Curtis
distances. The analyses were performed at the genus level.

After multiple hypothesis testing corrections, the Shannon index was significantly
higher in gastric than in oral samples and did not differ from that in capsule-sponge
samples. The Chao index was significantly higher in gastric than in capsule-sponge and
oral samples (Figure 2).

Despite extensive variability between individual samples from the three sites studied,
the microbial compositions of the gastric, capsule-sponge, and oral samples formed three
distinct clusters (Figure 3).
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Figure 2. Bacterial a-diversity in gastric, oral, and capsule-sponge samples from the FD group,
measured by the Shannon index (A) and Chao index (B). ***: p < 0.001; ****: p < 0.0001.
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Figure 3. (A) B-diversity of the bacterial structure comparing the gastric mucosa, capsule-sponge,
and oral microbiome population structure of the FD group, as determined by PCoA analysis based on
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a Bray—Curtis distance measure. (B,C) The separation along PC1 and PC2 indicated specific mi-
crobial taxa differentiated the gastric mucosa, capsule-sponge, and oral microbiomes. *: p < 0.05;
FXKF,

: p < 0.0001.

The most prevalent genera at the studied sites are presented in Supplementary Table S1.
The microbiota of the gastric corpus, as assessed in biopsy samples, was dominated by
the Helicobacter genus in 16 (41%) of 39 gastric samples, with the highest frequency in
14 samples and the second highest frequency in 2 samples. By contrast, only 15 (22.4%)
of 67 patients diagnosed by rapid urease test were HP positive. Helicobacter was also
detected in four (10%) of the capsule-sponge samples, probably as a result of contamination
with bacteria from the stomach.

Next, we investigated intergroup differences in the distribution of bacterial genera
across sampling methods. There were 242 genera (128 over- and 114 under-represented)
that differentiated gastric mucosa from capsule-sponge samples and 228 genera (156 over-
and 72 under-represented) that differentiated gastric mucosa from oral cavity samples
(adjusted p-value (p adj) < 0.05; Supplementary Table S1). There were 45 genera unique to
oral swabs and 59 unique to capsule-sponge samples. Up to 183 genera were common in the
comparison of swabs and capsule-sponge vs. gastric biopsies (p adj < 0.05; Supplementary
Table S2).

All the differential bacteria were over-represented in capsule-sponge samples. Eighty-
eight taxa differentiated capsule-sponge from gastric biopsies, and most of them (76) were
over-represented in biopsies. Finally, 206 taxa were over-represented in biopsies compared
with oral populations. Taken together, these findings indicate that bacterial populations
differ among the studied sites at the genus level.

To determine whether the bacterial composition and taxonomy of the gastric, capsule-
sponge, and oral samples may be sex-dependent, we repeated the analyses in the sex-
disaggregated FD group. Both Shannon and Chao indexes did not differ between women
and men (Figure 4).
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Figure 4. Cont.
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Figure 4. Bacterial «-diversity in the capsule-sponge, gastric corpus biopsy, and oral swab samples

collected from men (M) and women (F) in the FD group and measured by the Shannon index (A,C,E)
and Chao index (B,D,F).

Analysis of the 3-diversity of bacterial communities showed separate clusters with dif-
ferent microbial compositions between men and women only in the gastric biopsy samples
(Figure 5) (p adj = 0.08). The relative abundance of only one genus, Veillonellaceae unclas-
sified, which was under-represented in men, distinguished men from women (log2 Fold
Change = —2.08; p adj = 0.0399) in the oral site. Thus, the microbiota structure of the upper
GI tract did not differ between men and women.

To summarize, in the FD group, the microbiota diversity was comparable between
gastric and capsule-sponge samples, whereas oral cavity samples showed lower diversity.
We observed differences in (3-diversity between samples, demonstrating that the devices
used were capable of sampling a variety of microbiomes. These results were irrespective of
patients’ sex.

3.4. Microbiota Analysis of the HNSCC Survivors and Esophageal Squamous Intraepithelial
Neoplasia Patients

Next, we performed a comparative analysis of the collected samples according to
sampling method and patient status. We observed only minor changes in the x-diversity.
The Shannon index of the capsule-sponge samples was significantly higher in the FD group
than in patients after curative treatment for HNSCC, and the Chao index within gastric
corpus samples differentiated patients after HNSCC treatment from the FD group (Figure 6).
By contrast, 3-diversity, which evaluated similarities between the microbiome population
structure of the FD group, HNSCC survivors, and esophageal squamous intraepithelial
neoplasia patients, showed distinct clusters formed at each location (Figure 7).

The relative abundance of 205, 116, and 9 bacterial genera in gastric, capsule-sponge,
and oral samples, respectively, was significantly different between the FD group and
HNSCC survivors. In gastric biopsy samples, 33 genera were different between the
FD group and patients with esophageal squamous intraepithelial neoplasia (p adj < 0.05;
Supplementary Table S3). Only three genera in the capsule-sponge samples (Lactobacillus,
Salmonella, and Thermus) and three genera in the swab samples (Gammaproteobacteria unclas-
sified, Haemophilus, and Bifidobacterium) differentiated esophageal squamous intraepithelial
neoplasia patients from the FD group, although the difference was not statistically signifi-
cant after correcting for multiple testing (p adj = 0.067). The frequency of Helicobacter genus
infection was comparable among groups; the Helicobacter genus was predominant in eight
(21.5%), seven (33.3%), and one (14.3%) sample in the FD patients, HNSCC survivors, and
esophageal squamous intraepithelial neoplasia patient groups, respectively.

Among bacteria differentiating HNSCC survivors from the FD group in gastric corpus
samples, 155 genera (out of 205) were under-represented in HNSCC survivors, including
Actinobacillus, Treponema, Lautropia, Tannerella, Bilophila, Alistipes, Aggregatibacter, Bibersteinia,
Selenomonas, and Leptotrichia. The remaining 50 were over-represented in HNSCC pa-
tients, including Rheinheimera, Renibacterium, Pedobacter, Ralstonia, Gardnerella, Rhodoluna,
Paucibacter Pelomonas, and Bacillus.
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Figure 5. 3-diversity of bacterial structure evaluating similarities between the gastric mucosa (A),
oral microbiota (B) and capsule-sponge (C) structure of men (M) and women (F) in the FD group, as
determined by PCoA analysis based on a Bray—Curtis distance measure.

Of 33 genera, 13 were over-represented (including Mycobacterium, Polynucleobacter,
Caulobacter, Finegoldia, and Hyphomicrobium) and 20 were under-represented (including
Actinobacillus, Treponema, Butyrivibrio, Filifactor, Mycoplasma, and Eikenella) in esophageal
squamous intraepithelial neoplasia patients compared with FD group (Supplementary
Table S3). Furthermore, 28 differential genera were identified in both groups of patients
vs. FD group comparisons. Five bacterial genera were unique to the comparison of
esophageal squamous intraepithelial neoplasia vs. FD patients, and all of these were
over-represented (Finegoldia, Rhodocyclaceae_C39, Mycobacterium, Modestobacter, and Hy-
phomicrobium) in esophageal squamous intraepithelial neoplasia patients. By contrast,



Cancers 2024, 16, 3528

10 of 19

Shannon Index

N

800

600

Chao
>
8

200

as many as 177 taxa were unique to the HNSCC survivors vs. FD patients comparison

(Figure 8).
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Figure 6. Bacterial x-diversity in the gastric corpus mucosa, oral swab samples, and the capsule-
sponge as measured by the Shannon index (A) and Chao index (B), comparing the bacterial commu-
nity structure between the studied groups. FD group, functional dyspepsia group; HNSCC, head
and neck squamous cell cancer survivors; neoplasia, esophageal squamous intraepithelial neoplasia.
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cell cancer survivors; neoplasia, esophageal squamous intraepithelial neoplasia.
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Figure 8. Common and unique genera characteristic to gastric biopsies in head and neck squamous
cell cancer (HNSCC) survivors and esophageal squamous intraepithelial neoplasia vs. FD group

comparisons.

In the capsule-sponge samples, 20 differential bacteria were over-represented (includ-
ing Lactobacillus, Ralstonia, Arcanobacterium, Rhodoferax, Staphylococcus, Streptococcus, and
Rothia) and 96 were under-represented in HNSCC survivors compared with the FD group
(including Lautropia, Bulleidia, Catonella, Peptococcus, Cardiobacterium, Prevotella, Neisseria,
Leptotricha, Megasphaera, Fusobacterium, Bibersteinia, Aggregatibacter, Tannerella, Treponema,
Actinobacillus, Tuzzerella, Peptococcus, Campylobacter, and Dialister). By contrast, all oral
swab bacteria differentiating HNSCC survivors from the FD group, including Lautropia,
Corynebacterium, and Cardiobacterium, were under-represented in HNSCC survivors.
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Next, we searched for unique and common bacteria in the comparisons of HNSCC

survivors vs. FD group in samples from gastric biopsies, capsule-sponge device, and oral
swabs (Supplementary Table S4). Seven bacterial genera (Selenomonas, Treponema, Selenomon-
adaceae unclassified, Cardiobacterium, Lautropia, Tannerella, and Kingella) were common to the
three collection sites (Figures 9 and 10). We identified 86 genera common to capsule-sponge
and gastric biopsy samples, whereas 23, 112, and 2 genera were unique to capsule-sponge,
gastric biopsy, and oral swab samples, respectively (Figure 9).

capsule-sponge: HNSCC patients vs. FD group  gastric biopsies: HNSCC patients vs. FD group

oral swab samples: HNSCC patients vs. FD group

Figure 9. Common and unique genera in gastric biopsy, capsule-sponge, and oral swab samples in
head and neck squamous cell cancer (HNSCC) survivors vs. FD group comparisons.
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4. Discussion

The incidence of ESCC shows wide geographical variation, with rates of up to
21.62 cases per 100,000 population in certain high-incidence areas of China [39]. In Western
countries, the incidence of ESCC is low, except in high-risk individuals, which include pa-
tients who underwent endoscopic resection of ESCC and those following curative treatment
for HNSCC [23]. Nutrition plays an important role in the health and recovery of cancer
patients [40]. Malnutrition can affect treatment responses, reduce immune function, and de-
lay recovery [41]. In HNSCC patients, similar risk factors, such as excessive alcohol intake
and smoking [42], not only contribute to developed synchronous and metachronous ESCC
but also increase the risk of malnutrition [43]. Addressing these issues through proper
nutritional support may help improve treatment outcomes and overall patient well-being.
Magnano et al. [44] showed that patients with head and neck cancer are particularly vulner-
able to malnutrition. The Nutritional Risk Index identified 96 and 42 out of 144 patients as
severely and moderately malnourished, respectively, regardless of their weight status. In
contrast, the use of BMI underestimated malnutrition, especially in overweight and obese
individuals [44]. The composition of the microbiota, particularly in the upper digestive
tract, can be profoundly affected by dietary habits, impacting both disease progression and
treatment outcomes [45]. A well-balanced diet not only supports the immune system and
overall health but also helps maintain a diverse and stable microbiome, which can influence
the body’s ability to respond to cancer therapies and recover post-treatment [46]. Addi-
tionally, specific dietary interventions can modulate the microbiome in ways that reduce
inflammation, enhance the efficacy of treatments, and lower the risk of recurrence [47].

In this study, we compared the microbiota composition of the upper digestive tract
between individuals with FD and patients with histologically proven esophageal squamous
neoplasia and those who completed curative treatment for HNSCC at least one year before
the study. 16S rRNA gene amplicon sequencing was performed using DNA samples
isolated from an endoscopic biopsy of the gastric corpus mucosa, oral swabs, and capsule-
sponge samples, which yielded the highest DNA quantities.

The similarities and differences in bacterial community structure and taxonomy be-
tween different sites of the upper digestive tract were analyzed using sequencing data
collected from the FD group. Bacterial richness and evenness, evaluated by the Shannon
index, were significantly higher in gastric samples than in oral samples, but did not differ
between gastric samples and capsule-sponge samples. The Chao index, a marker of bacte-
rial richness, was significantly higher in gastric samples than in capsule-sponge and oral
samples. Consistently, PCoA analysis of the 3-diversity of bacterial communities showed
three separate clusters that significantly distinguished the microbial composition of gastric
samples from that of capsule-sponge and oral swab samples. Taxonomic analyses identified
242 and 228 bacterial genera whose relative abundance differentiated gastric samples from
capsule-sponge and oral samples, respectively. These results indicate that the bacterial
communities of the upper digestive tract are clustered, at least partially, according to the
anatomic site, and the oral cavity, esophagus, and stomach are likely hosts to distinct micro-
bial communities. In the presence/absence testing, the biggest differences were observed
between oral and gastric samples.

Sex-related differences were minimal in our study and confined only to oral cavity
samples. This is in contrast with previous studies reporting significant sex-related differ-
ences in bacterial diversity and composition in both oral [48,49] and gastric microbiota [50].
ESCC shows a strong male predominance [51], and the oral microbiome composition
prospectively predicts the risk for ESCC [52]. However, a causal relationship remains to
be determined, and the present study did not identify sex-related bacteria, which is most
likely due to the limited sample size.

A low microbial richness in the upper digestive tract is independently associated
with esophageal squamous dysplasia [4]; however, the present data did not confirm these
findings. Instead, we showed that the Shannon index was lower in HNSCC survivors
than in the FD group. In the two other sites, there were no differences in the microbial
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a-diversity between the FD patients and two other groups. By contrast, the 3-diversity
of the bacterial population structure differed significantly between FD patients and the
other groups at each site studied. In the gastric, capsule-sponge, and oral samples, 205, 116,
and 9 bacterial genera differentiated FD patients from HNSCC survivors, whereas only
33 genera differentiated FD patients from esophageal squamous intraepithelial neoplasia
patients in capsule-sponge samples. Thus, although limited differences in microbial com-
munity membership or diversity were found between FD patients individuals and patients
with esophageal squamous intraepithelial neoplasia, substantial differences in gastric and
esophageal microbiota samples were observed between FD patients and patients who were
previously treated for HNSCC.

As reported previously, the oral microbiome is dominated by six phyla, Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria, Spirochaetes, and Fusobacteria, accounting for 96%
of the taxa showing relatively stable abundance at the genus level [9,53]. Major phyla
detected in the esophagus include Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Fusobacteria, and TM7 [54-56], and differences in the relative abundance of taxa are found
between the oral cavity and normal esophagus, dominated by Streptococcus, Prevotella,
and Veillonella [9]. Neither microbiota composition nor diversity differentiates the upper,
middle, and lower segments of the normal esophagus [54,57]. Proteobacteria is the predomi-
nant phylum in HP-infected subjects, accounting for 72-99% of all bacteria in the gastric
mucosa. Regardless of the HP status, other phyla, including Actinobacteria, Bacteroidetes,
Firmicutes, and Fusobacteria, are also detected consistently [12]. The predominant bacteria in
the gastric mucosa are Helicobacter, Streptococcus, Rothia, Lactobacillus, Veillonella, Prevotella,
Neisseria, Hemophilus, and others, depending on the HP status [58]. However, because the
microbiome structure varies significantly among body sites, defining a “normal” micro-
biome is challenging, not just in the stomach, esophagus, or mouth [24]. In addition, the
bacterial composition of the upper digestive tract depends on various factors, including
age, diet, alcohol and smoking, acid reflux, treatment with proton pump inhibitors (PPIs),
and chronic gastritis [25].

Microbial imbalance or dysbiosis is associated with different pathologies, including in-
flammation and cancer. Gastric microbiota dysbiosis may induce and maintain carcinogenic
pathways by promoting inflammation, increased cell proliferation, dysregulation of stem
cell physiology, and production of cancerogenic metabolites, and H. pylori is considered a
class I carcinogen [20]. In this study, H. pylori was dominant in 21.5%, 33.3%, and 14.3%
of gastric samples from the FD patients, HNSCC survivors, and esophageal squamous
intraepithelial neoplasia groups, respectively.

A few studies examined the esophageal microbiome in ESCC. Shao et al. [18] analyzed
microbial communities in paired tumor and non-tumor samples from patients with ESCC
and gastric cardia adenocarcinoma recruited from geographic regions of China with a
high incidence of ESCC. They found similar taxa present in ESCC tumor and non-tumor
samples, with a decreased relative abundance of Streptococcus and an increased level of
Fusobacterium in ESCC samples. Yu et al. [4] reported a lower esophageal microbial richness
associated with dysplasia, whereas Li et al. [59] showed that ESCC patients exhibit lower
microbial richness and evenness than controls, and an increased abundance of Streptococcus,
Lactobacillus, Prevotella, and Fusobacterium; the key taxa in the esophageal microbiome of
ESCC patients, as identified by unweighted UniFrac, were Clostridiales, Pseudomonas, and Se-
lenomonadales. Nasrollahzadeh et al. [60] compared the gastric corpus microbiome between
early ESCC (stage I-1I) and esophageal squamous dysplasia Iranian patients and controls
and found that «-diversity did not distinguish cases from controls; however, the abundance
of Clostridiales and Erysipelotrichales was significantly higher in early ESCC patients than in
healthy controls. In esophageal adenocarcinoma tissues, decreased microbial diversity with
a decreased abundance of Gram-negative (Veillonella, Megasphaera, and Campylobacter) and
Gram-positive taxa (Granulicatella, Atopobium, Actinomyces, and Solobacterium) and a high
abundance of Lactobacillus spp. and Streptococcus spp. were reported [20], whereas another
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study showed only a modest reduction in diversity in BE and no genera differentiating
controls from BE or BE from esophageal adenocarcinoma [27].

In this study, we found a decreased abundance of Lactobacillus, Veillonella, Megasphaera,
and Campylobacter in gastric biopsy and capsule-sponge samples in HNSCC survivors
compared with the FD group. Lactobacillus bacteria were also more abundant in the group
of patients with esophageal squamous intraepithelial neoplasia, although the result did
not reach statistical significance. The genus Streptococcus, on the other hand, was more
abundant in capsule-sponge samples from HNSCC survivors. The present findings from
capsule-sponge samples in HNSCC survivors were similar to those of Li et al., who reported
that in both saliva and cell brush specimens, the Granulicatella, Rothia, Streptococcus, Gemella,
Leptotrichia, and Schaalia genera were common biomarkers in patients with esophageal
low-grade dysplasia, whereas Lactobacillus was a common biomarker in patients with high-
grade dysplasia [59]. In addition, the abundance of Streptococcus and Prevotella is associated
with advanced esophageal cancer [61]. We found increased Streptococcus and decreased
Prevotella abundance in capsule-sponge samples from the HNSCC group. Li et al. showed
that the abundance of Prevotella was significantly lower in ESCC patients [59]. It remains
unknown whether esophageal dysbiosis is a cause or an effect of esophageal oncogenesis.
Yang et al. observed a significant over-representation of Fusobacterium in ESCC tissues [62],
whereas in the present study, the relative abundance of Fusobacterium was decreased in
both gastric biopsies and capsule-sponge samples in HNSCC survivors compared with
FD group.

Previous studies showed that Porphyromonas gingivalis is present in the cancerous and
surrounding esophageal mucosa of patients with ESCC but absent in the healthy mucosa
of control subjects [63]. Moreover, the presence of Porphyromonas gingivalis is closely
associated with the severity of ESCC. These findings suggest that Porphyromonas gingivalis
could potentially serve as a valuable biomarker for predicting and monitoring ESCC. In
this study, we showed that Porphyromonas abundance was lower in HNSCC survivors
than F in both gastric biopsies and capsule-sponge samples, which could be related to
previous oncological treatment. Chen et al. reported changes in the bacterial microbiota
present in saliva that were likely associated with ESCC development [64]. The present
findings are consistent with those of Chen et al. In HNSCC individuals, we observed a
lower abundance of Lautropia, Corynebacterium, and Cardiobacterium genera in oral swab
samples. Additionally, we showed a noticeable decrease in the abundance of these genera
in both gastric biopsies and capsule-sponge samples in HNSCC survivors compared with
the FD group.

The results of this study showed slight differences in microbial community compo-
sition or diversity between FD patients and both other groups in oral cavity samples,
whereas substantial differences were observed in gastric samples, particularly between
FD and HNSCC survivor groups. Compared with FD patients, substantial differences
were also noted in capsule-sponge samples from HNSCC survivors, but not in those from
patients with esophageal squamous intraepithelial neoplasia. However, the capsule-sponge
device samples the entire length of the esophagus, as well as the proximal stomach and
oral cavity [27]. This may cause the microbiome of neoplastic tissue to be diluted by the
microbiome of the normal tissues of the upper digestive tract. The capsule-sponge device
yielded a 10-fold greater abundance of microbial DNA than biopsies/brushings [27].

One limiting factor of this microbiota study was the lack of information on certain
potential gastric and esophageal dysbiosis confounders, including dietary and lifestyle
habits, and particularly the use of acid-suppressant drugs. PPIs may alter the upper di-
gestive tract microbiome both by increasing the pH of gastric secretions and by directly
targeting the bacterial proton pumps of certain bacteria that contain P-type ATPase en-
zymes [6]. Other limitations include the relatively small sample size of the esophageal
squamous intraepithelial neoplasia, the lack of uniformity in the treatment regiments and
duration, which included both chemo- and radiotherapy, among the HNSCC survivors,
and the lack of samples from healthy individuals which meant that we had to replace
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samples from healthy volunteers with samples from a heterogeneous group of patients
with dyspeptic symptoms.

5. Conclusions

Nevertheless, the results of this study suggest that patients who have undergone
curative treatment for HNSCC exhibit significant dysbiosis of the upper digestive tract.
Whether gastric and esophageal dysbiosis is associated with or is a consequence of HNSCC
treatment remains unclear. To resolve this issue, further prospective studies are needed, for
which the capsule-sponge device may be a useful tool. Because the capsule-sponge device is
a convenient non-endoscopic sampling procedure to collect bacteria from the gastric corpus
mucosa and the entire upper digestive tract, it may also be useful for studying the action of
external influences, such as diet and lifestyle, on tumor development and progression.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/cancers16203528/s1. Table S1: Intergroup differences in the
distribution of bacterial genera across sampling methods: capsule-sponge and oral samples vs.
gastric biopsies. Table S2: Unique and common bacteria in the distribution of bacterial genera across
sampling methods. Table S3: Bacterial genera differentiating HNSCC patients from the FD group
in gastric biopsies, capsule-sponge, and oral samples. Table S4: Unique and common bacteria in
the comparisons of HNSCC vs. FD group in samples from gastric biopsies, capsule-sponge, and
oral samples.
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