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Background: This study aimed to characterize the bacterial microbiota in the oral cavity
(OC), throat, trachea, and distal alveoli of patients with primary malignant tracheal tumors
(PMTT), including squamous cell carcinoma (SCC) and salivary gland carcinoma patients
(SGC), for comparison with a matched non-malignant tracheal tumor (NMTT) group.

Methods: Patients with pathological diagnosis of PMTT and NMTT were included in this
study. Saliva, throat swab (TS), trachea protected specimen brush (PSB), and
bronchoalveolar lavage fluid (BALF) samples were collected for 16S rRNA gene
sequencing. The composition, diversity, and distribution of the microbiota were
compared among biogeographic sampling sites and patient groups. The relationship
between the genera-level taxon abundance and tracheal tumor types was also
investigated to screen for candidate biomarkers.

Findings: The most represented phyla in the four sites were Bacteroidetes, Firmicutes,
Proteobacteria, and Fusobacteria. In SCC patients, the relative abundance of
Bacteroidetes and Firmicutes gradually decreased with increasing depth into the
respiratory tract, while the relative abundance of Proteobacteria gradually increased.
Bacterial communities at the four biogeographic sites formed two distinct clusters, with
OC and TS samples comprising one cluster and PSB and BALF samples comprising the
other group. Principal coordinate analysis showed that trachea microbiota in SCC patients
were distinct from that of SGC or NMTT patients. In the trachea, AUCs generated by
Prevotella and Alloprevotella showed that the abundance of these genera could
distinguish SCC patients from both NMTT and SGC patients.
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Interpretation: The structure of respiratory tract microbiota in PMTT patients is related to
tumor type. Certain bacteria could potentially serve as markers of SCC, although
verification with large-sample studies is necessary.
Keywords: malignant tracheal tumor, squamous cell carcinoma, salivary gland type carcinoma, 16S rRNA
sequencing, microbiome
INTRODUCTION

Primary malignant tracheal tumor (PMTT) is a rare disease,
accounting for 0.5% of all malignancies and 0.01-0.4% of lung
cancer cases, with approximately 1 new case per 1,000,000
reported yearly (1, 2). Histologically, PMTT mainly includes
squamous cell carcinoma (SCC), and salivary gland type
carcinoma (SGC) (3). Although PMTT represents a small
proportion of total lung cancer cases, a large number of
patients suffer from PMTT. PMTT most commonly arise from
the respiratory epithelium, mesenchymal structures, or salivary
glands of the trachea (3). The possible factors affecting the
occurrence and development of tracheal cancer include
underlying genetics, smoking, air pollution and other
environmental factors. However, the exact mechanism of
PMTT development has not been determined.

The lung has been historically considered a sterile
environment. However, recent advances in high-throughput
sequencing have shed new light on this misconception with
evidence that there are abundant and diverse bacterial
communities in the lower respiratory tract (LRT) dominated
by Bacteroidetes, Firmicutes, and Proteobacteria phyla (4, 5).
Several studies have shown that microbiota of the human lung
contribute significantly to respiratory health and disease (5–7).
Specifically, alterations in the composition and diversity of
respiratory tract microbiota are common in lung diseases such
as asthma (8), lung fibrosis (9), lung cancers (7, 10–15), and
chronic obstructive pulmonary disease (16). However,
respiratory microbiota is relatively unstudied compared to gut
microbiota, and the tracheal microbiome under disease
conditions is less studied than that in healthy subjects or
subjects with laryngotracheal stenosis (17, 18). The trachea is
regularly exposed to air pollution, particulate matter, tobacco
smoke, and microbes, all of which can either cause or contribute
to microbial dysbiosis and inflammation, consequently
impacting tumorigenic processes. Therefore, further
exploration of the relationship between microbiota and PMTT
is needed to better understand their underlying interactions.

To date, there has been no report of which we are aware
describing the composition and diversity of respiratory tract
microbiota in PMTT patients. In this study, we used 16s rRNA
gene sequencing to characterize the respiratory tract microbiota
in patients with PMTT and compared their biogeographic
distribution in the upper respiratory tract (URT), oral cavity
(OC) and LRT. We hypothesized that tracheal tumors would be
associated with respiratory tract dysbiosis and microbial
populations will exhibit changes in their relative abundance
along the respiratory tract in patients with PMTT compared
2

with that in non-malignant tracheal tumor (NMTT) patients.
We then identified significant differences in airway microbiota
composition and characteristics among patients with NMTT,
SGC, and SCC, as well as between different sites in the
respiratory tract. In addition, we looked for correlations
between specific taxa and disease states at each site to screen
for candidate bacterial biomarkers associated with PMTT. Our
findings provide a basis for exploration of the role of
microorganisms in PMTT, as well as potential biomarkers for
further development in clinical diagnostics.
METHODS

Ethical Statement
This study was conducted in accordance with standards in the
Declaration of Helsinki (as revised in 2013). This study was
approved by the Ethics Committee of Ruijin Hospital Affiliated
with Shanghai Jiaotong University (2017-NO-81) and
Emergency General Hospital (K202110). Written informed
consent was obtained from all participants.

Study Design
This prospective observational study was conducted in Ruijin
Hospital Affiliated with Shanghai Jiaotong University and
Emergency General Hospital from March 2018 to March 2020.
Patients with histologically confirmed PMTT and NMTT were
recruited for this study. Included subjects were limited to patients
aged 18-79 years at diagnosis and with a survival time of ≥ 3
months. Subjects were excluded if they had any of the following
conditions: prior history of cancer, tuberculosis, recent bacterial/
viral respiratory infection (within 3 months), cirrhosis, diabetes,
pregnancy, endotracheal intubation, current smoking or smoking
cessation for less than three months, use of probiotics and
antibiotics (within the past three months), or contraindications
to bronchoscopy. Data for clinical characteristics were obtained by
questionnaires and medical charts.

Sample Collection
Samples from OC saliva, throat swab (TS), trachea protected
specimens brush (PSB), and bronchoalveolar lavage fluid (BALF)
were collected for 16S rRNA gene analysis. Saliva and TS samples
were collected before bronchoscopy diagnosis. Bronchoscopy
was performed by experienced physicians. The bronchoscope
was inserted into the mouth and secured in a position to obtain
tracheal PSB and BALF samples. PSB samples were collected
prior to Bronchoalveolar lavage (BAL). BALF samples were
November 2021 | Volume 11 | Article 758917
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collected according to American Thoracic Society guidelines and
Chinese Thoracic Society standard procedures (19). All samples
were transported to the laboratory using dry ice buckets and
stored at -80°C.

DNA Extraction and High-Throughput
Sequencing
All samples were subjected to the same procedures for DNA
extraction and PCR amplification, which were performed by the
same laboratory technicians. Microbial DNA was extracted from
samples as previouslydescribed (20).The extractedDNAfromeach
sample was used as the template for PCR amplification of the
V3~V4 region of the bacterial 16S rRNA gene, using primers F1
(5 ’-CCTACGGGNGGCWGCAG-3 ’) and R2 (5 ’-GACT
ACHVGvGGTATCTAATCC-3’) which corresponds to positions
341 to 805 in the Escherichia coli 16S rRNA gene. PCR reactions
were run in an EasyCycler 96 PCR system (Analytik Jena Corp.,
AG) using the following program: 3 min of denaturation at 95°C;
21 cycles of 0.5 min at 94°C (denaturation), 0.5 min 58°C
(annealing), and 0.5 min at 72°C (elongation); 5 min final
extension at 72°C. The products from all samples were indexed
and mixed at equal ratios for sequencing by Shanghai Mobio
Biomedical Technology Co. Ltd. using the Miseq platform
(Illumina Inc.,USA) according to themanufacturer’s instructions.

We used a previously described set of minimal experimental
criteria to minimize the impact of contaminant DNA and
likelihood of cross-contamination during research (21). To
identify potential sources of contamination in sequencing, we
collected multiple procedural controls, including saline used in
bronchoscopy, unused protected specimens brush, and sterile
water used in library.

Reads Processing
Clean reads were extracted from raw data using USEARCH
(version 11.0.667) with the following criteria: (i) Sequences of
each sample were extracted using each index with zero
mismatches. (ii) Sequences with overlap of less than 50 bp
were discarded. (iii) Sequences with an error rate for overlap
greater than 0.1 were discarded. (iv) Sequences less than 400 bp
after merging were discarded. Quality-filtered sequences were
clustered into unique sequences and sorted in order of decreasing
abundance to identify representative sequences using UPARSE
according to the UPARSE OTU analysis pipeline; singletons
were omitted in this step.

Bioinformatics Analysis of 16S rRNA
Operational Taxonomic Units (OTUs) were classified based on
97% similarity after chimeric sequences removed using UPARSE
(version 7.1 http://drive5.com/uparse/). The phylogenetic
affiliation of each 16S rRNA gene sequence was analyzed by
RDP Classifier (http://rdp.cme.msu.edu/) against the Silva
database (SSU123) using a confidence threshold of 70% (22).
Alpha diversity was assessed using the ACE estimator, Chao 1
estimator, Shannon-Wiener diversity index, and Simpson
diversity index. Both Bray-Curtis, weighted and unweighted
UniFrac dissimilarity were calculated in QIIME (23). Principal
coordinate analysis (PCoA) plots and PERMANOVA were used
Frontiers in Oncology | www.frontiersin.org 3
to test for statistical significance between the groups using 10,000
permutations using the adonis function of vegan 2.5-7 (24).
Differences in bacterial population structure between different
sites were inspected using the anosim function (vegan package)
with 1,000 permutations. The linear discriminant analysis (LDA)
effect size (LEfSe) was used to detect taxa with differential
abundance among groups (lefse 1.1, https://github.com/
SegataLab/lefse). Raw Illumina read data for all samples were
deposited in the GenBank Sequence Read Archive under
accession number (PRJNA766788). Microbiome statistics and
figure generation were performed in R 4.0 using the ggplot2
package (25).

Biomarker Prediction and Screening
We constructed a random forest model for distinguishing and
classification of predominant genera as candidate biomarkers
based on Gini importance values for OTUS between groups
using the R package function “randomForest” (ntree=1000) (26).
The discriminatory ability of each candidate biomarker was
evaluated by plotting receiver-operating characteristic (ROC)
curves and calculating the area under the ROC curve (AUC)
using the pROC package in the R software package. Due to the
small sample size, we only performed classification and did not
perform validation with a separate cohort.

Statistical Analysis
Continuous variables were reported as means ± standard
deviations, and statistical comparisons were made using the
independent t-test. Non-normally distributed variables were
expressed as interquartile range (IQR), and comparisons were
conducted using the Mann-Whitney U test. Differences with a p
value <0.05 (two-sided) were considered statistically significant.
Statistical analyses were performed using SPSS V.20.0 (SPSS,
Chicago, Illinois, USA).
RESULTS

Baseline Clinical Characteristics
of the Participants
A total of 55 patients with PMTT (n=34) or NMTT (n=21) were
recruited. The demographic and clinical data of all the
participants are shown in Table 1. PMTT participants were
then divided into SGC (n = 15) or SCC (n = 19) groups
depending on carcinoma type. The NMTT group consisted of
patients with tracheal adenoma (n=6), hamartoma (n=6), lipoma
(n=1), leiomyoma (n=3), papilloma (n=3), or idiopathic glottic
stenosis (n=2). There were no significant differences in age, body
mass index (BMI), or smoking status among the groups. Of these
patients, 54 consented to bronchoscopy. It should also be noted
that DNA extraction was unsuccessful in 12 samples.

Taxonomic Profiling of Tracheal Tumor
Airway Microbiota
In all samples, the most well-represented phyla were
Bacteroidetes, Firmicutes, Proteobacteria, and Fusobacteria,
November 2021 | Volume 11 | Article 758917
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which accounted for ~90% of the total relative abundance
(Figure 1 and Table S1). The overall phylum level composition
of microbiota significantly shifted at each of the four biogeographic
sites in SCC patients, while no significant differences in
composition were observed at any of the four sites in either
NMTT or SGC patients (Figure 1 and Table S1). More
specifically, as the respiratory tract deepened (from throat to
alveolus), the relative abundance of Bacteroidetes and Firmicutes
gradually decreased, while the relative abundance of Proteobacteria
gradually increased (Table S1).

Comparison of Microbiota Composition
and Effect Size Analysis
We then performed PCoA to investigate the potential differences
in microbiota composition among different biogeographic sites
for all three tracheal tumor types (Figure 2). In particular, OC
microbiota appeared to explain 8.5%, 12.0%, and 11.4% of the
variance in tracheal microbiota among NMTT, SGC, and SCC
patients, respectively. Similarly, TS microbiota apparently
explained 8.6%, 10.6%, and 14.1% of the variance in tracheal
tumor microbiota for the NMTT, SGC, and SCC groups,
respectively. In addition, the OC and TS microbiota explained
14.2% and 17.6% of the variance of microbiota in lung alveoli of
SCC patients.

Genus level comparisons by Anosim and PERMANOVA
showed no significant differences in microbiota composition at
the OC and TS sites nor between the PSB and BALF samples in
any of the patient groups, while the SGC group also had no
significant differences between BALF communities and those in
TS or OC samples. Further examination of PERMANOVA
comparison of microbiota composition at the OC, TS, tracheal
tumors, and lung alveoli sites revealed a significant correlation
between the microbiota composition in PSB samples with those
in TS and OC samples in all three groups (Table 2). These results
indicated that the microbiota composition of OC and TS were
significantly related with that of the LRT.
Frontiers in Oncology | www.frontiersin.org 4
Microbial Diversity of Tracheal Tumors
In light of our above findings showing clear relationships
between URT and LRT microbiota, we next examined
microbial community richness using the ACE and Chao1
estimators and community diversity using the Shannon index.
The results showed no significant differences among the four
TABLE 1 | Demographic and clinical characteristics of the patients.

SCC (n = 19) SGC (n = 15) NMTT (n = 21) P value

Age ± SD 60.40 ± 2.37 51.46 ± 4.25 54.00 ± 3.22 0.194
Gender: male (n) 9 5 10
Smoking Status
Past Smoker (n) 10 6 9 0.729
Never Smoker (n) 9 9 12 0.729
Metastasis (n) 4 2 – 0.558
Location in trachea
Cervical (n) 2 5 5 0.869
Middle (n) 7 6 7
Distal and carinal (n) 10 4 9
Samples passing quality control/samples sequenced
Saliva (n) 16 15 21 –

Throat (n) 19 13 17 –

Trachea (n) 16 15 21 –

BALF (n) 19 15 21 –
One-way analysis of variance was used to evaluate the difference among the three groups.
Continuous variables were compared usingWilcoxon rank sum test between both groups.
Fisher’s exact test compared categorical variables.
A

B

C

FIGURE 1 | Relative abundance of phylum level OTUs at four distinct
biogeographic sites for NMTT (A), SGC (B), and SCC (C) patients. Box plots
show the relative abundance and significance of the most significant genera.
The center point denotes the median. Points outside the whiskers represent
outlier samples.
November 2021 | Volume 11 | Article 758917
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sites in any of the three pathological types (Figure S1). However,
comparisons of a-diversity by Simpson index among all three
groups revealed significant differences in their tracheal
microbiota (p=0.018). Furthermore, SCC patients showed
significantly lower a-diversity compared to SGC patients
(Shannon index, p=0.028; Simpson index, p=0.009).

No significant differences were observed in the UniFrac
distances between microbiota of OC and TS samples within
each group (Figures 3A, B). b-diversity plots showed distinct
separation of the tracheal microbiota of SCC subjects from
those of SGC or NMTT (p < 0.05, Figure 3C). PC1 explained
22.34% of the variation among groups, while PC2 explained
12.82% of the variation. In BALF samples, PCoA plots showed
that microbiota in SCC group samples were obviously distinct
from those of the SGC group (p < 0.05, Figure 3D), with PC1
accounting for 11.9% of the variation, and PC2 accounting for
27.62% of the variation.
Frontiers in Oncology | www.frontiersin.org 5
Taxonomic Characteristics of Tracheal
Tumor Microbiota at Different Sites
To determine which bacterial genera could serve as indicators
for microbiota at different biogeographic sites, we investigated
the relative abundance of genera which appeared at a frequency
of 0.1% or greater. We found that most genera were shared
by all four sites in different pathology groups, as shown by
Venn diagram (Figure 4 and Table S2). Across all samples, a
total of 311 genera were detected, with the nineteen most
abundant genera accounting for ~80% of the total OTUs
including Prevotella, Streptococcus, Neisseria, Veillonella,
Porphyromonas, Alloprevotella, Fusobacterium, Leptotrichia,
Rothia, Haemophilus, Capnocytophaga, Granulicatella, Gemella,
Bacteroides, Candidate_division_TM7, Peptostreptococcus,
Megasphaera, Staphylococcus, and Actinomyces (Figure 4 and
Table S2). Figure 4 shows taxa that are unique or shared
among NMTT, SGC, and SCC groups at each geographical
A B C

FIGURE 2 | Unweighted UniFrac principal component analysis of microbiota differences among distinct biogeographic sites in NMTT (A), SGC (B) and SCC (C) patients.
TABLE 2 | Comparisons of microbiota at distinct biogeographic sites.

Disease Site PERMANOVA (R2) P value ANOSIM (R) P value

NMTT TS vs OC 0.014 0.806 -0.039 0.89
NMTT TS vs PSB 0.085 0.002 0.090 0.005
NMTT TS vs BAL 0.054 0.078 0.065 0.04
NMTT OC vs PSB 0.086 0.001 0.136 0.002
NMTT OC vs BAL 0.058 0.032 0.103 0.017
NMTT PSB vs BAL 0.021 0.712 -0.035 0.888
SCC TS vs OC 0.041 0.269 0.025 0.223
SCC TS vs PSB 0.114 0.002 0.186 0.001
SCC TS vs BAL 0.142 0.001 0.212 0.002
SCC OC vs PSB 0.141 0.001 0.230 0.001
SCC OC vs BAL 0.176 0.001 0.258 0.001
SCC PSB vs BAL 0.012 0.939 -0.016 0.581
SGC TS vs OC 0.025 0.644 -0.019 0.652
SGC TS vs PSB 0.120 0.001 0.157 0.002
SGC TS vs BAL 0.057 0.134 0.001 0.42
SGC OC vs PSB 0.106 0.002 0.142 0.006
SGC OC vs BAL 0.034 0.522 0.002 0.423
SGC PSB vs BAL 0.078 0.077 0.044 0.139
Novem
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site. Notably, four taxa were exclusively detected in the OC,
one in the TS, 38 in the PSB, and seven in the BALF of SGC
patients. By contrast, two taxa were exclusively found in the OC,
four in the TS, 30 in the PSB, and 19 in the BALF of only
SCC patients.
Frontiers in Oncology | www.frontiersin.org 6
We performed LEfSe analysis separately on the microbiota of
different sampling sites to identify which taxa contribute the
strongest effects to differences between the three groups. The
results showed no significant differences between taxa in the OC
and TS samples, whereas analysis of trachea microbiota revealed
A B

C D

FIGURE 3 | Unweighted UniFrac principal coordinate analysis of microbiota from (A) OC, (B) throat swab, (C) PSB, and (D) BALF samples between NMTT, SGC
and SCC patients.
A B C

FIGURE 4 | Comparison of predominant microbial genera at four biogeographic sites in the NMTT (A), SGC (B) and SCC (C) groups. Box plots show the relative
abundance and significance of the most significant genera in microbiota at each site. The center point denotes the median. Points outside the whiskers represent
outlier samples. Venn diagram in each panel illustrates overlap of genera in microbiota among the OC, TS, trachea, and lung alveoli sites.
November 2021 | Volume 11 | Article 758917
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a relatively high abundance of genera Oribacterium, Incertae
Sedis, Haemophilus, and Alloprevotella among samples from
SGC patients (Figure 5A). In contrast, order Pseudomonadales
and the Erysipelotrichaceae and Veillonellaceae families (which
included Bacillus and Prevotella) were relatively enriched among
SCC group samples (Figure 5A).

Further LEfSE analysis of distal alveoli microbiota showed
significantly higher abundances of Lactobacillus, Rothia,
Lachnoanaerobaculum, Solobacterium, Atopobium, Capnocytophaga,
Leptotrichia, Alloprevotella and Veillonella in SCC patients, but higher
abundances of Stenotrophomonas, Subdoligranulum, Roseburia,
Christensenellaceae, Acidaminococcaceae, Pseudobutyrivibrio,
Exiguobacterium, Sphingomonas, Caulobacter, Anaerostipes,
Acinetobacter, and Moraxellaceae in SGC patients at the genus level
(Figure 5B). Collectively, these results suggested that SCC and SGC
appear to enrich for distinctly different sets of bacterial genera.

Potential Bacterial Biomarkers for
Tracheal Tumor Patients
To identify candidate biomarkers for different tracheal tumor
types, we performed random forest analysis to highlight
Frontiers in Oncology | www.frontiersin.org 7
differences in composition of microbiota between PSB and
BALF samples. Biomarker screening was based on two criteria:
candidates 1) were among the 50 features showing the greatest
mean decrease in Gini importance by random forest analysis,
and 2) had a relative abundance of greater than 0.1% among total
bacterial genera. As shown in Table S3, we screened 20
potentially resolvable microbial genera from the PSB and
BALF samples, respectively (n=40 total). The ROC analysis
was further performed to validate the diagnostic ability of
these potential biomarkers for classification of different
tracheal tumors (Figure 6). In particular, Prevotella and
Alloprevotella genera were found to serve as strong potential
indicators among the classifiers. For example, at the tracheal site,
Prevotella produced AUCs of 78% and 80% in distinguishing
SCC from NMTT or SGC from patients, respectively, while
Alloprevotella showed AUCs of 71% and 75% in distinguishing
SCC from NMTT or SCC from SGC patients, respectively
(Figure 6A). In addition, Bacillus had the potential ability to
distinguish SGC patients from patients with NMTT (AUC =
75%) and SCC (AUC = 75%). Several genera in distal lung alveoli
samples, especially Prevotella, Alloprevotella, Acinetobater, and
Veillonella, also showed relatively strong ability to distinguish
SCC from NMTT and SGC (Figure 6B), with AUCs ranging
from 0.74-0.86. These results suggested that several genera were
distinctly enriched at these biogeographic sites during SCC or
SGC development, and could therefore be further developed as
potential diagnostic markers for adoption in clinic.
DISCUSSION

To our knowledge, this report represents the first comprehensive
investigation of the microbial composition and diversity of the
microbiome at four different biogeographic sites (saliva, throat,
trachea, and distal alveoli) in patients with PMTT.We found that
the LRT microbiota are affected by oral and throat microbiota
and observed that Prevotella and Veillonella species decrease in
relative abundance with increasing depth into the airway. Our
results also indicate that alpha diversity is lower in SCC patients
compared to that in the SGC and NMTT groups. In addition, the
relative abundance of Prevotella is lower in the SCC group than
that in the SGC and NMTT groups, while Alloprevotella is found
in the highest abundance in LRT samples of the SGC group.
These significant differences in microbial diversity, and taxa
abundance associated with different anatomical sites and
pathological types suggests an imbalance in the microbiota of
the PMTT microenvironment and implies that some taxa may
participate in the pathology of PMTT.

Discrepancies in the results obtained by different studies
could be attributable to differences in the number of cases,
ethnicity, gender, smoking history, age, and inclusion criteria.
We enrolled patients from our clinics in Shanghai and Beijing
who originated from provinces throughout China to avoid
geographical selection bias and employed strict inclusion and
exclusion criteria to minimize the effects of confounding factors.
Contaminant-controlled analysis framework in our study
allowed the accurate detection of microbial DNA for sequence.
A

B

FIGURE 5 | Linear discriminant analysis effect size (LefSe) based on operational
taxonomic units (OTUs) characterize microbiomes of trachea (A), and distal alveoli
(B) between different pathological types of tracheal tumor groups.
November 2021 | Volume 11 | Article 758917
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We found that the airway and oral microbiota associated with
tracheal tumors are primarily composed of four phyla, which is
consistent with findings of previous studies (4, 27). Unlike
NMTT and SGC patients, the abundance of Proteobacteria in
the LRT is significantly elevated in SCC patients, while the other
phyla have significantly lower relative abundance. This effect
could be at least partially explained by impaired local immunity
at the lesion site due to smoking, which causes massive
proliferation of pathogenic bacteria. It should be noted that
Proteobacteria, such as Pseudomonas aeruginosa , are
reportedly involved in chronic lung disease, lung fibrosis, and
asthma (28–30).

Studies in lung cancer patients and animal models have
demonstrated tumor-associated dysregulation of airway
microbiota, which can in turn impact cancer progression by
shaping conditions in the tumor microenvironment and
modulating the activity of tumor-infiltrating immune cells (10–
15, 31). Our previous study found that lung cancer-associated
microbiota profile is distinct from that found in healthy controls,
and the altered cancer-associated microbiota is not restricted to
tumor tissue (10). These results suggested considerable spatial
heterogeneity in bacterial community composition within the
lungs of lung cancer patients. However, the role of airway
microbiota in PMTT remains largely unknown. The
respiratory tract is a complex system that is exposed to a large
number of airborne microorganisms and is inhabited by niche-
specific communities of microbes. Moreover, the oral microbiota
Frontiers in Oncology | www.frontiersin.org 8
shape the respiratory microbiome (32), which may contribute to
the carcinogenesis of PMTT via mucosal dispersion and
microaspiration of oral bacteria and their metabolites to the
respiratory tract. Dysbiosis of oral microbiota is closely
associated with cancer, including lung, esophageal, and
colorectal cancer (33–37). For instance, the abundance of the
periodontal pathogen Porphyromonas gingivalis is accompanied
by an elevated risk of esophageal squamous cell carcinoma (33).
Other work has suggested that Peptococcus and Centipeda species
in saliva and mucosal Subdoligranulum species could serve as
drivers of tumorigenesis of colorectal cancer (34). Dysbiosis of
the salivary microbiome is also associated with non-smoking
lung cancer and correlated with systemic inflammatory
marker (35).

In this study, we found that the microbiota in the OC and TS
could explain 8.5%-17.6% of the variance of the lower respiratory
tract microbiota. Interestingly, we found that the microbiota of
OC and throat exert a statistically significant effect on microbiota
of the trachea but not on distal alveoli in SGC patients. However,
in SCC patients, the microbiota of the OC and throat
significantly affect the tracheal and distal alveolar microbiota,
and similar results were also observed in NMTT patients. SGC
are most commonly found in oral cancer patients, but is rare in
lung cancer patients. Although rare, tracheal SGC also originates
from tumorigenesis of the minor salivary glands located in the
mucous membranes of the head and neck. Tracheal SGC
microbiota can be thus affected by the oral microbiota
A B

FIGURE 6 | Differences in bacterial genera among NMTT, SGC, and SCC groups in trachea (A) and lung alveoli (B) sites. The receiver operating characteristic
curves for classification were performed and the values of the area under the ROC curve (AUC) are shown in the heatmaps.
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originating in the adjacent oral cavity or from submucosal
salivary glands that extend down into the trachea.

In healthy individuals, the lung microbiome is generally
believed to be inoculated by OC bacteria, and that the
community is maintained by a balance between immigration,
colonization, and competition processes (32). However, this
balance is apparently disturbed during several lung diseases
(5). This likelihood is supported by our finding of decreased
alpha diversity in SCC patients compared with that in SGC and
NMTT subjects. However, we found no consistent changes in
microbial diversity of distal lung alveoli and oral cavity among
different carcinoma subtypes. Reduced microbial diversity has
been considered a feature of some cancers, such as esophageal
adenocarcinoma, gastric carcinoma, and colorectal cancer. Our
previous study showed that decreased microbial diversity in the
distal lung alveoli is associated with increased risk of lung
cancer (10).

The genera Prevotella and Veillonella are among the most
abundant bacteria in the respiratory tract of healthy individuals
and are universal commensal colonizers of mucosal surfaces in
a “healthy” lung microbiome (38–40). Recent work has shown
that the relative abundance of Prevotella in BALF is increased in
lung cancer patients (11). Here, we also observed that the
relative abundance of Prevotella increased in the SCC group.
Prevotella can adhere to epithelial cells and form a biofilm
through their ability to modulate host immune response and
metabolic activity (41). Alternatively, Segal et al. classified the
microbiota of BALF samples from healthy subjects into two
types: a supraglottic predominant taxa (SPT) pneumotype and
a background predominant taxa (BPT) pneumotype (42, 43).
Further studies revealed that characteristic SPT taxa, including
Prevotella and Veillonella, were positively correlated with
multiple cytokine levels, including Th17 cytokines such as IL-
1a, IL-1b, IL-6, fractalkine, and IL-17, in both Th17 cells and
neutrophils (43). Thus, URT-derived bacteria and/or their
metabolites in the lung can regulate the tonic level of airway
inflammation and Th17 immune activation (43). Tsay et al.
found that lower airway dysbiosis induced by microaspiration
of oral commensals affect lung tumorigenesis by promoting an
IL-17 driven inflammatory phenotype (12). Dysregulation of
local lung microbiota stimulated Myd88-dependent IL-1b and
IL-23 production from myeloid cells, inducing proliferation
and activation of Vg6+Vd1+ gd T cells that produced IL-17 and
other effector molecules to promote inflammation and
tumorigenesis (31).

Among these URT bacteria, Veillonella is associated with
increased mucosal inflammation in the airway, and is
significantly more abundant in saliva and BALF samples from
lung cancer patients than healthy control subjects (14, 15).
Airway microbiota can regulate specific oncogenic pathways
that directly drive carcinogenesis. Veillonella is also associated
with transcriptomic changes in airway epithelial cells, especially
with activation of the ERK/PI3K pathway relevant to lung cancer
(13). In addition to Veillonella, our results reveal that
Alloprevotella is found in the highest abundance in LRT
samples of the SGC group, suggesting a strong association
Frontiers in Oncology | www.frontiersin.org 9
between SGC and predominant oral bacteria. Other studies
have shown that Alloprevotella likely contributes to the
enrichment for proinflammatory genes, has been reported to
be progressively enriched along the order of negative control !
precancerous lesions ! oral cancer (37). Our results are thus
consistent with previous studies and further indicate that specific
bacterial taxa may serve as potential biomarkers and new
therapeutic targets.

Some limitations of this study should be noted. First, for
ethical reasons, we did not obtain PSB or BALF samples from
healthy individuals as controls, so the use of specific bacteria to
distinguish different tracheal tumors types may be unreliable in
some cases, resulting in false positive correlations. Second,
respiratory microbial communities undergo dynamic changes,
and cross-sectional studies may not reflect a comprehensive
landscape of microbial features across all stages of the disease.
Third, this pilot study utilizes a small cohort and therefore
requires a large-scale longitudinal cohort for validation. In
addition, the sample size is too small to perform risk
stratification or to predict prognosis.
CONCLUSION

In this study, we investigated the composition, diversity, and
differences in respiratory tract microbiota at different sites in
PMTT patients. This study uncovers novel and plausible
correlations between dysbiosis in microbiota and PMTT. This
work also identified bacterial genera that are unique to specific
sites during SCC or SGC development and can therefore serve as
candidate targets for PMTT diagnosis or intervention, although
large sample studies are needed to validate their reliability
as biomarkers.
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25. Gómez-Rubio V. Ggplot2 - Elegant Graphics for Data Analysis (2nd Edition).
J Stat Softw (2017) 77:9–173. doi: 10.1080/15366367.2019.1565254

26. Liaw A, Wiener M. Classification and Regression by Random. Forest R News
(2002) 2:18–22.

27. Ubags NDJ, Marsland BJ. Mechanistic Insight Into the Function of the
Microbiome in Lung Diseases. Eur Respir J (2017) 50:1602467. doi: 10.1183/
13993003.02467-2016

28. Bisgaard H, Hermansen MN, Bønnelykke K, Stokholm J, Baty F, Skytt NL,
et al. Association of Bacteria and Viruses With Wheezy Episodes in Young
Children: Prospective Birth Cohort Study. BMJ (2010) 341:c4978–8.
doi: 10.1136/bmj.c4978

29. Man WH, de Steenhuijsen Piters WA, Bogaert D. The Microbiota of the
Respiratory Tract: Gatekeeper to Respiratory Health. Nat Rev Microbiol
(2017) 15(5):259–70. doi: 10.1038/nrmicro.2017.14

30. Pustelny C, Komor U, Pawar V, Lorenz A, Bielecka A, Moter A, et al.
Contribution of Veillonella Parvula to Pseudomonas Aeruginosa-Mediated
Pathogenicity in a Murine Tumor Model System. Infect Immun (2015)
83:417–29. doi: 10.1128/IAI.02234-14

31. Jin C, Lagoudas GK, Zhao C, Bullman S, Bhutkar A, Hu B, et al. Commensal
Microbiota Promote Lung Cancer Development via gd T Cells. Cell (2019) 176
(5):998–1013.e16. doi: 10.1016/j.cell.2018.12.040

32. Morris A, Beck JM, Schloss PD, Campbell TB, Crothers K, Curtis JL, et al.
Comparison of the Respiratory Microbiome in Healthy Nonsmokers and
Smokers. Am J Respir Crit Care Med (2013) 187:1067–75. doi: 10.1164/
rccm.201210-1913OC

33. Peters BA, Wu J, Pei Z, Yang L, Purdue MP, Freedman ND, et al. Oral
Microbiome Composition Reflects Prospective Risk for Esophageal
Cancers. Cancer Res (2017) 77(23):6777–87. doi: 10.1158/0008-5472.
CAN-17-1296

34. Wang Y, Zhang Y, Qian Y, Xie YH, Jiang SS, Kang ZR, et al. Alterations in the
Oral and Gut Microbiome of Colorectal Cancer Patients and Association
With Host Clinical Factors. Int J Cancer (2021). doi: 10.1002/ijc.33596

35. Yang J, Mu X, Wang Y, Zhu D, Zhang J, Liang C, et al. Dysbiosis of the
Salivary Microbiome is Associated With non-Smoking Female Lung Cancer
and Correlated With Immunocytochemistry Markers. Front Oncol (2018)
8:520. doi: 10.3389/fonc.2018.00520

36. Fan X, Alekseyenko AV, Wu J, Peters BA, Jacobs EJ, Gapstur SM, et al.
Human Oral Microbiome and Prospective Risk for Pancreatic Cancer: A
Frontiers in Oncology | www.frontiersin.org 11
Population-Based Nested Case-Control Study. Gut (2018) 67:120–7.
doi: 10.1136/gutjnl-2016-312580

37. Ganly I, Yang L, Giese RA, Hao Y, Nossa CW, Morris LGT, et al. Periodontal
Pathogens are a Risk Factor of Oral Cavity Squamous Cell Carcinoma,
Independent of Tobacco and Alcohol and Human Papillomavirus. Int J
Cancer (2019) 145:775–84. doi: 10.1002/ijc.32152

38. Larsen JM. The Immune Response to Prevotella Bacteria in Chronic
Inflammatory Disease. Immunology (2017) 151:363–74. doi: 10.1111/
imm.12760

39. Budden KF, Shukla SD, Rehman SF, Bowerman KL, Keely S, Hugenholtz P,
et al. Functional Effects of the Microbiota in Chronic Respiratory Disease.
Lancet Respir Med (2019) 7(10):907–20. doi: 10.1016/S2213-2600(18)30510-1

40. Charlson ES, Bittinger K, Haas AR, Fitzgerald AS, Frank I, Yadav A, et al.
Topographical Continuity of Bacterial Populations in the Healthy Human
Respiratory Tract. Am J Respir Crit Care Med (2011) 184:957–63. doi: 10.1164/
rccm.201104-0655OC

41. Gursoy UK, Könönen E, Uitto VJ. Prevotella intermediaATCC 25611 Targets
Host Cell Lamellipodia in Epithelial Cell Adhesion and Invasion. Oral
Microbiol Immunol (2009) 24:304–9. doi: 10.1111/j.1399-302X.2009.00510.x

42. Segal LN, Alekseyenko AV, Clemente JC, Kulkarni K, Wu B, Gao Z, et al.
Enrichment of Lung Microbiome With Supraglottic Taxa is Associated With
Increased Pulmonary Inflammation. Microbiome (2013) 1:19. doi: 10.1186/
2049-2618-1-19

43. Segal LN, Clemente JC, Tsay J-CJ, Koralov SB, Keller BC, Wu BG, et al.
Enrichment of the Lung MicrobiomeWith Oral Taxa is AssociatedWith Lung
Inflammation of a Th17 Phenotype. Nat Microbiol (2016) 1:16031.
doi: 10.1038/nmicrobiol.2016.31

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Liu, Liu, Zhang, Zhang, Zhou, Tao,Wang and Qu. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
November 2021 | Volume 11 | Article 758917

https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1080/15366367.2019.1565254
https://doi.org/10.1183/13993003.02467-2016
https://doi.org/10.1183/13993003.02467-2016
https://doi.org/10.1136/bmj.c4978
https://doi.org/10.1038/nrmicro.2017.14
https://doi.org/10.1128/IAI.02234-14
https://doi.org/10.1016/j.cell.2018.12.040
https://doi.org/10.1164/rccm.201210-1913OC
https://doi.org/10.1164/rccm.201210-1913OC
https://doi.org/10.1158/0008-5472.CAN-17-1296
https://doi.org/10.1158/0008-5472.CAN-17-1296
https://doi.org/10.1002/ijc.33596
https://doi.org/10.3389/fonc.2018.00520
https://doi.org/10.1136/gutjnl-2016-312580
https://doi.org/10.1002/ijc.32152
https://doi.org/10.1111/imm.12760
https://doi.org/10.1111/imm.12760
https://doi.org/10.1016/S2213-2600(18)30510-1
https://doi.org/10.1164/rccm.201104-0655OC
https://doi.org/10.1164/rccm.201104-0655OC
https://doi.org/10.1111/j.1399-302X.2009.00510.x
https://doi.org/10.1186/2049-2618-1-19
https://doi.org/10.1186/2049-2618-1-19
https://doi.org/10.1038/nmicrobiol.2016.31
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Biogeography of the Respiratory Tract Microbiome in Patients With Malignant Tracheal Tumors
	Introduction
	Methods
	Ethical Statement
	Study Design
	Sample Collection
	DNA Extraction and High-Throughput Sequencing
	Reads Processing
	Bioinformatics Analysis of 16S rRNA
	Biomarker Prediction and Screening
	Statistical Analysis

	Results
	Baseline Clinical Characteristics of the Participants
	Taxonomic Profiling of Tracheal Tumor Airway Microbiota
	Comparison of Microbiota Composition and Effect Size Analysis
	Microbial Diversity of Tracheal Tumors
	Taxonomic Characteristics of Tracheal Tumor Microbiota at Different Sites
	Potential Bacterial Biomarkers for Tracheal Tumor Patients

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


