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Purpose: Microbial communities have emerged as crucial regulators in the initiation and progression of thyroid cancer. However,
most studies focus on single microbial sources, and the interplay between microbes across different ecological niches and their impact
on thyroid carcinogenesis are largely unknown.

Patients and Methods: In this study, we collected tissue, oral, and fecal samples from 32 patients with benign thyroid nodules
(BTN) and 32 patients with papillary thyroid carcinoma (PTC). The oral and fecal samples were subjected to 16S rRNA sequencing,
while the tissue samples were analyzed using SR 16S sequencing to comprehensively characterize the microbial communities.
Results: Clustering analysis using the Dirichlet Multinomial Mixture model with Laplace approximation identified two distinct oral
microbial community types (O_1 and O_2) and three fecal types (F_1, F 2, and F_3). Microbial diversity patterns in thyroid tissues
mirrored those observed in oral and fecal samples, suggesting potential microbial translocation or systemic interactions. Inflammatory
markers were significantly elevated in PTC patients relative to BTN controls. Notably, the genus Veillonella, a potential anti-tumor
biomarker, was significantly reduced in PTC samples across niches.

Conclusion: This study highlights the pivotal role of oral and intestinal microbiota in PTC development, emphasizing the interplay
between microbial composition, inflammatory processes, and immune regulation in tumor progression. The discovery of Veillonella as
a potential anti-tumor microbe, along with evidence of microbial translocation, opens new possibilities for targeted therapeutic
strategies.
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Introduction

Dysfunction of the thyroid gland, the largest endocrine gland in the human body, not only leads to hyperthyroidism or
hypothyroidism but is also closely associated with various autoimmune diseases (such as Hashimoto’s thyroiditis and
Graves’ disease) and thyroid cancer.' ™ The pathogenesis of thyroid cancer is highly complex, involving genetics,
radiation, thyroid hormone (TH) imbalance, and trace element dysregulation.® In particular, TH dysfunction may
indirectly affect the function of other organs.” The incidence of thyroid cancer, predominantly papillary thyroid
carcinoma (PTC), has dramatically increased, making it one of the fastest-growing cancer types worldwide.®
According to the World Cancer Research Fund, approximately 821,214 new global thyroid cancer cases were diagnosed
in 2022, accounting for 9.1% of all new cancer diagnoses that year. The average age at diagnosis is 45 years, with women
at higher risk of differentiated thyroid cancer than men.” The incidence of thyroid cancer in women is 10.2 per 100,000,
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three times that in men, and has continued to rise in many countries since the 1980s.'” The subtle and nonspecific clinical
presentation of PTC often hinders its early diagnosis, leading to a delay in treatment initiation and potentially affecting
patient outcomes.'' Although fine-needle aspiration biopsy (FNAB) is the primary method for distinguishing between
benign and malignant nodules in clinical practice, up to 30% of thyroid FNAB results remain indecisive.'> Consequently,
there is an urgent need for the discovery and validation of innovative biomarkers that can aid in the early and accurate
diagnosis of PTC.

The human microbiome, the collection of microorganisms that inhabit various body sites, has emerged as a significant
factor in health and disease, including cancer.'® The microbiota is known to influence host immunity, metabolism, and
even genetic expression, suggesting its potential role in cancer developmen‘t.14 Recent studies indicate an association
between alterations in gut, oral, or intratumoral microbiota and the pathogenesis of various malignancies.'>'® The gut
microbiome has been implicated in the development of colorectal cancer, with certain microbial signatures proposed as
early diagnostic indicators.'”'® Oral microbiota has been linked to oral squamous cell carcinoma and head and neck
squamous cell cancer.'®*® Guo et al analyzed the microbiota across three subtypes of pancreatic cancer. They found that
the basal-like subtype not only contains a distinct microbial community but also demonstrates significantly higher
abundances of Acinetobacter, Pseudomonas, and Sphingomonas.*" There is a growing body of evidence suggesting that
the microbiota may play a role in thyroid cancer development. Yuan et al demonstrated that Pseudomonas was the
dominant genus in PTC, followed by Rhodococcus, Ralstonia, Acinetobacter, and Sphingomonas.** Patients with
differentiated thyroid carcinoma (DTC) exhibit greater gut microbial species richness and diversity than healthy
individuals. LEfSe analysis further identified that f Oscillospiraceae, g _Subdoligranulum, and p_Actinobacteriota are
significantly enriched in patients with DTC.** Beyond the gut, the oral microbiota composition is also altered in patients
with thyroid cancer. Compared to healthy controls, their oral microbiome exhibits a distinct compositional shift.**
However, most studies have focused on a single niche within the body, and a comprehensive analysis of microbiota from
different sources remains limited, especially for PTC and benign thyroid nodules (BTN).

In the present study, we investigate whether unique microbial community signatures exist prior to the clinical
diagnosis of PTC. To achieve this objective, we employed 16S rRNA gene sequencing analysis to comparatively assess
the microbiota in tissue, fecal, and oropharyngeal swab samples from patients with PTC and those with BTN. We focused
on the enrichment of PTC-associated species within thyroid tumor tissues, and conducted an in-depth exploration of their
potential associations with the oral and gut microbiomes. The findings of this study are significant because they highlight
potential biomarkers for the early detection of thyroid cancer and contribute to unraveling the role of microbial
communities in the pathogenesis of thyroid carcinoma.

Materials and Methods

Participants

We recruited 64 patients at the Tangshan Gongren Hospital, of whom 32 had PTC and 32 had BTN. All participants
provided written informed consent, and the Tangshan Gongren Hospital’s Ethical Committee approved the study. We
conducted the study in accordance with the appropriate ethical guidelines. Clinical data, including age, sex, body mass
index, and relevant medical history, were collected using structured questionnaires.

Inclusion and Exclusion Criteria

Participants were enrolled according to the following inclusion and exclusion criteria. Inclusion criteria: 1) age >18; 2)
Patients who underwent surgery at our hospital and met the criteria of the latest “Guidelines for the Diagnosis and
Treatment of Thyroid Nodules and Differentiated Thyroid Cancer (2023, Second Edition); and 3) Patients who had not
been administered antibiotics within the prior three months.

Exclusion criteria: 1) Pregnant and lactating women; 2) Patients with multiple primary malignancies, previous
chemotherapy for metastatic disease, or unknown radiotherapy history, multicentricity status, or extrathyroidal extension
status; and 3) Patients with oral diseases, including Sjégren’s syndrome, Mikulicz’s syndrome, atrophic glossitis, oral
leukoplakia, or oral fungal infections.
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Sample Collection

Oropharyngeal swabs and matching fecal samples were collected for 16S rRNA gene sequencing. Participants were
instructed to rinse their mouths before collecting oropharyngeal swab samples during non-meal times, and they used
sterile cotton swabs to obtain lingual surface samples. Fecal samples were collected in the morning after an overnight fast
of more than eight hours. All samples were collected in sterile tubes and stored at —80°C before analysis.

Thyroid nodule tissues and PTC tissues were collected for an in-depth analysis using SR 16S rRNA gene sequencing.
All samples were obtained during surgery and immediately frozen in liquid nitrogen before being stored at —80°C.
During the sample collection process, we strictly adhered to aseptic operation procedures. We set up a blank control
group to ensure the accuracy of the experimental results and minimize the risk of cross-contamination.

Peripheral venous blood was collected for the analysis of thyroid function and hematological parameters. Participants
were instructed to fast and refrain from water intake after 8:00 PM on the day prior to blood collection. Peripheral venous
blood samples were drawn the following morning and subsequently subjected to laboratory analysis. Serum samples
were collected for the assessment of thyroid function. We collected 5 mL of blood in serum-separating tubes. The blood
was spun at 2500 x g for 10 minutes. Samples were then frozen at —80°C for enzyme-linked immunosorbent assay.

DNA Extraction

DNA was extracted from oral and fecal samples using the Hi-Swab DNA Kit (DP362, TIANGEN, Inc., China) and the
TIANamp Stool DNA Kit (DP328, TIANGEN, Inc., China), respectively, according to the manufacturer’s instructions.
DNA was extracted from frozen tissue samples using the cetyltrimethylammonium bromide method. All negative
controls were processed using the same protocols as the tissue samples. The total DNA was eluted in 50 pL of elution
buffer and stored at —80°C prior to analysis. The quality and concentration of the DNA were assessed using a 2% agarose
gel before amplification.

16S rRNA and 5R 16S rRNA Gene Sequencing

For oral and gut DNA, the 16S rRNA gene V3-V4 region was amplified with conserved primers. The polymerase chain
reaction (PCR) program commenced with initial denaturation at 98°C for 30 seconds, followed by 35 cycles of
denaturation at 98°C for 10 seconds, annealing at 54°C for 30 seconds, and extension at 72°C for 45 seconds; and
a final extension at 72°C for 10 minutes was then performed. For the intratumor microbiota, variable regions V2, V3, V5,
V6, and V8 of the 16S rRNA gene were amplified in a multiplex reaction with specific primers. In the first round of PCR,
amplification was performed using region-specific forward and reverse primers. The amplification protocol was as
follows: an initial denaturation step at 98°C for 30 seconds, followed by 30 cycles of denaturation at 98°C for 10 seconds,
annealing at 62°C for 15 seconds, and extension at 72°C for 35 seconds, concluding with a final extension at 72°C for
10 minutes. The product of the first PCR round was diluted 10-fold and utilized as the template for the second PCR
round, employing region-specific forward primers and a common specific reverse primer. The specific amplification
protocol for the second round was as follows: 98°C for 30 seconds; 35 cycles of 98°C for 10 seconds, 64°C for
15 seconds, and 72°C for 25 seconds; and 72°C for 5 minutes. The PCR products were purified by AMPure XT beads
(Beckman Coulter Genomics, Danvers, MA, USA) and quantified using Qubit (Invitrogen, USA). Subsequently, we
constructed the amplicon library for sequencing. We assessed its size and quantity using the Agilent 2100 Bioanalyzer
(Agilent, USA) and the Library Quantification Kit for [llumina (Kapa Biosciences, Woburn, MA, USA). Sequencing was
conducted on the Illumina NovaSeq platform provided by Biotree Biotechnology Co., Ltd (Shanghai, China). All the
primer sequences are presented in Supplementary Table 1.

Statistical Analysis

The data analysis for both 16S and 5R 16S sequencing began with quality control to ensure the production of high-
quality reads. For 168, paired-end reads were assembled according to distinct barcodes, with barcodes and primer
sequences removed beforehand, followed by merging using fast length adjustment of short reads. Quality filtering of
the raw reads was performed with fqtrim (v0.94) under defined conditions to yield high-quality clean tags. Chimeric
sequences were eliminated using the Vsearch software (v2.3.4), and amplicon sequence variants (ASVs) were
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generated by denoising the trimmed reads via Divisive Amplicon Denoising Algorithm 2 (DADA?2). These ASVs
were then taxonomically classified using the naive Bayes consensus taxonomy classifier in Quantitative Insights Into
Microbial Ecology 2 (QIIME2) alongside the SILVA 16S rRNA database (v. 138). Sequence alignment was
accomplished using Blast, while the SILVA database provided annotations for the feature sequences corresponding
to each representative sequence. The QIIME2 process was employed to analyze both alpha diversity and beta
diversity. For SR 16S sequencing, we utilized the Short Multiple Regions Framework (SMURF) to integrate and
analyze sequences from five amplified regions for bacterial taxonomic identification. Briefly, the algorithm applies
an expectation-maximization framework to integrate short reads derived from multiple hypervariable regions,
reconstructing the most probable full-length 16S rRNA sequence for each ASV. The reconstructed sequences
were subsequently used for taxonomic assignments and calculation of relative abundance, yielding an initial
community profile. To mitigate the influence of low-abundance noise, all samples were rarefied to the same
sequencing depth, and samples with less than 1000 high-quality reads (including negative controls) were excluded.
ASVs with relative abundance consistently below 1 x 10™* across the entire data set were likewise discarded. We
performed a presence-absence analysis of negative controls to identify potential contaminants: genera detected in >
50% of the negative-control samples were classified as putative contaminants and removed from all experimental
samples. All downstream analyses of diversity, as well as differential abundance, were conducted on the resulting
decontaminated data set.

Results

Oral and Fecal Microbiome Dynamics
A total of 4,738,596 high-quality reads, with Q30 values greater than 92.56% and an average GC content of 52.29%,
were obtained from the 16S rRNA gene sequences of oral specimens (Supplementary Table 2). These reads were

processed into 5600 ASVs using DADA?2, of which 1596 were shared between the two groups, 2123 were unique to
PTC, and 1881 were unique to BTN (Supplementary Figure 1A), representing 35 phyla and 653 genera. Similarly, from
stool samples, 4,234,287 high-quality reads, with Q30 values greater than 92.58% and an average GC content of 53.76%,
were obtained (Supplementary Table 2). These reads were processed into 7750 ASVs, with 2451 shared between the

groups, 2425 unique to PTC, and 2874 unique to BTN (Supplementary Figure 1B), representing 36 phyla and 709

genera.

We used the Dirichlet Multinomial Mixture (DMM) model with the lowest Laplace approximation for clustering
analysis, identifying two distinct oral microbial community types (O_1 and O_2) and three fecal microbial
community types (F 1, F 2, and F_3) (Figure 1A). Enrichment analysis revealed that fecal samples from patients
with PTC (F_ZL) were significantly enriched in the F 2 cluster, while oral samples from BTN patients (O LX)
showed significant enrichment in the O_1 cluster. In contrast, oral samples from PTC patients (O _ZL) were
significantly enriched in the O 2 cluster (Figure 1B). Nonmetric multidimensional scaling (NMDS) based on
Bray—Curtis distance further confirmed significant differences between oral and fecal microbial communities,
highlighting the distinct differences in microbial composition between the groups (Figure 1C). Alpha diversity in
the F 1 and F_2 clusters was significantly lower than in the F_3 cluster, while the O 1 cluster showed a significantly
lower alpha diversity than the O_2 cluster (Figure 1D and Supplementary Table 3). In contrast, the F_2 cluster

exhibited the highest evenness, which was significantly higher than that of the F 1 and F 3 clusters, and the
evenness in the O_1 cluster was significantly higher than that in the O 2 cluster (Figure 1E and Supplementary
Table 3). No significant differences in richness and evenness were observed between the fecal and oral samples from
patients with benign lesions and patients with cancers within each cluster, indicating the homogeneity of samples
within each cluster (Supplementary Figure 2A and B). The beta diversity of the oral and gut microbiota was

significantly different, with notable variations between the clusters within each microbiota (Figure 1F and

Supplementary Table 4). The above results indicate that the occurrence of thyroid cancer alters the composition

of gut and oral microbial communities.
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Figure | DMM clustering of 16S rRNA gene sequencing data for oral and gut microbiota. (A) Heatmap showing the relative abundance of the 30 most dominant bacterial
genera per DMM cluster. (B) The number of patients with benign nodules or PTC corresponding to each cluster. (C) Nonmetric multidimensional scaling (NMDS)
visualization of DMM clusters using Bray—Curtis distance of oral and gut bacterial genera. (D) The a diversity (richness) per DMM cluster. (E) The o diversity per DMM
cluster. (F) The B diversity per DMM cluster. * p < 0.05, ** p < 0.001, *** p < 0.0001; ns, not significant.

Microbiome Dynamics in BTN and PTC Tissues

For tissue samples, 11,939,357 high-quality reads, with Q30 values exceeding 94.52% and an average GC content of 56.11%,
were obtained from the SR 16S rRNA gene sequences (Supplementary Table 5). The reads represent 14 phyla and 302 genera.
The tissue microbiota of the corresponding patients was analyzed and compared based on the clustering patterns of gut and
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oral microbiota. Species richness was assessed using the Menhinick and Margalef indices, two key parameters for evaluating
alpha diversity, both of which normalize the observed number of ASVs against the total sequence count using different
formulas. The results demonstrated that the microbiota alpha diversity of tissue was consistent with gut microbiota alpha
diversity, showing no significant difference betweenthe T F 1 and T F 2 clusters, both of which had lower alpha diversity
thanthe T F 3 cluster (Figure 2A). The alpha diversity of tissue in the T _O_1 cluster was significantly lower than that in the
T O 2 cluster when based on oral microbiota clustering (Figure 2B). No significant differences in alpha diversity were
observed between patients with BTN and those with PTC within the corresponding tissue subclusters, indicating homogeneity
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Figure 2 The alpha diversity and beta diversity of tissue microbiota. (A) The o diversity (richness) of tissue DMM clusters corresponding to the clustering of gut microbiota.
(B) The o diversity of tissue DMM clusters corresponding to the clustering of oral microbiota. (C) The B diversity of tissue DMM clusters corresponding to the clustering of
gut microbiota. (D) The B diversity of tissue DMM clusters corresponding to the clustering of oral microbiota. (E) Three-dimensional graph of the nonlinear regression
model for the community structures of oral, intestinal, and tumor microbiota. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not significant.
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within each tissue sample cluster (Supplementary Figure 3A-D). For beta diversity, tissue microbiota exhibited significant

differences among clusters based on gut microbiota clustering (Figure 2C), whereas no significant differences were observed
when clustered by oral microbiota (Figure 2D). To further explore the relationship between tumor microbiota (F_ tumor), gut
microbiota (F_ gut), and oral microbiota (F_ oral), nonlinear logistic regression models were constructed. The results visually
demonstrate that F tumor aligns more closely with F_ gut than F_ oral (Figure 2E). The results of the quantitative analysis
further supported this observation, with the gut Menhinick index exhibiting a significant positive association with the
intratumoral microbiota of the tissue (Supplementary Table 6). In contrast, the oral Menhinick index had no significant

relationship with it. These results indicate that the occurrence of thyroid cancer also alters the composition of tumor microbial
communities.

The Correlation Between Clinical Features and Inflammatory Factors with PTC

We further analyzed the correlation between the microbiota of tissue samples and clinical indicators or inflammatory
factors. In the tissue samples corresponding to oral clusters, monocytes and thymidine kinase 1 (TK1) levels were
significantly higher in the T O 2 cluster than in the T O 1 cluster (Figure 3A). In the T O 1 subcluster, tumor samples
exhibited significantly higher levels of TK1, midkine (MK), interleukin 6 (IL-6), monocytes, neutrophils, and white blood
cells than in the benign nodule, while CXCR4, free triiodothyronine (FT3), interferon y (IFN-y), interleukin 17 (IL-17),
and tumor necrosis factor alpha (TNF-a) levels were significantly lower in the cancer samples. In contrast, cancer
samples from the T O_2 subcluster showed significantly higher levels of interleukin 1B (IL-1p) and IL-6 compared to
benign nodule samples (Figure 3B). In the tissue samples corresponding to fecal clusters, monocytes were significantly
lower in the T F 2 cluster than in the T F 1 cluster, while leukocytes were significantly higher in the T F 2 cluster
(Figure 3C). In the T F 1 subcluster, cancer samples showed significantly lower levels of CXCR4, FT3, IFN-y, IL-17,
and TNF-o, while IL-1p, IL-6, and MK levels were significantly higher in these samples than in benign nodule samples.
Cancer samples in the T F 2 subcluster exhibited significantly lower levels of IL-17 and TNF-a than benign nodule
samples, while IL-1B, MK, monocytes, neutrophils, and TK1 levels were significantly higher. Cancer samples in the
T F 3 subcluster had significantly lower levels of CXCR4 and IL-17 than benign nodule samples (Figure 3D). These
results suggested that the microbial communities may influence the nature (benign or malignant) of thyroid nodules and
their biological behavior by remotely regulating the immune balance and inflammatory levels within thyroid tissue.

Indicator Analysis of Microbiota in Oral, Fecal, and Tumor Samples

To confirm the relationship between variations in microbial composition in oral and gut microbiomes and the thyroid
gland, community type-specific indicator taxa were identified based on the top 30 microbial genera. Among the three
clusters of gut microbiota, Lactobacillus and Ligilactobacillus were identified as shared genera across all three clusters.
Muribaculaceae _unclassified and Phascolarctobacterium were common to both F1 and F2. Ruminococcus gravis was
shared between F1 and F3. F1 was characterized by the exclusive presence of Escherichia-Shigella and Klebsiella; F2
uniquely  harbored Akkermansia, Clostridiales UCG-014_unclassified, Bacteroides, Firmicutes unclassified,
Faecalibacterium, stomatobaculum, and Ruminococcus _torques; and the presence of Bifidobacterium distinguished F3
as its unique genus. For oral microbiota, Alloprevotella, Veillonella, and Leptotrichia were exclusively associated with
the O 1 cluster, while Gemella and Streptococcus were uniquely identified in the O 2 cluster (Figure 4A).
Bifidobacterium is a typical probiotic that is beneficial for gut health and immune regulation.”> 2" Escherichia-Shigella
and Klebsiella bacteria include opportunistic pathogens, which could cause infections when immunity is
compromised.”®?° Further analysis of the gut and oral microbiota in patients with BTN and PTC across different
subclusters revealed distinct microbial signatures. Specifically, Faecalibacterium was significantly enriched in the
F 3 LX subcluster, while Alloprevotella and Prevotella_7 were markedly enriched within the O 2 LX cluster in the
oral samples of patients with benign nodules (Figure 4B). Studies have demonstrated that these three bacterial genera can
produce short-chain fatty acids (SCFAs), which are known to exert anti-tumor effects.>*>? Next, we performed
a comparative analysis of tissue samples corresponding to each cluster. Notably, Veillonella was significantly enriched
in both the T F 3 cluster and T F 3 LX subcluster (Figure 4C). A similar enrichment was observed in cluster T O,
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Figure 3 Association of inflammatory factors and clinical indicators with tissue microbiota clusters and subclusters. (A) Relationship of inflammatory factor levels and
clinical indicators with tissue microbiota clusters corresponding to oral microbiota clusters. (B) Relationship of inflammatory factor levels and clinical indicators with tissue
microbial subclusters corresponding to oral microbial clusters. (C) Relationship of inflammatory factor levels and clinical indicators with tissue microbiota clusters
corresponding to gut microbiota clusters. (D) Relationship of inflammatory factor levels and clinical indicators with tissue microbial subclusters corresponding to gut
microbial clusters. *p < 0.05, **p < 0.01, ¥**p < 0.001, **¥p < 0.0001.

where Veillonella showed marked accumulation in T O 3 LX (Figure 4D). The presence of Veillonella in the tissue

suggests communication between the microbiome through translocation.

Bacteria-Bacteria Co-Occurrence Networks

To further validate the relationship between microbiota and PTC, we conducted a co-occurrence network analysis to
explore the relationships between microbiota from different anatomical sites (oral, gut, and thyroid tissue) and their
associations with inflammatory and immune markers. Microbiota within the same ecological niche exhibited strong co-
occurrence relationships, indicating functional interactions and potential cross-talk between microbial communities. We
observed significant microbial exchange between the oral, gut, and thyroid tissue, suggesting a potential role of microbial
translocation in the pathogenesis of PTC (Figure 5). Specifically, within the F 3 and O_2 clusters, Veillonella demon-
strated a positive correlation with monocytes, a key immune cell type involved in inflammatory responses (Figure 5).
This observation may reflect a dynamic immune-microbial interaction following thyroid lesions. After the onset of
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Figure 4 Microbial indicators across different microbial clusters and subclusters. (A) Microbial indicators of the top 30 genera in gut and oral microbial clusters. (B)
Microbial indicators of the top 30 genera in gut and oral microbial subclusters. (C) Microbial indicators of tissue microbial community clusters and subclusters corresponding
to gut clustering. (D) Microbial indicators of tissue microbial community clusters and subclusters corresponding to oral clustering.

a thyroid pathology, there is a marked increase in monocyte levels, likely as part of the body’s innate immune response to
tissue damage and inflammation. Concurrently, Veillonella appears to migrate toward the affected thyroid tissue. This
migration could represent a compensatory anti-inflammatory mechanism, where Veillonella contributes to modulating the

local immune environment.

Discussion

The present study provides novel insights into the role of oral and gut microbiota in the development and progression of
PTC. By analyzing microbial communities in oral, fecal, and thyroid tissue, we identified significant differences in
microbial composition and diversity between patients with BTN and those with PTC. Our findings revealed distinct
microbial community types in oral and gut microbiota. There were three microbial clusters in fecal samples, while two
clusters were enriched in oral samples. Furthermore, nonlinear regression models revealing that changes in the
composition and function of gut microbiota. Notably, these changes exhibit a more significant association with the
development of thyroid tumors. Our study revealed significant correlations between microbial communities and inflam-
matory markers, highlighting the interplay between microbiota, inflammation, and immune responses in PTC. Notably,
Veillonella was significantly enriched in both oral and gut microbiota of patients with BTN and was negatively correlated
with PTC development, suggesting its potential anti-tumor role.
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Figure 5 Co-occurrence network of gut, oral, and tissue microbiota, inflammatory factors, and clinical indicators. The Pearson correlation coefficient was used to compute
the correlation coefficient based on their relative abundances and levels. Co-occurring pairs that met the criteria of an FDR-adjusted P-value of less than 0.05 and
a correlation coefficient of greater than 0.7 were selected for display and visualized using Cytoscape version 3.8.0.

The oral and gut microbiota have emerged as critical players in cancer development.*® Although the thyroid is
anatomically closer to the oral cavity, our data suggest that gut microbiota may exert a more profound influence on PTC.
Gut microbiota likely plays an important role in the pathogenesis of thyroid tumors by modulating the host’s systemic
immune responses.>**> Metabolites derived from gut microbiota, such as SCFAs, can influence distant organs, including
the thyroid, via the circulatory system.>® Gut microbiota is involved in the activation and inactivation of thyroid
hormones, and its dysregulation may directly disrupt thyroid function, thereby promoting tumorigenesis.’’ In contrast,
while oral microbiota may impact the thyroid through local inflammation or bacterial translocation, its systemic effects
appear to be relatively weak. The oral microbiota typically exerts its effects by influencing the gut microbiota,
a relationship known as the oral - gut axis. P. gingivalis is capable of inducing gut microbiota dysbiosis, which
subsequently modulates insulin resistance and systemic inflammation.*® This observation suggests that the systemic
effects exerted by P. gingivalis are indirect and rely on the amplifying effect of the gut microbiota.

Dysbiosis in microbial communities can influence tumorigenesis through inflammation and immune responses.**’
The F 1 ZL and O_2 ZL subclusters exhibited elevated levels of IL-1p and IL-6, which are key mediators of chronic
inflammation and tumor progression.*' In thyroid cancer, elevated IL-6 levels have been linked to tumor aggressiveness

and a poor prognosis.42 Monocytes may serve as a critical link connecting microbial dysbiosis, chronic inflammation, and
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tumor progression. In patients with cancer, elevated levels of inflammatory cytokines and monocytes are interrelated,
synergistically promoting tumor progression. Inflammatory cytokines activate monocytes, driving their differentiation
into tumor-associated macrophages or myeloid-derived suppressor cells, which further secrete pro-inflammatory factors,
establishing a positive feedback loop that exacerbates chronic inflammation and immune suppression.*® Microbial
dysbiosis contributes to this process by activating Toll-like receptor signaling pathways and releasing metabolites,
thereby promoting cytokine production and monocyte recruitment, ultimately fostering a pro-tumor
microenvironment.** In thyroid cancer, elevated IL-6 and TNF-a levels are associated with monocyte activation,
supporting angiogenesis, immune evasion, and metastasis.

In our study, the enrichment of Escherichia-Shigella and Klebsiella in the F 1 cluster, both of which are opportunistic
pathogens, may contribute to a pro-tumorigenic environment by promoting chronic inflammation and immune
suppression.*> Hu et al reported that the abundance of Escherichia-Shigella is positively and significantly correlated
with both C-reactive protein levels and peripheral white blood cell counts, suggesting that this bacterial taxon is
a potential driver of host inflammatory responses.?’ Specifically, Shigella dysenteriae infection enhances the activity of
GSK-3p kinase, which subsequently phosphorylates f-catenin, leading to its degradation via ubiquitination. This process
also upregulates IL-8 expression through the activation of NF-kB, ultimately resulting in inflammation.*® Geller et al
reported that the intratumoral presence of Klebsiella in melanoma, where Klebsiella and other commensal bacteria
activate Toll-like receptor 4 (TLR4) signaling to upregulate interleukin-10 (IL-10) and transforming growth factor-§
(TGF-P), thereby impairing CD8+ T-cell infiltration and effector function and culminating in resistance to immune-
checkpoint blockade.*” Conversely, the presence of Faecalibacterium and Bifidobacterium, known for their anti-
inflammatory and immunomodulatory properties, may protect against tumor development.***° Faecalibacterium exerts
systemic anti-inflammatory effects by secreting butyrate, which interrupts the IL-6-driven STAT3 signaling axis and
down-regulates the transcription of the pro-inflammatory cytokine IL-17, thereby attenuating chronic intestinal inflam-
mation typified by inflammatory bowel disease.’® In experimental models of rheumatoid arthritis, enrichment of
F. prausnitzii reduces the number of IL-17-producing lymphocytes, elevates luminal butyrate concentrations, and
remodels the gut microbial ecosystem, collectively ameliorating systemic inflammatory manifestations.>!

The presence of Veillonella in the thyroid gland suggests microbial translocation from the oral cavity and gut to the
tumor microenvironment. Microbiota translocation has been increasingly recognized as a potential mechanism linking
microbiota to cancer development.’> As members of the gut and oral microbiota, Veillonella utilize lactate and
metabolize it into SCFAs, such as acetate and propionate.>® Previous studies have indicated that Veillonella may enhance
athletic endurance by utilizing host-derived lactate and producing propionate.>® In contrast, numerous additional studies
have demonstrated that this genus is closely associated with the onset and progression of diverse human diseases. Lang
et al reported elevated levels of Veillonella in patients with alcoholic hepatitis.”>> In vitro data further showed that
Veillonella-derived lipopolysaccharide induces the secretion of IL-6, IL-1B, IL-10, and TNF-o from human peripheral
blood mononuclear cells.’® In contrast, the abundance of Veillonella was significantly lower in 35 individuals with an
autism spectrum disorder group compared to the typical development group.’’ Notably, coculture of Streptococcus and
Veillonella reduced the production of inflammatory cytokines, highlighting a potential synergistic anti-inflammatory
effect between these microbial species.’® In line with these findings, we found a lower abundance of Veillonella in PTC in
our study. Our co-occurrence network analysis further supports the role of Veillonella in immune modulation, as it
demonstrated a positive correlation with monocytes, a key immune cell type involved in inflammatory responses. This
suggests that Veillonella may play a compensatory role in mitigating inflammation and tumor progression following
thyroid lesions.

Limitation

Although this study has obtained preliminary findings in the field of the association between PTC and microbiota, it still
has several limitations. First, this study only confirms the association between microbiota and PTC, but cannot establish
a causal relationship between the two. Future longitudinal studies are needed to clarify the temporal sequence and causal
directionality. Second, this study is still in the exploratory stage; the limited sample size of the single-center cohort may
result in some potential associations not being fully identified, and the study conclusions require further verification by
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large-scale, multi-center cohort studies. Finally, this study failed to collect key data from participants, such as dictary
patterns, usage of medications other than antibiotics, and periodontal health status. These unincorporated variables may
act as potential confounders affecting the association between PTC and microbiota, and thus need to be supplemented in
subsequent studies to reduce bias.

Conclusion

In summary, our study highlights the significant role of oral and gut microbiota in PTC pathogenesis, emphasizing the
importance of microbial community structure, inflammation, and immune responses in tumor development. The
identification of Veillonella in tumors, along with the observed microbial translocation, representing a potential pathway
that may influence the tumor microenvironment. Together, the identification of Veillonella and the observed microbial
translocation provide promising avenues for potential therapeutic interventions in PTC and lay a solid foundation for
translating these observations into clinical applications.
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