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【摘要】　口腔微生物组稳态对维持宿主健康至关重要，其失衡可促进口腔及全身疾病发生。口腔微生物组

可通过多种机制影响口腔鳞状细胞癌（oral squamous cell carcinoma，OSCC）的发生和发展：①口腔微生物可直

接作用于口腔上皮细胞，诱导细胞周期紊乱、DNA 损伤和表观遗传重编程，促进细胞增殖和上皮-间质转化。

例如，具核梭杆菌可通过黏附素 FadA 与 E-cadherin 结合，激活 β-catenin 信号通路，直接促进肿瘤细胞增殖与

上皮-间质转化，牙龈卟啉单胞菌能调节脂质合成，增强 OSCC 细胞的的干性特征；②口腔微生物及其代谢物

可影响肿瘤组织免疫细胞的密度、亚群比例和功能，重塑了肿瘤免疫抑制微环境，牙周病原微生物所致慢性

口腔炎症状态，可激活 MAPK/ERK、NF-κB 等信号通路，间接促进 OSCC 进展；③口腔内细菌与病毒存在协同

作用，细菌生物膜和蛋白酶有助于病毒的激活和感染，细菌代谢物如丁酸可通过增强组蛋白乙酰化，促进潜

伏病毒裂解复制；④微生态层面，口腔共生菌减少与厌氧致病菌扩增破坏了群落代谢网络，通过复杂的种间

互作共同塑造一个促癌生态位，从多层面推动 OSCC 进展。未来研究应整合多组学分析与纵向临床队列数

据，探索关键菌群的功能因果网络，并发展针对微生态的个体化靶向干预策略。
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【Abstract】 The homeostasis of the oral microbiome is essential for maintaining host health, and its disruption can 
contribute to the development of both oral and systemic diseases. The oral microbiome influences the initiation and pro⁃
gression of oral squamous cell carcinoma (OSCC) through multiple mechanisms. ① Oral microbes can directly act on 
epithelial cells, inducing cell-cycle dysregulation, DNA damage, and epigenetic reprogramming, thereby promoting cell 
proliferation and epithelial – mesenchymal transition (EMT). For example, Fusobacterium nucleatum binds to E-

cadherin via its adhesin FadA, activating the β -catenin pathway and directly driving tumor-cell proliferation and EMT, 
while Porphyromonas gingivalis reprograms lipid synthesis to enhance the stemness of OSCC cells. ② Oral microbes 
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and their metabolites reshape the tumor immune-suppressive microenvironment by altering the density, composition, 
and function of infiltrating immune cells. Periodontal pathogens induce a chronic inflammatory state in the oral cavity 
and activate signaling cascades such as MAPK/ERK and NF-κB, thereby indirectly accelerating OSCC progression. ③ 
Bacteria and viruses in the oral cavity exhibit synergistic interactions. Bacterial biofilms and proteases facilitate viral ac⁃
tivation and infection, and microbial metabolites such as butyrate can enhance histone acetylation to promote the lytic 
reactivation of latent viruses. ④ At the ecological level, the depletion of commensals and expansion of anaerobic patho⁃
gens disrupt the metabolic network of the community, and complex interspecies interactions collectively shape a pro-

carcinogenic niche that drives OSCC progression on multiple fronts. Future studies should integrate multi-omics analy⁃
ses with longitudinal clinical cohorts to explore functional causal networks of key microbial communities and develop in⁃
dividualized targeted intervention strategies for microecology.
【Key words】 oral microbiome; oral squamous cell carcinoma; tumor microenvironment; tumor immunology; 
epigenetic; bacterial; Fusobacterium nucleatum; Porphyromonas gingivalis; virus; epithelial-mesenchymal tran⁃
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口 腔 鳞 状 细 胞 癌（oral squamous cell carci⁃
noma， OSCC）占口腔恶性肿瘤的 90%［1］。吸烟、饮

酒和咀嚼槟榔是 OSCC 的主要危险因素。其他潜

在危险因素包括病毒和真菌感染，以及慢性牙周

炎［1］。OSCC 发生发展与口腔微生物组紊乱密切相

关。传统的研究多集中于单一微生物的作用，但

随着研究的深入，逐渐认识到口腔微生物组作为

一个复杂的生态系统，其微生物之间的协同与竞

争作用，以及微生物群落功能的变化在癌症进展

中扮演着更为重要的角色［2］。本综述分析了癌变

过程微生物群落的变化，总结口腔微生物组在

OSCC 中的调控机制，以及群落失衡如何影响肿瘤

的发生与发展。通过探讨微生物组在免疫调节、

代谢改变、肿瘤微环境构建等方面的作用，为未来

基于口腔微生物组的 OSCC 诊断和治疗提供新的

理论支持和研究方向。

1　口腔微生物组稳态与OSCC
1.1　口腔微生物组

人体微生物组包括人体表面和体内发现的所

有微生物。口腔微生物组是人体中仅次于肠道微

生物组的第二大微生物组，健康的口腔微生物组

是一个高度多样化和复杂的生态系统，由细菌、真

菌、病毒和古细菌组成，其中细菌构成了主要群

体，已鉴定的细菌种类超过 700 种［3］。主要细菌门

类包括厚壁菌门、拟杆菌门、放线菌门以及变形菌

门。真菌和病毒在口腔微生物组中的丰度较低，

仅占微生物总数的不到 0.1%［4］。值得注意的是，

微生物在不同口腔部位的分布存在显著差异：例

如舌背以链球菌属为主，而唾液中的优势菌属则

为韦荣球菌属和奈瑟菌属［5］。口腔微生物稳态在

维持屏障功能、免疫调节和代谢活动方面起着至

关重要的作用。

1.2　口腔微生物组在 OSCC 中的生态失调特征

正常情况下，微生物与宿主保持平衡的状态，

彼此互利。然而，在某些疾病状态下，口腔内某些

共生微生物可能过度生长，同时其他微生物的数

量减少。这种微生物群落的变化被称为生态失调

（ecological dysbiosis）［6］。口腔微生物组的生态失

调是全身性疾病的危险因素，包括炎症性疾病和

癌症［7］。研究表明，OSCC 患者的口腔菌群组成与

健康人群存在显著差异，具体表现为微生物多样

性下降、菌群结构重构以及促炎型菌群的富集［8］。
在菌群构成上，OSCC 患者口腔中共生菌（如

链球菌、放线菌）显著减少，而厌氧性和致病性菌

株，如具核梭杆菌、牙龈卟啉单胞菌、中间普雷沃

菌等相对丰度明显升高［9］。口腔中的假单胞菌属

与肿瘤缺氧部位的相关性最强［10］。白色念珠菌是

口腔癌中发现的主要真菌［11］，最常见的病毒是爱

泼斯坦-巴尔病毒（Epstein-Barr virus， EBV）和人乳

头瘤病毒（human papillomavirus， HPV）［12］。
细菌在口腔潜在恶性疾病（oral potentially ma⁃

lignant disorders， OPMDs）和 OSCC 的整个阶段表现

出不同的丰度和多样性。与对照组相比，OSCC 中
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的细菌多样性显著下降，而 OPMDs 通常未出现类

似现象［13］。OSCC、OPMDs 和健康对照者中口腔念

珠菌检出率分别为 72.2%、58% 和 20.5%，各类人

群之间存在念珠菌属分布的差异［11］。在 OSCC 从 I
期进展到 IV 期的过程中，牙周梭杆菌、微小单胞菌

等丰度逐渐增加，而放线菌门、温和链球菌和牙龈

卟啉单胞菌的丰度则逐渐减少［14］。具核梭杆菌是

早期和晚期定植者之间的关键生物［14］。

2　口腔微生物组介导的 OSCC 发生发展的分子

与生态机制

近年来，大量研究揭示口腔微生物组不仅是

宿主口腔健康稳态的重要组成部分，更通过多层

次的分子互作在 OSCC 的发生与进展中发挥重要

作用。微生物组可通过直接影响上皮细胞信号转

导、间接重塑免疫微环境、微生物间协同感染及破

坏生态平衡等途径共同推动肿瘤形成与恶性

演化。

2.1　口腔微生物组对肿瘤细胞的直接作用

宿主遗传背景与微生物组之间存在复杂的双

向调控关系。宿主基因变异不仅决定微生物组的

组成与稳定性，反过来微生物群亦可通过信号通

路干扰、染色质重塑及表观遗传修饰等机制调控

宿主基因表达，影响细胞稳态与肿瘤易感性［15］。
多种致病菌可通过黏附、侵入或分泌致癌分子直

接作用于口腔上皮细胞，诱导细胞周期紊乱、DNA
损伤、表观遗传重编程及上皮-间质转化（epithelial 
mesenchymal transition， EMT）等致癌事件。

在口腔环境中，具核梭杆菌通过其黏附性

FadA 蛋白（fusobacterial adhesin A， FadA）与上皮细

胞 E-钙粘蛋白相互作用，促进细菌入侵并激活

Wnt/β -连环蛋白通路，从而上调致癌基因的表

达［16］。具核梭杆菌感染还上调细胞周期蛋白 D1
与 c-Myc 表达，从而促进上皮细胞增殖与 EMT［17］。
牙龈卟啉单胞菌长期感染可通过 microRNA-21/程
序性细胞死亡蛋白 4/激活蛋白 1 负反馈途径促进

细胞周期蛋白 D1 表达，加速 OSCC 细胞增殖［18］。
真菌和病毒感染同样可以通过直接作用参与

OSCC 进展。HPV 的 E6 与 E7 癌蛋白分别促进肿瘤

蛋白 p53 及视网膜母细胞瘤蛋白（retinoblastoma 
protein， Rb）降解，导致细胞周期蛋白依赖性激酶

抑制剂 2A 上调与细胞周期失控［19-20］。
口腔微生物还能干扰 OSCC 细胞的基因稳定

性和表观遗传调控。具核梭杆菌与 OSCC 细胞

DNA 错配修复和微卫星不稳定性相关，通过 Toll 样
受体 4（Toll-like receptor 4， TLR4）4/髓样分化初级

反应蛋白 88（myeloid differentiation primary response 
88， MYD88）/miR-205-5p 信号通路影响肿瘤细胞的

表观遗传，促进 DNA 损伤和细胞增殖［21］。研究发

现，长形口腔杆菌来源的细胞外囊泡可促进 DNA
修 复 基 因 乳 腺 癌 基 因 1（breast cancer gene 1， 
BRCA1）与核酸外切酶 1（exonuclease 1， EXO1）的

转录［22］。E6/E7 还可影响 DNA 甲基转移酶活性，

导致特异性甲基化改变［23］。这些基因涉及细胞周

期、瘤病毒感染、转录失调、肿瘤坏死因子信号传

导、细胞骨架重排和凋亡等多种通路 ［23-24］。
研究表明口腔微生物诱导的上皮-间质转化与

OSCC 的进展密切相关，其中牙周病原体受到广泛

关注。发生 EMT 的细胞表现出运动性、侵袭性和

干性增强，这些变化营造了一个促肿瘤环境，并促

进了 OSCC 的恶性转移［25］。具核梭杆菌和牙龈卟

啉单胞菌的促癌机制有一定共性，两者通过 Toll 样
受体与口腔上皮细胞直接相互作用来刺激肿瘤发

生，通过上调白细胞介素-6（interleukin-6， IL-6），激

活信号转导与转录激活因子 3（signal transducer 
and activator of transcription 3， STAT3），进而诱导驱

动 OSCC 生长和侵袭性的重要效应子［即细胞周期

蛋白 D1、基质金属蛋白酶（matrix metalloprotein⁃
ases， MMP）、肝素酶等］［26-27］。齿垢密螺旋体通过

齿垢蛋白酶激活 MMP8/9［28］，还通过 TLR/MYD88 和

整合素 αV/黏着斑激酶（integrin alpha V / focal ad⁃
hesion kinase， integrinαV/FAK）信号通路［29］，增强

肿瘤细胞的侵袭性和肿瘤干细胞特性，而乳酸链

球菌素能抑制这一作用［29］。中间普雷沃菌通过干

扰 素 刺 激 基 因 15（interferon-stimulated gene 15， 
ISG15）上调促进肿瘤增殖、侵袭、转移［30］。牙龈卟

啉单胞菌与人 OSCC 标本中肿瘤干细胞标志物的

表达呈正相关，Zang 等［31］研究发现牙龈卟啉单胞

菌调节硬脂酰辅酶 A 去饱和酶 1（stearoyl-CoA de⁃
saturase 1， SCD1）依赖性脂质合成，增强 OSCC 的

干细胞特性。牙周病原体也在肿瘤耐药机制中发

挥作用。牙龈卟啉单胞菌的菌毛蛋白 A 靶向神经

酰胺依赖性线粒体自噬，导致口腔肿瘤治疗耐

药［32］。持续感染牙龈卟啉单胞菌的口腔癌细胞对

紫杉醇表现出耐药性，且表现出更高的转移潜力，

这由 Notch 受体 1（Notch receptor 1， Notch1）激活

介导［33］。
此外，微生物源性代谢物是介导其致癌效应
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的关键因子。口腔中部分链球菌、念珠菌和牙龈

卟啉单胞菌均能产生乙醛这一公认的致癌物［34-35］。
唾液链球菌、缓症链球菌、金黄色葡萄球菌及白色

念珠菌等产生的亚硝酸盐能够激活原癌基因［6］。
中间普雷沃菌产生的挥发性硫化合物（硫化氢、甲

硫醇）则通过诱导氧化应激与 DNA 损伤，为癌变创

造条件［36］。牙周炎病原体伴放线聚集杆菌也能产

生促炎细胞因子、硫化氢和甲硫醇，从而促进

OSCC 进展和血管生成［28］。
2.2　口腔微生物组在肿瘤进展中的间接作用

2.2.1 口腔微生物组介导的肿瘤免疫微环境重

塑 越来越多的证据表明，肿瘤微环境被微生物

或其衍生物以直接和间接的方式重塑，导致肿瘤

进展、化疗耐药、放疗耐药和免疫抑制［37］。肿瘤免

疫微环境（tumor immune microenvironment， TIME）
是指围绕肿瘤组织的复杂免疫生态系统，主要由

免疫细胞和细胞因子、趋化因子等共同组成［38］。
多种口腔微生物已被证明影响免疫细胞的浸润、

效应功能和极化，促进免疫抑制并破坏抗肿瘤反

应。具核梭杆菌影响肿瘤浸润淋巴细胞的密度、

亚群比例和功能，还诱导巨噬细胞的 M2 型极化和

分泌。具核梭杆菌激活了 OSCC 细胞和巨噬细胞

中 的 核 因 子 κB（nuclear factor kappa-light-chain-

enhancer of activated B cells， NF-κB）通路，导致 C-

X-C 基序趋化因子配体 2（C-X-C motif chemokine li⁃
gand 2， CXCL2）表达上调［39］。OSCC 驻留的具核梭

杆菌通过葡萄糖转运蛋白（glucose transporter 1， 
GLUT1）驱动的乳酸积累重构了免疫抑制的微环

境［40］。牙龈卟啉单胞菌通过扩增髓源性抑制细胞

和 Tregs 细胞来促进肿瘤相关免疫抑制［18］。牙龈

卟 啉 单 胞 菌 外 膜 囊 泡（outer membrane vesicles， 
OMVs）抑制环鸟苷酸 -腺苷酸合成酶/干扰素基因

刺激蛋白（cyclic GMP-AMP synthase/stimulator of in⁃
terferon genes， cGAS-STING）信号，从而抑制 NK 细

胞和 DC 细胞募集［41］。Tsai 等［42］研究发现变形链

球菌的存在与 OSCC 患者标本中 IL-6 水平之间存

在正相关，并增强了髓源性抑制细胞募集。中性

粒细胞胞外诱捕网是由 DNA、组蛋白和抗菌蛋白

组成的网络结构。在口腔癌变中呈现双重作用：

早期通过捕获致瘤菌抑制肿瘤发生，后期则通过

释放促瘤因子加速进展［43］。这些证据表明口腔微

生物通过重塑免疫抑制的肿瘤微环境间接参与肿

瘤进展。

来自微生物组的代谢物也参与调控肿瘤免疫

微环境。其中，色氨酸代谢通路是微生物干预免

疫应答的关键途径之一。厚壁菌门细菌所表达的

吲哚胺 2， 3-双加氧酶 1，可将色氨酸分解为犬尿氨

酸，后者通过减少活化 T 细胞、树突状细胞与自然

杀伤细胞数量，并诱导 Th1 细胞凋亡，进而促进免

疫稳态向耐受方向偏移［44］。另一方面，具核梭杆

菌来源的外膜囊泡可携带色氨酸酶，通过色氨酸

-2， 3-双加氧酶 2/芳香烃受体（tryptophan 2，3-di⁃
oxygenas/aryl hydrocarbon receptor， TDO2/AhR）轴诱

导巨噬细胞向 M2 型极化，进一步强化免疫抑制微

环境［45］。值得注意的是，慢性应激引发的口腔菌

群失调亦可导致宿主代谢组重塑，促使犬尿氨酸

积累；后者通过稳定 AhR 表达，加速 CD8⁺ T 细胞功

能耗竭［46］。这些机制共同揭示，微生物来源的代

谢物通过干预免疫细胞功能，在塑造抑制性肿瘤

微环境中发挥重要作用。

免疫检查点抑制剂在 OSCC 中的应用已成为

近年来免疫治疗的热点，但其疗效仍存在显著局

限性，这与肿瘤免疫抑制性微环境有关。既往研

究表明，在 OSCC 中牙龈卟啉单胞菌和具核梭杆菌

均能增加癌细胞表面程序性死亡配体 -1（pro⁃
grammed cell death 1 ligand 1， PD-L1）的表达［47］。
牙龈卟啉单胞菌以受体相互作用丝氨酸/苏氨酸蛋

白激酶 2 依赖性的方式诱导 PD-L1 表达，从而抑制

抗肿瘤免疫，有助于肿瘤细胞逃脱免疫监视［48］。
具核梭杆菌的代谢产物丁酸通过抑制 CD8⁺ T 细胞

组蛋白去乙酰化酶，抑制程序性死亡受体 -1（pro⁃
grammed cell death protein 1， PD-1）表达，减少了 T
细胞耗竭，增敏抗 PD-1 疗法［49］；相反，另一研究发

现该菌衍生的琥珀酸通过抑制 cGAS–STING–

IFN-β 信号通路，限制 CD8⁺ T 细胞向肿瘤微环境的

浸润，从而诱导免疫治疗耐药［50］。此双重效应揭

示了菌群代谢调控免疫微环境的复杂性。可能的

解释是，虽然具核梭杆菌诱导肿瘤细胞中 PD-L1 上

调增强了免疫逃逸，但在免疫治疗期间上调 PD-L1
表达可以将“冷肿瘤”转化为“热肿瘤”，从而改善

免疫治疗反应［51］。然而，驱动具核梭杆菌不同代

谢产生的条件尚不清楚，厘清特定代谢物增强或

损害疗效的具体情境，才能开发出相应的靶向策

略来优化免疫治疗。

2.2.2　口腔微生物通过系统性调控影响肿瘤进

展　微生物组失调引起全身炎性改变，通过代谢、

免疫及神经调节等系统性途径，对远隔部位的肿

瘤发展产生深远影响。慢性牙周炎是一种由细菌
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生态失调引起的进展性炎症性疾病，通常与口腔

卫生不良有关，其标志是多种细菌的富集，例如伴

放线聚集杆菌、牙龈卟啉单胞菌、福赛斯拟杆菌、

齿 垢 密 螺 旋 体 、中 间 普 雷 沃 菌 和 具 核 梭 杆 菌

等［52-53］。慢性牙周炎会导致全身性慢性炎症，这种

状态是多种癌症（如肺癌、乳腺癌、前列腺癌、结直

肠癌）的已知风险因素［54-57］。病例对照研究［58］和
系统评价［18］揭示了牙周炎与口腔癌之间的联系，

研究表明牙周炎是口腔癌的独立危险因素。如前

文所述，这些牙周病原微生物通过直接或间接作

用调控上皮细胞信号转导，从而影响 OSCC 的增

殖、迁移、侵袭、转移、耐药和免疫逃逸。失调的微

生物组通过维持慢性炎症，塑造了一个复杂的微

环境，通过激活丝裂原活化蛋白激酶/细胞外信号

调节激酶（mitogen-activated protein kinase / extracel⁃
lular signal-regulated kinase， MAPK/ERK）等信号通

路促进细胞的增殖和分化［59］。具核梭杆菌激活

NF- κB 和 NOD 样受体热蛋白结构域相关蛋白 3
（NOD-like receptor family pyrin domain containing 3， 
NLRP3）导致 IL-1β 上调，从而促进 OSCC 增殖［60］。
慢性炎症不仅促进细胞增殖，还通过调节 B 淋巴细

胞瘤-2 基因（B-cell lymphoma-2， Bcl-2）家族的表达

来破坏细胞存活和细胞死亡之间的正常平衡［61］。
脂多糖（lipopolysaccharide， LPS）是参与口腔细菌

代谢的关键外源性毒力因子［62］。LPS 会引发强烈

的免疫反应并导致严重感染，尤其是诱导牙周组

织的炎症和铁死亡［63］。OSCC 与正常组织细菌组

成的比较分析发现，LPS 在肿瘤组织中富集［62］，多
组学分析也提示 OSCC 中 22 种代谢途径过表达，特

别是脂多糖生物合成［64］。LPS 和 LPS 诱导的促炎

细胞因子（IL-22、IL-6、IL-2、C-C 基序趋化因子配体

5IL-1β、α 干扰素等［64］）能改变宿主基因表达谱，激

活 下 游 信 号 通 路 ，从 而 增 强 肿 瘤 的 发 生 和 发

展［65］（表 1）。

表 1　口腔鳞状细胞癌发生发展中的代表性牙周病原菌及其作用机制

Table 1　Representative periodontal pathogenic bacteria and their mechanisms in the initiation and progression of oral squamous cell 
carcinoma

Representative bacteria
Fusobacterium nuclea⁃

tum

Porphyromonas gingiva⁃

lis

Prevotella intermedia

Aggregatibacter actino⁃

mycetemcomitans

Treponema denticola

Key molecules and pathways
FadA adhesin activating E-cadherin/β-catenin signaling[16]

TLR4/MYD88/miR-205-5p signaling pathway, DNA damage[21]

Activation of NF-κB and NLRP3, leading to upregulation of IL-1β[60]

Activation of p38 protein kinase, promoting secretion of MMP-13/9[27]

Induction of macrophage M2 polarization, upregulation of CXCL2 expression[39]

OMVs modulating the tryptophan metabolism pathway[45]

Modulation of miR-21/PDCD4/AP-1 signaling, upregulation of Cyclin D1[18]

Upregulation of SCD1, increasing lipid synthesis[31]

Activation of Notch1[33]

FimA protein targeting ceramide-dependent mitophagy[32]

Modulation of MDSCs and Tregs via Mfa1 and FimA fimbriae[18]

OMVs inhibiting cGAS-STING signaling, suppressing NK and DC cell recruitment[41]

OMVs activating RIP2 and MAPK-dependent signaling, upregulating PD-L1[48]

Upregulation of ISG15[30]

Production of pro-inflammatory cytokines, hydrogen sulfide, and methanethiol[28]

Dentilisin-mediated activation of MMP8/9[28]

TLR4/MYD88; integrin αV/FAK signaling[29]

Oncogenic mechanisms
Tumor proliferation, tumor invasion
Tumor proliferation
Tumor proliferation
Tumor invasion
Immunosuppression
Immunosuppression
Tumor proliferation
Tumor stemness
Tumor stemness, chemoresistance
Tumor drug resistance
Immunosuppression
Immunosuppression
Immunosuppression
Tumor proliferation, invasion, metas⁃
tasis, immunosuppression
Tumor proliferation, migration, an⁃
giogenesis
Tumor invasion
Tumor migration, tumor stemness

FadA: fusobacterial adhesin A; NF- κB: nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3: nucleotide-binding oligomerization 
domain-like receptor protein 3; MMP: matrix metalloproteinase; CXCL2: C-X-C motif chemokine ligand 2; OMVs: outer membrane vesicles; SCD1: 
stearoyl-CoA desaturase 1; FimA: fimbrillin A (major fimbriae subunit); MDSCs: myeloid-derived suppressor cells; Mfa1: minor fimbrial antigen 1 (minor 
fimbriae subunit); RIP2: receptor-interacting serine/threonine-protein kinase 2; MAPK: mitogen-activated protein kinase; ISG15: interferon-stimulated 
gene 15; MYD88: myeloid differentiation primary response 88; TLR4: Toll-like receptor 4; PD-L1: programmed death-ligand 1; PDCD4: programmed cell 
death protein 4; AP-1: activator protein 1; cGAS-STING: cyclic GMP-AMP synthase-stimulator of interferon genes; NK cell: natural killer cell; DC cell: 
dendritic cell; IL-1β: interleukin-1 beta; Mfa1: minor fimbrial antigen 1 (minor fimbriae subunit); αV/FAK: integrin alpha V/focal adhesion kinase
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肠道菌群作为关键的“代谢工厂”，能将代谢

物通过循环系统作用于远端器官，并影响对应部

位的肿瘤发生发展［66-67］。类似的，口腔微生物组被

发现与 OSCC、结直肠癌和胰腺导管腺癌存在密切

关联。口腔微生物在咀嚼、刷牙和使用牙线等常

规口腔卫生习惯后，通过循环系统到达远处的身

体部位［68］。这种作用机制在过去的研究中被总结

为“口-肠轴”这一概念［69］。更为间接的途径是，肠

道菌群通过“肠-脑轴”影响中枢神经系统及宿主心

理状态，激活奖赏系统可通过减弱骨髓来源抑制

性细胞的免疫抑制功能，激发抗肿瘤免疫［55， 70］。
这些发现揭示了微生物组通过代谢物循环与神经-

免疫互作网络，实现其对肿瘤的远距作用，为开发

基于菌群干预的癌症治疗新策略提供了理论依

据。当前，关于口腔微生物与 OSCC 互作的认知，

现有成果仍多局限于对局部菌群构成与局部免疫

微环境相互作用的描述，而系统性神经-免疫互作

是否影响 OSCC 发生发展的系统性视角尚无充分

的实验证据。

2.3　病毒-细菌的协同效应

人体病毒组主要由约 98% 的噬菌体和 2% 真

核病毒组成［71］，病毒组特征谱可作为癌症发展的

生物标志物 ［72］。目前已知有 7 种致癌病毒，包括

乙型肝炎病毒、人乳头瘤病毒、EB 病毒、卡波西肉

瘤相关疱疹病毒、丙型肝炎病毒、人类 T 细胞白血

病病毒 1 型和人类免疫缺陷病毒，它们主要通过病

毒基因表达直接转化、编码癌蛋白等来发挥其生

物学功能［73］。除了真核病毒，噬菌体也可以作为

癌症的调节剂。噬菌体可以通过菌株特异性捕食

显著塑造生态系统结构，并通过裂解宿主细菌介

导水平基因转移［74］。
在口腔微生态中，病毒与细菌并非孤立存在，

它们之间形成的复杂互作网络是驱动癌变的重要

协同因素。HPV-肿瘤的致癌细菌丰度明显高于

HPV+肿瘤，高致癌细菌丰度与 HPV+肿瘤的不良预

后呈正相关［75］。病毒和细菌的这种协同效应主要

体现在病毒为细菌的定植与致病创造有利条件，

而细菌的慢性炎症环境反过来促进病毒的持续感

染与癌基因表达，共同加速肿瘤的发生与发展。

以具核梭杆菌和中间普雷沃菌为代表的口腔来源

微生物易位至鼻咽部，参与瘤内浸润和肿瘤微环

境重塑，与上皮 EBV 感染密切相关［76］。放线菌与

单纯疱疹病毒 1 型（herpes simplex virus-1， HSV-1）
共感染显著增加口腔上皮细胞中病毒的产生，这

可能是两种微生物共享信号通路调控的结果，如

磷脂酰肌醇 3 激酶（phosphatidylinositol 3 kinase， 
PI-3K）/蛋白激酶 B（protein kinase B， PKB）信号通

路的激活［77］。牙龈卟啉单胞菌的赖氨酸特异性银

杏蛋白酶通过催化干扰素通路关键蛋白的水解，

导致口腔黏膜抗病毒能力受损，从而促进了 HSV-1
感染［78］。在体外培养中也证实了具核梭杆菌能诱

导 EBV 病毒的再激活［79］。此外，牙周细菌衍生的

小型细胞外囊泡（small extracellular vesicles， sEVs）
和代谢物也能激活病毒的复制。Qin 等［80］发现与

非 HPV 驱动头颈癌患者相比，HPV 驱动的头颈癌

患者介导子复合物 27 亚基（mediator complex sub⁃
unit 27， MED27）mRNA 水平更高，这可能与牙周细

菌衍生的 sEVs 中 MED27 上调有关。牙龈卟啉单

胞菌的代谢产物丁酸能介导表观遗传调控，诱导

潜伏的 EBV 进入裂解复制。丁酸可增强组蛋白乙

酰化，促进 EBV 裂解复制周期关键转录因子的表

达，从而使病毒由潜伏状态被激活并扩增［81］。
2.4　口腔微生物组的生态学视角：群落失衡与代

谢网络

口腔微生物组在 OSCC 中的作用，并非单一病

原体的致病机制所能概括，其本质是整体微生物

生态系统从共生稳态向菌群失调的崩溃性转变。

这种生态失衡不仅体现在物种构成的改变，更伴

随着群落功能与代谢网络的整体性偏移，共同塑

造了一个支持肿瘤发生和发展的微环境［82］。首

先，在 OSCC 的发生发展过程中菌群结构发生规律

性更迭，其特定的失调模式或能为从微生态角度

理解癌症的家族聚集倾向提供新视角，这在鼻咽

癌中已经得到证实［83］。研究还发现长生存期的胰

腺癌患者的肿瘤微生物组具有更高的 α 多样

性［84］，而富集环境通过调节肠道菌群（如上调乳杆

菌属）抑制胰腺癌［85］。其次，在生态系统层面，口

腔微生物并非孤立致癌，而是通过复杂的种间互

作共同塑造一个促癌生态位。例如，具核梭杆菌

能通过其特有的黏附能力，作为“基石菌”促进其

他条件致病菌的共聚集与生物膜形成［86］。牙龈卟

啉单胞菌的菌毛结构可介导其与链球菌属、韦荣

菌属及伴放线聚集杆菌的共聚集［87］，进一步强化

微生物间的协同感染效应。白色念珠菌为牙龈卟

啉单胞菌提供低氧微环境，促进后者的定植，二者

又相互黏附促进口腔生物膜形成［88］。更为关键的

是，它们之间存在着代谢协同：菌种的代谢废物可

作为其他菌种的营养底物［89］。口腔共生菌戈登链

·· 173



口腔疾病防治 2026年 2月 第 34卷 第 2期
　　　Journal of Prevention and Treatment for Stomatological Diseases, Feb. 2026,Vol.34 No.2　https://www.kqjbfz.com

球菌通过鸟氨酸外排，促进具核梭杆菌的生物膜

形成［90］。这种生态学互作极大增强了整个微生物

群落的定植能力、免疫逃逸和对宿主组织的破坏

力。最后，抗生素的使用改变微生物组稳态，广谱

抗生素可能会导致真菌过度生长，从而降低放疗

效率［91］。而万古霉素通过消耗参与短链脂肪酸和

胆汁酸代谢的细菌来改善肿瘤治疗效果［92］。然

而，即使是特定的抗生素也会引起微生物群组成

的广泛变化，这可能对癌症治疗产生负面影响。

这些发现提示，微生物群落通过动态平衡维持着

宿主微环境稳态，而其生态失调则可能通过改变

菌群互作网络，影响肿瘤发展（图 1）。
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The oral microbiome promotes OSCC development through multidimensional mechanisms. ① Direct effects: Fusobacterium nucleatum interacts 
with E-cadherin via its adhesin FadA, activating the Wnt/β-catenin pathway and upregulating Cyclin D1 and c-Myc, thereby enhancing epithelial 
cell proliferation and EMT; F. nucleatum also induces DNA damage through the TLR4/MYD88/miR-205-5p signaling axis. ② Indirect effects: mi⁃
croorganisms indirectly promote tumor progression by shaping an immunosuppressive tumor microenvironment and maintaining chronic inflamma⁃
tion. ③ Virus–bacteria synergy: the lysine-specific gingipain (Kgp) of Porphyromonas gingivalis cleaves key proteins in the interferon signaling 
pathway, impairing mucosal antiviral defenses and facilitating HSV-1 infection. ④ Ecological level: reduced commensals and expansion of patho⁃
genic bacteria lead to microbial dysbiosis. EMT: epithelial-mesenchymal transition; FadA: fusobacterial adhesin A; MDSCs: myeloid-derived sup⁃
pressor cells; WNT: Wingless-related integration site; LPS: lipopolysaccharide; IL-6: interleukin-6; IL-1β: interleukin-1β; DNA: deoxyribonucleic 
acid; c-Myc: cellular myelocytomatosis oncogene; MYD88: myeloid differentiation primary response 88; TLR4: Toll-like receptor 4; PD-L1: pro⁃
grammed death-ligand 1; M1: M1 macrophages; M2: M2 macrophages; HSV60: heat shock protein 60; TRIF: TIR-domain– containing adaptor-
inducing interferon-β; TRAF3: TNF receptor-associated factor 3; TBK-1: TANK-binding kinase 1; IRF3: interferon regulatory factor 3; IFNs: inter⁃
ferons; Actinomyces spp: Actinomyces species; S. mutans: Streptococcus mutans; P. gingivalis: Porphyromonas gingivalis; F. nucleatum: Fusobacte⁃

rium nucleatum; P. intermedia: Prevotella intermedia

Figure 1　Multidimensional mechanisms of initiation and progression of oral squamous cell carcinoma driven by oral microbiota 
dysbiosis

图 1　口腔微生物生态失调驱动口腔鳞状细胞癌发生发展的多维度机制
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3　口腔微生物组在 OSCC 治疗中的应用前景与

挑战

3.1　诊断和预后生物标志物开发

口腔微生物组作为非侵入性生物标志物在

OSCC 早期诊断和预后评估中展现出重要潜力［93］。
利用高通量测序与机器学习算法构建的菌群特征

模型，可实现对高危人群的早期识别，能够预测肿

瘤转移、复发、治疗反应及生存期［2， 94-96］。采集

OSCC 和健康对照受试者的唾液样本，采用 16S 
rDNA 测序分析显示，OSCC 患者唾液微生物多样性

与临床病理特征相关，影响肿瘤免疫和患者生

存［97］。结合唾液［98］、龈沟液［99］等非侵入性样本检

测，有望建立简便、敏感且特异性高的微生物标志

物体系，为 OSCC 的精准诊断与个体化治疗提供参

考。尽管目前研究尝试利用 16S rRNA 测序分析口

腔菌群以预测 OSCC，但由于样本类型、DNA 提取

流程、测序区域、分析方法缺乏标准化，菌群结构

指标目前在诊断或预后预测中的效能仍然十分

有限［100］。
3.2　微生物组干预策略

靶向口腔微生物组的治疗策略为 OSCC 防治

提供了新思路。目前主要干预手段包括：益生菌

补充［101］、致病菌靶向清除、工程菌改造、噬菌体疗

法［102］以及个性化菌群移植等。但是针对 OSCC 的

研究目前仍较少。研究表明，消化链球菌属的高

丰度与 OSCC 患者良好预后相关，据此开发的银纳

米颗粒水凝胶可选择性促进其定植并抑制竞争菌

增殖，从而增强 PD-1 疗效［103］；锌介导的金属免疫

疗法能有效清除牙龈卟啉单胞菌并协同免疫治

疗［104］。然而微生物组的个体差异性、外源菌株定

植效率及长期安全性等问题仍是临床转化的主要

挑战［105-106］。

4　小　结

本综述阐明了口腔微生物组与 OSCC 发病机

制之间的复杂关系，部分微生物具有直接促癌作

用，部分微生物通过“菌群-免疫-代谢”网络参与

OSCC 发生发展，而微生物群落的生态失调影响肿

瘤进展和治疗的各个环节。口腔微生物组作为诊

断标志物和干预策略已展现出重要临床价值。
【Author contributions】　Gong JJ wrote the article. Li B collected the 
references, revised the article. Li LJ conceptualized and reviewed the ar⁃
ticle. All authors read and approved the final manuscript as submitted.

参考文献

[1] Tan Y, Wang Z, Xu M, et al. Oral squamous cell carcinomas: state 
of the field and emerging directions[J]. Int J Oral Sci, 2023, 15(1): 
44. doi: 10.1038/s41368-023-00249-w.

[2] Han Z, Hu Y, Lin X, et al. Systematic analyses uncover robust sali⁃
vary microbial signatures and host-microbiome perturbations in 
oral squamous cell carcinoma[J]. mSystems, 2025, 10(2): 
e0124724. doi: 10.1128/msystems.01247-24.

[3] Chen X, Lin WY, Zhang FW, et al. Investigation of oral microbi⁃
ome composition in elderly Chinese patients with hypertension: a 
cross-sectional study[J]. J Oral Microbiol, 2025, 17(1): 2489603. 
doi: 10.1080/20002297.2025.2489603.

[4] Devaraja K, Aggarwal S. Dysbiosis of oral microbiome: a key 
player in oral carcinogenesis? A critical review[J]. Biomedicines, 
2025, 13(2): 448. doi: 10.3390/biomedicines13020448.

[5] Rabe A, Gesell Salazar M, Michalik S, et al. Metaproteomics 
analysis of microbial diversity of human saliva and tongue dorsum 
in young healthy individuals[J]. J Oral Microbiol, 2019, 11(1): 
1654786. doi: 10.1080/20002297.2019.1654786.

[6] Saikia PJ, Pathak L, Mitra S, et al. The emerging role of oral micro⁃
biota in oral cancer initiation, progression and stemness[J]. Front 
Immunol, 2023, 14: 1198269. doi: 10.3389/fimmu.2023.1198269.

[7] Giordano-Kelhoffer B, Lorca C, March Llanes J, et al. Oral micro⁃
biota, its equilibrium and implications in the pathophysiology of 
human diseases: a systematic review[J]. Biomedicines, 2022, 10
(8): 1803. doi: 10.3390/biomedicines10081803.

[8] Sang Z, Zhang Y, Kao E, et al. Decoding oral leukoplakia: microbi⁃
ome dysbiosis and inflammatory dynamics unveiled in a rat model
[J]. Front Microbiol, 2025, 16: 1613165. doi: 10.3389/
fmicb.2025.1613165.

[9] Liang HJ, Tan XY, Li D, et al. New advances in oral microbiology 
and tumor research[J]. World J Clin Oncol, 2025, 16(7): 106981. 
doi: 10.5306/wjco.v16.i7.106981.

[10] Dhakal A, Upadhyay R, Wheeler C, et al. Association between 
tumor microbiome and hypoxia across anatomic subsites of head 
and neck cancers[J]. Int J Mol Sci, 2022, 23(24): 15531. doi: 
10.3390/ijms232415531.

[11] Crispino A, Varricchio S, Esposito A, et al. The oral microbiome 
and its role in oral squamous cell carcinoma: a systematic review 
of microbial alterations and potential biomarkers[J]. Pathologica, 
2024, 116(6): 338-357. doi: 10.32074/1591-951X-N867.

[12] Di Spirito F, Di Palo MP, Folliero V, et al. Oral bacteria, virus and 
fungi in saliva and tissue samples from adult subjects with oral 
squamous cell carcinoma: an umbrella review[J]. Cancers (Basel), 
2023, 15(23): 5540. doi: 10.3390/cancers15235540.

[13] Herreros-Pomares A, Hervás D, Bagan-Debón L, et al. On the oral 
microbiome of oral potentially malignant and malignant disorders: 
dysbiosis, loss of diversity, and pathogens enrichment[J]. Int J Mol 
Sci, 2023, 24(4): 3466. doi: 10.3390/ijms24043466.

[14] Yang CY, Yeh YM, Yu HY, et al. Oral microbiota community dy⁃
namics associated with oral squamous cell carcinoma staging[J]. 
Front Microbiol, 2018, 9: 862. doi: 10.3389/fmicb.2018.00862.

[15] Chang H, Perez-Losada J, Mao JH. Emerging multifaceted roles of 

·· 175



口腔疾病防治 2026年 2月 第 34卷 第 2期
　　　Journal of Prevention and Treatment for Stomatological Diseases, Feb. 2026,Vol.34 No.2　https://www.kqjbfz.com

the microbiome in cancer susceptibility[J]. World J Clin Oncol, 
2025, 16(9): 111379. doi: 10.5306/wjco.v16.i9.111379.

[16] Li Z, Liu Y, Huang X, et al. F. Nucleatum enhances oral squa⁃
mous cell carcinoma proliferation via E-cadherin/β -Catenin path⁃
way[J]. BMC Oral Health, 2024, 24(1): 518. doi: 10.1186/s12903-

024-04252-3.
[17] He X, Ma X, Meng Z, et al. Localization of Fusobacterium nuclea⁃

tum in oral squamous cell carcinoma and its possible directly in⁃
teracting protein molecules: a case series[J]. Histol Histopathol, 
2023, 38(8): 929-939. doi: 10.14670/HH-18-560.

[18] Pigossi SC, Oliveira JA, de Medeiros MC, et al. Demystifying the 
link between periodontitis and oral cancer: a systematic review in⁃
tegrating clinical, pre-clinical, and in vitro data[J]. Cancer Metasta⁃
sis Rev, 2025, 44(3): 67. doi: 10.1007/s10555-025-10285-z.

[19] Li S, Hong X, Wei Z, et al. Ubiquitination of the HPV oncoprotein 
E6 is critical for E6/E6AP-mediated p53 degradation[J]. Front Mi⁃
crobiol, 2019, 10: 2483. doi: 10.3389/fmicb.2019.02483.

[20] Wei T, Grace M, Uberoi A, et al. The mus musculus papillomavi⁃
rus type 1 E7 protein binds to the retinoblastoma tumor suppres⁃
sor: implications for viral pathogenesis[J]. mBio, 2021, 12(4): 
e0227721. doi: 10.1128/mBio.02277-21.

[21] Hsueh CY, Lau HC, Huang Q, et al. Fusobacterium nucleatum im⁃
pairs DNA mismatch repair and stability in patients with squa⁃
mous cell carcinoma of the head and neck[J]. Cancer, 2022, 128
(17): 3170-3184. doi: 10.1002/cncr.34338.

[22] Yan L, Wu F, Jiao J, et al. Stomatobaculum longum -derived-

derived extracellular vesicles enhance oral squamous cell carci⁃
noma malignancy through BRCA1/EXO1/TP53BP1 modulation[J]. 
Int J Nanomedicine, 2025, 20: 6659-6674. doi: 10.2147/IJN.
S491473.

[23] Hinić S, Rich A, Anayannis NV, et al. Gene expression and DNA 
methylation in human papillomavirus positive and negative head 
and neck squamous cell carcinomas[J]. Int J Mol Sci, 2022, 23
(18): 10967. doi: 10.3390/ijms231810967.

[24] Berglund A, Muenyi C, Siegel EM, et al. Characterization of epig⁃
enomic alterations in HPV16+ head and neck squamous cell carci⁃
nomas[J]. Cancer Epidemiol Biomarkers Prev, 2022, 31(4): 858-

869. doi: 10.1158/1055-9965.EPI-21-0922.
[25] Ma Y, Yu Y, Yin Y, et al. Potential role of epithelial-mesenchymal 

transition induced by periodontal pathogens in oral cancer[J]. J 
Cell Mol Med, 2024, 28(1): e18064. doi: 10.1111/jcmm.18064.

[26] Binder Gallimidi A, Fischman S, Revach B, et al. Periodontal 
pathogens Porphyromonas gingivalis and Fusobacterium nuclea⁃

tum promote tumor progression in an oral-specific chemical carci⁃
nogenesis model[J]. Oncotarget, 2015, 6(26): 22613-22623. doi: 
10.18632/oncotarget.4209.

[27] Akbari E, Epstein JB, Samim F. Unveiling the hidden links: peri⁃
odontal disease, Fusobacterium nucleatum, and cancers[J]. Curr 
Oncol Rep, 2024, 26(11): 1388-1397. doi: 10.1007/s11912-024-

01591-w.
[28] Urzică RN, Creșu B, Căruntu A, et al. The molecular interplay 

between oral microbiome and oral cancer pathogenesis[J]. Int J 
Mol Sci, 2025, 26(20): 10212. doi: 10.3390/ijms262010212.

[29] Kamarajan P, Ateia I, Shin JM, et al. Periodontal pathogens pro⁃
mote cancer aggressivity via TLR/MyD88 triggered activation of 
Integrin/FAK signaling that is therapeutically reversible by a pro⁃
biotic bacteriocin[J]. PLoS Pathog, 2020, 16(10): e1008881. doi: 
10.1371/journal.ppat.1008881.

[30] Qin Y, Li Z, Liu T, et al. Prevotella intermedia boosts OSCC pro⁃
gression through ISG15 upregulation: a new target for intervention
[J]. J Cancer Res Clin Oncol, 2024, 150(4): 206. doi: 10.1007/
s00432-024-05730-5.

[31] Zang W, Geng F, Liu J, et al. Porphyromonas gingivalis potenti⁃
ates stem-like properties of oral squamous cell carcinoma by 
modulating SCD1-dependent lipid synthesis via NOD1/KLF5 axis
[J]. Int J Oral Sci, 2025, 17(1): 15. doi: 10.1038/s41368-024-

00342-8.
[32] Sheridan M, Chowdhury N, Wellslager B, et al. Opportunistic 

pathogen Porphyromonas gingivalis targets the LC3B-ceramide 
complex and mediates lethal mitophagy resistance in oral tumors
[J]. iScience, 2024, 27(6): 109860. doi: 10.1016/j.
isci.2024.109860.

[33] Song JM, Woo BH, Lee JH, et al. Oral administration of Porphy⁃

romonas gingivalis, a major pathogen of chronic periodontitis, pro⁃
motes resistance to paclitaxel in mouse xenografts of oral squa⁃
mous cell carcinoma[J]. Int J Mol Sci, 2019, 20(10): 2494. doi: 
10.3390/ijms20102494.

[34] Tasso CO, Ferrisse TM, de Oliveira AB, et al. Candida species as 
potential risk factors for oral squamous cell carcinoma: systematic 
review and meta-analysis[J]. Cancer Epidemiol, 2023, 86: 102451. 
doi: 10.1016/j.canep.2023.102451.

[35] Galvin S, Honari B, Anishchuk S, et al. Oral leukoplakia microbi⁃
ome predicts the degree of dysplasia and is shaped by smoking 
and tooth loss[J]. Oral Dis, 2025, 31(6): 1704-1716. doi: 10.1111/
odi.15272.

[36] Maitimu FC, Soeroso Y, Sunarto H, et al. Association between 
volatile sulfur compounds Prevotella intermedia and matrix metal⁃
loproteinase-8 expression[J]. Pesqui Bras Odontopediatria Clín In⁃
tegr, 2022, 22: e210002. doi: 10.1590/pboci.2022.049.

[37] Li Q, Luo W, Xiao L, et al. Microbial manipulators: Fusobacterium 
nucleatum modulates the tumor immune microenvironment in 
colorectal cancer [J]. J Oral Microbiol, 2025: 17(1): 2544169.doi:
10.1080/20002297.2025.2544169

[38] Aliazis K, Christofides A, Shah R, et al. The tumor microenviron⁃
ment’s role in the response to immune checkpoint blockade[J]. 
Nat Cancer, 2025, 6(6): 924-937. doi: 10.1038/s43018-025-

00986-3.
[39] Nie F, Zhang J, Tian H, et al. The role of CXCL2-mediated cross⁃

talk between tumor cells and macrophages in Fusobacterium 

nucleatum-promoted oral squamous cell carcinoma progression[J]. 
Cell Death Dis, 2024, 15(4): 277. doi: 10.1038/s41419-024-

06640-7.
[40] Sun J, Tang Q, Yu S, et al. F. nucleatum facilitates oral squamous 

cell carcinoma progression via GLUT1-driven lactate production
[J]. EBioMedicine, 2023, 88: 104444. doi: 10.1016/j.
ebiom.2023.104444.

·· 176



口腔疾病防治 2026年 2月 第 34卷 第 2期
Journal of Prevention and Treatment for Stomatological Diseases, Feb. 2026,Vol.34 No.2　https://www.kqjbfz.com　　　

[41] Chen Q, Pang X, Liu K, et al. Porphyromonas gingivalis outer 
membrane vesicles promote oral tumorigenesis through suppress⁃
ing innate immune surveillance[J]. Microbiol Res, 2025, 301: 
128296. doi: 10.1016/j.micres.2025.128296.

[42] Tsai MS, Chen YY, Chen WC, et al. Streptococcus mutans pro⁃
motes tumor progression in oral squamous cell carcinoma[J]. J 
Cancer, 2022, 13(12): 3358-3367. doi: 10.7150/jca.73310.

[43] Shen J, Lin H, Mo K, et al. Bidirectional roles of neutrophil extra⁃
cellular traps in oral microbiota carcinogenesis: a systematic re⁃
view[J]. Transl Oncol, 2025, 56: 102361. doi: 10.1016/j. tra⁃
non.2025.102361.

[44] Zhang CG, Yeh CY, Hsu SY, et al. Dendritic cell-targeted lipo⁃
somes for cancer immunotherapy via inhibition of aryl hydrocar⁃
bon receptor[J]. J Nanobiotechnology, 2025, 23(1): 683. doi: 
10.1186/s12951-025-03756-6.

[45] Li W, Zhang Z, Wu R, et al. Fusobacterium nucleatum-derived 
outer membrane vesicles promote immunotherapy resistance via 
changes in tryptophan metabolism in tumour-associated macro⁃
phages[J]. J Extracell Vesicles, 2025, 14(4): e70070. doi: 10.1002/
jev2.70070.

[46] Lou F, Yan L, Luo S, et al. Dysbiotic oral microbiota-derived kyn⁃
urenine, induced by chronic restraint stress, promotes head and 
neck squamous cell carcinoma by enhancing CD8+ T cell exhaus⁃
tion[J]. Gut, 2025, 74(6): 935-947. doi: 10.1136/gutjnl-2024-

333479.
[47] Michikawa C, Gopalakrishnan V, Harrandah AM, et al. Fusobacte⁃

rium is enriched in oral cancer and promotes induction of pro⁃
grammed death-ligand 1 (PD-L1)[J]. Neoplasia, 2022, 31: 100813. 
doi: 10.1016/j.neo.2022.100813.

[48] Groeger S, Denter F, Lochnit G, et al. Porphyromonas gingivalis 
cell wall components induce programmed death ligand 1 (PD-L1) 
expression on human oral carcinoma cells by a receptor-
interacting protein kinase 2 (RIP2) -dependent mechanism[J]. In⁃
fect Immun, 2020, 88(5): e00051-20. doi: 10.1128/IAI.00051-20.

[49] Wang X, Fang Y, Liang W, et al. Fusobacterium nucleatum facili⁃
tates anti-PD-1 therapy in microsatellite stable colorectal cancer
[J]. Cancer Cell, 2024, 42(10): 1729-1746. e8. doi: 10.1016/j.
ccell.2024.08.019.

[50] Jiang SS, Xie YL, Xiao XY, et al. Fusobacterium nucleatum-

derived succinic acid induces tumor resistance to immunotherapy 
in colorectal cancer[J]. Cell Host Microbe, 2023, 31(5): 781-797.
e9. doi: 10.1016/j.chom.2023.04.010.

[51] Saito Y, Fujiwara Y, Shinchi Y, et al. Classification of PD-L1 ex⁃
pression in various cancers and macrophages based on immunohis⁃
tocytological analysis[J]. Cancer Sci, 2022, 113(9): 3255-3266. 
doi: 10.1111/cas.15442.

[52] 王佩佩, 华飞, 黄霞, 等 . 2型糖尿病伴慢性牙周炎患者的口腔

菌群微环境研究进展 [J]. 实用医学杂志 , 2023, 39(10): 1320-

1324. doi：10.3969/j.issn.1006⁃5725.2023.10.023.
Wang PP, Hua F, Huang X, et al. Research progress of oral micro⁃
environment in patients with type 2 diabetes mellitus and chronic 
periodontitis[J]. J Pract Med, 2023, 39(10): 1320-1324. doi：
10.3969/j.issn.1006⁃5725.2023.10.023.

[53] Chiscuzzu F, Crescio C, Varrucciu S, et al. Current evidence on 
the relation between microbiota and oral cancer-the role of Fuso⁃

bacterium nucleatum-a narrative review[J]. Cancers (Basel), 2025, 
17(2): 171. doi: 10.3390/cancers17020171.

[54] Radaic A, Shamir ER, Jones K, et al. Specific oral microbial differ⁃
ences in proteobacteria and bacteroidetes are associated with dis⁃
tinct sites when moving from healthy mucosa to oral dysplasia-a 
microbiome and gene profiling study and focused review[J]. Micro⁃
organisms, 2023, 11(9): 2250. doi: 10.3390/microorgan⁃
isms11092250.

[55] Park SY, Hwang BO, Lim M, et al. Oral-gut microbiome axis in 
gastrointestinal disease and cancer[J]. Cancers (Basel), 2021, 13
(9): 2124. doi: 10.3390/cancers13092124.

[56] Baima G, Minoli M, Michaud DS, et al. Periodontitis and risk of 
cancer: mechanistic evidence[J]. Periodontol 2000, 2024, 96(1): 
83-94. doi: 10.1111/prd.12540.

[57] Moentadj R, Wang Y, Bowerman K, et al. Streptococcus species en⁃
riched in the oral cavity of patients with RA are a source of 
peptidoglycan-polysaccharide polymers that can induce arthritis in 
mice[J]. Ann Rheum Dis, 2021, 80(5): 573-581. doi: 10.1136/an⁃
nrheumdis-2020-219009.

[58] Dhingra K. Is periodontal disease a risk factor for oral cancer?[J]. 
Evid Based Dent, 2022, 23(1): 20-21. doi: 10.1038/s41432-022-

0245-z.
[59] Miyabe M, Nakamura N, Saiki T, et al. Porphyromonas gingivalis 

lipopolysaccharides promote proliferation and migration of human 
vascular smooth muscle cells through the MAPK/TLR4 pathway
[J]. Int J Mol Sci, 2022, 24(1): 125. doi: 10.3390/ijms24010125.

[60] Yao Y, Shen X, Zhou M, et al. Periodontal pathogens promote oral 
squamous cell carcinoma by regulating ATR and NLRP3 inflam⁃
masome[J]. Front Oncol, 2021, 11: 722797. doi: 10.3389/
fonc.2021.722797.

[61] Afacan B, Budak U, Altınyürek EE, et al. Gingival crevicular fluid 
Bax, Bcl-xl, interleukin-22, and transforming growth factor beta 1 
levels in stage III periodontitis[J]. J Periodontol, 2025, 96(9): 974-

983. doi: 10.1002/JPER.24-0356.
[62] Gao W, Yuan H, Qing S. Bioinformatics analysis and experimental 

validation of the potential relationship between bacterial lipopoly⁃
saccharide and oral squamous cell carcinoma[J]. PLoS One, 2025, 
20(8): e0329231. doi: 10.1371/journal.pone.0329231.

[63] Yang WY, Meng X, Wang YR, et al. PRDX6 alleviates 
lipopolysaccharide-induced inflammation and ferroptosis in peri⁃
odontitis[J]. Acta Odontol Scand, 2022, 80(7): 535-546. doi: 
10.1080/00016357.2022.2047780.

[64] Yan L, He B, Deng Q, et al. Is systemic inflammation a missing 
link between oral microbiome and oral squamous cell carcinoma? 
Results from multi-omics integration analyses[J]. J Oral Microbiol, 
2025, 17(1): 2574326. doi: 10.1080/20002297.2025.2574326.

[65] Chen L, Ma X, Liu W, et al. Targeting pyroptosis through 
lipopolysaccharide-triggered noncanonical pathway for safe and ef⁃
ficient cancer immunotherapy[J]. Nano Lett, 2023, 23(18): 8725-

8733. doi: 10.1021/acs.nanolett.3c02728.
[66] Xu D, Chen J, Shi Y, et al. Gut microbiota and metabolite profiles 

·· 177



口腔疾病防治 2026年 2月 第 34卷 第 2期
　　　Journal of Prevention and Treatment for Stomatological Diseases, Feb. 2026,Vol.34 No.2　https://www.kqjbfz.com

in thyroid cancer lymph node metastasis: a multi-omics analysis
[J]. Sci Rep, 2025, 15(1): 40624. doi: 10.1038/s41598-025-

24397-7.
[67] Liu CG, Lin MX, Xin Y, et al. Metagenomics and non-targeted me⁃

tabolomics reveal the role of gut microbiota and its metabolites in 
brain metastasis of non-small cell lung cancer[J]. Thorac Cancer, 
2025, 16(8): e70068. doi: 10.1111/1759-7714.70068.

[68] Fan X, Alekseyenko AV, Wu J, et al. Human oral microbiome and 
prospective risk for pancreatic cancer: a population-based nested 
case-control study[J]. Gut, 2018, 67(1): 120-127. doi: 10.1136/
gutjnl-2016-312580.

[69] Xia Y, Wu Y, Yin X, et al. Examining the link between gut micro⁃
biota and periodontitis in East Asians using Mendelian randomiza⁃
tion[J]. Health Sci Rep, 2024, 7(10): e70103. doi: 10.1002/
hsr2.70103.

[70] Jin H, Li M, Jeong E, et al. A body-brain circuit that regulates 
body inflammatory responses[J]. Nature, 2024, 630(8017): 695-

703. doi: 10.1038/s41586-024-07469-y.
[71] Gregory AC, Zablocki O, Zayed AA, et al. The gut virome data⁃

base reveals age-dependent patterns of virome diversity in the 
human gut[J]. Cell Host Microbe, 2020, 28(5): 724-740. e8. doi: 
10.1016/j.chom.2020.08.003.

[72] Elbasir A, Ye Y, Schäffer DE, et al. A deep learning approach re⁃
veals unexplored landscape of viral expression in cancer [J]. Nat 
Commun, 2023: 14(1): 785.doi:10.1038/s41467-023-36336-z

[73] Xiao Q, Liu Y, Li T, et al. Viral oncogenesis in cancer: from 
mechanisms to therapeutics[J]. Signal Transduct Target Ther, 
2025, 10(1): 151. doi: 10.1038/s41392-025-02197-9.

[74] Han S, Ding K. Intestinal phages interact with bacteria and are in⁃
volved in human diseases[J]. Gut Microbes, 2022, 14(1): 2113717. 
doi: 10.1080/19490976.2022.2113717.

[75] Kerr TD, Silver NL, Duggal R, et al. HPV status impacts oncobac⁃
teria abundance and prognostic relevance in head and neck squa⁃
mous cell carcinoma[J]. Oncogene, 2025, 44(26): 2217-2223. doi: 
10.1038/s41388-025-03463-4.

[76] Liao Y, Wu YX, Tang M, et al. Microbes translocation from oral 
cavity to nasopharyngeal carcinoma in patients[J]. Nat Commun, 
2024, 15(1): 1645. doi: 10.1038/s41467-024-45518-2.

[77] Wu CY, Yu ZY, Hsu YC, et al. Enhancing production of herpes 
simplex virus type 1 in oral epithelial cells by co-infection with Ag⁃

gregatibacter actinomycetemcomitans[J]. J Formos Med Assoc, 
2022, 121(9): 1841-1849. doi: 10.1016/j.jfma.2022.01.023.

[78] Dobosz E, Golda A, Kanoza M, et al. Lys-specific gingipain (Kgp) 
of P. gingivalis promotes viral infection by disabling the interferon 
pathway[J]. mBio, 2025, 16(10): e0029825. doi: 10.1128/
mbio.00298-25.

[79] Himi K, Takeichi O, Imai K, et al. Epstein-Barr virus reactivation 
by persistent apical periodontal pathogens[J]. Int Endod J, 2020, 
53(4): 492-505. doi: 10.1111/iej.13255.

[80] Qin TX, Ng WH, Ng SK, et al. Mediator complex subunit 27-en⁃
riched small extracellular vesicles mediate the crosstalk between 
periodontal bacteria and HPV-driven head and neck cancer[J]. J 
Proteome Res, 2025, 24(9): 4689-4698. doi: 10.1021/acs. jpro⁃

teome.5c00373.
[81] Imai K, Inoue H, Tamura M, et al. The periodontal pathogen Por⁃

phyromonas gingivalis induces the Epstein-Barr virus lytic switch 
transactivator ZEBRA by histone modification[J]. Biochimie, 
2012, 94(3): 839-846. doi: 10.1016/j.biochi.2011.12.001.

[82] Xavier JB, Young VB, Skufca J, et al. The cancer microbiome: dis⁃
tinguishing direct and indirect effects requires a systemic view[J]. 
Trends Cancer, 2020, 6(3): 192-204. doi: 10.1016/j. tre⁃
can.2020.01.004.

[83] Liao Y, Tong XT, Zhou T, et al. Unveiling familial aggregation of 
nasopharyngeal carcinoma: insights from oral microbiome dysbio⁃
sis[J]. Cell Rep Med, 2025, 6(3): 101979. doi: 10.1016/j.
xcrm.2025.101979.

[84] Riquelme E, Zhang Y, Zhang L, et al. Tumor microbiome diversity 
and composition influence pancreatic cancer outcomes[J]. Cell, 
2019, 178(4): 795-806.e12. doi: 10.1016/j.cell.2019.07.008.

[85] Liang Y, Du M, Li X, et al. Upregulation of Lactobacillus spp. in 
gut microbiota as a novel mechanism for environmental eustress-

induced anti-pancreatic cancer effects[J]. Gut Microbes, 2025, 17
(1): 2470372. doi: 10.1080/19490976.2025.2470372.

[86] Brennan CA, Garrett WS. Fusobacterium nucleatum: symbiont, op⁃
portunist and oncobacterium[J]. Nat Rev Microbiol, 2019, 17(3): 
156-166. doi: 10.1038/s41579-018-0129-6.

[87] Wang B, Deng J, Donati V, et al. The roles and interactions of Por⁃

phyromonas gingivalis and Fusobacterium nucleatum in oral and 
gastrointestinal carcinogenesis: a narrative review[J]. Pathogens, 
2024, 13(1): 93. doi: 10.3390/pathogens13010093.

[88] 王雨薇, 邹玲 . 牙龈卟啉单胞菌与白色念珠菌交互作用在口腔

疾病中的研究进展 [J]. 口腔疾病防治 , 2025, 33(5): 401-408. 
doi: 10.12016/j.issn.2096-1456.202440350.
Wang YW, Zou L. Research progress on the microbial interaction 
between Porphyromonas gingivalis and Candida albicans in oral 
diseases[J]. J Prev Treat Stomatol Dis, 2025, 33(5): 401-408. doi: 
10.12016/j.issn.2096-1456.202440350.

[89] Tan KH, Seers CA, Dashper SG, et al. Porphyromonas gingivalis 
and Treponema denticola exhibit metabolic symbioses[J]. PLoS 
Pathog, 2014, 10(3): e1003955. doi: 10.1371/journal.
ppat.1003955.

[90] Sakanaka A, Kuboniwa M, Takeuchi H, et al. Arginine-ornithine 
antiporter ArcD controls arginine metabolism and interspecies bio⁃
film development of Streptococcus gordonii[J]. J Biol Chem, 2015, 
290(35): 21185-21198. doi: 10.1074/jbc.M115.644401.

[91] Shiao SL, Kershaw KM, Limon JJ, et al. Commensal bacteria and 
fungi differentially regulate tumor responses to radiation therapy
[J]. Cancer Cell, 2021, 39(9): 1202-1213. e6. doi: 10.1016/j.
ccell.2021.07.002.

[92] Quraishi MN, Cheesbrough J, Rimmer P, et al. Open label vanco⁃
mycin in primary sclerosing cholangitis-inflammatory bowel dis⁃
ease: improved colonic disease activity and associations with 
changes in host-microbiome-metabolomic signatures[J]. J Crohns 
Colitis, 2025, 19(2): jjae189. doi: 10.1093/ecco-jcc/jjae189.

[93] Ji X, Qiao Y, Wu J, et al. Oral microbiome dynamics in head and 
neck cancer patients undergoing oral healthcare: implications for 

·· 178



口腔疾病防治 2026年 2月 第 34卷 第 2期
Journal of Prevention and Treatment for Stomatological Diseases, Feb. 2026,Vol.34 No.2　https://www.kqjbfz.com　　　

prognosis and early diagnosis[J]. BMC Microbiol, 2025, 25(1): 
685. doi: 10.1186/s12866-025-04426-1.

[94] Lyu WN, Lin MC, Shen CY, et al. An oral microbial biomarker for 
early detection of recurrence of oral squamous cell carcinoma[J]. 
ACS Infect Dis, 2023, 9(9): 1783-1792. doi: 10.1021/acsinfec⁃
dis.3c00269.

[95] Wang XX, Liu YT, Ren JG, et al. Salivary microbiome relates to 
neoadjuvant immunotherapy response in OSCC[J]. J Dent Res, 
2024, 103(10): 988-998. doi: 10.1177/00220345241262759.

[96] Díaz-Rivera J, Rodríguez-Rivera MA, Meléndez-Vázquez NM, et 
al. Immune and microbial signatures associated with PD-1 block⁃
ade sensitivity in a preclinical model for HPV+ oropharyngeal can⁃
cer[J]. Cancers (Basel), 2024, 16(11): 2065. doi: 10.3390/can⁃
cers16112065.

[97] Wei K, Ma Y, Xu J, et al. Oral and intratumoral microbiota influ⁃
ence tumor immunity and patient survival[J]. Front Immunol, 
2025, 16: 1572152. doi: 10.3389/fimmu.2025.1572152.

[98] Mäkinen AI, Pappalardo VY, Buijs MJ, et al. Salivary microbiome 
profiles of oral cancer patients analyzed before and after treatment
[J]. Microbiome, 2023, 11(1): 171. doi: 10.1186/s40168-023-

01613-y.
[99] Adumitroaie A, Ghemiș L, Toma V, et al. Gingivo-periodontal al⁃

terations in pediatric leukemia: a comparative analysis of IL-1β, 
IL-6, IL-17α and TGF- β1 levels in gingival crevicular fluid and 
plasma[J]. Dent J (Basel), 2025, 13(10): 450. doi: 10.3390/
dj13100450.

[100] Delaney C, Veena CLR, Butcher MC, et al. Limitations of using 
16S rRNA microbiome sequencing to predict oral squamous cell 
carcinoma[J]. APMIS, 2023, 131(6): 262-276. doi: 10.1111/
apm.13315.

[101] Kaur K, Reese P, Chiang J, et al. Natural killer cell therapy com⁃
bined with probiotic bacteria supplementation restores bone integ⁃

rity in cancer by promoting IFN- γ production[J]. Cells, 2025, 14
(17): 1347. doi: 10.3390/cells14171347.

[102] Wu C, Fujiki J, Mathieu J, et al. Phage-based biocontrol of Porphy⁃

romonas gingivalis through indirect targeting[J]. Appl Environ Mi⁃
crobiol, 2024, 90(10): e0095124. doi: 10.1128/aem.00951-24.

[103] Zheng DW, Deng WW, Song WF, et al. Biomaterial-mediated 
modulation of oral microbiota synergizes with PD-1 blockade in 
mice with oral squamous cell carcinoma[J]. Nat Biomed Eng, 
2022, 6(1): 32-43. doi: 10.1038/s41551-021-00807-9.

[104] Zhou JY, Shen QH, Xiong YW, et al. Zinc-mediated metalloimmu⁃
notherapy with dual elimination of tumor and intratumoral bacteria 
in oral squamous cell carcinoma[J]. Biomaterials, 2025, 323: 
123439. doi: 10.1016/j.biomaterials.2025.123439.

[105] Kwon SY, Thi-Thu Ngo H, Son J, et al. Exploiting bacteria for can⁃
cer immunotherapy[J]. Nat Rev Clin Oncol, 2024, 21(8): 569-589. 
doi: 10.1038/s41571-024-00908-9.

[106] Wong CC, Yu J. Gut microbiota in colorectal cancer development 
and therapy[J]. Nat Rev Clin Oncol, 2023, 20(7): 429-452. doi: 
10.1038/s41571-023-00766-x.

（编辑　罗燕鸿）

 Open Access
This article is licensed under a Creative Commons

Attribution 4.0 International License.
Copyright © 2025 by Editorial Department of Journal of

Prevention and Treatment for Stomatological Diseases

官网    

·· 179


