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Abstract

The human microbiota is a complex ecosystem of diverse microorganisms consisting of bacteria, 

viruses, and fungi residing predominantly in epidermal and mucosal habitats across the body, such 

as skin, oral cavity, lung, intestine and vagina. These symbiotic communities in health, or 

dysbiotic communities in disease, display tremendous interaction with the local environment and 

systemic responses, playing a critical role in the host’s nutrition, immunity, metabolism and 

diseases including cancers. While the profiling of normal microbiota in healthy populations is 

useful and necessary, more recent studies have focused on the microbiota associated with disease, 

particularly cancers. In this paper, we review current evidence on the role of the human microbiota 

in four cancer types (colorectal cancer, head and neck cancer, pancreatic cancer, and lung cancer) 

proposed as affected by both the oral and gut microbiota, and provide a perspective on current 

gaps in the knowledge of the microbiota and cancer.

Introduction

In 2012 there were more than 14 million new cases of human cancer, threatening 8.2 million 

lives worldwide, making cancer one of the leading global causes of death (1). The global 

cancer burden is projected to rise as growing populations are exposed to risk factors for 

cancers. Data support that genetic susceptibility, environmental factors, microbial alterations 

and/or chronic inflammation all contribute to carcinogenesis (2). A number of epithelial 

cancers are now ascribed to single microbes that modify epithelial cell biology to yield 
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cancer development (Table 1) (2–7). Only recently, however, have we started to appreciate 

the compelling evidence indicating the role of microbial communities and organization in 

carcinogenesis.

The emergence of next generation sequencing technologies, including high-resolution 16S 

rRNA gene sequencing and metagenomic technologies, has enabled discoveries of the 

diversity of the microbial gene repertoire (8, 9). Based on the key features of the microbiome 

including microbial diversity, relative abundance and microbial gene richness (10, 11), 

increasing research aims to define the bacterial composition and function associated with 

various cancer types across the body. Compelling evidence suggests environmental and 

physiological factors including diet, smoking, alcohol consumption, obesity and chronic 

inflammation significantly and differentially modify the microbiota within diverse anatomic 

sites. These same factors are often linked to carcinogenesis, fostering studies to discern links 

between the microbiota and cancer development. One intriguing aspect of these emerging 

data is the putative link between the oral or gut microbiota and cancer biology.

Herein, we seek to give an overview on recent data revealing the relationship between 

microbial alterations and four types of cancers including colorectal cancer, head and neck 

cancer, pancreatic cancer, and lung cancer. In each of these cancers, the oral and/or the gut 

microbiota have been postulated to contribute to cancer pathogenesis. The detailed 

mechanisms underlying microbe-host interactions in carcinogenesis, usually derived from in 
vivo murine models, are beyond the scope of this review but have been discussed elsewhere 

(2, 3, 12). Instead, we will focus on summarizing the available human epidemiological data 

and discuss the next potential steps in translational research to understand the interaction 

between the microbiota and cancer.

The Gut Microbiota and Colon-Inhabiting Oral Microbes in Colorectal 

Cancer

Each year, 1.3 million new cases of colorectal cancer (CRC) occur, which threaten 694,000 

lives equally divided among both men and women worldwide (1). In the United States, 

excluding gender-specific cancers, CRC remains the second leading cause of cancer-related 

deaths in men and women despite a significant decline in incidence rates, particularly in 

people over age 50 years, due to colonoscopy screening (1, 13). Strikingly, recent 

epidemiological data demonstrate altered CRC incidence patterns in the United States from 

1974 to 2013, notably underscoring an increasing CRC risk in the population younger than 

age 50 years (14). This disturbing trend calls for new public awareness and research to 

delineate probable causes of age-specific CRC risk, particularly in the young.

CRC often takes more than 10 years to develop due to the accumulation of genetic mutations 

in colonic epithelial cells and sequential histopathological stages including aberrant crypt 

foci, polyps, adenomas and carcinomas (13, 15). Hereditary forms only account for 3–5% of 

all CRC cases, while more than 95% of CRC is sporadic and mainly occurs in people older 

than 50 years (13, 16). Besides genetic susceptibility, other risk factors include inflammatory 

colitis, high consumption of red and processed meat, obesity, smoking and excessive alcohol 

consumption (13). Strong evidence suggests these environmental and physiological factors 
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significantly modify the colonic microbiota composition and function (2, 3), which has led 

to increasing interest in the role of the microbiota in colon carcinogenesis.

Gut Specific Pathogens and CRC

Based on our and others’ studies using murine models, individual bacterial species provoke 

colon tumorigenesis by means of both microbial factors and host immune responses (2, 3, 

17). Enterotoxigenic Bacteroides fragilis (ETBF) is one of the most prevalent pathobionts 

detected in human CRC patients. The mechanisms by which ETBF induces murine colon 

tumorigenesis include the induction of reactive oxygen species to directly initiate DNA 

damage, as well as activation of Wnt signaling pathways via E-cadherin cleavage by B. 
fragilis enterotoxin (BFT), and induction of proinflammatory cytokine IL-17 pathways to 

promote cell survival and proliferation (18–20). Additionally, pks+ Escherichia coli (E.coli) 
(21) and Enterococcus faecalis (22) can putatively induce tumorigenesis by generating DNA 

mutagens such as the genotoxin colibactin, and superoxide and hydrogen peroxide, 

respectively. Although the tumorigenic potential of these specific species has been studied in 

depth with murine models, and each has been found in association with human CRC, these 

species have yet to be directly shown to induce CRC in humans which requires 

demonstrating, for example, that the host was exposed to the bacterium prior to the onset of 

disease. Thus we still lack an understanding of whether these bacteria or other microbes are 

causal in human CRC cases, and intensive and difficult to do longitudinal studies from early 

colonization to the development of cancer may help prove causality (23, 24).

Gut Bacterial Dysbiosis in CRC

In addition to the studies focusing on single pathogenic species, increasing studies have 

identified compositional shifts of the gut microbiota associated with CRC, which supports 

the hypothesis that altered microbial communities serve as contributors to CRC development 

(25). For example, several studies demonstrate an emergence of putative pathogenic bacteria 

coincidently with substantial commensal depletion in CRC patients (23, 24, 26). The pro-

carcinogenic mechanisms by which bacterial dysbiosis contributes to CRC are speculated to 

reflect microbial-induced alterations in host metabolism and mucosal immune responses (2) 

(26) (27). However, studies on the gut microbiota profiling in human CRC have yielded 

diverse results regarding the patterns of bacterial communities enriched in tumor regions as 

previously reviewed (25). It remains uncertain whether bacterial dysbiosis is merely 

secondary to colon tumor development or a causative exposure prior to onset of colon 

carcinogenesis.

Colonic Biofilms in CRC

Bacterial biofilms are complex ecosystems composed of polymicrobial aggregates of diverse 

bacteria embedded in an extracellular polymeric matrix, mainly consisting of 

polysaccharides as well as proteins, nucleic acids and lipids (28). According to previous 

studies, colonic biofilms were defined as bacterial community invasion into the inner mucus 

layer spanning at least a linear distance of 200μm across the colon epithelial surface (23, 

29). The association of colonic biofilms with human CRC was reported in 2014 when our 

lab discovered that colonic biofilms were a nearly universal feature of right-sided CRC and 

their paired normal mucosa obtained from the distant edge of surgical resections (23). 
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Interestingly, right colon cancers were not uniquely susceptible to biofilm formation as 

approximately 17% (6/35) of left colon cancers also displayed similar biofilms. Even more 

surprisingly, 13% (15/120) of colonoscopy biopsies collected from healthy people also 

displayed biofilms, although the bacterial compositions of these biofilms were typically less 

dense and thinner than the exuberant structures on tumors in CRC patients. The colonic 

epithelial cells under the biofilms in the paired normal tissues of CRC patients or normal 

colon biopsies obtained from healthy individuals exhibited altered epithelial biology 

consistent with a pro-oncogenic state. These alterations featured reduced or redistributed E-

cadherin, enhanced IL-6 production, activated Stat3 as well as increased epithelial cell 

proliferation (23).

Colonic biofilms associated with CRC are all polymicrobial entities. Thus, we propose that 

defining the bacterial organization and function of biofilms from CRC patients at the species 

and/or the strain level will provide new insights into mechanisms of microbiota-driven CRC. 

A collaborative study (26) supported the idea that colonic biofilms modified mucosal 

biology by demonstrating that bacterial biofilms altered the cancer or normal colonic 

mucosal metabolome via upregulation of polyamine metabolism, a possible promoter of 

colonic epithelial proliferation and cancer progression. Biofilm-associated enhancement of 

polyamine metabolites was associated with enriched Clostridia groups including 

Sporobacter, Peptostreptococcaceae and Ceilonellaceae, but reduced Bacteroidales (26). 

Nevertheless, neither the carcinogenic potential of colonic biofilms in humans, nor a clear 

causal role for any gut bacterium, virulence factor or community structure in human CRC 

has yet to be well defined. Prospective and longitudinal epidemiological studies are needed 

to determine the role of microbial communities in the initiation and progression of CRC. An 

impediment for conducting these studies is the predicted long course from onset to detection 

of carcinogenesis in humans.

Colon-Inhabiting Oral Microbes in CRC

The finding of Fusobacterium in about 30% of CRC cases by 16S rRNA sequencing (30) 

(31) (32) was unexpected and has initiated discussions of an association between the oral 

microbiota in the colon and CRC, a topic expanded upon by other authors (33) (34). The 

Fusobacterium genus, particularly Fusobacterium nucleatum (F. nucleatum), is more 

frequently identified in CRC cases compared with less consistent results in colorectal 

adenoma cases, suggesting that Fusobacterium may contribute to later progression instead of 

earlier initiation of colon carcinogenesis (30, 35, 36). Alternatively, increased multiplicity of 

colon adenomas in susceptible mouse models in some, but not all experiments, may reflect a 

capacity of F. nucleatum for tumor initiation (24, 37, 38). F. nucleatum appears to utilize 

several adherence factors such as FadA combined with a proclivity to invade tissue, disrupt 

cell-cell adhesion, activate Wnt cell proliferation signals and stimulate proinflammatory 

pathways to potentially enhance the accumulation of genetic mutations (24, 37, 39). In 

addition to Fusobacterium, other groups of oral bacteria such as Porphyromonas (36), 

Peptostreptococcus, Prevotella, Parvimonas, and Gemella genera are often found associated 

with the colon microbiome of patients with colon cancer. The carcinogenic potential and 

virulence factors of these genera are unknown. Furthermore, it remains to be validated 

whether these oral microbes detected in the colon represent the same species or strains that 
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inhabit the oral cavity. Even if the oral bacteria residing in the colon originate from the oral 

cavity, we do not understand their mechanisms to adapt to the colon environment and the 

implications for colon carcinogenesis.

The Oral Microbiota and Head and Neck Cancers

Head and neck cancers refer to the malignancies of the mucous membranes lining the head 

and neck cavities, including the nasal cavity and paranasal sinuses, oral cavity, pharynx 

(nasopharynx, oropharynx and hypopharynx), and larynx (40). Ninety percent of head and 

neck cancers are squamous cell carcinomas (HNSCC) originating from squamous cells, 

among which oral SCC (OSCC) accounts for the most common malignant lesions (41). 

Tobacco and alcohol consumption are two major risk factors for OSCC and these risk factors 

appear to further modify the microbial composition of the oral cavity where a dense 

microbiota resides [41]. Increasing evidence suggests that periodontitis, poor oral hygiene, 

and oral microorganisms are associated with the development of head and neck cancers (40–

43). Moreover, studies are beginning to define potential mechanisms by which the oral 

microbiota, combined with known OSCC risk factors, may drive oral carcinogenesis. For 

example, oral bacteria can transform alcohol to acetaldehyde, a mutagen promoting 

carcinogenesis of head and neck mucosa (3, 40, 44).

HNSCC includes multiple cancers originating from heterogeneous tissue in various 

anatomical sites, partly accounting for the variations in current sequencing results. 

Therefore, clinical studies linking the microbiota to HNSCC face complex challenges. 

Further, the salivary microbiome dramatically differs from that of the oral mucosa. Thus, 

future studies are needed to clarify the role of bacterial dysbiosis in head and neck cancers. 

In Table 2, we summarize available epidemiological studies seeking to characterize the oral 

bacterial features of human HNSSC cases and describe some of these data below.

Specific Pathogens and OSCC

During the last decade, oral infection with human papillomavirus (HPV), particularly high-

risk HPV type 16 (HPV-16), has been widely considered an independent risk factor inducing 

oropharyngeal squamous cell carcinoma (OPSCC) (43, 45–48). The mechanisms of HPV-

driven OPSCC have been largely attributed to the overexpression of the protein p16 and 

oncogenes E6 and E7 (47). However, the tissue tropism of HPV to preferentially target 

oropharyngeal squamous cells is poorly understood. Recently, HPV infection was found to 

be coincident with the presence of select bacterial groups known to be associated with oral 

dysbiosis, namely, Gemellaceae and Leuconostoc (49). Another study (43) reported that 

poor oral health increases the risk of oral HPV infection and might contribute to subsequent 

HPV-related OPSCC. Therefore, characterizing microbial communities that favor oral HPV 

infection may shed light on studies about microbial biomarkers for HPV-related OPSCC.

Porphyromonas gingivalis and Fusobacterium nucleatum are two major oral pathobionts in 

periodontitis, and their molecular mechanisms to promote cell survival, proliferation and 

invasion have been studied in detail in periodontal diseases (39, 50, 51). Their carcinogenic 

potential in oral squamous cells had not been tested until one recent study reported that 

chronic infection of P. gingivalis or F. nucleatum in a murine model promoted the 
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development of OSCC and stimulated an IL-6-STAT3 inflammatory cascade. However, the 

clinical relevance of these biological mechanisms in human OSCC cases remains to be 

investigated. No single pathogen can be detected in all OSCC patients, and in turn, specific 

pathogens like P. gingivalis or F. nucleatum can be also found in healthy subjects (52). So, a 

more comprehensive understanding about the composition and function of the oral 

microbiota in OSCC is needed to advance our knowledge of cancer-provoking microbial 

signatures. Bacterial strains in the same species may well induce different phenotypic traits. 

Culture and isolation of more clinical strains are needed to test pathogenic variations among 

clinical isolates in order to address the role of the microbiota in OSCC.

Oral Dysbiosis and OSCC

In healthy saliva and oral mucosa, the predominant bacterial phyla consist of Firmicutes, 

Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, TM7 and Spirochaete (10, 42, 

53, 54). By microbiological culturing methods, some earlier studies described more enriched 

aerobic and anaerobic bacterial species at oral tumor sites compared to healthy controls (55), 

however, these studies could possibly be biased by failing to account for unculturable 

bacterial species. Using high-throughput sequencing approaches, a few studies have started 

to investigate the complexity and significant shifts of the oral microbiota in health and 

disease. A new etiologic framework has been proposed, namely, oral microbial variations, as 

communities of synergism and/or dysbiosis, account for the development of periodontal 

diseases, rather than only exogenous pathogens (52). Emerging studies suggest that cancer 

sites present a loss of richness and diversity of commensal species (49), and such microbial 

disturbances may enhance emergence of carcinogenic species or modulation of the 

inflammation status to indirectly promote cancer development. In general, the profiling of 

the salivary microbiota has been limited to clinical studies of small sample size with 

inconsistent results (56, 57). Limited current data suggest a remarkable segregation of the 

cancer microbiome from healthy controls (56–58), and some salivary species like 

Capnocytophaga gingivalis, Prevotella melaninogenica and Streptococcus mitis correlate 

with OSCC (56). Furthermore, growing attention is being placed on the mucosal 

microbiome by comparing tumor sites with normal tissue (54, 59). Dysbiosis at tumor sites 

in HNSCC seems to harbor a signature of markedly decreased abundance of the phylum 

Actinobacteria as compared with paired normal tissue (42, 53, 59). Additionally, one study 

showed that the phylum Firmicutes was also decreased at tumor sites (59). However, the 

results diverge across studies when analyzing the microbial composition at the genus or 

species level (42, 44, 54, 59, 60). Thus, longitudinal studies with larger sample size are 

needed to validate the etiological impact and diagnostic value of the microbial alterations.

Oral Biofilms and OSCC

Poor oral health, including periodontitis and poor oral hygiene, is an independent risk factor 

for oral cancers (40, 43, 61, 62), in which chronic inflammation and the oral microbiota are 

closely involved (41, 50, 63). Meanwhile, periodontitis has long been recognized as a 

pathogenic state of biofilm-induced inflammation (62, 64, 65). F. nucleatum and 

Porphyromonas spp. work synergistically to promote adhesion, aggregation and colonization 

during oral biofilm formation. Surprisingly, no studies thus far have characterized the 

relationship between microbial contributors to oral biofilms, also known as dental plaques, 
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and oral SCC. If similar to colonic biofilms (e.g. promoting epithelial proliferation and DNA 

damage), oral biofilms may also change tissue biology to augment the initiation or 

progression of oral SCC and perhaps be a source to define the carcinogenic bacterial 

contributors. Studying the cause-and-effect relationship of biofilms and oral cancer is 

hampered by lack of experimental models of oral cancer and well-designed longitudinal 

epidemiological studies.

The Oral and Gut Microbiota in Pancreatic Cancer

Pancreatic ductal adenocarcinoma accounts for about 85% of pancreatic malignancy, 

however, the pancreas lacks an established microbiome. As one of the most aggressive and 

deadly cancer types, pancreatic cancer has an extremely poor prognosis with a five-year 

survival rate of about 5%, and with mortality increasing during the past decades in many 

countries worldwide (1, 66). Conventional risk factors of pancreatic cancer include smoking, 

genetic susceptibility, obesity, diabetes mellitus, alcohol and consumption of smoked or 

processed meat (67, 68). No recommended screening tests are available to date for the early 

detection of pancreatic cancer (66, 69), unveiling a clear need to which perhaps microbiota 

science can contribute.

The Oral Microbiota and Pancreatic Cancer

Recently, accumulating data suggest that oral dysbiosis is associated with increased risk of 

pancreatic cancer (Table 3), data supported by observations of a positive association between 

chronic periodontitis and pancreatic cancer (3, 70–72). The salivary microbiome from 

patients with pancreatic cancer has been profiled using the Human Oral Microbe 

Identification Microarray (HOMIM) (73). The overall alterations of oral microbial 

composition between patients with pancreatic cancer and healthy controls were 

predominantly attributed to the bacterial phyla of Firmicutes, Proteobacteria, CFB group 

bacteria (Cytophaga-Flavobacterium-Bacteroides group) and Actinobacteria. The 

combination of decreased Neisseria elongate (within Proteobacteria) and Streptococcus mitis 
(within Firmicutes) was suggested as a promising biomarker for the diagnosis of pancreatic 

cancer. However, the prevalence of these oral microbes in pancreatic cancer vs. healthy 

individuals remains uncertain as this study was limited to only 38 pancreatic cancer cases 

and 38 matched healthy controls.

Despite a number of studies investigating the association of oral microbes with pancreatic 

cancer cases, some inconsistencies have been reported. A study using the Human Oral 

Microbiome Identification Microarray found that the presence of Neisseria elongate and 

Streptococcus mitis was able to distinguish patients with pancreatic cancer from healthy 

subjects with 96.4% sensitivity and 82.1% specificity (73). Michaud et al. reported a positive 

association between P. gingivalis and pancreatic cancer (74), Torres et al. observed 

enrichment of F. leptotrichia and decreased P. gingivalis in pancreatic cancer cases (75). This 

discrepancy may be due to the fact that the Michaud et al. findings were based on antibodies 

to P. gingivalis and not necessarily the oral presence of the microbe as explored by Torres et 

al. Other researchers found that Fusobacterium species in the oral cavity were prevalent in 

8.8% of patients with pancreatic cancers, which was not associated with any disease-related 
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gene mutation or epigenetic alterations, but was independently associated with worse 

prognosis (76). Thus, additional evidence will be needed to validate the carcinogenic 

potential of bacterial dysbiosis or specific bacterial pathogens or pathobionts in pancreatic 

cancer. Similar to other cancer and microbiota research, studies to define bacterial strain(s) 

contributing to carcinogenesis could be essential to unravel reported inconsistencies as a 

single bacterial species can harbor pathogenic and nonpathogenic strains.

An earlier study suggested that exposure to Porphyromonas gingivalis may contribute to 

higher risk of pancreatic cancer due to identifying high serum antibodies against 

Porphyromonas gingivalis, a pathobiont associated with periodontal disease (74). A newly 

published prospective nested case-control study provided supportive evidence of this 

association. Analysis of 16S rRNA gene sequencing suggested that the presence of P. 
gingivalis and Aggregatibacter actinomycetemcomitans in the oral cavity correlates with 

pancreatic carcinogenesis (77). This large prospective cohort generated potential insights 

into the microbial associations with pancreatic cancer including 361 incident pancreatic 

adenocarcinoma cases during a follow-up period of 10 to 17 years. The oral wash specimens 

for microbiome sequencing were collected before disease progression, thereby suggesting 

that oral microbial variations could be a marker for pancreatic cancer and not a secondary 

finding reflective of the cancer microenvironment. Multiple environmental factors including 

diet, inflammatory status and altered epithelial function modify the microbial composition 

over time, however, to date, studies generally have failed to characterize the dynamic 

changes of the microbiota during the time line of carcinogenesis. The features of the oral 

microbiome may serve as a non-invasive biomarker for identification of people at high risk 

for pancreatic cancer initiation, progression or poor prognosis, though better characterization 

of the bacterial dysbiosis through disease course would be necessary to develop future 

clinical applications.

Despite emerging results suggesting an association between oral dysbiosis and pancreatic 

ductal adenocarcinoma (70, 73, 77), direct evidence is not yet available defining whether this 

oral dysbiosis is causative or merely a reactive effect of early distal cancer. No single species 

has been proven to directly induce or inhibit pancreatic carcinogenesis in experimental 

models or human epidemiological studies. One idea is that oral microbiota translocation may 

contribute to pancreas carcinogenesis. Some studies have shown that oral bacteria may 

migrate or colonize (78) to remote sites by swallowing or via the circulatory system (77, 79–

81). However, it is unknown whether oral bacteria present in the pancreas belong to the same 

species/strains as those in the oral cavity. Systemic inflammation (74), bacterial components 

and metabolic products (82) are highly likely to be involved, but the specific tissue tropism, 

if microbiota translocation occurs, and the molecular mechanisms of microbiota-driven 

carcinogenesis at distal sites are thus far unexplored.

The gut microbiota and pancreatic cancer

Two meta-analysis studies have suggested that seropositivity for Helicobacter pylori (H. 
pylori), a common pathogen residing in the upper gastrointestinal tract, significantly 

increased the risk of pancreatic carcinogenesis (83, 84). In contrast, case-control studies (85, 

86) and one population-based prospective cohort study (87) suggest, also using serology, 

Chen et al. Page 8

Semin Immunol. Author manuscript; available in PMC 2018 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that the association between H. pylori infection and pancreatic cancer is unconvincing. 

Although the upper gastrointestinal microbiota may link with pancreatic ductal 

carcinogenesis because of close anatomic location and/or ductal connections, no results 

demonstrate pancreas colonization by H. pylori or pancreatic inflammation being 

attributable to H. pylori infection in the upper gastrointestinal tract (88). Despite the fact that 

conventional risk factors for pancreatic cancer (e.g., obesity and diabetes) are known to be 

associated with gut dysbiosis, no data, as yet, define compositional shifts of the gut 

microbiota in patients with pancreatic cancer as compared with healthy controls.

The Oral and Lung Microbiota in Lung cancer

Lung cancer has been continuously ranked as the most common cancer type and the leading 

cause of cancer death worldwide. Smoking is a well-known risk factor for lung cancer due to 

its carcinogenic chemical components (89). Emerging studies suggest that multiple 

additional factors, including systemic inflammatory responses (90), infections with certain 

microorganisms (91–95) and periodontal diseases (33, 96, 97) contribute to lung cancer 

development.

The Oral Microbiota and Lung Cancer

Research during the past ten years has consistently shown that periodontal diseases, known 

to alter the oral microbiota, are associated with lung cancer risk (33, 96, 97), but most of the 

previous studies failed to exclude the role of confounding factors like smoking (97). One 

recent study (65) indicated that advanced periodontitis was associated with a 2.5-fold 

increase in lung cancer among people who never smoked. Periodontitis-related lung cancer 

has been proposed to result from inflammatory immune responses initiated in the oral cavity 

that modify the respiratory epithelium and promote carcinogenesis (96), but the responsive 

immune cell populations and cytokines involved in the biological mechanisms remain 

undetermined. Limited preliminary data propose a few transcriptomic salivary biomarkers, 

relating to growth regulation and tumor suppressor genes, as possibly useful to discriminate 

lung cancer from health (98), but prospective longitudinal data are needed. While oral 

pathogens or pathobionts have been proposed to colonize the lung contributing to lung 

carcinogenesis, empiric data are lacking. Very limited 16S rRNA gene sequencing results of 

salivary microbiome suggest an elevated abundance of Capnocytophaga and Veillonella 
together with a reduced number of Neisseria (99). Current data are insufficient to conclude 

that oral microbial variations contribute to lung cancer.

The Lung Microbiota and Lung Cancer

There is interest in exploring if various factors beyond smoking may be associated with or, 

in fact, contribute to lung carcinogenesis. Various studies suggest lung cancer development 

is fostered, in part, by certain specific microorganisms including Chlamydia pneumoniae 
(91, 92), human immunodeficiency virus (100–103), HPV (68, 104, 105), Pneumoccocus 
(94), and mycobacteria. However, this is an area of active debate given that current studies 

are limited by small sample size, observational study designs and inconsistent results (90, 

105, 106). The lower respiratory tract was considered microorganism free (107) until the use 

of 16S rRNA gene sequencing to detect the bacterial community in bronchoalveolar lavage 
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(BAL) fluid or expectorated sputum (Table 3) (108). One preliminary study demonstrated 

that sputum dysbiosis associated with lung cancer correlates with an increased relative 

abundance of Granulicatella, Abiotrophia and Streptococcus (109). A Japanese group 

reported that Streptococcus, Veillonella, Gemella, and Porphyromonas identified in 

intraoperative bronchial fluids might derive from the oral microbiota (110). However, the 

clinical significance of these bacterial groups is unknown and it is further unknown if the 

contamination of BAL fluid or sputum with the microbiota in the upper respiratory tract and 

oral cavity contributes to these results.

Summary

Despite having witnessed substantial advance of technologies and knowledge to begin to 

understand cancer as being attributable to the microbiota, we should recognize the 

limitations and challenges in pursuing causality of the bacterial microbiota in various cancer 

types as summarized in Table 4. Interestingly, identical cancer states can correlate with 

diverse dysbiosis and/or multiple microbial species that have carcinogenic potential. Overall, 

three hypotheses are proposed to delineate the role of the microbiota in cancer etiology 

including: (1) the role of individual pathogens; (2) the role of polymicrobial communities; 

and (3) the interactions between specific microbes with a microbial community (2).

The first hypothesis reflects Koch’s postulates (111) that can be traced back to the late 

nineteenth century. Koch’s postulates state three steps to define a pathogen: (1) a microbe 

must be purified from every diseased individual and under circumstances that account for 

the pathological changes; (2) the microbe of interest does not exist in health or any other 

diseases; and (3) the microbe can be isolated in pure culture and is capable of reproducing 

the disease in an independent susceptible subject. These principles have long served as a 

framework to define the role of individual microbes in disease pathogenesis. While microbes 

as displayed in Table 1 have been considered cancer-causing microbes, pathobionts, such as 

those discussed in this review would not qualify. This limitation of the classic Koch’s 

postulates has been discussed (Fredrick and Relman) and, thus, we now need to consider in 

our analyses for putative disease causation microbial communities or specific microbes that 

induce disease under certain conditions (113).

In contrast, the second model describes mechanisms by which microbial communities, and 

not individual species, drive carcinogenesis. This model hypothesizes that interactions 

among microbial communities and the host, involving microbial genotoxins, carcinogenic 

metabolites and/or pro-inflammatory cascades, underlie bacterial-related cancer 

development (2). Advances in the technologies of next generation sequencing, 

transcriptomic, proteomic and/or metabolomic analyses, are being used to define the links 

between the microbiota and carcinogenesis. Microbial dysbiosis in the context of various 

cancers has been increasingly characterized; however, limitations exist including lack of 

evidence on species/strain, small sample size and inconsistent findings among studies with 

variable criteria. Although microbiological culturing methods could be one tool used to 

validate the promising results from sequencing analyses, the technical difficulties in 

recovering and culturing many anaerobes or other fastidious organisms from clinical 

specimens hinder the discovery of novel cancer-provoking bacteria in dysbiotic 
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communities. Further, to date, pursuit of the contributions of other microbes (e.g., viruses, 

fungi) is more limited.

Last but not least, the third proposed model for microbial-induced carcinogenesis suggests 

individual microbe-community interaction(s) that influence cancer initiation or progression. 

For example, colonization by a specific pathogen or pathobiont could cause disruption of the 

microbiota organization, yielding dysbiosis that alone could be carcinogenic or, in turn, 

render the host vulnerable to carcinogenic pathogens. As we reviewed in this paper, oral 

HPV infection and biofilm formation are associated with bacterial dysbiosis that correlates 

with oral or colon cancers respectively. However, knowledge about the compositional 

features and mechanisms of microbial interactions is limited (114) and additional work is 

needed to understand the biological impact and clinical relevance. It must be remembered 

that microbial communities are dynamic, with the microbiota expected to evolve during the 

chronic course of cancer progression.

In keeping these three hypotheses in mind, the identification of a single carcinogenic 

microbe, such as ETBF in murine models, must be investigated under conditions that would 

prove or disprove the other two hypotheses. Despite the discovery of specific microbes and 

their associated cancers (Table 1), the diversity of the microbiota does not always afford for 

one microbe to be associated with a particular disease. Considering the work flow described 

in Fig. 1, future studies should aim to uncover pro-carcinogenic communities and the co-

occurrence of specific microbes. Once identified these communities can be used in murine 

models (including gnotobiotic mice) of cancer development. Additionally, if specific 

microbes are found to be causative without the presence of other microbes, investigation into 

their carcinogenic potential in the presence of commensals should be explored. Thus, 

carefully designed studies are needed to define whether the microbiota can serve as a 

clinically useful, robust indicator of early carcinogenesis and, therefore, help address the 

burden, morbidity and mortality of diverse cancers (Fig 1).
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Fig.1. Framework for studying etiology of microbiota-driven carcinogenesis
To better understand the impact of the microbiota on carcinogenesis in humans, assembly of 

adequately sized human populations for study is needed. DNA from the human tissue or 

other samples can then be extracted and sequenced for taxonomic and functional analyses of 

the microbiota. In parallel, culturing of isolated microbes, studies in animal models, as well 

as profiling of the immune responses to potential carcinogenic microbes will allow for the 

discovery of microbiota-associated mechanisms driving carcinogenesis. From what is 

discovered in the laboratory, prospective and longitudinal human studies will be required to 

confirm the causal effects of the microbiota on human cancers. Critical study approaches 

include, for example, studies to confirm that the person is exposed to the microbe of interest 

prior to disease onset, and approaches to prevent disease such as through vaccination against 

the implicated microbe.
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Table 1

Single microbes cause various types of human cancers.

Cancer Type Single microbe Ref.

Gastric Cancer Helicobacter pylori [2–4]

Liver Cancer Hepatitis B virus, Hepatitis C virus [5]

Biliary Tree Cancer Clonorchis sinensis, Opisthorchis viverrini [5]

Cervical Cancer Human papillomavirus (HPV) [2,3]

Head and Neck Cancer HPV [43, 45–48]

Urinary Bladder Cancer Schistosoma hematobium [5]

Lymphoma Epstein-Barr virus [6]

Merkel Cell Carcinoma Merkel cell polyomavirus [7]

Kaposi Sarcoma Kaposi sarcoma-associated herpesvirus [112] (113)
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Table 2

Oral microbiota profiling in human head and neck cancers.

Cancer
type

Study type and
Population

Microbiota
analysis

Main results Comments

OSCC Cross sectional study. Saliva 
samples from OSCC patients 
(45), and OSCC-free 
subjects (229). USA 2005 
(56)

Checkerboard DNA-
DNA hybridization with 
DNA probes of 40 
strains.

Capnocytophaga gingivalis, 
Prevotella melaninogenica and 
Streptococcus mitis were 
elevated in OSCC saliva, which 
was found to be a predictor.

No antibiotic treatment in 
previous 3 months. Paired 
normal regions were not 
included. OSCC-free patients 
were not defined.

OSCC Cross sectional study. Tumor 
resection and paired normal 
specimens from OSCC 
patients (10/10). UK 2007 
(60)

FISH for universal 
bacteria. PCR, cloning 
and ABI Prism BigDye 
terminator cycle 
sequencing on 16S 
rDNA.

Distinct microbial composition 
between cancer and paired 
normal specimens. Most taxa 
isolated from within the tumor 
tissue represented saccharolytic 
and aciduric species.

Paired normal were included, 
but healthy controls were not. 
Patient details were not stated.

OSCC Cross sectional study. Saliva 
samples from OSCC patients 
(3), and matched normal 
controls (2). USA 2011 (57)

16S rDNA (V4, V5) 
PCR amplification, 
DGGE analysis and 
pyrosequencing.

Salivary microbiota in OSCC 
differs from normal controls. 
Fifteen unique phylotypes were 
present in all three OSCC 
subjects.

Very small sample size but 
included matched normal 
controls. Patient details were 
not provided.

OSCC Cross sectional study. 10 
OSCC patients. Tumor 
mucosae (10) and paired 
normal (10). USA 2012 (54).

16S rDNA (V4, V5) 
PCR amplification and 
DGGE analysis. 16S 
rDNA cloning and 
Sanger sequencing.

Clonal analysis characterized 80 
bacterial species/phylotypes. 
Some Streptococcus spp. are 
highly prevalent at tumor sites.

Healthy controls were not 
included. Patient details were 
not provided.

Oral cancer Cross sectional study. 
Discovery cohort: oral 
cancer (5). Confirmation 
cohort: oral cancer (9), 
carcinoma in situ (1), pre-
cancer (8), healthy controls 
(6). USA 2014 (42).

Discovery cohort: 16S 
rDNA (V4) amplicon 
pyrosequencing followed 
by validation using 
Illumina sequencing on 
oral mucosal swab DNA.

Abundance of Firmicutes 
(especially Streptococcus) and 
Actinobacteria (especially 
Rothia) was significantly 
decreased in cancer lesions and 
precancers. PCoA indicated 12 
taxa separated most cancers 
from other samples.

Paired normal tissues and 
healthy controls were 
included and well defined. 
Tobacco and alcohol usage 
was documented. 
Histopathological types of 
oral cancer were not stated.

NPC Longitudinal study: Saliva 
samples from NPC (3) and 
healthy controls (3). China 
2014 (58).

16S rDNA (V1–V3) 
amplicon 
pyrosequencing on 
salivary DNA.

PCoA: microbial separation was 
found not only between NPC 
patients and healthy controls, 
but also between pre- and post 
chemoradiation therapy.

First study to define oral 
microbiota in NPC patients. 
No antibiotic treatment in 
previous 1 month.

LSCC Cross sectional study. Oral 
swab and tissue from LSCC 
patients (27); vocal cord 
polyps (28). China 2014 
(53).

16S rDNA (V1–V3) 
amplicon 
pyrosequencing on oral 
swab and tissue DNA.

Bacterial diversity significantly 
varied in different anatomical 
sites of throat, and between 
carcinoma and polyps.

No antibiotic treatment in 
previous 3 months. Paired 
normal were included, while 
healthy controls were not 
stated.

OSCC Cross sectional study: 
OPSCC (11) OCSCC (6) and 
normal controls (25). 
Longitudinal study: follow 
up 11 patients every 3 
months post treatment. USA 
2016 (49).

16S rDNA (V3–V5) 
amplicon 
pyrosequencing on 
salivary rinse DNA.

HNSCC patients had a 
significant loss in bacterial 

richness and diversity*. Genus 
Streptococcus, Dialister, and 
Veillonella were found to 
discriminate tumors from 
normal controls.

First report of microbiome 
associated with HNSCC 
subsites, HPV status, and 
surgical treatment. Paired 
normal was not included. 
Tobacco and alcohol usage 
were not stated.

HNSCC Cross sectional study: Tumor 
resection and paired normal 
specimens from 121 
HNSCC. USA 2017 (59).

16S rDNA (V1–V3) 
amplicon 
pyrosequencing on 
mucosal DNA from 
different anatomic sites.

No significant difference in 
alpha diversity. Genus 
Actinomyces up to the phylum 
level were significantly 
depleted, while Parvimonas was 
increased in tumor relative to 
paired normal.

No healthy controls and 
antibiotic treatment was not 
stated. Multiple cancer types 
were enrolled without analysis 
of site-specific microbiota.

HNSCC: Head and Neck Squamous Cell Carcinoma; OPSCC: Oropharyngeal Squamous Cell Carcinoma; O(C)SCC: Oral (Cavity) Squamous Cell 
Carcinoma; LSCC: Laryngeal Squamous Cell Carcinoma; NPC: nasopharyngeal; OTU: Operational Taxonomic Units; DGGE: Denaturing 
Gradient Gel Electrophoresis; PCoA: Principal Coordination Analysis; FISH: Fluorescent In Situ Hybridyzation; qPCR: real-time quantitative 
PCR; HOM database: Human Oral Microbiome database.
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*
Neisseria and Aggregatibacter (Proteobacteria), Haemophillus (Firmicutes) and Leptotrichia (Fusobacteria) were significantly depleted in salivary 

microbiota of OSCC patients as compared with normal controls.
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Table 3

Microbiota profiling in human pancreatic cancer and lung cancer.

Cancer
type

Study type and
Population

Microbiota
analysis

Main results Comments

Pancreatic Cancer

Cross sectional study. 
Discovery cohort: 
pancreatic cancer (10), 
matched healthy controls 
(10). Validation cohort: 
pancreatic cancer (28), 
matched healthy controls 
(28). USA 2012 (73).

Hybridization of 16S 
rDNA amplicons to 
HOMIM microarray. 
Validation qPCR on 
salivary DNA from 
independent samples.

Significant variation of salivary 
microflora between patients with 
pancreatic cancer and healthy 
controls. Neisseria elongata and 
Streptococcus mitis were validated 
and suggested to distinguish 
patients with pancreatic cancer.

First study to define oral 
microbiota variation 
associated with 
pancreatic cancer and 
propose oral microbiota 
as source for potential 
biomarkers of pancreatic 
disease. Antibiotic 
treatment was not stated.

Cross sectional study. 
Pancreatic cancer (8), 
healthy controls (22), 
and other diseases (78). 
USA 2015 (74).

16S rDNA 
amplification with 
universal primers on 
salivary DNA followed 
by Illumina 
sequencing.

Pancreatic cancer: higher ratio of 
Leptotrichia to Porphyromonas in 
saliva. Possible lower abundance of 
Neisseria and Aggregatibacter.

Limited numbers of 
patients with pancreatic 
cancer and unmatched 
healthy controls. 
Antibiotic treatment prior 
to sampling was not 
stated.

Prospective cross 
sectional study. 
Pancreatic 
adenocarcinoma (361), 
and matched healthy 
controls (371). USA 
2016 (77).

16S rDNA (V3, V4) 
amplicon 
pyrosequencing on 
DNA of oral wash 
samples. Taxonomic 
assignment using the 
HOM Database.

Pancreatic cancer associated with 
abundant Porphyromonas gingivalis 
and Aggregatibacter 
actinomycetemcomitans and 
decreased abundance of phylum 
Fusobacteria and its genus 
Leptotrichia.

Prospective case-control 
study with large sample 
size and matched 
controls, which tends to 
suggest oral microbiota 
might serve as a 
biomarker for pancreatic 
cancer.

Lung Cancer

Cross sectional study. 
Lung cancer patients 
(87) undergoing lung 
resection. France 2012 
(107).

qPCR targeting viruses 
and 16S rDNA of 
bacteria from BAL, 
lung tumors and 
healthy lungs.

Distal airways were bacteria-free by 
PCR. Herpesviridae positive by 
PCR might be related to higher risk 
for postoperative complication.

Standard IV prophylactic 
antibiotic treatment was 
given to all the patients. 
Paired normal controls 
were included.

Cross sectional study. 
Non-smoker lung cancer 
(8), healthy controls (8). 
China and USA 2014 
(109).

16S rDNA (V1, V2) 
amplicon 
pyrosequencing on 
DNA of sputum and 
buccal rinse sample.

Bacterial diversity in sputum of 
patients with lung cancer was 
distinct from controls. 
Granulicatella, Abiotrophia and 
Streptococcus were enriched in 
lung cancer cases.

Sputum was collected 
through cough without 
induction and oral 
microbiota contamination 
couldn’t be excluded. 
Antibiotic treatment prior 
sampling was not stated.

Cross sectional study. 
Pulmonary carcinoma 
patients (9) undergoing 
lung resection. Japan 
2014 (110).

Anaerobic culture of 
bacteria from 
intraoperative bronchial 
fluids. 16S rDNA PCR 
with universal primers 
followed by BigDye 
terminator cycle 
sequencing.

Bacteria in intraoperative bronchial 
fluids, dominated by Streptococcus, 
Veillonella, Gemella, and 
Porphyromonas, potentially derived 
from oral microbiota.

Used a novel 
bronchoscopic 
microsampling probe to 
obtain uncontaminated 
bronchial fluids. IV 
cefazolin was given prior 
to bronchoscopy. No 
control cases were 
included.

Cross sectional study. 
Discovery cohort: Lung 
SCC (10), AC (10); 
healthy controls (10). 
Validation cohort: Lung 
SCC (13), AC (28); 
healthy controls (15). 
China 2015 (99).

16S rDNA (V3, V6) 
amplicon Illumina 
sequencing on salivary 
DNA. qPCR validation 
targeting bacterial 
candidates discovered 
by sequencing.

Increased abundance of salivary 
Capnocytophaga and Veillonella 
may discriminate SCC and AC 
from healthy controls. The 
abundance of Neisseria was 
decreased in SCC and AC 
compared with healthy controls.

Patient details were not 
provided. Antibiotic 
treatment was not stated.

qPCR: real-time quantitative PCR; HOMIM: Human Oral Microbiome Identification Microarray; BAL: Bronchoalveolar Lavage; AC: 
Adenocarcinoma; I.V.: Intravenous
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Table 4

Areas for development to assist in establishing causality between the microbiota and cancer development.

Concepts:

➣The gaps between association and causality: clinical observation or case control studies may discover an association between the 
microbiota and cancers, but do not establish causality. Most carcinogenic mechanisms have been studied in animal models, yet 
translation from bench to bedside is in the early stages for most human cancers.

➣According to the “driver-passenger” model regards development of cancers, microbial alterations can have cancer-inducing potential to 
modify epithelial biology (driver) or just reflect adaptation to cancer microenvironment (passenger). Because the time frame for cancer 
development may be long, identifying the critical bacteria or communities and their disease-inducing host effects are difficult since 
critical interactions could occur early and be missed (e.g., ‘hit and run’ scenario).

➣Models by which microbes incite tumors: single pathogen, interactions between pathogens, pathogens interacting with commensal 
dysbiosis, and community dysbiosis.

Methodology:

➣Next generation sequencing technologies are powerful technologies to characterize the spatial arrangement of microbes residing in 
various anatomic locations in disease and healthy states, but the variations among studies need to be controlled by standardized or 
optimized experimental designs and sample handling to limit variations that obscure disease associations.

➣Potentially pathogenic microbial candidates identified by sequencing should be validated in independent, and adequately sized 
populations.

➣Prospective and longitudinal studies in large human populations will allow analysis along the sequential stages of disease development 
and provide more conclusive results for microbial determinants of disease pathogenesis.

Limitations of current studies:

➣The uneven depth and number of studies in different types of cancer are noted. Colon cancer is one of the extensively studied cancers. 
However, the paucity and inconsistency of data underscore the need for additional studies on pancreatic, lung and head and neck 
cancers, including epidemiology, molecular biology and microbiota studies.

Future perspectives:

➣Microbial community vs. species and strains: need for microbiology to complement next generation sequencing approaches. Different 
strains or isolates of the same species can cause different phenotypes. Isolation of the clinical strains and genome sequencing can reveal 
bacterial evolution along the disease course and among diverse individuals.

➣Define microbial features that can be used as cancer biomarkers. For example, using oral bacteria as non-invasive biomarkers for 
pancreatic cancer would benefit screening of populations at high risk.
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