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Abstract

The contribution of the microbiota to disease progression and treatment efficacy is often neglected 

when determining who is at the highest risk of developing gastrointestinal cancers or designing 

treatment strategies for patients. We reviewed the current literature on the effect of the human 

microbiota on cancer risk, prognosis, and treatment efficacy. We highlight emerging research 

that seeks to identify microbial signatures as biomarkers for various gastrointestinal cancers, and 

discuss how we could harness knowledge of the microbiome to detect, prevent, and treat these 

cancers. Finally, we outline further research needed in the field of gastrointestinal cancers and the 

microbiota, and describe the efforts required to increase the accuracy and reproducibility of data 

linking the microbiome to cancer.

Introduction

Roughly 10–20% of new cancer cases are attributable to carcinogenic infections. This 

percentage is projected to increase as—through new cancer microbiome research—

researchers start to better understand the role of tumour-associated microbes in cancer 

initiation and progression.1 Cancerous tissue is enriched with specific bacterial communities 

from the human microbiota, suggesting that such bacteria could be a crucial but 

often overlooked component of the tumour microenvironment.2–6 Within the tumour 

microenvironment malignant cells are surrounded by a diverse collection of cell types 

(figure 1). Cell distribution might be heterogenous across a tumour, whereby different cell 

types contribute to microniches. The blood vessels integrated within the tumour provide 

oxygen and nutrients, and the interior of these vessels is lined with endothelial cells. The 

periphery of the tumour interacts with cancer-associated fibroblasts, which play a role in 

remodelling the extracellular matrix, a complex network of macromolecules. In addition to 

varying levels and types of immune infiltrates, tumours harbour an intrinsic microbiota that 
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can also be distributed heterogeneously throughout the tissue or as biofilms on the tissue 

surface at mucosal sites.

The human microbiota includes commensal, symbiotic, and pathogenic microorganisms that 

are found within each body site (eg, skin, oral cavity, and gastrointestinal tract), with the 

different human—environmental niches harbouring a unique microbial consortium.7 The 

human body has approximately the same number of human cells as bacterial cells (a ratio 

of 1:1·3).7 However, the combined genetic material of these bacteria, collectively termed 

the human microbiome, contains more than 150 times the coding capacity of the human 

genome.7,8 Most of our bacterial microbiota resides in the gastrointestinal tract, with the 

highest density in the colorectum, where there can be approximately 1011 bacterial cells per 

mL of colon content.7 In the colorectum, bacteria are closely associated with the intestinal 

mucosa and can influence inflammation, immune responses, and the metabolism of drugs or 

dietary compounds.9,10 The microbiota’s load and composition are influenced by a range of 

factors including diet, lifestyle, genetics, demographics, and medications.11–13

Since the early 2010s, numerous studies have demonstrated microbial dysbiosis (substantial 

changes in the diversity and composition of the microbiota) in the gut or specific tissues 

of people with cancer. At the interface of cancer and microbiome research is an emerging 

effort to understand the contribution of microbial dysbiosis to cancer initiation, progression, 

and response to treatment, and its potential for risk prediction. Although this area of 

cancer research is still very much in its infancy, and many studies to date are correlative, 

understanding the contribution of the microbiota in human health and disease such as 

cancer has enormous translational potential. Individuals have the ability to influence the 

composition of their microbiota, and there is the potential to manipulate it in such a way 

to mitigate cancer risk, improve cancer treatment efficacy, and replenish protective bacteria 

lost during dysbiotic states. A deeper understanding of the composition of a healthy and 

protective microbiota is needed to develop these processes, and to recognise harmful species 

that exacerbate disease risk.

The microbiota consists of a range of organisms that can impact our gastrointestinal 

health (bacterial, fungal, viral, and parasitic), however this Review will only focus on the 

contribution of bacteria to gastrointestinal cancers. In this Review, we highlight key studies 

that demonstrate the role that bacterial members of the microbiota play in gastrointestinal 

cancer risk, prognosis, and patient response to treatment. We will also suggest how this field 

of research could be used to develop bacterial surveillance and modulation treatments, to 

improve outcomes for patients with cancer.

Microbiome signatures associated with cancer risk and prognosis

Overview

Analyses of tissue samples from a range of gastrointestinal cancers reveal substantial 

alterations in microbial community structure within tumours and the broader gut 

microbiome.14 Microbial dysbiosis occurs when there is a change in a microbial community 

that results in an imbalance of protective and potentially harmful bacteria.15 These 

alterations often coincide with a loss of microbial diversity, which presents a unique 
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opportunity for otherwise typically rare bacterial community members to thrive and 

dominate within the tumour tissue or entire gut microbiota.15 Microbial dysbiosis and 

the growth of specific bacterial species in gastrointestinal cancers has been documented 

by several studies since 2012. In this section, we will discuss emerging areas of research 

relating to the assessment of cancer risk and prognosis through analysis of the composition 

and diversity of microbial communities, or microbial signatures.

Enrichment of specific bacterial species in colorectal cancer

The microbiota of the gastrointestinal tract, and particularly the colorectum, have a well-

characterised density and diversity, and so most studies assessing the relationship between 

microbial dysbiosis and cancer risk or prognosis have focused on colorectal tissue or stool 

microbiota.

In 2012, it was demonstrated that Fusobacterium nucleatum and other Fusobacterium 
species are intimately associated with colorectal cancer. This finding was unexpected at 

the time, because these organisms were commonly viewed as oral pathobionts. Other 

studies went on to analyse the microbial species composition in over 90 pairs of colorectal 

tumours and adjacent normal tissue from patients with colorectal cancer.2,3 In addition 

to the increased prevalence of F nucleatum in colorectal cancer tissue, two such studies 

showed that this organism was a dominant member of the colorectal cancer microbiota (in 

some cases reaching 89% of the total bacterial DNA sequence reads2), and exhibited a 

79-fold increase in abundance in cancer versus normal tissue.3 A group at the Dana-Farber 

Cancer Institute analysed two large US prospective studies, the Nurses’ Health Study and 

the Health Professionals Follow-up Study, and demonstrated that F nucleatum-positivity in 

colorectal cancer tissue increased along the colon, from the distal to the proximal area. 

Strikingly, the study found that patients who were harbouring comparatively high levels of F 
nucleatum in their tumours exhibited poorer survival than those with F nucleatum-negative 
or F nucleatum-low levels.16,17 Research from our group demonstrated, through microbial 

culture, microbiome, and imaging analyses, that the association between Fusobacterium 
and colorectal cancer persists in distant site metastases to the liver.18 Furthermore, many 

liver metastases share their dominant tumour microbiota with their paired primary cancer.18 

Although we have consistent evidence of this bacterium’s enrichment in primary and 

metastatic colorectal cancer, we do not have a clear picture as to when Fusobacterium 
species colonise the colorectum and if it occurs prior to tumour formation. A 2013 

study reported the detection of Fusobacterium in 48% of adenomas and reported that 

Fusobacterium was enriched significantly more in the adenoma tissue compared with the 

surrounding tissue (n=29; p<0·004).19 More recently, in 2020, analyses of adenomas from 

patients with Lynch syndrome showed that F nucleatum was a minor component of the 

adenoma microbiota and was not detected in stool of patients with adenomas.20 It has 

been demonstrated across multiple cohorts that Fusobacterium is detectable in the stool 

of patients with colorectal cancer,17,21–25 therefore, there is the possibility that faecal 

microbiome analyses could be used to detect Fusobacterium as a non-invasive screening 

tool for colorectal cancer. Although Fusobacterium was consistently found in relative 

abundance in tissue and stools of patients with colorectal cancer, other taxa were found to be 

substantially—but inconsistently—altered between studies. However, it is possible that such 
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inconsistencies could be due to differences in parameters including geographical location 

of cohorts, the methods used for analyses, medication such as antibiotic use, and disease 

severity.

In addition to F nucleatum, two other organisms that are consistently associated with 

colorectal cancer include enterotoxigenic Bacteroides fragilis (ETBF) and polyketide 

synthase positive (pks+) Escherichia coli. 26–30 Colibactin is a genotoxin produced by 

pks+ E coli that induces DNA damage through the alkylation of adenine residues,31–36 

and the B fragilis toxin produced by ETBF is a zinc-dependent metalloprotease shown 

to activate a range of pathways resulting in increased proinflammatory interleukin-8 and 

c-Myc oncogene expression. A 2018 study demonstrated that both ETBF and pks+ E coli 
are significantly enriched in the colonic mucosa of patients with familial adenomatous 

polyposis, a hereditary condition caused by germline mutations in the APC tumour 

suppressor gene.4 Individuals with this disease develop benign polyps that often progress 

to colorectal cancer. However, this study demonstrated that ETBF and pks+ E coli colonise, 

form biofilms, and potentially induce DNA damage in the colonic mucosa of patients 

with this condition prior to polyp formation. The prevalence of ETBF is also significantly 

increased in the stool of patients with colorectal cancer, and one study found ETBF in 21 

(38%) of 56 patients with colorectal cancer compared with five (12%) in 40 healthy controls 

(p=0·009).37 A separate study demonstrated significant enrichment of pks+ E coli in mucosa 

of patients with colorectal cancer, in which 40% of patients with colorectal cancer harboured 

pks+ E coli compared with 21% of controls.5 This finding suggests that pks+ E coli is 

associated with colorectal cancer and could affect carcinogenesis.

In a 2020 study, human intestinal organoids were exposed to pks+ E coli through repeated 

luminal injection followed by whole-genome sequencing, revealing that pks+ E coli induced 

distinct mutational signatures in human epithelial cells.38 Analysis of genomic data from 

two independent European cohorts identified a predominance of pks+ E coli mutational 

signatures in colorectal cancer tissue samples.38 This study provides evidence that a 

bacterial member of the microbiota can directly contribute to the mutational process; a 

process that is likely to start early in life. Follow-up studies are warranted, in particular to 

analyse pks+ mutational signatures in tumours from individuals with familial adenomatous 

polyposis. Overall, these findings suggest that individuals who harbour specific bacterial 

strains might possibly be at risk of colorectal cancer with a poor disease prognosis. Later in 

this Review, we will discuss the potential for targeted microbiome modulation to circumvent 

such risk and potentially improve prognosis.

It is important to emphasise that, while many studies to date have taken a reductionist 

approach by focusing on the role of specific bacterial species or strains that are enriched in 

colorectal cancer tissue, it is also likely that the microbial community as a consortium could 

contribute to colorectal cancer. For example, there might be bacterial community members 

that interact synergistically to promote cancer, or alternatively the loss of protective 

community members could have the same effect. One emerging area of research, related 

to these hypotheses, is the role of bacterial biofilms in cancer development and prognosis. 

However, this area of research has been hindered by technical challenges in preserving 

biofilms in colorectal cancer specimens. For example, formalin fixation of colorectal 
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cancer tissue might strip the biofilm-associated mucus layer from specimens,39,40 and, 

while Carnoy’s fixative preserves the mucus layer,39 its use can result in lower sensitivity 

and therefore poorer fluorescent imaging quality of the tissue.40 Current research aims to 

develop new methods and polymers for preservation of biofilms in tissue samples.40,41

Alterations of microbiome signatures in gastrointestinal cancers

Most gastrointestinal cancers exhibit changes in microbial signatures (a term used to 

describe the composition and diversity of the microbial community), including in body sites 

that are considered to have low microbial load. Despite the emerging associations between 

members of the microbiota and a range of cancers, the bacterium Helicobacter pylori 
remains the only bacterium considered to be a class I carcinogen by the WHO. Chronic 

infection by H pylori is one of the greatest risk factors for gastric cancer development.42 

Colonisation by H pylori can trigger a proinflammatory cytokine response,43,44 in addition 

to secretion of virulence factors that are thought to contribute to cancer initiation by 

inducing DNA damage and increasing cell proliferation and motility.45,46 Even with these 

potential oncogenic mechanisms, only 1–3% of individuals colonised by H pylori go on 

to develop gastric cancer, implying the importance of other underlying factors in gastric 

cancer tumorigenesis.39,40 Once the gastric tumour forms, there is no significant difference 

in H pylori presence between tumour and adjacent normal tissue.47,48 Several studies have 

documented broad bacterial dysbiosis in gastric cancer tissue compared with normal tissue, 

which suggests that bacterial communities might act together to promote gastric cancer 

progression.49–51 There was, however, little consistency in the enrichment or depletion of 

specific bacterial taxa between these studies, highlighting the need for larger population-

based analyses to overcome individual and geographical microbiota sampling bias.

Distinct microbial signatures have also been reported in gastrointestinal cancers outside 

of the gastrointestinal tract, including cancers of the pancreas, gallbladder, and bile duct. 

Although the pancreas was once considered a sterile organ due to the high alkalinity and 

proteolytic activity of pancreatic juice,52 patients with pancreatic ductal adenocarcinoma 

exhibit a 1000-fold increase in intratumoural bacteria compared with normal tissue.52,53 

Pancreatic tumour tissue harboured a higher relative abundance of Proteobacteria compared 

with healthy controls, and enrichment of this bacterial phylum was correlated with advanced 

disease stage.53 There is sparse microbiome data in the literature on gallbladder and 

biliary tract cancers; however, two meta-analyses have found that asymptomatic carriage 

of Salmonella typhi and Helicobacter spp is correlated with an elevated risk of gallbladder 

cancer54 and biliary tract cancer,55 respectively. Microbiome analyses of bile from patients 

with gallbladder cancer identified the presence of bacteria in 42·9% of samples.56

How such bacterial communities travel to these tissue sites remains an outstanding question. 

Many gastrointestinal cancers are enriched with bacterial taxa traditionally considered to 

be oral microbiota, suggesting that these organisms migrate from the mouth to distal sites. 

In colorectal cancer, it has been suggested that F nucleatum enters the body from the oral 

cavity and travels to the tumour site through the haematogenous route.57,58 Furthermore, 

studies of oral samples from colorectal cancer,59 oesophageal,60 and pancreatic cancers61,62 

suggest that the oral microbiome composition could be an accurate indicator of cancer risk. 
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Periodontitis and poor oral health are linked to increased risk for multiple gastrointestinal 

cancers.63–65 While these findings are promising, larger cohort studies are needed.

Blood microbiome signatures as an indicator of cancer risk

The identification of reliable bacterial biomarkers associated with cancer risk, reoccurrence, 

response to therapy, and patient survival could aid in the stratification of patients for 

appropriate treatment regimes. A 2020 study demonstrated the potential for blood-based 

microbial signatures in cancer diagnostics; microbial reads were parsed from published 

whole-genome and polyA-selected RNA sequencing data from tumour, tumour-adjacent 

normal tissue, and blood specimens representing 33 cancer types in The Cancer Genome 

Atlas project (18 116 samples).48 Analyses from this study computationally predicted 

and subtracted microbial contamination, and detected unique microbial signatures within 

major cancer types. The study identified microbiome signatures shared between tumour 

and blood specimens in the project to predict cancers such as pancreatic adenocarcinoma, 

oesophageal carcinoma, rectum adenocarcinoma, and cholangiocarcinoma. PolyA-selected 

RNA is not ideal for bacterial analyses because bacterial transcripts lack a polyA tail,66 

and so the approach of this study was validated using independent blood-based microbial 

DNA, derived from plasma, to distinguish signatures from healthy individuals (n=69) and 

several different cancer types (n=100).48 The use of cell-free DNA for cancer diagnostics 

is an emerging concept in the field. The collection of this type of DNA is far less invasive 

than normal gastrointestinal tissue sampling procedures, and it facilitates earlier detection 

of cancer.67,68 Data supporting the prognostic benefit of blood-based microbial signatures 

are preliminary but, given the potential for improved early detection and patient outcome, 

further independent studies to validate these early findings are warranted.

The effect of microbiota compositions on patient prognosis

The presence of specific bacterial populations within patient tumour tissue has been reported 

to be associated with poor prognosis and outcomes. One US study of 1069 patients found 

that, during a median follow-up of 10·7 years, the amount of F nucleatum in colorectal 

carcinoma tissues directly correlated with patient mortality (HR 1·58 in F nucleatum-high 

cases vs 1·25 in F nucleatum-low cases).17 In this same study, increased loads of F 
nucleatum were associated with proximal tumour location and high microsatellite instability 

(MSI-H). These findings were corroborated by another study of F nucleatum burden in 

colorectal cancer tissues versus adjacent normal tissues (n=190) in which tissues with high 

F nucleatum load were associated with poorer overall survival (HR 1·68) and MSI-H patient 

status.

In oesophageal cancer, the presence of either F nucleatum or Porphyromonas gingivalis 
in tumour tissue has been associated with shorter survival time. In one study, resected 

oesophageal cancer specimens (n=325) contained significantly greater loads of F nucleatum 
DNA than did matched normal oesophageal mucosa. F nucleatum was associated with a 

higher disease stage; stage III cancers showed a F nucleatum positivity rate of 30% versus 

15% positivity in stage I cancers. F nucleatum was also associated with shorter survival, 

with a hazard ratio of 2· 01 (p=0·0068).69 A second study detected P gingivalis in 61% 

of cancerous tissues, and found that it was undetectable in normal oesophageal mucosa 
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(n=30).70 Even after a relatively short follow-up of 30 months, the mean survival of patients 

who harboured P gingivalis was 20·1 months versus 25·9 months in the negative group. 

Both studies show that two predominantly oral microbes, F nucleatum and P gingivalis, are 

invasive in cancerous tissue and could be risk factors for poor patient prognosis.

By contrast, the presence of other bacterial populations within patient tumour tissue has 

been reported to be associated with better prognosis and outcomes. A study of tumour 

microbiota composition in long-term survival (>5 years post-surgery) versus short-term 

survival (≤5 years post-surgery) in patients with pancreatic ductal adenocarcinoma found 

significantly increased species diversity in samples of patients with long-term survival 

compared with those with short-term survival, using stage-matched tissues.71 Patients with 

pancreatic ductal adenocarcinoma survive for an average of 2·5 years following surgical 

resection, and only 9% live to 5 years.72 However, a subset of patients survive more 

than 5 years after diagnosis. Tissue samples of patients with long-term survival had a 

unique microbial signature that was predictive of long-term survival, and these microbiomes 

correlated with strong immune infiltration within tumours. Additionally, faecal microbiome 

transfer from patients who had predicted long-term survival of this disease into a pancreatic 

mouse model reduced tumour size compared with transfers from patients with predicted 

short-term survival (p<0·001).71 These findings suggest that gut bacteria of patients with 

long-term survival pancreatic ductal adenocarcinoma might have a protective effect against 

tumour proliferation.

When does bacterial dysbiosis begin?

Research is focused on understanding when microbial changes occur during cancer 

development and whether cancer-associated microbial dysbiosis can be used to assess cancer 

risk and predict patient prognosis. Two studies catalogued microbial communities within the 

human gut mucosa at different stages of colorectal cancer tumorigenesis.6,73 These analyses 

revealed that the abundance of oral microbes increased along the adenoma-to-carcinoma 

sequence,6,73 with one study validating the metacommunity markers in two additional 

patient cohorts.6 A separate study characterised the microbiome in early colonic neoplasia 

through 16S rRNA gene sequencing of aberrant crypt foci and the adjacent normal mucosa 

within the proximal colon.74 They found that particular microbial signatures within aberrant 

crypt foci correlated with the presence of polyps and dysbiosis of the colonic mucosa.

A gastric cancer study characterised microbial changes within the gastric mucosa of 

patients presenting with disease states associated with tumorigenesis.49 In agreement with 

other studies, this analysis confirmed significant mucosa microbial dysbiosis in patients 

with gastric cancer.50 Although it is well established that gastric colonisation with H 
pylori is associated with chronic gastritis and gastric cancer development, H pylori might 

not be a dominant community member in the gastric mucosa or tumour microbiota of 

patients once they develop gastric cancer.48,50,75,76 Instead, subsequent inflammation and 

pH neutralisation within the gastric microenvironment could create a niche for opportunistic 

microbes to colonise and progress into late-stage disease.

While these studies in colorectal and gastric cancers hint that microbial dysbiosis might 

occur early in cancer development, these types of investigations are cross-sectional studies 

LaCourse et al. Page 7

Lancet Gastroenterol Hepatol. Author manuscript; available in PMC 2024 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that analyse the microbiome at the time of tumour resection. As such, there are no clear data 

profiling changes in the microbiome during the transition from healthy tissue to malignant 

lesions.

Direct and indirect effects of the microbiota on cancer treatment efficacy

Overview

Since the early 2010s, there has been a rapidly growing body of research functionally 

linking the human microbiota to virtually all aspects of human physiology. As a result, 

researchers have a deeper understanding of how bacterial dysbiosis and alterations in 

host disease states can contribute to increased severity of human illness. Additionally, this 

research has revealed that bacteria are in direct contact with the gastrointestinal epithelial 

layer and are invasive in many gastrointestinal cancer tissues (see table). The proximity of 

microbial communities, which often surround or exist within neoplastic tissue, to human 

tumours suggests that bacterial cells are exposed to chemotherapeutic and immunological 

therapies in real time, alongside local cancer and immune cells. Indeed, it has already 

been shown that members of the microbiota can metabolise, activate, and inactivate many 

common drugs,77,78 but their impact on cancer treatment efficacy has received insufficient 

attention until recently.79,80 The impact of the microbiota on cancer therapies can be 

separated by their contribution to chemotherapeutic efficacy and modulation of the immune 

response and, in this section, we will highlight key studies demonstrating both direct and 

indirect interactions between the microbiota and standard cancer therapeutics that ultimately 

affect patient treatment response (panel 1).

Chemotherapy

The human microbiota is metabolically active, while many standard cancer 

chemotherapeutics are antimetabolites. As such, there is inherent potential for antagonism 

between the microbiota and chemotherapeutic agents. For example, tumour-associated 

microbiota might directly affect chemotherapeutic efficacy through chemical or enzymatic 

modification and inactivation of a drug. One study demonstrated that 86 (76%) of 

113 pancreatic cancer tissue samples taken at the time of surgery harboured bacterial 

communities dominated by Gammaproteobacteria, compared with three (15%) of 20 

samples from human pancreas obtained from organ donors (p<0·005).81 The researchers 

showed via mass spectrometry that Gammaproteobacteria members can metabolise 

gemcitabine into its inactive form 2′,2′-difluorodeoxyuridine, and confirmed that this 

reaction contributed to chemoresistance in their mouse model.81 Co-administration 

of ciprofloxacin, a Gammaproteobacteria-inhibiting antibiotic, along with gemcitabine, 

prevented chemoresistance in their model. This study suggests that intratumoural 

bacteria might lower the regional concentration of chemotherapeutics and contribute to 

chemoresistance.

The gut microbiota can also indirectly augment the activity of several chemotherapeutics by 

modulating the immune structure of the tumour microenvironment. To date, three different 

cancer therapeutics have shown reduced efficacy in tumour-bearing mice that lacked a 

microbiota (either through antibiotic treatment or germ-free derivation): cyclophosphamide, 

LaCourse et al. Page 8

Lancet Gastroenterol Hepatol. Author manuscript; available in PMC 2024 January 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CpG oligonucleotides, and oxaliplatin. Cyclophosphamide is an alkylating agent that 

stimulates immunogenic cancer cell death through subversion of immunosuppressive T cells 

and promotes T-helper type 1 and 17 (Th1 and Th17) cell response. Cyclophosphamide 

increases intestinal permeability, allowing for the translocation of specific microbiota 

members across the epithelial layer.83 These bacteria are responsible for the stimulation of 

Th17 cells and Th1 cells in local lymph nodes, resulting in a systemic antitumour response. 

The bacterial contribution to cyclophosphamide’s toxic effect is lost after treatment with 

antibiotics, or if the same treatment is performed in germ-free mice. A similar effect was 

seen in an independent study on the role of the microbiota in CpG oligonucleotide and 

oxaliplatin treatment efficacy.84 In CpG oligonucleotide and oxaliplatin treatment of tumour-

bearing mice, the commensal microbiota triggered TLR4 inflammatory responses and the 

production of reactive oxygen species by tumour-infiltrating myeloid cells. These responses 

promoted anti-cancer toxicity. The findings from both studies suggest that there could be 

unintended risks associated with broad-spectrum antibiotic use during cancer treatment.

Additionally, F nucleatum species were found to indirectly promote resistance to the 

chemotherapeutics oxaliplatin and fluorouracil through the induction of autophagy.82 One 

study suggested that F nucleatum activation of TLR4/MYD88 results in downstream 

inhibition of specific microRNA responsible for the repression of genes that regulate 

autophagy. Independent validation through multiple cohort analysis determined that F 
nucleatum abundance in patient tissue strongly correlates with colorectal cancer recurrence 

and lower survival probability.82 These findings point to the potential benefit of stratifying 

patients with colorectal cancer based on F nucleatum load, and administering a combined 

treatment of fluorouracil or oxaliplatin chemotherapy with F nucleatum growth inhibitors. 

Work from our group demonstrated that F nucleatum and co-occurring anaerobic bacteria 

persist and remain viable in patient-derived xenografts of colorectal cancer.18 When 

xenografts from patients with colon cancer are treated with the antibiotic metronidazole, 

tumour growth, cancer cell proliferation, and tumour Fusobacterium load are all significantly 

reduced. This finding suggests there could be a role for antibiotics as an adjunct to standard 

chemotherapy.18 Ideally, a narrow-spectrum inhibitor is required to prevent unwanted 

antimicrobial activity against beneficial members of the microbiota.

Microbiota and the immune system

Immune checkpoint blockade therapies remove inhibitory signals of T-cell activation and 

are effective in treating a subset of patients with particular cancer types.91,92 These 

therapies mainly target PD-1 and CTLA-4 blockades in patients.92,93 Numerous studies, 

although none so far on gastrointestinal cancers, have established the role of the gut 

microbiota in promoting the efficacy of anti-PD-1 therapy.85–88 These studies find that 

the microbiota is required for optimal immune response to treatment, and in particular, 

the gut commensals Bifidobacterium spp, Collinsella aerofaciens, Enterococcus faecium, 
Akkermansia muciniphila, and Ruminoccaceae are associated with responder-phenotypes. 

In anti-CTLA-4 therapy, specific priming of T-cell responses by Bacteroides spp was 

determined to contribute to antitumor effects.93 By contrast, a separate study found 

that patients with melanoma with a baseline faecal microbiota that was enriched for 

Faecalibacterium seemed to have prolonged survival compared with patients with a 
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Bacteroides-enriched microbiota (p=0·051). However, the patient cohort was relatively small 

and so the research warrants follow-up analyses.94 It is important to note that immune 

checkpoint inhibitors are not effective treatment for most gastrointestinal cancers, although 

there has been some success in the treatment of MSI-H tumours.90,91 Therefore, it is critical 

to understand resistance mechanisms to immunotherapy in these cancers.

Members of the intratumoural microbiota have also been shown to play a role in 

immunosuppression. For example, F nucleatum was associated with a 7·8-fold increase 

in tumour-associated macrophages in a colorectal cancer murine model,19 and a lower 

infiltration of CD3+ T cells in colorectal cancer tissue.16,95 Furthermore, F nucleatum has 

been shown to hinder components of the immune response by using its Fap2 adhesin to bind 

inhibitory TIGIT receptors (present on a subset of T cells and on natural killer cells).58 The 

binding of TIGIT results in the loss of natural killer cell cytotoxicity and T-cell activity, and 

leads to immune suppression. Conversely, the composition of the extratumoural microbiota 

has also been shown to affect antitumour immune response. Secondary bile acid metabolism 

by the gut microbiome results in downstream activation of the natural killer T-cell ligand 

CXCL16 in liver tissue, promoting antitumour immune responses in liver cancer.96 A 2020 

paper revealed that within a variety of tumours, including pancreatic cancer, both cancer 

and immune cells harboured intracellular bacteria.97 Yet, it is currently unclear how these 

interactions affect antigen presentation, immune cell infiltration, and immune cell activation.

Harnessing the microbiota in cancer treatment

It is becoming apparent that the structure and function of the human microbiota are 

intricately associated with gastrointestinal cancer risk, patient prognosis, and treatment 

outcomes. The evidence evolving from recent literature suggests that a patient’s microbiota 

should be considered when designing optimal treatment regimens.79,98 In the next decade, 

research should seek to accurately identify microbial signatures that reproducibly associate 

with an elevated risk of gastrointestinal cancer, and to develop new technologies to modulate 

the microbiota and potentiate clinical outcomes for patients. In this section, we propose 

areas for future studies and discuss current research that supports the benefit microbiota 

modulation has on patient outcomes (figure 2). We envision that the microbiota could aid 

in the prediction, prevention, and treatment of gastrointestinal cancers. Prediction could 

be aided by longitudinal studies monitoring the faecal and oral microbiome, diet, and 

lifestyle in large, diverse patient cohorts, which could help define reproducible microbiome 

signatures for patient cancer risk and prognosis. Microbiota modulation could be used to 

prevent pathogenic or cancer supportive microbial community establishment in patients with 

an elevated risk of cancer development, in addition to preliminary dietary and lifestyle 

changes. Lastly, treatment could be positively affected; once a patient is diagnosed with 

cancer, direct microbiota modification could be used to remove oncogenic and drug 

metabolising bacteria or deliver bacterial species that improve treatment response. These 

methods are not mutually exclusive, and a patient could benefit from considering the 

microbiota at all stages of cancer development.
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Microbiota modulation

Prevention—To manipulate the microbiota for cancer prevention, we first need to 

determine if, and how, the microbiota is contributing to cancer. Most examinations of the 

microbiota and cancer remain correlative; however, as we build a catalogue of the tumour-

associated microbiota, we can move away from relatively straightforward characterisation 

studies towards functional analyses that demonstrate causation. Detailed elucidation of how 

microbiota contribute to cancer will reveal viable microbial targets for prophylactic and 

therapeutic intervention.

Ideally, reduction of microbe-associated risk would occur before the diagnosis of cancer. 

This reduction could be achieved by altering the composition, and therefore functional 

capacity, of our microbiota through dietary mitigation and lifestyle changes. Modifications 

in the diet have been shown to rapidly and reproducibly alter the structure of the gut 

microbiota.99–101 These studies support a link between animal-based diets with increased 

bile acids and dietary fat, and microbial dysbiosis leading to systemic inflammation.100,102 

In genetically susceptible mice, a high-fat diet has been shown to promote tumour 

progression and a change in the gut microbiota.103 Tumour growth was attenuated by the 

addition of butyrate: a short-chain fatty acid derived from bacterial fermentation of complex 

carbohydrates. Faecal transplant from mice being fed a high-fat diet to mice being fed 

a normal diet resulted in tumorigenesis; an effect that could be reversed with antibiotic 

treatment.103 Therefore, it is reasonable to assume that modulation of the gut microbiota via 

dietary intervention could directly lower the risk of cancer development. The advantage of 

such approaches is their broad accessibility; however, success relies on patient adherence 

and it is unclear if dietary changes alone would sufficiently reduce cancer risk.

Vaccination against possibly oncogenic bacteria has the potential to modulate cancer risk 

permanently, analogous to approaches that circumvent infection with high-risk oncogenic 

viruses, for example, vaccinating against human papillomavirus to prevent cervical cancer. 

As previously discussed, the colonic mucosa of patients with familial adenomatous 

polyposis is enriched for genotoxic pks+ E coli and ETBF; individuals could be stratified by 

microbiome analyses for pks+ E coli dependent mutational signatures38 and strain positivity 

for a dual vaccine early in life. However, prophylactic vaccine development is challenging 

and the process of advancing a candidate through clinical trials can take many years and has 

a low success rate. For example, H pylori was classified as a class I carcinogen by the WHO 

in 1994, but despite gastric adenocarcinoma accounting for a third of cancer deaths globally, 

there is no current vaccine study past a phase 1 clinical trial.104 Substantial innovation is 

needed to develop effective and safe vaccines for oncogenic bacterial species, as well as 

studies that assess the physiological consequences of microbial species eradication.

Treatment—The commensal microbiota contributes to human health by providing a 

protective barrier against invading pathogens, and it is evident from a range of recent 

studies that particular microbiomes can positively contribute to antitumour immune 

responses. Therefore, future studies should seek to develop methods for microbial 

community modulation to potentiate treatment response and improve patient outcomes. 

Faecal microbiota transplantation has been successful in modulating the microbiota for 
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non-malignant diseases.105 However, these treatments remain investigational, suffer from 

interindividual donor variation, and bear the inherent risk of pathogen contamination 

including enteropathogenic E coli and Shiga toxin-producing E coli;106 accordingly, faecal 

microbiota transplantations are not widely available in standard practice. Instead, the most 

effective treatment design might be the targeted modulation of specific keystone bacterial 

species associated with cancer progression and chemoresistance, or alternatively the tailored 

introduction of a well-defined beneficial bacterial consortium. Both approaches are scalable 

for widespread application; however, extensive research is needed to define optimal species 

to target or introduce and the stability of this modulation. Several studies have shed light on 

the impact of bacterial strain introduction on host immune physiology,107–109 yet few have 

demonstrated a direct functional capacity to influence cancer.

Promisingly, a recent study identified an 11-strain microbial consortium capable of 

stimulating a robust IFNγ producing CD8 T-cell response, independent of inflammation, 

in the gut and other organs.110 Remarkably, while colonisation of this microbial consortium 

in a syngeneic colon cancer mouse model enhanced the efficacy of anti-PD-1 therapy, 

it also significantly suppressed tumour growth.110 These 11 strains represent rare and low-

abundance species within the human microbiota; therefore, they could become a broadly 

effective biotherapeutic. The results from this study are encouraging for the potential of 

microbiome modulation treatment alongside traditional therapy. There is a plethora of 

microbiota modulation-based clinical trials currently in progress for various cancers.79

Conclusion

Research over the past decade supports a role for bacterial members of the microbiota in 

gastrointestinal cancer risk, prognosis, and patient response to treatments. Nevertheless, the 

initial findings that we have highlighted are likely to be just the tip of the iceberg in terms of 

bacterial organisms’ contributions to cancer initiation and progression. Increased clinical and 

basic research efforts in this field, serial microbiome sampling of patients, and technological 

advances to overcome challenges with tissue metagenomics are now needed to delineate 

host-bacteria functional interactions in the context of cancer. To identify reliable microbial 

signatures predictive of cancer risk and patient prognosis, or to inform microbiome-based 

treatment strategies, we need standardised methodologies and uniform study design for 

longitudinal microbiome sampling across large and diverse patient populations. These 

approaches are likely to require a concerted effort on behalf of investigators and funding 

agencies, but they will be crucial to advance our understanding of the microbial landscape 

of sporadic versus hereditary cancers,111,112 the rise in incidence of early-onset colorectal 

cancer,113–116 and geographical cancer clusters117–121 (panel 2). We look forward with 

optimism to the future of this field, as it is evident from current research that there is broad 

potential for microbiome modulation to mitigate cancer risk and aid in treatment regimens to 

ultimately improve patient health outcomes.
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Panel 1:

The effects of microbiota on chemotherapy and the immune response

Chemotherapy

• Directly inactivate or modify drugs (eg, Gammaproteobacteria metabolises 

gemcitabine81)

• Modify tumour cell pathways to promote resistance (eg, F nucleatum induce 

autophagy82)

• Promote chemotherapeutic efficacy (eg, bacteria contribute to the toxic effect 

of cyclophosphamide,83 and CpG oligonucleotides and oxaliplatin84)

Immune response

• Improve efficacy of immune checkpoint inhibitors (eg, anti-PD-1 therapy85–88 

and anti-CTLA-4 therapy89)

• Aid in anti-cancer immune activation (eg, by stimulating Th1 cells,83 and 

activating TLR4 and reactive oxygen species84)

• Favour immunosupressive environment (eg, bacteria associated with 

inactivation of natural killer cells,58 reduction in T-cell infiltration,16 and 

increases in tumour-associated macrophages19)

CpG oligonucleotides=cytosine-phosphorothioate-guanine oligodeoxynucleotides. 

Th1=T helper type 1. TLR4=Toll-like receptor 4.
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Panel 2:

Outstanding questions and next steps for the future of microbial research

Longitudinal studies are required to assess cancer risk

To identify the microbial signatures and specimen types that are best suited to assess 

gastrointestinal cancer risk, faecal and oral specimens from established cohorts are 

needed to prospectively evaluate the association between the human microbiome and 

cancer risk. Serial sampling of these cohorts should be used to collect microbiota 

throughout participants’ lives, and metadata such as lifestyle and dietary information 

should also be collected. Coordinated global efforts adhering to the open science 

philosophy would maximise the identification of microbial signatures that are translatable 

to diverse patient populations and cancer types.

Does the cancer-associated microbiota differ in sporadic versus hereditary cancers?

Most cancers are sporadic in nature, and somatic gene damage can result from many 

environmental factors including ageing, radiation, chemical exposure, and interactions 

with bacteria within the microbiota.111,112 By contrast, hereditary cancers arise from pre-

existing germline mutations, often in genes that control DNA repair, which predispose 

the individual to cancer development. Comparative in-depth microbiome profiling of 

cancerous tissues from both populations could provide valuable insight into bacterial 

species and pathways associated with cancer risk.

Is the microbiota involved in the increasing incidence of early-onset colorectal 
cancer?

The rate of early-onset (<50 years) sporadic colorectal cancer is increasing globally. 
113–115 Early-onset disease occurs in 11% of colon and 18% of rectal cancers, with 

a trend toward manifestation in the distal colon.116 Screening for colorectal cancer 

typically begins after the age of 50 years, and early-onset colorectal cancer is often 

detected at a more advanced stage. Therefore, it is crucial to understand the risk factors 

for early-onset colorectal cancer and begin prophylactic screening at a younger age for 

at-risk groups. The differences between tumour-associated microbiota in patients with 

early-onset compared with those of a median age (68–72 years old) with the disease 

remain unexplored. Understanding whether the microbiota is associated with an increased 

risk of early-onset disease might contribute to the development of prognostic biomarkers, 

and pave the way for microbiome modulation to reduce risk.

Can geographical cancer clusters be explained by alterations in the microbiota?

Cancer clusters are defined by the US Centers for Disease Control and Prevention as 

a greater-than-expected number of cancer cases that occur within a group of people 

in a defined geographic area over a specific period of time. Many gastrointestinal 

cancers are found in a greater than expected number of cases in specific regions of 

the world. For example, there is a substantial increase in early-onset colorectal cancer 

and oesophageal squamous cell carcinoma in sub-Saharan Africa, but the risk factors for 

the development of these cancers in this population are unclear.117–120 Further research 

is needed to determine if the microbiome of cancerous tissue correlates with increased 
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cancer incidence in these populations. Confoundingly, the microbiota composition is 

influenced by genetics, diet, lifestyle, and medical background: all parameters that can 

greatly differ depending on location, thus making the inclusion of geographical controls 

of importance. Such studies could be augmented by the application of geographical 

information systems in cancer surveillance and epidemiology and to uncover hotspots 

with higher resolution.121

How do we address the issue of reproducibility within this field?

One of the biggest hurdles to the development of reliable microbial biomarkers for cancer 

is the lack of reproducibility between studies. Numerous variables can affect the quality 

and composition of microbiome data, including population size, geographical location, 

patient sample types, methods for sample preparation, controls for contamination, 

diet, lifestyle, clinicopathological features. A portion of this bias or variability could 

be reduced by increasing the population size and including multiple cohorts from 

geographically diverse regions. To control for sample type and preparation, it would 

be useful to conduct more replication studies to validate promising microbial signatures.
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Search strategy and selection criteria

References for this Review were identified through searches on Google Scholar using the 

search terms: “microbiota and cancer”, “microbiome and cancer”, “oncogenic bacteria”, 

“bacteria and cancer treatment”, and “bacteria and immune response to cancer”. Studies 

on non-gastrointestinal related cancers were excluded unless the research appeared to 

have translational potential for gastrointestinal cancers. Research articles from Jan 1, 

2010 to July 1, 2020, were prioritised unless the seminal research papers on a research 

topic were published before. Articles were also identified through searches of the 

authors’ own collection of files on the literature. The final reference list reflects articles 

that were deemed most relevant and up to date on the topics in this Review. Only articles 

published in English were reviewed.
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Figure 1: 
The tumour microenvironment
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Figure 2: 
Potential roles for the microbiome in cancer prediction, prevention, and treatment
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