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Abstract

Tumor-resident microbes (TRM) are an integral component of the tumor microenvironment 

(TME). TRM can influence tumor growth, distant dissemination, and response to therapies by 

interfering with molecular pathways in tumor cells as well as with other components of the 

TME. Novel technologies are improving the identification and visualization of cell type-specific 

microbes in the TME. The mechanisms that mediate the role of TRM at the primary tumors and 

metastatic sites are being elucidated. This knowledge is providing novel perspectives for targeting 

microbes or using microbial interventions for cancer interception or therapy.

The complex community of microorganisms that reside within the human body functions as 

an independent organ that can have profound effects on the metabolic and immune systems 

of the host in health and disease [1,2]. The gastrointestinal tract contains the highest density 

of microbes in the human body, but sites such as the skin are also heavily exposed to and 

colonized by microorganisms [3]. The vast majority of microbes are commensals, defined 

as those that form a symbiotic relationship with the host, but in the setting of disease some 

microbes can also be pathogenic. The composition of the microbiota is closely regulated by 

the host through the local secretion of antimicrobial peptides, hormones, and cytokines by 

epithelial, stromal, and immune cells [4,5]. The microbiota aids in the digestion of nutrients 

to influence host and microbial metabolites which interact with the immune system and 

ultimately modulate its responses [6,7].

Microbes play a critical role influencing the pathogenesis of several diseases, and their role 

in cancer has been recognized in recent years [8,9]. The TME is a multifactorial ecosystem 
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that encompasses cancer cells, immune cells (innate and adaptive), fibroblasts, adipocytes, 

neurons, blood vessels (endothelial cells), and extracellular matrix, among other components 

[10]. The crosstalk between the different components of the tumor and the microbiota 

orchestrates the organization of the TME and ultimately affects its functional processes and 

responses to therapies.

Tumor-resident microbes versus the tumor microbiome

Microbes that stably colonize tumors are called TRM, whereas the collection of microbial 

genomes detected in a tumor is known as the intratumoral microbiome (ITM). Based on 

tumor type and location, the ITM can exhibit higher biomass, such as in colorectal cancer 

(CRC) and other tumors that are directly exposed to the gastrointestinal lumen, or the 

ITM can present as a lower biomass, as in pancreatic cancer [11]. TRM are unique and 

distinct from resident microbes within an organism. The characterization of the ITM is 

commonly investigated by high-throughput sequencing, including 16S rRNA sequencing 

and metagenomic sequencing. By contrast, TRM detection is based on microbiological 

techniques based on live microbial culture and detection, such as ex vivo expansion, high-

throughput screening, and subsequent microbial sequencing. A comprehensive analysis of 

the ITM has been more commonplace in the field, but more focus must be diverted to TRM 

to be able to identify functionally important microbes that influence tumor behavior.

Influence of microbes on tumorigenesis

Epithelial cells that have undergone malignant transformation recruit various types of 

cells to construct their TME. Most human solid tumors have been found to contain an 

intratumoral microbiome, and its composition has been extensively catalogued across cancer 

types [11]. It has been reported that the bacterial content is primarily intracellular and 

distributed between cancer and immune cells [11]. As mentioned in the previous section, not 

all microbial genomes detected in a tumor correspond to viable organisms that stably reside 

in a tumor. Microbial species such as Helicobacter pylori, polyketide synthase-positive 

(pks+) Escherichia coli, enterotoxigenic Bacteroides fragilis (ETBF), and Fusobacterium 
nucleatum have been recognized for their oncogenic potential (Figure 1A). These microbes 

mediate pathogenic effects by exerting genotoxicity, recruiting protumorigenic immune 

cells, and altering the efficacy of therapeutics through chemical modifications.

H. pylori is a pathogenic microbe that can cause gastritis and peptic ulcers [12], and 

has been further ratified as a risk factor for gastric cancer [13]. H. pylori utilizes the 

adhesin protein HopQ to bind to CECAM (carcinoembryonic antigen-related cell adhesion 

molecule) proteins in epithelial cells, resulting in translocation of its virulence factor CagA 

that triggers proinflammatory signaling pathways in the host [14]. A pathogenic genomic 

island in E. coli, termed pks, encodes a genotoxic peptide, colibactin, that promotes CRC 

in experimental mouse models by increasing adherence to epithelial cells [15] and by 

forming DNA adducts in adenine-rich regions [16,17]. Genotoxic pks+ E. coli induces 

a distinct mutational signature in human-derived organoids that can also be found in a 

subset of human colorectal tumors [18]. ETBF is increased in precancerous CRC lesions 

such as familial adenomatous polyposis (FAP) [19] and promotes colonic tumorigenesis by 
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increasing interleukin-17 (IL-17)-dependent signaling in immune and tumor cells [20,21]. 

ETBF affects colonic epithelial cells by triggering a STAT3/NF-κB-dependent IL-17 

proinflammatory signaling cascade that promotes colitis and colonic tumorigenesis, and 

recruits CD4+ type 17 T helper (Th17) cells that contribute to ETBF-induce tumorigenesis. 

F. nucleatum is highly enriched in human CRC tumors and promotes tumorigenesis in 

experimental mouse models [22,23] by binding to E-cadherin through an adhesin protein, 

FadA, that activates the WNT/β-catenin signal transduction pathway in target cells [24]. F. 
nucleatum also utilizes a different adhesin protein, Fap2, to bind to galectins in target tumor 

cells, and this increases their proliferation through the TLR4/MyD88 signal transduction 

pathway by upregulating miR-21 [25,26]. Fusobacterium spp. have been detected in other 

tumors such as breast cancer [27] and pancreatic cancer [28], suggesting that Fusobacterium 
spp. may have a universal propensity to colonize tumors.

Overall, tumors appear to selectively enrich for microbes, and upon colonization they can 

influence the local environment and alter signal transduction in target cells. However, the 

factors that contribute to the generation of a microbial niche in tumors are not clearly 

established, and it is not known how microbes differentiate between normal and malignant 

cells.

Role of tumor microbes in metastasis

Commensal bacteria resident in tumors can affect the dissemination of cancer cells, but the 

mechanisms remain to be fully understood. Higher intratumoral microbial load enhances the 

metastatic ability of tumor cells in nasopharyngeal carcinoma [29]. Tumor microbes improve 

resistance of fluid shear stress by changing the actin cytoskeleton and can accelerate 

breast cancer metastasis, underscoring the crucial role of bacteria in driving tumor cell 

seeding at distant sites [30]. In a lung metastasis model, local bacterial depletion by 

antibiotic aerosolization improved the response to chemotherapy and suppressed melanoma 

lung metastasis [31]. The lung microbiota is constantly exposed to the respiratory tract 

microbiome that may mediate different prometastatic mechanisms than other endogenous 

microbiota in common metastatic sites such as liver, brain, and bone. Thus, the influence 

of the tumor site should be incorporated when considering the influence of exogenous 

microbiota on tumor seeding.

Intratumor bacterial signatures have also been identified that can predict local and distant 

cancer metastasis. An increased abundance of intratumor Neisseriaceae was reported to 

accelerate lymph node metastasis in tonsil oropharyngeal squamous cell carcinoma [32]. 

Specific tumor microbes such as Brevundimonas and Staphylococcus spp. are associated 

with the development of distant metastases in breast cancer [33]. F. nucleatum has 

been detected in primary tumor and metastatic sites in many cancer types [27,34,35]. F. 
nucleatum controls cell death processes such as apoptosis and autophagy which drive tumor 

metastasis and development [36,37]. In addition, F. nucleatum improves the interactions 

between tumor cells and endothelial cells that influence the intercellular adhesion and 

dissemination of cancer cells by activation of the NF-κB pathway and the release of 

cytokines such as CCL8, CXCL16 and IL-8 [38,39]. Currently, several strategies for 

targeting F. nucleatum are being explored that are based on genomic approaches or chemical 
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RNA modifications that can lead decreased prometastatic phenotypes and potentially aid in 

the prevention of tumor spreading [40] (Figure 1C).

Because tumor microbes have been widely described to accelerate tumor metastasis, further 

investigations will need to explore the similarities and differences between microbes resident 

in metastatic lesions. Which microbial species enable the spreading of cancer cells? The 

metastatic organotropism of microbes needs to be studied, and the premetastatic profiles 

should not be ignored. For the initiation of metastatic tumors, we need to discriminate 

between bacteria or cancer cells regarding which are the first to arrive. Do bacteria in 

primary tumors prime cancer cells for migration, or do they promote tumor cell seeding? 

Do particular bacteria translocate ahead of tumor cell dissemination and remodel the 

microenvironment of the site of metastasis? Recent studies have demonstrated that TRM can 

impair the gut vascular barrier and drive CRC dissemination into the liver. Tumor-resident 

E. coli can also migrate to the liver and recruit macrophages, neutrophils, and monocytes, 

leading to the formation of a premetastatic niche [41,42]. These findings suggest that 

TRM may traffic ahead of tumor cells and generate a premetastatic microenvironment 

by increasing vascular permeability. Because different tumors show different preference 

for metastatic sites, the tissue-dependent orchestration of pathogens and the trajectories 

of bacterial travel, including lymphatic and vascular routes, need to be fully understood. 

Further exploration of how microbes break through cellular barriers to enter and colonize 

distant organs will be essential.

Effect of tumor microbes on immunity

TRM are now being recognized as a crucial component of the TME. Evidence is 

accumulating about the potential role for bacteria in shaping immunity. TRM can signal 

through pattern recognition receptors (PRRs) that are critical sensors of microorganisms and 

are mostly expressed by innate immune cells. TRM can also induce immunostimulatory and 

immunosuppressive effects through microbe-derived metabolites. Because the interaction 

between microbes and the TME is dependent on the tissue type, the interplay between tumor 

microbes and immunity is complex. Distinct tumor microbial diversities and communities 

can influence cancer patient outcomes, and TRM can determine immune cell heterogeneity 

[43–46]. TRM can also affect the infiltration of immune cells, such as cytotoxic CD8+ T 

cells, mucosa-associated invariant T cells, macrophages, and natural killer (NK) cells, which 

can modulate tumor responses to chemotherapy and immunotherapy [11,46–50].

Previous findings suggest that tumor microbiome diversity can predict outcome in pancreatic 

ductal adenocarcinoma (PDAC) patients [46]. Tumor microbial diversity in long-term 

survival (LTS) PDAC patients was significantly higher than that in short-term survival (STS) 

PDAC patients. The tumor microbiome from LTS PDAC patients induces CD8+ T cell 

infiltration and activation that improves the antitumor immune response. How do TRM alter 

the immune response? As an example of specific microbial effect, Bifidobacterium has been 

described to migrate from the gut to the tumors and improve antigen-presenting capacity in 

dendritic cells through a STING- and IFN-β-dependent mechanism that sensitizes tumors to 

anti-CD47 immunotherapy [51]. Bacterial metabolism is dynamic and can provoke immune 

responses. The specific composition of the TRM can also improve the efficiency of immune 
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checkpoint blockade (ICB) therapy in preclinical models through metabolic reprogramming. 

Intratumoral Lactobacillus reuteri metabolizes dietary tryptophan to indole-3-aldehyde 

which activates the aryl hydrocarbon receptor in IFN-γ-producing CD8+ T cells [6]. The 

intratumoral Lactobacillus–metabolite interaction can enhance antitumor immunity and 

improve the response to ICB in melanoma [6]. A recent study discovered that breast cancer 

patients who responded to immunotherapy had a higher abundance of Clostridiales in the 

gut and tumor tissues [52]. Intratumoral Clostridiales produce trimethylamine N-oxide and 

improve the efficacy of immunotherapy through CD8+ T cell-dependent antitumor immunity 

and the induction of pyroptosis in cancer cells. In addition, intratumoral Bifidobacterium 
pseudolongum-derived inosine induces T cell activation and enhances the CRC response to 

immunotherapy because inosine signaling in T cells via the adenosine 2A receptor drives 

activation of type 1 T helper (Th1) cells and antitumor immunity [53].

By contrast, TRM can induce the secretion of inflammatory mediators that promote tumor 

development. They can increase the production of IL-β and IL-23 that drive Vγ6+Vδ1+ 

γδ T cell proliferation and activation, as well as IL-17 release, which can accelerate 

the development of malignancies such as lung cancer [54]. Intratumoral Porphyromonas 
gingivalis increases the secretion of neutrophilic chemokines and neutrophil elastase which 

can contribute to PDAC progression [55]. F. nucleatum was found to induce tumor cells that 

secrete CCL20, which can polarize macrophages towards type 2 that are also involved in 

CRC metastasis [56]. In addition, tumor-resident fungi have been shown to induce IL-33 

secretion that activates type 2 T helper (Th2) cells and type 2 innate lymphoid cells 

(ILC2s) in PDAC [57]. Depletion of fungi leads to diminished activation of Th2 and ILC2 

cells, leading to suppression of tumor growth. Furthermore, a recent study showed that 

intratumoral viruses induce NK cell infiltration and improve the prognosis of soft tissue 

sarcoma patients [58]. Thus, in addition to bacteria, the immunoregulatory roles of other 

microorganisms such as fungi, viruses, and bacteriophages in carcinogenesis, metastasis, and 

cancer therapies should also be explored (Figure 1B).

Identification of the distribution of TRM and precise annotation of bacterial species can 

improve our understanding of the involvement of TRM in cancer biology. Multi-omic 

studies have suggested multiple links between TRM and immune modulation in different 

cancer types, and novel technologies such as spatial profiling and single-cell sequencing 

have been developed to identify and map bacteria in tumor compartments [59]. However, 

the crosstalk between cell type-specific bacteria and remodeling of the tumor immune 

microenvironment are not fully understood. Exploring the interactions between TRM and 

targeted molecules within complex cellular components such as cancer cells, immune cells, 

and fibroblasts will offer more clues towards understanding the effects that microbes may 

have on responses to chemotherapy or immunotherapy.

Microbial therapeutic interventions

Prebiotics, probiotics, and fecal microbiome transfer (FMT) have been considered as 

beneficial options for stimulating innate and adaptive immune responses which can further 

improve the efficacy of chemotherapy and immunotherapy. Owing to the low levels of 

neoantigen and the absence of tumor-infiltrating T cells, several cancers are insensitive 
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to ICB. Bacteria can target and penetrate tumors through motility, chemotaxis, and 

manipulation of inflammatory signaling pathways [60]. Could local delivery of bacteria 

or clearance of pathogenic bacteria alter tumor immunity and cancer regression? Could 

TRM-derived peptides stimulate T cell responses that improve immune response against 

tumors [61].

Programmed bacteria can carry nanobodies, release cytokines, and produce metabolites 

that could be delivered to both primary and metastatic tumor sites, and present promising 

strategies to trigger antitumor immunity [62–65]. Chemotherapy and radiation therapy 

can also damage the host microbiota, and, depending on the populations affected, these 

interventions may lead to undesired effects. Microbial depletion by antibiotics can have 

broad effects and can interfere with the diversity of the native microbiome of the host, and 

may thus be a ‘double-edged sword’ as a cancer therapy. Antibiotic treatment has been 

found to improve the response to chemotherapy and extend survival in PDAC patients, 

implying that clearance of pathogenic bacteria such as Gammaproteobacteria in the TME 

of PDAC may overcome drug resistance [66,67]. By contrast, antibiotics cause unfavorable 

responses to ICB in other type of cancers, suggesting that the microbiome of the host or 

the tumor is required for the stimulation/mobilization of immune system that is necessary 

to enhance immunotherapy [68–71]. Future endeavors will need to assess how antibiotics 

affect TRM and elucidate the microbe-associated molecular mechanisms that influence the 

priming of immune cells and antitumor immunity.

Microbe–drug interactions

Microbes play a pivotal role in the pathogenesis of cancer and likewise can modulate the 

host responses to therapies, but the effects are often variable and are dependent on the 

type of cancer, clinical parameters, and the type of therapy. F. nucleatum is a candidate 

oncomicrobe that can modulate the response to therapy. Yu et al. demonstrated that infection 

of CRC tumor cells with F. nucleatum activates the TLR4/MyD88 pathway and induces 

a switch from an apoptotic to an autophagic cell program by downregulating miR-18a/

4802, leading to chemoresistance and cell survival upon treatment with chemotherapeutic 

agents such as oxaliplatin and 5-fluorouracil (5-FU) [72]. In another study, Zhang et al. 
showed that the efficacy of 5-FU monotherapy was reduced by F. nucleatum, and this effect 

was reversed by tumoral deletion of the apoptosis inhibitory protein BIRC3 (baculoviral 

IAP repeat-containing 3) [73]. A more recent study by LaCourse et al. focused on the 

antimicrobial properties of 5-FU, especially against F. nucleatum, as part of the antitumoral 

mechanism [74]. They also found that ex vivo intratumoral microbiota derived from a subset 

of CRC patients and specific microbes such as E. coli have the capacity to metabolize 

5-FU when cocultured [74]. The Gammaproteobacteria class of bacteria, which are highly 

enriched in PDAC tissue, have also been shown to metabolize the chemotherapeutic drug 

gemcitabine into its inactive form via the long isoform of bacterial cytidine deaminase in 

preclinical mouse models of CRC [75].

In the context of immunotherapy, F. nucleatum has been linked to variable effects. Gao et 
al. found that CRC patients with higher levels of intratumoral F. nucleatum had improved 

survival when treated with PD-1 blockade compared to patients with lower F. nucleatum 
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burden [76]. They validated these findings in preclinical mouse models and human-derived 

organoids, and showed that F. nucleatum increased tumoral PD-L1 expression by activating 

the STING signaling pathway and infiltration of cytotoxic T cells [76] (Figure 1D). 

In support, a recent clinical trial achieved complete clinical response with neoadjuvant 

immunotherapy in a cohort of patients with locally advanced rectal adenocarcinoma and 

MSI (microsatellite instability) status [77], which are known to have a higher tumoral F. 
nucleatum burden compared to tumors with MSS (microsatellite stability) status [45,78]. 

However, a recent study by Jiang et al. showed that a higher tumoral F. nucleatum burden 

is associated with decreased efficacy of PD-1 blockade in two cohorts of CRC patients [79]. 

Using preclinical models of CRC, they further demonstrated that F. nucleatum decreased 

the cytotoxicity of CD8+T cells by producing succinic acid, and this effect was abrogated 

by antibiotic treatment [79]. Correlative analyses have reported an inverse correlation 

between intratumoral F. nucleatum and enrichment of tumor-infiltrating lymphocytes (TILs) 

in MSIhigh CRC patients compared to non-MSIhigh CRC patients [45,80]. These studies 

reveal that the role of Fusobacterium in modulating therapeutic responses in CRC is variable 

and appears to depend on whether the therapy targets malignant cells or the immune system. 

It also remains unclear whether Fusobacterium mediates its effects locally in the TME, 

through its interactions with other microbes, or via systemic effects permeated through 

the metabolic system. Improved understanding of the downstream mechanisms targeted by 

intratumoral microbiota could lead to development of directed therapies that could improve 

antitumor effects.

Tumor neoantigens have also been reported to trigger crossreactive T cells when these 

neoantigens possess a high degree of similarity to microbial antigens. Fluckiger et al. 
identified a major histocompatibility class I (MHC-I)-restricted intestinal enterococcal 

bacteriophage that boosted T cell responses and led to improved chemotherapy and 

immunotherapy responses in melanoma [81]. Another study found homology between T cell 

receptors (TCRs) and immunogenic infectious disease-derived epitopes in rare long-term 

survivors of pancreatic cancer [82], suggestive of molecular mimicry.

Overall, the intratumoral microbiota is critical for the cancer patient outcomes because 

they can modulate host responses to therapies and present a novel avenue for identifying 

actionable targets.

Concluding remarks

The field of microbiome research in cancer is moving beyond association towards causation 

and mechanisms. This is being achieved by mechanistic studies that evaluate how microbes, 

especially those that are viable and reside in the tumors, affect the TME, the development 

of metastases, and responses to therapies. Studies on the effects of known oncomicrobes 

have been popular because they can not only be tested using in vitro assays but can also be 

manipulated in vivo as a single agent to understand their influence on the tumor ecosystem. 

However, studying the role of the entire microbiota on tumor progression is much more 

challenging. Such studies can often only be conducted with in vivo preclinical models or 

clinical specimens. In addition, we are currently limited because the technological tools at 
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our disposal are unable to independently modulate tumor microbes without affecting other 

microbial populations and host systems.

Given the importance of tumor microbes during tumorigenesis, tumor progression, and 

metastasis, efforts are now focused on better understanding the underlying mechanisms 

(see Outstanding questions). This knowledge will eventually aid in the development of 

microbe-based therapeutics. Furthermore, improved understanding of the host processes 

modulated by TRM could identify novel molecules/pathways which could be targeted to 

promote antitumor responses.
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Highlights

Tumor resident microbes (TRM) influence the pathogenesis of cancer and metastases.

Antitumor immunity can be modulated by TRM.

The efficacy of chemotherapy or immunotherapy can be affected by TRM.

TRM can be manipulated for anticancer therapy.
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Outstanding questions

What is the best strategy for detecting microbes in the TME?

Does manipulation of TRM affect cancer development and therapeutic responses?

What is the interplay between TRM and immune cells?

Is the burden or composition of TRM important for patient outcomes?

What is the role of TRM in cancer cell dissemination and seeding at distant sites?

Can targeting TRM influence the development of metastatic niches?
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Figure 1. Effects of tumor-resident microbes (TRM) on (A) cancer cells, (B) immunity, (C) 
metastasis, and (D) responses to drugs.
Abbreviations: B. pseudolongum, Bifidobacterium pseudolongum; E. coli, Escherichia coli; 
ETBF, enterotoxigenic Bacteroides fragilis; F. nucleatum, Fusobacterium nucleatum; 5-FU, 

5-fluorouracil; H. pylori, Helicobacter pylori; ILC2, type 2 innate lymphoid cell; NK cell, 

natural killer cell; L. reuteri, Lactobacillus reuteri; P. gingivalis, Porphyromonas gingivalis; 

Th1/2, type 1/2 T helper; TLR, Toll-like receptor.
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