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In the past few decades, great progress has been achieved in the understanding of microbiome-cancer interactions. However, most of the studies have focused on the gut microbiome, ignoring how other microbiomes interact with tumors. Emerging evidence suggests that in many types of cancers, such as lung cancer, pancreatic cancer, and colorectal cancer, the intratumoral microbiome plays a significant role. In addition, accumulating evidence suggests that intratumoral microbes have multiple effects on the biological behavior of tumors, for example, regulating tumor initiation and progression and altering the tumor response to chemotherapy and immunotherapy. However, to fully understand the role of the intratumoral microbiome in cancer, further investigation of the effects and mechanisms is still needed. This review discusses the role of intratumoral bacteria in tumorigenesis and tumor progression, recurrence and metastasis, as well as their effect on cancer prognosis and treatment outcome, and summarizes the relevant mechanisms.
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Introduction

Despite the well-known connection between the microbiome and human health, insufficient attention has been given to the microbiome’s effect on the host, particularly the relationship between tumors and the microbiome (1). All the microorganisms that inhabit the human body, including bacteria, fungi, archaea, viruses and protozoa, form the human commensal microbiota (2). Despite the primary habitat being the gut, thriving microbial populations can be found in areas throughout the body, such as the skin, digestive system, respiratory system, and reproductive system (3). Furthermore, these microbes have the ability to affect a number of significant physiological processes, including metabolism, immunity, and the generation of nutrients (4). There is a complex relationship between microbes and humans that is also present in cancer. The gut microbiota plays a significant role in tumorigenesis and cancer treatment according to a multitude of studies (5–7). Notably, with the improvement of genome sequencing in recent years, researchers have discovered that human solid tumors also have microbiomes, which are called tumor microbiomes (8–10). Although growing evidence shows that there is a strong relationship between intratumoral bacteria and human solid tumors, the specific mechanisms underlying the specific relationship in each cancer remain unclear. This review focuses on the influence of the intratumoral microbiome on tumor occurrence, development, recurrence, metastasis, clinical prognosis and treatment.

It has been suggested that the intratumoral microbiome may be derived from the gut microbiome. By comparing the microbiomes of stool samples, PDAC tumor specimens and nontumor adjacent normal tissues from patients undergoing Whipple surgery, Riquelme et al. found that ~25% of the intratumoral microbiome was derived from the gut microbiome, while there was no trace of the gut microbiome in adjacent normal tissues. This suggests that the gut microbiome is able to specifically colonize pancreatic tumors (11). Subsequently, the researchers transferred microbiotas from patients with advanced PDAC into the intestines of mice by fecal microbial transplantation. Interestingly, they were able to detect human donor bacteria within the tumors of mice after the fecal microbial transplantation, but the bacteria from donors accounted for less than 5% of the bacteria in the intratumoral microbiomes. In addition, they found significant changes in the bacterial composition of the intratumoral microbiomes in mice after the fecal microbial transplantation. These results suggest that the gut microbiome can modulate the intratumoral microbiome, and these changes can be caused in part by direct transfer of gut bacteria but more importantly can be achieved by altering the intratumoral bacterial composition (11).

At a more local level, the commensal microbiota of solid tumor tissues constitutes a significant part of the tumor microenvironment, influencing tumor initiation and progression (5). For instance, Rubinstein et al. demonstrated that colorectal cancer (CRC) cells are stimulated to grow by Fusobacterium nucleatum, which can adhere, invade, and initiate oncogenic and inflammatory responses through their distinctive FadA adhesin (12). In addition to its role in tumor initiation and development, the intratumoral microbiome can also promote metastatic colonization in cancer (13). In the study by Fu et al., depletion of intratumoral bacteria significantly slowed lung metastasis of breast cancer without affecting the growth of primary tumors (14). Similarly, a study showed that Fusobacterium nucleatum infection may stimulate tumor cells to secrete specific exosomes that can be taken up by healthy cells to promote prometastatic behavior (15). Moreover, the treatment and prognosis of cancer are also affected by the tumor microbiome according to several recent studies (16–18). In CRC, the bacteria in the tumor can alter the biological structure of the chemotherapeutic drug gemcitabine during therapy, thereby enhancing the tumor’s resistance to chemotherapy (19). Using 16S rRNA gene sequencing, Riquelme et al. found that the long-term survival of patients with pancreatic ductal adenocarcinoma (PDAC) increased with the alpha diversity of the tumor microbiota (11). In addition, Turicibacter was identified as a potential independent prognostic factor for patients with nasopharyngeal carcinoma, and the relative abundance of this bacteria was negatively associated with progression-free survival in patients with the disease (20). The differences between the effects of commensal microorganisms and those of intratumoral microorganisms on tumor tissues are not always clear and, due to technical limitations, not always easy to distinguish. In this review, we summarize several possible mechanisms by which the intratumoral microbiome affects the biological behavior of tumors and review the role of the intratumoral microbiome in different human solid tumors and the implications for cancer therapy.



Mechanisms by which the intratumoral microbiome affects tumorigenesis and tumor metastasis


Intratumoral microbiome and tumorigenesis

Although existing studies have established an inextricable relationship between the intratumoral microbiome and tumorigenesis, the exact mechanisms are not yet fully understood. The following are three possible mechanisms (4, 5, 21, 22): directly promoting tumorigenesis by increasing the mutation rate, regulating oncogenic signaling pathways, and inducing inflammation and altering the local immune microenvironment of the host (Figure 1).




Figure 1 | Interaction between the intratumoral microbiome and tumor cells. Although the mechanism by which the intratumoral microbiome promotes tumorigenesis remains unclear, three major mechanisms may contribute to tumorigenesis: increasing the mutation rate by directly destroying DNA, regulating oncogenic signaling pathways, and initiating inflammation and interacting with the host immune system.



Members of the microbiota can produce metabolites such as cytolethal distending toxin (CDT), colibactin and Bacteroides fragilis toxin (BFT) that directly cause DNA damage and trigger mutations (23, 24). Approximately 35% of group B2 Escherichia coli isolates possess genomic islands known as polyketide synthetase (pks) islands, which encode colibactin in the form of a biosynthetic nonribosomal peptide synthetase–polyketide synthase hybrid gene cluster (25, 26). Colibactin can lead to double-strand breaks, thereby promoting genome instability and accelerating oncogenesis (23, 27–29). CDT is secreted by some gram-negative bacteria belonging to the ϵ and γ classes of the Proteobacteria phylum (30). CDT is a heterogeneous multimeric protein consisting of three subunits (CdtA, CdtB, and CdtC), and CdtB is the primary functional unit causing DNA damage (31–33). Importantly, CdtB acts in a dose-dependent manner, and its effect gradually changes from inducing single-strand DNA breaks to inducing double-strand DNA breaks as the dose increases (34, 35). An abnormal DNA damage responses can lead to genome instability and promote tumor initiation (29). BFT is secreted by Bacteroides fragilis and can increase reactive oxygen species and DNA damage by upregulating spermine oxidase to induce colon tumorigenesis (24). Moreover, BFT is capable of inducing the release of PGE2, which induces an inflammatory response by triggering the expression of cyclooxygenase-2, a process intricately linked to the formation of colon cancer (36).

In addition to directly destroying DNA, several microbes possess proteins that affect host pathways, which can cause changes in host signaling and promote tumorigenesis. The Wnt/β-catenin signaling pathway can regulate the biological properties of cells and thus affects cell growth and is altered in many malignancies (37). Significantly, some cancer-related bacteria can affect β-catenin signaling. Fusobacterium nucleatum can express the bacterial cell surface adhesion component FadA, which can activate β-catenin signaling by binding to E-cadherin and can differentially modulate immune inflammatory and oncogenic responses, thereby promoting colorectal carcinogenesis (12, 38). The pathogenic product of Salmonella, AvrA, is inserted into host cells during infection and affects eukaryotic signaling pathways. It can upregulate β-catenin signaling by decreasing the ubiquitination of β-catenin, increasing the phosphorylation of β-catenin and increasing nuclear β-catenin (39). Enterotoxigenic B. fragilis can specifically cleave E calreticulin by secreting BFT, which triggers nuclear β-catenin signaling, thereby enhancing the transcription and translation of the proto-oncogene c-Myc and ultimately promoting the formation of colon tumors (40, 41). In addition to the Wnt/β-catenin signaling pathway, microbes can also contribute to tumorigenesis by affecting the ERK and PI3K signaling pathways. Tsay et al. demonstrated that lung cancer patients can develop enrichment of oral taxa (Streptococcus and Veillonella) in the lower airways through upregulation of the PI3K and ERK signaling pathways (42).

It has been shown that inflammation is inextricably linked to the development of cancer through a variety of pathways (43). The interaction between the commensal microbiota and the human immune system is in a dynamic balance during healthy periods. This immune system-microbial alliance induces a protective immune response against pathogens when the host organism is functioning optimally. However, once this balance is broken, the microbiota can trigger proinflammatory responses or immunosuppressive programs to influence the body’s immune response to tumors and thus promote tumorigenesis (5, 44). Signal transducer and activator of transcription 3 (STAT3) has been found to promote cell proliferation, differentiation and inhibition of apoptosis (45). For example, the cytotoxin-associated gene A protein-eukaryotic translation elongation factor 1-alpha 1 (CagA−eEF1A1) complex in CagA+ Helicobacter pylori can affect the activity of STAT3 by recruiting PKCδ, which promotes cell proliferation and tumorigenesis by upregulating the expression of cell cycle regulators and the proto-oncogene MYC (43, 46). In addition, Zhang et al. demonstrated that Salmonella enterica serovar typhimurium carrying STAT3 siRNA can silence STAT3 to cease cell growth and enhance cell death (47). Of course, apart from STAT3, bacteria can also promote tumorigenesis through other molecules. Jin et al. demonstrated that the lung commensal microbiome can induce the activation and proliferation of Vγ6+Vδ1+γδT cells by stimulating myeloid cells to produce Myd88-dependent IL-23 and IL-1β, IL-17 and other small molecules, which ultimately promote inflammatory responses and neoplastic hyperplasia (10). Fusobacterium nucleatum can form an immune inflammatory microenvironment that promotes intestinal tumorigenesis by recruiting tumor-infiltrating immune cells (48). Moreover, the fap2 protein of Fusobacterium nucleatum can interact with TIGIT receptors expressed on NK cells and lymphocytes, which can inhibit NK-cell cytotoxicity and T-cell activity, ultimately weakening antitumor immune responses (49). These studies explain the role of bacteria in tumor initiation and provide new insights into potential targets in cancer therapy.



Intratumoral microbiome and tumor metastasis

Although the specific mechanism by which intratumoral bacteria affect tumor metastasis is still unclear, recent studies have shown that exosomes secreted by infected cancer cells may be one of the mechanisms. Exosomes are 40-100 nm vesicles with 5’-nucleotidase activity that are released by a variety of cultured cells. They bear various proteins, lipids, and RNAs, mediating intercellular communication between different cell types in the body and thus affecting normal and pathological conditions (50–52). Tumor-derived exosomes can transfer miRNAs and proteins to normal tissues and promote tumor metastasis through multiple mechanisms, such as remodeling the tumor microenvironment, promoting tumor cell proliferation and inhibiting apoptosis, promoting epithelial-mesenchymal transformation, inhibiting the antitumor immune response, and promoting hematological tumor metastasis and angiogenesis (53–56) (Figure 2). Notably, many studies have shown that tumor cells infected by bacteria may secrete more exosomes, thus accelerating the metastasis of the tumor (15, 57, 58).




Figure 2 | The intratumoral microbiome promotes tumor metastasis by facilitating the production of tumor-derived exosomes. Exosomes are active vesicles carrying various DNAs, miRNAs and proteins. The intratumoral microbiome can cause infected tumor cells to secrete more exosomes, which promote tumor metastasis through various mechanisms, such as remodeling the tumor microenvironment, promoting tumor cell proliferation and inhibiting apoptosis, promoting epithelial-mesenchymal transformation, inhibiting the antitumor immune response, and promoting hematological tumor metastasis and angiogenesis.



Enterotoxigenic Bacteroides fragilis (ETBF) can inhibit exosome-packaged miR-149-3p and further promote PHF5A-mediated alternative splicing of KAT2A RNA in CRC cells, which ultimately promotes cell proliferation in CRC (57). The facultative intracellular bacterium Fusobacterium nucleatum is an important CRC-associated intratumoral bacterium. It can stimulate tumor cells to generate miR-1246/92b-3p/27a-3p-rich and CXCL16/RhoA/IL-8-bearing exosomes, which can be delivered to uninfected cells to promote prometastatic behaviors (15). Moreover, it has been demonstrated that the activation of Toll-like receptor 4 in tumor cells supports tumor progression by stimulating the release of immunosuppressive exosomes, which allow tumor cells to escape immune surveillance and even play a role in the metastatic process (58). However, our research on the effect of intratumoral bacteria on tumor metastasis is still in its infancy, so we need more research to confirm these findings.




Intratumoral microbiome and human solid tumors


Lung cancer

The lung is the largest surface area mucosal organ of the human body, and it is directly connected with the external environment. Therefore, it provides a favorable environment for microorganism colonization. However, lung tissue in healthy people had always been considered sterile in the past. Fortunately, with the emergence of culture-independent 16S rRNA sequencing technologies, a growing number of microbial populations have been found in the lung (59–61). The lung microbiota is quite different from the nasal, oral, skin, gut and vaginal microbiotas. In the healthy lung, Firmicutes, Actinobacteria, Bacteroidetes and Proteobacteria are the most abundant phyla, while the core microbiota genera include Veillonella, Haemophilus, Neisseria, Streptococcus, Fusobacterium and Prevotella (60, 62). An increasing number of studies have shown that bacterial dysbiosis in lung tissue is related to lung cancer (60, 63–66).

According to the latest statistical report, lung cancer has the highest mortality rate among human cancers at present, and the number of deaths is 2.5 times that of CRC. It is estimated that approximately 80% of lung cancer cases are caused by smoking (67). Interestingly, among the bacteria found in lung tumors, those with metabolic pathways that degrade chemicals in cigarette smoke are significantly enriched, indicating a close relationship between intratumoral bacteria and tumorigenesis (8). For instance, Lee et al. found that two phyla (TM7 and Firmicutes) were significantly enriched in lung cancer patients. Furthermore, four genera (Megasphaera, Selenomonas, Atopobium, and Veillonella) were more abundant in patients with lung cancer (63). How do intratumoral bacteria affect the occurrence and progression of lung cancer?

First, the lung microbiome can directly promote the growth of tumor cells. The regulatory effects of commensal microbes on the occurrence and development of lung cancer are mainly achieved by modification of the local immune environment. Dysregulation of lung microbial communities may promote changes in carcinogenic pathways through specific microbial components (66). The most commonly mutated gene in lung cancer is the cancer suppressor gene TP53 (68), and certain missense mutations in this gene result in enhanced oncogenic ability (69). Greathouse et al. found that patients with squamous cell carcinoma who are smokers have enrichment of Acidovorax. The researchers found that the same genus were further enriched in patients with TP53-mutated squamous cell carcinoma (70). In addition to TP53, the intratumoral microbiome can also promote lung cancer proliferation and invasion by upregulating the phosphoinositide 3-kinase (PI3K) pathway (71). Tsay et al. showed that upregulation of the PI3K and ERK signaling pathways can induce enrichment of oral taxa (Veillonella and Streptococcus) in the lower respiratory airways of lung cancer patients. These same signaling pathways are also upregulated in airway epithelial cells exposed to Streptococcus, Veillonella and Prevotella in vitro (42).

In addition, the lung microbiome can induce local chronic inflammation by promoting the release of chemokines, cytokines, and other proinflammatory factors and ultimately promote cancer progression (5, 62). Because it is directly connected with the external environment due to respiration, the lung is exposed to a multitude of environmental pollutants and airborne microbes, making it a crucial site of interaction between a microbiome and the immune system (62, 72–74). Jin et al. found that when the local bacterial enrichment patterns and microbiota composition changed, myeloid cells could be activated to produce Myd88-dependent IL-23 and IL-1β. These cytokines can induce Vγ6+Vδ1+ γδ T-cell activation and proliferation, thus producing IL-17 and other cytokines, which ultimately promote the occurrence of an inflammatory response and the proliferation of tumor cells (10). Moreover, after the treatment of mice with aerosolized antibiotics, Le Noci et al. found that the bacterial load in the lungs of mice decreased while the activation of NK cells and T cells increased, which paralleled a significant reduction in the lung metastasis of B16 melanoma. Additionally, the probiotic Lactobacillus rhamnosus was found to strongly promote immunity against B16 lung metastases (75). In conclusion, these studies prove that intratumoral bacteria can promote the occurrence and development of lung cancer by inducing inflammation and regulating the local immune response.



Pancreatic cancer

Pancreatic cancer has a poor prognosis and is one of the most aggressive types of malignancies, with a five-year survival rate of less than 11% despite continuous efforts by researchers and clinicians. The latest data show that pancreatic cancer is the sixth leading cause of cancer-related mortality in China and the third leading cause in the United States (67, 76). Similar to lung tissue, the pancreas was considered sterile in the past, but recent studies have shown that pancreatic tissue also has its own microbiota (77). Pushalkar et al. used 16S rRNA sequencing and found that Proteobacteria (45%), Bacteroidetes (31%) and Firmicutes (22%) were more enriched in pancreatic cancer tissue than in normal pancreatic tissue (78). A growing number of studies have demonstrated that the intratumoral microbiome has a critical impact on the occurrence, progression and prognosis of pancreatic cancer (8, 11, 19, 78–80). This is achieved primarily through the ability of the microbiota to regulate the body’s immune system and metabolize drugs.

Pushalkar et al. found through bacterial ablation techniques that the pancreatic cancer microbiome can promote tumorigenesis by inducing innate and adaptive immune suppression (78). In addition to bacteria, intratumoral fungi can also promote pancreatic tumorigenesis. Aykut et al. found that the number of fungi in human and mouse PDAC was approximately 3000 times higher than that in normal pancreatic tissue. Specifically, Malassezia spp. are fungal community members predominantly found in PDAC in humans and mice. The glycans in the cell wall of this fungus can activate the host complement cascade by binding mannose-binding lectin (MBL), thus promoting PDAC. Tumor progression can be prevented when MBL or C3 is absent in tumor cells in the extratumoral region or when c3ar is knocked out (80). Additionally, intratumoral bacteria can also influence the responsiveness of pancreatic cancer to chemotherapeutic drugs. Geller et al. found, through their analysis of human CRC samples, that there was bacterial DNA in 76% of samples, with Gammaproteobacteria being the dominant class. The long isoform of the bacterial enzyme cytidine deaminase (CDDL) in these bacteria can alter the biological structure of the chemotherapy drug gemcitabine and render it inactive, thus promoting PDAC chemotherapeutic drug resistance (19).

In addition, some intratumoral bacteria also enhance antitumor immunity. For example, by analyzing the intratumoral bacterial composition of PDAC patients with different survival times, Riquelme et al. found that the α-diversity of patients’ intratumoral bacteria increased with increasing survival time and determined an intratumoral microbiome signature (Bacillus clausii-Streptomyces-Pseudoxanthomonas-Saccharopolyspora) with the ability to predict long-term survival. The bacteria in this signature facilitate the activation and recruitment of CD8+ T cells, thereby promoting antitumor immune responses (11). Collectively, these findings strongly suggest that the intratumoral microbiome can influence pancreatic cancer progression by modulating the local immune response.



Colorectal cancer

CRC is the second leading cause of death among cancer patients, with an incidence of 10.2% and mortality of 9.2% (67, 81). Commensal microorganisms in the distal intestine are particularly abundant and diverse (21); the gut bacteria and their byproducts influence the residency and recruitment of myeloid cells in tissues, and these cells promote cancer development by secreting cytokines and attenuating the normal effects of antitumor immunity (82).

An increasing number of studies have confirmed the role of the intratumoral microbiome in CRC. Mechanistically, the bacteria can promote tumorigenesis by directly damaging host DNA, modulating the local immune microenvironment and engaging host pathways involved in carcinogenesis (12, 48, 83). Studies using 16S rRNA gene sequencing, whole-genome sequencing, or transcriptome sequencing have determined that CRC tissue is rich in Fusobacterium nucleatum (84–86). Subsequent studies have proven that Fusobacterium nucleatum can promote tumor cell proliferation and tumor growth (87). According to Kostic et al., one possible mechanism is that Fusobacterium nucleatum can increase the level of tumor-infiltrating immune cells to create an inflammatory microenvironment conducive to CRC progression (48). In addition, Fusobacterium nucleatum can stimulate CRC progression by secreting the FadA adhesin. FadA activates β-catenin signaling by binding E-cadherin and regulates the inflammatory response, ultimately promoting CRC progression (12). Other commensal bacteria, such as ETBF and Escherichia coli, have also been shown to be directly associated with colon cancer (88, 89). Wu et al. found that BFT, a toxin secreted by ETBF, can stimulate the transcription and translation of the proto-oncogene c-Myc, thereby triggering persistent cellular proliferation (40). The researchers found that the colibactin secreted by Escherichia coli contains a cyclopropane ring, an active structural motif found in natural products inducing DNA alkylation, suggesting that colibactin can alkylate DNA in vivo and participate in the development of CRC (90).

Additionally, intratumoral bacteria also have an indispensable influence on the cancer treatment response. For example, Yu et al. found enrichment of Fusobacterium nucleatum in tissues of colon cancer patients with recurrence post chemotherapy. In addition, the researchers also found that Fusobacterium nucleatum promotes resistance of CRC to chemotherapy. Mechanistically, Fusobacterium nucleatum downregulates microRNAs (miR-18a and miR4802) to activate the autophagy pathway and promote chemoresistance in CRC (18). In contrast, another study demonstrated that Bifidobacterium accumulates in the tumor microenvironment and promotes immunotherapy efficacy through the STING signaling pathway (91). Overall, tremendous progress has been made thus far in the study of the effects of intratumoral microbes on CRC, but the mechanistic details still need to be explored more deeply to provide potential avenues for the prevention and treatment of CRC.



Breast cancer

BC is the most frequent malignancy in women worldwide and the most common cause of cancer death (92). Since 2014, the incidence of female BC has been slowly increasing at a rate of 0.5% per year (67). Human mammary tissue is not sterile, and a rich microbiome is also present. Furthermore, the resident microbiomes of healthy breast tissues, BC tissues and even GC tissues of different subtypes are different (93–95). Lactobacillus, Fusobacterium, Hydrogenophaga, Atopobium and Gluconacetobacter were enriched in the breast tissue of women with invasive BC compared to normal breast tissue (94). In addition, Banerjee et al. detected Cardiobacterium, Arcanobacterium, Escherichia, Bifidobacterium and Citrobacter in endocrine receptor-positive BC samples, while Bordetella, Pasteurella, Chlamydia, Campylobacter, Chlamydophila and Legionella were closely related to triple-positive BC. Streptococcus was enriched in human epidermal growth factor receptor 2-positive BC, while Arcobacter, Aerococcus, Rothia, Orientia and Geobacillus were related to triple-negative BC (95). These studies reveal the same result: the intratumoral microbiome is inextricably linked to BC. As such, what is its role in BC initiation and progression?

The intratumoral microbiome can promote the growth of BC by activating estrogen signaling, regulating the metabolism of cancer cells, promoting the development of local inflammatory responses and reducing the number of lymphocytes. Furthermore, the intratumoral microbiome can also promote the metastasis and recurrence of BC by supporting cell movement, transforming epithelial cells into mesenchymal cells, and promoting tumor stem cell function (96). Parhi and his colleagues showed that Fusobacterium nucleatum colonizes BC via Gal-GalNAc, which is abundant in tumor cells, and promotes BC development and metastasis by inhibiting T-cell aggregation in the local tumor tissue (13). Fu et al. studied a mouse spontaneous mammary tumor model and showed that reduction of intratumoral bacteria significantly reduced lung metastasis but did not affect the growth of tumors at the primary site. In addition, the researchers demonstrated that intratumoral bacteria can enhance the resistance of circulating tumor cells to fluid shear stress by reorganizing the actin cytoskeleton, thereby promoting breast cancer metastasis (14).

Several recent studies have shown that the intratumoral microbiome can also have an impact on BC prognosis. For example, by comparing the microbiome composition of different subtypes of BC, Banerjee et al. found that differences in prognosis between different subtypes of BC were strongly associated with a diverse intratumoral bacteria (97). Mechanistically, intratumoral bacteria can influence immune regulatory gene expression, immune cell infiltration, and the release of soluble factors, which may alter the prognostic and clinicopathological features of BC (98). These findings support the idea that the intratumoral microbiome can affect the occurrence and progression as well as prognosis of BC and shed new light on the treatment of BC.



Genitourinary cancers

Genitourinary tumors include kidney cancer, bladder cancer, prostate cancer, ovarian cancer, and endometrial cancer. Genitourinary tumors are a miscellaneous group of tumors, and the intratumoral microbiome in such tumors has been less studied than those of other malignant tumors. Just as fecal samples are analyzed in the study of CRC, urine must be considered in the study of the microbiomes associated with kidney cancer and uroepithelial carcinoma. Although urine was previously considered sterile, with the development of sequencing technology, data obtained by sequencing methods have initially shown that bacteria are also present in the urine of healthy individuals (99). A few studies have shown that the urine microbiome of patients with bladder cancer differs from that of healthy controls, with the main feature being enrichment of Fusobacterium, Actinomyces and Firmicutes and a decrease in Streptococcus (100, 101). However, whether there is a causal relationship between the microbiomes in bladder tissue and urine and the most common histological type of bladder cancer (uroepithelial carcinoma) still needs to be elucidated. Notably, the relationship between schistosomiasis and squamous carcinoma of the bladder is well established, and preinfection with the pathogen that causes schistosomiasis is a recognized cause of squamous carcinoma of the bladder (102). Renal cell carcinoma tissues have high relative abundances of the Chloroplast class and the Streptophyta order compared to adjacent normal tissue (103). However, the effect of the microbiome in urine and tissues on the prognosis of uroepithelial carcinoma and renal cancers remains unclear, yet studies have found that intratumoral bacteria in prostate cancer are associated with prognosis.

Ma et al. found that in prostate cancer, intratumoral bacteria such as Listeria monocytogenes can directly slow tumor growth by recruiting immune cells and are thus negatively correlated with adverse prognostic features (prostate-specific antigen level, tumor-node-metastasis stage, androgen receptor expression and Gleason score) (104). In addition, some intratumoral microbiomes may influence the therapeutic response of prostate cancer. For example, Akkermansia muciniphila can influence the therapeutic response of castrate-resistant prostate cancer patients by regulating abiraterone acetate-mediated microbial community reorganization (105).

It is also important to note that the genital tract microbiome also plays a crucial role in female genital tract malignancies. Ovarian cancer tissue samples have unique bacterial, fungal, viral and parasitic characteristics (106). Similarly, Atopobium vaginae and Porphyromonas sp. were more highly enriched in endometrial cancer than in healthy tissue (107).



Other cancers

In addition to these aforementioned major human solid tumors, it is noteworthy that intratumoral bacteria have also been found in other types of cancer, such as esophageal cancer, melanoma, ovarian cancer, bone cancer, liver cancer, and nasopharyngeal carcinoma (8, 20, 108–111). However, the mechanisms by which the intratumoral microbiomes affect these tumors are not well understood.

A recent study showed that Fusobacterium nucleatum in esophageal cancer tissue can promote invasion of tumors by activating chemokines such as CCL20 (16). Furthermore, Yamamura et al. found that patients with enrichment of Fusobacterium nucleatum in esophageal cancer tissues had shorter survival, suggesting that Fusobacterium nucleatum could be used as a prognostic biomarker (16). Similarly, by comparing nasopharyngeal carcinoma patients with different survival times, researchers found that patients with a lower relative abundance of Turicibacter had longer progression-free survival (20). In the liver cancer microenvironment, the number of Pseudomonadaceae species with antitumor effects is significantly decreased and linearly correlated with the prognosis of patients with primary liver cancer (109). In a study of the microbiotas of normal versus melanoma pig skin, Trueperella and Fusobacterium genera were found to be enriched in the melanoma samples (112). Nakatsuji et al. discovered through cell culture that a skin commensal microbe (Staphylococcus epidermidis) can produce 6-N-hydroxyaminopurine, a DNA polymerase inhibitor that blocks the proliferation of tumor cells, and thus protect against skin cancer (113).

In summary, intratumoral microbiomes are receiving increasing attention for their key roles in regulating tumor progression and influencing cancer prognosis (Table 1). In the future, more in-depth investigation of the mechanisms by which intratumoral microbiomes influence the biological behaviors of tumors will improve the precision of cancer diagnosis and aid the development of more effective cancer therapies.


Table 1 | Microbiotas in different cancer tissues and their effects on corresponding cancer tissues and mechanisms of action.






Intratumoral microbiome and tumor treatment

At present, the main methods to treat tumors are chemotherapy and immunotherapy. Chemotherapy is administered in the form of genotoxic agents that destroy the DNA of existing tumor cells and prevent new DNA from being generated during proliferation (117). Immunotherapy is mainly achieved by immune checkpoint blockade. Programmed cell death ligand 1 (PD-L1) can reduce the proliferation of T cells by binding to programmed cell death protein 1 (PD-1) on the surface of T cells, thereby inhibiting the body’s antitumor immune response (118). Monoclonal antibodies in immunotherapy can reactivate CD8+ T cells by blocking the PD-1 immune checkpoint on the surface of T cells to induce antitumor responses (119). However, neither of these strategies can completely inhibit tumor growth. Cancer cells can repair DNA damaged by chemotherapeutic drugs, leading to resistance to anticancer therapies (120), while some tumors are not sensitive to immunotherapy. Notably, it has been shown that the intratumoral microbiome can influence the efficacy of chemotherapy by altering the structure of chemotherapeutic agents. In addition, the intratumoral microbiome can also influence the efficacy of immunotherapy by altering the immune environment of the local tumor tissue (121, 122). Next, we mainly discuss the effects of the intratumoral microbiome on chemotherapy and immunotherapy response and the underlying mechanisms (Figure 3).




Figure 3 | Effects of intratumoral bacteria on tumor chemotherapy and immunotherapy response. Intratumoral bacteria can directly or indirectly influence the efficacy of chemotherapy and immunotherapy through multiple mechanisms. Bacteria accumulating within tumors can directly alter the bioactivity of chemotherapeutic drugs and can promote chemoresistance by regulating autophagy. They can also regulate the expression of specific genes by affecting host signaling pathways. Intratumoral bacteria can promote the production of tumor necrosis factor and thus inhibit tumor angiogenesis. Furthermore, intratumoral bacteria can promote the accumulation of immune cells, thereby enhancing antitumor immune responses and the efficacy of immunotherapy.




Effects of intratumoral bacteria on the chemotherapy response

(1) Endogenous enzymes of intratumoral bacteria modify the activity of chemotherapeutic drugs by biotransformation (122). For example, CDDL from Gammaproteobacteria can change the structure of the chemotherapy drug gemcitabine, thus causing it to lose its biological activity. Adding the antibiotic ciprofloxacin to the therapeutic regimen can eliminate this effect (19). Similarly, Nemunaitis et al. demonstrated that genetically attenuated Salmonella expressing cytosine deaminase can metabolize the antifungal agent 5-fluorocytosine into 5-fluorouracil to treat cancer. Importantly, this treatment is more effective than the chemotherapy drug 5-fluorouracil alone (123) (2). Bacteria can promote chemoresistance by regulating autophagy. Fusobacterium nucleatum induces LC3-II expression, autophagosome synthesis and autophagosomal flux in CRC. Thus, Fusobacterium nucleatum can stimulate the expression of the autophagy-related proteins ATG7, ULK1 and pULK1 in CRC to promote CRC chemoresistance (18) (3). Bacteria can regulate the expression of specific genes by affecting host signaling pathways. The apoptosis protein inhibitor BIRC3 can inhibit the caspase cascade reaction to reduce apoptosis, leading to chemoresistance in malignancies. Fusobacterium nucleatum can activate the Toll-like receptor 4/NF-κB pathway and upregulate the expression of many target genes, such as BIRC3, in CRC cells, thereby promoting the resistance of CRC to 5-fluorouracil (124).



Effects of intratumoral bacteria on immunotherapy

In addition to chemotherapy, immunotherapy has showed promising effects in recent years and provided new ideas for the clinical treatment of cancer. Anti-PD-1 monoclonal antibodies as well as other immune checkpoint inhibitors have been shown to have promising efficacy (125). Despite this unprecedented efficacy, many patients do not respond, and more worryingly, some patients who show encouraging responses to immunotherapy also develop resistance over time (126). Notably, there is increasing evidence suggesting that intratumoral bacteria can influence the efficacy of immunotherapy (62, 91, 120, 127). Nejman and his colleague showed that the abundance of Clostridium in the melanomas of responders to immune checkpoint inhibition was increased compared with that in patients who did not respond. In contrast, Gardnerella vaginalis was more abundant in nonresponder tumors (8). A recent study indicated that commensal Bifidobacteria can prime CD8+ T cells and accumulate in the tumor microenvironment by enhancing dendritic cell function, thereby promoting antitumor immunity and anti-PD-L1 efficacy (128). In addition, Bifidobacteria can accumulate in the tumor microenvironment, which may facilitate a response to local anti-CD47 immunotherapy in tumor tissues. Mechanistically, Bifidobacteria primarily increase dendritic cell crosstalk through stimulation of interferon genes and in an interferon-dependent fashion, ultimately facilitating CD47-based immunotherapy (91). CTLA-4 is a major negative regulator of T-cell activation and exerts inhibitory effects on tumor immunity. Ipilimumab is a monoclonal antibody targeting CTLA-4, and studies have found that Bacteroides fragilis can boost the effects of ipilimumab by promoting Th1 immune responses, which in turn promotes the efficacy of immunotherapy with CTLA-4 blockade (129). Despite numerous studies demonstrating the association of intratumoral bacteria with chemotherapy and immunotherapy efficacy, the mechanisms are still incompletely understood. Therefore, a reassessment of the relationship between chemotherapy and immunotherapy efficacy and intratumoral bacteria will improve the efficacy of cancer treatment. In addition, the combination of genetic engineering and traditional therapies may improve antitumor efficacy and provide new ideas for cancer treatment.




Conclusion and perspectives

Intratumoral bacteria, as an important component of tumor microecology, are receiving increasing attention. The intratumoral microbiome in solid tumors at different sites in humans plays a similar role to the local tumor microenvironment. Both factors can influence tumor initiation, progression, and response to therapy. In general, the intratumoral microbiome can promote tumorigenesis by directly causing mutations or engaging host signaling pathways. In addition, the intratumoral microbiome can cause inflammation and alter the local immune environment of tumors, thereby promoting tumor cell growth (4, 5, 21, 22, 43).

Notably, it has been shown that intratumoral bacteria can affect the tumor response to therapy through various mechanisms, which provides new insights into the treatment of tumors (18, 91, 119–122, 124). Although we have gained an increasing understanding of the role of the intratumoral microbiome in cancer initiation, progression, and treatment, the intricate relationships between intratumoral bacteria, the tumor, and the tumor microenvironment still require further study. Revealing these relationships may provide more valuable insights into cancer prevention, diagnosis and treatment.

Over the past decades, chemotherapy and immunotherapy have been mainstays of cancer treatment. However, tumors gradually develop resistance to chemotherapeutic drugs, and some patients with encouraging responses to immunotherapy also gradually develop resistance over time. Fortunately, with the development of gene editing technology, new methods for tumor treatment are possible, including genetic engineering. Compared with traditional therapeutic methods, genetic engineering has obvious advantages as tumor therapy. Genetically engineered bacteria are targeted in such a way that they can uniquely target tumors and accumulate in the tumor microenvironment. For example, Clostridium (obligate anaerobes) cannot survive in oxygen, and those that enter the body can only colonize anoxic areas (130). Completely deoxygenated tissues do not exist in the vast majority of organs in the body and are unique to tumors. Therefore, obligate anaerobes can very effectively target the tumor area and accumulate to exert their effects (131). Moreover, the effectiveness of genetically engineered bacteria is not affected by genetics, and bacteria can directly access the deep layers of the tumor and thereby kill cancer cells (132).

Furthermore, the combination of genetically engineered bacteria with chemotherapy significantly improves treatment efficacy and reduces toxicity compared to chemotherapy alone (133). Chen et al. found that the combination of triptolide and Salmonella VNP20009 significantly increased treatment efficacy in mouse melanoma. Triptolide reduced neutrophil infiltration in melanoma by inhibiting intratumor angiogenesis, which increased the accumulation of Salmonella VNP20009 and ultimately created a more hypoxic tumor microenvironment (134). Genetically engineered bacteria can also be combined with immunotherapy to improve efficacy. The bacteria can modify the local immune microenvironment of the tumor by modulating innate and adaptive immune responses, ultimately enhancing the host’s antitumor immune response (135). Despite the promising performance of genetically engineered bacteria in the treatment of cancer, many questions remain. For example, how can bacterial virulence be minimized so that safety is improved? How can the ability of bacteria to accumulate in tumor tissue be enhanced? How can the genetic instability of genetically engineered bacteria be addressed? With the advancement of medical and synthetic biology research, the above problems will be solved, and genetically engineered bacteria will be a novel approach for cancer treatment in the future.

With increasing in-depth study of the tumor microenvironment, evidence indicates that there are bacteria hidden within the tumor and that these intratumoral bacteria are unique and impact tumor initiation, progression, recurrence, metastasis, and prognosis. Moreover, intratumoral bacteria have targeting capabilities and good adaptability, properties that are improve their promise as a new strategy for treating tumors. However, there are still many issues that urgently need to be addressed. For example, do the intratumoral microbiomes of different types of cancer operate via different mechanisms of action? Does the intratumoral microbiome originate from the primary site of the tumor or is it derived from other parts of the body? Does tumor progression further promote the accumulation of intratumoral microbes? Overall, microbiome research in oncology is an emerging area worth exploring. Multidisciplinary study of intratumoral bacteria is essential. These challenges will be overcome, and a new era of tumor diagnosis and treatment will emerge.



Author contributions

ZR and GC designed and reviewed the study. FG, BY, and BR wrote the manuscript. YS, JY, and DW revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was sponsored by grants from the National Key Research and Development Program of China (2018YFC2000500 and 2022YFC2303103), Research Project of Jinan Microecological Biomedicine Shandong Laboratory (JNL-2022015B and JNL-2022001A), and National Natural Science Foundation of China (U2004121).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Abbreviations

CRC, colorectal cancer; PDAC, pancreatic ductal adenocarcinoma; BC, breast cancer CDT, cytolethal distending toxin; BFT, Bacteroides fragilis toxin; STAT3, signal transducer and activator of transcription 3; ETBF, enterotoxigenic Bacteroides fragilis; MBL, mannose-binding lectin; CDDL, long isoform of the bacterial enzyme cytidine deaminase; PD-L1, programmed cell death ligand 1; PD-1, programmed cell death protein 1.



References

1. Oliva, M, Mulet-Margalef, N, Ochoa-De-Olza, M, Napoli, S, Mas, J, Laquente, B, et al. Tumor-associated microbiome: Where do we stand? Int J Mol Sci (2021) 22(3):1446. doi: 10.3390/ijms22031446

2. Belkaid, Y, and Naik, S. Compartmentalized and systemic control of tissue immunity by commensals. Nat Immunol (2013) 14(7):646–53. doi: 10.1038/ni.2604

3. Huttenhower, C, Gevers, D, Knight, R, Abubucker, S, Badger, JH, Chinwalla, AT, et al. Structure, function and diversity of the healthy human microbiome. Nature (2012) 486(7402):207–14. doi: 10.1038/nature11234

4. Wong-Rolle, A, Wei, HK, Zhao, C, and Jin, C. Unexpected guests in the tumor microenvironment: Microbiome in cancer. Protein Cell (2021) 12(5):426–35. doi: 10.1007/s13238-020-00813-8

5. Garrett, WS. Cancer and the microbiota. Science (2015) 348(6230):80–6. doi: 10.1126/science.aaa4972

6. Tong, Y, Gao, H, Qi, Q, Liu, X, Li, J, Gao, J, et al. High fat diet, gut microbiome and gastrointestinal cancer. Theranostics (2021) 11(12):5889–910. doi: 10.7150/thno.56157

7. Kadosh, E, Snir-Alkalay, I, Venkatachalam, A, May, S, Lasry, A, Elyada, E, et al. The gut microbiome switches mutant P53 from tumour-suppressive to oncogenic. Nature (2020) 586(7827):133–8. doi: 10.1038/s41586-020-2541-0

8. Nejman, D, Livyatan, I, Fuks, G, Gavert, N, Zwang, Y, Geller, LT, et al. The human tumor microbiome is composed of tumor type-specific intracellular bacteria. Science (2020) 368(6494):973–80. doi: 10.1126/science.aay9189

9. Flemer, B, Lynch, DB, Brown, JM, Jeffery, IB, Ryan, FJ, Claesson, MJ, et al. Tumour-associated and non-Tumour-Associated microbiota in colorectal cancer. Gut (2017) 66(4):633–43. doi: 10.1136/gutjnl-2015-309595

10. Jin, C, Lagoudas, GK, Zhao, C, Bullman, S, Bhutkar, A, Hu, B, et al. Commensal microbiota promote lung cancer development Via Γδ T cells. Cell (2019) 176(5):998–1013 e16. doi: 10.1016/j.cell.2018.12.040

11. Riquelme, E, Zhang, Y, Zhang, L, Montiel, M, Zoltan, M, Dong, W, et al. Tumor microbiome diversity and composition influence pancreatic cancer outcomes. Cell (2019) 178(4):795–806 e12. doi: 10.1016/j.cell.2019.07.008

12. Rubinstein, MR, Wang, X, Liu, W, Hao, Y, Cai, G, and Han, YW. Fusobacterium nucleatum promotes colorectal carcinogenesis by modulating e-Cadherin/β-Catenin signaling Via its fada adhesin. Cell Host Microbe (2013) 14(2):195–206. doi: 10.1016/j.chom.2013.07.012

13. Parhi, L, Alon-Maimon, T, Sol, A, Nejman, D, Shhadeh, A, Fainsod-Levi, T, et al. Breast cancer colonization by fusobacterium nucleatum accelerates tumor growth and metastatic progression. Nat Commun (2020) 11(1):3259. doi: 10.1038/s41467-020-16967-2

14. Fu, A, Yao, B, Dong, T, Chen, Y, Yao, J, Liu, Y, et al. Tumor-resident intracellular microbiota promotes metastatic colonization in breast cancer. Cell (2022) 185(8):1356–72 e26. doi: 10.1016/j.cell.2022.02.027

15. Guo, S, Chen, J, Chen, F, Zeng, Q, Liu, WL, and Zhang, G. Exosomes derived from fusobacterium nucleatum-infected colorectal cancer cells facilitate tumour metastasis by selectively carrying mir-1246/92b-3p/27a-3p and Cxcl16. Gut (2020). doi: 10.1136/gutjnl-2020-321187

16. Yamamura, K, Baba, Y, Nakagawa, S, Mima, K, Miyake, K, Nakamura, K, et al. Human microbiome fusobacterium nucleatum in esophageal cancer tissue is associated with prognosis. Clin Cancer Res (2016) 22(22):5574–81. doi: 10.1158/1078-0432.Ccr-16-1786

17. Jin, M, Shang, F, Wu, J, Fan, Q, Chen, C, Fan, J, et al. Tumor-associated microbiota in proximal and distal colorectal cancer and their relationships with clinical outcomes. Front Microbiol (2021) 12:727937. doi: 10.3389/fmicb.2021.727937

18. Yu, T, Guo, F, Yu, Y, Sun, T, Ma, D, Han, J, et al. Fusobacterium nucleatum promotes chemoresistance to colorectal cancer by modulating autophagy. Cell (2017) 170(3):548–63 e16. doi: 10.1016/j.cell.2017.07.008

19. Geller, LT, Barzily-Rokni, M, Danino, T, Jonas, OH, Shental, N, Nejman, D, et al. Potential role of intratumor bacteria in mediating tumor resistance to the chemotherapeutic drug gemcitabine. Science (2017) 357(6356):1156–60. doi: 10.1126/science.aah5043

20. Zhong, G, Wei, W, Liao, W, Wang, R, Peng, Y, Zhou, Y, et al. Tumor microbiome in nasopharyngeal carcinoma and its association with prognosis. Front Oncol (2022) 12:859721. doi: 10.3389/fonc.2022.859721

21. Dzutsev, A, Badger, JH, Perez-Chanona, E, Roy, S, Salcedo, R, Smith, CK, et al. Microbes and cancer. Annu Rev Immunol (2017) 35:199–228. doi: 10.1146/annurev-immunol-051116-052133

22. Sepich-Poore, GD, Zitvogel, L, Straussman, R, Hasty, J, Wargo, JA, and Knight, R. The microbiome and human cancer. Science (2021) 371(6356):eabc4552. doi: 10.1126/science.abc4552

23. Barrett, M, Hand, CK, Shanahan, F, Murphy, T, and O'Toole, PW. Mutagenesis by microbe: The role of the microbiota in shaping the cancer genome. Trends Cancer (2020) 6(4):277–87. doi: 10.1016/j.trecan.2020.01.019

24. Goodwin, AC, Destefano Shields, CE, Wu, S, Huso, DL, Wu, X, Murray-Stewart, TR, et al. Polyamine catabolism contributes to enterotoxigenic bacteroides fragilis-induced colon tumorigenesis. Proc Natl Acad Sci United States America (2011) 108(37):15354–9. doi: 10.1073/pnas.1010203108

25. Tenaillon, O, Skurnik, D, Picard, B, and Denamur, E. The population genetics of commensal escherichia coli. Nat Rev Microbiol (2010) 8(3):207–17. doi: 10.1038/nrmicro2298

26. Putze, J, Hennequin, C, Nougayrède, JP, Zhang, W, Homburg, S, Karch, H, et al. Genetic structure and distribution of the colibactin genomic island among members of the family enterobacteriaceae. Infect Immun (2009) 77(11):4696–703. doi: 10.1128/iai.00522-09

27. Cuevas-Ramos, G, Petit, CR, Marcq, I, Boury, M, Oswald, E, and Nougayrède, JP. Escherichia coli induces DNA damage in vivo and triggers genomic instability in mammalian cells. Proc Natl Acad Sci United States America (2010) 107(25):11537–42. doi: 10.1073/pnas.1001261107

28. Nougayrède, JP, Homburg, S, Taieb, F, Boury, M, Brzuszkiewicz, E, Gottschalk, G, et al. Escherichia coli induces DNA double-strand breaks in eukaryotic cells. Science (2006) 313(5788):848–51. doi: 10.1126/science.1127059

29. Guerra, L, Guidi, R, and Frisan, T. Do bacterial genotoxins contribute to chronic inflammation, genomic instability and tumor progression? FEBS J (2011) 278(23):4577–88. doi: 10.1111/j.1742-4658.2011.08125.x

30. Jinadasa, RN, Bloom, SE, Weiss, RS, and Duhamel, GE. Cytolethal distending toxin: A conserved bacterial genotoxin that blocks cell cycle progression, leading to apoptosis of a broad range of mammalian cell lineages. Microbiol (Reading) (2011) 157(Pt 7):1851–75. doi: 10.1099/mic.0.049536-0

31. Lara-Tejero, M, and Galán, JE. Cdta, cdtb, and cdtc form a tripartite complex that is required for cytolethal distending toxin activity. Infect Immun (2001) 69(7):4358–65. doi: 10.1128/iai.69.7.4358-4365.2001

32. Elwell, CA, and Dreyfus, LA. Dnase I homologous residues in cdtb are critical for cytolethal distending toxin-mediated cell cycle arrest. Mol Microbiol (2000) 37(4):952–63. doi: 10.1046/j.1365-2958.2000.02070.x

33. Frisan, T, Cortes-Bratti, X, Chaves-Olarte, E, Stenerlöw, B, and Thelestam, M. The haemophilus ducreyi cytolethal distending toxin induces DNA double-strand breaks and promotes atm-dependent activation of rhoa. Cell Microbiol (2003) 5(10):695–707. doi: 10.1046/j.1462-5822.2003.00311.x

34. Fedor, Y, Vignard, J, Nicolau-Travers, ML, Boutet-Robinet, E, Watrin, C, Salles, B, et al. From single-strand breaks to double-strand breaks during s-phase: A new mode of action of the escherichia coli cytolethal distending toxin. Cell Microbiol (2013) 15(1):1–15. doi: 10.1111/cmi.12028

35. Bezine, E, Malaisé, Y, Loeuillet, A, Chevalier, M, Boutet-Robinet, E, Salles, B, et al. Cell resistance to the cytolethal distending toxin involves an association of DNA repair mechanisms. Sci Rep (2016) 6:36022. doi: 10.1038/srep36022

36. Cheng, WT, Kantilal, HK, and Davamani, F. The mechanism of bacteroides fragilis toxin contributes to colon cancer formation. Malays J Med Sci (2020) 27(4):9–21. doi: 10.21315/mjms2020.27.4.2

37. Clevers, H, and Nusse, R. Wnt/β-catenin signaling and disease. Cell (2012) 149(6):1192–205. doi: 10.1016/j.cell.2012.05.012

38. Rubinstein, MR, Baik, JE, Lagana, SM, Han, RP, Raab, WJ, Sahoo, D, et al. Fusobacterium nucleatum promotes colorectal cancer by inducing Wnt/β-catenin modulator annexin A1. EMBO Rep (2019) 20(4):e47638. doi: 10.15252/embr.201847638

39. Lu, R, Wu, S, Zhang, YG, Xia, Y, Liu, X, Zheng, Y, et al. Enteric bacterial protein avra promotes colonic tumorigenesis and activates colonic beta-catenin signaling pathway. Oncogenesis (2014) 3(6):e105. doi: 10.1038/oncsis.2014.20

40. Wu, S, Morin, PJ, Maouyo, D, and Sears, CL. Bacteroides fragilis enterotoxin induces c-myc expression and cellular proliferation. Gastroenterology (2003) 124(2):392–400. doi: 10.1053/gast.2003.50047

41. Sears, CL. Enterotoxigenic bacteroides fragilis: A rogue among symbiotes. Clin Microbiol Rev (2009) 22(2):349–69. doi: 10.1128/cmr.00053-08

42. Tsay, JJ, Wu, BG, Badri, MH, Clemente, JC, Shen, N, Meyn, P, et al. Airway microbiota is associated with upregulation of the Pi3k pathway in lung cancer. Am J Respir Crit Care Med (2018) 198(9):1188–98. doi: 10.1164/rccm.201710-2118OC

43. Elinav, E, Nowarski, R, Thaiss, CA, Hu, B, Jin, C, and Flavell, RA. Inflammation-induced cancer: Crosstalk between tumours, immune cells and microorganisms. Nat Rev Cancer (2013) 13(11):759–71. doi: 10.1038/nrc3611

44. Belkaid, Y, and Hand, TW. Role of the microbiota in immunity and inflammation. Cell (2014) 157(1):121–41. doi: 10.1016/j.cell.2014.03.011

45. Takeda, K, Clausen, BE, Kaisho, T, Tsujimura, T, Terada, N, Förster, I, et al. Enhanced Th1 activity and development of chronic enterocolitis in mice devoid of Stat3 in macrophages and neutrophils. Immunity (1999) 10(1):39–49. doi: 10.1016/s1074-7613(00)80005-9

46. Xu, S, Wu, X, Zhang, X, Chen, C, Chen, H, and She, F. Caga orchestrates Eef1a1 and pkcδ to induce interleukin-6 expression in helicobacter pylori-infected gastric epithelial cells. Gut Pathog (2020) 12:31. doi: 10.1186/s13099-020-00368-3

47. Zhang, L, Gao, L, Zhao, L, Guo, B, Ji, K, Tian, Y, et al. Intratumoral delivery and suppression of prostate tumor growth by attenuated salmonella enterica serovar typhimurium carrying plasmid-based small interfering rnas. Cancer Res (2007) 67(12):5859–64. doi: 10.1158/0008-5472.Can-07-0098

48. Kostic, AD, Chun, E, Robertson, L, Glickman, JN, Gallini, CA, Michaud, M, et al. Fusobacterium nucleatum potentiates intestinal tumorigenesis and modulates the tumor-immune microenvironment. Cell Host Microbe (2013) 14(2):207–15. doi: 10.1016/j.chom.2013.07.007

49. Gur, C, Ibrahim, Y, Isaacson, B, Yamin, R, Abed, J, Gamliel, M, et al. Binding of the Fap2 protein of fusobacterium nucleatum to human inhibitory receptor tigit protects tumors from immune cell attack. Immunity (2015) 42(2):344–55. doi: 10.1016/j.immuni.2015.01.010

50. Colombo, M, Raposo, G, and Théry, C. Biogenesis, secretion, and intercellular interactions of exosomes and other extracellular vesicles. Annu Rev Cell Dev Biol (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-122326

51. Théry, C, Zitvogel, L, and Amigorena, S. Exosomes: Composition, biogenesis and function. Nat Rev Immunol (2002) 2(8):569–79. doi: 10.1038/nri855

52. Azmi, AS, Bao, B, and Sarkar, FH. Exosomes in cancer development, metastasis, and drug resistance: A comprehensive review. Cancer Metastasis Rev (2013) 32(3-4):623–42. doi: 10.1007/s10555-013-9441-9

53. Zhang, N, Nan, A, Chen, L, Li, X, Jia, Y, Qiu, M, et al. Circular rna Circsatb2 promotes progression of non-small cell lung cancer cells. Mol Cancer (2020) 19(1):101. doi: 10.1186/s12943-020-01221-6

54. Zhao, X, Wu, X, Qian, M, Song, Y, Wu, D, and Zhang, W. Knockdown of tgf-β1 expression in human umbilical cord mesenchymal stem cells reverts their exosome-mediated emt promoting effect on lung cancer cells. Cancer Lett (2018) 428:34–44. doi: 10.1016/j.canlet.2018.04.026

55. Kim, DH, Kim, H, Choi, YJ, Kim, SY, Lee, JE, Sung, KJ, et al. Exosomal pd-L1 promotes tumor growth through immune escape in non-small cell lung cancer. Exp Mol Med (2019) 51(8):1–13. doi: 10.1038/s12276-019-0295-2

56. Liu, Y, Luo, F, Wang, B, Li, H, Xu, Y, Liu, X, et al. Stat3-regulated exosomal mir-21 promotes angiogenesis and is involved in neoplastic processes of transformed human bronchial epithelial cells. Cancer Lett (2016) 370(1):125–35. doi: 10.1016/j.canlet.2015.10.011

57. Cao, Y, Wang, Z, Yan, Y, Ji, L, He, J, Xuan, B, et al. Enterotoxigenic bacteroidesfragilis promotes intestinal inflammation and malignancy by inhibiting exosome-packaged mir-149-3p. Gastroenterology (2021) 161(5):1552–66 e12. doi: 10.1053/j.gastro.2021.08.003

58. Domenis, R, Cifù, A, Marinò, D, Fabris, M, Niazi, KR, Soon-Shiong, P, et al. Toll-like receptor-4 activation boosts the immunosuppressive properties of tumor cells-derived exosomes. Sci Rep (2019) 9(1):8457. doi: 10.1038/s41598-019-44949-y

59. Dickson, RP, Erb-Downward, JR, Freeman, CM, McCloskey, L, Beck, JM, Huffnagle, GB, et al. Spatial variation in the healthy human lung microbiome and the adapted island model of lung biogeography. Ann Am Thorac Soc (2015) 12(6):821–30. doi: 10.1513/AnnalsATS.201501-029OC

60. Yu, G, Gail, MH, Consonni, D, Carugno, M, Humphrys, M, Pesatori, AC, et al. Characterizing human lung tissue microbiota and its relationship to epidemiological and clinical features. Genome Biol (2016) 17(1):163. doi: 10.1186/s13059-016-1021-1

61. Erb-Downward, JR, Thompson, DL, Han, MK, Freeman, CM, McCloskey, L, Schmidt, LA, et al. Analysis of the lung microbiome in the "Healthy" smoker and in copd. PloS One (2011) 6(2):e16384. doi: 10.1371/journal.pone.0016384

62. Sommariva, M, Le Noci, V, Bianchi, F, Camelliti, S, Balsari, A, Tagliabue, E, et al. The lung microbiota: Role in maintaining pulmonary immune homeostasis and its implications in cancer development and therapy. Cell Mol Life Sci (2020) 77(14):2739–49. doi: 10.1007/s00018-020-03452-8

63. Lee, SH, Sung, JY, Yong, D, Chun, J, Kim, SY, Song, JH, et al. Characterization of microbiome in bronchoalveolar lavage fluid of patients with lung cancer comparing with benign mass like lesions. Lung Cancer (Amsterdam Netherlands) (2016) 102:89–95. doi: 10.1016/j.lungcan.2016.10.016

64. Cameron, SJS, Lewis, KE, Huws, SA, Hegarty, MJ, Lewis, PD, Pachebat, JA, et al. A pilot study using metagenomic sequencing of the sputum microbiome suggests potential bacterial biomarkers for lung cancer. PloS One (2017) 12(5):e0177062. doi: 10.1371/journal.pone.0177062

65. Liu, HX, Tao, LL, Zhang, J, Zhu, YG, Zheng, Y, Liu, D, et al. Difference of lower airway microbiome in bilateral protected specimen brush between lung cancer patients with unilateral lobar masses and control subjects. Int J Cancer (2018) 142(4):769–78. doi: 10.1002/ijc.31098

66. Ramírez-Labrada, AG, Isla, D, Artal, A, Arias, M, Rezusta, A, Pardo, J, et al. The influence of lung microbiota on lung carcinogenesis, immunity, and immunotherapy. Trends Cancer (2020) 6(2):86–97. doi: 10.1016/j.trecan.2019.12.007

67. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistics, 2022. CA Cancer J Clin (2022) 72(1):7–33. doi: 10.3322/caac.21708

68. Robles, AI, and Harris, CC. Clinical outcomes and correlates of Tp53 mutations and cancer. Cold Spring Harb Perspect Biol (2010) 2(3):a001016. doi: 10.1101/cshperspect.a001016

69. Oren, M, and Rotter, V. Mutant P53 gain-of-Function in cancer. Cold Spring Harb Perspect Biol (2010) 2(2):a001107. doi: 10.1101/cshperspect.a001107

70. Greathouse, KL, White, JR, Vargas, AJ, Bliskovsky, VV, Beck, JA, von Muhlinen, N, et al. Interaction between the microbiome and Tp53 in human lung cancer. Genome Biol (2018) 19(1):123. doi: 10.1186/s13059-018-1501-6

71. Gustafson, AM, Soldi, R, Anderlind, C, Scholand, MB, Qian, J, Zhang, X, et al. Airway Pi3k pathway activation is an early and reversible event in lung cancer development. Sci Transl Med (2010) 2(26):26ra5. doi: 10.1126/scitranslmed.3000251

72. Pilette, C, Ouadrhiri, Y, Godding, V, Vaerman, JP, and Sibille, Y. Lung mucosal immunity: Immunoglobulin-a revisited. Eur Respir J (2001) 18(3):571–88. doi: 10.1183/09031936.01.00228801

73. Huffnagle, GB, Dickson, RP, and Lukacs, NW. The respiratory tract microbiome and lung inflammation: A two-way Street. Mucosal Immunol (2017) 10(2):299–306. doi: 10.1038/mi.2016.108

74. Lloyd, CM, and Marsland, BJ. Lung homeostasis: Influence of age, microbes, and the immune system. Immunity (2017) 46(4):549–61. doi: 10.1016/j.immuni.2017.04.005

75. Le Noci, V, Guglielmetti, S, Arioli, S, Camisaschi, C, Bianchi, F, Sommariva, M, et al. Modulation of pulmonary microbiota by antibiotic or probiotic aerosol therapy: A strategy to promote immunosurveillance against lung metastases. Cell Rep (2018) 24(13):3528–38. doi: 10.1016/j.celrep.2018.08.090

76. Chen, W, Zheng, R, Baade, PD, Zhang, S, Zeng, H, Bray, F, et al. Cancer statistics in China, 2015. CA Cancer J Clin (2016) 66(2):115–32. doi: 10.3322/caac.21338

77. Li, S, Fuhler, GM, Bn, N, Jose, T, Bruno, MJ, Peppelenbosch, MP, et al. Pancreatic cyst fluid harbors a unique microbiome. Microbiome (2017) 5(1):147. doi: 10.1186/s40168-017-0363-6

78. Pushalkar, S, Hundeyin, M, Daley, D, Zambirinis, CP, Kurz, E, Mishra, A, et al. The pancreatic cancer microbiome promotes oncogenesis by induction of innate and adaptive immune suppression. Cancer Discovery (2018) 8(4):403–16. doi: 10.1158/2159-8290.Cd-17-1134

79. Balachandran, VP, Łuksza, M, Zhao, JN, Makarov, V, Moral, JA, Remark, R, et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature (2017) 551(7681):512–6. doi: 10.1038/nature24462

80. Aykut, B, Pushalkar, S, Chen, R, Li, Q, Abengozar, R, Kim, JI, et al. The fungal mycobiome promotes pancreatic oncogenesis Via activation of mbl. Nature (2019) 574(7777):264–7. doi: 10.1038/s41586-019-1608-2

81. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

82. Shalapour, S, and Karin, M. Cruel to be kind: Epithelial, microbial, and immune cell interactions in gastrointestinal cancers. Annu Rev Immunol (2020) 38:649–71. doi: 10.1146/annurev-immunol-082019-081656

83. Arthur, JC, Perez-Chanona, E, Mühlbauer, M, Tomkovich, S, Uronis, JM, Fan, TJ, et al. Intestinal inflammation targets cancer-inducing activity of the microbiota. Science (2012) 338(6103):120–3. doi: 10.1126/science.1224820

84. Kostic, AD, Gevers, D, Pedamallu, CS, Michaud, M, Duke, F, Earl, AM, et al. Genomic analysis identifies association of fusobacterium with colorectal carcinoma. Genome Res (2012) 22(2):292–8. doi: 10.1101/gr.126573.111

85. Castellarin, M, Warren, RL, Freeman, JD, Dreolini, L, Krzywinski, M, Strauss, J, et al. Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res (2012) 22(2):299–306. doi: 10.1101/gr.126516.111

86. Marchesi, JR, Dutilh, BE, Hall, N, Peters, WH, Roelofs, R, Boleij, A, et al. Towards the human colorectal cancer microbiome. PloS One (2011) 6(5):e20447. doi: 10.1371/journal.pone.0020447

87. Bullman, S, Pedamallu, CS, Sicinska, E, Clancy, TE, Zhang, X, Cai, D, et al. Analysis of fusobacterium persistence and antibiotic response in colorectal cancer. Science (2017) 358(6369):1443–8. doi: 10.1126/science.aal5240

88. Boleij, A, Hechenbleikner, EM, Goodwin, AC, Badani, R, Stein, EM, Lazarev, MG, et al. The bacteroides fragilis toxin gene is prevalent in the colon mucosa of colorectal cancer patients. Clin Infect Dis (2015) 60(2):208–15. doi: 10.1093/cid/ciu787

89. Dejea, CM, Fathi, P, Craig, JM, Boleij, A, Taddese, R, Geis, AL, et al. Patients with familial adenomatous polyposis harbor colonic biofilms containing tumorigenic bacteria. Science (2018) 359(6375):592–7. doi: 10.1126/science.aah3648

90. Wilson, MR, Jiang, Y, Villalta, PW, Stornetta, A, Boudreau, PD, Carrá, A, et al. The human gut bacterial genotoxin colibactin alkylates DNA. Science (2019) 363(6428):eaar7785. doi: 10.1126/science.aar7785

91. Shi, Y, Zheng, W, Yang, K, Harris, KG, Ni, K, Xue, L, et al. Intratumoral accumulation of gut microbiota facilitates Cd47-based immunotherapy via sting signaling. J Exp Med (2020) 217(5):e20192282. doi: 10.1084/jem.20192282

92. Liang, Y, Zhang, H, Song, X, and Yang, Q. Metastatic heterogeneity of breast cancer: Molecular mechanism and potential therapeutic targets. Semin Cancer Biol (2020) 60:14–27. doi: 10.1016/j.semcancer.2019.08.012

93. Urbaniak, C, Cummins, J, Brackstone, M, Macklaim, JM, Gloor, GB, Baban, CK, et al. Microbiota of human breast tissue. Appl Environ Microbiol (2014) 80(10):3007–14. doi: 10.1128/aem.00242-14

94. Hieken, TJ, Chen, J, Hoskin, TL, Walther-Antonio, M, Johnson, S, Ramaker, S, et al. The microbiome of aseptically collected human breast tissue in benign and malignant disease. Sci Rep (2016) 6:30751. doi: 10.1038/srep30751

95. Banerjee, S, Tian, T, Wei, Z, Shih, N, Feldman, MD, Peck, KN, et al. Distinct microbial signatures associated with different breast cancer types. Front Microbiol (2018) 9:951. doi: 10.3389/fmicb.2018.00951

96. Kovács, T, Mikó, E, Ujlaki, G, Yousef, H, Csontos, V, Uray, K, et al. The involvement of oncobiosis and bacterial metabolite signaling in metastasis formation in breast cancer. Cancer Metastasis Rev (2021) 40(4):1223–49. doi: 10.1007/s10555-021-10013-3

97. Banerjee, S, Wei, Z, Tian, T, Bose, D, Shih, NNC, Feldman, MD, et al. Prognostic correlations with the microbiome of breast cancer subtypes. Cell Death Dis (2021) 12(9):831. doi: 10.1038/s41419-021-04092-x

98. Tzeng, A, Sangwan, N, Jia, M, Liu, CC, Keslar, KS, Downs-Kelly, E, et al. Human breast microbiome correlates with prognostic features and immunological signatures in breast cancer. Genome Med (2021) 13(1):60. doi: 10.1186/s13073-021-00874-2

99. Lewis, DA, Brown, R, Williams, J, White, P, Jacobson, SK, Marchesi, JR, et al. The human urinary microbiome; bacterial DNA in voided urine of asymptomatic adults. Front Cell infect Microbiol (2013) 3:41. doi: 10.3389/fcimb.2013.00041

100. Bučević Popović, V, Šitum, M, Chow, CT, Chan, LS, Roje, B, and Terzić, J. The urinary microbiome associated with bladder cancer. Sci Rep (2018) 8(1):12157. doi: 10.1038/s41598-018-29054-w

101. Bi, H, Tian, Y, Song, C, Li, J, Liu, T, Chen, Z, et al. Urinary microbiota - a potential biomarker and therapeutic target for bladder cancer. J Med Microbiol (2019) 68(10):1471–8. doi: 10.1099/jmm.0.001058

102. Burger, M, Catto, JW, Dalbagni, G, Grossman, HB, Herr, H, Karakiewicz, P, et al. Epidemiology and risk factors of urothelial bladder cancer. Eur Urol (2013) 63(2):234–41. doi: 10.1016/j.eururo.2012.07.033

103. Wang, J, Li, X, Wu, X, Wang, Z, Zhang, C, Cao, G, et al. Uncovering the microbiota in renal cell carcinoma tissue using 16s rrna gene sequencing. J Cancer Res Clin Oncol (2021) 147(2):481–91. doi: 10.1007/s00432-020-03462-w

104. Ma, J, Gnanasekar, A, Lee, A, Li, WT, Haas, M, Wang-Rodriguez, J, et al. Influence of intratumor microbiome on clinical outcome and immune processes in prostate cancer. Cancers (2020) 12(9):2524. doi: 10.3390/cancers12092524

105. Daisley, BA, Chanyi, RM, Abdur-Rashid, K, Al, KF, Gibbons, S, Chmiel, JA, et al. Abiraterone acetate preferentially enriches for the gut commensal akkermansia muciniphila in castrate-resistant prostate cancer patients. Nat Commun (2020) 11(1):4822. doi: 10.1038/s41467-020-18649-5

106. Banerjee, S, Tian, T, Wei, Z, Shih, N, Feldman, MD, Alwine, JC, et al. The ovarian cancer oncobiome. Oncotarget (2017) 8(22):36225–45. doi: 10.18632/oncotarget.16717

107. Walther-António, MR, Chen, J, Multinu, F, Hokenstad, A, Distad, TJ, Cheek, EH, et al. Potential contribution of the uterine microbiome in the development of endometrial cancer. Genome Med (2016) 8(1):122. doi: 10.1186/s13073-016-0368-y

108. Kalaora, S, Nagler, A, Nejman, D, Alon, M, Barbolin, C, Barnea, E, et al. Identification of bacteria-derived hla-bound peptides in melanoma. Nature (2021) 592(7852):138–43. doi: 10.1038/s41586-021-03368-8

109. Qu, D, Wang, Y, Xia, Q, Chang, J, Jiang, X, and Zhang, H. Intratumoral microbiome of human primary liver cancer. Hepatol Commun (2022) 6(7):1741–52. doi: 10.1002/hep4.1908

110. Wang, Y, Guo, H, Gao, X, and Wang, J. The intratumor microbiota signatures associate with subtype, tumor stage, and survival status of esophageal carcinoma. Front Oncol (2021) 11:754788. doi: 10.3389/fonc.2021.754788

111. Qiao, H, Tan, XR, Li, H, Li, JY, Chen, XZ, Li, YQ, et al. Association of intratumoral microbiota with prognosis in patients with nasopharyngeal carcinoma from 2 hospitals in China. JAMA Oncol (2022) 8(9):1301–9. doi: 10.1001/jamaoncol.2022.2810

112. Mrázek, J, Mekadim, C, Kučerová, P, Švejstil, R, Salmonová, H, Vlasáková, J, et al. Melanoma-related changes in skin microbiome. Folia microbiol (2019) 64(3):435–42. doi: 10.1007/s12223-018-00670-3

113. Nakatsuji, T, Chen, TH, Butcher, AM, Trzoss, LL, Nam, SJ, Shirakawa, KT, et al. A commensal strain of staphylococcus epidermidis protects against skin neoplasia. Sci Adv (2018) 4(2):eaao4502. doi: 10.1126/sciadv.aao4502

114. Yan, X, Yang, M, Liu, J, Gao, R, Hu, J, Li, J, et al. Discovery and validation of potential bacterial biomarkers for lung cancer. Am J Cancer Res (2015) 5(10):3111–22.

115. Gomes, S, Cavadas, B, Ferreira, JC, Marques, PI, Monteiro, C, Sucena, M, et al. Profiling of lung microbiota discloses differences in adenocarcinoma and squamous cell carcinoma. Sci Rep (2019) 9(1):12838. doi: 10.1038/s41598-019-49195-w

116. Garrett, WS. The gut microbiota and colon cancer. Science (2019) 364(6446):1133–5. doi: 10.1126/science.aaw2367

117. Salehan, MR, and Morse, HR. DNA Damage repair and tolerance: A role in chemotherapeutic drug resistance. Br J BioMed Sci (2013) 70(1):31–40. doi: 10.1080/09674845.2013.11669927

118. Han, Y, Liu, D, and Li, L. Pd-1/Pd-L1 pathway: Current researches in cancer. Am J Cancer Res (2020) 10(3):727–42.

119. Cogdill, AP, Gaudreau, PO, Arora, R, Gopalakrishnan, V, and Wargo, JA. The impact of intratumoral and gastrointestinal microbiota on systemic cancer therapy. Trends Immunol (2018) 39(11):900–20. doi: 10.1016/j.it.2018.09.007

120. Sevcikova, A, Izoldova, N, Stevurkova, V, Kasperova, B, Chovanec, M, Ciernikova, S, et al. The impact of the microbiome on resistance to cancer treatment with chemotherapeutic agents and immunotherapy. Int J Mol Sci (2022) 23(1):488. doi: 10.3390/ijms23010488

121. Zhao, K, and Hu, Y. Microbiome harbored within tumors: A new chance to revisit our understanding of cancer pathogenesis and treatment. Signal Transduct Target Ther (2020) 5(1):136. doi: 10.1038/s41392-020-00244-1

122. Lehouritis, P, Cummins, J, Stanton, M, Murphy, CT, McCarthy, FO, Reid, G, et al. Local bacteria affect the efficacy of chemotherapeutic drugs. Sci Rep (2015) 5:14554. doi: 10.1038/srep14554

123. Nemunaitis, J, Cunningham, C, Senzer, N, Kuhn, J, Cramm, J, Litz, C, et al. Pilot trial of genetically modified, attenuated salmonella expressing the e. coli cytosine deaminase gene in refractory cancer patients. Cancer Gene Ther (2003) 10(10):737–44. doi: 10.1038/sj.cgt.7700634

124. Zhang, S, Yang, Y, Weng, W, Guo, B, Cai, G, Ma, Y, et al. Fusobacterium nucleatum promotes chemoresistance to 5-fluorouracil by upregulation of Birc3 expression in colorectal cancer. J Exp Clin Cancer Res (2019) 38(1):14. doi: 10.1186/s13046-018-0985-y

125. Iwai, Y, Hamanishi, J, Chamoto, K, and Honjo, T. Cancer immunotherapies targeting the pd-1 signaling pathway. J BioMed Sci (2017) 24(1):26. doi: 10.1186/s12929-017-0329-9

126. O'Donnell, JS, Long, GV, Scolyer, RA, Teng, MW, and Smyth, MJ. Resistance to Pd1/Pdl1 checkpoint inhibition. Cancer Treat Rev (2017) 52:71–81. doi: 10.1016/j.ctrv.2016.11.007

127. Fessler, J, Matson, V, and Gajewski, TF. Exploring the emerging role of the microbiome in cancer immunotherapy. J Immunother Cancer (2019) 7(1):108. doi: 10.1186/s40425-019-0574-4

128. Sivan, A, Corrales, L, Hubert, N, Williams, JB, Aquino-Michaels, K, Earley, ZM, et al. Commensal bifidobacterium promotes antitumor immunity and facilitates anti-Pd-L1 efficacy. Science (2015) 350(6264):1084–9. doi: 10.1126/science.aac4255

129. Vétizou, M, Pitt, JM, Daillère, R, Lepage, P, Waldschmitt, N, Flament, C, et al. Anticancer immunotherapy by ctla-4 blockade relies on the gut microbiota. Science (2015) 350(6264):1079–84. doi: 10.1126/science.aad1329

130. Lambin, P, Theys, J, Landuyt, W, Rijken, P, van der Kogel, A, van der Schueren, E, et al. Colonisation of clostridium in the body is restricted to hypoxic and necrotic areas of tumours. Anaerobe (1998) 4(4):183–8. doi: 10.1006/anae.1998.0161

131. Dang, LH, Bettegowda, C, Huso, DL, Kinzler, KW, and Vogelstein, B. Combination bacteriolytic therapy for the treatment of experimental tumors. Proc Natl Acad Sci United States America (2001) 98(26):15155–60. doi: 10.1073/pnas.251543698

132. Zhou, S, Gravekamp, C, Bermudes, D, and Liu, K. Tumour-targeting bacteria engineered to fight cancer. Nat Rev Cancer (2018) 18(12):727–43. doi: 10.1038/s41568-018-0070-z

133. Liang, K, Liu, Q, Li, P, Luo, H, Wang, H, and Kong, Q. Genetically engineered salmonella typhimurium: Recent advances in cancer therapy. Cancer Lett (2019) 448:168–81. doi: 10.1016/j.canlet.2019.01.037

134. Chen, J, Qiao, Y, Tang, B, Chen, G, Liu, X, Yang, B, et al. Modulation of salmonella tumor-colonization and intratumoral anti-angiogenesis by triptolide and its mechanism. Theranostics (2017) 7(8):2250–60. doi: 10.7150/thno.18816

135. Guo, Y, Chen, Y, Liu, X, Min, JJ, Tan, W, and Zheng, JH. Targeted cancer immunotherapy with genetically engineered oncolytic salmonella typhimurium. Cancer Lett (2020) 469:102–10. doi: 10.1016/j.canlet.2019.10.033



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gao, Yu, Rao, Sun, Yu, Wang, Cui and Ren. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-1051987-g001.jpg
Engaging host pathways involved in carcinogenesis

Metabolite 7
%o

DNA destruction f

& %
k—r

Carcinogenesis

Immune cells

o O
[

\. ° 4 /
L)

oo e .. = .
°® Initiating inflammation

Inflammatory factors





OEBPS/Images/fimmu-13-1051987-g003.jpg
Altering the activity of chemotherapeutic agents ) )
Promoting chemoresistance by regulating autophagy

%o %o
° o..‘ € ° o..‘
° °

Dendritic cells

CDS8+T cells

Altering the immune microenvironment of tumors J .
e 00 S TNF Protein

Inhibition of tumor angiogenesis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The effect of the intratumoral microbiome on tumor occurrence, progression, prognosis and treatment

      

        		

          Introduction

        



        		

          Mechanisms by which the intratumoral microbiome affects tumorigenesis and tumor metastasis

        

          		

            Intratumoral microbiome and tumorigenesis

          



          		

            Intratumoral microbiome and tumor metastasis

          



        



        



        		

          Intratumoral microbiome and human solid tumors

        

          		

            Lung cancer

          



          		

            Pancreatic cancer

          



          		

            Colorectal cancer

          



          		

            Breast cancer

          



          		

            Genitourinary cancers

          



          		

            Other cancers

          



        



        



        		

          Intratumoral microbiome and tumor treatment

        

          		

            Effects of intratumoral bacteria on the chemotherapy response

          



          		

            Effects of intratumoral bacteria on immunotherapy

          



        



        



        		

          Conclusion and perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2022.1051987_cover.jpg
’ frontiers ‘ Frontiers in Immunology

The effect of the intratumoral
microbiome on tumor
occurrence, progression,
prognosis and treatment





OEBPS/Images/fimmu-13-1051987-g002.jpg
Tumor cell

Inhibit apoptosis

o,

b’

Promote

Hematogenous angiogenesis
metastasis

____________________________________________________________________________________

" RN T - R

Liver Brain Intestine Lung





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/table1.jpg
Tumor type

Lung cancer

Pancreatic cancer

Colorectal cancer
(CRC)

Breast cancer (BC)
Esophageal cancer

Nasopharyngeal
carcinoma

N/A, Not applicable.

Associated intratumoral microbiome
organism(s)

Streptococcus and Veillonella (42, 63, 64, 114)

Prevotella and Rothia (42)
Acidovorax (70)

Thermus and Legionella (60)
Acinetobacter (64, 115)
Granulicatella adiacens (64)

Brevundimonas, Propionibacterium, and Enterobacter
(115)

Megasphaera (63)
Capnocytophaga (65)
Malassezia spp (80).

Gammaproteobacteria (19)

Pseudoxanthomonas, Streptomyces-Saccharopolyspora
and Bacillus clausii (11)

Fusobacterium nucleatum (12, 18, 48, 84, 85, 87, 116)

Enterotoxigenic Bacteroides fragilis (ETBF) (40, 89)

Escherichia coli (83, 89, 90)
Fusobacterium nucleatum
(13)

Fusobacterium nucleatum
(16)

Turicibacter (20)

Proposed mechanism

Upregulates patient ERK and PI3K signaling pathways to promote lung cancer cell
proliferation and tissue invasion (42)

N/A
Induces tumorigenesis via mutations in the tumor suppressor TP53 (70)
N/A
N/A
N/A
N/A

N/A
N/A
Activates the host complement cascade by binding MBL, thereby promoting PDAC (80)

Induces PDAC chemoresistance by converting the chemotherapeutic agent gemcitabine
into its inactive form (19)

Promotes antitumor immune response by recruiting and activating CD8+ T cells (11)

Recruits tumor-infiltrating immune cells to create a proinflammatory microenvironment
conducive to CRC progression (48)

Promotes CRC by participating in the regulation of E-cadherin/-catenin signaling (12)

Stimulates the transcription and translation of the proto-oncogene c-myc, thereby
triggering persistent cellular proliferation (40)

Promotes IL-17-mediated inflammation by enriching other bacteria and immune cells in
local tumor tissue (89)

Promotes CRC by directly damaging the DNA of colonic epithelial cells (90)

Accelerates BC progression and metastasis by inhibiting T-cell aggregation in the tumor
microenvironment (13)

Promotes the invasion of tumors by activating chemokines such as CCL20 (16)

N/A





