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KEYWORDS Abstract Intra-tumoral microbes have been revealed to exist in many cancer types, attract-
Cancer; ing widespread attention. The significance of intra-tumoral microbes is becoming increasingly
Characteristics; apparent in various aspects of human cancers, encompassing cancer initiation, progression,
Diagnosis; metastasis, diagnostic approaches, prognostic evaluations, and therapeutic interventions.
Intra-tumoral Despite the considerable focus dedicated to this topic by numerous scholars, a comprehensive
microbiota; analysis of intra-tumoral microbiota is still lacking in human cancers. Especially, identifying
Prognosis; specific microbial hallmarks in the occurrence and development of cancer and different can-
Therapy cers remains the central task for investigators. This review focuses on the identification and

analysis of distinct attributes and noteworthy characteristics exhibited by intra-tumoral micro-
biota across various types of cancer. The potential mechanisms of intra-tumoral microbiota ac-
tion, as well as the significance of the microbiome in the diagnosis and prognosis of cancer, are
systematically summarized. The capacity of intra-tumoral microbes to regulate cancer treat-
ment with a focus on the relevant microbial species, and the possibility of targeting the
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microbiota to improve treatment effectiveness while preventing toxicity, are specifically high-
lighted. Lastly, the challenges, limitations, and prospects of intra-tumoral microbes in further
study and clinical application, including prognostic, diagnostic, and therapeutic applications,
are discussed in cancers. This review provides a systematic summary of the specific character-
istics, molecular mechanisms, therapeutic effects, and diagnostic and prognostic values of
intra-tumoral microbiota in different cancers, which will help improve the diagnosis, treat-
ment, and prognosis of tumor patients and offer new ideas for achieving precise treatment
of cancer with intra-tumoral microbiota.

© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

The human microbiota consists of all microorganisms living
in different places in the human body, including the oral
cavity, respiratory tract, reproductive tract, and skin.'
Numerous studies have reported that human microbes are
closely related to human diseases such as obesity, diabetes,
hypertension, and malignant tumors.”™* Recently,
increased interest has been raised in the interaction be-
tween microbes and tumors. According to statistics in 2018,
about 13% of global cancer incidence is attributable to
microorganisms.® Microorganisms exist in tumor tissues
(intra-tumoral), and tissues adjacent to and/or distant
from tumors (extra-tumoral), such as the digestive tract
(gut), genitourinary tract, and respiratory tract.® For a long
time, gut microbiota has been the most widely followed
and studied. Recently, the discovery of intra-tumoral
microbiota has aroused the interest of researchers.” The
organs and tissues traditionally considered sterile are found
to have different types of microorganisms, and especially
tumor tissues have been shown to contain a large number of
microorganisms. It has been reported that the intra-tu-
moral microbiota exists in a variety of major cancers, such
as breast cancer, pancreatic cancer, lung cancer, prostate
cancer, colorectal cancer (CRC), and ovarian cancer.®~"" An
increasing number of studies exhibit a close association of
intra-tumor microbiota with tumor types, occurrence and
development, immune regulation, and therapy.'>'> How-
ever, the characteristics, roles, and mechanisms, as well as
the diagnostic, prognostic, and therapeutic potential of
intra-tumoral microbiota in different tumors, are still not
explored and determined due to scattered information re-
ported. The purpose of this review is to attempt to address
the issue by integrating and summarizing existing literature
results to obtain valuable information on intra-tumoral
microbiota in clinical applications.

The intra-tumoral microbiota and human cancers

As early as 100 years ago, scientists discovered the pres-
ence of bacteria in human tumor tissue samples for the first
time. With the advance of sequencing technology, the focus
on the microbiome of tumor tissue is increasing. Microor-
ganisms have been reported to exist in a variety of tumor
tissues, such as gastric cancer, breast cancer, pancreatic
cancer, lung cancer, prostate cancer, CRC, and ovarian
cancer.®'¥~1% pathological examinations have shown that

the intra-tumor microorganisms are present mostly intra-
cellular, both in cancer and immune cells.®

Intra-tumoral microbiota and breast cancer

Breast tissue was once thought to be sterile, whereas the
presence of bacteria in breast tumor cells has been
confirmed. Breast cancers have a richer and more diverse
bacterial microbiome than other cancer types, and the
bacterial load and richness are higher in breast cancer tis-
sues than in normal samples.® The most abundant phyla are
Proteobacteria, Actinobacteria, Firmicutes, and Bacter-
oidetes in breast tissue.’® It has been shown that no dif-
ferences in bacterial types are observed between cancer
tissues and adjacent normal tissues in breast cancer pa-
tients by 16S rRNA amplicon sequencing. However,
compared with normal tissue of healthy controls, higher
abundances of Staphylococcus, Enterobacteriaceae, and
Bacillus are found in tumor tissues of breast cancer; on the
contrary, higher abundances of Streptococcus and Lacto-
coccus are observed in healthy tissues than breast cancer
tissues.®'>?" Breast malignancy is associated with the
enrichment of lower-abundance bacterial taxa, and the
bacterial taxa include Lactobacillus, Fusobacterium,
Hydrogenophaga, Atopobium, and Gluconacetobacter.??
Moreover, the relative abundance of family Bacteroidaceae
is decreased, and the abundance of the genus Agrococcus is
increased with the development of breast cancer.?® Bac-
terial microbiome signatures differ between breast cancer
subtypes.?*?> Actinomyces, Brevundimonas, Bartonella,
Coxiella, Sphingomonas, Mycobacterium, and Mobiluncus
can be detected in the samples of all breast cancer sub-
types.?* The bacterial signature in the estrogen receptor
(ER) subtype is the most complex. Actinomycetaceae fam-
ily, Sphingomonas_US124, Streptophyta_UF_UG116 genus,
Alkanindiges genus, Actinomyces odontolyticus, and Lau-
tropia_US38 are enriched in ER™ breast cancer, while
Arcanobacterium, Bifidobacterium, Cardiobacterium, Cit-
robacter, Escherichia, and Bartonella genus are signifi-
cantly detected in ER * breast cancer samples.®?*
Granulicatella_US31, Streptococcus, and Dyadobacter
genera are enriched in human epidermal growth factor
receptor 2-positive (HER2") breast cancer.®?* Bordetella,
Campylobacter, Legionella, and Pasteurella are signifi-
cantly enriched in triple-positive breast cancer (TPBC). "%
Aerococcus, Arcobacter, Geobacillus, Orientia, Rothia,
Achromobacter denitrificans, Leptotrichia_US21,
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Bacillus_US21,  Streptophyta_UF_UG116,  Turicibacter
genus, Nocardiopsaceae family, and Achromobacter genus
are enriched, while Actinomyces is markedly low in triple-
negative breast cancer (TNBC).'>%42° The results of the
above research suggest that the various subtypes of breast
cancer have varied bacterial micro-organisms with aspects
that are specific to each type as well as shared compo-
nents, indicating that the changes in composition and
function of bacteria may be driving breast cancer progres-
sion. Besides, there are geographic differences in the
bacterial microbiome in breast cancer.?’-?® Staphylococcus
and Enterobacteriaceae in normal breast tissue are more
abundant in Irish samples than in Canadian samples.?’ In
Asiatic patients, an increased representation of the Pro-
pionicimonas genus and Micrococcaceae, Methylobacter-
iaceae, Caulobacteraceae, Nocardioidaceae, and
Rhodobacteraceae families has been observed in breast
cancer tissues.?® In Canadian patients with TNBC, a higher
abundance of Enterobacteriaceae, Bacillus, and Staphylo-
coccus in breast cancer tissue has been found compared
with normal breast tissue.?® These differences may be
associated with different regions’ eating habits, living en-
vironments, and metabolic levels.?’

The predominant fungal, viral, and parasitic signatures
are detected in breast cancer tissues. The fungi of Ajello-
myces, Rhizomucor, Alternaria, Filobasidiella, Cunning-
hamella, Trichophyton, and Epidermophyton are detected
in breast cancer samples, while not detected in healthy
samples.’* The fungi of Filobasidiella, Trichophyton, and
Mucor have been found to specifically present in
ER T breast cancer samples, Epidermophyton, Fonsecaea,
and Pseudallescheria uniquely exist in HER2™ breast cancer
samples, Penicillium specifically presents in TPBC samples,
and Alternaria, Malassezia, Piedraia, and Rhizomucor
uniquely exist in TNBC samples.”* Moreover, Fonsecaea
pedrosoi, Piedraia hortae, Phialophora verrucosa, Paeci-
lomyces reniformis, and Pleistophora mulleris are detec-
ted in most TNBC tissues, while they are underrepresented
in normal samples.?® It is of note that characteristic
changes have been observed in the virome of breast cancer
tissues. The viral families, including Adenoviridae, Filovir-
idae, Anelloviridae, Bunyaviridae, Arenaviridae, Flavivir-
idae, Coronaviridae, Iridoviridae, Herpesviridae,
Paramyxoviridae, Papillomaviridae, Picornaviridae, Par-
voviridae, Reoviridae, Poxviridae, Rhabdoviridae, and
Retroviridae, are detected in the samples of all the breast
cancer types compared with the control group.?* Some viral
families are detected significantly only in a specific subtype
of breast cancer. Birneviridae and Hepeviridae families are
only detected in TPBC samples, and Nodaviridae is only
detected in HER2* breast cancer samples.?* Furthermore,
Herpesviridae (HCMV, HHV1, KSHV, and EBV/HHV4), Ret-
roviridae (Fujinami sarcoma virus and mouse mammary
tumor virus (MMTV)), Parapoxviridae, Polyomaviridae
(Merkel cell polyomavirus and simian virus 40), Papil-
lomaviridae (HPV6b, HPV18, HPV2, and HPV16) families are
detected in TNBC samples.?® As in the case of fungi, no
single genus of parasite is detected in all four breast tumor
subtypes.?* Paragonimus and Brugia are only detected in
ER" breast cancer samples, Balamuthia is positively
correlated with HER2" breast cancer samples, Ancylos-
toma, Echinococcus, Angiostrongylus, Trichomonas,

Sarcocystis, and Trichostrongylus are found to be uniquely
positively correlated with TPBC samples, and Leishmania,
Centrocestus, Necator, Contracaecum, Toxocara, Oncho-
cerca, Trichuris, and Trichinella are significantly detected
only in TNBC samples.”* In addition, Mansonella and
Strongyloides are also detected in TNBC samples, and Tri-
churis trichura, Thelazia gulosa, and Leishmania are the
major compositions in TNBC samples.?®> Up to now, Archaea
have not been found in normal breast tissue and breast
cancer tissue samples. These data show that intra-tumoral
microbiota has robust viral, fungal, and parasitic signa-
tures, and obvious differences in viral, fungal, and parasitic
signatures exist in different subtypes of breast cancer.

Intra-tumoral microbiota and lung cancer

Growing research has shown that lung tissues are not sterile
but harbor complex, diverse communities of microbes.*%"
At present, there are more microbiological studies on oral
and sputum samples of lung cancer patients, while fewer
studies are reported on characterizing microbiomes in lung
cancer tissues. A recent study has shown a distinct lung
bacterial microbiome in lung tumor patients by examining
the presence of lung tissue microbiome.®" At the phylum
level, Proteobacteria is increased and Firmicutes is
decreased in lung cancer tissues compared with non-cancer
tissues.>’ Lower bacterial diversity has also been found in
lung tumor tissues compared with non-tumor tissues.*°
Moreover, the genus Thermus is more abundant in lung
tumor tissues from advanced-stage patients (IlIB and 1V), and
Legionella is higher in the tissues of lung cancer patients
who developed metastases.*® Similarly, another study also
shows a significant decrease in bacterial diversity in lung
cancer tissues compared with normal controls.>? Genus
Streptococcus is significantly more abundant in cancer cases
than in the controls, while Staphylococcus is more abundant
in the controls.>? Interestingly, Dialister and Staphylococcus
abundance peaked in healthy samples, gradually declined in
non-cancerous tissues of lung tumor patients, and reached
the lowest presence in tumor tissues, whereas Streptococcus
and Neisseria significantly increased in the tissues from
healthy samples to lung cancer samples.>” Moreover, the
bacterial abundance of families Lachnospiraceae, Rumino-
coccaceae, and Bacteroidaceae, and genera Bacteroides,
Ruminococcus, Roseburia, and Faecalibacterium are signifi-
cantly enriched in normal lung tissues, while the abundance
of Sphingomonadaceae and Koribacteraceae is significantly
enriched in lung cancer tissues.>* Compared with adjacent
non-tumor tissues, lung cancer samples show lower com-
munity richness (o diversity), whereas no difference in
overall bacterial microbiome dissimilarity (B diversity), and
at the taxa level, the Propionibacterium genus is reduced
significantly in lung cancer tissues compared with adjacent
non-cancer tissues.>* Usually, each patient with non-small
cell lung cancer seems to possess its bacterial signature, and
its two main subtypes, adenocarcinoma and squamous cell
carcinoma tissue, have no distinct bacterial profiles that are
shared by every patient.*> Furthermore, the enteric, path-
ogenic, and pro-inflammatory bacteria, such as Faecali-
bacterium, Escherichia-Shigella, Alloprevotella,
Brevundimonas, and Pseudomonas, are more frequently
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found in non-small cell lung cancer than healthy lung tis-
sues.’® A complete genome of trichodysplasia spinulosa-
associated polyomavirus has been determined from lung
adenocarcinoma tissue samples.>® However, it seems that
fungi and parasites still have not been reported in lung
cancer tissues at present.

Intra-tumoral microbiota and prostate cancer

Analyses of prokaryotic and viral DNA sequences indicate
the presence of multiple and diverse microorganisms,
including bacterial, viral, parasitic, and fungal in prostate
cancer tissues.>”*® The microbiome in prostate tumor tis-
sue is quite diverse when compared with that in normal
tissue, which may provide markers for diagnostic and
prognostic purposes in prostate tumors.’”*® As early as
2000, bacterial DNA sequences were found, and subse-
quently, the bacteria have indeed been detected by mul-
tiple studies in prostate cancer tissues.?**°~*? The bacteria
isolated are mostly gram-negative with the phyla in
descending magnitude of Proteobacteria, Actinobacteria,
Bacteroidetes, and Firmicutes, and among these, Proteo-
bacteria is the most predominant phylum in prostate cancer
tissues.”* Significant differences are observed in specific
bacterial populations among tumor and non-tumor prostate
specimens at certain genera levels. Propionibacterium spp.
is the most abundant, and Staphylococcus spp. is more
represented in prostate tumor tissues.** The bacteria at the
genus level, such as Pseudomonas, Escherichia, Acineto-
bacter, and Propionibacterium, are enriched in prostate
cancer tissues.* In particular, Propionibacterium acnes has
been implicated in the development of prostate cancer.®
Helicobacter pylori (H. pylori) has been detected in pros-
tate cancer tissues, and H. pylori may integrate the cagA
sequences into specific chromosomes of tumor cells in
prostate cancer.”*> Some known and potential tumori-
genic viruses have been identified in prostate cancer tis-
sues, such as high-risk HPV strains 16 and 18, human
cytomegalovirus (HCMV), and Epstein—Barr virus (EBV).2*¢
Pieces of evidence have shown that BK polyomavirus (BKV)
and JC polyomavirus (JCV) are more commonly detected in
prostate cancer tissues than in normal controls, and BKV
may exert its oncogenic activity at early stages of prostate
cancer.””*® Other endogenous retroviruses, such as gam-
maretrovirus MMLV, betaretrovirus MMTV, and alphare-
trovirus RSV, have also been observed in prostate cancer
tissues.”* The majority of fungi are Ascomycota, and the
most prevalent fungal families detected are dermato-
phytes, yeasts, zygomycetes, and microsporidia in prostate
tumor tissues.”* The parasitic signatures found in prostate
cancer tissues have shown that Nematoda is the most
prevalent, followed by Platyhelminthes, Sarcomastigo-
phora, Acanthocephala, and Apicomplexa.”* Chlamydia
trachomatis has been found in at least 90 % of prostate
cancer tissue samples examined and is associated with an
increased risk for the development of prostate cancer.?* In
addition, Mycoplasma genitalium in tissues is indepen-
dently associated with prostate cancer and with higher
stages of prostate cancer patients.*” At present, archaea
have still not been found in normal and prostate cancer
tissue samples.

Intra-tumoral microbiota and pancreatic
cancer

Pancreatic cancer is a devastating and lethal malighancy,
and abundant intra-tumoral microbes have been found in
pancreatic cancer tissues.'”°%>" The number of Bifidobac-
teria, Gammaproteobacteria, H. pylori, and Clostridium
bacteria in pancreatic cancer tissues showed a significant
increase.”” In addition to Porphyromonas gingivalis (P.
gingivalis) and H. pylori, high proportions of Proteobac-
teria, Bacteroidetes, and Firmicutes species are also found
in pancreatic cancer tissues."” Interestingly, Fusobacterium
in pancreatic tumor tissues is related to worse prognosis of
pancreatic cancer patients independently, indicating
Fusobacterium may serve as a prognostic marker for
pancreatic cancer.’® Unexpectedly, intra-tumoral bacteria
are not always harmful to pancreatic cancer, and some
bacteria are related to improved clinical outcomes. Alpha-
diversity of tumor bacterial microbiome, defined as the
number of species present within each tumor sample, is
significantly higher in the long-term survivors compared
with short-term survivors.>* Three intra-tumoral bacteria,
Sachharopolyspora, Pseudoxanthomonas, and Strepto-
myces, are enriched in long-term survivors of pancreatic
cancer patients, being predictive of long-term survival.>* In
addition, Bacillus clausii, as one of the top species enriched
in long-term survivors, can combine with the three genus
signatures, Sachharopolyspora, Pseudoxanthomonas, and
Streptomyces, to highly predict the long-term survival of
pancreatic cancer patients.’* It has been revealed that HBV
DNA can be detected in pancreatic cancer tissues, sug-
gesting HBV infection in the pancreas may play an etiologic
role.> A higher abundance and distinct composition of
fungi are detected in pancreatic tumor tissues compared
with normal tissues, and Malassezia is enriched in pancre-
atic cancer tissues.>® Interestingly, microbiome dysbiosis
may drive pancreatic carcinogenesis by modulating in-
flammatory processes. Some oral, gastric, and duodenal
microbes can also colonize the pancreas and contribute to
the development of pancreatic cancer.”’” Up to now,
archaea and parasites have not been found in pancreatic
cancer tissues.

Intra-tumoral microbiota and gastric cancer

Since H. pylori was reported in 1983, researchers have
gradually realized the important role of microorganisms in
the occurrence and development of gastric cancer.”® It has
been widely accepted that chronic inflammation caused by
H. pylori infection is closely related to precancerous le-
sions. Nevertheless, not all patients with H. pylori infection
will develop gastric cancer, and eradication of H. pylori
cannot completely prevent gastric cancer, suggesting that
other microbiota in gastric tissues possibly play roles in the
development of gastric cancer and maintenance of local
lesion microenvironment. Recent studies have shown that
the abundance and diversity of bacteria in gastric cancer
tissues have increased, such as Streptococcus, Peptos-
treptococcus, and Fusobacterium being more abundant in
tumor tissues than in adjacent non-tumor tissues.>® %2 The
gastric microbiota is dominated by Proteobacteria in non-
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cancerous tissues and cancerous tissue samples, while the
ranking of phyla slightly differed with an increased abun-
dance of Firmicutes, Fusobacteria, Bacteroidetes, Acid-
obacteria, and Actinobacteria, but a decreased abundance
of Proteobacteria in cancerous tissues when compared with
non-cancerous tissues.”” The bacterial taxa enriched in
gastric cancer tissues are predominantly represented by
Fusobacterium and Streptococcus, whereas lactic acid-
producing bacteria such as Lactobacillus brevis and Lacto-
coccus lactis are more abundant in adjacent non-cancer
tissues.”® Importantly, the abundance of H. pylori
decreased in gastric cancer samples compared with non-
cancerous tissues.>®®' Gastric mucosa analyses have shown
a complex bacterial community in gastric cancer patients,
and Streptococcus, Lactobacillus, Veillonella, and Pre-
votella are dominant.®® Bacteroides uniformis and Pre-
votella copri are significantly decreased, while S.
anginosus, Propionibacterium acnes, and Prevotella mela-
ninogenica are increased in gastric tumor tissues compared
with normal tissues.®® In addition, the association analysis
between H. pylori infection and gastric microbiota has
revealed that H. pylori abundance can remarkably affect
bacterial diversity in gastric cancer tissues.®® A significant
difference in bacterial microbiota has been observed in
non-atrophic gastritis and gastric cancer, and compared
with patients with gastritis, Pseudomonas is significantly
enriched, but the bacterial diversity is reduced in tumor
tissues.®® Furthermore, Porphyromonas, Neisseria, Strep-
tococcus sinensis, and TM7 gradually decrease, while
Lactobacillus coleohominis and Lachnospiraceae increase
gradually during the development of gastric cancer.®® In
contrast, another study has shown the relative richen of
Bacilli and Streptococcaceae, whereas the abundance of
Helicobacteraceae is significantly lower in gastric cancer
tissues compared with control samples.®’ Most researchers
have detected species of Prevotella, Veillonella, Strepto-
coccus, Fusobacterium, Neisseria, and Haemophilus in
gastric cancer tissues, and have shown the microbiota to be
subject-specific and differ among individuals.®” It has been
reported that CMV, EBV, and HHV6 are detected in gastric
tumor tissues, and among them, EBV is the most common
one of the genomes that specifically present within the
adjacent dysplastic epithelium and gastric carcinoma cells
but are absent in surrounding normal cells.®®~7° A recent
study has reported that fungal imbalance in tissues is
related to gastric cancer, and significant increases in the
genera Alternaria and Candida are observed in gastric
cancer tissues compared with non-tumor samples, while
other genera, Thermomyces and Saitozyma, are less
abundant in cancer tissues.”' So far, the parasitic and
archaeal microbiota have not been reported to colonize
gastric cancer tissues.

Intra-tumoral microbiota and colorectal cancer

The composition of fecal microbiota from the gut is not
fully concordant with that of the tumor tissue micro-
biome.”” It has been revealed that the bacterial structures
of CRC tissues and normal tissues differ significantly, and
Bacteroidetes, Firmicutes, and Fusobacteria are increased
in cancer tissue compared with normal tissue.”>"7¢

Lactobacillales, Lactococcus, Bacteroides, and Fusobacte-
rium are elevated, whereas Faecalibacterium, Pseudo-
monas, and Escherichia-Shigella are reduced in CRC tissues
compared with adjacent normal tissues.®”*”” The presence
of these bacteria is closely related to histologic grade,
poorer overall survival, and resistance to chemo-
therapy.”#”® Fusobacterium nucleatum (F. nucleatum), in
particular, is enriched in CRC tissue in numerous stud-
jes.”’8780 Recent studies have revealed that JC poly-
omavirus (JCPyV), high-risk HPVs (16, 18, 31, etc.), and EBV
are widely present in CRC tissues and are considered to
contribute to CRC.2""®2 The levels of enterovirus 71 (EV71)
are higher in CRC tissues than in adjacent non-cancerous
tissues and are positively associated with clinical stages
(TNM) of CRC patients.®® The differences in archaeal
composition have been observed between mucosal samples
from healthy and diseased tissues from tubular adenoma
and adenocarcinoma.®* Methanobacteriales is a unique
group detected in biopsies of CRC, and Methano-
brevibacterium and Methanobrevibacter smithii are the
major representative genus and species in CRC tissue.®*
Until now, it seems that there are still no reports about the
colonization of fungi and parasites in CRC tissues.

Intra-tumoral microbiota and ovarian cancer

Ovarian cancer is the most lethal malignancy of gynecologic
cancers, and cannot be diagnosed until the advanced stage
of cancer."® Studies have shown that vaginal infections and
colonization of the upper genital tract play an important
role in the development of ovarian cancer.®® Dysbiosis of
the vaginal microbiome may promote the development of
ovarian cancer by driving local inflammation. Progressive
colonization of the vaginal microbiota can promote
metastasis in breast cancer. This dysbiosis may provide new
ideas for early diagnosis and treatment of ovarian cancer.

Researchers have identified a distinct group of bacterial,
viral, parasitic, and fungal signatures of high significance in
ovarian cancer.®'®® The microbiome of ovarian tumor
tissues is completely different from the surrounding non-
tumor tissues, and compared with the control tissues,
Chryseobacterium, Enterococcus, Francisella, Pediococcus,
Sphingomonas, Shewanella, Staphylococcus, and Trepo-
nema are enriched in ovarian cancer samples.'® Addition-
ally, the enrichment of Brucella, Chlamydia, and
Mycoplasma has also been highlighted in ovarian cancer
tissues.®” Viruses have been found in ovarian cancer tissues,
mainly human Papillomavirus and Cytomegalovirus, which
may play important roles in ovarian carcinogenesis and
progression.'¢:8:8:8 The human Papillomavirus, including
not only HPV16 and HPV18, but also other HPVs (HPV-2, 4,
5, etc.), is detected in ovarian cancer tissues.'® Of course,
other viruses, including Poxviridae, Retroviridae, and Pol-
yomaviridae, have also been observed in ovarian cancer
tissues.’® Similar to that seen with viruses, fungal signa-
tures of ovarian tumor tissue are dramatically altered
compared with those of control, and Cladosporium, Acre-
monium, Pneumocystis, Malassezia, Cladophialophora, and
Microsporidia Pleistophora are detected only in ovarian
cancer tissue samples'®. The parasitic signature detected in
ovarian cancer tissues is far more complex than normal
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samples, and the presence of Chlamydia, Dipylidium, Tri-
churis, Mycoplasma, and Leishmania is found in ovarian
cancer tissues.'® It has been recently reported that archaea
transcript is identified in normal and ovarian cancer tis-
sues,’® whereas there is still no evidence on the association
between archaea in tissues and ovarian cancer, and the
types of archaea are still unclear in ovarian cancer tissues
at present.

Intra-tumoral microbiota and other cancers

In addition to the above-mentioned tumors, it is interesting
to note that intra-tumoral microorganisms have also been
identified in other cancer types, including melanoma, oral
squamous cell carcinoma, liver cancer, esophageal cancer,
bone cancer, and glioblastoma multiforme.®'>°! In mela-
noma, Clostridium and Gardnerella vaginalis exist in the
tumor tissue of patients with metastatic melanoma.® In oral
squamous cell carcinoma, the intra-tumoral microbiota is
dominated by bacterial species that belong to the Fuso-
bacterium and Treponema genera in tumor tissues.’ In liver
cancer, HBV and HCV are found to exist in tumor tissues.”"
Hepatocellular carcinoma tissue possesses a distinct
microbiome in comparison to the adjacent tissues, and the
tumor-associated microbiota of hepatocellular carcinoma
primarily consisted of Actinobacteria, Proteobacteria, and
Firmicutes.’? In esophageal cancer, detection of F. nucle-
atum in cancer tissues is related to shorter survival, and has
a potential role as a prognostic marker.”® In bone cancer,
Actinomycetes and Lactobacillales are significantly
enriched in tumor tissues.® In glioblastoma multiforme, the
Proteobacteria phylum is the most abundant bacteria
detected in glioblastoma multiforme tissues.® However,
very limited evidence has been seen about the association
of distinct microbes with these cancer types.

The summary and characteristics of intra-
tumoral microbiota in different cancers

An overview of intra-tumoral microbiota associated with
different cancers has been summarized in Table S1, and the
phylum, class, and order to which these microbes belong
have been determined using NCBI-Taxonomy and confirmed
using Bing. To further identify the possible characteristics of
intra-tumoral microbiota in different cancers, we analyzed
the intra-tumoral microbiota in cancers at phylum, class,
and order taxonomic levels. It seems that the intra-tumoral
microbiota has distinct characteristics at the phylum level in
different cancers. There are significant bacterial, viral,
fungal, and parasitic signatures at phylum in breast cancer,
prostate cancer, and ovarian cancer; bacterial, viral, and
fungal signatures at phylum in pancreatic cancer and gastric
cancer; bacterial, viral, and archaeal signatures at phylum in
CRC; bacterial and viral signatures at phylum in lung cancer;
only bacterial signatures at phylum in melanoma, oral
squamous cell carcinoma, esophageal cancer, bone cancer,
and glioblastoma multiforme; and only a viral signature at
phylum in liver cancer (Table 1 and Fig. 1). The detailed
microbiota signatures in different cancers are shown in Table
1 and Figure 1.

The mechanisms of intra-tumoral microbiota in
cancers

It has been clarified that there is an inseparable connection
between intra-tumoral microbiota and the occurrence and
development of cancers, and several mechanisms have
been revealed as potential modes of action.’ The tumor
microenvironment and cancer pathogenesis are intricately
linked. Tumor-associated microbes can induce genomic
instability, impact epigenetic modifications, modulate the
host’s immune response, and interact with the tumor
microenvironment to activate carcinogenic signaling path-
ways such as invasion and metastasis, thereby promoting
cancer occurrence and progression.”® Research has
demonstrated that tumor-associated microbes can enhance
genetic instability in cancer cells through mechanisms such
as DNA damage or interference with DNA repair processes,
ultimately influencing tumor advancement.”” In addition to
directly regulating cancer cells, the presence of microbes
within the tumor can also modify the tumor microenvi-
ronment and modulate the host’s immune response,
thereby impacting tumor metastasis.’® Certain bacteria
within the tumor influence the growth and activity of other
microbes through their metabolic products, thus governing
the tumor microenvironment and subsequently influencing
the cancer process.”” Moreover, tumor-associated microbes
can also impact cancer progression by participating in the
regulation of metabolic processes in cancer cells and
mediating changes in the secretion of cancer-related exo-
somes, which in turn regulate cancer-associated signaling
pathways.”®%°

Currently, the major mechanisms have been proposed to
elucidate the impact of intra-tumoral microbiota on the
initiation and progression of cancers: facilitation of genome
integration and DNA damage, activation of oncogenic
signaling pathways, and modulation of tumor immune
microenvironment (Fig. 2).

The intra-tumoral microbiota involved tumors
by genome integration and DNA damage

Intra-tumoral microbiota can directly affect the cancer
process through genome integration. In ovarian cancer tis-
sues, viral sequences can be widely integrated into the
genome of host tumor cells, for example, HPV gene E1/E2/
E5 regions can be integrated at various intronic regions of
host genes as well as upstream promoter regions, which
may potentially act roles on development and progression
of ovarian cancer.'® Another virus integration site of in-
terest is the coding sequences of the HHVI UL42 gene that
can be inserted into the intronic region of the neogenin
(NEO1) gene.'® Low expression of NEO1 has been observed
in various cancers, and the altered expression of NEO1
resulting in loss of pro-apoptotic activity plays important
roles in tumorigenesis.'®>'%" Intra-tumoral microbiota
possesses the ability to produce compounds that cause DNA
damage and genetic instability.”* For example, the pro-
duction of colicins in some Escherichia coli (E. coli) and
other Enterobacteriaceae can cause double-stranded DNA
breaks, and thereby promote the tumorigenesis of CRC."%?



Table 1  An overview of intra-tumoral microbiota associated with different cancers, with the characteristics of intra-tumoral microbiota at the phylum level.
Cancer types Subtype Differential bacterial Differential viral Differential fungal Differential parasitic Differential archaeal Reference
signatures signatures signatures sighatures signatures
Breast cancer Breast cancer Phylum: Phylum: Phylum:Ascomycetes, N/A N/A 20,21,23—25,27,28
Proteobacteria, Preplasmiviricota, Phylum:
Phylum: Phylum: Mucoromycota,
Actinobacteria, Polyploviricotina, Phylum:
Phylum: Phylum: Basidiomycota,
Bacteroidetes, Pisoniviricetes, Phylum:
Phylum:Firmicutes, = Phylum: Microsporidia.
Phylum: Bacilloidea, Haploviricotina,
Phylum:Fusobacteria. Phylum:
Kitrinoviricota,
Phylum:
Peploviricota,
Phylum:
Nucleocytoviricota,
Phylum:
Cossaviricota,
Phylum:Pisuviricota,
Phylum:
Duplornaviricota,
Phylum:
Artverviricota.
ER™ Phylum: N/A N/A N/A N/A
Actinobacteria,
Phylum:
Streptophyta,
Phylum:
Proteobacteria,
Phylum:
Actinobacteria.
ER" Phylum: N/A Phylum: Phylum:Nematoda, N/A
Actinobacteria, Basidiomycota, Phylum:
Phylum: Phylum: Platyhelminthes.
Proteobacteria. Mucoromycota,
Phylum:Ascomycetes.
HER2™ Phylum:Firmicutes, = Phylum: Phylum:Ascomycetes. Phylum:Discosea. N/A
Phylum: Kitrinoviricota.
Bacteroidetes.
TPBC Phylum: Phylum: Phylum:Ascomycetes. Phylum:Nematoda, N/A
Proteobacteria. Kitrinoviricota. Phylum:

Platyhelminthes,

(continued on next page)
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Table 1 (continued)

Cancer types

Differential bacterial

Differential viral

Differential fungal

Differential parasitic Differential archaeal

signatures signatures signatures signatures
Phylum:Apicomplexa,
Phylum:Parabasalia.

Phylum: Phylum: Phylum:Ascomycetes, Phylum:

Actinobacteria, Peploviricota, Phylum: Platyhelminthes,

Phylum:Firmicutes, = Phylum: Basidiomycota, Phylum:Nematoda,

Phylum: Artverviricota, Phylum: Phylum:Euglenozoa.

Proteobacteria, Phylum: Mucoromycota,

Phylum:Fusobacteria, Nucleocytoviricota, = Phylum:

Phylum: Phylum: Microsporidia.

Streptophyta, Cossaviricota.

Phylum:Bacillota.

Lung cancer Phylum:Firmicutes, = Phylum: N/A N/A
Phylum:Deinococcus- Cossaviricota.

Thermus, Phylum:

Proteobacteria,
Phylum:
Actinobacteria,
Phylum:
Bacteroidetes,
Phylum:Bacillota,
Phylum:
Pseudomonadota.

Prostate cancer Phylum: Phylum: Phylum:Ascomycetes, Phylum:Nematoda, 24,37,38,40,47,48
Proteobacteria, Cossaviricota, Phylum: Phylum:
Phylum:Firmicutes,  Phylum: Mucoromycota, Platyhelminthes,
Phylum: Peploviricota, Phylum: Phylum:Apicomplexa,
Actinobacteria, Phylum: Microsporidia. Phylum:

Phylum: Artverviricota. Acanthocephala,
Bacteroidetes. Phylum:Chlamydiae,
Phylum:Tenericutes.

Pancreatic cancer Phylum: Phylum: Phylum: N/A
Proteobacteria, Artverviricota. Basidiomycota.

Phylum:

Gastric cancer

Bacteroidetes,
Phylum:Firmicutes,
Phylum:
Actinobacteria,

Phylum:Fusobacteria.

Phylum:
Proteobacteria,

Phylum:
Peploviricota.

Phylum:Ascomycetes,
Phylum:

N/A
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Colorectal cancer

Ovarian cancer

Melanoma

Oral squamous cell carcinoma

Liver cancer

Esophageal cancer
Bone cancer

Phylum:Firmicutes,
Phylum:
Bacteroidetes,
Phylum:
Actinobacteria,
Phylum:
Acidobacteria,
Phylum:Fusobacteria,
Phylum:Candidatus-
Saccharibacteria
(TM7).

Phylum:
Bacteroidetes,
Phylum:Firmicutes,
Phylum:Fusobacteria,
Phylum:
Proteobacteria.
Phylum:Firmicutes,
Phylum:
Proteobacteria,
Phylum:
Bacteroidetes,
Phylum:Spirochaetes,
Phylum:Chlamydiae,
Phylum:Tenericutes.
Phylum:Firmicutes,
Phylum:
Actinobacteria.
Phylum:Fusobacteria,
Phylum:Spirochaete
Phylum:
Actinobacteria,
Phylum:
Proteobacteria,
Phylum:Firmicutes
Phylum:Fusobacteria.
Phylum:
Actinobacteria,
Phylum:Firmicutes.

Phylum:Pisuviricota,
Phylum:
Cossaviricota,
Phylum:
Peploviricota.

Phylum:
Nucleocytoviricota,
Phylum:
Artverviricota,
Phylum:
Cossaviricota,
Phylum:
Peploviricota.

N/A

N/A

Phylum:
Artverviricota,
Phylum:
Kitrinoviricota.

N/A
N/A

Basidiomycota.

N/A

Phylum:Ascomycetes,
Phylum:
Basidiomycota,
Phylum:
Microsporidia.

N/A

N/A

N/A

N/A
N/A

N/A

Phylum:Chlamydiae,
Phylum:
Platyhelminthes,
Phylum:Nematoda,
Phylum:Euglenozoa.

N/A

N/A

N/A

N/A
N/A

Phylum:
Euryarchaeota.

N/A

N/A

N/A

N/A

N/A
N/A

71-77,80—83

16,84,86,87

89,90
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Figure 1 The characteristics of intra-tumoral microbiota in human different cancers. It was summarized based on the current
reports of intra-tumoral microbiota in various cancer types, and the intra-tumoral microbiota has significant bacterial, viral,
fungal, and parasitic signatures at phylum level. BRCA, breast cancer; PRCA, prostate cancer; OVCA, ovarian cancer; PACA,
pancreatic cancer; GACA, gastric cancer; CRCA, colorectal cancer; LUCA, lung cancer; MELA, melanoma; ESCA, esophageal cancer;
BOCA, bone cancer; GLIO, glioblastoma multiforme; LICA, liver cancer; OSSA, oral squamous cell carcinoma.
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Figure 2 The mechanisms of intra-tumoral microbiota in human cancers. The intra-microbial-mediated mechanisms in cancer
are three major types: promotion of genome integration and DNA damage, activation of oncogenic signaling pathways, and
regulation of tumor immune micro-environment (TIME). Created with BioRender.com.

The intra-tumoral microbiota involved tumors gastric cancer and CRC, local commensal microbiota can
by activating oncogenic signaling pathways activate B-catenin expression, then facilitate transcription
of oncogenes like cyclin D-1 and c-Myc to advance carci-
nogenesis and progression of cancer.'® "% In lung cancer,
intra-tumoral microbiome dysbiosis, such as Veillonella and
Streptococcus, may up-regulate the extracellular signal-
regulated kinase (ERK) and phosphatidylinositol 3-kinase
(PI13K) pathway, and thereby promote carcinogenesis.” In

Aside from direct DNA damage, intra-tumoral microbiota
products can also participate in host oncogenic pathways,
for example, E. coli products can up-regulate Wnt/B-cat-
enin signaling pathway leading to carcinogenesis.'® In


https://www.biorender.com

Intra-tumoral microbiota in human cancers

11

addition, intracellular microbiota plays a key role in tumor
metastasis by regulating the cytoskeleton and cell viability
under mechanical stress in breast cancer.°

The intra-tumoral microbiota involved tumors
by regulating the tumor immune
microenvironment

The microbiota in tumor tissue constitutes an important part
of the tumor microenvironment, affecting tumor occurrence
and progression in a more local area. In tumor tissues, the
balance between microbiome and host immune system is
disrupted, and the changes of intra-tumoral microbiome
cause dysbiosis of the normal microenvironment to accel-
erate the progression of cancers.” Relevant studies have
shown that bacteria in breast cancer tissues affect tumori-
genesis by regulating the immune microenvironment, and
the variation of microbial diversity in breast tumors disrupts
homeostatic microbiome—immune interactions, resulting in
immune dysregulation and carcinogenesis.”""'% Aside from
affecting host immune responses directly, the microbiome of
breast tissue may also produce metabolites that influence
cancer and immune cells. In breast cancer, the species of
Streptococcus genus, which is present at much lower abun-
dance in tumor tissue, can synthesize cadaverine (a lysine
derivative) that represses epithelial-to-mesenchymal tran-
sition and tumor invasion,?%'%” and microbiota-derived bile
acids can be accumulated in breast tumor tissues, which is
correlated with decreased proliferation of tumor cells.'® In
esophageal cancer, F. nucleatum in tumor tissues promotes
tumor infiltration of regulatory T lymphocytes in a chemo-
kine-dependent manner, and thereby facilitates aggressive
tumor behavior.”® Intra-tumoral bacteria can alter the acti-
vation of regional immune cells and recruitment, influencing
the development and progression of cancer. The bacteria F.
nucleatum existing in the tumor microenvironment can
inhibit the activity of immune cells, such as various T cells
and natural killer cells.'® In CRC, F. nucleatum can produce
an immunosuppressive tumor microenvironment, reflected
in the inverse correlation between its abundance and CD3* T
cell density in tumor tissue of CRC.""® In some cases, intra-
tumoral bacteria may directly influence the immune acti-
vation of the tumor microenvironment, such as the F.
nucleatum in melanoma that drives human leukocyte anti-
gen presentation of bacterial peptides.’"" In addition, recent
reports have proved that the microbiome in breast tissue
produces metabolites that are different from the gut
microbiome, " suggesting different functions and mecha-
nisms of these different metabolites in breast cancer tissues.

The values of intra-tumoral microbiota in cancer
diagnosis and prognosis

The important characteristics of malignant tumors are poor
prognosis and clinical outcomes, which are largely due to
the lack of early diagnostic markers and powerful
therapies.'">~""® Therefore, there is an urgent requirement
to find early diagnostic markers with high accuracy and new
treatment strategies to improve the prognosis of cancer
patients. The strong connections between intra-tumoral

microbiota and various tumors suggest that intra-tumoral
microbiota have the potential to serve as novel diagnostic
or prognostic markers. Recently, many studies have begun
to reveal the diagnostic value and therapeutic potential of
intra-tumoral microbiota. More and more evidences
demonstrate that the intra-tumoral microbiota can be used
as a promising diagnostic and prognostic biomarker to
provide guidelines for the prevention and treatment of
different tumors. Testing the composition of the micro-
biome for cancer diagnosis has been raised in a few cancer
types.

The intra-tumoral microbiota and cancer
(early) diagnosis

As a component of tumors, intra-tumoral microbiota have
been shown to have the potential to be novel diagnostic
markers. The unique microbial signatures have been found in
tissue and blood within and between most major cancer
types, and the tumor tissues are successfully distinguished
from normal tissue by microbial composition, revealing the
potential diagnostic value of detecting intra-tumoral
microbiome.®" For example, F. nucleatum has been shown as
a potential diagnostic biomarker in cervical carcinoma.'"®

The intra-tumoral microbiota and prognosis of
cancer patients

As a component of tumors, intra-tumoral microbiota have
also been found to possess the potential as prognostic
markers, and the prognostic value of intra-tumoral micro-
biota in cancers has received extensive attention from re-
searchers. In cervical carcinoma, F. nucleatum could be a
potential prognostic biomarker.'® In lung cancer, higher
bacterial microbiome diversity and composition in normal
lung tissues are associated with the survival of lung cancer
patients. The greater bacterial abundance of families Lach-
nospiraceae, Ruminococcaceae, and Bacteroidaceae, and
genera Bacteroides, Ruminococcus, Roseburia, and Faecali-
bacterium in normal lung tissues is associated with reduced
disease-free and recurrence-free survival of lung cancer
patients, while the greater abundance of Sphingomonada-
ceae and Koribacteraceae is associated with increased dis-
ease-free survival of lung cancer patients.>* Higher
abundance of Koribacteraceae is associated with increased
recurrence-free survival and disease-free survival of lung
cancer patients, while higher abundance of Bacteroidaceae,
Ruminococcaceae, and Lachnospiraceae is related to
reduced survival of lung cancer patients.>* In nasopharyn-
geal carcinoma, patients with a higher intra-tumoral bacte-
rial load had inferior rates of disease-free survival, distant
metastasis-free survival, and overall survival than those with
a low bacterial load.” In esophageal squamous cell carci-
noma, high levels of intra-tumoral F. nucleatum indicated
poor prognosis in patients.’”® Moreover, the higher number
of F. nucleatum in CRC tissues is associated with poor sur-
vival of metastatic CRC patients.”®'?' High levels of F.
nucleatum were also associated with poorer overall survival
and disease-free survival in cervical carcinoma patients.""
High levels of Akkermansia and Methylobacterium in
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hepatocellular carcinoma tissues were associated with a
favorable prognosis, suggesting that Akkermansia and
Methylobacterium may be significant prognostic markers for
hepatocellular carcinoma.”> The presence of Methyl-
obacterium within gastric cancer tumors was associated with
poor prognosis of cancer patients.'?” In addition, some intra-
tumoral microbes, such as Fusobacterium, Pseudox-
anthomonas, Streptomyces, Saccharopolyspora, and Bacillus
clausii, are associated with the prognosis of pancreatic
cancer,>>>* indicating that these microbes may be prog-
nostic biomarkers for pancreatic cancer patients.

Until now, the microorganisms thought to be promising
diagnostic and prognostic biomarkers have been summa-
rized in Table 2.

The values of intra-tumoral microbiota in cancer
therapy and precision medicine

In the past few decades, although the continuous progress of
cancer treatment methods has greatly improved the treat-
ment effectiveness of cancer patients, limitations such as
drug resistance and toxicity still exist. More and more evi-
dences suggest a potential link between tumor microbiota
and cancer treatment efficacy.'""*>'2* The microbiota within
tumors can significantly affect the toxicity and regulate the
efficacy of cancer therapies, including chemotherapy,

immunotherapy, and radiation therapy.'"'?* Increasing evi-
dence suggests that tumor microbiota is a novel and impor-
tant adjunct to conventional anti-cancer therapy, providing
more strategies for cancer treatment.

The intra-tumoral microbiota and cancer
immunotherapeutics

Although immunotherapy plays a crucial role in improving
the prognosis of tumor patients, a large percentage of
tumor patients still fail to benefit from immunotherapy.
Several studies have shown that the presence of intra-
tumor microbiota can influence the efficacy of cancer
immunotherapy by participating in immune regu-
lation."”>~ "2’ Currently, immune checkpoint inhibitor
therapy is a core component of cancer treatment,
demonstrating unprecedented efficacy in some cancer pa-
tients. Monoclonal antibodies against programmed death
protein 1 (PD-1)/programmed death ligand 1 (PD-L1) and
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) are
widely used in clinical practice. Intra-tumoral microbiota
can generally suppress the immune response and promote
cancer progression, whereas some studies have shown that
intra-tumoral microbiota clearly enhance the efficacy of
immunotherapy.’?®'?®  The metabolite trimethylamine
oxide (TMAO) of Clostridiales promotes M1 macrophage

Table 2  An overview of intra-tumoral microbiota reported to be promising diagnostic and prognostic biomarkers.

Cancer types Diagnostic biomarkers

Prognostic biomarkers

Bacterial

Viral Fungal Parasitic Archaeal Bacterial

Viral Fungal Parasitic Archaeal

Cervical Fusobacterium / / /
carcinoma nucleatum'"®
Lung cancer / / / /

Hepatocellular / / / /
carcinoma
Pancreatic cancer / / / /

Esophageal / / / /
squamous cell
carcinoma

Colorectal cancer / / / /

Gastric cancer / / / /

Fusobacterium / / / /
nucleatum'"®

Streptococcus / / / /
viridans,

Granulicatella

adiacens,

Koribacteraceae,

Bacteroidaceae,

Lachnospiraceae,

Ruminococcaceae,

Bacteroides,

Faecalibacterium,

Ruminococcus,

Sphingomonadaceae,

Roseburia**

Akkermansia, HBV / / /
Methylobacterium®?

Fusobacterium, / / / /
Pseudoxanthomonas,

Streptomyces,

Saccharopolyspora,

Bacillus clausii®*>*

Fusobacterium / / / /
nucleatum'”°

Fusobacterium / / / /
nucleatum’”>"?
Methylobacterium'* /  / / /
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infiltration and CD8 T cell activation, enhances CD8 T-
mediated anti-tumor immunity, and thereby improves anti-
PD-1 therapeutic response in TNBC.'?> The Lactobacillus
reuteri in melanoma can release dietary tryptophan
catabolite I3A, which promotes the production of inter-
feron-y CD8 T cells, and thereby enhances the immune
checkpoint inhibitor treatment of tumor tissue.'?® In a
mouse model of colon adenocarcinoma, Bifidobacterium
promotes local anti-CD47 immunotherapy on tumor tissue
through the capacity to accumulate in the tumor micro-
environment.’”® A recent report has also shown that
commensal Bifidobacterium confer protection to mela-
noma patients by promoting anti-PD-L1 therapy.'?’ These
pieces of evidence suggest that the microbiota within tu-
mors can play positive roles in cancer patients by enhancing
the effect of immunotherapy, providing new hope for
improving the efficacy of immunotherapy.

The intra-tumoral microbiota and cancer
chemotherapeutics and radiotherapeutics

Although chemotherapy and radiation therapy are the
main means of cancer treatment, they have significant
limitations, including a lack of specificity and accuracy,
inability to accurately distinguish between tumors and
healthy tissues, and especially resistance. In most cases,
the tumor microbiota is often the cause of chemotherapy
drug resistance. The intra-tumoral bacteria Gammapro-
teobacteria of pancreatic cancer may play a crucial role in
mediating the drug resistance of gemcitabine therapy by
producing cytidine deaminase, leading to gemcitabine
degradation.®” Increased levels of oral pathogens, Aggre-
gatibacter actinomycetemcomitans and P. gingivalis, have
been observed in pancreatic cancer patients, which pro-
motes the expression of cytidine deaminase to impact the
occurrence of chemoresistance.”*® In CRC patients, F.
nucleatum directly promotes CRC chemoresistance to
oxaliplatin and 5-fluorouracil through autophagy or Toll-
like receptor 4 (TLR4)/myeloid differentiation primary-
response protein 88 (MYD88)-dependent mechanism.”® 12!
Similarly, the relative abundance of F. nucleatum is higher
in pancreatic cancer tissues than in non-cancer subjects,
which can also cause drug resistance of pancreatic cancer
through the MYD88 pathway.'*"""3? Lactobacillus iners,
found in cervical cancer, can induce chemotherapy and
radiation resistance through reprogramming metabolic
signaling pathways.'** However, only a small portion of
the tumor microbiota has been proven to alleviate the side
effects of radiotherapy. The binding of Candida albicans
to dectin-1 receptor up-regulates tumor-promoting mac-
rophages and down-regulates anti-tumor T cells, and
thereby inhibits anti-tumor immune response after radio-
therapy in mouse breast cancer.’*® Oral microbiota dys-
biosis contributes to exacerbating mucositis severity in
nasopharyngeal carcinoma patients undergoing radio-
therapy, and Streptococcus mitis is significantly increased
in nasopharyngeal carcinoma patients after irradiation."**
With the research on the role of tumor microbiota in
chemoradiotherapy resistance, new auxiliary strategies
can be provided for anti-tumor treatment by targeting
microbiota.

These studies indicate that intra-tumoral microbiota
influence tumor development and treatment. In the
context of cancer treatment resistance, the microbiome
has been implicated in influencing the efficacy of cancer
therapies, including chemotherapy and immunotherapy.
Preclinical and clinical studies have highlighted the critical
role of the microbiome in determining the effectiveness of
cancer treatments, emphasizing the need to consider the
microbiome in therapeutic strategies.'®

The tumor microenvironment has been increasingly
recognized as a critical factor in the development of
resistance to chemotherapy in solid tumors."*® Specific
bacteria, such as F. nucleatum, have been found to pro-
mote breast cancer cell stemness and chemoresistance
through interactions with immune signaling pathways."*’
The diversity of the tumor microbiota is also influenced by
chemotherapy and immunotherapy, with genetically engi-
neered bacteria showing promise in tumor treatment.'®
Microbiota have been identified as crucial players in the
development of resistance to cancer chemoradiotherapy,
underscoring the need for a deeper understanding of their
role in treatment outcomes.'*® Chemotherapy resistance
can also be influenced by disruptions in the abundance and
metabolism of intra-tumoral microbiota, which can directly
interfere with the anti-tumor outcomes of various cancer
therapies.'° Strategies such as photodynamic eradication
of intra-tumoral microbiota have been proposed to over-
come resistance in pancreatic cancer, pointing towards
innovative approaches to address this challenge.''

Furthermore, the use of prebiotics, probiotics, or fecal
transplantation has been suggested as a means to modulate
intestinal and vaginal dysbiosis in endometrial cancer,
potentially improving treatment outcomes and quality of
life."* The correlation between immune characteristics,
methylation patterns, tumor heterogeneity, and tumor
stemness underscores the multifactorial nature of chemo-
therapy resistance in breast cancer and the need for
comprehensive approaches to address it.'** Activatable
polymer nanoenzymes have been proposed for immunome-
tabolic cancer therapy, targeting metabolic pathways that
influence tumor progression and treatment responses.'*

In conclusion, the tumor microbiota plays a crucial role
in mediating chemotherapy resistance through complex
interactions with the tumor microenvironment, immune
system, and treatment modalities. Understanding and tar-
geting these microbial populations hold promise for
enhancing the effectiveness of cancer therapies and over-
coming resistance mechanisms. Innovative approaches that
leverage microbiota modulation, genetic engineering, and
immunometabolic interventions may pave the way for more
personalized and effective cancer treatments in the future.

The applications of intra-tumoral microbiota in
cancer precision medicine

Clinical studies for altering microbiota to inhibit oncogen-
esis have shown promising results. The modulation of intra-
tumoral microbiota may be a new and important adjunct
for current anti-cancer therapies. With the continuous
advancement of nanomaterials and bioengineering tech-
nology, new methods of cancer treatment, including
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genetic engineering, have become possible.'*® Recently,
nanotechnologies have been used to act on tumor-associ-
ated bacteria and their metabolites at a vascular-accessible
tumor site to enable or facilitate cancer therapy.'#'4¢
Several intra-tumoral microbiota, including Bifidobacte-
rium, Salmonella, Clostridium, Listeria, and Escherichia
coli, that colonize and accumulate in tumors, can be suc-
cessfully used as an in vivo delivery vehicle for cancer
treatment.'’ Listeria monocytogenes is a gram-positive
facultative anaerobic bacterium, and its attenuated strain
has been safely used as a therapeutic bacterial carrier for
the delivery of cancer vaccines, which is widely used in
various cancer treatments, including cervical cancer,
pancreatic cancer, prostate cancer, breast cancer, lung
cancer, and mesothelioma.'*® Clostridium is a strictly
anaerobic bacterium that can colonize tumor tissues and
has been used for tumor treatment in recent years.>'** A
non-pathogenic E. coli strain has been designed with the
capability of synthesizing CD47 nanobody antagonists in the
tumor microenvironment, increasing the activation of
tumor-infiltrating T cells, stimulating rapid tumor regres-
sion, and preventing metastasis.”>® The E. coli strain is
bioengineered to effectively increase the concentration of

Table 3

L-arginine and enhance T cell infiltration in the tumor
microenvironment, thereby enhancing the efficacy of
immunotherapy.'®" The Salmonella can accumulate around
tumors, penetrate the cell barrier, and replicate within
tumors, where they deliver anti-cancer agents or pro-
apoptotic genes to achieve cancer therapeutic ef-
fects.’?"%3 Although cancer therapy based on intra-tu-
moral microbiota has good application prospects, the
progress of live bacterial therapy in clinical applications is
slow. To date, only Bacillus Calmette-Guérin (BCG) and
attenuating Mycobacterium bovis have been used clinically
as bacterial-based cancer therapies in bladder cancer.”* In
general, research on the intra-tumoral microbiome has
raised widespread expectations to improve the lives of
cancer patients. In this case, precision medicine targeting
the microbiota will become one of the next frontier fields in
cancer treatment, providing tailored treatment opportu-
nities for individual cancer patients. However, there is
currently no application of microbiome in precision therapy
research, which requires further studies in the future.

The major precise roles of intra-tumoral microbiota in
different therapies for tumors have been summarized in
Table 3.

An overview of the major precise roles of microbiota in different therapies of tumors.

Therapy types Cancer types

Microbial types

Function

Immuno-therapy Breast cancer

Melanoma

Bifidobacterium

Colon adenocarcinoma

Chemo-therapy Colorectal cancer

Cervical cancer

Pancreatic cancer

Clostridiales

Lactobacillus reuteri

Bifidobacterium

Fusobacterium nucleatum

Lactobacillus iners

Fusobacterium nucleatum

Production of metabolite
trimethylamine enhances anti-
programmed death protein 1 (PD-
1) immunotherapy

Enhance the therapeutic efficacy
of immune checkpoint inhibitors
through the released dietary
tryptophan catabolite 13A
Improve basic tumor control and
anti-PD-| efficacy

Promote local anti-CD47
immunotherapy

Induce drug resistance to
oxaliplatin and 5-fluorouracil in
colorectal cancer

Induce chemotherapy and
radiation resistance through
reprogramming metabolic
signaling pathways

Cause the drug resistance through
the myeloid differentiation
primary-response protein 88
(MYD88) pathway

Radio-therapy Nasopharyngeal carcinoma

Breast cancer

Aggregatibacter
actinomycetemcomitans,
Porphyromonas gingivalis
Gamma-Proteobacteria

Streptococcus mitis

Candida albicans

Impact the occurrence of
chemoresistance

Lead to gemcitabine degradation
and the development of resistance
Contribute to exacerbating the
severity of mucositis in patients
undergoing radiotherapy

Inhibit anti-tumor immune
response after radiotherapy
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Discussion and prospect

Most major types of human cancer contain tumor micro-
biota. The intra-tumoral microbiota observed in different
cancer types and sample types is usually different. This
phenomenon indicates that the occurrence and progres-
sion of tumors are related to the imbalance of tumor mi-
crobial diversity and stability. It is becoming increasingly
apparent that both relative abundance and community
composition of bacteria are contributory factors to can-
cers. Studies of different tumor types have shown that the
intra-tumoral microbiota of the same tumor type tends to
be more similar to each other than that of other tumor
types. The distribution of order-level phylotypes shows
significant changes in bacterial compositions of different
tumor types. These results suggest that different intra-
tumoral microbiota may play different roles or biases in
different tumor types or different organizational system
tumors.

Although our understanding of the microbiome in cancer
is growing, there is currently little direct evidence that
intra-tumoral microbiota is a crucial determinant of cancer
pathogenesis. Whether the presence of microbiota in tumor
samples is a causative factor or a consequence of a
dysfunctional tumor environment remains an open question
in most cases. Not only that, most researches are focused
on the roles of microbiome, and few studies on the func-
tional mechanism have been carried out at present.

Intra-tumoral microbiota is an important component of
the tumor microenvironment, and its key role in regulating
tumor occurrence and progression and influencing the
prognosis of tumor patients in the tumor microenvironment
has attracted more and more attention. However, the types
of microorganisms within the tumor and the specific host
cell types they interact with in different tumors have not
been fully revealed. In addition, it is largely unknown
whether the spatial distribution of tumor microbiota and
specific host microbial cell interactions affect the different
functions of the tumor microenvironment. The mechanism
by which intra-tumoral microbiota participate in tumor
immunotherapy response is still unclear, which limits the
clinical application of microbial-related treatment strate-
gies in tumors. Therefore, extensive validation through
animal models and clinical trials is still needed, and we
believe that in the future, successful treatment of tumors
can be achieved using microbiota, targeted microbiota, or
in combination with immunotherapy.

In summary, this article mainly summarizes the char-
acteristics and roles of intra-tumoral microbiota in
different tumor types, highlights the key mechanisms by
which tumor microbiota affects tumor occurrence and
development, and discusses the diagnostic, prognostic,
and therapeutic potential of intra-tumoral microbiota in
tumors. We hope our review can provide some ideas for
further innovation and clinical applications in the field of
cancer microorganisms.
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