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Microbialinfluence on cancer development and therapeutic responseis a
growing area of cancer research. Although it is known that microorganisms

can colonize certain tissues and contribute to tumour initiation, the use

of deep sequencing technologies and computational pipelines has led to
reports of multi-kingdom microbial communities in a growing list of cancer
types. This has prompted discussions on the role and scope of microbial
presencein cancer, while raising the possibility of microbiome-based
diagnostic, prognostic and therapeutic tools. However, additional
investigation and thorough validation of cancer microbiome findings are
required before this translational potential can be realized. Here we provide
historical context and a conceptual framework for the so-called cancer
microbiome and summarize experimental studies into tumour-associated
bacteria, fungi and other microorganisms. We also discuss the current
evidence for microbial colonization of tumours and their varied influence
onthedisease, including recent debates. Finally, we consider outstanding
questions and discuss our outlook for the field.

Our modern understanding of cancer is intertwined with the study of
infectious disease (Fig.1).In1911, decades before we understood that
humangenomic changes were the underlying cause of cancer, Francis
Peyton Rous demonstrated that an unidentified infectious agent could
induce the development of sarcomain chickens. He further showed that
the persistence of what is now known as Rous sarcoma virus (RSV) at
the tumour site' was essential for the cellular transformation of these
tissues. At the time, theideathat cancer could be caused by a virus was
largely dismissed, leading Peyton Rous to abandon this line of enquiry
justafew years after his initial discovery.

In hindsight, the finding by Peyton Rous represented the first
domino of many discoveries expanding our understanding of can-
cer, including the discovery of oncogenes. In 1976, well after nucleic
acids were established as the basis of genetic heritability’, Michael
Bishop and Harold Varmus revisited Rous’ findings, concluding that
the RSV gene (v-Src) responsible for the transformation of host cells

shared a homology with a gene conserved among their avian hosts
(c-Src)®, thereby solidifying the evidence that genetic alterations to
endogenous cellular DNA were the underlying cause of cancer. The
discovery of human oncogenes soon followed’ ™, beginning the era
of cancer genomics. Meanwhile, other oncoviruses were discovered,
including the Epstein-Barr virus (EBV), human papillomavirus (HPV)
and human T cell ymphotropic virus (HTLV)®™°.

The role of bacteria in cancer was revealed in 1983, when Barry
Marshalland Robin Warrendescribed an ‘unidentified curved bacilli’in
gastritis patients, aspecies today known as Helicobacter pylori. It was
assumed that bacteria could not survive in the highly acidic environ-
ment of the stomach, so Marshall famously swallowed the bacteria to
prove he could culture it from a gastricendoscopy days later. In 2005,
long after Marshall completed his antibiotic regimen, he and Warren
were awarded the Nobel Prize for their work. Their findings represented
thefirst concrete evidence that tumour-associated bacteria, as well as
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Fig.1| Timeline of discoveries related to cancer and microbiota. Broadly, cancer microbiome research can be organized into the pre-genomic era (1911-2009) and
the post-genomic era (2010-present), reflecting the introduction of low-cost high-throughput sequencing technologies.

viruses, could also promote cancer. Today it is estimated that 89% of
non-cardia gastric cancers (the most common form, affecting the lower
partofthe stomach) are attributable to H. pyloriinfection. Meanwhile,
public health efforts to reduce H. pyloriinfections have led to decreases
in gastric cancer incidence by up to 50% in at-risk populations'* .

Over the past two decades, there has been a resurgence of inter-
estintherole of microorganismsin cancer, particularly communities
of bacteria and, more recently, fungi® 2. This is largely driven by the
proliferation of low-cost genome sequencing, which has enabled the
detection of tumour-associated microbial communities that previously
evaded culture-basedisolation techniques. Recent analyses of tumour
sequencing data have suggested the presence of bacteriaand fungiin
association with many human cancer types, indicating that the pres-
ence of microbiota in cancer tissues could be more widespread than
previously understood. However, there remains much to be learned
about these microbiomes, including their colonization route and
their influence on the tumour microenvironment.

Defining the cancer microbiome

The term ‘cancer microbiome’ and other similar terms are frequently
used but not consistently defined. This is probably because microor-
ganisms can influence cancer through a wide variety of mechanisms,
and are known to act locally or systemically to exert harmful or ben-
eficial effects on cancer, directly orindirectly (Fig. 2a)*. Following the
precedent of the Human Microbiome Project*, we define the ‘cancer
microbiome’ as the collective genomes of microorganisms that are
locally present at atumour site, regardless of their influence on cancer
development or progression.

Constituents of thebroader human microbiome, in particular the
gut microbiome, have beenreported toinfluence tumorigenesis and
therapeutic response'®>°, but as yet there is no conclusive evidence
that the human commensal microbiome is directly involved inthe aeti-
opathogenesis of cancer?. This Review will primarily focus instead on
the cancer microbiome, as we defineit, including the intracellular or
extracellular microbes living among tumour cells or in the surround-
ingmucosa. Such tumour-associated species may be further subclas-
sified by their degree of association with cancer and their localization
around the tumour site (Fig.2b and Box 1). For example, intratumoral
microbes such as Fusobacterium nucleatum or infectious bacteria
such as Salmonella typhi have been shown to persist intracellularly
within tumour cells in colorectal**and gallbladder cancers®, respec-
tively. Meanwhile, mucosa-associated species such as pks* Escherichia
coli and Candida albicans do not appear to live intratumorally but
are instead found in the tumour-associated mucosa®-****, By con-
trast, although classified as Group 1 carcinogens®, HTLV and HIV
are not found in solid tumour tissues and instead promote cancer
through systemicinfection and immunosuppression®**. Such patho-
gens are thus referred to as ‘cancer-associated’. The localization of
tumour-associated microorganisms at the tumour siteis likely to have
important implications for their role in tumour development and
their influence on cancer therapy, as we will discuss. Other ‘ambigu-
ously defined’ species have been reported in tumour tissues but
have conflicting evidence regarding their presence at the cancer site,
either due to being common contaminants (frequently identified
in kit reagents or negative controls) or lacking sufficient ortho-
gonal evidence or consistent replication in independent studies.
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Fig. 2| A conceptual framework for cancer-microbe associations. a, Cancer-
microbe associations can broadly be classified along three axes. First, microbiota
may promote oncogenesis directly (for example, by expressing oncoproteins or
oncometabolites that transform the host cells they invade”) or indirectly (for
example, by promoting a persistent inflammatory microenvironment through
chronicinfection)®. Second, cancer-associated microbiota may actlocally,

by promoting tumour development in the specific body site they colonize,

or systemically, by promoting a general host phenotype that is susceptible to
cancer. Third, microorganisms may exert a pro-tumorigenic, antitumorigenic
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or otherwise neutral effect on cancer. b, A conceptual framework relating
definitions for the terms used to describe cancer-microbe associations (also
see Box 1). ‘Cancer-associated’ describes all microbes that have been linked to
cancer insome way, including microbes that influence cancer through systemic
means (for example, by affecting metabolism orimmunity), whereas ‘tumour-
associated’ describes microbes that have been associated with the tumour
siteitself. Tumour-associated microbes can be subclassified as ‘intratumoral’
(embedded in the tumour itself), ‘mucosal’ (found in the tumour-associated
mucosa) or ‘ambiguous’.

Such species warrant careful interpretation before drawing conclu-
sions regarding biological relevance.

A cancer microbiome is a collective of microbial genomes that
may span multiple kingdoms. These communities each influence
cancer through different mechanisms, but only the viruses HPV,
EBV, Merkel cell polyomavirus (MCPyV) and Kaposi’s sarcoma-
associated herpesvirus (KSHV) are classified as directly oncogenic.
However, numerous tumour-associated microbiota appear to pro-
mote cancer indirectly, spanning multiple kingdoms, including not
justviruses, butalso bacteria, fungi and parasitic flatworms. Although
the mechanism is not well understood, interactions within these
communities may influence cancer development. Both genomic
and experimental studies have suggested intraspecies and intrak-
ingdom functional interactions among cancer-associated microbes,
including between bacteria and fungi. In oral tissues, C. albicans has
been shown to interact antagonistically with Lactobacillus spp.*>*
and cooperatively with F. nucleatum. In gastric cancer, H. pylori and
Streptococcus anginosis have been shown to act cooperatively to pro-
mote inflammation in mice**2. In colorectal cancer, F. nucleatum has
beenshown to co-aggregate withapolymicrobial bacterial community
including Campylobacter, Gemella, Hungatella and Parvimonas
species, as well as others****, while co-colonization by enterotoxi-
genic Bacteroides fragilis and pks* E. coli appears to have a pro-
nounced effect on tumorigenesis compared to either bacteria alone®.
Thus, further investigation is warranted into these interspecies
and interkingdom relationships and their potential influence on
cancer development.

Evidence for microbial colonization of tumours

A multi-kingdom spectrum of microorganisms is found in tumour
sites throughout the human body (Table 1)1¢1820-22404551 Mijcrobial
colonization of tumour tissues can occur through a variety of mecha-
nisms, although carriage can vary widely. HPV and EBV are ubiquitous
in human populations, with infection occurring by sexual contact or
oral transfer of saliva®*’. By contrast, KSHV and oncogenic parasites
suchas Schistosoma haematobium are endemic only to specific regions

of the world***’. Many cancer-associated bacteria and fungi are nor-
mally considered commensal members of the human microbiome, yet
appear to promote cancer development under circumstances specific
to the host, such as during chronic infection, immunosuppression
or when certain strain-specific virulence factors are present'®?%°*,
An unresolved question for tumour-associated microorganisms is
whether they are actively involved in cancer development or arrive
after a suitable niche is established by tumorigenesis. Disentangling
this ‘passenger-driver’ question® remains experimentally challenging
in humans, as tumour-associated microorganisms are usually only
identified after cancer has been diagnosed. Perhaps these two sce-
narios are not mutually exclusive—one intriguing possibility is that
opportunistic colonization provides some growth advantage to the
tumour, forming a symbiotic relationship between tumour-associated
microbes and tumour cells™.

In the following we delve into the specific evidence for microbial
colonization of tumour tissues or tumour-associated areas by viruses,
bacteria, fungi and parasites, each of which can promote cancer in
distinct ways (Fig. 3). Additionally, we discuss specific mechanisms
of colonization and evidence for their role in cancer development.

Viruses

Of the 11 ‘oncomicrobes’ designated as Group 1 carcinogens by the
International Agency for Research on Cancer (IARC), seven are viruses.
Ofthese, four promote oncogenesis directly by expressing viral onco-
proteins (HPV, MCPyV, EBV and HTLV-1) in precancerous tissues. For
example, HPV expresses proteins that suppress p53 activity’®”’, and
MCPyV expresses a T antigen that targets pRb*®. HPVs comprise the
most pervasive directly oncogenic viral family, responsible for around
90% and 70% of attributable risk for cervical and oropharyngeal can-
cer, respectively®. Among indirectly oncogenic, locally acting onco-
viruses, hepatitis B virus (HBV) and hepatitis C virus (HCV) are the
most prevalent. These viruses are associated with multiple cancer
types but are most problematic in liver cancer, where 33% and 21% of
mortality is attributable to inflammation from chronic HBC or HCV
infections, respectively®’.
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BOX1

Terms to describe microorganisms involved in cancer

Several terms are used to describe cancer-microbe associations, and
these terms are frequently used inappropriately, inconsistently or
interchangeably. Microorganisms that play a role in cancer or response
to cancer therapies may be referred to as ‘cancer-associated’,
‘tumour-associated’, ‘mucosa-associated’ or ‘intratumoral’. Here we
provide definitions for these non-exclusive categorizations:

Cancer-associated

The microorganism has been linked to cancer in some way, but
concrete evidence for its presence at the tumour site is lacking.
Cancer-associated microbes may influence cancer or cancer therapy
indirectly across body sites (for example, by affecting systemic
immunity), but are not necessarily present at the tumour site.
Examples: intestinal Bifidobacterium influencing anti-PD-L1 efficacy
in melanoma™*'*3, commensal gut microbiota producing genotoxic
metabolites?” and C. pneumoniae in lung cancer®.

Cancer-microbiome

A community of species that are locally present at the tumour site,
including the tumour-associated mucosa.

Examples: the Fusobacterium co-abundance cluster in colorectal
cancer® or the microbial association network in gastric cancer®.

Tumour-associated
There is evidence that the organism co-localizes with tumours or sites
near the tumour, such as the surrounding mucosa.

Systemicinfection by oncoviruses canalsoincrease cancer risk by
targetingimmune cells, asisthe case for EBVin Burkitt’sand Hodgkin’s
lymphomas and HTLV-1in T cell lymphoma. Humanimmunodeficiency
virus (HIV) promotes cancer indirectly, by causing systemicimmuno-
suppression, thereby increasing the risk of infection by other onco-
viruses such as KSHV. However, HTLV and HIV themselves are not found
in solid tumour tissues.

Parasites

Although parasites are not always microbes in the strict sense, three
of the 11 Group 1 infectious agents recognized IARC are endemic
parasitic trematode flatworms™. Bile duct infections by Opisthorchis
viverrini and Clonorchis sinensis together confer an 8-10% risk of
cholangiocarcinoma®, both of which are endemic in Southeast Asia
and associated with the consumption of raw or undercooked fish. Schis-
tosoma haematobium, also found in stagnant freshwater, is most com-
mon in Africa and the Middle East and primarily infects the bladders
of infants and young children, often leading to bladder cancer later
in life®%*, The carcinogenic mechanism of these parasites is not well
understood, butitis believed to be indirect, viainflammation-induced
fibrosis and DNA damage caused by the generation of oxidizing
agents'*s,Inendemicareas, these parasites are a pressing public health
problem, as mortality for these cancers far exceeds the global averageiin
theseregions. Littleis known about the extent to which these pathogens
interact with other microorganisms at the tumour site.

Bacteria

Bacteria are by far the most abundant and diverse microbial kingdom
in humans, with the vast majority residing in the oral cavity and gas-
trointestinal tract. Both mono- and polymicrobial communities of
bacteria have been reported in various cancer types throughout the

Examples: S. anginosus in gastric cancer”"*? and Blastomyces in lung
cancers?.

Mucosa-associated

Several lines of evidence support the presence of the organism in the
tumour-associated mucosa for cancer types with a mucosa layer.
Examples: pks® E. coli and enterotoxigenic B. fragilis in colorectal
cancer’®**, H. pylori in gastric cancer’® and C. albicans in
gastrointestinal cancers®#.

Intratumoral

Several lines of evidence indicate that the organism lives within
the tumour itself. Some intratumoral microbiota enter tumour cells
(intracellular), whereas others persist in the space between them
(extracellular).

Example: F. nucleatum subsp. animalis C2 in colorectal cancer®'61%,
Ambiguous

Species linked to tumour sites but with conflicting evidence
regarding their presence in cancer, including mixed-evidence
species that are both tumour-associated and recognized as
common contaminants (for example, E. coli), as well as
tumour-associated microbes that are pending validation in the
absence of orthogonal evidence or consistent replication in
independent studies (for example, Acidovorax, Aspergillus and
Malassezia).

body, with varying degrees of evidence supporting their cancer-specific
associations®-?2#64768,

Currently, the only bacteriumrecognized asa Group1carcinogen
by the IARCis H. pylori, forits role instomach cancer®. H. pyloriburrows
through the gastric mucosa and into the gastric epithelium, where it
promotes persistent inflammation*>**’°, If left untreated, the result-
inginflammation can lead to chronic gastritis, mucosal atrophy, DNA
damage and, ultimately, tumorigenesis. The tumorigenic effects of
H. pylori are especially pronounced in strains expressing the CagA
protein, the first bacterial toxin to be implicated in cancer. CagA pro-
motes H. pylori’s oncogenic potential at least in part by enhancing its
ability to persistin the highly acidic gastric microenvironment”’2,

Unsurprisingly, the lower gastrointestinal tract, which harbours
the highest concentration of bacteria in the human body, is linked to
the most tumour-associated bacteria. Several species, including pks*
E.coli,enterotoxigenic B. fragilis, Campylobacter jejuni and Clostridium
difficile are known to express specific bacterial toxins that could pro-
mote colorectal cancer through a variety of proposed mechanisms,
including Th17 signalling, DNA damage, cholesterol biosynthesis
and the inhibition of the cytotoxic immune response'®’**., Of these
bacteria, F. nucleatum is typically the most abundant in colorectal
tumours®>*, and can persist in distal metastases®’. Recent evidence
suggests that a specific subclade of F. nucleatum dominates the colo-
rectal cancer niche®, suggesting potential adaptation. Many of these
colorectal cancer-associated F. nucleatum strains express fadA*, which
appears to bind host E-cadherin to stimulate 3-catenin signalling,
and fap2, which has been shown to suppress the cytotoxic immune
response®®,

Bacterial involvement has also been seenin other tumours of the
digestive system. Salmonella typhi has substantial evidence linking it
to gallbladder cancer risk, with higher rates of gallbladder cancer in
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Table 1| Multi-kingdom tumour-associated microbes found at various body sites

Viruses Parasites Bacteria Fungi
Head and neck HPV (oral)*>* F. nucleatum'’ Candida”?
EBV (nasal)**®
Oesophageal F. nucleatum®'® Cladosporium™®
Candida®"#*'°°
Stomach EBV?959199 H. pylori0%54+42 Candida™?”
S. anginosis™*
Large intestine F. nucleatum'®*'® Candida®?*
Enterotoxigenic B. fragilis'>*®"*'%°
pks+ E- Coli25,25,34,75,191
Parvimonas micra'®*'%
C. jejuni”
Peptostreptococcus anaerobius’®’%'%
Skin KSHV23519
MCPYVS’S,TQS
Brain JCVpIoe-iee
Lung C. pneumoniae® Aspergillus'®
Blastomyces®"*
Liver HBV?/HC\2%5200
Bile duct O. viverrinje®>474¢
C. sinensis®*>#48
Gallbladder S. typhi®
Pancreas Malassezia®*"'
Bladder S. haematobium?®*>#4
Cervical HP\a93552

Viruses, parasites, bacteria and fungi with evidence supporting their presence in tumour tissues and involvement in promoting cancer development. °Indicates an organism designated as
Group 1 carcinogens by the IARC. *Indicates an organism whose role in cancer remains disputed'®'*°.

areas endemic for typhoid Salmonella®. In pancreatic cancer, there
is mixed evidence for the role of tumour-associated bacteria. Some
studies have identified bacteria predictive of therapeutic resistance®
and survival®®in pancreatic cancer, whereas others have found that the
pancreatic tumour microbiome is low-biomass and does not differ from
normal adjacent tissues®.

Cancers at other barrier surfaces have also shown evidence of
microbial colonization, including malignancies of the lung, breast and
skin. Inlungs, there is epidemiological evidence that local Chlamydia
pneumoniae infections confer risk for non-small cell lung cancer®,
and commensal airway bacteria have been shown to promote lung
cancer development in mice by activating y8 T cells® or Th17 cells*”".
Tumour-associated bacteria have also been linked to lymphocyte infil-
trationin cutaneous melanoma®, and inbreast cancers thereis evidence
inmice thatintratumoral bacteria can promote metastases to the lung”.

Targeting tumour-associated bacteria may be a strategy for
enhancing therapeutic outcomes for patients with cancer. A retro-
spective analysis by Wang and colleagues’ found that the neoadjuvant
use of antibiotics approved for treating F. nucleatum reduced the risk
ofrecurrence or death by 25.5% in patients with colorectal cancer. They
alsoshowed thatlocal liposome-based delivery of tinidazole eliminated
tumour-associated F. nucleatum and conferred antitumour effects in
mice. Targeting F. nucleatum in this way resulted in the release of cal-
reticulin,an endoplasmicreticulum stress response molecular pattern
of immunogenic tumour cell death, culminatingin T cell priming and
memory CD8" T cell responses against microbial and tumoral antigens.
Hence, liposomal antibiotics may be effective for eradicating infected
and non-infected tumour lesions. Somewhat paradoxically, the pres-
ence of intratumoral F. nucleatum has also been linked to improved
response toimmune checkpoint blockade in patients®. However, F.
nucleatumlost this effect after knockout of agene involved in produc-
ing butyrate™, suggesting that it may have context- or strain-specific
effects on the tumours it colonizes.

Fungi

Relative to bacteria, fungiare asmall but highlyimmunoreactive com-
ponentofthe humangut and skin microbiomes, which arelargely domi-
nated by Candida, Saccharomyces and Malassezia. Epidemiological
studies have linked fungi to cancer, especially in oesophageal and gas-
tricmalignancies”®, where recurrent fungal infections may contribute
to carcinogenesis indirectly via chronic inflammation®. Studies have
consistently found Candida species, predominantly C. albicans, in
biopsies from patients with mild to severe oesophageal dysplasia®
and a higher frequency of candidiasis in patients with oesophageal
carcinoma thanin those with oesophagitis”. More recent studies have
explored the causative link between oesophageal cancer develop-
ment and fungal colonization in animal models. Oral infection with
Cladosporium cladosporioides was shown to promote oesophageal
tumorigenesis in IKKa kinase-deficient mice with autoreactive T cells'*®,
while Cladosporium spp. and C. albicans have both been detected in
association with biopsies from patients with oesophageal squamous
cell carcinoma'®.

Candidahas also beenreported in colorectal adenomas''. Many
Candidaspecies are believed to produce acetaldehydes, which are gen-
otoxic'*?. Candida also produce the toxin candidalysin, which is known
to disrupt epithelial junctions'® and directly damage intestinal cells
in patients with ulcerative colitis'**, a risk factor for colorectal cancer.
The SYK-CARD9 signalling axis has beenimplicated in fungi-mediated
inflammasome activation and protection against colorectal cancer'®,
whereas in CARD9-deficient mouse models, Candida tropicalis has
been shown to promote colorectal cancer development through the
induction of myeloid-derived suppressor cells'. However, the extent
towhich fungi affect the processes of colorectal cancer development
in humans remains to be determined.

Additionally, fungi have been linked to pancreatic cancer. In
mouse models, C. albicans has been shown to accelerate pancreatic
tumorigenesis, and antifungal treatment increased responsiveness to
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Fig. 3| Tumour-associated microbes across kingdoms influence tumorigenesis
through a variety of mechanisms. Representative species from each kingdom
are shown. The bacterium pks* E. coli has been shown to secrete colibactin into
host cells after binding them with FimH/FmIH"?, forming DNA crosslinks and

DNA double strand breaks, which create a unique mutational signature?**'*!, The
fungus C. albicans has been shown to promote epidermal growth factor receptor
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Viral strains of HPV integrate into the genomes of their host cells and express the
protein E6, which ubiquitinates p53 for degradation by the proteasome®**”. The
parasite S. haematobium embeds itself into the bladder of its host, promoting
chronicinflammation, ulceration and metaplasia, leading to bladder cancer®*,

radiotherapy. Interestingly, Dectin-1,a C-typelectin receptorinvolved
in fungal cell wall B-glucan recognition, has been shown to accelerate
tumorigenesis in mouse models of pancreatic cancer'®®. In a mouse
model of pancreatic ductal adenocarcinoma, oncogenic Kras G12D
mutations increased interleukin-33 (IL-33) expression, leading to
activation of intratumoral type 2 innate lymphoid cells, which was
further augmented by repeated gavage with Alternaria alternata and
Malassezia globosa®. Malassezia, a skin commensal, is reported to
be enriched in pancreatic tumours compared to normal pancreatic
tissues in humans and mouse models, with colonization with a strain
of M. globosa augmenting the incidence of pancreatic tumours”. How-
ever, therole of Malasseziain pancreatic cancer remains contested'*”'%,
and it has yet to be conclusively established whether Malassezia con-
tributes to pancreatic cancer development and whether/howit arrives
atthe tumour site.

Tumour-associated microbes and metastasis
After colonizing the tumour site, microbiota may affect metastasis
by influencing the epithelial-to-mesenchymal transition (EMT), the
expression of cancer stem cell (CSC) markers, the tumour microenvi-
ronmentand the formation of extracellular vesicles (EVs), each of which
can enable the metastasis of cancer cells to distant sites"* " (Fig. 4).
Several studies have linked microorganisms to EMT™. During EMT,
normal epithelial cells take on the properties of mesenchymal cells,
includingincreased motility, reduced cellular adhesion, and resistance
to apoptosis, leading to increased metastatic potential. F. nucleatum
produces aprotein called Fn-Dpsthat has been shown toenhance EMT
in mouse models of colorectal cancer by upregulating chemokines
such as CCL2 and CCL7, leading to metastasis'”. Another study found
that certain bacteria, including E. coli, Oscillatoria species and the
butyrate-producing bacteria SM4/1 are associated with increased
expression of EMT-related genes inbladder cancer™. Microorganisms
can also upregulate EMT-associated transcription factors, as seen
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Fig. 4 | Potential pathways by which microbiota might influence cancer
metastasis. Microorganisms may influence metastasis by promoting EMT, the
expression of CSC markers, cytoskeletal remodelling or through the production
of EVs. Asterisks indicate associations that have not yet been confirmed with
direct experimental evidence.

with Porphyromonas gingivalis, which increases levels of Slug, Snail
and Zebl, enhancing the migration of oral epithelial cells in vitro™.
Meanwhile, in human colon tumour mucosa, the presence of Candida
hasbeenlinked to the downregulation of adhesion-related genes, sug-
gesting a potential contribution to metastasis®.

In addition to affecting EMT, microbiota can also influence the
expression of CSC markers, which are associated with enhanced meta-
static potential. In gastric cancer, H. pylori infection, particularly by
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CagA-positive strains, triggers EMT-like changes while increasing
the expression of CD44,a CSC marker, leading to greater tumour inva-
sion and sphere formation™®. In mouse models of breast cancer, the
B. fragilis toxin has been shown to cleave E-cadherin, leading to
B-catenin nuclear localization and increased stemness, tumour growth
and metastatic progression'”.

Preclinical evidence suggests that microbiota may also drive
the tumour microenvironment towards a state that supports can-
cer metastasis, particularly in the later stages of disease. In mouse
models of colorectal cancer, F. nucleatum has been shown to acti-
vate the NF-kB signalling pathway via the ALPK1 receptor, promoting
endothelial cell adhesion and metastasis"¢, while tumour-associated
E. colihas been linked to disruption of the gut vascular barrier, facili-
tating bacterial and metastatic spread to the liver in mice'. Similarly,
C. jejuni has been shown to promote colorectal cancer metastasis in
mice through the expression of a cytolethan distending toxin cdtB,
promoting JAK-STAT signalling™®°. In breast cancer, F. nucleatum sup-
pressed immune responses in mice by reducing tumour-infiltrating
T cells through the abundant Gal-GalNAc, aiding metastasis'*. In
a mouse model of spontaneous breast tumours, Staphylococcus,
Lactobacillus and Streptococcus were highly abundant and shown
to inhibit the RhoA-ROCK signalling pathway, leading to actin cyto-
skeleton remodelling, thereby promoting metastasis®.

Finally, recent work has shown that tumour-associated micro-
biota can promote metastasis through the formation of EVs, which
canmodulate pro-inflammatory signalling, immunosuppression and
communication between cancer cells and their environment?*'>, In
breast cancer models, F. nucleatum-derived EVs have been shown to
enhance tumour migration and invasion via TLR4'%*,

Thus far, most studies have largely focused on bacterial
contributions to the metastatic process, which can occur through
various mechanisms and at various disease stages. Much less is
currently known about fungi in relation to metastatic processes.
Studies on potential fungal interactions with other microorganisms
might shed light on how the multi-kingdom cancer microbiome
influences metastasis.

Antitumorigenicinfluence of the cancer
microbiome

There is evidence that certain microorganisms may be capable of
preventing cancer development and progression. Most research in
thisareahasfocused onlong-rangeinteractions between gut bacteria
and cancer development at distant body sites. For example, numer-
ous studies have linked members of the human gut microbiome to
improved response rates to immune checkpoint blockade'” in the
context of lung cancer'*'?’, melanoma"’'*, renal cancer*>"**, blad-
der cancer?*"* and colorectal cancer'”, raising the possibility that
the human microbiome could be modulated to enhance a therapeu-
tic response through faecal microbiota transplantation (FMT)",
probiotics', antibiotics'®" and antifungal therapeutics™®. In par-
ticular, FMT has shown promise inboth preclinical®>*° and clinical'*°
studies of melanoma. These results suggest that the human micro-
biome may mitigate cancer development and progression systemi-
cally, suggesting opportunities for microbiome-based therapeutic
interventions.

However, tumour-associated microbiota may also exert a
beneficial effect at thelocal level, by mitigating tumour development,
by enhancing the therapeuticresponse or by promoting the antitumour
immune response. For example, tumour-associated microbial diversity
hasbeenlinked toimproved responsestoimmunotherapy in pancreatic
cancer®®, whereas in colon cancer, mucosa-associated Holdemania
biformis has been shown to reduce tumorigenesis in mice through
the production of short-chain fatty acids'"'. However, despite these
promising findings, identifying cancer-preventive tissue-associated
microorganisms remains a challenge due to a lack of longitudinal

studies that sample pre-tumorigenic tissue sites. Additional research
isrequired to better understand how the endogenous microbial com-
position of humantissues could reduce the risk of cancer development
atthosesites.

Nevertheless, there is evidence that the delivery of exogenous
anti-tumorigenic microorganisms to the tumour site after diagnosis
couldbean effective therapeutic strategy. Bacterialimmunotherapy as
atreatment for cancer has been attempted throughout history, dating
from early antiquity to William Coley’s controversial experiments in
the late nineteenth century'**'**, Presently, three oncolytic microbial
therapies are approved by the US Food and Drug Administration (FDA).
Perhaps the most successful of these is the attenuated Mycobacterium
bovis-based Bacillus Calmette-Guérin (BCG) vaccine, whose local
administration to bladder tumours has been standard-of-care for 35
years, witha 90% success rate'**'>, Anoncolytic viral therapy based on
Talimogene laherparepvec (TVEC), atype-1HSV genetically modified to
enhance major histocompatibility complex (MHC) loading and tumour
antigen presentation by dendritic cells'*®, was approved for advanced
melanomain 2015, while the third is Nadofaragene firadenovec-vncg,
anengineered adenovirus for BCG-resistant bladder cancer'’.

Bacteria engineered to target the tumour site and provoke an
antitumour immune response or deliver therapeutic payloads have
also gained interest'*™°, In mice, attenuated strains of Salmonella
typhimurium have been shown to selectively localize to and expand
within tumours™"*?, making them an attractive vehicle for intracellular
or extracellular delivery of therapeutics agents"*"’. Similar engi-
neering approaches have also been applied to E. coli, including cyclic
intratumoral release of chemotherapeutics™®, cytokine-expressing
payloads®™’ and therapy-enhancing metabolites'®’. Most recently,
S.epidermidis,acommon skin commensal, was engineered to express
tumour antigens in mice, eliciting an antitumour immune response in
local and metastatic lesions''.

Such reports suggest that both endogenous and exogenous
microorganisms could be harnessed to mitigate cancer development
and progression. Although bacteria and viruses have been examined
extensively for their potential anti-tumorigenic effects, fungi remain
underutilized, despite growing evidence linking themto cancer. Fungi
are highly immunogenic, with an expansive genomic toolbox'’, sug-
gesting potential anti-tumorigenic approaches akin to those deployed
for bacteria and viruses. As our knowledge of tumour microbiome
biodiversity continues to grow across kingdoms, so does the scope of
potential microbiome-based therapeutic interventions.

Spatial heterogeneity in cancer microbiomes
Despite growing evidence for cancer-specific microbial signals*>>¢,
substantial gaps remain in our understanding of the biodiversity and
biogeographical distribution of microorganisms within and across
cancer types, as well as the routes by which they arrive at the tumour
site. Thus, future work willinvolve charting the spatial distribution of
microorganisms within and across body sites as well as investigating
the extent to which tumour-associated microorganisms shape, or are
shaped by, intratumoral heterogeneity.

Across cancer types, thereis aclear variation in microbial coloniza-
tion (Table1). However, microorganisms also exhibit variable coloniza-
tion patterns within the cancer site itself. For example, in colorectal
cancer, F. nucleatum is enriched at the tumour site compared to the
surrounding tissue'®*'**, which may be explained by selective pressure
within the colorectal cancer niche®. Meanwhile, in stomach cancer,
H.pyloriis frequently found at lower abundance at the tumour thanin
the surroundingtissue —as H. pylori-infected gastric lesions progress
towards malignancy, the tumour microenvironment seemsto become
less favourable for H. pylori growth®’, Determining the changing colo-
nization patterns of tumour-associated microorganisms during cancer
progression willbeimportant for understanding and disrupting their
rolein the disease.
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Although F. nucleatum and H. pylori are known to exist within the
tumour epithelium, some cancer-associated microorganisms of the
lower gastrointestinal tractinstead aggregate in biofilms at the mucosal
surface of theintestinal lumen. Despite not coming into direct contact
with the tumour, these microbes can influence the tumour-immune
microenvironment from the surrounding mucosa. For example, pks*
E.colihas been linked to mutational signatures in colorectal cancer?®,
but is associated with the intestinal mucosa rather than the tumour
itself**. Within the colonic mucosa, E. coli and B. fragilis have been
shown tobehave cooperatively in biofilms, secreting oncotoxins that
promote inflammation and DNA damage?®. Similarly, C. albicans can
influence intestinal inflammatory processes in a strain-dependent
manner'®, but is associated with the mucosa surrounding the tumour
and is not intratumoral®. However, it is not yet known whether other
tumour-associated species influence cancer from within the tumour
or from the surrounding mucosa.

Across tumour sites, cancer-type specific colonizationis presum-
ably determined by tissue-specific baseline exposure to exogenous
microorganisms, variable immune surveillance of different tissue
types, the molecular composition of the tumour microenvironment,
and the metabolic requirements of the cancer itself. Understanding
cancer-site specificity of microbial colonization will require applying
multi-omic approaches'* to simultaneously measure microbial com-
position, metabolic function and immuneinfiltration and willbeimpor-
tant for understanding organ-specific tumour-microbe interactions.

Within cancer sites, the spatial distribution of tumour-associated
microorganisms cannot be evaluated using bulk sequencing data.
However, single-cell and spatial transcriptomic and proteomic
approaches show promise in clarifying the biogeographical localiza-
tion of microbes within a heterogeneous tumour-immune microenvi-
ronment. Galeano-Nifio and colleagues® deployed these technologies
in colonand oral tumours todemonstrate that bacterial communities
aggregate inimmunosuppressed microniches with low vasculariza-
tion, suggesting non-random microbial colonization of the tumour
site. Although the mechanisms of these patterns remainincompletely
understood, it is apparent that as spatial techniques mature, they will
continue to provide insight into the distribution of microorganisms
within the tumour site.

Pan-cancer analyses suggest bacterial and fungal communities
are present in many cancer types

Recently, studies have sought to characterize tumour-associated micro-
bial communitiesin multiple cancer types simultaneously. In the first of
these studies, Nejmanand colleagues® reported cancer-type-specific
intratumoral bacteria in seven cancer types (breast, lung, ovary, pan-
creas, melanoma, bone and brain) using targeted sequencing and imag-
ing, challenging conventional knowledge about the scope of microbial
colonization across body sites.

Ina pan-cancer analysis of tumour metastases, Battaglia and col-
leagues*® found that the bacterial composition of metastatic tumours
is determined to a greater degree by the location of the metastasis
rather than the primary tumour site, while also being influenced by
microenvironmental features such as hypoxia and immune infiltra-
tion*®. Given that other preclinical studies have shown that someintra-
tumoral bacteria can persist in distal metastases®>**, future studies will
be needed to investigate the mechanisms by which microorganisms
colonize metastatic and pre-metastatic sites and the ways in which the
microbial composition and microenvironment interact to influence
these processes. Moreover, it remains unclear whether the failure of
the local or systemic immune system is a cause or a consequence of
bacterial presence in tumours.

Other pan-cancer analyses have sought to characterize tumour-
associated fungi. In 2022, two independent articles reported fungal
DNA in several cancer types. Dohlman and colleagues® identi-
fied the involvement of Candida and Saccharomyces spp. in three

gastrointestinal cancer types and Blastomyces in a subset of lung
cancers”, whereas Narunsky-Haziza and colleagues® reported a
more diverse fungal presence in 35 cancer types using The Cancer
Genome Atlas (TCGA) and other datasets. These studies differed in
design, scope, decontamination and validation approaches, focusing
on different cancer types and regions within the tumour environ-
ment (mucosa-associated” versus intratumoral®’), which may col-
lectively explain the discrepant results. However, both demonstrated
that fungi and bacteria are frequently found together, suggesting the
possibility of cross-kingdom interactions that may affect the tumour
microenvironment.

Some of these pan-cancer studies have focused on tumour tissues
inbody sites that were not previously believed to harbour microbiota.
How bacteria colonize putatively sterile sites remains unknown. The
transient entry of microbiota directly into the bloodstream has been
posited as one possible mechanism for colonization of some cancers'®,
It has also been proposed that microorganisms could translocate
into the bloodstream as Trojan horses within dendritic cells'*® due
to impaired epithelial barrier function resulting from cancer deve-
lopment or overtimmunostimulation. However, there is not yet con-
clusive evidence for either of these models, and the extent to which
microbiota are able to persist inthe bloodstream of healthy individuals
remains disputed'®’.

Challenges of studying tumour-associated microorganisms
with tumour sequencing data

Tumour sequencing databases are a powerful resource for study-
ing tumour-associated microorganisms. When tumour samples
are sequenced for genomic profiling, genetic material from tumour-
associated microorganisms is also present. Owing to large sample
numbers and longitudinal clinical annotations, these collections can
provide valuable insights into tumour-associated microorganisms
in human cancers. However, because these studies are not usually
designed to recover microbial sequences, their use for microbiome
analysis requires special considerations. Studies using such datasets
have reported microorganisms at traditionally sterile tumour sites,
prompting debates about the handling of batch effects and the use of
microbial draft genomes'?7108168172,

Thisdiscourse hasrevealed that detection of bonafide microbial
signals in large-scale sequencing datasets presents considerable
challenges, and unstandardized handling of large-scale sequencing
datasets canlead to spurious signals of various types. In particular, it
hasbecome clear that biological false positives, arising from labora-
tory contamination, and technical false positives, arising from the
misclassification of non-microbial sequences, can produce errone-
ous microbial signatures and conclusions*'>"'7, The recognition of
these potential pitfalls highlights the need for astandardized frame-
work for metagenomic analyses of bulk tumour sequencing datasets.
In this section and in Box 2, we propose guidelines for mitigating
biological and technical contamination in microbiome analyses of
these datasets.

Controlling biological contaminationis of particularimportance
foranalyses of tumour sequencing datasets, as the microbial biomass of
thesetissuesis generally low compared to other common metagenomic
analytes such as stool. Low-biomass tissues are especially susceptible
tobiological contamination, necessitating rigorous study design and
transparentreporting practices, asemphasized inarecent consensus
statement by leading microbiome researchers”®. Among their recom-
mendationsis theinclusion of negative controls at multiple steps dur-
ing sample preparation and sequencing; however, such controls are
rarely incorporated into tumour sequencing pipelines. Because most
computational tools for decontamination rely on such controls, it is
necessary to deploy de novo techniques for identifying and removing
contaminationinthese studies. Blood samples or other tissues, which
are not expected to harbour a significant microbial presence and are
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BOX2

Guidelines for mitigating false-positive microbial signals in tumour

sequencing datasets

Microbiome-based studies of tumour sequencing data involve
searching for microbial DNA or RNA in sequenced tumour

tissues. Although this can be a powerful approach for studying
tumour-associated microbes, these analyses can produce spurious
signals due to biological and technical false positives. Here we
provide guidelines for mitigating these issues.

Strategies for minimizing technical false positives

When searching for microorganisms in tumour sequencing data,
technical false positives occur when non-microbial sequences are
mistakenly aligned to microbial genomes.

1. Preliminary subtraction of human sequences: before search-
ing for microbial reads, steps should be taken to remove host-
aligned sequences, accounting for incomplete human genome
assemblies and variable regions of the human genome and/or
transcriptome.

2. Quality control of putatively non-human sequences: technical
false positives can be reduced by filtering out reads with exces-
sive low-quality or low-complexity sequences. Masking and/or
trimming of adaptor sequences and low-complexity sequences
is advised.

3. Vetting microbial reference genomes: the microbial reference
genomes used for alignment should be carefully vetted for poten-
tial human contamination. Complete genomes should be used
when possible, and draft genomes should be avoided.

4. Inclusion of a host genome during alignment: even after host
sequences are removed, including a copy of the human genome
alongside microbial reference genomes allows each read the op-
portunity to align to the correct genome, reducing misalignment
errors.

5. Validate microbial genome alignments: false-positive alignments
usually do not occur at random across microbial genomes but
tendto cluster in specific regions®**. Microbial genome alignments
should be spot-checked when there is suspicion of false positives.

6. Use of more than one classification tool: several tools are avail-
able for metagenomic classification (for example, Kraken2,
PathSeg and MetaPhlAn), each with different methodological

often processed alongside tumour samples for germline genotyp-
ing, can be used effectively to control contamination in the absence
of negative controls®. Alternatively, biological contaminants can be
removed by identifying species correlated with sequencing batches'”.

Inaddition to biological false positives, metagenomic analyses of
tumour sequencing data must contend with technical artefacts result-
ing from false-positive alignments. While biological contamination can
be controlled with careful handling of biological specimens, sterile
techniqueisalsorequired to mitigate technical false positives and avoid
exposing patient genomic information'’. Technical false-positive sig-
nals occur when human DNA or RNA sequences are erroneously aligned
to microbial reference genomes that are themselves contaminated
with human sequences”®”’, and aligning human sequences to these
contaminated genomes can create a ‘mirage’, falsely suggesting the
presence of amicrobe. Acommon strategy to address this issueis com-
putational subtraction of host sequences by alignment to the human
reference genome™’. Evenso, due to the incompleteness of the human
reference and genomic diversity amongindividuals, such approaches

implementations that come with corresponding strengths and
weaknesses. Cross-validating results with multiple tools can im-
prove reproducibility across methods.

7. Prior knowledge and biological plausibility: detected microbial
species should be evaluated in the context of the available litera-
ture, especially their isolation source and growth requirements.
Microbiota that have not previously been detected in the tissue
type of interest require additional scrutiny.

Strategies for mitigating biological false positives
Biological contaminants can be introduced from the laboratory
environment or reagents during sample preparation.

1. Sterile technique: if you are doing the DNA extraction and library
preparation yourself, take care to avoid contaminating the sam-
ple at every step. Perform experiments in a sterilized fume hood.

2. Negative controls: wherever possible, include negative con-
trols so contamination can be identified in sequencing data
later on'. These can include DNA extraction controls as well as
non-template controls'®.

3. Inclusion of normal tissue controls: simultaneous collection of
blood samples, sterile tissues and adjacent normal tissues along-
side tumour samples provide biological controls for identifying
contamination introduced during biopsy. During analysis, such
samples can also be helpful for identifying tumour- or normal-
tissue enriched taxa.

4. Study batch effects: for retrospective analyses of tumour sequen-
cing data, negative controls may not be available. Performing a
computational analysis to identify technical variables that influ-
ence contamination patterns can help to identify species or sam-
ples to remove. However, batch-correction software should be
used with caution, as these methods can introduce unconfirmed
microbial signatures'”".

5. Prior knowledge and biological plausibility: certain taxa have
been identified as common reagent or laboratory contaminants,
such as Ralstonia and Pseudomonas'*""%?%, Species previously
reported as contaminants in low-biomass studies must be consi-
dered with excessive caution.

may not completely eliminate the issue and could even risk expos-
ing patient-identifying genomic information’. Use of the updated
human reference genome, T2T-CHM13, alongside rigorous screening
of microbial reference genomes for human contamination'*"” will
help to mitigate these persistent challenges.

Both biological and technical false positives can be mitigated to
enable the use of tumour sequencing data for microbiome analysis.
Computational tools such as PathSeq'*°, SEPATH'® and PRISM'®* have
been developed specifically for the purpose of identifying microor-
ganisms in tissue sequencing data. Eachimplements steps to remove
human sequences and reduce false positives. Other computational
tools have been developed for identifying biological contamination
in microbiome studies'*'”, including techniques that are tailored to
large tumour sequencing datasets such as TCGA*. We expect that with
tools like these, and the guidelines we have outlined, false-positive
microbial signals can be reduced or eliminated in future analyses of
tumour sequencing datasets. Many of these strategies are already
being implemented in such analyses*.
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Genome sequencing has been—and will continue tobe—an essen-
tial tool for microbial detection and classification. However, like all
techniques, it haslimitations. Inthelongrun, studies relying ontumour
sequencing data will need to have their results validated using classical
techniques, including cell culture, microscopy and animal models.
The application of these standardized approaches will be essential
for conclusively defining the scope of microbial colonization across
body sites, the pathways by which these microorganisms colonize
tumour tissues or surrounding areas, and their influence on the tumour
microenvironment.

Outlook

Accordingto current global estimates, onein eight cancers diagnosed
each year has an infectious origin®. The bulk of this risk is attributed
toindividual microorganisms, but there isnow growing evidence that
different cancer types harbour microbes, including bacteria, fungiand/
or viruses. For certain cancers, the role of tumour-associated micro-
organisms is well supported by multiple lines of evidence, including
genomicstudies, culture-based methods, microscopy, epidemiological
research, and through the establishment of cause-effect relationships
in experimental models. Such links have been established for several
viral pathogens, parasites and some bacteria, which have been shown
to promote cancer both locally and systemically, through direct and
indirect mechanisms.

Future enquiries into the cancer microbiome should be
approached with measured reservation, and findings must undergo
careful and rigorous validation before being translated into clinical
practice. At the exploratory stage, cancer microbiome researchers
must develop and adhere to experimental and computational guide-
lines and standards to ensure reproducibility.

For most cancer types, our understanding of the multi-kingdom
cancer microbiome andits rolein onset, progression and therapeutic
responseis stillinitsinfancy. Mechanistically, the extent to which fail-
ures of key checkpoints, such as dysbiosis or an insufficient immune
response, influence microbial dissemination and colonization has yet
tobefully deciphered, particularly for traditionally sterile tumour sites.
Understanding these colonization pathways and their implications for
cancer development, progression and metastasis will be essential, not
only for therapeutic targeting, but also for informing early detection
and preventative strategies to reduce cancer risk.

Empirically, vaccination programmes and other public health
screening practices deployed to combat oncomicrobes such as
HPV, H. pylori and hepatitis B and C have proven highly successful
in reducing global cancer incidence. Expanding efforts to target
tumour-associated microorganisms has enormous potential to pre-
vent and treat cancer development in at-risk populations. Oncomi-
crobes influence tumorigenesis directly and indirectly through a
multiplicity of pathways, including chronic inflammation of precan-
cerous tissue, expression of mutagenic toxins, suppression of the
antitumourimmune response, and promoting a metastatic phenotype,
and each of these tumorigenic pathways represents a potential target
for therapeuticintervention.

Conversely, thereis compelling evidence that the delivery of ben-
eficial microbial components to patients with cancer, either locally
or systemically, can provide therapeutic benefits to patients. These
strategies have shown particular promise in the context of immune
checkpoint blockade'?"?»1391401661831186 Agimmunotherapies becomean
option foragrowing number of patients, it will be essential to decipher
theintricate crosstalk between the multi-kingdom cancer microbiome
and tissue-residentimmune cells before these findings can make their
way to the clinic.

Key to achieving these endeavours will be leveraging new tech-
nologies such as spatial transcriptomics and spatial proteomics, matur-
ing technologies like single-cell sequencing, and well-established
methods for characterizing microbial communities, including cell

culture, systemic mass spectrometry, and high-throughput DNA
and RNA sequencing. Collectively, these tools will be essential for deci-
phering biogeographical colonization and dissemination patterns, as
well as the local spatial organization of tumour-associated microbes
and tissue-associated immune populations within the tumour micro-
environment. These insights will not only deepen our understanding
of cancer biology but also drive the development of novel diagnostic,
therapeuticand public health strategies aimed at mitigating microbial
contributions to cancer risk and progression.
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