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Summary 

A myriad of microbes living together with the host constitutes the microbiota, and the microbiota exerts very diverse functions in 

the regulation of host physiology. Microbiota regulates cancer initiation, progression, metastasis, and responses to therapy. Here we 
review known pro-tumorigenic and anti-tumorigenic functions of microbiota, and mechanisms of how microbes can shape tumor 
microenvironment and affect cancer cells as well as activation and functionality of immune and stromal cells within the tumor. While 
some of these mechanisms are distal, often distinct members of microbiota travel with and establish colonization with the tumors in 

the distant organs. We further briefly describe recent findings regarding microbiota composition in metastasis and highlight important 
future directions and considerations for the manipulation of microbiota for cancer treatment. 
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Introduction 

Microbes are associated with many epithelial surfaces and their
continuous interactions with host cells are essential for health and disease [1] .
The gut microbial ecosystem is the richest among other microbiomes in the
human body, both in terms of number of species and amount of cells. Trillions
of microorganisms of many species and taxonomical identities, including
bacteria, archaea, viruses, and fungi, inhabit the gastrointestinal tract. These
microorganisms play an essential role in maintenance of tissue homeostasis,
food digestion and absorption, maintaining the integrity of the mucosal
epithelial barriers, protection from pathogens, and exert various essential
functions in priming, maturation, tonic stimulation and regulation of
response amplitude for the immune system. The quantitative and qualitative
characteristics of microbiota as well as its dynamic changes are individual for
each person and depend on many endogenous (genetics and polymorphisms)
and exogenous (route of delivery during birth, diet, nutrition, lifestyle, history
of inflammation and tissue injury, environmental pollutants, and antibiotics
and other drug treatments) factors [2] . Abnormal shifts in microbiota
composition or localization, named dysbiosis, are commonly associated with
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nd lead to increased epithelial barrier permeability, translocation of bacteria
nd bacterial products to other organs, as well as changes in inflammation,
mmune responses, and metabolic characteristics. These active changes in 
ome species of microbiota also lead to micro-ecological changes in other
pecies and their characteristics with competition having positive or negative
nfluences. To date, changes in microbiota were successfully associated 
ith cardiovascular [3] , neurological [4] , metabolic [5] , and inflammatory
iseases [6] , as well as cancer formation, progression, metastasis, and

ts resistance or sensitivity to therapy [7 , 8] . Recently, host-microbiome
nteractions have become a great area of interest due to the enormous
omplexity of the microbiome, interpersonal microbiota variability, and the 
ascent state of the field in terms of the defining underlying mechanisms
hich connect microbiota with particular changes in host physiology. In

ancer, the microbiota has been mechanistically implicated in all stages
f tumorigenesis, though changes in microbiota may be a biomarker of
alignant transformation which emerges as a secondary phenomenon. 
icrobiota also plays both a local role inside the tumor, for example, in

olorectal or pancreatic cancer [9 , 10] , and a distant role, when gut microbiota
ffects breast cancer, liver cancer, or sensitivity of distant metastasis to
herapies [8 , 11] . In addition, depending on the context, type and stage of
ancer, and qualitative characteristics of the microbiota, these bacteria may
lay either pro- or anti-tumorigenic roles. 

Colorectal cancer (CRC), hepatocellular carcinoma (HCC), and 
ancreatic cancer are the major prevalent gastrointestinal (GI) cancers. 
he GI tract is inhabited by the richest and most abundant consortia of
icrobes when compared to other body sites. As a result, many initial studies

onnecting the microbiota to cancer were traditionally performed in the
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Fig. 1. Role of gut microbiota during cancer development. Various risk factors, including viral and microbial infections, genetic predisposition, smoking, 
alcohol consumption, a sedentary lifestyle, obesity, and the use of medications that alter the microbiota, may promote the formation of a primary tumor. 
Microbiota can facilitate tumor formation via direct mutagenesis, promoting survival of tumor-initiating cells or inducing pro-tumorigenic immune responses. 
Microbiota further changes during cancer progression, while pro-tumor and anti-tumor bacteria directly compete with each other or with the tumor-specific 
microecological depletion of protective species and the bloom of pathogenic species. Transformation-induced disruption of the epithelial barrier and depletion 
of the mucin layer, lead to the possibility of enhanced translocation of the bacteria into the blood or lymphatic system, and the spread of microbes to distant 
organs and lymph nodes. Defective barriers further aid the formation of bacterial biofilms which may prevent tumor treatment or bacteria eradication. These 
events have a propensity to facilitate cancer progression and metastasis. Therapies aimed at changing the composition of the microbiota, including fecal 
microbiota transplantation, probiotics, dietar y inter ventions, and narrow-spectrum antibiotics may be testable strategies. In addition, the use of bacteria-based 
nanosystems for drug delivery and bacteriophages for modulation of the microbiome may also hold a lot of promise. 
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context of the gut microbiome and GI cancers [1 , 2] . This review highlights
our current knowledge and understanding of the role of gut microbiota with
a specific focus on GI cancer development, prevention, progression, and
treatment possibilities. We further discuss possible proven and hypothetical
mechanisms of action for microbiota and its products which are instrumental
for tumorigenesis. We then discuss potential promises and possible caveats
for modulating the microbiota to improve cancer prevention and treatment
( Fig. 1 ). 

Microbial and viral drivers of cancer 

Viruses and bacteria may be the primary causes of “infection-driven”
cancer. Human papillomaviruses (HPV), Kaposi sarcoma herpesvirus
(KSV), Epstein-Barr virus (EBV), Hepatitis B (HBV) and Hepatitis C
(HCV) viruses, human immunodeficiency virus-1 (HIV), human T cell
lymphotropic virus type 1 (HTLV) associated with skin and cervical cancers,
hepatocellular carcinoma, adult T-cell leukemia/lymphoma, and other types
of malignancies [12 , 13] serve as complete carcinogens and the primary
drivers of tumorigenesis. These viruses can initiate and promote oncogenesis
by directly promoting transformation via viral oncogenes and inhibitors
of tumor suppressors causing mutations and epigenetic modifications,
inducing chronic inflammation, and regulating infected and neighboring
ell proliferation, apoptosis, and senescence [12] . The one bacteria which 
as undeniable evidence to be an initiator and driver of tumorigenesis 

s Helicobacter pylori in gastric cancer. Moreover, platyhelminths such as 
pisthorchis viverrini, Clonorchis sinensis , and Schistosoma haematobium are 

ssociated with cholangiocarcinoma, hepatocellular carcinoma, and bladder 
ancer [14] . As a result, the International Agency for Research on Cancer
IARC) has classified these infectious agents as Group/Class 1 carcinogens. 

However, it has become clear that commensal or “conditionally- 
athogenic” bacteria are also involved in tumorigenesis. The normal gut 

s inhabited by commensal bacteria, which perform protective functions 
hat prevent colonization and invasion by pathogens. Adverse conditions 
uch as excessive diet and medication, alcohol, detergent or emulsifier 
onsumption or ongoing inflammation lead to the gradual replacement of 
armless commensal gut microbiota with the outgrowth of pathogenic ones 
pathobionts). Recent studies suggest commensal bacteria can potentially 
ontribute to this replacement by becoming pathogenic under host immune 
tress conditions, which can be caused by the diet [15] . Shifting of microbiota
omposition increases intestinal permeability resulting in a “leaky” gut, 
icrobiota transplantation, and driving tumorigenesis by several mechanisms 

escribed below. Transformation of epithelium can also dictate which bacteria 
nd in what quantities adhere to the host cells or live in close proximity
o normal or transformed epithelium. Moreover, cancer cells may become 
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specifically colonized by intracellular bacteria, increasing the ability of these
cells to metastasize [16 , 17] . 

Changes in microbiota composition during tumor 
formation 

Although the microbiota is typically very diverse, certain bacteria
have been identified as predominant commensals of a healthy gut such
as Firmicutes and Bacteroidetes including Bacteroides finegoldii, Bacteroides
intestinalis, Prevotella copri, Ruminococcus obeum, Lachnobacterium bovis, and
others [ 18 ] . During tumor formation, the composition of the microbiota
changes, possibly starting nearby to the dysplastic epithelium and later on
“spilling over” to the luminal compartment. In some cases, these changes
in microbiota precede tumor formation and progression [19] , and may
therefore be suspected as mechanistically involved in early tumorigenesis or
be responsible for an increased predisposition to tumor initiation. Pathogenic
bacteria, such as Escherichia coli and Bacteroides fragilis (see below), have
distinct invasion and biofilm-forming capabilities which may especially
manifest in the areas of early transformation. This in turn may further increase
the cancer formation potential and be linked to an emerging problem of early-
onset colorectal cancers [20 , 21] . 

Inflammatory bowel diseases (IBD) predispose to colon cancer and
are progressively characterized by increased numbers of Proteobacteria and
decreased numbers of Firmicutes species [22 , 23] Shotgun metagenomic
sequencing of fecal samples from patients with different stages of CRC
and healthy controls revealed that greater percentages of carcinoma and
adenoma patients were seen with a significant increase in Bacteroides
massiliensis, Bacteroides ovatus, Bacteroides vulgatus , and Escherichia coli
[ 24 ] . An additional study by Yachida et al. demonstrated that Atopobium
parvulum and Actinomyces odontolyticus were significantly increased in
multiple polypoid adenomas and intramucosal carcinomas [25] . In other
scenarios, an oncogenic transformation leads to metabolic, adhesive, nutrient
availability, and microbes competition changes in the niche where both
cancer cells and microbes live which induces redistribution and changes in
microbiota locally, including microbes associated with the transformed site.
Initial transformation and emergence of colonic adenoma lead to tumor-
specific accumulation of oral commensal Fusobacterium nucleatum , which
is preferentially associated with adenoma but not with normal tissue and
further increases its representation with time and coincides with adenoma-
to-carcinoma transition [26–29] . In such scenarios, members of microbiota
are not necessarily involved in the initial event of transformation, however
as they accumulate they may regulate tumor growth and progression.
Enterotoxigenic (ETBF) strains of Bacteroides fragilis, on the other hand, may
drive colitis and are increasingly associated with CRC tumors [30 , 31] . 

The normal liver is rarely constantly colonized by microbial consortia,
however, it is a "filtering" part of the “intestine–liver-body axis” and
constantly deals with a flow of microbes and microbial products through
the portal system. The emergence of liver diseases such as non-alcoholic
fatty liver disease (NAFLD) and non-alcoholic steatohepatitis ( NASH) may
lead to temporary or constant liver colonization with different bacteria
[32] , which in turn would further promote liver disease. In particular,
Bacteroides and Clostridia were over-represented in liver tissues of morbidly
obese NAFLD patients while Gammaproteobacteria, Alphaproteobacteria,
Bacilli, and Deinococci were overrepresented in the non-morbidly obese
NAFLD cohort [32] . Additionally, recent studies showed a strong correlation
between the composition of the gut microbiota and the progression of
liver disease. Gut microbiota in patients with NASH is characterized by
increased numbers of Parabacteroides and Allisonella and reduced numbers of
Faecalibacterium and Anaerosporobacter [33] . Intestinal microbiota in patients
with cirrhosis is enriched in members of the Lachnospiraceae family and
species from Veillonellaceae and Streptococcaceae families, such as Streptococcus
salivarius, Veillonella parvula, Ruminococcus gnavus , and others [34] . During
he formation of HCC, a significant number of microbes can be identified
n the tumor-adjacent space and in the tumor itself, while the remaining
ormal or healthy liver tissue remains relatively free of microbes. The tumor-
ssociated microbiota in HCC typically consists of Bacteroidetes, Firmicutes ,
nd Proteobacteria [ 35 ] . Additionally, Ruminococcus gnavus was specifically
dentified as a component of microbial signature in tumors of HCC patients
ositive for hepatitis B and/or hepatitis C viruses [35] . Another study
n NAFLD-related cirrhosis and HCC patients demonstrated increased 
umbers of Bacteroides and Ruminococcaceae species and reduced presence of
ifidobacterium in fecal microbiota in the HCC group [36] . 

The number and diversity of bacteria are also increased in pancreatic
denocarcinoma (PDAC) and most of the tumor-infiltrating bacteria can 
e typically traced to the intestine as their source [37] . 16S rRNA gene
equencing of PDAC tumor samples revealed that based on taxonomical 
omposition, the enrichment tumoral microbiota likely originates from the 
uodenum. The most evident increase was observed in the Enterobacteriaceae
nd Pseudomonadaceae families [37] . Work by Pushalkar et al. demonstrated
hat PDAC tumors are routinely colonized with Proteobacteria, Bacteroidetes ,
nd Firmicutes [9] . In addition, a “benign” spectrum of pancreatic diseases
uch as chronic pancreatitis may both change the intestinal microbiome
hrough changes in hormones and digestive enzymes and regulate properties
f the pancreas as a “soil” for microbial colonization by bacteria from the
ntestine. Indeed, Sonika et al. demonstrated that chronic pancreatitis leads
o a marked increase in intestinal permeability manifested by a reduced
xpression of claudin-4, a component of tight junctions which typically “seal”
ormal epithelial tissue [38] 

In addition to bacteria, the intestine is inhabited by viruses and fungi,
hich also play a role in tumorigenesis. Pathogenic fungi from Malassezia

pp . migrate from the gut to the pancreas through the sphincter of Oddi,
nd promote PDAC [39] . Aykut et al. demonstrated that elimination of
ungi protects mice against oncogenic progression [39] . A recent publication
howed one particular mechanism of how fungi (mycobiome) can contribute
o PDAC development through intratumoral mycobiome-driven secretion 
f IL-33, which further induces pro-tumorigenic Th2 responses [40] .
nterestingly, pancreatic inflammation does not increase fungal infiltration 
nto the pancreas unlike it does for bacteria. Several studies have reported
hanges in gut mycobiome in CRC and IBD patients. Analysis of fecal
hotgun metagenomic sequences of patients with CRC showed an increase in

alasseziomycetes and a decrease in Saccharomycetes and Pneumocystidomycetes 
41] . Gao et al. observed fungal dysbiosis in colon polyps and CRC, including
n increased Ascomycota/Basidiomycota ratio and an increased presence of 
richosporon and Malassezia [42] . Candida albicans play an important role

n inflammation and cancer settings. These fungi produce a cytosolic peptide
oxin called candidalysin which directly damages epithelial membrane and 
ctivates epithelial immunity [43] . Additional evidence has confirmed the
resence of fungal dysbiosis in IBD, including decreased prevalence of
accharomyces cerevisiae and an increased presence of Candida albicans 
ompared with healthy controls [44] . The potential role(s) of fungi is likely
ot limited to CRC and PDAC and they may play a role in a variety of
ancers. 

nti-tumorigenic effects of microbiota 

Disruption of the microbiota composition is strongly associated with 
he development of colorectal, liver, and pancreatic cancers, and can
ontribute to their metastasis. However, the microbiota has been shown
o play both anti-tumorigenic and pro-tumorigenic roles, depending on its
unctional taxonomic and spatio-temporal characteristics and stages of tumor 
evelopment [45 , 46] . Below we list some of the mechanisms and processes
hich can enable anti-tumorigenic entities of microbiota. 
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Modulation of Anti-Tumor Immunity 

The gut microbiota can regulate tumor-promoting and tumor-
suppressing pathways associated with inflammation and immunity. Germ-
free mice which are devoid of microbes have an immune system
which is incompletely developed, with aberrant maturation of cells, their
representation and spatial organization in the tissue, and altered thresholds
for cell activation. This underscores the general requirement of microbiota
for tonic stimulation of competent immune responses [47] . In agreement
with this observation, various bacteria or bacterial products were shown to
potentiate anti-cancer immunity, including the original work by William
Coley on “Coley toxins” [48] . Lactobacillus rhamnosus GG is capable of
activating dendritic cells and neutrophils and modulating T cell activation,
resulting in enhanced anti-tumor effects [49] . Microbiota and microbial
products can regulate the production of other cytokines with anti-
tumorigenic and immunostimulatory properties, such as IL-12, TNF [50] ,
perhaps acting as stimulators of innate immunity via pathogen-associated
molecular patterns (PAMPs). IL-22 can induce tissue repairing activity and
protection against infection [51] . Another strong microbiota-driven anti-
tumor mechanism could be realized through IFN γ production by immune
cells. Certain human gut bacteria, such as Bacteroides dorei, Parabacteroides
distasonis, and Paraprevotella xylaniphila can promote IFN γ production by
CD8 T cells and anti-tumor immunity in mice [52] . 

Some of the microbes may share similar antigens with tumor neoantigens
and therefore be engaged in “molecular mimicry” of T cell epitopes,
influencing activation of anti-tumor immunity [53] . The ability of
distinct members of microbiota to influence and augment the efficacy
of immunotherapies serves as direct evidence of microbiota modulating
immune responses. Several species and families of microbes were found to be
correlative with anti-tumor responses in melanoma, kidney, and lung cancer
[46 , 54 , 55] . A recent study uncovered several “types” of microbiome which
correlate with good vs poor prognosis during immunotherapy and suggested
that while geographical location and flavors of microbiome may be different,
there are specific common denominators of microbiota which drive protective
or pro-tumorigenic response [56] . 

Anti-tumorigenic metabolic effects 

Some bacteria-derived metabolites can play a protective role in
tumorigenesis. Short-chain fatty acids (SCFA) are produced by commensal
bacteria , after high-fiber diet fermentation. They can induce antimicrobial
activity in intestinal macrophages and stimulate generation of Treg cells,
which reduces inflammatory responses in the intestine [57 , 58] . SCFA
can also regulate cancer cells themselves and components of the tumor
microenvironment. SCFA produced by various commensals during fibers
fermentation suppress tumor eliciting inflammation [59] linking metabolic
action of microbiota with chronic inflammation which otherwise would
promote tumorigenesis. Faecalibaculum rodentium and the functionally
similar Holdemanella biformis in humans, produced SCFA which inhibited
calcineurin and NFATc3 signaling changing protein acetylation and tumor
cell proliferation [60] . Nomura et al. demonstrated that in solid cancer
patients concentrations of some SCFAs in stool samples were positively
associated with anti-PD1 immunotherapy responses [61] . Lactobacillus reuteri
and its metabolite, reuterin, reduces proliferation and survival in colon cancer
cells by inducing protein oxidation and inhibiting ribosomal biogenesis and
protein translation [62] . Finally, microbial metabolite 3-indopropionic acid
(IPA) enhances the anti-tumor lytic activity of γ δ T cells in a murine model
of HCC [63] . 

Anti-tumorigenic effect by competition with pro-tumor bacteria 

Competition between anti-tumor and pro-tumor bacteria for nutrients
is one of the mechanisms to maintain homeostasis in the intestine and
revent an outgrowth of potentially pathogenic species. For example, 
actobacillus fermentum altered the composition of gut microbiota by 
educing the percentage of Bacteroides [64] . Commensal Enterobacteriaceae 
onfer colonization resistance against Salmonella enteritidis by competing 
or oxygen [65] . Pathogenic Clostridioides difficile has to compete with 
ommensal bacteria for proline [66] . Iron is the element that plays a crucial
ole in the growth of commensal and pathogenic bacteria. Some of the 
otentially pro-tumorigenic bacteria acquire iron by using its binding by 
trong affinity siderophores, while commensal Bacteroides thetaiotaomicron 
ses xenosiderophores – siderophores enterobactin and salmochelin produced 
y members of Enterobacteriaceae [67 , 68] . Moreover, commensal and 
athogenic bacteria may also develop a mutualistic relationship for 
ooperative growth. Gut colonization by various Bacteroides species results 
n generation of metabolic byproducts, such as sialic acid, fucose, succinate, 
ndole, and 1,2-propanediol. These metabolites are often used for the 
ooperative growth of other commensal or pathogenic bacteria [69] . 

In addition, such competition can drive long-term effects of tissue 
olonization by bacteria with distinct properties. For example, “bacteria 1”
ay create a niche for “bacteria 2 and 3” with anti-tumorigenic properties, 
hile outcompeting “bacteria 4” which would otherwise promote further 

olonization with “bacteria 5 and 6” which would have pro-tumorigenic 
roperties. Studies on anti-tumor vs pro-tumor bacteria competition suggest 
hat under the "right" circumstances, prebiotics and probiotics may be tested 
r used for normalization of microbiota and deterrence of pro-tumorigenic 
pecies. 

ro-tumorigenic effects of microbiota 

A pro-tumorigenic effect of microbiota is prominent among many 
ypes of cancer and operates via several distinct mechanisms characterized 
o far. These include DNA damaging/genotoxic effects of bacteria by 
acterial genotoxins and bacteria-induced immune responses, such as 
eactive oxygen species (ROS) and reactive nitrogen intermediates (RNI) 
roduction by activated macrophages and neutrophils, microbe-driven 
lterations in metabolism and production of pro-tumorigenic metabolites 
y bacteria, induction of pro-tumorigenic chronic inflammation, as well 
s induction of immunosuppressive programs which impede anti-tumor 
mmunosurveillance ( Fig. 2 ). 

enotoxic effects 

Genotoxins produced by the gut microbiota exert tumorigenic effects 
y inducing DNA damage in host cells, resulting in direct mutations as 
ell as alterations in the DNA repair machinery, changes in the expression 
f key oncogenes or tumor suppressors leading to transformation and 
ncogenesis by the induction of one or several "hallmarks of cancer" such 
s excessive proliferation, or reduced cell death, changes in epigenetics, 
nflammation or senescence [70] . Certain bacteria, such as Bacteroides 
ragilis, Enterococcus faecalis, Helicobacter hepaticus, and Escherichia coli, can 
nhance carcinogenesis directly by producing factors that inflict DNA 

amage in host cells, thereby increasing the chance of oncogenic mutations 
31 , 71-74] . Escherichia coli secretes genotoxin colibactin encoded by the 
ks pathogenicity island which induces double-stranded DNA breaks in 
ukaryotic cells [73] . During chronic inflammation caused by altered 
icrobiota, inflammatory cells release ROS and RNI, causing DNA damage 

n normal epithelial cells. Enterococcus faecalis infection induces superoxide 
roduction by macrophages, resulting in DNA damage in epithelial cells, 
alled the bystander effect [75] . Other bacteria, such as Fusobacterium 

ucleatum, can indirectly enhance carcinogenesis through factor FadA 

roduction which binds E-cadherin at tight junctions between intratumor 
pithelial cells and increases the permeability of colonic epithelial barrier [71] . 
oreover, Fusobacterium nucleatum has Fap2 protein, binding epithelial cells 
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Fig. 2. Pro- and anti-tumorigenic effects of microbiota. Microbiota plays a dual role in carcinogenesis. Anti-tumorigenic bacteria inhibit tumorigenesis through 
the following mechanisms. 1. Interbacterial competition for nutrients leads to the depletion of pathogenic bacteria. 2. Anti-cancer bacteria produce metabolites 
such as IPA, SCFA, and reutein that reduce cancer cell proliferation and immune response activation. 3. Anti-tumor bacteria can activate cytotoxic and helper T 

lymphocytes and NK cells, thereby inhibiting tumor growth. Pro-tumorigenic bacteria promote tumor development through various mechanisms.1. Pathogenic 
bacteria can produce toxins directly leading to DNA damage. Additionally, DNA damage can occur indirectly through the production of ROS and RNI. 2. 
Oncogenic bacteria produce metabolites and their effects are quite varied. The most studied to date are sBAs which can damage DNA, alter Wnt signaling, 
and induce and perpetuate inflammation. 3. Bacteria are involved with direct induction of inflammation including the production of pro-inflammatory and 
pro-tumorigenic cytokines, suppression of NK cell and T cell cytotoxicity, and activation of the Th2 and Th17 pro-tumorigenic immune responses. 
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and immune cells, and promoting persistent local inflammation at the site
of transformation and bacterial invasion [76] . Helicobacter hepaticus triggers
immune cells to produce nitric oxide/RNI [71] . Oxidative stress induced by
altered gut microbiota is shown to be implicated in the formation of HCC
[77] . Another mechanism by which microbiota can induce DNA damage
is the microbiota-derived metabolite gallic acid, which inhibits the tumor-
suppressor activity of p53 in epithelial cells, resulting in defective responses
to host DNA damage and mutations facilitating malignant transformation
[78] . 

Pro-tumorigenic metabolic effects 

In the gut, the microbiota produces a significant amount of metabolites,
however, their function in the context of cancer is still poorly understood
due to the nascent state of the field and great interpersonal variability in
microbiota, diet, and environmental factors. Diet is one of the factors that
modulates the risk of cancer development and the composition of the gut
microbiota [79] . Recent studies showed that a high-fat diet and a high-
fructose diet increase CRC and HCC progression and the effects of the
diet are in part mediated by the effects of microbiota [79–82] . Secondary
bile acids (sBAs) produced by gut microbiota from the bile acids, the end
product of cholesterol metabolism in the liver, are important microbiota-
derived metabolites. They contribute to immune homeostasis maintenance
by modulating colonic FoxP3 + regulatory T (T reg ) cells expressing the
transcription factor ROR γ t which promotes tumor progression [83 , 84] .
Another microbial metabolite, deoxycholic acid (DCA), can promote CRC
by regulating the Wnt signaling pathway [85] . Lithocholic acid (LCA)
can stimulate expression of IL-8, an important inflammation mediator
upregulated in the serum of patients with CRC [86] . 

During liver cirrhosis microbial metabolites can enter the hepatic
sinusoids through the portal vein and cause chronic liver inflammation.
Primary bile acids increase the hepatic sinusoidal endothelial expression
of CXCL16 receptor, which acts as a scavenger receptor on macrophages
and can induce recruitment and retention of anti-tumorigenic natural
killer (NK) cells. However, numerous studies demonstrated that sBAs are
capable to decrease CXCL16 expression, thereby impeding NK-cell mediated
immunity [87] . DCA, implicated in CRC tumorigenesis, can also contribute
to liver carcinogenesis by promoting DNA damage and inducing release of
proinflammatory cytokines by hepatic stellate cells [87 , 88] . 
nflammation 

Inflammation, especially chronic, non-resolving inflammation, plays 
n important role during all stages of tumorigenesis [89] . Microbes
re powerful inducers of inflammation and chronic access to microbial
roducts leads to chronic inflammation, whether it is systemic, organ-
pecific, or local. Chronic inflammation in the target tissue, whether clinical
r subclinical, often precedes tumor formation in the same tissue. For
xample, IBD promotes colon cancer while pancreatitis is a risk factor
or PDAC development [13] . Chronic inflammation is characterized by
mmunosuppressive microenvironment and promotes epigenetic changes, 
ncogene activation and repression of tumor suppressor action, DNA 

amage, and oxidative stress [90] . Chronic inflammation also causes
erpetuating tissue damage and regeneration, a condition where transformed 
ells may gain a competitive advantage to grow and substitute bulk of
issue, giving rise to the tumor. While IL-22 has a protective role against
athogens and stimulate tumor proliferation, IL-22 activity may have a
ifferent role at different stages of cancer [91] and can also drive nitric oxide-
ependent DNA damage [92] or conversely protect against DNA damage

n stem cell compartment [93] . Equally important is that inflammatory
ntities such as cytokines can serve as growth factors for tumor cells to
nsure their survival and proliferation [89] . Numerous studies highlight
mportant cross-interactions between gut microbiota, tumor microbiota, and 
umor progression in the settings of colorectal, pancreatic, and liver cancers
8 , 22 , 36 , 45 , 87] . In CRC, the neoplastic transformation is accompanied
ith the disruption of the integrity of the colonic epithelium due to

he loss of the proper cell junction organization, cell hyperproliferation,
nd a loss of differentiated mucus-producing Goblet cells [89] . This leads
o increased crosstalk and interaction of microbes with tumor cells and
heir microenvironment, inducing transformation site-specific, non-resolving 
nflammation. 

Up to ninety percent of HCCs develop under the conditions of underlying
hronic liver inflammation, induction of fibrosis, and subsequent cirrhosis. 
everal studies have observed significant alterations in the composition of
ut microbiota in patients with chronic liver and pancreatic inflammatory 
iseases, particularly, a reduction in beneficial bacteria and an increase

n pathogenic bacteria. A study by Zhang et al demonstrated, that gut
icrobiome induced CXCL1 expression in hepatocytes through Toll-like 

eceptors 4 (TLR4)-dependent mechanism and an accumulation of CXCR2 + 
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positive polymorphonuclear myeloid-derived suppressor cells (MDSCs),
which promote liver cancer via induction of immunosuppression and possibly
through other direct mechanisms which include growth factors production
and NETosis [94] . Another potentially relevant mechanism is enhanced
activation of pro-tumorigenic T cells by tumor-associated microbiota during
pancreatic cancer progression, which leads to CD4 T cells producing pro-
inflammatory and pro-tumorigenic entities [7] . Enterotoxigenic Bacteroides
fragilis, Peptostreptococcus anaerobius, Fusobacterium nucleatum can induce
inflammation by activating T helper 17 (Th17) cells, modulating function of
MDSCs, tumor-associated macrophages (TAMs), and granulocytic tumor-
associated neutrophils, as well as reducing natural killer cells cytotoxicity
[45] possibly in many GI cancers. 

Another type of tumor elicited inflammation occurs in “non-
inflammatory” tumors to support tumor growth and reshape the tumor
microenvironment [89] . Of such examples is barrier deterioration induced
during CRC initiation by invasion of colonic adenomas by microbial
products, resulting in increased production of IL-23 and downstream
cytokines such as IL-17 and IL-22 which have a direct pro-tumorigenic
effect on growing cancer cells in CRC [95] , liver cancer [96] or pancreatic
cancer [97] . 

Gut microbiota translocation and its distant 
effect on cancer progression 

In epithelial barrier tissues including intestine microbiota are physically
and functionally separated from host tissues by mechanical and functional
epithelial barrier which limits host-microbiota interaction to the remaining
extent which is mutualistic in nature [98 , 99] . The intestinal wall consists of a
monolayer of intestinal epithelial cells (IEC) that prevent the penetration of
microbes and their products into the submucosal space and contact with inner
space of epithelial cells and sentinel immune cells. This single cell layer of cells
which are connected and sealed together by tight and adherens junctions,
constitutes a physical, chemical, and immunological barrier against intestinal
microbiota, their metabolites and bacterial toxins. A healthy intestinal barrier
is comprised of several layers of highly organized defense barriers, such as tight
junctions, mucosal layer, secreted cytokines, antimicrobial peptides (AMPs),
and secretory IgA [100] . Additional protection from bacterial invasion is
“gut-vascular” barrier which prevents intestinal microbes from accessing the
bloodstream [101] . 

Bacterial translocation of gut bacteria and their products through
the intestinal mucosal barrier into the mesenteric lymph nodes, systemic
circulation, or to the distant organs commonly occurs as the result of increased
intestinal wall permeability, caused by a variety of insults including local
and systemic inflammation, diets, alcohol, dysbiosis, and certain treatments
or drugs as well as by tumor formation and growth [80 , 95 , 102 , 103] .
For example, dietary emulsifiers interact with the multilayered endogenous
mucus secretions that coat the luminal surfaces of the intestinal tract and
may compromise the ability of human mucus to prevent contact between
microorganisms and epithelial cells [104] . Triclosan is antimicrobial chemical
that induces colonic inflammation, promotes colitis, and exacerbates
colitis-associated colon cancer in mice [105] . Diminution of mucus
and breakdown/remodeling of tight junctions by inflammatory cytokines
can cause bacteria invasion and translocation in distant organs such as
Enterococcus gallinarum [ 106 ] . Formation of biofilms in response to changes
in intestinal barrier function helps bacteria to stay in proximity and release
microbial products. Mice with colonic biofilms containing Escherichia coli
and enterotoxigenic Bacteroides fragilis showed increased DNA damage in
colonic epithelium and production of IL-17 which was associated with faster
tumor onset, progression and greater mortality [21] . These processes can also
be interconnected- for example, preceding chronic inflammation or tumor
formation can cause dysbiosis, dietary insults can promote inflammation. 
Once bacteria and their products translocate through the epithelial barrier, 
hey can localize in various distant organs by several mechanisms highlighted 
n Fig. 3 . Several studies demonstrate, that pro-tumorigenic bacteria and 
ther components of microbiota can be detected in the pancreas [9 , 107] and
iver [35] . 

Microbiota contributes to HCC development [108] and intestine and the 
iver are connected via the portal vein system, so called the gut-liver axis [109] .

icrobial metabolites and molecules travel from the intestine to the liver, 
here they are normally phagocytosed by Kupffer cells but can also activate 

ocal monocytes, neutrophils, or adherent cancer cells (micrometastases). 
xcessive amounts of immunogenic PAMPs, including bacterial metabolites 
nd toxins produced by intestinal bacteria, such as lipopolysaccharides (LPSs) 
nd bacterial DNA, lead to hepatic inflammation through the activation of 
attern recognition receptors (PRRs), including Toll-like receptors (TLRs), 
-type lectin receptors (CLRs), galectin 3 and NOD-like receptors (NLRs) 

110] . Commensal bacteria might influence liver immunological zonation by 
ctivating MyD88-dependent signaling in liver sinusoidal endothelial cells 
LSECs), which induce chemokine gradient formation and attraction of 
yeloid and lymphoid resident immune cells [111] . Exposure of mice with a

isturbed intestinal barrier to microbial components led to an increase in 
he systemic circulation of intestinal microbial factors, which contributed 
o the formation of HCC [112] . Depletion of microbiota with broad 
pectrum antibiotics led to a tumor regression in HCC models induced 
y DEN (diethylnitrosamine) plus carbon tetrachloride (CCl 4 ) treatment; 
y high-fat diet (HFD) in MUP-uPA mice; or by a combination of 7,12-
imethylbenzanthracene (DMBA) and HFD [88 , 113 , 114] . 

Bacterial translocation from the intestinal lumen to the pancreas was 
irectly demonstrated by Rohr et al, who gavaged mice withh fluorescently 

abeled commensal bacteria [115] . The most likely way for this translocation 
as been suggested to be via the pancreatic duct, which connects pancreas 
ith the duodenum [37] . Bacterial DNA profiles in the pancreas are similar

o those in the duodenum tissue [116] . Bacteria are not the only potential
athogens capable to migrate from the gut. Pathogenic fungi can also migrate 
rom the duodenum to the pancreas through sphincter of Oddi, and promote 
ancreatic ductal adenocarcinoma development [39] . In addition, there is a 
otential possibility of bacterial translocation through the portal vein and the 

ymph flow ( Fig. 3 ). 
In three independent studies using different genetic models of mice, was 

hown that ablation of intestinal bacteria is associated with a decrease in 
umor growth and activation of the immune response. Sethi et al revealed 
hat after oral treatment with an antibiotic cocktail, the number of IFN γ -
roducing T cells increased, and the amount of secreted IL-17A and IL- 
0 decreased [117] . Additionally, Pushalkar et al demonstrated reduced 
umbers of MDSCs, and increased number of immunogenic “M1-like type”
acrophages, Th1 cells, and cytotoxic T cells infiltrating PDAC tumors after 
icrobiota ablation [9] . Thomas et al also established the same effect of

ntibiotic treatment in the murine pancreatic cancer model [118] . 

icrobiota and metastasis 

Tumors of the GI tract commonly metastasize to regional lymph nodes, 
iver, and lungs, with the presence of metastatic disease being the biggest 
dverse factor of poor patient survival. Microbiota plays an initial role in the
ormation of metastases as well as promotes their growth and resistance to 
herapy. Time of colonization of metastatic lesions with bacteria may also 
ary, but at least in some scenarios bacteria may already infect cancer cells in
rimary tumor [119] . Colon cancer progression induced by the loss of p53
s associated with increased intestinal permeability and formation of an NF- 
B-dependent inflammatory microenvironment, which promotes epithelial- 
esenchymal transition (EMT) and dissemination of cancer cells to lymph 

odes [120] . Modulation of gut microbiota by glycyrrhizic acid prevents 
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Fig. 3. Mechanisms of gut microbiota translocation. Several routes contribute to microbial translocation from the gut to distal organs. Bacteria can cross the 
intestinal barrier as a result of local and systemic inflammation, diet-induced injury, alcohol, infection/food poisoning and dysbiosis, drug treatment, tumor 
formation, mucus thinning, invasive properties of bacteria, breakdown or remodeling of tight junctions by inflammatory cytokines and formation of biofilms 
which bring the bacteria into the immediate proximity to the epithelium to be breached. The portal vein is a key vessel connecting the intestine, pancreas, and 
liver and microbiota can easily enter the portal bloodstream if epithelial barrier is weakened. Alternatively, bacteria can enter the lymphatics and spread to the 
lymph nodes and organs via lymph flow. The last mechanism is the direct transfer of microbiota from the duodenum to the pancreas through pancreatic ducts. 
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high-fat diet-enhanced pre-metastatic niche formation and metastasis to the
lungs of breast cancer and melanoma [121] . 

Bacteria can spread to the metastases in several ways including by
penetrating through the epithelial and vascular barriers into the bloodstream
or lymphatic system [122] or by invasion/infection of cancer cells or traveling
immune cells [16 , 123] (further illustrated on Fig. 4 ): 

The premetastatic niche in the liver is an altered pro-tumorigenic
inflammatory microenvironment that attracts cancer cells, facilitating their
extravasation, colonization, survival and outgrowth. Tumors are characterized
by the presence of an intratumoral microbiota that influences tumorigenesis
[16] . In addition, the composition of the microbiota of the primary colorectal
tumors and hepatic metastasis is the same: they are colonized by identical
bacteria such as Fusobacterium nucleatum, Bacteroides fragilis , and Prevotella
spp [119] . A recent study demonstrated the important role of bacteria in the
formation of the premetastatic niche where, Escherichia coli disrupts the gut-
vascular barrier, and disseminates to the liver via portal vein, where bacterium
promotes the recruitment of innate immune cells and the formation of
an inflammatory pro-metastatic environment [115] . Treatment with broad-
spectrum antibiotics showed reduction of tumor growth in liver metastasis
models of pancreatic and colon cancers [117] . Fusobacterium nucleatum
can also promote CRC lung metastasis, as demonstrated by Chen et al
n their in vivo model [124] . Like in primary tumors, some bacteria
n metastatic sites can stimulate antitumoral immunity, while others can
romote immunosuppression and pro-tumorigenic inflammation. Lastly, 
acterial products can play role in metastasis formation, e.g. LPS, produced
y Escherichia coli can increase secretion of cathepsin K, which mediates
M2-like” polarization of macrophages and promotes metastasis in colorectal 
ancer [125] . 

argeting microbiota to enhance anti-cancer 
herapies 

Chemotherapy remains a mainstream treatment option in cancer but 
nfortunately, in many cases a resistance ensues in most of the tumors.
nterestingly, resistance or sensitivity to chemotherapy correlates with the 
omposition of intestinal or intratumoral microbiota. For example, the 
reatment with gemcitabine in PDAC patients loses its efficacy if particular
umor is enriched with Gammaproteobacteria [37] . Fusobacterium nucleatum 

romotes chemoresistance of CRC metastasis activating autophagy and 
ugmenting survival of cancer cells [126] . On the other hand, effectiveness of
hemotherapy may also decrease upon microbiota depletion in various non-
I cancers, such as lung cancer and melanoma [127] . Germ-free or antibiotic-
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Fig. 4. Microbiota in tumor progression and metastasis. The formation of metastases is a complex process that simultaneously affects several organs and 
circulatory systems. Bacterial translocation probably may occur as early as during pre-metastatic niche formation, at the same time with the colonization of the 
secondary organ by cancer cells or follow later in time by “re-infection” of growing metastasis with microbes. In the figure, we depicted the source of bacteria 
during the formation of metastases in the liver. Bacteria can get into the site of metastasis from the primary tumor independently through the blood and lymph 
flow and as part of the tumor or phagocytic immune cells. Leaky intestines are another source of bacteria in the liver. Dysbiosis is a frequent accompaniment 
of oncological diseases, leading to a weakening of contacts between epithelial cells and the spreading of bacteria to the site of metastasis. 
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treated tumor bearing mice do not properly respond to immunotherapeutic
treatment with intratumoral CpG oligodeoxynucleotides, because these
commensal microbes are essential to stimulate tumor-associated myeloid cells
to produce inflammatory cytokines for anti-tumor effects [50] . 

Microbiota and mycobiota also differentially regulate the sensitivity
of cancer to radiotherapy, acting through a variety of mechanisms.
Shiao et al demonstrated that removing bacteria reduced the effectiveness
of radiotherapy, while removing fungi, on the contrary, increased the
effectiveness in breast cancer and melanoma [128] . Commensal bacteria
support anti-tumor T cell responses while commensal fungi drive pro-
tumorigenic macrophage action following RT in a Dectin-1-dependent
manner [128] . 

In the past few years there also has been increasing evidence that
microbiota influences the effectiveness of most advanced immunotherapies,
including immune checkpoint inhibition therapies (ICI). For example,
pancreatic cancer had a better response to PD-1 therapy in the absence
of microbiota [9] , while use of antibiotics specific to certain gut bacteria
in a mouse model of HCC increased proportion of natural killer T
cells (NKT) cells, which led to tumor size reduction [87] . These results
suggest that each type of cancer and each patient has a distinct profile
of the gut and tumor microbiota, that can play different roles during
cancer development and therapy. The presence of certain bacteria can
enhance response to therapy. Thus, several studies have demonstrated
that Akkermansia muciniphila, Bacteroides fragilis, Enterococcus, and some
ifidobacterium strains can enhance the anti-tumor efficacy of ICI treatment 
54 , 129-131] . Mager et al demonstrated that ICI increases the permeability
f the intestine, as a result of which the serum concentration of the
icrobial metabolite inosine, produced by the Bifidobacterium pseudolongum , 

ncreased. Inosine together with proinflammatory stimuli strongly enhanced 
he antitumor capacity of T cells in multiple tumor settings, including 
olorectal cancer, bladder cancer, and melanoma [132] . Additionally, in 
re-clinical murine models Andrews et al determined that treatment with 
ombined immune checkpoint blockade (CICB) in melanoma patients leads 
o toxicity by changing microbiota profiles [133] . 

Relatively little is known about the therapeutic potential of soluble 
icrobial molecules and metabolites to modulate the effectiveness of cellular 

ancer immunotherapy. Luu et al demonstrated that SCFAs pentanoate 
nd butyrate enhance the anti-tumor activity of cytotoxic T lymphocytes 
CTLs) and chimeric antigen receptor (CAR) T cells through metabolic and 
pigenetic reprogramming in syngeneic murine melanoma and pancreatic 
ancer models [134] . Furthermore, a defined commensal consortium of 11 
acterial strains is capable of robustly inducing IFN γ -producing CD8 T cells
n the intestine in murine tumor models of CRC and melanoma. This study
emonstrated that a mixture of human low-abundant commensals was able 
o enhance therapeutic efficacy of ICI [52] . 

Another approach to improve cancer treatment by utilizing microbiota 
s the delivery of drugs directly to the destination tissue using targeted 
acteria-based nanosystems, such as EnGeneIC Dream Vector (EDV). 
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Sagnella et al demonstrated that tumor-targeting EDV nanocells function
as an immunotherapeutic compound by delivering a cytotoxic payload in
conjunction with activation of the immune system [135] . Some species of
native or engineered bacteria may in turn serve as a drug, reducing metastasis,
for example, Salmonella YB1 , an engineered oxygen-sensitive strain, potently
inhibits metastasis of a broad range of cancers [136] . Clostridium sporogenes
can be engineered to produce smaller amounts of branched SCFAs by these
bacteria, thereby potentially affecting immune and tumor responses [137] .
Special Microbiome Derived Metabolism (MDM)-screening study aiming to
characterize the ability of the human gut microbiome to metabolize various
small molecule drugs [138] . Another approach to manipulate the function
and the representation of bacteria is the use of bacteriophages to effectively
and specifically reduce target bacteria population(s) in the intestine and
protect from an invasive bacteria-exacerbated colorectal cancer [139] . Phage-
guided modulation of the Fusobacterium nucleatum significantly augments
the efficiency of first-line chemotherapy treatments of CRC [140] . 

Microbiota and cancer prevention 

An attractive but yet understudied possibility of microbiota-based
prevention of the malignant transformation is based on several key
approaches, such as microbiota transplantation, including fecal transfer or
“pill”, treatment with probiotics or prebiotics, use of narrow spectrum
antibiotics more selective against pathogenic species, adherence to diet
and healthy lifestyle. The main goals of these strategies are to reduce the
number of pathogenic bacteria in the intestine and replace them with the
true commensal ones, to restore the intestinal epithelial barrier, reduce the
translocation of bacteria and their components, and prevent proinflammatory
immunosuppression. 

Antibiotic treatment, although proven to be an effective way to reduce
tumor growth in mouse models, is still difficult to replicate its success in
clinical practice due to interpersonal variability and possible complications,
such as outgrowth of antibiotic-resistant flora or bloom of pathogens such
as Clostridioides difficile . In addition, long-term use of antibiotics also leads
to the depletion of potentially beneficial commensal intestinal microbiota.
Several studies demonstrated that continuous use of antibiotics is associated
with increased risk of colon cancer [141] . However, several clinical studies
for treatment of liver cirrhosis using norfloxacin and rifaximin have been
concluded with enough safety and efficacy [142 , 143] . Another promising
approach is the use of selective antibiotics to kill certain pathogenic bacteria,
such as ones responsible for synthesis of DCA, which promotes HCC [88] .
Probiotics are collections of bacteria used for re-shaping the microbiota. They
act through a variety of mechanisms including the suppression of colonization
by pathogenic bacteria, modulating immunity, and improving the function
of the intestinal barrier. Probiotics are effective in mouse models and clinical
studies, but their long-term effectiveness remains controversial. Sometimes,
the usage of probiotics can lead to increased risk of bacterial translocation
and systemic invasion, as well as antimicrobial resistance by the potential
transfer of resistant genes to the resident microbiota [144] . Prebiotics,
such as dietary components, also can shape and instruct the evolution of
microbiota composition. Inulin attenuated the growth of subcutaneously
transplanted MC38 colon cancer tumors in syngeneic wild type mice [145] .
Diet and alcohol modulate cancer risk, to a certain extent via modification
of the metabolic activity of the microbiota. High cholesterol diet leads to
progression of HCC by inducing alteration of gut microbiota and metabolites
[146] . Western-type diet is capable to lead to loss of gut microbiota diversity,
a bloom of Escherichia coli , and an altered metabolic profile with butyrate
depletion in pancreatitis mouse model [147] . 

Fecal microbiota transplantation (FMT), which is based on the transfer
of healthy microbiota from a healthy donor to a sick or high-risk recipient
is another effective approach to eliminate dysbiosis and “normalize” or
“reset” normal microbiota. The advantage of this method is that its effects
an be long lasting, and the disadvantage is the possible transmission of
nrecognized pathogens. Transplantation of bacteria from CRC patients has 
een shown to increase carcinogenesis in mice [148 , 149] . Recolonization of
ntibiotic-treated or germ-free mice before tumor onset with fecal microbiota
rom genetically engineered mice with late-stage tumors resulted in tumor
rogression in the recipient mice [9] . The stools of patients with severe
lcoholic hepatitis increased the susceptibility to chronic alcoholic liver 
isease in mice and possibly HCC predisposition [150] . All these examples
emonstrate a potential for microbiota normalization via FMT to prevent
he development or progression of cancer. In addition, it has been shown
hat FMT can influence immunotherapy by ICI treatment [151 , 152] . 

While there is no universal strategy yet to prevent tumorigenesis, further
nsights into integrated approaches can potentially help patients to reduce the
athogenic effect of microbiota in cancer and other diseases by influencing
nd expanding normal microbiota counterparts. 

onclusions 

The influence of microbiota on the development of malignant neoplasms
s very diverse. The interrelationships between the gut microbiota and the
umor microenvironment remain largely unexplored, but the disruption in 
he microbiota-host relationship is a key event, leading to tumor progression.
he composition of the tumor and gut microbiota can be used as a biomarker

or disease progression or risk for cancer development. Altering the gut
icrobiota with new approaches holds a promise for substantial therapeutic

enefit to improve therapeutic responses. In addition, new technologies for
he genetic modification of bacterial properties and the specific targeted drugs
sing bacteria-based payloads give us hope for improving patient survival. 
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