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Abstract: Early evidence suggests a strong association of microorganisms with several human
cancers, and great efforts have been made to understand the pathophysiology underlying microbial
carcinogenesis. Bacterial dysbiosis causes epithelial barrier failure, immune dysregulation and/or
genotoxicity and, consequently, creates a tumor-permissive microenvironment. The majority of the
bacteria in our body reside in the gastrointestinal tract, known as gut microbiota, which represents a
complex and delicate ecosystem. Gut microbes can reach the pancreas, stomach and colon via the
bloodstream. Oral bacterial translocations can also occur. In the stomach, pancreas and colon, low
microbial diversity is associated with cancer, in particular with a bad prognosis. The urogenital tract
also harbors unique microbiota, distinct from the gut microbiota, which might have a role in the
urinary and female/male reproductive cancers’ pathogenesis. In healthy women, the majority of
bacteria reside in the vagina and cervix and unlike other mucosal sites, the vaginal microbiota exhibits
low microbial diversity. Genital dysbiosis might have an active role in the development and/or
progression of gynecological malignancies through mechanisms including modulation of oestrogen
metabolism. Urinary dysbiosis may influence the pathogenesis of bladder cancer and prostate cancer
in males. Modulation of the microbiome via pre, pro and postbiotics, fecal or vaginal microbiota
transplantation and engineering bacteria might prove useful in improving cancer treatment response
and quality of life. Elucidating the complex host-microbiome interactions will result in prevention
and therapeutic efficacy interventions.
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1. Microbiome and Oncogenesis

The microbiome, often referred to as the “forgotten organ”, comprises all the genetic
material within a microbiota that represents ten times that of our cells [1].

When the community of microbes is present in a particular environment, it is referred
to as a microbiota, while the set of microbes with their genomes and the surrounding envi-
ronment is referred to as a microbiome. The microbiota includes various microorganisms
such as bacteria, viruses, protozoa, fungi and archaea. This ecosystem is personalized in
each individual’s organ, creating a commensal, symbiotic and pathological relationship.
Recently, a new focus has been discovered in genomic research called oncobiome. The
oncobiome represents the link between the human microbiome and the carcinogenesis
process [2]. The International Agency for Research on Cancer estimates that one in five
cancer cases worldwide is caused by an infection.

The microbiota preserves the balance in the host and maintains eubiosis, protecting the
pathological colonization of the microorganism and cooperating with the metabolic process
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through a symbiotic agreement. On the other hand, the human intestinal epithelia provide
a nutrient-rich microenvironment that tolerates microbiota and an immune system that
watches over the invasion of pathogens. Dysbiosis is a change in the normal composition
of the microbiome due to an imbalance in the relationship between the host epithelia and
the microbiota that can initiate chronic inflammation, epithelial barrier dysfunction and
overgrowth of harmful bacteria [3]. These changes in intratumoral or neighboring microbial
communities in cancer patients are referred to as the tumor-associated microbiome [4].
Tissue adjacent to tumors is likely to be altered compared to healthy tissue due to factors
such as immune cell infiltration, fibrosis and tumor-associated inflammation [5–7]. The
tissue adjacent to the tumor is in fact similar to tumor tissue in its microbial composition,
suggesting a complex interaction between proteins and receptors on the tumor and the
surrounding tissue [5]. Many natural and unnatural conditions promote dysbiosis, such
as aging, genetic defects, pathogenic microorganisms, transient commensals, antibiotics,
xenobiotics, smoking, hormones and dietary cues. All of these well-established risk factors
promote inflammatory states that increase the risk of oncogenesis. Numerous microbial
species have promoted tumor growth associated with local inflammation [8,9]. The most
recognized link between bacteria and non-cardiac gastric cancer is Helicobacter pylori. How-
ever, elimination of Helicobacter pylori has been shown to offer a minimal reduction in
gastric cancer, so the evidence that a single organism is the sole cause of cancer remains
unlikely while strengthening the evidence for the microbiota.

Inflammation influences the production of specific metabolites such as nitrate. and
these allow facultative anaerobic bacteria (e.g., Enterobacteriaceae) to grow in a community
dominated by obligate anaerobic bacteria lacking the electron transport chain [10,11].
Furthermore, inflammation induces the expression of stress response genes in bacteria,
which promotes bacterial fitness and adaptability [12].

The anatomical separation of microbes from the host compartment, which allows
symbiotic coexistence, is maintained by multi-level barriers (skin, gut, stomach, pancreas),
which are also enriched in immune cells. Barrier defects, due to mutations in genes
encoding proteins essential for its integrity and functioning or to infections, inflammation
[(absence of key components of inflammasomes as nucleotide-binding oligomerization
domain-containing2 (NOD2) and NOD, LRR and pyrin domain-containing6 (NLRP6), or of
interleukin-10 (IL-10)], lead to dysbiosis and bacterial translocation and finally have been
associated with microbial carcinogenesis.

The role of genotoxins and pro-tumor metabolites released by bacteria is fundamental
in carcinogenesis. These influence carcinogenesis by causing DNA damage or negatively
affecting the cell cycle. Examples of genotoxins are colibactin, produced by Escherichia coli,
or P-cresol sulfate (PCS) [13,14].

Accumulated evidence indicates that molecular patterns associated with microorgan-
isms (MAMPs) such as lipopolysaccharide (LPS) and lipoic acid (surface components of
gram-negative and gram-positive bacteria) and toll-like receptors (TLRs) interact with
each other with pro-inflammatory action to then contribute to carcinogenesis by creating a
“microbiota-cancer axis”. These molecules are capable of detecting structures associated
with pathogens. In particular, TLR4, the receptor for LPS, promotes carcinogenesis in the
colon, liver, pancreas and skin in Tlr4-deficient mice [15,16]. MAMPs are recognized by
TLRs and the consequence is the release of reactive oxygen and nitrogen species (ROS and
RNS), which could cause DNA damage and mutations [17]. Following pathogen infec-
tion, the innate immune system is alerted and is activated by the recognition of ‘non-self’
from ‘self’ through pattern-recognition receptors (PRRs). PRRs, through the recognition of
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns
(DAMPs), induce interferons (IFNs) of type I and III to enhance junctional barrier func-
tion [18]. An intracellular signaling cascade and the upregulation of transcription factors
such as NF-κB are caused, which in turn induce IFNs.
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PRRs can not only control the microbiota through antibacterial mediators and thereby
suppress cancer, but they can also promote resistance to cell death and trigger cancer-
promoting inflammation [19]. Several studies report that the microbiome acts remotely
to influence sterile tumor environments by influencing both natural autoimmunity and
immunomodulating anticancer therapies [20–22]. The innate immune system shares many
similarities with tumor suppressor signaling, as both processes initiate cell cycle arrest and
early apoptotic pathways. However, evasion of innate immunity plays a fundamental role
in tumorigenesis. Systemic effects affecting T cells were likely mediated by cross-reactivity
between microbial and tumor antigens.

The human microbiome continuously changes throughout the lifespan. Beyond harm-
less changes, dysbiosis is inherently favored in aging. With increasing age, the microbiota
shifts toward a more pro-inflammatory profile that may be linked to adverse health is-
sues, even tumorigenesis in the elderly host. The harmful increase in pro-inflammatory
commensals in the gut microbiota can be a primary cause of aging-associated pathologies
such as cancer [23]. Microbial dysbiosis has been reported as a feature of aging and it can
interplay within the diseasome of aging, modulating several age-related processes, such as
genomic methylation levels, low-grade persistent inflammation and diminished nuclear
factor erythroid 2–related factor 2 (Nrf2) activity [24].

Of particular interest, Nrf2 is known to decline with age and it plays a crucial role in
the fine balance between cell death and survival as follows: it guarantees an anti-tumor
function at the physiological level, but it switches to a pro-tumor role when its signaling
is exacerbated [25]. In the perspective of cancer being an age-related disease, the key role
of Nrf2 in DNA repair and in processing harmful xenobiotics, thereby preventing cancer
initiation, raises the possibly important therapeutical role of inducing Nrf2 for treating
age-related cancers [26]. From a clinical point of view, it should be crucial to avoid the
overexpression of Nrf2, which can favor the progression of cancers such as those of the
genitourinary tract [27].

Associated with the transcriptional target heme-oxygenase 1 (HO-1), the Nrf2/HO-
1 system plays a protective role under physiological conditions against gastrointestinal
cancers as an important protector of the intestinal mucosa [28]. Linking with nutrition,
a synergistic interaction between dietary poliphenols and gut microbiota importantly
determines the benefits of dietary interventions, also upregulating Nrf2 activity [29].

Within the framework of aging, microbiota and cancer, in addition to Nrf2, it is
worth mentioning the signaling of polyamines. Decreases of intracellular and circulat-
ing polyamines occur with aging, and polyamine dysregulation is implicated in cancer.
Polyamines such as putrescine and spermidine in the intestinal lumen are mainly syn-
thesized by the colonic microbiota. As for Nrf2, the overexpression of polyamines has a
detrimental role, e.g., favoring the tumorigenesis of colorectal cancer. In this view, the
modulation of polyamine production by gut microbiota may serve as a possible therapeutic
target [30].

As an example of the interplay between the genitourinary and gastroenteric micro-
biome with the aging-associated cancer biology, it has been reported that inflammaging—as
the chronic, sterile, low-grade inflammation during aging [31]—and gut and urinary dys-
biosis all contribute to immune dysregulation and tumorigenic effects in bladder cancer.
Therefore, a therapeutic intervention targeting gut and urinary dysbiosis may deserve
further attention in combating bladder cancer, whose incidence, morbidity and mortality
are increased with aging [32].
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The aim of this review is to examine the intratumoral microbiome and document
changes in the commensal microbiota of cancer patients, establishing a correlation with
gastric, pancreatic and colorectal carcinogenesis, but also with gynecological cancers, as
well as with carcinogenesis of the prostate and the bladder.

2. Organ Specific Cancers Microbiome
2.1. Gastroenteric Cancers

In the gastroenteric tract, the bacterial community varies between luminal and mucosal-
associated communities.

One of the most recognized links between bacteria and cancer is the case of Helicobacter
pylori in gastric cancer. In contrast to its promotion of gastric carcinogenesis, Helicobacter
pylori infection reduces the risk of esophageal adenocarcinoma in humans [33], which
emphasizes the organ-specific effects of the bacterial microbiota in carcinogenesis. Gastric
cancer (GC) is one of the most common cancers in the world and is the first example of
carcinogenesis caused by an infection with a specific bacterial pathogen [34]. Among the
various risk factors, Helicobacter pylori infection plays an important role. Helicobacter pylori
causes inflammation of the gastric mucosa and a condition of hypochloremia following
the destruction of the glands that secrete hydrochloric acid, causing the onset of atrophic
gastritis capable of evolving into gastric cancer. In recent years, the world of research has
increasingly focused on studying the microbiota and its contribution to the onset of various
diseases, such as cancer. In 2006, an interesting study was conducted on the bacteria that
characterize the gastric microbiota. Through PCR examinations of biopsy samples and
sequence analysis, Bik et al. identified 128 bacterial philotypes [35]. This study revealed that
the stomach has a more robust microbiota than previously believed. Subsequently, several
studies have focused on the differences in the diversity of the intestinal microbiota as the
severity of the phenotype increases, starting from normal gastric mucosa and arriving
at the GC situation. In the study by Aviles-Jimenez et al., tissues from patients with
superficial gastritis, intestinal metaplasia and gastric cancer were analyzed. The study
showed a reduction in gastric microbiota diversity in tumor tissues [36]. However, other
studies have shown the opposite, reporting greater diversity of the gastric microbiota in the
gastric tissues of cancer patients [37]. Although there is no firm notion of the correlation
between gastric microbiota and GC, several studies show that it is plausible that increased
or decreased microbiota diversity may be associated with the development of gastric
cancer. In particular, there appear to be associations between specific microbes and gastric
cancer. For example, the study conducted by Castano-Rodriguez et al. showed a high
concentration of Lactococcus and Lactobacillus in patients with GC. Researchers hypothesized
that the mechanism of action underlying the onset of GC is lactic acid production, which
may aid tumor progression as lactate acts as an energy source for tumor growth and
angiogenesis [38]. A role favoring the onset of GC seems to have several members of the
phylum Nitrospirae that play a role in the metabolism of nitrates and nitrites [11]. Oral
bacteria have been found in patients with gastric cancer, such as Fusobacterium, a pro-
inflammatory oral bacterial genus [39]. Finally, the production of short-chain fatty acids by
Propionibacterium acnes seems to contribute to lymphocytic gastritis [40].

A different example showed a decrease in the concentration of Sphingobium yanoikuyae
in patients with GC. These species degrade aromatic hydrocarbons, a group of molecules
with potential carcinogenic effects [41]. Intestinal dysbiosis also plays a role in GC. The
researchers studied gastrointestinal hormones on inflammation and gut microbiota in
Chinese patients with GC and noted that serum levels of gastrin-17, pepsinogen II, IL-
6 and IL-17 are increased in patients with GC and are related to disease severity. The
researchers studied the gut microbiota of fecal ampoules before and after chemotherapy and
surgery [42]. Treatment with FOLFOX4, a combination of leucovorin (LV) and fluorouracil
(FU) with oxaliplatin, restored the optimal intestinal values and surgery led to an increased
abundance of Akkermansia, Escherichia/Shigella, Lactobacillus and Dialister.
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These data are from retrospective studies and are not suitable for establishing a cause-
and-effect relationship between dysbiosis and GC. Longitudinal and prospective studies
are needed to evaluate changes in the gut microbiota over time and to understand the real
cause-and-effect correlation between microbiota and the onset of gastric cancer.

Pancreatic cancer (PC) is one of the malignancies with an infaust prognosis. In addition
to common risk factors, several studies have shown the involvement of the microbiota in
the onset of PC [43]. Historically, the pancreas was thought to be a sterile organ [44], but
recent studies have found the existence of bacteria populations in normal pancreatic tissue
and pancreatic ductal adenocarcinoma (PDAC) samples. When comparing patients with
PDAC to healthy people, variations in oral, intestinal and intrapancreatic microbiota were
noted [45]; furthermore, studies have uncovered the key role of microbes in pancreatic
carcinogenesis as well as their influence in modulating the activity of chemotherapies and
immunotherapies used for numerous malignancies [46]. Besides the environmental and
genetic risk factors, an increasing number of recent reports are showing an association
between the composition of the human microbiome and PDAC. Most of the bacterial
communities found in the tumoral milieu are present commonly in the gut microbiome [47],
suggesting that potentially bacterial translocation from the gut to the pancreas might be
occurring. It is demonstrated for the first time in human PDAC patients that the gut
microbiota has the capacity to colonize pancreatic tumors and that this colonization can
modify the overall microbiome of the tumor. Gut microbes can reach the pancreas through
the circulatory system or the biliary/pancreatic duct (transductal transmission) [48], which
would demonstrate their potential etiological role in pancreatic cancer. Depletion of the gut
microbiota via oral antibiotics restrained tumor growth and metastatic burden in PDAC
mouse models [49]. In a study by Ren et al., fecal samples from PDAC patients and
matched healthy controls were collected prospectively and analyzed for their microbial
characteristics [50]. The gut microbial diversity was found to be significantly lower in
PDAC patients. The composition of the gut microbiome was also unique in PDAC patients
and contained significantly higher Bacteroidetes and lower Firmicutes and Proteobacteria
when compared to healthy controls.

Moreover, some oral bacteria have been shown to confer augmented susceptibility to
this neoplasm. In particular, Porphyromonas gingivalis, a gram-negative anaerobic pathogen,
has been linked to a high risk of developing pancreatic cancer. Lu and colleagues found
that the microbiome diversity of the tongue coat in PDAC patients was significantly in-
creased, and the bacterial composition was markedly different from controls [51]. A few
bacterial genera (Haemophilus, Porphyromonas, Leptotrichia and Fusobacterium) could distin-
guish PDAC patients from healthy individuals [52]. Interestingly, periodontal disease has
been linked to increased PDAC risk that may be related to oral dysbiosis. Porphyromonas
gingivalis is an important contributor to periodontal disease and may cause systemic inflam-
mation, leading to carcinogenesis. Results from some studies showed that higher levels of
antibodies against a pathogenic strain of Porphyromonas gingivalis were associated with a
two-fold increase in the risk of PDAC. While higher levels of antibodies against commensal
oral bacteria were associated with a lower risk of PDAC [53]. In a recent study, the authors
found that long-term survivors (five years or more) have higher intratumoral microbiome
diversity as compared to short-term survivors, demonstrating that intratumoral micro-
biome composition can be an indicator of PDAC patients’ survival. LTS showed enrichment
of Proteobacteria (Pseudoxanthomonas) and Actinobacteria (Saccharopolyspora and Streptomyces),
while no predominant genus was detected in STS tumors. The tumor microbiome diversity
has a powerful impact on determining the survival of PDAC patients. The microbiome
unique to LTS may contribute towards shaping a favorable tumor microenvironment, char-
acterized by the recruitment and activation of CD8 T cells to the tumor milieu and it might
also be useful as a predictor of patients’ outcomes. Another key consideration is the role
of the microbiome on the immune system. Erick Riquelme et al. found higher CD3+ and
CD8 + T cell densities in LTS than in STS patients, as well as significantly higher numbers
of Granzyme B+ (GzmB) cells in LTS [54]. An important factor that can cause dysbiosis is
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metabolic dysfunction [55]. For this reason, the influence of metabolic processes on the
intratumoral microbiome has been examined. If in LTS cases there is an enrichment of
the pathways linked to the metabolism of amino acids, xenobiotics, lipids, terpenoids and
polyketides, the cases of STS have shown an enrichment in the synthesis and processing of
proteins, in the processing of genetic information, in energy and nucleotide metabolism, in
replication and repair. Furthermore, bacteria could influence immune infiltration, which
ultimately affects PDAC survival.

It has long been suspected that the alterations in the microbiota may influence
colorectal carcinogenesis. CRC is known to be essentially a genetic disease, but it is
still unknown precisely what events contribute to precipitating the initial disease and
promoting progression.

It is thought that the bacterium acts similar to a “hit and run” in the sense that even
limited exposure to the bacterium is sufficient to incite the disease, even when the tumor
microenvironment is no longer hospitable for the life of the bacterium [56]. It is also possible
that the characteristics of transformed colonic epithelial cells render them more sensitive
to microbially-influenced carcinogenesis. Driver gene mutations give epithelial cells the
ability to requisition immune cells to further promote growth and spread, but the bacteria
behave as a network of genes that influence the stability of the genome, the metabolism
and the immune response.

Furthermore, the interactions between microbiota and hosts are influenced by host
genetic polymorphisms that modify immune and metabolic responses. Furthermore, a
bacterial biofilm on the epithelial cell first creates an inflammatory microenvironment
due to the initial production of cytokines and ROS, which then transforms into a tumor
microenvironment [57]. The colon appears to be the organ most subject to developing
cancer and the part of the digestive tract with the highest microbial concentration [58]. The
microbiota that characterized the CRC is richer in some bacterial pro-inflammatory species
(Streptococcus gallolyticus, Fusobacterium nucleatum, Escherichia coli, Bacteroides fragilis and
Enterococcus faecalis) and more depleted in butyrate-producing bacterial species (Roseburia,
Clostridium, Faecalibacterium and Bifidobacterium) [59,60]. Although there is significant inter-
est in identifying specific oncomicrobes, no single species has been found to be universally
present among all individuals with CRC and there is significant variation in microbial
composition between individuals [56]. In the CRC, there is not a specific microorganism
responsible for the onset of the tumor but a group of bacteria that may act synergistically
whose harmful actions exceed those of the benefits of the resident commensals. Interest-
ingly, microbiome alterations also occur with colorectal adenoma, the early stage of CRC.
As in tumors treated so far, microbial diversity is also reduced in CRC patients compared
to healthy controls [39]. In particular, Fusobacterium nucleatum and Actinobacteria are among
the most enriched taxa in CRC patients [61]. Besides these, Peptostreptococcus, Prevotella,
Parvimonas and Twin can also be effective biomarkers for detecting CRC [62]. In a recent
study, a significantly increased concentration of Fusobacterium nucleatum was observed in
patients with early-stage CRC, indicating a worse prognosis [6]. Despite the variations in
intestinal microbiota, several individual bacterial species have been associated with CRC.
Streptococcus bovis, a gram-positive cocci, is a reported risk factor for CRC. Enterotoxigenic
Bacteroides fragilis, a bacterium producing Bacteroides fragilis toxin (BFT), causes diarrhea
and inflammatory bowel disease (IBD) [63]. Some studies reported that Enterococcus faecalis
was significantly higher in patients with CRC compared with that in healthy controls. Ente-
rococcus faecalis infection induces superoxide production, which damages DNA in epithelial
cells [64]. Although Escherichia coli is a gut commensal bacterium, studies have reported
higher levels of colonic colonization by mucosa-associated Escherichia coli in CRC patients
compared with that in healthy people [65]. It is postulated that the mechanism underlying
the correlation between microbiota and CRC is the Driver-Passenger Model [57]. In this
model, bacteria are divided into the following two groups: in the early stages of CRC,
there are bacteria called “drivers” that produce genotoxic substances to damage the DNA
of epithelial cells. In the advanced stages of CRC, there are “passenger” opportunistic
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bacteria. In this model, oral microbes such as Fusobacterium nucleatum colonize the gut
epithelial cells and act as a bridge for other secondary oral microbes (Porphyromonas spp.,
Peptostreptococcus spp. and Parvimonas spp.) by means of adhesins. The oral microbes
form a biofilm that alters tight epithelial junctions and promotes inflammation by mucosal
immune cells.

Fusobacterium nucleatum and Porphyromonas can invade epithelial cells, disrupting
signaling and promoting transformation. The transformation of epithelial cells leads to an
oncogenic synergy in which host-secreted peptides feed the oral asaccharolytic microbes,
which in turn produce reactive oxygen species (ROS). At this point, both continued biofilm
formation and inflammatory responses are promoted as the tumor grows. Fusobacterium
nucleatum first generates a pro-inflammatory microenvironment by recruiting immune cells
infiltrating the tumor (TIL), then down-regulates the adaptive anti-tumor immune response
mediated by T lymphocytes, creating a tumor microenvironment. The breakdown of the
intestinal barrier appears to be a major cause of CRC. The intestinal epithelial cells (IEC)
form a physical barrier that separates the intestinal microbiota from the internal intestinal
tissue with the function of forming effective protection from the external environment and
from the invasion of bacteria [66]. Following inflammation, colon epithelial cells become
unable to form this barrier, allowing bacteria to invade and induce tumorigenesis [67]. The
“driver” Fusobacterium nucleatum bacterium adheres to the intestinal epithelial cell mem-
brane through its adhesin A (FadA), which selectively binds to E-cadherin and activates the
β-catenin signaling pathway, thus inducing oncogenic and inflammatory responses [68].
Furthermore, its surface adhesin Fap2 induces the secretion of proinflammatory cytokines,
IL-8 and CXCL1, which promote CRC cell migration [69]. A later published study by the
same authors explained in greater detail the oncogenetic role of Fusobacterium nucleatum in
colorectal carcinogenesis and in particular in the Wnt/β-catenin signaling [70]. Fusobac-
terium nucleatum is able to bind to Annexin A1, a previously unrecognized modulator of
Wnt/β-catenin signaling. Proliferating colorectal cancer cells show an increased expression
of Annexin A1, which in turn enhances Fusobacterium nucleatum binding, forming a more
stable complex. The authors speculated that the increased expression of Annexin A1 is the
first “hit” and microbes such as Fusobacterium nucleatum are the second “hit” to aggravate
cancer progression. This model identifies microbes as facilitators for CRC [70].

The intestinal tract is the largest mucosal surface of the human body. It has a critical
role in protecting the host from the environment while maintaining proper nutrient ab-
sorption. Normally, the intestinal mucosal barrier isolates the intestinal microbiota from
immune cells. The intestinal mucosal barrier is lined by a single layer of IECs joined by
tight junctions [71], which forms a barrier between the intestinal lumen and the host’s
lamina propria. The intestinal mucosal barrier is highly permeable. All these suggest that
transformed IECs fail to form an effective surface barrier, enabling commensal bacteria and
their degradation products to invade the tumor stoma. The host recognizes the microbiota
via various pattern recognition receptors [PRRs, such as Toll-like receptors (TLRs)], which
control the inflammatory response to microorganism-associated molecular patterns, such
as lipopolysaccharide. Metabolites produced by the intestinal microbiota also appear to be
involved in the process of inflammation and carcinogenesis, such as butyrate or tryptophan,
protecting from the onset of CRC [72].

One of the best-characterized examples of microbial host interactions is the bidirec-
tional interaction called the brain-gut-microbiome (BGM) axis between microbes, ente-
rochromaffin cells (ECCs) and the central nervous system (CNS) [73]. Data obtained in
human beings suggests that alterations in these interactions may play a role in several
brain-gut disorders. The following three are the main components of the BGM axis: the
CNS, the autonomic nervous system (ANS) and the gut microbiota. Growing evidence has
sought to unravel the intricate balance between them and to shed light on the involvement
of the axis in tumor genesis, proliferation and growth. Colorectal cancers are believed to
be the most important and extensive representation of the BGM axis [74]. Under normal
conditions, the communication from the gut to the CNS is autonomous. The ANS regulates
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gut functions, including motility, antimicrobial peptide production, intestinal permeability
and the mucosal immune response. These changes affect the microbial habitat, thereby
modulating the composition and activity of the microbiota. On the contrary, in pathological
conditions, signals may reach the somatic sensory system and lead to gastrointestinal
dysfunction. Gut microbes and their metabolites communicate with the CNS by different
pathways, including the neuroendocrine and enteroendocrine signaling pathways, involv-
ing the vagus nerve, the enteroendocrine cells (EECs), cytokines and neurotransmitters [75].
This communication is mediated by several microbially derived molecules that include
short-chain fatty acids (SCFAs) and tryptophan metabolites [76]. These molecules propa-
gate signals through interaction with the mucosal immune system and ECCs, which in the
gut wall function as an interface between the organism and the gut lumen. They may also
cross the intestinal barrier, migrate to other parts of the body via the circulatory system,
cross the blood-brain barrier and cause secretion of various neuroactive molecules, thus
affecting inflammation and tumorigenesis in specific organs [77,78].

In addition to generating these CNS-activating metabolites, the microbiota can pro-
duce neuroactive molecules including γ-aminobutyric acid (GABA), 5-HT and dopamine,
although it is not known if in enough levels to elicit a host response. The ANS can ac-
tivate ECC to produce and release 5-HT into the gut lumen where it interacts with gut
microbes [79]. Considering the central role of 5-HT in regulating gastrointestinal motil-
ity and secretion, there is an immense selective pressure on gut microbes to act on the
serotonergic system. The essential amino acid tryptophan (Trp) is the precursor to the neu-
rotransmitter 5-HT and, thus, it represents a key molecule in the BGM [80]. Dietary intake
of proteins that contain Trp and the action of the intestinal microbiota on its peripheral
availability are the main regulators of the peripheral availability of the amino acid since the
host is unable to produce it. Gastrointestinal tract endocrine cells can produce upwards of
twenty different hormones, which can have an effect on the microbiota closely located in
the gastrointestinal mucosa. The gut hormones act together with immune mediators in the
communication between the brain and the microbiota.

Many gastrointestinal tumors can be infiltrated and innervated by nerves [81]. This per-
ineural tumor invasion is important because it has prognostic value. Nerve cells involved
in perineural invasion can secrete neurotransmitters or neuropeptides, which include sero-
tonin, 5HT and GABA, which play a role in modulating tumor proliferation, migration,
invasion and angiogenesis [82]. Preclinical evidence has shown that abnormal bidirec-
tional interactions within the BMG axis can result in gastrointestinal diseases, such as
Inflammatory Bowel Syndrome [83].

Normally there is a balance between protective, butyrate-producing populations and
inflammatory, mucin-degrading populations, but with age the microbiota changes. There is
therefore a reduction in butyrate production and an increase in the intra-colonic pH values,
creating a hostile environment for colonocytes. The pH rises from the cecum to the rectum,
and that provides a plausible explanation for the growing susceptibility to tumorigenesis
in these intestine sites [84].

An overview of the gastroenteric cancer-associated microbiome is shown in Figure 1.



Int. J. Mol. Sci. 2022, 23, 9664 9 of 25Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 9 of 26 
 

 

 
Figure 1. The condition of dysbiosis, mainly the increase in anaerobes/pathobionts, promotes car-
cinogenesis. Bacterial genotoxins damage cellular DNA, stimulate local inflammation, and activate 
the innate immune system through the molecular patterns associated with microorganisms 
(MAMPs), the pathogen-associated molecular patterns (PAMPs), or the damage-associated molec-
ular patterns (DAMPs). Gut pathogenic bacteria can directly drive the process of pancreatic carcin-
ogenesis by migrating through the bloodstream or indirectly influence endometrial and prostate 
carcinogenesis through oestrobolome. Different anticancer therapies act by counteracting dysbiosis. 
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Figure 1. The condition of dysbiosis, mainly the increase in anaerobes/pathobionts, promotes
carcinogenesis. Bacterial genotoxins damage cellular DNA, stimulate local inflammation, and activate
the innate immune system through the molecular patterns associated with microorganisms (MAMPs),
the pathogen-associated molecular patterns (PAMPs), or the damage-associated molecular patterns
(DAMPs). Gut pathogenic bacteria can directly drive the process of pancreatic carcinogenesis by
migrating through the bloodstream or indirectly influence endometrial and prostate carcinogenesis
through oestrobolome. Different anticancer therapies act by counteracting dysbiosis. Image created
with BioRender (https://biorender.com; accessed on 1 July 2022). FMT: transplantation of fecal
microbiota; VMT: transplantation of vaginal microbiota.

2.2. Genitourinary Cancers
2.2.1. Female Reproductive Tract (FTR)

The FRT microbiota interacts with the gut and with the urinary tract, defining a
vagina–gut axis and a vagina–bladder axis, respectively [85,86]. FRT also influences other
distal mucosal sites, for example, the oral cavity, directly or through mechanisms mediated
by oestrogens. Enteric bacteria metabolize circulating oestrogens and the set of these
microorganisms, and their genes is termed the oestrobolome [87]. Thus, a lack of oestrogen-
metabolizing bacteria leading to a reduction in the gut microbiota diversity could influence
the vaginal microbiome composition.

Anatomically, the FRT can be divided into the lower (vagina and cervix) and upper
(endometrium, Fallopian tubes and ovaries) FRT. In healthy women of reproductive age,
the vaginal microbiota mostly exhibits low microbial diversity (defined as species richness
and evenness) consisting of a few Lactobacillus spp. (crispatus, gasseri, iners, jensenii or
vaginalis) [88–90]. This characteristic is in contrast to other mucosal sites, for instance, the
colon, in which this situation is considered pathologic. The dominance of Lactobacillus
crispatus may be optimal for vaginal health, while the dominance of Lactobacillus iners may
be less beneficial. The bacteria residing in the lower FRT, including Lactobacillus species
and dysbiotic anaerobes, can ascend to the upper FRT and can colonize the rectum. [90].

https://biorender.com
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In return, the vaginal epithelium secretes glycogen and the high levels of free glycogen
promote the growth of Lactobacillus spp., which use glycogen breakdown products as an
energy source through fermentation [91]. As a consequence of this metabolic process,
Lactobacillus spp. produces lactic acid, which protects the vaginal microenvironment. Due
to the changes in oestrogen levels, the vaginal microbiome is a dynamic ecosystem that
takes into account the phases of the menstrual cycle. Lactic acid produced by predominant
vaginal Lactobacillus spp. protects the environment of the vagina from invading pathogens
by maintaining the low pH of the cervicovaginal region [89,92]. This creates a mutually
beneficial relationship. These microorganisms also produce bacteriocins that block the
adhesion of incursive pathogens to the vaginal epithelium [88,89,92–94]. Numerous in vitro
studies have attributed the beneficial effect of Lactobacillus spp. to hydrogen peroxide. Pro-
tonated lactic acid kills sexually transmitted pathogens, including Neisseria gonorrhoeae [95],
Chlamydia trachomatis [96], herpes simplex virus [97] and human immunodeficiency virus [98],
as well as uropathogenic Escherichia coli [99].

Hematogenous spread of bacteria emanating from the distal mucosal sites, such as
the gut or oral cavity, occurring during epithelial barrier breach (e.g., gingivitis and leaky
gut) [100,101] might be a putative seeding route for the upper FRT microbiome [85].

Multiple factors have been shown to influence the vaginal microbiome. These can be
behavioral (sexual orientation, sexual activity, number of sexual partners, use of sexual
lubricants, contraception, feminine hygiene practices, smoking and vaping, alcohol con-
sumption, diet and/or nutrition, obesity and physical activity), socioeconomic (e0ducation,
income, structured racism and/or segregation, social policies and acce10ss to health-
care), genetic or host-related (age, genome and epigenome, hormonal status, pregnancy
and impaired immunity), other comorbidities (cardiometabolic, neuroendocrine and im-
munoinflammatory) and environmental (sexually transmitted disease status, Human Pa-
pilloma Virus (HPV) vaccination, stress, antibiotics, probiotics, xenobiotics, toxins, car-
cinogens, geography and early childhood factors such as gestation, birth and childhood
path) [89,92,93,102,103]. Estrogen levels, in particular, have a profound effect on the com-
position of the vaginal microbiome. For example, before puberty or in postmenopausal
women, when circulating estrogen levels are low, the vaginal microbiome is devoid of
Lactobacillus spp. and is made up of a diverse mix of anaerobic bacteria [104]. Conversely,
the vaginal microbiomes of pregnant women, which are prone to high levels of estrogen,
are more stable and typically dominated by Lactobacillus crispatus or Lactobacillus iners [105].
Longitudinal studies have revealed that the vaginal microbiome is a dynamic ecosystem,
which can fluctuate over short periods of time in some women or be relatively stable
in others [106–108]. In particular, it has been shown that higher ratios of l-lactic acid to
d-lactic acid in predominantly Lactobacillus iners communities or in several non-Lactobacillus
predominantly communities are correlated with elevated levels of extracellular matrix met-
alloproteinase inducer and, consequently, matrix metalloproteinase 8 (MMP8) in vaginal
secretions, which could alter the integrity of the epithelial barrier in these women [108]. The
vaginal microbiome may also present pathogens, such as Streptococcus spp., Staphylococcus
spp. or Enterobacteriaceae [109], which have been associated with numerous gynecological
and obstetric diseases, including pelvic inflammatory disease, endometritis and gyneco-
logical cancer [89]. The relative abundance of Lactobacillus gradually decreases throughout
the upper FRT, with the lowest abundance in the fallopian tubes [110]. The upper FRT
microbiota differs considerably from that of the vagina in both quantity and composition,
with a bacterial load reduced by 10,000 times. Unlike the microbiota of the vagina, in
which the upper FRT presents greater bacterial diversity [110], it is unclear if these bacterial
species are resident or transient colonizers coming from the lower FRT. Moreover, the
residing microbiota is not well characterized yet.

Gynecologic cancers, which begin in the reproductive organs of females, commonly
include cancer of the cervix, endometrium and ovary. Cancers of the vagina are rare, but
most of the time, bacteria that colonize the vagina are responsible for cervical cancers (low
FRT) and endometrium, ovary and fallopian tubes (upper FRT). The vaginal microbiome
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may travel and colonize other organs (e.g., skin, lungs, bladder, prostate gland and urethra).
Cancers of the vulva are also rare.

The gut and vaginal microbiota produce metabolites like endotoxins, bile acids,
lipopolysaccharides, genotoxins and conjugated estrogen, which induce DNA damage and
increase genomic instability. These metabolites may activate oncogenic signaling locally as
well as distantly, for example in the breast and in FRT [111–115].

Cervical cancer is the most common HPV-related malignancy, but it is possible that
factors in the local cervicovaginal microenvironment, such as the vaginal microbiome,
might promote carcinogenesis in conjunction with Human Papilloma Virus. The exact
mechanism of interaction between the Human Papilloma Virus and vaginal bacteria has
not yet been identified, although an attempt has been made in an in vitro study on cell
lines and organoids [116]. During cervical carcinogenesis, elevated anti-inflammatory IL-4
and transforming growth factor β1 (TGFβ1) have been associated with the presence of
Fusobacterium spp., indicating its effect on host response and in particular, its involvement
in the development of the immunosuppressive microenvironment [117]. The rapid decline
in estrogen concentration in menopause is associated with a decrease in Lactobacilli com-
position. This increases the alkalinity of the cervico-vaginal environment, leading to the
abundance of other anaerobic bacteria such as Gardnerella vaginalis, Prevotellabivia, Porphy-
romonas, Sneathia, Leptotrihia and Fusobacterium, rendering the cervical cells susceptible to
oncogenesis [118–120].

Known risk factors for the development of endometrial cancer [121] are environmental
factors, including obesity, inflammation, imbalances in oestrogen metabolism and they are
also strongly associated with changes in the gut [122] and vagina microbiomes [85,123]. The
gut microbiome might indirectly promote endometrial carcinogenesis by altering genital
microbial communities. Endometrial cancer is reported to have the presence of Atopobium
vaginae and Porphyromonas species, which colonize the endometrium, first inducing hyper-
plasia and then carcinoma. Sequencing analysis of Atopobium and Porphyromonas species
found in samples from patients with endometrial cancer showed a high match with bacteria
of the same species found in the vagina [124]. The association between endometrial cancer
and these bacterial species found in lower FRT has been definitely assessed [125].

Ovarian cancer is one of the most lethal malignancies of the female reproductive
system, primarily because of its asymptomatic nature during the early stages of develop-
ment. Significantly elevated levels of Proteobacteria and Firmicutes phylum bacteria, with
Chlamydia trachomatis, Lactobacillus and Mycobacterium, have been reported in ovarian cancer.
Chlamydia is known to contribute to cancer by inhibiting apoptosis, inducing DNA damage
response and increasing susceptibility to other infections [126]. In addition to the known
risk factors for ovarian cancer, such as genetic predisposition, early ovulation and late
menopause, nullity, obesity and fertility medication/hormone therapy, an alteration of the
microbiota is emerging [127,128]. Multiple reports indicate the association between a com-
parative decrease in intestinal microbiota diversity and ovarian cancer [129]. The bacteria
which normally colonize the ovary are the following: Chlamydia trachomatis, Mycoplasma
genitalium, Proteobacteria, Firmicutes, Bacteroides, Actinobacteria, Chloroflexi, Acidobacteria,
Fusobacterium, Acinetobacter, Sphingomonas and Methylobacterium along with HPV. Early
evidence suggests that Proteobacteria and Firmicutes phylum are significantly increased
in ovarian cancer tumors [130]. Furthermore, the presence of Brucella, Mycoplasma and
Chlamydia in more than 60% of the screened samples along with Chlamydia trachomatis,
Lactobacillus and Mycobacterium species suggests an association of disrupted microbiota
composition with the development of ovarian cancer [126,130–134]. The causational link
between microbiota and ovarian cancer remains unclear. These microorganisms might
induce carcinogenesis through direct or indirect mechanisms; however, the highly anoxic
tumor microenvironment might also favor the recruitment and growth of anaerobic mi-
croorganisms, such as Chlamydia spp. [130]. The study by Banerjee et al. has identified a
microbiome signature unique to ovarian cancers, showing that the microbiome of ovarian
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tumors is quite different from its surrounding non-cancerous tissue and very different from
ovarian tissue very distant from the tumor.

2.2.2. Male Reproductive Tract (MTR)

Little is known about the microbiome of the MTR and there are only a few studies on
the male urine microbiota (MUM). The healthy MUM is characterized by genera such as
Lactobacillus, Sneathia, Veillonella, Corynebacterium Prevotella, Streptococcus and Ureaplasma,
and these are also found on urethral swabs [135,136]. A study of men with and without
sexually transmitted infections (STIs) found that bacteria associated with STIs but also with
vaginal dysbiosis can be found in STI-positive patients [137].

Prostate cancer is the second most typically diagnosed cancer and the sixth leading
cause of cancer death worldwide, with an estimated 1,276,000 new cancer cases and 359,000
deaths in 2018 [138]. It is currently known that chronic inflammation is associated with the
carcinogenesis process. Among the leading causes of inflammation are infections, hormonal
alterations, physical trauma, the breakdown of the epithelial barrier, urinary reflux and
diets rich in carcinogens that can reach the prostate and cause DNA damage [139]. The
inflammatory state is characterized by an infiltration of immune cells (macrophages, neu-
trophils and lymphocytes), which release reactive oxygen species (ROS), reactive nitrogen
species and pro-inflammatory cytokines, causing DNA damage, cell damage and cell death.
The consequent chronic inflammation state promotes epithelial cell regeneration, creating
proliferative inflammatory atrophy (PIA), which evolves into prostatic intraepithelial neo-
plasia (PIN) and finally prostate adenocarcinoma. There is increasing consciousness of the
role of the microbiota in stimulating the state of chronic inflammation and its probable
involvement in the maturation of prostate cancer [140]. Cavarretta et al. examined the
microbial existence in prostate tissue’s tumor, peritumoral and non-tumor areas using 16S
rDNA sequencing directed to V3–V5 hypervariable regions. Propionibacterium spp. was the
most predominant bacterial genus found in all tumor sites, and its presence was particularly
associated with prostate tissue inflammation. Beta diversity was not significantly different
between sites, but individual bacterial species were mainly and differentially abundant in
some areas. Tumor and peritumoral regions had similarly higher relative abundances of
Staphylococcus spp. than normal areas. In distinction, normal areas had a greater abundance
of Streptococcus spp. than tumor and peritumoral regions [141]. A study by Feng et al.
used integrated metagenomics and metatrascriptomics analysis to define the microbiota
in frozen free radical prostate fragments from tumors and adjacent benign tissue of pa-
tients. The authors identified over 40 unique bacterial genera, of which the most abundant
were Pseudomonas, Escherichia, Acinetobacter and Propionibacterium spp. The study found
no differences between tumors and benign tissue in terms of overall bacterial diversity
(alpha) or group diversity (beta), regardless of the Gleason score [142]. Prostate cancer has
been associated with chronic infections of the urinary tract such as chronic prostatitis and
chronic pelvic pain syndrome. The finding of a vast urinary microbial diversity changed the
previous principles of urine sterility. Thus [143,144], understanding the urinary microbiome
is essential in linking the dots in the pathogenesis of prostate cancer. Previously, urine
microbiome investigation by culture faced a fundamental challenge of contamination from
the skin, foreskin, virginal and rectal areas. Advances have overcome this challenge in
new, susceptible detection methods such as 16S RNA and DNA sequencing and shotgun
metagenomics sequencing [145]. Several studies have examined the connection between
the urinary microbiome and prostate cancer [146,147]. Shrestha and colleagues studied
urine samples from men before undergoing prostate biopsy to determine whether the
urinary microbiome could be associated with the presence of cancer, the degree of cancer
and the type and degree of prostate inflammation [146]. The study revealed that men with
prostate cancer had a higher rate of a group of bacteria associated with urogenital infections
compared to negative biopsy samples. This cluster consisted of Streptococcus anginosus,
Anaerococcus lactolyticus, Anaerococcus obesiensis, Actinobaculum schaalii, Varibaculum cam-
briense and Propionimicrobium lymphophilum. Some species were present in a different entity
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in the presence or absence of acute inflammation or in high-grade tumors than in low-grade
ones. A prior study estimated the possible correlation between bacteria and prostate cancer
by examining the type of microbiota in expressed prostatic secretions (EPS) of patients with
prostate cancer and benign prostatic hyperplasia (BPH). The results showed a significant
increase in Bacteroidetes, Alphaproteobacteria, Firmicutes, Lachnospiraceae, Propionicimonas, Sph-
ingomonas and Ochrobactrum, while Eubacterium and Defluviicoccus decreased in the prostate
cancer group, compared to the BPH group. In addition, Escherichia coli was significantly
reduced in the urine of the prostate cancer group, despite an increase in EPS and semen.
Enterococcal counts, on the other hand, increased substantially in seminal fluid, with little
changes in urine and EPS [148]. In a study by Alanee et al., the urinary microbiota of
men undergoing transrectal prostate biopsy with elevated prostate-specific antigen (PSA)
levels were evaluated. Urine samples were taken, followed by a prostate massage. Prostate
cancer patients had a high abundance of Veillonella, Streptococcus and Bacteroides and a
low abundance of Faecalibacterium, Lactobacilli and Acinetobacter compared to those with
BPH [149]. Nevertheless, this analysis had a limited sample size of patients, which would
have decreased the power of the study. From the results of several studies on the urinary
microbiome, it remains critical to standardize procedures and techniques for collecting
urine samples. This will furnish a platform for similar results [150]. Prostate cancer’s risk
and pathogenesis can also be modulated by the gut microbiome [151], whose composition
regulates the metabolism of compounds associated with increased prostate cancer risk.
Analyses have revealed that a regular dietary composition of dairy products, red meat and
high fat is associated with an improved prostate cancer risk [152]. Antibiotics have been
shown to cause gut microbial dysbiosis, which can propagate translocation of pathogenic
bacteria, leading to chronic inflammation, an essential inducer of tumorigenesis [153].
Plottel et al., 2011 hypothesized that the oestrobolome is associated with prostate cancer
risk. Estrogen is said to activate polycyclic hydrocarbons, conducting the formation of
carcinogenic metabolites, e.g., radical cations that induce cellular DNA damage, leading to
carcinogenesis [65]. Sfanos et al. 2018, carried out a cross-sectional analysis where they pro-
filed the fecal microbiota of healthy male volunteers and men with different clinical states
of prostate cancer (i.e., localized, biochemically recurrent and metastatic disease) using
16S rDNA amplicon sequencing. The analysis registered greater alpha diversity in those
without prostate cancer than in those with prostate cancer [154]. The results from different
studies indicate a plausible link between specific gut microbial species and prostate cancer
risk and disease status. Chronic inflammation, coupled with prostate and/or urinary tract
infections, provides an inflammatory microenvironment that promotes the development
of prostate cancer precursor lesions that drive prostate tumorigenesis [155]. Understand-
ing the microbiota’s potential implications for different prostate cancer elements remains
largely underexplored. Whether specific microbiota is causative in prostate cancer, and if
so, how, remains to be determined.

The genital microbiota interacts with the urinary tract, probably by translocations
of both uropathogens and health-associated bacteria [86]. Sequencing analyses of the
microbiome highlighted its interconnection in that the same taxa are found in different
but close organs, such as the bladder and vagina in women (bladder-vaginal axis) or the
urethra and prostate in men [155,156]. The microbiome is also shared between sexual
partners, such as the penile skin, urethra and semen of male partners and the vagina of
female partners) [86,157,158]. The urogenital microbiota is a potential risk factor in the
development and progression of genitourinary cancers (Figure 1).

2.2.3. Urinary Tract

Although the number of analyses is restricted, some authors found essential distinc-
tions between the urinary microbiota of men and women [156,159]. This outcome is not
surprising given the differences in the anatomical system, hormones and local defenses.
Ultra-deep pyrosequencing showed that the most abundant bacterial taxa in the urine of
healthy individuals are the following: Lactobacillus, Corynebacterium, Prevotella, Staphylo-
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coccus, Gardnerella and Streptococcus, with a preponderance of Prevotella, Lactobacillus and
Gardnerella in women and Corynebacterium in men [156,160]. The urinary tract has its own
microbiome because urine passing through the urethra is contiguous to the external envi-
ronment and exposed to the skin and the openings of the gastrointestinal tract and vaginal
mucosae, which host their microbiota. Like intestinal microbiota, urinary microbiota is
age-dependent [159], with important distinctions among age groups. Data from studies
of midstream urine (used as a proxy of the bladder microbiome) suggested that a more
heterogeneous mix of bacterial genera exists in women’s samples (6–36 genera) than in
men’s samples (from 1 to 8 genera, but also one sample with 51 genera) [159]. Moreover,
regardless of sex, in the majority of samples, more than 50% of bacteria appertained ed to
the phylum Firmicutes. Women’s samples also had members of the phyla Actinobacteria and
Bacteroidetes, which were generally missing from the male samples. In addition, midstream
urinary research proved the presence of a core microbiome, also in the bladder, but with
variability in the abundance of the core bacteria, along with a variable preponderance of
other bacteria, across age groups. This statement was more valid in the urinary tract than
in the gut microbiome [161,162], sustaining the hypothesis that bladder colonization with
specific genera throughout a lifetime might impact the disposition for bladder pathology in
later life. These findings might also elucidate the distinction in the frequency of urinary
diseases observed in men and women.

Bladder cancer remains the most common malignancy of the urinary tract. In 2018, it
was diagnosed in 549,393 patients and 199,922 succumbed to the disease worldwide [163].
Emerging data have discredited the documented opinion that the urine and bladder are
sterile in healthy individuals [159,164–167]. Current culture and sequencing techniques
have now allowed the detection of microbes throughout the urinary system [147,168]. A
growing direction of bladder cancer research is directly aimed at comprehending how the
commensal urinary microbiome can impact vulnerability to bladder cancer development
and its impact on treatment effectiveness.

The effect of microbes on bladder cancer carcinogenesis is perhaps most clear from the
observation that squamous cell carcinoma of the bladder is related to urogenital schistoso-
miasis [169]. Schistosoma haematobium has always been associated with this kind of bladder
cancer. Its pathogenic role may arise through several mechanisms, such as epithelium
injury, chronic inflammation and oxidative stress [170]. To date, few studies have reported
a detailed analysis of the urinary microenvironment of urothelial bladder cancer [171],
comparing the urine microbiota of healthy individuals and patients with bladder cancer.
Their initial results showed an enrichment of Streptococcus in urine from patients with
urothelial carcinoma, while Streptococcus abundance was near zero in nearly all healthy
patients. In cancer samples, Pseudomonas or Anaerococcus were the most abundant genera,
where Streptococcus abundance was low. An equivalent study analogized bacterial commu-
nities between urine samples of healthy individuals and cancer patients [172]. The authors
discovered that the most abundant phylum in both groups was Firmicutes, followed by
Actinobacteria, Bacteroidetes and Proteobacteria. They determined operational taxonomic units
(OTUs) belonging to the genus Fusobacterium to be more abundant in the bladder cancer
group. An independent group of bladder cancer tissues was analyzed and confirmed the
detection of Fusobacterium nucleatum sequences. The genera more abundant in healthy
urine were Veillonella, Streptococcus and Corynebacterium [172]. More recently, bladder cancer
patients were found to have increased bacterial richness, defined by the number of unique
OTUs in a sample [173].

The European Organization for Research and Treatment of Cancer (EORTC) scoring
system highlighted an incredible bacterial richness in urine from non-muscle invasive
bladder cancer (NMIB) patients with a high risk of recurrence or advancement. Therefore,
the authors suggested that in NMIBC, higher bacterial richness may indicate a high risk of
progression and recurrence.

Acinetobacter and Anaerococcus were found in higher abundance in bladder cancer pa-
tients compared to the non-cancer group [173]. Virulence factors of Acinetobacter baumannii
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include invasion of epithelial cells, phospholipid degradation and biofilm construction,
which encourages escape from the host immune response [174]. Member of the Gram-
positive anaerobic cocci, the Anaerococcus was documented to induce inflammation and
remodeling of extracellular matrix (ECM) [175]. The authors introduce the possibility that
the interplay of ECM, microbiome, and inflammation plays a crucial role in bladder cancer
onset, advancement, and relapse [176]. In 2002, Seow et al. [177] found that Lactobacil-
lus casei and Lactobacillus rhamnosus GG inhibited the growth of bladder cancer cells by
stimulating a cytotoxic effect. Accordingly, Ohashi et al. [178] performed a case-control
matched study to analyze bladder cancer risk reduction associated with the consumption
of products based on fermented milk. The probability ratio for recurrence was 0.46 (95%
confidence interval: 0.27–0.79) for consuming fermented milk products 1–2 times per week
versus less than 1–2 times per month. The outcomes indicated that the regular intake of
lactic acid bacteria decreased the risk of bladder cancer. Indeed, epidemiological analyses
have demonstrated that UBC incidence depends on age and that men have a more elevated
risk than women, with a rate proportion of at least 3:1 [179,180]. The relationship between
bladder-associated microbiota and cancer incidence in men and women has not yet been
comprehensively assessed. For example, whether the dominant bacterial strain Lactobacillus
in the bladder of women might protect against UBC is unknown, although many reports
have shown that Lactobacillus might reduce chronic inflammation and potentiate several
immune responses [181–183]. A multicenter, double-blind, placebo-controlled, randomized
trial in patients with primary bladder tumors documented that daily oral administration of
freeze-dried Lactobacillus casei sp. Shirota for 1 year controlled the recurrence of UBC after
transurethral resection of the tumors [184]. Another multicenter, prospective, randomized,
controlled trial that included 207 patients demonstrated that patients treated orally for 1
year with Lactobacillus casei sp. Shirota together with transurethral epirubicin had a remark-
ably lower UBC recurrence rate at 3 years compared with the group treated with epirubicin
only. However, overall survival did not differ between the groups [185]. In addition, a
case-control study in 180 patients and 445 population-based controls revealed that regular
(1–2 times per week) probiotic intake decreased UBC risk in the healthy population [178].
Taken together, these results strongly support the protective role of Lactobacillus casei sp.
Shirota against bladder cancer. The bladder epithelium can work as a constant reservoir
for viable but nonculturable uropathogenic bacterial strains, ultimately leading to bladder
or kidney infection [156,186,187]. In these cases, Escherichia coli, Klebsiella pneumoniae and
Staphylococcus saprophyticus strains are the most often isolated species. Still, many other
bacteria can also be found [156,186–188], meaning that bladder commensal populations are
polymicrobial and variable [160,182,183,189]. In bladder cancer, an initial study found a
connection between urinary dysbiosis (specifically, an altered ratio among Pseudomonas and
Anaerococcus versus Streptococcus) and urothelial carcinoma [171]. The urinary microbiota
varies between men and women, and urinary dysbiosis might be associated with UBC.
Indeed, the urinary microbiome might be different from the bacteria strictly related to
the urothelium, and a clear association between mucosa-associated microbiota and the
incidence and outcome of UBC is lacking.

3. Impact of the Microbiome on Gastroenteric and Genitourinary Cancers Treatment

Given the significant role that the microbiome appears to play in cancer, modulation
of the microbiota could influence the course of the disease (Figure 1). Dysbiosis has so
far been observed to play an important role in the onset of tumors. In particular, it was
discussed how the presence or absence of some bacterial species can have a pro-cancerous or
protective role. In response to these studies, it is easy to understand how a first therapeutic
approach can be represented by pre, pro and postbiotics. Probiotics are live bacteria that can
be administered orally [190] capable of improving the functionality of the intestinal barrier;
prebiotics cannot be digested by the human body and are fermented by specific types of
bacteria [191]; finally, postbiotics are bacterial products or metabolites that have beneficial
activity within the human host [192]. A 2018 study showed how the alteration of the
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intestinal microbiome following an antibiotic treatment influences therapeutic responses,
acting on antitumor immunity and the efficacy of immunotherapy [193]. The microbiota
can act on the functionality of the therapy by modifying the pharmacokinetics of the drug
used, thus altering its absorption, distribution, or metabolism [194]. Indeed, the structural
and metabolic characteristics of bacteria recognize these potential targets to improve the
efficacy of cancer therapy [195].

Changes in the gut microbiota are closely related to the side effects of chemotherapy
and radiotherapy.

Chemotherapy with 5-fluorouracil reduces in the gut the abundance of pathogens such
as Enterobacteriaceae. So, in a wild-type mouse model, supplementation with Lactobacillus
lactis was engineered to secrete the protein associated with pancreatitis, an antimicrobial
peptide involved in intestinal homeostasis, which might relieve the severity of mucositis.

Taken together, these data suggest that specific species of the gut microbiota induce
antitumor responses and that associations between gut microbiota diversity and immunity
indicate the exciting potential for the development of microbiome-based or additional
therapeutic regimens for various malignancies, including cancers. Another very effective
therapeutic strategy has been found in the transplantation of fecal microbiota (FMT) from a
healthy subject to a sick subject. This method cauhuyses an alteration in the composition
of the recipient’s intestinal microbiome. In reality, however, this strategy has not yet
been approved by the FDA due to the various side effects presented (fever, diarrhea,
vomiting, gastrointestinal bleeding or perforation). Furthermore, cancer patients have
a depressed immune system, which is why donors should be screened for the presence
of pathogens, including viral and fungal pathogens, which could cause infections after
transplantation [196,197]. Finally, the composition of the microbiota is highly personalized,
with many differences from individual to individual in the number of species, richness and
localization within the gastrointestinal tract. Therefore, FMT treatment outcomes for cancer
patients are likely to be both unpredictable and inconsistent [198]. However, microbiota
transplantation appears to be a promising approach to further manipulating microbial
composition and function to improve host antitumor immunity and to improve resistance
and ineffectiveness in cancer patients with relatively short survival. These intestinal
and intratumoral microflora will become future targets for overcoming oncogenesis and
immunosuppression of the pancreas. In addition to FMT, a new therapeutic approach has
been recognized in vaginal microbiota transplantation (VMT). In 2019, a pilot study was
carried out on five women who underwent VMT. Of these five women, four participants
witnessed a marked improvement in symptoms and the reconstruction of a microbiome
after 21 months [199]. The study authors found no adverse effects after treatment, although
the long-term consequences of this new therapeutic approach remain unknown. Enzymes
and receptors can play an important role in the therapy of tumors in which the microbiota
is involved [200]. An incorrect TLR signal can lead to a pathogenic immune response to a
normal microbiota that can cause various diseases, including cancer [201]. This group of
receptors could be a new therapeutic target for the treatment of tumors [135].

B-glucuronidase enzymes are released by intestinal microbes and influence the
metabolism of xenobiotics. Given the important role played by these enzymes and the
high possibility of undergoing structural alterations, therapeutically engineered transgenic
bacteria with modified proteins can be used to reduce the side effects of the drug [202].
While probiotics and FMT aim to promote anticancer responses by reconfiguring the gut
microbiome, bacteria may also be effective cancer therapies outside of their role as commen-
sal microorganisms. An area of interest lies in engineering bacteria for effective targeting of
cancerous tissue and delivery of therapeutic loads, effectively transforming bacteria into
anticancer factories. Bacteria can be readily transfected stably with vectors that code for
many products, including RNAi [203,204], cytokines [205–207], toxins [208], antiangiogenic
factors [209,210] and antibodies [211].

An advantage of using bacteria in this way is their rapid replication rate, which
provides amplification of the transgene within the target microenvironment [212,213].
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Anaerobic bacteria are particularly suitable for invading hypoxic tumor microenvironments.
Bacteria such as Shigella and Listeria monocytogenes can enter the cytoplasm of mammalian
host cells to deliver their engineered payloads, and some bacterial species also possess
secretion systems, which can deliver therapeutic products into a target cell without the
bacteria themselves entering the cell [214].

Engineered bacteria are also used to provide systemic anticancer immunity as they are
capable of absorbing dangerous substances administered as a result of immunotherapies.

For example, Chowdhury et al. showed that tumor-infiltrating T cells could be acti-
vated using tumor-colonizing bacteria to deliver CD4nb and prevent metastasis, stimu-
lating rapid tumor regression and leading to long-term survival. Tumor antigen-specific
systemic immune responses that suppress the growth of untreated tumors are induced
by local injection of CD4nb-expressing bacteria, demonstrating that engineered bacterial
immunotherapy can have an abscopal effect [215].

However, this therapeutic strategy is not without risk. A subtle balance needs to be
struck between the number of introduced bacteria needed to achieve a therapeutic effect
and the number at which the bacteria overwhelm the host’s immune system, particularly
in the context of common host immunosuppression in cancer patients.

4. Conclusions

Accumulated evidence indicates that microbiota can enhance the carcinogenesis pro-
cess through alterations in the metabolism, by controlling epithelial proliferation and
differentiation and by influencing the immune response towards pathogenic organisms.
Dysbiosis due to an imbalance in the interactions between the host epithelia and the mi-
crobiota can initiate chronic inflammation, epithelial barrier dysfunction and overgrowth
of harmful bacteria. The polymicrobial synergy creates an ideal microenvironment for
tumor degeneration and the tumor-associated microbiome. MAMPs, PAMPs and DAMPs,
interacting with each other with pro-inflammatory action, they might contribute to carcino-
genesis, creating a “microbiota-cancer axis” recently defined oncobiome. Barrier defects
and the presence of genotoxins and pro-tumor metabolites produced by bacteria are funda-
mental in the process of carcinogenesis. The gut microbiota influences the pathogenesis of
gastroenteric cancers but also modulates the onset of genitourinary cancers. Genitourinary
carcinogenesis is also influenced by the dysbiosis of two other microbiomes, the urinary one
and the vaginal one. Finally, some oral bacteria have also been shown to confer augmented
susceptibility to these neoplasms. Different anticancer approaches, such as the use of pre,
pro and postbiotics, fecal or vaginal microbiota transplantation and engineering bacteria,
act by counteracting dysbiosis.
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