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Many intestinal bacteria are believed to be involved in various inflammatory and immune
processes that influence tumor etiology because of their metabolic properties and their
ability to alter the microbiota homeostasis. Although many functions of the microbiota
are still unclear, there is compelling experimental evidence showing that the intestinal
microbiota is able to modulate carcinogenesis and the response to anticancer therapies,
both in the intestinal tract and other body sites. Among the wide variety of gut-colonizing
microorganisms, various species belonging to the Bifidobacterium genus are believed
to elicit beneficial effects on human physiology and on the host-immune system.
Recent findings, based on preclinical mouse models and on human clinical trials, have
demonstrated the impact of gut commensals including bifidobacteria on the efficacy
of tumor-targeting immunotherapy. Although the underlying molecular mechanisms
remain obscure, bifidobacteria and other microorganisms have become a promising
aid to immunotherapeutic procedures that are currently applied to treat cancer. The
present review focuses on strategies to recruit the microbiome in order to enhance
anticancer responses and develop therapies aimed at fighting the onset and progression
of malignancies.

Keywords: microbiota, cancer, Bifidobacterium, microbial biomarker, probiotics

GENERAL FEATURES OF THE GUT MICROBIOTA

The definition of microbiome and microbiota is rather complex and often these two terms are used
interchangeably. The microbiota represents the entire population of microorganisms colonizing a
specific ecological niche, whereas the microbiome encompasses the full genetic complement of an
entire microbiota (Ursell et al., 2012b). In recent years, many studies have focused on the analysis of
the bacterial composition that inhabits various sites of the human body. In particular, the Human
Microbiome Project (HMP), based on the concept that we are organisms made up of a large number
of human and bacterial cells, aims to define the microbiome that consists and/or influences our
metabolism, our physiology and any predispositions to diseases (Turnbaugh et al., 2007). The
currently employed molecular techniques applied to the microbiota analysis, including the recently
emerged metagenomic technology, are based on culture-independent methods. Their application
have been made possible due to the advancement of next-generation sequencing methods (NGS),
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allowing the compositional evaluation of bacterial populations
and the discovery of essentially the entire genetic blueprint
of microbial communities (i.e., microbiota and microbiome
analysis) (Mancabelli et al., 2020).

The human microbiota comprises trillions of symbiotic
microbial cells, present in different areas of the body. The
majority of these are located in the intestine where they are
involved in various functions including nutrient assimilation,
vitamin synthesis, bile acid/salt and sterol metabolism, immune
stimulation, and maintenance of intestinal homeostasis. Given
the variety and importance of such functions, the intestinal
microbiota operates as a separate organ of the human and animal
superorganism (Brestoff and Artis, 2013; Guinane and Cotter,
2013; Molinero et al., 2019; Illiano et al., 2020).

The differences in bacterial composition in each microbial
habitat are due to different environmental conditions such as pH,
oxygen levels/redox state, availability of nutrients, humidity and
temperature. All these environmental features allow various
populations to thrive and exert different activities, while interac-
ting with the (human) host environment (Ursell et al., 2012b).

The composition of the human intestinal microbiota is very
complex and includes bacteria, archaea, fungi and viruses that
have adapted to live on the mucous surface of the intestine or in
its lumen (Nuriel-Ohayon et al., 2016), developing immediately
after birth and varying between different gut locations, between
individuals and over time. Until today, it has been assumed
that the neonatal gut intestine was a sterile niche up until birth
(Putignani et al., 2014), though various scientific reports have
questioned this notion, claiming that bacteria are present in
the gut before birth (Nuriel-Ohayon et al., 2016). However, a
growing number of scientific publications have argued against
such a possibility and most evidence currently favors the idea of
a sterile placenta (Lauder et al., 2016). The period immediately
following birth is deemed to be crucial for the appropriate
development of the gut microbiota (Turroni et al., 2020).
Vaginal delivery and breastfeeding are the main defining factors
that favor efficient and correct microbial colonization events
of the neonatal gastrointestinal tract (Milani et al., 2017a).
Among the first colonizers of the infant gut microbiota are
bifidobacteria (Turroni et al., 2012), rapidly populating the infant
gut within the first weeks following birth. This remarkable
phenomenon of gut colonization is believed to be at least partially
dependent on the bifidogenic activities of specific mother milk-
derived oligosaccharides, commonly referred to as human milk
oligosaccharides (HMOs) (Turroni et al., 2019). Recent studies
have shown that the bifidobacteria present in the mother’s gut
microbiota strongly correlates with that of her baby, indicative of
vertical transmission of bacteria from mother to baby (Rautava
et al., 2012; Nuriel-Ohayon et al., 2016).

The transition to complementary feeding, and therefore
the introduction of solid foods, favors the differentiation
of the intestinal microbiota and increases microorganisms
belonging to the families of Lachnospiraceae, Ruminococcaceae,
Eubacteriaceae, Rikenellaceae, and Sutterellaceae (Laursen et al.,
2016). During subsequent years, the microbiota develops to
form its adult state and tends to maintain this homeostasis
(Underhill and Iliev, 2014), which means that the microbiota

composition of a healthy adult gut is stable (Rodriguez et al.,
2015). The intestinal bacterial profile in adulthood displays a
high level of inter-individual variability, being influenced by
a wide range of factors such as health status, dietary habits,
use of antibiotics or other drugs, age, genetics, ethnicity and
geography (Ursell et al., 2012b; Yatsunenko et al., 2012). The main
bacterial phyla of the human gut microbiota encompass members
of the Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria,
Tenericutes, and Fusobacteria. Notably, the gut microbiota of
adults are dominated by Firmicutes and Bacteroidetes, which
together make up 90% of the human gut microbiota (Rajilic-
Stojanovic et al., 2007). The adult gut microbiota composition
is radically different from that of the infant’s intestine, in which
Actinobacteria, and in particular bifidobacteria, are commonly
the most numerous microorganisms (Turroni et al., 2012). In
addition, the adult microbiota has proven to be more complex
than that of infants in terms of the total number of bacteria
and microbial diversity (Eckburg et al., 2005). The microbiota
composition changes with aging and becomes less complex
in terms of number of species and relative abundance in the
elderly population (Claesson et al., 2011). Throughout life, diet
influences bacterial colonization and persistence in the intestine,
thus shaping the gut microbiota composition (Fuentes and
de Vos, 2016). In this context, butyrogenic bacteria such as
members of the genus Clostridium cluster XIVa, responsible of
butyrate production, are more abundant in the fecal microbiota
of omnivores than in the vegetarian microbiota, including
humans. However, in response to a Western-based diet, which
is characterized by the presence of low fiber levels and high
fat intake, the bacteria responsible for fiber degradation, such
as Prevotella, Succinivibrio, Treponema, and Bifidobacterium,
are reduced in abundance. Conversely, a diet mainly based
on meat causes an increase of bile-tolerant bacteria (e.g.,
Alistipes, Bilophila) to the detriment of the microorganisms
involved in the metabolism of plant polysaccharides (Firmicutes)
(Milani et al., 2016).

Gut microbiota plays a key role in maintaining and supporting
human health. Any deviation from its “normal” composition,
a condition for which the generic term dysbiosis was coined
(Tamboli et al., 2004), is believed to herald the onset or
the worsening of certain diseases, including autoimmunity,
colorectal cancer, metabolic diseases, and bacterial infections
(Prakash et al., 2011). Indeed, recent work has indicated that
altered microbial communities and intestinal barrier impairment
are associated with the development of a number of chronic
inflammatory disorders, including inflammatory bowel disease
(IBD), celiac disease, multiple sclerosis, rheumatoid arthritis,
psoriasis, type 2 diabetes, allergic diseases, cardiovascular, and
neurodegenerative diseases (Yu, 2018), some of which may
directly or indirectly lead to cancer (Stidham and Higgins, 2018).

THE ROLE OF MICROBIOTA IN
CARCINOGENESIS

Through their metabolic activities, intestinal bacteria are
believed to influence various inflammatory and immune
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processes that are implicated in tumor etiology, such as
in colorectal cancer (CRC) (Kinross et al., 2011; Clemente
et al., 2012). CRC is one of the major causes of mortality
in developing countries (Jemal et al., 2011). Even though it
is well-established that a healthy environment and lifestyle
reduce the risk of carcinogenesis, it is still extremely difficult
to identify the triggering factor(s) of cancer in individuals,
due to its multifactorial etiology (Hanahan and Weinberg,
2011). Currently, the incidence of cancer is still increasing,
possibly and in part due to cancer-associated lifestyle choices
such as smoking, “westernized” diet and physical inactivity.
However, increased exposure to known carcinogens or
suspected carcinogens may also be a contributing factor
(Torre et al., 2015). Cancer may therefore result from the
impact of various genetic factors acting in concert with
a range of environmental and life-style associated insults
(Garrett, 2015). Studies involving germ-free animals, i.e.,
animals without a resident intestinal microbiota, have provided
compelling evidence for tumor-promoting effects of the
microbial composition in spontaneous, as well as genetically or
carcinogen-induced tumorigenesis in various organs (Schwabe
and Jobin, 2013). Germ-free mice exhibit severe defects in
their immunity system, with a near-absent mucous layer and
altered IgA secretion (Gopalakrishnan et al., 2018a). Similarly,
depletion of the intestinal bacterial microbiota in mice by means
of antibiotic treatment, reduces the development of cancer
in the liver and in the colon (Dapito et al., 2012; Yoshimoto
et al., 2013). It has been suggested that common microbial
inhabitants of the human gut, such as Escherichia coli, which
normally coexist harmoniously with their mammalian host
and promote intestinal homeostasis, may sometimes facilitate
colorectal carcinogenesis (Cuevas-Ramos et al., 2010). Indeed,
some virulent E. coli strains with acquired pathogenicity
islands encoding for a multi-enzymatic machinery for the
production of a peptide-polyketide hybrid genotoxin named
colibactin, can colonize the human gastrointestinal tract and
cause gut diseases (Sun and Kato, 2016). These particular
E. coli strains are more commonly present in the mucosa of
CRC and IBD patients and they induce double-strand DNA
breaks, mutations and chromosomal rearrangements. They
also modulate the tumor microenvironment favoring the
emergence of senescent cells, which may affect tumor promotion
and cancer progression via the secretion of growth factors
(Dalmasso et al., 2014).

In addition, a recent report has demonstrated that intestinal
bacteria belonging to the class of Gammaproteobacteria can
influence the efficacy of cancer therapies by metabolizing the
chemotherapeutic drug gemcitabine into its inactive form,
commonly used to treat pancreatic ductal adenocarcinoma
(PDAC) (Geller et al., 2017). Moreover, thanks to the current
knowledge on the role of gut microbes in gastrointestinal
carcinoma development, novel approaches targeting the gut
microbiota represent a promising way to prevent cancer
or at least to delay cancer cell proliferation (Brennan and
Garrett, 2016). Therefore, the gastrointestinal microbiota
appears to play opposing roles in both preventing and
promoting carcinogenesis.

One of the main activities of the colonic intestinal microbiota
is to acquire energy by fermenting dietary elements (e.g.,
polysaccharides) that are not metabolized by host enzymes or
by the microorganisms residing in the upper gastrointestinal
tract (GIT) (Rowland et al., 2018). Many of such indigestible
carbohydrates, resistant to human digestion, enter the colon
where they are metabolized by resident microbiota into short
chain fatty acids (SCFAs) such as butyrate, propionate and
acetate, which are in turn absorbed by the intestinal epithelial
cells (IECs) through passive diffusion (Pryde et al., 2002).
SCFAs, and in particular butyrate, represent the primary
energy source for IECs and play an important role in
maintaining the integrity of the associated epithelial layer
(Lauder et al., 2016).

Furthermore, butyrate is a plausible candidate for tumor
suppression and prevention because it inhibits cell proliferation
and induces cell differentiation or apoptosis when added to
tumor-derived cell lines (Hamer et al., 2008; Fung et al.,
2012). In addition, some lactic acid bacteria (LAB) have
been proposed to confer benefits to the host by influencing
metabolic, immunological and protective functions in the colon
(Marteau et al., 2001). In animal models, treatment with
certain LAB was shown to prevent carcinogen-induced pre-
neoplastic lesions or tumors (Wollowski et al., 2001). Besides,
it has also been demonstrated that particular LAB species
are involved in the detoxification of certain carcinogens such
as polycyclic aromatic hydrocarbons (PAH) and heterocyclic
aromatic amines (Knasmuller et al., 2001; Hope et al., 2005).
PAH may also damage DNA of colonocytes (Diggs et al.,
2011). However, the mechanism by which these bacteria
achieve inactivation of carcinogens remains unclear; it may be
that certain gut commensals catalyze detoxification reactions
and/or produce metabolites that cause carcinogen detoxification
(Rafter, 2003).

Furthermore, gut microorganisms that lack the ability to
produce butyric acid may influence the growth of butyrogenic
microorganisms by synthetizing metabolites that are specifically
utilized by these bacteria. In this respect, bifidobacteria synthesize
various organic acids, such as acetic acid that can be used
as a metabolic precursor for butyric acid biosynthesis by
butyrogenic microorganisms such as Faecalibacterium prausnitzii
and Eubacterium rectale (Waddington et al., 2010).

As mentioned above, bacteria belonging to the Clostridium
genus, despite exerting physiologically important effects on the
colonic epithelium and on the host metabolism of omnivores,
are known to convert bile acids into secondary products such
as deoxycholic acid (DCA), which is a known carcinogen
(Knasmuller et al., 2001; Staley et al., 2017). This finding
shows how intestinal microorganism sometimes play a key
role in the activation and detoxification of various classes of
carcinogens, thereby influencing cancer risk for individuals
(Hambly et al., 1997).

Many tumor-promoting effects of the microbiota, not only
in colorectal cancer but also in other cancer types, are caused
by altered host-microbiota interactions and dysbiosis. The
microbiological imbalance, caused by the failure of some control
mechanisms like barrier defects, immune defects and loss of
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eubiosis, may cause a modification of intercellular tight junctions
(Llopis et al., 2009), in turn causing effective penetration of
antigens responsible for the activation of gut associated lymphoid
tissue (GALT) with consequent tissue damage (Arseneau and
Cominelli, 2009). These combined factors enhance the chances of
pathogenic bacteria to encourage carcinogenesis under particular
conditions. In this context, infection with Helicobacter pylori,
which is classified as a carcinogenic microorganism by the
International Agency for Research on Cancer (IARC), may
lead to the sequential development of gastritis, gastric ulcer,
atrophy and finally gastric cancer (Fox and Wang, 2007).
However, gastric cancer is also promoted by the presence
of a complex microbiota. This phenomenon was identified
in murine models treated with H. pylori, which developed
fewer tumors than their pathogen-free counterparts. This is
probably due to the ability of H. pylori to provoke gastric
atrophy and hypochlorhydria, which causes the stomach
being susceptible to bacterial overgrowth, and subsequently
increased bacterial conversion of dietary nitrates into carcinogens
(Lofgren et al., 2011).

Besides, dysbiosis is regarded as one of the highest risk
factors of chronic inflammation through immune system
activation (Fujimura et al., 2010). Rudolf Virchow first suggested
the connection between inflammation and cancer in 1863,
when he observed the presence of leukocytes within tumor
tissues and hypothesized that the presence of these cells
mirrored the origin of the tumors in sites characterized
by chronic inflammation (Virchow, 1989). IBDs, including
Crohn’s disease (CD), are genetically linked to a phenotype
characterized by a significant reduction of the microbiota
complexity, an increased abundance of Enterobacteriaceae,
Pasteurellaceae, Fusobacteriaceae, Neisseriaceae, Veillonellaceae,
and Gemellaceae, and decreased abundance of Bifidobacteriaceae,
Erysipelotrichaceae, Clostridiales, and Bacteroidales (Gevers et al.,
2014). Faecalibacterium prausnitzii, which represents about
5% of the intestinal microbiota in healthy adults, is also
a widely recognized microbial marker associated with IBD
(Martin et al., 2017). Low levels of F. prausnitzii in fecal
and mucosal samples have been shown to be predictive of
both incidence and recurrence of IBD (Sokol et al., 2008,
2009). This is mainly due to the critical role played by this
bacterium in maintaining intestinal homeostasis and health
through regulation of the metabolic activity of colonocytes
(Scheppach, 1994) and the integrity of the mucous layer
(Wrzosek et al., 2013).

It is well-established that individuals with IBD have a
higher risk of developing gastrointestinal cancer, with risk
level corresponding to the duration and severity of mucosal
inflammation (Hope et al., 2005). The increased risk of
cancer in IBD patients may be associated with the chronic
cellular proliferation required to repair damage to the
epithelial monolayer caused by constant inflammation. In
chronic inflammation, cytokines secreted by immune cells
stimulate the pathways that are also connected to cancer
proliferation (Morgillo et al., 2018). For example, tumor
necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6), the main
cytokines released during chronic inflammation, are known

to stimulate proliferation of cancer cells, their survival and
their dissemination.

CANCER AND NOVEL MICROBIAL
MARKERS

As described above, there is accumulating scientific evidence
that certain members of the microbiota are implicated in tumor
development. One bacterium that has recently attracted the
interest of the scientific community based on studies of the
microbiome of colorectal cancer is Fusobacterium nucleatum
(Mima et al., 2016). This microorganism belongs to the
Fusobacteria phylum, which are Gram-negative, non-spore-
forming, typically non-motile anaerobes with a tapered rod shape
(Brennan and Garrett, 2019). Among those species colonizing
humans, F. nucleatum is the most abundant in the oral cavity
and a common member of the oral microbiota, playing integral
and important roles in biofilm development, contributing to both
periodontal health and disease (Kolenbrander et al., 2010). Due
to its elongated shape and adhesin production, it acts as a bridge-
organism by connecting microorganisms and cells (Kaplan et al.,
2009; Wu et al., 2015). F. nucleatum possesses a mutualistic
relationship with other members of the oral microbiota, and
its interactions with human tissues range from neutral to
pathological interactions. In the particular case of periodontitis,
F. nucleatum increases the infectivity of other pathogenic oral
microorganisms, thereby underpinning this disease (Brennan
and Garrett, 2019). In particular, F. nucleatum may induce
expression of the β-defensin 2 peptide and certain pro-
inflammatory cytokines (Krisanaprakornkit et al., 2000; Brennan
and Garrett, 2019) as well as increase the invasive potential
of Porphyromonas gingivalis (Taxman et al., 2012), suggesting
that during periodontitis these bacteria act cooperatively to
evade the immune system and develop an inflammatory-
permissive environment.

Indeed, studies have shown that F. nucleatum is involved
not only in oral inflammation such as periodontitis
(Krisanaprakornkit et al., 2000), but also in brain abscesses
(Kai et al., 2008), pericarditis (Han et al., 2003), Lemierre
syndrome (Weeks et al., 2010), and in acute appendicitis
(Swidsinski et al., 2011). The microbiome analyses of colorectal
carcinomas reveal a significant enrichment of Fusobacterium
species, in particular phylotypes more similar to F. nucleatum,
Fusobacterium mortiferum and Fusobacterium necrophorum.
The enrichment of the fusobacterial load in cancer is confirmed
by histological analysis on tumor tissues when compared to
adjacent tissues and by the DNA of F. nucleatum found in
the CRC metastases (Kostic et al., 2012). Moreover, it has
been demonstrated that patients with CRC possess identical
strains of F. nucleatum in their CRC and saliva specimens.
Although the relationship between these bacteria and CRC is
not well-understood, this finding does suggest that F. nucleatum
strains associated with CRC may have originated from the oral
cavity (Komiya et al., 2019). High abundances of these bacteria
are also found at the level of adenomas, epithelial neoplastic
lesions that can become malignant and be precursors of most
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colorectal cancers. In fact, in patients with early CRC (Yachida
et al., 2019) F. nucleatum increases in abundance during the
very early stages of carcinogenesis, thus suggesting that it could
be involved in the tumor onset and progression (Kostic et al.,
2013). Its abundance in colorectal instead of adjacent tissues
may be caused by the strong adhesive and invasive abilities of
fusobacteria toward colonic epithelial cells due to the FadA
surface protein (Fusobacterium adhesin A), which interacts
with E-cadherin to mediate changes in β-catenin and other
signaling pathways, thereby inducing inflammatory changes and
contributing to carcinogenesis (Han et al., 2000; Strauss et al.,
2011; Rubinstein et al., 2013). The presence of F. nucleatum
cells plays an important role also on the binding between
Gal-GalNAc and Fap2, becoming overexpressed in CRC (Abed
et al., 2016). The high numerical presence of fusobacteria at the
tumor site may also be derived from the growth advantage that
fusobacteria provide to the tumor by eliciting myeloid immune
cell responses that promote tumor growth. Fusobacteria elicit
a metabolic advantage to tumor cells in a competitive tumor
environment. Like non-saccharolytic bacteria and in contrast to
Enterobacteriaceae, fusobacteria, which can metabolize glucose
and amino acids, will not compete for glucose in a tumor
microenvironment as they can use amino acids and peptides
as nutrient sources, thereby supporting tumor metabolism
(Vander et al., 2009). F. nucleatum strains can by means of a
rudimentary electron transport chain establish a respiratory-like
metabolism (Kapatral et al., 2002) allowing them to persist and
slowly replicate in the hypoxic tumor microenvironment. Due
to its ability to express adhesive molecules, F. nucleatum is able
to form biofilms that enhance oxygen tolerance (Gursoy et al.,
2010). A previous study has shown that the administration of
F. nucleatum in ApcMin/+ mice, which carry a point mutation
in the Adenomatous Polyposis Coli (APC) gene on a single
allele, accelerates the progression and carcinogenesis, provokes
infiltration of specific myeloid cells into the tumor and creates
a pro-inflammatory environment through the induction of the
NF-κB pathway (Kostic et al., 2013). This suggests that the
tumorigenic effects of fusobacteria operate downstream of the
loss of the APC tumor suppressor and the consequent intestinal
dysplasia that occurs in ApcMin/+ mice. Moreover, this may
explain why increased abundance of F. nucleatum occurs already
during the first phase of adenoma, as the APC mutation is
among the first molecular alterations that arise in the epithelium
while it is in transition to become adenoma (Kostic et al., 2013).
However, early somatic mutations that can lead to loss of tight
junction, cellular contacts, polarity and mucus layer in the gut,
may promote infiltration and enrichment of Fusobacterium spp.

Furthermore, F. nucleatum may function as a predictive
marker of tumor recurrence because its numbers are increased
in CRC patients who show post-chemotherapy relapse (Sun
et al., 2019). It was therefore assumed that it may induce
chemoresistance by blocking chemotherapy-induced apoptosis
and activating pathway for autophagy by inducing upregulation
of multiple autophagy signaling elements (pULK1, ULK1, and
ATG7) (Yu et al., 2017).

The Fusobacteriales order also includes the Leptotrichiaceae
family, whose Leptotrichia spp. appears to be predominantly

present in CRC tissues (Warren et al., 2013). Leptotrichia spp.
are Gram-negative facultative anaerobes, commensal members
of the oral microbiome and subgingival plaque, but they can
also be present in the gut, urogenital system, and female genital
tract (Eribe et al., 2004). Isolated from several periodontal
lesions, abscesses and systemic infections, they are opportunistic
pathogens (Manson et al., 2014). In fact, previous studies describe
the occurrence of Leptotrichia buccalis-mediated bacteremia in
patients with neutropenia and progressive malignancy, though its
incidence in serious bacteremic infections remains comparatively
low (Reig et al., 1985; Weinberger et al., 1991).

Due to its microbial co-aggregation ability, Fusobacterium
is found together not only with Leptotrichia but also with
Campylobacter spp., which are all anaerobic bacteria that
commonly colonize the same niche in the oral cavity. Co-
occurrence of Fusobacterium and Campylobacter spp. is observed
in CRC patients with a prevalence of Campylobacter spp. in
CRC lesions compared with adjacent healthy tissues (Warren
et al., 2013). Some genotoxins produced by enteric pathogenic
species such as Salmonella, Escherichia, and Campylobacter have
a synergistic effect on carcinogenesis (Guerra et al., 2011; Bezine
et al., 2014). Campylobacter jejuni is a well-characterized human
pathogen and one of the main causes of acute gastroenteritis and
colitis (Brauner et al., 2010). A specific cytolethal distending toxin
(CDT), produced by C. jejuni and composed of three subunits,
plays a key role in carcinogenesis. In particular, one specific
subunit (CdtB) is implicated in promoting carcinogenesis, since
mutation of the corresponding gene in C. jejuni causes reduction
of both tumor cells and neoplastic progression. This subunit,
which can induce extensive DNA damage in host cells and
in turn provoke cell apoptosis, is known to stimulate tumor
proliferation (He et al., 2019). The above mentioned CDT
activities have previously been associated with carcinogenesis in
studies reporting high level of cdt mutant strains present both
in biopsies of CRC patients and in hepatocarcinogenesis and
intestinal tumorigenesis in mice (Ge et al., 2007; Buc et al., 2013;
Ge et al., 2017).

However, the precise role played by Fusobacterium,
Leptotrichia, and Campylobacter in the etiology of carcinogenesis
is still not fully understood and requires further study.

NEW DIAGNOSTIC APPROACHES
USING MICROBIAL MARKERS

A lot of effort has been devoted to identifying microbes that can
be employed as biological markers for CRC. At the same time,
research endeavors have also focused on the most appropriate
technique to detect such microbes. The most frequently used
method is a test performed on the sera of CRC patients, allowing
the detection of cell-free DNA (cfDNA) corresponding to DNA
fragments originating from tumor cells. These fragments can
be further examined for mutations and genomic abnormalities,
providing both diagnostic and prognostic biomarkers (Tan et al.,
2016). So far, different diagnostic tests, being useful for the
detection of CRC but having low specificity and sensitivity, are
performed on fecal occult blood. Additionally, the detection of

Frontiers in Microbiology | www.frontiersin.org 5 September 2020 | Volume 11 | Article 575072

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-575072 September 8, 2020 Time: 14:42 # 6

Longhi et al. Bacterial Communities and Cancer

mutated DNA in stool is a promising technique (Dhaliwal et al.,
2015). Detection of IgA and IgG antibodies against some of
these potential microbial biomarkers may also represent a future
diagnostic tool (Wang et al., 2016).

Various recent studies involving large patient cohorts have
focused on the characterization of the microbiome of colorectal
adenomas and on cancer, aimed at assessing the presence of
F. nucleatum in stool and tissue samples of patients, who had
received a positive CRC diagnosis (Kostic et al., 2012; McCoy
et al., 2013; Peng et al., 2018).

Diagnostic tests designed to determine the presence of
biomarkers are very useful not only for diagnosis, but also for
assessing the patient’s prognosis and for developing therapies
aimed at combating the onset and progression of tumors.
However, there are ongoing debates on the use of F. nucleatum
as a reliable CRC biomarker. Not only the method for microbial
detection is important in this context, but also the predictive
accuracy of microbial biomarker(s) using larger population-scale
studies that also take into account the differences due to ethnicity
and geography (Brennan and Garrett, 2019).

As F. nucleatum appears to influence myeloid cell tumor
infiltration, the phenotype of T cells and the cytotoxic activity
of NK cells has received significant scientific attention (Routy
et al., 2018). Furthermore, the high abundance of F. nucleatum
in tissues and fecal samples of cancer patients who show
relapse after having undergone chemotherapy is indicative
of the impact of this bacterium on chemotherapy resistance.
This potential biomarker activates the process of autophagy
and compromises chemotherapy-mediated cancer cell death
(Yu et al., 2017). These findings have resulted in a therapy
that is directed to specifically target F. nucleatum, before
or concomitant with the administration of chemotherapy.
Most F. nucleatum isolates are sensitive to antibiotics
such as erythromycin, other macrolides (Riordan, 2007),
metronidazole (Bullman et al., 2017) and numerous β-lactam
based antibiotics with the exception of penicillin (Nyfors
et al., 2003). Additionally, epidemiological and clinical data
suggest that non-steroidal anti-inflammatory drugs (NSAIDs)
such as aspirin may be effective as a primary and secondary
preventive measure in CRC (Chan et al., 2012). However, it
may be more advantageous to use narrow-spectrum antibiotics
specific for F. nucleatum and targeting tumor tissue in order
to protect the anaerobic bacteria that play a crucial role in
improving the response to chemotherapy and immunotherapy
(Brennan and Garrett, 2019).

Currently, cancer treatment strategies are increasingly
focusing on immunotherapy and chemoprevention. The former
one, including the use of COX-2 inhibitors and selective
EP2 antagonists, plays a significant role in counteracting
F. nucleatum-associated CRC (Shang and Liu, 2018). EP2
enhances the expression of NF-κB-targeted proinflammatory
genes induced by TNF-α in neutrophils, promoting colon
tumorigenesis by means of expanding inflammation and creating
a tumor microenvironment. Selective EP2 antagonists are
promising drugs for the chemoprevention of F. nucleatum-
associated CRC (Ma et al., 2015). COX-2 is considered an
inhibitor of antigen-specific tumor immunotherapy. Therefore,

COX-2 inhibitors reduce the risk of CRC by inhibiting
inflammatory pathways, and the use of such inhibitors may
therefore be important to enhance efficacy of immune-based
therapy in CRC patients (Gobel et al., 2014). Immunotherapy
may also represent an effective strategy to prevent F. nucleatum-
positive CRC. The interaction between Fap2 and TIGIT
receptor protects tumors against immune cell attack and inhibits
antitumor immunity (Gur et al., 2015).

The reduction of Fusobacterium populations in the oral cavity,
where they are most abundant, or in the gastrointestinal tract
may work to delay or prevent tumor progression for patients
at increased risk of CRC (Kostic et al., 2013). For this reason,
F. nucleatum has been the target of vaccine and/or antimicrobial
therapies. The formulation of a possible vaccine has already
been tested to fight the problem of halitosis. This vaccine targets
FomA, which is a protein of the outer membrane expressed
by certain strains of F. nucleatum and necessary for bacterial
co-aggregation and its associated pathogenicity. Inhibition of co-
aggregation by inactivation of F. nucleatum FomA will prevent
the progress of oral infections (Liu et al., 2010). Another option
to reduce F. nucleatum abundance could be a replacement
therapy of the microbial ecosystem aimed at modifying host and
tumor microbiota through the use of consortia of engineered
microorganisms or selected cocktails of human-derived isolates
(Petrof et al., 2013).

IMMUNOTHERAPY AS A NEW
FRONTIER IN THE FIGHT AGAINST
CANCER

Cancer remains a major cause of mortality and many of the
therapies that have been used so far to fight it are very often
ineffective and bring high degree of toxicity (Puzanov et al.,
2017). Until recently, cancer was routinely treated through
surgical, chemotherapy and/or radiotherapy approaches (Yu
W.D. et al., 2019). However, the high level of toxicity and
the high incidence of cancer recurrence always make these
therapies desirable or effective. A new frontier in cancer therapy
is represented by immunotherapy (Yang, 2015), which holds
a lot of promise in terms of therapeutic success and allows
tumor targeting in a much more specific way than other
currently applied therapies. In addition, immunotherapy offers
the advantage of immune system memory against malignant cells
to achieve a durable cure with minimal toxicity (Helmy et al.,
2013). Two forms of immunotherapy are currently recognized: (i)
“passive” immunotherapy that includes agents such as cytokines,
antibodies and transferred immune cells that target the tumor
directly, and (ii) “active” immunotherapy that mobilizes the
immune system to eliminate the tumor (through vaccination)
(Finn, 2012).

The antibody-mediated approach is a well-established, specific
immunotherapy for cancer in clinical practice (Finn, 2012).
Monoclonal antibodies for therapeutic purposes have been
designed to bind with high affinity to specific cell surface
molecules on cancer cells to direct the immune system toward
the elimination of malignant cells (Shepard et al., 2017).
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Perhaps the most intriguing class of antibody therapeutics
currently being developed for cancer includes the one designed
to activate anti-tumor therapeutic immunity, encompassing
the immune checkpoint blockade (ICB). Immune checkpoint
therapy targets regulatory pathways in T cells by removing their
inhibitory signals, thereby enabling tumor-reactive T cells to
overcome regulatory mechanisms and to mount an effective
antitumor response (Sharma and Allison, 2015). Since many
of these antibodies are activated by ligand-receptor interaction,
the immune checkpoints can be readily blocked by antibodies
or modulated by recombinant forms of ligands or receptors
(Routy et al., 2018). The two most actively studied are cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4) and programmed
cell death protein 1 (PD-1), which are both inhibitory receptors,
regulating immune responses at different levels and by different
mechanisms (Pardoll, 2012). In 2011, CTLA-4 became the
first validated target of ICB in the treatment of patients with
melanoma, and in spite of the beneficial effects, this therapy is
accompanied by various toxic effects that can sometimes lead to
autoimmune issues (Prieto et al., 2012; Schachter et al., 2017).

In the same manner, different antibodies that disrupt the
interaction between PD-1 and its ligands have been approved for
therapeutic purposes. PD-L1 together with PD-L2 are binding
and functional partners of PD-1, expressed on the surface of
many organ cells and in various tissues (Freeman et al., 2000;
Latchman et al., 2001) playing a dominant role in the suppression
of T cell responses, especially in the tumor microenvironment
(Zou and Chen, 2008), thereby preventing effector immune cells
from killing cancer cells (Azuma et al., 2008). Recent studies
have shown how anti-PD-1 outperforms anti-CTLA-4 therapy in
efficacy, survival and adverse events (Schachter et al., 2017).

A novel way to fight cancer employs genetic engineering of
the immune effector cells in order to modify their functions.
Following the interest given to the first successful treatments
with chimeric antigen receptor (CAR) T-cell in B-cell acute
lymphoblastic leukemia (Maude et al., 2018), high level
expectations have been created which will require detailed
investigations (Kochenderfer et al., 2010; Kalos et al., 2011). CAR
T-cells are produced by transducing a genetically engineered
CAR fusion protein by means of a retrovirus or lentivirus into
autologous T-cells (Sermer and Brentjens, 2019).

However, ICB and CAR T-cell therapies are not universally
effective due to the genetic instability of tumors which may
lead to cessation of the expression of antigens targeted by T
cells or which may eliminate the mechanisms that present them
(Bronte and Mocellin, 2009).

BACTERIA ELICITING BENEFICIAL
EFFECTS TOWARD CANCER TARGETED
BY IMMUNOTHERAPIES

ICB has revolutionized the therapeutic approach in
immunogenic cancers like melanoma (Vetizou et al., 2015)
and renal cell carcinoma (RCC) (Motzer et al., 2015) as
well as malignancy considered non-immunogenic like non-
small cell lung cancers (NSCLC) (Borghaei et al., 2015;

Carbone et al., 2017) or mismatch-repair-deficient colorectal
cancer (Le et al., 2015).

Various studies have indicated that microbiota composition
impacts on the efficacy of ICB therapies. The use of antibiotics
to induce intestinal dysbiosis in preclinical mouse models has
underlined the contribution of certain commensal bacteria such
as Bacteroides fragilis (Vetizou et al., 2015) and Bifidobacterium
(Sivan et al., 2015). Mice treated with broad-spectrum antibiotics
or germ-free (GF) mice that lack some bacterial species, in
particular Bacteroides, are resistant to CTLA-4 blockade therapy.
The response to the inhibition of CTLA-4 is regained with
the oral administration of Ba. fragilis. Recolonization of the
intestinal microbiota by Ba. fragilis consequently causes T-cell
helper (TH1) responses to increase in the lymph nodes closest
to the tumor, thereby improving the efficacy of the CTLA-4
blockade. A similar significant response is observed in cases
of fecal transplantation of Bacteroides species in GF mice
(Figure 1; Vetizou et al., 2015). In parallel, another trial compared
the antitumor cytotoxic T lymphocytes (CTLs) responses in
mice purchased from two different facilities differing in their
commensal microbes. Indeed, Jackson Laboratory (JAX) mice
but not Taconic Farms (TAC) mice, may be colonized by
commensal microbes that facilitate antitumor immunity. Of
note, Bifidobacterium was found to be particularly abundant
in the colon of JAX mice that exhibited reduced growth of
melanomas and improved CTL-mediated immune-surveillance.
The presence of Bifidobacterium was shown to be positively
associated with antitumor T cell responses, indicating that
certain species of this genus, identified as Bifidobacterium breve,
Bifidobacterium longum and Bifidobacterium adolescentis, elicit
beneficial antitumor immune effects (Sivan et al., 2015).

In addition, the selective transfer of B. breve or B. longum
into mice that typically are devoid of these species was sufficient
to reduce melanoma natural growth and restore anti-melanoma
specific T cell responses. As a result, the frequency of tumor-
specific CTLs residing in melanoma lesions increased in mice
carrying B. breve or B. longum cells, on respect of germ-
free mice or mice without bifidobacteria in the gut (Figure 1;
Sivan et al., 2015). The use of bioluminescent imaging (BLI)
allows the detection of certain bacterial species, including species
of bifidobacteria, following administration in tumor-bearing
mice (Cronin et al., 2012). Preclinical therapeutic studies had
already demonstrated the ability of different bacterial strains to
migrate to the tumor site (Grillot-Courvalin et al., 1998). Once
administered, bifidobacteria can survive in the hypoxic tumor
environment due to the nutrient-rich environment created by cell
death in necrotic regions. This finding demonstrates the potential
for non-pathogenic bacteria as vectors for cancer therapy in order
to deliver therapeutic or diagnostic agents (Cronin et al., 2012).

The specific mechanism by which bifidobacteria or other
commensal bacteria stimulate antitumor immune responses
remains to be elucidated. However, it has been shown that
these bacteria stimulate the maturation of dendritic cells that,
like antigen-presenting cells (APC), play a role in activating
T-cells. CTLA-4 is a homolog of APCs’ receptor that binds
with higher affinity and downregulates T-cell activation. Anti-
CTLA-4 monoclonal antibodies block this interaction favoring

Frontiers in Microbiology | www.frontiersin.org 7 September 2020 | Volume 11 | Article 575072

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-575072 September 8, 2020 Time: 14:42 # 8

Longhi et al. Bacterial Communities and Cancer

FIGURE 1 | Influence of the gut microbiota on the effectiveness of immunotherapy. Anti-CTLA-4 and anti-PD-L1 therapies depend respectively on Bacteroides
enrichment and Bifidobacterium abundance for their efficacy. T-cell activation and proliferation against tumor cells requires monoclonal antibodies that block the
interaction between ligand and its respective receptor.

T-cell activation and proliferation (Krummel and Allison, 1995).
In contrast, PD-1 has two ligands, i.e., PD-L1 and PD-L2,
where PD-L1 is expressed by cancer cells and tumor-infiltrating
macrophages, while PD-L2 is expressed by APCs (Francisco et al.,
2010). The interaction of PD-L1 with PD-1 may induce T cell
suppression. PD-1 blockade by monoclonal antibodies restores
the function of T-lymphocytes.

The translational relevance of these findings to humans was
then shown in other studies that clearly demonstrated the
significant contribution of different commensals in the positive

response to immunotherapy treatment against different types of
cancer; Akkermansia muciniphila on NSCLC or RCC patients,
and Fecalibacterium spp. or Bifidobacterium spp. on melanoma
patients (Gopalakrishnan et al., 2018b; Matson et al., 2018;
Routy et al., 2018).

Recently, the impact of antibiotics (ATB) use in patients with
different types of cancer (lung, renal, urothelial) who were treated
with PD-1/PDL-1 inhibitors was investigated (Routy et al., 2018).
As observed in murine-based trials, patients treated with ATB
show reduced survival regardless of the type of tumor and a
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general reduction in the anti-PD-1/PD-L1 therapeutic responses.
From the analysis and comparison of the microbiota obtained
from fecal samples of the immunotherapy responding (R) and
non-responding (NR) subjects (according to the best clinical
response as assessed by Response Evaluation Criteria in Solid
Tumors), differences were particularly noted in the abundance
of A. muciniphila, which was more present in R patients and
positively associated with an increase of more than 3 months of
tumor-free survival (Routy et al., 2018). An increased abundance
of other commensals such as Ruminococcus spp., Alistipes spp.
and Eubacterium spp., was also observed, while B. adolescentis,
B. longum, and Parabacteroides distasonis were underrepresented
(Matson et al., 2018). To test the effective correlation between
A. muciniphila and the response to PD-1/PDL-1 inhibitors, a
recolonization of ATB-treated mice reared in specific pathogen-
free (SPF) conditions (or alternatively GF animals) by fecal
microbiota transplantation (FMT) was performed using patient
stool by oral gavage of feces harvested at diagnosis from different
NSCLC patients, R and NR. This in vivo test corroborated the
clinical data according to which mice receiving FMT from R,
therefore with marked presence of A. muciniphila, demonstrated
a better response to immuno-oncological therapies (Routy et al.,
2018) and a significant reduction in tumor size with a greater
accumulation of immune cells at the level of the cancerous
microenvironment. Indeed, the release of IL-12 cytokines, which
support the role of T lymphocytes, in response to the significant
presence of A. muciniphila (Sivan et al., 2015), seems to have
increased. However, the precise immunomodulatory mechanism
still remains unclear (Collado et al., 2007). Moreover, the
clinical significance of the gut microbiota as a novel biomarker
of immune checkpoint inhibitor (ICI) response needs to be
validated in prospective studies.

Evaluation of the gut microbiota composition of patients
with cutaneous melanoma treated with anti-PD-1 confirmed a
marked presence of Clostridiales and Ruminococcaceae bacteria,
especially Faecalibacterium in the intestine of R patients,
while in NR patients Bacteroides thetaiotaomicron, E. coli, and
Anaerotruncus colihominis are more abundant (Gopalakrishnan
et al., 2018b). High abundance of Faecalibacterium was
positively correlated with a significantly prolonged progression-
free survival, in line with recently published data (Chaput et al.,
2017). It is worth mentioning that these dissimilar microbial
compositions observed in different studies may be due to the
use of different models or analytical methodologies, for example
the use of mice as opposed to human beings. In the latter case,
as already mentioned, age, diet and geographical position also
influence the intestinal bacterial composition. In addition, the
specific anticancer drug used in the immunotherapy approach
and the different type of malignant tumor are likely to have a key
effect on the microbial diversity found.

BIFIDOBACTERIAL
IMMUNOMODULATORY EFFECTS

As discussed above, modification of the gut microbiota appears
to provide a novel way to improve the efficacy and reduce

the side effects of current anticancer therapeutic approaches
(Villeger et al., 2019). Many strategies are considered to enhance
the effectiveness of cancer treatment, such as modulation of
the intestinal microbiota, which is currently receiving a lot of
scientific attention (Bashiardes et al., 2017; Helmink et al., 2019).
The use of microorganisms known as probiotics, i.e., microbes
which, when administered in adequate amounts, confer health
benefits to the host, is becoming an important research field
(Gibson et al., 2017). There are several beneficial effects of
probiotics on host health, from blocking pathogenic bacteria
to promoting intestinal epithelial cell survival, but the most
important is the modulation of the immune system (Yan and
Polk, 2011). Bifidobacteria are among those bacteria that are
currently widely used as probiotics and that are capable of
interacting with the immune system (Villeger et al., 2019).
A growing number of studies have highlighted bifidobacteria as
commensal organisms capable of stimulating and modulating
specific pathways, through which they influence the host
immune responses, both innate and adaptive (Palmer et al.,
2007; Arboleya et al., 2016; Hidalgo-Cantabrana et al., 2017;
Pickard et al., 2017; Ruiz et al., 2017; Alessandri et al.,
2019). In fact, various strains of Bifidobacterium individually
or in combination with other strains have been evaluated
as probiotics for different diseases and some of these have
shown quite promising results in alleviating the symptoms of
IBD, IBS, diarrhoa and allergy (Tojo et al., 2014). However,
the molecular mechanisms underlying the interaction between
bifidobacteria and the host immune system are not yet
fully understood.

First described in 1899, bifidobacteria are Gram-positive,
anaerobic, non-motile, non-sporulating, saccharolytic, and bifid-
shaped microorganisms with a high G + C DNA content
(Ventura et al., 2007). Beyond their carbohydrate metabolism
functions (Milani et al., 2015), bifidobacteria are widely
exploited by food and pharmaceutical companies as health-
promoting microorganisms (Linares et al., 2017). The molecular
mechanisms, by which these bacteria colonize the intestine,
adhere to the host’s intestinal epithelium and elicit a positive
effect on the immune response, represent a current and active
research topic. There are some extracellular structures, secreted
enzymes and bioactive metabolites that have been implicated
to play a fundamental role in the interaction of bifidobacteria
with their hosts (Turroni et al., 2013; McCarville et al., 2017;
Alessandri et al., 2019; O’Connell Motherway et al., 2019). In
the following section, some salient details of these extracellular
structures identified in bifidobacteria are discussed.

Exopolysaccharides
The cell envelope of a wide range of bacteria is covered by
one or more glycan layers known as capsular polysaccharides
(CPS) or exopolysaccharides (EPS). From a research point
of view EPS producers have received substantial interest as
these extracellular polymers have been reported to play a
specific role in host-microbe interactions and human health
by promoting adhesion to the intestinal mucosa, as well
as by modulating the intestinal microbiota composition, and
conferring selective advantage to bacteria through protection
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to adverse conditions such as presence of bile salts or pH
insults (Fanning et al., 2012a). For example, Bifidobacterium
animalis subsp. lactis has developed strategies to tolerate
physiological bile salt concentrations by synthetizing EPS,
probably as a mechanism of protection against toxic compound
(Ruas-Madiedo et al., 2009).

Some of these microbial biopolymers are also receiving
renewed interest due to their involvement in promoting human
health (Ruas-Madiedo et al., 2009; Ferrario et al., 2016). In
this context, an in vitro experiment was carried out to evaluate
the level of stimulation of the pro and anti-inflammatory
cytokines following contact with the EPS extracted from
different bifidobacterial species. This study revealed that the
differentiation of T cells is strongly influenced by the physical-
chemical features of the particular EPS used. Two different
B. adolescentis strains (IF1-03 and IF1-11) not only stimulate the
production of anti-inflammatory cytokines but also contribute
to the reduction of the area of ulceration and thickening of
the intestinal wall (Yu R. et al., 2019). In addition, a recent
in vivo study reported that a Bifidobacterium bifidum strain due
to the presence of a cell surface-associated β-glucan/galactan
(CSGG) can induce the generation of Foxp3+ regulatory T cell,
eliciting a strong suppressive activity toward experimental colitis
(Verma et al., 2018).

This finding suggests that a positive correlation exists between
the composition, structure and size of a given EPS polymer
and the corresponding elicited immune response (Salazar et al.,
2014). Similar results were obtained in other in vitro studies,
which were confirmed by in vivo trials (Hidalgo-Cantabrana
et al., 2014; Yu R. et al., 2019). In this context, it has
been demonstrated that the EPS-producing B. breve UCC2003
strain evokes lower expression of proinflammatory cytokines
interferon alpha (IFN-α), TNF-α, and IL-12 in splenocytes
isolated from naïve mice and this finding suggests that the
EPS layer plays a crucial role in the persistence of this strain
in the host intestine, reducing the risk of immune clearance
against this microbial strain (Fanning et al., 2012a). Notably, the
genome of B. breve UCC2003 has been shown to encompass
two putative EPS-encoding clusters. One cluster (epsRhm)
was found to include genes that are putatively responsible
for rhamnose biosynthesis, whereas the second cluster (eps)
presents two adjacent oppositely oriented genes (eps1 and
eps2), encodes regulatory components, glycosyltransferases and
export functions (Fanning et al., 2012b). According to previous
studies, B. breve UCC2003 EPS, metabolized by members of
the infant microbiota, promotes the health status of infants
(Pungel et al., 2020) and downregulates apoptotic responses to
protect epithelial cells under imposed inflammatory conditions
(Hughes et al., 2017), supporting the notion that EPS-mediated
immune response is influenced by the physicochemical nature
of these polymers.

Pili/Fimbriae
Pili or fimbriae are proteinaceous extracellular appendages
produced by many bacteria, that protrude from the bacterial cell
surface and that can be involved in microbe-host interactions
promoting adhesion to the intestinal epithelium or facilitating

aggregation with other bacterial cells (Scott and Zahner, 2006;
Kline et al., 2010; Foroni et al., 2011). Two different types of
pili have been described in bifidobacteria, i.e., sortase-dependent
pili, and the type IVb pili, both of which are also known as
tight adherence pili (Tad pili) (O’Connell Motherway et al.,
2011; Milani et al., 2017b). Bifidobacterial sortase-dependent
pili are not only responsible for adhesion and interaction
with the host, but also are involved in the microbe-microbe
interactions and in stimulation/modulation of the host immune
system. Indeed, a case study focused on B. bifidum PRL2010
demonstrated that sortase-dependent pili have a crucial role in
promoting aggregation between bacterial cells of a heterogeneous
population, increasing the colonization of host intestinal mucosa
(Turroni et al., 2014). Similarly, a related study highlighted
that sortase-dependent pili produced by B. bifidum PRL2010
activated various signals in macrophages by locally inducing
high levels of the cytokine TNF-α, yet reducing the expression
of other pro-inflammatory cytokines, such as IL-12, associated
with systemic response (Turroni et al., 2013). Apparently,
this facilitates cross-talk between this bifidobacterial strain and
host immune cells without causing a detrimental inflammatory
cascade response.

The other bifidobacterial pilus type, the Tad pilus, that has
been characterized in detail in the model organism B. breve
UCC2003 (O’Connell Motherway et al., 2011, 2019; Milani et al.,
2017b), has been shown to promote the maturation of epithelial
cells, stimulating growth of their immature intestinal mucosa
and contributing to host mucosal homeostasis (O’Connell
Motherway et al., 2019). However, this is still a hypothesis
that has not been proven yet in humans though demonstrated
in murine models.

Serpins
Serpins (Serine protease inhibitors) are prokaryotic and
eukaryotic enzymes, synthetized by particular members of
the bifidobacterial intestinal community and involved in the
regulation of various protease-mediated processes (Potempa
et al., 1994; Turroni et al., 2010). The production of serpins is
not widespread in bifidobacteria, in fact it has been identified
only in few species like B. breve, B. longum subsp. longum,
B. longum subsp. infantis, B. longum subsp. suis, Bifidobacterium
cuniculi, Bifidobacterium scardovii, and Bifidobacterium dentium
(Turroni et al., 2010). Notably, the expression of serpin-encoding
genes is induced in response of the presence of a specific
two-component regulatory system (Alvarez-Martin et al.,
2012). Bacterial infection or intestinal tissue damage typical
of inflammatory bowel diseases and ulcerative colitis are the
main factors by which serine proteases may be released. Beyond
eliciting anti-inflammatory activity through the prevention
of negative effects of high levels of human serine proteases,
serpins may assist bifidobacteria to protect themselves against
host-derived proteases and survive in a competitive environment
(Turroni et al., 2010; Kainulainen et al., 2013). Recently the anti-
inflammatory efficacy of these enzymes has been demonstrated
in the prevention of gluten-related immunopathology, of
which effects of are significantly alleviated due to the ability
of serpin to modulate the immune system, to maintain barrier
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function and to inhibit elastases released during inflammation
(McCarville et al., 2017).

Besides pili, EPS and serpins, there are other bifidobacterial-
associated extracellular proteins affecting the host immune
system. A specific B. bifidum strain is able to produce two
type of extracellular molecules such as BopA and TagA. The
latter is a protein located on the outer bacterial surface that
acts like a peptidoglycan lytic enzyme causing the activation or
the proliferation of dendritic cells and the induction of IL-2
(Guglielmetti et al., 2014). BopA is a surface-associated protein
not only able to stimulate production of IL-8 but also to enhance
adhesion of bifidobacteria to epithelial cells through the high
hydrophobicity of this lipoprotein (Guglielmetti et al., 2008;
Kainulainen et al., 2013).

Finally, bifidobacterial metabolism influences intestinal
immune homeostasis and inflammatory response through
microbe-microbe cross-feeding activities (Alessandri et al., 2019).
Bifidobacterial metabolism of non-digestible carbohydrates leads
to the production of acetate and lactate, which in turn can
be converted by secondary degraders into butyrate, thereby
resulting in a so-called butyrogenic effect (O’Callaghan and van
Sinderen, 2016). Various studies have reported on the mutual
beneficial effects of co-cultivation of Bifidobacterium strains with
butyrate producers in the presence of diet-derived sugars and
host-derived glycans promoting growth yield of both strains
(Rios-Covian et al., 2015; Riviere et al., 2015; Schwab et al.,
2017; Bunesova et al., 2018). Moreover, bifidobacteria, unlike
other enteric microorganisms such as Bacteroides, display a
limited hydrolytic capacity toward xylan (Ejby et al., 2013).
In fact, bifidobacteria are not able to grow on xylan on their
own, nevertheless they manage to grow on this substrate when
co-cultivated with Bacteroides ovatus. This phenomenon is
due to the extracellular activity of Ba. ovatus that degrades
xylan chains, allowing an efficient uptake of the produced
xylo-oligosaccharides by a dedicated ABC transporter encoded
by various bifidobacterial species (Rogowski et al., 2015).

BACTERIAL THERAPY SUPPORTING
IMMUNOTHERAPIES

The complexity of the gut microbiota plays a key role in the
response to the ICI. Therefore, the benefit of the treatments are
reduced in those patients who have taken antibiotics and thus
display an intestinal microbiota of reduced diversity (Villeger
et al., 2019). Moreover, patients responding to the therapy have
a different microbiota, in species composition and diversity,
compared to patients that do not respond to immunotherapy
(Routy et al., 2018). As mentioned above, accumulating evidence
suggests that modulation of the gut microbiota affects the host
responses to various forms of cancer therapy, most notably
immunotherapies (Robertson et al., 2017). Several methods are
currently being studied including the use of prebiotics, probiotics
and fecal microbiota transplantation. The notion of using
microbial components or their products in anti-cancer therapy
dates back to 1891 when Coley used killed Streptococcus pyogenes
in combination with a second killed organism now known as

Serratia marcescens in the treatment of bone sarcoma (McCarthy,
2006). 16S ribosomal RNA (rRNA)-based sequencing of gene
amplicons and shotgun metagenomics analyses of stool samples
allow the identification of particular bacteria that are more
abundant in responding vs. non-responding patients (Matson
et al., 2018; Elkrief et al., 2019). Moreover, researchers have
identified a consortium of human-associated bacterial strains
acting together to induce interferon-γ-producing CD8 T cells in
order to confer resistance to certain bacterial infections, such as
Listeria monocytogenes, while also being effective in inhibiting
tumor growth in conjunction with ICIs (Tanoue et al., 2019).
These findings reinforce the notion that the gut microbiota can
be considered as a therapeutic target in the treatment of various
diseases through manipulation of host physiological functions,
which may be associated with less risk when compared to other
biotherapeutic approaches (Tanoue et al., 2019). Data supporting
the important role for improved immunotherapeutic efficacy
have been obtained by transferring fecal bacteria from responsive
patients into GF or antibiotic-treated SPF mice, which has been
inoculated with tumors and treated with mAbs to CTLA-4 or
PD-1/PD-L1 (Vetizou et al., 2015). However, there are several
critical parameters to consider for this approach. For example,
fecal material should be sourced from a healthy individual who
has been screened in order to eliminate the risk of inadvertently
transmitting infections that could cause inflammation-induced
carcinogenesis or formation of dysplasia or polyps (Wong et al.,
2017; Chen et al., 2019; Fessler et al., 2019). FMT is a biological
drug recognized by the U.S. Food and Drug Administration,
though its safety remains a controversial issue because of the
unidentified composition and pathogenicity of fecal bacteria that
might be transmitted (Chen et al., 2019).

Another means of intervention may be modulation of the
autochthonous commensal microbial community via prebiotics
or dietary changes to favor colonization and expansion of selected
beneficial bacteria (Zitvogel et al., 2018). A prebiotic is defined
as a selectively fermented ingredient that allows specific changes,
both in the composition and/or activity in the gastrointestinal
microbiota that confers benefits upon host well-being and
health (Roberfroid, 2007). For example it has been shown that
they could favor the proliferation of beneficial bacterial species
that are already present in the host, such as Faecalibacterium,
Eubacterium, and Roseburia spp. These taxa are also able to
produce organic acids (i.e., produce acetate, propionate and
butyrate), that are known to play a role in preventing cancer
and may have both local and systemic biological effects; in
particular butyrate, a preferred energy source of colonocytes
(Ambalam et al., 2016). Even probiotics may possess anticancer
effects at different stages of carcinogenesis, being attributable
to the binding of mutagens or carcinogens, with subsequent
biotransformation into less toxic metabolites (Raman et al.,
2013). In vivo studies have provided evidence that administration
of probiotics has significant protective effects against CRC by
reducing aberrant crypt foci (ACF), producing SCFA, down-
regulating pro-inflammatory cytokines, inhibiting pathogens
and cancer-causing microbes, and by immune-stimulation and
reduction of pro-carcinogenic enzymatic activities (O’Mahony
et al., 2001; Bertkova et al., 2010; Pithva et al., 2015). In this
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context, fermented products are known to be an important source
of both nutrients and microorganisms. Microbial metabolites and
live microorganisms are considered to have positive effects on
host health and in this context there is robust evidence that
the intake of fermented foods significantly decreases cancer risk,
bladder cancer, CRC and esophageal cancer risk. In contrast,
the intake of fermented foods is inversely correlated with
prostate cancer, renal cancer and ovarian cancer risks (Zhang
et al., 2019). The precise mechanisms involved have not yet
been described and further studies should be done to confirm
such preliminary yet exciting results. Recently, research has
revealed the critical role played by CD47, which is a widely
expressed protein present on the surface of many cancer cells
triggering a deleterious signal to the macrophages inviting them
not to attack (Advani et al., 2018). Experiments have shown
that tumor-bearing mice, which are normally respondent to
anti-CD47 treatments, failed to obtain benefits from therapy
when intestinal bacteria were destroyed by taking a cocktail
of antibiotics. In contrast, mice that did not respond to
immunotherapy were shown to benefit from cancer treatments
when they were receiving a mixture of Bifidobacterium species
consisting of B. bifidum, B. longum, Bifidobacterium animalis
subsp. lactis, and B. breve, which migrate to and integrate
cancer cells where they interact with the immune system
of the host stimulating an immune signaling pathway called
interferon gene stimulation (STING). Essentially, this represents
a process that translates into an abundant activation of
the immune cells, which allows enhancement of the anti-
CD47 therapy by increasing its ability to destroy cancer cells
(Shi et al., 2020).

Bacterial therapy protocols are being developed in cancer
treatment, based on previous success of studies describing
cancer patients entering remission after a bacterial treatment
(Enck, 1991). Bacterial therapies are based upon the ability
of the microbial cell to selectively interact with and kill
cancer cells in situ and stimulate a strong anti-cancer
immune response (Forbes et al., 2018). Preclinical studies
have shown that these therapies retard tumor growth and
increase survival (Dang et al., 2001; Ganai et al., 2009).
A prime example of a cancer therapy protocol is based on
attenuated microbial cells in the treatment of superficial
bladder cancer with the Bacillus Calmette-Guerin (BCG)
vaccine. This therapy likely stimulates the non-specific immune
responses against the tumor and represents the only anti-
cancer bacterial therapy that is currently considered as an
established standard of care (Kamat et al., 2015). Bacterial
therapies work mainly by direct oncolysis mediated by
the secretion of exotoxins or competition for nutrients
(Middlebrook and Dorland, 1984), but, intracellular bacteria
can kill the host’s cancer cells by inducing apoptosis or
uncontrolled proliferation causing the outbreak of infected
cancer cells (Uchugonova et al., 2015). Currently, bacterial
therapy is commonly used in cases of metastatic disease
for specific targeting of cancerous cells and tissues. For this
purpose many active bacteria were designed to colonize only
the tumor microenvironment (Kasinskas and Forbes, 2007;
Zhang et al., 2014) and to induce cell death specifically

in cancer by oncolytic function (St Jean et al., 2014).
In addition, designed immune-sensitizing bacteria induce
responses to cancer-specific antigens directly (Wood and
Paterson, 2014) or indirectly by spreading the epitope
(Seavey et al., 2009).

CONCLUSION

There is a growing number of studies demonstrating that
intestinal microbiota can be linked to positive effects in
clinical outcomes of cancer therapy. Modulation of the
gut microbiota is one of the ways to counteract cancer,
improving responsiveness to anti-cancer therapies, in particular
immunotherapies. Bifidobacteria, which are commonly used as
probiotics for their health-promoting features, have been shown
to improve tumor control to the same degree as immune
checkpoint blockade therapy, with combination treatment
nearly abolishing tumor outgrowth. However, despite their
well-established role in stimulating human health, the precise
mechanisms by which bifidobacteria solicit beneficial effects
in fighting cancer are far from being fully understood. The
importance of this emerging beneficial role in terms of early
diagnosis and the effectiveness of therapies is remarkable.
Knowing that the composition of the microbiota is predictive for
the presence or absence of disease may guide the development
of novel, less invasive tests, and may subsequently lead to the
development of personalized treatments.
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