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Abstract

The human microbiota is a concoction of bacteria, archaea, fungi, and other
microorganisms. It is necessary to maintain a partnership between the host and
the microbiota in order to maintain the different aspects of human physiology,
such as nutrient absorption, immune function and metabolism. The microbiota
can contribute to both progression and suppression of the disease, including
cancer. A disturbance in this interspecies balance called microbiome dysbiosis
becomes a reason for the host to be more prone to issues such as immunodefi-
ciency and cancer. Gut microbiota could potentially influence the factors that
govern cancer susceptibility and progression through mechanisms such as
immunomodulation, by producing metabolites, such as, bacteriocins, antimicro-
bial peptides involved in tumor suppression, and short-chain fatty acids (SCFA),
and through enzymatic degradation. It is now an established fact that the host
physiology as well as risk of diseases such as cancer could be greatly modulated
by these commensal microbes and the regulation of cancer development, pro-
gression as well as response to anticancer therapy is greatly dependent on the host
microbiota. Therefore, it is being envisaged that by the involvement of
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microbiome in augmenting antitumor responses to therapeutic approaches, poten-
tially a new era of research with potentially broad implication on cancer treatment
could be established. Better cancer treatment responsiveness can be achieved by
understanding the role of the “tumor microbiome” in shaping the tumor microen-
vironment. This will help us to develop personalized anticancer solution with the
goal to discover a bacterial species or a combination of species that decreases
systemic toxicity and helps in anticancer therapy. This chapter is written in same
context, which focuses on the association of the gut microbiome with the
suppression and progression of cancers, the role of the immune system in this
interaction, the utilization of these organisms for the treatment of cancers, and
future perspectives.
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1.1 Introduction

There are several different types of bacteria and other microorganisms present in the
human body, which comprise the human microbiota. They inhabit in the epithelial
barrier surfaces of the body exhibiting commensalism with the host. About 3�1013

bacterial cells are present in the gut microbiota whose composition is shaped by
colonization at the time of birth, host genetics, type of delivery, incidences of
diseases, exposure to antibiotics as well an individual’s lifestyle. The composition
of the microbiota changes during early years of life, which remains relatively
constant throughout life. The gut microbiota impacts various aspects of human
physiology, such as nutrient absorption, metabolism, and immune function. A
continuous crosstalk between the gut microbiota, immune cells, and the mucosal
barrier is necessary to maintain a healthy body (Roy and Trinchieri 2017). There are
strong scientific indications that gut microbiota plays a shielding role against cancer
in animal models and an imbalance of the gut microbiota (dysbiosis) might result in
the development of many disorders, including cancer.

Probiotics are used to address the problem of gut microbiota imbalance, which
when given in balanced quantity can provide health benefits to the host. They are
known to have direct and indirect benefits on host well-being. While the direct
benefit involves gut health improvement, these are also known to indirectly help
with prevention and treatment of cancer, reduction in tumor formation and metasta-
sis by modulating the microbiota, immune response, reduction in bacterial translo-
cation, enhanced gut barrier function, and anti-inflammatory antipathogenic activity
(Yu and Li 2016). Therefore, it has variously been suggested that probiotics could be
used as a dietary supplement against neoplastic predisposition by influencing both
the local and systemic immune processes of the host. It gives the hope that some
probiotic strains can also be developed and used to prevent or treat cancers by
functioning as adjuvants by modulating intestinal microbiota and immune responses.
Owing to the ability of gut microbiota to modulate host metabolism, inflammation,
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and immunity as well as its involvement in the initiation and/or progression of
different cancers, this chapter is written with the aim to discuss various aspects of
gut microbiota and gut dysbiosis and its association with cancer. Additionally, we
have also discussed the various anticancer therapies based on gut microbiota.

1.2 Gut Microbiota, Gut Dysbiosis, and Cancer

Gut microbiota has a significant local as well as systemic effect on the nutrient
absorption, metabolism, and immune function. Maintenance of the epithelial barriers
is crucial for the health of the organism as it provides the surface for microbiota to
reside on (Scott et al. 2013). The epithelial barrier and the commensal
microorganisms maintain a peaceful relationship that mediates the protection of
the host from pathogens and pathobionts. The physiological relationship between
epithelial cells and the microbiota is disrupted by the alteration in the composition of
the microbiota, a condition called dysbiosis (Fig. 1.1). Dysbiosis has been linked to
the breach of the barriers, induction of inflammatory responses as well as initiation
and progression of cancerous conditions (Roy and Trinchieri 2017). These
organisms that comprise the microbiome are also believed to colonize tumors, and
there are several models that suggest the role of the microbiome as a contributor to
carcinogenesis. A healthy individual is said to be associated with high diversity of
gut microbiota, which critically influences bacterial dysbiosis, pathogenesis,
genotoxin production, and host metabolism disruption that controls the host immune
system. Regulation of systemic function by the microbiota is crucial for the survival
and health of the host (Yang et al. 2009). A lot of studies have been done to
understand the metabolic functions of the associated microbes. However, the focus
has shifted toward understanding the interconnections between physiologies of
microbial communities, their host, and the impact of the gut microbiota to maintain
health and disease (Hooper et al. 2007).

Decoding and sequencing of the microbiome have helped the researchers to get a
clear sight of extending the benefits of manipulating the gut microbiota to treat
diseases. Whole-genome shotgun sequencing and 16S ribosomal RNA amplicon
sequencing help to deduce the diversity of particular taxa present in the gut
microbiome. The information gathered will aid in reconstructing the potential
metabolic capacity of the microbiome at strain, species, genus, and taxonomic levels
(Saus et al. 2019). Advancement in metagenomic analyses has provided more
direction to differentiate the gut microbiota present in diseased and healthy
individuals. The past two or three decades have provided a sizable functional data
relating to the presence of gut microbes in numerous physiological processes,
including digestion of food substances and maturation of the immune system (Qin
et al. 2010; Wong et al. 2019; Sender et al. 2016). Imbalance of microbiota or an
impaired microbiota can result in the development of cancer, disturbing the host
physiological functions through the interference with the immune system. Modula-
tion of cancer treatment can be done by certain factors like antibiotic ingestion,
defined microbiome transplantation, and change in lifestyle (Raza et al. 2018). The
mechanisms using which these organisms affect the systemic function are less
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understood when compared to the localized functions (Belkaid and Naik 2013).
Following section briefly deals with an overview of gut microbiota and gut dysbiosis
and its role in cancer.

1.2.1 Gut Microbiota and Its Interaction with Host

The human gut is a concoction of different bacteria, archaea and protozoa, which
collectively constitute the microbiota (Gharaibeh and Jobin 2019). Constant
crosstalk between these microbes, the mucosal barrier, and the immune system
results in an efficient gut epithelial barrier (Ma et al. 2019). The central nervous
system (CNS) and the “gut brain axis” (GBA) communicate and connect bidirec-
tionally through the “gut brain axis” (GBA). Various components of GBA include
(1) the autonomic nervous system (ANS), (2) the central nervous system (CNS),
(3) the enteric nervous system (ENS), (4) the entero-endocrine system (EES), and

Fig. 1.1 Mechanism of gut microbiota in development and inhibition of carcinogenesis. Bacterial
translocation happens because of imbalance in bacterial diversity (dysbiosis) causing chronic
inflammation, resulting in the overexpression of proinflammatory cytokines and generation of
reactive oxygen species causing oxidative stress and DNA damage resulting in carcinogenesis. In
the presence of healthy microbial community (eubiosis), short-chain fatty acids (SCFAs) such as
acetate, butyrate, and propionate are secreted, which create an immune homeostasis state
influencing the process of cancer cell attenuation by limiting c-myc expression and by regulating
P57 levels
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(5) the hypothalamic–pituitary–adrenal (HPA) axis (Vivarelli et al. 2019). Here the
gut is a part of an interface between the resident microbiota of the gastrointestinal
tract and the human body. In a bidirectional crosstalk between the human body and
GBA, the gut microbiota acts as doorkeeper for such communications to happen
(Neuman et al. 2015). It has variously been reported that the gut microbiome
composition gets modified based on the host’s hormones and neurohormones. For
example, there are several peptide hormones secreted by the gastrointestinal entero-
endocrine cells that could be sensed by the gut bacteria and in turn the gut microbiota
composition is tuned. Similarly, gut microbiota also secretes some active molecules
that are sensed by host’s gut cells and translation of corresponding signals to GBA. It
has been reported that gut microbiota can (1) produce vitamin K, vitamin B, and
linoleic acid, (2) produce short-chain fatty acids, and (3) transform molecules such as
glutamate to gamma-aminobutyric acid or histidine to histamine, affecting various
aspects of the host health such as (1) modulation of host’s immune system, (2) main-
tenance of host’s gut barrier integrity, (3) modulation of host’s metabolism, (4) xeno-
biotic and drug metabolism by host, and (5) host’s protection against gastrointestinal
pathogens (Vivarelli et al. 2019).

This partnership between the microbiota and the host is an essential element of
health, and this interspecies balance is termed as eubiosis (Lazar et al. 2018). A
disturbance in eubiosis termed microbiome dysbiosis is the alteration of the
microbiota composition, which is associated with disrupting the microbiota–epithe-
lial cell interaction. Switching of eubiosis to dysbiosis in the host becomes a reason
for the host to be more prone to issues, such as immunodeficiency and cancer (Lazar
et al. 2018, 2019). The role of gut microbiome in cancer is dual in nature as they play
a role both in tumorigenesis and in the prevention and treatment of cancer. Cancer
progression may alter the microbiome, and microbiome may also affect the progres-
sion of cancer. In diseases such as colorectal cancer, composition of bacteria in the
host intestine was shown to be different in patients with colorectal cancer compared
to healthy subjects (Gharaibeh and Jobin 2019). Intestinal epithelial cells function to
provide mechanical protection and to regulate immunity by secreting chemokines,
cytokines, and antimicrobial peptides (Wu and Wu 2012). Cytokines are soluble
signaling proteins produced in immune cells such as macrophages, neutrophils, and
B and T cells for the regulation of immune responses (Stenken and Poschenrieder
2015). They are also associated with maintaining a microbiota homeostasis. The
cytokine interleukin-18 (IL-18) facilitates the protection of the intestinal mucosa,
and mice deficient in IL-18 demonstrate dysbiosis that increases susceptibility to
colon carcinogenesis (Roy and Trinchieri 2017). In a similar study carried out by
Elinav et al. (2011), wild-type mice showed symptoms of dysbiosis after fecal
microbiota of mice deficient in IL-18 were transferred to the wild-type mice.

1.2.2 Gut Microbiota as Cancer Promoter

The first bacterial protein to have been associated with human cancer is CagA
produced by Helicobacter pylori (Vivarelli et al. 2019). Fusobacterium nucleatum
(Fn), when present in abundance, has been associated with colorectal carcinoma
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(Zhou et al. 2018). Fn contributes to colorectal cancer by using its FadA adhesin to
bind to E-cadherin and causes the activation of host β-catenin–WNT signaling.
Thus, FadA is a potential diagnostic and therapeutic target (Rubinstein et al.
2013). Certain bacterial pathogens make the host prone to cancer by promoting
dysbiosis and altering the host’s immune system and thus triggering the growth of
tumor. Metalloproteinase toxin (MP toxin) by Bacteroides fragilis also plays a role
by disrupting intercellular junctions and activating β-catenin signaling (Vivarelli
et al. 2019). Bacteria such as Bacteroides fragilis, Escherichia coli, and
Peptostreptococcus anaerobius have been associated with colorectal cancer through
the activation of Th17 cell response and direct DNA damage (Wong et al. 2019).
Helicobacter hepaticus has been reported to activate the WNT/β-catenin pathway as
well as nuclear factor-kappa B (NF-κB)-regulated and Th-1 immune network
resulting in hepatocellular carcinoma (Fox et al. 2010). Injuries to the epithelial
barrier, inflammation, and chronic infections can trigger carcinogenesis in
individuals. Infections due to various pathogenic microorganisms in the gut have
been correlated with an increased risk of tumor development. Individuals with a
Salmonella typhi infection are at the risk of developing gallbladder carcinoma;
similarly, chronic Streptococcus bovis infection may lead to the development of
colon cancer (Hooper et al. 2007). In the case of H. pylori and S. typhi infections,
correlation between microorganisms and their tendency to initiate cancer in the hosts
varies for different individuals (Mager 2006).

On the contrary, there are other organisms in the gut microbiota that are of great
interest to the cancer researchers to mediate the effects of anticancer therapies (Wong
et al. 2019). H. pylori has been reported to increase the risk of gastric cancer in some
people and reduce the risk of esophageal cancer in others; however, the cause is still
unclear (Whiteman et al. 2010). Salmonella typhimurium has been associated with
gallbladder cancer, and it has also been used as a carrier of therapeutic agents for
different types of cancers; as being a facultative anaerobe, it can easily survive in the
anoxic environment often found in tumors (Mager 2006). They are made to migrate
toward the tumor sites by rendering them auxotrophic for compounds found in high
concentrations at the tumor sites such as by the removal of metabolic gene purI from
mutants such as VNP20009. This forces the organism to move toward the tumor for
survival (Low 2004). S. typhimurium destroys tumors by (1) using bacterial toxins to
activate Caspase-3 for apoptosis, (2) delivering anticancer compounds, and
(3) sensitizing the immune system to the tumors (Wall et al. 2010).

Several preclinical, clinical, and meta-analyses of clinical studies have explored
the possibilities of manipulating the microbiota to change the host’s response to
different diseases, including cancer. One of the key mechanisms that scientists have
tried to explore is immunomodulation (Ma et al. 2019). Immunomodulators change
the way the immune system responds to the tumors by increasing
(immunostimulators) or decreasing (immunosuppressive) antibody production
(Bascones-Martinez et al. 2014). Recent studies have discovered that the bacteria
in the gut impact the way cancer patients respond to immune checkpoint blockade
therapy by using antibodies targeting co-inhibitory receptors to enhance the activity
of T cell response (Gharaibeh and Jobin 2019)
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1.2.3 Gut Microbiota as Cancer Suppressor

Several researchers have attempted to describe the mechanism by which gut
microbiome influences the host physiology. The gut bacteria show anticancer effect
either by increasing host immunity or by preventing gut dysbiosis. The bacteria
L. rhamnosus GG (LGG) can counteract cancer growth in tumor models of ovarian,
colorectal, breast, hepatic, cervical, and oral squamous cancers through its influence
on mTOR or WNT pathways (Vivarelli et al. 2019; Nagy et al. 1998). One of the
mechanisms involves short-chain fatty acids (SCFA), which are products of bacterial
fermentation of undigested dietary fibers (Nagpal et al. 2018; Mager et al. 2005).
They are associated with several functions such as intestinal repair, maintenance of
intestinal homeostasis, inhibition of cancer cell proliferation, activation of G-
protein-coupled receptors (GPCRs), etc. (Lazar et al. 2018; Nagpal et al. 2018;
Arun et al. 2019). Butyrate and propionates show anticancer effect by inhibiting
the histone deacetylases (Vivarelli et al. 2019; Ohland and Jobin 2015).

Probiotic bacteria such as lactic acid bacteria help the growth of SCFA-producing
gut bacteria (Wang et al. 2019). Reduced production of SCFAs has been associated
with an increase in the incidence of colorectal cancer (CRC) (Nagpal et al. 2018).
Butyrate is an essential SCFA as it plays a key role in homeostasis (Lazar et al.2018).
By inhibiting histone deacetylase (HDAC), it increases the acetylation of histone,
which in turn regulates the transcriptional activity of tumor suppressors, resulting in
a reduction of inflammation and CRC risk (Wang et al. 2019). Escherichia coli
Nissle 1917 administered as mutaflor in combination with intestinal antibiotic
rifaximin shows anti-inflammatory activity. Other probiotics such as L. casei trigger
apoptosis and inhibit tumor growth by secreting a ferrichrome metabolite (Vivarelli
et al. 2019). The association between microbiome and cancer is complex and has not
been completely characterized. Additionally, various factors such as lifestyle, diet,
and host immune system strongly influence the activity of the microbiota. Hence, it
is difficult to conclude if their role is as promoters of cancer or as inhibitors.

1.2.4 Gut Microbiota as Immune Checkpoint Inhibitors

The gut microbiota helps the host immune system to develop tolerance toward
beneficial microbiota and prompt an immune response against the gut pathogens
as indicated in Fig. 1.2 (Vivarelli et al. 2019). The role of recognizing and attacking
tumor cells is played by many cells of the immune system including T cells (Sharma
and Allison 2015). In the presence of an antigen, T cells receive stimulatory signals
for proliferation. T cells also receive inhibitory signals to downregulate their popu-
lation once the infection is under control. Inhibitory signals can limit the response of
T cells against cancer and hinder the process of tumor eradication (Andersen et al.
2006). CTLA-4 gene, programmed cell death protein 1 (PD-1) and its ligand
(PD-L1) modulate down regulation of T cell response (Seidel et al. 2018). Thus,
by targeting this inhibitory interaction, they can cause the T cells to remain activated for
a period long enough for tumor eradication. The U.S. Food and Drug Administration
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(FDA) had approved antibodies such as ipilimumab, pembrolizumab, and
nivolumab that target CTLA-4 and PD-L1, respectively (Sharma and Allison
2015). By targeting the inhibitory signals, the patient’s own immune response is
reactivated against the cancer. Although this strategy appears straightforward, the
responses to these checkpoint inhibitors among patients are varied. Several human
clinical studies have shown that the key players in influencing the checkpoint
inhibitor response are the individuals’ gut microbiota that have shown to affect the
antitumor immunity and the efficacy of immunotherapy (Matson et al. 2018).
Understanding the interaction between the microbiota and modulators of the
immune system will pave the way to develop better therapeutic agents to treat
cancer.

A study carried out in Jackson Laboratory (JAX) mice and the Taconic mice
showed different rates of tumor growth and varied response to anti-PD-L1 antibodies
due to the presence of Bifidobacterium sp. that has shown to possess antitumor
activity by reactivating dendritic cells that in turn improve CD8-positive T cell
against tumors (Sivan et al. 2015). When fecal matter from the mice that responded
to treatment with anti-PD-L1 antibodies was transplanted into germ-free mice that
would otherwise show no response to treatment, it was observed that there was an
enhanced response to anti-PD-L1 therapy. The same was not observed when the
fecal microbiota transplantation (FMT) was from mice that did not respond to
therapy. This suggests the role of microbiota in the response (Gharaibeh and Jobin
2019). In a similar study carried out by Routy et al. (2018), Akkermansia
muciniphila and E. hirae were found to be dominant in those patients responding
to treatment with anti-PD-L1, while Corynebacterium aurimucosum and Staphylo-
coccus haemolyticus were seen predominantly among patients who did not respond
to treatment. A. muciniphila when given individually or when combined with
E. hirae resulted in an improved response to PD-1 blockade in an IL-12-dependent
manner by increasing the number of CCR9+, CXCR3+, and CD4+ T cells in the
tumor beds (Routy et al. 2018). Bifidobacterium longum, Collinsella aerofaciens,
and Enterococcus faecium were also seen to be abundantly present in another cohort
of patients of metastatic melanoma who responded to immunotherapy using anti
PD-L1 (Matson et al. 2018). Several other studies provide evidence to support the
fact that the gut microbiota is an important variable in cancer immunotherapy
(Vétizou et al. 2015; Gopalakrishnan et al. 2018; Matson et al. 2018). While
studying the role of the microbiota in patients with metastatic melanoma,
Gopalakrishnan et al. (2018) found that the Faecalibacterium prausnitzii was in

Fig. 1.2 Impact of intestinal microbiota on therapeutic effect of anticancer drugs by regulating
immune system
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abundance among the responders to anti-PD-1 therapy. These findings suggest that
the composition of the microbiota possesses clinical significance for the treatment of
cancer via immune checkpoint blockade therapy. Although the exact mechanism
through which it is possible is not clear yet, manipulating these organisms may
enhance patient’s response to treatment (Gharaibeh and Jobin 2019)

1.2.5 Gut Microbiota, Inflammasomes, and Tumorigenesis

The gut microbiota makes use of multiprotein intracellular complexes called
“inflammasomes” in order to interact with immune cells and gut cells (Vivarelli
et al. 2019). They possess a subset of cytoplasmic pattern recognition receptors
(PRRs) called NOD-like receptors (NLRs), using which they detect pathogenic and
nonpathogenic microorganism-derived molecules and sterile stressors molecules.
The inflammasomes are termed as the guardians of cellular and tissue integrity, as
they are capable of playing an active role in responding to commensals and
pathogens. Any imbalance in these complexes can result in a variety of diseases
ranging from autoimmunity to cancer. These inflammasomes have been associated
with both tumor promotion and suppression in different scenarios depending on the
nature of the tumor and its microenvironment. The outcome of the inflammasome
activation depends on factors such as (1) its expression pattern, (2) effector mole-
cule, (3) tumor nature, (4) tumor stage, and (5) gut microbiome. While
inflammasome-dependent IL-18 production plays an important role in suppressing
colitis-associated CRC, inflammasome-dependent IL-1ß activation results in
pro-inflammatory and tumor-promoting trigger resulting in the development of
lung, skin, breast, and pancreatic cancer (Zaki et al. 2010; Salcedo et al. 2010).

Inflammasomal NLRs are a kind of innate receptors present in epithelial and
innate immune cells, which aid in the detection of commensal microbiota and their
bioproducts. These commensals and their bioproducts induce inflammasomal acti-
vation and IL-18 production in the gut, which helps in preventing intestinal barrier
disruption and dysbiosis. Therefore, the hosts, which are deficient in inflammasomal
components, are prone to reduced production of IL-18, leading to intestinal barrier
impairment followed by larger penetration by commensal bacteria, increased inflam-
mation, and finally trigger tumorigenesis (McLoed et al. 2016; Kolb et al. 2016;
Daley et al. 2017). NLRs play a key role in regulating susceptibility to intestinal
inflammation through its microbiome-modulatory activity (Vivarelli et al. 2019).

1.2.6 Gut Microbiota and Gastric Malignancies

Gastric cancer is a multifactorial disease affected by the environment, H. pylori
infection, and other genetic factors. Gastric cancer is an inflammation-associated
cancer (Meng et al. 2018). An infection with H. pylori triggers the initial steps of
carcinogenesis through a decrease in acid production that allows other bacterial
communities to grow, leading to increased inflammation and degradation of the
epithelial barrier (Ferreira et al. 2018). Studies also suggest that along with inducing
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inflammation these microbes interfere with anticancer agents (Meng et al. 2018).
Although H. pylori is the lead player in gastric carcinomas, it cannot be described
under gut microbiota, since it is a pathogen and not a commensal. The microbiome
has its influence on the cancers of the GI tract including pancreatic, liver, colorectal,
and gastric cancers (Meng et al. 2018). Several bacteria other than H pylori are also
associated with carcinogenesis through mechanisms like (1) inflammation promo-
tion, (2) modification of the action of stem cells, and (3) stimulation of cell prolifer-
ation and production of toxic metabolites (Petra et al. 2017). In contrast, study
conducted to compare the microbiota of patients suffering from gastric cancer and
normal patients revealed that there was no significant difference in compositions
between the two suggesting that microbiota are just bystanders in the progression of
cancer (Dicksved et al. 2009). A study carried out by Maldonado-Contreras et al.
(2011) compared the gastric microbiota of H. pylori positive and negative
individuals. The study showed that H. pylori positive individuals are having an
increased count of Acidobacteria, Proteobacteria, and Spirochaetes and reduction in
Firmicutes, Bacteroidetes, and Actinobacteria. Similarly, H. pylori negative
individuals showed an increase in Firmicutes, Bacteroidetes, and Actinobacteria
(Maldonado-Contreras et al. 2011; Bik et al. 2006). Difference in the organisms
associated with esophageal cancer and a healthy esophagus was noted. Firmicutes,
Proteobacteria, and Bacteroidetes were the common phyla in samples of esophageal
squamous cell carcinoma (ESCC) and esophageal squamous dysplasia (ESD)
patients indicating their association with tumorigenic process (Yang et al. 2012;
Aghazadeh et al. 2017; Nasrollahzadeh et al. 2015).

Colorectal cancer (CRC) is one of the leading causes of cancer mortality in
the world (Fleming et al. 2012; Sasaki et al. 2005). Exposure of microorganism is
continuous from the mouth to the anus mostly because the gastrointestinal epithe-
lium is connected to the environment. One of the most preferable study sites for
microbial diversity is colon as bacterial load is more and it follows the hierarchy of
jejunum, duodenum, and least is at the oral cavity. Understanding of the recent
advancement in the microbiome study has established a huge impact on human
health. The association between the microbial abundance and cancer incidence has
indicated the significant role of microbiota in colorectal cancer (Wong et al. 2019).

Experimental, geographical variation, and migration studies have provided com-
pelling evidence that both environmental and genetic alteration is the reason for the
formation of CRC. Development of CRC is basically due to the epigenetic modifi-
cation of several genes and accumulation of mutation. According to the definition
provided by Louis et al. (2014), CRC mostly occurred by the transition of normal
mucosa to premalignant lesions due to sequential genetic alteration and mutation.
The reason thought to drive this mutation is by the origin of mutation in the
adenomatous polyposis coli tumor suppressor gene, which encodes a protein that
plays a significant role in WNT pathway, intercellular adhesion, regulation of the cell
cycle, and apoptosis (Louis et al. 2014). Another risk that is specified for the
commencement of the CRC is the association with diet and lifestyle. Epidemiologi-
cal studies have pointed out that consumption of excessive protein and fat from red
and processed meat can escalate the risk of development of colorectal tumorigenesis
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(Yang and Yu 2018). The colonic health is maintained by residues of diet such as
complex carbohydrates, protein residues, and primary bile acids, which are absorbed
in the intestine. Hence ensuring a balanced diet can critically protect from the risks of
CRC as the saccharolytic fermentation of complex carbohydrate will produce short-
chain fatty acids (SCFAs) and butyrate, which pose anti-inflammatory and antineo-
plastic properties through the acceleration of cellular metabolism, microbiota
homeostasis, antiproliferation, immunomodulatory, and genetic and epigenetic reg-
ulation (O’Keefe 2016).

Clinical and epidemiological studies show the mechanism of gut microbiota
interaction and its vital relationship to human health. Administering adequate amount
of probiotics (live organisms) is of much interest for researchers as supplementation of
probiotics in the right amount would improve the ecological health of microbiota,
which can convert dysbiosis to eubiosis and can be an alternative option for treatment
of antibiotics (Neish 2009). Many researchers have suggested the significance of
probiotics and its administration as an alternative. Bacteria like Proteobacteria,
Verrucomicrobia, Actinobacteria, Fusobacteria, and Cyanobacteria help in
metabolizing complex carbohydrates into short-chain fatty acids, which increase
apoptosis in the colon (Singh et al. 1997; Berdanier 2018). As the large intestine
comprises the majority of the microbial wealth, researchers are keen in understanding
the intestinal environment and the abundance of the type of bacteria that contribute to
carcinogenesis and/or tumor protection. Interaction of tumor with its local microenvi-
ronment and its systemic effects on the host revealed the imbalance and destruction of
gut microbiota (Lin et al. 2019). According to Lin et al. (2019), Fusobacterium
nucleatum, E. coli, Bacteroides fragilis, and Peptostreptococcus anaerobius are the
bacteria that were abundant in the tumor tissues of the patients, which have the ability
to promote CRC.

Lactobacillus casei BL23 has shown to increase the apoptosis rate by inducing
the production of Caspase-9, Caspase-7, and Bik that help in inhibiting the cell
proliferation of CRC (Jacouton et al. 2017; Yang and Yu 2018; Lenoir et al. 2016).
Lactobacillus pentosus B281 and Lactobacillus plantarum B282 have been reported
for their ability to arrest the G1 phase of the cell cycle resulting in the
downregulation of certain cyclin genes, thereby inhibiting the growth of colon
cancer (Saxami et al. 2016). Pediococcus pentosaceus GS4 (Dubey et al. 2016),
Lactobacillus BCRC1710 (Saber et al. 2017; Nekouian et al. 2017), L. acidophilus
CL1285, L. casei LBC80R, and L. rhamnosus CLR2 are other few bacterial strains
that have been found to control colorectal cancer (Desrouillères et al. 2015). LAB
strains prevent the formation of aberrant crypt foci, a precursor of colorectal cancer
by the induction of hepatic detoxifying enzymes and by inducing apoptotic proteins
Bax/Bcl-2 causing significant damage to the cancer cells. Pediococcus controls
proliferation of the tumor cells that cause colon cancer by triggering apoptosis by
downregulating NF-kB and p-Akt. Evidence suggests that several LAB strains
possess antioxidant activity that can reduce the oxygen-centered free radicals in
the gastrointestinal tract (Yeh et al. 2013; Kanmani et al. 2013). L. salivarius, which
has been isolated from fecal samples, has been reported to suppress 4NQO-related
spread of cancer in rats by decreasing induced apoptosis and the expression of
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proliferating cell nuclear antigen in a dose-dependent style (Zhang et al. 2013). Yeh
et al. (2013) have reported an improvement in the serum albumin, prealbumin, and
body weight of patients treated with cancer medicine and were given nutritional
supplements containing probiotics (Yeh et al. 2013). Bifidobacteria, which produces
butyric acid, could initiate apoptosis in the colon and also inhibit 2-amino-3-
methylimidazo-induced colon, liver, and mammary carcinogenesis (Reddy 1997).

Fermentation of dietary nondigestible carbohydrates is the source of energy for
gut microbiota. SCFAs, such as propionate, butyrate, and acetate, exhibit anti-
inflammatory properties in human monocytes, whereas butyrate constitutes a
major energy source for colonocytes (Neish 2009). Inulin-type fructans reduce the
growth of hepatic BaF3 cells and lessens the inflammation by a cAMP level-
dependent pathway. The gut microbiota has influenced BaF3 cell progression by
varying its metabolome (Bindels et al. 2012). Gut microbiota improves the potential
of manipulating the efficiency of treatment for cancer by reducing the side effects
(Qin et al. 2010). Proteolytic enzymes of lactic acid bacteria help in cleaving the milk
protein during fermentation, and the resulting biological peptides can trigger apo-
ptosis activation and inhibition of cancer cells via cell membrane disruption without
having a negative effect on the healthy cells. The reports of a study suggested that
use of four proteolytic strains of L. helveticus grown under the skim milk has the
capability of releasing bioactive compounds (Elfahri et al. 2016). However far too
little attention has been paid toward the etiologic role of chronic infections in
carcinogenesis. Diversity of pathogens extracted from the tissue samples of lung
cancer patients has pointed out that mycoplasma strains were spotted in all samples;
more often the strains of Staphylococcus epidermidis, Streptococcus mitis, and
bacterial strains like candida, listeria, and chlamydia have shown a descending
frequency (Apostolou et al. 2011). L. casei SR4 and L. paracasei SR2 strains
show anticancer activity by the upregulation of BAX, BAD, Caspase-3, Caspase-
8, and Caspase-9 genes and by downregulating the Bcl-2 gene, hence preventing
cervical cancer. Streptococcus thermophilus M17PTZA496 and Streptococcus
thermophilus TH982 act against cancer cells by releasing folic acid, histamine,
and tyramine possessing high cytotoxic effects against cancer cells (Tarrah et al.
2018). Secretions of Kluyveromyces marxianus AS41 can cause the activation of
extrinsic and intrinsic pathways for cancer cell apoptosis by upregulation of BAD,
Fas R, CASP 9, CASP 8, and CASP 3 (Saber et al. 2017).

1.3 Gut Microbiota and Anticancer Therapies

The final goal of anticancer therapies is to be efficient in eradicating targeted
malignancies. Radiotherapy, chemotherapy, and immunotherapy treatments are the
pillars of the currently applied cancer treatment system, and almost all of these
available treatments have detrimental effects toward normal cells including the
normal gut microbiota leading to gut dysbiosis. Eventually, such altered microbiome
composition can significantly affect the patient’s response toward applied anticancer
therapies (Roy and Trinchieri 2017; Vivarelli et al. 2019). Therefore, novel strategies
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to manipulate the gut microbiome needs to be evaluated and identified so as to
maintain the intact gut microbiome to finally improve the patient’s therapeutic
outcome. In the following section, we will discuss various aspects of gut microbiota
in relation to their role and application in various anticancer therapies.

1.3.1 The Tumor Microbiome and Its Application in Anticancer
Treatment

Several studies have demonstrated that certain microorganisms preferentially colo-
nize and replicate in the tumor microenvironment. Presence of such microbes in
tumor tissue may be a direct cause for tumorigenesis, as seen in the case of H. pylori
colonization in gastric cancer. Pockets of necrosis and hypoxia due to insufficient
blood supply and increased oxygen demand from rapidly growing tumor cells along
with immune suppressed microenvironment formed within the tumor niche provide
favorable environment for proliferation of certain bacterial communities (Bashirdas
et al. 2017). This could result from coinciding infection or bacterial translocation
from the gut lumen due to epithelial barrier disruption. This local colonization of
bacterial communities in tumor environments is termed as “tumor microbiome,” and
various reports have suggested a complex interaction between the microbiome of the
tumor and tumor immunity (Rubinstein et al. 2013; Gur et al. 2015). Tumor
microbiome may play roles in the (1) development of tumor resident microbes and
(2) reduction of treatment-related systemic adverse effects by distribution of thera-
peutics specifically at tumor sites (Bashirdas et al. 2017).

There are various antitumor immune stimulatory effects that could be mediated
by structural components of tumor-associated bacteria such as flagellin, peptidogly-
can, LPS, and other pathogen-associated molecular patterns (PAMs), which could be
applied to elicit antitumor immune response. Additionally, affinity of anaerobes such
as clostridial spores to germinate in hypoxic regions of solid tumors is also being
experimented as a therapeutic approach. Attenuated clostridial spores have been
tested in canine tumors (Roberts et al. 2014). Similarly, attenuated Salmonella strain
has also been utilized as agents against cancer due to their ability to colonize tumors.
The antitumor activity of these attenuated bacterial strains is known to be facilitated
by bacteremia-induced TNF-alpha secretion. Due to the vasoactive property of these
secreted products, they facilitate the entry of bacteria into the tumor microenviron-
ment, which results in activation of CD8+ T cell numbers for improved tumor
surveillance and clearance (Leschner et al. 2009; Stern et al. 2015; Bashirdas et al.
2017).

The nonspecific toxicity of systemically administered therapeutic agents has been
reported to be reduced by using bacteria as tumor-specific targeted drug delivery
platforms. Various tumor-targeting agents such as bacterial toxins, cytokines, and
immune activating proteins have been designed for specific delivery at tumor sites
using bacterial vehicles (Bashirdas et al. 2017). Similarly, a quorum sensing-based
interbacterial communication system has been applied for targeting regions that are
hypoxic and inaccessible to chemotherapy agents (Ryan et al. 2009). These
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approaches are elegant and optimistic, which require further finetuning and optimi-
zation to make them effective.

1.3.2 Gut Microbiota and Modulation of Chemotherapy
and Immunotherapy Efficiency

Cancer pathogenesis along with its therapeutic outcome could be significantly
impacted by dysbiosis in the composition of gut microbiota, as the gut microbiota
has the ability to (1) metabolize antitumoral compounds, (2) modulate the immune
response of host, and (3) modulate inflammation pathway (Vivarelli et al. 2019).
With reference to chemotherapy, it has been observed that efficacy of certain
anticancer drugs, e.g., cisplatin and cyclophosphamide, was altered depending on
the presence or absence of fully functional gut microbiota or coupling the treatment
with certain probiotic strains such as L. johnsonii and E. hirae (Iida et al. 2013; Gui
et al. 2015; Viaud et al. 2013; Daillère et al. 2016). Similar effects have been
observed with respect to immunotherapeutic treatments when administration of
CpG oligodeoxynucleotide (immunotherapeutic agent that is synthetic molecule
mimicking bacterial DNA) along with Alistipes shahii resulted in improved immu-
notherapeutic outcome as compared to the condition where CpG was administered
alone (Iida et al. 2013).

Patient’s gut microbiome composition has also been linked to the intrinsic
efficacy of immune checkpoint inhibitor-based immunotherapy, where the immune
inhibitory pathway was blocked by use of therapeutic agents so as to modulate the T
cell activation against tumor target cells (Vivarelli et al. 2019). It was observed that
enrichment of gut microbiome with Bacteroides fragilis and Burkholderia cepacia
significantly increased the efficacy of anticytotoxic T lymphocyte-associated protein
4 (CTLA4) antibodies, which were used for reducing sarcoma tumor growth in mice.
Similarly, administration of Bifidobacterium sp. was found to improve the efficacy
of programmed death ligand 1 (PD-L1) targeting antibody in mice model (Vétizou
et al. 2015; Sivan et al. 2015). In line with these reports, Gopalakrishnan et al. (2018)
has demonstrated that the microbiome of anti-PD-L1 responders is significantly
different from nonresponders. Similarly, Matson et al. (2018) reported the signifi-
cance of E. faecium, Bifidobacterium longum, and Collinsella aerofaciens in
ameliorating the anti-PD-L1 efficacy (Matson et al. 2018). PD-L1 therapy is done
to generate the antitumor immunity, which works by prevention of the interaction
between PD1 protein and PD-L1. It has been found that the prevention of this
interaction is enhanced by the various components of gut microbiota. Therefore, it
was concluded that the bacterial immune synergy for response to anti-PD-L1 therapy
is facilitated by intestinal microbial communities (Sivan et al. 2015; Roy and
Trinchieri 2017; Jobin 2018). Contrary to this, there are specific microorganisms
whose presence, in vicinity or even at a distant site, can interfere with the treatment
of cancer. For example, presence of Escherichia coli (Enterobacteriaceae) strains
have been reported to negatively interfere with tumor response against the chemo-
therapeutic agent gemcitabine, whose efficacy was compromised by metabolization

14 A. Malaviya et al.



or deactivation of the active form of the drug (Jobin 2018). Another example is that
of Firmicutes such as Faecalibacterium, which when present in increased numbers
can result in toxic side effects after anti-CTLA4 antibody treatment. A decrease in
the abundance of Bacteroides also has a similar effect. Similarly, it was found that
the introduction of Akkermansia muciniphila reversed the low response to PD-1
blockade in mice receiving human nonresponder FMT. This showed an improve-
ment in antitumor immune cell infiltration and activity in tumors indicating that these
microbes can be used to improve the precision of cancer medicines (Jobin 2018).

1.3.3 Use of Probiotics in Cancer Treatment

Because of their ability to preserve gut homeostasis, probiotics are tested against gut
dysbiosis in cancer patients undergoing chemotherapy and radiotherapy (Table 1.1).
Probiotics work locally as well systemically and exert their antitumor properties by a
combination of events such as (1) antioxidant activity improvement, (2) host’s
immune response modulation that includes both gut associated and systemic
immune responses, (3) improvement of gut homeostasis and bacterial translocation,
(4) carcinogen degradation, etc. (Reid et al. 2003; Yu and Li 2016).

Probiotic lactobacilli have variously been reported to significantly reduce the
prevalence of colon cancer. It was found that the administration of these probiotic
bacteria leads to modification of the enteric flora of mice and by influencing the
overgrowth of bacteria and their translocation in Wistar rats after 80% gut resection
(Yu and Li 2016) (Table 1.2). In one such study conducted by Konishi et al. (2016),
it was found that ferrichrome produced by L. casei ATCC334 acts as a tumor-
suppressive molecule, responsible for its observed tumor-suppressive effect. This
molecule when used on colon cancer cells showed a strong tumor-suppressive effect
by activating c-jun N-terminal kinase (JNK) signaling pathway. Another study
showed a positive impact on colon cancer reduction by lowering the activity of
certain enzymes when the organism L. rhamnosus LC705 was used in combination

Table 1.1 Antitumoral effects of gut microbiota and corresponding effectors

Microorganisms Effectors Effects

E. coli Colibactin;
CDT

DNA double-strand breaks

S. flexneri IpgD; VirA PS3 degradation

H. pylori CagA PS3 degradation; catenin; MAPK; AKT pathway
activation; ROS production

F. nucleatum FadA β-catenin pathway activation

B. fragilis MP toxin β-catenin pathway activation

S. enterica AvrA β-catenin, MAPK and AKT pathways activation

F. nucleatum Fap2 Blockage of antitumor immune response

E. faecalis Superoxide ROS production

C. leptum,
C. coccoides

β-gluc Estrogen receptor activation
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with Propionibacterium freudenreichii sp. Shermanii JS (Hatakka et al. 2008; Brady
et al. 2000). Similarly, probiotic yogurt has been found to be effective in controlling
Bacteroides fragilis (ETBF) associated with inflammatory bowel disease and colo-
rectal cancer (Odamaki et al. 2012).

Table 1.2 List of probiotic strains used for evaluation of their anticancer effects

Probiotic strain Type of cancer Mechanism of action

Lactobacillus casei BL23 Colorectal cancer Inhibition of cell proliferation
(Hooper et al. 2007)

Lactobacillus pentosus B281 and
Lactobacillus plantarum B282

Colon cancer Antiproliferative activity
(Hooper et al. 2007)

Bacillus polyfermenticus KU3 HeLa, LoVo,
HT-29, and
MCF-7cancer cell
lines

It showed negative impacts on
the proliferation of different
cancer cell lines (Scott et al.
2013; Lee et al. 2015)

Lactococcus lactis Human breast
adenocarcinoma
cell line

Process cytotoxic effect on
MCF-7 cells (Yang and Yu
2018)

Lactobacillus casei SR2 and
Lactobacillus paracasei SR4

Cervix cancer
(Hela) cell line

Antitumor activity (Qin et al.
2010; Chondrou et al. 2018)

Lactobacillus acidophilus CL1285,
Lactobacillus casei LBC80R, and
Lactobacillus rhamnosus CLR2

Colon cancer Prevention of aberrant crypt foci
(ACF) formation (Wong et al.
2019; Riaz Rajoka et al. 2018)

Streptococcus thermophilus
M17PTZA496 and Streptococcus
thermophilus TH982

Cancer cells Anticancer activity (Sender et al.
2016)

Lactobacillus acidophilus and
Bifidobacterium bifidum

Hepato cellular
carcinoma cancer

Upregulation of tumor
suppressor gene and
downregulation of Bcl-w and
KRAS (Raza et al. 2018;
Heydari et al. 2019)

Lactobacillus reuteri Gastric cancer Reduced the proliferation of
cancer cells, and uPA and uPAR
gene expressions are attenuated,
which are involved in cancer
metastasis (Belkaid and Naik
2013)

Lactobacillus salivarius Oral cancer Downregulation of proliferating
cell nuclear antigen and induced
apoptosis in a dose-dependent
manner (Saus et al. 2019)

Bifidobacteria Colon cancer Creation of bactericidal
environment for putative
enteropathogens such as E. coli
and C. perfringens (Fleming
et al. 2012)

Mariprofundus ferrooxydans Cancer cells Blocking metastasis (Louis et al.
2014; Kumeria et al. 2016)
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Probiotics positively influence intestinal health by protecting the intestinal barrier
and by minimizing the DNA damage in intestinal tissues. During the initial stages of
colorectal cancer, there is a disruption of the tight junctions that causes loss of
integrity across the intestinal barrier. It has been shown that the introduction of
certain prebiotic and probiotic (Lactobacillus plantarum) can prevent the disruption
of the epithelial barrier (Commane et al. 2005; Ko 2007). Similarly, permeability
across intestinal barrier as well as attenuation of inflammatory response was reported
by the administration of certain probiotics in patients undergoing biliary drainage
(Jones et al. 2013). Similarly, DNA damage or adduct formation by mutagen was
found to be reduced by administration of probiotic molecules (Horie et al. 2003; Yu
and Li 2016). In this context, it has been reported that similar to the tumor-
suppressor protein p53, probiotics exert their functions by channelizing the cell
apoptosis during elevated DNA damage levels (Zhang et al. 2009).

It has been reported that daily intake of L. casei has a positive effect on natural
killer (NK) cell activity (Takeda and Okumura 2007). Similarly, in animal models a
decrease in the occurrence of colon cancer was observed through immunomodula-
tory effects of probiotics and/or synbiotic administration (Yu and Li 2016).
Enhanced NK cell number or cell cytotoxicity, CD4/CD8-positive lymphocytes, or
phagocytic activity of macrophages were found in rats or mice treated with probiotic
products (Roller et al. 2004; de Moreno de LeBlanc et al. 2005; Yu and Li 2016;
Guha et al. 2019). B. lactis sp 420 when tested on human colon carcinoma cell line
Caco-2, it was found to exert anti-inflammatory and anticarcinogenic properties by
modulating cyclooxygenase expression profile (Nurmi et al. 2005). Probiotics exert
their anti-inflammatory effect by regulation of inflammatory mediators such as
interferons, interleukins, and cytokines. Regulation of anti-inflammatory activity
results in beneficial effects such as effective control of inflammation and carcino-
genesis. Improving the functioning of antioxidative enzymes has also been reported
to be exerted by probiotics, which is known to help against carcinogen-induced
damage (Yu and Li 2016). A list of bacterial products and their anticancer mecha-
nism has been presented in Table 1.3. Hence, it could be concluded that probiotics
developed based on gut-microbiota could be developed as a potential anticancer
therapy.

The problem of chemotherapy-associated gastrointestinal toxicity has also been
addressed by use of probiotics (Lactobacillus spp.) as supportive treatment strategy,
pertaining to their anti-inflammatory activity within the intestinal microenvironment.
L. rhamnosus GG (LGG) is one of the first studied probiotic model species used in
cancer-related studies (Chen et al. 2017). Several clinical trials have also attempted
to study the role of LGG administration in order to prevent the toxic effects of
anticancer therapies as well as its potential role in the direct modulation of cancer
development (Tables 1.4 and 1.5) (Vivarelli et al. 2019).
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Table 1.3 Different bacteria products and their anticancer mechanism

Strain Product Influence References

Lactobacillus
rhamnosus

SCFAs Influences mTOR or WNT pathway
Counteracts cancer growth

Vivarelli et al.
(2019)

Lactic acid
bacteria

SCFAs—
butyrate and
propionates

Inhibition of histone deacetylases
Increases acetylation
Decreases transcriptional activity of
tumor suppressors
Decreases inflammation and CRC
risk

Wang et al. (2019)

Lactobacillus
casei

Ferrichrome
metabolite

Increases apoptosis
Decreases tumor growth

Vivarelli et al.
(2019)

Pseudomonas
sp.

Azurin Inhibition of cell signaling
Inhibition of angiogenesis
Stabilization of p53

Sadhu and
Ganguly (2017)

L. acidophilus Polysaccharide
fraction

Induces apoptosis Sadhu and
Ganguly (2017)

L. acidophilus Polysaccharide Regulates the expression of BCl-2
interacting protein and cell division
cycle protein

Sadhu and
Ganguly (2017)

E. coli Colicin Generates pores in the plasma
membrane
Activates apoptosis

Kaur and Kaur
(2015)

Klebsiella
pneumonia
RYC492

Microcin E492
(M-E492)

Cell shrinkage
DNA fragmentation and extracellular
exposure of phosphatidylserine
Activation of caspases
Loss of mitochondrial membrane
potential
Release of calcium ions from
intracellular stores
Apoptosis of cancer cells

Kaur and Kaur
(2015)

Lactobacillus
sp.

Nisin Binding of bacteriocin proteins to
lipid II
Prevents the transport of
peptidoglycan subunits to the cell
wall
Synthesis of incorrect cell wall
Cell death
(Or)
Pore formation and membrane
insertion
Cell death

Kaur and Kaur
(2015; Todorov
et al. 2019)

Bacillus spp. Mersacidin Interferes with cellular enzymatic
reactions cell wall synthesis

Kaur and Kaur
(2015)

Lactococcus
lactis subsp.
lactis

Lacticin Pore formation in the cell membrane
Depolarization of the cytoplasmic
membrane

Kaur and Kaur
(2015)
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1.3.4 Use of Fecal Microbiota Transplantation (FMT) in Cancer
Treatment

Fecal microbiota transplantation (FMT) has variously been projected as an alternate
strategy used to cure pathogen infection or in treatment of gut diseases, e.g.,
recurrent Clostridium difficile duodenal infection has been cured by FMT (van
Nood et al. 2013). Similarly, the efficacy of FMT in reducing colon tumorigenesis
has been seen during preclinical studies done in mice. Clinical trials are in progress

Table 1.4 Various completed clinical trials to establish the role of probiotics in cancer patients

Title and (Clinical Trials Gov identifier) Intervention Disease

Probiotics in CRC patients (NCT00936572) DS: probiotic La1 CRC

Impact of probiotics on diarrhea in patients treated with
pelvic radiation (NCT01839721)

DS: probiotic Bifilact Various
cancers

Prevention of irinotecan-induced diarrhea by probiotics
(NCT01410955)

DS: probiotic Colon
Dophilus

CRC

Synbiotics and GI function-related quality of life after
colectomy for cancer (NCT01479907)

DS: prebiotics and
probiotics Synbiotic
Forte

CRC

Impact of probiotics on the intestinal microbiota
(NCT01609660)

DS: S. boulardii CC

Using probiotics to reactivate tumor-suppressor genes
in CRC (NCT03072641)

DS: probiotic
ProBion Clinica

PC

Effect of probiotics in patients undergoing surgery for
periampullary neoplasms (NCT0.1468779)

DS: probiotics CRC

Impact of probiotics in modulation of intestinal
microbiota (NCT01895530)

DS: S. boulardii CRC

Action of synbiotics on irradiated GI mucosa in RC
treatment (FIPIREX) (NCT03420443)

DS: probiotics RC

Intestinal microbiota in lung cancer after chemotherapy
(NCT02771470)

DS: probiotics LC

Influence of probiotics administration before liver
resection in liver disease (LIPROCES) (NCT02021253)

DS: probiotics HCC

Table 1.5 Various clinical trials to establish the impact of fecal microbiota transplantation (FMT)
in cancer treatment

Title and (Clinical Trials Gov identifier) Intervention Disease

Safety to stool transplant for patients with difficult to treat
C. difficile infection (NCT02770326)

FMT Various
cancer

Prevention of dysbiosis complications with autologous FMT
in acute myeloid leukemia patients undergoing intensive
treatment (NCT02928523)

Autologous
FMT

Acute
myeloid
leukemia

FMT in metastatic melanoma patients who failed
immunotherapy (NCT03353402)

FMT Melanoma

FMT in melanoma patients (NCT03341143) FMT with
Pembrolizumab

Melanoma

1 Gut Microbiota and Cancer Correlates 19



to evaluate and establish the use of FMT in treatment of cancer as well as in
preventing the intestinal side effects of anticancer treatment (Vivarelli et al. 2019)
(Table 1.5). Once established, FMT could be developed as an efficient antitumor
therapeutic strategy.

1.4 Conclusion and Future Prospect

The gut microbiome and the respective host share a complex relationship among
themselves. The gut microbiota is inherited by people and changes depending on
factors such as age, diet, and environment. This microbiota footprint changes during
the lifetime of each individual. The gut microbiota has been studied in great detail for
its performance with respect to a number of important functions, such as protection
from infections, pathogen colonization control, dietary compound hydrolysis, and
vitamin production. It is now an established fact that the host physiology as well as
risk of diseases, such as cancer, could be greatly modulated by these commensal
microbes. Regulation of cancer development, progression as well as response to
anticancer therapy is greatly dependent on the host microbiota. And therefore, a
potentially new era of research with potential broad implication on cancer treatment
could be envisaged by the involvement of microbiome in augmenting antitumor
responses to therapeutic approaches. Better cancer treatment responsiveness can be
achieved by understanding the role of the “tumor microbiome” in shaping the tumor
microenvironment. Researchers are considering personalized cancer treatment by
modifying the patient’s microbiota as a possibility. The individuals’ microbiota
composition could be used as a biomarker, a diagnostic tool, and possibly a
therapeutic target due to its resilience, stability, and responsiveness to environmen-
tal, physiological, and pathological changes (Lee et al. 2017). This will help us to
develop personalized anticancer solutions with the ultimate goal to discover a
bacterial species or a combination of species that decreases systemic toxicity and
helps in anticancer therapy. To make it a success, we need to apply modern scientific
advancements for microbiome-based patient stratification rather than relying on
population-based data or frequently used “trial-and-error” approaches. In this direc-
tion, modern advancement in data sciences like artificial intelligence and machine
learning approaches may enable us to tailor treatment combinations so as to more
optimally achieve therapeutic efficiency while minimizing adverse effects. Overall,
this approach represents a new and exciting frontier toward future harnessing of
microbiome as a diagnostic tool (Bashirdas et al. 2017).

Therefore, it is expected that targeting the microbiota is likely to become one of
the next frontiers for personalized medicine (Roy and Trinchieri 2017). Targeted
interventions on microbiome by supplementation of prebiotic and/or probiotic might
be used as preventive healthcare solutions for cancer as well as to improve the
efficacy of the existing cancer treatments such as chemotherapy, radiotherapy, and
immunotherapy.
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