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Gut Microbiota and Cancer
of the Host: Colliding Interests

Gyorgy Baffy

Abstract

Cancer develops in multicellular organisms
from cells that ignore the rules of cooperation
and escape the mechanisms of anti-cancer sur-
veillance. Tumorigenesis is jointly encoun-
tered by the host and microbiota, a vast
collection of microorganisms that live on the
external and internal epithelial surfaces of the
body. The largest community of human micro-
biota resides in the gastrointestinal tract where
commensal, symbiotic and pathogenic micro-
organisms interact with the intestinal barrier
and gut mucosal lymphoid tissue, creating a
tumor microenvironment in which cancer
cells thrive or perish. Aberrant composition
and function of the gut microbiota (dysbiosis)
has been associated with tumorigenesis by
inducing inflammation, promoting cell growth
and proliferation, weakening immunosurveil-
lance, and altering food and drug metabolism
or other biochemical functions of the host.
However, recent research has also identified
several mechanisms through which gut micro-
biota support the host in the fight against can-
cer. These mechanisms include the use of
antigenic mimicry, biotransformation of che-
motherapeutic agents, and other mechanisms
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to boost anti-cancer immune responses and
improve the efficacy of cancer immunother-
apy. Further research in this rapidly advancing
field is expected to identify additional micro-
bial metabolites with tumor suppressing prop-
erties, map the complex interactions of
host-microbe ‘transkingdom network’ with
cancer cells, and elucidate cellular and molec-
ular pathways underlying the impact of spe-
cific intestinal microbial configurations on
immune checkpoint inhibitor therapy.
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5.1 Introduction

Multicellular life first evolved about 1 billion
years ago (Maynard Smith and Szathmary 1995).
Multicellularity requires cooperation among
cells to ensure division of labor, allocation of
resources and maintenance of replication with
effective mechanisms to control cell proliferation
and suppression of cheating (Aktipis et al. 2015).
Multicellular organisms co-evolved with their
microbial environment from the very beginning.
Microorganisms living inside and out of the
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multicellular host are termed microbiota, and the
totality of their genetic information is termed
microbiome, while the host-microbiota ecosys-
tem is often referred to as ‘super-organism’ or
‘holobiont’ (Huitzil et al. 2018; Schwabe and
Jobin 2013). Microbiota are involved in diverse
interactions with each other while contributing
key functions to host physiology, aptly described
within the context of a ‘transkingdom network’
(Greer et al. 2016). The largest community of
human microbiota resides in the gastrointestinal
tract and contains over 1000 different bacterial
species (Human Microbiome Project 2012). Gut
microbiota support the host by maximizing
dietary energy extraction, generating essential
metabolites, assisting the biotransformation of
xenobiotics, shaping innate and adaptive immu-
nity, and protecting from the invasion of patho-
genic microorganisms (Backhed et al. 2005; Lee
and Hase 2014; Nicholson et al. 2012). Similarly,
host-to-microbe effects related to nutrition, medi-
cations and other lifestyle or health factors are
critical for the gut microbiota (Fischbach and
Sonnenburg 2011; Foster et al. 2017; Zmora et al.
2019). Perturbations of the host-microbial rela-
tionship result in dysbiosis, which is defined as a
loss of balance in microbiota composition and
function and potentially results in disease pheno-
types (Llorente and Schnabl 2015).

Cancer is an inherent feature of multicellular
existence that develops when multicellular coop-
eration breaks down and cells reject cooperation
to favor self-autonomy, evasion of growth control
and programmed cell death, replicative immor-
tality, and a limitless ability to invade and metas-
tasize (Hanahan and Weinberg 2000, 2011). This
process involves abandonment of multicellularity
and a reverse evolution of cancer cells back to a
unicellular state (Chen et al. 2015). Cancer-like
phenomena characterized by abnormal cell pro-
liferation and neoplastic growth have been
observed in all seven branches of multicellular
life (Aktipis et al. 2015). Cancer cells become
increasingly robust during their emergence and
induce reciprocal changes in the host and micro-
biota (Aktipis and Nesse 2013). Uncontrolled
cancer growth eventually leads to demise of the
host, making it a common existential threat for

the entire holobiont. However, because natural
selection primarily works at species level
(Maynard Smith 1998), each individual micro-
bial strain and the host itself are distinct entities
in this conflict with potentially divergent selec-
tive pressures and it may be wrong to assume
they are acting with common interests (Foster
et al. 2017). Thus, while coexistence of host and
microbiota may normally serve the entire holobi-
ont’s homeostasis, interactions between cancer
and microbiota do not necessarily benefit the
host. In fact, the range of host-microbial relation-
ship extends from mutualistic (mutually benefi-
cial) to parasitic (harmful to the host and
beneficial to the parasite) (Wasielewski et al.
2016). A better understanding of the interplay
between host, cancer and microbiota is therefore
critical to take advantage of between-species
cooperation and of the potential gains from mod-
ulating this relationship (Fig. 5.1). This review
will focus on some recent insights into the com-
plex role of gut microbiota as an essential partner
of the host in facing the initiation, progression
and prognosis of cancer.

5.2 Tumor Microenvironment:

A Collective Affair

Tumor microenvironment includes several types
of cells that modulate the growth, proliferation
and dissemination of cancer cells (Leong et al.
2018). The holobiont has developed powerful
mechanisms in this milieu to suppress tumori-
genesis, which may explain why—against the
mathematical odds—clinically apparent cancer is
relatively rare (Aktipis and Nesse 2013). Cancer
cells become members of a ‘social microenviron-
ment’ that includes cellular elements of both the
host immunosurveillance and commensal micro-
biota, embedded in a physicochemical microen-
vironment and threatened by adversities such as
poor nutrient availability, hypoxia, low pH and
redox stress (Sun et al. 2018). Local expansion
and metastatic spreading of cancer cells occur
through a web of key permissive and controlling
factors within this microenvironment and has
been the topic of several excellent reviews in



5 Gut Microbiota and Cancer of the Host: Colliding Interests 95

Host
(Control)

Metabolic/energetic support
Xenobiotic biotransformation
Pathogenicity/Toxicity

Gut Microbiota

(Opportunism)

Microbial metabolites

Biofilm formation
Antigenic mimicry '

Fig. 5.1 Host—microbiota—cancer interplay

Schematic illustration of key interactions between host,
microbiota and cancer, each multicellular community
manifesting distinct behavior (shown in parentheses) in
their triangular relationship. Genetic and environmen-
tal factors (e.g., diet and medications) may determine
the success of host-mediated control over microbiota
and tumorigenesis. Innate and adaptive immunity is
essential in both cases, while additional structural (e.g.,
intestinal epithelial barrier) and functional elements
(e.g., antimicrobial peptides, not shown), regulate the
microbiota and sustain host homeostasis. Cancer cells
seek defection with an aggressive agenda for limitless
growth and proliferation at the host’s expense, includ-
ing coercion (‘enslavement’) of host cells into meta-
bolic reprogramming (a.k.a. reverse Warburg effect in
cancer-associated fibroblasts) and the use of immune

recent years (Leong et al. 2018; Morgillo et al.
2018; Quail and Joyce 2013; Quante et al. 2013;
Swartz et al. 2012).

5.2.1 Gut Microbiota

Microbial gene richness is a key feature of
healthy gut microbiome, while diminishing
bacterial diversity is often associated with dis-
ease (Le Chatelier et al. 2013). Metagenomic
analysis of the feces by culture-independent

Genetic predisposition
Nutrition, drugs, lifestyle
Innate and adaptive immunity

Metabolic reprogramming
Immune checkpoints
Cell enslavement

Cancer cells
(Defection)

checkpoints to stifle anti-cancer immune responses.
Gut microbiota and cancer have an opportunistic rela-
tionship, since commensal microorganisms as individ-
ual species or in consortia respond to various selection
pressures that may fortuitously assist cancer cells and
act therefore not in the host’s interest. Thus, providing
unconventional nutrients to cancer cells, creating bio-
films that impair the gut barrier and induce inflamma-
tion, or promoting genotoxicity in host cells may tilt
the balance toward tumorigenesis in the gastrointesti-
nal tract and beyond. However, eubiotic gut microbiota
have also been shown to strengthen anti-cancer immu-
nosurveillance through a variety of mechanisms such
as synthesis of tumor suppressor metabolites (e.g.,
butyrate), cancer cell recognition via antigenic mim-
icry, or enhancement of anti-cancer chemotherapy and
immunotherapy. Please see details in the main text.

methods found that most intestinal bacteria
belong to 6 phyla: Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria,
Verrucomicrobia, and Fusobacteria (Human
Microbiome Project 2012). Similar to other liv-
ing systems of multicellular aggregates, gut
microbiota members interact through coopera-
tion and competition. Cooperative activities
between microbial species include the forma-
tion of biofilms, fermentation of complex sub-
strates, and the use of supply chains such as
exchange of metabolites and cross-feeding,
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whereby the metabolic end product of one
strain becomes the nutrient for a different strain
(Muller et al. 2018; Plichta et al. 2016). At the
same time, microbial strains use diverse mecha-
nisms to compete with each other for resources
and adhesion sites, or produce antimicrobial
substances to gain advantage (Foster et al.
2017). Gut microbial ecosystems analyzed in a
large number of individuals fall into three major
‘enterotypes’ distinguished by variable micro-
bial abundance and molecular functions
(Arumugam et al. 2011). Interestingly, whereas
microbial species composition differs from
individual to individual, the overall distribution
of expressed gene functions remains relatively
constant (Plichta et al. 2016). A remarkable
process regulating coexistence of microbial
species in the gut is complementary silencing
of genes that encode overlapping functions
such as anaerobic fermentation, biosynthesis of
short-chain fatty acids, and starch degradation
(Plichta et al. 2016). Local stability analysis of
microbiota networks indicates the importance
of limiting positive feedbacks and weakening
ecological interactions (Coyte et al. 2015).
Cooperation can create dependency and
increases the probability that perturbations rap-
idly spread and destabilize the system.
Accordingly, high diversity is key to microbiota
stability, characterized by competitiveness and
weak interactions (Coyte et al. 2015).

5.2.2 Intestinal Barrier

Gut microbiota and the host are physically sepa-
rated by a complex intestinal barrier (Goto and
Kiyono 2012). The epithelial component is a
single sheet of columnar cells tightly connected
by intercellular complexes and covered by a thick
mucous layer secreted by goblet cells
(Marchiando et al. 2010). The endothelial or gut
vascular barrier is another layer of tightly con-
nected endothelial cells surrounded by pericytes
and glial cells (Bouziat and Jabri 2015). Host
self-defense is further enhanced via anti-
microbial peptides secreted by Paneth cells at the
crypt base (Dupont et al. 2014). Microbial metab-

olites or structural components of entire microor-
ganisms residing in the gastrointestinal tract are
sampled by the pattern recognition receptors of
dendritic cells (Quante et al. 2013). Matured anti-
gen-presenting dendritic cells migrate to mesen-
teric lymph nodes where they shape adaptive
immunity by activating memory and naive T cells
(Steinman 2007). Depending on the context of
microbial metabolites or byproducts, dendritic
cells may turn naive T cells into helper, effector
(cytotoxic), or regulatory (Treg or suppressor) T
cells. Tyl7 cells, a special subset of CD4* helper
T cells, protect the host from pathogenic microbes
by strengthening tight junctions, stimulating the
production of anti-microbial peptides, and by
recruiting  polymorphonuclear  neutrophils
(Garrett et al. 2010). Systemic immune responses
are also affected by gut microbiota when T cells
primed by dendritic cells circulate from local
lymph nodes to distant sites or if microbial com-
ponents and viable microorganisms enter the por-
tal venous system. This response escalation is
increasingly likely in the setting of dysbiosis
characterized by reduced species diversity,
enrichment of opportunistic pathogenic bacteria,
and impaired gut barrier (Giannelli et al. 2014;
Gopalakrishnan et al. 2018a).

5.2.3 Host Immunosurveillance

Augmented inflammation due to activation of
innate and adaptive immune responses may
promote cancer initiation and progression.
Tumorigenic properties of dendritic cells, poly-
morphonuclear neutrophils, tumor-associated
macrophages and myeloid-derived suppressor
cells immature myeloid cells have been linked to
the release of cytokines, growth factors, tissue-
degrading enzymes and angiogenic mediators
(Noonan et al. 2008; Quante et al. 2013). Several
subsets of the adaptive immune system such as
Tu17 cells have also been associated with inflam-
mation and their increased presence of Tyl7
cells in colorectal cancer predicts poor prognosis
(Quante et al. 2013). The impact of Tregs on can-
cer is similarly controversial as they create a
local anti-inflammatory milieu and mitigate
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tumorigenesis, but may simultaneously weaken
anti-tumor immunosurveillance, often making
their presence an ambivalent prognostic param-
eter (Quante et al. 2013). By contrast, cytotoxic
CD8* T cells may specifically identify tumor dif-
ferentiation antigens via their T cell receptors
and destroy cancer cells, indicating that increased
infiltration of the tumor tissue with these cells is
a favorable prognostic sign (Reticker-Flynn and
Engleman 2019).

However, anti-cancer immunosurveillance is
not guaranteed by the presence of tumor-
infiltrating lymphocytes, which are typically
restrained by immune checkpoints consisting of a
large and heterogeneous group of ligands and
receptors preventing indiscriminate activation of
the immune response (Restifo et al. 2012).
Ligands that are able to activate immune check-
points such as programmed cell death protein 1
(PD1) and cytotoxic T-lymphocyte-associated
protein 4 (CTLA4) often become overexpressed
in cancer cells and other components of the tumor
microenvironment, thereby assisting evasion of
immune-mediated destruction (Pardoll 2015).
Tumor immunotherapy targeting immune check-
points has been one of the fastest-developing and
successful chapters of cancer research and, as
discussed later, its clinical efficacy is remarkably
determined by the composition and function of
gut microbiota.

Gut Microbiota
and Mechanisms of Tumor
Promotion

5.3

In general, microbial contribution to tumorigen-
esis can be classified into three mechanisms:
direct impact by modulating host cell prolifera-
tion and death, interference with the host innate
and adaptive immune system, and altering food
and drug metabolism or host biochemistry
(Garrett 2015). Altogether, an estimated 20-30%
of cancers are associated with chronic microbial
infections (Garrett 2015; Yang et al. 2013). So
far, however, only 10 microorganisms have been
irrefutably designated as carcinogens (i.e., bona
fide oncomicrobes), including Helicobacter

pylori (gastric adenocarcinoma), hepatitis B and
C viruses (liver cancer), Schistosoma haemato-
bium (urinary bladder cancer), Opisthorchis
viverrini and Clonorchis sinensis (cholangiocel-
lular neoplasia), Epstein-Barr virus (nasopharyn-
geal carcinoma and lymphoma), human herpes
virus type 8 (Kaposi’s sarcoma), human T cell
lymphotropic virus type 1 (lymphoma), and
human papilloma viruses (cervical and anogeni-
tal cancer) (de Martel et al. 2012).

While only a few microorganisms have been
specifically implicated in tumorigenesis, micro-
biota as a multicellular aggregate appears to have
influence on the initiation and progression of
cancer (Drewes et al. 2016; Garrett et al. 2010;
Morgillo et al. 2018). Current view is that cancer
is more likely to develop in dysbiosis that
includes a marked decrease in both microbial
diversity and community stability (Bhatt et al.
2017). Moreover, dysbiosis modulates the impact
of anti-cancer therapy on host responses and
adverse events (Gopalakrishnan et al. 2018a).
Importantly, the tumorigenic impact of dysbiosis
is not confined to colorectal cancer as dysbiosis
has also been associated with other forms of can-
cers including breast, lung, urogenital tract and
liver (Pope et al. 2017). In fact, gut microbiota,
metabolites, and immune cells may exit the gut
via the circulation and influence tumorigenesis at
distant sites (Bhatt et al. 2017). Supporting this
notion, metastases from patients with colorectal
cancer continue to harbor bacteria, in particular
Fusobacterium but also Bacteroides,
Selenomonas and Prevotella species (Kroemer
and Zitvogel 2018).

5.3.1 Microbiota-Associated
Genotoxicity

and Tumorigenesis

Many bacteria have developed competitive strat-
egies, which include the ability to damage the
genome of competing organisms. Some of these
bacteria are part of the commensal human micro-
biota. Microbial-induced genotoxic mechanisms
and the activation of related oncogenic signaling
pathways also affect the host, potentially leading
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to cancer (Garrett 2015). For instance, Salmonella
typhi strains possessing avrA, a virulence gene
encoding acetyltransferase activity, establish
chronic infection and activate epithelial f-catenin
signaling, which has been associated with hepa-
tobiliary and colorectal cancers (Dutta et al.
2000; Lu et al. 2017). Colibactin is a bacterial
toxin, which is synthesized by the pks genomic
island and found in members of the
Enterobacteriaceae family such as group B2
Escherichia coli (Fais et al. 2018). Colibactin
promotes colorectal tumorigenesis by inducing
double-stranded DNA breaks and a senescence-
associated secretory phenotype in intestinal epi-
thelial cells (Fulbright et al. 2017; Schwabe and
Jobin 2013). Analysis of the colonic mucosa of
patients with colorectal cancer found signifi-
cantly higher abundance of pks-harboring E. coli
strains compared to healthy controls (Buc et al.
2013). Enterotoxigenic Bacteroides fragilis
(ETBF), a gut commensal and opportunistic
pathogen enriched in patients with colorectal
cancer, secretes a zinc-dependent metalloprote-
ase that cleaves and degrades E-cadherin (Sears
2009). This toxin enables nuclear translocation of
p-catenin and transcription of Myc proto-
oncogene, promoting cellular proliferation in the
colon epithelium. In the Apc”™* mouse model,
ETBEF facilitates colon tumorigenesis by trigger-
ing Ty17-mediated colitis and STAT3 activation
(Wu et al. 2009).

5.3.2 Gut Microbiota Metabolism
Favoring Tumorigenesis

Robust cancer phenotypes emerge from com-
prehensive reprogramming of macromolecular
biosynthesis and energy metabolism
(DeBerardinis et al. 2008). A prominent meta-
bolic feature of cancer cells is the Warburg
effect or reallocation of energy production from
mitochondrial oxidative phosphorylation to the
disproportionate use of glycolysis (Warburg
et al. 1924). While the causes and rationale of
the Warburg effect remain debated, it has been
proposed that glycolytic ATP production can be
scaled up with fewer regulatory constraints to

match the vast energetic needs of rapidly prolif-
erating cancer cells (Pfeiffer et al. 2001). In
addition, diversion of substrates from the elec-
tron transport chain may diminish mitochon-
drial oxidative stress that is already substantial
in cancer cells (Brand 1997). Also, glycolysis
can be viewed as a versatile production line of
precursors for almost all major biosynthetic
routes including the pentose phosphate path-
way, serine synthesis pathway, and de novo lipo-
genesis (Pavlova and Thompson 2016; Sun et al.
2018). Finally, excess lactate production gives
cancer cells a competitive advantage by sustain-
ing an acidic tumor microenvironment increas-
ingly inhabitable for normal cells (DeBerardinis
et al. 2008; Hsu and Sabatini 2008).

Cancer cells exploit all available resources to
support limitless growth and proliferation in an
increasingly harsh and nutrient-deprived micro-
environment. Thus, cancer cells may engulf and
digest apoptotic bodies or entire living cells and
utilize cellular waste products such as lactate,
acetate, branched-chain keto acids, ketone bodies
and ammonia (Sun et al. 2018). Currently, it is
impossible to tell how many gut microbial spe-
cies actually provide benefits and how many may
‘collude’ with cancer cells while interacting via
diffusible metabolites (Wegiel et al. 2018). Many
dietary and digestive components are metabo-
lized by bacteria in the gastrointestinal tract,
yielding putative metabolites that have either
oncogenic or tumor suppressing properties (Bhatt
et al. 2017). Unconventional nutrients potentially
made available by the microbiota for the energy
metabolism of cancer cells include short-chain
fatty acids, bile acids, polyamines, choline
metabolites, indole derivatives and vitamins (Sun
et al. 2018). This list is almost certainly incom-
plete since close to half of the metabolites found
in human plasma have been estimated to origi-
nate in the microbiota (Martin et al. 2007).
Moreover, many genes identified in gut microbi-
omes of participants in the Human Microbiome
Project could not be characterized by standard
annotation methods (Joice et al. 2014), leaving us
with a possibly large number of small molecules
that may influence tumorigenesis (Donia and
Fischbach 2015; Foster et al. 2017).
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Bile acids represent an important connection
between microbial and host metabolism. Primary
bile acids synthesized in the liver as cholic acid
or chenodeoxycholic acid become conjugated
with glycine or taurine and excreted into bile
(Wahlstrom et al. 2016). Most conjugated bile
acids are reabsorbed in the terminal ileum and
return to the liver via the enterohepatic circula-
tion, while a small amount is deconjugated by
intestinal bacteria into secondary bile acids such
as deoxycholic acid and lithocholic acid (Long
et al. 2017). Secondary bile acids may contribute
to colon tumorigenesis by triggering inflamma-
tion and promoting (-catenin and NF-xB signal-
ing. In addition, intestinal deoxycholic acid was
found to contribute to the development of liver
cancer by inducing senescence-associated secre-
tory phenotype in hepatic stellate cells and stimu-
lating pro-inflammatory and tumor-promoting
reactions in a mouse model of obesity-associated
hepatocellular carcinoma (Yoshimoto et al.
2013). Consumption of a diet rich in saturated fat
leads to dysbiosis with expansion of sulfur-
reducing gut bacteria such as Bilophila and
Desulfovibrio, which use sulfur as a terminal
electron acceptor, primarily obtained from
taurine-conjugated bile acids (Devkota et al.
2012; Wang 2012). Microbial-derived hydrogen
sulfide (H,S) has been implicated in the develop-
ment of colitis and colorectal cancer based on its
ability to impair the gut barrier and cause geno-
toxicity (Arkan 2017; Singh and Lin 2015).

Microbial contribution to amino acid metabo-
lism has a significant impact on host immuno-
surveillance. A key example is tryptophan, an
essential amino acid catabolized by both host
and microbial enzymes and having derivatives
with multiple biological functions. Endogenous
tryptophan metabolites include kynurenine,
serotonin and melatonin, whereas bacterial
breakdown of tryptophan yields indole, indole
acetate, indole propionate, skatole, and trypt-
amine (Gao et al. 2018). Tryptophan catabolism
is an important effector system that modulates T
cell responses and promotes immune tolerance
(Fallarino et al. 2006). Not surprisingly, acceler-
ated tryptophan catabolism has been reported by
various tumors of the colon, breast, lung and

brain due to higher expression of tryptophan-2,
3-dioxygenase and indoleamine-2, 3-dioxygen-
ase (Sun et al. 2018). Endogenous and microbial
derivatives of tryptophan activate the aryl hydro-
carbon receptor (AhR), a xenobiotic sensor and
regulator of inflammation and immunity (Zelante
et al. 2013). AhR mediates activation of group 3
innate lymphoid cells (ILC3) resulting in
enhanced secretion of IL-22, which dampens
pro-inflammatory signals and protects the intes-
tinal mucous barrier (Hernandez et al. 2018), but
AhR activation also limits immunosurveillance
by promoting apoptosis of effector T cells and
creating therefore a cancer-permissive microen-
vironment (Grohmann et al. 2003).

5.3.3 Biofilm Formation
and Tumorigenesis

Colon biofilms are dense consortia of approx.
100 bacterial strains embedded in a complex
matrix in close proximity with, and partially
invading, the intestinal mucosa (Dejea et al.
2014). Formation of biofilms has also been
observed in conditions involving chronic muco-
sal inflammation beyond the colon (e.g., tonsilli-
tis, otitis media, sinusitis, urethritis and vaginitis)
(Costerton et al. 1999). Biofilms have been iden-
tified in about 15% of apparently healthy patients
(Swidsinski et al. 2007), but they are almost uni-
versally present in patients with right-sided,
surgically resected colorectal neoplasms and in
paired biopsies of tumor-free mucosa (Dejea
et al. 2014). Biofilms allow direct bacterial con-
tact with colon epithelial cells, which is believed
to trigger chronic inflammation conducive to
tumorigenesis, characterized by diminished lev-
els of E-cadherin, enhanced IL-6 and STAT3 acti-
vation, and increased crypt epithelial cell
proliferation rates (Dejea et al. 2014). Notably,
biofilm-positive tumor tissue indicated higher
levels of acetylated polyamines compared to
biofilm-negative tumors, which may explain how
microbial biofilms contribute to colon cancer
(Johnson et al. 2015).

Fusobacterium, a gram-negative anaerobic
bacterial genus, is a main component of biofilms



100

G. Baffy

in various mucosal locations (Zhou et al. 2018).
F. nucleatum produces several factors of fusobac-
terial virulence and associated functions (Wu
et al. 2018). Thus, Fap2 engages the inhibitory
receptor T cell immunoglobulin and ITIM
domain (TIGIT) to silence anti-cancer cytotoxic
activity of T cells and natural killer cells (Gur
et al. 2015). In addition, FadA is a fusobacterial
adhesin that binds to lectins and E-cadherin on
the surface of host epithelial cells and activates
B-catenin signaling, thus promoting cell prolifer-
ation (Rubinstein et al. 2013). F. nucleatum also
binds to Toll-like receptor 4 on epithelial cells
and activates the Myd88/NF-kB signaling path-
way, promoting chemoresistance to colorectal
cancer (Yu et al. 2017). Also, abundance of F.
nucleatum has been correlated with enrichment
of myeloid-derived suppressor cells and tumor-
associated macrophages, both of which are
known to weaken anti-cancer immunosurveil-
lance (Wu et al. 2018).

5.4 Gut Microbiota
and Mechanisms of Tumor

Suppression

Recent research has identified a number of path-
ways through which commensal microbes sup-
port the host against cancer (Perez-Chanona and
Trinchieri 2016; Pope et al. 2017). Thus, micro-
biota may beneficially influence a range of host
immune functions including innate and adaptive
immune responses, all related to anti-cancer sur-
veillance (Pope et al. 2017). Also, accumulating
evidence for the involvement of gut microbiota in
cancer pathogenesis has opened new opportuni-
ties for preventive or therapeutic interventions.
These include the administration of antibiotics,
probiotics, prebiotics, and postbiotics (Bultman
2016; Zitvogel et al. 2015), but there are addi-
tional efforts to use specific intestinal microbial
configurations for selectively manipulating the
composition and function of gut microbiota
(Comstock and Coyne 2003; Everard et al. 2013;
Tanoue et al. 2019). However, caution is advised
and some experts warn about the indiscriminate

use of probiotics, particularly lactate-producing
bacteria such as Lactobacillus, Turicibacter and
Streptococcus and anaerobic Lachnospiraceae
and Ruminococcaceae that ferment complex car-
bohydrates and aromatic compounds, in cancer
patients (Arkan 2017). It remains to be seen when
and which probiotic to use to maximize benefits
and minimize potential harm to those with
increased susceptibility to cancer.

5.4.1 Tumor Suppressive Microbial
Metabolites

and Biotransformation

Carbohydrate fermentation by the gut microbi-
ota yields large amounts of short-chain fatty
acids, such as acetate, propionate and butyrate
(Riscuta et al. 2018). Short-chain fatty acids are
metabolized via f-oxidation and the tricarbox-
ylic acid (TCA) cycle in the mitochondrial
matrix, representing an energy source for nor-
mal and cancerous colonocytes. Importantly,
breakdown of butyrate into acetyl-CoA also
stimulates histone acetylase activity, allowing
transcriptional activation of genes involved in
cell growth and proliferation, therefore making
the role of butyrate controversial in tumorigen-
esis (Donohoe et al. 2012). Microbial-derived
short-chain fatty acids may also serve as carbon
source for enhanced biosynthetic activity in
cancer cells and as ligands for G protein cou-
pled receptors such as GPR41 and GPR43 with
an ambiguous role in intestinal inflammation
(Ang and Ding 2016). Paradoxically, however,
butyrate has mostly been found to inhibit can-
cer cell growth, referred to as the ‘butyrate par-
adox’, and the explanation appears to be related
to metabolic reprogramming of cancer cells
(Donohoe et al. 2012). Thus, mitochondrial
breakdown of butyrate may become insufficient
due to the Warburg effect with surplus butyrate
accumulating in the nucleus where it functions
as an inhibitor of histone deacetylase; an effect
that can be experimentally reversed by prevent-
ing aerobic glycolysis in cancer cells (Donohoe
et al. 2012). By contrast, cancer cells that retain
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the ability to metabolize butyrate are positively
selected by the microenvironment and develop
a more aggressive and invasive phenotype
(Serpa et al. 2010).

There is accumulating evidence that intact
commensal microbiota are required for optimal
responses to cancer chemotherapy (Kroemer and
Zitvogel 2018). Certain health conditions or
repeated use of antibiotics may significantly,
even if only temporarily, alter the composition
and function of gut microbiota and loss of micro-
bial diversity and dysbiosis have been linked to
altered pharmacodynamics of anti-cancer agents
with unfavorable clinical outcomes
(Gopalakrishnan et al. 2018b). Disruption of gut
microbiota by antibiotics in a variety of murine
tumor models results in profoundly impaired
responsiveness of mice to CpG-oligonucleotide
immunotherapy and platinum-based chemother-
apy (Iida et al. 2013). Platinum compounds such
as oxaliplatin and cisplatin require the generation
of intratumoral oxidative stress in order to exert
DNA damage and apoptosis, an effect that was
hampered in mice receiving antibiotics (lida et al.
2013). Furthermore, oral gavage of bacterial
endotoxin to antibiotic-treated mice restored
responsiveness to CpG-oligonucleotide immuno-
therapy evidenced by immunogenic cell death
also drives antitumor T cell responses (lida et al.
2013). The same work also demonstrated that
antibiotics reduce the therapeutic efficacy of plat-
inum compounds against subcutaneously trans-
planted tumors and suggested that the efficacy of
oxaliplatin depends on microbiota-based priming
of myeloid cells for the release of reactive oxy-
gen species that contribute to genotoxicity and
tumor reduction (lida et al. 2013). This problem
is further compounded by chemotherapy-induced
dysbiosis and breakdown of the intestinal epithe-
lial barrier, compromising clinical outcomes in
cancer patients (Galloway-Pena et al. 2017).

Biotransformation of pharmaceutical agents
by the gut microbiota is not necessarily benefi-
cial. One such example involves irinotecan (CPT-
11), which is a chemotherapeutic drug often used
in the treatment of metastatic colon cancer.

Irinotecan is a prodrug, metabolized into the
active topoisomerase I inhibitor SN38 and subse-
quently glucuronidated in the liver to form the
inactive SN38-G, which is excreted with the bile
into the GI tract. In the colon, SN38-G is con-
verted back to the active form by commensal gut
bacteria such as Streptococcus agalactiae,
Clostridium perfringens or Bacteroides fragilis
that also possess [-glucuronidase activity.
Reactivated SN38 causes severe colitis and diar-
rhea in susceptible patients, and this adverse
event may necessitate dose reduction or discon-
tinuation of irinotecan therapy. Small-molecule
inhibitors specific to bacterial B-glucuronidases
have been developed to avoid this complication
(Wallace et al. 2010). Subsequently, inhibitors of
E. coli B-glucuronidase were shown to protect the
host against gastrointestinal toxicity induced by
irinotecan in mice (Pope et al. 2017).

5.4.2 Gut Microbiota and Anti-
cancer Immunosurveillance

Host survival critically depends on timely recogni-
tion of tumor-associated antigens and the destruc-
tion of cells committed to tumorigenesis. There is
increasing evidence that gut microbiota play an
important role in this process through their ability
to modulate anti-cancer immune responses and
immunotherapy (Pope et al. 2017). Neoantigens
related to malignant transformation often show
sufficient similarity with microbial epitopes, and
antigenic mimicry may therefore enhance the rec-
ognition of cancer cells (Zitvogel et al. 2016).
Related to this concept, the ‘cancer hygiene
hypothesis’ suggests that limited exposure to
microbial antigens in highly industrialized societ-
ies may account for the increased incidence of cer-
tain cancers (Thorburn et al. 2014). Moreover,
microbe-associated molecular patterns as danger
signals may increase the overall ‘vigor’ of innate
immune system through the summative impact of
extraneous microbial products on pathogen recog-
nition receptors and the generation of soluble
mediators such as interferons and cytokines
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(Zitvogel et al. 2016). Also, activation of T cell
subsets implicated in anti-cancer immunosurveil-
lance is impaired in germ-free mice and may be
restored upon colonization with various intestinal
microbial strains (Sommer and Backhed 2013).

These mechanisms are not necessarily
restricted to gut-associated lymphoid tissue as
translocation of microbial metabolites or entire
microorganisms through a leaky gut-vascular
barrier may allow systemic exposure and affects
tumorigenesis at distal sites (Bhatt et al. 2017,
Kroemer and Zitvogel 2018). In addition, the
concept of a ‘common mucosal immune system’
based on animal models postulates that immune
cells primed locally in the gut mucosa may travel
to other mucosal or lymphoid sites, extending the
impact of gut microbiota to the entire host
(Wilson and Obradovic 2015).

As recently reported, long-term survivors of
pancreatic ductal adenocarcinoma are charac-
terized by high numbers of tumor-infiltrating
CD8* T cells and tumor neoantigens cross-
reacting with microbial-derived epitopes, sug-
gesting that enhanced immune response due to
antigenic mimicry may account for a more
favorable prognosisin this cohort (Balachandran
et al. 2017). Cross-reactive clones in these
patients show selective loss on metastatic pro-
gression, further supporting the favorable
impact of microbial homology while precise
mechanisms of T cell clone selection and sur-
vival remain  incompletely  understood
(Balachandran et al. 2017). The role of gut
microbiota in eliciting anti-cancer immune
responses was further evidenced by a recent
work identifying a consortium of 11 bacterial
strains derived from healthy human donor feces
and able to induce accumulation of interferon-
y-producing CD8* T cells in the intestinal lam-
ina propria of germ-free mice (Tanoue et al.
2019). Colonization with the 11-strain mixture
protected these animals from dissemination of
Listeria monocytogenes and suppressed the
growth of syngeneic grafts of colon adenocarci-
noma and melanoma, illustrating the profound
potential of gut microbiota-based anti-cancer
interventions (Tanoue et al. 2019).

5.4.3 Enhancement of Anti-cancer
Immunotherapy by Gut
Microbiota

A number of immune checkpoint inhibitor mole-
cules have been developed and marketed in recent
years, including monoclonal antibodies against
CTLA4 (ipilimumab), PD1, (nivolumab), and
PDI ligand 1 or PDL1 (pembrolizumab) that
proved highly efficient in several difficult-to-treat
cancers (Fan et al. 2018; Kudo 2018; Robert et al.
2015). However, a truly remarkable impact of
immune checkpoint inhibitors on these cancers is
only observed in about 25% of patients while the
remaining cases show limited or no response
(Gopalakrishnan et al. 2018a; Sun et al. 2018).
Intriguingly, abnormal composition of gut micro-
biota profoundly alters the efficacy of immune
checkpoint inhibitor therapy and contributes to
primary resistance (Bhatt et al. 2017). Anti-
CTLA4 antibodies were ineffective when admin-
istered to subcutaneous tumors in germ-free or
antibiotics-treated mice while CTLA4 blockade
was restored by re-colonization with Bacteriodes
and Burkholderia, bacterial strains that have
markedly reduced abundance in response to anti-
CTLAA4 treatment in conventional mice (Vetizou
et al. 2015). Moreover, fecal microbial transplan-
tation (FMT) from melanoma patients treated
with anti-CTLA4 and featuring abundance of
Bacteroides fragilis indicated stronger anti-
cancer properties when administered to the
murine tumor model (Vetizou et al. 2015). In
addition, repletion of gut microbiota with B. fra-
gilis and Burkholderia cepacia ameliorated the
mucosal toxicity of anti-CTLA4, indicating that
microbiota composition may also improve thera-
peutic effectiveness by preventing adverse reac-
tions (Vetizou et al. 2015).

The efficacy of PDLI1 blockade was analyzed
by using experimental tumor models in C57BL/6
mice obtained from different facilities and featur-
ing distinct gut microbiota (Sivan et al. 2015).
Metagenomic analysis revealed that abundance
of Bifidobacterium spp. was associated with
increased responsiveness to anti-cancer therapy
and the response benefit was transferable between
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mouse strains by oral Bifidobacterium (Sivan
et al. 2015). While Bifidobacterium-primed den-
dritic cells improved the function of tumor-
specific CD8* T cells, authors postulated a more
generic and antigen-independent effect based on
the changes in innate immune functions observed
in this experimental model (Sivan et al. 2015).

Another recent work has provided additional
insights into the molecular and cellular mecha-
nisms by which gut microbiota may influence the
tumor microenvironment and enhance immuno-
therapies (Gopalakrishnan et al. 2018b). Patients
with metastatic melanoma under treatment with
anti-PD1 therapy were found to harbor signifi-
cant differences in the composition of gut micro-
biota according to their response status. Thus,
non-responders to immune checkpoint inhibition
had increased abundance of Bacteroidales in the
gut microbiota, while patients with prolonged
progression-free survival in response to anti-PD1
therapy had a significantly higher diversity of
bacteria in their gut microbiota as well as a higher
relative abundance of Clostridiales,
Faecalibacterium and Ruminococcaceae
(Gopalakrishnan et al. 2018a). Moreover, tumor
tissue infiltration with CD8* T cells was signifi-
cantly more prominent among patients with
abundance of Faecalibacterium prausnitzii and
other Firmicutes in the gut microbiota
(Gopalakrishnan et al. 2018a).

Another recent study aimed to assess the
impact of dysbiosis associated with malignant
disease or concomitant antibiotic use on primary
resistance to PD1 blockade in patients with non-
small cell lung cancer, renal cell carcinoma and
urothelial carcinoma (Routy et al. 2018). Clinical
review indicated that patients who received anti-
biotics had shorter progression-free survival,
relapsed sooner, and responded poorly to immune
checkpoint inhibitor therapy. Metagenomic
sequencing indicated major differences in the
composition of gut microbiota based on respon-
siveness to PD1 blockade. Improved clinical out-
comes were similarly associated with increased
abundance of Akkermansia and Alistipes species
in this report (Routy et al. 2018). To establish
causality between gut microbiota composition

and responsiveness to anti-PD1 therapy,
antibiotic-treated mice were given FMT from
responder and non-responder cancer patients and
then inoculated with tumor cells to assess the
efficacy of immune checkpoint blockade in the
xenografts. Importantly, tumor growth was
delayed in mice that received FMT from respond-
ing patients, whereas FMT from non-responding
patients had no such effect (Routy et al. 2018).
Response to PD1 blockade was also restored by
specific re-colonization of mice with Akkermansia
muciniphila and Enterococcus hirae, bacterial
strains associated with clinical benefits and
shown to induce dendritic cells to secrete 1L-12,
which is involved in the immunogenicity of PD1
blockade in eubiosis (Routy et al. 2018).

Finally, strong correlation between commen-
sal microbial composition and clinical response
to immune checkpoint inhibitors in patients diag-
nosed with metastatic melanoma was recently
demonstrated (Matson et al. 2018). Thus, inte-
grated metagenomic analysis identified 10 micro-
bial species differentially enriched in the
intestines of responders vs. non-responders to
anti-PDL1 or anti-CTLA4 therapy. Bacterial spe-
cies more abundant in responders included
Bifidobacterium longum, Collinsella aerofaciens,
Enterococcus faecium, Lactobacillus spp. and
Veillonella parvula. FMT from patients to germ-
free mice recapitulated the patient phenotypes
and animals reconstituted with responder micro-
biota had increased numbers of tumor antigen-
specific CD8" T cells in their tumor
microenvironments (Matson et al. 2018). Anti-
PDL1 was highly effective in mice colonized
with responder microbiota while it remained
completely ineffective in mice receiving FMT
from non-responder patients (Matson et al. 2018).

5.5 Conclusions

Tumorigenesis, the process of host cells opting
for cheating over cooperation and breaking the
rules of multicellular life, has been the source of
much suffering. Advances in preventing cancer
that may ultimately destroy the host are eagerly
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awaited. There is now hope that increasing knowl-
edge about the human commensal microbial com-
munity, and in particular the gut microbiota, will
give valuable insights into the evolution and eco-
logical interactions of host-cancer-microbiota
relationship and identify new molecular targets
for preventing and treating cancer. There is
already evidence for the importance of eubiosis,
which supports the intestinal barrier and gut-asso-
ciated lymphoid tissue by enhancing innate and
adaptive immunity and creating a tumor microen-
vironment that becomes unwelcoming to cancer
cells in the gastrointestinal tract and beyond.
Additional research is needed to identify micro-
bial metabolites and specific molecular mecha-
nisms by which individual strains or well-defined
consortia of gut microbiota can be utilized in the
prevention and treatment of cancer.
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