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The microbiota—gut—brain axis consists of the brain, glands, gut, immune cells, and gastrointestinal microbiota.
Both the central and enteric nervous systems regulate the communication between the gastrointestinal tract and
the brain and apart from the nervous system, it is also regulated through hormones and immunological signalling.

Multiple lines of evidence confirm the existence of the gut—brain axis.

microbiota gut—brain axis metabolites neurogenesis neurotransmitters immunity

carcinogenesis

| 1. Introduction

It has been estimated that the microbiota in a human body consists of approximately 3000 different species of
microbe with 40,000,000,000,000 (40 trillion) individual microbial cells. The vast majority of these are
gastrointestinal bacteria 1. One of the first microbial based treatments proposed for cancer was found in the
Eber’s Papyrus, written by the Egyptian physician Imhotep around the year 2600 BCE [&. He proposed that
infection of the area affected by the cancer through an open wound covered by a poultice could have therapeutic
potential. At that time Germ theory was unknown &l This treatment was revived in the 1800s by William Coley who
“vaccinated” cancer patients with live or heat-killed Streptococcus and Serratia species 2. Coley documented 4
cases of sarcoma where the patients were completely cured by erysipelas infection. The medical establishment,
however, discounted his treatment as fatal. We now know, erysipelas causes an inflammatory reaction that most
probably is negating the sarcoma MBI, Coley’s infections with erysipelas showed for the first time that microbes
influence the development and progression of cancer. The use of microbe metabolites, supplementing the diets
with probiotics or by faecal transfers is now being explored to treat cancers. This new treatment strategy is the

result of growing evidence that the microbiota can play an important role in cancer development and progression 8
[7]

Each specific region of the human body has its specific microbiome. Those areas with the richest microbiome
include the skin, airways, urogenital tract, eyes and gastrointestinal tract [Xl. Microbes present in the human body
can also interact with the nervous system in various ways. These include via the enteric nervous system, the vagus
nerve, microbial metabolites and the immune system B8], Recently, the fact that the microbiome is able to interact
with the nervous system and the fact that changes in the microbiota can promote the development of cancer or
indeed help prevent or treat cancer, has led to the suggestion that these pathways may be mechanistically

connected. Their interaction can be facilitated through the effects of the microbiome on the immune system 19, A
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downregulated immune response provides favourable conditions for the development and progression of cancer
(11 A growing body of research demonstrates that changes to the composition of the gastrointestinal microbiota is
an initiating factor in numerous neurocognitive conditions, profoundly influencing both CNS immunity and the
integrity of the blood—brain barrier (BBB) 12,

It is now well known that the growth and progression of cancer can occur through the support of nerve tissue
(neoneurogenesis) in the same way that new blood vessels (angiogenesis), or lymph vessels (lymphangiogenesis)
support cancer development and progression. Additionally, in the same way, nerves are able to provide a means
for cancer to metastasize and invade new tissues. Here, nerves may provide a “pathway” along which cancer cells
can migrate 23l Nerves interact with multiple tissues throughout the body, through direct interaction or via
chemokines, cytokines, hormones, and neurotransmitters. Tumour cells generally have receptors for these different
molecules and can also secrete a wide array of them. This provides a means for the nervous system to interact

with and promote tumour development 23!,

This review will discuss the role that the microbiome plays in the development and progression of various cancers,

through the effect of the microbiota on the nervous system.

| 2. Contribution of Microbes to Hallmarks of Cancer

Microbes can also stimulate cancer promoting signalling pathways, such as the e-cadherin— Wnt-b-catenin
signalling pathways 14151 Enterotoxigenic Bacteroides fragilis (ETBF) , secretes the B. fragilis toxin (BFT) (Table
1), which accelerates the endogenous cleavage of e-cadherin (181, R-catenin, normally bound to e-cadherins, is
then liberated, and translocates to the nucleus to promote transcription of c-Myc, leading to epithelial cell

proliferation ( Figure 1 ) [26],
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Figure 1. The effect of the microbiome on the hallmarks of cancer. This schematic represents the different effects
that microbiota have within the body on different hallmarks of cancer. More specifically, the hallmarks of cancer are
ten biological traits that define the transition from normal cells to cancer cells 2. The bacteria can affect the
induction of angiogenesis through secreting TLR ligands, deregulate cellular energetics through the secretion of
the bacterial metabolite butyrate, alter immune system activation as well as inflammation, and initiate DNA damage
and mutations.

Table 1. Important bacteria and their influence on cancer progression.

Metabolites

Anti-Cancer
Organism Activity Mechanism Ref
Enterococcus faecalis Produces extracellular Cell damaging ROS [18]

superoxide

Activate the host's spermine
oxidase, which, in turn,
promotes gastric cancer

Helicobacter pylori or
Bacteroides fragilis

Generates hydrogen peroxide and reactive [
oxygen species

L actobacillus casei Ferrochrome Trigger apoptosis in tumor cells via INK 20]
pathway
Bacteria of the genus . S
' genu Butyrate, propionate Inhibit histone deacetylase [21]

Propionibacteria

Pro-oncogenic
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Metabolites
Anti-Cancer
Organism Activity Mechanism Ref
Organism Activity Mechanism Ref
Akkermansia Degrade rr_1ucm leading to _ _ -
. changes in the levels of Higher levels in colon cancer
muciniphila .
metabolites
Enerococcus faecalis Superoxide ROS production [21]
B. acter_qldes MP toxin B catenin pathway gctlvatlon ROS [21]
fragilis production
Deconjugates liver-catabolized
Clostridium coccoides B-glucuronidase- and plant.-derlved es.trogen s, enabling [23]
them to bind and activate the estrogen
receptors expressed by target cells
Deconjugates liver-catabolized
. . and plant-derived estrogen’s, enabling 23]
I I B-gl - . .
Clostridium feptum glucuronidase them to bind and activate the estrogen
receptors expressed by target cells
Escherichia coli Co.l|bact|.n and _cytolethal Generate DNA qlouble-s_trand breaks 23]
distending toxin (CDT) genomic mutations
Fusobacterium FadA Amplify tumorigenesis through E-cadherin— |15
nucleatum Whnt—pB-catenin signaling
. . p53 degradation, B catenin MAPK, AKT [21]
Helicobacter pylori CagA pathway activation, ROS production
Salmonella strains AVIA Amplify tumongeness_thrqugh .E-cadhenn— [24]
Wnt—3-catenin signaling
Salmonella enterico AvrA B catenin MAPK AKT pathway activation [21]
Shigella flexneri |\F/JI?E p53 degradation [21]
Immune related activity
Organism Activity Mechanism Ref
Clostridium . . TLR3-mediated
[25]
orbiscindens TLR3 signaling INF-f3 secretion by DCs in the intestine
Lactobacillus . . Anti-viral responses via TLR2-dependent 26]
acidophilus TLR2 signaling IFN-B in murine bone marrow-derived DCs
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Metabolites
Anti-Cancer .
g — HCANGE - 241 Since
Organism Activity Mechanism Ref
ad to loss
Salmonella enterica Mon phosphoryl lipid A (MPL) Adjuvant in anti-cance[rz_g/]accines [21]

bacterial virulence factor Fap2, Inhibits host’s Natural Killer (NK) cells

Fusobacterium able to bind and block the NK stlmulatln'g cancer formation by blocking 23 .re often
nucleatum I immune effectors that
inhibitory receptor S . . .
normally inhibit tumorigenesis microbes
— : . 3 (IL-23),
Porphyromonas Activation of TLR4 to produce Stimulates astrocytes contributes to the
gingivalis increased levels of cytokines 28 formation of neuroinflammatory lesions ; p53 i/l

mutation In mice o drive the expression of Cre recombinase In lung epithelial cells, thereby Inducing expression of
oncogenic Kras G12D and knock out of the tumor-suppressor gene p53. Jin et al. harvested the lungs from 8 and
15 week old mice maintained under two different conditions: the first group was placed under germ-free conditions
and the second group was placed in specific-pathogen free conditions. Jin et al. then stained the lungs for the
proliferation marker Ki-67 and showed that the lungs from mice grown in specific-pathogen free conditions were
more heavily proliferating (i.e., Ki-67-positive) compared to the lungs of the mice grown in germ-free conditions,
demonstrating that the presence of commensal bacteria in the mice grown in specific pathogen free conditions
exacerbated the proliferation of tumor cells. When Jin et al. examined the bronchoalveolar lavage fluid (BALF) from
all mice and submitted BALF to 16sRNA gPCR, they identified the genera Staphylococcus, Streptococcus,
Lactobacillus and Pasteurellaceae. Furthermore, the specific pathogen free mice had elevated levels of the
cytokines II-13 and 1I-23 compared to the germ-free mice, indicating the commensal bacteria were stimulating
cytokine production. Using FACS, they showed the GF mice had elevated numbers of ydT cells and the elevated
yoT cells localized specifically in the lungs, where the ydT cells were responsible for producing the majority of the
[I-17 pro-inflammatory cytokine. When the SP-free mice were treated with the UC7-13D T Cell receptor antibody,
which acts against the ydT cells, the number of neutrophils was decreased, showing the elevated ydT cells
promote neutrophil infiltration. Jin et al. argued that the commensal bacteria can exacerbate tumors via stimulating
the proliferation of yoT cells, which also produce pro-inflammatory cytokines like CXC2 and IL17 and promote

neutrophils to infiltrate lungs 29,

| 3. Neurotransmitters in Cancer and the Microbiome

The monoamine neurotransmitter, Serotonin or 5-hydroxytryptamine (5-HT) is able to act on the central nervous
system (CNS), neuroendocrine system (enteric nervous system) B3B3l and the immune system 22 It is known that
serotonin interacts with the microbiome and plays a role in the development and progression of various cancers
83 Contradictory to this, lower levels of serotonin may also promote colon cancer development, as low levels of
serotonin are accompanied by increased levels of DNA damage, increased inflammation, and consequently
increased levels of CRC development 24, The production of much of the serotonin within the body is regulated by
the gut microbiota. The enterochromaffin cells located in the gut supply serotonin to the mucosa, lumen, and

circulating platelets and these cells are stimulated to produce serotonin through the actions of spore-forming
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bacteria 21, Germ free male mice were also found to have higher levels of serotonin in their hippocampi. This is

preceded by an increase in the tryptophan in the blood of the male rats, which is the precursor of serotonin 22!,

In addition, serotonin stimulates proliferation in various cancers such as gliomas (where it also plays a role in
migration) B8 prostate cancer 37, bladder cancer B8, small cell lung carcinoma B2, colon cancer 49, breast
cancer “11 and hepatocellular carcinoma 2. One of the processes affected by serotonin that contributes to cancer
development and progression is angiogenesis. Increased serotonin leads to increased blood vessel development
and an increase in the size of blood vessels 4844l Studies have also focused on the use of altered serotonin or
serotonin receptor 43 expression patterns as a diagnostic or prognostic biomarker in various cancers including
urological cancers 43, and colon cancer 48, The receptors most commonly associated with the development and
progression of cancers are the 5-HT 1 and 5-HT 2 receptors 4714811491 Activation of these receptors alters the
progression of the cell cycle, stimulates cell growth and results in improved cell viability this is due to the activation
of genes such as MEK-ERK1/2 and the JAK2-STAT3 signalling pathways “3l. Increased expression of these
receptors has been identified in ovarian B, and prostate cancer B, In some cases, antagonists of serotonin
receptors, inhibitors of selective serotonin transporter and of serotonin synthesis have been successfully used to

prevent cancer cell growth in prostate cancer (221,

The migration of cancer cells was found to be stimulated by neurobiological signals, namely through the signalling
of norepinephrine 3. The correct levels of the neurotransmitter may depend on the correct populations of bacteria
within the gut as germ free mice have significantly lower levels of norepinephrine B4l In addition to dopamine
stimulating dopaminergic neurons, they activate the innate and adaptive immune cells B3, The implications of the
activation of the immune systems in the development of cancer has already been discussed. Dopamine is also

synthesized and secreted by various bacteria 28!,

Bacteria from the genera Lactobacillus and Bifidobacterium are able to produce the neurotransmitter gamma-
aminobutyric acid (GABA) B2, GABA binds to the serpentine receptor GABA(B) and the signal is internalised
through a decrease in the level of the cyclic AMP B2, GABA was found to reduce the migration of colon cancer

cells in culture through modulating the activity of norepinephrine (31,

| 4. Neurogenesis and miRNA Regulation by Microbiota

The creation of new nervous tissue (neurogenesis) is an important process for the progression of most cancers.
Tumour cells produce factors that lead to the formation of new nerve tissue 8. These newly formed nerves
release neurotransmitters that stimulate tumour growth and migration B2, Cancers can invade new tissue and
migrate along nerves or nerve tissue. Like angiogenesis and lymphogenesis these new nerves also support the
new tumour leading to the growth of cancers around these new nerves in a process known as perineural invasion
(PNI) [9. The microbiome is also able to initiate signalling cascades which stimulate neurogenesis by activating
TLR2. The process of neurogenesis can be inhibited, delayed, or even counteracted by feeding animals a mixture

of specific bacteria that changes the populations of their gut microbiota 611621,
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The regulation of gene expression through the actions of miRNA is known to play a role in neuronal proliferation,
neurogenesis, and Brain Derived Neurotrophic Factor (BDNF) signalling. These processes as well as the
expression of certain miRNAs is altered in germ free mice 3. Studies involving the next generation sequencing of
miRNA from normal, germ free and antibiotic treated mice indicate that miRNA expression in the amygdala and
prefrontal cortex is regulated by the microbiota and changes in the microbiota populations result in changes in the
expression of MIRNA. The miRNA expression pattern of germ-free mice was altered once again following bacterial
colonisation of the germ-free mice ¢4, One of the miRNAs whose expression is targeted by gut microbiota is miR-
206-3p. This miRNA is known to regulate the expression of the neurotrophic BDNF 463 BDNF is known to
stimulate growth of neurons and is important for the cancer related neurogenesis that is also involved in the

invasion, metastasis and support of cancer development and growth (Reviewed in [£8]),
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