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Abstract

It has been shown that gut microbiota dysbiosis leads to physiological changes
and links to a number of diseases, including cancers. Thus, many cancer cat-
egories and treatment regimens should be investigated in the context of the
microbiome. Owing to the availability of metagenome sequencing and multi-
omics studies, analyses of species characterization, host genetic changes, and
metabolic profile of gut microbiota have become feasible, which has facilitated
an exponential knowledge gain about microbiota composition, taxonomic alter-
ations, and host interactions during tumorigenesis. However, the complexity of
the gut microbiota, with a plethora of uncharacterized host-microbe, microbe-
microbe, and environmental interactions, still contributes to the challenge of
advancing our knowledge of the microbiota-cancer interactions. These interac-
tions manifest in signaling relay, metabolism, immunity, tumor development,
genetic instability, sensitivity to cancer chemotherapy and immunotherapy. This
review summarizes current studies/molecular mechanisms regarding the asso-
ciation between the gut microbiota and the development of cancers, which
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1 | BACKGROUND

The gut microbiota, containing at least 38 trillion bac-
teria, is pivotal for maintaining homeostasis and health
[1, 2]. Gut microbiota is appreciated as a microbial human
organ, which has 100-fold of human genome [3], involved
in immunity regulation, metabolic functions, and others.
Many studies have indicated that many diseases, including
cancers, may result from microbiota dysbiosis [4]. Impor-
tantly, microbial pathogens cause tumorigenesis in high
percentage (~20%) of cancers [5]. Thus, it is important to
investigate the involvement of these microbial pathogens
during tumorigenesis.

Progress in metagenome-wide association studies of
fecal samples, such as from colorectal cancer (CRC)
patients, has characterized some important microbial
markers of cancers [3, 6]. However, some of the causal
effects of bacteria on cancer promotion remain to be fur-
ther recognized [7]. In addition to fecal microbiota, a recent
study has shown that distinct tumor-associated micro-
biome had been characterized in several cancers includ-
ing breast, lung, ovarian, pancreatic, melanoma, bone, and
brain tumors [8]. Particularly, 19 prevalent bacteria were
characterized [8]. The intratumor bacteria are present in
cancer or immune cells (Figure 1). Little is known about
the impact of these tumor-residing bacteria on tumors in
different body sites. The challenge is that tumor-residing
bacteria are very difficult to be manipulated for further
studies because of low biomass.

Importantly, how microbiota may increase or suppress
host’s cancer susceptibility is a critical question. Charac-
terizing the causal roles of specific microbes and micro-
biota, analyzing the host-microbiota interactions during
carcinogenesis, and harnessing this knowledge for can-
cer diagnosis and therapeutic design are of great interest
to physicians and scientists. In general, when dysbiosis of
microbiota occurs in several organs, it may contribute to
epithelial barrier breach as well as reprogram immune and
metabolic signaling, including affecting other hallmarks
of cancer [9], such as causing inflammation, regulating
cellular proliferation and apoptosis, instigating genome
instability, promoting angiogenesis, and influencing cell

provides insights into the therapeutic strategies that could be harnessed for can-
cer diagnosis, treatment, or prevention.

cancer biomarkers, chemotherapy, fecal microbiota transplantation, gut microbiome,
immunotherapy, microbiota, probiotics

stemness. However detailed mechanistic regulations of
these phenomena remain to be determined.

Cancers are generally caused by host genetic alter-
ations and environmental factors, but microorganisms
are involved in human cancers as well [10], reiterating
the importance of understanding the roles of microbes
and microbiota during tumorigenesis. Microbiome may be
influenced by environmental factors such as infection, diet
and lifestyle, and these factors can lead to microbiome
dysbiosis and promote diseases and cancers [3]. There-
fore, characterizing the impacts of these factors and the
causal roles of microbiota during tumorigenesis, under-
standing host-microbiota interactions in carcinogenesis,
and exploiting the knowledge in cancer diagnosis, treat-
ment, and prevention are of great importance in future
cancer research endeavor [11].

2 | CANCER-PROMOTING BACTERIA
Based on examined whole-genome and whole-
transcriptome sequencing studies in The Cancer Genome
Atlas (TCGA) for microbial reads, unique microbial
signatures in tissue and blood were observed in many
types of cancer [12]. Thus, microbiome-based oncology
diagnostic tool seems to be established. It is then clear
that there are associations between diverse types of cancer
and specific microbiota. Also, it is important to point out
that using plasma-derived, cell-free microbial nucleic
acid examination allows discriminating among healthy,
cancer-free individuals from patients with multiple types
of cancer [12, 13] if potential contamination problem is
carefully addressed.

As mentioned earlier, a recent comprehensive inves-
tigation of microbiomes across seven cancer types indi-
cated that intracellular bacteria are widespread in tumors
[8], including genera of staphylococcus and fusobacterium
(Figure 1). It is not clear whether the enriched bacterial
species or genera can be further identified in other types
of cancer to facilitate the microenvironment to boost can-
cer growth. It is possible that these species may impose
immune inflammatory and metabolic burden, and further
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FIGURE 1 Bacteria species reside in different types of tumors. The 19 indicated bacteria strains reside in 7 indicated types of tumors [8].

The intratumor bacteria are present in cancer or immune cells such as macrophages (in yellow). These tumor-associated bacteria may
participate in cancer signaling to promote cancer growth. GBM, glioblastoma multiforme

studies are warranted. These studies suggest that cancer-
specific microbial taxa may serve as sensitive and specific
clinical diagnostic markers. It is possible that targeting
these bacterial strains may be effective and beneficial to
cancer patients. Correct microbial assessment will aid in
the detection and treatment of cancer in the future.

There are three major mechanisms by which micro-
biome can initiate cancer growth and development:
(1) causing DNA damage and instigating mutagenesis;
(2) triggering oncogenic signals; and (3) disturbing the
immune response system. Here, oncobacterial signals and
important factors involved in tumorigenesis are high-
lighted.

2.1 | Oncobacteria examples

2.1.1 | Helicobacter pylori (H. pylori)

Chronic H. pylori infection appears to be the strongest risk
factor associated with gastric cancer [14]. Chronic H. pylori
infection results in reduced acid secretion, thereby lead-
ing to the growth of a different gastric bacterial commu-
nity [15]. This change in the bacterial composition may
cause increased aggression to the gastric mucosa and lead
to malignancy.

H. pylori infection leads to the suppression of Nei-
like DNA glycosylase 2 (NEIL2), which is a mammalian
DNA glycosylase that specifically removes oxidized bases,
thereby increasing the accumulation of DNA damage dur-
ing the tumorigenesis of gastric cancer [16]. H. pylori infec-
tion in gastric organoids leads to the production of various
inflammatory cytokines. Notably, the H. pylori-infected

Neil2-knockout murine gastric organoid exhibited more
DNA damage and manifested greater inflammation and
more epithelial cell damage than wild type (WT), sug-
gesting that NEIL2 down-regulation caused by H. pylori
infection dampens DNA damage repair and amplifies the
inflammatory response to promote cancer formation [16].

H. pylori increased epidermal growth factor receptor
(EGFR) phosphorylation during carcinogenesis [17]. Gefi-
tinib, a specific EGFR inhibitor, can reduce C-X-C motif
chemokine ligand Cxcll and Cxcl2 expression in gastric
epithelial cells, decrease myeloperoxidase-positive inflam-
matory cells in the mucosa, and quench epithelial DNA
damage [17]. H. pylori infection instigates DNA damage
via suppression of Rad51 expression through inhibition of
autophagy and accumulation of p62 during gastric carcino-
genesis [18]. H. pylori infection leads to upregulation of
long non-coding RNA (IncRNA) SNHG17, which increases
levels of double-strand breaks [19]. In addition, SNHG17
is associated with polycomb repressive complex 2 and
is involved in epigenetic repression of cyclin-dependent
kinase (CDK) inhibitors, including p15 and p57, thereby
promoting cell cycle progression and proliferation [20]. H.
pylori contain genes encoding a secreted effector protein
(chronic active gastritis A, CagA) and components of a type
IV secretion system (Cag T4SS) [21], which forms needle-
like pili to bind the integrin-f1 receptor and results in injec-
tion of the CagA oncoprotein. CagA can activate the p70 S6
kinase pathway and promotes programmed death-ligand 1
(PD-L1) expression.

Together, H. pylori releases virulence factors, such as
CagA, and activates several pathways, including the EGFR
pathway, the S6 kinase pathway, and the cell cycle progres-
sion pathway, thereby promoting cancer development [22].
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21.2 | Fusobacteria

Fusobacterium nucleatum (F. nucleatum) is an oral
bacterium and functions as an “oncobacterium” [23-25]
due to its capability to promote cancer growth. F. nuclea-
tum triggers the Wnt signaling activity to promote CRC
growth [26]. Basically, the virulence factor FadA from F.
nucleatum can signal through E-cadherin and increase
expression of annexin Al [22]. Importantly, FadA activates
Wnt/B-catenin signaling, thereby upregulating c-Myc
and cyclin D1 [23]. Further, other virulence factors of F.
nucleatum, including Fap2, lipopolysaccharide (LPS) and
cell wall extracts, can affect the shift of normal epithelial
cells into tumor cells [27].

Furthermore, F. nucleatum mitigates T cell-mediated
immune responses of CRC [28]. The outer membrane
protein Fap2 interacts with inhibitory T cell immunore-
ceptor with Ig and ITIM domains (TIGIT) receptor on
natural killer (NK) cells and T cells, thereby facilitating
cancer immune evasion. It also activates Toll-like recep-
tors (TLR)4, which leads to activation of nuclear factor-
xB (NF-xB) and subsequent expression of the oncogenic
microRNA21 (miR21) [29]. miR21 reduced levels of the RAS
GTPase and was overexpressed in CRC [29]. F. nucleatum
also activates TLR4 and myeloid differentiation primary
response protein 88 (MyD88) immune signaling to induce
specific microRNAs (miRNA18a and miRNA4802) to acti-
vate the autophagy, thereby affecting CRC chemothera-
peutic response [30]. Animal experiments also show that
ApcMin/+ mice fed with F. nucleatum developed more
colorectal and small intestinal tumors when compared
with sham-fed controls. Importantly, the NF-xB path-
way is induced, leading to the expression of several pro-
inflammatory cytokines, such as tumor necrosis factor
(TNF), interleukin IL-6, IL-8, and IL-18. Recent stud-
ies indicate that F. nucleatum significantly upregulated
the expression of IncRNA Keratin7-antisense (KRT7-AS)
and Keratin7 (KRT7) in CRC cells, thus promoting cell
migration and metastasis [31]. F. nucleatum-infected cells’
exosomes can deliver miR-1246/92b-3p/27a-3p and C-X-
C motif chemokine ligand CXCL16/RhoA/IL-8 into non-
infected cells to increase cell migration ability and promote
tumor metastasis [32]. F. nucleatum is involved in glucose
metabolism by regulating enolase 1 (ENO1) through upreg-
ulating an IncRNA (ENOI1-IT1), leading to high glucose
metabolism and poor prognosis in CRC patients [33]. Mea-
surement of ENOI1-IT1, ENO1 and F. nucleatum levels may
serve as prognosis markers [33].

Due to its oncogenic role, the fecal abundance of F.
nucleatum may serve as a much needed biomarker for non-
invasive screening of CRC. Also, detection of IgA or IgG
antibodies against F. nucleatum in the serum may provide
a diagnostic strategy.

2.1.3 | Streptococcus gallolyticus/
peptostreptococcus anaerobius

CRC-specific conditions can promote Streptococcus gal-
lolyticus gut colonization [34]. Streptococcus gallolyticus
subsp. gallolyticus (SGG) is associated with the occur-
rence of CRC [34]. It strongly activates Wnt pathway,
thereby promoting signaling alterations in CRC. Basically,
SGG induces IL-1, cyclooxygenase-2 (COX-2), and IL-8,
B-catenin oncogenic downstream targets (such as c-Myc
and cyclin D) to increase cell proliferation. Peptostrepto-
coccus anaerobius can adhere to the CRC mucosa and
facilitate CRC growth in ApcMi™+ mouse cancer model
[35]. Its surface protein, putative cell wall binding repeat
2 (PCWBR2), interacts with a,/@; integrin to induce the
activation of the Phosphoinositide 3-kinase (PI3K)-Akt
pathway, thereby causing cell proliferation and NF-xB
activation. Blockade of integrin a,/3, by RGDS pep-
tide leads to abolishing peptostreptococcus anaerobius-
mediated oncogenic activity [35].

Together, these observations highlight the rationale of
targeting “oncobacteria” for certain cancer therapy. Fur-
ther efforts should be the identification of more tumor-
promoting bacteria in cancer patients and the translation
to novel, bacteria-directed therapies.

2.2 | Mechanisms of oncobacteria in
instigating tumorigenesis

Gut microbiota can impact oncogenesis by a variety
of molecular mechanisms including aberrant signal
transduction, epigenetic regulation, immunoregulation,
mucosa deregulation, p53 regulation, and metabolite
contribution.

2.2.1 | Aberrant signal transducer/epigenetic
regulation

The stool from patients with CRC fed into axozymethane
(AOM)-treated or germ-free mice leads to increased num-
ber of polyps or high levels of intestinal dysplasia and
proliferation [36,37] (Figure 2). In AOM experiment, mice
administrated with stool from CRC patients demonstrate
markers of inflammation and high T helper 1 (Thl) and
Th17 cells in the colon when compared with stool from
healthy person without CRC [37]. It was shown that stool
from CRC patients induces cell proliferation and acti-
vates f-catenin as well as other oncogenic factors such
as Aurora Kinase A in the germ-free mouse experimental
group [37]. This study highlights the interactions among
host immune system/oncogenic signaling, microbiota, and
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FIGURE 2

Microbial community from colorectal cancer patients promotes carcinogenesis. The stool from patients with colorectal

cancer fed into axozymethane (AOM)-treated mice leads to increased number of polyps. Stool from healthy person is used as a control

intestinal tumor formation. How the microbial community
from CRC patients in promoting carcinogenesis remains
to be addressed as it is not clear whether this change
in cancer phenotype is due to an increase in tumor-
promoting bacteria or a decrease in anti-tumorigenic
bacteria.

It was shown that microbiota can induced epigenetic
programming based on whole-genome bisulfite sequenc-
ing of conventionally raised, germ-free mice [38]. Basically,
commensal microbiota can induce local DNA methylation
changes at regulatory elements through TET2/3 regula-
tion (hydroxylate 5SmC) [38]. Indeed, the microbiota can
induce changes in gene expression through profound DNA
methylation and chromatin accessibility changes at regu-
latory elements. Another example is that Escherichia coli
(E. coli) can produce colibactin, which can alkylate DNA
through electrophilic cyclopropane [39]. Obviously, DNA
methylation will result in alterations in gene expression
programs, thereby affecting diseases or cancer formation.
Collectively, a deeper understanding of the cancer in
microbiome environment and the early aberrant signals in
cancer cells associated with microbiome might guide the
therapeutic targeting strategy.

2.2.2 | Deregulated immune modulation

The immune system is a dominant force in controlling can-
cer growth. Attenuation of immunity leads to carcinogene-
sis, cancer progression, and ill responses to cancer therapy
[40]. The gut microbiota plays a critical role in immune
functions. On the other hand, the host immune system
developed multiple ways to maintain its functional rela-
tionship with the microbiota [41].

Gut microbiota acts through the function of metabolites,
including short-chain fatty acids (SCFA), bile acids, and
tryptophan metabolites, to regulate the multiple processes
in immune cells [42-44]. For example, the aryl hydro-

carbon receptor (AhR) is involved in the regulation of
intestinal immunity by bacterial tryptophan (Trp) metabo-
lites (indole, indolic acid, skatole, and tryptamine) to reg-
ulate intestinal immunity [45]. Also, microbiota-derived
Toll-like and nucleotide-binding oligomerization domain
receptor (TLR) ligands can impact on local intestinal cells
and also penetrate beyond the mucosa into the circula-
tion system to affect immune cells [41]. TLR1, 2, 4, 5, 6,
7, and 9 contribute to the recognition of various bacte-
rial components [46]. Gut microbiota also activates NLRP6
inflammasome through LPS and/or bile-acid conjugate
taurine, which leads to the production of epithelial IL-18
and antimicrobial peptides [47].

Gut microbiota can modulate systemic immune
responses. Basically, microbial metabolites are able to
penetrate the epithelial barrier, thereby entering the host
circulatory system where they are sensed and responded by
immune cells. For example, bacteria-produced metabolite
tryptophol impacts on interferon (IFN)-y production [48].
This microbiome-cytokine interaction can be character-
ized, and certain bacterial taxa can be predicted to impact
cytokine production. Also other bacterial metabolites can
activate local dendritic cells, which in turn activate naive
T cells to effector T cells, T regulatory cells (T reg), or Th17
cells. For example, T reg can secret IL-10 to regulate local
anti-inflammatory cytokines. Th17 cells produce IL-17 to
increase Paneth cell-mediated production of antimicrobial
peptides [40]. It is important to point out that Th17 cells
are important lymphocytes connecting host microbiota
and cancer [49]. Lung cancer can be caused by chronic
inflammation. Local lung microbiota elicits inflammation
associated with lung adenocarcinoma through activating
lung-resident y8 T cells [50]. In an animal study, germ-free
or antibiotic-treated mice are resistant to lung cancer
development induced by Kras mutation and p53 loss [50],
suggesting the microbiota-lung tumor development link.
This process involves bacteria-mediated inflammation
[50].
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Because of the critical relationship between the micro-
biome and immune regulation, numerous evidence sug-
gests that modulating the gut microbiome can impact
responses to cancer immunotherapy. For examples, sev-
eral ways, including life style change (diet, exercise,
psychosocial condition), prebiotics, probiotics, and Fecal
microbiota transplantation (FMT), have been exploited to
modify the gut microbiome (Figure 3) to enhance ther-
apeutic responses to cancer immunotherapy such as
immune checkpoint inhibitors (ICI) [40].

How and why the gut microbiome can influence the
therapeutic response to ICI in various cancers remain
hot topics in cancer research field [40]. Characterizing
the intricate regulation among cancer, immunosurveil-
lance, host immunity, metabolism, and the gut micro-

biome becomes very critical in exploiting strategies for
cancer therapy [40]. The effectiveness of approved ICIs
shown to be dependent on the composition of gut micro-
biota[22] has led to increased great interest in identifying
more bacteria strains that could promote reinvigoration of
anticancer immune responses.

2.2.3 | Mucosa deregulation

It was shown that diets lacking dietary fiber can cause
degrading of host glycans of the intestinal mucus layer by
gut microbial species [51, 52]. Basically, fiber deficiency
leads to erosion of mucus barrier and allows gut bacte-
ria to use mucus glycoproteins as a nutrient source [53].
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As a result, a defective mucus layer increases the infec-
tion by citrobacter rodentium as mucus layer is a defense
against many pathogens. Interestingly, the presence of Bifi-
dobacterium longum can revert such an impact [54]. Like-
wise, Western style diet (WSD) can alter the gut microbiota
composition in colonic lumen and mucus layer [54]. Espe-
cially, Bifidobacterium is reduced in mucus layer because
of WSD. Thus, dietary fiber is known to affect the gut
microbiota composition, thereby influencing the colonic
mucus barrier, which is a primary defense against enteric
pathogens. When dietary fiber is deficient, the gut micro-
biota resorts to secreted mucus glycoproteins as a nutri-
ent source, causing erosion of the colonic mucus barrier
integrity. This forms a diet-microbiota-intestinal barrier
integrity axis, which is important for health and cancer
prevention [55]. This information is useful for elaborating
strategies to strengthen mucus layer.

224 | p53regulation/DNA damage

p53 is a tumor suppressor and is the most frequently
mutated or deleted gene in many types of tumors [56, 57].
Surprisingly, p53 mutant can avoid activating Wnt signal-
ing, thereby inhibiting tumorigenesis. However, this phe-
nomenon is reversed by the gut commensal metabolite gal-
lic acid [58, 59]. Thus, the impact of microbiome creates
a microenvironment to impact a cancer gene’s functional
activity although the detailed mechanism required further
studies.

Many bacteria demonstrated mechanisms to cause DNA
damage, so it can kill other competitors and survive among
bacteria species. In the meanwhile, these bacterial defen-
sive systems can promote mutations that lead to carcino-
genesis. For examples, colibactin from Escherichia coli,
Bacteroides fragilis toxin from enterotoxigenic Bacteroides
fragilis, and cytolethal distending toxin from e- and y-
proteobacteria are either causing DNA damage directly
or eliciting high production of ROS that leads to DNA
damage [11].

2.2.5 | Contributions of metabolites in
promoting/regulating cancers

Microbiota can generate several small molecules and
metabolites to promote tumorigenesis and to affect thera-
peutic responses through both local and systemic impacts
[6, 60, 61]. Metabolites of microbiota are the functional
output of host-microorganism interactions, contributing to
physiological regulations of host [62, 63]. They are known
to demonstrate direct and indirect genotoxic activity. Prod-
ucts from protein (including H2S, p-cresol) and secondary

bile acids (e.g., deoxycholic acid [DCA]) plus products of
the breakdown of liver-detoxified xenobiotics contribute to
cancer initiation and progression [64]. Several metabolites,
such as butyrate, DCA, trimethylamine-N-oxide (TMAO),
and others known to regulate the development of cancer,
are discussed (Figure 4).

SCFA/DCA

SCFAs play pivotal roles in many host physiological
and biochemical functions, such as maintenance of gut
barrier function, gut motility, secretion of serotonin/5-
hydroxytryptamine, gut hormones, gastric inhibitory pep-
tide and glucagon-like peptide 1, chromatin regulation,
the gut-brain axis, immunological function, and others
[43, 62]. For example, dietary fiber undergoes anaerobic
fermentation in the presence of the commensal micro-
biota, such as Clostridia spp., to generate SCFAs, which
stimulate expansion of Treg cells and inhibit intestinal
inflammation. Also, butyrate serves as metabolic energy
source for colonocytes but becomes detrimental to stem
cells [47].

Bile acid is synthesized by the liver, stored in the gall-
bladder, and processed by intestinal bacteria, such as
Clostridium hylemonae and Clostridium hiranonis [65], to
produce DCA. High-fat diet elevates the hepatic synthe-
sis of bile acids. Excess levels of secreted bile acids can
enter the colon, facilitating increased conversion of pri-
mary to secondary bile acids by colonic bacteria through
7a-dehydroxylation to generate high levels of tumor-
promoting DCA. The genus Clostridium was character-
ized to have the enzymatic activities (7a-dehydroxylase) to
perform 7a-dehydroxylation, thereby producing secondary
bile acid DCA [65]. DCA plays critical roles in different
tumors by mediating various signaling pathways, includ-
ing regulating microRNA, enhancing EGFR-MAPK signal-
ing, decreasing p53 levels, and increasing -catenin acti-
vation [66]. For example, in a high-fat diet mouse model,
DCA supplementation leads to increased hepatocellular
carcinoma development. On the other hand, using antibi-
otics to eradicate DCA-producing bacteria can reverse this
phenomenon [67]. Also, DCA can antagonize Farnsoid X
receptor to induce DNA damage in Lgr5™ cells, which leads
to CRC progression [68]. Bile acids are converted by bacte-
ria to generate many bioactive molecules. The 3 oxolitho-
cholic acid (3-oxoLCA) and isoalloLCA are identified as
important T cell regulators [69]. 3-oxoLCA can inhibit the
differentiation of Th17 cells while isoalloLCA promotes the
differentiation of T reg cells. It is then conceivable that
microbiota dysbiosis will disturb the modulation of the bal-
ance of Th17 and T reg cells, which are critical in tumor
immune surveillance [69]. CRC patients have increased
amounts of DCA in serum, bile, and stool [66]. Bile acid can
be conjugated by glycine or taurine. Taurine-conjugated
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bile acids can be metabolized by gut microbes to generate
hydrogen sulfide and DCA, which are genotoxic, thereby
promoting cancer growth [66]. Further, bile acid pool in
gut can affect the population of colonic FOXP3" Treg cells,
suggesting a role in regulating immunity [70].

As discussed, DCA seems to promote cancer growth.
However, a recent study shows that DCA is downregu-
lated in gallbladder cancer (GBC), and reduced DCA is
correlated with patient poor survival [71]. Surprisingly,
DCA treatment suppressed tumor growth by inhibit-
ing cell proliferation. Mechanisticallyy DCA reduced
miR-92b-3p expression through N°-methyladenosine-
dependent posttranscriptional regulation by facilitating
dissociation of methyltransferase-like 3 (METTL3) from
METTL3-METTL14-WTAP complex, thereby increasing
phosphatase and tensin homolog deleted on chromosome
10 (PTEN) tumor suppressor expression [71]. miR-92b-3p
can inhibit the expression of PTEN. The studies reveal
that DCA impacts on PTEN expression to suppress GBC

growth. Thus, DCA may serve as a tumor suppressive
agent for GBC. The discrepancy regarding DCA’s role
in different cancers might, in part, be explained by the
heterogeneity of different cancers.

Trimethylamine N-oxide (TMAOQO)

Choline, carnitine, creatinine, betaine or lecithin metab-
olized by host gut microbes to synthesize trimethylamine
(TMA). TMA can be absorbed through the intestinal
wall and transported to the liver. TMA then would be
metabolized into TAMO through oxygenation by hep-
atic flavin-containing monooxygenase 3 [72]. Thus, TAMO
is a gut microbiota-dependent metabolite from fat and
dietary meat. TAMO has been shown to be involved
in cardiovascular risks (myocardial infarction, or stroke)
[73, 74]. Omnivorous human subjects produce more TMAO
when compared with vegans or vegetarians as L-carnitine
from red meat is processed by gut microbiota to subse-
quently produce TAMO [75]. Also, circulating TMAO is
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particularly elevated during the aging process and may
play a role in the pathogenesis of Alzheimer’s disease
[76]. Importantly, TMAO level is associated with cancer
risk, such as CRC [77]. TMAO levels are correlated with
CRC risks [77]. It is implied that TAMO-induced inflam-
mation could be culprit for cancer formation, but other
mechanisms exist. Also, reticulum stress kinase PERK
can function as a receptor for TMAO. TAMO can activate
the PERK-mediated unfolded protein response, thereby
inducing the transcription factor Forkhead box protein O
(FoxO)1, which is a key regulator of metabolism [72]. Thus,
the compositional changes of intestinal microbiota and
TMADO are linked to cancer risk. TMA and TMAO produc-
tion is an important factor that links diet, intestinal micro-
biota and cancer. Further understanding the role of TAMO
in cancer pathogenesis will help to determine how to cope
with diet, microbiota, and TAMO signaling in the control
and prevention of cancers.

Tryptophan

Colon cancer cells can uptake and process tryptophan
more than normal colonic cells. Tryptophan can be
metabolized through the kynurenine pathway, the sero-
tonin pathway, protein synthesis, or transformation to
various compounds [62]. Oncogenic Myc promotes the
expression of solute carrier family (SLC)1A5, SLC7AS,
and the tryptophan-metabolizing enzyme arylformami-
dase, thereby generating kynurenine to promote cell pro-
liferation [62]. Kynurenine can enhance spheroid growth
and increase invasive potential of pancreatic cancer cell
lines [78]. Kynurenine is an oncometabolite that can pro-
mote nuclear translocation of the transcription factor AhR,
a transcription factor for inflammation and immunity
[79]. Interestingly, various bacterial enzymes are homol-
ogous to the enzymes of human kynurenine pathways. It
remains to be determined if gut microbiota is involved in
Myc-regulated kynurenine-AhR axis for promoting can-
cer growth, as tryptophan can be converted into vari-
ous catabolites by the gut microbiota. For example, Lac-
tobacilli can convert tryptophan into indole-3-aldehyde,
which functions as an AhR agonist. AhR activation will
enhance gene expression of IL-22 microbicidal factors and
increasing Th17 cell activity [80].

Insulin resistance

In a Swedish study, gut microbiota composition is changed
in people with impaired glucose tolerance or combined
glucose intolerance and type 2 diabetes (T2D) [81]. Inter-
estingly, the abundance of several butyrate-producing bac-
teria are reduced both in prediabetes and T2D patients
[81, 82]. It was then concluded that insulin resistance
is strongly associated with microbial dysbiosis [81]. In
another study, T2D-associated bacteria produce imidazole

propionate metabolite from histidine, which can impair
glucose tolerance and insulin signaling [83]. Thus, imi-
dazole propionate level is high in T2D patients [84, 85].
Insulin resistance leads to a potential to promote cancer
growth: impacts include causing hyperinsulinema, hyper-
glycemia, and mTOR activation [86, 87]. Indeed, imida-
zole propionate can activate mTOR [83]. Insulin resistance
results in metabolic alterations, which are important in
supporting the uncontrolled growth of tumor cells [86,
88, 89]. Therefore, it is conceivable that impacts of gut
microbiota dysbiosis on causing insulin resistance might
be involved in promoting cancer growth. Modifying gut
microbiota may be a feasible way for the prevention and/or
delay of T2D onset or cancer formation.

Inosine

Three bacterial species, Bifidobacterium pseudolongum
(B. pseudolongum), Lactobacillus johnsonii, and Olsenella,
have been identified to positively impact the efficacy of
immune checkpoint inhibitors in mouse cancer mod-
els [90]. Significantly, B. pseudolongum can enhance
immunotherapy efficacy by producing the metabolite ino-
sine. Indeed, inosine is the immunotherapy-promoting
metabolite and experimentally demonstrates its impact in
intestinal cancer, bladder cancer, and melanoma [90]. Basi-
cally, inosine mechanistically promotes Thl activation and
antitumor immunity, and Thl immunity is beneficial for
most antitumor responses. Inosine regulates T cell-specific
A,AR signaling to promote Thl cell activation. It is then
possible to develop inosine-based adjuvant therapies as
inosine boost the efficacy of ICI. Further development of
metabolite biomarkers in refining the efficacy of ICI ther-
apies and deeper understanding the mechanisms behind
will help determine the ICI treatment strategies.

Niacin

Niacin functions as a precursor of nicotinamide adenine
dinucleotide (NAD) and nicotinamide adenine dinu-
cleotide phosphate (NADP), and is a cofactor of many
enzymes. NAD plays critical roles in redox reactions, in
which NAD and NADH are interconverted. NAD also
functions as a substrate for sirtuins, NAD-dependent
protein deacetylases that connects transcriptional reg-
ulation to cellular energetics [91]. Dietary fiber and
carbohydrates from host mucins undergo fermentative
pathways to generate monosaccharides by bacterial
polysaccharidases and/or glycosidases. These monosac-
charides are catabolized further through either the pentose
phosphate pathway or the Embden-Meyerhof-Parnas path-
way to generate pyruvate or NADH [62]. G protein-coupled
receptor (GPR)I09A, a tumor suppressor, is a receptor
for both butyrate and niacin in the colon [92]. Niacin is a
pharmacological GPRI109A agonist and can inhibit colon
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cancer growth in a GPR109A-dependent manner [93].
Interestingly, niacin demonstrated beneficial effects on
DSS-induced colitis in mice by enhancing the production
of prostaglandin D, [94].

Vitamin B

B vitamins are critical for human health, acting as enzyme
cofactors involved in important functions such as energy
metabolism, DNA and protein synthesis. For example,
B vitamins are critical in regulating ser-gly one-carbon
(SGOC) metabolism [62]. Indeed, they are substrates or
cofactors in the folate and SGOC cycles. Gut bacteria
species are able to synthesize 8 B vitamins (vitamins B;, B,,
B3, Bs, Bg, B7, Bg and By,) and are critical for human health
as human is unable to synthesize enough B vitamins [62].
Since SGOC pathway is frequently deregulated in cancers
[95, 96], it is conceivable that composition changes in Vita-
min B-producing bacterial species will impact on tumori-
genesis.

Diacetyl spermine/urolithin/oncotoxins

Bacterial biofilms, contributing to polyamine pool, are very
important in altering the host tissue microenvironment
[97]. There is an upregulation of polyamine metabolites in
tissues from cancer patients [98, 99]. Importantly, antibi-
otic treatment can clear bacterial film, thereby decreasing
N(1),N(12)-diacetylspermine [100], a polyamine metabo-
lite affecting the growth of both cancer and biofilm.
Mechanistically, increased polyamine concentrations cor-
related with eukaryotic proliferation and cell-wall synthe-
sis of microbiota. Thus, the upregulation of polyamine
metabolism will facilitate cancer growth. It will then be
interesting to explore inhibiting polyamine metabolism
for suppressing cancer growth. Eggethellaceae family bac-
teria were identified to generate urolithin metabolites
[101]. Microbial metabolite urolithin A is derived from
polyphenol of several fruits and have anti-oxidative, anti-
inflammatory, and anti-ageing activities. It activates AhR
to upregulate tight junction proteins [102]. It is conceivable
that these activities may be involved in regulating tumori-
genesis.

In addition, the carcinogenic versions of the bac-
terial species Escherichia coli and Bacteroides fragilis
can generate secreted oncotoxins to cause cancer in
Familial adenomatous polyposis (FAP) patients [103].
Cytolethal-distending toxin produced by enteric pathogens
(Escherichia and Campylobacter spp.) can cause double-
strand DNA breaks and is carcinogenic [104]. Colibactin
is produced by members of the Enterobacteriaceae fam-
ily to induce DNA damages [105]. Thus, microbiome pro-
duces certain oncogenic toxins and/or metabolites to influ-
ence cancer prognosis. Modulating the microbiome and
its products can be useful for cancer treatments [106].

Together, the above mentioned information might be use-
ful for elaborating strategies to overcome cancer develop-
ment caused by certain “oncobacteria”.

3 | CANCER-PROTECTING BACTERIA

The important advances in microbiome studies have led
to the appreciation of the critical protecting role of intesti-
nal microbes, such as probiotics, in human diseases includ-
ing cancers. Probiotic bacteria impact on physiological
and immunological mechanisms; therefore, they may
have antitumor activity. Several mechanisms have been
described: altering the intestinal microflora, inactivat-
ing carcinogenic compounds, competing with pathogenic
microbiota, improving immune system, regulating apop-
tosis and cell differentiation, producing healthy metabo-
lites, maintaining barrier integrity of gut mucosa [107]
(Figure 3). Many research findings regarding the protective
role of probiotics/prebiotics in diseases/cancers are very
encouraging [108-111]. For example, probiotics and prebi-
otics can modulate the gut microbiota and is beneficial to
improve human health [112, 113]. Lactobacillus, Bifidobac-
terium, and Saccharomyces are safe and effective probi-
otics. Others, such as Roseburia spp. [114], Akkermansia
spp. [115-117], Propionibacterium spp. 118, 119], have poten-
tials to be characterized as probiotics. Nonetheless, clinical
trials are still required to examine the safety and effective-
ness of probiotics for cancer therapy.

3.1 | Beneficial probiotics

3.1.1 | Lactobacillus
Lactobacillus spp., is a common probiotic used in dietary
supplement. Its cancer protection role has been exam-
ined in mouse cancer model. The effect of Lactobacil-
lus fermentum, Lactobacillus acidophilus and Lacto-
bacillus rhamnosus on cancer growth is demonstrated
in azoxymethane/dextran sulfate sodium (AOM/DSS)-
induced colitis-associated cancer model [120]. Lactobacil-
lus fermentum can inhibit colonic tumor formation and
mitigate pro-inflammatory cytokine production. Further it
can alter the composition of gut microbiota by reducing the
presence of Bacteroides [120]. Thus, Lactobacillus probi-
otics is beneficial in alleviating colon cancer progression.
It was shown that Lactobacillus reuteri (L. reuteri) can
maintain the cell number of Lgr5* cells and stimulate
intestinal epithelial growth to repair epithelial damage,
thereby protecting the intestinal mucosal barrier integrity
[121]. Further, L. reuteri can decrease Citrobacter roden-
tium (C. rodentium) colonization, thereby ameliorating
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intestinal inflammation in mice. It is a promising ther-
apeutic agent for intestinal inflammation. L. reuteri is
also critical to drive maturation and function of the
immune system. For example, L. reuteri can induce
CD4+CD8aa™ double-positive intraepithelial lymphocytes
(IELs) by activating AHR [122]. Basically, L. reuteri can
metabolize dietary tryptophan to indole derivatives to
activate AHR, which in turn downregulates Thpok (Th-
inducing BTB/POZ-Kruppel-like factor) transcription fac-
tor to reprogram CD4* IELs into double-positive IELs.
These cells may be critical for preventing pathogen infec-
tion and protecting epithelial barrier in the gut. These
results highlight potential therapeutic use of Lactobacillus
in tumors.

3.1.2 | Bifidobacterium

Bifidobacterium can modulate cancer immunotherapeu-
tic efficacy. Oral administration of Bifidobacterium in a
melanoma mouse model can improve tumor control as
efficient as PD-L1 antibody therapy (checkpoint blockade)
[123]. Importantly, Bifidobacterium and anti-PD-L1 com-
bination treatment is very efficient in suppressing tumor
outgrowth [123]. Interestingly, mice fed with a WSD have
an altered gut microbiota that instigates increased penetra-
bility and decreased growth rate of the inner mucus layer.
Importantly, Bifidobacterium longum can restore mucus
growth in WSD-fed mice, thereby protecting mucus func-
tion [124]. Cell surface S-glucan/galactan (CSGG) polysac-
charides of Bifidobacterium bifidum is critical for Treg
induction [125]. CSGG activates regulatory dendritic cells
through TLR 2, which in turn leads to immune suppres-
sive activity. Dysregulation of intestinal microflora, such as
Bifidobacterium bifidum, may cause inflammatory disor-
ders due to compromised immunosuppressive functions of
Foxp3™ Treg cells [125]. These studies highlight the thera-
peutic potentials of Bifidobacterium in cancer treatment or
prevention as it impacts on immune regulation and mucus
protection.

3.1.3 | Faecalibaculum rodentium

Faecalibaculum rodentium of the mouse microbiota
and its human homologue, Holdemanella biformis, are
under-represented or lost bacteria during tumourigenesis
[126]. Both Faecalibaculum rodentium and Hemicrepid-
ius biformis have generated SCFA metabolites (mainly
butyrate) that inhibit calcineurin and nuclear factor of
activated T-cells (NFAT)c3 activation to control protein
acetylation and tumor cell proliferation [126]. Administra-
tion of F. rodentium in ApcMin/ + which harbors a mutation

in the Adenomatous polyposis coli (APC) gene mutated
in more than 80% of sporadic CRC, or azoxymethane- and
dextran sulfate sodium-treated mice can mitigate tumor
growth. Similarly, Holdemanella biformis seems to behave
like Faecalibaculum rodentium in inhibiting cancer cell
growth in ApcM™/* model through the action of butyrate,
an Histone deacetylase (HDAC) inhibitor. Thus, these
anti-tumorigenic bacterial strains may be useful for cancer
therapeutic design (Figure 3). Nevertheless, the impact of
Holdemanella biformis on human tumor growth remains
to be evaluated. If successful, it may also serve as a cancer
biomarker for early detection of cancers.

3.1.4 | Streptococcus thermophilus
Streptococcus thermophilus is one of the many lactic acid
bacteria and is a powerful probiotic found in the colon
and has shown digestive, immunity, and other health ben-
efits. Importantly, Streptococcus thermophilus was found
to be depleted in CRC patients [127]. Consistently,
Streptococcus thermophilus has tumor-suppressive activ-
ity. This was demonstrated in mouse models: Apc™n/+
and azoxymethane-injected mice [127]. Oral gavage of
Streptococcus thermophilus leads to significantly reduced
tumor formation in these two mouse models. Mass spec-
trometry studies clearly demonstrate that a protein called
B-galactosidase secreted from Streptococcus thermophilus
has tumor-suppressive impact on cancer growth [127].
B-galactosidase secreted by Streptococcus thermophilus
reduced cell proliferation, inhibited colony formation,
caused cell cycle arrest, and led to apoptosis of CRC cells
and impeded the tumor growth in mouse CRC xenograft
study [127]. Impressively, S-galactosidase secreted from
Streptococcus thermophilus can boost the abundance of two
well-known probiotics, such as Bifidobacterium and Lac-
tobacillus, suggesting a collaborative effect between pro-
biotics [127]. Mechanistically, -Galactosidase-dependent
production of galactose reprogrammed energy homeosta-
sis via changing oxidative phosphorylation and hampered
the Hippo pathway kinases, thereby mediating the tumor-
suppressive effects of S. thermophilus [127]. However, the
detailed mechanism of -galactosidase on human tumor
growth required further studies.

Streptococcus thermophilus strains can also produce and
release folate during growth [111]. Folate serves as an
important factor in diet and is critical in cell metabolism,
including DNA replication, repair, methylation, and syn-
thesis of nucleotides. Studies indicate that folate deficiency
is quite common among people [128]. It is possible that
folate released from Streptococcus thermophilus may play
roles in tumor-suppressive effects of Streptococcus ther-
mophilus. Also, Streptococcus thermophilus have impacts
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Bacterial strains boost immune responses to fight pathogen infection and enhance anti-PD-1 treatment efficacy in cancer.

Eleven indicated bacterial strains [132] isolated from healthy human stool samples can induce interferon-y-producing CD8 T cells in the

intestine. In mouse models, the 11 strains delivered through FMT can increase interferon-y-producing CD8 T cells, thereby augmenting host

resistance against pathogen Listeria monocytogenes infection. Also in tumor implantation study, they caused an increase in CD8* IFN-y* T

cells to boost the therapeutic efficacy of immune checkpoint inhibitor anti-PD-1, thereby inhibiting cancer growth. PD-1, the programmed cell

death protein 1

on the severity of colitis, lymphocyte profile, and regula-
tory T-cell response [129], which are critical in ameliorat-
ing symptoms by modulating the immune response under
the dextran sulfate sodium (DSS)-induced colitis condi-
tion. In summary, impact of 5-galactosidase and folate
from Streptococcus thermophilus on human tumor growth
needs further studies, and the applications in tumor diag-
nosis/treatment could be explored through clinical trials.

3.2 | Mechanisms for cancer-protecting
bacteria
3.21 | Immunity boosting

The gut microbiota plays a pivotal role in regulating the
innate and adaptive immune systems [130, 131]. The impact
of the microbiota on cancer development relies on the
intricate interaction between the microbiota, the tumor,
and the immune system [60]. Gut bacterial species can
boost immune cells to target cancer and/or protect against

pathogen infection. Eleven bacterial strains that were iso-
lated from healthy human stool samples were verified to
induce IFN-y-producing CD8 T cells in the intestine [132]
(Figure 5). Importantly, the 11 strains augment host resis-
tance against pathogen Listeria monocytogenes infection.
Further, they boost the therapeutic efficacy of immune
checkpoint inhibitor anti-programmed cell death protein
1 (anti-PD-1) in mouse cancer models [132]. In both cases,
the 11 bacterial strains caused an increase in CD8* IFN-y*+
T cells. There is a great potential of using these 11 strains for
effective biotherapeutics (Figure 5). Also, SCFA-producing
bacteria can bind to GPR41, GPR43, and GPR109A located
on the surface of epithelial cells and immune cells. SCFA
promotes the production of mucus from goblet cells,
hindering the activity of NF-xB, eliciting signaling of
inflammasomes and production of IL-18, facilitating the
secretion of secretory IgA (sIgA) from B cells, and increas-
ing the function of colonic Treg cells [97, 133]. A recent
study shows that microbiota can activate protective immu-
nity against colitis and CRC [134]. Odoribacter splanchni-
cus leads to Th17 cell development and allows the host to
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be resistant to colitis and CRC [134]. Therefore, an impor-
tant role of gut microbiota is probably to aid the activity of
immune system.

3.2.2 | Metabolite regulation

About 50% of metabolites in the human plasma are from
bacterial origin. For example, all SCFAs and secondary bile
acids are synthesized by gut microbiome. These metabo-
lites have impacts on cancer development and affect the
efficacy of cancer therapies.

It was demonstrated that mice fed with a high-fiber
diet may have an elevated level of SCFA [135]. SCFAs
produced from commensal bacteria stimulate generation
of Treg cells, which is critical in limiting inflammatory
responses in the intestine [133]. Importantly, butyrate’s
HDAC inhibitory activity leads to reduced proinflam-
matory cytokine expression [133]. SCFAs can induce
macrophage differentiation and enhance antimicrobial
function of macrophage. It inhibits HDAC3 activity to
impact glycolysis, mTOR activity, and autophagy [43].
SCFAs can augment immunity via IgA, which blocks bac-
terial adherence to epithelial cells. IgA can cause aggluti-
nation, entrapment, and clearance and has impacts on bac-
terial virulence [40].

Butyrate and niacin are bacterial products due to the
fermentation of dietary fiber in the colon. They bind to
Niacrl, a receptor for butyrate and niacin, to suppress
intestinal inflammation [93], thus mediating the benefi-
cial effects of gut microbiota. Chromatin is a signal inte-
grator within cells, and it takes environmental cues from
small-molecule metabolites to reprogram gene expression
(chromatin modification) in response to various stim-
uli. For example, methyl donor S-adenosyl methionine
and acetyl-Coenzyme A can regulate the activity of mod-
ifying enzymes that add and remove chromatin mod-
ifications. Also microbial-derived butyrate is known to
acetylate histones and regulate target gene expression.
However, there is controversial evidence that butyrate can
promotes cancer [136], suggesting that detailed mechanis-
tic regulation by butyrate needs to be further character-
ized. Maintaining intestinal homeostasis requires cross-
talk between host and microbes. There is a link between
butyrate, macrophage differentiation and antimicrobial
activity. Schulthess et al. [137] showed that butyrate-
induced antimicrobial activity is linked to a shift in
macrophage metabolism, decreasing mTOR kinase activ-
ity, an increase in microtubule-associated protein 1 light
chain (LC3)-associated host defense, and anti-microbial
peptide production. Basically, butyrate-mediated histone
deacetylase 3 inhibition can drive macrophage differen-
tiation. Thus, butyrate induced the antimicrobial activ-
ity of intestinal macrophages. The role of butyrate as a

differentiation factor for monocyte-derived macrophages
can be further exploited for disease treatment or cancer
therapy.

Systemic inflammation, bacterial dissemination,
butyrate depletion, and mortality were observed in mice
subjected to taurocholate-induced necrotizing pancreatitis
under a Western style diet [138]. Significantly, butyrate
supplementation can decrease mortality, bacterial dis-
semination, and reverse the microbiota alterations.
Microbiota analysis demonstrated that patients with
acute pancreatitis have an increase in Proteobacteria and
a decrease of butyrate producers [138]. Pancreatitis is
linked to pancreatic cancer; it is then conceivable that
butyrate producers can be designed for pancreatic cancer
prevention. Thus, these studies underscore the possibility
of using butyrate or butyrate-producing bacteria for cancer
prevention and/or therapy. More studies should focus
on fecal metabolomics profiling as fecal metabolomics
is the important readout of microbial metabolism and
annotates microbial interaction with host environment
[139]. Fecal metabolomics profiling can provide insight
into the relationship between fecal metabolites and cancer
genetics.

Collectively, gut microbiota can generate/lose metabo-
lites in the intestinal environment to promote genetic and
epigenetic changes that lead to cancer. It is then critical to
combine metabolites and microbiome analyses to illustrate
interactions between gut microbiota, metabolism, and
the host in terms of understanding microbiota-regulated
tumorigenesis.

4 | NEW DIAGNOSTIC APPROACHES
USING MICROBIAL MARKERS

Since gut microbiota are involved in the development of
cancer, it is possible to exploit the microbiota identified
by metagenome sequencing analysis for cancer diagno-
sis. If successfully executed, microbiota biomarkers can
be explored as a potential screen for early-stage cancers.
For example, traces of microbes’ DNA and RNA are found
in various tissues, blood, and tumors, and they can be
employed as a signature of cancer patients or healthy indi-
viduals [12]. It has been demonstrated that plasma-derived,
cell-free microbial nucleic acids from patients can be used
for diagnosis of several types of cancer, including prostate
cancer, lung cancer, and melanoma based on artificial-
intelligence programs [12, 140, 141]. Thus, microbiome-
based diagnostic tool for cancers can be established in near
future to serve as biomarkers. However, it will be critical
to obtain insights into the distribution (location) and func-
tion of these microbial signatures. Also, the mechanisms
by which microbes enter and reside in cancerous tissues
remain to be determined. Further, mechanistic insights
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into how to target these microbes for cancer treatment and
prevention is required.

4.1 | CRC microbiota

The colon is a location with the largest number of gut
microbes, which links to CRC [142-144]. Enterococcus fae-
calis, Shigella, Escherichia coli NC101, Bacteroides fragilis,
Streptococcus bovis, H. pylori, F. nucleatum are known
to promote CRC cancer growth, while Bifidobacterium,
Eubacterium rectale, Faecalibacterium prausnitzii, Lacto-
bacillus may reduce the growth of CRC [6]. Bacteroides
dorei, Bacteroides vulgatus, Bacteroides massiliensis, and E
coli, are involved in systemic inflammation and in promot-
ing CRC tumor growth [145]. F. nucleatum is involved in
recruiting tumor-infiltrating myeloid cells to establish a
proinflammatory microenvironment to promote tumorige-
nesis [146]. Fusobacterium spp. were abundant in tumors
when compared with adjacent healthy tissues [147]. Micro-
bial biomarkers, including fusobacteria, porphyromonas
[147], improve the accuracy of predictive models for ade-
noma and carcinoma groups. F. nucleatum, Bacteroides
clarus, Roseburia intestinalis, Clostridium hathewayi were
identified in fecal samples of CRC patients, and thus can
serve as diagnosis biomarkers of CRC [148]. It has been
shown that combination of three or four markers can
improve the diagnostic ability for CRC.

Peptostreptococcus anaerobius was identified as one of
the microbial species associated with CRC [35]. In ani-
mal studies, its oncogenic role was confirmed to facili-
tate CRC development in ApcMi™+ mice [35]. Its PCWBR2
surface protein is critical in binding to integrin «,/f; to
activate Akt and NF-xB pathway, thereby promoting cell
proliferation and pro-inflammatory immune response [35].
Through its adherence and colonization in guts, it was able
to promote tumor development [34. However, it remains
to be determined if this is the only mechanism to ini-
tiate tumorigenesis although eliciting pro-inflammation
response is also observed. Moreover, several other bacte-
rial species have been described in promoting CRC devel-
opment, such as Enterococcus faecalis, Alistipes spp., Bifi-
dobacterium spp., and Bacteroides thetaiotamicron [9]; they
are close to the epithelium and are involved in mucosal
immune system. Further progress in understanding more
molecular mechanisms underlying dysbiosis of microbiota
in colon cancer could lead to novel therapeutic strategies to
control the growth of CRC.

4.2 | Gastric microbiota

In a gastric cancer study, analysis of microbiota dysbio-
sis has the capacity to differentiate between gastritis and

gastric carcinoma [15]. Importantly, functional analysis of
the gastric cancer microbiota identified nitrosating micro-
bial community in gastric carcinoma [15]. Also, it has
been shown that Proteobacteria, Firmicutes, Actinobacte-
ria and Fusobacteria phyla are frequently detected in gas-
tric biopsies [15]. Noticeably, H. pylori infection as men-
tioned above appeared as a major risk factor for gastric can-
cer (GC). However, only 3% of H. pylori infection accounts
for gastric cancer, suggesting that other bacteria strains
are involved in gastric tumorigenesis [149]. Indeed, five
bacteria strains Peptostreptococcus stomatis, Streptococcus
anginosus, Parvimonas micra, Slackia exigua and Dialister
pneumosintes were characterized to be enriched in gastric
cancer [150]. Future studies to understand the pathological
impacts from these bacterial strains are warranted. Thus,
they could serve as non-invasive diagnosis markers for gas-
tric cancer. Further, these five bacterial strains are impor-
tant members of the human oral microbiome, suggesting
that oral hygiene is critical in preventing gastric cancer.
Clostridium colicanis and F. nucleatum are also enriched
in gastric cancer and demonstrate an excellent predictive
ability for prognosis [151].

4.3 | Esophageal microbiota

The microbiome is less well characterized in the con-
text of esophageal squamous cell carcinoma (ESCC).
Only a small number of studies characterized the human
esophageal microbiota in health and disease [152-154].
A recent study demonstrated significant enrichments of
Treponema amylovorum, Streptococcus infantis, Prevotella
nigrescens, Porphyromonas endodontalis, Veillonella dis-
par, Aggregatibacter segnis, Prevotella melaninogenica, Pre-
votella intermedia, Prevotella tannerae, Prevotella nanceien-
sis and Streptococcus anginosus in ESCC [155]. These 10
bacterial strains are involved in oral health, suggesting that
oral hygiene plays important roles in tumor development
of ESCC [155]. Consistent with these data, it was demon-
strated that tooth losses can potentially increase the risk of
ESCC development [156] and that ESCC with high burden
of F. nucleatum, which inhabits the oral cavity and causes
periodontal disease, correlates with poor recurrence-free
survival (RFS) [157]. In addition, Porphyromonas gingivalis,
a Gram-negative bacterial species plays a critical role in
periodontal diseases, is a pivotal biomarker of ESCC [158].
Studies reveal that one of the top-ranked Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathways in these
10 ESCC-associated bacterial strains is nitrate reductase
function [155]. Nitrate is important inorganic nitrogen
sources for microbes, and many bacteria express assimila-
tory nitrate reductase to catalyze the rate-limiting reduc-
tion of nitrate to nitrite [159]. Nitrate reduction plays a piv-
otal role in pathogenic/neoplastic progression [160]. The
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observation that deregulation of nitrate reductase func-
tions in the microbiota of ESCC may impose pathogenic
effects during ESCC tumorigenesis [155]. It is then possi-
ble that targeting those bacteria strains involved in nitrate
regulation may be feasible in treating ESCC.

In esophageal adenocarcinoma (EAC), lipopolysaccha-
rides, a major structure of the outer membrane in gram-
negative bacteria, upregulate gene expression of proin-
flammatory cytokines via activation of the Toll-like recep-
tor 4 and NF-xB pathway and promote the occurrence
of Barrett esophagus and EAC [161, 162]. The peri-
odontal pathogen Tannerella forsythia is associated with
higher risk of EAC while the periodontal pathogen Por-
phyromonas gingivalis, a Gram-negative bacterial species
involved in periodontal diseases, is associated with higher
risk of ESCC [158]. Together, these studies foster an interest
in characterizing several oral bacteria strains as a cancer
biomarker and promoting strategies designed to modulate
these bacteria strains for efficient therapeutic applications.

4.4 | Pancreatic cancer microbiota

Pancreatic cancer is one of the most lethal cancers,
with a 5-year survival rate of less than 5%. Pushalkar
et al. [163] have detected specific gut and tumor micro-
biome in mouse models of pancreatic cancer, indicat-
ing bacterial translocation from the gut into the tumor.
However, the composition of the human pancreatic duc-
tal adenocarcinoma (PDAC) microbiome that leads to
pancreatic cancer growth remains to be further stud-
ied. Recently, several bacteria species, such as Porphy-
romonas gingivalis and Aggregatibacter actinomycetem-
comitans, are associated with increased risk of pancre-
atic cancer [164]. Further, it is demonstrated that PDAC
patients with long-term survival have an intra-tumoral
microbiome signature (Pseudoxanthomonas-Streptomyces-
Saccharopolyspora-Bacillus clausii) when compared with
patients with short-term survival [165], suggesting that
the gut microbiome can influence tumor microbiome and
tumor growth [166]. Indeed, PDAC microbiota composi-
tions are significantly different between long-term survival
and short-term survival. Also, it has been shown that the
pancreas is colonized by Malassezia [167, 168]. It has been
shown that Malassezia fungi can migrate from the gut
lumen to the pancreas to accelerate the oncogenesis of
PDAC [168]. Fungal ablation studies indicate that repop-
ulating with Malassezia globosa is sufficient to accelerate
the tumorigenesis of PDAC [168]. Further delineation of
the possible cancer-promoting mechanisms of these bacte-
ria or fungi remains to be demonstrated although inflam-
matory process/complement cascade is proposed.

The gut microbiota causes infections in necrotizing
pancreatitis, which in turn might have impact on tumor
development. For example, in an animal model with
taurocholate-induced necrotizing pancreatitis, systemic
inflammation and bacterial dissemination were elevated
in mice fed with Western style diet [138]. Gut microbiota
analysis and metabolism profiling demonstrated a loss of
diversity and enrichment of Escherichia coli, and butyrate
depletion. Interestingly, butyrate supplementation can
reduce bacterial dissemination, and reverse the microbiota
alterations.

Not just limited to gut microbiota, salivary micro-
biota analysis reveals a difference in salivary microflora
between pancreatic cancer and healthy control. Two bac-
terial candidates (Neisseria elongata and Streptococcus
mitis) were identified [169]. In addition, these two bac-
teria candidates demonstrated variation between chronic
pancreatitis samples and controls [169]. These observa-
tions suggest that these two candidates can serve as non-
invasive biomarkers of pancreatic cancer and chronic
pancreatitis.

4.5 | Breast cancer microbiota

The microbiome linked to breast tissue and breast dis-
eases is poorly understood although studies have shown
that a distinct microbiome with certain species enriched
in the breast cancer tissue itself [8, 106, 170, 171]. Recently,
breast cancer animal model studies have revealed that
microbiota dysbiosis facilitates circulating of tumor cells,
thereby enhancing dissemination of cancer cells to the
lymph nodes and lungs [172], suggesting that the gut
microbiome is critical in breast cancer metastasis. The
underlying mechanism is that microbiota dysbiosis pro-
motes inflammation and enhances fibrosis and collagen
deposition plus myeloid recruitment in tumor microenvi-
ronment. Certainly, further studies are required to exploit
this finding in human cancer for interventions or diag-
nosis to improve treatment outcome. In breast cancer
patients, several species were particularly enriched in
postmenopausal patients, such as Escherichia coli, Kleb-
siella sp_1_1_55, Prevotella amnii, Enterococcus gallinarum,
Actinomyces sp. HPA0247, Shewanella putrefaciens, and
Erwinia amylovora [173]. Further understanding the cause
and effect of these bacterial strains may help diagnosis or
treatment. Also, studies have shown that a distinct micro-
biome with particular species is enriched in breast tis-
sues, the nipple aspirate, and the gut of breast cancer
patients [171]. Together, the breast cancer microbiomes
play a critical role in therapeutic response, diagnosis, and
staging.
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4.6 | Melanoma microbiota

Approximately 70% of melanoma patients are resistant
to ICI therapy [174]. Evidence has suggested that the gut
microbiome is critical in determining the treatment effi-
cacy of ICI therapy, including anti-PD-1, -PD-L1, -cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4), or combi-
nation immunotherapy. Indeed, there is a fecal micro-
biome signature inherent across ICI responders [175]. Dif-
ferences of microbial compositions between ICI respon-
ders and nonresponders have been demonstrated. For
example, analysis identified important bacteria strains
enriched in responders, such as Faecalibacterium and Bar-
nesiella intestinihominis [175, 176]. These microbiome sig-
natures of ICI responders can be exploited for diagnosis
and therapeutic designs. Also, resistance may be caused
by particular bacterial metabolites, such as SCFA, which
could impact the efficacy of ICI. The microbiota has obvi-
ously opened up a new avenue for predicting the effi-
cacy of immunotherapy. Combining microbiome composi-
tion with tumor genomics and metabolomics will be more
accurately in predicting the efficacy of ICI treatments.

4.7 | Liver cancer microbiota

Evidence demonstrates the important role of the gut
microbiota in promoting the carcinogenesis of hepa-
tocellular carcinoma [177, 178]. Basically, gut micro-
biome dysbiosis and barrier damage-mediated leaky gut
can facilitate the progression of liver diseases and can-
cer. For example, the impact of DCA metabolite from
gut microbiome can promote cancer and senescence;
lipopolysaccharide can activate microbe-associated molec-
ular patterns (MAMPs) through Toll-like receptor to elicit
inflammation, fibrosis, proliferation, and anti-apoptotic
signals [62].

Alterations of the human gut microbiome have been
characterized in liver cirrhosis [179]. Streptococcus spp. and
Veillonella spp. are particularly abundant in liver cirrhosis
patients, implying that these two genera might play a criti-
cal role during liver cirrhosis [179] although the molecular
mechanism of promoting liver cirrhosis remains to be
investigated. Primary sclerosing cholangitis or colitis are
two risk factors for cholangiocarcinoma as they facili-
tate tumor development by causing an accumulation of
C-X-C chemokine receptor type 2(CXCR)2* polymor-
phonuclear myeloid-derived suppressor cells (PMN-
MDSC) that protect tumors from elimination by immune
cells. Importantly, gut barrier dysfunction allowed gut
bacteria and lipopolysaccharide to appear in the liver,
thereby inducing CXCL1 expression in hepatocytes to
form an immunosuppressive environment by increasing
PMN-MDSC to promote liver cancer [180]. Together, it can

be emphasized that gut-liver axis is critical in promoting
liver-related diseases. Interrupting DCA signaling, reg-
ulating MAMP, or strengthening barrier integrity could
be considered to design novel therapeutic strategies to
control the development of liver cancer/diseases.

4.8 | Oral microbiota and cancer

There are about 700 bacterial species that reside in the
oral cavity [181]. Oral microbiome is associated with oral
cancers such as oral squamous cell carcinoma (OSCC)
[182]. Well-known causative factors of oral cancer such as
tobacco, alcohol, and betel nut may change the oral micro-
biome composition, thereby affecting oral cancer develop-
ment. The change of oral microorganisms may alter the
inflammatory microenvironment and deregulate host sig-
naling pathways that are critical in controlling, inflam-
mation, cell viability, proliferation, or differentiation. For
example, colonization by Porphyromonas gingivalis and
Streptococcus gordonii can cause impaired innate host
defense and trigger inflammation [182]. Porphyromonas
gingivalis, which is a critical pathogen in chronic peri-
odontitis, can antagonize chemically induced apoptosis
[183]. Porphyromonas gingivalis results in activation of
Jak1/Akt/Stat3 signaling pathway that regulates intrinsic
mitochondrial apoptosis pathway [184].

Porphyromonas gingivalis expresses surface molecules
that can activate the Toll-like receptor 2-TLR1 complex and
secretes arginine-specific cysteine proteinases (HRgpA
and RgpB gingipains enzymes) that act on the complement
component C5 to generate C5a, a ligand of complement
C5a receptor 1 C5aR1 [185]. Therefore, Porphyromonas gin-
givalis can activate both C5aR1 and TLR2 in phagocytic
cells to promote the expansion of inflammophiles and
subsequent dysbiosis and disease-provoking state. Porphy-
romonas gingivalis can also inhibit the phagocytosis of
OSCC cells by macrophages, thereby promoting immuno-
evasion of oral cancer by protecting cancer from the attack
of macrophages [186]. F. nucleatum is an oral bacterium.
As mentioned earlier, it can promote CRC chemoresis-
tance through regulating TLR4-MYD88 pathway and func-
tion as an oncobacterium [23, 30]. The role of F. nuclea-
tum in oral cancer has not been well-documented, but it
is linked to head and neck cancer [187], acute appendici-
tis [188], inflammatory bowel disease (IBD) [189], metasta-
sis [32], esophageal cancer [155], breast cancer/pancreatic
cancer [8]. It is conceivable that it may have a role in the
development of oral cancer. It is worthwhile to point out
that the impact of the oral microbiome extends beyond
the oral cavity and oral cancer. Oral microbes can affect
coronary artery disease [190, 191], preterm delivery of low-
birthweight neonates [192], Alzheimer’s disease [193], and
rheumatoid arthritis [182].
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gut microbiota can also systemically impact the host’s many listed physiological functions. Both can possibly influence cancer development

and cancer therapeutic efficacy and toxicity [210]

Thus, oral microbiome is associated with various can-
cers/diseases through direct toxic impacts of bacteria and
their products and/or through indirect impacts of inflam-
matory pathology and signal transductions. Pathological
effects due to oral microbial dysbiosis warrants further
investigations.

5 | GUT MICROBIOTA AND CANCER
THERAPY EFFICACY

The crosstalk between microbes and host cells is criti-
cal for health and regulation of many physiological func-
tions both locally and systemically [194]. For example, gut
microbiota can affect locally regarding the nutrient absorp-
tion, vitamin B synthesis [195], bile acid metabolisms
[196], carbohydrate fermentation [197], maintenance of
barrier integrity [55], and regulating mucosa immunity
[198] (Figure 6). Importantly, the gut microbiota can also
systemically impact the host’s metabolism, behavioral and
cognitive activities [199], cardiovascular functions [200],
hematopoiesis functions [201], ageing [202], inflammation
and immunity [203, 204], and circadian rhythm [205, 206]
(Figure 6), thereby affecting cancer development and can-
cer therapeutic efficacy and toxicity [140]. Also, tumor-
associated microbiota (Figure 1) may involve in cancer
initiation, progression, and responses to cancer thera-

pies [207]. Of note, microbiome regulates complex cel-
lular networks involved in enhancing or attenuating the
formation of cancer (Figure 7). Therefore, it is critical
to investigate how the gut microbiome changes during
the development of cancers and whether these changes
can contribute to drug resistance during chemotherapy
or other types of treatment. Investigating the role of
gut microbiome/tumor-associated microbiota will provide
promising insights into diagnostic tools, biomarkers, and
therapeutic intervention strategies for cancers.

Because the gut bacteria have the modifiable nature,
gut microbiome can be modified for the purpose of can-
cer therapy via FMT, the administration of probiotics or
certain bacterial species, altering lifestyle or changing diet
[208], and using well-designed antibiotic or tailored bacte-
riophages (Figure 3). Use of techniques in modulating the
gut microbiota for cancer therapy will be discussed. Studies
to unravel the relationship between microbiota and cancer
drug resistance may have potential implications for over-
coming drug resistance in clinical situation.

5.1 | Microbiota impacts
chemotherapeutic efficacy

The drug resistance to chemotherapy is a difficult chal-
lenge for treating cancers. Cancer cells have intrinsic
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genetic mechanisms that mediate chemo resistance, but
little is known if other non-cancer cells may impose
an impact on drug resistance. Until recently, grow-
ing evidence suggests that microbes have impacts on
the chemotherapeutic drug efficacy of cancer therapies
[209]. Further, several microbial species are character-
ized to modulate radiotherapy and immunotherapy [210].
For example, higher F. nucleatum burden leads to poor
response to neoadjuvant chemotherapy [157, 211]. It is then
important to understand the mechanism of action from
these microbial species, so improving anticancer efficacy
is possible.

It was shown that glycolysis generates ATP and NAD™
that are used by poly(ADP-ribose) polymerase (PARP) to
repair DNA damage and provide energy for Multidrug
Resistance Efflux pumps on cellular membranes to dis-
card toxic chemotherapy agents. Thus, enhanced glycol-
ysis can have impact on drug resistance. It is known
that dietary fiber by increasing the abundance of Pre-
votella can improve glucose metabolism [212]. Barley Ker-
nel supplements or high fiber leads to increased Prevotella
in gut microbiota [212]. Prevotella subsequently protects
against Bacteroides-induced glucose intolerance [212]. Glu-
cose intolerance can lead to accelerated tumor growth

[86, 213]. A recent study indicates that ARAF mutations
conferred resistance to RAF inhibitor [214]. CRC with Kras
or RAF mutations often upregulates glucose transporter 1
(GLUT1), a gene encoding glucose transporter-1 involved
in glycolysis, to reprogram cancer energy metabolism [215],
implying that the glycolysis deregulation is critical for can-
cer development and drug resistance. It is conceivable that
microbes can affect drug efficacy through moderating glu-
cose intolerance.

511 | Gemcitabine

Also, the microbiota is involved in direct metabolic
processes of drugs, including reduction, hydrolysis, dehy-
droxylation, and dealkylation [209], so the microbiota
impacts drug pharmacokinetics, anticancer activity and
toxicity. Thus, it is possible that controlling gut microbiota
may be a useful strategy in reducing drug resistance.
For example, it was shown that bacteria can metabolize
gemcitabine (2’,2’-difluorodeoxycytidine) into its inactive
form, 2’2-difluorodeoxyuridine [216]. The metabolic
process is dependent on bacterial enzyme cytidine
deaminase found in intratumoral Gammaproteobacteria.
Gemcitabine is commonly used in treating PDAC, and
many PDAC patients are positive for Gammaproteobac-
teria, implying that many of them may be resistant to
Gemcitabine treatment. Targeting Gammaproteobac-
teria may have potential implications for overcoming
gemcitabine resistance in pancreatic cancer.

51.2 | Erlotinib

Specific taxa related to different cancer treatment
responses in multiple cancer types are identified [217].
Functional profiles of intestinal microbiota of cancer
patients were assessed. On the basis of this information,
microbiota composition and functionality can predict the
response to cancer treatments including cytotoxic or tar-
geted chemotherapy, immunotherapy, or a combination
[217]. Bacteroides ovatus and Bacteroides xylanisolvens
were then identified in cancer treatment responders, and
thus were positively correlated with treatment outcomes
[217]. Significantly, administration of these two respon-
der bacteria strains can boost the treatment efficacy of
erlotinib in mouse lung cancer model [217]. They are
able to increase the expression of the chemokine (C-X-C
motif) ligand 9, CXCL10, and IFN-y in the tumors of
erlotinib-treated mice, implying their impact on cytokine
expression [217]. This microbiota signature to strengthen
the treatment efficacy may be applied to various cancer
therapeutic designs as the signature is independent of
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cancer types. The potential of combining this bacterial
signature with various types of cancer therapies should
be addressed soon in clinical trials involving patients
with tumors. Similarly, it was shown that combination
of L. acidophilus and Bifidobacterium bifidum can reduce
intestinal toxicity in cancer patients treated with both
radiotherapy and cisplatin [218]. Further, they actually
enhance anti-tumor effect of cisplatin. Therefore, specific
gut microbes can be characterized to significantly increase
the effect of chemotherapy.

Also prebiotics (such as inulin or oligofructose) and
postbiotics (such as butyrate) have the potential of pre-
venting cancer [112, 219, 220]. Lactobacillus and Bifidobac-
terium are two genera of probiotics. They are efficient in
decomposing sugars and producing lactic acid [220]. It
is known that probiotics are beneficial to human health
[220]. Probiotics will have impacts on the microbiota by
inhibiting colonization of pathogenic bacteria, strengthen
gut barrier, reduce colonic immunity or enhance anti-
cancer immunity, influence neuromuscular function, and
drive the microbiota-gut-brain axis [220, 221] (Figure 3). It
is then conceivable that administrations of beneficial bac-
teria (such as Bacteroides ovatus and Bacteroides xylanisol-
vens and other probiotics) together with prebiotics may be
employed as anticancer adjuvant agents in enhancing can-
cer therapeutic regimens.

5.1.3 | Oxaliplatin

Efficacy of oxaliplatin was diminished due to reduced
intratumoral ROS production in germ-free mice model,
suggesting the therapeutic effects of oxaliplatin depend on
the presence of microbiota [222]. Thus, these data support
that the microorganisms play a critical role in determin-
ing the efficacy and toxicity of chemotherapeutic agents.
However, the complexity remains to be characterized to
understand the host-microbial interactions in modulating
the human clinical outcomes of drugs.

Collectively, the dysbiosis of microbiota could be the cul-
prit of drug resistance, and a strategic intervention against
the specific bacterium associated with drug resistance may
significantly improve therapeutic response in patients with
cancer. Gut microbiota modification could be a strategy to
boost the efficacy and/or reduce the potential toxicity and
adverse effects of cancer therapeutic treatment [223].

5.2 | Microbiota affecting
immunity/immunotherapy

MAMPs. MMAPs and
patterns can interact

Microbial products cause
damage-associated molecular

with membrane-bound and cytoplasmic innate immune
receptors to regulate metabolism, inflammation, innate
and adaptive immunity [210]. Metabolites of microbiota
or bacteria themselves are involved in activating local
dendritic cells to activate naive T cells to effector T
cells, such as Tregs or Th17 cells. Tregs can secret IL-10
to establish a local anti-inflammatory cytokine milieu,
while Th17 cells can produce IL-17 to increase Paneth cell
production of antimicrobial peptides [40]. It is interesting
to point out that in gut microbiome of corona virus disease
2019 (COVID-19) patients’ immunomodulatory potential
bacterial strains, such as Faecalibacterium prausnitzii,
Eubacterium rectale and Bifidobacteria, were particularly
depleted, suggesting the link of immunity, virus infection,
and gut microbiome [224]. Strong evidence has indi-
cated a critical role of microbiome in regulating human
immunity as broad-spectrum antibiotics treatment can
affect the immune response to vaccination by affecting
inflammatory signatures, metabolism, and inflammasome
activation [225].

Several cancer therapies, including the trendy
immunotherapy, have improved the clinical outcomes
for many cancer patients, but sometimes the outcomes
are heterogeneous and required further insights to
understand the discrepancy [226-230]. The predictors of
response to cancer therapy have been proposed to be the
microbiome, as the microbiome is critical in influencing
host immunity, which is involved in impacting responses
to cancer treatment [231]. Indeed, it was shown that in
anti-PD-1-based cancer immunotherapy of melanoma
patients, Bifidobacterium longum, Collinsella aerofacieus,
and Enterococcus faecium were more abundant in respon-
ders. Also, anti-PD-1 cancer immunotherapy efficacy is
correlated with fecal SCFA concentrations [232]. Basically,
high concentrations of SCFAs, including acetic acid,
propionic acid, butyric acid, valeric acid, and isovaleric
acid, are associated with longer progression-free survival
[232]. Thus, SCFAs act as the effectors between the gut
microbiota and anti-PD-1 cancer immunotherapy efficacy.
Because fecal examinations are completely noninvasive,
they may be applicable for routine monitoring of patients.
It is then critical to identify the effectors affecting the gut
microbiota’s role in therapy in order to design strategies
to modify the microbiome to boost cancer therapeutic
responses [40, 233].

The gut microbiota impacts systemic immune func-
tion through local interactions within the gut mucosa
and gut-associated lymphoid tissue. Several microbial
taxa are enriched in response to cancer immunother-
apy agents (such as anti-CTLA-4 and/or anti-PD-1). On
the other hand, several microbial taxa are enriched in
nonresponders. Whether these associations are correla-
tive in nature or indeed manifest causality remains to be
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established. Recently, it has been shown that efficacy of
anti-CTLA-4 and anti-PD-L1 therapies require Bacteroides
enrichment and Bifidobacterium abundance respectively
[234], illustrating that gut microbiota is a critical mod-
ulator of the immune system. Together, the interaction
between microorganisms and the host immune regula-
tion is frequently observed [235]. Of note, gut microbiota
has impacts in regulating inflammation [236], a well-
characterized hallmark of cancers, thereby furthering the
development of cancers [237, 238]. This characteristic also
participates in deciding the immunotherapy efficacy.

5.3 | FMT applications in clinical
medicine

FMT was first used in patients roughly 1700 years ago by
a Chinese physician/chemist named Ge Hong [239]. He
orally administered ‘Huang Long Tang’, a stool liquid from
a healthy person, to cure patients of severe diarrhea. FMT
was used as a treatment for Clostridium difficile infection
in 1958 [240]. Recently, there are several clinical trials using
FMT to treat colon cancer, breast cancer, melanoma, renal
cell carcinoma, liver cancer, gynecological cancer, head-
and-neck cancer, and lung cancer [241]. Therefore, the use
of FMT in cancer patients for cancer therapy purpose is
emerging [242].

531 | Successful FMT treatment in diseases

Dysbiosis of microbiota leads to a plethora of disease con-
ditions, such as skin, inflammatory, metabolic, neurolog-
ical disorders, and cancers. Understanding host-microbe
interaction is critical for diagnosis and critical thera-
peutic design for these ailments. Indeed, several stud-
ies have demonstrated that FMT is effective in treating
ulcerative colitis, irritable bowel syndrome (IBS), and hep-
atic encephalopathy [243-245]. Some of these applications
serve as the important examples to follow for cancer ther-

apy.

Depression, autism, aging, birth

FMT from depression patients into germ-free mice leads
to increased immobility times in the forced swimming
and tail suspension tasks, suggesting that gut microbial
dysbiosis is involved in stress-related behavior in human
depression [246]. Gut microbiota dysbiosis is involved in
the pathophysiology of autism as gut microbiota dysbiosis
and barrier dysfunction can cause behavioral changes as
well as neurodevelopment disorder [243]. Children with
autism often suffer gastrointestinal problems, suggesting
that microbiome correlates with autism [247]. Indeed,

microbiome links to abnormal metabolites and behavior
of children with autism. Significantly, FMT can alleviate
behavioral symptoms in children with autism. The engraft-
ment of donor microbiota and changes in the gut environ-
ment lead to the improvement. Several taxa including Bifi-
dobacterium, Prevotella, and Desulfovibrio are increased
after FMT, suggesting that they may play important roles
in autism [247].

In a mouse model study, FMT from aged donor mice
resulted in compromised spatial learning and memory
in young recipients [248]. This phenomenon is due to
altered expression of proteins involved in synaptic plas-
ticity and neurotransmission in the hippocampus [248].
Cesarean section (CS) infants lack for the mother-to-
neonate transmission of maternal fecal microbes. Intrigu-
ingly, gut microbiota of CS-born infants can be restored
by maternal FMT [249]. Not only do these FMT appli-
cations lead to impressive results in animal experiments,
but results in human clinical applications have substantial
therapeutic potential, thus highlighting the importance of
developing FMT for these diseases or conditions.

Obesity, IBS, clostridium difficile infection

It has been shown that the intestinal microbiome is also
correlated with several diseases including obesity, IBS and
Clostridium difficile infection [250]. Characterizing the
relationships and understanding the roles of microbial
strains involved in these diseases will allow future diagno-
sis and treatment [250]. For obesity, it was shown that FMT
from lean donors can improve insulin sensitivity in obese
recipients with metabolic syndrome [251]. IBS is a common
disorder with altered gut function. IBS FMT was admin-
istrated to healthy mice, and these mice demonstrated
faster gastrointestinal transit, barrier integrity dysfunc-
tion, innate immune system activation, and even behavior
change [252]. Thus, microbiome has impact on IBS pro-
gression. FMT was applied in the treatment of Clostridium
difficile infection [253]. FMT for Clostridium difficile infec-
tion has been remarkably successful [254]. The mechanis-
tic impacts from FMT include competition with Clostrid-
ium difficile, rebuilding secondary bile acid metabolism,
and restoring gut barrier integrity. Although FMT has suc-
cessfully treated relapsed or refractory Clostridium diffi-
cile infection, the recent incident of bacteremia caused by
extended-spectrum beta-lactamase-producing Escherichia
coli is alarming [255]. It is important to point out that
enhanced donor screening is required to mitigate the trans-
mission of bacteria that could cause adverse infectious
events.

Together, it has been shown that the intestinal micro-
biome is correlated with several diseases including obe-
sity, IBS, and CDI, and that FMT showcases its potential in
clinical applications. Characterizing the relationships and
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understanding the roles of microbial strains involved in
these diseases will allow more future use of these bacterial
strains in diagnosis and in improving treatment [250].

5.3.2 | Promising FMT in cancer therapy

As for the cancers, they are described below.

ICI therapy
Recently, ICI immunotherapy has made a big progress.
Many factors are deciding the immunotherapy efficacy,
including mutational load, cancer metabolism, and micro-
biota [40]. Evidence demonstrates that the composition of
microbiota impacts responses to anticancer immunothera-
pies and can be a novel biomarker of response assessment
[256, 257]. It was demonstrated that the presence of specific
immune-potentiating bacteria, including Akkermansia
muciniphila, Faecalibacterium prausnitzii, Bifidobacterium
spp., and Bacteroides fragilis, is critical for ICI ther-
apy. Therefore, modulation of the microbiota composition
appears to be a critical strategy for future treatment [258].
Although ICI therapy targets CTLA-4, PD-1 and PD-
L1 to increase T cell activation for effective anti-cancer
immune responses, treatments often lead to immune-
related adverse effects, such as ICI-associated colitis. There
isan urgent need to deal with this issue. Significantly, mod-
ulation of the gut microbiome with FMT seems to be effec-
tive in abrogating ICI-associated colitis [259]. These results
demonstrate that therapeutic responses of ICI have specific
dependencies on bacterial composition; in the clinic, the
adverse effects of ICI-related colitis in ICI treatment could
be ameliorated by FMT.

Melanoma, gynecology cancer, and FMT

Several strategies can be employed for modifying the gut
microbiota of cancer patients, including FMT from specific
donors, administration of single bacterial species or mixed
several bacterial species, using antibiotics to reduce “bad”
bacterial species, using prebiotics to facilitate beneficial
bacterial species growth or direct probiotics to strengthen
the microenvironment (Figure 3) [258]. The major indirect
impacts of FMT include immunotherapy efficacy modula-
tion, regulation of bile acid metabolism/SCFA metabolism,
and restoration of intestinal microbiota diversity. Direct
impacts can be obtained from bacteriophages and metabo-
lites transferred [243] (Figure 3).

Several years ago, it was documented that the gut micro-
biome plays an important role to affect the response of
anti-PD-1 immunotherapy in mouse models and patient
cohorts [226-228]. Basically, these investigations serve as
a proof of concept. But FMT has not been exploited
in cancer patients to investigate whether modulation

of gut microbiota can really increase the efficacy of
anti-PD-1 immunotherapy until recently. Phase I clini-
cal trials indicate that patients with anti-PD-1-refractory
metastatic melanoma had their responses to anti-PD-
1 immunotherapy improved after FMT from anti-PD-1
responders [260-262], suggesting a big step in improving
cancer immunotherapy. Further, in human clinical tri-
als from Davar et al. [262] showed that FMT increased
abundance of taxa of Bifidobacteriacae, Coriobacteriacae,
Ruminococcaceae, Lachnospiraceae in patients responded
to anti-PD-1 immunotherapy.

FMT contains the microbiome, which is critical in main-
taining homeostasis and health. Microbiota dysbiosis is
also responsible for gynecological cancer [263-265]. Epi-
demiological studies indicate that the urogenital micro-
biota dysbiosis is implied in gynecological cancers, partic-
ularly cervical cancer [263, 264, 266]. Probiotics or micro-
biota transplant seems to be effective in improving respon-
siveness to treatment of gynecological cancer [263, 267,
268]. In the presence of damaged barrier integrity, the
microbiota may cause carcinogenesis by impacting host
cell proliferation and death, disturbing the regulation of
immune system, and affecting metabolism of host. Gut
microbiota modulation, such as FMT, to correct microbial
dysbiosis is a rational therapeutic strategy for prevention
and treatment of cancer.

Collectively, clinical trials evaluating the efficacy of FMT
in non-responder of melanoma patients regarding ICI
treatment efficacy are quite promising. These inspirational
clinical trials will enable more development of effective
new immunotherapies combined with FMT in many types
of cancer.

FMT in clinical trials
FMT is very effective in treating Clostridium difficile infec-
tion. Clinical trials have demonstrated that oral capsules
or colonoscopy delivery is equally effective [269]. This
resolves the concern regarding how to deliver microbiota
much more efficiently. The clinical trials showed high effi-
cacy of FMT for Clostridium difficile infection patients.
Short-term follow-up demonstrated a very good safety pro-
file [270]. However, continuing long-term follow-up will be
required for establishing the full safety profile of FMT.
There are more than 200 studies about FMT in clini-
cal applications listed in ClinicalTrials.gov, suggesting the
enthusiasm from the medical field [243, 271]. However,
microbiota-targeting of certain bacterial strains remains to
be further established. Certainly, FMT standardized treat-
ment approaches to a particular disorder or cancer will
need further refinement. Long-term safety of FMT needs
to be established and monitored, such as side effect in
inflammation or autoimmune reactions. Further, quality
control, central registration of stool banks, and clinical
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outcome with careful follow-up are required to be estab-
lished. The rational design of novel FMT-based combi-
nations with chemotherapy or immunotherapy for use in
cancer patients will need a well-established framework to
select the most appropriate therapeutic agents. FMT car-
ries tremendous promise to improve the treatment and sur-
vival of cancers, and further investigations/clinical trials
will ultimately improve the lives of cancer patients.

FMT and future applications

FMT is indeed effective for a variety of human illnesses.
However, for microbiota-based therapeutic strategy to be
more practical in clinic applications, we still have a long
way to go. FMT may have advantages, as this process
can transfer microbiota, SCFAs, other metabolites, and
microphages, which will have uncharacterized impacts
in providing advantage in therapeutic efficacy (Figure 3).
However, the use of defined bacterial species will prob-
ably increase the robustness of efficacy and decrease the
risks associated with FMT from unknown bacterial com-
position. Promising evidence indicates that we are making
progress in harnessing the power of microbiota in fighting
diseases and cancers [260, 272].

The caveats of FMT are that live microorganisms pose
safety concerns, especially when they are modified genet-
ically. But it is possible to use phage, small molecules or
macromolecules that can modify the natural gut micro-
biota or provide microbiota’s beneficial effects to overcome
potential concerns. The availability of stool banks makes
FMT a useful new treatment option for many other disor-
ders, including cancers, possible in addition to Clostridium
difficile infection. FMT has been investigated in several
diseases, such as IBD, IBS, metabolic syndromes, autism,
neurodevelopmental disorders, and cancer diseases [243].
Although FMT study is still in its infancy, we expect to
see more applications in the future. It is a very exciting
field, and well-executed clinical trials will be furthering the
applications in many microbiota-related conditions.

6 | CONCLUSIONS

Although cancer is generally considered a disease of the
gene deregulation, more studies have demonstrated that
the microbiome contributes to the tumorigenesis of can-
cers. Contributions of the fecal microbiome to gastroin-
testinal cancers are evident, and this phenomenon has
extended to other types of cancer. Future applications in
terms of diagnostics based on the microbial signatures
have great potentials. Microbiome investigation has led
to promising development of cancer care during the past
few years. The relationship characterization between the

microbiome and cancer biology has emerged. The criti-
cal cancer gene-microbiome environmental interactions
in cancer have been demonstrated. The impact of diet
on the microbiome composition/metabolism, which in
turn affects the cancer risk, has been illustrated. Modi-
fying microbiota to affect the efficacy of chemotherapies
and immunotherapies has been successful. Thus, the gut
microbiome has a strong potential to be exploited as both
a diagnostic tool and a therapeutic strategy for anticancer
therapy.

Nonetheless, our current understanding of how human
microbiota can confer susceptibility to certain cancers is
far from complete; for example, there are still extensive
gaps in understanding the compositions of microbiota as
many of the bacterial species are not easy to be cultured;
the crosstalk between the gut microbiota and the phys-
iological systems remains to be characterized; beneficial
impacts of prebiotic molecules or probiotic strains remain
to be further investigated in human clinical studies; the
roles of phages, archaebacteria, fungus in regulating can-
cer growth remain to be explored; direct effect of local pres-
ence within the tumor microenvironment or regulating the
systemic impact of distant microbiota or physiology war-
rants further investigation. This field is still young, and we
are left with many challenges described above. It is impor-
tant to characterize the mechanisms of action from bacte-
rial species and to determine the bacterial species that can
be important in mediating anticancer effects.

The gut microbiome has become an efficient target
for making cancer chemotherapy/immunotherapy safer or
efficient, which will further improve cancer survival rates
in the future. Certainly, multifaceted strategies will need to
be devised to monitor and to modulate the impact of micro-
biota, such as FMT applications. The field is extraordinar-
ily promising and rapidly expanding. It is expected that
more clinical trials will be employed to provide important
insights into the application potential of the gut microbiota
in cancer treatment. We can imagine that there isa humon-
gous opportunity in microbiota research, from basic and
translational to clinical applications and epidemiological
analyses, to advance our knowledge of this complicated
biological system created by microbiota.
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