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The symbiotic bacteria that live in the human gut and the metabolites they produce have long influenced local and systemic
physiological and pathological processes of the host. The gut microbiota are increasingly being recognized for its impact on a range
of human diseases, including cancer, it may play a key role in the occurrence, progression, treatment, and prognosis of many types
of cancer. Understanding the functional role of the gut microbiota in cancer is crucial for the development of the era of
personalized medicine. Here, we review recent advances in research and summarize the important associations and clear
experimental evidence for the role of the gut microbiota in a variety of human cancers, focus on the application and possible
challenges associated with the gut microbiota in antitumor therapy. In conclusion, our research demonstrated the multifaceted
mechanisms of gut microbiota affecting human cancer and provides directions and ideas for future clinical research.
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INTRODUCTION

In recent years, a large amount of evidence has shown that
parasitic microorganisms in the human body are key factors in
health or pathological conditions. Diseases including inflammatory
bowel disease, atherosclerosis, multiple sclerosis, diabetes, and
Alzheimer's disease, among others are associated with dysbacter-
iosis [1, 2]. With the increase in the incidence of malignant tumors,
the interactions between microbiota and cancer are increasingly
emerging.

The historical record linking cancer and microbes dates back to
1868, when William Busch reported spontaneous tumor regression
in cancer patients infected with Streptococcus pyogenes. Among
the human microorganisms, the gut microbiota are the most
widely studied; approximately 3x 10® types of microbial cells
inhabit the human body, numbering up to 4 x 10'® organisms in
total, of which approximately 97% are gut microbiota. Firmicutes,
Bacteroidetes, Actinomycetes, Proteobacteria, and Verrucomicrobia
are the main bacterial groups present in the gut microbiota [3-6].

In 2015, Guinney et al. classified colorectal cancer (CRC) based
on genes differentially expressed in tumor cells, resulting in a
powerful classification system for CRC, the consensus molecular
subtypes (CMS). These include CMS1 (immunoinvasive type, 14%),
CMS2 (classical type, 37%), CMS3 (metabolic dysregulation type,
13%), and CMS4 (stromal invasion type, 23%) [7]. Later, Purcell
et al. found that different CMS subtypes were associated with
different gut microbiota compositions. Using 16S rRNA gene
sequencing, they found enrichment of Fusobacteria (15.7%) and
Bacteroidetes (48.5%), and the absence of Firmicutes (<3%) and
Proteobacteria (<3%) in CMS1 patients (the expression of
immunoinfiltration-related genes is significantly increased) [8]. At

the same time, CMS2 patients showed enrichment of Selenomas
and Prevotella spp. (genes significantly associated with cell cycle
were significantly upregulated in CMS2 patients). [7, 8]. This
suggests that the composition of gut microbiota affects the
immune and genetic patterns of CRC and other cancers, and the
mechanism may be complex.

In recent years, studies in metabolomics and genomics have
emphasized the dual role of gut microbiota in cancer prevention,
occurrence and anticancer therapy; that is, the gut microbiota can
both suppress and promote tumors [9]. In this review, we discuss
how the gut microbiota play a role in human cancer and its
application in anticancer therapy.

GUT MICROBIOTA PLAY A ROLE IN THE DEVELOPMENT AND
PROGRESSION OF CANCER

Experimental models have shown that as the largest microbiota in
human body, gut microbiota play a key role in cancer by
influencing immunity, genetic material, and cell pathways [10]
(Supplementary information: Supplementary Table).

In recent years, 16 S rRNA gene sequencing and metagenomic
analysis have revealed widespread differences in gut microbiota
diversity between cancer patients and healthy individuals [11].
16S rRNA is an rRNA involved in the manufacture of small
subunits of prokaryotic ribosomes; it provides low-cost and
reliable identification of the overall microbiome composition
[12, 13]. Unlike 16 S rRNA gene sequencing, metagenomic analysis
does not target a specific microbial population, nor does it
sequence a single microbial population. Instead, metagenomic
analysis is performed as a sum of all microbial genomes. As
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Laudadio et al report, metagenomic sequencing analysis can help
characterize the complexity of the microbiome in greater detail
than 16 S rRNA gene sequencing [14]. The relationship between
the gut microbiota and cancer continues to be elucidated owing
to the use of increasingly advanced microbial detection
techniques.

Below, we explore the role of gut microbiota in cancer through
different mechanisms, including immunity, DNA damage, cellular
signaling pathways, and inflammasomes (Table 1).

References

[165]
[166]
[167]
[168]
[169]
[170]

[47]

Immune microenvironment

Gut microbiota and antitumor immunity. In recent years, more
and more studies have focused on the regulatory effect of
microflora on host immunity. Researchers often associate tumor
immunology with microbiota [15], especially non-pathogenic
microbiota, which is often not the direct cause of some diseases,
but affects local and distant pathological processes, among which
gut microbiota has a complex and critical interaction mechanism
with the immune system. The gut microbiota helps the immune
system tolerate foreign antigens from food; furthermore, it helps
the immune system recognize and eliminate pathogenic bacteria,
thereby preventing the invasion of pathogens [16]. In general, gut
microbes and products produced by microbes (such as short-
chain fatty acids [SCFAs]) activate immune responses by interact-
ing with immune cells expressing toll-like receptors (TLRs). For
example, SCFAs will promote the differentiation of naive T-cells to
Th1 cells, thereby enhancing immunity, and dendritic cells (DCs)
activated by SCFAs migrates from the Gl tract to the mesenteric
lymph nodes, inducing naive T-cells to transform into effector T-
cells, different types of effector T-cells migrate to the gastro-
intestinal tract again and stimulate local immune responses, while
the remaining cells enter the systemic circulation, affecting
system-wide immunity [17-22]. In short, the gut microbiota
interact with immune cells or alters the immunogenicity of tumor
cells, affecting the antitumor effect of the host immune system
and even leading to differential responses to immunotherapy [23].
These complex and important regulatory processes are described
in detail below (Fig. 1).

differentiate towards TH1 type to secrete CXCL10 and

IFN-, which has a cancer-suppressing effect
Its derived iron chromate is directly activated through

the JNK pathway to trigger apoptosis of tumor cells
Increase the local recruitment of DC cells and enhance

anti-tumor immunity
Enhance the anticancer effect of gardenoside in HSC-3

cells
Relieve oxidative stress induced by hydrogen peroxide

caspase 3, and downregulation of key factors such as

and BAD, and down-regulate the expression of BCI-2
AKT, NF-kB, Bcl-XL, miRNA-21 and miRNA-200b,

Use extracellular vesicles, it has significant cytotoxic

significantly promoted the apoptosis of colon cancer
effect on cancer cells

up-regulate the expression of apoptotic genes BAX
cell lines

Up-regulation of the expression of MAPK1, Bax and

Commentary

Gut microbiota and innate immunity. Physiological protective
barrier is one of the important components of innate immunity,
including intestinal and symbiotic bacteria. It has been reported
that the abundance of Lactobacillus and Bifidobacteria in breast
milk plays an important role in the construction of neonatal innate
immunity [24]. During innate immunity, Fusobacterium nucleatum
can inhibit host natural killer (NK) cells and recruit myeloid-derived
suppressor cells (MDSCs) at the site of infection, thereby indirectly
promoting the occurrence of cancer. This process is mediated by
the bacterial virulence factor FAP2, which binds to and blocks the
NK receptor TIGIT, thereby inhibiting the NK-mediated immune
system'’s attack on tumor cells [25]. Similarly, in a mouse model of
CRC, Fusobacterium inhibited T-cell responses by recruiting tumor-
infiltrating immune cells and manipulating the innate immune
system, producing an immune microenvironment conducive to
colorectal tumor progression [26]. Secondary bile acids produced
by gut microbiota decreased CXCL16 (the only ligand for CXCR6
(CXC Receptor 6)) expression on hepatocyte surface, demon-
strated by higher levels of CXCL16 mRNA in the liver of germ-free
mice (about twice), which prevent the aggregation and immune
monitoring of CXCR6™ T-cells, thereby causing liver cancer. This
immune escape reaction can be eliminated by antibiotic treat-
ment such as vancomycin [27].

model(subcutaneous injection of melanoma

Human colorectal cancer cell line Caco2,
cell lines)

SKCO-1, SW620

Hela cell line
Human colorectal cancer cell line HT-29

Rnf5 — /— C57BL/6 mouse

HepG2 cells line
HSC-3 cell line
HT29 cell line

Model

Cancer types
Cervical cancer
Melanoma
Hepatocellular
carcinoma
Oral cancer

CRC
CRC
CRC

Promote/
Inhibit

Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit

continued

Gut microbiota and primary lymphoid organs. The gut microbiota
also induce TNF-a expression via tumor-associated natural bone
marrow cells, mediating TNF-dependent early tumor necrosis [28].
In addition, after bone marrow transplantation, a decrease in the
number of gut microbiota count may exacerbate systemic

Table 1.

GM

L. casei
Leuconostoc
mesenteroides
B.rodentium
Lactobacillus
rhamnosus GG
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Fig. 1 Gut microbiota metabolites are involved in innate and adaptive

SCFAs Inosine BFT Fap2 ETB Butyrate TMAO MAVS Secondary bile acid

host immunity. The gut microbiota and metabolites in the intestinal

lumen are sensed by dendritic cells (DCs), which then induce the transformation of naive T-cells into various effector T-cells. In this process,
butyrate inhibits DC activation of naive T-cells and secretion of IL-6, —8, and —12, and other factors, while promoting the transformation of naive
T-cells into Treg. Bacteroides fragilis toxin (BFT) promoted the transformation of naive T-cells into Tfh cells and Th17. Staphylococcal enterotoxin B
promotes the transformation of naive T-cells into Th9 cells. Inosine and short-chain fatty acids promote the transformation of naive T-cells into

Th1 cells, and trimethylamine N-oxide promotes the secretion of IL-2 and —

3, and other factors by Th1 cells. In terms of innate immunity, myeloid-

derived suppressor cells reach the intestinal tract through the blood and secrete cancer-promoting factors, such as Arg-1, nitric oxide synthase
(NOS), and reactive oxygen species. In this process, FAP2 plays a promoting role. Simultaneously, FAP2 binds and blocks the receptor TIGIT on NK
T-cells, thus inhibiting the NK T-mediated tumor cell attack process. Secondary bile acid decreases the expression of CXCL16 on the surface of
antigen-presenting cells (APCs) and prevent the aggregation of CXCR6™ NK T-cells. Intracellular RIG-l on APCs recognizes the abnormal DNA of
the bacterial community and transmits the signal to mitochondrial anti-viral signaling proteins (MAVS) on the mitochondrial membrane, which in
turn activates the NF-kB signal and releases IFN-a, a process in which MAVS plays a catalytic role.

infection and increase the radiation sensitivity, whereas higher gut
microbiota diversity significantly improved the efficacy of
allogeneic hematopoietic stem cell transplantation in leukemia
patients. Specifically, there were 104 deaths among 354 patients
in the high-diversity group and 136 deaths among 350 patients in
the low-diversity group [29]. Subsequent studies have shown that
certain compounds produced by gut microbial metabolism, such
as propionic acid and tryptophan, enhance the function of bone
marrow cells and neutrophils derived from bone marrow
transplantation and prevent hematopoietic injury caused by bone
marrow transplantation [30-32]. Translocation of gut bacteria in
mice also exacerbates pre-leukemia bone marrow dysplasia, which
can lead to precursor B-cell acute lymphoblastic leukemia (pB-
ALL). Of a total of 23 mice with pB-ALL defects, 11 developed pB-
ALL between 11 and 20 months of age, while none developed in
germ-free mice (n = 12) [33]. The effects of the gut microbiota on
lymphoid organs may be due to the activation of mitochondrial
anti-viral signaling proteins (MAVS) by endogenous ligands (such
as viruses, bacteriophages, or bacteria-derived RNA) of RIG-I (a
receptor that recognizes abnormal mRNA in cells), which in turn
induces protective signaling by IFN-I [34].

Gut microbiota and adaptive immunity. In adaptive immunity, the
gut microbiota elicit host-specific T-cell responses in an antigen-
presenting manner, in which the microbiota and its metabolites
significantly affect the body’s antitumor immune effects [35, 36].
T-cell differentiation can be divided into three effector pathways:

The ISME Journal (2023) 17:1535-1551

Th1, Th2, and Th17 responses. The STAT1 and STAT4 signaling
pathways promote the Th1 response, the STAT6 signaling path-
way promotes the Th2 response, and the STAT3 signaling pathway
promotes the Th17 response. The Th1 response is characterized by
the production of IFN-y, which generally has anticancer effects,
although it also plays roles in allergic and inflammatory reactions.
However, the toxin secreted by Bacteroides fragilis (BFT) signifi-
cantly increases colon tumor formation by rapidly, strongly, and
selectively activating STAT3 and promoting the Th17 response, a
process accompanied by the activation of serine/threonine
mitogen-activated protein kinase (MAPK) and NF-kB signaling
[37-40]. In addition, Trimethylamine N-oxide (TMAO), a metabolic
derivative produced by gut microbiota that helps the body
metabolize choline or trimethylamine foods, has been demon-
strated to enhance the antitumor immunity to pancreatic ductal
adenocarcinoma in mouse models; researchers have described the
mechanism by which TMAO enhances the INF-I signaling pathway
and enhances the antitumor effect in an INF-I-dependent manner
[41]. Inosine is a purine metabolite that acts as an important
modulator of the immune checkpoint blockade therapy response.
Bifidobacterium dentium pseudotudes and Lactobacillus johnsonii in
the intestine produce inosine in the systemic circulation and
induce Th1 differentiation and effector function [42].

Gut microbiota and immune cells. DCs are among the most

important antigen-presenting cells in the human body, antigens
produced by gut microbiota or their metabolites can be used to
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Fig. 2 DNA mismatch-repair imbalance, DNA damage, chromosomal instability, and abnormal histone acetylation caused by gut
microbiota. Gut microbiota such as Shigella flexneri (S. flexneri), Escherichia coli (E. coli), Bacteroides fragilis (B. fragilis), Enterococcus faecalis (E.
faecalis), Morganella morganii (M. morganii), and Helicobacter pylori (H. pylori) block the normal cell cycle by affecting oxidative environment-
dependent DNA damage and disrupting the DNA mismatch-repair process, thus increasing the tendency of epithelial cells to
become cancerous. Additionally, toxins secreted by E. coli interfere with histone acetylation, while butyrate and propionic acid,
metabolites of Butyrivibrio fibrisolvens (B. fibrisolvens) and Propionibacterium, as inhibitors of deacetylase, can increase the degree of
acetylation and have an opposite anticancer effect. E. faecalis releases oxidants through a macrophage-dependent manner, causing

chromosomal instability.

activate dc to reverse immune tolerance induced by immature
DCs [43]. DCs from the gut-associated lymphoid tissue area sense
various gut microbiota antigens, including Bifidobacteria, Bacter-
oides fragilis, Myxobacterium, Bacillus rodentia, Bacteroides, and
their metabolites, and catalyze immune reactions through IFN-I
and IL-12 [44-47]. In a melanoma mouse model, Bifidobacteria
activated DCs through the TLR4-mediated signaling pathway, and
then DCs amplified the CD8' T-cell response in the tumor
microenvironment. Through ELISPOT and flow cytometry, it was
found that the mechanism was to strongly induce peripheral
tumor-specific T cells and to increase the accumulation of antigen-
specific CD8 4+ T cells in the tumor [45]. Conversely, it has also
been reported that elevated levels of gut microbiota metabolites,
such as butyric acid and propionic acid, increase the proportion of
Treg cells and decrease DC activation, which, in turn, leads to
reduced effector T-cells and IL-2, and even tolerance to cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) blockers [48].
Additionally, Tfh cells are an important member of the adaptive
immune family, and are present in mucosal lymphoid tissue and
tumour-draining lymph nodes. Apoptosis of ileal crypt intestinal
epithelial cells can induce Tfh cells to interfere with proximal colon
tumors in an IL-12-dependent manner, inhibit the growth of
tumor cells. This immune response depends on the microbiome of
the ileum site, such as Bacteroides fragilis [49]. Th9 cells are
important immune cells that secrete IL-9 in the intestinal lamina
propria. If the expression of IL-4 and TGF-B and the number of Th9
cells in germ-free mice decrease, the probability of melanoma
growth increases. After transplantation into germ-free mice, IL-9
production was restored and tumor growth was reduced [50].
Another study showed that Th9 cells exposed to staphylococcal
enterotoxin B (ETB) significantly promoted apoptosis in tumor
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cells. As an antigen, ETB significantly increased the expression
levels of STAT5 and HDAC-1 in CD4" T-cells, resulting in increased
IL-9 secretion [51].

DNA damage

Genotoxins released by gut microbiota exhibit DNase activity.
Once released near gastrointestinal epithelial cells, these toxins
cause double-stranded DNA to break in host epithelial cells,
resulting in a brief arrest of the cell cycle. The first known
mutagenic effect was observed in Escherichia coli. Colibactin from
Escherichia coli can induce double-strand breaks by alkylating
adenine residues in DNA, leading to direct mutations that can
trigger CRC [52]. Since then, various studies have found that
colibactin, cell-lethal bulking toxin, and BFT cause genetic
mutations to varying degrees in colorectal, head and neck,
urothelial, and other cancers [52-55] (Fig. 2).

Oxidation of the environment is an important cause of DNA
damage. For example, analysis of ESR (electron spin resonance)
spectra after Enterococcus faecalis colonization showed that E.
faecalis produced extracellular superoxide and derived oxygen in a
NOX2-dependent manner, which oxidizes the environment when
diffused into the host cell and increases the likelihood of DNA
mutations in the host cell [56]. Reactive oxygen species (ROS)
production may be reduced by antibiotic use or intestinal sterility
[28]. Similarly, Helicobacter pylori activate spermine oxidase in the
host, producing large amounts of hydrogen peroxide and reactive
oxygen species, inducing DNA mutation and carcinogenesis [57,
58]. SMO (spermine oxidase) is a metabolic enzyme induced by
inflammatory signals. In colon cancer cells, BFT rapidly induced
SMO gene expression, resulting in a 2- to 4-fold increase after 3 or
6 h of exposure, respectively, resulting in the production of SMO-
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Fig. 3 Gut microbiota are involved in the regulation of several intracellular signaling pathways. CagA binds to SHP-2 and activates it to
promote Ras/MAPK signaling and trigger the abnormal proliferation of host T-cells. Gingipains is the main virulence factor of
Porphyromonas gingival, it up-regulate phosphorylation of MEK and ERK, the core components of the RAS/RAF/MEK/ERK pathway,
promoting cancer cell proliferation. E-cadherin is a transmembrane glycoprotein that exists in cell membranes and binds epithelial cells
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ensure that it does not transmit signals to the nucleus, while the intracellular free p-catenin exists in the form of a complex. CagA and
FadA destroy the function of E-cadherin, affect the intercellular connection and the binding force of p-catenin, and switch on the WNT/
B-catenin signal when the WNT signal activates the cell membrane receptor FRZ. TLR-4 recognizes bacterial metabolites, such as
Bacteroides fragilis toxin (BFT), gingipains, lipopolysaccharides, and butyrate, and activates the NF-kB and NFAT signaling pathways to

promote abnormal proliferation of cancer cells.

dependent ROS and dysregulation of Gamma-H2AX, which further
leads to DNA damage and induces carcinogenesis. Gamma-H2AX
is the phosphorylated form of H2AX, involved in DNA repair when
DNA breaks and cell cycle abnormalities occur [58] (Fig. 2).

As a tumor suppressive transcription factor, p53 can bind to
specific DNA sequences and activate transcription, regulate
unbalanced cell cycle, and repair defective genes. Common
oncogenic p53 mutations usually occur when mediated by
metabolites produced by the gut microbiota [59]. The protein
CagA, produced by Helicobacter pylori, was the first bacterial
protein to be shown to be associated with human cancer,
impairing the repair process of DNA mismatches in gastrointest-
inal epithelial cells [60, 61]. CagA can interfere with the AKT
pathway in host cells thereby promoting the occurrence of gastric
cancer, after HCT116 cells were infected with the specified H.
pylori strain for 10 h, western blot analysis showed a large degree
of p53 degradation [62]. Similarly, Shigella flexneri also induces
host cell p53 degradation through the secretases IpgD and VirA,
increases the frequency of DNA mutations [63] (Fig. 2).

In addition, a large number of similar studies have assessed the
ability of the gut microbiota to influence host DNA integrity. For
example, a clinical study found that highly pathogenic mutations
in the APC tumor suppressor gene in the intestinal cells of patients
were associated with an increase in Fusobacterium mortiferum and
a significant decrease in Clostridium geniculate and Bifidobacteria
[64]. Morganella morganii produces a novel DNA toxic metabolite,
indoleamine, which increases DNA mutation rate and intestinal
permeability in mouse models of colon cancer and increases
tumor load [65]. In SW480 cells transfected with a fusion gene
containing 12 continuous cytosine residues, a significant increase
in infection-induced cell point mutations of EPEC (Enteropatho-
genic E.col) was observed compared to those for infection.
Mechanistically, EPEC consumes host cell DNA mismatch-repair
proteins by secreting EspF, which specifically targets the
mitochondria of intestinal epithelial cells to induce their degrada-
tion [66] (Fig. 2).

The ISME Journal (2023) 17:1535-1551

In addition to DNA damage and variation, gut microbiota is also
associated with chromosome stability, epigenome change, and
microRNA, which we have detailed in the supplementary
information (Supplementary information: supplement to the
article).

Tumor-related signaling pathways

Sparassis latifolia polysaccharides (SLPs), secreted by Sparassis
latifolia (a fungus of the genus Sparassis), has been shown to
influence the progression of colorectal cancer in mice through
multiple mechanisms, including inhibiting the infiltration of
immune cells, reducing the expression of inflammatory cytokines,
and improving the metabolic disorders of cancer cells [67]. Thus,
in addition to participating in the immune response and DNA
damage, communication between the gut microbiota and the
host can occur through a variety of mechanisms, including
receptor ligand-mediated signaling and regulation of intestinal
epithelial barrier function, which often leads to cancer progres-
sion. In this section, we seek to explore the role of the gut
microbiota in the signaling of tumor-related pathways, both
promoting and inhibiting cancer (Fig. 3). In addition, the
components and secreted products of intestinal flora, such as
LPS and SCFAs, are also involved in the occurrence and
development of tumors, which are discussed in the supplement
(Supplementary information: supplement to the article).

Inflammasomes

Inflammasomes are a class of multiprotein intracellular complexes
expressed in immune and epithelial cells that induce cell death
under pathological conditions such as inflammation and stress,
and their disorders can lead to a variety of diseases, including
autoimmune diseases and cancer. The outcome of inflammasome
activation depends on a variety of factors, including its expression
pattern and effector molecules. The gut microbiota may also
influence the activation of specific inflammasomes [68, 69]. By
activating the inflammasome, the gut microbiota interact with the
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immune and intestinal epithelial cells, producing results that can
be both cancer-suppressing and cancer-proactive [70, 71]. In a
state of homeostasis, intestinal commensal bacteria activate the
NLRP3 inflammasome production of IL-18, regulating adaptive
immunity, which is essential for maintaining the integrity of the
intestinal barrier and preventing dysbacteriosis [72-75]. Experi-
ments have shown that inflammasomes weaken the occurrence of
colitis and colitis-related tumors in mouse models, the effector
factor IL-18 plays a key role in this action [74, 76-78]. Conversely,
by releasing IL-13, inflammasome activation promotes the
development of lung, skin, breast, and pancreatic cancers, a
process in which the gut microbiota also play an important role
[79-83].

In addition to immune, genetic, cellular pathways, and
inflammatory mediators, the gut microbiota also influence the
development of hormone-dependent cancers. Patients with
prostate cancer (PCa) often develop aggressive castration-
resistant PCa because of alternative sources of androgens.
Clostridium scindens is a member of the gut microbiota that
converts cortisol into 11B-hydroxyl androstenedione, a potent
androgen precursor. Cortisol metabolites derived from Clostridium
scindens-conditioned medium promote the proliferation and
migration of androgen-dependent PCa cells, which indicate that
Clostridium scindens promotes PCa progression by activating
androgen receptor signaling [84].

References
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Recruit DC cells, increase TH1 response, reduce Treg
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Commentary

MODERATING EFFECT OF GUT MICROBIOTA ON ANTICANCER
THERAPY

The combination of microbial and anticancer therapy began as
early as the 19th century, when the first attempt was made to
inject inactivated Streptococcus into human tumor tissues to cure
cancer [85]. Previous studies have shown that microbial prepara-
tions injected directly into tumor tissues or administered orally
can have a direct cytotoxic effect on tumor cells or stimulate the
body’s local antitumor immune response. [86-89]. Recent studies
have found that traditional radiotherapy, chemotherapy, and
immunotherapy can alter the gut microbiota of patients, and that
the composition of the flora can profoundly affect the efficacy and
side effects of these treatments, including cancer recurrence, drug
resistance, and collateral damage to the body (Table 2), we have
analyzed this part of the content in detail and presented it in the
supplementary information (Supplementary information: supple-
ment to the article). Probiotics, prebiotics, and fecal microbiota
transplantation (FMT) have also achieved some clinical efficacy; we
will explain each of them below.

Cancer types (Model)
patients, GF mouse
Bearing cancer mouse
model

model
112 melanoma

42 melanoma
patients

Assistance/
Interference
Assistance
Assistance

Probiotics

Probiotics are a class of bacteria that exist in the host and are
beneficial to the host, and the purpose of administering
probiotics to cancer patients is to reactivate the damaged gut
microbiota of the patient, thereby reestablishing the level and
function of the failed symbiotic microbiome [90, 91] (Table 3).
Ingestion of adequate amounts of these microorganisms
significantly improves intestinal crypt survival in mice and other
animals by promoting the recovery of healthy gut microbiota
and reducing apoptosis, in a protective effect that is partly
dependent on TLR-2 and COX-2 [92]. The Lactobacillus rhamno-
sus GG strain (LGG) was the first probiotic studied in the field of
oncology. Some previous studies found that LGG can directly
regulate the host’s cell proliferation pathways, such as the mTOR
or WNT pathways. LGG can also affect the host's immune system
and induce Th1 immune cell polarization through DC recogni-
tion, thereby enhancing the antitumor immune response and
helping the host to remove newly formed cancer cells early
[93-97]. Additionally, when patients were administered a
bacterial mixture including two probiotics, Bifidobacterium
longum (BB536) and Lactobacillus johnsonii (Lal), these

Clostridium, ruminococcus, or

Enterococcus faecium
faecalis

Bifidobacterium longum,
Bifidobacterium

GM

CD47 inhibitor

continued

Treatment

Table 2.
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years, evidence has shown that FMT allows breakthroughs in the
field of oncology treatment [112-114]. The effectiveness of FMT in

o § g 5 reducing local and distant tumorigenesis in the gut was
Q © © (V] .
> O £ < = demonstrated in mouse models [115].
; G e ¢ 9 Although the clinical application of FMT is still in the
e 2 Y Y g' § vy >y experimental stage, it is effective for patients with acute myeloid
¢ & (] 2 & U6 & OC leukemia and melanoma [116]. In multiple studies on melanoma
patients, FMT has been found to alter the gut microbiota,
reprogramming the TME by affecting the local immune system
§ - and inflammatory response to overcome PD-1-blocker resistance
g 50 2 and improve its antitumor efficacy [117-120]. Hematopoietic stem
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Another eight-patient pilot study showed that GvHD patients who
received FMT experienced relief of clinical symptoms, including
changes in abdominal pain, diarrhea duration, and stool
frequency. Gut microbiota composition was also reconstructed,
including an increase in Bacteroidetes, Bacteroidaceae, Ruminococ-
caeae, and Desulfovibrionaceae [125].

Guiding role of gut microbiota in cancer diagnosis and
prognosis

In addition to its important role in traditional cancer treatment,
gut microbiota are also valuable in the diagnosis and prognosis of
cancers such as CRC and LC. In terms of cancer diagnosis, a study
in 2017 presented the metagenomic analysis of the CRC fecal
microbiome to identify and validate bacterial biomarkers in
different ethnic cohorts. This study included patients with CRC
and control samples from China, Denmark, France, and Austria
and highlighted the potential of fecal metagenomic biomarkers
for early CRC diagnosis [126]. Since then, additional studies have

Various probiotics in the adjuvant treatment of cancer and their mechanisms of action.
Model

Bifilact (Lactobacillus acidophilus LAC-361

and Bifidobacterium longum BB-536)

Colon Dophilus (A mixture of 10 different
Four lactic acid bacteria (LAB)

(BB536) and Lactobacillus johnsonii (La1)
probiotic strains)

A probiotic containing live lactobacillus
acidophilus plus bifidobacterium bifidum
A mixture of Bifidobacterium longum
Bifidobacterium lactis and Lactobacillus
acidophilus

Lactobacillus helveticus R389 or L89

Lactobacillus casei BL23

Lactobacillus johnsonii

Table 3.
Probiotics
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found that fecal microbe DNA markers can be used as new tests to
screen for colorectal tumors in asymptomatic subjects, either
alone or in combination with fecal immunochemical tests.
Furthermore, Zhao et al. collected fecal samples from 41 patients
with LC and 40 healthy volunteers and analyzed the gut
microbiota using 16 S rRNA gene sequencing. They found that
Actinomyces, Veillonella, Megasphaera, Enterococcus, and Clostri-
dioides were more abundant in patients with LC than in healthy
individuals. They further demonstrate that gut microbes and their
related metabolites as potential biomarkers and therapeutic
targets for LC [127]. Gophna et al. examined changes in the gut
microbiota and their potential as a biomarker in patients with
pancreatic cancer. They compared the microbiomes of pancreatic
patients with cancer with precancerous lesions, patients with non-
alcoholic fatty liver disease, and healthy controls, and found
unique pancreatic cancer-associated gut microbiota signatures.
The predominant features were the presence of Clostridiacea,
Lachnospiraceae, a lack of Ruminococcaceae, and excessive
increases in Veillonellaceae, Akkermansia, and Odoribacter [128].
In conclusion, the gut microbiota profile may become a new
effective marker for the early detection of cancer.

In terms of prognosis, many studies have demonstrated that the
gut microbiota can be used as a potential prognostic marker of
cancer. In a study of a prognostic model of patients with CRC
based on age-related genes, Dai et al. found that the risk model
was associated with immune status and the gut microbiota in
patients with CRC, and that microbiome analysis showed a lower
relative abundance of Bacteroidetes and Actinobacteria in high-risk
patients than in low-risk patients. Combined with the results of
consensus cluster analysis, Bacteroides enrichment in the gut has
been associated with a poor prognosis in CRC patients [129]. Colov
et al. found that high levels of Fusobacterium nucleatum and
Bacteroides fragilis in the gut are associated with poor post-
operative outcomes in patients with CRC [130]. The role of
Fusobacterium nucleatum as a prognostic marker in patients with
CRC has been demonstrated several times. For example, Yamaoka
et al. collected 100 CRC tissues and 72 matched normal mucosal
tissues and determined that levels of Fusobacterium nucleatum
could help to predict clinical outcomes in CRC patients, stage IV
CRC patients were found to have higher levels of Fusobacterium
nucleatum [131, 132]. Additionally, Chung et al. demonstrated that
specific gut microbiota were related to the prognosis of patients
with hepatocellular carcinoma treated with nabuliumab. Specifi-
cally, the Prevotella/Bacteroides ratio can be used as a prognostic
predictor for nivolumab treatment in hepatocellular carcinoma;
the higher the ratio, the better the efficacy [133].

Diet, particularly prebiotics, mediates ecological changes in
the gut and their association with cancer

The gut microbiota are an important part of the gut microecology.
Diet may be the most powerful regulator of the microbiota in
terms of its composition and metabolic function [134]. Previous
studies have shown that people with diets rich in complex
carbohydrates have significantly increased diversity of gut
microbiota. Consumption of wheat-based bread improved body
mass index and glucose tolerance, which were associated with
Prevotella enrichment and increased polysaccharide fermentation
capacity. Obese women who ingested a mixture rich in inulin and
fructooligosaccharides over a period of time demonstrated
enrichment of bacteria producing butyrate that lowered post-
prandial blood sugar levels. Compared with the high-calorie
western diet, the Mediterranean diet is beneficial to the health of
the gut microbiota and the host. The latter diet can increase the
number of beneficial bacteria, including Lactobacillus and
Enterococcus faecalis, promote an anti-inflammatory environment,
reduce oxidative stress, particularly against breast cancer, gastric
cancer, and upper gastrointestinal and respiratory cancers
[135-142]. Yang et al. demonstrated that a high-fat diet often
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leads to an increased risk of CRC, which is related to ecological
disorder of gut microbiota and intestinal barrier dysfunction,
specifically manifested by an increase in Alistipessp Marseille P5997
and Alistipessp 5CPEGH6 in the intestine and a decrease in the
probiotic Parabacteroides distasonis [143]. Compared with fat,
dietary fiber derived from fruits, vegetables, and grains can
change the density of gut microbiota, such as Firmicutes, improve
antitumor immunity, and is negatively correlated with the risk of
cancer [144].

Prebiotics are food components that are not digested and
absorbed by the host and can selectively promote the metabolism
and proliferation of probiotics in the gut. Common prebiotics
include inulin, fructooligosaccharides, galactose, and some algae
[145]. Prebiotics also play an important role in cancer develop-
ment. A recent case-control study by Turati et al.,, which included
1,953 patients with histologically confirmed CRC and 4,154
controls, found that CRC risk was negatively associated with
dietary intake of galactose [146]. Additionally, as the most
common prebiotic, inulin increases the richness of Bifidobacteria,
Bacteroides, and Akkermansia muciniphila in the intestinal tract of
mice, and is associated with antitumor immunity [147]. In a recent
study, Boucher et al. observed that a diet rich in inulin changes the
gut microbiota, significantly promotes the growth of Bifidobac-
teria, and based on yST lymphocyte tumor infiltration processes,
also promotes immune control of tumor growth in melanoma,
fibrosarcoma, and CRC in a mouse model [148].

Challenges and prospects

We have summarized the ongoing and completed clinical trials on
gut microbiota in cancer treatment (Table 4). In the meantime, our
results also raise controversial clinical questions such as how drugs
(antibiotics) and environmental factors affect the composition and
diversity of the gut microbiota, their interventional role in cancer
treatment, and whether monitoring these factors during cancer
treatment is necessary. Additionally, when it comes to improving
the efficacy of cancer treatment responses by modulating the gut
microbiota, it is not clear what composition of gut microbiota are
the best for promoting antitumor immune responses. Further
treatment options need to be carefully tested in clinical trials. It is
also worth noting that most of the mechanisms by which the gut
microbiota are involved in regulating cancer have been studied in
mice, caution should be exercised when extrapolating these
results to humans. Firstly, the intestinal structure and environment
of mice and humans are different, as is the diversity of their flora.
Secondly, the immune systems of mice and humans react
differently to cancer. Thirdly, mice and humans have different
diets and environmental exposures. Taken together, several
factors contribute to the inability of the current knowledge to
predict human clinical responses [149]. Therefore, in future
studies, it is necessary to explore the safety, duration, dosage,
dosage form, route of administration, combination of drugs, and
other aspects of cancer treatment dependent on the gut
microbiota more fully, to determine the best treatment plan for
cancer.

CONCLUSION

Currently, more and more attention has been paid to the research
on the composition and function of gut microbiota. Studies on
different cancer types and experimental subjects have empha-
sized that gut microbiota play a dual role in cancer development.
In addition, the use of gut microbiota in combination with
traditional anti-tumor treatment strategies, as well as the use of
probiotics, FMT, and dietary control, can improve the efficacy of
anti-cancer treatment, while reducing the occurrence of side
effects and improving prognosis. The value of gut microbiota for
diagnosis and prognosis of cancer patients is also gradually being
confirmed. In conclusion, the artificial control of gut microbiota

SPRINGER NATURE



J. Sun et al.

1546

JERTI-D)
uoj0D Ul SBUSD) Jossaiddng Jown] d1eAldEaY 03 SO1101qoid Buisn

[elL (INOD 39) s193943
dA1IRBAN S,A11S3CO *SA SWOIOIDIA IND 3Y3 Ydlug 0} suesg ay|

J0ue) ASupiy pasueApy Jo Al abeis

YUM s1uaned buneas) ul qewnwiid] pue ‘qewn|oAIN ‘88SINED
Adesaylounwwi pajied oypn sausned

ewoue|3\ d13eISeISIA Ul (1IA4) uoneluejdsuel] e10IQOIDIN [BD94

D1DSN pasuenpy
UM Ssiusned Joy Adessyiowayd YA\ pauIquiod sd13oiqoid

sl0yqIyu| aseury
-auisoiA] Aq paonpu| esyuieig ul uonejuejdsuel] LIOIQOIDI [

ejwayna dnsejqoydwAi
91NdY YA\ Siusned pasoubeiq AimapN 104 |AX Apnis Adeiay] |elo]

uononpu| uanedu| bulobispun siusned
BIWSYNT 93NdYy Ul Sbeweq JsLIeg |eullSIU| Ul BIOIqOIDIN IND

KemioN
ul Jadue) [9Mmog 10) swwelboid Bulusaids jeuone e jo Apnis 10jid

103IqIyu| dseury] aUisoIk]-10310e4 Yimoin
[ell2Yl0pu3 JeINdSeA YA paleal] Buisg Jadued Asupiy dneiseisiy
UM Sauaiied ul eayuilelq buipnpay ul auswsalddng 1n6oA d1301gqoid

13dUe) [B12310]0)) JO Sisoubelq Ape3 ul eualdeg [edx94 Jo Apmis
wsiplolAyiodAH
pue Adesay] LEL-2UIPO] YU POIRIDOSSY 21y BI0IGOIDIA Y3

(G1Lean)
13d5ue)) 8123400 pUE 13IQ URLILISBA-0D53d SNSIDA Paseg-1ealy

(33SSAQO) siusned JAY
ul 1IN4 snobojoiny yupn suonediidwo)) sisoigqsAQ JO UOIIUDAIJ

‘Adessyjoipey Huinleday sjusied ewouiied)
|eabukieydoseN ul spIsodN [eIO UO s3|nsded) sndd0d0i33uT
pue sn|j1>eqo3deT ‘WN31oeqopylg PaUIqUIoD) 3AIT JO 10943

J3dUE) |B12310[0D)
Yl SIudlled JO 95IN0D) [ed1ul]D 3y} Ul D130IgOId JO uolienjeAs uy

(VINOHDIW) e301oDIN 343 Y diysuonejay sy pue Jdue) isealg

(9D7) 492Ue) |eUIISDIUIOIISED) 104 UOHeIPRIoOWdYD)
Bulobispun siualIed Ul S199443 SPIS JO UOIIUSARIJ 10§ DD 13010

sjuanied BwWOURRIA Ul (1IN4) 3uejdsuel) e3oiqodI |83

SL

(eua30eq
4O sadA1 oM} JO aINIXIW ) D110Iq0Id

eIO}4 |RUNISAIUI
UNM S2I94431Ul (sueaq paup) 121

sonoiqosd yum Adessylowsyd

14 iouog

sonoiqosd yum Adessyrowsyd

14 JouoQ
Bupuanbas yidsp-ybiy Agq
pazAjeue sem auab YNYI S 9| |ela1deg

uo[13]|0D) d|dwes |003S :[eUOIIRAIDSAQ

s9|dwes |001s
Jo sisAjeue Bupusnbas soiwousbelsiy

1nboA snoiqoid payiioy
-luaiznuoiw Juswsalddns Aielsig

¥Ddb Aq sese> |8/ ul sisoiquiAs
') JO dduepUNgE 3ANE[3I SY) P12

(eua30eq
40 sadA3 9a21y) JO 2INIXIW V) d130IqOId

191p paseqg-1eapy
uonejue|dsues]
©101qOIN [ed94 snobojoiny

(sn>>0>0131u3 pue
wnua)oeqopylg ‘sn|ji>eqoldeT) d1301qoid

(eu910eq
Jo sadA} Xis Jo ainixiw y) d1oiqoid

awoIgqoJdIW 3y Ul sabueyd panIasqQ

(©97)
DD SNsouweys snjjideqoldeT s1301qoid

qewinzijoiquidd Yim LN 4
uonUAAIR}U|

‘Adesayy 1sdued ul uonenbai swolqosdiw Inb Jo sjos ay) buuojdxa sjeu [ed1ulp jo Alewwns

a|qedijddy 10N

9|qed||ddy 10N

9|qed||ddy 10N

9|qedijddy 10N

3|qedi|ddy 10N

d|qed!|ddy 10N

a|qedijddy 10N

9|qed||ddy 10N

9|qed||ddy 10N

3|qedyjddy 10N
3|qedyjddy 10N

L
[4
aseyd

JadUe) UOJ0D

19oue) |e1da.10j0D
ewouidie) |9 |eusy
eWOURBN|

J3dued Bun| (|92 |jews-uoN
JadUe) [|9D |eusy
VENTIEY]

onsejqoydwAT a1ndy

eIWSYN3T dINdY

lodue) |e1dalo|oD

ewiouiie) |9 |eusy
Jaoue) |e1da.10j0D)
J9dued proJAyL
Jadue) |e1da.0j0d

elWN3| plojaAw 3Ny

J19d5ued xukieydosen

Jadue) |edalo0|o0D)
Jaoued jsealg

swsejdosN
Jeunsajuloslsen

ewoue|a|y

sadfy 1adue)

paso|>
buiobup
buiobup
Bbuiobup
Bulobup
buiobup
buiobup
Bbuiobup

Bbuiobup

Bbuiobup

Paso|D

Bbuiobup

Paso|D

Paso|D

buiobup

pssoD
buiobup

pssoD
Bbuiobup

snjeys

L¥92/Z0€01ON

SCrEY8COION

LLL6Z8E0LON

COVESEEO0LON

815C9€01ON

CLL0¥0v01ON

81786%75001ON

9SY9LEE0LON

0S98€SL01ON

L19Y¥6C01ON

€/6S78C01ON

LSO¥/ZSE0LON

LL[91¥€01DON

€C¢S8C6C01ION

LEBTLLEOLDON

8¢¥¢8/€01ON
8179988€01ON

S€006/101ON

EVLLVEEOLDON
JaquinN |eup

‘v 9lqel

The ISME Journal (2023) 17:1535-1551

SPRINGER NATURE



can promote the development of cancer treatment system in the
desired direction, which will provide a scientific basis for the
development of more effective anti-cancer treatment programs
and the promotion of precision medicine.
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