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Abstract: A large number of symbiotic gut microbiome exists in the human gastrointestinal micro-ecosystem. The
daily diet, lifestyle, and body constitution influence the type and quantity of gut microbiome in the body. Increasing
evidence demonstrates that the gut microbiome can affect tumor development and progress. We discuss in this
paper how the gut microbiome impacts tumor pathology through DNA damage, production of dietary and microbial
metabolites, altered cellular signaling pathways, immune system suppression, and involvement in pro-inflammatory
pathways changing gut microbiome composition. The gut microbiome acts on different types of the anti-tumor drug
through bacterial translocation, immuno-modulation, metabolic modulation, enzymatic degradation, and reduction
of microbial diversity. This article summarized the aforementioned by reviewing recent studies on the interaction
among the gut microbiome, tumor development, and antitumor drugs.
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Introduction

The micro-ecosystem of the human body
includes the oral cavity, skin, urinary tract, and
gastrointestinal tract, which is the most com-
plex intestinal micro-ecosystem. Nearly 100
trillion bacteria inhabit the human intestine.
The dominant gut microbial phyla are
Firmicutes, Bacteroidetes, Actinobacteria, Pro-
teobacteria, Fusobacteria, and Verrucomicro-
bia [1]. In the slow process of evolution, the gut
microbiome has reached a harmonious and
mutually beneficial symbiotic relationship with
humans. The gut microbiome in the body is
inextricably linked to the various physiological
and pathological changes in the entire life cycle
of human beings. The changes in the type and
quantity of gut microbiome in the body are due
to differences in age and gender [2]. Moreover,
external factors such as diet [3], geographic
environments, and living habits [4] exert vary-
ing degrees of effect on the gut microbiome in
the body. The balance and imbalance of the gut
microbiome are closely related to human

health. Gut microbiome imbalance in the body
can lead to diseases, such as inflammatory
bowel disease [5], gastric cancer [6], breast
cancer [7], liver cancer [8], and colon cancer
[9].

The tumor is a type of disease that seriously
endangers human life and health. According to
the 2021 World Health Organization Global
Oncology Report, cancer is the second leading
cause of death among people aged 30-69 in
most countries. Globally, the number of new
cancer cases annually is expected to increa-
se from 18 million in 2018 to 27 million in
2040, reflecting a 50% increase. The growth
rate of new cancer cases in developing coun-
tries is also higher than that in developed coun-
tries. Cancer death is affected by various fac-
tors, such as age, environment, diet, and living
habits. Primary antitumor treatment methods
currently include surgery, chemotherapy, radia-
tion therapy, hyperthermia, and immunothera-
py. However, these commonly used treatments
can cause damage to the body. Clinical studies
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Figure 1. Number of documents published from 2000 to 2019 by Pubmed
search using the keyword “antineoplastic drugs therapy and the gut micro-

biome”.

have indicated significant differences in the
type and number of intestinal microbes
between cancer patients and healthy individu-
als. This difference is closely associated with
the occurrence and development of the dis-
ease [10]. The number of studies on the gut
microbiome and antitumor drug treatment has
been increasing in recent years (Figure 1).
These gut microbiomes are known to induce
tumors in various models. However, the bacte-
ria that play a key role in the occurrence and
progress of each tumor, as well as the method
by which gut microbiomes act on tumors and
affect the occurrence and development of
tumors have yet to be clarified. Understanding
the interaction between the gut microbiome
and the antitumor drug can elucidate the role
of the gut microbiome in antitumor drug thera-
py, affect the occurrence and development of
tumors, and discover novel antitumor drug
targets to further optimize tumor treatment
strategies. Therefore, this article reviews recent
studies concerning the effect of the gut micro-
biome on the occurrence and development of
tumors, as well as the interaction between the
gut microbiome and antitumor drug therapy
(Figure 2).

The effect of the gut microbiome on tumors

Preliminary research shows that in an acidic
mineral water environment, the microbes them-
selves or their communities adjust the interac-
tion between microbial communities via nitro-
gen metabolism, fatty acid metabolism, and
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This further reflects the view
that not to mention the deli-
cate environment in the
human body, it is apparent
that the gut microbiome and
its micro-ecological environ-
ment will form complicated
interactions [11]. Besides,
studies on the potential of
the gut microbiome and ho-
st metabolism have shown
that dietary fiber metabolism,
short-chain fatty acid metabo-
lism, host-derived substrate
metabolism, hydrogen metab-
olism, and vitamin synthesis
occur in the host [1, 12, 13]. Therefore, when a
tumor occurs and develops, the microenviron-
ment of the gut microbiome changes, and the
intestinal bacteria themselves or between the
communities exert different effects on the
tumor. These effects mainly induce DNA injury,
diet and microbial carcinogenic metabolites,
changes in cell signaling pathways, and immune
system suppression and participation in proin-
flammatory pathways [14] (Table 1). A study on
the interaction between the gut microbiome
and tumor contributes to further research on
antitumor drug treatment targets and new
strategies.
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Induction of DNA damage

DNA damage is an occurrence in which the DNA
nucleotide sequence is permanently changed
during DNA replication and leads to alterations
in genetic characteristics. When DNA damage
exceeds the ability of the host cell to repair, cell
death or carcinogenic mutations can occur
[14]. Bacterial toxins can directly or indirectly
induce DNA damage in host cells.

Maddocks OD et al. found that in colorectal
cancer, Escherichia coli can induce the com-
plete exhaustion of host cell DNA mismatch
repair (MMR) protein by secreting the effector
protein EspF and relying on EspF mitochondrial
targeting. Depletion of MMR protein can also
be induced by increasing the reactive oxygen
species (ROS) levels in host cells, independent
of EspF. Simultaneously, E. coli infection can
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Figure 2. Diagram of the interaction of gut microbiome, tumors, and antitumor drugs. The gut microbiome affects
the occurrence and development of tumors via four mechanisms, including DNA damage, diet and microbial carci-
nogenic metabolites, changes in cell signaling pathways, and immune system suppression and participation in pro-
inflammatory pathways. The gut microbiome affects antitumor therapy drugs via bacterial translocation, metabolic
regulation, bacterial protease degradation, and bacterial diversity reduction. Antitumor drug therapy is divided,
based on the mechanism of action, into three categories: chemotherapy drugs, immunotherapy drugs, and targeted

therapy drugs.

increase the mutation frequency of microsatel-
lite instability(MSI) unstable sites [15]. The
zinc-dependent Bacteroides fragilis toxin (BFT)
secreted by Bacteroides fragilis (ETBF) binds
to the receptors of tumor epithelial cells and
induces the colonic epithelium by activating the
H2A histone family member X, the promoter of
DNA repair. By inducing the anti-apoptotic pro-
tein (clAP2) and the polyamine catalyst sperm-
ine oxidase, which triggers ROS generation,
DNA damage, and tumor cell proliferation [16].
Helicobacter pylorus is a typical bacterium that
causes gastric cancer. It can induce DNA dam-
age via oxidative stress and lead to gastric can-
cer [17].

These results support the hypothesis that A/E
E. coli can promote colorectal carcinogenesis
in humans by MMR. And the Clostridium clus-
ters are the dominant regulators in the produc-
tion of deoxycholic acid (DCA), which causes
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DNA damage and induces hepatic stellate cells
to release proinflammatory cytokines and pro-
mote HCC development. co-colonization of the
susceptible host with ETBF the potential for
critical interactions in DNA mutations, cell sig-
naling, and pro-carcinogenic inflammation
known to be highly relevant to the promotion of
human colon cancer.

Diet and the production of microbial carcino-
genic metabolites

Diet influences the composition of the gut
microbiota in the host. Moreover, daily diet and
digested components can be metabolized by
gastrointestinal microbes to produce various
metabolites, which affect physical health to
varying extents.

Dalmasso G et al. proved that in colorectal can-
cer, polyketide synthase-positive E. coli can
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Table 1. Recent study on the mechanism of gut microflora on tumor

Cancer type Bacteria Model system Possible mechanisms +/- Ref
Colorectal cancer Fusobacterium HCT116 human colon cancer cells Binding and invasion induces IL-8 and CXCL1 secretion that drives colorectal cancer + [32]
nucleatum cell migration
CRC tissue suppress antitumor immune responses by decreasing CD4+ T-cell density and TOX + [28]
expression in the progression of colorectal cancer
mice (C57BL/6-Apc™™*, BALB/c II-107, and Modulates the Tumor-Immune Microenvironment (increase of DCs, CD103+, treg, + [33]
BALB/c T-be”- xRag2”") th17, TAMs, and so on)
CRC tissue increasing the expression of inflammatory mediators through a possible miRNA- + [26]
mediated activation of TLR2/TLR4
CRC cell lines (HCT116, HT29, LoVo, SW480)  Activating Toll-Like Receptor 4 Signaling to Nuclear FactorLkB, and Up-regulating +  [27]
APCM"* Mouse Expression of MicroRNA-21
CRCcell lines (HCT116, DLD1, SW480, HT29,  modulating E-cadherin/p-catenin signaling via its FadA adhesin + [19]
and RKO, HCT116 B-catenin” cell line); nude
mice
The human CRC cell lines SW480 and HCT116 the Upregulation of CARD3 Expression + [23]
and the mouse CRC cell line CT26; APCM"/*,
CARD37 and CARD3" C57BL mice
CRC cell lines (HCT-116, LoVo) upregulated KRT7-AS/KRT7 by activating NF-kB pathway +  [24]
U937 cells; human stool and CRC tissue Autoinducer-2 induced macrophage M1 polarization by activating the TNFSF9/IL-13 +  [31]
pathway
C57BL/6-Apc™* mice; The mouse promoting M2 polarization of macrophages through a TLR4-dependent mechanism +  [25]
macrophage cell line RAW 264.7
Bacteroides CRC tissues; CRC cell lines (HCT116 and the RHEB/mTOR pathway + [18]
fragilis DLD-1)
Bifidobacterium  C57BL/6 mice increased the relative abundance of Akkermansia, Desulfovibrionaceae, Rombout- - [34]
bifidum sia, Turicibacter, V errucomicrobiaceae, Ruminococcaceae_UCG_013, Lachnospira-
ceae_UCG_004, and Lactobacillus. altered metabolites involved in the citrate cycle,
glycolysis, butyrate metabolism, fatty acid biosynthesis, and galactose metabolism
Clostridium Apc™”* mice inhibit intestinal tumor development by modulating Wnt signaling and gut microbiota -  [20]
butyricum
C57BL/6 mice regulate structure and composition of gut microbiota and reduces colitis associated [21]
colon cancer in mice, the mechanism may be inhibiting NF-kB pathway and promot-
ing apoptosis
E. faecalis Young adult mouse colonic (YAMC) epithelial repetitive exposure of primary colonic epithelial cells to commensal-polarised mac- - [10]
cells, murine macrophage RAW264.7 cells, rophages, or the endogenous clastogen 4-HNE, induced CIN, caused transforma-
and HCT116 human colon cancer cells; NOD/  tion via BSE, increased expression of tumour stem cell and stem/progenitor-like
scid mouse markers, and led to the formation of poorly differentiated and invasive tumours in
immunodeficient mice
Gut microbiome  CLM mice decreased mouse colon cancer CT26 cell liver, increases of Firmicutes and Pro- +  [17]
teobacteria, decreased T regulatory cells and increased natural killer T cells and T
helper 17 cells, accordingly decreased IL-10 and increased IL17 secretion in CLM
mice liver
Enteropathogenic CRCcell lines (HT29 and SW480) Depletion of DNA Mismatch Repair Proteins + [6]
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Pks*E. coli induces cellular senescence characterized by the production of growth factors that + [9]
promote the proliferation of uninfected cells
Breast cancer Gut microbiome  MCF7, SKBR-3, and 4T1 cells; Balb/c mice Lithocholic acid depend on oxidative stress brought about by the downregulation of - [14]
the NRF2/Keapl system and the induction of iINOS, and nitrosative stress
activates estrogen as a component of estrogen-like substances that activate +  [13]
estrogen
Gastric cancer Helicobacter Oxidative stress results in DNA damage + [35]
pylori
Liver cancer Gut microbiome  SPF C57BL/6 and BALB/c mice uses bile acids as a messenger to regulate chemokine CXCL16 level on liver sinusoi- - [15]
dal endothelial cells (LSEC) and thus controls the accumulation of CXCR6+ hepatic
NKT cells
C57/BL6 mice; TIr27 mice driven COX2 pathway produced the lipid mediator PGE2 in senescent HSCs in the +  [22]
tumor microenvironment
Colorectal cancer and erythroleukemia F. nucleatum the human EBV transformed 721.221 cells, F. nucleatum bound tumors are protected from NK-mediated killing and immune +  [29]
the human colorectal line RKO, the human cell attack due to an interaction between the fusobacterial protein Fap2 with the
erythroleukemia line K562, the mouse immune cells inhibitory receptor TIGIT
thymoma BW cells and the NK tumor cell line
YTS ECO
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downregulate the expression of the SENP1
gene to cause the accumulation of cell senes-
cence promoters and induce the senescence
of intestinal epithelial cells, promoting the pro-
liferation of uninfected cells. Growth factors
subsequently promote tumor growth [18].
Wang X et al. repeatedly exposed primary
colonic epithelial cells to symbiotic polarized
macrophages or endogenous clastogen 4-
HNE (4-human neutrophil elastase). Chromo-
somal instability (CIN) prompted to cause
transformation and increasing the expression
of tumor stem cells and stem cell-like markers.
This occurrence led to immunodeficiency and
poorly differentiated and aggressive tumor for-
mation in mice. These findings confirmed that
symbiosis induced endogenous CIN and cell
transformation, leading to colorectal cancer
[19]. Liver cancer is closely related to metabo-
lites produced by the gut microbiome. In
patients with liver cancer caused by alcohol,
the abnormal metabolism of intestinal microb-
es triggers and mediates increased intestinal
permeability. Gut bacteria can metabolize
ethanol and produce acetaldehyde. Ethanol
and the metabolic derivative acetaldehyde can
disrupt the integrity of tight junctions in the
intestine [20]. Metabolites such as deoxycholic
acid and lipopolysaccharide produced by gut
microbiome imbalance can promote liver
inflammation and cause tumors [21]. H. pylori
can cause gastric cancer by producing various
virulence factors such as VacA (Vacuolating
cytotoxin A) and CagA (cytotoxin-associated
gene A) [17]. Intestinal microorganisms with
B-glucuronidase (GUS) activity encoded by the
GUS gene activate estrogen as a component of
estrogen-like substances that activate estro-
gen, promoting the occurrence of breast can-
cer [22]. Patrik Kovacs et al. showed that litho-
cholic acid, a bacterial metabolite, activates
TGR5 (Takeda G-protein coupled receptor) and
CAR (constitutive androstane receptor) to trig-
ger a pair of oxidative stress and nitrosative
stress that depends on NRF2/Keapl system
downregulation and iNOS induction to inhibit
breast cancer cells [23]. Some intestinal bacte-
ria can also use bile acid as a messenger to
regulate the level of CXCL16, a hepatic sinusoi-
dal endothelial cell (LSEC) chemokine. Con-
sequently, the accumulation of CXCR6+ liver
NKT cells is controlled, and the growth of a liver
tumor is inhibited [24].
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In terms of diet, a large number of studies and
investigations have confirmed that species of
gut microbiota are affected by the products or
byproducts of fresh red meat or processed
meat, such as heme, nitrite, heterocyclic
amines, and protein fermentation products,
which are closely related to the occurrence
of cancer. Heme promotes the proliferation of
sulfide-producing bacteria, which causes muco-
sa damage and exposes epithelial cells to car-
cinogens, leading to carcinogenesis. In foods
containing nitrates, the microbiota increases
nitroreductase activity, which converts nitrates
into carcinogenic N-nitroso compounds (NOC).
Bacterial fermentation products of proteins in
fresh red meat, such as hydrogen sulfide,
ammonia, secondary bile acids, and phenolic
compounds, increase the risk of colorectal can-
cer [25]. The intestinal microbiota ferments
dietary fiber to produce short-chain fatty acids.
Ma X et al. examined the regulation of sodium
butyrate (NaB), the main product of intestinal
microbial fermentation, on intestinal microbio-
ta in mouse models of colorectal cancer liver
metastasis (CLM). They also proved that NaB
can effectively regulate the intestines of the
mouse models of CLM, channel microbiota,
and improve the host immune response to play
a role in the treatment of CLM [26].

Thus, daily maintaining a healthy diet can pre-
vent cancer and activate immune therapy for
cancer by improving the composition of the gut
microbiota.

Changes in tumor cell signaling pathways

Signal transduction between human cells can
be achieved by direct contact between neigh-
boring cells; however, the more commonly used
technique is the secretion of various chemical
substances by the cell to regulate their metabo-
lism and functions and other cells. Changes in
the gut microbiome of cell signaling pathways
in cancer can lead to host cell growth disor-
ders, stem cell-like characteristics, and loss of
cell polarity [14].

Bao Y et al. indicated that Bacteroides fragilis-
associated IncRNA (BFAL1) was identified. they
search for IncRNAs associated with ETBF
among eight candidates which filtrated in the
GEO database, two colorectal cancer cell lines,
DLD-1 and HCT116, Interestingly, significantly
increased expressions of BFAL1 compared with

Am J Cancer Res 2021;11(12):5812-5832
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those in NTBF or simple medium-treated cells.
This phenomenon indicated that ETBF increas-
es the expression of BFAL1 in CRC cells. The
expression profile of BFAL1 was validated and
its function in ETBF-related carcinogenesis was
investigated. BFAL1 mediates ETBF-induced
tumor growth by activating the Ras homolog,
which is the MTORC1 binding/mammalian tar-
get of the rapamycin (RHEB/mTOR) pathway.
Further study showed that BFAL1 is competi-
tively bound to miR-155-5p and miR-200a-3p
to upregulate RHEB expression [27]. BFT
secreted by ETBF binds to the receptors of
tumor epithelial (Figure 3A), increasing the per-
meability of epithelial cells and stimulating the
degradation of E-cadherin, a tumor suppressor
protein. Wnt signaling is one regulator of cell
proliferation, and, in the setting of mutant APC,
This process then enhances B-catenin nuclear
signal transduction results in dysregulated CEC
proliferation causing an increase in c-MYC
expression [28, 29], consequently promoting
the proliferation of cancer cells [16]. However,
Rubinstein MR proved that Fusobacterium
nucleatum (Fn) adheres and invades epithelial
cells via its distinct surface virulence factor,
FadA. As an adhesion, FadA combines with
E-cadherin to activate B-catenin signaling and
promote carcinogenesis [30]. Fn can also form
bacterial aggregates with non-invasive bac-
teria to invade cells. Chen D et al. found that
Clostridium butyricum can inhibit intestinal
tumor development in genetically modified
models and its efficacy on the gut microbiota
remain uncertain. C. butyricum inhibits intesti-
nal tumor development in Apc™"* mice induc-
ed by high-fat diet. Moreover, the mechanisms
involved in the protective effects of C. butyri-
cum are related to suppressing the prolifera-
tion and promoting the apoptosis of tumorcells,
modulating the gut microbiota, and inhibiting
Wnt/B-catenin signaling. Importantly, C. butyri-
cum treatment alters microbial-derived metab-
olites such as secondary bile acids and short-
chain fatty acids and activates the Gprotein
coupled receptors GPR43 and GPR109A, dem-
onstrating that C. butyricum can potentially
treat colorectal cancer [31]. Miao Liu et al. also
suggested that C. butyricum can also regulate
the structure and composition of the gut micro-
biome by inhibiting the NF-kB pathway and pro-
moting cell apoptosis to reduce mouse colitis-
related colon cancer (Figure 3B) [32].
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It can be seen that the mechanisms of carcino-
genesis induction by intestinal flora may include
infammation induction, altered cell signaling,
and suppression of immune cell killing effects.
However, the exact role of intra-tumoural bacte-
ria in tumors is still not fully understood.

Immune system suppression and participation
in pro-inflammatory pathways

The immune response is a physiological protec-
tion mechanism initiated by the body against
foreign objects. The microbiota coexists with
the animal body for a long time and participates
in various processes of animal growth and
development. The gut microbiota forms innate
immunity and adaptive immunity in the body, as
well as regulates the pathogenesis of intestinal
and systemic diseases.

In colorectal cancer, Fusobacterium nucleatum
(Fn). can activate the autophagy signal involv-
ed in cancer metastasis by specifically target-
ing the metastasis-promoting kinase CARD3
[33]. Moreover, Fn. increases the expression of
KRT7-AS/KRT7 by activating the NF-kB path-
way [34], improves the migratory ability of
colorectal cancer cells in vivo and in vitro, and
promotes the occurrence of cancer. Simul-
taneously, Fn infection can activate the IL-6/p-
STAT3/c-MYC signaling pathway in a TLR4-
dependent manner to encourage the growth of
macrophages. M2 polarization [35] increases
the expression of inflammatory mediators [36],
promoting the growth of colorectal tumors
(Figure 3C). Yang Y et al. confirmed that Fn
can upregulate microRNA-21 expression by
activating the TLR4/MYD88/NK-kb pathway
and drive the proliferation of colorectal can-
cer cells and the occurrence of tumors [37].
Chen T et al. reported that Fn can inhibit the
antitumor immune response by reducing the
density of CD4+ T cells and TOX expression
[38]. Gur C et al. determined a bacteria-depen-
dent tumor escape mechanism-that is, the
Fap2 protein of Fn can interact with TIGIT, the
human immune cell inhibitory receptor. Tumors
bound to Fn are thus protected from immune
cells attacking and promote tumor occurrence
and development [39]. Fn can also block
the G1 phase of lymphocytes to inhibit T cell
activation and suppress the immune system
[40]. Wu J et al. showed that Fn auto-inducer 2
promotes the polarization of M1 macrophages

Am J Cancer Res 2021;11(12):5812-5832
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Figure 3. Effect of the gut microbiome on tumor cell pathways. A. ETBF can stimulate the overexpression of BFAL1,
BFAL1, and miR-155-5p, moreover, miR -200a-3p competitively binds to activate the RHEB/mTOR pathway and
promote tumor growth. BFT secreted by ETBF binds to the receptors of tumor epithelial cells to increase the per-
meability of epithelial cells and stimulate the degradation of the tumor suppressor protein E-cadherin, enhances
B-catenin nuclear signal transduction, increases the expression of oncogene c-Myc, and promote the proliferation
of cancer cells. B. Clostridium butyricum can be regulated by Wnt signaling, and intestinal microbiota inhibits the
development of intestinal tumors. It may also regulate colon cancer by inhibiting the NF-kB pathway and promoting
apoptosis. C. Fusobacterium nuclei increase the expression of KRT7-AS/KRT7 by activating the NF-kB pathway. It
activates the IL-6/p-STAT3/c-MYC signaling pathway in a TLR4-dependent manner. Activating the TLR4/MYD88/
NK-kB pathway upregulates MicroRNA-21 expression. D. In aging hepatic stellate cells in the tumor microenviron-
ment, the COX2 pathway driven by intestinal microbes produces the lipid mediator PGE2, thereby inhibiting tumor

immunity.
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via the TNFSF9/IL-1B3 signaling pathway [41].
The binding and invasion of Fn with host cells
induce the secretion of IL-8 and CXCL1, driving
the migration of colorectal cancer cells [42].
Tze Mun Loo et al. demonstrated that the COX2
pathway driven by gut microbes produces the
lipid mediator PGE2 in senescent hepatic stel-
late cells in the tumor microenvironment, inhib-
iting tumor immunity (Figure 3D) [43].

The gut microbiome increases the efficacy of
chemotherapy and immunotherapy participat-
ing in the regulation of T-cell immunity, increas-
ing effector T-cell responses, and participating
in metabolism, increasing the efficacy of che-
motherapy and immunotherapy, and reducing
chemotherapy and immunotherapy-induced
diarrhea. Most of the gut microbiome involved
in cancer regulation can be found to belong to
the normal genus, therefore, a stable gut micro-
biome is essential in anti-cancer therapy.

Gut microbiome interacts with antitumor drug
treatment

The use of drugs to treat tumors is currently
the most widely used non-surgical treatment.
Since the development of modern antitumor
drugs in the 1940s, antitumor drug therapy
has undergone three changes: chemotherapy,
immunotherapy, and targeted therapy. Studies
have shown that drugs are mainly used to
change the intestinal microenvironment and
transfer the microbiome of different parts to
induce microbial imbalance in the body. Proton
pump inhibitors used to treat gastric acid-
related diseases can increase the permeability
of the gastric acid barrier, aiding the passage
of oral microorganisms via the stomach to the
intestine, leading to microbial imbalance [44].
The influence of the gut microbiome on antitu-
mor drug therapy primarily occurs via five
mechanisms: bacterial translocation, immune
regulation, metabolic regulation, enzymatic
degradation, and diversity reduction [45]. We
previously described gut microbes as having
the ability to influence the occurrence and
development of tumors via different mecha-
nisms. Thus, the interaction between the gut
microbiome and antitumor drug treatment is
discussed in this review.

Gut microbiome and chemotherapy drugs

Chemotherapy is a systemic treatment that
uses chemical drugs to kill tumor cells and
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inhibit the growth and reproduction of tumor
cells. Most chemotherapeutic drugs spread
throughout the body, along with blood circula-
tion, affecting normal cells in the body to vary-
ing degrees. The use of chemotherapy is often
accompanied by serious side effects. Long-
term use of chemotherapeutics leads to drug
resistance in cancer cells. Most research on
chemotherapeutics currently focuses on im-
proving the defects of traditional drugs, such
as using different dosage forms to enhance
drug targeting and combining different drugs
or small molecules with traditional drugs to
improve and reduce the efficacy of traditional
drugs. Gene therapy is combined with tradition-
al medicine to improve the defects of tradition-
al medicine.

Chemotherapy drugs affect the gut micro-
biome to a certain extent. For instance, chemo-
therapy can disrupt the normal functioning of
the gastrointestinal tract, causing diarrhea,
and the composition of the gut microbiota [46].
The gut microbiome can also, directly and indi-
rectly, regulate the metabolism of chemothera-
peutic drugs and host response to chemothera-
py via different channels, affecting the efficacy
of chemotherapeutic drugs and the sensitivity
of the host to related toxic effects [14].

Cyclophosphamide (CTX), an anti-cancer me-
tagenomic, is a significant alkylating agent
whose therapeutic efficacy is due in part to its
ability to stimulate antitumor immune respons-
es. Studying mouse models, we demonstrate
that cyclophosphamide alters the composition
of microbiota in the small intestine and induc-
es the translocation of selected species of
Gram-positive bacteria into secondary lym-
phoid organs. There, these bacteria stimulate
the generation of a specific subset of “patho-
genic” T helper 17 (pTH17) cells and memory
TH1 immune responses. Tumor-bearing mice
that were germ-free or that had been treated
with antibiotics to kill Gram-positive bacteria
showed a reduction in pTH17 responses, and
their tumors were resistant to cyclophospha-
mide. Adoptive transfer of pTH17 cells partially
restored the antitumor efficacy of cyclophos-
phamide. These results suggest that the gut
microbiota help shape the anticancer immune
response [47]. Germ-free mouse models of
cancer that have been treated with antibiotics
to kill Gram-positive bacteria show a reduction
of Thl7 responses and resistance to cyclo-

Am J Cancer Res 2021;11(12):5812-5832
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phosphamide CTX is currently used in many
solid cancers and hematological cancers [14].
The efficacy of CTX depends on intestinal bac-
teria, including the Enterococcus plaque and
Pasteurella enterica identified in the study by
Daillere R et al. E. coli metastasizes from the
small intestine to the secondary lymphoid
organs and increases the CD4+/Treg ratio in
the tumor, and Campylobacter in the small
intestine accumulates in the colon and pro-
motes the infiltration of T cells that can produ-
ce IFN-y in a cancer lesion. The immunosensor
NOD2 limits CTX-induced cancer immune moni-
toring and the biological activity of these micro-
organisms [48]. Using mouse models, Sophie
Viaud et al. proved that cyclophosphamide
indirectly caused the accumulation of mono-
cytes in the lamina propria and mesenteric
lymph nodes and spleen by inducing abnormal
biological metabolism in the small intestine
and destroying mucosal integrity [49]. Zhu H
et al. showed that ginsenosides have the dual
effect of promoting the anti-tumor effect of
CTX, that is, improving intestinal mucositis by
regulating the gut microbiome and regulating
Nrf2 and NFB pathways, indirectly improving
antitumor immunity [50]. Other reports also
indicated that various traditional Chinese medi-
cine extracts, including wild morel polysaccha-
ride [51], jujube polysaccharide [52], camellia
extract [53], cordyceps polysaccharide [54],
among others, can be used anti-tumor. This
approach regulates the gut microbiome to
improve the side effects and anticancer effects
of CTX.

Cisplatin, a non-specific drug of the cell cycle
exhibits a certain degree of cytotoxicity. It can
inhibit the DNA replication of tumor cells and
damage the structure of the cell membrane. It
exerts a strong broad-spectrum antitumor
effect and is mostly used to treat ovarian can-
cer, prostate cancer, testicular cancer, and
other malignant tumors of the genitourinary
system. The damage caused by cisplatin on
the DNA replication of rapidly proliferating epi-
thelial cells may destroy the mucosal barrier,
leading to infection. Wu CH et al. reported that
with its antioxidant and anti-oxidant effects,
D-methionine could enhance the growth of
probiotics (pine plants and lactobacilli), reduce
gut microbiome imbalance caused by cisplatin,
and maintain intestinal homeostasis [55]. Zhao
et al. found that Lactobacillus supplementation
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significantly increased body weight, restored
heart function, and reduced the expression of
inflammatory genes, as well as improved the
toxic effects of cisplatin [56] Zhou P et al.
indicated that cephalosporin hydrochloride
improved the intestinal microbial imbalance
caused by the therapeutic effect of cisplatin
chemotherapy by manipulating the gut microbi-
ome by the allele analysis of microbial commu-
nities [57].

Gemcitabine (2, 2'-difluorodeoxycytidine) is a
cytosine nucleoside derivative, and pyrimidine
competes with the physiological nucleotide
deoxycytidine during DNA synthesis. Exerting
the effect of antimetabolites, gemcitabine can
competitively antagonize pyrimidine. More-
over, gemcitabine is commonly used to treat
pancreatic ductal adenocarcinoma (PDAC). The
study by Geller LT et al. revealed that of the
113 human PDACs tested, 86 (76%) of the bac-
teria, mainly y-proteobacteria, were positive.
Bacteria can metabolize gemcitabine into the
inactive form of 2’, 2’-difluorodeoxyuridine. The
metabolic process depends on the expression
of the long isoform of the bacterial enzyme
cytidine deaminase (CDDL) mainly present in
y-proteobacteria. In a mouse model of colon
cancer, gemcitabine resistance is caused by
y-proteobacteria within the tumor, relies on
CDDL expression, and can be disrupted by co-
treatment with the antibiotic ciprofloxacin [58].

Fluorouracil (5-FU), a thymidylate synthase
inhibitor, is widely used in the treatment of
gastrointestinal tumors and is the first-choice
treatment for colon cancer. However, its clinical
application may cause severe colonic mucosi-
tis, the pathogenesis of which has not been
fully explained by current preclinical studies
[14]. Evidence of the involvement of intestinal
microbiota has accumulated. Other studies
found that 5-FU leads to intestinal microbe
imbalance, which then triggers inflammation,
worsens intestinal mucositis, and potentially
leads to bacteremia and sepsis. Meanwhile,
several preclinical studies have reported that
the body undergoes a rapid transformation
from symbiotic bacteria to E. coli, Clostridium
spp., and Enterococcus after treatment with
5-FU via intraperitoneal injection [59]. Hong-Li
Li showed that the gut microbiome actively par-
ticipates in the pathological process of
5-Fu-induced intestinal mucositis. 5-Fu signifi-
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cantly changed the profiles of inflammatory
cytokines/chemokines in serum and colon.
Adhesion molecules such as vascular cell adhe-
sion molecule-1, intercellular adhesion mole-
cule-1, and VE-Cadherin were increased. While
tight junction protein occludin was reduced,
however, zonula occludens-1 and junctional
adhesion molecule-A were increased in colonic
tissues of 5-Fu treated mice. Meanwhile,
inflammation-related signaling pathways in-
cluding NF-kB and mitogen-activated protein
kinase in the colon were activated. The further
study disclosed that 5-Fu diminished bacterial
community richness and diversity, leading to
the relative lower abundance of Firmicutes and
decreased Firmicutes/Bacteroidetes ratio in
feces and cecum contents, suggesting that
5-Fu-induced intestinal mucositis can poten-
tially regulate the homeostasis of the gut
microbiome [60]. Different drugs have been
used to reduce this side effect and promote
the antitumor effect of 5-Fu by regulating the
gut microbiome and some cell signaling path-
ways. An J et al. proved that the symbiotic bac-
teria Lactobacillus Plantarum (LP) supernatant
inhibited the expression of CD44, 133, 166,
and ALDH1, which are specific markers for the
colorectal cancer cell. The combination therapy
consisting of LP and 5-FU can inhibit the sur-
vival of CRC and lead to cell death by inducing
caspase-3 activity. The combination therapy of
LP SN and 5-FU can induce the anticancer
mechanism of the body by inactivating the
Wnt/B-catenin signaling pathway of chemore-
sistant CRC cells and reducing the formation
and size of the colon sphere [61].

Irinotecan (CPT-11) is a topoisomerase | inhibi-
tor that inhibits DNA replication. It is used to
treat advanced colorectal cancer, gastric can-
cer, pancreatic cancer, and small-cell lung can-
cer [14]. As a prodrug with a carbamate-linked
piperidinyl group, CPT-11 increases solubility
and bioavailability. The CPT-11 is removed in
the body to produce SN-38, an active metabo-
lite. However, once SN-38 enters the intestinal
tract, SN-38 acts as a substrate of bacterial
B-glucuronidase in the symbiotic microbiota,
which removes the glucuronic acid group as a
carbon source, produces reactivated SN-38 in
situ, and reactivates the drug in the intestine.
Consequently, several adverse reactions, such
as diarrhea, occur. Wallace et al. reported that
inhibiting the B-glucuronidase present in the
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bacterial symbiont can prevent the gastrointes-
tinal toxicity of CPT-11 metabolites [62]. Yang W
et al. evaluated the efficacy of amoxapine, a
B-glucuronidase inhibitor, in reducing CPT-11-
induced toxicity [63].

In conclusion, further studies have confirmed
the changes in the gut microbiome after the
application of chemotherapy drugs in malig-
nant tumors. Supplementation of probiotics to
reduce the toxic and side effects of chemother-
apeutic drugs has also been increasingly
regarded. At present, with the deepening of the
research on the gut microbiome of patients
undergoing chemotherapy for malignant tumors
and the progress of research technologies
(such as sequencing technology and single
strain culture, etc.), the gut microbiome has
potential in the field of cancer prevention and
treatment.

Gut microbiome and immunotherapy drugs

Immunotherapy is a biological treatment
method that restores the normal antitumor
immune response of the body by regulating the
balance between immune-promoting factors
and immunosuppressive factors, thereby sup-
pressing and eliminating tumors. Immuno-
therapy mainly includes immune checkpoint
blocking, cytokine therapy, cell therapy, and
therapeutic vaccines. However, this treatment
remains immature and is in the clinical trial
stage, and its specific treatment plan requires
improvement. Immunotherapy drugs are ma-
inly immune checkpoint inhibitors (ICIS). The
immune access point destroys T cell activation
via the inhibitory motif of the intracellular
immune receptor tyrosine (ITIM), thereby coun-
teracting TCR/CD3 or CD28-mediated tyro-
sine phosphorylation. ICIS can reduce the
immune tolerance of tumor cells to tumor anti-
gens and restore the antitumor response of the
body by suppressing immune access points.
The effect of the gut microbiome on immuno-
therapy is mainly indicated through the effect
of cell therapy and ICIS. As early as 2015,
Sivan et al. noticed that the abundance of
some special commensal bacteria was related
to the anti-PD-1 treatment effect in a mouse
model [64]. Researchers compared the efficacy
of anti-PD-1 treatment in genetically similar
mice (C57BL/6) from 2 different facilities (JAX
and TAC) that harbored significantly different
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gut microbiota. The results showed that tumors
grew more slowly and were more sensitive to
anti-PD-1 therapy in JAX populations [64]. Cell
therapy is a method of injecting tumor-specific
immune cells in a microenvironment without
detecting immunity for some tumors with poor
immunogenicity; it is mostly used in the treat-
ment of solid tumors. The efficacy of PD-1/
PD-L1 and CTLA-4 inhibitors in ICIS has been
fully proven and successfully applied to treat
various tumors [65, 66].

When the apoptosis factor PD-1 recognizes
its ligand PD-L1, the phosphorylation of ITSM
tyrosine residues is induced, recruiting the
tyrosine phosphatase SHP2, which induces the
dephosphorylation and loss of Zap70 in T cells.
PD-1 downregulates the activity of T cells and
negatively affects the immune response, pre-
venting T lymphocytes from targeting tumor
cells, which is conducive to tumor immune
escape [67]. This interaction between PD-1 and
PD-L1 is blocked by some monoclonal antibod-
ies, such as nivolumab, pembrolizumab, and
atezolizumab. CTLA-4 is a membrane receptor
on effector T cells, which binds to CD80/CD86
on antigen-presenting cells, thereby inhibiting T
cells. Ipilimumab is a monoclonal antibody (ab)
against CTLA4, which is mainly used to improve
the overall survival rate of patients with meta-
static melanoma (MM).

Many studies have shown that gut microbes
significantly influence the efficacy of ICIS. Krista
Dubin et al. conducted a prospective study on
patients with MM treated with ipilimumab and
correlated the fecal microbiota and its compo-
sition before and during the occurrence of coli-
tis. The increase in the number of bacteria in
Bacteroides is associated with the develop-
ment of resistance to ICIS-induced colitis [68].
Marie Vétizou et al. found that the effective-
ness of ICIS to block CTLA-4 is affected by the
microbiota (B. fragilis, Bacillus polymorpha,
and Burkholderia). B. fragilis can induce Thl
immune response, and DC matures to enhance
CTLA-4 blockade [69]. Chaput et al. verified the
regulatory effect of gut microbiota on CTLA-4
blockade in patients with MM. Enterococcus
faecalis promotes Treg development, upregu-
lates T cell ICOS expression, and enhances
CTLA-4 blockade. Bacteroides can trigger
baseline systemic inflammation [70]. Sivan A
et al. found that the symbiotic signal of
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Bifidobacterium commensalism can regulate
the activation of DCs at a steady-state, promot-
ing the effector function of tumor-specific
CD8+ T cells, boosting antitumor immunity, and
enhancing the anti-PD-L1 effect [71]. Go-
palakrishnan et al. proved that faecalis can
activate CD4+ and CD8+ T cells in the circula-
tion and tumors, as well as enhances the PD-1
blocking effect. By contrast, Bacteroides can
upregulate MDSC and Treg in the system and
hinder PD-1 blocking [72]. Matson et al. deter-
mined that bacterial groups containing Bifi-
dobacterium, Bifidobacterium longum, among
others, can upregulate the secretion of IFN-y,
increase CD8+ tumor-infiltrating T cells, and
enhance the effect of blocking PD-1 [73]. Routy
et al. found that Akkermansia muciniphila
enhanced the ability of DC and promoted IL12
production by increasing CXCR3+CCR9+CD4+
T cells, enhancing the effect of blocking PD-1
[74].

In conclusion, the gut microbiome plays an
important role in the regulation of host innate
and adaptive immune systems, especially
intestinal mucosal immunity. Moreover, it can
not only induce the anti-tumor immune
response but also promote the efficacy of
immunotherapy.

Gut microbiome and targeted therapy drugs

Targeted therapy aims to design corresponding
therapeutic drugs, based on their specific carci-
nogenic sites, allowing the selective targeting
of drugs to specifically reduce or Kkill tumor
cells. Common tumor-targeted therapy drugs
include small molecule drugs, such as tyrosine
kinase inhibitors, in addition to monoclonal
antibody drugs involved in immunotherapy.
However, the antitumor effect of targeted ther-
apy is relatively weak, and combination with
other drug treatments is generally necessary.

Vascular endothelial growth factor-tyrosine
kinase inhibitors (VEGF-TKIs) are the standard
first-line drug treatment for patients with meta-
static renal cell carcinoma (MRCC). Common
VEGF-TKIs include sunitinib, pazopanib, and
rafinib. However, about 50% of mMRCC patients
treated with VEGF-TKIs experience diarrhea
[75-77]. VEGF-TKIs often have to be stopped or
reduced to relieve diarrhea during clinical treat-
ment. Sumanta K et al. investigated and ana-
lyzed the fecal bacterial profile of mRCC
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patients treated with VEGF-TKIs and found that
Bacteroides was highly expressed, whereas
Prevotella was poorly expressed in patients
with diarrhea [78]. These results indicate the
high correlation between the targeted drugs
VEGF-TKIs and gut microbiome. Although the
specific mechanism of action between the two
has not been elucidated. A clinical study
showed that fecal microbial transplantation
(FMT) has apparent and statistical significance
in improving VEGF-TKI-dependent diarrhea in
mRCC patients [79]. This consistency not only
provides the auxiliary role of FMT in cancer
treatment but also further demonstrates the
interaction between VEGF-TKIs and gut
microbes.

These results prove that these targeted drugs
may act not only via well-defined mechanisms
but via the gut microbiome as well. Meanwhile,
the influence of the gut microbiome during tar-
geted drug therapy cannot be ignored. At pres-
ent, despite findings on the correlation between
targeted therapy drugs and intestinal microbes,
studies have rarely reported on the interaction
of gut microbiome and tumor-targeted therapy
drugs. The specific relationship still needs fur-
ther research.

The effect of the gut microbiome on tumors
also confirms the complexity of the bacteria-
immune-tumor axis. Most studies are limited to
animal models. Due to differences in intestinal
flora between humans and animals, the spe-
cies, number, and proportion of bacteria are
not completely consistent, and there are few
tumor species and drugs to be studied. There is
also a lack of clinical studies on the anti-tumor
efficacy of bacteria on more types of targeted
small-molecule drugs. Further research is still
necessary to determine the correlation, but
these issues will certainly be one of the hot
spots in the frontier field of precision medicine
research in cancer in the future.

Summary and outlook

In summary, the gut microbiome is mainly
involved in the occurrence and development of
tumors in four ways: inducing DNA damage,
diet, and microbial carcinogenic metabolites;
changing tumor cell signaling pathways; sup-
pressing the immune system; and participating
in proinflammatory pathways. The generation
of different tumors also leads to changes in the
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microenvironment and types of the gut microbi-
ome. The efficacy of antitumor drugs is also
affected by many aspects of the gut microbi-
ome. The influence of the gut microbiome on
antitumor drug therapy is primarily exerted
via five mechanisms: bacterial translocation,
immune regulation, metabolic regulation, enzy-
matic degradation, and diversity reduction.

The gut microbiome is mainly applied in the
clinical treatment of cancer via probiotics and
prebiotics, antibiotics, and fecal microflora
transplantation. Probiotics are defined as live
microorganisms that are beneficial to the
health of the host when used in moderation
[80]. Bacterial genera considered as safe
such as Lactobacillus or Bifidobacterium cur-
rently dominate the probiotic product market
[81]. Prebiotics refer to a substrate selectively
utilized by host microorganisms and provide
health benefits. They include fructo-oligosac-
charide and galactose, which can be preferen-
tially metabolized by bifidobacteria [82]. Most
clinical gastrointestinal indications can benefit
from probiotics and prebiotic interventions.
Probiotics are clinically indicated in noncancer
conditions., including necrotizing enterocolitis
[83], pediatric colitis [84], and neonatal scurvy
[85]. The most common application of prebiot-
ics is reflected in infant formula [86]. Probiotics
and prebiotics are most commonly used to
prevent colon cancer in the clinical treatment
of cancer. For instance, oral administration of
live Lactobacillus casei can inhibit tumor recur-
rence in patients who have undergone resec-
tion of colorectal tumors [87]. Probiotics and
prebiotics have good clinical application pros-
pects, but further research is needed to deter-
mine the potential probiotic strains and the
options for the optimal dosage and time [88].
Antibiotics refer to a class of secondary
metabolites produced by microorganisms or
higher animals and plants during their lives that
have anti-pathogen properties or other activi-
ties and can interfere with the development of
other living cells. Antibiotics, which are current-
ly among the best-selling drugs, can transform
the gut microbiome into a temporary quasi-sta-
ble or alternative stable state so that it may
resist external effects, as demonstrated by
clindamycin, adriamycin, mitomycin, and so on.
However, antibiotics are prone to develop drug
resistance, in addition to their powerful antago-
nism toward diseases, and their effects on
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other gut microbiomes in the body have yet to
be elucidated. Moreover, studies have con-
firmed that using antibiotics before tumor
immunotherapy can decrease the overall cura-
tive effect and survival prognosis [88]. All
these indicate that antibiotic treatment is a
double-edged sword, needs to pay extra cau-
tion when applying to clinical treatment [89],
and exhibits significant duality [90]. FMT refers
to the restoration of intestinal microbial diver-
sity by transplanting the functional flora in the
feces of a healthy person into the gastroin-
testinal tract of the patient to rebuild new gut
microbiome [91]. FMT is an effective technique
for the treatment of Clostridium difficile infec-
tion. The efficiency of FMT in preventing the
recurrence of C. difficile infection has reached
90%. FMT manipulation of the intestinal micro-
biota shows potential as a treatment for inflam-
matory bowel disease and irritable bowel syn-
drome [92]. With regard to the clinical treat-
ment of tumors, FMT has improved VEGF-TKIs-
dependent diarrhea in mRCC patients. The clin-
ical application of these gut microbiome pro-
vides a solid foundation for the application
of gut microbiome in personalized tumor
treatment.

Inflammation and tumors are highly correlated.
Surveys have determined that up to 20% of
tumors are related to chronic infections and
that many environmental causes and risk fac-
tors of tumors are related to some forms of
chronic inflammation [93]. Chronic inflamma-
tion is linked to various processes leading to
tumorigenesis, including cell transformation,
promotion, survival, proliferation, invasion, an-
giogenesis, and metastasis [94]. Two molecular
and cellular pathways related to inflammation
and tumors have thus far been clarified: in the
internal pathway, the genetic events that cause
tumors initiate the expression of genes which
related to inflammation, guiding the construc-
tion of the inflammatory microenvironment; in
the external pathways, inflammatory conditions
promote the development of cancer [95].
Inflammatory bowel disease (IBD-CRC) in
colorectal cancer involves two main clinically
defined subtypes: ulcerative colitis and Crohn’s
disease (CD). The total risk of CRC associated
with ulcerative colitis is 1.4%, which increases
with the disease duration [96]. The overall risk
of CRC in patients with Crohn’s disease is 2.5
times that of the general population [97]. A mul-
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ticenter prospective study of CD patients with
Crohn’s disease activity index <150 indicated
that gut bacterial DNA is a related factor lead-
ing to CD complications [98]. Arthur JC et al.
reported that in IL107 mouse strains suscepti-
ble to colitis, chronic inflammation targets
intestinal microbes and can induce the expan-
sion of microbes, including E. coli with carcino-
genic effects [99]. This finding suggests that
intestinal microbes are among the causes of
colon cancer related to IBD-CRC [100]. Ana et
al. evaluated the effects of the COX-2 inhibitor
lumiracoxib and the TNF antagonist etanercept
on TNBS-induced colitis in Wistar rats. They
found that COX-2 inhibitors and TNF antago-
nists can both improve the inflammatory
response and protect against colon injury
[101]. Maria K et al. conducted a stool study
on patients with ulcerative colitis and found
that the mucosal antimicrobial peptide expres-
sion and intestinal microbiota showed signifi-
cantly different patterns before the treatment
of TNF antagonist treatment responders and
non-responders. This finding indicates that
intestinal antibacterial drugs or microbial com-
position can affect the treatment of anti-TNF
drugs [102]. These results prove the close con-
nection between chronic inflammation and
cancer, cancer-related inflammation, and the
gut microbiome. However, the relationship
between anti-inflammatory drugs, gut microbi-
ome, and tumors needs to be clarified, and the
direct relationship between anti-inflammatory
drugs and tumors has to be examined.
Therefore, the aforementioned anti-inflamma-
tory drugs provide the possibility to prevent and
treat cancer, and treat cancer effect may be
bridged by the gut microbiome. The develop-
ment of new antitumor drugs also provides new
ideas.

At present, traditional antitumor drug treat-
ment faces problems such as drug targeting,
drug resistance, drug side effects, and individu-
al differences. Reports on improving antitumor
drugs in the past three years have mainly
focused on the use of three methods: changing
the dosage form of drugs, combining drugs
with peptides or small molecule extracts, and
drug therapy combined with gene therapy.
Improving human health by regulating the
microbiota is a continuous development strat-
egy. However, a study of 13,355 prokaryotic
RNA gene sequences detected in multiple
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Table 2. Abbreviations

Abbreviation Full name

Abbreviation Full name

clAP2 Anti-apoptotic protein 2 CPT-11 Irinotecan

MMR mismatch repair NaB Sodium butyrate

ROS reactive oxygen species CLM Liver metastasis of colorectal cancer

ETBF enterotoxigenic Bacteroides fragilis BFT Bacteroides fragilis toxin

H2AX H2A histone family member X MM Metastatic melanoma

CIN chromosomal instability CRC colorectal cancer

4-HNE trans-4-hydroxy-2-nonenal COX2 cyclooxygenase-2

LCA lithocholic acid PGE2 prostaglandin E2

CD Crohn’s disease TLR4 Toll-like receptor 4

IBD inflammatory bowel disease IL-6, IL-12 Interleukin-6, Interleukin-12

INOS inducible nitric oxide synthase CTX Cyclophosphamide

LSEC liver sinusoidal endothelial cell IFN-y Interferon y

CXCL16 CXC chemokine ligand 16 CEH Cefopurine hydrochloride

NKT cells natural killer T cells CDDL a long isoform of the bacterial enzyme cytidine
deaminase

Fn Fusobacterium nucleatum SN supernate

NOD2 nucleotide-binding oligomerization domain 2 ICIS Immunoretrieval point inhibitors

Nrf2 red derived nuclear factor 2 correlation factor Zap70 Zeta-chain-associated protein kinase 70

PDAC pancreatic ductal adenocarcinoma MDSC myeloid-derived suppressor cell

LP Lactobacillus Plantarum PD-1 programmed death 1

ITIM immunoreceptor tyrosine-based inhibitory motif TNBS 2,4,6-trinitrobenzene sulfonic acid

SHP2 Src homology 2 domain-containing tyrosine phosphatase CDAI Crohn’s disease activity index

DC dendritic cells p-STAT3 Phosphorylated-signal transduction and activa-
tors of transcription 3

Treg regulatory T cells 5-FU 5-fluorouracil

VEGF-TKIs vascular endothelial growth factor-tyrosine kinase inhibitor GUS Gut microbial B-glucuronidase

TOX thymocyte selection-associated high-mobility group box BFAL1 Bacteroides fragilis-associated INcRNAL

FMT transplantation of fecal microbiota mRCC metastatic renal cell carcinoma

VEGF-TKIs vascular endothelial growth factor and tyrosine kinase inhibitor IBD-CRC inflammatory bowel disease colon cancer

MSI microsatellite instability

colon mucosa and feces of normal people
showed that the biological diversity of the gut
microbiome between different individuals is
highly significant [103]; besides, diet can quick-
ly change the intestinal microbiota in the body
[104]. Simultaneously, different individual ages
and geographic environments can produce
large differences [105]. Therefore, different
personalized programs have to be formulated
based on different patients. Ann’s approach to
personalized tumor treatment is targeted inter-
vention of key intestinal bacteria in the body to
facilitate treatment with different antitumor
drugs. However, to realize this method, it is
necessary to identify a new method of classify-
ing the specific bacterial flora involved in the
pathological process of tumors and drug treat-
ment. To achieve test biomarker based on the
physiological and pathological state of the
patient, specific flora has to be selected to aid
in the treatment of a specific tumor with a spe-
cific drug in various ways, a large number of
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follow-up studies on the relationship between
tumor, gut microbiome and drugs should also
be conducted. The acronyms of this article are
now attached at the end of the review (Table 2).

Acknowledgements

The authors are grateful to the Natural Science
Foundation Committee of China for financial
support (No. 81703440). This work is support-
ed by grants from China Postdoctoral Science
Foundation (No. 2019M651179). and Postdo-
ctoral Research Startup Project (No. 1210-
618015).

Disclosure of conflict of interest
None.

Address correspondence to: Jiankun Yu and Minjie
Wei, Department of Pharmacology, School of
Pharmacy, China Medical University, Shenyang

Am J Cancer Res 2021;11(12):5812-5832



Gut microbiome and anti-tumor drug therapy

110122, P. R. China. E-mail: 267204521@qq.com
(JKY); weiminjiecmu@163.com (MJW)

References

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

Tremaroli V and Backhed F. Functional interac-
tions between the gut microbiota and host me-
tabolism. Nature 2012; 489: 242-249.
Jasarevi¢ E, Morrison KE and Bale TL. Sex dif-
ferences in the gut microbiome-brain axis
across the lifespan. Philos Trans R Soc Lond B
Biol Sci 2016; 371: 20150122.

Proctor C, Thiennimitr P, Chattipakorn N and
Chattipakorn SC. Diet, gut microbiota and cog-
nition. Metab Brain Dis 2017; 32: 1-17.

Gupta VK, Paul S and Dutta C. Geography, eth-
nicity or subsistence-specific variations in hu-
man microbiome composition and diversity.
Front Microbiol 2017; 8: 1162.

Becker C, Neurath MF and Wirtz S. The intesti-
nal microbiota in inflammatory bowel disease.
ILAR J 2015; 56: 192-204.

Meng C, Bai C, Brown TD, Hood LE and Tian Q.
Human gut microbiota and gastrointestinal
cancer. Genom Proteom Bioinf 2018; 16: 33-
49,

Chen J, Douglass J, Prasath V, Neace M, Atr-
chian S, Manijili MH, Shokouhi S and Habibi M.
The microbiome and breast cancer: a review.
Breast Cancer Res Treat 2019; 178: 493-496.
Yu LX and Schwabe RF. The gut microbiome
and liver cancer: mechanisms and clinical
translation. Nat Rev Gastroenterol Hepatol
2017; 14: 527-539.

Gagniére J, Raisch J, Veziant J, Barnich N, Bon-
net R, Buc E, Bringer MA, Pezet D and Bonnet
M. Gut microbiota imbalance and colorectal
cancer. World J Gastroenterol 2016; 22: 501-
518.

Rajagopala SV, Vashee S, Oldfield LM, Suzuki
Y, Venter JC, Telenti A and Nelson KE. The hu-
man microbiome and cancer. Cancer Prev Res
(Phila) 2017; 10: 226-234.

Guo J, Wang Q, Wang X, Wang F, Yao J and Zhu
H. Horizontal gene transfer in an acid mine
drainage microbial community. BMC Genomics
2015; 16: 496.

Jandhyala SM, Talukdar R, Subramanyam C,
Vuyyuru H, Sasikala M and Nageshwar Reddy
D. Role of the normal gut microbiota. World J
Gastroenterol 2015; 21: 8787-8803.
Nicholson JK, Holmes E, Kinross J, Burcelin R,
Gibson G, Jia W and Pettersson S. Host-gut mi-
crobiota metabolic interactions. Science 2012;
336: 1262-1267.

Gori S, Inno A, Belluomini L, Bocus P, Bisoffi Z,
Russo A and Arcaro G. Gut microbiota and can-
cer: how gut microbiota modulates activity, ef-

5827

(15]

[17]

(19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

ficacy and toxicity of antitumoral therapy. Crit
Rev Oncol Hematol 2019; 143: 139-147.
Maddocks OD, Scanlon KM and Donnenberg
MS. An escherichia coli effector protein pro-
motes host mutation via depletion of DNA mis-
match repair proteins. mBio 2013; 4: e00152-
13.

Sears CL, Geis AL and Housseau F. Bacteroi-
des fragilis subverts mucosal biology: from
symbiont to colon carcinogenesis. J Clin Invest
2014; 124: 4166-4172.

Weng MT, Chiu YT, Wei PY, Chiang CW, Fang HL
and Wei SC. Microbiota and gastrointestinal
cancer. J Formos Med Assoc 2019; 118 Suppl
1: S32-S41.

Dalmasso G, Cougnoux A, Delmas J, Darfeuille-
Michaud A and Bonnet R. The bacterial geno-
toxin colibactin promotes colon tumor growth
by modifying the tumor microenvironment. Gut
Microbes 2014; 5: 675-680.

Wang X, Yang Y and Huycke MM. Commensal
bacteria drive endogenous transformation and
tumour stem cell marker expression through a
bystander effect. Gut 2015; 64: 459-468.
Elamin EE, Masclee AA, Dekker J and Jonkers
DM. Ethanol metabolism and its effects on the
intestinal epithelial barrier. Nutr Rev 2013; 71:
483-499.

Jiang JW, Chen XH, Ren Z and Zheng SS. Gut
microbial dysbiosis associates hepatocellular
carcinoma via the gut-liver axis. Hepatobiliary
Pancreat Dis Int 2019; 18: 19-27.

Ervin SM, Li H, Lim L, Roberts LR, Liang X,
Mani S and Redinbo MR. Gut microbial
B-glucuronidases reactivate estrogens as com-
ponents of the estrobolome that reactivate es-
trogens. J Biol Chem 2019; 294: 18586-
18599.

Kovacs P, Csonka T, Kovacs T, Sari Z, Ujlaki G,
Sipos A, Karanyi Z, Szebcs D, Hegedds C, Uray
K, Janké L, Kiss M, Kiss B, Laoui D, Virag L,
Méhes G, Bai P and Miké E. Lithocholic acid, a
metabolite of the microbiome, increases oxida-
tive stress in breast cancer. Cancers 2019; 11:
1255.

Ma C, Han M, Heinrich B, Fu Q, Zhang Q, Sand-
hu M, Agdashian D, Terabe M, Berzofsky JA,
Fako V, Ritz T, Longerich T, Theriot CM, McCull-
och JA, Roy S, Yuan W, Thovarai V, Sen SK,
Ruchirawat M, Korangy F, Wang XW, Trinchieri
G and Greten TF. Gut microbiome-mediated
bile acid metabolism regulates liver cancer via
NKT cells. Science 2018; 360: 6391.
Abu-Ghazaleh N, Chua WJ and Gopalan V. In-
testinal microbiota and its association with co-
lon cancer and red/processed meat consump-
tion. J Gastroenterol Hepatol 2020; 36: 75-88.
Ma X, Zhou Z, Zhang X, Fan M, Hong Y, Feng Y,
Dong Q, Diao H and Wang G. Sodium butyrate

Am J Cancer Res 2021;11(12):5812-5832


mailto:26720521@qq.com
mailto:weiminjiecmu@163.com

[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

[35]

[36]

Gut microbiome and anti-tumor drug therapy

modulates gut microbiota and immune re-
sponse in colorectal cancer liver metastatic
mice. Cell Biol Toxicol 2020; 36: 509-515.
Bao Y, Tang J, Qian Y, Sun T, Chen H, Chen Z,
Sun D, Zhong M, Chen H, Hong J, Chen Y and
Fang JY. Long noncoding RNA BFAL1 mediates
enterotoxigenic Bacteroides fragilis-related
carcinogenesis in colorectal cancer via the
RHEB/mTOR pathway. Cell Death Dis 2019;
10: 675.

Morin PJ, Sparks AB, Korinek V, Barker N, Clev-
ers H, Vogelstein B and Kinzler KW. Activation
of beta-Catenin-Tcf signaling in colon cancer by
mutations in beta-catenin or APC. Science
1997; 275: 1787-1790.

He TC, Sparks AB, Rago C, Hermeking H, Zawel
L, Costa LTd, Morin PJ, Vogelstein B and Kinzler
KW. Identification of c-MYC as a target of the
APC pathway. Science 1998; 281: 1509-1512.
Rubinstein MR, Wang X, Liu W, Hao Y, Cai G
and Han YW. Fusobacterium nucleatum pro-
motes colorectal carcinogenesis by modulat-
ing E-cadherin/B-catenin signaling via its FadA
adhesin. Cell Host Microbe 2013; 14: 195-
206.

Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, Dong
W, Liu X, Wang S, Zhong W, Liu Y, Jiang R, Piao
M, Wang B and Cao H. Clostridium butyricum,
a butyrate-producing probiotic, inhibits intesti-
nal tumor development through modulating
Wnt signaling and gut microbiota. Cancer Lett
2020; 469: 456-467.

Liu M, Xie W, Wan X and Deng T. Clostridium
butyricum modulates gut microbiota and re-
duces colitis associated colon cancer in mice.
Int Immunopharmacol 2020; 88: 106862.
ChenY, Chen Y, Zhang J, Cao P, Su W, Deng Y,
Zhan N, Fu X, Huang Y and Dong W. Fusobacte-
rium nucleatum promotes metastasis in
colorectal cancer by activating autophagy sig-
naling via the upregulation of CARD3 expres-
sion. Theranostics 2020; 10: 323-339.

Chen S, SuT, Zhang, Lee A, He J, Ge Q, Wang
L, SiJ, Zhuo W and Wang L. Fusobacterium nu-
cleatum promotes colorectal cancer metasta-
sis by modulating KRT7-AS/KRT7. Gut Mi-
crobes 2020; 11: 511-525.

Chen T, Li Q, Wu J, Wu 'Y, Peng W, Li H, Wang J,
Tang X, Peng Y and Fu X. Fusobacterium nu-
cleatum promotes M2 polarization of macro-
phages in the microenvironment of colorectal
tumours via a TLR4-dependent mechanism.
Cancer Immunol Immunother 2018; 67: 1635-
1646.

Proenca MA, Biselli JM, Succi M, Severino FE,
Berardinelli GN, Caetano A, Reis RM, Hughes
DJ and Silva AE. Relationship between fuso-
bacterium nucleatum, inflammatory mediators

5828

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

and microRNAs in colorectal carcinogenesis.
World J Gastroenterol 2018; 24: 5351-5365.
Yang Y, Weng W, Peng J, Hong L, Yang L, Toiya-
ma Y, Gao R, Liu M, Yin M, Pan C, Li H, Guo B,
Zhu Q, Wei Q, Moyer MP, Wang P, Cai S, Goel A,
Qin H and Ma Y. Fusobacterium nucleatum in-
creases proliferation of colorectal cancer cells
and tumor development in mice by activating
toll-like receptor 4 signaling to nuclear
factorkb, and up-regulating expression of mi-
croRNA-21. Gastroenterology 2017; 152: 851-
866, e24.

Chen T, Li Q, Zhang X, Long R, Wu Y, Wu J and
Fu X. TOX expression decreases with progres-
sion of colorectal cancers and is associated
with CD4 T-cell density and fusobacterium nu-
cleatum infection. Hum Pathol 2018; 79: 93-
101.

Gur C, Ibrahim Y, Isaacson B, Yamin R, Abed J,
Gamliel M, Enk J, Bar-On Y, Stanietsky-Kaynan
N, Coppenhagen-Glazer S, Shussman N, Al-
mogy G, Cuapio A, Hofer E, Mevorach D, Tabib
A, Ortenberg R, Markel G, Mikli K, Jonjic S,
Brennan CA, Garrett WS, Bachrach G and
Mandelboim O. Binding of the Fap2 protein of
fusobacterium nucleatum to human inhibitory
receptor TIGIT protects tumors from immune
cell attack. Immunity 2015; 42: 344-355.
Shenker BJ and Datar S. Fusobacterium nu-
cleatum inhibits human T-cell activation by ar-
resting cells in the mid-G1 phase of the cell
cycle. Infect Immun 1995; 63: 4830-4836.
Wu J, Li K, Peng W, Li H, Li Q, Wang X, Peng Y,
Tang X and Fu X. Autoinducer-2 of fusobacteri-
um nucleatum promotes macrophage M1 po-
larization via TNFSF9/IL-1B signaling. Int Im-
munopharmacol 2019; 74: 105724.
Casasanta MA, Yoo CC, Udayasuryan B, Sand-
ers BE, Umana A, Zhang Y, Peng H, Duncan AJ,
Wang Y, Li L, Verbridge SS and Slade DJ. Fuso-
bacterium nucleatum host-cell binding and in-
vasion induces IL-:8 and CXCL1 secretion that
drives colorectal cancer cell migration. Sci Sig-
nal 2020; 13: 9157.

Loo TM, Kamachi F, Watanabe Y, Yoshimoto S,
Kanda H, Arai Y, Nakajima-Takagij Y, lwama A,
Koga T, Sugimoto Y, Ozawa T, Nakamura M, Ku-
magai M, Watashi K, Taketo MM, Aoki T, Naru-
miya S, Oshima M, Arita M, Hara E and Ohtani
N. Gut microbiota promotes obesity-associat-
ed liver cancer through PGE2-mediated sup-
pression of antitumor immunity. Cancer Discov
2017; 7: 522-538.

Weersma RK, Zhernakova A and Fu J. Interac-
tion between drugs and the gut microbiome.
Gut 2020; 69: 1510-1519.

Alexander JL, Wilson ID, Teare J, Marchesi JR,
Nicholson JK and Kinross JM. Gut microbiota
modulation of chemotherapy efficacy and tox-

Am J Cancer Res 2021;11(12):5812-5832



[46]

[47]

(48]

[49]

[50]

[51]

[52]

Gut microbiome and anti-tumor drug therapy

icity. Nat Rev Gastroenterol Hepatol 2017; 14:
356-365.

Montassier E, Gastinne T, Vangay P, Al-Ghalith
GA, Bruley des Varannes S, Massart S, Moreau
P, Potel G, de La Cochetiére MF, Batard E and
Knights D. Chemotherapy-driven dysbiosis in
the intestinal microbiome. Aliment Pharmacol
Ther 2015; 42: 515-528.

Viaud S, Saccheri F, Mignot G, Yamazaki T, Dai-
llére R, Hannani D, Enot DP, Pfirschke C, Engb-
lom C, Pittet MJ, Schlitzer A, Ginhoux F, Apetoh
L, Chachaty E, Woerther PL, Eber| G, Bérard M,
Ecobichon C, Clermont D, Bizet C, Gaboriau-
Routhiau V, Cerf-Bensussan N, Opolon P, Yes-
saad N, Vivier E, Ryffel B, Elson CO, Doré J,
Kroemer G, Lepage P, Boneca IG, Ghiringhelli F
and Zitvogel L. The intestinal microbiota modu-
lates the anticancer immune effects of cyclo-
phosphamide. Science 2013; 342: 971-976.
Daillére R, Vétizou M, Waldschmitt N, Yamaza-
ki T, Isnard C, Poirier-Colame V, Duong CPM,
Flament C, Lepage P, Roberti MP, Routy B, Jac-
quelot N, Apetoh L, Becharef S, Rusakiewicz S,
Langella P, Sokol H, Kroemer G, Enot D, Roux
A, Eggermont A, Tartour E, Johannes L, Wo-
erther PL, Chachaty E, Soria JC, Golden E, For-
menti S, Plebanski M, Madondo M, Rosenstiel
P, Raoult D, Cattoir V, Boneca |G, Chamaillard
M and Zitvogel L. Enterococcus hirae and
barnesiella intestinihominis facilitate cyclo-
phosphamide-induced therapeutic immuno-
modulatory effects. Immunity 2016; 45: 931-
943.

Viaud S, Saccheri F, Mignot G, Yamazaki T, Dai-
llére R, Hannani D, Enot DP, Pfirschke C, Engb-
lom C, Pittet MJ, Schlitzer A, Ginhoux F, Apetoh
L, Chachaty E, Woerther PL, Eberl G, Bérard M,
Ecobichon C, Clermont D, Bizet C, Gaboriau-
Routhiau V, Cerf-Bensussan N, Opolon P, Yes-
saad N, Vivier E, Ryffel B, Elson CO, Doré J,
Kroemer G, Lepage P, Boneca IG, Ghiringhelli F
and Zitvogel L. The intestinal microbiota modu-
lates the anticancer immune effects of cyclo-
phosphamide. Science 2013; 342: 971-976.
Zhu H, He YS, Ma J, Zhou J, Kong M, Wu CY,
Mao Q, Lin G and Li SL. The dual roles of gin-
senosides in improving the anti-tumor efficien-
cy of cyclophosphamide in mammary carcino-
ma mice. J Ethnopharmacol 2020; 265:
113271.

Huo W, Feng Z, Hu S, Cui L, Qiao T, Dai L, Qi P,
Zhang L, Liu Y and Li J. Effects of polysaccha-
rides from wild morels on immune response
and gut microbiota composition in non-treated
and cyclophosphamide-treated mice. Food
Funct 2020; 11: 4291-4303.

Han X, Bai B, Zhou Q, Niu J, Yuan J, Zhang H,
Jia J, Zhao W and Chen H. Dietary supplemen-
tation with polysaccharides from Ziziphus Ju-

5829

(53]

(54]

[55]

(56]

[57]

(58]

(59]

[60]

juba cv. Pozao intervenes in immune response
via regulating peripheral immunity and intesti-
nal barrier function in cyclophosphamide-in-
duced mice. Food Funct 2020; 11: 5992-
6006.

Chen D, Ding Y, Chen G, Sun Y, Zeng X and Ye
H. Components identification and nutritional
value exploration of tea (Camellia sinensis L.)
flower extract: evidence for functional food.
Food Res Int 2020; 132: 109100.

Ying M, Yu Q, Zheng B, Wang H, Wang J, Chen
S, Nie S and Xie M. Cultured cordyceps sinen-
sis polysaccharides modulate intestinal muco-
sal immunity and gut microbiota in cyclophos-
phamide-treated mice. Carbohydr Polym 2020;
235: 115957.

Wu CH, Ko JL, Liao JM, Huang SS, Lin MY, Lee
LH, Chang LY and Ou CC. D-methionine allevi-
ates cisplatin-induced mucositis by restoring
the gut microbiota structure and improving in-
testinal inflammation. Ther Adv Med Oncol
2019; 11: 1758835918821021.

Zhao L, Xing C, Sun W, Hou G, Yang G and Yuan
L. Lactobacillus supplementation prevents cis-
platin-induced cardiotoxicity possibly by inflam-
mation inhibition. Cancer Chemother Pharma-
col 2018; 82: 999-1008.

Zhou P, Li Z, Xu D, Wang Y, Bai Q, Feng Y, Su G,
Chen P, Wang Y, Liu H, Wang X, Zhang R and
Wang Y. Cepharanthine hydrochloride im-
proves cisplatin chemotherapy and enhances
immunity by regulating intestinal microbes in
mice. Front Cell Infect Microbiol 2019; 9: 225.
Geller LT, Barzily-Rokni M, Danino T, Jonas OH,
Shental N, Nejman D, Gavert N, Zwang Y, Coo-
per ZA, Shee K, Thaiss CA, Reuben A, Livny J,
Avraham R, Frederick DT, Ligorio M, Chatman
K, Johnston SE, Mosher CM, Brandis A, Fuks G,
Gurbatri C, Gopalakrishnan V, Kim M, Hurd
MW, Katz M, Fleming J, Maitra A, Smith DA,
Skalak M, Bu J, Michaud M, Trauger SA, Bar-
shack I, Golan T, Sandbank J, Flaherty KT,
Mandinova A, Garrett WS, Thayer SP, Ferrone
CR, Huttenhower C, Bhatia SN, Gevers D, War-
go JA, Golub TR and Straussman R. Potential
role of intratumor bacteria in mediating tumor
resistance to the chemotherapeutic drug gem-
citabine. Science 2017; 357: 1156-1160.
Hamouda N, Sano T, Oikawa Y, Ozaki T, Shi-
makawa M, Matsumoto K, Amagase K, Higuchi
K and Kato S. Apoptosis, dysbiosis and expres-
sion of inflammatory cytokines are sequential
events in the development of 5-fluorouracil-in-
duced intestinal mucositis in mice. Basic Clin
Pharmacol Toxicol 2017; 121: 159-168.

Li HL, Lu L, Wang XS, Qin LY, Wang P, Qiu SP,
Wu H, Huang F, Zhang BB, Shi HL and Wu XJ.
Alteration of gut microbiota and inflammatory
cytokine/chemokine profiles in 5-fluorouracil

Am J Cancer Res 2021;11(12):5812-5832



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

Gut microbiome and anti-tumor drug therapy

induced intestinal mucositis. Front Cell Infect
Microbiol 2017; 7: 455.

An J and Ha EM. Combination therapy of lacto-
bacillus plantarum supernatant and 5-fluoura-
cil increases chemosensitivity in colorectal
cancer cells. J Microbiol Biotechnol 2016; 26:
1490-1503.

Wallace BD, Wang H, Lane KT, Scott JE, Orans
J, Koo JS, Venkatesh M, Jobin C, Yeh LA, Mani
S and Redinbo MR. Alleviating cancer drug tox-
icity by inhibiting a bacterial enzyme. Science
2010; 330: 831-835.

Yang W, Wei B and Yan R. Amoxapine demon-
stratesincomplete inhibition of B-glucuronidase
activity from human gut microbiota. SLAS Dis-
cov 2018; 23: 76-83.

Sivan A, Corrales L, Hubert N, Williams JB,
Aquino-Michaels K, Earley ZM, Benyamin FW,
Lei YM, Jabri B, Alegre ML, Chang EB and Ga-
jewski TF. Commensal bifidobacterium pro-
motes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science 2015; 350: 1084-
1089.

Yi M, Jiao D, Qin S, Chu Q, Li A and Wu K. Ma-
nipulating gut microbiota composition to en-
hance the therapeutic effect of cancer immu-
notherapy. Integr Cancer Ther 2019; 18:
1534735419876351.

Huang J, Jiang Z, Wang Y, Fan X, Cai J, Yao X,
Liu L, Huang J, He J, Xie C, Wu Q, Cao Y and
Leung EL. Modulation of gut microbiota to
overcome resistance to immune checkpoint
blockade in cancer immunotherapy. Curr Opin
Pharmacol 2020; 54: 1-10.

Botticelli A, Zizzari |, Mazzuca F, Ascierto PA,
Putignani L, Marchetti L, Napoletano C, Nuti M
and Marchetti P. Cross-talk between microbio-
ta and immune fitness to steer and control re-
sponse to anti PD-1/PDL-1 treatment. Oncotar-
get 2017; 8: 8890-8899.

Dubin K, Callahan MK, Ren B, Khanin R, Viale
A, Ling L, No D, Gobourne A, Littmann E, Hut-
tenhower C, Pamer EG and Wolchok JD. Intes-
tinal microbiome analyses identify melanoma
patients at risk for checkpoint-blockade-in-
duced colitis. Nat Commun 2016; 7: 10391.
Vétizou M, Pitt JM, Daillére R, Lepage P, Wald-
schmitt N, Flament C, Rusakiewicz S, Routy B,
Roberti MP, Duong CP, Poirier-Colame V, Roux
A, Becharef S, Formenti S, Golden E, Cording S,
Eberl G, Schlitzer A, Ginhoux F, Mani S,
Yamazaki T, Jacquelot N, Enot DP, Bérard M,
Nigou J, Opolon P, Eggermont A, Woerther PL,
Chachaty E, Chaput N, Robert C, Mateus C,
Kroemer G, Raoult D, Boneca IG, Carbonnel F,
Chamaillard M and Zitvogel L. Anticancer im-
munotherapy by CTLA-4 blockade relies on the
gut microbiota. Science 2015; 350: 1079-
1084.

5830

[70]

[71]

[72]

[73]

[74]

[75]

Chaput N, Lepage P, Coutzac C, Soularue E, Le
Roux K, Monot C, Boselli L, Routier E, Cassard
L, Collins M, Vaysse T, Marthey L, Eggermont A,
Asvatourian V, Lanoy E, Mateus C, Robert C
and Carbonnel F. Baseline gut microbiota pre-
dicts clinical response and colitis in metastatic
melanoma patients treated with ipilimumab.
Ann Oncol 2017; 28: 1368-1379.

Sivan A, Corrales L, Hubert N, Williams JB,
Aquino-Michaels K, Earley ZM, Benyamin FW,
Lei YM, Jabri B, Alegre ML, Chang EB and Ga-
jewski TF. Commensal bifidobacterium pro-
motes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science 2015; 350: 1084-
1089.

Gopalakrishnan V, Spencer CN, Nezi L, Reuben
A, Andrews MC, Karpinets TV, Prieto PA, Vicen-
te D, Hoffman K, Wei SC, Cogdill AP, Zhao L,
Hudgens CW, Hutchinson DS, Manzo T, Petac-
cia de Macedo M, Cotechini T, Kumar T, Chen
WS, Reddy SM, Szczepaniak Sloane R, Gallo-
way-Pena J, Jiang H, Chen PL, Shpall EJ, Rez-
vani K, Alousi AM, Chemaly RF, Shelburne S,
Vence LM, Okhuysen PC, Jensen VB, Swennes
AG, McAllister F, Marcelo Riquelme Sanchez E,
Zhang Y, Le Chatelier E, Zitvogel L, Pons N,
Austin-Breneman JL, Haydu LE, Burton EM,
Gardner JM, Sirmans E, Hu J, Lazar AJ, Tsujika-
wa T, Diab A, Tawbi H, Glitza IC, Hwu WJ, Patel
SP, Woodman SE, Amaria RN, Davies MA, Ger-
shenwald JE, Hwu P, Lee JE, Zhang J, Coussens
LM, Cooper ZA, Futreal PA, Daniel CR, Ajami
NJ, Petrosino JF, Tetzlaff MT, Sharma P, Allison
JP, Jeng RR and Wargo JA. Gut microbiome
modulates response to anti-PD-1 immunother-
apy in melanoma patients. Science 2018;
359: 97-103.

Matson V, Fessler J, Bao R, Chongsuwat T, Zha
Y, Alegre ML, Luke JJ and Gajewski TF. The
commensal microbiome is associated with an-
ti-PD-1 efficacy in metastatic melanoma pa-
tients. Science 2018; 359: 104-108.

Routy B, Le Chatelier E, Derosa L, Duong CPM,
Alou MT, Daillére R, Fluckiger A, Messaoudene
M, Rauber C, Roberti MP, Fidelle M, Flament C,
Poirier-Colame V, Opolon P, Klein C, Iribarren K,
Mondragén L, Jacquelot N, Qu B, Ferrere G,
Clémenson C, Mezquita L, Masip JR, Naltet C,
Brosseau S, Kaderbhai C, Richard C, Rizvi H,
Levenez F, Galleron N, Quinquis B, Pons N,
Ryffel B, Minard-Colin V, Gonin P, Soria JC,
Deutsch E, Loriot Y, Ghiringhelli F, Zalcman G,
Goldwasser F, Escudier B, Hellmann MD, Egg-
ermont A, Raoult D, Albiges L, Kroemer G and
Zitvogel L. Gut microbiome influences efficacy
of PD-1-based immunotherapy against epithe-
lial tumors. Science 2018; 359: 91-97.
Sternberg CN, Davis ID, Mardiak J, Szczylik C,
Lee E, Wagstaff J, Barrios CH, Salman P, Glad-
kov OA, Kavina A, Zarba JJ, Chen M, McCann L,

Am J Cancer Res 2021;11(12):5812-5832



[76]

[77]

[78]

[79]

[80]

(81]

[82]

[83]

[84]

Gut microbiome and anti-tumor drug therapy

Pandite L, Roychowdhury DF and Hawkins RE.
Pazopanib in locally advanced or metastatic
renal cell carcinoma: results of a randomized
phase Il trial. J Clin Oncol 2010; 28: 1061-
1068.

Gore ME, Szczylik C, Porta C, Bracarda S, Bjar-
nason GA, Oudard S, Lee SH, Haanen J, Castel-
lano D, Vrdoljak E, Schoffski P, Mainwaring P,
Hawkins RE, Crino L, Kim TM, Carteni G, Eber-
hardt WE, Zhang K, Fly K, Matczak E, Lechuga
MJ, Hariharan S and Bukowski R. Final results
from the large sunitinib global expanded-ac-
cess trial in metastatic renal cell carcinoma. Br
J Cancer 2015; 113: 12-19.

Escudier B, Eisen T, Stadler WM, Szczylik C,
Oudard S, Siebels M, Negrier S, Chevreau C,
Solska E, Desai AA, Rolland F, Demkow T, Hut-
son TE, Gore M, Freeman S, Schwartz B, Shan
M, Simantov R, Bukowski RM and Collective-
Name TSG. Sorafenib in advanced clear-cell
renal-cell carcinoma. N Engl J Med 2007; 356:
125-134.

Pal SK, Li SM, Wu X, Qin H, Kortylewski M, Hsu
J, Carmichael C and Frankel P. Stool bacte-
riomic profiling in patients with metastatic re-
nal cell carcinoma receiving vascular endothe-
lial growth factor-tyrosine kinase inhibitors.
Clin Cancer Res 2015; 21: 5286-5293.

laniro G, Rossi E, Thomas AM, Schinzari G, Ma-
succi L, Quaranta G, Settanni CR, Lopetuso LR,
Armanini F, Blanco-Miguez A, Asnicar F, Conso-
landi C, lacovelli R, Sanguinetti M, Tortora G,
Gasbarrini A, Segata N and Cammarota G. Fae-
cal microbiota transplantation for the treat-
ment of diarrhoea induced by tyrosine-kinase
inhibitors in patients with metastatic renal cell
carcinoma. Nat Commun 2020; 11: 4333.
Reid G, Gadir AA and Dhir R. Probiotics: reiter-
ating what they are and what they are not.
Front Microbiol 2019; 10: 424.

O’'Toole PW, Marchesi JR and Hill C. Next-gen-
eration probiotics: the spectrum from probiot-
ics to live biotherapeutics. Nat Microbiol 2017;
2:17057.

Gibson GR, Hutkins R, Sanders ME, Prescott
SL, Reimer RA, Salminen SJ, Scott K, Stanton
C, Swanson KS, Cani PD, Verbeke K and Reid
G. Expert consensus document: the interna-
tional scientific association for probiotics and
prebiotics (ISAPP) consensus statement on the
definition and scope of prebiotics. Nat Rev
Gastroenterol Hepatol 2017; 14: 491-502.
AlFaleh K and Anabrees J. Probiotics for pre-
vention of necrotizing enterocolitis in preterm
infants. Cochrane Database Syst Rev 2014;
10: CD005496.

Sung V, D’Amico F, Cabana MD, Chau K, Koren
G, Savino F, Szajewska H, Deshpande G, Du-
pont C, Indrio F, Mentula S, Partty A and Tan-

5831

(85]

(86]

(88]

(89]

[92]

(93]

[94]

[95]

[96]

credi D. Lactobacillus reuteri to treat infant
colic: a meta-analysis. Pediatrics 2018; 141:
e20171811.

Panigrahi P, Parida S, Nanda NC, Satpathy R,
Pradhan L, Chandel DS, Baccaglini L, Mohapa-
tra A, Mohapatra SS, Misra PR, Chaudhry R,
Chen HH, Johnson JA, Morris JG, Paneth N and
Gewolb IH. A randomized synbiotic trial to pre-
vent sepsis among infants in rural India. Na-
ture 2017; 548: 407-412.

Sanders ME, Merenstein DJ, Reid G, Gibson
GR and Rastall RA. Probiotics and prebiotics in
intestinal health and disease: from biology to
the clinic. Nat Rev Gastroenterol Hepatol
2019; 16: 605-616.

Ishikawa H, Akedo |, Otani T, Suzuki T, Naka-
mura T, Takeyama |, Ishiguro S, Miyaoka E, So-
bue T and Kakizoe T. Randomized trial of
dietary fiber and lactobacillus casei adminis-
tration for prevention of colorectal tumors. Int J
Cancer 2005; 116: 762-767.

Ambalam P, Raman M, Purama RK and Doble
M. Probiotics, prebiotics and colorectal cancer
prevention. Best Pract Res Clin Gastroenterol
2016; 30: 119-131.

Pinato DJ, Howlett S, Ottaviani D, Urus H, Patel
A, Mineo T, Brock C, Power D, Hatcher O, Fal-
coner A, Ingle M, Brown A, Gujral D, Partridge
S, Sarwar N, Gonzalez M, Bendle M, Lewanski
C, Newsom-Davis T, Allara E and Bower M. As-
sociation of prior antibiotic treatment with sur-
vival and response to immune checkpoint in-
hibitor therapy in patients with cancer. JAMA
Oncol 2019; 5: 1774-1778.

Lange K, Buerger M, Stallmach A and Bruns T.
Effects of antibiotics on gut microbiota. Dig Dis
2016; 34: 260-268.

Chen D, Wu J, Jin D, Wang B and Cao H. Fecal
microbiota transplantation in cancer manage-
ment: current status and perspectives. Int J
Cancer 2019; 145: 2021-2031.

Konturek PC, Haziri D, Brzozowski T, Hess T,
Heyman S, Kwiecien S, Konturek SJ and Koziel
J. Emerging role of fecal microbiota therapy in
the treatment of gastrointestinal and extra-
gastrointestinal diseases. J Physiol Pharmacol
2015; 66: 483-491.

Coussens LM and Werb Z. Inflammation and
cancer. Nature 2002; 420: 860-867.

Singh N, Baby D, Rajguru JP, Patil PB, Thakkan-
navar SS and Pujari VB. Inflammation and can-
cer. Ann Afr Med 2019; 18: 121-126.
Mantovani A, Allavena P, Sica A and Balkwill F.
Cancer-related inflammation. Nature 2008;
454: 436-444.

Zhou Q, Shen ZF, Wu BS, Xu CB, He ZQ, Chen T,
Shang HT, Xie CF, Huang SY, Chen YG, Chen HB
and Han ST. Risk of colorectal cancer in ulcer-
ative colitis patients: a systematic review and

Am J Cancer Res 2021;11(12):5812-5832



Gut microbiome and anti-tumor drug therapy

meta-analysis. Gastroenterol Res Pract 2019;
2019: 5363261.

[97] Canavan C, Abrams KR and Mayberry J. Meta-
analysis: colorectal and small bowel cancer
risk in patients with Crohn’s disease. Aliment
Pharmacol Ther 2006; 23: 1097-1104.

[98] Gutiérrez A, Zapater P, Juanola O, Sempere L,
Garcia M, Laveda R, Martinez A, Scharl M,
Gonzalez-Navajas JM, Such J, Wiest R, Rogler
G and Francés R. Gut bacterial DNA transloca-
tion is an independent risk factor of flare at
short term in patients with Crohn’s disease.
Am J Gastroenterol 2016; 111: 529-540.

[99] Arthur JC, Perez-Chanona E, Mihlbauer M,
Tomkovich S, Uronis JM, Fan TJ, Campbell BJ,
Abujamel T, Dogan B, Rogers AB, Rhodes JM,
Stintzi A, Simpson KW, Hansen JJ, Keku TO,
Fodor AA and Jobin C. Intestinal inflammation
targets cancer-inducing activity of the microbi-
ota. Science 2012; 338: 120-123.

[100] Keller DS, Windsor A, Cohen R and Chand M.
Colorectal cancer in inflammatory bowel dis-
ease: review of the evidence. Tech Coloproctol
2019; 23: 3-13.

[101] Paiotti AP, Ribeiro DA, Silva RM, Marchi P, Os-
hima CT, Neto RA, Miszputen SJ and Franco M.
Effect of COX-2 inhibitor lumiracoxib and the
TNF-oc antagonist etanercept on TNBS-induced
colitis in wistar rats. J Mol Histol 2012; 43:
307-317.

5832

[102] Magnusson MK, Strid H, Sapnara M, Lasson A,
Bajor A, Ung KA and Ohman L. Anti-TNF thera-
py response in patients with ulcerative colitis is
associated with colonic antimicrobial peptide
expression and microbiota composition. J
Crohns Colitis 2016; 10: 943-952.

[103] Eckburg PB, Bik EM, Bernstein CN, Purdom E,
Dethlefsen L, Sargent M, Gill SR, Nelson KE
and Relman DA. Diversity of the human intesti-
nal microbial flora. Science 2005; 308: 1635-
1638.

[104] David LA, Maurice CF, Carmody RN, Gooten-
berg DB, Button JE, Wolfe BE, Ling AV, Devlin
AS, Varma Y, Fischbach MA, Biddinger SB, Dut-
ton RJ and Turnbaugh PJ. Diet rapidly and re-
producibly alters the human gut microbiome.
Nature 2014; 505: 559-563.

[105] Yatsunenko T, Rey FE, Manary MJ, Trehan |,
Dominguez-Bello MG, Contreras M, Magris M,
Hidalgo G, Baldassano RN, Anokhin AP, Heath
AC, Warner B, Reeder J, Kuczynski J, Caporaso
JG, Lozupone CA, Lauber C, Clemente JC,
Knights D, Knight R and Gordon JI. Human gut
microbiome viewed across age and geography.
Nature 2012; 486: 222-227.

Am J Cancer Res 2021;11(12):5812-5832



