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Gut microbiota as a new target for
anticancer therapy: frommechanism to
means of regulation
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In order to decipher the relationship between gut microbiota imbalance and cancer, this paper
reviewed the role of intestinalmicrobiota in anticancer therapyand relatedmechanisms, discussed the
current research status of gut microbiota as a biomarker of cancer, and finally summarized the
reasonablemeans of regulating gutmicrobiota to assist cancer therapy.Overall, our study reveals that
the gut microbiota can serve as a potential target for improving cancer management.

The gastrointestinal tract is the largest microbial reservoir in the human
body, where a large microbial community, including bacteria, viruses, and
fungi, exists. These intestinal microbes play an important role in regulating
local mucosal inflammation and systemic immunity through complex
cross-talk with immune cells and stromal cells in the intestine1,2. Gut
microbiota is the largest and most complex microbial community, also
known as the ‘ second genome ‘. The establishment of the human gut
microbiota system began from birth, and the colonization was completed at
about 3 years old. The formed gut microbiota system includes at least 1000
kinds of bacteria, which coexist with the host and constitute an important
micro-ecological environment. It has an important impact on human cell
metabolism, digestion and absorption, and immune regulation3,4. Gut
microbiota disorders are associated with a variety of diseases, including
hypertension, Alzheimer’s disease, inflammatory bowel disease, and
cancer5–7.

Theprogressionof cancer is believed to be the result of overlapping and
complementary biological processes, including abnormal proliferation,
evasion of apoptosis and autophagy, activation of invasion, enabling
immunity, and inducing angiogenesis. These abnormal biological processes
have been extensively studied for decades, until recently, another driver of
cancer, the microbiome (including the gut microbiome) imbalance, gra-
dually became a research focus on the impact on cancer onset, progression,
and treatment response8. Currently, recognized anti-cancer treatments
include surgery, radiation therapy, chemotherapy, immunotherapy, tar-
geted therapy, hormone therapy, and stem cell transplantation. In addition
to surgery, radiation therapy, chemotherapy and immunotherapy are the
most widely used anti-cancer treatments in clinical practice, but their effects
are not ideal, or they are prone to a series of unavoidable side effects that
affect the quality of life of patients9. An increasing number of studies have
shown that the gut microbiome affects the survival and development of
tumors at various levels, including direct interactions between bacteria and

cancer cells, the production ofmetabolites that affect tumor growth, and the
regulation of local or systemic immune responses10. However, when it
comes to anti-cancer treatment, can the gut microbiome continue to play a
comprehensive and profound role?

In this review, we focus on the impact of the gut microbiome on the
anti-cancer treatment (including radiotherapy, chemotherapy, and immu-
notherapy) response and side effects of various cancer types and analyze the
main molecular mechanisms involved. We then reveal the feasibility of the
gut microbiome as a biomarker for assisting cancer diagnosis, treatment,
and prognosis. Furthermore, we explore the feasibility of assisting cancer
management through fecal microbiota transplantation, probiotics, and
dietarymanagement to regulate the gutmicrobiome. Finally, we discuss the
prospects and challenges of applying the gut microbiome to anti-cancer
treatment.

The guiding significance of gut microbiota in cancer
diagnosis and prognosis
Existing data suggest that the gut microbiota plays an important role in
tumor pathogenesis by regulating host metabolism and immune responses,
and more and more studies are beginning to explore the potential of gut
microbiota and its metabolites as cancer biomarkers (Table 1).

Fusobacterium nucleatum is an important biomarker for CRC
Because gut microbiota dysbiosis is an early event in the development of
CRC, a large number of studies have explored the gut microbiota as a
potential diagnostic marker to assist in the diagnosis and prognosis of
CRC11. It is worth noting that F. nucleatum is closely related to the occur-
rence of colorectal cancer, and its role as a diagnostic and prognosticmarker
for colorectal cancer patients has been repeatedly confirmed. Colov et al.
found that high levels of F. nucleatum in the intestine were associated with
poor postoperative prognosis in colorectal cancer patients12. Liang et al.
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proposed that quantification of fecal microbial DNAmarkers could be used
as a novel assay to screen for colorectal tumors in asymptomatic subjects,
either alone or in combination with fecal immunochemical testing (FIT).
Targets include F. nucleatum, Lachnoclostridium sp.m3, Bacteroides clarus,
and Clostridium hathewayi13. Subsequent studies found that combining
fecal immunochemical tests with the abundance of F. nucleatum could
significantly improve the diagnostic performance of CRC. Specifically, the
AUCvalue of FIT for colorectal cancerwas 0.86, andwhen the abundanceof
F. nucleatum was included in the model, the AUC value was further
increased to 0.9514,15. Poza et al. also proposed a new diagnostic biological
model composed of Fusobacterium, Parvimonas, Bacteroides, and Faecali-
bacterium, which can be used as an excellent non-invasive stool test for the
early diagnosis of CRC16. Yamaoka et al. collected 100 CRC tissues and 72
matched normal mucosal tissues to determine the level of F. nucleatum,
which can help predict the clinical prognosis of CRC patients, and the level
of F. nucleatum was highest in stage IV CRC patients17. Zhao et al. also
proposed that thebiologicalmodel ofF. nucleatum+ fecal occult blood+ sex
+ age may be the optimal combination for the diagnosis of CRC18. In
addition, F. nucleatum secretes an amyloid adhesion protein FadA complex
(FadAc), which is a major virulence factor that causes bacterial adhesion,
induces inflammation, and colorectal cancer cell proliferation. Compared
with healthy controls, circulating levels of anti-FADAC IgA were increased
in patients with early and advanced colorectal cancer, but IgG levels were
not, especially in patients with proximal colorectal cancer, and Han et al.
suggested that anti-FADAC IgA could be developed as a serological bio-
marker for the early detection of colorectal cancer19.

The role of gut microbiota in the identification of other cancers
Gut microbiota as a diagnostic biomarker. In addition to CRC, gut
microbiota is a potential biomarker for a variety of other cancers. To track
the changes in the gutmicrobiota after the onset of lung cancer, Feng et al.
combined preclinical and clinical studies to thoroughly analyze the
characteristics of the fecal microbiota in lung cancer, and they found that
the fecal microbiota of lung cancer mice had reduced metagenomic
potential for neurotransmitters (melatonin, γ-aminobutyric acid, and
histamine) compared to healthy mice, which will help in the early diag-
nosis of lung cancer and predict the therapeutic effect, that is, the
diversity, structure, and composition of the gutmicrobiota differ after the
occurrence of lung cancer, leading to changes in functional
metagenomics20. Esophageal squamous cell carcinoma (ESCC) is one of
themost predominant subtypes of esophageal cancer, and Gao et al. have
used various bioinformatics methods to fully study and discuss the
characteristics of the gutmicrobiota and itsmetabolites in ESCCpatients.
They found that Prevotella, Alistipes, Agathobacter, and Parabacteroides
may promote ESCC by regulating the synthesis of indole and its deri-
vatives and that themicrobiota and its associatedmetabolites can be used
as diagnostic biomarkers of ESCC21.

In postmenopausal women, an increase in circulating estrogen levels is
associated with an increase in susceptibility to BC.Metabolites produced by
the gut microbiota (such as Bacteroidetes, Firmicutes, and Escherichia),
β-glucuronidase, affect the levels of estrogen of non-ovarian origin through
the enterohepatic circulation. Specifically, the estrogen glucuronate excreted
into the intestine through bile is catalyzed by β-glucuronidase into free
estrogen, which is then absorbed by the intestinal mucosa into the enter-
ohepatic circulation, and then distributed to various organs such as the
mammary gland. Therefore, the elimination of β-glucuronidase can reduce
the risk of BC development and facilitate treatment, in other words,
microbiotametabolites such asβ-glucuronidasemay serve as biomarkers for
clinical prediction of BC22–25.

Gut microbiota as a prognostic biomarker. Zhu et al. explored the
status and characteristics of the gut microbiota in patients with hepato-
cellular carcinoma (HCC) treated with ICI and discovered a prediction
model consisting of 18 gut bacterial species to predict whether immu-
notherapy has a sustained benefit (area under the curve=75.63%),

Actinomyces and Senegalimassilia and their metabolite galanthaminone
were screened as prognostic biomarkers to predict the survival of ICI-
treated HCC patients. They observed that Actinomyces and Senegali-
massiliawere predominantly enriched in the non-durable clinical benefit
(NDB) group of HCC patients treated with ICIs, suggesting that they
were associated with low survival, so targeting and reducing the abun-
dance of these specific gut microbiota may help improve the efficacy of
ICIs26. In addition to immunotherapy, Chung et al. demonstrated that gut
microbiota is also associated with the prognosis of HCC patients treated
with nivolumab, specifically, skewed Firmicutes/Bacteroidetes ratio and
lowPrevotella/Bacteroides ratio can be used as predictivemarkers of non-
response, while the enrichment of Akkermansia indicates a good ther-
apeutic effect27.

Not only that, the gut microbiota also plays a unique biomarker value
in the early diagnosis, treatment guidance, and prognosis prediction of
pancreatic cancer, prostate cancer, melanoma, cervical cancer, and other
cancers, which may be another exploration direction to overcome cancer
problems in the future28–31.

The role of gut microbiota in anti-cancer
immunotherapy
Thegut is the largest site of immune activity in the body,where about 70%of
the body’s immune cells are present, and several studies have shown that the
gutmicrobiota canmodulate anti-tumor immunity and affect the efficacy of
cancer immunotherapy, especially immune checkpoint inhibitors (ICIs).
Unraveling the underlying mechanism suggests that the gut microbiota
reprograms the immunity of the tumor microenvironment (TME) by
engaging in innate and/or adaptive immune cells32. As early as 2007, in a
study of mouse melanoma models, translocated microbiota in mesenteric
lymph nodes was found to enhance the function of adoptively transferred
CD8 Akkermansia muciniphila T cells through TLR4 signaling, suggesting
that themicrobiota can stimulate the body’s anti-tumor immune response33.
Later, in 2015, the gutmicrobiotawasfirst identified as being associatedwith
anti-PD-L1 therapy in melanoma mice, and subsequent studies also found
that the diversity of gut microbiota can predict the efficacy of immu-
notherapy with ICIs, Sivan et al. ‘s data suggest that Bifidobacterium can
enhance DC function and improve anti-PD-L1 efficacy34.

The gut microbiota affects the efficacy of a variety of
immunotherapies
The microbiotas that can enhance ICIs reactivity mostly belong to Fir-
micutes, Bacteroides, Actinomycetes, Proteobacteria, and
Verrucomicrobia35. During anti-PD-1/PD-L1 therapy, antibiotic-naïve
melanoma patients have significantly higher survival rates than those
treated with antibiotics, and responders have shown greater diversity in
their gut microbiota compared with non-PD-1 inhibitor responders36–38.
Akkermansiamuciniphila induces immunoglobulinG1 (IgG1) antibodies
and antigen-specific T cell responses in lymphoma mice, and its massive
colonization of the gut greatly enhances the efficacy of PD-1 inhibitors, a
process that appears to rely solely on T follicular helper cells39. Another
study showed that the combination of IL-2 andAkkermansia muciniphila
had a strong antitumor effect on the tumor tissue of colorectal cancer
patients in a CRC mouse model, due to enhanced anti-tumor immune
monitoring. This indicates that the combination of IL-2 and other
immunomodulators withAkkermansiamuciniphila is a newmethodwith
application value for cancer treatment40. Notably, pMMR (also known as
microsatellite stable) CRC patients are relatively resistant to PD-1 inhi-
bitors. Xu et al. evaluated the effect of gut microbiota on PD-1 antibody
immunotherapy response in pMMR CRC mice treated with different
antibiotics. It was demonstrated that gutmicrobiota such asAkkermansia
muciniphila played a key role in the treatment of CRC tumor bearingmice
with PD-1 antibody41. Such evidence suggests that Akkermansia muci-
niphila plays an active role in the immune effects and treatment of cancer,
and the combination of related microbiota agents and immune-targeting
drugs will be a new direction for personalized cancer therapy (Fig. 1).
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For anti-CTLA-4 treatment, it was initially observed that gut micro-
biota such as Burkholderiales promoted anti-tumor effects by activating the
IL-12-dependentTh1 immune response42. In addition,Bacteroideshave also
shown the potential to enhance the therapeutic effect of CTLA-4 blockers in
melanoma patients, and the mechanism may involve specific T-cell
responses to B. thetaiotaomicron or B. fragilis43. The combination of anti-
CTLA-4 and anti-PD-1 (CICB) has significant immune efficacy against
different tumors, anddue to subsequent immunedysfunction, the incidence
of immune-related adverse events is also high, especially the strong side
effects such as intestinal inflammation, which is accompanied by high
upregulation of IL-1β in the mucosa44, and artificial colonization of Bacillus
fragilis can improve the toxicity and side effects associated with this
immunotherapy45. Similarly, the presence of Bacteroides in the gut sig-
nificantly reduces the incidence of colitis after anti-CTLA-4 therapy in
melanoma patients, while the presence of Fusobacterium and other Firmi-
cutes makes immunotherapy-associated colitis more frequent in such
patients, this is mediated by ICOS-induced increases in CD4+ T cell levels
and sCD25 levels46,47. Phascolarctobacterium, which belongs to Firmicutes,
and Parabacteroides, Bacteroides, which belong to Bacteroidetes, have lower
abundances in lung cancer patients who develop immunotherapy-
associated diarrhea, while Veillonella, which belongs to Proteobacteria,
have higher abundances48. Notably, the influence of the gut microbiota on
the immune function of the lungs may lie in the activation of gut immunity
by the gut microbiota, resulting in the migration of these activated immune

cells to the lungs and participation in pulmonary immunity, the so-called
lung-gut axis, a process in which chemokines and their receptors play an
important role (CCL17 and CCR4, among others)49,50. Because of the pro-
found impact of the gut microbiota on the immune barrier of the lungs,
some scholars have proposed that the gut microbiota may be a novel bio-
marker for predicting the sensitivity and adverse effects of immunotherapy
in lung cancer patients51 (Fig. 1).

CD19-targeted chimeric antigen receptor (CAR)-T cell therapy is a
new immunotherapy that provides a new therapeutic pathway for patients
with refractory lymphoma, but efficacy is mixed, with less than 40 percent
achieving durable disease control52,53. In a multicenter cohort study of
lymphoma patients, the investigators demonstrated that broad-spectrum
antibiotic therapy before CD19-targeted CAR-T cell therapy was associated
with serious adverse outcomes and that the biosynthesis of peptidoglycan
encoded by Bifidobacterium longum was strongly associated with CAR-T
therapy, in addition to similar efficacy promotion effects of Bacteroides,
Ruminococcus, Eubacterium, and Akkermansia. Akkermansia is associated
with peripheral blood T cell counts in patients54. In addition, Luu et al.
reported that short-chain fatty acids (SCFAs) metabolites such as valerate
and butyrate produced byMegasphaeramassiliensis increased the biological
activity of mTOR and inhibited class I histone deacetylase, resulting in
increased production of effector molecules such as CD25, IFN-γ, and TNF-
α, significantly enhancing the antitumor activity of CAR-T cells in mela-
noma mice55. As a novel immune checkpoint, mucin domain protein-3

Fig. 1 | Multifacetedmechanisms by which gutmicrobiota influences anti-cancer
immunotherapy. A large number of current studies have revealed a strong link
between gut microbiota and the efficacy of anti-cancer immunotherapy, according
to a further summary. In this paper, gutmicrobiota and its metabolites regulate anti-

PD-1 /PD-L1/CTLA-4, novel immunotherapy (including anti-TIM-3 therapy,
CpG-ODN, and CD19-targeted CAR-T cell therapy), and the detailed mechanisms
of immunotherapy side effects are summarized. In the figure, we classify them by
different color blocks.
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(Tim-3) blockade therapy is another anti-cancer immunotherapy aimed at
alleviatingTcell exhaustionandenhancing anti-tumor immunity, and it has
recently been found that antibiotic-induced dysbiosis can reduce the effect
ofTim-3blockade therapy,while fecal transplantation inwild-typemice can
increase the number of Enterococci or Lactic acid bacteria, change the
composition of intestinal ecology, and restore the efficacy of Tim-3
blockade56. CpG-ODN is a TLR9 agonist, which can induce the activation
and maturation of plasmacytoid dendritic cells, and induce cytokines such
as TNF-α and IL-12 secreted by myeloid cells to activate the immune
response to tumor cells, so it can be used as a new adjuvant to tumor
immunotherapy, but the pro-immune effect of CpG-ODN is almost not
observed in germ-free mice. There has long been evidence that TNF pro-
duction in response to CpG-ODNs is closely related to gut microbiota. For
example, the number of gram-negative bacteriaAlistipes and gram-positive
bacteria Ruminococcus were positively correlated with TNF production,
while the number of Lactobacillus was negatively correlated with TNF
production57,58. At the same time, Goldszmid et al. found that Alistipes re-
enhanced CpG-ODN activation of TNF-α and IL-12 after exposure to
antibiotics in mice, while the opposite was true for Lactobacillus59 (Fig. 1).

Relationship between gut microbiota metabolites and
immunotherapy
One of the main ways in which the gut microbiota modulates anti-tumor
immunity is through metabolites, small molecules that can diffuse from
their original intestinal location and influence local and systemic anti-tumor
immune responses to promote ICI efficiency60,61. The gut microbiota pro-
motes the breakdown of intestinal contents, and most of the dietary fiber
and complex polysaccharides are metabolized into SCFAs, such as acetate,
propionate, and butyrate, of which propionate and butyrate are considered
to be key regulators of the body’s anti-tumor immune response62. Specifi-
cally, butyric acid inhibits the expression of the transcription factor E2A by
inhibiting the expression of histone deacetylase (HDAC)andDNA-binding
inhibitor 2 (ID2), induces the expression of IL-12 receptor on the surface of
CD8+ T cells, enhances IL-12 signaling, and improves the anti-tumor
toxicity of CD8+ T cells62. Martini et al. compared 14 patients with CRC
who received anti-PD-1 therapy and found thatfive patientswith long-term
remission (9 to 24 months) had higher levels of Agathobacter and Blautia,
both butyrate-producing bacteria, comparedwithnine patientswith shorter
survival (two to sixmonths)63. However, butyric acid has also been shown to
reduce the efficacy of CTLA-4 in the treatment of metastatic melanoma,
limiting anti-CTLA-4-induced maturation of DCs and anti-CTLA-4-
induced ovalbumin (OVA)-specific T cells64 (Fig. 1).

SagA is an NlpC/p60 endonuclease secreted by Enterococcus faecalis
that preferentially hydrolyzes cross-linked Lys-type peptidoglycan frag-
ments, which are further converted to muramyl dipeptide (MDP) and n-
acetylglucosamine-MDP, which activate the NFκB signaling pathway in
immune cells by binding to Nucleotide-binding Oligomerization Domain
Containing2. This induces the expression of Illb and Nlrp3 genes, activates
the immune system, and enhances the effect of anti-cancer
immunotherapy65. Indole-3-carboxaldehyde (3-IAld) is a tryptophan cat-
abolite of the gutmicrobiota, and studieshave shownthat 3-IAld reduces the
occurrenceof immune-associated enteritis andprolongs the lifespanofmice
in anti-CTLA-4-treatedmelanoma and lung cancermousemodels and that
3-IAld does not interfere with the antitumor activity of anti-CTLA-4 anti-
bodies, which is related to the involvement of the aromatic hydrocarbon
receptor AhR. 3-IAld also induces the expression of IL-22 and Reg3γ, an
antimicrobial peptide produced by intestinal epithelial cells, which con-
tributes to the establishment of an immune barrier in the gut. On the other
hand, 3-IAld maintains a normal distribution of gut microbiota in mice,
which is related to the predominance of members of Bacteroidetes and
Firmicutes66,67. 3-Indolepropionic acid (IPA) is produced by Bacillus spor-
ozoites in the intestine, and studies have shown that IPA has a beneficial
effect on immunotherapy for hepatocellular carcinoma, inducing
Vδ2Vγ9T cells to release more granzyme B and perforin, enhancing its
antitumor effects68. Clostridium spp.-related metabolite trimethylamine

N-oxide (TMAO) up-regulated the antitumor effects in an IFN-I.-depen-
dent manner, and increased the surface expression of activation markers
such as CD86, major histocompatibility complex II (MHCII), and PD-L1,
and its combination with ICIs (anti-PD1 and/or anti-Tim3) in mouse
models of pancreatic cancer improved the survival rate of mice and showed
better tumor treatment effects69 (Fig. 1).

In addition to the above classic gut microbiota metabolites that have a
significant impact on the efficacy of anti-cancer immunotherapy, there are
many more gut microbiota metabolites that play an important role in the
course of anti-cancer therapy, sowe have summarized them and compiled a
table to show them in detail (Table 2). Future research on this aspectmay be
another important direction for cancer treatment.

Thedual roleof gutmicrobiota incancerchemotherapy
Chemotherapy is currently a commonly used non-surgical and post-
operative treatment for cancer patients, and approximately 50 percent of
patients do not respond to this treatment, and the genotype does not fully
explain the difference between chemotherapy-responsive and non-
chemotherapy patients, and the emerging evidence highlights the critical
role of the gut microbiota in determining chemotherapy response70,71

(Fig. 2).

Thepromotionofgutmicrobiotaon theefficacyofchemotherapy
drugs and the control of chemotherapy complications
Glutathione peroxidase (GPX-1 and GPX-2) is an important peroxide
decomposing enzyme widely present in intestinal epithelial cells, which
promotes the decomposition of H2O2, reduces the oxidative environment,
and protects cells from the damage of peroxide. Experiments have shown
that cancer mice with highly down-regulated Gpx1 and Gpx2 genes are
highly sensitive to chemotherapy. The presence of Helicobacter pylori and
other gut microbiota significantly inhibited the function of GPX-1 and
GPX-2, and further assisted the efficacy of chemotherapy72. Cyclopho-
sphamide (CTX) is widely used in the treatment of solid tumors and
hematologic malignancies, and at the same time causes acute intestinal
mucosal injury of varying severity. Oral administration of Lactobacillus
plantarum NCU116 increased the number of Lactic acid bacteria and
Bifidobacteria in the intestinal tract of mice, increased the level of short-
chain fatty acids, decreased the concentration of ammonia, further
improved the expression of mucin and the number of goblet cells, and had
significant efficacy in improving CTX-mediated intestinal mucosal injury,
regulating intestinal barrier function and metabolism73. In addition, CTX
combined with Lactobacillus transformed naive T cells into TH17 cells,
resulting in CD8+ T cell effect, which improved chemotherapy effect in
B16F10 melanoma and MCA205 sarcoma mice74. Cisplatin can be cross-
linked with DNA strands, showing cytotoxic effects, and the combination
with probiotics such as Lactobacillus improves the response to anticancer
therapy in cancer mice, and the mechanism involves the activation of pro-
apoptotic genes BAX and CDKN1B in tumor tissues, enhancing host
immune responses, and increasing serum IL-6 and IFN-γ levels. However,
in the mouse model of lung cancer treated with cisplatin combined with
vancomycin and ampicillin, the growth rate of tumor volume was sig-
nificantly greater than that of cisplatin alone75,76.

Inflammatory bowel disease caused by chemotherapy drugs such as
irinotecan (CPT-11) is one of the complications of chemotherapy in cancer
patients. In recent years, studies have found that bile acid metabolism is
closely related to the progression of inflammatory bowel disease (IBD)
causedby cancer chemotherapy, and the gutmicrobiotamayplay a role in it,
specifically, the bile acids in the colon canbe converted intodeoxycholic acid
and lithoclastic acid under the action of Bacteroides fragilis and Escherichia
coli, triggering subsequent immune barrier destruction, so the inactivation
of suchmicrobiotamay be a newmeasure to solve the IBD caused by cancer
chemotherapy77–80. CPT-11 can also induce the formation of intestinal
vacuoles by triggering the innate immune response, accelerating the
excretion of mucin stored in goblet cells, thereby reducing the number of
adhesion sites and nutrient supply of gut microbiota, and destroying the

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 5

www.nature.com/npjbiofilms


T
ab

le
2
|E

ff
ec

ts
o
fg

ut
m
ic
ro
b
io
ta

m
et
ab

o
lit
es

o
n
an

ti
ca

nc
er

th
er
ap

y
o
fd

iff
er
en

t
ca

nc
er

ty
p
es

M
et
ab

o
lit
es

C
an

ce
r
ty
p
e

M
o
d
el

M
ec

ha
ni
sm

R
ef
er
en

ce
s

S
C
FA

s
M
el
an

om
a
an

d
p
an

cr
ea

tic
ca

nc
er

M
ou

se
m
od

el
s
of

m
el
an

om
a
an

d
p
an

cr
ea

tic
ca

nc
er

S
C
FA

s
in
cr
ea

se
d
st
ro
ng

m
TO

R
fu
nc

tio
n,

in
hi
b
ite

d
cl
as

s
Ih

is
to
ne

d
ea

ce
ty
la
se

ac
tiv

ity
,i
nc

re
as

ed
th
e

p
ro
d
uc

tio
n
of

ef
fe
ct
or

m
ol
ec

ul
es

su
ch

as
C
D
25

,I
FN

-γ
,a

nd
TN

F-
α
,a

nd
si
gn

ifi
ca

nt
ly
en

ha
nc

ed
th
e

an
tit
um

or
ac

tiv
ity

of
T
ce

lls
.

55

C
ol
or
ec

ta
lc

an
ce

r
an

d
ly
m
p
ho

m
a

M
C
38

an
d
E
G
7
ce

lls
C
57

B
L/
6
J
m
ou

se
tu
m
or

m
od

el
B
ut
yr
ic
ac

id
in
hi
b
its

tr
an

sc
rip

tio
n
fa
ct
or

E
2A

th
ro
ug

h
th
e
ex

p
re
ss
io
n
of

H
D
A
C
an

d
ID
2,

en
ha

nc
es

IL
-

12
si
gn

al
in
g,

an
d
en

ha
nc

es
an

ti-
tu
m
or

to
xi
ci
ty

of
C
D
8
+
T
ce

lls
.

62

M
el
an

om
a

M
el
an

om
a
m
ou

se
m
od

el
s
an

d
p
at
ie
nt
s

H
ig
h
b
ut
yr
at
e
an

d
p
ro
p
io
na

te
le
ve

ls
in
hi
b
it
th
e
up

re
gu

la
tio

n
of

C
D
80

/C
D
86

on
D
C
ce

lls
an

d
IC
O
S
on

T
ce

lls
,l
im

iti
ng

an
ti-
C
TL

A
-4

th
er
ap

eu
tic

ac
tiv

ity
.

64

N
on

-s
m
al
lc

el
ll
un

g
ca

nc
er

N
S
C
LC

p
at
ie
nt

Le
w
is
ce

lls
M
ou

se
ca

nc
er

m
od

el

Th
e
re
sp

on
se

of
no

n-
sm

al
lc

el
ll
un

g
ca

nc
er

to
im

m
un

ot
he

ra
p
y
w
as

en
ha

nc
ed

w
ith

in
cr
ea

se
d
le
ve

ls
of

S
C
FA

s.
11

7

H
ep

at
oc

el
lu
la
r
ca

rc
in
om

a
H
C
C
p
at
ie
nt
s

E
nh

an
ci
ng

th
e
ef
fi
ca

cy
of

ty
ro
si
ne

ki
na

se
in
hi
b
ito

r
so

ra
fe
ni
b
in

th
e
tr
ea

tm
en

to
fH

C
C
b
y
re
gu

la
tin

g
in
tr
ac

el
lu
la
r
ca

lc
iu
m

ho
m
eo

st
as

is
.

18
9

S
ag

A
M
el
an

om
a

M
ou

se
m
od

el
cr
ea

te
d
b
y
B
16

-
F1

0
ce

lls
A
ct
iv
at
e
th
e
N
Fκ

B
si
gn

al
in
g
p
at
hw

ay
of

im
m
un

e
ce

lls
,i
nd

uc
e
th
e
ex

p
re
ss
io
n
of

Ill
b
an

d
N
lrp

3
ge

ne
s,

an
d
ac

tiv
at
e
an

ti-
tu
m
or

im
m
un

ity
.

65

3-
IA
ld

M
el
an

om
a

M
el
an

om
a
m
ou

se
m
od

el
B
as

ed
on

A
hR

/IL
-2
2
si
gn

al
in
g,

3-
IA
ld

al
le
vi
at
ed

IC
Ii
nd

uc
ed

in
te
st
in
al

in
ju
ry

w
ith

ou
ti
m
p
ai
rs

th
e

an
tit
um

or
ac

tiv
ity

of
IC
I.

66

IP
A

H
ep

at
oc

el
lu
la
r
ca

rc
in
om

a
H
ep

G
-2

ce
lls

C
57

B
L/
6
J
liv
er

ca
nc

er
m
ou

se
m
od

el

V
δ
2V

γ9
T
ce

lls
w
er
e
in
d
uc

ed
to

re
le
as

e
m
or
e
gr
an

zy
m
e
B
an

d
p
er
fo
rin

,w
hi
ch

en
ha

nc
ed

th
ei
r

an
tit
um

or
ef
fe
ct
.

68

TM
A
O

P
an

cr
ea

tic
d
uc

ta
l

ad
en

oc
ar
ci
no

m
a

28
38

c3
、

64
19

c5
ce

lls
P
D
A
C
m
ou

se
m
od

el
In

IF
N
-I
d
ep

en
d
en

t
m
an

ne
r,
th
e
an

tit
um

or
ef
fe
ct

of
th
e
b
od

y
is
up

-r
eg

ul
at
ed

,a
nd

th
e
ex

p
re
ss
io
n
of

C
D
86

,M
H
C
II
an

d
P
D
-L
1
is
in
cr
ea

se
d
.

69

C
D
D
L

C
ol
or
ec

ta
lc

an
ce

r
R
K
O

ce
lls

M
et
ab

ol
iz
e
th
e
ch

em
ot
he

ra
p
y
d
ru
g
ge

m
ci
ta
b
in
e
(2
’,
2’
-d
ifl
uo

ro
d
eo

xy
cy

tid
in
e)

to
th
e
in
ac

tiv
e
fo
rm

2’
,

2’
-d
ifl
uo

ro
d
eo

xy
ur
id
in
e.

85

D
ih
yd

ro
p
yr
im

id
in
e

d
eh

yd
ro
ge

na
se

C
ol
or
ec

ta
lc

an
ce

r
H
C
T-
11

6
ce

lls
M
ou

se
an

d
p
at
ie
nt
s
w
ith

co
lo
re
ct
al

ca
nc

er

Th
e
co

nv
er
si
on

of
5-
FU

to
in
ac

tiv
e
d
ih
yd

ro
fl
uo

ro
ur
ac

il
re
d
uc

es
th
e
ef
fe
ct

of
5-
FU

ch
em

ot
he

ra
p
y.

89

β
-g
lu
cu

ro
ni
d
as

e
C
ol
or
ec

ta
lc

an
ce

r
B
al
b
/c
J
co

lo
re
ct
al

ca
nc

er
m
ou

se
m
od

el
M
et
ab

ol
iz
e
S
N
-3
8G

to
en

te
ro
to
xi
c
S
N
-3
8,

ca
us

in
g
C
P
T-
11

to
p
ro
d
uc

e
d
el
ay

ed
d
ia
rr
he

a
up

on
tr
ea

tm
en

t.
19

0

B
re
as

tc
an

ce
r

B
re
as

tc
an

ce
rm

ou
se

m
od

el
Th

e
le
ve

lo
fe

st
ro
ge

n
of

no
n-
ov

ar
ia
n
or
ig
in

is
af
fe
ct
ed

b
y
en

te
ro
he

p
at
ic

ci
rc
ul
at
io
n.

22
,2
3

H
ip
p
ur
at
e

M
el
an

om
a

B
16

F1
0
m
el
an

om
a
m
ou

se
m
od

el
Th

e
b
ifi
d
ob

ac
te
riu

m
m
et
ab

ol
ite

hi
p
p
ur
at
e
en

ha
nc

es
th
e
ki
lli
ng

ab
ili
ty

of
N
K
ce

lls
an

d
im

p
ro
ve

s
th
e

ef
fi
ca

cy
of

an
ti-
P
D
-1

an
tib

od
y.

17
1

Ty
ro
so

l
C
ol
or
ec

ta
lc

an
ce

r
C
R
C
p
at
ie
nt
s
an

d
m
ou

se
m
od

el
s

D
em

on
st
ra
te
d
an

tit
um

or
ef
fe
ct
s
b
y
in
hi
b
iti
ng

H
IF
-1
α
/N

F-
κB

si
gn

al
in
g
p
at
hw

ay
ac

tiv
at
io
n,

re
su

lti
ng

in
d
ec

re
as

ed
le
ve

ls
of

R
O
S
an

d
in
fl
am

m
at
or
y
fa
ct
or
s.

19
1

2’
-d
eo

xy
in
os

in
e

C
ol
or
ec

ta
lc

an
ce

r
H
T-
29

,H
C
T-
11

6,
C
ac

o-
2,

an
d

S
W
-6
20

ce
ll
lin
es

C
R
C
m
ou

se
m
od

el

A
Y
01

se
cr
et
ed

b
y
p
ro
b
io
tic

la
ct
ic

ac
id

b
ac

te
ria

ha
s
an

tic
an

ce
r
ab

ili
ty
,a

nd
its

ac
tiv

e
su

b
st
an

ce
2’
-

d
eo

xy
in
os

in
e
in
d
uc

es
ap

op
to
si
s
of

co
lo
re
ct
al

ca
nc

er
ce

lls
b
y
ac

tiv
at
in
g
p
38

/M
A
P
K
p
at
hw

ay
.

19
2

3-
m
et
hy

lx
an

th
in
e

O
va

ria
n
ca

nc
er

ID
8
ce

lls
O
va

ria
n
ca

nc
er

m
ou

se
m
od

el
P
ro
m
ot
in
g
ap

op
to
si
s
of

ov
ar
ia
n
ca

nc
er

ce
lls

th
ro
ug

h
d
op

am
in
e
re
ce

p
to
r
D
1-
d
ep

en
d
en

t
p
at
hw

ay
,

am
p
lif
yi
ng

th
e
ef
fi
ca

cy
of

ci
sp

la
tin

.
19

3

S
od

iu
m

b
ut
yr
at
e

C
ol
or
ec

ta
lc

an
ce

r
H
C
T-
11

6,
S
W
-4
80

an
d
D
LD

-1
ce

lls
C
R
C
m
ou

se
m
od

el

E
nh

an
ci
ng

th
e
an

tit
um

or
ef
fi
ca

cy
of

5-
fl
uo

ro
ur
ac

il
in

co
lo
re
ct
al

ca
nc

er
b
y
m
od

ul
at
in
g
P
IN
K
1/
P
ar
ki
n

si
gn

al
in
g.

19
4

U
ro
lit
hi
n
A

C
ol
or
ec

ta
lc

an
ce

r
H
C
T-
11

6(
R
)a

nd
S
W
-4
80

(R
)c

el
ls

C
R
C
m
ou

se
m
od

el
M
od

ul
at
in
g
th
e
FO

X
O
3-
FO

X
M
1
ax

is
se

ns
iti
ze

s
d
ru
g
tr
an

sp
or
te
rs

to
re
si
st

th
e
re
si
st
an

ce
of

co
lo
n

tu
m
or
s
to

5-
fl
uo

ro
ur
ac

il.
19

5

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 6

www.nature.com/npjbiofilms


ecological balance of intestinal microbes81. In addition, researchers in
Redinbo’s laboratory found that CPT-11 enhances the activity of
β-glucuronidase (GUS) expressed by intestinal bacteria, activating the
inactive glucuronide (SN-38G) to become the enterotoxin SN-38, which
causes severe delayed diarrhea. The results of this study show that CPT-11
increases GUS activity within 1 day and decreases the proliferation of
intestinal epithelial cellswithin5days andcanbeblockedbyGUS inhibitors.
In tumor xenograft models, GUS inhibition prevented enterotoxicity and
maintained the antitumor efficacy of irinotecan. However, the efficacy of
irinotecan could be significantly improved by increasing the dose. They also
found that a compound called SBX-1 protectedmice fromCPT-11-induced
diarrhea by blocking bacterial GUS82,83.

Chemotherapy resistance and toxic side effects caused by gut
microbiota
However, due to the complexity of the gut microbiota, people have not
achieved a good balance between specific gut microbiota and stable che-
motherapy efficacy. For example, in an in vitro model of colorectal cancer,
Lactobacillus plantarum amplifies the cytotoxicity of 5-fluorouracil (5-FU)
by reducing the number of stem cell-like cancer cells84. Certain gut micro-
biomes, such as Proteus, can stimulate resistance to commonly used
anticancer drugs such as CPT-11, oxaliplatin, cyclophosphamide, etc., and
can reduce the anticancer activity of gemcitabine by producing bacterial
enzyme isoformsof cytidine deaminase, a phenomenon that canbe reversed
with the antibiotic ciprofloxacin85.

Fusobacteriumnucleatum is amajor oncogenicmicrobiota of intestinal
origin in colorectal cancer, and there is increasing evidence that F. nucle-
atum induces the development of chemotherapy resistance. Recent studies
have shown that F. nucleatum induces oxaliplatin resistance in colorectal
cancer both in vitro and in vivo. Mechanically, F. nucleatum promotes
oxaliplatin resistance by overexpressing GPX4 and inhibiting iron death.

During this period, theGPX4 overexpression of F. nucleatumwasmediated
by the E-cadherin/β-catenin/TCF4 pathway86. On the other hand, F.
nucleatum also induces oxaliplatin resistance by activating TLR and sti-
mulating the expression ofmicroRNA18a87.F. nucleatum also targets innate
immune signaling of TLR4 andMYD88, and specificmicroRNAs (miRNA-
18a* and miRNA-4802), activate the autophagy pathway, and increase the
therapeutic resistance of colorectal cancer cells to 5-FU87. In addition,
inhibition of pyroptosis death based onHippo pathway is also an important
mechanism of F. nucleatum induced oxaliplatin and 5-Fu resistance88. In
view of the key role of F. nucleatum in cancer chemotherapy resistance, the
targeted therapyofF. nucleatumwill be a newadjunct to cancer therapy. For
cancer patients with high concentrations of F. nucleatum, the combination
of chemotherapy and anti-F. nucleatum drugs (including antibiotics) may
be a feasible treatment strategy to reduce chemotherapy resistance.

In addition to F. nucleatum, dihydropyrimidine dehydrogenase in
Escherichia coli converts 5-FU into inactive dihydrofluorouracil, which is
closely related to the preTA operon, which catalyzes the reduction reaction
that inactivates 5-FU, suggesting that the E. coli metabolite dihydropyr-
imidine dehydrogenase can reduce the response of 5-FU chemotherapy by
inactivating drugs89. Through the expression of the long subtype of the
bacterial enzyme cytidine deaminase (CDDL), Gamma Proteobacteria can
metabolize the chemotherapy drug gemcitabine (2’, 2’-difluorodeox-
ycytidine) to the inactive form2’, 2’-difluorodeoxyuridine,which shows that
gemcitabine resistance is closely related to Gamma Proteobacteria85.

The relationship between gut microbiota and cancer
radiotherapy
Radiotherapy has long been an important treatment for tumors, inducing
DNA damage in tumor cells and normal epithelial cells through energy
transfer, which involves the production of reactive oxygen species and
nitrogen. Among them, gastrointestinal epithelial cells have high

Fig. 2 | Effects of gut microbiota on chemoradiotherapy. Chemoradiotherapy is
the most important treatment for cancer except surgery. There is evidence that gut
microbiota has a profound influence on the efficacy and side effects of chemor-
adiotherapy. This figure compares the effects of several typical gut microbiotas on

chemoradiotherapy, among which the effects of gut microbiota on chemotherapy
are mainly focused on improving curative effect, while the effects on radiotherapy
are mainly focused on reducing complications.
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proliferative properties and high sensitivity to radiation, so they become the
main objects of injury during radiotherapy, which significantly affects the
quality of life of patients90.

Gut microbiota affects the toxicity and side effects of cancer
radiotherapy
Most radiation toxicity, especially gastrointestinalmucositis, is causedby the
release of local pro-inflammatory factors, and the gut Lactobacillus rham-
nosus regulates the TLR-2/MyD88 signal transduction mechanism, which
migratesmesenchymal stem cells to the base and protects the intestine from
radiation-induced cell damage91. In addition, enrichment of Lachnospir-
aceae and Enterococcaceae has been observed to significantly attenuate
radiation-induced gastrointestinal injury and hematopoietic disruption,
possibly due to the important contribution of their downstreammetabolites
propionate and tryptophan to radiation protection92. Acidophilus, Bifido-
bacteria, and certain Streptococci have also been shown to alleviate gastro-
intestinal side effects of radiotherapy, such as diarrhea, abdominal pain, and
nausea, especially in gynecologic malignancies93,94 (Fig. 2).

Intestinal epithelial inflammation and barrier dysfunction were
observed in patients with radiation enteritis, with enhanced TNF-α and IL-
1β expression accompanied by dysbiosis (significantly reduced α diversity
and increased β diversity). This suggests that dysbiosis of the gutmicrobiota
will also contribute to the development and progression of radiation
enteritis95. SCFAs produced by Bacteroides, Bifidobacteria, Clostridium,
Streptococcus, etc., are also closely related to radiation bowel disease96. In
addition, higher levels of Clostridium type IV, Rothella, and Koala bacillus
also contribute to the development of radiation enteropathy, which is
associated with a significant reduction in intestinal mucosal cytokines that
maintain intestinal homeostasis97. (Fig. 2).

Post-radiotherapy fatigue is another complication of radiotherapy, and
the gut microbiota of these patients shows an increased abundance of
Streptococcus,Adecretsia, andActinomycetes, and upregulation ofmicrobial
sucrose degradation pathways, suggesting that intestinal dysbiosis may be
one of the causative factors of radiotherapy-related fatigue98. In addition,
whole-brain radiotherapy-inducedcognitivedysfunctionmayalsobehighly
associated with gut dysbiosis. It was found that the levels of Bacteroides
(Philum-Bacterroyd), Bacteroidetes (Klaas-Bactrodia), and Bacteroides
(Ode-Bactroydales) decreased after whole-brain irradiation in wild-type
mice, while the levels of Bacteroides (Janus-Alobakulum) increased. Stra-
tegies to improve gut microbiota may have beneficial effects on individuals
with cognitive dysfunction99.

Radiation pneumonitis and pulmonary fibrosis caused by radiation
therapy are the main clinical complications of radiation therapy in patients
with thoracic tumors, and modulation of gut microbiota may reduce
radiation lung disease and pulmonary fibrosis. Relevant studies have shown
that after radiation pneumonitis and lung fibrosis caused by X-ray single
dose irradiation in lung cancer model mice, the intestinal inflammation-
related microbiota increased compared with the original, such as the pro-
portionofBacteroidetesdoubled, theproportionof gutmicrobiota tended to
be normal after phycocyanin administration, and the lung damage was
reduced compared with before, which can be speculated that radiation
pneumonitis and fibrosis may be related to the gut microbiota imbalance
caused by radiotherapy100,101. In addition, gram-positive bacteriamay reduce
the effectiveness of radiation therapy (RT) for lung cancer. One study found
that radiotherapy combined with vancomycin, an antibiotic that acts pri-
marily on gram-positive, significantly increased survival in mice with lung
cancer compared to radiotherapy alone, and the processwas associatedwith
an increase in the number of tumors cell-lysing CD8+ T cells102 (Fig. 2).

Gut microbiota disturbances induced by radiotherapy and its
treatment
At the same time, exposure to ionizing radiation will also have a profound
impact on the gut microbiota, and studies have shown that radiotherapy
usually increases the harmfulflora such asProteus andFusobacterium in the
intestine, and decreases the beneficial flora such as Faecalibacterium and

Bifidobacteria, resulting in intestinal dysbiosis103,104. In fact, the effects of
pelvic radiation therapy on the gut microbiota of gynecological cancer
patients have been known since 1992, that is, radiation causes a decreased
abundance of E. coli, F. nucleatum, Enterococcus faecium and Lactobacillus,
and an increased abundance of Clostridium105. There are many reports on
such results, and the imbalance of gut microbiota is often accompanied by
subsequent systemic toxic side effects. For example, radiation therapy can
also change the bacteria that produce SCFAs, thereby causing changes in
SCFAs, affecting the appearance of many diseases, and thus playing a
negative role in the treatment of cancer patients104. The decrease in the ratio
of radiotherapy-induced Bacteroidetes to Firmicutes will lead to significant
changes in the lipidomic profile of the intestinal epithelial barrier, with
glycerophospholipid metabolism being the most correlated with the pro-
gression of radiation enteritis106.

In addition, a large number of studies have shown that gut microbiota
is closely related to radiation-induced gastrointestinal disease, and the
abundance of Clostridium IV, Roseburia, and Phascolarctobacterium in
patients with radiation-induced intestinal disease is high, but effective fecal
microflora transplantation can prevent radiation-induced gastrointestinal
toxicity97,107. Similarly, Ding et al studied the use of FMT to treat chronic
collateral damage after abdominal irradiation, and the results showed that
FMT from healthy donors improved the patients’ co-symptoms such as
rectal bleeding, fecal incontinence, and diarrhea, but the effect was not
lasting108. Another report showed that four courses of FMT from a healthy
donor increased the diversity of the patient’s microbiome and more radi-
cally improved symptoms of blood in the stool, abdominal pain and
diarrhea109. We can conclude from this that FMT appears to have a bene-
ficial effect on radiation therapy-induced toxicity, but this is dependent on a
stable treatment cycle and attention tomicrobiome changes after FMT. It is
worth noting that whether FMT can improve the efficacy of radiotherapy
has so far been studied, which may be an interesting area for further
investigation.

Overall, the changes in gut microbiota under radiotherapy may have
important clinical significance for the risk assessment, prevention, and
treatment of radiation-induced side effects.

Application of fecal microbiota transplantation in
anticancer therapy
FMT is administered orally by oral fecal capsules or invasively via colono-
scopy, which has the advantage of being able to transplant the intact gut
microbiota from the donor to the recipient, and the introduced microbiota
has less competition with the recipient microbiota and has a more stable
survival in the recipient’s intestinal environment. In fact, FMT is currently
the most straightforward and effective way to restore the recipient gut
microbiota to optimal health110,111, and the unique role of FMT in anticancer
therapy is increasingly being discovered (Table 3).

FMT promotes the efficacy of anti-cancer therapy
FMThas been shown to enhance the effectiveness of anti-PD-1 therapy in a
variety of cancers, withmelanoma, colorectal cancer, and lung cancer being
the most reactive. FMT form cancer donors who respond to ICIs can
improve the sensitivity of melanoma mice to PD-1 blockers, while FMT in
patients who do not respond to ICIs does not, which is associated with
increased recruitment of CCR9CXCR3CD4 T cells by Akkermansia muci-
niphila, which restores the efficacy of PD-1 blockade in an IL-12-dependent
manner112, and in melanoma mice receiving FMT, enrichment of a large
number of CD8+T cells and CD45+CD11b+ Ly6G+ cells was found,
accompanied by a decrease in inhibitory CD11b+CD11c+myeloid cells,
which enhanced the anti-tumor immune response38. For melanoma
patients, FMT can also alter the gut microflora, influence the local immune
system and inflammatory response, and reprogram the tumor micro-
environment to overcomePD-1 blocker resistance. Subsequent studies have
shown that stool of melanoma patients with a good response to PD-1
blockers is rich in Bifidobacterium longum, Collinsella aerofaciens, and
Enterococcus faecium113,114.
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FMT combined with pectin in healthy people/patients with newly
diagnosed CRC significantly increased gut microbiota diversity in CRC
mice increased the production of butyrate, promoted the immune infiltra-
tion of T cells, and enhanced the response of CRC mice to anti-PD-1
monoclonal antibodies115. FMT can also significantly improve the survival
rate and tumor control ability of CRC mice treated with anti-PD-1, which
may be related to the improvement of gut microbiota composition and the
up-regulation of metabolites including punicic acid in mice with FMT.
Increased abundances of B. thetaiotaomicron and B. fragilis and decreased
abundances of B. ovatus were observed in mice treated with FMT116.

FMT can also effectively delay the progression of advanced NSCLC
and enhance the effect of immunotherapy, which is related to the implan-
tation of Faecalibacterium and the increase of SCFA levels of butanoic acid,
acetic acid, and hexanoic acid117. FMT, ginseng polysaccharides, and αPD-1
monoclonal antibodies (mAbs) were used to treat patients with small cell
carcinoma of the lung to reshape the composition of gut microbiota and
reverse the non-responders to responders, indicating that FMTcan improve
the sensitivity of tumor immunotherapy. The combination of FMT, ginseng
polysaccharides, and αPD-1 monoclonal antibody will remodel the gut
microbiota ecology of patients with pulmonary small cell carcinoma and
reverse their non-responsiveness to immunotherapy alone118.

FMT to control complications related to anticancer therapy
A 2020 clinical trial found that FMT was associated with remission of
complications from anticancer therapy, with five patients with chronic
radiation enteritis who received fecal microbiota transplantation from
healthy donors had significant improvements in radiation side effects,
including reduced blood in the stool and abdominal pain108. In addition,
FMT also improved inflammatory bowel disease in cancer patients treated
with ICI, and 92% of 12 patients with ICI-induced inflammatory bowel
disease experienced remission after receiving FMT in healthy patients119.
Triple therapywith 5-fluorouracil, leucovorin, and oxaliplatin (FOLFOX), a
5-FU-based chemotherapy regimen, is currently one of the most common
treatment options for CRC, FMT restores the gut microbiota composition
destroyed by FOLFOX without causing bacteremia and reduces the
occurrence of intestinal mucositis120.

Potential challenges and possible solutions for FMT applications
Although many studies have found that FMT plays an important role in
anticancer therapy, there are still many challenges in its application. The
first is the safety of FMT treatment, such as the transmission of unknown
pathogenic microorganisms and pathogenic genes. Some studies have
reported the infection events of patients after FMT, including viral
infection and giant cell infection121. The use of FMT has been found to
sometimes clear antibiotic-resistant bacteria from the gastrointestinal
tract, complicated by norovirus gastroenteritis, acute graft-versus-host
disease, and eosinophilic pancreatitis122. In 2019, a United States patient
died of severe sepsis after receiving FMT treatment, United States the
Food and Drug Administration suspended some clinical trials involving
FMT until its safety profile was fully confirmed123,124. Two patients
developed bacteremia by extend-spectrum beta-lactamase Enterobacter-
ales (ESBL) after receiving FMT, and genomic sequencing revealed that
both cases originated from the same donor125. Chuang et al. found that
ESBL had a high carrying rate among healthy FMTdonors. They screened
159 healthy patients for fecal screening and found that only 37 of them
were qualified126. Another study reported adverse events in seven FMT
patients due to foreign colonization of Shiga toxin-producing Escherichia
coli (STEC)127. These studies support the effectiveness and importance of
donor screening for FMT, which can be enhanced to limit the occurrence
of similar events.

In addition, some unknown components in the donor’s faecal pre-
parations may lead to changes in the recipient’s gut microbiota, which may
induce chronic diseases, including obesity, autism, cardiovascular disease,
and autoimmune diseases. For example, transplanting obese human feces
into germ-free mice fed a low-fat diet induces obesity-related metabolic

phenotypes128; Susceptibility to atherosclerosis may also be transmitted
through FMT through the production of trimethylamine oxide (TMAO)129.

Moreover, how to ensure the implantation status and function of
microorganisms in the receptor after receiving FMT treatment is the key to
FMT treatment, which is related to whether FMT treatment can bring
sustainable benefits. It is generally believed that increasing the amount or
frequencyof FMT treatmentmay benefit sustained therapeutic effectiveness
or improve implantation methods such as biocapsule and lyophilization130.
Similarly, studies have shown that increasing the biological population
richness of FMTalso improves efficacy,with treatmentwith combinedFMT
products resulting in a higher overall microbial diversity of the recipient
compared to FMT products from a single donor131. Compared with the
improvement of the donor and FMT biologics, the preparation of the
recipient before treatment is also crucial, and the success of implantation
may depend on the compatibility or rejection between the donor and the
recipientmicrobiota, so the gut preparationor antibiotic pretreatment of the
recipient will be necessary132.

It is also worth noting that the therapeutic effect of FMT varies among
recipients. For example, FMT changes ICI treaty-induced colitis, and
patients with greater ecological dysbiosis at baseline of intestinalflora have a
greater response to FMT treatment. This result may be due to the greater
ability of FMT-derived bacteria to transplant in malnourished hosts.
Another possible pathophysiological factor driving colitis is microbiome
dysregulation inpatientswith refractory immune-mediated colitis (IMC)119.
This means that not all patients are suitable for FMT treatment, and this
outcomemay be improved bymore systematic evaluation of patients before
treatment. In addition, the current clinical studies on FMT generally have
problems such as short follow-up time and lack of systematic research on
potential confounding factors in the microbiome, which makes the persis-
tence and repeatability of positive clinical reactions controversial. Therefore,
a simple andquickdetectionmethodmaybe the key to solve theseproblems.

In summary, although FMT has made many advances in the field of
cancer treatment, important challenges remain, and how to reduce receptor
risk, improve the persistence of FMT therapy, and tailor treatment options
to different patients are keys. Rigorous donor screening and isolation
modalities may mitigate disease transmission due to FMT, but they cannot
be completely eliminated for NCDS. However, changes in administration
parameters such as frequency of administration, route of administration,
and single or combined donor materials may determine treatment success.

Probiotics
Although FMT is currently the most direct method of remodeling the gut
microbiota, complex microbiota stimulation increases the risk of intestinal
injury and systemic acquired infections in patients. Compared with FMT,
probiotic transplantation provides a more practical method for regulating
gut microbiota in clinical treatment. Probiotics refer to a class of live
microorganisms that are beneficial to the host by colonizing the human
body and changing the composition of themicroflora of a certain part of the
host, andwhen given in appropriate quantities, provide a safe and beneficial
effect on the health of the host. The earliest probiotic supplements were
derived from single strains thatwere easy to culture, such asBifidobacterium
and Lactobacillus, which have shown remarkable results in treating many
gastrointestinal disorders133–135.

Probiotics are adjunct agents for anticancer therapy
Probiotics have shown great support on the road to adjuvant cancer treat-
ment. Both prophylactic and therapeutic oral administration of Lactica-
seibacillus rhamnosus Probio-M9 has shown remarkable efficacy in ICI
therapy in controlling tumor growth, producing beneficial metabolites in
the gut including butyric acid, alpha-ketoglutaric acid, n-acetyl-L-glutamate
and pyridoxine. Promote the infiltration and activation of cytotoxic T
lymphocytes (CTL), inhibit regulatory T cells (Tregs) in tumors, and
enhance immunotherapy response136. By colonizing melanoma, Lactoba-
cillus rei can release aromatics receptor (AhR) agonist indole-3-aldehyde
(I3A), thereby activating interferon-γ-producing CD8+T cells and
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enhancing the treatment response of melanoma patients to ICIs137. Amuc,
the outer membrane protein of the symbiotic probiotic Akkermansia
muciniphila, mediates its anti-tumor response by activating the
TLR2 signaling pathway, enhancing the efficacy of IL-2-based immu-
notherapy for melanoma and colorectal tumor-bearing40. Intravenous
injection of Engineered oncolytic bacteria can increase the level of pro-
inflammatory cytokines in tumor tissue to increase tumor immunogenicity,
recruit neutrophils and macrophages, and enhance immune activation
response138. A study evaluating the inhibitory effect of the orally adminis-
tered Salmonella Typhi vaccine strain (CVD915) on livermetastasis inmice
with breast cancer found that the oral vaccine increased CD4+T cell and
dendritic cell populations, The number and volume of livermetastases were
reduced139. Engineered symbiotic Escherichia coli specifically binds to
heparan sulfate proteoglycan on colorectal cancer cells and secretes the
enzymemyrosinase, which converts glucosinolates ingested by the host into
sulforaphane. Sulforaphane has anticancer activity, showing significant
tumor regression and reduction in tumor incidence in mouse models of
colorectal cancer140. Oral administration of probiotic Bifidobacterium
enhanced anti-tumor immunotherapy response in melanoma mice. The
combination of probiotics and PD-L1-specific antibodies can significantly
eliminate tumors, and the relatedmechanism is related to the activation and
accumulation of CD8+T cells in the tumor microenvironment due to the
enhanced function of dendritic cells34 (Fig. 3).

Rational use of probiotics can alleviate complications related to
anticancer therapy
For potential complications caused by anticancer therapy, the colonization
of probiotics has also played a certain clinical benefit. The administration of
Lactobacillus acidophilusLAC-361 andBifidobacterium longumBB-536can
alleviate the diarrhea caused by radiotherapy in patients with pelvic
cancer141. CRC patients who received oral treatment with Lactobacillus
johnsoni during the perioperative period had significantly fewer intestinal

complications because L. johnsoni adheres to the colonmucosa, reduces the
concentration of pathogens in the stool, regulates local immune function,
and lessens the release of pro-inflammatorymediators such as IL-6,MCP-1,
TNF, and nitric oxide142. A probiotic formulation composed of Bifido-
bacterium infantilum, Lactobacillus acidophilus, Enterobacter faecalis, and
Bacillus cereus can regulate the imbalance of gut microbiota and its meta-
bolites caused by chemotherapy, increase the levels of acetate, butyrate, and
propionate in the body, and effectively reduce the gastrointestinal compli-
cations caused by chemotherapy143. A study also used probiotics composed
of Bifidobacterium infantilum, Lactobacillus acidophilus, Enterobacter fae-
calis, and Bacillus cereus to administer to gastric cancer patients after sur-
gery, and found that probiotics could enhance tumor immune response and
reduce local inflammatory response144. A probiotic compound (consisting
of Lactobacillus plantarum MH-301, Lactobacillus rhamnosus LGG-18,
Lactobacillus acidophilus, and Lactobacillus animalis bifidobacterium LPL-
RH) has been shown to effectively reduce postoperative inflammation in
gastric cancer, enhance immunity, and restore gut microbiota composition.
In vivo experiments in rats have shown that it can down-regulate the
inflammatory and permeability signaling pathways in intestinal tissue, and
restore the gut microbiota disorder after gastrectomy in rats145. Six kinds of
probiotic mixed preparations (including Lactobacillus acidophilus, Lacto-
bacillus lactis, Lactobacillus casei subsp, Bifidobacterium longum, Bifido-
bacterium bifidum and Bifidobacterium infantis) were used in patients with
colorectal cancer after surgery longum, bifidum and Bifidobacterium
infantis significantly reduced the levels of pro-inflammatory factors (TNF-
α, IL-6, IL-10, IL-12, IL-17A, IL-17C and IL-22, etc.), thereby reducing the
complications associated with anticancer therapy146. In a study of advanced
nasopharyngeal carcinoma patients treated with a probiotic mixture (con-
sisting of animal bifidobacterium subspecies Lactis LPL-RH, Lactobacillus
rhamnosus LGG-18, and Lactobacillus acidophilus), oral probiotic mixtures
reduced the incidence of oral mucositis compared with controls. The
mechanism is related to decreased rates of CD3 T cells, CD4 T cells, and

Fig. 3 | Specific mechanisms of parasite involvement in anticancer therapy. Intestinal parasites have a profound effect on the anticancer process, including improving the
body’s anti-tumor immunity and reducing related complications. This figure shows the specific mechanism.
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CD8T cells147. Lactobacillus rhamnosus (LGG) reduces the toxic side effects
of chemotherapy and radiotherapy on intestinal mucosa. Studies have
shown that inmousemodels, LGGinduces reactiveoxygenspecies (ROS)by
transferring cyclooxygenase-2 (COX-2) expressing cells on intestinal villi to
the base of intestinal crypts, activating the cell protective NRF2 (nuclear
factor-erythroid 2-related factor-2) pathway91. A probiotic mixture (Bi®do-
bacterium brevis, Lactobacillus acidophilus, Lactobacillus casei, and Strep-
tococcus thermophilus) alleviated cisplatin treaty-induced mucositis and
pica in mice by reducing intestinal pheochromocytoma secretion of 5-HT
and restoring chemotherapy-induced changes in gut microbiota148 (Fig. 3).

Challenges in the application of probiotics in cancer therapy
Probiotics have shown promise in the treatment of various cancer types and
the prevention of complications associated with anti-cancer treatment,
however, there are still challenges associatedwith the practical applicationof
probiotics as anti-cancer treatment options. First, the efficacy of probiotics
in preclinical studies and clinical applications may not be consistent. The
study found that people treated with probiotics had only a temporary
improvement in gut microbiota concentration, not a long-term effect149.
Inconsistencies in the manufacturing process and storage conditions of
probiotics can also affect their quality, which may lead to differences in
clinical results. Therefore, strengthening quality control in the production
process of probiotics is crucial for the effectiveness of probiotic products.

In addition, since probiotic products can be classified as dietary
supplements, food additives or drugs, regulatory issues arise in their
application process, which likewise limits the use of probiotic products150.
And the live bacteria in probiotics or certain types of prebiotics may
conflict with certain cultural or religious beliefs, which will also pose
challenges in thedevelopment andapplication of their relatedproducts. In
addition to this, due to factors such as taste, convenience, and cost, the use
of probiotics may be limited due to poor patient compliance. One study
found that the effects of short-term probiotic interventions on changes in
the gut microbiota may be temporary, and some specific individuals or
diseases may require longer treatment durations to achieve therapeutic
effects151. Therefore, the integration of probiotic-related products into
healthcare initiatives may promote overall health and minimize the bur-
den on the healthcare system.

The interaction between microorganisms and individual differences
between patients also affect the efficacy of probiotics, whichmay depend on
the ability of different populations to absorb probiotics, the composition of
intestinal flora and the type of cancer152,153. In clinical application, the
selection of the most suitable strain for a specific situation requires more
thorough research and evaluation, therefore, the strain of probiotics and the
relevant factors such as the dosage need to be standardized when using,
which also affects the results of comparative studies and the determination
of the best treatment154. In addition, the safety of probiotics is also widely
concerned; its use may be limited in patients with impaired or deficient
immune function, critically ill patients, and children. Probiotic strains may
be a causative factor in immunocompromised subjects, including systemic
infections, metabolic abnormalities, and immune disorders155–157.

Therefore, before a probiotic is developed for use, complete in vivo and
in vitro safety studies should be established to ensure the health of subjects.
The current direction of probiotics development should focus on perso-
nalized and targeted therapies, and advances in metagenomics and bioin-
formatics may be able to better help researchers understand the complex
interactions between probiotics and host health, thus facilitating the
development of diversified therapies.

Dietary habits-mediatedchanges in gutmicrobiota and
their effects on cancer
Diet is the most accessible external factor of the gut microbiota in human
daily life, and long-term dietary structure plays a crucial role in determining
the composition and function of the gut microbiota, and the interaction
between the two determines whether they are beneficial or harmful to the
health of the host158.

Dietary fiber is the protagonist in regulating the gut microbiota
Supplementation with dietary fiber, such as fructan and galactooligo-
saccharide, alters the composition of the gut microbiota, increases the
abundanceof bifidobacteria and lactobacillus,metabolizes theproductionof
large amounts of butyrate, and inhibits colorectal cancer. Specifically, the
accumulated butyrate acts as a histone deacetylase (HDAC) inhibitor, sti-
mulates histone acetylation, and affects apoptosis and cell proliferation,
exerting tumor-suppressive properties159. Dietary fiber also prolonged the
progression-free survival (PFS) ofmelanoma patients treatedwith anti-PD-
1, and some subjects increased the diversity of microbial α in their gut
microbiota and the abundance of Rumen coccaceae and Faecobacterium
species after eating high dietary fiber, and preclinical experiments showed
that dietary fiber had no obvious gain effect in germ-free mice, which
indicated that it had achieved aneffect in the immunotherapyof cancermice
by regulating the gut microbiota160. Spinach contains 2.2 grams of dietary
fiber per 100 grams, and eating spinach can increase the production of
butyric acid, ametabolite of the gutmicrobiota, which, asmentioned above,
plays a beneficial role in the treatment of cancer161,162. Inulin is a natural
water-soluble dietary fiber that can hardly be hydrolyzed and digested by
gastric acid and is only used by beneficial microorganisms in the colon,
thereby improving the intestinal environment. Inulin can increase the
beneficial flora of the gut microbiota such as Akkermansia, Lactic acid
bacteria, and Roseburia, thereby activating whole-bodymemory T cells and
enhancing the immunotherapy response of α-PD-1 to C57BL/6 mice har-
boringMC-38 colon cancer andB16F10melanoma163. The results of related
studies using polylactic acid-polyethyleneimine (PLA-PEI) and hyaluronic
acid-inulin (HA-IN) loaded on the nanoparticles of the chemotherapy drug
paclitaxel in the treatment of colon tumors have shown that it can accurately
guide and prolong the action time of the drug in tumor cells, enhancing the
therapeutic effect164. Pectin is alsohigh indietaryfiber (FD) and regulates the
gut microbiota of mice. Studies have shown that oral pectin can enhance
anti-tumor IBC therapy inmice (models of mass lymphoma, breast cancer,
colon cancer, and melanoma) by affecting the gut microbiota of
Akkermansia165.

Other dietary characteristics
Resistant starch is a kind of starch that cannot be absorbed and utilized by
the small intestine of healthy people, but can be fermented or partially
fermented by coliform bacteria (such asBifidobacterium,Akkermansia, and
Megasphaera) in the colon and has physiological functions such as main-
taining intestinal morphology, promoting intestinal peristalsis, increasing
fecal volume andmoisture content, regulating immunity and anti-tumor166.
The combination of resistant starch and Arabinoxylan increases the
abundance of bifidobacterium, reduces the abundance of other harmful
bacteria in gut microbiota, increases the concentration of SCFAs in the
intestinal tract, and enhances the efficacy of anticancer treatment for col-
orectal cancer167. The type and amount of protein in the diet can also affect
the composition of the gutmicrobiota, for example, casein is a growth factor
for Lactobacillus and Bifidobacteria, which, as mentioned earlier, are ben-
eficial for anti-cancer treatments168. Nitrate and inorganic sulfur are often
used as preservatives in processed meat, and they are metabolized into
carcinogens such as nitroso compounds and hydrogen sulfide with the
participation of sulfur-reducing bacteria such as Clostridium in the gut.
Regular consumption of suchmeat increases the risk of colorectal cancer in
the elderly169,170. A high-salt diet can change the composition of gut
microbiota, increase the abundance of Bifidobacterium and the level of
metabolite hippurate, which enhances the ability of NK cells to kill tumor
cells, improves the efficacy of anti-PD-1 antibody-related tumor immu-
notherapy, and provides ideas for enhancing tumor immunotherapy171. The
high-fat/high-cholesterol diet can disrupt the stability of gut microbiota,
resulting in a sequentially increased number of Muconcus, Desulphur-
icobacteria, Anaerobic bacteria and Desulphuricobacteriaceae in the gut
microbiota of mice, while the abundance of Bifidobacteria and Bacteroides
decreased, and the metabolic product of gut microbiota 3-indole propionic
acid was reduced, which hurts the immunotherapy of cancer172. In one
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study, the oral formulation of the chemotherapeutic drug capecitabine,
composed of the prebiotic xylan-stearic acid conjugates with cap nano-
particles, acted onmicewith colorectal cancer, delaying themetabolic rate of
chemotherapeutic drugs in mice. This prebiotic conjugate increases the
abundance of the gut microbiota of Ackermania and Faffia cup and the
concentration of the gut microbiota metabolite SCFA, which is more ben-
eficial for the treatment of cancer173. Ellagitannin is the active compound of
polyphenol-richberry camms. Studies have shown that oral ellagitannin can
regulateRumenmicrococcus in the gut, increase its abundance, and improve
the CD8+/FOXP3+CD4+ ratio in the tumormicroenvironment, thereby
improving the resistance of αPD-1 in amousemodel of E0771breast cancer
tumor174.

Summary and challenges
The gut microbiota is known as the “second genome” of the human
body, and the intestinal microecosystem it consists of plays a key role in
various physiological links of the human body through its interaction
with the host. There is a large amount of evidence that the gutmicrobiota
is closely related to the occurrence and development of various types of
cancer, such as CRC, HCC, BC, and PC, and scientists regard the
imbalance of gut microbiota as an important marker of cancer175–177. In
our previous research, we have profoundly explored the multifaceted
mechanisms of gut microbiota influencing human cancer177. Compared
with the human genome, the gutmicrobiota does not fulfill an extremely
wide range of biological functions; however, it is difficult to alter certain
biological processes in the human body by regulating the human gen-
ome, especially for complex pathological changes such as cancer, where
the gut microbiota may be more feasible. Therefore, this review focuses
on the multifaceted impact of the gut microbiota on cancer treatment
(Table 4).

While certain intestinal colonized microbiotas may be involved in
the development of cancer, it is important to note that many beneficial
microbiotas also play a vital role in the body’s defense against cancer. In
the course of our discussion, wementioned the harmfulmicrobiotas that
contribute to cancer development and hinder anti-cancer treatment,
including Clostridium, Enterobacter, Enterococcus, Bacteoidetes, and
Ruminococcus. Relative beneficial microbiotas are also mentioned,
including Bifidobacterium, Lactobacillus, Akkermansia, Fecalibacter-
ium, Eubacterium, Roseburia, Ruminococcus, and Blautia. As the pro-
tagonists of gut microbiota, their richness and colonization area greatly
affect the occurrence and treatment of cancer, and it is an important
research goal in the future to accurately control the existence of each or
several microbiota in different patients. In addition, we have already
explored the effects of diet on the gut microbiota, however, medications,
the patient’s living environment, and other underlying diseases also
directly affect the composition of the gut microbiota, which makes it
difficult to manipulate the microbiota, and perhaps there will be more
stable ways to maintain the control of the gut microbiota in patients in
the future.

Happily, novel therapies based on gut microbiota are also gradually
playing a role in cancer treatment. For example, endostatin gene therapy
delivered by oral attenuated Salmonella typhimurium has shown ther-
apeutic anti-tumor effects inmouse tumormodels178; A strain of Salmonella
typhimurium called ST8 has high levels of accumulation in tumors and
rarely spreads to the extraneoplastic anaerobic zone. The therapeutic plas-
mid encoding endostatin carried by ST8/pSEndo is fused with the secreted
protein SopA,which can target the peritumor blood vessels, stablymaintain
and safely deliver the therapeutic vector, and release angiogenesis inhibitors
through the type III secretion system (T3SS), thereby achieving anti-tumor
effects179.

In conclusion, there is still a big gap in the mechanism of action of gut
microbiota in the occurrence and development of cancer and the regulation
of anti-cancer treatment, which will greatly improve the treatment effect of
cancer patients, improve the prognosis, and provide the impetus for the era
of precision treatment. T

ab
le

4
|E

ff
ec

ts
o
fg

ut
m
ic
ro
b
io
ta

o
n
ra
d
io
th
er
ap

y,
ch

em
o
th
er
ap

y
an

d
im

m
un

o
th
er
ap

y
fo
r
ca

nc
er

T
re
at
m
en

t
G
ut

m
ic
ro
b
io
ta

A
ss

is
ta
nc

e/
In
te
rf
er
en

ce
R
es

ea
rc
h
m
o
d
el

M
ec

ha
ni
sm

R
ef
er
en

ce
s

R
ad

io
th
er
ap

y
La

ct
ob

ac
ill
us

rh
am

no
su

s
A
ss
is
ta
nc

e
W
ho

le
-b
od

y
irr
ad

ia
te
d

C
57

B
L/
6
m
ic
e

Tr
an

sf
er

m
es

en
ch

ym
al
st
em

ce
lls

to
th
e
b
as

e
of

th
e
cr
yp

tt
o

p
ro
te
ct

th
e
in
te
st
in
e
fr
om

ra
di
ot
he

ra
p
y-
in
d
uc

ed
ce

ll
d
am

ag
e

91

La
ch

no
sp

ira
ce

ae
an

d
E
nt
er
oc

oc
ca

ce
ae

A
ss
is
ta
nc

e
C
57

B
L/
6
J
m
ic
e

ex
p
os

ed
to

w
ho

le
b
od

y
ra
di
at
io
n
of

8.
0

to
9.
2
G
y

P
ro
p
io
na

te
an

d
tr
yp

to
p
ha

n
ar
e
p
ro
d
uc

ed
to

al
le
vi
at
e
th
e

d
am

ag
e
of

ra
d
ia
tio

n
to

th
e
ga

st
ro
in
te
st
in
al
tr
ac

ta
nd

he
m
at
op

oi
et
ic

fu
nc

tio
n

92

C
lo
st
rid

iu
m

ty
pe

IV
,R

ot
he

lla
,a

nd
K
oa

la
b
ac

ill
us

In
te
rf
er
en

ce
P
at
ie
nt
s
w
ith

ra
di
at
io
n

b
ow

el
d
is
ea

se
R
ed

uc
es

in
te
st
in
al
m
uc

os
al
ho

m
eo

st
as

is
fa
ct
or
s,

le
ad

in
g
to

th
e
oc

cu
rr
en

ce
of

ra
di
at
io
n
in
te
st
in
al
d
is
ea

se
97

G
+
b
ac

te
ria

se
ns

iti
ve

to
va

nc
om

yc
in

In
te
rf
er
en

ce
C
57

B
L/
6
J
m
ic
e

ex
p
os

ed
to

ra
d
ia
tio

n
of

21
G
y

V
an

co
m
yc

in
en

ha
nc

es
ra
d
ia
tio

n-
in
d
uc

ed
an

ti-
tu
m
or

im
m
un

e
re
sp

on
se

s
af
te
re

lim
in
at
io
n
of

gr
am

-p
os

iti
ve

b
ac

te
ria

10
2

B
ac

te
ro
id
et
es

In
te
rf
er
en

ce
C
57

B
L/
6
m
ic
e

re
ce

iv
in
g
ch

es
t

irr
ad

ia
tio

n

A
ft
er

th
e
el
im

in
at
io
n
of

th
is
b
ac

te
ria

w
ith

p
hy

co
cy

an
in
,

ra
d
ia
tio

n
p
ne

um
on

ia
an

d
p
ul
m
on

ar
y
fi
b
ro
si
s
w
er
e
al
le
vi
at
ed

10
1

C
he

m
ot
he

ra
py

C
yc

lo
p
ho

sp
ha

m
id
e

La
ct
ob

ac
ill
us

jo
hn

so
ni
i

A
ss
is
ta
nc

e
C
57

B
L/
6
co

lo
re
ct
al

ca
nc

er
m
ic
e

Le
ad

s
to

th
e
tr
an

sf
or
m
at
io
n
of

na
ïv
e
T
ce

lls
to

TH
17

an
d

in
d
uc

es
th
e
p
ro
d
uc

tio
n
of

IN
F
b
y
C
D
8
+
T
ce

lls
74

La
ct
ic

ac
id

b
ac

te
ria

an
d

B
ifi
d
ob

ac
te
ria

A
ss
is
ta
nc

e
M
ic
e
tr
ea

te
d
w
ith

C
TX

In
cr
ea

se
th
e
le
ve

lo
fs

ho
rt
-c
ha

in
fa
tt
y
ac

id
s,

d
ec

re
as

e
am

m
on

ia
co

nc
en

tr
at
io
n,

in
cr
ea

se
m
uc

in
ex

p
re
ss
io
n
an

d
go

b
le
tc

el
lc

ou
nt
,a

nd
al
le
vi
at
e
in
te
st
in
al
m
uc

os
al
in
ju
ry

73

C
is
p
la
tin

La
ct
ob

ac
ill
us

A
ss
is
ta
nc

e
Lu

ng
ca

nc
er

m
ic
e

R
eg

ul
at
e
th
e
ex

p
re
ss
io
n
of

V
E
G
FA

,B
ax

,C
D
K
N
1B

an
d
ot
he

r
ge

ne
s
to

en
ha

nc
e
ad

ap
tiv

e
im

m
un

e
re
sp

on
se

75

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 13

www.nature.com/npjbiofilms


T
ab

le
4
(c
o
nt
in
ue

d
)|

E
ff
ec

ts
o
fg

ut
m
ic
ro
b
io
ta

o
n
ra
d
io
th
er
ap

y,
ch

em
o
th
er
ap

y
an

d
im

m
un

o
th
er
ap

y
fo
r
ca

nc
er

T
re
at
m
en

t
G
ut

m
ic
ro
b
io
ta

A
ss

is
ta
nc

e/
In
te
rf
er
en

ce
R
es

ea
rc
h
m
o
d
el

M
ec

ha
ni
sm

R
ef
er
en

ce
s

5-
Fl
uo

ro
ur
ac

il
La

ct
ob

ac
ill
us

p
la
nt
ar
um

A
ss
is
ta
nc

e
H
um

an
co

lo
re
ct
al

ca
nc

er
ce

ll
lin
e
H
T-
29

,
H
C
T-

11
6

A
m
p
lifi
es

th
e
cy

to
to
xi
ci
ty

of
5-
FU

b
y
re
d
uc

in
g
th
e
nu

m
b
er

of
st
em

-l
ik
e
ca

nc
er

ce
lls

84

La
ct
ob

ac
ill
us

ca
se

iY
IT

90
18

A
ss
is
ta
nc

e
B
A
LB

/c
m
ic
e
m
od

el
A
s
a
no

ns
p
ec

ifi
c
im

m
un

os
tim

ul
an

t,
re
du

ce
s
th
e
le
th
al
to
xi
ci
ty

of
5-
FU

19
8

E
sc

he
ric

hi
a
co

li
In
te
rf
er
en

ce
Fe

m
al
e
th
ym

us
fr
ee

nu
d
e
m
ou

se
an

d
H
C
T-

11
6
ce

ll

It
re
le
as

es
d
ih
yd

ro
p
yr
im

id
in
e
d
eh

yd
ro
ge

na
se

w
hi
ch

co
nv

er
ts

5-
FU

to
in
ac

tiv
e
d
ih
yd

ro
fl
uo

ro
ur
ac

il
89

O
xa

lip
la
tin

Fu
so

b
ac

te
riu

m
nu

cl
ea

tu
m

In
te
rf
er
en

ce
H
um

an
co

lo
re
ct
al

ca
nc

er
ce

ll
lin
e

D
ru
g
re
si
st
an

ce
is
in
d
uc

ed
b
y
ac

tiv
at
in
g
th
e
ex

p
re
ss
io
n
of

TL
R
an

d
m
ic
ro
R
N
A
18

a
87

G
em

ci
ta
b
in
e

G
am

m
ap

ro
te
ob

ac
te
ria

In
te
rf
er
en

ce
B
A
LB

/c
co

lo
re
ct
al

ca
nc

er
m
ic
e

S
ec

re
te
s
th
e
b
ac

te
ria

le
nz

ym
e
cy

tid
in
e
d
ea

m
in
as

e
(C
D
D
L)
,

m
et
ab

ol
iz
in
g
ge

m
ci
ta
b
in
e
fr
om

th
e
ac

tiv
e
fo
rm

to
th
e

in
ac

tiv
e
fo
rm

85

Iri
no

te
ca

n
B
ac

te
ria

th
at

p
ro
d
uc

e
b
et
a-

gl
uc

ur
on

id
as

e
In
te
rf
er
en

ce
M
ic
e
gi
ve

n
Iri
no

te
ca

n
Th

e
b
ac

te
ria

d
is
so

ci
at
es

S
N
-3
8G

in
to

S
N
-3
8,

in
d
uc

in
g

d
el
ay

ed
d
ia
rr
he

a
19

9

Im
m
un

ot
he

ra
p
y

C
TL

A
-4

in
hi
b
ito

r
B
ac

te
ro
id
es

A
ss
is
ta
nc

e
M
C
A
20

5
Fi
b
ro

sa
rc
om

a
m
ic
e

E
nh

an
ce

s
IL
-1
2-
de

p
en

d
en

tT
H
1
im

m
un

e
re
sp

on
se

43

Fi
rm

ic
ut
es

In
te
rf
er
en

ce
26

m
el
an

om
a
p
at
ie
nt
s

In
d
uc

e
C
D
4
+
T
ce

lls
,i
nc

re
as

e
th
e
nu

m
be

ro
fC

D
25

,a
nd

ag
gr
av

at
e
th
e
to
xi
c
si
d
e
ef
fe
ct
s

46

A
kk
er
m
an

si
a
m
uc

in
ip
hi
la

A
ss
is
ta
nc

e
Ly

m
ph

om
a
G
F

m
ic
e
m
od

el
Tr
an

sf
or
m

m
on

on
uc

le
ar

p
ha

go
cy

te
s
in

TM
E
in
to

im
m
un

e-
st
im

ul
at
ed

m
on

oc
yt
es

an
d
D
irk

16
5

B
ifi
d
ob

ac
te
riu

m
p
se

ud
ol
on

gu
m

A
ss
is
ta
nc

e
C
R
C
m
ic
e
m
od

el
TH

1
ce

ll
ac

tiv
at
io
n
is
p
ro
m
ot
ed

th
ro
ug

h
th
e
T
ce

ll-
sp

ec
ifi
c

A
2A

R
si
gn

al
in
g
p
at
hw

ay
20

0

P
D
-1

in
hi
b
ito

r
B
ifi
d
ob

ac
te
riu

m
A
ss
is
ta
nc

e
C
57

B
L/
6
m
ic
e
m
od

el
R
ec

ru
it
D
C
s
to

ac
tiv

at
e
C
D
8
+
T
ce

ll
re
sp

on
se

s
in

th
e
tu
m
or

m
ic
ro
en

vi
ro
nm

en
t

34

A
kk
er
m
an

si
a
m
uc

in
ip
hi
la

A
ss
is
ta
nc

e
M
C
A
-2
05

sa
rc
om

a,
R
E
T
m
el
an

om
a

m
ic
e
m
od

el

In
cr
ea

se
th
e
re
cr
ui
tm

en
to

fC
C
R
9
+
C
X
C
R
3
+
C
D
4
+
T

ly
m
ph

oc
yt
es

in
tu
m
or

tis
su

es
to

re
st
or
e
th
e
ef
fi
ca

cy
of

P
D
-1

b
lo
ck

er
s
in

an
IL
-1
2-
de

p
en

d
en

tm
an

ne
r

11
2

A
kk
er
m
an

si
a
m
uc

in
ip
hi
la

A
ss
is
ta
nc

e
C
57

B
L/
6
J
m
ic
e

In
d
uc

e
Ig
G
1
an

d
an

tig
en

-s
pe

ci
fi
c
T
ce

ll
re
sp

on
se

s
to

en
ha

nc
e

th
e
ef
fi
ca

cy
of

an
ti-
P
D
-1

39

B
ifi
d
ob

ac
te
riu

m
lo
ng

um
,

E
nt
er
oc

oc
cu

s
fa
ec

iu
m

A
ss
is
ta
nc

e
42

m
el
an

om
a

p
at
ie
nt
s,

G
F

m
ic
e
m
od

el

R
ec

ru
it
D
C
ce

lls
,i
nc

re
as

e
TH

1
re
sp

on
se

,r
ed

uc
e
Tr
eg

ce
lls
,

en
ha

nc
e
T
ce

ll
re
sp

on
se

,a
nd

im
p
ro
ve

th
e
ef
fi
ca

cy
of

an
ti-
P
D
-

1
th
er
ap

y

11
4

C
lo
st
rid

iu
m
,r
um

in
oc

oc
cu

s,
an

d
Fa

ec
al
is

A
ss
is
ta
nc

e
11

2
m
el
an

om
a

p
at
ie
nt
s

In
cr
ea

se
s
an

tig
en

p
re
se

nt
at
io
n-
m
ed

ia
te
d
an

ti-
tu
m
or

im
m
un

e
re
sp

on
se

an
d
im

p
ro
ve

s
ef
fe
ct
or

T
ce

ll
fu
nc

tio
n

38

C
D
47

in
hi
b
ito

r
B
ifi
d
ob

ac
te
riu

m
A
ss
is
ta
nc

e
B
ea

rin
g
ca

nc
er

m
ic
e
m
od

el
S
tim

ul
at
es

th
e
S
TI
N
G
si
gn

al
in
g
p
at
hw

ay
to

in
cr
ea

se
th
e

cr
os

s-
p
rim

er
of

D
C

20
1

C
D
19

-C
A
R
-T

ce
ll
th
er
ap

y
M
eg

as
p
ha

er
a
m
as
si
lie
ns

is
A
ss
is
ta
nc

e
C
57

B
L/
6
m
ic
e

in
je
ct
ed

w
ith

P
an

cO
V
A
ce

lls

Th
e
re
su

lti
ng

S
C
FA

s
in
cr
ea

se
th
e
b
io
lo
gi
ca

la
ct
iv
ity

of
m
TO

R
,

up
re
gu

la
te

C
D
25

,I
FN

-γ
an

d
TN

F-
α
,a

nd
en

ha
nc

e
th
e

an
tit
um

or
ac

tiv
ity

of
C
A
R
-T

ce
lls

55

Ti
m
-3

E
nt
er
oc

oc
ci
an

d
La

ct
ob

ac
ill
us

A
ss
is
ta
nc

e
P
at
ie
nt

w
ith

lu
ng

ca
nc

er
C
ha

ng
in
g
th
e
co

m
po

si
tio

n
of

in
te
st
in
al

ec
ol
og

y
re
st
or
es

th
e

ef
fe
ct

of
Ti
m
-3

b
lo
ck

ad
e

56

C
p
G
-O

D
N

R
um

in
oc

oc
cu

s
ob

eu
m

an
d
A
lis
tip

es
A
ss
is
ta
nc

e
G
er
m
-f
re
e
C
57

B
L/

6
m
ic
e

E
nh

an
ce

th
e
ac

tiv
at
io
n
ef
fe
ct

of
C
p
G
-O

D
N
on

TN
F-
α
an

d
IL
-1
2

59

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 14

www.nature.com/npjbiofilms


Data availability
No datasets were generated or analysed during the current study.

Received: 25 September 2024; Accepted: 4 March 2025;

References
1. Kho, Z. Y. & Lal, S. K. The Human Gut Microbiome - A Potential

Controller of Wellness and Disease. Front Microbiol 9, 1835 (2018).
2. Pabst, R., Russell, M. W. & Brandtzaeg, P. Tissue distribution of

lymphocytes and plasma cells and the role of the gut. Trends
Immunol. 29, 206–208 (2008).

3. Cianci, R., Pagliari, D., Piccirillo, C. A., Fritz, J. H. &Gambassi, G. The
Microbiota and Immune System Crosstalk in Health and Disease.
Mediators Inflamm. 2018, 2912539 (2018).

4. Zheng, D., Liwinski, T. & Elinav, E. Interaction between microbiota
and immunity in health and disease. Cell Res 30, 492–506 (2020).

5. Mu, Y. F. et al. Perspectives on the involvement of the gutmicrobiota
in salt-sensitive hypertension. Hypertens. Res 47, 2351–2362
(2024).

6. Candeias, E., Pereira-Santos, A. R., Empadinhas, N., Cardoso, S.M.
&Esteves, A.R. F. TheGut-BrainAxis inAlzheimer’sandParkinson’s
Diseases:TheCatalyticRoleofMitochondria.J.AlzheimersDis.100,
413–429 (2024).

7. Takahashi, K. et al.Mouse IgAmodulateshumangutmicrobiotawith
inflammatory bowel disease patients. J. Gastroenterol. 59, 812–824
(2024).

8. Knippel, R. J., Drewes, J. L. & Sears, C. L. The Cancer Microbiome:
Recent Highlights and Knowledge Gaps. Cancer Discov. 11,
2378–2395 (2021).

9. Spalinger, M. R. & Scharl, M. Microbiota Manipulation as an
Emerging Concept in Cancer Therapy. Visc. Med 40, 2–11 (2024).

10. Ciernikova, S., Sevcikova, A., Mladosievicova, B. & Mego, M.
Microbiome in Cancer Development and Treatment.
Microorganisms 12, 24 (2023).

11. Wong, S. H. & Yu, J. Gut microbiota in colorectal cancer:
mechanisms of action and clinical applications. Nat. Rev.
Gastroenterol. Hepatol. 16, 690–704 (2019).

12. Colov, E. P., Degett, T. H., Raskov,H. &Gögenur, I. The impact of the
gut microbiota on prognosis after surgery for colorectal cancer - a
systematic review and meta-analysis. Apmis 128, 162–176 (2020).

13. Liang, J. Q. et al. Fecal microbial DNA markers serve for screening
colorectal neoplasm in asymptomatic subjects. J. Gastroenterol.
Hepatol. 36, 1035–1043 (2021).

14. Liang, Q. et al. Fecal Bacteria Act as Novel Biomarkers for
Noninvasive Diagnosis of Colorectal Cancer. Clin. Cancer Res 23,
2061–2070 (2017).

15. Zhao, R. et al. Improved diagnosis of colorectal cancer using
combined biomarkers including Fusobacterium nucleatum, fecal
occult blood, transferrin, CEA, CA19-9, gender, and age. Cancer
Med 12, 14636–14645 (2023).

16. Conde-Pérez, K. et al. The multispecies microbial cluster of
Fusobacterium, Parvimonas, Bacteroides and Faecalibacterium as
a precision biomarker for colorectal cancer diagnosis.Mol. Oncol.
18, 1093–1122 (2024).

17. Yamaoka, Y. et al. Fusobacteriumnucleatumas aprognosticmarker
of colorectal cancer in a Japanese population. J. Gastroenterol. 53,
517–524 (2018).

18. Wong, S. H. et al. Quantitation of faecal Fusobacterium improves
faecal immunochemical test in detecting advanced colorectal
neoplasia. Gut 66, 1441–1448 (2017).

19. Baik, J. E. et al. Circulating IgA Antibodies Against
Fusobacterium nucleatum Amyloid Adhesin FadA are a Potential
Biomarker for Colorectal Neoplasia. Cancer Res Commun. 2,
1497–1503 (2022).

20. Feng, C. et al. Dynamic Changes of the Gut Microbiota and Its
Functional Metagenomic Potential during the Development of Non-
Small Cell Lung Cancer. Int J. Mol. Sci. 25, 3768 (2024).

21. Gao, M. et al. Combining fecal microbiome and metabolomics
reveals diagnostic biomarkers for esophageal squamous cell
carcinoma.Microbiol Spectr. 12, e0401223 (2024).

22. Fu, A. et al. Tumor-resident intracellular microbiota promotes
metastatic colonization in breast cancer. Cell 185, 1356–1372.e26
(2022).

23. Parida, S. et al. A Procarcinogenic Colon Microbe Promotes Breast
Tumorigenesis and Metastatic Progression and Concomitantly
ActivatesNotch and β-Catenin Axes.CancerDiscov. 11, 1138–1157
(2021).

24. Zhu, B. T., Han, G. Z., Shim, J. Y., Wen, Y. & Jiang, X. R. Quantitative
structure-activity relationship of various endogenous estrogen
metabolites for human estrogen receptor alpha and beta subtypes:
Insights into the structural determinants favoring a differential
subtype binding. Endocrinology 147, 4132–4150 (2006).

25. Fernández-Murga,M. L., Gil-Ortiz, F., Serrano-García, L. & Llombart-
Cussac, A. A New Paradigm in the Relationship between Gut
MicrobiotaandBreastCancer:β-glucuronidaseEnzyme Identifiedas
Potential Therapeutic Target. Pathogens 12, 1086 (2023).

26. Zhu, C. et al. Characterizations of multi-kingdom gut microbiota in
immune checkpoint inhibitor-treated hepatocellular carcinoma. J.
Immunother. Cancer 12, e008686 (2024).

27. Chung, M. W. et al. Gut microbiome composition can predict the
response to nivolumab in advanced hepatocellular carcinoma
patients.World J. Gastroenterol. 27, 7340–7349 (2021).

28. Kaźmierczak-Siedlecka, K. et al. The potential of gut microbiome as
a non-invasive predictive biomarker for early detection of pancreatic
cancer and hepatocellular carcinoma.Eur. Rev.Med Pharm. Sci. 25,
7275–7284 (2021).

29. Reichard, C. A. et al. Gut Microbiome-Dependent Metabolic
Pathways and Risk of Lethal Prostate Cancer: Prospective Analysis
of a PLCO Cancer Screening Trial Cohort. Cancer Epidemiol.
Biomark. Prev. 31, 192–199 (2022).

30. Usyk, M. et al. Bacteroides vulgatus and Bacteroides dorei predict
immune-related adverse events in immune checkpoint blockade
treatment of metastatic melanoma. Genome Med 13, 160 (2021).

31. Sims, T. T. et al. Gut microbiome diversity is an independent
predictor of survival in cervical cancer patients receiving
chemoradiation. Commun. Biol. 4, 237 (2021).

32. Zhou, Y. et al. The role of intestinal flora on tumor immunotherapy:
recent progress and treatment implications. Heliyon 10, e23919
(2024).

33. Paulos, C. M. et al. Microbial translocation augments the function of
adoptively transferred self/tumor-specific CD8+ T cells via
TLR4 signaling. J. Clin. Invest 117, 2197–2204 (2007).

34. Sivan, A. et al. Commensal Bifidobacterium promotes antitumor
immunity and facilitates anti-PD-L1 efficacy. Science 350,
1084–1089 (2015).

35. Cheng,W. Y., Wu, C. Y. & Yu, J. The role of gut microbiota in cancer
treatment: friend or foe? Gut 69, 1867–1876 (2020).

36. Pinato, D. J. et al. Association of Prior Antibiotic Treatment With
Survival and Response to Immune Checkpoint Inhibitor Therapy in
Patients With Cancer. JAMA Oncol. 5, 1774–1778 (2019).

37. Fidelle, M. et al. A microbiota-modulated checkpoint directs
immunosuppressive intestinal T cells into cancers. Science 380,
eabo2296 (2023).

38. Gopalakrishnan, V. et al. Gut microbiome modulates response to
anti-PD-1 immunotherapy in melanoma patients. Science 359,
97–103 (2018).

39. Ansaldo, E. et al. Akkermansia muciniphila induces intestinal
adaptive immune responses during homeostasis. Science 364,
1179–1184 (2019).

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 15

www.nature.com/npjbiofilms


40. Shi, L. et al. Combining IL-2-based immunotherapywith commensal
probiotics produces enhanced antitumor immune response and
tumor clearance. J. Immunother. Cancer 8, e000973 (2020).

41. Xu, X. et al.GutMicrobiome Influences theEfficacyof PD-1Antibody
Immunotherapy on MSS-Type Colorectal Cancer via Metabolic
Pathway. Front Microbiol 11, 814 (2020).

42. Pitt, J. M. et al. Enhancing the clinical coverage and anticancer
efficacy of immune checkpoint blockade through manipulation of
the gut microbiota. Oncoimmunology 6, e1132137 (2017).

43. Vétizou, M. et al. Anticancer immunotherapy by CTLA-4 blockade
relies on the gut microbiota. Science 350, 1079–1084 (2015).

44. Andrews, M. C. et al. Gut microbiota signatures are associated with
toxicity to combined CTLA-4 and PD-1 blockade. Nat. Med 27,
1432–1441 (2021).

45. Larkin, J., Hodi, F. S. & Wolchok, J. D. Combined Nivolumab and
Ipilimumab orMonotherapy in UntreatedMelanoma.N. Engl. J. Med
373, 1270–1271 (2015).

46. Chaput, N. et al. Baseline gut microbiota predicts clinical response
and colitis inmetastaticmelanoma patients treatedwith ipilimumab.
Ann. Oncol. 30, 2012 (2019).

47. Dubin, K. et al. Intestinal microbiome analyses identify melanoma
patients at risk for checkpoint-blockade-induced colitis. Nat.
Commun. 7, 10391 (2016).

48. Liu, T., Xiong, Q., Li, L. & Hu, Y. Intestinal microbiota predicts lung
cancer patients at risk of immune-related diarrhea. Immunotherapy
11, 385–396 (2019).

49. Song, X. L. et al. Gut-lung axis and asthma: A historical review on
mechanism and future perspective. Clin. Transl. Allergy 14, e12356
(2024).

50. Gray, J. et al. Intestinal commensal bacteria mediate lung mucosal
immunity and promote resistance of newbornmice to infection. Sci.
Transl. Med 9, eaaf9412 (2017).

51. Liu, X. et al. The Role of Gut Microbiota in Lung Cancer: From
Carcinogenesis to Immunotherapy. Front Oncol. 11, 720842
(2021).

52. Locke, F. L. et al. Long-term safety and activity of axicabtagene
ciloleucel in refractory large B-cell lymphoma (ZUMA-1): a single-
arm, multicentre, phase 1-2 trial. Lancet Oncol. 20, 31–42 (2019).

53. Schuster, S. J. et al. Tisagenlecleucel in Adult Relapsed or
Refractory Diffuse Large B-Cell Lymphoma. N. Engl. J. Med 380,
45–56 (2019).

54. Stein-Thoeringer, C. K. et al. A non-antibiotic-disrupted gut
microbiome is associated with clinical responses to CD19-CAR-T
cell cancer immunotherapy. Nat. Med 29, 906–916 (2023).

55. Luu, M. et al. Microbial short-chain fatty acids modulate CD8(+) T
cell responses and improve adoptive immunotherapy for cancer.
Nat. Commun. 12, 4077 (2021).

56. Ouaknine Krief, J. et al. Role of antibiotic use, plasma citrulline and
blood microbiome in advanced non-small cell lung cancer patients
treated with nivolumab. J. Immunother. Cancer 7, 176 (2019).

57. Wallace, B. D. et al. Structure and Inhibition of Microbiome
β-Glucuronidases Essential to the Alleviation of Cancer Drug
Toxicity. Chem. Biol. 22, 1238–1249 (2015).

58. Roy, S. & Trinchieri, G. Microbiota: a key orchestrator of cancer
therapy. Nat. Rev. Cancer 17, 271–285 (2017).

59. Iida, N. et al. Commensal bacteria control cancer response to
therapy by modulating the tumor microenvironment. Science 342,
967–970 (2013).

60. Yang, X. et al. Interaction between intestinal microbiota and tumour
immunity in the tumour microenvironment. Immunology 164,
476–493 (2021).

61. Lu, Y. et al. Gut microbiota influence immunotherapy responses:
mechanisms and therapeutic strategies. J. Hematol. Oncol. 15, 47
(2022).

62. He, Y. et al. Gut microbial metabolites facilitate anticancer therapy
efficacybymodulatingcytotoxicCD8(+) T cell immunity.CellMetab.
33, 988–1000.e7 (2021).

63. Martini, G. et al. Gut microbiota correlates with antitumor activity in
patients with mCRC and NSCLC treated with cetuximab plus
avelumab. Int J. Cancer 151, 473–480 (2022).

64. Coutzac, C. et al. Systemic short chain fatty acids limit antitumor
effect of CTLA-4 blockade in hosts with cancer. Nat. Commun. 11,
2168 (2020).

65. Griffin, M. E. et al. Enterococcus peptidoglycan remodeling
promotes checkpoint inhibitor cancer immunotherapy.Science373,
1040–1046 (2021).

66. Renga, G. et al. Optimizing therapeutic outcomes of immune
checkpoint blockade by a microbial tryptophan metabolite. J.
Immunother. Cancer 10, e003725 (2022).

67. D’Onofrio, F. et al. Indole-3-Carboxaldehyde Restores Gut Mucosal
Integrity and Protects from Liver Fibrosis in Murine Sclerosing
Cholangitis. Cells 10, 1622 (2021).

68. Han, J. et al. Beneficial Effect of Antibiotics and Microbial
Metabolites on Expanded Vδ2Vγ9 T Cells in Hepatocellular
Carcinoma Immunotherapy. Front Immunol. 11, 1380 (2020).

69. Mirji, G. et al. The microbiome-derived metabolite TMAO drives
immune activation and boosts responses to immune checkpoint
blockade in pancreatic cancer. Sci. Immunol. 7, eabn0704 (2022).

70. Raghavan,S. et al.Microenvironmentdrivescell state, plasticity, and
drug response in pancreatic cancer. Cell 184, 6119–6137.e26
(2021).

71. Tintelnot, J. et al. Microbiota-derived 3-IAA influences
chemotherapy efficacy in pancreatic cancer. Nature 615, 168–174
(2023).

72. Chu, F. F. et al. Bacteria-induced intestinal cancer in mice with
disrupted Gpx1 and Gpx2 genes. Cancer Res 64, 962–968 (2004).

73. Xie, J. H. et al. Lactobacillus plantarum NCU116 attenuates
cyclophosphamide-induced intestinal mucosal injury, metabolism
and intestinal microbiota disorders in mice. Food Funct. 7,
1584–1592 (2016).

74. Viaud, S. et al. The intestinal microbiota modulates the anticancer
immune effects of cyclophosphamide. Science 342, 971–976
(2013).

75. Gui, Q. F., Lu, H. F., Zhang, C. X., Xu, Z. R. & Yang, Y. H. Well-
balanced commensal microbiota contributes to anti-cancer
response in a lung cancer mouse model. Genet Mol. Res 14,
5642–5651 (2015).

76. Chattopadhyay, I., Nandi, D. & Nag, A. The pint- sized powerhouse:
Illuminating the mighty role of the gut microbiome in improving the
outcome of anti- cancer therapy. Semin Cancer Biol. 70, 98–111
(2021).

77. Cai, J., Sun, L. & Gonzalez, F. J. Gut microbiota-derived bile acids in
intestinal immunity, inflammation, and tumorigenesis. Cell Host
Microbe 30, 289–300 (2022).

78. Jandhyala, S. M. et al. Role of the normal gut microbiota.World J.
Gastroenterol. 21, 8787–8803 (2015).

79. da Silva Ferreira, A. R., Wardill, H. R., Tissing,W. J. E. & Harmsen, H.
J. M. Pitfalls and novel experimental approaches to optimize
microbial interventions for chemotherapy-induced gastrointestinal
mucositis. Curr. Opin. Support Palliat. Care 14, 127–134 (2020).

80. Fang, Z. Z. et al. Irinotecan (CPT-11)-induced elevation of bile acids
potentiates suppression of IL-10 expression. Toxicol. Appl Pharm.
291, 21–27 (2016).

81. Stringer, A. M. Interaction between host cells and microbes in
chemotherapy-induced mucositis. Nutrients 5, 1488–1499 (2013).

82. Bhatt, A. P. et al. Targeted inhibition of gut bacterial β-glucuronidase
activity enhances anticancer drug efficacy. Proc. Natl Acad. Sci.
USA 117, 7374–7381 (2020).

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 16

www.nature.com/npjbiofilms


83. Hymes, J. P., Wallace, B. D., Redinbo,M. R. & Peterson,W. Abstract
3985: Identifying and drugging glucuronidase targets in the human
gut microbiome. Cancer Res. 78, 3985–3985 (2018).

84. An, J. & Ha, E. M. Combination Therapy of Lactobacillus plantarum
Supernatant and5-Fluouracil IncreasesChemosensitivity inColorectal
Cancer Cells. J. Microbiol Biotechnol. 26, 1490–1503 (2016).

85. Geller, L. T. et al. Potential role of intratumor bacteria in mediating
tumor resistance to the chemotherapeutic drug gemcitabine.
Science 357, 1156–1160 (2017).

86. Li, B. et al. Fusobacterium nucleatum induces oxaliplatin resistance
by inhibiting ferroptosis through E-cadherin/β-catenin/GPX4 axis in
colorectal cancer. Free Radic. Biol. Med 220, 125–138 (2024).

87. Yu, T. et al. Fusobacterium nucleatum Promotes Chemoresistance to
Colorectal Cancer by Modulating Autophagy. Cell 170, 548–563.e16
(2017).

88. Wang, N. et al. Fusobacterium nucleatum induces chemoresistance
in colorectal cancer by inhibiting pyroptosis via the Hippo pathway.
Gut Microbes 16, 2333790 (2024).

89. Spanogiannopoulos, P. et al. Host and gut bacteria share metabolic
pathways foranti-cancerdrugmetabolism.Nat.Microbiol7, 1605–1620
(2022).

90. Lee, S. Y. et al. Induction ofmetastasis, cancer stemcell phenotype,
and oncogenicmetabolism in cancer cells by ionizing radiation.Mol.
Cancer 16, 10 (2017).

91. Ciorba, M. A. et al. Lactobacillus probiotic protects intestinal
epithelium from radiation injury in a TLR-2/cyclo-oxygenase-2-
dependent manner. Gut 61, 829–838 (2012).

92. Guo, H. et al. Multi-omics analyses of radiation survivors identify
radioprotective microbes and metabolites. Science 370, eaay9097
(2020).

93. Chitapanarux, I. et al. Randomized controlled trial of live
lactobacillus acidophilus plus bifidobacterium bifidum in
prophylaxis of diarrhea during radiotherapy in cervical cancer
patients. Radiat. Oncol. 5, 31 (2010).

94. Salminen, E., Elomaa, I., Minkkinen, J., Vapaatalo, H. & Salminen, S.
Preservation of intestinal integrity during radiotherapy using live
Lactobacillus acidophilus cultures. Clin. Radio. 39, 435–437 (1988).

95. Wang, Z. et al. Gut microbial dysbiosis is associated with
development and progression of radiation enteritis during pelvic
radiotherapy. J. Cell Mol. Med 23, 3747–3756 (2019).

96. Marchesi, J. R. et al. The gut microbiota and host health: a new
clinical frontier. Gut 65, 330–339 (2016).

97. Reis Ferreira, M. et al. Microbiota- and Radiotherapy-Induced
Gastrointestinal Side-Effects (MARS) Study: A Large Pilot Study of
the Microbiome in Acute and Late-Radiation Enteropathy. Clin.
Cancer Res 25, 6487–6500 (2019).

98. González-Mercado, V. J., Lim, J., Marrero, S., Pedro, E. & Saligan, L.
N. Gut microbiota and fatigue in rectal cancer patients: a cross-
sectional pilot study. Support Care Cancer 29, 4615–4621 (2021).

99. Luo, X. X. et al. Whole brain radiotherapy induces cognitive
dysfunction in mice: key role of gut microbiota. Psychopharmacol.
(Berl.) 237, 2089–2101 (2020).

100. Lu, L. et al. Phycocyanin Ameliorates Radiation-Induced Acute
Intestinal Toxicity by Regulating the Effect of the Gut Microbiota on
the TLR4/Myd88/NF-κBPathway. JPEN J. Parenter. Enter. Nutr. 44,
1308–1317 (2020).

101. Li, W., Lu, L., Liu, B. & Qin, S. Effects of phycocyanin on pulmonary
and gut microbiota in a radiation-induced pulmonary fibrosismodel.
Biomed. Pharmacother. 132, 110826 (2020).

102. Uribe-Herranz, M. et al. Gut microbiota modulate dendritic cell
antigen presentation and radiotherapy-induced antitumor immune
response. J. Clin. Invest 130, 466–479 (2020).

103. Fernandes, A., Oliveira, A., Soares, R. & Barata, P. The Effects of
Ionizing Radiation on Gut Microbiota, a Systematic Review.
Nutrients 13, 3025 (2021).

104. Li, Y. et al. Review: Effect of Gut Microbiota and Its Metabolite
SCFAs on Radiation-Induced Intestinal Injury. Front Cell Infect.
Microbiol 11, 577236 (2021).

105. Cuzzolin, L., Zambreri, D., Donini, M., Griso, C. & Benoni, G.
Influence of radiotherapy on intestinal microflora in cancer patients.
J. Chemother. 4, 176–179 (1992).

106. Li, Y. et al. Alterations of the GutMicrobiomeComposition and Lipid
Metabolic Profile in Radiation Enteritis. Front Cell Infect. Microbiol
10, 541178 (2020).

107. Cui, M. et al. Faecal microbiota transplantation protects against
radiation-induced toxicity. EMBO Mol. Med 9, 448–461 (2017).

108. Ding, X. et al. Fecal microbiota transplantation: A promising
treatment for radiation enteritis? Radiother. Oncol. 143, 12–18
(2020).

109. Zheng, Y. M. et al. Multi-donor multi-course faecal microbiota
transplantation relieves the symptoms of chronic hemorrhagic
radiation proctitis: A case report.Med. (Baltim.) 99, e22298 (2020).

110. McQuade, J. L., Daniel, C. R., Helmink, B. A. & Wargo, J. A.
Modulating the microbiome to improve therapeutic response in
cancer. Lancet Oncol. 20, e77–e91 (2019).

111. Pitt, J. M. et al. Resistance Mechanisms to Immune-Checkpoint
Blockade in Cancer: Tumor-Intrinsic and -Extrinsic Factors.
Immunity 44, 1255–1269 (2016).

112. Routy, B. et al. Gut microbiome influences efficacy of PD-1-based
immunotherapy against epithelial tumors. Science 359, 91–97
(2018).

113. Davar, D. et al. Fecal microbiota transplant overcomes resistance to
anti-PD-1 therapy in melanoma patients. Science 371, 595–602
(2021).

114. Matson, V. et al. The commensalmicrobiome is associatedwith anti-
PD-1 efficacy in metastatic melanoma patients. Science 359,
104–108 (2018).

115. Zhang,S. L. et al. Pectin supplement significantly enhanced the anti-
PD-1 efficacy in tumor-bearingmice humanized with gut microbiota
from patients with colorectal cancer. Theranostics 11, 4155–4170
(2021).

116. Huang, J. et al. Metagenomic and metabolomic analyses reveal
synergistic effects of fecal microbiota transplantation and anti-PD-1
therapy on treating colorectal cancer. Front Immunol. 13, 874922
(2022).

117. Ren,S., Feng, L., Liu, H.,Mao, Y. &Yu, Z.Gutmicrobiomeaffects the
response to immunotherapy in non-small cell lung cancer. Thorac.
Cancer 15, 1149–1163 (2024).

118. Huang, J. et al. Ginseng polysaccharides alter the gut microbiota
and kynurenine/tryptophan ratio, potentiating the antitumour
effect of antiprogrammed cell death 1/programmed cell death
ligand 1 (anti-PD-1/PD-L1) immunotherapy. Gut 71, 734–745
(2022).

119. Halsey, T. M. et al. Microbiome alteration via fecal microbiota
transplantation is effective for refractory immune checkpoint
inhibitor-induced colitis. Sci. Transl. Med 15, eabq4006 (2023).

120. Chang, C. W. et al. Fecal Microbiota Transplantation Prevents
Intestinal Injury, Upregulation of Toll-Like Receptors, and 5-
Fluorouracil/Oxaliplatin-Induced Toxicity in Colorectal Cancer. Int J.
Mol. Sci. 21, 386 (2020).

121. Schwartz, M., Gluck, M. & Koon, S. Norovirus gastroenteritis after
fecal microbiota transplantation for treatment of Clostridium difficile
infection despite asymptomatic donors and lack of sick contacts.
Am. J. Gastroenterol. 108, 1367 (2013).

122. Bilinski, J. et al. Eosinophilic gastroenteritis and graft-versus-host
disease induced by transmission of Norovirus with fecal microbiota
transplant. Transpl. Infect. Dis. 23, e13386 (2021).

123. Papanicolas, L. E., Gordon, D. L., Wesselingh, S. L. & Rogers, G. B.
Improving Risk-Benefit in Faecal Transplantation through
Microbiome Screening. Trends Microbiol 28, 331–339 (2020).

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 17

www.nature.com/npjbiofilms


124. Marcella, C. et al. Systematic review: the global incidence of faecal
microbiota transplantation-related adverse events from 2000 to
2020. Aliment Pharm. Ther. 53, 33–42 (2021).

125. DeFilipp, Z. et al. Drug-Resistant E. coli Bacteremia Transmitted by
FecalMicrobiota Transplant.N.Engl. J.Med381, 2043–2050 (2019).

126. Chuang, C. et al. High carriage rate of extended-spectrum
β-lactamase Enterobacterales and diarrheagenic Escherichia coli in
healthy donor screening for fecal microbiota transplantation. Eur. J.
Clin. Microbiol Infect. Dis. 42, 1103–1113 (2023).

127. Zellmer, C. et al. Shiga Toxin-Producing Escherichia coli
Transmission via Fecal Microbiota Transplant. Clin. Infect. Dis. 72,
e876–e880 (2021).

128. Ridaura, V. K. et al. Gut microbiota from twins discordant for obesity
modulate metabolism in mice. Science 341, 1241214 (2013).

129. Gregory, J. C. et al. Transmission of atherosclerosis susceptibility
with gut microbial transplantation. J. Biol. Chem. 290, 5647–5660
(2015).

130. Haifer, C. et al. Lyophilised oral faecal microbiota transplantation for
ulcerative colitis (LOTUS): a randomised, double-blind, placebo-
controlled trial. Lancet Gastroenterol. Hepatol. 7, 141–151 (2022).

131. Paramsothy, S. et al. Multidonor intensive faecal microbiota
transplantation for active ulcerative colitis: a randomised placebo-
controlled trial. Lancet 389, 1218–1228 (2017).

132. Aggarwala, V. et al. Precise quantification of bacterial strains after
fecal microbiota transplantation delineates long-term engraftment
and explains outcomes. Nat. Microbiol 6, 1309–1318 (2021).

133. Kristensen, N. B. et al. Alterations in fecalmicrobiota composition by
probiotic supplementation in healthy adults: a systematic review of
randomized controlled trials. Genome Med 8, 52 (2016).

134. Hempel, S. et al. Probiotics for the prevention and treatment of
antibiotic-associated diarrhea: a systematic review and meta-
analysis. Jama 307, 1959–1969 (2012).

135. Lukasik, J., Dierikx, T., Besseling-van der Vaart, I., de Meij, T. &
Szajewska, H. Multispecies Probiotic for the Prevention of
Antibiotic-Associated Diarrhea in Children: A Randomized Clinical
Trial. JAMA Pediatr. 176, 860–866 (2022).

136. Gao, G. et al. Lacticaseibacillus rhamnosus Probio-M9 enhanced
the antitumor response to anti-PD-1 therapy by modulating
intestinal metabolites. EBioMedicine 91, 104533 (2023).

137. Bender, M. J. et al. Dietary tryptophan metabolite released by
intratumoral Lactobacillus reuteri facilitates immune checkpoint
inhibitor treatment. Cell 186, 1846–1862.e26 (2023).

138. Sun, Y. et al. Engineered oncolytic bacteria HCS1 exerts high
immune stimulation and safety profiles for cancer therapy.
Theranostics 13, 5546–5560 (2023).

139. Vendrell, A. et al. An Oral Salmonella-Based Vaccine Inhibits Liver
Metastases by Promoting Tumor-Specific T-Cell-Mediated
Immunity in Celiac and Portal Lymph Nodes: A Preclinical Study.
Front Immunol. 7, 72 (2016).

140. Ho, C. L. et al. Engineered commensal microbes for diet-mediated
colorectal-cancer chemoprevention. Nat. Biomed. Eng. 2, 27–37
(2018).

141. Demers, M., Dagnault, A. & Desjardins, J. A randomized double-
blind controlled trial: impact of probiotics on diarrhea in patients
treated with pelvic radiation. Clin. Nutr. 33, 761–767 (2014).

142. Bereswill, S. et al. Lactobacillus johnsonii ameliorates intestinal,
extra-intestinal and systemic pro-inflammatory immune responses
following murine Campylobacter jejuni infection. Sci. Rep. 7, 2138
(2017).

143. Huang, F. et al. Postoperative Probiotics Administration Attenuates
Gastrointestinal Complications and Gut Microbiota Dysbiosis
Caused by Chemotherapy in Colorectal Cancer Patients. Nutrients
15, 356 (2023).

144. Zheng, C. et al. A randomised trial of probiotics to reduce severity of
physiological and microbial disorders induced by partial

gastrectomy for patients with gastric cancer. J. Cancer 10, 568–576
(2019).

145. Zheng, C. et al. Adjuvant treatment and molecular mechanism of
probiotic compounds in patients with gastric cancer after
gastrectomy. Food Funct. 12, 6294–6308 (2021).

146. Zaharuddin, L.,Mokhtar,N.M.,MuhammadNawawi,K.N.&RajaAli,
R. A. A randomized double-blind placebo-controlled trial of
probiotics in post-surgical colorectal cancer. BMC Gastroenterol.
19, 131 (2019).

147. Xia, C. et al. A Phase II Randomized Clinical Trial and Mechanistic
Studies Using Improved Probiotics to Prevent Oral Mucositis
Induced by Concurrent Radiotherapy and Chemotherapy in
Nasopharyngeal Carcinoma. Front Immunol. 12, 618150 (2021).

148. Wu, Y. et al. Administration of a Probiotic Mixture Ameliorates
Cisplatin-InducedMucositis and Pica by Regulating 5-HT in Rats. J.
Immunol. Res 2021, 9321196 (2021).

149. Khalesi, S. et al. A review of probiotic supplementation in healthy
adults: helpful or hype? Eur. J. Clin. Nutr. 73, 24–37 (2019).

150. Freedman, S. B., Schnadower, D. & Tarr, P. I. The Probiotic
Conundrum: Regulatory Confusion, Conflicting Studies, and Safety
Concerns. Jama 323, 823–824 (2020).

151. Ng, Q. X. et al. Effect of Probiotic Supplementation on Gut
Microbiota in Patients with Major Depressive Disorders: A
Systematic Review. Nutrients 15, 1351 (2023).

152. Ballini, A. et al. Effect of probiotics on the occurrence of nutrition
absorption capacities in healthy children: a randomized double-
blinded placebo-controlled pilot study. Eur. Rev. Med Pharm. Sci.
23, 8645–8657 (2019).

153. York, A. Microbiome: Gut microbiota sways response to cancer
immunotherapy. Nat. Rev. Microbiol 16, 121 (2018).

154. Baral, K.C., Bajracharya,R., Lee,S.H. &Han,H.K. Advancements in
the Pharmaceutical Applications of Probiotics: Dosage Forms and
Formulation Technology. Int J. Nanomed. 16, 7535–7556 (2021).

155. Suez, J., Zmora, N., Segal, E. & Elinav, E. The pros, cons, and many
unknowns of probiotics. Nat. Med 25, 716–729 (2019).

156. Merenstein, D. et al. Emerging issues in probiotic safety: 2023
perspectives. Gut Microbes 15, 2185034 (2023).

157. Kothari, D., Patel, S. &Kim, S. K. Probiotic supplementsmight not be
universally-effective and safe: A review. Biomed. Pharmacother.
111, 537–547 (2019).

158. Matson, V. & Gajewski, T. F. Dietary modulation of the gut
microbiome as an immunoregulatory intervention. Cancer Cell 40,
246–248 (2022).

159. So, D. et al. Dietary fiber intervention on gut microbiota composition
in healthy adults: a systematic reviewandmeta-analysis.Am. J.Clin.
Nutr. 107, 965–983 (2018).

160. Spencer, C. N. et al. Dietary fiber and probiotics influence the gut
microbiome andmelanoma immunotherapy response.Science 374,
1632–1640 (2021).

161. Chen, Y. S. et al. Dietary spinach reshapes the gut microbiome in an
Apc-mutant genetic background: mechanistic insights from
integrated multi-omics. Gut Microbes 13, 1972756 (2021).

162. Donohoe, D. R. et al. A gnotobiotic mousemodel demonstrates that
dietary fiber protects against colorectal tumorigenesis in a
microbiota- and butyrate-dependent manner. Cancer Discov. 4,
1387–1397 (2014).

163. Han, K. et al. Generation of systemic antitumour immunity via the
in situ modulation of the gut microbiome by an orally administered
inulin gel. Nat. Biomed. Eng. 5, 1377–1388 (2021).

164. Hou, Y. et al. Targeted therapeutic effects of oral inulin-modified
double-layered nanoparticles containing chemotherapeutics on
orthotopic colon cancer. Biomaterials 283, 121440 (2022).

165. Lam, K. C. et al. Microbiota triggers STING-type I IFN-dependent
monocyte reprogramming of the tumormicroenvironment.Cell 184,
5338–5356.e21 (2021).

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 18

www.nature.com/npjbiofilms


166. Reuter, M. A. et al. Dietary resistant starch supplementation
increases gut luminal deoxycholic acid abundance in mice. Gut
Microbes 16, 2315632 (2024).

167. Li, S. et al. Effect of structural characteristics of resistant starch
prepared by various methods on microbial community and
fermentative products. Int J. Biol. Macromol. 254, 127725 (2024).

168. Yang, Q. et al. Role of Dietary Nutrients in the Modulation of Gut
Microbiota: A Narrative Review. Nutrients 12, 381 (2020).

169. Song,M.,Chan,A. T. &Sun, J. Influenceof theGutMicrobiome,Diet,
and Environment on Risk of Colorectal Cancer. Gastroenterology
158, 322–340 (2020).

170. Yazici, C. et al. Race-dependent association of sulfidogenic bacteria
with colorectal cancer. Gut 66, 1983–1994 (2017).

171. Rizvi, Z. A. et al. High-salt diet mediates interplay between NK cells
and gut microbiota to induce potent tumor immunity. Sci. Adv. 7,
eabg5016 (2021).

172. Zhang, X. et al. Dietary cholesterol drives fatty liver-associated liver
cancer by modulating gut microbiota and metabolites. Gut 70,
761–774 (2021).

173. Lang, T. et al. Combining gut microbiota modulation and
chemotherapy by capecitabine-loaded prebiotic nanoparticle
improves colorectal cancer therapy.Nat. Commun. 14, 4746 (2023).

174. Messaoudene, M. et al. A Natural Polyphenol Exerts Antitumor
Activity and Circumvents Anti-PD-1 Resistance through Effects on
the Gut Microbiota. Cancer Discov. 12, 1070–1087 (2022).

175. Pascal Andreu, V. et al. gutSMASH predicts specialized primary
metabolic pathways from the human gut microbiota. Nat.
Biotechnol. 41, 1416–1423 (2023).

176. Chen, F. & Stappenbeck, T. S. Microbiome control of innate
reactivity. Curr. Opin. Immunol. 56, 107–113 (2019).

177. Sun, J., Chen, F. &Wu, G. Potential effects of gutmicrobiota on host
cancers: focus on immunity, DNA damage, cellular pathways, and
anticancer therapy. Isme j. 17, 1535–1551 (2023).

178. Liang, K. et al. Endostatin gene therapy delivered by attenuated
Salmonella typhimurium inmurine tumormodels.CancerGeneTher.
25, 167–183 (2018).

179. Shi, L., Yu, B., Cai, C. H. & Huang, J. D. Angiogenic inhibitors
delivered by the type III secretion system of tumor-targeting
Salmonella typhimurium safely shrink tumors in mice. AMB Express
6, 56 (2016).

180. Dai, J. J. et al. Identification of Senescence-Related Subtypes, the
Developmentof aPrognosisModel, andCharacterizationof Immune
Infiltration and Gut Microbiota in Colorectal Cancer. Front Med
(Lausanne) 9, 916565 (2022).

181. Zrelli, M. et al. Diversity in gut microbiota among colorectal cancer
patients: findings from a case-control study conducted at a Tunisian
University Hospital. Discov. Oncol. 15, 402 (2024).

182. Ajab, S. M. et al. Microbiota composition effect on immunotherapy
outcomes in colorectal cancer patients: A systematic review. PLoS
One 19, e0307639 (2024).

183. Zhu, C. et al. Gut microbiota and metabolites signatures of clinical
response in anti-PD-1/PD-L1 based immunotherapy of biliary tract
cancer. Biomark. Res 12, 56 (2024).

184. Chen, J., Hu, Q., Chai, K. & Wang, S. Analysis of Gut Microbiota as a
Diagnostic Biomarker for Lung Adenocarcinoma with Qi-Deficiency
and Phlegm-Turbid Stagnation. Comb Chem High Throughput
Screen. https://doi.org/10.2174/0113862073303081240521083505
(2024).

185. Hagan, T. et al. Antibiotics-Driven Gut Microbiome Perturbation Alters
Immunity to Vaccines in Humans. Cell 178, 1313–1328.e13 (2019).

186. Zhang, D. & Frenette, P. S. Cross talk between neutrophils and the
microbiota. Blood 133, 2168–2177 (2019).

187. Ross, B. D. Bacteroides fragilis uses toxins for gut success. Nat.
Microbiol 9, 11–12 (2024).

188. Half, E. et al. Fecal microbiome signatures of pancreatic cancer
patients. Sci. Rep. 9, 16801 (2019).

189. Che, Y. et al. Gut microbial metabolite butyrate improves anticancer
therapy by regulating intracellular calciumhomeostasis.Hepatology
78, 88–102 (2023).

190. Wallace, B. D. et al. Alleviating cancer drug toxicity by inhibiting a
bacterial enzyme. Science 330, 831–835 (2010).

191. Guo, J. et al. Inhibition of the NF-κB/HIF-1α signaling pathway in
colorectal cancer by tyrosol: a gut microbiota-derivedmetabolite. J.
Immunother. Cancer 12, e008831 (2024).

192. Zhao, S. H. et al. Preliminary study on the active substances and
cellular pathways of lactic acid bacteria for colorectal cancer
treatment. J. Cancer 15, 4902–4921 (2024).

193. Mai, Z. et al. Gut-derived metabolite 3-methylxanthine enhances
cisplatin-induced apoptosis via dopamine receptor D1 in a mouse
model of ovarian cancer.mSystems 9, e0130123 (2024).

194. Li, Y. et al. Microbial metabolite sodium butyrate enhances the anti-
tumor efficacy of 5-fluorouracil against colorectal cancer by
modulating PINK1/Parkin signaling and intestinal flora. Sci. Rep. 14,
13063 (2024).

195. Ghosh,S. et al.Microbialmetabolite restricts 5-fluorouracil-resistant
colonic tumor progression by sensitizing drug transporters via
regulation of FOXO3-FOXM1 axis. Theranostics 12, 5574–5595
(2022).

196. Wang, B. et al. Gut microbiota Parabacteroides distasonis
enchances the efficacy of immunotherapy for bladder cancer by
activating anti-tumor immune responses. BMC Microbiol 24, 237
(2024).

197. Lin, G. et al. Role of gut microbiota in the pathogenesis of
castration-resistant prostate cancer: a comprehensive study
using sequencing and animal models. Oncogene 43, 2373–2388
(2024).

198. Nomoto, K. et al. Prevention of indigenous infection of mice with
Escherichia coli by nonspecific immunostimulation. Antimicrob.
Agents Chemother. 36, 361–367 (1992).

199. Patel, A. G. &Kaufmann, S. H. Cancer. Targeting bacteria to improve
cancer therapy. Science 330, 766–767 (2010).

200. Mager, L. F. et al. Microbiome-derived inosine modulates response
to checkpoint inhibitor immunotherapy. Science 369, 1481–1489
(2020).

201. Shi, Y. et al. Intratumoral accumulation of gut microbiota facilitates
CD47-based immunotherapy via STING signaling. J. Exp. Med 217,
e20192282 (2020).

Author contributions
J.S., S.S., and J.L. were the first author, to collect data, drafting and
revising the manuscript. C.F., X.li and W.G. design research direction
provide writing guidance and participate in the manuscript revision
and supplement. All authors have agreed to the version of the
manuscript for this release and have agreed to work on their respective
aspects.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to
Feng Chen, Xiaorui Li or Guangzhen Wu.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 19

https://doi.org/10.2174/0113862073303081240521083505
https://doi.org/10.2174/0113862073303081240521083505
http://www.nature.com/reprints
www.nature.com/npjbiofilms


Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2025

https://doi.org/10.1038/s41522-025-00678-x Review

npj Biofilms and Microbiomes |           (2025) 11:43 20

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjbiofilms

	Gut microbiota as a new target for anticancer therapy: from mechanism to means of regulation
	The guiding significance of gut microbiota in cancer diagnosis and prognosis
	Fusobacterium nucleatum is an important biomarker for CRC
	The role of gut microbiota in the identification of other cancers
	Gut microbiota as a diagnostic biomarker
	Gut microbiota as a prognostic biomarker


	The role of gut microbiota in anti-cancer immunotherapy
	The gut microbiota affects the efficacy of a variety of immunotherapies
	Relationship between gut microbiota metabolites and immunotherapy

	The dual role of gut microbiota in cancer chemotherapy
	The promotion of gut microbiota on the efficacy of chemotherapy drugs and the control of chemotherapy complications
	Chemotherapy resistance and toxic side effects caused by gut microbiota

	The relationship between gut microbiota and cancer radiotherapy
	Gut microbiota affects the toxicity and side effects of cancer radiotherapy
	Gut microbiota disturbances induced by radiotherapy and its treatment

	Application of fecal microbiota transplantation in anticancer therapy
	FMT promotes the efficacy of anti-cancer therapy
	FMT to control complications related to anticancer therapy
	Potential challenges and possible solutions for FMT applications

	Probiotics
	Probiotics are adjunct agents for anticancer therapy
	Rational use of probiotics can alleviate complications related to anticancer therapy
	Challenges in the application of probiotics in cancer therapy

	Dietary habits-mediated changes in gut microbiota and their effects on cancer
	Dietary fiber is the protagonist in regulating the gut microbiota
	Other dietary characteristics

	Summary and challenges
	Data availability
	References
	Author contributions
	Competing interests
	Additional information




