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Abstract:

Gastrointestinal malignancies are a leading cause of cancer-related deaths and are linked to changes in microbiota
composition. A body of accumulating evidence indicates that microbial dysbiosis plays a crucial role in neoplastic
transformation and oncogenesis of the digestive system organs. This includes modulation of immune responses,
alteration of the tumor microenvironment, and metabolic activities of gut bacteria, such as the production of short-
chain fatty acids, bile acids, toxins, and genotoxins. Several clinical trials have recently been initiated to test fecal
microbiota transplantation for improving the efficacy of immunotherapies and conventional chemotherapeutics in
gastrointestinal cancers. This review summarizes progress in understanding the mechanisms driving microbiota's
role in gastrointestinal tumorigenesis and how microbiota influences therapy response and discusses microbiota-
based potential therapeutic applications.
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1. INTRODUCTION

The normal physiology of the gastrointestinal (GI) tract
involves a close relationship with the microorganisms
populating it, collectively known as the microbiota.
Disturbances in the homeostasis of the digestive system,
such as those caused by GI malignancies, are possibly
linked to alterations in microbiota composition and
abundance. Notably, neoplasia of the GI tract remains a
leading cause of cancer-related deaths. In 2022,
colorectal, liver, gastric, pancreatic, and esophageal
cancers were the second, third, fifth, sixth, and seventh
leading causes of cancer-related deaths in the USA,
respectively [1, 2]. Accumulating evidence suggests that
microbiota play an essential role in GI neoplastic
transformation. The central objective of this review is to
summarize the progress made in understanding the

underlying mechanisms defining the role of microbiota
and its metabolic products in GI tumorigenesis and
highlight the potential therapeutic applications of
microbiota.

Despite these advances in understanding the
microbiome and GI cancer pathophysiology, most studies
remain descriptive, primarily focused on the imbalanced
bacterial ecosystem, known as dysbiosis, within the
context of cancer. Alterations of microbiota populating the
GI tract were reported in patients with malignancies of the
esophagus [3], liver [4], pancreas [5], and colorectal
region [6, 7]. The major challenge in the field lies in the
absence of a specific qualitative definition of 'normal’
versus ‘'abnormal' microbiota [8], contributing to
individual variability in drug response, as the GI
microbiome is highly dynamic. Findings from studies on
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microbiome dynamics in cancer reveal potential
biomarkers for treatment response, suggesting that
modulating microbiota could enhance therapeutic efficacy
in a personalized approach.

2. MATERIALS AND METHODS

To explore the emerging role of gut microbiota in the
pathogenesis and treatment of GI cancers, a focused
literature search was performed using PubMed and
ClinicalTrials.gov. Given the novelty of the subject and the
limited availability of comprehensive data, the search
strategy was intentionally broad and encompassed peer-
reviewed studies and clinical trials published in English
between 1984 and December 2024. The search utilized a
combination of relevant keywords and MeSH terms,
including gastrointestinal cancers, colorectal cancer,
gastric cancer, gut microbiota, intestinal microbiome,
immunotherapy, immune checkpoint inhibitors, tumor
microenvironment, fecal microbiota transplantation
[FMT], and bacterial genotoxins. Filters were applied to
restrict results to human or in vivo studies, original peer-
reviewed articles, and registered interventional and
observational trials.

Studies were considered eligible if they focused on the
microbiota’s contribution to GI tumorigenesis or its
interaction with therapeutic approaches and provided
mechanistic, clinical, or translational insights. Only
English-language publications with accessible full texts
were included. Studies were excluded if they were
editorials, opinion pieces, abstracts without complete data,
or if they lacked relevance to GI cancers or microbiota-
related mechanisms. In vitro-only studies were also
excluded unless they offered directly applicable
mechanistic insights into in vivo phenomena.

All retrieved citations were imported into EndNote for
deduplication and reference management. Titles and
abstracts were independently screened for relevance by
the authors, followed by a full-text review of eligible
articles. Final study inclusion was determined through
discussion and consensus. From each included study, key
data were extracted and analyzed, including study design
and population, the specific GI cancer subtype
investigated, treatment context, microbial taxa or
metabolites described, immunological mechanisms such as
checkpoint inhibition, and therapeutic interventions
including  antibiotic = therapy, fecal = microbiota
transplantation, or probiotics.

3. MODULATION OF RESPONSES TO CANCER
THERAPY

Immune checkpoint inhibitors [ICIs], such as
nivolumab and pembrolizumab, are novel and increasingly
effective therapies for several types of neoplasia, primarily
melanoma [9, 10]non-small-cell lung cancer [NSCLC] [11],
kidney cancer [12], and recently upper GI and biliary
cancers [13]. The targets for these therapies include
programmed death protein 1 [PD-1] and cytotoxic T-
lymphocyte-associated protein 4 [CTLA-4] pathways,
which are essential for preventing autoimmunity and
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regulating anti-tumor immune responses. PD-1 binds to its
ligands, PD-L1 [also known as CD274] and PD-L2 [CD274],
which are frequently expressed on cancer cells, including
GI cancers [14-16]. This binding leads to a decrease in T-
cell activity, allowing cancer cells to evade the immune
response. Similarly, CTLA-4 acts as a negative regulator of
T-cell activation [17] by binding to its ligands, CD80 or
CD86, on the surface of antigen-presenting cells [18].
Remarkably, Routy et al. in 2018 demonstrated an
association between antibiotic consumption and a poor
response to immunotherapeutic PD-1 blockade in patients
with lung and kidney cancers. Fecal microbiota
transplantation [FMT] from ICIs-sensitive cancer patients
into antibiotic-treated mice rescued the anti-cancer effects
of PD-1 blockade, in contrast to FMT from ICIs-resistant
patients [19]. Metagenomic data from cancer patient fecal
samples and FMT experiments in germ-free mice models
revealed associations between PD-1/interleukin-12-
dependent clinical responses to ICIs and the relative loads
of the bacterium Akkermansia muciniphila [19]. Similarly,
a significant association was observed between gut
microbiota composition and the clinical response in
melanoma pre-clinical models [20] and patients receiving
PD-1 inhibitors [21, 22]. Bacterial species found in greater
abundance in cancer patients sensitive to the treatment
included Bifidobacterium longum, Collinsella aerofaciens,
and Enterococcus faecium [22].

It is highly possible that resident microbiota can affect
patient responses to cancer immunotherapy. This effect is
probably more evident in GI malignancies, as gut
commensals are a necessary part of the homeostasis of the
digestive system. However, there is conflicting evidence
regarding the effect of ICIs on patients with GI cancer [23,
24], while the potential involvement of the PD-1 pathway
in GI carcinogenesis is conceivable [15, 25, 26]. In a study
conducted at Beijing Cancer Hospital, levels of circulating
PD-L1 were shown to be significantly elevated in the
serum of advanced gastric cancer [GC] patients compared
to healthy controls [16]. The expression of PD-L1 was
significantly correlated with the degree of tumor
differentiation and lymph node metastasis [16].
Furthermore, the amplification of PD-L1 and PD-L2 genes
was detected in the molecular profiles of 295 primary
gastric adenocarcinomas analyzed as part of the Cancer
Genome Atlas [TCGA] project [14]. Elevated PD-1
expression was also demonstrated in tissue microarrays of
esophagectomy specimens collected from locally advanced
esophageal squamous cell carcinoma [ESCC] patients [27].
A meta-analysis of survival data for patient subgroups with
low PD-L1 expression from clinical trials comparing ICIs
with chemotherapy in ESCC revealed no significant
survival benefit for immunotherapy-based treatments as
the initial intervention, compared to chemotherapy alone,
in the subgroup with a tumor proportion score below 1%
[28]. Thus, the expression of PD-1, PD-L1, and PD-L2
potentially could serve as promising predictive biomarkers
for ICIs therapies in GI cancers. However, there is limited
data available on the impact of ICIs on patients with GI
neoplasms in relation to human gut microbiota, which
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exhibits highly differential composition. We summarized
the data on the prevalent microbiota of GI cancer patients
responsive to ICIs in Table 1.

Table 1. Gut microbiome of GI cancer patients
responsive to the treatment with ICI.

Bacteria Type of Cancer | Refs.

Alipes, Parabacteroides, GI [29]
Phascolarctobacterium, Collinsella,
Ruminiclostridium, Porphyromonas,

Butyricimonas, and Fibrobacteraceae

Prevotella merdae Immunoactis,
Lactobacillus salivarius, and Bacteroides
plebeius

Prevotella, Ruminococcaceae, and
Lachnospiraceae

Refractory advanced | [30]
solid carcinoma

Advanced GI cancer | [31]

MSS CRC [32]

Unresectable [33]
hepatocellular
carcinoma or
advanced biliary tract
cancer

Fusobacterium nucleatum

Lachnospiraceae bacterium-GAM?79,
Alistipes sp Marseille-P5997, Ruminococcus
calidus, and Erysipelotichaceae bacterium-
GAM147

In a study of 27 patients with different types of cancer,
including 9 individuals with cancers of the digestive
system, differences in baseline microbiota and its
alteration after anti-PD-1 treatment combined with
chemotherapy were detected in patients sensitive to the
treatment as compared to non-responders [29].
Particularly, in the fecal samples from patients who
responded to the therapy, an increase in Weissella
abundance was detected at the sixth week of treatment. In
non-responders, the therapy was associated with an
increase in Fusobacterium and Anaerotruncus at week
twelve [29]. The Authors also determined the prevalence
of Firmcutes bacteria in a group of patients exhibiting a
higher rate of adverse effects, while Bacteroidetes were
enriched in the samples of individuals without detected
adverse effects following anti-PD1 therapy [29]. An
increase of Prevotella/Bacteroides ratio has been
previously linked to a favorable response to anti-PD-1
therapy in advanced-stage GI cancers [31].

Several studies have demonstrated the ability of
colorectal  Fusobacteria to  alter the  tumor
microenvironment that could lead to poor clinical
outcomes, including colorectal cancer (CRC) growth [34,
35]. Interestingly, Fusobacterium nucleatum [F.
nucleatum] sensitized microsatellite stable (MSS) CRC to
anti-PD-1 immunotherapy [32]. In experiments on germ-
free humanized mice bearing MSS CRC, FMT from
patients with high loads of F. nucleatum improved
sensitivity to anti-PD-1 treatment compared to F.
nucleatum-low FMT. Single F. nucleatum treatment also
enhanced anti-PD-1 efficacy in murine allografts and
CD34+-humanized mice bearing MSS CRC [32]. In fact,
Fusobacterium has been proposed as a microbial
carcinogen that promotes the initiation and progression of
CRC [35-37]. Multiple studies have demonstrated that
patients with CRC who harbor high levels of F. nucleatum
have poorer survival rates [34]. Furthermore,
Fusobacterium tends to colonize areas of tumors

exhibiting immune and epithelial cell activities that
promote cancer progression [38, 39]. Microbiome
modulation studies targeting F. nucleatum suggest that
Fusobacterium might affect cancer progression [40, 41]
and metastasis [40]. Similar to the strong correlation
between Helicobacter pylori infection and GC [42, 43],
Fusobacterium may be an important microbial carcinogen
that drives the initiation and progression of CRC.

The idea that FMT with favorable microbiota can
overcome resistance to anti-PD-1 inhibitors in advanced
unresectable or metastatic solid cancers, particularly GI
cancers, was tested in a clinical trial NCT04264975 [30]
showing that FMT from anti-PD1-sensitive patients
improved clinical response in 6 of 13 patients total,
resulting in an objective response rate of 7.7% and a
disease control rate of 46.2% [30]. The positive clinical
effect correlated with increased levels of cytotoxic T cells
[30]. Metagenomic analysis of feces isolated from
recipients who received FMT from PD-1-sensitive donors
demonstrated the presence of bacteria Prevotella merdae,
Lactobacillus salivarius, and Bacteroides plebeius [30]. In
fact, an increase of Prevotella/Bacteroides ratio has been
linked to a favorable response to anti-PD-1 therapy in
advanced-stage GI cancers [31]. The clinical response to
anti-PD-1 therapy in patients with hepatobiliary cancers
[HBC] was associated with higher abundance of
Lachnospiraceae  bacterium-GAM79, Alistipes spp.
Marseille-P5997, Ruminococcus calidus, and
Erysipelotichaceae bacterium-GAM147 than in patients
with lower abundance of these bacteria in stool [33].
Gungur at el, suggested that future development of gut
microbiome diagnostics or therapeutics should be tailored
according to immune checkpoint blockade [ICB] treatment
regimen rather than according to cancer type [13]. Recent
studies have highlighted the complex interplay between
microbiota and chemotherapy efficacy in GI cancers. For
instance, the efficacy of banoxantrone [AQ4N] was
enhanced, while the efficacy of Gemcitabine and CB1954
was reduced in the presence of E. coli, as demonstrated in
in vivo murine subcutaneous tumor xenograft models of
CRC [44]. In contrast, a retrospective analysis of clinical
data from 580 patients with respectable or metastatic
pancreatic ductal adenocarcinoma [PDAC] who underwent
chemotherapy regimens with gemcitabine or 5-fluorouracil
[5FU] revealed that antibiotic-associated modulation of the
microbiome is linked to better outcomes in patients with
metastatic PDAC [45].

Together, these data strongly suggest that
manipulating GI microbiota may modulate the efficacy of
cancer therapies.

4. INFLAMMATION AND ALTERATION OF THE
TUMOR MICROENVIRONMENT

Induction of pro-inflammatory signaling pathways is
established as a hallmark of carcinogenesis. Studies on a
rat model of esophageal adenocarcinoma [EAC], supported
by data from human clinical samples of Barrett's
esophagus and EAC, revealed an association between the
Toll-like receptor signaling pathway and E. coli abundance
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[46]. In contrast, another study demonstrated that altering
microbiota with antibiotics did not impact the
development of EAC in rats [47].

In the insulin-gastrin mouse model of gastric
carcinogenesis, gastric colonization with H. pylori and
intestinal microflora containing Lactobacillus, Bacteroides,
and Clostridium species caused severe inflammation,
characterized by elevated mRNA expression of IL11,
Ptger4, and TGF-B, as well as the development of
spasmolytic polypeptide-expressing metaplasia [48]. In
mice, a high-fat diet induced gastric dysbiosis with an
increased abundance of Lactobacillus. This was
accompanied by intestinal metaplasia, increased levels of
intracellular P-catenin and gastric leptin, and
phosphorylation of the leptin receptor and STAT3 [49].
The analysis of single-cell RNA sequencing data of human
GC tissues revealed that H. pylori infection leads to the
upregulation of the uridine phosphorylase 1 [UPP1] gene
expression through the NF-kB pathway and activation of
the Macrophage Migration Inhibitory Factor pathway in
the tumor microenvironment TME [50]. It has been
proposed that intestinal dysbiosis can result in the
propagation of specific bacteria that drive colon
carcinogenesis through chronic inflammation or local
immunosuppression mechanisms [51, 52]. T cell
infiltration of solid tumors is linked to favorable patient
outcomes [20, 53]But the mechanisms behind the varying
individual immune responses remain poorly understood.
Similarly, the impact of normal microbiota on the host
immune system is not well understood yet. A direct
relationship has been identified between the presence of
specific bacteria in the intestinal microbiota and T cell
development and differentiation [54, 55]. The intestinal
microbiota could be a potential modulator or a major
contributing factor to TME in GI cancer pathogenesis. For
example, a high-fat diet triggered carcinogenesis in K-Ras
[G12Dint] mice by causing dysbiosis and a decline in
Paneth-cell-regulated antimicrobial host defense in the
small intestine [56]. These processes negatively affected
the recruitment of dendritic cells [DC] and the
presentation of MHC class II in the intestine-associated
lymphoid tissues [56]. In mouse models of CRC with a
knockout Adenomatous Polyposis Coli [APC] tumor
suppressor gene, impaired intestinal barrier function has
been reported at tumor sites. This dysfunction is
associated with the proliferation of Fusobacterium,
leading to additional damage to the mucosal lining [51].

lida et al. demonstrated that the efficacy of
immunotherapy [CpG (cytosine, guanosine,
phosphodiester link) oligonucleotides] and oxaliplatin, a
platinum-based chemotherapeutic compound, decreased in
tumor-bearing mice that lacked microbiota [57]. Several
types of tumors were assessed, including colon carcinoma
cells. In germ-free mice or those treated with antibiotics,
the therapeutic response was significantly diminished in
tumor-infiltrating myeloid-derived cells [MDC]. This was
accompanied by reduced cytokine synthesis and tumor
necrosis following CpG-oligodeoxynucleotide treatment, as
well as deficient production of reactive oxygen species
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[ROS] and cytotoxicity after platinum therapy [57]. The
authors concluded that a healthy commensal microbiota,
capable of regulating MDC functions, is essential for an
effective response to cancer intervention [57].

Compounds produced by intestinal bacteria, such as
inosine and lactate, can enhance T cells function and
promote anti-tumor immunity. Studies by Mager and co-
authors [58] demonstrated that inosine produced by
intestinal B. pseudolongum caused an exacerbated
response to anti-PD-1 and anti-CTL4 treatment.
Immunotherapy-induced diminished function of the
intestinal barrier was mediated by increased systemic
translocation of inosine and led to the activation of
antitumor T cells through the increase in expression of
adenosine A,, receptor [58]. Another bacterial metabolite,
indole-3-lactic acid [ILA] produced by Lactobacillus
plantarum L168, improved intestinal inflammation,
reduced tumor growth through inhibition of Saa3
expression in CD8" T cells, and alleviated gut dysbiosis in
a mouse model of CRC [59]. Notably, ILA stimulated
interleukin-12a production in DC, thereby priming CD8+ T
cell immunity against neoplastic growth [59]. Moreover,
the epigenetic mechanisms of enhancement of tumor-
infiltrating CD8" T cells by ILA were demonstrated [59].

5. BACTERIAL TOXINS AND METABOLITES
AFFECTING GI CANCER CELLS

Microbiota-produced enzymes can contribute to
adverse effects or resistance to common therapeutics.
Studies on colon cancer models have shown that gut
bacterial B-glucuronidases can chemically transform
Irinotecan [SN38] into its active SN38 form, leading to
severe toxic effects, including diarrhea [60]. The enzyme
cytidine deaminase, produced intratumorally by
Mycoplasma hyorhinis and Escherichia coli, has been
reported to cause resistance to gemcitabine [2'2'-
difluorodeoxycytidine] by converting it to its inactive form,
2',2'-difluorodeoxyuridine, in human PDAC cells and a
colon carcinoma mouse model [61]. In a mouse model of
multiple intestinal neoplasia, the presence of
enterotoxigenic Bacteroides fragilis - a human colon
resident that produces B. fragilis toxin - triggered colitis
and strongly induced the formation of colonic tumors via
Stat3- and T,17-mediated pathways [52]. Multiple studies
have demonstrated that microbial metabolites, such as
short-chain fatty acids [SCFAs], secondary bile acids
[BAs], and lipopolysaccharides [LPS], play a key role in GI
carcinogenesis [56, 59, 62-64]. The role of the gut
microbiota and its metabolites in the pathogenesis and
progression of hepatobiliary [HBP] and pancreatic cancers
was systematically analyzed by Xu et al. in 2024 [65].

SCFAs are abundantly produced in the colon via the
bacterial fermentation of dietary fiber [66, 67].
Particularly, butyric acid, a SCFA acid produced by
intratumoral F. nucleatum, inhibited HDAC 3/8 in CD8[+]
T cells, leading to H3K27 acetylation of the Tbx21
promoter and its expression in humanized mouse models
of MSS CRC [32]. Subsequently, TBX21 repressed the
transcription of PD-1, reducing CD8[+] T cell exhaustion
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and enhancing effector function [32]. Knocking out a
butyric acid-producing gene in F. nucleatum abrogated its
anti-PD1 effect [32]. These data provide insights into the
molecular mechanisms by which microbiota affect
sensitivity to anti-PD-1 immunotherapies. Butyrate has
been shown to reduce the efficacy of CTLA-4 inhibition in
a mouse model of colon carcinoma [66]. Furthermore,
individuals with advanced CRC have reduced levels of
butyrate-producing bacteria and lower concentrations of
SCFAs compared to a healthy control group [68-70].
Interestingly, butyrate treatment restored DC recruitment
and reduced tumor growth in HFD-fed K-Ras [G12Dint]
mouse model of small intestine cancer [56].

Secondary BAs, including deoxycholic acid [DCA] and
lithocholic acid [LCA], are produced through the microbial
transformation of primary bile acids in the colon [66, 67].
Ou et al. [62] demonstrated that a high-fat and high-
protein diet, coupled with low intake of complex
carbohydrates, is associated with a higher risk of colon
cancer in Americans [62]. It was proposed that the colonic
digestive residues resulting from such a diet promote the
production of potentially carcinogenic secondary bile acids
by microbiota, while reducing the production of
antineoplastic SCFAs [62]. The carcinogenic role of DCA
was confirmed in a mouse model of an obesity-associated
hepatocellular carcinoma [HCC] [71]. LCA, DCA, and other
BAs have been shown to activate nuclear receptors FXR
and PXR [72], which could lead to changes in the
expression of genes responsible for cell proliferation and
survival [73] in hepatocytes [63] and colon cancer cells
[74, 75]. The role of secondary BAs in GI carcinogenesis
remains controversial and requires further studies. For
instance, patients with gallbladder cancer [GBC] exhibited
significantly decreased levels of DCA, which correlated
with poor clinical outcomes [76]. The authors suggested
that DCA may play a tumor-suppressive role through
miR-92b-3p and PI3K/AKT pathways [76]. Serum levels of
LCA were also significantly reduced in GBC patients, and
the tumor-suppressive role of LCA, through the inhibition
of glutamine metabolic pathways and induction of
ferroptosis, was demonstrated in GBC cells and mouse
models [77]. Importantly, camptothecin-DCA analogs
caused cell cycle arrest at the S and G2/M phases and
triggered apoptosis in human liver and colon cancer cells
[78]. DCA suppressed the proliferation and migration of
pancreatic cancer cells and inhibited epithelial-
mesenchymal transition [64]. Similarly, studies in various
liver cancer cell lines have demonstrated that
functionalized gold nanoparticles LCA inhibit cell
proliferation and subsequently activate a ROS-dependent
mitochondrial pro-apoptotic pathway [79]. The role of
metabolites produced by intestinal microbiota in the
pathophysiology of HBP and pancreatic cancers was
investigated by Xu et al. in 2024 [65].

Together, these studies highlight the complex effects
of bile acids on gastrointestinal carcinogenesis and
suggest that targeting BA-induced oncogenic pathways
holds therapeutic potential.

6. INDUCTION OF DNA DAMAGE AND MUTAGE-
NESIS DRIVEN BY BACTERIAL GENOTOXINS

Genetic changes leading to the inactivation of tumor
suppressor genes, or the activation of oncogenes, are
fundamental mechanisms of neoplastic transformation.
Pathogenic microorganisms can facilitate these genetic
alterations by producing genotoxins, compounds
functionally homologous to mammalian type I
deoxyribonuclease, which cause breaks in the DNA
strands of host cells [80-82]. This process triggers a DNA
damage checkpoint pathway and proinflammatory
response [83], a common initiator of carcinogenesis and
tumorigenesis. Guerra and colleagues investigated the
molecular mechanisms by which bacterial genotoxins
induce DNA damage and genomic instability [84].

The most well-characterized bacterial genotoxins to
date include cytolethal distending toxin [CDT] in gram-
negative bacteria, colibactin synthesized by Escherichia
coli [E. coli], and typhoid toxin produced by Salmonella
enterica serovar Typhi [85]. Specifically, CDT is
synthesized by Campylobacter spp. and E. coli [86]. These
pathogens are found in high abundance in CRC patients
[87], particularly in primary CRC lesions with metastasis
[88]. Besides, CDT triggered dysplasia in a mouse model
of Helicobacter hepaticus-induced liver cancer through
the pro-inflammatory NF-kB pathway [89]. Exposure to
CDT resulted in genetic instability in human cell lines and
colorectal organoids derived from biopsy samples of
healthy individuals. This instability was attributed to the
genotoxic action of the CdtB catalytic subunit, and CDT
was identified as a bacterial virulence factor that induces
replicative stress and affects proliferating cells, including
human colorectal stem cells [90].

Colibactin has been primarily identified in
extraintestinal pathogenic E. coli strains belonging to the
phylogenetic group B2 [91]. This toxin is encoded by the
pks pathogenicity island [92] and has been shown to
alkylate DNA [93], cause DNA double-strand breaks [91],
and mutations [94]. Colibactin-producing E. coli [CoPEC]
was detected at high abundancy in the intestine of CRC
patients [95]. In 2010, Cuevas-Ramos and colleagues
demonstrated that short-term exposure of cultured
mammalian epithelial cells to live pks[+] E. coli at low
doses triggered a transient DNA damage response [94].
This was followed by cell division showing incomplete
DNA repair, resulting in chromosomal abnormalities and
the formation of anaphase bridges. The investigators
proposed that intestinal colonization with E. coli strains
harboring the pks island might contribute to the
development of sporadic CRC [94]. In a similar model,
organoids isolated from primary murine colon epithelial
cells, briefly infected with pks+ E. coli, exhibited
characteristics of CRC cells upon recovery, exhibiting a
higher proliferation rate and altered differentiation in a
Whnt-independent manner [92]. In a susceptible mouse

model of CRC - APCY™" mice with a loss-of-function
germinal mutation in the Apc gene - intestinal
tumorigenesis was exacerbated upon colonization by
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colibactin-producing E. coli. This occurred through the
alteration of the autophagic pathway in intestinal
epithelial cells [96]. Furthermore, CoPEC modified the
tumor microenvironment by triggering an
immunosuppressive lipid accumulation, which advanced
CRC progression and enhanced chemoresistance [97].
Interestingly, a positive correlation was found between
serum IgG antibody titers against the Vi capsular
polysaccharide of Salmonella enterica serovar Typhi - a
component of its typhoid toxin - and gallbladder cancer
[GBC] [98]. Previous studies on chronic typhoid and
paratyphoid carriers have revealed an increased
associated risk for GBC, as well as neoplasms of the
pancreas, colorectum, and other organs [99]. Typhoid
toxin has been demonstrated to induce
hyperphosphorylation of Replication Protein A [RPA], a
single-stranded DNA [ssDNA]-binding protein and an
indicator of DNA replication stress, in various human
cancer cell lines, including colon carcinoma cells [100]. By
overwhelming the RPA pathway with an excess of ssDNA
substrates, the toxin can cause RPA pool depletion and
trigger cellular senescence [100].

In addition to producing genotoxins, microbiota may
impact DNA and chromosomal structures through various
mechanisms. The abundance of Fusobacterium nucleatum,
part of the gut microbiota, is associated with specific
epigenetic phenotypes and molecular profiles of CRC,
including hypermethylation, microsatellite instability
[MSI], and mutations in the BRAF, KRAS, TP53, CHD?7,
and CHDS8 genes [101]. FadA, an adhesin protein and a
key virulence factor secreted by F. nucleatum, has been
implicated in the development and progression of CRC
through activation of the E-cadherin/B-catenin signaling
pathway, which promotes oncogenesis and the expression
of inflammatory genes [37]. In APC"™* mice, FadA has
been shown to promote tumorigenesis by inducing DNA
damage in colon cancer cells through activation of the E-
cadherin/B-catenin pathway and up-regulation of
checkpoint kinase 2 [Chk 2] [102]. It has been reported
that FadA facilitates CRC progression by inducing the
upregulation of long non-coding RNA [IncRNA]
LINC00460 and hyperexpression of Annexin A2 [ANXA2]
through the competing endogenous RNAs [ceRNAs]
network [103]. However, in PDAC, the increased
enrichment of Fusobacterium did not correlate with any
genetic or epigenetic modifications [104]. This suggests
that Fusobacterium could currently serve only as a
prognostic biomarker for pancreatic cancer and not be
directly implicated in the pathogenesis of PDAC. Examples
of known mechanisms of GI carcinogenesis induced by
bacterial toxins are summarized in Table 2. As shown in
human CRC cell lines, another mechanism of DNA damage
involves the secretion of EspF, an effector protein
produced by enterohemorrhagic E. coli, which inhibits the
host cell DNA mismatch repair protein [105] and causes
oxidative DNA lesions in human intestinal epithelial cells
[106]. Chronic inflammation, driven by ROS production
from exposure to the toxin of enterotoxigenic Bacteroides
fragilis, has been implicated as a risk factor for CRC [107].
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Similarly, Enterococcus faecalis, a bacterium known for
producing extracellular superoxide, caused chromosomal
and DNA instability in human and murine colon epithelial
cell cultures [108].

Table 2. Microbiota-induced DNA damage and its

role in GI carcinogenesis.

Bacteria Genotoxin Type of Molecular and Refs.
Cancer/Model Cellular
Mechanisms
Campylobacter| Cytolethal Human Genetic instability [90]
spp., E. coli | Distending | colorectal cell and induction of
Toxin [CdtB lines and replicative stress in
catalytic organoids human colorectal
subunit] stem cells
E. coli Colibactin | Mouse models | DNA double-strand | [92]
of CRC breaks, mutations, [93]
chromosomal
aberrations, and
promotion of
tumorigenesis
E. coli Colibactin | Sporadic CRC Transient DNA [94]
cell model, damage response,
human colon incomplete DNA
cancer cell lines| repair, anaphase
bridges, chromosome
aberrations,
aneuploidy, and
tetraploidy
E. coli Colibactin | Human colon | DNA double-strand | [96]
cancer cells, breaks
APC™™* mice
Salmonella Typhoid Colon Hyperphosphorylation| [100]
enterica toxin carcinoma cells | of RPA, a sensor of
serovar Typhi single-stranded DNA
[ssDNA] and DNA
replication stress.
Fusobacterium FadA CRC, APC™™* | Hypermethylation, | [101]
Spp. mice microsatellite [102]
instability [MSI], and | [103]
mutations in the
BRAF, KRAS, TP53,
CHD?7, and CHD8
genes; DNA damage,
Chk2 upregulation,
LINCO00460
upregulation, and
ANXA2
overexpression
Identifying specific toxin-producing bacteria in

patients with GI cancers offers a potential therapeutic
strategy by targeting these gut microbiota components.
Utilization of small-molecule inhibitors to prevent the
biosynthesis of genotoxic and pro-carcinogenic bacterial
toxins presents a promising preventive approach.

7. MICROBIOTA TRANSPLANT AS A THERAPEUTIC
APPROACH

Currently, metabolomics, a research tool that explores
microbial communities and the impact of microbe-derived
molecules on the host, has become a crucial aspect of
microbiome research [5, 109, 110]Laying the groundwork
for the treatment of GI cancers. Moreover, FMT [Fecal
Microbiota Transplantation] is a popular tool in preclinical
cancer models [19, 50] and holds potential as an effective
adjuvant therapy in clinical practice. It is currently being
evaluated in several clinical trials for GI cancer Table 3.
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Participants are being recruited for a clinical study to
evaluate the safety and efficacy of FMT in minimizing the
recurrence of precancerous colorectal adenomas in post-
endoscopic resection (NCT06205862), Pancreatic Cancer
Cachexia (EXTRA, NCT05606523).

Table 3. Current clinical trials testing fecal
microbiota transplantation in GI cancer patients.

Clinical Identifier

Trial
Status
Recruiting [NCT06205862
Recruiting [NCT05606523

Condition Co-treatment

Colorectal Adenoma

Pancreatic
adenocarcinoma /
Cachexia

Advanced Gastric |Chemotherapy with S-1| Recruiting [NCT06346093

Cancer and Oxaliplatin [SOX],
and
anti-PD-L1
Advanced solid Anti-PD-L1 drugs, Completed |NCT05750030
tumors originating including
from the GI tract. Pembrolizumab or
Nivolumab

Metastatic Pembrolizumab plus Phase II [NCT04729322
Colorectal Cancer in Nivolumab
Anti-PD-1 non-
responders
Unresectable Transcatheter Arterial Not yet |NCT06643533
Hepatocellular Chemoembolization recruiting
Carcinoma combined with
Lenvatinib plus
Sintilimab.
Advanced Atezolizumab and Notyet |NCT05750030
Hepatocellular Bevacizumab, recruiting
Carcinoma Vancomycin

Given the gut microbiota's ability to influence the
effectiveness of cancer immunotherapy or affect drug
response, targeted manipulation of gut microbiota could
enhance drug efficacy or mitigate adverse effects. Some
clinical trials designed for this purpose have been
initiated. For instance, the FLORA [Fecal Microbiota
Transfer in Liver Cancer to Overcome Resistance to
Atezolizumab/Bevacizumab] [NCT05750030] study has
been planned to evaluate the safety and immunogenicity of
FMT when combined with standard of care
immunotherapy. Another study [NCT06346093] is
currently recruiting participants to evaluate the efficacy
and safety of FMT capsules combined with chemotherapy
using S-1 and Oxaliplatin [SOX] and anti-PD-L1 therapy in
patients with advanced GC. The findings from the
completed clinical trial [NCT05750030] clearly
demonstrate that FMT with beneficial microbiota can
overcome resistance to anti-PD-1 inhibitors in advanced
solid cancers, particularly GI malignancies [30].
Additionally, the effect of FMT combined with the
reintroduction of anti-PD-1 antibodies is currently being
tested in anti-PD-1 non-responders with metastatic CRC
[NCT04729322]. An attempt to reverse drug resistance to
the triple therapy regimen with FMT has been planned in
a new study involving patients with unresectable
hepatocellular carcinoma [NCT06643533]. By testing the
efficacy of microbiota-targeted therapies in GI cancer

patients, clinical trials can reveal important insights into
the role of gut microbiota alterations in shaping cancer
treatment outcomes in the future.

CONCLUSION

The reviewed studies collectively underscore the
importance of harmonious interactions between the host's
digestive system and commensal bacteria [microbiota],
which play a pivotal role in maintaining gastrointestinal
health. Disruption of this balance, known as gut dysbiosis,
triggers a cascade of adverse effects resulting from
alterations in the composition, diversity, and functionality
of gut microbial communities. Such disruptions can lead to
the dominance of particular microbial strains or species
that drive carcinogenesis. Mechanisms by which these
microorganisms exert their tumorigenic influence include
local immunosuppression, weakening the host’s ability to
counteract malignant transformation; chronic
inflammation, which creates a microenvironment
conducive to cancer development; and genotoxicity, which
directly damages host DNA, increasing the risk of
deleterious mutations.

Furthermore, the ability to profile and characterize gut
microbial alterations, coupled with an understanding of
their pathophysiological consequences and implicated
signaling pathways, offers profound potential in advancing
strategies for prevention, early detection, and
personalized treatment of GI cancer. This approach
highlights the significance of microbiota profiling to guide
targeted interventions.

Emerging therapeutic strategies focus on modulating
gut microbiota composition to restore balance and reduce
cancer-promoting effects. These interventions include
supplementation with probiotics and prebiotics to enrich
beneficial bacterial populations, precision antibiotic
therapies to selectively suppress harmful microbes, and
FMT to comprehensively restore a healthy microbial
ecosystem. When integrated with conventional treatments,
such as chemotherapy and immunotherapy, these
microbiota-centered approaches not only improve
therapeutic efficacy but may also reduce adverse
treatment outcomes, paving the way for more holistic and
patient-based cancer management.
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