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Abstract: The gut microbiota’s influence on human tumorigenesis is a burning topic in medical
research. With the new ontological perspective, which considers the human body and its pathophysi-
ological processes as the result of the interaction between its own eukaryotic cells and prokaryotic
microorganisms living in different body niches, great interest has arisen in the role of the gut micro-
biota on carcinogenesis. Indeed, dysbiosis is currently recognized as a cancer-promoting condition,
and multiple molecular mechanisms have been described by which the gut microbiota may drive
tumor development, especially colorectal cancer (CRC). Metastatic power is undoubtedly one of the
most fearsome features of neoplastic tissues. Therefore, understanding the underlying mechanisms is
of utmost importance to improve patients” prognosis. The liver is the most frequent target of CRC
metastasis, and new evidence reveals that the gut microbiota may yield an effect on CRC diffusion to
the liver, thus defining an intriguing new facet of the so-called “gut-liver axis”. In this review, we aim
to summarize the most recent data about the microbiota’s role in promoting or preventing hepatic
metastasis from CRC, highlighting some potential future therapeutic targets.
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1. Introduction

According to the GLOBOCAN estimates from the International Agency for Research on
Cancer, colorectal cancer (CRC) is the third most commonly diagnosed neoplasia worldwide
and the second highest cause of cancer-related mortality in both men and women [1]. The
number of new cases is predicted to rise from 1.93 million in 2020, representing 10% of
the global cancer incidence, to 3.2 million in 2040 [2]. Indeed, although its mortality is
decreasing annually among older people (>50 years) who benefit from the large diffusion
of screening programs including fecal occult blood tests and colonoscopy with the removal
of precursor lesions, CRC incidence and mortality are still increasing among young people,
especially in developing countries [1]. Thus, to face the rising incidence of early-onset CRC,
in 2018, the American Cancer Society recommended beginning screening programs at the
age of 45 instead of 50 years [3].

CRC metastases are the main cause of death, and the liver is the most affected organ
due to the direct vascular connection between gut and liver represented by the portal vein
system [4,5]. In 14% to 18% of patients, liver metastases are already present when the
primary tumor is diagnosed, while in 10% to 25% of cases, they are identified at the time
of CRC resection [6]. The 5-year survival rates are generally poor, reaching 14% when
CRC is diagnosed at a metastatic stage [7]. Therefore, a deeper understanding of the
mechanisms underlying the metastatic spread of CRC is of outmost importance to improve
patients” prognosis.
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In recent decades, with the growing interest towards microbiota, the perspective on
human physiological and pathological processes has been revolutionized: if a healthy body
is nowadays considered as having a balanced interaction between its own eukaryotic cells
and prokaryotic microorganisms living in different body niches, diseases are conceived as
a result of the disruption of such a complex equilibrium [8]. Consistently, the role of micro-
biota in tumorigenesis, and particularly the gut microbiota, has been largely investigated,
and a consensus statement focusing on microbiota’s influence on human carcinogenesis
was published in 2019 by the International Cancer Microbiome Consortium [9]. In this
document, the authors define dysbiosis—the alteration of the structure and functions of
a “healthy” microbiota—as a cancer-promoting condition and identify five main mecha-
nisms through which dysbiosis may impact tumor development, including inflammation,
interaction with intracellular pathways, integration with the human genome, influence
on immune-mediated anticancer surveillance, and interaction with multiple metabolites.
Hence, the term “oncomicrobiome” has been introduced to describe the characteristic
microbiota profile shared by oncologic patients, which is different from healthy individuals
and may become a non-invasive tool for early diagnosis [10].

As for CRC, the first hypothesis that the gut microbiota can contribute to its initiation
and development was formulated in 1997 by Dove et al., who observed that gut bacte-
ria were necessary for the growth of intestinal adenomas in mice, while germ-free mice
developed 2-fold fewer adenomas in the small intestine than controls [11]. In the follow-
ing years, the effect of the gut microbiota on colorectal tumorigenesis has been a major
field of research, regarding not only sporadic CRC but also CRC occurring in high-risk
conditions such as inflammatory bowel diseases, thus underlying microbiota’s role both
in the adenoma—carcinoma sequence typical of sporadic tumors and in the inflammation—
dysplasia—carcinoma process which is characteristic of inflammatory conditions [12]. Dif-
ferent studies focused their attention on specific bacteria which may contribute to CRC
development, including colibactin-producing Escherichia coli, Bacteroides fragilis, Fusobac-
terium nucleatum, and Providencia, together with a significant decrease in butyrate-producing
bacteria such as Roseburia and Fecalibacterium [13-20].

Recently, research has also shed light on the role of the intestinal microbiota in the
occurrence of CRC-associated liver metastasis [21,22]. Therefore, in this review, we aim
to define an intriguing new facet of the so-called “gut-liver axis”, providing an overview
of current data on microbiota’s influence on promoting or preventing CRC-derived liver
metastasis. We first describe the main molecular mechanisms involved in metastasis
development, specifically analyzing evidence about the most relevant bacterial species
and their interaction with pro- or anti-carcinogenic human metabolites. Afterwards, we
summarize how the microbiota may have an impact on patients’ response or resistance
to antitumor systemic treatments, notably chemotherapy and immunotherapy. In the last
paragraphs, we present available data on microbiota modulation as a potential therapeutic
strategy, thus paving the way for future research studies and clinical applications.

2. Gut Microbiota and CRC Metastasis Development

The availability of modern laboratory techniques, notably 16s-ribosomal ribonucleic
acid (rRNA) sequencing, shotgun analysis, and metagenomics, has provided a new insight
into microbiota structure and functions in healthy and pathological conditions. Indeed,
analysis of fecal samples using metagenomic shotgun sequencing from healthy individuals
and patients with advanced adenoma or carcinoma revealed an higher prevalence of several
bacterial species, including various Bacteroides, Parabacteroides, Alistipes putredinis, Bilophila
wadsworthia, Lachnospiraceae bacterium, and Escherichia coli, in both carcinoma and adenoma
patients [23].

Despite the complexity of microbiota—host interactions and the lack of exhaustive data,
some mechanisms have been hypothesized through which microbiota may promote liver
metastasis. A potential way may be bacterial migration through the portal vein system,
which is limited in healthy subjects thanks to efficient tight junctions and the gut-vascular
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barrier. In CRC patients, gut—vascular barrier impairment has been observed, allowing
intestinal bacteria to translocate from the bowel lumen to the liver through the portal
circulation, the same vascular route responsible for the hematogenous dissemination of
neoplastic cells. Gut bacteria from primary CRC, reaching the liver, lead to the formation
of “premetastatic niches” that favor metastasis development [24,25]. Therefore, dysbiosis
seems to involve not only intestinal bacteria but also the liver microbiota. Bacterial translo-
cation may drive the remodeling of the liver microenvironment, including liver immune
cells, notably Kupffer cells, which play a protective role against metastasis. Thus, as Yuan
et al. proved in their study, bacterial with a negative impact on Kupffer cells, promote liver
metastasis [26].

Nonetheless, the exact role of intestinal bacteria has not been completely elucidated
yet. Each of the next subsections specifically focuses on one of the main microbes that have
been shown to play a role in the CRC metastatic process, providing details about their
mechanisms of action in the CRC metastatic process.

2.1. Fusobacterium nucleatum

Fusobacterium nucleatum, a Gram-negative bacterium well known for its pro-carcinogenic
traits [27-29], has gained attention as a potential biomarker of CRC [30]. Its pro-tumorigenic
activities stem from the actions of FadA, an adhesin enabling invasion into host epithelial
cells and subsequent activation of Annexin Al [31]. Annexin Al, in turn, modulates the
WNT/ 3-catenin pathway, which is indicative of a poorer prognosis [32]. Studies, notably
by Chen et al. [33], have highlighted F. nucleatum’s adverse impact on patients’ prognosis.
Their results revealed a correlation between the downregulation of the METTL3 gene and
poorer overall and disease-free survival. Additionally, F. nucleatum’s pro-carcinogenic
mechanisms involve the activation of inflammatory cytokines [34,35] and concurrently
reducing anti-inflammatory and antitumor cytokines, such as T cells and natural killer
(NK) cells [36].

Recent attention has been given to the potential role of F. nucleatum in the development
of liver metastases from primary colorectal tumors. Indeed, as shown by Sakamoko et al.,
F. nucleatum is present in hepatic metastases from CRC and induces modifications of the
liver immune microenvironment [37]. Specifically, it leads to an increase in proinflamma-
tory cytokines such as Tumor Necrosis Factor (TNF)-«, interleukin (IL)-6, IL-17A, IL-12,
interferon (IFN)-y, monocyte chemoattractant protein (MCP)-1, Eotaxin, chemokine ligand
(CXCL)-1, and IL-9. While MCP-1, Eotaxin, IL-12, and IL-6 are indicative of chronic inflam-
mation, IFN-y seems to have a dual role, being both antitumorigenic [38] and implicated in
CRC metastasis formation [39]. The increase in IL-17A and TNF-« induced by F. nucleatum
not only promotes CRC metastasis formation but also decreases the cytotoxic activity of
CD8+ T cells, leading to reduced antitumor activity [37]. Moreover, F. nucleatum reduces
the innate immune response [40] by decreasing NK cells [41], CD3+, CD4+, and CD8+ T
cells, as well as activating regulatory T cells (Treg) [42], posing a greater risk of attenuated
antitumor immunity within the liver [43,44].

2.2. Bacteroides fragilis

Bacteroides fragilis, a Gram-negative anaerobic bacterium, plays a pivotal role in main-
taining intestinal health [28]. However, not all B. fragilis strains exert such a beneficial effect.
Recent studies have indicated that certain strains produce Bacteroides fragilis toxin (BFT)
or fragilysin, a 20 kDa zinc-dependent metalloprotease toxin that binds to colonic epithelial
cells, potentially triggering inflammatory responses, particularly in intra-abdominal infec-
tions and abscesses. These strains also appear to modulate immune reactions and facilitate
the growth of colon tumors [45,46].

The pathogenicity of Enterotoxigenic Bacteroides fragilis (ETBF) is primarily linked to
the secretion of BFT. This toxin cleaves E-cadherin, a tumor suppressor protein, enhanc-
ing intestinal barrier permeability and activating the WNT/3-catenin pathway, which is
frequently activated in CRC [47]. Recent insights from a limited-scale study from Turkey
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further support the association between CRC ad ETBF, showing a higher prevalence among
CRC patients compared to controls [48]. These findings underline the potential proinflam-
matory and oncogenic traits of these bacteria in the colon. Bacteroides fragilis colonization
enhances an intense immune response of the colonic epithelium, particularly involving
IL-17-producing CD4+ T cells (Th17). This results in the activation of the STAT-3 pathway,
which is crucial for Th17 cell differentiation. Also, studies using antibodies against IL-17
and the IL-23 receptors have indicated a decrease in colon tumors in ETBF-colonized mice,
confirming the involvement of IL-17 in ETBF-induced tumorigenesis [49].

Interestingly, Parida et al. utilized a syngeneic mammary intraductal model colonized
by gut-derived ETBF to explore distant metastasis and immune modifications. ETBF
prompted widespread inflammation, fostering the development of premetastatic sites in
crucial organs and creating an environment of immune suppression. Such alterations
increased cytokine levels, the infiltration of supportive tissue, and enhanced blood vessel
formation, accelerating the early spread of metastasis to the liver and lungs [50]. These
results are consistent with the “seed and soil” theory, proposing ETBF-induced models of
metastasis that operate regardless of the primary tumor size or presence.

2.3. Streptococcus gallolyticus

Streptococcus gallolyticus, formerly called Streptococcus bovis, is a Gram-positive bac-
terium linked to various health conditions, including human infections such as endocarditis
and bacteremia [51,52], as well as CRC [53]. A potential association between this bacterium
and an increased susceptibility to CRC development has been hypothesized. S. gallolyticus
may expedite the progression of CRC by activating the WNT/ 3-catenin pathway, boosting
c-Myc and Cyclin D1 expression, and fostering cell proliferation [54]. Additionally, it incites
the release of inflammatory cytokines (TNF-«, IL-6, IL-1f3, IL-8) in CRC cell lines, estab-
lishing a proinflammatory microenvironment and leading to tumor advancement [55-57].
While the involvement of S. gallolyticus in the genesis of metastasis from CRC remains
under investigation, there are still many aspects to explore. A subtle indication of its
potential role in distant metastasis can be gleaned from the research conducted by Boleij
et al. [58], where mildly increased levels of S. gallolyticus antigen RpL7/L12 antibodies were
identified in advanced CRC patients displaying lymph node or distant metastasis.

3. Metabolites from the Gut Microbiota and CRC Metastatic Potential

The gut microbiota exerts its effects by not only directly acting on pro- or anti-
carcinogenic molecules but also through multiple products of bacterial metabolism. Indeed,
it plays a pivotal role in metabolizing dietary components and generating a spectrum of
metabolites that profoundly influence the host’s physiological processes. Among these
metabolites are short-chain fatty acids (SCFAs), bile acids, and secondary metabolites,
which have drawn significant attention for their potential involvement in cancer progres-
sion, particularly in metastasis development.

Notably, SCFAs such as acetate, propionate, and butyrate exhibit diverse effects on
host cells, with evidence suggesting their protective role against CRC and its metastatic
spread [59,60]. In a recent study conducted by Li et al. on rats, it was demonstrated that
butyrate treatment induces differentiation in CRC cells while simultaneously reducing their
resilience to oxidative stress. Consequently, this drives a notable decline in the metastatic
potential of rat CRC cells. Also, the authors highlighted the impact of butyrate treatment
on downregulating integrins and initiating apoptotic cell death through the activation
of Nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), influencing the
compromised (1-integrin/focal adhesion kinase/PI 3-kinase pathway [61]. Furthermore,
Gomes et al. have suggested that SCFAs might have an indirect impact on the liver
through the modulation of immune responses, inflammation, and the behavior of cancer
cells, thereby influencing the potential for metastasis. Their research demonstrated that
interferences in propionate metabolism create a pro-aggressive pattern in breast and lung
cancer cells, heightening their propensity for metastasis [62].
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On the contrary, intestinal microbiota converts primary bile acids originating from
the liver into secondary bile acids, and alterations in bile acid metabolism and in their
composition have been associated with CRC. Certain bile acids, namely deoxycholic acid
(DCA) and lithocholic acid [63], have been linked to the promotion of inflammation and
oxidative stress, potentially contributing to cancer progression and metastatic spread.
Interestingly, Pai et al. demonstrated that, even at low concentrations (5 and 50 microM),
DCA significantly increased the tyrosine phosphorylation of 3-catenin, prompting the
expression of urokinase-type plasminogen activator and cyclin D1. This resulted in the
increased proliferation and invasiveness of CRC cells, together with a notable decrease in
the binding of E-cadherin to 3-catenin [64].

Figure 1 represents the main mechanisms through which the gut microbiota influences
CRC liver metastasis development.
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Figure 1. Gut microbiota impact on CRC liver metastasis. Intestinal bacteria may have an impact
on CRC metastatic spread to liver either directly or through its metabolites, notably bile acids and
short-chain fatty acids (SCFAs). Different molecular mechanisms are involved, encompassing the
inhibition of anticancer immunosurveillance, upregulation of proinflammatory cytokines, and pro-
motion of neoplastic tissue proliferation and invasiveness. Finally, gut barrier impairment associated
with dysbiosis induces bacteria translocation to liver through portal circulation. Globally, all the
aforementioned mechanisms increase CRC metastatic potential.
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4. The Gut Microbiota and Response to Systemic Therapies

The treatment of metastatic advanced CRC is based on a combination of different
systemic treatments, encompassing chemotherapy, targeted biologic agents, and novel
immunotherapies [65]. The choice is complex and based on multiple factors, including the
patient’s conditions and comorbidities, histology and molecular biology of the tumor, cancer
location, and number of previous therapies [65]. However, the response rates to systemic
therapies are heterogeneous among different patients due to the development of therapy
resistance, which represents a major issue limiting clinical efficacy and patients’ survival.

The molecular bases underlying therapy resistance are still largely unknown, and
the potential role of the gut microbiota is under investigation. Indeed, the gut micro-
biota, through its ability to metabolize drugs, may increase or decrease the toxicity of
chemotherapeutics using enzymes and cellular mechanisms that influence how medica-
tions are activated or broken down. Microbial imbalance due to antibiotics severely affects
the efficacy of chemotherapies involved in cancer treatment. In neoplastic conditions, espe-
cially during systemic treatment, the microbiota often loses its typical abilities of functional
adaptation and plasticity: this may represent the missing link that explains, at least partially,
why we observe such a wide range of patients’ outcomes in cancer treatment [66]. Recent
studies demonstrated that the gut microbiota could interact and modulate the host response
to chemotherapeutic drugs through three main mechanisms: the facilitation of drug efficacy,
abrogation and compromization of anticancer effects, and mediation of toxicity. Conse-
quently, the gut microbiota has to be considered in terms of customized cancer treatment
strategies, based on the evidence from human, animal, and in vitro studies showing that
gut bacteria are closely linked to the pharmacological effects of chemotherapies and novel
targeted immunotherapies [67].

4.1. The Gut Microbiota and Chemotherapy

In CRC patients, chemotherapy is used as an adjuvant treatment after surgery or
in advanced cases. A mutual relationship exists between chemotherapy and microbiota:
while cytotoxic agents change bacterial composition promoting dysbiosis, the efficacy
of the chemotherapeutics may be affected by the gut microbiota. For example, Viaud
et al. investigated the role of intestinal commensal bacteria in mouse models treated with
cyclophosphamide, an alkylating cytotoxic agent, and observed that this drug can disrupt
the intestinal barrier with the subsequent translocation of commensal bacteria. Conversely,
long-term treatment with antibiotics reduced the anticancer effect of cyclophosphamide,
and mice receiving vancomycin and colistin became resistant to treatment, thus suggesting
a role of microbiota in promoting the antitumor effect [68,69].

The main cytotoxic agents approved for CRC are platinum-derivatives, 5-fluorouracil
(5-Fu), capecitabine, and irinotecan, combined with targeted therapies against epidermal
growth factor receptor (anti-EGFR) or vascular endothelial growth factor (anti-VEGF) [65].
The influence of commensal bacteria on the response to platinum therapy has already been
described by lida et al., who noticed that the disruption of microbiota impairs the response
to platinum in mouse models which received a subcutaneous injection of neoplastic cells. In
order to develop an adequate response to cancer therapy, instead, an intact gut microbiota
was necessary to modulate the tumor microenvironment and immune cell functions [70].

In contrast to the beneficial role of the gut microbiota in promoting chemotherapy’s
effects in animal models, the idea that microbiota could inhibit the efficacy of such ther-
apies, leading to antitumor treatment resistance, was unexpected. Recent studies have
concentrated particularly on F. nucleatum, a well-known cancer-promoting microbe, whose
abundance gradually increases from normal tissues to adenoma and adenocarcinoma
tissues [26,27,67]. F. nucleatum is also abundant in patients with CRC recurrence post-
chemotherapy. Yu et al. found that F. nucleatum promoted CRC resistance to chemother-
apeutics such as oxaliplatin and 5-Fu, targeting Toll-like receptor 4 (TLR-4) and MyD88
innate immune signaling and specific microRNAs (miRNA-18a* and miRNA-4802) to
activate the autophagy pathway and alter CRC’s chemotherapeutic response. Overall,
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the results of this study support a model in which F. nucleatum rearranges cancer cells to
survive chemotherapy [43]. Another contribution to the potential role of F. nucleatum as an
inducer of 5-Fu chemoresistance of CRC cells comes from Zhang et al., who demonstrated
that the abundance of F. nucleatum correlates with chemoresistance in advanced CRC pa-
tients who received standard 5-Fu-based adjuvant chemotherapy after radical surgery.
They found that F. nucleatum is implicated both in vitro and in vivo in the upregulation of
BIRC3, a member of the inhibitor of apoptosis proteins (IAPs) responsible for the reduced
chemosensitivity of CRC cells to 5-Fu [71]. The IAP family includes several important
molecules involved in apoptosis, characterized by the presence of a ~70 amino acid called
the Baculovirus IAP Repeat (BIR) domain, which is important for the binding and inhibition
of caspases [72,73]. BIR mediates protein recognition and protein—protein interactions [74];
BIRC3 displays anti-apoptosis properties by directly inhibiting the caspase cascade, con-
tributing to chemoresistance in malignancies, including CRC [75]. Zhang et al. pointed
out that BIRC3 was the most upregulated gene induced by F. nucleatum in infected CRC
cell lines, making F. nucleatum and this gene promising therapeutic targets for reducing
chemoresistance to 5-Fu treatment in advanced CRC [71].

Other intestinal bacteria, such as Streptococcus bovis, Enterotoxigenic Bacteroides frag-
ilis, and Enterococcus faecalis, have been reported as capable of promoting the occurrence,
development, and chemoresistance of CRC through inflammatory reaction, genotoxins,
oxidative stress, metabolites, and biofilms [76]. Peptostreptococcus anaerobius, an anaerobic
Gram-positive bacterium that can be normally found in human oral cavities and intestinal
tracts, has been found in high abundance in the intestinal flora of chemoresistant CRC
patients [77,78]. Gu and colleagues observed that P. anaerobius accumulation in tumor
lesions could mediate the recruitment of myeloid-derived suppressor cells (MDSCs) into
the CRC microenvironment, promoting IL-23 secretion and finally leading to epithelial-
mesenchymal transition (EMT) and the chemoresistance of CRC cells to oxaliplatin. These
results were achieved both in vitro and in vivo. In CRC mouse models treated with
P. anaerobius, the bacterium activated tumor-associated myeloid cells (TMCs), enhanc-
ing them to produce higher levels of cytokine IL-23 than controls [79]. MDSCs are directly
recruited from immature myeloid cells by tumor-derived growth factors and inflammatory
factors to modulate the immune response and promote CRC progression [80,81], and high
levels of MDSCs have been associated with worse patient outcomes [82]. To summarize,
the colonization of P. anaerobius in CRC lesions mediates the recruitment of MDSCs into
the tumor microenvironment; there, MDSCs secrete tumor-promoting cytokines, especially
IL-23. The subsequent crosstalk with the surrounding cells promotes chemoresistance.

4.2. Gut Microbiota and Immunotherapy

Since cancer progression is associated with immunosurveillance failure, therapies tend
to stimulate the immune system to eliminate malignant cells [83]. Consequently, long-term
responses to immunochemotherapies generally rely on the activation or reactivation of anti-
cancer immune responses [84-86]. A therapeutic revolution has come with the development
and regulatory approval of immunotherapies, especially immune checkpoint inhibitors
(ICIs). It has been observed that immunotherapy is capable of eliciting a durable clinical
response and also long-term remission [87]. Among IClIs, the first immuno-oncologic target
to be approved was the cytotoxic T lymphocyte protein 4 (CTLA-4) [88]. Since then, several
different antibodies have been approved such as anti-programmed cell death protein 1
(anti-PD-1) or anti-programmed cell death 1 ligand 1 (anti-PD-L1). These therapies act
using antibodies to prevent the interaction of certain proteins (for example CTLA-4) with
their ligands, triggering an otherwise ineffective immune response against tumors [89].
Immunotherapies have been demonstrated to be effective both alone or combined with
other antitumor therapies [90], and their application has been extended on a wide range of
cancers [56-58].

It has been observed that in patients affected by different tumors, such as melanoma,
non-small-cell lung cancer, and urothelial and renal cell carcinoma, liver metastases reduce
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systemic antitumor immunity and significantly diminish clinical benefits from immunother-
apy, regardless of disease histology. To explore how liver metastases affect the response to
immunotherapy, Yu et al. established a preclinical model, demonstrating that liver metas-
tases regulate CD8+ T cell activity by recruiting immunosuppressive macrophages that
promote antigen-specific T cell apoptosis within the liver. This results in the systemic loss
of antigen-specific T cells. This work pointed out that the presence of liver metastases could
represent a potential negative baseline determinant of immunotherapy response [91]. Other
studies also showed the role of radiotherapy to be to enhance immunotherapy efficacy both
in patients [92-94] and preclinical models [95,96], demonstrating that liver-directed radio-
therapy reshapes the liver immune microenvironment in order to prevent antigen-specific
T cells loss and restores immunotherapy efficacy in models of liver metastases.

Recent findings propose that liver involvement also confers resistance to ICI treatment
in advanced CRC. For example, Cohen et al. reported that liver involvement is a poor prog-
nostic factor [97]. Fakih et al. showed that the median overall survival, progression-free
survival, and overall response rate in patients with liver metastasis were lower compared
with non-metastatic CRC treated with nivolumab and regorafenib [98]. Chen et al. con-
ducted a randomized controlled trial to investigate whether the presence of liver metastasis
is an indicator of treatment resistance to ICIs in advanced CRC. Their findings were consis-
tent with previous results; patients without metastases had improved outcomes, regardless
of treatment [99].

In CRC, testing for cancer mutations is crucial to choose the most appropriate systemic
therapy. Some forms of CRC show high microsatellite instability (MSI-H), which leads to an
accumulation of genetic errors such as deletion and insertion mutations at simple repeated
sequences. This occurs during DNA replication as a consequence of defects in the mismatch
repair system [100]. Subsequently, genomes of cancers deficient in mismatch repair (AIMMR)
contain exceptionally high numbers of mutation-associated neoantigens that might be
recognized by the immune system [101]. Current guidelines recommend monoclonal
antibodies against PD-1/PDL1 (nivolumab or pembrolizumab) as a first-line therapy in
metastatic CRC with dAMMR/MSI-H status [65]. However, patients with AMMR/MSI-H
CRC account for 5% of all metastatic CRC, while the large majority of patients have a
microsatellite-stable (MSS) disease that does not benefit from anti-PD-1/PD-L1 therapy.
Researchers are trying to understand the etiopathogenesis of immunotherapy resistance
and the gut microbiota has been proposed as a potential link, although the exact molecular
mechanisms are still unknown.

Jiang et al. found that metastatic CRC patients who do not respond to anti-PD1
had a greater abundance of F. nucleatum and increased succinic acid. They ascribed the
tumor-suppressive effect to the capacity of F. nucleatum-derived succinic acid to interfere
with the cGAS-IFN- pathway, which is crucial in CD8+ T cell trafficking to the tumor
microenvironment, consequently causing a reduction in the antitumor response. In a
mouse model, they used fecal microbiota transplantation (FMT) from responders with
low F. nucleatum to confer sensitivity to anti-PD1 mice. Furthermore, antibiotic treatment
with metronidazole reduced the intestinal abundance of F. nucleatum, with a consequent
reduction in serum succinic acid levels so that the tumor could be sensitized again to
immunotherapy in vivo. These findings indicate that tumor resistance to immunotherapy
can be induced by the gut microbiota, which creates an intense crosstalk in the tumor
microenvironment in CRC [102]. Song et al. investigated the impact of lipopolysaccharide
(LPS) on CRC immunotherapy, finding that LPS is abundant in CRC cells and is associated
with low responses to anti-PD-L1 therapy. They also noticed that, after administering
bactericidal treatment to clear Gram-negative bacteria from the gut, LPS levels were reduced
and T cell infiltration into cancer tissue increased. To further support their findings, they
built-up an engineered molecule, more specifically a fusion protein targeting LPS, to block
LPS inside the tumor. This LPS trap system significantly boosted the effect of anti-PD-L1
therapy and demonstrated an ability to attenuate CRC liver metastasis, supporting the
importance of blocking LPS in the gut-liver axis [103].
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However, microbiota do not always promote pharmacological resistance. Conversely,
some bacteria, such as Bacteroidales [104], Bifidobacterium [105-107], or Akkermansia
muciniphila [108,109], have proved able to stimulate the anticancer effect of therapies in
different types of neoplasias.

Mager et al. explored the efficacy of ICIs in mice with azoxymethane/dextran sulfate
sodium-induced colitis-associated cancer and observed that some bacteria were able to
significantly enhance the efficacy of anti-PD-L1 and anti-CTLA-4. In this study, they isolated
three bacterial species, which have been found in abundance in previously ICI-treated-
tumor mice that responded to therapy: Bifidobacterium pseudolongum, Lactobacillus johnsonii,
and Olsenella species. The isolation and identification of distinct bacterial species associated
with ICI responsiveness provided the opportunity to identify the molecular mechanism
involved in bacterial capacity to promote ICI efficacy. More specifically, they demonstrated
that B. pseudolongum produces inosine, which is able to modulate the immunotherapy
response. In contrast, although L. johnsonii did not produce inosine, it has been found to
produce a large amount of hypoxanthine, which is a potent ligand of the same receptor
as inosine. Finally, they conclude that the ICI-promoting effect of B. pseudolongum and
L. johnsonii was mediated by inosine and hypoxanthine and collectively was dependent
on T cell expression of the adenosine A2A receptor [110]. The discovery of a previously
unknown microbial metabolite that can enhance immunotherapy may be utilized to develop
microbial-based adjuvant therapies. Interestingly, also F. nucleatum should be included
among the beneficial bacteria that promote immunotherapy effects. Indeed, Gao et al.
revealed an alternative role for F. nucleatum in improving the therapeutic outcome in CRC.
They demonstrated that the presence of this bacterium enhances the antitumor response to
anti-PD-1/PD-L1 by inducing PD-L1 expression [111]. Such a surprising finding may be
explained considering the hypothesis suggested by Hamada et al., who proposed that F.
nucleatum action on immune response may differ basing on MSI status. According to their
results, F. nucleatum was positively associated with tumor-infiltrating lymphocytes in MSI-
high cancers, while there was a negative association in MSI-low cancers [112]. Lactobacillus
gallinarum, instead, seems to improve anti-PD-1 efficacy in both MSI-high and MSI-low CRC
tumors by suppressing the intratumoral infiltration of Treg and enhancing effector function
of CD8+ T cells, as described by Fong et al. L. gallinarum-derived indole-3-carboxylic acid
was identified as the functional metabolite capable of modulating antitumor immunity by
antagonizing the activation of a pathway that leads to Treg differentiation [113].

In conclusion, these achievements indicate that the gut microbiota could be a new
therapeutic target to improve CRC immunotherapy response.

Studies investigating the gut microbiota influence on systemic treatment response in
metastatic CRC are summarized in Table 1.

Table 1. Gut microbiota influence on systemic treatment response in metastatic CRC: involved
bacteria and mechanisms of action. 5-Fu: 5-fluorouracil; PDL1: programmed cell death 1 ligand
1; PD1: programmed cell death protein 1, CTLA4: cytotoxic T lymphocyte protein 4; TLR: Toll-
like receptor; EMT: epithelial-mesenchymal transition; MDSCs: myeloid-derived suppressor cells;
LPS: lipopolysaccharide.

Effect on Treatment

Reference Drug Mechanism of Action Involved Bacteria
Response
Oxaliplatin Activation of the autophagy pathway
Yu et al. (2017) [43] p Resistance targeting TLR4, MyD88, miR-18a, Fusobacterium nucleatum
5-Fu .
and miR-4802
. Inhibition of apoptosis through .

Zhang et al. (2019) [71] 5-Fu Resistance BIRC3 upregulation Fusobacterium nucleatum

Gu et al. (2023) [79] Oxaliplatin Resistance Promotion of EMT through recruitment Peptostreptococcus

of MDSCs anaerobius
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Table 1. Cont.
Reference Drug Effect on Treatment Mechanism of Action Involved Bacteria
Response
Interaction with CD8 T cell trafficking to
Jiang et al. (2023) [102] Anti-PD1 Resistance tumor microenvironment through Fusobacterium nucleatum
succinic acid
Song et al. (2018) [103] Anti-PDL1 Resistance LPS production Gram negative bacteria
Bifidobacterium

Mager et al. (2020) [110]

Gao et al. (2021) [111]

Fong et al. (2023) [113]

Activation of A2A inosine receptors

Anti-PDL1 e - pseudolongum
Anti-CTLA4 Sensitivity through.mosme and. Lactobacillus johnsonii
hypoxanthine production
Olsenella
Anti-PD1 Sensitivity Induction of PDL-1 expression Fusobacterium nucleatum
Suppression of intratumoral infiltration
Anti-PD1 Sensitivity of Treg and enhancement of CD8+ T Lactobacillus gallinarum

cell functions

5. Microbiota-Based Therapies: Gut Microbiota Modulation

Considering the growing role being recognized for the gut microbiota in liver metas-
tasis development from CRC, a new challenge to be pursued is represented by targeting
intestinal dysbiosis in order to select the bacterial communities which may be protective
against tumor spread or may better influence response to treatment. Microbiota modulation
appears as a promising add-on strategy to reduce metastatic risk and boost anticancer
drugs’ benefits.

5.1. Probiotics

Probiotics have been proposed as novel therapeutic agents, since different probiotics
may potentially inhibit CRC by different mechanisms, although their efficacy on CRC is not
yet completely defined. They can downregulate inflammation and reduce the accumulation
of carcinogenic metabolites to prevent CRC, regulate the immune system, and inhibit the
progression of CRC [114]. Moreover, probiotics can be engineered to shift from a proinflam-
matory profile to an anti-inflammatory one via genetic modification or protein deletion. For
example, the deletion of the phosphoglycerol transferase gene in Lactobacillus acidophilus
suppresses the expression of lipoteichoic acid, an immunostimulatory protein. The oral
administration of deleted L. acidophilus causes the downregulation of proinflammatory me-
diators and reduces colonic inflammation and colonic polyp development [115,116]. Hence,
probiotic engineering has been proposed as an alternative strategy to achieve the desired
immunomodulatory effect, since modified probiotics are able to improve the intestinal
barrier function via SCFAs, secrete antioxidant and anticancer compounds, reduce the accu-
mulation of carcinogenic metabolites to prevent CRC, produce anti-inflammatory factors,
and regulate the immune system in order to inhibit the progression of CRC [114,117].

Different probiotics have been tested in CRC. The exact mechanisms of action are
unknown, but a few studies have suggested several possible pathways. Aindelis et al.
demonstrated that oral administration of probiotic Lactobacillus casei/ Lacticaseibacillus casei
is responsible for increased immune response in CRC and enhanced tumor infiltration by
CD8+ T cells, resulting in a reduction in tumor growth [118]. In a study conducted by Chang
et al., oral probiotic Lactobacillus casei/Lacticaseibacillus casei variety rhamnosus was shown to
prevent intestinal mucositis induced by the folinic acid—fluorouracil-oxaliplatin (FOLFOX)
regimen. The mechanism of action might involve modulation of the gut microbiota and
the suppression of proinflammatory responses with the suppression of intrinsic apoptosis
in intestinal injury [119]. Chen et al. focused on the modulation of probiotic Clostridium
butyricum on the Wnt/ 3-catenin signaling pathway, through which a reduction in CRC
growth was achieved [120]. Also, in CRC mouse models, it has been demonstrated that
treatment with Clostridium butyricum and Bacillus subtilis can decrease cancer incidence,
due to a decrease in the number of Th2 and Th17 cells, thereby inhibiting CD4+ and CD8+
T lymphocytes, blocking the cell cycle, reducing the secretion of inflammatory factors such
as NFkB and IL-22, and promoting tumor cell apoptosis [121]. Furthermore, Walia et al.



J. Clin. Med. 2024, 13, 420

11 of 19

showed that probiotics have the potential role of lowering the expression of cyclooxygenase-
2, which promotes tumor angiogenesis, thus downregulating tumor incidence [122].

Current available evidence only derives from preclinical studies and mostly describes
probiotics’ effect on reducing the risk of primitive CRC development or improving treat-
ment benefits. Specific data about liver metastasis, as well as data from clinical trials, are
still poor. However, an interesting contribution supporting the use of probiotics in CRC
treatment has been recently provided by Jakubauskas et al., who used a rat model to test
probiotics” effect on CRC liver metastasis. They evaluated the role of a probiotic mixture
(Lactobacillus casei/Lacticaseibacillus casei W56; Lactobacillus acidophilus W37; Lactobacillus bre-
vis / Levilactobacillus brevis W63; Lactococcus lactis W58; Bifidobacterium lactis W52; Lactococcus
lactis W19; Lactobacillus salivarius W24; and Bifidobacterium bifidum W23), achieving pio-
neering results: such a probiotic mixture, administered daily, even without the addition of
FOLFOX chemotherapy, induced a significantly reduction in angiogenesis and inhibition of
CRC liver metastasis growth. The most important finding is that probiotic supplementation
leads to tumor volume reduction by reducing tumor microvasculature [123].

The role of probiotics has also been investigated as add-on therapy with immunother-
apy. Thus, Zhuo et al. evaluated the efficacy of Lactobacillus acidophilus lysates together
with anti-CTLA4 and found that the combined therapy protected mice against CRC devel-
opment and against dysbiosis, thus confirming the role of the gut microbiota in boosting
immunotherapy, as discussed above [124].

Studies demonstrating the beneficial effects of probiotics on CRC are summarized in
Table 2.

Table 2. Probiotics’ beneficial role in colorectal cancer (CRC). FOLFOX: folinic acid—fluorouracil—
oxaliplatin; CTLA4: cytotoxic T lymphocyte protein 4.

Reference

Model Involved Bacteria Administration Effect
Route

Aindelis et al. (2020) [118]

Chang et al. (2018) [119]

Chen D et al. (2020) [120]

Chen ZF et al. (2015) [121]

Walia et al. (2015) [122]

Jakubauskas et al.
(2022) [123]

Zhuo et al. (2019) [124]

Reduces tumor growth by
increasing antitumor
immune response

.. . Lactobacillus
Preclinical (mice) casei/ Lacticaseibacillus casei Oral

Lactobacillus Prevents
Preclinical (mice) casei/ Lacticaseibacillus casei Oral gavage FOLFOX-induced
variety rhamnosus mucositis
Preclinical (CRC cells Clostridium butyricum Oral gavage Inhibits tumor
and mice) development
Preclinical (CRC cells Clostridium butyricum, -
. . o Oral Decreases tumor incidence
and mice) Bacillus subtilis
Lactobacillus
plantarum / Lactiplantibacillus . .
.. . Decreases angiogenesis
Preclinical (rats) plantarum and Lactobacillus Oral gavage o
L and tumor incidence
rhamnosus / Lacticaseibacillus
rhamnosus GG
Probiotic mixture (Lactobacillus
casei / Lacticaseibacillus casei W56;
Lactobacillus acidophilus W37;
Lactobacillus
Preclinical (rats) brevis / Levilactobacillus brevi W63; Oral cavage Inhibits CRC liver
Lactococcus lactis W58; gavag metastasis growth
Bifidobacterium lactis W52;
Lactococcus lactis W19;
Lactobacillus salivarius W24; and
Bifidobacterium bifidum W23)
Preclinical (mice) Lactobacillus acidophilus lysates Intragastric Enhances anti-CTLA4

activity

5.2. Fecal Microbiota Transplantation

FMT is a method consisting of the transplantation of fecal matter from healthy people
into the intestinal tract of recipients to restore gut microbiota diversity. Currently, FMT has
been approved for recurrent Clostridium difficile infections, while its application in other
gastrointestinal and extraintestinal disorders is still a matter of study. Several clinical trials
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based on FMT are ongoing for a wide range of diseases, from inflammatory bowel diseases
to cancers to psychiatric conditions [125]. In comparation with other microbiota-modulating
strategies, FMT seems to confer multiple benefits: it has been utilized to improve bacterial,
viral, fungal, or archaeal diversity into the recipient without disrupting the microbial gut
ecology (as occurs during antibiotic treatments), and it can also be designed as a single-dose
regimen; furthermore, FMT’s therapeutic benefits last longer than probiotics and prebiotics,
whose colonization appears to be transient [126].

In the oncological field, FMT’s role has been especially investigated in combination
with systemic therapies, and it seems to provide benefits both in enhancing treatment
efficacy and in preventing or improving gastrointestinal side effects, notably colitis, which
is frequently associated with chemotherapy or immunotherapy [127]. Chang et al. adminis-
tered oral FMT in mice implanted with CRC cells and receiving FOLFOX chemotherapy,
aiming to assess the effect on mucosal injury. They noticed that FMT reduced diarrhea
and attenuated FOLFOX-induced inflammatory response. In particular, it decreased the
number of apoptotic and NFkB-positive cells and the expression of TLR, MyD88, and IL-6
and restored gut microbiota composition [128].

Recently, some promising papers about FMT in oncologic patients have begun to
appear in the literature, even if data on CRC are still anecdotal. At the moment, most
data focus on the role of FMT as a potential strategy to overcome resistance to ICIs in
patients with refractory melanoma. Routy et al. conducted a multicenter phase I trial
combining FMT from healthy donors with nivolumab or pembrolizumab in a group of
untreated patients with advanced melanoma, demonstrating that FMT is safe in a first-
line setting. Furthermore, they confirmed the increasing anti-PD-1 efficacy obtained by
microbiota modulation in a mice model [129]. Other clinical trials by Baruch et al. [130]
and Davar et al. [131] observed good tolerance for the combination (FMT + ICI), clinical
benefit in a subset of treated patients, and the induction of durable microbiota changes,
with an increased abundance of taxa previously shown to be associated with response to
anti-PD-1, increased CD8+ T cell activation, and decreased frequency of IL-8-expressing
myeloid cells, which are involved in immunosuppression. Collectively, these studies
provide evidence for the ability of FMT to affect immunotherapy response in patients
affected by advanced melanoma.

Concerning CRC, Cheng et al. reported the case of a 57-year-old Chinese patient with
dMMR CRC and liver metastasis, who received as third-line treatment a combination of
bevacizumab, an anti-VEGF, plus tislelizumab, an investigative anti-PD1, plus oral gut
microbiota capsules. The treatment consisted of eight cycles every 3 weeks, and FMT was
administered at a dose of one capsule/day for the first four days. The patient achieved a
partial response, allowing microwave ablation on liver lesions and hemicolectomy for the
primary malignancy and, after surgery, a pathological complete response was reached [132].
Some clinical trials are also ongoing. Recently, data from a Chinese phase II trial have been
published: RENMIN-2015. It is an open-label, single-arm study conducted on patients with
MSS metastatic CRC, aiming to assess the efficacy and safety of a new drug combination
as third-line or above therapy: FMT plus tislelizumab plus fruquitinib, a tyrosine kinase
inhibitor of VEGE. FMT was administered as oral capsules at a dose of 30 capsules/day
for 3 days in 3-week cycles. Of the 20 patients enrolled, 14 had liver metastasis, which
represented a negative prognostic factor. The mean progression-free survival (PFS) was
9.6 months and, considering a PFS > 6 months as an index of treatment response, 12 patients
were classified as responders, while 8 were non-responders. Side effects were common,
but the global toxicity profile was manageable [133]. Another phase II clinical trial is
currently ongoing (NCT04729322), aiming to assess the effect of FMT in combination with
the re-introduction of anti-PD-1 therapy (Pembrolizumab or Nivolumab) in patients with
metastatic dAMMR CRC who had not previously responded to anti-PD-1 [134]. Similar
studies are of primary importance to transfer in clinical practice knowledge acquired so far
from preclinical research.



J. Clin. Med. 2024, 13, 420 13 of 19

6. Conclusions

The pathogenetic mechanisms underlying liver metastasis growth from CRC are com-
plex. The gut microbiota has proved to play a multifaceted role, although current evidence
mainly derives from preclinical studies and results are at the first stage and suggestive.
Further investigations are required to achieve a deeper understanding of such an intrigu-
ing aspect of the “gut-liver axis”. Intestinal bacteria seem to influence the gut barrier,
inflammation processes, tissue proliferation, and anticancer immunosurveillance, as well as
potentially interfering with systemic chemo-immunotherapies. Hence, developing efficient
strategies to modulate the gut microbiota represents a research and clinical challenge to
prevent CRC metastatic spread and improve patients’ outcomes.

Author Contributions: Writing—original draft preparation, M., G.P,, L.G. and G.E.; tables and
figures, FT., writing—review and editing .M., M.E.A. and M.A.Z,; revised scientific literature
research, LM., L.G., G.P. and G.E.; supervision and revised final paper, A.G. and M.A.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Thanks to Fondazione Roma for the continuous support of our scientific research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.
14.

Sung, H.; Ferlay, |J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Xi, Y.; Xu, P. Global colorectal cancer burden in 2020 and projections to 2040. Transl. Oncol. 2021, 14, 101174. [CrossRef]

Wolf, AM.D.; Fontham, E.T.H.; Church, T.R.; Flowers, C.R.; Guerra, C.E.; LaMonte, S.J.; Etzioni, R.; McKenna, M.T.;
Oeffinger, K.C.; Shih, Y.-C.T.; et al. Colorectal cancer screening for average-risk adults: 2018 guideline update from the American
Cancer Society. CA. Cancer J. Clin. 2018, 68, 250-281. [CrossRef] [PubMed]

Shasha, T.; Gruijs, M.; van Egmond, M. Mechanisms of colorectal liver metastasis development. Cell. Mol. Life Sci. 2022, 79, 607.
[CrossRef] [PubMed]

Shin, A.E.; Giancotti, EG.; Rustgi, A.K. Metastatic colorectal cancer: Mechanisms and emerging therapeutics. Trends Pharmacol.
Sci. 2023, 44, 222-236. [CrossRef] [PubMed]

Valderrama-Trevifio, A.L; Barrera-Mera, B.; Ceballos-Villalva, ].C.; Montalvo-Javé, E.E. Hepatic Metastasis from Colorectal Cancer.
Euroasian J. Hepato-Gastroenterol. 2017, 7, 166-175. [CrossRef] [PubMed]

Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7-30. [CrossRef]

Laterza, L.; Mignini, I. The Microbiome Revolution: New Insights for Personalized Medicine. ]. Pers. Med. 2022, 12, 1520.
[CrossRef]

Scott, A.].; Alexander, J.L.; Merrifield, C.A.; Cunningham, D.; Jobin, C.; Brown, R.; Alverdy, J.; O’Keefe, S.J.; Gaskins, H.R.; Teare, ] ;
et al. International Cancer Microbiome Consortium consensus statement on the role of the human microbiome in carcinogenesis.
Gut 2019, 68, 1624-1632. [CrossRef]

Thomas, A.M.; Fidelle, M.; Routy, B.; Kroemer, G.; Wargo, J.A.; Segata, N.; Zitvogel, L. Gut OncoMicrobiome Signatures (GOMS)
as next-generation biomarkers for cancer immunotherapy. Nat. Rev. Clin. Oncol. 2023, 20, 583-603. [CrossRef]

Dove, W.E; Clipson, L.; Gould, K.A.; Luongo, C.; Marshall, D.]J.; Moser, A.R.; Newton, M.A.; Jacoby, R.F. Intestinal neoplasia in the
ApcMin mouse: Independence from the microbial and natural killer (beige locus) status. Cancer Res. 1997, 57, 812-814. [PubMed]
Mignini, I.; Ainora, M.E.; Di Francesco, S.; Galasso, L.; Gasbarrini, A.; Zocco, M.A. Tumorigenesis in Inflammatory Bowel Disease:
Microbiota-Environment Interconnections. Cancers 2023, 15, 3200. [CrossRef] [PubMed]

Bultman, S.J. Emerging roles of the microbiome in cancer. Carcinogenesis 2014, 35, 249-255. [CrossRef] [PubMed]

Burns, M.B.; Lynch, J.; Starr, T.K.; Knights, D.; Blekhman, R. Virulence genes are a signature of the microbiome in the colorectal
tumor microenvironment. Genome Med. 2015, 7, 55. [CrossRef]


https://doi.org/10.3322/caac.21660
https://www.ncbi.nlm.nih.gov/pubmed/33538338
https://doi.org/10.1016/j.tranon.2021.101174
https://doi.org/10.3322/caac.21457
https://www.ncbi.nlm.nih.gov/pubmed/29846947
https://doi.org/10.1007/s00018-022-04630-6
https://www.ncbi.nlm.nih.gov/pubmed/36436127
https://doi.org/10.1016/j.tips.2023.01.003
https://www.ncbi.nlm.nih.gov/pubmed/36828759
https://doi.org/10.5005/jp-journals-10018-1241
https://www.ncbi.nlm.nih.gov/pubmed/29201802
https://doi.org/10.3322/caac.21332
https://doi.org/10.3390/jpm12091520
https://doi.org/10.1136/gutjnl-2019-318556
https://doi.org/10.1038/s41571-023-00785-8
https://www.ncbi.nlm.nih.gov/pubmed/9041176
https://doi.org/10.3390/cancers15123200
https://www.ncbi.nlm.nih.gov/pubmed/37370812
https://doi.org/10.1093/carcin/bgt392
https://www.ncbi.nlm.nih.gov/pubmed/24302613
https://doi.org/10.1186/s13073-015-0177-8

J. Clin. Med. 2024, 13, 420 14 of 19

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Arthur, J.C.; Perez-Chanona, E.; Miihlbauer, M.; Tomkovich, S.; Uronis, ].M.; Fan, T.-J.; Campbell, B.J.; Abujamel, T,
Dogan, B.; Rogers, A.B.; et al. Intestinal inflammation targets cancer-inducing activity of the microbiota. Science 2012, 338,
120-123. [CrossRef] [PubMed]

Cuevas-Ramos, G.; Petit, C.R.; Marcq, I.; Boury, M.; Oswald, E.; Nougayrede, ].-P. Escherichia coli induces DNA damage in vivo
and triggers genomic instability in mammalian cells. Proc. Natl. Acad. Sci. USA 2010, 107, 11537-11542. [CrossRef]
Grivennikov, S.I.; Wang, K.; Mucida, D.; Stewart, C.A.; Schnabl, B.; Jauch, D.; Taniguchi, K.; Yu, G.-Y.; Osterreicher, C.H.; Hung,
K.E,; et al. Adenoma-linked barrier defects and microbial products drive IL-23/IL-17-mediated tumour growth. Nature 2012, 491,
254-258. [CrossRef]

Toprak, N.U.; Yagci, A.; Gulluoglu, B.M.; Akin, M.L.; Demirkalem, P.; Celenk, T.; Soyletir, G. A possible role of Bacteroides fragilis
enterotoxin in the aetiology of colorectal cancer. Clin. Microbiol. Infect. 2006, 12, 782-786. [CrossRef]

Uronis, ].M.; Miihlbauer, M.; Herfarth, H.H.; Rubinas, T.C.; Jones, G.S.; Jobin, C. Modulation of the intestinal microbiota alters
colitis-associated colorectal cancer susceptibility. PLoS ONE 2009, 4, e6026. [CrossRef]

Wu, S.; Rhee, K.-J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.-R.; Huso, D.L.; Brancati, F.L.; Wick, E.; McAllister, F,; et al.
A human colonic commensal promotes colon tumorigenesis via activation of T helper type 17 T cell responses. Nat. Med. 2009, 15,
1016-1022. [CrossRef]

Wu, J; Dong, W.; Pan, Y.; Wang, J.; Wu, M.; Yu, Y. Crosstalk between gut microbiota and metastasis in colorectal cancer:
Implication of neutrophil extracellular traps. Front. Immunol. 2023, 14, 1296783. [CrossRef] [PubMed]

Cass, S.; White, M.G. The Influence of the Microbiome on Metastatic Colorectal Cancer. Clin. Colon Rectal Surg. 2023, 36, 112-119.
[CrossRef]

Feng, Q.; Liang, S.; Jia, H.; Stadlmayr, A.; Tang, L.; Lan, Z.; Zhang, D.; Xia, H.; Xu, X,; Jie, Z.; et al. Gut microbiome development
along the colorectal adenoma-carcinoma sequence. Nat. Commun. 2015, 6, 6528. [CrossRef] [PubMed]

Bertocchi, A.; Carloni, S.; Ravenda, P.S.; Bertalot, G.; Spadoni, I.; Lo Cascio, A.; Gandini, S.; Lizier, M.; Braga, D.; Asnicar, F.; et al.
Gut vascular barrier impairment leads to intestinal bacteria dissemination and colorectal cancer metastasis to liver. Cancer Cell
2021, 39, 708-724.e11. [CrossRef] [PubMed]

Murota, Y.; Jobin, C. Bacteria break barrier to promote metastasis. Cancer Cell 2021, 39, 598-600. [CrossRef]

Yuan, N.; Li, X,; Wang, M.; Zhang, Z.; Qiao, L.; Gao, Y.; Xu, X,; Zhi, J.; Li, Y,; Li, Z.; et al. Gut Microbiota Alteration Influences
Colorectal Cancer Metastasis to the Liver by Remodeling the Liver Immune Microenvironment. Gut Liver 2022, 16, 575-588.
[CrossRef] [PubMed]

Castellarin, M.; Warren, R.L.; Freeman, J.D.; Dreolini, L.; Krzywinski, M.; Strauss, J.; Barnes, R.; Watson, P.; Allen-Vercoe, E.;
Moore, R.A; et al. Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 2012, 22, 299-306.
[CrossRef] [PubMed]

Kostic, A.D.; Gevers, D.; Pedamallu, C.S.; Michaud, M.; Duke, F; Earl, AM.; Ojesina, A.L; Jung, J.; Bass, A.J.; Tabernero, J.; et al.
Genomic analysis identifies association of Fusobacterium with colorectal carcinoma. Genome Res. 2012, 22, 292-298. [CrossRef]
Kim, H.S.; Kim, C.G.; Kim, W.K.; Kim, K.-A.; Yoo, J.; Min, B.S,; Paik, S.; Shin, S.]J.; Lee, H.; Lee, K.; et al. Fusobacterium nucleatum
induces a tumor microenvironment with diminished adaptive immunity against colorectal cancers. Front. Cell. Infect. Microbiol.
2023, 13, 1101291. [CrossRef]

Wang, N.; Fang, J.-Y. Fusobacterium nucleatum, a key pathogenic factor and microbial biomarker for colorectal cancer. Trends
Microbiol. 2023, 31, 159-172. [CrossRef]

Rubinstein, M.R.; Baik, J.E.; Lagana, S.M.; Han, R.P,; Raab, W.].; Sahoo, D.; Dalerba, P.; Wang, T.C.; Han, Y.W. Fusobacterium
nucleatum promotes colorectal cancer by inducing Wnt/ 3-catenin modulator Annexin A1. EMBO Rep. 2019, 20, e47638. [CrossRef]
[PubMed]

Ochoa-Hernandez, A.B.; Judrez-Vazquez, C.I.; Rosales-Reynoso, M. A.; Barros-Nuifiez, P. WNT-f-catenin signaling pathway and
its relationship with cancer. Cir. Cir. 2012, 80, 389-398. [PubMed]

Chen, S.; Zhang, L.; Li, M.; Zhang, Y.; Sun, M.; Wang, L.; Lin, J.; Cui, Y.; Chen, Q.; Jin, C.; et al. Fusobacterium nucleatum reduces
METTL3-mediated m6A modification and contributes to colorectal cancer metastasis. Nat. Commun. 2022, 13, 1248. [CrossRef]
[PubMed]

Yang, Y.; Weng, W.; Peng, J.; Hong, L.; Yang, L.; Toiyama, Y.; Gao, R; Liu, M.; Yin, M.; Pan, C.; et al. Fusobacterium nucleatum
Increases Proliferation of Colorectal Cancer Cells and Tumor Development in Mice by Activating Toll-Like Receptor 4 Signaling to
Nuclear Factor-«B, and Up-regulating Expression of MicroRNA-21. Gastroenterology 2017, 152, 851-866.e24. [CrossRef] [PubMed]
Rubinstein, M.R.; Wang, X.; Liu, W.; Hao, Y.; Cai, G.; Han, Y.W. Fusobacterium nucleatum promotes colorectal carcinogenesis by
modulating E-cadherin/-catenin signaling via its FadA adhesin. Cell Host Microbe 2013, 14, 195-206. [CrossRef]

Gur, C,; Ibrahim, Y.; Isaacson, B.; Yamin, R.; Abed, J.; Gamliel, M.; Enk, J.; Bar-On, Y.; Stanietsky-Kaynan, N.; Coppenhagen-Glazer,
S.; et al. Binding of the Fap2 protein of Fusobacterium nucleatum to human inhibitory receptor TIGIT protects tumors from immune
cell attack. Immunity 2015, 42, 344-355. [CrossRef]

Sakamoto, Y.; Mima, K.; Ishimoto, T.; Ogata, Y.; Imai, K.; Miyamoto, Y.; Akiyama, T.; Daitoku, N.; Hiyoshi, Y.; Iwatsuki, M.; et al.
Relationship between Fusobacterium nucleatum and antitumor immunity in colorectal cancer liver metastasis. Cancer Sci. 2021, 112,
4470-4477. [CrossRef]


https://doi.org/10.1126/science.1224820
https://www.ncbi.nlm.nih.gov/pubmed/22903521
https://doi.org/10.1073/pnas.1001261107
https://doi.org/10.1038/nature11465
https://doi.org/10.1111/j.1469-0691.2006.01494.x
https://doi.org/10.1371/journal.pone.0006026
https://doi.org/10.1038/nm.2015
https://doi.org/10.3389/fimmu.2023.1296783
https://www.ncbi.nlm.nih.gov/pubmed/37936694
https://doi.org/10.1055/s-0043-1760864
https://doi.org/10.1038/ncomms7528
https://www.ncbi.nlm.nih.gov/pubmed/25758642
https://doi.org/10.1016/j.ccell.2021.03.004
https://www.ncbi.nlm.nih.gov/pubmed/33798472
https://doi.org/10.1016/j.ccell.2021.03.009
https://doi.org/10.5009/gnl210177
https://www.ncbi.nlm.nih.gov/pubmed/35318288
https://doi.org/10.1101/gr.126516.111
https://www.ncbi.nlm.nih.gov/pubmed/22009989
https://doi.org/10.1101/gr.126573.111
https://doi.org/10.3389/fcimb.2023.1101291
https://doi.org/10.1016/j.tim.2022.08.010
https://doi.org/10.15252/embr.201847638
https://www.ncbi.nlm.nih.gov/pubmed/30833345
https://www.ncbi.nlm.nih.gov/pubmed/23374390
https://doi.org/10.1038/s41467-022-28913-5
https://www.ncbi.nlm.nih.gov/pubmed/35273176
https://doi.org/10.1053/j.gastro.2016.11.018
https://www.ncbi.nlm.nih.gov/pubmed/27876571
https://doi.org/10.1016/j.chom.2013.07.012
https://doi.org/10.1016/j.immuni.2015.01.010
https://doi.org/10.1111/cas.15126

J. Clin. Med. 2024, 13, 420 15 of 19

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Burke, ].D.; Young, H.A. IFN-y: A cytokine at the right time, is in the right place. Semin. Immunol. 2019, 43, 101280. [CrossRef]
Zheng, L.; Liu, Q.; Li, R.; Chen, S.; Tan, J.; Li, L.; Dong, X.; Huang, C.; Wen, T.; Liu, J. Targeting MDK Abrogates IFN-y-Elicited
Metastasis inCancers of Various Origins. Front. Oncol. 2022, 12, 885656. [CrossRef]

Martin-Gallausiaux, C.; Malabirade, A.; Habier, J.; Wilmes, P. Fusobacterium nucleatum Extracellular Vesicles Modulate Gut
Epithelial Cell Innate Inmunity via FomA and TLR2. Front. Immunol. 2020, 11, 583644. [CrossRef]

Hashemi Goradel, N.; Heidarzadeh, S.; Jahangiri, S.; Farhood, B.; Mortezaee, K.; Khanlarkhani, N.; Negahdari, B. Fusobacterium
nucleatum and colorectal cancer: A mechanistic overview. J. Cell. Physiol. 2019, 234, 2337-2344. [CrossRef] [PubMed]

Zhang, N.; Liu, Y.; Yang, H.; Liang, M.; Wang, X.; Wang, M.; Kong, J.; Yuan, X.; Zhou, F. Clinical Significance of Fusobacterium
nucleatum Infection and Regulatory T Cell Enrichment in Esophageal Squamous Cell Carcinoma. Pathol. Oncol. Res. 2021,
27,1609846. [CrossRef] [PubMed]

Yu, T,; Guo, F; Yu, Y,; Sun, T.; Ma, D.; Han, J.; Qian, Y.; Kryczek, I; Sun, D.; Nagarsheth, N.; et al. Fusobacterium nucleatum
Promotes Chemoresistance to Colorectal Cancer by Modulating Autophagy. Cell 2017, 170, 548-563.e16. [CrossRef]

Nosho, K.; Sukawa, Y.; Adachi, Y.; Ito, M.; Mitsuhashi, K.; Kurihara, H.; Kanno, S.; Yamamoto, I.; Ishigami, K.; Igarashi, H.; et al.
Association of Fusobacterium nucleatum with immunity and molecular alterations in colorectal cancer. World . Gastroenterol. 2016,
22,557-566. [CrossRef]

Chung, L.; Orberg, E.T; Geis, A.L.; Chan, J.L.; Fu, K.; DeStefano Shields, C.E.; Dejea, C.M.; Fathi, P.; Chen, J.; Finard, B.B.; et al.
Bacteroides fragilis Toxin Coordinates a Pro-carcinogenic Inflammatory Cascade via Targeting of Colonic Epithelial Cells. Cell Host
Microbe 2018, 23, 421. [CrossRef]

Cheng, W.T.; Kantilal, H.K.; Davamani, F. The Mechanism of Bacteroides fragilis Toxin Contributes to Colon Cancer Formation.
Malays. ]. Med. Sci. 2020, 27, 9-21. [CrossRef] [PubMed]

Purcell, R.V,; Permain, J.; Keenan, J.I. Enterotoxigenic Bacteroides fragilis activates IL-8 expression through Stat3 in colorectal
cancer cells. Gut Pathog. 2022, 14, 16. [CrossRef]

Housseau, E; Sears, C.L. Enterotoxigenic Bacteroides fragilis (ETBF)-mediated colitis in Min (Apc*/~) mice: A human commensal-
based murine model of colon carcinogenesis. Cell Cycle 2010, 9, 3-5. [CrossRef]

Geis, A.L.; Fan, H.; Wu, X.; Wu, S.; Huso, D.L.; Wolfe, ].L.; Sears, C.L.; Pardoll, D.M.; Housseau, F. Regulatory T-cell Response to
Enterotoxigenic Bacteroides fragilis Colonization Triggers IL17-Dependent Colon Carcinogenesis. Cancer Discov. 2015, 5, 1098-1109.
[CrossRef]

Parida, S.; Siddharth, S.; Gatla, H.R.; Wu, S.; Wang, G.; Gabrielson, K.; Sears, C.L.; Ladle, B.H.; Sharma, D. Gut colonization with
an obesity-associated enteropathogenic microbe modulates the premetastatic niches to promote breast cancer lung and liver
metastasis. Front. Immunol. 2023, 14, 1194931. [CrossRef]

Wong, HK.; Ho, PL.; Lee, C.K. Streptococcus gallolyticus Bacteremia and Colorectal Carcinoma. Gastroenterology 2019, 156, 291-292.
[CrossRef] [PubMed]

Chime, C.; Patel, H.; Kumar, K.; Elwan, A.; Bhandari, M.; Ihimoyan, A. Colon Cancer with Streptococcus gallolyticus Aortic Valve
Endocarditis: A Missing Link? Case Rep. Gastrointest. Med. 2019, 2019, 4205603. [CrossRef]

Corredoira, J.; Miguez, E.; Mateo, L.M.; Ferndndez-Rodriguez, R.; Garcia-Rodriguez, J.F; Pérez-Gonzdlez, A.; Sanjurjo, A.;
Pulian, M.V.; Ayuso-Garcia, B. In behalf all members of GESBOGA group. The interaction between liver cirrhosis, infection by
Streptococcus bovis, and colon cancer. Eur. J. Clin. Microbiol. Infect. Dis. 2023, 42, 907-912. [CrossRef]

Kumar, R.; Herold, J.L.; Schady, D.; Davis, J.; Kopetz, S.; Martinez-Moczygemba, M.; Murray, B.E.; Han, F; Li, Y,
Callaway, E.; et al. Streptococcus gallolyticus subsp. gallolyticus promotes colorectal tumor development. PLoS Pathog.
2017, 13, e1006440. [CrossRef]

Zhang, Y.; Weng, Y.; Gan, H.; Zhao, X.; Zhi, E. Streptococcus gallolyticus conspires myeloid cells to promote tumorigenesis of
inflammatory bowel disease. Biochem. Biophys. Res. Commun. 2018, 506, 907-911. [CrossRef] [PubMed]

Abdulamir, A.S.; Hafidh, R.R.; Mahdi, L.K.; Al-jeboori, T.; Abubaker, F. Investigation into the controversial association of
Streptococcus gallolyticus with colorectal cancer and adenoma. BMC Cancer 2009, 9, 403. [CrossRef] [PubMed]

Abdulamir, A.S.; Hafidh, R.R.; Bakar, F.A. Molecular detection, quantification, and isolation of Streptococcus gallolyticus bacteria
colonizing colorectal tumors: Inflammation-driven potential of carcinogenesis via IL-1, COX-2, and IL-8. Mol. Cancer 2010, 9, 249.
[CrossRef] [PubMed]

Boleij, A.; Roelofs, R.; Schaeps, R.M.].; Schiilin, T.; Glaser, P.; Swinkels, D.W.; Kato, L; Tjalsma, H. Increased exposure to bacterial
antigen RpL7/L12 in early stage colorectal cancer patients. Cancer 2010, 116, 4014—4022. [CrossRef]

Ma, X.; Zhou, Z.; Zhang, X.; Fan, M.; Hong, Y.; Feng, Y.; Dong, Q.; Diao, H.; Wang, G. Sodium butyrate modulates gut microbiota
and immune response in colorectal cancer liver metastatic mice. Cell Biol. Toxicol. 2020, 36, 509-515. [CrossRef]

Wei, J.; Zheng, Z.; Hou, X,; Jia, F; Yuan, Y,; Yuan, F;; He, E; Hu, L.; Zhao, L. Echinacoside inhibits colorectal cancer metastasis
via modulating the gut microbiota and suppressing the PI3K/AKT signaling pathway. J. Ethnopharmacol. 2024, 318, 116866.
[CrossRef]

Li, X.; Mikkelsen, I.M.; Mortensen, B.; Winberg, ].-O.; Huseby, N.-E. Butyrate reduces liver metastasis of rat colon carcinoma cells
in vivo and resistance to oxidative stress in vitro. Clin. Exp. Metastasis 2004, 21, 331-338. [CrossRef]

Gomes, A.P; Ilter, D.; Low, V.; Drapela, S.; Schild, T.; Mullarky, E.; Han, J.; Elia, I.; Broekaert, D.; Rosenzweig, A.; et al. Altered
propionate metabolism contributes to tumour progression and aggressiveness. Nat. Metab. 2022, 4, 435-443. [CrossRef]


https://doi.org/10.1016/j.smim.2019.05.002
https://doi.org/10.3389/fonc.2022.885656
https://doi.org/10.3389/fimmu.2020.583644
https://doi.org/10.1002/jcp.27250
https://www.ncbi.nlm.nih.gov/pubmed/30191984
https://doi.org/10.3389/pore.2021.1609846
https://www.ncbi.nlm.nih.gov/pubmed/34305476
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.3748/wjg.v22.i2.557
https://doi.org/10.1016/j.chom.2018.02.004
https://doi.org/10.21315/mjms2020.27.4.2
https://www.ncbi.nlm.nih.gov/pubmed/32863742
https://doi.org/10.1186/s13099-022-00489-x
https://doi.org/10.4161/cc.9.1.10352
https://doi.org/10.1158/2159-8290.CD-15-0447
https://doi.org/10.3389/fimmu.2023.1194931
https://doi.org/10.1053/j.gastro.2018.07.059
https://www.ncbi.nlm.nih.gov/pubmed/30315777
https://doi.org/10.1155/2019/4205603
https://doi.org/10.1007/s10096-023-04618-5
https://doi.org/10.1371/journal.ppat.1006440
https://doi.org/10.1016/j.bbrc.2018.10.136
https://www.ncbi.nlm.nih.gov/pubmed/30392911
https://doi.org/10.1186/1471-2407-9-403
https://www.ncbi.nlm.nih.gov/pubmed/19925668
https://doi.org/10.1186/1476-4598-9-249
https://www.ncbi.nlm.nih.gov/pubmed/20846456
https://doi.org/10.1002/cncr.25212
https://doi.org/10.1007/s10565-020-09518-4
https://doi.org/10.1016/j.jep.2023.116866
https://doi.org/10.1023/B:CLIN.0000046134.80393.34
https://doi.org/10.1038/s42255-022-00553-5

J. Clin. Med. 2024, 13, 420 16 of 19

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

Nguyen, T.T.; Lian, S.; Ung, T.T.; Xia, Y.; Han, ].Y.; Jung, Y.D. Lithocholic Acid Stimulates IL-8 Expression in Human Colorectal
Cancer Cells via Activation of Erkl/2 MAPK and Suppression of STAT3 Activity. J. Cell. Biochem. 2017, 118, 2958-2967. [CrossRef]
[PubMed]

Pai, R.; Tarnawski, A.S.; Tran, T. Deoxycholic acid activates beta-catenin signaling pathway and increases colon cell cancer growth
and invasiveness. Mol. Biol. Cell 2004, 15, 2156-2163. [CrossRef]

Cervantes, A.; Adam, R.; Rosell6, S.; Arnold, D.; Normanno, N.; Taieb, J.; Seligmann, J.; De Baere, T.; Osterlund, P;
Yoshino, T.; et al. Metastatic colorectal cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann.
Oncol. 2023, 34, 10-32. [CrossRef]

Sanchez-Alcoholado, L.; Ramos-Molina, B.; Otero, A.; Laborda-Illanes, A.; Ordéiez, R.; Medina, J.A.; Gomez-Millan, J.; Queipo-
Ortufio, MLL. The Role of the Gut Microbiome in Colorectal Cancer Development and Therapy Response. Cancers 2020, 12, 1406.
[CrossRef] [PubMed]

Alexander, J.L.; Wilson, 1.D.; Teare, J.; Marchesi, J.R.; Nicholson, ] K.; Kinross, ]. M. Gut microbiota modulation of chemotherapy
efficacy and toxicity. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 356-365. [CrossRef]

Viaud, S.; Flament, C.; Zoubir, M.; Pautier, P; LeCesne, A.; Ribrag, V.; Soria, J.-C.; Marty, V.; Vielh, P.; Robert, C.; et al.
Cyclophosphamide induces differentiation of Th17 cells in cancer patients. Cancer Res. 2011, 71, 661-665. [CrossRef]

Viaud, S.; Saccheri, F; Mignot, G.; Yamazaki, T.; Daillére, R.; Hannani, D.; Enot, D.P; Pfirschke, C.; Engblom, C.; Pittet, M.].; et al.
The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science 2013, 342, 971-976. [CrossRef]
lida, N.; Dzutsev, A.; Stewart, C.A.; Smith, L.; Bouladoux, N.; Weingarten, R.A.; Molina, D.A.; Salcedo, R; Back, T.; Cramer, S.; et al.
Commensal bacteria control cancer response to therapy by modulating the tumor microenvironment. Science 2013, 342, 967-970.
[CrossRef] [PubMed]

Zhang, S.; Yang, Y.; Weng, W.; Guo, B.; Cai, G.; Ma, Y.; Cai, S. Fusobacterium nucleatum promotes chemoresistance to 5-fluorouracil
by upregulation of BIRC3 expression in colorectal cancer. J. Exp. Clin. Cancer Res. 2019, 38, 14. [CrossRef]

Miura, K.; Fujibuchi, W.; Ishida, K.; Naitoh, T.; Ogawa, H.; Ando, T.; Yazaki, N.; Watanabe, K.; Haneda, S.; Shibata, C.; et al.
Inhibitor of apoptosis protein family as diagnostic markers and therapeutic targets of colorectal cancer. Surg. Today 2011, 41,
175-182. [CrossRef] [PubMed]

Altieri, D.C. Survivin and IAP proteins in cell-death mechanisms. Biochem. ]. 2010, 430, 199-205. [CrossRef]

Srinivasula, S.M.; Ashwell, ].D. IAPs: What’s in a name? Mol. Cell 2008, 30, 123-135. [CrossRef] [PubMed]

Karasawa, H.; Miura, K.; Fujibuchi, W.; Ishida, K.; Kaneko, N.; Kinouchi, M.; Okabe, M.; Ando, T.; Murata, Y.; Sasaki, H.; et al.
Down-regulation of cIAP2 enhances 5-FU sensitivity through the apoptotic pathway in human colon cancer cells. Cancer Sci.
2009, 100, 903-913. [CrossRef]

Montalban-Arques, A.; Scharl, M. Intestinal microbiota and colorectal carcinoma: Implications for pathogenesis, diagnosis, and
therapy. eBioMedicine 2019, 48, 648-655. [CrossRef]

Mohammadi, M.; Mirzaei, H.; Motallebi, M. The role of anaerobic bacteria in the development and prevention of colorectal cancer:
A review study. Anaerobe 2022, 73, 102501. [CrossRef]

Cheng, Y.; Ling, Z.; Li, L. The Intestinal Microbiota and Colorectal Cancer. Front. Immunol. 2020, 11, 615056. [CrossRef]

Gu,J; Lv, X,; Li, W;; Li, G,; He, X.; Zhang, Y.; Shi, L.; Zhang, X. Deciphering the mechanism of Peptostreptococcus anaerobius-induced
chemoresistance in colorectal cancer: The important roles of MDSC recruitment and EMT activation. Front. Immunol. 2023,
14, 1230681. [CrossRef]

Lu, W,; Yu, W,; He, J.; Liu, W,; Yang, ].; Lin, X.; Zhang, Y.; Wang, X.; Jiang, W.; Luo, |; et al. Reprogramming immunosuppressive
myeloid cells facilitates immunotherapy for colorectal cancer. EMBO Mol. Med. 2021, 13, €12798. [CrossRef] [PubMed]

Gallo, G.; Vescio, G.; De Paola, G.; Sammarco, G. Therapeutic Targets and Tumor Microenvironment in Colorectal Cancer. J. Clin.
Med. 2021, 10, 2295. [CrossRef] [PubMed]

Sieminska, I.; Weglarczyk, K.; Walczak, M.; Czerwiniska, A.; Pach, R.; Rubinkiewicz, M.; Szczepanik, A.; Siedlar, M.; Baran, J.
Mo-MDSCs are pivotal players in colorectal cancer and may be associated with tumor recurrence after surgery. Transl. Oncol.
2022, 17,101346. [CrossRef] [PubMed]

Dunn, G.P; Old, L.J.; Schreiber, R.D. The immunobiology of cancer immunosurveillance and immunoediting. Immunity 2004, 21,
137-148. [CrossRef]

Frederick, D.T.; Piris, A.; Cogdill, A.P.; Cooper, Z.A.; Lezcano, C.; Ferrone, C.R.; Mitra, D.; Boni, A.; Newton, L.P; Liu, C.; et al.
BRAF inhibition is associated with enhanced melanoma antigen expression and a more favorable tumor microenvironment in
patients with metastatic melanoma. Clin. Cancer Res. 2013, 19, 1225-1231. [CrossRef]

Galluzzi, L.; Buqué, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunological Effects of Conventional Chemotherapy and Targeted
Anticancer Agents. Cancer Cell 2015, 28, 690-714. [CrossRef] [PubMed]

Zitvogel, L.; Apetoh, L.; Ghiringhelli, F; Kroemer, G. Inmunological aspects of cancer chemotherapy. Nat. Rev. Immunol. 2008, 8,
59-73. [CrossRef] [PubMed]

Sharma, P.; Allison, J.P. The future of immune checkpoint therapy. Science 2015, 348, 56-61. [CrossRef]

Prieto, PA.; Yang, J.C.; Sherry, RM.; Hughes, M.S.; Kammula, U.S.; White, D.E.; Levy, C.L.; Rosenberg, S.A.; Phan, G.Q. CTLA-4
blockade with ipilimumab: Long-term follow-up of 177 patients with metastatic melanoma. Clin. Cancer Res. 2012, 18, 2039-2047.
[CrossRef]


https://doi.org/10.1002/jcb.25955
https://www.ncbi.nlm.nih.gov/pubmed/28247965
https://doi.org/10.1091/mbc.e03-12-0894
https://doi.org/10.1016/j.annonc.2022.10.003
https://doi.org/10.3390/cancers12061406
https://www.ncbi.nlm.nih.gov/pubmed/32486066
https://doi.org/10.1038/nrgastro.2017.20
https://doi.org/10.1158/0008-5472.CAN-10-1259
https://doi.org/10.1126/science.1240537
https://doi.org/10.1126/science.1240527
https://www.ncbi.nlm.nih.gov/pubmed/24264989
https://doi.org/10.1186/s13046-018-0985-y
https://doi.org/10.1007/s00595-010-4390-1
https://www.ncbi.nlm.nih.gov/pubmed/21264751
https://doi.org/10.1042/BJ20100814
https://doi.org/10.1016/j.molcel.2008.03.008
https://www.ncbi.nlm.nih.gov/pubmed/18439892
https://doi.org/10.1111/j.1349-7006.2009.01112.x
https://doi.org/10.1016/j.ebiom.2019.09.050
https://doi.org/10.1016/j.anaerobe.2021.102501
https://doi.org/10.3389/fimmu.2020.615056
https://doi.org/10.3389/fimmu.2023.1230681
https://doi.org/10.15252/emmm.202012798
https://www.ncbi.nlm.nih.gov/pubmed/33283987
https://doi.org/10.3390/jcm10112295
https://www.ncbi.nlm.nih.gov/pubmed/34070480
https://doi.org/10.1016/j.tranon.2022.101346
https://www.ncbi.nlm.nih.gov/pubmed/35074719
https://doi.org/10.1016/j.immuni.2004.07.017
https://doi.org/10.1158/1078-0432.CCR-12-1630
https://doi.org/10.1016/j.ccell.2015.10.012
https://www.ncbi.nlm.nih.gov/pubmed/26678337
https://doi.org/10.1038/nri2216
https://www.ncbi.nlm.nih.gov/pubmed/18097448
https://doi.org/10.1126/science.aaa8172
https://doi.org/10.1158/1078-0432.CCR-11-1823

J. Clin. Med. 2024, 13, 420 17 of 19

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

Gros, A.; Robbins, PFE; Yao, X.; Li, Y.F; Turcotte, S.; Tran, E.; Wunderlich, J.R.; Mixon, A.; Farid, S.; Dudley, M.E.; et al. PD-1
identifies the patient-specific CD8* tumor-reactive repertoire infiltrating human tumors. J. Clin. Investig. 2014, 124, 2246-2259.
[CrossRef]

Larkin, J.; Hodji, F.S.; Wolchok, ]J.D. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N. Engl. ].
Med. 2015, 373, 1270-1271. [CrossRef]

Yu, J.; Green, M.D,; Li, S.; Sun, Y.; Journey, S.N.; Choi, ].E.; Rizvi, S.M.; Qin, A.; Waninger, ].].; Lang, X.; et al. Liver metastasis
restrains immunotherapy efficacy via macrophage-mediated T cell elimination. Nat. Med. 2021, 27, 152-164. [CrossRef]
Formenti, S.C.; Rudqvist, N.-P.; Golden, E.; Cooper, B.; Wennerberg, E.; Lhuillier, C.; Vanpouille-Box, C.; Friedman, K.; Ferrari de
Andrade, L.; Wucherpfennig, K.W.; et al. Radiotherapy induces responses of lung cancer to CTLA-4 blockade. Nat. Med. 2018, 24,
1845-1851. [CrossRef] [PubMed]

Theelen, W.S.M.E.; Peulen, HM.U.; Lalezari, F.; van der Noort, V.; de Vries, J.E,; Aerts, ].G.].V.; Dumoulin, D.W.; Bahce, I;
Niemeijer, A.-L.N.; de Langen, A.].; et al. Effect of Pembrolizumab After Stereotactic Body Radiotherapy vs Pembrolizumab Alone
on Tumor Response in Patients with Advanced Non-Small Cell Lung Cancer: Results of the PEMBRO-RT Phase 2 Randomized
Clinical Trial. JAMA Oncol. 2019, 5, 1276-1282. [CrossRef] [PubMed]

Golden, E.B.; Demaria, S.; Schiff, P.B.; Chachoua, A.; Formenti, S.C. An abscopal response to radiation and ipilimumab in a patient
with metastatic non-small cell lung cancer. Cancer Immunol. Res. 2013, 1, 365-372. [CrossRef] [PubMed]

Twyman-Saint Victor, C.; Rech, A.J.; Maity, A.; Rengan, R.; Pauken, K.E.; Stelekati, E.; Benci, J.L.; Xu, B.; Dada, H.; Odorizzi, PM.; et al.
Radiation and dual checkpoint blockade activate non-redundant immune mechanisms in cancer. Nature 2015, 520, 373-377.
[CrossRef]

Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.R.; Fu, Y.-X. Irradiation and anti-PD-L1 treatment
synergistically promote antitumor immunity in mice. J. Clin. Investig. 2014, 124, 687-695. [CrossRef] [PubMed]

Cohen, R.; Raeisi, M; Shi, Q.; Chibaudel, B.; Yoshino, T.; Zalcberg, J.R.; Adams, R.; Cremolini, C.; Van Cutsem, E.; Heinemann, V.; et al.
Prognostic value of liver metastases in colorectal cancer treated by systemic therapy: An ARCAD pooled analysis. J. Clin. Oncol.
2023, 41, 3554. [CrossRef]

Fakih, M.; Raghav, K.PS.; Chang, D.Z.; Bendell, ].C.; Larson, T.; Cohn, A.L.; Huyck, TK,; Cosgrove, D.; Fiorillo, J.A.; Garbo, L.E.; et al.
Single-arm, phase 2 study of regorafenib plus nivolumab in patients with mismatch repair-proficient (pMMR)/microsatellite
stable (MSS) colorectal cancer (CRC). J. Clin. Oncol. 2021, 39, 3560. [CrossRef]

Chen, E.X; Loree, ].M.; Titmuss, E.; Jonker, D.J.; Kennecke, H.F; Berry, S.; Couture, F; Ahmad, C.E.; Goffin, ] R.; Kavan, P; et al. Liver
Metastases and Immune Checkpoint Inhibitor Efficacy in Patients with Refractory Metastatic Colorectal Cancer: A Secondary
Analysis of a Randomized Clinical Trial. JAMA Netw. Open 2023, 6, €2346094. [CrossRef]

Dolcetti, R.; Viel, A.; Doglioni, C.; Russo, A.; Guidoboni, M.; Capozzi, E.; Vecchiato, N.; Macri, E.; Fornasarig, M.; Boiocchi, M. High
prevalence of activated intraepithelial cytotoxic T lymphocytes and increased neoplastic cell apoptosis in colorectal carcinomas
with microsatellite instability. Am. J. Pathol. 1999, 154, 1805-1813. [CrossRef]

Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, LK,; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409-413. [CrossRef] [PubMed]
Jiang, S.-S.; Xie, Y.-L.; Xiao, X.-Y.; Kang, Z.-R,; Lin, X.-L.; Zhang, L.; Li, C.-S.; Qian, Y.; Xu, P--P,; Leng, X.-X_; et al. Fusobacterium
nucleatum-derived succinic acid induces tumor resistance to immunotherapy in colorectal cancer. Cell Host Microbe 2023, 31,
781-797.€9. [CrossRef]

Song, W.; Tiruthani, K.; Wang, Y.; Shen, L.; Hu, M.; Dorosheva, O.; Qiu, K.; Kinghorn, K.A; Liu, R.; Huang, L. Trapping of
Lipopolysaccharide to Promote Immunotherapy against Colorectal Cancer and Attenuate Liver Metastasis. Adv. Mater. 2018,
30, €1805007. [CrossRef]

Vétizou, M; Pitt, ].M.; Daillere, R.; Lepage, P.; Waldschmitt, N.; Flament, C.; Rusakiewicz, S.; Routy, B.; Roberti, M.P.; Duong,
C.PM,; et al. Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science 2015, 350, 1079-1084.
[CrossRef] [PubMed]

Sivan, A.; Corrales, L.; Hubert, N.; Williams, ].B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, EW.; Lei, Y.M,; Jabri, B.; Alegre,
M.-L; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015, 350,
1084-1089. [CrossRef]

Hoos, A. Development of immuno-oncology drugs—From CTLA4 to PD1 to the next generations. Nat. Rev. Drug Discov. 2016, 15,
235-247. [CrossRef] [PubMed]

Matson, V,; Fessler, J.; Bao, R.; Chongsuwat, T.; Zha, Y.; Alegre, M.-L.; Luke, ].].; Gajewski, T.F. The commensal microbiome is
associated with anti-PD-1 efficacy in metastatic melanoma patients. Science 2018, 359, 104-108. [CrossRef] [PubMed]

Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.PM.; Alou, M.T.; Daillere, R.; Fluckiger, A.; Messaoudene, M.; Rauber, C.;
Roberti, M.P,; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against epithelial tumors. Science 2018,
359,91-97. [CrossRef]

Gharaibeh, R.Z.; Jobin, C. Microbiota and cancer immunotherapy: In search of microbial signals. Gut 2019, 68, 385-388. [CrossRef]
Mager, L.F; Burkhard, R.; Pett, N.; Cooke, N.C.A.; Brown, K.; Ramay, H.; Paik, S.; Stagg, J.; Groves, R.A.; Gallo, M,; et al.
Microbiome-derived inosine modulates response to checkpoint inhibitor immunotherapy. Science 2020, 369, 1481-1489. [CrossRef]


https://doi.org/10.1172/JCI73639
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1038/s41591-020-1131-x
https://doi.org/10.1038/s41591-018-0232-2
https://www.ncbi.nlm.nih.gov/pubmed/30397353
https://doi.org/10.1001/jamaoncol.2019.1478
https://www.ncbi.nlm.nih.gov/pubmed/31294749
https://doi.org/10.1158/2326-6066.CIR-13-0115
https://www.ncbi.nlm.nih.gov/pubmed/24563870
https://doi.org/10.1038/nature14292
https://doi.org/10.1172/JCI67313
https://www.ncbi.nlm.nih.gov/pubmed/24382348
https://doi.org/10.1200/JCO.2023.41.16_suppl.3554
https://doi.org/10.1200/JCO.2021.39.15_suppl.3560
https://doi.org/10.1001/jamanetworkopen.2023.46094
https://doi.org/10.1016/S0002-9440(10)65436-3
https://doi.org/10.1126/science.aan6733
https://www.ncbi.nlm.nih.gov/pubmed/28596308
https://doi.org/10.1016/j.chom.2023.04.010
https://doi.org/10.1002/adma.201805007
https://doi.org/10.1126/science.aad1329
https://www.ncbi.nlm.nih.gov/pubmed/26541610
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1038/nrd.2015.35
https://www.ncbi.nlm.nih.gov/pubmed/26965203
https://doi.org/10.1126/science.aao3290
https://www.ncbi.nlm.nih.gov/pubmed/29302014
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1136/gutjnl-2018-317220
https://doi.org/10.1126/science.abc3421

J. Clin. Med. 2024, 13, 420 18 of 19

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Gao, Y,; Bi, D,; Xie, R.; Li, M.; Guo, J.; Liu, H.; Guo, X; Fang, J.; Ding, T.; Zhu, H.; et al. Fusobacterium nucleatum enhances the
efficacy of PD-L1 blockade in colorectal cancer. Signal Transduct. Target. Ther. 2021, 6, 398. [CrossRef] [PubMed]

Hamada, T.; Zhang, X.; Mima, K.; Bullman, S.; Sukawa, Y.; Nowak, J.A.; Kosumi, K.; Masugi, Y.; Twombly, T.S.; Cao, Y.; et al.
Fusobacterium nucleatum in Colorectal Cancer Relates to Immune Response Differentially by Tumor Microsatellite Instability
Status. Cancer Immunol. Res. 2018, 6, 1327-1336. [CrossRef] [PubMed]

Fong, W.; Li, Q.; Ji, F; Liang, W.; Lau, H.C.H.; Kang, X.; Liu, W.; To, KK.-W.; Zuo, Z; Li, X; et al. Lactobacillus gallinarum-derived
metabolites boost anti-PD1 efficacy in colorectal cancer by inhibiting regulatory T cells through modulating IDO1/Kyn/AHR
axis. Gut 2023, 72, 2272-2285. [CrossRef] [PubMed]

Raman, M.; Ambalam, P.; Kondepudi, K K.; Pithva, S.; Kothari, C.; Patel, A.T.; Purama, RK.; Dave, ].M.; Vyas, B.R.M. Potential of
probiotics, prebiotics and synbiotics for management of colorectal cancer. Gut Microbes 2013, 4, 181-192. [CrossRef] [PubMed]
Mohamadzadeh, M.; Pfeiler, E.A.; Brown, ].B.; Zadeh, M.; Gramarossa, M.; Managlia, E.; Bere, P; Sarraj, B.; Khan, M.W.; Pakanati,
K.C,; et al. Regulation of induced colonic inflammation by Lactobacillus acidophilus deficient in lipoteichoic acid. Proc. Natl. Acad.
Sci. USA 2011, 108 (Suppl. S1), 4623-4630. [CrossRef] [PubMed]

Khazaie, K.; Zadeh, M.; Khan, M.W.; Bere, P.; Gounari, F;, Dennis, K.; Blatner, N.R.; Owen, J.L.; Klaenhammer, T.R.;
Mohamadzadeh, M. Abating colon cancer polyposis by Lactobacillus acidophilus deficient in lipoteichoic acid. Proc. Natl. Acad. Sci.
USA 2012, 109, 10462-10467. [CrossRef]

Chong, E.S.L. A potential role of probiotics in colorectal cancer prevention: Review of possible mechanisms of action. World J.
Microbiol. Biotechnol. 2014, 30, 351-374. [CrossRef] [PubMed]

Aindelis, G.; Tiptiri-Kourpeti, A.; Lampri, E.; Spyridopoulou, K.; Lamprianidou, E.; Kotsianidis, I.; Ypsilantis, P;
Pappa, A.; Chlichlia, K. Inmune Responses Raised in an Experimental Colon Carcinoma Model Following Oral Administration
of Lactobacillus casei. Cancers 2020, 12, 368. [CrossRef]

Chang, C.-W.; Liu, C.-Y;; Lee, H.-C.; Huang, Y.-H.; Li, L.-H.; Chiau, J.-5.C.; Wang, T.-E.; Chu, C.-H.; Shih, 5.-C; Tsai, T.-H.; et al.
Lactobacillus casei Variety rhamnosus Probiotic Preventively Attenuates 5-Fluorouracil/Oxaliplatin-Induced Intestinal Injury in a
Syngeneic Colorectal Cancer Model. Front. Microbiol. 2018, 9, 983. [CrossRef]

Chen, D,; Jin, D.; Huang, S.; Wu, J.; Xu, M,; Liu, T.; Dong, W.; Liu, X.; Wang, S.; Zhong, W.; et al. Clostridium butyricum, a
butyrate-producing probiotic, inhibits intestinal tumor development through modulating Wnt signaling and gut microbiota.
Cancer Lett. 2020, 469, 456—467. [CrossRef]

Chen, Z.-F; Ai, L.-Y.; Wang, ].-L.; Ren, L.-L.; Yu, Y.-N.; Xu, J.; Chen, H.-Y;; Yu, ].; Li, M.; Qin, W.-X,; et al. Probiotics Clostridium
butyricum and Bacillus subtilis ameliorate intestinal tumorigenesis. Future Microbiol. 2015, 10, 1433-1445. [CrossRef] [PubMed]
Walia, S.; Kamal, R.; Kanwar, S.S.; Dhawan, D.K. Cyclooxygenase as a target in chemoprevention by probiotics during 1,2-
dimethylhydrazine induced colon carcinogenesis in rats. Nutr. Cancer 2015, 67, 603-611. [CrossRef] [PubMed]

Jakubauskas, M.; Jakubauskiene, L.; Leber, B.; Horvath, A.; Strupas, K.; Stiegler, P.; Schemmer, P. Probiotic Supplementation
Suppresses Tumor Growth in an Experimental Colorectal Cancer Liver Metastasis Model. Int. J. Mol. Sci. 2022, 23, 7674. [CrossRef]
[PubMed]

Zhuo, Q.; Yu, B.; Zhou, J.; Zhang, J.; Zhang, R.; Xie, J.; Wang, Q.; Zhao, S. Lysates of Lactobacillus acidophilus combined with
CTLA-4-blocking antibodies enhance antitumor immunity in a mouse colon cancer model. Sci. Rep. 2019, 9, 20128. [CrossRef]
[PubMed]

Pandey, K.; Umar, S. Microbiome in drug resistance to colon cancer. Curr. Opin. Physiol. 2021, 23, 100472. [CrossRef]
Weingarden, A.R.; Vaughn, B.P. Intestinal microbiota, fecal microbiota transplantation, and inflammatory bowel disease. Gut
Microbes 2017, 8, 238-252. [CrossRef]

Wang, Y.; Wiesnoski, D.H.; Helmink, B.A.; Gopalakrishnan, V.; Choi, K.; DuPont, H.L,; Jiang, Z.-D.; Abu-Sbeih, H.; Sanchez, C.A;
Chang, C.-C; et al. Fecal microbiota transplantation for refractory immune checkpoint inhibitor-associated colitis. Nat. Med. 2018,
24,1804-1808. [CrossRef] [PubMed]

Chang, C.-W.; Lee, H-C,; Li, L-H.,; Chiang Chiau, ]J.-S.; Wang, T.-E.; Chuang, W.-H.; Chen, M.-].; Wang, H.-Y,;
Shih, S.-C.; Liu, C.-Y,; 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. 2020, 21, 386. [CrossRef]

Routy, B.; Lenehan, ].G.; Miller, WH.; Jamal, R.; Messaoudene, M.; Daisley, B.A.; Hes, C.; Al, K.F,; Martinez-Gili, L.; Pun¢ochar,
M.; et al. Fecal microbiota transplantation plus anti-PD-1 immunotherapy in advanced melanoma: A phase I trial. Nat. Med. 2023,
29, 2121-2132. [CrossRef]

Baruch, EN.; Youngster, I; Ben-Betzalel, G.; Ortenberg, R.; Lahat, A.; Katz, L.; Adler, K,; Dick-Necula, D.; Raskin, S.; Bloch, N.; et al. Fecal
microbiota transplant promotes response in immunotherapy-refractory melanoma patients. Science 2021, 371, 602—609. [CrossRef]
Davar, D.; Dzutsev, A.K.; McCulloch, J.A.; Rodrigues, R.R.; Chauvin, J.-M.; Morrison, R.M.; Deblasio, R.N.; Menna, C.; Ding, Q.;
Pagliano, O.; et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science 2021, 371,
595-602. [CrossRef] [PubMed]

Cheng, X; Li, X,; Yang, X,; Fang, S.; Wang, Z; Liu, T.; Zheng, M.; Zhai, M.; Yang, Z.; Shen, T. Successful Treatment of pMMR MSS
IVB Colorectal Cancer Using Anti-VEGF and Anti-PD-1 Therapy in Combination of Gut Microbiota Transplantation: A Case
Report. Cureus 2023, 15, e42347. [CrossRef] [PubMed]


https://doi.org/10.1038/s41392-021-00795-x
https://www.ncbi.nlm.nih.gov/pubmed/34795206
https://doi.org/10.1158/2326-6066.CIR-18-0174
https://www.ncbi.nlm.nih.gov/pubmed/30228205
https://doi.org/10.1136/gutjnl-2023-329543
https://www.ncbi.nlm.nih.gov/pubmed/37770127
https://doi.org/10.4161/gmic.23919
https://www.ncbi.nlm.nih.gov/pubmed/23511582
https://doi.org/10.1073/pnas.1005066107
https://www.ncbi.nlm.nih.gov/pubmed/21282652
https://doi.org/10.1073/pnas.1207230109
https://doi.org/10.1007/s11274-013-1499-6
https://www.ncbi.nlm.nih.gov/pubmed/24068536
https://doi.org/10.3390/cancers12020368
https://doi.org/10.3389/fmicb.2018.00983
https://doi.org/10.1016/j.canlet.2019.11.019
https://doi.org/10.2217/fmb.15.66
https://www.ncbi.nlm.nih.gov/pubmed/26346930
https://doi.org/10.1080/01635581.2015.1011788
https://www.ncbi.nlm.nih.gov/pubmed/25811420
https://doi.org/10.3390/ijms23147674
https://www.ncbi.nlm.nih.gov/pubmed/35887022
https://doi.org/10.1038/s41598-019-56661-y
https://www.ncbi.nlm.nih.gov/pubmed/31882868
https://doi.org/10.1016/j.cophys.2021.100472
https://doi.org/10.1080/19490976.2017.1290757
https://doi.org/10.1038/s41591-018-0238-9
https://www.ncbi.nlm.nih.gov/pubmed/30420754
https://doi.org/10.3390/ijms21020386
https://doi.org/10.1038/s41591-023-02453-x
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1126/science.abf3363
https://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.7759/cureus.42347
https://www.ncbi.nlm.nih.gov/pubmed/37621810

J. Clin. Med. 2024, 13, 420 19 of 19

133. Zhao, W.; Lei, J.; Ke, S.; Chen, Y,; Xiao, J.; Tang, Z.; Wang, L.; Ren, Y.; Alnaggar, M.; Qiu, H.; et al. Fecal microbiota transplantation
plus tislelizumab and fruquintinib in refractory microsatellite stable metastatic colorectal cancer: An open-label, single-arm,
phase II trial (RENMIN-215). eClinicalMedicine 2023, 66, 102315. [CrossRef]

134. M.D. Anderson Cancer Center. Pilot Trial of Fecal Microbiota Transplantation and Re-Introduction of Anti-PD-1 Therapy in
dMMR Colorectal Adenocarcinoma Anti-PD-1 Non-Responders. clinicaltrials.gov. 2023. Available online: https://clinicaltrials.
gov/study/NCT04729322 (accessed on 1 January 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.eclinm.2023.102315
https://clinicaltrials.gov/study/NCT04729322
https://clinicaltrials.gov/study/NCT04729322

	Introduction 
	Gut Microbiota and CRC Metastasis Development 
	Fusobacterium nucleatum 
	Bacteroides fragilis 
	Streptococcus gallolyticus 

	Metabolites from the Gut Microbiota and CRC Metastatic Potential 
	The Gut Microbiota and Response to Systemic Therapies 
	The Gut Microbiota and Chemotherapy 
	Gut Microbiota and Immunotherapy 

	Microbiota-Based Therapies: Gut Microbiota Modulation 
	Probiotics 
	Fecal Microbiota Transplantation 

	Conclusions 
	References

