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Abstract: Growing evidence suggests that cancer should not be viewed solely as a genetic
disease but also as the result of functional defects in the metaorganism, including distur-
bances in the gut microbiota (i.e., gut dysbiosis). The human microbiota plays a critical
role in regulating epithelial barrier function in the gut, airways, and skin, along with host
metabolism and systemic immune responses against microbes and cancer. Collaborative
international networks, such as ONCOBIOME, are essential in advancing research equity
and building microbiome resources to identify and validate microbiota-related biomarkers
and therapies. In this review, we explore the intricate relationship between the microbiome,
metabolism, and cancer immunity, and we propose microbiota-based strategies to improve
outcomes for individuals at risk of developing cancer or living with the disease.

Keywords: cancer; gut; immunotherapy; immuno-oncology; microbiota; microbiome;
biomarkers; fecal microbiota transplantation; diet

1. Introduction
The human gut microbiota are an ecological niche that largely consists of members from

the domain Bacteria, but they are also populated to a lesser extent by members from the
domains Archaea and Eukarya (e.g., fungi) [1]. Research over the past decade has also shown
they have a profound impact on anti-cancer immune responses. This concept led to the de-
velopment of “Oncobiomics”, which studies the impact of the microbiota on cancer-immune
surveillance. It was developed based on four foundational concepts [2,3]. First, retrospective
and prospective studies have demonstrated the negative effect of antibiotics (ATB) on the
clinical results of immuno-oncology (I-O) therapies such as immune-checkpoint inhibitors
(ICIs) [4,5] and chimeric antigen receptor T cell (CAR-T cell) therapies [6,7]. Second, the
shotgun metagenomics sequencing (MGS) of stool samples has enabled the association
between gut microbiota composition and microbial metabolic pathways with clinical ben-
efit to ICI across tumor types and geographical regions [3,8–12]. Confounding variables
such as geographical specificities, technical factors (e.g., extraction methods), and differ-
ent definitions of clinical outcomes can contribute to variations for which taxa correlate
with therapeutic response between studies [4,13]. However, despite this variability, the
prevalence or relative abundance of key taxa such as Akkermansia muciniphila and members
of the Lachnospiraceae or Oscillospiraceae families have been repeatedly correlated with im-
proved therapeutic responses [4,14]. Third, fecal microbiota transplantation (FMT) from
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human donors into mice (patient-derived avatar mice) has established a causal relationship
between gut microbiota composition and ICI treatment outcomes. Indeed, oral gavage
with specific immunogenic microbes or FMT from treatment-responsive patients could
correct resistance to ICI in tumor-challenged mice [10,15,16]. Finally, pioneer studies using
microbiota-centered interventions (MCIs) have shown promising results in improving I-O
treatment efficacy for patients diagnosed with advanced tumors [17–22].

Manipulating the gut microbiota to boost anticancer immune responses is a novel and
promising therapeutic strategy, especially against immunogenic cancers like melanoma. In
this review, we take readers on a journey through the intricate relationship between the mi-
crobiome, metabolism, and cancer immunity, discuss the development of diagnostic tests for
gut dysbiosis, and examine microbiota-based strategies to improve therapeutic outcomes.

2. Impact of Microbes on Immunosurveillance
Over the past decade, I-O treatments have become essential treatment options for

patients with solid and hematological malignancies [23]. The tumor microenvironment
(TME) plays a critical role in dictating the efficacy of these I-O therapies. For example, they
will be less effective if the TME either physically excludes cytotoxic T cells (i.e., “immune-
deserts” or immune-excluded tumors), or has an immune infiltrate dominated by T cells
rendered dysfunctional due to interactions with immunosuppressive cells [24]. A better
understanding of the factors regulating the TME has led to the development of biomarkers
and adjunct therapies aimed at enhancing the efficacy of current I-O treatments [25].

Impact of antibiotics (ATB). ATB leads to reduced microbial (both fungal and bacterial)
diversity and a compositional shift dominated by harmful Enterocloster spp. and Hungatella
hathewayi [15,26,27], which negatively impact host metabolism and immunity [26,27]. For
instance, our laboratory has demonstrated that the “blooming” of Enterocloster spp. fol-
lowing ATB cessation disrupts the expression of ileal mucosal addressing cell adhesion
molecule-1 (MAdCAM-1) through perturbation of bile-acid metabolism [26,27]. The down-
regulation of MAdCAM-1 on the luminal side of high-endothelial venules in the gut mucosa
consequently allows the migration of (typically) gut-resident immunosuppressive α4β7+
regulatory Th17 (Tr17) cells towards extraintestinal tumors, consequently promoting an
immunosuppressive TME and leading to cancer progression and treatment resistance [26].

Indeed, multiple courses of ATB further downregulate MAdCAM-1 in patients with
cancer undergoing ICI treatment [26,27]. Gut microbiota composition and MAdCAM-1
levels do not recover until 90 days after ATB cessation [27,28], emphasizing the need for
therapies to accelerate recovery of gut fitness to promote optimal clinical benefit. We
demonstrated using preclinical models that Akkermansia spp. can prevent the downregu-
lation of MAdCAM-1 [26], thus reestablishing responses to ICI [29] despite gut dysbiosis
and showing that microbiota-modulating strategies can restore the MAdCAM-1/α4β7 axis.
Furthermore, ATB alters bile acid metabolism, which leads to alterations in MAdCAM-1
expression [26,27]; however, not all bile acids have the same effects [26,30]. Preclinical data
show that the conjugated secondary bile acid lithocholic acid (LCA) can decrease the ileal
MAdCAM-1 expression, reprogramming the tumor microenvironment [30].

Cross-reactivity between cancer and bacteria. The gut microbiota additionally acts
as a reservoir of immunogenic molecules that either promote immune cell activation or
closely resemble cancer-associated antigens. Lipopolysaccharide (LPS) and other proteins
like Amuc_1100 (a protein of unknown function expressed on the surface of A. muciniphila)
can bind to toll-like receptors (TLRs) and thus influence immune activation [31,32]. Ad-
ditionally, the carbohydrate polymer microbial polysaccharide A, most notably produced
by Bacteroides fragilis, stimulates Th1-mediated immune responses [33]. Cross-reactivity
between microbial and cancer-derived peptides has also been observed in multiple stud-
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ies. For instance, Fluckiger et al. used murine models to demonstrate that microbial
peptides encoded by the tail length tape measure protein (TMP) of a prophage found
in Enterococcus hirae can elicit CD8+ T cell-mediated immunity against cancer through
MHC class I molecules [34,35]. Another study demonstrated this concept in a clinical
context by showing that certain tumor-infiltrating lymphocytes (TILs) and TIL-derived T
cell clones respond to both glioblastoma neoantigens and gut microbiota-derived peptides,
further indicating molecular mimicry and cross-reactive immune recognition between gut
bacteria and cancer [36]. Collectively, these findings support the argument that a highly
diverse gut microbiome may enhance immune surveillance by increasing the potential
for cross-reactivity between microbial peptides and tumor-associated antigens, includ-
ing neoantigens. However, cross-reactivity between gut microbial antigens and tumor
neoantigens suggests a similar potential between gut microbes and autoantigens [37,38].
Such interactions could increase the incidence of immune-related adverse events (IrAEs)
following ICI therapy and require further study.

Microbial metabolites. Microbes can further impact immunosurveillance and anti-
cancer immunity by influencing a patient’s metabolic health. Microbial-related metabolites
such as polyamines and inosine influence T cell immunity [39,40], restore tissue-resident
memory T cells [41], and enhance fatty acid oxidation that leads to CD8+ T cell activa-
tion [42]. The gut microbiota produces several metabolic products, such as vitamins
(e.g., riboflavin, niacin, pantothenic acid, pyridoxine, and cyanocobalamin) that favor nor-
mal tissue function and immunosurveillance [43–45]. Short-chain fatty acids (SCFAs) are
another important metabolic byproduct. They are produced through the anaerobic fermen-
tation of non-digestible fibers [1] and act as an energy source for intestinal epithelial cells
and signaling molecules in the periphery [46]. They are also known to improve memory
CD8+ T cell function [47,48].

The relationship between microbial metabolites and immune function underscores the
importance of anatomical sites in shaping immune responses. Various studies have high-
lighted the key role of the ileum in regulating immunosurveillance [49–53], not only due to
the ileal microbiota composition (which differs from colonic fecal samples [1]) [26,53] but also
antigenic peptides released by enterocytes [49]. For example, Roberti et al. demonstrated
that higher rates of apoptotic ileal enterocytes were associated with improved outcomes in
patients with colorectal cancer (CRC) located on the right side (ascending colon) treated
with chemotherapy regimens based on oxaliplatin [49]. We hypothesize that the ileal
microbial biology may be implicated in the ICI benefit [54,55] of patients with germline
susceptibility to CRC (mostly right-sided tumors) [49,51,56].

Intratumoral microbiota. Several studies have confirmed the presence of microbiota
within tumors, though at very low levels [57–65]. The origin of these bacteria is still
under investigation and may be context-dependent. However, we know that microbes
can translocate from the gut lumen by invading the mucosal barrier or via hematoge-
nous dissemination to lymph nodes or tumors, influencing tumor biology [66,67] and
potentially the efficacy of I-O treatments [47]. Murine models have demonstrated that
ICI treatment can induce microbial translocation via dendritic cells (DCs) into mesenteric
lymph nodes (mLN) and tumor-draining lymph nodes (TdLNs), promoting anticancer
responses [68]. Furthermore, ATB decreased DC-mediated microbial translocation from the
gut into tumors, resulting in reduced DC and effector CD8+ T cell responses and promoting
ICI resistance [68]. Fluckiger et al. also found that TMP+ E. hirae can translocate to the
mLN and spleen and improve the outcomes of both cyclophosphamide and anti-PD-1
treatments [34]. Intratumoral microbiota can be characterized through various approaches,
including sequencing, pathology, and culture methods [69].
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Although sequencing methods are the gold standard in clinical research, the method
of choice ultimately depends on the scientific question. Moreover, different methods can
be complementary [69]. For instance, sequencing can identify and quantify taxa within
a sample (e.g., how much of taxon A is present?). This approach enables the alignment
of microbial sequences with publicly available genomes and supports the use of isolated
species in preclinical and functional experiments. On the other hand, culturomics enables
the isolation of live microbial colonies from tumors and surrounding tissues (e.g., is taxon
A present in the sample and where?). This method allows us to determine where in a given
sample the bacteria are located—tumor or adjacent healthy tissue—and retain the clinical
isolates for further study.

Recent studies have increased our understanding of the Janus face of the human
microbiome, revealing its role in complex and multifactorial processes. The intratumoral
microbiota may increase the metastatic potential of cancer cells through genomic instabil-
ity, a hallmark of cancer [66,70]. The presence of intratumoral Fusobacterium nucleatum is
correlated with an immunosuppressive TME in CRC [71,72], lung cancer [73], and breast
cancer [74], leading to decreased infiltration of CD8+ T cell and reduced cytotoxic activ-
ity [71,72,74]. Furthermore, colibactin is a carcinogen produced by pks+ Escherichia coli
strains and their presence in CRC has been associated with disease onset and progres-
sion [75,76]. Thus, different bacterial species and strains can have distinct—and sometimes
detrimental—effects on disease progression and treatment outcomes.

Although therapies targeting cancer-associated microbial neoantigens are promising
therapeutic or prophylactic strategies [77,78], there is little evidence suggesting that in-
tratumoral bacteria are clinically relevant. Regardless, two studies have demonstrated
that Escherichia spp. can be found in lung and bladder cancer biopsies and surgical speci-
mens [79,80]. Moreover, intratumoral Escherichia spp. was associated with superior survival
in patients with non-small cell lung cancer (NSCLC) treated with ICI monotherapy (but not
in combination with chemotherapy regimens) [80]. Interestingly, patients with urothelial
carcinoma treated with neoadjuvant PD-1 blockade who mounted humoral responses
against E. coli had better prognoses [79]. It is known that specific humoral responses
against microbes are crucial to coordinating the host microbial homeostasis and preventing
or controlling pathogen outgrowth and systemic infections [81]. Liu et al. showed that
targeting the tolerogenic intratumoral F. nucleatum either via a bacterial outer membrane
vesicle-coated nanoplatform or metronidazole, a nitroimidazole-class ATB, may increase the
TME immunogenicity in patients with triple-negative breast cancer (TNBC) [74]. Similarly,
liposomes loaded with ATB targeting harmful anaerobic bacteria drove microbial-specific
T cell immunity in CRC models [78]. These studies highlight the clinical prospects of
modulating the intratumoral bacterial composition or inducing specific immune responses
towards clinically relevant microbes to improve cancer treatment outcomes [82,83].

Leveraging the microbiota can enable the development of robust interventions to
overcome the negative, or enhance the positive, microbial-related factors implicated in
the cancer-immune set point [84]. We and others aim to improve the clinical results of
I-O treatments and the quality of oncology clinical care by reestablishing gut fitness and
promoting more effective anticancer immune responses [4].

3. Development of Diagnostic Tools
Microbiome sequencing has enabled researchers to demonstrate the association be-

tween gut dysbiosis and human diseases, including cancer [85,86]. Indeed, patients with
cancer exhibit hallmarks of cancer-associated stress ileopathy, characterized by anatomical
and functional changes in the ileum caused by β-adrenergic receptor signaling-mediated
stress, consequently leading to increased gut permeability and protracted gut dysbiosis
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dominated by Gram-positive microbes (e.g., Enterocloster spp. described above) [53]. Gut
dysbiosis is associated with worse clinical outcomes and primary treatment resistance
across various cancers and treatment types, notably I-O regimens [14,87]; patients are more
likely to benefit from I-O treatments if they harbor health-related gut commensals at the
baseline [14,37,88]. Additionally, gut microbiota composition has been correlated with toxi-
city to both CAR-T cell therapies [6] and ICI [89,90], specifically the incidence and severity
of IrAEs. Moreover, dysbiosis has been characterized by metabolic disruptions, notably
reduced production of SCFAs, elevated levels of inflammatory cytokines, and compromised
gut barrier integrity. Importantly, we have shown that microbiota and metabolic profiles
may act as confounding factors that need to be considered in randomized clinical trials to
minimize selection bias and its potential to impact the clinical outcomes of investigational
therapies [91,92].

We, together with our colleagues, have been working to discover taxonomic biomark-
ers to identify patients who are dysbiotic (Figure 1). Recent studies demonstrated that
various cancers share consistent MGS signatures with diverse inflammatory or metabolic
diseases, such as cardiovascular disorders, type 2 diabetes, inflammatory bowel disease,
irritable bowel syndrome, and mental health conditions including depression [13]. In a
Dutch study comprising 8,208 individuals across three generations, Gacesa et al. compared
over 20 cases for each of 81 different diseases, including those just mentioned, and found
they were associated with decreases in Faecalibacterium, Bifidobacterium, Butyrivibrio, Sub-
doligranulum, Oxalobacter, Eubacterium, and Roseburia genus. In contrast, MGS patterns
comprised of Anaerotruncus, Ruminococcus, Bacteroides, Holdemania, Flavonifractor, Eggerthella,
and Enterocloster genus were positively associated with those same diseases [13]. These
findings are notable because the shared microbiome signatures were found across several
unrelated maladies. Similarly, a pan-cancer meta-analysis found evidence that patients who
benefit from ICI were enriched with members of the Lachnospiraceae and Oscillospiraceae
families members (notably containing the Faecalibacterium genus) and Akkermansia spp. [14].
However, patients experiencing resistance to ICI experienced an overrepresentation of the
Enterocloster genus in addition to pro-inflammatory oral taxa (e.g., Streptococcus spp.), and
members of the Veillonella and Hungatella genus [14]. Therefore, developing diagnostic
tools to identify dysbiosis in cancer patients can be translated to other diseases (Figure 1).
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Figure 1. A pipeline for developing biomarker-guided interventions in the microbiota field. We illus-
trate how clinicians might diagnose gut dysbiosis and inform therapy through fecal or blood-based
markers. Fecal biomarkers include key bacterial taxa (e.g., Akkermansia, Faecalibacterium prausnitzii,
and Fusobacterium nucleatum), the TOPOSCORE, the Gut Microbiome Health Index (GMHI), and
miRNA signatures. Blood biomarkers include soluble mucosal addressing cell adhesion molecule-1
(sMAdCAM-1), metabolomic profiles, and antimicrobial IgA/IgG. Following the discovery, vali-
dation, and qualification phases, these biomarkers guide microbiota-centered interventions, with
feedback from pharmacodynamic and kinetic assessments to refine treatment strategies.

4. Fecal Markers
The presence of fecal A. muciniphila before starting an ICI treatment regimen cor-

relates with improved clinical results in patients with NSCLC and renal cell carcinoma
(RCC) [10,29,83,93]. However, correlations with treatment outcomes cannot always be
as straightforward as relying solely on relative abundance or prevalence [10,29,93]. For
example, a prospective study demonstrated that trichotomizing the relative abundance
of the A. muciniphila species-level genome bin (SGB) 9226—categorizing it as abnormal
values if either absent or its relative abundance is greater than 4.799%—provided a better
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stratification of patients who are likely to respond to treatment (A. muciniphila SGB9226 is a
surrogate marker of gut barrier fitness) [29,83]. The absence of A. muciniphila or its exces-
sively high abundance correlates with poorer overall survival (OS), an immunosuppressive
gut microbiota composition and higher host exfoliate transcriptome (a surrogate marker of
stress ileopathy). In contrast, A. muciniphila values within a healthy range correlate with a
health-related gut microbiota composition, a lower host exfoliate transcriptome, and Th1
polarization in the TME [29,83]. Interestingly, immune responses directed against Akkerman-
sia spp. leading to bacteria eradication may be deleterious for patients with NSCLC [82,83].
Faecalibacterium prausnitzii is another highly immunogenic bacterium in the gut microbiota
of healthy individuals and a known butyrate producer [94,95], and its decreased abundance
is associated with poorer clinical outcomes across cancer types [8,91,94].

Notably, a single microbial species can have multiple SGBs due to factors such as
genetic diversity and strain variation [96]. Thus, not all SGBs may have the same impact on
human health and clinical benefit to I-O strategies [91].

Due to the limitations in predicting clinical outcomes across cohorts and cancer types
using isolated MGS species, we and others have focused on the development of genome-
and community-based approaches that derive individual metrics that can be used for diag-
nosing gut dysbiosis. These efforts allow opportunities for selecting appropriate recipients
of relevant MCIs and any donors that may contribute toward these therapies [88,97–100].
The Gut Microbiome Health Index (GMHI), a predictive index based on a mathematical
model using 50 MGS species, allowed Gacesa et al. to significantly differentiate individuals
with self-reported health versus disease in their cross-generational Dutch cohort [13,97].
Moreover, two competing microbial ecological functional units that collectively increase or
decrease in abundance (e.g., “guilds”) are composed of different taxonomic backgrounds
and predict the metabolic syndrome of patients with type 2 diabetes [98,99].

Likewise, we performed an ecological distribution of fecal MGS species into two
opposing species interacting groups (“SIGs”) with disparate predictions for OS of patients
with cancer after 12 months of treatment [88]. Using the whole-population-based network
as a foundation, we developed an individual-level numerical score called the topological
score (TOPOSCORE) [88], which takes into account the relative abundances of 37 harmful
(SIG1) and 45 beneficial (SIG2) MGS, along with the trichotomized relative abundance
of A. muciniphila SGB9226 described earlier. Notably, SIG1 bacteria are associated with
MGS metabolic pathways involving the β-oxidation of fatty acids, the degradation of
5′deoxyadenosine, L-phenylalanine, purine, and L-histidine, and the biosynthesis of guano-
sine and L-lysine. In contrast, SIG2 bacteria correlated with polyamine and tryptophan
pathways, which are associated with T-cell fitness. The translation of the MGS-based
score into a qPCR-based score—distilled to a clinically relevant list of 21 bacteria—creates
opportunities for rapid and simple clinical implementation [88].

The leverage of large datasets identifying health- and disease-related MGS signa-
tures [13] opens new avenues for identifying robust fecal markers as diagnostic tests of
dysbiosis that can be applied in different settings. In addition to selecting patients who
will benefit from MCI upon starting ICI therapy, MGS signatures hold the potential for
determining the optimal ICI treatment duration. A prospective study is evaluating whether
patients with persistent dysbiotic microbiota might benefit from discontinuing ICI regimens
after two years without disease progression [101].

MGS signatures can additionally be used to identify individuals at risk of developing
diseases like cancer. For instance, patients with CRC have distinct MGS signatures from
those with adenomas or healthy individuals [102,103]. The MGS signature associated with
CRC was marked by an increased relative abundance of specific subclades of F. nucleatum,
which may have varying biological significance [72]. For example, patients with CRC
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had decreased levels of Ruminococcus bicirculans and F. prausnitzii subclades [102,103].
Furthermore, H. hathewayi and Methanobrevibacter smithii were associated with stages III–IV
or IV CRC, respectively [103].

Similarly, five distinct fecal host-derived micro RNAs (miRNAs) distinguished patients
with CRC from individuals without CRC in a multicentric study [104,105]. Interestingly,
Mediterranean dietary intervention modulated pro-inflammatory fecal miRNAs [104,106–108],
showing that a longitudinal transcriptome evaluation of miRNAs may help assess the
responses to MCI.

The current challenge relies on the prospective validation of these fecal markers across
countries and cancer types towards implementation in clinical routine.

5. Circulating Markers
Advances in our understanding of underlying mechanisms governing the gut-immune

axis have enabled the discovery of blood-based surrogate markers for gut dysbiosis. For
example, we have demonstrated that soluble MAdCAM-1 (sMAdCAM-1), measured via
a Luminex assay, correlated with ileal transcripts and the clinical prognosis of cancer pa-
tients [26,109]. Moreover, sMAdCAM-1 levels correlated with gut microbiota composition,
showing that it can be used as a biomarker of gut dysbiosis [26]. Patients with low levels of
sMAdCAM-1 have a poorer prognosis and a gut microbiota composition enriched with
tolerogenic Enterocloster spp., Veillonella spp., and Thomasclavelia ramosa (formerly known as
Erysipelatoclostridium ramosum) [26].

Lymphocytic responses against gut microbes can also be potential biomarkers and
can be easily assessed via flow cytometry or microbial-specific T cell stimulation as-
says [79,82,83,110]. Goubet et al. demonstrated that the titer of IgG specific to uropathogenic
E. coli can be a potential biomarker associated with the clinical benefit of ICI treatment
regimens in patients with bladder cancer [79,110]. Specifically, patients who had higher
titers of anti-E. coli IgG had a better prognosis following treatment [79,110]. In another
study, NSCLC patients with high titers of anti-Akkermansia IgG were more likely to lack
A. muciniphila in their fecal microbiota, a marker of a tolerogenic gut microbiota compo-
sition, and experienced worse clinical outcomes [83]. Furthermore, the development of
memory T cell responses against distinct microbes may be clinically relevant to identifying
patients who could potentially benefit from ICI, such as Akkermansia-specific follicular
helper T cell responses [82]. Immune responses against gut commensals deserve further
investigation in prospective MCI clinical trials, both as baseline biomarkers for treatment
success and to assess prospective responses to MCIs, such as the evaluation of enterofecal
compatibility before receiving an FMT. Indeed, Thomas et al. were able to use murine
models to demonstrate distinct impacts on immune responses, especially regarding RORγt+
T cell and macrophage populations, and host metabolism following different patterns of
FMT engraftment [111]

Distinct circulating metabolites appear to be promising hallmarks of cancer prognosis
and the response to ICI [91,112,113]. However, there is no consensus in the literature
on which metabolomic signatures are most effective in I-O, primarily due to technical
variation across studies, such as sample collection time, sample type, and storage methods.
In a cohort of patients with locally advanced melanoma, an early metabolic shift was
detected before the clinical diagnosis of cancer recurrence. This shift was characterized
by an accumulation of acylcarnitine chains, fatty acids, and carboxylic acids, which were
associated with relapse [91]. Importantly, anticancer and concomitant therapies may
impact the interplay between host, microbiome, and metabolism [27,91] and, therefore, the
clinical prognosis, thus highlighting the importance of the longitudinal assessment of these
parameters to guide clinical decisions. Desaminotyrosine (DTA), a flavonoid metabolic
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byproduct, improves gut barrier fitness and modifies the TME into a more immunogenic
phenotype. It is, therefore, associated with improved ICI treatment outcomes and also
overcomes the deleterious effects of ATB [112,114,115]. Alongside other fecal metabolites,
such as SCFAs, isovaleric acid, and indole-3-carboxaldehyde, fecal DTA contributes to
the immunomodulatory metabolites risk index (IMM-RI) [116], an approach analogous to
fecal MGS scores. Patients who are considered IMM-RIlow were associated with improved
clinical outcomes (as measured by survival, rate of relapse, and transplant-related mortality)
after allogeneic hematopoietic stem cell transplantation [116].

Ideally, blood tests would be used as proxies for gut dysbiosis and represent promising
alternatives to time- and cost-demanding fecal sequencing tests, but they must be clinically
validated before widespread adoption in oncological practice.

6. Promising Microbiota-Centered Interventions (MCIs) in the
Immuno-Oncology (I-O) Field

MCI strategies aim to regulate the gut microbiota and restore a healthier, more im-
munogenic microbial composition. Examples of MCI include FMT, prebiotics, probiotics,
live biotherapeutic products (LBPs), diet, and concomitant medications [4]. Current evi-
dence from clinical trials shows that MCI may restore host–microbe homeostasis through
changes in the gut microbiota composition, metabolism, and immune system, thereby
favorably altering the TME and leading to improved ICI treatment outcomes.

6.1. Comedications

Given the potential influence of comedications on the microbiota–cancer–immunity
axis (Figure 2), microbiome research supports recommendations to discourage polyphar-
macy and promote their rational use. ATB [4,5,117–119] and proton pump inhibitors
(PPIs) [120,121] are associated with reduced efficacy of ICI treatments. This highlights the
importance of promoting good prescribing practices and regularly re-evaluating main-
tenance therapies to discontinue unnecessary comedications in patients without a clear
indication. When clinically recommended, we should also consider the timing of ICI
administration and the spectrum of action of ATB and PPIs [27,121].

A large meta-analysis of ICI-treated NSCLC patients has demonstrated that the delete-
rious effect of ATB intake occurs between 60 days before and 42 days after ICI treatment
initiation [4]. This finding was validated by a second, larger meta-analysis [5] and a prospec-
tive cohort study investigating the immunosuppressive effects of ATB in patients with
NSCLC, RCC, or bladder cancer undergoing ICI-based treatments [27]. Notably, ATB seem
to have differing effects across treatment classes; while they also impact the efficacy of
tyrosine kinase inhibitors (TKIs) [122,123], no such effect was observed with chemotherapy
regimens [124].

Narrow-spectrum ATB does not impact survival [27,121]; indeed, the targeted elimina-
tion of harmful microbes may even be beneficial [53,78]. We demonstrated that vancomycin
eliminates Enterocloster spp. and reduced markers of cancer-related ileopathy and tumor
growth in preclinical models [53]. Moreover, patients who received ATB targeting F. nuclea-
tum (a bacterium associated with disease progression in CRC), such as nitroimidazoles or
lincomycin-class compounds, showed improved disease-free survival compared to those
who received no ATB or ATB with a different spectrum [78], provided the primary tumor
was still in situ. Additionally, a liposome-formulated ATB was designed to specifically tar-
get intratumoral bacteria-induced T cell immunity by generating cancer-specific microbial
neoantigens through bacterial elimination [78]. Consistent with these results, a randomized
phase 2 clinical trial (NCT04264676) has been designed to evaluate the use of metronidazole
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or placebo control concomitant with chemotherapy in CRC patients who will be selected
based on qPCR confirmation of F. nucleatum in colon tissue biopsies.
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Figure 2. Comedications influencing immune-oncology (I-O) therapy efficacy. Broad-spectrum (non-
selective) antibiotics reduce immune-checkpoint inhibitors (ICI) response when administered near
treatment, whereas targeted (narrow-spectrum) agents appear relatively safe. Proton pump inhibitors
(PPIs) are similarly associated with poorer ICI outcomes, highlighting the need for careful prescribing.
β-blockers exhibit context-dependent effects, showing potential benefits in certain malignancies but
an uncertain impact in others.

ATB and PPIs are not the only comedications that influence the gut microbiota in can-
cer patients. Preclinical models indicate that cancer-induced β-adrenergic stress precipitates
intestinal dysbiosis, mucosal atrophy, and shifts in inflammatory metabolic pathways [53].
Consequently, we propose that β-blockers (e.g., propranolol) may provide a promising
strategy for mitigating these dysbiosis-related complications. However, there is conflict-
ing evidence between studies regarding the impact of blocking the dominance of stress
ileopathy sympathetic signaling [53]. While β-blockers have been associated with positive
outcomes in patients with TNBC [125,126], they appear to have no benefit for patients
diagnosed with RCC [127,128]. Thus, further research is required to refine comedication
strategies designed to enhance treatment outcomes or ameliorate disease symptoms.

6.2. Fecal Microbiota Transplantation (FMT)

Pioneer clinical trials evaluating FMT have demonstrated the feasibility, safety, and
efficacy of this method in patients with solid tumors, despite variability between trial de-
signs (Table 1) [17,19,22,129]. Fecal material was collected from either treatment-responsive
patients with cancer who achieved persistent complete (CR) or partial (PR) responses to
ICI [17–19] or from heavily screened healthy volunteers (HVs) [22]. FMTs were performed
via endoscopy [17,19], oral capsules [22], or both [18] and given either after disease progres-
sion following an initial ICI treatment [17,19,129] or before or concomitant with first-line
ICI treatments [18,22]. In seminal studies led by Davar and Baruch, administering FMT to
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treatment-refractory patients before ICI therapy restored treatment efficacy—as measured
via complete and partial responses—in 20–30% of patients with advanced melanoma [17,19].
Park et al. further showed that FMT given before resuming ICI treatments led to a disease
control rate in 46% of patients with digestive tumors who had primary or secondary resis-
tance to ICI, with additional data demonstrating immune activation following FMT [129].
Lastly, upfront FMT appears to enhance outcomes in first-line ICI therapy, as evidenced by
comparisons with pivotal trials [22] or standard-of-care treatment arms [18].

FMT trials highlight the clinical relevance of the ecological taxonomic distance be-
tween the fecal microbiota of FMT donors and recipients, in addition to the engraftment of
relevant microbial species [17,19,22]. Patients who benefit from FMT experience a gut mi-
crobiome shift toward their donor’s gut microbial composition [17,19,22]. While switching
from tolerogenic (such as Enterocloster bolteae) towards immunogenic bacteria (including
several Ruminococcaceae), these patients showed improved markers of gut fitness such as cir-
culating ST2 (a marker of gut permeability [53]) and propionate (beneficial bacteria-derived
SCFA) [22]. Interestingly, the development of specific IgG responses against donor-specific
microbes was associated with efficient colonization of donor microbiota and improved
response to ICIs [19].

FMT is a straightforward means of rapidly and drastically changing the gut microbiota
composition of a given individual. However, the need for specialized centers to handle
quality control standards, in addition to the poor stability and reproducibility of fecal
material, makes the routine use of this method difficult [130,131]. Leveraging the microbiota
ecological dynamics that shape the recipient’s microbiome after an FMT procedure is an
important step toward more reliable and replicable interventions.
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Table 1. Clinical trials evaluating fecal microbiota transplantation in immuno-oncology for solid tumors.

Study Tumor Setting Protocol N Arms Control
Arm

Admin.
Route

Donor
(N)

Preparation
Method N FMT Primary

Endpoint mFU mPFS
(mo)

mOS
(mo)

ORR
(%)

DCR
(%)

DoR
(mo)

SMC17-3956
[17] Melanoma Rescue ICI 10 1 NA

Colonoscopy
and oral
capsules

Pts with CR
for over

a year (2)

ATB for
3 days +

BCS

Colonoscopy
on D0, oral
capsules on

D1 and
D12 × 6 cycles

FMT/ICI-
related AEs 113 days NR NR 30 30

All FMT
R had
PFS >
6 mo

NCT03341143
[19] Melanoma Rescue ICI 15 1 NA Colonoscopy

PR > 24 mo
or CR >

12 mo (7)
NR 1 *

Whether
FMT can

convert NRs
to Rs

7 mo 3 7 20 33 Between
3 and 27 £

NCT03772899
MIMic

[22]
Melanoma Upfront Anti-

PD-1 20 1 NA Oral
capsules HV (3) BCS 1 Safety 21 mo NRe

NR (16 pts
were still

alive at FU)
65 75 12

NCT04951583
FMT-LUMINate

[132,133]

Melanoma Upfront
Anti-PD-
1 + anti-
CTLA-4

20 1 NA Oral
capsules HV (6) BCS 1 ORR 7 mo NR NR 75 75 Between

3 and 12 £

NSCLC Upfront Anti-
PD-1 20 1 NA Oral

capsules HV (6) BCS 1 ORR 7 mo NR NR 75 90 Between
3 and 9 £

NCT04264975
[129,134]

Solid
cancers

(GI
tumors)

Rescue Anti-
PD-1 13 1 NA Colonoscopy

CR/PR ≥
6 mo
(6)

ATB for
5 days ◦ 1 * ORR NR NR NR 8 46 NR

NCT04758507
TACITO
[18,135]

RCC Upfront Anti-PD-
1 + TKI 50 2

(R 1:1)

Placebo
(saline

solution)

Colonoscopy
and oral
capsules

Long-term
R > 12 mo to

ICI (1)
NR 3 PFS rate at

1 year 28 mo 14
(vs. 9) NRe (vs. 25) 52

(vs. 28)
90

(vs. 72) NR

Administration, admin.; adverse events, AEs; antibiotics, ATB; bowel-cleansing solution, BCS; complete response, CR; Day 0, D0; Day 1, D1; Day 12, D12; disease control rate, DCR;
duration of response, DoR; gastrointestinal, GI; healthy volunteers, HVs; immune-checkpoint inhibitors, ICIs; Median follow-up, mFU; median progression-free survival, mPFS;
median overall survival, mOS; microbiota-centered intervention, MCI; months, mo; non-responders, NRs; non-small cell lung cancer, NSCLC; not applicable, NA; not reached,
NRe; not reported, NR; number, N; overall response rate, ORR; patients, pts; partial response, PR; randomization, Rs; responders, Rs; tyrosine kinase inhibitors, TKIs; versus, vs..
* NCT03341143: one recipient received a new FMT after ATB use due to soft-tissue infection. NCT04264975: subsequent FMT were allowed (same or different donor). ◦ Before 1st FMT.
£ Reported individually.
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6.3. Next-Generation Probiotics (NGP) and Live Biotherapeutic Products (LBPs)

Research groups are working hard to identify optimal microbial strains or consortia to
boost immune responses following cancer therapies [11,29,136]. Early clinical trials have
evaluated the LBPs containing a strain of Clostridium butyricum MIYAIRI 588 (CBM588)
concomitant to first-line ICI combinations (Nivolumab plus Ipilimumab or Cabozantinib)
in patients with advanced RCC [20,21] and chemoimmunotherapy for NSCLC [137–139].
Although the primary endpoint of the RCC-based studies was not met (i.e., a change in the
relative abundance of fecal Bifidobacterium spp.), CBM588 was associated with improved
objective response rates (ORR) and progression-free survival (PFS) for both cancer types.
Notably, CBM588 most significantly improved the PFS and OS of NSCLC patients who had
received ATB or PPI before treatment over those who did not [137,139], thus suggesting a role
for this LBP in correcting comedication-induced dysbiosis. Preclinical studies have addi-
tionally revealed the clinical benefit of A. massiliensis strain p2261 (previously classified as A.
muciniphila) [29] and F. prausnitzii strain EXL01 [94] in tumor-bearing mice treated with ICI,
paving the way to launch early-phase clinical trials. A phase 2 trial (NCT05865730) assessed
the clinical efficacy of Oncobax®-AK, a lyophilized and encapsulated strain of Akkermansia,
in select Akkermansia-negative (based on a qPCR test), treatment-naïve RCC and NSCLC
patients who are eligible for ICI treatments. The preliminary results presented at the Society
for ImmunoTherapy of Cancer (SITC) 2024 by Lisa Derosa showed that Oncobax®AK is
a safe and improved marker of gut barrier fitness. The phase 2 study conducted by the
GERCOR research group (NCT06253611) assessed the efficacy of combining EXL01 with the
FOLFOX chemotherapy regimen (folinic acid, fluorouracil, and oxaliplatin) and ICI for pa-
tients with advanced gastric cancer expressing a PD-L1 combined positive score (CPS) ≥ 5.
ORR is the primary endpoint for both studies. Another early-phase clinical trial is currently
underway to evaluate a microbial consortium, Microbial Ecosystem Therapeutic 4 (MET4),
combined with ICIs in patients with solid tumors [136]. Although the primary endpoint is
not met (microbial ecological outcomes), MET4 is safe and well-tolerated [136].

Importantly, care providers must exercise vigilance in this area, particularly given
the widespread commercialization of probiotic products. Spencer et al. demonstrated the
deleterious impact of self-medication with commercially available probiotic products [140],
highlighting the need for the refinement of robust NGP and LBPs [141]. Furthermore, com-
mercially available Bifidobacterium- or Lactobacillus-based probiotics negatively impacted
the systemic immunity of treated mice, which led to ICI resistance [140]. Thus, more work
and clinical validation must be conducted to identify which microbial strains are beneficial
and, at an absolute minimum, not deleterious to patient health.

6.4. Diet, Metabolites, and Prebiotics

Environmental factors surpass genetics in shaping the gut microbiota [13], thus point-
ing to dietary strategies as important regulators of gut barrier fitness and host–microbiota
interplay [142]. Spencer et al. demonstrated that a high-fiber diet (HFD) is associated with
richer commensalism and improved prognosis in ICI-treated patients with melanoma [140].
Every 5 g increase in dietary fiber intake reduced the risk of cancer progression or death
by 30% after adjustment for clinical variables [140]. Jiang et al. demonstrated that an
HFD intervention influences both the gut microbiome and host metabolism by increasing
systemic acetate levels, altering omega-3 and omega-6 polyunsaturated fatty acid profiles,
and modulating indole and tryptophan metabolism, particularly in individuals with the
lowest baseline fiber intake [143,144]. The randomized phase 2 DIET study (NCT04645680)
further demonstrated that HFD is well tolerated, though clinical outcomes results are still
pending [143]. Other randomized trials will evaluate the HFD strategy in different settings,



Biomolecules 2025, 15, 504 14 of 23

such as additional tumor types (patients with NSCLC, NCT05805319) and associated with
other lifestyle strategies (e.g., exercise, NCT06298734).

Link et al. provided evidence of personalized nutritional intervention decisions
to prevent and treat cancer using the principles of nutrition–immunity interplay [145].
Different dietary strategies (vegan versus ketogenic diets) lead to the upregulation of
different pathways and enrichment in immune cells [145]. The ketogenic diet significantly
influenced the adaptive immune system and microbial pathways, while a vegan diet
mostly impacted the innate immune system. Notably, two weeks of controlled dietary
intervention is sufficient to significantly and divergently impact host immunity [143,145].
Ketogenic strategies, either through the ketogenic diet or supplementation with ketone
bodies, have shown benefit in preclinical models of tumor-bearing mice treated with ICI
regimens [146,147], though results from clinical trials are still pending.

It should be noted that there is the potential for low compliance and significant
discontinuation rates in controlled feeding studies [143]. If dietary intervention is to be
pursued, cultural differences, socioeconomic status, taste preferences, tumor types, and
prescribed anticancer therapies must also be considered to improve patient adhesion and
clinical benefit to dietary interventions.

Prebiotics are non-digestible food ingredients that selectively stimulate beneficial
gut bacteria, thereby enhancing metabolic functions such as the production of SCFAs
and modulation of inflammatory cytokine profiles [148,149]. These changes can improve
immune function and may help create a more favorable TME for I-O therapy. Recent
research suggests that such microbial modulation is critical for maximizing the efficacy
of ICIs. For instance, Messaoudene et al. demonstrated that the prebiotic camu-camu
berry (Myrciaria dubia), a reddish purple, cherry-like fruit from the Amazon rainforest in
South America, exhibits antitumor activity and can overcome resistance to ICI in murine
models through effects mediated via the polyphenol castalagin [150]. A phase 1 clinical trial
(NCT05303493) is underway to evaluate the effects of camu-camu capsules on standard ICI
regimens in patients with advanced NSCLC or melanoma. Ultimately, integrating prebiotics
into cancer care could help mitigate IrAEs while enhancing therapeutic responses.

7. Discussion
The composition of the gut microbiota impacts cancer immunosurveillance, and

leveraging the complex dialogue between microbiota, metabolism, and cancer immunity
opens many possibilities for clinical application. However, gut microbiota signatures show
limited reproducibility across different datasets, with variations in taxonomic composition
between cohorts and countries [151,152]. The lack of standardization in microbiome-
sequencing procedures, geographical factors, and different definitions for clinical outcomes
may contribute to this limited reproducibility [4,13]. Therefore, we advocate for establishing
an international consensus in the microbiome research field to standardize protocols and
address this problem [131,153].

Rather than relying solely on the classical Linnaean taxonomy and microbial strains,
the alignment and deeper analysis of sequencing data have allowed for significant refine-
ments in microbial classification, as demonstrated by the large-scale metagenomic assembly
uncovering over 150,000 microbial genomes in diverse populations [96]. Importantly, dis-
tinct strains or subclades of microbial species may have different biological effects and
clinical relevance [34,72,91]. Some studies discussed here provide evidence supporting a
focus on microbial ecological communities as a whole, rather than on specific microbial
subclades [88,98,99]. Whether the use of microbial consortia will bring more clinical benefit
than monoclonal NGP or LBP intervention is still an open question.
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Other key questions remain to be addressed in the field of MCIs, such as determin-
ing the most effective type of intervention (e.g., dietary modification versus FMT) and
identifying the optimal patient populations and treatment settings (e.g., rescue versus
upfront therapy). The lessons learned in I-O may be transposed to other fields; evidence
supports shared MGS signatures between cancer patients and patients with other metabolic
and inflammatory diseases [13], suggesting common mechanisms for how the microbiota
influences human health [85]. Since a given strategy or approach may not be suitable
for every patient, we should consider relying on microbiota-related biomarkers to better
evaluate and address individual patient needs. Moving forward, efforts should focus on
validating and standardizing diagnostic tests for gut dysbiosis (Figure 1) and conducting
more controlled trials with MCI to further explore their synergistic antitumor effects.
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et al. Intratumoral Escherichia Is Associated with Improved Survival to Single-Agent Immune Checkpoint Inhibition in Patients
With Advanced Non–Small-Cell Lung Cancer. J. Clin. Oncol. 2024, 42, 3339–3349. [CrossRef]

81. Zeng, M.Y.; Cisalpino, D.; Varadarajan, S.; Hellman, J.; Warren, H.S.; Cascalho, M.; Inohara, N.; Núñez, G. Gut Microbiota-Induced
Immunoglobulin G Controls Systemic Infection by Symbiotic Bacteria and Pathogens. Immunity 2016, 44, 647–658. [CrossRef]
[PubMed]

82. Gattazzo, F.; Birebent, R.; Lebhar, I.; Xiberras, M.; Marques, M.; Reni, A.; Flament, C.; Bonato, A.; Belluomini, L.; Chanfreau-Paris,
H.; et al. Impact of Microbiota Specific Circulating Memory T Cells in Response to Immunotherapy. J. Clin. Oncol. 2024, 42, 2572.
[CrossRef]

83. Belluomini, L.; Bonato, A.; Almonte, A.; Gattazzo, F.; Lebhar, I.; Birebent, R.; Flament, C.; Xiberras, M.; Marques, M.; Ly, P.; et al.
1172O Akkermansia Muciniphila-Based Multi-Omic Profiling in Advanced Non-Small Cell Lung Cancer. Ann. Oncol. 2024,
35, S762. [CrossRef]

84. Chen, D.S.; Mellman, I. Elements of Cancer Immunity and the Cancer–Immune Set Point. Nature 2017, 541, 321–330. [CrossRef]
85. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. Hallmarks of Aging: An Expanding Universe. Cell 2023,

186, 243–278. [CrossRef]
86. Swanton, C.; Bernard, E.; Abbosh, C.; André, F.; Auwerx, J.; Balmain, A.; Bar-Sagi, D.; Bernards, R.; Bullman, S.; DeGregori, J.;

et al. Embracing Cancer Complexity: Hallmarks of Systemic Disease. Cell 2024, 187, 1589–1616. [CrossRef]
87. Terrisse, S.; Goubet, A.-G.; Ueda, K.; Thomas, A.M.; Quiniou, V.; Thelemaque, C.; Dunsmore, G.; Clave, E.; Gamat-Huber, M.;

Yonekura, S.; et al. Immune System and Intestinal Microbiota Determine Efficacy of Androgen Deprivation Therapy against
Prostate Cancer. J. Immunother. Cancer 2022, 10, e004191. [CrossRef]

https://doi.org/10.1038/s41392-023-01693-0
https://doi.org/10.1038/s41392-022-01304-4
https://doi.org/10.1126/sciimmunol.abo2003
https://doi.org/10.3389/fonc.2023.1185163
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1016/j.chom.2023.04.010
https://www.ncbi.nlm.nih.gov/pubmed/37130518
https://doi.org/10.1038/s41586-024-07182-w
https://www.ncbi.nlm.nih.gov/pubmed/38509359
https://doi.org/10.2147/OTT.S348382
https://www.ncbi.nlm.nih.gov/pubmed/35250279
https://doi.org/10.1021/jacs.3c09472
https://doi.org/10.1016/j.tim.2022.05.010
https://doi.org/10.1038/s41586-020-2080-8
https://doi.org/10.1016/j.immuni.2024.07.020
https://doi.org/10.1038/s41587-023-01957-8
https://doi.org/10.1158/2159-8290.CD-22-0201
https://doi.org/10.1200/JCO.23.01488
https://doi.org/10.1016/j.immuni.2016.02.006
https://www.ncbi.nlm.nih.gov/pubmed/26944199
https://doi.org/10.1200/JCO.2024.42.16_suppl.2572
https://doi.org/10.1016/j.annonc.2024.08.1232
https://doi.org/10.1038/nature21349
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2024.02.009
https://doi.org/10.1136/jitc-2021-004191


Biomolecules 2025, 15, 504 20 of 23

88. Derosa, L.; Iebba, V.; Silva, C.A.C.; Piccinno, G.; Wu, G.; Lordello, L.; Routy, B.; Zhao, N.; Thelemaque, C.; Birebent, R.; et al.
Custom Scoring Based on Ecological Topology of Gut Microbiota Associated with Cancer Immunotherapy Outcome. Cell 2024,
187, 3373–3389.e16. [CrossRef]

89. Terrisse, S.; Derosa, L.; Iebba, V.; Ghiringhelli, F.; Vaz-Luis, I.; Kroemer, G.; Fidelle, M.; Christodoulidis, S.; Segata, N.; Thomas,
A.M.; et al. Intestinal Microbiota Influences Clinical Outcome and Side Effects of Early Breast Cancer Treatment. Cell Death Differ.
2021, 28, 2778–2796. [CrossRef]

90. Andrews, M.C.; Duong, C.P.M.; Gopalakrishnan, V.; Iebba, V.; Chen, W.-S.; Derosa, L.; Khan, M.A.W.; Cogdill, A.P.; White, M.G.;
Wong, M.C.; et al. Gut Microbiota Signatures Are Associated with Toxicity to Combined CTLA-4 and PD-1 Blockade. Nat. Med.
2021, 27, 1432–1441. [CrossRef]

91. Alves Costa Silva, C.; Piccinno, G.; Suissa, D.; Bourgin, M.; Schreibelt, G.; Durand, S.; Birebent, R.; Fidelle, M.; Sow, C.;
Aprahamian, F.; et al. Influence of Microbiota-Associated Metabolic Reprogramming on Clinical Outcome in Patients with
Melanoma from the Randomized Adjuvant Dendritic Cell-Based MIND-DC Trial. Nat. Commun. 2024, 15, 1633. [CrossRef]
[PubMed]

92. Bol, K.F.; Schreibelt, G.; Bloemendal, M.; Van Willigen, W.W.; Hins-de Bree, S.; De Goede, A.L.; De Boer, A.J.; Bos, K.J.H.;
Duiveman-de Boer, T.; Olde Nordkamp, M.A.M.; et al. Adjuvant Dendritic Cell Therapy in Stage IIIB/C Melanoma: The
MIND-DC Randomized Phase III Trial. Nat. Commun. 2024, 15, 1632. [CrossRef] [PubMed]

93. Dizman, N.; Hsu, J.; Bergerot, P.G.; Gillece, J.D.; Folkerts, M.; Reining, L.; Trent, J.; Highlander, S.K.; Pal, S.K. Randomized Trial
Assessing Impact of Probiotic Supplementation on Gut Microbiome and Clinical Outcome from Targeted Therapy in Metastatic
Renal Cell Carcinoma. Cancer Med. 2021, 10, 79–86. [CrossRef] [PubMed]

94. Bredon, M.; Danne, C.; Pham, H.P.; Ruffié, P.; Bessede, A.; Rolhion, N.; Creusot, L.; Brot, L.; Alonso, I.; Langella, P.; et al.
Faecalibacterium Prausnitzii Strain EXL01 Boosts Efficacy of Immune Checkpoint Inhibitors. OncoImmunology 2024, 13, 2374954.
[CrossRef]

95. Martín, R.; Rios-Covian, D.; Huillet, E.; Auger, S.; Khazaal, S.; Bermúdez-Humarán, L.G.; Sokol, H.; Chatel, J.-M.; Langella,
P. Faecalibacterium: A Bacterial Genus with Promising Human Health Applications. FEMS Microbiol. Rev. 2023, 47, fuad039.
[CrossRef]

96. Pasolli, E.; Asnicar, F.; Manara, S.; Zolfo, M.; Karcher, N.; Armanini, F.; Beghini, F.; Manghi, P.; Tett, A.; Ghensi, P.; et al. Extensive
Unexplored Human Microbiome Diversity Revealed by Over 150,000 Genomes from Metagenomes Spanning Age, Geography,
and Lifestyle. Cell 2019, 176, 649–662.e20. [CrossRef]

97. Gupta, V.K.; Kim, M.; Bakshi, U.; Cunningham, K.Y.; Davis, J.M.; Lazaridis, K.N.; Nelson, H.; Chia, N.; Sung, J. A Predictive Index
for Health Status Using Species-Level Gut Microbiome Profiling. Nat. Commun. 2020, 11, 4635. [CrossRef]

98. Wu, G.; Zhao, N.; Zhang, C.; Lam, Y.Y.; Zhao, L. Guild-Based Analysis for Understanding Gut Microbiome in Human Health and
Diseases. Genome Med. 2021, 13, 22. [CrossRef]

99. Zhao, L.; Wu, G.; Zhao, N. Guild-Based Approach for Mitigating Information Loss and Distortion Issues in Microbiome Analysis.
J. Clin. Investig. 2024, 134, e185395. [CrossRef]

100. Iebba, V.; Albiges, L.; Alla, L.; Colomba, E.; Silva, C.A.C.; Pons, N.; Baciarello, G.; Le Chatelier, E.; Fizazi, K.; Routy, B.; et al. Prior
Tyrosine Kinase Inhibitors (TKI) and Antibiotics (ATB) Use Are Associated with Distinct Gut Microbiota “guilds” in Renal Cell
Carcinoma (RCC). Ann. Oncol. 2019, 30 (Suppl. S5), v356–v402. [CrossRef]

101. Cascetta, P.; Reni, A.; Facchinetti, F.; Meyer, M.-L.; Riudavetz, M.; Aldea, M.; Dall’Olio, F.G.; Marinello, A.; Tagliamento, M.;
Remon Masip, J.; et al. Discontinuation of Immunotherapy over 2 Years for Patients with Non–Small Cell Lung Cancer (NSCLC):
A Search for Predictors. J. Clin. Oncol. 2023, 41, 2661. [CrossRef]

102. Thomas, A.M.; Manghi, P.; Asnicar, F.; Pasolli, E.; Armanini, F.; Zolfo, M.; Beghini, F.; Manara, S.; Karcher, N.; Pozzi, C.; et al.
Metagenomic Analysis of Colorectal Cancer Datasets Identifies Cross-Cohort Microbial Diagnostic Signatures and a Link with
Choline Degradation. Nat. Med. 2019, 25, 667–678. [CrossRef] [PubMed]

103. Piccinno, G. Cancer Microbiome Characterization: Tumor Stage, Location, Genomic Instability and Patient Outcome in CRC and
Melanoma 2024. Ph.D. Thesis, Università degli studi di Trento, Trento, Italy, 2024.

104. Naccarati, A.; Dragomir, M.P.; Tarallo, S.; Gagliardi, A.; Alberini, V.; Buchler, T.; Liska, V.; Gallo, G.; Vymetalkova, V.; Vodickova,
L.; et al. Fecal miRNA Profiles in Colorectal Cancers with Mucinous Morphology. Mutagenesis 2024, 40, geae015. [CrossRef]

105. Pardini, B.; Ferrero, G.; Tarallo, S.; Gallo, G.; Francavilla, A.; Licheri, N.; Trompetto, M.; Clerico, G.; Senore, C.; Peyre, S.; et al. A
Fecal MicroRNA Signature by Small RNA Sequencing Accurately Distinguishes Colorectal Cancers: Results From a Multicenter
Study. Gastroenterology 2023, 165, 582–599.e8. [CrossRef]

106. Illescas, O.; Ferrero, G.; Belfiore, A.; Pardini, B.; Tarallo, S.; Ciniselli, C.M.; Noci, S.; Daveri, E.; Signoroni, S.; Cattaneo, L.; et al.
Modulation of Faecal miRNAs Highlights the Preventive Effects of a Mediterranean Low-Inflammatory Dietary Intervention.
Clin. Nutr. 2024, 43, 951–959. [CrossRef]

https://doi.org/10.1016/j.cell.2024.05.029
https://doi.org/10.1038/s41418-021-00784-1
https://doi.org/10.1038/s41591-021-01406-6
https://doi.org/10.1038/s41467-024-45357-1
https://www.ncbi.nlm.nih.gov/pubmed/38395948
https://doi.org/10.1038/s41467-024-45358-0
https://www.ncbi.nlm.nih.gov/pubmed/38395969
https://doi.org/10.1002/cam4.3569
https://www.ncbi.nlm.nih.gov/pubmed/33135866
https://doi.org/10.1080/2162402X.2024.2374954
https://doi.org/10.1093/femsre/fuad039
https://doi.org/10.1016/j.cell.2019.01.001
https://doi.org/10.1038/s41467-020-18476-8
https://doi.org/10.1186/s13073-021-00840-y
https://doi.org/10.1172/JCI185395
https://doi.org/10.1093/annonc/mdz249.070
https://doi.org/10.1200/JCO.2023.41.16_suppl.2661
https://doi.org/10.1038/s41591-019-0405-7
https://www.ncbi.nlm.nih.gov/pubmed/30936548
https://doi.org/10.1093/mutage/geae015
https://doi.org/10.1053/j.gastro.2023.05.037
https://doi.org/10.1016/j.clnu.2024.02.023


Biomolecules 2025, 15, 504 21 of 23

107. Tarallo, S.; Ferrero, G.; Gallo, G.; Francavilla, A.; Clerico, G.; Realis Luc, A.; Manghi, P.; Thomas, A.M.; Vineis, P.; Segata, N.; et al.
Correction for Tarallo et al., “Altered Fecal Small RNA Profiles in Colorectal Cancer Reflect Gut Microbiome Composition in Stool
Samples”. mSystems 2020, 5, e00072-20. [CrossRef]

108. Tarallo, S.; Ferrero, G.; Gallo, G.; Francavilla, A.; Clerico, G.; Realis Luc, A.; Manghi, P.; Thomas, A.M.; Vineis, P.; Segata, N.; et al.
Altered Fecal Small RNA Profiles in Colorectal Cancer Reflect Gut Microbiome Composition in Stool Samples. mSystems 2019,
4, e00289-19. [CrossRef]

109. Silva, C.A.C.; Fidelle, M.; Birebent, R.; Dalban, C.; Zoppi, S.; Reni, A.; Rauber, C.; Lahmar, I.; Mallard De La Varende, A.-L.;
Rioux-Leclercq, N.; et al. Serum Soluble MAdCAM-1: A New Biomarker for Cancer Immunotherapy. J. Clin. Oncol. 2023, 41, 4548.
[CrossRef]

110. Goubet, A.-G.; Rouanne, M.; Derosa, L.; Kroemer, G.; Zitvogel, L. From Mucosal Infection to Successful Cancer Immunotherapy.
Nat. Rev. Urol. 2023, 20, 682–700. [CrossRef]

111. Thomas, S.; Thélémaque, C.; Forsberg, S.; Rucevic, M.; Lebba, V.; Durand, S.; Derosa, L.; Fidelle, M.; Zitvogel, L. 1273 Fecal
microbiota transplantation impact in response to immunotherapy assessed by multi-omics. J. Immunother. Cancer 2024, 12, A1427.
[CrossRef]

112. Joachim, L.; Göttert, S.; Sax, A.; Steiger, K.; Neuhaus, K.; Heinrich, P.; Fan, K.; Orberg, E.T.; Kleigrewe, K.; Ruland, J.; et al.
The Microbial Metabolite Desaminotyrosine Enhances T-Cell Priming and Cancer Immunotherapy with Immune Checkpoint
Inhibitors. eBioMedicine 2023, 97, 104834. [CrossRef]

113. Saldanha, E.F.; Lau, S.C.M.; Laister, R.C.; Wang, B.X.; Penny, S.; Pinto, D.; Sacher, A.G.; Saibil, S. Circulating Metabolic Profiling as
a Biomarker for Immune Checkpoint Blockade Efficacy. J. Clin. Oncol. 2024, 42, 2564. [CrossRef]

114. Steed, A.L.; Christophi, G.P.; Kaiko, G.E.; Sun, L.; Goodwin, V.M.; Jain, U.; Esaulova, E.; Artyomov, M.N.; Morales, D.J.;
Holtzman, M.J.; et al. The Microbial Metabolite Desaminotyrosine Protects from Influenza through Type I Interferon. Science 2017,
357, 498–502. [CrossRef] [PubMed]

115. Thiele Orberg, E.; Göttert, S.; Hiergeist, A.; Meedt, E.; Kleigrewe, K.; Herr, W.; Bassermann, F.; Gessner, A.; Holler, E.; Heidegger,
S.; et al. Microbial-Derived Metabolites Induce Epithelial Recovery via the Sting Pathway in Mice and Men and Protect from
Graft-Versus-Host Disease. Blood 2021, 138, 87. [CrossRef]

116. Thiele Orberg, E.; Meedt, E.; Hiergeist, A.; Xue, J.; Heinrich, P.; Ru, J.; Ghimire, S.; Miltiadous, O.; Lindner, S.; Tiefgraber, M.;
et al. Bacteria and Bacteriophage Consortia Are Associated with Protective Intestinal Metabolites in Patients Receiving Stem Cell
Transplantation. Nat. Cancer 2024, 5, 187–208. [CrossRef]

117. Derosa, L.; Hellmann, M.D.; Spaziano, M.; Halpenny, D.; Fidelle, M.; Rizvi, H.; Long, N.; Plodkowski, A.J.; Arbour, K.C.; Chaft,
J.E.; et al. Negative Association of Antibiotics on Clinical Activity of Immune Checkpoint Inhibitors in Patients with Advanced
Renal Cell and Non-Small-Cell Lung Cancer. Ann. Oncol. 2018, 29, 1437–1444. [CrossRef]

118. Elkrief, A.; Derosa, L.; Kroemer, G.; Zitvogel, L.; Routy, B. The Negative Impact of Antibiotics on Outcomes in Cancer Patients
Treated with Immunotherapy: A New Independent Prognostic Factor? Ann. Oncol. 2019, 30, 1572–1579. [CrossRef]

119. Pinato, D.J.; Howlett, S.; Ottaviani, D.; Urus, H.; Patel, A.; Mineo, T.; Brock, C.; Power, D.; Hatcher, O.; Falconer, A.; et al.
Association of Prior Antibiotic Treatment with Survival and Response to Immune Checkpoint Inhibitor Therapy in Patients with
Cancer. JAMA Oncol. 2019, 5, 1774. [CrossRef]

120. Cantarelli, L.; Gutiérrez Nicolás, F.; García Gil, S.; Morales Barrios, J.A.; Oramas Rodriguez, J.; Nazco Casariego, G.J. Effect of
Concomitant Use of Proton Pump Inhibitors on Immunotherapy Clinical Response in Advanced Cancer Patients: Real-Life
Setting. J. Immunother. 2023, 47, 21–31. [CrossRef]

121. Rousseau, A.; Foulon, S.; Simon-Tillaux, N.; Michiels, S.; Lolivier, A.; Bonastre, J.; Planchard, D.; Barlesi, F.; Remon Masip, J.;
Lavaud, P.; et al. 1319P Impact of Concomitant Co-Medications on Survival with First-Line Pembrolizumab in 43,000 French
Patients with Advanced NSCLC. Ann. Oncol. 2024, 35, S839–S840. [CrossRef]

122. Liu, K.; Zhang, W.; Tan, Q.; Jiang, G.; Jia, J. Antibiotic Use Is a Negative Predictor of the Efficacy and Toxicity of Epidermal
Growth Factor Receptor-targeted Therapy in Advanced Non-small Cell Lung Cancer. Oncol. Lett. 2019, 18, 2677–2683. [CrossRef]
[PubMed]

123. Tinsley, N.; Zhou, C.; Nahm, S.; Rack, S.; Tan, G.C.L.; Lorigan, P.; Blackhall, F.; Cook, N. Antibiotic Use Reduces Efficacy of
Tyrosine Kinase Inhibitors in Patients with Advanced Melanoma and Non-Small-Cell Lung Cancer. ESMO Open 2022, 7, 100430.
[CrossRef] [PubMed]

124. Kim, C.G.; Koh, J.-Y.; Shin, S.-J.; Shin, J.-H.; Hong, M.; Chung, H.C.; Rha, S.Y.; Kim, H.S.; Lee, C.-K.; Lee, J.H.; et al. Prior
Antibiotic Administration Disrupts Anti-PD-1 Responses in Advanced Gastric Cancer by Altering the Gut Microbiome and
Systemic Immune Response. CR Med. 2023, 4, 101251. [CrossRef]

125. Løfling, L.L.; Støer, N.C.; Sloan, E.K.; Chang, A.; Gandini, S.; Ursin, G.; Botteri, E. β-Blockers and Breast Cancer Survival by
Molecular Subtypes: A Population-Based Cohort Study and Meta-Analysis. Br. J. Cancer 2022, 127, 1086–1096. [CrossRef]

126. Caparica, R.; Bruzzone, M.; Agostinetto, E.; De Angelis, C.; Fêde, Â.; Ceppi, M.; De Azambuja, E. Beta-Blockers in Early-Stage
Breast Cancer: A Systematic Review and Meta-Analysis. ESMO Open 2021, 6, 100066. [CrossRef]

https://doi.org/10.1128/mSystems.00072-20
https://doi.org/10.1128/mSystems.00289-19
https://doi.org/10.1200/JCO.2023.41.16_suppl.4548
https://doi.org/10.1038/s41585-023-00784-5
https://doi.org/10.1136/jitc-2024-SITC2024.1273
https://doi.org/10.1016/j.ebiom.2023.104834
https://doi.org/10.1200/JCO.2024.42.16_suppl.2564
https://doi.org/10.1126/science.aam5336
https://www.ncbi.nlm.nih.gov/pubmed/28774928
https://doi.org/10.1182/blood-2021-147794
https://doi.org/10.1038/s43018-023-00669-x
https://doi.org/10.1093/annonc/mdy103
https://doi.org/10.1093/annonc/mdz206
https://doi.org/10.1001/jamaoncol.2019.2785
https://doi.org/10.1097/CJI.0000000000000494
https://doi.org/10.1016/j.annonc.2024.08.1375
https://doi.org/10.3892/ol.2019.10481
https://www.ncbi.nlm.nih.gov/pubmed/31404289
https://doi.org/10.1016/j.esmoop.2022.100430
https://www.ncbi.nlm.nih.gov/pubmed/35489288
https://doi.org/10.1016/j.xcrm.2023.101251
https://doi.org/10.1038/s41416-022-01891-7
https://doi.org/10.1016/j.esmoop.2021.100066


Biomolecules 2025, 15, 504 22 of 23

127. Alves Costa Silva, C.; Derosa, L.; Dalban, C.; Colomba, E.; Negrier, S.; Chevreau, C.M.; Gravis, G.; Oudard, S.M.; Laguerre, B.;
Barthelemy, P.; et al. 697P Impact of β-Blockers (BB) on Outcomes of Metastatic Renal Cell Carcinoma (mRCC) Patients Treated
with Nivolumab (N). Ann. Oncol. 2021, 32, S710. [CrossRef]

128. Parker, W.P.; Lohse, C.M.; Zaid, H.B.; Cheville, J.C.; Boorjian, S.A.; Leibovich, B.C.; Thompson, R.H. Evaluation of Beta-Blockers
and Survival among Hypertensive Patients with Renal Cell Carcinoma. Urol. Oncol. Semin. Orig. Investig. 2017, 35, 36.e1–36.e6.
[CrossRef]

129. Park, S.R.; Kim, G.; Kim, Y.; Cho, B.; Kim, S.-Y.; Do, E.-J.; Bae, D.-J.; Kweon, M.-N.; Song, J.S.; Park, H. Fecal Microbiota
Transplantation Combined with Anti-PD-1 Inhibitor for Unresectable or Metastatic Solid Cancers Refractory to Anti-PD-1
Inhibitor. J. Clin. Oncol. 2023, 41, 105. [CrossRef]

130. Carlson, P.E. Regulatory Considerations for Fecal Microbiota Transplantation Products. Cell Host Microbe 2020, 27, 173–175.
[CrossRef]

131. Rodriguez, J.; Cordaillat-Simmons, M.; Badalato, N.; Berger, B.; Breton, H.; De Lahondès, R.; Deschasaux-Tanguy, M.; Desvignes,
C.; D’Humières, C.; Kampshoff, S.; et al. Microbiome Testing in Europe: Navigating Analytical, Ethical and Regulatory Challenges.
Microbiome 2024, 12, 258. [CrossRef]

132. Duttagupta, S.; Messaoudene, M.; Jamal, R.; Mihalcioiu, C.; Belanger, K.; Lenehan, J.; Belkaid, W.; Parvathy, S.N.; Maillou, J.; Hu,
Y.; et al. Abstract CT258: Phase II Trial of Fecal Microbiota Transplantation in Combination with Ipilimumab and Nivolumab in
Patients with Advanced Cutaneous Melanoma (FMT-LUMINate Trial). Cancer Res. 2024, 84, CT258. [CrossRef]

133. Elkrief, A.; Duttagupta, S.; Jamal, R.; Marcoux, N.; Desilets, A.; Messaoudene, M.; Mihalcioiu, C.; Durand, S.; Tehfe, M.; Blais,
N.; et al. 1068P Phase II Trial of Fecal Microbiota Transplantation (FMT) plus Immune Checkpoint Inhibition (ICI) in Advanced
Non-Small Cell Lung Cancer and Cutaneous Melanoma (FMT-LUMINate). Ann. Oncol. 2024, 35, S707–S708. [CrossRef]

134. Kim, Y.; Kim, G.; Kim, S.; Cho, B.; Kim, S.-Y.; Do, E.-J.; Bae, D.-J.; Kim, S.; Kweon, M.-N.; Song, J.S.; et al. Fecal Microbiota
Transplantation Improves Anti-PD-1 Inhibitor Efficacy in Unresectable or Metastatic Solid Cancers Refractory to Anti-PD-1
Inhibitor. Cell Host Microbe 2024, 32, 1380–1393.e9. [CrossRef] [PubMed]

135. Porcari, S.; Ciccarese, C.; Pinto, F.; Quaranta, G.; De Giorgi, S.; Rondinella, D.; Settanni, C.R.; Cortesi, E.; Roberto, M.; Primi, F.;
et al. Fecal Microbiota Transplantation to Improve Efficacy of Immune Checkpoint Inhibitors in Renal Cell Carcinoma (TACITO
Trial). J. Clin. Oncol. 2022, 40, TPS407. [CrossRef]

136. Spreafico, A.; Heirali, A.A.; Araujo, D.V.; Tan, T.J.; Oliva, M.; Schneeberger, P.H.H.; Chen, B.; Wong, M.K.; Stayner, L.-A.; Hansen,
A.R.; et al. First-in-Class Microbial Ecosystem Therapeutic 4 (MET4) in Combination with Immune Checkpoint Inhibitors in
Patients with Advanced Solid Tumors (MET4-IO Trial). Ann. Oncol. 2023, 34, 520–530. [CrossRef]

137. Tomita, Y.; Ikeda, T.; Sakata, S.; Saruwatari, K.; Sato, R.; Iyama, S.; Jodai, T.; Akaike, K.; Ishizuka, S.; Saeki, S.; et al. Association of
Probiotic Clostridium Butyricum Therapy with Survival and Response to Immune Checkpoint Blockade in Patients with Lung
Cancer. Cancer Immunol. Res. 2020, 8, 1236–1242. [CrossRef]

138. Tomita, Y.; Goto, Y.; Sakata, S.; Imamura, K.; Minemura, A.; Oka, K.; Hayashi, A.; Jodai, T.; Akaike, K.; Anai, M.; et al. Clostridium
Butyricum Therapy Restores the Decreased Efficacy of Immune Checkpoint Blockade in Lung Cancer Patients Receiving Proton
Pump Inhibitors. Oncoimmunology 2022, 11, 2081010. [CrossRef]

139. Tomita, Y.; Sakata, S.; Imamura, K.; Iyama, S.; Jodai, T.; Saruwatari, K.; Hamada, S.; Akaike, K.; Anai, M.; Fukusima, K.; et al.
Association of Clostridium Butyricum Therapy Using the Live Bacterial Product CBM588 with the Survival of Patients with Lung
Cancer Receiving Chemoimmunotherapy Combinations. Cancers 2023, 16, 47. [CrossRef]

140. Spencer, C.N.; McQuade, J.L.; Gopalakrishnan, V.; McCulloch, J.A.; Vetizou, M.; Cogdill, A.P.; Khan, M.A.W.; Zhang, X.; White,
M.G.; Peterson, C.B.; et al. Dietary Fiber and Probiotics Influence the Gut Microbiome and Melanoma Immunotherapy Response.
Science 2021, 374, 1632–1640. [CrossRef]

141. Abouelela, M.E.; Helmy, Y.A. Next-Generation Probiotics as Novel Therapeutics for Improving Human Health: Current Trends
and Future Perspectives. Microorganisms 2024, 12, 430. [CrossRef]

142. Reimer, R.A. Establishing the Role of Diet in the Microbiota–Disease Axis. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 86–87.
[CrossRef] [PubMed]

143. Jiang, Y.; Farias, R.; Holly, A.E.; Levy, E.J.; Klein, L.; Rains, J.; Sirmans, E.; Burton, E.M.; Wang, J.; Amaria, R.N.; et al. The DIET
Study: A Randomized Controlled Trial of a High Fiber Diet Intervention (HFDI) in Patients (Pts) with Melanoma Receiving
Immune Checkpoint Blockade (ICB). J. Clin. Oncol. 2024, 42, 9558. [CrossRef]

144. Jiang, Y. Abstract LB348: A Controlled High Fiber Dietary Intervention Alters Metabolome and Gut Microbiome in Melanoma
Survivors. Cancer Res. 2023, 83, LB348. [CrossRef]

145. Link, V.M.; Subramanian, P.; Cheung, F.; Han, K.L.; Stacy, A.; Chi, L.; Sellers, B.A.; Koroleva, G.; Courville, A.B.; Mistry, S.; et al.
Differential Peripheral Immune Signatures Elicited by Vegan versus Ketogenic Diets in Humans. Nat. Med. 2024, 30, 560–572.
[CrossRef]

146. Ferrere, G.; Tidjani Alou, M.; Liu, P.; Goubet, A.-G.; Fidelle, M.; Kepp, O.; Durand, S.; Iebba, V.; Fluckiger, A.; Daillère, R.; et al.
Ketogenic Diet and Ketone Bodies Enhance the Anticancer Effects of PD-1 Blockade. JCI Insight 2021, 6, e145207. [CrossRef]

https://doi.org/10.1016/j.annonc.2021.08.093
https://doi.org/10.1016/j.urolonc.2016.08.013
https://doi.org/10.1200/JCO.2023.41.16_suppl.105
https://doi.org/10.1016/j.chom.2020.01.018
https://doi.org/10.1186/s40168-024-01991-x
https://doi.org/10.1158/1538-7445.AM2024-CT258
https://doi.org/10.1016/j.annonc.2024.08.1126
https://doi.org/10.1016/j.chom.2024.06.010
https://www.ncbi.nlm.nih.gov/pubmed/39059396
https://doi.org/10.1200/JCO.2022.40.6_suppl.TPS407
https://doi.org/10.1016/j.annonc.2023.02.011
https://doi.org/10.1158/2326-6066.CIR-20-0051
https://doi.org/10.1080/2162402X.2022.2081010
https://doi.org/10.3390/cancers16010047
https://doi.org/10.1126/science.aaz7015
https://doi.org/10.3390/microorganisms12030430
https://doi.org/10.1038/s41575-018-0093-7
https://www.ncbi.nlm.nih.gov/pubmed/30542085
https://doi.org/10.1200/JCO.2024.42.16_suppl.9558
https://doi.org/10.1158/1538-7445.AM2023-LB348
https://doi.org/10.1038/s41591-023-02761-2
https://doi.org/10.1172/jci.insight.145207


Biomolecules 2025, 15, 504 23 of 23

147. Richard, J.; Beauvillain, C.; Benoit, M.; Barth, M.; Aubert, C.; Rolley, C.; Bellal, S.; Bourreau, J.; Ferragu, M.; Lebdai, S.; et al.
Ketogenic Diet Enhances the Anti-Cancer Effects of PD-L1 Blockade in Renal Cell Carcinoma. Front. Endocrinol. 2024, 15, 1344891.
[CrossRef]

148. Collins, M.D.; Gibson, G.R. Probiotics, Prebiotics, and Synbiotics: Approaches for Modulating the Microbial Ecology of the Gut.
Am. J. Clin. Nutr. 1999, 69, 1052S–1057S. [CrossRef]
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