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The human microbiome has recently emerged as a focal point in cancer

research, specifically in anti-tumor immunity, immunotherapy, and

chemotherapy. This review explores microbial-derived metabolites,

emphasizing their crucial roles in shaping fundamental aspects of cancer

treatment. Metabolites such as short-chain fatty acids (SCFAs), Trimethylamine

N-Oxide (TMAO), and Tryptophan Metabolites take the spotlight, underscoring

their diverse origins and functions and their profound impact on the host

immune system. The focus is on SCFAs’ remarkable ability to modulate

immune responses, reduce inflammation, and enhance anti-tumor immunity

within the intricate tumor microenvironment (TME). The review critically

evaluates TMAO, intricately tied to dietary choices and gut microbiota

composition, assessing its implications for cancer susceptibility, progression,

and immunosuppression. Additionally, the involvement of tryptophan and other

amino acid metabolites in shaping immune responses is discussed, highlighting

their influence on immune checkpoints, immunosuppression, and

immunotherapy effectiveness. The examination extends to their dynamic

interaction with chemotherapy, emphasizing the potential of microbial-derived

metabolites to alter treatment protocols and optimize outcomes for cancer

patients. A comprehensive understanding of their role in cancer therapy is

attained by exploring their impacts on drug metabolism, therapeutic

responses, and resistance development. In conclusion, this review underscores

the pivotal contributions of microbial-derived metabolites in regulating anti-

tumor immunity, immunotherapy responses, and chemotherapy outcomes. By

illuminating the intricate interactions between these metabolites and cancer

therapy, the article enhances our understanding of cancer biology, paving the

way for the development of more effective treatment options in the ongoing

battle against cancer.
KEYWORDS

microbial-derived metabolites, anti-tumor immunity, chemotherapy, immunotherapy,
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1 Introduction

The mammalian gut constitutes a highly intricate ecosystem

comprised of billions of mutually beneficial microorganisms,

encompassing archaea, bacteria, protists, fungi, and viruses.

Notably, bacteria are particularly abundant in the gut (1). The gut

microbiota has been extensively studied and is important in a

variety of physiological activities, including immune system

development and the generation of critical nutrients (2–4). Its

importance extends to disease prevention, influencing human

health through the production of essential metabolites, nutrition

metabolism, and the detoxification of hazardous substances. These

actions inhibit the proliferation of detrimental microorganisms and

contribute to the production of beneficial microbial products.

Moreover, the microbiota plays a crucial role in metabolizing

nutrients and toxins introduced by invading species (5).

Microorganisms produce three main classes of metabolites: those

derived from exogenous substances, those synthesized by the host

and chemically modified by gut bacteria, and those generated from

scratch by gut microorganisms (6). About 10% of metabolites in

mammalian blood originate from the gut microbiota. These

metabolites can exert diverse effects on the immune system and

the overall equilibrium of the host’s body by binding to specific

receptors and triggering subsequent signaling cascades (7). SCFAs

(e.g., butyrate, acetate, and propionate) (8–10), tryptophan

metabolites (e.g., indole, indole-3-acetic acid (IAA), 3-indole

acrylic acid (IA), indole-3-aldehyde (IAld), indole-3-lactic acid

(ILA), and tryptamine (11), and TMAO (12) are among the

extensively researched microbial metabolites that are associated

with human health and diseases. Recent research indicates that

certain gut bacteria species and their byproducts may play a role in

cancer immunity, immunotherapy, and chemotherapy (13).

The term “anti-tumor immunity” refers to the innate and

adaptive immune responses that lead to the suppression of

tumors (14). Dendritic cells (DCs) capture and degrade antigens

within tumors. Activated DCs migrate to nearby lymph nodes to

activate anti-tumor T cells; these T cells infiltrate tumors and are

reactivated in the tissue to destroy the tumor cells and finally start

cleaning. Destroying tumor cells while restoring normal tissue

structure and immune system balance are critical steps in an

effective immune response against tumors (15). The composition

of the gut microbiota has a profound impact on the body’s immune

responses against tumors, influencing the effectiveness of cancer

immunotherapy, particularly treatments involving immune

checkpoint inhibitors (ICIs). Specific beneficial or harmful

bacterial species have been identified to either enhance or impair

the immune response against tumors in various types of cancer (16–

19). Recent studies emphasize the critical role of metabolites

produced by the gut microbiota in determining the outcomes of

anti-tumor therapies (20–23). For instance, Zhang et al. conducted

a study to investigate the effects of a particular probiotic strain,

Lactobacillus plantarum L168, and its metabolite, ILA, on colorectal

cancer (CRC) using a mouse model (24). They investigated

fundamental mechanisms and determined that ILA played a

crucial role. It was revealed that this metabolite enhances the
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production of interleukin-12 subunit alpha (IL12a) in DCs (24).

This acceleration was achieved by increasing the binding of

H3K27ac to the enhancer regions of IL12a, facilitating the

initiation of a CD8+ T cell immune response, particularly

targeting tumor proliferation.

Cancer immunotherapy holds the potential to revolutionize

cancer treatment by exploring and developing innovative methods

that enhance the body’s innate capacity to combat tumors (25–27).

Recent research underscores the significant role of metabolites

originating from the gut microbiota in determining the efficacy of

cancer immunotherapy (28–31). For instance, Kang et al.

demonstrated that Roseburia intestinalis protects against CRC

formation by producing butyrate, thereby enhancing the

effectiveness of anti-Programmed death protein 1 (PD1)

immunotherapy (28) (Figure 1, Table 1). Chemotherapy, the

primary therapeutic approach for malignant tumors, relies on

inducing cell death through the use of various medications, such

as antimetabolites, alkylating agents, mitotic spindle inhibitors,

antitumor antibiotics, and hormonal anticancer therapies (32).

Chemotherapy generally functions by inhibiting the division and

proliferation of cancer cells. Cancer cells, characterized by rapid

division and growth compared to normal cells, experience high

intrinsic physiological stress, making them susceptible to swift and

efficient elimination by these medications (33). Moreover,

chemotherapy exists in various forms, each exerting distinct

effects on specific target cells (34). Recent studies highlight the

crucial role of metabolites produced by gut bacteria in influencing

the effectiveness of cancer treatment (35–37). Tintelnot et al.

investigated the influence of nutrition on therapeutic responses

with special emphasis on 3-IAA, a tryptophan metabolite produced

by the microbiota (35). Their study revealed that patients exhibiting

a positive response to therapy displayed elevated levels of 3-IAA, as

identified through shotgun metagenomic sequencing and

metabolomic screening (35). Furthermore, they highlighted the

significant role of myeloperoxidase, derived from neutrophils, in

influencing the efficacy of 3-IAA and chemotherapy.

Myeloperoxidase catalyzes the oxidation of 3-IAA, leading to a

reduction in the activity of enzymes responsible for breaking down

reactive oxygen species (ROS). Consequently, this results in an

accumulation of ROS levels and a concurrent decrease in autophagy

within cancer cells. These alterations compromise the metabolic

efficiency of cancer cells, ultimately impeding their growth (35).

Besides, Colbert et al. found that tumor-resident Lactobacillus iners

can induce chemoradiation resistance in cervical cancer through

lactate-induced metabolic changes (36). This study employs deep

microbiome sequencing, targeted bacterial culture, and in vitro

assays to analyze how tumor and gut microbiota impact

chemoradiation response. The findings reveal that Lactobacillus

iners, an L-lactate-producing bacterium in tumors, is linked to

decreased patient survival and induces resistance to chemotherapy

and radiation by altering tumor metabolic pathways (36). In

summary, this thorough review highlights the crucial roles played

by metabolites derived from microorganisms in the regulation of

anti-tumor immunity, responses to chemotherapy, and outcomes of

immunotherapeutic interventions. Through a comprehensive
frontiersin.org
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analysis of the complex interrelationships among these metabolites

and diverse cancer treatments, this article makes a valuable

contribution to the field of cancer biology by laying the

groundwork for the development of novel and more efficacious

therapeutic strategies in the continuous fight against cancer.
2 Gut microbiota and their
metabolites as a key player in health
and diseases

The gut microbiota encompasses a diverse and extensive array

of microorganisms residing within the human gastrointestinal tract

(38). This intricate network comprises bacteria, viruses, fungi, and

archaea, collectively exerting a profound influence on health and

contributing to the onset and progression of various diseases (39).

The metabolites generated by these microbial communities play a

pivotal role in fostering a mutually beneficial relationship between

the host and microbes, significantly influencing the overall health of

the human body (40–42).
Frontiers in Immunology 03
Metabolites, essential biomolecules involved in energy

generation and transformation, pose significant challenges to

metabolic research due to their reactivity, structural variability,

and wide concentration spectrum (43). In the realm of biology,

primary metabolites contribute to fundamental life cycle functions,

such as growth, differentiation, and reproduction, while secondary

metabolites serve various purposes, including signaling, protection,

and activities unrelated to the life cycle (43). The solubility of

compounds, distinguishing between water-soluble and insoluble,

plays a crucial role in applied metabolomics (43). Moreover, the gut

microbiota plays a pivotal role in metabolizing ingested food or

host-produced substances into molecules that either nourish the gut

microorganisms or pose harm to the host’s cells. As a result, the

presence of metabolites is intricately linked to the metabolic

functions of bacteria (44, 45).

The gut microbiota plays a dual role in producing compounds

that can either benefit or harm the host. Microbiota in the colon

produce a diverse array of metabolites, including tryptophan

catabolites, SCFAs, and polyamines (46, 47). In recent research,

the substantial influence of metabolites derived from microbes on

both health and disease has been emphasized. Butyrate, a microbial
FIGURE 1

This figure illustrates the diverse actions and underlying mechanisms of gut microbiota-derived metabolites in modulating the immune landscape
against cancer, specifically in the realms of anti-tumor immunity and cancer immunotherapy. For instance, in the context of anti-tumor immunity,
gut-derived indole-3-lactic acid promotes antitumor responses through the epigenetic regulation of CD8+ T cell immunity. The production of
indole-3-lactic acid by Lactobacillus plantarum is shown to enhance colorectal carcinogenesis by epigenetically regulating the immune response of
CD8+ T cells. Conversely, microbial metabolites derived from tryptophan activate the aryl hydrocarbon receptor (AHR) in tumor-associated
macrophages, resulting in the suppression of anti-tumor immunity. In the context of cancer immunotherapy, Roseburia intestinalis-produced
butyrate is highlighted as an enhancer of anti-PD-1 treatment efficacy. This effect is attributed to butyrate’s stimulation of cytotoxic CD8+ T cells,
achieved through its direct binding to toll-like receptor 5 (TLR5) on CD8+ T cells.
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TABLE 1 The role and mechanisms of gut microbiota-derived metabolites in anti-tumor immunity, cancer immunotherapy and chemotherapy.

Gut microbiota-
derived
metabolites

Metabolite
producing
bacteria

Actions Mechanism Conclusion Ref.

Indole-3-lactic acid Lactobacillus plantarum Promote
antitumor immunity

Epigenetic regulation of
CD8+ T cell immunity

The study demonstrates that indole-3-lactic
acid, produced from Lactobacillus plantarum,
improves colorectal carcinogenesis by
epigenetically regulating the immune
response of CD8+ T cells.

(24)

Tryptophan Lactobacillus spp. Suppress anti-
tumor immunity

Activation of the AHR The AHR is activated in TAMs by microbial
metabolites generated from tryptophan,
leading to the suppression of anti-
tumor immunity.

(223)

Butyrate – Promote antitumor
therapeutic efficacy

Through the ID2-
dependent regulation of
CD8+ T cell immunity

Butyrate enhances the effectiveness of
anticancer treatment by regulating the
immune response of cytotoxic CD8+ T cells.

(23)

kynurenine and indole-
3-aldehyde

– Suppress anti-
tumor immunity

Activation of the AHR kynurenine and indole-3-aldehyde produced
by the gut microbiota may act as mediators of
immunosuppression in premalignant
conditions, raising the risk of cancer and
potentially as targets for anti-
cancer strategies.

(326)

Pentanoate and butyrate Megasphaera
massiliensis,
Megasphaera elsdenii,
and
Faecalibacterium
prausnitzii

Promote
antitumor immunity

Modulation of the CD8
+ T cell responses

Butyrate and pentanoate influence CD8+ T
cell responses, which enhances cancer
adoptive immunotherapy.

(22)

Lactate – Promote
antitumor immunity

Increases stemness of
CD8 + T cells

Lactate improves the stemness of CD8+ T
cells, which boosts anti-tumor immunity.

(327)

d-lactate – Suppress anti-
tumor immunity

Modulation of the M2
tumor-
associated macrophages

D-lactate alters the immunosuppressive TME
for HCC via modifying M2 tumor-
associated macrophages.

(328)

Indole-3-lactic acid Lactobacillus gallinarum Promote
antitumor immunity

Promotes apoptosis of
cancer cells

Lactobacillus gallinarum defends against the
development of intestinal tumors by
producing indole-3-lactic acid, which can
stimulate apoptosis in CRC cells.

(237)

Bile acid Clostridium species Promote
antitumor immunity

Increase of hepatic
CXCR6+ natural killer
T (NKT)

Liver cancer is regulated by bile acid
metabolism controlled by the gut microbiota
via NKT cells.

(20)

SCFAs B. caecimuris, B.
xylanisolvens, and
C. bolteae

Suppress anti-
tumor immunity

Increasing Tregs
number and impairing
the function of CD8+
T cells

SCFAs induce an immunosuppressive state in
T cells, which is defined by an increase in
regulatory T cells and a decrease in CD8+
T cells.

(21)

Trimethylamine N-
oxide (TMAO)

bacillus and
paenibacillus ssp.

Promote
antitumor immunity

Potentiated the type I
interferon
(IFN) pathway

Targeting TMAO may be a possible
treatment strategy since TMAO acts as a
driver of antitumor immunity.

(269)

TMAO Blautia, Ruminococcus,
Faecalibacterium, Dorea,
Tyzzerella, and
Roseburia

Promote
antitumor immunity

Activation of the
endoplasmic reticulum
stress kinase PERK

TMAO promoted pyroptosis in cancer cells
by activating the PERK kinase in the
endoplasmic reticulum, leading to an
increased immune response mediated by CD8
+ T lymphocytes against tumors in triple-
negative breast cancer in vivo.

(260)

Formate Fusobacterium
nucleatum

Suppress anti-
tumor immunity

Induction of
AhR signalling

Microbiome-derived formate increases cancer
stemness while inducing AhR signaling,
which accelerates CRC tumor expansion.

(241)

Desaminotyrosine
(DAT)

Flavonifractor plautii Facilitates immune
checkpoint
inhibitor treatment

DAT potently enhanced
expansion of antigen-
specific T cells following

Mice given oral supplementation of the
microbial metabolite DAT show enhanced
anti-CTLA-4 or anti-PD-1 ICI

(29)

(Continued)
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TABLE 1 Continued

Gut microbiota-
derived
metabolites

Metabolite
producing
bacteria

Actions Mechanism Conclusion Ref.

vaccination with an
IFN-I-inducing adjuvant

immunotherapy and delayed
tumor development.

Succinic acid Fusobacterium
nucleatum

Tumor resistance
to immunotherapy

suppressed the cGAS-
interferon-b pathway,
consequently
dampening the
antitumor response by
limiting CD8+ T cell
trafficking to the TME

In CRC, F. nucleatum and succinic acid cause
tumor resistance to immunotherapy,
providing information on the interactions
between the microbiota, metabolites, and
immune system.

(30)

Butyrate Faecalibacterium
and Faecalibacterium

Limit antitumor effect of
CTLA-4 blockade

butyrate restrains anti-
CTLA-4-induced up-
regulation of CD80/
CD86 on dendritic cells
and ICOS on T cells,
accumulation of tumor-
specific T cells and
memory T cells.

Elevated concentrations of butyrate and
propionate in the bloodstream have been
associated with reduced responsiveness to
CTLA-4 inhibition and increased regulatory
T cells.

(79)

Butyrate Akkermansia
muciniphila,
Bifidobacterium
pseudolongum,
Bacteroides acidifaciens,
Lactobacillus murinus,
Faecalibacterium
prausnitzii, and
Faecalibaculum
rodentium

Promotes anti-PD-1
antitumor efficacy

Increased histone 3
lysine 27
acetylation (H3K27ac)

Butyrate, a microbial metabolite, increases
anti-PD-1 antitumor effectiveness via altering
TCR signaling of cytotoxic CD8 T cells.

(31)

Butyrate Roseburia intestinalis Boosts anti-PD-
1 efficacy

Butyrate directly bound
to toll-like receptor 5
(TLR5) receptor on
CD8+ T cells to induce
its activity through
activating nuclear factor
kappa B (NF-
kB) signalling.

The production of butyrate by Roseburia
intestinalis enhances the effectiveness of anti-
PD-1 treatment in colorectal cancer by
stimulating cytotoxic CD8+ T cells.

(28)

Butyric acids, a-
ketoglutaric acid, N-
acetyl-l-glutamic acid
and pyridoxine

Lacticaseibacillus
rhamnosus

Enhanced the antitumor
response to anti-PD-
1 therapy

Promotion of the
infiltration and
activation of cytotoxic T
lymphocytes (CTLs) and
suppressing the function
of Tregs in the TME.

The probiotic strain Lacticaseibacillus
rhamnosus Probio-M9 improved the
effectiveness of anti-PD-1 treatment in
fighting tumors by altering the composition
of metabolites in the intestines.

(329)

Inosine Bifidobacterium
pseudolongum

Modulates response to
checkpoint
inhibitor
immunotherapy

T cell expression of the
adenosine A2A receptor

Immunotherapy-induced impaired gut barrier
function led to an increase in inosine
translocation systemic translocation and the
activation of antitumor T cells. The impact of
inosine relied on the presence of the
adenosine A2A receptor in T cells and
necessitated co-stimulation.

(330)

Tryptophan Lactobacillus reuteri Facilitates immune
checkpoint
inhibitor treatment

Released aryl
hydrocarbon receptor
(AhR) agonist indole-3-
aldehyde (I3A) and CD8
T cells within the
tumor
microenvironment.

The treatment with immune checkpoint
inhibitors is facilitated by the dietary
tryptophan metabolite produced by
intratumoral Lactobacillus reuteri.

(331)

Trimethylamine N-
oxide (TMAO)

Bacillus and
Paenibacillus genus

Boosts responses to
immune checkpoint
inhibitor treatment

Potentiated type-I
interferon
(IFN) pathway

In pancreatic cancer, the microbiome-derived
metabolite TMAO promotes immunological
activation and increases responses to immune
checkpoint blocking.

(269)

(Continued)
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product, has been thoroughly researched and shown to be extremely

advantageous. It is produced by four well-known processes, with the

acetyl-CoA pathway being the primary one, and the lysine,

glutarate, and succinate pathways playing a less significant part

(48). Butyrate offers a range of therapeutic advantages, serving not

only as the primary energy source for luminal colonocytes but also

exerting systemic effects. The advantages include preserving the

protective coating of mucous membranes throughout the entire

body, regulating immunological responses at both local and

systemic levels, and preventing abnormal cell proliferation

(49, 50). In addition, butyrate promotes the production of mucus

by goblet cells, facilitates the creation of immunoglobulins, and

increases the secretion of antimicrobial peptides (50, 51).

Additionally, it enhances the antibacterial capacities by facilitating

the conversion of proinflammatory M1 macrophages into

resolution-phase M2 macrophages (52).

TMAO has emerged as a pivotal factor in the development of

cardiovascular diseases. Wang et al. were among the first to discover

a strong relationship between TMAO levels in the body and the

amount of coronary atherosclerosis and cardiac risk (53). Based on

this, Tang et al. performed a research that found that elevated blood

TMAO levels were substantially related with an increased risk of

severe adverse cardiovascular events, a link that remained

significant even after controlling for conventional risk variables

(54). The negative effects of TMAO on heart failure are diverse,

including both direct and indirect effects. These include inducing

cardiac hypertrophy and fibrosis, activating inflammatory pathways

that lead to endothelial dysfunction, initiating pathological

ventricular remodeling, and inducing renal interstitial fibrosis (55,

56). Several therapies have been investigated to modify the

interaction between gut microbiota, TMAO, and cardiovascular

disease. These therapies vary from dietary changes to the
Frontiers in Immunology 06
prescription of probiotic supplements targeted at lowering plasma

TMAO levels. Furthermore, research is being conducted to find

possible enzyme targets for drugs to reduce TMAO formation

(57–60).

Indole research demonstrates its powerful antimicrobial

capabilities. It has been shown to be effective against a wide range

of bacteria, including Staphylococcus aureus, Salmonella,

Lactobacillus, Escherichia coli, and Bacillus cereus. Furthermore,

indole-ethanol has been found as a bacteriophage replication

inhibitor in select bacterial strains and has been demonstrated to

limit the growth of parasitic protozoa (61, 62). Tryptophan

metabolites, including indole, exert influence on both the innate

and adaptive immune systems by binding to the aryl hydrocarbon

receptor (AHR) present on immune cells such as DCs and T-cells

(63). The systemic impact of tryptophan and its metabolites extends

to hormone production, showcasing anti-inflammatory

characteristics. Indole enhances glucagon-like peptide 1 release by

acting as a signaling molecule in the colon’s L cells. This, in turn,

influences insulin release from pancreatic B-cells, decreases

appetite, and delays stomach emptying (64, 65).

Putrescine, spermidine, and spermine stand out as crucial

metabolites synthesized by the gut microbiota, exerting a

profound influence on the overall well-being of the host. Research

has elucidated that polyamine (PAs), such as putrescine,

spermidine, and spermine, possess antioxidant properties and can

impede the generation of inflammatory cytokines. Notably, PAs

have the capacity to impact the integrity of the intestinal mucosal

barrier. Probiotic interventions have demonstrated the potential to

enhance the host’s lifespan by mitigating chronic low-grade

inflammation induced by heightened levels of physical activity.

These effects encompass increased resistance to oxidative stress

(66). In recent epidemiological studies, substantial evidence has
TABLE 1 Continued

Gut microbiota-
derived
metabolites

Metabolite
producing
bacteria

Actions Mechanism Conclusion Ref.

Indole-3-carboxylic
acid (ICA)

Lactobacillus gallinarum Improved anti-
PD1 efficacy

Inhibiting regulatory T
cells through
modulating IDO1/Kyn/
AHR axis

IDO1/Kyn/AHR axis modulation by
Lactobacillus gallinarum-derived ICA
enhanced anti-PD1 effectiveness in CRC by
inhibiting CD4+Treg differentiation and
promoting CD8+T cell activity.

(212)

Indole-3-lactic
acid (ILA)

Lactobacillus reuteri Chemopreventive effects Targeting RAR-related
orphan receptor
gt (RORgt).

ILA exhibited anti-tumorigenic properties via
the downregulation of the IL-17 signaling
pathway. This implies that CRC
chemoprevention techniques might be
complemented by therapies using
Lactobacillus reuteri or ILA.

(37)

ILA Bacteroides fragilis and
Bacteroides
thetaiotaomicron

Promotes the
chemotherapy effects

Via downregulation of
the reactive oxygen
species (ROS)-degrading
enzymes glutathione
peroxidase 3 and
glutathione peroxidase.

In pancreatic cancer, 3-IAA produced from
microbiota affects the effectiveness
of treatment.

(35)

Lactate Lactobacillus iners Chemoradiation
resistance

Increased L-lactate
production

Lactic acid bacteria in the TME may affect
tumor metabolism and lactate signaling
pathways, resulting in treatment resistance.

(36)
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emerged establishing a correlation between increased polyamine

intake, specifically spermidine, and a decreased risk of

cardiovascular events and mortality (66, 67). Furthermore, recent

studies have revealed that reduced amounts of spermidine and

spermine might potentially result in an accumulation of dcAdoMet,

which in turn leads to a decline in DNA methylation levels (68).

In conclusion, the role of microbial-derived metabolites in

health and disease is complex and multifaceted. Maintaining a

balanced and diverse gut microbiota that produces beneficial

metabolites is critical to overall health, while disruption of this

system can contribute to the development of various diseases.

Further research in this field holds great promise for

understanding the intricate interplay between the microbiome

and human health and may lead to innovative approaches for

preventing and treating a range of health conditions.

Next, we will examine the role of microbial metabolites in anti-

tumor immune responses, tumor immunotherapy and the effect of

these metabolites on the response to chemotherapy. To this aim, we

will first provide a brief description of each metabolite, and then we

will discuss the latest findings regarding the role of these

microbiota-derived metabolites in anti-tumor immune responses,

tumor immunotherapy, and the response to chemotherapy. In

Table 1, the mechanistic roles of microbe-derived metabolites in

anti-tumor immune responses, cancer immunotherapy, and

chemotherapy are presented, which will be thoroughly examined

in the subsequent sections.
3 Microbiota-derived SCFAs

Microbiota-derived SCFAs are organic acids consisting of carbon

atoms ranging from two to five. Their formation arises from the

anaerobic fermentation of indigestible polysaccharides, such as

dietary fiber and resistant starch, by bacteria residing in the human

gastrointestinal tract (69, 70). SCFAs are negatively charged

molecules consisting of carbon chains that vary in length from 1 to

6. The most abundant SCFAs include acetate (C2), propionate (C3),

and butyrate (C4). Furthermore, SCFAs can be generated by the

metabolic breakdown of amino acids (71). In addition, SCFAs can be

generated by the metabolic breakdown of amino acids, with around

1% of the bacterial population in the large intestine employing these

metabolic pathways (9, 72, 73). SCFAs are mostly absorbed by

colonocytes after production, which is aided by H+-linked

monocarboxylate transporters (MCTs) and sodium-linked

monocarboxylate transporters (SMCTs) (74). SCFAs play a pivotal

role in shaping the composition of the intestinal microbiota (75),

enhancing the function of the intestinal epithelial barrier (76), and

exhibiting positive effects in slowing the progression of various

diseases, including chronic kidney disease (77), inflammatory bowel

disease (IBD) (78), cancer (79–81), obesity (82). SCFAs, defined by

their chain length of 1 to 6 carbon atoms, are classified as saturated

fatty acids (83). They exert their influence on various cell types,

playing a crucial role in regulating essential biological processes such

as host metabolism, intestinal function, and immunology (84–86).

The molar ratio of acetate, propionate, and butyrate in the human

colon and feces is approximately 60:20:20 (87, 88). SCFAs are
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generated through the bacterial fermentation process. Thus, the

primary reason for the varying ratios of acetate, propionate, and

butyrate lies in the breakdown of distinct bacterial species (89).

The activity of SCFAs is mediated through two signal

transduction mechanisms: the inhibition of histone deacetylase

(HDAC) and the activation of G protein-coupled receptors

(GPCRs) (90). Given that HDAC-mediated epigenetic

modifications are crucial for gene expression (91), the

suppression of HDAC by SCFAs influences the progression of

metabolic, cancerous, and immune-related disorders (92–94).

GPCRs, specifically GPR43 (also known as free fatty acid receptor

2, FFAR2), GPR41 (FFAR3), and GPR109A (also known as

hydroxycarboxylic acid receptor 2, HCA2), have been identified

as receptors for SCFAs. These GPCRs play significant roles in

regulating metabolism and inflammation (87, 95, 96). For

instance, the activation of HCA2 by butyrate is crucial for

maintaining intestinal homeostasis (97). HCA2 is mainly

expressed in intestinal epithelial cells (IECs), adipose tissue, and

activated macrophages within adipose tissue. It interacts with

butyrate but does not get activated by either propionate or acetate

(98). Interestingly, the levels of HCA2 mRNA and protein in

intestinal epithelial cells (IECs) are significantly lower in germ-

free mice compared to conventional mice, owing to the lack of gut

microbiota. This reduction is reversed when the intestinal tract of

germ-free mice is re-colonized with bacteria (99). In IECs, the

binding of a ligand to HCA2 activates the NOD-, LRR- and pyrin

domain-containing protein 3 inflammasome, which facilitates the

maturation and secretion of IL-18 (100, 101). HCA2 inhibits both

basal and LPS-induced nuclear factor-kappa B (NF-kB) activation
in normal and cancerous colonocytes (97). In DCs, HCA2

activation reduces IL-6 levels, boosts IL-10 levels, and increases

the expression of RALDH1, an enzyme responsible for converting

retinol to retinoic acid (RA). RA is essential for the proliferation and

function of regulatory T cells (Tregs), particularly in the gut, in both

mice and humans (102–104). Additionally, in neutrophils,

activation of HCA2 by niacin elevates levels of the pro-apoptotic

protein Bcl-2 associated agonist of cell death (105). Overall, these

findings highlight HCA2’s significant role in nutrient sensing and

protecting the host from pro-inflammatory challenges across

various cell types through different signaling pathways.

Innate lymphoid cells (ILCs) are a diverse group of cells primarily

found in non-lymphoid peripheral tissues. This family includes five

distinct subtypes: natural killer (NK) cells, ILC1s, ILC2s, ILC3s, and

lymphoid tissue inducer (LTi) cells. These subpopulations share

similarities with T cell subsets in terms of their cytokine

production and transcription factor expression profiles (106, 107).

ILCs are recognized for their ability to change functions and

phenotypes in response to varying environmental signals, a

phenomenon referred to as functional plasticity (108, 109). Their

tissue-resident characteristics enable ILCs to quickly react to specific

stimuli within tissues and coordinate both innate and adaptive

immune responses during infections (110, 111). Beyond their

traditional role in enhancing inflammatory responses, there is

growing acknowledgment of the immunoregulatory functions of

ILCs in a range of diseases, including cancer (112, 113). The

relationship between ILCs and the microbiota is intricate.
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Microbiota influences ILCs indirectly through signals from accessory

cells, including DCs and IECs, as well as via the signaling pathways

associated with microbiota-derived metabolites and related dietary

components. Conversely, ILCs also play a role in regulating the

microbiota by secreting effector cytokines such as IFN-g from NK

cells, IL-4 from ILC2s, and IL-22 from ILC3s, in addition to the

involvement of T and B cells (114). The relationship between ILCs

and microbial metabolites, especially SCFAs, is a burgeoning field in

immunology with important implications for gut health and disease

(115–117). For instance, Kim et al. investigated how microbial

metabolites shape the landscape of intestinal immune cells, with a

particular focus on ILC3s in Peyer’s patches (PPs) (116). heir findings

revealed that specific pathogen-free (SPF) mice have fewer NKp46+

ILC3s in their terminal ileal PPs compared to those in jejunal PPs, a

difference that was not observed in antibiotic-treated mice (116). This

suggests that specific components of the microbiota may affect the

distribution of ILC3s. Additionally, higher concentrations of butyrate,

a microbial metabolite, were detected in the terminal ileal PPs of SPF

mice compared to both jejunal PPs of SPFmice and terminal ileal PPs

of antibiotic-treated mice (116). The study demonstrated that

butyrate suppresses NKp46+ ILC3s in terminal ileal PPs, leading to

reduced Csf2 expression, fewer Tregs, and increased proliferation of

antigen-specific T cells (116). This indicates that butyrate derived

from the microbiota negatively regulates NKp46+ ILC3s, thereby

modulating the immune environment and enhancing specific

immune responses in the terminal ileal PPs. Overall, this research

highlights the crucial role of microbiota-derived metabolites in

regional immune regulation in the gut. In the following section, we

will delve into the functions of butyrate, propionate, and acetate in

anti-tumor immunity, cancer immunotherapy, and chemotherapy.
3.1 Butyrate

Numerous commensal bacteria, such as Clostridium cluster IV

and XIVa, as well as Faecalibacterium prausnitzii, play a crucial role

in promoting the production of butyrate, subsequently absorbed by

the intestinal epithelial cells (IECs) of the human host (84, 118,

119). The synthesis of butyrate from carbohydrates occurs through

glycolysis, involving the fusion of two Acetyl-CoA molecules to

form acetoacetyl-CoA, which is then gradually reduced to yield

butyryl-CoA. The final stage in the synthesis of butyrate from

butyryl-CoA can be achieved through two distinct methods: either

via the butyryl-CoA: acetate CoA-transferase pathway or through

the phospho-butyrate and butyrate kinase pathways (72). Butyrate

plays a pivotal role in maintaining the integrity of the colonic

mucosa in BALB/c mice, thereby resisting colitis and preventing the

onset and progression of cancer. Its mechanism involves the

regulation of cell proliferation, apoptosis, and differentiation

(85, 120, 121). Furthermore, butyrate enhances the function of

the intestinal barrier and reduces inflammation in the intestines of

mice with intestinal disorders. This is accomplished through

interactions with GPCRs and the suppression of HDACs (122).

The data strongly suggest that butyrate contributes to the

enhancement of the intestinal barrier’s integrity, resulting in
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improvements in colonic inflammation and the inhibition of

colon cancer incidence and progression. This section has delved

into the multifaceted role of butyrate within the context of anti-

tumor immunity, cancer immunotherapy, and chemotherapy.

3.1.1 The role of butyrate in anti-tumor immunity
He et al. studied the effect of gut microbial metabolites,

especially butyrate, on the efficacy of oxaliplatin in cancer

treatment via the control of CD8+ T cell activity in their study

(23). Their research encompasses both in vitro and in vivo tests,

shedding light on the molecular processes underlying the observed

effects. Moreover, the research extends its findings to real cancer

patients, establishing clinical significance for the observed

phenomena. The gut microbiome has the potential to influence

the host’s immune system, and manipulating the gut microbiota

could potentially enhance the body’s ability to combat tumors.

Chemotherapy may induce dysbiosis, leading to heightened Th1

and Th17 immune responses, which, in turn, can impact the

effectiveness of chemotherapy (123). CD8+ T cells play a pivotal

role in directly eliminating tumor cells and are considered a primary

component in the immune response against tumors. The activity of

CD8+ T cells may also be influenced by myeloid cells and CD4+ T

cells. However, it remained unclear whether the microbiota might

directly modulate the activity of antitumor cytotoxic T cells or

indirectly influence the CD8+ T cell response through myeloid or

Th1 and Th17 cells. The research conducted by He et al. illustrates

that the gut microbiota may directly enhance the immune response

of antitumor CD8+ T cells and improve the effectiveness of

chemotherapy by generating specific metabolites, notably butyrate

(23). Further research is imperative to ascertain whether the gut

microbiota influence the response of antitumor CD8+ T cells

through interactions with other immune cells or other chemicals

within the gut microbiome (23). Numerous studies have

consistently demonstrated a robust correlation between the

presence of fecal butyrate and the incidence of CRC (124–126).

Additionally, He et al. observed a potential favorable correlation

between blood butyrate levels and the response to chemotherapy in

patients (23). Recent validation has been provided for the

connection between SCFAs and the therapeutic effects of PD-1

inhibition in cancer patients (127). A study conducted by He et al.

emphasizes the significant influence of gut microbial metabolites,

specifically butyrate, in improving the effectiveness of oxaliplatin in

cancer treatment (23). The direct enhancement of the immune

response of cytotoxic CD8+ T cells against tumors, both in

laboratory settings and living organisms, was evident upon the

administration of butyrate (23). Previous research has indicated

that animals lacking inhibitor of DNA binding protein 2 (ID2) in

CD8+ T cells are more susceptible to bacterial infections due to

compromised development of effector and memory CD8+ T cells

(128–131). According to He et al., the augmentation of CD8+ T cell

responses induced by butyrate operates through a mechanism

reliant on ID2 (23). Furthermore, it was demonstrated that the

administration of butyrate led to the promotion of the IL-12

signaling pathway, subsequently influencing the regulation of

CD8+ T cell activity (23). He et al. provides detailed insights into
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how butyrate enhances the immune response of antitumor CD8+ T

cells, primarily through mechanisms involving ID2 and the IL-12

signaling pathway. However, these findings could benefit from

further elaboration on the interactions with other immune cells

and signaling molecules. The observation of a favorable correlation

between blood butyrate levels and chemotherapy response in

patients underscores the potential for clinical applications. Yet,

translating these findings into standardized treatment protocols will

require extensive clinical trials and validation. The study suggests

that chemotherapy-induced dysbiosis can lead to heightened Th1

and Th17 responses, impacting treatment effectiveness. This

highlights the importance of considering the gut microbiome’s

health in cancer therapy planning. However, the specific pathways

through which dysbiosis influences these immune responses

warrant further investigation.

Yang et al. conducted an investigation into the role of gut

microbiota in the anticancer effects of ionizing radiation (IR) and

identified a novel mechanism involving the butyrate-mediated

reduction of local type I interferon (IFN) production (132). The

research establishes a correlation between the composition of gut

microbiota, levels of butyrate, and the effectiveness of IR in

mitigating tumor development. To manipulate butyrate-

producing gut bacteria, the study utilized antibiotic therapy and

oral administration of specific microorganisms, revealing a

potential treatment avenue for enhancing tumor radiation

sensitivity. The administration of vancomycin, an antibiotic

targeting Gram-positive bacteria, resulted in a reduction of

butyrate-producing gut bacteria (132). This decrease in butyrate-

producing bacteria was associated with an increase in antitumor

responses to IR (132). Additionally, the researchers found that oral

treatment with Lachnospiraceae, a vancomycin-sensitive bacterial

family, led to elevated systemic and intratumoral butyrate levels

(132). This heightened butyric acid was correlated with reduced IR

efficiency in germ-free mice (132). Prior studies have indicated that

the IR-induced cytotoxic T cell response is significantly reliant on

tumor-associated myeloid cells and stimulator of interferon genes

(STING) activation (133–135). IR has the potential to stimulate an

enhanced tumor-specific cytotoxic T cell response dependent on

DCs (136). In a previous report, Deng et al. highlighted that IR

triggers STING activation in intratumoral DCs, resulting in

increased IFN-I expression and an enhanced cytotoxic T cell

response against tumor antigens (136). Building on this, Yang

et al. discovered that local administration of butyrate inhibits

STING-activated type I interferon expression in DCs (132). The

activation of STING recruits’ serine-threonine kinase (TBK1) to

phosphorylate the IFN regulatory factor 3 (IRF3), ultimately leading

to IFN-I production (79, 137, 138). Their results unveiled that this

inhibition occurs through the blockade of TBK1 and IRF3

phosphorylation (132). Consequently, the suppression of IFN-I

expression diminishes IR-induced tumor-specific cytotoxic T cell

immune responses (132). These findings demonstrate that sodium

butyrate (NaBu) hinders downstream STING activation by

interfering with the phosphorylation of TBK1 and IRF3 (132).

Importantly, the findings of Yang et al. emphasize that the impact

of butyrate on immune responses is not a result of directly shielding
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tumor cells from radiation. Instead, its impact lies in modulating the

immune microenvironment, specifically through the inhibition of

IFN-I expression. Yang et al. expand on previous findings by

exploring the impact of butyrate on the STING pathway and

IFN-I expression. Their discovery that butyrate inhibits STING-

activated type I interferon expression in DCs by blocking TBK1 and

IRF3 phosphorylation is crucial. However, the downstream effects

of this inhibition and its broader implications on the immune

microenvironment require further elucidation. To translate these

findings into clinical practice, studies involving human subjects are

essential. This will help validate whether the observed mechanisms

in mice apply to human physiology. Also, expanding the analysis to

include a wider range of gut microbiota and metabolites could

uncover additional factors influencing IR effectiveness. All in all,

conducting longitudinal studies to observe the long-term effects of

manipulating butyrate-producing bacteria on cancer treatment

outcomes would provide deeper insights.

All in all, He et al. investigated how gut microbial metabolites,

especially butyrate, enhance the efficacy of oxaliplatin in cancer

treatment by regulating CD8+ T cell activity, demonstrating

significant effects in both laboratory and clinical settings. Their

research highlights that butyrate improves the immune response of

CD8+ T cells through mechanisms involving ID2 and the IL-12

signaling pathway. They also observed a positive correlation between

blood butyrate levels and chemotherapy response, suggesting

potential clinical applications. However, chemotherapy-induced

dysbiosis can lead to heightened Th1 and Th17 responses, affecting

treatment outcomes. Yang et al. further explored butyrate’s role,

finding it inhibits STING-activated type I interferon expression in

DCs, thus modulating the immune microenvironment and

enhancing radiation therapy effectiveness. These findings

underscore the importance of gut microbiota in cancer therapy,

necessitating further research to validate these mechanisms in

humans and explore additional microbial influences on

treatment efficacy.

3.1.2 The role of butyrate in
cancer immunotherapy

Coutzac et al. conducted a study investigating the impact of

systemic SCFAs, particularly butyrate and propionate, on the

therapeutic outcomes of Cytotoxic T-lymphocyte associated

protein 4 (CTLA-4) immune checkpoint inhibitor treatment in

both murine models and individuals with advanced cancer (79).

The primary objective of the study is to unveil the molecular

mechanisms through which gut microbiota-derived metabolites,

specifically SCFAs, influence immune responses and the

effectiveness of anti-CTLA-4 treatment (79). The data indicate a

correlation between elevated blood levels of butyrate and

propionate, resistance to CTLA-4 inhibition, and alterations in

Treg cell proportions. SCFA, especially butyrate, consistently

exhibits immunomodulatory properties (as does propionate),

primarily through the induction of Treg cells (139). CTLA-4

inhibition leads to an upregulation in the expression of co-

stimulatory molecules CD80 and CD86 in mice, a process

hindered by the oral administration of sodium butyrate. The
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research delves into how the composition of the gut microbiota

influences the therapeutic efficacy of immune checkpoint inhibitors,

specifically CTLA-4 inhibition, in individuals with advanced cancer

(79). Coutzac et al. demonstrated a correlation between blood levels

of butyrate and propionate and resistance to CTLA-4 blockade (79).

Elevated SCFA levels are also associated with an increased number

of Treg cells, suggesting a potential immunosuppressive effect (79).

In animal models, butyrate hinders the CTLA-4-induced

upregulation of CD80/CD86 on DCs and ICOS on T cells (79).

Additionally, butyrate inhibits the formation of tumor-specific T

cells and memory T cells, potentially hindering the immune

response against cancer (79). Elevated levels of butyrate are

associated with reduced IL-2 impregnation, indicating a potential

regulatory role in immune responses (79). This study suggests that

systemic short-chain fatty acids, especially butyrate and propionate,

may act as regulators, diminishing the anticancer effects of CTLA-4

inhibition in cancer patients. The correlation between higher SCFA

levels and medication resistance, along with changes in Treg cell

proportions, highlights a complex interplay between gut

microbiota-derived chemicals and immunological checkpoint

suppression. The findings offer insights into the molecular

processes through which SCFAs modulate immune responses,

emphasizing their potential as regulators of therapeutic outcomes

in cancer patients undergoing CTLA-4 inhibition. Further

exploration in this realm could contribute to devising strategies

for optimizing immune checkpoint inhibitor therapy.

Zhu et al. investigated the impact of the microbial metabolite

butyrate on modifying antitumor immunity, specifically focusing

on PD-1 expression on CD8+ and V9 V2 (V2+) T cells in patients

with non-small cell lung cancer (NSCLC) (31). One possible

explanation for this observation is that signals derived from

commensal Bifidobacterium modulate the activation of DCs,

consequently supporting enhanced effector function in tumor-

specific CD8+ T cells (140). Conversely, non-responders exhibit a

lower abundance of SCFA-producing bacteria, such as

Faecalibacterium and Akkermansia muciniphila, compared to

responders to anti-PD-1 immunotherapy (141, 142). Zhu et al.

demonstrated a positive correlation between serum butyric acid

levels and PD-1 expression on circulating CD8+ and V2+ T

lymphocytes in NSCLC patients (31). Furthermore, responder

NSCLC patients, those showing a favorable response to therapy,

exhibited higher levels of blood acetic acid, propionic acid, and

butyric acid than non-responders (31). Their findings indicated that

depleting gut microbiota from tumor-bearing animals led to

reduced butyrate levels in both feces and blood (31). This

suggests a connection between gut microbiota and systemic

butyrate levels.

Previous studies have demonstrated that SCFAs, especially

butyrate, stimulate the generation of regulatory T cells (Treg

cells) outside the thymus, contribute to the development of Treg

cells in the colon, and are regulated by HDAC (143–145). Zhu et al.

made the discovery that butyrate enhances the activation of CD28

and PD-1 in cytotoxic CD8+ and Vd2+ T lymphocytes by

promoting histone 3 lysine 27 acetylation at the promoters of

Cd28 and Pdcd1 genes (31). This mechanism facilitates the

upregulation of PD-1/CD28, thereby enhancing the effectiveness
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of anti-PD-1 treatment. T-cell activation requires two signals: an

initial signal triggered by the antigen from the T cell receptor (TCR)

and a subsequent signal from co-stimulatory receptors (146).

Previous studies have indicated that the TCR/CD28/Ca2+

signaling pathway has the capacity to amplify the antigen

sensitivity of T lymphocytes (147, 148). According to the current

model of TCR activation, upon TCR binding, Lck is activated,

leading to the phosphorylation of the CD3 coreceptor complex and

z-chains of the TCR. This activation also initiates the activation of

the z-chain-associated protein Zap70. Subsequently, the activated

tyrosine kinase Zap70 phosphorylates the membrane adaptor Lat,

which then recruits various Src homology-containing proteins,

including phospholipase C-g1 (PLC-g1) (148–150). Therefore,

PLC-g1 plays a crucial and essential role in the conventional TCR

signaling pathway (31). Zhu et al. found that butyrate facilitates the

phosphorylation of PLC-g1 and enhances the synthesis of IFN-g
and tumor necrosis factor a (TNFa) in CD8+ T cells during TCR

activation (31). Importantly, the co-administration of anti-PD-1

and butyrate resulted in more potent immune responses against

tumors compared to using either anti-PD-1 or butyrate alone in

mouse models with melanoma. This study provides crucial insights

into the influence of the gut microbiota metabolite, butyrate, on the

efficacy of anti-PD-1 immunotherapy in NSCLC patients. The

positive correlation between serum butyric acid levels and PD-1

expression, as well as the association with treatment response,

suggests a potential role for butyrate as a therapeutic biomarker.

The mechanistic exploration reveals that butyrate enhances the

expression of PD-1/CD28 and promotes antitumor cytokine

expression by modulating the TCR signaling pathway in cytotoxic

CD8+ T cells. Overall, these findings position butyrate as a

promising candidate for enhancing antitumor immunity and

optimizing the effectiveness of anti-PD-1 immunotherapy in

cancer patients.

Kang et al. investigated the involvement of Roseburia

intestinalis , a probiotic species renowned for its anti-

inflammatory characteristics, in the development of CRC and the

efficacy of immunotherapy (28). The primary goal was to assess the

prevalence of Roseburia intestinalis in individuals with CRC,

scrutinize its impact in animal models of CRC, and unveil the

underlying mechanisms through which Roseburia intestinalis and

its metabolite, butyrate, influence tumor development and response

to anti-PD-1 immunotherapy (28). Previous studies have indicated

a reduction in the presence of Roseburia intestinalis in the gut

microbiota of individuals with CRC (151–153). There is also

evidence suggesting a negative correlation between butyrate and

the incidence of CRC (154). Moreover, an increasing body of

information highlights the various protective mechanisms of

butyrate against the development of CRC. Butyrate can diminish

tumor cell proliferation by acting as a histone deacetylase inhibitor

(155). Clostridium butyricum, the main producer of butyrate in the

human gut, reduces the occurrence of CRC by downregulating the

oncogenic WNT signaling pathway (156). In their recent

investigation, Kang et al. observed a substantial reduction of

Roseburia intestinalis in the fecal samples of patients with CRC

compared to healthy individuals (28). The administration of

Roseburia intestinalis suppressed the development of tumors in
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ApcMin/+ mice and animals with azoxymethane (AOM)-induced

CRC (28). Kang et al. found that Roseburia intestinalis has the

capacity to enhance gut barrier function, increase intestinal

permeability, and elevate the expression of tight junction proteins

(28). Furthermore, it has been demonstrated that Roseburia

intestinalis produces butyrate as its functional metabolite (28).

Consequently, the researchers investigated the correlation

between Roseburia intestinalis or butyrate and the efficacy of anti-

PD-1 treatment in two orthotopic mouse models featuring tumors

with distinct CRC subtypes, namely microsatellite instability (MSI)-

high or microsatellite instability (MSS) (28). In their study, Kang

et al. observed that Roseburia intestinalis or butyrate stimulates the

development of cytotoxic CD8+ T cells expressing granzyme B,

IFN-g, and TNF-a in orthotopic animal models of CRC (28).

Additionally, the presence of Roseburia intestinalis or butyrate

significantly enhances the effect iveness of anti-PD-1

immunotherapy in mice with CRC exhibiting microsatellite

instability (MSI)-low (28). Furthermore, the researchers delved

into the mechanism through which butyrate produced from

Roseburia intestinalis interacts with CD8+ T cells possessing

anticancer properties (28). A prior investigation suggested that

inhibiting GPR did not impede the impact of butyrate on the

functionality of CD8+ T lymphocytes (23). Toll-like receptor 5

(TLR5), a receptor found on epithelial and immune cells that

selectively detects flagellin on bacteria (157), lacks substantial

research on its interaction with microbial metabolites. Kang et al.

revealed that butyrate directly binds to the TLR5 receptor on CD8+

T cells (28). This binding activates TLR5 through the nuclear factor

kappa B (NF-kB) signaling pathway, thereby enhancing the

functional activity of CD8+ T lymphocytes.

The findings of this research illustrate that Roseburia intestinalis

protects against the development of CRC by generating butyrate,

which subsequent ly boosts the efficacy of anti-PD-1

immunotherapy. The depletion of Roseburia intestinalis in CRC

patients suggests a potential role for this probiotic species in CRC

prevention. The mechanisms involve the induction of functional

cytotoxic CD8+ T cells and the direct interaction of butyrate with

TLR5 on these T cells. The findings suggest that Roseburia

intestinalis or butyrate could serve as potential adjuvants to

augment the efficacy of anti-PD-1 immunotherapy in CRC. In

summary, the importance of SCFAs, particularly butyrate, lies in

their diverse beneficial effects on gut health, immune modulation,

and potential therapeutic applications in various diseases, including

cancer. The studies discussed provide insights into the intricate

relationship between gut microbiota-derived metabolites and the

host immune system, paving the way for novel therapeutic

strategies in cancer treatment.

In conclusion, the research conducted by Coutzac et al., Zhu

et al., and Kang et al. underscores the critical role of SCFAs,

particularly butyrate, in shaping immune responses and therapeutic

outcomes in cancer treatment. Coutzac et al. revealed that elevated

levels of butyrate and propionate correlate with resistance to CTLA-4

inhibition, indicating their immunosuppressive potential. Conversely,

Zhu et al. demonstrated that butyrate enhances antitumor immunity
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by upregulating PD-1 expression on CD8+ T cells, thus improving

responses to anti-PD-1 therapy in non-small cell lung cancer.

Similarly, Kang et al. highlighted the protective effects of the

probiotic Roseburia intestinalis, which produces butyrate and

promotes effective cytotoxic T cell responses against CRC.

Collectively, these findings emphasize the complex interplay

between gut microbiota-derived metabolites and immune

modulation, suggesting that SCFAs like butyrate may serve as

valuable biomarkers and therapeutic adjuncts to enhance the

efficacy of immune checkpoint inhibitors in cancer treatment.

Further research is essential to fully elucidate these mechanisms

and develop targeted strategies for optimizing immunotherapy in

cancer patients.
3.2 Acetate

Acetate predominantly originates in the animal colon through

the anaerobic breakdown of dietary fibers by bacteria. Various

bacteria, including Akkermansia muciniphila and Bacteroides spp.,

contribute to the production of acetic acid (85, 87, 158–160). This

process involves the conversion of acetyl-CoA, generated by

glycolysis, to acetate. Subsequently, enzymatic transformation to

butyrate occurs through butyryl-CoA:acetyl-CoA transferase (87).

The highest concentration of this fermentation product is found in

the proximal colon, where it is absorbed by IECs or transferred to

the blood through the intestinal epithelium and rapidly absorbed by

the liver via the hepatic portal vein (90, 139). Acetate exerts various

effects on tissues and organs (120). It serves as a biofuel and

nutritional source for tumor cells and is implicated in lipid

formation (161). In both animals and humans, acetate plays a

regulatory role in energy balance and metabolic homeostasis. It

protects mitochondria from oxidation and stress, influences

immunity, and modulates body weight and insulin sensitivity

through its effects on glucose and lipid metabolism (162–165).

However, further research is needed to delve into the mechanisms

by which acetate functions in different disorders and to identify

specific metabolic alterations associated with acetate utilization.

Recent revelations highlight the significant role of acetate in

cancer etiology (166–168). Tran et al. (166) delves into the potential

therapeutic implications of acetate in cancer treatment, focusing on

its impact on the expression of the poliovirus receptor (PVR/

CD155), an immunological checkpoint ligand in colon cancer

cells. Their findings indicate that acetate therapy inhibits PVR/

CD155 expression, leading to heightened effector responses of CD8

+ T cells (166). This action is achieved by blocking the PI3K/AKT

pathway (166). The study further reveals that acetate therapy

enhances CD8+ T cell effector responses, suggesting a potential

augmentation in anti-tumor immunity (4). The results suggest that

maintaining specific acetate concentrations could serve as a

complementary approach in cancer therapy, potentially

enhancing response rates by modifying immunological

checkpoint expression and promoting anti-tumor immunity

(166). The data imply that maintaining specific acetate
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concentrations might be a valuable supplementary strategy for

improv ing ant i - tumor immuni ty wi th in the cancer

microenvironment. The proposition that maintaining specific

acetate concentrations could supplement current cancer therapy

regimens opens up new avenues for research and clinical testing.

In conclusion, acetate emerges as a crucial metabolite with

multifaceted roles in health and disease, particularly in cancer

dynamics. Generated primarily in the animal colon through

bacterial fermentation of dietary fibers, acetate significantly

influences metabolic processes, immunity, and energy balance.

Recent findings highlight its therapeutic potential, especially in

colon cancer, where acetate therapy has been shown to inhibit the

expression of the immunological checkpoint ligand PVR/CD155,

thereby enhancing the effector responses of CD8+ T cells and

potentially boosting anti-tumor immunity. These insights suggest

that strategically maintaining acetate concentrations may serve as

an innovative adjunct to current cancer therapies, offering a

promising approach to improve patient outcomes. Further

research is warranted to fully elucidate the underlying

mechanisms of acetate’s action in various disorders and to

explore its potential as a therapeutic agent in clinical settings.

3.2.1 The role of acetate in anti-tumor immunity
Qiu et al. conducted a study examining the impact of acetate on

restoring effector function in glucose-restricted CD8+ T cells, a

common occurrence in the TME (168). Adequate nutrient

availability is crucial for T cells to activate proper metabolism,

facilitating effector activities during infections and malignancies

(169–171). According to Qiu et al., acetate plays a role in rescuing

effector activity in glucose-restricted CD8+ T cells, addressing their

hypo-responsiveness during cancer (168). It is important to

mention that local microenvironments and niches may have

greater concentrations of acetate in comparison to blood levels.

Recent evidence suggests that SCFAs obtained from food, such as

acetate, boost the effectiveness of CD8+ T cells via enhancing

cellular metabolism (172). Qiu et al. discovered that acetate

induces increased histone acetylation and chromatin accessibility.

This allows for enhanced transcription of the IFN-g gene and

cytokine production through acetyl-CoA synthetase (ACSS) (168).

Ex vivo acetate therapy also demonstrated a boost in IFN-g
production by fatigued T cells, suggesting that acetate

supplementation holds the potential to reactivate hyporesponsive

T cells (168). Reduced ACSS expression led to decreased IFN-g
production in tumor-infiltrating lymphocytes, hindering tumor

clearance. This indicates that mechanisms governing alternative

substrate use, such as acetate, could be therapeutically targeted to

enhance T cell activity in cancer (168). This study unveils the

capacity of acetate to rescue effector function in glucose-restricted

CD8+ T cells, shedding light on potential therapeutic avenues for

promoting T cell function in the context of cancer. The identified

mechanisms involving histone acetylation, chromatin accessibility,

and ACSS provide insights into the epigenetic remodeling of T cells

by acetate. The findings suggest that targeting pathways regulating

substrate utilization, particularly acetate supplementation, could be
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a promising strategy to enhance T cell responses and improve

outcomes in cancer immunotherapy.

Ye et al. delved into the impact of chronic stress on breast

cancer growth, focusing on microbiological and metabolic signals

(173). The findings suggest that reduced levels of the bacterial

species Blautia and its metabolite acetate may contribute to chronic

stress-induced breast cancer growth (173). This study employed

animal models to investigate the effects of Blautia and acetate

therapy on CD8+ T cell responses and cancer development (173).

Chronic stress and depression disrupt the gut microbiota,

influencing immunological regulation and elevating the risk of

colitis (174). The precise mechanisms through which microbial

signals affect the tumor-associated immune response under chronic

stress remain unknown. However, microbial metabolites,

particularly SCFAs, significantly impact host immunity (86, 175).

Ye et al. found that acetate derived from microbiota might assist in

restoring T-cell immunity that has been compromised by

malignancies (173). The gut microbiota’s conversion of dietary

fiber into acetate has been associated with the control of allergic

airway illness and hematopoiesis (176). Chronic stress correlated

with decreased abundances of Blautia and acetate, suggesting a

potential role in breast cancer growth. The study revealed that

Blautia and acetate therapy enhanced the antitumor responses of

CD8+ T cells and reversed stress-induced breast cancer growth in

female mice (173).

Patients with depression exhibited lower abundances of Blautia

and acetate. Breast cancer patients with depression displayed

decreased acetate levels, reduced numbers of tumor-infiltrating

CD8+ T cells, and an increased risk of metastasis (173). The study

highlights the importance of the Blautia-acetate immunological axis

in modulating the immune response to breast cancer and suggests its

repression as a potential factor in chronic stress-promoted cancer

progression (173). While the study identifies a correlation between

reduced Blautia and acetate levels and breast cancer growth, the

precise mechanisms by which these microbial signals influence the

tumor-associated immune response under chronic stress remain

unclear. The reliance on animal models, while informative, may

not fully capture the complexities of human physiology and the gut

microbiome’s interaction with stress and cancer. The study suggests a

link between Blautia and acetate levels and cancer growth, but

definitive causal relationships are not established, necessitating

further research to confirm these findings. Ye et al. effectively

highlight how chronic stress and depression can disrupt gut

microbiota, subsequently influencing immunological regulation and

increasing cancer risk. This connection emphasizes the importance of

mental health in cancer prognosis and treatment. The therapeutic

potential of Blautia and acetate in enhancing CD8+ T cell responses

and countering stress-induced cancer progression is promising. This

could lead to new interventions that incorporate microbiome

modulation in cancer therapy. To translate these findings into

clinical practice, studies involving human subjects are essential.

Further research is needed to elucidate the precise mechanisms by

which Blautia and acetate influence tumor-associated immune

responses, particularly under chronic stress conditions.
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D. Miller et al. (177) investigated the impact of inhibiting

ACSS2, a crucial enzyme in acetate metabolism, on the TME and

anticancer immunity. In models of Clostridioides difficile infection,

acetate indeed enhances innate immune responses by acting on

both innate-like cells and neutrophils (178). Moreover, research has

demonstrated that in areas of Listeria monocytogenes infection, local

concentrations of acetate exceed 5 mM, and effector T cells

preferentially utilize acetate over glucose for ACSS (178). They

also observed a time- and dose-dependent increase in Ly6C surface

expression on OT-I memory T cells exposed to acetate, with Ly6C

serving as a hallmark of central memory T cells, signifying its

significant role in homing (179, 180). scRNA-seq analysis by D.

Miller et al. revealed heightened Ly6C2 expression in CD8+ T cells,

suggesting that inhibiting acetate metabolism might play a role in

memory T cells (177). Additionally, histone acetylation is crucial in

memory CD8+ T-cell responses (181). Acetate stimulates histone

acetylation and IFN-g synthesis by CD8+ tumor-infiltrating T cells

in an ACSS -dependent manner under glucose-restricted

conditions (168).

Tumor cells have been observed to dampen T-cell activity

through competition for glucose, even in the presence of robust

tumor antigens. This suggests that metabolic competition may

suppress T-cell-driven antitumor immunity, potentially fostering

cancer progression (182). ACSS2, a member of the acyl-CoA short-

chain synthase family, plays a pivotal role in converting acetate in

the cytoplasm and nucleus into acetyl-CoA (183). Its abundant

expression in various cancers is crucial for tumor development,

proliferation, invasion, and metastasis within the nutritionally

stressed microenvironment. Studies have indicated that inhibitors

targeting ACSS2 can effectively impede cancer development and,

when combined with other antineoplastic drugs, mitigate treatment

resistance (183). In the research conducted by D. Miller et al.,

inhibiting ACSS2 was found to transform cancer cells from acetate

consumers to producers, thereby making acetate available as a fuel

source for tumor-infiltrating lymphocytes. Additionally, their study

revealed that acetate enhances T-cell effector functions and

proliferation metabolically (177). Moreover, targeting ACSS2

using CRISPR-Cas9 guides or a small-molecule inhibitor not only

hinders tumor cell metabolism but also induces an anticancer

immune response, thereby enhancing the effectiveness of

chemotherapy in preclinical breast cancer models (177). The

study proposes a novel paradigm for targeting acetate metabolism

in cancer, wherein ACSS2 inhibition serves a dual purpose of

impairing tumor cell metabolism and potentiating antitumor

immunity. These findings open new avenues for therapeutic

interventions in breast cancer, emphasizing the interconnected

roles of metabolism and immunity in cancer progression. Further

exploration of ACSS2 as a potential target may lead to innovative

strategies for improving the efficacy of breast cancer treatment.

In conclusion, the studies by Qiu et al. and Ye et al. illuminate

the critical role of acetate in enhancing T cell function within the

TME, particularly in glucose-restricted conditions prevalent in

cancer. Acetate not only restores the effector function of CD8+ T

cells but also facilitates metabolic adaptability through mechanisms

involving histone acetylation and increased chromatin accessibility,
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thereby promoting cytokine production and antitumor responses.

The findings suggest that therapeutic strategies aimed at

modulating acetate levels or targeting the enzymes involved in

acetate metabolism, such as ACSS2, could significantly improve T

cell responses and overall efficacy in cancer immunotherapy.

Additionally, the demonstrated link between chronic stress,

reduced levels of acetate, and compromised T cell immunity

underlines the importance of the gut microbiota and its

metabolites in cancer progression and treatment outcomes. These

insights highlight the potential for innovative therapeutic

interventions that incorporate acetate supplementation or the

inhibition of acetate-consuming pathways, ultimately enhancing T

cell activity and improving clinical outcomes in cancer patients.

However, further research, particularly in human clinical trials, is

necessary to establish the mechanisms and efficacy of these

approaches, paving the way for personalized and microbiome-

informed cancer therapies that consider the intricate interplay

between metabolism, immunity, and mental health.
3.3 Microbiota-derived tryptophan

Tryptophan, an essential amino acid for humans, is sourced

from dietary proteins. Despite the predominant breakdown and

absorption of dietary proteins in the small intestine, a notable

amount of proteins and amino acids (6-18g/day) may potentially

reach the colon. In the colon, beneficial bacteria play a role in

breaking down these substances (184). Factors such as higher

protein consumption, reduced carbohydrate levels in the colon,

elevated pH in the colon, and an extended duration of passage

through the colon enhance the breakdown of bacterial proteins

(185–188). Several bacterial species have demonstrated the ability to

convert tryptophan into indole and its derivatives (188–192). For

instance, Clostridium sporogenes metabolizes tryptophan,

producing tryptamine, ILA, and indolepropionic acid (IPA) (7,

192, 193). Indole and IAA are present in human fecal samples from

healthy individuals at average quantities of 2.6 millimolar (194) and

5 micromolar (195), respectively. However, the levels of additional

byproducts of tryptophan breakdown (such as IPA, ILA, IAld,

tryptamine, and IA) in the human gastrointestinal tract have not

been assessed to our knowledge.

Tryptophan serves various metabolic functions, including its

integration into polypeptide chains of bacterial enzymes and acting

as a precursor for the coenzyme nicotinamide adenine dinucleotide

(196). However, within the intricate intestinal environment, the

most pivotal aspect is likely the bacterial requirement for

maintaining redox equilibrium. Tryptophan catabolites play

crucial roles as signaling molecules and antibacterial agents (197),

serving as ligands for Aryl hydrocarbon Receptor (AhR) (198–200),

enhancing the activities of the intestinal epithelial barrier (201, 202),

and regulating gut hormone production (203), among other

functions. There is compelling evidence that tryptophan

catabolites play a vital role in both maintaining good health and

contributing to the development of illnesses such as IBD,

neurological disorders, and cancer (204–206). This section
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provides current insights into the involvement of microbial-derived

metabolites in cancer immunotherapy, anti-tumor immunity,

and chemotherapy.

3.3.1 The role of microbiota-derived tryptophan
in anti-tumor immunity

Zhang et al. recently conducted a study to investigate the

influence of a specific probiotic strain, Lactobacillus plantarum

L168, and one of its byproducts, ILA, on reducing the

development of colorectal tumors (24). The research commences

by acknowledging previous studies that suggest the involvement of

Lactobacillus species in diminishing CRC in mouse models. This

sets the stage for the current investigation, which aims to unveil the

mechanisms responsible for this phenomenon (24). The gut

microbiota and its metabolites have the capacity to regulate

various epigenetic processes, including DNA methylation,

miRNA, RNA methylation, and histone modification (207).

Currently, there is limited understanding of the precise

mechanism and significance of the interaction between gut

microbiota and epigenetic pathways in CRC. Previous research

has demonstrated that metabolites produced by gut microbiota,

including SCFAs, significantly impact immune system modulation

through epigenetic mechanisms (208). Smith et al. demonstrated

that the HDAC inhibitory activity of SCFAs may increase the

quantity and immunosuppressive function of Treg cells (209). In

contrast to SCFAs produced by intestinal bacteria, ILA does not

impede the enzymatic function of HDACs in DCs to regulate the

binding signals of H3K27ac. A previous study established that

certain pioneering transcription factors can bind to compacted

chromatin, preparing enhancers for activation. Subsequently,

lineage-specific transcription factors are attracted to these primed

enhancers, leading to their activation and subsequent tagging by

H3K27ac (209). The research by Zhang et al. reveals that the

utilization of Lactobacillus plantarum L168 and its metabolite,

ILA, results in several advantageous outcomes. These include the

mitigation of intestinal inflammation, suppression of tumor

proliferation, and resolution of gut dysbiosis (24). These findings

suggest a potential anti-cancer influence. The researchers observed

that ILA has the ability to regulate the binding effectiveness of

prospective pioneer transcription factors and H3K27ac

simultaneously. This implies that ILA may play a role in

recruiting pioneer transcription factors to facilitate epigenetic

modifications (24). Recent investigations have indicated that

certain metabolites can directly interact with chromatin, thereby

influencing its state or modifying the characteristics of chromatin

regulatory factors (207). Consistent with these discoveries, Zhang

et al. noted that ILA interacts with CTCF and influences CTCF

binding at specific locations linked to reduced chromatin

accessibility and enhanced binding signals of H3K27me3 (24).

CTCF, a master regulator of gene expression, plays a direct role

in controlling chromatin structure and maintaining the balance

between active and inhibitory chromatin marks (210, 211). The

Zhang et al. study delves into the mechanistic details of how ILA

exerts its effects. It is shown to enhance the production of IL12a in

DCs by promoting the binding of H3K27ac at the enhancer regions
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of IL12a. This contributes to the priming of CD8+ T cell immunity

against tumor growth (24). ILA is found to transcriptionally inhibit

the expression of Saa3, which is related to cholesterol metabolism in

CD8+ T cells (24). This inhibition is mediated by changes in

chromatin accessibility. The result is an enhanced function of

tumor-infiltrating CD8+ T cells. Overall, this research offers

valuable insights into the mechanisms underlying the positive

effects of Lactobacillus plantarum L168 and ILA on colorectal

tumorigenesis. It points to the potential development of

therapeutic strategies for CRC patients that involve probiotics and

epigenetic regulation to enhance CD8+ T cell immunity against

tumors (Figure 1, Table 1). These findings have implications for the

development of new treatments and interventions in the field of

cancer immunotherapy.

In sum, the study by Zhang et al. highlights the promising

potential of the probiotic strain Lactobacillus plantarum L168 and

its metabolite ILA in mitigating colorectal tumor development

through multifaceted mechanisms, including the modulation of

epigenetic pathways. By revealing how ILA influences chromatin

dynamics and enhances CD8+ T cell immunity, this research

underscores the intricate relationship between gut microbiota,

metabolites, and immune responses in the context of cancer. The

ability of ILA to enhance IL12a production in DCs and its impact

on chromatin accessibility signify important steps toward

optimizing antitumor immunity. The implications of these

findings are profound, suggesting that integrating probiotics and

their metabolites into cancer treatment strategies could enhance

therapeutic outcomes for CRC patients. This approach may offer a

novel avenue for cancer immunotherapy, particularly by leveraging

the epigenetic regulatory capabilities of gut-derived metabolites.

Future research should focus on clinical trials to validate these

findings in human subjects and explore the broader applications of

probiotic interventions in other types of cancer, ultimately

contributing to personalized and effective cancer therapies.

3.3.2 The role of microbiota-derived tryptophan
in cancer immunotherapy

Fong et al. conducted a study on the immunomodulatory

activities of Lactobacillus gallinarum and its potential role in

enhancing the efficacy of anti-PD1 immunotherapy against CRC

(212). It has been established that the recruitment and infiltration of

Treg cells are major contributors to immune checkpoint blockade

(ICB) resistance, creating an immunosuppressive TME that hinders

the cytotoxicity of effector T cells (213). They initially demonstrated

that Lactobacillus gallinarum significantly enhanced the

effectiveness of anti-PD1 and led to substantial tumor shrinkage

(212). Emerging evidence suggests that the composition of the gut

microbiota plays a pivotal role in the success of cancer

immunotherapy, and modifying the microbiota is considered a

potential strategy to enhance ICB response (212). When combined

with anti-PD1, Lactobacillus gallinarum reduced the infiltration of

Foxp3+CD25+ Tregs in the TME and increased the effector activity

of CD8+ T cells, indicating improved antitumor immunity.

Remarkably, Lactobacillus gallinarum enhanced the effectiveness

of anti-PD1 in the CT26 syngeneic mouse model, characterized by
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MSI-low status and known for its poor response to immunotherapy

(212). The identified functional metabolite responsible for these

observed effects is indole-3-carboxylic acid (ICA), produced by

Lactobacillus gallinarum (212). A recent study found that the

probiotic Lactobacillus acidophilus enhances ICB efficiency by

reducing intratumoral Tregs and increasing effector CD8+ T

cells (214).

The indole pathway, both in the host and bacterium, is

renowned for its highly dynamic nature, involving the rapid

conversion and breakdown of various indole metabolites in in-

vivo (215). ICA is directly derived from IAld, requiring only a single

oxidation step for the conversion from IAld to ICA. It has been

hypothesized that this conversion is facilitated by cytochrome P450

enzymes in the liver, which are known for their involvement in the

transformation of indole metabolites in vivo (216, 217).

Indoleamine 2,3-dioxygenase 1 (IDO1), a widely expressed

enzyme in various human malignancies, plays a crucial role in the

conversion of tryptophan to kynurenine (Kyn) and has been

identified as a promising target for pharmacological intervention

(218). Several studies have highlighted the ability of probiotics to

suppress IDO1 expression and reduce Kyn levels in living

organisms (219, 220). The Kyn/Trp ratio is acknowledged as a

prognostic marker for predicting the response to ICB (221). In their

study, Fong et al. demonstrated that ICA inhibited the activity of

IDO1, resulting in a decrease in Kyn synthesis in tumors (212).

Moreover, their findings indicated that ICA and Kyn competed for

the same binding site on the AHR, with ICA impeding Kyn’s

binding to CD4+ T cells (212). Consequently, Treg cell

development was suppressed under laboratory conditions.

Numerous investigations have highlighted the antagonistic effects

of indole metabolites, which, while modestly activating the AHR

themselves, also exhibit antagonistic activity by inhibiting AHR

activation induced by agonists (222). Recent discoveries suggest that

indole metaboli tes produced by Lactobaci l lus induce

immunosuppression by activating the AHR on tumor-associated

macrophages, thereby fostering tumor growth (223). The

investigation conducted by Fong et al. revealed a competitive

interaction between AHR ligands originating from the host and

the microbiome. Specifically, they observed that ICA, originating

from Lactobacillus gallinarum (a weak AHR agonist), surpassed

Kyn and impeded Kyn-induced AHR activation. The use of partial

agonists is a common strategy in drug development (212). Their

results showed that administering ICA replicated the effects of

Lactobacillus gallinarum and significantly improved the efficacy of

anti-PD1 treatment in live organisms (212). However,

supplementing with Kyn might counteract the enhanced

effectiveness (212). Through the modulation of the IDO1/Kyn/

AHR axis using ICA, Lactobacillus gallinarum has emerged as a

potential adjunct to augment the effectiveness of anti-PD1

immunotherapy against CRC.

The study demonstrates that Lactobacillus gallinarum can

enhance the response to anti-PD1 therapy in CRC through its

immunomodulatory effects. The identified metabolite, ICA, plays a

crucial role in suppressing Treg differentiation and enhancing the

function of CD8+ T cells. The mechanistic insights into the IDO1/
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Kyn/AHR axis provide a clear understanding of how Lactobacillus

gallinarum-derived metabolites exert their effects. The findings

suggest a promising avenue for the development of microbial-

based adjuvants to improve the efficacy of immunotherapy in

CRC. Lactobacillus gallinarum and its metabolite ICA could

potentially be integrated into therapeutic strategies for CRC

treatment. The study contributes valuable knowledge to the

evolving field of microbiota-mediated immunomodulation and its

implications for cancer therapy.

In conclusion, the study by Fong et al. reveals the significant role

of Lactobacillus gallinarum and its metabolite ICA in enhancing the

efficacy of anti-PD1 immunotherapy against CRC. By

demonstrating that Lactobacillus gallinarum reduces Treg

infiltration and increases CD8+ T cell activity, the research

highlights a novel immunomodulatory mechanism that could

combat resistance to ICB. The mechanistic insights regarding the

IDO1/Kyn/AHR axis provide a deeper understanding of how

Lactobacillus-derived metabolites influence immune responses,

with ICA acting as a competitive antagonist to Kyn and

suppressing Treg cell differentiation. These findings suggesting

that Lactobacillus gallinarum could serve as a valuable adjunct

therapy in CRC treatment, particularly for patients who exhibit

poor responses to current immunotherapies. This research supports

the potential of microbiome modulation as a strategy to enhance

cancer treatment outcomes. Future studies are warranted to explore

the clinical applications of Lactobacillus gallinarum and ICA in

CRC patients and other malignancies, as well as to further

investigate the broader impact of gut microbiota on the efficacy of

immunotherapeutic strategies in oncology. Integrating probiotics

into cancer care could pave the way for innovative therapeutic

approaches that harness the power of the microbiome to improve

patient outcomes.

3.3.3 The role of microbiota-derived tryptophan
in chemotherapy

Tintelnot et al. delved into the impact of microbiota-derived 3-

indoleacetic acid (3-IAA) on chemotherapy efficacy in pancreatic

ductal adenocarcinoma (PDAC) (Figure 2, Table 1) (35). PDAC,

known for its exceptional aggressiveness and often unfavorable

prognosis due to limited treatment efficacy, prompted the

investigation into the potential influence of nutrition and gut

microbiota on treatment outcomes. Recognizing that conventional

genetic explanations alone fall short in explaining the variable

responses of individuals to chemotherapy in PDAC, the study

aimed to explore the role of microbiota and dietary patterns in

treatment outcomes (35). In a subset of individuals with localized

PDAC who exhibited prolonged survival, the migration of bacteria

from the gut to the tumor was observed, regulating the activation of

the immune system against the tumor. However, for most patients

with advanced, immunotherapy-resistant PDAC, combination

chemotherapy remains a common treatment approach, and the

impact of microbiota or dietary patterns on this treatment remains

unclear (224–227). The research conducted by Tintelnot et al.

revealed a possible link between positive chemotherapy outcomes

and increased levels of 3-IAA, a byproduct of gut bacteria that is
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produced through the breakdown of tryptophan (35). To further

investigate, the researchers conducted studies using humanized

gnotobiotic mouse models of PDAC. Their findings indicated that

fecal microbiota transplantation, short-term dietary modifications

of tryptophan, and oral administration of 3-IAA all contributed to

enhanced chemotherapy effectiveness (35).

This suggests that modifying the gut microbiota or

supplementing with 3-IAA could represent strategies to enhance

the efficacy of PDAC treatment. The study elucidates that the

synergy between 3-IAA and chemotherapy relies on the activity

of myeloperoxidase produced by neutrophils (35). Myeloperoxidase

catalyzes the oxidation of 3-IAA, and when used in conjunction

with chemotherapy, it results in the reduction of enzymes

responsible for breaking down ROS (35). Consequently, this leads

to the accumulation of ROS and the suppression of autophagy in

cancer cells (35). These alterations compromise the metabolic

efficiency of cancer cells, ultimately impeding their growth (35).

Moreover, the study highlights a significant association between the

levels of 3-IAA and treatment effectiveness in two separate cohorts

of PDAC patients (35). This suggests that the detection of 3-IAA in

patients might potentially function as a prognostic indicator for

their treatment outcome. The findings of this research are

significant because they shed light on an area of cancer therapy

that has been previously overlooked: the role of the gastrointestinal

microbiota and its metabolites, specifically 3-IAA.

The study presents novel therapeutic interventions by

elucidating the underlying mechanisms and demonstrating that

the presence of 3-IAA in the intestinal microbiota is associated with
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improved responses to chemotherapy in PDAC. These

interventions could involve manipulating the gut microbiota,

altering dietary patterns, or directly administering 3-IAA as a

complement to traditional chemotherapy. Moreover, the study

emphasizes the importance of considering the influence of diet

and the gut microbiota on cancer treatment outcomes, highlighting

the need for a holistic approach to cancer therapy that includes

nutritional interventions. These findings have broader implications

for personalized medicine, where treatment strategies can be

tailored to individual patients based on their gut microbiota

composition and the presence of specific metabolites like 3-IAA.

This research may ultimately lead to improved treatment regimens

and more favorable outcomes for patients with PDAC.

Han et al. investigated the chemopreventive effects of tryptophan

catabolites produced by the microbiota in individuals with CRC (37).

CRC is highly preventable, typically developing slowly through a

series of changes from adenoma to carcinoma (228). Clinical research

has been concentrated on exploring the chemopreventive impact of

statins in CRC (229–232). The study begins by acknowledging prior

epidemiological investigations that have indicated a correlation

between the use of statins and a reduced incidence of CRC (37).

Statins, a class of medications commonly used to lower cholesterol

levels, have also shown promise in preventing CRC (37). Through

retrospective studies on individuals who underwent colonoscopies,

the researchers uncovered evidence supporting the chemopreventive

role of statins in reducing the occurrence of CRC (37). This finding

strengthens the feasibility of employing statins for the prevention of

CRC. Previous studies have already demonstrated the role of bacteria
FIGURE 2

The roles of gut microbiota-derived metabolites in modulating cancer chemotherapy. Indole-3-lactic acid produced by Lactobacillus reuteri,
especially when stimulated by atorvastatin, exhibits chemopreventive effects by targeting the RAR-related orphan receptor gt (RORgt) and inhibiting
the production of IL-17 from Th17 cells. Indole-3-acetic acid enhances the effectiveness of chemotherapy by downregulating reactive oxygen
species (ROS)-degrading enzymes such as glutathione peroxidase 3 and 7, thus increasing ROS levels which promote chemotherapy-induced
cytotoxicity. Additionally, L-lactate produced by Lactobacillus iners contributes to chemoradiation resistance through the activation of lactate
signaling pathways. This figure highlights the complex interplay between gut microbiota metabolites and cancer treatment modalities.
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in influencing the efficacy of drugs (233–235). Additionally, a study

conducted by Han et al. demonstrated that the mitigating effect of

statin therapy on tumor size was associated with its influence on the

gastrointestinal microbiota. The use of statins led to changes in the

composition of the gut microbiota, particularly an increase in the

presence of the beneficial bacteria Lactobacillus reuteri (L. reuteri)

(37). The heightened prevalence of L. reuteri was associated with the

increased availability of tryptophan in the gut microbiome following

treatment with atorvastatin, a specific type of statin medication (37).

These findings suggest that statins contribute to elevating the levels of

tryptophan in the gut microbiota, thereby influencing the microbial

composition. The beneficial effects of L. reuteri may be attributed to

its ability to combat microorganisms and regulate the immune

system. A previous study demonstrated that reuterin, one of the

antimicrobial compounds produced by L. reuteri, suppressed the

proliferation of CRC cells by promoting protein oxidation and

inhibiting ribosome biogenesis (236). In vivo investigations by Han

et al. revealed that the administration of L. reuteri resulted in the

synthesis of ILA, a catabolite of tryptophan (37). They showed that

ILA, a compound produced by L. reuteri, is an additional crucial

factor in inhibiting the onset of CRC (37). Notably, a prior study

demonstrated that ILA produced by Lactobacillus gallinarum

induced apoptosis in CRC cell lines (237). The role of IL-17A in

promoting the development of intestinal tumors has been extensively

studied, and the removal of IL-17A has a significant impact in

reducing the number of tumors in ApcMin mice (238, 239).

Previous studies have demonstrated that oncomicrobes enhance the

formation of CRC by activating the IL-17 signaling pathway (240,

241). According to the findings of Han et al., ILA exhibited anti-

tumorigenic effects by downregulating the IL-17 signaling pathway,

which is associated with inflammation and immunological responses

(37). ILA reduced the development of T helper 17 cells by targeting

the nuclear receptor, RAR-related orphan receptor t (RORt). The

research by Han et al. (37) illustrated that L. reuteri inhibits CRC

carcinogenesis by blocking the IL-17 signaling pathway. The AHR

operates downstream of indole derivatives to help cells adapt to

environmental changes (242). Their results indicate that activating

AHR in the epithelium enhances barrier integrity in ApcMin mice,

contributing to ILA’s overall anti-cancer impact (Figure 2, Table 1)

(37). The research provides detailed mechanistic insights into how

statins might influence CRC prevention, particularly through their

impact on gut microbiota and tryptophan metabolism. Findings from

animal models, such as ApcMin mice, may not fully translate to

human physiology and cancer development, potentially limiting the

applicability of the results. The emphasis on Lactobacillus reuteri and

its metabolites may overlook other significant microbial players and

metabolites that could contribute to CRC prevention. To validate the

chemopreventive potential of statins and the role of gut microbiota in

CRC prevention, prospective clinical trials are essential. Expanding

the scope to include other microbial species and metabolites could

provide a more comprehensive understanding of the gut

microbiome’s role in CRC prevention. Finally, translating these

findings from animal models to human studies will be crucial in

determining the clinical applicability and potential therapeutic

strategies involving gut microbiota modulation.
Frontiers in Immunology 17
In conclusion, the studies by Tintelnot et al. and Han et al.

underscore the vital role of gut microbiota and its metabolites in

enhancing chemotherapy efficacy and preventing CRC, respectively.

Tintelnot et al. demonstrated that the microbiota-derived

metabolite 3-IAA correlates with improved chemotherapy

outcomes in pancreatic ductal PDAC. Their findings suggest that

modifying gut microbiota or supplementing with 3-IAA could serve

as promising strategies to enhance the effectiveness of PDAC

treatment. Similarly, Han et al. revealed how the probiotic

Lactobacillus reuteri and its metabolites can influence CRC

prevention through mechanisms involving tryptophan

metabolism and immune modulation. The research highlights the

chemopreventive potential of statins, particularly in how they alter

gut microbiota composition to increase beneficial bacteria like L.

reuteri. The implications of these findings are significant, indicating

that a holistic approach that incorporates dietary patterns and gut

microbiota manipulation could improve cancer treatment

outcomes. For PDAC patients, incorporating 3-IAA as a dietary

supplement or through microbiota modulation might enhance

chemotherapy responses. In CRC prevention, leveraging the

benefits of probiotics such as L. reuteri alongside statin therapy

could represent a novel and effective strategy. Furthermore, the

studies emphasize the need for personalized medicine, where

treatment plans could be tailored based on an individual’s gut

microbiota composition and the metabolites present. Future

research should focus on validating these findings in clinical

settings and exploring the broader implications of microbiota

interactions in cancer therapy. Prospective clinical trials are

necessary to confirm the efficacy of these interventions in human

populations and to assess their long-term impact on treatment

outcomes. By bridging the gap between basic research and clinical

application, these insights could lead to innovative therapeutic

strategies that harness the power of the gut microbiome to

combat cancer effectively.
3.4 TMAO

TMAO is a small chemical molecule with a molecular mass of

75.1 Daltons, belonging to the amine oxide family. It is commonly

present in the tissues of various marine creatures (243). TMAO

levels increase in the serum of animals colonized with TMA-

producing bacteria, in contrast to animals colonized with bacteria

incapable of producing TMA from choline in vitro (244). Primarily

generated by intestinal bacteria in the colon from dietary substrates

such as phosphatidylcholine/choline, carnitine, betaine,

dimethylglycine, and ergothioneine, TMA is absorbed into the

circulation and converted to TMAO by hepatic flavin

monooxygenases (FMO1 and FMO3). Alternatively, it may

undergo metabolism in the colon to methylamine, dimethylamine

(DMA), and ammonia (245–247). Choline-rich foods such as red

meat, eggs, dairy products, and saltwater fish are potential sources

of TMAO. TMA, initially a gas, undergoes oxidation within living

organisms by FMO1 and FMO3 to produce TMAO (248, 249).

Subsequently, TMAO is either transported to tissues for osmolyte
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accumulation or, more commonly, excreted by the kidneys (54, 250,

251). Numerous factors, including age, gender, diet, composition of

intestinal microbiota, renal function, and liver FMO activity,

influence TMAO levels (12). Numerous studies have established

connections between TMAO levels and the onset of various

conditions, including cancer (252–254), cardiovascular disease

(255, 256), metabolic syndrome (257), chronic renal disease (258),

and diabetes mellitus (259). In this segment, our focus is on

examining TMAO’s role in anti-tumor immunity, cancer

immunotherapy, and chemotherapy.

3.4.1 The role of TMAO in anti-tumor immunity
Wang et al. (260) delved into the role of the microbial

metabolite TMAO in modulating the TME and its impact on the

outcomes of immunotherapy in triple-negative breast cancer

(TNBC). Initially, commensal microbiota was considered

pathogens and implicated in certain cancers, like Helicobacter

pylori in gastric cancer (261, 262). Recent research has shifted

focus towards understanding the interactions between commensal

microbiota and the TME, with the majority of investigations

conducted in mice and yielding conflicting findings (224, 263–

266). Wang et al. carried out a comprehensive multiomics analysis

involving a cohort of 360 TNBC patients, revealing a higher

abundance of Clostridiales and TMAO genera in tumors with an

active immune microenvironment (260). Additionally, individuals

with elevated plasma TMAO levels exhibited a more favorable

response to immunotherapy (260). The study identified that

Clostridiales genera and the metabolite TMAO were more

prevalent in tumors with an active immune microenvironment

(260). Patients with increased plasma TMAO levels demonstrated

better responses to immunotherapy, suggesting a potential

predictive biomarker for therapy outcomes (260). However, due

to challenges in colonization and the associated risk of infection,

fecal microbiota transplantation and oral probiotics are not

currently deemed safe or viable therapies for TNBC (267).

However, TMAO and its precursor, choline, may hold promise as

clinical therapies. TMAO, a product of microbial metabolism, plays

a role in the pathogenesis of various inflammation-related diseases,

including renal and cardiac injuries (53, 56, 250, 268). Surprisingly,

Wang et al. discovered that elevated plasma TMAO levels were

associated with positive therapeutic effects in TNBC (260). While

prior studies mainly concentrated on the direct impact of microbial

metabolites on the host’s immune cells, whether these metabolites

can modulate the function of tumor cells remained unclear (22, 23).

Their findings revealed that TMAO induces pyroptosis in tumor

cells by activating the endoplasmic reticulum stress kinase PERK

(260). Consequently, this process enhances CD8+ T cell-mediated

antitumor immunity in TNBC. The study proposes that microbial

metabolites, like TMAO or its precursor choline, could present a

novel therapeutic strategy to augment the effectiveness of

immunotherapy in TNBC. In conclusion, this study introduces a

fresh perspective on the capacity of commensal microbiota to

influence host tumor immunity, suggesting that the microbial

metabolite TMAO may hold clinical potential for enhancing

immunotherapy efficacy in TNBC. Moreover, this study
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underscores the importance of considering the interactions

between commensal microbiota and the TME in cancer therapy.

The positive association between TMAO and immune activity

highlights the need for further research into the mechanisms by

which microbial metabolites influence tumor immunity. Future

studies could explore the clinical application of TMAO as a

therapeutic adjunct in immunotherapy regimens, potentially

leading to more personalized and effective treatment strategies for

TNBC patients. This research paves the way for a better

understanding of how microbiota-derived metabolites can shape

immune responses in cancer, ultimately contributing to improved

patient outcomes.

3.4.2 The role of TAMO in
cancer immunotherapy

The study by Mirji et al. investigates the role of TMAO, a

metabolite derived from the gut microbiome, in influencing

immune responses and the effectiveness of ICB therapy in PDAC

(269). The research identifies TMAO as a metabolite produced by

gut microbes that may enhance the anti-tumor immune response

against PDAC (269). In mice with orthotopic PDAC, TMAO is

associated with reduced tumor growth (269). Additionally, they

observed that TMAO administration was linked to the development

of an immunostimulatory tumor-associated macrophages (TAM)

phenotype, correlated with heightened anti-tumor immunity (269).

Moreover, TMAO was found to stimulate effector T cell responses

within the TME (269). Consistent with previous research (268, 270),

TMAO was identified as a significant inducer of inflammatory

effects. The findings suggest that TMAO activates the IFN pathway,

crucial for antiviral and anti-tumor immune responses (269).

TMAO’s anti-tumor properties were found to depend on type-I

IFN signaling. These inflammatory drivers are known to influence

immune cell activity, potentially regulating tumor development and

therapeutic response. For instance, type-I IFN stimulation has been

demonstrated to restrict TAM production while promoting

polarization toward an immunostimulatory phenotype (271, 272).

Moreover, Mirji et al. made the significant observation that the

combination of TMAO with immune checkpoint blockade (anti-

PD1 and/or anti-Tim3) led to a substantial reduction in tumor

burden and improved survival in a mouse model of PDAC,

surpassing the outcomes achieved with TMAO or ICB therapy

alone (269). This suggests that TMAO has the potential to enhance

the effectiveness of ICB treatment. Additionally, the presence of

bacteria carrying CutC, an enzyme involved in trimethylamine

production (the precursor to TMAO), was found to be correlated

with prolonged survival in PDAC patients. Moreover, PDAC

patients with a higher abundance of these bacteria exhibited more

favorable responses to anti-PD1 treatment in melanoma patients

(269). The connection between the presence of bacteria harboring

the CutC enzyme and improved outcomes in PDAC and melanoma

patients underscores the therapeutic significance of this discovery.

This suggests that approaches targeting TMAO or similar pathways

may hold therapeutic promise in cancer treatment that extends

beyond experimental mouse models. In summary, our research

identifies TMAO as a crucial driver of anti-tumor immunity and
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provides evidence of its therapeutic potential in PDAC. The

findings open up new avenues for exploring the role of the gut

microbiome in cancer immunotherapy and suggest that targeting

TMAO-related pathways may hold promise for enhancing

treatment outcomes in patients with PDAC and other cancers.

These findings pave the way for new therapeutic strategies that

utilize microbiome-derived metabolites, such as TMAO, to enhance

the effectiveness of immunotherapy in PDAC and potentially other

malignancies. Future research could investigate the clinical

applicability of targeting TMAO-related pathways and the role of

the gut microbiome in modulating tumor immunity. This study not

only provides valuable insights into the intersection of microbiome

health and cancer therapy but also suggests pathways for developing

personalized treatment approaches that harness the body’s own

immune mechanisms.
3.5 Urolithin A

Urolithins, a group of chemical molecules characterized by

benzo-coumarin scaffolds, represent ellagitannin and ellagic acid

metabolites produced by the gut microbiota (273, 274). UA is a

naturally occurring molecule synthesized by gut bacteria from

ingested ellagitannins (ETs) and ellagic acid (EA), both complex

polyphenols present in foods like pomegranates, berries, and nuts

(275). A groundbreaking study has also revealed that the human gut

microbiota synthesizes UA from ETs (276), establishing UA as the

most prevalent urolithin species produced in nature. The effects of

UA have been documented across a diverse range of health

conditions in both in vitro and in vivo models. The metabolite

has demonstrated anti-inflammatory, anti-apoptotic, and

antioxidant properties, along with cardioprotective and

neuroprotective qualities (275). Despite promising in vivo studies,

conclusive evidence regarding UA’s health benefits and

mechanisms of action is still a topic of debate. Recent research

has highlighted the significant role of UA in cancer pathobiology

(277–281). For instance, Cheng et al. investigated the impact of UA,

a metabolite found in pomegranate ellagitannins, on the epithelial-

to-mesenchymal transition (EMT) in lung cancer cells. Urolithin A

effectively impeded the EMT process, evident through the

upregulation of epithelial markers and the inhibition of

mesenchymal markers, according to their findings. This

inhibitory effect was achieved by disrupting the interaction

between p53 and Mdm2, leading to the ubiquitination and

degradation of Snail, a critical regulator of EMT (277).

Norden et al. conducted a study to investigate the impact of

various polyphenolic metabolites produced by gut microbes,

including UA, on the proliferation of colon cancer cells. They

also explored the interaction of these metabolites with oxaliplatin,

a chemotherapy drug (280). UA, among the metabolites, exhibited a

significant inhibitory effect on cell proliferation, displaying an IC50

value of 19 µM. Furthermore, it demonstrated a synergistic effect

when combined with oxaliplatin. The researchers observed that UA

stabilized p53 and increased the expression of genes targeted by p53.

Importantly, the antiproliferative effect of UA was markedly
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reduced in the absence of p53. This suggests the essential role of

the p53/TIGAR axis in mediating the effects of UA, leading to a

reduction in glycolytic potential. These findings underscore the

potential of UA as a dietary chemopreventive agent in colon cancer

(280). Moreover, a recent analysis has indicated that UA plays a

crucial role in the effectiveness of cancer immunotherapy and the

body’s ability to combat tumors (281–284).
3.5.1 The role of UA in anti-tumor immunity
Denk et al. delved into the proliferation of T memory stem cells

(TSCM) and their enhanced immune response against tumors by

inducing mitophagy through the use of UA (282). TSCM cells are

thought to fortify the immune system by consistently generating

less fatigued effector T cells within the TME (282). T cell fate

decisions are expected to be regulated by various mechanisms that

maintain a balance between stemness and final differentiation (285–

287). The authors propose a complex interaction between internal

signals from the mitochondria and the subsequent activation of the

stem cell-promoting Wnt-driven Tcf7 gene transcription (282). The

impact of UA on TSCM development appears to depend on both

Pink1 and Pgam5. Notably, Pgam5 is suggested to govern the

Pink1/Parkin-mediated mitophagy process (288). Initial evidence

suggests that PGC-1a is a crucial regulator directly stimulated by

Wnt signaling, playing a vital role in TSCM establishment. This

hypothesis has been proposed in the context of Mek inhibition

(282). Previous research has demonstrated that both pomegranate

juice and pure elagitannins exhibit antiproliferative and apoptotic

effects in CRC cell lines when tested in-vitro (289, 290). The results

highlight that UA, a substance synthesized by the gut microbiota

from ellagitannin-rich meals, holds the potential to augment the

population of TSCM cells (282). This discovery suggests a potential

strategy to enhance the body’s intrinsic anti-tumor mechanisms.

Denk et al. observed that when tumor-bearing mice were orally

administered UA, they exhibited a robust CD8+ T cell response

against the tumor (282). This indicates that UA has the capacity to

enhance the immune response against malignancies in living

organisms. The research conducted by Denk et al. also revealed

that T cells, pre-treated with UA in a controlled in vitro setting,

exhibited enhanced anti-tumor capabilities when subsequently

utilized in adoptive cell transfer (282). This implies that UA has

the potential to boost the efficacy of immune cell treatments, a

common approach in cancer treatment. Furthermore, it was

demonstrated that the creation of UA-induced TSCM is

contingent upon Pink1-mediated mitophagy, a mechanism aiding

in the removal of impaired mitochondria (282). Therefore, it may

be inferred that mitophagy plays a pivotal role in the proliferation of

TSCM cells and, consequently, in enhancing the immune response

against tumors. Their findings showed that Pgam5, a phosphatase

located in the mitochondria, is released into the cytosol during the

process of mitophagy. These results indicate that Pgam5 may play a

role in triggering the establishment of TSCM (282). The Wnt-b-
Catenin signaling pathway is suggested to stimulate the process of

mitochondrial biogenesis (291). The present investigation revealed

that cytosolic Pgam5 has the ability to dephosphorylate b-catenin, a
protein involved in Wnt signaling, a crucial pathway for cellular
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proliferation and differentiation (282). The results suggest that the

dephosphorylation of b-catenin initiates the activation of Wnt

signaling. Additionally, the findings indicate that Wnt signaling

initiates a compensatory process of mitochondrial biogenesis. This

process may serve as a mechanism through which UA-induced

TSCM cells proliferate and flourish (282). In summary, this study

unveils a crucial signaling mechanism in which mitophagy,

triggered by UA, leads to the generation of TSCM, enhancing the

body’s immune response against tumors. The results suggest that

UA, a metabolically well-tolerated drug, could be a potentially

beneficial option for enhancing immune therapy in the context of

cancer treatment. The findings of this study may hold substantial

significance for the development of innovative immunotherapies

and strategies to augment the innate tumor-fighting mechanisms of

the body.

Ginefra et al. recently undertook a study investigating the

impact of UA on CD8+ T cells and their role in cancer

immunosurveillance (292). CD8+ T cells play a pivotal role in the

immune system’s defense against infections and cancer (293–295).

The aging process and the onset of cancer can lead to deficiencies in

both the quantity and effectiveness of functional naïve T cells,

impeding the immune system’s ability to monitor and combat

diseases. Interventions are needed to enhance the quality and

quantity of these T cells for cancer prevention through

immunotherapy (292). The study examines the direct influence of

UA on the balance and effectiveness of CD8+ T lymphocytes. It

demonstrates that orally administered UA inhibits tumor

progression in mice, and this outcome is dependent on the

presence of CD8+ T cells (292). This suggests that UA enhances

the immune system’s ability to detect and eliminate cancer cells.

Furthermore, UA supplementation was found to induce the

proliferation of naïve CD8+ T lymphocytes in vivo (292). This is

significant as naïve T cells are essential for a robust immunological

response. UA amplifies cytokine production and mitochondrial

activity in CD8+ T lymphocytes (292). This indicates that UA

enhances the functionality of these cells, thereby increasing their

efficacy in fighting against cancer. UA also promotes memory

specialization in CD8+ T cells in vitro (292). Memory T cells play

a crucial role in sustaining long-lasting immunity by retaining

information from prior interactions with infections or cancer

cells. The study reveals that the transcription factor FOXO1 is a

target of UA in CD8+ T lymphocytes, independent of mitochondria

(292). Consequently, it can be inferred that UA operates through a

mechanism not reliant on mitophagy but instead involves the

stimulation of FOXO1. The research aims to determine the most

effective dose and timing of UA supplementation in vitro to induce

prolonged growth of CD8+ T cells with enhanced anti-tumor

properties, particularly in the context of adoptive T cell therapy

(292). The study’s findings offer preclinical data supporting

the use of UA as a novel immunomodulator to enhance

immunosurveillance. UA enhances the efficacy of CD8+ T

lymphocytes in combating cancer by improving both their quality

and quantity. This study suggests that UA may possess therapeutic

properties as an immunomodulatory drug, potentially enhancing

the body’s ability to recognize and combat cancer. Overall, these

findings offer substantial preclinical evidence supporting the use of
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UA as a novel immunomodulator to enhance cancer

immunosurveillance and improve the body’s ability to combat

cancer. UA’s well-tolerated nature and its potential to enhance

immune therapy hold promise for the development of novel

immunotherapies and strategies that could significantly benefit

cancer prevention and treatment. This research underscores the

importance of further investigation into UA’s role in cancer

immunotherapy and its potential clinical applications.

In conclusion, the studies conducted by Denk et al. and Ginefra

et al. reveal the potential of UA as a powerful immunomodulator in

enhancing the immune response against tumors, particularly in the

context of TSCM and CD8+ T lymphocytes. Denk et al.

demonstrated that UA promotes the proliferation of TSCM

through mitophagy, which in turn enhances the anti-tumor

immune response. Their findings indicate that UA’s impact on

TSCM development is linked to key signaling pathways, such as the

Pink1/Parkin-mediated mitophagy and Wnt-b-catenin signaling,

suggesting a complex interplay between mitochondrial function and

immune cell dynamics. Additionally, the ability of UA to improve

the efficacy of adoptive T cell transfer underscores its therapeutic

potential. Similarly, Ginefra et al. highlighted the role of UA in

augmenting CD8+ T cell functionality, promoting their

proliferation and enhancing cytokine production. By supporting

the development of memory T cells, UA may foster long-lasting

immunity against cancer. The research indicates that UA acts

through mechanisms that are both dependent and independent of

mitophagy, specifically targeting transcription factors like FOXO1

to enhance T cell effectiveness. Together, these findings suggest that

UA may serve as a promising therapeutic agent for improving

cancer immunotherapy outcomes. Its well-tolerated nature and

ability to bolster the immune system’s innate capabilities could

lead to innovative treatment strategies that enhance both the quality

and quantity of anti-tumor immune responses. Future research

should focus on optimizing UA dosing and administration timing

to maximize its benefits in clinical settings, paving the way for new

approaches to cancer prevention and treatment that leverage the

body’s own immune mechanisms.

3.5.2 The role of urolithin in
cancer immunotherapy

The research byWang et al. delves into the therapeutic potential

of urolithin B (UB), a metabolite originating from polyphenols

within the gastrointestinal tract, aiming to prevent CRC and

enhance the immune microenvironment in CRC (284). Their

investigation reveals that UB exerts a preventive effect on CRC

development in murine CRC models, irrespective of whether

induced by inflammation or genetic mutations (284). This

suggests that UB may have the capacity to reduce the risk of CRC

occurrence. The presence of intestinal flora in the TME of colon

cancer is linked to the immune response. CRC exhibits low

immunogenicity, and the prevalence of pathogenic intestinal

bacteria increases following colon cancer surgery and

chemotherapy (141, 296–298). The immune response mediated

by the gut microbiota plays a crucial regulatory role in

immunotherapy. Studies indicate that Akkermansia muciniphila is

an immunomodulatory bacterium (296, 299). Disruptions in
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microbial structure and the depletion of specific bacteria impede the

efficacy of immunotherapy. By comparing the intestinal flora of

responders and non-responders, researchers observed a correlation

between the relative abundance of Akkermansia muciniphila in

tumor patients and the immune response. Notably, the abundance

of Akkermansia muciniphila increased in patients who positively

responded to immunotherapy, as documented in studies (296, 299).

It is noteworthy that Akkermansia muciniphila can enhance the

immune response to chemotherapeutic drugs (297, 299). The study

carried out by Wang et al. revealed that the administration of UB

induced changes in the composition of the gut microbiota (284).

These alterations might have played a role in the reported

anticancer and immunomodulatory effects. UB was associated

with modifications in the tumor immunological microenvironment.

Specifically, it was found to influence the expression of HLA-B, a

protein involved in presenting antigens, as well as various types of

immune cells, including NK cells, regulatory T cells, and gd TCR cells

(284). These changes suggest that UB has the potential to establish a

more favorable immunological microenvironment for treating CRC.

Akkermansia muciniphila is strongly linked to positive responses to

anti-PD-1 treatment (300). As per the research conducted by Wang

et al., the administration of UB led to a decrease in the production of

Programmed death-ligand 1 (PD-L1), a protein utilized by cancer cells

to evadedetectionby the immune system(284).ReducingPD-L1 levels

holds the potential to fortify the immune response against CRC. The

combination of UB with first-line treatment medications yielded

improved outcomes concerning colorectal intestinal hematochezia,

characterized by the presence of blood in the stool (284). This suggests

that UBmay enhance the effectiveness of current CRC therapies. The

study indicates thatUB, particularlywhen used in conjunctionwith an

anti-PD-1 antibody, can hinder the proliferation of CRC. This finding

implies thatUBcould servenot only as a preventivemeasure but alsoas

an adjunct to boost the effectiveness of immunotherapy in CRC

patients. In summary, Wang et al. demonstrates that UB can prevent

the development of CRC, modify the gut microbiota composition,

influence the immunological milieu of tumors, and reduce the

expression of PD-L1. These collective factors contribute to the

anticancer and immunomodulatory effects of UB. Employing UB

alongside primary therapeutic medications and immunotherapy

agents holds promise as an approach to enhance CRC treatment.

These findings suggest that UB might significantly contribute to

improving the prognosis for CRC patients, offering novel avenues

for CRC therapy and prevention. However, further investigation

and rigorous clinical studies are necessary to validate these

promising results.

Mehra et al. explore the potential of UA, a gut microbe-derived

metabolite found in pomegranates, to enhance the durability and

effectiveness of ICB treatment in the context of PDAC (283). PDAC

stands out as an exceptionally aggressive cancer, boasting a mere

12% 5-year survival rate and ranking among the most formidable

solid organ malignancies (301). Current treatment options for

PDAC are limited, with curative surgical removal feasible in only

about 15%–20% of cases, primarily due to advanced disease upon

diagnosis (301). Despite its transformative impact on other cancer

types, immunotherapy has demonstrated limited efficacy in
Frontiers in Immunology 21
generating enduring responses in most PDAC patients (302–304).

Uro A exhibits the capability to selectively target and inhibit specific

signaling pathways implicated in PDAC, including the KRAS-

dependent PI3K/AKT/mTOR pathways, aiming to overcome

therapy resistance (305). However, the impact of Uro A on the

tumor’s immunological environment and its potential to enhance

ICB effectiveness have not been explored prior to this study.

Investigations focusing on unraveling the crucial factors

contributing to PDAC resistance to traditional chemotherapy and

immunotherapy have revealed the pivotal role of the TME in

enabling cancer cells to evade immune system detection. This, in

turn, facilitates tumor growth and metastasis (306). The TME of

PDAC is characterized by extensive stromal desmoplasia, a surplus

of extracellular matrix proteins, immunosuppressive cellular

populations, and notably deficient activated T cells. Previous

research has established that this resistance trait relies on

oncogenic KRAS alterations driving disease progression (307,

308). A study carried out by Mehra et al. demonstrated that UA

treatment caused a restructuring of the TME in PDAC (283). This

restructuring involved a reduction in stromal fibrosis, a hallmark

often associated with PDAC that may impede the access of immune

cells and therapies to the tumor (283). This modification is

noteworthy as it holds the potential to enhance immune cell

infiltration into the tumor. The study demonstrated that UA

therapy effectively reinvigorated the adaptive T-cell immune

response within the tumor (283). Specifically, there was an

increase in the infiltration of CD4+ and CD8+ T cells displaying

memory-like behavior (283). Memory T cells are recognized for

their ability to elicit a more potent and enduring immune response.

UA therapy led to a decrease in the expression of the protein PD-1,

associated with immune exhaustion, on tumor-infiltrating immune

cells (283). PD-1 serves as a crucial marker of immunological

exhaustion, and its decrease signifies heightened activation and

functionality of immune cells. Mehra et al. illustrated that

combining UA treatment with anti-PD-1 immunotherapy

resulted in a substantial enhancement of the antitumor response

(283). This combination therapy led to an increased infiltration of

CD4+ Th1 cells, which are known for their role in promoting

antitumor immunity. The combination of UA treatment with anti-

PD-1 immunotherapy resulted in a remarkable improvement in

overall survival in a genetically engineered mouse model of PDAC

(283). This finding suggests that UA has the potential to sensitize

PDAC to immunotherapy and significantly extend survival. In

summary, this study provides preclinical evidence that UA has

the potential to serve as a novel therapeutic agent for enhancing the

sensitivity of PDAC to immunotherapy, specifically ICB.

In sum, the investigations by Wang et al. and Mehra et al.

underscore the significant therapeutic potential of UB and UA in

the context of CRC and PDAC, respectively. Wang et al.

demonstrated that UB not only prevents the development of CRC

but also modifies the gut microbiota and enhances the

immunological environment of tumors, leading to reduced PD-L1

expression and improved outcomes when combined with

traditional therapies. Their findings suggest that UB could serve

as both a preventive and adjunctive treatment strategy, potentially
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improving the prognosis for CRC patients and paving the way for

innovative therapeutic approaches. Similarly, Mehra et al.

highlighted UA’s capacity to restructure the TME in PDAC,

enhancing T cell infiltration and reducing markers of immune

exhaustion. By demonstrating that UA can improve the efficacy of

ICB therapy, they provide compelling evidence for UA as a novel

therapeutic agent that could significantly sensitize PDAC to

immunotherapy, potentially extending patient survival. Together,

these studies illuminate the vital roles that metabolites derived from

gut microbiota can play in cancer therapy. By harnessing the

immunomodulatory effects of UB and UA, there is potential for

the development of new, more effective treatment strategies that not

only target tumor cells but also enhance the body’s own immune

response. Future research should focus on clinical validation of

these findings, exploring optimal dosing regimens and

combinations with existing therapies to maximize therapeutic

benefits and improve patient outcomes in CRC and PDAC.
4 Another microbial-
derived metabolite

4.1 Microbial-derived-formate

Ternes et al. delved into the intricate interplay between the gut

microbiome and CRC, shedding light on its capacity to modulate

the immune system and foster tumor growth (241). The findings

underscore that various gut-derived bacteria possess the potential to

fuel tumor formation, underscoring the microbiome’s pivotal role

in CRC development (241). However, the study underscores a

significant gap in comprehending the interaction between the gut

microbiota and the host, particularly concerning the metabolic

processes of tumor cells.

Previous metagenomics research has identified bacterial

formate oxidation as a prevalent metabolic pathway in a

chemically induced colitis animal model (309). Formate,

primarily sourced from the gut microbiome, is undetectable in

animals lacking gut bacteria and is synthesized and excreted by

diverse bacteria (310, 311). SPF mice exhibited an imbalance in the

gut microbiota, leading to an elevation in formate concentration in

the intestinal lumen, reaching millimolar values (309). These

metabolic shifts may potentially facilitate the establishment and

fitness benefits of opportunistic pathogens, including formate

dehydrogenase and terminal oxidase genes in mouse colitis

models (309). The study primarily focuses on formate, a

metabolite produced by Fusobacterium nucleatum, a bacterium

associated with CRC (241). The research verifies that formate

plays a role in promoting CRC development and identifies

molecular patterns l inking different CRC types with

Fusobacterium presence. Co-culturing Fusobacterium nucleatum

with CRC cells from patients promotes tumor growth,

accompanied by significant metabolic alterations, including

increased formate secretion and changes in glutamine processing

by cancer cells (241). Evidence indicates that AhR activation during

murine Th17 cell development augments the numbers of Th17 T
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cells and their cytokine production (312). The study elucidates the

mechanism by which microbiota-generated formate contributes to

CRC tumor invasion. This involves the activation of AhR signaling,

concurrently enhancing cancer stem cell characteristics (241).

Empirical data from mouse studies demonstrate that

Fusobacterium nucleatum or formate administration leads to a

higher tumor occurrence or larger size, accompanied by an

increase in proinflammatory Th17 cells (241). Importantly, the

study transcends mere observational findings and identifies formate

as a gut-derived oncometabolite with relevance to CRC progression.

This characterization positions formate as a significant factor in the

intricate interplay between the gut microbiome and CRC. The

comprehensive findings contribute valuable insights into the

molecular and metabolic aspects of CRC development, paving the

way for a deeper understanding of potential therapeutic

interventions or preventive strategies targeting the gut

microbiome and its metabolites in CRC.
4.2 Microbial-derived-desaminotyrosine

Joachim et al. investigated the effect of the microbial metabolite

DAT on ICI-enhanced cancer immunotherapy and T-cell priming

(29). The researchers address the issue of individual variations in

ICI response during cancer treatment, specifically investigating the

correlation between the composition of the gut microbiota and the

diverse outcomes of ICI therapy. Utilizing a live animal model with

C57Bl/6j mice, the team administers the bacterial-derived

metabolite DAT to modulate IFN-I and improve ICI

treatment (29).

Joachim et al. demonstrate that administering DAT to mice

leads to a deceleration in tumor development and amplifies the

efficacy of ICI immunotherapy, particularly when combined with

anti-CTLA-4 or anti-PD-1 treatments (29). Moreover, they

establish that DAT’s enhancement of antitumor immunity is

associated with heightened activation of T cells and natural killer

cells within the TME (29). The researchers intentionally disrupt the

balance of gut microbes using broad-spectrum antibiotics to

simulate resistance to ICI. The presence of IFN-I is pivotal for the

immune system’s detection and elimination of cancer cells (313–

315). Existing research indicates that the effectiveness of ICI therapy

against malignant melanoma is completely nullified in mice with a

hereditary deficiency in IFN-I signaling (316). However, the specific

triggers responsible for initiating IFN-I signaling in this context

remain unidentified. Microbial metabolites, such as DAT, have

demonstrated protective effects against influenza or SARS−CoV−2

infection by augmenting IFN-I signaling (317).

The recent investigation reveals that the enhanced immune

response to tumors with DAT hinges on the activation of host IFN-I

signaling, indicating the existence of a specific molecular

mechanism that underl ies the observed benefits (29).

Additionally, DAT significantly augments the proliferation of

antigen-specific T lymphocytes following vaccination with an

adjuvant that induces IFN-I (29). Notably, DAT supplementation

counteracts the adverse effects of dysbiosis induced by broad-
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spectrum antibiotics on the immune response to tumors mediated

by anti-CTLA-4 treatment (29). Oral administration of DAT

induces changes in the composition of the gut microbiota, leading

to an increased abundance of bacterial taxa associated with a

positive response to ICI immunotherapy (29). In conclusion, the

study introduces a promising therapeutic approach using DAT, a

bacterial-derived metabolite, to overcome resistance to ICI,

especially in patients with a history of broad-spectrum antibiotic

use and associated loss of gut microbial diversity. The findings

contribute valuable insights into the potential molecular

mechanisms involved in enhancing the antitumor immune

response and offer a novel strategy for improving cancer

immunotherapy outcomes.
4.3 Microbial-derived succinic acid

Jiang et al. conducted an investigation into the impact of

succinic acid produced by Fusobacterium nucleatum on the

development of resistance to immunotherapy in CRC (30). The

primary objective was to unravel the mechanisms that render some

CRC patients insensitive to ICB treatment with anti-PD-1.

Fusobacterium nucleatum, a detrimental bacterium found in the

intestines, is associated with an unfavorable prognosis for CRC

patients (318). Metagenomic analyses have unveiled several

metabolites generated by Fusobacterium nucleatum, including

succinic acid, formate, and propionate (241). Specifically, it has

been revealed that Fusobacterium nucleatum promotes the

stemness, invasion, and metastasis of CRC cells through its

metabolite formate (241). In a recent study, Jiang et al.

demonstrated that patients with metastatic CRC who did not

respond to immunotherapy exhibited a higher prevalence of

Fusobacterium nucleatum and increased concentrations of

succinic acid (30). Furthermore, their findings indicated that

transferring fecal microbiota from individuals who positively

responded to anti-PD-1 treatment and had low levels of

Fusobacterium nucleatum led to increased sensitivity to the

treatment in mice. Conversely, transferring fecal microbiota from

individuals who did not respond to the treatment and had high

levels of Fusobacterium nucleatum did not confer sensitivity to the

treatment in mice. These results highlight a clear connection

between the quantity of Fusobacterium nucleatum and the

response to immunotherapy (30). In a recent study, Gao et al.

discovered that the efficacy of PD-L1 inhibition in CRC was

enhanced by directly injecting Fusobacterium nucleatum into the

tumor (319). Conversely, Jiang et al. found that intestinal

Fusobacterium nucleatum diminished the effectiveness of anti-

PD-1 through its metabolite succinic acid (30). The influence of

Fusobacterium nucleatum in diminishing the effectiveness of anti-

PD-1 treatment and inhibiting the cGAS pathway is believed to be

dependent on the presence of its metabolite, succinic acid. This

association has been confirmed through the use of frdA-deficient

Fusobacterium nucleatum (30). Gao et al. found that direct injection

of Fusobacterium nucleatum into tumor tissues in mice can

effectively establish colonization and enhance the efficacy of PD-

L1 inhibition. Additionally, bacterial infection can activate NF-kB
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(p65) to increase the expression of PD-L1. Their research revealed

that succinic acid produced by Fusobacterium nucleatum plays a

crucial role in inhibiting the cGAS-interferon-b pathway (30). This

inhibition resulted in a decrease in the immune system’s capacity to

combat tumors by restricting the movement of CD8+ T cells to the

TME in living organisms. The current findings indicate that the

effectiveness of immune ICB treatment in subcutaneous tumor

models relies on antitumor immunity. This is supported by the

fact that tumor development was not stimulated, and the immune

response was not suppressed when Fusobacterium nucleatum was

introduced without the presence of anti-PD1 (30). This result aligns

with the outcomes documented in previous research on other

microorganisms associated with ICB. Furthermore, they

demonstrated that administering the antibiotic metronidazole

effectively reduced the presence of Fusobacterium nucleatum in

the intestines, leading to a decrease in succinic acid levels in the

bloodstream. Consequently, this restoration reinstated the

sensitivity of malignancies to immunotherapy in vivo (30). The

results provide insight into the interaction of the gut microbiota,

specific metabolites (succinic acid), and the immune system in

relation to CRC and immunotherapy. The findings from Jiang et al.

have significant implications for the future of immunotherapy in

CRC. By elucidating the role of Fusobacterium nucleatum and its

metabolite succinic acid in mediating resistance to anti-PD-1

treatment, this study highlights the potential for microbiome-

targeted therapies to enhance immunotherapy efficacy.

Specifically, the identification of the cGAS-interferon-b pathway

as a critical mechanism of resistance opens new avenues for

developing interventions that could restore sensitivity to

immunotherapy in CRC patients characterized by high levels of

Fusobacterium nucleatum.
5 Challenges and future directions

The exploration of microbial-derived metabolites for their

potential applications in cancer immunity, immunotherapy, and

chemotherapy has opened up new avenues in cancer research.

However, this promising field is not without its challenges.

Understanding and overcoming these obstacles are crucial for the

successful development of novel therapeutic strategies. Despite

extensive efforts to improve therapeutic efficacy and mitigate

detrimental toxicity, the primary challenges in managing cancer

therapy revolve around therapeutic resistance and adverse effects

(320). Currently, the absence of a standardized methodology,

encompassing variations in sample selection and collection,

technology, data quality, and resource analysis, hinders the

assurance of homogeneity and consistency in understanding the

microbial influence on cancer mechanisms. Divergent sampling

from identical patients may yield highly disparate outcomes. For

instance, while the composition and abundance of microorganisms

inhabiting the mucosa of the digestive system are comparable to

those found in feces, they are not precisely identical (321). An

impediment in employing multi-omic techniques lies in the need to

develop tools for identifying the most suitable metabolites and

bacteria for further investigation. Optimal conclusions can be
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drawn by integrating and concurrently analyzing findings from

metagenomic/metabolomic or metagenomic/metatranscriptomic

datasets. This approach allows the overlay and anticipation of the

metabolites correlated to a bacterial gene/gene transcript, thereby

enhancing the capacity to focus on a dynamic sequence of

occurrences (322). These capabilities are currently in their

nascent stages, with anticipated advancements in data processing

in the near future. Moreover, the detection of specific compositional

and functional microbial fingerprints involves technological factors

such as sample management, DNA extraction, bioinformatics, and

data collection. Some individuals may opt for 16 S rRNA

sequencing of saliva or bile samples, while others may analyze

stool samples. High-throughput data can be generated through

either next-generation sequencing (NGS) or third-generation

sequencing (Nanopore or SMRT sequencing), contributing to the

diversity of data resources but also presenting challenges in terms of

accessibility. To address these challenges, implementing a

comprehensive “standard operating procedure (SOP)” for all

methodologies in the future could be beneficial. However,

achieving consensus on sample collection, technique selection,

and data sharing and analysis would be necessary, despite the

various protocols already proposed by the Microbiome Quality

Control (MBQC) project consortium (323).

Moreover, the application of microbial techniques may encounter

challenges due to individual variations in biology, in addition to the

methodological obstacles mentioned earlier. Various factors, such as

genetics, dietary habits, age, gender, coexisting medical conditions, and

geographical differences, can influence the characteristics of the human

microbiota (324, 325). Human microbiomes exhibit considerable

variability among individuals, influencing the composition and

functionality of microbial-derived metabolites. Tailoring therapies to

account for this inter-individual variability poses a substantial challenge

in achieving consistent and effective treatment outcomes. Despite the

growing recognition of the impact of microbial-derived metabolites on

cancer immunity, there is still a limited understanding of the

underlying mechanisms governing their interactions with the

immune system. Unraveling these complex pathways is essential for

designing targeted and efficient therapeutic interventions. The safety

profile of microbial-derived metabolites must be thoroughly assessed to

mitigate potential adverse effects. Ensuring that these metabolites

selectively target cancer cells without harming healthy tissues is a

critical aspect of developing safe and well-tolerated therapies. While

challenges exist, the future holds great promise for the integration of

microbial-derivedmetabolites into cancer treatment paradigms. Several

key directions merit exploration:
Fron
a. Advancements in precision medicine can contribute to

tailoring microbial-derived metabolite therapies based on

individualized patient profiles. This includes leveraging

genomic and metagenomic data to identify specific

microbial strains and metabolites that would be most

beneficial for a given patient.

b. Integrating systems biology and multi-omics approaches

can provide a comprehensive understanding of the complex

interplay between microbial metabolites, host immune

responses, and cancer development. This holistic
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perspective will enhance our ability to identify novel

therapeutic targets and optimize treatment strategies.

c. Harnessing synthetic biology techniques enables the

engineering of microbial strains to produce metabolites

with enhanced anti-cancer properties. This approach

holds the potential to design tailor-made metabolites that

address specific challenges associated with cancer immunity

and therapy.

d. Rigorous clinical trials are essential for validating the safety

and efficacy of microbial-derived metabolites in diverse

cancer populations. The translation of preclinical findings

into clinically applicable therapies is a crucial step toward

establishing these metabolites as integral components of

cancer treatment regimens.
In conclusion, addressing the challenges and exploring future

directions in harnessing microbial-derived metabolites for cancer

immunity, immunotherapy, and chemotherapy requires

interdisciplinary collaboration, technological innovation, and a

deep commitment to advancing our understanding of the

intricate relationships between the microbiome and cancer. With

continued research and development, microbial-derived

metabolites may emerge as powerful tools in the fight against

cancer, offering novel and targeted therapeutic options for patients.
6 Conclusion

In this review we provided a comprehensive exploration of the

intricate interplay between microbial-derived metabolites and their

pivotal role as regulators of anti-tumor immunity, immunotherapy,

and chemotherapy. The intricate mechanisms through which these

metabolic mediators influence various facets of the immune response

against tumors have been elucidated, shedding light on novel

therapeutic avenues in cancer treatment. The findings underscore the

significance of specific metabolites, such as short-chain fatty acids,

tryptophan metabolites, and others, in influencing immune responses

and therapeutic outcomes. The impact of gut microbiota on the efficacy

of immunotherapy and chemotherapy has been a focal point,

emphasizing the need for a deeper understanding of these

interactions. As we look towards the future, it is evident that

advancements in data processing, standardization of methodologies,

and technological innovations will further refine our understanding of

microbial-derivedmetabolites in cancer therapeutics. The identification

of key metabolites and bacteria through multi-omic approaches holds

promise for developing targeted interventions. The prospect of

establishing a comprehensive “standard operating procedure” for

methodologies, as suggested by the Microbiome Quality Control

project consortium, could contribute to overcoming challenges

related to sample collection, technique selection, and data analysis.

However, it is crucial to acknowledge the existing challenges,

including individual biological variations and the diverse

methodologies employed in sample collection and sequencing

technologies. Future research endeavors should focus on

harmonizing protocols, considering biological variables, and

addressing methodological inconsistencies to ensure the reliability
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and reproducibility of results. In the realm of cancer therapy, the role of

microbial-derived metabolites opens avenues for personalized and

precision medicine. Harnessing the potential of these metabolites

may lead to the development of innovative therapeutic strategies,

enhancing the effectiveness of existing treatments and potentially

mitigating resistance issues. In summary, this review not only

consolidates our current understanding of microbial-derived

metabolites in anti-tumor immunity and cancer therapy but also

highlights the exciting prospects and challenges that lie ahead. The

continued exploration of these metabolic mediators is poised to

revolutionize cancer treatment strategies, paving the way for more

targeted, efficient, and personalized therapeutic interventions.
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Dijkstra G, et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and immune
regulation and its relevance for inflammatory bowel diseases. Front Immunol. (2019)
277.

88. Martin-Gallausiaux C, Marinelli L, Blottière HM, Larraufie P, Lapaque N. SCFA:
mechanisms and functional importance in the gut. Proc Nutr Soc. (2021) 80:37–49.
doi: 10.1017/S0029665120006916

89. Deleu S, Machiels K, Raes J, Verbeke K, Vermeire S. Short chain fatty acids and
its producing organisms: An overlooked therapy for IBD? EBioMedicine. (2021) 66.
doi: 10.1016/j.ebiom.2021.103293

90. Tan J, McKenzie C, Potamitis M, Thorburn AN, Mackay CR, Macia L. The role
of short-chain fatty acids in health and disease. Adv Immunol. (2014) 121:91–119.
doi: 10.1016/B978-0-12-800100-4.00003-9

91. Bieliauskas AV, Pflum MKH. Isoform-selective histone deacetylase inhibitors.
Chem Soc Rev. (2008) 37:1402–13. doi: 10.1039/b703830p

92. Hori Y, Kikuchi K. Chemical tools with fluorescence switches for verifying
epigenetic modifications. Accounts Chem Res. (2019) 52:2849–57. doi: 10.1021/
acs.accounts.9b00349

93. Yang W, Yu T, Huang X, Bilotta AJ, Xu L, Lu Y, et al. Intestinal microbiota-
derived short-chain fatty acids regulation of immune cell IL-22 production and gut
immunity. Nat Commun. (2020) 11:4457. doi: 10.1038/s41467-020-18262-6

94. Topper MJ, Vaz M, Chiappinelli KB, Shields CED, Niknafs N, Yen R-WC, et al.
Epigenetic therapy ties MYC depletion to reversing immune evasion and treating lung
cancer. Cell. (2017) 171:1284–1300.e21. doi: 10.1016/j.cell.2017.10.022

95. Luu M, Visekruna A. Short-chain fatty acids: bacterial messengers modulating
the immunometabolism of T cells. Eur J Immunol. (2019) 49:842–8. doi: 10.1002/
eji.201848009

96. Licciardi PV, Ververis K, Karagiannis TC. Histone deacetylase inhibition and
dietary short-chain fatty acids. Int Scholar Res Notices. (2011) 2011. doi: 10.5402/2011/
869647

97. Thangaraju M, Cresci GA, Liu K, Ananth S, Gnanaprakasam JP, Browning DD,
et al. GPR109A is a G-protein–coupled receptor for the bacterial fermentation product
butyrate and functions as a tumor suppressor in colon. Cancer Res. (2009) 69:2826–32.
doi: 10.1158/0008-5472.CAN-08-4466

98. Le Poul E, Loison C, Struyf S, Springael J-Y, Lannoy V, Decobecq M-E, et al.
Functional characterization of human receptors for short chain fatty acids and their
role in polymorphonuclear cell activation. J Biol Chem. (2003) 278:25481–9.
doi: 10.1074/jbc.M301403200

99. Cresci GA, Thangaraju M, Mellinger JD, Liu K, Ganapathy V. Colonic gene
expression in conventional and germ-free mice with a focus on the butyrate receptor
GPR109A and the butyrate transporter SLC5A8. J Gastrointest Surg. (2010) 14:449–61.
doi: 10.1007/s11605-009-1045-x
Frontiers in Immunology 27
100. Macia L, Tan J, Vieira AT, Leach K, Stanley D, Luong S, et al. Metabolite-
sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis
through regulation of the inflammasome. Nat Commun. (2015) 6:6734. doi: 10.1038/
ncomms7734

101. Zaki MH, Lamkanfi M, Kanneganti T-D. The Nlrp3 inflammasome:
contributions to intestinal homeostasis. Trends Immunol. (2011) 32:171–9.
doi: 10.1016/j.it.2011.02.002

102. Vitali C, Mingozzi F, Broggi A, Barresi S, Zolezzi F, Bayry J, et al. Migratory,
and not lymphoid-resident, dendritic cells maintain peripheral self-tolerance and
prevent autoimmunity via induction of iTreg cells. Blood J Am Soc Hematol. (2012)
120:1237–45. doi: 10.1182/blood-2011-09-379776

103. Bakdash G, Vogelpoel LT, Van Capel TM, Kapsenberg ML, de Jong EC.
Retinoic acid primes human dendritic cells to induce gut-homing, IL-10-producing
regulatory T cells. Mucosal Immunol. (2015) 8:265–78. doi: 10.1038/mi.2014.64

104. Tan J, McKenzie C, Vuillermin PJ, Goverse G, Vinuesa CG, Mebius RE, et al.
Dietary fiber and bacterial SCFA enhance oral tolerance and protect against food
allergy through diverse cellular pathways. Cell Rep. (2016) 15:2809–24. doi: 10.1016/
j.celrep.2016.05.047

105. Kostylina G, Simon D, Fey M, Yousefi S, Simon H-U. Neutrophil apoptosis
mediated by nicotinic acid receptors (GPR109A). Cell Death Different. (2008) 15:134–
42. doi: 10.1038/sj.cdd.4402238

106. Vivier E, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells: 10 years on. Cell. (2018) 174:1054–66. doi: 10.1016/j.cell.2018.07.017

107. Eberl G, Colonna M, Di Santo JP, McKenzie AN. Innate lymphoid cells: a new
paradigm in immunology. Science. (2015) 348:aaa6566. doi: 10.1126/science.aaa6566

108. Cella M, Otero K, ColonnaM. Expansion of human NK-22 cells with IL-7, IL-2,
and IL-1b reveals intrinsic functional plasticity. Proc Natl Acad Sci. (2010) 107:10961–
6. doi: 10.1073/pnas.1005641107

109. Bal SM, Golebski K, Spits H. Plasticity of innate lymphoid cell subsets. Nat Rev
Immunol. (2020) 20:552–65. doi: 10.1038/s41577-020-0282-9

110. Sonnenberg GF, Hepworth MR. Functional interactions between innate
lymphoid cells and adaptive immunity. Nat Rev Immunol. (2019) 19:599–613.
doi: 10.1038/s41577-019-0194-8

111. Sonnenberg GF, Artis D. Innate lymphoid cells in the initiation, regulation and
resolution of inflammation. Nat Med. (2015) 21:698–708. doi: 10.1038/nm.3892

112. Jacquelot N, Seillet C, Vivier E, Belz GT. Innate lymphoid cells and cancer. Nat
Immunol. (2022) 23:371–9. doi: 10.1038/s41590-022-01127-z

113. Warner K, Ohashi PS. ILC regulation of T cell responses in inflammatory
diseases and cancer. Semin Immunol . (2019) 41:101284. doi: 10.1016/
j.smim.2019.101284

114. Wang R, Cui W, Yang H. The interplay between innate lymphoid cells and
microbiota. Mbio. (2023) 14:e00399–23. doi: 10.1128/mbio.00399-23

115. Sepahi A, Liu Q, Friesen L, Kim CH. Dietary fiber metabolites regulate innate
lymphoid cell responses. Mucosal Immunol. (2021) 14:317–30. doi: 10.1038/s41385-
020-0312-8

116. Kim S-H, Cho B-H, Kiyono H, Jang Y-S. Microbiota-derived butyrate
suppresses group 3 innate lymphoid cells in terminal ileal Peyer’s patches. Sci Rep.
(2017) 7:3980. doi: 10.1038/s41598-017-02729-6

117. Hu C, Xu B, Wang X, Wan WH, Lu J, Kong D, et al. Gut microbiota–derived
short-chain fatty acids regulate group 3 innate lymphoid cells in HCC. Hepatology.
(2023) 77:48–64.

118. O’keefe SJ. Diet, microorganisms and their metabolites, and colon cancer. Nat
Rev Gastroenterol hepatol. (2016) 13:691–706. doi: 10.1038/nrgastro.2016.165

119. Brame JE, Liddicoat C, Abbott CA, Breed MF. The potential of outdoor
environments to supply beneficial butyrate-producing bacteria to humans. Sci total
environ. (2021) 777:146063. doi: 10.1016/j.scitotenv.2021.146063

120. Donohoe DR, Holley D, Collins LB, Montgomery SA, Whitmore AC, Hillhouse
A, et al. A gnotobiotic mouse model demonstrates that dietary fiber protects against
colorectal tumorigenesis in a microbiota-and butyrate-dependent manner. Cancer
discov. (2014) 4:1387–97. doi: 10.1158/2159-8290.CD-14-0501

121. Tang G, Du Y, Guan H, Jia J, Zhu N, Shi Y, et al. Butyrate ameliorates skeletal
muscle atrophy in diabetic nephropathy by enhancing gut barrier function and FFA2-
mediated PI3K/Akt/mTOR signals. Br J Pharmacol. (2022) 179:159–78. doi: 10.1111/
bph.15693

122. Zhang L, Liu C, Jiang Q, Yin Y. Butyrate in energy metabolism: there is still
more to learn. Trends Endocrinol Metab. (2021) 32:159–69. doi: 10.1016/
j.tem.2020.12.003

123. Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillère R, Hannani D, et al. The
intestinal microbiota modulates the anticancer immune effects of cyclophosphamide.
science. (2013) 342:971–6. doi: 10.1126/science.1240537

124. Encarnação J, Abrantes A, Pires A, Botelho M. Revisit dietary fiber on colorectal
cancer: butyrate and its role on prevention and treatment. Cancer Metastasis Rev.
(2015) 34:465–78. doi: 10.1007/s10555-015-9578-9

125. Wang T, Cai G, Qiu Y, Fei N, Zhang M, Pang X, et al. Structural segregation of
gut microbiota between colorectal cancer patients and healthy volunteers. ISME J.
(2012) 6:320–9. doi: 10.1038/ismej.2011.109
frontiersin.org

https://doi.org/10.1007/s00394-020-02414-x
https://doi.org/10.1038/s41581-018-0018-2
https://doi.org/10.1007/s00535-016-1242-9
https://doi.org/10.1007/s00535-016-1242-9
https://doi.org/10.1038/s41467-020-16079-x
https://doi.org/10.1186/s12916-022-02529-4
https://doi.org/10.1186/s12916-022-02529-4
https://doi.org/10.1186/s12934-020-01477-z
https://doi.org/10.1007/s00394-021-02538-8
https://doi.org/10.1038/s41575-019-0157-3
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1038/s41423-020-00625-0
https://doi.org/10.1017/S0029665120006916
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1016/B978-0-12-800100-4.00003-9
https://doi.org/10.1039/b703830p
https://doi.org/10.1021/acs.accounts.9b00349
https://doi.org/10.1021/acs.accounts.9b00349
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.1016/j.cell.2017.10.022
https://doi.org/10.1002/eji.201848009
https://doi.org/10.1002/eji.201848009
https://doi.org/10.5402/2011/869647
https://doi.org/10.5402/2011/869647
https://doi.org/10.1158/0008-5472.CAN-08-4466
https://doi.org/10.1074/jbc.M301403200
https://doi.org/10.1007/s11605-009-1045-x
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1038/ncomms7734
https://doi.org/10.1016/j.it.2011.02.002
https://doi.org/10.1182/blood-2011-09-379776
https://doi.org/10.1038/mi.2014.64
https://doi.org/10.1016/j.celrep.2016.05.047
https://doi.org/10.1016/j.celrep.2016.05.047
https://doi.org/10.1038/sj.cdd.4402238
https://doi.org/10.1016/j.cell.2018.07.017
https://doi.org/10.1126/science.aaa6566
https://doi.org/10.1073/pnas.1005641107
https://doi.org/10.1038/s41577-020-0282-9
https://doi.org/10.1038/s41577-019-0194-8
https://doi.org/10.1038/nm.3892
https://doi.org/10.1038/s41590-022-01127-z
https://doi.org/10.1016/j.smim.2019.101284
https://doi.org/10.1016/j.smim.2019.101284
https://doi.org/10.1128/mbio.00399-23
https://doi.org/10.1038/s41385-020-0312-8
https://doi.org/10.1038/s41385-020-0312-8
https://doi.org/10.1038/s41598-017-02729-6
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.1016/j.scitotenv.2021.146063
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1111/bph.15693
https://doi.org/10.1111/bph.15693
https://doi.org/10.1016/j.tem.2020.12.003
https://doi.org/10.1016/j.tem.2020.12.003
https://doi.org/10.1126/science.1240537
https://doi.org/10.1007/s10555-015-9578-9
https://doi.org/10.1038/ismej.2011.109
https://doi.org/10.3389/fimmu.2024.1456030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lu et al. 10.3389/fimmu.2024.1456030
126. Weir TL, Manter DK, Sheflin AM, Barnett BA, Heuberger AL, Ryan EP. Stool
microbiome and metabolome differences between colorectal cancer patients and
healthy adults. PloS One. (2013) 8:e70803. doi: 10.1371/journal.pone.0070803

127. Nomura M, Nagatomo R, Doi K, Shimizu J, Baba K, Saito T, et al. Association
of short-chain fatty acids in the gut microbiome with clinical response to treatment
with nivolumab or pembrolizumab in patients with solid cancer tumors. JAMA netw
Open. (2020) 3:e202895. doi: 10.1001/jamanetworkopen.2020.2895

128. Cannarile MA, Lind NA, Rivera R, Sheridan AD, Camfield KA, Wu BB, et al.
Transcriptional regulator Id2 mediates CD8+ T cell immunity. Nat Immunol. (2006)
7:1317–25. doi: 10.1038/ni1403

129. Masson F, Minnich M, Olshansky M, Bilic I, Mount AM, Kallies A, et al. Id2-
mediated inhibition of E2A represses memory CD8+ T cell differentiation. J Immunol.
(2013) 190(9):4585–94. doi: 10.4049/jimmunol.1300099

130. Yang CY, Best JA, Knell J, Yang E, Sheridan AD, Jesionek AK, et al. The
transcriptional regulators Id2 and Id3 control the formation of distinct memory CD8+
T cell subsets. Nat Immunol. (2011) 12:1221–9. doi: 10.1038/ni.2158

131. Omilusik KD, Nadjsombati MS, Shaw LA, Yu B, Milner JJ, Goldrath AW.
Sustained Id2 regulation of E proteins is required for terminal differentiation of effector
CD8+ T cells. J Exp Med. (2018) 215:773–83. doi: 10.1084/jem.20171584

132. Yang K, Hou Y, Zhang Y, Liang H, Sharma A, Zheng W, et al. Suppression of
local type I interferon by gut microbiota–derived butyrate impairs antitumor effects of
ionizing radiation. J Exp Med. (2021) 218:e20201915. doi: 10.1084/jem.20201915

133. Mondini M, Loyher P-L, Hamon P, Gerbé de Thoré M, Laviron M, Berthelot K,
et al. CCR2-dependent recruitment of Tregs and monocytes following radiotherapy is
associated with TNFa-mediated resistance. Cancer Immunol Res. (2019) 7:376–87.
doi: 10.1158/2326-6066.CIR-18-0633

134. Deng L, Liang H, Fu S, Weichselbaum RR, Fu Y-X. From DNA damage to
nucleic acid sensing: a strategy to enhance radiation therapy. Clin Cancer Res. (2016)
22:20–5. doi: 10.1158/1078-0432.CCR-14-3110

135. Liang H, Deng L, Hou Y, Meng X, Huang X, Rao E, et al. Host STING-
dependent MDSC mobilization drives extrinsic radiation resistance. Nat Commun.
(2017) 8:1736. doi: 10.1038/s41467-017-01566-5

136. Deng L, Liang H, Xu M, Yang X, Burnette B, Arina A, et al. STING-dependent
cytosolic DNA sensing promotes radiation-induced type I interferon-dependent
antitumor immunity in immunogenic tumors. Immunity. (2014) 41:843–52.
doi: 10.1016/j.immuni.2014.10.019

137. Charrel-Dennis M, Latz E, Halmen KA, Trieu-Cuot P, Fitzgerald KA, Kasper
DL, et al. TLR-independent type I interferon induction in response to an extracellular
bacterial pathogen via intracellular recognition of its DNA. Cell Host Microbe. (2008)
4:543–54. doi: 10.1016/j.chom.2008.11.002

138. Cai X, Chiu Y-H, Chen ZJ. The cGAS-cGAMP-STING pathway of cytosolic
DNA sensing and signaling. Mol Cell . (2014) 54:289–96. doi: 10.1016/
j.molcel.2014.03.040

139. Canfora EE, Jocken JW, Blaak EE. Short-chain fatty acids in control of body
weight and insulin sensitivity. Nat Rev Endocrinol. (2015) 11:577–91. doi: 10.1038/
nrendo.2015.128

140. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM,
et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti–
PD-L1 efficacy. Science. (2015) 350:1084–9. doi: 10.1126/science.aac4255

141. Routy B, Le Chatelier E, Derosa L, Duong CP, Alou MT, Daillère R, et al. Gut
microbiome influences efficacy of PD-1–based immunotherapy against epithelial
tumors. Science. (2018) 359:91–7. doi: 10.1126/science.aan3706

142. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews M, Karpinets T,
et al. Gut microbiome modulates response to anti–PD-1 immunotherapy in melanoma
patients. Science. (2018) 359:97–103. doi: 10.1126/science.aan4236

143. Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al.
Commensal microbe-derived butyrate induces the differentiation of colonic regulatory
T cells. Nature. (2013) 504:446–50. doi: 10.1038/nature12721

144. Arpaia N, Campbell C, Fan X, Dikiy S, van der Veeken J, Deroos P, et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell
generation. Nature. (2013) 504:451–5. doi: 10.1038/nature12726

145. Ahern PP, Maloy KJ. Understanding immune–microbiota interactions in the
intestine. Immunology. (2020) 159:4–14. doi: 10.1111/imm.13150

146. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-
inhibition. Nat Rev Immunol. (2013) 13:227–42. doi: 10.1038/nri3405

147. Trebak M, Kinet J-P. Calcium signalling in T cells. Nat Rev Immunol. (2019)
19:154–69. doi: 10.1038/s41577-018-0110-7

148. Yang W, Pan W, Chen S, Trendel N, Jiang S, Xiao F, et al. Dynamic regulation
of CD28 conformation and signaling by charged lipids and ions. Nat Struct Mol Biol.
(2017) 24:1081–92. doi: 10.1038/nsmb.3489

149. Liang W, Yi R, Wang W, Shi Y, Zhang J, Xu X, et al. Enhancing the antitumor
immunity of T cells by engineering the lipid-regulatory site of the TCR/CD3 complex.
Cancer Immunol Res. (2023) 11:93–108. doi: 10.1158/2326-6066.CIR-21-1118

150. Von Essen MR, Kongsbak M, Schjerling P, Olgaard K, Ødum N, Geisler C.
Vitamin D controls T cell antigen receptor signaling and activation of human T cells.
Nat Immunol. (2010) 11:344–9. doi: 10.1038/ni.1851
Frontiers in Immunology 28
151. Yu J, Feng Q, Wong SH, Zhang D, Liang Q, Qin Y, et al. Metagenomic analysis
of faecal microbiome as a tool towards targeted non-invasive biomarkers for colorectal
cancer. Gut. (2017) 66:70–8. doi: 10.1136/gutjnl-2015-309800

152. Wirbel J, Pyl PT, Kartal E, Zych K, Kashani A, Milanese A, et al. Meta-analysis
of fecal metagenomes reveals global microbial signatures that are specific for colorectal
cancer. Nat Med. (2019) 25:679–89. doi: 10.1038/s41591-019-0406-6

153. Yachida S, Mizutani S, Shiroma H, Shiba S, Nakajima T, Sakamoto T, et al.
Metagenomic and metabolomic analyses reveal distinct stage-specific phenotypes of the
gut microbiota in colorectal cancer. Nat Med. (2019) 25:968–76. doi: 10.1038/s41591-
019-0458-7

154. Coker OO, Liu C, Wu WKK, Wong SH, Jia W, Sung JJ, et al. Altered gut
metabolites and microbiota interactions are implicated in colorectal carcinogenesis and
can be non-invasive diagnostic biomarkers. Microbiome. (2022) 10:35. doi: 10.1186/
s40168-021-01208-5

155. Donohoe DR, Collins LB, Wali A, Bigler R, Sun W, Bultman SJ. The Warburg
effect dictates the mechanism of butyrate-mediated histone acetylation and cell
proliferation. Mol Cell. (2012) 48:612–26. doi: 10.1016/j.molcel.2012.08.033

156. Chen D, Jin D, Huang S, Wu J, Xu M, Liu T, et al. Clostridium butyricum, a
butyrate-producing probiotic, inhibits intestinal tumor development through
modulating Wnt signaling and gut microbiota. Cancer lett. (2020) 469:456–67.
doi: 10.1016/j.canlet.2019.11.019

157. Hayashi F, Smith KD, Ozinsky A, Hawn TR, Yi EC, Goodlett DR, et al. The
innate immune response to bacterial flagellin is mediated by Toll-like receptor 5.
Nature. (2001) 410:1099–103. doi: 10.1038/35074106

158. Zeng H, Umar S, Rust B, Lazarova D, Bordonaro M. Secondary bile acids and
short chain fatty acids in the colon: a focus on colonic microbiome, cell proliferation,
inflammation, and cancer. Int J Mol Sci. (2019) 20:1214. doi: 10.3390/ijms20051214

159. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and
colorectal cancer. Nat Rev Microbiol. (2014) 12:661–72. doi: 10.1038/nrmicro3344

160. Rey FE, Faith JJ, Bain J, Muehlbauer MJ, Stevens RD, Newgard CB, et al.
Dissecting the in vivo metabolic potential of two human gut acetogens. J Biol Chem.
(2010) 285:22082–90. doi: 10.1074/jbc.M110.117713

161. Schug ZT, Vande Voorde J, Gottlieb E. The metabolic fate of acetate in cancer.
Nat Rev Cancer. (2016) 16:708–17. doi: 10.1038/nrc.2016.87

162. Zhao S, Jang C, Liu J, Uehara K, Gilbert M, Izzo L, et al. Dietary fructose feeds
hepatic lipogenesis via microbiota-derived acetate. Nature. (2020) 579:586–91.
doi: 10.1038/s41586-020-2101-7

163. Xiao S, Jiang S, Qian D, Duan J. Modulation of microbially derived short-chain
fatty acids on intestinal homeostasis, metabolism, and neuropsychiatric disorder. Appl
Microbiol Biotechnol. (2020) 104:589–601. doi: 10.1007/s00253-019-10312-4

164. Hu S, Kuwabara R, de Haan BJ, Smink AM, de Vos P. Acetate and butyrate
improve b-cell metabolism and mitochondrial respiration under oxidative stress. Int J
Mol Sci. (2020) 21:1542. doi: 10.3390/ijms21041542

165. Hernández M, Canfora E, Jocken J, Blaak E. The short-chain fatty acid acetate
in body weight control and insulin sensitivity. Nutrients. (2019) 11:1943. doi: 10.3390/
nu11081943

166. Tran NL, Lee IK, Choi J, Kim S-H, Oh SJ. Acetate decreases PVR/CD155
expression via PI3K/AKT pathway in cancer cells. BMB Rep. (2021) 54:431.
doi: 10.5483/BMBRep.2021.54.8.060

167. Sahuri-Arisoylu M, Mould RR, Shinjyo N, Bligh S, Nunn AV, Guy GW, et al.
Acetate induces growth arrest in colon cancer cells through modulation of
mitochondrial function. Front Nutr. (2021) 8:150. doi: 10.3389/fnut.2021.588466

168. Qiu J, Villa M, Sanin DE, Buck MD, O’Sullivan D, Ching R, et al. Acetate
promotes T cell effector function during glucose restriction. Cell Rep. (2019) 27:2063–
2074.e5. doi: 10.1016/j.celrep.2019.04.022

169. BuckMD, Sowell RT, Kaech SM, Pearce EL. Metabolic instruction of immunity.
Cell. (2017) 169:570–86. doi: 10.1016/j.cell.2017.04.004

170. Chang C-H, Curtis JD, Maggi LB, Faubert B, Villarino AV, O’Sullivan D, et al.
Posttranscriptional control of T cell effector function by aerobic glycolysis. Cell. (2013)
153:1239–51. doi: 10.1016/j.cell.2013.05.016

171. O’Sullivan D, Pearce EL. Expanding the role of metabolism in T cells. Science.
(2015) 348:976–7. doi: 10.1126/science.aac4997

172. Trompette A, Gollwitzer ES, Pattaroni C, Lopez-Mejia IC, Riva E, Pernot J, et al.
Dietary fiber confers protection against flu by shaping Ly6c– patrolling monocyte
hematopoiesis and CD8+ T cell metabolism. Immunity. (2018) 48:992–1005.e8.
doi: 10.1016/j.immuni.2018.04.022

173. Ye L, Hou Y, HuW,Wang H, Yang R, Zhang Q, et al. Repressed Blautia-acetate
immunological axis underlies breast cancer progression promoted by chronic stress.
Nat Commun. (2023) 14:6160. doi: 10.1038/s41467-023-41817-2

174. Gao X, Cao Q, Cheng Y, Zhao D, Wang Z, Yang H, et al. Chronic stress
promotes colitis by disturbing the gut microbiota and triggering immune system
response. Proc Natl Acad Sci. (2018) 115:E2960–9. doi: 10.1073/pnas.1720696115

175. Hosseinkhani F, Heinken A, Thiele I, Lindenburg P, Harms A, Hankemeier T.
The contribution of gut bacterial metabolites in the human immune signaling pathway
of non-communicable diseases. Gut Microbes. (2021) 13:1882927. doi: 10.1080/
19490976.2021.1882927
frontiersin.org

https://doi.org/10.1371/journal.pone.0070803
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1038/ni1403
https://doi.org/10.4049/jimmunol.1300099
https://doi.org/10.1038/ni.2158
https://doi.org/10.1084/jem.20171584
https://doi.org/10.1084/jem.20201915
https://doi.org/10.1158/2326-6066.CIR-18-0633
https://doi.org/10.1158/1078-0432.CCR-14-3110
https://doi.org/10.1038/s41467-017-01566-5
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1016/j.chom.2008.11.002
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1016/j.molcel.2014.03.040
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1038/nature12721
https://doi.org/10.1038/nature12726
https://doi.org/10.1111/imm.13150
https://doi.org/10.1038/nri3405
https://doi.org/10.1038/s41577-018-0110-7
https://doi.org/10.1038/nsmb.3489
https://doi.org/10.1158/2326-6066.CIR-21-1118
https://doi.org/10.1038/ni.1851
https://doi.org/10.1136/gutjnl-2015-309800
https://doi.org/10.1038/s41591-019-0406-6
https://doi.org/10.1038/s41591-019-0458-7
https://doi.org/10.1038/s41591-019-0458-7
https://doi.org/10.1186/s40168-021-01208-5
https://doi.org/10.1186/s40168-021-01208-5
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/j.canlet.2019.11.019
https://doi.org/10.1038/35074106
https://doi.org/10.3390/ijms20051214
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1074/jbc.M110.117713
https://doi.org/10.1038/nrc.2016.87
https://doi.org/10.1038/s41586-020-2101-7
https://doi.org/10.1007/s00253-019-10312-4
https://doi.org/10.3390/ijms21041542
https://doi.org/10.3390/nu11081943
https://doi.org/10.3390/nu11081943
https://doi.org/10.5483/BMBRep.2021.54.8.060
https://doi.org/10.3389/fnut.2021.588466
https://doi.org/10.1016/j.celrep.2019.04.022
https://doi.org/10.1016/j.cell.2017.04.004
https://doi.org/10.1016/j.cell.2013.05.016
https://doi.org/10.1126/science.aac4997
https://doi.org/10.1016/j.immuni.2018.04.022
https://doi.org/10.1038/s41467-023-41817-2
https://doi.org/10.1073/pnas.1720696115
https://doi.org/10.1080/19490976.2021.1882927
https://doi.org/10.1080/19490976.2021.1882927
https://doi.org/10.3389/fimmu.2024.1456030
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lu et al. 10.3389/fimmu.2024.1456030
176. Trompette A, Gollwitzer ES, Yadava K, Sichelstiel AK, Sprenger N, Ngom-Bru
C, et al. Gut microbiota metabolism of dietary fiber influences allergic airway disease
and hematopoiesis. Nat Med. (2014) 20:159–66. doi: 10.1038/nm.3444

177. Miller KD, O’Connor S, Pniewski KA, Kannan T, Acosta R, Mirji G, et al.
Acetate acts as a metabolic immunomodulator by bolstering T-cell effector function
and potentiating antitumor immunity in breast cancer. Nat Cancer. (2023) 4:1–17.
doi: 10.1038/s43018-023-00636-6
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