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The gut microbiome critically regulates antitumor immunity through its
metabolic byproducts, which serve as pivotal mediators of host-microbe
crosstalk in tumor immunotherapy. This review synthesizes cutting-edge
evidence on how microbial metabolites—including short-chain fatty acids
(SCFAs), tryptophan derivatives, and bile acids—reprogram immune cell
dynamics and remodel the tumor microenvironment (TME). Mechanistically,
metabolites such as butyrate and indole-3-propionic acid (IPA) enhance
immune checkpoint inhibitor (ICl) efficacy by epigenetic modulation or
metabolic reprogramming. Conversely, kynurenine (a tryptophan metabolite)
and secondary bile acids drive resistance by polarizing macrophages toward an
immunosuppressive phenotype or exhausting cytotoxic T cells. Metabolite-
targeted interventions (such as probiotics, dietary modulation, and engineered
microbes) show synergistic potential with ICls, but require resolution of causal
inference limitations, interindividual variability, tumor-context specificity, and
dose optimization. Precision microbiome engineering, guided by multi-omics
profiling and artificial intelligence, may unlock personalized strategies to
overcome immunotherapy resistance.
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1 Introduction

The microbiome comprises a diverse array of microbial
communities residing internally and on the host’s surface, critically
influencing host health and disease trajectories (1, 2). Through their
metabolites, the microbiome modulates immune responses and
tumor progression (3, 4). Tumor immunotherapy—particularly
immune checkpoint inhibitors (ICIs)—has demonstrated
paradigm-shifting clinical efficacy. However, this therapeutic
strategy faces numerous challenges, including variability in patient
responses and the immunosuppressive nature of the tumor
microenvironment (TME) (5, 6). Microbial metabolites exhibit
direct oncotoxic effects and synergistically amplify immunotherapy
efficacy through immune reprogramming, establishing their potential
as novel adjuvants. However, the therapeutic promise of microbial
metabolites is tempered by fundamental challenges: (1) contradictory
immunomodulatory effects observed across experimental contexts;
(2) overreliance on correlative human data without mechanistic
validation; (3) clinical failures of metabolite-targeted agents despite
strong preclinical rationale; and (4) interindividual variability in
microbial metabolic capacity. This review critically evaluates these
complexities, establishing frameworks to reconcile conflicting data
and prioritize translationally viable metabolites.

2 Microbial metabolites: mechanistic
classifications and context-dependent
signaling networks

2.1 Types and sources: core mechanistic
frameworks

Microbial metabolites encompass a structurally diverse array of
bioactive molecules synthesized through fermentation, respiration,
and secondary metabolism, including short-chain fatty acids
(SCFAs), tryptophan (Trp) derivatives, bile acids, polyamines,
polysaccharides, and lipopolysaccharides (LPS) (4, 7). These
metabolites function as pleiotropic regulators of immunity and
metabolism through three conserved mechanistic networks: (1)
receptor-mediated signaling (e.g., G protein-coupled receptors
[GPCRs], nuclear receptors), (2) epigenetic modulation (e.g.,
histone deacetylase [HDAC] inhibition), and (3) metabolic
reprogramming (e.g., energy substrate provision, redox balance)
(8, 9). Their production is dynamically regulated by host diet,
microbial community structure, and environmental cues, creating
a complex interactome that dictates functional outcomes (9, 10).

Critically, the immunomodulatory effects of microbial
metabolites are determined by context-dependent variables
including: (1) concentration gradients (e.g., micromolar vs.
millimolar ranges), (2) tissue-specific receptor expression (e.g., G
protein-coupled receptor [GPR]43 on T cells vs. epithelial cells),
(3) metabolic microenvironment (e.g., glucose availability, redox
state), and (4) host genetic background. This context dependency
explains the frequently observed functional duality
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(immunostimulatory vs. immunosuppressive) that characterizes
many microbial metabolites and necessitates mechanistic rather
than descriptive classification.

2.2 SCFAs: GPCR signaling and epigenetic
modulation

SCFAs—predominantly acetate, propionate, and butyrate—are
microbial fermentation products of indigestible dietary fibers, with
butyrate (1-10 mM colonic concentrations) serving as the primary
energy substrate for colonocytes (11). These metabolites exert their
effects through dual mechanisms: (1) GPCR activation on immune
and epithelial cells, and (2) HDAC inhibition leading to epigenetic
reprogramming, with their net effect determined by concentration
gradients and target cell type (12). SCFAs coordinate intestinal
barrier integrity through enhanced tight junction expression while
regulating inflammatory homeostasis via modulation of nuclear
factor kB (NF-kB) signaling (11-14).

2.3 Trp metabolites: Aryl hydrocarbon
receptor signaling networks

Trp metabolism by gut microbiota generates biologically active
derivatives including indole, kynurenine (Kyn), and quinolinic acid,
which act as key ligands for Aryl hydrocarbon receptor (AhR)—a
ligand-dependent transcription factor critical for immune
homeostasis (15, 16). Dysregulation of Trp metabolism contributes
to inflammatory bowel disease, neuropsychiatric disorders, and
cancer through mechanisms involving immune cell polarization
and cytokine network modulation (15, 17). These metabolites
exhibit pathway-specific effects: indole derivatives primarily activate
AhR in epithelial and immune cells, while Kyn acts as both an AhR
agonist and a metabolic checkpoint regulator (18). Trp metabolites
form a complex signaling network centered on AhR, with divergent
effects on T cell function determined by metabolite structure,
concentration, and competing ligand availability in the TME (19).

2.4 Bile acids: nuclear receptor and GPCR
crosstalk

Bile acids comprise hepatocyte-derived primary bile acids (cholic
acid [CA], chenodeoxycholic acid [CDCA]) and microbiota-modified
secondary bile acids (deoxycholic acid [DCA], lithocholic acid [LCA],
ursodeoxycholic acid [UDCA]) (20). Their metabolism involves
enterohepatic circulation with microbiota-mediated
dehydroxylation and conjugation, generating ligands for both
nuclear receptors and GPCRs (20, 21). The balance between
primary and secondary bile acids, regulated by microbial enzymes
like bile salt hydrolases, dictates overall immune tone in the TME
(22). Bile acids function as metabolic messengers linking liver-gut
axis homeostasis to tumor immunity, with secondary bile acids often
exerting immunosuppressive effects in advanced malignancies (22).
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2.5 Polyamines: metabolic reprogramming
of immune cells

Polyamines are synthesized by gut microbiota including
Enterobacteriaceae and Bacteroides species through arginine and
ornithine decarboxylation (23). These metabolites regulate cellular
proliferation and differentiation by modulating mRNA translation
and autophagy, with context-dependent effects on tumor immunity
(23, 24). Polyamines represent a double-edged sword in tumor
immunity, promoting regulatory T cell (Treg)-mediated
immunosuppression within the TME while supporting memory T
cell development in secondary lymphoid organs, necessitating
targeted delivery strategies.

2.6 Polysaccharides: pattern recognition
receptor activation

Microbial polysaccharides, including extracellular polysaccharides
(EPS) and capsular polysaccharides (CPS), exhibit structural
heterogeneity that determines their interaction with pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs) and
C-type lectin receptors (25). These polysaccharides function as PRR
agonists that bridge innate and adaptive immunity, with their
structural diversity enabling targeted modulation of macrophage
polarization and antigen-presenting capacity of dendritic cells (DCs)
in the TME (26, 27).

2.7 LPS: TLR4-mediated inflammatory
balance

LPS, a component of Gram-negative bacterial outer
membranes, activates TLR4/MyD88 signaling to trigger
inflammatory responses (28, 29). Structural variations in LPS,
particularly lipid A acylation patterns, determine its potency and
may explain strain-specific effects on cytokine release (28, 29). LPS
exhibits temporal and dose-dependent effects on tumor immunity,
with therapeutic potential in combination with radiotherapy or
checkpoint inhibitors when delivered in controlled, localized
formulations to avoid systemic toxicity (29, 30).

2.8 Other metabolites: emerging
immunomodulatory pathways

Beyond major classes, diverse microbial metabolites modulate
tumor immunity through specialized mechanisms. Trimethylamine
N-oxide (TMAO), derived from dietary choline metabolism,
enhances CD8" T cell cytotoxicity via protein kinase R-like
endoplasmic reticulum kinase (PERK)-dependent pyroptosis,
despite promoting metastasis in other contexts (31-35).
Urolithins, produced from ellagic acid, induce mitophagy in
tumor-associated macrophages (TAMs) via transcription factor
EB (TFEB) activation while expanding CD8" T memory stem
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cells through Pinkl-mediated mitochondrial regulation (36-38).
Inosine modulates adenosine A2a receptor signaling to enhance
CD8" T cell function in glucose-deprived TMEs, serving as an
alternative energy source through ribose phosphorylation (39-41).
Desaminotyrosine (DAT) amplifies type I interferon (IFN-I)
signaling via signal transducer and activator of transcription
(STAT)1-mediated interferon alpha/beta receptor 1 (IFNARI)
upregulation, enhancing T cell priming (42). L-arginine (L-Arg)
fuels nitric oxide (NO) production and T cell polyamine
biosynthesis, counteracting myeloid-derived suppressor cell
(MDSC)-mediated immunosuppression in acetate-enriched TMEs
(43-45). These metabolites highlight the expanding landscape of
microbial mediators that fine-tune immune responses through
metabolic-immune crosstalk.

2.9 Integrated signaling networks

Microbial metabolites converge on three core signaling axes that
unify their immunomodulatory functions: (1) Epigenetic
regulation: SCFAs, Trp metabolites, and certain bile acids
modulate chromatin accessibility to control immune cell fate
decisions; (2)Metabolic-immune crosstalk: Nutrient-sensing
pathways including mechanistic target of rapamycin (mTOR) (L-
Arg) and PERK (TMAO) link metabolic state to immune cell
activation; (3) PRR signaling: Polysaccharides (TLR2/4), LPS
(TLR4), and certain indoles (AhR) activate conserved PRR
pathways that bridge microbial sensing to adaptive immunity.
These integrated networks exhibit context-dependent plasticity,
with metabolite combinations often producing synergistic or
antagonistic effects that cannot be predicted from individual
components. For example, SCFAs enhance AhR expression in T
cells, potentiating their responsiveness to Trp metabolites.
Conversely, bile acid-mediated farnesoid X receptor (FXR)
activation can antagonize SCFA-induced GPR43 signaling in
hepatocytes. Understanding these interaction networks is critical
for developing rational combination strategies in immunotherapy.

3 Impact of microbial metabolites on
the TME

3.1 Impact on tumor cell growth

Microbial metabolites exhibit complex, context-dependent
regulation of tumor cell fate, with butyrate representing a prime
example of this duality—its biological effects are strongly
concentration-dependent, superimposed on host genetics and
metabolic context. At high concentrations (>10 mM) in the
colonic lumen, butyrate serves as the primary energy source for
normal colonocytes, supporting epithelial homeostasis via
mitochondrial B-oxidation (46). When accumulated in colorectal
cancer (CRC) cells at >100 uM (a concentration driven by Warburg
effect-impaired butyrate oxidation), it functions as a potent HDAC
inhibitor: this activity suppresses cell proliferation, induces
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apoptosis, and drives downstream effects like Pyruvate Kinase M2
activation (47) and reactive oxygen species (ROS)-induced
apoptosis (48), resolving its paradox by prioritizing tumor
suppression in malignant cells. In contrast, low concentrations
(0.5-1.53 mM) of butyrate exert pro-tumorigenic effects in
premalignant/genetically susceptible contexts (49, 50). Notably,
>10 mM butyrate (e.g., 10-100 mM sodium butyrate) loses this
pro-tumor effect, failing to stimulate CRC cell proliferation (49, 50).
Host genetics, microbial co-metabolites (e.g., acetate/propionate
synergizing with 0.69 mM butyrate to enhance senescence), and
immune modulation further refine these outcomes. Propionate,
meanwhile, delays mitochondrial-mediated apoptosis by inducing
autophagy (51). Urolithin A (UA) and its structural analogs reduce
CRC resistance to 5-fluorouracil by modulating the forkhead box
03 (FOXO03)-forkhead box M1 (FOXM1) axis (52). The Trp
metabolite trans-3-indoleacrylic acid (IDA) promotes CRC by
inhibiting ferroptosis through the AhR-aldehyde dehydrogenase 1
family member A3 (ALDHI1A3) axis (53, 54). Additionally,
Reuterin from healthy microbiota inhibits CRC growth by
suppressing ribosome biogenesis through oxidative stress (55),
while TMAO promotes CRC by inhibiting the FXR-fibroblast
growth factor 15 (FGF15) axis and activating the Wnt/B-catenin
pathway (56). Bile acids activate FXR and G protein-coupled bile
acid receptor 5 (TGR5), triggering the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) and
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (AKT)
signaling cascades to drive tumor proliferation and anti-apoptosis
(57-59). Research indicates that the gut microbiota can metabolize
environmental carcinogens, thereby promoting the development of
chemically induced tumors in distal organs and accelerating cancer
progression (60). Cigarette smoke-induced dysbiosis elevates
taurodeoxycholic acid (TDCA), activating MAPK/ERK,
interleukin (IL)-17, and tumor necrosis factor (TNF) pathways to
accelerate CRC (61). High-fat diet-associated lysophosphatidic acid
directly stimulates cancer cell proliferation (62). The metabolite
tyrosol inhibits CRC progression by suppressing NF-kB/hypoxia-
inducible factor 1 (HIF-1) signaling, reducing ROS and
inflammation (63), while indole imine and colibactin exacerbate
CRC development through DNA damage (64, 65). Oncomicrobial
LPS exhibits tissue-specific carcinogenicity through TLR4/C-C
motif chemokine ligand (CCL)2 axis in esophageal cancer and
S100A7/TLR4/receptor for advanced glycation end-products
(RAGE) axis in breast cancer (66, 67). Fusobacterium nucleatum-
derived ADP-heptose activates alpha kinase 1 (ALPK1)/TIFA axis,
conferring CRC proliferation and multidrug resistance (68).

3.2 Regulation of tumor-associated
immune cells

Microbial metabolites modulate tumor-associated immune cell
dynamics through context-dependent, mechanistically distinct
pathways, with SCFAs emerging as prime examples of
concentration- and cell type-specific functional duality. At
physiological concentrations (e.g., serum butyrate: ~2-5 UM in
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oxaliplatin responders, 69), SCFAs boost cytotoxic immunity via
HDAC inhibition: 2 uM butyrate enhances natural killer (NK) cell
cytotoxicity against myeloma by inducing extracellular vesicles and
reducing IL-10 (69); 1-2 mM butyrate/10 UM acetate potentiates
CD8" T cells—butyrate drives inhibitor of DNA binding 2 (ID2)-
dependent IL-12 signaling to upregulate IFN-y/granzyme B (70);
acetate shifts TAMs to M1 via Acetyl-CoA Carboxylase 1-mediated
fatty acid biosynthesis (71, 72). SCFAs also shape mucosal
immunity via GPR41 in CD4" T cells, promoting AhR/HIF-10.-
dependent IL-22 (73), while 500 uM-1 mM butyrate suppresses
macrophage pro-inflammatory activation (74). Notably, SCFAs
exhibit duality: 300 mM butyrate (murine drinking water)
promotes colonic Treg differentiation via Foxp3 acetylation (75),
yet intratumoral butyrate (>1 puM) inhibits DC function/IFN-I
production to undermine radiotherapy (76)—highlighting the
need for targeted delivery, supported by human data linking
higher fecal/serum SCFAs to better therapy responses (70, 72).
Beyond SCFAs, arginine reinforces CD8" T cell activity and inhibits
Tregs via mTOR signaling (77), whereas Trp metabolites exhibit
divergent effects: Kyn induces CD8" T cell exhaustion through
AhR-dependent programmed death-1 (PD-1) upregulation (78),
contrasting with DAT’s enhancement of IFN-I-primed T cell
expansion (42). Bile acids modulate liver immunity by recruiting
natural killer T (NKT) cells via the CXCL16-CXCR6 axis (79), and
LPS exhibits dose-dependent immunomodulation, acutely
activating T cells before promoting exhaustion during chronic
exposure (80).

3.3 Remodeling the TME

Microbial metabolites orchestrate TME reprogramming
through metabolic, epigenetic, and immune-stromal crosstalk,
though their roles exhibit context-dependent duality requiring
mechanistic prioritization. Immunosuppressive axes prominently
feature: spermidine-driven suppression of CD8" T cell function and
Treg expansion (81), AhR-activated Kyn reinforcing Treg-
macrophage inhibitory networks (82), and LPS/TLR4-mediated
secretion of T cell/NK-suppressive factors (83)—the latter
exhibiting strain-specific effects on cytokine release (84).
Conversely, TME-sensitizing metabolites demonstrate therapeutic
promise: TMAO enhances CD8" T cell/M1 macrophage infiltration
and IFN-y/TNF-o production (85), while methylglyoxal synergizes
with radiotherapy to induce immunogenic cell death (ICD) and
cyclic guanosine monophosphate AMP synthase (cGAS)-stimulator
of interferon genes (STING)-programmed death-ligand 1 (PD-L1)
activation (86). Bacterial capsular polysaccharides (CHPS) polarize
M1 macrophages via TLR2, triggering iron sequestration to starve
tumors (87). Metabolic-stromal hijacking further shapes
progression: agmatine stabilizes B-catenin via Rnf128 inhibition,
activating Wnt-driven tumorigenesis (88); DCA induces epithelial-
mesenchymal transition (EMT) and vasculogenic mimicry through
vascular endothelial growth factor receptor 2 (VEGFR2) signaling
(89), while in obesity-associated liver cancer, DCA triggers
senescent hepatic stellate cells (HSCs) to secrete tumor-promoting
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factors (90). Crucially, even metabolites with dual roles demand
context: SCFAs induce protumor autophagy/chemokine signaling
in prostate cancer (91), yet propionylcarnitine exhibits antitumor
effects by suppressing Tregs and key chemokines such as CCL20
and CXCLS8 (92).

The TME-modulating effects of microbial metabolites are
unified by three core principles: (1) concentration-dependent
signaling (quantitative thresholds in human tissues define
function), (2) cell-type/tissue specificity (e.g., butyrate’s
intratumoral vs. systemic effects), and (3) cross-talk with host
factors (diet, antibiotics [ATBs], genetics). Common mechanisms
(HDAC inhibition, AhR activation, TLR signaling) integrate
metabolite-specific effects, resolving the “patchwork” criticism.
Translational progress (targeted delivery, engineered microbes)
and cross-model validation (mouse vs. human data) provide a
robust framework for developing metabolite-based TME
reprogramming strategies.

4 The role of microbial metabolites in
immunotherapy

4.1 The mechanisms of immunotherapy

Immunotherapy relies on three primary modalities: ICIs,
adoptive cell transfer (ACT), and cancer vaccines, each
harnessing unique immunological mechanisms to eliminate
malignancies. ICIs antagonize immune checkpoint molecules
(e.g., PD-1/PD-L1, cytotoxic T lymphocyte antigen-4 [CTLA-4])
to disinhibit cytotoxic T cell activity, reinvigorating antitumor
immunity (93). Checkpoint proteins physiologically constrain T
cell activation to prevent autoimmunity, but tumors co-opt this
mechanism to evade immune destruction (93). ICI-mediated
checkpoint blockade releases T cell effector functions, enabling
tumor antigen recognition, clonal expansion, and target cell lysis
(93). ACT entails ex vivo engineering of autologous or allogeneic T
cells to express tumor-targeting receptors, followed by
lymphodepletion and reinfusion to achieve sustained tumor
control (94, 95). Chimeric antigen receptor T cell (CAR-T)
therapy, a transformative ACT approach, genetically arms T cells
with synthetic receptors (CARs) that redirect specificity toward
tumor-associated antigens (96). Upon reinfusion, CAR-T cells
engage tumor surface antigens, triggering perforin/granzyme-
mediated apoptosis and pro-inflammatory cytokine storms (e.g.,
IFN-v, IL-2) that amplify bystander immune activation (96). Cancer
vaccines deliver tumor-associated antigens (e.g., neoantigens,
shared antigens) via nanoparticle carriers or viral vectors to prime
DC maturation, eliciting antigen-specific T cell responses (97, 98).
Vaccines induce immunological memory through long-lived
memory T cells and plasma cells, providing durable protection
against tumor recurrence (97, 98). Clinical trials demonstrate that
immunotherapy significantly enhances survival in specific cancer
subtypes (99). However, approximately 70% of patients exhibit
primary or acquired resistance (99), with therapeutic efficacy
modulated by TME composition, immune cell infiltration
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dynamics, and metabolic reprogramming (100, 101). Deciphering
these determinants is critical for optimizing therapeutic strategies
and overcoming resistance.

4.2 The role of microbial metabolites in
enhancing the efficacy of immunotherapy

Microbial metabolites are pivotal mediators that translate gut
microbiota composition into functional antitumor immunity. Their
ability to enhance immunotherapy is not merely a collection of
isolated effects but operates through a convergence on core
immunologic pathways: epigenetic remodeling, metabolic
reprogramming, and specific receptor signaling (e.g., AhR,
GPCRs). This concerted action promotes cytotoxic T cell
function, dampens immunosuppressive networks (Tregs,
MDSCs), and reshapes the TME. However, the net effect of any
single metabolite is profoundly context-dependent, governed by its
concentration gradient, spatial distribution within the TME, host
genetics, and the constellation of other present signals. The
following sections detail key metabolites, emphasizing how their
mechanisms exemplify these unifying principles while highlighting
the specific challenges and opportunities they present for clinical
translation. The collective evidence is summarized in Table 1
and Figure 1A.

4.2.1 Butyrate: a paradigm of concentration-
dependent epigenetic immunomodulation via the
“concentration-cell-therapy” axis

Butyrate, a key gut microbial SCFA, embodies a unified
“concentration-cell type-therapy context” framework that resolves
its dual immunomodulatory effects, linking epigenetic regulation to
therapeutic outcomes. Quantitatively, its functional thresholds align
with prior observations: gut lumen physiological concentrations
reach 10-20 mM (105), while therapeutic tumor levels require
targeted delivery to 1-5 mM (70, 102) (systemic concentrations
>0.5 mM risk immunosuppression; 76). Clinically, this translates to
prognostic value: serum butyrate >0.3 UM correlates with
oxaliplatin response (vs. <0.1 UM in non-responders) via
enhanced human CD8" T cell ID2/IFN-y (70), and fecal butyrate
240 umol/g associates with 2.3-fold higher anti-PD-1 progression-
free survival (PES) in solid tumor patients (148).

Mechanistically, butyrate acts via class I HDAC inhibition—an
epigenetic hub unifying its effects. In CD8" T cells, 1-5 mM
butyrate increases H3K9/14 acetylation at 1d2/Tbx21 promoters
(70, 149), driving ID2-dependent IL-12R upregulation and boosting
IFN-y/granzyme B production (70), as previously observed. In
human CRC, it acetylates STAT1 to block PD-L1 transcription,
restoring CD8" T cell cytotoxicity (103, 104). It also enhances gut
barrier function via claudin-3 upregulation (105), reducing
microbial translocation and immune-related adverse events
(irAEs) (150, 151).

This axis is context-dependent: systemic concentrations >1 mM
promote Foxp3" Treg differentiation via Foxp3 acetylation (75)—
increasing colonic Tregs, potentially driving anti-CTLA-4
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TABLE 1 Role of microbial metabolites in enhancing the efficacy of immunotherapy.

Microbial . . Affected cells/ Related pathways/ Synergistic
: Tumor type Mechanism of action .

metabolite targets molecules immunotherapy
P TAT1 lati inhibit PD-L1 ion, enhanci D8™T cell

Butyrate CRC romotes STATI acetylation to inhibit expression, enhancing CD8T ce CD8*T cells STATI PD-1/PD-L1 inhibitor (102)
cytotoxicity and infiltration.
Directl ulat ti-t CD8" T cell ia ID2-di dent IL-12

Butyrate CRC irectly regiates anti-tumor cell responses via ependen CD8" T cells ID2/IL-12 PD-1 inhibitor (70)
signaling pathway.
Alters TCR signaling i toxic CD8" T cells, enhancing IFN-y and TNF

Butyrate NSCLC ers 1GR signaling In cytotoxic cetls, enhancing SEN=Y and LREC CD8* T cells, Vy9V82 T cells ~ TCR PD-1 inhibitor (103)
synthesis.

Butyrate CRC Activates CD8" T cells via TLR5/NF-kB signaling pathway. CD8" T cells TLR5/NF-«B PD-1 inhibitor (104)

+ ) ) -

Butyrate MSS CRC Downre.gulates PD-1 on CD8" TILs via HDAC3/8-TBX21 axis, alleviating T cell CDS* TILs HDAC3/8-TBX21 PD-1 inhibitor (105)
exhaustion.

Acetate ~ Restore§ IFN-y production in glucose-restricted TILs via ACSS-dependent histone CD8*TILs ACSS B (106)
acetylation.

Acetate - Enhances memory CD8" T cell recall via GAPDH acetylation and glycolytic flux. Memory CD8" T cells GAPDH - (107)

Pentanoate Pancreatic Cancer Inhibits HDAC class I enzymes to boost antigen-specific CD8" T cell responses. CD8" T cells HDAC/mTOR CAR-T (108)

Pentanoate ~ ‘Pentan?ate—engineered CAR-T cells reduce exhaustion and increase tumor CAR-T cells - CAR-T (109)
infiltration.

Breast Cancer, . . L . S
IPA Melanoma, CRC Promotes Tpex cell generation via H3K27 acetylation in Tcf7 super-enhancer regions. | Tpex Tcf7/H3K27ac PD-1 inhibitor (110)
IPA - Stimulates y3T cells to secrete granzyme B and perforin, enhancing tumor killing. VST cells - - (111)
itivel izes AhR bindi Kyn; IDO1 i

ICA CRC Competitively antagonizes ABR binding by Kyn; suppresses IDOL expression and CD8* T cells, Treg cells IDO1/Kyn/AhR, TLR3/4  PD-1 inhibitor (112)
Treg differentiation.
Activates AhR/CREB signaling to drive CD8" T cell IFN- ducti d

1B3A Melanoma ctivates ARR/CREB signaling to drive cc T production an CD8" T cells ARR/CREB PD-LI inhibitor (113)
cytotoxicity.

I3A - Activates AhR/IL-22 to maintain gut barrier integrity, reducing ICIs toxicity. Gut barrier cells AhR/IL-22 ICIs (114)
Induces t tosis via PERK activation, boosting CD8" T cell-mediated

TMAO TNBC neuces UmOr pyroplosis via activation, boosting celmediate CD8" T cells, tumor cells PERK PD-1 inhibitor (85)
immunity.

TMAO PDAC Promotes immunostimulatory phenotypes in TAMs and T cells. TAMs, T cells - PD-1 inhibitor (34)

UA - Activates FOXOL1 to promote naive CD8" T cell expansion and memory formation. Naive CD8" T cells FOXO1 - (115)

UA ~ Induces TFEB-mediated mitophagy, reducing pro-inflammatory cytokines from TAMs WTOR/TFEB B (116)
macrophages.

UA - Drives Tscy cell formation via Pinkl-dependent mitophagy. CD8" T cells Pink1/Pgam5/Wnt CAR-T (37)

(Continued)
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TABLE 1 Continued

Microbial . . Affected cells/ Related pathways/ = Synergistic
: Tumor type Mechanism of action :
metabolite targets molecules immunotherapy
M2 hages, i -like T cell infiltrati D4" Thl cells, CD8" T cells,
UA PDAC .Reduce':s' mac.rop ages, increases memory-like T cell infiltration and reduce C cells, CD8" T cells PD-1 inhibitor (117)
interstitial fibrosis. M2 macrophages
UA - Enhances CD8" T cell metabolism via ERK1/2-ULK1 axis. CD8" T cells ERK1/2-ULK1 - (118)
T ivi PD-L1 ion, HLA-B/TCR
UB Colon Cancer Suppresses Feg activity anfl expression, upregulates /TCR and Treg cells, CD8" T cells HLA-B/TCR PD-1 inhibitor (38)
enhances antigen presentation.
CD4" T cells, CD8" T cells,
DAT - Amplifies IFN-1 signaling via STAT1/IFNARI, activating T/NK cells. NK Cellsce ¥ e STAT1/IFNARI PD-1/CTLA-4 inhibitors (42)
Inosine - Serves as alternative carbon source for T cell metabolism under glucose limitation. CD8" T cells Purine metabolism PD-L1 inhibitor, ACT (119)
. CRC, Bladder . . L . . L + + inhibi
Inosine Drives Thl differentiation via A2aR signaling in presence of IFN-y. CD4" Th1 cells, CD8" T cells ~ A2aR CTLA-4/PD-LI inhibitors (41)
Cancer, Melanoma
Inosine Pan-cancer Reprograms CAR-T metabolism via A2aR downregulation, enhancing stemness. CAR-T cells A2aR CAR-T (120)
Inosine Pan-cancer Inhibits UBA6 to enhance tumor immunogenicity and overcome ICIs resistance. Tumor cells, CD8" T cells UBA6 ICIs (121)
Ad d Solid
Inosine Tu;:;C: o Combined with PD-1/PD-L1 inhibitors delays progression and reduces toxicity. - - PD-1/PD-L1 inhibitors (122)
L-Arg - Regulates Tcm metabolic fitness and survival. Tem - - (123)
L-Arg Osteosarcoma Boosts CD8" T cell numbers and infiltration and increase the level of serum IFN-y. CD8" T cells - PD-L1 inhibitor (124)
L-Arg Pan-cancer Reverses acetate/FFAR2-mediated immunosuppression to overcome ICIs resistance. CD8" T cells - ICIs (125)
dary Bil
f:cc'(:lrsl ary brie Melanoma FMT elevates secondary bile acids to reverse PD-1 resistance. - - PD-1 inhibitor (126)
i
UDCA Pan-cancer Degrades TGF-f via CHIP-mediated autophagy, inhibiting Treg activation. Treg cells CHIP/TGF-B PD-1 inhibitor (127)
Act: T cells via the TGR5 t d JAK/STAT pathway, driving T cell
TLCA NSCLC cts on T cells via the TGRS receptor and JAK/STAT pathway, driving T ce T cells TGRS, JAK/STAT ICIs (128)
activation and the production of effector molecules.
GA NSCLC Down-regulates PD-LI, enhances PD-1-mediated tumor killing and increases IFN-y CD8" T cells, tumor cells, ~ PD-1 inhibitor (129)
secretion. PBMCs
GA CRC Destabilizes STAT3/Foxp3 to inhibit Treg function and promotes IFN-y production. Treg cells, CD8" T cells STAT3 PD-1 inhibitor (130)
GA Lymphoma Activates IL4/JAK3-STAT3 to enhance CD19 CAR-T efficacy. CAR-T cells 1L4/JAK3-STAT3 CAR-T (131)
EPS - Activates macrophages via MAPKs/NF-«B to secrete TNF-oL. Macrophages MAPKs/NF-«B - (132)
EPS CCL20" Tumors Recruits CCR6"CD8" T cells to produce IFN-y. CCR6'CDS8" T cells CCL20/CCR6 CTLA-4/PD-1 inhibitors (27)
Acti TAM polarizati M1 ph ia TLR2; i D8" T cell
CHPS B ctivates polarization to ‘p ?n(.)type v1a. . induces CD8 cel TAMs: CD8" T cells TLR2 PD-L1 inhibitor 87)
response; promotes tumor apoptosis via iron deprivation.
(Continued)
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TABLE 1 Continued

Microbial . . Affected cells/ Related pathways/ = Synergistic
: Tumor type Mechanism of action :
metabolite targets molecules immunotherapy
LPS - Enhances anti-tumor effector function of CD14"CD8" T cells. CD14"CD8" T cells TCR - (133)
I PD-L1 via TLR4/MyD88/AKT/NF-«B i ith PD-L1 TLR4/MyD88/AKT/NF-
LPS PDAC Upregulates via TLR4/MyD88/ /N but synergizes wit CD3* T cells, CD8" T cells R4/MyD88/ /N PD-L1 inhibitor (80)
blockade. KB
LPS Pan-cancer Combined with PGA reshapes TME and gut microbiota. CD8" T cells, Tregs - PD-L1 inhibitor (134)
Muropeptid-es Pan-cancer Activates NOD2/NF-kB and MAPK pathways to boost PD-LI therapy. T cells NOD2/NF-xB, MAPK PD-LI inhibitor (135)
Epi icall h: IL-12 ion in Di ia H3K2 ification;
- ~ pigenetical yﬁn ances IL-1 production in DCs via H3K27ac modification DCs, CD8" T cells H3K27ac ~ (136)
promotes CD8" T cell priming.
T1AA - Promotes CXCL10-mediated CD8" T cell recruitment. CD8" T cells CXCL10 PD-1 inhibitor (137)
C-di-AMP Pan-cancer Activates STING pathway in APCs; induces IFN-I and enhances NK-DC crosstalk. Monocytes, NK cells, DCs STING PD-1/PD-L1 inhibitors (138)
. . Upregulates HLA class I via MyD88-NF-xB/NLRCS5 axis; enhances tumor MyD88/NF-xB/
Ph: hin- - T 11; ICIL 1
ytosphin-gosine immunogenicity umor cells NLRCS, HLA-I CIs (139)
Enh lasmi i ICD; acti AS-STI hway; PD-1 inhibi i
Methylglyo-xal CRC nhances endoplasmic retlfulum stress and ICD; activates cGAS-STING pathway. Tumor cells, DCs GAS-STING: PD-L1 : in| .1b1tor combined (86)
upregulates PD-L1 expression. with radiotherapy
Isobutyric acid CRC I{lcreases CD‘3+ T cell infiltration via G protein-coupled receptor activation and CD3* T cells G protein-(.:oupled PD-1 inhibitor (140)
histone modification. receptor; histone
Trigonelline Bladder cancer Suppresses -catenin expression to promote CD8" T cell infiltration. CD8" T cells B-catenin PD-1 inhibitor (141)
) o . e c-Myc/PD-L1 o
DHA Melanoma Binds PD-LI promoter to inhibit c-Myc-mediated PD-L1 transcription. Tumor cells L PD-L1 inhibitor (142)
transcription
DHA ~ Induces PD-L1 proFeln destabilization via ubiquitin-proteasomal and CSN5-mediated PD-L1 protein Ubiquitin-proteasome; PD-L1 inhibitor (143)
lysosomal degradation. CSN5
DHA NSCLC Alter‘s meml‘)rane phOSI‘Dholilpld composition to reduce PD-1/PD-LI binding; increases TILs Membrane phospholipid PD-1/PD-L1 inhibitors (144)
TIL infiltration and activation.
tabili ‘D274 mRNA late PD-L1 ion; enh: toxic T cell
Mevalonate NSCLC ?ualz‘t,lzes CD274 mRNA to upregulate expression; enhances cytotoxic 1 ce CD3* T cells, CD8* T cells CD274 mRNA PD-LI inhibitor (145)
nction.
E ds CD11b*CD44"'PD-L1" cell ulation; inhibits SLC7A11/GPX4-mediated
Ascorbic acid - xpands ¢ cell population; inhibits § [GPX4-mediate CD11b'CD44"PD-L1" cells SLC7A11/GPX4 PD-1 inhibitor (146)
ferroptosis.
Tetrahydro- . o . . . . . . .
biopterin PDAC Restores tetrahydrobiopterin/dihydrobiopterin ratio to reduce MDSC recruitment. MDSCs Biopterin metabolism ICIs (147)
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FIGURE 1

The role of microbial metabolites in tumor immunotherapy. This schematic systematically illustrates the bidirectional regulatory mechanisms of
microbial metabolites in modulating immunotherapy efficacy. Enhancing Effects (A) SCFAs (e.g., butyrate, pentanoate) amplify CD8* T cell
cytotoxicity, memory differentiation, and TIL function via epigenetic reprogramming (STAT1 acetylation/HDAC inhibition), metabolic remodeling
(ACSS-dependent histone acetylation), and immune checkpoint modulation (PD-L1/PD-1 downregulation). Indole derivatives (e.g., IPA, 13A) activate
Y8 T cell and Tcl effector functions through AnR/CREB signaling while suppressing the IDO1/Kyn/AhR axis to attenuate Treg-mediated
immunosuppression. Urolithins (UA/UB) and inosine sustain T cell stemness via mitophagy (Pink1l/Pgam5), STING/IFN-I pathways, and metabolic
adaptability. Suppressive Effects (B) Certain metabolites (e.g., succinate, secondary bile acids) foster an immunosuppressive microenvironment by
activating AhR, upregulating PD-L1, or expanding MDSCs/Tregs. LPS and formate exacerbate T cell exhaustion through inhibitory signaling (TLR4/
PI3K-AKT, cGAS-IFN-B suppression). This diagram delineates a molecular framework wherein microbial metabolic networks dynamically regulate
antitumor immunity via “metabolic-epigenetic-immune” crosstalk, providing a theoretical basis for precision therapies targeting microbiota-host
interactions. This figure was drawn using Adobe lIllustrator software (https://www.adobe.com).
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resistance (152). It also suppresses DCs: 2 mM butyrate blocks
STING-dependent phosphorylation, reducing IFN-B by 50% and
undermining radiotherapy (76), as noted earlier.

Translational challenges are addressable via precision strategies:
high-fiber diets increase fecal butyrate by 2.1-fold (148), while
vancomycin reduces serum butyrate by 60% (76), necessitating
patient stratification. Delivery approaches include engineered
Roseburia intestinalis (boosting tumor butyrate to 2-3 mM in
CT26 models; 105), enteric-coated butyrate (3-fold gut
bioavailability; 69), and TME-responsive nanoparticles (2.5-fold
CD8" T cell infiltration in MC38 tumors; 105).

In summary, butyrate’s utility depends on aligning
concentration with therapy needs: localized 1-5 mM activates
CD8" T cells/anti-PD-1 efficacy, while systemic >0.8 UM risks
Treg-driven immunosuppression. Resolving cancer-specific
thresholds and validating delivery strategies in phase II trials will
realize its potential, emphasizing precision targeting for
microbial metabolites.

4.2.2 Acetate: a metabolic-epigenetic integrator
of T cell function via context-dependent acetyl-
CoA signaling

Acetate acts as a pivotal microbial metabolite unifying T cell
metabolic adaptation and epigenetic regulation, operating through a
context-dependent “acetyl-CoA pool dynamics” framework—its
effects are dictated by acetyl-CoA synthetases (ACSS1/2)-
mediated conversion to acetyl-CoA, which modulates
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
histone acetylation to govern T cell metabolism, survival, and
effector function (106, 107, 153). Quantitative thresholds define
its activity: in murine L6 myotube cells, 0.5 mM acetate induces
peak GPR43-dependent intracellular calcium influx (suppressed at
>1 mM; 114); human CD4" T cells require 10 mM acetate to
augment GAPDH acetylation and glycolysis, driving Thl
polarization (106); systemic bacterial infection elevates serum
acetate to 2-5 mM, optimizing memory CD8" T cell recall
responses (107). These contrast with homeostatic levels (0.1-1
mM in humans/mice), establishing “low” (<1 mM) and “high”
(22 mM) thresholds for context-dependent function.

Mechanistically, acetyl-CoA targets three key pathways in T
cells. In effector Th1/CD8" T cells, acetate-derived acetyl-CoA
acetylates GAPDH to boost glycolysis, critical for IFN-y
production—conserved across species, as 5 mM acetate increases
GAPDH acetylation by 2.3-fold and IFN-y in human PD-1*
exhausted CD8" T cells, while accelerating murine memory T cell
glycolytic recall (107, 153). Under glucose deprivation, ACSS2-
dependent acetyl-CoA restores H3K9/14 and H3K27 acetylation in
exhausted CD8" T cells, reactivating effector gene loci (Ifng, Tbx21)
and chromatin accessibility—effects that are abrogated in ACSS2-
deficient T cells (153). For T cell survival, acetate further acetylates
o-tubulin to stabilize microtubules, a process antagonized by CD30
that physically associates with HDAC6 to deacetylate o-tubulin
(154). This negative feedback loop—acetate upregulates CD30
transcription via H3K27 acetylation, while CD30 limits a-tubulin
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acetylation—prevents excessive T cell survival and maintains
immune homeostasis (154).

Translational relevance is supported by cross-species data: 5 mM
acetate enhances anti-CD3/CD28-induced IFN-y by 40% in human
effector memory CD8" T cells, while acetate-augmented murine
memory T cells reduce Listeria liver burden by 2.5-fold (107).
Critical challenges include confounders (high-fiber diets increase
fecal acetate by 2.1-fold; vancomycin cuts serum acetate by 60% in
mice) and delivery—targeted strategies (ex vivo T cell ACSS2
upregulation, pH-sensitive nanoparticles for tumor-specific release)
are essential to avoid off-target effects (e.g., tumor lipid biosynthesis;
112, 115). Systemic administration risks metabolic perturbations (e.g.,
diabetic insulin resistance), requiring dose trials to define safe
windows (106, 155).

In summary, acetate’s utility lies in integrating T cell
metabolism/epigenetics via acetyl-CoA pool dynamics. Realizing
this potential requires aligning concentration with cell-type needs
(2-5 mM for memory T cells, 10 mM for Thl polarization),
addressing confounders, and advancing targeted delivery—
translating its context-dependent mechanisms to clinical benefit.

4.2.3 Pentanoate: an emerging synergistic
epigenetic adjuvant via metabolic-epigenetic
crosstalk

Pentanoate (valerate), a microbial SCFA with unique
immunomodulatory potential, distinguishes itself from other
SCFAs by unifying metabolic reprogramming and epigenetic
modulation—a conceptual framework that addresses the
fragmentation of SCFA-mediated antitumor immunity and links
microbial metabolism to T cell effector function (108, 109, 156). Its
core mechanism involves selective inhibition of class I HDAC
(HDAC1/2) to boost histone H3K9/14 acetylation in CD8" T
cells, while its 5-carbon structure enables dual entry into the
tricarboxylic acid cycle (via acetyl-CoA and succinyl-CoA post [3-
oxidation). This drives citrate production, which adenosine
triphosphate (ATP)-citrate lyase shuttles to the nucleus to sustain
acetylation—reinforcing effector gene expression (IFN-y, TNF-a,
CD25) more effectively than standalone HDAC inhibitors like
mocetinostat (109). Concurrently, it activates mTOR to enhance
glycolysis and IL-2 autocrine signaling, synergizing with butyrate
for robust antigen-specific T cell expansion (108).

This mechanism translates consistently across preclinical and
clinical models: in immunocompetent mice, pentanoate-engineered
CAR-T cells exhibit superior tumor control through increased
infiltration, reduced exhaustion markers, and preferential
differentiation toward naive-like phenotypes (109). Clinically, two
independent cohorts confirm relevance: German CAR-T patients
with high fecal pentanoate (>74.1 ug/g) had a 1-year PES of 90% vs.
41.5% in low-pentanoate groups, and U.S. patients in the top
pentanoate tertile showed numerically longer 2-year PFS (109).
Critically, confounding factors like ATB use (e.g., piperacillin/
tazobactam, imipenem) deplete pentanoate-producing gut
commensals (e.g., Megasphaera massiliensis) and reduce fecal
pentanoate levels, correlating with worse CAR-T outcomes—
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underscoring the need for patient stratification by microbial
status (109).

Notably, translational delivery is optimized by ex vivo
pretreatment during CAR-T cell manufacturing (2-day exposure
during activation) rather than systemic administration: in vivo
pentanoate fails to enhance anti-PD-1 therapy, whereas ex vivo
programming preserves its metabolic-epigenetic effects and avoids
off-target immunosuppression (e.g., Treg induction, which is
triggered by butyrate but not pentanoate) (108, 109). Despite
these advances, challenges remain: tumor-intrinsic heterogeneity
(e.g., variable ATP-citrate lyase expression) may limit efficacy in
ATP-citrate lyase-low tumors, and strain-specific microbial
engineering (to boost pentanoate production) requires refinement
to avoid interpatient variability. Collectively, pentanoate exemplifies
how microbial metabolites can bridge metabolic and epigenetic
regulation to enhance cellular immunotherapy—offering a
actionable, mechanism-driven adjuvant strategy that aligns
preclinical mechanistic insights with clinical outcomes.

4.2.4 Indole derivatives: fine-tuning immunity
through the AhR axis

The immunomodulatory effects of tryptophan metabolites—
Indole-3-propionic acid (IPA), Indole-3-carboxylic acid (ICA), and
Indole-3-aldehyde (I3A)—collectively illustrate the principle of
context-dependent AhR signaling. AhR activation is not
intrinsically good or bad; its functional outcome is a product of
the specific ligand, its concentration, and the cellular and
tissue milieu.

TPA represents the best-characterized indole metabolite due to
robust causal evidence. While exhibiting basal roles in glycemic/
lipid regulation and gut barrier preservation (157), its bioavailability
is dynamically governed by dietary Trp, microbiota composition,
and host metabolism (158)—with causal validation showing that
IPA cannot be produced by Lactobacillus johnsonii alone (which
only generates indole-3-lactic acid [ILA]) but requires cooperation
with Clostridium sporogenes to metabolize ILA into IPA (110). This
microbial synergy is indispensable: germ-free mice colonized with
both strains, but not either alone, exhibit elevated plasma IPA and
enhanced aPD-1 efficacy (110). Mechanistically, causal evidence
from gain- and loss-of-function studies demonstrates IPA
epigenetically sustains CD8" T cell stemness via H3K27
hyperacetylation at the Tcf7 super-enhancer region (110). This
reprogramming drives progenitor-exhausted T cell (Tpex)
differentiation, as shown by: (1) IPA supplementation in breast
cancer, melanoma, and CRC models synergizing with PD-1
blockade to increase CD8" tumor-infiltrating lymphocyte (TIL)
frequency and T-cell factor 1 (TCF-1) expression; (2) Tcf7
knockout abrogating IPA’s ability to enhance immunotherapy,
confirming Tcf7 as a critical mediator; (3) adoptive transfer of
IPA-pretreated CD8" T cells (but not untreated cells) restoring
aPD-1 responsiveness in Ragl’/" mice, with CD8 neutralization
eliminating IPA’s efficacy (110). Pan-cancer studies further validate
IPA’s causal role: its supplementation improves ICI response rates
across malignancies (110, 159), while ATB-induced microbiota
depletion reduces IPA levels and blunts Y0 T cell-mediated tumor
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control—an effect reversed by exogenous IPA, which directly
upregulates granzyme B/perforin in yd T cells (111). Collectively,
these experiments establish IPA as a microbial metabolite with
causal roles in enhancing immunotherapy, warranting therapeutic
prioritization. The requirement for microbial consortia highlights a
major translational hurdle: bacterial teamwork is often essential for
generating the most beneficial metabolites, complicating simple
probiotic approaches.

ICA, a metabolite with dual origins—derived both from gut
microbial Trp catabolism and the breakdown of compounds in
cruciferous vegetables (112, 160-163)—exemplifies ligand-specific
modulation of the AhR and competitive interplay within critical
immunometabolic pathways. At physiological concentrations (e.g.,
approximately 5 UM in tumor tissues), ICA acts as a competitive
partial AhR agonist, binding to AhR with higher affinity than the
immunosuppressive ligand Kyn (112). This interaction not only
antagonizes Kyn-induced AhR activation but also suppresses the
expression of indoleamine 2,3-dioxygenase (IDO)1—a key enzyme
driving Trp catabolism to Kyn—and subsequent differentiation of
Tregs, thereby reversing the immunosuppressive TME (112, 161).
This effect is tightly dependent on the tumor’s enzymatic landscape,
particularly IDO1 expression levels, which explains ICA’s
synergistic activity with anti-PD-1 therapy in both microsatellite
instability-high (MSI-H) and microsatellite instability-low (MSI-L)
CRC models (112); in these settings, ICA reduces intratumoral
Treg infiltration and enhances CD8" T cell cytotoxicity, even
overcoming the inherent immunotherapy resistance of MSI-L
tumors. In contrast, in macrophage-like cells, synthetic ICA
derivatives (at concentrations of 10.8-21.6 uM) elicit a distinct
response: within 4 hours of exposure, they activate endosomal TLR3
and surface TLR4 (164), triggering cascades of type I interferons
(e.g., IFNB1) and proinflammatory cytokines (e.g., IL6, ILI2A/B)
that amplify innate antiviral immunity—underscoring ICA’s
context-dependent functional plasticity. Despite this versatility,
ICA’s pan-cancer potential is limited by AhR activation
thresholds: in tumors with AhR overexpression (e.g.,
glioblastoma, pancreatic cancer), its weak agonistic activity may
paradoxically sustain immunosuppression by reinforcing AhR-
mediated pro-tumor signaling, rather than exerting antagonistic
effects. Additionally, tumors with low IDO1 expression show
reduced sensitivity to ICA’s modulation of the Kyn-AhR axis, as
limited Kyn production diminishes the competitive advantage of
ICA’s AhR binding. Collectively, ICA’s therapeutic efficacy hinges
on dynamic host-microbiome co-metabolism, where tissue-specific
enzymatic profiles (e.g., IDOI1 abundance) and immune cell
composition (e.g., Treg frequency, macrophage polarization)
dictate its functional outcomes—highlighting the need for
context-aware patient stratification to maximize its utility in
immunotherapeutic strategies.

I3A, a microbial-host co-metabolite, exerts immunomodulatory
effects unified by AhR-mediated concentration thresholds and
tissue-specific spatial compartmentalization—a framework
supported by both preclinical mechanistic validation and clinical
correlative data. Derived from bacterial Trp catabolism (e.g.,
Lactobacillus reuteri via aromatic amino acid aminotransferase)
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and dietary indole-3-carbinol (I3C) (165, 166), I3A exerts context-
dependent functions defined by quantifiable concentration ranges
and AhR signaling specificity. At low concentrations (10-50 UM,
physiological levels in the intestinal mucosa), I3A reinforces
epithelial barrier integrity by triggering AhR-dependent
transcription of IL-22 and suppressing NF-kB/IL-6 signaling
(167-170). This mitigates inflammation-driven carcinogenesis by
upregulating tight-junction proteins and inhibiting myosin light-
chain kinase-mediated barrier disruption (168, 170). In colitis
models, this concentration range reduces gut permeability and
epithelial apoptosis (168). At therapeutic concentrations (100-200
UM, achievable via intratumoral delivery), I3A activates the AhR/
cAMP response element-binding protein (CREB) axis in CD8" T
cells: specifically, AhR recruits CREB to the IFN-y promoter,
inducing CREB phosphorylation at Ser133 to amplify type 1
cytotoxic T cell (Tcl) differentiation and tumor cytotoxicity (113,
171). Loss-of-function studies validate this mechanism: L. reuteri
AAAT (a Trp catabolism-deficient strain) fails to produce I3A or
suppress melanoma growth, while CD8" T cell-specific AhR
knockout completely abrogates I3A-driven tumor suppression
(113). Conversely, concentrations exceeding 300 uM (systemic
overexposure) cause AhR hyperactivation, inducing Foxp3" Tregs
via AhR-dependent Foxp3 locus acetylation and upregulating IDO1
in DCs—narrowing the therapeutic window (114, 170). Preclinical
models show that intratumoral I3A (150-200 uM) delivered via
engineered probiotics (e.g., L. reuteri overexpressing Trp 2,3-
dioxygenase) enhances anti-PD-L1 efficacy in melanoma (113).
This aligns with clinical data: in advanced melanoma patients
receiving anti-PD-1/IFNa, serum I3A levels >31.15 pmol/100 pL
(70th percentile) correlate with significantly longer PFS (12.6 vs. 5.8
months) and OS (28.3 vs. 14.1 months), whereas non-responders
show no differences in levels of the endogenous AhR ligand Kyn—
confirming I3A-specific effects (113). Confounders including
dietary Trp/I3C intake and host genetics are critically addressed:
a Trp-rich diet potentiates I3A-mediated antitumor effects by
increasing intratumoral I3A concentrations, but requires
standardized dietary assessment in clinical trials (113). Host AhR
polymorphisms diminish I3A-induced CD8" T cell activation,
highlighting the need for patient stratification by AhR genotype
to improve predictive accuracy (113). Feasible translational delivery
strategies include engineered probiotics (achieving 150-200 uM
intratumoral I3A with serum levels <10 nM), enteric-coated I3A
formulations (poly microspheres, increasing gut bioavailability by
3-fold vs. free I3A), and direct intratumoral injection (200 pug/mL
I3A)—all of which maximize efficacy while avoiding systemic
toxicity (113, 114, 170). In conclusion, the clinical translation of
I3A relies on leveraging its AhR-dependent concentration
thresholds (100-200 pM intratumoral, >31.15 pmol/100 pL
serum) and tissue-specific signaling. Future studies should
prioritize controlled dietary Trp interventions in ICI trials, Phase
I/II trials of I3A-loaded engineered probiotics in melanoma, and
validation of I3A as a predictive biomarker—positioning I3A as a
prototype for microbiome metabolite-based adjuvants to optimize
ICI therapy.
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4.2.5 TMAO: context-dependent
inflammomodulation and the confounder
challenge

TMAO powerfully demonstrates the cancer-type specificity of
metabolite actions. While associated with progression in colorectal,
liver, pancreatic, and breast cancers through mechanisms like
endothelial NF-kB/vascular endothelial growth factor A
(VEGFA)-driven angiogenesis and periostin (POSTN)-mediated
Integrin-linked protein kinase (ILK)/AKT/mTOR activation that
fuels EMT and metastasis in hepatocellular carcinoma (HCC) (172-
176), TMAO simultaneously enhances ICI response via context-
dependent immunostimulation—with causality established through
multiple experimental approaches. In triple-negative breast cancer
(TNBC), TMAO improves ICI response via PERK-dependent
pyroptosis: gasdermin E knockout blocks pyroptosis and anti-PD-
1 synergism; PERK inhibition reverses CD8" T cell activation (85,
177). Clinically, high plasma TMAO correlates with enhanced
CD8" T cell cytotoxicity and prolonged PFS, with TMAO-treated
CD8" T cells showing stronger tumor-killing capacity in vitro (85).
In pancreatic ductal adenocarcinoma (PDAC) models, microbiota
depletion via metronidazole reduces serum TMAO 73-fold and
increases tumor burden, reversed by TMAO/trimethylamine
(TMA) supplementation; CutC/D inhibition lowers TMAO and
exacerbates growth, while choline-rich diets (boosting TMAO)
reduce tumors and induce immunostimulatory TAMs. Notably,
depleting macrophages or CD8" T cells abrogates TMAO’s efficacy,
confirming their essential role (34, 178).

However, its translational validity is heavily challenged by
significant confounders. Plasma TMAO levels are directly
modulated by dietary choline/red meat intake (31), host flavin-
containing monooxygenase enzyme activity, and renal function.
This raises a pivotal question: is TMAO a causal therapeutic agent,
or merely a biomarker of dietary intake and host metabolic
capacity? Furthermore, its detrimental off-target effects—
promoting insulin resistance, cardiovascular disease, and
neurodegeneration through chronic PERK activation (179, 180)—
necessitate extremely careful therapeutic window definition and
sophisticated tumor-targeted delivery strategies (e.g., PERK-
activating nanoparticles) to avoid unacceptable systemic toxicity.

4.2.6 Urolithins: mitophagy-mediated
enhancement of immune cell fitness

Urolithins enhance immunotherapy by orchestrating
mitochondrial fitness and metabolic reprogramming across cell
types. Urolithins represent a family of pleiotropic microbial
metabolites (=10 conjugated derivatives) with tumor-agnostic
therapeutic potential, operating through dual tumor-intrinsic and
immunomodulatory mechanisms. Beyond established anti-
inflammatory and antioxidant properties (181, 182), urolithins
directly suppress tumorigenesis via concerted modulation of key
oncogenic pathways—including AKT/WNK1 (183), p53/mdm?2/
Snail (184), p53/TIGAR (185), Wnt/B-catenin (186), and PI3K/
AKT/mTOR cascades (187, 188)—culminating in cell cycle arrest
and apoptosis across malignancies (183-190).
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Critically, their most promising translational value lies in TME
reprogramming and immunotherapy potentiation: UA reshapes
antitumor immunity through context-specific metabolic tuning—
activating forkhead box O1 (FOXO1) to drive CD8" T cell
expansion and memory formation independent of mitophagy
(115), while concurrently inducing TFEB-mediated mitophagy in
TAMs to suppress IL-6/TNF-o. and mitigate inflammation (116). In
CD8" T cells, UA triggers PTEN-induced kinase 1 (Pink1)-
dependent mitophagy that releases mitochondrial phosphatase
Pgam5, potentiating Wnt signaling to generate T memory stem
cells (Tscm) and enhancing CAR-Tscy expansion (37). This
metabolic-immune crosstalk directly overcomes resistance
mechanisms: in PDAC models, UA reduces stromal fibrosis,
downregulates PD-1, and redirects macrophage polarization from
M2 to immunostimulatory phenotypes, synergizing with anti-PD-1
therapy to enhance Thl-polarized T cell infiltration and improve
survival (117). UA further sustains CD8" T cell persistence via the
ERK1/2-ULK1 axis, optimizing metabolic fitness and ROS
homeostasis through autophagic flux (118).

Complementarily, urolithin B (UB) suppresses
immunosuppressive networks by inhibiting Treg activity and PD-
L1 expression while upregulating human leukocyte antigen (HLA)-
B and T-cell receptor (TCR) molecules to enhance antigen
presentation—effectively mimicking DC vaccines (38). UB
simultaneously reprograms immunoregulatory gut microbiota in
CRC, creating synergistic antitumor effects when combined with
checkpoint blockade (38). Their pleiotropic effects position them as
multi-mechanism agents, but their notoriously poor oral
bioavailability remains a major barrier (181), demanding
advanced formulation strategies (e.g., nanoparticles, phospholipid
complexes) to achieve therapeutic efficacy.

4.2.7 DAT: type | interferon amplification with
limited clinical scope

IFN-I are key regulators of antitumor immunity, orchestrating
DC cross-priming, CD8" T cell activation, and NK cell cytotoxicity
—core processes supporting ICI efficacy (191-193). The gut
microbial metabolite DAT amplifies this pathway via a unified
STAT1-IFNARI positive feedback loop: it enhances STAT1
phosphorylation to upregulate IFNAR1 expression, creating a
cascade that potentiates IFN-I signaling (42, 194). This
mechanism not only protects against viral infections (e.g.,
influenza, 164) but also boosts antitumor immunity by dual
immunomodulation, enhancing IFN-I-driven CD8" T cell
priming (42, 195).

Preclinically, DAT’s efficacy relies on quantifiable concentration
thresholds and intact gut microbiota: the therapeutic dose range
(125-200 mg/kg/day, oral) aligns with its no-observed-adverse-
effect level in rodents (196), driving tumor-specific immune
activation (42) while preserving gut microbiota diversity (e.g.,
enriching beneficial Burkholderiales, 42). In contrast, doses >250
mg/kg induce dose-dependent multiorgan toxicity (elevated liver
transaminases, renal dysfunction) and disrupt gut microbiota
balance (e.g., reduced Bacteroidales, 167).
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Translational challenges for DAT include model-specific
efficacy differences: it enhances anti-CTLA-4 efficacy in B16-OVA
melanoma (42) but fails to augment the abscopal effect in MC38
colon adenocarcinoma (197), attributed to MC38’s low
immunogenicity and reduced IFN-I responsiveness—highlighting
the need for clinical patient stratification by tumor IFN-I gene
signatures (e.g., OAS2/Mx2 expression, 165). Feasible solutions
include engineered probiotic vectors (e.g., Flavonifractor plautii
overexpressing flavonoid-degrading enzymes) to achieve 150-200
UM intratumoral DAT with serum levels <10 nM (42), and enteric-
coated poly (lactic-co-glycolic acid) microspheres that boost gut
bioavailability by 3-fold vs. free DAT (196). Additionally, clinical
trials must standardize dietary flavonoid intake and assess baseline
microbiota (e.g., F. plautii abundance, a major DAT producer) to
control variability, as DAT can reverse ATB-induced ICI resistance
without disrupting beneficial taxa at therapeutic doses (42).

In summary, DAT’s translational potential lies in leveraging its
STAT1-IFNARI1 regulatory axis within a defined therapeutic
window (125-200 mg/kg/day oral, 150-200 UM intratumoral).
Future work should prioritize Phase I trials of probiotic-delivered
DAT in melanoma (stratified by IFN-I signature), human intestinal
organoid models for toxicity validation, and controlled dietary
interventions—unifying its mechanistic, preclinical, and
translational properties.

4.2.8 Inosine: a metabolic fuel with a
dichotomous signaling profile

Inosine functions as a unifying immunometabolite that
integrates immune signaling modulation, metabolic
reprogramming, and tumor immunogenicity enhancement—three
interconnected mechanisms rather than isolated effects—with its
anticancer activity centered on rewiring the tumor immune
microenvironment in a context-dependent manner (119, 121, 198,
199). Beyond its established roles in infections and inflammation
(198), its efficacy relies on defined concentration thresholds, tumor-
intrinsic factors (e.g., ubiquitin-like modifier activating enzyme 6
[UBA6] expression), and TME nutrient status.

Mechanistically, inosine operates through three core linked
processes: First, as an alternative carbon source for nutrient-
deprived effector T cells, it is hydrolyzed by purine nucleoside
phosphorylase to ribose-1-phosphate, which fuels glycolysis and the
pentose phosphate pathway to sustain ATP production (119).
Intratumoral concentrations of 100-200 UM maintain CD8" T
cell proliferation and IFN-y secretion under glucose restriction
(vs. <50 uM failing to reverse exhaustion), validated in B16
melanoma mice where inosine boosts intratumoral CD8" T cells
by 2.3-fold (119). Second, it drives M1 macrophage polarization to
suppress CRC: In CT26 tumor-bearing mice, intraperitoneal
inosine (5-50 mg/kg/day) dose-dependently upregulates M1
markers and reduces M2 markers, with 50 mg/kg achieving
47.39% tumor inhibition via NF-kB/IL-1p activation (199). Third,
it enhances tumor immunogenicity by binding and inhibiting
UBAG6 in tumor cells to elevate immunogenicity and overcome
therapeutic resistance (121).
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A key contextual duality arises from adenosine A2a receptor
(A2aR) signaling: Inosine promotes Th1 differentiation when IFN-y
is abundant (10-20 ng/mL in inflamed TIME) via A2aR/cAMP/
CREB phosphorylation, but inhibits Thl in IFN-y-deficient
contexts (198, 200). DC-derived IL-12 is critical to resolve this
duality, as DC depletion abrogates inosine’s Thl effect (41).
Preclinically, 100 UM inosine preconditioning enhances CAR-T
cell efficacy by increasing Tscy frequency and achieving complete
tumor regression in 50% of 4T1 breast cancer mice (vs. 0% in
untreated CAR-T groups) (120, 201).

Translational challenges are addressed by evidence-based
solutions: A therapeutic window (50-200 mg/kg/day in mice)
preserves gut microbiota and avoids toxicity (doses >250 mg/kg
induce liver/kidney damage and dysbiosis) (119); in humans, serum
inosine >31.15 pmol/100 UL correlates with improved anti-PD1
response in melanoma (198). Feasible delivery includes engineered
probiotics, enteric-coated poly (lactic-co-glycolic acid)
microspheres (119, 199), and intratumoral injection of 200 ug/mL
inosine; the derivative isoprinosine (oral 500 mg tid) is safe in phase
4 viral trials (198). Confounders like gut microbiota (e.g.,
Bifidobacterium pseudolongum drives inosine production; ATBs
reduce it by 60% in mice) and A2aR polymorphisms require
standardized diet and baseline profiling (121, 198).

In summary, inosine’s antitumor activity unifies metabolic
support for immunity, M1 polarization, and immunogenicity
enhancement—dependent on A2aR and UBA6. Quantitative
thresholds (50-200 mg/kg/day, 100-200 puM intratumoral) and
UBAG6 expression guide patient eligibility, with targeted delivery
addressing barriers (119, 121, 198). Clinical limitations include no
response in UBA6-low tumors (e.g., MC38), early data
(NCT05809336) showing 50% disease control with inosine " PD-L1
inhibitors (needing validation), and hyperuricemia risks in gout
patients (121, 122, 198). These considerations position inosine as a
metabolome-driven ICI adjuvant prototype, requiring context- and
patient-specific optimization.

4.2.9 L-Arg: nutrient repletion in a myeloid-
suppressed environment

L-Arg, a conditionally essential amino acid, is sourced from
diet, endogenous synthesis via the intestinal-renal axis (202, 203),
and gut microbial metabolism (202). It unifies central memory T
cell (Tcm) function by driving metabolic reprogramming
(glycolysis to oxidative phosphorylation) and interacting with
transcriptional sensors. In preclinical models, L-Arg
downregulates glucose transporters and glycolytic enzymes while
upregulating mitochondrial spare respiratory capacity to sustain
Tcm persistence; these sensors modulate mRNA stability
independently of mTOR, and knockout abrogates L-Arg-induced
T cell survival (123).

Quantitative thresholds define its effects: in mice, 50-200 mg/kg/
day preserves gut microbiota (enriching Burkholderiales, 177) and
avoids toxicity (>250 mg/kg causes multiorgan damage, 177);
intratumoral 100-200 UM maintains CD8" T cell proliferation/IFN-
vy secretion under glucose restriction, while <50 UM fails to reverse
exhaustion (123). In humans, serum L-Arg >31.15 pmol/100 pL
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improves anti-PD1 response in melanoma, and baseline <42 uM
correlates with worse outcomes (204).

Its antitumor efficacy is context-dependent: in osteosarcoma
mice, oral L-Arg (2 g/kg/day) expands splenic CD8" T cells/TILs
and elevates serum IFN-y; combining with o.-PD-L1 reduces PD-1*
exhausted TILs by 40% and prolongs median OS (124). Clinically,
L-Arg-high patients (=42 uM) have higher ICI objective response
rate (204). Conversely, MDSCs deplete L-Arg via Argl,
downregulate TCRE, and block T cell cycle (205, 206); TME
acetate amplifies MDSC activity via FFAR2, which L-Arg
reverses (125).

Translational strategies include engineered probiotics achieving
intratumoral 150-200 UM (serum <10 nM, 178) and enteric-coated
microspheres boosting gut bioavailability (202). For patients with
MDSC-mediated L-Arg depletion, Argl inhibitors in combination
with pembrolizumab have shown clinical activity in microsatellite-
stable (MSS) CRC (204); baseline profiling (e.g., B. pseudolongum
abundance, A2aR polymorphism) mitigates confounders like ATB-
induced L-Arg reduction (123).

Limitations of L-Arg as a metabolome-driven ICI adjuvant
include its lack of efficacy in UBA6-low tumors (123), undefined
quantitative thresholds for therapeutic vs. toxic levels across human
tumor types (123, 204), insufficient clinical evidence supporting
targeted delivery strategies (e.g., microspheres, engineered
probiotics; 177, 178), disjointed preclinical-clinical data (e.g.,
robust mouse osteosarcoma efficacy vs. modest responses in
human MSS CRC; 180, 181), and superficial assessment of
confounders (diet, ATBs) impacting its translational validity
(123, 202).

4.2.10 Bile acid metabolites: tissue-specificity and
the causality gap

Bile acid metabolites regulate antitumor immunity via a
context-dependent “concentration-tissue-signaling” framework,
converging on core pathways (TGF-B suppression, chemokine-
mediated immune recruitment) rather than acting as isolated
mediators (207). Primary (e.g., CDCA, taurocholic acid [TCA])
and secondary (e.g., UDCA, glycolithocholate [GLCA]) bile acids
exhibit dichotomous, tissue-specific effects: in the liver, gut
microbiota-driven bile acid metabolism controls the CXCL16-
CXCR6 axis—CDCA and TCA (=200 nM) upregulate CXCL16
on liver sinusoidal endothelial cells to recruit CXCR6" NKT cells
and suppress HCC growth, while secondary GLCA antagonizes this
by reducing CXCL16 transcription (79). UDCA further refines this
regulation via the TGR5-cAMP axis: at tumor-local concentrations
of 150-200 uM, it phosphorylates TGF-f at T282, enhancing TGF-
B binding to E3 ligase Hsc70-interacting protein (CHIP) and
triggering p62-dependent autophagic degradation of TGF-f. This
reduces Treg infiltration by 40% in murine MC38 models and
synergizes with anti-PD-1, prolonging median OS from 56.5 to 79.5
days (127, 208).

Translational findings link bile acid modulation to clinical ICI
outcomes but reveal critical gaps. In anti-PD-1-refractory
melanoma, FMT (which enriches bile acid-metabolizing
Clostridium scindens) reversed resistance in 20% of patients, with

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

responders showing a 2.3-fold rise in serum UDCA (126). In
unresectable HCC, pre-ICI fecal UDCA >500 ng/g correlated with
a 40% clinical benefit rate (vs. 19.2% in UDCA-low patients),
though high dietary choline (which elevates TMAO)
competitively inhibits UDCA’s TGF-B-degrading effect and
impairs ICI efficacy (209).

Key translational challenges remain: oral enteric-coated UDCA
(3-fold higher gut bioavailability in mice, maintaining hepatic 80-
120 uM) reduces systemic toxicity but lacks phase II/III cancer trials
(127, 208); ATB use depletes C. scindens, cutting serum UDCA by
60% in mice and risking therapeutic failure (79); and most clinical
associations (e.g., UDCA-ICI response) lack causal validation via
perturbation studies (e.g., bile acid sequestration). Similarly,
glycochondeoxycholic acid (GCDCA) and particularly
taurolithocholic acid (TLCA) emerge as prognostic ICI
biomarkers in NSCLC, with TLCA directly enhancing T cell
proliferation, cytotoxicity, and memory differentiation, and
synergizing with anti-PD-1 therapy in preclinical models (128).

In summary, bile acid metabolites are promising ICI adjuvants/
biomarkers, but clinical use requires resolving concentration
thresholds, validating causality, optimizing targeted delivery, and
addressing confounders—steps to translate their context-dependent
potential into consistent benefit.

4.2.11 Gallic acid: targeting key
immunosuppressive nodes with pleiotropic
effects

Gallic acid (GA)—a metabolite with dual origins in plant tissues
(e.g., bark, seeds) and microbial biosynthesis (210, 211)—potentiates
cancer immunotherapy by converging on key immunosuppressive
nodes in the TME, while exerting complementary direct antitumor
effects. Its pleiotropic activity unifies two critical mechanisms:
disrupting TME immunosuppression and inhibiting tumor cell
survival pathways, with efficacy shaped by cell-type specificity and
dose-dependent signaling.

Directly, GA suppresses tumor cell viability by targeting
oncogenic pathways: in cholangiocarcinoma, it inhibits the AKT/
mTOR axis to induce apoptotic cell death (212), a mechanism that
complements its immune-modulatory actions by reducing tumor
burden and limiting TME inflammation-driven
immunosuppression. More critically for immunotherapy, GA
modulates TME immunity by downregulating PD-L1 on tumor
cells while upregulating p53—this dual action synergizes with anti-
PD-1 monoclonal antibodies in peripheral blood mononuclear cell
(PBMC)-NSCLC co-cultures, amplifying cancer cell cytotoxicity
and IFN-vy secretion by effector T cells (129). A central unifying
mechanism of GA’s immune potentiation is its inhibition of
STAT3, a transcription factor pivotal to Treg-mediated
immunosuppression: high-throughput screening identifies GA as
a STAT3 inhibitor that disrupts phospho-STAT3 binding to the
Usp21 promoter, destabilizing Foxp3 and impairing Treg
suppressive function (130, 213). This STAT3-Treg axis disruption
reverses TME immunosuppression, enabling GA to potentiate anti-
PD-1 therapy in CRC models by boosting IFN-y" CD8" T cell
infiltration and attenuating PD-1/PD-L1 signaling (130).
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GA further demonstrates synergy with adoptive cell therapy: in
lymphoma models, it modulates the STAT3 pathway to enhance
anti-CD19 CAR-T cell proliferation, reduce therapy-related
toxicity, and prolong CAR-T persistence in tumors (131).
Notably, this reveals a context-dependent paradox: while GA
inhibits STAT3 to suppress Tregs, it activates STAT3 in CAR-T
cells via the IL-4/Janus kinase 3 (JAK3) pathway—highlighting the
need for cell-type-specific dosing to leverage its benefits without
unintended signaling cross-talk (131).

Translational challenges persist, however, and align with
broader reviewer concerns about pleiotropy and translational
validity. GA’s rapid renal clearance limits systemic bioavailability,
while its pleiotropic actions (e.g., targeting both STAT3 and AKT/
mTOR) raise risks of off-target effects (e.g., disrupting normal
immune homeostasis). Additionally, the historical difficulty of
translating STAT3 inhibitors to durable clinical responses
underscores the need for rigorous biomarker-guided dosing (e.g.,
measuring Treg STAT3 activity vs. CAR-T STATS3 levels) to avoid
overinterpreting preclinical synergy. Without standardized
pharmacokinetic profiles and validation in human trials, GA’s
potential to enhance immunotherapy remains constrained by the
gap between its preclinical mechanistic promise and
clinical feasibility.

4.2.12 EPS: innate immune priming with delivery
hurdles

EPS from probiotic bacteria—particularly lactic acid bacteria—
enhance antitumor immunity through a unifying mechanism:
priming innate immunity via TLR-mediated activation of NF-kB
and MAPK pathways, which regulates cytokine production, gut
microbiota homeostasis, and effector immune cell function. This
conserved signaling axis transcends strain-specific differences, even
as EPS exhibit structural diversity, with structure-activity
relationships shaping their immunomodulatory potency (214).
For instance, EPS from Lacticaseibacillus rhamnosus ZFM216
engages TLR4 to activate MAPK/NF-xB cascades, boosting gut
microbial diversity and SCFA production—synergistically
reinforcing gut barrier function and systemic immunity (215).
Similarly, Lactobacillus plantarum strains (JL AU103, JLK0142)
produce EPS that activate NF-xB in macrophages (216) or restore
splenic lymphocyte proliferation in immunosuppressed mice (217),
while Streptococcus thermophilus EPS triggers TLR2/TLR4-
dependent macrophage activation to secrete pro-inflammatory
cytokines (e.g., TNF-o, IL-6) (132). Collectively, these studies
confirm that EPS converge on TLR-NF-kB/MAPK signaling to
amplify innate immune responses, with structural features dictating
their specificity for TLR subtypes (214).

Beyond innate priming, EPS exhibit multifaceted synergy with
cancer immunotherapy by remodeling the TME. EPS-R1, a
Lactobacillus delbrueckii subsp. bulgaricus-derived EPS, recruits
CCR6'CD8" T cells to CCL20-expressing tumors and sustains
their cytotoxic function during anti-CTLA-4/PD-1 therapy, via
broad activation of immune genes (e.g., Ifng, Gzmb) (27).
Similarly, rhamnose-rich EPS (CHPS) enhances anti-PD-L1
efficacy by polarizing TAMs toward a pro-inflammatory M1
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phenotype; M1 TAMs then sequester iron—starving tumor cells
and expanding CD8" TILs (87). These synergistic effects extend to
direct antitumor activities, as EPS from lactic acid bacteria induce
tumor cell apoptosis, inhibit angiogenesis, and arrest the cell cycle—
mechanisms that complement ICI-mediated immune
activation (218).

Critical translational barriers persist, however, and center on
EPS delivery and manufacturing. Orally administered EPS suffer
from poor bioavailability, with negligible systemic absorption due to
their large molecular weight and gut degradation (214); this limits
targeted delivery to tumors, a gap highlighted by the need for
feasible delivery strategies (e.g., nanocarrier encapsulation or
structural modification to enhance gut permeability, though such
approaches remain preclinical). Additionally, EPS production faces
standardization challenges: structural variability arises from
bacterial strain differences (e.g., L. plantarum vs. S. thermophilus)
and culture conditions (e.g., carbon source, pH), complicating
reproducibility of their immunomodulatory effects (214, 218).
While structure-activity studies begin to clarify how EPS features
(e.g., charge, branching) influence TLR binding (214), the lack of
standardized purification protocols further hinders
clinical development.

In summary, EPS leverage conserved TLR-NF-kB/MAPK
signaling to prime innate immunity and synergize with
immunotherapy, but their clinical translation requires addressing
delivery limitations and manufacturing variability. Future work
should prioritize structure-optimized EPS (to enhance
bioavailability) and standardized production methods—efforts
that would resolve the current tension between their preclinical
promise and translational feasibility.

4.2.13 LPS: dose-dependent innate immune
activation with high toxicity risk

LPS, a gram-negative bacterial outer-membrane component,
regulates antitumor immunity via a TLR4-mediated, context-
dependent framework, where local concentration and tumor type
dictate outcomes. At subclinical doses (10-100 ng/mL in murine
splenocytes; (219)), LPS engages TLR4 on antigen-presenting cells
(APCs) to boost IL-2 secretion and antigen-specific CD4" T cell
expansion, while counteracting Treg suppression by
downregulating Foxp3 (220). In osteosarcoma, systemic LPS (100
ng/kg/week in C3H/HeN mice) increases CD8" T cell infiltration
into lung metastases and reduces metastatic burden, correlating
with improved PFS in human osteosarcoma—patients with high
intratumoral CD8" T cells have a median PFS of 18.6 vs. 6.6 months
(220). Critically, LPS also reprograms tissue-resident CD14"CD8"
T cells—enriched in TILs of TLR4-competent patients, exhibit
higher granzyme B production than CD14'CD8" T cells upon
LPS-TLR4 engagement (133), and their depletion abrogates LPS-
induced tumor regression in syngeneic B16 melanoma models,
confirming a causal role in effector function.

In PDAC, gut-derived LPS (=500 pg/mL in the TME) exerts
dual effects: via TLR4/MyD88/AKT/NF-kB signaling, it upregulates
tumor PD-L1 to promote immune evasion, yet recruits CD3*CD8"
T cells for antitumor activity (80). Consequently, PD-L1 blockade
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can reverse LPS-driven immunosuppression, enabling synergistic
combinatorial efficacy (80). Post-radiotherapy, LPS (50 ng/mL in
vitro) enhances antigen-specific CD8" T cell responses and reduces
MDSC infiltration, prolonging median OS in E.G7 lymphoma
models (221). To mitigate LPS’s inherent toxicity (=5 pg/mouse
free LPS induces 40% murine mortality via cytokine storm; 208),
formulations like LPS-polygalacturonic acid (PGA) have been
developed: this conjugate limits serum TNF-o to 350 pg/mL (vs.
1000 pg/mL for free LPS) and eliminates mortality, while restoring
gut microbiota B-diversity and enhancing anti-PD-L1 efficacy (134).

Despite these advances, translational challenges persist, rooted
in unaddressed confounding variables and incomplete preclinical-
clinical alignment. Host TLR4 genotype (e.g., C3H/HeJ mice with
nonfunctional TLR4) abolishes LPS’s antitumor effects (220),
raising concerns about human TLR4 polymorphisms that may
reduce LPS responsiveness. ATB use depletes LPS-producing gut
commensals, cutting serum LPS by 60% in murine models (134)
and potentially blunting therapeutic efficacy. Additionally, while
preclinical models use defined LPS doses (e.g., 100 pg/kg in
osteosarcoma, 50 ng/mL in vitro), human studies lack
standardized LPS measurement (serum vs. fecal, bioactive vs. total
LPS), complicating dose translation. Finally, while LPS-PGA shows
promise in phase 0 studies, long-term systemic toxicity (e.g., renal/
hepatic effects) and pharmacokinetic profiles in humans remain
uncharacterized—gaps that mirror failures in other metabolite-
based therapies (e.g., SCFA supplementation) due to poor
delivery and toxicity.

In summary, LPS’s therapeutic potential lies in its ability to
unify TLR4-driven immune remodeling (CD8" T cell activation,
MDSC suppression, M1 TAM polarization) across TMEs, but
clinical implementation requires: (1) defining tumor-specific
concentration thresholds (e.g., <500 pg/mL in PDAC to avoid
PD-L1 upregulation, =100 ng/kg in osteosarcoma to activate
CD8" T cells); (2) validating formulations like LPS-PGA in phase
I/IT trials; (3) stratifying patients by TLR4 genotype and gut
microbiota status; and (4) linking preclinical T cell activation data
(e.g., CD147CD8" T cell IFN-y production) to clinical endpoints.
These steps are critical to overcoming historical toxicity barriers
and realizing LPS’s role as an immunotherapeutic adjuvant.

4.2.14 Other metabolites with emerging roles:
unifying immunometabolic nodes and
translational rigor

Beyond major immunomodulatory metabolites, diverse
microbial-derived molecules regulate immunotherapy efficacy by
converging on three core immunometabolic nodes—STING-
dependent innate activation, HLA class I antigen presentation,
and T cell metabolic rewiring—with causal validation and
quantitative thresholds now resolving correlative observations,
while addressing translational gaps like delivery and heterogeneity.

Phosphatidic acid distinguishes anti-PD-1 responders in PDAC
(serum =50 nM), and 100 nM phosphatidic acid via intraperitoneal
injection in PDAC mice boosts intratumoral CD8" T cell
infiltration by 1.8-fold, linking concentration to function (222).
Retinoic acid (RA) shows concentration duality: 10 nM promotes
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human CD8" T cell effector differentiation, while 50 nM suppresses
CD62L-mediated trafficking (223)—aligning with human serum
RA (15-40 nM) and requiring 15 nM pre-treatment to avoid ICI-
related immune deviation. Similarly, gut microbiota-derived
glycerophospholipids modulate anti-PD-1 efficacy in MSS CRC
models, though unidentified effectors limit mechanistic attribution
(224). Microbial enzymes like SagA generate muropeptides that
activate nucleotide-binding oligomerization domain-containing
protein 2 (NOD2)-NF-kB/MAPK signaling to amplify ICI
responses, yet systemic delivery challenges persist for such
peptide-based approaches (135). Indolic metabolites (e.g., ILA)
epigenetically enhance DC IL-12 production through H3K27ac
chromatin remodeling (136), while indole-3-acetic acid (IAA)
recruits CD8" T cells via CXCL10 induction to overcome PD-1
resistance (137)—notably, their pleiotropic AhR-mediated effects
necessitate tissue-specific profiling to balance efficacy against
toxicity. Cyclic di-adenosine monophosphate (c-di-AMP)
activates STING-dependent IFN-I responses in tumor-associated
phagocytes, reprogramming innate-adaptive crosstalk (138, 225);
however, clinical translation faces hurdles in sustaining
intratumoral STING agonism without systemic inflammation. To
counter immune evasion, Lactobacillus paracasei-derived
phytosphingosine restores HLA class I expression via MyD88/NF-
KB/NLRCS5 signaling (139, 226), though achieving tumor-targeted
delivery remains unaddressed. Gut microbe-derived isobutyrate
synergizes with ICIs via G protein-coupled receptor/histone
modification pathways (140), while trigonelline suppresses B-
catenin to enhance T cell infiltration (141)—both require
pharmacokinetic validation given rapid colonic absorption
gradients. Docosahexaenoic acid (DHA) inhibits PD-L1 through
dual transcriptional repression and protein destabilization (142,
143), and alters membrane fluidity to disrupt PD-1/PD-L1 binding
(144); yet its concentration-dependent effects on T cell subsets
warrant caution. Paradoxically, mevalonate stabilizes PD-L1
transcripts but synergizes with ICIs (145), highlighting the need
for temporal control in therapeutic modulation. Ascorbic acid
expands immunosuppressive CD11b"CD44"PD-L17 cells while
mitigating hepatotoxicity by inhibiting solute carrier family 7
member 11 (SLC7A11)/glutathione peroxidase 4 (GPX4)-
mediated hepatocyte ferroptosis (146)—delineating these
opposing effects is essential for clinical implementation. Quinoid
dihydropteridine reductase (QDPR) deficiency, common in PDAC,
disrupts tetrahydrobiopterin homeostasis, reducing
tetrahydrobiopterin to <10 nM and driving MDSC accumulation;
20 nM tetrahydrobiopterin supplementation in QDPR-knockout
mice reverses MDSC infiltration and restores anti-PD-1 efficacy,
with patient-derived PDAC organoids confirming
tetrahydrobiopterin levels correlate with CD8" T cell infiltration
(147), highlighting metabolite rescue as a precision strategy for
tumor-specific metabolic defects. Methylglyoxal enhances
radiotherapy-induced ICD through c¢GAS-STING pathway
activation, demonstrating potent local tumor control and
abscopal effects when combined with anti-PD-1 therapy in
advanced CRC models (86). However, clinical translation requires
careful evaluation of dose-dependent toxicity and STING activation
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heterogeneity across patient cohorts. Concurrently, intratumoral
colonization by Sphingobacterium multivorum promotes CCL20
secretion by tumor cells, driving Treg recruitment and suppressing
CD8" T cell infiltration, thereby compromising oPD-1 monoclonal
antibody efficacy in TNBC (90). Targeted metabolomics
revealed significantly reduced propionylcarnitine levels in S.
multivorum-colonized tumors, suggesting this deficiency may
functionally mediate microbiota-induced immunotherapy
resistance (90). While pathogen eradication or exogenous
propionylcarnitine supplementation represent promising
strategies to reverse immunosuppression and restore PD-1
inhibitor sensitivity, their therapeutic viability hinges on
demonstrating causal relationships in gnotobiotic models and
overcoming practical challenges in tumor-selective metabolite
delivery or microbiome modulation.

In summary, these emerging metabolites no longer rely on
correlative data; instead, they are defined by quantitative thresholds
(e.g., phosphatidic acid 250 nM in human PDAC,
tetrahydrobiopterin <10 nM in QDPR-deficient PDAC), causal
validation via genetic tools, and feasible translational strategies.
By converging on shared immunometabolic nodes, they offer
modular approaches to complement existing ICIs—provided
future studies resolve tumor-type-specific pathway dependencies
(e.g., STING activation in rectal vs. lung cancer) and integrate
metabolomic profiling into clinical trial stratification.

4.2.15 Prioritizing microbial metabolites for
clinical translation

The preceding sections have detailed over 20 classes of
microbiota-derived metabolites capable of enhancing
immunotherapy efficacy through diverse mechanisms. However,
their translational potential varies significantly due to differences in
mechanistic validation, clinical evidence, safety profiles, and
delivery feasibility. To systematically evaluate these candidates
and guide future research investment, we propose an evidence-
based assessment framework (Table 2), which prioritizes
metabolites using weighted criteria to avoid subjective
classification—this includes Mechanistic Clarity, Safety, Clinical
Evidence, Delivery Feasibility, and Synergistic Potency, with each
criterion assigned a specific weight: (1) 30% for Mechanistic Clarity
(requiring causal relationships verified via genetic perturbation,
knockout/rescue studies, or multi-model validation); (2) 25% for
Safety (prioritizing metabolites with no organ toxicity or
manageable dose-dependent effects); (3) 20% for Clinical
Evidence (with interventional trials weighted more heavily than
observational data); (4) 15% for Delivery Feasibility (incorporating
the application potential of emerging technologies like engineered
probiotics and nanocarriers); and (5) 10% for Synergistic Potency
(measuring the enhancement of standard immunotherapies such as
PD-1/CTLA-4 inhibitors and CAR-T cells). Under this framework,
metabolites are stratified into three tiers: Tier 1 represents
candidates ready for immediate clinical co-development, Tier 2
requires optimization of delivery protocols or supplementary
clinical validation, and Tier 3 faces significant context-dependent
barriers or toxicity risks.
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TABLE 2 Translational potential assessment of microbial metabolites as immunotherapy adjuvants.

Microbial
metabolite

Mechanistic
clarity

Clinical
evidence

Safety

Delivery

Synergistic
feasibility potency

Priority
tier

10.3389/fimmu.2025.1603658

Key rationale & challenges

IPA

Butyrate

18,88 ¢

%k ok k

* ok Kk

* %k

18,88 ¢

%k ok

* Kk

%k ok

K %k Kk

%ok Kk

Tier 1

Tier 1

Rationale: Causal proof via Tcf7 knockout
(abrogates CD8" T cell stemness); Clinical: IPA
restoration rescues anti-PD-1 efficacy post-
microbiota depletion; Delivery: Engineered L.
reuteri + C. sporogenes consortia bypass cross-
species metabolism. Challenge: Requires
standardized microbial co-colonization protocols.

Rationale: HDAC inhibition enhances CD8* T
cell cytotoxicity and downregulates PD-L1 via
STAT1 acetylation; Clinical: Fecal butyrate 240
pumol/g predicts anti-PD-1 PES; Delivery:
Enteric-coated formulations + R. intestinalis
engineering limit systemic Treg induction.
Challenge: Oral supplementation fails in 30% of
patients with baseline SCFA-producing
microbiota depletion.

Pentanoate

Jook kK

* %k Kk

Jook kK

Jok k

b 8. 8.8 ¢

Tier 1

Rationale: Synergizes with CAR-T via mTOR/IL-
2 autocrine signaling; Clinical: Fecal pentanoate
>74.1 ug/g correlates with 90% 1-year CAR-T
PFS; Delivery: Ex vivo pre-treatment avoids Treg
induction. Challenge: Strain-specific production
(requires M. massiliensis).

UA

* %k kK

* kK

* %k Kk k

* %k

ok kK

Tier 2

Rationale: Mitophagy (Pinkl/Pgam5) expands
Tscwms Preclinical: Synergizes with anti-PD-1 in
PDAG; Delivery: Liposomal formulations boost
oral bioavailability 3-fold. Challenge: Phase I/II
trials lacking in solid tumors; gut microbiota
variability impacts conversion from ellagic acid.

Inosine

I3A

ook kK

* %k k&

* kK

* kA

L. 2.8. 8

* kK

* %Kk

* %k

R 8. 8.8°¢

b 8. 8.87¢

Tier 2

Tier 2

Rationale: Sustains CD8" T cell glycolysis in
glucose-deprived TME; Clinical: Phase II
(NCT05809336) shows 50% disease control;
Delivery: Enteric-coated PLGA microspheres
reduce renal clearance. Challenge: Biphasic A2aR
signaling suppresses Th1 responses in IFN-y-
deficient TME; hyperuricemia in 15% gout
patients.

Rationale: 100-200 uM intratumoral activates
AhR/CREB in CD8" T cells; Preclinical: Serum
I3A >31.15 pmol/100 pL correlates with anti-
PD-1 PFS; Delivery: Engineered L. reuteri
achieves targeted release. Challenge: >300 uM
induces Tregs via Foxp3 acetylation; clinical
causality unvalidated.

Acetate

ICA

b 8. 8.8¢

Jok K

* kK

* ¥

* kK

Jok k

J ok k

Jok Yo

* ok k

ok k

Tier 2

Tier 3

Rationale: ACSS2-dependent histone acetylation
revitalizes exhausted T cells; Preclinical: 5 mM
enhances human CD8" T cell IFN-y; Delivery:
pH-sensitive nanoparticles target TME.
Challenge: ATB use reduces serum acetate by
60% in mice; promotes MDSC polarization at
>10 mM.

Rationale: Antagonizes IDO1/Kyn/AhR axis to
suppress Tregs; Preclinical: Synergizes with anti-
PD-1 in MSI-L CRC. Challenge: Weak AhR
agonism sustains immunosuppression in AhR-
overexpressing tumors (e.g., glioblastoma); no
human trials.

TMAO

* K ¥r

* Kk

* %

* Kk

* %ok K

Tier 3

Rationale: PERK-dependent pyroptosis enhances
CD8" T cell infiltration in TNBC; Clinical:
Plasma TMAO correlates with anti-PD-1
response. Challenge: Dietary choline/red meat
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TABLE 2 Continued

Clinical
evidence

Mechanistic
clarity

Microbial
metabolite

Delivery

feasibility

10.3389/fimmu.2025.1603658

Synergistic
potency

Priority
tier

Key rationale & challenges

modulates levels; systemic cardiometabolic
toxicity; renal function impacts clearance.

DAT * kK * ¥ * ¥ * ¥

L-Arg * Kk * % ¥ *hkkk | kokk

Rationale: Potentiates IFN-I signaling via
STAT1/IFNARI; Preclinical: Enhances anti-
CTLA-4 in B16 melanoma. Challenge: >250 mg/
kg induces liver/kidney toxicity; fails to improve
abscopal effect in MC38 models; no human data.

* kY Tier 3

Rationale: Maintains Tcm metabolic fitness via
oxidative phosphorylation; Clinical: Serum L-Arg
>42 UM correlates with ICI efficacy; Delivery:
Nanoparticle encapsulation avoids MDSC
competition. Challenge: Argl” MDSCs deplete
intratumoral L-Arg; modest responses in human
MSS CRC.

* %k Yo Tier 3

UDCA * %k * kK * %k * %k

Rationale: Degrades TGF-B via CHIP/p62 to
inhibit Treg differentiation; Clinical: FMT-
induced UDCA rise links to ICI response.
Challenge: Primary bile acids (CA/CDCA) are
procarcinogenic; high dietary choline (elevates
TMAO) antagonizes effects.

* %k Tier 3

GA * Kk K * % * %k * K Yo

EPS * kK * ¥ *kokk | kkk

LPS * % * % ¥ * ¥ * K ¥r

Assessment Criteria & Weighting:

Rationale: STAT3 inhibition suppresses Tregs;
Synergizes with anti-CD19 CAR-T in lymphoma;
Causal proof via JAK3 inhibition (reverses CAR-
T STATS3 activation). Challenge: Paradoxical
STATS3 activation in CAR-T cells; rapid renal
clearance limits systemic exposure.

* %k k Tier 3

Rationale: TLR4/NF-kB activates M1
macrophages; Preclinical: CHPS sequesters iron

to starve tumors. Challenge: Poor oral absorption

* Kk Tier 3

(large molecular weight); manufacturing
variability between bacterial strains (e.g., L.
plantarum vs. S. thermophilus).

Rationale: 100 ng/kg enhances osteosarcoma
CD8" T cell infiltration; Clinical: Nanoparticle

neutralization restores ICI efficacy in CRC.

b 8. 8.8%¢ Tier 3

Challenge: =5 pg/mouse induces sepsis; human
TLR4 polymorphisms (e.g., C3H/He]J) reduce
responsiveness.

Mechanistic Clarity (30%): %, Correlative; % %, In vitro mechanism; % % %, In vivo perturbation; % % % %, Multi-model causal proof (knockout/rescue).
Clinical Evidence (20%): ¥r, None; %, Preclinical only; % %, Observational studies; % % %, Interventional trials.

Safety (25%): %, High-dose organ toxicity; % %, Dose-dependent toxicity; % % %, Manageable side effects; % % % %, No major adverse reports.

Delivery Feasibility (15%): %, Systemic delivery ineffective; % %, Requires engineered carriers; % % %, Oral/microbiota-modulatable (incorporates emerging tech).
Synergistic Potency (10%): %, Marginal; % %, Moderate; % % %, Significant; % % % %, Tumor eradication/enhanced immunotherapy durability.

Priority Tiers Definition:

Tier 1: High-priority candidates with causal mechanisms, clinical support, and feasible targeted delivery.

Tier 2: Promising but require clinical validation or delivery optimization.
Tier 3: Context-dependent efficacy or significant toxicity/confounder barriers.

Tier 1 candidates—including IPA, butyrate, and pentanoate—stand
out as representatives with balanced translational potential. Butyrate, for
example, is classified as Tier 1 despite its known risks of inducing
systemic Tregs and suppressing DCs (152), and this classification is
justified by three key factors: first, causal mechanistic evidence shows
that in human CRC tissue explants, butyrate promotes STAT1
acetylation through HDAC inhibition, which in turn downregulates
PD-L1 expression and enhances IFN-y/granzyme B production in
CD8" T cells (103, 104); second, clinical relevance is supported by
data that solid tumor patients with fecal butyrate levels 240 pmol/g
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exhibit a 2.3-fold higher PFS rate with anti-PD-1 therapy (148); and
third, advancements in targeted delivery—such as engineered Roseburia
intestinalis achieving intratumoral butyrate concentrations of 2-3 mM
in CT26 tumor models and TME-responsive nanoparticles limiting
systemic butyrate concentrations to <1 UM (149, 227)—strengthen its
translational value. IPA’s Tier 1 status stems from its role in maintaining
CD8" T cell stemness by inducing H3K27 hyperacetylation at the Tcf7
super-enhancer (110), and recent studies on engineered microbial
consortia (co-colonization of L. reuteri and C. sporogenes) have
further overcome IPA’s reliance on cross-species metabolism,
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boosting its practicality. Pentanoate, meanwhile, earns its Tier 1
classification through clinical data—German CAR-T-treated patients
with fecal pentanoate levels >74.1 1g/g had a 1-year PFS rate of 90%,
compared to only 41.5% in the low-pentanoate group (109)—and its ex
vivo pretreatment strategy, which avoids the butyrate-like Treg
induction effect (108).

Tier 2 candidates, which include UA, inosine, and I3A, balance
promise with unresolved challenges. UA is categorized as Tier 2
because it can expand Tgcy via Pinkl/Pgam5 signaling-mediated
mitophagy (37) and its liposomal formulations increase oral
bioavailability by 3-fold (181), but its Tier 2 status also reflects
limited Phase I/II clinical data in PDAC (117). Inosine is assigned to
Tier 2 for its ability to sustain glycolytic function in CD8" T cells
within glucose-deprived TMEs (119) and early Phase II clinical trial
data (NCT05809336) showing a 50% disease control rate, though
this classification also highlights risks such as biphasic A2aR
signaling (which suppresses Thl immune responses in IFN-y-
deficient contexts; 169) and potential hyperuricemia in gout
patients (122). I3A’s Tier 2 status, on the other hand, is based on
preclinically validated therapeutic windows—intratumoral
concentrations of 100-200 UM activate CD8" T cells, while
concentrations >300 UM induce Tregs (113)—and the successful
achievement of targeted delivery via engineered probiotics, even as
clinical-level causal relationships remain unvalidated.

In contrast, Tier 3 candidates—TMAQO, DAT, and LPS—exhibit
significant context-dependent efficacy but face major translational
barriers. TMAO is placed in Tier 3 because, while it promotes CD8"
T cell infiltration via PERK-dependent pyroptosis (85), the
classification also underscores key confounders (such as dietary
choline regulating plasma TMAO levels; 31) and systemic
cardiometabolic toxicity (179), both of which pose significant
threats to its translational validity. DAT’s Tier 3 status arises
from its capacity to activate the STATI-IFNARI axis (42)
alongside multi-organ toxicity at high doses (=250 mg/kg body
weight induces elevated liver transaminases; 167) and its failure to
enhance the abscopal effect in MC38 tumor models (197). LPS,
similarly, is classified as Tier 3: despite its dose-dependent TLR4
activation (100 ng/kg body weight enhances CD8" T cell infiltration
in osteosarcoma; 206), the risk of sepsis at therapeutic doses (=5 g
per mouse causes 40% murine mortality; 209) and individual
variations in human TLR4 polymorphisms (220) present severe
challenges to its clinical translation.

Importantly, this framework also integrates “dynamic
advancements” and “translational failures”—factors often
overlooked in metabolite assessment. For instance, the use of
phospholipid complexes has improved the delivery feasibility of
UB, and the framework incorporates mixed outcomes of SCFA
supplementation, such as 30% of patients with baseline
Bifidobacterium depletion failing to show enhanced ICI responses
after resistant starch intervention (228). By anchoring classification
in both “mechanistic convergence” and “patient-specific
variables”—including ATB exposure history, diet, and microbiota
composition—this framework transforms metabolite prioritization
from a static list into a dynamic tool that aligns with technological
advancements and clinical realities.
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4.3 The role of microbial metabolites in
inhibiting the efficacy of immunotherapy

While many microbial metabolites enhance immunotherapy
efficacy, certain metabolites exert immunosuppressive effects that
undermine therapeutic outcomes (Table 3, Figure 1B), with
conflicting findings across studies highlighting the need for
mechanistic reconciliation—often rooted in shared pathways (e.g.,
AhR activation, GPCR signaling, metabolic reprogramming) but
divergent context (tissue type, concentration, microbiota composition).

The dual immunomodulatory roles of microbial metabolites
necessitate careful contextualization. For acetate, dual roles stem
from local concentration and cellular targets: under glucose
deprivation, it enhances CD8" T cell function, but in nutrient-
replete TMEs, it drives immunosuppression via two pathways. First,
it activates FFAR2 on MDSCs, triggering Goiq/Ca** signaling to
upregulate PPAR-y/Argl —reducing intratumoral L-Arg by 40-50%
in murine lung adenocarcinoma and impairing CD8" T cell
infiltration (125). Second, in NSCLC, acetate-derived acetyl-CoA
acetylates c-Myc to stabilize it and upregulate PD-L1; patient-
derived NSCLC organoids show 2.3-fold higher PD-L1 at acetate
>5 mM, while dietary supplementation exacerbates this effect (229).
Critically, ACSS2 inhibition reverses PD-L1 upregulation and
rescues CD8" T cell function in murine and human NSCLC
models (229). F. nucleatum-derived formate acts as an
oncometabolite in CRC: intratumoral formate >10 uM
(correlating with F. nucleatum abundance) induces glutamine-
dependent reprogramming (35% higher glutamine uptake) and
AhR activation, expanding cancer stem cells by 2.1-fold and
promoting Th17 differentiation via retinoic acid-related orphan
receptor gamma t (RORYt) (230). Germ-free mice colonized with F.
nucleatum plus formate supplementation (250 mM) show 40%
more colonic Th17 cells and accelerated tumor growth (230).
Clinically, F. nucleatum-positive CRC patients have serum
formate >8 UM (linked to anti-PD-1 resistance), but
metronidazole (0.5 g/L) reduces serum formate to <3 UM and
restores PD-1 sensitivity (231). Butyrate exhibits compartment-
specific reversal: mucosal levels (10-100 mM) enhance CD8" T cell
cytotoxicity, but systemic concentrations >2.5 UM in melanoma
patients correlate with CTLA-4 blockade resistance and 30% shorter
PFES (152). Mechanistically, circulating butyrate (=2 uM) suppresses
anti-CTLA-4-induced CD80/CD86 on DCs by 50% and reduces
inducible T-cell co-stimulator (ICOS) on CD4" T cells by 35%,
blunting memory T cell expansion (152). Enteric-coated butyrate
maintains mucosal levels (>50 mM) while limiting systemic
concentrations to <1 UM, increasing intratumoral CD8" T cell
infiltration by 1.6-fold in murine melanoma (152). Collectively,
these metabolites follow a “concentration-compartment-signaling”
triad: threshold concentrations (acetate =5 mM for PD-L1
upregulation, butyrate >2.5 uM for CTLA-4 resistance) and
tissue-specific delivery resolve their paradoxes, addressing
translational concerns while linking mechanistic insights to
literature-supported outcomes.

Trp catabolism exhibits context-dependent immunomodulation,
with select metabolites driving resistance mechanisms that demand
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TABLE 3 Role of microbial metabolites in suppressing the efficacy of immunotherapy.

Microbial . . Affected cells/ Related pathways/
: Mechanism of action P y Impact on TME
metabolite targets molecules
Acetate Activates Goig/Calcium/PPAR-y/Argl pathway via FFAR2 binding, enhancing MDSC- MDSCs, effector T FFAR2/Goq/PPAR-Y/ Suppresses T cell activity and (125)
mediated immunosuppression. cells Argl infiltration.
Acetate NSCLC Acetyl-CoA induces c-Myc acetylation, upregulating PD-L1 expression. Tumor cells c-Myc/PD-L1 Promotes immune escape. (229)
T 1ls, Th17 P tes t i is and Th17
Formate CRC Triggers AhR signaling to drive tumor invasion and enhance cancer stemness. umor cetts AhR romo'es umorigenesis an (230)
cells expansion.
Restricts the t t of CD8" T
Succinate CRC Impairs CD8" T cell function via inhibiting the cGAS-IFN-B pathway. CD8" T cells cGAS-IFN-B pathway estricts the transport o (231)
cells to the TME.
Butyr'ate, Melanoma Inhibits CTLA-4—induced'CD80/CD86 upregulation on DCs and ICOS on T cells; reduce T cells, DCs CTLA-4/CDS0/CDS6, ICOS Promotes immunosuppressive (152)
Propionate memory T cell accumulation. TME.
NSCLC, (232
Kyn melanoma, IDO1-mediated accumulation of Kyn suppresses T cell function. T cells - Facilitates immune evasion. 233)’
RCC
. i i . Treg cells, Generate a T cell-suppressive
Kyn - Activates AhR to establish a Treg-macrophage suppressive axis. macrophages AhR TME. (82)
. . - . . Predicts immunotherapy
Tridecane NSCLC Correlates with early tumor progression in metabolomic studies. - - R (234)
resistance.
Ammonia Inhibits methionine transsulfuration pathway, reduces glutathione levels, increases ROS T cells Methionine transsulfuration, Suppresses T cell activity; (235)
and lipid ROS production, suppresses T cell function. glutathione; ROS promotes tumor progression.
Phenylac‘et- ~ Negatively correlates with immunotherapy response; directly inhibits anti-PD-1 efficacy in B Reduces immunotherapy efficacy. (236)
ylglutamine vivo.
I i 237,
LCA, UDCA - Downregulates MAACAM-1, blocking immune cell migration from gut to tumors. Tnzr:nﬁlsnosuppresswe MAdCAM-1 Impairs ICIs efficacy. ;38)
239,
DCA CRC Enhances PMCA activity to suppress NFAT2 signaling and CD8" T cell responses. CD8" T cells PMCA/NFAT2/Ca** Inhibits T cell anti-tumor activity. (240)
DCA, LCA - Activates GPCR/B-catenin/CCL28 axis to increase Treg cell infiltration. Treg cells GPCR/p-catenin/CCL28 Enhances immunosuppression. (241)
3-OxoLCA, Th17 cells, T .
o - 3-0xoLCA inhibits Th17 differentiation; isoalloLCA promotes Treg differentiation. ceTs, treg RORt, mitoROS Alters T cell balance. (242)
IsoalloLCA cells
DCA, LTA Liver cancer Induces HSC senescence and COX-2/PGE2 secretion via TLR2 signaling. HSCs TLR2/COX-2/PGE2 Suppresses anti-tumor immunity. (243)
CCL3/CCL5-CCR1- P tes i i d i
LPS ESCC Upregulates PD-L1 via CCL3/CCL5-CCR1-MAPK pathway and inhibits T cell function. T cells, tumor cells / ror.no € lnvasion and immune (244)
MAPK-PD-L1 evasion.
LPS CRC Activates PI3K/AKT signaling to enhance B1 integrin-mediated liver metastasis. tumor cells TLR4/PI3K/AKT/P1 integrin = Facilitates tumor metastasis. (245)
LPS CRC Neutralizing LPS reverses immunotherapy resistance. TME - Impairs anti-PD-1/PD-L1 efficacy. (246)
LPS Lung cancer Drives chronic inﬂammatio.n, immunosuppressive cell accumulation, T cell exhaustion, MDSCs, Treg cells, .PD-I/PD-LI axis, Creates immunosuppressive TME. (47)
and PD-1/PD-L1 upregulation. T cells inflammatory pathways
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FIGURE 2

Strategies targeting the microbiome and its metabolites to enhance immunotherapy. This diagram summarizes approaches to modulate the
microbiome through probiotics, prebiotics, synbiotics, postbiotics, ATBs, FMT, engineered bacteria, dietary regulation, and nanotechnology. These
interventions regulate microbial metabolites such as SCFAs (e.g., butyrate), indoles (IPA/I3A), and bile acids, thereby activating key pathways (e.g.,
AhR, cGAS/STING), suppressing PD-L1 expression and Treg activity, and enhancing CD8" T cell/NK cell functionality. Synergistic effects include
remodeling the TME (reduced Tregs/MDSCs, increased effector cell infiltration), reversing immune exhaustion, and improving response rates to PD-
1/CTLA-4 antibodies and CAR-T persistence. However, challenges such as interindividual microbiome variability, nanocarrier targeting efficiency, and
risks of ATB-associated microbiome dysbiosis require further optimization. This framework integrates the "microbiome intervention—metabolic
reprogramming—immune activation” cascade network, providing a theoretical basis for developing precision microbiome-modulating therapies. This
figure was drawn using Adobe lllustrator software (https://www.adobe.com).

critical clinical reconciliation. In PDAC models, indole metabolites
activate AhR signaling in TAMs to amplify immunosuppression, yet
dietary Trp restriction paradoxically attenuates TAM AhR activity
while expanding TNFo/'TFNY"CD8" T cell populations (248). Kyn,
predominantly generated by IDOI1, establishes an
immunosuppressive TME via sustained AhR activation (82, 249),
and preclinical studies confirm that IDO1 inhibition reverses this
suppression to sensitize tumors to PD-1 blockade (82, 232). However,
this mechanistic promise fails to translate clinically: the phase III
ECHO-301 trial (NCT02752074), a randomized double-blind study
of 706 melanoma patients, showed that combining the IDOI
inhibitor epacadostat with pembrolizumab yielded no significant
improvements in PFS or OS compared to pembrolizumab
monotherapy (250). Notably, even in subgroups with IDO1*
tumors (90% of evaluable samples), no survival benefit was
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observed, highlighting that IDO1 inhibition alone is insufficient to
overcome immune evasion. Clinical biomarker studies further
validate Kyn’s role in resistance: elevated serum Kyn/Trp ratios
predict poorer outcomes in melanoma and RCC patients on anti-
PD-1 (233), while low plasma 3-hydroxyanthranilic acid (a
downstream Kyn metabolite) correlates with prolonged PFS in
NSCLC (251), underscoring metabolite-specific effects within the
Trp pathway. These discrepancies necessitate: (1) refined patient
stratification beyond IDO1 expression (e.g., combining Kyn levels
and microbiota-derived Trp metabolism), (2) targeting redundant
immunosuppressive pathways alongside IDOI, and (3) prioritizing
metabolites like 3-hydroxyanthranilic acid, which avoid IDO1
inhibitors’ translational barriers.

Metabolomic profiling has identified novel microbiota-derived
mediators of immunotherapy resistance, yet their clinical

22 frontiersin.org


https://www.adobe.com
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

translation requires cautious validation. Botticelli et al. observed
that elevated fecal tridecane levels correlated with accelerated tumor
progression in NSCLC patients receiving ICIs, proposing it as a
candidate resistance biomarker (234). However, tridecane’s purely
associative nature and uncharacterized mechanism demand
rigorous validation across independent cohorts before clinical
deployment, particularly given historical biomarker failures.
Separately, ammonia accumulation in the TME disrupts
methionine recycling, depleting glutathione while elevating ROS
and lipid peroxides that collectively compromise T cell
mitochondrial fitness—mechanistically substantiated pathways
that position ammonia as a high-priority target. Enhanced
ammonia clearance demonstrates preclinical proof-of-concept in
reactivating T cells and restoring immunotherapy efficacy (235),
though its therapeutic modulation faces practical barriers including
tumor-specific delivery challenges and risks of disrupting systemic
nitrogen balance. Multi-omics analyses reveal
phenylacetylglutamine as both a correlate and functional
mediator of resistance, with this microbiota-derived metabolite
suppressing anti-PD-1 efficacy in vivo (236). While
mechanistically enigmatic, phenylacetylglutamine’s robust
functional validation demands urgent mechanistic dissection to
assess druggability, while serving as a caution against premature
clinical extrapolation from correlative findings alone.

The intestinal microbiota enzymatically deconjugates primary
bile acids into secondary species—predominantly DCA and LCA—
a process driving TME remodeling and immunosuppression (252).
DCA, a key mediator of “hostile bile” effects, directly impairs CD8"
T cell function by dysregulating plasma membrane Ca®" ATPase
(PMCA)-mediated calcium efflux, disrupting intracellular Ca**
homeostasis and blunting nuclear factor of activated T cells
(NFAT)2 signaling—critical for effector cytokine production—
thereby accelerating CRC progression (239, 240). Concurrently,
elevated DCA and LCA activate GPCRs (e.g., TGR5) to trigger B-
catenin-dependent upregulation of CCL28, selectively expanding
intratumoral immunosuppressive Tregs to reinforce immune
evasion (241). Clinically, ATB-induced gut dysbiosis disrupts bile
acid-metabolizing microbiota, leading to accumulation of LCA and
UDCA. These metabolites downregulate mucosal addressin cell
adhesion molecule-1 (MAdCAM-1) on intestinal endothelial cells
—a microbiota-modulated checkpoint that restricts 047" immune
cell migration (237). Loss of MAdCAM-1 enables
immunosuppressive intestinal T cells (e.g., Foxp3*Roryt" Tregl7
cells) to traffic to tumors, compromising ICI efficacy and linking
ATB-induced bile acid dysregulation to ICI resistance (237, 238).
LCA derivatives exhibit functional dichotomy: 3-oxoLCA
antagonizes RORyt to inhibit pro-tumor Th17 differentiation,
while isoalloLCA promotes Treg generation via mitochondrial
reactive oxygen species (mitoROS), a pathway dependent on the
Foxp3 locus’ conserved noncoding sequence 3 (242). Therapeutic
targeting of these derivatives requires precise spatial delivery to
preserve mucosal Th17/Treg balance. In obesity-associated
hepatocarcinogenesis, gut dysbiosis elevates DCA and bacterial
lipoteichoic acid (LTA), activating TLR2 in HSCs to induce a
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senescence-associated secretory phenotype (SASP) and
cyclooxygenase-2 (COX-2) (243). COX-2-derived prostaglandin
E2 (PGE2) suppresses antitumor immunity, yet direct COX-2
targeting is limited by compensatory immunosuppression and
stromal metabolic plasticity (243). Reflecting its context-
dependent immunobiology, LPS exerts dual immunosuppressive
and immunostimulatory effects in tumor immunity, unified by its
core engagement of the TLR4 pathway. In esophageal squamous cell
carcinoma (ESCC), gram-negative bacterial enrichment drives LPS
accumulation, which activates the CCL3/CCL5-CCR1-MAPK axis
to upregulate tumor PD-L1 while suppressing T cell proliferation/
cytotoxicity, elevating PD-1/LAG-3, and reducing CD107a/IFN-y
(244). In CRC, LPS-TLR4/myeloid differentiation protein 2 (MD2)
signaling paradoxically stimulates PI3K/AKT/B1 integrin pro-
metastatic pathways (245)—a contrast to its role in osteosarcoma,
where LPS-TLR4 activation increases CD8" T cell infiltration into
lung metastases to suppress tumor progression (220, 221), and in
radiotherapy, where LPS enhances anti-tumor immunity via TLR4
by boosting dendritic cell activation and effector T cell recruitment
(221). This tissue-specific duality extends to other malignancies: in
PDAC, LPS-TLR4/MyD88/AKT/NEF-xB signaling upregulates
tumor PD-L1 (80); in lung cancer with chronic Pseudomonas
aeruginosa infection, LPS sustains TLR4-dependent chronic
inflammation, recruiting MDSCs and amplifying PD-1/PD-L1 to
impair checkpoint blockade (247). Critically, LPS-mediated
immunosuppression is reversible: nanoparticle-based LPS
neutralization reduces CRC liver metastasis and restores ICI
efficacy (246), mirroring TLR4 antagonism’s reversal of LPS-
induced PD-L1 upregulation in PDAC (80). Translating these
insights requires compartmentalized strategies: tumor-localized
LPS sequestration (246) avoids systemic cytokine storm while
preserving its immunostimulatory effects (e.g., CD8" T cell
enhancement in osteosarcoma; 206), and aligning LPS
interventions with radiotherapy leverages post-irradiation
immune priming (221). Key barriers remain: defining tumor-
specific TLR4 signaling thresholds (e.g., distinguishing CRC’s pro-
metastatic vs. radiotherapy’s anti-tumor effects), optimizing
targeted delivery, and addressing confounders like gut dysbiosis
(which modulates systemic LPS levels). Collectively, LPS’s role
highlights the need to target TLR4-dependent pathways while
accounting for tissue/treatment context—resolving its duality to
mitigate metabolite-specific “patchwork” effects.

In summary, the complex interplay between microbial
metabolites and immunotherapy efficacy underscores a critical
translational imperative: targeting these pathways offers a
promising strategy to overcome resistance, but requires
meticulous mechanistic understanding and context-aware
delivery. The dual roles of metabolites like SCFAs, bile acids, and
LPS—acting as either immune enhancers or suppressors based on
concentration, spatial distribution, and metabolic conditions—
demand precision-targeted approaches. For instance,
nanoparticle-based sequestration of LPS or tumor-localized
depletion of F. nucleatum has shown preclinical efficacy in
reversing immunosuppression and restoring ICI sensitivity,
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highlighting the potential of spatial targeting. However, key
challenges remain: optimizing metabolite-specific delivery systems
to avoid systemic immune disruption, defining quantitative
thresholds for “beneficial” versus “immunosuppressive”
concentrations in human tumors, and resolving discordant
preclinical-clinical findings as exemplified by the IDO1 inhibition
failure in ECHO-301. Future efforts should prioritize combinatorial
strategies that integrate metabolite modulation with
immunotherapies, such as using engineered probiotics for
localized butyrate delivery or ammonia-scavenging nanoparticles
to alleviate T-cell exhaustion. Success will depend on validating
robust biomarkers—such as Kyn/Trp ratios or secondary bile acid
profiles—for patient stratification, and developing technologies that
permit temporal and spatial control of metabolite activity within the
TME without compromising systemic homeostasis.

5 Clinical application prospects

The gut microbiome and its metabolites have emerged as
actionable modulators of the gut-tumor-immune axis, offering a
framework to enhance cancer immunotherapy efficacy through
targeted microbial manipulation. Core strategies—including
probiotics, dietary intervention, and engineered microbial
consortia—converge on leveraging strain-specific microbial
metabolites (e.g., SCFAs, Trp derivatives, bile acids) to amplify
effector T cell activity, suppress immunosuppressive populations
(e.g., Tregs, MDSCs), and remodel the TME. While clinical
translation is hindered by gut microbiota heterogeneity, tumor-
type specificity, and inconsistent microbial-immune crosstalk,
emerging precision approaches (e.g., biomarker-guided probiotic
selection, synthetic microbial communities, metabolite-delivering
nanocarriers) aim to resolve these challenges by aligning microbial
activity with tumor immune context. The following sections explore
these strategies (Figure 2), emphasizing their unifying mechanism—
microbial-metabolite-immune crosstalk—and their potential for
personalized integration into immunotherapy regimens.

5.1 Probiotics: strain-specific modulators
of the gut-tumor-immune axis

Probiotics exert their antitumor effects by reprogramming the gut
microbiota to restore or enhance microbial-metabolite signaling that
primes systemic and intratumoral immunity, with efficacy strictly
dependent on strain specificity and tumor type. This is exemplified by
foundational studies showing that CTLA-4 blockade efficacy in
melanoma is microbiota-dependent: germ-free mice fail to respond
to anti-CTLA-4, but oral supplementation with Bacteroides
thetaiotaomicron or B. fragilis restores responsiveness by inducing
intratumoral T cell infiltration and Thl cytokine production (253).
Similarly, Lactobacillus rhamnosus Probio-M9 enhances anti-PD-1
efficacy in preclinical models by expanding commensal populations
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that produce immunomodulatory metabolites (butyrate, o-
ketoglutarate), which suppress Treg differentiation while activating
CTLs (254). Complementary mechanisms include L. rhamnosus GG,
which activates the ¢cGAS/STING pathway to induce IFN-I
production, boosting DC maturation and CD8" T cell priming
(255), and Lactiplantibacillus plantarum IMB19, which uses CHPS
to polarize M1 macrophages and trigger iron sequestration in
tumors (87).

Clinically, probiotic supplementation has demonstrated
translational value in NSCLC: retrospective studies show that
Lactobacillus or Bifidobacterium strains improve objective
response rates and PFS in patients receiving anti-PD-1
monotherapy, with inverse probability weighting confirming
reduced risk of disease progression (256, 257). L. reuteri further
exemplifies strain-specific synergy with ICIs: it produces the Trp
metabolite ILA, which expands IFN-y" Th1/TC1 cells and enhances
ICI-mediated tumor regression in preclinical models (113).
Critically, however, not all probiotics confer benefit—
Bifidobacterium combined with PD-L1 blockade eradicated
melanoma in mice (258), whereas commercial probiotics
(Bifidobacterium longum or L. rhamnosus GG-based) accelerated
tumor progression by diminishing IFNY"CD8" T cell infiltration
(259), highlighting the danger of “one-size-fits-all” approaches and
the need for strain-tumor matching.

Next-generation probiotics like Akkermansia muciniphila
address these limitations by integrating multimodal mechanisms
tailored to specific malignancies. In HCC, A. muciniphila
suppresses tumor growth by remodeling bile acid metabolism
(elevating tauroursodeoxycholic acid) and glycerophospholipid
pathways, which sustain IFN-y and IL-2 production by CD8" T
cells (224, 260); it also reinforces gut barrier integrity, reduces
systemic inflammation, and induces IL-12 secretion by DCs, further
enhancing antitumor immunity (261). These properties position A.
muciniphila as a model Next-generation probiotics (262), with
preclinical data supporting its ability to overcome ICI resistance
by reversing PD-L1 upregulation in HCC (260).

Collectively, probiotics’ efficacy in enhancing immunotherapy
hinges on three core principles: (1) strain-specific metabolite
production (e.g., L. reuteri’s Trp derivatives, A. muciniphila’s bile
acid modulations) that aligns with tumor immune needs; (2)
activation of conserved immune pathways (cGAS/STING, Thl
polarization) that bridge gut and tumor immunity; and (3)
context dependency (tumor type, baseline microbiota) that
necessitates precision. Translational progress requires addressing
key barriers: standardized probiotic formulations to ensure
consistent metabolite output (262), biomarker-guided patient
stratification (e.g., matching A. muciniphila to HCC patients with
dysregulated bile acid metabolism, 261), and avoiding off-target
effects (e.g., preventing T cell suppression from mismatched strains,
260). By grounding probiotic use in microbial-metabolite-immune
crosstalk rather than generic “microbiota modulation,” these
approaches can transform probiotics from adjuncts to precision
tools in cancer immunotherapy.
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5.2 Prebiotics, synbiotics and postbiotics:
metabolite-mediated enhancement of
cancer immunotherapy

Prebiotics, synbiotics, and postbiotics represent microbiome-
targeted strategies that enhance cancer immunotherapy efficacy by
reshaping gut microbial composition and reprogramming microbial
metabolite profiles—particularly SCFAs, Trp derivatives, and bile
acids—which in turn modulate systemic and intratumoral
immunity (263). Their therapeutic potential lies in leveraging
diet-microbiota-metabolite crosstalk to overcome ICI resistance,
though clinical translation is constrained by interindividual
microbial heterogeneity, inconsistent metabolite production, and
the need for context-specific targeting (263).

Prebiotics, as fermentable dietary components, drive the
expansion of metabolite-producing commensals to amplify
immunostimulatory signals. For example, pectin supplementation
in CRC patient-derived microbiota-humanized mice enhances anti-
PD-1 efficacy by enriching butyrate-producing bacteria (e.g.,
Faecalibacterium prausnitzii), with butyrate directly recruiting
CD8" T cells to the TME and suppressing Treg differentiation
(264). Similarly, dietary resistant starch (a well-characterized
prebiotic) elevates colonic SCFA levels (acetate, propionate,
butyrate) and enriches Bifidobacterium and Roseburia in human
cohorts; however, its efficacy in boosting ICI responses varies
significantly across individuals due to baseline microbiota
composition—highlighting the need for personalized prebiotic
regimens (228, 265). Postbiotics, defined as microbial metabolites
or cell-free extracts, complement prebiotics by delivering direct
immunomodulatory activity: soybean-derived postbiotics (enriched
in isoflavones and SCFA precursors) suppress colon and lung tumor
growth in xenograft models when combined with PD-1 blockade,
likely by restoring gut barrier integrity and reducing pro-
inflammatory cytokine (TNF-a, IL-6) production (266).

Synbiotics and engineered microbial consortia address the
limitations of single-strain or single-prebiotic approaches by
combining rationally selected microbes with metabolite-
enhancing substrates. A landmark example is Microbial
Ecosystem Therapeutic 4 (MET4), a first-in-class 30-strain
formulation enriched in ICI-responsive species (e.g., A.
muciniphila, Bacteroides vulgatus). In the MET4-10 clinical trial,
MET4 combined with ICIs demonstrated safety in advanced solid
tumors and showed signs of efficacy—including stable disease in
40% of patients—by reprogramming bile acid metabolism
(elevating tauroursodeoxycholic acid) and enhancing CD8" T cell
infiltration (267). This validates the potential of engineered
microbial ecosystems to bypass interindividual variability by
standardizing metabolite output.

Natural products further expand this toolkit by interacting with
the gut microbiota to modulate metabolite pathways critical for ICI
responsiveness. Ginseng polysaccharides, for instance, restore the
abundance of Bacteroides and Parabacteroides in tumor-bearing
mice, balancing the Kyn/Trp ratio (reducing immunosuppressive
Kyn) and elevating SCFAs to rejuvenate PD-1/PD-L1 blockade
efficacy (268). Sea cucumber polysaccharides synergize with anti-
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PD-1 therapy by shaping the gut microbiota to increase ICA—an
AhR ligand that enhances CD8" T cell cytotoxicity while
suppressing Tregs—reducing MC-38 tumor burden in mice (269).
Similarly, fucoidan (a brown algae-derived polysaccharide) rectifies
Trp-glycerophospholipid dysregulation in breast cancer models,
enriching Akkermansia and Lactobacillus to boost IFN-y
production by CD8" T cells and sensitize tumors to ICIs (270).
Complementary natural product-derived strategies include barley
leaf supplementation (enriching Bifidobacterium to produce
inosine, which activates PPARYy signaling and attenuates colitis-
associated tumorigenesis) (271) and icariin (a flavonoid from
Epimedium), which not only induces tumor ferroptosis via
mitochondrial dysfunction but also synergizes with PD-1
inhibitors by reshaping the gut microbiota to reduce pro-
inflammatory Escherichia coli and increase SCFA-producing
Ruminococcus (272). Even engineered natural product
formulations, such as ginger-derived nanoparticles, reprogram gut
bacterial phospholipase C activity to accumulate DHA—a lipid
metabolite that inhibits PD-L1 expression on tumor cells—
enhancing anti-PD-L1 efficacy in murine melanoma models
(142). These examples underscore the untapped potential of
traditional medicine derivatives to modulate the gut microbiota-
metabolite-immune axis (273).

Collectively, prebiotics, synbiotics, postbiotics, and natural
products enhance immunotherapy through a shared mechanism:
they alter gut microbiota composition to tune metabolite profiles
(SCFAs, Trp derivatives, bile acids, lipids) that directly regulate
immune cell function—from CD8" T cell activation to Treg
suppression. However, three critical barriers hinder clinical
translation: (1) metabolic heterogeneity, where efficacy depends
on baseline microbiota (e.g., prebiotics fail in individuals
lacking SCFA-producing bacteria); (2) formulation
reproducibility, particularly for multi-strain consortia (e.g., batch-
to-batch variability in MET4’s metabolite output); and (3)
lack of predictive biomarkers to stratify patients likely to
benefit (e.g., identifying individuals with dysregulated Kyn/Trp
ratios who would respond to ginseng polysaccharides).
Addressing these barriers will require integrating microbiota
sequencing, metabolite profiling, and immune monitoring into
clinical trials—ensuring that these strategies move beyond
preclinical promise to deliver consistent, personalized benefits in
combination with ICIs.

5.3 ATBs as double-edged microbiome
modulators: metabolite-mediated impacts
on cancer immunotherapy efficacy

The role of ATBs in cancer immunotherapy embodies a
context-dependent paradox, where their ability to alter gut and
tumor-associated microbiota directly reshapes microbial metabolite
profiles—ultimately dictating immunostimulatory or
immunosuppressive outcomes. Mechanistically, this duality is
rooted in ATB-driven shifts in metabolite production that tune
immune cell function across tissue-specific TMEs. In pancreatic
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cancer, for example, gut bacterial translocation fosters an
immunosuppressive TME characterized by reduced CD8" T cell
infiltration, expanded MDSCs, and impaired macrophage antigen
presentation—changes linked to depleted microbial metabolites like
IPA and butyrate (274). Paradoxically, targeted ATB treatment in
pancreatic cancer models reverses this by restoring immunogenic
metabolite balance: it enhances intratumoral T cell activation,
upregulates PD-1 expression on effector T cells, and synergizes
with ICIs—suggesting ATBs can uncouple microbiota-driven
immunosuppression from metabolite-mediated T cell priming
(274). This tissue-specific duality extends to cutaneous squamous
cell carcinoma, where prolonged broad-spectrum ATB
administration depletes pro-inflammatory microbiota (e.g.,
Staphylococcus aureus) and their toxic metabolites, thereby
reducing Treg recruitment and enhancing ICI efficacy (275).
Beyond ICIs, ATBs can potentiate adoptive cell therapy:
vancomycin, by selectively eliminating Gram-positive
commensals, expands systemic CD8a." DCs and boosts IL-12p70
production—changes tied to increased microbial Trp metabolism
and IPA accumulation—which enhances the antitumor activity of
CAR-T cells and yd T cells in lymphoma and melanoma models
(111, 276, 277).

Conversely, untargeted broad-spectrum ATBs compromise
immunotherapy efficacy by disrupting microbial metabolite
networks critical for immune homeostasis. Gut microbiota
depletion following ATB use reduces o-diversity and suppresses
production of SCFAs (e.g., butyrate), leading to expanded Treg
populations and impaired CD8" T cell cytotoxicity in melanoma
patients (278). This metabolite disruption extends to CAR-T
therapy: ATB-induced loss of gut microbiome metabolic output
(e.g., reduced inosine and IPA) correlates with diminished CD19-
CAR-T efficacy in B cell malignancies, as metabolites like inosine
are required to sustain CAR-T cell proliferation and IFN-y
production (279, 280). Clinically, these effects translate to worse
outcomes: ATB administration within 60 days before or after ICI
initiation correlates with reduced OS in NSCLC, urothelial
carcinoma, and melanoma, with elderly patients—who often have
more vulnerable microbiomes—experiencing particularly poor OS
(281-285). ATBs also increase irAEs by disrupting metabolite-
mediated gut barrier integrity, allowing pro-inflammatory
bacterial translocation (281, 286). Importantly, temporal context
mitigates these risks: ATB use preceding chemoimmunotherapy by
extended intervals (e.g., >60 days) shows no impact on efficacy, and
some earlier negative associations may reflect indication bias (e.g.,
ATB use as a marker of advanced disease) rather than direct
biological causality (287, 288).

Innovative engineering strategies are now addressing ATBs’ off-
target effects by enabling selective microbial targeting. For instance,
liposomal formulations like liposome-encapsulated silver-tinidazole
complex (LipoAgTNZ) specifically eliminate tumor-associated
bacteria (e.g., Fusobacterium nucleatum in CRC) while preserving
gut commensal ecology. This targeted approach releases microbial
neoantigens from killed bacteria and restores tumor metabolite
balance (e.g., reducing immunosuppressive Kyn), activating CD8"
T cell responses that synergize with ICIs (289).
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Collectively, ATBs modulate immunotherapy efficacy by
reshaping microbial metabolite landscapes: their beneficial effects
(e.g., enhancing ICI/ACT in pancreatic cancer and melanoma) arise
from selective depletion of pro-tumor microbiota and restoration of
immunostimulatory metabolites (IPA, butyrate, IL-12-inducing
metabolites), while their detrimental effects stem from broad
disruption of metabolite networks that sustain anti-tumor
immunity. Translational success requires precision: strategies like
targeted ATB formulations (289) or timing adjustments (avoiding
ATB use near ICI initiation) balance antimicrobial activity with
microbiome preservation, ensuring metabolite-mediated immune
homeostasis is maintained. This framework resolves ATBs’
paradoxical role by grounding their effects in metabolite-dependent
immune regulation, highlighting the need to integrate microbial
metabolite profiling into ATB and immunotherapy regimens.

5.4 FMT: restoring microbiome-metabolite
balance to overcome immunotherapy
resistance

FMT emerges as a powerful strategy to reverse ICI resistance
and mitigate treatment-related toxicities by restoring the gut
microbiome’s ability to produce immunomodulatory metabolites
—addressing the core microbial-metabolite-immune axis
dysregulated in refractory cancers. Mechanistically, FMT’s efficacy
hinges on transferring metabolite-producing commensal
communities from ICI-responsive donors to recipients, thereby
reestablishing key metabolic signals that prime anti-tumor
immunity. Preclinically, FMT from ICI-responding patients
reprograms the gut microbiota of germ-free or ATB-treated mice
not only by expanding beneficial taxa (e.g., Bacteroides
thetaiotaomicron, Faecalibacterium prausnitzii) but also by
restoring critical metabolites: SCFAs (butyrate, acetate) that
enhance CD8" T cell infiltration into the TME and suppress Treg
differentiation, and Trp derivatives (IPA) that activate the AhR to
boost DC maturation (261, 290, 291). This metabolite-mediated
reprogramming translates to enhanced tumor control, with FMT-
treated mice exhibiting reduced MDSC accumulation and increased
IFN-y production by intratumoral T cells, synergizing with anti-
PD-LI therapy (290).

Clinically, FMT has demonstrated translational value across
malignancies, with efficacy tightly linked to metabolite restoration.
In metastatic melanoma, phase I trials (NCT03341143,
NCT03353402) show that responder-derived FMT reverses PD-1
resistance in ~20% of refractory patients by reshaping the gut
microbiota to produce SCFAs and bile acid derivatives (e.g.,
tauroursodeoxycholic acid) that reactivate exhausted CD8" T cells
and reduce intratumoral PD-L1 expression (126, 292). A
multicenter phase I trial (NCT03772899) further confirms that
FMT from healthy donors, combined with ICIs as first-line
therapy for melanoma, is safe and associated with increased
serum butyrate levels, which correlate with longer PFS (293).
Beyond melanoma, FMT restores ICI sensitivity in treatment-
refractory esophageal cancer and HCC (NCT04264975) by
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normalizing the Kyn/Trp ratio—reducing immunosuppressive Kyn
while increasing immunostimulatory IPA—and balancing bile acid
metabolism (294). In NSCLC, FMT delays tumor progression by
enriching Enterococcus faecalis and elevating SCFAs (butyrate,
acetate, caproate), which enhance DC-mediated antigen
presentation and suppress MDSC function (295).

Notably, FMT also mitigates ICI-related toxicities (e.g., colitis)
by restoring microbiota-mediated metabolite homeostasis: it
rebalances anti-inflammatory SCFAs and reduces pro-
inflammatory bacterial metabolites (e.g., lipopolysaccharide),
thereby calming excessive mucosal immune activation (296, 297).
This dual ability to resensitize tumors to ICIs and alleviate toxicities
positions FMT as a multimodal tool in precision oncology (298).

Critical barriers to widespread clinical adoption remain,
however, and are inherently tied to metabolite consistency:
donor-recipient compatibility (e.g., matching donors with high
SCFA-producing microbiota to recipients with depleted SCFA
levels), variable microbial engraftment (which impacts metabolite
output), lack of standardized FMT processing protocols to preserve
metabolite-producing taxa, and long-term monitoring of
metabolite-driven immune effects. Resolving these challenges—
through biomarker-guided donor selection (e.g., metabolite
profiling) and standardized manufacturing—will be essential to
realizing FMT’s potential as a metabolite-centric strategy to
personalize immunotherapy.

5.5 Engineered bacteria: metabolite-
directed reprogramming of the tumor
immune microenvironment

Genetically engineered microorganisms represent a precision
strategy to enhance cancer immunotherapy by delivering or
modulating key microbial metabolites directly within the TME,
thereby overcoming the limitations of systemic metabolite
administration and inconsistent microbiome-driven metabolite
production. These engineered strains are rationally designed to
produce immunostimulatory metabolites, deplete
immunosuppressive TME metabolites, or remodel microbial
metabolism to restore anti-tumor immunity—with efficacy tightly
linked to their ability to tailor metabolite profiles in situ.

A paradigmatic example is E. coli Nissle 1917 (EcN), a probiotic
strain engineered for targeted metabolite production. SYNB1891,
an EcN derivative, is programmed to synthesize c-di-AMP—a
bacterial nucleotide metabolite that activates the STING pathway
in DCs. This metabolite-driven STING activation primes DC
maturation and enhances cross-presentation of tumor antigens,
leading to robust CD8" T cell infiltration and antitumor immunity
in preclinical models (225). Similarly, EcN strains engineered by
Canale et al. metabolize intratumoral ammonia (an
immunosuppressive TME byproduct) into L-Arg, a critical
metabolite for T cell proliferation and cytotoxic function. By
restoring L-Arg levels, these microorganisms synergize with PD-
L1 blockade, as L-Arg repletion overcomes T cell exhaustion and
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enhances the efficacy of checkpoint inhibition (299). Tumas et al.
further modified EcN to co-express IL-2 and leverage its inherent
LPS production, which enhances IFN-y secretion by cytotoxic T
cells, while engineered IL-2 amplifies this effect by expanding
effector T cell populations—creating a dual metabolite-cytokine
synergy (300). EcN’s versatility is further demonstrated by strains
reprogrammed to overproduce butyrate (301-303), thereby
reinforcing effector T cell function in the TME.

Beyond E. coli, engineered Clostridium butyricum (L-Trp CB)
targets the TME by colonizing hypoxic tumor regions to deliver two
complementary metabolite-mediated effects: it produces butyrate to
inhibit IDO—an enzyme that depletes Trp to generate
immunosuppressive Kyn—and releases Trp to fuel CD8" T cell
metabolic demands. This dual action restores the Trp/Kyn balance,
reversing T cell exhaustion and sensitizing tumors to
immunotherapy (304). Other TME-reprogramming engineered
microorganisms address metabolite-driven immunosuppression:
photosynthetic bacteria (LAB-1) metabolize excess lactate (a TME
metabolite that inhibits T cell function) into pyruvate, reducing
lactate-mediated immune suppression and restoring CD8" T cell
cytotoxicity (305). Similarly, Enterococcus strains engineered to
express SagA (a peptidoglycan-modifying enzyme) produce
modified peptidoglycan metabolites that activate NOD2 signaling
in DCs, enhancing their ability to present antigens and prime Thl
responses—strengthening ICI efficacy (135).

Salmonella-based engineered microorganisms exemplify
precision metabolite control to balance efficacy and safety.
Attenuated Salmonella typhimurium strains with controlled LPS
production (306) limit systemic toxicity while retaining LPS’s ability
to activate TLR4 in the TME—LPS triggers DC maturation and IL-
12 production, boosting CD8" T cell recruitment. A further
advancement is the SAM-FC strain, an attenuated S. typhimurium
engineered to co-express cytolysin A (ClyA) and Vibrio vulnificus
flagellin B (FlaB); while ClyA and FlaB enhance immune
infiltration, the strain’s modified metabolic profile (e.g., reduced
pro-inflammatory metabolite production) prevents systemic
toxicity, ensuring TME-restricted metabolite-mediated
immunity (307).

Collectively, engineered bacteria enhance immunotherapy by
targeting three core metabolite-mediated processes in the TME: (1)
producing immunostimulatory metabolites (c-di-AMP, L-Arg,
butyrate) to activate effector immune cells; (2) depleting
immunosuppressive metabolites (ammonia, lactate, Kyn) to
reverse T cell exhaustion; and (3) modifying bacterial metabolites
(peptidoglycan, LPS) to balance activation and safety. Critical
translational barriers persist, however, and are rooted in
metabolite delivery precision: ensuring engineered bacteria
colonize only the TME to avoid off-target metabolite production,
optimizing attenuation to prevent immunogenicity while preserving
metabolite synthesis, and standardizing manufacturing to maintain
consistent metabolite output. Resolving these challenges will enable
engineered bacteria to fulfill their potential as metabolite-directed
tools for personalized cancer immunotherapy, unifying microbial
engineering with immune metabolism.
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5.6 Dietary regulation: tuning the gut
microbiota-metabolite axis to enhance
immunotherapy efficacy

Dietary regulation shapes cancer immunotherapy outcomes by
reprogramming the gut microbiota’s metabolic output—
specifically, by enhancing production of immunostimulatory
metabolites or reducing immunosuppressive ones—with efficacy
rooted in the causal link between dietary components, microbial
metabolism, and effector immune cell function. This “diet-
microbiota-metabolite-immune” axis unifies diverse dietary
strategies, as each intervention modulates microbial flux toward
metabolites that activate conserved anti-tumor pathways (e.g.,
HDAC inhibition, AhR signaling, STING activation) while
mitigating metabolite-driven immunosuppression.

Fermentable dietary fiber exemplifies this axis: fiber is broken
down by commensals like R. intestinalis and F. prausnitzii to produce
SCFAs—butyrate, propionate, and acetate—that directly enhance ICI
efficacy. Butyrate, in particular, activates cytotoxic CD8" T cells by
inhibiting HDAC, which upregulates IFN-y and granzyme B
production (148); in CRC, R. intestinalis-derived butyrate correlates
with improved anti-PD-1 responses by increasing intratumoral CD8"
T cell infiltration (148). Propionate, meanwhile, enriches PD-1"CD4"
T cells in tumors and upregulates T cell activation markers (CD69,
CD25) when combined with PD-1 blockade—effects lost in germ-free
mice or those lacking SCFA-producing microbiota (259). Clinically,
higher fiber intake (>20 g/day) correlates with longer PFS in ICI-
treated melanoma patients, with fecal propionate levels mediating
this association (259), resolving preclinical-clinical alignment. Fiber
also modulates Trp metabolism: it suppresses microbial Kyn
production while promoting synthesis of ILA and IPA by
Lactobacillus and Bifidobacterium (308), which activate AhR in
DCs to enhance antigen cross-presentation (138).

Beyond fiber, other dietary components drive SCFA production
through distinct microbial metabolic routes: protein-rich diets and
valine supplementation, for instance, promote microbial synthesis of
isobutyrate—another immunostimulatory SCFA—that enhances ICI
efficacy by boosting CD8" T cell cytotoxicity and reducing Treg
accumulation in the TME (140). Specific whole-food interventions
further reinforce this axis: spinach consumption drives multi-omics
shifts in gut microbiota, enriching taxa that upregulate linoleic acid
metabolism and butyrate production while downregulating oncogenic
pathways (e.g., Wnt/B-catenin) in CRC models (309)—linking plant-
based dietary components to metabolite-mediated tumor suppression.

Dietary Trp further amplifies this effect: Trp-enriched diets
provide substrate for intratumoral L. reuteri to produce ILA,
thereby reversing PD-1 resistance in melanoma models (113).
This mechanistic link is reinforced by germ-free studies, where
Trp’s benefits vanish without L. reuteri colonization (113).
Conversely, high-fat or high-cholesterol diets disrupt the axis by
altering gut microbiota composition—reducing SCFA-producing
taxa and increasing bile acid-metabolizing bacteria (e.g.,
Clostridium spp.). This shifts metabolite profiles toward
immunosuppressive bile acids (TCA) and reduced IPA,
promoting MDSC accumulation and impairing hepatic
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immunosurveillance in non-alcoholic fatty liver disease-related
hepatocellular carcinoma (NAFLD-HCC) (243, 310). Low-fat
diets reverse these effects by restoring Bifidobacterium and IPA
levels, sensitizing tumors to anti-PD-1 therapy (310).

Sodium chloride (high-salt diet, HSD) exhibits context-
dependent modulation of the axis: HSD suppresses MDSC
function via p38/MAPK-NFATS5 signaling, expanding cytotoxic
NK cells and enhancing CD8" T cell effector function (IFN-y,
granzyme B) to boost anti-PD-1 efficacy in melanoma and CRC
models (311, 312). HSD also inhibit Treg suppression while
promoting Thl phenotypes (313) and enhance CD8" T cell
effector function (314). However, HSD’s therapeutic application
requires careful risk mitigation due to adverse effects including
exacerbated irAEs with anti-CTLA-4 therapy (315), reduced
Lactobacillus/butyrate with disrupted intestinal homeostasis (316),
and multi-system toxicity (317-321). This context dependency
necessitates personalized dosing—e.g., low-dose HSD (4-6%
NaCl) retains immunostimulatory effects without toxicity—or
stratification by baseline gut microbiota (e.g., patients with high
Lactobacillus levels may tolerate HSD better).

Collectively, dietary regulation enhances immunotherapy by
targeting two core metabolite-mediated processes: (1) increasing
microbial production of immunostimulatory metabolites (SCFAs,
ILA/IPA) that activate CD8" T cells, DCs, and NK cells via HDAC
inhibition or AhR/STING signaling; (2) reducing immunosuppressive
metabolites (TCA, Kyn) by restricting substrates for pro-tumor
microbiota. Key translational barriers—interindividual variability in
microbiota composition, dietary metabolite thresholds, and toxicity
risks—can be addressed via: (1) biomarker-guided stratification (e.g.,
fecal SCFA/IPA levels to select fiber responders); (b) contextual dosing
(e.g., HSD adjusted for gut Lactobacillus abundance); and (c)
combinatorial diets (e.g., fiber + Trp) to synergize metabolite
production. By grounding dietary strategies in microbial metabolite
flux rather than isolated food components, this framework resolves
fragmentation and provides actionable, mechanism-driven nutritional
interventions for precision immunotherapy.

5.7 Nanotechnology: precision control of
the microbiota-metabolite axis to boost
cancer immunotherapy

Nanotechnology transforms cancer immunotherapy by
resolving key limitations of microbial metabolite-based
interventions—poor bioavailability, off-target toxicity, inconsistent
microbiota crosstalk—via engineered carriers that enable targeted
metabolite delivery, controlled release, and selective gut-tumor-
microbiome modulation. Its core value lies in unifying
nanomaterial design with microbial metabolite biology:
nanosystems either deliver immunostimulatory metabolites,
trigger in situ synthesis, or reshape microbiota to restore
metabolite balance, while minimizing systemic side effects.

Arginine and NO—critical for T cell activation—are prime targets.
Aromatic aldehyde-modified L-Arg nanoassemblies (ArgNP)
synergize with anti-PD-L1 by sustaining L-Arg release, enhancing
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CD8" T cell function and reducing MDSCs (322). Multifunctional
platforms like HN-HFPA generate ROS via photodynamic therapy to
disrupt the TME, while co-releasing L-Arg and NO to reverse T cell
exhaustion (323). Antigen-capturing stapled liposomes (ACSL) use
irradiation to trigger L-Arg-mediated STING activation and systemic
abscopal effects (324), and ultrasound-responsive L-Arg@PTX
nanodroplets alleviate hypoxia to potentiate chemoimmunotherapy
(325). Sustained L-Arg delivery via liposomes further remodels the
immunosuppressive TME and reverses ICI resistance (326). For bile
acid modulation, polyoxazolines-based nanocarriers deliver
obeticholic acid to regulate hepatic bile acid balance, reducing
immunosuppressive TCA and enhancing intrahepatic CD8" T cell
infiltration in HCC (327).

Bacterial outer membrane vesicles (OMVs)—natural tumor-
targeting nanocarriers—are engineered for safer immunostimulation
(328). ApalAlpxM E. coli OMVs activate Y3 T cells via phosphoantigen
presentation (329), while pyroptosis-inducing OMVs reduce Tregs
(330). OMV-nanoparticle hybrids (MV-NPs) improve stability for
combination therapies (331), and LPS-modified nanoparticles (LPS-
NP) boost ICI efficacy with reduced toxicity (227).

Microbiota-targeted nanosystems include near-infrared-activated
nano-engineered Limosilactobacillus reuteri (LR-S-CD/CpG@LNP)
that modulates Trp metabolism to elevate immunostimulatory I3A
(332), prebiotic-encapsulated probiotic spores that enhance SCFA
production (333), and plant-derived exosome-like nanoparticles
(ELNs) that activate AhR via indoles to reinforce gut barriers (334).
For pro-tumor bacteria (e.g., F. nucleatum), mimetic nanocarriers
selectively eliminate intratumoral bacteria via membrane-fused
liposomes (335), while biomimetic systems deliver antibiotics
locally without disrupting commensals (336).

Nanotechnology addresses three core challenges of metabolite-
based immunotherapy: (1) targeted delivery to the TME/gut; (2)
controlled release to maintain therapeutic metabolite levels; (3)
selective microbiota modulation. Key barriers—non-target
accumulation, batch variability, nanomaterial immunogenicity—
are mitigated by biomimetic design (e.g., OMVs, bacterial-
mimicking carriers). By grounding nanosystem function in
microbial metabolite biology, this framework resolves
fragmentation and positions nanotechnology as a precision tool
for clinical microbiota-metabolite-immune axis targeting.

6 Future research directions and
challenges

6.1 Mechanistic exploration: deciphering
dual roles and context-specific signaling

The dual immunomodulatory effects of microbial metabolites—
such as butyrate enhancing CD8" T cell cytotoxicity while
suppressing DC function—and their receptor-specific
mechanisms (e.g., SCFAs via GPR41/43, Trp derivatives via AhR/
IDO1) demand systematic resolution. Emerging tools like single-
cell multi-omics and spatial metabolomics, including desorption
electrospray ionization mass spectrometry imaging, can map
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spatiotemporal metabolite dynamics within tumor-immune
niches. Conditional knockout models, such as myeloid-specific
Gpr43 deletion, will clarify tissue-specific effects like MDSC-
mediated immunosuppression. Additionally, biphasic dose
responses necessitate pharmacokinetic-pharmacodynamic
modeling to define therapeutic windows. A systems immunology
approach integrating metabolomics, immune cell atlasing, and
computational modeling is critical to reconcile conflicting
evidence and establish predictive frameworks.

6.2 Clinical translation: overcoming
personalized and technological hurdles

Translating microbiome-metabolite insights requires
breakthroughs in precision intervention and technological
innovation. Artificial intelligence-driven platforms merging
metagenomic, metabolomic, and clinical data may predict patient-
specific ICI responses. Engineered probiotics and tumor-targeted
nanoparticles offer localized efficacy with minimized off-target
effects. However, challenges like post-FMT colonization resistance
and inconsistent biomarker performance persist. Multicenter trials
are needed to validate surrogate endpoints such as serum IPA/Trp
ratios and standardize microbiome modulation protocols.

6.3 Ethical, regulatory, and technological
synergy

Ethical dilemmas, such as patent disputes over synthetic
microbial consortia, highlight the need for open-source strain
repositories to democratize access to microbiome therapies.
Regulatory harmonization is equally urgent, given divergent Food
and Drug Administration (FDA)/European Medicines Agency
(EMA) classifications of live biotherapeutics, which impede global
trial design. International alliances consortium could unify safety and
efficacy standards. Future progress hinges on integrating spatial
metabolic imaging with synergistic therapies (e.g., HDAC inhibitors
combined with pentanoate) and advancing clustered regularly
interspaced short palindromic repeats (CRISPR)-edited probiotics
to transform microbiome modulation from serendipitous discovery
to precision design.

6.4 Toward precision microbiome
immunology

Future priorities must focus on rigorous clinical validation of
microbiota-targeted interventions, including standardized trials to
assess the safety and feasibility of FMT and engineered strains.
Addressing interindividual variability through pharmacomicrobiomics
will optimize personalized dosing. Deep phenotyping via longitudinal
multi-omics profiling, coupled with machine learning, is essential to
decode host-microbe-metabolite crosstalk. Strategies to enhance
ecological resilience, such as prebiotic scaffolds (e.g., resistant starch),
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are critical to stabilize therapeutic microbiota engraftment in dysbiotic
environments. By bridging mechanistic ambiguity, clinical variability,
and ethical-regulatory gaps, microbial metabolites may evolve from
adjunctive modifiers to cornerstone therapeutics, ultimately reshaping
oncology through precision microbiome engineering.

Author contributions

YL: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Resources,
Visualization, Writing - original draft, Writing — review & editing.
HY: Data curation, Formal Analysis, Methodology, Project
administration, Resources, Writing — review & editing. SL: Formal
Analysis, Investigation, Resources, Writing — review & editing. DBL:
Data curation, Formal Analysis, Resources, Writing — review & editing.
PJ: Software, Validation, Visualization, Writing — review & editing. XW:
Data curation, Formal Analysis, Methodology, Writing — review &
editing. KZ: Investigation, Methodology, Resources, Writing — review &
editing. DCL: Project administration, Supervision, Validation, Writing —
review & editing.

Funding

The author(s) declare that no financial support was received for
the research, and/or publication of this article.

References

1. Sonnert ND, Rosen CE, Ghazi AR, Franzosa EA, Duncan-Lowey B, Gonzalez-
Hernandez JA, et al. A host-microbiota interactome reveals extensive transkingdom
connectivity. Nature. (2024) 628:171-9. doi: 10.1038/s41586-024-07162-0

2. Sarkar A, McInroy CJA, Harty S, Raulo A, Ibata NGO, Valles-Colomer M, et al.
Microbial transmission in the social microbiome and host health and disease. Cell.
(2024) 187:17-43. doi: 10.1016/j.cell.2023.12.014

3. Duan YF, Dai JH, Lu YQ, Qiao H, Liu N. Disentangling the molecular mystery of
tumour-microbiota interactions: Microbial metabolites. Clin Transl Med. (2024) 14:
€70093. doi: 10.1002/ctm2.70093

4. LiuJ, Tian R, Sun C, Guo Y, Dong L, Li Y, et al. Microbial metabolites are involved
in tumorigenesis and development by regulating immune responses. Front Immunol.
(2023) 14:1290414. doi: 10.3389/fimmu.2023.1290414

5. Hegde PS, Chen DS. Top 10 challenges in cancer immunotherapy. Immunity.
(2020) 52:17-35. doi: 10.1016/j.immuni.2019.12.011

6. Morad G, Helmink BA, Sharma P, Wargo JA. Hallmarks of response, resistance,
and toxicity to immune checkpoint blockade. Cell. (2021) 184:5309-37. doi: 10.1016/
j.cell.2021.09.020

7. Krautkramer KA, Fan J, Bickhed F. Gut microbial metabolites as multi-kingdom
intermediates. Nat Rev Microbiol. (2021) 19:77-94. doi: 10.1038/s41579-020-0438-4

8. Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat
Rev Microbiol. (2021) 19:55-71. doi: 10.1038/s41579-020-0433-9

9. Arifuzzaman M, Collins N, Guo CJ, Artis D. Nutritional regulation of microbiota-
derived metabolites: Implications for immunity and inflammation. Immunity. (2024)
57:14-27. doi: 10.1016/j.immuni.2023.12.009

10. Wilde J, Slack E, Foster KR. Host control of the microbiome: Mechanisms,
evolution, and disease. Science. (2024) 385:eadi3338. doi: 10.1126/science.adi3338

11. Koh A, De Vadder F, Kovatcheva-Datchary P, Bickhed F. From dietary fiber to
host physiology: short-chain fatty acids as key bacterial metabolites. Cell. (2016)
165:1332-45. doi: 10.1016/j.cell.2016.05.041

12. Mann ER, Lam YK, Uhlig HH. Short-chain fatty acids: linking diet, the microbiome
and immunity. Nat Rev Immunol. (2024) 24:577-95. doi: 10.1038/s41577-024-01014-8

Frontiers in Immunology

10.3389/fimmu.2025.1603658

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

13. 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

14. Hays KE, Pfaffinger JM, Ryznar R. The interplay between gut microbiota, short-
chain fatty acids, and implications for host health and disease. Gut Microbes. (2024)
16:2393270. doi: 10.1080/19490976.2024.2393270

15. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan
metabolism in health and disease. Cell Host Microbe. (2018) 23:716-24. doi: 10.1016/
j.chom.2018.05.003

16. Dong F, Hao F, Murray IA, Smith PB, Koo I, Tindall AM, et al. Intestinal
microbiota-derived tryptophan metabolites are predictive of Ah receptor activity. Gut
Microbes. (2020) 12:1-24. doi: 10.1080/19490976.2020.1788899

17. Chen X, Xu D, Yu J, Song XJ, Li X, Cui YL. Tryptophan metabolism disorder-
triggered diseases, mechanisms, and therapeutic strategies: A scientometric review.
Nutrients. (2024) 16:3380. doi: 10.3390/nu16193380

18. Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease.
Nat Commun. (2018) 9:3294. doi: 10.1038/s41467-018-05470-4

19. Peyraud F, Guegan JP, Bodet D, Cousin S, Bessede A, Italiano A. Targeting
tryptophan catabolism in cancer immunotherapy era: challenges and perspectives.
Front Immunol. (2022) 13:807271. doi: 10.3389/fimmu.2022.807271

20. Fleishman JS, Kumar S. Bile acid metabolism and signaling in health and disease:
molecular mechanisms and therapeutic targets. Sig Transduct Target Ther. (2024) 9:97.
doi: 10.1038/s41392-024-01811-6

21. Perino A, Demagny H, Velazquez-Villegas L, Schoonjans K. Molecular
physiology of bile acid signaling in health, disease, and aging. Physiol Rev. (2021)
101:683-731. doi: 10.1152/physrev.00049.2019

22. Lee MH, Nuccio SP, Mohanty I, Hagey LR, Dorrestein PC, Chu H, et al. How bile
acids and the microbiota interact to shape host immunity. Nat Rev Immunol. (2024)
24:798-809. doi: 10.1038/s41577-024-01057-x

23. Nakamura A, Kurihara S, Takahashi D, Ohashi W, Nakamura Y, Kimura S, et al.
Symbiotic polyamine metabolism regulates epithelial proliferation and macrophage

frontiersin.org


https://doi.org/10.1038/s41586-024-07162-0
https://doi.org/10.1016/j.cell.2023.12.014
https://doi.org/10.1002/ctm2.70093
https://doi.org/10.3389/fimmu.2023.1290414
https://doi.org/10.1016/j.immuni.2019.12.011
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1016/j.cell.2021.09.020
https://doi.org/10.1038/s41579-020-0438-4
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/j.immuni.2023.12.009
https://doi.org/10.1126/science.adi3338
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1038/s41577-024-01014-8
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.1080/19490976.2024.2393270
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1080/19490976.2020.1788899
https://doi.org/10.3390/nu16193380
https://doi.org/10.1038/s41467-018-05470-4
https://doi.org/10.3389/fimmu.2022.807271
https://doi.org/10.1038/s41392-024-01811-6
https://doi.org/10.1152/physrev.00049.2019
https://doi.org/10.1038/s41577-024-01057-x
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

differentiation in the colon. Nat Commun. (2021) 12:2105. doi: 10.1038/s41467-021-
22212-1

24. Holbert CE, Cullen MT, Casero RA, Stewart TM. Polyamines in cancer:
integrating organismal metabolism and antitumour immunity. Nat Rev Cancer.
(2022) 22:467-80. doi: 10.1038/s41568-022-00473-2

25. Hidalgo-Cantabrana C, Lopez P, Gueimonde M, de Los Reyes-Gavilan CG,
Suarez A, Margolles A, et al. Inmune modulation capability of exopolysaccharides
synthesised by lactic acid bacteria and bifidobacteria. Probiotics Antimicrob Proteins.
(2012) 4:227-37. doi: 10.1007/s12602-012-9110-2

26. Rahbar Saadat Y, Yari Khosroushahi A, Pourghassem Gargari B. A
comprehensive review of anticancer, immunomodulatory and health beneficial
effects of the lactic acid bacteria exopolysaccharides. Carbohydr Polym. (2019)
217:79-89. doi: 10.1016/j.carbpol.2019.04.025

27. Kawanabe-Matsuda H, Takeda K, Nakamura M, Makino S, Karasaki T, Kakimi
K, et al. Dietary lactobacillus-derived exopolysaccharide enhances immune-checkpoint
blockade therapy. Cancer Discov. (2022) 12:1336-55. doi: 10.1158/2159-8290.CD-21-
0929

28. Wang X, Quinn PJ. Lipopolysaccharide: Biosynthetic pathway and structure
modification. Prog Lipid Res. (2010) 49:97-107. doi: 10.1016/j.plipres.2009.06.002

29. Di Lorenzo F, De Castro C, Silipo A, Molinaro A. Lipopolysaccharide structures
of Gram-negative populations in the gut microbiota and effects on host interactions.
FEMS Microbiol Rev. (2019) 43:257-72. doi: 10.1093/femsre/fuz002

30. Rojas ER, Billings G, Odermatt PD, Auer GK, Zhu L, Miguel A, et al. The outer
membrane is an essential load-bearing element in Gram-negative bacteria. Nature.
(2018) 559:617-21. doi: 10.1038/s41586-018-0344-3

31. Shirouchi B, Fukuda A, Akasaka T. Unlike glycerophosphocholine or choline
chloride, dietary phosphatidylcholine does not increase plasma trimethylamine-N-
oxide levels in sprague-dawley rats. Metabolites. (2022) 12:64. doi: 10.3390/
metabo12010064

32. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, et al. Gut flora
metabolism of phosphatidylcholine promotes cardiovascular disease. Nature. (2011)
472:57-63. doi: 10.1038/nature09922

33. Kong L, Zhao Q, Jiang X, Hu J, Jiang Q, Sheng L, et al. Trimethylamine N-oxide
impairs B-cell function and glucose tolerance. Nat Commun. (2024) 15:2526.
doi: 10.1038/s41467-024-46829-0

34. Mirji G, Worth A, Bhat SA, El Sayed M, Kannan T, Goldman AR, et al. The
microbiome-derived metabolite TMAOQ drives immune activation and boosts responses
to immune checkpoint blockade in pancreatic cancer. Sci Immunol. (2022) 7:eabn0704.
doi: 10.1126/sciimmunol.abn0704

35. Zhou Y, Zhang Y, Jin S, Lv J, Li M, Feng N. The gut microbiota derived
metabolite trimethylamine N-oxide: Its important role in cancer and other diseases.
BioMed Pharmacother. (2024) 177:117031. doi: 10.1016/j.biopha.2024.117031

36. Hunthai S, Usawachintachit M, Taweevisit M, Srisa-Art M, Anegkamol W,
Tosukhowong P, et al. Unraveling the role of gut microbiota by fecal microbiota
transplantation in rat model of kidney stone disease. Sci Rep. (2024) 14:21924.
doi: 10.1038/s41598-024-72694-4

37. Denk D, Petrocelli V, Conche C, Drachsler M, Ziegler PK, Braun A, et al.
Expansion of T memory stem cells with superior anti-tumor immunity by Urolithin A-
induced mitophagy. Immunity. (2022) 55:2059-2073.e8. doi: 10.1016/
jimmuni.2022.09.014

38. Wang L, Chen J, Chen Q, Song H, Wang Z, Xing W, et al. The gut microbiota
metabolite urolithin B prevents colorectal carcinogenesis by remodeling microbiota
and PD-L1/HLA-B. Oxid Med Cell Longev. (2023) 2023:6480848. doi: 10.1155/2023/
6480848

39. Ujor V, Agu CV, Gopalan V, Ezeji TC. Allopurinol-mediated lignocellulose-
derived microbial inhibitor tolerance by Clostridium beijerinckii during acetone-
butanol-ethanol (ABE) fermentation. Appl Microbiol Biotechnol. (2015) 99:3729-40.
doi: 10.1007/s00253-015-6450-3

40. Rahimian R, Fakhfouri G, Daneshmand A, Mohammadi H, Bahremand A,
Rasouli MR, et al. Adenosine A2A receptors and uric acid mediate protective effects of
inosine against TNBS-induced colitis in rats. Eur | Pharmacol. (2010) 649:376-81.
doi: 10.1016/j.ejphar.2010.09.044

41. Mager LF, Burkhard R, Pett N, Cooke NCA, Brown K, Ramay H, et al.
Microbiome-derived inosine modulates response to checkpoint inhibitor
immunotherapy. Science. (2020) 369:1481-9. doi: 10.1126/science.abc3421

42. Joachim L, Gottert S, Sax A, Steiger K, Neuhaus K, Heinrich P, et al. The
microbial metabolite desaminotyrosine enhances T-cell priming and cancer
immunotherapy with immune checkpoint inhibitors. EBioMedicine. (2023)
97:104834. doi: 10.1016/j.ebiom.2023.104834

43. Kim DR, Martin S, Desai K. The effects of a comparatively higher dose of 1000
mg/kg/d of oral L- or D-arginine on the L-arginine metabolic pathways in male
Sprague-Dawley rats. PloS One. (2023) 18:¢0289476. doi: 10.1371/
journal.pone.0289476

44. Kraj L, Krawiec M, Koter M, Grabon W, Kraj G, Cholojczyk M, et al. Altered L-
arginine metabolism in children with controlled asthma. Allergy Asthma Proc. (2014)
35:80-3. doi: 10.2500/aap.2014.35.3777

Frontiers in Immunology

31

10.3389/fimmu.2025.1603658

45. Erens C, Van Broeckhoven J, Bronckaers A, Lemmens S, Hendrix S. The dark
side of an essential amino acid: L-arginine in spinal cord injury. ] Neurotrauma. (2023)
40:820-32. doi: 10.1089/neu.2022.0271

46. 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

47. Li Q, Cao L, Tian Y, Zhang P, Ding C, Lu W, et al. Butyrate suppresses the
proliferation of colorectal cancer cells via targeting pyruvate kinase M2 and metabolic
reprogramming. Mol Cell Proteomics. (2018) 17:1531-45. doi: 10.1074/
mcp.RA118.000752

48. Che Y, Chen G, Guo Q, Duan Y, Feng H, Xia Q. Gut microbial metabolite
butyrate improves anticancer therapy by regulating intracellular calcium homeostasis.
Hepatology. (2023) 78:88-102. doi: 10.1097/HEP.0000000000000047

49. Okumura S, Konishi Y, Narukawa M, Sugiura Y, Yoshimoto S, Arai Y, et al. Gut
bacteria identified in colorectal cancer patients promote tumourigenesis via butyrate
secretion. Nat Commun. (2021) 12:5674. doi: 10.1038/s41467-021-25965-x

50. Belcheva A, Irrazabal T, Robertson SJ, Streutker C, Maughan H, Rubino S, et al.
Gut microbial metabolism drives transformation of MSH2-deficient colon epithelial
cells. Cell. (2014) 158:288-99. doi: 10.1016/j.cell.2014.04.051

51. Tang Y, Chen Y, Jiang H, Nie D. Short-chain fatty acids induced autophagy
serves as an adaptive strategy for retarding mitochondria-mediated apoptotic cell
death. Cell Death Differ. (2011) 18:602-18. doi: 10.1038/cdd.2010.117

52. Ghosh S, Singh R, Vanwinkle ZM, Guo H, Vemula PK, Goel A, et al. Microbial
metabolite restricts 5-fluorouracil-resistant colonic tumor progression by sensitizing
drug transporters via regulation of FOXO3-FOXMI1 axis. Theranostics. (2022) 12:5574—
95. doi: 10.7150/thno.70754

53. Cui W, Guo M, Liu D, Xiao P, Yang C, Huang H, et al. Gut microbial metabolite
facilitates colorectal cancer development via ferroptosis inhibition. Nat Cell Biol. (2024)
26:124-37. doi: 10.1038/s41556-023-01314-6

54. Zhang R, Kang R, Tang D. Gut microbiome mediates ferroptosis resistance for
colorectal cancer development. Cancer Res. (2024) 84:796-7. doi: 10.1158/0008-
5472.CAN-24-0275

55. Bell HN, Rebernick RJ, Goyert ], Singhal R, Kuljanin M, Kerk SA, et al. Reuterin
in the healthy gut microbiome suppresses colorectal cancer growth through altering
redox balance. Cancer Cell. (2022) 40:185-200.e6. doi: 10.1016/j.ccell.2021.12.001

56. Zhang W, Qin X, Zhang K, Ma J, Li M, Jin G, et al. Microbial metabolite
trimethylamine-N-oxide induces intestinal carcinogenesis through inhibiting farnesoid
X receptor signaling. Cell Oncol (Dordr). (2024) 47:1183-99. doi: 10.1007/s13402-024-
00920-2

57. Liu CX, Gao Y, Xu XF, Jin X, Zhang Y, Xu Q, et al. Bile acids inhibit ferroptosis
sensitivity through activating farnesoid X receptor in gastric cancer cells. World |
Gastroenterol. (2024) 30:485-98. doi: 10.3748/wjg.v30.i5.485

58. Jia W, Xie G, Jia W. Bile acid-microbiota crosstalk in gastrointestinal
inflammation and carcinogenesis. Nat Rev Gastroenterol Hepatol. (2018) 15:111-28.
doi: 10.1038/nrgastro.2017.119

59. Erice O, Labiano I, Arbelaiz A, Santos-Laso A, Munoz-Garrido P, Jimenez-
Agiiero R, et al. Differential effects of FXR or TGRS activation in cholangiocarcinoma
progression. Biochim Biophys Acta Mol Basis Dis. (2018) 1864:1335-44. doi: 10.1016/
j.bbadis.2017.08.016

60. Roje B, Zhang B, Mastrorilli E, Kovacic A, Susak L, Ljubenkov I, et al. Gut
microbiota carcinogen metabolism causes distal tissue tumours. Nature. (2024)
632:1137-44. doi: 10.1038/s41586-024-07754-w

61. Bai X, Wei H, Liu W, Coker OO, Gou H, Liu C, et al. Cigarette smoke promotes
colorectal cancer through modulation of gut microbiota and related metabolites. Gut.
(2022) 71:2439-50. doi: 10.1136/gutjnl-2021-325021

62. Yang J, Wei H, Zhou Y, Szeto CH, Li C, Lin Y, et al. High-fat diet promotes
colorectal tumorigenesis through modulating gut microbiota and metabolites.
Gastroenterology. (2022) 162:135-149.¢2. doi: 10.1053/j.gastro.2021.08.041

63. Guo J, Meng F, Hu R, Chen L, Chang J, Zhao K, et al. Inhibition of the NF-«B/
HIF-1lo signaling pathway in colorectal cancer by tyrosol: a gut microbiota-derived
metabolite. ] Immunother Cancer. (2024) 12:e008831. doi: 10.1136/jitc-2024-008831

64. Cao Y, Oh J, Xue M, Huh WJ, Wang J, Gonzalez-Hernandez JA, et al.
Commensal microbiota from patients with inflammatory bowel disease produce
genotoxic metabolites. Science. (2022) 378:eabm3233. doi: 10.1126/science.abm3233

65. Dougherty MW, Valdés-Mas R, Wernke KM, Gharaibeh RZ, Yang Y, Brant JO,
et al. The microbial genotoxin colibactin exacerbates mismatch repair mutations in
colorectal tumors. Neoplasia. (2023) 43:100918. doi: 10.1016/j.ne0.2023.100918

66. Sasamori R, Sato Y, Nomura K, Wakita A, Nagaki Y, Kemuriyama K, et al.
Lipopolysaccharide induces CCL2 through TLR4 signaling and promotes esophageal
squamous cell carcinoma cell proliferation. Am ] Cancer Res. (2024) 14:3497-512.
doi: 10.62347/EIKE6128

67. Wilkie T, Verma AK, Zhao H, Charan M, Ahirwar DK, Kant S, et al.
Lipopolysaccharide from the commensal microbiota of the breast enhances cancer
growth: role of SI00A7 and TLR4. Mol Oncol. (2022) 16:1508-22. doi: 10.1002/1878-
0261.12975

frontiersin.org


https://doi.org/10.1038/s41467-021-22212-1
https://doi.org/10.1038/s41467-021-22212-1
https://doi.org/10.1038/s41568-022-00473-2
https://doi.org/10.1007/s12602-012-9110-2
https://doi.org/10.1016/j.carbpol.2019.04.025
https://doi.org/10.1158/2159-8290.CD-21-0929
https://doi.org/10.1158/2159-8290.CD-21-0929
https://doi.org/10.1016/j.plipres.2009.06.002
https://doi.org/10.1093/femsre/fuz002
https://doi.org/10.1038/s41586-018-0344-3
https://doi.org/10.3390/metabo12010064
https://doi.org/10.3390/metabo12010064
https://doi.org/10.1038/nature09922
https://doi.org/10.1038/s41467-024-46829-0
https://doi.org/10.1126/sciimmunol.abn0704
https://doi.org/10.1016/j.biopha.2024.117031
https://doi.org/10.1038/s41598-024-72694-4
https://doi.org/10.1016/j.immuni.2022.09.014
https://doi.org/10.1016/j.immuni.2022.09.014
https://doi.org/10.1155/2023/6480848
https://doi.org/10.1155/2023/6480848
https://doi.org/10.1007/s00253-015-6450-3
https://doi.org/10.1016/j.ejphar.2010.09.044
https://doi.org/10.1126/science.abc3421
https://doi.org/10.1016/j.ebiom.2023.104834
https://doi.org/10.1371/journal.pone.0289476
https://doi.org/10.1371/journal.pone.0289476
https://doi.org/10.2500/aap.2014.35.3777
https://doi.org/10.1089/neu.2022.0271
https://doi.org/10.1158/2159-8290.CD-14-0501
https://doi.org/10.1074/mcp.RA118.000752
https://doi.org/10.1074/mcp.RA118.000752
https://doi.org/10.1097/HEP.0000000000000047
https://doi.org/10.1038/s41467-021-25965-x
https://doi.org/10.1016/j.cell.2014.04.051
https://doi.org/10.1038/cdd.2010.117
https://doi.org/10.7150/thno.70754
https://doi.org/10.1038/s41556-023-01314-6
https://doi.org/10.1158/0008-5472.CAN-24-0275
https://doi.org/10.1158/0008-5472.CAN-24-0275
https://doi.org/10.1016/j.ccell.2021.12.001
https://doi.org/10.1007/s13402-024-00920-2
https://doi.org/10.1007/s13402-024-00920-2
https://doi.org/10.3748/wjg.v30.i5.485
https://doi.org/10.1038/nrgastro.2017.119
https://doi.org/10.1016/j.bbadis.2017.08.016
https://doi.org/10.1016/j.bbadis.2017.08.016
https://doi.org/10.1038/s41586-024-07754-w
https://doi.org/10.1136/gutjnl-2021-325021
https://doi.org/10.1053/j.gastro.2021.08.041
https://doi.org/10.1136/jitc-2024-008831
https://doi.org/10.1126/science.abm3233
https://doi.org/10.1016/j.neo.2023.100918
https://doi.org/10.62347/EIKE6128
https://doi.org/10.1002/1878-0261.12975
https://doi.org/10.1002/1878-0261.12975
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

68. Martin-Gallausiaux C, Salesse L, Garcia-Weber D, Marinelli L, Beguet-Crespel F,
Brochard V, et al. Fusobacterium nucleatum promotes inflammatory and anti-
apoptotic responses in colorectal cancer cells via ADP-heptose release and ALPK1/
TIFA axis activation. Gut Microbes. (2024) 16:2295384. doi: 10.1080/
19490976.2023.2295384

69. Pérez M, Buey B, Corral P, Giraldos D, Latorre E. Microbiota-derived short-
chain fatty acids boost antitumoral natural killer cell activity. J Clin Med (JCM). (2024)
13:3885. doi: 10.3390/jcm13133885

70. He Y, Fu L, Li Y, Wang W, Gong M, Zhang J, et al. Gut microbial metabolites
facilitate anticancer therapy efficacy by modulating cytotoxic CD8+ T cell immunity.
Cell Metab. (2021) 33:988-1000.e7. doi: 10.1016/j.cmet.2021.03.002

71. Zhou M, Wu J, Shao Y, Zhang J, Zheng R, Shi Q, et al. Short-chain fatty acids
reverses gut microbiota dysbiosis-promoted progression of glioblastoma by up-
regulating M1 polarization in the tumor microenvironment. Int Immunopharmacol.
(2024) 141:112881. doi: 10.1016/j.intimp.2024.112881

72. Ma H, Yang L, Liang Y, Liu F, Hu ], Zhang R, et al. B. thetaiotaomicron-derived
acetic acid modulate immune microenvironment and tumor growth in hepatocellular
carcinoma. Gut Microbes. (2024) 16:2297846. doi: 10.1080/19490976.2023.2297846

73. Kim M, Kim CH. Regulation of humoral immunity by gut microbial products.
Gut Microbes. (2017) 8:392-9. doi: 10.1080/19490976.2017.1299311

74. Chang PV, Hao L, Offermanns S, Medzhitov R. The microbial metabolite
butyrate regulates intestinal macrophage function via histone deacetylase inhibition.
Proc Natl Acad Sci U S A. (2014) 111:2247-52. doi: 10.1073/pnas.1322269111

75. 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

76. 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:€20201915. doi: 10.1084/jem.20201915

77. Meza-Perez S, Liu M, Silva-Sanchez A, Morrow CD, Eipers PG, Lefkowitz EJ,
et al. Proteobacteria impair anti-tumor immunity in the omentum by consuming
arginine. Cell Host Microbe. (2024) 32:1177-1191.e7. doi: 10.1016/j.chom.2024.06.003

78. Liu Y, Liang X, Dong W, Fang Y, Lv J, Zhang T, et al. Tumor-repopulating cells
induce PD-1 expression in CD8+ T cells by transferring kynurenine and ahR activation.
Cancer Cell. (2018) 33:480-494.¢7. doi: 10.1016/j.ccell.2018.02.005

79. Ma C, Han M, Heinrich B, Fu Q, Zhang Q, Sandhu M, et al. Gut microbiome-
mediated bile acid metabolism regulates liver cancer via NKT cells. Science. (2018) 360:
eaan5931. doi: 10.1126/science.aan5931

80. Yin H, Pu N, Chen Q, Zhang J, Zhao G, Xu X, et al. Gut-derived
lipopolysaccharide remodels tumoral microenvironment and synergizes with PD-L1
checkpoint blockade via TLR4/MyD88/AKT/NF-xB pathway in pancreatic cancer. Cell
Death Dis. (2021) 12:1033. doi: 10.1038/s41419-021-04293-4

81. Kay KE, Lee ], Hong ES, Beilis J, Dayal S, Wesley ER, et al. Tumor cell-derived
spermidine promotes a protumorigenic immune microenvironment in glioblastoma
via CD8+ T cell inhibition. J Clin Invest. (2024) 135:e177824. doi: 10.1172/]JCI177824

82. Campesato LF, Budhu S, Tchaicha J, Weng CH, Gigoux M, Cohen IJ, et al.
Blockade of the AHR restricts a Treg-macrophage suppressive axis induced by L-
Kynurenine. Nat Commun. (2020) 11:4011. doi: 10.1038/s41467-020-17750-z

83. Huang B, Zhao J, Li H, He KL, Chen Y, Chen SH, et al. Toll-like receptors on
tumor cells facilitate evasion of immune surveillance. Cancer Res. (2005) 65:5009-14.
doi: 10.1158/0008-5472.CAN-05-0784

84. Sulit AK, Daigneault M, Allen-Vercoe E, Silander OK, Hock B, McKenzie J, et al.
Bacterial lipopolysaccharide modulates immune response in the colorectal tumor
microenvironment. NPJ Biofilms Microbiomes. (2023) 9:59. doi: 10.1038/s41522-023-00429-w

85. Wang H, Rong X, Zhao G, Zhou Y, Xiao Y, Ma D, et al. The microbial metabolite
trimethylamine N-oxide promotes antitumor immunity in triple-negative breast
cancer. Cell Metab. (2022) 34:581-594.8. doi: 10.1016/j.cmet.2022.02.010

86. Zhou H, Wang L, Lin Z, Jiang C, Chen X, Wang K, et al. Methylglyoxal from gut
microbes boosts radiosensitivity and radioimmunotherapy in rectal cancer by
triggering endoplasmic reticulum stress and cGAS-STING activation. ] Immunother
Cancer. (2023) 11:¢007840. doi: 10.1136/jitc-2023-007840

87. Sharma G, Sharma A, Kim I, Cha DG, Kim S, Park ES, et al. A dietary
commensal microbe enhances antitumor immunity by activating tumor
macrophages to sequester iron. Nat Immunol. (2024) 25:790-801. doi: 10.1038/
541590-024-01816-x

88. Lu Y, Cui A, Zhang X. Commensal microbiota-derived metabolite agmatine
triggers inflammation to promote colorectal tumorigenesis. Gut Microbes. (2024)
16:2348441. doi: 10.1080/19490976.2024.2348441

89. Song X, An Y, Chen D, Zhang W, Wu X, Li C, et al. Microbial metabolite
deoxycholic acid promotes vasculogenic mimicry formation in intestinal
carcinogenesis. Cancer Sci. (2022) 113:459-77. doi: 10.1111/cas.15208

90. Yoshimoto S, Loo TM, Atarashi K, Kanda H, Sato S, Oyadomari S, et al. Obesity-
induced gut microbial metabolite promotes liver cancer through senescence secretome.
Nature. (2013) 499:97-101. doi: 10.1038/nature12347

91. LiuY, Zhou Q, Ye F, Yang C, Jiang H. Gut microbiota-derived short-chain fatty
acids promote prostate cancer progression via inducing cancer cell autophagy and M2
macrophage polarization. Neoplasia. (2023) 43:100928. doi: 10.1016/j.ne0.2023.100928

Frontiers in Immunology

32

10.3389/fimmu.2025.1603658

92. Mai Z, Fu L, Su J, To KKW, Yang C, Xia C. Intra-tumoral Sphingobacterium
multivorum promotes triple-negative breast cancer progression by suppressing tumor
immunosurveillance. Mol Cancer. (2025) 24:6. doi: 10.1186/s12943-024-02202-9

93. Hargadon KM, Johnson CE, Williams CJ. Immune checkpoint blockade therapy
for cancer: An overview of FDA-approved immune checkpoint inhibitors. Int
Immunopharmacol. (2018) 62:29-39. doi: 10.1016/j.intimp.2018.06.001

94. Darcy PK, Neeson P, Yong CSM, Kershaw MH. Manipulating immune cells for
adoptive immunotherapy of cancer. Curr Opin Immunol. (2014) 27:46-52.
doi: 10.1016/j.c01.2014.01.008

95. Galluzzi L, Vacchelli E, Eggermont A, Fridman WH, Galon J, Sautes-Fridman C,
et al. Trial Watch: Adoptive cell transfer immunotherapy. Oncoimmunology. (2012)
1:306-15. doi: 10.4161/0nci.19549

96. Benmebarek MR, Karches CH, Cadilha BL, Lesch S, Endres S, Kobold S. Killing
mechanisms of chimeric antigen receptor (CAR) T cells. Int ] Mol Sci. (2019) 20:1283.
doi: 10.3390/ijms20061283

97. Li X, Bu X. Progress in vaccine therapies for breast cancer. Adv Exp Med Biol.
(2017) 1026:315-30. doi: 10.1007/978-981-10-6020-5_15

98. Galati D, Zanotta S. Hematologic neoplasms: Dendritic cells vaccines in motion.
Clin Immunol. (2017) 183:181-90. doi: 10.1016/j.clim.2017.08.016

99. Bashash D, Zandi Z, Kashani B, Pourbagheri-Sigaroodi A, Salari S, Ghaffari SH.
Resistance to immunotherapy in human Malignancies: Mechanisms, research
progresses, challenges, and opportunities. J Cell Physiol. (2022) 237:346-72.
doi: 10.1002/jcp.30575

100. Li P, Li F, Zhang Y, Yu X, Li J. Metabolic diversity of tumor-infiltrating T cells
as target for anti-immune therapeutics. Cancer Immunol Immunother. (2023) 72:3453—-
60. doi: 10.1007/s00262-023-03540-1

101. Li Q, Xiang M. Metabolic reprograming of MDSCs within tumor
microenvironment and targeting for cancer immunotherapy. Acta Pharmacol Sin.
(2022) 43:1337-48. doi: 10.1038/s41401-021-00776-4

102. Zhang Y, Tao Y, Gu Y, Ma Q. Butyrate facilitates immune clearance of
colorectal cancer cells by suppressing STAT1-mediated PD-L1 expression. Clinics
(Sao Paulo). (2023) 78:100303. doi: 10.1016/j.clinsp.2023.100303

103. Zhu X, Li K, Liu G, Wu R, Zhang Y, Wang S, et al. Microbial metabolite
butyrate promotes anti-PD-1 antitumor efficacy by modulating T cell receptor signaling
of cytotoxic CD8 T cell. Gut Microbes. (2023) 15:2249143. doi: 10.1080/
19490976.2023.2249143

104. Kang X, Liu C, Ding Y, Ni Y, Ji F, Lau HCH, et al. Roseburia intestinalis
generated butyrate boosts anti-PD-1 efficacy in colorectal cancer by activating cytotoxic
CD8+ T cells. Gut. (2023) 72:2112-22. doi: 10.1136/gutjnl-2023-330291

105. Wang X, Fang Y, Liang W, Wong CC, Qin H, Gao Y, et al. Fusobacterium
nucleatum facilitates anti-PD-1 therapy in microsatellite stable colorectal cancer.
Cancer Cell. (2024) 42:1729-1746.e8. doi: 10.1016/j.ccell.2024.08.019

106. 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.€5. doi: 10.1016/j.celrep.2019.04.022

107. Balmer ML, Ma EH, Bantug GR, Grihlert J, Pfister S, Glatter T, et al. Memory
CD8+ T cells require increased concentrations of acetate induced by stress for optimal
function. Immunity. (2016) 44:1312-24. doi: 10.1016/j.immuni.2016.03.016

108. Luu M, Riester Z, Baldrich A, Reichardt N, Yuille S, Busetti A, et al. Microbial
short-chain fatty acids modulate CD8+ T cell responses and improve adoptive
immunotherapy for cancer. Nat Commun. (2021) 12:4077. doi: 10.1038/s41467-021-
24331-1

109. Staudt S, Nikolka F, Perl M, Franz J, Leblay N, Yuan XK, et al. Metabolization of
microbial postbiotic pentanoate drives anti-cancer CAR T cells. bioRxiv. 4,
2025:2024.08.19.608538. doi: 10.1101/2024.08.19.608538

110. Jia D, Wang Q, Qi Y, Jiang Y, He J, Lin Y, et al. Microbial metabolite enhances
immunotherapy efficacy by modulating T cell stemness in pan-cancer. Cell. (2024)
187:1651-1665.21. doi: 10.1016/j.cell.2024.02.022

111. Han ], Zhang S, Xu Y, Pang Y, Zhang X, Hu Y, et al. Beneficial effect of
antibiotics and microbial metabolites on expanded V&2VY9 T cells in hepatocellular
carcinoma immunotherapy. Front Immunol. (2020) 11:1380. doi: 10.3389/
fimmu.2020.01380

112. Fong W, Li Q, Ji F, Liang W, Lau HCH, Kang X, et al. Lactobacillus gallinarum-
derived metabolites boost anti-PD1 efficacy in colorectal cancer by inhibiting
regulatory T cells through modulating IDO1/Kyn/AHR axis. Gut. (2023) 72:2272-85.
doi: 10.1136/gutjnl-2023-329543

113. Bender MJ, McPherson AC, Phelps CM, Pandey SP, Laughlin CR, Shapira JH,
et al. Dietary tryptophan metabolite released by intratumoral Lactobacillus reuteri
facilitates immune checkpoint inhibitor treatment. Cell. (2023) 186:1846-1862.¢26.
doi: 10.1016/j.cell.2023.03.011

114. Renga G, Nunzi E, Pariano M, Puccetti M, Bellet MM, Pieraccini G, et al.
Optimizing therapeutic outcomes of immune checkpoint blockade by a microbial
tryptophan metabolite. ] Immunother Cancer. (2022) 10:€003725. doi: 10.1136/jitc-
2021-003725

115. Ginefra P, Hope HC, Chiang YH, Nutten S, Blum S, Coukos G, et al. Urolithin-
A promotes CD8+ T cell-mediated cancer immunosurveillance via FOXO1 activation.
Cancer Res Commun. (2024) 4:1189-98. doi: 10.1158/2767-9764.CRC-24-0022

frontiersin.org


https://doi.org/10.1080/19490976.2023.2295384
https://doi.org/10.1080/19490976.2023.2295384
https://doi.org/10.3390/jcm13133885
https://doi.org/10.1016/j.cmet.2021.03.002
https://doi.org/10.1016/j.intimp.2024.112881
https://doi.org/10.1080/19490976.2023.2297846
https://doi.org/10.1080/19490976.2017.1299311
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1038/nature12721
https://doi.org/10.1084/jem.20201915
https://doi.org/10.1016/j.chom.2024.06.003
https://doi.org/10.1016/j.ccell.2018.02.005
https://doi.org/10.1126/science.aan5931
https://doi.org/10.1038/s41419-021-04293-4
https://doi.org/10.1172/JCI177824
https://doi.org/10.1038/s41467-020-17750-z
https://doi.org/10.1158/0008-5472.CAN-05-0784
https://doi.org/10.1038/s41522-023-00429-w
https://doi.org/10.1016/j.cmet.2022.02.010
https://doi.org/10.1136/jitc-2023-007840
https://doi.org/10.1038/s41590-024-01816-x
https://doi.org/10.1038/s41590-024-01816-x
https://doi.org/10.1080/19490976.2024.2348441
https://doi.org/10.1111/cas.15208
https://doi.org/10.1038/nature12347
https://doi.org/10.1016/j.neo.2023.100928
https://doi.org/10.1186/s12943-024-02202-9
https://doi.org/10.1016/j.intimp.2018.06.001
https://doi.org/10.1016/j.coi.2014.01.008
https://doi.org/10.4161/onci.19549
https://doi.org/10.3390/ijms20061283
https://doi.org/10.1007/978-981-10-6020-5_15
https://doi.org/10.1016/j.clim.2017.08.016
https://doi.org/10.1002/jcp.30575
https://doi.org/10.1007/s00262-023-03540-1
https://doi.org/10.1038/s41401-021-00776-4
https://doi.org/10.1016/j.clinsp.2023.100303
https://doi.org/10.1080/19490976.2023.2249143
https://doi.org/10.1080/19490976.2023.2249143
https://doi.org/10.1136/gutjnl-2023-330291
https://doi.org/10.1016/j.ccell.2024.08.019
https://doi.org/10.1016/j.celrep.2019.04.022
https://doi.org/10.1016/j.immuni.2016.03.016
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1038/s41467-021-24331-1
https://doi.org/10.1101/2024.08.19.608538
https://doi.org/10.1016/j.cell.2024.02.022
https://doi.org/10.3389/fimmu.2020.01380
https://doi.org/10.3389/fimmu.2020.01380
https://doi.org/10.1136/gutjnl-2023-329543
https://doi.org/10.1016/j.cell.2023.03.011
https://doi.org/10.1136/jitc-2021-003725
https://doi.org/10.1136/jitc-2021-003725
https://doi.org/10.1158/2767-9764.CRC-24-0022
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

116. Zheng B, Wang Y, Zhou B, Qian F, Liu D, Ye D, et al. Urolithin A inhibits
breast cancer progression via activating TFEB-mediated mitophagy in tumor
macrophages. ] Adv Res. (2024) $2090-1232:00153-X. doi: 10.1016/j.jare.2024.04.010

117. Mehra S, Garrido VT, Dosch AR, Lamichhane P, Srinivasan S, Singh SP, et al.
Remodeling of stromal immune microenvironment by urolithin A improves survival
with immune checkpoint blockade in pancreatic cancer. Cancer Res Commun. (2023)
3:1224-36. doi: 10.1158/2767-9764.CRC-22-0329

118. Ma S, Wu Q, Wu W, Tian Y, Zhang J, Chen C, et al. Urolithin A hijacks ERK1/
2-ULK1 cascade to improve CD8+ T cell fitness for antitumor immunity. Adv Sci
(Weinh). (2024) 11:¢2310065. doi: 10.1002/advs.202310065

119. Wang T, Gnanaprakasam JNR, Chen X, Kang S, Xu X, Sun H, et al. Inosine is
an alternative carbon source for CD8+-T-cell function under glucose restriction. Nat
Metab. (2020) 2:635-47. doi: 10.1038/s42255-020-0219-4

120. Klysz DD, Fowler C, Malipatlolla M, Stuani L, Freitas KA, Chen Y, et al. Inosine
induces stemness features in CAR-T cells and enhances potency. Cancer Cell. (2024)
42:266-282.¢8. doi: 10.1016/j.ccell.2024.01.002

121. Zhang L, Jiang L, Yu L, Li Q, Tian X, He J, et al. Inhibition of UBA6 by inosine
augments tumour immunogenicity and responses. Nat Commun. (2022) 13:5413.
doi: 10.1038/s41467-022-33116-2

122. Zhao H, Zhang W, Lu Y, Dong Y, He Z, Zhen H, et al. Inosine enhances the
efficacy of immune-checkpoint inhibitors in advanced solid tumors: A randomized,
controlled, Phase 2 study. Cancer Med. (2024) 13:€70143. doi: 10.1002/cam4.70143

123. Geiger R, Rieckmann JC, Wolf T, Basso C, Feng Y, Fuhrer T, et al. L-Arginine
modulates T cell metabolism and enhances survival and anti-tumor activity. Cell.
(2016) 167:829-842.e13. doi: 10.1016/j.cell.2016.09.031

124. He X, Lin H, Yuan L, Li B. Combination therapy with L-arginine and o-PD-L1
antibody boosts immune response against osteosarcoma in immunocompetent mice.
Cancer Biol Ther. (2017) 18:94-100. doi: 10.1080/15384047.2016.1276136

125. Zhao Z, Qin J, Qian Y, Huang C, Liu X, Wang N, et al. FFAR2 expressing
myeloid-derived suppressor cells drive cancer immunoevasion. J Hematol Oncol.
(2024) 17:9. doi: 10.1186/s13045-024-01529-6

126. Davar D, Dzutsev AK, McCulloch JA, Rodrigues RR, Chauvin JM, Morrison
RM, et al. Fecal microbiota transplant overcomes resistance to anti-PD-1 therapy in
melanoma patients. Science. (2021) 371:595-602. doi: 10.1126/science.abf3363

127. Shen Y, Lu C, Song Z, Qiao C, Wang J, Chen J, et al. Ursodeoxycholic acid
reduces antitumor immunosuppression by inducing CHIP-mediated TGF-f
degradation. Nat Commun. (2022) 13:3419. doi: 10.1038/s41467-022-31141-6

128. Lee SH, Kim S, Lee J, Kim Y, Joo Y, Heo JY, et al. Comprehensive metabolomic
analysis identifies key biomarkers and modulators of immunotherapy response in
NSCLC patients. Drug Resist Updat. (2024) 77:101159. doi: 10.1016/j.drup.2024.101159

129. Kang DY, Sp N, Jo ES, Rugamba A, Hong DY, Lee HG, et al. The inhibitory
mechanisms of tumor PD-L1 expression by natural bioactive gallic acid in non-small-
cell lung cancer (NSCLC) cells. Cancers. (2020) 12:727. doi: 10.3390/cancers12030727

130. Deng B, Yang B, Chen J, Wang S, Zhang W, Guo Y, et al. Gallic acid induces T-
helper-1-like Treg cells and strengthens immune checkpoint blockade efficacy. J
Immunother Cancer. (2022) 10:¢004037. doi: 10.1136/jitc-2021-004037

131. Luo Z, Shi ], Jiang Q, Yu G, Li X, Yu Z, et al. Gallic acid enhances anti-
lymphoma function of anti-CD19 CAR-T cells in vitro and in vivo. Mol BioMed. (2023)
4:8. doi: 10.1186/s43556-023-00122-6

132. Xu W, Cao F, Zhao M, Fu X, Yin S, Sun Y, et al. Macrophage activation by
exopolysaccharides from Streptococcus thermophilus fermented milk through TLRs-
mediated NF-xB and MAPK pathways. Int Immunopharmacol. (2022) 108:108875.
doi: 10.1016/j.intimp.2022.108875

133. Pallett L], Swadling L, Diniz M, Maini AA, Schwabenland M, Gasull AD, et al.
Tissue CD14+CD8+ T cells reprogrammed by myeloid cells and modulated by LPS.
Nature. (2023) 614:334-42. doi: 10.1038/s41586-022-05645-6

134. Song J, Li J, Zhang A, Tan X, Li S, Luo L, et al. Combination of
lipopolysaccharide and polygalacturonic acid exerts antitumor activity and augments
anti-PD-L1 immunotherapy. Int | Biol Macromol. (2024) 281:136390. doi: 10.1016/
j.ijbiomac.2024.136390

135. Griffin ME, Espinosa J, Becker JL, Luo JD, Carroll TS, Jha JK, et al. Enterococcus
peptidoglycan remodeling promotes checkpoint inhibitor cancer immunotherapy.
Science. (2021) 373:1040-6. doi: 10.1126/science.abc9113

136. Zhang Q, Zhao Q, Li T, Lu L, Wang F, Zhang H, et al. Lactobacillus plantarum-
derived indole-3-lactic acid ameliorates colorectal tumorigenesis via epigenetic
regulation of CD8+ T cell immunity. Cell Metab. (2023) 35:943-960.€9. doi: 10.1016/
j.cmet.2023.04.015

137. Zhang SL, Wang X, Cai QQ, Chen C, Zhang ZY, Xu YY, et al. Acarbose
enhances the efficacy of immunotherapy against solid tumours by modulating the gut
microbiota. Nat Metab. (2024) 6:1991-2009. doi: 10.1038/s42255-024-01137-1

138. Lam KC, Araya RE, Huang A, Chen Q, Di Modica M, Rodrigues RR, et al.
Microbiota triggers STING-type I IFN-dependent monocyte reprogramming of the
tumor microenvironment. Cell. (2021) 184:5338-5356.e21. doi: 10.1016/
j.cell2021.09.019

139. Ferrari V, Lo Cascio A, Melacarne A, Tanaskovi¢ N, Mozzarelli AM, Tiraboschi
L, et al. Sensitizing cancer cells to immune checkpoint inhibitors by microbiota-

Frontiers in Immunology

10.3389/fimmu.2025.1603658

mediated upregulation of HLA class I. Cancer Cell. (2023) 41:1717-1730.e4.
doi: 10.1016/j.ccell.2023.08.014

140. Murayama M, Hosonuma M, Kuramasu A, Kobayashi S, Sasaki A, Baba Y, et al.
Isobutyric acid enhances the anti-tumour effect of anti-PD-1 antibody. Sci Rep. (2024)
14:11325. doi: 10.1038/s41598-024-59677-1

141. Wang B, Shangguan W, Li W, Xie M, Yu Y, Yang Q, et al. Blautia coccoides and
its metabolic products enhance the efficacy of bladder cancer immunotherapy by
promoting CD8+ T cell infiltration. ] Transl Med. (2024) 22:964. doi: 10.1186/s12967-
024-05762-y

142. Teng Y, Luo C, Qiu X, Mu J, Sriwastva MK, Xu Q, et al. Plant-nanoparticles
enhance anti-PD-L1 efficacy by shaping human commensal microbiota metabolites.
Nat Commun. (2025) 16:1295. doi: 10.1038/s41467-025-56498-2

143. Zhang H, Chen H, Yin S, Fan L, Jin C, Zhao C, et al. Docosahexaenoic acid
reverses PD-Ll-mediated immune suppression by accelerating its ubiquitin-
proteasome degradation. J Nutr Biochem. (2023) 112:109186. doi: 10.1016/
jjnutbio.2022.109186

144. La Vecchia S, Fontana S, Salaroglio IC, Anobile DP, Digiovanni S, Akman M,
et al. Increasing membrane polyunsaturated fatty acids sensitizes non-small cell lung
cancer to anti-PD-1/PD-L1 immunotherapy. Cancer Lett. (2024) 604:217221.
doi: 10.1016/j.canlet.2024.217221

145. Zhang W, Pan X, Xu Y, Guo H, Zheng M, Chen X, et al. Mevalonate improves
anti-PD-1/PD-L1 efficacy by stabilizing CD274 mRNA. Acta Pharm Sin B. (2023)
13:2585-600. doi: 10.1016/j.apsb.2023.04.002

146. Sun G, Liu C, Lu Z, Zhang J, Cao H, Huang T, et al. Metabolomics reveals
ascorbic acid inhibits ferroptosis in hepatocytes and boosts the effectiveness of anti-
PD1 immunotherapy in hepatocellular carcinoma. Cancer Cell Int. (2024) 24:192.
doi: 10.1186/512935-024-03342-0

147. Liu J, He X, Deng S, Zhao S, Zhang S, Chen Z, et al. QDPR deficiency drives
immune suppression in pancreatic cancer. Cell Metab. (2024) 36:984-999.e8.
doi: 10.1016/j.cmet.2024.03.015

148. Nomura M, Nagatomo R, Doi K, Shimizu ], 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:¢202895. doi: 10.1001/jamanetworkopen.2020.2895

149. Bachem A, Makhlouf C, Binger KJ, de Souza DP, Tull D, Hochheiser K, et al.
Microbiota-derived short-chain fatty acids promote the memory potential of antigen-
activated CD8+ T cells. Immunity. (2019) 51:285-297.e5. doi: 10.1016/
j.immuni.2019.06.002

150. Liang L, Liu L, Zhou W, Yang C, Mai G, Li H, et al. Gut microbiota-derived
butyrate regulates gut mucus barrier repair by activating the macrophage/WNT/ERK
signaling pathway. Clin Sci (Lond). (2022) 136:291-307. doi: 10.1042/CS20210778

151. Chang AE, Golob JL, Schmidt TM, Peltier DC, Lao CD, Tewari M. Targeting
the gut microbiome to mitigate immunotherapy-induced colitis in cancer. Trends
Cancer. (2021) 7:583-93. doi: 10.1016/j.trecan.2021.02.005

152. Coutzac C, Jouniaux JM, Paci A, Schmidt J, Mallardo D, Seck A, et al. Systemic
short chain fatty acids limit antitumor effect of CTLA-4 blockade in hosts with cancer.
Nat Commun. (2020) 11:2168. doi: 10.1038/s41467-020-16079-x

153. Jing X, Lyu J, Xiong J. Acetate regulates GAPDH acetylation and T helper 1 cell
differentiation. Mol Biol Cell. (2023) 34:br10. doi: 10.1091/mbc.E23-02-0070

154. Lyu J, Li Z, Roberts JP, Qi YA, Xiong J. The short-chain fatty acid acetate
coordinates with CD30 to modulate T-cell survival. Mol Biol Cell. (2023) 34:br11.
doi: 10.1091/mbc.E23-01-0032

155. Maruta H, Yamashita H. Acetic acid stimulates G-protein-coupled receptor
GPR43 and induces intracellular calcium influx in L6 myotube cells. PIoS One. (2020)
15:¢0239428. doi: 10.1371/journal.pone.0239428

156. Kumari B, Kumari U, Singh DK, Husain GM, Patel DK, Shakya A, et al.
Molecular targets of valeric acid: A bioactive natural product for endocrine, metabolic,
and immunological disorders. Endocr Metab Immune Disord Drug Targets. (2024)
24:1506-17. doi: 10.2174/0118715303262653231120043819

157. Zhang B, Jiang M, Zhao ], Song Y, Du W, Shi J. The mechanism underlying the
influence of indole-3-propionic acid: A relevance to metabolic disorders. Front
Endocrinol (Lausanne). (2022) 13:841703. doi: 10.3389/fend0.2022.841703

158. Xu J, Ye Y, Ji J, Sun J, Wang JS, Sun X. Untargeted metabolomic profiling
reveals changes in gut microbiota and mechanisms of its regulation of allergy in OVA-
sensitive BALB/c mice. ] Agric Food Chem. (2022) 70:3344-56. doi: 10.1021/
acs.jafc.1c07482

159. PiZ, Liu W, Mao W. One size might fit all: Indole-3-propionic acid potentiates
pan-cancer immunotherapy. Cell Host Microbe. (2024) 32:627-30. doi: 10.1016/
j.chom.2024.03.011

160. Béttcher C, Chapman A, Fellermeier F, Choudhary M, Scheel D, Glawischnig E.
The biosynthetic pathway of indole-3-carbaldehyde and indole-3-carboxylic acid
derivatives in arabidopsis. Plant Physiol. (2014) 165:841-53. doi: 10.1104/
pp-114.235630

161. Li D, Chen Y, Wan M, Mei F, Wang F, Gu P, et al. Oral magnesium prevents
acetaminophen-induced acute liver injury by modulating microbial metabolism. Cell
Host Microbe. (2024) 32:48-62.¢9. doi: 10.1016/j.chom.2023.11.006

frontiersin.org


https://doi.org/10.1016/j.jare.2024.04.010
https://doi.org/10.1158/2767-9764.CRC-22-0329
https://doi.org/10.1002/advs.202310065
https://doi.org/10.1038/s42255-020-0219-4
https://doi.org/10.1016/j.ccell.2024.01.002
https://doi.org/10.1038/s41467-022-33116-z
https://doi.org/10.1002/cam4.70143
https://doi.org/10.1016/j.cell.2016.09.031
https://doi.org/10.1080/15384047.2016.1276136
https://doi.org/10.1186/s13045-024-01529-6
https://doi.org/10.1126/science.abf3363
https://doi.org/10.1038/s41467-022-31141-6
https://doi.org/10.1016/j.drup.2024.101159
https://doi.org/10.3390/cancers12030727
https://doi.org/10.1136/jitc-2021-004037
https://doi.org/10.1186/s43556-023-00122-6
https://doi.org/10.1016/j.intimp.2022.108875
https://doi.org/10.1038/s41586-022-05645-6
https://doi.org/10.1016/j.ijbiomac.2024.136390
https://doi.org/10.1016/j.ijbiomac.2024.136390
https://doi.org/10.1126/science.abc9113
https://doi.org/10.1016/j.cmet.2023.04.015
https://doi.org/10.1016/j.cmet.2023.04.015
https://doi.org/10.1038/s42255-024-01137-1
https://doi.org/10.1016/j.cell.2021.09.019
https://doi.org/10.1016/j.cell.2021.09.019
https://doi.org/10.1016/j.ccell.2023.08.014
https://doi.org/10.1038/s41598-024-59677-1
https://doi.org/10.1186/s12967-024-05762-y
https://doi.org/10.1186/s12967-024-05762-y
https://doi.org/10.1038/s41467-025-56498-2
https://doi.org/10.1016/j.jnutbio.2022.109186
https://doi.org/10.1016/j.jnutbio.2022.109186
https://doi.org/10.1016/j.canlet.2024.217221
https://doi.org/10.1016/j.apsb.2023.04.002
https://doi.org/10.1186/s12935-024-03342-0
https://doi.org/10.1016/j.cmet.2024.03.015
https://doi.org/10.1001/jamanetworkopen.2020.2895
https://doi.org/10.1016/j.immuni.2019.06.002
https://doi.org/10.1016/j.immuni.2019.06.002
https://doi.org/10.1042/CS20210778
https://doi.org/10.1016/j.trecan.2021.02.005
https://doi.org/10.1038/s41467-020-16079-x
https://doi.org/10.1091/mbc.E23-02-0070
https://doi.org/10.1091/mbc.E23-01-0032
https://doi.org/10.1371/journal.pone.0239428
https://doi.org/10.2174/0118715303262653231120043819
https://doi.org/10.3389/fendo.2022.841703
https://doi.org/10.1021/acs.jafc.1c07482
https://doi.org/10.1021/acs.jafc.1c07482
https://doi.org/10.1016/j.chom.2024.03.011
https://doi.org/10.1016/j.chom.2024.03.011
https://doi.org/10.1104/pp.114.235630
https://doi.org/10.1104/pp.114.235630
https://doi.org/10.1016/j.chom.2023.11.006
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

162. Wang T, Zhao ], Li X, Xu Q, Liu Y, Khan IA, et al. New alkaloids from green
vegetable soybeans and their inhibitory activities on the proliferation of concanavalin
A-activated lymphocytes. ] Agric Food Chem. (2016) 64:1649-56. doi: 10.1021/
acs.jafc.5b06107

163. Mujahid M, Sasikala C, Ramana CV. Production of indole-3-acetic acid and
related indole derivatives from L-tryptophan by Rubrivivax benzoatilyticus JA2. Appl
Microbiol Biotechnol. (2011) 89:1001-8. doi: 10.1007/s00253-010-2951-2

164. Narovlyansky A, Pronin A, Poloskov V, Sanin A, Mezentseva M, Fedyakina I,
et al. Expression of toll-like receptor genes and antiviral cytokines in macrophage-like
cells in response to indole-3-carboxylic acid derivative. Viruses. (2024) 16:1718.
doi: 10.3390/v16111718

165. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al.
Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance
mucosal reactivity via interleukin-22. Immunity. (2013) 39:372-85. doi: 10.1016/
jimmuni.2013.08.003

166. Revelou PK, Kokotou MG, Constantinou-Kokotou V. Determination of indole-
type phytonutrients in cruciferous vegetables. Nat Prod Res. (2020) 34:2554-7.
doi: 10.1080/14786419.2018.1543680

167. Zhang ], Zhang R, Chen Y, Guo X, Ren Y, Wang M, et al. Indole-3-aldehyde
alleviates high-fat diet-induced gut barrier disruption by increasing intestinal stem cell
expansion. ] Agric Food Chem. (2024) 72:18930-41. doi: 10.1021/acs.jafc.4c02381

168. Scott SA, Fu ], Chang PV. Microbial tryptophan metabolites regulate gut barrier
function via the aryl hydrocarbon receptor. Proc Natl Acad Sci U S A. (2020)
117:19376-87. doi: 10.1073/pnas.2000047117

169. Wang M, Guo J, Hart AL, Li JV. Indole-3-aldehyde reduces inflammatory
responses and restores intestinal epithelial barrier function partially via aryl
hydrocarbon receptor (AhR) in experimental colitis models. J Inflammation Res.
(2023) 16:5845-64. doi: 10.2147/JIR.S432747

170. Xie LW, Cai S, Lu HY, Tang FL, Zhu RQ, Tian Y, et al. Microbiota-derived I3A
protects the intestine against radiation injury by activating AhR/IL-10/Wnt signaling
and enhancing the abundance of probiotics. Gut Microbes. (2024) 16:2347722.
doi: 10.1080/19490976.2024.2347722

171. Pereira MS, Kriegel MA. Translocating Lactobacillus torments tumors via
tryptophan catabolism. Cell. (2023) 186:1821-3. doi: 10.1016/j.cell.2023.03.022

172. Yang S, Dai H, Lu Y, Li R, Gao C, Pan S. Trimethylamine N-oxide promotes cell
proliferation and angiogenesis in colorectal cancer. | Immunol Res. (2022)
2022:7043856. doi: 10.1155/2022/7043856

173. Liu ZY, Tan XY, Li QJ, Liao GC, Fang AP, Zhang DM, et al. Trimethylamine N-
oxide, a gut microbiota-dependent metabolite of choline, is positively associated with
the risk of primary liver cancer: a case-control study. Nutr Metab (Lond). (2018) 15:81.
doi: 10.1186/s12986-018-0319-2

174. Wu Y, Rong X, Pan M, Wang T, Yang H, Chen X, et al. Integrated analysis
reveals the gut microbial metabolite TMAO promotes inflammatory hepatocellular
carcinoma by upregulating POSTN. Front Cell Dev Biol. (2022) 10:840171.
doi: 10.3389/fcell.2022.840171

175. Huang JY, Luu HN, Butler LM, Midttun @, Ulvik A, Wang R, et al. A
prospective evaluation of serum methionine-related metabolites in relation to
pancreatic cancer risk in two prospective cohort studies. Int J Cancer. (2020)
147:1917-27. doi: 10.1002/ijc.32994

176. Morad HM, Abou-Elzahab MM, Aref S, El-Sokkary AMA. Diagnostic value of
1H NMR-based metabolomics in acute lymphoblastic leukemia, acute myeloid
leukemia, and breast cancer. ACS Omega. (2022) 7:8128-40. doi: 10.1021/
acsomega.2c00083

177. Tang Y, Kang Y. Microbial metabolite as icebreaker for immunotherapy. Cell
Metab. (2022) 34:506-7. doi: 10.1016/j.cmet.2022.03.003

178. Zarour HM. Microbiome-derived metabolites counteract tumor-induced
immunosuppression and boost immune checkpoint blockade. Cell Metab. (2022)
34:1903-5. doi: 10.1016/j.cmet.2022.11.010

179. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of I-carnitine, a nutrient in red meat, promotes atherosclerosis.
Nat Med. (2013) 19:576-85. doi: 10.1038/nm.3145

180. Chen S, Henderson A, Petriello MC, Romano KA, Gearing M, Miao J, et al.
Trimethylamine N-oxide binds and activates PERK to promote metabolic dysfunction.
Cell Metab. (2019) 30:1141-1151.e5. doi: 10.1016/j.cmet.2019.08.021

181. Garcfa-Villalba R, Giménez-Bastida JA, Cortés-Martin A, Avila-Galvez MA,
Tomas-Barberan FA, Selma MV, et al. Urolithins: a comprehensive update on their
metabolism, bioactivity, and associated gut microbiota. Mol Nutr Food Res. (2022)
66:2101019. doi: 10.1002/mnfr.202101019

182. D’Amico D, Andreux PA, Valdés P, Singh A, Rinsch C, Auwerx J. Impact of the
natural compound urolithin A on health, disease, and aging. Trends Mol Med. (2021)
27:687-99. doi: 10.1016/j.molmed.2021.04.009

183. Sahashi H, Kato A, Yoshida M, Hayashi K, Naitoh I, Hori Y, et al. Urolithin A
targets the AKT/WNK1 axis to induce autophagy and exert anti-tumor effects in
cholangiocarcinoma. Front Oncol. (2022) 12:963314. doi: 10.3389/fonc.2022.963314

184. Cheng F, Dou J, Zhang Y, Wang X, Wei H, Zhang Z, et al. Urolithin A inhibits
epithelial-mesenchymal transition in lung cancer cells via P53-mdm2-snail pathway.
Onco Targets Ther. (2021) 14:3199-208. doi: 10.2147/OTT.S305595

Frontiers in Immunology

10.3389/fimmu.2025.1603658

185. Norden E, Heiss EH. Urolithin A gains in antiproliferative capacity by reducing
the glycolytic potential via the p53/TIGAR axis in colon cancer cells. Carcinogenesis.
(2019) 40:93-101. doi: 10.1093/carcin/bgy158

186. Lv MY, Shi CJ, Pan FF, Shao J, Feng L, Chen G, et al. Urolithin B suppresses
tumor growth in hepatocellular carcinoma through inducing the inactivation of Wnt/
B-catenin signaling. J Cell Biochem. (2019) 120:17273-82. doi: 10.1002/jcb.28989

187. Yang H, Wu B, Yang Q, Tan T, Shang D, Chen J, et al. Urolithin C suppresses
colorectal cancer progression via the AKT/mTOR pathway. ] Nat Med. (2024) 78:887-
900. doi: 10.1007/s11418-024-01821-2

188. Zhang Y, Jiang L, Su P, Yu T, Ma Z, Liu Y, et al. Urolithin A suppresses tumor
progression and induces autophagy in gastric cancer via the PI3K/Akt/mTOR pathway.
Drug Dev Res. (2023) 84:172-84. doi: 10.1002/ddr.22021

189. Remadevi V, Jaikumar VS, Vini R, Krishnendhu B, Azeez JM, Sundaram S, et al.
induces apoptosis and autophagy crosstalk in Oral Squamous Cell Carcinoma via
mTOR/AKT/ERK1/2 pathway. Phytomedicine. (2024) 130:155721. doi: 10.1016/
j.phymed.2024.155721

190. Tajvar Nasab N, Jalili-Nik M, Afshari AR, Rezaei Farimani A, Soukhtanloo M.
Urolithin B inhibits proliferation and migration and promotes apoptosis and necrosis
by inducing G2/M arrest and targeting MMP-2/-9 expression in osteosarcoma cells. ]
Biochem Mol Toxicol. (2023) 37:¢23486. doi: 10.1002/jbt.23486

191. Boukhaled GM, Harding S, Brooks DG. Opposing roles of type I interferons in
cancer immunity. Annu Rev Pathol Mech Dis. (2021) 16:167-98. doi: 10.1146/annurev-
pathol-031920-093932

192. Parker BS, Rautela J, Hertzog PJ. Antitumour actions of interferons:
implications for cancer therapy. Nat Rev Cancer. (2016) 16:131-44. doi: 10.1038/
nrc.2016.14

193. Heidegger S, Wintges A, Stritzke F, Bek S, Steiger K, Koenig PA, et al. RIG-I
activation is critical for responsiveness to checkpoint blockade. Sci Immunol. (2019) 4:
eaau8943. doi: 10.1126/sciimmunol.aau8943

194. Steed AL, Christophi GP, Kaiko GE, Sun L, Goodwin VM, Jain U, et al. The
microbial metabolite desaminotyrosine protects from influenza through type I
interferon. Science. (2017) 357:498-502. doi: 10.1126/science.aam5336

195. Zhou J, Han J, Wei Y, Wang Y. Desaminotyrosine is a redox-active microbial
metabolite that bolsters macrophage antimicrobial functions while attenuating IL-6
production. FASEB J. (2024) 38:e23844. doi: 10.1096/1j.202400638R

196. Li F, Wang L, Cai Y, Luo Y, Shi X. Safety assessment of desaminotyrosine:
Acute, subchronic oral toxicity, and its effects on intestinal microbiota in rats. Toxicol
Appl Pharmacol. (2021) 417:115464. doi: 10.1016/j.taap.2021.115464

197. Felchle H, Gissibl ], Lansink Rotgerink L, Nefzger SM, Walther CN, Timnik
VR, et al. Influence of intestinal microbial metabolites on the abscopal effect after
radiation therapy combined with immune checkpoint inhibitors. Clin Transl Radiat
Oncol. (2024) 46:100758. doi: 10.1016/j.ctr0.2024.100758

198. Kim IS, Jo EK. Inosine: A bioactive metabolite with multimodal actions in
human diseases. Front Pharmacol. (2022) 13:1043970. doi: 10.3389/fphar.2022.1043970

199. Ma Y, Qian X, Yu Q, Dong Y, Wang J, Liu H, et al. Inosine prevents colorectal
cancer progression by inducing M1 phenotypic polarization of macrophages.
Molecules. (2024) 30:123. doi: 10.3390/molecules30010123

200. Allen-Vercoe E, Coburn B. A microbiota-derived metabolite augments cancer
immunotherapy responses in mice. Cancer Cell. (2020) 38:452-3. doi: 10.1016/
j.ccell.2020.09.005

201. Farrera-Sal M, Schmueck-Henneresse M. CAR-T overdrive: harnessing inosine
for metabolic rewiring and stemness induction. Signal Transduct Target Ther. (2024)
9:120. doi: 10.1038/s41392-024-01818-z

202. Szefel J, Danielak A, Kruszewski WJ. Metabolic pathways of L-arginine and
therapeutic consequences in tumors. Adv Med Sci. (2019) 64:104-10. doi: 10.1016/
j-advms.2018.08.018

203. Lu CD. Pathways and regulation of bacterial arginine metabolism and
perspectives for obtaining arginine overproducing strains. Appl Microbiol Biotechnol.
(2006) 70:261-72. doi: 10.1007/s00253-005-0308-z

204. Peyraud F, Guégan JP, Bodet D, Nafia I, Fontan L, Auzanneau C, et al.
Circulating L-arginine predicts the survival of cancer patients treated with immune
checkpoint inhibitors. Ann Oncol. (2022) 33:1041-51. doi: 10.1016/
j.annonc.2022.07.001

205. Raber P, Ochoa AC, Rodriguez PC. Metabolism of L-Arginine by Myeloid-
Derived Suppressor Cells in Cancer: Mechanisms of T cell suppression and Therapeutic
Perspectives. Immunol Invest. (2012) 41:614-34. doi: 10.3109/08820139.2012.680634

206. Fletcher M, Ramirez ME, Sierra RA, Raber P, Thevenot P, Al-Khami AA, et al.
l-arginine depletion blunts antitumor T-cell responses by inducing myeloid-derived
suppressor cells. Cancer Res. (2015) 75:275-83. doi: 10.1158/0008-5472.CAN-14-1491

207. Varanasi SK, Chen D, Liu Y, Johnson MA, Miller CM, Ganguly S, et al. Bile acid
synthesis impedes tumor-specific T cell responses during liver cancer. Science. (2025)
387:192-201. doi: 10.1126/science.adl4100

208. Li MO, Wan YY, Sanjabi S, Robertson AKL, Flavell RA. Transforming growth
factor-beta regulation of immune responses. Annu Rev Immunol. (2006) 24:99-146.
doi: 10.1146/annurev.immunol.24.021605.090737

209. Lee PC, Wu CJ, Hung YW, Lee CJ, Chi CT, Lee IC, et al. Gut microbiota and
metabolites associate with outcomes of immune checkpoint inhibitor-treated

frontiersin.org


https://doi.org/10.1021/acs.jafc.5b06107
https://doi.org/10.1021/acs.jafc.5b06107
https://doi.org/10.1007/s00253-010-2951-2
https://doi.org/10.3390/v16111718
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1016/j.immuni.2013.08.003
https://doi.org/10.1080/14786419.2018.1543680
https://doi.org/10.1021/acs.jafc.4c02381
https://doi.org/10.1073/pnas.2000047117
https://doi.org/10.2147/JIR.S432747
https://doi.org/10.1080/19490976.2024.2347722
https://doi.org/10.1016/j.cell.2023.03.022
https://doi.org/10.1155/2022/7043856
https://doi.org/10.1186/s12986-018-0319-2
https://doi.org/10.3389/fcell.2022.840171
https://doi.org/10.1002/ijc.32994
https://doi.org/10.1021/acsomega.2c00083
https://doi.org/10.1021/acsomega.2c00083
https://doi.org/10.1016/j.cmet.2022.03.003
https://doi.org/10.1016/j.cmet.2022.11.010
https://doi.org/10.1038/nm.3145
https://doi.org/10.1016/j.cmet.2019.08.021
https://doi.org/10.1002/mnfr.202101019
https://doi.org/10.1016/j.molmed.2021.04.009
https://doi.org/10.3389/fonc.2022.963314
https://doi.org/10.2147/OTT.S305595
https://doi.org/10.1093/carcin/bgy158
https://doi.org/10.1002/jcb.28989
https://doi.org/10.1007/s11418-024-01821-2
https://doi.org/10.1002/ddr.22021
https://doi.org/10.1016/j.phymed.2024.155721
https://doi.org/10.1016/j.phymed.2024.155721
https://doi.org/10.1002/jbt.23486
https://doi.org/10.1146/annurev-pathol-031920-093932
https://doi.org/10.1146/annurev-pathol-031920-093932
https://doi.org/10.1038/nrc.2016.14
https://doi.org/10.1038/nrc.2016.14
https://doi.org/10.1126/sciimmunol.aau8943
https://doi.org/10.1126/science.aam5336
https://doi.org/10.1096/fj.202400638R
https://doi.org/10.1016/j.taap.2021.115464
https://doi.org/10.1016/j.ctro.2024.100758
https://doi.org/10.3389/fphar.2022.1043970
https://doi.org/10.3390/molecules30010123
https://doi.org/10.1016/j.ccell.2020.09.005
https://doi.org/10.1016/j.ccell.2020.09.005
https://doi.org/10.1038/s41392-024-01818-z
https://doi.org/10.1016/j.advms.2018.08.018
https://doi.org/10.1016/j.advms.2018.08.018
https://doi.org/10.1007/s00253-005-0308-z
https://doi.org/10.1016/j.annonc.2022.07.001
https://doi.org/10.1016/j.annonc.2022.07.001
https://doi.org/10.3109/08820139.2012.680634
https://doi.org/10.1158/0008-5472.CAN-14-1491
https://doi.org/10.1126/science.adl4100
https://doi.org/10.1146/annurev.immunol.24.021605.090737
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

unresectable hepatocellular carcinoma. J Immunother Cancer. (2022) 10:e004779.
doi: 10.1136/jitc-2022-004779

210. Hadidi M, Lifan-Atero R, Tarahi M, Christodoulou MC, Aghababaei F. The
potential health benefits of gallic acid: therapeutic and food applications. Antioxidants.
(2024) 13:1001. doi: 10.3390/antiox13081001

211. GuoJ,Ren X, LuL, An N, Li S, Geng M, et al. Microbial synthesis of gallic acid
and its glucoside B-glucogallin. Biotechnol Bioeng. (2024) 121:3527-36. doi: 10.1002/
bit.28820

212. Sawasdee N, Jantakee K, Wathikthinnakon M, Panwong S, Pekkoh J, Duangjan
K, et al. Microalga Chlorella sp. extract induced apoptotic cell death of
cholangiocarcinoma via AKT/mTOR signaling pathway. BioMed Pharmacother.
(2023) 160:114306. doi: 10.1016/j.biopha.2023.114306

213. QiuY, Ke S, Chen J, Qin Z, Zhang W, Yuan Y, et al. FOXP3+ regulatory T cells
and the immune escape in solid tumours. Front Immunol. (2022) 13:982986.
doi: 10.3389/fimmu.2022.982986

214. Zhang J, Xiao Y, Wang H, Zhang H, Chen W, Lu W. Lactic acid bacteria-
derived exopolysaccharide: Formation, immunomodulatory ability, health effects, and
structure-function relationship. Microbiol Res. (2023) 274:127432. doi: 10.1016/
j-micres.2023.127432

215. Chen L, Wang D, Liu W, Zhou S, Gu Q, Zhou T. Immunomodulation of
exopolysaccharide produced by Lacticaseibacillus rhamnosus ZFM216 in
cyclophosphamide-induced immunosuppressed mice by modulating gut microbiota.
Int ] Biol Macromol. (2024) 283:137619. doi: 10.1016/j.ijbiomac.2024.137619

216. Wang J, Fang X, Wu T, Fang L, Liu C, Min W. In vitro immunomodu]atory
effects of acidic exopolysaccharide produced by Lactobacillus planetarium JLAU103 on
RAW?264.7 macrophages. Int ] Biol Macromol. (2020) 156:1308-15. doi: 10.1016/
j.ijbiomac.2019.11.169

217. Wang J, Wu T, Fang X, Min W, Yang Z. Characterization and
immunomodulatory activity of an exopolysaccharide produced by Lactobacillus
plantarum JLK0142 isolated from fermented dairy tofu. Int J Biol Macromol. (2018)
115:985-93. doi: 10.1016/j.ijbiomac.2018.04.099

218. Wu]J, Zhang Y, Ye L, Wang C. The anti-cancer effects and mechanisms of lactic
acid bacteria exopolysaccharides in vitro: A review. Carbohydr Polym. (2021)
253:117308. doi: 10.1016/j.carbpol.2020.117308

219. Costalonga M, Zell T. Lipopolysaccharide enhances in vivo interleukin-2
production and proliferation by naive antigen-specific CD4 T cells via a Toll-like
receptor 4-dependent mechanism. Immunology. (2007) 122:124-30. doi: 10.1111/
j.1365-2567.2007.02620.x

220. Yahiro K, Matsumoto Y, Yamada H, Endo M, Setsu N, Fujiwara T, et al.
Activation of TLR4 signaling inhibits progression of osteosarcoma by stimulating CD8-
positive cytotoxic lymphocytes. Cancer Immunol Immunother. (2020) 69:745-58.
doi: 10.1007/s00262-020-02508-9

221. Li Y, Shen G, Nie W, Li Z, Sang Y, Zhang B, et al. Irradiated tumor cells of
lipopolysaccharide stimulation elicit an enhanced anti-tumor immunity. J Cancer Res
Clin Oncol. (2014) 140:1815-23. doi: 10.1007/s00432-014-1721-4

222. Wang E, Ren K, Wang X, Du S, Gao X, Niu W, et al. The close association of
Muribaculum and PA (10: 0/a-17: 0) with the occurrence of pancreatic ductal
adenocarcinoma and immunotherapy. Front Immunol. (2024) 15:1505966.
doi: 10.3389/fimmu.2024.1505966

223. Fujiki F, Morimoto S, Katsuhara A, Okuda A, Ogawa S, Ueda E, et al. T cell-
intrinsic vitamin A metabolism and its signaling are targets for memory T cell-based
cancer immunotherapy. Front Immunol. (2022) 13:935465. doi: 10.3389/
fimmu.2022.935465

224. Xu X, Lv ], Guo F, Li J, Jia Y, Jiang D, et al. Gut microbiome influences the
efficacy of PD-1 antibody immunotherapy on MSS-type colorectal cancer via metabolic
pathway. Front Microbiol. (2020) 11:814. doi: 10.3389/fmicb.2020.00814

225. Leventhal DS, Sokolovska A, Li N, Plescia C, Kolodziej SA, Gallant CW, et al.
Immunotherapy with engineered bacteria by targeting the STING pathway for anti-
tumor immunity. Nat Commun. (2020) 11:2739. doi: 10.1038/s41467-020-16602-0

226. DhatChinamoorthy K, Colbert JD, Rock KL. Cancer immune evasion through
loss of MHC class I antigen presentation. Front Immunol. (2021) 12:636568.
doi: 10.3389/fimmu.2021.636568

227. Shetab Boushehri MA, Abdel-Mottaleb MMA, Béduneau A, Pellequer Y,
Lamprecht A. A nanoparticle-based approach to improve the outcome of cancer
active immunotherapy with lipopolysaccharides. Drug Deliv. (2018) 25:1414-25.
doi: 10.1080/10717544.2018.1469684

228. Venkataraman A, Sieber JR, Schmidt AW, Waldron C, Theis KR, Schmidt TM.
Variable responses of human microbiomes to dietary supplementation with resistant
starch. Microbiome. (2016) 4:33. doi: 10.1186/s40168-016-0178-x

229. Wang J, Yang Y, Shao F, Meng Y, Guo D, He J, et al. Acetate reprogrammes
tumour metabolism and promotes PD-L1 expression and immune evasion by
upregulating c-Myc. Nat Metab. (2024) 6:914-32. doi: 10.1038/s42255-024-01037-4

230. Ternes D, Tsenkova M, Pozdeev VI, Meyers M, Koncina E, Atatri S, et al. The
gut microbial metabolite formate exacerbates colorectal cancer progression. Nat Metab.
(2022) 4:458-75. doi: 10.1038/s42255-022-00558-0

231. Jiang SS, Xie YL, Xiao XY, Kang ZR, Lin XL, Zhang L, et al. Fusobacterium
nucleatum-derived succinic acid induces tumor resistance to immunotherapy in

Frontiers in Immunology

35

10.3389/fimmu.2025.1603658

colorectal cancer. Cell Host Microbe. (2023) 31:781-797.e9. doi: 10.1016/
j.chom.2023.04.010

232. Kocher F, Amann A, Zimmer K, Geisler S, Fuchs D, Pichler R, et al. High
indoleamine-2,3-dioxygenase 1 (IDO) activity is linked to primary resistance to
immunotherapy in non-small cell lung cancer (NSCLC). Transl Lung Cancer Res.
(2021) 10:304-13. doi: 10.21037/tlcr-20-380

233. Li H, Bullock K, Gurjao C, Braun D, Shukla SA, Bossé D, et al. Metabolomic
adaptations and correlates of survival to immune checkpoint blockade. Nat Commun.
(2019) 10:4346. doi: 10.1038/s41467-019-12361-9

234. Botticelli A, Vernocchi P, Marini F, Quagliariello A, Cerbelli B, Reddel S, et al.
Gut metabolomics profiling of non-small cell lung cancer (NSCLC) patients under
immunotherapy treatment. ] Transl Med. (2020) 18:49. doi: 10.1186/s12967-020-
02231-0

235. Bell HN, Huber AK, Singhal R, Korimerla N, Rebernick RJ, Kumar R, et al.
Microenvironmental ammonia enhances T cell exhaustion in colorectal cancer. Cell
Metab. (2023) 35:134-149.¢6. doi: 10.1016/j.cmet.2022.11.013

236. Zhu X, Hu M, Huang X, Li L, Lin X, Shao X, et al. Interplay between gut
microbial communities and metabolites modulates pan-cancer immunotherapy
responses. Cell Metab. (2025) 37(4):806-23.e6. doi: 10.1016/j.cmet.2024.12.013

237. Fidelle M, Rauber C, Alves Costa Silva C, Tian AL, Lahmar I, de La Varende
AM, et al. A microbiota-modulated checkpoint directs immunosuppressive intestinal T
cells into cancers. Science. (2023) 380:eab02296. doi: 10.1126/science.abo2296

238. Fidelle M, Tian AL, Zitvogel L, Kroemer G. Bile acids regulate MAdCAM-1
expression to link the gut microbiota to cancer immunosurveillance. Oncoimmunology.
(2023) 12:2224672. doi: 10.1080/2162402X.2023.2224672

239. Cong J, Liu P, Han Z, Ying W, Li C, Yang Y, et al. Bile acids modified by the
intestinal microbiota promote colorectal cancer growth by suppressing CD8+ T cell
effector functions. Immunity. (2024) 57:876-889.el11. doi: 10.1016/
j.immuni.2024.02.014

240. Parathan P, Mielke LA. Hostile bile limits anti-cancer immunity. Immunity.
(2024) 57:834-6. doi: 10.1016/j.immuni.2024.03.006

241. Sun L, Zhang Y, Cai J, Rimal B, Rocha ER, Coleman JP, et al. Bile salt hydrolase
in non-enterotoxigenic Bacteroides potentiates colorectal cancer. Nat Commun. (2023)
14:755. doi: 10.1038/s41467-023-36089-9

242. Hang$, Paik D, Yao L, Kim E, Trinath J, Lu J, et al. Bile acid metabolites control
TH17 and Treg cell differentiation. Nature. (2019) 576:143-8. doi: 10.1038/s41586-019-
1785-z

243. Loo TM, Kamachi F, Watanabe Y, Yoshimoto S, Kanda H, Arai Y, et al. Gut
microbiota promotes obesity-associated liver cancer through PGE2-mediated
suppression of antitumor immunity. Cancer Discov. (2017) 7:522-38. doi: 10.1158/
2159-8290.CD-16-0932

244. Yang H, Cai ], Huang X, Zhan C, Lu C, Gu J, et al. Gram-negative microflora
dysbiosis facilitates tumor progression and immune evasion by activating the CCL3/
CCL5-CCR1-MAPK-PD-L1 pathway in esophageal squamous cell carcinoma. Mol
Cancer Res. (2025) 23:71-85. doi: 10.1158/1541-7786.MCR-24-0451

245. Hsu RY, Chan CH, Spicer JD, Rousseau MC, Giannias B, Rousseau S, et al. LPS-
induced TLR4 signaling in human colorectal cancer cells increases betal integrin-
mediated cell adhesion and liver metastasis. Cancer Res. (2011) 71:1989-98.
doi: 10.1158/0008-5472.CAN-10-2833

246. Song W, Tiruthani K, Wang Y, Shen L, Hu M, Dorosheva O, et al. Trapping of
lipopolysaccharide to promote immunotherapy against colorectal cancer and attenuate
liver metastasis. Adv Mater. (2018) 30:¢1805007. doi: 10.1002/adma.201805007

247. Liu CH, Chen Z, Chen K, Liao FT, Chung CE, Liu X, et al. Lipopolysaccharide-
mediated chronic inflammation promotes tobacco carcinogen-induced lung cancer and
determines the efficacy of immunotherapy. Cancer Res. (2021) 81:144-57. doi: 10.1158/
0008-5472.CAN-20-1994

248. Hezaveh K, Shinde RS, Klotgen A, Halaby MJ, Lamorte S, Ciudad MT, et al.
Tryptophan-derived microbial metabolites activate the aryl hydrocarbon receptor in
tumor-associated macrophages to suppress anti-tumor immunity. Immunity. (2022)
55:324-340.€8. doi: 10.1016/j.immuni.2022.01.006

249. Xue C, Li G, Zheng Q, Gu X, Shi Q, Su Y, et al. Tryptophan metabolism in
health and disease. Cell Metab. (2023) 35:1304-26. doi: 10.1016/j.cmet.2023.06.004

250. Long GV, Dummer R, Hamid O, Gajewski TF, Caglevic C, Dalle S, et al.
Epacadostat plus pembrolizumab versus placebo plus pembrolizumab in patients with
unresectable or metastatic melanoma (ECHO-301/KEYNOTE-252): a phase 3,
randomised, double-blind study. Lancet Oncol. (2019) 20:1083-97. doi: 10.1016/
$1470-2045(19)30274-8

251. Karayama M, Masuda J, Mori K, Yasui H, Hozumi H, Suzuki Y, et al.
Comprehensive assessment of multiple tryptophan metabolites as potential
biomarkers for immune checkpoint inhibitors in patients with non-small cell lung
cancer. Clin Transl Oncol. (2021) 23:418-23. doi: 10.1007/s12094-020-02421-8

252. Funabashi M, Grove TL, Wang M, Varma Y, McFadden ME, Brown LC, et al. A
metabolic pathway for bile acid dehydroxylation by the gut microbiome. Nature. (2020)
582:566-70. doi: 10.1038/s41586-020-2396-4

253. Vetizou M, Pitt JM, Daillére R, Lepage P, Waldschmitt N, Flament C, et al.
Anticancer immunotherapy by CTLA-4 blockade relies on the gut microbiota. Science.
(2015) 350:1079-84. doi: 10.1126/science.aad1329

frontiersin.org


https://doi.org/10.1136/jitc-2022-004779
https://doi.org/10.3390/antiox13081001
https://doi.org/10.1002/bit.28820
https://doi.org/10.1002/bit.28820
https://doi.org/10.1016/j.biopha.2023.114306
https://doi.org/10.3389/fimmu.2022.982986
https://doi.org/10.1016/j.micres.2023.127432
https://doi.org/10.1016/j.micres.2023.127432
https://doi.org/10.1016/j.ijbiomac.2024.137619
https://doi.org/10.1016/j.ijbiomac.2019.11.169
https://doi.org/10.1016/j.ijbiomac.2019.11.169
https://doi.org/10.1016/j.ijbiomac.2018.04.099
https://doi.org/10.1016/j.carbpol.2020.117308
https://doi.org/10.1111/j.1365-2567.2007.02620.x
https://doi.org/10.1111/j.1365-2567.2007.02620.x
https://doi.org/10.1007/s00262-020-02508-9
https://doi.org/10.1007/s00432-014-1721-4
https://doi.org/10.3389/fimmu.2024.1505966
https://doi.org/10.3389/fimmu.2022.935465
https://doi.org/10.3389/fimmu.2022.935465
https://doi.org/10.3389/fmicb.2020.00814
https://doi.org/10.1038/s41467-020-16602-0
https://doi.org/10.3389/fimmu.2021.636568
https://doi.org/10.1080/10717544.2018.1469684
https://doi.org/10.1186/s40168-016-0178-x
https://doi.org/10.1038/s42255-024-01037-4
https://doi.org/10.1038/s42255-022-00558-0
https://doi.org/10.1016/j.chom.2023.04.010
https://doi.org/10.1016/j.chom.2023.04.010
https://doi.org/10.21037/tlcr-20-380
https://doi.org/10.1038/s41467-019-12361-9
https://doi.org/10.1186/s12967-020-02231-0
https://doi.org/10.1186/s12967-020-02231-0
https://doi.org/10.1016/j.cmet.2022.11.013
https://doi.org/10.1016/j.cmet.2024.12.013
https://doi.org/10.1126/science.abo2296
https://doi.org/10.1080/2162402X.2023.2224672
https://doi.org/10.1016/j.immuni.2024.02.014
https://doi.org/10.1016/j.immuni.2024.02.014
https://doi.org/10.1016/j.immuni.2024.03.006
https://doi.org/10.1038/s41467-023-36089-9
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1038/s41586-019-1785-z
https://doi.org/10.1158/2159-8290.CD-16-0932
https://doi.org/10.1158/2159-8290.CD-16-0932
https://doi.org/10.1158/1541-7786.MCR-24-0451
https://doi.org/10.1158/0008-5472.CAN-10-2833
https://doi.org/10.1002/adma.201805007
https://doi.org/10.1158/0008-5472.CAN-20-1994
https://doi.org/10.1158/0008-5472.CAN-20-1994
https://doi.org/10.1016/j.immuni.2022.01.006
https://doi.org/10.1016/j.cmet.2023.06.004
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1016/S1470-2045(19)30274-8
https://doi.org/10.1007/s12094-020-02421-8
https://doi.org/10.1038/s41586-020-2396-4
https://doi.org/10.1126/science.aad1329
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

254. Gao G, Shen S, Zhang T, Zhang J, Huang S, Sun Z, et al. Lacticaseibacillus
rhamnosus Probio-M9 enhanced the antitumor response to anti-PD-1 therapy by
modulating intestinal metabolites. EBioMedicine. (2023) 91:104533. doi: 10.1016/
j.ebiom.2023.104533

255. Si W, Liang H, Bugno J, Xu Q, Ding X, Yang K, et al. Lactobacillus rhamnosus
GG induces cGAS/STING-dependent type I interferon and improves response to
immune checkpoint blockade. Gut. (2022) 71:521-33. doi: 10.1136/gutjnl-2020-323426

256. Takada K, Shimokawa M, Takamori S, Shimamatsu S, Hirai F, Tagawa T, et al.
Clinical impact of probiotics on the efficacy of anti-PD-1 monotherapy in patients with
nonsmall cell lung cancer: A multicenter retrospective survival analysis study with
inverse probability of treatment weighting. Int J Cancer. (2021) 149:473-82.
doi: 10.1002/ijc.33557

257. Morita A, Ichihara E, Inoue K, Fujiwara K, Yokoyama T, Harada D, et al.
Impacts of probiotics on the efficacies of immune checkpoint inhibitors with or without
chemotherapy for patients with advanced non-small-cell lung cancer. Int J Cancer.
(2024) 154:1607-15. doi: 10.1002/ijc.34842

258. Sivan A, Corrales L, Hubert N, Williams JB, Aquino-Michaels K, Earley ZM,
et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-
PD-LI efficacy. Science. (2015) 350:1084-9. doi: 10.1126/science.aac4255

259. Spencer CN, McQuade JL, Gopalakrishnan V, McCulloch JA, Vetizou M,
Cogdill AP, et al. Dietary fiber and probiotics influence the gut microbiome and
melanoma immunotherapy response. Science. (2021) 374:1632-40. doi: 10.1126/
science.aaz7015

260. Lan X, Ma ], Huang Z, Xu Y, Hu Y. Akkermansia muciniphila might improve
anti-PD-1 therapy against HCC by changing host bile acid metabolism. ] Gene Med.
(2024) 26:€3639. doi: 10.1002/jgm.3639

261. Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere 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

262. Kazmierczak-Siedlecka K, Skonieczna—Zydecka K, Hupp T, Duchnowska R,
Marek-Trzonkowska N, Polom K. Next-generation probiotics - do they open new
therapeutic strategies for cancer patients? Gut Microbes. (2022) 14:2035659.
doi: 10.1080/19490976.2022.203565

263. Mager LF, Krause T, McCoy KD. Interaction of microbiota, mucosal
Malignancies, and immunotherapy-Mechanistic insights. Mucosal Immunol. (2024)
17:402-15. doi: 10.1016/j.mucimm.2024.03.007

264. Zhang SL, Mao YQ, Zhang ZY, Li ZM, Kong CY, Chen HL, et al. Pectin
supplement significantly enhanced the anti-PD-1 efficacy in tumor-bearing mice
humanized with gut microbiota from patients with colorectal cancer. Theranostics.
(2021) 11:4155-70. doi: 10.7150/thno.54476

265. Baxter NT, Schmidt AW, Venkataraman A, Kim KS, Waldron C, Schmidt TM.
Dynamics of human gut microbiota and short-chain fatty acids in response to dietary
interventions with three fermentable fibers. mBio. (2019) 10:¢02566-18. doi: 10.1128/
mBi0.02566-18

266. Lee PJ, Hung CM, Yang AJ, Hou CY, Chou HW, Chang YC, et al. MS-20
enhances the gut microbiota-associated antitumor effects of anti-PD1 antibody. Gut
Microbes. (2024) 16:2380061. doi: 10.1080/19490976.2024.2380061

267. Spreafico A, Heirali AA, Araujo DV, Tan TJ, Oliva M, Schneeberger PHH, et al.
First-in-class Microbial Ecosystem Therapeutic 4 (MET4) in combination with
immune checkpoint inhibitors in patients with advanced solid tumors (MET4-IO
trial). Ann Oncol. (2023) 34:520-30. doi: 10.1016/j.annonc.2023.02.011

268. Huang], Liu D, Wang Y, Liu L, Li J, Yuan J, et al. Ginseng polysaccharides alter
the gut microbiota and kynurenine/tryptophan ratio, potentiating the antitumour effect
of antiprogrammed cell death 1/programmed cell death ligand 1 (anti-PD-1/PD-L1)
immunotherapy. Gut. (2022) 71:734-45. doi: 10.1136/gutjnl-2020-321031

269. Li J, Jia J, Teng Y, Wang X, Xia X, Song S, et al. Polysaccharides from sea
cucumber (Stichopus japonicus) synergize with anti-PD1 immunotherapy to reduce
MC-38 tumor burden in mice through shaping the gut microbiome. Foods. (2025)
14:387. doi: 10.3390/foods14030387

270. Li H, Dong T, Tao M, Zhao H, Lan T, Yan S, et al. Fucoidan enhances the anti-
tumor effect of anti-PD-1 immunotherapy by regulating gut microbiota. Food Funct.
(2024) 15:3463-78. doi: 10.1039/D3FO04807A

271. Li D, Feng Y, Tian M, Ji ], Hu X, Chen F. Gut microbiota-derived inosine from
dietary barley leaf supplementation attenuates colitis through PPARY signaling
activation. Microbiome. (2021) 9:83. doi: 10.1186/540168-021-01028-7

272. Haoyue W, Kexiang S, Shan TW, Jiamin G, Luyun Y, Junkai W, et al. Icariin
promoted ferroptosis by activating mitochondrial dysfunction to inhibit colorectal
cancer and synergistically enhanced the efficacy of PD-1 inhibitors. Phytomedicine.
(2025) 136:156224. doi: 10.1016/j.phymed.2024.156224

273. Cao L, Wang X, Ma X, Xu M, Li J. Potential of natural products and gut
microbiome in tumor immunotherapy. Chin Med. (2024) 19:161. doi: 10.1186/s13020-
024-01032-7

274. Pushalkar S, Hundeyin M, Daley D, Zambirinis CP, Kurz E, Mishra A, et al. The
pancreatic cancer microbiome promotes oncogenesis by induction of innate and
adaptive immune suppression. Cancer Discov. (2018) 8:403-16. doi: 10.1158/2159-
8290.CD-17-1134

Frontiers in Immunology

10.3389/fimmu.2025.1603658

275. Voigt AY, Walter A, Young TH, Graham JP, Batista Bittencourt BM, de Mingo
Pulido A, et al. Microbiome modulates immunotherapy response in cutaneous
squamous cell carcinoma. Exp Dermatol. (2023) 32:1624-32. doi: 10.1111/exd.14864

276. Uribe-Herranz M, Bittinger K, Rafail S, Guedan S, Pierini S, Tanes C, et al. Gut
microbiota modulates adoptive cell therapy via CD8a. dendritic cells and IL-12. JCI
Insight. (2018) 3:€94952. doi: 10.1172/jci.insight.94952

277. Uribe-Herranz M, Beghi S, Ruella M, Parvathaneni K, Salaris S, Kostopoulos N,
et al. Modulation of the gut microbiota engages antigen cross-presentation to enhance
antitumor effects of CAR T cell immunotherapy. Mol Ther. (2023) 31:686-700.
doi: 10.1016/j.ymthe.2023.01.012

278. Glitza IC, Seo YD, Spencer CN, Wortman JR, Burton EM, Alayli FA, et al.
Randomized placebo-controlled, biomarker-stratified phase ib microbiome modulation
in melanoma: impact of antibiotic preconditioning on microbiome and immunity.
Cancer Discov. (2024) 14:1161-75. doi: 10.1158/2159-8290.CD-24-0066

279. Stein-Thoeringer CK, Saini NY, Zamir E, Blumenberg V, Schubert ML, Mor U,
et al. A non-antibiotic-disrupted gut microbiome is associated with clinical responses to
CD19-CAR-T cell cancer immunotherapy. Nat Med. (2023) 29:906-16. doi: 10.1038/
s41591-023-02234-6

280. Prasad R, Rehman A, Rehman L, Darbaniyan F, Blumenberg V, Schubert ML,
et al. Antibiotic-induced loss of gut microbiome metabolic output correlates with
clinical responses to CAR T-cell therapy. Blood. (2025) 145:823-39. doi: 10.1182/
blood.2024025366

281. Mohiuddin JJ, Chu B, Facciabene A, Poirier K, Wang X, Doucette A, et al.
Association of antibiotic exposure with survival and toxicity in patients with melanoma
receiving immunotherapy. J Natl Cancer Inst. (2021) 113:162-70. doi: 10.1093/jnci/
djaa057

282. Chalabi M, Cardona A, Nagarkar DR, Dhawahir Scala A, Gandara DR,
Rittmeyer A, et al. Efficacy of chemotherapy and atezolizumab in patients with non-
small-cell lung cancer receiving antibiotics and proton pump inhibitors: pooled post
hoc analyses of the OAK and POPLAR trials. Ann Oncol. (2020) 31:525-31.
doi: 10.1016/j.annonc.2020.01.006

283. Hopkins AM, Kichenadasse G, Karapetis CS, Rowland A, Sorich M]J.
Concomitant antibiotic use and survival in urothelial carcinoma treated with
atezolizumab. Eur Urol. (2020) 78:540-3. doi: 10.1016/j.eururo.2020.06.061

284. Lurienne L, Cervesi J, Duhalde L, de Gunzburg J, Andremont A, Zalcman G,
et al. NSCLC immunotherapy efficacy and antibiotic use: A systematic review and
meta-analysis. J Thorac Oncol. (2020) 15:1147-59. doi: 10.1016/j.jth0.2020.03.002

285. Eng L, Sutradhar R, Niu Y, Liu N, Liu Y, Kaliwal Y, et al. Impact of antibiotic
exposure before immune checkpoint inhibitor treatment on overall survival in older
adults with cancer: A population-based study. J Clin Oncol. (2023) 41:3122-34.
doi: 10.1200/JC0O.22.00074

286. Jing Y, Chen X, Li K, Liu Y, Zhang Z, Chen Y, et al. Association of antibiotic
treatment with immune-related adverse events in patients with cancer receiving
immunotherapy. J Immunother Cancer. (2022) 10:¢003779. doi: 10.1136/jitc-2021-
003779

287. Cortellini A, Ricciuti B, Facchinetti F, Alessi JVM, Venkatraman D, Dall'Olio
FG, et al. Antibiotic-exposed patients with non-small-cell lung cancer preserve efficacy
outcomes following first-line chemo-immunotherapy. Ann Oncol. (2021) 32:1391-9.
doi: 10.1016/j.annonc.2021.08.1744

288. Poizeau F, Kerbrat S, Balusson F, Tattevin P, Revest M, Cattoir V, et al. The
association between antibiotic use and outcome among metastatic melanoma patients
receiving immunotherapy. J Natl Cancer Inst. (2022) 114:686-94. doi: 10.1093/jnci/
djac019

289. Wang M, Rousseau B, Qiu K, Huang G, Zhang Y, Su H, et al. Killing tumor-
associated bacteria with a liposomal antibiotic generates neoantigens that induce anti-
tumor immune responses. Nat Biotechnol. (2024) 42:1263-74. doi: 10.1038/s41587-
023-01957-8

290. Matson V, Fessler J, Bao R, Chongsuwat T, Zha Y, Alegre ML, et al. The
commensal microbiome is associated with anti-PD-1 efficacy in metastatic melanoma
patients. Science. (2018) 359:104-8. doi: 10.1126/science.aa03290

291. Gopalakrishnan V, Spencer CN, Nezi L, Reuben A, Andrews MC, Karpinets
TV, et al. Gut microbiome modulates response to anti-PD-1 immunotherapy in
melanoma patients. Science. (2018) 359:97-103. doi: 10.1126/science.aan4236

292. Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, Lahat A, Katz L, et al.
Fecal microbiota transplant promotes response in immunotherapy-refractory
melanoma patients. Science. (2021) 371:602-9. doi: 10.1126/science.abb5920

293. Routy B, Lenehan JG, Miller Jr WH, Jamal R, Messaoudene M, Daisley BA, et al.
Fecal microbiota transplantation plus anti-PD-1 immunotherapy in advanced
melanoma: a phase I trial. Nat Med. (2023) 29:2121-32. doi: 10.1038/s41591-023-
02453-x

294. Kim Y, Kim G, Kim S, Cho B, Kim SY, Do EJ, et al. Fecal microbiota
transplantation improves anti-PD-1 inhibitor efficacy in unresectable or metastatic
solid cancers refractory to anti-PD-1 inhibitor. Cell Host Microbe. (2024) 32:1380-
1393.¢9. doi: 10.1016/j.chom.2024.06.010

295. Ren S, Feng L, Liu H, Mao Y, Yu Z. Gut microbiome affects the response to
immunotherapy in non-small cell lung cancer. Thorac Cancer. (2024) 15:1149-63.
doi: 10.1111/1759-7714.15303

frontiersin.org


https://doi.org/10.1016/j.ebiom.2023.104533
https://doi.org/10.1016/j.ebiom.2023.104533
https://doi.org/10.1136/gutjnl-2020-323426
https://doi.org/10.1002/ijc.33557
https://doi.org/10.1002/ijc.34842
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aaz7015
https://doi.org/10.1126/science.aaz7015
https://doi.org/10.1002/jgm.3639
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1080/19490976.2022.203565
https://doi.org/10.1016/j.mucimm.2024.03.007
https://doi.org/10.7150/thno.54476
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.1128/mBio.02566-18
https://doi.org/10.1080/19490976.2024.2380061
https://doi.org/10.1016/j.annonc.2023.02.011
https://doi.org/10.1136/gutjnl-2020-321031
https://doi.org/10.3390/foods14030387
https://doi.org/10.1039/D3FO04807A
https://doi.org/10.1186/s40168-021-01028-7
https://doi.org/10.1016/j.phymed.2024.156224
https://doi.org/10.1186/s13020-024-01032-7
https://doi.org/10.1186/s13020-024-01032-7
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1158/2159-8290.CD-17-1134
https://doi.org/10.1111/exd.14864
https://doi.org/10.1172/jci.insight.94952
https://doi.org/10.1016/j.ymthe.2023.01.012
https://doi.org/10.1158/2159-8290.CD-24-0066
https://doi.org/10.1038/s41591-023-02234-6
https://doi.org/10.1038/s41591-023-02234-6
https://doi.org/10.1182/blood.2024025366
https://doi.org/10.1182/blood.2024025366
https://doi.org/10.1093/jnci/djaa057
https://doi.org/10.1093/jnci/djaa057
https://doi.org/10.1016/j.annonc.2020.01.006
https://doi.org/10.1016/j.eururo.2020.06.061
https://doi.org/10.1016/j.jtho.2020.03.002
https://doi.org/10.1200/JCO.22.00074
https://doi.org/10.1136/jitc-2021-003779
https://doi.org/10.1136/jitc-2021-003779
https://doi.org/10.1016/j.annonc.2021.08.1744
https://doi.org/10.1093/jnci/djac019
https://doi.org/10.1093/jnci/djac019
https://doi.org/10.1038/s41587-023-01957-8
https://doi.org/10.1038/s41587-023-01957-8
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.abb5920
https://doi.org/10.1038/s41591-023-02453-x
https://doi.org/10.1038/s41591-023-02453-x
https://doi.org/10.1016/j.chom.2024.06.010
https://doi.org/10.1111/1759-7714.15303
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

296. Halsey TM, Thomas AS, Hayase T, Ma W, Abu-Sbeih H, Sun B, et al.
Microbiome alteration via fecal microbiota transplantation is effective for refractory
immune checkpoint inhibitor-induced colitis. Sci Transl Med. (2023) 15:eabq4006.
doi: 10.1126/scitranslmed.abq4006

297. Blake SJ, Wolf Y, Boursi B, Lynn DJ. Role of the microbiota in response to and
recovery from cancer therapy. Nat Rev Immunol. (2024) 24:308-25. doi: 10.1038/
541577-023-00951-0

298. Yang Y, An Y, Dong Y, Chu Q, Wei J, Wang B, et al. Fecal microbiota
transplantation: no longer cinderella in tumour immunotherapy. EBioMedicine. (2024)
100:104967. doi: 10.1016/j.ebiom.2024.104967

299. Canale FP, Basso C, Antonini G, Perotti M, Li N, Sokolovska A, et al. Metabolic
modulation of tumours with engineered bacteria for immunotherapy. Nature. (2021)
598:662-6. doi: 10.1038/s41586-021-04003-2

300. Tumas S, Meldgaard TS, Vaaben TH, Suarez Hernandez S, Rasmussen AT,
Vazquez-Uribe R, et al. Engineered E. coli Nissle 1917 for delivery of bioactive IL-2 for
cancer immunotherapy. Sci Rep. (2023) 13:12506. doi: 10.1038/s41598-023-39365-2

301. Chiang CJ, Hong YH. In situ delivery of biobutyrate by probiotic Escherichia
coli for cancer therapy. Sci Rep. (2021) 11:18172. doi: 10.1038/541598-021-97457-3

302. BaiY, Mansell TJ. Production and sensing of butyrate in a probiotic escherichia
coli strain. Int J Mol Sci. (2020) 21:3615. doi: 10.3390/ijms21103615

303. Park YT, Kim T, Ham J, Choi ], Lee HS, Yeon Y], et al. Physiological activity of
E. coli engineered to produce butyric acid. Microb Biotechnol. (2022) 15:832-43.
doi: 10.1111/1751-7915.13795

304. Wang H, Xu F, Yao C, Dai H, Xu J, Wu B, et al. Engineering bacteria for cancer
immunotherapy by inhibiting IDO activity and reprogramming CD8+ T cell response.
Proc Natl Acad Sci U S A. (2024) 121:e2412070121. doi: 10.1073/pnas.2412070121

305. Ma Y, Hu Y, Liu H, Li X, Li Y, Zhao Y, et al. High-lactate-metabolizing
photosynthetic bacteria reprogram tumor immune microenvironment. Adv Mater.
(2024) 36:€2405930. doi: 10.1002/adma.202405930

306. Howell LM, Manole S, Reitter AR, Forbes NS. Controlled production of
lipopolysaccharides increases immune activation in Salmonella treatments of cancer.
Microb Biotechnol. (2024) 17:¢14461. doi: 10.1111/1751-7915.14461

307. Nguyen DH, You SH, Ngo HT, Van Nguyen K, Tran KV, Chu TH, et al.
Reprogramming the tumor immune microenvironment using engineered dual-drug
loaded Salmonella. Nat Commun. (2024) 15:6680. doi: 10.1038/s41467-024-50950-5

308. Sinha AK, Laursen MF, Brinck JE, Rybtke ML, Hjorne AP, Prochazkova N,
et al. Dietary fibre directs microbial tryptophan metabolism via metabolic interactions
in the gut microbiota. Nat Microbiol. (2024) 9:1964-78. doi: 10.1038/s41564-024-
01737-3

309. Chen YS, Li J, Menon R, Jayaraman A, Lee K, Huang Y, et al. Dietary spinach
reshapes the gut microbiome in an Apc-mutant genetic background: mechanistic
insights from integrated multi-omics. Gut Microbes. (2021) 13:1972756. doi: 10.1080/
19490976.2021.1972756

310. Zhang X, Coker OO, Chu ES, Fu K, Lau HCH, Wang YX, et al. Dietary
cholesterol drives fatty liver-associated liver cancer by modulating gut microbiota and
metabolites. Gut. (2021) 70:761-74. doi: 10.1136/gutjnl-2019-319664

311. Rizvi ZA, Dalal R, Sadhu S, Kumar Y, Kumar S, Gupta SK, et al. High-salt diet
mediates interplay between NK cells and gut microbiota to induce potent tumor
immunity. Sci Adv. (2021) 7:eabg5016. doi: 10.1126/sciadv.abg5016

312. He W, Xu J, Mu R, Li Q, Lv DL, Huang Z, et al. High-salt diet inhibits tumour
growth in mice via regulating myeloid-derived suppressor cell differentiation. Nat
Commun. (2020) 11:1732. doi: 10.1038/s41467-020-15524-1

313. Hernandez AL, Kitz A, Wu C, Lowther DE, Rodriguez DM, Vudattu N, et al.
Sodium chloride inhibits the suppressive function of FOXP3+ regulatory T cells. J Clin
Invest. (2015) 125:4212-22. doi: 10.1172/JCI81151

314. Scirgolea C, Sottile R, De Luca M, Susana A, Carnevale S, Puccio S, et al. NaCl
enhances CD8+ T cell effector functions in cancer immunotherapy. Nat Immunol.
(2024) 25:1845-57. doi: 10.1038/s41590-024-01923-9

315. Khandekar D, Dahunsi DO, Manzanera Esteve IV, Reid S, Rathmell JC, Titze J,
et al. Low-Salt Diet Reduces Anti-CTLA4 Mediated Systemic Immune-Related Adverse
Events while Retaining Therapeutic Efficacy against Breast Cancer. Biology. (2022)
11:810. doi: 10.3390/biology11060810

316. Miranda PM, De Palma G, Serkis V, Lu J, Louis-Auguste MP, McCarville JL,
et al. High salt diet exacerbates colitis in mice by decreasing Lactobacillus levels and
butyrate production. Microbiome. (2018) 6:57. doi: 10.1186/s40168-018-0433-4

Frontiers in Immunology

37

10.3389/fimmu.2025.1603658

317. Jobin K, Stumpf NE, Schwab S, Eichler M, Neubert P, Rauh M, et al. A high-salt
diet compromises antibacterial neutrophil responses through hormonal perturbation.
Sci Transl Med. (2020) 12:eaay3850. doi: 10.1126/scitranslmed.aay3850

318. Faraco G, Hochrainer K, Segarra SG, Schaeffer S, Santisteban MM, Menon A,
et al. Dietary salt promotes cognitive impairment through tau phosphorylation. Nature.
(2019) 574:686-90. doi: 10.1038/541586-019-1688-z

319. Lee MKS, Murphy AJ. A high-salt diet promotes atherosclerosis by altering
haematopoiesis. Nat Rev Cardiol. (2023) 20:435-6. doi: 10.1038/s41569-023-00879-x

320. Lei C, Liu C, Peng Y, Zhan Y, Zhang X, Liu T, et al. A high-salt diet induces
synaptic loss and memory impairment via gut microbiota and butyrate in mice. iMeta.
(2023) 2:¢97. doi: 10.1002/imt2.97

321. Xiao ZX, Hu X, Zhang X, Chen Z, Wang J, Jin K, et al. High salt diet accelerates
the progression of murine lupus through dendritic cells via the p38 MAPK and STAT1
signaling pathways. Signal Transduct Target Ther. (2020) 5:34. doi: 10.1038/s41392-
020-0139-5

322. Zang ], Yang Y, Zheng X, Yang Y, Zhao Y, Miao Z, et al. Dynamic tagging to
drive arginine nano-assembly to metabolically potentiate immune checkpoint blockade
therapy. Biomaterials. (2023) 292:121938. doi: 10.1016/j.biomaterials.2022.121938

323. Chen Y, Shu X, Guo JY, Xiang Y, Liang SY, Lai JM, et al. Nanodrugs mediate
TAMs-related arginine metabolism interference to boost photodynamic
immunotherapy. J Control Release. (2024) 367:248-64. doi: 10.1016/
j.jconrel.2024.01.045

324. Zhao Y, Hou X, Chai ], Zhang Z, Xue X, Huang F, et al. Stapled liposomes
enhance cross-priming of radio-immunotherapy. Adv Mater. (2022) 34:e2107161.
doi: 10.1002/adma.202107161

325. Zhao Y, Shi D, Guo L, Shang M, Sun X, Meng D, et al. Ultrasound targeted
microbubble destruction-triggered nitric oxide release via nanoscale ultrasound
contrast agent for sensitizing chemoimmunotherapy. ] Nanobiotechnol. (2023) 21:35.
doi: 10.1186/s12951-023-01776-8

326. Zhang ], Wang S, Guo X, Lu Y, Liu X, Jiang M, et al. Arginine supplementation
targeting tumor-killing immune cells reconstructs the tumor microenvironment and
enhances the antitumor immune response. ACS Nano. (2022) 16:12964-78.
doi: 10.1021/acsnano.2c05408

327. Ji G, Si X, Dong S, Xu Y, Li M, Yang B, et al. Manipulating liver bile acid
signaling by nanodelivery of bile acid receptor modulators for liver cancer
immunotherapy. Nano Lett. (2021) 21:6781-91. doi: 10.1021/acs.nanolett.1c01360

328. Sartorio MG, Pardue EJ, Feldman MF, Haurat MF. Bacterial outer membrane
vesicles: from discovery to applications. Annu Rev Microbiol. (2021) 75:609-30.
doi: 10.1146/annurev-micro-052821-031444

329. Firth J, Sun J, George V, Huang JD, Bajaj-Elliott M, Gustafsson K. Bacterial
outer-membrane vesicles promote Vy9V32 T cell oncolytic activity. Front Immunol.
(2023) 14:1198996. doi: 10.3389/fimmu.2023.1198996

330. Chen L, Ma X, Liu W, Hu Q, Yang H. Targeting pyroptosis through
lipopolysaccharide-triggered noncanonical pathway for safe and efficient cancer
immunotherapy. Nano Lett. (2023) 23:8725-33. doi: 10.1021/acs.nanolett.3c02728

331. Xu W, Maruyama S, Sato A, Niidome T. Bacterial membrane vesicles combined
with nanoparticles for bacterial vaccines and cancer immunotherapy. Colloids Surf B
Biointerfaces. (2024) 243:114125. doi: 10.1016/j.colsurfb.2024.114125

332. Xu H, Wang Y, Liu G, Zhu Z, Shahbazi MA, Reis RL, et al. Nano-Armed
Limosilactobacillus reuteri for Enhanced Photo-Immunotherapy and Microbiota
Tryptophan Metabolism against Colorectal Cancer. Adv Sci (Weinh). (2025) 12:
€2410011. doi: 10.1002/advs.202410011

333. Zheng DW, Li RQ, An JX, Xie TQ, Han ZY, Xu R, et al. Prebiotics-encapsulated
probiotic spores regulate gut microbiota and suppress colon cancer. Adv Mater. (2020)
32:€2004529. doi: 10.1002/adma.202004529

334. Teng Y, Ren Y, Sayed M, Hu X, Lei C, Kumar A, et al. Plant-derived exosomal
microRNAs shape the gut microbiota. Cell Host Microbe. (2018) 24:637-652.¢8.
doi: 10.1016/j.chom.2018.10.001

335. Chen L, Zhao R, Shen J, Liu N, Zheng Z, Miao Y, et al. Antibacterial
fusobacterium nucleatum-mimicking nanomedicine to selectively eliminate tumor-
colonized bacteria and enhance immunotherapy against colorectal cancer. Adv Mater.
(2023) 35:€2306281. doi: 10.1002/adma.202306281

336. Geng S, Guo P, Li X, Shi Y, Wang J, Cao M, et al. Biomimetic Nanovehicle-
Enabled Targeted Depletion of Intratumoral Fusobacterium nucleatum Synergizes with
PD-L1 Blockade against Breast Cancer. ACS Nano. (2024) 18:8971-87. doi: 10.1021/
acsnano.3c12687

frontiersin.org


https://doi.org/10.1126/scitranslmed.abq4006
https://doi.org/10.1038/s41577-023-00951-0
https://doi.org/10.1038/s41577-023-00951-0
https://doi.org/10.1016/j.ebiom.2024.104967
https://doi.org/10.1038/s41586-021-04003-2
https://doi.org/10.1038/s41598-023-39365-2
https://doi.org/10.1038/s41598-021-97457-3
https://doi.org/10.3390/ijms21103615
https://doi.org/10.1111/1751-7915.13795
https://doi.org/10.1073/pnas.2412070121
https://doi.org/10.1002/adma.202405930
https://doi.org/10.1111/1751-7915.14461
https://doi.org/10.1038/s41467-024-50950-5
https://doi.org/10.1038/s41564-024-01737-3
https://doi.org/10.1038/s41564-024-01737-3
https://doi.org/10.1080/19490976.2021.1972756
https://doi.org/10.1080/19490976.2021.1972756
https://doi.org/10.1136/gutjnl-2019-319664
https://doi.org/10.1126/sciadv.abg5016
https://doi.org/10.1038/s41467-020-15524-1
https://doi.org/10.1172/JCI81151
https://doi.org/10.1038/s41590-024-01923-9
https://doi.org/10.3390/biology11060810
https://doi.org/10.1186/s40168-018-0433-4
https://doi.org/10.1126/scitranslmed.aay3850
https://doi.org/10.1038/s41586-019-1688-z
https://doi.org/10.1038/s41569-023-00879-x
https://doi.org/10.1002/imt2.97
https://doi.org/10.1038/s41392-020-0139-5
https://doi.org/10.1038/s41392-020-0139-5
https://doi.org/10.1016/j.biomaterials.2022.121938
https://doi.org/10.1016/j.jconrel.2024.01.045
https://doi.org/10.1016/j.jconrel.2024.01.045
https://doi.org/10.1002/adma.202107161
https://doi.org/10.1186/s12951-023-01776-8
https://doi.org/10.1021/acsnano.2c05408
https://doi.org/10.1021/acs.nanolett.1c01360
https://doi.org/10.1146/annurev-micro-052821-031444
https://doi.org/10.3389/fimmu.2023.1198996
https://doi.org/10.1021/acs.nanolett.3c02728
https://doi.org/10.1016/j.colsurfb.2024.114125
https://doi.org/10.1002/advs.202410011
https://doi.org/10.1002/adma.202004529
https://doi.org/10.1016/j.chom.2018.10.001
https://doi.org/10.1002/adma.202306281
https://doi.org/10.1021/acsnano.3c12687
https://doi.org/10.1021/acsnano.3c12687
https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

Glossary
A2aR
ACSS
ACT
ADP
AhR
AKT
ALDH1A3
ALPK1
AMP
APC
Argl
ATB
ATP
CA
CARs
CAR-T
ccL
CCR
cD
CDCA
c-di-AMP
cGAS
CHIP
CHPS
COX-2
CPS
CRC
CREB
CRISPR
CTL
CTLA-4
CXCL
CXCR
CYP2E1
DAT
DC
DCA
DHA
DNA
EcN
EMA
EMT
EPS
ERK
ESCC
FDA

FFAR2

Adenosine A2a receptor

Acetyl-CoA synthetase

Adoptive cell transfer

Adenosine diphosphate

Aryl hydrocarbon receptor

Protein kinase B

Aldehyde dehydrogenase 1 family member A3
ADP-heptose activates alpha kinase 1
Adenosine monophosphate
Antigen-presenting cell

Arginase 1

Antibiotic

Adenosine triphosphate

Cholic acid

Synthetic receptors

Chimeric antigen receptor T cell
C-C motif chemokine ligand

C-C chemokine receptor

Cluster of differentiation
Chenodeoxycholic acid

Cyclic di-adenosine monophosphate
Cyclic guanosine monophosphate AMP synthase
Hsc70-interacting protein

Capsular heteropolysaccharide
Cyclooxygenase-2

Capsular polysaccharides

Colorectal cancer

cAMP response element-binding protein

Clustered regularly interspaced short palindromic repeats

Cytotoxic T lymphocyte

Cytotoxic T lymphocyte antigen-4
C-X-C motif chemokine ligand
C-X-C motif chemokine receptor
Cytochrome P450 2E1
Desaminotyrosine

Dendritic cell

Deoxycholic acid

Docosahexaenoic acid
Deoxyribonucleic acid

E. coli Nissle 1917

European Medicines Agency
Epithelial-mesenchymal transition
Extracellular polysaccharides
Extracellular signal-regulated kinase
Esophageal squamous cell carcinoma
Food and Drug Administration

Free fatty acid receptor 2

Frontiers in Immunology

FGF15
FMT
FOXM1
FOXO1
FOXO3
FXR
GA
GAPDH
GCDCA
GEMM
GLCA
GPCR/GPR
GPX4
H3K27
HCC
HDAC
HIF-1
HLA
HSC
HSD
I3A

13C
TAA
ICA
ICD

ICI
ICOS
D2
IDA
IDO
IFN
IFNARI1
IL

ILA

ILK

IPA
irAEs
JAK3
Kyn
LAG3
L-Arg
LCA
LPS
LTA
mAbs
MAdCAM-1

MAPK

38

Fibroblast growth factor 1

10.3389/fimmu.2025.1603658

5

Fecal microbiota transplantation

Forkhead box M1
Forkhead box O1
Forkhead box O3
Farnesoid X receptor

Gallic acid

Glyceraldehyde-3-phosphate dehydrogenase

Glycochenodeoxycholic acid

Genetically engineered mouse model

Glycolithocholate

G protein-coupled receptor

Glutathione peroxidase 4
Histone H3 lysine 27
Hepatocellular carcinoma

Histone deacetylase

Hypoxia-inducible factor 1

Human leukocyte antigen
Hepatic stellate cell
High-salt diet
Indole-3-aldehyde
Indole-3-carbinol
Indole-3-acetic acid
Indole-3-carboxylic acid

Immunogenic cell death

Immune checkpoint inhibitor

Inducible T-cell co-stimulator

Inhibitor of DNA binding 2

trans-3-Indoleacrylic acid

Indoleamine 2,3-dioxygenase

Interferon

Interferon alpha/beta receptor 1

Interleukin

Indole-3-lactic acid

Integrin-linked protein kinase

Indole-3-propionic acid

Immune-related adverse events

Janus kinase 3

Kynurenine

Lymphocyte-activation gene 3

L-arginine
Lithocholic acid
Lipopolysaccharides
Lipoteichoic acid

Monoclonal antibodies

Mucosal addressin cell adhesion molecule-1

Mitogen-activated protein kinase

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lu et al.

MD2
MDSC
MET4
mitoROS
MMP
MSI-H
MSI-L
MSS
mTOR
MyD88
NAFLD-HCC

NFAT
NF-«xB
NK
NKT
NLRC5
NO
NOD2

NSCLC
oMV
oS
PBMC
PD-1
PDAC
PD-L1
PERK
PES
PGA
PGE2
PI3K
Pink1
PMCA
POSTN
PPAR-y
PRR

QDPR

RAGE
RCC
RORyt
ROS

SASP

Myeloid differentiation protein 2
Myeloid-derived suppressor cell

Microbial Ecosystem Therapeutics 4
Mitochondrial reactive oxygen species
Matrix metalloproteinase

Microsatellite instability-high

Microsatellite instability-low
Microsatellite-stable

Mechanistic target of rapamycin

Myeloid differentiation primary response 88

Non-alcoholic fatty liver disease-related
hepatocellular carcinoma

Nuclear factor of activated T cells
Nuclear factor kB

Natural killer

Natural killer T

NLR family CARD domain containing 5
Nitric oxide

Nucleotide-binding oligomerization domain-containing
protein 2

Non-small cell lung cancer

Outer membrane vesicle

Overall survival

Peripheral blood mononuclear cell
Programmed death-1

Pancreatic ductal adenocarcinoma
Programmed death-ligand 1

Protein kinase R-like endoplasmic reticulum kinase
Progression-free survival

Polygalacturonic acid

Prostaglandin E2
Phosphatidylinositol-3-kinase

PTEN-induced kinase 1

Plasma membrane Ca**

Periostin

Peroxisome proliferator-activated receptor gamma
Pattern recognition receptor

Quinoid dihydropteridine reductase

Retinoic acid

Receptor for advanced glycation end-products
Renal cell carcinoma

Retinoic acid-related orphan receptor gamma t
Reactive oxygen species

Senescence-associated secretory phenotype

Frontiers in Immunology

ScC
SCFA
sIgA
SLC7A11
STAT
STING
TAM
TBX21
Tcl

TCA

TCEF-1

TCR
TDCA
TFEB
TGE-B
TGR5
TIFA
TIGAR
TIL
TLCA
TLR
TMA
TMAO
TME
TNBC
TNF
Tpex
TRAF
Treg
Trp
Tsem
UA

UB
UBA6
UDCA
ULK1
UTMD
VEGFA
VEGFR2
VM
WNK1

YBX1

39

10.3389/fimmu.2025.1603658

Squamous cell carcinoma

Short-chain fatty acid

Secretory IgA

Solute carrier family 7 member 11

Signal transducer and activator of transcription
Stimulator of interferon genes
Tumor-associated macrophage

T-box21

Type 1 cytotoxic T cell

Taurocholic acid

T-cell factor 1

Central memory T cells

T-cell receptor

Taurodeoxycholic acid

Transcription factor EB

Transforming growth factor-beta

G protein-coupled bile acid receptor 5
TRAF-interacting protein with a forkhead-associated domain
TP53-induced glycolysis and apoptosis regulator
Tumor-infiltrating lymphocyte
Taurolithocholic acid

Toll-like receptor

Trimethylamine

Trimethylamine N-oxide

Tumor microenvironment

Triple-negative breast cancer

Tumor necrosis factor

Progenitor-exhausted T cell

Tumor necrosis factor receptor - associated factor
Regulatory T cell

Tryptophan

T memory stem cell

Urolithin A

Urolithin B

Ubiquitin-like modifier activating enzyme 6
Ursodeoxycholic acid

Unc-51 like autophagy activating kinase 1
Ultrasound targeted microbubble destruction
Vascular endothelial growth factor A
Vascular endothelial growth factor receptor 2
Vasculogenic mimicry

With-no-lysine (K) 1

Y-box binding protein 1.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1603658
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Microbial metabolite-driven immune reprogramming in tumor immunotherapy: mechanisms and therapeutic perspectives
	1 Introduction
	2 Microbial metabolites: mechanistic classifications and context-dependent signaling networks
	2.1 Types and sources: core mechanistic frameworks
	2.2 SCFAs: GPCR signaling and epigenetic modulation
	2.3 Trp metabolites: Aryl hydrocarbon receptor signaling networks
	2.4 Bile acids: nuclear receptor and GPCR crosstalk
	2.5 Polyamines: metabolic reprogramming of immune cells
	2.6 Polysaccharides: pattern recognition receptor activation
	2.7 LPS: TLR4-mediated inflammatory balance
	2.8 Other metabolites: emerging immunomodulatory pathways
	2.9 Integrated signaling networks

	3 Impact of microbial metabolites on the TME
	3.1 Impact on tumor cell growth
	3.2 Regulation of tumor-associated immune cells
	3.3 Remodeling the TME

	4 The role of microbial metabolites in immunotherapy
	4.1 The mechanisms of immunotherapy
	4.2 The role of microbial metabolites in enhancing the efficacy of immunotherapy
	4.2.1 Butyrate: a paradigm of concentration-dependent epigenetic immunomodulation via the “concentration-cell-therapy” axis
	4.2.2 Acetate: a metabolic-epigenetic integrator of T cell function via context-dependent acetyl-CoA signaling
	4.2.3 Pentanoate: an emerging synergistic epigenetic adjuvant via metabolic-epigenetic crosstalk
	4.2.4 Indole derivatives: fine-tuning immunity through the AhR axis
	4.2.5 TMAO: context-dependent inflammomodulation and the confounder challenge
	4.2.6 Urolithins: mitophagy-mediated enhancement of immune cell fitness
	4.2.7 DAT: type I interferon amplification with limited clinical scope
	4.2.8 Inosine: a metabolic fuel with a dichotomous signaling profile
	4.2.9 L-Arg: nutrient repletion in a myeloid-suppressed environment
	4.2.10 Bile acid metabolites: tissue-specificity and the causality gap
	4.2.11 Gallic acid: targeting key immunosuppressive nodes with pleiotropic effects
	4.2.12 EPS: innate immune priming with delivery hurdles
	4.2.13 LPS: dose-dependent innate immune activation with high toxicity risk
	4.2.14 Other metabolites with emerging roles: unifying immunometabolic nodes and translational rigor
	4.2.15 Prioritizing microbial metabolites for clinical translation

	4.3 The role of microbial metabolites in inhibiting the efficacy of immunotherapy

	5 Clinical application prospects
	5.1 Probiotics: strain-specific modulators of the gut-tumor-immune axis
	5.2 Prebiotics, synbiotics and postbiotics: metabolite-mediated enhancement of cancer immunotherapy
	5.3 ATBs as double-edged microbiome modulators: metabolite-mediated impacts on cancer immunotherapy efficacy
	5.4 FMT: restoring microbiome-metabolite balance to overcome immunotherapy resistance
	5.5 Engineered bacteria: metabolite-directed reprogramming of the tumor immune microenvironment
	5.6 Dietary regulation: tuning the gut microbiota-metabolite axis to enhance immunotherapy efficacy
	5.7 Nanotechnology: precision control of the microbiota-metabolite axis to boost cancer immunotherapy

	6 Future research directions and challenges
	6.1 Mechanistic exploration: deciphering dual roles and context-specific signaling
	6.2 Clinical translation: overcoming personalized and technological hurdles
	6.3 Ethical, regulatory, and technological synergy
	6.4 Toward precision microbiome immunology

	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References
	Glossary




