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Bifidobacterium animalis suppresses melanoma progression
and activates anti-tumor immunity by inhibiting YAP1
expression in CD8* T cells
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ABSTRACT Objective: The probiotic, Bifidobacterium animalis, (B. animalis) is known to provide health benefits in humans. This study
investigated the role of B. animalis in suppressing malignant melanoma progression and modulating tumor immunity.

Methods: Bifidobacterium spp. were isolated from human faeces and verified by whole-genome sequencing. The anti-tumor effects
were assessed in B16-F10 melanoma cells. B. animalis efficacy was further evaluated in a syngeneic murine model. Immune profiling
was performed with flow cytometry and CD8" T cell dependency was tested with antibody depletion. Functional metabolites were
analyzed by liquid chromatography-mass spectrometry (LC-MS). Transcriptome sequencing elucidated the YAP1 mechanism in
CD8" T cells. Gut microbiota composition was assessed via shotgun metagenomic sequencing.

Results: Among the selected Bifidobacterium spp., B. animalis and its conditioned medium effectively inhibited melanoma cell
proliferation. Oral administration of B. animalis significantly reduced the growth of B16-F10 allografts, accompanied by an increase
in tumor-infiltrating effector T cells. The bioactive component of B. animalis was identified as a < 3-kDa non-protein fraction
containing mannose, which phenocopied the anti-tumor and immunostimulatory effects of B. animalis. Microbiota profiling
revealed probiotic enrichment in mannose-treated mice. CD8" T cell depletion abrogated mannose efficacy. Combination therapy
with B. animalis and anti-PD-1 synergistically enhanced tumor control and T cell activation. Mechanistically, the bioactive fraction
and mannose downregulated YAP1 expression in CD8" T cells.

Conclusions: B. animalis suppresses melanoma tumorigenesis in mice by restoring gut microbiota and secreting functional
mannose. Mannose enhances anti-PD-1 efficacy by inhibiting YAP1 expression in CD8" T cells, thereby improving effector function.
B. animalis may serve as a preventive measure for melanoma management.
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prognosis!. Immune checkpoint inhibitors (ICIs), particularly
ICIs targeting the programmed death-1 (PD-1)/programmed
death-ligand 1 (PD-L1) pathway, have revolutionized systemic
treatment of melanoma by reactivating host anti-tumor immu-
nity and reducing immune escape. Despite the remarkable
clinical benefits, > 50% of patients develop primary or acquired

Introduction

Malignant melanoma is a highly aggressive and lethal can-
cer characterized by a high metastatic potential and poor
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resistance to ICIs and treatment-related adverse events remain
a major clinical challenge®?. The tumor microenvironment
(TME), especially the intratumoral immune landscape, has a
pivotal role in determining ICI responsiveness*>. Hence, there
is an urgent clinical need to identify novel and safe strategies
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to overcome resistance and enhance ICI efficacy.

Meanwhile, the gut microbiome is increasingly recognized
asa critical regulator of systemic immune homeostasis and can-
cer therapy®’. Accumulating clinical and preclinical evidence
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Malignant melanoma exhibits widespread resistance to ICs.
Background The gut microbiota, particularly bifidobacteria, has been identified as playing a potentially
critical role in suppressing tumor and enhancing immunotherapy.

B. animalis suppresses tumor growth and remodels the TIME via secreted metabolites

Isolation and identification B. animalis significantly suppressed the B. animalis suppresses MM growth and

of five bacterial strains growth of B16-F10 cells modulates the TIME
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Mannose derived from B. animalis enhances the efficacy of anti-PD-1 immunotherapy by
Conclusion inhibiting YAP1 expression and nuclear translocation in CD8* T cells, revealing a novel
microbiota—-metabolite-immune axis for improving the immunotherapy of malignant melanoma.

Study flowchart B. animalis-derived mannose enhances anti-PD-1 efficacy in melanoma by inhibiting YAP1 in CD8+ T cells. In Part 1, a
human-faeces B. animalis isolate is shown to suppress B16-F10 tumors in vitro and in vivo, concomitantly re-programming the TIME. Part 2
identifies mannose as the key < 3-kDa immunostimulatory metabolite derived from B. animalis that activates CD8+ T cells and enhances
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anti-PD-1 efficacy. Part 3 shows that mannose triggers CD8+ T cell-dependent anti-tumor effects by downregulating YAP1, thereby releasing

the Hippo brake on cytotoxicity. Collectively, these findings reveal a novel microbiota—metabolite-immune axis wherein B. animalis-derived

mannose potentiates anti-PD-1 therapy via YAP1 suppression in CD8+ T cells. Abbreviations: B. animalis, Bifidobacterium animalis , Ba.CM,

B. animalis conditioned medium; CM, conditioned medium; ICls, immune checkpoint inhibitors; TIME, tumor immune microenvironment.

Figure created using BioRender (www.biorender.com).

indicates a close association between gut microbial composi-
tion and melanoma progression and responsiveness to ICIs®°.
Melanoma patients often exhibit reduced gut microbial diver-
sity that is characterized by a depletion of beneficial commen-
sals, such as Bifidobacterium, and an enrichment of potentially
pathogenic taxa. Notably, responders to anti-PD-1 therapy
consistently show a higher abundance of Bifidobacterium and
faecal microbiota transplantation (FMT) from responders
can restore ICI sensitivity in non-responders, supporting a
causal role for gut microbes in promoting anti-tumor immu-
nity!'%12, Within the genus Bifidobacterium, B. animalis (Ba) is
one of the most widely used and best-characterised probiotic
species and is extensively incorporated into fermented dairy
products and dietary supplements. In addition to a favorable
safety record, Ba has been reported to exert an immunomodu-
latory effect and help maintain intestinal barrier integrity'>!%.
Preclinical studies further suggest that oral administration of
Ba or its metabolite can modulate tumor progression in mod-
els of colorectal and lung cancer, accompanied by alterations
in the immune microenvironment!>1®,

However, the role of Ba in melanoma, particularly in
orchestrating anti-tumor immunity and influencing responses
to immune checkpoint blockade, has not been established.
To address this gap in knowledge, we aimed to define how
Ba, a commensal reduced in melanoma, influences anti-tu-
mor immunity and the response to ICI therapy. In this study
the Ba-derived metabolite, mannose, was shown to enhance
anti-PD-1 efficacy by remodeling the TME to promote CD8*
T-cell infiltration and activation, while also enriching ben-
eficial gut commensals, suggesting a dual mode of action.
Mechanistically, mannose was shown to exert immunostim-
ulatory effects by activating the Hippo pathway and function-
ally inhibiting YAP1 in CD8" T cells. Collectively, this study
provides mechanistic insights into the role of protective bac-
teria depleted in melanoma patients and offers a novel micro-
biome-based adjuvant strategy to improve the ICI response.

Materials and methods

Establishment and treatment of the B16-F10
melanoma syngeneic murine model

Six-week-old male C57BL/6 mice (GemPharmatech, Nanjing,
Jiangsu, China) were injected subcutaneously with 100 pL of a
B16-F10 cell suspension containing 5 x 10° cells into the dor-
sal flank. Daily oral gavage of Ba or brain heart infusion [BHI]

(broth control) began 2 weeks before tumor inoculation and
continued until 1 d prior to euthanasia. Tumor volumes were
monitored every 2-3 d using digital calipers and calculated as
V = (L x W?)/2, where L is the longest diameter and W is the
perpendicular diameter. Faecal samples were collected at regu-
lar intervals throughout the study. All mice were sacrificed on
day 19, tumors were harvested and weighed, and tissue sam-
ples were collected for subsequent immune cell profiling and
additional analyses.

Mice received intraperitoneal injections of anti-mouse
PD-1 monoclonal antibody (#BE0146; Bio X Cell, Lebanon,
NH, USA) or a matched IgG isotype control (#BE0089; Bio
X Cell) at a dose of 200 pg per mouse every 3 d when tumor
volumes reached 50-100 mm?.

Anti-mouse CD8a. monoclonal antibody (#BE0061; Bio X
Cell) was administered intraperitoneally at a dose of 150 pg
per mouse twice weekly in the CD8" T cell depletion model
beginning 1 week before tumor cell inoculation.

All animal procedures were approved by the Institutional
Animal Care and Use Committee of South China Agricultural
University and performed in accordance with relevant guide-
lines and regulations (Approval No. 2025F818).

Bacterial strains and culture

Ba was obtained from a healthy human stool. The isolation
procedure was initiated by homogenizing fresh stool samples
in sterile phosphate-buffered saline (PBS). The homogenate
was subsequently clarified by filtration through a 100-pum cell
strainer. The filtrate was diluted and plated onto Bifidobacteria
selective media (#90273; Millipore, Burlington, MA, USA) to
selectively isolate Ba. Escherichia coli strain MG1655 (#700926;
ATCC, Manassas, VA, USA), a non-pathogenic commen-
sal bacterium of the human intestine, was used in this study
and served as a bacterial control. Ba and the four reference
strains were cultured anaerobically in BHI (CM1135B; Oxoid,
Basingstoke, Hampshire, UK) at 37°C. Bacterial density was
monitored at OD,,, using a Spectra Max iD3 microplate
reader (Molecular Devices, San Jose, CA, USA). Log-phase
cultures of Ba were centrifuged at 3,000 g for 10 min and the
supernatant was sterile-filtered through 0.22-pm membrane
to obtain the conditioned medium (Ba.CM).

Mouse T-cell isolation and activation

Spleens from naive mice were harvested and processed using
a Mouse T Cell isolation kit (#19853; Stemcell Technologies,
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Stemcell Technologies, Vancouver, BC, Canada). Purified T
cells were then cultured in RPMI-1640 medium supplemented
with mouse CD3/CD28 Dynabeads (#11456D; Thermo Fisher
Scientific, Waltham, MA, USA) and 30 U/mL of recombinant
mouse IL-2 (#575404; BioLegend, San Diego, CA, USA) for
activation and expansion.

Tumor-infiltrating immune profiling by flow
cytometry

Resected tumor tissues were minced and digested at 37°C for
45 min in a cocktail consisting of 0.5 mg/mL of collagenase
D (#C754909; Aladdin, Shanghai, China) and 0.25 mg/mL of
DNase I (#10104159001; Roche, Indianapolis, IN, USA) pre-
pared in 1% BSA (Sigma-Aldrich, St. Louis, MO, USA) to gen-
erate single-cell suspensions. The digestates were then subjected
to filtration and centrifugation at 500 x g for 10 min. Cells were
stained with a panel of marker-specific antibodies to delineate
myeloid and lymphoid populations, including dendritic cells
[DCs] (CD45* CD11c* MHCII*), M1 macrophages (CD45*
CD11b* F4/80* CD206°), M2 macrophages (CD45* CD11b*
F4/80* CD206%), natural killer (NK) cells (CD45* CD3~
NKI1.1%), natural killer T (NKT) cells (CD45* CD3* NK1.1%),
T regulatory cells [Tregs] (CD45* CD3* CD4* CD25" Foxp3*),
myeloid-derived suppressor cells [MDSCs] (CD45" CD11b*
Gr-1%), and CD8" T cells (CD45* CD3* CD8"). The intracellu-
lar production of IFN-y, TNF-a., and granzyme B (GZMB) was
measured by flow cytometry to assess immune cell function
after stimulation with phorbol 12-myristate 13-acetate [PMA]
(50 ng/mL; Sigma-Aldrich, St. Louis, MO, USA), ionomycin (1
pg/mL; Sigma-Aldrich, St. Louis, MO, USA), and monensin
(10 ug/mL; Sigma-Aldrich, St. Louis, MO, USA), respectively.

RT2 Profiler qPCR Array

Total RNA was extracted from the tumor tissues using TRIzol™
reagent (15596026; Thermo Fisher Scientific). An RT reagent
kit with a gDNA eraser (RR047a; Takara, Kusatsu, Shiga, Japan)
was subsequently used to convert the RNA into complemen-
tary DNA through reverse transcription. The profiler PCR
Arrays for Mouse Inflammatory Response & Autoimmunity
(PAMM-077ZC; Qiagen, Hilden, NRW, Germany) were uti-
lized to detect altered gene expression profiles. The experi-
ments were performed on an Applied Biosystem Real-time
PCR system (QuantStudio™; Thermo Fisher Scientific).

Cell proliferation and colony formation assay

Cell viability was evaluated using the MTT assay (Thermo
Fisher Scientific). B16-F10 cells were plated in 96-well plates
ata density of 1 x 103 cells per well and treated with Ba.CM, E.
coli conditioned medium (Ec.CM), or BHI medium and used
as bacteria and broth controls, respectively. Cells were seeded
in 6-well plates at a density of 500-1,000 cells per well and
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exposed to Ba.CM, Ec.CM, or BHI control for 1-2 weeks with
medium replenishment every 3 d for the clonogenic survival
assay. The number of colonies was quantified using Image]J
software (National Institutes of Health, Bethesda, MD, USA)
after fixation and staining with 0.5% crystal violet.

Shotgun metagenomic analysis

Faecal DNA was extracted from mouse stool samples using the
Quick-DNA™ Faecal Microbe Miniprep kit (Tiangen Biotech,
Beijing, China). Sequencing libraries were constructed and
subjected to shotgun metagenomic sequencing on the Illumina
MiSeq platform (Illumina, San Diego, CA, USA) in accordance
with established protocols!”. Raw sequencing reads were pro-
cessed with KneadData (v0.7.2; Harvard T.H. Chan School of
Public Health, Boston, MA, USA) to remove host-derived and
low-quality sequences, yielding high-quality microbial data.
Taxonomic profiling was performed from the quality-filtered
reads using MetaPhlAn (v3.0.0; Harvard T.H. Chan School
of Public Health, Boston, MA, USA) with the integrated v30
marker database, which enabled accurate characterization of
the microbial community composition.

Metabolomic profiling

Untargeted metabolomic analysis was performed using 100
g of faecal samples (Biotree, Shanghai, China). The extracted
metabolites were transferred to a fresh glass vial for liquid
chromatography-tandem mass spectrometry (LC MS/MS)
analysis. Metabolite separation was achieved using an ultra-
high performance liquid chromatography system (Agilent
1290 Infinity Series; Agilent Technologies, Santa Clara,
CA, USA) equipped with a UPLC BEH amide column. The
mobile phase consisted of 25 mM ammonium acetate and
25 mM ammonium hydroxide in water (pH 9.75) (A) and
acetonitrile (B), delivered at a flow rate of 0.5 mL/min. The
gradient program was as follows: 0-0.5 min, 95% B; 0.5-7.0
min, from 95%-to0-65% B; 7.0-8.0 min, from 65%-t0-40% B;
8.0-9.0 min, 40% B; 9.0-9.1 min, from 40%-to-95% B; and
9.1-12.0 min, 95% B. The column temperature was maintained
at 25°C, the autosampler at 4°C, and the injection volume was
2 pL. A TripleTOF 6,600 mass spectrometer (AB Sciex, Foster
City, CA, USA) was used to acquire MS/MS spectra in an
information-dependent acquisition mode. Metabolites were
identified by querying an in-house MS2 database, the Human
Metabolome Database [HMDB] (www.hmdb.ca), and the
METLIN metabolite database (metlin.scripps.edu).

RNA sequencing (RNA-Seq)

Total RNA was extracted with TRIzol (Thermo Fisher
Scientific, Waltham, MA, USA) from three biological repli-
cates per group. Libraries were constructed using the TruSeq
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Stranded Total RNA kit (Illumina, San Diego, CA, USA)
and sequenced on an Illumina HiSeq platform. Differential
gene expression was quantified as fragments per kilobase of
transcript per million (FPKM) and analyzed using DESeq2
(Bioconductor, Seattle, WA, USA).

Western blotting

Protein lysates from the CD8* T cells were separated by elec-
trophoresis on 6%-12% gradient SDS-polyacrylamide gels and
subsequently transferred to polyvinylidene difluoride (PVDF)
membranes (EMD Millipore, Billerica, MA, USA) using a wet
transfer system. Membranes were blocked with 5% skim milk
prepared in Tris-buffered saline containing 0.1% Tween-20
[TBST] (Solarbio, Beijing, China) for 2 h at room temperature.
Immunoblotting was performed using the Hippo Signaling
Antibody kit (#HAK21009; Huabio, Hangzhou, Zhejiang,
China) with overnight incubation of primary antibodies
at 4°C, followed by incubation with corresponding HRP-
conjugated secondary antibodies for 1 h at room temperature.
Protein bands were visualized using enhanced chemilumines-
cence (MilliporeSigma, Burlington, MA, USA) substrate and
quantified by densitometric analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(version 9.4.1; GraphPad Software, San Diego, CA, USA)
and R (version 4.1.1; R Foundation for Statistical Computing,
Vienna, Austria). Data are expressed as the mean + SD with
“n” indicating the number of biological replicates. No samples
or animals were excluded. An unpaired two-tailed Student’s
t-test or Mann-Whitney U test was used for comparisons
between two groups. Multiple group comparisons were ana-
lyzed by ANOVA. A P < 0.05 threshold was considered statisti-
cally significant. Detailed statistical descriptions are provided
in the figure legends.

Results

Healthy human faecal isolated Ba suppresses
melanoma progression

Five Bifidobacterium species (Ba, B. breve, B. bifidum, B. longum,
and B. pseudocatenulatum) were isolated and identified from
healthy human faeces to determine the functional effects of
specific bacteria that are depleted in melanoma patients. The
bacteria strains were initially confirmed by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) MS
and subsequently verified by Sanger sequencing (Figure 1A).
The anti-proliferative effects of these five bacterial were then
evaluated. The MTT assay revealed that among the identified
bacteria, Ba exhibited the most significant anti-proliferative
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effect (Figure 1B). Furthermore, the Ba.CM demonstrated the
strongest inhibitory activity across different concentrations
(5% and 10% [vol/vol]; Figure 1C), suggesting that Ba has
potent anti-melanoma properties.

Ba was administered orally to a B16-F10 syngeneic mouse
model in a subsequent experiment. Ba significantly reduced
tumor volume and weight compared to the BHI-treated group
(Figure 1D-F). Tumor tissue was cultured on BHI agar plates
to determine whether Ba was present at the tumor site. No via-
ble Ba colonies were detected in the tumor tissues of Ba-treated
mice (Figure 1G), indicating that the anti-tumor effects of Ba
were mediated indirectly through secreted metabolites rather
than direct interaction between Ba and tumor cells.

Ba remodels the tumor immune
microenvironment (TIME) and directly
activates CD8" T cells via secreted metabolites

A PCR array was performed to profile the expression of 84
key genes involved in the inflammatory response and autoim-
munity in syngeneic tumors from Ba- and BHI-treated syn-
geneic B16-F10 mouse models to elucidate the mechanisms
by which Ba suppresses melanoma progression. The analysis
revealed that Ba upregulated 22 inflammation-related genes by
> 2-fold, while only 1 gene was downregulated (Figure 2A).
Notably, significant upregulation of immune marker genes
associated with CD8+ T cell infiltration (Cxcl9, Cxcl11, Ccl19,
and Ccr7), NK cell infiltration (Cxcll11 and Cxcl19), Th2 dif-
ferentiation (IL-19), antigen presentation (IL-1a, IL-1b, CD40,
and Fasl), and Treg regulation (Ccl22 and Ccl20), as well as
immunomodulatory factors, including TIr7 in allograft tum-
ors from Ba-treated mice (Figure 2B) was noted. These find-
ings suggested that Ba may exert tumor-suppressive effects by
promoting the enrichment of tumor-infiltrating immune cell
populations.

The composition of tumor-infiltrating immune cells was
analyzed using multicolor flow cytometry to directly assess
the impact of Ba on the tumor immune landscape in mela-
noma. Ba treatment was confirmed to significantly reduce the
populations of MDSCs (Figure 2C), tumor-associated mac-
rophages (TAMs), and Tregs (Figure S1A). In contrast, the
population of CD8" T cells infiltrating the tumors was signif-
icantly enhanced in Ba-treated B16-F10 tumors compared to
control treatment (Figure 2D). In addition, the frequencies of
GZMB-, tumor necrosis factor-alpha (TNF-a)-, and interfer-
on-gamma (IFN-y)-positive CD8* T cells were significantly
higher in Ba-treated tumors compared to BHI-treated mice
(Figure 2E), whereas PD-1 expression on tumor-infiltrating
CD8" T cells was not significantly different between the
two groups (Figure S1B). No significant differences were
detected in other immune cell populations, including DCs,
M1 macrophages, NK cells, and NKT cells, between BHI- and
Ba-treated syngeneic tumors.
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Figure 1 B. animalis suppresses melanoma growth and modulates the tumorimmune microenvironment in vitro and in vivo. (A) Identification
of bacterial strains isolated from healthy human subjects. (B) MTT assay demonstrates the effect of five Bifidobacterium species on B16-F10
cell viability in vitro (n = 3). (C) MTT assay demonstrates the influence of CM from five Bifidobacterium spp. on B16-F10 cell viability in vitro
(n = 3). (D) A schematic diagram of the experimental design and timeline for B16-F10 syngeneic mice under various treatments, including
representative tumors from each group. (E) Tumor size of B16-F10 syngeneic tumors under various treatments (n = 6). (F) Tumor weight of
B16-F10 syngeneic tumors under various treatments (n = 6). (G) Representative images display the bacterial load derived from tumor tissues
in the syngeneic tumor model. The LOD was determined to be 10 CFU/mL based on the plating of 100 uL of undiluted tissue homogenate. *, P
< 0.05; **, P < 0.01. The data are presented as the mean + SD. Statistical significance was assessed using an unpaired t-test, one-way analysis
of variance, or two-way analysis of variance, as indicated. Abbreviations: B. animalis, Bifidobacterium animalis; BHI, brain heart infusion; CFU,
colony-forming units; CM, conditioned medium; LOD, limit of detection; SD, standard deviation.
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Figure2 B. animalis modulates the tumorimmune microenvironment in B16-F10 melanoma by promoting CD8* T cell activation. (A) Differential
expression of inflammatory response and autoimmunity-related genes between the B. animalis and BHI control groups, as profiled by the inflam-
matory response and autoimmunity gene PCR array. (B) Network diagram of B. animalis-modulated immune signaling. The network highlights
key alterations in the TIME compared to the BHI control, emphasizing enhanced CD8* T and NK cell infiltration, promotion of Th2 differentiation,
and modulation of Treg activity and antigen presentation. These processes are mediated by upregulated chemokines (Cxcl9, Cxcl11, Cxcl19,
Cxcl22, and Ccl20) and immunosuppressive factors (Tlr7). (C) Flow cytometric analysis revealed a significant reduction in MDSCs within B16-F10
tumors from B. animalis-treated mice compared to the BHI control group (n = 6). (D) Flow cytometric analysis revealed a significant increase in
CD8* T cell infiltration within B16-F10 tumor tissues from B. animalis-treated mice compared to the BHI control group (n = 6). (E) Flow cytometry
analysis demonstrated a significant increase in the frequency of GZMB, TNF-a, and IFN-y-expressing CD8* T cells within tumor tissues of B. ani-
malis-treated B16-F10 mice compared to the BHI control group (n = 6). (F) Schematic illustration of CD8* T cell isolation from mouse spleen and
subsequent activation assay. Flow cytometric analysis confirms the direct in vitro activation of CD8* T cells by Ba.CM compared to the BHI control
(n =3).* P <005 * P < 0.01; *** P < 0.0001. Data are presented as the mean + SD. Statistical significance was assessed using an unpaired
t-test, one-way analysis of variance, or two-way analysis of variance, as indicated. B. animalis, Bifidobacterium animalis; BHI, brain heart infusion;
Ba.CM, B. animalis conditioned medium; GZMB, granzyme B; IFN-y, interferon-gamma; MDSCs, myeloid-derived suppressor cells; NK, natural
killer; SD, standard deviation; TNF-a, tumor necrosis factor-alpha; TIME, tumor immune microenvironment.
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The direct immunomodulatory effects of Ba was further
investigated on melanoma, given the central role of effector
T cells in tumor immunotherapy. CD8* T cells were isolated
from mouse spleens and stimulated in vitro with Ba.CM.
Direct activation of CD8" T cells was noted upon treat-
ment with Ba.CM, which was characterized by significantly
enhanced expression of the effector molecules GZMB and
IFN-y in purified CD8" T cells (Figure 2F). Taken together,
these results underscored the potential of Ba as a therapeutic
agent for enhancing anti-tumor immunity in melanoma.

The anti-tumor and immunostimulatory
effects of Ba are mediated by < 3 kDa non-
protein metabolites

Ba.CM was first stripped of protein function by subjecting
the Ba.CM to proteolytic digestion (proteinase K, 50 pg/mL;
Sigma-Aldrich, St. Louis, MO, USA) or heat inactivation
(100°C for 30 min) to identify the bioactive metabolite(s) asso-
ciated with the observed anti-cancer and immune-boosting
activity. Neither treatment diminished the suppression of B16-
F10 proliferation or clonogenic survival (Figure 3A, B), con-
firming that the effector molecule(s) are non-proteinaceous.
Subsequent size-fractionation through 50-, 30- and 3-kDa
cut-off membranes showed that only the < 3 kDa permeate
reproduced the full cytostatic activity, whereas the > 50 kDa
retentate and the 3-50 kDa fraction were inactive (Figure 3C,
D). The same low-molecular-weight, non-protein pool also
elicited direct CD8" T-cell activation, doubling the frequencies
of TNF-a" and IEN-y* cells (Figure 3E). Thus, tumor suppres-
sion and immune stimulation by Ba are mediated by < 3 kDa
non-protein metabolites.

Mannose is the Ba-secreted metabolite
that restrains melanoma and promotes
intratumoral CD8"' T cell activation

Untargeted metabolomics was performed on Ba.CM and stool
samples collected from melanoma tumor-bearing mice under
different treatments to pinpoint the functional metabolites
that translate the anti-melanoma and immunomodulatory
activity of Ba into action. Among the differentially accumu-
lated features, mannose emerged as the most prominently
enriched metabolite in both matrices (Figure 4A, B). Targeted
quantification corroborated these findings, which showed a
robust elevation of mannose in Ba.CM (Figure 4C, left) and
faecal samples from Ba-treated mice (Figure 4C, right).

We next asked whether mannose is sufficient to reproduce
the probiotic phenotype. Importantly, supplementary experi-
ments showed that administration of 1% mannose in drink-
ing water increased mannose levels in serum (Figure S2A)
and the TME (Figure S2B) to levels comparable to the levels
induced by oral gavage of Ba. Consequently, this 1% mannose

Li et al. B. animalis suppresses melanoma via YAP1 inhibition

regimen was adopted for all subsequent in vivo studies. Mice
challenged subcutaneously with B16-F10 cells received man-
nose in the drinking water (Figure 4D). Mannose-exposed
tumor-bearing mice exhibited a marked reduction in tumor
volume (Figure 4E) and tumor weight (Figure 4F) compared
to the control group. Multicolor flow cytometry of dissoci-
ated tumors revealed that mannose not only increased the
frequency of intratumoral CD8" T cells (Figure 4G) but also
raised the fraction of CD8" T cells producing GZMB, TNEF-a,
and IFN-y (Figure 4H), indicating simultaneous enhancement
of T-cell infiltration and activation. Taken together, these data
established mannose as a key bioactive metabolite released by
Ba that directly curtails melanoma growth by re-programming
the TIME toward productive CD8* T-cell immunity.

Mannose reshapes the gut microbiota of
B16-F10 tumor-bearing mice

Faecal samples were profiled by shotgun metagenomic
sequencing to determine whether the anti-tumor effects of
Ba-derived mannose is relayed through the gut microbiota.
a-diversity metrics (observed species, Ace, Chaol, Shannon,
Simpson, and Goods coverage) were indistinguishable between
vehicle- and mannose-treated mice (Figure 5A). In agreement
with this finding, principal coordinates analysis (PCoA) based
on Bray-Curtis dissimilarity indicated substantial overlap
in overall microbial community structure between the two
groups (PC1: 47.22%; PerMANOVA P = 0.22; Figure 5B), sug-
gesting that mannose does not perturb the overall architecture
of the microbiota. Taxonomic profiling further revealed that
mannose treatment led to a significant increase in the abun-
dance of beneficial bacteria belonging to the Lactobacillus
genus (Figure 5C). Differential-abundance testing (DESeq2;
false discovery rate [FDR] < 0.05) pinpointed three immunos-
timulatory taxa as the main drivers (Ba, B. pseudocatenulatum,
and L. rhamnosus; Figure 5D). A mouse-wise heat-map (log,-
transformed relative abundance) confirmed that mannose
selectively and consistently enriched these probiotic species.
Taken together, these findings demonstrated that mannose
does not induce broad changes in gut microbial ecology even
though mannose drives the selective enrichment of beneficial
bacteria with recognized immunomodulatory properties. This
prebiotic-like activity provides a plausible mechanistic link
between mannose-induced microbiota shifts and the previ-
ously observed anti-tumor and immune-activating effects.

Mannose exerts anti-tumor effects through
CD8" T cell-dependent mechanisms and Ba
enhances anti-PD-1 efficacy in a B16-F10
syngeneic mouse model

A CD8" T cell-depleted B16-F10 syngeneic model was
established to determine whether CD8" T cells mediate the
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<
<

(E) Ba.CM < 3 kDa directly activated CD8* T cells and increased the proportion of TNF-a.* and IFN-y* cells (n = 6). *, P < 0.05; **** P < 0.0001. Data
are presented as the mean + SD. Statistical significance was assessed using an unpaired t-test, one-way analysis of variance, or two-way analysis
of variance, as indicated. Abbreviations: B. animalis, Bifidobacterium animalis; BHI, brain heart infusion; Ba.CM, B. animalis conditioned medium;
Ec.CM, E. coli conditioned medium; GZMB, granzyme B; IFN-y, interferon-gamma; SD, standard deviation; TNF-a, tumor necrosis factor-alpha.

anti-tumor activity of mannose. Tumor-bearing mice received
twice-weekly intraperitoneal injections of anti-CD8c. mono-
clonal antibody combined with daily oral gavage of vehicle or
mannose (Figure 6A). Mannose treatment mildly suppressed
tumor growth under CD8* T cell-depleted conditions with
limited effects on tumor size and weight compared to the
control groups (Figure 6B-D). Flow cytometric analysis con-
firmed efficient depletion of CD8" T cells in peripheral blood
and tumor tissues (Figure 6E, F). These results demonstrated
that the anti-tumor efficacy of mannose is primarily depend-
ent on CD8" T cells.

Building on the finding that Ba-derived mannose promotes
CD8* T-cell fitness, whether this probiotic could serve as a
biological adjuvant to sensitize tumors to anti-PD-1 treatment
was determined (Figure 6G). A combination therapy model
was established in which tumor-bearing mice received daily
oral gavage of BHI or Ba. Mice were treated with twice-weekly
intraperitoneal injections of anti-mouse PD-1 monoclonal
antibody when tumor volumes reached 50-100 mm?®. The
combination of Ba with anti-PD-1 resulted in significantly
greater tumor suppression in B16-F10 tumor-bearing mice
compared to monotherapy or control treatments (Figure
6H-J). This enhanced anti-tumor effect was associated with
substantially increased infiltration and activation of effector
CD8" T cells within tumors (Figure 6K). These findings indi-
cated that Ba sensitizes melanoma to anti-PD-1 therapy by
remodeling the TIME and enhancing CD8" T cell-mediated
cytotoxicity.

Ba and its derived mannose inhibit YAP1 to
promote CD8" T cell activation

Dose-response experiments were performed and 1 mM was
identified as the concentration producing the most robust
enhancement of CD8* T cell function to dissect how mannose
reprogrammed CD8" T cell anti-tumor immunity (Figure
S3A). Splenic CD8" T cells were isolated from C57BL/6 mice,
treated with mannose (1 mM) for 24 h, and bulk RNA sequenc-
ing was performed. Differential gene expression was revealed
by transcriptomic analysis across treatment conditions (Figure
7A) with volcano plot analysis confirming widespread tran-
scriptional alterations (Figure 7B) and quantitative analysis
demonstrating a reduction in YAP1 mRNA levels (Figure 7C).
YAP1 is a documented negative regulator of effector function'®.
This finding was validated with the Ba.CM < 3 kDa fraction
or purified mannose (1 mM); both reagents led to a signif-
icant reduction in YAP1 expression (Figure 7E, G). Gene set

enrichment analysis (GSEA) revealed significant enrichment of
the Hippo signaling gene set in mannose-treated CD8* T cells
(Figure 7D). Because YAPI is a key downstream effector of the
Hippo signaling pathway, decreased expression of YAP1 was
accompanied by prominent phosphorylation at Ser127, a criti-
cal site associated with functional inactivation and cytoplasmic
retention'®. Concomitantly, a decline in total YAP1/TAZ protein
levels was demonstrated in CD8" T cells. The nuclear trans-lo-
calization of YAP was also significantly diminished in CD8* T
cells upon treatment with mannose or Ba.CM (Figure 7E, G).
The upstream kinases were also examined by western blot-
ting to further substantiate activation of the canonical Hippo
kinase cascade and increased phosphorylation of Latsl was
observed in CD8* T cells following mannose or the Ba.CM < 3
kDa fraction treatment (Figure 7E, G). Functional assessment
through in vitro co-culture assays demonstrated that Ba.CM < 3
kDa and mannose significantly enhanced CD8" T cell effector
function with substantial increases in the percentages of IFN-
v*, TNF-o*, and GZMB" cells (Figure 7F, H). These findings
collectively suggested that the Ba.CM < 3 kDa fraction and
mannose enhance CD8* T cell activation via the Hippo sign-
aling pathway, mediated through downregulation of YAP1 and
subsequent sequestration in the cytoplasm, thereby preventing
nuclear translocation and transcriptional activity (Figure 8). It
has been reported that mannose uptake is predominantly medi-
ated by glucose transporters (GLUTs), particularly GLUT1%.
Pharmacologic inhibition experiments were performed using
the GLUT1-specific inhibitor, BAY-876, to validate the neces-
sity of GLUT1-mediated uptake for the biological effects of
mannose. GLUT1 blockade largely abrogated the functional
enhancement of CD8" T cells induced by mannose or the Ba.CM
< 3 kDa fraction. Specifically, upregulation of key effector mol-
ecules (IFN-y, TNF-a, and GZMB) was significantly reduced in
the presence of BAY-876 (Figure S4A, B). Concomitantly, BAY-
876 eliminated mannose- and Ba.CM < 3 kDa fraction-induced
modulation of the Hippo-YAPI axis, marked by attenuated
Lats] phosphorylation and impaired YAP1 Ser127 phospho-
rylation, downregulation, and nuclear exclusion (Figure S4C).
These results clearly confirmed that GLUT1-mediated mannose
uptake is a prerequisite for engaging the Hippo-YAP1 axis and
boosting CD8" T cell effector function (Figure 8).

Discussion

Despite the established role of immune checkpoint blockade
targeting PD-1/PD-L1 in melanoma therapy, a substantial
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Figure 4 B. animalis-derived mannose suppresses tumor growth and promotes CD8* T cell activation. (A) Untargeted metabolomic analysis
revealed significant enrichment of mannose in Ba.CM (n = 3). (B) Elevated mannose levels were detected in faecal samples from B. anima-
lis-treated mice (n = 4). (C) Targeted metabolomic quantification of mannose in bacterial conditioned medium and faecal samples (n = 3). (D)
Schematic diagram depicting the experimental design and timeline for mannose treatment in the B16-F10 syngeneic mouse model, including
representative tumors from each group. (E, F) Oral administration of mannose significantly inhibited tumor growth in the B16-F10 model,
as shown by reduced Tumor volume (E) and Tumor weight (F) (n = 6). (G, H) Flow cytometry analysis demonstrated that mannose treatment
enhanced both infiltration (G) and activation (H) of CD8* T cells within TIME (n = 6). *, P < 0.05; ****, P < 0.0001. Data are presented as the
mean + SD. Statistical significance was assessed using an unpaired t-test, one-way analysis of variance, or two-way analysis of variance, as
indicated. Abbreviations: B. animalis, Bifidobacterium animalis; BHI, brain heart infusion; Ba.CM, B. animalis conditioned medium; GZMB,
granzyme B; IFN-y, interferon-gamma; SD, standard deviation; TNF-ca, tumor necrosis factor-alpha.
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Figure 5 B. animalis-derived mannose modulates gut microbiota composition. (A) Analysis of a-diversity indices (observed species, Ace,
Chao1, Shannon, Simpson, and Goods coverage) in faecal samples from vehicle- and mannose-treated mice (n = 5). (B) Principal coordinates
analysis (PCoA) based on Bray-Curtis dissimilarity showing microbial community separation between groups (PC1: 47.22%; PerMANOVA
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Cancer Biol Med Vol 23, No 5 May 2026 749
A B C D
. . o — 6001 o Vehicle + aCD8 — 08 o

Vehicle/mannose daily gavage a € C)

—— = == =% £ 400{ ® Mannose + aCD8 £ 06
>+ o Rl

B16-F10 tumor inoculation (s.c.) 2o N ag) 044 o o [0

‘ Anti-CDB (i.p.) twice/week % reu E 200 E 02
- = =

-d14 d9 di4 d9 =+ = =

__________ 0 00
e

0 7 9 1113151719 Lo &
D 'SP

ays >\ &

X @ x
E F

Vehicle Vehicle Vehicle Vehicle Vehicle Vehicle Vehicle Vehicle Vehicle Vehicle

+ aCD8 -1 + aCD8 -2 + aCD8 -3 + aCD8 -4 + aCD8 -5 +aCD8 -1 + aCD8 -2 +aCD8 -3 +aCD8 -4 + aCD8 -5
o oo o

| 12 7% 13.1% 13.7% n 3% 14.4% 4 ACSDD‘; 1 122; Cp4 CP"

[g] o8 | E Co8 c8 CD8 | cD8 s | [] cos E D8 cps | (27 cps
0.093% | “£-0.17% 0.04% 0.11% 3 023% | .270% = 0.078% 0.080% | 0210‘V —0.170%
=it S=il Tuly =y L+ O AmlF AwlE A

= o 5 5 7 4 5 1 8 & S
8 Mannose Mannose Mannose Mannose Mannose E  Mannose Mannose Mannose Mannose Mannose
@ +aCD8-1 + aCD8 -2 +aCbh8-3 +aCD8-4 + aCD8-5 = +aCD8-1 +aCD8 -2 +aCbh8-3 +aCD8-4 +aCD8-5
s 02 5% cos @ I o o
D8 D8 .CD8 < | Fal | cos | cps "1 cos s [ ] cos
0002% s 017% i oot 8| 0% o 0410/ - 0290% T 0120% 0. 360%
1 | | 1 i & | | i
& & . 3
—> o8 —» (D8
G H I
- 6007 .o BHI + IgG :
i . . ! . . _ o B animalis + 1gG |*
BHI/B. animalis daily gavage +igG E
. . > £ 400- ® BHI + aPD1 *
— - B. animalis . ‘ ‘ P £ B animali PD1
‘ B16-F10 tumor inoculation (s.c.) +igG g ® 5-animalts + a
‘ Anti-PD1 (i.p.) twice/week BHI . . . ' S
— +aPD1 - 5
-d14  do d9 di4 d19 g animalis
_______ +aPD1 © @ e o 2
) 5 . ! 0 7 9 11 13 15 17 19
Days
J K CD8" T cell CD8" IFN-y* CD8* GZMB* CD8" TNF-a*
hid kel *kkk - *
Fhkk Fkkk

@ s ok HkxK _ 30 Ry _ 80 EEEE <°\60 Sk

£ g g £ 60 ® < *

> =20 ° o =2 = 340 %

[0} () () ° o

: S PlaeR” Pl % Y osle®h

S . 104 © .10 + o0 20

£ 8 old 8 82018 8

2 o 5 o O e

0 0 o 0 PN
\r '\/ O 0 &
X\QOX & '820\/%‘0\/ \Q \@ QO L OO LR \x\?,x\qx QOX £
N o D WO (XL X X & 8
KX o %\%@ S %‘?6\&‘%\» 56 TR &
(\\((\ RS & \((\ & . N \
0 N AN 0 & : &

Figure 6 Mannose exerts CD8* T cell-dependent anti-tumor effects and B. animalis enhances anti-PD-1 efficacy. (A) Schematic diagram
depicting the experimental design and timeline for CD8* T cell depletion in the B16-F10 syngeneic mouse model. (B) Representative Tumor
images from each treatment group (n = 5). (C, D) Tumor volume (C) and weight (D) in CD8* T cell-depleted mice following mannose treat-
ment (n = 5). (E, F) Flow cytometric confirmation of successful CD8* T cell depletion in peripheral blood (E) and tumor tissues (F) (n = 5).
(G) Schematic diagram illustrating the combined therapeutic regimen of B. animalis and anti-PD-1. (H) Representative tumors from com-
bined treatment groups (n = 5). (I, J) Tumor size (I) and weight (J) following combination therapy with B. animalis and anti-PD-1 (n = 5). (K)
Combination therapy with B. animalis and anti-PD-1 significantly enhanced tumor infiltration and activation of effector CD8* T cells (n = 5).
* P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001. Data are presented as the mean + SD. Statistical significance was assessed using
an unpaired t-test, one-way analysis of variance, or two-way analysis of variance, as indicated. Abbreviations: B. animalis, Bifidobacterium
animalis; BHI, brain heart infusion; GZMB, granzyme B; IFN-y, interferon-gamma; SD, standard deviation; TNF-a, tumor necrosis factor-alpha.
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Figure 7 B. animalis and its derived mannose suppress YAP1 expression and promotes CD8* T cell activation. (A) Heatmap of differentially
expressed genes from transcriptome sequencing analysis (n = 3). (B) Volcano plot displaying genome-wide transcriptional alterations. (C)
YAP1 expression levels following mannose treatment (n = 3). (D) GSEA plot showing significant enrichment of the Hippo signaling pathway
in mannose-treated CD8" T cells compared to the vehicle group (NES = 1.73, P = 0.008). (E) Mannose induces phosphorylation of YAP at
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Ser127 and inhibited nuclear translocation. Mannose reduces YAP1/TAZ protein levels and nuclear localization. (F) In vitro co-culture assays
demonstrate that mannose significantly upregulates IFN-y, TNF-a, and GZMB expression in CD8* T cells (n = 3). (G) Ba.CM < 3 kDa fraction
induces YAP phosphorylation at Ser127 and suppresses nuclear translocation, reducing both YAP1/TAZ protein expression and nuclear accu-
mulation. (H) /n vitro co-culture assays confirm that Ba.CM < 3 kDa markedly enhances IFN-y, TNF-a, and GZMB expression in CD8* T cells (n
=3).* P < 0.05; **, P < 0.01; **** P < 0.0001. Data are presented as the mean + SD. Statistical significance was assessed using an unpaired
t-test, one-way analysis of variance, or two-way analysis of variance, as indicated. FPKM, fragments per kilobase of transcript sequence per
million mapped fragments. Abbreviations: B. animalis, Bifidobacterium animalis; BHI, brain heart infusion; Ba.CM, B. animalis conditioned
medium; GSEA, Gene set enrichment analysis; GZMB, granzyme B; IFN-y, interferon-gamma; SD, standard deviation; TNF-a, tumor necrosis
factor-alpha.
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Figure 8 Schematic illustration of the mechanism by which B. animalis-derived mannose enhances anti-tumor immunity and anti-PD-1
efficacy. B. animalis releases mannose in the gut lumen, which is transported to the skin tumor microenvironment via the gut-skin axis.
This systemic crosstalk leads to CD8* T cell activation and subsequent cancer cell death. The right panel details Hippo pathway activation
in CD8* T cells. Extracellular mannose enters the cytoplasm through the GLUT1 transporter. Intracellular mannose promotes the phos-
phorylation (P) of Lats1, which subsequently phosphorylates YAP1/TAZ. Phosphorylated YAP1/TAZ is retained in the cytoplasm, restricting
nuclear localization and consequently relieving nuclear YAP1-mediated repression of effector gene transcription, including GZMB, IFN-y,
and TNF-o. Restoration of these effector programs potentiates CD8* T cell cytotoxicity. Collectively, this signaling cascade promotes
CD8* T cell activation, leading to a significant increase in overall anti-tumor immune responses and anti-PD-1 efficacy. Abbreviations:
B. animalis, Bifidobacterium animalis; GZMB, granzyme B; GLUT1, glucose transporter 1; IFN-y, interferon-gamma; Lats1, large tumor
suppressor kinase 1; PD-1, programmed cell death-1; TAZ, transcriptional coactivator with PDZ-binding motif; TNF-a, tumor necrosis
factor-alpha; YAP1, Yes-associated protein 1. Figure created using BioRender (www.biorender.com).
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proportion of patients exhibit limited clinical responses.
Recent advances have highlighted the gut microbiome as a key
modulator of immunotherapy efficacy, with FMT demonstrat-
ing potential in overcoming anti-PD-1 resistance!!. Among
commensal microbes, Bifidobacterium spp. has been impli-
cated in enhancing antitumor immunity and synergizing with
anti-PD-L1 therapy!®. However, the precise species conferring
these benefits have remained unclear. Notably, the current
study identified Ba as a potent immunomodulatory probiotic
that significantly augments anti-PD-1 efficacy and suppresses
melanoma progression in preclinical models.

It is widely recognized that microbiota-derived metab-
olites serve as chemical messengers bridging the micro-
scopic microbial community and macroscopic host health?!.
Moving beyond genus-level associations, we mechanistically
dissected the metabolite-mediated communication between
Ba and host immunity. Remarkably, a low-molecular-weight
(< 3 kDa) metabolite fraction responsible for the observed
anti-tumor and T cell-stimulating effects was identified.
Untargeted metabolomics revealed significant enrichment
of mannose in Ba.CM and faecal samples from Ba-treated
mice compared to the controls. The findings demonstrated
that mannose enters CD8" T cells via GLUT transporters
(primarily GLUT1), where mannose functions as a signa-
ling modulator to regulate the Hippo-YAP1 axis, thereby
enhancing T-cell effector functions. Recent studies have
also reported that mannose can inhibit glycolysis and redi-
rect carbon flux toward the TCA cycle independent of fatty
acid oxidation at the metabolic level, thereby improving
mitochondrial fitness in T cells, suggesting that mannose
can function as a metabolic and a direct signaling mole-
cule within cells?2. While previous studies have reported

the direct anti-tumor activity of mannose?*,

mannose
supplementation was noted to enrich beneficial commen-
sals, such as Bifidobacterium, supporting a dual mecha-
nism of action (direct CD8" T cell activation and indirect
remodeling of the gut microbiome). It has become clear that
Bifidobacterium can serve as adjuvants in cancer preven-
tion by modulating the gut microbiota and enhancing the
host immune response?, suggesting that mannose may sus-
tain a favorable microbial ecosystem that further amplifies
anti-tumor immunity. Nevertheless, whether the observed
microbial shifts reflect a direct prebiotic effect of mannose
or arise secondarily from immune reprogramming and
reduced tumor burden remains to be determined.

A pivotal finding was that CD8" T cell depletion almost
completely abrogated the mannose anti-tumor effects, under-
scoring a T cell-dependent mechanism. Notably, a modest,
non-significant residual inhibitory trend on subcutaneous
tumor growth persisted after CD8* T cell depletion (P > 0.05),
which may reflect CD8* T cell-independent contributions,
such as a direct anti-proliferative effect of mannose on tumor
cells, partial modulation of other immune compartments, and
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mannose-associated remodeling of the gut microbiota. The
findings demonstrated that oral administration of Ba signifi-
cantly enhances the infiltration and activation of CD8" T cells
within the TME in a murine melanoma model. An anti-PD-1
treatment model was established given the known correla-
tion between CD8" T cell activation and response to PD-1
blockade?®. Remarkably, the combination of Ba and anti-PD-1
therapy resulted in more effective tumor suppression. This
synergistic effect demonstrated that modulation of the gut
microbiota can enhance the efficacy of immune checkpoint
blockade, likely through potentiation of CD8" T cell func-
tion. Furthermore, the current study provided mechanistic
evidence that Ba remodels the TIME, potentially overcom-
ing resistance to monotherapy. The novelty of this work lies
in proposing a translatable microbiota-targeted strategy that
augments current immunotherapeutic regimens without sig-
nificant additional toxicity. These results not only establish
Ba as a promising adjuvant in melanoma immunotherapy
but also highlight the broad potential of microbiome-based
interventions to improve treatment outcomes by enhancing T
cell-mediated anti-tumor immunity.

Strikingly, mannose emerged as a previously unrecognized
microbial metabolite that suppresses the Hippo pathway in
CD8* T cells. Specifically, mannose reduces YAPI transcrip-
tion and promotes YAP1 (Ser127) phosphorylation, thereby
preventing nuclear accumulation. The mannose-induced
cytosolic retention explains the increased frequency of IFN-
v-, TNF-o-, and GZMB-producing effector T cells observed
following treatment given that nuclear YAPI restricts CD8* T
cell cytotoxicity'®27. These findings reinforce the link between
microbial products and Hippo signaling and further iden-
tify mannose as a diet-accessible, probiotic-derived metabo-
lite that releases an intrinsic brake on anti-tumor immunity.
Previous pharmacokinetic studies suggested that oral man-
nose administration is efficiently absorbed into the circu-
lation and cleared mainly via hepatic metabolism and renal
excretion. Given the increased vascular permeability and
altered nutrient accessibility of the TME, Circulating man-
nose is likely available to tumor-infiltrating immune cells at
biologically relevant concentrations given that nuclear YAP1
restricts CD8" T cell cytotoxicity'®27-2°. Consistent with this
finding, our animal experiments showed that oral gavage of
Ba significantly increased serum mannose to levels compara-
ble to the levels achieved with 1% mannose drinking water,
supporting the physiologic plausibility of a Ba-mannose axis.
Future work is warranted to integrate time-resolved pharma-
cokinetics with intratumoral mannose quantification to define
exposure-response relationships and refine translational dose
optimisation.

Several limitations of the present study should be acknowl-
edged. First, the in vivo studies relied on the highly immu-
nogenic B16-F10 syngeneic melanoma model, which may
not fully reflect the heterogeneity and microenvironmental
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complexity of human melanoma. Whether mannose-mediated
immunomodulation extends to low-immunogenicity or spon-
taneous tumor models remains to be determined. Second,
YAPI has context-dependent roles in T cells, including effects
on proliferation, survival, and metabolic adaptation. Although
live Ba is generally well-tolerated, clinical use may warrant
caution in some high-risk settings, including severe immuno-
suppression or compromised gut barrier integrity. In addition,
differences between mice and humans in immune regulation,
microbiome architecture, and metabolite disposition under-
score the need for further clinical studies to validate the thera-
peutic efficacy of Ba and mannose. In conclusion, the current
study elucidated a previously unrecognized mechanism by
which Ba enhances anti-tumor immunity through secretion
of mannose, which suppresses YAP1 expression in CD8" T
cells to unleash the cytotoxic potential and fosters a probiot-
ic-friendly gut microenvironment.

Conclusions

We demonstrated that Ba suppresses melanoma progres-
sion and produces mannose to boosts the effector T cell via
inhibiting YAP1 level. The current study not only identi-
fied a novel microbial metabolite with immunotherapeutic
potential but also provided mechanistic insights into how gut
microbiota-derived signals can systemically modulate anti-
tumor immunity. These findings support the development of
Ba or mannose as prophylactic or therapeutic agents against
melanoma.
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