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thereby mitigating pro-angiogenic effects and immunosuppression. The addition of formate or AhR in-
hibitors with combined treatment significantly enhanced therapeutic efficacy in preclinical models.
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1. Introduction

Liver cancer, particularly hepatocellular carcinoma (HCC), poses
a significant global health challenge as the third leading cause of
cancer-related mortality'. For advanced stages of the disease, such
as unresectable liver cancer, immune checkpoint inhibitors (ICIs)
combined with anti-angiogenic agents have emerged as a first-line
treatment'. Recent clinical trials have highlighted that the
combinational regimen of ICIs with small-molecule anti-angio-
genic drugs, such as Camrelizumab combined with Apatinib,
offers longer overall survival (OS) compared to regimens with
large-molecule anti-angiogenic agents (e.g., ORIENT32,
IMbravel50)>*. Despite these advances, most patients receiving
such combinations still experience disease progression or suc-
cumb to the disease within one to two years post-treatment,
underscoring the urgent need to identify previously unknown
factors influencing treatment sensitivity. Emerging research has
identified a distinct liver microbiome that selectively originates
from the gut*. Intratumoral bacteria have been detected in tumor
tissues of HCC patients, with specific strains linked to tumor
progression. For instance, Stenotrophomonas maltophilia has been
shown to induce senescence in Hepatic stellate cells, thereby
promoting HCC development®. These findings emphasize the
clinical importance of understanding intratumoral bacteria in
HCC. Notably, intratumoral bacteria can modulate treatment ef-
ficacy through various mechanisms. For example, Fusobacterium
nucleatum has been found to activate the Toll-like receptor 4/
myeloid differentiation primary response protein pathway and
autophagy, leading to reduced chemotherapy efficacy in colorectal
cancer®. Similarly, gut-derived Lactobacillus reuteri can colonize
subcutaneous tumors and produce indole-3-aldehyde, which en-
hances the efficacy of immune checkpoint inhibitors in mela-
noma’. However, the role of intratumoral bacteria in influencing
HCC treatment outcomes remains largely unexplored.

Short-chain fatty acids (SCFAs), including formic acid, acetic
acid, propionic acid, and butyric acid, are key metabolic byproducts
of bacterial activity®. Among these, formic acid plays a critical role
in various cellular processes, such as pyrimidine and purine meta-
bolism, as well as methylation cycles through one-carbon meta-
bolism®. However, the role of formic acid in tumor biology remains
controversial. On the one hand, endogenous formic acid, derived
from tryptophan, can act as a one-carbon donor for purine synthesis,
thereby promoting tumor proliferation'®. On the other hand, formic
acid or its endogenous precursor, serine, has been shown to enhance
the proliferation and function of effector T cells'"'%. This dual role
highlights the complex interplay between bacterial-derived formic
acid, tumor dynamics, and antitumor immunity. Understanding how
formic acid coordinates these processes is essential for uncovering
its regulatory potential in cancer treatment.

In this study, we identified a significant correlation between an
increased burden of Bacteroides thetaiotaomicron (B.t) in hepato-
cellular carcinoma and improved efficacy of anti-angiogenic and

IClISs therapies. Our in vivo and in vitro experiments revealed that B.¢
colonizes tumor cells and produces formic acid, which enhances
one-carbon metabolism. This process inhibits aryl hydrocarbon
receptor (AhR) nuclear translocation, thereby suppressing AhR-
mediated pro-angiogenic effects through vascular endothelial
growth factor A (VEGFA) and protein mono-ADP-
ribosyltransferase TIPARP (TIPARP) pathways that otherwise
contribute to tumor progression and immune suppression. Mecha-
nistically, formic acid-mediated one-carbon metabolism was found
to enhance methylation at AhR R13/R15 sites, directly inhibiting
AhR nuclear translocation. Furthermore, our findings demonstrated
that administering vancomycin in a somatic mouse model of HCC
significantly increased intratumoral levels of B.f, leading to
enhanced therapeutic efficacy of combination therapies and pro-
longed survival times.

2. Materials and methods
2.1.  Patients and tissue samples

We analyzed two cohorts of patients with HCC from Shanghai
Eastern Hepatobiliary Surgery Hospital and The Affiliated Cancer
Hospital of Zhengzhou University between June 2020 and June
2023. HCC Cohort 1 consisted of 26 formalin-fixed, paraffin-
embedded tissues, while HCC Cohort 2 included 36 fresh tissue
samples. FISH studies were performed in HCC Cohort 1 to identify
the presence and enrichment of B.7 in response to treatment with
Apatinib combined with anti-PD1 therapy. HCC Cohort 2 was used
to examine the correlation between fatty acid metabolism and B.t
load in HCC tumor tissues. All patients were pathologically and
clinically diagnosed with HCC and subsequently received the
stander combination therapy. Informed consent was obtained from
all patients before sample collection, in accordance with institu-
tional guidelines. Treatment efficacy was assessed through imaging
systems and RECIST1.1. The study was approved by the Ethics
Committee of Shanghai Eastern Hepatobiliary Surgery Hospital
(Approval No. EHBHKY?2021-K-038).

2.2.  Animal experiments

C57BL/6 mice, C57BL/6JGpt-H11/ € (Alb-CreERT2-polyA) Gt
(Strain No. T017784) and C57BL/6JGpt-Ahr™ “"/Gpt (Strain
No. T008369) were obtained from Shanghai Eastern Hepatobiliary
Surgery Hospital and The Affiliated Cancer Hospital of Zhengz-
hou University and maintained at the Animal Experiment Center.
Germ-free mice were obtained from Shanghai Eastern Hep-
atobiliary Surgery Hospital and maintained at the Animal
Experiment Center. All animal experiments were approved by the
Animal Ethics Committee of Shanghai Eastern Hepatobiliary
Surgery Hospital and the Affiliated Cancer Hospital of Zhengzhou
University (Approval No. EHBHKY2021-K-038). For the HCC
somatic mouse model, the 8-week-old C57BL/6 mice were
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hydrodynamically injected via the lateral tail vein with a PBS/
plasmid mix containing 10 pg of luc-pT3-MYC, 10 ng of pX330-
p53, and 5 pg of CMV-SB13 transposase at a final volume of 10%
of the body weight of the mouse as previous descripted'®. For the
Hepal-6 ortho-model, 5 x 10° cells were suspended in 25 pL PBS
and mixed with matrix glue at a rate of 1:1 and inoculated into the
subcapsular space of the mouse liver through a median incision as
previous descripted'®. For the bacterial clearance, a mixture of
1 g/L Ampicillin trihydrate, 5 g/L. Streptomycin sulphate, 1 g/
Colistin sulfate and 0.25 g/L Vancomycin as previous descripted'”.
In vivo experiment: anti-PD-1 antibodies (200 pg per mouse,
Bio x Cell, BE0146); anti-CD8« neutralizing antibodies (200 pg
per mouse, Bio x Cell, BEO061); Apatinib (100 mg/kg, Selleck,
S$5248); Ch223191 (100 pg per mouse, MCE, HY-12684). For sB.t
gavage, SPF mice, including AR/ AIbCERT2 heterozygous
mice were gavaged with sterile PBS, sB.r WT strain or sB.t ApfiB
strain at a dose of 10° CFUs/200 mL in sterile PBS, respectively,
once a day, and stopped at two days before treatment. For germ-
free mice, sterile PBS or a dose of 3 x 10° CFUs/200 mL sB.t
WT strain was only given once three days before further treat-
ment. For tamoxifen induce Ahr ablation, Ah?'AIbS"°ER? mice
were injected intraperitoneally with 75 ng/kg tamoxifen (MCE,
HY-13757 A) for five consecutive days, followed by five recovery
days to allow tamoxifen clearance before combining treatment.

2.3.  Sample preparation, derivatization and gas
chromatography-mass spectrometry (GC—MS)

Analysis was performed with slight modifications to the previously
described procedure'®. Prior to untargeted semi-quantitative
GC—MS analysis, sample derivatization was carried out in two
steps: ketone stabilization using methoxamine hydrochloride and
tert-butyldimethylsilyl group derivatization. Following derivatiza-
tion, GC—MS analysis was conducted on a GC system for the
detection of highly volatile SCFAs; derivatization was performed in
the organic phase using diethyl ether. A dilution series of a volatile
free acid mix was prepared for quantification. Each reaction tube
received 10 pL of 200 mmol/L ethylbutyric acid (internal standard),
1 mL of 99% diethyl ether, and 10 uL of 1 mmol/L hydrochloric
acid. The tubes, primed with 190 pL of sample (fresh medium or
ultrapure water as blanks), were agitated for 10 min at room tem-
perature and then centrifuged at maximum speed for 5 min at 15 °C.
The upper phase was transferred to a new 2-mL reaction tube. A
second agitation-centrifugation-transfer cycle was performed by
adding 1 mL of diethyl ether to the lower phase. Next, 250 pL. of
each sample was distributed into GC vials in triplicate, and 25 pL of
MTBSTFA (with 1% tert-butyldimethylsilyl chloride) was added to
each. The samples were then analyzed using GC—MS. Quantifi-
cation of metabolite levels in mouse tumor interstitial fluid was
performed using liquid chromatography-mass spectrometry
(LC—MS) as described earlier (minimum volume: 50 pL; samples
with yields below 50 pL were excluded).

2.4.  Allelic exchange

BT4738 (encoding formate acetyltransferase/known as pyruvate
formate-lyase, pflB) is a key enzyme responsible for formate pro-
duction during intracellular fermentation in B.z. Deletion of the
ABT4738(pflB) gene can be used to construct a formate
metabolism-deficient strain'’. The deletion mutants ApfiB were
generated using the pSIE1 plasmid system'S. Briefly, nucleotide
flanking regions around the deletion site were Gibson assembled

into the linearized pSIE1 plasmid (Spel and BamHI digested). The
assembled plasmid was subsequently introduced into B.r via
conjugation with E. coli S17-1 Apir and the conjugants were
streaked onto BHISgent/erm plates. Resistant colonies were
cultured overnight in TYG medium without antibiotics, and di-
lutions (10" to ~3) were plated onto BHIS agar with 100 ng/mL
anhydrotetracycline (aTC). Colony PCR was used to confirm the
intended deletions.

2.5.  Strains, plasmids and media

B.t (BNCC354380) and the B.t ApfiB strain were cultured and
expanded following the procedure described previously'®. All B.z
strains were grown in TYG broth supplemented with 10% horse
blood. The composition of one liter of TYG broth included 10 g of
tryptone peptone, 5 g of yeast extract, 2 g of glucose, 100 mL of
1 mol/L KPO, (pH 7.2; prepared by mixing 1 L of 1 mol/L dibasic
potassium phosphate in water with approximately 430 mL of 1 mol/L
monobasic potassium phosphate in water to achieve pH 7.2), 40 mL
of TYG salt solution (containing 0.5 g of MgSO,-7H,0, 10 g of
NaHCOs;, and 2 g of NaCl dissolved in 1 L of water), 1 mL of 0.8%
CaCl, in water, 1 mL of 0.4 mg/mL FeSO, in water, 4 mL of
0.25 mg/mL resazurin in water, 1 mL of histidine hematin solution
(1.2 pg/mL hematin, prepared by dissolving 12 mg of hematin in
10 mL of 0.2 mol/L histidine solution in water, pH adjusted to eight
and filtered sterilized), 0.5 g of L-cysteine, and 1 mL of 1 mg/mL
menadione in 100% ethanol. L-cysteine was resuspended in water
(1 mL per 25 mg of L-cysteine) and filtered sterilized (0.22 um filter)
immediately prior to inoculation. The sterile histidine hematin so-
lution, menadione, and L-cysteine were added to the autoclaved
media just before inoculation. The media was pre-reduced by
leaving it overnight inside an anaerobic chamber before inoculation,
unless stated otherwise. Antibiotics were added when necessary:
erythromycin (25 pg/mL), tetracycline (2 png/mL), and gentamicin
(200 pg/mL). Antibiotics for B.t were only used post-conjugation
for selection and were not used during growth.

2.6.  Anaerobic growth

All B.t strains were cultured statically in an incubator at 37 °C
inside the anaerobic chamber. Oxygen within the anaerobic
chamber was continuously removed by the Palladium Catalyst,
which was replaced weekly by incubating it overnight (or longer)
at 90 °C in the oven. Nitrogen was used to purge the air inside the
airlock and to maintain a positive pressure within the anaerobic
chamber. Oxygen and hydrogen levels within the chamber were
monitored using an anaerobic monitor. The oxygen concentration
inside the chamber was maintained at O parts per million, except
when the inner door of the airlock was opened to transfer items in
and out of the chamber. In such instances, low levels of oxygen
were briefly introduced but were rapidly removed. Hydrogen
concentration was kept above 1.5% to ensure proper functioning
of the palladium catalyst, by adding a gas mix consisting of 5%
H,, 20% CO,, and N,. When moving items in and out of the
chamber, the default P1 program was followed, which involved
two cycles of vacuum and purge gas (N,), followed by one cycle
of vacuum and gas mix.

2.7.  Co-culture of tumor cells and B.t

Adherent tumor cells were co-cultured with B.z. At 12 h after
seeding, B.t. was counted and added to a specifically prepared
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medium (DMEM with 10% fetal bovine serum, supplemented
with 0.5 mL of histidine hematin solution, 0.25 g of L-cysteine,
and 0.5 mL of 1 mg/mL menadione in 100% ethanol) at a mul-
tiplicity of infection (MOI) of 5:1. Tumor cells were initially
cultured under anaerobic conditions. From that point onward, all
procedures were performed under anaerobic conditions. After
incubating for 12 h, the co-culture medium was removed, and the
cells were washed with PBS.

2.8.  ELISA for anti-PDI1 antibody

Briefly, blood samples were collected in Heparinized-EDTA tubes
and centrifuged at 4 °C for 2465xg (Eppendorf AG, 22,331,
Hamburg, Germany) for 15 min to obtain the plasma, which was
kept at —20 °C until use. The stock solution for ELISAs was
prepared using this drug-free plasma diluted 1:150 (v/v) in incu-
bation buffer (IB; 0.05% Tween-20, 0.1% BSA in DPBS),
obtaining the matrix buffer (MB). This MB was spiked with
different known drug concentrations to prepare the standard
samples and the analytical control, which corresponded to free-
drug MB. Calibration Standard Curves: two working solutions
or stocks, 500 ng/mL for a-PD-1 and 250 ng/mL for a-PD-L1,
were freshly prepared in MB to build the corresponding calibra-
tion standard curves. For ELISA procedure, 24 h before per-
forming the assay, a flat-bottomed 96-well microplate was coated
with 2 pg/mL of recombinant mouse-PD-1 capture fusion protein
diluted in DPBS and incubated at 4 °C overnight. Afterward, the
plate, washed twice with 200 pL/well of DPBS, was blocked with
200 pL/well of IB for 1 h at room temperature (RT) to prevent
nonspecific reactions. Then, the plate was washed five times using
200 pL/well of washing buffer, and the standards and experi-
mental samples were added and incubated for 2 h at RT. For the
labeling, the plate was washed and treated for 1 h with a secondary
goat a-rat IgG antibody. In order to amplify this signal, a goat IgG
HRP-conjugated antibody was added and incubated for 1 h at RT.
The plate was washed and revealed with 100 pL/well of TMB
for 3 min. This reaction was stopped by adding 50 pL/well of
sulphuric acid, and the absorbance was read at 450 nm.

2.9.  LC/MS—MS for Apatinib and vancomycin

Blood samples were collected in Heparinized-EDTA tubes and
centrifuged at 4 °C for 2465 x g (Eppendort AG, 22,331, Hamburg,
Germany) for 15 min to obtain the plasma, which was kept at
—20 °C until use. For Apatinib detection®’, a sample aliquot of
10 puL was injected onto the column on a mass spectrometer
equipped with an electrospray ionization source operating in the
positive ion mode. For Vancomycin detection, plasma levels were
measured after mixing 50 pL of serum and 100 pL of 10% tri-
chloroacetic acid in a microtube, followed by vortex-mixing and
centrifugation. A sample aliquot of 1 pul. was injected onto the
column on the UHPLC chromatography system operating in the
positive ion mode.

2.10.  Culturomics

B.t (BNCC354380) was isolated as previously described with
modifications’. Tumor tissues were sterilely excised, divided into
two parts, and homogenized in 0.05% NP-40 by grinding through a
40 pm filter in a 6-well plate. The tumor homogenate was incubated
at 37 °C under anaerobic conditions for 3 h. The homogenate was
then diluted 1:3 with sterile PBS, centrifuged at 2348 x g (Eppendorf

SE, Barkhausenweg 122,339, Hamburg, Germany) for 7 min to
pellet the tumor tissue and bacteria, and the supernatant was dis-
carded to remove any remaining lysis buffer. The pelleted tumor
homogenate was resuspended in sterile PBS and transferred into
TYG broth supplemented with 10% horse blood. The tumor culture
broth was incubated anaerobically at 37 °C for 48 h in stationary
conditions. Following incubation, the culture broth was streaked
onto blood agar plates for single colony isolation. The agar plates
were incubated anaerobically at 37 °C for 72 h. Single colonies were
then selected from the agar plates for 16 S rRNA sequencing.

2.11.  Fluorescence in situ hybridization (FISH)

Sequential tumor sections were subjected to fluorescence in situ
hybridization (FISH) assays using the Enhanced Sensitive FISH
Detection Kit IV (BOSTER). A Cy3-labeled total bacteria probe
(EUB338-GCTGCCTCCCGTAGGAGT) and a B.z-specific probe
(B.t specific-CATTTGCCTTGCGGCTA), targeting 16 S rRNA,
were designed as previously reported'.

2.12.  Quantification of bacteria

Bacteria quantification was performed as described previously*2.
An equal amount of DNA (250 ng/uL) was used to amplify the
V1—V2 region on the Light Cycler 480 Real Time PCR System
(Roche) using specific primers. Total bacteria: F-AGAGTTTGAT
CMTGGCTCAG; R-TGCTGCCTCCCGTAGGAGT; B.t: F-GCA
AACTGGAGATGGCGAC; R-AAGGTTTGGTGAGCCGTTA;
B.c: F-GTCGGAATCCTGCTGAGAGGC; R-AACCCTCTGCTC
CGACCATT; H.a: F-GGGATAACTAGTCGAAAGACT; R-AT
ATTAGCTACTACCGTTTCTTCC; M.m: F1-AGGTTGATTAGT
GGCGAACGGG; R-CTTCGGACCTTGCGTTAATGGA; C.I:
F-GTTCGGAATAACTCGCCGA; R-TCTTACGCGGGCTCATC
CC. DNA extraction controls and paraffin controls were included
for each cohort. E. coli genomic DNA was used to generate a
standard curve for quantifying the absolute bacterial load.

2.13.  Live in situ bacteria labeling with fluorescent p-alanine

Tumor cells were seeded and co-cultured as described earlier.
After a 12-h incubation, the co-culture medium was removed, and
the cells were washed with PBS. Tumor cells were then incubated
in specifically prepared medium containing either FITC-labeled p-
alanine (Sigma—Aldrich, SBR00049-5 MG) or DMSO control for
2 h under anaerobic conditions. Following this, tumor cells were
fixed in 4% PFA for 4 h at room temperature and stained with
DAPI. p-Ala-positive tumor cells were counted using the Vectra
Polaris imaging system.

2.14. 16 S amplification and deep sequencing and analysis

16 S rRNA gene amplification, reconstruction, and analysis were
performed as previously described>**. Briefly, five regions of the
16 S rRNA gene were amplified using 100 ng DNA as input with a
set of 10 multiplexed primers (F1: 5-TGGCGAACGGGTGAGT
AA-3'; F2: 5-ACTCCTACGGGAGGCAGC-3'; F3: 5'-GTGTAG
CGGTGRAATGCG-3'; F4: 5-GGAGCATGTGGWTTAATTCG
A-3'; F5: 5-GGAGGAAGGTGGGGATGAC-3'; R1: 5-AGACG
TGTGCTCTTCCGATCTCCGTGTCTCAGTCCCARTG-3'; R2:
5'-AGACGTGTGCTCTTCCGATCTGTATTACCGCGGCTGCT

G-3'; R3: 5-AGACGTGTGCTCTTCCGATCTCCCGTCAATT
CMTTTGAGTT-3'; R4: 5-AGACGTGTGCTCTTCCGATCTCG
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TTGCGGGACTTAACCC-3; R5: 5-AGACGTGTGCTCTTCC-
GATCTAAGGCCCGGGAACGTATT-3'), 0.2 mmol/L dNTPs
(Larova GmbH), and 0.02 U/uL Phusion Hot Start II DNA Poly-
merase (Thermo Scientific) for the first PCR reaction. Barcodes and
Illumina adaptors were added to the amplicons in a second PCR
reaction with 5 forward primers (FF1: 5 AATGATACGGCGAC
CACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCTTGGCGAACGGGTGAGTAA-3'; FF2: 5 AATGATACGG
CGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCT
TCCGATCTACTCCTACGGGAGGCAGC-3'; FF3: 5 AATGATA
CGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC
TCTTCCGATCTGTGTAGCGGTGRAATGCG-3'; FF4: 5'AATG
ATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGA
CGCTCTTCCGATCTGGAGCATGTGGWTTAATTCGA-3';
FF5: 5’ AATGATACGGCGACCACCGAGATCTACACTCTTTCC
CTACACGACGCTCTTCCGATCTGGAGGAAGGTGGGGATG
AC-3') and one 8-nucleotide barcode-specific reverse primer (RR5:
5'CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGAC-
TGGAGTTCAGACGTGTGCTCTTCCGATCT-3'). PCR products
were purified using AMPure XP beads (Beckman Coulter Geno-
mics, Danvers, MA, USA) and quantified using a Qubit fluorometer
(Invitrogen, USA). The purified PCR products were evaluated using
an Agilent 2100 Bioanalyzer (Agilent, USA) and a library quanti-
fication kit from Illumina (Kapa Biosciences, Woburn, MA, USA).
Qualified library concentrations were above 0.3 ng/uL. The
sequencing libraries (with non-repetitive index sequences) were
diluted and mixed as required, then denatured with NaOH to
generate single strands for sequencing. Double-end sequencing was
performed on the Illumina NovaSeq 6000 sequencing platform
using PE150 sequencing mode with the NovaSeq 6000 SP Reagent
Kit (500 cycles). After data fractionation and filtering, Short Mul-
tiple Regions Framework (SMURF) analysis was performed for
reconstruction. The sequences of the five amplified regions were
integrated and analyzed for taxonomic identification of the bacteria.
Contaminating bacteria introduced during sample collection, DNA
extraction, and PCR amplification were removed. Subsequent
microbiome analysis was based on the filtered flora data. Alpha
diversity and beta diversity analyses were performed based on the
resulting species-level abundance tables. The abundance of each
species in each sample was quantified based on the species abun-
dance tables. Differences between comparison groups were
analyzed based on the species abundance statistics. Functional in-
formation was predicted using PICRUSt2 software, and variance
analysis was performed with STAMP (Statistical Analysis of Met-
agenomic Profiles).

2.15. SAM and SAH detection

SAM and SAH levels were semiquantified as previously
described®. Atleast5 x 10° tumor cells were analyzed. Tumor cells
were precipitated by methanol under vigorous shaking for 2 min,
followed by centrifugation. The resulting extract was then split into
two fractions for analysis using two separate reverse phase/
UPLC—MS/MS methods, both employing positive ion mode elec-
trospray ionization. L-Leucine-d3; was used as the quality control
standard. The analysis utilized a UPLC system coupled with a high-
resolution/accurate mass spectrometer. The mass spectrometer was
interfaced with a heated electrospray ionization source and an
Orbitrap mass analyzer operated at 35,000 mass resolution. SAM
and SAH were specifically analyzed under acidic positive ion
conditions optimized for hydrophilic compounds. In this method,
the extract was gradient-eluted from a C18 column (Waters UPLC

BEH C18-2.1 mm x 100 mm, 1.7 pm) using a mobile phase
composed of water and methanol, both containing 0.05% per-
fluoropentanoic acid and 0.1% formic acid. MS analysis alternated
between MS and data-dependent MSn scans, with dynamic exclu-
sion employed. Raw data were extracted, peaks identified, and QC
processed using Metabolon’s proprietary hardware and software.
Peak intensities were quantified using the area-under-the-curve
method, and data were normalized by dividing the peak areas by
the median of the samples for relative quantification.

2.16.  Cell culture

Hepal-6, HUH7, and MHCC97-H were cultured in DMEM with
10% FBS. H22 were cultured in RPMI-1640 with 10% FBS.

2.17. The concentrations of drugs and reagents

In vitro experiment: SF (1 mmol/L); SB (1 mmol/L); EN4
(2 umol/L); C188-9 (5 mmol/L); YC1 (2 umol/L); Ch223191
(2 umol/L); BAY-218 (5 mmol/L); KYN (50 mmol/L); KYNA
(40 pmol/L); LMB (10 nmol/L); Importazole (5 pmol/L); AGI-
24512 (1 pmol/L); AdOx (1 mmol/L); Apatinib (5 pmol/L).

2.18.  Immunofluorescence

For immunofluorescence, tissue paraffin sections were cut to a
thickness of 3 pm. After antigen retrieval and permeabilization,
the sections were incubated with a diluted primary antibody
against CD31, following the manufacturer’s instructions, using the
PANO 7-plex reagent kit (PANOVUE, 10,217,100,100). After
antibody incubation, the sections were counterstained with DAPI
to visualize the nuclei.

2.19.  Flow cytometry

The liver orthotopic tumors or subcutaneous tumors carrying
Hepal-6 tumor cells were harvested and digested into single-cell
suspensions. For cell surface marker analysis, all samples were
stained with a live/dead dye at room temperature for 15 min,
followed by incubation with various antibodies. The cells were
then resuspended in PBS containing 1% FBS and incubated with
the specified fluorescent-conjugated antibodies at 4 °C for 30 min.
For intracellular staining and permeabilization, a fixation and
permeabilization buffer (Invitrogen) was used according to the
manufacturer’s instructions. To assess cell death proportions, cells
were dissociated using 0.25% trypsin (without EDTA), followed
by centrifugation to collect the cells. The cells were then stained
and analyzed using an apoptosis kit (BioLegend), according to the
manufacturer’s instructions.

2.20.  Cell proliferation assays

Cell Counting Kit-8 was used to assess cell proliferation. Cells were
seeded into a 96-well plate at a density of 2000 cells per well.
Following the manufacturer’s instructions, cell viability was
measured at 0-, 24-, 48-, and 72-h post-seeding using the CCK-8
system.

2.21.  Western blot and Co-IP

After transfection or stimulation, whole cell extracts were pre-
pared and incubated with magnetic beads. The beads were washed
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five times with low-salt lysis buffer, and the immunoprecipitates
were then eluted. The samples were separated by SDS-PAGE and
transferred to NC membranes. Primary antibodies targeting the
protein of interest were applied according to the manufacturer’s
instructions. Horseradish peroxidase-conjugated secondary anti-
bodies (CST) were used, and antigen—antibody complexes were
detected by enhanced chemiluminescence.

2.22.  Cytoplasmic and nuclear fractionation

Cytoplasmic and nuclear protein fractions were extracted using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific) according to the manufacturer’s pro-
tocol. The extracted proteins were then separated by SDS-PAGE
for subsequent detection.

2.23. gRT-PCR

RNA was extracted from the indicated cells, and first-strand cDNA
was synthesized using a reverse transcription kit (Promega). RT-
gPCR was performed on a LightCycler® 480 Instrument II System
(ROCHE, Switzerland). The data were normalized to GAPDH
expression for analysis. Supporting Information Table S1.

2.24.  ELISA assay

Supernatants were collected for subsequent ELISA assays. Mouse
tumor tissue samples were weighed and extracted using Tissue
Protein Extraction Reagent (Thermo Fisher Scientific). All ex-
periments were conducted following the manufacturer’s in-
structions. Supporting Information Table S2.

2.25.  Gene edition

The sgRNA target sequence was cloned into the PX458 plasmid.
Cells were transfected and flow-sorted, then diluted to single cells
and seeded into 96-well plates. After cell expansion, gene
knockout efficiency was verified by Western blot. Short interfering
RNAs (siRNAs) targeting the indicated genes were designed and
synthesized by GenePharma (Shanghai, China). Transfection was
carried out using RNAIMAX (Invitrogen) following the manu-
facturer’s protocol, and knockdown efficiency was assessed by
gqPCR (Table S1).

2.26.  ChIP assay

Chromatin immunoprecipitation (ChIP) assays were performed
using the Pierce Magnetic ChIP Kit (Thermo Fisher Scientific).
Briefly, cells were cross-linked with 1% formaldehyde and
quenched with glycine. Fixed cells were harvested, lysed, and
subjected to multiple rounds of sonication on ice, with 30-s in-
cubations between pulses. Immunoprecipitation was carried out
using specific antibodies, and the precipitated DNA was subse-
quently amplified by qPCR (Table S1).

2.27.  Luciferase assay

Cells were seeded into 12-well plates and incubated for 12 h,
followed by co-transfection with the empty vector or vector
encoding AhR, along with the reporter plasmid and phRL-TK-
Renilla luciferase control vector (Addgene). After 24 h, cells were
lysed by adding the specified reagents as per the manufacturer’s

instructions. Luciferase activity was then measured using a dual-
luciferase analyzer (Promega). Firefly luciferase activity was
normalized to Renilla luciferase activity for each sample (Sup-
porting Information Table S3).

2.28.  Statistical analysis and reproducibility

Data are expressed as mean =+ standard error of mean (SEM) or
mean =+ standard deviation (SD) of at least three independent
experiments. Statistical analyses were performed using GraphPad
Prism 10 or SPSS Statistics. Two-tailed Student’s #-test, two-tailed
Wilcoxon tests, and one-way ANOVA with Tukey’s post hoc tests
were used to calculate P values. Time-to-event data were
described using Kaplan—Meyer curves. P values less than 0.05
were considered statistically significant. All experiments were
performed in triplicate unless otherwise indicated.

3. Results

3.1.  B.t enrichment promotes efficacy of aPDI1+TKI treatment
in hepatocellular carcinoma

The presence of bacteria has been reported in both normal liver
tissue and hepatocellular carcinoma (HCC)**?; however, its
impact on HCC treatment remains unclear. Given that the bacteria
in the liver are predominantly derived from intestinal microbiota,
and considering that over 40% of the gut flora genus in mice
overlap with those in humans®®??, we constructed a somatic HCC
mouse model (Supporting Information Fig. S1A). We first
confirmed the presence of bacteria in both healthy liver and tu-
moral tissues (Fig. S1B). To investigate whether intratumoral
bacteria influence the effectiveness of neoadjuvant therapy (aPD-
1 + TKI) for HCC, we employed two antibiotic regimens
including antibiotic cocktail (ABX, a mixture of Ampicillin Tri-
hydrate, Streptomycin sulphate, Colistin sulfate, and Vancomycin)
that targeting both Gram-positive (G+) and Gram-negative (G—)
bacteria and vancomycin which selectively targeting G+ bacteria
(Fig. 1A). Interestingly, we observed that vancomycin signifi-
cantly enhanced the efficacy of the aPD-1 and Apatinib combi-
nation therapy, resulting in an increased tumor inhibition rate and
prolonged survival. In contrast, ABX treatment led to a marked
decrease in therapeutic efficacy (Fig. 1B—D). By monitoring the
changes in plasma drug concentration of aPD-1 antibody or
Apatinib, we found that whether the mice received vancomycin or
not did not affect pharmacokinetics of these two drugs (Fig. S1C).
We also monitored the changes in vancomycin concentration in
the livers of mice and found that even when treating multiple
murine (Hepal-6, H22) or human (MHCC97-H, HUH7) hepato-
cellular carcinoma cell lines with the highest (~0.5 ng/g) con-
centration detected, it did not affect the growth of any of the cell
lines (Fig. S1D and S1E). These findings suggest that the G—
bacteria contribute to the enhanced efficacy of aPD-1 + TKI
therapy in HCC. Notably, in the absence of aPD-1 + TKI therapy,
neither antibiotic regimen had a significant effect on tumor growth
either (Fig. 1B and C).

We then sought to determine whether the sensitizing effect of
vancomycin on aPD-1 + TKI therapy in HCC could be attributed
to a specific species or strain of bacteria. To address this, we
assessed the bacterial composition of mouse HCC tumor masses
using 5 R—16 S sequencing. Comparative analysis of different
experimental groups: group 1 (mG1; vancomycin vs. PBS; 6 vs.
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6); group 2 (mG2; PBS vs. ABX; 6 vs. 6). After quality control
(Fig. 1E and Fig. SIF—S1H), we revealed that several G— bac-
teria, including B.t, Methylotenera mobilis (M.m), Burkholderia
cepacia (B.c), Caulobacter leidyi (C.l), and Herbaspirillum
aquaticum (H.a), met the following criteria: 1) they were enriched
in the HCC tumors from mice treated with vancomycin; 2) their
levels were higher in mice treated with PBS compared to those
treated with ABX (Fig. 1F and Fig. S1I). Subsequently, we
established an HCC cohort-1 (n = 26, responders = 16, non-
responders = 10) and assessed the levels of these five candidate
bacterial species in the cohort samples using qPCR with species-
specific primers after establishment of a standard curve (Fig. S1J).
Interestingly, we found that only B.t was significantly enriched in
the responders, while the other bacteria were either barely
detected or exhibited no significant enrichment (Fig. SIK—S1M).
Finally, to confirm the presence of B.t in the tumor tissues, we
performed fluorescence in situ hybridization (FISH) using B.z-
specific probes on tumor slides from HCC Cohort-1. Our results
confirmed that B.r was present in the tumor tissues, and its
enrichment was notably higher in responders compared to non-
responders (Fig. 1G).

To further investigate the biological effect of B.f, we acquired
the standard BNCC 354380 strain (sB.f). Previous studies have
shown that Bacteroides can invade and survive within host cells*.
To explore the interaction between sB.r and liver tumor cells,
firstly, we tested several Multiplicity of Infection (MOI = 0/1/5/
10); and found that after 12 h of co-culture, both human Hepatic
cancer cell line MHCC97-H and the murine Hepatic cancer cell
line Hepal-6 exhibited significant death and further growth inhi-
bition when the MOI was 10, whereas there were no significant
changes in cell status when the value was 5 (Fig. SIN and S10).
More strikingly, electron microscopy revealed that sB.t predomi-
nantly colonized the cytoplasm of the tumor cells (Supporting
Information Fig. S2A). To confirm that the colonized bacteria
were alive and metabolically active, we incorporated fluorescently
labeled p-alanine into the co-culture system and successfully
detected intracellular labeling. Notably, under MOI = 5, more
than 80% of cells from both the MHCC97-H and Hepal-6 cell
lines exhibited sB.r colonization (Fig. S2B). Next, we extended
this investigation to an in vivo model by performing intraHepatic
injection of Hepal-6 cells colonized with sB.t into C57BL/6 mice
(Fig. 1H). Seven days post-injection, tumor masses were excised.
Quantitative PCR (qPCR) analysis confirmed that sB.t accounted
for more than 40% of the total bacteria present within the tumors
(Fig. S2C and S2D). When homogenates from the excised tumor
mass were plated on culture plates, bacterial clones were
observed, and qPCR analysis confirmed that these colonies were
viable sB.t (Fig. S2E). Moreover, after inoculating Hepal-6 cells
carrying sB.t into the livers of germ-free (GF) mice, we found that
systemic administration of the ABX regimen could also signifi-
cantly reduce the amount of sB.r in tumors formed by Hepal-
6 cells (Fig. S2F). Then the impact of sB.t on the efficacy of
aPD-1 + Apatinib therapy was further tested in the Hepal-6-based
orthotopic liver cancer model and we found that aPD-1 + TKI
treatment resulted in smaller tumor volumes and prolonged sur-
vival in mice injected with sB.z-colonized tumor cells, compared
to those without sB.7 (Fig. 11 and Fig. S2G). More importantly, to
better clarify the effect of B.7 under in vivo conditions, we utilized
GF mice and established a somatic HCC model, while adminis-
tering sB.t by gavage. After confirming the presence of B.f in the
formed primary liver tumors (Fig. 1J), we conducted treatment
with aPD-1 antibody combined with Apatinib and found that in

the presence of B.z, the combined treatment resulted in smaller
tumor volumes (Fig. 1K). Interestingly, we also noticed that under
the treatment of Apatinib, the content of sB.f in liver tumors was
higher, while no significant changes in the colonization of sB.t
under aPD-1 antibody treatment were observed (Fig. 1L).
Together, the above data indicated that B.t played an important
role in bacteria-mediated aPD-1 antibody/Apatinib combination
therapy enhancement.

3.2.  B.t promotes the efficacy of Apatinib and aPD-1 by
respectively inhibiting VEGFA and promoting IFN-is transcription

Next, we aimed to elucidate the mechanism by which B.f enhances
the efficacy of aPD-1 + TKI therapy. In our initial investigations,
we tested the effects of sB.r on aPD-1 or Apatinib alone. Inter-
estingly, sB.r universally enhanced the efficacy of both aPD-1 and
Apatinib as standalone therapies (Fig. 2A). To explore the specific
interaction between B.t and Apatinib, we first evaluated whether
sB.t affected Apatinib-induced cell death. Co-culture experiments
with Hepal-6 cells showed no significant differences in cell death
after Apatinib treatment compared to cells without sB.r (Sup-
porting Information Fig. S3A). Similar results were observed with
the MHCC97 cell line (Fig. S3B). Given that Apatinib suppresses
tumor growth primarily through anti-angiogenesis®'**?, we next
examined its effect on tumor vascularization. In vivo, we found
that tumors formed by sB.t-colonized Hepal-6 cells did not
exhibit significant differences in vascular density compared to
tumors without sB.t in the absence of Apatinib. However, after
Apatinib treatment, the vascular density in tumors containing sB.t
was significantly lower (Fig. 2B). These findings suggest that sB.t
enhances Apatinib efficacy by potentiating its anti-angiogenic
effects. Since vascular endothelial growth factor receptor 2
(VEGFR2), the primary target of Apatinib, is activated by
VEGFA, vascular endothelial growth factor C (VEGFC), and
vascular endothelial growth factor D (VEGFD)*, we assessed the
expression of these genes by qPCR in sB.t-co-cultured Hepal-6
and MHCC97 cells. While sB.r co-culture weakly down-
regulated VEGFA, the expression levels of VEGFC and VEGFD
remained unchanged (Fig. S3C and S3D). Notably, under Apatinib
treatment, sB.f-colonized cells showed significant downregulation
of VEGFA, whereas Apatinib alone induced baseline upregulation
of VEGFA (Fig. 2C and Fig. S3E). These data indicate that sB.t
enhances Apatinib efficacy by suppressing VEGFA production,
thereby further inhibiting angiogenesis and promoting tumor
suppression. To confirm this, we generated Vegfa-knockout
Hepal-6 cells (Fig. S3F). In these cells, the differences in tumor
volumes between sB.7-colonized and non-colonized tumors were
almost completely abolished under Apatinib treatment. Both
groups exhibited similarly low levels of intratumoral blood vessels
(Fig. 2D). Together, these findings demonstrate that sB.t enhances
the anti-angiogenic efficacy of Apatinib by downregulating
VEGFA, contributing to improved tumor suppression.

We next investigated the mechanisms by which B.t enhances
the efficacy of aPD-1 therapy. Considering that the number and
functional status of CD8™" T cells within tumors are critical for the
effectiveness of aPD-1**, we analyzed CD8™ T cell infiltration and
the expression of key effector molecules, IFNy and TNF«a. We
observed increased CD8" T cell infiltration in tumors formed by
sB.t-carrying Hepal-6 cells; however, the expression levels of
effector molecules were significantly lower compared to tumors
without sB.t. Following aPD-1 treatment, although differences in
CD8* T cell infiltration persisted between the two tumor types,
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Figure 1  B.t enrichment promotes efficacy of aPD1+4-TKI treatment in hepatocellular carcinoma. (A) Schematic diagram of the treatment
protocol for HCC somatic mouse model. (B, C) Representative image (B) and relative fold change (compared to Day 15) of luciferase intensity in
the HCC somatic mouse model (C) (n = 6 per group), P value by one-way ANOVA, mean £ SD. (D) Survival curve of the HCC somatic mouse
model after indicated treatment (n = 6 per group). (E) Taxonomic microbial composition detected in tumor samples. Relative abundance of
bacterial communities in HCC somatic mouse model after indicated treatment (n = 6 per group) is displayed at phylum level. (F) Statistical
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the functional status of CD8" T cells in sB.t-containing tumors, as
indicated by IFNy and TNF« expression, was restored to levels
comparable to those in tumors without sB.t (Fig. 2E and
Fig. S3G). This suggests that while sB.t promotes CDS™ T cell
infiltration, it concurrently induces functional exhaustion, which is
reversed by aPD-1, resulting in synergistic effects. To confirm that
the synergy between sB.t and aPD-1 depends on CD8™ T cells, we
used a CD8-depleting antibody. This ablation completely abol-
ished the synergistic effect of sB.r with aPD-1, verifying the
central role of CDS™ T cells (Fig. S3H). Since CD8" T cell
exhaustion is characterized by reduced effector molecule expres-
sion, we hypothesized that sB.t promotes CD8" T cell infiltration
while simultaneously inducing exhaustion. Given that CD8* T
cell infiltration and exhaustion are strongly influenced by cytokine
profiles, we examined the inflammatory cytokines using ELISA
screening in Hepal-6 cells with and without sB.z cells. Carrying
sB.t showed significant upregulation of type I interferons (IFN«
and IFNQ) at protein levels, as confirmed by qPCR (Fig. 2F and
Fig. S3I). Type I interferons (IFN-Is) are known to promote
CDS8™ T cell infiltration while contributing to their exhaustion.
To clarify the involvement of IFN-Is, we generated an Irf3-
knockout Hepal-6 cell line (Fig. S3J), as IRF3 is a key regulator
of IFN-Is production, activated by sensing damage-associated
molecular patterns or pathogen-associated molecular patterns
(PAMPs). In Irf3-knockout cells, the differences in IFN« and
IFNB expression between sB.t-carrying and control cells dis-
appeared (Fig. 2G). Furthermore, the synergistic effect of sB.t and
aPD-1 therapy was nearly eliminated, with no significant differ-
ences in CD8" T cell infiltration between groups (Fig. S3K).
Moreover, in somatic HCC model established in GF mice, under
Apatinib combined with aPD-1 antibody treatment, it was found
that administering sB.t also led to an increase in the proportion of
CDS8™ T cells among the infiltrated immune cells, accompanied by
downregulated Vegfa expression as well as increased levels of
Ifna2/b1 (Fig. 2H and I). In summary, these findings demonstrate
that sB.t enhances the efficacy of aPD-1 therapy by promoting
CD8* T cell infiltration via IFN-I signaling, while simultaneously
inducing CD8" T cell exhaustion. Additionally, sB.t synergizes
with Apatinib by suppressing VEGFA expression and potentiating
anti-angiogenic effects. These dual mechanisms underpin the
enhanced therapeutic efficacy observed in the presence of B.t.

3.3.  B.tregulates VEGFA and IFN-is expression via formic acid
secretion

Next, we investigated the mechanism by which sB.r regulates
VEGFA and IFN-Is (IFNA2 and IFNBI) expression. Considering
that bacterial metabolites are critical mediators of host regulation,
we hypothesized that sB.r secretes metabolites to exert these ef-
fects™. Using a 3 kDa molecular weight cutoff filter, we found that
the filtered supernatant of sB.t retained its ability to inhibit VEGFA

expression and upregulate /FN-Is expression (Fig. 3A and Sup-
porting Information Fig. S4A). Given that most bacterial poly-
saccharides and toxins exceed 3 kDa, while metabolites are
typically smaller than 0.5 kDa, this suggested that small molecular
weight metabolites were responsible. We performed gas
chromatography-mass spectrometry (GC—MS) analysis to identify
these metabolites. Several SCFAs, including formic acid (FA),
acetic acid (AA) and butyric acid (BA), were significantly increased
in the sB.t-co-culture system (Fig. 3B and S4B). Furthermore, in
HCC samples from mice treated with vancomycin, FA and BA
levels were elevated compared to the PBS group (Fig. S4C).

To evaluate the individual contributions of FA and BA, we
tested their effects on VEGFA and IFN-Is expression in MHCC97-
H and Hepal-6 cells. Sodium formate (SF) significantly inhibited
VEGFA expression and upregulated IFN-Is, whereas sodium
butyrate (SB) had no significant effect (Fig. 3C and Fig. S4D).
These findings suggest that FA plays a pivotal role in regulating
VEGFA and IFN-Is expression. FA exerts biological effects in
mammalian cells by participating in the one-carbon cycle, a
metabolic pathway critical for nucleotide biosynthesis and
methylation reactions (Fig. 3D). Cl-tetrahydrofolate synthase is
the key enzyme facilitating SF entry into this cycle, with cytosolic
(MTHFD1) and mitochondrial (MTHFDIL) isoforms’. By indi-
vidually knocking down MTHFDI and MTHFDIL, we observed
that the regulatory effects of SF on VEGFA and IFN-Is were
abolished only when MTHFDI was knocked down (Fig. 3E,
Fig. S4E and S4F). Consistent with this, intracellular levels of
key one-carbon cycle products, inosine monophosphate (IMP) and
S-adenosylmethionine (SAM) were significantly increased after
SF treatment or co-culture with sB.¢ (Fig. 3F and G, and Fig. S4G
and S4H).

Considering that tumor cells themselves could also produce
formic acid, to further clarify the main source of formic acid, we
cultured Hepal-6 cells co-cultured with sB.r in media lacking
amino acids that played a crucial role in the production of formic
acid, including serine glycine, tryptophan, or histidine respec-
tively; and found that intracellular FA concentration significantly
decreased after the loss of serine, while slight decreases were
observed after the loss of other amino acids (Fig. S4I). After using
metronidazole to eliminate intracellular sB.z, the intracellular FA
levels further decreased, compared to the situation where serine
was removed; moreover, in the absence of sB.t colonization, this
metronidazole treatment did not affect the intracellular FA level
(Fig. S4J). To further elucidate this, we transfected siRNA tar-
geting the key gene Serine hydroxymethyltransferase (Shmz2),
which is involved in serine catabolism to promote FA production,
and found that the decrease in intracellular FA levels caused by
sB.t elimination was much greater than that caused by inhibiting
serine catabolism (Fig. S4K and S4L). More importantly, to
further verify the correlation between the effects sB.r exerted and
FA production, we utilized the pSIE1 plasmid system to perform

analysis on the proportion of bacterial specie met criteria (n = 6 per group). P value by Student’s t-test, mean += SEM. (G) Representative
fluorescence in situ hybridization images of B.t-probe detection in the HCC cohort-1 (n = 26). P value by Student’s #-test, mean + SEM. (H)
Schematic diagram of the orthotopic mouse model after co-culturing Hepal-6 cells with sB.7 for colonization and in vivo model. (I) Representative
image of Hepal-6 orthotopic mouse model after indicated treatment. The visible tumor was dissected and weighed. P value by one-way ANOVA,
mean + SEM. (J) The sB.t load of germ-free HCC model mice was assessed by quantitative polymerase chain reaction (n = 10 per group). (K)
Relative fold change (compared to Day 15) of luciferase intensity in the HCC somatic mouse model (n = 6 per group). P value by one-way
ANOVA, mean + SD. (L) The sB.t load of germ-free HCC model mice was assessed by quantitative polymerase chain reaction after indi-
cated treatment (n = 10 per group). P value by one-way ANOVA, mean + SEM.
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Figure 2  B.t promotes the efficacy of Apatinib and aPD-1 by respectively inhibiting VEGFA and promoting IFN-Is transcription (A) Hepal-

6 cells colonized with sB.t were used to establish an orthotopic model and subjected to the indicated treatment. The visible tumor was dissected
and weighed. P value by one-way ANOVA, mean = SEM. (B) Representative immunofluorescence images of CD31 detection in the Hepal-6
orthotopic mouse model after indicated treatment (n 6 per group). P value by one-way ANOVA, mean + SEM. (C) Relative VEGFA
mRNA expression in tumor cells with or without sB.f colonization and following Apatinib treatment. P value by Student’s #-test, mean -+ SEM.
(D) Vegfa-knockout Hepal-6 cells colonized with sB.t were used to establish an orthotopic model and subjected to the indicated treatment. The
visible tumor was dissected and weighed (left). Immunofluorescence for CD31 MFI is shown (right). P value by one-way ANOVA, mean + SEM.
(E) Hepal-6 cells colonized with sB.tr were used to establish an orthotopic model and subjected to the indicated treatment. Flow cytometry
analysis was used to determine the proportion of intratumoral CD3, 8" T cells. P value by one-way ANOVA, mean + SEM. (F) Cytokine
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deletion mutations on Formate acetyltransferase or pyruvate
formate-lyase (pfiB) in sB.t (Fig. S4M and S4N). After confirming
that the formic acid levels in the culture supernatant of ApfiB sB.t
were significantly lower than those of sB.t (Supporting Informa-
tion Fig. S5A), we co-cultured the two strains with MHCC97 or
Hepal-6 cells, respectively. We then analyzed the levels of
VEGFA under Apatinib treatment, as well as the levels of IFNA2
and /FNBI under normal culture. It was also found that in the
absence of PflB, the inhibitory effect of sB.r on VEGFA expression
and the promoting effects on IFNA2/BI expression were signifi-
cantly weakened; However, after the addition of exogenous FA,
these effects caused by the absence of PfIB were significantly
reversed (Fig. SSB—S5D). These findings suggest that sB.t drives
the one-carbon cycle in host cells by producing FA, which regu-
lates VEGFA and IFN-Is expression. This unveils a novel meta-
bolic interaction between sB.t and host cells, mediated by FA, that
significantly influences tumor biology and enhances efficacy of
therapeutic interventions, particularly the aPD-1 + Apatinib
regimen.

To further validate the role of FA in vivo, we assessed its
impact using the Hepal-6 based subcutaneous model. Intra-
tumoral injection of SF significantly enhanced the efficacy of the
aPD-1 + Apatinib regimen, leading to improved tumor suppres-
sion (Fig. 3H). Correspondingly, SF treatment resulted in reduced
intratumoral VEGFA levels and elevated IFN« levels (Fig. SSE).
Consistent with earlier findings, SF treatment also enhanced
CD8* T cell infiltration within the tumor microenvironment and
upregulated the expression of effector molecules, such as IFNvy
and TNFq, in these infiltrated T cells (Fig. S5F). More impor-
tantly, we inoculated Hepal-6 cells carrying different B.t strains
(with normal/deficient formate production) into mice, and found
that liver tumors carrying ApflB sB.t were significantly larger
under combinational treatment of aPD-1 antibody and Apatinib
compared to those carrying sB.t (Fig. S5G). To further investigate
the association between FA and sB.r in clinical settings, we
assembled a second cohort of postoperative hepatocellular carci-
noma patients (HCC Cohort-2, n = 36). Notably, a positive cor-
relation was observed between intratumoral FA levels and the
abundance of sB.r (Fig. 31 and Fig. SSH). These findings collec-
tively suggest that sB.r enhances the efficacy of the aPD-
1+Apatinib regimen in HCC through FA production, thereby
establishing a mechanistic link between bacterial metabolism, host
immune modulation, and therapeutic response.

3.4.  sB.t and FA modulate VEGFA and IFN-is expression via
AhR

To investigate the mechanism by which FA regulates VEGFA and
1IFN-Is expression, we focused on key transcription factors known
to drive HCC progression and influence VEGFA transcription and
IFN-Is suppression. These include Myc proto-oncogene protein
(MYC), Signal transducer and activator of transcription 3
(STAT3), Aryl hydrocarbon receptor (AhR), and Hypoxia-

inducible factor 1-alpha (HIF-la), all of which play critical
roles in regulating tumor-related gene expression®’ **. To deter-
mine whether FA exerted its effects through these factors, we
employed specific inhibitors: EN4 for MYC, C188-9 for STAT3,
Ch223191 for AhR, and YC-1 for HIF-1«. Interestingly, we found
that FA no longer exerted its regulatory effects on VEGFA and
IFN-Is expression upon inhibition of AhR. However, inhibition of
MYC, STAT3, or HIF-1« did not affect the regulatory role of SF
on these molecules (Fig. 4A and B, Supporting Information
Fig. S6A and S6B). This suggested that the transcription factor
AhR was a key mediator of SF’s effects on VEGFA and IFN-Is
expression. To further validate the role of AhR, we used additional
AhR inhibitors (BAY-218) and generated AZR knockout cell lines
based on MHCC97-H and Hepal-6 cells. Both pharmacological
inhibition and genetic ablation of AhR led to the loss of SF’s
regulatory effects on VEGFA and IFN-Is expression (Fig. 4C—H,
Fig. S6C—S6I). In line with this, SF treatment and sB.t co-culture
resulted in reduced expression of typical AhR target genes,
including CYPIAI, CYPIBI, TIPARP, and AHRR, in both
MHCC97-H and Hepal-6 cells (Fig. 41 and J, Fig. S6J and S6K).
These data provide strong evidence that FA inhibits the tran-
scriptional activity of AhR in HCC cells, suggesting that the
FA—AhR pathway plays a critical role in regulating VEGFA and
IFN-Is expression during HCC progression.

To further elucidate the role of AhR in the regulation of
VEGFA transcription by FA, we first performed ChIP assays to
assess the binding of AhR to the VEGFA promoter. qPCR analysis
revealed that SF treatment reduced AhR binding to the promoter
region of VEGFA, suggesting that FA interferes with AhR-
mediated transcriptional activation of VEGFA (Fig. 4K). Addi-
tionally, we constructed luciferase reporters driven by the VEGFA
promoter to confirm the functional impact of SF on VEGFA
transcription. As expected, overexpression of AhR significantly
increased the transcriptional levels of VEGFA mRNA, as indicated
by enhanced luciferase activity (Fig. S6L). However, upon treat-
ment with SF, luciferase signaling was significantly reduced,
further supporting the hypothesis that FA inhibits AhR-driven
VEGFA transcription (Fig. S6L). AhR is also known to regulate
IFN-Is production both transcriptionally and non-transcriptionally.
One well-characterized mechanism involves TIPARP, a gene
transcribed by AhR, which suppresses IFN-Is production through
TBKI1. AhR can also inhibit IFN-Is production by directly inter-
acting with STING, leading to its degradation®*. Our previous data
indicated that SF treatment reduced 7/PARP expression levels, but
there were no significant changes in STING levels (Fig. S4M).
These findings suggest that SF primarily regulates IFN-Is pro-
duction through the AhR—TIPARP axis. To further confirm this,
we knocked down TIPARP in MHCC97-H and Hepal-6 cells
using siRNA transfection. In these cells, the effects of SF on /FN-
Is expression were largely abolished (Fig. 4L and Fig. S60), so-
lidifying the role of TIPARP in mediating FA’s effects on IFN-Is
production. Next, we evaluated the effects of the sB./—FA—AhR
axis in vivo models. In tumors formed by Ahr knockout Hepal-

detection in cultured supernatants of sB.f colonized Hepal-6 cells after 24 h. Heatmap shows relative fold change of cytokines across independent
experiments (n = 3). (G) Irf3-knockout Hepal-6 cells colonized with sB.t were used to establish an orthotopic model (n = 6 per group). ELISA
assay was used to determine the intratumoral level of IFNgG and IFNa. P value by one-way ANOVA, mean = SEM. (H) Flow cytometry analysis
was used to determine the proportion of intratumoral CD3, 87, IFNy/CD3, 8", and TNFa/CD3, 8" T cells. P value by one-way ANOVA,
mean + SEM. (I) Relative Vegfa and Ifna2/bImRNA expression in germ-free HCC model mice with indicated treatment (n = 6 per group). P

value by one-way ANOVA, mean = SEM.
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Figure 3  B.r regulates VEGFA and IFN-Is expression via formic acid (FA) secretion. (A) Relative VEGFA, IFNA2, and IFNBI mRNA

expression in MHCC97-H cells following indicated treatment. P value by one-way ANOVA, mean £+ SEM. (B) Targeted GC—MS metabolite
detection in cultured supernatants after 1 x 10® sB.z cultured in specifically prepared medium under 12 h was used to measure primary SCFA
levels compared to control medium without sB.t culture. Heatmap shows relative fold change of extracellular metabolites (rows) across inde-
pendent experiments (n = 3). (C) Relative VEGFA, IFNA2, and IFNBI mRNA expression in MHCC97-H cells following indicated treatment. P
value by one-way ANOVA, mean + SEM. (D) Diagram of the primary metabolism pathway of formic acid. (E) Relative mRNA expression levels
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6 cells, the presence of sB.t no longer enhanced the therapeutic
efficacy of the aPD-1 + Apatinib regimen (Fig. 4M). To further
clarify the effects of AhR signaling, we constructed mice with
liver-specific knockout of Ahr (Fig. S6P and S6Q). The transgenic
mice were subjected to the somatic HCC model construction and
treated with ABX, followed by gavaging sB.t. After confirming
the colonization of sB.t in the liver tumor (Supporting Information
Fig. S7A), the mice underwent intraperitoneal injection of
tamoxifen. Five days after the tamoxifen injection, the mice were
treated with Apatinib and PD-1(Fig. S7B). Consistent with pre-
vious results, the combination therapy of Apatinib and aPD-1
antibody achieved better therapeutic effects in the presence of
sB.t in liver tumors; on the other hand, it was confirmed that
knocking out of AhR had already led to a significant reduction in
tumor volumes under Apatinib and aPD-1 antibody, while the
presence of sB.¢ did not further cause tumor shrinkage (Fig. S7C).
The above data suggested that the therapeutic impact of sB.r was
dependent on AhR. A recent study indicated that gut microbiota
dysbiosis can promote HCC progression through the trypto-
phan—AhR—SREBP2 axis*®. Here, we found sB.1 exerted its ef-
fect by inhibiting AhR through the secretion of formic acid.
Consistent with the study, both co-culture with sB.r and formic
acid treatment led to downregulation of SREBP2 in Hepal-6 and
MHCC97 cell lines (Fig. S7D and S7E). However, after con-
structing the Srebf2 knockout cell line of Hepal-6 and conducting
orthotopic liver inoculation and treatment (Fig. S7F), we found
that the absence of Srebf2 did not affect the sensitizing effect of
B.t co-culture or FA treatment on the Apatinib + aPD-1 antibody
regimen (Fig. S7G and S7H). This result indicated that the initi-
ation stage of a tumor and the post-formation stage of the tumor
are two distinct phases; the criticality of the same gene may vary;
even the same gene may simultaneously exert completely opposite
effects on the tumor’s fate in different stages.

Additionally, to assess the therapeutic potential of targeting
AhR, we administered the AhR inhibitor CH223191 in combi-
nation with the aPD-1 + Apatinib regimen. This combination
treatment resulted in significantly smaller tumor volumes
compared to the original aPD-1 + Apatinib regimen (Fig. 4N). In
line with this, the addition of the AhR inhibitor also led to further
suppression of intratumoral VEGFA levels, upregulation of
intratumoral IFN-Is levels, and improved functional status of
CD8" T cells (Fig. 40 and Fig. S7I). These results suggest that
targeting the sB.t—FA—AhR axis can potentiate the efficacy of
aPD-1 + Apatinib therapy in HCC by inhibiting VEGFA pro-
duction, promoting IFN-Is signaling, and enhancing immune
response, providing a potential therapeutic strategy for improving
treatment outcomes in HCC.

3.5.  sB.t and FA repress AhR transcription on downstream
genes by inhibiting KPNA2-dependent nuclear translocation

To further investigate the mechanism by which FA inhibits AhR and
its downstream transcription, we began by examining the expres-
sion levels of AhR in both MHCC97-H and Hepal-6 cells. We found

no significant changes in AhR expression following SF treatment,
suggesting that FA does not directly regulate the expression of AhR
itself (Supporting Information Fig. S8A). AhR is a ligand-
dependent transcription factor, which requires binding to small
molecules to undergo nuclear translocation and initiate transcrip-
tion of downstream genes. Therefore, we next examined the nuclear
localization of AhR under different conditions. We observed that the
nuclear translocation of AhR was reduced both when cells were co-
cultured with sB.t and when treated with SF (Fig. S8B and S8C).
This indicates that FA and sB.t influence AhR’s ability to translocate
to the nucleus, which is essential for its transcriptional activity. It is
known that endogenous ligands such as tryptophan metabolites
(Kynurenic acid, KYNA), arachidonic acid metabolites (e.g., lip-
oxin A4, Prostaglandin PGG2), and heme metabolites (e.g., Bili-
rubin, Biliverdin) activate AhR in hepatocellular carcinoma cells.
Specifically, tryptophan metabolites, such as kynurenine (KYN)
and KYNA, are critical for driving the nuclear translocation of AhR
due to the high expression of tryptophan 2,3-dioxygenase (TDO2)
in HCC*'. Consistent with this, we found that SF treatment and sB.t
co-culture suppressed KYN or KYNA-dependent nuclear trans-
location of AhR (Fig. 5A and B, Fig. S8D and S8E), leading to the
downregulation of AhR-mediated transcription of its downstream
target genes (Fig. 5C and D, Fig. S8F and S8G). To rule out the
possibility that changes in AhR nuclear localization were due to
nuclear protein export mechanisms, we used Leptomycin B (LMB),
an inhibitor of CRM1, the key protein involved in nuclear export.
The results showed that, even in the presence of LMB, the changes
in AhR nuclear translocation induced by FA treatment or sB.t co-
culture remained unchanged (Fig. 5E and Fig. S8H). This sug-
gests that the reduction in AhR nuclear localization is not due to
altered nuclear export, but rather a direct effect on the nuclear
import of AhR.

Taken together, these data demonstrate that sB.tr and FA
regulate AhR nuclear translocation by modulating its ligand-
binding activity, specifically by inhibiting tryptophan
metabolite-driven nuclear import***°. This disruption of AhR’s
nuclear translocation prevents the activation of its downstream
gene transcription, which is crucial for regulating both VEGFA
and IFN-Is production. Importin-G plays a key role in medi-
ating AhR’s nuclear translocation. When we used importazole, an
inhibitor of importin-@, we observed that FA no longer influenced
AhR translocation under basal conditions or after the addition of
KYN (Fig. 5F and G, Fig. S8I and S8J). Importin is composed of
importin-« and importin-@ subunits, with importin-« acting as an
adaptor that selects proteins with nuclear localization sequences
(NLS) for nuclear import. Although there are multiple importin-c
family (KPNA1-7) members, the specific isoform regulating AhR
translocation was unclear. To address this, we conducted a
siRNA-based screen and identified KPNA2 as a critical factor.
Knockdown of KPNA?2 resulted in a significant reduction in AhR
target gene transcription under KYN treatment (Fig. SH and
Fig. S8K). Similarly, the KYN-driven nuclear entry of AhR
was substantially impaired when KPNA2 was knocked down
(Fig. 5I and Fig. S8L).

of VEGFA, IFNA2, and IFNBI in MTFHDI or MTFHD1L-knockdown MHCC97-H cells following indicated treatments. P value by one-way
ANOVA, mean £+ SEM. (F) Relative fold change of SAM or IMP level detected by LC—MS in MHCC97-H cells with sB.t colonization. P
value by Student’s 7-test, mean == SEM. (G) Relative fold change of SAM or IMP level detected by LC—MS in MHCC97-H cells following SF
treatment. (H) Subcutaneously Hepal-6 bearing mice were constructed and following indicated treatments (n = 6 per group). Tumor growth
curves were monitored. P value by one-way ANOVA, mean £+ SEM. (I) The correlation between B.t load and concentration of FA in HCC Cohort-

2 (n = 36).
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To further investigate the direct interaction between AhR and
KPNA2, we overexpressed KPNA2 and performed immunopre-
cipitation. We found that AhR directly binds to KPNA2, and this
binding was enhanced with KYN treatment (Fig. 5J). However, SF
treatment or co-culture with sB.t resulted in reduced interaction
between AhR and KPNA2 (Fig. 5K). These findings suggest that
sB.t and SF limit AhR function by inhibiting its binding to
KPNA2. More compellingly, the armadillo (ARM) domain of
KPNAZ2 is essential for mediating its interaction with the nuclear
localization sequence (NLS). We confirmed this by showing that a
mutant KPNA?2 lacking the ARM domain could no longer interact
with AhR (Fig. 5L). Moreover, when we overexpressed either
wild-type KPNA2 (WT-KPNA2) or the ARM domain-deleted
mutant (AARM-KPNA?2) in KPNA2-knockout MHCC97-H cells
(Fig. S8M), we found that only in cells expressing WT-KPNA2
did SF treatment or co-culture with sB.f result in reduced AhR
nuclear translocation. In contrast, in cells expressing the AARM-
KPNA2 mutant, neither treatment had any effect on AhR (Fig. SM
and Fig. S8N). These results collectively suggest that sB.t and FA
modulate AhR nuclear translocation by inhibiting its interaction
with KPNA2, specifically through interference with the ARM
domain of KPNA2.

3.6. FA facilitates methylation at NLS of AhR leading to
diminished binding with KPNA2

We then investigated the detailed mechanism by which sB.r and
FA regulate the interaction between AhR and KPNA2. Previously,
we found that FA derived from sB.t could enter the one-carbon
cycle. Additionally, we observed that FA enhances purine syn-
thesis and methyl transfer metabolism, both of which are linked to
the one-carbon cycle. To probe this further, we used siRNA to
knock down Trifunctional purine biosynthetic protein adenosine-3
(GART) and S-adenosylmethionine synthase isoform type-2
(MAT2A), key enzymes involved in purine synthesis and the
methyl transfer pathway, respectively’. We found that knocking
down MAT2A blocked the inhibitory effect of SF on the expres-
sion of TIPARP, whereas knockdown of GART had no significant
impact (Fig. 6A, Supporting Information Fig. S9A and S9B). To
validate this, we employed AGI-24512, a MAT2A inhibitor, and
observed that pharmacological inhibition of MAT2A produced
similar results to genetic knockdown, restoring the expression of
TIPARP (Fig. 6B). Furthermore, the expression of TIPARP was
significantly rescued in cells co-cultured with sB.t after MAT2A

knockout (Fig. 6C and Fig. S9C). Consistently, MAT2A knockout
also prevented the downregulation of VEGFA and the upregulation
of IFNA2 induced by sB.t (Fig. 6D and Fig. S9D). These findings
suggest that FA exerts its effect on AhR through methyl transfer
pathways.

To investigate the role of AhR methylation modifications, we
used adenosine dialdehyde (AdOx), a pan-inhibitor of arginine
methyltransferases™®, and found that the FA-dependent down-
regulation of TIPARP was abolished under this condition
(Fig. 6E). Consistently, AdOx treatment also blocked the effects of
SF and sB.t on the downregulation of VEGFA expression and the
upregulation of /FNA2 levels (Fig. 6E and Fig. SOE). Furthermore,
we observed that AdOx reversed the reduction in AhR binding to
KPNA2 induced by SF or sB.t (Fig. 6F and Fig. S9F), and it
promoted AhR nuclear translocation (Fig. 6G and H). These data
suggest that arginine methylation on AhR is critical for the action
of sB.t or FA. More compellingly, we found that SF or sB.t
treatment increased the levels of arginine mono-methylation and
symmetric methylation on AhR (Fig. 6I and Fig. S9G). AhR
contains two spaced NLS regions (13—16 and 37—42 aa)**, both
of which are rich in arginine and conserved across multiple spe-
cies (Fig. S9H). We hypothesized that FA promoted the methyl-
ation of arginine in the NLS, blocking its interaction with KPNA2.
To test this, we constructed multiple single amino acid mutants,
including R13/15/16 K and R38/40/42 K. Interestingly, we found
that the R13/15 K mutants showed decreased methylation levels of
AhR, whereas the R16/38/40/42 K mutants exhibited no signifi-
cant changes (Fig. 6J). More importantly, when we constructed a
two-site mutant (R13K + R15K), SF treatment or sB.t-coloniza-
tion no longer increased the methylation levels of AhR (Fig. 6K
and Fig. S9I). In agreement with this, the methylation level of the
R13K + R15K double mutant could not be further decreased
under AdOx treatment (Fig. 6L).

4. Discussion

Here, based on the murine HCC somatic model and patient samples,
we found that B.t significantly contributed to the efficacy of
angiogenesis inhibitors combined with ICIs which was the main-
stream neoadjuvant treatment regimen in HCC. By secreting formic
acid, B.t inhibited the expression of VEGFA on the one hand, and
promoted the production of IFN-Is upon treatment on the other,
thereby further blocking adverse vascularization, and simulta-
neously creating a hotter immune microenvironment with increased

Figure 4

B.t and FA modulate VEGFA and IFN-Is expression via AhR. (A, B) Relative VEGFA, IFNA2, and IFNBI mRNA expression in

MHCC97-H cells following indicated treatment. P value by one-way ANOVA, mean = SEM. (C, D) Relative VEGFA, IFNA2, and [FNBI mRNA
expression in MHCC97-H cells following indicated AhR inhibitor treatment. P value by one-way ANOVA, mean + SEM. (E, F) Relative VEGFA,
IFNA2, and IFNBI mRNA expression in AhR-knockout MHCC97-H cells following indicated treatment. P value by one-way ANOVA,
mean + SEM. (G, H) Relative VEGFA, IFNA2, and IFNBI mRNA expression in AhR-knockout MHCC97-H cells with sB.t colonization and
following indicated treatment. P value by one-way ANOVA, mean £+ SEM. (I) Relative CYPIAI, CYPIBI1, TIPARP, and AHRR mRNA expression
in MHCC97-H cells following SF treatment. P value by one-way ANOVA, mean £+ SEM. (J) Relative C CYPIAI, CYPIBI, TIPARP, and AHRR
mRNA expression in MHCC97-H cells with sB.t colonization. P value by Student’s #-test, mean = SEM. (K) Relative enrichment of AhR to the
promoters of VEGFA in MHCC97-H cells was analyzed by ChIP assay. P value by Student’s #-test, mean + SEM. (L) Relative mRNA expression
levels of IFNA2 and IFNBI in TIPARP-knockdown MHCC97-H cells with sB.t colonization. P value by one-way ANOVA, mean £+ SEM. (M)
Subcutaneously Ahr-knockout Hepal-6 bearing mice were constructed and following indicated treatments (n = 6 per group). Tumor growth
curves were monitored. P value by one-way ANOVA, mean + SEM. (N, O) Subcutaneously Hepal-6 bearing mice were constructed and
following indicated treatments (n = 6 per group). Tumor growth curves were monitored (N). ELISA assay was used to determine the intratumoral
level of VEGFA and IFN« (O); Flow cytometry analysis was used to determine the proportion of intratumoral IFNy */CD3, 8", and TNFa */CD3,
8" T cells (0). P value by one-way ANOVA, mean & SEM.
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Figure 5  B.t and FA repress AhR transcription on 52 downstream genes by inhibiting KPNA2-dependent nuclear translocation. (A) AhR level
in cytosol or nucleus of MHCC97-H cells following indicated treatments was validated by Western blot. (B) AhR level in cytosol or nucleus of
MHCC97-H cells with sB.t colonization and following indicated treatments were validate3d by Western blot. (C) Relative CYPIAI, CYPIBI,
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T-cell infiltration and better functional status which was more
conducive to the effect of aPD-1. Mechanistically, through
screening, we identified that AhR could directly upregulate VEGFA
and inhibit the production of IFN-Is through another target gene,
TIPARP. On the other hand, formic acid promoted methylation of
residues R13 and R15 on AhR by enhancing methyl transfer
metabolism, thus leading to impaired binding between AhR and the
nuclear importation adaptor KPNAZ2; this change further blocked
AhR entry into the nucleus during ligand activation and prevented
efficient transcription of downstream genes, including VEGFA and
TIPARP. From a therapeutic point of view, our findings, on the one
hand, suggested that the bacteria and bacterial-associated metabo-
lites in HCC possessed the potential not only as bio-markers to
predict therapeutic efficacy, but also as synergistic therapeutics. On
the other hand, more importantly, the importance of AhR as a target
for HCC was further highlighted as well.

Recent studies have revealed that in addition to host cells,
intratumoral bacteria are also an important part of the tumor
microenvironment; not only driving tumorigenesis and develop-
ment, but also influencing the efficacy of multiple treatments and
thus are important targets’' 2. However, current treatment for
modulating intratumoral bacteria is extremely limited and non-
specific. Specifically, the existing methods of targeting bacteria
are primarily dependent upon antibiotics, while nearly all antibi-
otics that exist can exert effects on multiple species. In this regard,
although in our study we found that vancomycin was able to in-
crease the efficacy of Apatinib and aPD-1 combination therapy
against HCC and determined that B.r played an important role.
Whether other gram-negative bacteria also have a significant effect
remains worthy of further investigation. On the other hand, although
B.t was present in tumor mass of HCC patients and correlated with
better efficacy of Apatinib combined with aPD-1 therapy, macro-
scopically, the bacterial composition in humans is quite different
from that of mice, and further clarification is needed as to whether
the use of vancomycin in humans also alters the level of B.r and
promotes the associated therapeutic efficacy. A final point to
mention is that, at present, there are still relatively few tumor
treatment regimens that include using bacteria directly, the most
successful case being Bacillus Calmette-Guérin (BCG) infusion
used in bladder cancer™®. The key mechanism by which BCG pro-
duces good efficacy is the activation of anti-tumor immunity™. In
our study, B.r also showed an important activating effect on anti-
tumor immunity. For the interaction of bacteria with the mamma-
lian immune system, current studies have focused on the interaction
of immune cells, especially with macrophages. This effect is usually
manifested by a vigorous innate immune response, as evidenced by
the release of pro-inflammatory factors (IL13, IL6, etc.) and cell
death®®>’. In the case of tumors, especially when bacteria reside in
tumor cells and phagocytosis by macrophages is inhibited. Usually,
the effect of molecules that recognize PAMPs is not as clear and

robust in tumor cells as it is in immune cells*®>°. Therefore, for the
further development of therapies using bacteria in tumors, it is
necessary to further delineate the patterns and effects of interactions
with bacteria occurring in tumor cells. In this study, B.f was found to
be able to colonize hepatocellular carcinoma cells without causing
either cell death or significantly affecting proliferation. Although as
a gram-negative bacterium, B.t releases lipopolysaccharides, which
directly leads to pyroptosis in macrophages®. However, the levels
of the executive molecule of pyroptosis, gasdermin-D, are usually
lowly expressed in tumor cells, including the HCC cell lines used
here®'. It may also be that this characterization of tumor cells
escaping bacterial-mediated death lays the foundation for trans-
forming an acute inflammatory response into chronic inflammatory
remodeling.

Knowledge of bacteria—tumor interactions comes from studies
related to intestinal bacteria. To summarize, bacteria usually exert
their effects through the expression of their own proteins within
the cell or the release of metabolites. In the present study, we
found that B.r exerted its effect through formic acid. In fact, for-
mic acid is not a metabolite unique to bacteria; formic acid can
also be produced in small amounts by mammalian cells®'®. In this
work, we found that the large amount of formic acid produced by
B.t promoted methyl transfer metabolism, facilitated methylation
of residues R13 and R15 on the AhR, and led to blocked nuclear
entry of the AhR and decreased transcriptional function. In pre-
vious studies, AhR has been confirmed as a sensor for bacterial
tryptophan metabolites such as indole-3-aldehyde or 5-
hydroxyindole-3-acetic acid derived from strains like Lactoba-
cillus reuteri or Alistipes onderdonk’®*%. Typically, AhR is also
thought to be activated by direct binding to metabolites®*5°.
However, here, we found that formic acid did not act as a ligand.
More interestingly, a recent study found that Fusobacterium
nucleatum derived formic acid could promote colon cancer pro-
gression by activating the AhR in a ligand-like manner. However,
this study lacked evidence accounting for direct binding of AhR
with formic acid derived from techniques of chemical biology'®.
More importantly, the baseline levels of activation and modifica-
tion of AhR in tumor cells originating from different tissues vary
considerably, and consequently lead to even opposite changes in
the signature genes of AhR in different cells, even in the treatment
with the same compoundﬁs. This is also an important reason why
AhR exhibits the paradoxical property of promoting or inhibiting

tumor progression in different tumors®’.

5. Conclusions

In summary, we uncover a novel bacteria—host interaction
mechanism wherein B.f-derived formic acid remodels AhR func-
tion via methylation, establishing this commensal bacterium as
both a predictive biomarker and a synergistic therapeutic target for

TIPARP, and AHRR mRNA expression in MHCC97-H cells following indicated treatments. P value by one-way ANOVA, mean + SEM. (D)
Relative CYPIA1, CYPIBI, TIPARP, and AHRR mRNA expression in MHCC97-H cells with sB.f colonization and following indicated treatments.
P value by one-way ANOVA, mean £ SEM. (E—G) AhR level in cytosol or nucleus of MHCC97-H cells following indicated treatments was
validated by Western blot. (H) Relative TIPARP mRNA expression in MHCC97-H cells after knocking down indicated genes. (I) AhR level in
cytosol or nucleus of MHCC97-H cells after knocking down KPNA2 and following KYN treatment was validated by Western blot. (J) Co-IP and
Western blot of HA-AhR and MYC-KPNA2 binding capacity in MHCC97-H cells following KYN treatment. (K) Co-IP and Western blot of HA-
AhR and MYC-KPNA?2 binding capacity in MHCC97-H cells following indicated treatments. (L) Co-IP and Western blot of HA-AhR and MYC-
KPNA2 truncated mutants binding capacity in MHCC97-H cells. (M) AhR levels in cytosol or nucleus of KPNA2-knockout MHCC97-H cells
after being transfected with indicated MYC-KPNA2 truncated mutants were validated by Western blot.
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Figure 6  FA facilitates methylation at NLS of AhR leading to diminished binding with KPNA2. (A) Relative TIPARP mRNA expression in
MAT2A-knockdown MHCC97-H cells following SF treatment. P value by one-way ANOVA, mean + SEM. (B) Relative TIPARP mRNA
expression in MHCC97-H cells following indicated treatment. P value by one-way ANOVA, mean + SEM. (C, D) Relative TIPARP and IFNA2
mRNA expression in MAT2A-knockout MHCC97-H cells with sB.t colonization and following indicated treatment. P value by one-way ANOVA,
mean = SEM. (E) Relative TIPARP, IFNA2, and VEGFA mRNA expression in MHCC97-H cells following indicated treatment. P value by one-
way ANOVA, mean + SEM. (F) Co-IP and Western blot of HA-AhR and MYC-KPNAZ2 binding capacity in MHCC97-H cells following indicated
treatment. (G) AhR levels in cytosol or nucleus of MHCC97-H cells with sB. colonization and following indicated treatment were validated by
Western blot. (H) AhR levels in cytosol or nucleus of MHCC97-H cells following indicated treatment were validated by Western blot. (I) IP and
Western blot of HA-AhR methylation in MHCC97-H cells. (J) IP and Western blot of methylation status of HA-AhR and related mutants at the
protein level in MHCC97-H cells. (K) IP and Western blot of methylation status of HA-AhR and related mutants at the protein level in MHCC97-
H cells with sB.f colonization. (L) IP and Western blot of methylation status of HA-AhR and related mutants at the protein level in MHCC97-H
cells following the indicated treatment.
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HCC immunotherapy. These findings open new avenues for
microbiome-based interventions and underscore the importance of
considering intratumoral microbiota in cancer treatment strategies.
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