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progression via GLUT1-driven lactate production
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Summary

Background Tumor-resident microbiota has been documented for various cancer types. Oral squamous cell carci-
noma (OSCC) is also enriched with microbiota, while the significance of microbiota in shaping the OSCC micro-
environment remains elusive.

Methods We used bioinformatics and clinical sample analysis to explore relationship between F. nucleatum and OSCC
progression. Xenograft tumor model, metabolic screening and RNA sequencing were performed to elucidate
mechanisms of pro-tumor role of F. nucleatum.

Findings We show that a major protumorigenic bacterium, F. nucleatum, accumulates in invasive margins of OSCC
tissues and drives tumor-associated macrophages (TAMs) formation. The mechanistic dissection shows that OSCC-
resident F. nucleatum triggers the GalNAc-Autophagy-TBC1D5 signaling, leading to GLUT1 aggregation in the
plasma membrane and the deposition of extracellular lactate. Simultaneous functional inhibition of GalNAc and
GLUT1 efficiently reduces TAMs formation and restrains OSCC progression.

Interpretation These findings suggest that tumor-resident microbiota affects the immunomodulatory and
protumorigenic microenvironment via modulating glycolysis and extracellular lactate deposition. The targeted
intervention of this process could provide a distinct clinical strategy for patients with advanced OSCC.
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Introduction

Oral squamous cell carcinoma (OSCC) is a prevalent
subtype of head and neck squamous cell carcinoma
(HNSCC)."* Despite progress in the diagnosis and
treatment of OSCC, the 5-year survival rate remains
low due to metastasis or recurrence.*’ Cohort studies
have suggested that, in addition to the genetic, epige-
netic, and stromal microenvironment elements, the
features of the microbiota within tissues are associated
with the hallmarks of cancer, including risks,

pathological types, and prognosis.®'® Likewise, given
that OSCC originates in the microbiota-enriched oral
cavity, the microbiota emerges as a non-negligible
potential mediator regulating OSCC progression.''*
F. nucleatum is a gram-negative anaerobic bacterium
and has been suggested as a major protumorigenic
bacterium compared with other oral bacteria.” '
However, as the constituent species of OSCC micro-
biota, how F. nucleatum affects the progression of
OSCC remains largely unexplored.
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Research in context

Evidence before this study

Multiple types of microbiota derived from oral cavity have
been detected in malignant lesions including colorectal
cancer, oropharyngeal cancer and breast cancer. However,
there are fewer studies focused on role of oral microbiota in
0SCC development. The direct mechanisms for the pro-tumor
effect of microbiota have been dlarified, including chemo-
resistance, proliferation and epithelium-mesenchymal
transition. But how microbiota participate in the reshaping of
tumor immune microenvironment still remains unexplored.

Added value of this study

Bioinformatic and clinical analysis were performed to
elucidate that large amounts of F. nucleatum were observed to
colonize in OSCC invasive margins, along with accumulation
of tumor-associated macrophages (TAMs). Xenograft tumor
model further confirmed local invasion of OSCC could be

The previous study has shown that F. nucleatum
lectin Fap2 recognizes the host N-acetylgalactosamine
(GalNAc), a glycoprotein expressed on cell surface
mediating the binding between bacteria and tumor cells
by carbohydrate moiety, and helps this bacterium
abundantly localize in tumor tissues.” Notably,
F. nucleatum can drive metabolism and epithelial-
mesenchymal transition (EMT) of multiple types of tu-
mors, including colorectal, breast, and oropharyngeal
tumors, supporting cancerous cell growth.”'®" Never-
theless, these identified mechanisms are limited to
physiopathological processes within cells and fail to ac-
count for the impacts on the microenvironment asso-
ciated with tumor progression. F. nucleatum
colonization has been suggested to ignite acute innate
immune responses, especially macrophage infiltration
in the microenvironment.” Given that M2-like tumor-
associated macrophages (TAMs) are vital in promoting
tumor invasion,”?* these reports suggested that
F. nucleatum-driven microenvironmental macrophage
activation could be implicated in promoting tumor
invasion.

In this study, we sought to elucidate the effect of
F. nucleatum on the OSCC microenvironment and its
relevance to OSCC progression. We identified
F. nucleatum as a highly-enriched species in OSCC
samples. F. nucleatum tends to colonize in the invasive
margins of OSCC. Mechanistic dissection showed that
F. nucleatum promotes aggregation of Glucose Transport
1 (GLUT1), a crucial rate-limiting factor for cellular
glucose uptake and metabolism, in the plasma
membrane and glycolysis via activating the GalNAc-
Autophagy-TBC1D5 signaling axis, resulting in extra-
cellular lactate deposition and M2-like TAMs formation.
Concurrent inhibition of GalNAc and GLUT1 leads to
M1-like anti-tumor macrophage formation in the

triggered largely by formation of TAMs in invasive margins.
RNA sequencing and metabolic analysis were conducted to
clarify F. nucleatum-mediated upregulation of GLUT1 was
mainly responsible for formation of acidic local
microenvironment, which was proper for induction of TAMs.
Mechanistic research observed F. nucleatum-activated GalNAc-
Autophagy-TBC1D5 signaling pathway could explain GLUT1
membrane translocation and subsequent lactate deposition in
tumor microenvironment.

Implications of all the available evidence

Amounts of F. nucleatum in clinical detection on 0SCC
samples might be a powerful index to indicate potential 0SCC
invasion. Double targeting at GaINAc and GLUT1 might be
applied as a novel treatment for advanced OSCC patients by
remodeling of tumor immune microenvironment.

microenvironment and regression of OSCC progression.
These findings provide new prospects for the targeted
therapeutic strategy for patients with advanced OSCC.

Methods

Clinical samples

The clinical samples used in this study were all origi-
nated from one single center. Calculations for the
sample size of this cross-sectional study were performed
using the function Confidence Intervals for One Pro-
portion in software PASS v15.08. Results showed that at
least 75 patients should be enrolled in this study. Thus,
a total of 80 paired OSCC clinical tumor and adjacent
normal tissues were randomly acquired from patholog-
ically diagnosed OSCC patients at the maxillofacial
Department, the Second Xiangya Hospital of Central
South University (Changsha, China), from Oct 2019 to
Sep 2020. The recruited patients included male and fe-
male OSCC patients covering the age interval of 31-73
without subjective rejection. Informed consents have
been signed by patients involved in our research. Tissue
specimens were all stored in liquid nitrogen within
15 min after being resected from patients to ensure
stabilization of RNA and protein. Pathological and
clinical information, including sex, age, clinical and
pathological diagnosis and classification, TNM staging,
lymph node metastasis status, oral hygiene and health
status, and life habits, have been recorded in detail.

In vivo oral cancer colonization and F. nucleatum
intervention

A total of 520 male C3H mice (4-6 weeks old) were pur-
chased from the Beijing HFK Bioscience, maintained in
an SPF environment and fed with antibiotic-free food and
water ad Libitum. Ethical guidelines from the Institutional
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Animal Care and Use Committee of Tongji Medical
College (IACUC) were followed during animal-related
experiments. Animals used in this study were randomly
allocated into different groups using the method simple
random sampling. Mice were then subcutaneously
injected with 5 x 10° SCC-7 tumor cells. After the tumor
volume reached at 500 mm?, mice were randomly divided
into two groups for further treatment. The sample size
was estimated and determined based on sample size
calculation with previous study, the assay sensitivity, ex-
pected heterogeneity of samples, as well as published lit-
eratures,” and five mice each group was statistically
enough in our cases. Mice in the experimental group were
then subcutaneously injected with 5 x 107 F. nucleatum. In
contrast, mice in the control group were injected with
equivalent PBS. 14 days after the intervention, mice were
sacrificed for subsequent experiments.

Effect of macrophages on F. nucleatum related oral
cancer progression

Subcutaneous tumor models were established as
described above. Mice were then randomly divided into
4 groups: 1) PBS, 2) 5 x 107 F. nucleatum only, 3) 5 x 107
F. nucleatum and Clodronate liposomes (Clo-
dronateliposomes, CP-005-005), 4) 5 x 107 F. nucleatum
and PBS liposomes. 20 pL liposomes were injected
subcutaneously into xenograft tumors two times before
injection of F. nucleatum into the same region.

Therapeutic strategies on inhibition of

F. nucleatum-related oral cancer progression
Subcutaneous tumor models were established as
described above. When xenograft tumors reached up to
500 mm’, Mice were then randomly divided into
5 groups: 1) PBS, 2) 5 x 10’ F. nucleatum only, 3)
5 x 107 F. nucleatum and BAY-876 (MCE), 4) 5 x 10’
F. nucleatum and PNA solution (Sigma), 5) 5 x 10’
F. nucleatum and a combination of BAY-876 and PNA.
BAY-876 at a concentration of 3 mg/kg was injected into
the local tumor every 3 days, and PNA solution
(80 pg/mL) was locally injected following the above in-
structions. A combination of the two solutions was
injected for combined therapeutic application. After the
above treatments for 14 days, mice were sacrificed to
compare tumor weight and volume (n = 5 animals per
treatment per group). The tumor weight and length were
detected by digital calipers to calculate tumor volumes.

Bacteria culture and fluorescent labeling

Fusobacterium nucleatum (F. nucleatum) strain ATCC-
25586 was grown on Columbia agar plates supple-
mented with defibrinated sheep blood (PB003A, Beijing
Luqiao, China) for 3-6 days in an anaerobic chamber at
37 °C. For fast bacteria enrichment, F. nucleatum col-
onies were cultured anaerobically in Thayer Martin me-
dium (BD) for 48-72 h. To detect F. nucleatum directly,
SYTO-9 (Invitrogen, S34854) was applied for fluorescent
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labeling according to the manufacturer’s instructions.
Tumor cells co-cultured with SYTO-9 labeled
F. nucleatum for 60 and 120 min were then fixed with 4%
PFA for 10-20 min, permeabilized with 0.1% Triton X-
100, and subsequently nuclear-stained with DAPI.

Cell culture

Human primary oral keratinocytes (OKCs) derived from
fresh oral mucosa tissues during operative resection,
human OSCC cell lines CAL27 (ATCC Cat# CRL-2095,
RRID: CVCL_1107), SCC15 (ATCC Cat# CRL-1623,
RRID: CVCL_1681) and SCC25 (ATCC Cat# CRL-
1628, RRID: CVCL_1682), and human monocyte cell
line THP-1 (ATCC Cat# TIB-202, RRID: CVCL_0006)
were cultured in air-humidified cell incubator with 5%
CO2 at 37 °C. Keratinocyte medium (Promocell),
DMEM high glucose medium (Hyclone) and RPMI-
1640 medium (Hyclone) supplemented with 10% fetal
bovine serum (Gibco) were utilized for amplification of
OKGCs, tumor cell lines and THP-1 cells, respectively.
Before stimulating cells with F. nucleatum or experi-
mental drugs, the regular medium was replaced with a
serum-free medium for subsequent cell culture to avoid
experimental bias. For stimulation of F. nucleatum to
tumor cells, untreated live F. nucleatum was diluted into
PBS, followed by co-culturing with tumor cells at proper
MOI of 10, 50 and 100 for further experiments. For
targeted inhibition of GLUT1, BAY-876 (MCE, HY-
100017) was pretreated on tumor cells before in-
terventions at 50 nM for 24 h. For a wide-range blockade
of MCTs to obstruct lactate digestion, 7JACC2 (MCE,
HY-D0713) was applied at 10 pmol/L for pretreatment
of MO macrophages. To inhibit the glycolytic process,
2-DG (MCE, HY-13966) was pretreated on tumor cells
overnight at the concentration of 20 mmol/L. For inhi-
bition of AKT, SC79 (MCE, HY-18749) was pretreated
on tumor cells at 8 pmol/L. For mTOR inhibition,
3BDO (MCE, HY-U00434) was pretreated on tumor
cells at the concentration of 20 pmol/L. For inhibition of
TLR4, TAK-242 (MCE, HY-11109) was pretreated on
tumor cells at 50 nmol/L. For inhibition of protein
synthesis, CHX (sigma, 66-81-9) was pretreated on tu-
mor cells at the concentration of 50 pg/mL. For inhi-
bition of autophagy, 3-MA (MCE, HY-19312) was
pretreated on tumor cells at 12 mmol/L. For activation
of autophagy, rapamycin (MCE, HY-10219) was pre-
treated on tumor cells at 50 nmol/L. For blockade of cell
surface GalNAc, PNA (Sigma, L0881) was applied on
tumor cells at 80 pg/mL. For inhibition of lysosome
activity for degradation of membrane GLUT1, Bafilo-
mycin Al (MCE, HY-100558) was added into the
culturing medium at 500 nM for another 24 h. For in-
hibition of proteasome activity, MG-132 (MCE, HY-
13259) was applied on tumor cells at the concentration
of 150 nM. For activation of ubiquitin-proteasome sys-
tem, RAMB4 (MCE, HY-W054146) was used at 25 pM
for 24 h.
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Indirect and direct cell co-culture

Two types of cell co-culture experiments were pet-
formed in this study. 1). OSCC tumor cells were seeded
on culture plates and were stimulated by live
F. nucleatum at proper MOI (1:50) for 24 h. Culturing
supernatant was then extracted and filtered by a 0.22 pm
strainer for the depletion of bacteria. A filtered medium
was used to stimulate THP-1-derived macrophages for
another 48 h. 2). Corning Transwell insert chamber
(0.4 pm pore size) was used for the direct cell co-culture
system. Polarized macrophages were seeded in the up-
per chamber, and tumor cells were seeded in the lower
chamber for co-culturing for 48 h.

Reanalysis of bacterial sequencing data from public
database

The raw 16S rRNA sequencing data of OSCC clinical
samples from projects PRJNA352375 and SRP097643
were acquired from Sequence Reads Archive (SRA) and
preprocessed by Novogene. Software QIIME (Quantita-
tive Insights into Microbial Ecology) package version
1.9.1 was applied to explore downstream information,
including subclassifying of samples, plotting of bacterial
taxonomy, calculation of species richness, and alpha and
beta diversity indices. Principal Component Analysis
(PCoA) method was applied to analyze bacterial com-
munity variations between different groups. Differen-
tially enriched bacterial taxa and genus were acquired by
two different analyzing methods, Metastat and Simper.

TCGA-HNSCC dataset analysis

The Cancer Genome Atlas (TCGA) database is a curated
and annotated public database containing sequencing
data for tumor samples. RNA sequencing data for 544
head and neck squamous cell carcinoma (HNSCC) pa-
tients was acquired from TCGA, and the relative
expression level of GLUT1 between cancerous and non-
cancerous tissues was analyzed and compared.

Mass untargeted spectrometric metabolomics

analysis
For the profile of variations in tumor metabolism,
culturing  supernatant samples collected from

F. nucleatum-stimulated CAL27 cells were filtered and
vortexed for purification, sonicated at 4 °C for 20 min
and maintained at —20 °C later for protein precipitation.
Finally, purified samples were delivered to BGI Tech for
subsequent sequencing. High-resolution mass spec-
trometer Q Exactive (Thermo Fisher Scientific, USA)
was used to collect metabolomic data, and subsequent
data processing and analysis were conducted by The
Compound Discover 3.1 (Thermo Fisher Scientific,
USA).

Transwell assay
Corning Transwell insert chamber (5.0 pm pore size)
was used for transwell assay following the indicated

protocols. Briefly, OSCC cells dispersed into a serum-
free medium were seeded onto the matrigel (BD) on
the surface of the upper chamber, and polarized mac-
rophages treated under different conditions were seeded
on the lower well for 24 h. For F. nucleatum mediated
macrophage recruitment, macrophages with the serum-
free medium were seeded onto the upper chamber, and
F. nucleatum suspension was added into the lower
chamber at the same time overnight. Later, cells on
Transwell chamber membranes were fixed with 4% PFA
for 15 min, followed by staining of crystal violet for
another 15 min. Images were then randomly captured
under a microscope.

Si RNA transfection

Specific si-RNA and non-specific control oligonucleo-
tides were custom-made and acquired from Gene-
Pharma. Si-RNAs were designed to target human
GLUT1 and ATGS genes, and two efficient targets were
prepared for each gene. Lipofectamine3000 (Thermo-
Fisher, L3000) was implemented following the manu-
facturers’ instructions for transfection treatment.
Co-culture of tumor cells, Lipofectamine3000 and si-
RNA with recommended concentrations for 24-48 h
was carried out before medium refresh. The efficiency
for gene knockdown manipulation could maintain 3-6
days examined by qPCR detection.

Plasmids transfection

To overexpress TBC1D5 in OSCC cell lines, the insert
sequence was constructed and cloned in vector puc57
and used for transfection of OSCC cells with lentivirus.
CAL27 cells were transfected with lentivirus at the MOI
of 10. Puromycin (2 pg/mL) was applied to select stably
transfected cells. The empty vector was used as a
control.

RNA sequencing

Total RNA extraction was carried out on CAL27 cells
stimulated by F. nucleatum or PBS, and three repeats
were prepared for each group. Samples were then sent
to BGI Tech for subsequent sequencing. Finally, raw
reads which were more than 50 bp and conformed to
quality control standards were selected for further
analysis. FPKM values were applied for gene normali-
zation and quantification. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
were used to analyze biological functions based on
differentiated expression genes between the two groups.

Isolation of proteins in cellular membrane and
cytoplasm

Total cellular proteins were extracted and isolated into
the membrane and cytosolic proteins using a membrane
and cytosol protein extraction kit following indicated
instructions (ThermoFisher, 89842). Briefly, collected
cells were lysed with Reagent A containing PMSF
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Fig. 1: F. nucleatum aggregates at the invasive margin of 0SCC and correlates with tumor invasion. (A) F. nucleatum abundance for
adjacent normal tissues (right) and OSCC cancerous tissues (left) is plotted. A total of 70 matched OSCC tissue pairs were tested. Each symbol
represents data from one sample (OSCC cancerous tissue and adjacent normal tissue) (one-way-ANOVA), P = 0.0006. (B-D) F. nucleatum
abundance for OSCC tissues with or without cervical lymph node metastasis (B), at high, middle and low pathological stages (C), as well as with
flange, spike and skipping invasive phenotypes (D). (one-way-ANOVA), (B), P = 0.0231; (C), ANOVA P = 5.0E-16; (D), ANOVA P = 7.9E-05. (E)
Representative images of H&E staining for tissue structure (up) and F. nucleatum spatial distribution by FISH staining (down) from clinical
samples of OSCC lesions with flange, spike and skipping invasive phenotypes, respectively. Black and white curves indicate the borders between
tumor tissues and adjacent normal tissues. (F) Representative data of xenograft tumors in C3H mice bearing SCC-7 cells in different groups.
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(1 mM) under ultrasonic oscillation discussed below.
Lysed solutions were then centrifuged at 700 g for the
eradication of debris. Subsequent centrifugation was
applied at 14000 g for 30 min, and cytosolic proteins
were left in the supernatant. For acquisition of mem-
brane proteins, the above precipitations were centri-
fuged again at 14000 g for 10 s, followed by the addition
of Reagent B and subsequent vortex for 5 s. After
repeated operations 2-3 times, membrane proteins
could be acquired from the supernatant.

Western blot analysis

Experimental cell samples were washed with pre-cold
PBS three times and subsequently lysed with RIPA
(Beyotime) buffer supplemented with 2 pg/mL pro-
tease inhibitors (Biosharp) inside an ice bath for
20 min. Ultrasonic oscillation treatment at the fre-
quency of 2s pulse-on/1s pulse-off was applied 10
times to acquire protein samples from cell-lysed
products. Each sample (30 pg) was electrophoresed
on 8% or 10% SDS-PAGE gels at 85V for 2.5 h and
followed by transferring from SDS-PAGE gels to
polyvinylidene difluoride (PVDF) membranes at
300 mA for 90 min. PVDF membranes loaded with
proteins were then blocked with 5% BSA for 1 h and
subsequently incubated with primary antibodies tar-
geted at specific proteins overnight. After incubation
with HRP-conjugated secondary antibodies for 1-2 h,
protein blots were captured visually by a chemilumi-
nescent (ECL) detecting system.

Immunofluorescent staining

After experimental operations on seeded cells, 4%
formaldehyde was applied for fixation, and 0.5% Triton
X-100 was selected for subsequent permeabilization. 5%
BSA buffer was used for 1-2 h for efficient background
blocking. Incubation of primary antibodies and cells
overnight was implemented to bind target proteins.
Anti-rabbit Alexa Fluor Cy3, 488, 594 (Invitrogen) sec-
ondary antibodies were applied for fluorescent marking
of specific proteins at room temperature, followed by
DAPI staining for labeling the cell nucleus.

Quantitative reverse transcription qRT-PCR analysis
Trizol (Takara, Tokyo, Japan) was applied to extract total
RNA according to the manufacturer’s protocols. cDNA
was produced from mRNA with oligo dT primers and
reverse transcriptase (Takara). Real-time RT-PCR was
performed with SYBR Green PCR kit and real-time PCR
system (Applied Biosystems, Carlsbad, CA, USA).

Relative mRNA expression was normalized by GAPDH
using the 2724 scheme.

DNA extraction and quantification of bacteria by
qPCR

Total DNA extraction was carried out on OSCC clinical
samples freshly stored in liquid nitrogen by DNA
extraction kit (Tiangen, China) following the manufac-
turer’s instructions. 16S-tDNA amplification was per-
formed using F. nucleatum specific primers (Forward:
5-CAACCATTACTTTAACTCTACCATGTTCA 3,
Reverse: 5 ATTGACTTTACTGAGGGAGATTATGTA
AAAATC 3'). This amplification process was operated in
a 10 pL reaction system containing a 1 ng DNA tem-
plate. The reaction process was run as follows: 50 °C for
2 min, 95 °C for 10 min, running of 40 cycles for 15 s at
95 °C and 60 °C for 1 min. The cycle threshold (Ct)
values were normalized according to the host DNA in
each reaction with the primer for the housekeeper gene
(GAPDH).

Flow cytometry analysis

For measurement of changes in the percentage of M2
macrophages, THP-1 cell lines were harvested after
indirectly co-cultured with tumor cells under different
conditions for 48 h. Cells were then washed with PBS
for repeated times, blocked by 5% BSA and resuspended
with 100 pL buffer mixed with 5 pL anti-body (Elabs-
cience, E-AB-F1135E) for 30 min, and finally subjected
to flow cytometry.

Quantification of glucose, pyruvate, lactic acid and
citric acid

After experimental treatment operated on cells, cell
culturing supernatant was collected and purified by
0.22 pm filters. The filtered liquid was then diluted with
PBS to a proper concentration for subsequent mea-
surement. Glucose assay kit (Nanjing Jiancheng, F006-
1-1), Pyruvate assay kit (Nanjing Jiancheng, A081-1-1),
Lactic acid assay kit (Nanjing Jiancheng, A019-2-1) and
Citric acid assay kit (Nanjing Jiancheng, A128-1-1) were
applied for quantification of glucose, pyruvate, lactic
acid and citric acid following the recommended
instructions.

Quantification of ATP production, SDH and MDH
activity

Cells prepared for detection were first collected and
lysed by RIPA in an ice bath. A centrifuged at 12000 g
for 5 min was carried out for purification, following the

Local injection of F. nucleatum was applied to establish the F. nucleatum-associated tumor model. (G and H) Statistical analysis of mouse tumor
weights (I) and volumes (J) in different groups. n = 5/group (two-tailed t test), Weight, P = 3.5E-05; Volume, P = 0.0052. (1) Representative FISH
images of clinical OSCC samples using F. nucleatum-specific 16S rDNA-directed probe (left) and fluorescent images stained with 488-anti-SOX2,
488-anti-N-cad and 488-anti-ZEB1 (right) for measurement of tumor invasive levels by successive sections. (J) Representative fluorescent
images of xenograft tumor samples with or without F. nucleatum infection stained with SOX2 (green), N-cad (green) and DAPI (blue).
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Fig. 2: Colonized F. nucleatum drives M2-like tumor-associated macrophages formation. (A and B) Representative fluorescent images of
F. nucleatum spatial distribution, total macrophages and TAMs enrichment status in successive sections from clinical OSCC samples. Cy3-labeled
F. nucleatum-specific probe was used for the detection of F. nucleatum. 488-anti-CD68 and 488-anti-CD206 were applied to visualize total
macrophages and TAMs, respectively. A total of 40 paired successive sections on OSCC primary locus were tested to explore the relationship

between F. nucleatum colonization and macrophage accumulation.

(C) The Pearson linear correlation analysis was conducted based on

F. nucleatum counts, total macrophages and TAMs in OSCC. (D) Representative fluorescent images of xenograft tumor samples (left) or normal
oral epithelial samples (right) from C3H mice with or without F. nucleatum colonization stained with Cy3-anti-CD206 for identification of TAMs.
(E) Representative data of xenograft tumors in C3H mice bearing SCC-7 cells in different groups. Local injection of F. nucleatum was used for
in vivo F. nucleatum-associated tumor model. Injection of clodronate liposomes was applied for the eradication of local macrophages. (F and G)
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acquisition of supernatant. ATP assay kit (Beyotime,
S0026), succinodehydrogenase (SDH) assay kit (Nanj-
ing Jiancheng, A022-1-1) and malic dehydrogenase
(MDH) assay kit (Nanjing Jiancheng, A021-1-1) were
applied to quantify cell ATP production, SDH and
MDH activity respectively based on the recommended
instructions.

Microscopy and visualization of F. nucleatum by
fluorescence in situ hybridization (FISH)

4% PFA fixed oral cancer samples from clinical patients,
and animal xenograft models were prepared into tissue
slides (3-5 pm). The fluorescence in situ hybridization

(FISH) experiment was performed by applying
probes specific to F. nucleatum ribosomal 16S-rRNA
gene sequences on tissue sections. Briefly,
tissue sections were incubated with 8 mg/mL

F. nucleatum 16S rRNA-specific oligonucleotide pb-2634
5'- CTTGTAGTTCCGCYTACCTC-3' labeled with Cy3 in
the hybridization solution, slides were then counter-
stained with DAPI for visualization of the cell nucleus.
Blocking buffer, hybridization buffer, and wash buffer
contained protective RNA to protect bacterial RNA from
degradation.

Microscopy of fluorescent images

The fluorescent images were visualized and captured on
a confocal microscope (Nikon A1-Si) with NIS software
for acquisition. Fluorescence intensities reflecting the
distribution of electroporated cells within regions of
interest were converted into gray values and measured
using Image] software.

Ethics
This study was approved by the Institutional Research
Ethics Committee of Tongji Medical College (Wuhan,
China). The ethical approval numbers were S1117 and
S2931 for clinical and animal experiments respectively.
All animal experiments were performed with the
consent of the Institutional Animal Care and Use
Committee of Tongji Medical College, and the associ-
ated checklist according to the ARRIVE guidelines has
also been offered in the Supplementary sections.

Statistics
Statistical analysis was performed in this study using the
software Graphpad Prism 7.00 (San Diego, CA, USA).

Shapiro-Wilk test was conducted on the experimental
data collected in this study to ensure whether they are in
accordance with the normal distribution to determine
their further statistical comparison, and all data sets in
this article passed the normality distribution test. Paired
or unpaired Student’s t-test methods were applied for
comparison between two groups, and one-way ANOVA
test was performed to compare the differences among
multiple groups, followed by Tukey post-hoc tests or
repeated measure ANOVA, as well as Bonferroni post-
hoc tests for correction.

Based on the normal distribution and paired clinical
data volume, relationship between macrophage infiltra-
tion and F. nucleatum amounts were measured by
Pearson correlation analysis.

For clinical sample size, calculation for this cross-
sectional study was performed using the function
Confidence Intervals for One Proportion in software
PASS v15.0.** Pre-experiments estimated that the pos-
itive rate of F. nucleatum in OSCC tissues was at 72%,
and the estimated positive rate was hypothesized as
72%. An incidence of <12% was considered clinically
irrelevant, and formula N’ = N/(1 — DR) was applied for
sample size calculation.”” Results showed that by
including at least 75 patients diagnosed with OSCC
and assuming a 72% positive rate of F. nucleatum, an
actual <10% positive rate could be rejected with 90%
power and 95% (two-sided) confidence at the 5%
significance.

For animal sample size, independent T test method
was selected to evaluate experimental sample size. Based
Xty
S/’
xenograft tumor weight (0.68 g) and its estimated stan-
dard deviation (0.1 g) by our pre-experiment for this
study, p0 was regarded as the mean weight of xenograft
tumor (0.25 g) based on previous study in our laboratory.
To acquire the powerful results of statistical analysis
(P < 0.05), t > t0.05/2, n — 1 should be satisfied. Results
showed that only when n > 3 could the standard for
powerful analysis of xenograft tumor analysis get satis-
fied, which was just consistent with previous studies.*

Simple random sampling method was used for
randomization of samples applied in this research.
Briefly, each of the mice was randomly set a number for
drawing lots to ensure that these selected mice were
given equal opportunity to be divided into each experi-
mental group.

on the formula t = X and S were set as the mean

Statistical analysis of mouse tumor weights (I) and volumes (J) in different groups. n = 5/group (two-tailed t test), Weight, P = 0.0001; Volume,
P = 4.9E-07. (H) The fluorescent assay showed a significant reversal of F. nucleatum-induced EMT markers (SOX2 and ZEB1) upregulation by
eradicating local macrophages using clodronate liposomes. (1) schematic graph of indirect co-culture system including two crucial steps:
extraction of oral tumor/epithelial cell culturing supernatant with or without F. nucleatum infection, and stimulation of MO macrophages by
extracted cell supernatant. (J and K) Assessment of macrophage polarization status in the indirect co-culture system mentioned above by
immunofluorescent assay for CD86+ (green) M1-like macrophages and CD206+ (red) M2-like macrophages derived from MO macrophages (J) as
well as measuring mRNA expression of M2 markers (CCL2 and IL12) in macrophages (K) indirectly co-cultured with oral tumor/epithelial cells
with or without F. nucleatum infection (two-tailed t test), CCL2, P = 0.0165; IL12, P = 6.5E-05.
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Fig. 3: F. nucleatum-induced lactate production of OSCC cells is required for M2-like tumor-associated macrophages formation. (A)
Representative Giemsa staining images of OSCC invasive margins. The red square indicates the acidic border between tumor tissue and adjacent
normal tissue, and the orange square indicates the non-acidic central regions. (B) Volcano plot for metabolite changes in filtered cell culturing
supernatant with or without F. nucleatum infection. The red and green symbols indicate significantly upregulated and downregulated me-
tabolites between the two groups. (C) Metabolic classification analysis of the top 5 metabolic terms based on differential metabolites in
different groups (ranked by the number of enriched metabolites). (D) Pathway enrichment analysis of the top 5 metabolic pathways based on
differential metabolites between the above two groups. (E) Alteration of intermediate metabolites of glycolysis in CAL27 culturing supernatant
with or without infection of F. nucleatum (two-tailed t test), G6P, P = 0.0006; F-1,6-bisP, P = 1.2E-06; G3P, P = 0.0003; PEP, P = 0.0022;
Pyruvate, P = 0.0004; Lactate, P = 0.0037. (F) Infection of F. nucleatum significantly enhanced the production of lactate, pyruvate, glucose
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For clinical and animal experiments, single-blind
method was applied in this research.

For inclusion of clinical participants, patients diag-
nosed with OSCC using pathological and clinical evi-
dence, and could offer complete clinical samples and
information were recruited in our study.

For exclusion of animal samples, any mice which
failed to establish xenograft tumor model, or died dur-
ing the experimental period owing to other reasons were
excluded from our study.

Data were shown as mean + Standard Error of Mean
(SEM). A P-value less than 0.05 was regarded as statis-
tically significant. Precise P values were recorded in the
Figures and Figure legends section.

Role of funding source

The funding sources for this project played no role in
the study design, data collection, analysis, interpreta-
tion, writing or editing of the manuscript.

Results

F. nucleatum aggregates at the invasive margin of
0SCC and correlates with tumor invasion

To define the interrelationship between F. nucleatum
colonization and OSCC progression, we analyzed the
16S rRNA sequencing data from the two representative
cohorts (PRJNA415963, SRP097643).>” The results
showed that Fusobacterium was one of the most preva-
lent pathogens colonized in OSCC tissues (Fig. S1A and
S1B). The subspecies F. nucleatum was observed in
75.7% of OSCC samples, and F. nucleatum prevalence
was significantly lower by 2.25-fold in adjacent normal
tissues (Fig. 1A and Fig. S1C). Notably, more
F. nucleatum was detected in the samples with lower
histological grade or lymphatic metastasis, especially in
the samples of malignant invasive growth, including
spike and skipping (Fig. 1B-D). Together, these results
demonstrated an apparent correlation between
F. nucleatum colonization and OSCC progression.

To determine the localization of F. nucleatum within
OSCC tissues, we applied a specific probe for a fluores-
cent in situ hybridization assay. We found that
F. nucleatum often aggregated in the invasive margins of

all types of OSCC (Fig. 1E). In the OSCC xenograft tumor
formation experiments, we observed about 2.0-fold tumor
weight and 1.7-fold tumor volume in the group with local
injection of F. nucleatum compared with the tumors
without F. nucleatum inoculation (Fig. 1F-H and Fig. S2A
and S2B). By immunofluorescent staining in the suc-
cessive sections of clinical OSCC samples, we verified
that a cohort of epithelial-mesenchymal transition (EMT)
biomarkers, including sex-determining region Y-box 2
(SOX2), N-cadherin and zinc finger E-box-binding ho-
meobox 1 (ZEB1), were significantly increased in the
F. nucleatum-enriched regions (Fig. 1I). Taken together,
these  findings suggested that OSCC-resident
F. nucleatum could facilitate epithelial-mesenchymal
transition (Fig. 1] and Fig. S2C), corroborating the cor-
relation between F. nucleatum and OSCC invasion.

Colonized F. nucleatum drives M2-like tumor-
associated macrophages formation

M2-like tumor-associated macrophages (TAMs) are
capable of promoting tumor invasion.””? Of note,
F. nucleatum infection has been shown to induce
macrophage infiltration.”” Thus, to define whether
F. nucleatum promotes OSCC invasion via M2-like
TAMs, we first assayed the immune response caused
by F. nucleatum colonization. In the successive section
of OSCC clinical samples, we noticed that macrophages
presented a significant increase upon F. nucleatum
colonization (Fig. 2A). Specifically, CD206(+) M2-like
macrophages showed a predominant overlap with
F. nucleatum in the unit view (Fig. 2B and C). After
injecting F. nucleatum into OSCC xenograft tumor or
oral epithelium, CD206(+) M2-like macrophages were
only abundantly presented in the tumor microenviron-
ment rather than in the normal tissue (Fig. 2D, Fig. S3A
and S3B), suggesting that F. nucleatum inoculation is
capable of promoting CD206(+) M2-like TAMs forma-
tion. Consistently, tumor progression was reversed by
eliminating macrophages using clodronate liposomes
by 0.4 + 0.05 g in weight and 102.8 + 7.08 mm? in
volume (Fig. 2E-G and Fig. S3C and S3D). The ex-
pressions of the EMT biomarkers SOX2 and ZEB1 were
reduced (Fig. 2H). Furthermore, our in vitro assays

consumption, and production of ATP in CAL27 cells. (two-tailed t test), Lactate, P = 0.0001; Pyruvate, P = 2.4E-06; Glucose consumption,
P = 2.3E-05; ATP production, P = 0.0018. (G) Schematic graph of indirect co-culture system includes two crucial steps: extraction of CAL27 cell
culturing supernatant with or without F. nucleatum infection, and stimulation of MO macrophages by extracted cell supernatant with or without
addition of 7ACC2 (10 uM) for inhibition of lactate adsorption. (H and 1) Assessment of macrophage polarization status by measuring mRNA
expression of M2 markers (CCL2 and IL12) (1) as well as immunofluorescent assay of CD206 (J) in CAL27 cells treated with DMSO, F. nucleatum
suspension or 7ACC2. (one-way-ANOVA), CCL2, ANOVA P = 0.0048; IL12, ANOVA P = 5.3E-05. (J) Schematic graph of indirect co-culture system
including two crucial steps: extraction of oral tumor cell culturing supernatant with or without F. nucleatum infection plus 2-DG (20 mM) for
inhibition of glycolysis, and stimulation of MO macrophages by extracted cell supernatant. (K and L) Assessment of macrophage polarization
status by measuring mRNA expression of M2 markers (IL10 and IL12) (1) as well as immunofluorescent assay of CD206 (J) in CAL27 cells treated
with DMSO, F. nucleatum suspension or 2-DG. (one-way-ANOVA), CCL2, ANOVA P = 0.0141; IL12, ANOVA P = 1.7E-06. (M) Schematic graph
depicting indirect co-culture system with F. nucleatum-mediated TAM failed to promote tumor invasive behavior by inhibiting lactate
adsorption of macrophages using 7ACC2. (N and O) Fluorescence assay of CAL27 cells for expression levels of ZEB1 and VIMENTIN (left) and
Transwell assay depicting OSCC invasive potential under the above conditions. (one-way-ANOVA), ANOVA P = 0.0005.
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Fig. 4: F. nucleatum-induced accumulation of GLUT1 increases lactate production of OSCC cells. (A) Western blot analysis of glycolysis-
related rate-limiting components (HK2, PFKP, PKM2, ENO1, LDHA, GLUT1) and GAPDH (for loading controls) in CAL27 cells co-cultured
with or without F. nucleatum. All experiments were performed repeatedly three times. (two-tailed t test), PKM2, P = 0.048; LDHA,
P = 0.0419; GLUTZ, P = 0.0148. (B) Representative fluorescent images of successive sections from OSCC tissues for localization of F. nucleatum
(red) and GLUT1 (green). (C) Representative images of GLUT1 (green) expression pattern in OSCC. (D) Clinical OSCC sections stained with 488-
anti-KRT19 (green) and Cy3-anti-GLUT1 (red). High expression levels of GLUT1 could be detected mainly in KRT19+ tumor cells. (E) Repre-
sentative images of xenograft tumor sections for measurement of GLUT1 expression (green) after injection of F. nucleatum suspension or PBS
vehicle. (F and G) Glucose uptake and lactate production in CAL27 cells treated with F. nucleatum infection, BAY-876 (50 nM) or GLUT1
knockdown operations. (one-way-ANOVA), (F), Glucose, ANOVA P = 1.7E-06; Lactate, ANOVA P = 0.0142. (G), Glucose, ANOVA P = 0.0025;
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demonstrated that F. nucleatum-induced CD206(+) M2-
like polarization mainly depended on the tumor cells
co-cultured system (CCL2, 2.5 + 0.62 fold increase; IL12,
3.9 + 0.22 fold increase. Fig. 2I-K, and Fig. S3E-S3G).
Together, these data suggested that F. nucleatum within
the tumor microenvironment could promote CD206(+)
M2-like TAMs formation, which is potentially vital for
F. nucleatum-induced OSCC invasion.

F. nucleatum-induced lactate production of 0SCC
cells is required for M2-like tumor-associated
macrophages formation

To dissect the underlying mechanisms that F. nucleatum
encourages M2-like TAMs formation, we assayed a series
of tumor pathophysiological processes. Interestingly,
extracellular acidification was significant in the
F. nucleatum-aggregated OSCC invasive margins and the
in vitro co-cultured system (Fig. 3A and Fig. S4A).
Accordingly, we performed metabonomic analysis to ac-
quire the acidic metabolites profile of F. nucleatum-
exposed OSCC cells (Fig. 3B and Fig. S4B). Differential
metabolite pathway enrichment analysis revealed signifi-
cantly activated carbon metabolism (G6P, 2.04 + 0.21 fold
increase; F-1,6-bisP, 1.75 + 0.03 fold increase; G3P,
1.36 £ 0.11 fold increase; PEP, 1.41 + 0.20 fold increase;
Pyruvate, 1.22 + 0.11 fold increase; Lactate, 1.99 + 0.32
fold increase. Fig. 3C-E). Glucose consumption, lactate,
pyruvate and ATP synthesis rose proportionately (Lactate,
3.06 = 0.13 fold increase; Pyruvate, 98.92% + 2.48% in-
crease; Glucose, 26.75% =+ 1.73% increase; ATP,
79.51% + 10.84% increase. Fig. 3F).

To explore whether lactate deposition could
promote M2-like TAMs formation in the tumor micro-
environment, we added the lactate metabolism inhibitor
2-DG to suppress lactate deposition in the OSCC cells
co-cultured system. The data showed that 2-DG reversed
F. nucleatum-mediated M2-like polarization of macro-
phages (Fig. 3G-I, Fig. S4C and 4D). Likewise, inhibi-
tion of macrophages lactate ingestion by 7ACC2
suppressed M2-like polarization (Fig. 3J-L and
Fig. S4C-S4F). Moreover, macrophages without lactate
ingestion could not promote EMT progression of OSCC
cells, thereby reversing F. nucleatum-mediated tumor
cell invasion (Fig. 3M-O and Fig. S4G-S4I). Collec-
tively, these findings supported that F. nucleatum pro-
motes OSCC cell glycolysis and lactate production,
which in turn increases extracellular acidification and
M2-like TAMs formation.

F. nucleatum-induced accumulation of GLUT1
increases lactate production of 0SCC cells

To elucidate how F. nucleatum infection increases lactate
production of OSCC cells, we scrutinized the expressions

of glucose transporters and the glycolysis rate-limiting
enzymes in F. nucleatum-exposed OSCC cells. Remark-
ably, GLUT1, highly expressed in OSCC tissues, was
upregulated around 3-fold under F. nucleatum stimula-
tion (Fig. 4A, and Fig. S5A and S5B). Consistently,
functional enrichment analysis based on the above
metabonomic data of F. nucleatum-exposed OSCC cells
indicated that the membrane transport associated with
GLUT1 was the top term (Fig. S5C).

Then, we performed immunofluorescent staining in
the successive sections of clinical OSCC samples. We
noticed that GLUT1 was mainly enriched in OSCC
invasive margins and presented a predominant overlap
with F. nucleatum colonization (Fig. 4B and C). Keratin-19
(KRT19) has been suggested to play a key role in
tumorigenic transformation.”® Inside the clinical OSCC
tissues, KRT19-positive tumor cells showed a higher
GLUT1 level than the stroma cells (Fig. 4D). Likewise,
F. nucleatum inoculation resulted in significant GLUT1
upregulation in the OSCC xenograft tumor formation
experiments (Fig. 4E). Taken together, our results sug-
gested that F. nucleatum-induced lactate production could
correlate with the upregulation of GLUT1 in OSCC cells.

To consolidate the implication of F. nucleatum-
induced GLUT1 upregulation in lactate deposition, we
pretreated OSCC cells with the GLUT1 selective inhib-
itor BAY-876 to restrict glucose transport. As expected,
F. nucleatum failed to increase the lactate production in
BAY-876-treated OSCC cells (Fig. 4F). A similar effect
was obtained by knockdown of GLUT1 with specific
siRNA (Fig. 4G and Fig. S5D). Accordingly, destabili-
zation of GLUT1 by Bafilomycin Al downregulated
F. nucleatum-mediated lactate deposition (Fig. S5G). In
comparison, tricarboxylic acid cycle indicated only slight
changes along with GLUT1 variations (Fig. S6). Then,
we examined the M2-like polarization of macrophages
in the experimental scenario described above. Consis-
tent with limited lactate production, inhibition of the
function of GLUT1 in OSCC cells by BAY-876 treatment
or Glut-siRNA significantly reversed F. nucleatum-
mediated M2-like polarization of macrophages (Fig. 4H
and I, and Fig. S5E and SS5F). Together, our data sug-
gested that F. nucleatum-induced GLUT1 upregulation
in OSCC cells accounts for the increased deposition of
lactate.

F. nucleatum-induced TBC1D5 downregulation
promotes GLUT1 localization on the cell surface
To delineate the cause of F. nucleatum-mediated GLUT1
upregulation, we first evaluated the transcription of
GLUT1 in F. nucleatum-incubated OSCC cells. The qRT-
PCR assays showed that the transcription of GLUTI had
no significant change in OSCC cells pretreated with

Lactate, ANOVA P = 0.0049. (H and 1) Evaluation of macrophage polarization status by confocal fluorescence assay for (D206 (H) and mRNA
expression levels of CCL2 and IL-12 (I). Macrophages were indirectly co-cultured with CAL27 cells treated by PBS, F. nucleatum infection or
BAY-876. (one-way-ANOVA), CCL2, ANOVA P = 0.0001; IL12, ANOVA P = 0.0216.
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Fig. 5: F. nucleatum promotes GLUT1 localization on the cell surface through autophagy-dependent TBC1D5 decrease. (A) Representative
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different multiplicity of infection (MOI) of F. nucleatum
(Fig. S7A). However, immunofluorescence staining
showed more GLUT1 proteins on the cell surface of
F. nucleatum-incubated cells than those in the control
cells (Fig. 5A). We examined membrane-bound and
cytosolic protein levels to determine whether this cell
surface presence signified increased protein levels or
only a change in protein distribution. Western blotting
assays showed that the membrane-associated GLUT1
was significantly elevated by 47.99% =+ 3.84%. In
contrast, cytoplasm GLUT1 exhibited a slight increase
(Fig. 5B), suggesting that both protein level and cell
surface localization of GLUT1 were increased.

To determine whether upregulation of protein trans-
lation is responsible for the above phenotypes, we utilized
cyclohexane (CHX) pretreatment for protein translation
inhibition. Nevertheless, CHX application could not
reverse F. nucleatum-mediated GLUT1 upregulation in a
certain period (Fig. 5C), suggesting that F. nucleatum-
mediated GLUT1 accumulation may result from protein
degradation inhibition. To test this speculation, we
compared the intracellular distribution of GLUT1 with
that of lysosome-associated membrane glycoprotein 1
(LAMP1) in F. nucdleatum-exposed OSCC cells. Immu-
nofluorescence staining showed reduced localization of
GLUT1 on LAMP1-positive structures in F. nucleatum-
exposed cells (Fig. 5D), supporting that F. nucleatum may
inhibit GLUT1 lysosomal degradation. In addition,
ubiquitination-associated protein degradation pathway
showed no significant relationship with F. nucleatum-
mediated GLUT1 stabilization (Fig. S7D-S7G).

A previous study showed that the inhibitory inter-
action of TBC1 domain family member 5 (TBC1D5)
with retromer could lead to GLUT1 mis-sorting into
endolysosomal compartments.”” Notably, we observed a
downregulation of TBC1DS in F. nucleatum-incubated
OSCC cells (Fig. 5E). TBC1D5 overexpression offset
F. nucleatum-induced GLUT1 upregulation in OSCC
cells (Fig. SE). Together, these observations suggested
that F. nucleatum promotes cell surface presence of
GLUT1 via downregulating TBC1D5.

F. nucleatum-induced autophagy leads to TBC1D5
downregulation

To define the underlying mechanism of TBCI1D5
downregulation, we first performed genome-wide RNA

sequencing to acquire the transcriptional profile of
F.  nucleatum-exposed OSCC  cells. Functional
enrichment analysis revealed that autophagy and
autophagy-related kinase signaling, including Serine/
threonine-protein kinase mTOR, 5'-AMP-activated pro-
tein kinase catalytic subunit alpha-2 (AMPK) and
Mitogen-activated protein kinase (MAPK), were
enriched in OSCC cells infected with F. nucleatum
(Fig. 5F).

Then, using autophagy marker beclin-1 (BECLIN1)
and autophagy protein 5 (ATGS5), our immunofluores-
cence staining and western blotting assays sustained
that F. nucleatum could boost autophagy in OSCC cells
(Fig. 5G and Fig. S7B). Moreover, activation of auto-
phagy with rapamycin reduced the level of TBC1D5
(Fig. S7C), suggesting that F. nucleatum-induced auto-
phagy could mediate TBCID5 downregulation. In
agreement with this speculation, the application of
autophagy inhibitor 3-MA reversed F. nucleatum-
induced TBCID5 decrease, GLUT1 increase, and
glucose uptake in OSCC cells (Fig. 5H and I, and
Fig. S7H). Similarly, siRNA-mediated knockdown of
ATGS5 reversed the effects of F. nucleatum infection
(Fig. S7I-S7K). Taken together, these findings demon-
strated that F. nucleatum could activate autophagy to
reduce the level of TBC1DS5. Of note, these results are
consistent with the previous report that the autophagic
compartment is capable of binding and sequestering
TBCID5 away from the retromer, thus promoting
GLUT1 plasma membrane translocation.”

F. nucleatum binds to GalNAc on OSCC cell surface
to induce cell autophagy

Thus far, our results suggested that F. nucleatum inoc-
ulation activates OSCC cell autophagy, which facilitates
GLUT1 translocation to the plasma membrane. To
identify the membrane targets that mediate cell surface
adhesion of F. nucleatum, we scrutinized the previously
reported Dbacterial adhesion mediators, including
Toll-like receptor 4 (TLR4), E-cadherin and N-
acetylgalactosamine (GalNAc).”"”** We noticed that
GalNAc marked by FITC-labeled peanut agglutinin
(PNA) was highly expressed in KRT19(+) tumor cells
and F. nucleatum enrichment area (Fig. 6A and B). The
adhesion of F. nucleatum on OSCC cell surface was
inhibited by blocking GalNAc with PNA, while

Western blot analysis of GLUT1 in CAL27 cells with or without F. nucleatum infection after pretreatment of CHX for 6 h at the proper con-
centration of 50 pg/mL. GAPDH was applied as the loading control. (one-way-ANOVA), ANOVA P = 7.4E-09. (D) Fluorescence assay for
colocalization of GLUT1 (green) and LAMP1 (red) in CAL27 cells with or without F. nucleatum infection. (E) Western blot analysis of TBC1D5 and
GLUT1 in CAL27 and CAL27/TBC1DS5 treated by F. nucleatum infection or not. (one-way-ANOVA), TBC1D5, ANOVA P = 1.2E-05; GLUT1, ANOVA
P = 0.0076. (F) The functional enrichment analysis of differentially expressed genes between CAL27 cells with or without F. nucleatum infection.
(G) Confocal images of BECLIN1 (green) and DIL-labelled cellular membrane (red) in CAL27 cells with or without F. nucleatum infection. (H)
Indicated proteins were detected by Western blot in CAL27 cells. The cells were co-cultured with F. nucleatum or treated by 3-MA (12 mM) for
inhibition of autophagy. (one-way-ANOVA), TBC1D5, ANOVA P = 0.0040; GLUT1, ANOVA P = 2.3E-05; BECLIN1, ANOVA P = 1.1E-05; ATG5,
ANOVA P = 0.0008. (I) Measurement of glucose uptake in CAL27 cells treated by PBS, F. nucleatum suspension or 3-MA. (one-way-ANOVA),

ANOVA P = 0.0005.
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Fig. 6: F. nucleatum binds to GalNAc on OSCC cell surface to induce cell autophagy. (A) Fluorescence assay of KRT19 (red) and GalNAc (green) in
clinical OSCC sections. (B) Representative fluorescent images of F. nucleatum (red) and FITC-PNA (green) in clinical OSCC sections. (C) Confocal
images of SYTO9-labelled F. nucleatum (green) in CAL27 cells treated by PBS or PNA solutions at the proper concentration of 80 pg/mL. (D and E)
Western blot analysis of indicated proteins in CAL27 cells treated with PBS, F. nucleatum suspension or PNA solution (one-way-ANOVA), ATG5,
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knockdown of E-cadherin by CDH5-siRNA or inhibition
of TLR4 by TAK242 failed to do so (Fig. 6C, and
Fig. S8A and S8B). Then, we observed that both auto-
phagy activation and GLUT1 wupregulation by
F. nucleatum could be reversed with GalNAc blockade by
PNA in OSCC cells rather than CDHS5-siRNA and
TAK242 (Fig. 6D and E, and Fig. S8C and S8D).
Together, these results suggested that GalNAc is
required for the OSCC cell adhesion of F. nucleatum.

We validated the efficacy of GalNAc by assaying
additional phenotypes, including TBC1D5 down-
regulation, GLUT1 upregulation, glucose uptake in-
crease, and lactate production. As expected, these
F. nucleatum-induced phenotypes were efficiently
rescued by PNA treatment (Fig. 6D-F). Also,
F. nucleatum-induced inhibition of GLUT1 transport
into LAMP1(+) lysosomes was abolished by PNA addi-
tion (Fig. 6G and H).

AKT/mTOR is the classic intracellular signaling
pathway associated with the membrane protein Gal-
NAc.*' Likewise, we observed that AKT/mTOR signaling
pathway was significantly activated by F. nucleatum, and
PNA reversed this effect (Fig. 6I). Blocking AKT/mTOR
signaling with SC79 or 3BDO inhibited F. nucleatum-
mediated cell autophagy activation and GLUT1 accu-
mulation in OSCC cells (Fig. 6]). Altogether, our data
indicated that F. nucleatum selectively binds to the
membrane protein GalNAc on the OSCC cell surface to
promote cell autophagy.

Double targeting at GalNAc and GLUT1 inhibits
0SCC progression

Thus far, our results suggested that the GalNac-
Autophagy-GLUT1-Lactate axis in OSCC cells orches-
trates F. nucleatum-induced TAMs formation and tumor
progression. To test whether xenograft tumor could be
suppressed by targeting the two pivotal components
(GalNAc and GLUT1) in tumor-bearing mice (Fig. 7A),
we injected the F. nucleatum-incubated tumor-bearing
mice with GalNAc inhibitor PNA and/or GLUT1 in-
hibitor BAY-876. Observation on the histological fea-
tures of liver and kidney collected from treated mice
indicated that the medical treatments possessed excel-
lent biocompatibility (Fig. S9). The data showed that
F. nucleatum-induced OSCC development was partially
restrained by applying PNA or BAY-876 alone, validated
by the reduction in the tumor weight and volume

(Fig. 7B-D). Similarly, PNA or BAY-876 partially
reduced the number of CD206(+) TAMs (Fig. 7E).
F. nucleatum-recruited macrophages began to turn into
CD86(+) anti-tumor M1-like macrophages (Fig. 7E).
Notably, double targeting at GalNac and GLUT1
induced significant atrophy of OSCC xenografts and
retrained F. nucleatum-associated OSCC immune land-
scape, which mediated a transfer of macrophages from
M2-like to M1-like phenotype (Weight, 0.38 + 0.04 g
decrease; Volume, 96.27 + 10.91 mm® decrease.
Fig. 7B—E). We further found that the combined therapy
effectively diminished F. nucleatum-induced EMT pro-
gression (Fig. 7F). Together, our data suggested that a
combined therapeutic strategy by double targeting Gal-
NAc and GLUT1 can efficiently overcome F. nucleatum-
induced OSCC progression.

Discussion

Microbiota-host interactions have been documented to
be involved in tumor progression.’>** The previous re-
ports have unanimously shown that F. nucleatum is a
well-known protumorigenic bacterium in multiple types
of cancers, including colorectal, breast and esophagus
tumors.** The amount of F. nucleatum within the tu-
mor microenvironment is closely associated with ma-
lignant progression and shorter survival.** This study
observed that F. nucleatum is characteristically accumu-
lated at the periphery of clinical OSCC colonies.
F. nucleatum leads to enhanced glycolytic metabolism
and excessive extracellular lactate deposition in the
tumor-stroma marginal regions. Extracellular acidifica-
tion can induce transcriptome rewiring of cancer cells to
acquire the invasive phenotype, which enhances the self-
renewal and mitochondrial respiration of cancer
cells.* Notably, our data showed that F. nucleatum-
induced acidification renders a protumorigenic immune
microenvironment, which in turn causes cell malignant
transformation in the periphery of colonies. This
immunomodulatory role of F. nucleatum in OSCC inva-
sion is exactly different from the direct protumorigenic
effect of other oral bacteria, P. gingivalis for example.
These data systematically explain why cancer stem cells
are predominately located in the periphery,* which may
be closely associated with microbiota aggregation.
Moreover, the lactate-based acidic microenvironment is
more beneficial for bacterial reproduction, which forms a

ANOVA P = 0.0004; BECLIN1, ANOVA P = 0.0016. (F) Glucose consumption (left) and lactate production (right) in CAL27 cells under F. nucleatum
infection with or without PNA treatment. (one-way-ANOVA), Glucose, ANOVA P = 1.9E-07; Lactate, ANOVA P = 3.8E-08. (G and H) Confocal
images of GLUT1 (green), LAMP1 (red), DIL-labelled cellular membrane (red) and cellular nuclei (blue) in CAL27 cells under F. nucleatum infection for
12 h and 24 h pretreated by PNA solution for localization of cellular GLUTL. (I) Western blot analysis of key components in AKT/mTOR pathway in
CAL27 cells treated by F. nucleatum suspension or PNA solution. (one-way-ANOVA), P-AKT, ANOVA P = 2.3E-06; p-mTOR, ANOVA P = 0.0003. (J)
Western blot analysis of GLUT1, BECLIN1 and ATG5 in CAL27 cells under F. nucleatum, SC79 or 3BDO treatment. GAPDH was used as the loading
control. GLUTZ1, (one-way-ANOVA), ANOVA P = 0.0002; BECLIN1, ANOVA P = 2.0E-09; ATG5, ANOVA P = 0.0001.
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feedback mechanism for two-way mutual benefit for
microbiota colonization and tumor invasion. These data
thus provide us new insights into the protumorigenic
function of F. nucleatum.

The relevant reports highlight that F. nucleatum
drives cell proliferation and epithelial-mesenchymal
transition of colorectal cancer and other tumors
mainly by directly regulating cancer cell metabolism,
ultimately supporting cell growth.”'*'* Besides, the tu-
mor microenvironment has also been identified to play
a determinative role in fostering tumor growth and
metastasis.”*¢ Here, we confirmed that F. nucleatum
colonized in OSCC tissues could induce cancer cells to
produce much more lactate via the GalNAc-Autophagy-
TBCID5-GLUT1 signaling axis. TBC1D5 degradation
leads to GLUT1 localization on the cell surface and
glucose uptake, which is metabolized to lactate, subse-
quently promoting M2-like TAMs formation. Long-term
and excessive accumulation of lactate forms a pro-
tumorigenic local environment and actively contributes
to immune evasion, a cancer hallmark, by directly
recruiting and inducing TAMs.” The activated TAMs
account for more than 70% of the pro-tumor effect
caused by F. nucleatum in OSCC, which does not pre-
cisely overlap with that in colorectal cancer.” Due to the
“field cancerization” characterization of OSCC, over 600
bacterial species are endemic to the oral cavity.** OSCC
has a complex tumor microenvironment composed of
multiple cell types, including cancer-associated fibro-
blasts, neutrophils, regulatory T cells, macrophages,
etc.’**! Especially, macrophages make up nearly 50% of
the cell population in the tumor stroma, which displays
a pro-tumor phenotype to favor OSCC progression.’>*
Moreover, we noticed that GLUT1 is the key rate-
limiting factor of glycolysis in OSCC cells, which
differs from some other tumors where rate-limiting
enzymes of glycolysis play the leading role.**” There-
fore, tissue heterogeneity should be noticed in exploring
the functions of tumor-resident microbiota.

The unique roles of F. nucleatum provide novel
therapeutic targets for advanced OSCC. Some bioengi-
neering strategies have Dbeen established for
F. nucleatum-targeted eradication. Broad-spectrum anti-
biotic metronidazole was applied earlier for the eradi-
cation of F. nucleatum.”** Dong X., et al. have
constructed a bioinorganic hybrid bacteriophage loaded
with Ag nanoparticles for targeted clearance of
F. nucleatum.” In addition, the F. nucleatum-specific
phage-guided method has also been applied for accurate
clearance of F. nucleatum to modulate microbiota in
colorectal cancer.® Nevertheless, F. nucleatum is an oral

commensal flora, and its eradication is bound to lead to
the imbalance of oral microbiota.” This study shows
that GalNAc and GLUT1 are the two key cytomembrane
proteins in F. nucleatum promoting tumor invasion,
which serve as the ideal biomarkers for immunotherapy
for OSCC. Theoretically, single targeting of either Gal-
NAc or GLUT1 can achieve a curative effect in OSCC
models. However, since the inhibitors of both GalNAc
and GLUT1 are off-target with a certain probability, the
strategy of the single-site block is not available for
completely inhibiting F. nucleatum signaling.”” There-
fore, we propose a dual-targeted therapy, which can
achieve a synergistic anticancer effect under the simul-
taneous intervention of GalNAc and GLUT1 with PNA
and BAY-876. By this double-targeted therapy, host
macrophages are still attracted to the tumor microenvi-
ronment due to ectopic F. nucleatum. The loss of the
lactate-formed pro-tumor microenvironment hinders
macrophages from transforming into M2-like. Most of
them even transfer into M1-like anti-tumor macro-
phages, which remodels an anti-tumor immune micro-
environment. This ‘convert enemies into friends’
strategy can reverse the pro-tumor effect of F. nucleatum
into a beneficial anti-tumor role, which initiates a
persistent anticancer immunity to kill tumor cells. PNA,
a natural substance derived from plants, showed its
specific anti-tumor function against F. nucleatum-asso-
ciated OSCC. Coincidentally, another type of medicine
made from natural components, traditional Chinese
medicine (TCM), has nowadays become a novel choice
for bacteria-associated tumor treatment. TCM showed
superior biocompatibility, less side-effects with lower
cost of production, and could mitigate potential drug
resistance, advantages of which might suitably be
applied in treatment of bacteria-related carcinomas in
the future. With the development of TCM extraction and
purification, next-generation cancer targeted drugs
derived from TCM extracts could exert a much more
precise and effective medical intervention.

In conclusion, our research elucidates the land-
scape of tumor-resident microbiota in tumor pro-
gression. F. nucleatum is a critical player in regulating
the protumorigenic immune microenvironment
through GLUT1-driven lactate production, and inter-
vention of F. nucleatum provides a novel targeted
strategy for patients with advanced OSCC. However,
the current perspective for tumor-associated bacteria is
limited, as how mutual communications of located
cells and colonized bacteria could affect and reshape
the tumor microenvironment requires further eluci-
dation. Thus, further exploration for explaining

groups. n = 5/group. (one-way-ANOVA), Weight, ANOVA P = 1.7E-06; Volume, ANOVA P = 2.3E-08. (E) Representative images of
CD68+ CD206+ M2-like TAMs (above) and CD86+ M1-like anti-tumor macrophages (below) in xenograft tumor samples from different groups.
(F) Representative images of SOX2 (above) and ZEB1 (below) in xenograft tumor samples from different groups.
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interactive communications among stromal cells and
bacteria, is necessary for better understanding of
microbe-associated tumors and developing novel
medical strategies.
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