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Abstract

Recent studies have demonstrated a relationship between oral bacteria and systemic
inflammation. Endothelial cells (ECs), which line blood vessels, control the opening and
closing of the vascular barrier and contribute to hematogenous metastasis; however,
the role of oral bacteria-induced vascular inflammation in tumor metastasis remains
unclear. In this study, we examined the phenotypic changes in vascular ECs follow-
ing Streptococcus mutans (S. mutans) stimulation in vitro and in vivo. The expression
of molecules associated with vascular inflammation and barrier-associated adhesion
was analyzed. Tumor metastasis was evaluated after intravenous injection of S. mu-
tans in murine breast cancer hematogenous metastasis model. The results indicated
that S. mutans invaded the ECs accompanied by inflammation and NF-xB activation.
S. mutans exposure potentially disrupts endothelial integrity by decreasing vascular
endothelial (VE)-cadherin expression. The migration and adhesion of tumor cells were
enhanced in S. mutans-stimulated ECs. Furthermore, S. mutans-induced lung vascular
inflammation promoted breast cancer cell metastasis to the lungs in vivo. The results
indicate that oral bacteria promote tumor metastasis through vascular inflammation
and the disruption of vascular barrier function. Improving oral hygiene in patients
with cancer is of great significance in preventing postoperative pneumonia and tumor

metastasis.

KEYWORDS
endothelial cells, oral bacteria, oral hygiene, tumor metastasis, vascular inflammation

Abbreviations: CFUs, Colony-forming units; ECs, Endothelial cells; ELISA, Enzyme-linked immunosorbent assay; EMT, Epithelial-mesenchymal transition; IPA, Ingenuity Pathway

Analysis.
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1 | INTRODUCTION

Cancer is the second leading cause of death globally.1 Inflammation
is associated with tumorigenesis as Dr. Rudolf Virchow proposed in
1863.2 Moreover, many cancers possess the propensity to metasta-
size to sites of inflammation.3~> Hematogenous metastasis is respon-
sible for 90% of tumor metastasis-associated mortEJIity."”7 Therefore,
it is necessary to identify the risk factors that promote hematoge-
nous metastasis.

S. mutans is a Gram-positive bacterium associated with dental
caries.® Poor oral hygiene, cancer chemotherapy, or radiotherapy-
induced dryness or bleeding of the mouth may enhance S. mutans
accumulation. S. mutans gains access to the bloodstream during
invasive dental procedures, such as tooth extraction, periodontal
surgery, or even daily oral hygiene practices to cause systemic dis-
eases.”!0 Of these, cardiovascular disease is the most common.*%*2
Blood vessels are composed of ECs and provide the nutrients and
oxygen for tumor growth and metastasis.*"*” Studies have indi-
cated that S. mutans can invade ECs through Toll-like receptor 2 to
cause inflammation.'® Inflamed ECs result in hyperpermeability of
the blood vessel19; however, the role of S. mutans-mediated vascu-
lar inflammation in the progression of hematogenous metastasis is
unknown.

During the process of hematogenous metastasis, tumor cells first
migrate toward the endothelium, then adhere to the endothelium,
and finally extravasate across the endothelium to complete second-
ary seeding.20 In this study, we focused on vascular inflammation
and vascular integrity impairment in distant organs resulting from S.
mutans exposure in vivo and in vitro. In addition, we determined the
contribution of S. mutans to tumor metastasis using in vivo tumor
metastasis models. Our findings provide clear evidence that oral
bacteria actively promote tumor metastasis and highlight the impor-

tance of oral hygiene management in patients with cancer.

2 | MATERIALS AND METHODS
2.1 | Celllines and culture conditions

The MS1 mouse islet-derived normal EC line, which was created
by the transduction of a temperature-sensitive SV40 large T an-
tigen, was obtained from the ATCC (Manassas, VA, USA). MS1
cells were cultured in DMEM (Sigma-Aldrich) supplemented with
10% heat-inactivated FBS and 1% penicillin/streptomycin antibi-
otic (Sigma-Aldrich). EO771 murine breast carcinoma cells were
purchased from CH3 BioSystems and transfected with a lentiviral
vector encoding tdtomato-Luc2, as described previously.?’ The
tdtomato-Luc2-expressing EO771 cells were cultured in RPMI
1640 medium (Sigma-Aldrich) supplemented with 10 mM HEPES
and 10% FBS. All cells were cultured at 37°C in a humidified at-
mosphere containing 5% CO,. The absence of Mycoplasma pulmo-

nis was verified by PCR.

2.2 | Oral bacterial strain and culture conditions

S. mutans was obtained from the ATCC (ATCC 25175) and cultured
in brain-heart infusion (BHI) medium (BD) at 37°C under anaerobic
conditions (90% N,, 5% CO,, 5% H,). CFUs were measured by se-
rial dilution and plating on Mitis Salivarius Bacitracin Agar medium
(BD).

2.3 | Gram staining

MS1 cells were stimulated with S. mutans at an MOI of 1 in antibiotic-
free DMEM. The cells were washed with PBS or 200 ul/mL penicil-
lin/streptomycin antibiotic culture medium for 2 h. We found that
200yl antibiotic was sufficient to kill 2 x 107 CFUs of S. mutans in 2 h
(Figure S1). The cells were fixed with 4% paraformaldehyde (PFA)
and stained with Gram stain (MUTO PURE CHEMICALS). Images
were obtained using a BZX810 microscope equipped with BZ-X800
Analyzer software (KEYENCE).

2.4 | Bacteria colony formation assay

Bacteria colony formation assay was performed as previously re-
ported,21 with some modifications. MS1 cells were seeded at a
density of 1x10° cells per plate and cultured overnight. The cul-
ture medium was replaced with antibiotic-free DMEM and stimu-
lated by S. mutans at an MOI of 1 and incubated for the indicated
time. After washing, the cells were incubated with medium con-
taining 200 pl/mL penicillin/streptomycin to remove externally ad-
herent S. mutans. The cells were then incubated with trypsin-EDTA
(SIGMA, Darmstadt, Germany) and lysed with distilled water. The
cell lysates were cultured on BHI agar medium for 2days under
anaerobic conditions. The CFUs of the invading S. mutans were
counted using a multifunction colony counter (Heathrow Scientific)
and imaged.

2.5 | Tumor cell migration assay

Tumor cell migration toward the S. mutans-stimulated ECs was
assessed using transwell chambers (Corning, Life Sciences) as de-

20,22.23 \yith some modifications. Briefly, MS1

scribed previously,
suspensions were placed into the lower compartment. After incu-
bating for 6 h, the culture medium was replaced with antibiotic-
free DMEM containing 5% FBS. The cells were stimulated with S.
mutans at an MOI of 1 for 5 h, the culture medium was changed
to fresh DMEM plus 5% FBS, followed by incubation for an addi-
tional 24 h. Tumor cell suspensions were maintained in serum-free
medium for 24 h prior to the assays. They were then added to the
upper compartment and allowed to migrate for 4 h. Nonmigrating

tumor cells on the membrane were removed with a cotton swab,
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followed by fixation with 4% PFA and staining with hematoxy-
lin. Cells that migrated to the bottom surface were counted by

microscopy.

2.6 | Adhesion assay

S. mutans at an MOI of 1 was added to stimulate the MS1 monolayer
in antibiotic-free DMEM medium. The culture medium was replaced
with PBS or penicillin/streptomycin-containing DMEM for 2 h to re-
move the external S. mutans after the indicated times. The culture
medium was changed to DMEM containing 10% FBS and penicillin/
streptomycin. Then, 1x 10° tdtomato-Luc2-expressing EO771 tumor
cells were added to the MS1 monolayer and allowed to adhere for
2 h. After removing nonadherent tumor cells, the remaining cells
were fixed and stained with DAPI (Dojin Chemical) and counted
under a fluorescence microscope.

2.7 | RNA solation and quantitative real-time PCR

RNA from ECs and tissues was isolated using the Relia-Prep RNA tis-
sue miniprep system (Promega) and the RNeasy Micro kit (Qiagen),
respectively. cDNA synthesis and quantitative real-time PCR were
performed, as described previously.?* The primers used in this study
are listed in Table S1.

2.8 | ELISA

Detailed descriptions of the methods are provided in Appendix S1.

2.9 | NF-kB inhibition

Detailed descriptions of the methods are provided in Appendix S1.

2.10 | Western blot analysis

After stimulation of MS1 with S. mutans in antibiotic-free DMEM at
an MOI of 1, cells were lysed after the corresponding stimulation
time, as described previously.?° The total protein concentration was
determined using a bicinchoninic acid (BCA) protein assay kit (Pierce
Biotechnology). Western blot analysis was performed using antibod-
ies specific for phospho-NF-kB p65 (Ser536) (93H1) (Cell Signaling,
3033S), NF-kB p65 (D14E12) (Cell Signaling, 8242S), ICAM-1
(BioLegend, 116101), and p-actin (13E5) (Cell Signaling, 4970), along
with the corresponding horseradish peroxidase-conjugated second-
ary antibodies. The NF-kB and ICAM-1 levels were normalized to

B-actin by scanning densitometry using ImageJ software.

2.11 | RNA sequencing (RNA-seq) and
bioinformatics analysis

Detailed descriptions of the methods are provided in Appendix S1.

2.12 | Immunocytochemistry

After culturing MS1 on coverslips with S. mutans at an MOI of 1 in
antibiotic-free DMEM, the cells were fixed in 4% PFA and stained
with anti-mouse VE-cadherin antibody (BD Pharmingen) and anti-
rabbit Alexa Fluor 647 secondary antibody (BioLegend, 405416) and
counterstained with DAPI. Images were obtained using a fluores-

cence microscope and quantified using ImageJ software.

2.13 | Transendothelial electrical resistance
(TEER) assay

TEER assay was conducted as previously reported,?®> with some
modifications. The TEER values of the EC monolayer were meas-
ured using transwell chambers. MS1 cells were seeded into the
upper compartment pre-coated with 1.5% gelatin (Corning, Life
Sciences) to form an EC monolayer. S. mutans at an MOI of 1 was
added to stimulate the MS1 cells and TEER values were measured
using a Millicell®ERS-2 Electrical Resistance System (EMD Millipore
Corporation, Billerica, MA, USA) at the indicated time points. The
TEER values of the monolayer were calculated using the formula
resistance (monolayer) = membrane areax [resistance (sample) - re-
sistance (blank)].

2.14 | Transendothelial migration assay

Detailed descriptions of the methods are provided in Appendix S1.

2.15 | Mouse lung inflammation model

C57BL/6 mice (female, 6-7 weeks old, 17-20g) were purchased
from CLEA Japan (Tokyo, Japan). To create the mouse lung inflam-
mation model, S. mutans (1 x 10> CFUs) was suspended in PBS and
administered intravenously into the mouse tail vein every 2days
for a total of eight injections. PBS was injected as a control. Mice
were sacrificed 15 days after the first administration and the lung
tissues were excised for histological and genetic analyses. To ex-
amine the S. mutans infection to the lung ECs in vivo, mouse lung
tissues were resected after 12h and 24h of a single dose of S.
mutans (1x 10> CFUs) injection. Then, the Gram stain and immu-
nohistochemistry using an anti-CD31 antibody (Abcam, ab28364)

were performed.
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FIGURE 1 S.mutans invasion into ECs. (A) MS1 cells were stimulated by S. mutans for the indicated times and stained with Gram reagent.
Representative images are shown: upper images of the PBS wash group and lower images of the antibiotic wash group after S. mutans
stimulation; scale bars: 20 pm; arrowheads show S. mutans. (B, C) After S. mutans stimulation, MS1 was cultured in antibiotic-containing
medium for 2 h; then, cells were lysed and cultured on brain-heart infusion (BHI) agar. (B) Representative images of S. mutans colonies on
BHI agar. (C) The number of colonies was counted. Data represent the mean+SD, n = 3; **p<0.01, ***p <0.001; one-way ANOVA was

used (C).

FIGURE 2 S. mutansinduces inflammation in ECs and promotes tumor cell migration toward the ECs. (A) IL-6, IL-8, IL-1B, and TNF-«
mRNA expression levels in MS1 were evaluated using real-time PCR after stimulation with S. mutans for 5h. (B) Protein level of IL-6 in the
cell culture supernatant was investigated using ELISA after stimulation with S. mutans. (C, D) The levels of phospho-NF-kB and NF-xB in

MS1 were determined using western blot analysis after stimulation with S. mutans (C); the density was quantified using ImageJ software (D);
B-actin was used as an internal control. (E) After treatment with the NF-xB inhibitor, MS1 cells were stimulated with S. mutans for 5h, and
IL-6, IL-8, IL-1B, and TNF-a mRNA expression levels were evaluated using real-time PCR. (F) Activated pathways upon S. mutans stimulation
in MS1 cells were analyzed using RNA-seq. (G-1) Tumor cell migration toward ECs with or without S. mutans stimulation for 5h was visualized
using a migration assay. Schematic of migration assay (G); tdtomato-Luc2-expressing EO771 tumor cells migrating to the underside of the
membrane were photographed; scale bars: 100 um (H), and counted, n = 5 fields (I). Data represent the mean+SD; *p<0.05, **p<0.01,

***p <0.001; Student's t-test (A) and one-way ANOVA (B, D, E, |) were used.
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FIGURE 3 S.mutans promotes tumor cell-EC adhesion. (A-F) Tumor cell and EC adhesion with or without S. mutans stimulation for
30min or 72h were analyzed using an adhesion assay. Schematics of adhesion assay (A, C); adhered tdtomato-Luc2-expressing EO771
tumor cells (red) to S. mutans-stimulated ECs were photographed; scale bars: 100 um; PBS wash group (B) and antibiotic wash group (D);
adhered tumor cells to ECs after 30min (E) or 72h (F) of S. mutans stimulation were counted, n = 5 fields. (G) ICAM-1 mRNA expression
in MS1 was evaluated using real-time PCR after stimulation with S. mutans, n = 3 real-time PCR runs. (H) The ICAM-1 protein level in MS1
was determined using western blot analysis after stimulation with S. mutans. Data represent the mean +SD; NS, not significant, *p <0.05,
**p<0.01, **p<0.001; two-way ANOVA (E, F) and one-way ANOVA (G) were used.

2.16 | Invivo vascular permeability model

Detailed descriptions of the methods are provided in Appendix S1.

2.17 | Mouse tumor metastasis
model and treatment

C57BL/6 mice (female, 6-7weeks old, 17-20g) were exposed
to S. mutans (PBS injection as control) as described for the previ-
ous inflammation model, followed by intravenous implantation of
tdtomato-Luc2-expressing E0771 cells (2x10° cells), which were
suspended in HBSS via the tail vein. At 1 week following tumor cell
injection, mice were sacrificed via cervical dislocation after isoflu-
rane anesthesia and the lungs were dissected. The bioluminescence
IVIS imaging system (Caliper Life Science) was used to detect in vivo
and ex vivo tumor metastasis in the lungs. The histological analysis
of the lungs was performed using H&E staining.

The detailed descriptions of the anti-inflammatory drug treat-
ment and NF-kB inhibition treatment methods are provided in
Appendix S1.

2.18 | Histological analyses

Mouse lung tissues dissected from the inflammation and tumor me-
tastasis models were processed by embedding in paraffin or optimal
cutting temperature (OCT) compound. For the inflammation model,
the paraffin-embedded lung tissues (4 um) were stained with H&E,
anti-mouse CD68 (Abcam, ab125212), and counterstained with he-
matoxylin. Frozen lung tissues were cut into 10-pm sections using a
cryostat (Leica CM3050S, Leica Biosystems). Sections were fixed in
100% ice-cold acetone for 30 min and incubated with PBS contain-
ing 5% goat serum or 5% bovine serum albumin to avoid nonspecific
binding. ICAM-1 and vascular endothelial (VE)-cadherin expres-
sion in the frozen sections was visualized using anti-mouse CD54
(BioLegend, 116101) and anti-mouse VE-cadherin (Abcam, ab33168),
respectively, followed by counterstaining with hematoxylin. The im-
ages were scanned using a Virtual Slide Scanner NanoZoomer 2.0-
HT (Tokyo, Japan). Frozen lung tissues were double-stained with
allophycocyanin (APC) anti-mouse CD45 (BioLegend, 103112) and
Alexa Fluor 448 anti-mouse CD31 (BioLegend, 102514) antibodies
and counterstained with DAPI to determine the co-localization of
CD31 and CD45-positive inflammatory cells. Images were acquired
using a fluorescence microscope. Paraffin-embedded lung tissues in

the tumor metastasis model were stained with H&E to detect me-
tastasis. CD45-, CD68-, ICAM-1-, and VE-cadherin-positive staining
was quantified using ImageJ software, the percentages of the posi-
tive areas were calculated to find the total area. Five fields per sam-
ple were quantified and values were averaged to obtain one value

for each sample. Each group consisted of five mice.

2.19 | Statistical analyses

All data are presented as the means+SD of three independent ex-
periments. Student's t-test was used for comparison between two
groups. One-way ANOVA or two-way ANOVA was performed for
comparisons between multiple groups. Statistical analyses were per-
formed using SPSS 19.0 software. A p-value <0.05 was considered
statistically significant.

3 | RESULTS
3.1 | S.mutans invasion into ECs

To evaluate the contribution of S. mutans to the development of vas-
cular inflammation, we determined whether S. mutans invades ECs.
After stimulation of ECs (MS1) with S. mutans, ECs were washed
with PBS (PBS wash group) or antibiotic (antibiotic wash group)
for 2 h to remove external S. mutans. Because S. mutans is a Gram-
positive bacterium, we confirmed the existence of S. mutans using
Gram staining.?®?” S. mutans were detected in the PBS wash group
after incubation with S. mutans for 1 h (Figure 1A, upper), whereas
S. mutans in the antibiotic wash group were visualized after 3 h of S.
mutans stimulation (Figure 1A, lower). The results indicated that the
potential time required for S. mutans to adhere to the EC membrane
surface was within 1h. It required 3 h for S. mutans to invade the
ECs. Furthermore, the intracellular S. mutans were quantified using
a bacterial colony formation assay.?! The intracellular-invading S.
mutans were significantly increased with prolonged incubation time
(Figure 1B,C), indicating that S. mutans can invade ECs.

3.2 | S.mutans induces inflammation in ECs and
promotes tumor cells migration toward ECs

To determine whether S. mutans induces EC inflammation, we
used real-time PCR to measure the expression of the inflammatory
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FIGURE 4 S.mutans disrupts vascular integrity. (A) VE-cadherin and ZO-1 mRNA expression in MS1 were evaluated using real-time

PCR after stimulation with S. mutans for 5 h, n = 3 real-time PCR runs. (B, C) After stimulation with S. mutans, MS1 cells were stained with
VE-cadherin (red) and counterstained with DAPI; representative images are shown; scale bars: 20 um (B), and the VE-cadherin-positive
areas were counted, n = 5 fields (C). (D, E) EC monolayer permeability was evaluated using the transepithelial electrical resistance (TEER)
assay. Schematic of the TEER assay (D); MS1 cell monolayer was stimulated with S. mutans, and the TEER values of the monolayer were
evaluated (E). (F-H) The migration of the tumor cells across the EC monolayer with or without S. mutans stimulation for 12 h was analyzed
using a transendothelial migration assay. Schematic of the transendothelial migration assay (F); representative images of migrated tdtomato-
Luc2-expressing EO771 tumor cells to the underside of the membrane were photographed, white arrowheads show migrated tumor cells,
yellow arrowheads show migrated MS1 cells; scale bars: 100 um (G), and counted, n = 5 fields (H). Data represent the mean+SD; *p <0.05,
**p<0.01, ***p<0.001; Student's t-test (A, H), one-way ANOVA, compared with control group (C), and two-way ANOVA, compared with the

control group at the same time point (E) were used.

cytokines, IL-6, IL-8, IL-1p, and TNF-a. These cytokines were
significantly increased in ECs following stimulation with S. mu-
tans (Figure 2A). Additionally, a high IL-6 level was detected in
the culture supernatants after stimulation of ECs with S. mutans
(Figure 2B). Moreover, anincrease in IL-6 and IL-1p in ECs was iden-
tified by stimulation with S. mutans culture supernatant, but no up-
regulation in IL-8 and TNF-a (Figure S5A), indicating that S. mutans
induces vascular inflammation mainly by directly invading ECs. As
NF-xB is a transcriptional factor of proinflammatory genes, we
determined whether NF-xB was activated by western blot analy-
sis. S. mutans-stimulated ECs exhibited phosphorylated NF-xB
(Figure 2C,D). NF-xB inhibition using NF-xB inhibitor, BAY11-7082,
decreased the mRNA expression of these inflammatory cytokines
(Figure 2E), suggesting that S. mutans induced inflammatory cy-
tokines in ECs, which was regulated by NF-kB signaling. To iden-
tify enriched pathways in S. mutans-stimulated ECs, RNA-seq
was performed in nonstimulated and S. mutans-stimulated ECs.
Some pathways related to inflammation and cancer microenviron-
ments were activated in S. mutans-stimulated ECs. The two most
significantly enriched canonical pathways identified by IPA were
interferon signaling (p = 5.36x108) and acute phase response
signaling (p = 3.56x 10%) pathways (Figure 2F). These data sug-
gest that S. mutans can be involved in inducing vascular inflamma-
tion and promoting tumor formation. Tumor cell migration toward
S. mutans-stimulated ECs was evaluated using a cell migration
assay (Figure 2G). Tumor cells migrated more efficiently toward S.
mutans-stimulated ECs (Figure 2H,1). Additionally, we found that
S. mutans mediates EMT gene expression (Figure S4A,B) and can
promote tumor cell migration (Figure S4C,D). These results sug-
gest that S. mutans is involved in tumor cell migration toward ECs
and promotes extravasation.

3.3 | S.mutans promotes tumor cell-EC adhesion

In the process of tumor cell extravasation, tumor cells make con-
tact with ECs. The association of S. mutans with tumor cell-EC
adhesion was determined using an adhesion assay (Figure 3A-F).
After the indicated times of S. mutans stimulation of the ECs, one
group was washed with PBS to remove the S. mutans from the cul-
ture medium (Figure 3A,B) and the other group was washed with
antibiotics to remove both the cell surface adherent S. mutans and

the S. mutans in the culture medium (Figure 3C,D). The number
of adherent tumor cells to the ECs was significantly increased by
the S. mutans number and in a stimulation time-dependent manner
(Figure 3E,F). After exposure to S. mutans for 30min, the num-
ber of EC-adherent tumor cells was significantly higher in the PBS
wash group than in the antibiotics wash group (Figure 3B upper,
D upper, E). In contrast, no difference was observed between the
PBS wash group and the antibiotic wash group at 72 h after S. mu-
tans stimulation (Figure 3B lower, D lower, F). Combined with the
Gram staining results that showed that S. mutans merely adhered
to the EC membrane within 1 h of S. mutans stimulation, followed
by entering the ECs after 3 h of stimulation (Figure 1A), these re-
sults indicated that both cell surface and invading S. mutans are
involved in promoting tumor cell adhesion to ECs. The intercel-
lular adhesion molecule ICAM-1 is involved in tumor cell adhesion
to blood vessels.?® We observed markedly enhanced expression
of ICAM-1 at the mRNA level and protein level in S. mutans-
stimulated ECs (Figure 3G,H). Moreover, elevated ICAM-1 mRNA
levels were observed in ECs after being stimulated with S. mutans
culture supernatant (Figure S5B), reinforcing the idea that invasion
and adhesion of S. mutans to ECs may upregulate ICAM-1 expres-
sion in ECs to contribute to promoting tumor cell-EC adhesion.
These data suggest that S. mutans regulates tumor cell adhesion to
the endothelium by activating ICAM-1 in the ECs.

3.4 | S.mutans disrupts vascular integrity

Vascular leakage is responsible for tumor cell extravasation across
the endothelium for metastasis to secondary organs.” Therefore,
we compared the expression of the endothelial adhesion molecules,
VE-cadherin and ZO-1, in S. mutans-stimulated ECs and nonstimu-
lated ECs. Both VE-cadherin and ZO-1 mRNA expression was signifi-
cantly decreased in ECs following S. mutans stimulation (Figure 4A).
Conversely, no reduction in VE-cadherin and ZO-1 levels was observed
in ECs stimulated with S. mutans secretions (Figure S5C), suggesting
that the direct contact of ECs and S. mutans is important for changes in
gene expression. Immunofluorescence staining data indicated that VE-
cadherin expression in ECs was significantly reduced with increased
S. mutans stimulation time (Figure 4B,C). The TEER assay revealed a
reduction in the TEER values in the S. mutans-stimulated EC monolayer
(Figure 4D,E). Most importantly, transendothelial migration of tumor
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FIGURE 5 S.mutans induce inflammation in the lungs. (A) Experimental design of S. mutans inducing lung inflammation in vivo.

(B) Representative images of S. mutans infection in lung ECs using Gram staining and CD31 immunohistochemistry after 12h of S.

mutans intravenous injection, black arrowheads show Gram-positive S. mutans; scale bars for low magnification, 50 pm: for high
magnification, 20 um. (C) IL-6 and TNF-a mRNA expression in the lung tissues was evaluated by real-time PCR; n = 3 real-time PCR replicates
per mouse. (D) Representative images of lung tissues stained with H&E; scale bars: 50 um. (E, F) The lung tissues were double-stained with
CD31 (green)/CD45 (red); representative images were photographed; scale bars: 50 um (E), and the CD45-positive areas were counted, n =5
fields (F). (G, H) Macrophages in the lung tissues were stained with CD68; representative images were photographed; scale bars: 50 um (G),
and the CDé68-positive areas were quantified, n = 5 fields (H). (I) ICAM-1 mRNA expression in lung tissues by real-time PCR, n = 3 real-time
PCR replicates per mouse. (J, K) The lung tissues were stained with ICAM-1; representative images were photographed; scale bars: 50 um

(J), and the ICAM-1-positive areas were counted, n = 5 fields (K). (L) VE-cadherin mRNA expression in lung tissues by real-time PCR, n = 3
real-time PCR replicates per mouse. (M, N) The lung tissues were stained with VE-cadherin; representative images were photographed; scale
bars: 20 um (M), and the VE-cadherin-positive areas were counted, n = 5 fields (N). (O, P) Mice were intravenously injected with 40-kDa
FITC-dextran, which were left to circulate. Lung tissues were collected and stained with CD31 (red) and DAPI (blue) to visualize blood vessels

and nuclei, scale bars: 50 um (O); the FITC-dextran fluorescence intensity was quantified, n = 5 fields (P). Data represent the mean+SD;
*p<0.05, **p<0.01, ***p<0.001; Student's t-test (C, F, H, I, K, L, N, P) was used, five mice per group.

cells across the EC monolayer was significantly increased by S. mutans
stimulation in ECs (Figure 4F,G), indicating the enhanced vascular leak-
age by S. mutans. Taken together, these data suggest that S. mutans
disrupts vascular integrity by downregulation of adhesion molecules in

the ECs, supporting tumor cell transendothelial migration.

3.5 | S.mutans induces inflammation in the lungs

To determine whether S. mutans induces vascular inflammation in vivo,
S. mutans was administered intravenously to C57BL/6 female mice,
whereas PBS was injected as a control (Figure 5A). Vascular inflamma-
tion was assessed in the lung tissues. The infection of S. mutans to the
lung ECs was confirmed after 12h of S. mutans injection (Figure 5B).
The expression of the inflammatory cytokines, IL-6 and TNF-«, was
upregulated in the S. mutans group compared with the control group,
suggesting that S. mutans causes lung inflammation in vivo (Figure 5C).
In addition, lung tissues were infiltrated with inflammatory cells and an
abnormal structure of the lung alveoli was evident, with thickening al-
veolar walls in the S. mutans group (Figure 5D). CD45 is a good marker
of the inflammatory response and is highly expressed in immune
cells.®%3! Double immunofluorescent staining of CD31 and CD45 re-
vealed a significant increase in CD45-positive inflammatory cells in
the lungs of the S. mutans group accompanied by the accumulation
of CD45-positive inflammatory cells around the CD31-positive area
(Figure 5E,F). Furthermore, we quantitatively analyzed macrophages,
which are prominent during chronic inflammation. The number of
CDé68-positive macrophages was significantly increased in the lungs
of the S. mutans group (Figure 5G,H), suggesting that S. mutans elicits
chronic lung inflammation in vivo. The expression of ICAM-1 mRNA
and protein in the lungs was analyzed by real-time PCR and immuno-
histochemistry, respectively (Figure 5I-K). Both ICAM-1 mRNA level
(Figure 51) and ICAM-1-positive staining (Figure 5J,K) were increased in
the S. mutans group. Furthermore, the expression of VE-cadherin was
significantly reduced in the S. mutans group (Figure 5L-N). To address
whether the reduction of VE-cadherin causes vascular hyperperme-
ability, lung vascular permeability was studied through intravenous
injection of 40-kDa FITC-dextran to the mice. Fluorescence imaging

showed higher diffusion of the FITC-dextran in the S. mutans group
than in the control group (Figure 50,P). Together, these data indicated
that S. mutans induces chronic lung inflammation accompanied by en-
hanced intercellular adhesions and reduced endothelial adherens junc-

tions, as well as vascular hyperpermeability.

3.6 | S.mutans promotes tumor metastasis
to the lungs

In vitro data showed that S. mutans promotes the migration and ad-
hesion of tumor cells to ECs. Therefore, we determined whether S.
mutans-induced vascular inflammation affects tumor metastasis in
vivo. We injected S. mutans intravenously, as in the previous in vivo
experiments, followed by implantation of murine breast carcinoma
tdtomato-Luc2-expressing EO771 cells via the tail vein (Figure 6A).
The S. mutans group exhibited significantly increased lung metastatic
tumors as determined by in vivo and ex vivo imaging 1 week follow-
ing tumor cell injection (Figure 6B-D). Metastatic tumor cells in the
lungs were confirmed histologically by H&E staining (Figure 6E). To
find in vivo evidence that S. mutans promotes tumor metastasis by
inducing inflammation through NF-«B signaling, anti-inflammatory
drug, aspirin, or NF-kB inhibitor was treated in the proinflamma-
tory stage, respectively. Consistent with the in vitro data, significant
regression of lung metastasis was observed in the mice along with
aspirin (Figure 6F-1) or NF-xB inhibitor (Figure 6J-M). These results
suggest that S. mutans promotes tumor metastasis to the lungs

through the induction of vascular inflammation (Figure 7).

4 | DISCUSSION

In this study, we demonstrated that S. mutans, a major oral bacterium
responsible for dental caries, promotes tumor metastasis by invading
the blood circulation (Figure 7). To our knowledge, this is the first re-
port demonstrating that oral bacteria can promote tumor metastasis
by inducing vascular inflammation at distant organs. This suggests
that oral bacteria may represent a risk factor for tumor metastasis.
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FIGURE 6 S.mutans promotes tumor metastasis to the lungs. (A) The experimental design of S. mutans-promoting tumor metastasis.
(B-D) Lung metastatic tumor cell luminescence intensity was detected using an IVIS Spectrum instrument; the images of in vivo metastatic
lung tumors (B), ex vivo metastatic lung tumors (C), and quantification of ex vivo luminescence intensity (D). (E) Representative images of
lung metastatic tumors stained with H&E; arrowheads show metastatic tumor cells; scale bars: 50 um. (F-1) Anti-inflammatory drug, aspirin,
treatment hampers tumor metastasis of the lungs in the S. mutans-promoting tumor metastasis model. Mice were treated with vehicle as a
control or 100mg/kg aspirin orally during the proinflammatory stage, followed by administration of tdtomato-Luc2-expressing EO771 tumor
cells intravenously; representative images of in vivo metastatic lung tumors (F), ex vivo metastatic lung tumors (G), and quantification of ex
vivo luminescence intensity (H). (I) Representative images of metastatic lung tumors stained with H&E; arrowheads show metastatic tumor
cells; scale bars: 50 um. (J-M) NF-xB inhibitor treatment hampers tumor metastasis in the lungs in the S. mutans-promoting tumor metastasis
model. Mice were treated with vehicle as the control or 10 mg/kg NF-«xB inhibitor BAY-117082 intraperitoneally during the proinflammatory
stage, followed by administration of tdtomato-Luc2-expressing EO771 tumor cells intravenously; representative images of in vivo metastatic
lung tumors (J), ex vivo metastatic lung tumors (K), and quantification of ex vivo luminescence intensity (L). (M) Representative images of

metastatic lung tumors stained with H&E; arrowheads show metastatic tumor cells; scale bars: 50 pm. Data represent the mean; ***p <0.001;

****p <0.0001; Student's t-test was used, five mice per group (D, H, L).
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FIGURE 7 Schematicillustrating the mechanism of S. mutans-promoting tumor metastasis to the lungs. S. mutans invasion into the blood
vessels induces vascular inflammation through NF-«B signaling, promotes the tumor cell-EC adhesion, disrupts the vascular integrity, and

further promotes tumor metastasis to the lungs.

An important issue in the field of tumor metastasis is whether
and how oral bacteria are potentially involved in tumor metastasis.
S. mutans is a representative oral bacterium that is highly relevant
to cardiovascular inflammation as it may enter the bloodstream
through inflamed gums or periodontal pockets.32'33 Therefore, we
used S. mutans to study oral bacteria-associated vascular inflamma-
tion and its association with tumor metastasis. Previous studies used
high concentrations of S. mutans'??!; however, we determined the
effects of S. mutans on ECs at low MOIs to mimic the physiological
process of S. mutans invading the circulation, because too many oral
bacteria entering the bloodstream at once is uncommon during or-
dinary dental treatment or daily oral hygiene practices.34 Consistent
with a previous report,® our study indicated that S. mutans induces
vascular inflammation, even at low MOls.

During the process of hematogenous metastasis, circulating
tumor cells adhere to the endothelium and prepare for extravasa-
tion.?° S. mutans-induced IL-8 upregulation may serve as a chemoat-
tractant for tumor cell migration toward the endothelium. Because
it has been reported that high levels of the chemokine showed
antitumor activity,3®%” and high MOlIs of oral bacteria inhibit the
epithelial cell migration,®®%? this may explain why stimulation
with S. mutans at an MOI of 3 produced no significant difference
in promoting tumor cell migration (Figure 2H,l). Intercellular ad-
hesion molecules regulate tumor cell-EC adhesion and support
the transendothelial extravasation process. Particularly, ICAM-1
is a molecule that is highly expressed during the inflammatory
response.*®* |n addition, the abnormal expression of intercellu-
lar adhesion molecules is a hallmark of tumor metastasis.*? In our
study, the significant increase of ICAM-1 observed in S. mutans-
stimulated ECs may explain the fact that more tumor cells adhere
to S. mutans-stimulated ECs. This suggests that S. mutans-induced

vascular inflammation modulates tumor cell extravasation by en-
hancing ICAM-1 signaling.

The endothelium regulates tumor cell extravasation through its
selective semipermeable barrier. The essential molecule that governs
the opening and closing of the endothelial barrier is VE-cadherin. EC-
mediated vascular permeability is enhanced dramatically in response
to inflammation.*® In addition, extracellular stimuli, such as bacterial
invasion, results in impaired vascular permeability.***° In this study,
we proposed that S. mutans-stimulated ECs cause VE-cadherin cleav-
age in response to oral bacteria-associated vascular inflammation.
Moreover, VE-cadherin attenuation results in disrupted vascular
integrity. Our results show that the endothelial barrier is dysregu-
lated by S. mutans invading ECs, leading to the hyperpermeability of
the blood vessels, therefore elevating transendothelial migration of
tumor cells. Based on this finding, we hypothesize that S. mutans pro-
motes hematogenous metastasis by enhancing vascular permeability.

Inflammation in the tumor environment, especially chronic
inflammation, responds to inflammation-initiating stimuli to pro-
mote tumor growth.*®™*’ Previous reports have highlighted the
role of chronic inflammation in primary tumors®®°%; however, our
study was focused on the role of oral bacteria-induced vascular
inflammation in tumor metastasis to distant organs. We detected
vascular and chronic inflammation in the lungs by intravenously ad-
ministering S. mutans to the mice. Gut microbiota-induced inflam-
mation directs gastrointestinal cancer development.’®>? Intestinal
bacterial dissemination induced by gut vascular leakage pro-
motes colorectal cancer metastasis.>* These reports suggest that
bacteria-associated inflammation and vascular disruption support
metastasis. Furthermore, one study found large numbers of bacte-
ria in human breast carcinoma tissues.>® Therefore, in this study, we
examined the contribution of S. mutans in promoting breast cancer
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metastasis to the lungs. We discovered that S. mutans, oral bacteria,
actively mediate hematogenous metastasis by initiating an inflam-
matory response in distant organs through NF-«B signaling.

In this study, we primarily focused on oral bacteria-associated
inflammation in distant organs. It remains unclear whether S. mu-
tans facilitated the process of tumor cells detaching from primary
tumors or assisted in tumor cell intravasation. In addition, oral bac-
teria are in the dynamic balance. Whether the periodontitis patho-
gen Porphyromonas gingivalis or other subsets of oral bacteria share
the same mechanism in promoting tumor metastasis remains to be
determined. Moreover, S. mutans injection induces hepatitis in the
mice (data not shown) and it remains unclear whether S. mutans also
promotes tumor metastasis to the liver.

Postoperative pneumonia frequently occurs in hospitalized pa-
tients and is intimately associated with postoperative mortality.56
Oral bacteria increase the risk of postoperative pneumonia and pro-
fessional oral hygiene practices serve to minimize the risk of postop-
erative pneumonia in lung and esophageal cancer.’”*® Our findings
reveal a novel role of oral bacteria in promoting tumor metastasis.
They reinforce the need for professional oral hygiene management
in patients with cancer in terms of avoiding not only postoperative

pneumonia but also tumor metastasis.
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