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Abstract

Background Our study investigated the role of experimental periodontitis on tumor growth, local and systemic immunosup-
pressive status, and programmed death receptor 1 (PD-1) / programmed death ligand 1 (PD-L1) expression in oral squamous
cell carcinoma (OSCC) and prostate cancer.

Methods Mouse oral or prostate cancer xenograft models were divided into control, periodontitis and periodontitis + anti-
PD-1 groups. Tumor volume and weight were recorded and the levels of relevant immune-suppressive cells and T cells were
detected by flow cytometry or immunofluorescence. THP-1 cells were stimulated using conditioned media of LPS-stimulated
Cal-27 cells and PD-L1 expression was measured by quantitative real-time PCR, western blotting and immunofluorescence.
Tumor specimens from OSCC patients with or without periodontitis were also collected for immunofluorescence.

Results Periodontitis significantly promoted tumor volume and weight. Compared to the control, the proportions of tumor-
associated macrophages (TAMs), regulatory T cells (Tregs), PD-L1"TAMSs and PD-1*CD8T cells increased, while CD8*T
cells decreased in the periodontitis group. Immunofluorescence demonstrated that there was an increase in PD-L1"TAMs and
PD-1*CDS8*T cells, but a decrease in IFN-y"CD8*T cells in both xenografts and clinical OSCC samples with periodontitis.
In vitro, LPS-stimulated Cal-27 cells had a stronger potential to induce PD-L1 expression in macrophages compared with
unstimulated Cal-27 cells. And the promoting effect of periodontitis on tumor growth and immune evasion was significantly
attenuated after anti-PD-1 therapy.

Conclusion Periodontitis may facilitate tumor growth and immune escape evidenced by the increased immune-suppressive
cells and the decreased functional T cells, via enhancing PD-1/PD-L1 expression in the tumor microenvironment.
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MDSCs Myeloid-derived suppressor cells
Micro-CT Micro-Computed Tomography
OSCC Oral squamous cell carcinoma
PD-1 Programmed death receptor 1
PD-L1 Programmed death ligand 1

Pg Porphyromonas gingivalis

PMA Phorbol 12-myristate 13-acetate

gRT-PCR  Quantitative real-time Polymerase Chain
Reaction

SD Standard deviation

TAMs Tumor-associated macrophages

TGF-p Transforming growth factor-§

TME Tumor microenvironment

TNF-a Tumor necrosis factor-a

Tregs Regulatory T cells

WB Western blotting

Introduction

In recent years, tumor immunity has received increasing
attention. During tumorigenesis and development, the tumor
evades immune surveillance characterized by an accumu-
lation in functionally exhausted T cells as well as Tregs
through a variety of mechanisms [1]. There are two primary
pathways that have been elucidated: immunosuppression
resulting from modifications to genes in tumor cells and
adaptive resistance mediated by T cells. In the former, gene
alterations in tumor cells mediate immunosuppression in
three main ways: the secretion of immunosuppressive mol-
ecules including interleukin (IL)-10, IL-6 and transforming
growth factor-p (TGF-p); the generation of immune-suppres-
sive cells such as tumor-associated macrophages (TAMs),
regulatory T cells (Tregs) and myeloid-derived suppressor
cells (MDSCs); and the intrinsic upregulation of suppres-
sive immune checkpoint molecules like programmed death
receptor 1 (PD-1) and programmed death ligand 1 (PD-L1)
[2, 3]. Additionally, local and systemic inflammatory micro-
environment also contributes to immunosuppressive tumor
microenvironment (iTME) [1, 4].

Periodontitis is a systemic chronic low-grade inflamma-
tion [5]. The relationship between periodontitis and cancers,
including those of oral cavity and prostate has long been of
interest and patients with periodontitis have an increased
risk of cancers [6]. And effective therapy for periodonti-
tis may potentially decrease the susceptibility to cancer
[7]. Periodontal pathogens, such as Fusobacterium nucle-
atum (Fn) and porphyromonas gingivalis (Pg) facilitate
the advancement of tumors including oral, colorectal and
prostate cancers through different mechanisms [8—-10] and
Pg up-regulates PD-L1 expression in prostate cancer cells
[10]. Moreover, Shi et al. revealed that experimental peri-
odontitis could facilitate colorectal cancer progression and
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immunosuppressive microenvironment [11]. However, the
effect of periodontitis as a disease entity on tumor immunity
in other tumors remains largely unclear.

Therefore, this work further explored the effect of peri-
odontitis on tumor progression and immune microenviron-
ment in oral and prostate cancers, and probed the mediation
role of PD-1/PD-L1. We wish that our findings could shed
light on the underlying mechanisms linking periodontitis and
oral cancer, laying a theoretical framework for improving
iTME through the treatment of periodontitis [12].

Materials and methods
Cell and bacterial culture

Human monocyte cell line THP-1, human oral squamous
cell carcinoma cell line Cal-27, mouse prostate cancer cell
line RM-1 and mouse squamous cell carcinoma cell line
SCC7 (all obtained from the Cell Bank of Chinese Acad-
emy of Science, Shanghai, China) were cultivated in DMEM
(Vivacell, China) or RPMI 1640 (Vivacell, China) media.
All the cells were maintained in a humidified growth cham-
ber with 5% CO2 at a temperature of 37 °C.

Fn strain (ATCC 25586) was supplied by the Shandong
Key Laboratory of Oral Tissue Regeneration (Jinan, China)
and was grown in brain heart infusion (BHI) broth with
hemin (5 mg/1) and Vitamin K1 (1 mg/l) at 37 °C in anaero-
bic conditions.

Animal model establishment

Five-week-old C57BL/6 J and C3H/He male mice were
obtained from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China) and grown under
SPF conditions. The mice were randomized into 3 groups:
(1) Control group, only xenograft; (2) EP group, xenograft
plus periodontitis; (3) EP 4+ Anti-PD-1 group, same as EP
group plus anti-PD-1 therapy. All mice in the experimen-
tal periodontitis group were anesthetized by intraperito-
neal injection of 1% pentobarbital, and 5-0 silk ligatures
were tied to the maxillary second molars bilaterally [13].
2% carboxymethylcellulose (CMC) solution containing 10°
colony-forming units (CFU) Fn was placed on the ligatures
for 3 consecutive days following the ligation. The ligatures
were checked every 3 days and religated if necessary, and
were maintained throughout the experimental period. For the
xenograft model, the mice were subcutaneously inoculated
with 5% 10° SCC7 cells or 3 x 10° RM-1 cells. For anti-PD-1
therapy, anti-PD-1 antibody (clone RMP1-14, BioXCell)
(200 pg/mouse) was injected intraperitoneally on days 10,
13, 16, 19 and 22 after tumor inoculation. Tumor size was
measured every 3 days and calculated using the formula
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Fig.1 Modeling of an experimental periodontitis. A Induction of
periodontitis by silk ligation of the bilateral maxillary second molars
in mice. B HE staining of the control and experimental periodontitis
groups. C 3D reconstructed images of alveolar bone in each group.
The red arrows represent the distance from the cementoenamel junc-

below (volume =length x width? x 0.5). On day 25 after the
xenograft set-up, all the animals were euthanized. Figure 2A
displayed the flowchart for the management plan.

The animal procedures were favored by the ethics com-
mittee of Stomatological Hospital of Shandong University
(No. 20220907).

Collection of clinical samples

Twelve cases of paraffin-embedded blocks of oral squa-
mous cell carcinoma (OSCC) tissues from Qilu Hospital
of Shandong University were collected (OSCC with peri-
odontitis, n=6; OSCC without periodontitis, n=6). All
patients were first diagnosed with OSCC and had not been
given any treatment at the time point of sample collection.
Periodontitis was diagnosed based on radiographic alveolar
bone loss [14]. In this study, two non-adjacent teeth with
bone involved most severely were chosen from all dentition
and measurements of alveolar bone loss were made from the

tion to the alveolar bone crest (CEJ-ABC). D IL-6, IL-1p and TNF-«
mRNA levels of gingival tissues in each group measured by qRT-
PCR. EP, experimental periodontitis. ** P<0.01, *** P<0.001,
*xEk P<0.0001

cementoenamel junction to the tooth apex (total root length)
and from the cementoenamel junction to the marginal bone
crest (total bone loss). The proportion of the bone loss of
the teeth was calculated according to the formula: (total
bone loss-2)/(total root length-2) X 100%. There is no bone
loss in non-periodontitis patients, and the distance from the
marginal bone crest to the cementoenamel junction is within
2 mm. The data on alveolar bone loss in patients with peri-
odontitis are listed in Supplementary file 2: Table S1. The
use of human samples for this study was approved by the
ethics committee of scientific research of Shandong Univer-
sity Qilu Hospital (No. KYLL-2017-256).

Micro-Computed Tomography (Micro-CT) analysis
Mouse maxillary alveolar bone was scanned with a liveani-
mal imaging system (Quantum GX2, PerkinElmer, Japan).

In compliance with the software instructions, three-dimen-
sional (3D) images were produced and analyzed.
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«Fig. 2 Periodontitis promotes tumor growth in oral and prostate can-
cers. A Flowchart of animal experiment. B SCC7 tumor volumes
were recorded during the experiment. C Isolated SCC7 tumors from
each group of mice. D, E Tumor volume (D) and tumor weight (E)
were demonstrated. (n=6 for each group) F, G IHC staining and IHC
scores of Ki-67 (F) and PCNA (G) protein in mouse SCC7 tumor
sections. H RM-1 tumor volumes were recorded during the experi-
ment. I Isolated RM-1 tumors from each group of mice. J, K Tumor
volume (J) and tumor weight (K) were demonstrated. (n=5 for each
group) L, M IHC staining and IHC scores of Ki-67 (L) and PCNA
(M) protein in mouse RM-1 tumor sections. Fn, Fusobacterium
nucleatum; EP, experimental periodontitis; OSCC, oral squamous
cell carcinoma; PC, prostate cancer. ** P <0.01, ¥** P<(0.001, ***%*
P <0.0001

Flow cytometry analysis

The single-cell suspensions from spleen or tumor were
stained using Zombie Aqua™ Fixable Viability Kit (Cat.
#423101, BioLegend, USA) before blocked with TruStain
FcX™ PLUS (anti-mouse CD16/32) Antibody (Cat.
#156603, BioLegend, USA) and were then stained for
20-40 min in the dark on ice or at room temperature with
the antibodies. The reactions were terminated by PBS. The
data were acquired using a CytoFLEX S flow cytometer and
analyzed using FlowJo software. All antibodies are listed in
Supplementary file 1: Table S1.

Hematoxylin and eosin (HE), immunohistochemistry
(IHC) and immunofluorescence (IF) staining

For HE staining, the tumors were fixed in 4% paraformalde-
hyde and embedded in paraffin wax. The sections were cut
at 5 pm thickness. The HE Staining Kit was purchased from
Beijing Solarbio Science & Technology Co., Ltd. (Service-
bio, China). Then the sections were stained according to the
manufacturer’s guidelines. For IHC staining, the sections
were treated with a Tris—EDTA antigen retrieval solution
(Beyotime, China) and incubated with primary antibodies.
And a universal 2-step test kit (ZSGB-BIO, China) was used
for the next steps. For IF staining, the sections were then
blocked in 10% goat serum albumin (ZSGB-BIO, China) and
incubated with primary antibodies at 4 °C overnight. Next,
secondary antibodies and 4’°,6-diamidino-2-phenylindole
(DAPI) (Servicebio, China) were incubated successively.
All antibodies are listed in Supplementary file 1: Table S2.

RNA extraction and quantitative real-time
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted by the TRIzol reagent (Invitro-
gen, USA) and was subsequently transformed in reverse
into cDNA with the Hifair® III 1st Strand cDNA Synthesis

SuperMix (Yeasen, China). qRT-PCR was conducted with
SYBR Premix Ex Taq (Yeasen, China) on a Light Cycler II
Real-time PCR system (Roche, Switzerland). The p-AACt
method was utilized and target gene expression was stand-
ardized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). Primers utilized are provided in Supplementary
file 1: Table S3.

Culture of THP-1-derived macrophages in Cal-27 cell
conditioned media (CM)

Cal-27 cells were separated into two groups: (1) Control
group: the cells were cultivated in complete DMEM media,
(2) LPS-stimulated group: the cells were cultivated in com-
plete DMEM media with 10 pg/ml Pg-LPS (InvivoGen,
USA). After 24 h, two groups of cells were cleaned three
times using serum-free media and subsequently cultured for
an additional 24 h in serum-free media to collect the CM.
Next, THP-1 cells were activated by phorbol 12-myristate
13-acetate (PMA, 100 ng/ml) and grown separately in the
CM. Figure 7A presented the flowchart of the experiment.

Western blotting (WB)

Total protein from THP-1 cells was extracted with radio-
immunoprecipitation assay lysis buffer containing protease
inhibitor (Beyotime, China). Primary antibodies against
PD-L1 (1:7000, Proteintech, USA) and GAPDH (1:10,000,
Proteintech, USA) were used. WB was executed as described
[15]. Image] software was used to analyze and GAPDH was
employed as a control.

Cell IF staining

After being fixed for 30 min with 4% paraformaldehyde,
THP-1 cells were blocked for 1 h with 10% goat serum.
After that, cells were treated with primary antibody against
PD-L1 (1:200, Proteintech, USA) overnight at 4 °C, then
CoraLite® Plus 488 conjugated goat anti-mouse secondary
antibody (1:200, Proteintech, USA) and DAPI (Servicebio,
China) were incubated successively.

Fluorescence in situ hybridization (FISH)

FISH was used to detect Fn in paraffin-embedded tissue
sections. We bought the Fn-targeted probe (5'-CGCAAT
ACAGAGTTGAGCCCTGC-3') and FISH kit from Guang-
zhou EXON Biological Technology company (Guangzhou,
China). Then the sections were deparaffinized, rehydrated
and hybridized by the probe according to the manufacturer’s
guidelines.
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Statistical analysis

The statistical analysis was performed using GraphPad Prism
9.5 software (GraphPad Software) and data are presented as
the mean + standard deviation (SD) for three independent
experiments at least. A one-way ANOVA was employed for
comparisons among multiple groups and two-tailed unpaired
Student’s t test was utilized for comparisons between two
groups. P <0.05 was regarded as significant statistically.

Results
Modeling of an experimental periodontitis

We constructed an experimental mouse periodontitis model
with silk ligation and Frn infection to investigate the effect
of periodontitis on tumor progression (Fig. 1A). In the
experimental periodontitis group, HE staining showed loss
of connective tissue attachment as well as severe alveolar
bone resorption compared to the control group (Fig. 1B).
3D reconstructed images also revealed a significant reduc-
tion of alveolar bone height in the group with experimental
periodontitis (Fig. 1C). Gingival tissues were obtained from
ligation sites for qRT-PCR analysis and the experimental
periodontitis group showed significantly elevated levels
of inflammatory factors IL-6, IL-1f and tumor necrosis
factor-a (TNF-a) compared with the control (Fig. 1D).
These findings indicated that an experimental mouse peri-
odontitis model was successfully established.

Periodontitis promotes tumor growth in oral
and prostate cancers

Recently, Shi et al. reported that experimental periodonti-
tis facilitated colorectal cancer advancement and immuno-
suppressive microenvironment [11], yet it remains largely
unclear whether periodontitis can also exert similar effect on
other tumors. Thus, a mouse periodontitis model was pre-
established prior to subcutaneous establishment of a xeno-
graft tumor model and with or without subsequent anti-PD-1
treatment (Fig. 2A). Periodontitis promoted tumor progres-
sion in oral (Fig. 2B-E) and prostate (Fig. 2H-K) cancer
models, as evaluated by tumor volume and weight, com-
pared with the control group. Meanwhile, IHC results also
demonstrated that mice in the periodontitis group expressed
more cell proliferation markers Ki-67 and PCNA (Fig. 2F,
G and L, M). Collectively, these results suggest that peri-
odontitis facilitates the progression of oral and prostate can-
cers. However, the experimental results conducted by FISH
on paraffin-embedded tissue sections showed that Frn was
not found in oral cancer tissues and prostate cancer tissues
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(Supplementary file 2: Fig. S1), suggesting that chronic low-
grade inflammation may play a more important pro-cancer
role than direct effect of Fn.

Periodontitis contributes to iTME

In the tumor microenvironment (TME), immune-suppres-
sive cells, including Tregs and TAMs, suppress the activ-
ity of CD8*T cells and play a major part in tumor patho-
genesis [16]. To observe whether periodontitis enhances
iTME, a variety of immune cells were examined of the
control and periodontitis groups in the context of oral
and prostate cancers. In oral cancer tumor model, tumor-
infiltrating and extratumoral lymphocytes were assayed by
flow cytometry and IF. The proportions of CD8*T cells in
spleen (Fig. 3A) and tumor (Fig. 3B), and the percentage of
IFN-y*CDS8™T cells in tumor (Fig. 3G) of the periodontitis
group were lower than those of the control group, while the
ratios of Tregs in spleen (Fig. 3C) and tumor (Fig. 3D), and
M2-TAMs in spleen (Fig. 3E) and tumor (Fig. 3F) of the
group with periodontitis were significantly higher than the
without. Moreover, IF assay for clinical OSCC samples also
revealed that the proportions of IFN-y"CD8™T cells of the
group with periodontitis declined (Fig. 3H). In prostate can-
cer model, similar results were found in the decreased ratios
of CD8™T cells in spleen (Fig. 4A) and tumor (Fig. 4B), and
the ratio of IFN-y*CD8*T cells in tumor (Fig. 4F), as well
as the increased percentage of Tregs in spleen (Fig. 4C),
and M2-TAMs in spleen (Fig. 4D) and tumor (Fig. 4E) of
the group with periodontitis compared to the without. The
above outcomes demonstrate that periodontitis enhances
iTME, which is in line with the findings of Shi et al. [11].

Periodontitis enhances suppressive immune
checkpoint molecule PD-1/PD-L1 expression

Interaction of PD-L1 and PD-1 makes a great contribution
to iTME [17]. To explore whether periodontitis-enhanced
immunosuppression is related to PD-1/PD-L1, the expres-
sion profiles of PD-1/PD-L1 were examined in the TME.
Flow cytometry demonstrated that in oral cancer model, the
proportions of PD-1*CD8*T cells in tumor (Fig. 5A), and
PD-L1*TAMs in spleen (Fig. 5B) and tumor (Fig. 5C) sig-
nificantly increased in the periodontitis group compared to
the control group. IF staining also showed that the ratios of
PD-1"CD8*T cells (Fig. 5E) and PD-L1*TAMs (Fig. 5F)
in the periodontitis group significantly elevated, further
evidenced in clinical OSCC samples (Fig. 5G, H). IHC
staining showed that PD-L1 expression level in the group
with periodontitis was significantly higher than the without
(Fig. 5D). In prostate cancer, there was also a significant
rise in PD-L1 expression (Fig. 6A) and the percentage of
PD-1*CDS8*T cells (Fig. 6B) of the tumor in the periodontitis
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Fig. 3 Periodontitis contributes
to iTME in oral cancer. A-F
Flow cytometry images and
quantitative levels of CD8*T
cells in spleen (A) and tumor
(B), CD4*Foxp3*Treg cells

in spleen (C) and tumor (D),
F4/80"CD206tM2 cells in
spleen (E) and tumor (F) from
each group. G, H IF staining
and quantitative levels of IFN-
y+tCDS8™T cells in SCC7 (G)
and clinical OSCC (H) tumor
sections from each group. SP,
spleen; P, periodontitis; EP,
experimental periodontitis;
OSCC, oral squamous cell car-
cinoma. * P<0.05, ** P<0.01,
*#% P<0.001, #*** P<0.0001
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«Fig. 4 Periodontitis contributes to iTME in prostate cancer. A-E
Flow cytometry images and quantitative levels of CD8'T cells in
spleen (A) and tumor (B), CD4"Foxp3*Treg cells in spleen (C),
F4/807CD206*M2 cells in spleen (D) and tumor (E) from each
group. F IF staining and quantitative level of IFN-y"CD8™T cells in
tumor sections from each group. SP, spleen; EP, experimental peri-
odontitis; PC, prostate cancer. ¥ P<0.05, ** P<0.01, *** P<(.001,
Rk P <0.0001

group compared with the control. The findings presented
above suggest that periodontitis encourages PD-1/PD-L1
expression in the TME.

LPS boosts PD-L1 expression in macrophages
under TME

The above results have demonstrated that periodontitis
increased macrophages expressing PD-L1 molecule in the
TME, so we next examined whether this phenomenon also
existed in vitro. To probe this, we stimulated Cal-27 cells
with PBS or 10 pg/ml LPS and then collected CM sepa-
rately. The CM were then used to stimulate macrophages
and observe PD-L1 molecule expression (Fig. 7A). In agree-
ment with the results of in vivo experiments, the LPS-stim-
ulated group showed elevated PD-L1 gene level (Fig. 7B).
Apart from that, both WB and IF results also demonstrated
increased PD-L1 protein level in the LPS-stimulated group
(Fig. 7C, D). Altogether, these findings show that inflam-
mation stimulation could boost PD-L1 expression in mac-
rophages under TME.

PD-1/PD-L1 blockage reduces the pro-cancer
efficacy of periodontitis

All the above findings reveal that periodontitis promotes
tumor progression, immune evasion and PD-1/PD-L1
expression. In order to further explore whether PD-1/
PD-L1 mediates the promotive effect of periodontitis on
tumor progression and immune escape, the anti-PD-1 test
was performed on the periodontitis mice after the specialty
of RMP1-14, anti-mouse PD-1 antibody had been demon-
strated (Supplementary file 2: Fig. S2 and Fig. S3). After
anti-PD-1 therapy, the tumor volume and weight signifi-
cantly reduced (Fig. 2B-E in OSCC and H-K in PC) and
the expression of Ki-67 and PCNA also decreased (Fig. 2F,
G in OSCC and L, M in PC) compared with the periodontitis
group. Additionally, the levels of IFN-y*CD8*T cells and
CD8*T cells elevated in the anti-PD-1 group (Fig. 3A, B,
G in OSCC and Fig. 4A, B, F in PC), while the proportions
of Tregs and M2-TAMs markedly declined (Fig. 3C-F in
OSCC and Fig. 4C-E in PC) after treatment with anti-PD-1.
All in all, these results point out that PD-1/PD-L1 blockade
with anti-PD-1 treatment effectively suppresses the tumor-
promoting effect of periodontitis. And this further validates

that the pro-cancer, increased immunosuppressive micro-
environmental effect of periodontitis might be induced by
augmenting PD-1/PD-L1 (Fig. 8).

Discussion

Chronic inflammation can create an environment that is con-
ducive to the initiation and advancement of cancer and has
been indicated to be related to several cancer types, such as
prostate, lung, colorectal, liver and breast cancers [18, 19].
Periodontitis, a chronic inflammation initiated by microbial
infection, is also closely related to the development of can-
cer. However, most research has been limited to investigating
the relationship of periodontal pathogenic bacteria, includ-
ing Pg and Fn, in the advancement of cancer [8, 9]. The
inflammatory response caused by periodontal pathogenic
bacterial infection does not fully represent the systemic
inflammatory state induced by periodontitis. Therefore, we
established an experimental periodontitis model by silk liga-
tion plus Fr infection to better explore the mechanisms of
periodontitis in cancer. Our results show that periodontitis
promotes the growth of oral and prostate cancers and iTME
formation, consistent with the findings of Shi et al. [11].
Furthermore, we novelly reveal that the enhanced immune
checkpoint molecule expression is associated with the pro-
cancer activity of periodontitis.

In the TME, TAMs, Tregs and MDSCs serve as immune-
suppressive cells to suppress CD8™T cell activity and play
an indispensable part in tumor pathogenesis [16]. LPS-medi-
ated chronic inflammation induced iTME characterized by
the accumulation of MDSCs and Tregs, resulting in T-cell
exhaustion and enhancing NNK-induced lung tumorigenesis
[20]. Pg and Fn, two important pathogenic bacteria in peri-
odontitis, facilitated tumorigenesis by generating a cancer-
promoting microenvironment [9, 21]. Moreover, obesity
characterized by chronic low-grade inflammation similar to
periodontitis is strongly associated with iTME [22, 23]. Nev-
ertheless, whether periodontitis as a disease entity enhances
iTME has been rarely studied. Shi et al. recently reported
that experimental periodontitis promoted the progression of
colitis-associated colorectal cancer and led to the increase
in Th2 cells, Tregs and PD-1TCDS8™T cells in spleen [11].
Our present research suggested that the periodontitis group
not only exhibited a higher presence of immune-suppres-
sive cells, including TAMs, Tregs and PD-1*CD8*T cells,
but demonstrated a lower level of IFN-y*CD8*T cells and
CDS8'T cells than the control group. Given that TAMSs and
Tregs possess inhibition on cytotoxic T cells [24], and PD-
1TCDS8*T cells as well as IFN-y*CD8*T cells are separately
the exhausted and the activated status of T cells [25, 26],
our results imply that periodontitis promotes tumor immune
escape in oral and prostate cancers, which coincides with the
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«Fig.5 Periodontitis enhances PD-1/PD-L1 expression in oral can-
cer. A-C Flow cytometry images and quantitative levels of PD-
1*CD8"cells in tumor (A), PD-L1*CDI11b*F4/80%cells in spleen
(B) and tumor (C) from each group. D IHC staining and IHC scores
of PD-L1 protein in SCC7 tumor sections from each group. E, F
IF staining and quantitative levels of PD-1*CD8cells (E) and PD-
L1*F4/80%cells (F) in SCC7 tumor sections from each group. G, H
IF staining and quantitative levels of PD-1¥CD8cells (G) and PD-
L17CD68%cells (H) in clinical OSCC tumor sections from each
group. SP, spleen; P, periodontitis; EP, experimental periodontitis;
OSCC, oral squamous cell carcinoma. ** P<0.01, *** P<0.001,
##Ek P<0.0001

results of Shi et al. on colitis-associated colorectal cancer
[11].

It is widely known that PD-L1 and PD-1 are crucial
immunosuppressive molecules in the TME, which are inti-
mately associated with the anti-cancer immunity of the
organism [27]. PD-1 could be upregulated on activated T
cells, resulting in immune tolerance [28]. Tumor cells [29]
and TAMs [30] frequently overexpress the ligand for PD-1,
PD-L1, to facilitate escaping from the immune system.
PD-L1 inhibits T-cell activation and effector functions,
thereby impacting their ability to regulate tumors. Anti-
PD-L1 therapy raises T-cell infiltration and IFN-y genera-
tion, and inhibits tumor development in mouse models [31].
Additionally, PD-1/PD-L1 conjugation not merely results in

A

PC EP+PC

PD-L1

B
CcD8 PD-1
Pc .
- .

Fig.6 Periodontitis enhances PD-1/PD-L1 expression in RM-1 xen-
ograft. A IHC staining and IHC scores of PD-L1 protein in RM-1
tumor sections from each group. B IF staining and quantitative level

T-cell suppression but contributes to an immune-suppressive
macrophage phenotype [17]. A growing body of research
indicates that PD-1/PD-L1 expression in the TME is influ-
enced by chronic inflammation or infection [20, 32] as well
as by periodontal pathogenic bacteria [8, 33]. PD-1 and
PD-L1 are also increased in peripheral blood and periodon-
tal tissue among patients with periodontitis [34, 35]. Here,
we innovatively discovered that periodontitis assisted the
growth of tumors by influencing local and systemic PD-1/
PD-L1 expression in oral and prostate cancers. Anti-PD-1
treatment attenuated the cancer-encouraging effect of perio-
dontitis, indicating that PD-1/PD-L1 could be a mechanistic
link between periodontitis and tumor immunosuppression.
PD-L1 is expressed in various cells, including TAMs,
which constitute the majority of PD-L1-expressing cells
[36]. TAMs express PD-L1 and contribute to iTME. Mac-
rophages could capture the administrated anti-PD-1 anti-
body from the T cell surface within minutes and affect the
outcomes of anti-PD-1 treatment depending on their Fcy-
receptors (FcyRs) [37], implying that FcyRs on macrophages
are also immunosuppressive factors. We found that the pro-
portion of TAMs-expressing FcyRs (FcyRIIb/IIT) was ele-
vated in periodontitis group (Supplementary file 2: Fig. S4).
This suggests that periodontitis not merely encourages tumor
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P<0.001
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Periodontitis

Anti-PD-1

T cells

Macrophages

Fig.8 The schematic diagram of periodontitis promoting tumor progression. Periodontitis promotes tumor development and anti-PD-1 therapy

attenuates the cancer-promoting effect of periodontitis

development, but perhaps also exerts an affection on tumor
immunotherapy.

The mechanism by which periodontitis is involved in
the increase of Treg cells remains largely unclear, but there
are multiple possibilities. Francisco et al. have reported
that PD-L1-coated beads can induce Tregs in vitro, PD-L1
increases Foxp3 expression and enhances the immunosup-
pressive ability of Tregs. Moreover, PD-L1 could convert
naive CD4T cells to Tregs through the downregulation of
Akt, mTOR and ERK?2 and the simultaneous upregulation of
PTEN [38]. The intratumoral IL-1 receptor type 1 (IL1R1)
* Treg cells are clonally expanded with stronger suppres-
sive function compared to ILIR1™ Treg cells [1]. Thus, the
increased levels of PD-L1 and IL-1 may be partial factors
for periodontitis-enhanced increase of Treg cells in TME.

Conclusions

In summary, we innovatively demonstrate that periodontitis
may contribute to tumor progression and immune escape
by encouraging PD-1/PD-L1 expression, providing new
insight into the underlying mechanism by which periodon-
titis affects tumor tumorigenesis and development. However,

more questions associated with the potential effect of peri-
odontitis on tumor immunosuppression and immunotherapy
require further investigation. Firstly, both periodontal patho-
genic bacteria [39] and aseptic chronic inflammation such as
obesity [40] can contribute to tumor progression, whereas
periodontitis may result in bacteremia as well as systemic
chronic inflammation, thus, which of the two factors plays a
greater role in the cancer-promoting effect of periodontitis
is not yet clear. Secondly, some studies show that PD-L1 is
a predictor of tumor immunotherapy efficacy [41], yet oth-
ers demonstrate that PD-L1 increases immunotherapy resist-
ance [42]. Exact function of periodontitis-elevated PD-L1 in
tumor immunotherapy needs to be further explored. Thirdly,
standard mechanical treatment of periodontitis can control
periodontal inflammation. However, the effect of local treat-
ment of periodontal disease on tumor immunosuppression
and immunotherapy response requires to be enlightened.
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