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Porphyromonas gingivalis Promotes Colorectal
Carcinoma by Activating the Hematopoietic NLRP3

Inflammasome oc

Check for
updates

Xi Wang', Yiqun Jia"?, Liling Wen', Wenxin Mu', Xianrui Wu®, Tao Liu® Xiangqi Liu', Juan Fangd',

Yizhao Luan®, Ping Chen®, Jinlong Gao’, Ky-Anh Nguyen’, Jun Cui

Qianming Chen?®, Bin Cheng', and Zhi Wang'

4 Gucheng Zeng?®, Ping Lan®,

Porphyromonas gingivalis (P. gingivalis) is a keystone periodontal
pathogen associated with various digestive cancers. However,
whether P. gingivalis can promote colorectal cancer and the under-
lying mechanism associated with such promotion remains unclear.
In this study, we found that P. gingivalis was enriched in human
feces and tissue samples from patients with colorectal cancer
compared with those from patients with colorectal adenoma or
healthy subjects. Cohort studies demonstrated that P. gingivalis
infection was associated with poor prognosis in colorectal cancer.
P. gingivalis increased tumor counts and tumor volume in
the Apc™™* mouse model and increased tumor growth in ortho-
topic rectal and subcutaneous carcinoma models. Furthermore,
orthotopic tumors from mice exposed to P. gingivalis exhibited
tumor-infiltrating myeloid cell recruitment and a proinflammatory
signature. P. gingivalis promoted colorectal cancer via NLRP3
inflammasome activation in vitro and in vivo. NLRP3 chimeric
mice harboring orthotopic tumors showed that the effect of NLRP3
on P. gingivalis pathogenesis was mediated by hematopoietic
sources. Collectively, these data suggest that P. gingivalis contributes
to colorectal cancer neoplasia progression by activating the hemato-
poietic NLRP3 inflammasome.

Significance: This study demonstrates that the periodontal
pathogen P. gingivalis can promote colorectal tumorigenesis by

Introduction

Gut microbiota homeostasis plays important roles in health and
disease. In humans, diseases, particularly metabolic syndrome and
obesity-related diseases, liver diseases, inflammatory bowel disease
(IBD), and colorectal cancer can originate from dysbiosis of the gut
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recruiting myeloid cells and creating a proinflammatory tumor
microenvironment.

Graphical Abstract: http://cancerres.aacrjournals.org/content/
canres/81/10/2745/F1 large.jpg.
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The periodontal pathogen P. gingivalis translocates to the colon and promotes colorectal tumorigenesis by recruiting myeloid
cells and creating a CRC, colorectal cancer.

microbiota in humans (1). The oral cavity harbors a complex micro-
biome. The lower part of the digestive tract is “inoculated” every day by
more than 1,000 bacterial species from the oral cavity, and one study
reported that the microbial species detected in the oral and fecal
microbiota overlap in approximately 45% of tested individuals (2). The
oral microbiome has been viewed as an important factor affecting gut
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microbiota homeostasis in recent years (3). Recent studies have shown
that the oral bacterium Fusobacterium nucleatum invades human
epithelial cells and promotes the progression of colorectal adenomas
via multiple potential mechanisms (4-7). Porphyromonas gingivalis
(P. gingivalis) is also a gram-negative oral anaerobe that is involved in
the pathogenesis of periodontitis (8). Recently, serum anti-P. gingivalis
IgG antibodies were found to be associated with overall orodigestive
cancer mortality (9), and Porphyromonas was reported to be enriched
in feces from patients with colorectal cancer (10). Moreover, Rachel
and colleagues also showed that P. gingivalis was associated with tumor
consensus molecular subtypes (CMS), which are closely associated
with colorectal cancer (11). However, evidence regarding the effects of
P. gingivalis on promoting colorectal cancer tumorigenesis or devel-
opment is lacking.

Exogenous substances such as pathogens can activate the innate
immune response of hosts (12); the resulting signaling can cause
profound inflammation. The three major classes of innate immune
receptors include Toll-like receptors (TLR), retinoic acid-inducible
gene I-like helicases (RIG-I-like helicases), and Nod-like receptor
(NLR) proteins. NLRs are involved in the assembly of large protein
complexes known as inflammasomes, which participate in the innate
immune response to pathogens such as P. gingivalis (13). However, this
surveillance machinery responds differently to P. gingivalis in different
cell types and disease conditions (14-17). We explored the concept
that the innate immune machinery, whose canonical function is the
detection of pathogen-associated molecular patterns and other moi-
eties from foreign organisms, may contribute to the development of
colorectal cancer in mice due to activation driven by P. gingivalis.

In this study, we found that P. gingivalis from the oral cavity was
enriched in tissue and fecal samples and that its abundance was
positively associated with a poor prognosis in patients with colorectal
cancer. Consistent with this observation, P. gingivalis promoted
colorectal cancer tumorigenesis and progression in three different
mouse tumor models. Colorectal cancer tumors contain myeloid-
derived immune cells in the microenvironment, and immune cells
restrict activation of the nucleotide-binding oligomerization domain
receptor and pyrin domain containing 3 (NLRP3) inflammasome.
Collectively, these data suggest that by recruiting tumor-infiltrating
myeloid cells and activating the NLRP3 inflammasome, P. gingivalis
generates a proinflammatory microenvironment that is conducive to
the progression of colorectal neoplasms. Our study extends the
knowledge of how the oral microbiota influences the processes
involved in the colorectal inflammatory microenvironment and colo-
rectal cancer.

Materials and Methods

Patients

The Sun Yat-sen University Institutional Review Board approved
the use of human samples for this study. Fecal samples (n = 77) were
provided by 22 subjects without colorectal diseases, 23 patients with
colorectal cancer, and 32 patients with colorectal adenoma from the
Affiliated Hospital of Inner Mongolia Medical University. Paired tissue
samples (colorectal cancer tissue and adjacent normal tissue samples)
from 31 subjects and 62 formalin-fixed paraffin-embedded (FFPE)
samples (20 normal, 20 adenoma, and 22 colorectal cancer samples)
were collected from the Sixth Affiliated Hospital of Sun Yat-sen
University (Guangzhou, China). The above samples had limited
sample sizes without recurrence and survival information.

We studied two cohorts of patients with colorectal cancer from the
southern and northern parts of China enrolled between 2012 and 2018.

2746 Cancer Res; 81(10) May 15, 2021

There were 155 FFPE samples in cohort 1 from the Sixth Affiliated
Hospital and Cancer Center of Sun Yat-sen University and 237 FFPE
samples in cohort 2 from the Affiliated Hospital of Inner Mongolia
Medical University. We used cohort 1 as the discovery cohort and
cohort 2 as the validation cohort. The patients were pathologically
diagnosed with colorectal cancer and over 18 years of age. Recurrence
was monitored by pathological and clinical diagnosis.

Human specimen collection
Colonic tumor samples and matched normal tissue samples
Patients were identified from upcoming operative cases by P. Chen
in the Department of Gastroenterology, Affiliated Hospital of Inner
Mongolia Medical University, and X. Wu in the Department of
Colorectal Surgery, the Sixth Affiliated Hospital of Sun Yat-sen
University. The inclusion criteria were patients who had biopsy-
confirmed colorectal cancer and were undergoing hemicolectomy.
Exclusion criteria included a known synchronous cancer diagnosis
or other cancer diagnosis within 5 years of the operation and a
history of IBD. No antibiotics were given preoperatively. Fresh colo-
rectal cancer and adjacent nontumor tissues from each subject were
collected. Samples were snap frozen in liquid nitrogen and then stored
at —80°C until use. Written informed consent was obtained from
all participants.

Colonic adenoma samples

Patients were identified, and samples were collected by a coinves-
tigator (X.Wu). Written informed consent was obtained from all
participants.

Stool collection

Patients with scheduled colonoscopy at the Department of Gastro-
enterology, Affiliated Hospital of Inner Mongolia Medical University
from 2014 to 2017 were included in the study. The indications for
colonoscopy were gastrointestinal bleeding, weight loss, changes in
bowel movements, or detection of polyps/tumors on CT colonogra-
phy. No antibiotics were given preoperatively. Colon cancer was
confirmed by biopsy; colonic adenoma was confirmed by colonoscopy.
All samples were collected preoperatively. The patients were divided
into three groups based on findings during colonoscopy: one group
with colorectal cancer, one group with adenomatous polyps, and one
control group without pathologic findings. Each patient collected a
stool sample in RNAlater RNA Stabilization buffer (Qiagen) prior to
bowel preparation or 1 week after colonoscopy. When samples arrived
at the laboratory, they were homogenized and stored at —80 C. Written
informed consent was obtained from each study participant.

Animal care

All procedures were approved and performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee of
Sun Yat-sen University (Guangzhou, China). NLRP3~'~ C57BL/6]
mice were provided by Professor Jun Cui, Sun Yat-sen University
(Guangzhou, China). C57BL/6]—ApcMi“/ * mice and wild-type (WT)
mice were ordered from the Model Animal Research Center of Nanjing
University (Nanjing, China). All mice were maintained in the barrier
facility at the Sun Yat-sen University Animal Center (Guangzhou,
China).

Colorectal adenoma mouse model

Forty C57BL/6]-Apc™™ " mice were divided into the P. gingivalis
group, S. mutans group (negative control), and sham group (blank
control). Bacterial feeding experiments were performed for a period of
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8 weeks, beginning at 6 weeks of age. Bacteria were gavaged at a dosage
of 10® CFU two times per week. The sham treatment consisted of
feeding BHI broth.

Orthotopic and subcutaneous colorectal xenograft mouse
model

An orthotopic rectal cancer model was generated in WT C57BL/6]
mice as described previously (18). Briefly, MC38 cells were obtained
from ATCC in 2016 and were tested for authentication and Myco-
plasma contamination within 6 months. MC38 cells used were no
more than 15 passages. The mice were injected with 5 x 10° MC38 cells
at 6 weeks of age. Bacterial feeding experiments were performed for a
period of 2 weeks, beginning at 7 weeks of age. Bacteria were gavaged at
a dosage of 10° CFU two times per week. MC38 cells (5 x 10°) were
inoculated into the right flank of WT mice at 6 weeks of age. Six days
after subcutaneous inoculation, the mice were randomly divided into
different groups. P. gingivalis (10° CFU) was given by multipoint
intratumoral injection twice per week for three weeks. The mice were
euthanized before the tumors were dissected.

Bone marrow chimera generation

Recipient WT mice were lethally irradiated with a total dose of 12
Gy, followed by bone marrow (BM) reconstitution with cells from the
femurs and tibiae of NLRP3~'~ or control mice. After allowing 8 weeks
for reconstitution, the mice were bled, and qPCR was performed to
examine the rate of reconstitution. The mice were then ready for use in
orthotopic colorectal xenograft experiments.

IHC staining

We employed THC staining to detect the existence of P. gingivalis
since several investigations have shown that IHC staining with P.
gingivalis—specific antibodies has the highest sensitivity and specificity
and produces relatively good interobserver agreement (19). Tissue
sections were deparaffinized and rehydrated prior to antigen retrieval
in citrate buffer. The sections were then stained with a monoclonal
mouse anti-RgpB antibody (1:100; gift from the laboratory of Jin-Long
Gao, University of Sydney, New South Wales, Australia) for the
detection of P. gingivalis. Positive and negative control sections were
always included in the IHC staining protocol.

FISH

FISH was carried out with appropriate specific probes according
to the manufacturer’s instructions. Tissue sections were probed with
5 mg/mL P. gingivalis 16S rRNA-specific oligonucleotide POGI 5’-
CAATACTC GTATCGCCCGTTATTC-3’ labeled with Cy3 dye
(Takara, Japan). Images were analyzed using a fluorescence microscope.

Pathology assessment

Each IHC staining result was confirmed by a tissue slide from
the same patient. The slides were scanned by Zeiss Axioplan 2 imaging
E for digital image analysis. The images were blindly reviewed and
scored by two certified anatomic pathologists. P. gingivalis staining was
defined as cytoplasmic DAB staining (sepia areas as shown in Fig. 1D).
Staining percentages refer to the rate of positive cells among all cells in
one 400 x field. The staining intensity was classified using a numerical
scale: grade 0 (negative, 0%-10% staining); grade 1 (weak, 10%-30%);
grade 2 (moderate, 30%-60%); and grade 3 (strong, over 60%) as
described previously (19); however, the total number of high (60%+)
groups in our previous study was zero. Therefore, we can only simplify
the original criteria by dividing the percentages into three groups:
negative (0%-10%), weak (10%-30%), and strong (30%+). Then, the
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three grades were categorized into low (negative and weak) and high
(strong) expression for statistical analysis.

DNA extraction and qPCR

DNA was extracted from all fecal samples with E.Z.N.A. Stool DNA
Kit (Omega Biotek), and biopsies were extracted with an AllPrep
DNA/RNA Mini Kit (Qiagen, Hilden, Germany). A NanoDrop 2000
Spectrophotometer (Thermo Fisher Scientific) was used to measure
the concentration and purity of the extracted DNA. DNA from biopsy
and stool samples was diluted 10- and 100-fold, respectively, in PCR-
grade water to facilitate downstream analysis. Relative abundance
was calculated by the AC; method. Quantitative real-time PCR
was performed in triplicate with an Applied LightCycler 96 quanti-
tative PCR system (Roche). In human tissue samples, the cycle
threshold (C,) values for P. gingivalis were normalized to the amount
of human biopsy DNA in each reaction by using a primer/probe set for
the reference gene, prostaglandin transporter (PGT), as previously
described (20). In human stool samples and mouse samples, the C,
values for P. gingivalis were normalized using a primer/probe set for
the total bacteria. The primer and probe sequences for each assay were
as follows: P. gingivalis forward primer, 5'-TGCAAACCCATCACC-
TTCAAGAC-3'; P. gingivalis reverse primer, 5'-TCCTTGCTTCTCT-
TCCTCGGT-3'; P. gingivalis FAM probe: TGCACAAGGCACAA-
CGCAACAGGGCA; PGT forward primer, 5'-ATCCCCAAAG-
CACCTGGTTT-3; PGT reverse primer, 5'-AGAGGCCAAGATAG-
TCCTGGTAA-3'; PGT FAM probe, 5-CCATCCATGTCCTCAT-
CTC-3'; Eubacteria 16S forward primer, 5-GGTGAATACGTTCC-
CGG-3'; Eubacteria 16S reverse primer, 5'- TACGGCTACCTTGT-
TACGACTT-3'.

RNA sequencing and analysis

High-throughput sequencing was performed by CapitalBio Tech-
nology (CapitalBio Technology Inc.). Each sample was cleaned up on
an RNeasy MinElute spin column (QIAGEN), double-stranded DNA
was generated by the NEBNext Ultra Directional RNA Second Strand
Module (NEBNEXT, New England Biolabs, Inc.) and then analyzed
for quality on an Agilent 2100 Bioanalyzer. Samples were run on an
Mumina HiSeq 3000 for 2 x 150-bp paired-end sequencing. Reads
were aligned to the mouse genome (Ensembl release 82-GRCm38)
using TopHat and default parameters. To calculate transcript abun-
dances, we used Cufflinks v2.2.1 to convert raw reads to FPKM values.
Analysis was performed using the Ingenuity Pathway Analysis (IPA)
database (21) and the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (22) considering genes differentially expressed
between the P. gingivalis group and the BHI broth group, with adjusted
P < 0.05 and absolute fold change > 2.

16S rRNA amplicon sequencing and analysis

16S rRNA sequencing was performed by the Microbial Genome
Research Center (IMCAS, Beijing, China). Briefly, DNA of the stool
sample was extracted as stated above, and the V3 and V4 regions of the
bacterial 16S rDNA gene were amplified. Purified amplicons were
pooled in equimolar amounts and paired-end sequenced (2 x 250) on
an [llumina MiSeq platform according to standard protocols. The raw
reads were deposited into the NCBI Sequence Read Archive (SRA)
database. Fast Length Adjustment of SHort reads (FLASH) was used
to merge paired-end reads from next-generation sequencing (23).
Low-quality reads were filtered by fastq_quality_filter (-p 90 -q 25
-Q33) in FASTX Toolkit 0.0.14, and chimera reads were removed by
USEARCH 64 bit v8.0.1517. The number of reads for each sample was
normalized based on the smallest size of samples by random
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P. gingivalis was detected at a higher abundance in stool and tissues from colorectal cancer patients than in those from patients with adenoma and healthy controls
and was enriched in carcinoma tissue versus adjacent normal tissue. A, Fecal abundance of P. gingivalis was assessed in samples from normal controls (n =
22), subjects with colorectal adenoma (n = 32), and subjects with colorectal cancer (n = 23) using TagMan probe-based gPCR. B, The P. gingivalis abundance
in carcinoma (x-axis) versus that in paired normal tissue (y-axis) is plotted. The C; values for P. gingivalis were normalized to the reference gene PGT. gPCR ACt
(P.g 165-PGT) represents the relative C; value of P. gingivalis and PGT. C, Representative IHC and FISH images of P. gingivalis in normal controls, human
adenoma, and human colorectal cancer (CRC) samples using monoclonal mouse anti-RgpB antibody or a Cy3-conjugated P. gingivalis 16S rDNA-directed
probe (red; arrows, P. gingivalis colonization, 400 x). D, Representative IHC-stained paraffin sections of high and low staining of P. gingivalis using monoclonal
mouse anti-RgpB antibody in human colorectal cancer samples (arrows, P. gingivalis colonization, 400x). The percentage of low and high P. gingivalis
infection in normal controls, human adenoma, and human colorectal cancer samples is shown (the mean percentage 4+ SEM is shown; **, P < 0.01 by Student

t test; N.S., not significant).

subtraction. OTUs were aligned by the UCLUST algorithm with 97%
identity and taxonomically classified using the SILVA 16S rRNA
database v128. We used the linear discriminant analysis (LDA) effect
size (LEfSe) method to identify species that showed statistically
significant differential abundances among groups (24).

Isolation of tumor-infiltrating cells
Tumors were dissected and homogenized using a Gentle MACS
dissociator (Miltenyi Biotec) and digested with 0.05% collagenase IV
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(Sigma-Aldrich) and 0.002% DNase I (Roche) at 37°C for 1 hour prior
to resuspension in RPMI.

Flow cytometry

Single-cell preparation was incubated with Fc blocking antibody
(BioLegend), stained for dead cells using a Zombie NIR Fixable
Viability Kit (BioLegend) and mAbs of cell surface markers. For
intracellular staining, cells were stimulated with 50 ng/mL PMA
(Sigma-Aldrich) and 5 pg/mL ionomycin (Sigma-Aldrich) in the
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presence of brefeldin A (BioLegend), followed by dead cell and
surface marker staining and fixation prior to intracellular staining
for cytokines. The following antibodies were used for flow cytometry:
anti-mouse CD45 (clone 30-F10), anti-mouse Gr-1 (clone 1A8 LY6G);
anti-mouse Ly-6G (clone RB6-8C5); anti-mouse Ly-6C (clone
HK1.4); anti-mouse CD11b (clone M1/70); anti-mouse CD11c (clone
N418); anti-mouse MHC II (clone MS/114.15.2); anti-mouse F4/80
(clone BMS8); anti-mouse CD3 (clone KT3); anti-mouse CD4 (clone
RM4-5); anti-mouse CD8 (clone 3B5); anti-mouse IFNY (clone B27);
and anti-mouse CD56 (clone MEM-188). The number of isolated live
single cells from tumor tissues was measured as the cell number/gram
of tumor tissue. In flow cytometric analysis, the percentage of live
CD45 " cells among the total singlet cells was first determined. Each
immune cell subset was identified by specific lineage markers. The
gating strategy for each immune cell subset is presented in Fig. 5 and
Supplementary Fig. S1. The number of cells in each immune cell subset
was calculated as the cell number/gram of tumor tissue by multiplying
the percentage.

ELISA

THP1 cells obtained from ATCC in 2016 were tested for authen-
tication and Mycoplasma contamination within 6 months. THP-1
cells used were no more than 15 passages. THP-1 cells (2 x 10°
cells/well) were treated with P. gingivalis [multiplicity of infection
(MOI) = 100] for 3, 6, 12, and 24 hours at 37°C in a 5% CO,
humidified atmosphere prior to the assay. The tumors from the
P. gingivalis group and control group were processed into single-cell
suspensions that were cultured for 48 hours. The cell supernatant
was collected, and the levels of the cytokines IL1f, IL6, and TNFo.
were determined by using ELISA kits according to the manufac-
turer’s protocols (Mlbio, Inc.).

Statistical analysis

Statistical analyses were carried out using PASW Statistics 18 (SPSS
Inc.) and GraphPad Prism 6 (GraphPad Software, Inc.). The difference
in measurement data between two groups was assessed using a
nonparametric Mann-Whitney test for nonnormal descriptive data
and a t test for normal descriptive data. Categorical data were analyzed
with the x* test or Fisher exact test. Kaplan-Meier survival analyses
were performed for the two cohorts. Cox regression was performed for
the univariate and multivariate regression analyses. Variates with
statistical significance (P < 0.05) in univariable Cox regression model
analysis were chosen to adjust covariates in the multivariable regres-
sion models.

Results

P. gingivalis is enriched in samples from patients with colorectal
cancer

Given that Porphyromonas is enriched in feces from patients with
colorectal cancer compared with feces from controls (10), we first
examined whether P. gingivalis was enriched in fecal samples from 77
subjects. The participants included 22 control subjects with no prior
history of colorectal cancer or gastrointestinal disease, which was
confirmed by bowel preparation and colonoscopy screening; 32 sub-
jects with colorectal adenoma; and 23 subjects with colorectal cancer.
We compared the levels of P. gingivalis in the feces from the individuals
in each group by TagMan probe-based quantitative real-time (QPCR)
analysis and observed an increased abundance of P. gingivalis in the
colorectal cancer group compared with the adenoma and healthy
donor groups (P < 0.01, Fig. 1A). These results indicate that the trend
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toward an increased abundance of P. gingivalis in the gut microbiota
may be a general feature of colorectal cancer.

Then, we examined whether P. gingivalis colonized colorectal
cancer tissue by TagMan qPCR, IHC staining with an anti-Rgp
antibody and FISH with a P. gingivalis 16S rDNA-directed probe
(POGI). We found that P. gingivalis could be detected by qPCR in 10
samples among 31 colorectal cancer samples with paired normal
tissues. In the positive samples, P. gingivalis was enriched in colorectal
cancer tissue relative to paired normal tissue (paired ¢ test, P =
0.004; Fig. 1B). Further IHC and FISH staining confirmed that
P. gingivalis was detected in the FFPE colorectal cancer, adenoma,
and normal tissue samples (Fig. 1C). The IHC staining intensity for
P. gingivalis abundance was initially classified as negative, weak, and
strong according to the positive cell rate (negative, 0%-10%; weak,
10%-30%; strong, over 30%) and then categorized into low (less than
30%) and high (over 30%) expression groups. The high levels of
P. gingivalis in the colorectal cancer group (40.9%) was significantly
higher than that in the adenoma and normal groups (x* test, P <
0.05; Fig. 1D). Consequently, our results showed that P. gingivalis
accumulated during advanced stages of colonic tumorigenesis in
patients with colorectal cancer.

P. gingivalis is associated with colorectal cancer recurrence and
patient survival

We next evaluated the relationship between P. gingivalis abundance
and patient outcomes in FFPE samples from patients with colorectal
cancer in two cohorts. The baseline characteristics, including sex, age,
smoking status, and alcohol consumption, between the high and low
P. gingivalis infection groups was not significantly different in the two
cohorts (x* test, P> 0.05; Supplementary Tables S1 and S2). We used
IHC staining to detect the presence of P. gingivalis in FFPE samples
derived from clinical colorectal cancer specimens. When we analyzed
the associations of staining intensity with patient outcome, we cate-
gorized the THC staining intensity as low (positive cell rate less than
30%) and high (positive cell rate over 30%) expression (Fig. 1D).

The staging of colorectal cancer is an important prognostic indi-
cator (25). In both cohorts, T stage and N stage were positively
associated with poor overall survival (OS) and shorter 5-year recur-
rence-free survival (RFS). P. gingivalis abundance and its prognostic
value were then examined. Cohort 1 contained 155 samples from the
Sixth Affiliated Hospital of Sun Yat-sen University in southern China;
44 samples (28.4%) had tumors that exhibited a high overall
P. gingivalis abundance. Abnormally high P. gingivalis abundance
was positively associated with poor OS [HR = 6.07; 95% confidence
interval (CI), 4.22-22.13; P < 0.001 by the log-rank test; Fig. 2A] and
shorter 5-year RFS (HR = 6.48; 95% CI, 4.71-24.21; P < 0.001 by the
log-rank test; Fig. 2B). In addition, univariate (Supplementary
Table S3) and multivariate (Supplementary Table S4) Cox regres-
sion analyses of cohort 1 demonstrated that the amount of
P. gingivalis was an independent predictor of colorectal cancer
aggressiveness with significant HRs for predicting clinical outcomes
(OS: HR = 2.36; 95% CI, 1.02-5.48, multivariate Cox regression,
P = 0.046; RFS: HR = 2.98; 95% CI, 1.32-6.72, multivariate Cox
regression, P = 0.008; Fig. 2C).

Cohort 2 comprised 237 FFPE colorectal cancer samples from the
Affiliated Hospital of Inner Mongolia Medical University in the
northern region of China; of these, 76 (32.07%) had tumors that
exhibited a high overall P. gingivalis abundance. High levels of
P. gingivalis were positively associated with poor OS (HR = 2.31;
95% CI, 1.69-4.19, P < 0.001 by the log-rank test; Fig. 2D) and shorter
5-year RFS (HR = 2.15; 95% CI, 1.59-4.13, P < 0.001 by the log-rank
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Figure 2.

P. gingivalis is associated with cancer recurrence and patient outcomes. A, OS was compared between patients in cohort 1 with a low abundance of P. gingivalis and
those with a high abundance of P. gingivalis by using the log-rank test. B, RFS was compared between patients in cohort 1 with a low abundance of P. gingivalis and
those with a high abundance of P. gingivalis by using the log-rank test. C, Adjusted multivariable risk factor cohort of OS and RFS in cohort 1. A high abundance of
P. gingivalis was significantly associated with short OS and poor RFS. D, OS was compared between the patients in cohort 2 with a low abundance of P. gingivalis and
those with a high abundance of P. gingivalis by using the log-rank test. E, RFS was compared between the patients in cohort 2 with a low abundance of P. gingivalis
and those with a high abundance of P. gingivalis by using the log-rank test. F, Adjusted multivariable risk factor cohort of OS and RFS in cohort 2. A high abundance of
P. gingivalis was significantly associated with short OS and poor RFS.
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Figure 3.

P. gingivalis promotes tumorigenesis in ApcM‘”/+ mice. A, Schematic diagram showing the experimental protocol used to determine the role of P. gingivalis in
promoting colorectal tumorigenesis in Apc™™* mice. Apc™™+ mice were gavaged with P. gingivalis (n = 10), S. mutans (n = 10), or BHI broth (n = 20) for 8 weeks
before undergoing euthanasia. B, A representative hematoxylin and eosin-stained image is shown. The frame indicated adenomas in the leftimage. Representative in
situ images of colons (C) and the tumor count and volume in the colons (D). The group gavaged with P. gingivalis showed higher tumor counts and larger tumor
volumes than the S. mutans and control groups. E, Representative IHC-stained paraffin sections of the tumor tissue from ApcM"‘/+ mice gavaged with P. gingivalis,
S. mutans, or BHI broth (arrows, P. gingivalis infection, 400 x ). The intensity scores of P. gingivalis infection are shown. F, Representative FISH image of tumor tissue
from A;:)c”“”/+ mice gavaged with P. gingivalis, S. mutans, or BHI broth using a Cy3-conjugated P. gingivalis 16S rDNA-directed probe (red; arrows, P. gingivalis
infection, 400x). The number of cells positive for P. gingivalis infection per 400 x field is shown. G, The abundance of P. gingivalis was determined in colon tumor
tissues from the three groups using TagMan probe-based quantitative gPCR. The mean percentage + SEMis shown.*, P<0.05; **, P< 0.01; ***, P< 0.001 by Student t
test.
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test; Fig. 2E). In addition, univariate (Supplementary Table S5) and
multivariate (Supplementary Table S6) regression analyses of cohort 2
confirmed that the amount of P. gingivalis was an independent
predictor of colorectal cancer aggressiveness with significant HRs for
predicting clinical outcomes (OS: HR = 2.56; 95% CI, 1.70-3.87,
multivariate Cox regression, P < 0.001; RFS: HR = 2.08, 95% CI,
1.40-3.09, multivariate Cox regression, P < 0.001; Fig. 2F). Thus,
the data in cohort 1 and cohort 2 confirmed the potential value of the
presence of P. gingivalis in predicting colorectal cancer recurrence and
patient outcomes.

P. gingivalis promotes colorectal tumorigenesis

The enrichment of P. gingivalis in colorectal cancer prompted us to
confirm whether P. gingivalis contributes to the initiation and pro-
gression of tumors in mouse models. We utilized a model mouse that
develops intestinal tumors because of a mutation in one copy of the
tumor suppressor gene Apc (C57BL/6 Apc™™* mice). Apc™™/* mice
are widely used to simulate the tumorigenesis of colorectal tumors (26).
We administered P. gingivalis ATCC 33277 (P. gingivalis group),
Streptococcus mutans UA159 (S.m group), or brain-heart infusion
(BHI) broth (control group) to Apc™™* mice via oral gavage
(Fig. 3A). S. mutans UA159 was used as a negative control because
Streptococcus spp. has been shown to lack an obvious effect on
colorectal adenoma in this model (5). The mice were gavaged with
bacteria or BHI broth twice a week from 6 weeks old to 14 weeks old,
and the development of intestinal tumors was monitored (Fig. 3B).
The introduction of P. gingivalis into Apc™™* mice increased the
onset of colonic tumors (Fig. 3C), with these mice presenting a
significantly higher multiplicity (P < 0.01; Fig. 3D) of colonic tumors
and larger total colonic tumor volume (P < 0.001; Fig. 3D) compared
with those in Apc™™* mice gavaged with BHI broth or S. mutans.
P. gingivalis was enriched in the tumor tissue of the P. gingivalis—
gavaged Apc™™ ™ mice, as indicated by THC (P < 0.001; Fig. 3E)
and FISH assays (P < 0.001; Fig. 3F). We compared the levels of
P. gingivalis by quantitative gPCR and found that the abundance of
P. gingivalis in tumor tissues collected from the P. gingivalis group was
significantly higher than that in tumor tissues collected from the
control or S. mutans groups (P < 0.05; Fig. 3G). These data suggested
that P. gingivalis colonization of colorectal adenoma could promote
colorectal tumorigenesis.

P. gingivalis promotes colorectal tumor progression in a
colorectal cancer xenograft mouse model

We next explored whether P. gingivalis can enhance colorectal
tumor progression. Subcutaneous and orthotopic MC38 rectal carci-
noma models have been widely used to study colorectal tumor
growth (6, 27). The two models were used to determine whether
P. gingivalis can colonize colorectal cancer tissue and promote tumor
progression (Fig. 4A). Mice with subcutaneous colorectal cancer were

Porphyromonas gingivalis Promotes Colorectal Carcinoma

intratumorally injected with P. gingivalis, S. mutans, or BHI broth,
and the tumor tissue was harvested 3 weeks later. The introduction of
P. gingivalis into the subcutaneous xenografts in mice increased tumor
weight and volume (P < 0.01, P < 0.001; Fig. 4B and C). In another
colorectal cancer xenograft mouse model, MC38 cells were injected
through the rectum into the submucosa, and P. gingivalis was admin-
istered by oral gavage. As in the subcutaneous model, P. gingivalis
increased the tumor weight and volume in this orthotopic model (P <
0.05, P < 0.01; Fig. 4D and E). P. gingivalis was enriched in the tumor
tissue of P. gingivalis—gavaged mice, as assayed by IHC and FISH (P <
0.001; Fig. 4F and G). In addition, the enrichment of P. gingivalis in
tumor tissues was confirmed by qPCR (P < 0.01; Fig. 4H). To
characterize the impact of P. gingivalis on the resident microbiome
in the colon, we performed 16S rRNA gene sequencing on the
feces from orthotopic mice. Verrucomicrobiaceae was the most
abundant family and was prevalent in all samples (Supplementary
Fig. S1A). Erysipelotrichaceae, which is known to be associated with
inflammation-related disorders of the gastrointestinal tract and was
found to be increased in the lumen of patients with colorectal
cancer compared with healthy controls (28), showed the largest
increase in the P. gingivalis group compared with the BHI group.
Moreover, the bacterial composition in the P. gingivalis group was
distinct from that of the control group based on the assessment of clade
abundances using linear discriminant analysis effect size (LEfSe;
Supplementary Fig. S1B). These data indicated that P. gingivalis can
change the mouse gut microbiome and increase tumor growth in
xenograft mouse models.

P. gingivalis changes the tumor immune environment by
selectively expanding myeloid-derived immune cells and
inducing a proinflammatory microenvironment

To address whether P. gingivalis contributes to tumorigenesis by
affecting intratumoral immune cells and the inflammatory microen-
vironment, we first characterized tumor-infiltrating immune cells
from orthotopic MC38 rectal carcinomas in mice gavaged with
P. gingivalis ATCC 33277 or BHI broth. We observed an increase in
the accumulation of infiltrating myeloid lineage cells. The numbers of
CD11b" myeloid cells, CD11b* MHC class II" myeloid antigen-
presenting cells, and differentiated myeloid cells, such as macrophages
and dendritic cells (DC), were increased in orthotopic MC38 rectal
carcinomas from mice gavaged with P. gingivalis compared with those
from the control mice (P < 0.05; Fig. 5A and B). The effect of
P. gingivalis on other tumor-infiltrating immune cells was also
explored. The numbers of CD3"CD4" T cells, CD3"CD8" T cells,
and natural killer (NK) cells were not significantly different between
the two groups (Supplementary Fig. S2A and S2B). IFNY secretion
from CD3"CD4" T cells and CD3"CD8" T cells was also not
diminished (Supplementary Fig. S2C). To further confirm the changes
in the immune microenvironment induced by P. gingivalis, we

Figure 4.

P. gingivalis promotes colorectal cancer tumor growth in a xenograft mouse model. A, Schematic diagram showing the experimental protocol used to determine
the role of P. gingivalis in promoting colorectal tumor growth in C57BL/6 mice. Two xenograft mouse models were used. Mice were administered P. gingivalis
via intratumoral injection in the subcutaneous MC38 tumor model or via oral gavage in the colon submucosal MC38 tumor model at 6 weeks of age; control mice
were injected or orally gavaged with S. mutans or BHI broth. B, Representative in situ image (n = 5) of MC38 tumors from subcutaneous MC38 tumor model
mice intratumorally injected with P. gingivalis, S. mutans, or BHI broth. C, The tumor volume and weight are shown. Tumor volume was measured and calculated
using the following formula: V = L x W?/2. D and E, Representative in situ image of MC38 tumors from colon submucosal MC38 tumor model mice subjected
to oral gavage of P. gingivalis, S. mutans, or BHI broth. The tumor volume and weight of each group are shown. F and G, IHC and FISH analyses of paraffin tissue
sections of tumor tissue harvested from mice subjected to oral gavage with P. gingivalis, S. mutans, or BHI broth (arrows, P. gingivalis infection, 400 x). H, TagMan
probe-based gPCR was used to determine the abundance of P. gingivalis in tumor tissues harvested from mice subjected to oral gavage with P. gingivalis, S. mutans,
or BHI broth. The mean percentage + SEM is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student t test; ns, not significant; one representative experiment of

two replicates is shown.
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compared CD11b* myeloid cell infiltration in FFPE samples from the
P. gingivalis group and control group by IHC staining (anti-CD11b
antibodies). The samples from the P. gingivalis group (which had
higher accumulation of P. gingivalis) were shown to have higher
accumulation of CD11b" myeloid cells (P < 0.001; Fig. 5C). To
further explore the inflammatory microenvironment of tumors
from mice gavaged with P. gingivalis, the levels of proinflammatory
cytokines such as TNFa, IL6, and IL1B were measured. The results
showed increased levels of TNFa, IL6, and IL1p in the P. gingivalis
group (P < 0.05, P < 0.05, P < 0.001; Fig. 5D). Interestingly,
the secretion of IL1 was 3-fold higher than that of TNFo and
IL6 (P < 0.001; Fig. 5D).

We also performed transcriptome sequencing of tumors from the
orthotopic rectal carcinoma mouse model. Differentially expressed
genes were analyzed by using IPA and KEGG database, and these
analyses confirmed that compared with mice in the BHI group, mice in
the P. gingivalis group presented a tumor immune microenvironment
enriched in myeloid cells and inflammatory cytokines, which corre-
sponds to a proinflammatory tumor microenvironment (Fig. 5E).

Because the above results indicated myeloid cell enrichment and a
proinflammatory microenvironment, we further investigated whether
P. gingivalis can directly activate myeloid cells. The myeloid cell line
THP1 was infected with P. gingivalis for 3, 6, 12, and 24 hours (MOI =
100) in vitro. We extracted total RN A and collected the supernatants of
these samples after the infection period and measured TNFa, IL6, and
IL1B levels by qPCR and corresponding ELISAs; P. gingivalis increased
thelevels and secretion of TNFo., IL6,and IL13 by THP1 cells (Fig. 5F).
The above results suggested that P. gingivalis is a potential initiator of
colorectal cancer that alters the immune microenvironment of tumors
by recruiting myeloid cells and induces myeloid cells to release
proinflammatory cytokines such as TNFo, IL6, and IL1fB. Taken
together, the above results show that P. gingivalis alters the tumor
immune microenvironment by selectively expanding myeloid-derived
immune cells and promoting a proinflammatory microenvironment.

P. gingivalis can activate the NLRP3 inflammasome in vitro and
fails to induce colorectal tumor growth in NLRP3~/~ mice

We have demonstrated that P. gingivalis activates the production
and secretion of IL1P in tumor tissues and cultured cells. The
activation of IL1p is regulated by two processes: the transcription of
pro-IL13 mRNA regulated by nuclear factor (NF)-kB and the mat-
uration of IL1P regulated by the inflammasome complex. Several
different inflammasomes have been discovered, of which the NLRP3
inflammasome is the most intensively studied. To assess the role of the
NLRP3 inflammasome in the P. gingivalis-induced secretion of IL1j3,
the expression of the NLRP3 inflammasome in CD45" immune cells
derived from tumor lysates of a submucosal MC38 tumor model was
detected by qPCR. The results showed that the NLRP3 inflammasome
level was elevated in the tumor-infiltrating immune cells from the
P. gingivalis group (P < 0.001; Fig. 6A). Because P. gingivalis selectively

Porphyromonas gingivalis Promotes Colorectal Carcinoma

recruits myeloid cells and induces a proinflammatory microenviron-
ment in colorectal cancer, BM-derived macrophages (BMDM), which
are the primary macrophage lineage derived from myeloid progeni-
tors, were chosen for the in vitro study. After BMDM:s were cocultured
with P. gingivalis for 4 or 8 hours, they were processed for immuno-
blotting detection of NLRP3, pro-IL1B and procaspase-1 expression,
while cell culture supernatants were evaluated for IL1[ and caspase-1
levels. We found that P. gingivalis could induce NLRP3, caspase-1,
IL1B and pro-IL1f expression in a time-dependent manner, but no
change in procaspase-1 levels was observed in these cells (Fig. 6B
and C). The role of NLRP3 in the P. gingivalis—induced secretion of
IL1B was further determined in C57BL/6 WT mice and NLRP3 '~
mice by using the same BMDM coculture model. We found that
NLRP3 knockdown significantly inhibited P. gingivalis-induced
caspase-1 activation and subsequent IL1f3 secretion but did not affect
the levels of procaspase-1 (Fig. 6D).

Next, we explored whether P. gingivalis promotes colorectal cancer
via NLRP3 activation in vivo. Strikingly, the colorectal cancer tumor
weight and volume in the P. gingivalis group were significantly
decreased in NLRP3 ™/~ mice compared with WT mice (Fig. 6E).
Flow cytometry analysis of tumor tissues from NLRP3 ™" mice showed
myeloid cell enrichment in the P. gingivalis group, whereas NLRP3 ™/~
mice showed no myeloid cell enrichment (P < 0.05, P < 0.01; Fig. 6F).

Hematopoietic NLRP3 is required for P. gingivalis-induced
colorectal cancer development

NLRP3 is mainly expressed in cells of the myeloid lineage but is also
expressed in epithelial cells. To determine the cell populations that are
critical for NLRP3-dependent tumorigenesis, we generated irradiated
BM chimeric mice that selectively express NLRP3 in specific cellular
compartments (i.e., in hematopoietic or somatic cells) and infected
them with P. gingivalis (Fig. 7A). In line with our previous observa-
tions, NLRP3 expression in the hematopoietic compartment
(NLRP3"* — NLRP3"/") enhanced colorectal cancer tumor weight
and volume compared to that in the NLRP3-deficient hematopoietic
compartment (NLRP3™~ — NLRP3™"; Fig. 7B). An identical
disease pattern was observed for myeloid cell recruitment: mice with
selective deletion of NLRP3 in the hematopoietic compartment
(NLRP3_/ ~ NLRP3"/ *) showed no myeloid cell enrichment,
whereas the control chimeras with NLRP3 expression in the hemato-
poietic compartment (NLRP3 "+ — NLRP3"") exhibited myeloid
cell accumulation (Fig. 7C). The above results indicate that NLRP3
expression in hematopoietic cells is critical for P. gingivalis-induced
colorectal cancer development.

Discussion

In addition to its role as a keystone pathogen in chronic periodon-
titis, P. gingivalis was found to be closely related to orodigestive cancer,
and its tumorigenesis mechanism has been broadly studied (29).

Figure 5.

P. gingivalis changes the tumor immune environment by selectively expanding myeloid-derived immune cells and inducing a proinflammatory microenvironment.
A, A schematic gating strategy for the identification of various tumor-infiltrating immune cell subsets in a rectal xenograft model. B, The cell number per gram of
tissue is shown for CD11b™ myeloid cells, CD1Ib"MHC Il myeloid cells, DCs, and macrophages in the treatment groups. BHI broth was used as a control. Each symbol
represents the data from an individual mouse. C, Representative image of immunofluorescence staining and CD11b " cell counting per 400 x field. Arrows, CD11b ™ cells
that infiltrate the tissue. D, The mMRNA and protein levels of TNFa, IL6, and IL1B in cells derived from tumors extracted from submucosal model mice and the culture
supernatants were detected by gPCR and ELISA, respectively. E, RNA sequencing was conducted, and heatmaps of selected genes related to immune cell
recruitment and response that responded to P. gingivalis stimulation and relationships between P. gingivalis-infected tumors and the expression of inflammatory
cytokines were established. F, The relative mRNA expression and supernatant concentration of TNFa, IL6, and IL1B in THP1 cells stimulated with P. gingivalis ATCC
33277 for 3,6,12,and 24 hours were detected by gPCR and ELISA, respectively. The mean percentage 4= SEMis shown. *, P<0.05; **, P< 0.01; ***, P< 0.001 by Student
t test; N.S., not significant; one representative experiment of two replicates is shown.
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P. gingivalis can activate the NLRP3 inflammasome in vitro but fails to induce colorectal tumor growth in NLRP3 ™/~ mice. A, The expression of the NLRP3
inflammasome in individual CD45™" cells derived from tumors from submucosal model mice was detected by gPCR. B, BMDMs were cocultured with P. gingivalis for 4
and 8 hours, and protein was extracted from BMDMs for Western blot detection of NLRP3 expression. C, P. gingivalis was cocultured with BMDMs for 4 and 8 hours,
after which, pro-IL1B and procaspase-1levelsin cellsand IL18 and caspase-1levels in culture supernatant were detected. D, P. gingivalis was cocultured with NLRP3~/~
BMDMs or WT BMDMs for 8 hours, after which, the cells were assessed for procaspase-1 expression, whereas the cell culture supernatant was assessed for IL13
and caspase-1levels. E, Representative in situ image showing MC38 tumors from WT or NLRP3 /" submucosal model mice subjected to oral gavage of P. gingivalis
or BHI broth. The tumor weight and volume of each group are shown. F, The cell number per gram of tissue is shown for CD11b ™ myeloid cells, DCs, and macrophages
in the treatment groups. The mean percentage + SEM is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 by Student ¢t test; ns, not significant; one representative

experiment is shown; the experiment was performed in triplicate.

P. gingivalis can stimulate oral squamous cell carcinoma (OSCC)
tumorigenesis by promoting the expression of key molecules in
tumorigenesis, such as cyclin D1 and matrix metalloproteinase-9
(MMP?Y; refs. 30, 31). Persistent exposure to P. gingivalis induced
morphological changes in cells, increased the proliferation ability of
cells as indicated by a higher S-phase fraction, and promoted cell
migration and invasion in OSCC (32). Our previous work also revealed
that P. gingivalis promotes the proliferation of colorectal cancer cells by
activating the MAPK/ERK signaling pathway (33). In this study, our
results demonstrate that P. gingivalis can recruit tumor-infiltrating
myeloid cells, activate the NLRP3 inflammasome and generate a
proinflammatory microenvironment, all of which are conducive to
the progression of colorectal neoplasms.

Accumulating evidence indicates that oral microbes are closely
associated with colorectal cancer (34). Expansion of the oral micro-
biota during periodontitis is reported to promote colitis via coloni-

2756 Cancer Res; 81(10) May 15, 2021

zation of the gut as well as induction of migratory immune cells (35).
F. nucleatum, another keystone periodontal pathogen, has been
shown to be enriched in colorectal cancer and promote colorectal
carcinogenesis (5-7, 36-39). P. gingivalis, which often coexists with
F. nucleatum in dental biofilms, was recently reported to have a higher
positive rate in fecal samples from patients with colorectal cancer than
in samples from normal subjects (40). Recently, P. gingivalis was
also found to be enriched in esophageal squamous carcinoma tissue
and the feces of patients with colorectal cancer (10, 19). However,
whether P. gingivalis is localized in cancerous colonic tissues and
whether it plays a role in colorectal carcinogenesis have not been
confirmed. Our results showed that in patients with colorectal cancer,
P. gingivalis was enriched in cancer tissues. A high abundance of
P. gingivalis was associated with poorer OS and RFS in patients with
colorectal cancer from both cohorts compared with the OS and RFS of
patients with low abundance. Our study confirmed for the first time the
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P. gingivalis promotes colorectal tumorigenesis by activating the NLRP3 inflammasome in hematopoietic compartments. A, Schematic diagram of the submucosal
MC38 tumor model in chimeric mice. Recipient WT mice were lethally irradiated with a total dose of 12 Gy, followed by BM reconstitution with BM cells from NLRP3~/~
or control mice. After 8 weeks of recovery, an orthotopic colorectal xenograft mouse model was generated. B, A representative in situ image showing MC38
tumors from WT chimera or NLRP3~/~ chimera mice subjected to oral gavage of P. gingivalis or BHI broth. The tumor weight and volume of each group are
shown. C, The cell number per gram of tissue is shown for CD11b™ myeloid cells, DCs, and macrophages in the treatment groups. The mean percentage + SEM is
shown; *, P < 0.05; **, P < 0.01 by Student t test; ns, not significant; one representative data of three is depicted.

localization and invasive behavior of P. gingivalis in cancerous tissue
and the effects of P. gingivalis on tumor progression and prognosis in
patients with colorectal cancer.

Bacterially driven mouse models of intestinal tumorigenesis have
been used to confirm the contributions of bacteria to tumor progres-
sion (41, 42). To investigate the early and advanced stages, Apc™™ "
mice and subcutaneous and orthotopic rectal cancer models were
utilized, and the results showed that P. gingivalis plays an important
role in the initiation and development of colorectal cancer. P. gingivalis
has a number of virulence factors that can drive immune escape,
including dampening host immunity, altering cytokine production,
and affecting cell signaling mechanisms (43). The inflammatory
response initiated by P. gingivalis in periodontitis includes the mod-
ulation of CD11b™ cell functions (44-46), degradation of complement
fragments (47) and recruitment of host regulatory proteins (Factor H,
C4 binding protein). In our study, we observed a markedly increased
number of CD11b™ myeloid cells in tumor sites in mice infected with
P. gingivalis compared with uninfected mice. Myeloid cells are

AACRJournals.org

reported to be associated with tumor progression, angiogenesis, and
the modulation of antitumor immunity (48-51). RNA sequencing also
revealed that the levels of multiple inflammatory cytokines were
elevated in the P. gingivalis group. We noticed increased expression
of the proinflammatory cytokines IL1{, IL6, and TNFa, which pos-
itively affect tumor growth, invasion and metastasis (52). Serum IL1(,
IL6, and TNFo. levels have also been found to be related to the poor
prognosis of colorectal cancer (53). We confirmed that P. gingivalis
infection promoted IL1f, IL6, and TNFa. release from myeloid cells
(THP1 cells) in vitro and that these cytokines were found in the culture
supernatants of single-cell suspensions derived from tumors. These
findings suggest that alterations in the immune microenvironment
characterized by the release of the proinflammatory molecules IL1(,
IL6, and TNFo from myeloid cells are the potential underlying cause of
P. gingivalis-induced tumorigenesis and the associated poor colorectal
cancer prognosis.

NLRP3 has been analyzed extensively in its contribution to colitis
and has been shown to be associated with the development of colitis-
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associated colorectal cancer (54). Several studies have revealed the
mechanisms by which P. gingivalis can activate the NLRP3 inflamma-
some (55). The lipopolysaccharide of P. gingivalis is a virulence factor
that induces NLRP3 activation in periodontal ligament fibroblasts (56).
Myeloid cells stimulated with extracellular vesicles released from
P. gingivalis produce large amounts of inflammatory mediators and
activate the inflammasome and pyroptotic cell death pathways (57).
Two common colorectal cancer-associated microbes, F. nucleatum
and B. fragilis, have been reported to activate the NLRP3 inflamma-
some in several cell types (58, 59). However, evidence regarding the
association of microbe-mediated NLRP3 activation and colorectal
cancer development is lacking. It is widely believed that exotic
components of commensal flora can trigger an abnormal innate
immune response from local myeloid cells. Our results show that the
release of IL1f was higher than that of IL6 and TNFo. NLRP3
expression was elevated in CD45" tumor-infiltrating immune cells
in the P. gingivalis group, which indicates an active NLRP3 status. The
role of innate immune signaling in intestinal inflammation has only
recently begun to be elucidated. Several members of the cytosolic NLR
family have been identified as key regulators of cytokine production.
Our in vitro study revealed that P. gingivalis could activate the NLRP3
inflammasome and IL1f secretion and elicit tumor-promoting effects
in WT mice and WT chimeras but could not promote colorectal cancer
progression in either NLRP3 ™'~ mice or NLRP3-deficient chimeric
mice, as shown in Figs. 3 and 7. These data strongly suggest that P.
gingivalis—driven activation of the hematopoietic NLRP3 inflamma-
some underlies the severity of colorectal cancer progression in mice.
We found that P. gingivalis significantly enhances inflammation, as
indicated by increases in IL1P release and myeloid cell infiltration,
which suggests that exposure to P. gingivalis affects processes involved
in inflammatory disorders and the promotion of colorectal cancer.
In summary, our results demonstrate that P. gingivalis is associated
with a poor prognosis in human colorectal cancer because this
bacterium colonizes and becomes enriched in tumor tissue, resulting
in activation of the NLRP3 inflammasome in the immune microen-
vironment, which ultimately promotes colorectal carcinoma progres-
sion. Targeted reduction in P. gingivalis populations in the oral cavity,
where P. gingivalis is most abundant, or in the gut may be an accessible
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