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Porphyromonas gingivalis infection exacerbates oesophageal
cancer and promotes resistance to neoadjuvant chemotherapy

Shegan Gao@®', Yiwen Liu", Xiaoxian Duan?, Ke Liu', Muddasir Mohammed?, Zhen Gu?, Junling Ren?, Lan Yakoumatos?, Xiang Yuan',
Lanhai Lu®, Shuang Liang®, Jiong Li*%, David A. Scott?, Richard J. Lamont (3?, Fuyou Zhou (' and Huizhi Wang @&

BACKGROUND: The effect of Porphyromonas gingivalis (Pg) infection on oesophageal squamous cell carcinoma (ESCC) prognosis,
chemotherapeutic efficacy, and oesophageal cancer cell apoptosis resistance and proliferation remain poorly understood.
METHODS: Clinicopathological data from 312 ESCC oesophagectomy patients, along with the computed tomography imaging
results and longitudinal cancerous tissue samples from a patient subset (n = 85) who received neoadjuvant chemotherapy (NACT),
were analysed. Comparison of overall survival and response rate to NACT between Pg-infected and Pg-uninfected patients was
made by multivariate Cox analysis and Response Evaluation Criteria in Solid Tumours v.1.1 criteria. The influence of Pg on cell
proliferation and drug-induced apoptosis was examined in ESCC patients and validated in vitro and in vivo.

RESULTS: The 5-year overall survival was lower in Pg-positive patients, and infection was associated with multiple
clinicopathological factors and pathologic tumour, node, metastasis stage. Of the 85 patients who received NACT, Pg infection was
associated with a lower response rate and 5-year overall survival. Infection with Pg resulted in apoptosis resistance in ESCC and
promoted ESCC cell viability, which was confirmed in longitudinal cancerous tissue samples. Pg-induced apoptosis resistance was
dependent on fimbriae and STATS.

CONCLUSIONS: Pg infection is associated with a worse ESCC prognosis, reduced chemotherapy efficacy, and can potentiate the

aggressive behaviour of ESCC cells.

British Journal of Cancer (2021) 125:433-444; https://doi.org/10.1038/541416-021-01419-5

BACKGROUND

Genetic predisposition is estimated to account for the induction of
5-10% of all tumours, with the remaining cases due to somatic
mutations.'™ Microbes have been identified as a strong risk factor
for some cancers, with an estimated two million new cases
attributed to infection each year worldwide.** Since the establish-
ment of Helicobacter pylori as a class | tumorigen, increasing
numbers of bacterial species have been identified as causative
agents for the progression of certain cancers.>® For example,
recent studies reported that intratumoural Gammaproteobacteria,
and indeed Fusobacterium nucleatum, an oral-derived organism,
could aggravate the progression of different cancers in mouse
models and in patients with pancreatic ductal adenocarcinoma or
colorectal cancer.®™"’

Porphyromonas gingivalis, a Gram-negative bacterium, is an
overt pathogen in periodontal diseases and other systemic
conditions."*" Colonisation of P. gingivalis can disrupt the
homeostasis of oral bacterial communities, reshape the host
immune system, and alter the behaviour and phenotype of
host cells by modifying a range of signalling proteins.'*"'®

Both colonisation of individual organisms and disruption of
microbial community homeostasis have been shown to affect
the progression of tumorigenesis.®'®2" Porphyromonas gingi-
valis infection has also been shown to inhibit apoptosis and
stimulate proliferation.””?> These phenotypes support a
mechanistic underpinning for the association of P. gingivalis
with several cancers, including oral and pancreatic.®2%%’
Among all cancers, oesophageal cancer is the seventh most
common cause of death, and there remains a lack of insight into
risk factors and frequent resistance to chemotherapy.® Thus,
there is a pressing need to identify carcinogenic risk factors and
improve chemotherapy efficacy in oesophageal squamous
cell carcinoma (ESCC). We have recently demonstrated that
P. gingivalis can colonise the human oesophageal epithelium,
and infection is associated with the progression of ESCC.2° We
now address this issue with a larger sample size that allows for
better consideration of key confounding factors, and, critically,
an assessment of the influence of P. gingivalis infection on ESCC
prognosis following surgery and neoadjuvant chemotherapy
(NACT).
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Apoptosis resistance, accelerated proliferation, and reduced
sensitivity to chemotherapy are all hallmarks of cancer cells°
NACT, in parallel with surgery and radiotherapy, is key to the control
of ESCC?'*? and NACT, administered preoperatively, can signifi-
cantly improve the overall survival (OS) rates.>> The most commonly
used NACT (e.g. paclitaxel, cisplatin, and fluorouracil [5-FU]) are
effective at inducing apoptosis and controlling the sustained
proliferation of cancer cells>**> The majority of patients with
advanced ESCC are initially responsive to most NACT treatments.
However, tumour recurrence due to drug resistance contributes to a
5-year survival rate of <30%.3° Thus, it is of paramount importance
to identify novel factors that lead to chemotherapy resistance in
ESCC patients. In vitro evidence demonstrates that P. gingivalis
infection induces apoptosis resistance and enhances cell prolifera-
tion in epithelial cells.'®?2-2* However, it remains to be ascertained
whether P. gingivalis infection affects the tumour response to
chemotherapy or the growth and apoptosis of oesophageal cancer
cells due, in part, to the difficulty in obtaining longitudinal human
samples by biopsy.

Using a large clinicopathological data, longitudinal samples
from ESCC patients before and after NACT, different oesophageal
cancer cell lines, and a xenograft animal model, we demonstrate
here, for the first time, that P. gingivalis infection reduces tumour
response to chemotherapy, promotes the proliferation of oeso-
phageal cancer cells, and worsens ESCC prognosis. We further
found that the fimbrial structure of P. gingivalis and activation of
cancer cell STAT3 are critical for the chemotherapy resistance of
oesophageal cancer cells.

METHODS
The study was approved by the Institutional Review Board of
Henan University of Science and Technology (HAUST).

Patients and tissue samples

We retrospectively reviewed the medical records of 330 patients
with ESCC treated at the First Affiliated Hospital of HAUST and
Anyang People’s Hospital from January 2010 to December 2015.
Of these, 312 of 330 had complete medical records and all
underwent oesophagectomy surgery and so were selected for
analysis. The details of the demographics and clinicopathological
features of 312 patients were shown in Supplemental Table S1.
Eighty-five of these 312 patients also received NACT, and
computed tomography (CT)-scanning examination before and
after completion of NACT, which was delivered prior to
oesophagectomy. The tumour stages of P. gingivalis-positive and
P. gingivalis-negative patients when they started to receive NACT
were summarised in Fig. S1D, showing no significant difference
between these two patient groups. All the patients received NACT
following the Esophageal Cancer Management Guideline devel-
oped by the National Health and Family Planning Commission of
the People’s Republic of China. The regimen was a two-cycle
treatment, where each cycle includes intravenous infusion of
paclitaxel (135 mg/mz) and cisplatin (75 mg/mz) for 3 weeks.
Importantly, before the initial NACT and CT scanning, this subset
of 85 subjects had received biopsy examination followed by a
histological confirmation as ESCC. The biopsies from these
patients, combined with the subsequent resection samples, were
used to assess the influence of P. gingivalis infection on cell
apoptosis. Cancerous tissue samples from all surgical resection
specimens for immunohistochemistry analysis were obtained from
the most representative area, usually from the centre or the
middle of cancer lesions, with a minimum size of 0.5 cm®. These
samples were divided into two groups: P. gingivalis antigen
positive and P. gingivalis antigen negative (Fig. S1). Antigenic
data were confirmed by 16S ribosomal RNA V4 and V5 sequencing
(Fig. S2) that was carried out by WeGene (Shanghai, China).
Demographics (e.g. sex and age) and clinicopathological features

(e.g. differentiation status, lymphatic invasion, lymph node
metastasis, and tumour, node, metastasis (TNM) stage) were
obtained from the medical records. OS rates were determined
over 60 months after oesophagectomy.

CT measurement of tumours

Clinical response to treatment was evaluated radiographically
using computerised tomography imaging using a CT scanner
(LightSpeed; GE Medical Systems, Milwaukee, WI) for the 85
patients who received NACT. CT scans were obtained within
2 weeks preceding chemotherapy and within 4 weeks of NACT
completion. Chemotherapy efficacy was retrospectively evaluated
according to the Response Evaluation Criteria in Solid Tumours
v.1.1. Lesion size was determined by the longest dimension (LD) of
the primary tumour. Measurements were performed by a single
board-certified radiologist (Dr. Zhao Shijie) who was blinded to
follow-up CT changes and patient outcomes.?” The percentage
change in the size of the target lesions was calculated using pre-
and post-NACT LD differentials. Patients whose lesions disap-
peared were defined as achieving a complete response to NACT; a
>30% decrease in the LD of the target lesions was defined as a
partial response, while a >20% increase in LD or the appearance of
new lesions was defined as having progressive disease.>® All other
outcomes were defined as stable disease. The chemotherapy
responses were confirmed by further pathological examination
with all patients receiving subsequent oesophagectomy.

Bacterial, cell lines, reagents and antibodies

Porphyromonas gingivalis ATCC 33277 and isogenic AfimA
mutant®® were cultured anaerobically in trypticase soy broth
supplemented with yeast extract (1 mg/ml), hemin (5 pg/ml), and
menadione (1 pg/ml) at 37 °C. Oesophageal squamous cell lines
(KYSE-30, KYSE-70, KYSE-140, and KYSE-150) were gifted by Dr.
QiMin Zhan (State Key Laboratory of Molecular Oncology, Chinese
Academy of Medical Sciences (Beijing, China)). All cell lines (KYSE-
30, —70, —140, and —150) were routinely tested to confirm the
absence of mycoplasma and maintained and propagated in
Dulbecco’s modified Eagle’s medium supplemented with 10%
foetal bovine serum and 0.1% gentamicin sulfate (Gemini Bio-
Products). For bacterial infection, culture supernatants were
replaced with antibiotic-free medium and cells were inoculated
with P. gingivalis at a multiplicity of infection (MOI) of 10.
Paclitaxel, 5-FU, and cisplatin were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Cell apoptosis, viability, and proliferation assays

Fifty thousand ESCC cells were seeded into 6-well plates for 12 h,
then infected with P. gingivalis for 24 h, followed by treatment
with paclitaxel (0.5 uM), 5-FU (10 uM), or cisplatin (100 uM) for 24 h.
Then, Annexin V and Pl were tested to evaluate cell apoptosis, as
described in Supplemental methods. For cell viability and
proliferation analysis, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assays and 5-ethynyl-2-deoxyuridine (Edu)
staining were performed, respectively, as described previously.***'

Immunohistochemistry and P. gingivalis staining
Immunohistochemistry was performed to test the expression of
P. gingivalis antigens and apoptotic cells, as described in Supple-
mental methods and our previous studies.?®4'~*3

Murine ESCC xenografts

Six-week-old athymic BALB/c nu/nu mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China). The
mice were housed in a pathogen-free environment at a
temperature of 25°C and relative air humidity between 45 and
50%. All mice are healthy with a vendor-provided certificate of
physical examination. Thus, we did not carry out the excluding
criteria in this study. Based on our previous similar studies,*’**



eight mice per group is able to reject the null hypothesis that
the population means of the experimental and control groups are
equal, with a power of 0.90. Seventy-two mice, therefore, were
randomly divided into nine groups (n =8 for each group) using
the online randomisation tool (random.org). The eight mice in
each group were housed in two cages with four mice per cage. For
tumour cell inoculation, mice were anaesthetised with isoflurane
in a plastic desiccator (Bell jar) that was placed in an externally
vented fume hood. One to two millilitres of isoflurane was added
in a paper towel in the bottom of the desiccator. Then, each
mouse was placed in the desiccator until it was unconscious. Later,
the mouse was removed from the desiccator and the tail was
marked with different colours. After swabbing the back of the
mouse with rubbing alcohol, KYSE-30 cells (1x 107 mixed with
200 yl Matrigel) with or without pre-treatment of P. gingivalis
33277 or its isogenic AimA mutant (MOI 10) were subcutaneously
injected into the flank of the mouse. As the procedure is quite
quick, we typically do not confirm the depth of anaesthesia
and warm the animals during anaesthesia. The mice inoculated
with tumour cells only were considered as the control group,
which was used to compare with all other mice with different
treatments. P. gingivalis-treated tumour cells were inoculated in
mice and rechallenged with P. gingivalis at days 10 and 15. MTZ
(30 mg/kg), an antibiotic to which P. gingivalis is susceptible, and a
STAT3 inhibitor, WP1066 (20 mg/kg), were administered intraper-
itoneally from the day the KYSE-30 cells were inoculated. Paclitaxel
(30mg/kg) or the respective solvent control(s) were also
administered in the same way from day 10, when the inoculated
KYSE-30 cells had developed into a tumour of appreciable size
(~60-80 mm?3). All the injections were administered every 2 days
until day 25. At the time of day 30, all the mice were euthanised by
exposure to CO, and tumour specimens were dissected and
weighed. During the whole experiment, all mice were monitored
daily for health status and no adverse health events, especially
mortality and morbidity were observed. The experiments were
blinded to the bacteria and pharmacological treatments when
processing the data. Tumour volume was measured using callipers
and calculated as length x width x height. All animal studies
(including the mouse euthanasia procedure) were carried out in
compliance with the regulations and the Henan University of
Science and Technology institutional animal care guidelines and
conducted according to the AAALAC and IACUC guidelines. All the
data relevant to animal experiments are kept in Dr. Gao's lab. All
sections of this study adhere to the ARRIVE Guideline for reporting
animal research and an ARRIVE guidelines checklist is included in
Checklist S8.

Statistical analysis

The significance of prognostic factors on the OS of ESCC patients
was analysed using univariate and multivariate Cox proportional
hazards regression model analyses. The Kaplan-Meier method
and the log-rank test were employed to examine the influence of
P. gingivalis infection on OS and to generate time-to-progression
and survival curves. A logistic regression test was used to analyse
the association between the infection of P. gingivalis and
clinicopathological factors. Moreover, propensity score matching
was conducted, as described in Supplemental methods and
previous studies.***> Student's t test and analysis of variance
(ANOVA) were employed to analyse the data of cell apoptosis in
patients and in the xenograft model, respectively. Results are
presented as mean + standard error of the mean, where applic-
able. Tumour volume, weight, and tumour cell viability were
analysed using ANOVA, followed by the Dunnett test for
comparison of treatment versus control groups. Propensity score
matching and data analysis were conducted in R Studio, version
3.3.3 (non-random package). All other analyses were performed
with IBM SPSS Statistics 19 (IBM Corp., Armonk, NY, USA).
Differences were considered significant at P < 0.05.
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RESULTS

Porphyromonas gingivalis infection exacerbates ESCC prognosis
To investigate the clinical significance of P. gingivalis infection,
univariate and multivariate Cox proportional hazards models were
employed to analyse 5-year OS data from 312 ESCC patients. The
patients include 205 male subjects and 107 female subjects, and
are divided into two groups, P. gingivalis infection-positive, which
has 141 subjects, and P. gingivalis infection negative, which has
171 subjects (Supplemental Table S1). Univariate analysis showed
that age, smoking, tumour invasion depth, lymphatic metastasis,
TNM stage, and infection of P. gingivalis are significantly
associated with poorer OS of the patients (Fig. 1a, n=312, all
P values <0.05). Moreover, Kaplan-Meier analysis showed that
patients with P. gingivalis infection had a statistically significantly
shorter median OS time compared to patients without P. gingivalis
infection (Fig. 1¢, log-rank test P < 0.0001; hazard ratio (HR) = 1.93,
95% confidence interval (Cl) = 1.44-2.6; Supplemental Table S1).
Further analysis with a Cox proportional hazard multivariate
model demonstrated that P. gingivalis infection, age, and invasion
depth are three independent prognostic factors for survival when
adjusted by other factors (Fig. 1b, n =312, all P values <0.05). In
addition, our immunohistochemistry results revealed that infec-
tion with P. gingivalis is positively associated with gender, age,
smoking, alcohol usage, the severity of lymph node metastasis,
depth of muscularis invasion, and TNM stage (Supplemental
Table S1 and Fig. S1). To balance measured variables between
P. gingivalis-positive and P. gingivalis-negative patients and to
minimise the potential interference of confounding factors,
propensity score matching was further utilised to ensure
comparability of key baseline covariates, including age, gender,
smoking, alcohol usage, invasion, metastasis, and TNM stage. For
propensity score matching (Supplemental Table S1), 113 pair ESCC
patients with all above covariates matched were selected for
further analysis. We found that 5-year OS in the P. gingivalis-
positive group (37 months) was still significantly lower than that in
the P. gingivalis-negative group (51 months) (Fig. S3A; n =226, P <
0.05). These data suggest infection with P. gingivalis is an
independent predictor of shorter OS of patients with ESCC.

Porphyromonas gingivalis infection reduces chemotherapy efficacy
and promotes apoptosis resistance in ESCC patients

We next evaluated the influence of P. gingivalis infection on
tumour response to chemotherapy. The stage of cancer in
P. gingivalis-positive and P. gingivalis-negative patients and the
regimen and frequency of chemotherapy were described above.
As shown in Table 1 and the waterfall plot in Fig. S3B, among the
subset of 85 patients with 40 P. gingivalis positive and 45
P. gingivalis negative, totally 46 patients (54.1%) responded to the
NACT, with partial response or complete response, while 39
patients (45.9%) were not responsive, with stable disease or
progressive disease. In the P. gingivalis-negative group, 30 of 45
patients (66.7%) responded to NACT with partial response (n = 13)
or complete response (n = 17), which is a significantly improved
response rate, as compared to the 16 of 40 (40.0%) in the
P. gingivalis-positive group (P=0.01371). Moreover, P. gingivalis-
positive staining was seen in 24 of 40 (60.0%) patients with
progressive disease or stable disease, which is significantly more
frequent than the 15 out of 45 (33.3%) in P. gingivalis-negative
patients with complete response or partial response (Table 1). In
addition, the mean of the reduced percentage of the LD of the
primary tumour in P. gingivalis-positive ESCC patients was
significantly less than that for the P. gingivalis-negative group
(Fig. 1e; n=285, P=0.02361). Importantly, utilising Kaplan-Meier
survival analysis, we also found that infection with P. gingivalis
significantly shortened the median 5-year OS time of
NACT patients (51.1 vs 30.0%; Fig. 1d, P=0.01756; HR=1.95,
95% Cl=1.11-3.41), with a median of 26 months OS for the
P. gingivalis-positive patients, while there is up to 51.1% patients’
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survival for the P. gingivalis-negative group, and thus the median
OS for the P. gingivalis-negative group will be >60 months. These
data demonstrate that infection with P. gingivalis significantly
suppresses tumour responses to NACT and impairs chemotherapy
efficacy in patients with ESCC.
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We further examined if P. gingivalis infection affected
chemotherapy-induced apoptosis and the progression of ESCC
using longitudinally acquired samples from ESCC patients who
received NACT and oesophagectomy. We found that apoptosis of
cancer cells in P. gingivalis-positive patients was significantly lower
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Fig. 1 Porphyromonas gingivalis infection exacerbates the prognosis, reduces the efficacy of chemotherapy, and results in apoptosis
resistance in ESCC patients. a, b Forest plot (log scale) showing the univariate and multivariate Cox regression analysis of the influences of
different clinical risk factors on the survival of ESCC patients. In multivariate Cox model analysis, the covariates that are adjusted include
P. gingivalis infection, age, smoking, invasion depth, lymphatic metastasis, and the TNM stage. Horizontal bars represent the 95% confidence
intervals. P values for each variable are indicated, the hazard ratio is stated for each variable and the number in brackets is the exact 95%
confidence intervals. ¢ Kaplan-Meier survival analysis reveals that P. gingivalis infection is negatively associated with the overall survival time
of ESCC patients. P value was calculated using the log-rank test, and hazard ratio (HR) was calculated using a univariate Cox proportional
hazards model (n =312, P < 0.0001). d Kaplan-Meier survival analysis reveals that P. gingivalis infection is negatively associated with the overall
survival time of ESCC patients with NACT (n =85, P=0.01756). e The percentage change of the largest diameter (LD) of cancer lesions (based
on CT-scanning examination) for 85 patients after neoadjuvant chemotherapy (relative to those of cancer lesions before the neoadjuvant). The
baseline (dotted) line indicates that there is no substantial change of the cancer LD after neoadjuvant chemotherapy and “—1” is the
maximum change, which means the cancer is invisible after chemotherapy. f The increased apoptotic cells from longitudinal cancerous tissues
(before and after receiving neoadjuvant chemotherapy) were detected by immunofluorescence, indicating the average number of apoptotic
cells in P. gingivalis-positive patients was significantly lower than that of the P. gingivalis-negative group. *, **, and *** represent P < 0.05,

P < 0.01, and P<0.001, respectively.

Table 1. The response rates of 85 ESCC patients to neoadjuvant

chemotherapy.

Factors P. gingivalis X P value
Positive (n=40) Negative (n =45)

PD/SD (n=39) 24 (60.0%) 15 (33.3%)

CR/PR (n=46) 16 (40.0%) 30 (66.7%) 6.067 0.01371

Data were analysed by x? test.

PD progressive disease, SD stable disease, CR complete response, PR partial

response.

than that of negative controls (Fig. 1f; n = 85, P < 0.0001; Fig. S3C).
These results demonstrate that P. gingivalis infection leads to
cancer cell resistance to chemotherapy-induced apoptosis in
patients, strongly supporting the notion that P. gingivalis infection
exacerbates the progression of ESCC. Combined with the
significantly improved 5-year OS in P. gingivalis-negative patients
who received NACT treatment (up to 51.1% survival 5 years after
oesophagectomy), our results suggest that P. gingivalis could be
an interventional target to improve the prognosis of ESCC patients
receiving NACT.

Porphyromonas gingivalis infection leads to apoptosis resistance to
NACT drugs and promotes the proliferation of ESCC cells

We took an in vitro approach using a widely studied oesophageal
cancer cell line, KYSE-30, to test if P. gingivalis infection leads to
resistance to apoptosis induced by the NACT drugs paclitaxel,
5-FU, and cisplatin. As shown in Fig. 2, P. gingivalis infection
significantly decreased apoptosis in KYSE-30 cells treated with
paclitaxel (Fig. 2a, P < 0.001), 5-FU (Fig. 2b, P < 0.001), or cisplatin
(Fig. 2¢, P <0.001). Using paclitaxel as a model chemotherapeutic
drug to induce apoptosis, we then examined the potential anti-
apoptotic properties of P. gingivalis in other ESCC cell lines
representing different stages of disease progression. P. gingivalis
infection led to significant apoptosis resistance in KYSE-70, KYSE-
140, and KYSE-150 cells (Fig. 2d, all P<0.001). These results
demonstrate that P. gingivalis infection efficiently suppresses
NACT drug-induced apoptosis in a variety of ESCC cells, reflecting
the human clinical data. To further explore the potential pro-
tumorigenic effects of P. gingivalis, we investigated whether
infection with P. gingivalis affected the viability of different ESCC
cells. An MTT colorimetric assay demonstrated that P. gingivalis
infection promotes the growth of all tested cancer cells compared
with non-infected ESCC cells (Fig. 2e, all P < 0.05). Consistent with
the MTT data, immunofluorescence staining with Edu demon-
strated that P. gingivalis infection significantly enhanced the
proliferation of KYSE-30 cells (Fig. 2f, g, P <0.0001).

The fimbrial structure of P. gingivalis is critical to promote the
viability of oesophageal cancer cells

To investigate the mechanistic basis of the anti-apoptosis and pro-
survival properties of P. gingivalis, we utilised a AfimA mutant of
P. gingivalis, which lacks the FimA major fimbrial subunit. This
mutant was previously found to have a diminished ability to
invade into gingival epithelial cells and to stimulate cell cycle
progression.>>*%*” We first examined the invasion of the wild-type
and AfimA mutant into oesophageal cancer cells. As shown in
Fig. 3a, b, the intracellular fluorescence staining of P. gingivalis was
significantly lower for the AfimA mutant compared to the parental
strain. These data were further confirmed by a short video, which
dynamically showed the reduced ability of P. gingivalis to invade
ESCC cells (Supplemental video clips). Moreover, the absence of
FimA leads to the abrogation of the anti-apoptotic and pro-
viability properties of P. gingivalis as established by the results
of flow cytometry and an MTT assay (Fig. 3c and Supplemental Fig.
S4A-E). Edu staining and cell cycle analysis showed that infection
of P. gingivalis significantly increases the percentage of S-phase
cells, while loss of FimA mitigates this effect (Fig. 3d, e and
Fig. S4F). Hence, the influence of P. gingivalis on the apoptosis and
proliferation of oesophageal cancer cells is dependent, at least
partially, on intact FimA fimbrial structure and related to the
existence of intracellular P. gingivalis. Taken together, our results
provide direct evidence that P. gingivalis suppresses chemother-
apeutic drug-induced apoptosis, and promotes the viability and
proliferation of oesophageal cancer cells, in a manner that is
dependent on the presence of fimbriae.

Porphyromonas gingivalis enhances the viability of oesophageal
cancer cells through modifying multiple apoptotic and cell cycle
signalling pathways

STAT3 has been reported as critical for P. gingivalis-mediated
resistance to chemically induced apoptosis in oral epithelial cells,
and in the controlled progression of ESCC***" Hence, we
examined the possible functions of STAT3 and of caspase-3, the
convergent effector enzyme of intrinsic and extrinsic apoptosis
pathways, in mediating resistance of P. gingivalis-challenged
oesophageal cancer cells to chemotherapeutic drugs. We found
that P. gingivalis infection enhanced the expression of STAT3, but
reduced the expression of caspase-3 in paclitaxel-treated cells
(Fig. 4a, b), as compared with control groups, suggesting that
differential regulation of STAT3 and caspase-3 are key signalling
circuits for the apoptosis resistance of oesophageal cancer cells
challenged with P. gingivalis. Moreover, chemical inhibition of
STAT3 with WP1066 leads to cell apoptosis and abrogates the
effect of P. gingivalis on paclitaxel-induced apoptosis resistance
(Fig. 4c). In addition, inhibition of STAT3 abrogates P. gingivalis-
reduced caspase-3 in paclitaxel-treated cells, indicating there could
be a crosstalk between STAT3 and caspase-3 (Fig. 4d). Although
P. gingivalis infection has been reported to modify apoptosis
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through other mechanisms, such as manipulation of mitochondrial
functions or sequestering of pro-apoptotic effectors,*®**° our data
show that STAT3 and caspase-3 signalling are important compo-
nents of the anti-apoptotic signalling induced by P. gingivalis, and
could be exploited as future therapeutic strategies to manipulate

the interaction of P. gingivalis with cancer cells.

Due to the importance of rapid cell cycle and abnormal DNA
content in the progression of cancers, we examined the effect of
P. gingivalis on the molecular machinery of cell cycle regulatory
proteins and the amount of DNA in different cell cycle stages. As
shown in Fig. 4e, f, P. gingivalis challenge substantially enhanced
the expression of cyclins D3 and E1, which are established
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Fig. 4 Porphyromonas gingivalis infection modifies the activity of different apoptosis and proliferation signalling pathways. KYSE-30 cells
were challenged with P. gingivalis in the presence or absence of paclitaxel for the times indicated, and then whole-cell lysates were collected
and analysed by Western blots using antibodies against STAT3, caspase-3, or GAPDH (a, b); cells pre-treated with a STAT3 inhibitor (WP1066,
20 pM) were challenged with P. gingivalis in the presence or absence of paclitaxel, then the staining of annexin V/Pl and expression of caspase-
3 were used to determine apoptotic or necrotic cell death by flow cytometry and Western blots and, respectively (¢, d); inhibition of STAT3
enhances the expression of caspase-3 (d) and cell apoptosis (c) upon challenge with P. gingivalis. @ Whole-cell lysates of KYSE-30 cells treated
with P. gingivalis at the indicated time points were probed for levels of cyclin D3, E1, and total- and phospho-CDK2; f normalised ratios of
different regulatory proteins to GAPDH were determined by densitometry; all results are the average of at least three independent
experiments. Error bars represent standard deviation. * and *** represent P < 0.05 and P < 0.001, respectively.

controllers of cell cycle through the S (synthesis) phase. Moreover,
infection with P. gingivalis enhanced the phosphorylation of CDK2
at Thr 160 in KYSE-30 cells (Fig. 4e, f), which could increase the
activity and promote G1-to-S phase transition and S-phase
progression through a combination with cyclin proteins. These
results were confirmed by our phenotype data showing that
infection of P. gingivalis robustly enhances the amount of S-phase
DNA in ESCC cells (Fig. 3e), indicating that P. gingivalis can exploit
components of the cell cycle machinery through which it
accelerates the proliferation of oesophageal cancer cells.

Porphyromonas gingivalis infection promotes the growth of ESCC
in athymic tumour-bearing mice

To evaluate the effect of P. gingivalis infection on the growth of
ESCC and apoptosis resistance in vivo, KYSE-30 cells were
inoculated subcutaneously in athymic nude mice to generate a
tumour-bearing mouse model. As shown in Fig. 5a, all tumour
specimens were dissected from the athymic nude mice at the
end of the experiment. The average tumour volume significantly
increased in the mice inoculated with the P. gingivalis-infected
KYSE-30 after 14 days, as compared with mice inoculated with

uninfected KYSE-30 (Fig. 5b). In contrast, the AfimA mutant was
unable to significantly increase the tumour volume in mice
(Fig. 5¢). Interestingly, pre-treatment of mice with metronidazole
(MTZ) led to a significant decrease in tumour volumes for the
mice inoculated with wild-type P. gingivalis-infected KYSE-30, as
compared with the control without MTZ treatment (Fig. 5b; P <
0.05), consolidating the pro-tumorigenic effects of P. gingivalis.
Moreover, treatment with paclitaxel or WP1066 significantly
decreased the tumour volume of the mice inoculated with
P. gingivalis-infected KYSE-30, suggesting that paclitaxel-
induced apoptosis and STAT3 are involved in P. gingivalis-
promoted tumour growth (Fig. 5d, e, P < 0.05). We also observed
similar patterns with the means of tumour weight in all groups
as that of volume, and pre-treatment with MTZ abrogated the
ability of P. gingivalis to promote the growth of ESCC cells
(Fig. 5f-i, P < 0.01). We next examined the anti-apoptotic effects
of P. gingivalis infection simulating the in vivo situation through
intraperitoneal injection of paclitaxel after 10 days of cell
inoculation, when the KYSE-30 had developed into a tumour of
appreciable size (~60-80 mm?®). Immunohistochemical staining
of the sections from the xenograft tumour tissue showed that
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the number of apoptotic P. gingivalis-infected KYSE-30 cells in demonstrate that P. gingivalis is pro-tumorigenic in the context
paclitaxel-treated mice was significantly decreased compared of ESCC and STAT3 is an important molecular target in this
to mice inoculated with untreated KYSE-30 cells (Fig. 5j, k, process. Therefore, eradication of P. gingivalis and/or inhibition
P < 0.01), corroborating the anti-apoptotic effects of P. gingivalis of STAT3 may enhance chemotherapeutic efficiency in patients
in ESCC patients (Fig. 1f, g, P < 0.0001). Collectively, these results with ESCC.
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Fig. 5 Porphyromonas gingivalis infection aggravates progression of ESCC through STAT3 signalling in a xenograft tumour-bearing
model. KYSE-30 cells were pre-treated with wild-type P. gingivalis (MOl 10) or P. gingivalis AimA mutant for 24 h and implanted in athymic
nude mice (n = 8). Tumour cells were inoculated with the same amount of P. gingivalis at days 10 and 15. Metronidazole (30 mg/kg), WP1066
(20 mg/Kqg), paclitaxel (10 mg/kg), and solvent control were administered as described in “Methods” a Representative tumour specimens
dissected from the athymic nude mice xenografted with KYSE-30 cells with different treatments at the end of the study. The average tumour
volume (b-e) and tumour weight (f-i) were calculated at the time indicated. As compared with the control group, infection of P. gingivalis
significantly promoted tumour growth (a), while loss of FimA (¢, g) or metronidazole treatment (b, f) abrogated the pro-tumorigenic ability of
P. gingivalis in KYSE-30 inoculated athymic nude mice. Upon treatment with paclitaxel (d, h) or WP1066 (e, i), the volume and weight of
xenograft tumours were significantly decreased in mice inoculated with P. gingivalis-infected KYSE-30. Infection with P. gingivalis also
significantly reduced the paclitaxel-induced apoptosis in xenograft tumour tissue from mice (j, k). Representative images (j) and an average
number (k) of apoptotic cells. The data in (j and k) represent the mean + standard deviation of apoptotic cells from three non-consecutive
tissue sections of each mouse. All results are the average of at least three independent experiments. Error bars represent standard deviation. *,

** and *** represent P < 0.05, P<0.01, and P <0.001, respectively.

DISCUSSION

The carcinogenic potential of specific microorganisms and of a
dysbiotic microbiome is becoming increasingly recognised. We
have previously reported that infection with the oral pathogen,
P. gingivalis, is associated with the progression of oesophageal
cancer.”® Herein, we demonstrate, for the first time, that
P. gingivalis infection is an independent predictor of shorter OS
in ESCC patients. Moreover, based on the guidelines of the revised
RECIST v.1.1, we also demonstrate that P. gingivalis infection
reduces the response of ESCC to NACT in ESCC patients.
Porphyromonas gingivalis infection renders ESCC cells resistant to
chemotherapy-induced apoptosis and promotes cell growth in
culture, in a xenograft animal model, and in longitudinal tissue
samples collected from ESCC patients. Fascinatingly, treatment
with MTZ, to which P. gingivalis is sensitive, abrogated P. gingivalis-
induced apoptosis resistance and reduced overall cancer cell
burden in athymic nude mice. In addition, we found P. gingivalis-
induced apoptosis resistance is dependent on the intact structure
of P. gingivalis fimbriae and activation of cancer cell STAT3. These
represent the first data to demonstrate that P. gingivalis infection
reduces tumour responses to NACT, promotes the progression of
ESCC and exacerbates a poor prognosis. Thus, our findings
indicate that eradication of P. gingivalis and/or inhibition of STAT3
has the potential to enhance chemosensitivity and improve the
clinical management of this important malignant disease.

Resistance to chemotherapeutic treatments is a major impedi-
ment to successful outcomes in medical oncology. In this study,
we found that P. gingivalis infection significantly reduces the
efficacy of chemotherapy, and exacerbates the prognosis of
patients with ESCC. Due to the limited patient number and
the difficulty in acquiring longitudinal samples, we were unable to
perform propensity score matching for the OS analysis of the
patients receiving NACT and oesophagectomy. However, a
comparison of the survival rates of P. gingivalis-positive patients
with and without chemotherapy highlighted the critical role this
organism plays in the efficacy of chemotherapy. Moreover, the
finding that P. gingivalis-negative patients with chemotherapy
exhibited a significantly improved 5-year OS consolidated this
point. Combined with our results from the xenograft animal model
showing MTZ diminishes the growth of oesophageal cancer cells,
these data suggest eradication of P. gingivalis could enhance the
sensitivity of chemotherapy and improve the prognosis of ESCC
patients.

The influence of P. gingivalis on the aggressive behaviour of
cancer cells in vivo in the tumour milieu of patients with ESCC
remains to be determined. Moreover, the composition of the
microbiome may influence the properties of P. gingivalis. For
example, our recent study has demonstrated that a common oral
coloniser Streptococcus gordonii can antagonise the ability of
P. gingivalis to participate in the epithelial-to-mesenchymal
transition by impeding upregulation of the transcription factor
ZEB2.'® In this regard, our supplemental data showed that
oesophageal colonisation by P. gingivalis is associated with an

increase in Gram-negative anaerobic bacteria such as Treponema
lecithinolyticum and Prevotella denticola, and, concurrently, a
decrease in Gram-positive bacteria, particularly Propionibacteria-
ceae (Fig. S2). Hence, P. gingivalis may be able to sculpt the
microbial community to ensure a pro-tumorigenic phenotype.
Previous studies have reported that there are two distinct
oesophageal microbiome subtypes. The healthy type | micro-
biome is dominated by Gram-positive bacteria, while the
pathogenic type Il microbiome is dominated by Gram-negative
bacteria.*® Moreover, differential oesophageal bacterial commu-
nities have been associated with oesophageal inflammatory
diseases, esophagitis, and with oesophageal squamous dysplasia,
a precursor to ESSC.2"°'°2 Thus, defining the influence of
P. gingivalis colonisation on the composition of oesophageal
microbiome and subsequent pathogenicity warrants more exten-
sive investigation.

Oral administration of MTZ to mice bearing P. gingivalis-
exposed oesophageal cancer cell resulted in a significant decrease
in the trajectory of tumour growth as compared with mice treated
with the vehicle alone. Treatment with MTZ was associated with a
significant decrease in tumour volume and tumour weight, as well
as an increase in paclitaxel-induced apoptosis efficiency. While
these results indicate the potential for control of P. gingivalis
infection as a target for ESCC therapy, it may be premature to
advocate the use of MTZ. As MTZ targets a group of anaerobic
bacteria including some anaerobes with established interactions
with P. gingivalis, development of a P. gingivalis-specific anti-
microbial agent may achieve a better clinical outcome if the pro-
tumorigenic property of P. gingivalis is confirmed by further
systemic studies. Additionally, more clinical evidence is required to
show the influence of antibiotics on the progression and
prognosis of ESCC.

In summary, this study demonstrates, for the first time, that
P. gingivalis infection reduces tumour response, impairs che-
motherapy efficacy, and is associated with a worse prognosis for
ESCC patients. Moreover, infection with P. gingivalis promotes
oesophageal cancer cell growth and renders cancer cells resistant
to chemotherapy-induced apoptosis in vitro and in vivo. In
addition, we found that the intact structure of the P. gingivalis
FimA-component fimbriae and activation of cancer cell STAT3 are
critical for the pro-tumorigenic property of this organism. Upon
confirmation by more clinical studies, particularly relating to the
influence of anti-P. gingivalis antibiotic treatment in conjunction
with conventional chemotherapy, our findings may contribute to
the development of novel strategies to enhance chemotherapy
sensitivity, improve clinical management and the prognosis of
ESCC patients, and yield innovative insights into the aetiology of
oesophageal cancer.
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