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Abstract

Background: To investigate the pathological crosstalk between pyroptosis and periodontitis by
addressing the following questions: 1) Does pyroptosis play any pathobiological roles in the onset and
progression of periodontitis?; 2) Are the localized periodontal macrophages major cell type in pyroptosis?;
3) Can in vitro stimulation by Porphyromonas gingivalis-derived lipopolysaccharide (Pg-LPS) and
adenosine triphosphate (ATP) in THP-1 macrophages induce pyroptosis via activation of the NF-
kB/NLRP3/GSDMD signaling axis?; and 4) Is there any paracrine effect of periodontal ligament stem
cells (PDLSCs) on the NF-kB/NLRP3/GSDMD pathway in pyroptosis?

Methods: Clinical periodontitis tissue samples were collected from voluntarily enrolled participants who
visited the Dental Clinic of the Affiliated Hospital of Qingdao University. /n vitro, THP-1 macrophage
pyroptosis was induced by treating with Pg-LPS in combination with ATP. The qRT-PCR, western blotting,
and ELISA methods were used to determine the expression levels of NF-kB, NLRP3, caspase-1, ASC,
GSDMD, IL-1B, and IL-18. We used the 2 ,7 -dichlorodihydrofluorescein diacetate fluorescence probe to
measure ROS levels in THP-1 cells. The caspase-1 activity assay, cytotoxicity assay, and double staining
with Hoechst 33342 and propidium iodide were performed in pyroptotic THP-1 macrophages to test the
paracrine effect of human PDLSCs on pyroptosis.

Results: High expressions of the canonical pyroptosis-associated factors were detected in periodontitis
gingival tissues from patients compared to the healthy controls. P.g-LPS treatment exhibited significant
stimulation of the canonical pyroptotic effectors, including NF-kB, NLRP3, caspase-1, GSDMD-N, IL-1,
and IL-18 at both mRNA and protein levels. Furthermore, induction of pyroptosis drastically increased the
caspase-1 activity, the release of lactate dehydrogenase, and the percentage of cells with damaged
membranes, but these pathological effects could be ameliorated via paracrine effects of PDLSCs.

Conclusions: Macrophage pyroptosis is an important contributor to the development of periodontitis,
while PDLSCs can significantly attenuate the pyroptosis process induced by Pg-LPS/ATP by inhibiting
the NF-kB/NLRP3/GSDMD signaling through its paracrine effects in vitro. These evidences cumulatively
confirm the immunomodulatory roles of PDLSCs in periodontitis and may be exploited as an effective
therapeutic target.

Introduction

Periodontitis is an inflammatory gum disease caused by periodontal bacteria and may lead to damage to
gum tissues and jawbone, as well as premature loss of teeth near the affected gum areas, thus negatively
impacting oral functions and quality of lifel'~2l. Several gram-negative bacteria, including
Porphyromonas gingivalis, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum,
have been linked to periodontitis. However, Porphyromonas gingivalis (P gingivalis) is considered the
major etiopathological factor of periodontitist®~4. Recently, studies have revealed a causal linkage
between the P gingivalis-associated periodontitis and systemic diseases, such as cardiovascular disease,
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diabetes and rheumatoid arthritisl®~7.. Nevertheless, the underlying pathomechanism of heightened
inflammatory responses in periodontitis, leading to severe gum and teeth damage, remains unresolved.

Pyroptosis, a type of lytic inflammatory programmed cell death, is marked by the swelling and rupture of
cell membranes, thereby releasing the cellar content, including inflammatory cytokines such as
interleukin-1B and - 18 (IL-1B, IL-18), in the extracellular spacel8~1%. The caspase-1, a member of the
cysteine-dependent aspartate-directed proteases, plays essential role in the canonical pyroptosis
pathway, whereas caspases-4, 5 & 11 participate in the non-canonical pathway. All the pyroptosis-related
caspases mediate the lytic cell death essentially by cleavage-induced activation of gasdermin-D
(GSDMD), a pore-forming cell death execution factorl''='3l. Notably, bacterial infection-induced assembly
of the canonical NOD-like receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome acts
as a critical mediator of caspase-1 activation and the resultant extracellular secretion of proinflammatory
cytokines like IL-1B8 and IL-1 gl4] Although several studies have investigated the relationship between the
induction of pyroptosis and systemic inflammation or periosteal diseases!'5~17] no specific mechanism
of action could be delineated so far.

The multi-protein complex NLRP3 inflammasome, composed of NLRP3, apoptosis-associated speck-like
protein containing a CARD (ASC), and caspase-1 ['8] plays pivotal roles in sensing the pathogen-
associated molecular patterns (PAMPs) following pathogenic infections, as well as the damage-
associated molecular patterns (DAMPSs) produced under endogenous stress conditions!'®. Gram-negative
bacteria P gingivalis uses the external membrane component LPS to exert its virulence effects and
induce the innate immune response in the host body[29-2"1. Binding of LPS to TLR4 receptor protein
triggers a cascade of inflammatory signal transduction through the nuclear translocation of downstream
effector NF-kB[22l. The extracellular stimuli like pathogens and ATP can activate NLRP3 inflammasomes
via NF-kB-dependent priming of pro-IL-13 and NLRP3 productions to induce a myriad of cellular stress
response mechanisms, including lysosomal permeability, potassium efflux, and mitochondrial reactive
oxygen species (ROS) generation!"®l. In support of this cellular phenomena, both NF-kB inhibitors and
ROS scavengers have been shown to suppress the NLRP3 gene activation during LPS-induced immune
modulation, suggesting critical epigenetic regulatory functions of ROS and NF-kB in NLRP3 expression

under stress conditions!23-24],

Macrophages are heterogeneous populations of immune cells that play central roles in inflammation,
immune regulation, and tissue homeostasis, which have physiological importance. However, over-
production of cytokines by macrophages due to persistently activated inflammatory signaling could be
detrimental, leading to acute and chronic inflammatory diseases such as arthritis, atherosclerosis,
asthma, or even death[?5-28]. Whether such macrophagic cytokine storm could be the underpinning of
periodontitis pathogenesis has not been investigated in detail. Recently, allogeneic human periodontal
ligament-derived stem cells (nPDLSCs) are mainly used for the cell therapy-based curing of
periodontitisi2%l. A growing body of evidence has shown that hPDLSCs have the potential to promote
bone regeneration by accelerating the processes of osteoinductive signaling, accumulation of osteocytes
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and cementum at the break sites, and finally bone remodeling; and also the periodontal tissue
regeneration by forming new periodontal ligaments!39-31]. |t has been demonstrated that hPDLSC-derived
exosomes act as the signal regulator of immune activation as well as alleviate inflammation in
periodontitisi3?] by a yet unknown mechanism.

Therefore, this study was designed to investigate whether: 1) pyroptosis plays any pathological roles in
the development and progression of periodontitis; 2) localized periodontal macrophages are the major
cell type in pyroptosis; 3) in vitro stimulation by Pg-LPS and ATP in THP-1 macrophages can induce
pyroptosis via activation of NF-kB/NLRP3/GSDMD signaling axis; and 4) there is any paracrine effect of
PDLSCs on the NF-kB/NLRP3/GSDMD pathway during pyroptosis.

Materials And Methods
Materials

Dulbecco's modified Eagle medium (DMEM), phosphate-buffered saline (PBS), Penicillin-Streptomycin
(PS) solution, trypsin and adipogenic/osteogenic induction differentiation medium were obtained from
Procell (China). Fetal bovine serum (FBS) were purchased from Biological Industries (Israel). Standard
preparation of Pg-LPS was purchased from InvivoGen (USA). ATP, phorbol myristate acetate (PMA), Cell
Counting Kit-8 (CCK-8) assay were provided by MedChemExpress (USA). A ROS Fluorescence Assay Kit
and Human IL-1B/IL-18 ELISA Kit were supplied by Elabscience (China). A CytoTox 96® Non-Radioactive
Cytotoxicity Assay kit was purchased from Promega (USA). A Caspase-1 Activity Assay Kit was obtained
from Beyotime (China). Crystal violet stain solution, paraformaldehyde (PFA)-phosphate buffer solution,
bovine serum albumin (BSA), Hoechst 33342/propidium iodide (PI) double staining kit were purchased
from Solarbio (China). RNAiso Plus, a PrimeScript™ RT Reagent Kit with gDNA Eraser, and TBGreen®
Premix Ex Taq™ Il were purchased from Takara (Japan). PCR Primers were provided by Sangon Biotech
(China). All other reagents were analytical grade and were used as received without further purification.

Gingival tissue sampling and immunohistochemical (IHC)
analysis

In this study, gingival tissue samples were collected from enrolled volunteer participants (age range: 25-
45 years) who visited the Dental Clinic of the Affiliated Hospital of Qingdao University. Participants were
distributed into two groups, the healthy control group involving 10 subjects; and the diseased group of 10
patients diagnosed with chronic inflammatory periodontal disorder. All participants were free of any
systemic diseases. After collection, specimens were fixed with 4% PFA for 24 h, followed by paraffin
embedding. Histological sections were cut, dehydrated, and then incubated at 4°C overnight with anti-
GSDMD (absin, China) and anti-CD68 (Elabscience, China) antibodies. Similarly, we performed an IHC
with the same set of samples by co-staining with anti-GSDMD and anti-CD68 antibodies, followed by
incubation with corresponding secondary antibodies. Finally, slides were scanned using the Pannoramic
DESK (3DHISTECH Ltd., Hungary) imaging system, equipped with the CaseViewer software (3DHISTECH
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Ltd.) for slide viewing and histopathological diagnosis. Other aliquots of gingival tissues were processed
for total RNA extraction.

Isolation and culture of hPDLSCs

Periodontal ligaments were acquired from 6 healthy contributors (15-25 years old) who underwent tooth
extraction due to orthodontic symptoms or having wisdom teeth. PDLSCs were gained by the tissue block
method following the previously reported method!33l. Briefly, each clinically extracted tooth sample was
aseptically placed in a 15ml centrifuge tube filled with DMEM, and transferred to the pathology
laboratory. Sterile PBS added with 10% PS was freshly prepared for washing samples 6—7 times.
Therewith, the periodontal ligament tissue in the middle 1/3rd of the root was scraped and minced into
1mm? pieces using a sterile surgical knife. Then, the tissue pieces were cultured in DMEM supplemented
with 20% FBS, and 1% PS in flasks at 37°C in a humidified incubator at 5% CO,. The culture medium was
changed every 3 days. When PDLSCs started to proliferate and spread around the tissue block in
adherent culture, cells were passaged by trypsinization and seeded onto 10cm dishe. Then cells were
cultured in DMEM medium supplemented with 10% FBS. The third to fifth passage cells were harvested
for the downstream applications.

Identification of hPDLSCs
Colony-forming assay

PDLSCs were counted on a standard cell counter, and 500 cells were seeded in each well of 6-well plates
for the colony forming assay. After 2 weeks, culture media were removed, and cells were rinsed thrice with
PBS and fixed with 4% PFA in PBS solution for 30min, immediately followed by staining with 0.1% crystal
violet solution for 15min. After that, petri dishes were rinsed with PBS three times, and colonies were
counted under a light microscope.

Flow cytometric analysis

The surface markers of hPDLSCs were analyzed using flow cytometry. After trypsinization, centrifugation,
and washing, from each sample, approximately 1x10° singlet cells were resuspended in PBS with 1%
BSA, and incubated in the dark at 4°C for 30min with FITC-conjugated monoclonal antibodies against
human CD45(Elabscience, China), CD29(Elabscience, China), CD73(Elabscience, China), CD90(Thermo,
Finland) and CD105(Biolegend, USA) marker proteins. After the incubation, cells were pelleted down,
washed with PBS containing 1% BSA, and subjected to flow cytometric analysis.

Multilineage differentiation

To measure osteogenic differentiation, 1x10° PDLSCs were seeded in each well of 6-well plates and
cultured to 70% confluency. Afterward, cells were cultured in the osteogenic differentiation medium. After
21 days, cells were stained with alizarin red S to identify the population of calcium-containing osteocytes.
To measure the extent of adipogenic differentiation, cells were seeded on 6-well plates in the same way.
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The growth medium was changed to an adipogenic differentiation medium at the optimal cell confluency,
as instructed in the manufacturer’s protocol. The adipogenic effect was examined after 28 days.

Culture and pyroptosis-induction in THP-1 cells

THP-1 cells were seeded on 6-well plates at a density of 1.5x10° cells per well and cultured in DMEM
medium supplemented with 100ng/ml of PMA for 24h to induce adherence. Then, cells were treated with
different concentrations (0.1, 1, 10ug/ml) of Pg-LPS for 11h, followed by 5mM of ATP for 1h. Cell
viabilities under different stimulation conditions were measured by Cell CCK-8. Total RNA and protein
were extracted in parallel from each treatment group for subsequent gene expression and western blot
analyses.

Transwell coculture assay

First, THP-1 cells were seeded in the lower 6-well transwell chamber and treated with 10pg/ml of Pg-LPS
and 5mM of ATP. Then, PDLSCs were seeded on the upper chamber at 1x10° cells per well and cultured in
DMEM medium containing 10% FBS and 1% PS. Once cells reached a confluency of 80-90% and
pyroptosis was successfully induced, the transwell coculture was performed in a serum-free DMEM
medium for 24h. Four different treatment groups were set: single-culture control (SCC), single-culture
pyroptosis (SCP), coculture control (CCC), and coculture pyroptosis (CCP) groups.

Quantitative Real-Time PCR (qRT-PCR) assay

The total RNA from tissues and THP-1 cells was extracted using the TRIzol reagent, according to the
manufacturer’s instructions. The cDNA was synthesized using PrimeScript RT Master Mix (Takara) or MiX
miRNA First Strand Synthesis kit (Takara). The SYBR Green PCR kit (Takara) and LightCycler 480 system
were used for the quantitative mRNA expression analysis. The qRT-PCR thermal profile was as follows: 1
cycle at 95°C for 30min in stage 1; 40 cycles at 95°C for 5s, and 60°C for 20s in stage 2; 1 cycle at 95°C
for 5s, 60°C for 1 min, and 95°C for 5s in stage 3. The glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) served as the internal reference. All primers were synthesized by Sangon Biotech (Table 1,
China). 2-AACt method was used to calculate relative expressions of target genes.

Western blot analysis

The total protein from tissues and THP-1 cells were extracted using 1x RIPA buffer (Solarbio, China), and
protein concentration was determined using the BCA kit (Elabscience, China), as directed by the
manufacturer. Then protein samples were resolved in 10% SDS-PAGE gel (Elabscience, China) and
electro-transferred to methanol-activated polyvinylidene difluoride (PVDF) membranes. The membranes
were blocked with 5% non-fat skim milk for 2h at room temperature prior to incubation with anti-NF-kB
(Abcam, UK), anti-NLPR3 (Abcam, UK), anti-caspase-1 (absin, China), anti-ASC (Abcam, UK), anti-GSDMD
(novusbio, USA), and anti-IL-1B (Abcam, UK) (all diluted at 1:1000) antibodies at 4°C overnight. The
membranes were washed with tris-buffered saline-Tween 20 (TBST) buffer (Elabscience, China) three
times (10min each), and then incubated with corresponding secondary antibodies (Elabscience, China)
(1:10000) for 2h at room temperature, followed by washing with TBST twice (10 min each) and
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developed using enhanced chemiluminescence (ECL) reagent (Elabscience, China). Relative protein levels
were measured by normalizing with GAPDH using the ImageJ software (Media Cybernetics, Rockville, MD,
USA).

Caspase-1 activity assay

In this assay, the ability of caspase-1 to change Acetyl-Tyr-Val-Ala-Asp p-nitroaniline (Ac-YVAD-pNA) into
yellow formazan was measured. Total protein was isolated from THP-1 cells on a 96-well microtiter plate
and incubated with Ac-YVAD-pNA for 2h at 37°C. A spectrophotometer was used to measure the
absorbance at 405nm. Dilutions of the standards of p-nitroaniline (pNA) were used to produce the
standard curve for the assay. According to the manufacturer’s instructions, protein concentrations were
determined by the Bradford protein assay. The caspase-1 activity was measured by determining the pNA
content in each sample with respect to the standard curve.

Hoechst 33342 and Pl double staining

Double staining with Hoechst 33342/Pl indicated the populations of apoptotic and necrotic cells. Pg-LPS
and ATP-treated THP-1 cells were cocultured to certain confluency, then cell culture media was thoroughly
aspirated. Following the manufacturer's instructions, Sul of Hoechst 33342, 5pl of PI, and 1ml of staining
buffer were sequentially added to each well. Following a 30min dyeing process at 4°C, cells were
observed under a fluorescent microscope.

Measurement of intracellular ROS

According to the manufacturer's instructions, intracellular ROS were detected using a ROS fluorescence
assay kit. As soon as the treatments were completed, serum-free DMEM with 10uM 2,7-
dichlorodihydrofluorescein diacetate was replaced for 30 minutes in the dark at 37°C, following that, the
cells were washed three times with PBS to remove any residual probe. Under a fluorescence microscope
at 10x magnification, images were captured at an excitation wavelength of 488 nm. ImageJ software
(Media Cybernetics, Rockville, MD, USA) was used to calculate the mean fluorescence density of
fluorescence images.

Lactate Dehydrogenase (LDH) assay

The Cyto Tox 96 Non-Radioactive Cytotoxicity Assay Kit was employed to measure the LDH release. The
amount of LDH released was calculated relative to control with maximum lysis (1% Triton X-100 lysed
cells).

The Enzyme-Linked Immunosorbent Assay (ELISA)

Based on the manufacturer's guidelines, we measured the concentrations of IL-18 and IL-18 in cell culture
supernatants from various treatment and mock groups. In this study, IL-1B and IL-18 Quantikine ELISA
Kits were used to detect their levels.

Statistical Analysis
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The results were analyzed using the GraphPad Prism 7, and are presented as the mean + SEM. We
evaluated the pairwise differences between the groups using the Student's ttest with Welch's correction to
determine the statistical significance. In cases where there were more than two groups, we used a one-
way analysis of variance (ANOVA). Statistical significance was defined as a P-value of less than 0.05.

Results

Overexpression of canonical pyroptosis-related factors in
periodontitis

Gingival tissues were obtained from patients with severe periodontitis and the age-matched healthy
subjects. Representative hematoxylin-eosin (HE) staining indicated the presence of a large infiltration of
inflammatory cells in the gingival tissue of patients with periodontitis(Fig. 1a). The IHC assay revealed
increased expressions of GSDMD in gingival tissues from periodontitis patients (Fig. 1b). Notably,
periodontitis tissue sections exhibited strong immunostaining for macrophage marker CD68 in IHC
analysis (Fig. 1c). Furthermore, IHC double staining showed GSDMD expression was higher in
macrophages expressing the surface marker CD68 (Fig. 1d). To further verify the occurrence of
pyroptosis in periodontitis, we measured the expression of pyroptosis-related factors like NF-kB, NLRP3,
GSDMD-N, and IL-1B by gqRT-PCR, which showed significantly increased expressions of these target genes
in periodontitis gingival tissues (Fig. 1e, f, g, h). Altogether, the above results suggest that periodontitis
was associated with the occurrence of pyroptosis, and localized macrophages were the major immune
cells involved in the process.

Identification and characterization of hPDLSCs

hPDLSCs were isolated using the tissue block method. The primary culture demonstrated a spindle-
shaped fibroblast-like morphology (Fig. 2a). After 10—14 days of culture at a low density, single cells
could effectively form evenly distributed colonies on the culture dish (Fig. 2b). Flow cytometric analysis
revealed positive expression for cell surface markers CD29 (Fig. 2f), CD73 (Fig. 2g), CD90 (Fig. 2h), and
CD105 (Fig. 2i), but not CD45 (Fig. 2e). Lipogenic differentiation was induced for 28 days, and lipid
droplet formation was visible after oil red O staining (Fig. 2c). For osteogenic differentiation, cells were
induced for 26 days, and calcified nodules were then examined by alizarin red S staining (Fig. 2d). Thus,
we demonstrated successful isolation and optimized culture condition of patient-derived PDLSCs in vitro.

P. gingivalis -derived LPS triggers canonical pyroptosis in THP-1 cells in vitro

To determine whether Pg-LPS in combination with ATP could effectively induce pyroptosis in THP-1 cells
in vitro, we first treated THP-1 cells with 0, 0.1, 1, or 10pg/ml of Pg-LPS for 11h, followed by Th exposure
to 5mM ATP. The gRT-PCR analysis showed that expressions of NF-kB, NLRP3, caspase-1, GSDMD-N, and
IL-1B have significantly increased in a Pg-LPS concentration-dependent manner, and the most obvious
effect was observed at 10pug/ml of Pg-LPS combined with ATP (Fig. 3a). Furthermore, we extracted total
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cellular proteins from each of the treated and control groups to determine the protein levels of target
genes by western blotting, which were consistent with the qRT-PCR results (Fig. 3b). Fluorescence-
microscopically, it was observed that 1ug/ml and 10pg/ml concentrations of P, gingivalis-derived LPS
combined with ATP could induce substantial changes in cellular membrane integrity at 12h post-
exposure. A Hoechst 33324 stain was applied to the nucleus, while Pl was applied to dying cells with
damaged membranes (Fig. 3c). The CCK8 results showed that the cell survival rate was similar (~ 85%)
at both concentrations of Pg-LPS (Fig. 3d). Together, these results suggest that sequential treatment with
10ug/ml of Pg-LPS for 11h followed by 1h of 5mM ATP can effectively induce the canonical pyroptosis
pathway in THP-1 cells.

hPDLSCs prevent THP-1 cells from undergoing the
canonical pyroptosis pathway via paracrine secretion

At the mRNA level

As shown before, combined treatment with Pg-LPS and ATP can activate the canonical pyroptosis
pathway in THP-1 cells following the treatment in the coculture system(Fig. 4a) for 24 h. We found that
PDLSCs did not exert any regulatory effects on normal THP-1 cells via the canonical pyroptosis pathway
but significantly suppressed expressions of related factors, including NF-kB (Fig. 4b), NLRP3 (Fig. 4c),
caspase-1 (Fig. 4d), GSDMD (Fig. 4e), IL-1B (Fig. 4f), and IL-18 (Fig. 4g) in THP-1 cells undergoing
pyroptosis. Importantly, following the 24h recovery period of THP-1 cells, the level of pyroptosis was
considerably higher in the SCC group compared to that of the SCP group of cells, suggesting that once
pyroptosis is induced, it cannot be completely reverted back to the normal condition in 24h even if the
inducing factors are removed from the cell environment.

At the protein level

To further confirm the above observations, we measured the protein levels of NF-kB, NLRP3, pro-caspase-
1, cleaved-caspase-1, ASC, GSDMD, GSDMD-N, IL-1B, and cleaved-IL-1B by western blotting (Fig. 5a). As
expected, the protein expressions were significantly higher in the SCP group, along with the SCC and CCC
groups, but were significantly lower in the CCP group than those in the SCP group, which was consistent
with the gRT-PCR results. The ELISA were used to detect expressions of IL-1B (Fig. 5b) and IL-18 (Fig. 5c)
in the supernatant of each control and treatment groups. The results showed that these indicators were
significantly downregulated following the pyroptosis induction in the CCP group but did neither have any
functional impact on THP-1 cells under the coculture condition nor produce any cytotoxic effects.
Previous studies have confirmed that caspase-1 activation is a pivotal step in initiating the canonical
pyroptosisi34~35]. The caspase-1 activity measurement revealed that the combination of Pg-LPS and ATP
markedly enhanced the caspase-1 activity in THP-1 cells, but coculturing with hPDLSCs significantly
reversed the condition (Fig. 5d).

Page 9/26



At the cellular level

The integrity of cellular membranes was evaluated by the double staining with Hoechst 33342 and PI.
The nuclei were stained with Hoechst 33324, while a higher intracellular intensity of Pl signal indicated
compromised membrane integrity under the stressed condition (Fig. 6a). As compared to the negative
control, exposure to Pg-LPS/ATP regimen significantly increased the proportion of Pl-permeable cells
(red) with damaged membranes. And in the presence of hPDLSCs, the percentage of Pl-positive cells was
decreased significantly. It has been shown that damaged mitochondria can exacerbate ROS production,
which may trigger pyroptosisi®®l. Thus, by using 2 ,7 -dichlorodihydrofluorescein diacetate fluorescence
probe, we measured ROS levels in THP-1 cells after exposing to Pg-LPS and ATPR, with or without
coculturing with PDLSCs. Figure 6b illustrates that Pg-LPS/ATP combination significantly increased the
ROS level in THP-1 cells, while hPDLSCs coculture attenuated the ROS-mediated oxidative stress through
paracrine secretion. Cytotoxicity Assay kits were used to detect the amount of LDH release (Fig. 6¢), we
got the result as expected. Cumulatively, these data suggest that the paracrine effect of hPDLSCs can
suppress the canonical pyroptosis pathway induction by inhibiting the NF-kB/NLRP3/GSDMD signaling
axis in THP-1 macrophages.

Discussion

Periodontitis is an inflammatory disease that causes the loss of periodontal bone and teethl37]. A growing
body of evidence indicates that pyroptosis is a key pathway in the development of periodontitis and
associated inflammatory responses!®8l. We showed that the key executor of pyroptosis, GSDMD, was
highly expressed in the gingival tissue of patients with periodontitis. The pyroptotic macrophages release
pro-inflammatory cytokines like IL-1B and IL-18[3%o stimulate the osteoclastogenesis, and bone
regeneration processes!“9~411. Besides, upregulation of prostaglandin E2 (PGE2) expression in periodontal
ligament cells in response to IL-1 induction increases the production of receptor activator of NF-kB
ligand (RANKL) to promote osteoclastogenesis!#2], while IL-18 induces several matrix metalloproteases
(MMPs) including MMP1, MMP2, MMP3, and MMP9 in periodontal ligament cells, thus potentially
increasing the osteoclast resorption capacity3l. Therefore, pyroptosis is a crucial factor in alveolar bone
resorption and may be targeted for periodontal therapy.

Macrophages form the first line of defense against periodontal pathogens and are important components
for immune and inflammatory responses!#4. However, when activated macrophages produce excessive
inflammatory mediators and proinflammatory cytokines, they initiate a systemic inflammatory process in
conjunction with other immune pathways, which could be fatal under certain conditions!43~46l. Our
findings also suggest that inflamed periodontal tissues, including the epithelial and lamina propria layers,
can be heavily infiltrated with macrophages. Macrophage-associated pyroptosis is a key inducer of
several refractory diseases. It is reported that nicotine induces atherosclerosis, which increases the
number of TUNEL-positive macrophages as well as caspasel expression, in addition to increased serum
levels of IL-1B and IL-18%71.Wu et al. have shown that caspase-1 is activated in LPS-induced acute lung
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injury to facilitate the alveolar macrophage pyroptosis, which can serve as a potential therapeutic
target!*8] coincidentally, Li et al. considered that inhibition of macrophage pyroptosis may provide a novel
immunotherapy strategy for acute lung injury*®l. Notably, there are only a few reports on the role of
macrophage pyroptosis in the pathogenesis of periodontitis. Therefore, we were the first to report that
CD68™ macrophages were the main pyroptosis initiator in periodontal inflammatory tissues and play a
key role in the development of periodontitis.

To further understand the molecular mechanism of macrophage-related pyroptosis in periodontitis, we
investigated the underlying signaling pathways. There are multiple caspases that mediate cellular
pyroptosis, such as caspase-1,4, 5,11 (4, & 5 are found in humans)[SO]. By interacting with pro-caspase-1,
NLRP3 participates in the formation of NLRP3 inflammasome through the canonical pyroptosis
pathway!5'l whereas caspases-4/5 (in humans) and caspase-11 (in mice) modulate the non-canonical
signaling pathway[52753]. The activated caspase-1 catalyzes the conversion of pro-IL-1B and pro-IL-18
into their mature forms, IL-1B and IL-18/34], while caspase-4/5/11 exhibit a mild ability to process pro-IL-
1B and pro-IL-18[35]. Caspase-4/5/11 mainly induce pyroptosis through caspase-1 activation, suggesting
that caspase-1 activation is essential for pyroptosis.

Therefore, we mainly examined the pyroptosis pathway in macrophages through the NF-
Kb/NLRP3/GSDMD signaling pathway. NLRP3 is shown to bind pro-caspase-1 through ASC to constitute
the NLRP3 inflammasome and subsequent activating caspase-1. This mechanism requires two signals to
activate the whole cascade. First, NF-kB gets activated upon pathogenic and/or inflammatory responses
(e.g., LPS exposure), and binds Toll-like receptor 4 (TLR4) to induce the expression of NLRP3, caspase-1,
pro-IL-1B, and pro-IL-18. Moreover, extracellular ATP or bacterial toxins can directly cause the activation of
caspass-1, leading to the secretion of IL-1B and IL-1 8[54l It has been found that elevated ATP levels can
also trigger excessive ROS productionl®%l. Additionally, GSDMD-mediated pyroptosis has been linked to
increased ROS generation in macrophages!3®l. Indeed, Escherichia coli LPS-primed macrophages can be
treated with ATP to induce pyroptosis!5l. In an attempt to mimic the pathogenetic process of
periodontitis, we induced macrophages with P, gingivalis LPS combined with ATP, and observed that it
could induce the characteristic pyroptotic morphology, stimulate the cleavage of GSDMD-N terminal
domain, and activate IL-1B and caspase-1.

The use of PDLSCs is currently being proposed and explored in periodontal regeneration. A number of
studies have demonstrated that PDLSCs are capable of self-differentiation and can be used directly to
restore alveolar bone damage!®” %9, A recent study has investigated the immunomodulatory role of
PDLSCs!6%. But, there is a poor understanding about the immunomodulatory mechanism of PDLSCs.
Therefore, after successfully inducing macrophage pyroptosis, we performed in vitro coculture of PDLSCs
with pyroptotic cells. We found that the gene expression and protein levels of associated factors like NF-
kB, NLRP3, caspase-1, ASC, GSDMD, IL-1, and IL-18, were significantly lower in the coculture group
compared with the pyroptosis alone group. Furthermore, we validated the inhibitory effects of PDLSCs on
pyroptosis of macrophages by measuring the caspase-1 activity, ROS levels, and membrane integrity by
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dual staining with Hoechst 33342/PI. Taken together, these findings suggest that PDLSCs can inhibit the
occurrence of pyroptosis through paracrine effects via the NF-kB/NLRP3/GSDMD signaling axis, but the
specific sites of action need to be further explored.

Conclusion

In this study, we found that macrophage pyroptosis was essential in the development of periodontitis.
The P, gingivalis-derived LPS combined with ATP could effectively trigger GSDMD-mediated pyroptosis in
THP-1 macrophages in vitro. The investigation of the mechanism of action revealed that the paracrine
effect of PDLSCs inhibited the NF-kB/NLRP3/GSDMD-mediated activation of the canonical pyroptosis
pathway (Fig. 7). The findings of this study might provide us with new therapeutic targets for the
treatment of periodontitis and further highlight the immunomodulatory roles of PDLSCs in periodontal
disease management.
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Tables

Table 1

Sequence of primers used for quantitative polymerase chain reaction assays

Figures

Gene Primer Sequence (5-3")

NF-xB FORWARD: ATGGTGGTCGGCTTCGCAAAC
REVERSE: CGCCTCTGTCATTCGTGCTTCC

NLRP3 FORWARD: TGGCTGTAACATTCGGAGATTGTGG
REVERSE: GCTTCTGGTTGCTGCTGAGGAC

Caspase-1 FORWARD: GGTGCTGAACAAGGAAGAGATGGAG
REVERSE: TGCCTGAGGAGCTGCTGAGAG

GSDMD FORWARD: GCCTCCACAACTTCCTGACAGATG
REVERSE: GGTCTCCACCTCTGCCCGTAG

GSDMD-N  FORWARD: GAGCTTCCACTTCTACGATGCCATG
REVERSE: CCTGCGATCTTTGCCTGTCCTG

IL-1B FORWARD: CAGTGGCAATGAGGATGA
REVERSE: TAGTGGTGGTCGGAGATT

IL-18 FORWARD: TTGACCAAGGAAATCGGCCTC
REVERSE: GCCATACCTCTAGGCTGGCT

GAPDH FORWARD: TGAAGGTCGGAGTCAACGGATTTGGT
REVERSE: CATGTGGGCCATGAGGTCCACCAC
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Figure 1

Representative hematoxylin-eosin (HE) staining(a) and immunohistochemical staining of GSDMD(b) and
CD68(c) in human gingival tissues sections from healthy and periodontitis patients, the signals of
GSDMD and CD68 appear brown in sections counterstained with hematoxylin (blue). For GSDMD/CD68
double immunohistochemical staining(d), GSDMD and CD68 show red and brown respectively.
Experiments were repeated independently more than three times. The mRNA levels of NF-kB (e), NLRP3

Page 20/26



(f), GSDMD-N (g), and IL-1B (h) were measured by qRT-PCR and normalized to the expression of the
housekeeping gene GAPDH. The mRNA levels of cytokines in untreated controls were set to 1.0. Bars
show the levels of cytokines as the mean + SD (n = 3) analyzed by the Student s t-test (*p < 0.05, **p <
0.01, ***p < 0.001).

Figure 2
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(@) Cultured primary cells derived from human periodontal ligament exhibited typical fibroblast-like
morphology; (b) hPDLSCs were plated at low density and stained with 0.1% toluidine blue after 2 weeks;
(c) Oil Red O staining of the adipogenically stimulated hPDLSCs; (d) Alizarin Red staining of the
osteogenically stimulated hPDLSCs; Flow cytometry analyses of the expression of surface markers

CD45(e), CD29(f), CD73(g), CD90(h), CD105(i).
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Figure 3

The mRNA levels(a) of NF-kB, NLRP3, caspase-1, GSDMD-N, IL-1B and the protein levels(b) of NF-kB,
NLRP3, GSDMD-N in THP-1 macrophages were measured by qRT-PCR and western blotting and
normalized to the expression of the GAPDH after 12 hours of being induced at different LPS (P
gingivalis) concentrations. The mRNA and protein levels of cytokines in untreated controls were set to
1.0. Bars show the levels of cytokines as the mean + SD (n = 3) analyzed by the Student s t-test (*p <
0.05, **p < 0.01, ***p < 0.001). Hoechst 33342 and PI double staining images were captured by
fluorescence microscopy (x10) (c) and the survival state was measured by cck8 (d) after induction of
pyroptosis at different LPS (P gingivalis) concentrations.
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Figure 4
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The cells were stimulated with 10pug/ml LPS (P, gingivalis) for 11 h, followed 1 h of treatment with 5 mM
ATP and then by coculture with PDLSCs for 24 h(a). The mRNA levels of NF-kB1(b), NLRP3(c), caspase-
1(d), GSDMD(e), IL-1B(f) and IL-18(g) were measured by qRT-PCR and normalized to the expression of the
housekeeping gene GAPDH. The mRNA levels of cytokines in untreated controls were set to 1.0. Bars
show the levels of cytokines as the mean + SD (n = 3) analyzed by the Student s t-test (*p < 0.05, **p <
0.01, ***p < 0.001).
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Figure 5

The cells were stimulated with 10pug/ml LPS (P gingivalis) for 11 h, followed 1 h of treatment with 5 mM
ATP and then by coculture with PDLSCs for 24 h. (a) Protein levels of NF-kB, NLRP3, ASC, pro-caspase-1,
cleaved caspase-1, pro-GSDMD, GSDMD-N, pro-IL-1, and cleaved IL-13 were measured by western
blotting analysis. The blots were stripped and reprobed for GAPDH as a loading control. IL-1B(b) and IL-
18(c) in culture medium were measured by ELISA. (d)Activated caspase-1 was measured by a Caspase-1
Activity Assay Kit.Values are the means + standard deviation (SD) of three independent experiments (*p <
0.05, **p < 0.01, ***p < 0.001).
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Figure 6

(a)Hoechst 33342 and Pl double staining images were captured by fluorescence microscopy (x10), the
images in red and blue channels were merged in the same field. (b)Cells were stained with the
ROS-sensitive fluorescent probe 2 ,7 -dichlo rofluorescein diacetate (DCFH-DA) and observed under a
fluorescence microscope (x10). (c)Cytotoxicity was measured by a lactate dehydrogenase (LDH) release
assay. One set of representative images of three independent experiments are shown. Results are shown
asthe mean + SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 7

A schematic diagram of the putative molecular mechanism by which paracrine effect of PDLSCs inhibit
P gingivalis-LPS/ATP-induced pyroptosis in THP-1 macrophages.
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