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Monocytic myeloid-derived suppressor D
cells contribute to the exacerbation of bone
destruction in periodontitis
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Abstract

Background Periodontitis (PD) is a chronic infectious and inflammatory disease characterized by alveolar bone loss.
The distinctive activity of immune cells critically exacerbates bone resorption in PD. Myeloid-derived suppressor cells
(MDSCs) are known to contribute to various chronic inflammatory conditions, but their role in the pathogenesis and
progression of PD remains poorly understood.

Methods We used single-cell transcriptomic analysis with human gingival samples and animal models of
experimental periodontitis to examine the role of M-MDSCs in PD. We also explored the therapeutic effect of
depleting MDSCs on PD in vivo. Additionally, the mechanisms of long non-coding RNA Neat1 and the pathway of
NF-kB-dependent “canonical NLRP3 inflammasome activation”in MDSCs were investigated in PD.

Results In this study, we revealed that monocytic (M)-MDSCs were significantly increased in inflamed gingiva of
PD patients compared to healthy individuals. Expansion of M-MDSCs was also observed in the mouse model of
ligature-induced periodontitis, and depletion of MDSCs in PD mice could ameliorate alveolar bone loss and reduce
periodontal inflammation. Mechanistically, we found that long non-coding RNA Neat1 was significantly upregulated
in M-MDSCs, which achieved this proinflammatory effect by activating NF-kB signaling in PD. Furthermore, the
pathway of NF-kB-dependent “‘canonical NLRP3 inflammasome activation”was confirmed in the PD mouse mode|,
accompanied by increased secretion of proinflammatory cytokines that drive alveolar bone loss, including IL-1(, IL.-6
and TNF-a.
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Conclusions In conclusion, this study highlights the pivotal proinflammatory role of M-MDSCs in PD and suggests
that targeting these cells may represent a novel immunotherapeutic approach. Future research could focus on
strategies to specifically target MDSCs for the treatment of periodontitis.
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Introduction

Periodontitis (PD) is a chronic infectious and inflamma-
tory disease affecting the periodontal tissues around the
teeth, characterized by periodontal attachment loss, bone
resorption, and eventual tooth loss [1]. It ranks as the
sixth-most prevalent disease worldwide and is the lead-
ing cause of tooth loss in adults [2]. The pathogenesis of
periodontitis is primarily driven by the host inflamma-
tory response to bacterial presence, which, in turn, leads
to immune cell-mediated self-degradation of the peri-
odontal tissues [3]. While bacteria are essential triggers,
it is the persistent inflammatory response that critically
exacerbates the disease [3]. Current treatment strategies,
such as scaling and root planning, antimicrobials, and
novel biomaterials, still face various limitations in terms
of clinical efficacy [4]. Therefore, a deeper investigation
into the distinctive activities of immune cells in PD is
crucial for developing more precise and effective thera-
peutic approaches for treating PD.

Myeloid-derived suppressor cells (MDSCs) repre-
sent a heterogeneous group of immature myeloid cells
derived from hematopoietic precursor cells and exhibit
T cell immunosuppressive function [5]. MDSCs show
a wide range of phenotypes. Classically, MDSCs can
be divided into two subpopulations: monocytic (M)-
MDSCs and granulocytic (G)-MDSCs, which are mor-
phologically very similar to monocytes and granulocytes,
respectively [6]. In mice, a subset marker of MDSCs is
defined as CD11b*Ly6G Ly6C"&" for M-MDSCs and
CD11b*Ly6G*Ly6C~"°" for G-MDSCs [7]. MDSCs could
contribute to the pathogenesis of chronic inflammatory
conditions such as infectious diseases, dysbiosis, auto-
immune disorders, or cancer [8]. Recent research on
periodontitis and MDSCs has mainly focused on explor-
ing the relationship between periodontitis and systemic
diseases. It has been reported that periodontal inflam-
mation facilitates breast cancer metastasis by recruiting
MDSCs through pyroptosis-induced interleukin (IL)-1p
production and chemokine signaling [9]. Kwack et al.
[10] found that in obesity-associated experimental peri-
odontitis, M-MDSCs showed increased accumulation in
the spleen and bone marrow. In addition, these cells may
serve as osteoclast progenitors and contribute to bone
destruction [10]. However, the specific role and contri-
bution of M-MDSCs to the progression of periodontitis
remains unclear.

Long non-coding RNAs (LncRNAs) are RNAs of at
least 200 base pairs in length with limited protein-coding

functions and play crucial roles in various physiologi-
cal and pathological processes [11]. LncRNA nuclear-
enriched abundant transcript 1 (Neatl) is an important
regulator of immune responses that contributes to the
inflammatory response in inflammatory bowel disease
[12]. Neatl was highly expressed in PD tissues and lipo-
polysaccharide (LPS)-induced periodontal ligament cells
(PDLCs) [13]. The NOD-like receptor family protein 3
(NLRP3) inflammasome plays a critical role in the patho-
genesis of various bone and joint diseases, including peri-
odontitis [14]. Zhang et al. reported that Neatl promotes
the activation of NLRP3 inflammasomes in mouse mac-
rophages. This activation stabilizes mature caspase-1,
which in turn enhances the production of IL-1f, a key
inflammatory mediator [15]. However, the specific roles
of Neatl in M-MDSC:s in the context of periodontitis and
the association of Neatl and NLRP3 inflammasome acti-
vation in PD are undetermined.

In this study, we hypothesized that M-MDSCs are
involved in the pathogenesis and progression of peri-
odontitis. We investigated the distribution of M-MDSCs
in human gingival samples through single-cell transcrip-
tomic analysis. On the other hand, we verified the dis-
tribution of M-MDSCs both in human gingival samples
and in the periodontium of animal models of experimen-
tal periodontitis. We also explored the therapeutic effect
of depleting MDSCs on PD and further investigated the
underlying mechanisms of MDSCs in PD. This may sug-
gest a novel immunotherapeutic approach targeting
M-MDSC:s for the treatment of periodontitis.

Methods

scRNA-seq data processing

Single-cell transcriptomic data of GSE164241 and
GSE171213 were downloaded from the Gene Expres-
sion Omnibus (GEO; https://www.ncbi.nlm.nih.gov/g
eo/) database [16, 17]. We selected the samples in the
two datasets for this study, including 13 PD cases and
17 of healthy controls (HCs). The scRNA-seq data were
aligned and quantified using the Python and Scanpy
(v.2.6.0) Python package [18]. To acquire more informa-
tion about periodontitis, we first generated the object
and combined the two datasets. The quality control of the
cells was assessed based on three metrics: (1) the num-
ber of total UMI count per cell was below 500,000; (2) the
number of genes expressed by cells was above 200 and
below 10,000; (3) the percentage of mitochondrial genes
was below 40%. We then selected 4000 highly variable
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genes (HVGs) for downstream analysis using the “scanpy.
pp-highly_variable_genes” function. Further integration
and batch effects correction for the data were applied
using a deep generative model of scVI in the scVI (v.1.2.0)
Python package [19]. In addition, potential doublet cells
were removed using the Solo model via semi-supervised
deep learning in the scVI package [20]. A normalized
data matrix was used for downstream analysis.

Cell clustering and annotation

After data processing, nearest neighbourhood graphs
were built using the “sc.pp.neighbours” function, and the
community algorithm was applied for clustering using
the Leiden function (resolution=1). The dimensionality
of the merged datasets was reduced using Principal Com-
ponents Analysis (PCA) and Uniform Manifold Approxi-
mation and Projection (UMAP), implemented by the
“scanpy.tl.umap” function. We identified the 14 major cell
types based on well-known marker genes and the marker
genes of each cluster by “scanpy.tl.rank_genes_groups”
function.

Identification of M-MDSC cluster

To successfully identify M-MDSC, we extracted mono-
cyte cluster for further analysis. New dimensionality
reduction via UMAP, and clustering via Leiden function
were generated respectively. According to the marker
genes in literature, we finally annotated M-MDSC,
monocytes, macrophages, conventional dendritic cell
(cDC)1 and cDC2 in monocyte cluster [21, 22].

Differential gene expression analysis and functional
enrichment analysis

To identify differentially expressed genes between PD
and healthy individuals in M-MDSCs, M-MDSCs were
extracted in monocyte cluster and the function “scanpy.
tlrank_genes_groups” with the Wilcox rank sum test
algorithm was used. A volcano plot was plotted by decou-
pler (v.2.10.0) Python package [23].

With the significance below 0.05, the differentially
expressed genes (DEGs) identified in M-MDSCs between
PD and HC were used for further functional enrichment
analysis. We performed the functional enrichment using
the “Over Representation Analysis” in the decoupler
package. Hallmark genes for the analysis were selected
from MSigDB (https://www.gsea-msigdb.org/gsea/msigd
b/), a resource containing a collection of gene sets anno
tated to different biological processes. We visualized the
most enriched terms and given gene sets by dotplot and
Gene Set Enrichment Analysis (GSEA) plot.

Specimen collection and preparation
Human gingival specimens were collected at the Depart-
ment of Oral and Maxillofacial Surgery, Hospital of
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Stomatology, Sun Yat-sen University. The human subject
protocol was approved by the Medical Ethics Commit-
tee of Hospital of Stomatology, Sun Yat-sen University
(KQEC-2022-06), and all participants had informed con-
sent. The gingival specimens from patients with PD
were mainly obtained from the extraction of multiple
loose teeth that were periodontally hopeless, while the
specimens from healthy individuals were collected dur-
ing the extraction of third molars or gingival resection
during surgery for a benign jaw cyst. Throughout the
procedure, any excess or unnecessary surrounding gin-
gival tissue was carefully removed. Inclusion criteria for
PD included: (1) presenting at least 4 teeth with a prob-
ing depth>4 mm, (2) clinical attachment loss>3 mm,
(3) bleeding on probing index>2, and (4) severe radio-
graphic bone loss extending to 1/2 of the root. The other
inclusion criteria were: (1) patients aged from 20 to 60,
(2) no smoking, (3) no systemic diseases, (4) no intake of
antibiotics or anti-inflammatory medications in the past
3 months, (5) no periodontal therapy within the last 6
months, (6) no pregnancy or breast feeding, (7) no acute
infections or allergies, and no immunosuppressant treat-
ment in the past 3 months.

Experimental animals

Six- to eight-week-old male C57BL/6 mice were pur-
chased from the Sun Yat-sen University (Guangzhou,
China). All experiments were performed with the
approval of the Animal Care and Use Committee of Sun
Yat-sen University (No. 2024001340). A total of 3 experi-
mental groups are described as follows: (a) Control; (b)
PD +vehicle; (c) PD+Gr-1 antibody (Ab). Each group
was comprised of 5 mice.

Ligature-induced periodontitis model

Mice were anaesthetized with 1% Pentobarbital Sodium
(RWD, Shenzhen, Guangdong, China). Then, a ligature
(5-0 silk) was placed around the bilateral maxillary
second molars of PD +vehicle group and PD +Gr-1 Ab
group for 10 days [24]. Control group did not undergo
any treatment. For MDSC depletion, purified anti-mouse
Ly6G/Ly6C (Gr-1) antibody (Bio X Cell, clone RB6-8C5)
was administered at 200 pg/mouse in PD+Gr-1 Ab
group by intraperitoneal injection, three times a week
for 4 weeks after ligature removal [25]. PBS was used as
vehicle control in other groups. Mice were sacrificed and
analyzed 28 days after MDSC depletion.

Micro-CT

The maxillae from mice were collected and scanned by
three-dimensional high-resolution micro-CT (Scano
Micro-CT, pCT50, Switzerland). The main parameters
were as follows: 70 kV, 114 mA, and 10 um increments.
Three-dimensional microstructural image data were
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reconstructed and analyzed by using image analysis
software (Mimics Research 21.0, Materialize, Belgium).
The cementoenamel junction to the alveolar bone crest
(CEJ-ABC) distance was measured at six sites, including
mesial, middle, and distal points of both the buccal and
palatal sides, and the mean CEJ-ABC distance was then
calculated.

Histological staining and histopathological evaluation

After harvesting, maxillae fixed in 4% paraformaldehyde
(PFA) were decalcified in 0.5 M EDTA for 4 weeks, dehy-
drated, and embedded in paraffin. Sections were stained
with hematoxylin and eosin (H&E) and tartrate-resistant
acid phosphatase (TRAP; Jiancheng Technology, Nan-
jing, China). The distance between CEJ-ABC of the sec-
tions stained by H&E was measured to evaluate bone
loss. TRAP-positive multinucleated cells (>3 nuclei) were
considered osteoclasts and a sign of bone resorption.

Immunofluorescence staining

Tissue specimens were blocked in 10% donkey serum
albumin for 30 min at room temperature and then incu-
bated with primary antibody overnight at 4 °C. Fluo-
rescence-conjugated secondary antibodies were then
incubated for 1 h at room temperature in the dark. The
primary antibodies included CD11b antibody (Abcam
Cat# ab133357), HLA-DR antibody (Abcam, Cat#
ab92511), CD14 antibody (STARTER Cat# S0B2221).
The nuclei were visualized using 4',6-diamidino-2-phe-
nylindole (DAPI) (Roche, Switzerland) for 10 min. The
automated quantitative pathology imaging system (Vec-
tra Polaris, Akoya, USA) was used to obtain fluorescence
images.

Tissue extraction and single-cell preparations

Mice were sacrificed and periodontal tissues were col-
lected. Gingival tissues were isolated and cut into small
fragments, followed by enzymatic digestion with RPMI-
1640 medium (Gibco; Thermo Fisher Scientific, USA)
containing 4 mg/mL dispase (Roche, Switzerland) and
3 mg/mL collagenase type I (Biofroxx, Einhausen, Ger-
many) at 37 °C for 60 min [26]. The digestion solution was
filtered through a 70-um cell strainer (Biologix Research
Company, USA) to obtain a single-cell suspension.

Flow cytometry

For surface antigen staining, the cells were first incubated
with Fc blocker (BioLegend, San Diego, CA) at 4 °C for
10 min and then with the appropriate antibody in the
dark at 4 °C for 30 min. The cells were washed and resus-
pended with 7AAD viability dye in the dark at 4 °C for
10 min. Cells were rapidly analyzed by flow cytometry
after viability dye staining (BioLegend, San Diego, CA,
USA). Gating strategies are shown in Figure S3. Data
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were analyzed using FlowJo V10.8.1 (TreeStar, Ashland,
OR, USA).

RNA extraction, reverse transcription, and real-time
quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from the gingiva with Total
RNA Rapid Extraction Kit (GOONIEBIO, Guangzhou,
China), and then reverse transcribed into cDNA using
PrimeScript RT Master Mix (TaKaRa, Ltd, Osaka, Japan).
qPCR was performed to measure gene expression lev-
els in a QuantStudio 5 detection system (Thermo Fisher
Scientific, USA) using qPCR SYBR Green Master Mix
(Vazyme, Nanjing, China). The primers used in the pro-
cess are listed in Supplementary Table S1.

Western blot analysis

Proteins were extracted from cells and tissues using
radioimmunoprecipitation assay (RIPA) buffer (Beyo-
tine, Shanghai, China) for 30 min on ice. The concen-
tration of total protein in RIPA-extracted lysates was
measured using a bicinchoninic acid (BCA) protein
assay kit (Elabscience, Wuhan, China). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed to separate the proteins, which were
then transferred to a polyvinylidene fluoride membrane
(PVDF; Millipore, MA, USA). Skim milk (5%) was used
to block the PVDF membranes for one hour at room
temperature. The membranes were incubated with the
indicated primary antibodies overnight at 4 °C and then
incubated with horseradish peroxidase-conjugated sec-
ondary antibodies for one hour at room temperature. A
chemiluminescence kit (Millipore, MA, USA) was used
to detect the target bands. Information of the antibodies
used in these experiments was provided in Supplemen-
tary Table 3.

Enzyme-linked immunosorbent assay (ELISA)

The cytokines in the periodontal tissues were detected
with human and mouse IL-1pB, IL-6 and TNF-a ELISA kit
(Thermo Fisher Scientific, USA) according to the manu-
facturer’s instructions. Briefly, 96-well plates were coated
with the capture antibodies overnight at 4°C. After wash-
ing and blocking, the diluted supernatants and recom-
binant cytokine standards were added to the plates and
incubated at 37°C for 2 h. Then, the plates were incubated
sequentially with the detection antibodies and streptavi-
din-HRP, as well as TMB solution and stop solution. The
absorbance was measured at 450 nm with wavelength
correction set to 570 nm.

In vitro MDSC induction and T cell proliferation assay

Bone marrow (BM) cells from experimental PD mice
were isolated and cultured for 7 days in complete
1640 medium supplemented with cytokines including
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granulocyte-macrophage colony stimulating factor
(GM-CSF; 40 ng/ml, Proteintech). Cultures were run in
duplicate, and the media and cytokines were refreshed
every 3 days. Spleen-derived CD3"* T cells from C57BL/6
mice were labeled with carboxyfluorescein succinimidyl
ester (CFSE) (BioLegend, San Diego, CA). CFSE-labeled
T cells were co-cultured with isolated MDSCs (includ-
ing G-MDSCs and M-MDSCs) from BM cells in 96-well
plates at a ratio of 1:0, 1:1, and 2:1 for 72 h in medium
containing Mouse T-Activator CD3/CD28 (BioLegend,
San Diego, CA). CFSE intensity was quantified by flow
cytometry.

Statistics

Quantitative data are expressed as mean + standard devi-
ation (S.D.). A two-tailed Student’s t-test was used for
comparisons between two groups. Multigroup compari-
sons were performed using one-way analysis of variance
(ANOVA) followed by the correction of Bonferroni. A
p-value of less than 0.05 was considered statistically sig-
nificant. All statistical analyses were performed using the
SPSS 25.0 software.

Results

scRNA-seq map landscape of periodontal tissues

To investigate the differences in cell populations between
PD patients and healthy individuals, we analyzed
two published scRNA-seq datasets: GSE164241 and
GSE171213 [16, 17]. The datasets contained cell infor-
mation from 13 PD cases and 17 healthy cases. In total,
we obtained 118,969 single cells after standard data pro-
cessing and quality filtering, including 62,533 cells from
HCs and 56,436 cells from PDs. Each sample and the two
groups were profiled based on UMAP (Fig. 1A-B). Leiden
clustering identified 14 distinct clusters that were anno-
tated based on specific marker genes in the PD and HC
groups (Fig. 1C, Figure S1A-B). In particular, the clusters
were as follows: (1) B cell cluster, (2) endothelial cell clus-
ter, (3) epithelial cell cluster, (4) erythrocyte cell cluster,
(5) fibroblast cluster, (6) granulocyte-derived cell cluster,
(7) mast cell cluster, (8) melanocyte cluster, (9) monocyte
subset cluster, (10) NK cell cluster, (11) neutrophil sub-
set cluster, (12) plasma cell cluster, (13) T cell cluster, and
(14) plasmacytoid dendritic cell (pDC) cluster. The pro-
files of the expression differences of the representative
marker genes in the cell populations were confirmed by
statistical quantification to match the biological annota-
tion in the dot plot and UMAP plot (Fig. 1D-E, Figure
S1C).

M-MDSCs are markedly elevated in inflamed periodontal
tissues

M-MDSCs share progenitor cells with monocytes, and
recent studies classify M-MDSCs as a heterogeneous
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population [22]. Consequently, further identification and
analysis of M-MDSCs in the monocyte subset cluster in
scRNA-seq data were investigated. We successfully iden-
tified a distinct M-MDSC population in monocytic subset
and cell markers of LYZ, CSF3R, CD14, ITGAM, PADI4,
PLBD1, SELL, S100A8 and S100A9 were predominantly
expressed in M-MDSCs (Fig. 2A and D). Moreover, the
cell number of M-MDSCs is significantly higher in PD
than in HC in UMAP (Fig. 2B-C). Similarly, M-MDSCs
constituted approximately 13% of the monocyte subset
in HC. In contrast, the proportion of M-MDSCs in PD
patients was 31%, a 2.4-fold increase compared to healthy
individuals (Fig. 2E).

To further confirm whether M-MDSCs are increased
in periodontitis, we collected human gingival samples
from periodontitis patients or healthy individuals. As
expected, the gingival tissues of periodontitis patients
showed significantly higher levels of inflammatory cell
accumulation compared to those without periodontitis
(Figure S2A). In addition, RT-qPCR analysis and ELISA
also showed that the proinflammatory cytokines IL-1(,
IL-6, and tumor necrosis factor-alpha (TNF-a) mRNA
expression and protein levels were significantly increased
in the gingival tissues of PD compared with the HC group
(Figure S2B-G). Notably, we observed that the number of
M-MDSCs (CD11b*CD14*HLA-DR!Y) cells was signifi-
cantly higher in PD than in the healthy group, which was
consistent with the results of single-cell analysis above
(Fig. 2F). These results suggest that M-MDSCs may infil-
trate and expand in the inflamed periodontium.

Depletion of MDSCs rescues epithelial lesions and alveolar
bone loss in PD mice

Previous reports have documented the induction and
infiltration of MDSCs in arthritis, as well as the plastic-
ity of M-MDSCs under various pathological conditions
related to bone destruction [27]. However, the identity,
proinflammatory role, and molecular mechanisms of
MDSC subsets in periodontitis remain elusive. We estab-
lished a periodontitis mouse model and investigated the
infiltration of M-MDSCs and G-MDSCs in inflamed
gingiva. Flow cytometric analysis revealed that the total
proportion of MDSCs (Gr-1*CD11b") in the periodon-
tal tissues of PD mice was 2-fold higher than in healthy
mice. Next, we observed that the frequency of M-MDSCs
in the gingiva showed an approximately 5-fold increase in
PD mice compared to control mice (Fig. 3A-C). However,
G-MDSCs show a lower proportion in PD mice com-
pared to controls (Fig. 3D).

To confirm the suppression of T cell proliferation by
M-MDSCs in PD, we isolated CD3/CD28-stimulated
T cells from bone marrow and co-cultured them with
M-MDSCs in vitro. CFSE-labeled CD3+T cells were
cultured with or without M-MDSCs over a period for 3
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Fig. 2 M-MDSCs were identified and displayed expansion in periodontitis. (A-C) UMAP plot showing the detailed cell population in monocyte subset
of all samples (A), HC group (B) and PD group (C). Dots represent single cells, and colors represent different cell populations. (D) Dot plots showing the
expression of marker genes for clusters in the monocyte subset, including M-MDSCs (high expression of LYZ, CSF3R, CD14, ITGAM, PADI4, PLBD1, SELL,
S100A8, and ST00A9; low expression of HLA-DRA, HLA-DRB1, and HLA-DRBS). (E) Proportional bar graph representing the cluster frequency of the mono-
cyte subset in the PD and HC groups. In each group, the sum of each cluster percentage is 100%. (F) Immunofluorescence (IF) staining of gingival tissues
for PD patients and healthy individuals, in which CD11b positive, HLA-DR negative, and CD14 positive represent M-MDSCs. (G) Quantification of M-MDSCs
in human gingival samples (n=3 per group). The results were presented as means+S.D. ****p <0.0001 by 2-tailed, unpaired Student’s t test. HC, healthy

control; PD, periodontitis

days. CD4+and CD8+ T cells showed baseline prolifera-
tion rates of 17.21 and 13.11%, respectively, when cul-
tured alone in stimulation media. When M-MDSCs were
added to these cultures at different ratios of (MDSCs:
T cells, 1:1/2), CD4+and CD8+T cell proliferation
decreased significantly, confirming the suppressive func-
tion of M-MDSC:s (Fig. 3E).

Although MDSCs are best known for their role in sup-
pressing antitumor immunity, recent studies have shown
that they also have proinflammatory effects and mediate
the progression of inflammation in joint diseases such
as gout and rheumatoid arthritis by producing higher
levels of IL-1B [28, 29]. To further investigate whether
MDSCs play a proinflammatory role in PD, we depleted
MDSCs by injecting anti-Gr-1 antibody into PD mice
[30]. Anti-Gr-1 Ab or vehicle was administered to experi-
mental mice three times a week for 28 days after ligature
removal. This approach resulted in the expected deple-
tion of MDSCs, particularly M-MDSCs in PD (Fig. 3A-
D). Subsequently, periodontal tissues were harvested
from the experimental mice and subjected to micro-CT
and histological analysis. The inflammatory response
can lead to alveolar bone resorption and tooth loss [31].
Thus, we investigated the effect of MDSC depletion on
alveolar bone. Micro-CT analysis showed that alveo-
lar bone loss was significantly higher in the PD + vehicle
group compared to the control group, whereas the alveo-
lar bone loss was reduced by 26.5% in the PD + Gr-1 anti-
body group compared to the PD + vehicle group (Fig. 4A,
D). H&E staining showed that the epithelial layers of
the periodontal tissues were thicker in the PD + Gr-1 Ab
group compared to the PD +vehicle group. In addition,
there were fewer infiltrating inflammatory cells and a less
alveolar bone loss in the PD + Gr-1 Ab group Fig. 4B, E).
Osteoclasts are involved in bone resorption and inhibit
the formation of neonatal alveolar bone formation.
TRAP staining revealed significantly fewer osteoclasts in
the periodontal tissues of the PD + Gr-1 Ab group than in
those of the PD + vehicle group (Fig. 4C, F). These results
indicate that depletion of MDSCs rescues alveolar bone
loss in PD mice.

LncRNA Neat1 is significantly up-regulated in M-MDSC
cells from PD

We found that MDSCs may promote inflamma-
tory responses in periodontitis. However, the

proinflammatory mechanism of M-MDSCs in periodon-
titis requires further investigation. Therefore, we isolated
the M-MDSCs cell cluster and performed a detailed
analysis using the previously examined scRNA-seq data.
The DEGs between PD patients and healthy individu-
als of M-MDSCs were identified using a volcano plot. In
Fig. 5A, NEAT1, IGKC, NAMPT, MTRNR2L1, CD44,
and other genes were upregulated in PD. Gene Ontol-
ogy (GO) analysis for the DEGs showed that the genes
were enriched in pathways associated with inflammation.
The top five GO terms were as follows: “TNFA signal-
ing via NFKB’, “Interferon gamma response’; “Interferon
alpha response’, “Allograft rejection’, and “Inflammatory
response” (Fig. 5B). Furthermore, the characteristics of
DEGs were investigated in the pathways of TNFA signal-
ing via NFKB and inflammatory response via GSEA were
investigated. Upregulated DEGs in PD were significantly
enriched in these two inflammatory pathways (Fig. 5C,
D).

Notably, Neatl showed the most statistically significant
increase in expression in M-MDSCs from PD patients.
Recent studies have shown that Neatl is upregulated
and plays an important role in immunological pro-
cesses in diabetic nephrology and osteolysis [32, 33].
Therefore, we further explored whether Neatl could be
increased in periodontitis. Since Neatl has two isoforms,
a smaller 3.7-kb isoform (Neatl_1) and a larger 23-kb
isoform (Neatl_2), we used two pairs of primers to detect
the expression of Neatl in PD [34]. RT-qPCR analysis
showed that both Neatl and Neatl_2 RNA expression
were upregulated in the periodontium, indicating that
both Neatl_1 and Neatl_ 2 were dysregulated in patients
and mice with PD (Fig. 5E, F; Figure S4A, B). Impor-
tantly, Neatl and Neatl_2 RNA expression was reduced
by 36% and 33%, respectively, in the periodontal tissues
after depletion of MDSCs in the PD+Gr-1 Ab group
compared with those of the PD +vehicle group (Fig. 5E,
F). Taken together, these results suggest that Neatl lev-
els are upregulated in M-MDSCs from PD. Neatl may be
involved in the regulation of inflammation in PD.

NF-kB-dependent “canonical NLRP3 inflammasome
activation” occurred in PD mice

Previous studies have shown that Neatl promotes the
activation of the nuclear factor-kappa-B (NF-«B) sig-
naling, which in turn transcriptionally upregulates the



Zhou et al. Journal of Translational Medicine

(2025) 23:217

A Control PD+vehicle PD+anti-Gr-1 Ab
ja
O
CD11b
A
0.6 6.1 1.2
o)
0.5 | 0.0 0.1
©
o
O
©
>
—
Ly6G
¥k kK ns
B s c s D 05 -
— o *kkk *kkk
s 04
~ S IS
g B 5 03
8] 24 8
] s So2
= 5 s 2 »
0.1
0 0 0.0
> J S S 5 0 > o )
& & & & 2 & &
& & x‘\\' & &
&L Y &
E
T cells : MDSCs
1:0 1:1 2:1 CD4" T cells
o o o Kk kk
17.21% 6.20% 9.85% 2 —
. g
< c
8 % 10
£ 5
0
1:0 1:1
CD8* T cells
13.11% 1.03% 5.68% il
20 kbl
% g 15
[m] c
O — — % 10
8
S
a 5
0
10 11
CFSE

Page 9 of 17

21

Fig. 3 The number of M-MDSCs increased in experimental periodontitis and successfully decreased with MDSCs depletion. (A) The proportion of M-
MDSCs in the CD45* cell population in the gingiva from control mice, vehicle-treated PD mice and anti-Gr-1 Ab-treated mice on day 28 after ligature
removal was analyzed by flow cytometry (n=4 per group). (B-D) Statistical analysis of flow cytometry data describing the percentage of MDSCs (B), M-
MDSCs (C) and G-MDSCs (D) in CD45* cells from gingiva (n=4 per group). (E) Proliferation of CD4* and CD8* T cells in the co-culture system was detected
by CFSE assay (n=3 per group). The results were presented as means+5.D. **p <0.01; ***p <0.001; ****p <0.0001; ns. p>0.05 (one-way ANOVA with the

correction of Bonferroni)
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Fig. 4 MDSCs depletion alleviates periodontitis and reduces inflammation. (A) 3D reconstructions of maxillae from each group (n=5 per group) were
generated by micro-CT on day 28 after ligature removal. The vertical line extends from the CEJ to the ABC. The CEJ-ABC distance was measured at six
predetermined sites on both the buccal and palatal sides. Scale bar =50 um. (B) Histological H&E staining of the periodontium in mice of each group. The
vertical line extends from the CEJ to the ABC. The CEJ-ABC distance was quantified in each microscopic field of view. Scale bar =50 pm. (C) Histological
TRAP staining of the periodontium in mice of each group. Osteoclasts are stained red. The number of osteoclasts was quantified in each microscopic field
of view. Scale bar =100 um. (D) Statistical analysis of the CEJ-ABC distance in each group (n=5 per group) as analyzed by micro-CT. (E) Statistical analysis
of the CEJ-ABC distance in each group (n=3 per group) as analyzed by H&E staining. (F) Statistical analysis of the number of osteoclasts in each group
(n=3 per group) as determined by TRAP staining. Results are expressed as means+S.D. **p <0.01; ****p <0.0001 (one-way ANOVA with the correction of

Bonferroni)

expression of NLRP3 in mouse macrophages and then
activates the NLRP3 inflammasome to promote its
assembly and subsequent processing by pro-caspase-1
[15]. Zhong et al. also confirmed that NF-kB facilitates
the transcription of NLRP3 by binding to its promoter
region, thereby increasing NLRP3 expression in the
inflammatory response, which promotes the activation
of the NLRP3 inflammasome [35]. Therefore, we specu-
late that Neatl may promote the activation of NF-«B sig-
naling in PD M-MDSCs, thereby activating the NLRP3
inflammasome, which ultimately leads to the massive
production of the inflammatory factor IL-1B. We inves-
tigated the expression of NF-kB, NLRP3 inflamma-
some and relevant downstream molecules in PD mice.
RT-qPCR analysis showed that the mRNA expression
proinflammatory cytokines IL-1B, IL-6, and TNF-a
was significantly increased in the periodontal tissues
of the PD group compared with control group (Fig. 6A-
C). These cytokines were reduced by 40%, 60%, and
50% in the PD + Gr-1 Ab group compared with those of
the PD +vehicle group (Fig. 6A-C). Western blot analy-
sis revealed a significant upregulation of pP65, NLRP3,
cleaved caspase-1, and cleaved IL-1p at the protein level
in PD. Conversely, depletion of MDSCs resulted in a sig-
nificant downregulation of these proteins (Fig. 6D, E).
Serum IL-1B, which can be secreted by inflamed tissues
with NLRP3 and caspase-1 activation, contributes to the
enhancement of the inflammatory response in PD. The
ELISA results demonstrated that serum IL-1p levels were
significantly decreased in the PD + Gr-1 Ab group com-
pared to the PD +vehicle group (Fig. 6F). Moreover, the
serum levels of other proinflammatory cytokines, IL-6
and TNF-a, were also reduced in the PD + Gr-1 Ab group
(Fig. 6G, H). Collectively, the activation of the NF-kB-
dependent “canonical NLRP3 inflammasome” pathway
has been demonstrated in PD, offering valuable insight
into the potential molecular mechanisms through which
M-MDSCs contribute to the inflammatory progression of
periodontitis.

Discussion

In the present study, we investigated the role of
M-MDSCs in periodontitis. Overall, we found that
M-MDSCs significantly increased in gingiva of PD
patients and mice. Depletion of M-MDSCs in PD mice

could ameliorate alveolar bone loss and reduce peri-
odontal tissue inflammation. Mechanistically, our results
indicate that long non-coding RNA Neatl is significantly
upregulated in M-MDSCs, where it exerts its proin-
flammatory effect by activating NF-«kB signaling in the
context of PD. In addition, the activation of the NF-«kB-
dependent “canonical NLRP3 inflammasome” path-
way was confirmed in a PD mouse model, leading to
increased secretion of proinflammatory cytokines that
drive alveolar bone loss, such as IL-1f, IL-6, and TNF-«a
(Fig. 7). To our knowledge, this is the first evidence indi-
cating that the dysregulation of M-MDSCs contributes to
the pathogenesis and progression of PD.

MDSCs are a heterogeneous cell group composed of
morphologically, phenotypically, and functionally diverse
but also highly immunosuppressive myeloid cells. They
are generated and expanded under the pathological con-
ditions of a tumor, inflammation, infection, etc [5]. While
numerous studies have demonstrated the immunosup-
pressive role of MDSCs in various immune disorders,
Chen et al. showed that M-MDSCs can program Th17
cells toward a pro-osteoclastogenic phenotype, which in
turn potentiates osteoclast differentiation via the recep-
tor activator of nuclear factor kB ligand (RANK-L)-
RANK signaling [36]. Other studies have also identified a
potentially significant proinflammatory role of MDSCs in
rheumatoid arthritis and systemic lupus erythematosus
[37, 38]. Porphyromonas gingivalis (P. gingivalis), the key
bacterium in the pathogenesis of periodontitis, has been
shown to stimulate the production of M-MDSC:s in vitro
in the presence of macrophage-colony stimulating factor
(M-CSF) [39]. In animal models of P. gingivalis-induced
periodontitis and rheumatoid arthritis, expansion of
M-MDSCs in the blood and exacerbation of arthritis
symptoms are observed [39]. In our study, we first iso-
lated M-MDSCs in periodontal tissues using scRNA-seq
analysis and found that M-MDSCs were increased in the
gingiva of PD mice, suggesting that PD may enhance the
local and systemic accumulation of M-MDSCs.

Interestingly, M-MDSCs tended to expand in the
inflamed periodontium, whereas G-MDSCs did not.
In autoimmune diseases, G-MDSCs exert suppressive
effects, contributing to the inhibition of autoimmune
responses, whereas M-MDSCs are primarily involved in
promoting inflammatory responses, such as facilitating
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Th17 cell differentiation, in experimental autoimmune
encephalomyelitis and arthritis [40]. Indeed, M-MDSCs
are notably present in tissues undergoing chronic
inflammation, which partly explains the expansion of
M-MDSCs in periodontitis. Furthermore, G-MDSCs are
recruited primarily by CXC chemokines like CXCLI,
CXCL2, and CXCL5, and the CCL2-CCR2 axis are
crucial in directing the trafficking and recruitment of
M-MDSCs to inflamed tissues [41]. Shen et al. demon-
strated that Bindarit alleviated alveolar bone loss and
reduced proinflammatory monocyte infiltration by inhib-
iting CCL2 in diabetes-associated periodontitis [42]. This
suggests that M-MDSCs are likely recruited to inflamed
gingival tissues via CCL2. However, the specific role of
the chemokines in MDSCs trafficking warrants further
investigation.

Furthermore, we utilized an anti-mouse Grl Ab to
deplete MDSCs in our study. Recent studies of liga-
ture-induced PD in mice have shown that therapeu-
tic intervention can be performed during the initiation
(simultaneous with ligature placement), progression (sev-
eral days after ligature placement), or resolution (after
ligature removal) phases [43, 44]. Kourtzelis et al. [44]
and Shehabeldin, et al. [43] have reported that, follow-
ing the removal of ligatures in mice with ligature-induced
periodontitis, there is a slow spontaneous healing of the
periodontium and a cessation of progressive bone loss.
To clarify the role of MDSCs in PD in vivo, we depleted
MDSCs in mice with ligature-induced periodontitis after
ligatures removal. In our study, we investigated the pro-
healing effect with removal of ligatures by the delivery
of anti-mouse Gr-1 Ab [42, 45]. Our results confirmed
that depletion of MDSCs in mice with ligature-induced
periodontitis after ligature removal led to a reduction in
inflammatory cell infiltration, a decrease in osteoclast
numbers, and an acceleration of bone regeneration com-
pared to mice with ligature-induced periodontitis alone.
In arthritis, Zhang et al. have shown that depletion of
MDSCs by Gr-1 Ab inhibits the inflammatory response
in mice with collagen-induced arthritis and induces the
Th17 response [46]. Another study also observed that
depletion of M-MDSCs reduced the number of osteo-
clasts, cartilage damage and immune infiltration, which is
consistent with the results of our study [36].

As key regulators of immune responses, IncRNAs are
involved in the production of inflammatory mediators,
cell differentiation and migration. Neat1 is a ubiquitously
expressed IncRNA that is enriched in the nucleus for
paraspeckle formation [34]. Recent studies have shown
that Neatl plays a critical role in promoting antigen-
specific Th17 cell responses in uveitis and other Th17
cell-mediated autoimmune diseases [47]. Dong et al. also
have found that Neatl, but not its isoform Neatl_2, is
upregulated in G-MDSCs during lupus progression [48].
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Here, we identified that the expression of Neat1, includ-
ing Neatl_1 and Neatl_2, was significantly elevated in
M-MDSCs of PD in scRNA-seq data and in ligature-
induced periodontitis mice, suggesting the upregulation
of Neatl in PD. Previous studies also showed that Neat1
was highly expressed in PD tissues or periodontal liga-
ment stem cells (PDLSCs) with nicotine treatment [49].
In addition, knockdown of Neat1 significantly attenuated
both the inflammatory response and apoptosis in LPS-
induced PDLCs [13]. In the present study, Neatl expres-
sion was found to be reduced upon the depletion of
MDSCs in ligature-induced periodontitis mice, indicat-
ing that Neat1 is highly expressed in MDSCs and plays a
potential role in promoting inflammation in periodontal
disease through MDSCs.

Neatl has been identified as an upstream target of
NEF-kB signaling, a major receptor-mediated pathway
induced by LPS [50]. This signaling pathway plays a cru-
cial role in the immune response by regulating the tran-
scription of inflammatory genes, including NLRP3 [51].
In titanium particle-induced osteolysis, Neatl exacer-
bates the inflammatory response by activating the NF-xB
pathway, which subsequently induces NLRP3 inflamma-
tion formation and promotes M1 macrophage polariza-
tion [32]. Macrophages infected with P, gingivalis can also
activate NF-kB, resulting in the formation of pro-IL-1p
and upregulated NLRP3 expression [52]. Similarly, our
scRNA-seq analysis revealed activation of the TNF-a/
NF-«B signaling pathway in M-MDSCs in periodontal
disease. We also demonstrated that the NF-«kB pathway is
active in PD mice and that its activation is suppressed fol-
lowing MDSCs depletion, suggesting a potential dysregu-
lation of NF-«B signaling in this context. Furthermore,
we found that NLRP3, a key inflammatory molecule
downstream of NF-kB, was transcriptionally upregulated,
resulting in the activation of the NLRP3 inflammasome.
This activation subsequently led to an elevated produc-
tion of the proinflammatory cytokines IL-1pB, IL-6, and
TNF-a. These findings suggest a potential relationship
among Neatl, NF-kB, and NLRP3, which is consistent
with previous studies [15, 32]. However, our study does
not address the relationship among Neatl, NF-«xB, and
NLRP3 in M-MDSCs in PD through loss- and gain-of-
function approaches. Future research is needed to eluci-
date the mechanism by which Neat1 regulates NF-«xB and
NLRP3 transcription in periodontitis, particularly using
Neatl-deficient mouse models.

The NLRP3 inflammasome, composed of NLRP3, apop-
tosis-associated speck-like protein containing a caspase-1
recruitment domain (ASC) and pro-caspase-1, is associ-
ated with the pathogenesis of periodontal disease. Upon
activation, the NLRP3 inflammasome triggers caspase-1
activation, which facilitates the maturation of IL-1p
and IL-18 [53]. The release of these proinflammatory



Zhou et al. Journal of Translational Medicine

>

-log10(pvals)
= [l N N w w B
o [0, o (9] o 19,1 o

;]

(2025) 23:217

1T __NEATT

IGKC
831
:: NAMPT

«i?ﬁi MTRNR2L1
MSBA4X
|ERQ§JACD44

| 'ﬂZZA—FTHl

Ranked metric

Relative RNA levels of Neat1

Enrichment Score

10 20

TNFA_SIGNALING_VIA_NFKB

o
o

I
S

o
N

o
o

10

-10

0 5000 10000 15000

Rank

Ak kkk %k %k k

TNFA_SIGNALING_VIA_NFKB
INTERFERON_GAMMA_RESPONSE
INTERFERON_ALPHA_RESPONSE
ALLOGRAFT_REJECTION
INFLAMMATORY_RESPONSE
APOPTOSIS

COMPLEMENT

HYPOXIA

KRAS_SIGNALING_UP
P53_PATHWAY
EPITHELIAL_MESENCHYMAL_TRANSITION
MTORC1_SIGNALING
UV_RESPONSE_UP
ANGIOGENESIS{ @
IL2_STAT5_SIGNALING

Page 13 of 17

0Odds ratio
® 6.00

@ oo
. 18.00

FDR p-value
0.004

0.002

0.000

0 1000 2000 3000
Combined score
D
INFLAMMATORY_RESPONSE
0.6
[
5
0.4
€
(‘U
£0.2
<
©
5 0.0
O
£ 10
€
° 0
]
s -10
= 0 5000 10000 15000
Rank
F
%k %k %k *k %k %k %k
N
:I 2.0
8 1
Z 1.5
"06 .
1]
g
3 1.0 s
<
=z
X 0.5-
()
=
©
o 0.0 T T
o \ .
© &
& &
&
QO ¥
Q S
0x
Q

Fig. 5 Neat1 expression is upregulated in PD. (A) Volcano plots showing DEGs of M-MDSCs between PD and HC in scRNA-seq data. (B) GO functional
analysis of the DEGs with significance below 0.05 in M-MDSCs between PD and HC. (C-D) GSEA showing the DEGs distribution of TNFA signaling via NF-kB
pathway (C) and inflammatory response pathway (D). (E) The mRNA expression levels of Neat1 and Neat1_2 in the periodontium of each group (n=3
per group) were analyzed by RT-gPCR on day 28 after ligature removal. Results are presented as means+S.D. **p < 0.01; ****p < 0.0001(one-way ANOVA
with the correction of Bonferroni)
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Fig. 6 MDSCs depletion reduces the activation of NF-kB signaling and NLRP3 inflammasome in PD. (A-C) The mRNA expression levels of IL1-B, IL-6,
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cytokines could promote the activation and recruitment
of various immune cells, including macrophages, neutro-
phils, and MDSC:s to sites of infection or injury [54]. In
ligature-induced periodontitis or aged-related periodon-
titis, inhibition of the NLRP3 inflammasome by NLRP3
inhibitor MCC950 suppresses osteoclastic differentia-
tion and promotes healing of alveolar bone defects [55].
Consequently, we investigated the expression profiles
of NLRP3 and IL-1B. We demonstrated that NLRP3
inflammasome was activated and IL-1f, along with other

proinflammatory cytokines such as IL-6 and TNF-a, was
upregulated in PD.

Recently, there has been a growing interest among
researchers in targeted immunotherapy approaches for
the treatment of chronic inflammatory diseases, includ-
ing cancer and autoimmune disorders, etc. Investigations
have focused on therapies targeting MDSCs to mitigate
tumor evasion in cancer. For instance, a phase I clinical
trial demonstrated that the agonist antibody DS-8273a,
which targets the TRAIL receptor 2, can rapidly and
selectively eliminate MDSCs in cancer patients [56]. In
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lupus nephritis patients, treatment with rituximab or
obinutuzumab, which target the CD20 antigen on B cells,
have effectively decreased proteinuria and improved
renal function [57, 58]. Interestingly, recent studies dem-
onstrated that local delivery of the chemokine CCL2 or
the cytokine IL-4 in murine ligature-induced periodon-
titis effectively reduced inflammatory bone loss during
disease progression and facilitated bone regeneration
during disease resolution, specifically targeting macro-
phages [43, 59]. Our study also showed a favorable thera-
peutic effect with depletion of MDSCs in mouse models
of PD, as evidenced by a reduction in inflammation and
downregulation of inflammatory factors. This suggests
that targeting immune cells of myeloid origin is a promis-
ing direction for future research in chronic inflammatory
diseases such as periodontitis.

This study presents several limitations that need to be
acknowledged. Firstly, the sample size used in our experi-
ments was relatively small, which may limit the generaliz-
ability of our findings to broader populations. In addition,
the research was conducted within a single experimental
model, which limits the ecological validity of the results.
The absence of longitudinal clinical data further limits
our ability to examine the long-term effects of M-MDSCs
activity in periodontitis. These limitations underscore
the necessity for further investigation using larger, more
diverse cohorts and multiple experimental approaches
to validate the role of M-MDSCs and related molecular
pathways in periodontitis.

In conclusion, our study highlights the potential proin-
flammatory role of M-MDSCs in both human and animal
models of periodontitis. Based on these observations,
it can be inferred that targeting M-MDSCs may offer a
promising and innovative therapeutic strategy for man-
aging periodontitis. Future research could investigate
strategies aimed at specifically targeting M-MDSCs for
the treatment of periodontitis.
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