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Abstract
Background Periodontal tissue loss is the main reason for tooth mobility and loss caused by periodontal disease. 
Dental follicle stem cells (DFSCs) have significant therapeutic potential in periodontal regeneration, which maybe 
mainly depends on their potent immunomodulatory capacity. Consequently, this study aims to elucidate the impact 
of implanted xenogenous DFSCs on innate immune responses during early and late stages in the periodontal defect 
repair period.

Methods To trace and investigate the immunomodulation mechanisms of DFSCs in vivo, DFSCs were engineered 
(E-DFSCs) using lentiviral vectors expressing CD63-enhanced green fluorescent protein (CD63-EGFP) and β-Actin-
mCherry protein (ACTB-mCherry) to exhibit green and red fluorescence. The biological characteristics and functions 
of E-DFSCs were verified by proliferation, differentiation, and co-culture experiments in vitro. In vivo, the periodontal 
regeneration capacity of E-DFSCs was detected by implantation of murine periodontal defect model, and the 
response of innate immune cells was detected at the 1st, 3rd, and 5th days (early stage) and 4th week (late stage) 
after implantation.

Results In vitro assessments showed that E-DFSCs retain similar properties to their non-engineered counterparts but 
exhibit enhanced macrophage immunomodulation capability. In mice models, four-week micro-CT and histological 
evaluations indicated that E-DFSCs have equivalent efficiency to DFSCs in periodontal defect regeneration. At the 
early stage of repair in mice periodontal defect, fluorescence tracking showed that implanted E-DFSCs might primarily 
activate endogenous cells through direct contact and indirect actions, and most of these cells are myeloperoxidase-
positive neutrophils. Additionally, compared with the control group, the neutrophilic infiltration and conversion of 
N2-type were significantly increased in the E-DFSC group. At the late stage of defect regeneration, more M2-type 
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Introduction
Periodontitis, a highly prevalent oral infectious disease, 
is characterized by the formation of periodontal pockets, 
attachment loss, and alveolar bone resorption, ultimately 
leading to tooth loss [1]. Additionally, periodontal infec-
tion is linked to systemic diseases such as cardiovascular 
diseases, diabetes [2], and Alzheimer’s disease [3], pos-
ing significant risks to overall health. Although current 
clinical treatments effectively manage pathogenic bacte-
ria and inflammation, they are insufficient for the repair 
of defects in soft and hard periodontal tissues caused by 
periodontitis [4]. The presence of periodontal defects 
will repeatedly induce periodontitis activity and promote 
disease progression. Traditional surgical interventions 
employ primitive stem cells to create new periodontal 
attachments; however, the local inflammatory microen-
vironment often impairs the functionality of these cells, 
hindering periodontal regeneration [5, 6]. Recently, cell 
therapy has emerged as a prominent direction in peri-
odontal tissue engineering research, with the local trans-
plantation of exogenous stem cells showing efficacy in 
enhancing periodontal regeneration [6].

Dental follicle stem cells (DFSCs), recognized as ideal 
seed cells, are harvested from tissues in the tooth germ 
developmental stage and exhibit capabilities such as self-
renewal, multi-differentiation, migration, colonization, 
and immunoregulation [7]. They also offer advantages for 
periodontal regeneration due to their abundant sources, 
ease of expansion, and low immunogenicity [8]. The effi-
cacy of DFSCs in promoting periodontal regeneration 
in animal models of periodontitis or periodontal defects 
has been confirmed, although the specific mechanisms 
remain to be elucidated [7, 9–11]. Numerous studies have 
explored the functional mechanisms of mesenchymal 
stem cells (MSCs) post-implantation in vivo, proposing 
various theories [12]. As research advances, the initial 
trans-differentiation mechanism struggles to account 
for the brief survival of implanted xenogeneic and allo-
geneic MSCs, as well as the disparity between the sites 
of periodontal regeneration and cell implantation [13]. 
Recent investigations increasingly suggest that MSCs 
likely facilitate tissue regeneration by directly interacting 
with primitive cells [14, 15] and indirect paracrine effects 
of secreting bioactive substances [13]. These phenomena 
modulate both innate and adaptive immune responses 

and prompt native tissue cells to repair damaged tis-
sues, [13–17] thereby enabling the orderly progression 
of inflammatory necrotic tissue clearance and neo-tissue 
regeneration.

However, the majority of research on the mechanisms 
by which MSCs promote periodontal regeneration in 
vivo tends to be results-oriented. Typically, after MSCs 
implantation, selected indicators are measured in sam-
ples at specific time points, often aligned with the heal-
ing cycles of animal models [10, 11]. For instance, Lu 
[18] et al. reported that local injections of bone marrow 
stem cells (BMSCs) could suppress osteoclast activity and 
the RANKL/OPG ratio, thereby enhancing periodon-
tal regeneration, as determined by histological analysis 
of mouse periodontium four weeks post-implantation. 
The survival of implanted MSCs in vivo is brief, with 
approximately 40% of cells persisting by the seventh 
day in the cells sheet [9]. Consequently, using regenera-
tion outcomes to determine observational time points 
may not effectively elucidate the initial mechanisms of 
MSCs’ action, given that many MSCs do not survive to 
the completion of periodontal regeneration. While some 
studies, such as those by Wei [9] and Liu [16], have opted 
for earlier time points, their focus has been limited to 
macrophages, which are less prevalent, rather than a 
broader spectrum of immune cells. For example, recently, 
more and more damage model studies have found that 
neutrophils in innate immunity play a significant role in 
the process of tissue regeneration and repair [19–22]. 
Similarly, some studies have shown that a series of bio-
logical behaviors of neutrophils in the process of immune 
response can directly or indirectly promote periodontal 
tissue regeneration, such as involving M2-type macro-
phage polarization to alleviate bone loss [16, 19], form-
ing NETs to act as a scaffold for bone regeneration [21] 
and secreting SDF-1 [23] and VEGF [24] to drive stem 
cell migration and vascular regeneration. Additionally, 
studies confirmed that PDLCs can regulate neutrophil 
immune clearance through the paracrine effect during 
co-culture [25, 26], and Xu [27] et al. found that PDLCs 
strengthened by PCL/LAP nanofiber membrane could 
promote the N2 transformation of neutrophils in vitro 
and showed stronger periodontal regeneration ability in 
vivo. This raises questions about whether the detected 

macrophages, fewer TRAP + osteoclasts, and an upregulated OPG/RANKL ratio were detected in the E-DFSC group 
compared to the control group, which indicated that immune balance tilts towards healing and bone formation.

Conclusion The xenogenous implanted DFSCs can induce the N2 phenotype of neutrophils in the early stage, which 
can activate the innate immune mechanism of the host to promote periodontal tissue regeneration.

Keywords Dental follicle stem cells, Periodontal regeneration, Cell tracing, Cell transplantation, Neutrophil, 
Macrophage, Immune regulation
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target cells are the primary mediators that interact with 
implanted MSCs and contribute to tissue repair.

To further investigate the following aspects in vivo, 
including the fate of implanted DFSCs, the mechanism 
of stimulating endogenous cells in periodontal tissue, and 
the effect on the regulation of periodontal innate immu-
nity, this study employs a novel approach. DFSCs will be 
marked using dual-fluorescent CD63-EGFP and ACTB-
mCherry labels to track the fate and interaction with 
endogenous cells of implanted DFSCs. This research aims 
to provide experimental evidence and a foundational 
understanding of the potential mechanisms by which 
DFSCs contribute to periodontal regeneration.

Materials and methods
All cell cultures and animal experiments conducted 
in this study were reviewed and approved by the Eth-
ics Committees of the West China School of Stomatol-
ogy, Sichuan University (No. WCHSIRB-D-2023-422 
for human dental follicle tissue acquisition and No. 
WCHSIRB-D-2023-038 for animal experiments). Writ-
ten informed consents were obtained from patients and 
their families who provided teeth for further research. All 
experimental animals were sourced from Chengdu Dassy 
Experimental Animals Co., Ltd., China.

Cell culture
Dental follicle tissues were harvested from the imma-
ture mandibular third molars, and periodontal ligament 
tissues were collected from premolars removed from 
teenagers aged 12–25 undergoing orthodontic treat-
ment. Detailed protocols for the isolation and culture of 
DFSCs and periodontal ligament cells (PDLCs) follow 
those described in previous studies [28, 29]. Cells from 
passages 2 (P2) to 5 (P5) will be utilized in subsequent 
experiments. Mouse macrophage RAW264.7 cells were 
acquired from the Type Culture Collection Committee 
of the Chinese Academy of Sciences (ATCC), and culture 
conditions are detailed in a previous publication [29].

Lentivirus infection
Following preliminary experimentation, the minimum 
multiplicity of infection (MOI) required to achieve over 
80% infection of DFSCs was determined to be 30 for 
the CD63-enhanced green fluorescent protein-puro-
mycin resistance (CD63-EGFP-Puro) lentivirus and 15 
for the β-Actin-mCherry-Neomycin resistance (ACTB-
mCherry-Neo) lentivirus, both derived from human B 
lymphotropic viruses. Furthermore, the working con-
centrations necessary to achieve over 90% death in unin-
fected DFSCs were found to be 1 µg/mL for puromycin 
and 400  µg/mL for geneticin. DFSCs underwent infec-
tion using a half-volume method with these lentiviruses 
consecutively. Specifically, 2 × 10^5 DFSCs per well 

were seeded onto 6-well plates overnight, followed by 
the addition of 1 mL of medium containing the respec-
tive volume of CD63-EGFP-Puro lentivirus (accord-
ing to the formula) and 10 µg of polybrene for a 4-hour 
infection period. Subsequently, the medium was supple-
mented with an additional 1 mL for continued infection. 
After 48  h, puromycin was added to select stable cell 
lines over another 48 h. DFSCs previously infected with 
CD63-EGFP-Puro lentivirus were then infected with 
ACTB-mCherry-Neo lentivirus using the same proce-
dure and selected with geneticin for four days. This pro-
cess resulted in the establishment of experimental DFSCs 
(E-DFSCs) lines expressing both CD63-EGFP and ACTB-
mCherry proteins. Similarly, control DFSCs (C-DFSCs) 
were infected with Puro and Neo lentiviruses. All lenti-
viruses and selection agents were sourced from Hanbio 
Biotechnology, China.

 
V (lentivirus) =

MOI ∗ cell number

V irus titer (TU/ml) ∗ 1000

Cell co-culture in vitro
In vitro, PDLCs and RAW264.7 cells were categorized 
into the following experimental groups: DFSC group, 
E-DFSC group, C-DFSC group, and a control group. For 
PDLCs migration assays, 5 × 10^4 PDLCs per well were 
seeded into the upper chambers, and either 1 × 10^5 
DFSCs were placed in the lower wells of Transwell cham-
bers (8 μm pore, Corning, USA). Conversely, for inducing 
RAW264.7 polarization, 1 × 10^5 DFSCs were positioned 
in the upper chambers (0.4  μm pore, Corning). Before 
the addition of DFSCs, 1 × 10^6 RAW264.7 cells were 
pretreated with 1 µg/mL lipopolysaccharide (LPS, Invit-
rogen) from Porphyromonas gingivalis (P. gingivalis) for 
24  h. The co-culture in the Transwell system lasted for 
48 h.

Cell proliferation, migration, and differentiation assay
Cell proliferation was assessed using the Cell Counting 
Kit-8 (CCK-8, Beyotime, China) and the Multiskan Go 
spectrophotometer (Thermo Fisher, USA) as described 
in previous studies [29]. PDLC migration was recorded 
and calculated following the methods outlined in prior 
research [29]. The relative migration rate was normalized 
to the control group as a standardized result.

DFSCs were cultured in the osteogenic or adipogenic 
medium (Syagen, China) to induce differentiation over 
two weeks. Staining with alizarin red and Oil Red O was 
carried out according to protocols established in previ-
ous studies [28–30]. The expression of relevant genes was 
quantified using quantitative real-time polymerase chain 
reaction (qRT-PCR), as detailed in earlier publications 
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[28–30]. Primers for the target genes are listed in Supple-
mentary Table 1.

Flow cytometry
To evaluate surface markers, cells were incubated with 
fluorescein isothiocyanate (FITC)-conjugated antibodies 
against CD44, CD34, CD45, CD90, and CD105 from BD 
Biosciences (USA), or with phycoerythrin-cyanine7 (PE-
Cy7)-conjugated antibodies against CD86 and allophyco-
cyanin (APC)-conjugated antibodies against CD206 from 
eBioscience(USA) for 30  min at 4  °C. Fluorescence was 
measured using flow cytometry (Attune NxT, Thermo 
Fisher, USA), and data were analyzed using FlowJo soft-
ware (version 10).

Animal study
Animals
Sixty-six male specific pathogen-free (SPF), eight-
week-old male C57BL/6 mice were purchased from 
the Chengdu Dassy Experimental Animals Co., Ltd. 
(Tianfu Life Science Park, Chengdu, Sichuan Province, 
China). The animals were accommodated individually 
in S8 intelligent independent ventilation cages (IVC, 
VMU56DS8-2, Suzhou Suhang Technology Equipment 
Co., LTD, China) located at the State Key Laboratory 
of Oral Diseases, West China Hospital of Stomatology, 
Sichuan University. Additionally, the environment was 
maintained with a temperature of 22 °C and a 12 h light-
and-dark cycle. The mice were reared with standard lab 
chow (Dassy, China) and autoclaved tap water ad libitum 
during the 1-week acclimatization. The conduct and find-
ings of the papers are reported following the ARRIVE 
Guidelines 2.0, ensuring rigorous and transparent report-
ing of our animal-based research.

Periodontal defect creation and implantation
After acclimatization, C57 mice (15–25 g) were randomly 
divided into eight groups: healthy (n = 6, no surgery), 
DFSC (n = 6, periodontal defect + 20ul 2 × 10^6 DFSCs), 
E-DFSC (n = 24, periodontal defect + 20ul 2 × 10^6 
E-DFSCs), C-DFSC (n = 6, periodontal defect + 20ul 
2 × 10^6  C-DFSCs), and control ((n = 24, periodontal 
defect + 20ul DPBS). Mice were anesthetized with pen-
tobarbital (1  mg/kg, Sigma-Aldrich, USA) via intraperi-
toneal injection and minimized pain with buprenorphine 
(0.05  mg/kg, Sigma-Aldrich) for perioperative analgesia 
[31]. All mice, except those in the healthy group, under-
went the establishment of a periodontal defect model in 
the right mandible. Briefly, after routine hair removal and 
disinfection, skin was cut and occlusal muscle was bluntly 
separated to expose the alveolar bone at the first to third 
mandibular molars’ root orientation. A ball drill of 1 mm 
diameter was used to prepare the periodontal defect 
with a size of 2  mm× 1  mm× 0.5  mm (depth reaching 

the root surface) and the residual periodontal ligament 
was scraped with a curettage. Subsequently, after sterile 
0.9%NaCL irrigating, 20ul cells suspension (2 × 10^6) or 
DPBS was implanted into the defect area, and muscle and 
skin were reduced and sutured in situ.

Postoperative management and euthanasia
As postsurgical management, 100 µg ibuprofen sustained 
release tablets (Taiji, Beijing, China) were performed by 
rectal administration for post-surgery pain control for 3 
days. A soft diet(fodder mixed with autoclaved tap water) 
was fed for 4 weeks. Animals were euthanized with an 
intraperitoneal injection for pentobarbital overdose 
(about 500  µl). When the animals had no conscious by 
the toe-pinch response, their right mandibles were dis-
sected and collected for micro-CT and histological analy-
sis. According to the principle of 6 per group at each time 
point, thirty-six mice from the E-DFSC group (n = 18) 
and control group (n = 18) were sacrificed randomly on 
the 1st, 3rd, and 5th days for in vivo tracer detection. The 
residual mice were sacrificed in the 4th week.

Micro-computed tomography analysis
The right mandibles of mice were scanned using a Sky-
Scan 1176 desktop X-ray micro-CT system (Bruker, Ger-
many), following the protocol described in a previous 
study [32]. The images were reconstructed using NRe-
con and CTvox software and analyzed with DataView-
ers and CTan software. The region of interest (ROI) was 
defined to encompass 220 ± 5 layers (8.87493  μm per 
layer) extending from the distal root of the first molar 
to the mesial root of the third molar along the X-axis, 
115 ± 5 layers from the cement-enamel junction (CEJ) to 
the root tip along the Y-axis, and 55 ± 5 layers from the 
bone surface to the root surface along the Z-axis. Within 
this 3-dimensional (3D) ROI, parameters such as bone 
volume to total volume (BV/TV), trabecular thickness 
(Tb. Th), trabecular separation (Tb. Sp), and trabecular 
number (Tb. N) of the cancellous bone were quantified.

Histological analysis
The fixation, decalcification, and sectioning of mouse 
mandibles were conducted as described in a previous 
study [31]. Staining procedures, including Hematoxy-
lin-Eosin (H&E, Solarbio, China), Masson’s trichrome 
(Solarbio), Tartrate-Resistant Acid Phosphatase (TRAP, 
Wako, Japan), immunohistochemistry (IHC), and immu-
nofluorescence (IF), were performed following previously 
established methods [29]. Quantitative analysis was con-
ducted using ImageJ software to evaluate bone surface to 
total surface ratio (BS/TS) in H&E-stained sections, col-
lagen volume fraction (CVF) in Masson-stained sections, 
the number of TRAP-positive osteoclasts, average optical 
density (AOD) in IHC, OPG/RANKL ratio in IHC, and 
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the M2/M1 macrophage ratio in IF-stained sections as 
previously described [29].

Primary antibodies included anti-collagen 
type-Iα (Col-Iα, Abcam, USA), anti-CD68 (Abcam), 

anti-myeloperoxidase (MPO, R&D Systems, USA), 
anti-nitric oxide synthase 2 (NOS2, Santa Cruz, USA), 
anti-tumor necrosis factor-α (TNF-α, Santa Cruz), 
anti- recombinant chemokine (C-X-C-motif ) receptor 

Fig. 1 (See legend on next page.)
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4 (CXCR4, Zen, USA), anti-vascular endothelial growth 
factor(VEGF, Abcam), anti-CD86 (Abcam), anti-CD163 
(Abcam), anti-transforming growth factor-beta 2 (TGF-
β2, Abcam), anti-receptor activator of NF-κB ligand 
(RANKL, Abcam), and anti-osteoprotegerin (OPG, 
Abcam). Detection of CD86 was facilitated by Alexa 
Fluor 488-conjugated secondary antibodies (Invitrogen, 
USA), while CD68, CD163, and MPO utilized Alexa 
Fluor 647-conjugated secondary antibodies (Invitrogen). 
All antibodies were diluted at a ratio of 1:200. Nuclei 
were stained with 4’,6-diamidino-2-phenylindole (DAPI, 
Solarbio), and sections were visualized using confocal 
microscopy (Olympus, FV1000, Japan).

Statistical analysis
Statistical analyses were conducted using GraphPad 
Prism 9.0. Data are presented as mean ± standard error 
of the mean (SEM) based on at least three independent 
experiments. Comparisons between the two groups were 
performed using a nonparametric, unpaired, two-tailed 
Student’s t-test. For pairwise comparisons between mul-
tiple groups, an ordinary one-way analysis of variance 
(ANOVA) was used. A p-value of less than α (0.05) was 
considered statistically significant. When handling multi-
ple comparisons, the α was separated to control the false 
positives by the Bonferroni post hoc test. Compared n 
times, the new test level α*=α/n.

Results
Characteristic and functional identification of E-DFSCs
DFSCs expressed MSC-related markers CD90, CD105, 
and CD44 while lacking expression of hematopoietic 
cell markers CD34 and CD45 (Fig.  1B). Engineered 
DFSCs (E-DFSCs) infected with CD63-EGFP and ACTB-
mCherry lentiviruses exhibited both red and green 
fluorescence under fluorescence microscopy (Fig.  1C). 
Furthermore, E-DFSCs demonstrated a reduction in 
proliferation and enhanced differentiation capacities 
in osteogenesis and adipogenesis compared to DFSCs 
(Fig.  1D, E). Notably, E-DFSCs showed significantly 
increased transcription of periostin and osteogenic 
genes, including RUNX2, CP-23, and Col-Iα (Fig.  1F). 

Co-culture experiments revealed that E-DFSCs signifi-
cantly enhanced PDLCs migration and M2 polarization 
of Raw264.7 more than C-DFSCs (control lentivirus-
infected DFSCs) and DFSCs, with C-DFSCs exhibiting 
the least effect on M2 polarization (Fig.  1G ∼ H). These 
vitro results indicated that E-DFSCs retain similar prop-
erties to their non-engineered counterparts, but exhibit 
a weakened ability to proliferation and enhanced capa-
bilities in differentiation, promotion of PDLCs migration 
and, macrophage immunomodulation.

E-DFSCs promote periodontal regeneration
Following the implantation of DFSCs in mice, micro-
CT results at four weeks demonstrated enhanced bone 
regeneration in all DFSC groups compared with the con-
trol group across various indicators except the trabecular 
thickness (Tb. Th) (Fig.  2B ∼ F). No significant differ-
ences were observed in all indicators between the cell 
groups (Fig.  2E, F)). The bone surface to tissue surface 
(BS/TS) ratios from hematoxylin and eosin (HE) staining 
were consistent with the bone volume fraction (BV/TV) 
results obtained from micro-CT (Fig. 2G, H). Compared 
to the control group, the mean of collagen volume frac-
tion (CVF) from Masson’s trichrome staining increased 
in both the DFSC and E-DFSC groups, but there were no 
significant differences (Fig.  2I, J). Immunohistochemi-
cal analyses revealed that the expression of Col-Iα was 
significantly elevated in all groups compared to the con-
trol group, and the E-DFSC group was highest (Fig. 2K, 
L). These results indicated that E-DFSCs have equiva-
lent efficiency to DFSCs in periodontal defect repair and 
regeneration.

The implanted E-DFSCs initiate periodontal regeneration 
by activating endogenous cells
Immunofluorescence (IF) imaging revealed that E-DFSCs 
exhibited both green and dark red fluorescence (yel-
low box annotation in Fig.  3). Concurrently, green and 
light red fluorescence was observed around the nuclei 
of surrounding endogenous cells, potentially due to 
the uptake of EVs or cell debris derived from E-DFSCs 
(indicated by the white arrow in Fig.  3). Over time, the 

(See figure on previous page.)
Fig. 1 Characteristic and functional identification of E-DFSCs. (A) Flow chart of experiments in vitro. (B) Flow cytometry detection of markers CD34, CD45, 
CD44, CD90 and CD105 in DFSCs. (C) The image of E-DFSCs in the fluorescence microscope. Scale bar: 100 μm. (D) The OD values of three kinds of DFSCs 
proliferation were tested by the CCK-8 kit at 450 nm. (E) The three kinds of DFSCs for alizarin red staining of osteogenesis and oil red O staining of adipo-
genesis after 2 weeks of induction. Scale bar:100 μm. (F) The qRT-PCR for osteogenesis relative gene in three kinds of DFSCs with 2 weeks induction. (G, H) 
The images and quantitative analysis of PDLCs migration without DFSCs or with three kinds of DFSCs. Scale bar: 100 μm. (I, J) Flow cytometric analysis for 
CD206 and CD86 surface markers expression on macrophages and calculation of CD206/CD86 value after co-culture without DFSCs or with three kinds 
of DFSCs. DFSC represents the DFSCs uninfected with any lentivirus, E-DFSC represents the DFSCs infected with lentivirus of CD63-EGFP-Puro overexpres-
sion and lentivirus of ACTB-mCherry-NEO overexpression, and C-DFSC represents the DFSCs infected with lentivirus of Puro overexpression and lentivirus 
of NEO overexpression. The data were analyzed by ordinary one-way ANOVA with multiple comparisons which compare the mean of each group with 
the mean of every other group and the Bonferroni post hoc test. “*” means statistical significance between any two groups. “#” means statistical signifi-
cance between the control group with any other group. When three groups were compared in pairs, α*=α/3, * or # p < 0.017; ** or ## p < 0.003; *** or ### 
p < 0.0003. When four groups were compared in pairs, α*=α/6, * or #p < 0.0083; ** or ## p < 0.0017; *** or ### p < 0.00017. Error bars represent means ± SD
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number of tri-color fluorescent E-DFSCs with intact 
structures decreased, while the presence of fragmented 
E-DFSCs lacking DAPI-stained nuclei and green and 
light red fluorescent particles ingested by endogenous 
cells increased (Fig. 3D, E). These results suggested that 
implanted E-DFSCs might primarily activate endogenous 
cells through direct contact or paracrine of released EVs 
and other bioactive substances, thereby initiating peri-
odontal repair in vivo. Furthermore, based on the pre-
vious research, macrophage was detected, but IF results 
of CD68 coupled with AF647 co-localization showed 
that only a few macrophages were observed on the 1st, 
3rd, and 5th days (early stage) in the defect area (purple 
box annotation in Fig.  3). This suggested that the mac-
rophages may not the mainly endogenous immune cells 
which communicated with implanted E-DFSCs at an 
early stage.

The implanted E-DFSCs enhance neutrophil infiltration in 
the early stages of injury repair
At the 1st, 3rd, and 5th days, post-implantation 
of E-DFSCs, hematoxylin and eosin (HE) staining 
(Fig.  4A ∼ C) revealed abundant inflammatory cell infil-
tration in the defect area. Most of these cells exhibited 
neutrophilic characteristics, with cytoplasm that was 
either colorless or exhibited an extremely light red, con-
taining dispersed light red or light purple granules. This 
observation was further supported by myeloperoxidase 
(MPO) coupled with AF647 co-localization, confirm-
ing that the majority of the cells clustered around the 
E-DFSCs were neutrophils (yellow box annotation in 
Fig.  4). Meanwhile, neutrophils also participated in EVs 
and debris phagocytosis from E-DFSCs (indicated by 
the white arrow in Fig.  4). Additionally, in periodontal 
defects, compared to the control group, MPO positive 
neutrophils in the E-DFSC group decreased on the  1st 
day (Fig.  4D), but significantly increased on the 3rd 
and 5th days (Fig.  4E, F). Moreover, MPO + neutrophils 
increased gradually over time in both groups (Fig.  4G, 
H). Preliminary in vivo tracer results indicated that neu-
trophils were the primary endogenous cells involved in 
the information exchange with implanted E-DFSCs, and 
E-DFSCs could enhance neutrophil infiltration during 
the early injury stage.

The implanted E-DFSCs induce the N2 phenotype of 
neutrophils in the early stages of injury repair
In order to further explore the influence of E-DFSCs on 
neutrophils, we measured the phenotype of neutrophils 
by immunohistochemistry (IHC) at the 1st, 3rd, and 
5th days post-implantation of E-DFSC. As IHC results 
shown, compared with the control group, the expressions 
of proteins related to N1 phenotype, including nitric 
oxide synthase 2 (NOS2) and tumor necrosis factor-α 

(TNF-α), were significantly reduced in E-DFSC group 
(Fig.  5A–D), while the corresponding proteins related 
to N2 phenotype, chemokine (C-X-C-motif ) recep-
tor 4 (CXCR4) and vascular endothelial growth factor 
(VEGF), were significantly increased in E-DFSC group 
(Fig.  5E–H). Additionally, in E-DFSC groups, there is a 
tendency for the down-regulation of NOS2 and TNF-α 
and up-regulation of CXCR4 and VEGF over time, indi-
cating that the implantation of E-DFSCs contributes to 
the sequential transformation of the N1 and N2 pheno-
types of neutrophils to match the healing process of tis-
sues. In conclusion, E-DFSCs can not only promote the 
local infiltration of neutrophils but also promote the phe-
notypic transformation of N2-type neutrophils, thereby 
accelerating the healing process of periodontal injury.

The implanted E-DFSCs regulate the polarization of 
M2-type macrophages and bone immunity in the late 
stage of repair
For verifying the effect on macrophages and bone immu-
nity in the late stage of regeneration following the neu-
trophils’ immune reaction to E-DFSCs in the early stage, 
the phenotype of macrophages, RANKL/OPG signaling 
pathway, and osteoclasts activation were examined at 
the 4th week after E-DFSCs implantation. Compared to 
the control group, the expression of TNF-α (Fig. 6A, B) 
was notably decreased in the E-DFSC group, while the 
CD163/CD86 ratio value (Fig. 6A, D) and expression of 
transforming growth factor-beta2 (TGF-β2) (Fig. 6A, C) 
observably went up, indicating the up-regulation of M2 
type macrophages in E-DFSC group. The TRAP stain-
ing results mirrored the number of TRAP-positive cells 
in the E-DFSC group were significantly reduced com-
pared with the control group (Fig.  6E, F); in synchroni-
zation, the expression of receptor activator of NF-κB 
ligand (RANKL) in E-DFSC group was less than that 
of the control group (Fig. 6E, G), but it was more in the 
expression of osteoprotegerin (OPG) and ratio value of 
OPG/RANKL (Fig. 6E, H, I); these implied that the OPG/
RANKL signaling pathway was up-regulated and the acti-
vation of osteoclasts was inhibited in E-DFSC group. The 
above results showed that immune balance tilts towards 
healing and bone formation more in the E-DFSC group at 
the late stage of defect regeneration.

Discussion
The potential for clinical application of MSCs in treat-
ing periodontal disease is well-established. Several clini-
cal studies have demonstrated that autologous MSCs can 
enhance relevant clinical indicators in patients with peri-
odontal disease [33, 34]. However, the optimal selection 
and appropriate timing for no-autologous MSCs appli-
cation remain unresolved issues. Effective and precise 
use of MSCs requires a thorough understanding of their 
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Fig. 2 E-DFSCs promote periodontal regeneration in mice at the 4th week. (A) Flow chart of animal experiments in vivo. (B) Micro-CT 3D reconstruction 
images of mice right mandible at 4 weeks post-treated. Scale bar: 1 mm. The red box represents the area of periodontal defect (2 mm×1 mm). (C–F) The 
values of BV/TV, Tb. Th, Tb. Sp and Tb. N from micro-CT 3D ROI. (G, H) The H&E staining pictures and BS/TS quantitative analysis. Scale bar: 250 μm. The 
black arrow points to the alveolar bone crest, in which the image was enlarged to the bottom right corner with a 150 μm scale. (I, J) The Masson staining 
pictures and CVF quantitative analysis. Scale bar: 150 μm. The yellow box indicates the periodontal ligaments in which the details were enlarged to the 
bottom right corner with a 100 μm scale. (K, L) The IHC staining images of Col-Iα and its expression quantitative analysis. Scale bar: 100 μm. Abbreviations: 
B, alveolar bone; R, tooth root; PDL, periodontal ligament; Healthy group treated nothing; Control group treated with 20 µl DPBS; DFSC, E-DFSC, C-DFSC 
groups treated with 20ul 2 × 10^6 corresponding cells. The data were analyzed by ordinary one-way ANOVA with multiple comparisons and the Bonfer-
roni post hoc test. “1” means statistical significance compared to the healthy group; “2” means statistical significance compared to the control group; “3” 
means statistical significance compared to the DFSC group; “4” means statistical significance compared to the E- DFSC group; “5” means statistical signifi-
cance compared to the C-DFSC group. Adjust α*=α/10, p < 0.005. Error bars represent means ± SD
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functional mechanisms. Previous research on MSCs’ 
mechanisms in periodontal regeneration has predomi-
nantly been results-oriented [13, 35–37]. Specific mecha-
nisms of implanted no-autologous MSCs are still poorly 
understood. Given the limited survival time [9, 18] of 
most implanted MSCs and the potential for missing cru-
cial information in conclusion-oriented mechanism stud-
ies, this research successfully engineered DFSC lines that 
enable tracking of cells in vivo, facilitating the visualiza-
tion of implanted cells and their derivatives. Furthermore, 
the efficacy of this cell line in periodontal regeneration 
and immune regulation was verified both in vivo and in 
vitro. After implanting DFSCs into periodontal defects 
in mice, not only the early-stage tracks between DFSCs 
and innate immunity system were investigated, but also 

the relevant immune influences were observed at the late 
stage of periodontal regeneration.

In vitro studies have shown that the proliferation 
capacity of DFSCs decreases following lentivirus infec-
tion, consistent with earlier reports that lentiviral infec-
tion can reduce cell viability and proliferation [38, 39]. 
Despite this reduction in proliferation, differentiation and 
co-culture experiments demonstrate that the ability of 
infected DFSCs on multi-differentiation and promotion 
of PDLCs migration and M2 polarization remains robust. 
This discrepancy between cell proliferation and func-
tional capabilities suggests that a decline in proliferation 
does not necessarily imply a reduction in other cellular 
functions. Furthermore, the immunomodulatory abilities 
of DFSCs and their capacity to mobilize indigenous cells 

Fig. 3 The implanted E-DFSCs initiate periodontal regeneration by activating endogenous cells. (A-C) The images of E-DFSCs and CD68 positive mac-
rophages on confocal after implanted into mice periodontal defect on the 1st, 3rd, and 5th days. Scale bar: 60 μm. The off-white box showed the details 
which were enlarged to the right images with a 20 μm scale. (D) Quantitative analysis of the relative number of E-DFSCs which were limited to diam-
eter ≥ 10 μm and tri-fluorescence (red, green, and blue). (E) Quantitative analysis of the relative number of debris and extracellular vesicles derived from 
E-DFSCs which were limited to diameter <10 μm and green fluorescence. The yellow boxes circle out the DFSCs with yellow fluorescence composed 
of green fluorescence and red fluorescence. The white arrows point to the endogenous cells with green or chartreuse fluorescent particles. The purple 
boxes circle out the CD68-positive cells with purple fluorescence. Fluorescent source: blue from cell nucleus’ DAPI; green from cell membranes’ CD63-
EGFP; red from cytoskeletons’ ACTB-mCherry; purple from cell membranes’ CD68-AF647. Abbreviations: B, alveolar bone; R, tooth root; D, periodontal 
defect. The data were analyzed by ordinary one-way ANOVA with multiple comparisons and the Bonferroni post hoc test. “*” means statistical significance 
between any two groups. Adjust α*=α/3, * p < 0.017; ** p < 0.003; *** p < 0.0003. Error bars represent means ± SD
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Fig. 4 The implanted E-DFSCs enhance neutrophil infiltration in the early stages of injury repair. (A) The pictures of H&E staining and confocal imaging 
on the 1st day after treatment. (B) The pictures of H&E staining and confocal imaging on the 3rd day after treatment. (C) The pictures of H&E staining and 
confocal imaging on the 5th day after treatment. Scale bar: 60 μm. (D, E, F) The MPO expression quantitative analysis on the 1st, 3rd, and 5th days in each 
group. (G, H) The MPO expression quantitative analysis in the E-DFSC group and control group over time. The black box in H&E staining pictures and 
the off-white box in confocal images showed the details which were enlarged to the right pictures with a 20 μm scale. The yellow boxes circle out the 
MPO + neutrophils clustered around the E-DFSCs. The white arrows point to the neutrophils with green or chartreuse fluorescent particles. Fluorescent 
source: blue from cell nucleus’ DAPI; green from cell membranes’ CD63-EGFP; red from cytoskeletons’ ACTB-mCherry; purple from MPO-AF647. Abbrevia-
tions: B, alveolar bone; R, tooth root; D, periodontal defect; PDL, periodontal ligament. The two-tailed student’s T-test was used for intergroup analysis 
at the same time point. “*” means statistical significance between any two groups. * p < 0.05; ** p < 0.01; *** p < 0.001. The ordinary one-way ANOVA and 
Bonferroni post hoc test were used for pairwise comparative analysis at different time points in the group. Adjust α*=α/3, * p < 0.017; ** p < 0.003; *** 
p < 0.0003. Error bars represent means ± SD
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may be more critical than their proliferative capacity for 
periodontal regeneration. This is evidenced by the obser-
vation that the repair of alveolar bone and periodontal 
ligaments in mice was not compromised by the dimin-
ished proliferative ability of infected DFSCs.

A detailed comparison revealed that E-DFSCs have 
superior performance than DFSCs in osteogenic differ-
entiation, promoting M2 polarization and PDLCs migra-
tion, and up-regulating COL-1 expression. In previous 
studies, gene overexpression was used to optimize some 
properties of MSCs [40, 41], and the overexpression of 
ACTB and CD63 in DFSCs may potentially enhance 
the functionality of DFSCs. Beta-actin (ACTB), a highly 
conserved cytoskeletal structural protein, plays critical 
roles in cell growth and migration [42], and its ablation 

can modify the ratio of globular actin (G-actin) to fila-
mentous actin (F-actin) [43], which is essential for osteo-
genic and adipogenic differentiation of MSCs [44]. CD63, 
a member of the tetraspanin superfamily, is abundantly 
expressed and localized to the intraluminal vesicles of 
late endosomes and multivesicular bodies in EVs [45]. As 
a common scaffold protein for target protein loading in 
EVs [46], CD63 enhances EVs secretion [47] and supports 
various biological functions, such as ferritin secretion 
[48] and increased biogenesis [49], thereby facilitating the 
exchange of information between cells. OF course, fur-
ther experiments will be planned to determine whether 
the overexpression of ACTB and CD63 can effectively 
optimize the specific functionality of DFSCs.

Fig. 5 The implanted E-DFSCs induce the N2 phenotype of neutrophils in the early stages of injury repair. (A, E) The IHC staining images of NOS2 and 
its expression quantitative analysis. Scale bar: 50 μm. (B, F) The IHC staining images of TNF-α and its expression quantitative analysis. Scale bar: 50 μm. (C, 
G) The IHC staining images of CXCR4 and its expression quantitative analysis. Scale bar: 50 μm. (D, H) The IHC staining images of VEGF and its expression 
quantitative analysis. Scale bar: 50 μm. The abbreviations, groupings, and data analysis were the same as the figuer4 legend. “#” means statistical signifi-
cance between the E-DFSC group and the control group at the same time point. # p < 0.05; ## p < 0.01; ### p < 0.001. “*” means statistical significance 
among different time points in the group. Adjust α*=α/3, * p < 0.017; ** p < 0.003; *** p < 0.0003. Error bars represent means ± SD
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Preliminary in vivo tracing results indicated no vis-
ible proliferation of DFSCs after implantation; rather, the 
number of structurally intact DFSCs gradually declined 
over time in the defect area, aligning with previous 
studies [9, 18]. The implanted DFSCs can interact with 
endogenous cells via direct contact or paracrine signal-
ing, activating these endogenous cells to participate in 
tissue repair. Following the implantation of DFSCs, neu-
trophils, not macrophages [50] or lymphocytes [51] as 
previously suggested, were the primary endogenous cells 
that migrated to the injury site to interact with DFSCs 
and phagocytize sEVs. Neutrophils play a critical role in 

the onset, progression, and healing of periodontitis [52, 
53]. As a primary line of immune defense, neutrophils 
exhibit robust chemotaxis, rapidly moving to inflam-
matory sites [54]. Upon activation, neutrophils release a 
range of substances, including processed antigens, che-
mokines, cytokines, and cytotoxic effector molecules like 
peroxide and superoxide, [55] which influence the subse-
quent immune responses of antigen-presenting cells, [56] 
macrophages, [19] and T lymphocytes [57]. Immune reg-
ulation is crucial for tissue regeneration. Given the lim-
ited survival time of implanted MSCs and the importance 
of early immune regulation for tissue healing, this study 

Fig. 6 The implanted E-DFSCs regulate polarization of M2-type macrophages and bone immunity in the late stage of repair. (A) The IF and IHC staining 
images of CD86, TNF-α, CD163, and TGF-β in the fourth week. Scale bar: 100 μm. Fluorescent source: blue from cell nucleus’ DAPI; green from cell mem-
branes’ CD86-488; red from cell membranes’ CD163-AF647. The CD86 + cells represent M1-type macrophages, and the CD163 + cells represent M2-type 
macrophages. (B, C) Quantitative analysis of TNF-α and TGF-β. (D) The ratio value of CD163/CD86 (M2/M1). (E) The TRAP staining pictures and IHC stain-
ing images of RANKL and OPG in the fourth week. Scale bar: 100 μm. The red arrows pointed to the fuchsia TRAP + osteoclasts. (F) The relative number 
of TRAP + osteoclasts. (G, H) Quantitative analysis of RANKL and OPG. (I) The ratio value of RANKL/OPG. The abbreviations, groupings, and data analysis 
were the same as the Fig. 4 legend. “*” means statistical significance between any two groups. * p < 0.05; ** p < 0.01; *** p < 0.001. Error bars represent 
means ± SD
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focused on tracing the biological behavior of DFSCs in 
the early stage (1,3,5 days). Of course, in order to have 
a deeper understanding of the fate of DFSCs and their 
complex interactions in the whole immune system turn-
over process, long-term tracking of DFSCs is necessary, 
and we will gradually improve this huge works in subse-
quent experiments.

The recruitment of neutrophils is crucial for the repair 
of injured or inflamed tissues. Kovtun et al. [58] discov-
ered that granulocyte colony-stimulating factor (G-CSF) 
significantly enhances neutrophil recruitment, thereby 
accelerating fracture healing; conversely, depletion of 
neutrophils impairs this process. Moreover, Okan et al. 
[59] suggested a mechanism whereby infiltrating neu-
trophils promote early fracture healing through the for-
mation of an “emergency extracellular matrix (ECM).” 
Subsequent research has further detailed how danger-
associated molecular patterns (DAMPs) released follow-
ing a fracture primarily recruit neutrophils to the injury 
site. These chemotactic neutrophils clear the area by 
phagocytizing pathogens and tissue or cellular debris and 
facilitate the formation of a local hematoma by interact-
ing with platelets to form neutrophil extracellular traps 
(NETs) [60]. Following this, neutrophils contribute to the 
reconstruction of the local extracellular matrix and the 
establishment of a vascular network, enhancing fracture 
healing [61]. In our study, implanted DFSCs significantly 
increased neutrophil recruitment in the early stages of 
periodontal injury, enhancing the clearance of damaged 
tissues or cells and the establishment of an extracellu-
lar matrix and vascular network, thereby promoting the 
healing of periodontal defects.

In addition to the effective infiltration of neutrophils, 
the transformation of the neutrophil phenotype in the 
injured area is also important for tissue healing. In the 
study on the subtype classification of neutrophils, it was 
demonstrated that different environmental conditions 
induce distinct neutrophil subtypes, such as N1 and N2 
[62]. N1 neutrophils exhibit cytotoxicity, high migration, 
phagocytosis, oxidative bursts, and pro-inflammatory 
properties but lack anti-tumor and inhibitory capabili-
ties. Conversely, N2 neutrophils are characterized by 
longevity, inhibitory, anti-inflammatory, and pro-tumor 
properties, without exhibiting cytotoxicity, migration, or 
phagocytic activities [63]. In research by Yonggang [64] 
on myocardial infarction (MI), N1 neutrophils are the 
predominant phenotype in the early stages of MI (com-
prising over 80% of total neutrophils) due to DAMPs and 
the inflammatory environment. Over time post-MI, the 
proportion of N2 neutrophils increases, underscoring 
their role in resolving inflammation and aiding wound 
repair. Similarly, in this study, we found that over time, 
after DFSCs implantation, the phenotypic expression of 
N1 neutrophils gradually decreased, while the N2 type 

gradually increased, indicating that the transformation 
of the N1 and N2 phenotypes of neutrophils matched the 
healing process of tissues. Importantly, the promotion of 
N2 phenotype transformation by DFSCs can accelerate 
the entire immune balance entering the anti-inflamma-
tory and repair stage earlier and faster.

As mentioned earlier, as a primary line of immune 
defense, the neutrophils’ phenotype transformation 
affects the subsequent immune response and process of 
tissue healing to a certain extent. Andreea’s study [19] 
demonstrated that mediators released by neutrophil 
subtypes significantly influence the phenotypic modula-
tion of macrophages. Factors released by N1 neutrophils 
induce macrophages to polarize towards the M1 pheno-
type, while exposure to the N2 secretome prompts mac-
rophages to adopt a pro-healing M2 phenotype. In this 
study, after DFSCs implantation, we observed the up-reg-
ulation both of N2 neutrophils in the early stage of injury 
and M2 macrophages in late the stage of regeneration. 
However, given the few infiltrations of macrophages in 
the early stage, the effect of DFSCs on M2 polarization 
is likely to be because DFSCs promote the N2 neutro-
phils conversion, which makes N2 secretome increase 
to polarize the macrophages to M2. Of course, we need 
to design more accurate experiments to clarify whether 
there is a necessary relationship between N2 and M2 in 
the process of periodontal defect repair.

In addition, Wagoner [37] previously proposed the 
“immune clearance mechanism of dying MSCs in vivo,” 
wherein MSCs rapidly perish post-implantation and are 
phagocytized by immune cells. This clearance of dying 
MSCs can polarize them towards an anti-inflammatory, 
tolerant, and regenerative phenotype, thereby modu-
lating the immune system and facilitating tissue repair. 
However, this theory has been met with skepticism, as 
evidence suggests that the efficacy of MSCs may rely 
heavily on their cellular activity and adaptability [65, 
66]. In our study, immune clearance occurs not only for 
deceased MSCs but also for xenogeneic, implanted, sur-
viving DFSCs. The clearance of DFSCs-derived EVs and 
cell debris may also promote innate immune cells, such 
as neutrophils and macrophages, polarizing to anti-
inflammatory phenotypes. The up-regulation of N2 and 
M2 phenotype shifted the immune balance towards tis-
sue healing. Therefore, the ratio of OPG/RANKL was up-
regulated and osteoclasts were reduced at the 4th week, 
thereby the bone immune balance tilts towards bone for-
mation to promote alveolar bone regeneration.

In the immune system, the interactions and relation-
ships among various immune cells are complex. Under-
standing the differential effects of MSCs on immune 
cells is crucial. This knowledge is essential for effectively 
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utilizing these cells to enhance immune balance and 
facilitate tissue repair and regeneration at the appropri-
ate time.

Conclusion
In this study, we successfully developed an approach to 
investigate the mechanisms of exogenously implanted 
MSCs in vivo. The preliminary tracing results sug-
gested that DFSCs may activate endogenous immune 
cells, such as neutrophils, through direct contact and 
indirect action. This activation primarily promotes the 
neutrophils’ infiltration and phenotypic transforma-
tion of N2-type neutrophils in early immune responses. 
Meanwhile, in the late stage of regeneration, the polar-
ization of M2-type macrophages, upregulation of OPG/
RANKL signal pathway and inhibition of osteoclasts are 
also verified, suggesting immune balance develops in the 
direction of healing and bone formation. Therefore, the 
effects of xenogenous implanted DFSCs on neutrophils 
can regulate the immune balance to promote the healing 
and regeneration of periodontal tissue to a certain extent. 
This study provides a foundational understanding to elu-
cidate the effects of xenogenous DFSCs on innate immu-
nity, especially neutrophils, in the process of promoting 
periodontal regeneration, and provides a research basis 
for further understanding of the immune mechanisms of 
xenogenous DFSCs.
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