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Abstract

Background

Stem cells from the apical papilla (SCAPs) are important for tooth root development and regeneration of
root dentin. Here, we examined the expression of programmed cell death protein-1 (PD-1) in SCAPs and
investigated the effect of PD-1 on odontogenic and osteogenic differentiation and the relationship
between PD-1 and cell differentiation and SHP2/NF-kB signals.

Methods

SCAPs were obtained culture in the related medium. The proliferation ability was evaluated by cell
counting kit 8 and 5-ethynyl-20-deoxyuridine (EdU) assay. Alkaline phosphatase (ALP) activity assay, ALP
staining, western blot, real-time RT-PCR, Alizarin Red S staining, and immunofluorescence staining were
performed to explore the osteo/odontogenic potential and the involvement of SHP2/NF-kB pathways.
Besides, we transplanted SCAPs component into mouse calvaria defects to evaluate osteogenesis in
Vivo.

Results

We found that human SCAPs expressed PD-1 for the first time. PD-1 knockdown enhanced the
osteo/odontogenic differentiation of SCAPs by suppressing SHP2 pathway and activating NF-xB
pathway. Overexpression of PD-1 inhibited the osteogenesis and odontogenesis of SCAPs via activation
of SHP2 signal and inhibition of NF-kB pathway.

Conclusion

PD-1 activated SHP2 signal to block NF-kB signal and then played a vital role in osteo/odontogenic
differentiation of SCAPs.

Highlights

1. We found that human SCAPs expressed PD-1 for the first time.

2. PD-1 was found to suppress the osteogenic and odontogenic differentiation of SCAPs in vitro and in
vivo.

3. SHP2/NF-kB axis was involved in PD-1-mediated SCAPs

4. This study will provide a strong foundation for follow-up clinical trials.

Introduction

Pulp necrosis leads to teeth fracture and a higher incidence of extraction, especially immature tooth[1].
Tooth loss and orofacial bone defects caused by tooth loss have great impact on the patient's chewing

efficiency and even the patient's physical health[2]. How to effectively regenerate dentin, promote bone
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regeneration and repair hard tissue defects is the key problem in dental regenerative medicine[3,4].
Mesenchymal stem cells (MSCs)-based therapy gradually becomes a promising alternative treatment for
regenerative medicine[5]. SCAPs are one type of MSCs residing in the root apex of young permanent
teeth, contributing to root dentin formation and root elongation during root maturation[6]. Common to
other dental stem cells, SCAPs expressed many MSCs surface markers such as CD29, CD90, CD105,
CD73, STRO-1 and negative to hematopoietic cell lineage marker CD45, CD34[7,8]. SCAPs exhibit self-
renewal ability and multipotent differentiation[9,10]. The multi-differentiation potential of SCAPs is
similar to that of human dental pulp stem cells (hDPSCs). However, SCAPs showed higher proliferation
rate and increasingly stronger osteo/odontogenic potential than hDPSCs and human periodontal
ligament stem cells (hPDLSCs)[11]. Furthermore, compares with hDPSCs, SCAPs have a higher
antiapoptotic survival protein expression, longer telomere length and higher telomerase activity related to
cellular lifespan[12,13]. Some studies suggested that residual SCAPs in the apical papilla surviving the
infection may induce or at least be partially responsible for the mineralized tissue formation or repair
shown in regenerative endodontic treatment!'4l. Osteogenic preconditioning prior to transplantation was
shown to enhance bone formation at the recipient sites[15,16]. Moreover, SCAPs can be used to
reconstruct the spinal cord injury in animal model[17]. When transplanted into immunocompromised
mice, SCAPs can form a typical dentin-pulp-like complex and generate bone-like tissues containing
osteoblast-like cells[18]. In the case of immature permanent apical lesions, SCAPs can guide the
development of root, eventually form the root and promote the healing of periapical tissues. Therefore,
SCAPs were considered as a promising alterative seed cell for dentistry regeneration.

PD-1, also referred to as CD279, was first discovered in 1992 as an apoptosis-associated gene[19]. PD-1
is a member of B7/CD28 family and has the similar amino acid sequence of CD28[20,21]. PD-1 is
expressed on the surface of various cell types, such as macrophages, dendritic cells, monocytes,
activated T cells, B cells and natural killer cells[22,23]. Therefore, PD-1 is extensively studied inhibitory
immune checkpoint molecule that mediates the immune escape of tumor cells[24,25]. Among these
checkpoints, PD-1 can regulate the proliferation of T cells, cytotoxic secretion in cancer to degenerating
anti-tumor immune responses with its ligands[26]. These immune cells may express PD-1 and display
higher levels of PD-1. There are two PD-1 ligands in the B7 family: the broadly expressed PD-1 ligand 1
(PD-L1, B7-H1/CD274) and the higher affinity, more restrictedly expressed PD-1 ligand 2 (PD-L2, CD273)
[27]. PD-L1 is the immune checkpoint molecule, which is often expressed by a wide variety of cells
including both hematopoietic and nonhematopoietic cells[28,29]. PD-L2 expression is more restricted to
antigen presenting cells, such as B cells, dendritic cells and macrophages[30]. Under physiological
conditions, PD-1 engagement by PD-L1 and PD-L2 regulates over-reactions of immune cells and
contribute to maintain peripheral tolerance[31]. However, when PD-L1/PD-L2 are expressed on the surface
of tumor cells, T cell-mediated anti-tumor activity may be severely compromised[32]. It was thoughted
that PD-1functions exclusively within immune system. Surprisingly, PD-1 was detected in different
proportions also in retina ganglion cells and the expression of PD-1 was dramatically found to be
upregulated in large retina ganglion cells after optic nerve injury[33]. This is the first report of the
expression of PD-1 outside the immune system, and suggests that PD-1 play a new role in maintaining

Page 3/35


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cd90
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cell-lineage

neuronal function. And new research revealed that DPSCs which derived from neural crest also expressed
PD-1[34]. Furthermore, the result showed that PD-1 plays a vital role in maintenance of cell proliferation
ability and multipotential differentiation potential of DPSCs. However, it is unknown whether SCAPs also
derived from neural crest express PD-1 and whether PD-1 regulates SCAPs function.

Materials And Methods

2.1 Isolation and culture of SCAPs

Teeth were acquired with consent from patients. The apical papilla was separated from root tips, minced
and digested with collagenase type | and dispase (Gibco, USA). After digestion, cells were seeded in
culture flasks which contained alpha-minimal essential medium (a-MEM; Gibco) with 10% weight per
volume (w/v) fetal bovine serum (FBS; Bl, Israel) and 1% penicillin-streptomycin (Gibco).

2.2 Characterizations of SCAPs
2.2.1 Immunofluorescence staining

Immunocytochemistry for MSCs marker STRO-1 was used to confirm the cell phenotype. SCAPs were
cultured on glass coverslips for 3 days. Cells were washed twice with phosphate buffer saline (PBS;
Gibco), fixed in 4% polyoxymethylene (Biosharp, China), permeabilized with 0.5% Triton X-100 (Beyotime,
China) and then blocked with bovine serum albumin (BSA, Boster, China). After that, cells were incubated
with primary antibody (STRO-1; Santa Cruz) overnight. Cells were incubated in the fluorescence-labeled
secondary antibody. 4,6-diamidino-2-phenylindole (DAPI; Beyotime) was used to dye nuclei.
Immunofluorescence images were acquired with the microscope (Olympus, Germany).

2.2.2 Colony forming assay

SCAPs were seeded into 6-well plates (Nest, China). 10 days later, SCAPs were fixed, stained with crystal
violet (Beyotime). Images were scanned and visualized under the microscope.

2.2.3 Flow cytometric analysis

The characteristic cell surface markers for MSCs were measured by flow cytometric analysis. SCAPs were
incubated with fluorochrome-conjugated rabbit anti-human antibodies: CD105, CD90, CD73, CD45,

CD34 (BD Biosciences, USA) in the dark atmosphere according to MSCs characterization guidelines[35].
Cells were washed and analyzed by BD FACS (BD Biosciences).

2.2.4 Multipotent differentiation of SCAPs
2.2.4.1 Osteoblastic differentiation induction

Mineralized nodules formation was determined by using alizarin red S (ARS; Sigma, USA) staining.
SCAPs were exposed to mineralization induction medium (MM) containing complete medium, 100 nM
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dexamethasone (Sigma), 10 mM B-glycerol phosphate (Sigma) and 50 ug/mL ascorbic acid (Sigma) for
14 d. Cells were stained in ARS solution and detected under the microscope.

2.2.4.2 Adipogenic differentiation induction

For lipogenic differentiation, SCAPs were grown in adipogenic induction medium (Cyagen Biosciences,
China). Following 4 weeks of induction, lipid droplets were stained with Oil Red O working solution
(Cyagen Biosciences) and detected by the microscope.

2.2.4.3 Chondrogenic differentiation induction

For chondrogenic differentiation, SCAPs were exposed to chondrogenic induction medium (Cyagen
Biosciences). After 28 days, cells were stained with Alcian Blue (Cyagen Biosciences) and visualized
under the microscope.

2.3 Transfection of siRNA

For siRNA transfection, SCAPs were treated with PD-1 siRNA or control vehicle siRNA with CP Regent
(Ribo Biotechnology, China). For chemical reagent treatments, SCAPs were treated with 10 pM NF-kB
inhibitor (BMS345441; Selleck Chemical), or 50 yM SHP2 inhibitor (NSC87877; Cayman, USA). Treated
cells were used for further experiments.

2.4 Lentivirus infection

Lentivirus vectors were bought from Genechem (Shanghai, China). The lentivirus vectors contain a target
gene or empty lentiviral vectors. SCAPs were transfected with lentivirus according to the protocol. After
12-16 h, culture medium was replaced with fresh medium.

2.5 Cell counting kit-8 (CCK-8)

The proliferative ability of SCAPs was analyzed by CCK-8 (Dojindo, Japan) assays. Briefly, SCAPs were
seeded in 96-well plates. At 0, 1, 3, 5, 7 days, medium was replaced by 10% CCK-8 solution. Samples were
incubated for 2 h at 37 °C. The absorbance of each sample was analyzed at 450 nm using a microtiter
plate reader (BioTek, UK).

2.6 5-ethynyl-20-deoxyuridine (EdU) assay

SCAPs were seeded on glass coverslips. Cell proliferation ratio was measured using EdU Cell Proliferation
Assay Kit (Ribo Biotechnology, China). After exposed to EdU solution, cells were fixed and then
permeabilized. After that, SCAPs were reacted with 1xApollo® reaction cocktail. DNA contents were
stained with Hoechst 33342 and visualized under a fluorescent microscope.

2.7 Alkaline phosphatase (ALP) staining and activity assay
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After osteoblastic induction for 7 days, SCAPs were rinsed with PBS and fixed. Subsequently, ALP
staining was performed using BCIP/NBT ALP Kit (Beyotime). A commercialized ALP activity kit (Nanjing
Jiancheng Biology, China) was used to analyze ALP activity. ALP activity was normalized to the total
protein content according to relevant formula.

2.8 Calcium Deposition Assay

After osteoblastic induction for 14 d, SCAPs were fixed and stained with ARS solution. Representative
images were obtained via microscope. For calcium deposition quantification, calcific deposits were
dissolved with 10% cetylpyridinium chloride monohydrate (CPC; Beyotime, China). The absorbance was
measured at 562 nm.

2.9 RNA extraction and quantitative reverse-transcription polymerase chain reaction (QRT-PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen Life Technologies, USA) and reverse-transcribed
into cDNA with a Reverse Transcription Kit (Vazyme, China). QRT-PCR was performed by SYBR Green
Real-Time PCR Master Mix (Vazyme). Cycling conditions as: 95 °C for 30 s and 45 cycles of denaturation
at 95°C for 10 s and amplification at 60°C for 30 s. The detailed murine primer sequences of all genes are
shown in Table 1. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.
The sequences of primers were listed in table 1.

2.10 Western blot analysis

SCAPs were harvested and lysed in radio immunoprecipitation assay (RIPA; Beyotime) lysis buffer
containing phosphatase inhibitor and protease inhibitor (Beyotime). Western blot was performed and
then transferred to polyvinylidene difluoride membranes (PVDF; Millipore, USA). After blocking with 5%
BSA, membranes were probed with primary antibodies against GAPDH (Proteintech. China), DSPP
(Bioworld, China), 0SX, ALP (Abcam, China), RUNX2, Histone 3 (H3), IkBa, P65, phosphorylated-lkBa (p-
IkBa), phosphorylated-P65 (p-P65; Cell Signaling Technology, USA). Next, membranes were incubated
with secondary antibodies. Immunoreactive bands on membranes were visualized with an ECL according
to instructions provided by the manufacturer.

2.11 Immunofluorescence staining

SCAPs were fixed, permeabilized and blocked. Cells were incubated with primary antibodies against
primary antibodies DSPP, RUNX2, P65 as described above. Followed by incubation with specific second
antibodies (Abclonal, China), cells were incubated with DAPI. Images were captured by the microscope.

2.12 Animal experiments

All animal experiments were approved by the Institutional Animal Care and Use Committee of Nanjing
Medical University (IACUC-2108030). For this study, 6-week-old male Sprague—Dawley (SD) rats were
anesthetized with pentobarbital. Two defects with a diameter of 5 mm were drilled on each side of the
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cranium using low-speed dental engine with a ring burr. Atelocollagen sponges were used as the scaffold,
and were soaked with SCAPs. Scaffolds containing SCAPs were implanted into the defects Finally, the
incisions were closed with 4-0 nylon sutures. At 12 weeks after surgery, the rats were sacrificed. The
calvarias were used for micro-CT assay and hematoxylin-eosin (H&E) staining.

2.13 micro-CT scanning

To evaluate the bone formation in vivo, cranium samples were scanned using a micro-computed
tomography (micro-CT) system. After 3D reconstruction, relative bone growth surface area was
calculated.

2.14 hematoxylin-eosin (H&E) staining

After micro-CT scanning, calvarias from rats were fixed in 10% neutral formalin for 48 h and then
decalcified in ethylenediamine tetra acetic acid (EDTA) for >8 weeks with a solution change every 3 days.
Specimens were embedded in paraffin. 5 um paraffin sections were stained with hematoxylin-eosin (H&E)
to visualize any histological changes.

2.15 Statistical analysis

Results were presented as meanst standard error of mean. Data for comparisons were analyzed by two-
way analysis of variance (ANOVA) for comparisons. p<0.05 was considered as statistically significant
difference.

Table 1. Primer sequences for qRT-PCR analysis of gene expression.

Target gene Sequences (5¢-3¢) Product size (bp)

RUNX2 Forward, TCTTAGAACAAATTCTGCCCTTT 136
Reverse, TGCTTTGGTCTTGAAATCACA

oSX Forward, CCTCCTCAGCTCACCTTCTC 148
Reverse, GTTGGGAGCCCAAATAGAAA

ALP Forward, GACCTCCTCGGAAGACACTC 137
Reverse, TGAAGGGCTTCTTGTCTGTG

DSPP Forward, ATATTGAGGGCTGGAATGGGGA 136
Reverse, TTTGTGGCTCCAGCATTGTCA

GAPDH Forward, GAAGGTGAAGGTCGGAGTC
Reverse, GAGATGGTGATGGGATTTC 225

Results
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3.1 SCAPs isolation, culture and identification

The primary SCAPs were isolated from dental apical papilla. Under the microscope, SCAPs were
displayed long spindle shape (Figure 1A). Immunofluorescence staining of cultured SCAPs was
counterstained with STRO-1 (red) and DAPI (blue) to visualize cells. The result showed that SCAPs could
express MSCs marker STRO-1 (Figure 1B). Flow cytometric results indicated that SCAPs could express
MSCs associated markers including CD73, CD105, CD90; but were negative for hematopoietic cell marker
CD34 and leucocyte maker CD45 (Figure 1C). Colony formation assay showed that SCAPs formed
colonies and a colony was exhibited under the microscope (Figure 1D). After cells cultured in
chondrogenic induction medium, chondrogenic differentiation potential of SCAPs was evidenced by
Alcian Blue staining (Figure 1E). After osteogenic induction, mineralized calcium deposition was observed
in SCAPs (Figure 1F). After adipogenic induction, SCAPs formed a few of fat drops. (Figure 1G).

3.2 PD-1 was downregulated during osteoblastic differentiation of SCAPs

Firstly, immunofluorescence staining showed that PD-1 was expressed in SCAPs (Figure 2A). To explore
the role of PD-1 in differentiation of SCAPs, the expression level of PD-1 was determined in SCAPs after
cultured in MM for 0, 3 and 7 days. The result of gRT-PCR demonstrated that PD-1 expression was
progressively decreased during differentiation of SCAPs (Figure 2B). In addition, western blot results also
revealed that PD-1 expression at protein level was gradually downregulated in a time-dependent manner
during differentiation of SCAPs (Figure 2C, D). These results confirmed that PD-1 may be associated with
differentiation of SCAPs.

3.3 PD-1 did not affect the proliferation of SCAPs

To ascertain the effect of PD-1 on proliferation and differentiation of SCAPs, we used RNA interference
technique for suppressing PD-1 levels in SCAPs and lentivirus infection technique for overexpressing PD-
1 levels. As is shown in Figure 3A, the mRNA expression level of PD-1 was decreased in small interfering
RNAs targeting PD-1 (siPD-1) group compared to the small interfering RNA negative control (NC) group.
And the protein expression of PD-1 was lower in siPD-1 group than NC group (Figure 3B, C). Moreover, the
mMRNA expression level of PD-1 was markedly higher than NC-over group in PD-1-over group (Figure 3D).
Western blot analysis revealed the protein expression level of PD-1 was increased in PD-1-over group
compared with NC-over group (Figure 3E, F). Inmunofluorescence staining showed that PD-1 was
downregulated after the transfection of siPD-1 (Figure 3G). Immunofluorescence staining showed that
PD-1 was upregulated after the transfection of PD-1 over lentivirus (Figure 3H). The result of CCK-8
showed that PD-1 depletion had no effects on the proliferation of SCAPs (Figure 3I). EdU assay showed
no statistical difference in the proliferation of SCAPs between NC group and siPD-1group (Figure 3J, K).
CCK-8 assay revealed that PD-1-over did not affect cell growth (Figure 3L). The result of EdU assay
confirmed that PD-1-over had no influence on the proliferation potential of SCAPs (Figure 3M, N).

3.4 Knockdown of PD-1 enhanced osteogenic and odontogenic differentiation of SCAPs
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In order to elucidate the role of downregulated PD-1 in osteo/ odontogenic differentiation, we inhibited
PD-1 expression by using siRNA transfection respectively. ALP activity was higher in the group of siPD-1-
transfected cells than NC group by ALP staining and ALP activity assay (Figure 4A, B). Furthermore,
mineralization formation of SCAPs was gauged by ARS staining after induction. ARS staining indicated
increased calcium deposits formation in SCAPs with siPD-1 transfection (Figure 4C). Moreover, cells in
siPD-1 group showed increased mineralization as determined by quantitative calcium measurements
(Figure 4D). Meanwhile, qRT-PCR results revealed that the osteo/odontogenic-related genes DSPR RUNX2,
ALP and OSX were obviously upregulated in the PD-1 knockdown group (Figure 4E). Western blot analysis
indicated that the protein expression levels of DSPP, RUNX2, ALP and OSX were induced by PD-1
knockdown (Figure 4F, G). Immunofluorescence staining revealed that PD-1 silence enhanced the
expression levels of DSPP, ALP, RUNX2 (Figure 4H, |, J). All these data implied that PD-1 knockdown led to
accelerated differentiation of SCAPs.

3.5 Overexpression of PD-1 decreased the osteogenic and odontogenic differentiation of SCAPs

To further determine whether PD-1 was involved in the regulation of osteoblasts and odontoblasts
differentiation in SCAPSs, lentivirus transfection was conducted to overexpress PD-1. ALP staining and
activity assay indicated that ALP activity was decreased in the PD-1 overexpression group (Figure 5A, B).
ARS staining and CPC assay showed the decrease of calcium nodules formation in PD-1-over group
(Figure 5C, D). The results of gRT-PCR demonstrated that PD-1 upregulation led to a dramatic drop of
DSPP, RUNX2, ALP and OSX mRNA (Figure 5E). The regulation of PD-1 overexpression on DSPP, RUNX2,
ALP and OSX was further confirmed at protein level (Figure 5F, G). Immunofluorescence staining
confirmed that transfection with PD-1 lentivirus decreased the expression of DSPP, ALP and RUNX2
(Figure 5H, I, J). These results above revealed that forced expression of PD-1 could suppress osteogenic
and odontogenic differentiation of SCAPs.

3.6 PD-1 inhibited bone healing in a rat calvarial bone defects model

To further evaluate the effect of PD-1 in vivo, SCAPs with PD-1 lentivirus transfection or siRNA
transfection were used in a rat calvarial bone defects model (Figure 6A). The effect was confirmed by
radiographic and histological analysis. The results of microcomputed tomographic (micro-CT) analyses
showed significant increase in relative bone growth surface area in siPD-1 group when compared with the
NC group (Figure 6B, C). While the area of a newly formed bone in PD-1-over group was lower than that in
NC-over group (Figure 6D, E). At 12 weeks, more new bone was formed in bone defects in siPD-1
compared with NC group (Figure 6F). Conversely, little new bone was observed in the PD-1-over group
which is much less than that in the NC-over group.

3.7 Knockdown of PD-1 suppressed the phosphorylation of SHP2, overexpression of PD-1 promoted the
phosphorylation of SHP2

Western blot showed that the phosphorylation of SHP2 were downregulated in PD-1 knockdown group
and NSC87877 inhibition exerted a down-regulation effect on the protein expression of p-SHP2 (Figure
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7A, C). PD-1 overexpression upregulated the protein expression of p-SHP2, while the expression of SHP2
had no significant change in trend in PD-1-over group. The protein level of p-SHP2 was down-regulated by
inhibitor of SHP2 signal NSC87877 (Figure 7B, D). Further research also showed that NSC87877
enhanced the phosphorylation of IkBa and P65, and promoted the translocation of P65 from cytoplasm
to nucleus in PD-1 knockdown group (Figure 7E, G) and PD-1 overexpression group (Figure 7F, H). This
result was confirmed by immunofluorescence staining (Figure 71, J). The results above implied that SHP2
signal blockade played a critical role on the expression of downstream signaling NF-kB pathway in
SCAPs.

3.8 Knockdown of PD-1 promoted the translocation of P65 from cytoplasm to nucleus, overexpression of
PD-1 suppressed the translocation of P65 from cytoplasm to nucleus

Western blot showed that PD-1 inhibition significantly promoted the phosphorylation of IkBa and P65,
and while these effects were weakened by BMS345441 treatment. Knockdown of PD-1 promoted the
translocation of P65 from cytoplasm to nucleus, while these effects were weakened by BMS345441
treatment (Figure 8A, C). PD-1 overexpression significantly suppressed the phosphorylation of IkBa and
P65, while these effects were furtherly weakened by BMS345441 treatment. PD-1 overexpression
inhibited the translocation of P65 from cytoplasm to nucleus, and these effects were weakened by
BMS345441 treatment (Figure 8B, D). Immunofluorescence staining revealed that the nuclear P65
expression apparently increased in siPD-1 group, and BMS345441 reduced the nuclear P65 expression
(Figure 8E). Immunofluorescence staining revealed that PD-1 overexpression suppressed the nuclear P65
expression, BMS345441 further inhibited the nuclear P65 expression (Figure 8F).

3.9 PD-1 enhanced SCAPs osteogenic and odontogenic differentiation by suppressing SHP2 signal

ALP activity assay and ALP staining showed that in PD-1 blockade group, ALP activity was markedly
increased by NSC87877 (Figure 9A, B). Analogously, the downregulation of ALP activity in SCAPs was
induced by PD-1 overexpression, and ALP activity of SCAPs could be significantly enhanced by SHP2
inhibitor NSC87877 (Figure 9C, D). Remarkably, the mRNA expression levels of DSPP, RUNX2, ALP and
OSX were significantly upregulated in the siPD-1+NSC87877 (Figure 9E). Western blot analysis showed
that siPD-1+NSC87877 group expressed markedly increased levels of DSPP, RUNX2, ALP and OSX in
comparison with siPD-1 group (Figure 9F, G). Western blot analysis and qRT-PCR were used to measure
the expression of osteogenic and odontogenic markers in NC-over, PD-1-over, PD-1-over+NSC87877
groups. QRT-PCR result indicated that the osteogenic and odontogenic differentiation genes in SCAPs
were significantly upregulated by NSC87877 (Figure 9H). Western blot analysis indicated that the
osteogenic and odontogenic differentiation markers (DSPP, RUNX2, ALP and OSX) in PD-1-
over+NSC87877 group were increased compared with PD-1-over group (Figure 91, J). In addition, we
found that knockdown of PD-1 with NSC87877 enhanced the osteogenic and odontogenic differentiation
markers (DSPP and RUNX2) by immunofluorescence staining (Figure 9K, L). We observed a significant
increase of DSPP and RUNX2 in PD-1-over+ NSC87877 group vs PD-1-over group (Figure 9M, N). Taken
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together, these results pointed out that inhibition of SHP2 signal promoted osteogenic and odontogenic
differentiation of SCAPs.

3.10 PD-1 inhibited SCAPs osteogenic and odontogenic differentiation by enhancing NF-kB signaling

ALP activity was markedly decreased in siPD-1+BMS345441 groups (Figure 10A, B; p<0.07). ALP staining
and ALP activity assay showed PD-1-over+BMS345441 resulted in a significantly reduced ALP activity
(Figure 10C, D). Consistently, qRT-PCR further confirmed that the downregulation of DSPP, RUNX2, ALP
and OSX induced by PD-1 overexpression could be partially blocked by NF-kB signal inhibitor
BMS345441 (Figure 10E). Western blot shoed that PD-1 knockdown enhanced DSPP, RUNX2, ALP and
OSX protein expression, whereas co-transfection with PD-1 siRNA and BMS345441 reversed the
repression of DSPP, RUNX2, ALP and OSX protein levels (Figure 10F, G). QRT-PCR showed that the
osteogenic and odontogenic markers were also decreased in PD-1-over+BMS345441 group (Figure10H).
The decreased levels of DSPP, RUNX2, ALP and OSX protein were found in the PD-1-over+BMS345441
group in comparison to PD-1-over group (Figure 101, J). Immunofluorescence staining revealed that siPD-
1+BMS345441 group had a reduced expression level of DSPP and RUNX2 in comparison to siPD-1 group
(Figure 10K, L). Immunofluorescence staining showed that decreased expressions of
osteo/odontogenesis-related markers DSPP and RUNX2 were observed in PD-1-over+BMS345441 group
(Figure 10M, N). The data revealed that inhibition of NF-kB signal could suppress osteogenesis and
odontogenesis of SCAPs.

Discussion

Stem cell-based therapy has attracted great interest for the treatment of multiple diseases[36]. MSCs
derived from dental tissues are perceived as a promising source of cells with therapeutic potential,
especially for dental tissue treatment. Orofacial tissue regeneration and repair of tissues depend on
MSCs[37]. Dental apical papilla directly contributes toward tooth development and regeneration[38].
SCAPs located around the open apex of premature tooth root are able to undergo multilineage
differentiation and possess low immunogenicity, which could contribute to tissue engineering and
regenerative therapy[39]. As such, SCAPs become an easily accessible source of cell-based regenerative
therapies. The maintenance of self-renewal and differentiation potential plays a pivotal role in MSCs-
based therapy, but expansion in vitro may lead to the loss of these characteristics[40]. Therefore,
improving the function of MSCs will effectively promote the therapeutic efficacy of MSCs[41]. Our
research revealed that SCAPs can express PD-1. Moreover, knockdown of PD-1 enhanced
osteo/odontogenic differentiation of SCAPs, and overexpression of PD-1 repressed osteogenic and
odontogenic differentiation of SCAPs.

PD-1 belongs to the immunoglobulin superfamily[42]. The expression of PD-1in T and B cells is inducible
upon stimulation[43]. PD-1 is not only a potent T cell inhibitor with a critical role in peripheral tolerance,
but also a negative costimulatory receptor critical for the suppression of T cell activation in vitroand in

vivol*445l, Recently, some studies revealed constitutive expression of PD-1 in neurons of the mouse retina
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and brain[46]. Furthermore, PD-1 expression was shown to be significantly increased in retina ganglion
cells after a crushing injury to the optic nerve, suggesting that PD-1 might be essential in retinal
neurodegeneration[47]. Recently, Oldenhove et al. demonstrated that PD-1 expression on type 2 innate
lymphoid cells can result in the dysregulation of tissue metabolism[48]. Furthermore, during in

vitro cultivation, PD-1 blockade altered the differentiation kinetics[44]. In fact, it had been confirmed that
PD-1 knockout can affect the proliferation and differentiation of stem cells[34]. In view of important
findings of this study, it is crucial to acquire information on the expression and on physiological aspects
of PD-1 in SCAPs. Moreover, PD-1 was lowly expressed during mineralization induction of SCAPs. We
demonstrated that PD-1 was increased by five-fold in PD-1 lentivirus transfection overexpression group,
and reduced in the PD-1 knockdown group. Previously, several articles have reported the strategy of
intrinsic blockade of PD-1 in cells with CRISPR/Cas9 or shRNA technologies[49]. Therefore, PD-1
silencing would accelerate the osteo/odontogenic differentiation of SCAPs and PD-1 overexpression
impaired the osteo/odontogenic differentiation of SCAPs. However, the regulatory mechanism of PD-1 in
osteo/odontogenic differentiation of SCAPs needs to be explored further.

PD-1 contains two different signaling motifs in its cytoplasmic tail, an immunoreceptor tyrosine-based
inhibition motif (ITIM) and an immunoreceptor tyrosine-based switch motif (ITSM)[50]. Phosphorylation
of both motifs above recruits the protein tyrosine phosphatases (PTPs), such as Src homology 2
domain-containing tyrosine phosphatase 2 (SHP2)[51]. Increasing evidence has revealed these PTPs
can dephosphorylate various key signaling pathway kinases and counter the positive signaling
events[51]. Moreover, SHP2 is a key downstream effector of the immune checkpoint receptor PD-1in T
cells[52]. Tyrosine phosphatase SHP2 is an intracellular domain responsible for transmission of
inhibitory signals in PD-1/PD-L pathway[50,53]. In this study, we investigated that upregulation of PD-1
enhanced the phosphorylate of SHP2, while downregulation of PD-1 inhibited the phosphorylate of SHP2.

SHP2, a ubiquitously expressed multifunctional protein, is a major phosphatase involved in several
cellular processes. PD-1-associated SHP2 dephosphorylates downstream pathway. Eventually, PD-1
signaling transduction leads to decreased activation of transcription factors, such as NF-kB pathway[54].
NF-kB signaling pathway is an important regulator of cellular gene transcription and can regulate
differentiation[55]. When cells are induced by inflammatory complement, oxidative stress and other
factors, leading to NF-kB pathway activation[56]. The activation of NF-kB pathway is characterized by the
phosphorylation of P65 and IkBa in the cytoplasm, the translocation of P65 into the nucleus[57].
Therefore, we investigated the expression of P65 in nucleus to demonstrate whether PD-1 inhibited
SCAPs osteoblastic and odontoblastic differentiation by suppressing NF-kB signal. The result of this
study demonstrated that knockdown of PD-1 enhanced the osteogenic and odontogenic differentiation
via activating NF-kB signaling pathway and overexpression of PD-1 inhibited the osteogenic and
odontogenic differentiation via suppressing NF-kB signaling pathway. In this study, we revealed that PD-1
was confirmed to regulate negatively osteogenesis and odontogenesis due to its inhibition resulted in the
osteogenesis and odontogenesis enhancement and its overexpression resulted in the osteogenesis and
odontogenesis inhibition.
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Furthermore, our data illustrated that PD-1 functioned as an inhibitor in osteogenesis and odontogenesis
of SCAPs. NF-kB signal functioned negative downstream of SHP2 to promote the differentiation of
SCAPs. Here, we discussed the detailed effect of PD-1 in these signaling events and their implications in
mediating the mechanisms that inhibit differentiation of SCAPs in response to PD-1-mediated signals.

Conclusion

In summary, our findings indicated that PD-1 in vitro expressed in SCAPs and played an inhibitory role in
the osteogenesis and odontogenesis of SCAPs. The decrease of PD-1 inhibited SHP2 and then activated
NF-kB signaling pathway. The increase of PD-1 activated SHP2 and then inhibited NF-kB pathway. These
results help to determine the possible mechanism of PD-1 in regulating SCAPs differentiation. This
research provides useful insight into the role of PD-1 in SCAPs and offers a theoretical basis for research
on applications of SCAPs in tissue engineering.
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Characterization of SCAPs (A) SCAPs grown in culture medium. Primary culture (above) and culture at
passage 3 (below) were shown (scale bar=100 ym); (B) Immunofluorescence analysis of cultured SCAPs
for STRO-1 (red), and nuclei were stained with DAPI (blue) (scale bar=50 um); (C) Phenotype analysis of
SCAPs was conducted by flow cytometric assay. Cell surface markers: CD34 (0.27%), CD45 (0.51%),
CD73 (95.9%), CD90 (93.2%), CD105 (83.5%); (D) Single colonies were stained with toluidine blue; (E)
Chondrogenic differentiation of SCAPs was determined with Alcian Blue; (F) Osteogenic differentiation of
SCAPs was found by ARS staining (scale bar=100 pm); (G) Adipogenic differentiation of SCAPs was

determined by Qil red O staining (scale bar=100 ym).

A PD-1 Phalloidin DAPI Merge

d

od 3d T
= 1.0

GAPDH- Sl -35kDs = .
=

Krlativ

Figure 2

PD-1 was down-regulated during the osteogenic differentiation of SCAPs (A) Immunofluorescence
staining showed that PD-1 expressed in SCAPs (scale bar=50 uym); (B) Relative expression of PD-1 was
determined by gRT-PCR analysis (*p<0.05, **p<0.01); (C) Western blot analysis of PD-1 at indicated time

points; (D) Quantitation of protein band of PD-1 in (C) (*p<0.05, **p<0.01).
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Figure 3

PD-1 knockdown and PD-1 overexpression showed no significant effect on the proliferation of SCAPs (A)
The mRNA expression of PD-1 in SCAPs after transient transfection by siRNA (*p<0.05, **p<0.01); (B) The
protein expression of PD-1 was examined by western blot analysis; (C) Quantitation of protein band of
PD-1 in (B) (*p<0.05, **p<0.01); (D) The gene expression of PD-1 was detected by qRT-PCR after
transfection of PD-1-over (*p<0.05, **p<0.01); (E) Western blot analysis of the PD-1 expression in SCAPs;
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(F) Quantitation of protein bands of PD-1 in (B) (*p<0.05, **p<0.01); (G) Immunofluorescence staining
indicated that PD-1 expressions were lower in siPD-1 group than control group (scale bar=50 pm); (H)
Immunofluorescence staining indicated that PD-1 expression was higher in PD-1-over group than control
group (scale bar=50 pm); (I) CCK-8 result showed that there is no significant difference between PD-1
knockdown and control group (p>0.05); (J) EdU staining showed that PD-1 knockdown has no effect on
the proliferation of SCAPs (scale bar=100 pm); (K) Relative quantitative analysis of EdU staining (p>0.05);
(L) CCK-8 result showed that there is no significant difference between PD-1-over group and NC-over
group (p>0.05); (M) EdU staining showed that PD-1 overexpression has no effect on the proliferation of
SCAPs (scale bar=50 pm); (N) Relative quantitative analysis of EdU staining (p>0.05).
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Figure 4

Downregulated PD-1 increased osteogenic and odontogenic differentiation of SCAPs (A) Images of ALP
staining in NC group, si-PD-1 group for 7 days (scale bar=100 ym); (B) ALP activity assay was conducted
when cells were cultured for 7 days (*p<0.05, **p<0.01); (C) Images of ARS staining for mineralized
matrix in NC, siPD-1 groups (scale bar=100 pm); (D) CPC assay were conducted to get quantification of
ARS staining (*p<0.05, **p<0.01); (E) Expression levels of osteo/odontogenic related genes (DSPP,
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RUNX2, ALP and OSX) were assessed by gRT-PCR (*p<0.05, **p<0.01); (F) Expressions of
osteo/odontogenic markers (DSPP, RUNX2, ALP and OSX) were assessed by western blot; (G) The
histogram shows the quantification of band intensities (*p<0.05, **p<0.01); (H) Immunofluorescence
detection indicated that downregulated PD-1 increased the protein expression of DSPP (scale bar=50
um); (I) The protein expression of ALP was determined by immunofluorescence assay (scale bar=50 pm);
(J) The protein expression of RUNX2 was assessed by immunofluorescence detection (scale bar=50 pm).
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Upregulated PD-1 suppressed osteogenic and odontogenic differentiation of SCAPs (A) Images of ALP
staining in NC-over, PD-1-over for 7 days. (B) Relative ALP activity on day 7. (*p<0.05, **p<0.01); (C)
Results of ARS staining on day 14. (D) Relative quantitative analysis of ARS staining (*p<0.05, **p<0.01);
(E) Relative mRNA expression of osteo/odontogenic genes (DSPP, RUNX2, ALP, and OSX) (*p<0.05,
**p<0.01). (F) Western blot analysis of osteogenic and odontogenic markers in SCAPs; (G) Relative
quantitative analysis of protein bands for DSPP, RUNX2, ALR, and OSX (*p<0.05, **p<0.01); (H)
Immunofluorescence detection indicated that upregulated PD-1 decreased the protein expression of
DSPP (scale bar=50pm). (I) Immunofluorescence detection indicated that PD-1 overexpression decreased
the protein expression of ALP (scale bar=50 pm); (J) Immunofluorescence detection indicated that
upregulated PD-1 decreased the protein expression of RUNX2 (scale bar=50 pm).
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Figure 6

PD-1inhibited bone healing in a rat calvarial bone defects model (A) SCAPs with PD-1 overexpression or
PD-1 knockdown were used in a rat calvarial bone defects model. The effect was confirmed by
radiographic and histological analysis. (B) The results of micro-CT analyses in siPD-1 group and NC
group; (C) The histogram shows the quantification of the area of newly formed bone in (B) (*p<0.05,
**p<0.01); (D) The results of micro-CT analyses in PD-1-over group and NC-over group; (E) The histogram
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shows the quantification of the area of newly formed bone in (D) (*p<0.05, **p<0.01). (G) HE staining in
coronal images of bone defects in the NC group and siPD-1 group after 12 weeks. (H) HE staining in
coronal images of bone defects in the NC-over group and PD-1-over group after 12 weeks. NB represents

the newly formed bone.
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Figure 7

Knockdown of PD-1 suppressed the phosphorylation of SHP2; overexpression of PD-1 promoted the
phosphorylation of SHP2 (A) Western blot analysis of SHP2 signal related markers in SCAPs (NC group,
siPD-1 group, siPD-1+NSC87877 group); (B) Western blot analysis of SHP2 signal related markers in
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SCAPs (NC-over group, PD-1-over group, PD-1-over+NSC87877 group); (C) Relative quantitative analysis
of band intensities: p-SHP2, SHP2 in (A) (*p<0.05, **p<0.01); (D) Relative quantitative analysis of band
intensities: p-SHP2, SHP2 in (B) (*p<0.05, **p<0.01); (E) Western blot analysis of NF-kB signal related
markers in SCAPs (NC group, siPD-1 group, siPD-1+NSC87877 group); (F) Western blot analysis of NF-kB
signal related markers in SCAPs (NC-over group, PD-1-over group, PD-1-over+NSC87877 group); (G)
Relative quantitative analysis of band intensities: p-P65, P65, p-IkBa, IkBa and nuclear P65 in (E)
(*p<0.05, **p<0.01); (H) Relative quantitative analysis of band intensities: p-P65, P65, p-IkBa, IkBa and
nuclear P65 in (F) (*p<0.05, **p<0.01); () Immunofluorescence detection indicated that PD-1 knockdown
decreased the protein expression of nuclear P65, but NSC87877 increased the protein expression of
nuclear P65 (scale bar=50 pm); (J) Immunofluorescence detection indicated that PD-1 overexpression
increased the protein expression of nuclear P65, but NSC87877 decreased the protein expression of
nuclear P65 (scale bar=50 pm).
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Knockdown of PD-1 activated NF-kB signal; overexpression of PD-1 suppressed NF-kB signal (A) Western
blot analysis of NF-kB signal related markers in SCAPs (NC group, siPD-1 group, siPD-1+BMS345441
group); (B) Western blot analysis of NF-kB signal related markers in SCAPs (NC-over group, PD-1-over
group, PD-1-over+BMS345441 group); (C) Relative quantitative analysis of band intensities: p-P65, P65, p-
IkBa, IkBa and nuclear P65 in (A) (*p<0.05, **p<0.01); (D) Relative quantitative analysis of band
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Figure 8
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intensities: p-P65, P65, p-IkBa, IkBa and nuclear P65 in (B) (*p<0.05, **p<0.01); (E) Immunofluorescence
detection indicated that PD-1 knockdown decreased the protein expression of nuclear P65, and
BMS345441 reduced the protein expression of nuclear P65 (scale bar=50 pm); (F) Immunofluorescence
detection indicated that PD-1 overexpression increased the protein expression of nuclear P65, but
BMS345441 decreased the protein expression of nuclear P65 (scale bar=50 pm).
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Inhibition of SHP2 signaling pathway promoted downregulated PD-1-enhanced osteogenic and
odontogenic differentiation of SCAPs; Inhibition of SHP2 signaling pathway promoted upregulated PD-1-
inhibited osteogenic and odontogenic differentiation of SCAPs (A) Images of ALP staining in NC group,
siPD-1 group, siPD-1+NSC87877 group (scale bar=50 pm); (B) ALP activity assay in NC group, siPD-1
group, siPD-1+NSC87877 group (*p<0.05, **p<0.01); (C) Images of ALP staining in NC-over group, PD-1-
over group, PD-1-over+NSC87877 group (scale bar=100 pym); (D) ALP activity assay in NC-over group, PD-
1-over group, PD-1-over+NSC87877 group (*p<0.05, **p<0.01); (E) QRT-PCR analysis of osteogenic and
odontogenic markers in SCAPs (NC group, siPD-1 group, siPD-1+NSC87877 group) (*p<0.05, **p<0.01);
(F) Western blot analysis of osteogenic and odontogenic markers in SCAPs (NC group, siPD-1 group,
siPD-1+NSC87877 group) (*p<0.05, **p<0.01); (G) Relative quantitative analysis of the corresponding
protein band for DSPP, RUNX2, ALP, and OSX (*p<0.05, **p<0.01); (H) QRT-PCR analysis of osteogenic and
odontogenic markers in SCAPs (NC-over group, PD-1-over group, PD-1-over+NSC87877 group) (*p<0.05,
**p<0.01); (I) Western blot analysis of osteogenic and odontogenic markers in SCAPs (NC-over group, PD-
1-over group, PD-1-over+NSC87877 group); (J) Relative quantitative analysis of the corresponding protein
band for DSPP, RUNX2, ALP, and OSX (*p<0.05, **p<0.01); (K) Immunofluorescence detection indicated
that PD-1 knockdown enhanced the protein expression of DSPRP, and NSC87877 increased the protein
expression of DSPP (scale bar=50 pm); (L) Immunofluorescence detection indicated that PD-1
knockdown increased the protein expression of RUNX2, but NSC87877 promoted the protein expression
of RUNX2 (scale bar=50 pym); (M) Immunofluorescence detection indicated that PD-1 overexpression
reduced the protein expression of DSPP, and NSC87877 increased the protein expression of DSPP (scale
bar=50 um); (N) Immunofluorescence detection indicated that PD-1 overexpression decreased the protein
expression of RUNX2, but NSC87877 promoted the protein expression of RUNX2 (scale bar=50 ym).
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Inhibition of NF-kB signaling pathway inhibited downregulated PD-1-enhanced osteogenic and
odontogenic differentiation of SCAPs; Inhibition of NF-kB signaling pathway inhibited PD-1 inhibited
osteogenic and odontogenic differentiation of SCAPs (A) Images of ALP staining in NC group, siPD-1
group, siPD-1+ BMS345441 group (scale bar=50 pm); (B) ALP activity assay in NC group, siPD-1 group,
siPD-1+ BMS345441 group (*p<0.05, **p<0.01); (C) Images of ALP staining in NC-over group, PD-1-over
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group, PD-1-over+ BMS345441 group (scale bar=100 pm); (D) ALP activity assay in NC-over group, PD-1-
over group, PD-1-over+ BMS345441 (*p<0.05, **p<0.01); (E) QRT-PCR analysis of osteogenic and
odontogenic markers in SCAPs (NC group, siPD-1 group, siPD-1+ BMS345441 group) (*p<0.05, **p<0.01);
(F) Western blot analysis of osteogenic and odontogenic markers in SCAPs (NC group, siPD-1 group,
siPD-1+BMS345441 group) (*p<0.05, **p<0.01); (G) Relative quantitative analysis of the corresponding
protein band for DSPP, RUNX2, ALR, and OSX (*p<0.05, **p<0.01); (H) QRT-PCR analysis of osteogenic and
odontogenic markers in SCAPs (NC-over group, PD-1-over group, PD-1-over+ BMS345441) (*p<0.05,
**p<0.01); (I) Western blot analysis of osteogenic and odontogenic markers in SCAPs (NC-over group, PD-
1-over group, PD-1-over+ BMS345441) (*p<0.05, **p<0.01); (J) Relative quantitative analysis of the
corresponding protein band for DSPP, RUNX2, ALP, and OSX (*p<0.05, **p<0.01); (K) Immunofluorescence
detection indicated that PD-1 knockdown enhanced the protein expression of DSPP, and BMS345441
decreased the protein expression of DSPP (scale bar=50 pm); (L) Immunofluorescence detection
indicated that PD-1 knockdown increased the protein expression of RUNX2, but BMS345441 reduced the
protein expression of RUNX2 (scale bar=50 pm). (M) Immunofluorescence detection indicated that PD-1
knockdown enhanced the protein expression of DSPP, and BMS345441 decreased the protein expression
of DSPP (scale bar=50 pm); (N) Immunofluorescence detection indicated that PD-1 knockdown increased
the protein expression of RUNX2, but BMS345441 reduced the protein expression of RUNX2 (scale bar=50

um).
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Figure 11

Schematic diagram for PD-1/ SHP2 /NF-kB axis Schematic diagram for the activation of SHP2 and NF-
kB pathways by PD-1 overexpression and inhibition. PD-1 overexpression can trigger the phosphorylation
of SHP2, and suppress the phosphorylation of IkBa, which subsequently results in the rapid hydrolysis of
IkBa. P65 is then phosphorylated and transported into nuclei, which finally causes the activation of NF-kB
pathway.
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