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Abstract
Background During the process of deep decay, when decay approaches the pulp, an immune response is
triggered inside the pulp, which activates the complement cascade. The effect of complement component
5a (C5a) on the differentiation of dental pulp mesenchymal stem cells (DPSCs) is related to dentin
reparation. The aim of the present study was to stimulate DPSCs with different concentrations of C5a
and evaluate the differentiation of odontoblasts using dentin sialoprotein (DSP).

Methods DPSCs were divided into the following six groups: i) Control; ii) DPSCs treated with 50 ng/ml
C5a; iii) DPSCs treated with 100 ng/ml C5a; iv) DPSCs treated with 200 ng/ml C5a; v) DPSCs treated with
300 ng/ml C5a; and vi) DPSCs treated with 400 ng/ml C5a. Flow cytometry and multilineage
differentiation potential were used to identify DPSCs. Mineralization induction, Real-time PCR and
Western blot were conducted to evaluate the differentiation of odontoblast in the 6 groups.

Result DPSCs can express mesenchymal stem cell markers, including CD105, CD90, CD73 and, a less
common marker, mesenchymal stromal cell antigen-1. In addition, DPSCs can differentiate into
adipocytes, neurocytes and osteoblasts. All six groups formed mineralized nodules after 28 days of
culture. Reverse transcription-quantitative PCR and western blotting indicated that the high concentration
C5a groups expressed higher DSP levels and promoted DPSC differentiation, whereas the low
concentration C5a groups displayed an inhibitory effect.

Conclusion

In this study, the increasing concentration of C5a, which accompanies the immune process in the dental
pulp, has demonstrated an enhancing effect on odontoblast differentiation at higher C5a concentrations
in vitro.

Introduction
Caries is caused by bacteria that chronically destroy the hard tissues of the teeth. When deep decay
approaches the pulp, bacterial metabolites stimulate the pulp via dentinal tubules, causing irritation of
the pulp, even when the pulp is not exposed. The clinical treatment of deep decay often comes with
uncertainty and usually fails. During the early stages of stimulation, immune cells in the pulp that reach
the damaged site release various in�ammatory factors to attract more immune cells, resulting in cascade
ampli�cation. However, the pulp is located in a relatively closed cavity, which makes the cycle of
metabolism weaker; therefore, dead cells enhance the ampli�cation of the in�ammatory signal, and
eventually, pulpitis occurs. A treatment strategy to control the pulpal immune response, induce repair and
avoid the occurrence of pulpitis has not been identi�ed.

Deep decay that approaches the pulp initially induces an immune response, leading to complement
activation. Each complement component (C2-C5) is cleaved into two or more fragments, which are
represented by a and b, for example. C2a, C3b, C4b and C5b bind directly or indirectly to the target cell
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membrane and participate in the cytolytic function of complement, while C3a and C5a are released into
the �uid phase. C5a is derived from the α-polypeptide via C5-convertase-mediated cleavage and displays
an important role during in�ammation. Furthermore, C5a is an anaphylatoxin that possesses potent
chemotactic activity. Among the anaphylatoxins, C5a displays the strongest effect, with an effect 20 and
2,500 times stronger than C3a and C4a, respectively; therefore, C5a was chosen for the present study.
Studies conducted over the past several years have revealed that C5a is a strong chemoattractant that
can activate DPSCs migrating to the damaged tissue to initiate the process of dentin-pulp regeneration
(1–3). Any repair of local tissue can lead directly to the regeneration of dentin-pulp. Previous studies have
also displayed that during the early stage of dentin-pulp regeneration, C5a displays an important role.
Moreover, pulp progenitor cells are selectively recruited via the C5a gradient (3). During the in�ammatory
response, the binding of C5a to the C5a receptor (C5aR) can mediate the development of in�ammation,
by inducing increased intracellular calcium levels and intracellular signaling cascades, such as the
recruitment and activation of in�ammatory cells. The release of granzymes and histamine increases the
expression of cell adhesion molecules. Collectively, the aforementioned processes enhance the immune
response. The relationship between C5a and regeneration has been reported in liver (4), cardiac (5) and
bone (6) tissues. The liver of C5-de�cient mice can regenerate following an injection of C5 or C5a (7), and
in cardiac tissue, C5a induced the migration and differentiation of progenitor cells (5). Moreover,
following bone fracture, the expression of C5aR increased signi�cantly during the process of osteogenic
differentiation of mesenchymal progenitors. C5a also induced the migration of mesenchymal cells and
osteoblasts during the regeneration progress, indicating that C5a was involved during the regeneration of
fractured bone (6).

DPSCs originate from the ectoderm and as adult progenitor cells they display mesenchymal features (8,
9), including clonality and self-renewal capacity (10, 11). Although the exact marker of DPSCs has not
been previously identi�ed, dental pulp mesenchymal stem cell populations have been widely
characterized by the expression of STRO-1, which is a bone marrow cell membrane antigen (12, 13).
However, other markers, including the melanoma cell adhesion molecule/CD146 [a marker of perivascular
mesenchymal stem cells (MSCs)] (14–16), the low-a�nity nerve growth factor receptor (CD271) (15, 17,
18), the mesenchymal stem cell antigen (MSCA-1/tissue non-speci�c alkaline phosphatase) (19) and the
neural cell adhesion molecule (CD56; a marker of neural and muscular MSC populations) (15, 19, 20),
have been identi�ed. A recent study reported that a series of mesenchymal stromal/stem cell markers
were expressed in DPSCs, including CD56, CD146, CD271, MSCA-1 and STRO-1 (21). The CD31 negative
dental pulp cells population contained ~ 1.4% CD56+ cells, 1.5% CD146+ cells, 2.4% CD271+ cells and
6.3% MSCA-1+, indicating the exact expression of mesenchymal stromal/stem cell markers. Furthermore,
there were few STRO-1+ cells (< 0.3%) compared with others; therefore, the detection of STRO-1
expression was not optimal compared with previous studies. Mesenchymal stem cells were detected by
�ow cytometry via the expression of CD34, CD45, CD73, CD90, CD105 and MSCA-1.

Dentin sialophosphoprotein (DSPP) is a non-collagenous matrix protein of odontoblasts, which can be
cleaved to dentin phosphoprotein and dentin sialoprotein (DSP) (22). DSP has been reported to be
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involved during the process of dentin mineralization, and its essential role during dentinogenesis has
been con�rmed (23). Therefore, a number of studies have used DSP and DSPP as odontoblasts
differentiation markers. DPSC differentiation has been optimized using 5mM β-glycerophosphate, which
induced a higher expression of DSP (24). In a previous study, DSP was used as a marker for odontoblasts
differentiation (25).

When deep decay occurs, the decay is removed and further external stimuli are prevented. At this time,
aseptic in�ammation in the pulp is the key issue that prevents the successful self-healing of the pulp.
Regeneration of the pulp requires a certain degree of the immune response, growth factors and signal
molecules to establish an environment conducive to the formation of dentin, which are particularly
important for the rapid formation of reparative dentin. Recently, it was reported that 1µg/ml lipoteichoic
acid (LTA) and lipopolysaccharide (LPS) can stimulate dental pulp cells to release C5a and interleukin-6
(26).

In addition to promoting the migration of stem cells, whether C5a displays a positive role during tooth
regeneration has not been previously reported. After stem cells migrate, whether C5a plays an important
role during the next stage of regeneration, for example by promoting the differentiation of odontoblast
cells, is not completely understood. Therefore, the aim of the present study was to analyze the effect of
different concentrations of C5a on DPSC differentiation in order to investigate whether C5a displayed an
effect on accelerating the differentiation of odontoblasts to accelerate the formation of reparative dentin.

Materials And Methods
Primary cell culture.

Human dental pulp was collected from immature third molars, and the 1/3 tip of the pulp was cut off and
subsequently, the explant outgrowth method was performed (24). For each experiment, three different
donors were used (n = 12; 3–4 molars per donor; the male to female ratio of cases was 1:1, age18-25
years,the range of date was from Jan. 2019 to March 2019). Exodontia was performed by the
Department of Oral and Maxillofacial Surgery in the Second A�liated Hospital of Harbin Medical
University. The present study was approved by the Institutional Ethics Committee of the Second A�liated
Hospital of Harbin Medical University. Written informed consent was obtained from all donors. The basic
culture medium of DPSCs was Human Mesenchymal Stem Cell Growth Medium Kits (RASMX-90011,
Cyagen Biosciences Guangzhou, China), including 10% FBS, 1% penicillin and streptomycin and 1%
glutamine.

Identi�cation of DPSCs by CD34, CD45, CD73, CD90, CD105 and MSCA-1 using �ow cytometry.

Dental pulp cells were cultured in 75cm2 cell culture �asks (Corning, Inc.) and a total of 7 �asks were
prepared. Cells were washed three times with PBS and digested using 2 ml pre-warmed 0.25% trypsin.
Digestion was terminated and cells were counted. Cells were collected at a density of 1x106 cells/ml into
15 ml centrifuge tubes. Cells were washed three times using PBS and centrifuged for 10 min at 300 x g.
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at room temperature. The supernatant was discarded and the cell pellets were incubated on ice for 30
min. Cells in one tube served as the control group. Cells in the remaining six tubes were incubated with
monoclonal conjugated antibodies (Table I) to identify pulp immunocompetent cells. Antibodies were
used at a 1:10 dilution (5 µl antibody with 50 µl buffer). Subsequently, 1–2 ml buffer was added to each
tube and centrifuged for 10 min at 300 x g at room temperature to wash the cells. Cells were resuspended
in 500 µl buffer. Flow cytometry was performed using the BD FACS Canto �ow cytometer (BD
Biosciences) and FACS Diva software (version 6.1.3) (BD Biosciences, San Jose, CA, USA).

Experimental groups.

Cells were cultured in a 37 ℃, 5% CO2 incubator and divided into six groups (n = 1x105 cells/group): i)
cells treated with basic cell culture medium containing 10 nmol/l dexamethasone, 5 mmol/l β-
glycerophosphate and 50 mg/ml vitamin-C-phosphate as control; ii) DPSCs treated with 50 ng/ml
recombinant human complement component C5a protein (C5a; R&D Systems, Inc.); iii) DPSCs treated
with 100 ng/ml C5a; iv) DPSCs treated with 200 ng/ml C5a; v) DPSCs treated with 300 ng/ml C5a; and vi)
DPSCs treated with 400 ng/ml C5a. In addition to basic cell culture medium which included and C5a, 10
nmol/l dexamethasone (Sigma-Aldrich, USA), 5 mmol/l β-glycerophosphate (Sigma-Aldrich, USA) and 50
mg/ml vitamin-C-phosphate (Sigma-Aldrich, USA) were added to each tube to promote odontoblastic
differentiation. The culture medium was replaced every other day with fresh culture medium containing
the same concentration of C5a.

Multilineage potential of DPSCs into adipocytes, osteoblasts and neurons in vitro.

Cells at passage 3 were plated at a density of 1x105 cells per well. Adipocyte differentiation was induced
by culturing DPSCs with 0.5 µM isobutylmethylxanthine (Sigma-Aldrich, USA), 50 µM indomethacin
(Sigma-Aldrich, USA) and 0.5 µM dexamethasone (Sigma-Aldrich, USA) in a 37 ℃, 5% CO2 incubator for
3 weeks. Subsequently, cells were �xed in 4% paraformaldehyde for 30 min at room temperature and
stained with a fresh Oil Red O solution for 1 h at room temperature. Osteoblast differentiation was
induced by culturing DPSCs with 5 mM/l β-glycerophosphate, 10 nM/l dexamethasone and 50 mg/ml
vitamin-C-phosphate in a 37 ℃, 5% CO2 incubator for 3 weeks. Subsequently, cells were �xed using 95%
ethanol for 30 min at 37˚C and stained with Alizarin Red S for 30 min at 37˚C. The cells for adipocyte and
osteoblast differentiation were observed under a light microscope (ZEISS, 37081 Goettingen, Germany)
(original magni�cation, x40). Neuronal differentiation of DPSCs was induced as previously described
(27). Brie�y, cells were cultured with basic cell culture medium containing 500 mM β-mercaptoethanol
(Sigma-Aldrich, USA) and 10 ng/mL βFGF (Sigma-Aldrich, USA) in a 37 ℃, 5% CO2 incubator for 24 h.
Subsequently, the culture medium was replaced with serum-free medium containing 2% DMSO and 100
mM butylated hydroxyanisole (Sigma-Aldrich, USA) at 37 ℃, 5% CO2 incubator for 6 h. Cells were �xed in
4% paraformaldehyde at room temperature for 20 min. PBS-T (phosphate buffer saline with 0.1% Triton
X-100) were used to permeabilize with at 4℃ for 10min. Then we removed the PBS-T and washed the
cells three times with PBS (phosphate buffer saline). Samples were treated with PBS-B (4% bovine serum
albumin in PBS) at 37 C for 30 min. Then we incubated the antibodies. The primary antibody solution
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(1:200, SantaCruz, USA) was added into the samples at 4 ℃ overnight, then washed the samples with
PBS for 5 min. The secondary antibody solution (1:200, EarthOx, California, USA) incubated the samples
for 60 min at room temperature in the dark. Stained the samples with the nuclear dye 4,6-diamidino-2-
phenylindole dihydrochloride (DAPI, Beyotime, CHN) for 5 min, washed with PBS 3 times and then
�uorescent images were acquired. Immuno�uorescence was detected using a �uorescence microscope
(magni�cation, x20; DMI14000B; Leica Microsystems GmbH, Wetzlar, Germany).

Cytotoxicity (MTT) assay cultured by different concentrations of C5a.

The effect of different concentrations of C5a on cell viability was assessed using an MTT assay. Cells
were seeded (1x104 cells/well) into 96-well plates. After 24 h, cells were treated with 50, 100, 200, 300 or
400 ng/ml C5a in a 37 ℃, 5% CO2 incubator for 24 h. The control group was incubated with normal
medium. Subsequently, cell cytotoxicity was assessed using the Cell Proliferation Kit I (MTT; Roche
Applied Sciences), according to the manufacturer’s protocol. Dimethyl sulfoxide (200 µl) was added to
dissolve the formazan crystals. The absorbance of each well was measured at a wavelength of 490 nm
using an ELISA reader (Thermo Fisher Scienti�c, Inc.). Cell viability was calculated according to the
following formula: Cell proliferation rate (%) = [mean optical density (OD) of the group - mean of OD of
zero-set group] / (mean OD of untreated group - mean of OD of zero-set group) x100.

Mineralization induction of all 6 groups.

Cells at passage 3 were seeded (5x104 cells/well) into 6-well plates, and cultured with different
concentrations of C5a (50, 100, 200, 300 or 400 ng/ml) and mineralized medium (5 mM/l mll β-
glycerophosphate, 10 nM/ml l dexamethasone and 50 mg/ml vitamin-C-phosphate). The control group
was cultured in mineralized medium without C5a. Following culture in a 37 ℃, 5% CO2 incubator for 28
days, cells were �xed using 95% ethanol for 30 min at 37˚C. Subsequently, cells were stained with 0.1%
Alizarin Red S (Sigma-Aldrich; Merck KGaA) at 37˚C for 30 min to detect calcium accumulation. The
mineralized nodules were observed under a light microscope (ZEISS, 37081 Goettingen, Germany)
(original magni�cation, x40).

Reverse transcription-quantitative PCR (RT-qPCR) of DSP and Actin expressions.

Following culture for 28 days, total RNA was extracted from the cells using the RNeasy Mini kit used
according to the manufacturer’s protocol (Qiagen GmbH). Total RNA was reverse transcribed into cDNA
using the Transcriptor First Strand cDNA Synthesis kit used according to the manufacturer’s protocol
(Roche Diagnostics GmbH). The following thermocycling conditions were used for reverse transcription:
50˚C for 60 min, 85˚C for 5 min and 4˚C for 10 min. Subsequently, qPCR was performed using FastStart
Universal SYBR Green Master Rox Mix (Roche Diagnostics GmbH). The following thermocycling
conditions were used for qPCR: 95˚C for 2 min; 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec. The
following primer pairs were used for qPCR: DSP forward, 5’-TTTCCGCTTGTCATCATCTCC-3’ and reverse,
5’- GGTGTCCTGGCACTACTGCAT-3’; and actin, forward 5’-GGGAAATCGTGCGTGACATT-3’ and reverse, 5’-
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GGAACCGCTCATTGCCAAT-3’. mRNA expression levels were quanti�ed using the 2−∆∆Cq method (28) and
normalized to the internal reference gene actin.

Western blotting of DSPP and Actin expression.

Following culture for 28 days, total protein was extracted from the cells using cell lysis buffer, which
consisted of 150 mM NaCl, 20 mM Tris (pH 7.5), 2.5 mM sodium pyrophosphate, 1% Triton X-100, 1%
Na3CO4, 0.5 µg/ml leupeptin, 1 mM EDTA and 1 mM phenylmethanesulfonyl �uoride. Total protein was
quanti�ed using the Pierce™ BCA Protein Assay kit used according to the manufacturer’s protocol
(Thermo Fisher Scienti�c, Inc.). Protein samples (20 µg/lane) were separated via 12% SDS-PAGE and
transferred onto PVDF membranes by Trans-Blot SD Cell Semi-Dry Transfer (Bio-Rad Laboratories, Inc.).
Subsequently, the membranes were blocked with 5% milk at room temperature for 1 h with gentle
agitation. The membranes were incubated at 4˚C overnight with the following primary antibodies: Mouse
anti-human DSPP (LFMB-21; cat. no sc-73632; 1:200; Santa Cruz Biotechnology, Inc.) and β-actin (cat. no.
20536-1-AP; 1:5,000; ProteinTech Group, Inc.). Following primary incubation, the membranes were
incubated with the following secondary antibodies at room temperature for 1 hour.: goat anti-mouse IgG
(cat. no. SA00001-1; 1:10,000; ProteinTech Group, Inc.) and goat anti-rabbit IgG (cat. no. SA00001-2;
1:10,000; ProteinTech Group, Inc.). Protein bands were visualized using the Clarity MaxTM Western ECL
substrate (Bio-Rad Laboratories, Inc.) and photographed using the Tanon 1000 digital image gel
analytical system (Tanon Science & Technology Co., Ltd.). β-actin was used as the loading control. The
bands were quanti�ed using Image J (NIH, USA).

Statistical analysis.

One-way ANOVA followed by Bonferroni’s multiple comparisons was performed using SPSS software
(version 13.0; SPSS, Inc.). P < 0.05 was considered to indicate a statistically signi�cant difference. Data
are expressed as the mean ± standard error of the mean.

Results
Identi�cation of DPSCs by CD34, CD45, CD73, CD90, CD105 and MSCA-1 using �ow cytometry.

Flow cytometry analysis indicated that CD34 (Fig. 1A), CD45 (Fig. 1B), CD73 (Fig. 1C), CD90 (Fig. 1D),
CD105 (Fig. 1E) and MSCA-1 (Fig. 1F) were expressed by 7.7, 2.9, 97.5, 91.5, 36.7 and 5.6% of DPSCs,
respectively.

Multilineage potential of DPSCs into adipocytes, osteoblasts and neurons.

The visible mineralized nodules are presented in Fig. 2A, which demonstrated the osteogenic induction of
DPSCs. The neutral lipid vacuoles presented in Fig. 2B indicated the adipogenic differentiation of the
DPSCs. Moreover, the neuronal differentiation of DPSCs was determined by immunocytochemical
staining (Fig. 2C).
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Cell morphology and proliferation of DPSCs cultured with different concentrations of C5a.

The cell morphology of cultured DPSCs incubated with different concentrations was assessed (Fig. 3).
Cells in the six groups grew well with no differences compared with the control group. In all six groups,
normal cell morphology was observed (Fig. 3).

The results of the MTT assay indicated that no inhibitory effect on cell proliferation was observed in the
six groups, which suggested that C5a did not in�uence DPSC proliferation. Cells incubated with 400
ng/ml C5a displayed a cell survival rate of 108.68 ± 12.35%. The results indicated that the �ve
concentrations of C5a assessed in the present study displayed no toxic effect on the differentiation of
DPSCs (Fig. 4).

Odontoblast differentiation by RT-qPCR analysis and Western blot. 

Odontogenesis-associated gene DSP was expressed by all six groups, as determined by RT-qPCR (Fig. 5).
However, DSP expression was weaker in groups ii and iii compared with the other three groups, whereas
group v displayed notably higher gene expression. The western blotting results were similar to the RT-
qPCR results. DSPP protein expression levels were weak in groups ii and iii, which were signi�canly lower
compared with the other groups. Group v displayed the highest protein expression levels of DSPP (Fig. 6).

Mineralization assay of all 6 groups.

After 28 days of culture, mineralized nodules were observed in all six groups. Cells displayed an
osteoblast-like polygonal morphology with white mottled crystals. Red mineralized nodules were stained
by Alizarin Red S staining and are presented in Fig. 7. Groups ii and iii displayed relatively smaller
mineralized nodules compared with the other groups (Fig. 7B and C). A large mineralized nodule was
observed in group v (Fig. 7E).

Discussion
Caries and pulpitis are the most common diseases in the clinical diagnosis and treatment of the
department of dentistry. Severe lesions will not only lead to the defect of tooth tissue, but also may cause
damage to the surrounding tissues, such as periapical lesions and alveolar bone resorption, which will
bring a lot of trouble for the follow-up treatment.Therefore, it is very important to control the development
of the disease in the early stage, such as deep decay that approaches the pulp. In the case of deep caries
that approaches the pulp, the complements in the pulp are activated �rst, then the complements summon
all sorts of immune cells and signaling molecules for an immune response. During this process, the
complement 5a express most during all complements, which is 20 times more than C3a and 2500 times
more than C4a. Therefore, the immune response study in dental pulp on C5a is more meaningful.

The characteristics of DPSCs have been previously reported. Compared with other adult stem cells, such
as bone marrow stem cells, DPSCs are superior, not only regarding regeneration and renovation
properties, but also in other tissues and organs (29). Odontoblast differentiation is the prerequisite to
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dental tissue engineering and dental restoration. A number of studies have promoted the differentiation
of DPSCs into odontoblasts using a variety of factors, including bone morphogenetic protein 2 (30),
neuropilin-1-FYN (30), cellular retinoic acid-binding protein 2 (31) and intra�agellar transport 140 (32).
Dental pulp tissue is located in the closed and hard dentin wall, which determines its poor intramedullary
circulation. Therefore, it is easy to cause edema of pulp tissue, then the pressure of pulp cavity increases
which leading to the occurrence of pulpitis and �nally pulp necrosis occur. As known, pulpitis can be
caused by caries, trauma and chemical irritation from dental materials; pulpal in�ammation ultimately
activates the complement system leading to dental pulp tissue damage. Following complement
activation, a complement protein is secreted that binds to its corresponding receptor and simultaneously
chemotaxis-related immune cells migrate to the zone complement activation to drive immune function.
Studies have reported that in addition to chemotactic immune cells, C5a induces DPSCs migration to the
damaged area (33). However, the role of C5a following the migration of DPSCs, in particular, whether C5a
continues to display a role during the second stage of regeneration (the differentiation stage) has not
been previously reported; therefore, the present study cultured DPSCs with different concentrations of C5a
to determine the effects on DPSC differentiation.

In the present study, Cyagen Human Mesenchymal Stem Cell Growth Medium kits were used to culture
the primary dental pulp cells and subsequently, stem cell-related marker expression was detected by �ow
cytometry. MSCA-1 was expressed by 5.6% of DPSCs, which was consistent with a previous report (21).
General high glucose DMEM with fetal bovine serum was used to culture DPSCs, which induced MSCA-1
expression in 1.1% of DPSCs, as determined by �ow cytometry. The Cyagen Human Mesenchymal Stem
Cell Growth Medium kits can aid with stem cell puri�cation from the DPSC culture, and therefore, were the
�rst choice for the DPSC experiments in the present study. There was no signi�cant difference in the
expression levels of DSP mRNA and DSPP protein between the 50 ng/ml C5a group and the control
group, which indicated that 50 ng/ml C5a did not in�uence DPSC differentiation, potentially because the
concentration was too low. Therefore, 50 ng/ml C5a did not promote or inhibit DPSC differentiation
compared with the control group. In the 100 and 200 ng/ml C5a groups, low mRNA and protein
expression levels of the odontoblast cell markers DSP and DSPP were observed, which were 10 times
lower compared with the control group. Therefore, concentrations of C5a between 100 and 200 ng/ml
displayed a signi�cant inhibitory effect on DPSC differentiation. Clinically, during deep caries or pulpitis,
bacteria invade the pulp and induce complement secretion of C5a, which inhibits DPSC differentiation. It
was hypothesized that failure to induce repair and regeneration in the dental pulp may be related to the
concentration of C5a. The results of the present study indicated that 100 and 200 ng/ml C5a inhibited
differentiation; however, this hypothesis requires further investigation.Inhibiting DPSC differentiation may
be induced by certain concentrations of C5a, which may in�uence the self-repair process of dental pulp.
However, the differentiation of DPSC displayed no apparent difference between the 300 ng/ml C5a group
and the control group. The loss of inhibition observed at the high concentration of 300 ng/ml C5a implied
that regeneration may occur at this concentration. Compared with the control group, a 2-fold increase in
the expression of the odontoblast marker DSP was observed in the 400 ng/ml C5a group. The present
study did not evaluate the effect of C5a concentrations > 400 ng/ml on differentiation. Collectively, the
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results indicated that C5a displayed an effect on the proliferative activity and differneitiation capacity of
DPSCs. The study of appropriate C5a concentration for pulp regeneration process can help to modi�ed
the existing traditional pulp treatment methods (such as root canal therapy) in future clinical diagnosis
and treatment. Futhermore, the study may help to prevent the occurrence of pulpitis and protect the pulp
activity in order to prolong the life of teeth in the mouth.

Previous studies have indicated that there is high C5a expression within 48 h and low C5a expression
between 48 h and 7 days post-LTA and LPS stimulation of human dental pulp cells. Although the
expression pattern in vitro cannot simulate the state of the body, the present study indicated that high
C5a concentrations signi�cantly promoted the differentiation of DPSCs into odontoblasts, while the
lowest concentration of C5a used in the present study displayed an obvious inhibitory effect. Therefore,
in the clinical case of deep caries, once the complement response is activated, alterations to the levels of
C5a may display a key role during the repair and regeneration of the pulp. When C5a expression
increases, its combination with C5aR can lead to immune cascades that induce further in�ammatory
factor secretion and immune cell recruitment, which is adverse to pulp regeneration. Therefore, controlling
the expression and inducing high expression of C5a to promote DPSC differentiation to induce dental
pulp regeneration may serve as an effective therapeutic strategy.

Collectively, the present study demonstrated for the �rst time that high concentrations of C5a promoted
DPSC differentiation. By contrast, 50 ng/ml C5a displayed clear inhibition. Just during the immune
process in the dental pulp, the concentration of C5a initially secreted low, then the expression of C5a
gradually increased as the immune response progressed. In vitro, we con�rmed its role in promoting the
differentiation of odontoblasts, but the differentiation of odontoblasts did not protect the pulp and
prevent the occurrence of pulpitis in some cases. The role of C5a in the development of pulp immunity
deserves further study. To the best of our knowledge, the results of the present study may provide a
theoretical basis for further investigation into the use of C5a as a therapeutic for deep decay that
approaches the pulp.

Declarations
Ethics approval and consent to participate

The article’s proposal was approved by ethics committee a�liated with the second A�liated hospital of
Harbin Medical University with the ID of KY2020-57. Written informed consent was obtained from all
participants.

Consent for publication

Not applicable.

Availability of data and materials



Page 12/20

The datasets used for the current study are available from the corresponding author on reasonable
request.

Competing interests

The authors declare that they have no competing interests.

Funding

The Second-class Postdoctoral Science Foundation of Heilongjiang Province, No. LBH-Z20075

Authors' contributions

JL designed the study, performed the experiments and wrote the manuscript. XW, JH and XT performed
the experiments and organized the images. XK and LG participated in this experiment, made substantial
contributions to the acquisition of data and were involved in drafting the manuscript. NL analyzed and
interpreted the data. XS and MY organized the images, interpreted the data. LG performed the surgery to
obtain the teeth and was involved in revising the manuscript. WH and ML helped write the manuscript,
and were responsible for the study funding, and in the conception and design of the study, as well as
providing �nal approval of the version to be published. All authors reviewed the manuscript.

Acknowledgements

The authors are grateful to the Key Laboratory of Myocardial Ischemia of the Ministry of Education (The
Second A�liated Hospital of Harbin Medical University, Harbin, China) for

providing facilities to conduct the investigations of the present study.

Guidelines

All procedures were performed in accordance with relevant guidelines

References
1. Chmilewsky F, Jeanneau C, Laurent P, Kirsch�nk M, About I. Pulp progenitor cell recruitment is

selectively guided by a C5a gradient. J Dent Res. 2013. 92(6): 532–9.

2. Chmilewsky F, Jeanneau C, Laurent P, About I. Pulp �broblasts synthesize functional complement
proteins involved in initiating dentin-pulp regeneration. Am J Pathol. 2014. 184(7): 1991–2000.

3. Chmilewsky F, Jeanneau C, Laurent P, About I. LPS induces pulp progenitor cell recruitment via
complement activation. J Dent Res. 2015. 94(1): 166–74.

4. Michalopoulos GK, DeFrances MC. Liver regeneration. Science. 1997. 276(5309): 60–6.

5. Lara-Astiaso D, Izarra A, Estrada JC, et al. Complement anaphylatoxins C3a and C5a induce a failing
regenerative program in cardiac resident cells. Evidence of a role for cardiac resident stem cells other



Page 13/20

than cardiomyocyte renewal. Springerplus. 2012. 1(1): 63.

�. Ignatius A, Ehrnthaller C, Brenner RE, et al. The anaphylatoxin receptor C5aR is present during
fracture healing in rats and mediates osteoblast migration in vitro. J Trauma. 2011. 71(4): 952–60.

7. Mastellos D, Papadimitriou JC, Franchini S, Tsonis PA, Lambris JD. A novel role of complement: mice
de�cient in the �fth component of complement (C5) exhibit impaired liver regeneration. J Immunol.
2001. 166(4): 2479–86.

�. Siciliano C, Ibrahim M, Scafetta G, et al. Optimization of the isolation and expansion method of
human mediastinal-adipose tissue derived mesenchymal stem cells with virally inactivated GMP-
grade platelet lysate. Cytotechnology. 2015. 67(1): 165–74.

9. Siciliano C, Bordin A, Ibrahim M, et al. The adipose tissue of origin in�uences the biological potential
of human adipose stromal cells isolated from mediastinal and subcutaneous fat depots. Stem Cell
Res. 2016. 17(2): 342–351.

10. Ledesma-Martínez E, Mendoza-Núñez VM, Santiago-Osorio E. Mesenchymal Stem Cells Derived from
Dental Pulp: A Review. Stem Cells Int. 2016. 2016: 4709572.

11. Nuti N, Corallo C, Chan BM, Ferrari M, Gerami-Naini B. Multipotent Differentiation of Human Dental
Pulp Stem Cells: a Literature Review. Stem Cell Rev. 2016. 12(5): 511–523.

12. Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc Natl Acad Sci U S A. 2000. 97(25): 13625–30.

13. Alliot-Licht B, Bluteau G, Magne D, et al. Dexamethasone stimulates differentiation of odontoblast-
like cells in human dental pulp cultures. Cell Tissue Res. 2005. 321(3): 391–400.

14. Shi S, Gronthos S. Perivascular niche of postnatal mesenchymal stem cells in human bone marrow
and dental pulp. J Bone Miner Res. 2003. 18(4): 696–704.

15. Lv FJ, Tuan RS, Cheung KM, Leung VY. Concise review: the surface markers and identity of human
mesenchymal stem cells. Stem Cells. 2014. 32(6): 1408–19.

1�. Harkness L, Zaher W, Ditzel N, et al. CD146/MCAM de�nes functionality of human bone marrow
stromal stem cell populations. Stem Cell Res Ther, 2016,7:4.

17. Waddington RJ, Youde SJ, Lee CP, et al. Isolation of distinct progenitor stem cell populations from
dental pulp. Cells Tissues Organs, 2009,189(1–4):268–74.

1�. Alvarez R, Lee HL, Hong C, et al. Single CD271 marker isolates mesenchymal stem cells from human
dental pulp. Int J Oral Sci, 2015,7(4):205–12.

19. Sobiesiak M, Sivasubramaniyan K, Hermann C, et al. The mesenchymal stem cell antigen MSCA-1 is
identical to tissue non-speci�c alkaline phosphatase. Stem Cells Dev, 2010,19(5):669–77.

20. Bonnamain V, Thinard R, Sergent-Tanguy S, et al. Human dental pulp stem cells cultured in serum-
free supplemented medium. Front Physiol, 2013,4:357.

21. Ducret M, Fabre H, Degoul O, et al. Immunophenotyping Reveals the Diversity of Human Dental Pulp
Mesenchymal Stromal Cells In vivo and Their Evolution upon In vitro Ampli�cation. Front Physiol.
2016. 7: 512.



Page 14/20

22. Qin C, Baba O, Butler WT. Post-translational modi�cations of sibling proteins and their roles in
osteogenesis and dentinogenesis. Crit Rev Oral Biol Med. 2004. 15(3): 126–36.

23. Papagerakis P, Berdal A, Mesbah M, et al. Investigation of osteocalcin, osteonectin, and dentin
sialophosphoprotein in developing human teeth. Bone. 2002. 30(2): 377–85.

24. Liu M, Sun Y, Liu Y, Yuan M, Zhang Z, Hu W. Modulation of the differentiation of dental pulp stem
cells by different concentrations of β-glycerophosphate. Molecules. 2012. 17(2): 1219–32.

25. Liu M, Zhao L, Hu J, et al. Endothelial cells and endothelin–1 promote the odontogenic
differentiation of dental pulp stem cells. Mol Med Rep. 2018. 18(1): 893–901.

2�. Liu M, Mu H, Peng W, et al. Time-dependent C5a and C5aR expression in dental pulp cells following
stimulation with LTA and LPS. Int J Mol Med. 2019. 44(3): 823–834.

27. Geng YW, Zhang Z, Liu MY, Hu WP. Differentiation of human dental pulp stem cells into neuronal by
resveratrol. Cell Biol Int. 2017. 41(12): 1391–1398.

2�. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001. 25(4): 402–8.

29. Cao XF, Jin SZ, Sun L, et al. Therapeutic effects of hepatocyte growth factor-overexpressing dental
pulp stem cells on liver cirrhosis in a rat model. Sci Rep. 2017. 7(1): 15812.

30. Song Y, Cao P, Gu Z, et al. The Role of Neuropilin-1-FYN Interaction in Odontoblast Differentiation of
Dental Pulp Stem Cells. Cell Reprogram. 2018. 20(2): 117–126.

31. Yan Y, Qi S, Gong SQ, Shang G, Zhao Y. Effect of CRABP2 on the proliferation and odontoblastic
differentiation of hDPSCs. Braz Oral Res. 2017. 31: e112.

32. Li G, Liu M, Zhang S, et al. Essential Role of IFT140 in Promoting Dentinogenesis. J Dent Res. 2018.
97(4): 423–431.

33. Jeanneau C, Rufas P, Rombouts C, Giraud T, Dejou J, About I. Can Pulp Fibroblasts Kill Cariogenic
Bacteria? Role of Complement Activation. J Dent Res. 2015. 94(12): 1765–72.

Tables
Due to technical limitations, table 1 is only available as a download in the Supplemental Files section.

Figures



Page 15/20

Figure 1

Expression pro�les of stem cell surface markers in human dental pulp cells cultured with Mesenchymal
Stem Cell Growth Medium, as determined by FACS �ow cytometry. (A) CD34, (B) CD45, (C) CD73, (D)
CD90, (E) CD105 and (F) MSCA-1. MSCA-1, mesenchymal stromal cell antigen-1.

Figure 2

Multilineage differentiation capacity of dental pulp stem cells. (A) Arrows indicate osteogenic
differentiation, which was identi�ed by the deposition of mineralized matrix, as determined by Alizarin
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Red S staining. (B) Adipogenic differentiation was indicated by the accumulation of neutral lipid
vacuoles, as determined by Oil Red O staining. (C) Arrows indicate nerve cells, which were detected by
immunocytochemical staining (magni�cation, x40; scale bar, 25 m).

Figure 3

Morphological appearance of DPSCs cultured with different concentration of C5a for 2 weeks. (A) 50, (B)
100, (C) 200, (D) 300 and (E) 400 ng/ml C5a groups. DPSCs, dental pulp mesenchymal stem cells; C5a,
complement component 5a.
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Figure 4

Cell viability was quanti�ed using the MTT assay. Data are presented as the mean ± SEM.
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Figure 5

DSP mRNA expression in the different DPSC groups. Values were normalized to the internal reference
gene actin. *P<0.05. △P<0.05. DSP, dentin sialoprotein; DPSC, dental pulp mesenchymal stem cell.



Page 19/20

Figure 6

DSPP protein expression in the different DPSC groups. Western blotting was performed in triplicate.
*P<0.05. △P<0.05. DSPP, dentin sialophosphoprotein; DPSC, dental pulp mesenchymal stem cell.
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Figure 7

Cell morphology and mineralized nodules of hDPSCs cultured with C5a and mineralized medium for 28
days. (A) 50 ng/ml C5a culture hDPSCs (arrows nodules). (B) 100 ng/ml C5a culture hDPSCs displayed
smaller and less mineralized nodules (arrows nodules). (C) 200 ng/ml C5a culture hDPSCs, displayed
smaller and less mineralized nodules (arrows nodules). (D) 300 ng/ml C5a culture hDPSCs (arrows
nodules). (E) 400 ng/ml C5a culture hDPSCs displayed bigger and more mineralized nodules (arrows
nodules). (F) Control group. C5a, complement component 5a, hDPSCs, human dental pulp mesenchymal
stem cell (arrows nodules).
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