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Abstract

Effects of phosphatidylserine-induced

macrophage polarization on the differentiation

of human dental pulp cells

Hee Chul Park

Department of Dental Biomaterials,

School of Dentistry, Seoul National University

(Directed by Professor Hyeong-Cheol Yang, B.S., M.S., PhD.)

Macrophages derived from monocytes undergo specific differentiation

depending on the local tissue environment. They differentiate into the

following distinct functional phenotypes, M1 and M2 macrophages. M1

(classically activated) and M2 (alternatively activated) macrophages

are known to play primary roles in inflammation and tissue

regeneration, respectively. This study investigated the effects of M1

and M2 macrophages on the differentiation of human dental pulp cells

(HDPCs) by using the conditioned media (CM) of the activated

human monocyte cell line, THP-1. In addition, the effect of

phosphatidylserine (PS), an M2 inducing agent, and PS-treated

macrophages on HDPCs differentiation was also assessed.
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Macrophage polarization was confirmed by flow cytometry analysis

targeting surface antigens, and ELISA assay of polarization-related

cytokines. To obtain a primary culture of HDPCs, the human dental

pulp was extirpated and collected from extracted premolars. To

invesigate the feasibility of phosphatidylserine (PS) for polarization of

macrophages to M2 phenotype, phosphatidylserine-containing

liposomes (PSLs) were used.

PS, phosphatidylcholine, and cholesterol were mixed at a molar ratio

of 2:1:1, and liposomes were produced via the vacuum evaporation

method. To confirm the differentiation of HDPCs, the activity of

alkaline phosphatase (ALP), the gene expression of dentin

sialophosphoprotein (DSPP) and osteocalcin (OCN), and the degree of

matrix mineralization were evaluated.

The CM of M2 macrophages (M2CM) enhanced the ALP activity of

HDPCs. Furthermore, M2CM promoted the mRNA expression of

DSPP gene and matrix mineralization, which indicated that M2

macrophages were able to enhance the differentiation of dental pulp

cells. CM of PSLs-treated macrophages enhanced the ALP activity of

HDPCs. Furthermore, PSLs were found to promote ALP activity and

matrix mineralization of HDPCs.

Those results indicate that PSLs can enhance the odontogenic

differentiation of dental pulp cells in two different ways; 1) via

macrophage polarization and 2) promotion of pulp cell differentiation



- iii -

directly. These two effects are exptected to act together on pulp cell

differentiation and dentin regeneration.

-------------------------------------------------------------
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Conditioned media, Dental pulp cell, Odontogenic differentiation,
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Introduction

Macrophages are indispensable modulators in the regulation of

inflammation, tissue repair, and regeneration of tissues. Polarization

and plasticity are characteristics of macrophages, enabling

mononuclear phagocytes to play multifunctional roles in each phase of

the healing process following tissue injury (1). In the 1990s it was

discovered that the cytokine interleukin (IL)-4 induced different

effects on macrophage gene expression compared to that of interferon

(IFN)-gamma and lipopolysaccharide (LPS). In contrast to the

classical activation of macrophages by IFN-gamma (2), the

macrophage gene expression induced by IL-4 was described as

“alternative activation” (3, 4). Depending upon the states of

polarization, macrophages can be divided into unpolarized M0,

classically activated M1, and alternatively activated M2 phenotypes

(1). Polarization to the M1 macrophage occurs in response to Th1

cytokines such as interferon-γ (IFN-γ), granulocyte-macrophage

colony-stimulating factor (GM-CSF), and bacterial lipopolysaccharide

(LPS) (5). M1 macrophages are known to secrete pro-inflammatory

cytokines (tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),

and IL-6) and toxic effector molecules (reactive oxygen species and

nitric oxide), and mediate host defense against pathogens and foreign

materials (6). In contrast to M1, M2 macrophages have been reported

to contribute to tissue repair by producing anti-inflammatory
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cytokines such as transforming growth factor-β (TGF-β), IL-10, and

angiogenic vascular endothelial growth factor (VEGF) (Fig. 1) (7). M2

macrophages can be further divided into M2a, M2b, M2c and M2d

subtypes based on the applied stimuli and the induced transcriptional

changes (8, 9). The M2a subtype can be induced by IL-4 and IL-13,

while the M2b and M2c subtypes can be induced by immune

complexes and LPS, and IL-10 and TGF-β, respectively (1).

Phenotypically, M1 macrophages express high levels of major

histocompatibility complex class II (MHC II), the CD68 marker, and

co-stimulatory molecules CD80 and CD86. M1 macrophages have

also been shown to up-regulate the expression of the intracellular

protein suppressor of cytokine signaling 3 (SOCS3), as well as

activate inducible nitric oxide synthase (NOS2 or iNOS) to produce

NO from L-arginine (10, 11). In disease contexts, M1 macrophages

are implicated in initiating and sustaining inflammation, and can

therefore be detrimental to health. In contrast, M2 macrophage

activation is induced by fungal cells, immune complexes, helminth

infections, complement components, apoptotic cells, macrophage colony

stimulating factor (MCSF), IL-4, IL-13, IL-10 and TGF-β. This

activation leads to the secretion of high amounts of IL-10 and low

levels of IL-12.

Macrophages are known to exist in the dental pulp of sound teeth

as well as in the inflamed pulp of teeth with caries (12). Previous

studies revealed the presence of immunocompetent macrophages and

dendritic cells in the uninflamed dental pulp of a rat incisor and molar
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Figure 1. General concepts of macrophage polarization and properties of M1 and M2 macrophages. INF-γ 

induces M1 (classical) macrophage polarization whereas IL-4 induce M2 (alternative) macrophage

polarization.
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(13, 14). The macrophages inside the dental pulp were found to

proliferate and undergo differentiation without a supply of precursors

from blood vessels (15). In uninflamed pulp, the resident macrophages

are expected to play a regulatory role during tooth development (16),

while the mononuclear phagocytes defend pulp tissues against

bacterial infection in inflamed pulp. The localization and phenotype of

the resident macrophages were reported to change during rat tooth

development (17), which implies a regulatory function of resident

macrophages in the uninflamed pulp. In the injured pulp, the

immunoreactivity of macrophages appeared to change in accordance

with the process of pulpal regeneration (18). This observation

suggests a role of macrophages in the regeneration of pulp and

dentin as well as defense against bacterial infection. Considering the

polarity and plasticity of macrophages, both M1 and M2 macrophages

are expected to contribute to pulpal inflammation and regeneration.

During the defense against carious infection, pro-inflammatory M1

macrophages are undoubtedly believed to perform a critical function,

maintaining the inflammatory state to alert bacterial infection. The

role of M1 macrophages is indirectly proved by the presence of

inflammatory cytokines and chemokines in the inflamed pulp. That is,

macrophage inflammatory protein-3a (MIP-3a), TNF-a and CXC

chemokine ligand 10 (CXCL10) were detected in dental pulp of

pulpitis (19-24).

In contrast to M1 macrophages, the existence and function of M2

macrophages in teeth have been rarely investigated. Considering the

properties of M2 macrophages, those cells are expected to play a role
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in healing and regeneration of pulp tissues after injury. In a previous

study, M2 macrophages were found to accumulate transiently at

dental pulps capped with mineral trioxide aggregate (25). The

presence of M2 macrophages indicated the involvement of the

alternatively activated macrophages in wound healing or dentin bridge

formation after pulp exposure (26, 27).

The effects of macrophages on dental pulp cells may be determined

by cytokines secreted from macrophages. TNF-α, a major

pro-inflammatory cytokine produced by M1 macrophages, was found

to promote the differentiation of dental pulp cells toward an

odontoblastic phenotype (28). Since large amounts of TNF-α have

been frequently detected in dental pulps of irreversible pulpitis (29,

30), the pro-inflammatory cytokine is thought to play a critical role in

pulpal responses to dental caries or trauma. However, the effects of

other pro-inflammatory cytokines of M1 macrophages such as IL-1β,

IL-6, and IL-12 on dental pulp cells have not been reported.

Therefore, the overall effect of M1 macrophages on dental pulp cells

is not completely understood. The precise effect of M2 macrophages

on pulp cells has yet to be revealed, despite the considerable amount

of evidence of their critical role in the general wound healing process

(31, 32).

In this study, the effects of polarized macrophages on the

differentiation of human dental pulp cells (HDPCs) were investigated

by using the conditioned media (CM) of polarized macrophages.

Macrophages were conventionally polarized into M1 and M2 with

corresponding cytokines, and CM was obtained during the culture of
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M1 and M2 macrophages. Then the differentiation of CM-treated

HDPCs was evaluated.

Generally, inactive macrophages are polarized into M1 and M2 by

using LPS/IFN-g and IL-4 in vitro. Those cytokines are expected to

polarize macrophages inside mammalian tissues. However, their

clinical use is still limited, because the cytokines are multifunctional,

influencing various tissue processes. Thus, in this study, the

feasibility of phosphatidylserine (PS) for polarization of macrophages

to M2 phenotype was investigated. A shift toward the M2

macrophage phenotype and an anti-inflammatory effect are caused by

apoptotic cells in vivo. The mechanism underlying the activation of

macrophages by apoptotic cells depends on the binding between

phosphatidylserine (PS) of apoptotic cells and PS receptors on

macrophages (33, 34). PS localizes in the inner leaflet of mammalian

cell membranes, and translocates to outer leaflet during apoptosis

(35). The exposed PS acts as “eat-me” signal for phagocytosis by

macrophages (36). PS receptors on macrophages response to PS of

apoptotic cells, which induce macrophage polarization from M1 to M2

phenotype (37). By using this phenomenon, PS, in a form of liposome,

has been applied to treatment of carrageenan-induced mouse paw

edema and rat myocardial infarct in previous studies (38). In this

study, the effects of PS-contained liposomes (PSLs)-treated

macrophages on the odontogenic differentiation of HDPCs by using

CM of PSLs-treated macrophages.

In addition to the effects of PSLs on HDPCs via macrophage
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polarization, a direct effect of PSLs on pulp cell differentian was also

investigated in this study. Matrix vesicles (MVs), extracellular

membrane-bound particles, are initiation sites of calcification in bone,

predentin and cartilage (39). In MVs, PS accumulates Ca2+ to produce

calcium phosphate with annexin (40). Due to its calcium ion binding

property, PS has been used to enhance the osteoconductivity of

bonegrafts and dental implants in previous studies. Santin et al.

showed that coating titanium (Ti) discs with PS facilitated surface

mineralization in simulated body fluids (SBF). PS rearranged into a

three-dimensional matrix, a preparative transition for forming calcium

phosphate mineral (41), which increased in vitro mineralization in cell

culture on Ti discs (42). Calcium deposition at pericellular area of

osteoblast-like cells was significantly enhanced on PS-coated Ti

discs. Mineralization of the extracellularmatrix (ECM) as well as the

Ti surface showed potential of PS to improve osseointegration of

dental implants. PS stimulated new bone formation at the surface of

a Ti rod implanted in a rabbit femur (43). The degree of

osseointegration around the PS-coated Ti rod was higher than that of

a hydroxyapatite-coated rod at 4 weeks after implantation. The effect

of PS on new bone formation was also demonstrated in a study

using a scaffold for bone tissue engineering (44).

APS-Bioglass-collagen scaffold combined with rat mesenchymal stem

cells (MSCs) accelerated new bone formation at a prepared rat femur

defect. In the same study, mRNA expression of osteogenic genes in

rat MSCs significantly increased on the PS-Bioglass-collagen scaffold

compared to those on a corresponding scaffold without PS. The
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osteogenic effect of PS was also confirmed with human MSCs (45).

PS alone increased ALP activity and mineralization of human MSCs,

and the extracellular signal-regulated kinase (ERK) pathway was

involved in the osteogenic effects of PS.

A role for PS in forming mineral phase of dentin has been

suggested by previous studies that observed MVs in dentin tissues.

In an early study employing transmission electron microscopy,

extracellular MVs were found in reparative dentin of rat molar pulp

(46). The MVs were also observed in diverse positions of human

dentin including the proximal part of odontoblastic processes and

intratubular spaces (47). In cultured human dental pulp cells, MVs

appeared at mineralized nodules, including hydroxyapatite (48). The

presence of MVs in dentin and dental pulp cell culture suggests a

crucial role of PS in mineralizing dentin. Furthermore, considering the

effects of PS on new bone formation, PS is expected to promote

dentin-like structures in pulpal tissues under the clinical situation of

vital pulp capping. However, no effects of PS on dentin formation or

differentiation of dental pulp cells have been observed.

In this study, it was hypothesized that and PSLs-treated

macrophages and PSLs alone stimulated the odontogenic

differentiation of HDPCs. To test this hypothesis, ALP activity, the

expression of odontogenic genes, and mineralization of HDPCs were

evaluated upon treatment with CM of PSLs-treated macrophages and

PSLs alone.
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Materials and methods

Cell culture

THP-1, a human monocyte cell line, was obtained from the

American Type Culture Collection (ATCC, Manassas, VA, USA), and

maintained in RPMI 1640 medium supplemented with 10% FBS and

100 U/mL of Penicillin-G. The cell culture reagents and antibiotics

were purchased from GIBCO-BRL (Carlsbad, MD, USA).

To obtain a primary culture of HDPCs, a premolar extracted from

an orthodontic patient was cut at the apex, and the dental pulp was

removed and immersed in a minimal essential medium (MEM)

containing 20% fetal bovine serum (FBS) and antibiotics solution (100

U/mL of penicillin-G and 100 mg/mL of streptomycin). The tooth

extraction was performed under guidelines approved by the

Institutional Review Board of Seoul National Dental Hospital

(CRI06015). The pulp was minced into pieces and incubated at 37°C

in a humidified atmosphere (5% CO2/95% air) or 20 days. The culture

media was exchanged at 3-day intervals. The dental pulp cells

derived from the pulp explant were collected and sub-cultured in

growth media (GM, MEM containing 10% FBS and antibiotics

solution) until four passages for use in this study. For the HDPCs

differentiation, HDPCs were cultured in GM and

differentiation-inducing media (DIM, MEM containing 10% FBS,

antibiotics solution, 50 mg/mL L-ascorbic acid, 10-8 M
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dexamethasone, and 2 mM β-glycerophosphate)

Preparation of macrophage conditioned media (CM)

The conditioned media (CM) of the macrophages were obtained from

the culture of activated THP-1 cells. Polarized macrophages were

prepared according to a previously established protocol (49).

THP-1 cells were differentiated to the non-polarized M0 type by

exposure to 100 nM phorbol 12-myristate 13-acetate (PMA,

Sigma-Aldrich, St. Louis, MO, USA) for 2 days. The M0

macrophages were further polarized to the M1 and M2 types by

treatment with LPS (40 ng/mL)/IFN-γ (40 ng/mL) and IL-4 (40

ng/mL), respectively, for 2 days. The macrophage polarization was

confirmed using flow cytometry. CD86 and CD206 were used as

markers for the M1 and M2 subsets, respectively. The macrophages

were stained with fluorescein isothiocyanate (FITC)-conjugated

anti-CD86 antibody and anti-CD206 antibody (R&D Systems,

Minneapolis, MN, USA) for 15 minutes at 4°C, and analyzed with a

flow cytometer (FACS-Calibur, Becton-Dickinson, San Jose, CA,

USA). To induce the M1 and M2 subtypes, the M0 cells were

exposed to the reagents for activation as described above. During the

6 days of culture, the conditioned media was collected along with the

exchange of media at 2-day intervals. Therefore, the reagents for

activation possibly remained in the CM that was collected from the

culture of the first 2 days. Based on the type of activation (M1 and

M2) and the time point of collection (day 2, day 4, and day 6), the

CM were labelled as follows: M1CM-2day, M1CM-4day, M1CM-6day,
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M2CM-2day, M2CM-4day, and M2CM-6day (Fig. 2).

Preparation of PS-containing liposomes (PSLs)

To obtain PSLs, PS, phosphatidylcholine (PC) and cholesterol (CH)

at a 2:1:1 molar ratio were dissolved in chloroform-methanol (9:1

v/v). The solvent was evaporated under N2 gas in a glass tube and

further removed in a vacuum chamber for 1 hour. Then lipid film

was hydrated in phosphate-buffered saline (PBS) (pH7.4) and

vigorously vortexed to obtain a 0.25 mM suspension of total lipid.

The lipid suspension was filtered with a 0.1-µm membrane filter. The

liposome size was verified by Nicomp 380 DLS (Particle Sizing

Systems, Santa Barbara, CA, USA). The PS was purchased from

Avanti Polar Lipids (Alabaster, AL, USA).

Preparation of CM from PSLs-treated macrophages

CM from PSLs-treated macrophages was obtained after culturing

treated THP-1 cells. To obtain CM, M0 macrophages were treated

with PSLs for 6 and 24 hours. After centrifuging at 10000 rpm for 5

minutes, the supernatants were stored at −80°C until use. The CM

aliquots were labeled as CM-6h and CM-24h.

Cell viability assay

The cell viability assay was performed with two different culture

media (GM and DIM). Fourth passage HDPCs were grown in a

96-well plate at 37˚C in a humidified atmosphere until confluent, and

culture media was replaced with fresh media. After the treatment with
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Figure 2. Schematic of experimental protocol to prepare conditioned media of macrophages.
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the liposomes for 1, 3 or 6 days, cell viability was evaluated by the

WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)

-2H-tetrazolium, monosodium salt] assay (Dojindo Laboratories,

Kumamoto, Japan). The treated HDPCs were replenished with 100 μL

of culture medium containing 10% WST-8 and incubated for 1 hour

at 37˚C. Optical density of the suspension was measured at 450 nm

by using an automated plate reader (Sunrise, TECAN, Salzburg,

Austria).

Quantitative assay for ALP activity

For the ALP activity assessment, HDPCs were cultured in GM DIM

for 6 days with an exchange of media at day 3. After 6 days of

culture, the ALP activity was determined as described previously

(50). In brief, cells in 96-well plates were incubated in a mixture of

140 μL of alkaline buffer solution and 10 μL of 1.5 M MgCl2

containing 67 mM 4-nitrophenyl phosphate (Fluka, Buchs,

Switzerland) for 30 minutes at 37˚C. The reaction was stopped by

adding 0.5 M NaOH, and the optical density was measured at 405

nm. ALP enzyme activity was normalized to the amount of total

protein. Cell protein was quantitated by using a bicinchoninic acid

(BCA) protein assay kit (iNtRon Biotechnology, Sungnam, Korea).

Staining for ALP activity

For ALP direct staining assay, a culture insert (ibidi, Munich,

Germany) was used. The culture insert was placed on a culture dish,

and 100 μL of THP-1 cell suspension was added in one side of the
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insert. THP-1 cells were incubated at 37°C for 1 day and were

differentiated to non-polarized M0 state by exposure to 100 nM

phorbol 12-myristate 13-acetate (PMA) for 2 days; the media was

replaced with fresh media that contained PSLs for 1 day. HDPCs

were incubated in the other side of the insert. Following PSLs

treatment, the culture insert was carefully removed, and the cells

were cultured with GM and DM. After 6 days of culture, HDPCs and

macrophages were stained with an ALP staining kit (SBI, California,

USA) (51).

Gene expression assay

HDPCs were exposed to macrophage CM for 10 days for the gene

expression assay. Culture media was exchanged at 3-day intervals.

DSPP and OCN mRNA were assessed by real time polymerase chain

reaction (RT-PCR) was performed as described previously (52). Total

RNA was then extracted from the cells with an RNA extraction

reagent (WelPrep Total RNA Isolation Reagent; Welgene, Daegu,

Korea). cDNA was then prepared with a cDNA synthesis kit (Power

cDNA Synthesis kit, iNtRON Biotechnology, Sungnam, Korea).

Real-time PCR was performed in a 20-μL mixture containing 10 μL

of SYBR Premix Ex Taq (Takara Bio, Otsu, Japan), 0.4 μL of ROX

Reference Dye II (Takara Bio, Otsu, Japan), cDNA, and primers. The

reaction was controlled with an ABI PRISM 7500 Sequence Detection

System Thermal Cycler (Applied Biosystems, Foster City, CA, USA).

The primer sequences were as follows: DSPP, forward

5'-TGACTCAAAAGGAGAGAAGATGAT-3', reverse 5'-ATTTACCT
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TTGCCACTGTCTGATTT-3'; OCN forward 5'-CTGACGAGTTGGC

TGACC-3', reverse 5'-CAAGGGGAAGAGGAAAGAAGG-3'; glyceraldehyde

3-phosphate dehydrogenase (GAPDH), forward 5'-GTCGGAGTCAAC

GGATTTGG-3', reverse 5'-GGGTGGAATCATATTGGAACATG-3'. The

PCR conditions were 95℃ for 30 seconds followed by 40 cycles of

denaturation at 95℃ for 15 seconds and annealing at 60℃ for 34

seconds. The gene expression of DSPP and OCN was normalized to

that of GAPDH.

The effect of PSLs on the expression of DSPP, OCN, and Runx2

mRNA was investigated. HDPCs were exposed to 50 μM PSLs for 9

and 15 days in DIM to measure DSPP and OCN mRNA, and for 5

and 10 days to observe Runx2 expression. The Runx2 sequences

were as follows: Runx2, forward 5'-GAACCACAAGTGCGGTGCAA

-3', reverse 5'-ACTGCTTGCAGCCTTAAATGACTCT-3'.

Cell matrix mineralization assay

Alizarin red S staining was used to determine the extent of cell

matrix mineralization. To stain the calcium deposits, the

formaldehyde-fixed cell culture was stained with 20 mg/mL alizarin

red S for 10 minutes. Quantification of alizarin red S in the cell

culture was performed by extraction with 10% cetylpyridinium

chloride, as described in a previous study (53).

ELISA assay

The amount of secreted TNF-α and TGF-β1 in the CM of

macrophages was measured by an enzyme-linked immunosorbent
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assay (ELISA) according to the manufacturer’s instructions

(eBioscience, San Diego, CA, USA). Signals were detected at 450 nm

with a plate reader.

Neutralization of TGF-β in M2 macrophage CM

To investigate the role of TGF-β and its effects on M2 macrophage

CM on HDPCs differentiation, M2CM-4day was pretreated with 10

μg/mL TGF-β neutralization antibody (R&D Systems, Minneapolis,

MN, USA) for 1 hour. The pretreated M2CM-4day was used in the

culture of HDPCs for the ALP activity assessment.

Annexin V staining of PS

PS was localized in PSLs-treated HDPCs by staining with annexin

V-FITC and 4’,6-diamidino-2-phenylindole (DAPI). Before staining,

HDPCs were grown in DIM on culture slides (BD Biosciences, San

Jose, CA, USA) for 1, 3 and 6 days in the presence of PSLs. The

liposomes were replenished at day 3 for 6 days. The cell cultures

were then washed with PBS and fixed with 3.7% paraformaldehyde

for 20 minutes. The PS was stained with a FITC annexin V

detection kit (BD Biosciences, San Jose, CA, USA). Cell nuclei were

stained with 4',6-diamidino-2-phenylindole (DAPI) by UltraCruz

Hard-set Mounting Medium (Santa Cruz, CA, USA). Fluorescent

images were obtained under a laser scanning confocal microscope

(Fluoview FV500, Olympus, Tokyo, Japan).

Statistical analysis.
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A one-way ANOVA test was used to determine the significance of

the effects of macrophage CM on ALP activity, the expression of

DSPP and OCN mRNA, and ECM mineralization of HDPC. To

determine the effect of PSLs on cell viability and ALP activity in

HDPCs, statistical analysis was performed by using a paired t-test.

One-way ANOVA test was used to determine the significance of the

effects of PSLs on the expression of DSPP and OCN mRNA, and

mineralization. One-way ANOVA was performed to determine the

significance of the effects of CM PSLs-treated macrophages on ALP

activity, DSPP and OCN mRNA expressions, and ECM mineralization

of HDPCs. P values of <0.05 were considered to be statistically

significant.
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Results

M1 and M2 polarization of THP-1 macrophages

Fig. 3 shows that THP-1 macrophages were successfully polarized

to M1 and M2 subtypes. Neither CD86 nor CD206 were expressed in

the untreated THP-1 cells. Likewise, the PMA-treated THP-1 cells

did not express either of the two surface markers. However, the

macrophages that had been exposed to IFN-γ/LPS and IL-4

expressed CD86 and CD206, respectively.

Effects of the conditioned media (CM) of macrophages on the ALP

activity of HDPC

The ALP activity of untreated HDPC was below 30 units/mg protein

in growth media (GM), and was between 70 and 80 units/mg protein

in differentiation-inducing media (DIM) (Fig. 4). When HDPC was

cultured in diluted CM of M1 macrophages (M1CM-4day and

M1CM-6day), the pulp cells exhibited an ALP activity level similar to

untreated cells even at the highest concentration of CM (Fig. 4A,

4B). The CM of M2 macrophages, in contrast to M1CM, significantly

increased the ALP activity of HDPC (Fig. 4C, 4D). M2CM-4day,

which was obtained for two days immediately after the activation of

the macrophages, increased the ALP activity to 130.9 and 123.5

units/mg protein at 25 and 50% of CM (p < 0.05), respectively, while

the low concentration of CM (5, 10%) did not affect the ALP activity
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Figure 3. The cell response of THP-1 to macrophage-activating reagents. THP-1 cells were treated with

phorbol 12-myristate 13-acetate (PMA), and the PMA-treated cells were further exposed to IFNγ/LPS or

IL-4. The treated cells were stained with fluorescence-labeled anti-CD86 and anti-CD206 antibodies for

flow cytometry analysis.
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Figure 4. The ALP activity of HDPC-treated with macrophage CM. HDPC were cultured with

macrophage CM in growth media (GM) and differentiation-inducing media (DIM) for 6 days for the

assessment of ALP activity. Each value represents the mean ± SD of triplicate experiments. *P < 0.05.
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of HDPC. M2CM-6day also enhanced the ALP activity of dental pulp

cells. The enhancing activity of M2CM-6day was shown at all tested

concentrations including 5 and 10% of CM (p < 0.05).

Effects of CM of M2-polarized THP-1 on the gene expression and

mineralization of HDPC

As shown in Fig. 5A, the expression of DSPP mRNA was enhanced

1.5-fold by treatment with 25% M2CM-4day for 10 days (p<0.05),

while OCN mRNA expression was not altered significantly (Fig. 5B).

Fig. 5C demonstrates the effect of M2CM-4day on HDPC

mineralization. The CM-treated HDPC was more intensely stained

with alizarin red S, and the quantification of the dye absorbed onto

the cell culture demonstrated a statistically significant increase (1.6

fold) in ECM mineralization by M2CM-4day (p < 0.05) (Fig. 5D).

Quantification of TNF-α and TGF-β in the CM of macrophages

The amount of TNF-α and TGF-β1 in the CM of the M1 and M2

macrophages was determined, respectively, using an ELISA assay. As

shown in Fig. 6A, large amounts TNF-α (1712.4 pg/mL on average)

were released by IFN-γ and LPS in M1CM-2day. Removal of the

M1-activating reagents from the culture dramatically reduced TNF-α 

in M1CM-4day, and the amount of proinflammatory cytokine was

negligible in M1CM-6day. In the CM of the M2 macrophages,

TGF-β1 was detected in all batches (Fig. 6B). Approximately 953.2

pg/mL of TGF-β1 was detected in the 10% FBS-contained culture media.
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Figure 5. The effects of M2CM-4day on the mRNA expression of

DSPP (A) and OCN (B), and matrix mineralization (C) of HDPC.

HDPC were cultured in GM, DIM, and DIM containing 25%

M2CM-4day for 10 days to assess the mRNA expression of DSPP

and OCN. For the mineralization assay, HDPC was treated for 18

days in the same conditions as the gene expression assay. Each

value represents the mean ± SD of triplicate experiments. *P < 0.05.
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During the period of M2 activation by IL-4, 1436.5 ± 11.8 pg/mL

was released to M2CM-2day. After the removal of IL-4, the amount

of TGF-β1 increased further in M2CM-4day (1778.9 ± 45.3 pg/mL),

and was mostly sustained in M2CM-6day (1693.8 ± 47 pg/mL).

To investigate whether TGF-β1 in the CM of M2 macrophages

contributes to HDPC differentiation, the HDPC was treated with

M2CM-4day that had been pretreated with anti-TGF-β antibody to

determine the ALP activity. As a result, the anti-TGF-β antibody

decreased the ALP activity of M2CM-treated HDPC to the same level

of the untreated cells (Fig. 6C). Furthermore, the equal amount of

TGF-β1 (206.4 pg/mL) found in 25% M2CM-4day enhanced the ALP

activity of HDPC to the level of the M2CM-4day-treated cells. The

enhancing effect was blocked by anti-TGF-β antibody.

Effects of the CM from PSLs-treated macrophages on the ALP

activity of HDPC

ALP is an early marker for cell differentiation (54). The ALP

activity was assessed using two methods: (a) 4-nitrophenyl phosphate

colorimetric assay and (b) ALP direct staining assay. To investigate

the effects of CM from PSLs-treated macrophages on the ALP

activity of HDPCs, 4-nitrophenyl phosphate colorimetric assay was

used. HDPCs used in this experiment had an ALP value of 31.9

(units/mg protein) in GM and 83.4 (units/mg protein) in DM, which

confirmed sufficient differentiation potency of these cells (Fig. 7).

HDPC was cultured in diluted CM for 6 days, and the amount of CM

in total media was increased from 5% to 50%. In GM, no statistically
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Figure 6. Quantification of TNF-α in M1CM (A) and TGF-β1 in M2CM (B) by ELISA assay. The

blocking effects of anti-TGF-β antibody on the activity of M2CM and TGF-β1 to enhance the ALP

activity of HDPC (C). HDPC were cultured with 25% M2CM-4day or 206.4 pg/mL TGF-β1 for 6 days

before the ALP activity assay. To prevent TGF-β activity, the culture media was pretreated with

anti-TGF-β antibody for 1 hour. *P < 0.05. 
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Figure 7. The ALP activity of HDPCs cultured with CM from PSLs-treated macrophages. HDPCs were

cultured with CM from PSLs-treated macrophages in GM and DM for 6 days for the ALP activity. Each

value represents the mean ± SD of the triplicate experiments. *P < 0.05 vs. untreated control group.
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significant differences were observed after measuring the ALP

activity of HDPC using CM-6h, but in DM, a statistically significant

increase by 10% was observed, with similar values until 50%. The

experiment conducted with CM-24h showed similar results using

CM-6h.

The ALP activity of HDPCs co-cultured with PSLs-treated

macrophages is shown in Fig. 8. There was no difference in the

intensity of ALP staining between PSLs-treated and non-treated

groups.

Effects of the CM from PSLs-treated macrophages on gene

expression

DSPP and OCN mRNA expressions were observed with GM, DM,

CM-6h, and CM-24h. DSPP mRNA expressions increased in DM

compared with those in GM. Average values in DM, CM-6h, and

CM-24h decreased but were not statistically significant. In contrast,

OCN mRNA expressions did not increase in GM and DM. There was

no change in the average value of OCN expression, no statistically

significant differences were observed in the correlation with to the

results obtained for DSPP (Fig. 9).

Effects of the CM from PSLs-treated macrophages on the

mineralization of HDPC

The effect of CM on mineralization was investigated by alizarin red S

staining after 20 days of incubation in GM, DM, CM-6h, and CM-24h.

When mineralization was quantified, DM showed a 4-fold increase
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Figure 8. The ALP staining of HDPC cultured with PSLs-treated macrophage. HDPCs were co-cultured

with PSLs-treated macrophages in GM and DM. The blue color shows the staining for ALP of HDPCs.
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Figure 9. Effects of CM from PSLs-treated macrophages on DSPP and OCN mRNA expressions in

HDPCs. HDPCs were cultured in GM, DM, and DM that contained 10% CM from PSLs-treated

macrophages for 10 days to assess DSPP and OCN mRNA expressions. Each value represents the mean ±

SD of triplicate experiments.
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–compared to GM, whereas no significant chages were noted in

CM-6h and CM-24h (Fig. 10).

Cell viability and ALP activity of PSLs-treated HDPC

To observe the effects of PSLs on the viability of HDPC, the pulp

cells were incubated for 1, 3 or 6 days in the presence of PSLs of

which mean diameter was verified as 100 nm. The final PS

concentrations estimated from the amount of PSLs in the culture

medium ranged between 6.25 and 125 μM. PSLs did not adversely

affect the viability of HDPC at 1 and 3 days (data not shown).

However, PSLs treatment at the highest concentration (250 μM total

lipids [125 μM PS]) for 6 days slightly reduced the viability of HDPC

(Fig. 11A).

ALP activity was investigated in PSLs-treated HDPC to observe the

effects of PS on cell differentiation. As shown in Fig. 11B, ALP

activity of untreated HDPC was enhanced in DIM compared to the

levels in GM, which indicated an odontogenic potential of the HDPC

used in this study. HDPC tended to have increased ALP activity

upon exposure to PSLs, and the increase became statistically

significant at 25 and 50 μM PSLs after 6 and 9 days. However, 250

μM PSLs did not increase the ALP activity of HDPC.

Effects of PSLs on expression of DSPP and OCN mRNA

To investigate the effect of PSLs on expression of DSPP and OCN

mRNA, HDPC was exposed to 50 μM PSLs for 9 and 15 days. As

shown in Fig. 12, there was no statistically significant differences in
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Figure 10. The matrix mineralization of HDPC cultured with CM from PSLs-treated macrophages. HDPCs

were cultured with DM that contained 10% CM from PSLs-treated macrophage for 20 days and were then

stained with alizarin red S (A). The mineralization was quantified by measuring the amount of alizarin red

S (B). Each value represents the mean ± SD of triplicate experiments.
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Figure 11. (A) Effects of PSL on the viability of HDPC. The pulp cells were incubated with PSLs for 6

days in growth media (GM) and differentiation inducing media (DIM). (B) Effects of PSLs on ALP activity

of HDPC. The pulp cells were cultured with PSLs for 3, 6 and 9 days in GM and DIM. Each value

represents the mean ± SD of triplicate experiments. *P < 0.05.
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Figure 12. Effects of PSLs on expression of DSPP (A), OCN (B) and Runx2 (C) mRNA in HDPC. HDPC

was treated with 50 µM PSLs for 9 and 15 days in DIM (DSPP and OCN), or for 5 and 10 days in DIM

(Runx2). Each value represents the mean ± SD of triplicate experiments. *P < 0.05.
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DSPP and OCN mRNA expression between PSLs-treated and

untreated HDPC at day 9. However, the mRNA expressions of both

genes were slightly but statistically significantly attenuated by PSLs

for 15 days. The expression of Runx2, the early marker of

differentiation, was not altered by PSLs.

Effects of PSLs on mineralization of HDPC.

Mineralization of extracellular matrix was induced in HDPC that had

been treated with PSLs under differentiation-inducing conditions. To

ensure the effect of PSLs, two more HDPC (HDPC-P2, HDPC-P3)

obtained from different patients were used for mineralization

assessment. In untreated cells, HDPC and HDPC-P2 showed a similar

degree of mineral deposition at day 25 of incubation, while HDPC-P1

rapidly developed cell matrix mineralization (Fig. 13A). HDPC-P2

produced microscopically-visible mineral deposition even at day 7

(data not shown). Due to the rapid cell matrix mineralization,

HDPC-P2 cells were stained at day 18 to avoid saturated matrix

mineralization, while other primary cells were stained at day 25. Cells

were exposed to PSLs for either first 6 days or entire incubation

period. As shown in Fig. 13B, continuous exposure to PSLs during

the entire culture period increased mineralization of all dental pulp

cells. Mineral deposition did not increase statistically significantly in

primary cells that had been treated for only 6 days.

In addition to its effects on matrix mineralization, PSLs also altered

the appearance of deposited minerals in the well plates. As shown in

Fig. 13A, in untreated cells, calcium precipitation was mostly localized



- 34 -

Figure 13. Matrix mineralization of PSLs-treated HDPCs (A). Cells were cultured with 50 µM PSLs for 18

(HDPC-P2) or 25 days (HDPC, HDPC-P3) in DIM, then stained with alizarin red S (B). The mineralization

was quantified by measuring the amount of alizarin red S. Each value represents the mean ± SD of

triplicate experiments. *P < 0.05.
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to the center of the wells. The tendency to concentrate was most

obvious in HDPC-P2 cells, in which mineralization occurred rapidly.

When the cells were exposed to PSLs, minerals were deposited

evenly over the bottom of each well.

PSLs uptake in HDPC

To observe the interactions between dental pulp cells and liposomal

PS, PS was localized in PSLs-treated HDPC cell by fluorescence

microscopy with annexin-V-FITC. When HDPC was incubated with

PSLs for one day, small fluorescent liposomes were scattered over

the culture surface. There were no signs of direct interactions

between the cells and liposomes (Fig. 14A). After 3 days, the

fluorescence was mostly localized at pulp cells, and amorphous

fluorescent bodies were observed in cells. In addition, some cells were

entirely fluorescent, as shown in Fig. 14B. Because the FITC

fluorescence was brighter in the interiors of the cells than the edges,

PS was likely localized throughout the pulp cells. At day 6, most

cells became fluorescent, and high-intensity fluorescence was

observed around vacuole-like structures in a few cells. Compared to

the 3-day time point, fewer fluorescent particles appeared in the cells

at day 6 (Fig. 14C).
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Figure 14. Confocal fluorescence images of annexin-V-FICT/DAPI staining. HDPC was incubated with 50

µM PSLs for 1 (A), 3 (B), or 6 days (C) before staining.
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Discussion

Previous studies have mostly focused on the effects of individual

inflammatory cytokines of macrophages on dental pulp cells, which

implicated the involvement of M1 macrophages in the induction of

protective dentin formation. The results of this study suggested that

M2 macrophages could contribute to the formation of tertiary dentin.

In contrast to M1 macrophages, the conditioned media of M2

macrophages promoted the ALP activity of HDPCs in the absence of

IL-4, the M2-activating cytokine. This result indicated that the

activated M2 macrophages preserved their property to release the

bioactive soluble factors for a longer period than M1 macrophages.

The results of the present study suggested that M2 macrophages

were capable of inducing hard tissues such as dentin and bone in a

paracrine fashion. However, the role of M2 macrophages in

dentinogenesis has rarely been studied. To our knowledge, the

observation of the transient accumulation of M2 macrophages under

MTA is almost only a study about the relationship between M2

macrophages and dentin formation (55). The mechanism underlining

the polarization of macrophages to the M2 type by MTA is still

unclear. However, the study implied that the presence of M2
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macrophages in dental pulps is a signal for dentinogenesis, and that

converting macrophages to the M2 subtype promotes dentinogenesis.

On the contrary, the suppression of M2 macrophage polarization could

attenuate dentin formation. Further in vivo studies such as the

modulation of M2 macrophages in dental pulps are necessary to

verify the significance of M2 macrophages in dentinogenesis. To

investigate clinical implication of M2 macrophages, the presence and

location of M2 macrophages should be carefully scrutinized in

damaged teeth or pulps.

Odontogenic differentiation of dental pulp cells is important in the

reparative dentinogenesis for forming a dentin bridge after pulp

capping. A variety of osteogenic bioactive molecules, such as bone

morphogenic proteins (BMPs), transforming growth factor beta

(TGF-β) and bone sialoprotein have been found to induce reparative

dentinogensis (56-61). These results suggest that osteogenic

molecules can enhance odontogenic differentiation of dental pulp cells.

Previous studies have revealed the osteogenic activity of PS, leading

us to speculate that it also has odontogenicactivity. To investigate

the effects of PS on human dental pulp cells, PS was provided as

liposomes with PC and CH added to stabilize liposome structure (62).

Liposomes containing PS, PC and CH have been frequently used in

various studies for drug delivery, tissue repair, and molecular imaging

(63-65). The calcium-binding activity of PS in PS-containing
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liposomes was identified previously (66).

When the cells were exposed to PSLs, HDPCs had a dose-dependent

increase in ALP activity, within a range of concentrations, and the

increase in ALP activity became statistically significant at 25 and 50

μM PSLs. At the highest concentration, however, ALP activity was

less than that of untreated cells, which was likely due to cytotoxic

effects. Because the PSLs increased the ALP activity of HDPCs at 50

μM, it was expected that PSLs would also enhance the mRNA

expression of odontogenic genes. However, PLS did not affect the

expression of Runx2 mRNA. Furthermore, PSLs slightly attenuated

expression of DSPP and OCN mRNA in HDPCs. The change in ALP

activity is an early event during odontogenic differentiation of dental

pulp cells. Therefore, the inconsistency between ALP activity and

expression of DSPP, OCN and Runx2 mRNA suggests that PSLs

interrupt the signaling pathway leading to odontogenic differentiation.

In contrast to the results of odontogenic gene expression, PSLs

enhanced matrix mineralization in HDPCs. Although calcium

deposition was not enhanced conspicuously, PSLs certainly caused a

statistically significant increase in mineralization. For mineralization

assessment, three primary dental pulp cultures derived from different

patients were employed, which exhibited a higher amount of calcium

deposition upon treatment with PSLs. Thus PSLs definitely affected

cell matrix mineralization of human dental pulp cells.
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The normal dental pulp contains heterogeneous cell populations that

comprise mostly of fibroblast-like cells, inflammatory and immune

cells, and pulpal stem cells, which are mostly involved in self-renewal

(67). The importance of inflammation in the healing of the pulp in

dental caries has been underestimated and is often considered to be

an undesirable effect, leading to, in most cases, pulp necrosis and

other adverse effects. In view of recent results, the inflammatory

process should be reexamined to understand the potential and

beneficial effects of this process. The effects of calcium hydroxide

[Ca(OH)2] that contains pulp-capping agents on pulp cell migration,

proliferation, and differentiation have been previously described (68, 69).

Ca(OH)2 induces beneficial effects owing to chemical injury caused by

hydroxylions. A limited necrosis is induced against the vital pulp

tissue.

In this study, CM from PSLs-treated macrophage stimulated the ALP

activity of HDPCs (Fig. 7), potentially indicating that CM from

PSLs-treated macrophage enhances the ability of HDPCs to

differentiate; it can be safely assumed that the main factor involved

in the osteogenic activity of CM is TGF-β. However, the

enhancement of ALP activity of HDPCs was not dose dependent.

These results suggest that the differentiating substances in CM are

not sufficient to affect the ALP activity of HDPCs in a

dose-dependent manner.
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Because CM from PSLs-treated macrophages increased the ALP

activity of HDPCs, it wsa expected that CM could enhance mRNA

expressions. However, CM did not affect DSPP and OCN mRNA the

expression. Moreover, CM slightly attenuated DSPP mRNA

expressions in HDPCs (Fig. 9). Various signaling pathways such as

Wnt, TGF-β, Hedgehog, and FGF signaling pathways have been

involved in regulating osteoblast differentiation. Accordingly, the

contradiction between the ALP activity and mRNA expressions imply

that CM inhibited the signaling pathway associated with osteogenic

differentiation. In line with the results of mRNA expressions, CM did

not induce the mineralization of HDPCs (Fig. 10), suggesting that

calcium binding by CM is not sufficient to enhance calcium deposition

in HDPCs.
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Conclusion

According to the present study, the conditioned media of M2

macrophages (M2CM) enhanced the ALP activity of HDPCs.

Furthermore, M2CM promoted the mRNA expression of DSPP gene

and matrix mineralization, which suggested that M2 macrophages

were able to enhance the odontogenic differentiation of dental pulp

cells. It was also found that TGF-β1 played an essential role in the

activity of M2 conditioned media. In contrast to the M2 macrophages,

the M1 subtype did not enhance the ALP activity of HDPCs in the

absence of M1-causing factors. Therefore, M2 macrophages are

expected to support dentin regeneration in the healing process of

damaged dental pulps.

In this study, PS-containing liposomes (PSLs) were employed to

promote HDPCs differentiation via M2 polarization of macrophages.

Although macrophage polarization was not confirmed, ALP activity of

HDPCs was enhanced by the conditioned media from PSLs-treated

macrophages, which indicated that conditioned media from

PSLs-treated macrophages enhanced the ability of HDPCs to

differentiate via M2 polarization of macrophages. Furthermore, it was

found that PSLs directly enhanced ALP activity and mineralization of

HDPCs. This effect is thought to reinforce the PSLs activity for
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dentin regeneration. Therefore, PSLs is expected to be applied for the

regeneration of pulp and dentin in combination with pulp capping

agents.
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초 록

포스파티딜세린으로 유도된 대식세포가

인간치수세포의 분화에 미치는 영향

박희철

치과생체재료과학 전공

서울대학교 치의학대학원

지도교수 양형철

단핵세포에서 유래된 대식세포는 국소 조직 환경에 따라 특이적인

분화를 겪는다. 대식세포는 M1 (classically activated) 과 M2

(alternatively activated) 와 같은 다른 기능적 표현형으로 분화되며 염증

및 조직 재생에 주요 역할을 하는 것으로 알려져 있다. 이러한 대식세포

분극화가 인간치수세포 분화에 미치는 영향을 살펴보기 위하여, 본

연구에서는 M1, M2 형으로 분극화된 인간 단핵세포주 (THP-1) 의

조정 배지를 사용하여 인간치수세포 분화에 미치는 영향을 조사하였다.

또한 대식세포의 활성화 및 인간치수세포의 분화에 영향을 주는 것으로
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알려진 포스파티딜세린으로 대식세포를 처리한 후, 조정배지가

인간치수세포의 분화에 미치는 영향을 연구하였다.

대식세포의 분극화는 표면 항원을 표적화한 유세포 분석법 (Flow

cytometry analysis) 과 분극화와 관련된 사이토카인의

효소결합면역흡착검사 (Elisa assay) 를 이용하여 확인하였다.

인간치수세포는 소구치의 치수에서 제거되어 실험에 사용할 수 있도록

배양되었다. 대식세포의 활성에 영향을 미치는 것으로 알려진

포스파티딜세린은 포스파티딜콜린, 콜레스테롤과 함께 리포좀 형태로

제조하여 실험에 사용되었다. 치수세포분화를 평가를 위해 알칼리

포스파타아제 활성 (alkaline phosphatase activity), 실시간

중합효소연쇄 반응 (real time polymerase chain reaction, RT-PCR),

알리자린 레드 에스 염색 (alizarin red S staining)을 통한 기질세포

광화 (cell matrix mineralization) 분석을 실행하였다.

실험결과 M2형으로 분극화된 대식세포의 조정배지는 인간치수세포의

알칼리 포스파타아제 활성을 증가시키고, 조골세포 분화인자 유전자인

dentin sialophosphoprotein (DSPP) 와 기질 석회화를 촉진하였다. 또한

리포좀 형태로 제조된 포스파티딜세린은 본 실험에서 사용한

인간치수세포의 알칼리 포스파타아제 및 기질 석회화를 촉진하는 것으로

확인되었다. 그러나 포스파티딜세린 리포좀으로 처리한 대식세포의

조정배지는 인간치수세포의 알칼리 포스파타아제 활성만을 증가시켰다.

이러한 결과는 포스파티딜세린이 포함된 리포좀은 사람치수세포의

치원성 분화를 다음의 두 가지의 방법으로 촉진 할 수 있다는 것을

의미한다; 1) 대식세포의 분극화를 통하거나 2) 사람치수세포의 분화를
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직접적으로 촉진함. 이러한 두 가지 효과는 치수세포에 분화와 상아질

재생에 함께 작용할 것으로 기대된다.

-------------------------------------------------------------

주요어:

조정배지. 인간치수세포, 치형분화, 리포좀, 대식세포 분극화,

포스파티딜세린
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