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Abstract 

 

Chemokine in inflamed periodontal tissues activates healthy 

periodontal-ligament stem cell migration 

 

Jong-Bin Lee, D.D.S. 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Chang-Sung Kim, D.D.S., M.S.D., PhD.) 

 

Aim: The present study aimed to characterize the expression pattern of chemokines 

obtained from inflamed periodontal defects and to determine the characteristics of 

human periodontal-ligament stem cells (hPDLSCs) migrated by each specific 

chemokine. 

Materials and methods: Both inflamed and healthy periodontal tissues were 

obtained from periodontitis patients (n=11), and the chemokine expression levels 

were analyzed. The periodontal-tissue-specific chemokines were applied to healthy 

hPDLSCs from extracted teeth (n=3), with FGF-2 acting as a positive control. Cells 

were separated by selected chemokines using transwell method into 

migrated/unmigrated hPDLSCs. The characteristics of the hPDLSC subpopulation 

recruited by each chemokine were assessed, and gene expression pattern was 
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analyzed by microarray. 

Results: Chemokines were categorized into three groups by specific patterns of 

‘appearing’, ‘increasing’, and ‘decreasing/disappearing’ from healthy to inflamed 

tissues. A representative chemokine from each group enhanced the capacities for 

colony formation and osteogenic/adipogenic differentiation while maintaining the 

surface markers of hPDLSCs. RANTES/CCL5 significantly increased the cellular 

migration of hPDLSCs, via enhancement of signaling pathways, regulation of the 

actin skeleton, and focal adhesion. 

Conclusion: The present study found a specific chemokine profile induced by 

inflammation in periodontal tissues, with RANTES/CCL5 appearing to play a role in 

the migration of hPDLSCs into inflammatory periodontal lesions. 

 

 

 

 

 

 

 

 

Keywords: periodontal stem cells, chemokines, migration, tissue regeneration, 

homing 
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Chemokine in inflamed periodontal tissues activates healthy 

periodontal-ligament stem cell migration 

 

 
Jong-Bin Lee, D.D.S. 

 

Department of Dentistry 

The Graduate School, Yonsei University 

 

(Directed by Professor Chang-Sung Kim, D.D.S., M.S.D., PhD.) 

 

 

I. Introduction 

 

The recent concept of tissue engineering is similar to the original concept of 

guided tissue regeneration in periodontics, in which specific cells are involved 

selectively in periodontal regeneration within the wound space1,2. Scientific evidences 

on mesenchymal stem cells (MSCs) support the traditional mechanisms of 

periodontal regeneration. It has been well documented that the endogenous 

regenerative potential of periodontal-ligament stem cells (PDLSCs) present within the 

periodontal ligament (PDL) space makes repairing damaged periodontal tissue 

possible3. The recruitment of PDLSCs from the surrounding healthy PDL into a 

damaged site would presumably play a role during in situ periodontal regeneration. 
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Another recent concept related to MSC biology, called homing, refers to cell 

recruitment during the process of periodontal regeneration. In physiologic remodeling 

and healing processes, undifferentiated progenitor cells are recruited to injured tissues 

or remodeling sites from stem-cell niches4. The homing mechanism of MSCs is still 

not fully understood, but it appears to be closely associated with tissue-specific 

chemokine induced wound healing5. Many studies have produced evidence that 

chemokines can initiate cellular homing for the healing of various types of tissues6-8. 

Our previous study found that the migratory activity of PDLSCs was higher in 

inflamed PDL tissues than in healthy tissue9. It was postulated that these cells migrate 

from the nearby healthy PDL tissues into the inflamed periodontal defects in response 

to chemokines expressed in the inflammatory periodontal tissue for the purpose of 

healing the damaged site. 

The roles of various inflammatory chemokines in oral tissues have been 

established for inflammatory cell recruitment and bone metabolism10,11, but the 

precise roles of chemokines in periodontal regeneration (especially that involving 

periodontal stem cells) have not yet been clearly identified. It is therefore crucial to 

study the effects of inflammatory chemokines on periodontal defects and healing 

processes in order to understand the nature of periodontal regeneration and for 

controlling biologic responses. Clinical regeneration therapies were originally based 

on mimicking developmental/physiologic biology, with the outcomes depending on 

the potential of the endogenous healing source: from the homing of stem cells to the 

differentiation/maturation of cells and tissues. In a practical procedure of guided 

tissue regeneration, the selective recruitment of stem cells from the PDL determines 
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the type of regenerated tissue onto root dentin. The cell biology of PDLSCs that were 

activated or migrated by tissue-specific chemokines can provide clues for this 

mechanism, and so the present study focused on changes in the characteristics of 

PDLSCs according to the presence of inflammatory chemokines. We hypothesized 

that specific chemokines from inflammatory periodontal defects would attract and 

activate PDLSCs from the quiescent state of stem-cell niches in healthy PDL. 

The aims of this study were to (i) characterize the expression pattern of 

tissue-specific chemokines in inflammatory periodontal defects and (ii) identify the 

characteristics of MSCs in the subpopulation of migrated/unmigrated human PDLSCs 

(hPDLSCs) following the application of each specific chemokine. 
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II. Materials and Methods 

 

 

1. Comparison of the chemokine expression profiles between inflamed 

and healthy periodontal tissue 

 

Eleven patients exhibiting lesions of severe periodontitis were included in 

this study, and the tissue-specific chemokine expression profiles from two types of 

samples were compared: human periodontal tissues harvested at healthy sites 

(probing depth of <3 mm and no periodontal destruction) and at inflammatory 

intrabony periodontal pocket sites (with a probing depth of >7 mm). All of the 

enrolled patients were planned to receive periodontal treatment, and were 

systemically healthy. The study protocol was approved by the Yonsei University 

Institutional Review Board (permission no. 2-2011-0057), and written informed 

consent to participate was obtained from all patients. Periodontal flap surgery was 

performed at 2 to 4 weeks after scaling and root planing, and periodontal tissues were 

obtained from intrabony defects and from an adjacent healthy site (tuberosity or 

retromolar pad) of the same patient. The harvested samples were divided into two 

sections: one for histologic analysis to confirm in situ inflammation, and the other 

section for the chemokine expression assay. The chemokine expression profiles were 

evaluated using a customized chemokine array kit (MILLIPLEX MAP Human 
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Cytokine/Chemokine Panel, Millipore, MA, USA) and Bio-Plex software (BioRad, 

Hercules, CA, USA). The following distinctive chemokines for periodontal diseases 

were selected for the chemokine arrays based on previous studies11: IL-8/CXCL8, 

TNF-α, MIP-1/CCL3, RANTES/CCL5, MCP-1/CCL2, MDC- 1/CCL22, SDF-

1/CXCL12, BCA-1/CXCL13, and CCL1. 

 

2. Separation of migrated hPDLSCs by representative inflammatory 

chemokines 

 

hPDLSCs were isolated from healthy adults (n=3;22–38 years of age), and 

cultured by protocols described in the supplemental materials/methods. The 

inflammatory chemokines were divided into three groups based on their specific 

patterns of ‘appearing’, ‘increasing’, and ‘decreasing/disappearing’ in inflamed 

periodontal tissues compared to healthy sites. Three representative chemokines were 

selected in each group: IL-8/CXCL8, RANTES/CCL5, and SDF-1/CXCL12. 

Migrated PDLSCs were separated using transwell migration chambers coated with 

gel (24-mm diameter inserts, 8-μm pore size; Costar, Corning, NY, USA), with the 

inner chamber containing hPDLSCs and the outer chambers respectively containing 

growth media with IL-8/CXCL8 (50 ng/ml; ProSpec, East Brunswick, NJ, USA), 

RANTES/CCL5 (150 ng/ml; ProSpec), SDF-1/CXCL12 (150 ng/ml; ProSpec), FGF-

2 (as a positive control12,13; 10 ng/ml, Genoss, Seoul, Korea), and no chemokine (as a 

negative control). After plating hPDLSCs (5×105 cells/ml) on the inner chamber, cells 
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were incubated to the confluent stage and then allowed to migrate for 3 days to the 

opposite side of the inserted membranes. The cells on the inserted membranes 

exhibiting low migratory activity (unmigrated hPDLSCs) and those from the opposite 

side of the membrane with a higher migratory activity (migrated hPDLSCs) were 

removed separately with sterile cotton swabs and expanded ex vivo for their 

characterization. The number of migrated hPDLSCs was measured using a 

microscope (BX41, Olympus Optical, Tokyo, Japan) after staining with hematoxylin. 

Ten representative areas (original magnification ×100) were selected for cell counting 

within each chamber: two from the center, four from the margin, and four from the 

region between them. 

 

3. Characteristics of migrated hPDLSCs in response to inflammatory 

chemokines 

 

To determine changes of the MSC characteristics in response to various 

chemokines, we performed immunochemical staining assay using phalloidin, colony-

forming assay, proliferation assay, fluorescence-activated cell-sorting (FACS) 

analysis, differentiation assay for osteogenesis and adipogenesis, quantitative real-

time PCR for osteogenic/adipogenic markers, and ectopic transplantation assay. 

Details of all procedures were described in supplemental materials/methods and Table 

2. 
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4. Microarray analysis comparing the effects of RANTES/CCL5 on 

migrated and unmigrated 

 

The gene-expression profiles were investigated using microarray analysis in 

migrated hPDLSCs that were not induced (negative-control group) and in those 

recruited by RANTES/CCL5 based on its enhanced migrating effects in the transwell 

assay (Supplemental materials/methods). 

 

5. Statistical Analysis 

 

Each in vitro experiment was conducted at least three times. The results were 

analyzed statistically using SPSS 19.0 (SPSS, Chicago, IL, USA). All parameters 

except those in the MTT assay were compared using one-way ANOVA (between 

groups with different chemokine treatments) or the paired t-test (healthy versus 

inflamed tissues, and migrated versus unmigrated hPDLSCs). Repeated-measures 

ANOVA followed by Scheffé’s comparison was used to analyze differences in the 

MTT assay results. Statistical significance was set at P<0.05. 
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III. Results 

 

1. Comparison of chemokine expression profiles between inflamed and 

healthy periodontal tissues 

 

Inflamed and healthy periodontal tissues were taken from intrabony 

periodontal lesions and tuberosity/retromolar pad, respectively, of 11 patients (Figure 

1 and Table 1). Histologic slides revealed extensive inflammatory cell infiltration as a 

specific feature of the inflamed periodontal tissue. The nine chemokines that were 

analyzed in this study were categorized into the following three groups. IL-8/CXCL8, 

TNF-α, and MIP- 1/CCL3 were expressed only in the inflamed tissue (‘appearing’); 

the expression levels of RANTES/CCL5, MCP-1/CCL2, and MDC-1/CCL22 were 

higher in inflamed tissue than in healthy periodontal tissue (‘increasing’); and the 

expression levels of SDF-1/CXCL12, BCA- 1/CXCL13, and CCL1 were lower in 

inflamed tissue than in healthy tissue, or not present (‘decreasing/disappearing’). 

These chemokines clearly showed the changes in expression profiles with specific 

patterns in all samples, suggesting that they play specific roles in inflammatory 

conditions. 

 

2. Characteristics of migrated hPDLSCs in response to inflammatory 

chemokines 
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2.1. Migratory activity assay 

After selecting the chemokines of interest, the effect of chemokine treatment 

on the migratory activity of stem cells was assessed using the transwell assay and 

immunocytochemical staining on F-actin (Figure 2A). The number of migrating cells 

increased significantly under the influence of both RANTES/CCL5 and FGF-2 

(P<0.05). Although the migratory activity appeared to be greater for hPDLSCs than 

in the control group under the influence of the other chemokines tested, the 

differences did not reach statistical significance (Figure 2B, C). Phalloidin staining 

also revealed that the expression level of actin was significantly higher for migrated 

hPDLSCs treated with RANTES/CCL5 than in the negative-control condition 

(P<0.05), in line with the greater migration potential demonstrated in the transwell 

assay (Figure 2D, E). With regard to F-actin-filament staining, the staining density of 

the stimulated migrated hPDLSCs in all groups was greater than in the unmigrated 

hPDLSCs in each group. A well-organized actin filament network was observed 

within the cytosol connecting the nucleus and membrane (Figure 2D), and this feature 

was found most frequently for RANTES/CCL5 treatment. 

 

2.2. FACS analysis 

Each of the subpopulations of migrated hPDLSCs and unmigrated hPDLSCs 

was further expanded in each chemokine-treated condition, and the expression levels 
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of a series of surface markers related to the characteristics of MSCs (including 

CD105, CD90, CD73, CD45, CD44, CD34, and CD14) were investigated. The 

surface markers CD45, CD34, and CD14 were not expressed (data not shown). 

However, as shown in Figure 3A, the expression profile did not differ between 

migrated and unmigrated hPDLSCs under all experimental conditions, suggesting that 

they maintained their characteristics as MSCs regardless of migration/stimulation by 

chemokines. 

 

2.3. MTT assay 

The MTT assay showed that both migrated and unmigrated hPDLSCs 

proliferated continuously up to day 7. The proliferation rates were lower for migrated 

cells in all groups than for unmigrated cells. Although SDF-1/CXCL12 and FGF-2 

enhanced the proliferation of unmigrated PDLSCs slightly, the migrated PDLSCs 

demonstrated similar proliferation patterns and rates regardless of the type of 

chemokine treatment (Figure 3B). An increased migratory activity might reduce the 

other cellular responses (e.g., cellular proliferation) for stimulation by various 

chemokines. 

 

2.4. CFU assay 
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In the CFU assay, single colonies were observed and compared after 14 days 

of culture. Cells that were treated by chemokines or FGF-2 formed a greater number 

of colonies than the untreated negative-control cells (P<0.05). No difference in the 

numbers of CFUs was found between migrated and unmigrated PDLSCs under all of 

the experimental and control conditions (Figure 3C, D). 

 

2.5. In vitro differentiation 

In the osteogenic differentiation assay, mineralized nodule formation was 

significantly elevated in all chemokine-treated groups compared to the negative-

control group. Migrated PDLSCs stimulated by RANTES/CCL5 or SDF-1/CXCL12 

showed significantly reduced mineral formation compared to unmigrated cells in the 

same condition, and exceptionally migrated cells in the RANTES/CCL5 group 

produced mineralized nodules comparable to those formed in the negative controls 

(Figure 4A). Real-time PCR data also demonstrated a similar pattern, in that all 

chemokine-treated groups exhibited significant increases in gene expression of ALP 

compared to the negative controls. In the adipogenic differentiation assay, the 

formation of lipid vacuoles was comparable in all of the experimental and control 

groups (Figure 4B). However, the gene expression levels of LPL and PPARγ-2 were 

significantly lower in all migrated PDLSCs than in unmigrated cells under the same 

condition, except for a significant increase in PPARγ-2 expression in the 

RANTES/CCL5-treated migrated PDLSCs (Figure 4C). While there was a diversity 
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of cellular responses to various chemokine stimuli, there was an overall tendency for 

differentiation to be enhanced by all of the tested chemokines and FGF-2 compared to 

controls. 

 

2.6. In vivo ectopic transplantation model 

In histologic analyses, all of the transplanted sites showed cementum-like 

mineralization formation onto surfaces of grafted ceramic powders. Perpendicularly 

or obliquely arranged dense collagen fiber bundles were observed around the ceramic 

powder surfaces, and these PDL-like fibers were inserted into the cementum-like 

tissue (Sharpey’s fiber). These were significantly more common in the chemokine-

treated groups, especially in the grafted site with migrated cells stimulated by 

RANTES/CCL5 (Figure 4D). 

 

3. Microarray analysis 

 

This study determined specific chemokines from the inflamed periodontal 

tissues, and evaluated the responses of PDLSCs against these chemokine stimuli in 

vitro and in vivo. Among these, RANTES/CCL5 significantly affected the migratory 

activity and differentiation of hPDLSCs, and the underlying mechanisms were 

analyzed based on the pattern of microarray gene expression (Figure 5). Genes with 
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expression patterns that differed between control and RANTES/CCL5-treated cells 

were found in various biologic pathways related to the regulation of actin 

cytoskeleton, cell adhesion molecules, focal adhesion, ECM receptor, chemokine 

signaling, MAP kinase pathway, Wnt pathway, and cell cycle. The expression levels 

of genes related to regulation of the actin cytoskeleton (ARPC1B, NCKAP1, ITGB1, 

ARPC4, and ACTG1) were significantly increased in migrated cells in response to 

RANTES treatment. Up-regulation of genes related to cell adhesion molecules 

(ITGB1, PDCD1LG2, and HLA-DRB5) and focal adhesion (PDPK1, IGF1R, 

COL6A2, ITGB1, TLN2, and ACTG1) was also found in migrated cells stimulated by 

RANTES. These pathways could underlie the increased migratory activity of cells 

found in the experiments involving the transwell assay and immunostaining on actin. 

In particular, ACTG1 is a gene that directly encodes a protein of F-actin. In a pathway 

involving ECM receptors, COL6A2 and ITGB1 were strongly expressed in RANTES-

treated cells, as was CD44, which is known to be homing-cell adhesion molecule. A 

particularly interesting observation was the expression of several genes in a 

chemokine signaling pathway being significantly reduced by RANTES stimulation; 

correspondingly, chemokines to PTK2B, FOXO3, RAF1, and GNG5 might be 

reciprocally regulated via the reduced expression of a RANTES receptor (CCR1). The 

expression levels of eight genes were reduced in the MAP kinase signaling pathway 

(RAF1, PPP3R1, STK3, FGFR3, NR4A1, RASGRF1, MAP3K1, and MAP3K11), 

whereas the other five genes were strongly expressed by RANTES stimulation (NLK, 

CDC25B, MAPK8IP2, TAOK1, and ZAK). NLK, CSNK1E, CSNK2A1, and DVL3 

were up-regulated in the Wnt signaling pathway. Genes related to the cell cycle were 
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significantly increased in RANTES treated cells (TFDP1, CDKN2B, CDKN2D, and 

MCM4), and the expression of these genes might enhance DNA biosynthesis and 

replication. 



15 

IV. Discussion 

 

A chemokine is a signaling cytokine released from specific cells that result in 

the chemotaxis of target cells. In a diseased condition, specific cells in a lesion secret 

this type of cytokine, and this may result in undifferentiated stem cells move into that 

area from healthy sites as healing sources14,15. In total, 9 chemokines considered as 

candidates of specific cytokines for the chemotaxis of stem cells presented with the 

same pattern in all paired samples from 11 patients. The three chemokines (IL-

8/CXCL8, TNF-α, and MIP-1/CCL3) in the ‘appearing’ group are associated with the 

acute phase of inflammation, as macrophage-secreting cytokines. The three 

chemokines (RANTES/CCL5, MCP-1/CCL2, and MDC-1/CCL22) in the ‘increasing’ 

group are related to the transitional progress from the acute to the chronic 

inflammatory phase, and the recruiting of lymphocytes. Two of the chemokines 

(CXCL12 and CXCL13) in the ‘decreasing/disappearing’ group are known to be 

homeostatic chemokines, although they could also be involved in inflammatory 

reactions. The last results contrast with those obtained in previous studies, especially 

with SDF-1 being a representative chemokine responsible for alveolar bone 

destruction and repeatedly shown to direct cell migration16 and enhance tissue repair17. 

Another previous study found SDF-1 levels to be significantly higher in patients with 

chronic periodontitis than in subjects with healthy gingiva18. The discordance 

between studies could be due to the use of different experimental protocols: the 

previous study obtained samples from gingival sulcular fluid in samples that had not 
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received any periodontal treatments, whereas the present study obtained gingival 

tissue surgically in situ after acute inflammatory reactions had subsided in 

supragingival periodontal tissues following nonsurgical periodontal therapy. 

Periodontitis is a complex disorder with coexisting various sequential phases 

of inflammatory and healing/repair responses in periodontal tissues against bacterial 

loads. This results in temporal variations in cytokine levels between phases, 

according to the tissue responses. A consistent pattern of chemokine expression in this 

result suggests that nonsurgical periodontal treatments applied at the supragingival 

level might result in the return to a certain pathologic/physiologic phase, with 

consistency between various phases. The time points of sample acquisition in the 

present protocol reflected the sequence of conventional periodontal treatment, and 

allowed the underlying biologic mechanisms in the later clinical steps (surgical or 

regenerative treatment) to be understood and predicted while considering the 

characteristics and behaviors of hPDLSCs stimulated by chemokines. 

In our previous study we obtained MSCs from inflamed PDL tissues and 

compared their proliferation and migration properties with those of cells obtained 

from healthy PDL tissues9. The study found that while the proliferation activities 

were similar, the migratory activity was significantly enhanced in the stem cells 

obtained from inflamed tissue. The underlying mechanism was not fully elucidated, 

but it was postulated that chemokines are closely involved in this enhancement of the 

migratory potential of stem cells, and the present results are consistent with those 

previous results. The inflammation-responsive chemokines in the present study 

increased the numbers of CFUs and osteogenic differentiation without the loss of 
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surface markers for MSCs. In addition, RANTES enhanced the migratory activity of 

cells compared to controls, with the number of migrated cells responding to RANTES 

being comparable to that for FGF-2, which was previously demonstrated to play a 

chemotactic role in PDL cells13. This was in accordance with the results from the 

microarray analyses, with significant up-regulation of gene expression in cellular 

migration-related pathways (actin cytoskeleton, cell adhesion molecule, and focal 

adhesion), and especially that focal adhesion could be an underlying mechanism for 

the aforementioned phenomenon considering its remarkable enhancement of gene 

expression. The up-regulation of an F-actin-related gene (ACTG1) in microarray data 

was consistent with the enhancement of immunostaining of F-actin in the cell culture 

experiments. The characteristics of migrated/mobilized stem cells have also been 

investigated previously19.20. However, most of them have focused on specific tissues, 

and the chemokine-mediated migration of stem cells in a periodontal-tissuespecific 

environment has not been reported. SDF-1/CXCL12 is a representative homing 

chemokine for bone marrow stem cells, and did not affect the cellular migration of 

PDLSCs. This suggests that RANTES specifically induces the homing of PDLSCs 

from adjacent healthy PDL to an inflammatory lesion, while maintaining their 

characteristics as MSCs. 

Migrated PDLSCs exhibited decreased in vitro nodule formation in the 

osteogenic differentiation assay in this study, as confirmed by the real-time PCR data 

for ALP and OC. In microarray data, RANTES-treated cells exhibited certain genes 

that are involving in the chemokine signaling pathway, in which their expression 

levels were significantly reduced. Cells that migrate in response to chemokine 
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treatment may exert a reciprocal control of tissue responses to chemokines. It has 

been suggested that FOXO factors play a fundamental role in skeletal homeostasis via 

the expression of antioxidants to osteoblasts. Therefore, a reduction in FOXO may 

increase oxidative stress to osteoblasts so as to reduce their function21,22. This is 

consistent with the present finding of FOXO3 and several preceding genes being 

down-regulated in the chemokine signaling pathway of RANTES-treated cells, and 

cells that migrated due to the presence of chemokines induced less osteoblastic 

activity. However, these observations were contrary to the present in vivo 

transplantation result of increased intensity and frequency of cementum regeneration. 

In vivo tissue responses derive from complex various cellular changes and reciprocal 

responses from the surrounding microenvironment, and significantly enhanced 

cellular migratory activity with maintenance of PDLSC stemness by RANTES and 

the other chemokines, as shown at the in vitro level, could underlie the in vivo results. 

In the present in vitro results, RANTES affected cellular proliferation as well 

as migratory activity. However, there was a difference in this response according to 

the state of target cells; RANTES enhanced cellular proliferation of unmigrated cells 

but not migrated cells. Even though all hPDLSCs in the present experiment showed 

the same characteristics as mesenchymal stem cell, RANTES enhanced migration of 

some parts of hPDLSCs and proliferation of the others. This differential response 

might not have occurred at the same time for hPDLSCs, and it may refer to the 

differential activity at different phases of stem cell (from the niche state to 

repopulation in biologic processes) in remodeling and regeneration. 

The present study found a specific chemokine profile induced by 
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inflammation in periodontal tissues, with RANTES/CCL5 appearing to play a role in 

the migration of hPDLSCs into inflammatory periodontal lesions. These chemokines 

stimulated the migratory activity of PDLSCs while maintaining the main 

characteristics (i.e., stemness) of cells. These seem to be major contributing factors to 

the PDLSC homing-related regeneration of periodontal lesions. Further studies at the 

molecular level are needed into the specific functions of each chemokine at the 

specific phases during disease or healing progresses, in order to understand the nature 

of tissue responses in periodontitis. 
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Figure Legends 

 

Figure 1. A) Isolation of inflamed and healthy periodontal tissues. The inflamed 

periodontal tissue was obtained from an intrabony periodontal defect (a, c), and 

healthy periodontal tissue was obtained from an adjacent healthy area in the same 

operation site, such as the maxillary tuberosity (b, d). Arrowheads indicate the biopsy 

sites for the inflamed and healthy periodontal tissues. Inflamed/healthy periodontal 

tissue was enucleated/excised (e, f; scale bar=3 mm), and histologically confirmed 

based on inflammatory cell infiltration (g, h; hematoxylin and eosin stain; scale 

bar=100 μm). B) Results of immunoassays for the expression of each chemokine 

from tissues affected by periodontitis and healthy tissues in the 11 included patients. 

Twelve types of chemokine were categorized into three groups according to how their 

pattern of expression changed from healthy to inflamed periodontal tissues: 

‘appearing’, ‘increasing’, and ‘decreasing/disappearing’. 

 

Figure 2. Cells were seeded onto transwell chambers, which separated the cells into 

migrated and unmigrated hPDLSCs according to whether they appeared in the lower 

or upper chamber, respectively (A). The media with/without each chemokine was 

placed in both the upper and lower chambers according to group allocation, and 

hPDLSCs were cultured such that the cells were allowed to migrate toward the lower 

chamber along the gradient of chemokines. The cell migration was quantified by 

counting the number of migrated cells on the lower chamber, which revealed that 
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RANTES/CCL5- and FGF-2-treated cells exhibited significantly greater migration 

than those treated with the other chemokines (B; *: P<0.05). C) Representative 

microscopic slides stained with hematoxylin (scale bar=100 μm). D) The cells were 

analyzed morphologically by F-actin staining with phalloidin and the aid of a 

fluorescence microscope (scale bar=100 μm). E) The staining intensity was higher for 

migrated hPDLSCs that were cultured with RANTES/CCL5 than in the other groups 

(§: P<0.05). 

 

Figure 3. Comparison of migrated and unmigrated hPDLSCs. Surface markers of 

mesenchymal stem cells (A), cellular proliferation (B), and CFUs (C, D). A) FACS 

analysis revealed similar expression levels of the following cell-surface markers in 

migrated and unmigrated hPDLSCs: CD105, CD90, CD73, and CD44. B) Analysis of 

the proliferation using the MTT assay revealed a tendency toward increased 

proliferation properties for all cells with the tested chemokines. The proliferation of 

cells significantly increased after 4 and 7 days in all groups (*: P<0.05), and 

unmigrated hPDLSCs in the group with RANTES/CCL5 and SDF-1/CXCL12 

showed higher proliferation rates than the unmigrated cells in the other groups and 

than the migrated cells. OD, optical density. C, D) A CFU assay performed on the 

migrated and unmigrated cells (scale bar=10 mm) revealed that the number of CFUs 

was significantly higher for all of the chemokine-treated groups than for the control 

group (*: significant difference compared to the control of unmigrated hPDLSCs, 

P<0.05; §: significant difference compared to the control of migrated hPDLSCs, 

P<0.05). 
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Figure 4. Comparison of osteogenic and adipogenic differentiation capacities of 

migrated and unmigrated hPDLSCs. A) Mineralized nodule formation and the 

measurement of its area (scale bar=25 μm). Treatment with IL-8/CXCL8, 

RANTES/CCL5, SDF-1/CXCL12, and FGF-2 resulted in significant increases in 

nodule formation compared to the untreated controls of both cell groups, while the 

mineralized nodule formation was significantly lower in migrated hPDLSCs treated 

by RANTES/CCL5 than in unmigrated hPDLSCs (* and §: significant differences 

compared to the controls of unmigrated and migrated hPDLSCs, respectively, 

P<0.05; ¶: significant difference between migrated and unmigrated hPDLSCs in the 

same group, P<0.05). B) Lipid vacuole formation and the measurement of its area 

(scale bar=25 μm). Migrated hPDLSCs appeared to exhibit slightly decreased lipid 

formation, but the difference did not reach statistical significance. C) Results from 

quantitative real-time PCR demonstrating the osteogenesis- and adipogenesis-related 

mRNA expression levels for ALP, OC, LPL, and PPARγ-2 (* and §: significant 

differences compared to the controls of unmigrated and migrated hPDLSCs, 

respectively, P<0.05; ¶: significant difference between migrated and unmigrated 

hPDLSCs in the same group, P<0.05). D) Mineralized tissue regeneration as 

evaluated using the in vivo ectopic transplantation model. In histology slides from in 

vivo ectopic transplantation, PDL formed cementoblast-like cells incorporated inside 

the newly formed mineralized tissue (arrowheads) at 8 weeks after transplantation 

(Masson’s trichrome staining; scale bar=50 μm). 
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Figure 5. Differential expression of genes from cells cultured with RANTES/CCL5 

treatment. Microarray analyses revealed significantly enhanced expression of genes in 

RANTES/CCL5-treated cells in various pathways related to the regulation of actin 

skeleton, focal adhesion, ECM receptor, Wnt pathway, and cell cycle. These 

observations indicate the enhancement of cellular migratory activity by 

RANTES/CCL5. 
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Tables 

 

Table 1. Clinical characteristics of the chronic periodontitis patients. 

 

Patient no. 

 

Gender 

 

Age (years) 

Surgical site 

(tooth number) 

Control biopsy 

site 

1 Female 52 17 Tuberosity 

2 Female 48 47 Retromolar pad 

3 Male 37 14 Tuberosity 

4 Female 60 17 Tuberosity 

5 Female 53 46 Retromolar pad 

6 Male 51 47 Retromolar pad 

7 Male 34 16 Tuberosity 

8 Female 45 17 Tuberosity 

9 Female 51 46 Retromolar pad 

10 Male 55 27 Tuberosity 

11 Male 34 46 Retromolar pad 
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Table 2. Primer sequences and conditions for real-time PCRs of osteogenic differentiation and adipogenic differentiation. 

Gene 

Primer sequence Annealing 

temperature 

(°C) 

GenBank no. 

Product size 

(bp) Forward (5’-3’) Reverse (3’-5’) 

Human ALP TGG AGC TTC AGA AGC TCA ACA CCA ATC TCG TTG TCT GAG TAC CAG TC 58 93589-007, 93589-008 500 

Human OC CAA AGG TGC AGC CTT TGT GTC TCA CAG TCC GGA TTG AGC TCA 60 NM 199173.3 150 

Human LPL TGG ACT GGC TGT CAC GGG CT GCC AGC AGC ATG GGC TCC AA 64 NM 000237.2 167 

Human PPARγ-2 CAG TGG GGA TGC TCA TAA CTT TTG GCA TAC TCT GTG AT 55 93589-001, 93589-002 400 

GAPDH GTG GTG GAC CTG ACC TGC TGA GCT TGA CAA AGT GGT C 58 NM 002046.3 208 
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Supplementary Information 

 

Materials and methods 

 

Isolation of hPDLSCs 

hPDLSCs were isolated from healthy adults (n=3; 22–38 years of age) whose 

premolars had been that removed for orthodontic treatment, and cultured according to 

a previously reported protocol1. Briefly, the PDL tissues were separated from the root 

surface using a scalpel, and the scraped PDL tissues were digested five times at 30-

min intervals in α-MEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 

containing 3 mg/ml collagenase type I (WAKO, Richmond, VA, USA) and 4 mg/ml 

dispase (Gibco) at 37°C. Single-cell suspensions were produced by passing the cell-

containing medium through a strainer with a pore size of 70 μm (BD Falcon Labware, 

Franklin Lakes, NJ, USA). The resulting cells (5×105) were seeded onto T75 cell-

culture dishes containing a growth medium comprising α-MEM supplemented with 

15% fetal bovine serum (FBS; Gibco), 100 μM L-ascorbic acid-2-phosphate (Sigma-

Aldrich, St. Louis, MO, USA), 2 mM L-glutamine, 100 U/ml penicillin, and 100 

μg/ml streptomycin (Gibco). The cells in the seeded dishes were then incubated at 

37°C in 5% CO2. Single-cell colonies were observed and passage (P)0 cells were 

cultured. Cells at P3–P5 were then used for the study. 
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Characteristics of migrated hPDLSCs in response to inflammatory chemokines 

Immunocytochemical staining assay for migratory activity 

To evaluate the migratory activity of each cell type, the F-actin within 

migrated and unmigrated hPDLSCs placed into two-well chamber slides was 

immunocytochemically stained according to a modified version of a previously 

described protocol2. After fixation, the F-actin filaments were stained with phalloidin 

(diluted 1:500; Alexa Fluor 488, Invitrogen Life Technologies, Carlsbad, CA, USA) 

and then mounted with mounting medium containing 4’-6-diamidino-2-phenylindole 

(Vectashield, Vector Laboratories, Burlingame, CA, USA). The samples were 

visualized using a fluorescence microscope (BX41, Olympus Optical), and the mean 

fluorescence intensity of F-actin was determined using image-analysis software 

(Adobe Photoshop CS4, Adobe Systems, San Jose, CA, USA). 

 

Assay of numbers of colony-forming units 

The numbers of colony-forming-units (CFUs) in response to various 

treatments were compared between the migrated and unmigrated hPDLSCs. Cells 

were plated at 1×10² cells/ml onto 100-mm culture dishes with growth media, and 

after 14 days the dishes were fixed with 10% neutral buffered formalin and stained 

with crystal violet (Sigma-Aldrich). The number of CFUs was then determined. 
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Cell-proliferation assay 

The cell-proliferation properties of the migrated and unmigrated hPDLSCs 

were examined using the MTT assay. Each type of cell was plated onto 48-well plates 

and incubated with or without selected chemokines. The MTT assay was performed at 

days 1–7 of incubation. After incubation with 10% MTT solution (5 mg/ml; Amresco, 

Solon, OH, USA) and culture medium at 36°C in 5% CO2 for 4 hours, the supernatant 

was discarded and dimethylsulfoxide (200 μl/well; Amresco) was added to each well. 

The absorbance was measured at 540 nm using a microplate spectrophotometer 

(Benchmark Plus enzyme-linked immunosorbent assay reader, BioRad). 

 

Fluorescence-activated cell-sorting analysis 

The characteristics of the cell-surface markers of both migrated and 

unmigrated hPDLSCs were compared using flow cytometry [and in particular, 

fluorescence-activated cell sorting (FACS)] analysis. The cells were harvested and 

transferred to a 1.7-ml tube (Oxygen, Union City, CA, USA), fixed by adding 4% 

paraformaldehyde for 15 min, incubated with 3% bovine serum albumin followed by 

primary antibodies raised against CD105, CD90, CD73, and CD44 for 1 hour, washed 

with washing buffer, and then the secondary antibody was added for 45 min at room 

temperature. The cells were then washed three times and observed using a flow 

cytometer (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA). 

 



37 

In vitro osteogenic and adipogenic differentiation capacities 

The cells were seeded onto and cultured in six-well plates at a concentration 

of 1×105 cells/well. After they reached the subconfluence stage, osteogenic 

differentiation and adipogenic differentiation were induced using a previously 

described method1. The induction medium for osteogenic differentiation comprised α-

MEM (Gibco) containing 15% FBS (Gibco), 100 μM L-ascorbic acid 2-phosphate 

(Sigma-Aldrich), 2 mM L-glutamine (Gibco), 10-8M dexamethasone (Sigma-Aldrich), 

2 mM β-glycerophosphate (Sigma-Aldrich), 55 μM 2-mercaptoethanol (Amresco), 

1.8 mM KH2PO4 (Sigma-Aldrich), 100 U/ml penicillin, and 100 μg/ml streptomycin 

(Gibco). Adipogenic differentiation was induced using a commercially available 

induction medium (hMSC Adipogenic Bullet Kit, Cat. No. PT-3004, Lonza, 

Walkersville, MD, USA) according to the manufacturer’s protocol. After 2 weeks of 

adipogenic and 4 weeks of osteogenic induction, the cells were stained with Oil Red 

O and alizarin red to assess the adipogenic and osteogenic differentiation capacities, 

respectively. The total area of mineralized nodule formation and lipid vacuoles was 

measured using an automated image-analysis system (Image-Pro Plus, Media 

Cybernetics, Silver Spring, MD, USA). 

 

Quantitative real-time PCR for osteogenic and adipogenic markers 

After inducing both types of cellular differentiation, the cells were collected 

and subjected to real-time PCR in order to quantitatively analyze the expression rates 
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of differentiation markers. The expression levels of the genes encoding ALP and OC 

were analyzed to explore osteogenic differentiation, and those for LPL and PPARγ-2 

were analyzed to explore adipogenic differentiation (Table 2). Cells were harvested 

using Trizol (Invitrogen Life Technologies), and total cell RNA was prepared. 

Isolated total RNA was used as a template for the synthesis of cDNA with Oligo dT 

primer (Maxime RT Premix, iNtRon Biotechnology, Seongnam-si, Gyeonggi-do, 

Korea). The subsequent PCR amplification evaluation used the SYBR real-time PCR 

kit (Premix Ex Taq, Takara Bio, Otsu, Shiga, Japan), ABI7300 real-time PCR system 

and software (Applied Biosystems, Foster City, CA, USA), and specific primers 

under the following conditions: an initial step of 50°C for 2 min and 95°C for 10 min, 

followed by three denaturation steps of 95°C for 15 seconds, annealing at 60°C for 30 

seconds, and extension at 72°C for 30 seconds. The relative mRNA expression levels 

were quantified by comparing them with that of the internal standard (β-actin). The 

gene expression level in the real-time PCR was computed from the target threshold 

cycle (Ct) values and β-actin Ct values by means of the standard-curve method. Each 

PCR was performed in triplicate for each type of total RNA. 

 

In vivo ectopic transplantation assay 

In order to evaluate the in vivo tissue regenerative potentials of the migrated 

and unmigrated hPDLSCs, the cells from each group were transplanted into the 

mouse in vivo transplantation model according to a previously described method3. 

The cell carrier used for ectopic transplantation was 80 mg of 
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hydroxyapatite/tricalcium phosphate ceramic powder (Biomatlante, Vigneux, France). 

hPDLSCs (6×106 cells/carrier) were precultured with carrier particles for 1.5 hours at 

37°C in 5% CO2 prior to transplantation. The carriers loaded with PDLSCs of each 

group were transplanted subcutaneously into the dorsal region of immunodeficient 

mice (n=3). Animal selection, management, and surgical procedures followed a 

protocol approved by the Animal Care and Use Committee, Yonsei Medical Center, 

Seoul, Korea. The animals were allowed to heal for 8 weeks and then sacrificed. For 

the histometric analysis, the transplanted tissue was harvested and subjected to 

routine histology processing. Centralmost, 5-mm-thick sections were cut at 

approximately 50-mm intervals and stained with Masson’s trichrome. Histology 

analyses were performed using light microscopy (BX50, Olympus Optical). The 

distribution of the newly formed cementum and PDL fibers was investigated. Ten 

representative images were randomly selected from each slide, and 5 × 5 grids (60 μm 

× 80 μm per grid) were superimposed over each one. The squares showing 

regenerated cementum and PDL fibers were counted, and calculated as a percentage 

of all those showing any type of regeneration using image-analysis software (Adobe 

Photoshop CS4, Adobe Systems). 

 

Microarray analysis comparing the effects of RANTES/CCL5 on migrated and 

unmigrated 

The experimental protocol is described in detail elsewhere1. Briefly, total 

RNA was extracted using Trizol (Invitrogen Life Technologies) and 
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amplified/purified using the Ambion Illumina RNA amplification kit (Ambion, Austin, 

USA) according to the manufacturer’s instructions to yield biotinylated cRNA. 

Aliquots (750 ng) of biotinylated cRNA samples were hybridized to individual 

Human HT12 expression v.4 bead arrays for 16–18 hours at 58°C (Illumina, San 

Diego, CA, USA). The array signal was detected using the Amersham fluorolink 

streptavidin-Cy3 system (GE Healthcare Bio-Sciences, Little Chalfont, UK) in 

accordance with the bead-array manual. Arrays were scanned with a confocal scanner 

in the Illumina bead-array reader. Array probes with a detection P value of ≥0.05 in 

more than 50% of samples were filtered out, and the value of the selected gene signal 

was logarithmically transformed and normalized using the quantile method. The 

statistical significance of the expression data was determined based on the relative 

change. Class comparison analysis was performed using BRB-Array Tools (Biometric 

Research Branch, National Cancer Institute, USA) to identify the genes that were 

differentially expressed between two groups. Hierarchical cluster analysis was 

performed using complete linkage and the Euclidean distance as a measure of 

similarity. 
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국문요약 

 

염증성 치주조직에서 유래된 케모카인에 의한 건강한 

치주인대 줄기세포의 이동활성 증진에 관한 연구  

 

 

<지도교수 김 창 성> 

연세대학교 대학원 치의학과 

이 종 빈 

 

치주조직 재생에 있어서, 치주인대 줄기세포는 중요한 역할을 한다. 

따라서, 염증성 치주조직 주변의 건강한 치주인대 내 줄기세포의 병소 

부위로의 이주와 이에 관여하는 케모카인에 관한 연구는 치주염의 치유 

기전의 이해에 도움이 될 것이다. 이 연구에서는, 염증성 

치주조직으로부터 발현되는 케모카인의 유형을 분석하고, 각각의 

케모카인에 대한 치주인대 줄기세포의 반응성을 평가하여, 치주조직의 

치유와 재생에 기여하는 케모카인의 존재를 확인하고자 하였다. 

총 11 명의 성인 치주염 환자로부터, 염증성 및 건강한 치주조직을 

획득하고, 각각 조직에서 케모카인 발현 수준을 분석하였다. 총 9 가지의 

케모카인 중에서 특징적인 3 가지 케모카인을 선택하고, 이 전의 

연구결과를 바탕으로, FGF-2 를 양성대조군으로 설정하였다. 총 3 명의 
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환자에서 교정 발치된 치아로부터 획득한 건강한 치주인대 줄기세포에, 

앞서 언급한 4 가지 케모카인을 적용한 군과 케모카인을 처치하지 않은 

음성대조군의 총 5 개 군을 설정하였다. 트랜스웰 방법을 이용하여, 각각의 

케모카인에 의해 이주능력의 차이를 보이는, 상층의 이주하지 않은 

치주인대 줄기세포와 하층의 이주한 치주인대 줄기세포를 분리한 후, 각각 

치주인대 줄기세포의 특성을 평가하고, 이에 대한 유전자 발현 유형을 

microarray 를 통해 분석하였다. 

건강한 치주조직에 비해 염증성 치주조직에서 두드러지게 발현하고 

(appearing), 증가하고 (increasing), 감소하는 (decreasing/disappearing), 

특징적인 3 가지 케모카인 군에서, 각 군을 대표하는 IL-8/CXCL8, 

RANTES/CCL5, SDF-1/CXCL12 을 각각의 실험 케모카인으로 

선택하였다. 4 가지 케모카인을 적용한 군은 음성대조군에 비해 치주인대 

줄기세포의 본성 (stemness)은 유지한 채로, 집락 형성 및 골조직과 

지방조직 분화에서 향상된 결과를 보였다. 특히 RANTES/CCL5 에 의해 

이주한 치주인대 줄기세포에서 이러한 경향이 통계적으로 유의하게 

두드러지는데, 이는 염증성 치주조직에서 특징적으로 증가하는 

(increasing) RANTES/CCL5 가 건강한 치주조직의 치주인대 줄기세포의 

이동활성을 증진시키기 때문이다. 또한, RANTES/CCL5 가 처치된 

치주인대 줄기세포에서 actin skeleton, focal adhesion, ECM receptor, 

Wnt pathway, cell cycle 의 조절과 관계된 다양한 pathway 를 up-
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regulation 하는 유전자 발현이 유의하게 향상되었는데, 이는 

RANTES/CCL5 에 의해 세포의 이주능력이 증가되었음을 의미한다. 

따라서, 치주염 병소에 대해서, 염증성 치주조직으로부터 유래된, 

특징적인 케모카인인 RANTES/CCL5 는 건강한 치주조직으로부터 염증성 

치주조직으로, 치주조직의 치유와 재생에 관여하는, 치주인대 줄기세포의 

이동활성 증진에 중요한 역할을 한다. 
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