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Abstract

Objectives: Peri-implantitis (PI) is an inflammatory disease associated with peri-

implant bone loss and impaired healing potential. There is limited evidence about the

presence of mesenchymal stromal cells (MSCs) and their regenerative properties

within the granulation tissue (GT) of infrabony peri-implantitis defects. The aim of

the present study was to characterize the cells derived from the GT of infrabony PI

lesions (peri-implantitis derived mesenchymal stromal cells—PIMSCs).

Material and Methods: PIMSC cultures were established from GT harvested from PI

lesions with a pocket probing depth ≥6 mm, bleeding on probing/suppuration, and radio-

graphic evidence of an infrabony component from four systemically healthy individuals. Cul-

tures were analyzed for embryonic (SSEA4, NANOG, SOX2, OCT4A), mesenchymal (CD90,

CD73, CD105, CD146, STRO1) and hematopoietic (CD34, CD45) stem cell markers using

flowcytometry. PIMSCcultureswere induced for neurogenic, angiogenic andosteogenic dif-

ferentiation by respective media. Cultures were analyzed for morphological changes and

mineralization potential (Alizarin Red S method). Gene expression of neurogenic (NEFL,

NCAM1, TUBB3, ENO2), angiogenic (VEGFR1, VEGFR2, PECAM1) and osteogenic (ALPL,

BGLAP, BMP2, RUNX2)markerswas determined by quantitative RT-PCR.

Results: PIMSC cultures demonstrated high expression of embryonic and mesenchy-

mal stem cell markers with inter-individual variability. After exposure to neurogenic,

angiogenic and osteogenic conditions, PIMSCs showed pronounced tri-lineage differ-

entiation potential, as evidenced by their morphology and expression of respective

markers. High mineralization potential was observed.

Conclusions: This study provides evidence that MSC-like populations reside within the

GT of PI lesions and exhibit a multilineage differentiation potential. Further studies are

needed to specify the biological role of these cells in the healing processes of inflamed

PI tissues and to provide indications for their potential use in regenerative therapies.
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1 | INTRODUCTION

Peri-implantitis (PI) is a biofilm-associated inflammatory disease

resulting in progressive loss of supporting bone (Berglundh

et al., 2018). Up to date there is no predictable therapy for PI. Due to

implant surface characteristics and limited access to the microbial

habitat, non-surgical therapy is frequently inefficient in ceasing the

progression of the disease. Therefore, surgical intervention is required

more often and at an earlier stage in PI lesions, when compared to

periodontitis lesions (Heitz-Mayfield & Lang, 2010).

Similar to periodontitis, PI lesions are dominated by plasma cells

and lymphocytes, but with larger shares of polymorphonuclear leuko-

cytes and macrophages (Berglundh et al., 2004, 2011; Bullon

et al., 2004; Cornelini et al., 2001; Sanz et al., 1991). Besides, it was

documented that the size of PI lesions is more than twice as large as

that noted at periodontitis sites (Carcuac & Berglundh, 2014). More-

over, PI lesions are characterized by a higher density of vascular struc-

tures lateral to the infiltrated connective tissue (Carcuac &

Berglundh, 2014). Recently, we observed that granulation tissue

(GT) harvested from periodontal pockets exhibit a cellular infiltrate

reflecting a chronic inflammatory state (Apatzidou et al., 2018). Due

to the presence of mesenchymal stromal cells (MSCs) and

immunophenotypic characteristics similar to those found in clinically

healthy periodontal tissues, it can be concluded that periodontal GT,

albeit inflamed, retain regenerative healing potential (Apatzidou

et al., 2018). For both, infrabony periodontitis and PI lesions, we could

show that the preservation of GT during regenerative surgery may

improve the treatment outcome from a clinical and radiographic per-

spective. Thus, application of the granulation tissue preservation tech-

nique (GTPT) resulted in significant clinical attachment gain and

radiographic bone fill (Figure 1; Günay et al., 2013, 2019).

The presence of mesenchymal stromal cells in the GT derived from

infrabony PI defects (peri-implantitis derived mesenchymal stromal

cells = PIMSC) has not been investigated so far. Therefore, the aim of

the present study was to investigate whether cell cultures established

from the GT of PI lesions show stemness properties, including expres-

sion of mesenchymal and embryonic stem cell markers and multipotent

differentiation potential. Donos et al. investigated the gene expression

profile following placement of dental implants in humans (Donos, Ham-

let, et al., 2011; Donos, Retzepi, et al., 2011). They demonstrated that

the biological processes of osteogenesis, angiogenesis and neurogenesis

play a fundamental role in osseointegration. Although scientific evi-

dence is lacking so far, it seems likely that the same biological processes

are required for the regeneration of infrabony PI defects. Therefore, the

current study selected the neurogenic, angiogenic and osteogenic path-

ways to show multipotency.

2 | MATERIALS AND METHODS

2.1 | Establishment of PIMSC cultures

The human PIMSC cultures used in the present study were

established from PI lesions of four male donors aged 52–68 years. All

donors were systemically healthy, not taking any medication and not

consuming any alcohol. Two of the donors were smokers with a daily

consumption of more than 15 cigarettes; the other two donors were

non-smokers. All patients received non-surgical therapy to reduce

local signs of inflammation and to facilitate the surgical intervention.

Before surgery, a residual PI lesion with a pocket probing depth

≥6 mm, bleeding on probing, and a radiographically evident infrabony

defect had to be present (Renvert et al., 2018). After mobilization of

the muco-periosteal flap, the inflammatory GT was collected from the

defect using curettes and scalers. In particular the GT from the bottom

of the PI lesion was harvested. Cell cultures were established using

the enzymatic dissociation method, as described previously

(Bakopoulou et al., 2010). Briefly, the tissue samples were cut into

small pieces and digested in alpha-minimal essential medium (alpha-

MEM, Gibco, Grand Island, NY) supplemented with 3 mg/mL collage-

nase type I (Gibco/Life Technologies, Paisley, Scotland) and 4 mg/mL

dispase II (Sigma-Aldrich, Steinheim, Germany) for 1 h at 37�C. Filtra-

tion through a strainer with a pore size of 70 μm (EASYstrainer,

Greiner bio-one, Frickenhausen, Germany) eliminated tissue debris.

The resulting single-cell suspension was seeded into cell culture flasks

containing complete culture medium (CCM). This consisted of alpha-

MEM supplemented with 15% fetal bovine serum (FBS, Biochrom,

Berlin, Germany), 100 U/mL penicillin (Biochrom), 100 μg/mL strepto-

mycin (Biochrom), 2.5 μg/mL amphotericin B (Capricorn Scientific,

Ebsdorfergrund, Germany), and 100 μM L-ascorbic acid phosphate

(Sigma-Aldrich). The cells were incubated in humidified atmosphere at

37�C in 5% CO2 and the first medium change was carried out after

24 h to remove the abundance of erythrocytes. After reaching 80%–

90% confluency, cells were collected by treatment with a 0.25% tryp-

sin/EDTA solution (Gibco) and continuously passaged for further

experiments. PISMC cultures of the passages 2–5 were used for all

experiments with similar results. The present study has been

approved by the Institutional Review Board (Ethics Committee of

Hannover Medical School, reference number: 1096) and all donors

signed an informed consent according to the Declaration of Helsinki.

2.2 | Characterization of PIMSC cultures with flow
cytometry

The antigen profiles of PIMSC cultures were analyzed by flow cyto-

metry. Cells were seeded in 75 cm2 culture flasks and expanded in

CCM until confluency. Cells were detached from the culture vessels

by treatment with 0.25% trypsin/EDTA, washed with phosphate-

buffered saline (PBS), and re-suspended in FACS buffer consisting of

PBS supplemented with 1% bovine serum albumin (BSA) and 0.1%

sodium azide (NaN3). For each sample, 1 × 106 cells/100 μL FACS

buffer were Fc-blocked with 1 μg of human IgG (Sigma-Aldrich) for

15 min on ice. The staining was carried out by incubation with the fol-

lowing fluorochrome-conjugated mouse anti-human antibodies for

25 min in the dark on ice: CD90-FITC (fluorescein isothiocyanate),

CD73-FITC, CD105-APC (allophycocyanin), CD146-PE (phycoery-

thrin), STRO1-FITC, SSEA4-FITC, CD34-APC, and CD45-PE (all from

BioLegend, Fell, Germany). For intracellular staining, cells were fixed
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with 4% paraformaldehyde buffer (BD Biosciences, Heidelberg, Ger-

many), permeabilized with 0.1% saponin buffer (BD Biosciences), and

subsequently stained by incubation with the mouse anti-human anti-

bodies NANOG-PE, OCT4A-Alexa Fluor 647 and SOX2-PE (all from

BD Biosciences) for 25 min on ice in the dark. For flow cytometry

analyses, a BD LSR II Flow Cytometer (BD Biosciences) was used. A

total of 100,000 events were acquired for each sample. Processing of

the raw data was performed using BD FACSDiva™ Software

(BD Biosciences) and Summit 5.1 software (Beckman Coulter, Inc.,

Fullerton, CA).

2.3 | Neurogenic differentiation

For the induction of neurogenic differentiation, PIMSCs were seeded

into six-well plates coated with 0.1% gelatin (Sigma-Aldrich) at

1 × 105 cells / well and grown in neurogenic differentiation medium

(NDM). This consisted of neurobasal A medium (Gibco) supplemented

with B27 supplement (2% v/v, Gibco), 2 mM L-glutamine (Gibco),

20 ng/mL recombinant human epidermal growth factor (rh-EGF, Bio-

chrom), 40 ng/mL recombinant human basic fibroblast growth factor

(rh-bFGF, Biochrom), 100 U/mL penicillin, 100 μg/mL streptomycin,

F IGURE 1 Non-surgical and surgical treatment of peri-implantitis. (a) Purulent peri-implantitis lesion at implant regio 12. (b) Clinical view after
removal of the cemented crown. Note the increased probing pocket depth at the buccal aspect of the implant. (c) Clinical situation 2 weeks after
non-surgical treatment using an air-polishing device. Note the resolution of inflammation signs. (d) After mobilization of the mucoperiosteal flap, a
circumferential infrabony defect was detected. The surgical treatment included decontamination of the implant surface and application of enamel
matrix derivatives. (e and f) Apart from a minor soft tissue dehiscence at the mesial papilla, an uneventful wound healing was observed 1 week
after surgery. (g and h) Bland mucosal conditions 1 and 2 years after surgery without formation of mucosal recession. (i and j) A pronounced
infrabony component was present on the baseline X-ray. A significant bone fill was achieved 2 years after surgery
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and 2.5 μg/mL amphotericin B. Cells were cultured for 5 weeks and

the NDM was changed every 2–3 days. Cultures exposed to CCM

were used as negative control. Neurogenic differentiation was

assessed by observation under an inverted microscope for the detec-

tion of morphological changes towards a neuron-like phenotype and

by real-time reverse transcriptase polymerase chain reaction (qRT-

PCR) for the expression of neural markers, including neurofilament

light polypeptide (NEFL), neural cell adhesion molecule 1 (NCAM1),

tubulin beta 3 class III (TUBB3) and enolase 2 (ENO2).

2.4 | Angiogenic differentiation

For the induction of angiogenic differentiation, PIMSCs were seeded

into six-well plates coated with collagen I (Santa Cruz Biotechnology,

Heidelberg, Germany) at 1 × 105 cells / well and expanded in CCM

until they reached confluency. Afterwards, cells were exposed to

angiogenic differentiation medium (ADM) consisting of M199 medium

(Gibco) supplemented with 5% FBS, 100 U/mL penicillin, 100 μg/mL

streptomycin, 2.5 μg/mL amphotericin B, 50 μg/mL heparin (Sigma-

Aldrich), 1 μg/mL hydrocortisone (Sigma-Aldrich), 60 μg/mL endothe-

lial cell growth supplement (ECGS, PromoCell, Heidelberg, Germany),

10 ng/mL rh-EGF, 25 ng/mL rh-bFGF, and 50 ng/mL recombinant

human vascular endothelial growth factor (rh-VEGF, Gibco). Cells

were cultured for 5 weeks and the ADM was changed every

2–3 days. Angiogenic differentiation was assessed by morphological

characteristics and qRT-PCR for the expression of angiogenic markers,

including vascular endothelial growth factor receptor 1 (VEGFR1), vas-

cular endothelial growth factor receptor 2 (VEGFR2), and platelet and

endothelial cell adhesion molecule 1 (PECAM1).

2.5 | Osteogenic differentiation

For the induction of osteogenic differentiation, PIMSCs were seeded

into six-well plates at 1 × 105 cells / well and expanded in CCM until

they reached confluency. Subsequently, cells were exposed to osteo-

genic differentiation medium (ODM) consisting of CCM supplemented

with 5 mM β-glycerol phosphate (Sigma-Aldrich), 1.8 mM mono-

potassium phosphate (KH2PO4, Sigma-Aldrich), and 10 nM dexameth-

asone (Sigma-Aldrich). Cells were cultured for 4 weeks and the ODM

was changed every 2–3 days. Osteogenic differentiation was analyzed

using the Alizarin Red S (AR-S) method to identify the mineralized

matrix. Briefly, the culture dishes were washed two times with PBS

without Ca2+ and Mg2+ (Biochrom), and cells were fixed with 10%

(w/v) neutral buffered formalin solution (Sigma-Aldrich) for 1 h at

room temperature (RT). Afterwards, the culture dishes were washed

two times with distilled water and staining was performed using 1%

AR-S (pH 4.0, Sigma-Aldrich) for 20 min at RT. The culture dishes

were washed four times with 2 mL distilled water to eliminate

unspecific staining and mineralized deposits were visualized and

photographed under an inverted microscope equipped with a digital

camera (Olympus Optical Co., Ltd., Japan). Quantification of

mineralized matrix was performed by the AR-S extraction method.

After aspiration of the distilled water, 1.5 mL cetylpyridinium chloride

buffer (CPC, 10%, w/v, dissolved in 10 mM disodium monohydrogen

phosphate, pH 7) was added to the culture dishes for 2 h at 37�C. Ali-

quots of 200 μL were transferred to a 96-well plate. A microplate

spectrophotometer was used to measure the optical absorption at

550 nm (Spectra Max 250, MWG Biotech, Sunnyvale, CA). In addition,

the qRT-PCR was applied to evaluate the expression of osteogenic

markers, including runt-related transcription factor 2 (RUNX2), bone

gamma-carboxyglutamate protein or osteocalcin (BGLAP), bone mor-

phogenic protein 2 (BMP2) and alkaline phosphatase (ALPL).

2.6 | Quantitative real-time reverse transcription
polymerase chain reaction

A two-step quantitative real-time reverse transcription polymerase

chain reaction (qRT-PCR) was applied to analyze changes in gene

expression during neurogenic, angiogenic and osteogenic differentia-

tion. The entire RNA was isolated from the cell cultures using the

RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The genomic DNA

was eliminated through on-column digestion (RNase-free DNase Set,

Qiagen). A microplate reader (Synergy H1, BioTek, Bad Friedrichshall,

Germany) was used for the measurement of the RNA concentration.

The cDNA was synthesized using 1 μg of isolated RNA and the

QuantiTect Reverse Transcription Kit (Qiagen). The QuantiTect SYBR

Green PCR Kit, the QuantiTect Primer Assays (Table 1) and the

Rotor-Gene Q cycler (all from Qiagen) were used for the amplifica-

tion and real-time quantification of cDNA targets. The PCR reac-

tions involved an initial activation of the HotStarTaq DNA

polymerase (at 95�C for 5 min) and 40 cycles of denaturation

(at 95�C for 5 s), annealing and extension (at 60�C for 10 s). The

specificity of the reaction products was confirmed by a standard

melting curve. LinRegPCR was applied to perform baseline correc-

tion, to determine the window-of-linearity, and to analyze the PCR

efficiency per sample and per group (Ruijter et al., 2009). Actin beta

(ACTB), beta-2-microglobulin (B2M), glyceraldehyde-3-phosphate dehy-

drogenase (GAPDH), 18S ribosomal RNA (RRN18S), succinate dehydro-

genase flavoprotein subunit (SDHA2), and tyrosine 3-monooxygenase/

tryptophan 5-monooxygenase activation protein zeta (YWHAZ) were

used as housekeeping genes. The two most stable housekeeping genes

were selected by geNorm and used to normalize the adjusted qPCR

data (Vandesompele et al., 2002). The delta delta CT method was

applied to calculate fold changes in gene expression (Pfaffl, 2001).

2.7 | Statistical analysis

All assays were performed with cell cultures of all four donors. There

was a significant inter-individual biological variability with regard to

the qRT-PCR results. Therefore, the standardization method described

by Willems et al. was applied (Willems et al., 2008). This method con-

sisted of a logarithmic transformation, mean centering and
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TABLE 1 QuantiTect Primer Assays (Qiagen) used for the qRT-PCR analyses

QuantiTect Primer

Assay Protein / enzyme (abbreviation)

Catalogue

number Detected transcript(s)

Neurogenic Hs_ENO2_1_SG Enolase 2 (ENO2) QT00084889 NM_001975 (2423 bp)

Hs_NCAM1_1_SG Neural cell adhesion molecule (NCAM1) QT00071211 NM_000615 (5977 bp)

NM_001076682 (4944 bp)

NM_001242608 (4831 bp)

Hs_NEFL_1_SG Neurofilament, light polypeptide (NEFL) QT00096369 NM_006158 (3854 bp)

Hs_TUBB3_1_SG Tubulin, beta 3 class III (TUBB3) QT00083713 NM_006086 (1794 bp)

Angiogenic Hs_PECAM1_1_SG Platelet and endothelial cell adhesion molecule 1

(PECAM1)

QT00081172 NM_000442 (6831 bp)

XM_005276880 (4006 bp)

XM_005276881 (3972 bp)

XM_005276882 (3966 bp)

XM_005276883 (3943 bp)

XM_006721944 (2438 bp)

XM_006721945 (2452 bp)

Hs_FLT1_1_SG Fms-related tyrosine kinase 1 (FLT1) or

vascular endothelial growth factor receptor 1

(VEGFR1)

QT00073640 NM_002019 (7123 bp)

Hs_KDR_1_SG Kinase insert domain receptor (KDR) or

vascular endothelial growth factor receptor 2

(VEGFR2)

QT00069818 NM_002253 (6055 bp)

Osteogenic Hs_ALPL_1_SG Alkaline phosphatase (ALPL) QT00012957 NM_000478 (2606 bp)

NM_001127501 (2441 bp)

NM_001177520 (2325 bp)

XM_005245818 (2573 bp)

XM_005245820 (1379 bp)

XM_006710546 (2558 bp)

Hs_BGLAP_1_SG Bone gamma carboxyglutamic acid-containing

protein (BGLAP)

QT00232771 NM_199173 (562 bp)

Hs_BMP2_1_SG Bone morphogenic protein 2 (BMP2) QT00012544 NM_001200 (3150 bp)

Hs_RUNX2_1_SG Runt-related transcription factor 2 (RUNX2) QT00020517 NM_001015051 (5487 bp)

NM_001024630 (5553 bp)

NM_004348 (5720 bp)

NM_001278478 (5235 bp)

XM_006715231 (5304 bp)

XM_006715233 (2944 bp)

XM_006715234 (875 bp)

Housekeeping
genes

Hs_RRN18S_1_SG 18S ribosomal RNA (RRN18S) QT00199367 X03205 (1869 bp)

Hs_ACTB_1_SG Actin, beta (ACTB) QT00095431 NM_001101 (1852 bp)

Hs_B2M_1_SG Beta-2-microglobulin (B2M) QT00088935 NM_004048 (987 bp)

XM_005254549 (424 bp)

XM_006725182 (424 bp)

Hs_GAPDH_2_SG Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH)

QT01192646 NM_002046 (1421 bp)

NM_001289745 (1513 bp)

Hs_SDHA_2_SG Succinate dehydrogenase complex flavoprotein

subunit A (SDHA2)

QT01668919 NM_004168 (2803 bp)

NM_001294332 (2659 bp)

XM_005248329 (2245 bp)

XM_005248331 (2151 bp)

Hs_YWHAZ_2_SG Tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activation protein, zeta (YWHAZ)

QT02321522 NM_001135699 (3020 bp)

NM_001135700 (2974 bp)

NM_001135701 (3023 bp)

NM_001135702 (3042 bp)

NM_003406 (3003 bp)

NM_145690 (3077 bp)

XM_005251060 (3295 bp)

XM_005251061 (3390 bp)

XM_005251062 (3165 bp)

XM_005251063 (3152 bp)
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autoscaling. The results were expressed as mean values (MV) ± stan-

dard deviations (SD). One-way analysis of variance (ANOVA) with

Dunnett's multiple comparison test was used to identify significant

differences in gene expression compared to the baseline value

recorded at day 0.

One-way ANOVA with Bonferroni's multiple comparison test was

applied to detect statistically significant differences in matrix mineraliza-

tion between cell cultures grown in CCM and ODM, respectively. All ana-

lyses were performed using GraphPad Prism 6.0 for Windows (GraphPad,

La Jolla, CA). The level of statistical difference was 0.05 (p ≤ 0.05).

3 | RESULTS

3.1 | Morphological characteristics of PIMSC
cultures

Significant morphological differences were observed in PIMSC cul-

tures after stimulation with the corresponding inductive media

(Figure 2). Neurogenic differentiation was demonstrated as early as

day 3 by morphological changes from fibroblast-like to neuron-like

cells with a long and slim cell body and extended dendrite-like bra-

nches. The neuron-like cells were arranged in waves crossing at differ-

ent sites. In ADM, differentiated cells exhibited a cobblestone-like

organizational pattern and changed from a spindle-shaped to a more

polygonal cellular morphology. In cell cultures grown in ODM, the

matrix mineralization started between day 14 and 21 and finally by

day 28 the mineralized tissue formation covered the whole surface of

the well.

3.2 | Immunophenotypic characterization

The PIMSC cultures used in this study were highly positive (>98%

of the population) for the MSC markers CD90 and CD73. Lower

expression was observed for the MSC markers CD146 (75.49% ±

12.87%) and STRO1 (41.30% ± 13.24%). The endothelial stem cell

marker CD105 (79.49% ± 27.96%) was also highly expressed. A

F IGURE 2 Morphological changes during culture in (a) neurogenic, (b) angiogenic, (c) osteogenic differentiation medium, and (d) complete
culture medium. (a) Note the formation of axon- and dendrite-like cell structures after 28 days of induction with neurogenic differentiation
medium. (b) Polygonal cells were arranged in a cobblestone-like organizational pattern after 35 days of induction with angiogenic differentiation
medium. (c) An extensive matrix mineralization positively stained by Alizarin Red S was observed after 21 days of culture in osteogenic
differentiation medium. (d) Negligible staining was present after 21 days of culture in complete culture medium
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lower expression was observed for the hematopoietic marker

CD34 (7.97% ± 1.71%). The leucocyte precursor marker CD45

(5.55% ± 2.48%) was slightly expressed. Finally, among the various

embryonic stem cell markers tested, high expression was

observed for SOX2 (98.72% ± 0.63%), OCT4A (97.94% ± 1.03%),

SSEA4 (61.54% ± 19.51%) and NANOG (83.43% ± 8.47%). The

results of the immunophenotypic analysis are shown in Fig-

ures 3 and 4.

3.3 | Time-course gene expression of
neurogenesis-related markers

The observed morphological changes of PIMSCs were further cor-

roborated with gene expression of the neuron-specific markers

NEFL, NCAM1, TUBB3 and ENO2, assessed by qRT-PCR (Figure 5).

PIMSC cultures grown in NDM showed a gradually increasing

expression of NEFL with significant values at day 14, 21, 28 and

35 (p < 0.001), NCAM1 with significant values at day 7, 14,

21, 28 and 35 (p < 0.001), and ENO2 with significant values at day

21, 28 (both p < 0.001) and 35 (p < 0.01). The expression of TUBB3

did not significantly change under neuro-inductive culture condi-

tions. In cell cultures grown in CCM, the expression of NEFL did not

significantly change, but revealed a trend towards downregulation.

The expression of NCAM1 and TUBB3 was significantly down-

regulated. Statistically significant values were documented at day

14 (p < 0.001) and 21 (p < 0.05) for NCAM1 and at day 7 (p < 0.01),

14, 21, 28 and 35 (p < 0.001) for TUBB3. The expression of ENO2

was significantly upregulated at day 21 (p < 0.05), 28 and

35 (p < 0.001).

3.4 | Time-course gene expression of
angiogenesis-related markers

Continuous exposure of PIMSCs to the ADM led to a time-dependent

upregulation of the expression of the angiogenesis-related markers

PECAM1, VEGFR1 and VEGFR2 (Figure 6). The expression of

PECAM1 and VEGFR2 was significantly upregulated throughout the

entire observation period (p < 0.001, respectively). The expression of

VEGFR1 showed significant values at day 7 and 14 (p < 0.05). The

expression of PECAM1 and VEGFR2 was also significantly

upregulated in control cultures grown in CCM, but considerably lower

and later than in cultures grown in ADM. The expression of VEGFR1

gradually increased during culture in CCM with significant values at

day 7, 14, 21, 28 and 35 (p < 0.001). This upregulation was clearly

higher than in cultures grown in ADM.

3.5 | Time-course gene expression of
osteogenesis-related markers

The osteogenic differentiation was verified by the expression profiles

of the osteogenesis-related markers ALPL, BGLAP, BMP2 and RUNX2

(Figure 7). In cultures grown in ODM, the expression of ALPL was sig-

nificantly increased at day 3, 7, 10, 14 (p < 0.01, respectively) and

21 (p < 0.05), the expression of BGLAP was significantly elevated at

day 21 (p < 0.05), and the expression of BMP2 was significantly

upregulated at day 7, 14 and 28 (p < 0.05, respectively). The expres-

sion of RUNX2 did not significantly change. Cultivation in CCM led to

a significant upregulation of the ALPL (day 3, p < 0.05) and BMP2

expression (significant values at day 7, 14, 21 and 28, p < 0.001). The

F IGURE 3 Immunophenotypic
characterization of PIMSC cultures using
flow cytometry. Expression of
mesenchymal (MSC: CD73, CD90,
CD105, CD146, STRO1), hematopoietic
(HSC: CD34, CD45) and embryonic (ESC:
SSEA4, NANOG, OCT4, SOX2) stem cell
markers. The summarized data of all
donors (n = 4) are presented as mean

value ± standard deviation
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expression of BGLAP did not significantly change. The expression of

RUNX2 was significantly downregulated at day 14 and 28 (p < 0.05).

3.6 | Mineralized tissue formation by PIMSC
cultures

AR-S positive calcified deposits further confirmed the osteogenic dif-

ferentiation (Figure 8). During the first 10 days of induction, confluent

cells started to produce dense cellular 3D structures in particular at

the periphery of the wells. These structures were the first to be min-

eralized, as shown by the calcium-specific AR-S staining. Afterwards,

the formation of mineralized tissues progressed towards the center of

the well and led to the formation of 3D aggregates, but there were

also multiple single mineralized sites throughout the entire adherent

monolayer. Matrix mineralization gradually increased and covered

almost 100% of the adherent monolayer 3 weeks after the induction

of differentiation. However, there were considerable differences with

respect to the time-points when the mineralization started. Thus, min-

eralized matrix was evident after 14 days in donor 1, after 28 days in

donors 2 and 3, and after 21 days in donor 4. This was also confirmed

by the spectrophotometric quantification of the mineralized matrix

using the CPC extraction method. In cultures grown in ODM, the

AR-S concentration per well continuously increased throughout the

entire observation period. A significant difference between cells

grown in ODM and CCM was observed after 28 days (p < 0.01). The

important observation, nonetheless, was that the tissue biopsies of all

donors had the potential to form mineralized tissue after induction of

differentiation. In non-induced PIMSC cultures grown in CCM, only

negligible matrix mineralization was observed.

4 | DISCUSSION

PI is associated with progressive loss of supporting bone and impaired

healing potential (Park et al., 2015). To our knowledge, this study

F IGURE 4 Representative flow cytometry histograms. Expression of mesenchymal (CD73, CD90, CD105, CD146, STRO1), hematopoietic
(CD34, CD45) and embryonic (SSEA4, NANOG, OCT4, SOX2) stem cell markers. Dark gray: unstained control. Red: marker of interest
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provides for the first time evidence that cell populations with a regen-

erative potential exist in the GT of PI lesions despite the presence of

an inflammatory infiltrate.

Two of our four tissue donors were smokers. Studies assessing

the influence of smoking and nicotine on the properties of MSCs sug-

gest that smoking results in a reduced immunomodulatory capacity,

an impaired osteogenic differentiation potential in vitro, and poorer

bone regeneration capacity in vivo (Cruz et al., 2019; Sreekumar

et al., 2018; Zhao et al., 2018). However, we could not find any differ-

ence in the experimental data that would indicate an influence of the

smoking behavior of the donor.

The definition of a cell population as MSCs involves the expres-

sion of specific epitopes. In the present study, we first performed an

extensive immunophenotypic analysis with regard to several stem cell

markers (Figures 3 and 4). These immunophenotypic profiles were

overall similar in the analyzed PIMSC cultures. The combined expres-

sion of both mesenchymal (CD90, CD73, CD105, CD146, STRO1)

and embryonic (SSEA4, NANOG, SOX2, OCT4A) stem cell markers is

indicative of an enriched stem cell content. In particular, CD90

(99.25% ± 0.36%), CD73 (98.14% ± 1.93%) and CD105 (79.49% ±

27.96%) were strongly expressed by all non-induced PIMSC cultures.

The amount of CD105+ cells was significantly lower than that

suggested as minimum by the International Society of Cell Therapy

(ISCT; Dominici et al., 2006). Accordingly, Tang et al. have shown in a

patient-matched comparative study that the expression of CD105

was significantly lower in cells derived from “inflamed” periodontal

sites (61.3% ± 3.5%) when compared to cells derived from healthy

periodontal sites (96.2% ± 2.8%; Tang et al., 2016). This suggests that

an inflammatory condition has an inhibitory effect on the expression

of CD105. An additional analysis was performed for CD146

(75.49% ± 12.87%) and STRO1 (41.30% ± 13.24%). Recently, we

investigated the expression of mesenchymal and embryonic stem cell

markers in cell cultures established from GT of infrabony periodontal

defects (inflamed human periodontal ligament stromal cells—

ihPDLSCs; Adam et al., 2020). Overall, the expression profiles of both

ihPDLSC and PIMSC cultures showed many similarities. Thus, a high

expression of CD73 (97.66% ± 1.92%), CD90 (98.87% ± 0.93%),

CD105 (78.02% ± 12.81%) and CD146 (80.64% ± 23.87%) was also

observed in ihPDLSC cultures. However, the expression of STRO1

(5.29% ± 3.62%) was significantly lower in ihPDLSC cultures. Contra-

dictory data have also been published concerning the expression of

STRO1 in healthy and inflamed periodontal tissues. While some

F IGURE 5 Expression of neuronal markers (NEFL, NCAM1, ENO2 and TUBB3) on transcriptional level during culture in neurogenic
differentiation medium (NDM). Fold changes in comparison to baseline are given as recalculated averages with upper and lower confidence
interval (cell cultures grown in NDM: red columns; cell cultures grown in CCM: blue columns). Statistically significant differences to the reference
value at baseline were identified by one-way ANOVA with Dunnett's multiple comparison test (*/φp < 0.05; **/φφp < 0.01; ***/φφφp < 0.001)
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comparative studies observed a higher expression of STRO1 in cells

derived from inflamed periodontal sites (Li et al., 2014; Tomasello

et al., 2017), others reported a higher expression in cells derived from

healthy sites (Park et al., 2011; Tang et al., 2016). The percentage of

STRO1+ cells ranged from 6.6% to 37.8% in these investigations. The

latter is rather consistent with our results.

Another interesting finding of the present study was that PIMSC

cultures strongly expressed the embryonic stem cell markers SSEA4

(61.54% ± 19.51%), NANOG (83.43% ± 8.47%), OCT4A (97.94% ±

1.03%) and SOX2 (98.72% ± 0.63%). When we compare these data

with those of our recently published study (Adam et al., 2020), it

becomes evident that there was a comparable expression of OCT4A

(94.60% ± 1.95%) and SOX2 (98.27% ± 0.36%), but a significantly

lower expression of SSEA4 (29.76% ± 12.38%) and NANOG

(52.09% ± 6.98%) in the ihPDLSC cultures. Several studies have con-

firmed that cells isolated from healthy periodontal ligament and bone

marrow express the embryonic stem cell markers SSEA4, NANOG,

OCT4 and SOX2 (Bearden et al., 2017; Kawanabe et al., 2010;

Ponnaiyan et al., 2012; Riekstina et al., 2009; Trubiani et al., 2010;

Vasandan et al., 2014). However, our data provide evidence that

embryonic stem cell markers are also expressed by cells isolated from

inflamed peri-implant and periodontal granulation tissue. In agreement

with our results, Tomasello et al. revealed that cell cultures

established from periodontally affected teeth have a significantly

higher expression of NANOG, OCT4 and SOX2 than cell cultures

established from periodontally healthy teeth (Tomasello et al., 2017).

Overall, the data of the immunophenotypic analysis suggest that

PIMSCs have properties of MSCs.

Our next aim was to investigate, if PIMSC cultures exhibit tri-

lineage differentiation potential. Ivanowski et al. and Donos et al.

investigated the biological processes associated with osseointegration

of titanium dental implants in humans (Donos, Hamlet, et al., 2011;

Donos, Retzepi, et al., 2011; Ivanovski et al., 2011). They reported

that genes related to inflammation, angiogenesis, neurogenesis and

skeletogenesis were temporally upregulated during the early stages of

osseointegration. If neurogenesis, angiogenesis and osteogenesis are

required for the osseointegration after implant placement, it appears

conclusive that these processes are also required for the regeneration

of PI defects. Therefore, our study addressed these three different

pathways of differentiation: neurogenesis, angiogenesis and osteo-

genesis. From a morphological point of view, we observed that PIMSC

cultures display heterogeneity. This is not surprising because we used

the enzymatic dissociation method to establish PIMSC cultures. This

resulted in the release of different cell types with varying size and

morphology (Gronthos et al., 2000, 2002). After induction of PIMSC

cultures with respective differentiation media, the morphology of

F IGURE 6 Expression of angiogenic markers (PECAM1, VEGFR1 and VEGFR2) on transcriptional level during culture in angiogenic
differentiation medium (ADM). Fold changes in comparison to baseline are given as recalculated averages with upper and lower confidence
interval (cell cultures grown in ADM: red columns; cell cultures grown in CCM: blue columns). Statistically significant differences to the reference
value at baseline were identified by one-way ANOVA with Dunnett's multiple comparison test (*/φp < 0.05; **/φφp < 0.01; ***/φφφp < 0.001)
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PIMSCs turned into characteristic directions (Figure 2). The neuro-

genic differentiation resulted in the formation of axon- and dendrite-

like cell structures. The angiogenic induction led to cells with an

endothelial cell-like morphology arranged in a cobblestone-like organi-

zational pattern. Finally, the osteogenic differentiation caused colony-

like 3D cell clusters and extensive matrix mineralization. Dense

F IGURE 7 Expression of osteogenic markers (ALPL, BGLAP, BMP2 and RUNX2) on transcriptional level during culture in osteogenic
differentiation medium (ODM). Fold changes in comparison to baseline are given as recalculated averages with upper and lower confidence
interval (cell cultures grown in ODM: red columns; cell cultures grown in CCM: blue columns). Statistically significant differences to the reference

value at baseline were identified by one-way ANOVA with Dunnett's multiple comparison test (*/φp < 0.05; **/φφp < 0.01; ***/φφφp < 0.001)

F IGURE 8 Quantification of
mineralized matrix formation using the
CPC extraction method. The Alizarin Red

S (AR-S) concentration per well obtained
from all donors (n = 4) is presented as
mean value ± standard deviation (cell
cultures grown in ODM: red columns; cell
cultures grown in CCM: blue columns).
AR-S concentrations were significantly
different at day 28 (one-way ANOVA
with Bonferroni's multiple comparison
test; **p < 0.01)
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deposits of calcium similar to bone nodules were observed in the cul-

tures following staining with AR-S, but no sign of mineralization was

detected in the control cultures grown in CCM (Figure 2d). In cultures

exposed to ODM, the mineralized matrix started to form next to the

cellular aggregates and gradually increased until it covered almost

100% of the monolayer at the end of the observation period.

Transcription profiling has broadened the knowledge about the

biological processes and signaling pathways associated with the early

events of wound healing (Donos, Hamlet, et al., 2011; Donos, Retzepi,

et al., 2011). Cells exposed to NDM showed a continuously increasing

expression of NEFL, NCAM1 and ENO2 throughout the entire differ-

entiation experiments (Figure 5). The NEFL gene encodes a type IV

intermediate filament playing an important role in the intracellular

transport of neurotransmitters to axons and dendrites (Leermakers &

Zhulina, 2010). NCAM1 encodes a cell adhesion protein, which is

involved in cell-to-cell and cell-to-matrix interactions during develop-

ment and differentiation (NCAM1 Neural Cell Adhesion Molecule

1, 2020). ENO2 is known to be a useful index of neural maturation

and a highly specific marker for neurons and peripheral neuroendo-

crine cells (Isgrò et al., 2015). Interestingly, the expression of TUBB3

did not significantly change in cells grown in NDM, but significantly

decreased in cells grown in CCM. The same expression pattern was

observed in ihPDLSC cultures during the neurogenic differentiation

experiments (Adam et al., 2019; Adam et al., 2020). As both alveolar

bone and periodontal ligament originate from the neural crest, it is not

surprising that cells isolated from these tissues exhibit a baseline

expression of neural markers (Foudah et al., 2014; Heng et al., 2016).

Continuous exposure of PIMSC cultures to ADM led to a sub-

stantial time-dependent increase in the expression of angiogenesis-

related molecules, including PECAM1 and VEGFR2 (Figure 6).

PECAM1 is a member of the immunoglobulin superfamily and likely

involved in leukocyte migration, angiogenesis and integrin activation

(National Center for Biotechnology Information, 2020). VEGF is a key

regulator of angiogenesis (Neufeld et al., 1999). There are two tyro-

sine kinase receptors (VEGFR1 and VEGFR2) on endothelial cells that

bind VEGF with high affinity. VEGF/VEGFR2-signaling is known to

mediate a plethora of cellular functions involved in angiogenesis, like

endothelial cell proliferation, migration, and survival (Abhinand

et al., 2016; Chappell et al., 2009; Olsson et al., 2006). While the

expression of VEGFR2 was gradually increased, the expression of

VEGFR1 was markedly suppressed over time. VEGFR1 is assumed

to affect vascular development by modulating VEGF-mediated

VEGFR2 signaling (Chappell et al., 2009). The soluble form of

VEGFR1 is known to act as a ligand sink that reduces the amount of

VEGF available for VEGFR2 binding (Chappell et al., 2009). Accord-

ingly, Shibuya described VEGFR1 as a negative regulator of angio-

genesis (Shibuya, 2011).

The ability to regenerate bone is essential for the re-

osseointegration of an implant affected by PI. Therefore, we investi-

gated the expression of several osteogenesis-related genes during

osteoblast differentiation and bone matrix formation induced by dexa-

methasone, β-glycerol phosphate and inorganic phosphate. In vivo,

the processes of osteoblast differentiation and bone formation are

dynamically coordinated by transcription factors (like RUNX2), growth

factors (like BMP2) and stage-specific signal transduction. RUNX2 is

expressed by uncommitted mesenchymal cells, upregulated in

preosteoblasts and immature osteoblasts, and finally downregulated

in mature osteoblasts (Komori, 2010). In our study, the expression of

RUNX2 did not significantly change, but exhibited a definite down-

regulation at day 21 and 28, when pronounced matrix mineralization

occurred (Figure 7). At this stage, mature osteoblasts were likely to be

present. ALPL is widely used as an early marker of osteoblast differen-

tiation (Yang et al., 2009). In our study, the expression of ALPL was

significantly increased within the first 21 days of induction and after-

wards downregulated, when matrix mineralization largely covered the

culture vessels. This was confirmed by Park et al., who reported a

downregulation of ALPL expression during the mineralization process

(Park et al., 2009). BGLAP is a non-collagenous protein associated

with the late phase of osteoblast differentiation (Komori, 2010;

Viereck et al., 2002). BGLAP is known to act as a regulator of bone

mineralization (Neve et al., 2013). Accordingly, we observed a signifi-

cant upregulation of BGLAP in the advanced stages of the experi-

ments, when distinct matrix mineralization occurred. Bone

morphogenic proteins (BMPs) belong to the transforming growth fac-

tor β superfamily. Of all BMPs, BMP2 appears to be the most potent

inducer of bone formation (Ishikawa et al., 2007). In the present study,

BMP2 showed a continuously increasing expression in cells grown in

ODM. Interestingly, the expression of BMP2 was even stronger

upregulated in cells grown in CCM. In this context, it is important to

know that BMPs are not only involved in bone formation, but also in

non-osteogenic developmental processes (Chen et al., 2004).

Taken together, the morphological changes and transcriptional

data of our study indicate that PIMSCs have the potential to differen-

tiate into neuron-, endothelial cell-, and osteoblast-like cells. Thus,

preservation of GT during regenerative therapy of PI appears to be

beneficial for the processes of re-innervation, re-vascularization and

re-osseointegration. However, the mutual interaction between MSCs

and the local inflammatory microenvironment must also be considered

during the healing of PI lesions. There is evidence that an inflamma-

tory microenvironment affects the proliferation, migration/homing,

multilineage differentiation potential, and inflammatory cytokine pro-

duction of MSCs (Fawzy El-Sayed et al., 2019). Conversely MSCs have

been shown to modulate the activity of cells of the innate and adap-

tive immune system. The immunomodulatory properties of MSCs

have mainly been investigated in vitro, but only sparsely in vivo (Zhou

et al., 2020). This may be the subject of future animal studies.

Lin et al. investigated, if periodontal ligament stem cells are pre-

sent in regenerating periodontal tissues (Lin et al., 2008). Molar teeth

with class II furcation involvement were surgically treated using

guided tissue regeneration and extracted after 6 weeks of healing.

The associated regenerating periodontal tissues were assessed using

immunohistochemistry, flow cytometry and differentiation assays.

The authors reported that putative mesenchymal stromal cells were

present in regenerating periodontal defects. The GT used for the pre-

sent investigation was harvested from PI lesions, where a thorough

non-surgical treatment was performed 3–6 weeks prior to the surgical

intervention. The non-surgical treatment resulted in the resolution of

inflammation signs and increased firmness of the peri-implant soft
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tissues. Therefore, the GT used in the present study may also be reg-

arded as regenerating peri-implant tissues.

5 | CONCLUSION

Cells with MSC-like properties were isolated from the GT of PI

lesions. These cells revealed the capacity to undergo neurogenic,

angiogenic and osteogenic differentiation. These findings suggest that

inflamed GT of PI lesions have a significant regenerative potential.

Further studies considering the immunomodulatory properties are

necessary to specify the biological role of PIMSCs for the healing pro-

cesses of inflamed peri-implant tissues and their potential application

in regenerative treatment strategies.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Matthias Ballmaier for his exper-

tise during the flow cytometry experiments and analyses. The study

was supported by the German Society of Dental, Oral and Cra-

niomandibular Sciences (Deutsche Gesellschaft für Zahn-, Mund- und

Kieferheilkunde).

CONFLICT OF INTERESTS

The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS

Evangelia Gousopoulou conceived the study, performed the experi-

ments, analyzed and interpreted the data and drafted the manuscript.

Athina Bakopoulou participated in the study design, supervised exper-

iments and contributed to drafting of the manuscript. Danae Ana-

stasia Apatzidou and Ingmar Staufenbiel provided the PIMSC samples

and critically reviewed the manuscript. Gabriele Leyhausen, Joachim

Volk and Werner Geurtsen participated in the experimental design,

methodology establishment and critically reviewed the manuscript.

Knut Adam conceived the study, supervised and interpreted the

experiments, analyzed the data and contributed to drafting of the

manuscript. All authors read and approved the final manuscript.

ETHICS STATEMENT

The present study has been approved by the Institutional Review

Board (Ethics Committee of Hannover Medical School, reference

number: 1096) and all donors signed an informed consent according

to the Declaration of Helsinki.

DATA AVAILABILITY STATEMENT

The datasets generated and/or analysed during the current study are

not publicly available but are available from the corresponding author

on reasonable request.

ORCID

Evangelia Gousopoulou https://orcid.org/0000-0001-8603-5244

Danae Anastasia Apatzidou https://orcid.org/0000-0003-4972-

9532

Ingmar Staufenbiel https://orcid.org/0000-0002-7155-8402

Knut Adam https://orcid.org/0000-0002-1199-6937

REFERENCES

Abhinand, C. S., Raju, R., Soumya, S. J., Arya, P. S., & Sudhakaran, P. R.

(2016). VEGF-A/VEGFR2 signaling network in endothelial cells rele-

vant to angiogenesis. Cell Communication and Signaling, 10(4),

347–354.
Adam, K., Gousopoulou, E., Bakopoulou, A., et al. (2019). Characterization

of cells derived from inflamed infrabony periodontal defects. Dtsch

Zahnärztl Z Int, 1, 182–194.
Adam, K., Volk, J., Bakopoulou, A., Gousopoulou, E., Staufenbiel, I.,

Günay, H., & Geurtsen, W. (2020). Cells from granulation tissue of

infrabony periodontal defects reveal neurogenic and angiogenic differ-

entiation potential and express the embryonic transcription factors

NANOG, OCT4 and SOX2. Dtsch Zahnärztl Z Int., 2, 82–94.
Apatzidou, D. A., Nile, C., Bakopoulou, A., Konstantinidis, A., &

Lappin, D. F. (2018). Stem cell-like populations and immunoregulatory

molecules in periodontal granulation tissue. Journal of Periodontal

Research, 53(4), 610–621.
Bakopoulou, A., Leyhausen, G., Volk, J., Tsiftsoglou, A., Garefis, P.,

Koidis, P., & Geurtsen, W. (2010). Assessment of the impact of two

different isolation methods on the osteo/odontogenic differentiation

potential of human dental stem cells derived from deciduous teeth.

Calcified Tissue International, 88(2), 130–141.
Bearden, R. N., Huggins, S. S., Cummings, K. J., Smith, R., Gregory, C. A., &

Saunders, W. B. (2017). In-vitro characterization of canine multipotent

stromal cells isolated from synovium, bone marrow, and adipose tis-

sue: A donor-matched comparative study. Stem Cell Research & Ther-

apy, 8(1), 218.

Berglundh, T., Armitage, G., Araujo, M. G., Avila-Ortiz, G., Blanco, J.,

Camargo, P. M., Chen, S., Cochran, D., Derks, J., Figuero, E.,

Hämmerle, C. H. F., Heitz-Mayfield, L. J. A., Huynh-Ba, G., Iacono, V.,

Koo, K. T., Lambert, F., McCauley, L., Quirynen, M., Renvert, S., …
Zitzmann, N. (2018). Peri-implant diseases and conditions: Consensus

report of workgroup 4 of the 2017 world workshop on the classifica-

tion of periodontal and Peri-implant diseases and conditions. Journal of

Periodontology, 89, S313–S318.
Berglundh, T., Gislason, O., Lekholm, U., Sennerby, L., & Lindhe, J. (2004).

Histopathological observations of human periimplantitis lesions. Jour-

nal of Clinical Periodontology, 31(5), 341–347.
Berglundh, T., Zitzmann, N. U., & Donati, M. (2011). Are peri-implantitis

lesions different from periodontitis lesions? Journal of Clinical Periodon-

tology, 38, 188–202.
Bullon, P., Fioroni, M., Goteri, G., Rubini, C., & Battino, M. (2004). Immuno-

histochemical analysis of soft tissues in implants with healthy and

peri-implantitis condition, and aggressive periodontitis. Clinical Oral

Implants Research, 15(5), 553–559.
Carcuac, O., & Berglundh, T. (2014). Composition of human peri-

implantitis and periodontitis lesions. Journal of Dental Research, 93(11),

1083–1088.
Chappell, J. C., Taylor, S. M., Ferrara, N., & Bautch, V. L. (2009). Local guid-

ance of emerging vessel sprouts requires soluble Flt-1. Developmental

Cell, 17(3), 377–386.
Chen, D., Zhao, M., & Mundy, G. R. (2004). Bone morphogenetic proteins.

Growth Factors, 22(4), 233–241.
Cornelini, R., Artese, L., Rubini, C., Fioroni, M., Ferrero, G., Santinelli, A., &

Piattelli, A. (2001). Vascular endothelial growth factor and microvessel

density around healthy and failing dental implants. The International

Journal of Oral & Maxillofacial Implants, 16(3), 389–393.
Cruz, T., López-Giraldo, A., Noell, G., Guirao, A., Casas-Recasens, S.,

Garcia, T., Saco, A., Sellares, J., Agustí, A., & Faner, R. (2019). Smoking

impairs the immunomodulatory capacity of lung-resident mesenchy-

mal stem cells in chronic obstructive pulmonary disease. American

Journal of Respiratory Cell and Molecular Biology, 61(5), 575–583.

GOUSOPOULOU ET AL. 751

https://orcid.org/0000-0001-8603-5244
https://orcid.org/0000-0001-8603-5244
https://orcid.org/0000-0003-4972-9532
https://orcid.org/0000-0003-4972-9532
https://orcid.org/0000-0003-4972-9532
https://orcid.org/0000-0002-7155-8402
https://orcid.org/0000-0002-7155-8402
https://orcid.org/0000-0002-1199-6937
https://orcid.org/0000-0002-1199-6937


Dominici, M., Le Blanc, K., Mueller, I., et al. (2006). Minimal criteria for

defining multipotent mesenchymal stromal cells. The International

Society for Cellular Therapy position statement. Cytotherapy, 8(4),

315–317.
Donos, N., Hamlet, S., Lang, N. P., Salvi, G. E., Huynh-Ba, G.,

Bosshardt, D. D., & Ivanovski, S. (2011). Gene expression profile of

osseointegration of a hydrophilic compared with a hydrophobic micro-

rough implant surface. Clinical Oral Implants Research, 22(4), 365–372.
Donos, N., Retzepi, M., Wall, I., Hamlet, S., & Ivanovski, S. (2011). In vivo

gene expression profile of guided bone regeneration associated with a

microrough titanium surface. Clinical Oral Implants Research, 22(4),

390–398.
Fawzy El-Sayed, K. M., Elahmady, M., Adawi, Z., Aboushadi, N.,

Elnaggar, A., Eid, M., Hamdy, N., Sanaa, D., & Dörfer, C. E. (2019). The

periodontal stem/progenitor cell inflammatory-regenerative cross talk:

A new perspective. Journal of Periodontal Research, 54(2), 81–94.
Foudah, D., Monfrini, M., Donzelli, E., et al. (2014). Expression of neural

markers by undifferentiated mesenchymal-like stem cells from differ-

ent sources. Journal of Immunology Research, 2014, 987678.

Gronthos, S., Brahim, J., Li, W., Fisher, L. W., Cherman, N., Boyde, A.,

DenBesten, P., Robey, P. G., & Shi, S. (2002). Stem cell properties of

human dental pulp stem cells. Journal of Dental Research, 81(8),

531–535.
Gronthos, S., Mankani, M., Brahim, J., Robey, P. G., & Shi, S. (2000). Post-

natal human dental pulp stem cells (DPSCs) in vitro and in vivo. Pro-

ceedings of the National Academy of Sciences of the United States of

America, 97(25), 13625–13630.
Günay, H., Staufenbiel, I., Geurtsen, W., & Adam, K. (2019). The granula-

tion tissue preservation technique in regenerative therapy of peri-

implantitis—A treatment concept with case reports. Dtsch Zahnärztl Z

Int., 1, 4–15.
Günay, H., Weinspach, K., Geurtsen, W., & Staufenbiel, I. (2013). Rele-

vance of the intralesional granulation tissue in regenerative periodon-

tal surgery—Case reports. Dtsch Zahnärztl Z., 68, 526–537.
Heitz-Mayfield, L. J. A., & Lang, N. P. (2010). Comparative biology of

chronic and aggressive periodontitis vs. peri-implantitis. Periodontol

2000., 53(1), 167–181.
Heng, B. C., Lim, L. W., Wu, W., & Zhang, C. (2016). An overview of proto-

cols for the neural induction of dental and Oral stem cells in vitro. Tis-

sue Engineering. Part B, Reviews, 22(3), 220–250.
Isgrò, M. A., Bottoni, P., & Scatena, R. (2015). Neuron-specific enolase as a

biomarker: Biochemical and clinical aspects. Advances in Experimental

Medicine and Biology, 867, 125–143.
Ishikawa, H., Kitoh, H., Sugiura, F., & Ishiguro, N. (2007). The effect of

recombinant human bone morphogenetic protein-2 on the osteogenic

potential of rat mesenchymal stem cells after several passages. Acta

Orthopaedica, 78(2), 285–292.
Ivanovski, S., Hamlet, S., Salvi, G. E., Huynh-Ba, G., Bosshardt, D. D.,

Lang, N. P., & Donos, N. (2011). Transcriptional profiling of

osseointegration in humans. Clinical Oral Implants Research, 22(4),

373–381.
Kawanabe, N., Murata, S., Murakami, K., Ishihara, Y., Hayano, S.,

Kurosaka, H., Kamioka, H., Takano-Yamamoto, T., & Yamashiro, T.

(2010). Isolation of multipotent stem cells in human periodontal liga-

ment using stage-specific embryonic antigen-4. Differentiation, 79(2),

74–83.
Komori, T. (2010). Regulation of bone development and extracellular

matrix protein genes by RUNX2. Cell and Tissue Research, 339(1),

189–195.
Leermakers, F. A. M., & Zhulina, E. B. (2010). How the projection domains

of NF-L and α-internexin determine the conformations of NF-M and

NF-H in neurofilaments. European Biophysics Journal, 39(9),

1323–1334.
Li, C., Wang, X., Tan, J., Wang, T., & Wang, Q. (2014). The immunomodula-

tory properties of periodontal ligament stem cells isolated from

inflamed periodontal granulation. Cells, Tissues, Organs, 199(4),

256–265.
Lin, N. H., Menicanin, D., Mrozik, K., Gronthos, S., & Bartold, P. M. (2008).

Putative stem cells in regenerating human periodontium. Journal of

Periodontal Research, 43(5), 514–523.
National Center for Biotechnology Information. (2020). PubChem Data-

base. NCBI Gene=5175. Retrieved from https://pubchem.ncbi.nlm.

nih.gov/gene/PECAM1/human

NCAM1 Neural Cell Adhesion Molecule 1. (2020). Homo sapiens (human).

Retrieved from https://www.ncbi.nlm.nih.gov/gene/4684

Neufeld, G., Cohen, T., Gengrinovitch, S., & Poltorak, Z. (1999). Vascular

endothelial growth factor (VEGF) and its receptors. The FASEB Journal,

13(1), 9–22.
Neve, A., Corrado, A., & Cantatore, F. P. (2013). Osteocalcin: Skeletal and

extra-skeletal effects. Journal of Cellular Physiology, 228(6), 1149–1153.
Olsson, A. K., Dimberg, A., Kreuger, J., & Claesson-Welsh, L. (2006). VEGF

receptor signaling - in control of vascular function. Nature Reviews.

Molecular Cell Biology, 7(5), 359–371.
Park, B. W., Hah, Y. S., Choi, M. J., Ryu, Y. M., Lee, S. G., Kim, D. R.,

Kim, J. R., & Byun, J. H. (2009). In vitro osteogenic differentiation of

cultured human dental papilla-derived cells. Journal of Oral and Maxillo-

facial Surgery, 67(3), 507–514.
Park, J. C., Kim, J. M., Jung, I. H., Kim, J. C., Choi, S. H., Cho, K. S., &

Kim, C. S. (2011). Isolation and characterization of human periodontal

ligament (PDL) stem cells (PDLSCs) from the inflamed PDL tissue:

In vitro and in vivo evaluations. Journal of Clinical Periodontology, 38(8),

721–731.
Park, S.-Y., Kim, K.-H., Gwak, E.-H., Rhee, S.-H., Lee, J.-C., Shin, S.-Y., Koo, K.-

T., Lee, Y.-M., & Seol, Y.-J. (2015). Ex vivo bone morphogenetic protein

2 gene delivery using periodontal ligament stem cells for enhanced re-

osseointegration in the regenerative treatment of peri-implantitis. Journal

of Biomedical Materials Research. Part A, 103A, 38–47.
Pfaffl, M. W. (2001). A new mathematical model for relative quantification

in real-time RT-PCR. Nucleic Acids Research, 29(9), e45.

Ponnaiyan, D., Bhat, K. M., & Bhat, G. S. (2012). Comparison of immuno-

phenotypes of stem cells from human dental pulp and periodontal liga-

ment. International Journal of Immunopathology and Pharmacology, 25

(1), 127–134.
Renvert, S., Persson, G. R., Pirih, F. Q., & Camargo, P. M. (2018). Peri-

implant health, peri-implant mucositis, and peri-implantitis: Case defi-

nitions and diagnostic considerations. Journal of Clinical Periodontology,

45, S278–S285.
Riekstina, U., Cakstina, I., Parfejevs, V., Hoogduijn, M., Jankovskis, G.,

Muiznieks, I., Muceniece, R., & Ancans, J. (2009). Embryonic stem cell

marker expression pattern in human mesenchymal stem cells derived

from bone marrow, adipose tissue, heart and dermis. Stem Cell Reviews

and Reports, 5(4), 378–386.
Ruijter, J. M., Ramakers, C., Hoogaars, W. M. H., Karlen, Y., Bakker, O.,

van den Hoff, M. J. B., & Moorman, A. F. M. (2009). Amplification effi-

ciency: linking baseline and bias in the analysis of quantitative PCR data.

Nucleic Acids Research, 37(6), e45–e45. https://doi.org/10.1093/nar/

gkp045.

Sanz, M., Alandez, J., Lazaro, P., Calvo, J. L., Quirynen, M., & van

Steenberghe, D. (1991). Microbial differences in 2 clinically distinct

types of failures of osseointegrated implants. Clinical Oral Implants

Research, 2(3), 128–134.
Shibuya, M. (2011). Vascular endothelial growth factor (VEGF) and its

receptor (VEGFR) signaling in angiogenesis: A crucial target for anti-

and pro-Angiogenic therapies. Genes & Cancer, 2(12), 1097–1105.
https://doi.org/10.1177/1947601911423031

Sreekumar, V., Aspera-Werz, R., Ehnert, S., Strobel, J., Tendulkar, G.,

Heid, D., Schreiner, A., Arnscheidt, C., & Nussler, A. K. (2018). Resvera-

trol protects primary cilia integrity of human mesenchymal stem cells

from cigarette smoke to improve osteogenic differentiation in vitro.

Archives of Toxicology, 92(4), 1525–1538.

752 GOUSOPOULOU ET AL.

https://pubchem.ncbi.nlm.nih.gov/gene/PECAM1/human
https://pubchem.ncbi.nlm.nih.gov/gene/PECAM1/human
https://www.ncbi.nlm.nih.gov/gene/4684
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1177/1947601911423031


Tang, H. N., Xia, Y., Yu, Y., Wu, R. X., Gao, L. N., & Chen, F. M. (2016). Stem

cells derived from “inflamed” and healthy periodontal ligament tissues

and their sheet functionalities: A patient-matched comparison. Journal

of Clinical Periodontology, 43(1), 72–84.
Tomasello, L., Mauceri, R., Coppola, A., Pitrone, M., Pizzo, G., Campisi, G.,

Pizzolanti, G., & Giordano, C. (2017). Mesenchymal stem cells derived

from inflamed dental pulpal and gingival tissue: A potential application

for bone formation. Stem Cell Research & Therapy, 8(1), 179.

Trubiani, O., Zalzal, S. F., Paganelli, R., Marchisio, M., Giancola, R.,

Pizzicannella, J., Bühring, H. J., Piattelli, M., Caputi, S., & Nanci, A. (2010).

Expression profile of the embryonic markers nanog, OCT-4, SSEA-1,

SSEA-4, and frizzled-9 receptor in human periodontal ligament mesen-

chymal stem cells. Journal of Cellular Physiology, 225(1), 123–131.
Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De

Paepe, A., & Speleman, F. (2002). Accurate normalization of real-time

quantitative RT-PCR data by geometric averaging of multiple internal

control genes. Genome Biol, 3(7), RESEARCH0034.

Vasandan, A. B., Shankar, S. R., Prasad, P., Sowmya Jahnavi, V.,

Bhonde, R. R., & Jyothi Prasanna, S. (2014). Functional differences in

mesenchymal stromal cells from human dental pulp and periodontal

ligament. Journal of Cellular and Molecular Medicine, 18(2), 344–354.
Viereck, V., Siggelkow, H., Tauber, S., Raddatz, D., Schutze, N., &

Hüfner, M. (2002). Differential regulation of Cbfa1/Runx2 and

osteocalcin gene expression by vitamin-D3, dexamethasone, and local

growth factors in primary human osteoblasts. Journal of Cellular Bio-

chemistry, 86(2), 348–356.
Willems, E., Leyns, L., & Vandesompele, J. (2008). Standardization of real-

time PCR gene expression data from independent biological replicates.

Analytical Biochemistry, 379(1), 127–129.
Yang, X., Walboomers, X. F., van den Beucken, J. J., Bian, Z., Fan, M., &

Jansen, J. A. (2009). Hard tissue formation of STRO-1-selected rat

dental pulp stem cells in vivo. Tissue Engineering. Part A, 15(2),

367–375.
Zhao, X., Zhu, B., Duan, Y., Wang, X., & Li, D. (2018). The effect of smoking

behavior on alveolar bone marrow mesenchymal stem cells of clinical

implant patient. BioMed Research International, 2018, 7672695.

Zhou, L. L., Liu, W., Wu, Y. M., Sun, W. L., Dörfer, C. E., & Fawzy El-

Sayed, K. M. (2020). Oral mesenchymal stem/progenitor cells: The

immunomodulatory masters. Stem Cells International, 2020, 1327405.

How to cite this article: Gousopoulou E, Bakopoulou A,

Apatzidou DA, et al. Evaluation of stemness properties of cells

derived from granulation tissue of peri-implantitis lesions. Clin

Exp Dent Res. 2021;7:739–753. https://doi.org/10.1002/

cre2.406

GOUSOPOULOU ET AL. 753

https://doi.org/10.1002/cre2.406
https://doi.org/10.1002/cre2.406

	Evaluation of stemness properties of cells derived from granulation tissue of peri-implantitis lesions
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Establishment of PIMSC cultures
	2.2  Characterization of PIMSC cultures with flow cytometry
	2.3  Neurogenic differentiation
	2.4  Angiogenic differentiation
	2.5  Osteogenic differentiation
	2.6  Quantitative real-time reverse transcription polymerase chain reaction
	2.7  Statistical analysis

	3  RESULTS
	3.1  Morphological characteristics of PIMSC cultures
	3.2  Immunophenotypic characterization
	3.3  Time-course gene expression of neurogenesis-related markers
	3.4  Time-course gene expression of angiogenesis-related markers
	3.5  Time-course gene expression of osteogenesis-related markers
	3.6  Mineralized tissue formation by PIMSC cultures

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTERESTS
	  AUTHOR CONTRIBUTIONS
	  ETHICS STATEMENT
	  DATA AVAILABILITY STATEMENT

	REFERENCES


