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Abstract In the context of cell-based oral hard tissue regener-
ation, especially assumed plasticity of oral host tissue cells in
response to human mesenchymal stem cells (hMSCs), is poorly
understood. To investigate this area, we assess osteogenic fea-
tures in various oral cell types during hMSC coculture, includ-
ing human alveolar osteoblasts (hOAs), periodontal ligament
cells (hPDLs) and gingival fibroblasts (hGFs). Interactive
hMSC coculture globally enhanced the transcription of osteo-
genic genes, in all oral cell types under study, as revealed by
gRT-PCR and did not affect oral cell proliferation compared
with controls in a transwell coculture system as evaluated by 5-
bromo-2'-deoxyuridine proliferation assay. 3D gel-derived
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hMSC cocultures exhibited an abundance of bone-related key
molecules in oral cells, which followed the ranking hOAs >
hGFs > hPDLs. Compared to matched controls, this hierarchy
also applied for the presence of higher amounts of extracellular
matrix deposits and mineralization nodules in interactive hMSC
coculture. Our results show for the first time that in the context
of prospective periodontal tissue regeneration strategies,
hMSCs influence oral cells by gradually shaping their plasticity,
particularly features associated with an osteogenic phenotype.
These novel findings contribute another piece to the conceptual
hMSC action puzzle and valuably support the notion that
hMSCs trigger osteogenesis in the oral cell context.
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Introduction

In the context of the currently intense and interdisciplinary
search for regeneration strategies that aim at restoring dam-
aged or diseased tissues, human bone marrow-derived mes-
enchymal stem cells (hMSCs) appear to be promising aspi-
rants for oral periodontal tissue regeneration (Kawaguchi et al.
2004; Li et al. 2009; Sanchez-Lara et al. 2012). Periodontal
regeneration has enormous clinical significance, because peri-
odontitis, which manifests as inflammation of the tooth hold-
ing apparatus, is widely regarded as the second most common
disease worldwide and the most common cause for tooth loss
in adults. Due to their inherent mesenchymal nature, hMSCs
are attractive candidates for regenerating a truly functional
periodontium comprising hard and soft tissue elements, i.e.,
bone, periodontal ligament and gingival connective tissue.
Bone preservation is of particular importance because the
presence of an ample bone socket is crucial for tooth anchor-
age. In this respect, the hMSCs’ provenance from the bone
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marrow site makes them a perfect match for bone regeneration
purposes (Jones and Yang 2011). Nevertheless, although en-
couraging findings are accumulating, MSCs are reported to
rapidly undergo apoptosis (Kelm et al. 2012) and to show low
engraftment rates in vivo (Prockop 2009). However, new
findings suggest that MSCs contribute more significantly to
tissue repair by actions different from mere replacement of the
damaged cells of the recipient (Phinney and Prockop 2007,
Uccelli et al. 2011). In this respect, the concept that multiple
hMSC-induced processes including trophic effects, angiogen-
esis and immunosuppressive actions (Barry and Murphy
2004) are responsible for tissue regeneration becomes increas-
ingly important (Si et al. 2011). This variety of hMSC effects
on immune and blood vessel cells strongly suggests that
hMSCs may similarly affect further host tissue cells.
However, minimal attention has so far been paid to the effects
that MSCs have on the residing site-specific parenchyma cells
of potential recipient host tissues, particularly in the context of
oral tissues which play an exceptional role due to their unique
developmental origin as ectomesenchymal derivatives (Chai
et al. 2000; Zhang et al. 2012). During periodontal tissue
regeneration, these cells come in contact and will interact with
therapeutically applied MSCs. As a general assumption, cells
that are arranged in spatial vicinity may interact via multiple
mechanisms, which can be assigned to either paracrine growth
factor-mediated communication pathways, cell-cell adhesion,
or biomechanical stimulation (Engler et al. 2009). Thus, in
order to evaluate the effects of human MSC (hMSC) interac-
tion with various oral cells by allowing numerous kinds of
potential interaction mechanisms, we generated interactive
coculture systems, comprising hMSCs and osteoblasts from
the alveolar bone (hOAs), periodontal ligament cells (hPDLs)
and gingival fibroblasts (hGFs), respectively. Basically, these
oral cell types provide the fundamental tissue components of
the human periodontium and are gradually competent of hard
tissue formation (Nanci and Bosshardt 2006), led by hOAs
that are natural bone generators, followed by hPDLs that are
also capable of expressing bone-associated biomarkers if
required, e.g., if orthodontic forces are applied (Choi et al.
2011; Krishnan and Davidovitch 2006). In addition, even
the soft tissue components, hGFs, have been reported to
be osteogenicly inducible (Mostafa et al. 2011; Zhou et al.
2008). Hence, oral cells appear to harbor a certain inherent
plasticity and, in this light, the question of how they are
influenced by hMSC interaction appears even more urgent.
For this purpose, interactive coculture systems are useful
tools for an in-depth assessment of cellular crosstalk
effects by mimicking tissue-specific cell-to-cell interactions
(Roesch-Ely et al. 2006).

To our best knowledge, this is the first report using inter-
active coculture systems for a systematic comparison of
hMSC-induced proliferation behavior in conjunction with
osteogenic features in various oral cells including gene
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expression of crucial bone biomarkers, i.e., RUNX2, collagen
type I, osteonectin and osteopontin (Zhou et al. 2008;
Giannopoulou and Cimasoni 1996; Ivanovski et al. 2001).
Furthermore, the comparison enabled the final tissue-level
outcome of an oral cell interaction with hMSCs to be evalu-
ated in terms of osteogenic matrix components and calcium
deposition-indicating mineralization.

Materials and methods

All chemicals were purchased from Sigma-Aldrich, Munich,
Germany, unless otherwise indicated. For a detailed description
of the experiments performed, see the Electronic supplementary
material.

Cell isolation and culture

All experiments were carried out in accordance to the guidelines
of the World Medical Association Declaration of Helsinki and
were approved by the Committee of Ethics of the Medical
Faculty of the Albert Ludwigs-University Freiburg, Germany
(vote number 411/2008) and, for tissue harvest at the Medical
Faculty of the Heidelberg University Hospital, from the local
institutional Committee of Ethics (vote number 148/2003; re-
newal 30.09.2005). hMSCs were purchased (PromoCell,
Heidelberg, Germany) and cultivated in hMSC proliferation
medium supplemented with 10 % fetal calf serum,
50 ng/ml amphotericin and 50 pg/ml gentamicin (all
Provitro, Berlin, Germany). The hMSC-inherent clonogenic
and multilineage potential was assessed as reported previously
(Proksch et al. 2012). Human oral cells were derived from
operative biopsies of donors (n=12) with informed consent,
i.e., n=4 tissue fragments each for osteoblasts from the alveolar
bone (hOAs), periodontal ligament fibroblasts (hPDLs) and
gingival fibroblasts (hGFs), respectively. In brief, tissue
fragments were plated as explants in DMEM low glucose
(containing 25 mM HEPES and L-glutamine; PAA,
Pasching, Austria) supplemented with 10 % fetal bovine
serum (FBS; Biochrom, Berlin, Germany), 1 % kanamycin
and 1 % glutamax (Invitrogen, Darmstadt, Germany).

Interactive coculture systems

For the generation of interactive coculture systems, oral
cells were established in 96-well plates (Corning Costar,
Amsterdam, The Netherlands) at a density of 1x10° cells/
well for proliferation assessment, while 1x10° cells/well
were plated in 12-well plates (BD Biosciences, Heidelberg,
Germany) for gene expression analysis. 5x10° hMSCs
were inoculated per 96-well insert or 4x10° cells in
compatible 12 well—culture inserts with a porous uncoated
PET membrane (3.0 wm). This set up facilitates hMSC



Cell Tissue Res (2014) 356:159-170

161

interactive crosstalk with hOAs, hPDLs, or hGFs, respectively,
for the given culture periods and the subsequent examination
of BrdU incorporation or mRNA expression in oral cells,
devoid of hMSC BrdU or mRNA contamination.

For the generation of cell-containing matrices, hMSCs
calibrated to 1x10° cells were suspended in FBS and
added to a collagen I solution (4 mg/ml; Life Technologies,
Darmstad, Germany) supplemented with 10 % Hank’s
buffered saline solution. The resulting gel was titrated with
sodium hydroxide to pH 7.4, polymerized for 2 h at
37 °C and covered with culture medium for 24 h. Then,
the gels were supplied with each 5x10° hOAs, hPDLs, or
hGFs, respectively and lifted to 1.0-um polyethylene tere-
phthalate membrane cell culture inserts (Millipore,
Schwalbach, Germany) after 48 h in order to guarantee
an optimal all-side culture medium nutriment supply dur-
ing a culture period of 21 days. All cell cultures of each
specimen and combination were duplicated for all
experiments.

BrdU proliferation assay

The BrdU incorporation into newly synthesized DNA in
interactive cocultures was measured using a cell proliferation
ELISA kit (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. In brief, cells were fixed after
7=1, 3, 7, 10 and 14 days in hMSC coculture or mono-
culture control, respectively and DNA was denatured with
a one-step ready-to-use solution supplied by the kit for
30 min at RT. After thoroughly removing the solution, a
peroxidase (POD)-labeled anti-BrdU antibody was added
(1:100, 90 min, RT). The immune complexes were detected
by adding tetramethyl-benzidine (30 min, RT), the substrate
reaction was stopped by adding 1 M H,SO4 (1:5) and the
reaction product was quantified by immediately measuring the
absorbance at 450 nm (reference wavelength 690 nm).

qRT-PCR

After accurately washing the cells with PBS, total cellular
RNA was purified using a guanidium—thiocyanate method
(RNeasy Mini kit; Qiagen, Hilden, Germany) and stored at
—80 °C. Genomic DNA contamination was eliminated by
DNase digestion according to the manufacturer’s instructions
(RNase free DNase kit; Qiagen). The RNA integrity and
quantity were verified using the Experion RNA StdSens chip
microfluidic technology according to the manufacturer’s in-
structions and cDNA was synthesized from 500 ng of total
RNA each by using the iScript reaction mix in a C1000
Thermal Cycler (all Bio-Rad, Miinchen, Germany). For real-
time PCR, cDNA samples were amplified in duplicate in a
25-ul reaction mixture using pre-validated RT? gPCR primer
assays (SABiosciences, Frederick, MD, USA) with a iQ-

SYBR Green Super Mix in a CFX96 cycler (both Bio-Rad).
Data were collected and analyzed using CFX96 Manager
Software version 1.0 (Bio-Rad).

Indirect immunofluorescence stains (IIF)

The expression of osteogenic proteins in monocultured
controls and hMSC-cocultured oral cells was checked by
IIF on gel cryosections. After blocking unspecific binding
sites, mouse anti-human RUNX2 (Abnova, Taipei, Taiwan),
rabbit anti-human collagen lal and osteopontin (Abcam,
Cambridge, UK), or osteonectin (Immunodiagnostik,
Bensheim, Germany) primary antibodies were applied
(all Abcam), which were detected by goat anti-mouse
or anti-rabbit IgG1 Alexa Fluor 488 and 594 antibodies
(Invitrogen) alternated by intense wash steps. Cell nuclei were
counterstained using DAPI and the cells were mounted
(Fluoromount G; Southern Biotech, Birmingham, USA) and
photographed with a Biozero BZ-9000 fluorescence micro-
scope equipped with a CCD camera (Keyence, Neu-Isenburg,
Germany).

Histological stains

All experiments were performed at room temperature. For
anilinblue/nuclear fast red staining, cryosections were fixed
with 75 % ethanol (20 min), rinsed, stained with nuclear fast
red (0.1 % in 5 % aluminium sulphate, 10 min), washed with
distilled water, counterstained with aniline blue (30 s),
washed, differentiated in 96 % ethanol (60 s) and air-dried.
For Masson-Goldner trichrome staining, the specimens were
fixed with Bouin’s solution (1 h), washed with running tap
water, stained with Weigert’s iron hematoxylin (2 min; Carl
Roth, Karlsruhe, Germany) and again washed with running
tap water. Subsequently, the specimens were stained using a
Masson-Goldner trichrome staining kit (Carl Roth) according
to the manufacturer’s instructions. For von Kossa staining,
cryosections were fixed with 4 % paraformaldehyde, rinsed,
stained with AgNO;3 (5 %), washed with distilled water,
differentiated with pyrogallol (1 %, 2 min), washed, fixed
with sodium thiosulfate (5 %, 5 min), washed and counter-
stained with hematoxylin. For microscopic evaluation, immer-
sion oil droplets were placed on the air-dried specimens and
evaluated with a SZH10 microscope (Olympus, Miinster,
Germany) equipped with a CCD Colour view III camera.
The resulting images were analyzed using the cell* software
(both Olympus).

Statistics
To evaluate the effect of groups (interactive cocultures and

controls) and time (culture periods), a Repeated Measures
Analysis was performed for each outcome of interest. For this
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purpose, linear models were fitted (one model per outcome)
within which the structure of the data, i.c., repeated measure-
ments per group (repeatedly measured at several time points),
was accounted for. The group effects and differences of least-
square means (LSM) are calculated with their 95 % confi-
dence intervals. Several multiple comparisons of LSM in
group and time combinations were conducted and p values
were adjusted by the methods of Benjamini-Hochberg, Tukey,
and Bonferroni, respectively, where appropriate. All calcula-
tions were performed with the statistical software SAS 9.1.2.
using PROC MIXED.

Results

Various periodontal cell types differ in mineralization
potential and surface marker expression

The oral cells used in this study were derived from explant
cultures of 12 donors and expanded in number. Subsequently,
they underwent precise characterization in terms of minerali-
zation potential and surface marker expression. A systematic
screening of surface markers, typically associated with mes-
enchymal cell types showed that hOAs, hPDLs and hGFs
were homogeneously positive for CD13, CD73, CD90 and
CD105 but virtually lacked CD45, CD146, alkaline phospha-
tase (ALP), c-kit and Stro-1. However, differences (% of
positive expression) were found with respect to CDI10,
CD34, CD44 and CD166 (supplemental Fig. Sla), all of
which were expressed at lower levels in hOAs compared to
hPDLs and hGFs. This finding may be attributed to hOAs
being essentially hard tissue cells, whereas hPDLs and hGFs
are the main constituents of soft connective periodontal
tissues. In addition, the oral cells revealed a mineralization
potential with different degrees of intensity: hOAs greater
than other cell types, followed by hPDLs and hGFs,
which had similar mineralizing nodule deposition after 21 days
(supplemental Fig. S1b).

Human mesenchymal stem cells fulfil the standard
characterization criteria

Considering hMSCs, the definition is hampered by the current
confusing terminology (Bianco et al. 2008). Here, we
employed the standard hMSC characterization criteria of
the International Society for Cellular Therapy (ISCT) and
assured that hMSCs, which were subsequently used for
interactive cocultures, were plastic-adherent, emanated
from colonies, were able to be directed into osteoblasts,
adipocytes and chondrocytes and expressed the typical
surface markers including CD73, CD90 and CDI105 but
lacked CD14, CD19, HLA-DR, CD34 and CD45, as
reported elsewhere (Proksch et al. 2012).
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Interactive hMSC coculture does not modify the proliferation
pattern of oral cells

Among the multiple ways that general cell features appear to
respond to environmental stimuli, proliferation quantification
is one of the most obvious. Hence, the proliferation perfor-
mance of solitary grown and hMSC-cocultured hOAs, hPDLs
and hGFs, respectively, was determined by means of BrdU
incorporation at 1, 3, 7, 10 and 14 days of culture. We found
that solitary grown control hOAs, hPDLs and hGFs potently
proliferated and that the proliferation pattern in all cell popu-
lations appeared in a peak-to-valley manner. However, inter-
group comparison revealed that hMSC coculture did not
significantly modify the proliferation pattern either of hOAs,
hPDLs, or hGFs.

With regard to control hOAs, the BrdU incorporation sig-
nificantly increased at day 3 (p=0.0481), day 7 (»p<0.0001)
and day 10 (p=0.0081) compared to baseline (Fig. 1a, black
squares). The same applied to hMSC-cocultured hOAs,
revealing significance in BrdU augmentation at day 3
(p=0.0081), day 7 (p<0.0001) and day 10 (»p=0.0481;
Fig. la, white squares).

For control hPDLs, significance of BrdU incorporation was
observed at day 3 (p=0.0299) and day 7 (p=0.0039; Fig. 1b,
black circles) and interaction with hMSCs left this profile
unchanged (BrdU incorporation at day 7, p=0.0498;
Fig. 1b, white circles).

With hGFs, significant BrdU uptake was detected for both
control and hMSC-cocultured cells at day 3 (p=0.0108 con-
trol; Fig. 1c, black triangles; and p=0.0166 coculture; Fig. 1c,
white triangles) and day 7 (p=0.0013 control and p=0.0072
coculture; Fig. 1c).

The observation that hMSC coculture obviously did
not modify oral cell proliferation during the period of
investigation suggests that hMSCs neither exert striking
restriction nor regulatory control on the respective oral cell
type. Nevertheless, the slight coculture-related proliferation
reduction trend led us to assess whether oral cell differentia-
tion, a parameter of outstanding importance in the context of
oral periodontal tissue regeneration, may be affected by inter-
active hMSC coculture.

Interactive hMSC coculture emphasizes the transcription
of osteogenic genes preferentially in hPDLs

To test whether the osteogenic differentiation capacity of oral
cells is influenced by interactive hMSC coculture, we first
quantified mRNA levels after culture periods of 7 and 14 days,
found to be the most interesting time points regarding the
previously described proliferation changes. As bone retrieval
is considered the main goal of hMSC-based periodontal re-
generation, we selected a panel of genes associated with
osteogenic differentiation, including runt-related transcription
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Fig. 1 Proliferation dynamics of oral cell types in response interactive
hMSC coculture. Line graphs showing the least square (LS) mean BrdU-
incorporation with 95 % confidence intervals measured as optical density
units (y-axis, 450 nm: measuring wavelength, 690 nm: reference wave-
length) of solitary grown (controls) and hMSC-cocultured (+hMSCs) oral
cells at different time points (x-axis), compared by Repeated Measures
Analysis with post-test p value adjustment by the method of Benjamini-
Hochberg. Differences in BrdU incorporation were considered significant
at *p<0.05, **p<0.01 and ***p<0.0001. a The BrdU incorporation was
significantly elevated at day 3, day 7 and day 10 in control hOAs (black
squares, connected by a dashed line) and hOAs cocultured with hMSCs
(white squares, connected by a solid line) compared to baseline. b In
control hPDLs (black circles, connected by a dashed line), the BrdU
incorporation was significantly increased at day 3 and day 7 and in
hMSC-cocultured hPDLs at day 7 compared to baseline (white circles,
connected by a solid line). ¢ hGFs proliferated well (controls: black
triangles, connected by a dashed line) independently of hMSC coculture
(white triangles, connected by a solid line), such that the BrdU incorpo-
ration was significantly augmented at day 3 and day 7 compared to
baseline in both groups

factor 2 (RUNX?2), collagen 1 alpha 1 (Collal), osteonectin
and osteopontin. The transcription profile tended to vary
individually for each cell type, such that differences in

temporal and inter-group gene expression comparisons were
generally close to having significance. As a general result, we
observed the trend that hMSCs enhanced the gene expression
of osteogenic biomarkers in the cocultured oral cell type
(Fig. 2a-1). This trend became most obvious in hPDLs, in
which hMSC coculture yielded an up-regulation of all four
bone-related genes under study, followed by hGFs and hOAs,
which showed a slightly higher expression of two genes
after 14 days if compared to controls. This is an important
aspect, since hGFS are soft tissue cells of mesenchymal
origin (Pitaru et al. 1995).

Regarding hOAs, the transcription of all genes exhibited a
slowly increasing trend with prolonged culture duration irre-
spective of hMSC coculture (Fig. 2a, d, g, j). Interestingly, the
transcription of RUNX2 (p=0.0373; Fig. 2a) and osteopontin
(Fig. 2j) was increased in hMSC-cocultured hOAs at day 14
compared to baseline, while the expression remained stable in
control hOAs (Fig. 2d). This finding suggests that shaping of
osteogenic features in hOAs following hMSC coculture may
reflect an expression reinforcement of the analyzed genes.

In hPDLs, manifest coculture-dependent effects became
obvious. In the control group, the transcription of RUNX2
(Fig. 2b), Collal (Fig. 2e), osteonectin (Fig. 2h) and osteo-
pontin (Fig. 2k) remained quite constant in time but consid-
erably increased in the hMSC coculture group from baseline
to day 14 (RUNX2 p=0.0319; Fig. 2b, osteopontin p=0.0477;
Fig. 2h). This increase suggests an hPDL-immanent plasticity
regarding the realization of osteogenic genes, which is appar-
ently shaped by the interaction with cocultured hMSCs.

To our surprise, hGFs also expressed osteogenic mRNAs
and the expression followed a peak-to-valley pattern. With
respect to RUNX2, a slight transcription increase observed in
control hGFs was emphasized by interactive hMSC coculture
(Fig. 2¢). The increase in Collal expression was significant in
control and in hMSC-cocultured hGFs at day 7 (p=0.0110
control and p=0.0304 coculture, respectively; Fig. 2f). Most
prominently, osteonectin expression was increased signifi-
cantly both at day 7 (»p=0.0003 control and p=0.0043
hMSC coculture; Fig. 2i) and day 14 (»p=0.0023 control and
p=0.0048 hMSC coculture; Fig. 2i). Importantly, hMSC co-
culture exhibited a counter-rotating gene expression profile
concerning osteopontin, which slightly and constantly in-
creased upon interactive hMSC coculture, while gene expres-
sion increased at day 7 but decreased considerably at day 14 in
hGF controls (Fig. 21). This gene expression pattern in con-
junction with the others mentioned above suggests an intrinsic
capacity of soft connective tissue-descending hGFs for ex-
pressing genes, which may be assigned to the osteogenic
phenotype and being shaped by hMSC coculture interactions.

The fact that osteogenic genes are increasingly transcribed
in hOAs is not surprising; however, hPDLs and hGFs also
showed an osteogenic potential irrespective of hMSC induc-
tion. Consequently, as a general assumption, our data suggest
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Fig. 2 Expression of bone-associated mRNA in hMSC-cocultured oral
cells. Least square mean (LSM) AACt values with 95 % confidence
intervals (y-axis) of RUNX2 (a—c), collagen lal (Collal, d-f),
osteonectin (g-i) and osteopontin (j-I) expression in control (black, con-
nected by a dashed line) and hMSC-cocultured (white, connected by a
solid line) hOAs (squares), hPDLs (circles) and hGFs (triangles), respec-
tively, each at day 0, day 7 and day 14 (x-axis; d day). The relative gene of
interest quantities were normalized to the corresponding relative beta-
actin quantities (AACt). The respective LSM AACt values were com-
pared by Repeated Measures Analysis with post-test p value adjustment
by the method of Bonferroni for inter-group comparisons and differences
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that oral cells possess a certain degree of plasticity. The
observation of osteogenic gene transcription trending to be
emphasized by hMSC coculture provides the first evidence
that hMSC interaction shapes oral cells to adopt an osteogenic
outcome.

Interaction with hMSCs enhances expression of matrix
proteins in 3D systems

Motivated by the observed hMSC-induced enhancement of
osteogenic gene expression in oral cells, we assessed the
tissue-level outcome of hMSC coculture in terms of protein
translation of bone-related mRNA expression. To this end, 3D
coculture gel-systems containing embedded hMSCs were
surface-populated with hOAs, hPDLs, or hGFs, respectively,
while gels that lacked hMSCs served as a control. We
observed that during the culture period of 21 days, both
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in gene expression were considered significant at *p<0.05, **p<0.01
and ***p<0.0001. a, d, g j In hOAs, the expression of Collal and
osteonectin was sustained by hMSC coculture, while the transcription
of RUNX2 and osteopontin was enhanced at day 14 only in the hMSC
coculture group. b, e, h, k Regarding hPDLs, interactive hMSC coculture
tended to increase the transcription of all genes under study, especially of
RUNX2 and osteonectin. ¢, f, i, 1 In hGFs, the expression of RUNX2,
Collal and osteonectin increased by time in a peak-to-valley manner
irrespective of hMSC coculture, while the down-regulation of osteopon-
tin transcription in controls was counteracted by hMSCs

control and interactive coculture gels contracted in size
depending on the respective oral cell type, such that gels
supplied with hOAs were only 0.3—0.4 mm, hPDLs-seeded
gels were 0.8-1.0 mm and hGFs-furnished gels approxi-
mately 0.4-0.5 mm in diameter, respectively.

By indirect immunofluorescence staining (IIF) for
RUNX2, collagen 1, osteonectin and osteopontin, we found
that the oral cell types under study showed a hierarchical
fashion of bone-related protein expression both in hMSC
cocultures and controls, i.e., hOAs > hGFs > hPDLs, thus
substantiating our conclusion drawn from qPCR data that oral
cells display a certain degree of plasticity. Of note, IIF stains
revealed that all bone-related markers under investigation
were localized close to oral cell seeding sites of the 3D gels.

Protein translates of RUNX2, a key transcription factor
of osteogenesis, were detected in all oral cell types under
study (Fig. 3a—f). As indicated by localization in the
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Fig. 3 Expression of matrix
molecules in reaction to
interactive hMSC coculture.
Representative
immunofluorescence stains of
bone-related proteins (white
asterisks, a—f green (Alexa Fluor
488): RUNX2, g1 green (Alexa
Fluor 488): collagen 1, m-r green
(Alexa Fluor 488): osteonectin, s—
x red (Alexa Fluor 594):
osteopontin) in hMSC-cocultured
(top row each) and control
(bottom row each) oral cells
[hMSC-cocultured (a, g, m, s) and
control hOAs (d, j, p, v), hMSC-
cocultured (b, h, n, t) and control
hPDLs (e, k, g, w) and hMSC-
cocultured (¢, i, 0, u) and control
hGFs (f, L, r, x)], blue cell nuclei
(DAPI), scale bar 200 um. After
21 days, the expression each of
RUNX2, collagen 1, osteonectin
and osteopontin was remarkably
increased in interactive hMSC
cocultures (a, g m, s) compared to
hMSC-lacking control hOAs (d, j,
p. V). In hPDLs, interactive h(MSC
coculture (b, h, n, t) yielded
expression levels of all matrix
proteins under study similar to
matched controls (e, k, ¢, w). In
hGFs, an increase in protein
expression was observable upon
hMSC interaction (¢, i, o, u),
compared to hMSC-lacking
controls (f, L r, x), which also
expressed bone-related proteins.
Of note, all investigated
osteogenic proteins were detected
preferably at the central clusters
and borders of the 3D gels,
representing the oral cell seeding
sites. Together, all oral cell types
disposed of an inherent capacity
to express osteogenic proteins and
their responsiveness to hMSC
coculture in terms of protein
translates was ranked in the
following hierarchy hOAs >
hGFs > hPDLs

collagen 1a1

osteopontin osteonectin

+hMSCs

+hMSCs

_control | +hvsCs N control | +hMSCs

hPDLs
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nuclei (supplemental Fig. S2a—f) of cells clustered at the
edges and in the centre of the 3D gels, RUNX2 expres-
sion was clearly increased by hMSC coculture (Fig. 3a—;
supplemental Fig. S2a—c) compared to controls (Fig. 3d—f;
supplemental Fig. S2d—f). This effect was most evident in
hOAs, followed by hGFs and finally hPDLs.

Interestingly, hOAs expressed more green-colored collagen
1 molecules upon hMSC interaction (Fig. 3g; supplemental
Fig. S2g) compared to hMSC-lacking controls (Fig. 3j;
supplemental Fig. S2j). This hMSC coculture-dependent
expression was marginal in hPDLs (Fig. 3h, k; supplemental
Fig. S2h, k), but became evident in hGFs (Fig. 31, [; supple-
mental Fig. S2i, 1). In line with RUNX2 expression sites,
collagen 1 was detected mainly at the margins and in the
central area of cell clusters in the 3D gels.

The expression of green-labelled osteonectin was remark-
ably augmented in hMSC-cocultured (Fig. 3m—o; supplemen-
tal Fig. S2m—o0) hOAs, hPDLs and hGFs compared to
matched controls (Fig. 3p-r; supplemental Fig. S2p—r) while
inter-group comparison revealed that osteonectin expression
followed the same ranking. In correspondence to RUNX2 and
collagen 1 expression, osteonectin molecules were located
mainly at the edges and as clusters at the centre of 3D gels.

Similar to RUNX2, collagen 1 and osteonectin, red-
labelled osteopontin was detectable both in interactive
hMSC cocultures (Fig. 3s—u; supplemental Fig. S2s—u) and
control gels (Fig. 3v—x; supplemental Fig. S2v—x) of each oral
cell type. In hMSC-cocultured hOA (Fig. 3s; supplemental
Fig. S2s) and hGF gels (Fig. 3u; supplemental Fig. S2u),
considerably more osteopontin fluorescence was detected than
in matched controls (Fig. 3v, x; supplemental Fig. S2v, x). This
trend was also obvious in hPDLs (Fig. 3t, w; supplemental
Fig. S2t, w), such that the expression levels of osteopontin
followed the same ranking as detected for the other bone-
related markers, namely hOAs > hGFs > hPDLs.

Hence, IIF detection of bone-related protein expression
strongly supports our gene expression data. The observed size
reduction of oral cell 3D cultures followed the same oral cell
type-dependent hierarchy as monitored for gene and protein
expression, of which the latter was clearly increased by hMSC
coculture and importantly, the I[F-detected bone-related pro-
teins were focused at the oral cell seeding sites. These obser-
vations suggest that the increase in bone protein expression
may be attributed to hMSC-induced oral cell-innate triggering
of osteogenic differentiation, providing strong evidence for
the existence of individual oral cell plasticity in response to
hMSC crosstalk.

Matrix mineralization nodules deposition is pronounced
by hMSCs interaction

On the basis of our gene transcription and protein expression
results, we further assessed the hallmark of osteogenic
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differentiation in oral cells triggered by hMSCs, as exempli-
fied by the status of osteoid deposition and extracellular
matrix mineralization. For this purpose, histological stains
enabled visualizing of the interactive coculture cell distribu-
tion, gel morphology and the discrimination of connective
tissue, osteoid-like and mineralized bone matrix
(Fig. 4, supplemental Fig. S3). Cell distribution and
gel morphology of hMSC cocultures were found to
conform to matched controls. However, extracellular matrix
deposition and mineralization events were clearly induced by
hMSC coculture. In addition, we found that oral cell-based
tissue-analogues differed gradually with hOA gels ranking
first followed by hGF and hPDL, hence substantiating our
protein expression results.

In detail, aniline blue/nuclear fast red stains revealed that
cell distribution and gel morphology were notably different
with regard to the oral cell type but rather uniform with respect
to hMSCs coculture (Fig. 4a-f). Cell clusters were detected
at the oral cell seeding sites and their size followed a
hierarchical order hOAs > hGFs > hPDLs (Fig. 4a-f).
These clusters served as central hubs to which the gels
appeared to be tightly pulled (supplemental Fig. S3a-c),
while the intensity of this phenomenon followed the same
ranking. These findings corroborate our hypothesis that gel
size reduction is a consequence of bone matrix protein
expression, which is particularly emphasized at oral cell
seeding sites. Hence, these results further substantiate in-
dividual osteogenic oral cell plasticity.

Masson Goldner Trichrome staining (MGT) yielded even
green-colored staining of the gel bodies (Fig. 4g-1). Most
notably in hOA gels, MGT stains also exhibited a dense red
matrix surrounding the cell conglomerates (Fig. 4g) that are
interpreted as osteoid-like accumulations. Of note, these pre-
sumable osteoid accumulations were clearly intensified with
hMSCs as an interaction partner (Fig. 4g, supplemental
Fig. S3e) compared to matched controls (Fig. 4j, supplemental
Fig. S3f). In hPDLs, no osteoid accumulation was observable
independent of interactive hMSC coculture (Fig. 4h.k). In
contrast, osteoid formation observable in hGFs was obviously
augmented by hMSC coculture (Fig. 41, compared to hMSC-
lacking controls Fig. 41), thereby paralleling the situation of
hOAs (Fig. 4g, j).

Von Kossa staining permitted detection of mineralized ma-
trix deposits and appeared most explicitly in interactive
hMSC-hOA cocultures (Fig. 4m, supplemental Fig. S3h) com-
pared to hOA-only gels (Fig. 4p, supplemental Fig. S31). Most
of the black-coloured mineralization nodes were localized
inside the superficial cell clusters. On the other hand, interac-
tive hMSC coculture as well as hMSC-lacking control gels
that were colonized with hPDLs showed few mineralization
nodes (Fig. 4n, q). In addition, with hGFs (Fig. 40, r) we also
detected black-colored mineralized deposits more pronounced
with hMSC as an interactive partner (Fig. 40).
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Fig. 4 Cell distribution and deposition of osteoid and calcium nodules in
oral cells cocultured with hMSCs. Representative aniline blue/nuclear fast
red (a—f), Masson-Goldner trichrome (g-1) and von Kossa stains (m-r) of
bone matrix components in hMSC-cocultured (fop row each) and control
(bottom row each) oral cells [hMSC-cocultured (a, g, m) and control hOAs
(d, j, p), hMSC-cocultured (b, h, n) and control hPDLs (e, k, q) and hMSC-
cocultured (c,i,0) and control hGFs (f; L r)], scale bar: 1,000 um. Aniline
bluelnuclear fast red results in blue staining of collagen and red staining of
the cell nuclei. Masson Goldner trichrome method yields the following
stains: cell nuclei brown-black, connective tissue green, osteoid red, min-
eralized matrix: green. Von Kossa technique results in brown-shaded
staining of connective tissue and black staining of mineralized matrix.
Compared to matched controls, hMSC-cocultured hOAs display an uni-
form cell distribution with a right hand-sided cell cluster, representing the

nPDLs

X

hOA seeding site (a, d) and showing a flexed morphology tightened by the
hOA cell cluster. The most intriguing finding was that interactive hMSC
coculture tremendously increased the deposition of osteoid (white asterisks,
@) and calcium nodules (white arrows, m) in hOAs compared to matched
controls (j, p), with emphasis on hOA seeding sites. Cultures seeded with
hPDLs showed an even cell distribution without notable cell clustering
both in hMSC cocultures (b) and controls (e). Furthermore, virtually neither
osteoid (h, K) nor calcium deposition (n, q) was detectable in hPDLs,
irrespective of hMSC coculture. Independent from hMSC coculture, cells
are similarly distributed and exhibited cell clustering at the hGF seeding
site, bending the gels (¢, f). The expression of osteoid (white asterisks, i) and
mineralization (white arrows, 0) is obviously enhanced by hMSC coculture
compared to non-hMSC controls (L, r). Similar to hOAs, both osteoid
deposition and mineralization sites are focused on hGF cluster sites
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Next, the observed differences in osteoid levels (Fig. 5a)
and calcium nodule detection (Fig. 5b) were quantified and
both normalized to total specimen area-covering global colla-
gen. Indeed, hMSC coculture significantly increased osteoid
formation and matrix mineralization with oral cell type-
dependent ranking, whereas in non-hMSC controls both oste-
oid and calcium deposition were consistently low. In detail,
hMSC interaction significantly enhanced osteoid deposition
in hOAs compared with matched controls (p<0.0001), such
that the detected osteoid levels in hMSC-cocultured hOAs
were more prominent than in hMSC-cocultured hGFs
(p=0.0015) or hPDLs (p<0.0001), respectively (Fig. 5a).
Accordingly, mineralization events were significantly more
numerous in hMSC-cocultured hOAs and even in hGFs
compared with controls (p<0.0001 for hOAs and p=
0.0074 for hGFs), respectively (Fig. 5b). Thus, the quan-
tity of calcium nodules in hMSC cocultures followed the
same oral cell type-dependent hierarchy as observed for
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calcium/collagen ratio

Fig. 5 Osteoid and calcification levels in hMSC cocultured oral cells.
Least square mean (LSM) a osteoid/collagen and b calcium/collagen
ratios with 95 % confidence intervals (y-axis) of control (black, left-
handed) and hMSC-cocultured (white, right-handed each) hOAs
(squares), hPDLs (circles) and hGFs (triangles), respectively (x-axis).
Mean osteoid/collagen or calcium/collagen ratios were compared by
Repeated Measures Analysis with post-test p value adjustment by the
method of Tukey and differences were considered significant at ¥*p<0.05,
**p<0.01 and ***p<0.0001. a In hOAs, hMSC coculture significantly
increased osteoid deposition in relation to the global collagen quantity
compared to matched controls. By trend, hMSC coculture enhanced
osteoid formation also in hGFs but not hPDLs. In controls, the osteoid
levels were not different. However, h(MSC coculture yielded a significant
oral cell type-dependent increase in osteoid formation, following the
ranking hOAs > hGFs > hPDLs. b Coculture with hMSCs entailed a
significantly increased extracellular matrix mineralization in hOAs and
hGFs compared to controls. In analogy to osteoid detection, hMSC
coculture resulted in a significant oral cell type-dependent hierarchical
increase in calcium nodule formation
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osteoid formation (p=0.0055 hMSC-cocultured hOAs vs.
hGFs and p<0.0001 hMSC-cocultured hOAs vs. hPDLs;
Fig. 5b).

Altogether, our data allow hypothesizing that the osteo-
genic differentiation progress appeared sustainably rein-
forced by hMSC coculture in hOAs. The most striking
observation is that hGFs outrivaled hPDLs in terms of
extracellular matrix (ECM) protein expression, ECM de-
posits and mineralization nodules. Hence, oral cells display
an osteogenic differentiation capacity that is inducible by
hMSCs; however, the hMSC impact on hPDLs remained
limited to the gene expression level.

Discussion

The therapeutic administration of stem cells employed for
tissue regeneration initiates multiple events affecting the re-
cipient tissue site (Prockop 2009; Tolar et al. 2010). In oral
regenerative medicine, to our best knowledge this is the first
report to describe a systematic comparison of the responses of
different human periodontal cell types, namely osteoblasts
from the alveolar bone (hOAs), periodontal ligament
(hPDLs) and gingival fibroblasts (hGFs), to the interaction
with human bone marrow-derived mesenchymal stem cells
(hMSCs). An innovative in vitro approach, based on interac-
tive cocultures facilitating multiple physiologically relevant
cell-to-cell interactions that may occur in vivo (Stark et al.
2004), indicated that h(MSCs sustained a proliferation pattern
in oral cells similar to matched controls but clearly shaped
their differentiation status in a graduated manner towards an
osteogenic direction. We hypothesize that the enhanced oste-
ogenesis may be attributed to oral cells rather than to hMSCs,
since the latter act as an inductor of osteogenic gene expres-
sion in oral cells, while, vice versa, oral cell coculture results
in decreasing osteogenic gene expression in hMSCs (Proksch
et al. 2012). These results together with the observation that
oral cell-only controls display a certain degree of osteogene-
sis, which is completely missing in hMSC-only controls, lead
us to the assumption that the greatly enhanced osteogenic
protein expression, matrix deposition and mineralization in
hMSC-oral cell cocultures may represent hMSC-mediated
osteogenic oral cell shaping.

Irrespective of spatial restriction as a possible reason for the
late stage proliferation decrease, the hMSC coculture did not
modify oral cell proliferation behavior. Sufficient cell num-
bers are crucial for clinical regeneration purposes, hence the
finding that h(MSCs do not restrict the number of putative hard
tissue-forming cells while simultaneously emphasizing their
osteogenic differentiation seems important. In this context, the
observed contraction of the 3D coculture gels seems to be
attributed more to an ongoing differentiation processes than to
cell proliferation because it may result from enhanced ECM
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deposition, probably concomitant with integrin-mediated
cell-matrix interaction and contractility (Engler et al. 2009).
Since hMSCs effectively prevent apoptosis upon interaction
with oral cells (Proksch et al. 2012), the enhanced gel con-
traction may additionally reflect hMSC-triggered enhance-
ment of cell survival.

The common developmental origin of hOAs, hPDLs and
hGFs as descendants of neural crest cells (Palmer and
Lubbock 1995; Kuratani et al. 1997) provides a plausible
explanation for their vast phenotype similarity in terms of
surface molecule expression. Nevertheless, considering that
these cells originate from sites that are either hard or soft
tissues, it is not surprising that their differentiation potentials
differ in reaction to hMSC coculture, as found in the hierarchy
of all parameters investigated. This observation reveals two
interesting outcomes, namely that oral cells dispose of a
certain degree of intrinsic plasticity and that the hMSC-
triggered differences in osteogenic differentiation may be
attributed to a distinct responsiveness of the diverse oral cell
types. In other words, the plasticity of oral cells can be shaped
towards an osteogenic phenotype (Zhou et al. 2008) via
hMSC interaction. With regard to hOAs, the observed
hMSC-related osteogenic induction reinforces their inherent
osteogenic potential. Nevertheless, the most significant find-
ing was that hGFs, representatives of pure soft connective
tissue cells, displayed robust potential for osteogenic differ-
entiation (Mostafa et al. 2011; Carnes et al. 1997). This is an
interesting aspect because hGFs, being neural crest derivatives
(Chai et al. 2000; Palmer and Lubbock 1995), display greater
similarity to hPDLs and hOAs than to dermal fibroblasts,
particularly in terms of gene expression (Lallier et al. 2005).
Although Lim and co-workers found osteogenic medium
additives to motivate hPDLs rather than hGFs to mineralize
their extracellular matrix (Zhou et al. 2008), hGFs were re-
ported to possess a robust osteogenic potential (Mostafa et al.
2011) and to be superior to hPDLs in the prevention of
osteoclast formation (de Vries et al. 20006). In this context,
our data suggest that 3D culture and hMSC interaction en-
courage hGFs to top hPDLs with respect to their inherent
mineralizing potential.

In the framework of hMSC coculture, hPDLs display an
enhanced responsiveness with regard to osteogenic gene tran-
scription but reduced protein expression and matrix matura-
tion. This reversal in gene transcription and downstream dif-
ferentiation processes imply a time delay between these steps.
However, but importantly, osteogenic differentiation events in
hPDLs rely on further stimuli including biomechanical cues,
e.g., mechanical forces applied to the periodontal cells and
particularly hPDLs during orthodontic tooth movement
(Krishnan and Davidovitch 2006).

In summary, our results show that oral cells possess a
discriminative inherent plasticity that, with the exception of
proliferation, is individually shaped by interactive hMSC

coculture in terms of gene transcription, matrix protein depo-
sition, osteoid formation and mineralization trends. Although
we admittedly did not identify specific pathways, we specu-
late that, at a mechanistic level, the observed hMSC influence
on oral cell realization of osteogenic features may be orches-
trated by non-direct contact-innate cell-to-cell-interactions
(Osugi et al. 2012; Ruschke et al. 2012), provided by the
coculture approach in this study. Thus, our results contrib-
ute substantially to the understanding of the cellular pro-
cesses, occurring during hMSC-based oral tissue regenera-
tion and explicitly portray the urgent need for fine tuning
the complex interactions of the different cell types. Such
knowledge will be precious for prediction of the outcome
of hMSC-based in vivo periodontal regeneration therapies.
In this light, the insights revealed from our study are
particularly important in terms of bone preservation as
the main clinical objective in periodontal regeneration.
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