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Abstract: Bone remodeling can be mimicked in vitro by co-culture models. Based on bone cells,
such co-cultures help to study synergistic morphological changes and the impact of materials and
applied substances. Hence, we examined the formation of osteoclasts on bovine bone materials
to prove the bone resorption functionality of the osteoclasts in three different co-culture set-ups
using human monocytes (hMCs) and (I) human mesenchymal stem cells (hMSCs), (II) osteogenic
differentiated hMSCs (hOBs), and (III) hOBs in addition of soluble monocyte-colony stimulating factor
(M-CSF) and cytokine receptor activator of NFκB ligand (RANKL). We detected osteoclast-specific
actin morphology, as well as the expression of cathepsin K and CD51/61 in single cells in set-up
II and in numerous cells in set-up III. Resorption pits on bone material as characteristic proof of
functional osteoclasts were not found in set-up I and II, but we detected such resorption pits in
set–up III. We conclude in co-culture models without M-CSF and RANKL that monocytes can
differentiate into osteoclasts that show the characteristic actin structures and protein expression.
However, to receive functional bone resorbing osteoclasts in vitro, the addition of M-CSF and
RANKL is needed. Moreover, we suggest the use of bone or bone-like materials for future studies
evaluating osteoclastogenesis.

Keywords: bone resorption; human monocytes; osteoclasts; osteoclastogenesis; bone remodeling;
co-culture model; in vitro test system

1. Introduction

Bone remodeling is an important process that maintains the homoeostasis of bone tissue in vivo.
Osteoprogenitors, osteoblasts, osteocytes, osteoclasts, and bone lining cells are the prevalent cells that
interact in a complex orchestrated way to maintain and adjust bone tissue [1]. The remodeling process
is influenced by several factors such as environmental cues, soluble factors, and cell interactions [2].
As osteoblasts and osteoclasts are the key players in bone remodeling processes and are closely
co-regulated, the inclusion of both cell types within an in vitro model that simulates the bone
remodeling process is a promising approach. In vivo, human monocytes (hMCs) derive from
hematopoietic stem cells that occur in the blood flow [3,4]. They are short living cells and can be
activated at the particular site by cytokine expression of supporting cells [5]. The question is whether
this specific regulation can be postposed in vitro. As known, the growth factor cytokine receptor
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activator of NFκB ligand (RANKL) is responsible for osteoclast differentiation, function, and survival;
osteoclasts can be generated in vitro by RANKL addition in mono culture to monocytes [6,7].
Characteristics of differentiated osteoclasts are the cathepsin K and CD51/61 αvβ-integrin expression.
αvβ-integrin is a receptor for vitronectin, whereas cathepsin K is a lysosomal cysteine proteases, which
is able to break down bone cartilage by catabolizing collagen type I, elastin, and gelatin [8,9]. Functional
osteoclasts are bone-resorbing cells. Even in vitro osteoclasts are able to develop this resorption
activity when they are cultured on bone or bone-like materials [10]. To simulate the in vivo situation
of osteoclastogenesis, a co-culture system with human monocytes or osteoclasts and supporting
cells such as mesenchymal stem cells (MSCs) or osteoblasts in appropriate culture conditions,
especially media supplementation and bone or bone-like materials, have to be combined. In several
studies, co-culture experiments were performed to examine signaling pathways, osteogenesis, or
osteoclastogenesis. Indirect co-cultures were performed based on the use of conditioned medium,
collected from alternative cell culture of breast cancer cells to study osteoclastogenesis induction
of peripheral blood mononuclear cells (PBMCs) and the metastatic bone microenvironment [11].
A 3D-dynamic co-culture set-up with osteoblasts and osteoclasts was established to simulate jawbone
microenvironment in vitro [12]. Moreover, local osteoclastogenesis induced by cellular crosstalk
between keratinocytes and fibroblasts was recognized [13]. Different culture models were built-up
to allow the exchange of soluble factors [14–16]. However, these conditions eliminate direct cell-cell
interactions. A set-up in which monocytes/osteoclasts and osteoblasts are cultured simultaneously
maintains cell-cell interactions and the exchange of soluble factors that are postulated to be essential
for the stimulation of osteoclast differentiation [6]. Some studies evaluated the influence of monocytes
on the osteogenic differentiation of MSCs [17–20]. It could be shown that factors such as bone
morphogenetic protein 2 are secreted by monocytes that induce an osteogenic lineage commitment of
MSCs [19]. Furthermore, the influence of stem cells or osteoblasts on osteoclastogenesis in a direct
in vitro co-culture model was performed and revealed the formation of osteoclast-like cells [21,22].
However, an extensive evaluation of culture conditions, as well as the evidence of active bone resorbing
osteoclasts by using bone or bone-like materials, is still incomplete for in vitro co-culture systems.
Thus, we compared different co-culture conditions on bone slices (BS) that aimed to achieve functional
human osteoclasts (hOCs) with characteristic actin morphology and the expression of cathepsin K and
CD51/61. Moreover, we focused on the bone resorption functionality of osteoclasts in our co-culture
set-ups by analyzing the appearance of resorption pits on bone materials.

2. Materials and Methods

2.1. Isolation of Human Monocytes

hMCs were isolated as described previously in Kleinhans et al. 2015 [10]. Briefly, cells were
obtained by Ficoll-Paque™ Plus (GE Healthcare; Chalfont St Giles, UK) density gradient centrifugation
at 485× g for 30 min at 4 ◦C (without brake). Buffy coats were mixed with blood buffer beforehand
that consisted of 4 g/L NaCl, 0.2 g/L KCl, 0.2 g/L KH2PO4, 1.15 g/L Na2HPO4, 14.7 g/L C6H9Na3O9

(sodium citrate dehydrate), and 5.0 g/L bovine serum albumin (BSA). hMCs were gathered from
the resulting interface by centrifugation and were washed three times with blood buffer (200× g,
7 min). Erythrocytes were lysed by adding 10 mL erythrocyte lysis buffer (8.29 g/L NaCl 1.0 g/L
KHCO3, 0.0372 g/L ethylenediaminetetraacetic acid (EDTA)) for 10 min at room temperature. After
centrifugation at 200× g for 7 min, another washing step was performed as described above. Finally,
the cell suspension was transferred at a density of 2.5 × 105 cells/cm2 in DMEM with L-Glutamine
and D-Glucose (Biochrom AG; Berlin, Germany) that contained 10% fetal calf serum (FCS) (Invitrogen;
Karlsruhe, Germany), so called basic medium, and 50 ng/mL M-CSF (HumanZyme; Chicago, IL, USA)
into culture flasks. An adhesion time of 1.5 h was performed before rinsing cells with PBS. Then,
the basic medium was changed every 2–3 days.
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2.2. Induction of Osteoclastogenesis

After the expansion time of 7 days, the hMCs were incubated with PBS/EDTA (Life Technologies,
Darmstadt, Germany) for 10 min and detached via trypsin/EDTA incubation of 10 min (Life
Technologies, Darmstadt, Germany). Passage 1 was seeded with a cell density of 1 × 105 cells/cm2 on
48 well tissue culture polystyrene (TCPS) and 1 × 105 cells on bovine bone slices (BS: Boneslices.com,
Jelling, Denmark). For osteoclastogenic differentiation, Dulbecco’s Modified Eagle Medium (DMEM)
contained 10% FCS, 50 ng/mL M-CSF and 50 ng/mL RANKL (R&D Systems, Wiesbaden, Germany).
This osteoclastogenic medium (OC medium) was replaced every 2–3 days. Analyses were done after
14 days of differentiation.

2.3. Activated Cell Scanning via Flow Cytometry

The cell population after monocyte isolation was analyzed via differentiation cluster (CD)
markers: CD14, CD45, and CD51/61 (Table 1). 1 × 105 cells per antibody combination were used.
Cells were taken before plastic adhesion (PA), 1.5 h after PA, and after 7 days of culture in basic
medium. Cells were centrifuged at 200× g for 5 min. Pellets were resuspended in coloring buffer
(BD-Biosciences, Heidelberg, Germany) and again centrifuged at 200× g for 5 min. This step was done
twice, and the pellets were resuspended again in coloring buffer. FC-blocker (FCR Blocking Reagent
human 120000442, Miltenyi Biotec, Bergisch-Gladbach, Germany) was added for 8 min to prevent
unspecific staining. The cells were washed two times with FACS-buffer (BD Pharmingen™, San Diego,
CA, USA) and centrifuged at 200× g for 5 min. Cells were divided into five aliquots for the fluorescence
staining of CD14, CD45, CD51/61 (CD14 APC anti human (555,399) BD Pharmingen™, Heidelberg,
Germany; CD45-PE (A07783), Beckmann Coulter, Marseille, France,; Fluorescein isothiocyanate (FITC)
anti human CD51/61 (555,505), BD Pharmingen™, Heidelberg, Isotype: IgG2a APC Mouse IgG2a,
K (555,576), BD Pharmingen™, Heidelberg, Isotype: IgG1 (Mouse)-PE (A07796), Beckmann Coulter,
Marseille, France; Isotype: FITC Mouse IgG1 Isotype Control Fluorescein Conjugated (IC002F), R&D
Systems, Minneapolis, MN, USA) and respective controls (Table 1) for 20 min, followed by washing
steps with FACS-buffer and centrifugation at 200× g for 5 min, done twice. Finally, fixation of
the stained cells followed with BD-fixation-solution (BD-Biosciences, Heidelberg, Germany) and
measurements at the BD-FACS-Verse™ were conducted.

Table 1. Used antibody combination for activated cell scanning via flow cytometry.

Aliqout Antibody Combination

1 Autofluorescence (undyed control)
2 51/61 FITC, IgG1-PE, IgG2a-APC
3 IgG1 FITC, 45-PE, IgG2a-APC
4 IgG1 FITC, IgG1-PE, CD14-APC
5 51-61 FITC, 45-PE, CD14-APC

2.4. hMSCs Isolation and Culture

hMSCs were isolated from human bone aspirate, which was purchased by Lonza and stored in
liquid nitrogen [23]. The cells were defrosted on ice and seeded in MSCBM-CD™ that contained 1%
MSC-GM-CD™ Supplement, 2% FCS, and 1% Pen/Strep (Lonza Group Ltd., Basel, Switzerland) (stem
cell medium). At 75% confluence, the cells were detached with trypsin/EDTA for 5 min and seeded
(1 × 104 cells/cm2). Further culture was done in basic medium or osteoblastogenic differentiation
medium as described below.

2.5. Induction of Osteoblastic Differentiation of hMSCs

The differentiation of hMSCs was done in osteoblastogenic medium (DMEM with L-glutamine
and D-glucose, 10% FCS, 1% Pen/Strep (Gibco Invitrogen, Karlsruhe, Germany, D), 10 mM
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β-glycerophosphate (Sigma-Aldrich, Steinheim, Germany, D), 50 µg/mL L-ascorbic acid-2-phosphate
(Sigma-Aldrich, Steinheim, Germany), and 100 nM dexamethasone (Sigma-Aldrich, Steinheim,
Germany). The osteoblastogenic medium (OB medium) was changed every 2–3 day until day
14–28, respectively.

2.6. Co-Culture of hMSCs and hMCs on TCPS and Cortical Bone Slices

The bone slices (BS) shipped in 70% ethanol were transferred to 48 well TCPS plates, washed in
PBS- (Biochrom, Berlin, Germany), and dried overnight. Three co-culture models were build-up on
bone slices (Scheme 1):

I. hMSCs with hMCs: the complete co-culture was done in basic medium without adding
differentiation factors.

II. hOBs with hMCs: hMSCs were differentiated with OB medium until day 13. After hMCs were
seeded on top of the generated hOBs, the co-culture was kept in basic medium.

III. hOBs with hOCs: hMSCs were differentiated with OB medium until day 13. After seeding
hMCs on top of hOBs, the co-culture was performed in OC medium by addition of
osteoclastogenic differentiation factors (M-CSF and RANKL).
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Scheme 1. Co-culture set-ups on bone slices (BS). 8 × 103 hMSCs were seeded at day 0 on bovine
bone material. Three different culture-models were build-up, whereas in model II and III hMSCs were
differentiated to hOBs by medium supplementation. At day 13, 1 × 105 hMCs were seeded on top of
the hMSCs/hOB and were co-cultured until day 28 in basic medium (model I and II) or in OC medium
(model III).

In all three models, 8 × 103 hMSCs were seeded first on BS, respectively. Medium was exchanged
every 2–3 days for all three models. At day 13, 1 × 105 hMCs were seeded on top of the hMSCs/hOBs.
Medium was replaced every 2–3 days until day 14/28, respectively.

2.7. Fluorescence Staining

To evaluate cell morphology, differentiation, and multi-nuclearity of osteoclasts, cells were stained
for f-actin, vinculin, cathepsin K, and CD51/61 (αvβ-Integrin).

Staining of the f-actin and vinculin (Table 2): The samples were washed with PBS, fixed with
Roti®Histofix (Roth; Karlsruhe, Germany), and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich;
Steinheim, Germany) in PBS for 10 min. The fixed cells were stained with alexa fluor 546 phalloidin
diluted 1:50 for 1 h. Cells were rinsed with PBS and stained with anti-vinculin-FITC-conjugate 1:100
for 1.5 h. Cells were washed again in PBS and the cell nuclei were counter stained with DAPI
(4′,6-Diamidin-2-phenylindol) 1:1000. Rinsed with PBS and covered with PBS, the samples were
analyzed by laser scanning microscopy (Zen 2.3, Carl Zeiss, Jena, Germany).
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Table 2. Antibodies and fluorophores applied for immunofluorescence.

Antibody/Fluorophore Product Code Manufacturer Registered Office

Purified Mouse IgG3, Isotype Clone
MG3-35 401302 BioLegend Biozol Eching (D)

Maus IgG1 X0931 DAKO GmbH Glostrup (DK)
Rabbit IgG, monoclonal isotype control

SP137 ab128142 Abcam Cambridge (USA)

Antibody-Diluent S302283-2 Acris GmbH Herford (D)

Actin staining
Alexa Fluor 546-Phalloidin A22283 Invitrogen Karlsruhe (D)

Vinculin staining
Monoclonal Anti-Vinculin-FITC antibody F7053-500UL Sigma-Aldrich Steinheim (D)

CD51/61 staining
Anti-CD51 + CD61 antibody [23C6] ab34226 Abcam Cambridge (USA)

Alexa Fluor F(ab′)2 488 Fragment of Goat
Anti-Mouse IgG (H+L) Antibody A-11017 Life technologies Darmstadt (D)

Cathepsin K
Anti-Cathepsin K antibody ab19027 Abcam Cambridge (USA)

Alexa Fluor F(ab′)2 555 A-21430 Life technologies Darmstadt (D)
DAPI (4′,6-Diamidin-2-phenylindol) 18860.01 Serva Electrophoresis GmbH Heidelberg (D)

Immunofluorescence staining of cathepsin K and CD51/61 (Table 2): Samples were fixed in
Roti®Histofix, as described above, incubated with 3% BSA, washed with PBS, and permeabilized with
0.1% Triton X for 10 min. Samples were washed again with wash buffer and incubated for 60 min
with primary antibodies of CD51/61 and cathepsin K 1:100. After rinsing with wash buffer, cells were
incubated in secondary antibody solutions of CD51/61 and cathepsin K, 1:500. The counter staining of
the cell nuclei and the analyses were carried out as described before.

2.8. Vybrant™ Cell Labeling

To analyze cell amount and cell distribution on BS, hMSCs were labeled by Dil (red) and hMCs
by DiO (green). Therefore, the three co-culture set-ups were performed as described above. Before
seeding, the cells were stained with Vybrant™ Cell Labeling Solutions (Gibco-Invitrogen, Karlsruhe,
Germany). Cells were centrifuged at 450× g for 5 min and resuspended in FCS free basic medium at a
concentration of 1 × 106 cells/mL. 5 µL Dil Vybrant™ Cell Labeling Solution (630–700 nm, red-orange)
was gently mixed with hMSCs. The same was done with hMCs and Vybrant DiO Cell Labeling
Solution (480–650 nm, green). After an incubation time of 20 min at 37 ◦C, two washing steps followed
with basic medium and centrifugation at 450× g for 5 min. The staining was used for co-cultures on
BS and 48 well TCPS.

2.9. Scanning Electron Microscopy (SEM)

After washing the cells with PBS, samples were fixed in 2% glutaraldehyde solution (Sigma
Aldrich; Steinheim, Germany) for 45 min at room temperature, dehydrated through a graded ethanol
series (25%, 50%, 75%, 96% ethanol, 2-propanol; 5 min each), air-dried, sputter coated with a thin layer
of gold, and observed by SEM (LEO 1530-VP; Carl Zeiss, Jena, Germany).

To examine the resorption of the bone matrix, the cells were removed from the surface by
incubation in 0.5% trypsin-EDTA (Invitrogen; Karlsruhe, Germany) for 20 min at 37 ◦C, followed
by lysis with 1% Triton X-100 (Sigma-Aldrich; Steinheim, Germany) for 1 h at the plate shaker.
Subsequently, the samples were treated as explained above for SEM. The diameter of the detected
resorption pits was measured on three different SEM images per culture condition at 18 different pits.
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2.10. Statistics

Each experiment was repeated at least three times (three biological replicates with three technical
replicates each). Statistical significance was assessed by the software OriginPro 8 G using one factor
analysis of variance (ANOVA) applying post hoc fishers Least Significant Difference (LSD) test.
The data were expressed as mean values ± standard deviation.

3. Results

The aim of this study was to evaluate the osteoclastogenesis of hMCs on bone slices, induced
by hMSCs/hOBs in a co-culture system that focused on characteristic actin formation, CD51/61
expression, and bone resorption functionality. Primary hMSCs and hMCs were isolated and
characterized by different techniques. As control, differentiation was induced by medium supplements
in order to generate hOBs or hOCs.

3.1. Characterization of Human Monocytes

Buffy coats were used to isolate the hMCs. These Buffy coats consist of erythrocytes, lymphocytes,
monocytes, and plasma. For isolation, a cell density gradient centrifugation was performed (DGC).
In addition, erythrocytes were lysed and lymphocytes were removed while monocytes were adhering
onto polystyrene surfaces. Characterizations of the hMCs were done via flow cytometry analysis
during isolation after DGC, 1.5 h plastic adhesion, and 7 days expansion after plastic adhesion
(Table 3). The expression of characteristic proteins to identify monocytes like CD14 [24,25] and CD45
for leukocytes [26] was analyzed. Furthermore, the expression of CD51/61 as characteristic proteins of
osteoclasts was measured, whereby CD51 is the vitronectin receptor (Integrin α-V) and CD61 is the
integrin β-3 [27–30]. The expression of CD 14 increased during the different isolation steps. CD45 was
shown in high concentrations over all three isolation steps, whereas less than 1% of the cells expressed
CD51/61.

Table 3. Characterization of hMCs by flow cytometry. Cells were analyzed after density gradient
centrifugation (DGC), 1.5 h after plastic adhesion (PA) and after 7 days of culture in basic medium.
During the culture period, nearly all hMCs expressed CD45, and the level of CD14 increased, whereas
osteoclast-specific CD51/61 was expressed by less than 1% of the cells.

CD14 (%) CD45 (%) CD51/61 (%)

DGC 21.00 ± 13.35 96.66 ± 0.98 0.22 ± 0.12
1.5 h PA 34.60 ± 9.37 95.52 ± 1.35 0.25 ± 0.12

1.5 h PA and 7 days cultured 37.43 ± 2.52 99.42 ± 0.66 0.40 ± 0.53

3.2. Comparison of hMCs and hOCs on TCPS and BS

For the fluorescence staining, hMCs were differentiated into hOCs in medium containing M-CSF
and RANKL for 14 days on BS and TCPS or kept undifferentiated in basic medium (Figure 1). On both
materials, cells with an osteoclast-like, multinucleated morphology occurred, if cultured in OC medium
(Figure 1A,B). Cells, cultured in basic medium for 14 days, kept their hMC like phenotype.

Changes in the cytoskeleton, such as the formation of podosomes, filopodia, and, especially,
actin rings, are characteristic of osteoclast-like cells. Therefore, we used staining of actin and vinculin.
Actin-rings were detectable in active osteoclasts (Figure 1A). αvβ-Integrin (CD51/61) was detectable
on both materials. Cathepsin K expression was less in osteoclast-like cells on TCPS (Figure 1B). Imaging
resorption-activity of hOCs was evaluated by SEM. On BS former cultured with hOC resorption pits
were detected (Figure 1C).
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Figure 1. Comparison of hMCs and hOCs on BS and TCPS. The staining was performed after 14
days of cell culture with OC and basic medium, respectively. On both materials osteoclast-like large
multinucleated cells occurred. The typical actin rings (red arrow) were only formed on BS (actin: white;
vinculin: green) and by cells cultured with OC medium (A). The CD51/61 expression was shown on
both materials (CD51/61: white; cathepsin K: red) but sealing zones were only formed on BS (black
arrow) (B). Cells on BS were removed and resorption pits were visible in SEM-analysis (C) for hMCs in
OC medium (yellow arrow).

3.3. Characterization of the Co-Culture Set-Ups on BS

To examine osteoclastogenesis, three co-culture models were built-up on BS. In model I, hMSCs
were pre-cultured in basic medium for 13 days. hMCs were added and co-cultured for additional 14
days in basic medium. In model II, hMSCs were pre-cultured for 13 days in osteoblastogenic medium.
hMCs were added and co-cultured for additional 14 days in basic medium. The conditions in model III
were analogous to model II; however, the co-culture was performed in osteoclastogenic differentiation
medium containing M-CSF and RANKL. The characterization of osteoclastogenesis was performed by
fluorescent staining and SEM analysis on the bone material.

3.3.1. Distribution of hMCs and hMSC on BS in Our Co-Culture Set-Ups

The Vybrant™ cell labeling was applied to obtain an overview of the distribution of hMCs and
hMSCs on BS after 1 and 14 days of co-culture (Figure 2). Red stained hMSCs and green stained
hMCs were detected in all three co-culture models directly after seeding (Figure 2A) or after 14 days
(Figure 2B), whereby more hMSCs than hMCs were seen in all co-culture models.
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Figure 2. Vybrant™ cell labeling of hMCs (green) and hMSCs (red) to verify cell distribution within
three co-culture set-ups after 1 day (A) and 14 days (B) of co-culture. Much more hMSCs were
detected than hMCs in all set-ups at both time points. “+”: These cells were cultured in medium
supplemented with factors that supported differentiation. “−”: These cells were cultured in medium
not supplemented with factors that supported differentiation.

3.3.2. Morphological Analysis of the Osteoclastogenesis on BS in Co-Culture Set-Ups

To evaluate the morphology of the different cell-types during the co-cultures, f-actin and vinculin,
as well as CD51/61 and cathepsin K, were stained after 28 days of culture/14 days of co-culture
(Figure 3). In the mono cell-culture controls, the typical actin morphology for osteoclasts (Figure 3A)
and CD51/61 expression (Figure 3B) was only found for hMC+.

The formation of osteoclast-specific actin (white) rings was seen in co-culture model III, whereby
in model II only sporadic changes in actin arrangement were detected. No osteoclast-specific actin
formation was detected in model I (Figure 3C). hMSC specific actin fibers with either diffuse vinculin
staining or staining at the end of the fibers were observed in all three co-culture set-ups.

CD51/61 (red) and cathepsin K (white) as typical proteins for osteoclasts occurred in cells in
all three co-culture models (Figure 3D). For cathepsin K, there were only sporadic cells stained in
co-culture model I and II, but numerous cathepsin K-positive cells were seen in co-culture set-up III.
Furthermore, in model III, larger and more multinucleated cells were detected as in model I and II.
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Figure 3. Morphological analysis of the osteoclastogenesis in different co-culture set-ups on BS after
14 days of co-culture. To analyze cell morphology an actin-vinculin staining (actin: white; vinculin:
green) in mono- and co-cultures was performed (A,C). Single osteoclast-specific actin arrangements
were seen in model II and more often in model III. Actin-rings in hMCs+ and co-culture model III
are highlighted with red arrows. CD51/61 postive and cathepsin K-positive cells were detected in all
co-culture models (CD51/61: white; cathepsin K: red) (B,D). The amount of cathepsin K stained cells
was highest in model III.

3.3.3. Analysis of Osteoclast-Specific Bone Resorption Activity in Co-Culture Set-Ups on BS

To evaluate the resorption activity of osteoclasts, bone slices were analyzed concerning resorption
pits, also known as howship’s lacunae, after 14 days of co-culture. Therefore, the cells were detached,
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the BS were fixed, and SEM analysis was performed (Figure 4). Large Howship’s lacunae, caused by
active osteoclasts, were detected on BS cultured with hMCs+ (Figure 4A).
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Figure 4. SEM analysis of resorption activity of osteoclasts on bone slices (BS) after 14 days of co-culture
time. Cells were detached before analyzing the BS for the mono-culture (A) and the co-culture set-ups
(B). Resorption pits can be seen on bone slices with former mono-culture of hMC+ and on bone slices
of former co-culture model III. In the black box a higher magnification of the pictures is shown.

For all other mono-cultures, only a dense fiber network was seen on hMSCs+ set-ups, but no
resorption pits were detected. Such network structures were also observed on the bone slices with
former co-cultures on it (Figure 4B). In co-culture-set-up III, resorption pits were found. Comparing
the resorption pits in the co-culture model III and the mono-culture, the ones on the co-culture set-up
were more spherical, while resorption pits in the mono cell-culture were more aligned. The diameter
that the resorption pits detected on BS for hMCs+ was 21.84 ± 4.92 µm, while the diameter for the pits
on BS with former hMCs+/hMCs+ culture was 23.29 ± 6.67 µm.

4. Discussion

In vivo bone is remodeling permanently caused by osteoblasts and osteoclasts [31]. Co-culture
models can mimic these processes in vitro. In our study, we focused on several co-culture set-ups
to achieve functional osteoclasts. Therefore, our models were built-up on bovine bone materials
to analyze not only the morphology and protein expression of achieved osteoclasts but, moreover,
their bone resorption activity.

4.1. Characterization of Isolated hMCs

We used human monocytes and mesenchymal stem cells to establish co-culture models, which
allowed us to analyze the development of active osteoclasts in presence of hMSCs or osteogenic
differentiated hMSCs. hMCs were isolated from buffy coats and characterized during different
isolation steps by flow cytometry. CD14 is a characteristic surface protein found on monocytes [24,25].
We detected 34% CD14-positive cells after 1.5 h of plastic adherence. Similar results are found in
literature [32]. More recent studies showed that coating TCPS with albumin could increase further
monocyte adhesion [33,34].

CD45 is a type I transmembrane glycoprotein and a member of the protein tyrosine phosphatase
family, which is present on all differentiated hematopoietic cells [35,36]. We detected nearly 99% of
CD45-positive cells in our population, which means that most of our hMCs are not yet differentiated
to osteoclasts. This is underlined by less than 1% CD51/61-positive cells during the culture period.
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CD51/61 is produced in the adhesion domain of differentiated osteoclasts, which is why we used it as
control and later for osteoclast-specific staining in the co-culture set-ups [27–30].

4.2. Comparison of Osteoclast Generation on TCPS and BS

We performed experiments to compare the differentiation of hMCs on TCPS and BS. Active
osteoclasts were polarized with a basolateral and an apical cell-area. These large multinucleated cells
had podosomes, lamellipodia, and filopodia actin formation and built different domains like a sealing
zone and a ruffled border [10,37–39].

We could have shown these morphological characteristics for monocytes cultured in OC medium
on TCPS and BS by staining actin and vinculin. Characteristic actin formation was seen only on BS.
Takahashi and colleagues observed the same on mineralized matrices [10,40]. We detected vinculin
staining overlaid with the actin rings, which revealed an extensive cell-extracellular matrix contact.
This was also described by Saltel and colleagues [41]. No actin rings were detected in cells on TCPS, as
osteoclasts adhere to artifical material that they can not resorb [10,42,43]. We believe TCPS is not suited
for evaluating bone resorption functionality of osteoclasts, and, therefore, we built-up our subsequent
co-culture models on bone-slices. Moreover, to determine the successful differentiation of hOCs, a
staining of CD51/CD61 was performed.

As expected, no CD51/61-positive cells were detected in basic medium, whereas
CD51/61-positive cells were detected on TCPS and BS after culture in OC medium. Cathepsin
K staining was proved diffusely in the cytosol of hMCs in basic medium, but the intense was higher in
generated osteoclasts in OC medium. On BS, we saw more cathepsin K-stained vesicles and granula,
which corresponded to active osteoclasts. This was also shown by Avnet and Lamolinarat on glass and
dentine [8]. For the evaluation of the bone resorption activity of hOCs, SEM analysis of bone slices
was performed. The typical Howship’s lacunae were detected after removing the cells from BS, which
underlines the former occurrence of functional bone resorbing osteoclasts on our material.

4.3. Different Co-Culture Set-Ups in Comparison

Different co-culture models for MSCs/osteoblasts and osteoclasts are found in literature
[12,14,15,17,20]. One system consists of hMSCs and generated osteoblasts cultured on two levels
of membrane-like structures from mineralized collagen. Spatial separation of both cell types was done
by transwell inserts, while exchange of soluble factors was still ensured. It was shown that in co-culture
with hMSCs more osteoclasts could be generated, compared to the co-culture with osteoblasts [44].

In 1999, Mbalaviele and colleagues [45] worked on co-culture models with hMSCs from human
bone marrow and CD34+ hematopoietic stem cells (HSCs). They tested different co-culture settings
like separation of cells via membranes versus direct cell-cell contact, whereby the model with cell-cell
contact yielded better results [45].

The co-culture model we tested was based on the co-culture model of Heinemann and
colleagues [46]. hMCs were seeded on osteogenic differentiated hMSCs and co-cultured for 14
days, allowing direct cell-cell contact. Heinemann et al. [22] used L-ascorbic acid-2-phosphate,
β-glycerophosphate, dexamethasone, and, in addition, vitamin D3, which influences the osteoclastic
differentiation as well. Vitamin D3 was used before RANKL identification for in vitro generation of
osteoclasts [27,45,47,48].

Our aim was to build up co-culture models on bone slices that contained active osteoclasts.
Besides, we evaluated the need for different supplements in our media dispensing vitamin D3. As a
first characterization of the osteoclastogenesis in our models, we performed a staining of actin and
vinculin to detect morphological changes in actin formation. Next, we performed a staining of proteins
expressed in differentiated osteoclasts like CD51/61 and cathepsin K. Moreover, we evaluated the
functional resorption activity of our osteoclasts by using bovine bone as substrate material for our
co-cultures, which enabled us to analyze the occurrence of resorption pits.
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By cell labeling, we saw a much higher number of hMSCs than hMCs in our co-culture models.
This was quite similar to the situation we have in vivo [49,50]. In addition, we proved the appearance
of both cell types in our co-culture models during the whole culture time.

After staining actin and vinculin, we detected a change in actin formation in co-culture model
II and III. While only single cells showed this actin restructuring in model II, more cells had an
osteoclast-specific actin morphology with podosome belts and actin rings in model III. No cells with
osteoclast-specific actin morphology were seen in model I. Active osteoclasts form a ring-like structure
as adhesion domain on bone by αvβ3-integrin and build a sealing zone between the cell and the bone
matrix. The cysteine protease cathepsin K is essential for bone resorption and is expressed by osteoclasts
and released through the ruffled border into the resorption pit between cell and matrix [39,51].

We detected positively stained cells with cathepsin K granulates in all of our co-culture set-ups.
Staining of this protease occurred even in cells without any osteoclast-specific morphology; wherefore,
we believe cathepsin K is not sufficient to determine osteoclasts in co-culture systems. The results
of the CD51/61 staining underlined the observation we made for the actin and vinculin staining.
Only sporadic CD51/61 positive cells were seen in co-culture model I and II, but numerous intensively
stained cells with osteoclast-specific morphology-like large and multinucleated cells were seen in
model III. These outcomes were confirmed further by the final experiments that analyzed the resorption
activity of the achieved osteoclasts in the co-culture models. No resorption pits were found on BS of
model I and II, whereas on BS of model III resorption pits were detected. These pits were similar in
geometry and diameter to the resorption pits seen in the mono-culture of hOCs and to the ones we
reported earlier on different bone or bone like materials [10]. These results provided evidence of the
presence of functional bone resorbing osteoclasts in our co-culture model.

Heinemann and colleagues [22] showed the formation of large multinuclear osteoclasts in their
co-culture set-ups. However, in comparison to our study, they didn’t perform an activity test to reveal
the osteoclast resorption ability. Their cell culture was performed on xerogele, a combination of silicate,
bovine collagen, and hydroxyapatite, and cells were analyzed by gene and protein expression and
morphological observations [21].

A recent study by Schulze et al. presents a direct co-culture of hMSCs and hMCs on a
SaOS-2-derived extracellular matrix [52]. This matrix was introduced as an alternative material
for testing bone resorption activity of osteoclasts [53,54]. They revealed an increased resorption on
these cell-derived matrices by generated active osteoclasts, even without the addition of RANKL and
M-CSF to the cell culture medium.

In contrast to the study of Schulze et al., [52] we assume differentiation factors such as M-CSF and
RANKL were not sufficiently expressed in our culture set-ups to create active OCs on BS without further
supplementation. Only in model III, including M-CSF and RANKL in the media, characteristic actin
formation, the expression of cathepsin K, and CD51/61 in multinuclear cells, as well as resorption pits,
were seen on BS. It would be interesting to compare the BS and the SAOS-2-derived matrix regarding
material properties and the resorption activity of osteoclasts on them. The proportion of cell amount
could be an alternative optimization for our co-culture system to produce more osteoclastogenic factors
like RANKL and M-CSF by hMSCs/ osteoblasts [45]. For further improvement of in vitro co-culture
set-ups for bone remodeling of the culture media, the cell ratio and also the culture substrate are
important factors that need to be considered. In particular, the bone resorption on native bone or
bone-like materials should be evaluated as a real proof of functionality during osteoclastogenesis.

5. Conclusions

To determine osteoclastogenesis, our co-culture models were built-up on bovine bone material,
which enabled us to perform the usual stainings and thereafter analyze the bone resorption activity of
the cells in the co-culture set-ups. We successfully induced osteoclastogenesis, but active bone resorbing
osteoclasts were achieved only by the addition of M-CSF and RANKL to the medium. Positive
staining alone is not sufficient to determine functional osteoclasts in our opinion, as we detected



J. Funct. Morphol. Kinesiol. 2018, 3, 17 13 of 16

more osteoclast-like cells by staining than we later found by analyzing the presence of resorption
pits. The refinement of culture conditions is crucial to the outcome of cell development. By our
study, we contributed highly to the improvement and definition of in vitro culture conditions for more
sophisticated co-culture models. As other studies have demonstrated previously, the culture substrate
influences osteoclastogenesis. Therefore, we suggest, for future studies, the use of bone materials as a
standard material to compare the bone resorption functionality of the achieved osteoclasts.
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