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Abstract:

B-TCP is a resorbable bony biomaterial but its biodegradation mechanisms in vivo
remains unclear. Osteoclast can resorb B-TCP but a role for macrophages has also been
suggested by in vivo studies. However no in vitro study has clearly evidenced the action
of macrophages in the resorption process. We prepared flat B-TCP tablets with a smooth
surface to investigate the in vitro capability of murine (RAW 264.7) and human
macrophage cells (PBMCs) to resorb the biomaterial. In parallel, these cells were
differentiated into multinucleated osteoclasts with M-CSF and RANK-L. The action of
these cells was evaluated by scanning electron microscopy and Raman
microspectroscopy after a 21 day culture on the tablets. Human macrophages and
osteoclasts derived from PBMCs appeared able to resorb B-TCP by forming resorption
pits at the surface of the flat tablets. RAW macrophages were unable to resorb B-TCP but
they exhibited this possibility when they have been differentiated into osteoclasts. These
cells can engulf B-TCP grains in their cytoplasm as evidenced by light and TEM
microscopy with production of carbonic anhydrase (revealed by the immunogold
technique in TEM). The resorbed areas were characterized by severe degradation of the
grains showing speckled and stick-like aspects indicating a chemical corrosion. The
effect was maximal at the grain boundaries which have a slightly different chemical
composition. Changes in the Raman spectrum were observed between the resorbed and
un-resorbed B-TCP suggesting crystal modifications. In contrast, un-differentiated
murine macrophages were not able to chemically attack 3-TCP and no resorption pit was
observed. RAW cell is not a representative model of the macrophage-biomaterial
interactions that occur in human. This in vitro study evidences that both human

osteoclasts and macrophages represent active cell populations capable to resorb 3-TCP.
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1. INTRODUCTION

Beta-tricalcium phosphate (B-TCP) is a synthetic biocompatible ceramic that belongs to
the calcium orthophosphate family (Dorozhkin, 2017). Its chemical composition (-
Ca3(POs)2), close to the mineral phase of bone, allows its use as a bone substitute for
filling bone defects in neurosurgery, odontology, maxillo-facial and orthopaedic surgery.
B-TCP is recognized as osteoconductive as it provides a resorbable template for the
formation of new bone (Bohner et al., 2012; Guillaume, 2017; Hernigou et al., 2017;
Tanaka et al., 2017).

Degradation of calcium phosphate (Ca-P) ceramics implies an active cell process
(resorption) by cells of the macrophage lineage (Detsch et al., 2008). Although B-TCP is
known to be more easily resorbable than hydroxyapatite (the mineral phase of the bone
matrix), the mechanism of its resorption remains unclear at the cell level. In vivo studies
have shown that both mononuclear macrophages and multinucleated osteoclasts are
implied in the biomaterial breakdown (Chappard et al., 2010; Pascaretti-Grizon et al.,
2017; Suba et al., 2006; Zerbo et al., 2005). Analysis of human bone biopsies have shown
that osteoclasts can be identified by a histoenzymatic technique identifying tartrate
resistant acid phosphatase (TRAcP), an intracytosolic enzyme responsible for
intracellular breakdown of the organic phase of the bone matrix (Chappard et al., 2010;
Halleen et al., 1999; Tanaka et al., 2017). In parallel, the presence of a population of
macrophages whose cytoplasm is filled with B-TCP elementary grains is also observed
on histological sections and nanocomputed tomographic images (Pascaretti-Grizon et al.,
2017). So, a double population seems to be responsible for the resorption of B-TCP. We
have previously shown, in an in vitro study by time-lapse microscopy that B-TCP
granules can be attacked by macrophages (Beuvelot et al., 2011). However, no scanning
electron microscopic (SEM) studies on the biomaterial have unequivocally evidenced
resorption lacunae caused by macrophages (Beuvelot et al., 2011; Detsch et al., 2010;

Schaefer et al., 2011).



The aims of this study were to investigate the in vitro resorption of B-TCP by human
peripheral blood mononuclear cells (PBMCs) and murine macrophages (RAW 264.7) by
scanning electron microscopy (SEM). The cytokines M-CSF (macrophage colony
stimulating factor) and RANKL (ligand for the receptor-activator of nuclear factor kB)
were also added on both types of cells to induce the differentiation into osteoclasts on
plane B-TCP tablets. Immunogold analyzis of RAW 264.7 macrophages was done by
TEM to identify carbonic anhydrase, a key enzyme implied in the degradation of the

mineralized phase of calcified tissues (Laitala and Viaidnédnen, 1993).

2.  MATERIAL AND METHODS

2.1 Preparation of p-TCP tablets with a plane surface

A B-TCP slurry was obtained from Kasios (L’Union, France). It was composed of a
powder of elementary B-TCP grains mixed with a binder and a dispersing agent. The 3-
TCP slurry was poured into hydrophobic plastic Petri’s dishes containing polypropylene
rings, 1.5 cm in diameter. The slurry of was poured into each ring (0.5 mL) and was
subsequently dried for 24 hours at room temperature. This produced dried tablets that
were removed and sintered at high temperature (1200°C) in a laboratory furnace (Model
MRF1, Vecstar Furnaces, Chesterfield, UK) to obtain the final B-TCP tablets with a
perfectly plane surface. These tablets were used in 24-well plates for cell culture. Surface
roughness of the B-TCP tablets was analyzed using a Wyko NT 9100 vertical scanning
interference microscopy (Bruker Nano Surface, Palaiseau, France). We previously
analyzed the B-TCP biomaterial by XRF (dispersive X-ray fluorescence spectrometry) in
a previous paper and confirmed its purity (Pascaretti-Grizon et al., 2017). Prior to cell
seeding, B-TCP tablets were sterilized in 70% ethanol during 24 hours and dried for an

hour at room temperature.

2.2 Characterization of the biomaterial by Raman spectroscopy
The chemical spectrum of the B-TCP tablets was analyzed by Raman spectroscopy on a
Renishaw InVia Qontor microscope (equipped with a Leica DM2700 microscope,

objective 20X, NA 0.40, WD 0.39) with the WiRE 5.0 software (Renishaw, Champs sur
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Marne, France). The excitation laser wavelength was 532 nm with an excitation power
of 50 mW and a grating of 1800 line/mm resolution. The final spectrum was obtained by
averaging five scans of 1 sec each. A concave rubberband base line correction was
applied with an x'! polynomial equation. Spectra were obtained at the surface of control

B-TCP tablets and in areas modified by cell activity on cultured tablets.

2.3 Cell culture reagents and conditions

Alpha-Minimum Essential Medium Eagle (a-MEM), Dulbecco's Modified Eagle
Medium (DMEM), heat-inactivated fetal calf serum (FCS), penicillin and streptomycin
were purchased from Gibco (Thermofisher Scientific, Illkirch, France). Macrophage
colony-stimulating factor (M-CSF) and soluble human receptor activator of nuclear
factor kappa B ligand (shRANK-L; ref: 390-TN) and soluble murine RANK-L
(smRANK-L; ref: 462-TEC) were purchased from R&D Systems (Bio-Techne, Lille,
France). Histopaque 1077 was purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France). Embed 812® and glutaraldehyde were obtained from Electron Microscopy
Sciences (Hatfield, USA).

The B-TCP tablets were immerged overnight in 24-well plates filled with a-MEM
supplemented with 100 IU/ml penicillin, 100 pg/ml streptomycin and 10% FCS (fetal
calf serum) to remove any trace of ethanol. This also allowed proteins to adhere onto the

B-TCP surface. Macrophage cells were then seeded as described below.

2.4 Human PBMCs cell cultures

2.4.1 Isolation of human PBMCs

Human PBMCs were isolated from 5 buffy coats from venepunctures (Etablissement
Francais du Sang, Angers, France). Blood was diluted (1:1 volume ratio) in a-MEM with
100 IU/ml penicillin and 100 pg/ml streptomycin and without FCS. Diluted blood was
subsequently gently layered over Histopaque 1077 and centrifuged at 330 g for 20 min.
PBMCs were retrieved at the Histopaque interface and mixed with o-MEM with
penicillin and streptomycin (without FCS). Cells were then washed twice (10 min each)
and the supernatants were discard and replaced by a-MEM with penicillin, streptomycin

and 10% FCS at the end of the second centrifugation. Purity of the PBMC preparation
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was determined after May-Griinvwald-Giemsa staining and was found more than 95% as

previously reported by others (Jacob and Sudhakaran, 2001; Lyu and Park, 2005).

2.4.2 Culture of human PBMCs

PBMCs were seeded on the B-TCP tablets at a concentration of 2.10° cells per well.
Controls were obtained by seeding cells directly on the plastic well. Cells were allowed
to adhere for 3 hours; the medium containing all non-adherent cells was then discard and
replaced by fresh medium supplemented with M-CSF 25 ng/mL to ensure the viability
and the differentiation to naive macrophages of PBMCs. In half of the wells, RANK-L
(50 ng/mL) was added to the medium 7 days after seeding to induced differentiation into
osteoclasts. This procedure was used to compare the activity between PBMCs and
osteoclastic cells generated with the cytokine cocktail (M-CSF + RANK-L). In both
conditions, cells were cultured during 21 days were maintained in a humidified

atmosphere of 5% CO, at 37°C; the culture medium was replaced every 2 or 3 days.

2.5 Mouse monocytes/macrophages cell cultures

The mouse monocyte/macrophage cell line Raw264.7 (American Type Culture
Collection ATCC #TIB-71, Molsheim, France) was used. Cells were seeded on the -
TCP tablets in 24-well plates (21 250 cells per well) in a-MEM medium supplemented
with 25 ng/mL M-CSF. Cells were cultured for 21 days without RANK-L and with
RANK-L, 50 ng/mL, to induce osteoclast differentiation. They were either fixed or lysed

for SEM analysis as described above.

2.6 SEM analysis

Analyzes were done on a JEOL 6301F (JEOL, Paris, France). All samples were coated
with a 20 nm layer of platinum by sputtering with a high vacuum coater (Leica EM
ECA600, Leica, France). Images were captured in the secondary electron mode with an
acceleration tension of 3 kV.

The B-TCP tablets covered by the resorbing cells were washed 3 times in cacodylate
buffer (0.2 M, pH 7.4) and fixed overnight at 4°C with glutaraldehyde (2.5% in

cacodylate buffer). Half of the tablets were subsequently post fixed with osmium
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tetroxide (1% in distilled water for 1 hour). They were dehydrated with a gradient of
ethanol, desiccated with hexamethyldisilazane and examined by SEM to analyze the

morphology of the cells anchored at the surface of the biomaterial.

Remaining tablets covered by cells were treated overnight with ammonia hydroxide 1M
to gently lyse the cells, then washed in MilliQ water, sonicated 3 times then placed in
absolute ethanol followed by complete evaporation at room temperature in a similar way
as one of our previous studies (Mabilleau et al., 2012). This produced de-cellularized
tablets on which resorption areas can be identified as pits at the surface. Control B-TCP
tablets were similarly treated in ammonia hydroxide 1M to see if this protocol altered the

biomaterial surface.

For each de-cellularized B-TCP sample, ten SEM images were taken at a working
distance of 15 mm and at the same magnification and transferred in ImageJ (ImagelJ 1.52,
NIH). The SEM images were binarized and thresholded: the un-resorbed material
appeared in white and resorption lacunae in black. Resorption surface area was defined
as the ratio of black pixels over white pixels. The average area of the resorption pits was
determined on the same binarized SEM images. The outlines of the resorption pits were
obtained and used with the particle analysis facility of the software. For each pit, the size

in pum? was calculated and results were expressed as the average size for each sample.

2.7 3D profiles

The InVia Qontor Raman microscope (Renishaw, Champs sur Marne, France) was used
with the WiRE 5.0 software to acquire 3D profiles on the de-cellularized B-TCP tablets.
A 532 nm laser was used for 0.5 s at 2.5 mW for each point of the map with a 0.5 pm
distance between each point. The Live Track ™ technology was used to automatically
maintain the focus during data collection. The depth of resorption pits was measured on
ten pits for each culture condition. The x-y images were obtained with a minimum of 400
* 400 um, the z dimension was determined by focusing the laser at the surface of the -

TCP pellet. 3D maps were obtained and the tilt correction was done with the SurfChar].



plugin for ImageJ (Chinga et al., 2007). The depth of the resorption pit was determined

as the maximum z for each resorption pit.

2.8 Cytological analysis

PBMCs were cultured during 21 days in contact with small fragments prepared from the
tablets. They were fixed overnight at 4°C with 2.5% glutaraldehyde as above then washed
3 times in cacodylate buffer at 4°C. They were subsequently washed in MilliQ water and
dehydrated in increasing ethanol concentrations (from 50% to 100%). Samples were
transferred in a glass tube containing propylene oxide for 30 min at room temperature
then in propylene oxide/Embed812 (50/50) overnight and finally in the pure epoxy resin
(Embed 812®) for 4 h which was polymerized at 60°C for 48 h. Blocks were cut on a
Leica UC-7 ultramicrotome (Leica Microsystems, Heidelberg, Germany) equipped with
a diamond knife. Sections (2 um in thickness) were stained with azure blue II/methylene

blue and observed by light microscopy.

2.9 Transmission electron microscopy

Immunolabeling of carbonic anhydrase was performed on control Raw264.7 and PBMCs
cultured on plastic in a-MEM medium supplemented with 25 ng/mL M-CSF for 7 days.
Additional cells were similarly cultured on B-TCP granules with M-CSF or M-CSF +
RANK-L (25 ng/mL) as above. They were rinsed in phosphate buffer (0.1 M pH 7.4) and
fixed in glutaraldehyde (2.5% in phosphate buffer) for ultrastructural analysis or in
paraformaldehyde (2.5%) and glutaraldehyde (0.5%) in phosphate buffer for
immunolabeling.

For morphological analysis, cells were then rinsed in the phosphate buffer and post fixed
for one hour in osmium tetroxide (1% in distilled water). They were dehydrated in a
graded alcohol series, then transferred in propylene oxide before embedding in Epon.
For immunolabeling, cells were then rinsed in distilled water, dehydrated as above and
embedded at -20°C in Lowicryl (Lowicryl Monostep K4M polar, EMS, Hatfield, USA).
Blocks were sectioned on a Leica UC-7 ultra-microtome (Leica Microsystems,

Heidelberg, Germany) and transferred on copper or nickel grids.



For immunolabeling, the grids were place on a drop of glycine (0.2M in distilled water)
then rinsed in the phosphate buffer. They were then incubated during 30 min. in the
blocking solution (Blocking Solution for goat gold conjugates, ref. 905.002, Aurion,
Wageningen, Netherlands) and extensively rinsed in the phosphate buffer. Grids were
then incubated with the primary antibody against type II carbonic anhydrase (Anti-
Carbonic Anhydrase II, antibody ab191343, Abcam, Cambridge, UK) with a 1/40
dilution during one hour at room temperature. After rinsing, the secondary antibody
coupled with gold nano-beads (Sigma-Aldrich, Saint-Louis, USA - dilution 1/100) was
applied during one hour at room temperature. They were then rinsed in distilled water
followed by incubation for 10 min. in glutaraldehyde (2% in the phosphate buffer) and a
final rinse in water.

Grids for morphological analysis or immunolabeling were contrasted with 3% uranyl
acetate in 50° alcohol, rinsed in distilled water and let dried on Whatman® paper.
Analysis was done with a Jeol JEM-1400 transmission electron microscope (Jeol, Paris,

France), with an acceleration voltage of 120 kV.

2.10 Statistical analysis

Statistical analysis was performed with Systat statistical software (Systat, San José, CA,
release 13.00.05). All data are expressed as mean + SEM. Differences between the
different culture conditions were analyzed by a Kruskall-Wallis non parametric ANOVA
followed by a Mann-Whitney U test for pair-wise comparisons. A difference was

considered as significant when p<0.05.

3. RESULTS

3.1 B-TCP tablets characterization
The tablets prepared by our method were flat with a smooth surface; the arithmetic
average roughness (Ra) of the tablets, as determined by vertical scanning interference

microscopy, ranged from 300 to 350 nm.

3.1.1 Raman spectroscopy



The Raman spectrum of B-TCP tablets showed internal vibrations characteristic of the
PO.* tetrahedral groups of the B-TCP crystal as described in the literature (Kumar et al.,
2015; Pascaretti-Grizon et al., 2011). The symmetric stretching (vi) of P-O bonds of the
tetrahedron corresponded to the peaks with the highest intensity at around 948 cm™ and
970 cm™'. The asymmetric stretching (vs) had a lower intensity and was located in the
1017-1090 cm™! range. The other vibrational modes (v2 and v4) correspond to O-P-O
bending deformations of the tetrahedron. They were respectively located at 406 and 547
cm™,
3.1.2 SEM

The B-TCP elementary grains coming from the colloidal suspension in the slurry were
clearly visible before sintering (Fig. 1A). After sintering, the tablet surfaces appeared flat
at low magnification (Fig. 1C) with a polygonal pavement (Fig. 1B). Polygonal tiles were
separated from each other by grain boundaries. The overnight treatment with NH4OH

(used for de-cellularization) did not alter the surface of the sintered pellets (Fig. 1D).

3.2 Culture with macrophage cells

3.2.1 Mouse macrophages

RAW cells cultured had most frequently a round shape with a diameter ranging from 10
to 20 um (Fig. 2A). Cells emitted numerous filopodia that directly anchored them to the
surface of B-TCP. Cytoplasmic veil-like structures were observed at the apical cell
surface (Fig. 2B). Tilted images from the de-cellularized samples failed to evidence any

resorption lacuna (Fig. 2C).

3.2.2 Human macrophages

PBMCs appeared round and stretched with size ranging from 10 um in diameter and up
to 100 um in length (Fig. 3A-B-C). Round shaped and stretched cells were directly
anchored to the B-TCP by filopodia. De-cellularized samples clearly evidenced resorption
lacunae on the B-TCP surfaces (Fig. 3D). The eroded lacunae ranged from 100 to 200 um
in diameter. The lacunae were characterized by noticeable changes occurring at the

biomaterial surface (Fig. 3E). The top half part of fig. 3E shows a non-resorbed area while
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the bottom part shows the edge of a resorption pit. In these areas, grains situated at the
edges of lacunae were partly detached giving a chaotic aspect of the erosion pit. Grains
at the bottom of the lacunae were severely corroded and showed stick-like surface
alterations at higher magnifications, suggesting a chemical corrosion (Fig. 3F). Grain
boundaries seemed preferably attacked as deep grooves were observed that tend to
separate the previously sintered grains (Fig. 3F).

Cytological staining of semi thin sections evidenced that human macrophages derived
from PBMCs were able to phagocyte elementary grains of B-TCP (Fig. 4). Some

elementary grains of B-TCP were entirely absorbed in the cytoplasm of cells.

3.3 Culture with cells differentiated into osteoclasts

3.3.1 Mouse osteoclasts

SEM images showed the presence of flat giant cells with diameter ranging from 100 to
400 um (Fig. 5A). Signs of surface alteration of the B-TCP tablets were found in the
immediate vicinity of the cells as described above (Fig. 5B). Some grains evidenced
surface corrosion with stick-like alterations at high magnifications. Grain boundaries
were severely eroded giving the aspect of a dislocated surface (Fig. 5C).

The de-cellularized samples clearly showed resorption pits (Fig. 5D-E). Samples showed
numerous resorption lacunae randomly disposed at the surface of the B-TCP tablets. They
ranged from 100 to 300 um in diameter leading to an increased surface roughness with
dislocated grains in the eroded areas. The grains at the bottom of the lacunae evidenced
net signs of corrosion at higher SEM magnifications. Grain boundaries were preferably

attacked and deep grooves tend to separate them (Fig. SF).

3.3.2 Human osteoclasts

Giant flat cells were observed (around 80 pum in diameter) covering the surface of the
biomaterial, they were associated with round or elongated mono-nucleated cells (Fig.
6A). Signs of resorption of the B-TCP biomaterial were observed in the vicinity of the
giant cells with dislocation of the sintered grains and a hedgehog aspect of some grain

surfaces (Fig. 6B-C).
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On the de-cellularized tablets, the presence of numerous resorption lacunae was
evidenced as holes with irregular boundaries (Fig. 6D-E). When compared to the control,
the samples clearly evidenced resorption lacunae (Fig. 6E). The lacuna areas ranged from
50 to 200 um in diameter and their boundaries presented numerous dislocated grains (Fig.
6F). The surface of the grains inside the resorption area presented numerous spikes

indicating a severe corrosion of the crystals.

3.4 Transmission electron microscopy

The RAW cells or the PBMCs cultured on plastic without growth factor had a round (Fig.
7A) shape and were multinucleated in the presence of RANKL (data not shown). When
cultured on the B-TCP granules, they appeared to internalize in their cytoplasm large
crystals of the biomaterial (Fig. 7A). The biomaterial was fragile and brittle during
microtomy. Under the electron beam, it appears as black particles inside vacuoles (Fig.
7B-C).

Carbonic anhydrase labeling was characterized by the presence of gold nanobeads
diffusely scattered in the cytoplasm or aggregated into small clusters in undifferentiated
cells (Fig. 7D-E). In osteoclast prepared from cells were cultured with M-CSF + RANKL,
the number of gold nanobeads was markedly increased in the cytoplasm and they tend to

form larger clusters (Fig. 7F).

3.5 Raman analysis of -TCP in the eroded areas

Raman spectra were taken on a control B-TCP tablet (Fig. 8A) and at the bottom of
resorption pits made on B-TCP by differentiated and un-differentiated PBMCs. The
spectrum of a B-TCP tablet immerged 21 days in the culture medium did not differ from
the control sample (data not shown). On the control tablet spectrum, the 948 peak had a
lower intensity than the 970 peak.

In contrast, inside the resorption pits due to PBMCs, the intensity of the 970 peak was
markedly reduced and becomes convoluted with the 948 peak (Fig. 8B). Positions of the
other peaks and their relative intensities remained unchanged. The 948 and 970 peaks
correspond to P-O bonds of the POs* tetrahedron. The cellular degradation led to a

modification of these bonds.
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Figure 9 shows the 3D profiles of B-TCP tablets after culture and de-cellularization. The
control tablets presented a smooth surface (Fig. 9A). No pits were observed on tablets
cultured with un-differentiated RAW cells (Fig. 9B). Tablets seeded with osteoclasts
differentiated from RAW cells had shallow erosion zones scattered on the surface (Fig.
9C). They combined together to form extended shallow eroded areas. Each resorption
lacuna made by un-differentiated human cells was composed of a single deep pit at the
surface of the biomaterial (Fig. 9D). Differentiated human cells eroded the biomaterial

deeper than the un-differentiated human cells (Fig. 9E).

3.6 Quantitative analysis

Figure 10 shows the average depth, the percentage of eroded areas, the average pit size
and the images used for computation. No significant difference was observed between
differentiated and un-differentiated human cells for eroded areas and size of resorption
pit; the resorption pits were somewhat deeper with differentiated macrophages although
the difference did not reach significance. Un-differentiated mouse cells appeared unable
to erode the biomaterial, however after differentiation, they gained the capability to dig

resorption pits that were less deep than those created by human cells (p < 0.025).

4. DISCUSSION

In the present study, we have prepared very flat B-TCP tablets to analyze the onset of
resorption areas when macrophages or osteoclasts (differentiated from mononuclear
macrophage precursors) were seeded at the surface.

We found that only osteoclasts differentiated with M-CSF and RANK-L from RAW cells
were able to resorb B-TCP tablets and that undifferentiated RAW macrophages did not
create resorption pits. However, both macrophages and osteoclasts differentiated from
human PBMCs presented the ability to resorb B-TCP. The attacked grains showed spikes
on their surface, suggesting a chemical dissolution of B-TCP and deep grooves were
evidenced between the sintered grains, indicating a preferential and more potent attack in
this location.

Several studies have used the mouse RAW 264.7 model in vitro due to the availability of

the cells to investigate B-TCP resorption but results are contradictory. Some studies
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showed that dense and porous B-TCP is not resorbed by differentiated RAW 264.7 cells
after 21 days (Detsch et al., 2010; Schaefer et al., 2011). However, results from other
studies are in accordance with our findings, showing that mouse osteoclasts differentiated
from RAW cells can resorb B-TCP (Clarke et al., 2017; Roy et al., 2013; Xia et al.,
2006a). In the present study, we compared B-TCP resorption due to macrophage and
osteoclast cells of murine and human origin and marked differences were observed.
Human macrophages were able to resorb and phagocytize in vitro B-TCP grains while
mouse macrophages appeared unable to do this by SEM, 3D imaging or Raman
spectroscopy. Human macrophages and osteoclast differentiated with M-CSF + RANKL
from PBMCs attacked the biomaterial surface and dug resorption pits. In a previous
study, only osteoclasts differentiated human cells were found to resorb B-TCP (Davison
et al., 2014). Quantitative image analysis showed that mouse osteoclasts led to larger but
less deep resorption pits than human cells in the present study. Mouse osteoclasts were
larger in SEM than human osteoclasts differentiated PBMCs and created larger resorption
pits (Lees et al.,, 2001). Resorption lacunae created by mouse osteoclasts appeared
composed of numerous small local erosion pits whereas human cells dug fewer but deeper
pits. On tablets cultured with macrophages or osteoclasts, elongated mononucleated cells
were observed as classically reported with macrophages in long term culture (Zuckerman
et al., 1979). Their implication in the biomaterial resorption together with osteoclast is
probable and the morphometric analysis of the resorption pits takes this possibility into
account.

The SEM and Raman analysis of the resorption pits found in the present study suggest a
chemical dissolution of the crystal. The grain boundaries were more seriously attacked
indicating a higher dissolution rate of the grain boundaries than of the crystallites. In
polycrystalline materials, grains boundaries are known to be amorphous instabilities
where impurities can segregate if their solubility in the crystal is reached. In acidic
microenvironments, corrosion is known to preferentially occur at grain boundaries due
to the rapid dissolution of the amorphous impurities residing there (Curkovié et al., 2008;
Kishi et al., 1997; Mikeska et al., 2000). Raman spectra showed a modification of P-O
bounds of the PO4* tetrahedron corresponding to a chemical dissolution as well. The

Raman spectra modifications observed are similar to those found on B-TCP grains in
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cytoplasm of macrophages in patient after sinus-lift surgeries (Pascaretti-Grizon et al.,
2017). Osteoclast possess a mechanism responsible for dissolution of the mineral phase
of the bone matrix. They can produce and excrete protons in a subcellular compartment
(the resorption chamber) under the ruffled border. They possess a type II cytosolic
carbonic anhydrase which produce protons by coupling H>O and CO> and the protons are
excreted in the resorption chamber by a membrane-bound H*-ATPase (Asotra et al.,
1994; Laitala and Viidnénen, 1993). In the present study, this enzyme was identified by
post-embedding immunolabeling. The label was identified as scattered beads in the
cytoplasm of undifferentiated cells or aggregated in small clusters as reported by others
in monocyte/macrophages (Karhukorpi, 1991; Sundquist et al., 1987). The osteoclasts
differentiated from RAW or PBMC cells contained larger clusters indicating an increase
enzyme activity in these cells.

Biodegradation of B-TCP still remains unclear. In bone, multinucleated osteoclasts resorb
the calcified matrix to ensure the constant remodeling of the skeleton. Therefore, most in
vitro studies concerning -TCP biodegradation have focused on resorption by osteoclasts
using mouse RAW 264.7 cells (Detsch et al., 2008; Detsch et al., 2010; Roy et al., 2013;
Schaefer et al., 2011). However when analyzing bone biopsies from patients or animals
grafted with B-TCP, numerous macrophages are encountered in association with true
osteoclasts (Chappard et al., 2010; Pascaretti-Grizon et al., 2017; Suba et al., 2006; Zerbo
et al., 2005). Moreover, macrophages are able to phagocyte small B-TCP particles in vivo
(Chappard et al., 2010; Eggli et al., 1987; Nyangoga et al., 2010; Pascaretti-Grizon et al.,
2017; Suba et al., 2006). It was suggested that macrophages stimulate bone resorption
when phagocytosing particles (Murray and Rushton, 1990). Clearly, osteoclast is not the
only cell lineage involved in B-TCP resorption in vivo and we have presented a clear
evidence of an in vitro macrophagic action on B-TCP by SEM in this present work and
by video microscopy elsewhere (Beuvelot et al., 2011). Not only the mouse RAW model
is not consistent concerning resorption in vitro but it is also mostly used with cells
differentiated exclusively into osteoclasts leaving the macrophages resorption aside.
Most in vivo studies do not evidence that osteoclastic activity is the unique or main
biodegradation process for B-TCP in the human body. TRAcP negative giant cells,

formed by fusion of macrophages, are observed in the first steps of degradation of
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synthetic or natural ceramics before the onset of true TRAcP+ osteoclasts (Barbeck et al.,
2017; Baslé et al., 1993; Dersot et al., 1995). Zerbo et al., did not observe giant cells in
biopsies 6 months after sinus floor augmentation graft with B-TCP (Zerbo et al., 2005).
However, TRACP positive cells were present around the B-TCP particles but they were
present in small number and contained few nuclei. The authors concluded that osteoclasts
had only a limited role in the biodegradation of B-TCP. Another histologic study on
biopsies performed 6 months after sinus lift surgeries with B-TCP did not support the
osteoclastic resorption of the graft but identified B-TCP particles in the cytoplasm of
macrophages (Suba et al., 2006). We have repeatedly reported that both TRAcP+
osteoclasts and macrophages containing phagocytized B-TCP grains are found in human
and rabbit bone biopsies after B-TCP implantation but we have not identify inflammatory
giant cells (Chappard et al., 2010; Nyangoga et al., 2010; Pascaretti-Grizon et al., 2017).
In an animal study performed in the rabbit, we reported that ketoprofen, a non-steroidal
anti-inflammatory drug has no effect on the healing of a B-TCP graft confirming the
absence of inflammation induced by this synthetic biomaterial (Nyangoga et al., 2010).
Macrophages filled with elementary grains of B-TCP are found in the marrow spaces
between the newly formed bone trabeculae in such a high amount that they can be
visualized by X-ray nanocomputed tomography (Pascaretti-Grizon et al., 2017). They
appear very numerous giving a ‘milky way’ appearance in marrow spaces due to the
radio-opacity of the B-TCP grains in the cytoplasm of macrophages. In a series of biopsies
performed a long time after bone surgery in patients implanted with B-TCP, TRAcP+
osteoclasts were evidenced in direct contact with the biomaterial and other giant cells
expressing heterogeneous TRACP levels as well as macrophages were present in the
surrounding tissues (Kucera et al., 2014). The multinucleated osteoclasts differentiated
from mouse RAW cells and human PBMCs were found TRAcP positive (data not
shown).

In vivo studies tend to show that macrophages are involved in B-TCP resorption but in
vitro studies do not reflect this tendency with mouse RAW model. In the present study
and in the few studies in vitro using un-differentiated mouse RAW 264.7 macrophages,
no resorption was unequivocally evidenced (Clarke et al., 2017). However, with human

macrophages, our findings clearly evidenced resorption of B-TCP by PBMC
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macrophages. This suggests that in vitro macrophage resorption of -TCP depends on the
macrophage origin (i.e. mouse or human): macrophages from human PBMCs cells
resorbed B-TCP in vitro whereas murine RAW 264.7 macrophages could not attack the
biomaterial surface, even both cells exhibited similar cytological aspect in SEM (veil-
like processes) (Arbez and Libouban, 2017). The mouse RAW 264.7 model seems not to
be a representative model in vitro of macrophage resorption of B-TCP in human. It has
been reported that B-TCP up-regulates TNF-o, CCL2 (MIP-1), CCL3 (MIP-1a), CCL4
(MIP-1p), CCL5 (RANTES) and CXCL2 (MIP2-a)) in mouse macrophages in vitro (Tai
et al., 2016). However, PBMCs similarly exposed in vitro to B-TCP showed an increase
of TNF-a, IL-1B, IL-8 (Lange et al., 2009). Differences in the profile of cytokine
secretions between human and murine macrophages may explain the differences

observed for B-TCP resorption.

5. CONCLUSION

Our results show that B-TCP is resorbed and phagocytized in vitro by both human
macrophages and osteoclasts obtained from PBMCs. The use of flat B-TCP tablets
allowed an unequivocal identification of the resorption pits at the SEM level. Resorption
pits formed during biodegradation led to a corrosion of the B-TCP grains which was
maximum at the grain boundaries. Mouse macrophages, which are used in comparison
with PBMCs to study the erosion of biomaterials, did not alter the 3-TCP surface and no
resorption pit occurred (Chamberlain et al., 2009; Xia et al., 2006b; Zhang et al., 2012).
However, when they were differentiated using RANK-L and M-CSF, the osteoclasts
were able to degrade B-TCP. Un-differentiated RAW 264.7 cells did not appear to be a

representative model of the macrophage interactions with 3-TCP.
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LEGENDS OF FIGURES

Figure 1:

Figure 2:

Figure 3:

Figure 4:

SEM images of B-TCP tablets. A) Before sintering and B) after sintering. The
elementary grains have a typical polyhedral aspect and are closely packed
together. C) The same sample at a lower magnification to highlight the smooth
surface of the biomaterial. D) A control sample after immersion in NH4OH 1M

for 14 hours.

SEM analysis of mouse macrophages cultured 21 days with M-CSF and seeded
at the surface of a flat B-TCP tablet. A) Most macrophages have a round shape
and are anchored at the surface of the biomaterial. B) Higher magnification
showing that a macrophage is anchored at the polygonal surface of the B-TCP
tablet. No sign of disorganization of the biomaterial surface can be seen. C)

Tilted surface of a de-cellularized tablet confirming the absence of resorption

pit.

SEM analysis of human PBMCs cultured 21 days with M-CSF and seeded on
a B-TCP tablet. A) Macrophages have either a round or elongated shape and
are anchored at the surface of the biomaterial. B) Higher magnification C)
macrophages with veil-like processes anchored at the surface of B-TCP tablet.
D) Surface of a de-cellularized tablet showing numerous resorption pits,
compare with Fig. 1C. E) Edge of a resorption pit showing partly detached
grains giving a chaotic aspect. F) Grains at the bottom of a resorbed lacuna are
severely corroded and show stick-like surface alterations and grain boundaries

seem preferably attacked as deep grooves tend to separate the different grains.

Light microscopy of human PBMCs cultured 21 days with M-CSF in contact
with B-TCP (epoxy embedding). B-TCP grains appears in grey and cells in

blue, some grains are evidenced in the cytoplasm of the PBMCs.
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Figure 5:

Figure 6:

Figure 7:

SEM analysis of differentiated murine RAW 264.7 cells cultured 21 days with
M-CSF and RANK-L and seeded on a flat §-TCP tablet. A) A large osteoclast
is evidenced (arrowheads) together with small round macrophages at the
surface of the biomaterial. B) Higher magnification at the periphery of an
osteoclast (arrowheads) near an eroded area. C) Part of an osteoclast near a
resorption pit with partly detached grains giving a chaotic aspect. D) Tilted
surface of a de-cellularized tablet showing numerous resorption pits. E) A
resorption pit at a higher magnification clearly showing the difference between
the un-attacked and attacked areas of the tablet; compare with Fig. 1C. F)
Grains at the bottom of a resorbed lacuna are severely corroded and show stick-
like surface alterations; grain boundaries are preferably attacked with deep

grooves that separate the different grains.

SEM analysis of differentiated human PBMCs cultured 21 days with M-CSF
and RANK-L and seeded on a flat B-TCP tablet. A) Three large osteoclasts are
evidenced together with small round macrophages at the surface of the
biomaterial. B) Higher magnification at the periphery of a large osteoclast at
the surface of B-TCP. C) Part of an osteoclast covering a resorption area with
partly corroded grains. D) Tilted surface of a de-cellularized tablet showing
numerous resorption pits. E) A resorption pit at a higher magnification clearly
showing the difference between the un-attacked and attacked areas of the
tablet, un-tilted image; compare with Fig. 1C. F) Grains at the bottom of a
resorbed lacuna are severely corroded and show stick-like surface alterations
and grain boundaries are preferably attacked with deep grooves that separate

the different grains.

TEM analysis. A) A RAW 264.7 cells without cytoplasmic inclusion of B-
TCP; B) a human PBMC cultured in presence of B-TCP granules. The cell has
engulfed grains of the biomaterial in its cytoplasm; C) higher magnification of

a PBMC with a B-TCP inside a cytoplasmic vacuole; D) a RAW 264.7
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cultivated for 7 days on B-TCP granules. Few gold nanobeads are scattered in
the cytoplasm (arrow); E) a control RAW 264.7 cultured on plastic without -
TCP, few nanobeads are grouped in a small cluster (arrow); F) a RAW 264.7
treated by M-CSF + RANKL cultivated for 7 days on B-TCP. A large cluster

of nanobeads is evidenced.

Figure 8: Raman spectra of the B-TCP material. A) Spectrum obtained on a control [3-
TCP tablet. B) Spectrum obtained at the bottom of a resorption pit created by
PBMC:s cultured with M-CSF and RANK-L. Note changes in the 948 and 970

cm’! peaks.

Figure 9: 3D images of resorption pits on B-TCP after 21 days of cultures. The samples
were all de-cellularized. A) Control (immerged in medium for 21 days then
treated with ammonium hydroxide 1M overnight and watched with MilliQ
water) B) un-differentiated RAW cells; C) Differentiated RAW cells; D) un-
differentiated PBMCs; E) Differentiated PBMCs.

Figure 10: Quantitative analysis of biomaterial erosion by cultured cells. A) Average
depth derived from Raman analyzis. B) Percent of eroded surface of the flat 3-
TCP tablets, C) Average size of a resorption pit. D) Principles of computation

with Imagel of parameters on SEM images appearing in B and C.
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