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a b s t r a c t 

Human mesenchymal stromal cells (hMSCs) seeded on calcium phosphate (CaP) bioceramics are exten- 

sively explored in bone tissue engineering and have recently shown effective clinical outcomes. In previ- 

ous pre-clinical studies, hMSCs-CaP-mediated bone formation was preceded by osteoclastogenesis at the 

implantation site. The current study evaluates to what extent phase composition of CaPs affects the os- 

teoclast response and ultimately influence bone formation. To this end, four different CaP bioceramics 

were used, hydroxyapatite (HA), β-tricalcium phosphate ( β-TCP) and two biphasic composites of HA/ β- 

TCP ratios of 60/40 and 20/80 respectively, for in vitro osteoclast differentiation and correlation with 

in vivo osteoclastogenesis and bone formation. All ceramics allowed osteoclast formation in vitro from 

mouse and human precursors, except for pure HA, which significantly impaired their maturation. Ectopic 

implantation alongside hMSCs in subcutis sites of nude mice revealed new bone formation at 8 weeks in 

all conditions with relative amounts for β-TCP > biphasic CaPs > HA. Surprisingly, while hMSCs were es- 

sential for osteoinduction, their survival did not correlate with bone formation. By contrast, the degree of 

early osteoclastogenesis (2 weeks) seemed to define the extent of subsequent bone formation. Together, 

our findings suggest that the osteoclastic response could be used as a predictive marker in hMSC-CaP- 

based bone regeneration and strengthens the need to understand the underlying mechanisms for future 

biomaterial development. 

Statement of significance 

The combination of mesenchymal stromal cells (MSCs) and calcium phosphate (CaP) materials has 

demonstrated its safety and efficacy for bone regeneration in clinical trials, despite our insufficient under- 

standing of the underlying biological mechanisms. Osteoclasts were previously suggested as key media- 

tors between the early inflammatory phase following biomaterial implantation and the subsequent bone 

formation. Here we compared the affinity of osteoclasts for various CaP materials with different ratios 
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Autologous bone grafting is the method of choice in treating 

on-union fractures and other large skeletal defects caused by 

rauma, cancer or metabolic diseases [ 1 , 2 ] but it is associated with

rawbacks such as limited availability, donor site morbidity and 

apid resorption. In recent years, this gold standard has been chal- 

enged by innovative therapies relying on the combination of os- 

eoconductive biomaterials with osteogenic factors or stem cells 

 3 , 4 ]. Among the most promising strategies, the combination of 

iphasic calcium phosphate (BCP) bioceramics and mesenchymal 

tromal cells (MSCs) culture expanded from the bone marrow, has 

roven its safety and efficacy in treating long bone non-unions 

r maxillofacial defects in patients [5–7] . Despite these clinical 

chievements, the exact mechanisms leading to bone regeneration 

emain unclear and its understanding is necessary in order to de- 

elop or select optimal delivery biomaterials. It was widely be- 

ieved that the therapeutic value of MSCs for bone repair is based 

n their ability to differentiate into different cell types. However, 

everal studies have revealed that the vast portion of donor MSCs 

ies shortly after implantation due to lack of oxygen and glucose, 

nd that the newly formed bone is primarily of host origin [8–11] . 

Osteoclasts are well recognized for their role as bone-resorbing 

ells. During bone healing, osteoclasts participate in a well- 

rchestrated process together with several other cell types to re- 

tore the skeletal function [12] . During the early stage of bone 

ealing, i.e., inflammatory phase, osteoclasts resorb dead and 

ecrotic bone at the injury site, while later on, they are active in 

he remodeling process [13] . Osteoclasts also communicate with 

one-forming cells derived from MSCs to coordinate new bone 

eposition. These messages can be sent by various means: bone 

atrix-released growth factors, osteoclast-secreted proteins (clas- 

okines), extracellular vesicles, and membrane-bound factors. These 

oupling factors can either stimulate or inhibit osteoblast differen- 

iation and bone formation [14] . 

In the context of bone tissue engineering, calcium phosphates 

CaP) are particularly interesting due to their biocompatibility, 

iodegradability, osteoconductivity, and chemical similarity to the 

ineral phase of bone [ 15 , 16 ]. They are usually obtained by sinter-

ng at high temperatures which generates hydroxyapatite (HA) and 

-tricalcium phosphate ( β-TCP) bioceramics having different phase 

omposition, solubility in body fluids, micro-, macro- porosity and 

pecific surface area [17] . When CaP materials are implanted in 

n extra-osseous site, such as muscle or subcutis, osteoclasts show 

n early appearance before new bone is formed. Further, their re- 

ruitment to the implantation site is significantly enhanced, when 

aP were pre-loaded with MSCs [ 9 , 18 ]. Interestingly, inhibiting the 

arly osteoclastic response via an anti-RANKL-antibody or an anti- 

steoporotic drug (e.g., clodronate) impaired subsequent bone for- 

ation in vivo [ 9 , 19 ], highlighting the pivotal role of osteoclasts in

one formation in this context. 

Bioceramics made of HA, β-TCP, or mixtures of both (bipha- 

ic calcium phosphate, BCP) have been extensively investigated for 

one regeneration [17] . Most clinical applications use BCP with 

he HA/ β-TCP ratio of 20/80 based on the outcome of subcuta- 

eous implantation experiments in mice [8] . However, this com- 
418
m phosphate. We found that osteoclast formation, both in vitro and at

with bone formation when the materials were implanted alongside MSCs

ival did not correlate with bone formation, suggesting that the number or

d was more important. 

The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

icle under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )

osition did not perform drastically better than other formulations 

hen associated with hMSCs [20] . The bioactivity of BCP occurs 

hrough the chemical dissolution in body fluids of the most sol- 

ble phase β-TCP and the reprecipitation of biological apatite on 

he stable HA while their cellular resorption by foreign body giant 

ells and in some cases, osteoclasts remain limited. Nevertheless, 

steoclasts’ adhesion, differentiation, and activity can be influenced 

y material-specific parameters such as chemical composition, sur- 

ace roughness, dissolution rate, grain size or microporosity [21–

6] . Physicochemical properties do not only affect osteoclast de- 

elopment and activity, but they can also modulate the crosstalk 

etween osteoclasts and bone-forming osteoblasts. Shiwaku et al. 

eported that an increasing percentage of HA in BCP reduced in 

itro osteoclastogenesis and the expression and secretion of posi- 

ive coupling factors that in turn modulate osteoblast function [27] . 

Given these data, the main objective of this manuscript was to 

emonstrate whether phase composition of CaPs can affect osteo- 

lastogenesis, both in vitro and in vivo . We tested this hypothesis 

sing four CaP formulations with various proportions of HA and 

-TCP: pure HA, pure β-TCP and BCPs with HA/ β-TCP ratios of 

0/40 and 20/80. We evaluated the ability of these materials to 

upport osteoclastogenesis in vitro , using human and mouse pre- 

ursors. Then, we correlated these observations with in vivo re- 

ponses in a subcutaneous nude mouse model to study the rela- 

ionship between the level of osteoclastogenesis and newly formed 

one. In the ectopic site, hMSCs were transplanted alongside the 

aP materials to create an osteoinductive environment with subse- 

uent analysis of their engraftment and survival. 

. Materials and methods 

.1. Biomaterials and bone slices 

.1.1. Preparation of CaP discs and granules 

Discs were prepared through a cement reaction using a solid 

hase consisting of 98 wt. % α- α-tricalcium phosphate ( α-TCP) 

nd 2 wt. % precipitated hydroxyapatite (PHA, Merck, Germany) 

ixed with water at a liquid-to-powder ratio of 0.65 mL/g. The 

ynthesis of α-TCP was performed as previously described in Gine- 

ra et al. [28] . Briefly, α-TCP was prepared by heating calcium hy- 

rogen phosphate (CaHPO4 , Sigma-Aldrich, USA) and calcium car- 

onate (CaCO3 , Sigma-Aldrich) in a molar ratio of 2:1 at 1400 °C for 

5 h, followed by quenching in air. α-TCP powder (5.2 μm median 

ize) was obtained by milling in an agate ball mill (Pulverisette 6, 

ritsch GmbH, Germany) with 10 balls (d = 30 mm) for 15 min 

t 450 rpm. The cement paste was placed in Teflon molds of 2 

m in height and 6 mm in diameter and left in a humid atmo- 

phere at 37 °C for 7 hours to achieve cohesion. From here, two dif- 

erent routes were followed: I) for β-TCP discs, the samples were 

mmersed in water at 37 °C for 10 days to allow for complete hy- 

rolysis to calcium-deficient hydroxyapatite and were subsequently 

intered at 1100 °C for 15 h; II) for BCP discs in a 20/80 and 60/40

A: β-TCP ratio and for stoichiometric HA discs, a previously devel- 

ped protocol was used [29] . Briefly, the samples were immersed 

n a 0.01 wt. %, 0.45 wt. % or 2 wt. % sodium bicarbonate (NaHCO3, 

igma-Aldrich) solution for BCP 20/80, BCP 60/40 and HA respec- 

ively, and a hydrothermal treatment was applied by autoclaving at 

http://creativecommons.org/licenses/by/4.0/
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21 °C and 1 bar for 30 minutes. Subsequently, samples were thor- 

ughly washed with deionized water and sintered at 1100 °C for 15 

. To obtain granules, the discs were manually milled and sieved 

etween 590 and 840 μm (mean particle size 770 ± 130 μm). 

For in vitro testing, discs were sterilized with 70 % ethanol for 

0 min, followed by three washing cycles with phosphate-buffered 

aline (PBS, Gibco, Thermo Fisher Scientific, USA) prior to preincu- 

ating them in complete culture media containing alpha-minimum 

ssential medium ( αMEM; Gibco, Thermo Fisher Scientific), 10 % 

etal bovine serum, 100 U/ml penicillin and 100 μg/ml strepto- 

ycin (Eurobio, France; Biochrom, Germany) for 24 h at 37 °C and 

 % CO2 . Granular material for subcutaneous implantation was 

terilized by gamma-irradiation (23.5 kGy) and pre-incubated in 

erum-free αMEM for 24 h under classical cell culture conditions 

37 °C, 5 % CO2 ). 

.1.2. Material characterization 

The phase composition of CaP biomaterials was analyzed by X- 

ay diffraction using a diffractometer (D8 Advance, Bruker Corp., 

SA) equipped with a Cu K α anode operated at 40 kV and 40 mA. 

ata were collected in 0.02 ° steps over the 2 θ range of 20 °−40 °
ith a counting time of 2 s per step. Phase identification was ac- 

omplished by comparing the experimental patterns to those of 

A (JCPDS 86-1201), and β-TCP (JCPDS 70-2065). Semiquantitative 

hase-composition analyses were carried out using DIFFRAC.EVA 

oftware (Bruker, USA). The skeletal density was measured by he- 

ium pycnometry (AccuPyc 133; Micromeritics, USA). The specific 

urface area was determined by nitrogen adsorption using the BET 

Brunauer-Emmett-Teller) method (Gemini VII, Micromeritics) and 

he open porosity and pore entrance size distributions were ob- 

ained by mercury intrusion porosimetry (MIP, Autopore IV Mi- 

romeritics). 

The ultrastructure of CaP discs was visualized using scanning 

lectron microscopy (SEM). Briefly, discs were placed on a sample 

older and imaged without any sample preparation at 5 kV with a 

M30 0 0 Tabletop SEM (Hitachi, Japan). 

.1.3. Preparation of bovine bone slices 

Bovine cortical bone discs were prepared as described in Kam- 

leitner et al. [30] . Briefly, dried bovine cortical bone was cut into 

00-350 μm thick slices using a low-speed diamond saw (Buehler, 

SA). These bone slices were further punched into round discs 

Ø = 5 mm) and subsequently washed with distilled water, 70 % 

nd 100 % ethanol in an ultrasonic bath. After that, bone slices 

ere irradiated with UV light for 15 min on each side under ster- 

le conditions. For in vitro testing, bone discs were preincubated in 

omplete culture media for 24 h. 

.1.4. In vitro calcium release and adsorption by CaP discs and bone 

lices 

To investigate ionic changes in the culture media, CaP discs 

nd bone slices were pre-incubated for 24 h in complete culture 

edium at 37 °C and 5 % CO2 . After collecting and storing the pre-

ncubation media (day 0), samples were consequently cultivated 

or another 8 days in complete culture medium under humidified 

onditions. A media change was performed every other day, and 

he supernatants were collected at specific time points (day 2, 4, 6 

nd 8). All collected media were stored at -20 °C until analysis. 

Calcium concentration was determined using a colorimetric cal- 

ium assay (Sigma-Aldrich, MAK022). After centrifugation (5 min, 

500 rpm) of the collected media, supernatants were diluted 1:5 

n ultrapure water and mixed with chromogenic substrate solution 

nd assay buffer as indicated in the manufacturer‘s instruction. Ab- 

orbance was measured at 575 nm on a standard microplate reader 

nd compared to a calcium standard curve. 
419
.2. Osteoclast cultures 

Human osteoclast differentiation was performed on CD14 + cells 

solated from the peripheral blood of three healthy donors, pro- 

ided by the EFS (Etablissement Français du Sang) under ethi- 

al approval and after receiving informed consent. Human periph- 

ral blood mononuclear cells were isolated from whole blood by 

icoll®-Paque Premium (GE Healthcare, USA) gradient and sorted 

ith CD14 microbeads on LS MACS column (Miltenyi Biotec, Ger- 

any). Cell pools enriched in CD14 + monocytes were aliquoted 

nd stored in liquid nitrogen until use, no longer than 6 months. 

Mouse osteoclasts were derived from bone marrow precursors 

rom 8–12-week-old BALB/c mice (Charles River Laboratories, Ger- 

any). Mice were euthanized and dissected under sterile condi- 

ions to retrieve both femurs and tibiae. Epiphyses were cut off, 

nd the medullary cavities were flushed to collect the marrow. 

o lyse the erythrocytes, the mouse bone marrow was incubated 

ith red blood cell (RBC) lysis buffer (Abcam, UK) for 5 min 

t room temperature. Bone-marrow-derived precursor cells were 

reshly used for differentiation experiments. 

Human or mouse osteoclasts precursors were seeded onto the 

re-incubated CaP discs, bovine bone slices or tissue culture plas- 

ic in complete culture medium supplemented with 25 ng/mL (hu- 

an CD14 + ) or 30 ng/mL (mouse precursors) recombinant human 

-CSF (rh-M-CSF, Milteny Biotech) at a density of 3.125 × 105 /cm2 

nd were cultivated for 8 days at 37 °C and 5 % CO2 . On day 2, 100

g/mL of soluble rh-RANKL (Milteny Biotech) or 30 ng/mL recom- 

inant mouse RANKL (rm-RANKL, R&D Systems, USA) was added to 

nduce osteoclast development. A media change was performed ev- 

ry other day, and cell-conditioned media was collected and stored 

t -20 °C for tartrate-resistant acid phosphatase (TRAP) activity as- 

essment. After 8 days, cells were fixed in 10 % formalin (Sigma- 

ldrich) f or TRAP st aining. 

.3. Osteoclast characterization 

To monitor osteoclast differentiation throughout the culture 

eriod, we evaluated the extracellular acid phosphatase activ- 

ty (simplified here as TRAP activity) in cell-conditioned me- 

ia at every media change (days 2, 4, 6, and 8) as numerous 

tudies have shown its suitability for osteoclast differentiation 

ssays and demonstrated a direct correlation to the osteoclast 

umber [ 21 , 31 , 32 ]. Briefly, TRAP activity was measured using a

uoresence-based approach (EnzChek® Phosphatase Assay Kit, In- 

itrogen, Thermo Fisher Scientific). After centrifugation of the col- 

ected media, supernatant and substrate solution (200 μM 6,8- 

ifluoro-4-methylumbelliferyl phosphate; DiFMUP) were mixed in 

 ratio of 1:2 according to the manufacturer‘s instructions. The de- 

hosphorylation reaction was allowed to take place for 15 minutes 

t 37 °C. Fluorescence was measured on a microplate reader (ex- 

itation 358 nm; emission 455 nm) and compared to a standard 

urve of the dephosphorylated product (6,8-difluoro-7-hydroxy-4- 

ethylcoumarin; DiFMU). 

For TRAP staining, we followed a previously described protocol 

30] . Briefly, formalin-fixed samples were incubated for 30 min- 

tes at 37 °C in a TRAP buffer containing 40 mM sodium acetate 

nd 10 mM sodium tartrate (pH = 5). The buffer was removed, and 

 1:1 mixture of acetone and 100 % ethanol was applied for 30 

econds for cell permeabilization. The samples were left to air dry 

or 2 minutes and incubated with the TRAP staining solution for 30 

inutes at 37 °C. The reaction was stopped with distilled water and 

amples were imaged using an optical microscope (Olympus IX73 

ith an Olympus DP74 color camera, Olympus, Japan). All reagents 

sed for TRAP staining were purchased at Sigma-Aldrich. 
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.4. hMSC isolation and culture 

hMSCs were isolated and characterized by the Institut für Klinis- 

he Transfusionsmedizin und Immungenetik (IKT) of Ulm (Germany) 

s previously described [33] . Detailed information on the cells used 

n the present study can be found as supplementary material of 

he above-mentioned article (donor ID 7554). Briefly, hMSCs were 

solated from the iliac crest of a healthy male donor (age: 22), after 

eceiving informed consent according to the Declaration of Helsinki 

nd ethical approval from the local ethical committee. hMSCs were 

xpanded in culture at 37 °C and 5 % CO2 in basal culture medium 

onsisting of α-MEM supplemented with 100 U/ml penicillin and 

00 μg/ml streptomycin, 5 % pooled human platelet lysate (PL), 

nd 1 IU/ml medical grade heparin. PL from several blood donors 

as prepared by IKT Ulm. For phenotypic characterization of hM- 

Cs, flow cytometry and tri-lineage differentiation capacity were 

ssessed. In the following animal experiment, hMSCs were used at 

assage 3. 

.5. Ectopic implantation model 

Animal experiments followed the European recommendations 

2010/63/UE) and were authorized by the local ethical commit- 

ee (project #6575) and the National competent authority (Min- 

stère de l’Enseignement Supérieur de la Recherche et de l’Innovation , 

PAFIS#6575-2016083011049070 v3). Six weeks old NMRI nude fe- 

ale mice were purchased from Janvier Labs (France) and were 

oused in filter cages with ad libitum access to food and water. 

For ectopic implantation, mice received a subcutaneous injec- 

ion of buprenorphine (0.03 mg/kg; Axience, France) as an anal- 

esic 30 min before surgery and were placed under general anes- 

hesia by inhalation of isoflurane (induction: 3.5 %; maintenance: 

.5 % at 1L/min oxygen; Axience). To prevent hypothermia, the an- 

mal‘s temperature was sustained by a heating plate (37 °C) during 

he procedure and recovery. Two vertical incisions were made at 

he dorsal back of the animal. After that, a subcutaneous pocket 

as made using blunt scissors, implant materials were placed, and 

ounds were closed using non-resorbable sutures (Filapeau 4/0, 

eters Surgical, France). Additional analgesic injections could be 

erformed in the first 48h after surgery if signs of pain were no- 

iced. 

Animals were randomly and equally assigned to the treatment 

roups (n = 5). Each mouse received two implants, the biomaterial 

lone in the form of granules (50 mg) and the material (50 mg) 

re-seeded with 2 × 106 hMSCs in serum-free media. Cells were 

eeded onto CaP granules in serum-free αMEM and implanted af- 

er 1-2 h. After 2, 4, or 8 weeks, animals were sacrificed, subcutis 

mplants were harvested and immediately fixed in 4 % formol so- 

ution (Sigma-Aldrich). 

.6. Histology and histomorphometry 

Fixed explants were decalcified in PBS containing 4.13 % 

thylenediaminetetraacetic acid (EDTA) and 0.2 % paraformalde- 

yde (pH 7.4) using a microwave automat (KOS Histostation, Mile- 

tone Med. Corp., USA). Samples were then dehydrated in ascend- 

ng grades of ethanol, followed by a butanol bath in an automated 

ehydration station (STP-120, MM France) and embedded in paraf- 

n (Histowax, Histolab, Sweden). Thin sections (3 μm) in the cen- 

er of each construct were prepared on a microtome (RM2255, Le- 

ca, Germany) and deparaffinized before staining. 

For bone formation, deparaffinized histological sections were 

tained by Masson‘s Trichrome method (Fuchsin Ponceau F/C0443, 

range G F/C0082, Light Green F/C0702, all from MM France). 

n this staining, collagen appears green, cell nuclei appear dark 

lue/black, and cytoplasm, erythrocytes, and muscle red. 
420
To study the impact on osteoclast recruitment and function, we 

tained the histological sections for TRAP and cathepsin K (CTSK). 

o visualize TRAP, sections were incubated with a staining solution 

onsisting of 1 mg/mL naphthol AS-TR phosphate, 60 mmol/L N,N- 

imethylformamide, 100 mmol/L sodium tartrate, and 1 mg/mL 

ast red TR salt solution (Sigma-Aldrich) for 1 h, followed by hema- 

oxylin counterstaining for cell nuclei. For CTSK detection, slides 

ere deparaffinized and incubated overnight at 60 °C in Tris EDTA 

H = 9 buffer for antigen retrieval. Endogenous peroxidases were 

locked by incubating the slides in 3 % H2 O2 for 15 min and 

on-specific sites were saturated by a blocking solution (2 % goat 

erum, 1 % BSA in TBS pH7.6, 0.05 % Tween) for 30 min. The 

rimary antibody (rabbit polyclonal anti-cathepsin K, Abcam, ab 

9027) was diluted in the blocking solution (1:40 0 0) and applied 

n the slides for 2 hours at room temperature. The secondary anti- 

ody (biotinylated goat anti-rabbit, Dako, Germany, E0432, 1:400) 

as applied for 1 hour at room temperature. Staining was revealed 

y incubation with streptavidin/horseradish peroxidase conjugate 

Dako, P0397), followed by a 3,3’ diaminobenzidine solution (DAB 

uanto, Thermo Scientific, TA-125-QHDX). 

Implanted human cells were tracked using an antibody target- 

ng vimentin, a type II intermediate filament protein following the 

ame procedure as for the CTSK staining. While non-specific to hu- 

an cells, the antibody was shown not to cross-react with mouse 

issues (data not shown) and used successfully in a similar con- 

ext in a previous study [34] . The incubation with the primary 

onoclonal mouse anti-vimentin antibody (1:800 dilution, Dako, 

0725) was carried out over 1 hour followed by 45 minutes with 

he secondary goat anti-mouse biotinylated antibody (1:500 dilu- 

ion, Dako, E0433). Staining was revealed by incubation with strep- 

avidin/horseradish peroxidase conjugate (Dako, P0397) followed 

y 3,3’ diaminobenzidine solution (DAB Quanto, Thermo Scientific, 

A-125-QHDX). 

All stained slides were scanned using a NanoZoomer (Hama- 

atsu, Japan) to analyze new bone formation, osteoclastogenesis, 

nd the presence of hMSCs. 

.7. Histomorphometry 

Masson‘s Trichrome stained slides were manually segmented 

or newly formed bone in the explant using Adobe Photoshop 

Adobe, USA). Bone formation was calculated by dividing the bone 

rea (nB.Ar) by the available area (Av.Ar = total explant area 

 biomaterials surface area) and is presented as a percentage 

nB.Ar/Av.Ar %). 

TRAP-positive areas (TRAP + area %) and the number of hM- 

Cs from vimentin immunostaining (Vim + /Tt.Ce %) were calcu- 

ated after image processing using QuPath [35] . Briefly, for TRAP 

taining, color segmentation was performed, and stained (red) pix- 

ls were counted and compared to the total pixel count to deter- 

ine a percentage of the TRAP + area. For vimentin, the total num- 

ers of cells (Tt.Ce) were detected according to their hematoxylin- 

ounterstained nuclei and cell expansion was set from each nu- 

leus to consider the cytoplasm compartment. Finally, a threshold- 

ng on vimentin staining was determined and the percentage of 

imentin-positive (Vim + ) cells was calculated as a ratio of the to- 

al cell number (Tt.Ce). 

.8. Statistical analysis 

Data presentation and statistical analysis were performed using 

raphPad Prism 9.0 (GraphPad Software, USA). In vitro results are 

resented as mean ( ± SD). Data quantifying in vivo osteoclastoge- 

esis, bone formation and hMSC survival are shown in box plots 

s median with range. Statistical differences were determined us- 

ng either one-way ANOVA with Tukey‘s post hoc test for multiple 
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Table 1 

Phase quantification, skeletal density, specific surface area (SSA) and porosity (%) of all studied 

biomaterials. 

Material HA (%) β-TCP (%) Skeletal density (g/mL) SSA (m2 /g) Porosity (%) 

β-TCP 0.0 100.0 3.08 ± 0.01 0.31 ± 0.01 40.9 ± 0.4 

BCP 20/80 19.9 80.4 3.11 ± 0.02 0.59 ± 0.01 51.3 ± 0.5 

BCP 60/40 56.0 44.0 3.13 ± 0.01 0.40 ± 0.01 49.3 ± 0.5 

HA 97.2 2.8 3.18 ± 0.07 0.53 ± 0.01 50.3 ± 0.5 
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omparisons in case of multiple groups or two-way ANOVA with 

idák post hoc test for multiple comparisons in case of multiple 

iomaterials with and without hMSCs. Differences were considered 

tatistically significant when p < 0.05. 

Further data analyses were conducted to evaluate potential cor- 

elations between in vitro and in vivo osteoclast assessments and 

cross the entire in vivo dataset. Therefore, we plotted the mean 

alues of the individual assessments and calculated the Pearson’s 

orrelation coefficient (r). Overall correlations across the in vivo 

ataset are presented as a heat map. Relevant correlations includ- 

ng their corresponding Pearson’s correlation coefficients (r) and 

oefficients of determination (R2 ) were further shown in separate 

raphs as mean per material ( ± SEM). A p -value of < 0.05 was

onsidered statistically significant. 

. Results 

.1. Characterization of biomaterials 

Fig. 1 A shows the XRD patterns of the studied materials, which 

re quantified in Table 1 . While HA and β-TCP showed only the 

haracteristic peaks of each phase, the biphasic nature of the ma- 

erials was observed for both BCP 60/40 and BCP 20/80. The val- 

es of skeletal density obtained by helium pycnometry ( Table 1 ) 

orresponded to the theoretical densities of these compounds. The 

pecific surface area (SSA, m ²/g) and porosity ( %) are depicted in 

able 1 . It can be observed that β-TCP shows the lowest SSA and

orosity. Fig. 1 B shows the pore entrance size distributions. For all 

roups, porosity is in the range of the microporosity (1-10 μm), as 

dditionally observed by SEM imaging ( Fig. 1 C). 

When soaked in culture media, the four CaP compositions pre- 

ented different profiles of calcium release or uptake over 8 days 

 Fig. 1 D). The control bone slice and BCP composites showed only 

inor interaction with the calcium in the culture media causing 

nly little changes in the calcium content. HA discs tended to re- 

ease calcium in the early days, with a significant increase at day 

, resulting in a mean calcium concentration of 4.27 mM before 

ecreasing below the standard level. On the contrary, β-TCP discs 

emonstrated a strong uptake of calcium during pre-incubation, 

ith an average calcium concentration of 0.72 mM, before return- 

ng to the basal level on day 2. 

.2. In vitro osteoclast differentiation 

In vitro osteoclast formation was studied using human CD14 + 

f three healthy donors and mouse precursor cells. Cultures of hu- 

an CD14 + monocytes differentiated in the presence of M-CSF 

nd RANKL into TRAP + osteoclasts on plastic, bone and all tested 

aP materials by day 8 ( Fig. 2 A). Overall, the cell density appeared

ower on HA materials than all others, with fewer and smaller 

RAP + cells. BCP 60/40, BCP 20/80 and β-TCP showed a regular 

istribution of TRAP-stained cells with higher numbers. While BCP 

0/40 presented TRAP + cells of similar size, larger cells were fre- 

uently observed in BCP 20/80 and β-TCP. A DAPI/Phalloidin stain- 

ng (Supplementary Fig. 1A) confirmed the observed differences in 

ell density and morphology. Unlike the typical podosome border 
421
f osteoclasts cultured on plastic and bone slices, precursors grown 

n CaP surfaces formed isolated podosome clusters, making it dif- 

cult to delimit cytoplasm and conclude on multinucleation. A 3D 

econstruction of the surfaces was done using SEM (Supplementary 

ig. 1B) but no clear resorption of the CaP materials could be ob- 

erved with these culture condition, contrasting with the pits visi- 

le on bone surface. 

As an indirect measurement of osteoclastogenesis, we detected 

he TRAP enzymatic activity secreted by cells in the media at ev- 

ry media change ( Fig. 2 B). All three CD14 + donors showed similar

rends for plastic, bone, and CaP materials; however, donor varia- 

ions led to higher variabilities. On plastic and bone, TRAP activity 

teadily increased over time as monocytes differentiated into os- 

eoclasts. A plateau in TRAP activity was reached on bone on day 

, whereas cells on plastic further differentiated until day 8. Inter- 

stingly, we detected TRAP on day 2 before starting RANKL stim- 

lation, which was higher when cultured on CaP materials, albeit 

ot significant. BCP 60/40, BCP 20/80, and β-TCP enabled osteo- 

lastic differentiation to a more considerable extent compared to 

ontrols and HA. This was evident from day 4, suggesting a poten- 

ial pro-osteoclastogenic effect of these materials. Whereas most 

aP materials presented a stable activity around day 4 or 6, TRAP 

ctivity levels on HA dropped from day 4 and finished lower than 

t the beginning. Although not significant, the maximum TRAP ac- 

ivity was reached on BCP 60/40, followed by BCP 20/80 and β-TCP. 

he lowest value was observed on HA. Only differences in TRAP ac- 

ivity between BCP 60/40 and HA were statistically significant. 

To test whether the differentiation of mouse osteoclasts was 

ffected differently by CaP materials, we cultured mouse bone- 

arrow-derived osteoclast precursors and differentiated them us- 

ng M-CSF and RANKL ( Fig. 3 ). Qualitative image analysis of TRAP- 

tained cultures revealed similar trends in cell density and mor- 

hology as human osteoclasts with widespread and large osteo- 

lasts on plastic and smaller, irregularly shaped osteoclasts on bone 

nd CaPs. The maximum TRAP level was measured for β-TCP, fol- 

owed by BCP 60/40 and BCP 20/80. Discs composed of HA did not 

upport mouse osteoclast precursor attachment and differentiation, 

hereby HA differed significantly from all other tested CaP mate- 

ials. While osteoclast differentiation was similar between β-TCP 

nd bone, TRAP activity was significantly reduced for BCP 20/80 at 

ll time points. The same tendency was observed with BCP 60/40 

ut with a slightly higher overall TRAP activity. Further, osteoclast 

ctivity was confirmed by analyzing CTSK in cell-conditioned me- 

ia using western blotting (Supplementary Fig. 2). We found com- 

arable CTSK protein levels between bone, both BCP and β-TCP, 

hereas CTSK was not detectable in HA, corroborating our findings 

rom the TRAP assays. 

.3. In vivo osteoclastogenesis and bone formation 

After subcutaneous implantation of CaP granules with or with- 

ut hMSCs in NMRI nude mice, samples were retrieved after 2, 

, and 8 weeks, and were analyzed for osteoclasts and bone for- 

ation. Multinucleated cells of monocyte/macrophage origin were 

ypically present at the biomaterial surface. The characterization of 

heir potential osteoclastic phenotype was performed by TRAP and 
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Fig. 1. Characterization of the CaP discs. (A) XRD patterns of all studied materials. (B) Pore entrance size distribution measured by MIP of all studied materials. (C) 

Representative scanning electron microscopy (SEM) images at two different magnifications demonstrating the surface topography of the tested materials. (D) Quantification 

of in vitro calcium release or adsorption by CaP discs. Supernatants were collected at every media change and analyzed for calcium (Ca2 + mM). Time point day 0 reflects 

the release or adsorption after pre-incubation. Data is presented in absolute values as mean ± SD from one representative experiment ( n = 3). ∗∗ ( p < 0.01), ∗∗∗ ( p < 0.001) 

and ∗∗∗∗ ( p < 0.0 0 01) denote statistical differences. Asterisks directly above a bar indicate differences to the bone control. Dashed line represents the basal level of inorganic 

calcium (Ca2 + 1.8 mM) in the complete culture media. 

422
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Fig. 2. Differentiation of human CD14 + monocytes to osteoclasts on CaP discs. (A) Representative images of TRAP + human osteoclasts (OC; stained in red/pink) on 

plastic, bone, and various CaP discs after 8 days of culture in complete culture media supplemented with 25 ng/mL rh-M-CSF and 100 ng/mL rh-RANKL. (B) Quantification 

of osteoclast-related TRAP activity in cell culture supernatants as a marker for differentiation measured at every media change (day 2, 4, 6 and 8). TRAP activity (TRAP 

activity in μM DiFMU) was quantified by enzymatic dephosphorylation and is presented in absolute values as mean ± SD. To indicate donor variability, diverse symbols have 

been used for identification (donor 1 ●; donor 2 � ; donor 3 �). Each data point represents the mean value of one donor calculated by 3-4 replicates. ∗ ( p < 0.05) denotes 

statistical differences. Please note different scale on y-axis! 
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TSK staining ( Fig. 4 A), showing positively stained cells for both 

arkers on all CaPs pre-seeded with hMSCs. In the absence of hM- 

Cs, multinucleated cells were oversized, negative for TRAP, and ei- 

her unstained or slightly positive for CTSK as observed in Fig. 4 A 

red arrows). The highest amount of TRAP + and CTSK + multin- 

cleated cells was evident after 2 weeks of implantation with a 

teady reduction until 8 weeks (Supplementary Fig. 3A). 

After 2 weeks, the TRAP + surface area significantly increased 

or all hMSCs-loaded CaP materials compared to the pristine ma- 

erial, except for HA where the difference was not statistically sig- 

ificant. Moreover, the comparison between the materials showed 

 significant difference between cell-loaded HA and β-TCP ( p < 

.05), while BCP 60/40 and BCP 20/80 demonstrated a similar re- 

ponse. Further, no differences were observed in β-TCP vs. BCP 

0/40 or 20/80, and HA vs. BCP 60/40 or 20/80. At 4 and 8 weeks,

he multinucleated osteoclasts tend to disappear. Interestingly, the 

RAP + surface area on hMSCs-HA granules was nearly maintained 

rom 2 to 4 weeks, whereas it profoundly dropped between 80.7 % 

nd 90.5 % for all other materials ( Fig. 4 B; Supplementary Table 1).

Conditions that supported early osteoclastogenesis also resulted 

n prompt ectopic bone formation. New bone detected by Masson’s 

richrome staining ( Fig. 5 A; Supplementary Fig. 3B; bone: stained 

reen) was predominantly attached to the granules’ surface, par- 

ially bridging to other particles. Newly formed bone was com- 

osed of mineralized highly condensed collagen with osteocytes 

nd exhibited some hematopoietic bone marrow areas. 

(

423
Quantitative evaluation ( Fig. 5 B; Supplementary Table 2) of 

one formation revealed ascending levels of new bone (nB.Ar/Av.Ar 

) over time, but only in hMSCs-loaded CaP materials. After 2 

eeks, minor bone quantities were detected in cell-containing HA 

nd β-TCP implants. From 2 to 4 weeks, a substantial increase in 

ew bone was observed for hMSCs-loaded β-TCP, which was sta- 

istically higher compared with all other materials. Bone quanti- 

ies were enhanced or maintained until 8 weeks post-implantation. 

nly differences in the bone area between cell-loaded β-TCP and 

A were statistically significant ( p < 0.05). No differences were ob- 

erved in β-TCP vs. BCP 60/40 or 20/80, and HA vs. BCP 60/40 or 

0/80. 

.4. In vivo hMSCs survival 

To identify engrafted human MSCs and follow their survival, 

e used an immunohistochemical approach to stain the vimentin 

rotein, an intermediate filament expressed by mesenchymal cells 

 Fig. 6 , hMSCs: stained brown). CaP materials implanted without 

MSCs did not exhibit any staining at all time points (data not 

hown), ensuring the absence of human MSCs migration from the 

ontralateral side and that the antibody did not react to mouse 

pitopes. 

For all cell-loaded materials, large areas of Vim + cells could be 

een on the surface and around the biomaterials after 2 weeks 

 Fig. 6 A). The size of stained areas progressively decreased over 
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Fig. 3. Differentiation of mouse osteoclast precursors to osteoclasts on CaP discs. (A) Representative images of TRAP + mouse osteoclasts (OC; stained in red/pink) on 

plastic, bone and various CaP discs after 8 days of culture in complete culture media supplemented with 30 ng/mL rh-M-CSF and 30 ng/mL rm-RANKL. (B) Quantification of 

osteoclast-related TRAP activity in cell culture supernatants as a marker for differentiation measured at every media change (day 4, 6 and 8). TRAP activity is presented from 

day 4, as day 2 did not show any secreted TRAP (data not shown). Activity (TRAP activity in μM DiFMU) was quantified by enzymatic dephosphorylation and is presented 

in absolute values as mean ± SD (n = 3). Data is graphed from one representative experiment. ∗ ( p < 0.05), ∗∗ ( p < 0.01), ∗∗∗ ( p < 0.001) and ∗∗∗∗ ( p < 0.0 0 01) denote 

statistical differences. Asterisks directly above a bar indicate differences to the bone control. Please note different scale on y-axis! 
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ime, down to only a few isolated cells after 8 weeks. When 

eo-formed bone appeared at 4 and 8 weeks, some human cells 

ould be seen embedded in the mineralized bone matrix but al- 

ost none directly on its surface (red arrows). The vast majority 

f cells located at the surface or embedded in the newly formed 

one matrix was therefore of mouse origin (purplish blue cell nu- 

lei). Quantification of the vimentin staining revealed differences in 

he percentage of human cells at the earliest time point ( Fig. 6 B;

upplementary Table 3). BCP 20/80 showed a significantly higher 

mount of hMSCs compared to BCP 60/40 ( p = 0.0242) and HA 

 p = 0.0022). No difference was observed for β-TCP. 

.5. Data correlation 

To evaluate potential correlations between the measured pa- 

ameters, both in vitro and in vivo , we calculated the linear corre- 

ation using the Pearson’s coefficient (r) and the coefficient of de- 

ermination (R2 ) on the mean values per material. First, we com- 

ared the TRAP activities from human and mouse in vitro osteo- 

lastogenesis assays to in vivo osteoclast formation (TRAP area %) 

 weeks after implanting hMSC-engrafted CaP materials, as we ob- 

erved the strongest staining for TRAP + osteoclasts and greatest 

ifference between the materials at this time point ( Fig. 7 A). Inter- 

stingly, the positive correlation and linear regression fit was bet- 
424
er when in vitro mouse osteoclast differentiation was compared to 

n vivo osteoclastogenesis (r = 0.911, R ² = 0.830), rather than with 

uman osteoclast differentiation (r = 0.383, R ² = 0.147). Although 

his correlation was not statistically significant ( p = 0.089), our re- 

ults indicate that mouse osteoclast cultures could predict the in 

ivo osteoclastic response to MSC-CaP-mediated bone formation in 

n ectopic mouse model better than in vitro human osteoclast as- 

ays. 

Focusing on in vivo parameters, we created a correlation matrix 

cross the entire in vivo dataset by determining the relationship 

etween all tested time points and variables (Supplementary Fig. 

). To test whether early osteoclastic response influences bone for- 

ation, we observed the relationship between osteoclastogenesis 

t 2 weeks (TRAP + area %) and the main outcome, bone forma- 

ion (nB.Ar/Av.Ar %), at 8 weeks after implanting CaP materials 

ith hMSCs. It showed a strong positive and significant correlation 

r = 0.952, p = 0.048, R ² = 0.906) ( Fig. 7 B). 

The contribution of hMSCs to bone formation was evaluated 

y associating the relative numbers of hMSCs (Vim + /Tt.Ce %) at 

ll time points to bone formation at 8 weeks ( Fig. 7 B). We found

hat the early hMSC presence moderately related to bone forma- 

ion (2 weeks vs. 8 weeks; r = 0.575, p = 0.425, R ² = 0.331). How-

ver, when exploring the other combinations, hMSCs even nega- 

ively correlated with late bone formation (Supplementary Fig. 5). 
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Fig. 4. Effect of CaP materials and hMSCs on osteoclast formation in vivo. CaP granules alone or in combination with hMSCs were subcutaneously implanted in nude 

mice and analyzed after 2, 4 and 8 weeks. (A) Representative images of TRAP- and CTSK-stained cross-sections explanted after 2 weeks. TRAP + stained cells appear pink, 

while CTSK + cells are visible in brown. Red arrow heads indicate oversized, TRAP negative, and unstained or slightly CTSK + stained multinucleated cells in CaP materials 

alone. - hMSCs: CaP granules without hMSCs; + hMSCs: CaP granules with hMSCs. (B) Histomorphometric analysis of osteoclastogenesis. Osteoclast formation was calculated 

as TRAP + area (%) by dividing the TRAP + -stained area by the total explant area. CaP granules alone are designated as – and with hMSCs as + . Data is shown as median and 

range ( n = 5), and ∗ ( p < 0.05), ∗∗ ( p < 0.01), ∗∗∗ ( p < 0.001) denote statistical differences. Asterisks directly above the bar indicate differences between ± hMSCs within a 

CaP group. Please note different scale on y-axis! 
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Fig. 5. Evaluation of bone formation by CaP materials and hMSCs in vivo. CaP granules alone or in combination with hMSCs were subcutaneously implanted in nude mice 

and analyzed after 2, 4 and 8 weeks. (A) Representative images of Masson’s Trichrome stained cross-sections explanted after 8 weeks. In this staining, newly formed bone ( = 

mineralized highly condensed collagen with osteocytes) appears green. - hMSCs: CaP granules without hMSCs; + hMSCs: CaP granules with hMSCs. (B) Histomorphometric 

analysis of new bone formation. New bone formation was calculated by dividing the bone area by the available area ( = total explant area - biomaterials surface area) 

(nB.Ar/Av.Ar %). CaP granules alone are designated as – and with hMSCs as + . Data is presented as median and range ( n = 5), and ∗ ( p < 0.05), ∗∗ ( p < 0.01), ∗∗∗ ( p < 0.001) 

and ∗∗∗∗ ( p < 0.0 0 01) denote statistical differences. Asterisks directly above a bar indicate differences between ± hMSCs within a CaP group. Please note different scale on 

y-axis! nB.Ar: new bone area; Av.Ar: available area. 
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inally, to determine if there was a link between osteoclast forma- 

ion and hMSCs in the early phase after implantation, relative val- 

es of osteoclastogenesis and hMSCs were correlated at 2 weeks 

fter implanting hMSC-loaded CaPs revealing a weak positive rela- 

ion (r = 0.341, p = 0.660, R ² = 0.116). 
426
. Discussion 

The overall goal of the present study was to evaluate whether 

ompositional variations in CaP materials can affect the osteoclas- 

ic response and thereby modulate bone formation in combination 
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Fig. 6. Representation and quantification of hMSCs engrafted in CaP materials. CaP granules were pre-seeded with hMSCs, subcutaneously implanted in nude mice and 

analyzed after 2, 4 and 8 weeks. (A) Representative images after immunohistochemical staining for human vimentin. Vimentin + stained human cells appear brown, whereas 

cell nuclei from mouse cells are stained purplish blue. Red arrow heads indicate human cells embedded in newly formed bone. (B) Quantification of vimentin + hMSCs in 

histological cross-sections. Data is shown as percentage of vimentin + cells per total cell count (Vim + /Tt.Ce %) and presented as median and range ( n = 4-5). ∗ ( p < 0.05) 

and ∗∗ ( p < 0.01) denote statistical differences. 
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ith hMSCs. We compared four CaP materials with different HA/ β- 

CP ratios for their capability to support osteoclasts and bone for- 

ation using in vitro and in vivo models. It is worth highlighting 

hat the preparation of the biomaterials was designed in such a 

ay that their porosity and microstructure were comparable, since 

he starting powder, the sintering temperature and time were the 

ame for all the compositions. This allows these two variables to 

e ruled out when analyzing the effect of the material and to focus 

n the composition. Table 2 summarizes the individual results ob- 

ained by the different experimental evaluations using a semiquan- 

itative scoring system. Our main findings herein were (a) a rela- 
427
ively good correlation between in vitro mouse osteoclast differen- 

iation and in vivo osteoclastogenesis ( Fig. 7 A), (b) increased osteo- 

last ( Fig. 4 ) and bone formation ( Fig. 5 ) in hMSC-loaded CaP mate-

ial ( β-TCP > biphasic CaPs > HA), (c) a strong positive correlation 

etween the number of early osteoclasts and lately formed bone 

 Fig. 7 B), and (d) a weaker correlation between hMSCs survival and 

one formation in the subcutaneous mouse model ( Fig. 7 B, Supple- 

entary Fig. 5). 

Multiple studies emphasize the pivotal role of osteoclasts in os- 

eoinduction and particularly in the context of hMSCs and CaP ma- 

erials reinforcing the need of including osteoclast-biomaterial in- 
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Fig. 7. Correlation analysis. (A) In vitro human and mouse osteoclast (OC) differentiation assays and in vivo osteoclastogenesis. The correlation was analyzed by plotting the 

mean ( ± SEM) of in vitro TRAP activities at the study endpoint (day 8) against in vivo osteoclast levels 2 weeks after implanting CaP materials and hMSCs.(B) Correlation 

of in vivo assessments after implantation of hMSC-engrafted CaP materials showing bone formation (nB.Ar/Av.Ar %; 8 weeks) vs. early osteoclastogenesis (TRAP + area %; 2 

weeks) or relative numbers of hMSCs (Vim + /Tt.Ce %; 2 weeks). Data is presented as mean ± SEM, and Pearson’s coefficients (r), p values and coefficients of determination 

(R2 ) are displayed in each graph. 
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eractions in biological compatibility profiling of biomaterials for 

one repair [ 9 , 19 , 36 ]. Herein, we used mononuclear precursors

rom two different sources, mouse bone marrow and human pe- 

ipheral blood monocytes, and differentiated them towards osteo- 

lasts on the biomaterials’ surface in a differentiation medium con- 

aining M-CSF and RANKL. Osteoclasts developed on all CaPs to 

arying degrees depending on material composition and origin. In 

his work, we used the extracellular TRAP activity as a quanti- 

ative parameter of the osteoclast differentiation profile from the 

ononuclear precursors because the irregular-shaped surfaces (as 

hown in Fig. 1 B) of the CaPs made it highly difficult, if not impos-
428
ible, to perform an absolute counting of TRAP + multinucleated 

ells under a light microscope at the study endpoint. Cells from 

oth species showed a similar affinity for β-TCP-containing materi- 

ls over pure HA, which clearly hindered differentiation. While hu- 

an osteoclasts favored BCP 60/40, mouse-derived osteoclasts pre- 

erred pure β-TCP. Although human and mouse cultures differed in 

he response to CaPs, one thing was common to them both: osteo- 

last development on β-TCP was comparable to the physiological 

ubstrate, bone. The overall preference of osteoclasts for β-TCP- 

ontaining materials is in agreement with studies conducted by 

hiwaku et al [ 27 , 37 ]. Both in vitro studies demonstrated that in-
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Table 2 

Summary of the individual results obtained by our in vitro and in vivo models. A scoring system 

was used to compare the individual assays (- = no effect; + = mild effect; ++ = medium effect; 

+++ = strong effect). Data from in vitro human and mouse osteoclast differentiation testing were 

combined for a common finding. For individual results refer to Figs. 2 and 3 ( in vitro osteoclast dif- 

ferentiation), Fig. 6 (hMSC survival), Fig. 4 ( in vivo osteoclastogenesis) and Fig. 5 (bone formation); 
∗ = scoring was based on the data set recorded 2 weeks after implantation; # = scoring was based 

on the data set recorded 8 weeks after implantation; OC: osteoclast 

In vitro In vivo 

Material OC differentiation hMSC survival∗ Osteoclastogenesis∗ Bone formation# 
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reasing the concentration of HA negatively affected the osteoclas- 

ogenic potential of mouse bone marrow-derived precursors and 

educed the number of osteoclasts and expression of osteoclastic 

oupling factors that promote osteoblast differentiation and func- 

ion. 

When biomaterials were subcutaneously implanted with hMSCs 

n immunocompromised mice, all CaPs facilitated osteoclastogen- 

sis, but material composition significantly affected the outcome. 

pecifically, β-TCP promoted osteoclastogenesis, and although HA 

upported it, it was to a much lesser extent. Consistently, HA also 

revented osteoclast differentiation in vitro . This is in line with our 

revious study comparing biomimetic calcium deficient HA and 

intered β-TCP scaffolds engrafted with hMSCs [34] . We hypoth- 

size that the suboptimal in vitro performance of HA can be ex- 

lained by the physico-chemical phenomenon that the surface of 

aPs endures a dissolution-precipitation cascade where ions are 

ransferred from the solid phase of the material into the aqueous 

hase, i.e., cell culture medium or body fluid, and vice versa [38] . 

lthough this exchange encompasses both calcium and phosphate, 

n this work we focused on Ca2 + as an indicator of the reactivity 

f the material. We attributed the adverse effect of HA to the high 

a2 + release at day 4, which was in line with the decline in osteo- 

last number and TRAP activity, and an acidic pH shift in the cul- 

ure medium observed by its color change (from red-pink to yel- 

ow); thereby, HA created an unfavorable environment for cell sur- 

ival and osteoclast differentiation in our culture system. For future 

n vitro studies involving pure HA materials, it could be helpful to 

ncrease either the media volume in the culture dish or the renew- 

ng frequency. Nevertheless, the differentiation efficiency of mouse 

steoclasts on the four materials in vitro matched well the forma- 

ion of osteoclasts in vivo after 2 weeks of implantation ( Fig. 7 A).

his strong predictive value encourages future research to have 

n vitro osteoclast differentiation assays incorporated in the early 

valuation steps of novel CaPs formulations. The correlation of the 

n vivo mouse outcome with human osteoclast culture was logi- 

ally weaker. It highlights that small differences between species 

lways exist and should be remembered when choosing an animal 

odel or moving toward clinical applications. 

In vivo osteoclast formation was only observed when hMSCs 

ere loaded onto the granule biomaterials before transplantation. 

ubcutis implantation sites treated with the biomaterial alone tend 

o induce multinucleated giant cells (MNGCs), the hallmarks of 

he foreign-body reaction, leading to fibrosis and encapsulation of 

he implant [39] . Ectopically located osteoclasts displayed typical 

arkers as positive TRAP and CSTK activity, while MNGCs were ei- 

her double negative for both or TRAP-negative and slightly posi- 

ive for CTSK. Comparable results on osteoclast and MNGC pheno- 

ypes have been reported by Ahmed et al., when they implanted 

-TCP granules with and without rat bone marrow mesenchymal 

tem cells (BMSCs) into rat subcutaneous tissue. They associated 
429
he presence of osteoclasts and TRAP to the implantation of BM- 

Cs and subsequent osteogenesis, while MNGCs were found in cell- 

ree conditions with a similar phenotype as present herein [40] . 

n the current study, we observed that CaP materials associated 

ith hMSCs exhibiting pro-osteoclastogenic properties in the early 

hase after implantation led to enhanced bone formation ( β-TCP 

 biphasic CaPs > HA), albeit only differences between β-TCP and 

A were statistically significant. Thus, it reinforces the contention 

hat osteoclasts are the pivotal cells initiating bone healing. 

Nevertheless, implanted hMSCs are still required to provide a 

avorable environment for osteoclastogenesis, and should be in- 

roduced in sufficient numbers to lead to bone formation in this 

odel [ 8 , 41 ], although we observed only a weak positive corre- 

ation between osteoclastogenesis and hMSC survival at 2 weeks 

ost implantation (Supplementary Fig. 5B). Overall, the numbers 

f hMSCs drastically decreased at the implantation site over time. 

owever, some were still observed on all materials after 8 weeks. 

ore significant differences between materials were evident at 2 

eeks, with the highest percentage of hMSCs on BCP 20/80 (30 %) 

nd the lowest one on pure HA (10 %) which moderately cor- 

elated to bone formation. It has been suggested that cell sur- 

ival promotes a successful outcome [ 11 , 42 ]. Prolonged cell sur- 

ival in the harsh inflammatory environment after implantation 

ould mean a prolonged release of immune modulators and pro- 

esolving molecules. However, BCP 20/80 did not induce the high- 

st amount of new bone in our condition and hMSC survival at 4 

nd 8 weeks even negatively correlated with bone formation (Sup- 

lementary Fig. 5A). In vitro , we have previously shown that the 

ecretome of hMSCs seeded on CaP materials and apoptotic hM- 

Cs favored RANKL-dependent differentiation of osteoclasts while 

nhibiting IL-4-induced formation of MNGCs from CD14 + human 

onocytes [43] . Our data suggests that this effect might be linked 

o the high secretion of IL-8 and other CXCL chemokines, but the 

ediators involved in vivo remain to be identified. More generally, 

poptosis of MSCs could be beneficial for immune modulation [44] , 

artly explaining why their survival does not seem to be the major 

eterminant for bone formation. 

We have previously proposed a potential sequence of events 

n MSC-CaP-mediated bone formation [36] which could be reaf- 

rmed by this study whereby transplanted hMSCs seem to fa- 

or the formation of osteoclast rather than inflammatory MNGCs. 

hese formed osteoclasts can then locally trigger a bone remod- 

ling cycle by recruitment of osteoblast precursors from the host. 

he present work is complementary to other recent studies that 

ave explored the mechanisms underlying the transplantation of 

aP materials but with a strong focus on macrophages. For exam- 

le, Nie et al. investigated the response of macrophages to an os- 

eoinductive TCP and a non-osteoinductive one. They observed a 

igher macrophage polarization towards M2 and a higher osteo- 

lastogenesis on the osteoinductive material, both in vitro and in 
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ivo [45] . Similarly, Li et al. associated M2 polarization and osteo- 

lastogenesis to an efficient ectopic bone formation and they iden- 

ified the hypoxia-inducible factor 1 α as a key mediator in the pro- 

ess [ 46 ]. Wang et al. used CaP cements to explore the influence

f different calcium to phosphate ratio on osteoinduction. They 

howed that high phosphate concentration could impair osseoin- 

egration by inhibiting RANK-L/RANK binding, thus osteoclastoge- 

esis [ 47 ]. Finally, Rana et al. recently showed that the presence 

f hMSCs in BCP implants changed the composition of the innate 

mmune cell population, both locally and in circulation [ 48 ]. 

. Conclusion 

The novelty presented herein is the direct positive relationship 

etween osteoclastogenesis on CaP materials and bone formation 

n an in vivo model. β-TCP containing materials show higher os- 

eoclast levels both in vitro and in vivo , and led to greater ec- 

opic bone formation than monophasic HA or BCPs. While hMSCs 

ere indispensable for ectopic bone formation in our subcutaneous 

odel, their survival (at 2 weeks) did not correlate with bone for- 

ation (at 8 weeks) and tended to even negatively correlate at 

ater time points. Therefore, designing biomaterials based on their 

ompatibility with osteoclastogenesis seems more relevant than fo- 

using on their relationship with implanted hMSCs. Nevertheless, 

he communication between implanted hMSCs and immune cells 

nvolved in the response to the biomaterials, as well as the follow- 

ng step of osteoclast-mediated recruitment of bone-forming cells 

emains to be fully understood. A better understanding of the cell- 

ell interactions as well as the cell-material interactions is essen- 

ial to design new therapeutic strategies overcoming the technical 

imitations of cell therapy. 
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