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In order to induce an efficient bone formation with human bone marrow mesenchymal stromal cells
(hBMSC) associated to a scaffold, it is crucial to determine the key points of the hBMSC action after
in vivo transplantation as well as the appropriate features of a scaffold. To this aim we compared the
hBMSC behavior when grafted onto two biomaterials allowing different bone potential in vivo. The can-
cellous devitalized Tutoplast�-processed bone (TPB) and the synthetic hydroxyapatite/b-tricalcium-phos
phate (HA/bTCP) which give at 6 weeks 100% and 50% of bone formation respectively. We first showed
that hBMSC adhesion is two times favored on TPB in vitro and in vivo compared to HA/bTCP.
Biomaterial structure analysis indicated that the better cell adhesion on TPB is associated to its higher
and smooth open pore architecture as well as its content in collagen. Our 6 week time course analysis,
showed using qPCR that only adherent cells are able to survive in vivo giving thus an advantage in term
of cell number on TPB during the first 4 weeks after graft. We then showed that grafted hBMSC survival is
crucial as cells participate directly to bone formation and play a paracrine action via the secretion of
hIGF1 and hRANKL which are known to regulate the bone formation and resorption pathways respec-
tively. Altogether our results point out the importance of developing a smooth and open pore scaffold
to optimize hBMSC adhesion and ensure cell survival in vivo as it is a prerequisite to potentiate their
direct and paracrine functions.

Statement of Significance

Around 10% of skeletal fractures do not heal correctly causing nonunion. An approach involving mes-
enchymal stromal cells (MSC) associated with biomaterials emerges as an innovative strategy for bone
repair. The diversity of scaffolds is a source of heterogeneity for bone formation efficiency. In order to bet-
ter determine the characteristics of a powerful scaffold it is crucial to understand their relationship with
cells after graft. Our results highlight that a biomaterial architecture similar to cancellous bone is impor-
tant to promote MSC adhesion and ensure cell survival in vivo. Additionally, we demonstrated that the
grafted MSC play a direct role coupled to a paracrine effect to enhance bone formation and that both
of those roles are governed by the used scaffold.
� 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone has the particularity to regenerate after a lesion allowing
fracture repair in 6–8 weeks [1]. Bone regeneration is mostly spon-
taneous and surgery occurs only to mechanically stabilize the frac-
ture [2]. However, 5 to 10% of skeletal fractures do not heal
correctly causing delayed union or nonunion called pseudarthrosis
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[3]. These defects require additional interventions with a major
impact on patient life quality and with socio-economic burden
[2,3]. To manage this problem, different therapeutic strategies have
been developed. Autologous cancellous bone graft is still until
today the gold standard for regeneration of bone defects exceeding
4 cm [2]. Although this bone transplantation approach has shown
its clinical efficacy, it presents several drawbacks (i.e. limited bone
stock, additional surgical site with consequent pain and risk of
infections) [4]. Other approaches have been developed for clinical
use. Allogeneic bone graft (i.e. surgical waste, post-mortem
donors) is an alternative to autograft [5]. Bone xenograft has also
been used, such as bovine bone whose structure is close to humans
[6]. However, these strategies may transfer pathogens [7] or lead to
immunological reactions [8]. To overcome bone graft disadvan-
tages, several biocompatible scaffolds have been developed [9–
11]. Synthetic bioceramics of hydroxyapatite (HA); tricalcium
phosphate (TCP) or their mixture biphasic calcium phosphate
(BCP) are the most used in skeletal engineering because of their
osteoconductive properties and the easy management of their
architecture [12]. Alternative natural scaffolds including secure
amorphous human bone [9,10], animal derived bone matrices
[13] or the coral exoskeleton [11] offer a similar structure to can-
cellous bone and thus mimic the physiological bone tissue environ-
ment [12]. However, when used alone these scaffolds lack
osteoinductive properties and serve only to guide bone tissue [4].
To enhance new bone formation, growth factors (FGF-2, PDGFs)
or differentiating factors (BMPs) and more recently stem cells have
been associated to these scaffolds [3,14,15]. An approach involving
human bone marrow mesenchymal stromal cells (hBMSC) associ-
ated with biomaterials emerges as an innovative strategy to repair
delayed unions [11]. Mesenchymal stromal cells (MSC) ability to
differentiate into several tissues including bone, cartilage and adi-
pose [16] was widely exploited for tissue regeneration. While their
capacity to induce bone formation has been proven, mechanisms of
fracture repair remain controversial. Several studies suggest a
direct contribution of MSC to regenerate bone as they differentiate
into osteoblastic lineage when implanted locally or even when
administrated systemically [17,18,23]. Ponte et al., suggest that
the host inflammatory environment at the injury site induces the
recruitment and the engraftment of MSC [19]. This homing can
be under the control of SDF-1/CXCR-4 signaling [20,21] but also
mediated by other cytokines such as IGF-1 and PDGF [19].
Nonetheless, divergent studies are in favor of a paracrine effect
of grafted MSC on host cells via the release of cytokines and growth
factors. In response to inflammation at the bone lesion site, grafted
MSC secrete immunomodulatory cytokines such as prostaglandin
2, TGF-b1, TNF-a, IL-4, 6 and 10 to prevent proliferation of inflam-
matory cells including T and B lymphocytes, natural killer cells and
macrophages [22,23]. In addition, secretion of factors such as SDF-
1 and macrophage inflammatory protein-1 a and b reduce scar tis-
sue formation [22]. MSC are also able to initiate angiogenesis and
enhance endothelial cells recruitment and proliferation through
secreted growth factors including VEGF, IGF-1, angiopoietin-1
and EGF [24]. It has also been shown that hBMSC recruit macro-
phages and osteoclasts at the site of implantation prior to bone for-
mation [25]. In summary, MSC ability to differentiate in bone
lineage, associated to their paracrine functions and their availabil-
ity, make them a promising candidate in regenerative medicine
[22]. Hence, these properties were clinically exploited to develop
a minimally invasive therapeutic strategy for bone repair [26–28].

Our team demonstrated that hBMSC expansion ex vivo using
human platelet lysate accelerates their proliferation and prime
their osteogenic differentiation [29]. This strategy allows the use
of a growth factors cocktail (e.g. BMPs, TGF-b1, IGF, bFGF, PDGF,
PF-4, interleukin-1, and osteonectin) to stimulate multiple signal-
ing pathways, as opposed to previous strategies where a single
recombinant growth factor was used and acted only on one molec-
ular pathway [29,30]. Moreover, we and other observed a variabil-
ity in the osteoconductive and osteoinductive properties of
different bone allografts or ceramics resulted in differences in
in vivo bone formation [10,31]. Cell attachment and metabolism
vary between scaffolds having the same composition but with dif-
ferent structures [31,32] demonstrating that the scaffold geometry
is crucial to guide bone formation [33].

In order to induce an efficient bone formation, it is crucial to
determine the key points of the hBMSC action after graft in vivo
as well as to determine the main characteristic of a powerful scaf-
fold. To this aim we followed and compared during a 6 week time
course, the in vivo hBMSC behavior when grafted onto two differ-
ent biomaterials allowing different bone potential. To this end,
the cancellous devitalized Tutoplast�-processed bone (TPB) and
the synthetic hydroxyapatite/b-tricalcium-phosphate (HA/bTCP)
which are clinically used as bone substitutes [9,29,31,34]. Human
BMSC were collected from several donors, amplified in vitro and
then loaded extemporaneously on scaffolds implanted subcuta-
neously in SCID mice, as this model is more efficient to induce
in vivo bone formation [34]. After having evaluated the biomaterial
impact on ectopic bone formation, we evaluated during a 6 week
time course, their impact on cell attachment and survival, on cell
dissemination as well as on hBMSC behavior and function. We then
performed in vitro analysis in order to discriminate the direct rela-
tionship between the scaffold structure and the in vivo cell feature.
2. Materials and methods

2.1. Biomaterials

Two scaffolds with different structure and composition were
used. (1) Hydroxyapatite (65%)/beta-tricalcium phosphate (35%)
(HA/bTCP) (Ceraver, France) is composed of 60 ± 5% macropores
(100 to 400 mm pore diameter) and 40 ± 5% micropores (<10 mm
pore diameter). (2) Tutoplast�-processed human bone (TPB) (EFS,
Ile de France). The bone Tutoplast�-process (Tutogen Medical) con-
sists in a delipidization, an osmotic cell destruction treatment,
hydrogen peroxide treatment, and washing cycles for the removal
of the noncollagen proteins followed by a solvent dehydrated step
and finally a c-irradiation procedure. Both biomaterials were in the
form of irregular granules sizing 2–3 mm and weighing 8.0 ± 1 mg.
2.2. Physico-chemical characterization of biomaterials

The microstructure of the scaffolds was investigated by using a
scanning electron microscope (SEM; Hitachi TM3000 Tabletop
Microscope, Tokyo, Japan). Prior to SEM observations, the samples
were coated with a thin film of carbon obtained by glow discharge
(Leica, ACE 200, Germany). Powder X-ray diffraction (XRD, Siemens
D5000 Moxtek) was performed on crushed scaffolds to determine
the phases and crystallinity using the monochromatic source
KaCu. Fourier Transform Infrared Spectroscopy (FTIR, Bruker, Ver-
tex 70) was performed on KBr pellets with 1 mg of sample mixed
with 300 mg of KBr and pressed at 5 tons. Micro-computed tomog-
raphy (mCT, Skyscan 1076 in vivo model, Kontich, Belgium) of scaf-
folds was performed. Briefly, the X-ray source was operated at
50 kV and acquisitions were recorded around 180� with step angle
of 0.7�. Three dimensional (3D) reconstructions were performed
using the Skyscan software CTRecon. The morphometric parame-
ters, Percent Object Volume/Total Volume (Obj.V/TV, %), Object
Surface (Obj.S, mm2) and Open Porosity (%) of both scaffolds were
measured by using the SkyscanTM CT-ANalyzer software (n = 5 sam-
ples/biomaterial scaffold).
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2.3. Ethical statements

Bone marrow (BM) was collected from the iliac crest of 5 anon-
ymized patients after having received their informed consent
under the ethical committee approval N� DC.-2009-1049. All ani-
mal experimental protocols were approved by the local ethical
committee Anses/ENVA/UPEC N�18/11/14-1.

2.4. Preparation of human platelet lysate (PL)

PL was obtained from platelet apheresis collections performed
at the ‘‘Etablissement Français du Sang” (Rungis, France). All
apheresis products were biologically qualified according to French
legislation. The platelet count in each product was measured auto-
matically (ABX penta 60 C+, Horiba ABX, France). For homogeniz-
ing PL preparation, 6–10 human blood samples were mixed to
adjust the concentration at 3 ± 0.5 � 109 platelets/ml, frozen at
�80 �C and subsequently used to obtain PL containing platelet-
released growth factors. Remaining platelet bodies were elimi-
nated by centrifugation (1400g). All PL batches were qualified for
their cell growth potential and three of them were used in this
study.

2.5. Human bone marrow derived stromal cells (hBMSC) cultures

Human BMSC were isolated from BM as previously described
[29]. In this project, hBMSC were thawed between passage 1 and
3, seeded at 2 � 103 cells/cm2 for expansion and then used at
passage 2 or 3 for in vivo experiment and at passage 3 or 4
for in vitro experiment. Culture medium contained a-modified
Eagle’s medium (aMEM) (ThermoFisher, France) supplemented
with 5% human platelet lysate (PL), 0.5% Ciprofloxacine (Bayer
Pharma, France) and 2 IU/ml Heparin (Sanofi-Aventis, France)
to avoid clot formation. Cultures were maintained in a humidi-
fied atmosphere with 5% CO2 at 37 �C and the culture medium
changed twice a week. When reaching confluence, cells were
detached using trypsin/EDTA (Life technologies). Time of dou-
bling (TD) were determined after cell passage. TD was calculated
using the equation (T � log 2)/(log Y � log X) (where X is the
number of cells originally plated, Y the number of cells at con-
fluence and T the time of culture in hours) [35]. TD were equiv-
alent for the three BM donors used in vivo and in vitro
(TD = 37.7 ± 8.6 for donor 1; TD = 34.9 ± 2.0, donor 2;
TD = 36.5 ± 5.9, donor 3). As for the 2 other BM donors used
for the in vitro gene expression analysis (TD = 34.7 ± 1.6, donor
4; TD = 39.3 ± 2.3, donor 5).

2.6. Animal surgery

A minimum of six SCID male mice of 7 week-old were used
per time point (Charles River laboratories, France). Under general
anesthesia by Isoflurane (Abbott, France) and after shaving off
dorsal hair, skin incisions of 5 mm were made. Six subcutaneous
pockets of 4–5 mm in depth were prepared on each mouse. The
granule of HA/bTCP or TPB scaffold of 2–3 mm weighing
8.0 ± 1 mg was inserted in the subcutis pocket and 106 hBMSC
were extemporaneously loaded on each biomaterial granule as
previously described [34]. Incisions were immediately sutured
with 5–0 sutures (Ethicon, USA). Animals were sacrificed by an
overdose of pentobarbital (120 mg/kg, Ceva Santé Animale,
France) at 24, 48 and 72 h (h) then, at 1, 2, 4 and 6 weeks (W)
after implantation. The samples were dissected and harvested
for histology or for molecular biology analysis. Adjacent tissues
and organs were collected in conjunction. Cell-free biomaterial
scaffolds served as controls.
2.7. Histological analysis

Samples were immediately fixed in 4% paraformaldehyde (Mil-
lipore, Germany) for 4 h at room temperature then in 70% ethanol
(Cooper, France) overnight at 4 �C. After fixation, samples were
decalcified in 19% EDTA (Sigma-Aldrich, Germany) at 50 �C for
24–72 h using an automate (KOS Microwave HistoStation, Mile-
stone Medical, USA). All the samples were dehydrated in graded
ethanol baths and embedded in paraffin. Sections of 3 mm in thick-
ness were made using a microtome (Microm HM 355S, Thermo-
Fisher Scientific, USA) and stained with Masson’s trichrome. This
staining combines hematein for cell nuclei (purple/black), fuschsin
Ponceau for cytoplasm, muscle and erythrocytes (red) and light
green solution for collagen (green/blue). Six samples per time point
and 8–12 sections selected throughout 800 mm of each sample
were analyzed. The images were acquired with a standard light
microscope (Olympus, CX41, Japan) using a Digital Colour Camera
(UC30) and CellSens Entry software (Olympus, Japan). The fre-
quency of bone formation was estimated as the number of scaf-
folds with newly formed bone related to the total number of
implanted scaffolds. Only scaffolds supporting bone formation
were then analyzed. The quantity of new bone and bone marrow
(BM) was measured using ImageJ software (National Institutes of
Health, USA) and expressed as the percentage of newly formed
bone and BM area related to the total implant area.

2.8. In situ apoptosis detection

Apoptosis was evaluated using TACS� 2 TdT DAB In Situ Apop-
tosis Detection Kit (Trevigen�, USA) at 24 h, 48 h and 72 h post-
graft, on biomaterials associated with hBMSC (n = 3 samples/time
point and n = 3 sections/sample). Briefly, TdT nucleotides are incor-
porated in fragmented DNA of apoptotic cells then detected by the
complex Biotin/Streptavidin/Label. Samples were prepared simi-
larly to histological analysis and apoptotic cells were stained fol-
lowing manufacturer protocol. The images were acquired with a
standard light microscope (Olympus CX41, Japan) using Digital
Colour Camera (UC30) and CellSens Entry software (Olympus,
Japan). Mouse scar skin harvested 24 h after injury was used as a
positive control of apoptotic cells.

2.9. Immunostaining analysis

To detect grafted human BMSC in host mice, immunohisto-
chemistry of human lamin AC was performed 24 h post-graft using
a mouse anti-human lamin AC antibody (NCL-LAM-A/C, Novocas-
tra laboratories, UK) followed by a goat anti-mouse IgG poly-HRP
secondary antibody (AP340P, Merck Millipore, France) and peroxi-
dase was detected using DAB substrate (Vector Laboratories). Sec-
tions were counterstained with hematoxylin, mounted in Eukitt
and examined by a standard light microscope (Olympus CX41,
France). Cell-free biomaterials were used as negative controls.

Immunofluorescence detection of human bone sialoprotein
(hIBSP) was performed using a rabbit anti-hIBSP primary antibody
(ab52128, Abcam, UK) and a biotinylated goat anti-rabbit sec-
ondary antibody (BA-1000, Vector Laboratories), then revealed
with streptavidin Alexa Fluor� 647 conjugate (Life Technologies,
France). Mouse femoral bone have been used to validate the hIBSP
antibody specificity. No cross reactivity have been found (data not
shown). Nuclei were stained with 40,60-diamidino-2-phenylindole
(DAPI) (Sigma) and sections were mounted in Fluoromount G
(eBioscience, France). Fluorescence was analyzed with a fluores-
cence microscope (AxioImager D1, Zeiss) in sequential scanning
mode for triple detection: Alexa 647 for hIBSP detection, DAPI for
nucleus detection and green autofluorescence for scaffold and bone
extracellular matrix detection. Quantification of hIBSP positive
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areas was performed on 2–3 sections in each implant (n = 2
implant/donor, n = 3 donors) using ImageJ software. Results were
expressed as the percentage of hIBSP+ staining area related to the
total neoformed bone area. Negative controls were performed on
mouse femur sections and no labelling was detected, confirming
the human specificity of the observed staining.

2.10. Analysis of hBMSC attachment on scaffolds with scanning
electron microscopy (SEM)

Three hours post-seeding of 3 � 105 hBMSC per biomaterial,
samples were fixed with 2.5% glutaraldehyde (Sigma-Aldrich,
France) at 4 �C overnight, and then dehydrated with increasing
concentrations of ethanol (70–100%). The dehydration was com-
pleted with 60 min of incubation with hexamethyldisilazane
(Sigma-Aldrich, France). Scaffolds were then air-dried, sputtered
with nano-gold film, and analyzed with scanning electron micro-
scope (JEOL JSN-6301F) at LISA laboratories (Paris Est University,
France).

2.11. Quantitative real time polymerase chain reaction (qPCR)

Biomaterials, biomaterial adjacent tissues (skin and muscle)
and organs (heart, kidney, spleen, liver and lung) were cut into
small pieces and weighed (up to 10 mg for spleen and up to
25 mg for other tissues), before being placed in DNA lysis buffer
(Qiagen, France) and ground using the FastPrep-24� tissue and cell
homogenizer (MP Biomedicals). Total DNA was isolated using
QIAamp� DNA Investigator Kit as described by the manufacturer
(Qiagen, France). Human DNA was quantified as previously
described [34,36] using human TaqMan� Copy Number Reference
Assay, RNase P (Applied Biosystems, France), and monitored with
a 7500HT Fast Real-Time PCR System (Applied Biosystems). Results
were normalized to that of time T0 (DCt = Cttime Tx � Cttime T0) and
were reported to the total amount of DNA obtained for each
implant. Results were expressed as the number of grafted hBMSC
per scaffold. Quantification for each donor (n = 3 donors) was per-
formed on n = 4 implants/donor at 24 h, 1 W and 4 W and on n = 2
implants/donor at 48 h, 2 W and 6W.

2.12. Quantitative real time reverse transcription polymerase chain
reaction (RT-qPCR)

Collected samples were immediately placed in TRIzol� reagent
(Invitrogen) and biomaterials were ground using the FastPrep-
24� tissue and cell homogenizer (MP Biomedicals). Total RNA
was isolated using the TRIzol� reagent method as described by
the manufacturer, DNAse-treated (ThermoFisher Scientific, USA)
and reverse transcribed using Superscript III Reverse transcriptase
(Invitrogen). Q-PCR was performed using Power SYBR�Green PCR
Master Mix (Roche) and the rate of dye incorporation was moni-
tored using the 7500HT Fast Real-Time PCR System (Applied
Biosystems). The primers (Table 1) were designed and controlled
for no cross-reaction between species and an efficiency of
100 ± 10% was obtained for each standard curves. Two biological
replicates were used for each condition. GAPDH transcript levels
were used for normalization of each target (DCt) and results were
reported as relative gene expression (2-DCt).

2.13. Quantification of hBMSC in vitro

After 3 h of incubation with 106 hBMSC on each biomaterial
granule, samples were removed and ground using the FastPrep-
24� tissue and cell homogenizer (MP Biomedicals) then total
DNA was isolated using QIAamp� DNA Investigator Kit as
described by the manufacturer (Qiagen, France). Remaining cells
at the bottom of the wells were lysed in Tris–EDTA (TE) + 0.1% Tri-
ton X-100 and digested with 0.2 mg/ml proteinase K solution
(Invitrogen) for 12 h at 52 �C. Then the suspension was subjected
to a succession of three heat shocks, followed by sonication of
the lysates for 10 min. At the same time a standard cell range from
0 to 106 cells was prepared. DNA samples from scaffolds, non-
adherent cells and cell standard range were labelled with Pico-
green solution of Quant-it Picogreen kit (Invitrogen Life Technolo-
gies, France) which only binds double-stranded DNA. After 10 min
of incubation in the dark, the fluorescence was read at 520 nm
using a Victor X3 Multilabel Plate Reader (PerkinElmer, France).
Triplicate analysis was performed for each donor (n = 3 donors).
The standard curve was then used to quantify the cells.

2.14. Quantification of in vivo osteoclastic resorption activity

Tartrate-resistant acid phosphatase (TRAP) activity was evalu-
ated using acid phosphatase leucocyte kit (Sigma-Aldrich, USA).
Paraffin sections were deparaffinised, rehydrated through alcohol
gradient before being incubated in TRAP buffer (glacial acetic acid
0.02% + acetate solution 0.04% + tartrate solution 0.02% + For-
mamid 0.001%) and TRAP staining (Fast Garnet GBC base solution
0.011% + sodium nitrite solution 0.011% + naphtol AS-BI phospho-
ric acid solution 0.01%) mix for 1h30 at 37 �C, washed twice with
demineralized water and mounted with Eukitt� mounting med-
ium. Microscopic images were captured using a UC30 Digital Col-
our Camera and CellSens Entry software (Olympus, Japan). TRAP
positive cell number and their contact area with scaffold were
quantified throughout 800 mm of each sample (n = 6 samples/time
point and n = 5 sections/sample) using ImageJ software.

2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism5 soft-
ware using appropriate tests as specifically indicated in each fig-
ure. All values are expressed as mean ± standard error of the
mean (SEM) (unless specified) and a minimum of 95% confidence
interval was established for significance. For kinetic analysis, data
were considered independent as different animals were grafted,
then sacrificed at each time point. A p-value < 0.05 was considered
statistically significant.
3. Results

3.1. Biomaterials impact bone neoformation and maturation

To evaluate the impact of biomaterials on hBMSC inducing bone
formation a time course analysis was performed. Human BMSC
were implanted subcutaneously on HA/bTCP or TPB scaffolds in
SCID mice model and bone and bone marrow neoformation were
evaluated at 2, 4 and 6 weeks (W) post-graft. While on both scaf-
folds, the bone neoformation started as early as 2 W (Fig. 1A), the
frequency, maturation and quantity of newly formed bone were
different depending on the associated biomaterial. The frequency
of bone formation was higher when hBMSC were associated with
TPB than HA/bTCP at 2 W, 4 W and 6W post-graft (Fig. 1B). An
increase of bone formation incidence with a rate reached 100% at
6 W was noted for TPB, whereas the bone incidence remained at
the same level from 4 to 6 W for the HA/bTCP scaffold. Histological
analysis of newly formed bone at 2 W, showed a beginning of bone
formation with randomly oriented collagen fibrils on both bioma-
terials (Fig. 1A). Starting from 4W, lamellar orientation was
observed with osteoblasts lining the surface and osteocytes within
the bone matrix. The newly formed lamellar bone was associated
to bone marrow (BM) like elements. The quantification of new



Table 1
Primer sequences used in RT-qPCR.

Gene Forward primer Reverse primer

Mouse (m�)
m-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) ACTGAGCAAGAGAGGCCCTA TATGGGGGTCTGGGATGGAA
m-Ly6C (lymphocyte antigen 6C) GCAGTGCTACGAGTGCTATGG ACTGACGGGTCTTTAGTTTCCTT
m-Runx2 (runt-related transcription factor 2) TTGACCTTTGTCCCAATGC AGGTTGGAGGCACACATAGG
m-ALP (alkaline phosphatase) TGTCTGGAACCGCACTGAACT CAGTCAGGTTGTTCCGATTCAA
m-IBSP (bone sialoprotein 2) ATGGAGACGGCGATAGTTCC CTAGCTGTTACACCCGAGAGT
m-OC (osteocalcin) AGGAGGGCAATAAGGTAGTGAA TACCATAGATGCGTTTGTAGGC
m-CTR (calcitonin receptor) GAGGTTCCTTCTCGTGAACAG AGTCAGTGAGATTGGTAGGAGC
m-TRAP5b (tartrate-resistant acid phosphatase 5b) CACTCCCACCCTGAGATTTGT CATCGTCTGCACGGTTCTG
m-RANKL (receptor activator of nuclear factor kappa-B ligand) CAGCATCGCTCTGTTCCTGTA CTGCGTTTTCATGGAGTCTCA

Human (h�)
h-GAPDH (glyceraldehyde 3-phosphate dehydrogenase) CCAGCAAGAGCACAAGAGGA GAGATTCAGTGTGGTGGGGG
h-Bax (BCL2-associated X protein) GGAGGAAGTCCAATGTCCAG GGGTTGTCGCCCTTTTCTAC
h-Bcl2 (B-cell leukemia protein-2) CTGGTGGGAGCTTGCATCAC ACAGCCTGCAGCTTTGTTTC
h-Runx2 (runt-related transcription factor 2) GAATCCTCCACCCACCCAAG AATGCTGGGTGGCCTACAAA
h-ALP (alkaline phosphatase) CCACGTCTTCACATTTGGTG GCAGTGAAGGGCTTCTTGTC
h-IBSP (bone sialoprotein 2) CCATTCTGGCTTTGCATCCG GGGACAAGAAGCCTATTACTTTGC
h-ON (osteonectin) TGCCTGATGAGACAGAGGTG TCCACCTGGACAGGATTAGC
h-OC (osteocalcin) GTGCAGAGTCCAGCAAAGGT TCCCAGCCATTGATACAGGT
h-OPN (osteopontin) CGCAGACCTGACATCCAGTA ATGGCCTTGTATGCACCATT
h-RANKL (receptor activator of nuclear factor kappa-B ligand) ATCTGGCCAAGAGGAGCAAG GACAGACTCACTTTATGGGAACC
h-SDF1 (stromal cell-derived factor 1) CGCACTTTCACTCTCCGTCA ATCGGCATGGGCATCTGTAG
h-PDGFb (platelet derived growth factor b) TCCCGAGGAGCTTTATGAGA TCATGTTCAGGTCCAACTCG
h-IGF1 (insulin like growth factor 1) GCAGGAGGGACTCTGAAACC CTGACATGGTATTTGGGGCCT

Fig. 1. Biomaterials impact on bone formation and maturation. (A) Masson’s Trichrome staining of newly formed bone and BM-like elements 2, 4 and 6 weeks post-graft of
hBMSC on HA/bTCP or TPB. Scale bar, 20 mm. Collagen and bone matrix are stained in green/blue; cytoplasm and erythrocytes in red; nuclei in purple/black. Arrows show
osteoblasts lining the bone matrix. Arrow head show osteocytes within the bone matrix. B: bone; BM: bone marrow-like elements; Sc: scaffold. (B) Frequency of newly
formed bone evaluated by Masson’s Trichrome staining 2, 4 and 6 weeks post-graft and calculated as the ratio between the number of scaffolds with newly formed bone and
the total number of implanted scaffolds (scaffolds with bone formation + scaffolds without bone formation) (mean ± SD). (C) Quantification of newly formed bone and BM-
like elements 2, 4 and 6 weeks post-graft, using ImageJ software, expressed as a percentage of newly formed bone and BM area compared to the total implant area
(mean ± SEM). *p < 0.05, **p < 0.01, is related to bone formation and #p is related to bone marrow like elements formation (One way Anova test). (D) Histological analysis of
newly formed bone localization on 2D sections of HA/bTCP and TPB, 6 weeks post-graft. The bone elements are surrounded by a dotted line. Sc: scaffold. Scale bar: 100 mm for
HA/bTCP, 200 mm for TPB. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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bone and BM (Fig. 1C) revealed that the bone quantity was depen-
dent on the associated biomaterial. As soon as 2 W the bone quan-
tity was 4 times higher on TPB than on HA/bTCP (8.4% vs 2.0%),
stilled 2.7 times higher at 4 W (9.1% vs 3.4%) and became similar
at 6 W (7.4% vs 5.6%) (Fig. 1C). BM like elements appeared 4 W
post-graft on both biomaterials (2.0% vs 2.0%) and were signifi-
cantly higher at 6 W on TPB than on HA/bTCP scaffold (10.6% vs
2.0%) (Fig. 1C). The localization of newly formed bone was evalu-
ated on 2D sections. Our results showed a homogeneous distribu-
tion of new bone which surrounded and bridged TPB trabeculae
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(Fig. 1D, bottom). In contrast, only 17.5% of HA/bTCP sections pre-
sented new bone formation in both the inner and the outer area of
this biomaterial (Fig. 1D, top).

3.2. Cell persistence on the graft site depends on the associated
biomaterial

The number of hBMSC present on the grafted scaffold at differ-
ent time post-implantation in vivo was quantified by qPCR using a
human-specific assay [34]. The cell number was compared to time
0 (T0 = 106 hBMSC). Only 43 ± 2% of the initially grafted cells were
found on HA/bTCP at 24 h (p < 0.001) whereas 80 ± 10% of them
were still present on TPB (p < 0.05) making the number of adherent
hBMSC significantly higher on TPB compared to HA/bTCP
(p < 0.001; Fig. 2A). This difference remained during the first week
post-implantation (31 ± 5% versus 74 ± 11% at 48 h; p < 0.001 and
35 ± 3% versus 83 ± 18% at 1 W; p < 0.01 for HA/bTCP and TPB,
respectively). After 2 W, the cell number decreased gradually on
TPB comparing to T0 (p < 0.01) but were still significantly higher
than on HA/bTCP at 4 W (57 ± 4% versus 34 ± 4%; p < 0.01). On
HA/bTCP, no more decrease was observed after 24 h post-
implantation. Interestingly, about 30% of grafted cells (HA/bTCP:
30 ± 4%; TPB: 34 ± 8%) persisted until 6 W on both biomaterials.
The presence of grafted hBMSC on the associated biomaterial
was confirmed by immunohistochemical staining of human anti-
lamin AC at 24 h post-graft (Fig. 2B). Positive cells were essentially
found on the outer surface of both biomaterials.

3.3. Cell disappearance is associated to their migration into the
adjacent tissues

Cell loss on HA/bTCP did not appear to be due to a higher apop-
tosis as mRNA ratio of human Bax (pro-apoptotic factor) to Bcl-2
Fig. 2. Biomaterials impact on hBMSC persistence on the graft site. (A) Evaluation of
hBMSC number on HA/bTCP and TPB, from T0 to 6 W post-graft, using human-
specific qPCR assay. (B) Immunohistochemical staining of human lamin AC showing
grafted hBMSC (dark brown staining) at 24 h. Black arrowhead indicate the cells
positive for the lamin AC staining. Scale bar: 20 mm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
(anti-apoptotic factor) did not differ during 72 h between both bio-
materials (Fig. 3A). Despite an increase of this ratio at 24 h on both
biomaterials in comparison with T0 (p < 0.001), a rapid decrease to
a basal state was observed at 72 h and cell death was not induced
as shown by the absence of TACS� labelling (Fig. 3B). Cells around
both biomaterials were negative for TACS� staining reflecting the
absence of apoptosis and were not swollen demonstrating neither
necrosis. These results were confirmed at 48 and 72 h post-graft
(data not shown). Only rare apoptotic cells were found a distance
from the biomaterials, in fibrotic tissue at 24 h (Fig. 3C). We then
hypothesized that the decline in cell number is due to an increased
inflammatory microenvironment on HA/bTCP. As shown in Fig. 3D,
the mRNA expression of the mouse pro-inflammatory marker
mLy6C was independent of the associated biomaterial and of graft-
ing human cells 24 h after subcutis implantation. A significant
decrease of expression was observed at 48 h on both biomaterials
when associated with human cells (HA/bTCP: p < 0.01 and TPB:
p < 0.001) and this diminution persisted until 1 W (HA/bTCP:
p < 0.01 and TPB: p < 0.001). As MSC have the ability to migrate
to several organs after systemic administration [36] we decided
to assess the biodistribution of human cells in the host mice. Anal-
ysis using a human-specific qPCR assay did not found hBMSC in
organs like heart, kidney, spleen, liver and lung neither at 24 or
48 h nor from 1W to 6W post-implantation (data not shown).
Interestingly, human cells were found in skin and muscle adjacent
to the implanted biomaterials (Fig. 3E). At 24 h, hBMSC migration
on adjacent tissues (skin + muscle) was significantly higher when
cells were seeded on HA/bTCP than on TPB (p < 0.05). At 48 h,
hBMSC were still detected in skin and muscle without any differ-
ence between both scaffolds. At 1 W, few transplanted cells were
found on adjacent tissues regardless of scaffolds, then human cells
totally disappeared from surrounding tissues at 2 W (Fig. 3E).

3.4. Human BMSC adhesion is impacted by the associated biomaterial

As in vivo results showed differences on the number of survival
and/or adherent hBMSC, we decided to evaluate the impact of bio-
materials on cell adhesion by in vitro analysis. After 3 h of cell incu-
bation with each kind of biomaterial, total DNA labelled with
Picogreen solution was quantified by spectrophotometry. The pro-
portion of adherent cells on TPB was 49 ± 18% whereas on HA/bTCP
it was only 28 ± 22% (p < 0.01; Fig. 4A). As the roughness and the
structure of biomaterials may impact the cell adhesion and distri-
bution, SEM analysis was conducted on both scaffolds 3 h post-
seeding (Fig. 4B). On HA/bTCP, cells adhered on the outer surface
and surprisingly are not localized on the grove part. In contrast,
an important number of hBMSC invaded the open pores of TPB.
Whereas most of the cells exhibited on both scaffold a ball-
shaped morphology with some starting to induce cytoplasmic
extension indicating beginning of cell adhesion, we observed only
on TPB the presence of flat cells with high cytoplasmic extensions
indicating their early and tight adhesion on TPB (Fig. 4B, white
arrows).

3.5. Biomaterial characterization

To understand differences of cell behavior we characterized the
synthetic HA/bTCP ceramic and the human allogeneic bone TPB
scaffolds by SEM, XRD and FTIR spectroscopy. SEM analysis illus-
trated that the biomaterial granules have similar size and weight
(Fig. 5A, top) as specified in materials and methods. The macrop-
orosity of the HA/bTCP granule was poor in comparison to the open
and interconnected porosity of the trabecular structure in TPB. At
high magnification (Fig. 5A, bottom), the surface of HA/bTCP was
highly micro porous due to the incomplete sintering of the
ceramic. The TPB scaffold exhibited a surface composed of aligned



Fig. 3. Cell disappearance is associated to their migration into the adjacent tissues. (A-B) Apoptotic cells staining in situ by TACS� kit 24 h post-graft. (A) Non-apoptotic cells
are totally blue and not enlarged. HA/bTCP and TPB associated with hBMSCs, 24 h post-graft. (B) Positive cell in fibrotic tissue around HA/bTCP at 24 h: apoptotic cells exhibit
dark nuclear staining and enlarged shape reflect a beginning of necrosis (arrow). (C) Apoptosis detection through hBAX/hBCL-2 mRNA ratio as determined by RT-qPCR using
human-specific primers 24, 48 and 72 h post-graft. (D) mRNA expression of mouse pro-inflammatory factor Ly6C (m-Ly6C) as determined by RT-qPCR using mouse-specific
primer was normalized to GAPDH and presented as mRNA relative expression (2�DCt(m-Ly6C–GAPDH)) 24 h, 48 h and 1W post-graft. (E) Analysis of hBMSC migration in adjacent
tissues (skin and muscle) to implanted biomaterials at 24 h, 48 h, 1 and 2W using human-specific assay by qPCR. Data are represented as mean ± SEM.; �p < 0.05, ��p < 0.01,
���p < 0.001 when compared to T0 and #p when compared to 24 h; *p when HA/bTCP compared to TPB. Two way ANOVA test for Fig. 3C–D and Mann-Whitney test for Fig. 3E.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Adherence of h-BMSCs in vitro. (A) Ratio of adherent hBMSC on HA/bTCP and TPB was evaluated in vitro 3 h post-seeding by spectrophotometry using Picogreen
labelling. (B) Analysis of hBMSC adherence and shape by Scanning Electron Microscopy (SEM) 3 h post-seeding on biomaterials. White arrow indicate the flat adherent cells.
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mineralized collagen fibers. XRD analysis of the synthetic scaffold
indicated narrow and intense diffraction peaks typical of the highly
crystalline HA and b-TCP phases in the weight ratio of 65/35 while
the XRD pattern of TPB corresponded to an amorphous or nano-
crystalline hydroxyapatite phase typical of human bone (Fig. 5B).
FTIR spectroscopy corroborated these findings with PO4 peaks
around 600 and 1050 cm�1 corresponding to HA and b-TCP com-
pounds. The FTIR spectrum of TPB indicated additional amide I
and II bands around 1680 cm�1 which are typical of the collagen
proteins (Fig. 5C). The structure of scaffolds was analyzed by
micro-CT (Fig. 5D). The volume of HA/bTCP was higher than TPB
(p < 0.01) whereas the surface area was similar between both bio-
materials. Interestingly, the open porosity was significantly higher
on TPB and consists of 85.6 ± 5.8% of open pores whereas the open
porosity was 28.4 ± 3.4% for the HA/bTCP material (p < 0.01;
Fig. 5E). These results suggest that a higher open porosity and
interconnectivity in the TPB scaffold may have favored cell adhe-
sion in comparison to the synthetic HA/bTCP biomaterial.

3.6. Osteoblastic gene expression by hBMSC is impacted by their
seeding on a 3D scaffolds in vitro

As biomaterials impact cell morphology, their influence on
osteoblastic gene expression was assessed (Fig. 6). Cells were
seeded on each biomaterial for 24 h (n = 3 donors) and 1 W (n = 5
donors) and mRNA expression of osteoblastic genes was compared
to T0 (cells cultured on 2D flasks). At 24 h, only osteopontin (OPN)
was up-regulated and tend to be higher when cells are grafted on



Fig. 5. Biomaterials properties. (A) The porosity and the interconnectivity of both scaffolds were evaluated by Scanning Electron Microscopy (SEM), at low (top) and high
magnifications (bottom). (B) X-ray diffraction (XRD) characterization of biomaterials phases and crystallinity. (C) Fourier Transform Infrared Spectroscopy spectra of
biomaterials. (D) Micro computed-tomography (mCT) images of biomaterials (top) and 3D reconstruction by stacking all the 2D cross-sections (bottom). (E) Measurement of
morphometric parameters of biomaterials by mCT. Data are represented as mean ± SEM. **p < 0.01. Mann-Whitney test.
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HA/bTCP compared to TPB. At 1 W, whereas the early osteoblastic
factor Runx2 was slightly induced, intermediate (OPN, osteonectin
[ON]) and late (h-IBSP and osteocalcin [OC]) osteoblastic genes
were enhanced. A higher expression of ON and OPN was observed
when cells were grafted on HA/bTCP whereas IBSP was preferen-
tially induced on TPB. No difference was seen for OC and surpris-
ingly, mRNA expression of ALP, was down-regulated. Taken
together, these results showed that the 3D loading induces hBMSC
to differentiate and express osteoblastic genes with a different
manner depending on the biomaterial.

3.7. Grafted hBMSCs play a direct role in bone formation and are
impacted by the nature of the scaffold

As biomaterial induce osteoblastic gene expression in vitro and
because grafted hBMSC persist until 6 W in vivo we decided to
evaluate their direct and paracrine contribution among time
in vivo. Expression of osteoblastic genes was analyzed by RT-
qPCR using human-specific primers (Fig. 7A). The expression of
human Runx2 (h-Runx2), an early osteoblastic gene was evaluated
starting from 48 h post-graft. Our results showed an up-regulation
at 2 W comparing to T0 on both biomaterials (TPB: p < 0.001; HA/
bTCP: p < 0.05) and was higher on TPB in comparison to HA/bTCP
(p < 0.01). This up regulation remains higher on TPB at 4 and 6W
(p < 0.001; Fig. 7A). The late osteoblastic genes h-IBSP and h-OC
were significantly up-regulated from 2W on TPB in comparison
to T0 and their expression increased overtime (h-IBSP: p < 0.05 at
2 W; p < 0.001 at 4 and 6W. h-OC: p < 0.01 at 2 and 4W;
p < 0.001 at 6 W). OC expression becomes significantly expressed
only at 6 W on HA/bTCP (p < 0.001; Fig. 7A). In contrast to these
3 genes, h-OPN is found to be significantly more expressed at
4 W on HA/bTCP and becomes significantly expressed on TPB only



Fig. 6. Osteoblastic gene expression by h-BMSCs seeded on 3D biomaterials in vitro. mRNA expression of human Runx2, ALP, OPN, ON, IBSP, and OC was determined by RT-
qPCR using human-specific primers. hBMSC seeded on biomaterials (3D) for 24 h and 1W were compared to hBMSC before seeding (T0 = cells cultured on 2D flasks). All
genes were normalized to GAPDH (DCt) and to the gene expression for hBMSC at T0 and presented as 2�DDCt(fold induction 3D/T0)). Data are represented as mean ± SEM. �p < 0.05,
��p < 0.01, ���p < 0.001 when 1 W compared to 24 h and *p when HA/bTCP compared to TPB. Two way ANOVA test.
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at 6 W (p < 0.05; Fig. 7A). To confirm the direct contribution of
hBMSC in bone formation, immunofluorescent detection of human
IBSP (h-IBSP) protein using a specific antibody was performed at
4 W. On both biomaterials, newly formed bone showed positive
areas for h-IBSP confirming the direct contribution of human cells
on bone formation (Fig. 7B). The quantification of the proportion of
positive surfaces indicated that h-IBSP represent around 15–20% of
the total bone surface area and was not different between both bio-
materials (Fig. 7C).

3.8. Grafted hBMSC exert a paracrine effect

As some regions of newly bone did not expressed h-IBSP, we
supposed that host cells also contribute to bone formation. In order
to verify this hypothesis, we analyzed mouse osteoblastic gene
expression using mouse-specific primers. Mouse IBSP, OC and
ALP were expressed only when biomaterials were associated with
hBMSC with a higher expression of m-IBSP and m-ALP at 4 Wwhen
cells were grafted on HA/bTCP (p < 0.05 and p < 0.001 respectively,
Fig. 8A). In contrast to human genes, m-Runx2 was not expressed
even if hBMSC were grafted on biomaterials. As these results sug-
gest that hBMSC induce host cells chemoattraction, we decide to
determine which chemokines are involved in this mechanism.
Using human-specific primers, we analyzed gene expression of
SDF1, PDGFb and IGF1 known as factors involved in MSC
recruitment [19]. Surprisingly, SDF1 and PDGFb were not
expressed by grafted hBMSC throughout the 6 W (Fig. 8B). How-
ever, IGF1 expression was increased about 5 times as early as
24 h and reach a peak at 4 W on TPB (p < 0.001 vs T0) and 6W
on HA/bTCP (p < 0.001 vs T0). Taken together, these results indicate
that chemoattraction of murine cells may involve IGF1.

3.9. Osteoclastic activity induced by hBMSC is impacted by the
associated scaffold

In parallel to osteoblastic lineage, osteoclasts are critical to
enhance bone formation [38]. We then assessed the impact of bio-
materials on osteoclastic activity by an enzymatic staining for
TRAP. TRAP+ cells appeared on both biomaterials 2 W post-graft
of hBMSC whereas they were absent on controls at the same time
(Fig. 9A). On HA/bTCP, TRAP+ cells were found all around the bio-
material in contact with the outer surface area, frequently fused
in a wide cell network and only some of them were found in inner
macropores. On TPB, TRAP+ cells around predominantly areas with
small surfaces and were sparsely distributed only in certain parts
of this biomaterial (Fig. 9A). Quantitatively, 2 W post-graft the
ratio of HA/bTCP outer surface area covered by TRAP+ cells was
8-fold higher than on TPB (10.69 ± 1.72% versus 1.38 ± 0.28%,
p < 0.001) (Fig. 9B). These data were confirmed by RT-qPCR analy-
sis of mouse osteoclastic markers m-CTR and m-TRAP5b. Relative



Fig. 7. Direct contribution of grafted hBMSC in bone formation. (A) Human osteoblastic gene expression (h-RUNX2, h-OPN, h-IBSP, h-OC) was determined by RT-qPCR using
human-specific primers, from 48 h to 6 W post-implantation for h-Runx2 and at 2, 4 and 6W for h-OPN, h-IBSP and h-OC. (B) Immunofluorescent labelling of human IBSP
(hIBSP) at 4 W. New formed bone is delimited by white dotted line, h-IBSP positive areas are labelled in red and nucleus in blue. Bone matrix, scaffolds and fibrous tissues are
autofluorescent in green. (C) Quantification of h-IBSP positive area after immunofluorescent staining at 4 W. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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expression of studied genes was induced by hBMSC on both bioma-
terials (p < 0.001) with a higher expression on HA/bTCP (p < 0.001
for m-CTR and p < 0.01 for m-TRAP5b) (Fig. 9C). Taken together,
these results show a higher osteoclastic activity on HA/bTCP than
on the TPB scaffold.

As osteoclastogenesis is regulated primarily by RANKL secreted
by MSC and osteoblasts [38], we evaluated by RT-qPCR mRNA
expression of this cytokine in human grafted cells and in mouse
cells. Human RANKL (h-RANKL) expression increased starting from
24 h post-graft on both biomaterials and became significantly up-
regulated compared to T0 at 1 W on HA/bTCP and later, at 2 W on
TPB (p < 0.01). In addition to be faster up-regulated, h-RANKL was
significantly more expressed at 2 W on HA/bTCP compared to TPB
(P < 0.01; Fig. 9D). The presence of hBMSC impacted mouse RANKL
(m-RANKL) mRNA expression only on HA/bTCP in comparison to
control (p < 0.001; Fig. 9E). As for h-RANKL, m-RANKL mRNA was
expressed at a higher level when hBMSC were grafted on HA/bTCP
(p < 0.001; Fig. 9E). To confirm the impact of the biomaterial on h-
RANKL expression, in vitro experiments were performed. First,
while no expression of h-RANKL was observed on 2D (T0), we
notice an up-regulation at 24 h on both biomaterials (p < 0.001;
Fig. 9F). This expression was significantly higher on HA/bTCP com-
paring to TPB (p < 0.001). Then, mRNA expression of h-RANKL
decreased and it was almost undetectable at 1 W on HA/bTCP
and on TPB (HA/bTCP: p < 0.001; TPB: p < 0.01; Fig. 9F).
4. Discussion

Tissue engineering using BMSC transplantation associated with
biomaterials is one of the most promising strategies for 3D bone
reconstruction [26]. Biomaterials provide a niche for progenitor
differentiation and bone neoformation guidance [39]. However,
scaffold diversity is a source of heterogeneity on bone formation
efficiency [9,10,31,33]. The aim of our project was to understand
the causes of this heterogeneity during bone regeneration. To this
end, we compared two scaffolds already used clinically and that
differ by their structure and composition: the synthetic HA/bTCP
and the biologic TPB.

Using an ectopic model our results confirmed that biomaterials
impact bone neoformation [9] with only 50% of HA/bTCP scaffolds
yielding bone formation, versus 100% of TPB at 6 W. Moreover,
bone quantity was higher on TPB at 2 and 4W. In both cases, bone
formation first undergoes endochondral phases followed by lamel-
lar bone orientation, which mimic the kinetics of physiological
fracture repair [3]. However, bone maturation was more rapid on



Fig. 8. Paracrine contribution of grafted hBMSC in bone formation. (A) Mouse osteoblastic gene expression (m-RUNX2, m-IBSP, m-OC, m-ALP) on biomaterials alone and
biomaterials associated with hBMSC was determined by RT-qPCR using mouse-specific primers, between 2 and 6 W post-implantation. (B) Human chemokine gene
expression (SDF-1, PDGFb, IGF1) was determined by RT-qPCR using human-specific primers, at 24 h then at 1, 2, 4 and 6W post-implantation. Values for all genes were
normalized to GAPDH of corresponding species and results are presented as 2�DCt. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 when HA/bTCP
compared to TPB and �p when compared to T0. Two way ANOVA test.
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TPB as shown by an early onset of lamellar bone organization and
by a higher proportion of BM-like elements at 6 W. Our results are
strengthened by a study showing that on HA/bTCP hematopoiesis
and therefore bone maturation begins late, around 7W post-graft
[17].

As we previously showed that bone formation can be related to
hBMSC number [34], we count cells present on grafted scaffolds at
different time post-transplantation. Interestingly, as early as 24 h
post-graft more than 50% of initially grafted cells disappeared on
HA/bTCP versus only 20% on TPB. Cell loss was not due to a higher
apoptosis or inflammation on HA/bTCP but to an increase of grafted
hBMSCmigration to adjacent tissues like skin and muscle. Contrary
to systemic administration [37], we confirmed that cells loaded on
biomaterials did not migrate further into organs like heart, kidney,
spleen, liver or lung which is an important safety consideration to
initiate clinical trials [34,36]. Moreover, migrated cells on adjacent
tissues disappeared after 1 W, probably by a local inflammation or
by anoikis (apoptosis induced by loss of cell anchorage) [40],
whereas they were still present until 6 W on biomaterials reflect-
ing a better microenvironment to their survival. Lower cell migra-
tion from TPB was due to their higher seeding efficiency on this
scaffold as showed by in vitro analysis. Despite the same surface
area and macropores size >100 mm that represent appropriate con-
ditions for cell adhesion [31], we showed that TPB presents a
higher accessible surface area for cell invasion as it is composed
of 85% of open pores. Our in vitro and SEM analysis confirmed that
this property favors hBMSC attachment, fast spreading and allows
their physical contact by cytoplasmic extensions [31]. Further-
more, TPB present numerous flat areas similar to natural endos-
teum structure where MSC preferentially attach [41]. The spongy
architecture of TPB represents a better conformation to guide
new bone formation compared to the single bloc structure of HA/
bTCP. In addition, the high level of closed pores on HA/bTCP con-
centrate cell adherence on the outer surface area [30] and can hin-
der new bone invasion which may explain the major bone
formation around the peripheral perimeter. Beyond the structural
advantage of TPB, chemical composition and in particular the pres-
ence of collagen fibers as shown by our SEM and FTIR analysis
could promote hBMSC adhesion. This is supported by previous
in vitro study which noted that the better cell adhesion is obtained
on support containing collagen fibers [31].

In addition to the impact on cell attachment and morphology,
biomaterials influence MSC osteogenic potential [9,10]. We then
focused on hBMSC behavior in vitro and during bone regeneration
in vivo. In vitro analysis confirmed that cell seeding on 3D carriers
induces osteoblastic gene expression variably depending on the
scaffold [9]. At 1 W, ON and OPN were more expressed on HA/bTCP
whereas IBSP was increased on TPB. These results can be explained
by different kinetics of osteoblastic marker regulation. ON and OPN
are known to be induced before IBSP [42] so we cannot exclude
their higher expression on TPB between 24 h and 1W. The
increased IBSP expression on TPB at 1 W may reflect that hBMSC
are more engaged in osteoblastic differentiation than on HA/bTCP
[43]. Morphology of hBMSC 3 h post-seeding on scaffolds support
this hypothesis as the elongated shape of adherent cells on TPB
may promote their osteogenic potential contrary to round cells
on HA/bTCP [44]. Taken together, our results indicated that the
3D seeding induces osteoblastic commitment of hBMSC but in dif-
ferent manner depending on the used biomaterial. However, the
absence of osteoblastic gene induction at 24 h suggests an auto-
crine regulation of hBMSC differentiation in addition to a direct
effect of biomaterials.

In vivo, hBMSC expressed the osteoblastic genes (Runx2, OPN,
IBSP and OC) when grafted on biomaterials. Their expression
increased and persisted over time which reflects cell survival and
differentiation, indicating the direct contribution of the grafted
hBMSC in bone formation. Human OPN and IBSP genes code for
proteins from the ‘‘Small Integrin-Binding Ligand N-linked Glyco-
proteins (SIBLING)” family and are differently regulated depending
on the nature of the scaffolds. These in vivo results, with an earlier



Fig. 9. Biomaterials impact on osteoclastic activity. (A) Tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts (arrows) 2 W post-graft on biomaterials alone
(control) and associated with hBMSC (+hBMSC). Sc: scaffold. Scale bar = 200 mm. (B) Rate of scaffold outer surface area covered by TRAP positive cells at 1 and 2 W post-graft
on biomaterials associated with hBMSC. (C) Mouse osteoclastic gene expression (m-CTR, m-TRAP5b) on biomaterials alone (�) and associated with hBMSC (+) was
determined by RT-qPCR using mouse-specific primers, at 2 W post-implantation. (D) mRNA relative expression of human RANKL (h-RANKL) was evaluated at T0 and at 24 h, 1
and 2 W post-graft of biomaterials associated with hBMSC. (E) mRNA relative expression of mouse RANKL (m-RANKL) was evaluated at 2 W post-graft of biomaterials alone
(�) and associated with hBMSC (+). (F) mRNA relative expression of human RANKL (h-RANKL) was evaluated in vitro at T0 (2D) and at 24 h and 1W after seeding of hBMSC on
biomaterials. Values for all genes were normalized to GAPDH and results are presented as 2�DCt. Data are represented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 when
HA/bTCP compared to TPB, �p when compared to T0 and #p when compared to 24 h. Two way ANOVA test was used for analysis of genes expression over time.
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and higher expression level for h-OPN on HA/bTCP and for h-IBSP
on TPB, confirm the impact of the scaffold on osteoblastic gene
expression as seen in vitro. This differential expression may have
an impact on bone formation as OPN has been shown to be an inhi-
bitor of bone mineralization whereas IBSP promote it [45,46]. On
the other hand, the other osteoblastic genes (Runx2 and OC) were
preferentially expressed when hBMSC were grafted on TPB. Alto-
gether, these results indicate that TPB favor hBMSC osteogenic
potential, which may explain the faster bone formation obtained
when TPB was used. The direct role of grafted hBMSC to form bone
was then supported by the expression of human IBSP protein.
Interestingly, immunostaining showed a chimeric bone with h-
IBSP positive areas adjacent to a negative one. This result allowed
us to confirm that host cells participate in new bone formation, as
previously described [47]. Analysis of mouse osteoblastic genes
including ALP, IBSP and OC showed that they were expressed
only when hBMSC were seeded on biomaterials. These results
indicated that hBMSC exert paracrine actions by stimulating
chemoattraction and/or osteoblastic differentiation of host cells.
Gene expression of chemokines described in the literature for their
potential to recruit MSC (SDF-1, PDGFb, IGF1) was then analyzed.
Neither SDF-1 nor PDGFb were expressed throughout the duration
of the graft indicating that host MSC chemoattraction is not regu-
lated by these pathways. In contrast, IGF1 was induced starting
from 24 h and its expression increased over time. These results
indicated that mouse MSC chemoattraction can be mediated by
IGF1 secreted by grafted hBMSC and/or that IGF1 stimulates
osteoblastic differentiation of host MSC [48] that were attracted
by another chemokine as MCP-3 [49]. Taken together, our findings
demonstrated the synergic direct and paracrine hBMSC roles [50]
allowing the formation of chimeric bone.

Another crucial collaboration during bone regeneration is the
osteoblastic/osteoclastic coupling. Bone resorption by osteoclasts
is a critical step as it is the first phase of bone remodeling [38].
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In our study, we showed that the graft of hBMSC enhance host
osteoclastic activity as shown by TRAP positive staining and
mRNA expression of mouse CTR and TRAP5b. Comparing both
biomaterials we noticed that the first osteoclasts appeared at
the same moment (2 W) but their number, functionality and the
covered scaffold areas were higher on HA/bTCP. In vitro and
in vivo analysis of human osteoclastogenic regulatory factor
RANKL, showed that its mRNA expression was induced only when
hBMSC were seeded on biomaterials. Interestingly, either in vitro
or in vivo h-RANKL gene was more expressed when hBMSC were
loaded on HA/bTCP. Whereas in vitro RANKL gene expression dis-
appeared at 1 W, it continued to increase in vivo supporting the
key role in both ways of ‘‘grafted cells/host cells” communication
[50]. This communication may pass by inflammatory cells as we
showed an up-regulation of m-Ly6C 24 h post-graft. In addition,
hBMSC induced gene expression of host RANKL on HA/bTCP.
Taken together, these results illustrate the primary role of grafted
hBMSC on the control of host-derived osteoclastogenesis by para-
crine effects to enhance osteoclastic activity [49,51]. Besides
grafted cells, the associated scaffold can also play a role in this
regulation. Higher osteoclastic activity induced by hBMSC on
HA/bTCP can be explained by its massive granularity compared
to TPB. Davison et al. demonstrated osteoclast sensitivity to scaf-
fold architecture showing that small grain size promote osteoclas-
tic differentiation [52]. Moreover, it has been shown that
increasing the ratio of HA to 60% which is close to the composi-
tion of the used HA/bTCP scaffolds in our study, impair osteoblas-
tic differentiation promoted by osteoclasts [53]. Taken together,
these findings indicate that a higher osteoclastic activity on HA/
bTCP impaired osteoclast/osteoblast balance. This can be
explained by two mechanisms. (i) HA/bTCP orient hBMSC to pro-
mote osteoclastic activity preferentially than osteoblastic one,
which disfavor bone formation. (ii) The increased osteoclastic
activity on HA/bTCP may cause the concomitant resorption of
neoformed bone decreasing the bone content on this scaffold.
We know that the ideal bone substitute must be resorbable to
be replaced by new bone in a fracture site [39]. However, an
accelerated resorption results in bone loss as observed in post-
menopausal osteoporosis, inflammatory arthritis or osteolytic
bone metastasis [38]. Besides less hBMSC and their weaker osteo-
genic potential on HA/bTCP, our results indicate that a wide
extent of osteoclastic activity, which imbalances osteoblast/osteo-
clast crosstalk, is another mechanism that disfavors bone forma-
tion on this biomaterial.
5. Conclusions

Our findings show that differences in bone formation depend on
the biomaterial’s capacity to select and guide MSC behavior. In
bone tissue engineering, scaffolds provide a mechanical and bio-
chemical microenvironment for MSC. The choice of the most
appropriate biomaterial is crucial for a fast and complete bone
repair. In this study, we have shown that collagen and smooth
interconnected open porosity favor cell adhesion and migration,
which improves bone formation. In contrast, a higher granularity
promotes the osteoclastic activity induced by the grafted hBMSC,
which disadvantages bone regeneration. The ongoing development
of 3D bioprinting could allow the design of open structures similar
to trabecular bone to facilitate the invasion, survival and in vivo
engraftment of MSC as well as to control osteoclast activity in
order to enhance bone formation.
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