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a b s t r a c t 

Scaffolds associated with different types of mesenchymal stromal stem cells (MSC) are extensively stud- 

ied for the development of novel therapies for large bone defects. Moreover, monoclonal antibodies have 

been recently introduced for the treatment of cancer-associated bone loss and other skeletal pathologies. 

In particular, antibodies against sclerostin, a key player in bone remodeling regulation, have demonstrated 

a real benefit for treating osteoporosis but their contribution to bone tissue-engineering remains un- 

charted. Here, we show that combining implantation of dense collagen hydrogels hosting wild-type (WT) 

murine dental pulp stem cells (mDPSC) with weekly systemic injections of a sclerostin antibody (Scl-Ab) 

leads to increased bone regeneration within critical size calvarial defects performed in WT mice. Further- 

more, we show that bone formation is equivalent in calvarial defects in WT mice implanted with Sost 

knock-out (KO) mDPSC and in Sost KO mice, suggesting that the implantation of sclerostin-deficient MSC 

similarly promotes new bone formation than complete sclerostin deficiency. Altogether, our data demon- 

strate that an antibody-based therapy can potentialize tissue-engineering strategies for large craniofacial 

bone defects and urges the need to conduct research for antibody-enabled local inhibition of sclerostin. 

Statement of significance 

The use of monoclonal antibodies is nowadays broadly spread for the treatment of several conditions in- 

cluding skeletal bone diseases. However, their use to potentialize tissue engineering constructs for bone 

repair remains unmet. Here, we demonstrate that the neutralization of sclerostin, through either a sys- 

temic inhibition by a monoclonal antibody or the implantation of sclerostin-deficient mesenchymal stro- 

mal stem cells (MSC) directly within the defect, improves the outcome of a tissue engineering approach, 

combining dense collagen hydrogels and MSC derived from the dental pulp, for the treatment of large 

craniofacial bone defects. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

High bone mass diseases, namely Sclerosteosis and Van Buchem 

isease, are due to loss-of-function mutations of the SOST gene, 
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hich encodes sclerostin, a glycoprotein involved in the canonical 

nt (wingless-related integration site)/ β-catenin signaling path- 

ay. Sclerostin, secreted primarily by osteocytes, has been shown 

o be a potent inhibitor of bone formation through the inhibition of 

he canonical Wnt signaling pathway. This pathway is activated fol- 

owing binding of one of the Wnt proteins and downregulated af- 

er interaction with sclerostin [ 1 , 2 ] and the LRP (low-density lipo-

rotein receptor-related protein) 5/6 receptor [3–6] . Accumulating 

vidence revealed that this paracrine interaction controls cell be- 
. This is an open access article under the CC BY license 
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avior, tissue formation and bone modeling/remodeling. These ob- 

ervations led to extensive preclinical investigations [7–13] , and to 

he development of several neutralizing antibodies raised against 

clerostin. Their evaluation in several randomized clinical tri- 

ls conducted in women with osteoporosis (romosozumab and 

losozumab) [14–18] , or in patients with osteogenesis imperfecta 

setrusumab-BPS-804) [ 19 , 20 ], showed that the systemic delivery 

f sclerostin antibodies significantly increased bone mass den- 

ity through promoting osteoblast differentiation while inhibiting 

steoclast formation [ 6 , 21 , 22 ]. Sclerostin neutralization was also 

hown to improve bone healing of fracture or critical-sized femoral 

efect in normal and pathological rodent models [23–30] . Further- 

ore, a tissue engineering approach based on the delivery of a 

iRNA targeting sclerostin was evaluated in a canine mandibular 

efect with positive outcomes on bone repair [31] . However, this 

atter approach remained isolated and no other tissue engineering 

trategy associated with sclerostin inhibition has been reported for 

one regeneration so far. 

During the last decade, mesenchymal/ stromal stem cells (MSC) 

ave been of substantial interest to both clinicians and researchers 

or their considerable enhanced tissue regenerative potential [32] . 

ndeed, their accessibility, genomic stability, high expansion in 

itro, potential for differentiation and ethical acceptability make 

hem good stem cell candidates for tissue engineering. In particu- 

ar, MSC derived from the dental pulp are considered as an attrac- 

ive cell source for craniofacial bone regeneration due to their clas- 

ical MSC properties, their easy access, the less invasive approach 

o harvest [33–35] , their identical embryologic origin [ 36 , 37 ] and

heir high capacity for proliferation and differentiation into bone 

ecreting cells [38] . Recent studies have shown the potential of 

ental pulp stem cells (DPSC) to form bone in mouse models 

f craniofacial bone defects, indicating that DPSC were very suit- 

ble candidates for the enrichment of craniofacial bone substi- 

ute [39–44] . Along this line, we previously reported that murine 

ental pulp stem cells (mDPSC) harvested from tooth germ of 

ost knock-out (KO) mice and therefore lacking sclerostin expres- 

ion exhibited a higher mineralization capacity compared to their 

T counterparts when exposed to mineralizing culture conditions 

10] . 

A large variety of biomaterials has been used as cell hosts 

or bone tissue engineering approaches [45] , including hydrogels 

ased on natural polymers such as type I collagen [46–50] . To 

ompensate the inherent lack of structural consistence of common 

ollagen hydrogel, a “plastic compression” has been proposed to 

ncrease the relative fibrillar density [51–54] , resulting in a den- 

ity similar to the osteoid tissue [55–58] . Supporting the interest 

f this approach, our team has established the osteogenic poten- 

ial of DPSC-seeded dense collagen hydrogels implanted in rodent 

alvarial defects [ 39 , 43 , 44 ]. A strategy aiming at further enhancing

one regeneration in terms of volume and quality within such con- 

tructs would constitute a major therapeutic advance. In particular, 

ecent advances in the association of immunotherapy and biomate- 

ials in the field of cancer treatment [59–61] suggest that combina- 

ion of such scaffolds with a neutralizing sclerostin antibody may 

onstitute a highly promising approach. Therefore, in the present 

tudy, we aimed at assessing whether the neutralization of scle- 

ostin may improve the efficacy of a tissue engineering strategy for 

reating large craniofacial bone defects. In that purpose, we eval- 

ated whether bone formation was enhanced in parietal defects 

erformed in wild-type (WT) mice weekly treated with a systemic 

njection of a sclerostin antibody (Scl-Ab) during the bone regener- 

tion process. In parallel, WT mice were restored with dense colla- 

en hydrogels enclosing Sost KO mDPSC and compared to WT mice 

imilarly treated with WT mDPSC. Our results show increased bone 

ormation in WT mice either under systemic pharmacological scle- 

ostin neutralization or implanted with Sost KO mDPSC. These ob- 
179 
ervations strongly support the interest of combining a tissue en- 

ineering strategy with sclerostin neutralization for the treatment 

f large craniofacial bone defects, either through systemic injection 

r by local delivery. 

. Materials and methods 

.1. Study design 

Two independent experiments have been designed in order to 

ssess the interest of sclerostin deficiency in bone regeneration. 

n the first experiment, a 3.5 mm critical size defect was surgi- 

ally created in the parietal bone in 10-week-old male Sost KO 

ice ( n = 40) and wild-type mice ( n = 40). The defects were sub-

ect to the following conditions: (i) either left empty (no collagen- 

ydrogel), filled, ii) with an acellular collagen-hydrogel, or with 

 collagen-hydrogel seeded with mDPSC, iii) from W T mice (W T 

DPSC) or iv) Sost KO mice ( Sost KO mDPSC). 

In the second experiment, male WT mice were randomly as- 

igned to Scl-AB (Setrusumab, BPS804; kind gift from Mereo Bio- 

harma (London, UK) ( n = 10 per group) or vehicle (saline solu- 

ion) injection, ( n = 10 per group), according to Roschger et al. 

62] . In brief, Scl-AB was injected intravenously at a dose of 

00 mg per kg body weight. Injections of Scl-AB or the vehicle 

ere given once a week over a period of eight weeks. Mice were 

uthanized at the end of the eight-week intervention period, i.e., 

t the age of 18 weeks. Body weights were recorded at the time of 

ach injection. 

.2. Ethical approval and animal management 

All experiments in this study were conformed to ARRIVE (An- 

mal Research: Reporting of in vivo Experiments) guidelines and 

ere approved by the Animal Care Committee of the Université

e Paris (APAFIS agreement # 24,297 N °2,019,022,017,023,656). An- 

mals were maintained according to the guidelines for ethical con- 

uct developed by the European Communities Council Directive 

animal breeding agreement C92–049–01). All effort s were made 

o minimize their pain or discomfort. Hundred forty ten-week-old 

ale mice (100 WT and 40 Sost KO) with a C57BL/6 J genetic back- 

round were used for this study [10] and were housed in stable 

onditions (22 ± 2 °C) with a 12 h dark/light cycle and with ad 

ibitum access to water and food. 

.3. Isolation and culture of dental pulp stem cells from PN3 WT or 

ost KO mice 

Multi-colony-derived mouse dental pulp stem cells were ob- 

ained from the molars of three-day postnatal (PN3) littermate 

ost KO mice and WT mice using a protocol adapted from [ 36 , 10 ].

riefly, murine molar gems were collected under sterile condi- 

ions and incubated at 4 °C for 45 min in phosphate-buffered 

aline (PBS) containing 100 U/ml penicillin/streptomycin (Gibco, 

ampton, USA) and 250 μ g/ml fungizone (Gibco), then in PBS 

ontaining three mg/ml type I collagenase (Worthington Biochem, 

reehold, NJ, USA) and two U/ml dispase I (Roche, Mannheim, 

ermany) in a shaking incubator (at 37 °C) for one hour. The 

solated cells were then plated on 0.1% gelatin-coated dishes in 

he Minimum Essential Media-alpha (Gibco) supplemented with 

0% v/v fetal bovine serum (FBS) (Gibco) and 100 U/ml Peni- 

illin/streptomycin (Gibco), 2.5 ng/ml FGF-2 (PeproTech, Neuilly- 

ur-Seine France), 10 ng/ml BMP-2 (PeproTech), and maintained at 

7 °C under 5% CO 2 atmosphere. The medium was changed after 

wo days, and then twice a week. The required cell number for in 

ivo experiments was reached after two to three passages. 
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.4. Collagen-hydrogel preparation 

Plastically compressed collagen gels were used as three dimen- 

ional scaffolds and prepared as previously described [ 52 , 63 , 64 ].

riefly, 3.2 ml of sterile rat-tail collagen type I (First Link Ltd., 

olverhampton, U.K.) at a protein concentration of 2.0 mg/ml in 

.1% acetic acid was mixed with 0.4 ml of 10X Dulbecco’s Modified 

agle Medium (DMEM) and neutralized by 0.4 ml 10X HCO 

3 − and 

rop-wise addition of 0.1 N NaOH to pH 7.4 [65] . After neutraliza- 

ion, acellular or with mDPSC at a seeding density of 2.10 6 cell/ml 

as ice-cold mixed and 0.9 ml/well of the mix was platted into a 

our-well plate. After gelling (30 min at 37 °C), highly hydrated hy- 

rogels were placed on a stack of blotting paper, nylon, and stain- 

ess steel meshes. Dense collagen hydrogels were produced by the 

pplication of an unconfined compressive stress of one kPa for five 

in to remove excess casting fluid. The compressed scaffolds were 

ircularly cut (four mm diameter) and kept up to 24 h at 37 °C 

nder 5% CO 2 in serum-free medium before implantation [66] . 

.5. Surgical implantation 

Mice were anesthetized (100 mg/kg b.w. of ketamine and 

0 mg/kg b.w. of xylazine hydrochloride, both from Centravet Al- 

ort, Maisons-Alfort, France). In each specimen, scalp skin was in- 

ised, and the periosteum was eliminated to visualize the skull. A 

.5 mm diameter calvarial critical-sized defect was created on each 

ide of the parietal bone using a dental bur attached to a slow- 

peed hand piece operating at 1500 rpm, under irrigation with 

terile saline solution [67] . Special care was taken for the sagittal 

uture preservation, and minimal invasion of the dura mater. Af- 

er gently removing the circular bone plug, a mDPSC-seeded dense 

ollagen-hydrogel or acellular dense collagen-hydrogel prepared as 

reviously described was implanted in bone defect ( n = 280 hy- 

rogels for the entire experiment (n °1 and 2): acellular hydro- 

el, hydrogel seeded with WT mDPSC or hydrogel seeded with 

ost KO mDPSC. Each animal was randomly allocated per cage and 

er group and received the same treatment on both sides. Wound 

losure was achieved by a suturing (periosteum, skin) using ab- 

orbable sutures (Vicryl Rapid 5.0 and 4.0 respectively, Ethicon, 

ohnson & Johnson). Immediate post-operative care included anal- 

esia with buprenorphine (0.02 mg/kg b.w.). After surgery, the 

nimals were housed individually under constant conditions. No 

ethality was detected during the surgery or the post-operative pe- 

iod. Wound healing progressed without any sign of infection, ma- 

erial exposure or other complication. Body weights were exam- 

ned regularly to ensure proper feeding before and after surgery. 

.6. Micro-X-ray computed tomography (Micro-CT) examination of 

amples 

For bone regeneration exploration, mice were anesthetized 

isoflurane, induction at 2–2.5% under airflow of 0.8–1.5 L/min; 1–

.5% under 40 0–80 0 ml/min thereafter) and were imaged using an 

-ray micro-CT device (Quantum FX Caliper, Life Sciences, Perkin 

lmer, Waltham, MA) hosted by the PIV Platform, URP2496, Mon- 

rouge, France. The X-ray source was set at 90 kV for the voltage 

nd 160 μA for the intensity. Tridimensional images were acquired 

ith an isotropic voxel size of 20 μm. Full three dimensional high- 

esolution raw data are obtained by rotating both the X-ray source 

nd the flat panel detector 360 ° around the sample (scanning time: 

 min). Tridimensional rendering was subsequently extracted from 

ICOM image stacks using the open-source OsiriX imaging soft- 

are (v5.7.1, distributed under LGPL license, Dr A. Rosset, Geneva, 

witzerland) [68] . Before quantification, image stacks were reori- 

nted using DataViewer (Skyscan, release 1.5.2.4, Kontich, Belgium) 
180 
o the center of the defect. Then, quantification of the regener- 

ted bone was performed with a cylindrical shape volume of in- 

erest of 3.5 mm of diameter and 1 mm height, using CT-Analyzer 

oftware (Skyscan, release 1.13.5.1, Kontich, Belgium). An adaptative 

hresholding was performed with a radius of two, between 364.34 

nd 560.82 mgHA/cm 

3 (HA: Hydoxyapatite). To reduce background, 

pen/close morphological operations (radius = 1) were performed 

n the segmented bone. Bone volume fraction BV/TV (BV: Bone 

olume and TV: Total volume) (%), porosity (mm 

−3 ) and Bone Min- 

ral Density (BMD, mgHA/cm 

3 ) were used to quantify and charac- 

erized newly repaired bone. Since the regenerated bone is mainly 

 compact bone, trabecular thickness Tb.Th (mm), trabecular num- 

er Tb.N (one per mm) and trabecular separation Tb.Sp (mm) were 

ot described due to the fact that these values are specific to tra- 

ecular bone [69] . 

.7. Histology, histomorphometry 

Two-months non-decalcified samples ( n = 6 defects per condi- 

ion) were fixed in 70% vol/vol ethanol (24 h at 4 °C), dehydrated 

n graded ethanol solutions and embedded at −20 °C in methacry- 

ate resin (Merck & Co., Whitehouse Station, NY) [70] . Five- μm 

hick deplastified calvaria bone sample sections were sequentially 

leared in water and stained with von Kossa staining, or pro- 

essed for alkaline phosphatase (ALP) enzyme-histochemistry and 

or tartrate-resistant acid phosphatase (TRAP) revelation [43] . Von 

ossa staining was used to visualize mineralized bone. TRAP was 

etected by using hexazotized pararosanilin (Sigma) and naphtol 

STR phosphate (Sigma, St Louis, MO) to reveal osteoclasts; non- 

steoclastic acid phosphatase was inhibited by adding 100 mMol/ 

( + )-tartric acid (Sigma, St Louis, MO) to the substrate solution. 

.8. Image acquisition and quantification 

Image acquisition was performed using a Lamina multilabel 

lide scanner (Perkin Elmer) hosted by the HistIM platform at the 

nstitut Cochin, Paris. Slide visualization was performed with Ca- 

eViewer, 3DHISTECH’s advanced slide viewing software, and im- 

ges were analyzed using Fiji ( Fiji Is Just ImageJ ) [71] , an open

ource image processing package based on ImageJ (six sections 

ere counted for each sample). 

.9 Second harmonic generation (SHG) microscopy 

Second harmonic generation microscopy offers the opportunity 

o image and quantify collagen without staining, and was used as 

reviously described [72] . Briefly, a multiphoton inverted stand Le- 

ca SP5 microscope (Leica Microsystems GmbH, Wetzlar, Germany) 

osted in the IMAG’IC facility at the Institut Cochin, Paris, was 

sed for calvaria imaging. A Ti:Sapphire Chameleon Ultra (Coher- 

nt, Saclay, France) with a center wavelength at 810 nm was used 

s the laser source for generating second harmonic (SHG) and two- 

hoton-excited fluorescence (TPEF) signals. The laser beam was cir- 

ularly polarized. A Leica Microsystems HCX IRAPO 25 × /0.95 W 

bjective was used to excite and collect SHG and TPEF signals. 

Signals were detected in epi–collection through 405/15 nm and 

25/50 bandpass filters, respectively, by NDD PMT detectors (Le- 

ca Microsystems) with a constant voltage supply, at constant laser 

xcitation power, allowing the direct comparison of SHG intensity 

alues. LAS software (Leica, Germany) was used for laser scanning 

ontrol and image acquisition. Analyses were performed using a 

omemade ImageJ routine. Two fixed thresholds were chosen to 

istinguish biological material from the background signal (TPEF 

mages) and specific collagen fibers. The SHG score was established 

y comparing the area occupied by the collagen relative to the 

ample surface. 
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.10. Statistical analysis 

Numerical variables are expressed as the mean ± standard error 

f the mean (S.E.M). The statistical analyses were performed us- 

ng Prism software version 7.04 (GraphPad software, La Jolla, CA). 

he normality of the distribution was tested with the D’Agostino- 

earson omnibus normality test and the homogeneity of variance 

as tested with the Fisher F test. Since data was following a nor- 

al distribution and variances were significantly different between 

roups, a Brown-Forsythe and Welch ANOVA parametric test allow- 

ng the comparison between more than two independent samples 

as performed. As two defects were performed for each animal, 

t was the bone defect that was considered as the statistical unit. 

ifferences were considered significant at P < 0.05. 

. Results 

.1. The implantation of Sost KO mDPSC in WT mice potentiates the 

utcomes of a tissue engineering strategy 

To assess the interest of the inhibition of sclerostin for a tis- 

ue engineering approach, we first investigated bone formation in 

alvarial defects performed in WT mice and implanted with hy- 

rogels enclosing Sost KO mDPSC, in comparison to WT mice im- 

lanted with hydrogels enclosing WT mDPSC ( Fig. 1 , 2 ). The MSC

ature of these cells has been previously established [ 44 , 73 ]. Sost

O mice, which have been shown to display a strong bone forma- 

ion potential [ 11 , 74 ], were treated similarly as a positive control.

or each genotype, four different conditions were applied i) defect 

eft empty (no hydrogel), ii) defect filled with a dense acellular 

ollagen hydrogel, iii) defect filled with a dense collagen hydro- 

el enriched with WT mDPSC, and iv) defect filled with a dense 

ollagen hydrogel enriched with Sost KO mDPSC. Bone healing was 

nalyzed by micro-CT at two months ( Fig. 1 a) and further charac- 

erized by histology. Micro-CT analyses indicated that neither WT 

or Sost KO parietal defects left empty experienced bone repair at 

he center of the defects, confirming the critical size defect na- 

ure of our model even in Sost KO animals ( Fig. 1 a). For all the

ther conditions, bone formation was observed at both the edge 

nd the center of the defects. As expected [ 11 , 74 ], increased BV/TV

as systemically found in Sost KO mice when compared to their 

T counterparts and the addition of mDPSC, either WT or KO, did 

ot improve bone formation in KO animals ( Fig. 1 a). In contrast, 

n WT mice, the addition of mDPSC significantly improved bone 

ormation compared to acellular hydrogels. Furthermore, WT mice 

reated with Sost KO mDPSC-seeded hydrogels displayed a signifi- 

antly higher BV/TV compared to WT mice that received WT cells 

 P < 0.0 0 01). The BV/TV measured in WT mice treated with Sost

O cells was not significantly lower than those obtained in the 

ositive control ( Sost KO mice). 

Both ALP, which reflects osteoblast activity, and von Kossa stain- 

ng, which shows mineral formation, were robust in Sost KO mice 

nd in WT mice treated with Sost KO mDPSC ( Fig. 1 b; c). Quan-

ification of Von Kossa staining confirmed these observations. Con- 

istent with our micro-CT findings, WT mice treated with Sost KO 

ells showed a significantly higher percentage of mineralized tissue 

n the defects compared to WT mice treated with WT cells ( Fig. 1 b;

 < 0.001). Of note, in Sost KO mice, the addition of KO cells sig-

ificantly improved mineral deposition when compared to the ad- 

ition of WT cells. We then explored osteoclast resorption activity 

ithin the defects by assessing TRAP activity ( Fig. 2 a). No signif- 

cant difference was found for either WT or Sost KO mice treated 

ith WT or KO cells, indicating that, in our model, Sost deletion fa- 

ors bone formation but does not influence resorption ( Fig. 2 a). We 

ext investigated the newly formed bone using second harmonic 

eneration (SHG) microscopy ( Fig. 2 b). Red-labeled well-organized 
181 
undles of collagen fibers were observed within the defects per- 

ormed in WT and Sost KO mice treated with either WT or KO 

ells, indicating that the addition of mDPSC within the hydrogels 

avors matrix reorganization. However, analysis of the bone poros- 

ty and density from micro-CT acquisitions showed no benefit for 

he addition of mDPSC in the hydrogel either in WT or Sost KO 

ice, indicating that even if more bone is formed in KO mice and 

n WT mice treated with KO cells, these microarchitecture param- 

ters are not improved at this stage of the repair process by the 

ost deletion ( Fig. 2 c). 

Taken together, these data showed increased bone formation in 

T animals implanted with Sost KO mDPSC at two months. The 

eletion of Sost in the implanted cells displayed a similar potential 

o stimulate bone formation than Sost KO animals treated with WT 

r KO cells. 

.2. Systemic Scl-Ab treatment potentiates the outcomes of tissue 

ngineering strategy in WT mice 

Based on our data showing improved bone repair in the defects 

erformed in WT mice treated with Sost KO mDPSC, we sought to 

nvestigate whether the administration of a sclerostin-neutralizing 

cl-Ab [ 19 , 20 ] to WT mice may improve a tissue engineering strat-

gy (dense collagen hydrogels enriched with mDPSC). To this end, 

he bone repair process within calvarial defects, either empty or 

lled with acellular or WT mDPSC cellularized hydrogels, was ana- 

yzed after two months in WT mice weekly injected with Scl-Ab or 

ehicle ( Fig. 3 , 4 ). Representative three dimensional images of bone 

efects created in WT and Sost KO mice in four conditions ( Fig. 3 a)

evealed a complete closure of the defect in mice treated with the 

cl Ab and a hydrogel enclosing mDPSC, and an almost complete 

ne for the acellular hydrogels ( Fig. 3 a). The quantitative analysis 

ighlights that the BV/TV was significantly higher in the Scl Ab - 

reated animals compared to the vehicle injection ( Fig. 3 a). Note- 

orthy, in these Scl Ab -treated animals, the addition of mDPSC in 

he hydrogel significantly improved bone repair when compared to 

cellular controls ( P < 0.0 0 01). Accordingly, ALP staining indicated 

 strong osteoblast activity in this condition (WT mDPSC combined 

ith Scl-Ab) ( Fig. 3 b), and Von Kossa staining revealed a signif- 

cantly higher amount of mineralized tissue formation with Scl- 

b injection than in vehicle-only controls ( Fig. 3 c). Furthermore, 

n these Scl Ab -treated animals, the addition of WT mDPSC fur- 

her improved mineralization when compared with the “acellular 

ydrogel” condition ( P < 0.01) ( Fig. 3 c). In contrast, no difference 

egarding osteoclast activity was found in this group, suggesting 

hat the antibody rather targets bone formation than bone resorp- 

ion at the stage of the process ( Fig. 4 a). 

Next, we investigated the quality of the newly formed bone us- 

ng SHG microscopy ( Fig. 4 b). This analysis indicated better colla- 

en fiber organization in mice treated with the Scl-Ab when com- 

ared to the vehicle for all the conditions, but this observation 

as particularly striking for cellularized defects. Analysis of the 

one porosity and density from micro-CT acquisitions showed a 

ignificantly lower porosity in defects performed in animals treated 

ith the Scl-Ab compared to vehicle ( Fig. 4 c). However, at this 

tage of the bone repair process, the addition of cells did not 

mpact these microarchitecture parameters. Taken together, these 

ata show higher bone formation with upregulation of the os- 

eoblastic activity within the calvarial defects in cellularized tissue 

ngineered constructs associated with Scl-Ab injection. 

. Discussion 

Tissue engineering appears as a promising option to treat large 

one defects [45] , especially in the context of the craniofacial area, 

hich requires extremely difficult surgical reconstructions. Here, 
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Fig. 1. Bone formation within the defect at two months. a) Representative three dimensional images of bone defects created in WT and Sost KO mice in four conditions: 

defect left empty, defect filled with acellular hydrogel, hydrogel seeded WT mDPSC and hydrogel seeded Sost KO mDPSC. Black color represents the empty defect, green 

color represents newly formed bone in a defect filled with acellular hydrogel, red color represents newly formed bone in a defect filled with a hydrogel seeded with WT 

mDPSC and blue color represents newly formed bone in a defect filled with a hydrogel seeded with Sost KO mDPSC. Newly formed bone volumetric fraction is expressed as a 

percentage of volume (BV/TV) on the total area of the defect from micro-CT analysis. Data showed that Sost KO mice presented a significantly higher BV/TV compared to their 

WT counterparts and that WT mice treated with Sost KO mDPSC-seeded hydrogels displayed a similar BV/TV compared to Sost KO mice. b) Staining of osteoblastic-associated 

alkaline phosphatase (ALP) activity was investigated to assess bone formation by osteoblasts. ALP activity, in purple, was strong in WT mice treated with Sost KO cells and 

in Sost KO mice, especially those treated with Sost KO cells. Inset detail shows the area of interest with ALP signals indicated by arrows at higher magnification (x 40). c) 

Mineral formation in calvarial bone defects revealed by Von Kossa staining. Inset detail displays the area of interest at higher magnification (x 40). Quantitative analysis of 

Von Kossa staining in% have been performed in four conditions: defect left empty, defect filled with acellular hydrogel, hydrogel seeded WT mDPSC and hydrogel seeded 

Sost KO mDPSC. Black color represents the empty defect, green color represents newly formed bone in a defect filled with acellular hydrogel, red color represents newly 

formed bone in a defect filled with a hydrogel seeded with WT mDPSC and blue color represents newly formed bone in a defect filled with a hydrogel seeded with Sost KO 

mDPSC. Results showed that mineral formation was significantly higher in WT and Sost KO mice treated with Sost KO mDPSC. Scale bars: a) 1 mm, b) 250 μm c) 400 μm. 

Values represent mean ± SD: ns: not significant; ∗P < 0.05; ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01 with a Brown-Forsythe and Welch ANOVA test. (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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Fig. 2. Characterization of newly formed bone in WT and Sost KO mice at two months. a) Staining of osteoclastic tartrate-resistant acid phosphatase (TRAP) activity 

images on WT and Sost KO mice in defects filled with WT and Sost KO mDPSC. Inset detail displays, at higher magnification (x 40), TRAP signals in rose red indicated by 

arrows. Quantification of TRAP activity (%) has been performed: black color represents the empty defect, green color represents newly formed bone in a defect filled with 

acellular hydrogel, red color represents newly formed bone in a defect filled with a hydrogel seeded with WT mDPSC and blue color represents newly formed bone in a 

defect filled with a hydrogel seeded with Sost KO mDPSC. Results showed no significant difference between the cellularized scaffold groups at this stage of the repair process. 

b) Images from second harmonic generation (SHG) microscopy showed large amount of red-labeled well-organized bundles of collagen fibers within the defects performed 

in Sost KO mice for all the conditions (acellular hydrogel, hydrogel seeded with WT mDPSC and Sost KO mDPSC) and in WT mice treated with Sost KO cells. Inset detail 

shows the area of interest at higher magnification (x 40). c) Quantitative analysis of bone porosity (mm 

−3 ) and density (mg/cm 

3 ) from micro-CT acquisitions showing no 

improvement of these microarchitecture parameters in the cellularized scaffold groups at this stage of the repair process. Black color represents the empty defect, green 

color represents newly formed bone in a defect filled with acellular hydrogel, red color represents newly formed bone in a defect filled with a hydrogel seeded with WT 

mDPSC and blue color represents newly formed bone in a defect filled with a hydrogel seeded with Sost KO mDPSC. Scale bar: a) 250 μm, b) 500 μm. Values represent 

mean ± SD: ns: not significant; ∗ P < 0.05; ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01 with a Brown-Forsythe and Welch ANOVA test. (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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Fig. 3. Bone formation within calvarial defect in WT mice after Sclerostin antibody injection at two months. a) Representative three dimensional images of bone defects 

created in WT mice either after Scl-AB or vehicle injection, in three conditions: defect left empty, defect filled with acellular hydrogel, defect filled with hydrogel seeded WT 

mDPSC. Black color represents the empty defect, green color represents newly formed bone in a defect filled with acellular hydrogel and red color represents newly formed 

bone in a defect filled with a hydrogel seeded with WT mDPSC. Newly formed bone volumetric fraction expressed as a percentage of volume (BV/TV) on the total area of 

the defect from micro-CT analysis is represented. Micro-CT analysis showed significantly higher BV/TV in animals that received Scl-Ab injection when compared to vehicle 

in the condition “acellular hydrogel” and “hydrogel seeded with WT mDPSC”. In the Scl-Ab treated mice, the addition of cells in the hydrogels significantly enhanced bone 

formation. b) Staining of osteoblastic-associated alkaline phosphatase (ALP) activity was investigated to determine whether the Scl-Ab treatment impacted bone formation 

by osteoblasts. ALP activity, in purple, was strong in mice that received Scl-Ab treatment and cellularized hydrogels. Inset detail shows the area of interest with ALP signals 

indicated by arrows at higher magnification (x 40). c) Mineral formation in calvarial bone defects revealed by Von Kossa staining. Inset detail displays the area of interest at 

higher magnification (x 40). Quantitative analysis of Von Kossa staining in% was performed for the three conditions: defect left empty, defect filled with acellular hydrogel 

and hydrogel seeded WT mDPSC. Black color represents the empty defect, green color represents newly formed bone in a defect filled with acellular hydrogel and red color 

represents newly formed bone in a defect filled with a hydrogel seeded with WT mDPSC. Results showed that mineral formation was significantly increased in the conditions 

“acellular hydrogel” and “hydrogel seeded with WT mDPSC” in mice that received Scl-AB injection compare to vehicle group. Furthermore, in the Scl-Ab treated mice, the 

addition of cells in the hydrogels significantly enhanced bone formation. Scale bars: a) 1 mm b) 250 μm c) 400 μm. Values represent mean ± SD: ns: not significant; ∗ P 

< 0.05; ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01 with a Brown-Forsythe and Welch ANOVA test. (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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Fig. 4. Characterization of newly formed bone after Sclerostin antibody injection at two months . a) Staining of osteoclastic tartrate-resistant acid phosphatase (TRAP) 

activity images in mice treated with Scl-Ab or vehicle. Inset detail shows TRAP signals in rose red indicated by arrows at higher magnification (x 40). Quantification of TRAP 

activity (%) was performed for the three conditions: black color represents the empty defect, green color the newly formed bone in a defect filled with acellular hydrogel, and 

red color the newly formed bone in a defect filled with a hydrogel seeded with WT mDPSC. Results showed significant lower activity for the condition “acellular hydrogel”

in mice that received Scl-Ab and no difference was found in the cellularized groups. b) Representative images from second harmonic generation (SHG) microscopy revealed 

red-stained better-organized collagen fibers in mice treated with the Scl-AB when compared to the vehicle for the conditions “acellular hydrogel” and “hydrogel seeded with 

WT mDPSC”. Inset detail shows the area of interest at higher magnification (x 40). c) Quantitative analysis of bone porosity (mm 

−3 ) and density (mg/cm 

3 ) from Micro-CT 

have been performed in three conditions: black color represents the empty defect, green color the newly formed bone in a defect filled with acellular hydrogel, and red color 

the newly formed bone in a defect filled with a hydrogel seeded with WT mDPSC. Porosity analysis revealed significantly lower porosity in defects performed in animals 

treated with the Scl-Ab for the conditions “acellular hydrogel” and “hydrogel seeded with WT mDPSC”. Scale bar: a) 250 μm, b) 500 μm. Values represent mean ± SD: ns: 

not significant; ∗ P < 0.05; ∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0 0 01 with a Brown-Forsythe and Welch ANOVA test. (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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e have raised the hypothesis that a tissue engineering strat- 

gy, namely implantation of dense collagen hydrogels enclosing 

DPSC, combined with the inhibition of sclerostin may greatly en- 

ance bone regeneration within critical size calvarial defects. Our 

ata show that sclerostin neutralization by the systemic injection 

f a sclerostin antibody [ 19 , 20 ], a strategy already used to treat

steoporosis and other bone diseases [ 6 , 21 , 75 , 76 ], markedly im-

roves the outcomes of our tissue engineering approach, resulting 

n higher bone formation in animals treated with both Scl-Ab and 

ydrogels, and especially with those enriched with mDPSC. 

The use of the dental pulp as source of MSC appears fully jus- 

ified here as most of the craniofacial bones and the dental pulp 

SC share a common neural crest embryological origin [ 37 , 77 ]. 

n addition, neural-crest derived osteogenic cells are known to be 

ore efficient in osteoblast differentiation and bone repair than 

heir mesoderm counterparts [78] . Regarding the use of dense 

ollagen hydrogels as a scaffold, we and others have previously 

emonstrated that such scaffolds allowed the addition of MSC and 

 fiber density favoring osteogenesis, while being perfectly toler- 

ted by the host upon implantation [ 39 , 44 , 52 , 55 , 56 , 58 , 79 ]. In our

tudy, the addition of DPSC within the dense collagen hydrogels 

arkedly improved bone regeneration in WT mice, which is con- 

istent with previous studies in rodent models [ 39 , 43 , 44 , 56 , 73 ].

his observation is true for our two sets of experiments despite 

he fact that the amount of newly formed bone differed between 

hese experiments. This may be due to the fact that these experi- 

ents were conducted independently, at different time of the year 

nd with different batches of cells and reagents. 

The benefit of mDPSC addition was less marked in Sost KO 

ice, as bone formation was comparable in acellular hydrogels and 

ydrogels enriched with mDPSC harvested from WT or KO mo- 

ar germs ( Fig. 1 a). This suggests that permanent sclerostin defi- 

iency in these animals overcomes the potential of these MSC to 

mprove bone healing. In 2011, a study reported that osteoblasts 

arvested whether from juvenile or adult mouse parietal bones 

emonstrated reduced capacity for osteogenic differentiation when 

xposed to recombinant sclerostin, already pointing out this pro- 

ein as a promising target to abrogate in future tissue engineering 

tudies [80] . As expected, calvarial defects performed in Sost KO 

ice healed faster and better that those performed in WT mice 

 Fig. 1 a and Fig. 2 b). These findings are consistent with other stud-

es conducted in the Sost KO mouse model or other mouse models 

argeting another inhibitor of the Wnt/ β-catenin signaling pathway 

uch as DKK1 (Dickkopf 1). In these studies, higher bone forma- 

ion was reported in the transgenic models compared with their 

T counterparts [ 11 , 74 , 81-83 ]. Regarding the high bone formation

otential associated with sclerostin deficiency, a complete healing 

f the bone defects left empty (no hydrogel) may have been ex- 

ected, in view of the reported finding that Sost KO mice were 

ble to regenerate up to 40% of the calvarial defect two months 

fter surgery [81] . However, in this case, bone formation was only 

bserved at the edge of the defects and in a limited number of 

ice. In our hands, defects left empty in Sost KO mice, as well as 

n WT mice treated with the Scl-Ab, displayed very limited bone 

ormation ( Fig. 1 a). 

Quite remarkably, our data show that WT mice treated with 

DPSC harvested from Sost KO molar germs displayed a bone heal- 

ng process significantly improved compared with WT mice treated 

ith WT cells ( Fig. 1 a-c). The bone quantity in these animals was

omparable to their Sost KO counterparts ( Fig. 2 b). These impor- 

ant findings suggest that the local absence of sclerostin in the 

SC implanted in a bone defect has an equivalent benefit in terms 

f bone regeneration to its complete deficiency. This is consistent 

ith a previous study showing that the local delivery of small ac- 

ive fragments of the sclerostin antibody loaded in Poly(lactide- 

o-glycolide) microspheres and implanted within the fracture site 
186 
avored bone healing in ovariectomized (OVX) rats [84] . Notewor- 

hy, Phase III clinical trials conducted in patients with osteoporosis 

ave shown that the systemic neutralization of sclerostin with a 

onoclonal antibody was not devoid of adverse events, albeit very 

are, such as osteoarthritis, arthralgia, nasopharyngitis or back 

ain as well as an increased incidence of cardiovascular events 

 85 , 86 ]. These studies have also unraveled a possible effect on the

ccurrence of osteonecrosis of the jaw (ONJ). This later adverse 

vent, albeit extremely rare (two cases reported in the FRAME clin- 

cal trial) [87] , is of particular importance in our prospect to de- 

elop a tissue engineering strategy for the craniofacial skeleton. 

uite reassuring, a recent study conducted in OVX rats, in which 

xperimental periodontitis was induced through ligature place- 

ent and which were treated by either a sclerostin antibody or 

isphosphonate, did not develop ONJ under anti-sclerostin treat- 

ent while showing improved maxillary bone healing when com- 

ared to animals treated with bisphosphonate [88] . However, the 

ositive outcomes of our present experiments conducted in WT 

ice treated with Sost KO mDPSC together with those previously 

btained with the local and controlled delivery of active fragments 

f a sclerostin antibody [84] , suggest that the local inhibition of 

clerostin in a defect may be sufficient to improve bone healing, 

hile limiting the potential adverse events associated with a sys- 

emic treatment. 

Both clinical and preclinical studies have demonstrated that the 

ajor effect of the systemic administration of a sclerostin antibody 

as the uncoupling of bone remodeling, leading to an increase 

n bone formation [ 21 , 89-92 ], and a decrease in bone resorption

ith lower osteoclastic activity [93] . Here, we observed robust os- 

eoblast activity evidenced by ALP staining whenever sclerostin 

as deficient ( Fig. 1 b) or neutralized ( Fig. 3 b), coupled with no

mpact on osteoclast activity in the defects ( Fig. 2 a and Fig. 4 a).

urthermore, we found that the porosity of the regenerated bone 

as improved by the antibody treatment compared to the placebo 

ut not by the addition of the MSC in the dense collagen hydro- 

els with sclerostin deficiency ( Fig. 2 c) or neutralization ( Fig. 4 c).

his micro-architecture parameter, which is commonly used for 

he characterization of the cortical bone, is considered, when in- 

reased, as a robust marker of bone fragility that might help to 

dentify patients with increased risk of fracture [94] . Therefore, to- 

ether with our SHG observations showing improved organization 

f the collagen fibers when sclerostin is inhibited or absent, we 

an conclude that sclerostin deficiency or neutralization improved 

he quantity and the extracellular matrix organization of the re- 

enerated bone. However, this newly formed bone still needs to be 

urther remodeled to decrease its porosity and increase its density. 

et, our experiments were conducted in the calvaria, which is a 

at bone exposed to limited (although not negligible) mechanical 

onstraints [95] . These limited mechanical constraints may explain 

he lack of maturity observed in the regenerated bone, even in Sost 

O animals. Hence, we selected the calvarial bone defect in first 

nstance, as it is a critical and highly reproducible model [96] . In 

he future, our tissue engineering approach combined with Scl-Ab 

hould be explored in a more mechanically solicited bone such as 

he mandible, either in rats or in larger animal models. 

. Conclusion 

In conclusion, the sum of our work highlights that sclerostin 

eutralization by a monoclonal antibody improved bone healing 

n a tissue engineering strategy for the craniofacial area. Further- 

ore, similar outcome was observed with the implantation of MSC 

eficient for sclerostin directly within the bone defect, suggesting 

hat the local absence of this protein during the bone healing pro- 

ess should be a therapeutic strategy to investigate, for instance 

ia the controlled delivery of the antibody from the tissue engi- 
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eering construct. Beyond sclerostin, monoclonal antibodies target- 

ng other regulators of the bone remodeling process, such as the 

ANK/RANKL pathway, are available and may be promising candi- 

ates to explore further the potential of a combined therapeutic 

onoclonal antibody-tissue engineering strategy for bone regener- 

tion. 
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