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Abstract

The management of extensive bone loss remains a clinical challenge. Numerous studies are
underway to develop a combination of biomaterials, biomolecules and stem cells to address
this challenge. In particular, the systemic administration of antibodies against sclerostin, a
regulator of bone formation, was recently shown to enhance the bone repair efficiency of
dense collagen hydrogels hosting murine dental pulp stem cells (mDPSCs). The aim of the
present study was to assess whether these antibodies, encapsulated and released from dense
collagen hydrogels (DCHs), could promote craniofacial bone repair by local inhibition of
sclerostin.

In vitro studies showed that antibody loading modified neither the hydrogel structure nor the
viability of seeded mDPSCs. When implanted in a mouse calvaria critical-size bone defect,
antibody-loaded DCHs showed repair capabilities similar to acellular unloaded DCHs combined
with antibody injections. Importantly, the addition of mDPSCs provided no further benefit.
Altogether, the local delivery of anti-sclerostin antibodies from acellular dense collagen
scaffolds is highly effective for bone repair. The drastic reduction in the required amount of
antibody compared to systemic injection should reduce the cost of the procedure, making the

here-proposed strategy a promising therapeutic approach for large bone defects repair.

Keywords: Bone tissue engineering; Monoclonal antibody therapy; Sclerostin; Collagen

hydrogels; Dental pulp stem cells.
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1. Introduction

Over the last 30 years, bone tissue engineering strategies have continuously improved the
design of biomaterials with enhanced ability to promote osteogenesis through the
combination of scaffolds, stem cells and biomolecules acting synergistically’=. Scaffolds aim
to mimic and delimit a biological microenvironment to allow cell migration and proliferation®’.
They can be prepared from a wide range of materials, which can be inert, bioactive or
biological 8. Their structure, mechanical stability and degradation kinetics can be varied to a
large extent °. However, when implanted, scaffolds are susceptible to infection, especially
because their limited vascularization can impede immune cells migration to the contaminated
site 1911, To promote biological response, scaffolds can be seeded with stem cells!2. Adult stem
cells, including mesenchymal stem cells (MSCs), are preferred due to their safe profile
compared to embryonic and induced pluripotent stem cells!3. Adequately primed, they
promote direct target tissue formation or indirect formation by secreting bioactive
molecules'**. Autologous MSCs are the best candidates to avoid any immune response?®.
However, the number of available cells is limited by the process time, mainly restricting their
use to planned medical procedures?’. Active molecules, such as antibiotics, growth factors or
antibodies, can also be added to the scaffold, targeting either host cells, seeded cells or both®-
20, Compared to systemic administration (e.g. intravenous dispensation), local delivery via a
scaffold dispenses the medication close to the target site, reducing the total dose required
and thus mitigating systemic adverse effects?%22, The two associated primary challenges are
to maintain the bioactivity of the molecules during the scaffold loading step, especially in the

case of antibodies?3, and to adjust the release kinetics in vivo.

To restore bone defects, especially critical-size ones, using dense collagen hydrogels (DCH)
as scaffolds is a promising approach>?4. They are soft, biocompatible, biodegradable, and
with a fibrillar density that can be similar to that of the native bone matrix>>=?’. They can be
seeded with MSCs to promote bone repair by accelerating osteogenic differentiation?®. Dental
Pulp Stem Cells (DPSCs) are a type of MSCs commonly used that can be differentiated into
multiple lineages including bone-forming cells?®. Adequately primed and seeded into DCHs,

they enhance bone repair in vivo'>?*. DPSCs are eligible candidates for craniofacial bone
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therapy as they are derived from the same embryological origin as the skull bones, the neural

crest30.

Bone cell activity is under the dependence of two main signaling pathways: (a) the SMAD(x)
pathway, with ligands such as BMP and TGF-B, and (b) the Wnt (wingless-related integration-
site)/B-catenin pathway involving proteins such sclerostin, an inhibitor of this pathway3%32,
Sclerostin is the protein encoded by the SOST gene, whose loss-of-function mutations lead in
uncontrolled bone apposition (hyperostosis corticalis generalisata disease)3*3*. Monoclonal
antibodies against sclerostin (Scl-Ab) were developed to increase bone formation and are
currently used to improve bone quality in osteoporosis and osteogenesis imperfecta, a rare
bone fragility disorder3>3®, Repeated systemic injection of Scl-Ab has already proven a
promising approach to favor bone healing3’. Monthly delivery of Sclerostin single-chain
antibody fragments loaded in poly(lactic-co-glycolic acid) (PLGA) microspheres was shown to
promote long-bone fracture healing in ovariectomized rats32. In a step further, we have
recently shown that implementing a DCH scaffold, with or without mDPSCs, combined with
weekly intravenous (IV) injection of Scl-Ab over two months enhanced bone formation in a
calvarial critical bone defect3?. In addition, implementing a DCH seeded with Sost knock-out
(KO) mDPSCs in a wild-type (WT) mouse calvaria critical-size bone defect similarly promoted
bone formation, suggesting that the local inhibition of sclerostin may be sufficient to improve
bone healing?®. Taken together, these data suggest that the direct loading of the Scl-Ab into
the DCH could reproduce this local inhibition within the bone defect, reducing the global dose
delivered, thus limiting potential side effects such as mild reaction at the injection site, and

reducing the treatment cost3.

Current research on antibody-loaded hydrogels focuses on PLGA, chitosan, alginate,
collagen, or hyaluronic acid-based scaffolds®. Injectable antibody-loaded hydrogels were
developed for possible use in ocular drug delivery, cancer or stroke treatments*'. Whereas
several antibody-releasing materials have been recently developed for subcutaneous
implantation®?43, in situ placement of hydrogels loaded with full antibody for bone repair has
not been described yet. Therefore, in the present study, we aimed at assessing whether the
Scl-Ab loading of DCH scaffolds could improve the efficacy of bone regeneration in craniofacial
defects. To this end, we evaluated the antibody-loading capacity of DCH and the survival of

seeded mDPSCs at the selected doses. Critical craniofacial bone defects created in adult mice
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were filled with Scl-Ab-loaded DCH, either cellularized with mDPSCs or acellular, and bone
formation was monitored within the defects. Ultimately, the best condition was compared to

the standard condition, e.g. mice treated with DCH combined with Scl-Ab IV injections.

2. Materials and Methods

2.1.  Ethical approval and animal management

All experiments in this study were conformed to ARRIVE (Animal Research: Reporting of in
vivo Experiments) guidelines and were approved by the Animal Care Committee of the
Université Paris-Cité (APAFIS agreement # 24,297 N°2,019,022,017,023,656). Animals were
maintained according to the guidelines for ethical conduct developed by the European
Communities Council Directive (animal breeding agreement C92-049-01). All efforts were
made to minimize their pain or discomfort. Seventy-six ten-week-old male mice with a
C57BL/6 J genetic background were used for this study and were housed in stable conditions

(22 £ 2 °C) with a 12 h dark/light cycle and with ad libitum access to water and food.

2.2. Isolation and culture of dental pulp stem cells (mDPSCs)

Multi-colony-derived mouse dental pulp stem cells (mDPSCs) were obtained from the
molars of three-day postnatal (PN3) littermate WT mice using a protocol adapted from
Gronthos et al.?°. Briefly, murine molar gems were collected under sterile conditions and
incubated at 4 °C for 45 min in phosphate-buffered saline (PBS) containing 100 U.mL™?
penicillin/streptomycin (Gibco, Hampton, USA) and 250 pg.mL* fungizone (Gibco), and then
in PBS containing 3 mg.mL-! type | collagenase (Worthington Biochem, Freehold, NJ, USA) and
2 U.mLdispase | (Roche, Mannheim, Germany) in a shaking incubator (at 37 °C) for one hour.
The isolated cells were then plated on 0.1 % gelatin-coated dishes in Minimum Essential
Media-alpha (Gibco) supplemented with 20 % v/v fetal bovine serum (FBS) (Gibco), 100 U.mL™*
Penicillin/streptomycin (Gibco), 2.5 ng. mL? FGF-2 (PeproTech, Neuilly Sur Seine France),
10 ng mL! BMP-2 (PeproTech) and maintained at 37 °C under 5% CO, atmosphere. The
medium was changed after two days, then three times a week. The required cell number for

in vivo experiments was reached after two to three passages.
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2.3. Dense Collagen Hydrogel (DCH) preparation

Plastically compressed collagen gels were used as three-dimensional scaffolds and
prepared as previously described3%44, Briefly, 1.8 mL of a sterile rat-tail tendon type | collagen
solution at a protein concentration of 3.5 mg.mL? in 0.1% acetic acid, obtained as previously
described,* was mixed with 0.4 mL of 10X Dulbecco’s Modified Eagle Medium (DMEM) and
0.4 mL 10X NaHCOs. Neutralization was achieved by drop-wise addition of 0.1 N NaOH until
pH = 7.4. After neutralization, the mixture was completed to 4 mL with Minimum Essential
Media-alpha (Gibco), with or without mDPSCs at a seeding density of 2x10° cells per mL, with
or without Scl-Ab (Setrusumab, BPS804; kind gift from Mereo Biopharma (London, UK)) and
was ice-cold mixed. The mixture was then dispensed into a four-well plate. After gelling (30
min at 37 °C), highly hydrated hydrogels were placed on a stack of blotting paper, nylon, and
stainless steel meshes as described in Coyac et al*. Dense collagen hydrogels (DCH) were
produced by the application of an unconfined compressive stress of 2 kPa for five min to

remove excess casting fluid.

For in vivo experiments, hydrogels were prepared with or without antibodies, and with or
without cells. Scl-Ab loaded DCHs were prepared with two different concentrations of
antibody in the initial solution, 0.2 mg.mL?! and 2 mg.mL!, hereafter-termed low dose (Ld)
and high dose (Hd), respectively. Cell seeding density was always 2x10° cells per mL. After
compression, DCHs were circularly cut (four mm in diameter, in agueous medium) and kept
up to 24 h at 37 °C under 5% CO, in serum-free medium before implantation. DCHs were kept

in a serum complemented with Scl-Ab at the same concentration as the initial solution.

The antibody was reconstituted with water for injection (WFI). For injection, the stock

solution was diluted in saline solution3°.

2.4.  Characterization of the DCH

To assess the volume of the DCH before and after compression, 20 uL per DCH of a barium
sulphate suspension (0.1 g.mL%, Micropaque, GUERBET lab) were added to obtain radio dense

samples (n=8). DCHs were imaged before and after compression using an X-ray micro-CT
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device (see below). Using DICOM image stacks, the DCH were segmented, and their volumes

assessed using AVIZO software (v2019.1, ThermoFisher Scientific).

Gels were imaged before and after compression by Scanning Electron Microscopy (SEM).
Gels were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). After
rinsing with a 0.1 M cacodylate/0.6 M sucrose buffer, they were dehydrated in water:ethanol
solutions of increasing alcohol content and dried using supercritical CO,. Samples were
sputter-coated with a gold layer (15 nm) and imaged using a Hitachi S-3400 N SEM microscope

operating at 10 kV.

2.5.  Assessment of the Scl-Ab distribution, loading and release kinetics

To evaluate the distribution of the antibody within the hydrogel, 100ug of Scl-Ab was
labelled using the SiteCLick Antibody Labelling Kit (510467) from Invitrogen. Briefly, it consists
of a three-step workflow: modification of the carbohydrate domain of the antibody, azide
attachment to the antibody and conjugation with a DIBO-modified R-phycoerythrin. The
labelled Scl-Ab was added to unlabelled Scl-Ab to produce a Hd DCH (n=1), resulting in a
hydrogel containing 5% labelled Scl-Ab (100ug labelled /2mg total Scl-Ab) prior to

compression. After plastic compression, the hydrogel was imaged by confocal microscopy.

To assess Scl-Ab loading of the hydrogels after compression, DCH were digested in a
solution of 225 pL of PBS and 25 pL of type | collagenase (290 U.mg™1). An Enzyme Linked
Immuno-Sorbent Assay (ELISA) (ABCAM ab195215 — IgG Human SimpleStep ELISA Kit) was
then performed according to the recommendations of the manufacturer. Each measure was
done in duplicate with each condition in triplicate. A solution of collagenase alone and one of
collagenase with a known concentration of antibody were used as controls. The results were
adjusted with the OD of the collagenase solution. The concentration of the
collagenase/antibody solution was in the range of the initial solution (3.5 mg.mL). Plates

were read on an Infinite 200 M-Plex plate reader (Tecan).

To study Scl-Ab release kinetics from the hydrogels, they were placed immediately after
compression in 0.5 mL of PBS at 37°C. After 3, 6, 9, 24, 31, 57, 82 and 101 hours, 0.15 mL of

solution was removed and replaced by 0.15 mL of PBS. The antibody concentration in each
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sample was measured by ELISA. To assess the possible effect of cellularization on Scl-Ab

release, similar experiments were performed using mDPSCs-seeded hydrogels.

2.6.  Invitro assessment of cell viability

Cell viability and distribution within the dense collagen scaffolds were assessed using the
Live/Dead® cell viability-cytotoxicity assay (Invitrogen, Carlsbad, CA, USA) at 24 hours with a
confocal laser scanning microscope (IXplore Spinning 522 Roussy), and using Alamar Blue
assay (Invitrogen, Carlsbad, CA, USA) at days 1, 7, 14, 21 and 28. For the Live/Dead assay,
image acquisition was performed in IMAG’IC Facility, member of the National Infrastructure
France Biolmaging (ANR-10-INBS-04). Images from the Live/Dead assay were analyzed with

Fiji*. Alamar blue assay was performed and analyzed following the manufacturer instructions.

2.7. Surgical implantation

Mice were anesthetized (100 mg/kg b.w. of ketamine and 10 mg/kg b.w. of xylazine
hydrochloride, both from Centravet Alfort, Maisons-Alfort, France). In each individual, scalp
skin was incised to visualize the periostium. A 3.5 mm diameter calvaria critical-sized defect*’
was created on each side of the parietal bone using a mucosa punch (Helmut Zepf 08.920.13)
attached to a slow speed hand piece operating at 3000 rpm, under constant irrigation with
sterile saline solution (NSK — Viva Ace). Special care was taken for the sagittal suture
preservation, and minimal invasion of the dura mater. After gently removing the circular bone
plug, DCH were implanted in each of the two bone defects (same DCH condition in the two
defects)?’. Two control groups were performed: defect left empty and sham, which consisted
in skin opening without bone removal. Each animal was randomly allocated per cage and per
group. Wound closure was achieved by a suturing (skin) using absorbable sutures (Vicryl Rapid
4.0, Ethicon, Johnson & Johnson). Immediate post-operative care included analgesia with
buprenorphine (0.02 mg/kg b.w.). After surgery, mice were housed by 4 under constant
conditions. Wound healing progress, material exposure or other complications were
monitored daily. Body weights were monitored regularly to ensure proper feeding before and
after surgery. Mice were euthanized at the end of the eight-week intervention period, i.e., at

the age of 18 weeks.
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2.8.  Micro-X-ray computed tomography (Micro-CT) examination of samples.

For bone regeneration exploration, mice were anesthetized (isoflurane, induction at 2-2.5
% under airflow of 0.8-1.5 L.mint; 11.5 % under 400-800 mL.min?! thereafter) and were
imaged using an X-ray micro-CT device (Quantum FX Caliper, Life Sciences, Perkin Elmer,
Waltham, MA) hosted by the PIV Platform, URP2496, Montrouge, France. The X-ray source
was set at 90 kV for the voltage and 160 pA for the intensity. Tri-dimensional images were
acquired with an isotropic voxel size of 20 um. Tri-dimensional rendering was subsequently
extracted from DICOM image stacks using CTvox rendering software (v3.3.1, Bruker microCT).
Before quantification, image stacks were reoriented using DataViewer (Skyscan, release
1.5.6.2, Kontich, Belgium) to the center of the defect. Then, quantification of the regenerated
bone was performed with a cylindrical shape volume of interest of 3.5 mm of diameter and 1
mm height, using CT-Analyzer software (Skyscan, release 1.20.8.0, Kontich, Belgium). An
adaptative thresholding was performed with a radius of two, between 364.34 and 560.82
mgHA.cm=3 (HA: Hydroxyapatite). To reduce background, open/close morphological
operations (radius = 1) were performed on the segmented bone. Bone volume fraction BV/TV
(BV: Bone volume and TV: Total volume) (%), total porosity (%) and Bone Mineral Density
(BMD, mgHA.cm3) were used to quantify and characterized newly repaired bone. Since the
regenerated bone is mainly a compact bone, trabecular thickness Tb.Th (mm), trabecular
number Th.N (one per mm) and trabecular separation Th.Sp (mm) were not described as they

apply to trabecular bone only?3.

2.9. Histology, histomorphometry

At two months, mice were sacrificed for histological analysis. Half heads were fixed for 36
hours in 4% paraformaldehyde at 4°C under constant agitation. After preservation only of the
calvaria and adjoining brain, the hard tissue demineralization was obtained using a microwave
(KOS, Milestone, Shelton, CT, USA) in a 4.13% EDTA (pH 7.4) solution changed every 2 days for
2 weeks. The samples were subsequently embedded in Diawax (Diapath), serial sagittal
sections of 5 um were cut with a microtome. Deparaffinized sections were stained with

Masson’s trichrome.
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The remaining two-months non-decalcified samples were fixed in 70 % vol/vol ethanol for
24 h at 4°C, dehydrated in graded ethanol solutions and embedded at -20 °C in methyl-
methacrylate resin (Merck & Co., Whitehouse Station, NY). Five-um thick deplastified calvaria
bone sample sections were sequentially cleared in an alcohol gradient and in water then
stained with von Kossa staining or processed for alkaline phosphatase (ALP) enzyme-
histochemistry and for tartrate-resistant acid phosphatase (TRAP) revelation*®. Von Kossa
staining was used to visualize mineralized bone by using silver nitrate (Sigma). TRAP was
detected by using Naphtol ASTR phosphate (Sigma) and Fast Red TR Salt (Sigma) to reveal
osteoclasts; non osteoclastic acid phosphatase was inhibited by adding 100 mM L(+)-tartric
acid (Sigma, St Louis, MO) to the substrate solution. ALP was detected by using Naphtol ASTR
Phosphate, NN-Diméthylformamide, Fast Blue RR Salt and MgCl,.

Image acquisition was performed using a Lamina multilabel slide scanner (Perkin ElImer)
hosted by the HistIM platform at the Institut Cochin, Paris. Slide visualization was performed

with CaseViewer, 3DHISTECH’s advanced slide viewing software.

2.10. Second Harmonic Generation microscopy

Second harmonic generation microscopy offers the possibility to image collagen without
staining, as previously described°. The calvaria imaging was performed using a multiphoton
inverted stand Leica SP8 DIVE microscope (Leica Microsystems GmbH, Wetzlar, Germany)
located at the IMAG'IC core-facility at the Institut Cochin, Paris. The laser source used for
generating second harmonic (SHG) and two photon-excited fluorescence (TPEF) signals was a
Ti:Sapphire Chameleon Ultra (Coherent, Saclay, France) tuned at 810 nm. The laser beam was
circularly polarized, and excitation and collection of SHG and TPEF signals were performed
using a Leica Microsystems HCX IRAPO 25 x /0.95 W obijective. Signals were detected in epi-
collection using 405/15 nm and 525/50 bandpass filters, respectively, by NDD PMT detectors
(Leica Microsystems) with a constant voltage supply. LAS X software (Leica, Germany) was

used for laser scanning control and image acquisition.

2.11.  Confocal microscopy

ACS Paragon Plus Environment 10
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Imaging was performed using a Leica Microsystem SP8X confocal microscope (Leica
Microsystems GmbH, Wetzlar, Germany) located at the IMAG'IC core-facility at the Institut
Cochin, Paris, with a x20 objective (0.75NA, dry), an image size of 512x512 pixels, a Z step of
2um, an excitation wavelength of 565nm with a 5% gain and a detection range between 578
and 610nm. Z acquisition was performed over 500um. LAS software (Leica, Germany) was

used for laser scanning control and image acquisition.

2.12.  Statistical analyses

Numerical variables are expressed as the mean + standard deviation (SD). The statistical
analyses were performed using Prism software version 9.0.2 (GraphPad software, La Jolla, CA).
The normality of the distribution was tested with the D’Agostino Pearson omnibus normality
test and the homogeneity of variance was tested with the Fisher F test. For multiple
comparisons, when data was following a normal distribution with variances significantly
different between groups, a Brown-Forsythe and Welch ANOVA parametric test allowing the
comparison between more than two independent samples was performed. If the distribution
was not following a normal distribution, a Kruskal-Wallis test was performed. For in vivo
experiments, as two defects were performed for each animal, the bone defect was considered
as the statistical unit. Differences were considered significant at P < 0.05. A Sidak's multiple

comparisons correction was performed for multiple comparisons.

3. Results
3.1.  Scl-Ab loading and release from DCH

Collagen hydrogels prepared from 1 mL solution at 1.6 mg.mL™? of collagen were densified
by plastic compression?®44, Before compression, the hydrogels (n=4) had a mean base
diameter of 15.4 £ 0.6 mm and mean thickness of 2.5 + 0.2 mm. After compression, there was
no significant change in the gel diameter (16.0 + 0.5 mm). The thickness was significantly
different with a ca. 11-fold reduction (0.23 + 0.02 mm) (Fig. 1A, S1A, S1B). The mean volume
of the hydrogels before plastic compression was 410 + 40 mm?3 compared to the initial volume

of 1000 mm3 before gelling. The mean volume of the DCH (after compression) was 60 + 20
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mm?3 (Fig. 1B). This corresponds to a final collagen concentration of 23 mg.mL? in the DCH.
SEM imaging showed that the uncompressed hydrogel consisted in a highly porous fibrillar
network. After compression, the porosity decreased without modification of the fiber

diameter (50 + 10 nm) (Fig. 1C).

Confocal imaging showed a homogeneous spatial distribution of labelled Scl-Ab within the
Hd DCH, accounting for 5% of the image area (5% in the initial solution), with the presence of
focal dots and aggregates. (Fig. 1D). In sharp contrast, no signal was found in the absence of

Scl-Ab (data not shown).

Increasing amounts of Scl-Ab were introduced in the collagen solution after neutralization.
As seen in Fig.1D, the amount of loaded antibody in the final DCH increased linearly with initial
antibody amount until reaching a plateau for an initial antibody amount of ca. 1 mg leading to
ca. 0.2 mg of Scl-Ab within the DCH (Fig. 1E). Based on these results, two concentrations were
selected for the rest of the study: (a) one before the plateau, at 0.2 mg.mL? in the initial
solution, corresponding to 0.008 mg in the DCH (low dose, Ld) and (b) one at the beginning of
the plateau, at 2 mg.mL? in the initial solution, corresponding to 0.2 mg in the DCH (high dose,
Hd). Concentration exceeding 2 mg.mL? (Hd) in the initial solution were considered to create
a DCH with an unpredictable final Scl-Ab content as suggested by the large standard deviation

of the measurements.

Regarding the release kinetics of the antibody from the DCHs in a PBS solution at 37°C, a
burst occurred in the first 9 hours to reach a plateau asymptotic to the initial loading, 0.008
mg and 0.2 mg for (a) and (b), respectively. Sampling was stopped at 24 hours for the Ld
hydrogel because the plateau was reached as soon as the 9t hour, at least in the sensitivity

range of the ELISA (Fig. 1F).

3.2.  Scl-Ab loaded DCH implantation potentiates the outcomes of bone reparation

strategy.

A first in vivo experiment was designed to test the efficacy of the two different Scl-Ab
loadings, 0.2 mg.mL? (Ld) and 2 mg.mL* (Hd), within acellular DCH (Fig.2). Four-mm-DCH cut
from the main DCH were implanted in mouse calvaria critical defects and bone formation was

monitored for 2 months. Defects filled with acellular Scl-Ab-loaded DCHs were compared with

ACS Paragon Plus Environment 12
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either empty defects or defects filled with unloaded acellular DCH (Fig. 2A). Micro-CT follow-
up revealed an almost complete closure of the defects in mice treated with the Scl-Ab-loaded
DCH at high dose at 60 days compared with the other conditions, getting closer to the sham
(Fig. S2A). Quantitative analysis of bone formation showed that the BV/TV was significantly
higher for the Hd DCH condition compared to (a) the Ld DCH, (b) the DCH alone condition (at
60 days: 11 £4 % vs (a) 9 £ 4 %, p<0.05, vs (b) 6 £ 3 %, p<0.001), and to the empty defect (at
30 days, 1 +1 %, p <0.01; at 60 days: 2 + 1 %, p<0.0001) (Fig.2B). In contrast, no significant
difference was found between Ld DCH and DCH alone, whereas at both time points,
significantly increased bone formation was found in these two conditions compared to the
empty defects. Similar results were found for bone mineral density (Fig. S7A) and for bone
total porosity (Fig. 2C). Both micro-CT and histology analysis revealed that, in DCH groups,
bone formation occurred mainly within the hydrogel, with sparse formation from the edges
of the defects. In the Hd DCH, the resulting mineralized tissue was histologically comparable
to a fully functional bone (Sham condition, Fig. S2B and C), with organized layers of collagen,
bone marrow and red blood cells, osteocytes within the mineralized matrix and the gradual
resorption of the DCH (Masson trichrome — Fig. 2D, SHG — Fig. 2E and S3), bordering
osteoblasts (ALP activity) with an osteoid matrix, and osteoclasts (TRAP activity) (Fig. 2F). In
the Ld DCH and DCH alone groups, the remaining DCH was surrounded by either newly formed

bone or cell-rich connective tissue (Fig. S4).

3.3.  Addition of mDPSCs within the Scl-Ab loaded DCH does not improve bone healing

We next assessed whether the addition of mDPSCs within the DCH, either with or without
antibody, would improve bone formation within the defects, compared to the acellular Hd
DCH (Fig. 3A). At both time points, a significant (p<0.05) and very significant (p<0.01) higher
BV/TV was calculated in the acellular Hd DCH group compared to the three cellularized DCH
conditions (Fig. 3B). Similar results were found for the total bone porosity (Fig 3C) and for bone
mineral density (Fig. S7B). Histological analysis of the newly formed mineralized tissue at 60
days revealed a functional bone tissue in the four conditions (Fig. 3D and S5), with enhanced

ALP and TRAP activities around the bone repaired area (Fig. 3E). However, in the mDPSCs-
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seeded DCH conditions, non-mineralized DCH areas were colonized by elongated cells that
followed the orientation of the collagen fibers, whereas, in the acellular condition, the non-

mineralized DCH areas were deprived of cells (Fig. S6).

3.4.  Invitro studies of SclAb — mDPSCs interactions within the DCH

As bone formation was not improved by the addition of mDPSCs, we assessed whether the
addition of the antibody altered either cell survival or proliferation within the DCH by in vitro
experiments. The live/dead assay at 24 hours presented no significant difference between
mDPSCs-seeded DCH loaded with 0.2 and 2 mg.mL? Scl-Ab (dead/live cell ratio of 0.05 + 0.05,
0.4 £0.2 and 0.03 £ 0.02, respectively) with a homogeneous cell repartition for both dead and
living cells (Fig. 4 A and B). Alamar Blue assay presented no significant difference at 0, 7, 14,
21 and 28 days, with a mean reduction rate between 30 and 40 % (Fig. 4C). We also
hypothesized that the presence of mDPSCs may influence the release of the Scl-Ab from the
DCH. However, no significant difference was found between the release kinetics profiles in Hd

DCH and mDPSCs-Hd DCH (Fig. 4D).

3.5.  Scl-Ab loaded DCH are as efficient as non-loaded DCH associated with Scl-Ab IV
injection.

Ultimately, we sought to compare the effect of the local delivery of the antibody versus its
systemic injection previously reported in Maillard et al?°. For this purpose, bone formation
within defects filled with acellular Hd DCH was compared to defects filled with acellular DCH
combined with weekly injections of Scl-Ab. MicroCT analysis did not reveal significant
difference between the two groups at both 30 and 60 days (BV/TV:9+4 % vs 10 £ 5 %, porosity
91 +4 % vs 90 + 5 % respectively) (Fig. 5A, B and C). Same results were found for bone mineral
density (Fig. S7C). Masson-trichrome staining showed a well-organized fully functional bony
tissue (Fig. 5D), with a high osteoblast activity and osteoclast activity within the defects of

both conditions (Fig. 5E) and parallel layers of collagen (SHG — Fig. 5F).

4. Discussion
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Craniofacial lesions constitute a major public health issue as they are source of disabilities
for patients and are very costly for health care systems®l. There is a real need to develop
innovative treatments to repair these lesions, especially in the growing field of tissue
engineering®?°3. Inhibiting Sclerostin is one of the therapeutic approaches currently
developed for the treatment of unbalanced bone remodeling conditions3>. Setrusumab
(BPS804) is one of these anti-Sclerostin monoclonal antibodies. It has been granted Rare
Pediatric Disease Designation by the FDA for osteogenis imperfecta treatment and was
evaluated in a randomized phase 2a trial for this disease3®. Another anti-sclerostin monoclonal
antibody, Romozosumab, has already been FDA and EMA-approved to treat osteoporosis>*°>.
In the craniofacial bone context, we have previously reported that the systemic injection (IV)
of Scl-Ab enhanced bone regeneration in critical size defects filled with dense collagen
hydrogels, either acellular or cellularized with DPSC3*. However, the weekly injection of
monoclonal antibodies is expensive, may not be devoid of side effects, and seems difficult to
promote for the treatment of a localized, even extensive, bone defect3>. The aim of this study
was therefore to assess whether the loading of Scl-Ab directly within dense collagen
hydrogels, allowing for local delivery of these antibodies, could improve their bone

regeneration capacity.

The design of hydrogels for the delivery of monoclonal antibodies has so far mainly
considered these hydrogels as temporary supports for the delivery of the therapeutic
molecule?34%, However, in the case of bone repair, these hydrogels must also play the role of
a scaffold to fill the defect until new bone formation occurs. In particular, the possibility of
using such scaffold for a dual function, i.e. antibody delivery and cellular hosting, in the context

of tissue engineering has, to our knowledge, not been investigated so far.

In this context, type | collagen hydrogels appear particularly suitable as they are widely
used for bone tissue engineering, most often in combination with bioactive particles, such as
hydroxyapatite or bioglass*®=2. However, collagen physical hydrogels are known to be poor
drug delivery systems, mainly due to their high porosity and rapid biodegradation, at least at
low density>>®0. To address these issues, chemical modifications of the collagen fibers to
enhance their affinity for the drug or even to achieve their covalent grafting, have been
described®%2, Here, we hypothesized that using dense collagen networks exhibiting smaller

pore size and slower biodegradation rates could improve their suitability as delivery systems.
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However, only few methods leading to dense collagen hydrogels (DCH) are also compatible
with cell encapsulation?>9364, Among them, the plastic compression process has been shown
to be effective hosts for a large number of cells?>%5%°, |n particular, it was shown to be
compatible with the 3D immobilization of DPSC, that exhibiting mineralization capacity in vitro
and bone repair activity in vivo1>243%44 However, the use of DCH for the delivery of antibodies

or any other type of protein has not yet been described in the literature.

For the present project, as a first step, plastic-compressed collagen hydrogels appeared to
be the most reproducible approach to deliver the monoclonal antibodies, while promoting
bone formation® 7071, Other materials have been used previously to design scaffolds for
delivery of biomolecules and enhancement of bone repair, such as hyaluronic acid (HA),
chitosan, alginate, or a combination of these?%72, Collagen-based hydrogels have been shown
to promote cell invasion compared to hyaluronic acid-based hydrogel’3. Chitosan hydrogels
were shown to require fine-tuning of their degradation rate to promote bone repair’4,
whereas DCH appeared to be less sensitive to initials conditions®. In the event of scaffold
contamination during implantation, collagen naturally degrades, unlike non-absorbable
materials such as alginate’>’%, which require surgical removal’’. In the future, it will be
important to test these materials associated or not with DCH in order to better control the

delivery of the monoclonal antibodies.

Here, structural investigations of the hydrogels before and after compression have
evidenced that the densification process leads to a decrease in the collagen network volume
by a factor of ca. 10. At the same time, the amount of antibody within the collagen gel at
saturation decreased by a similar factor. This suggests that the antibody did not interact
significantly with the collagen fibers but rather remained located within the pores of the
hydrogel. The spatial distribution of the antibodies supports this hypothesis, as they were not
distributed along the collagen fibers, but rather in dots or clusters with a uniform repartition.
Even though SEM images suggest a decrease in collagen network porosity after compression,
observable mesh size remains above several hundred nanometers, i.e. much larger than the
dimensions of antibodies (ca. 10 nm). As a result, the delivery process should occur by a simple

diffusion process, explaining the observed burst effect.
The optimal response was obtained with the highest concentration of the antibody. In this

condition, as well as in all other conditions where DCH was implanted, bone formation was
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initiated within the hydrogel, from its border to its center. Whenever mineralization occurred
within the DCH, the new tissue displayed all the characteristics of bone tissue including
organized layers of collagen, osteoclast and osteoblast activity and robust well-distinguishable

vascularization, albeit at a much higher level with antibody-loaded DCH.

Eventually, we have shown that there was no significant difference in bone reparation
between the use of the antibody loaded DCH and the DCH alone with intravenous injection of
the antibody. In the IV group, a total of 12 mg of antibody was used per mice (50mg/kg for a
30 mg mouse, once a week over 2 months) compared to 0.025 mg per mouse in the Scl-Ab
loaded DCH group, delivered as a single dose. This very significant dose reduction should limit
reported side effects>>787°, Moreover, even if the encapsulation yield of the plastic
compression is low (ca. 10 %), the required antibody amount remains significantly lower that
for a systemic treatment, giving this method an economic advantage, especially to treat

localized bone defects, even critical.

Noticeably, seeding mDPSCs within the hydrogel did not improve neither bone formation
rate nor its quality compared to acellular DCH, even in the presence of the highest dose of the
antibody. mDPSCs with osteogenic orientation are supposed to provide growth factors that
will promote bone formation and to directly participate to bone repair by differentiating into
osteoblasts®®. However, regarding mDPSCs-seeded DCH, contradictory results are found in the
literature. On one hand, efficient bone repair was achieved after mDPSCs-DCH implantation
but the acellular scaffold had no significant bone healing capacity®>. On the other hand, when
the acellular DCH alone did exhibit bone repair property, the addition of mDPSCs only slightly
improved bone formation3°. Here, the DCH alone showed some bone repair ability that was
greatly improved by the addition of the antibody alone. Thus, the released Scl-Ab seems to be
able to favor bone formation by interacting with the host cells at the vicinity of the defect.
Interestingly, another study comparing mDPSCs-seeded- and acellular bioglass-doped DCH
reported higher bone formation without cells®. Since the bone repair property of bioglasses
is also due to their ability to release bioactive species®®, they may also promote bone
formation by interacting with the surrounding tissue. Noteworthy, here, in the acellular gels,
scattered fragments of the implanted DCH were distinguishable and were devoid of cells
whereas, in the cellularized DCH, larger fragments of hydrogels were easily distinguished, with

cells oriented along the collagen fibers. This suggests that the implanted mDPSCs may
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remodel the DCH and decrease its porosity, thereby delaying the mineralization process. In
contrast, in the looser acellular gels, host cells may be able to rapidly invade the implanted
scaffold and promote fast bone formation. Alternatively, more differentiated
osteoprogenitors or bone marrow stem cells might be compared to DPSC in the future in the

same model.

As a next step, it will be important to extend these experiments to more challenging in vivo
conditions. This study was conducted in a flat bone, which is not exposed to strong mechanical
constraints82. Thus our findings need to be evaluated in a more mechanically-challenged
bone, such as the mandible 83, which will require stronger scaffolds such as premineralized
collagen hydrogels. Furthermore, our experiments were conducted in young male mice with
an important healing potential. Our study must be repeated in both males and females as,
similarly to humans, female are more prone to fractures®*8. More challenging systemic
conditions also have to be examined. Indeed, co-morbidities, such as diabetes, and poor
lifestyle (smoking or alcohol abuse, inactivity) increase the risk of delayed healing and non-
unions because of too poor and/or disrupted vascularization and an insufficient number of
skeletal progenitor cells. It remains to be determined whether, under these more demanding
conditions, (i) the local administration of the antibody still provides outcomes as positive as
the systemic treatment, (ii) the presence of MSCs could improve the healing process. In
parallel, increasing the Scl-Ab loading capacity of the DCH as well as achieving a better
temporal control of its delivery could further enhance bone regeneration. Further
improvement of the bone repair properties of the scaffold by incorporation of bioactive

particles can be also foreseen.

5. Conclusion

This study demonstrates that the local delivery of an anti-sclerostin monoclonal antibody
loaded in a dense collagen hydrogel can be as efficient the combination of the hydrogel with
IV injection of the antibody to promote robust craniofacial bone regeneration. In our context,
the addition of neural crest-derived mesenchymal stem cells did not further improve the
efficiency of the antibody-loaded hydrogel. The ease of preparation and use of these

biomaterials make them highly attractive candidates for rapid clinical application, particularly
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for delayed bone repair after, for example, hemicraniectomy in young adults. Importantly, the
success of our strategy relies on the fact that the hydrogel plays a dual role, i.e. a scaffold to

temporary fill the bone defect and a reservoir for antibody delivery. This paves the way to the

oNOYTULT D WN =

9 design of improved biomaterials combining intrinsic bone repair capability and ability to

1 locally deliver monoclonal antibodies for the treatment of localized bone defects.
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Figure legends.

Figure 1. Characterization of the collagen hydrogel before and after compression,
distribution, loading capacity and release kinetics of Sclerostin-antibody. A: View in two-
dimensions of the segmentation of a radio-dense hydrogel (addition of barium sulfate) before
(left) and after (right) compression, showing that the hydrogel thickness is decreased but its
diameter is preserved. B: Volume of the hydrogels after and before compression, indicating a
6-fold decreased (mm3, n=8). C: SEM images of the collagen hydrogel before and after
compression, highlighting a decrease in porosity with no modification of fiber morphology. D:
confocal imaging of Hd DCH with 5% labelled Scl-Ab showing clusters and focal points well-
distributed all over the DCH (n=1). E: Scl-Ab loading in DCHs as a function of Scl-Ab mass in
the initial solution, suggesting that the maximum loading capacity is reached for a starting 2
mg.mL? concentration (n=2 gels/condition). F: Release kinetics profile of Scl-Ab from DCHs
with two different loadings, showing a rapid release over the first ca. 10 hours (n=3 gels for 2
mg.mL condition, 2 gels for 0.2 mg.mL? condition, no significant difference at each time for

each condition).

Figure 2: Evaluation of bone repair in the presence of Sclerostin antibody-loaded dense
collagen hydrogels. A: Representative three-dimensional images of bone defects created in
mice calvaria, in four conditions: left empty, filled with acellular hydrogel and filled with
acellular Scl-Ab loaded (initial concentration: Ld: 0.2 mg.mL?, Hd: 2 mg.mL) hydrogels after
30 days (D30, light color) and 60 days (D60, deep color), revealing an almost complete closure
at D60 for Hd DCH. B-C: BV/TV (B) and porosity (C) evolution at 0, 30 and 60 days showing a
significant difference at day 60 between the Hd DCH condition (n=14) and the empty (n=6),
DCH alone (n=12) and Ld DCH (n=16) conditions. D: Masson’s trichrome staining of a whole
defect (coronal orientation) and magnified inserts (scale bar: 200 um). Light blue: remaining
DCH, acellular; Green blue: Bone structure with organized layer of collagen, including
osteocytes and vascularization (empty condition not shown, available in FigS2). E: SHG of a
whole defect (coronal orientation) and a magnified insert of the Hd DCH condition. White
arrow: organized layers of collagen F: Von Kossa, ALP and TRAP staining of representative
histological sections. Whole defect (coronal orientation) (Von Kossa staining, scale bar: 200
pum) and magnified inserts (scale bar: 20 um) showing the presence of a functional bone with

ACS Paragon Plus Environment 28

Page 28 of 36



Page 29 of 36

oNOYTULT D WN =

ACS Biomaterials Science & Engineering

mineralized tissue (Von Kossa staining), osteoblast activity (ALP, purple staining), and
osteoclast activity (TRAP, red staining). Red arrows: osteoblasts associated to osteoid matrix

(light purple on Von Kossa).

Figure 3: Evaluation of bone repair in the presence of dense collagen hydrogels seeded with
mDPSCs, with or without Sclerostin antibody. A: Representative three-dimensional images
of bone defects created in mice calvaria, in four conditions: filled with acellular Hd DCH and
filled with mDPSCs-seeded unloaded DCH, Ld DCH and Hd DCH after 30 days (D30, light color)
and 60 days (D60, deep color), revealing limited bone formation at D60 for all cellularized
hydrogels. B-C: BV/TV (B) and porosity (C) evolution at 0, 30 and 60 days showing a
significantly lower repair for cellularized hydrogels (n=12, 10 and 14 for mDPSCs, mDPSCs-Ld
DCH and mDPSCs-Hd DCH conditions, respectively) compared to the acellular Hd DCH
condition (n=12). D: Masson’s trichrome staining of a whole defect (coronal orientation) and
magnified inserts (scale bar: 200 um), showing the presence of a bony structure with
organized layers of collagen, including osteocytes and few intra vascularization (only visible in
the Hd DCH and mDPSCs-Ld DCH conditions). E: Von Kossa, ALP and TRAP staining of
representative histological sections. Whole defect (coronal orientation) (Von Kossa staining)
and magnified inserts (scale bar: 200 um), showing the presence of a functional bone with
mineralized tissue (Von Kossa staining), osteoclast activity (TRAP, red staining) and osteoblast

activity (ALP, purple staining).

Figure 4: In vitro characterization of dense collagen hydrogels seeded with Dental Pulp Stem
Cells and loaded with Sclerostin antibody. A: Live/Dead images of mDPSCs within unloaded
DCH, Ld-DCH and Hd-DCH after 24 h of culture. Green and red colors are for alive and dead
cells, respectively. Scale bar: 2 mm. Magnified insets (x4, 500 um*500 um) showing
homogeneous repartition of the living and dead cells in all conditions. B: Cell death ratio, as
calculated from the Live/Dead assay, indicating no significant difference after 24 hours of
culture among all conditions. C: Extent of Alamar Blue reagent reduction showing no

significant difference after 28 days of culture among all conditions. D: Cumulative release of
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Scl-Ab from Hd DCH with or without seeded mDPSCs, suggesting no significant difference

between the two conditions.

Figure 5: Comparison of bone repair in local or systemic dispensation of the Sclerostin
antibody. A: Representative three-dimensional images of bone defects created in mice
calvaria, in two conditions: filled with acellular hydrogels loaded at high dose (Hd DCH) and
filled with acellular unloaded hydrogels combined with weekly Scl Ab IV injection (inj), after
30 days (D30, light color) and 60 days (D60, deep color) revealing nearly complete closure in
both conditions at 60 days. B-C: BV/TV (B) and porosity (C) evolution at 30 and 60 days showing
no significant difference between Hd DCH (n=16) and DCH + inj (n=12) conditions (Dotted line,
sham surgery). D: Masson’s trichrome staining showing a whole defect (coronal orientation)
and magnified inserts (Scale bar: 200 um), showing the presence of a bony structure with
organized layers of collagen, including osteocytes and vascularization. E: Von Kossa, ALP and
TRAP staining of representative histological sections (Scale bar: 50 um), showing the presence
of a functional bone with mineralized tissue (Von Kossa staining), high osteoblast activity (ALP,
purple staining), and low osteoclast activity (TRAP, red staining). F: SHG of a whole defect
(coronal orientation) and a magnified insert of the Hd DCH and DCH + inj conditions. Fibrillar

collagen is enhanced in red (Scale bar: 200um).
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