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Background: Sclerosteosis, a severe autosomal recessive sclerosing skeletal dysplasia characterised by excessive
bone formation, is caused by absence of sclerostin, a negative regulator of bone formation that binds LRP5/6 Wnt
co-receptors. Current treatment is limited to surgical management of symptoms arising from bone overgrowth.
This study investigated the effectiveness of sclerostin replacement therapy in a mouse model of sclerosteosis.
Methods: Recombinant wild type mouse sclerostin (mScl) and novel mScl fusion proteins containing a C-terminal
human Fc (mScl hFc), or C-terminal human Fc with a poly-aspartate motif (mScl hFc PD), were produced and
purified using mammalian expression and standard chromatography methods. In vitro functionality and efficacy of
the recombinant proteins were evaluated using three independent biophysical techniques and an in vitro bone
nodule formation assay. Pharmacokinetic properties of the proteins were investigated in vivo following a single
administration to young female wild type (WT) or SOST knock out (SOST-/-) mice. In a six week proof-of-concept
in vivo study, young female WT or SOST-/- mice were treated with 10mg/kg mScl hFc or mScl hFc PD (weekly), or
4.4 mg/kg mScl (daily). The effect of recombinant sclerostin on femoral cortical and trabecular bone parameters
were assessed by micro computed tomography (μCT).
Results: Recombinant mScl proteins bound to the extracellular domain of the Wnt co-receptor LRP6 with high
affinity (nM range) and completely inhibited matrix mineralisation in vitro. Pharmacokinetic assessment following
a single dose administered to WT or SOST-/- mice indicated the presence of hFc increased protein half-life from
less than 5min to at least 1.5 days. Treatment with mScl hFc PD over a six week period resulted in modest but
significant reductions in trabecular volumetric bone mineral density (vBMD) and bone volume fraction (BV/TV),
of 20% and 15%, respectively.
Conclusion: Administration of recombinant mScl hFc PD partially corrected the high bone mass phenotype in
SOST-/- mice, suggesting that bone-targeting of sclerostin engineered to improve half-life was able to negatively
regulate bone formation in the SOST-/- mouse model of sclerosteosis.
The translational potential of this article: These findings support the concept that exogenous sclerostin can reduce
bone mass, however the modest efficacy suggests that sclerostin replacement may not be an optimal strategy to
mitigate excessive bone formation in sclerosteosis, hence alternative approaches should be explored.
1. Introduction

Sclerosteosis (OMIM accession number 269500) is a rare, autosomal
recessive, high bone mass condition with approximately 100 cases re-
ported worldwide, of which two thirds are of Afrikaner descent from
South Africa [1,2]. In contrast to many osteopetrotic high bone mass
conditions, sclerosteosis is associated with increased bone formation
(hyperostosis), rather than defects in bone resorption. Cutaneous or bony
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syndactyly and dysplastic or absent nails are the earliest post-natal in-
dicators of the condition. Further clinical features include skeleton-wide
increased bone mineral density (BMD), thicker than normal trabeculae
and cortices, and generalised skeletal overgrowth that results in a tall
stature, recurrent facial palsy, hearing loss and potentially lethal elevated
intracranial pressure [3–8]. The condition currently has no available
treatment and disease management is limited to difficult and protracted
surgical decompression of entrapped cranial nerves and elevated
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2021

of Chinese Speaking Orthopaedic Society. This is an open access article under the

mailto:u15413706@tuks.co.za
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jot.2021.05.005&domain=pdf
www.sciencedirect.com/science/journal/2214031X
http://www.journals.elsevier.com/journal-of-orthopaedic-translation
https://doi.org/10.1016/j.jot.2021.05.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jot.2021.05.005
https://doi.org/10.1016/j.jot.2021.05.005


T. Dreyer et al. Journal of Orthopaedic Translation 29 (2021) 134–142
intracranial pressure [4,7]. Furthermore, bone regrowth often occurs
post-surgery andmay cause recurrence of symptoms, necessitating repeat
surgeries. Reducing bone formation in sclerosteosis through pharmaco-
logical strategies could reduce the incidence of elevated intracranial
pressure and cranial nerve entrapment and hence would be highly
beneficial to patients.

Sclerosteosis is caused by the absence of sclerostin expression, and
independent groups have reported various loss of function mutations in
the SOST gene in chromosome location 17q12-q21. These nonsense,
missense or frameshift mutations alter the expression and processing of
the SOST transcript, resulting in loss of functional sclerostin [2,9–12].
The canonical Wnt/β-catenin signalling pathway plays an essential role
in developmental regulation and adult bone homeostasis, and is activated
upon binding of Wnt to the low-density lipoprotein receptor-related
proteins 5 and 6 (LRP5/6) Wnt co-receptors [13,14]. Sclerostin, pri-
marily expressed by osteocytes, regulates the canonical Wnt/β-catenin
pathway by antagonising Wnt signalling in bone through high-affinity
binding to the extracellular domains of LRP4/5/6 [13]. Loss of sclero-
stin thus leads to enhanced canonical Wnt signalling in the skeleton,
resulting in the excessive bone formation characteristic of sclerosteosis
[15].

Replacing absent sclerostin in sclerosteosis patients with exogenous
protein could potentially inhibit Wnt/β-catenin signalling in the skeleton,
thereby safely reducing the excessive bone formation. Protein replace-
ment therapies have previously been used to treat anaemia and haemo-
philia A or B by administrating recombinant erythropoietin and factors
VIII or IX, respectively [16–18] providing confidence that such an
approach could be effective for sclerosteosis. Preclinical proof of concept
experiments that explore the feasibility of protein replacement strategies
are greatly aided by good translational animal models.
Sclerostin-deficient SOST knockout (SOST-/-) mice exhibit increased
bone mass throughout the skeleton in early life, which is sustained as
mice age [15,19], making SOST-/- mice an appropriate model in which to
test the concept of sclerostin replacement as a strategy to mitigate the
excessive bone formation of sclerosteosis.

This study therefore investigated the hypothesis that administration
of recombinant sclerostin protein may reduce the excessive bone
phenotype in a SOST-/- mouse model of sclerosteosis.

2. Materials and methods

2.1. Plasmid cloning

All recombinant mouse sclerostin constructs (mScl, mScl hFc and
mScl hFc PD) were cloned via restriction enzyme digest into a proprietary
pMH expression vector containing a modified human cytomegalovirus
(CMV) promoter and enhancer for transient expression of inserted gene
sequences and a kanamycin resistance gene for antibiotic selection (UCB
Celltech). For the fusion proteins, IgG1 hFc (DNA2.0) was fused in-frame
downstream of the final codon of mScl and an octa-aspartate motif (poly-
aspartate, PD) was added at the hFc C-terminus for the mScl hFc PD
construct. DNA fragments (mScl, hFc and hFc PD) were obtained from
DNA2.0.

2.2. Protein expression and purification

Recombinant mScl proteins were transiently expressed in an Expi293
Expression system (Thermo Fisher Scientific). HEK293 (5 L) cultures
were centrifuged (1.5 h at 4 �C and 13000�g) and vacuum filtered su-
pernatant was loaded onto chromatography columns on an €AKTA Pure
chromatography system (GE Healthcare Life Sciences). Native mScl was
purified on a RESOURCE S cation exchange chromatography (CEC) col-
umn (GE Healthcare Life Sciences), equilibrated with 50 mM MES, 100
mM NaCl, pH 6, and eluted by linear gradient with 50 mMMES, 500 mM
NaCl, pH 6. Eluates were subsequently purified by gel filtration on a
HiLoad 26/600 Superdex 75 pg column (GE Healthcare Life Sciences) in
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10 mM phosphate buffered saline (PBS). The mScl hFc and mScl hFc PD
constructs were purified by affinity chromatography using a HiTrap
Protein A HP (5 mL) column (GE Healthcare Life Sciences) and eluted by
linearly increasing pHwith 0.1M citric acid pH 2. Eluate pHwas adjusted
to 7 with 1 M Tris–HCl pH 8.5 and were further purified by gel filtration
on a HiLoad 26/600 Superdex 200 pg column (GE Healthcare Life Sci-
ences) in 10 mM PBS, followed by CEC on a RESOURCE S column.
Glycerol (10%) was added to purified protein and an Endosafe-PTS sys-
tem (Charles River) used to measure sample endotoxin levels. To visu-
alise protein bands, gels were stained with InstantBlue Protein Stain
(Expedeon) and imaged with an ImageQuant LAS 4000 camera system
(GE Healthcare Life Sciences).

Protein structure was analysed by N-terminal sequencing. Denatured
proteins were transferred from SDS PAGE gels to a polyvinylidene fluo-
ride membrane and stained with Ponceau S solution (Merck). Bands of
interest were excised and individually applied to reaction cartridges on a
Procise Protein Sequencing System (Life Technologies), followed by
subjection to 13 cycles of Edman Chemistry including 2x blanks and 1x
PTH-amino acid standard. Data was analysed using SequencePro Data
Analysis Application (Applied Biosystems).

2.3. Isothermal titration calorimetry

Recombinant protein samples were desalted using 7K molecular
weight cut-off Zeba Spin Desalting Columns (Thermo Fischer Scientific)
and diluted to 20 μM in Dulbecco's phosphate-buffered saline (DPBS).
Isothermal titration calorimetry (ITC) data was measured at 25 �C using a
MicroCal PEAQ-ITC instrument (Malvern Instruments Ltd). A 20 μM so-
lution of recombinant mScl was added to the sample cell and titration
was performed with ten 4 μL injections (0.4 μL first injection) of 111 μM
LRP6-E1E2 [20] (UCB). Each binding test was performed in triplicate and
data were fitted to a single site binding model and analysed using
MicroCal PEAQ-ITC Analysis Software (Malvern Instruments Ltd).
Further information on two orthogonal techniques (surface plasmon
resonance competition assay and microscale thermophoresis) is provided
in the supplemental data.

2.4. In vitro bone nodule formation assay

MC3T3-E1 Subclone 14 mouse pre-osteoblasts (ATCC CRL-2594) in
complete (CT) growth medium (Minimum Essential Medium Alpha
(Thermo Fischer Scientific) containing 2 mM L-Glutamine, Ribonucleo-
sides, Deoxyribonucleosides, and 10% foetal bovine serum) were plated
at 6020 cells/cm2 in 24 well culture plates and maintained at 37 �C and
5% CO2. After 48 h, media was replaced with osteogenic (OM) media
(complete growth medium supplemented with 50 μg/mL ascorbate-2-
phosphate and 10 mM β-glycerophosphate) and cells were treated with
50 nM recombinant mScl. Vehicle controls were treated with PBS, whilst
antibody (Ab) controls were co-treated with 50 nM recombinant mScl
and 230 nM sclerostin neutralising (Anti-Scl Ab [21]) (UCB) or irrelevant
isotype control Abs (Control Ab) (UCB). Cells were maintained at 37 �C
and 5% CO2 and treatments were repeated with new media every 48 h.
Upon mineralisation, cells were fixed with formalin and stained with 40
mM Alizarin Red S pH 4 (Sigma Aldrich) to detect mineralisation. For
quantitation, stained mineral was destained with 10% (w/v) cetylpyr-
idinium chloride (CPC) and absorbance was measured at 570 nm using a
Synergy 2 Multi-Mode Microplate Reader (BioTek).

2.5. In vivo study design

Female SOST-/- mice and wild type C57/BL6 littermates (7–10 week
old) weighing approximately 20 g were used (supplied by Charles River)
[22]. Animals were housed in cages with environmental enrichment and
a 12-h light/dark cycle. Temperature was maintained at approximately
21 �C and mice had access to water and RM1 food pellets (Aston Pharma)
ad libitum. Animals received a seven-day acclimatisation period prior to
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experiments and all animal experiments were performed in accordance
with South African (South African National Standard (SANS
10386–2008)) and UK (Animals (Scientific Procedures) Act 1986)
guidelines and were approved by the University of Pretoria Animal Ethics
Committee and UCB Pharma Animal Welfare and Ethical Review Body.
For the pharmacokinetic (PK) study, a single dose of 10 mg/kg mScl hFc
or mScl hFc PD, or 4.4 mg/kg mScl were administered intravenously. For
the pharmacology study, administered samples comprised recombinant
protein and 0.1% rat serum albumin (a blocking agent). The mScl hFc
and mScl hFc PD were administered subcutaneously (SC) once a week at
10 mg/kg for 6 weeks. A control group in which 4.4 mg/kg mScl was
dosed daily to deliver the molar equivalent of the hFc-containing proteins
was included for completeness. PBS control was administered daily to
vehicle control groups and on non-treatment days to mScl hFc and mScl
hFc PD treated groups. Mice body weights were measured weekly.

2.6. LC-MS/MS detection of recombinant mScl in serum

Surrogate peptides for recombinant mScl proteins were generated
using Skyline 20.1 software (MacCoss Lab Software [23]) and the best
responding peptides, in terms of liquid chromatography-mass spec-
trometry (LC-MS/MS) performance, were used to measure serum Scl
concentrations. Serum samples were collected at predose, 5 min, 1, 2, 6 h,
1, 2, 3, 4, 5, 6, 7, 8, 10 days for the pharmacokinetic study and at 5, 30
min, 2, 8 h, 1, 7, 42 days for the pharmacology study. Serum, myoglobin
internal standard, acetonitrile and 0.2 M tris(2-carboxyethyl)-phosphine
were heated at 70 �C for 30 min, followed by addition of 7 μL 0.1 M
iodoacetamide and incubation at 37 �C for 30 min in the dark. A 100 mM
ammonium bicarbonate buffer (500 μL) and 10 μL resuspended Trypsin
(in 50 mM acetic acid) were added to samples, to achieve a 1:78 enzyme
to protein ratio, and were incubated in a shaking incubator for minimum
of 4 h at 37 �C. Digested samples were desalted using Waters Oasis
Hydrophilic-Lipophilic-Balanced solid phase extraction sorbent (Waters
Corporation), followed by resuspension in 100 μL 5% MeOH þ 0.5%
formic acid (FA). Prepared samples were analysed using a Shimadzu
UHPLC system coupled to a QTRAP 6500 LC-MS/MS system (AB Sciex).
Liquid chromatography was performed using a Phenomenex Luna 3 μ
C18 100 Å (150� 2 mm) HPLC column (Phenomenex). A linear gradient
of 2–98% acetonitrile 0.1% FA was applied to elute the peptides at a flow
rate of 0.5 mL/min for 5 min. The mass spectrometer was set to run a
multiple reaction monitoring experiment for detection of peptides in
positive ionization mode. Instrument control and data processing were
performed using Analyst 1.6.2 Software (AB Sciex).

2.7. Pharmacokinetic analysis and modelling

LC-MS/MS data from the single dose PK study was fitted to a non-
compartmental model and pharmacokinetic parameters were deter-
mined using PhoenixWinNonlin 8.1 software (Princeton). For the 42-day
prediction model, LC-MS/MS data was fitted to a compartmental model
with Berkeley Madonna 9.1.19 software (University of California). Re-
sults were used to simulate a 42-day dosage study, assuming 50%
bioavailability, 0.1/hour absorption rate and subcutaneous administra-
tion [24].

2.8. Bone densitometry and μCT

Whole body areal BMD was determined by dual-energy X-ray ab-
sorptiometry (DXA) from isoflurane anaesthetised mice using a Faxitron
UltraFocus DXA cabinet (Tucson). All measurements were obtained using
the Faxitron Bioptics imaging software. For μCT analysis, the right femur
and L5 lumbar vertebrae were cleaned of soft tissue, fixed in 10% neutral
buffered formalin for 48 h, then washed and stored in PBS for the
duration of the micro computed tomography (μCT) scans. Whole femurs
and vertebrae were scanned using the Skyscan 1272 X-ray micro
computed tomography instrument (Bruker) and X-ray projection images,
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taken with a 0.6� rotation step over 180� sample rotation, were acquired
using the Skyscan acquisition software version 1.1.17. X-ray tube was
operated at 50 kV source voltage, 200 μA current, 1100ms exposure time
using a 0.5 mm aluminium filter and voxel size of 6 μm (adapted from
Ref. [25]). Femurs and vertebrae were reconstructed using Skyscan
NRecon version 1.7.4.6 (reconstruction engine: GPUReconServer) with
the following settings: Smoothing: 1; Ring artefacts correction: 4; Beam
hardening correction: 20% for vertebrae and 30% for femurs. The
vertebral body region between the distal and proximal growth plates
were selected as region of interest (ROI) for vertebral trabecular analysis.
Appearance of the trabecular ‘bridge’ connecting the two primary
spongiosa bone ‘islands’ was set as a reference point for analysis of distal
femur metaphyseal trabecular bone; an offset of 150 slices (0.9 mm) was
applied proximal to the reference point and 500 slices (3 mm) were
selected to capture the metaphyseal region for trabecular analysis, with
cortical shell excluded. An offset of 430 slices from the reference slice
was selected for the femoral cortical bone within the diaphysis with an
analysis region of 250 slices (1.5 mm) selected. ROIs were automatically
segmented using custom task-list algorithms in CTAn version 1.19.3.1
software (Bruker). Trabecular bone parameters (volumetric bonemineral
density (vBMD), bone volume as a percentage of total volume scanned
(BV/TV), trabecular thickness (Tb.Th), space (Tb.Sp), number (Tb.N),
pattern factor (Tb.Pf), structural model index (SMI) and degree of
anisotropy (DA)), were determined using three-dimensional algorithms,
whilst cortical bone parameters (BV/TV, tissue (T.Ar), bone (B.Ar) and
medullary area (Ma.Ar), tissue (T.Pm), bone (B.Pm), eccentric perimeter
(Es.Pm), and cross sectional thickness (Cs.Th)) were calculated using
two-dimensional algorithms. Coefficients of variation (CVs) were deter-
mined by independently re-analysing the trabecular bone on the same
sample six times to account for operator and automated algorithm bias
and determine reproducibility of the analysis. Only trabecular bone
analysis was chosen, due to the greater margin of error involved in seg-
menting the ROIs, since the cortical shell shape changes markedly
through the region analysed. CVs of each parameter were determined as
the ratio between the standard deviation and the mean, and are as fol-
lows: BV/TV: 2.53%; Tb.Th: 1.72%; Tb.N: 3.2%, B.Ar: 0.15% and Cs.Th:
0.46%. Representative images were generated using Skyscan NRecon
version 1.7.4.6.

2.9. Statistical analysis

Results are presented as mean � SD. Data comparison was performed
with GraphPad Prism 8.4.1 (GraphPad Software) using two-way ANOVA
for the bone nodule formation assay, and unpaired t-tests or ordinary
one-way ANOVA for trabecular and cortical bone parameters. A p-value
of <0.05 was considered significant.

3. Results

3.1. Production of recombinant sclerostin proteins

Recombinant wild type mouse sclerostin (mScl) and two novel re-
combinant mScl fusion proteins were produced for this study. To increase
protein half-life, a DNA construct containing mScl fused with hFc posi-
tioned at the mScl C-terminus (mScl hFc) was designed. In a third
construct, an eight-aspartate residue motif (PD) was included down-
stream of the hFc in an attempt to improve the protein's ability to localise
to bone (mScl hFc PD). Recombinant proteins were expressed in HEK293
cells and were purified by hFc-tag affinity (for the proteins containing
this sequence), cation exchange, and size exclusion chromatography.
When analysed by SDS-PAGE under reducing conditions, mScl appeared
as a fuzzy band of ~35 kDa (Fig. 1). Monomeric mScl hFc (~50 kDa) was
slightly smaller than mScl hFc PD monomers (~55 kDa) (Fig. 1). In non-
reducing conditions, the hFc component is expected to form disulphide-
linked dimers, and when run on non-reducing SDS-PAGE, bands of a size
equivalent to dimeric mScl hFc and mScl hFc PD were observed



Fig. 1. SDS PAGE of purified mScl, mScl hFc and mScl hFc PD under
reduced conditions. Top and lower black arrows pointing to the right: mScl
(~35 kDa) and mScl hFc (primary band ~50 kDa). Black arrow pointing to the
left: primary band (~55 kDa) for mScl hFc PD. Cropped gels are juxtaposed and
complete gels are presented in Supplementary Fig. S9. Lane 4 is from Supple-
mentary Fig. S9a (lane 8), lane 3 is from Supplementary Fig. S9b (lane 8), and
lanes 1 and 2 are from Supplementary Fig. S9c (lanes 1 and 6).

Fig. 2. ITC binding of recombinant mScl constructs to LRP6. (a, b, c) Raw calorim
(b), and mScl hFc PD (c) binding to LRP6 are shown in the upper and lower panels r
replicates are shown next to the binding isotherms. KD: dissociation constant; N: stoic
in free energy.
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(Supplementary Fig. S1). N-terminal sequencing showed that a minor
proportion of the mScl hFc PD protein was truncated 176 amino acids
downstream from the mScl N-terminus, towards the end of the mScl C-
terminal flexible region fused to hFc, resulting in truncation of the ma-
jority of the sclerostin sequence from the captured hFc material. Five litre
HEK293 culture produced approximately 100 mg purified protein.
Endotoxin levels were determined to be < 2 EU/mg, which was consid-
ered suitable for in vitro and in vivo studies.

3.2. Recombinant sclerostin proteins bind to LRP6 and inhibit
mineralisation in vitro

Since sclerostin normally exists as a monomer, it was important to
confirm that the formation of a dimeric molecule did not impair the mScl
activity in vitro. Sclerostin binds via an Nxl (asparagine-any amino acid-
isoleucine) motif to the highly conserved first β-propeller in the extra-
cellular domain of LRP5/6 Wnt co-receptors [20,26]. Therefore, to
confirm the functional activity of the recombinant mScl proteins, they
were tested in vitro for their ability to bind a fragment of LRP6 containing
the first and second β-propellers of the receptor extracellular domain
[20]. Isothermal titration calorimetry (ITC) demonstrated
dose-dependent binding of all three forms of recombinant mScl, with
affinities in the nM range: mScl: 147 � 75 nM (similar to previously
reported affinity [27]), mScl hFc: 117 � 15 nM, and mScl hFc PD: 746 �
163 nM, indicating moderate to strong interaction with LRP6 (Fig. 2).
Stoichiometries for mScl proteins binding LRP6 were 0.8, 0.6, and 0.9 for
mScl, mScl hFc and mScl hFc PD, respectively (Fig. 2). Dose-dependent
binding to LRP6 was confirmed via two orthogonal techniques (surface
plasmon resonance competition assay and microscale thermophoresis;
Supplementary Fig. S2 and S3) and together these data confirmed the
ability of all three forms of recombinant mScl to bind LRP6.

Sclerostin is a potent negative regulator of bone formation, therefore
we tested the ability of the recombinant mScl proteins to inhibit this
process using an in vitro bone nodule formation assay. MC3T3-E1 cells
were selected as an appropriate model since they express LRP4/5/6 and
have been shown to be sensitive to sclerostin [28]. Confluent MC3T3-E1
cells treated with osteogenic (OM) media (complete growth medium
supplemented with 50 μg/mL ascorbate-2-phosphate and 10 mM
β-glycerophosphate, changed every 2–3 days) differentiated into
etric data and representative experimental titration curves of mScl (a), mScl hFc
espectively. Average binding affinities and thermodynamic parameters for three
hiometry; ΔH: change in enthalpy; �TΔS: temperature delta entropy; ΔG: change
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osteoblast-like cells and formed a well-mineralised extracellular matrix
that covered �90% of the plate surface after approximately nine days,
consistent with previously reported results [29] (Fig. 3). Mineralisation
was visualised by Alizarin Red S staining and quantified following sol-
ubilisation with cetylpyridinium chloride (CPC). Substantial inhibition of
mineralisation was observed in cells treated with 50 nM of any of the
recombinant mScl proteins (p < 0.0001) (Fig. 3). Addition of ~5x molar
excess of sclerostin-neutralising antibody (anti-Scl Ab [21]) confirmed
that inhibition was due to functional inhibition by mScl since minerali-
sation was restored in its presence (p< 0.0001), but was unaffected by an
irrelevant isotype control antibody (control Ab) (p < 0.0001) (Fig. 3).
These results, together with data from the three biophysical techniques,
suggest that the three recombinant mScl proteins bound competently to
the LRP6 Wnt co-receptor, and demonstrated that the proteins
Fig. 3. Recombinant mScl proteins inhibit osteoblast mineralisation. (a, b, c) MC3T3-
Cells treated with mScl (a), mScl hFc (b) and mScl hFc PD (c). (d, e, f) Alizarin Re
eralisation. Absorbance (570 nm) data from three independent experiments was plotte
PD (f). CT: complete growth media control; OM: osteogenic media control; PBS: oste
media with 50 nM recombinant mScl as indicated; Anti-Scl Ab: osteogenic media w
osteogenic media with 230 nM irrelevant isotype control Ab and 50 nM of indicated r
Mean � SD of triplicates from three independent experiments shown. Two-way ANO
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recapitulated the functional effects of wild type sclerostin in vitro.
3.3. Pharmacokinetics of recombinant mScl proteins

Next, the pharmacokinetic (PK) properties of the recombinant mScl
proteins were assessed in 7–10 week old wild type (WT) and SOST knock
out (SOST-/-) mice following a single intravenous (IV) administration of
mScl hFc (10 mg/kg), mScl hFc PD (10 mg/kg), or a molar equivalent of
mScl (4.4 mg/kg), thereby adjusting for the approximately 4.4-fold dif-
ference in protein molecular weights (predicted molecular weights based
on amino acid sequence: 94.8 kDa for the hFc fusion proteins vs. 21.5 kDa
for mScl). The 10 mg/kg/wk dose was selected based on prior experience
of the PK behaviour of Fc-containing proteins. Blood samples were
collected at various intervals post-dose to enable quantitation of the
E1 cells were cultured for nine days and mineral was stained with Alizarin Red S.
d S-stained mineral was solubilised using CPC for quantitative analysis of min-
d for the three recombinant mScl constructs: mScl (d), mScl hFc (e) and mScl hFc
ogenic media with PBS vehicle control; mScl/mScl hFc/mScl hFc PD: osteogenic
ith 230 nM anti-Scl Ab and 50 nM of indicated recombinant mScl; Control Ab:
ecombinant mScl. All conditions were set up in triplicate, except for CT (6 wells).
VA was used for statistical analysis. ****P < 0.0001.
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recombinant protein in serum by LC-MS/MS. WT and SOST-/- mice gave
broadly similar PK profiles for the three recombinant mScl proteins.
Native mScl had a very short half-life and was undetectable after 5 min
post dose (Supplementary Table 1). As expected, the hFc fusion proteins
had an extended half-life, estimated at 1.5–1.8 days for mScl hFc and 4
days for mScl hFc PD (Supplementary Table 1). Compartmental phar-
macokinetic analysis of mScl hFc with IV administration fitted two-
compartment kinetics. Data from this fitted model was used to simulate
a 42-day prediction model for a repeat dose pharmacology study with
weekly subcutaneous (SC) dosing of 10 mg/kg hFc fusion proteins: peak
and trough simulated mScl hFc concentrations were 2.8–3.2 μg/mL and
0.4–0.5 μg/mL respectively (Supplementary Fig. S4). Since trough levels
exceeded previously reported serum sclerostin levels [30,31], these doses
were considered suitable for use in the six week repeat dose pharma-
cology study.
3.4. Effect of recombinant mScl on bone parameters in wild type and
SOST-/- mice following a 6-week treatment period

Administration of mScl hFc and mScl hFc PD (weekly) or mScl (daily)
to young (7–10 week old) female WT and SOST-/- mice was well tolerated
and body weights were comparable for both genotypes throughout the 6-
week study (Supplementary Fig. S5). Whole body areal bone mineral
density (aBMD), measured by dual-energy X-ray absorptiometry (DXA),
was higher at baseline in SOST-/- vs WT mice (80 � 9 g/cm2 vs 100 � 10
g/cm2, p < 0.0001), consistent with the previously reported phenotype
[22] (Supplementary Fig. S5). For each genotype, whole body aBMD was
typically higher at day 40 compared with baseline regardless of the
treatment group. Levels of the bone formation marker procollagen type I
N-terminal propeptide (P1NP) in terminal bleed samples were compa-
rable between the vehicle and treated SOST-/- groups (Supplementary
Fig. S6), indicating no significant difference (p ¼ 0.196, 0.196 and 0.362
for mScl, mScl hFc and mScl hFc PD, respectively) in bone formation at
the time the samples were collected.

The effect of the recombinant mScl proteins on skeletal phenotype of
WT and SOST-/- mice was analysed by micro-computed tomography
(μCT) scanning and 2D and 3D bone histomorphometry following the 42-
day treatment period. Consistent with the genotype effect observed by
DXA, there was a clear difference in trabecular and cortical parameters of
WT compared with vehicle treated SOST-/- mice (Table 1; Supplementary
Tables 2 and 3).

Administration of mScl hFc PD resulted in a modest but statistically
significant effect on trabecular bone parameters of SOST-/- mice (Fig. 4;
Table 1; Supplementary Table 2). Volumetric BMD (vBMD), bone volume
fraction (BV/TV) and trabecular number (Tb.N) in lumbar vertebrae of
SOST-/- mice treated with mScl hFc PD were approximately 20% (p ¼
0.04), 15% (p ¼ 0.04) and 19% (p ¼ 0.009) lower compared with the
Table 1
Trabecular bone histomorphometry of vertebral body between growth plates of L5 lu

WT

Vehicle mScl mScl hFc mScl hFc

Mean SD Mean SD Mean SD Mean

vBMD (g/cm3) 0.27 0.06 0.32 0.14 0.23 0.11 0.26 0
BV/TV (%) 16.21 1.85 17.49 5.66 14.97 3.78 16.14 1
Tb.Th (mm) 0.05 0.00 0.05 0.00 0.05 0.00 0.05 0
Tb.Sp (mm) 0.21 0.02 0.22 0.02 0.25 0.04 0.22 0
Tb.N (mm¡1) 3.52 0.20 3.24 0.46 3.10 0.68 3.43 0
Tb.Pf (mm¡1) 18.19 3.64 17.26 4.19 17.15 4.01 15.85 1
SMI 1.37 0.16 1.36 0.22 1.37 0.24 1.26 0
DA 0.46 0.03 0.49 0.04 0.46 0.03 0.49 0

Data are expressed as the mean � SD of n ¼ 6 mice/group (except SOST-/- vehicle g
*p < 0.05; **p < 0.01 compared with SOST-/- vehicle group. The region of interest wa
density; BV/TV: bone volume fraction; Tb.Th: trabecular thickness; Tb.Sp: trabecular
model indexes; DA: degree of anisotropy.
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vehicle control group, whilst trabecular separation (Tb.S) was 27% (p ¼
0.04) higher (Fig. 4, Table 1). In femoral trabecular bone a modest but
statistically significant 37% increase in trabecular separation (p ¼ 0.02)
and non-significant trends towards reduced BV/TV (27%, p ¼ 0.10),
vBMD (21%, p ¼ 0.13), and Tb.N (25%, p ¼ 0.08) were observed
(Supplementary Fig. S7 and Supplementary Table 2). No significant ef-
fects on vertebral and femoral trabecular bone were observed in SOST-/-

mice treated with mScl or mScl hFc. Femoral cortical indices were
comparable across all three proteins tested, and no significant effects
were seen in trabecular or cortical bone of any of the WT treated groups.
Representative images for lumbar vertebrae and femurs are shown in
Fig. 4F and Supplementary Figure S7E.

Pharmacokinetic parameters in the six-week study (measured using
serum samples collected at 5, 30 min, 2, 8, 24 h, 7, 42 days) were similar
to the single dose pharmacokinetic study. Trough values for the fitted
mScl hFc data and the prediction model were also comparable (Supple-
mentary Fig. S4).

4. Discussion

Patients with the rare sclerosing bone dysplasia sclerosteosis experi-
ence a variety of clinical manifestations relating to skeletal overgrowth.
We hypothesised that sclerostin replacement therapy may reduce bone
formation in a mouse model of sclerosteosis. Native mouse sclerostin
(mScl) was used as a control and was expected to have a short half-life
due to its small size. To increase protein half-life, human Fc (hFc) was
fused at the C-terminus of mScl, a method utilised in multiple studies,
including FDA and EMA approved drugs [32]. Sclerostin binds the
extracellular domains of LRP4/5/6 cell-surface receptors in the skeleton
to inhibit bone formation [13]. Fusion of hFc to the C-terminus of mScl
was not expected to impair the biological function of mScl, as binding to
LRP6 is mediated by a flexible loop region (loop 2) within the central
core of the protein and does not involve the highly flexible N- and
C-terminal arm regions [20]. Previous studies have shown that addition
of a poly-aspartate (PD) motif to a protein promoted efficient delivery to
bone, with little influence on other biochemical properties [33,34]. An
eight-residue PD motif was therefore attached at the extreme hFc C-ter-
minus of one of the fusion proteins to promote bone localisation.

Functional efficacy of the recombinant proteins was demonstrated
through their ability to bind the LRP5/6 Wnt co-receptors with nano-
molar affinities, which were consistent with previous reports using
human sclerostin [20,27]. The interaction of sclerostin with LRP6 can be
used as a surrogate for LRP5-binding since binding occurs through a
common mechanism [20]. The biological activity of the recombinant
sclerostin proteins was investigated in an in vitro bone nodule formation
assay with pre-osteoblastic cells (MC3T3-E1). As expected, wild type
mScl substantially inhibited mineralisation, consistent with previous
mbar vertebrae.

SOST-/-

PD Vehicle mScl mScl hFc mScl hFc PD

SD Mean SD Mean SD Mean SD Mean SD

.03 0.64 0.05 0.63 0.07 0.61 0.07 0.51 0.14*

.12 29.40 1.83 29.03 2.39 28.47 2.61 24.91 4.92*

.00 0.06 0.00 0.06 0.00 0.06 0.00 0.06 0.00

.01 0.15 0.01 0.15 0.01 0.16 0.03 0.19 0.04*

.19 4.75 0.25 4.61 0.35 4.59 0.39 3.85 0.80**

.79 16.53 2.20 15.90 1.73 17.09 4.19 17.34 2.18

.11 1.52 0.12 1.51 0.13 1.55 0.25 1.66 0.21

.03 0.24 0.06 0.27 0.05 0.21 0.04 0.27 0.07

roup: n ¼ 7). Ordinary one-way ANOVA was performed for statistical analysis:
s the vertebral body of the L5 lumbar vertebrae. vBMD: volumetric bone mineral
space; Tb.N: trabecular number; Tb.Pf: trabecular pattern factors; SMI: structure



Fig. 4. Vertebral trabecular bone phenotype of WT and SOST-/- mice treated with Vehicle, mScl, mScl hFc and mScl hFc PD. Trabecular microarchitecture was assessed
by μCT in WT and SOST-/- mice aged ~3 months. (a) Vertebral body region (top yellow region) between the distal and proximal growth plates (bottom yellow region)
was selected as the region of interest for vertebral trabecular analysis. (b, c, d, e) vBMD (b), BV/TV (c), Tb.Sp (d) and Tb.N (e). (f) Representative frontal plane μCT
images of fifth lumbar vertebral body in WT and SOST-/- mice. Vertebral body is viewed from the front (white arrow in (a). Blue indicates bone density and are for
illustration purposes only. Bars represent mean � SD of n ¼ 6 mice/group (except SOST-/- mice vehicle group: n ¼ 7). Ordinary one-way ANOVA was performed for
statistical analysis: *p < 0.05; **p < 0.01.
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reports for rat and human sclerostin [21,28]. This was mirrored by the
novel mScl fusions studied here, indicating that mScl with C-terminal hFc
retained binding and biological activity, even when dimerised via that
hFc. The veracity of this recombinant mScl activity was substantiated by
restoration of mineralisation in the presence of a sclerostin neutralising
antibody (anti-Scl Ab).

The canonical Wnt signalling pathway has been identified as a critical
regulator of bone homeostasis and sclerostin acts as an inhibitor of this
pathway [13]. A weakness of the current study is that the impact of the
recombinant sclerostin proteins on Wnt pathway activity was not
investigated in vitro. However, the ability of the sclerostin proteins to
bind the LRP6 Wnt co-receptor and their in vitro efficacy on MC3T3-E1
mineralisation is consistent with the previously reported behaviour of
wild type sclerostin [28] and thus was considered sufficient to warrant
testing of the proteins in the SOST-/- mouse model of sclerosteosis.

Although sclerostin has been reported to have effects in non-skeletal
tissue, the aim of the current study was to explore the effects of sclerostin
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reconstitution on the skeleton as a potential approach to manage exces-
sive bone formation in a model of sclerosteosis. SOST-/- mice phenocopy
sclerosteosis and display a high bone mass phenotype that is driven by
increased bone formation and rapid increase in BMD as mice grow [22].
In a pharmacokinetic study, a single 10 mg/kg mScl hFc or mScl hFc PD
dose, selected based on prior experience of the PK behaviour of
Fc-containing proteins, or a single molar equivalent dose of 4.4 mg/kg
mScl, adjusting for molecular weight differences between the recombi-
nant proteins, was administered to wild type and SOST-/- mice. Assess-
ment of serum sclerostin levels following administration showed a short
(undetectable after 5 min post-dose) and extended half-life for wild type
mScl and fusion proteins, respectively. Weekly administration of 10
mg/kg hFc-tagged mScl proteins was simulated in a 42 day model
(Supplementary Fig. S4), showing that trough mScl serum levels (0.5–3
μg/mL) would remain well above previously reported sclerostin serum
concentration (<100 pg/mL) and thus could be expected to promote a
biological effect [30,31]. For completeness, wild type mScl was
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administered to a control group, using daily dosing (to reflect this pro-
tein's short half-life), however the rapid clearance of the protein meant
that it was unlikely any biological effect would be observed. The effect of
sclerostin administration on the skeleton of SOST-/- mice was measured
by DXA and μCT. Generalised bone overgrowth is observed in both
sclerosteosis patients and SOST-/- mice [5,8,22] and assessment of lum-
bar and femoral trabecular and cortical bone by μCT are standard pro-
cedures in preclinical studies, therefore these bones were examined to
understand the extent of any effect following treatment. A small but
significant decrease in vBMD, BV/TV, Tb.N, and an increase in Tb.Sp in
the vertebral trabecular bone of SOST-/- mice treated with mScl hFc PD
was observed. In contrast, there was no clear effect on whole body areal
BMD or femoral cortical bone following administration of any of the
three recombinant mScl proteins. No significant changes in cortical or
trabecular bone in response to treatment with any form of sclerostin were
observed in control WT mice. A limitation of this study is that no addi-
tional techniques were used to evaluate bone properties (e.g. histo-
morphometry or biomechanical testing). However, high-resolution μCT
analysis has the advantage of evaluating the 3D structural micro-
architecture in a larger section of bone, rather than being subjective to a
single slice analysis with histology, and should therefore be sufficient for
analysing the effect of the recombinant sclerostin on bone
microarchitecture.

There are several possibilities for the limited efficacy observed in this
study. We first considered whether the study may have been limited by a
too short treatment period, however, the six-week study should have
allowed 2–3 bone remodelling cycles, which should have been sufficient
to see changes in trabecular parameters [35]. Secondly, sclerosteosis
usually stabilises when patients reach skeletal maturity in the third
decade of life [2], thus, treatment may be most effective when started in
young individuals. It is possible that a greater response might have been
seen if treatment was started in younger mice, therefore mouse age might
have been a shortcoming in this study. Thirdly, protein immunogenicity
could reduce efficacy through production of anti-drug antibodies (ADAs),
however ADAs were only rarely observed in treated animals (Supple-
mentary Fig. S8) and there was no difference in bone parameters in mice
with, versus mice without, ADAs. Finally, and most importantly, the
levels of recombinant mScl may have been too low to achieve sufficient
efficacy, or the protein may not have reached the bone tissue, where
sclerostin is normally produced and acts [10]. Serum mScl levels were in
excess of previously reported circulating concentrations in mice [30,31].
Although protein affinity of recombinant mScl was in the nanomolar
range, occupancy of LRP5/6 may have been insufficient to elicit robust
inhibition of Wnt signalling in bone tissue. Furthermore, it is possible
that systemic administration did not deliver the recombinant proteins to
the target tissue efficiently. Since small effects were seen in the group
administered with mScl hFc PD, inclusion of the bone targeting moiety
may have been beneficial, although the current study did not explore
whether the protein localised to bone tissue.

A bigger response may be achieved by significantly increasing the
dose (e.g. 10x), however protein solubility and maximum injection vol-
ume may limit the feasibility of this approach. A bone-targeting, mScl-
expressing adeno-associated virus would be an interesting proof of
concept for a means to express the mScl proteins within the skeleton thus
circumventing limitations of recombinant protein production and
administration [36].

Administration of recombinant mScl hFc PD protein partially cor-
rected the high bone mass phenotype of the SOST-/- mouse, suggesting
that bone-targeting of sclerostin engineered to improve half-life was able
to negatively regulate bone formation in the SOST-/- mouse model of
sclerosteosis. However, the modest efficacy indicates that sclerostin
replacement may not be an optimal strategy to mitigate excessive bone
formation in sclerosteosis. Alternative approaches such as new and
improved sclerostin constructs, sclerostin gene therapy, or other strate-
gies to inhibit Wnt signalling in bone could be explored. Further research
is certainly warranted as a treatment for this debilitating, sometimes fatal
141
condition that currently relies on difficult and protracted surgical mea-
sures for disease management and would dramatically improve the
quality of life of these patients and their families.
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