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ARTICLE INFO ABSTRACT

Keywords: Osteogenesis imperfecta type III (OI) is a serious genetic condition with poor bone quality and a high fracture

Osteogenesis imperfecta rate in children. In a previous study, it was shown that a monoclonal antibody neutralizing sclerostin (Scl-Ab)

Oim/Oim increases strength and vertebral bone mass while reducing the number of axial fractures in oim/oim, a mouse

IS:clel;ostin antibody model of OI type III. Here, we analyze the impact of Scl-Ab on long bones in OI mice. After 9 weeks of treatment,
racture

Scl-Ab significantly reduced long bone fractures (3.6 + 0.3 versus 2.1 = 0.8 per mouse, p < 0.001). In ad-
dition, the cortical thickness of the tibial midshaft was increased (+42%, p < 0.001), as well as BMD (4 28%,
p < 0.001), ultimate load (+86%, p < 0.05), plastic energy (+184%; p < 0.05) and stiffness (+172%;
p < 0.01) in OI Scl-Ab mice compared to OI vehicle controls. Similar effects of Scl-Ab were observed in Wild
type (Wt) mice. The plastic energy, which reflects the fragility of the tissue, was lower in the OI than in the Wt
and significantly improved with the Scl-Ab treatment. At the tissue level by nanoindentation, Scl-Ab slightly
increased the elastic modulus in bones of both OI and Wt, while moderately increasing tissue hardness (+13%
compared to the vehicle; p < 0.05) in Wt bones, but not in OI bones. Although it did not change the properties
of the OI bone matrix material, Scl-Ab reduced the fracture rate of the long bones by improving its bone mass,
density, geometry, and biomechanical strength. These results suggest that Scl-Ab can reduce long-bone fractures
in patients with OL

Biomechanical strength
Bone quality

1. Introduction before reaching adolescence. Even in mild disease, the risk of long bone

fracture is 95 times higher than in a healthy population [6]. The rate of

Osteogenesis imperfecta (OI) is the prototype of severe osteoporosis
with recurrent bone fractures throughout life. OI is the most frequent
bone dysplasia (8,/100,000 live births) and has no cure [1]. The disease
results from mutations in the quantity and quality of type I collagen. Its
variable phenotype depends on the type and position of the causal
mutation [2-4]. Almost all patients suffer fractures of the extremities
long bones that are produced by minimal trauma [5]. In severe disease,
children suffer dozens of fractures and multiple deformity of long bones

fractures decreases after puberty but may increase again in women after
menopause [7]. In addition to skeletal deformations, patients with OI
also present variable combinations of growth deficiency, hearing loss,
defective teeth formation and blue sclera.

Because the wide clinical range of OI interferes with the prognosis
of the disease and therapeutic interventions, patients are classified into
five phenotypes [4]. Among them, type III is the most severe form
compatible with life. Neonates with type III OI already have multiple
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fractures. Low bone mass, changes in bone morphology and alterations
in the bone matrix contribute to the severity of bone fragility and
subsequent skeletal deformations [3,8,9].

Bone fragility contributes greatly to severe disability in OI [10,11].
Many type III patients never walk independently, regardless of their
treatment [5]. In addition to missed school days, pain and disability,
immobilization related to fractures worsens the patient's osteopenia.
Surgical correction of deformation with intramedullary rod may help
ambulation [12,13], but OI long bones stabilized with bars remain soft
and continue to break, especially at the tips of the bars and at sites of
rupture or osteotomy [14]. Therefore, medical treatments must im-
peratively increase the strength of the OI bones.

Since the strength of a bone is related to its quantity, the increase in
bone mass should, in theory, strengthen OI bones, despite its abnormal
collagen matrix. Because antiresorptive drugs prevent bone loss, many
doctors prescribe bisphosphonates (BP) to children with OI for 2 to
5 years with justification to maximize their impact on a growing ske-
leton. In controlled trials, BP improved vertebral bone density and
geometry in children with type III and IV OI (average age: 3 to 16 years)
[15] but failed to reduce long bone fractures, more particularly in the
lower extremity [16-19]. In addition, the long-term accumulation of BP
in the bone matrix and the associated inhibition of bone remodeling
could further affect the bone quality by a high degree of bone miner-
alization, as described in human [20-23] and murine studies [24,25].

As the activity of osteoblastic cells decreases in OI [26], the anabolic
properties of anti-sclerostin antibody (Scl-Ab) were investigated.
Sclerostin (Scl) is a glycoprotein encoded by the SOST gene and pro-
duced by the osteocyte. It is a potent antagonist of the canonical Wnt
signaling pathway in osteoblasts and, therefore, a negative regulator of
bone formation [27,28]. In fact, the loss of function of the SOST gene
causes a phenotype of high bone mass and improves bone strength [29].
In addition, the pharmacological inhibition of sclerostin by monoclonal
Scl-Ab has a marked bone-forming effect in both healthy men and
postmenopausal women, as well as in several animal models of osteo-
porosis [30,31].

To date, treatment with Scl-Ab has been evaluated in two mouse
models of moderate OI (Brtl/+ and colla2*/P¢%1%C) and two mouse
models of severe OI (Collal’™/+ and Crtap—/—). Scl-Ab improved
bone mass and strength in all of them [32-37]. Surprisingly, these
studies did not provide any information on the number of fractures in
mice treated with placebo and Scl-Ab.

The primary objective of the treatment of children and adolescents
with OI is to reduce the fragility of the skeleton, more particularly in
the appendicular bones where the majority of fractures occur [38].
Therefore, we tested the effect of Scl-Ab in oim/oim mice, a well-es-
tablished mouse model of severe type III Ol Indeed, oim/oim mice have
frequent fractures, small size, osteopenia and bone deformities [39,40].
We treated young female wildtype (Wt) and oim/oim mice with Scl-Ab
for 9weeks and focused mainly on the fracture rate and structural
properties of long bones.

2. Materials and methods
2.1. Animals

We used homozygous oim/oim mice (B6C3Fe strain a/a-
Colla20im/J), homozygous wildtype mice (strain B6C3Fe-a/a+/+,
SN1815) and B6C3 mice for the OI mutation (Charles River
Laboratories, 69592 L'Arbresle, France). We performed weaning at
4 weeks. The genotype of the mice was monitored by PCR amplifying
the purified genomic DNA from tail cut samples [41], using the primers
(1) ggctttcctagaccecgatgettag as forward; (2) gtettgeeccatteatttgte as Wt
reverse; and (3) gtcttgecccattcatttgtt as OI reverse.

All procedures with animals are in accordance with the Belgian
federal law for the care of animals. The ethics committee for animal
research of the Université Catholique de Louvain approved the
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protocols, handling and care of mice. We fed and housed mice under
standard rodent conditions. As OI mice show marked bone fragility,
they were sedated to facilitate smooth handling. We injected ketamine
for radiographs and used sevoflurane inhalation to facilitate other
procedures, such as subcutaneous injections [42]. The mice were eu-
thanized by sevoflurane inhalation.

2.2. Treatment

Five-week-old female wildtype (Wt) and oim/oim (OI) mice were
randomly assigned to an anti-sclerostin antibody (Scl-Ab) dissolved in
the PBS vehicle (Amgen Inc., Thousand Oaks, CA, USA) or to a vehicle
injection of PBS (Veh.). Scl-Ab was injected subcutaneously at 50 mg/
kg once a week for 9 weeks. In order to facilitate dynamic histomor-
phometry, calcein (10 mg/kg) was injected intraperitoneally on ex-
perimental days 1, 21, 42 and 63, just before euthanasia.

2.3. Fracture count

High-resolution anteroposterior and mediolateral radiographs were
obtained using a mammography system. In OI Veh. and OI Scl groups,
10 mice were radiographed the first and fourth week of treatment to
provide a baseline fracture number. We had to add mice in OI groups to
compensate their relatively higher mortality. After euthanasia at the
end of the study, all the mice of both OI groups (n = 15 per groups)
were X-rayed. Two independent observers blinded to the group as-
signment counted fractures in the femurs, tibias, humerus, and fore-
arms. We defined the fractures by evidence of solution of continuity,
callus formation, and patent bone deformity.

Thereafter, all tests were performed on intact dissected bones, ex-
cluding the fractured ones. We then assigned the available intact bones
to the various procedures, which explains their different “n” values.

2.4. Bone geometry

After dissecting and cleaning the humerus and tibias, we evaluated
the external volume of the tibias according to the Archimedes' principle
with a Density Accessories kit (Mettler Toledo, Greifensee,
Switzerland). The mediolateral radiographs of bones allowed to mea-
sure the length, outside diameter of the midshaft and cortical thickness
of the tibias and humerus.

2.5. Peripheral quantitative computed tomography (pQCT)

Femurs and tibias of OI and Wt mice were scanned with a pQCT
Research SA + (Stratec, Birkenfeld, Germany). The thickness of the slice
was 150 pm and the voxel size was 0.07 mm. The thresholds for cortical
and trabecular bone were 570 mg/cm® and 280 mg/cm?, respectively.
Three transverse slices of each bone were analyzed with the XCT540
software of the pQCT to obtain the internal and external diameters of
the cortical bone, the BMD, as well as the polar stress-strain index (SSI),
an indirect measure of torsional bone strength. The reproducibility (CV)
of the measurements was 2-3% for trabecular BMD and 0.5-1% for
cortical BMD.

2.6. MicroComputed tomography (microCT)

Immediately after death, the tibias were removed and stored in
saline at —20 °C. Subsequently, they were thawed at 7 °C for 12h and
scanned with a high-resolution microCT system (microCT 40; Scanco
Medical AG, Bassersdorf, Switzerland) [43]. The voxel size was 20 um.
The scans (47 slices) were 0.564 mm from the middle of the tibia, in the
area explored during the biomechanical three-point bending test. From
the binarized images, we evaluated the relative bone volume (BV/TV)
and the cortical thickness. The CV of repeated measurements is < 2%.
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2.7. Bone biomechanical properties

We thawed frozen tibias at 7 °C overnight and then at room tem-
perature before extracting the fibula. The samples were immersed in
physiological saline solution during the different preparation steps.

The tibias were tested up to the 3-point bending fracture using the
Instron 1114 servo-control electromechanical system (Instron Corp.,
High Wycombe, United Kingdom) and applying the load of the actuator
in the center of the shaft at a speed of 2 mm/min. The span of the lower
support was 6 mm [44]. A customized program analyzed the force-de-
flection curves and provided the bending stiffness, the slope (S, N/mm)
of the linear elastic deformation, the yield load (YL, N), at the boundary
between the elastic deformation and plastic deformation, and the ulti-
mate load (UL, N), which is the maximum sustained force at the point of
fracture. The Elastic Energy (EE, N.mm) corresponded to the area under
the curve to the yield point, and the Plastic Energy (PE, N.mm) to the
area under the curve from the yield point to the point of fracture. The
reproducibility range of mechanical tests is 3-5%.

2.8. Nanoindentation

The nano-hardness test system NHT (CSM Instruments, Peseux,
Switzerland) evaluates the properties of the bone material by recording
the force shifts of a pyramidal diamond indenter pressed into the bone
[43]. Tibias excised immediately after euthanasia and frozen at —20 °C
were thawed at 7 °C overnight. Then they were rehydrated in saline for
16 h. They were cut in the middle of the shaft to perform the indenta-
tion in a transverse plane. The mechanical tests included five indenta-
tion points as described by Ammann et al. [45] and analyzed the
Young's modulus (gPa), also known as stiffness, hardness (mPa), de-
fined as the average pressure that the material can resist, and dissipated
energy (mN * nm), calculated from the area under the indentation
curve.

2.9. Dynamic histomorphometry

The tibias were included in methyl methacrylate without pre-
liminary decalcification and were cut into 150-pum-thick cross-sections
through the midshaft with a rotating diamond saw (Leica SP1600,
Nussloch, Germany), as described previously [46]. The sections were
sanded manually to obtain a thickness of 100 + 1 pm. They were then
placed on a fine grain holographic emulsion (VRP M, Slavich Geola,
Vilnius, Lithuania) and microradiographed with a Machlett tube with
anode of tungsten (Baltograph, Balteau, Liége, Belgium). The exposure
time was 50” at 14kV and 13 mA. The films were revealed with SM-6
developer (Geola), fixed and rinsed in tap water. The microradiographs
were photographed under ordinary light microscopy. We acquired
fluorescence images of the sections with an Axio Scope.Al microscope
(Zeiss, Jena, Germany, excitation 485/20 nm, emission 540/25 nm).
We then delineated the calcein labels in the periosteal and in the en-
docortical circumference by using the ImageJ program (ImageJ 1.43u,
Wayne Rasband, National Institutes of Health, USA). However, we
could only delineate the first (day 1) and the last (day 63) labels of
calcein because of discontinuity in the intermediate ones. This allowed
us to measure the surface of bone between these calcein labels as an
estimate of apposition at periosteal and endocortical circumferences of
the entire diaphysis rather than at a specific location. Then, we mea-
sured the average thickness of the bone apposition between the labels
with a ring model to calculate the mineral apposition rate (MAR) and
the bone formation rate (BFR) according to the standard nomenclature
[47,48].

2.10. Statistics

We present the results as mean + SD or SEM. The statistical ana-
lysis was performed with Sigma-Plot (Systat Software, Inc. San Jose,
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CA, USA) or GraphPad Prism version 6.00 (GraphPad Software, La Jolla
California, USA). The analysis of variance (one-way ANOVA) was fol-
lowed by post hoc tests such as the Holm-Sidak method.

3. Results
3.1. Survival

The Wt mice treated with Scl-Ab and Veh. completed the 9-week
study safely. Among the 20 OI Veh. mice included in the experiment, 3
died during the first 4 weeks and 2 others during the last 5 weeks. In the
OI Scl group, including 20 mice at the beginning of experiment, 2 mice
died during the first 4 weeks and 2 mice died during the last 5 weeks of
treatment. In half of them, the death occurred during the sedation
whereas it was unexplained in the others. There was no difference in
mortality rate between Veh. and Scl-Ab-treated animals. Therefore
these OI groups consisted of 15 and 16 mice, respectively.

Wt Scl-Ab

Wt Veh. Ol Veh. OIScl-Ab Ol #
B Long Bone Fractures
5_ a***
- ;
o) a***
g o /
- 5
I
1_ i a** b***
0 T T T T T 1
0 2 4 6 8 10
week
© Ol Veh. @ Ol Scl-Ab

Fig. 1. A: X-rays of one leg (tibia and fibula) of each group. The fracture (OI#)
was defined by the evidence of solution of continuity, callus formation, and
bone deformity. B: Prevalence of fractures (mean = SEM) detected with X-rays
in all the long bone diaphyses of mice before (week 0) and after treatment with
Veh. or with Scl-Ab (weeks 4 and 9). At the beginning of the study, all the mice
with OI had long bone fractures, without difference in the average number of
fractures between both groups. At the end of the 9-week treatment, the pre-
valence of diaphyseal bone fractures increased by 205% in the group treated
with Veh. and 81% in the group with Scl-Ab. a: baseline (week 0) versus week 4
or week 4 versus week 9 within the same group; b: OI Scl-Ab versus OI Veh;
*p < 0.05; **p < 0.01; ***p < 0.001.
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3.2. Sclerostin antibody dramatically reduced the incidence of long bone
fractures in OI mice

In the radiographic analysis, the radiopacity and cortical thickness
of the long bones were lower in the OI treated with Veh. than in Wt
mice treated with Veh. Scl-Ab therapy markedly increased radiopacity
and cortical thickness of long bones in OI and Wt mice. After a 9-week
therapy, radiographs of humerus and tibias appeared similar in OI mice
treated with Scl-Ab and Wt mice treated with Veh. (Fig. 1A). Radio-
graphs detected at least one limb fracture in all mice with OI at the start
of treatment, but none in the Wt group.

At the beginning of the experiment, the number of fractures per
mouse was 1.2 = 0.8 and 1.18 = 0.7 in OI mice treated with Vehicle
(n = 10) and with Scl-Ab (n = 10), respectively (p = 0.820) (Fig. 1 B).
At 4 weeks of the experiment, the same mice from both groups showed
a significant increase in the number of fractures, i.e. 2.3 * 0.7 and
1.8 + 0.6 per mouse treated with Veh. and Scl-Ab, respectively. From
week 4 to 9, OI Veh. had a 57% increase in the prevalence of fractures
(p < 0.001), while the prevalence of fractures increased by 14% in OI
Scl-Ab (p = 0.709). At the end of the study, the number of fractures per
mouse was significantly lower in OI Scl-Ab than in OI Veh. (2.1 + 0.8
vs 3.6 = 0.3, p < 0.001; n = 15 per group). Thus, from week 1 to
week 9, the prevalence of limb fractures increased by 205% in OI Veh.
and 81% in OI Scl-Ab. It should be noted that X-rays can detect the anti-
fracture effect only after 4 weeks of treatment with Scl-Ab.

In both groups of OI, there was no significant difference in the
prevalence of long bone fracture between the forelimb and the hindlimb
at 4 weeks of age, before beginning the experiment (data not shown).

A Stiffness
80 b

'g 60

£

£ 401 T

(/2]
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Scl-Ab therapy markedly reduced the average number of fractures in
the different bones, with no difference between the forelimb and the
hindlimb.

3.3. Sclerostin antibody decreased bone brittleness

The average stiffness (S) of the tibias, measured by the 3-point
bending test, was 67% lower in OI Veh. than in Wt Veh. (p = 0.01;
Fig. 2A). Scl-Ab significantly increased by 77% and 172% (p < 0.001)
the mean stiffness of the Wt and OI mice, respectively. At the end of the
study, there was no significant difference in tibial stiffness between OI
Scl-Ab and Wt Veh. (p = 0.446). The ultimate load (UL) of the tibia was
significantly lower by 60% in OI Veh. than in Wt Veh. (p < 0.001,
Fig. 2B). Scl-Ab markedly increased (p < 0.001) the mean UL in the
tibias of both Wt (+93%) and OI (+ 86%) mice. At the end of the study,
the difference in UL means between OI Scl-Ab and Wt Veh. was at the
limit of statistical significance (p = 0.047). The yield load (YL) of the
tibial shafts of OI Veh. was significantly lower by 63% than that of Wt
Veh. tibiae (p < 0.001; Fig. 2C). The Scl-Ab therapy increased the
mean YL of Wt mice samples by 81% (p < 0.001) and by 69% the
mean YL of samples from OI mice (p > 0.05). However, the mean YL of
the OI Scl-Ab samples remained significantly lower than that of the Wt
Veh. samples (p = 0.011). Plastic energy (PE) was 61% lower in the
tibial diaphyses of OI Veh. than in Wt Veh. (p = 0.049, Fig. 2D). Scl-Ab
therapy significantly improved tibial diaphysis PE in Wt (+61%,
p = 0.03) and OI mice (+184%, p = 0.045). There was no significant
difference in tibial PE between OI Scl-Ab and Wt Veh. groups. The
average elastic energy (EE) of the tibial shafts of OI Veh. was 27%

B Ultimate Load
30+

b***

20+

UL (N)
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T
Wt Veh. Wt Scl-Ab Ol Veh. Ol Scl-Ab
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Fig. 2. Data of the test of three-point bending of the tibias after 9 weeks of treatment with antibodies against sclerostin (Scl-Ab) or Vehicle/PBS (Veh.) (mean + SD).
A: the average stiffness (S, N/mm) was 67% lower in the midshaft tibias of the OI Veh. that Wt Veh. The mean stiffness increased significantly in the tibias of the Wt
and OI mice after Scl-Ab. B: the average ultimate load (UL, N) of the tibias of OI Veh. was 60% lower than that of the Wt Veh. specimens. Treatment with Scl-Ab
significantly increased the ultimate load in both groups. C: The average yield load (YL, N) of OI Veh. tibias was 63% lower than Wt Veh. Scl-Ab significantly improved
the mean YL of the tibias in both Wt mice groups. D: The mean plastic energy (PE, N.mm) of the tibias was lower by 62% in OI Veh. than Wt Veh. Scl-Ab significantly
increased the mean PE of the tibias of Wt and OI mice. Wt Veh.: n = 12; Wt Scl-Ab: n = 13; OI Veh.: n = 8; OI Scl-Ab: n = 8; a: OI Veh. versus Wt Veh.; b: Scl-Ab
versus Veh.; c: OI Scl-Ab versus Wt Veh.; * p < 0.05; **p < 0.01; *** p < 0.001.
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Table 1
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Bone mineral density (BMD) and polar stress/strain index (SSI) measured by pQCT in femur and tibia midshafts of wildtype (Wt) and oim/oim (OI) mice after 9-week

treatment with either Scl-Ab or PBS/Vehicle (Veh.).

Wt Veh. Wt Scl-Ab OI Veh. OI Scl-Ab
Femur n=27 n=27 n=18 n=15
BMD (mg/cms) 743 = 60 ¢ 910 + 45 b 542 + 55 a 682 + 75 b
SSI polar (mm®) 0.53 = 0.07 0.89 = 0.15b 0.29 = 0.02 a 0.47 = 0.08 b
Tibia n=10 n=10 n=10 n=10
BMD (mg/cm®) 886 = 68 1058 + 56 b 740 * 65 a 950 + 88b
SSI polar (mm®) 0.24 = 0.05 0.44 = 0.09b 0.15 + 0.05a 0.24 = 0.05b

Values are mean + SD; a: OI Veh. versus Wt Veh.; b: Scl-Ab versus Veh.; c¢: OI Scl-Ab versus Wt Veh.

*p < 0.05.
“ p < 0.01.
w p < 0.001.

inferior to that of the Wt Veh. samples (p = 0.094; data not shown). The
therapy with Scl-Ab significantly improved the EE of the tibial dia-
physes in Wt mice (+109%, p < 0.001), but not in OI mice (—14%,
p = 0.570).

The above results indicate that Scl-Ab therapy drastically reduced
the prevalence of limb fractures in OI mice and markedly improved the
biomechanical properties of the OI tibias. Therefore, we evaluated the
impact of Scl-Ab on several determinants of bone strength, including
bone mass, geometry (shape and microarchitecture) and mechanical
properties at the tissue level [8].

3.4. Sclerostin-antibody increased BMD of femur and tibia diaphyses

In the absence of Scl-Ab, bone mineral density (BMD), measured
with pQCT, was significantly lower by 27% in the femur and 16% in the
midshaft of tibia of the OI than Wt mice (p < 0.001, Table 1). Scl-Ab
therapy significantly improved BMD in both OI (+26% and +28% in
the femur and tibia, respectively) and Wt mice (4 22% in the femur and
+19% in the tibia) (p < 0.001). At the end of the study, there were no
significant differences in the mean BMD between OI Scl-Ab and Wt Veh.
tibia midshafts and between OI Scl-Ab and Wt Veh. femur midshafts
(p > 0.05).

The polar stress/strain index (SSI) was significantly lower the
midshaft of the femur (—45%) and tibia (— 38%) of OI Veh. than in the
corresponding wildtype samples (Table 1). Scl-Ab therapy significantly
improved the mean SSI of the femur and tibia midshafts in OI and Wt
animals: +68% in Wt femur, +62% in OI femur, +83% in Wt tibia and
+60% in OI tibia. After the 9-week therapy, there was no significant
difference in mean SSI between OI Scl-Ab femur and Wt Veh. femur, as
well as between OI Scl-Ab tibia and Wt Veh. tibia.

Bone resistance to bending and torsional loads depends not only
on the bone mass but also on the distribution of bone mass around
the main bending axis [8]. As the changes associated with Scl-Ab
were greater in SSI than in BMD, possible modifications in bone

Table 2

geometry were sought after Scl-Ab therapy.

3.5. Sclerostin-antibody improved long bone geometry

In OI Veh., the average length of the humerus and the tibia was
significantly less than in Wt Veh. (—4% and —7%, respectively,
p < 0.05) (Table 2). Scl-Ab therapy did not change the average length
of these bones in both groups. The diameter of the midshaft of the
humerus and the tibia was also significantly lower in OI mice than in Wt
mice (—8% and —11%, respectively). Consistently, the average ex-
ternal volume of OI Veh. tibia was 30% lower than in Wt Veh. tibia. Scl-
Ab significantly increased the average diameter of the midshaft of the
humerus and the tibia in both Wt and OI mice (+6% and +10% in Wt
and OI humerus, respectively; +16% and +14% in Wt and OI tibia,
respectively). These changes were associated with a significant increase
in the external volume of the tibia, 35% in OI and 21% in Wt
(p < 0.001). At the end of the therapy, there was no significant dif-
ference in the mean diameter of the tibial midshaft between OI Scl-Ab
and Wt Veh. and the diameter of the midshaft of the humerus was
greater in OI Scl-Ab than in Wt Veh.

The cross sections through the tibial midshaft (Fig. 3) observed with
pQCT (A), microCT (B) and microradiography (C) illustrate the positive
effect of Scl-Ab on diaphyseal diameter, as well as cortical thickness and
the cortical bone area in both OI and Wt mice. The corresponding
quantitative data are detailed in Table 3.

In animals treated with Veh., both the mean cortical bone volume
(BV) and the total volume (TV) were significantly lower in the OI than
in the Wt tibia (—25% and —22%, respectively). The average cortical
BV/TV ratio was also significantly lower by 9% in OI than in Wt tibia.
After 9 weeks of therapy with Scl, the average BV, TV and BV/TV in-
creased significantly in the Wt and OI tibias. In wildtype samples, BV
increased by 65%, TV by 38% and BV/TV by 18%. In the OI samples,
the increase was 53% for the average BV, 24% for the average TV and
23% for the average BV/TV. The mean cortical thickness of the

Length and midshaft diameter of humerus and tibia measured by X-ray analyses and external volume of tibia assessed by Archimedes' principle in wildtype (Wt) and
oim/oim (OI) mice after 9-week treatment with either Scl-Ab or PBS/Vehicle (Veh.).

Wt Veh. Wt Scl-Ab OI Veh. OI Scl-Ab
Humerus n=12 n=12 n=_8 n=12
Length (mm) 122 + 0.1 ¢ 12.3 = 0.1 11.7 £ 0.1 a 11.8 = 0.1
Diameter (mm) 1.31 £ 0.01 ¢ 1.39 = 0.01 b 1.21 = 0.02 a 1.33 = 0.02 b
Tibia n=12 n=12 n=38 n=12
Length (mm) 17.7 £ 0.1 ¢ 18.1 = 0.1 16.4 =+ 0.3 a 16.8 = 0.2
Diameter (mm) 1.13 + 0.02 1.31 + 0.02 b 1.01 + 0.02a 1.15 + 0.02 b
Volume (pl) 0.33 = 0.01 0.40 = 0.01 b 0.23 + 0.01 a 0.31 = 0.01 b

Values are mean *+
* p < 0.05.
= p < 0.01.
= p < 0.001.

SEM; a: OI Veh. versus Wt Veh.; b: Scl-Ab versus Veh.; c:

OI Scl-Ab versus Wt Veh.
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Wt Veh.

Wt Scl-Ab

Ol Veh. Ol Scl-Ab

Fig. 3. Transverse sections of midshaft tibias observed with pQCT (A), microCT (B) and microradiography (C) illustrating differences in bone mass and geometry
between OI Veh. and Wt Veh. mice, as well as the positive effect of Scl-Ab on these characteristics in both groups.

midshafts of the tibia and femur was 16-17% significantly lower in the
OI than in the wildtype samples. Scl-Ab therapy significantly increased
the mean cortical thickness of these long bones in Wt and OI mice
(p < 0.001). This increase in femoral cortical thickness was 35% in Wt
mice and 27% in OI mice. The increase in tibial cortical thickness was
48% in Wt mice and 42% in OI mice.

Microradiographs of OI tibial sections also showed abundant vas-
cular channels, particularly at the periosteal surfaces of Scl-Ab treated
mice, corresponding to the location of calcein labels (Fig. 4A). Fur-
thermore, at higher magnification, they highlighted more numerous
osteocyte lacunae in OI than WT bone tissue (not illustrated).

Fluorescence microscopy highlighted more extensive calcein la-
bels on the endocortical and periosteal surfaces of the tibias after Scl-
Ab therapy than after vehicle treatment (Fig. 4A). The distances
between successive labels, corresponding to the amount of bone
deposited during the time interval, also appeared higher in OI Scl-Ab
than in OI Veh. on both endocortical and periosteal surfaces. As we
did not observe any difference in the mineral apposition rate (MAR)
between successive labels, we considered the thickness of the bone
between the first and the last label. The periosteal MAR was 38%
lower and the average bone formation rate/bone surface (BFR/BS)

Table 3

by 18% in the tibia of OI Veh. than in Wt Veh. animals (p > 0.05)
(Fig. 4B-C). The treatment of OI mice with Scl-Ab increased the MAR
(+128%;p < 0.001) and, consistently, BFR/BS by 78% (p < 0.01).
At the end of therapy, BFR/BS was significantly higher in OI Scl-Ab
than in Wt Veh. (p < 0.05). In vehicle-treated animals, the mean
endocortical MAR of OI mice was significantly lower by 40%
(p < 0.05) than in Wt mice (Fig. 4D-E). There was also a 13% re-
duction in the mean BFR/BS of OI mice, but the decrease in BFR/BS
was not statistically significant. Scl-Ab therapy significantly in-
creased the average endocortical MAR in OI mice by 90%
(p < 0.001). However, this significant increase was not associated
with a significant improvement in mean BFR/BS, as observed in the
periosteal surface. In Wt mice, Scl-Ab increased mean MAR by 28%
and mean BFR/BV by 12%, but these changes did not reach statistical
significance.

The above data demonstrated that Scl-Ab therapy markedly im-
proved the geometry of the long bones OI and Wt. Considering the
intrinsic properties of the bone matrix are another crucial determi-
nant of bone strength, we investigated the effect of Scl-Ab therapy on
the tissue-level mechanical properties of the cortical bone of OI and
Wt mice.

Midshaft cross-sectional Bone Volume (BV), Total Volume (TV), Bone Volume/Total Volume (BV/TV) and Cortical Thickness (CT) of tibia and Cortical Thickness of
femur assessed by microCT in wildtype (Wt) and oim/oim (OI) mice after 9-week treatment with either Scl-Ab or PBS/Vehicle (Veh.).

Wt Veh. Wt Scl-Ab OI Veh. OI Scl-Ab
Tibia n=12 n=12 n=38 n=28
BV (mm®) 0.20 = 0.03 0.33 = 0.03 b 0.15 + 0.02 a 0.23 = 0.02 b
TV (mm®) 0.32 = 0.03 0.44 = 0.03 b 0.25 + 0.02 a 0.31 = 0.02b
BV/TV (%) 64.0 = 3.1c¢ 753 = 2.4b 58.6 = 48a 721 = 1.7b
CT (mm) 0.23 + 0.03 ¢ 0.34 = 0.03 b 0.19 + 0.02 a 0.27 = 0.02 b
Femur n=13 n=16 n=12 n=11
CT (mm) 0.31 = 0.03 0.42 = 0.05b 0.26 = 0.03 a 0.33 = 0.04 b

Values are mean + SD; a: OI Veh. versus Wt Veh.; b: Scl-Ab versus Veh.; c: OI Scl-Ab versus Wt Veh.

* p < 0.05.
= p < 0.01.
= p < 0.001.
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Fig. 4. Dynamic histomorphometry in the tibial midshaft. A: Fluorescence microscopy appearance of a cross section through the tibial mid-diaphysis of OI and Wt
mice treated with Scl-Ab or with Veh. and showing calcein green labels on periosteal and endocortical surfaces. The calcein was injected on days 1, 21, 42 and 63. B.
Periosteal mineral apposition rate (MAR). MAR was lower in OI Veh. than Wt Veh. tibia and increased significantly in OI mice after treatment with Scl-Ab. C. The
periosteal bone formation rate/bone surface rate (BFR/BS) increased in OI mice after treatment and was significantly higher in OI Scl-Ab than in Wt Veh. Increases in
MAR and BFR/BS in Wt mice did not reach statistical significance. D. In animals treated with vehicle, the endocortical MAR was significantly lower in OI mice
compared to Wt mice. Scl-Ab therapy strongly improved the MAR mean in OI mice but not in Wt mice. E. Scl-Ab did not have a significant effect on endocortical BFR/
BS in OI mice and Wt mice. Data are expressed as mean + SD. Wt Veh.: n = 5; Wt Scl-Ab: n = 5; OI Veh.: n = 5; OI Scl-Ab: n = 6; a: OI Veh. versus Wt Veh.; b: Scl-Ab
versus Veh.; c: OI Scl-Ab versus Wt Veh.; *p < 0.05; **p < 0.01; ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

3.6. Sclerostin-antibody did not change tissue intrinsic properties of OI long
bones

In the animals treated with Veh., we did not observe significant
difference in the mean Young's modulus of the cortical bone between
the OI and the Wt, as measured by nanoindentation (Table 4). In
contrast, in the OI bone samples, the mean hardness of the tissue and
the dissipated energy were significantly higher by 32% and 16%,
respectively, than in the wildtype samples. In Wt mice, Scl-Ab sig-
nificantly increased the mean Young's modulus by 6% (p < 0.01),
the average tissue hardness by 13% (p < 0.05) and the mean dis-
sipated energy by 12% (p < 0.001). Treatment of OI mice with Scl-
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Ab did not significantly increase this nanoindentation data (average
increase < 4%).

4. Discussion

Consistent with the main phenotypic characteristics of osteogenesis
imperfecta (OI) type III in humans, i.e., skeletal fragility with numerous
fractures and bone deformability, oim/oim mice (OI mice) presented
spontaneous long bone fractures [39] associated with weak mechanical
resistance, low bone mass, and poor bone quality. Our data showed that
the treatment with the antibody against sclerostin (Scl-Ab) improves
the mechanical properties of the long bones of OI mice while increasing
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Table 4

Bone 124 (2019) 137-147

Nanoindentation mechanical properties (Young's modulus, hardness and dissipated energy) of midshaft tibia from wildtype (Wt) and oim/oim mice after 9-week

treatment with either Scl-Ab or PBS/Vehicle (Veh.).

Wt Veh. Wt Scl-Ab OI Veh. OI Scl-Ab

Nanoindentation n=12 n=13 n=10 n=_8
Modulus (gPa) 182 = 0.2¢ 19.3 = 0.2b 185 * 0.2 19.3 = 0.3
Hardness (mPa) 558 + 13 ¢ 629 + 13 b 735 * 22 a 760 = 20
Dissipated energy (mN*nm) 3715 £ 59 ¢ 4172 = 81 b 4319 = 85a 4489 =+ 83

Values are mean + SEM; a: OI Veh. versus Wt Veh.; b: Scl-Ab versus Veh.; c: OI Scl-Ab versus Wt Veh.

* p < 0.05.
ok p < 0.01.
swokok p < 0.001.

the osteoblastic apposition, the bone mineral density (BMD) and the
microCT morphometric characteristics of the cortical bone. These
changes were associated with a significant reduction in the number of
long bone fractures in mice with OL

The oim/oim mouse is one of the most appropriate animal models of
human OI type III [39,40]. In contrast to other studies (Table 5), we
used only female mice because they are known to be more fragile and to
have lower bone mass and bone bending and torsional strength than
their male counterparts [49]. Moreover, the external diameter of long
bones is smaller in female than in male mice from 4 to 40 weeks of age
[50]. By focusing on females, we did not obtain comparative data from
male OI mice. However, such a comparison should be considered in
order to highlight gender-related differences in phenotype severity and
in response to Scl-Ab.

Currently, bisphosphonates (BP) are the most common treatment for
patients with OI. As explained above, they improve the density and
geometry of trabecular and cortical bone. However, BP have side ef-
fects, such as esophageal irritation and, when administered in-
travenously, acute phase response [23,51]. In addition, their efficacy in
decreasing the rate of long bone fractures is not clearly established
[16,18]. In fact, in several murine models of moderate to severe forms
of OI, the BP mainly increased the trabecular bone and, despite im-
proved cortical bone mass, they did not seem to increase the in vivo
strength of long bone [52,53]. The denosumab RANKL-antibody, a re-
versible antiresorptive compound, also failed to reduce the fracture rate
of long bones in the oim/oim mouse model of severe OI [54]. In chil-
dren with OI (type I, IIl and IV), denosumab lead to inconsistent effects
on fracture rates, although BMD in the lumbar region was significantly
improved [55]. In children with type I and IV OI (mild and moderate,
respectively), GH increases the rate of growth and bone mineral density
(BMD) but does not change the risk of fracture. In addition, GH has no
beneficial effect in patients with type III OI [56]. Teriparatide (PTH
1-34) has an anabolic effect in postmenopausal osteoporosis [57-59],
but the compound cannot be prescribed to children because young rats
treated with PTH develop osteosarcoma [60].

This disappointing effectiveness of BP and other treatments led to
investigate new therapeutic approaches. Romosozumab, a sclerostin

Table 5

antibody (Scl-Ab), improved BMD of the lumbar spine, total hip and
femoral neck in postmenopausal women with low bone mineral density
[61]. Romozumab exerts a double effect on bone, with a transient in-
crease in markers of bone formation (P1NP serum, bone-specific alka-
line phosphatase, osteocalcin) and, conversely, reduction in markers of
bone resorption (serum B-CTX) [31,62]. Similar effects have also been
observed in animal models of osteoporosis [63,64]. Recently, we de-
monstrated that treatment with Scl-Ab increased the trabecular BMD,
connectivity, and resistance to the compressive force of the vertebrae of
OI mice while decreasing the fracture rate of the pelvis and tail ver-
tebrae [65].

To our knowledge, the data relative to the number of axial and
appendicular fractures in patients with OI are infrequent and in-
complete, with some studies reporting the clinical characteristics and
the fracture pattern at the time of diagnosis, without any lifetime
evaluation [66,67]. The authors who used oim/oim mice generally
considered the axial and appendicular fractures indistinctly (Table 5).
Only two articles focused only on long bones of OI mice [68,69]. For
this reason, the present study specifically analyzes long bone. Indeed,
we observed 2.9 *+ 0.3 spontaneous fractures in the tail and pelvis per
mouse with OI after 9 weeks of Veh. treatment [65], which was less
than in long bones (Fig. 1B). This difference attests to the relevance of
considering axial and long bone data separately, as representative of
trabecular and cortical bone, respectively. This distinction allowed to
support the hypothesis of a specific effect of the treatment on the
fracture rate after 9 weeks of treatment, since OI Scl-Ab suffered
1.1 + 0.2 axial [65] and 2.1 * 0.8 appendicular fractures per mouse.
The number of long bone fractures at the beginning of the experiment
was slightly less than the number reported by Bargman et al. (2010) at
6 weeks of age (Table 5). These data are consistent with those observed
in studies that group axial and appendicular bone fractures [52,53,70].

As observed with X-rays, therapy with Scl-Ab should last more than
a month, since we did not detect any difference in the long bone frac-
ture rate between both OI groups after 4 weeks of the experiment. After
9 weeks of treatment, the prevalence of diaphyseal fractures in the Scl-
Ab group had increased to a significantly lesser extent than in the ve-
hicle group. Until now, except similar data observed in OI femur after

Fracture incidence reported in oim/oim mice according to gender, age, treatment and bones analyzed.

Reference Gender  Age Treatment Treatment duration  Bones Number of fractures/mouse (SD)

Initial Vehicle Treatment
Camacho et al. 2001 [52] M&F 6 weeks ALN 8 weeks humerus, femur, tibia, tail 1.5 3.2 (1.6) 2.1(2)
McCarthy et al. 2002 [53] M&F 2 weeks ALN 14 weeks humerus, femur, tibia, tail 0.7 (0.8) 2(0.2) 0.7 (0.7)
Bargman et al. 2010 [68] M&F 6 weeks RANK-Fc 8 weeks humerus, femur, tibia 1.8 2.5(1.49) 2.47 (0.9)
Bargman et al. 2012 [54] M&F 2weeks  RANK-Fc/ALN 12 weeks humerus, radius, femur, tibia, tail / 9(3) 4.3 (3)/4.4 (2.7)
Boskey et al. 2015 [83] M 2 weeks RANK-Fc 12 weeks axial and appendicular / 4(2) /
Boskey et al. 2015 [83] F 2 weeks RANK-Fc 12 weeks axial and appendicular / 2(2) /
Berman et al. 2016 [69] M 8 weeks RAL 8 weeks femur / 48% (13/27) 20% (6/30)
Shi et al. 2016 [70] F 3 weeks SrR 11 weeks humerus, radius, femur, tibia, tail 1.2 (0.8) 3.7 (1.1) 1.9 (1.3)

ALN: alendronate; RANK-Fc: Receptor activator of nuclear factor kappa B ligand inhibition; RAL: raloxiféne; SrR: strontium ranelate.
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treatment with raloxifene [69], no other study demonstrated such a
specific decrease in the occurrence of long bone fractures (Table 5).

Other treatments, such as alendronate [52,53], RANKL [59], ra-
loxifene [69] and strontium ranelate [70], were shown to increase bone
strength in mice with OL Some of these studies [52,53,69,70] also re-
ported less numerous fractures in treated than untreated mice (Table 5).
In one of them, alendronate was administered from 2 weeks of age to
influence total growth; the number of fractures remained unchanged
after 14 weeks [53]. The fractures could have been less numerous in OI
Scl-Ab if we had started the treatment 2 or 3 weeks earlier. Further-
more, without similar data in male counterparts, we can only hy-
pothesize some gender-related differences. Indeed, a former study
showed that the fracture rate was higher in OI women than in OI men in
childhood, in adolescence and even more during the menopause [7]. At
the end of adolescence, OI girls seem to have a higher bone mineral
density than OI boys [71]. However, in adult humans with OI (age
44 *+ 12years), others have observed more frequent fractures in men
than women [5].

Due to a poor periosteal bone formation, the external diameter of
the long bones and their cortical thickness are smaller in OI patients
than in the normal subjects [26]. These changes in the geometry of the
diaphysis were observed in Veh. OI mice, like in Brtl/+ [32,33], in
colla2*/P6610C 136 377 in Collal’™/+ [34] and in Crtap—/— [35],
and they significantly reduce the resistance of the bone to bending and
torsion, which is the main cause of fracture. Consistent with a lower
occurrence of fractures, Scl-Ab treatment improved the biomechanical
properties of the OI mice bones and increased their bone mass para-
meters to such a point that they were almost similar to those of Wt Veh.
As detailed in the methods, biomechanical tests and morphometry were
performed only on intact bones, devoid of any deformation or fracture.
Besides the variability related to the site of fracture and the healing
phase, the data of OI bones could have been somewhat different if we
had measured fractured bones. Nevertheless, in growing Collal’™/+
mice, another severe dominant OI model, Scl-Ab treatment did not
improve biomechanical resistance of the femur, despite an increase in
the cortical thickness [34]. In Crtap —/— and in Brtl/+, Scl-Ab in-
creased the biomechanical strength of the femur as well as its cross-
sectional bone volume and cortical thickness [35,72]. Similar results
were obtained by LRP5 deletion in col1a2*/P-961%C mice [37]. All these
studies analyzed cortical bone mass and strength at the end of 4 [34], 5
[72] and 6 [35] weeks of antisclerostin treatment. However, no data are
available about such effects several days or weeks later. This point
deserves to be investigated in order to determine the total duration of
the therapeutic effect.

Scl-Ab has a primary impact on osteoblastic activity [73], but it also
negatively regulates osteoclast activity [74,75]. The dynamic histo-
morphometry data of the tibial cortical bone showed a lower bone
formation activity in OI than in Wt mice but this difference was not
significant. However, Scl-Ab significantly improved periosteal and en-
docortical apposition in OI mice tibia. This contributed to enhance its
polar SSI, attesting a better distribution of cortical bone from the center
of gravity. This parameter is a crucial factor of the resistance of long
bones while their matrix composition remained unchanged.

In this study, the hardness and dissipated energy of the bone matrix
were higher in OI mice than in Wt mice. In the OI patients, deficient
type I collagen molecules provide an abnormal scaffold for the de-
position of minerals, decrease bone plasticity and favor the formation of
microcracks. Furthermore, the greater extension of the vascular chan-
nels supports the growth of failure [76]. Indeed, oim/oim bones were
shown to have more numerous vascular channels and osteocyte lacunae
than WT, without impacting total cortical porosity, but increasing the
risk of failure, as demonstrated with synchrotron tomography and mi-
croarchitectural finite elements [77].

The quality of the bone matrix was not modified, whatever the
treatment tested, antisclerostin antibody [78], bisphosphonate
[24,52,53], RANKL inhibitor [68] or raloxifene [69]. These molecules
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do not interfere with the composition of the matrix. Scl-Ab treatment
induced changes in the nanoindentation data in Wt mice but not in OI
mice, as also reported in Brtl/ + mice [32]. Previous observations in the
trabecular bone of Collalfrt/+ mice led to the hypothesis that a sub-
stantial proportion of type I procollagen secreted by osteoblasts was not
integrated into the bone matrix, whereas the PINP marker increased in
serum [34]. Given that the oim phenotype results from a null mutation
in exon 52 of the Colla2 gene [41], homozygous oim/oim mice do not
express the colla2 protein and produce homotrimeric collal instead of
the heterotrimer assembled from two al chains and an a2 chain. As in
Collalfrt/+ mice, abnormal homotrimeric collagen could be in-
completely incorporated into the bone matrix of OI mice, which ex-
plains a lower cortical BFR [79]. Additional research should be con-
ducted to understand the difference in the effectiveness of Scl-Ab
treatment in the bone matrix of Wt and OI mice. Furthermore, since
Sost KO mice did not show any change in lacunar or vascular porosity in
tibia cortical bone as compared with WT counterparts [29], we can
hypothesize that Scl-Ab did not modify the number of vascular chan-
nels, which was visible in the low-resolution microradiography of Scl-
Ab tibia.

Although sclerostin deficiency in Van Buchem disease leads to high
stature [80], tibias and humerus of Scl-Ab OI mice remained shorter
than those of Wt mice. In a previous study [65], we showed that OI
mice were smaller than Wt mice and that Scl-Ab did not change this
difference in stature. Consequently, the short stature phenotype of the
OI mice affects both the axial and the appendicular skeleton. In Sost
deficient mice, the length of the tibia is not different from WT mice
[29]. Scl-Ab treatment was reported to have no effect on the femur and
tibia length of Brtl/+ mice [32,72]. Furthermore, Camacho et al. de-
monstrated that alendronate, a third-generation bisphosphonate
therapy, reduced femur length in 6-week-old mice with OI [52,81]. This
important point should be taken into account in the possible treatment
of young patients with OI.

The mortality of our OI mice litters corresponds to the observations
of Shi et al. who treated oim/oim mice with strontium ranelate during
11 weeks [70]. Yao et al. and Chipman et al. [39,49] also reported a
lower pup survival but did not quantify it. Earlier, the one-year survival
rate of oim/oim mice had been estimated at 50% [24]. To our knowl-
edge, no survival data exist for other strains of mice with severe OI
phenotype. Their high mortality rate could result not only from the
reduced biomechanical strength of bones and muscles but also from the
abnormal aortic wall and cardiac muscle [40,82]. However, although
Scl-Ab has been associated with cardiovascular side effects in human
[61], our results do not demonstrate that it worsened the low survival
rate of oim/oim mice during the experimental time. It would be useful
to analyze this parameter with longer treatment or some time after the
arrest of treatment.

In conclusion, the treatment with antibody against sclerostin im-
proved the mechanical resistance of the long bones of OI mice while
increasing osteoblastic apposition, bone mineral density, and cortical
bone geometry. These changes were associated with a significant re-
duction in the number of long bone fractures. These therapeutic effects
may be beneficial to patients suffering from severe forms of osteogen-
esis imperfecta, with long and unstable bone fractures.
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