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Abstract

Osteogenesis Imperfecta (Ol) is characterized by low bone mass, poor bone quality and fractures.
Standard treatment for Ol patients is limited to bisphosphonates, which only incompletely correct
the bone phenotype, and seem to be less effective in adults. Sclerostin neutralizing antibodies (Scl-
Ab) have been shown to be beneficial in animal models of osteoporosis, and dominant OI resulting
from mutations in the genes encoding type I collagen. However, Scl-Ab treatment has not been
studied in models of recessive Ol. Cartilage associated protein (CRTAP) is involved in
posttranslational type | collagen modification, and its loss of function results in recessive Ol. In
this study, we treated 1 and 6 week old Crtap™~ mice with Scl-Ab for 6 weeks (25 mg/kg, s.c.,
twice per week), to determine the effects on the bone phenotype in models of “pediatric” and
“young adult” recessive Ol. Vehicle treated Crtap™~ and wildtype (WT) mice served as controls.
Compared with control Crtap™~ mice, microCT analyses showed significant increases in bone
volume and improved trabecular microarchitecture in Scl-Ab treated Crtap™~ mice in both age
cohorts, in both vertebrae and femurs. Additionally, Scl-Ab improved femoral cortical parameters
in both age cohorts. Biomechanical testing showed that Scl-Ab improved parameters of whole
bone strength in Crtap™~ mice, with more robust effects in the week 6-12 cohort, but did not
affect the increased bone brittleness. Additionally, Scl-Ab normalized the increased osteoclast
numbers, stimulated bone formation rate (week 6-12 cohort only), but did not affect osteocyte
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density. Overall, our findings suggest that Scl-Ab treatment may be beneficial in the treatment of
recessive Ol caused by defects in collagen post-translational modification.
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Introduction

Osteogenesis imperfecta (Ol) is a heritable multi-system syndrome with a prominent skeletal
phenotype. It is characterized by low bone mass and impaired bone quality, leading to
skeletal deformities and fractures, as well as extraskeletal manifestations (1). About 90% of
the cases are caused by autosomal dominant mutations in the genes encoding type | collagen
(COL1AIand COL1A2), the major component of the bone matrix (1-2). Recessively
inherited Ol can be caused by mutations in a variety of genes, including members of the
prolyl-3-hydroxylation (P3H) complex, which is involved in post-translational modification
and processing of type | procollagen (2—-3). This complex is located in the rough
endoplasmatic reticulum and consists of prolyl 3-hydroxylase 1 (P3H1, encoded by
LEPRE]), cartilage-associated protein (CRTAP, encoded by CRTAP), and cyclophilin B
(CypB, encoded by PPIB). It catalyzes the 3-hydroxylation of a single proline in the alpha 1
chain of type I procollagen, and functions as a collagen chaperone and isomerase (3-5).
Mutations in any member of the P3H complex can cause moderate to severe or lethal Ol in
humans (5-8), and mutations in CRTAP or LEPREI have been identified in up to 24% of Ol
patients without Ol-causing mutations in COL1A1/COL1AZ (6).

In children with Ol, the current standard of pharmacological treatment (1) is antiresorptive
bisphosphonates, which increase bone mineral density (BMD) (9-15) and growth (12).
However, a fracture reduction by bisphosphonates in Ol has not consistently been shown in
all studies (13-15). Additionally, bisphosphonates seem to be less effective in the
appendicular skeleton (16) and in the treatment of adult Ol patients (15,17-18). More
recently, denosumab, an antibody that inhibits Receptor activator of NF-«xB ligand
(RANKL) and thereby inhibits osteoclast formation and bone resorption, has been found to
increase BMD in case series of Ol patients (19-20); however, no controlled studies and
long-term data are currently available regarding the effectiveness and safety of denosumab in
Ol. The only currently available osteoanabolic drug approved for the treatment of
osteoporosis is intermittent parathyroid hormone (PTH (1-34); Teriparatide (TPD)) (21).
Although effective in increasing BMD and reducing fracture risk in patients with
osteoporosis, a recent trial in adult Ol patients found that TPD increased the BMD in
patients with mild Ol, but not in moderate to severe forms of Ol and did not significantly
reduce the amount of self-reported fractures (22). Moreover, due to an increased
osteosarcoma incidence observed in rats receiving PTH (1-34), TPD therapy is limited to 2
years and not approved for pediatric treatment (23).

Inhibition of sclerostin, a product of the SOST gene and a negative regulator of bone mass,
may provide a new therapeutic avenue to improve skeletal health in Ol patients. Sclerostin is
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secreted predominantly by osteocytes (24-25), and antagonizes canonical Wnt/B-catenin
signaling in osteoblasts (26), resulting in the inhibition of osteoblastogenesis and bone
formation (27-28). Antibodies targeted to inhibit sclerostin (Scl-Ab) improved bone
formation and bone mass in animal studies including models of post-menopausal
osteoporosis (29), and age- (30) and immobility-related bone loss (31), supporting a benefit
of sclerostin inhibition in low bone mass disorders. In human clinical phase | and 11 trials,
sclerostin antibodies induced robust increases in BMD, suggesting a promising new option
for the treatment of osteoporosis (32-34).

The efficacy of sclerostin inhibition in Ol has previously been tested in mouse models of
dominant Ol (35-39), and in the oim/oim model of recessive Ol due to a mutation in Co/1a2
(40-41). These studies have mostly shown that Scl-Ab treatment has beneficial effects on
both cortical and trabecular bone in Ol. However, the effects of Scl-Ab in recessive Ol due
to defects in post-translational collagen modification are not known and may be distinct,
considering that the different genetic and molecular mechanisms may differentially affect
the response to sclerostin inhibition. Crtap™~ mice recapitulate the severe phenotype of
human recessive Ol caused by mutations in CRTAP, including altered collagen post-
translational modification, osteopenia and increased bone brittleness (5,7). Additionally,
Crtap™~ mice exhibit extraskeletal manifestations including skin, kidney and lung
abnormalities, the latter characterized by an increased alveolar airway space (42). In this
study, we tested to what extent Scl-Ab treatment can improve the bone pathology in the
Crtap™~ mouse model. For this, we treated two age cohorts of Crtap™~ mice with Scl-Ab for
6 weeks as models of “pediatric” and “young adult” recessive Ol, and evaluated the effects
on trabecular and cortical bone, bone microarchitecture, cellular composition, bone
formation and strength. Because lung abnormalities can contribute to morbidity and
mortality in patients with severe Ol (43-44), we additionally tested whether Scl-Ab
treatment had any effect on the lung phenotype of Crtap™" mice.

Animals, treatment and tissue collection

Crtap ™~ (5) and wild-type (WT) mice were generated by mating Crtap*’~ mice, maintained
on a mixed C57BL/6 genetic background, housed in the Baylor College of Medicine Animal
vivarium under a 12h light/dark cycle and provided water and standard chow ad libitum. All
animal studies were performed following the approved protocol of the Animal Care and Use
Committee (IACUC) at Baylor College of Medicine, Houston, TX, USA. Sclerostin
neutralizing antibody (Scl-AbV1) was provided by Amgen Inc. (Thousand Oaks, CA, USA)
and UCB Pharma (Slough, UK), and diluted 1:10 in phosphate-buffered saline (PBS) to 3.6
mg/ml for administration. Two age cohorts of female Crtap 7~ mice were treated with Scl-
Ab (25 mg/kg in PBS, s.c. twice per week) for 6 weeks: 6 week old mice were treated for 6
weeks (“wk6-12" cohort), to first assess efficacy and safety in a cohort reflecting treatment
of “young adult” Ol, then, 1 week old mice were treated from week 1-7 (“wk1-7" cohort),
to reflect treatment of a “pediatric” cohort. Control Crtap ~and WT mice were treated with
PBS only. Crtap ~ mice were randomly assigned to Scl-Ab treatment or control group. No
blinding to group assignment was possible during treatment, as Scl-Ab or PBS were injected
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accordingly. For the subsequent analyses the investigators were blinded to genotype and
treatment group. Calcein (15 mg/kg, 1.P.) was injected 7 days and 2 days before euthanasia
to assess the parameters of dynamic bone histomorphometry. Lungs of the mice were
equally inflated immediately after euthanizing with 4% paraformaldehyde at a pressure of
25 ¢cm H,0 and then suture closed at the trachea. Lungs were then gently removed from the
thorax and fixed in 4% paraformaldehyde overnight. Spines and left femurs were collected,
fixed in 10% formalin and processed for microCT imaging. After imaging, spines were
embedded for histomorphometry. Right femurs were wrapped in saline soaked gauze and
stored at —20°C for subsequent biomechanical testing.

MicroCT analyses

Spines and left femurs were scanned in 70% ethanol using a Scanco uCT-40 microCT
system (55kVp and 145uA X-ray source) and scans were reconstructed at a 16um isotropic
voxel size. Trabecular bone of L4 vertebrae and the distal metaphyseal part of left femurs
were analyzed using Scanco software by manually contouring trabecular bone. For
vertebrae, the region of interest (ROI) was defined as the trabecular volume between the L4
vertebral endplates. At femoral trabecular ROI 75 slides (=1.2 mm) were analyzed proximal
to the distal femoral growth plate in WT femurs. To not underestimate trabecular bone in
Crtap™~ mice, which have shorter femurs, the number of slides defined as ROl was reduced
according to femur length (67 and 64 slides for the wk6-12 and wk1-7 cohorts,
respectively). Quantification of trabecular parameters was performed using the Scanco
software with a threshold value of 210. These parameters include bone volume/total volume
(BVITV), trabecular number (Th.N), trabecular thickness (Th.Th), connectivity density
(Conn.D) and tissue mineral density (TMD) (45). Femur length was measured from the top
of the femoral head to the bottom of the medial condoyle. Cortical bone parameters of the
femoral midshaft were measured at the exact center and at the distal 75% of femur length
using the automated thresholding algorithm included in the Scanco software. Trabeculae in
contact with cortical bone were manually removed from the ROI (11 slides analyzed per
location, threshold 210). The cortical parameters include total cross-sectional area (Tt.Ar),
cortical bone area (Ct.Ar), marrow area (Ma.Ar), cortical thickness (Ct.Th), cross-sectional
moments of inertia (CSMI), anterior-posterior diameter, and tissue mineral density (TMD)
(45). Seven spines and femurs were scanned per group. MicroCT imaging of the femurs
revealed a healed spontaneous fracture in the femur of one control Crtap™~ mouse of the
wk6-12 cohort, affecting the midshaft region, and a healed spontaneous fracture of one
control Crtap™~ mouse of the wk1-7 cohort, affecting both the metaphyseal and midshaft
regions. These femurs were excluded from the respective microCT quantifications. We did
not observe femur fractures of WT or Scl-Ab treated Crtap™~ mice in both age cohorts.

Biomechanical testing

Right femurs were wrapped in saline soaked gauze and stored at —20°C until testing by
Amgen Inc.. Whole femurs were tested in three-point bending to failure on a servohydraulic
test system (MTS 858 Mini Bionix I, MTS Systems Corp., Eden Prairie). Femurs were
placed on the lower supports of a three point bending fixture with the posterior side facing
downward. The span between the two lower supports was set at 6 mm. Load was applied on
the midpoint of the anterior surface at a constant displacement rate of 0.1 mm/sec until
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failure occurred. Maximum load, stiffness, and energy absorbed were assessed from the load
displacement curve within Microsoft Excel. Yield point and elastic region were determined
using a 0.05 mm (wk6-12 cohort) and 0.02 mm (wk1-7 cohort) offset from the slope, to
assess stiffness within the elastic region. Before testing, femurs were scanned using a
eXplore Locus SP scanner (GE Healthcare, London, Ontario) and reconstructed to an
isotopic voxel size of 8um to obtain geometric data (diameter and moment of inertia) at the
femoral midshaft. These were utilized to calculate the intrinsic material properties ultimate
strength, toughness and elastic modulus as previously reported (46). Femurs of n=3 WT, n=5
Crtap™~ control and n=5 Scl-Ab treated Crtap™~ mice were analyzed in the wk6-12 cohort,
femurs of n=9 WT, n=6 Crtap™~ control and n=6 Scl-Ab treated Crtap™~ mice were
analyzed in the wk1-7 cohort.

Histomorphometry

Undecalcified lumbar spines of Crtap 7~ and WT mice were embedded in methacrylate for
sectioning. Then trichrome stained slides were used to quantify BV/TV, osteoblast and
osteocyte parameters, and TRAP-stained slides were used to quantify osteoclast parameters
of vertebral bodies L4 (n=6 per group) at 20X resolution using the Bioquant Osteo Image
Analysis System version (12.1.6). Unstained sections were used for the analysis of dynamic
bone formation parameters.

Measurement of TRACP5b serum levels

Blood samples were collected from mice of the wk6-12 cohort by retro-orbital bleeding
under anesthesia before euthanasia, serum separated by centrifugation and stored at —80°C.
TRACP5b was measured using a commercially available, species-specific ELISA kit (IDS,
Fountain Hills, AZ, USA) in accordance with manufacturer’s protocol. N=7 per group.

Lung histology and morphometry

Coronal sections of lungs were stained with Hematoxylin and Eosin. To quantify the
distance between alveolar structures we used the mean linear intercept (MLI) method as
described previously (47-48). Briefly, 10 histological fields per mouse were taken at 20X
magnification from both lungs using an Axioplan 2 (Zeiss) microscope (n=8 WT, n=6
Crtap ™~ control and n=6 Scl-Ab treated Crtap 7~ mice). The MLI was quantified using a
modified ImageJ software (National Institutes of Health). Blood vessels, large airways and
other nonalveolar structures were manually removed in each image. The software then
automatically thresholded alveolar tissue in the images and overlaid 1,353 lines over each
images. The number of lines that ended on or intercepted alveolar tissue was used to
calculate the MLI.

Statistical analyses

For comparisons between the 3 groups, we performed One Way Analysis of Variance
(ANOWVA) if normal distribution and equal variance of groups were confirmed, followed by
all pairwise multiple comparison using the Holm-Sidak method. If the equal variance or
normal distribution test failed, we performed Kruskal-Wallis One Way ANOVA on Ranks,
followed by pairwise multiple comparison using the Tukey Test (if group sizes were equal)
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or Dunn’s methods (when group sizes were not equal). A P value <0.05 was considered
statistically significant for ANOVA and Kruskal-Wallis One Way ANOVA on Ranks. To
determine if differences between groups were significant for the posthoc pairwise multiple
comparisons, each P value was compared to a critical level depending on the rank of the P
value and the total number of comparisons. The effects of Scl-Ab in Crtap 7~ mice were
unknown at study start. We calculated that to detect a 50% difference in bone volume/total
volume (BV/TV) between control and Scl-Ab treated Crtap ~~ mice with a 90% power, a
group size of n=7 mice is required. We used Sigma Plot VV11.0 (Systat Software Inc.) for
statistical analyses.

Scl-Ab did not alter the reduced body weight of Crtap™~ mice

As previously reported, Crtap™~ mice are smaller and weigh less than wild-type (WT) mice
(5). In the current study, control Crtap™~ mice in both the wk6-12 and wk1-7 cohorts
weighed about 24% less than WT mice at study end. Scl-Ab treatment did not significantly
alter the weight of Crtap™~ mice in both age cohorts (Fig. S1, S2). There were no obvious
negative effects of Scl-Ab treatment on the Crtap™~ mice with regard to appearance,
movement, or other behavior.

Scl-Ab improved trabecular bone mass and microarchitecture in spine and femur of
Crtap™~ mice

As expected, at the L4 vertebral bodies control Crtap™~ mice exhibited reduced bone
volume/total volume (BV/TV), trabecular number (Th.N.), trabecular thickness (Tb.Th) and
connectivity density (Conn.D) relative to WT mice of the same age (Fig. 1). By contrast,
treatment of Crtap™~ mice with Scl-Ab increased BV/TV and Th.N, and Th.Th was no
longer different from WT mice in both cohorts. Scl-Ab treatment increased the Conn.D in
vertebrae of Crtap™~ mice in the wk1-7 cohort, but not in the wk6-12 cohort. Compared
with WT mice, the tissue mineral density (TMD) of vertebral trabecular bone matrix was
higher in 12 week old control Crtap™~ mice, but not in 7 week old Crtap™~ mice. In both
age cohorts, Scl-Ab increased the TMD of Crtap™~ mice to above WT levels.

Femurs of control Crtap™~ mice showed reduced BV/TV, Th.N and Conn.D at the
metaphysis compared with WT mice in both age cohorts, while Th.Th was not statistically
different from WT mice (Fig. 2). Scl-Ab significantly improved the BV/TV and Th.N of
Crtap™~ mice in both age cohorts compared with control Crtap™~ mice, in the wk6-12
cohort these parameters were similar to WT mice. In addition, Scl-Ab significantly increased
Tb.Th and Conn.D. in 12 week old Crtap™~ mice compared with control Crtap™~ mice, but
did not significantly affect these parameters in the wk1-7 cohort. The TMD of trabecular
femoral bone in control Crtap™~ mice was not statistically different from WT mice in either
cohort, but Scl-Ab treatment significantly increased the TMD in Crtap™~ mice of both
cohorts.

Overall, Scl-Ab increased bone mass (BV/TV) at L4 vertebrae in Crtap™~ mice from 35% to
72% of WT levels in the wk6-12 cohort, and from 28% to 71% in the wk1-7 cohort. At the
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femur, Scl-Ab improved BV/TV from 32% to 100% and from 45% to 69% in the wk6-12
and wk1-7 cohorts, respectively.

Scl-Ab did not affect femur length, but improved cortical femoral parameters in Crtap™-

mice

Crtap™~ mouse femurs are shorter than in WT mice (5). In this study, femurs of control
Crtap™~ mice were on average 11% and 14% shorter than femurs of WT mice in the wk6—
12 and wk1-7 cohorts, respectively. Scl-Ab treatment did not significantly affect femur
length in either cohort (Table 1). At the center of the femur midshaft, 12 week old control
Crtap™~ mice showed trends toward impaired cortical geometrical parameters compared
with WT mice, including reduced cortical thickness (Ct.Th), cortical bone area (Ct.Ar),
anterior-posterior or medio-lateral cross sectional moments of inertia (CSMIs) and diameter;
however, the differences were not statistically significant (Table 1). Scl-Ab treatment of
Crtap™~ mice resulted in significantly increased Ct.Th, Ct.Ar and CSMI a.p., which tended
to be even higher than in WT mice. Compared with control Crtap™~ mice, femurs of Scl-Ab
treated Crtap™~ mice showed a trend to increased total cross-sectional area (Tt.Ar), but no
substantial change in the marrow area (Ma.Ar), suggesting that Scl-Ab predominantly
induced periosteal but not endosteal bone formation. Consistently, in the wk1-7 cohort
femoral midshaft Ct.Th, Ct.Ar and CSMI were lower in control Crtap™~ mice compared
with WT mice, and increased in Scl-Ab treated Crtap™~ mice to near WT levels. Similar to
the wk6-12 cohort, these increases were accompanied by a trend to increased Tt.Ar (+11%)
but no change in Ma.Ar, suggesting that Scl-Ab predominantly induced periosteal bone
apposition, but not endosteal bone formation. In the wk6-12 cohort, the TMD of cortical
bone of Crtap™~ mice was not significantly different from WT mice, but Scl-Ab treatment
increased the TMD compared with WT mice. No statistically significant differences of the
TMD were observed between groups in the wk1-7 cohort. In summary, while the reduced
femur length of Crtap™~ mice was not affected by Scl-Ab, sclerostin inhibition improved the
impaired cortical parameters at the center of the femur midshaft of Crtap™~ mice to WT
levels.

Because Crtap™~ femurs of the wk1-7 cohort fractured in an unusual pattern during
biomechanical testing, with fractures progressing from the midshaft center towards the distal
end of the femurs, we also analyzed cortical bone in the distal region of femurs
(Supplementary table 1). In the wk1-7 cohort femurs of Crtap™~ mice showed a markedly
reduced Ct.Th and a lower Ct.Ar compared with WT femurs. Scl-Ab treatment increased
Ct.Ar, but did not significantly increase Ct.Th, suggesting that the effects of Scl-Ab on
cortical bone of young Crtap™~ mice are less robust at distal sites. In contrast, in the wk6—12
cohort Scl-Ab significantly increased the reduced Ct.Th. and Tt.Ar. at the distal femur in
Crtap™~ mice, accompanied by a trend to a reduced Ma.Ar, suggesting periosteal and
endosteal bone apposition. Together, these findings suggest age and site specific differences
in the effects of Scl-Ab on cortical bone in Crtap™ mice.

J Bone Miner Res. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grafe et al.

Page 8

Scl-Ab improved whole bone strength in Crtap™~ mice, but not intrinsic bone material

properties

Compared with WT mice, femurs of control wk6-12 Crtap™~ mice exhibited reduced
maximum load, stiffness and energy to failure (65%, 60% and 22% of WT levels,
respectively; Table 2). Scl-Ab treatment increased maximum load and stiffness of femurs of
Crtap™~ mice (to 91% and 88% of WT levels, respectively), but had no significant effect on
energy to failure (31% of WT level). At the bone tissue level, ultimate strength and elastic
modulus were not significantly different between all three groups, and tended to be lower in
control Crtap™~ mice compared with WT mice. Toughness was lower in control Crtap™~
mice and did not improve with Scl-Ab treatment. While there was no difference in the
elastic displacement between all three groups, the post yield displacement, a measure of the
bone brittleness, was significantly lower in control and Scl-Ab-treated Crtap™~ mice,
indicating no effect of Scl-Ab on the increased bone brittleness in Crtap™~ mice.

In the wk1-7 age cohort, the evaluation of the femoral biomechanical properties was
confounded by an unusual fracture pattern during mechanical loading to failure in both
vehicle and Scl-Ab treated Crtap™~ mice. While WT femurs fractured transversely at the
femur midshaft, in both Crtap™~ groups fractures occurred from the midshaft towards the
distal end of the femurs. It is likely that the greatly reduced Ct.Th observed in the distal
region of femurs of young Crtap™~ mice has favored this unusual fracture pattern.
Considering these limitations, maximum load, stiffness and energy to failure were lower in
control Crtap™~ compared with WT mice, and Scl-Ab treatment slightly improved the
reduced stiffness, but did not improve maximum load or energy to failure. Ultimate strength,
elastic modulus and toughness could not be calculated in a valid way due to the unusual
fracture patterns during mechanical loading to failure of both vehicle- and Scl-Ab-treated
Crtap™~ mice. Femurs of wk1-7 Crtap™~ mice showed a greater elastic displacement and a
lower post-yield displacement compared with WT mice; Scl-Ab treatment did not result in
significant changes in either parameter compared to control Crtap™~ mice. Together, Scl-Ab
improved maximum load and stiffness in Crtap™~ mice of the wk6-12 cohort, but not the
wk1-7 cohort, and did not improve the impaired bone tissue properties or the increased
brittleness of the bone of Crtap™~ mice.

Scl-Ab reduced osteoclast numbers and increased bone formation in Crtap™~ mice

Histomorphometry of L4 vertebrae demonstrated that the BV/TV in control Crtap™ mice
was reduced to 35-39% the value of WT mice in both age cohorts. Consistent with the
microCT results, Scl-Ab treatment of Crtap™ mice almost doubled the BV/TV to 75% of
WT mice (Fig. 3). In the wk6-12 cohort, bones of control Crtap™~ mice demonstrated
increased osteoclast surface (Oc.S/BS), osteoclast numbers (N.Oc/BS), and increased
number of osteocytes per bone area (N.Ot/B.Ar) compared with WT mice. The surface and
number of osteoblasts (Ob.S/BS and N.Ob/BS) in control Crtap™~ mice tended to be higher
compared with WT mice, but the difference was not statistically significant. Compared with
control Crtap™~ mice, Scl-Ab treated Crtap™~ mice exhibited reduced Oc.S/BS and
N.Oc/BS that were similar to WT levels, but no significant changes in the elevated N.Ot/
B.Ar. The absolute osteoclast numbers in the different groups correlated with the TRACP5b
serum levels (Supplementary table 2; Pearson correlation coefficient=0.535, p=0.0233).
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Ob.S/BS and N.Ob/BS in bones of Scl-Ab treated Crtap™~ mice tended to be lower
compared with control Crtap™ mice, but the differences were not statistically significant.
Similar trends were observed in the wk1-7 cohort, but the differences in Oc.S/BS and N.Ot/
B.Ar between control and Scl-Ab treated Crtap™~ mice did not reach statistical significance.
Dynamic histomorphometry revealed no difference in the mineralizing surface (MS/BS) in
control Crtap™~ mice compared with WT mice, but showed a reduced mineral apposition
rate (MAR) in control Criap™~ mice, resulting in a non-significant trend towards a reduced
bone formation rate (BFR/BS). In Scl-Ab treated Crtap™~ mice, the MAR was not
significantly changed compared with control Crtap™~ mice, and still lower than in WT mice;
however, in the wk6-12 cohort Scl-Ab treatment increased the MS/BS by 65%, resulting in
a 68% increase in BFR compared with control Crtap™~ mice, which tended to be higher than
in WT mice. In Crtap™~ mice of the wk1-7 cohort Scl-Ab was less effective and did not
significantly affect MS/BS or BFR. In summary, Scl-Ab normalized the increased osteoclast
numbers in Crtap™~ mice to WT levels, but did not affect osteoblast numbers or osteocyte
density. In Crtap™~ mice of the wk6-12 cohort Scl-Ab increased the BFR/BS from 76% to
128% compared with WT mice, but did not significantly affect BFR/BS in the wk1-7
cohort.

Scl-Ab does not affect the lung phenotype in Crtap™~ mice

Scl-Ab had no effect on the lung phenotype in Crtap™~ mice, as quantified by the distance
between alveolar structures. Consistent with earlier results (42,48), control Criap™~ mice in
this study exhibited an 8.2um increase in the mean space between alveolar structures
compared with WT mice (Fig. 4). As expected, given the restricted expression pattern of
sclerostin, we did not observe a significant effect of sclerostin-inhibition on the lung
phenotype of Crtap™~ mice, and the MLI of Scl-Ab treated Crtap™~ mice was still greater
(mean 10.9 pm) compared with WT mice, but not significantly different from control
Crtap™" mice.

Discussion

In this study, we demonstrate the beneficial effects of anti-Sclerostin-antibody (Scl-Ab)
treatment on the skeleton in a mouse model of recessive Osteogenesis Imperfecta (Ol)
caused by defects in post-translational collagen modification. We found that 6 weeks of Scl-
Ab treatment of Crtap™~ mice improved trabecular bone mass and microarchitecture,
cortical bone parameters and parameters of bone strength, but did not correct the increased
bone brittleness. Both the “young adult” (treatment week 6-12) and “pediatric” (treatment
week 1-7) cohorts mostly responded similarly to Scl-Ab administration at trabecular bone,
but showed some differences in the response to Scl-Ab in cortical bone. While our findings
are largely consistent with the reported beneficial effects of Scl-Ab treatment in mouse
models of dominant Ol, we also observed certain differences in the response to treatment.

In the trabecular metaphyseal bone of femurs, Scl-Ab administration increased bone mass
(BV/TV) and trabecular number (Th.N) in both age cohorts of Crtap™~ mice, and trabecular
thickness (Th.Th) in the wk6-12 cohort. Similar effects of Scl-Ab treatment on femoral
trabecular bone have been observed in models of dominant Ol, including Brtl/+ mice
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(moderate-to-severe Ol) treated from 6 months of age for 5 weeks (36), Col1a2"/P-G610C
mice (moderate Ol) treated from 6 weeks for 6 weeks (38), and 4 week old ColZa1/"* mice
(severe Ol) treated for 4 weeks (39). By contrast, femur metaphyseal bone mass was not
improved by Scl-Ab in 20 week old Co/1a1* mice treated for 4 weeks (39). The effects of
Scl-Ab on trabecular bone in Ol mouse spine are less well characterized. While we observed
increases in Th.N, Th.Th and BV/TV in both age cohorts of Crtap™~ mice, no increases in
BV/TV were observed in 4 or 20 week old Co/Za1”"* mice treated for 4 weeks (39).
Furthermore, 5 weeks of Scl-Ab treatment did not improve bone mass at the 8th caudal
vertebrae in 7 month old Brtl/+ mice (36). However, 10 weeks of Scl-Ab treatment also
increased vertebral BV/TV in 5 week old oim/oim mice (40).

At femur midshaft, Scl-Ab injections of Crtap™~ mice improved Ct.Th, Ct.Ar and CSMI to
WT levels in both age cohorts. These findings are in concordance with the reported Scl-Ab
effects in models of dominant Ol and oim/oim mice, where treatment has consistently
improved the cortical parameters (35-39,41). Overall, these findings suggest mostly
beneficial effects of sclerostin inhibition on both trabecular and cortical bone mass in Ol
models. However, while Scl-Ab increased Ct.Th at the distal femur in Criap™~ mice of the
wk6-12 cohort, it did not improve Ct.Th at this location in Crtap™~ mice of the younger
cohort. This finding could suggest site and age dependent differences in the response of
cortical bone to Scl-Ab.

The higher tissue mineral density (TMD) observed in microCT analyses of bones of Crtap™~
mice may reflect an increased mineralization of the bone tissue, which has been previously
reported in Crtap™~ mice and in patients with CRTAP mutations using quantitative
backscattered electron imaging (49). It has been suggested that the altered morphology,
organization and cross-linking of collagen fibers in Ol contributes to an increased matrix
mineralization by affecting hydroxyapatite crystal size and organization (50-51). The further
increase in TMD in trabecular bone of Scl-Ab treated Criap™~ mice likely reflects the robust
increases in trabecular thickness, which are known to reduce partial volume effects, thus
artificially increasing micro-CT based TMD (45). The increased TMD observed in cortical
bone of Scl-Ab treated mice may suggest biological effects of Scl-Ab on cortical
mineralization in Crtap™~ mice; however, this increase could also be the consequence of
reduced partial volume effects resulting from altered cortical porosity (below the resolution
of our microCT) and/or the increased cortical thickness.

Biomechanical testing of femurs demonstrated that Scl-Ab treatment improved the
biomechanical properties at the whole bone level in 12 week old Crtap™~ mice, but did not
significantly affect the intrinsic bone tissue properties. In the wk1-7 cohort, Scl-Ab
administration was much less effective, and only an increase in stiffness reached statistical
significance compared with control Crtap™~ mice; however, this may also be influenced by
an unusual fracture pattern during biomechanical testing observed in femurs of both Scl-Ab
and vehicle treated Crtap™~ mice in the wk1-7 cohort. In both age cohorts, we observed no
significant effects of Scl-Ab on the greatly reduced post-yield displacement, a parameter
associated with brittleness. While our results are consistent with most published studies of
sclerostin inhibition in dominant Ol mouse models (35-38) and oim/oim mice (41),
interesting differences were reported in two studies. First, sclerostin inhibition for 4 weeks
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did not improve the maximum load in the Co/1a2/"* mouse model of severe Ol (39).
Second, 5 weeks of Scl-Ab treatment increased post-yield displacement in femurs of 7-
month old Brtl/+ mice, suggesting an improvement of the brittleness of Ol bone (36).
Collectively, these data suggest that sclerostin inhibition can improve whole bone strength in
most mouse models of Ol, and may potentially positively affect the increased brittleness of
Ol bone. It will have to be determined in future clinical trials, if sclerostin inhibition in Ol
patients is valuable to improve bone strength and reduce the increased fracture incidence.

Histomorphometry of vertebral bodies of Crtap™~ mice demonstrated that Scl-Ab
normalized the increased osteoclast numbers to WT levels, but did not significantly affect
osteoblast numbers or the increased osteocyte density. Interestingly, Scl-Ab increased
0Ob.S/BS, but did not significantly affect Oc.S/BS in femurs of Col1a2*/P-G610C mice (38).
However, in accordance with our observations in Crtap™~ mice, Scl-Ab treatment also
reduced the elevated Oc.S/BS in ovariectomized rats (29), lowered serum levels of
TRACPS5b (a marker of osteoclast number) in Brtl/+ mice (36), and reduced serum bone
resorption parameters in patients with low BMD (32-33). Dynamic histomorphometry
demonstrated no significant effect of Scl-Ab on the reduced MAR in Crtap™~ mice,
reflecting an osteoblastic defect that cannot be improved by increasing Wnt signaling
activity. However, Scl-Ab significantly increased MS/BS by about 65% in the older cohort,
resulting in an overall greater BFR/BS. Similar findings with increased MS/BS and BFR/BS
were also reported after Scl-Ab treatment of Brtl/+ mice and Col1a2*/P-G620C mice (35—
36,38). By contrast, Scl-Ab administration did not significantly affect these parameters in
the younger Crtap™~ mice and at vertebral bodies of 8 and 24 week old Co/Za1/"* mice,
and only improved femoral MS/BS in 24-week, but not 8 week old Co/Za1’"* mice (39).

Differences among the published studies in dominant Ol, and our study, regarding the bone
analyzed, analytical methods, severity of Ol, mouse genetic background, age and gender,
time point analyzed, treatment duration and the Scl-Ab used (Scl-AbV1, this study and (35—
37), Scl-Ablll (38) (both from Amgen Inc), BPS804 (39) (Novartis Inc and MorphoSys
Inc)) complicate a thorough comparison of the skeletal effects of sclerostin inhibition in Ol
models. Overall, most evidence in Ol models supports that Scl-Ab therapy can improve
cortical and trabecular bone mass, improve bone strength, and increase the ratio of
osteoblasts to osteoclasts, as well as bone formation. However, the reported differences in
the responses to Scl-Ab in Ol mouse models also may reflect real differences across skeletal
sites, for Ol type and severity, age, and gender. If this would be observed in future studies, it
may also imply genotype specific approaches for the treatment of Ol.

Recently, we found that increased TGF- signaling is a mechanism contributing to the
pathology in models of both dominant and recessive Ol, and that TGF-p-inhibition can
improve the bone phenotype in both situations (48). Interestingly, while both the TGF-p-
inhibiting antibody and Scl-Ab improve trabecular bone mass in Crtap™~ mice, sclerostin
inhibition seems to be more effective to also increase cortical bone mass compared with
TGF-B-inhibition. Of course, different doses of the antibodies and treatment durations may
have resulted in different outcomes. It is possible that this difference reflects the differential
effects of anti-resorptive vs. bone forming agents on trabecular and cortical bone. However,
TGF-B-inhibition also improved the ultimate strength in femurs of Crtap™ mice, while Scl-
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Ab treatment did not. Notably, a higher density of osteocytes is present in the bone of more
severe forms of Ol, and may reflect an impaired bone maturation (52). While Scl-Ab in the
current study did not correct the increased osteocyte density in Crtap™~ mice, TGF-p-
inhibition normalized osteocyte numbers to WT levels, which may contribute to improved
bone tissue strength. Furthermore, the WNT and TGF-$ signaling pathways interact with
each other, for example TGF-f can increase the expression of sclerostin (53-54), and may
thereby affect the magnitude of response to Scl-Ab treatment in Ol compared to WT mice. It
is likely that both pathways differentially affect trabecular vs. cortical bone and bone
biomechanical properties in Ol, and that the interactions between these and other pathways
determine the net outcome of pharmacological interventions targeted at signaling pathways
in Ol and other bone disorders. Also, this would raise the intriguing possibility that a
combinatorial treatment with TGF-- and sclerostin-inhibitors may be even more beneficial
for the therapy of Ol, an avenue that may be explored in future studies.

Crtap™~ mice exhibit extraskeletal features, including lung abnormalities, as observed in
models of dominant Ol (44) and Ol patients (44,55-56), including an increased distance of
alveolar structures (42). As expected, given the restricted expression pattern of sclerostin,
Scl-Ab treatment did not significantly improve the lung phenotype of Crzap™~ mice. While
this may limit the potential of Scl-Ab therapy as an approach to also target extraskeletal
manifestations of Ol as compared to anti-TGF-3 treatment (48), it may allow for a bone
specific therapy of signaling targeted treatments, which may be of advantage in particular in
pediatric Ol patients, where systemic TGF-f inhibition may also interfere with extraskeletal
tissues during growth.

This study has several limitations. First, no blinding to the group assignment (Scl-Ab or PBS
only) was possible during treatment, however, the investigators were blinded to genotype
and treatment group for the subsequent analyses. Second, recessive Ol can be caused by
mutations in a variety of genes. While it is possible that Scl-Ab treatment has similar
beneficial effects on the skeleton in models of Ol caused by mutations in the other two genes
of the P3H complex (Leprel and Ppib), sclerostin inhibition may have different effects in
other forms of recessive Ol. Third, the dose of the Scl-Ab used, treatment regimen and
duration were chosen based on previous studies in animal models. It is possible that different
treatment regimens may differently affect the evaluated bone tissues. Also, a longer
treatment duration may have further improved the trabecular bone parameters. Fourth, from
a translational perspective, the dose and treatment interval used in Crzap™~ mice are
different from those currently explored in human clinical trials (33) and the optimal Scl-Ab
dosage, treatment interval and duration still has to be established for Ol patients. Finally, in
this study we only treated female Crtap™~ mice, and it is possible that sclerostin-inhibition
differentially affects male Crtap™~ mice.

In conclusion, Scl-Ab treatment improved bone mass, trabecular microarchitecture,
parameters of bone strength and bone formation, while it decreased osteoclast numbers in
Crtap™~ mice, a model of recessive Ol. Notably, the effects of Scl-Ab on bone strength and
bone formation were much less robust in the younger cohort, suggesting age dependent
differences in response. These findings could translate to Ol caused by mutations in other
members of the P3H1 complex in mouse models and in patients with recessive Ol. While
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our findings are mostly consistent with the findings in mouse models of dominant Ol,
certain aspects of the bone architecture and cellular activity seem to be differentially affected
by sclerostin inhibition in recessive Ol due to Crtap deficiency. Overall, based on our study
and the published work in models of dominant Ol, Scl-Ab treatment seems to be a
promising new avenue for the treatment of Ol patients. Ultimately, it will have to be
determined in future clinical trials, if Scl-Ab therapy is safe and effective in adult and
pediatric Ol patients, and if potential differences in response to treatment could justify a
genotype specific approach to therapy in Ol.
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Fig. 1.

Scl-Ab treatment improved trabecular bone mass and microarchitectural parameters at
vertebrae in Crtap™~ mice. (A) MicroCT reconstructions of trabecular bone at L4 vertebral
bodies. Mice were treated with either PBS (wild type (WT) and control Criap™~ mice) or
Scl-Ab (Crtap™~ mice). (scale bar=500um). (B) MicroCT analysis results of L4 vertebrae
for bone volume/total volume (BV/TV), trabecular number (Th.N), trabecular thickness
(Th.Th), connectivity density (Conn.D) and tissue mineral density (TMD) in WT, control
Crtap™~ mice and Scl-Ab treated Crtap™~ mice treated from week 6-12 and from week 1-7.
Results are shown as means + SD; n=7 per group. *p<0.05 between indicated groups,
NS=not significant.
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Fig. 2.

Sc%—Ab treatment improved trabecular bone mass and microarchitectural parameters at the
femur metaphysis in Crtap™~ mice. MicroCT analysis of the distal metaphysis for bone
volume/total volume (BV/TV), trabecular number (Th.N), trabecular thickness (Th.Th),
connectivity density (Conn.D) and tissue mineral density (TMD) in WT, control Crtap™~
mice and Scl-Ab treated Crtap™~ mice treated from week 6-12 and from week 1-7. Results
are shown as means + SD. In week 6-12 cohort n=7 per group, in week 1-7 cohort n=7 per
group for WT and Crtap™~ Scl-Ab, n=6 for Crtap™~ control. *p<0.05 between indicated
groups, NS=not significant.
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Page 19

Histomorphometry analysis of vertebrae L4 of WT, control Crtap™~ mice and Scl-Ab treated
Crtap™~ mice. Shown are bone volume/total volume (BV/TV), osteoclast surface/bone
surface (Oc.S/BS), osteoclast number/bone surface (N.Oc/BS), osteocyte number/bone area
(N.Ot/B.Ar), osteoblast surface/bone surface (Ob.S/BS), osteoblast number/bone surface
(N.Ob/BS), mineralizing surface/bone surface (MS/BS), mineral apposition rate (MAR) and
bone formation rate/bone surface (BFR/BS). Data are shown as means + SD, n=6 per group.

*p<0.05 between indicated groups, NS=not significant.
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Fig. 4.

Sc%—Ab did not affect the lung phenotype of Crtap™~ mice. (A) representative images of
H&E stained sections from inflated lungs of WT, control Crtap™~ mice and Scl-Ab treated
Crtap™~ mice that were treated from week 6-12 (20X magnification, scale bars=100um).
(B) Quantification of the distance between alveolar structures in lung sections using the
mean linear intercept method (MLI). Results are shown for WT, control Crtap™~ mice and
Scl-Ab treated Crtap™~ mice that were treated from week 6-12. Data is presented as means
+ SD. N=8 for WT mice, n=6 for control Crtap™~ mice and Scl-Ab Crtap™~ mice (10
images analyzed per mouse). *p<0.05 between indicated groups, NS=not significant.
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