1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
j Bone. Author manuscript; available in PMC 2021 February 01.

s HHS Public Access
L

Published in final edited form as:
Bone. 2020 February ; 131: 115084. doi:10.1016/j.bone.2019.115084.

Combination therapy in the Colla2¢¢é°¢c mouse model of
Osteogenesis Imperfecta reveals an additive effect of enhancing
LRP5 signaling and inhibiting TGF signaling on trabecular bone
but not on cortical bone

Shannon Kaupp?, Dan J. Horan®, Kyung-Eun LimP, Henry A. Feldmant, Alexander G.
RoblingP, Matthew L. Warman?4, Christina M. Jacobsen® "

a0rthopedic Research Laboratories, Department of Orthopedic Surgery, Boston Children’s
Hospital, Boston, MA, USA

bDepartment of Anatomy and Cell Biology, Indiana University, Indianapolis, IN, USA

CInstitutional Centers for Clinical and Translational Research, Boston Children’s Hospital, Boston,
MA, USA

dDepartment of Genetics, Harvard Medical School, Boston, MA, USA

eDivisions of Endocrinology and Genetics and Genomics, Boston Children’s Hospital, Boston,
MA, USA

‘Department of Pediatrics, Harvard Medical School, Boston, MA, USA

Abstract

Enhancing LRP5 signaling and inhibiting TGFp signaling have each been reported to increase
bone mass and improve bone strength in wild-type mice. Monotherapy targeting LRP5 signaling,
or TGFp signaling, also improved bone properties in mouse models of Osteogenesis Imperfecta
(OI). We investigated whether additive or synergistic increases in bone properties would be
attained if enhanced LRP5 signaling was combined with TGF inhibition. We crossed an Lrp5
high bone mass (HBM) allele (L/p5*214V) into the Co/1a25810C/* mouse model of Ol. At 6-
weeks-of-age we began treating mice with an antibody that inhibits TGFp1, 2, and B3 (mAb
1D11), or with an isotype-matched control antibody (mAb 13C4). At 12-weeks-old, we observed
that combining enhanced LRP5 signaling with inhibited TGFp signaling produced an additive
effect on femoral and vertebral trabecular bone volumes, but not on cortical bone volumes.
Although enhanced LRP5 signaling increased femur strength in a 3-point bending assay in
Col1a25610CH mice, femur strength did not improve further with TGF inhibition. Neither
enhanced LRP5 signaling nor TGF inhibition, alone or in combination, improved femur 3-point-
bending post-yield displacement in Co/7a25610C* mice. These pre-clinical studies indicate
combination therapies that target LRP5 and TGFp signaling should increase trabecular bone mass
in patients with Ol more than targeting either signaling pathway alone. Whether additive increases
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in trabecular bone mass will occur in, and clinically benefit, patients with Ol needs to be
determined.
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1. Introduction

1.1. Osteogenesis Imperfecta

Osteogenesis Imperfecta (Ol) is a genetic disorder characterized by skeletal fragility [1]. The
majority of patients with Ol have dominant mutations in one of the 2 genes encoding type 1
collagen, COL1A1and COL1AZ2[2]. Recessive forms of Ol are less common and generally
associated with mutations affecting proteins involved in collagen assembly or secretion [1].
Patients with Ol can experience multiple fractures and deformities, which produce pain,
immobility, and reduced quality of life [3,4].

1.2. Pharmacologic therapy for Ol

Several pharmacologic therapies that have been FDA approved to reduce skeletal fragility in
patients with age-related and post-menopausal osteoporosis are currently being employed
off-label or are in clinical trials for patients with Ol. Bisphosphonates, which inhibit
osteoclast-mediated bone resorption, were predicted to improve skeletal strength in patients
with Ol by allowing bone anabolism to outpace catabolism [5]. Numerous studies report
significantly increased bone density in patients with Ol who have been treated with
bisphosphonates; however, the extent to which bisphosphonate-mediated increases in bone
density reduce fracture risk remains unclear [6]. Fewer studies have examined another anti-
resorptive therapy that targets osteoclasts, the anti-RANKL neutralizing antibody
(Denosumab), in patients with Ol but clinical trials are ongoing.(www.clinicaltrials.gov) [7-
9].

Therapies that primarily promote bone anabolism, rather than inhibit bone catabolism, have
also been studied in patients with Ol. Teriparatide (bioactive recombinant PTH 1-34) exerts
modest effects on BMD in individuals with Ol, but the patient cohorts were too small to
observe a significant change in fracture incidence [10-12]. Sclerostin, an endogenous
inhibitor of the Wnt co-receptors LRP5 and LRPS, is another target for pro-anabolic
therapies [13,14]. Sclerostin neutralizing antibody (e.g., Romosozumab) significantly
increases bone mass and reduces fracture incidence in patients with osteoporosis and
osteopenia, and this antibody has been submitted to the FDA for approval for these
indications [15-19].

1.3. LRP5 signaling and Ol

Mirroring the effect of neutralizing antibodies targeting Sclerostin are missense mutations in
LRP5, which make the receptor resistant to Sclerostin-mediated inhibition [20-22]. Knockin
mice with these missense mutations (e.g., L5214V have increased bone mass and
strength. [23] Importantly, these alleles can be crossed into mouse models of Ol to
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determine the effect of enhancing LRP5 signaling on bone properties. When the Lrp5~214V
allele was crossed into 4 different mouse Ol models, bone mass and strength increased in
each model [24,25] (Unpublished data). Consistent with these genetic experiments,
administering sclerostin neutralizing antibodies to Ol mouse models also improved the
animals’ bone mass and strength [24]. These data provide pre-clinical support for a clinical
trial of sclerostin inhibition in patients with Ol that is underway (www.clinicaltrials.gov).

1.4. TGFp and Ol

Another potential anabolic strategy currently in clinical trials for patients with Ol utilizes a
TGFp neutralizing antibody. The rationale for this approach is based on consistent
therapeutic skeletal effects of TGFp inhibition in several pre-clinical contexts, including
genetic mouse models, small molecule inhibitors, and neutralizing antibody studies [26-30].
In two mouse models of Ol, TGFp inhibition significantly increased bone mass [31].
However, a more recent study in a severe mouse model of dominant Ol did not show any
improvement in bone properties from TGFf inhibition [32].

Although current studies involving humans and pre-clinical mouse models have provided
encouraging results, no single anti-resorptive or pro-anabolic therapy appears to completely
solve the problem of skeletal fragility in Ol. Consequently, better outcomes may be obtained
by combining therapies. Here we report the effect of combining enhanced LRP5 signaling
and TGF inhibition in the Co/1aZ°619C mouse model of OI.

2. Materials & methods

2.1. Mouse strains and genotyping

Col1a25610C* (G610C Ol) mice [33] were maintained on a fixed C57BL/6 background
(Jackson Labs, Bar Harbor, ME, USA). Lp53214V/* (A214V HBM) mice [23] were
maintained on a fixed 129/SvJ background. Tail-snip DNA was recovered for PCR
genotyping using the HotSHOT method [34]. Genotyping was performed as described
previously [23,33].

2.2. Mouse care and handling

Male G610C Ol mice were mated with female A214V HBM mice to generate offspring with
the following four genotypes: wild-type (WT) (Col1a2"!* :Lrp5t*), Ol
(Col1aZ5810C!*: [ p5t1*), O and HBM (Co/1a25610C!*; [ 1p5A214VI*) and HBM

(Col1a2!*: Lrp#214VI*) Mice were tail-clipped for DNA and ear tagged for identification
before 10-days-old, weaned by 28-days-old, and then group-housed as same-sex littermates.
Only F1 offspring, male and female, were used in these studies. WT mice were not included
since 2 laboratories have already independently described the effect of anti-TGFp
neutralizing antibody in WT mice [29,31].

2.3. Antibody treatment

Mice were randomly assigned by sex and genotype to receive thrice-weekly intraperitoneal
(IP) injections of either a pan-TGFp neutralizing antibody (1D11 at 10 mg/kg) or an isotype
matched control antibody that does not recognize TGFp (13C4 at 10 mg/kg). This dose has

Bone. Author manuscript; available in PMC 2021 February 01.


http://www.clinicaltrials.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaupp et al.

Page 4

previously been shown to be effective at increasing bone properties in mice with Ol [31].
Sanofi Genzyme provided both antibodies. Concentrated antibody stocks were stored at —20
°C. Working dilutions (1 mg/ml) were made as needed using sterile phosphate-buffered
saline (PBS) (Gibco-Life Technologies, Grand Island, NY, USA) and stored at 4 °C for up to
a month.

IP injections began when mice were 6-weeks-old and continued until the mice reached 12-
weeks-old. Animals were weighed every other week and the antibody dose was adjusted
accordingly. In total, each mouse received 19 injections of antibody 1D11 or 13C4. A
minimum of 8 male and 8 female mice with each genotype were studied. The final number
of mice available for endpoint analysis is variable because some bones were very fragile and
broke during removal, preparation or transport.

2.4. Bone labeling

When 6-weeks-old, mice received a single IP injection of demeclocycline HCI Sigma-
Aldrich, St. Louis, MO, USA; 75 mg/kg), or alizarin complexone (Sigma-Aldrich; 20 mg/
kg). At 11-weeks-old, mice received a single IP injection of calcein green (Sigma-Aldrich;
10 mg/kg), followed 4 days later by a single IP injection of alizarin complexone (Sigma-
Aldrich; 20 mg/kg).

2.5. Dual energy X-ray absorptiometry (DXA) analysis and tissue harvesting

Prior to euthanizing animals with CO,, DXA measures of whole-body (minus the cranium)
bone mineral density (BMD) and bone mineral content (BMC) were obtained under
isoflurane anesthesia using a Piximus Il (GE Lunar, Madison, WI, USA). After sacrifice,
both femurs and the L5 vertebra were removed. The left femur and L5 vertebrae were fixed
in 10% formalin. The right femur was wrapped in sterile PBS-soaked gauze (Gibco-Life
Technologies, Grand Island, NY, USA), and stored frozen at =20 °C.

2.6. Microcomputed tomography (UCT), quantitative histomorphometry, and 3-point-
bending tests

Left femur midshaft cortical bone, distal femur trabecular bone, and L5 vertebral trabecular
bone were measured by PCT as previously described [23,24]. Femurs from 3 to 4 mice per
sex, genotype and treatment arm were subsequently embedded in methyl methacrylate,
sectioned and imaged for quantitative histomorphometry as previously described (female
only mice were used for the trabecular bone measures) [23,35]. Right femurs were subjected
to 3-point bending tests as previously described [23,24].

2.7. Statistical analysis

We confirmed that each bone measure followed a distribution appropriate for parametric
analysis. For each measure separately, we fitted a general linear model comprising 3
interacting binary factors (genotype, antibody, sex) and a single continuous covariate
(weight change). The 3-factor interaction (genotype x antibody x sex) proved non-
significant in every case, indicating that genotype and antibody acted consistently between
males and females. Consequently, to estimate the mean measures for each combination of
genotype and antibody, and to test the effect of TGFP neutralizing antibody within each
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genotype, we constructed sex-adjusted means and contrasts from parameters of the fitted
model (i.e., combining within-sex estimates to produce a common estimate). An additional
contrast was constructed to assess the difference between Ol and Ol + HBM mice in the
absence of TGFp inhibition. The presence of weight change as a covariate further adjusted
the estimated means to a common level of weight change. SAS software (version 9.4, Cary,
NC) was used for statistical computations.

3. Results

3.1. TGFp neutralizing antibody improves trabecular bone density

Consistent with our previous observations [24], mice with Ol and HBM alleles had higher
bone mass and bone strength compared with mice with Ol (Table 1 and Figs. 1 and 2). For
instance, DXA-measured bone density, uCT-measured midshaft cortical volume, uCT-
measured distal femur and L5 trabecular BV/TV, and 3-point-bending tests for ultimate
force were all significantly increased in Ol and HBM mice compared to Ol mice (Figs. 1
and 2) (Table 1). Also, animals that received TGFp neutralizing antibody had significantly
increased trabecular BV/TV compared to those that received control antibody (Fig. 1), an
observation that is consistent with previous reports for WT [29] and G610C Ol mice [31].
Although we did not include a WT control group in this study, as expected Ol mice with
either an Lrp5 HBM mutation or those that received TGFp neutralizing antibody had
trabecular BV/TV near or above reported WT values [24,31]. Mice with an Ol allele and an
Lrp5HBM who also received TGFB neutralizing antibody had trabecular BV/TV
significantly above reported WT mouse values [36]. However, in contrast to the improved
bone mechanical properties that were observed in WT mice treated with TGFP neutralizing
antibody [29], 3-point bending strength did not improve in Ol mice. (Table 1 and Fig. 2).

3.2. Combination therapy has an additive effect on trabecular bone density, but not on
bone strength

Ol and HBM mice that were given TGFB neutralizing antibody had significantly higher
trabecular BV/TV, trabecular thickness, and trabecular number than Ol and HBM mice that
were given control antibody (Table 1). Whereas an additive effect of combining the HBM
allele and TGFp neutralizing antibody was observed for trabecular bone, no additive effect
was observed for femur cortical bone volume or for femur 3-point-bending tests (Fig. 2 and
Table 1). In other words, the increase in cortical bone volume and femoral strength conferred
by the HBM allele was not enhanced further by anti-TGFp neutralizing antibody treatment
(Table 1).

3.3. Combination therapy did not affect bone brittleness but caused a decrease in some
bone formation rates

Although TGFp neutralizing antibody treatment improves bone quality in WT mice [29],
anti-TGFp therapy alone or in combination with the HBM allele did not improve post-yield
displacement during 3-point-bending (an indicator of bone brittleness) in Ol mice (Fig. 2).

No significant difference was seen in most measures of periosteal or endosteal mineralizing
surface/bone surface (MS/BS), mineral apposition rate (MAR) or bone formation rate (BFR)
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based on either genotype or treatment (Table 2). However, there was a significant increase in
periosteal MS/BS in Ol and HBM mice treated with TGFp neutralizing antibody compared
to mice receiving control antibody (Table 2). Interestingly, when we separated out male and
female mice, this was due entirely to a large change in the male mice, with no difference in
the female mice. We saw similar effects in male Ol mice for periosteal MAR and BFR. In
our previous study of the effects of the Lrp5HBM mutation alone on G610C Ol mice, we
saw changes in some histomorphometric measures at 12 weeks of age [24]. We observed
that the G610C Ol mice retain fluorescein labeling on their endosteal cortical surface for at
least 6 weeks, independent of whether they received TGFp neutralizing antibody or the
HBM allele.

We also saw a significant decrease in most measures of bone formation and mineralization at
the trabecular bone when comparing Ol mice with an L/p5HBM mutation treated with
TGFp neutralizing antibody (Fig. 3). This suggests that in order to produce the large
increases in bone mass seen on UCT the antibody must be reducing bone turnover (anti-
catabolic effect) by acting through osteoclasts. Unfortunately, we were unable to detect any
osteoclasts on further TRAP staining of our existing bone sections.

4. Discussion

4.1. Combination therapies have been effective in osteoporosis and Ol

The effect of combination therapies on bone properties has been studied in patients with
osteoporosis and osteopenia [37-46]. Aside from a single study of both growth hormone and
bisphosphonates [47], combination therapy studies have been limited in patients with Ol, but
some have been tested in pre-clinical mouse models of Ol [48,49]. In contrast to the study
we performed, prior combination therapies in mice attempted to consolidate gains achieved
with a pro-anabolic therapy by adding an anti-catabolic therapy [49]. In the present study,
we attempted to concurrently modulate 2 different pathways in Ol mice, that appear pro-
anabolic in wild type mice [29].

4.2. Anabolic Lrp5 therapies and anti-catabolic TGFp neutralization have variable effects
in different mouse models of Ol

While our work and others has shown modulation of the LRP5 pathway to be effective at
improving bone properties in several mouse models of Ol, including recessive models
[24,25,50-54], it has not been effective at improving bone strength in at least one severe
mouse model of dominant Ol [55]. Further, combination therapy with sclerostin antibody
and bisphosphonates together did not have an effect on bone properties greater than either
alone when used in the G610C Ol mouse model [48]. Together these data suggest that either
the phenotypic severity of Ol, the specific mutation or the timing of therapy may affect the
response. More recently, a study was published reporting results of TGFp neutralization in a
severe mouse model of Ol [32]. Although there was clear evidence of TGFf neutralization,
there was no effect on bone properties or any evidence of increased bone formation or
turnover. The mouse model utilized in the study was the same that did not respond
previously to sclerostin inhibition [55]. This again suggests that response to therapy in Ol
may be dependent on the degree of phenotypic severity or the specific collagen mutation.
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Further study is required to determine how phenotype-genotype interactions affect response
to specific therapies as they enter widespread clinical use.

4.3. Anabolic Lrp5 HBM mutations and anti-catabolic TGFp neutralization have an
additive effect in Ol

Consistent with prior work, we found that enhancing LRP5 signaling or inhibiting TGFp
signaling led to increased bone mass in G610C Ol mice. With regard to trabecular bone
parameters (BV/TV, Th, and Th no.) the effects of the Lsp5 genotype or TGFf neutralizing
antibody were similar and there appeared to be an additive effect of combining therapies in
Ol and in WT mice. With regard to cortical bone, the HBM allele significantly increased
bone volume and bone strength as assessed by 3-point-bending. In contrast to the HBM
effect, antibody mediated TGFp neutralization did not increase cortical bone volume or
strength in G610C Ol mice or in Ol and HBM mice. Our data suggest that at least in this
model of Ol the increase in trabecular BV/TV caused by antibody mediated TGFf
neutralization is due to decreased osteoclast resorption, rather than increased formation. An
anti-catabolic, rather than pro-anabolic effect of TGFp neutralizing antibody therapy in Ol is
consistent with what other investigators have reported previously [31]. However, genetic,
pharmacologic and antibody-mediated neutralization of TGFp signaling were reported to
improve cortical bone parameters in WT mice; additionally, antibody-mediated
neutralization of TGFP improved cortical bone parameters in a different mouse Ol model
(Crtap™) [54]. Cortical bone response, like overall response to TGFB neutralization in Ol,
may be dependent on the degree of clinical severity or the specific mutation; alternatively,
the length and/or timing of treatment may affect treatment outcomes. Therefore, we cannot
preclude the possibility that cortical bone in G610C and other Ol mice would improve if we
treated younger animals or if we treated for longer periods of time.

4.4. Further study is needed to determine if combination therapy will have effects on
trabecular bone strength

Although we did not observe additive effects of combination therapy on cortical bone
volume or strength, the additive effects we observed on trabecular BV/TV has the potential
to improve bone strength in regions where a considerable portion of the load is borne by
cancellous bone, such as the vertebral bodies. Although we failed to collect vertebral
specimens for compressive loading studies in this cohort, TGFp neutralizing antibody has
been shown to increase vertebral strength in WT mice [29]. Further study is required to
determine whether combination therapy can increase vertebral strength in mouse models of
Ol, even when other skeletal properties (e.g., brittleness) are unaffected by combination
therapy.
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Fig. 1.

A. Reconstructed PCT skeletal images from male Ol and WT mice with and without an Lrp5
HBM allele, and with TGFB neutralizing antibody or control antibody. Midshaft femur
cortical thickness only increases with the Lrp5HBM allele, whereas femoral and vertebral
bone mass increase with either the Lrp5HBM allele or TGFB neutralizing antibody. B-D.
Bar graphs depicting mean (+ 1 SE) total body BMD by DXA and uCT measured femoral
and vertebral BV/TV in combined male and female Ol and WT mice with and without an
Lrp5 HBM allele, and TGFp neutralizing antibody or control antibody. Note that combining
the Lrp5HBM allele with TGFB neutralizing antibody further increases femoral and
vertebral trabecular BV/TV.
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A. Bar graph depicting mean (+ 1 SE) ultimate force measurements from 3-point bending
tests. Note the Lrp5HBM allele increased ultimate force and TGFP neutralizing antibody
did not. B. Bar graph depicting mean (= 1SE) post-yield displacement from 3-point bending
tests. Neither the Lrp5HBM allele nor TGFB neutralizing antibody improved this measure
of bone brittleness.
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Fig. 3.

A-C. Bar graphs depicting mean ((z 1 SE) MS/BS, MAR and BFR at trabecular bone
surfaces in female mice. Note the significant decrease (or trend towards a decrease) in bone
formation and mineralization between mice treated with TGFp neutralizing antibody
compared to those with an Ol allele with or without an Lrp5HBM allele except at one
measure in Ol mice.
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