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ARTICLE INFO ABSTRACT

Keywords: Sclerostin antibody (Scl-Ab) stimulates bone formation, which with long-term treatment, attenuates over time.
Osteoporosis The cellular and molecular mechanisms responsible for the attenuation of bone formation are not well under-
Anabolics

stood, but in aged ovariectomized (OVX) rats, the reduction in vertebral cancellous bone formation is preceded
by a reduction in osteoprogenitor (OP) number and significant induction of signaling pathways known to sup-
press mitogenesis and cell cycle progression in the osteocyte (OCy) (Taylor et al., 2016). To determine if the
reduction in OP number is associated with a decrease in proliferation, aged OVX rats were administered vehicle
or Scl-Ab for 9 or 29 days and implanted with continuous-delivery 5-bromo-2’-deoxyuridine (BrdU) mini-osmotic
pumps 5 days prior to necropsy. The total number of BrdU-labeled osteoblasts (OB) was quantified in vertebral
cancellous bone to indirectly assess the effects of Scl-Ab treatment on OP proliferation at the time of activation of
modeling-based bone formation at day 9 and at the time of maximal mineralizing surface, initial decrease in OP
number, and transcriptional changes in the OCy at day 29. Compared with vehicle, Scl-Ab resulted in an increase
in the total number of BrdU-positive OB (+260%) at day 9 that decreased with continued treatment (+50%) at
day 29. These differences in proliferation occurred at time points when the increase in total OB number was
significant and similar in magnitude. These findings suggest that reduced OP proliferation contributes to the
decrease in OP numbers, an effect that would limit the OB pool and contribute to the attenuation of bone
formation that occurs with long-term Scl-Ab treatment.
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1. Introduction

Sclerostin antibody (Scl-Ab) stimulates bone formation, largely by
increasing modeling-based bone formation on cancellous and cortical
bone surfaces (Boyce et al., 2017; Ominsky et al., 2017a; Ominsky et al.,
2014). The increase in bone formation is transient, with bone formation
attenuating with long-term treatment. The progressive decline in bone
formation in response to Scl-Ab displays envelope-specific behavior. In
rats and monkeys administered Scl-Ab, bone formation attenuates first

on the cancellous bone surfaces, followed by a more delayed attenua-
tion on the cortical surfaces (Chouinard et al., 2016; Li et al., 2014;
Ominsky et al., 2017b).

The cellular and molecular basis of the progressive decline in bone
formation with long-term Scl-Ab treatment is not completely under-
stood. In rats, long-term Scl-Ab treatment and the progressive decrease
in cancellous bone formation is associated with decreases in total
number of osteoprogenitors (OP) in the vertebrae (Ominsky et al.,
2015; Taylor et al., 2016). In aged ovariectomized (OVX) rats treated
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with Scl-Ab for up to 183 days, reduction in OP numbers preceded the
reduction in osteoblast (OB) numbers and attenuation of bone forma-
tion in vertebral cancellous bone. The initial reduction in OP numbers
occurred at the time of maximal bone formation rate and was coin-
cident with significant induction of signaling pathways in the osteocyte
(OCy) known to regulate Wnt signaling and suppress mitogenesis and
cell cycle progression (Taylor et al., 2016). Induction of these pathways
was unique to the OCy and was not observed in the OB or lining cell,
other terminally differentiated, nonproliferating cells of the OB lineage
(Taylor et al., 2016).

It is unknown if the reduction in OP numbers in cancellous bone
marrow is temporally associated with reduced OP proliferation, an ef-
fect that would reduce the OB pool and potentially contribute to the
progressive attenuation of bone formation with Scl-Ab. To assess the
effects of Scl-Ab on OP proliferation, we used 5-bromo-2’-deoxyuridine
(BrdU) labeling to quantify total number of BrdU-labeled OB in lumbar
vertebral cancellous bone as an indirect assessment of OP proliferation
in response to Scl-Ab. Analyses were conducted early in the course of
treatment at the time of activation of modeling-based bone formation
and later at the time corresponding to the initial decrease in OP num-
bers, maximal mineralizing surface, and transcriptional changes in the
OCy.

2. Materials and methods
2.1. Study design

Six-month-old female Sprague-Dawley rats (SD®IGS; Charles River
Laboratories, Raleigh, NC, USA) were OVX and left untreated for
8 weeks. Rats were assigned to four treatment groups in a manner to
achieve body weight balance across the treatment groups. Rats were
administered vehicle (VEH) or 50 mg/kg of Scl-Ab (Scl-AbVI) by weekly
subcutaneous injection. Scl-AbVI was engineered to be less im-
munogenic in rats (rat fragment crystallizable construct) by modifying
the murine parent antibody to be more similar to that found in rats.

Two groups received a single dose of VEH (n = 12) or Scl-Ab
(n = 11) and were euthanized on day 9, and two groups received four
doses of VEH (n = 11) or Scl-Ab (n = 12) and were euthanized on day
29.

Five days prior to the scheduled necropsies, Alzet® pumps (Model
2ML1 with an infusion rate of 10 pL/h; Cupertino, CA, USA), each
containing 2 mL of BrdU at 50 mg/mL in Dulbecco's phosphate buffered
saline and 15% dimethyl sulfoxide, were implanted subcutaneously in
the interscapular area of all rats. For a rat weighing 500 g, the estimated
daily dose of BrdU was 24 mg/kg. Pumps were weighed before and after
filling and after removal at necropsy to verify the delivery. Two animals
were excluded from subsequent analyses (one day 29 VEH and one day
9 Scl-Ab) due to evidence of pump failure. For euthanasia, animals were
anesthetized with isoflurane/oxygen and then exsanguinated. The 5-
day labeling period was chosen because it approximates the estimated
transit time from OP to mature OB (approximately 7 days) based on
lineage-tracing studies in Sox9creER™?, Rosa26-tdTomato, osteo-
calcin—green fluorescent protein triple-transgenic mice (Kronenberg
and Balani, 2015).

The in-life phase of this study was conducted at Charles River
Laboratories (Montreal ULC, Canada). Animals were cared for in ac-
cordance with the Guide for the Care and Use of Laboratory Animals,
8th Edition (Committee for the Update of the Guide of the Care and Use
of Laboratory Animals: National Research Council (US), 2011). All re-
search protocols were approved by the Institutional Animal Care and
Use Committee. Animals were group-housed (two per cage) at an As-
sociation for Assessment and Accreditation of Laboratory Animal Care,
internationally accredited facility, in plastic cages and then transferred
to sterile, ventilated, micro-isolator housing with corncob bedding
following implantation of Alzet® pumps. Animals had ad libitum access
to pelleted feed (Certified Rodent Chow No. 5CR4 [14% protein]; PMI
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Nutrition International, St. Louis, MO, USA) and water (reverse osmosis
purified) using an automatic watering system. Animals were main-
tained on a 12:12 hour light:dark cycle in rooms with controlled tem-
perature (19°-25°C) and humidity (30%-70%) and access to enrich-
ment opportunities (hiding tube and a chewing object). Further details
on animal care and surgical procedures are provided in Supplementary
materials.

2.2. Estimation of total number of BrdU-labeled OB

At necropsy, lumbar vertebrae L1-L2 were isolated and cleaned of
the soft tissue; vertebral body segment was isolated, fixed in 10%
neutral buffered formalin, and transferred to 70% ethanol. A segment of
the duodenum was collected and processed routinely in paraffin to use
as a positive control to verify BrdU incorporation. The vertebral seg-
ments were decalcified in modified Kristensen's solution, processed in
filtered paraffin, and embedded longitudinally in paraffin blocks.

At days 9 and 29 in this study, the total number of BrdU-labeled OB
was quantified in vertebral cancellous bone. For quantification, the
stereological estimator, the physical fractionator (Gundersen, 1986),
was used. Using a random starting point, serial pairs of 3-um thick
sections (physical disectors) were collected, spaced 240 um apart, by
systematic uniform random sampling (SURS), yielding approximately
8-10 disector pairs per animal. Because stereological analyses required
exhaustive sectioning of the sample and generation of thin serial section
pairs, vertebrae were decalcified to facilitate sectioning and avoid
section artifacts, and thus, osteoid surfaces or fluorochrome labeling
could not be used to identify active forming surfaces. Therefore, to
identify BrdU-labeled OB active in matrix synthesis, a double im-
munohistochemical staining was performed to colocalize BrdU-positive
nuclei in osteonectin-positive OB lining the cancellous bone surface
(Fig. 1).

For immunostaining, disector pairs were retrieved offline in Diva
Decloaker (Biocare Medical, Concord, CA, USA) for 18 h, rinsed, in-
cubated with 3% H,0, for 10 min, rinsed with buffer, and then trans-
ferred to a Ventana Discovery XT (Ventana Medical Systems, Inc.,
Tucson, AZ, USA). The BrdU immunoreactivity was detected by in-
cubating with an anti-BrdU antibody for 1h (ab1893; Abcam,
Cambridge, MA, USA), followed by biotin-conjugated rabbit antisheep
secondary antibody for 32min (item number 313-065-003; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA), and then
horseradish peroxidase-labeled streptavidin for 16 min followed by

" ~,.-,, -

4 l’

A

Fig. 1. Double immunohistochemical staining for osteonectin and BrdU to identify BrdU-
positive osteoblasts active in matrix synthesis. Osteonectin-positive osteoblasts stained
with Fast Red line the cancellous bone surfaces in a Scl-Ab-treated rat, with a BrdU-
positive osteoblast (blue arrow, original magnification 400X). BrdU = 5-bromo-2’-
deoxyuridine; Scl-Ab = sclerostin antibody.
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