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Abstract

Rebound bone loss following denosumab discontinuation is an important barrier in the effective long-term treatment of skeletal disorders. This
is driven by increased osteoclastic bone resorption following the offset of RANKL inhibition, and sequential osteoclast-directed therapy has been
utilized to mitigate this. However, current sequential treatment strategies intervene following the offset of RANKL inhibition and this approach
fails to consistently prevent bone loss. Our previous work, using a mouse model of denosumab discontinuation, has shown that the processes
that drive the rebound phenomenon occur earlier than when bone loss is detected, namely a rise and overshoot in serum tartrate-resistant acid
phosphatase (TRAP). We identified that these changes in serum TRAP may provide an earlier window of opportunity to intervene with sequential
therapy following RANKL inhibition withdrawal. Here, we show that early treatment with zoledronate (10 mg/kg, 3 wk following the last dose of
OPG:Fc), preceding the rise and overshoot in serum TRAP effectively mitigates rebound bone density loss through preventing the overshoot in
serum TRAPR Further, we show that multiple doses of zoledronate (early treatment and during anticipated BMD loss) is superior in consolidating
bone density gains made with RANKL inhibition and preventing rebound BMD loss as measured by DXA. Importantly, we demonstrate the
efficacy of early and multi-dose zoledronate strategy in preventing bone loss in both growing and skeletally mature mice. MicroCT analysis
showed improved trabecular bone structure in both the femur and lumbar vertebrae with zoledronate treatment compared with control. These
increases in bone mass translated to increased fracture resistance in skeletally mature mice. This work provides a novel approach of early and
multi-dose sequential treatment strategy following withdrawal of RANKL inhibition, contributing valuable insight into the clinical management
of patients who discontinue denosumab therapy.

Keywords: sequential therapy, zoledronate, denosumab, osteoporosis, denosumab discontinuation

Lay summary

Stopping denosumab leads to loss of bone gained during treatment, due to increased bone resorption when denosumab wears off. Current
strategies often fail to prevent this as they cannot stop osteoclasts resorbing bone. Our work using a mouse model has shown that processes
that lead to bone loss start earlier than we can detect in the clinic. We show that early and multi-dose zoledronate treatment, another medication
used to block osteoclasts, to target these earlier processes can prevent bone loss after stopping denosumab. This approach offers a new strategy
for managing bone health in patients stopping denosumab.

Introduction Rare, but serious side effects, such as medication-related

Neutralization of RANKL with denosumab has revolution-
ized the management of conditions requiring inhibition
of bone resorption.! Continued use leads to sustained
BMD)gains and fracture risk reduction, with evidence of
efficacy for up to 10 yr.> Denosumab is well tolerated and
often preferred by patients over bisphosphonates,’ leading to
widespread use globally.

osteonecrosis of the jaw (MRON]) and atypical femoral
fractures (AFFs), arise from prolonged suppression of
bone turnover with antiresorptive therapy. This led to the
development of “drug holidays” (or monitored treatment
break),* which reduces the risk of these complications
in those receiving long term bisphosphonates.” However,
“drug holidays” are not recommended with denosumab.
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Bisphosphonates are embedded into bone tissue, displaying
durability of osteoclast inhibition,* whereas denosumab
binds systemically to soluble and membrane bound RANKL,
and osteoclast inhibition is rapidly reversed following its
clearance.

Upon stopping denosumab, rebound BMD losses are
observed with a sharp rise and overshoot in the markers
of bone turnover following the offset of RANKL inhibition.®
Rise in PINP and CTX above pretreatment baseline levels
are observed from 6 mo following the last denosumab dose,
following the offset of RANKL inhibition. These elevated
levels of bone turnover markers are sustained for 12 mo
before returning to baseline levels and are associated with
increased fracture risk during this time, particularly the risk of
multiple vertebral fractures.” Despite these risks, persistence
and adherence to denosumab declines with longer treatment
duration.?

Rebound increases in bone resorption following deno-
sumab discontinuation are driven by a rapid overshoot in
osteoclastic activity.” Therefore, an appropriate approach
would be to transition to an osteoclast-directed therapy, such
as bisphosphonates. However, clinical studies examining the
use of sequential zoledronate do not consistently prevent
rebound bone loss, with longer denosumab treatment
duration and greater BMD gains being important risk factors
for bone loss.!0~14

Initial reports of rebound bone loss despite a “parting”
dose of zoledronate!? gave rise to the idea that sequential
therapy should be withheld until bone turnover resumes (as
measured by serum CTX). It was thought that this would
allow bisphosphonates to be taken up in the newly opened
resorption pits and thereby become available to osteoclasts.!?

However, prospective randomized controlled studies utiliz-
ing sequential zoledronate following denosumab discontin-
uation could not show consistent prevention of bone loss
and fractures.!3~1¢ Despite these inconclusive studies, current
expert advice!” align sequential zoledronate with a rise in
serum CTX or when BMD loss is detected, and while repeated
zoledronate doses are recommended,!” the specific parame-
ters that warrant this are not clearly defined, leading to bone
loss and fractures despite multiple doses of zoledronate.!”
There is currently no evidence-based, efficacious sequential
treatment strategy to consolidate BMD gained on denosumab
treatment, mitigate the rebound phenomenon, and prevent
resultant fractures. This absence of a safe approach is ren-
dering patients to receive denosumab indefinitely, and impor-
tantly, hindering treatment uptake.

An improved sequential treatment strategy following deno-
sumab discontinuation is needed—based on better under-
standing of the cellular mechanisms driving this phenomenon
and improved methods to predict imminent bone loss. Clinical
studies examining sequential therapies are observational, and
placebo-controlled studies are not ethically feasible due to the
increased risk of bone loss and fractures in those receiving
placebo.

To address these limitations, we developed a murine
model of denosumab discontinuation using osteoprote-
gerin(OPG:Fc), to mimic denosumab. In brief, OPG:Fc
treatment leads to BMD gains and following the offset of its
effect, there is rebound bone loss to vehicle levels. We showed
that serum tartrate-resistant acid phosphatase (TRAP), a
marker of osteoclast number and activity, rises prior to the
rise in serum CTX and loss in BMD. We also revealed that a
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pro-osteoclastogenic environment develops before bone loss is
clinically detected, highlighting a potential early intervention
window with sequential therapy analogous to a time within
6 mo of the last denosumab dose!® (Figure 1). These findings
suggest that rising serum TRAP may predict imminent bone
loss and therefore support an optimized therapeutic window
for sequential therapy, rather than waiting until bone loss is
underway.

In this study, we first aimed to determine whether a single
dose of zoledronate in the current therapeutic window, when
CTX levels are rising and BMD loss underway, would be
ineffective in preventing bone loss following denosumab dis-
continuation. We hypothesized that earlier intervention with
bisphosphonates, prior to the offset of RANKL inhibition, and
preceding the rise and overshoot of serum TRAP, would pre-
vent rebound bone loss. We also aimed to determine whether
a multi-dose zoledronate strategy, both early and a follow-up
dose, would provide a more efficacious regimen for preventing
rebound BMD loss. To translate the findings of our model
to the clinical context, we performed these studies in both
growing and skeletally mature mice to examine the efficacy
of this strategy at various stages of skeletal maturity. Taken
together, our preclinical studies provide novel insights to
guide sequential treatment strategies in patients undertaking
denosumab discontinuation.

Materials and methods
Experimental mice

Animal experiments were performed in accordance with
approved protocols from the Garvan Institute of Medical
Research and St Vincent’s Hospital Animal Ethics Commit-
tee(ARA 18/03 and 21/17), as well as the Australian Code
of Practice for the Care and Use of Animals for Scientific
Purposes.

Female C57BL/6] or C57BL/KalLwRij (Harlan, Nether-
lands) mice were obtained from Australian BioResources.
All mice were bred and maintained under specific-pathogen
free (SPF) conditions. Animal experiments were performed
at the Biological Testing Facility, Garvan Institute of Medical
Research. Holding areas were maintained within a constant
temperature of 21.4 °C with humidity range to avoid stress
and minimize experimental variability. Circadian rhythms
were stimulated with lighting mimicking 12 h day/night cycles.
Mice were provided with standard chow and water ad libitum.

All mice entered their respective experiments aged 6-8 or
26 wk and group sizes were determined based on previous
experiences with each model, in which power calculations
were performed to estimate sample size. Using this, 7-10 mice
were allocated to each group or otherwise as stated in the
figure legends.

To examine the effects of sequential zoledronate follow-
ing OPG:Fc withdrawal modeling current clinical practice,
CS57BL/KaLwRij mice were randomly allocated to receive
zoledronate or saline at week 12, 10 wk following 2 wk
of OPG:Fc or saline treatment, at a time where a rise in
serum CTX and rebound BMD loss was anticipated based on
previous studies.'®

To examine and compare the effects of early sequential
zoledronate and a multi-dose zoledronate strategy following
OPG:Fc withdrawal in young growing mice, 6-7 wk old
C57BL/6] mice were randomly allocated to receive OPG:Fc
or saline for 2 wk followed by zoledronate or saline at week
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Figure 1. Pro-osteoclastogenic environment develops before a rise in CTX or BMD loss is detected following withdrawal of RANKL inhibition. Schematic
summarizing our model of denosumab discontinuation utilizing OPG:Fc in growing mice showing the rebound phenomenon following withdrawal of
RANKL inhibition.’® BMD and serum RANKL rise with OPG:Fc treatment, while serum TRAP and CTX are suppressed. As there is offset of RANKL
inhibition, serum TRAP rises as BMD falls with a rise in CTX following this. Current sequential therapy strategies intervene at a time of CTX rise and/or
BMD decline, at or later than 6 mo following the last denosumab dose, despite increased markers of osteoclast formation and activity preceding this. A
rise in serum RANKL and TRAP may provide an earlier intervention window to prevent BMD loss analogous to within 6 mo of the last denosumab dose.

Created in Biorender.com.

5 only, or week 5 and again at week 12 where CTX rise and
BMD loss was anticipated in mice treated with OPG:Fc only.

To examine and compare the effects of early sequential
zoledronate and a multi-dose zoledronate strategy following
OPG:Fc withdrawal in skeletally mature mice, 26 wk old
CS57BL/6] mice were randomly allocated to receive OPG:Fc or
saline for 4 wk, which was followed by zoledronate or saline
at week 7 only, or week 7 and again at week 13.

Mice underwent DXA imaging and retro-orbital bleeds
fortnightly or 3-weekly throughout the study. At the end of
the study, tissue was harvested for their respective experiments
outlined below.

OPG:Fc and zoledronate treatment

OPG:Fc (Amgen Inc.) was administered at a dose of
10 mg/kg i.p. twice weekly for 2 wk in young growing
mice (6-8 wk old). OPG:Fc was administered 3 times weekly
for 4 wk in aged, skeletally mature mice (26 wk old) at a
higher dose and for a longer duration to achieve a significant
difference between vehicle and OPG:Fc-treated mice. OPG:Fc
was administered at a dose confirmed to ablate osteoclasts.!’
Vehicle mice received saline 2-3 times weekly at the same
frequency as the OPG:Fc doses in the corresponding treatment
groups.

Zoledronate(Novartis Pharma) was administered at a dose
of 0.1 mg/kg i.p. once or repeated as outlined above, at a dose
determined based on the adult therapeutic dose and confirmed
to increase BMD in our previous work.2’

DXA analysis of BMD

DXA (Faxitron Ultrafocus DXA, Hologic) was performed
fortnightly or 3-weekly on anesthetized mice under 3%-
5% inhaled isoflurane. Hindlimb analysis was performed
using VisionDXA (Hologic) and a manually drawn ROI

encompassing the hindlimb excluding the foot was used to
quantify BMD.

MicroCT

Formalin-fixed right femora and the L4 vertebrae were
imaged with the SkyScan 1772 microCT scanner (Bruker)
at a resolution of 4.3 yum, 0.5 mm aluminum filter, 50 kv
voltage, and 200 pA tube current. Images were captured
every 0.4° through 360° and were reconstructed and analyzed
using NRecon software (SkyScan). Bone structural parameters
and nomenclature were utilized according to standardized
guidelines.?! Three-dimensional reconstructed images of
femora were generated using Drishti imaging software version
2.4 (ANU). ROI selection and analyses were performed using
CTAn software (Bruker).

To examine the changes in femoral bone parameters trabec-
ular bone parameters were calculated from scans performed at
a voxel resolution of 5 um in a 1 mm region beginning 200 um
proximal to the distal femoral growth plate to reduce the
contribution of the primary spongiosa in the analysis. Cortical
bone parameters were calculated from scans performed at
a voxel resolution of 5 um in a 0.5 mm region beginning
300 um proximal to the distal femoral growth plate.

Changes in vertebral bone trabecular and cortical parame-
ters were calculated from scans performed at a voxel resolu-
tion of 5 um in an ROI calculated by measuring the distance
between 0.2 mm offset from the point of 50% spongiosa and
trabecular bone on both ends of the vertebral body.

Measurement of TRAP5b and CTX

Serum collected by retro-orbital bleeds throughout animal
phases, under anesthesia with isoflurane, was stored at
—70° and then assessed for TRAP5b and CTX levels
using ELISA kits (Immunodiagnostic Systems) following the
manufacturer’s instructions.
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Mechanical testing

Compression testing of L4 vertebrae performed as described
previously.”?> In brief, the L4 vertebrae were warmed to
room temperature and the vertebral processes were removed.
Samples underwent mechanical testing on an Instron 5966
(Instron Inc.) by compression until failure. Testing was
performed at 3 mm/min until breaking with a 100 N load
cell. Data were collected using BlueHill 3 version 3 (Instron
Inc.) and the load displacement curve were plotted with the
maximum load to first failure calculated.

Analysis of bone histomorphometry
Quantitative histomorphometry

Preparation of femora samples for paraffin histomorphome-
tric analysis and TRAP staining was performed as described
previously.'® Briefly, femora were fixed in paraformaldehyde
for 24 h then decalcified in EDTA. Samples were then pro-
cessed in paraffin and sections were cut and stained for TRAP
to identify osteoclasts from other resident bone cells.'®

Right femora sections were scanned on the Aperio
Scanscope CS2 model. An area of interest was indicated by a
rectangle placed on the Macro image. Utilizing an Olympus
UPLXAPO objective lens at a 20x objective, high-quality
digital slides were created. Digital slides were modified on
Aperio ImageScope (v12.3.2.8013) to show 3 ROI’s: 900 um
at 2.2x objective, 300 um at 9.8x objective, and 300 um at
7x objective.

Quantification of osteoclast populations among the tra-
becular bone were performed with BioQuant Osteo (Version
v21.5.60). Utilizing a Zeiss Axioplan Microscope (Zeiss) with
a high-resolution Jenoptik Camera at 10X objective, an ROI
capturing a 3 mm region of trabecular bone, 1 mm from
the top of the growth plate junction within the cortices was
analyzed for each sample. TRAP-positive osteoclasts (bright
pink cytoplasmic appearance) were marked, and their cell
surface-bone contact perimeters and trabecular bone surfaces
were recorded. The total bone surface, number of osteoclasts
per total bone surface, and osteoclasts per total bone surface
were determined. The structural and cellular parameters were
calculated and expressed according to the ASBMR standard-
ized nomenclature.”!

Statistical methods

Results were analyzed using GraphPad Prism (Version 9,
GraphPad Prism). One-way ANOVA and multiple compar-
isons were performed using Tukey correction, and unpaired
t-tests were performed when comparing 2 populations. All
data are expressed as mean with error bars representing
standard deviation and p-values less than .05 were considered
statistically significant.

Results

Sequential zoledronate at the time of CTX rise
does not prevent bone loss

Serum CTX rise or BMD reduction has been used to guide the
timing of sequential treatment' due to concerns that earlier
bisphosphonate administration would not be taken up onto
bone surfaces.!”> To model the current clinical practice, we
treated mice with OPG:Fc or saline for 2 wk and administered
zoledronate or saline at week 12, a time in our model of
expected CTX rise from post treatment levels (Figure 2A).

Journal of Bone and Mineral Research, 2025, Volume 40 Issue 3

Treatment with OPG:Fc (10 mg/kg) twice weekly for 2 wk
significantly increased hindlimb BMD, which continued to rise
for 6 wk following treatment reaching levels 21% higher than
vehicle (p < .0001) before declining to vehicle levels over 4 wk
between week 8 and 12. Zoledronate (0.1 mg/kg) or saline
was administered at week 12, although BMD was equivalent
between groups at this time point as rebound BMD loss had
already occurred (Figure 2B).

Serum TRAP was 54 % and 85% lower than vehicle at week
8 in mice treated with OPG:Fc (p <.05 and p <.001 in OPG
and OPG + ZOL groups, respectively), though levels were ris-
ing from being fully suppressed following OPG:Fc treatment,
indicating increasing osteoclast activity (Figure 2Di). Serum
TRAP in OPG:Fc treated mice was 56% and 53% higher
than vehicle at week 10 (p <.01 and p <.05, respectively,
Figure 2Dii) and both serum TRAP and CTX were signif-
icantly higher than vehicle at week 12, when zoledronate
was administered (Figures 2Ci and 2Diii). This elevation in
TRAP and CTX above vehicle levels persisted in mice that
received OPG:Fc-only at week 14, whereas administration of
zoledronate at week 12 led to suppression of TRAP levels
to significantly below vehicle levels (p <.001 OPG+ ZOL
vs Vehicle, Figure 2Div), and serum CTX to vehicle levels
(Figure 2Cii), indicating reduced osteoclast activity.

These data confirm that the current intervention timing
of sequential therapy, at a time of CTX rise or BMD loss,
was too late to prevent rebound BMD loss following the
offset of RANKL inhibition. This indicates that sequential
bisphosphonate therapy may be more effective if administered
before CTX levels rise, as our model showed that this is
preceded by a rise in serum TRAP.

Early and multiple sequential zoledronate
consolidates BMID attained with RANKL inhibition
and prevents the overshoot in serum TRAP

Our previous work showed that the processes that drive the
rebound phenomenon occur before BMD loss is detected.'®
We hypothesized that early intervention with zoledronate to
prevent the rise and overshoot in serum TRAP would be able
to prevent rebound BMD loss. Further we hypothesized that a
repeated zoledronate dose at week 12, where we would expect
rebound BMD loss based on our model, would be superior to
the single early dose.

To examine this, mice were treated with OPG:Fc or saline
for 2 wk and received zoledronate or saline at week 3,
while serum TRAP remained suppressed, and a group of
mice received a second dose at week 12 when rebound BMD
loss was occurring to assess the effectiveness of multiple
zoledronate doses (Figure 3A). Mice treated with OPG:Fc
experienced BMD gains for 8 wk following treatment, peaking
at week 10, 22% higher than vehicle (p <.0001, Figure 3B).
BMD loss was observed in OPG:Fc treated mice reaching
vehicle levels just 2 wk later at week 12. Mice treated with a
single dose of zoledronate at week 5 experienced a 27% reduc-
tion in BMD from its peak at week 10 but levels remained
significantly higher than vehicle and OPG:Fc-only mice until
the end of the study at week 17. Mice that received a dose of
zoledronate at both week 5 and week 12 maintained the peak
BMD attained with OPG:Fc treatment and levels remained
higher than all other groups until the end of the study at week
17 (p <.0001, Figure 3B).

Longitudinal TRAP analysis showed suppressed serum
TRAP levels in mice treated with OPG:Fc at week 5 when
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Figure 2. Sequential zoledronate at the time of CTX rise does not prevent bone loss. (A) Schematic of the experimental design to assess the effect
of sequential zoledronate following OPG:Fc treatment in growing mice. Expected timing of a rise in serum TRARP P1NR CTX, and rebound bone loss
highlighted. (B) BMD changes following OPG:Fc treatment and sequential treatment at week 12, at a time of expected CTX rise. BMD shown as percentage
change from baseline levels following treatment with OPG:Fc or saline followed by zoledronate or saline at week 12 (n =6 in vehicle, n =7 per intervention
group). Timing of zoledronate is denoted by a vertical dotted line at week 12. The vertical lines at weeks 8, 10, 12, and 14 denote time of CTX and TRAP
analysis. Data are represented as mean =+ SD. The asterisks indicate p-values <.05 (*p < .05, **p < .01, ***p < .0001). (C) Serum CTX measured by ELISA
at (i) week 12 and (i) week 14. Data are represented as mean & SD. (D) Serum TRAP measured by ELISA at (i) week 8, (ii) 10, (iii) 12, and (iv) 14. Data are

represented as mean = SD.

the first zoledronate dose was administered (Figure 3C).
Consistent with our model of denosumab treatment and
discontinuation, a rapid rise and overshoot in serum TRAP
above vehicle levels was observed in mice treated with OPG:Fc
only, reaching levels 68% higher than vehicle levels at week

12 (p <.0001, Figure 3C). Mice that received a single dose of
zoledronate at week 5 also experienced a rise in serum TRAP
levels but only to vehicle levels and remained equivalent to
vehicle levels until the end of the study (Figure 3C). Similarly,
mice receiving zoledronate at both weeks 5 and 12 also
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showed a rise in serum TRAP levels to control levels which
was maintained until the end of the study (Figure 3C).

Sequential zoledronate attenuates rebound bone
loss following OPG:Fc¢ withdrawal in skeletally
mature mice

Our model utilizes young, growing mice and therefore the
effect of normal skeletal growth is an important consider-
ation. To address this limitation and to confirm the effect
of sequential zoledronate following OPG:Fc withdrawal, we
treated 26-wk-old, skeletally mature mice with OPG:Fc or
saline for 4 wk until there was a significant increase in BMD
between treated mice compared with controls (Figure 4A).
Three weeks following the end of the treatment period, mice
were treated with zoledronate or saline at week 7, and a group
received a second dose of zoledronate at week 13 when a
significant decline in BMD was occurring (Figure 4B). BMD
loss was observed in the vehicle mice throughout the study.
BMD increased in all OPG:Fc treated mice, peaking at week
4 at 9.4% above vehicle levels (p <.0001). A decline in BMD
was noted in the mice treated with OPG:Fc-only from week
7, reaching vehicle levels by week 13. Both the vehicle and
OPG:Fc-only mice had lower BMD at the end of the study
compared with at that start of the study (—6.7% and —6.8%
from baseline, respectively). Mice that received zoledronate
maintained significantly higher BMD compared with vehicle
throughout the study. In the mice that received a single dose
of zoledronate at week 7, BMD loss was observed from week
16, though this remained significantly higher than vehicle
and OPG:Fc-only mice. Mice that received a second dose of
zoledronate at week 13 maintained significantly higher BMD
and reached levels higher than mice that received a single dose
at the end of the study (4.3% higher vs single dose ZOL,
p <.0S) (Figure 4B).

At week 7, at the time of the first zoledronate dose, serum
TRAP was below vehicle levels in most of the OPG:FC treated
mice though some mice in each group had started to experi-
ence a rebound overshoot in serum TRAP above vehicle levels
(Figure 4C). Four weeks later at week 11, serum TRAP levels
were below vehicle levels in mice treated with zoledronate.
However, in mice treated only with OPG:Fc, serum TRAP
levels rose to vehicle levels with more mice experiencing an
overshoot in serum TRAP compared with week 7. By week 13,
serum TRAP in OPG:Fc-only mice had overshot above vehicle
levels and this persisted until the end of the study. Mice treated
with zoledronate maintained serum TRAP levels below vehicle
at week 15, but mice treated with a single dose of zoledronate
experienced a rise in serum TRAP by week 20, which was
equivalent to vehicle and OPG:Fc-only mice at this timepoint.
Notably, mice treated with a second dose of zoledronate at
week 13 had significantly lower serum TRAP levels compared
with all other groups at week 15, and this remained lower than
vehicle levels at the end of the study (Figure 4C).

Taken together, these results show that even a single early
dose of zoledronate was able to attenuate the rise and over-
shoot in serum TRAP, and the rebound BMD loss follow-
ing withdrawal of RANKL inhibition. A second dose of
zoledronate was able to consolidate the BMD gains made
during treatment with RANKL inhibition and prevent the
rebound bone loss. Importantly, the efficacy of this treatment
strategy was seen in both young, growing mice and older,
skeletally mature mice.
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Early sequential and multiple zoledronate therapy
maintains bone gains in both trabecular and
cortical compartments in the femur

The rebound phenomenon following denosumab discon-
tinuation leads to the loss of bone gained during treat-
ment to pretreatment levels. To examine the effect of
early and multiple zoledronate treatment on consolidating
bone gains made during RANKL inhibition, we harvested
femora at the end of the study for ex vivo analysis with
microCT.

Trabecular parameters were calculated in the distal meta-
physeal region to reduce the contribution of the primary
spongiosa in this analysis (Figure 5A). Comparing the femurs
harvested at the end of the study following completion of
rebound bone loss, there was no difference in trabecular
volume (BV/TV), thickness, or number between control and
mice treated with OPG:Fc in both growing and skeletally
mature mice, aligning with DXA data showing the OPG:Fc
group had rebounded to vehicle levels at this time. How-
ever, trabecular parameters were significantly higher in both
growing and mature mice treated with zoledronate compared
with vehicle and OPG:Fc treated mice that did not receive
zoledronate (Figure 5B). Growing mice that received 2 doses
of zoledronate had significantly higher trabecular volume
(p <.01) and thickness (p <.001) compared with those that
received a single dose, though the trabecular number was
equivalent (Figure 5Bi-iii). In skeletally mature mice, those
that received 2 doses of zoledronate had significantly higher
trabecular thickness (p <.001) but equivalent volume and
number compared with mice that received a single dose of
zoledronate (Figure 5Biv-vi).

In the cortical compartment at the distal diaphysis, there
was increased cortical volume in mice treated with zole-
dronate in both growing and skeletally mature mice com-
pared with OPG:Fc-only and vehicle (Figure 5C). Growing
mice that received 2 doses of zoledronate had significantly
higher cortical volume compared with those that received
a single dose (p <.035), but this difference was not seen in
skeletally mature mice where the cortical volume was equiv-
alent between those that received a single dose and multiple
doses of zoledronate. Cortical thickness also showed different
results between growing and skeletally mature mice. Growing
mice treated with OPG:Fc-only or with a single dose zole-
dronate had significantly reduced cortical thickness compared
with vehicle (p <.0001). Cortical thickness was significantly
higher in mice treated with 2 doses of zoledronate compared
with OPG:Fc-only (p <.0001) or single dose zoledronate
(p <.0001), where skeletally mature mice treated with 2
doses of zoledronate had significantly higher cortical thick-
ness compared with all other groups (Figure 5C). Endosteal
and periosteal perimeters at the cortical ROI were significantly
higher in all mice treated with OPG:Fc compared with vehicle
(Figure S1). There were no differences in periosteal perimeter
between all groups in the skeletally mature mice. Endosteal
perimeters were also equivalent between groups except in
skeletally mature mice that received 2 doses of zoledronate,
which was significantly lower (Figure S1).

These results show that both trabecular and cortical param-
eters return to untreated, vehicle levels in mice that did not
receive any sequential therapy following OPG:Fc withdrawal.
Sequential zoledronate treatment improved both trabecular
and cortical parameters compared with mice that did not
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Figure 5. Changes in bone microarchitecture in the femur following OPG:Fc treatment and sequential zoledronate therapy. (A) Representative 3D images
of harvested femora showing differences in bone microarchitecture between mice treated with saline and OPG:Fc followed by zoledronate or saline in
(i-iv) growing and (v-viii) skeletally mature mice. The dashed red box denotes an ROl examined at a 0.5 mm section located 3 mm above the growth plate
(GP) where the cortical parameters are calculated. The solid red box denotes ROl examined at a T mm section located 2 mm above the growth plate
where the trabecular parameters are calculated. (B) Differences in trabecular volume (i, iv), thickness (i, v), and number (iii, vi) between growing mice or
skeletally mature mice treated with saline (vehicle) or OPG:Fc followed by sequential zoledronate. The boxplots represent mean & SD. (C) Differences in
cortical volume (i, iii) and thickness (i, iv) between growing mice or skeletally mature mice treated with saline (vehicle) or OPG:Fc followed by sequential

zoledronate. The boxplots represent mean + SD. Abbreviations: CB, cortical bone, TB, trabecular bone.
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receive any sequential therapy, particularly in mice given
multiple doses of zoledronate.

Early sequential zoledronate therapy increased
vertebral fracture resistance in skeletally mature
mice

Vertebral fractures are a significant concern in the manage-
ment of patients following denosumab discontinuation. To
assess how differences in bone microarchitecture alter frac-
ture resistance following OPG:Fc treatment and sequential
zoledronate, the L4 vertebrae underwent ex vivo microCT
analysis and compression mechanical testing in both growing
and skeletally mature mice.

Representative 3D microCT reconstructed images of the
L4 vertebrae harvested at the end of the study are shown in
Figure 6A. Higher trabecular volume and number were seen in
growing mice that received zoledronate compared with those
that did not, and this was higher in mice that received 2 doses
of zoledronate. Trabecular number was equivalent in growing
mice that received a single or multiple doses of zoledronate.
A similar pattern was observed in skeletally mature mice
though the trabecular volume was equivalent between mice
that received single and 2 doses of zoledronate (Figure 6B).

There were no differences in the vertebral cortical volume
or thickness between groups in growing mice (Figure 6Ci-ii).
In skeletally mature mice, there was no difference in cortical
thickness between groups; however, a significantly higher
cortical volume was noted in mice that received 2 doses of
zoledronate compared with OPG:Fc treated mice that did not
receive any zoledronate (p < .05, Figure 6Ciii).

Despite the significant differences in the trabecular
parameters, there was no difference in the maximum load
to failure between groups in growing mice (Figure 6Di). In
skeletally mature mice, there was a significantly higher
maximum load in mice treated with either single or multiple
doses of zoledronate compared with control and OPG:Fc-
only groups (Figure 6Dii). There was no difference in the
maximum load to failure between skeletally mature mice that
received a single dose zoledronate to those that received 2
doses (Figure 6Dii) despite increased cortical bone volume
seen in skeletally mature mice that received multiple doses of
zoledronate compared with a single dose.

Taken together, these results show sustained increases in
trabecular parameters with sequential zoledronate following
OPG:Fc treatment in both growing and skeletally mature
mice. However, these results translated into increased frac-
ture resistance only in skeletally mature mice that received
zoledronate.

Abundant TRAP-positive osteoclasts are observed
following sequential zoledronate, discordant with
serum TRAP levels

To examine the differences in the number of osteoclasts fol-
lowing rebound bone loss and sequential zoledronate treat-
ment, TRAP-positive cells were quantified on the trabecular
bone surfaces in the distal femora at the end of the study
(Figure 7A).

TRAP-positive osteoclasts were more abundant in the distal
femora of growing mice treated with zoledronate compared
with control (Figure 7Bi). When normalized for increased
bone surface, there was a trend for fewer osteoclasts per
bone surface in growing mice treated with zoledronate;
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however, this was not statistically significant (Figure 7Bii).
There was no difference in the number of TRAP-positive
osteoclasts seen in the distal femora of skeletally mature
mice (Figure 7Biii-iv). No differences were seen in osteoclast
surfaces between groups in both growing and skeletally
mature mice (Figure S2).

While the quantification of osteoclasts was not possible in
the most distal metaphyseal region of the femur, due to the
retention of the primary spongiosa, TRAP-positive osteoclasts
were higher in abundance in this region in growing mice that
received zoledronate (Figure 7C). This difference was less pro-
nounced in skeletally mature mice that received zoledronate.

Interestingly, higher TRAP-positive osteoclast numbers
were observed despite equivalent serum TRAP between
growing mice that received saline, OPG:Fc-only, or a single
dose of zoledronate at the end of the studies (Figure 3C).
While serum TRAP was significantly lower in mice treated
with 2 doses of zoledronate, there were more TRAP-positive
osteoclasts seen in growing mice that received 2 doses
of zoledronate compared with OPG:Fc-only and single
zoledronate treated mice. A similar pattern in serum TRAP
was seen in skeletally mature mice receiving saline, OPG:Fc-
only, or a single dose of zoledronate (Figure 4C) but without
a difference in TRAP-positive osteoclast numbers. Skeletally
mature mice that received 2 doses of zoledronate had lowest
serum TRAP between the treatment groups but there was no
difference in TRAP-positive osteoclast numbers.

These results show that although osteoclast number was
increased in mice treated with zoledronate, when normalized
to trabecular bone surface, this was no longer the case. Inter-
estingly, differences in the number of TRAP-positive osteo-
clasts seen in mice treated with zoledronate did not necessarily
correlate with differences in serum TRAP levels.

Discussion

The rebound phenomenon following denosumab discontin-
uation is an important clinical challenge. However, an opti-
mized sequential strategy that can consistently prevent the
rapid rise and overshoot in bone resorption does not yet
exist. We have previously developed and utilized an animal
model of denosumab discontinuation to show that a pro-
osteoclastogenic environment is present and osteoclast enzy-
matic activity (measured by serum TRAP) is elevated prior
to the rise in serum CTX and PINP, and serum TRAP is
elevated prior to clinically detectable bone loss as measured by
DXA.'® These results, combined with clinical studies showing
bisphosphonate treatment at the time of CTX rise were incon-
sistent in preventing BMD loss, led us to hypothesize that
earlier administration of osteoclast-directed therapy may be
more effective in attenuating the rebound phenomenon, and a
multiple dose strategy may be superior.

In this study, we utilized our model of denosumab discontin-
uation to explore the effects of early sequential and multi-dose
bisphosphonate therapy and directly examine the changes in
osteoclast activity and bone microarchitecture in response to
this treatment strategy.

Consistent with real-world observation, administration of
sequential zoledronate at a time of rise in serum CTX did not
prevent rebound bone loss in our model. In addition, at the
time of serum CTX rise, significant BMD loss had already
occurred. We have again shown that a rise in serum TRAP
from post-treatment suppressed levels precedes BMD loss and
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Figure 6. Sequential zoledronate following OPG:Fc prevented trabecular bone loss and improved fracture resistance in skeletally mature mice, but not in
growing mice. (A) Representative 3D images of harvested L4 vertebrae showing differences in bone microarchitecture between mice treated with saline
and OPG:Fc followed by zoledronate or saline in (i-iv) growing and (v-viii) skeletally mature mice. The solid red box denotes ROl examined at a distance
between 0.2 mm offset from the point of 50% spongiosa and trabecular bone on both ends of the vertebrae. (B) Differences in trabecular volume
(i, iv), thickness (ii, v), and number (iii, vi) between growing mice or skeletally mature mice treated with saline (vehicle) or OPG:Fc followed by sequential
zoledronate. The boxplots represent mean & SD. (C) Differences in cortical volume (i, iii) and thickness (ii, iv) between growing mice or skeletally mature
mice treated with saline (vehicle) or OPG:Fc followed by sequential zoledronate. The boxplots represent mean £ SD. (D) Maximum load to failure (N) of L4
vertebrae from each treatment group in growing mice (i) and skeletally mature mice (ii). Boxplots represent mean 4 SD. Abbreviations: CB, cortical bone,
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Figure 7. Differences in osteoclast number following OPG:Fc treatment and sequential zoledronate. (A) Representative histological images of femora
stained with TRAP (red) harvested following treatment with saline or OPG:Fc. Analysis of osteoclast parameters on trabecular bone was performed
within the ROI defined by the dotted line (scale bar 900 um at 2.2x magnification). Representative high magnification images are shown in the top left
corner and their corresponding ROls are shown in the black box (scale bar 300 um at 9.8x magnification). The red box denotes osteoclasts observed on
trabecular bone surfaces as shown in magnified images in Figure 7C. (B) Quantification of number of osteoclasts (i, iii) and osteoclast surface (ii, iv) per
trabecular bone surfaces in growing and skeletally mature mice. The boxplots represent mean & SD. (C) Representative images of osteoclasts observed
on trabecular bone surfaces throughout the study in the ROl marked by the red box in Figure 7A (scale bar 300 um at 7x magnification).

G20z aunr z1 uo 1senb Aq 0299.6./€ L ¥/E/0F/o10nie/awd/wod dno-olwepeoe)/:sdjy wolj papeojumoq



Journal of Bone and Mineral Research, 2025, Volume 40 Issue 3

CTX rise. Further, we showed that earlier administration of
zoledronate, while RANKL inhibition remained active, was
able to suppress and prevent the overshoot in serum TRAP
observed in our model.

Early administration of zoledronate following OPG:Fc
treatment, even prior to the offset of RANKL inhibition, was
able to mitigate rebound BMD loss, and an additional dose
was able to prevent BMD loss, consolidating and maintaining
BMD gains made on treatment in both growing and skeletally
mature mice. These findings challenge the prevailing concern
that early zoledronate administration would not be taken
up while turnover is suppressed. Indeed, tracking uptake
using fluorescent analogs in vivo, bisphosphonates have been
shown to bind to so-called “quiescent” bone surfaces such as
osteoclast lacunae as well as bone marrow monocytes.?3

We utilized both growing and skeletally mature mice to
allow examination of differences in the rebound phenomenon
and the effects of sequential zoledronate across skeletal matu-
rity. Growing mice receiving OPG:Fc experienced greater
BMD gains compared with mature mice, reflecting contri-
bution of normal skeletal growth. Greater BMD gains on
treatment are an established risk factor for BMD loss fol-
lowing denosumab discontinuation.”* Our model previously
demonstrated that longer OPG:Fc treatment, and therefore
greater BMD gains, led to accelerated BMD loss.'® This, and
increased TRAP-positive osteoclasts seen in growing mice,
may explain why severe hypercalcemia is more commonly
observed in pediatric patients discontinuing denosumab com-
pared with adults.2* Growing bones accumulate greater bone
mass with denosumab, which is then resorbed en masse
by newly formed osteoclasts, releasing calcium. This aligns
with observations where multiple bisphosphonate doses were
required to treat post-denosumab severe hypercalcaemia in
children.2-2”

Multiple doses of zoledronate following denosumab dis-
continuation in adults was examined by Grassi et al.!’ in a
retrospective analysis of participants that received repeated
doses of zoledronate in accordance with current recommenda-
tions, which did not prevent BMD loss and vertebral fractures.
Importantly, the first dose of zoledronate was administered
7 mo following the last denosumab dose, which is likely too
late to act on osteoclasts already formed and driving BMD
loss. Notably, BMD remained stable in those with lower serum
CTX (<280 ng/L), suggesting that zoledronate administered
prior to a rise in serum CTX, and perhaps targeting the rise in
serum TRAP, was able to better attenuate rebound BMD loss.

Our previous work showed that the rise and overshoot in
serum TRAP accompanies rebound BMD loss, leading to our
hypothesis that targeting this rise in serum TRAP with earlier
intervention would mitigate BMD loss. In this work, early
zoledronate administration indeed prevented the overshoot
in serum TRAP and did not exceed vehicle levels in mice
receiving zoledronate.

Cross-sectional analyses of serum TRAP, CTX, and
RANKL at 6, 9,and 12 mo following the last denosumab dose
were performed by Selling et al.2® This showed significantly
lower serum TRAP at 6 mo compared with 9 and 12 mo,
whereas serum RANKL was significantly higher at 6 mo. The
authors concluded that elevated RANKL levels most likely
result in increased osteoclasts (measured by TRAP), consistent
with findings in our model.'$

Utility of serum TRAP as a marker following denosumab
discontinuation was explored by Makras et al.,?’ where serum
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TRAP and CTX were measured 6 mo following the last
denosumab dose. The authors did not find a relationship
between the duration of denosumab and serum TRAP or the
TRAP:CTX ratio and concluded that serum TRAP was not
a useful early marker. However, this negative finding may be
due to the timing of sampling. Serum samples were collected
6 mo following the last dose, whereas our model indicates
that the rise and overshoot in serum TRAP may occur earlier.
Serum TRAP measurement earlier than 6 mo following the
last denosumab dose, as acknowledged by the authors, and
clinical studies examining the longitudinal changes in serum
TRAP may provide a better assessment of its value as a marker
of osteoclast activity in this context.

Interestingly in our study, there was an increased number of
TRAP-positive osteoclasts throughout the femora of mice that
received sequential zoledronate, discordant with differences
in serum TRAP. This suggests that serum TRAP reflects the
enzymatic activity of resorbing osteoclasts, rather than the
number of osteoclasts present.? This was particularly evident
in mice that received 2 doses of zoledronate as serum TRAP
was lowest despite higher or equivalent osteoclast numbers.
We observed an increased number of non-attached, TRAP-
positive osteoclasts in both growing and skeletally mature
mice treated with zoledronate (data not shown). In a model
of MRON], where rats were treated with zoledronate, Nagata
et al.’! showed greater TRAP-positive multinucleated cells
in the dental sockets with a significantly higher proportion
of non-attached osteoclasts. These results suggest that bis-
phosphonate therapy impairs osteoclast activity but not the
formation and activation of osteoclasts.

Patients are at increased risk of fractures, especially
vertebral fractures, following denosumab discontinuation.
MicroCT analysis at the end of our study showed a return
to control levels in both trabecular and cortical parameters
in mice that received OPG:Fc alone without sequential
zoledronate, whereas mice that received zoledronate had
significantly improved trabecular microarchitecture in both
the femur and the vertebrae. However, when the lumbar
vertebrae were subject to compression mechanical testing to
assess fracture resistance, the increased trabecular parameters
in zoledronate treated mice did not translate to higher
maximal load to failure in young, growing mice, though a
significantly higher maximal load to failure was observed in
skeletally mature mice that received zoledronate. This may be
due to the timing of mechanical testing as this was performed
at the end of the study when rebound BMD loss was complete
and there was continued skeletal growth in growing mice.
Compression mechanical testing during rebound BMD loss
may have revealed differences in fracture resistance between
groups. Nonetheless, these differences in microCT parameters
and maximal load to failure support the use of sequential
zoledronate following denosumab discontinuation to improve
bone microarchitecture and fracture resistance, especially in
older patients.

Anabolic therapies promoting osteoblastic bone formation
have expanded the therapeutic options available to improve
bone mass.>> Despite their efficacy, it remains unclear if
sequential anabolic therapy can effectively mitigate rebound
bone loss following denosumab discontinuation. Several stud-
ies have examined sequential anabolic therapy using teri-
paratide®? or romosozumab®#~3¢ with mixed results, and the
optimal sequence and timing of anabolic therapies following
denosumab discontinuation remains unclear.

G20z 8unr z1 uo 1senb AQ 0299261/ | ¥/€/0/aI01ME/IWGN W00 dno-olwepese//:SdRy Woly papeojumoq



426

Our studies were performed in eugonadal mice, whereas
most patients treated for osteoporosis are postmenopausal
women, and this represents a limitation in the clinical transla-
tion of our findings. However, our murine models consistently
show that the processes driving the rebound phenomenon
following the offset of RANKL inhibition occurs earlier than
when we can detect rebound bone loss in the clinic. Therefore,
clinical studies defining the temporal changes in osteoclast
activity, specifically changes in serum TRAP and its associ-
ation with changes in CTX and BMD, in the setting of deno-
sumab discontinuation and sequential therapy are needed to
translate the findings of our studies to clinical practice. As no
effective strategy currently exists to prevent exposing patients
discontinuing denosumab to potential harm, prospective clin-
ical trials comparing earlier vs standard timing of sequential
therapy would be highly informative.

Overall, our findings show that targeting osteoclasts earlier
with sequential zoledronate can mitigate rebound BMD loss
following the withdrawal of RANKL inhibition, and a multi-
dose strategy is superior in preventing BMD loss. Future
studies examining sequential therapy following denosumab
discontinuation should therefore consider intervening earlier
than 6 mo following the last denosumab dose and incorpo-
rate measurements of serum TRAP as a biomarker heralding
imminent BMD loss.
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Abstract

Rebound bone loss following denosumab discontinuation is an important clinical challenge. Current treatment strategies to prevent this fail to
suppress the rise and overshoot in osteoclast-mediated bone resorption. In this study, we use a murine model of denosumab treatment and
discontinuation to show the temporal changes in osteoclast formation and activity during RANKL inhibition and withdrawal. We show that the
cellular processes that drive the formation of osteoclasts and subsequent bone resorption following withdrawal of RANKL inhibition precede the
rebound bone loss. Furthermore, a rise in serum TRAP and RANKL levels is detected before markers of bone turnover used in current clinical
practice. These mechanistic advances may provide insight into a more defined window of opportunity to intervene with sequential therapy
following denosumab discontinuation.

Keywords: osteoclast, RANKL, Denosumab, osteoporosis
Lay Summary

Stopping denosumab, a medication commonly used to improve bone mass by blocking formation of bone resorbing osteoclasts, leads to a
rebound loss in the bone which was gained during treatment. Current strategies to prevent this bone loss fail in most cases as they are unable
to prevent the rise and overshoot in bone resorption by osteoclasts. Thie stems from an incomplete understanding of how osteoclasts behave
during denosumab treatment and after treatment is discontinued. We use a mouse model of this phenomenon to show how osteoclast formation
and activity changes throughout this process. We show that increases in the processes that drive the formation of osteoclasts can be detected
in the circulation before bone loss occurs. These findings could therefore provide insight into a targeted ‘window of opportunity’ to intervene
and prevent the rebound bone loss following stopping denosumab in patients.
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Introduction

Therapeutic agents inhibiting osteoclasts have revolutionized
treatment of bone diseases including osteoporosis. Osteo-
clasts are highly specialized cells that differentiate from
hematopoietic stem cells under local and systemic influences.
The RANKL) its receptor RANK, and the decoy receptor
osteoprotegerin  (OPG) form the RANKL/RANK/OPG
pathway, which plays a critical role in the differentiation and
activation of osteoclasts, and therefore regulation of bone
turnover." Inhibiting this interaction leads to increased bone
mass and reduced bone resorption and has been the target of
bone-directed therapies for conditions where suppression of
osteoclast-mediated bone resorption is desired.

Denosumab is a fully human monoclonal antibody that
binds to and inhibits RANKL, leading to inhibition of osteo-
clast differentiation and bone resorption. Denosumab has rev-
olutionized the treatment of osteoporosis, and its continued
use leads to continuous BMD gains with up to 10 yr of
treatment.”

However, discontinuation of denosumab treatment leads
to a rapid reversal of its therapeutic effects and a transient
overshoot in bone turnover, which eventually returns to pre-
treatment levels.> This results in a net bone loss during this
time and appears to be driven by osteoclast-mediated bone
loss as measured by elevated markers of collagen breakdown,
namely, CTX.> However, why this rapid overshoot of bone
turnover and bone loss following denosumab discontinuation
occurs is unknown.

Clinical studies using sequential antiresorptive agents to
inhibit this increase in bone resorption following denosumab
discontinuation are predominantly observational or post hoc
analyses and are therefore limited in providing a mecha-
nism to explain this phenomenon nor a potential solution
to manage these patients.*” Duration of denosumab treat-
ment appears to impact outcomes following cessation, with
patients receiving denosumab for a longer duration experi-
encing greater rates of bone loss and increased risk of ver-
tebral fractures during the off-treatment period.®>? Placebo-
controlled randomized studies to examine the efficacy of
interventions to prevent this bone loss are not ethically feasible
due to the risk of bone loss and fractures in the control
group.

Clinicians are faced with a dilemma, having to weigh risks
associated with long-term anti-resorptive treatment, such as
atypical femoral fractures, against the risks of bone loss
and fractures if denosumab is discontinued. This problem
stems from an incomplete understanding of osteoclast biol-
ogy following withdrawal of RANKL inhibition, highlighting
the need for pre-clinical investigations into the underlying
mechanisms. Indeed, the discovery that osteoclasts undergo
recycling via fission into osteomorphs, and re-fusion into
active osteoclasts, and that during RANKL inhibition these
fission products and osteoclast precursors may accumulate,
provides new insight into this phenomenon.'”

In the presence of RANKL inhibition, suppressed serum
tartrate-resistant acid phosphatase (TRAP) levels reflected
inhibition of osteoclast formation. Following cessation of
RANKL inhibition, a rapid rise in serum TRAP preceded a
dramatic loss in BMD in mice,'” confirming clinical findings
that enhanced bone resorption follows treatment withdrawal.
However, the cellular processes and changes in osteoclast
biology that drive this rapid rise in serum TRAP are unclear,
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and the temporal relationship between serum TRAP and
typical bone turnover markers CTX and PINP has not yet
been defined.

To address this, we aimed to define the key regulators
of osteoclast formation and activity, and the longitudinal
changes in bone turnover markers, to examine how these
correlate with changes in BMD and bone microarchitecture
during RANKL inhibition and following its cessation. We also
examined these changes following longer periods of RANKL
inhibition and compared the utility of serum TRAP, a marker
of osteoclast activity, with markers of bone turnover utilized in
clinical practice. We performed these studies using mice which
respond to OPG:Fc with changes in serum bone turnover
markers which are relevant to the human biological processes
we aim to examine. Taken together, our preclinical investiga-
tions provide essential mechanistic insight to guide the timing
of sequential therapy in patients discontinuing denosumab.

Materials and methods
Experimental mice

Animal experiments were performed in accordance with
approved protocols from the Garvan Institute and St Vincent’s
Hospital Animal Ethics Committee (ARA 18/03 and 21/17).
All experiments were conducted in accordance with the
Australian Code of Practice for the Care and Use of Animals
for Scientific Purposes.

Female C57BL/KaLwRij (Harlan, Netherlands) or C57BL/6 ]
mice were obtained from the Australian BioResources. All
mice were bred and maintained on a C57BL/KaLwRij back-
ground or C57BL/6] background under specific-pathogen
free conditions. Animal experiments were performed at the
Garvan Institute Biological Testing Facility. All animal holding
areas in both facilities are maintained within a constant
temperature of 21.4 °C with humidity range to avoid animal
stress and to minimize experimental variability. Lighting
mimics 12-h d/night cycles to stimulate circadian rhythms.
Mice were acclimatized for 3 d upon arrival, and standard
chow and water were provided ad libitum.

All mice entered their respective experiments aged 6-8 wk
and group sizes were determined based on previous experi-
ences with each model. This included studies of the effect of
OPG:Fc in these models, in which power calculations were
performed to estimate sample size. Using this, 8—10 mice were
allocated to each group or otherwise as stated in the figure
legends.

To compare the effects of OPG:Fc and anti-mouse RANKL
antibody, C57BL/KaLwRij mice were randomly allocated to
treatment groups. OPG:Fc or anti-mouse RANKL antibody
was administered for 2 wk, and mice were culled at the end
of the treatment phase at week 2 where tissue was harvested
for their respective experiments outlined below.

To examine the effect of longer duration of RANKL inhi-
bition, C57BL/KaLwRij mice were treated with OPG:Fc for
8 wk and were culled at the end of the study at week 23. Mice
underwent DXA imaging and retro-orbital bleeds fortnightly
or 3-weekly throughout the study.

To allow contemporaneous measurements of serum mark-
ers of osteoclast activity, C57BL6 mice were treated with
OPG:Fc for 2 wk and were culled at week 2, 8,11, and 13 to
allow for collection of a large volume of serum. Throughout
the study, mice underwent DXA imaging and retro-orbital
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bleed fortnightly. At each cull timepoint, a large volume of
blood was collected through retro-orbital bleeding, and tissue
was harvested for their respective experiments outlined below.

OPG:Fc and anti-mouse RANKL antibody treatment

OPG:Fc (Amgen Inc) was administered at a dose of 10 mg
per kg i.p. 2-3 times weekly for 2 or 8 wk, a dose confirmed
previously to abrogate osteoclasts.!’ Anti-mouse RANKL
antibody (BioXcell, BE0191) was administered at a dose of
5 mg per kg i.p. thrice weekly for 2 wk. Vehicle mice received
saline.

DXA analysis of BMD

DXA (Faxitron Ultrafocus DXA, Hologic) was performed
fortnightly or 3-weekly on anaesthetized mice under 3%-5%
inhaled isoflurane. Analysis of the hind limb was performed
using Vision DXA (Hologic) using a manually drawn region
of interest encompassing the hindlimb to quantify the BMD.

Micro-computed tomography

Formalin-fixed right femora were imaged with the SkyScan
1772 micro-computed tomography (microCT) scanner
(Bruker) at a resolution of 4.3 yum, 0.5 mm aluminum filter,
50 kv voltage, and 200 pA tube current. Images were captured
every 0.4° through 360° and were reconstructed and analyzed
using NRecon software (SkyScan). Bone structural parameters
and nomenclature were utilized according to standardized
guidelines.!” Three-dimensional reconstructed images of
femora were generated using Drishti imaging software version
2.4 (ANU).

ROI selection and analyses were performed using CTAn
software (Bruker). To compare the effect of OPG:Fc and
mouse anti-RANKL antibody, trabecular and cortical bone
parameters were calculated from scans performed at a voxel
resolution of 5 um in a 1 mm region of the trabecular com-
partment beginning 100 um proximal to the distal femoral
growth plate.

To examine the changes in bone parameters following
treatment and during rebound bone loss following OPG:Fc
withdrawal, trabecular bone parameters were calculated from
scans performed at a voxel resolution of 5 um in a 1 mm
region beginning 200 um proximal to the distal femoral
growth plate to reduce the contribution of the primary spon-
giosa in the analysis. Cortical bone parameters were calculated
from scans performed at a voxel resolution of § um in a
0.5 mm region beginning 300 um proximal to the distal
femoral growth plate.

Measurement of TRAP5b, PINP CTX, and RANKL

Serum collected by retro-orbital bleeds, under isoflurane
anesthesia, throughout animal phaseswas stored at —70°
and then assessed for TRAPSb, PINP, and CTX levels using
ELISA kits (Immunodiagnostic Systems) or assessed for
RANKL levels using ELISA kits (R&D Systems) following
the manufacturer’s instructions.

Analysis of bone histomorphometry

Sectioning/ TRAP staining of osteoclasts

Right femora samples were prepared for paraffin histomor-
phometric analysis by fixing in 4% paraformaldehyde for
24 h at 4 °C, then decalcifying samples in 0.34 M EDTA
in PBS (pH 8.0). Samples were then processed for paraffin
histology, and 3 pum sections were cut using a Leica Microtome
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Model RM2265. Paraffin femora sections were stained for
TRAP to identify osteoclasts from other resident bone cells.
The TRAP staining solution was prepared, comprising of
1000 pL of 0.20 g per mL sodium nitrite added to 1000 uL
of the basic fuchsin solution until small bubbles appeared.
The sodium nitrite/fuchsin solution was added to 0.35 g of
tartaric acid dissolved in 350 mL 1 M sodium acetate buffer
pH 5.4. Then, 0.20 g naphthol ASBI phosphate dissolved
in 20 mL dimethylformamide was added until the solution
turned bright pink. The mixed solution was filtered prior
to immediate staining using a 0.22 um vacuum filter unit
(Corning).

Following dewaxing in xylene, sections were incubated in
1 M Tris—=HCL buffer (pH 9.4) at 40 °C for 1 h. Throughout
incubation, 350 mL of TRAP staining solution was incubated
for 15 min at 37 °C. Sections were counterstained with
hematoxylin then cover slipped with Eukitt.

Aperio image scanning

Right femora sections on Superfrost PLUS glass slides were
scanned on the Aperio Scanscope CS2 model. An area of
interest was indicated by a red rectangle placed on the Macro
image. Utilizing an Olympus UPLXAPO objective lens at a
20x objective, high quality digital slides were created. Digital
slides were modified on Aperio ImageScope (v12.3.2.8013)
to show 3 ROI’s: 900 pum at 2.2x objective, 300 um at 9.8 x
objective, and 300 um at 7x objective.

Quantification of osteoclasts and osteoblasts

Quantification of osteoclast populations among the trabec-
ular bone was performed with BioQuant Osteo (Version
v21.5.60). Utilizing a Zeiss Axioplan Microscope (Zeiss, Ger-
many) with a high resolution Jenoptik Camera at 10x objec-
tive, an ROI capturing a 3 mm region of trabecular bone,
1 mm from the top of the growth plate junction within
the cortices was analyzed for each sample. TRAP-positive
osteoclasts (bright pink cytoplasmic appearance) and cuboidal
hematoxylin-stained osteoblasts were marked, and their cell
surface-bone contact perimeters and trabecular bone surfaces
were recorded. The total bone surface, no. of osteoclasts or
osteoblasts per total bone surface, and osteoclast or osteoblast
surface per total bone surface were determined. The structural
and cellular parameters were calculated and expressed accord-
ing to the ASBMR standardized nomenclature.!?

RNA extraction

Harvested femora were frozen in liquid nitrogen and homog-
enized using the Polytron homogenizer probe (Kinematica)
in TriReagent RNA isolation reagent (Sigma-Aldrich). RNA
was sequentially precipitated from the homogenized sample
by first separating the aqueous phase following the addition
of chloroform and further precipitation with isopropanol and
3 M sodium acetate. The precipitated RNA was washed with
70% ethanol, resuspended in nuclease-free water, and stored
at —70 °C.

Reverse transcription and quantitative polymerase
chain reaction(qPCR)

Isolated RNA was used to generate cDNA using the Tetro
c¢DNA synthesis kit (Meridian Life Science Inc) following the
manufacturer’s instructions.
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The following gene-specific TagMan probes were used:
mouse Rankl (mm00441906_m1), mouse Opg (mm00435
454_m1),and mouse B2m (mm00437762_m1) for gPCR. The
qPCR reaction was performed using TagMan Gene Expres-
sion MasterMix (Thermo Fisher Scientific) and Life Tech-
nologies QuantStudio 7 instrument. For each sample, the
threshold cycle (CT) values were processed according to the
2(-Delta Delta C(T)) method.'?> Gene expression levels were
normalized to the expression of the housekeeping gene B2m
and presented relative to untreated vehicle controls.

Statistical methods

Results were analyzed using GraphPad Prism (Version 9,
GraphPad Prism V9). One-way analysis of variance (ANOVA)
and multiple comparisons were performed using Tukey’s cor-
rection, and unpaired ¢-tests were performed when comparing
2 populations. All data are expressed as mean with error bars
representing standard deviation. For all statistical analyses, P-
values < .05 were considered to be statistically significant.

Results
OPG:Fc models denosumab treatment and
discontinuation in mice

Denosumab is a fully humanized monoclonal antibody
against RANKL and does not bind murine RANKL, whereas
human OPG is capable of binding directly to murine
RANKL'# and able to reduce bone resorption and increase
BMD.!%:16 We have previously demonstrated RANKL inhibi-
tion and rebound bone loss following treatment withdrawal
using OPG:Fc.!? To confirm this, we directly compared the
efficacy of OPG:Fc and murine anti-RANKL antibody in
wild-type mice in suppressing osteoclast activity and driving
rebound bone loss upon discontinuation.

Treatment of mice with twice-weekly OPG:Fc (10 mg/kg)
or thrice-weekly murine anti-RANKL antibody (5 mg/kg)
(Figure 1A) for 2 wk significantly increased hindlimb BMD,
which continued to increase for 6 wk following treatment.
BMD peaked at week 8 in treated mice and the mean BMD
was 12.7% and 15.2% higher than vehicle mean in OPG:Fc
and murine anti-RANKL antibody-treated mice, respectively
(P <0.01 compared to vehicle). This was followed by a
decrease in BMD to vehicle levels over the next 4 wk,
(Figure 1Bi). Throughout the study, there was no significant
difference in hindlimb BMD between mice treated with
OPG:Fc and murine anti-RANKL antibody.

Serum TRAP was completely suppressed following 2 wk
of treatment with either OPG:Fc or murine anti-RANKL
antibody (P <.0001, Figure 1Bii), confirming suppression of
osteoclast activity with either treatment.

MicroCT analysis of the femur was performed at a 1 mm
region of interest in the distal femur to compare the effects
of treatment with OPG:FC or murine anti-RANKL anti-
body on the bone microarchitecture. This showed significantly
increased trabecular bone structure at the end of 2 wk of
treatment in both OPG:Fc and murine anti-RANKL antibody-
treated mice compared to vehicle (Figure 1C, week 2). Trabec-
ular volume (BV/TV) was 52.7% and 75.7% higher (P < 0.01
and P < 0.0001, respectively Figure 1Di), and trabecular num-
ber was 51.2% and 84.4% higher than vehicle levels in
mice treated with OPG:Fc and murine anti-RANKL antibody,
respectively (P < .05 and P <.0001, respectively, Figure 1Dii).
The trabecular number was significantly higher in the murine
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anti-RANKL antibody group compared to the OPG:Fc group
(P < .05, Figure 1Dii). There was no difference in trabecular
thickness between all groups (Figure 1Diii). There was no
significant difference between trabecular bone volume and
thickness between mice treated with OPG:Fc or murine anti-
RANKL antibody.

At week 17, following bone loss in treated mice, and when
hindlimb BMD was equivalent in all groups, there was no
difference in the trabecular microCT parameters between
vehicle and mice treated with OPG:Fc or murine anti-RANKL
antibody (Figure 1D, week 17). Cortical bone volume in the
distal femur was increased in mice treated with OPG:Fc
at the end of treatment compared to vehicle and murine
anti-RANKL antibody-treated mice but was equivalent in all
groups at week 17 (Supplementary Figure S1). This shows a
similar response in trabecular bone structural parameters to
both OPG:Fc and murine anti-RANKL treatment, with return
to untreated vehicle levels following withdrawal.

Longer treatment with OPG:Fc increases the rate
of bone loss following withdrawal

Increased duration of treatment with denosumab has been
associated with increased risk of rebound bone loss and
fractures.’> To examine this in our mouse models, we treated
mice with OPG:Fc or saline for 8 wk instead of 2 wk
(Figure 2A). In the longer treatment group, hindlimb BMD
increased and continued to increase until week 16, where this
reached levels 51.1% higher than vehicle levels from baseline
(P <.001). This was followed by a rapid decline in BMD to
vehicle levels with a decrease of 24.5% over a 4-wk period
(weeks 16-20) (Figure 2B), which was greater than the rate
of bone loss observed with 2 wk of treatment of 12.6% over
a 4 wk period (Figure 1B). Interestingly, BMD continued to
decline below vehicle levels between week 20 and 23, though
there was no significant difference between the groups during
this period.

Once again, we demonstrated that serum TRAP was sup-
pressed with OPG:Fc¢ treatment, remained markedly sup-
pressed between week 8 and 14 (P <.01), and then showed a
rapid overshoot in serum to 73.3% (P <.001) higher than
vehicle just 2 wk later (Figure 2C). Serum TRAP remained
significantly above vehicle levels between weeks 16-20, while
BMD loss was ongoing, before dropping to vehicle levels by
the end of the study at week 23. We again demonstrated that
the rapid rise and overshoot above vehicle levels in serum
TRAP (week 14-16) preceded the rebound loss in hindlimb
BMD (from week 16).

Serum TRAP is elevated prior to PINP and CTX
following withdrawal of treatment with OPG:Fc

We have demonstrated that OPG:Fc treatment and with-
drawal are representative of denosumab treatment and dis-
continuation in our model. Following our observation of
serum TRAP rising prior to decline in hindlimb BMD, we
sought to investigate how BMD and serum TRAP changes
correlate with bone turnover markers used in clinical practice,
namely CTX and P1NP, which are currently utilized to guide
sequential therapy following denosumab discontinuation.

As shown previously, longitudinal analyses following 2 wk
of OPG:Fc revealed suppressed serum TRAP to week 8 and a
rise to control levels at week 10, prior to BMD loss between
weeks 10 and 13 (Figure 3B and C). As expected, serum TRAP,
PINP, and CTX were all suppressed below control levels at
the end of OPG:Fc treatment at week 2, and all markers

G20z aunf z| uo 1sanb Aq 96¥009./48Y/¥/6€/2101HE/ WAl WOo0"dno-olwapese//:sdny Wwoly papeojumoq


https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae023#supplementary-data

488

Journal of Bone and Mineral Research, 2024, VVolume 39 Issue 4

Harvest 1 (Week 2)
End of Treatment
MicroCT + Histology

DEXA scan and serum collection

Y v v v v v

Harvest 2 (Week 17)
After BMD loss

¢ ¢ ]_MicroCT
L

0 2 5 8 10 12 14 16 17
T L L 5 L » LHistology
OPG:Fc 10mg/kg Treatment withdrawal
2/week
Mouse anti-RANKL
5mglkg 3/week
B - e
i % Bone Mineral Density Change ii Serum TRAP
50
e -® Vehicle 20
Treatment Withdrawal & OPGFc p<0.0001
40- - Anti-RANKL
- 15+ p<0.0001 -
© o a
$ 30 _—
5 30l B
£ I 10
£ 20 = —I—
Q
o
s 51
£ 104
=
0 T 1 T 1 T 1 T 1 v 1 — 1 v
2 4 6 8 10 12 14 16 18 Wk 0 Wk 2 Wk 0 Wk
— 9 LIS
Week OPG:Fc Anti-RANKL
} Week 2 | Week 17

Vehicle

OPG:Fc Anti-RANKL Vehicle OPG:Fc Anti-RANKL
i Trabecular Volume (BV/TV) ii Trabecular Number iii Trabecular Thickness
p < 0.0001 ns
50 __hs @ V- (Vehicle) 15 __ p<00001 ns ns
® O-(OPG:Fc) p<0.05 0.05 ns__ s
40 4 AR- (Anti-RANKL) ——— ns
H ool e85 [0
p<0.01 n = ? [3
10
o 30 £
< E E E p<0.05 £ 0.03 E
€ & .
<0 i ns @ _ms 0.02
& pp -
10 ns & ns 0.01
i e oy " [
[] L] 0.00:
VvV O ARV O AR vV 0 ARV 0 AR, V0 AR, V 0 AR
Week 2 Week 17 Week 2 Week 17 Week 2 Week 17

Figure 1. RANKL inhibition with OPG:Fc increases BMD, and treatment withdrawal leads to loss of bone mass and density. (A) Schematic of the
experimental design to assess the effect of treatment with OPG:Fc or murine anti-RANKL antibody. (B) BMD and TRAP changes following treatment. (i)
BMD shown as a percentage change from baseline levels following treatment with OPG:Fc (n =9), murine anti-RANKL antibody (n =9), or saline (vehicle,
n =9). Dotted line showing the end of treatment at week 2. Data represented as mean £ SD. Asterisks indicate P-values <.05 (*P < .05, **P <.01).
(i) Serum TRAP measured by ELISA at baseline and following 2 wk of treatment with OPG:Fc (n =6) or murine anti-RANKL antibody (n =7). Boxplots
represent mean = SD. (C) Representative 3D microCT reconstructed images of the right femur at the end of 2 wk of treatment (i)(iii) and at the end of
the study (iv)-(vi). Box highlighting the region of interest. CB, cortical bone; TB, trabecular bone; BM, bone marrow. (D) MicroCT analysis of the region of
interest showing trabecular volume (i), number (i), and thickness (iii) at the end of treatment (week 2, n = 6-7 per group) and at the end of the study (week
17, n =9 per group). Boxplots represent mean £ SD. V, vehicle; O, OPG:Fc; AR, anti-RANKL.
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Figure 2. Longer duration of RANKL inhibition increases the rate of BMD loss and leads to sustained increases in serum TRAP following treatment
withdrawal. (A) Schematic of the experimental design to assess the effect of longer duration of treatment with OPG:Fc on BMD and serum TRAR N =10
per group. (B) Longitudinal change in BMD presented as percentage change from baseline. Dotted line showing end of treatment at week 8. Data
presented as mean & SD. Asterisks indicate P-values < .05 (*P < .05, **P < .01, **P <.001, **P < .0001). (C) Longitudinal serum TRAP throughout the
study. Dotted line showing end of treatment at week 8. Data presented as mean + SD. Asterisks indicate P-values < .05 (**P < .01, **P < .001).

remained suppressed at week 8 (Figures 3D and S2). At week
11, following the peak in BMD, serum TRAP was significantly
elevated 34.8% above mean control levels, while serum P1NP
and CTX had risen to reach control levels (Figures 3D and S2).
By week 13, when BMD had returned to control levels in mice
treated with OPG:Fc, serum TRAP remained significantly
higher than control levels and it was only at this timepoint
where serum PINP and CTX were also significantly higher
than vehicle levels (Figures 3D and S2).

Overall, this shows that an increase in osteoclast number
and overshoot in osteoclast enzyme activity, as measured
by serum TRAP, parallels bone loss more closely and was
detected earlier than an overshoot in markers of bone turnover
used in clinical practice, PINP, and CTX.

Relative deterioration of bone microarchitecture is
observed during rebound bone loss

To investigate the changes in bone microarchitecture dur-
ing rebound bone loss following OPG:Fc treatment, har-
vested femora were examined with microCT (Figure 4A).
Mice treated with OPG:Fc were harvested at time-points fol-
lowing treatment and during rebound bone loss (Figure 3A).

Trabecular bone volume, number, and thickness in the distal
metaphyseal region were significantly higher in the femora
of mice treated with OPG:Fc compared to their controls
throughout the study (Figure 4B). Notably this difference was
less evident by week 13 indicating a relative loss in trabecular
volume during rebound BMD loss.

Cortical bone volume in the distal diaphysis was signifi-
cantly higher in OPG:Fc-treated mice compared to vehicle at
week 2 following treatment, at week 8 prior to the decline
in BMD, and at week 11 while BMD loss was occurring
(Figure 4Ci) but was equivalent to vehicle mice at week
13 following rebound bone loss. There was no difference
in cortical thickness following treatment at week 2 but it
was significantly lower in OPG:Fc-treated mice at each time-
point thereafter (Figure 4Cii). The endosteal and periosteal
perimeters were equivalent at the end of treatment but
were higher in treated mice at each time-point thereafter
(Figure S3). These changes in cortical parameters suggest
that there is increased cortical volume initially, but there is
increased bone resorption on the endosteal surface, leading
to a thinner cortex and increased endosteal and periosteal
perimeter.

Together, these results show that, following an initial
improvement in bone microarchitecture following OPG:Fc
treatment, loss in trabecular and cortical bone is observed
while rebound BMD loss is occurring following the offset of
RANKL inhibition.

Abundant osteoclasts are observed during rebound
bone loss

To examine the changes in osteoclast number during OPG:Fc
treatment and rebound bone loss, TRAP-positive cells were

quantified in the distal femora at each harvest time point
(Figure SA).
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Figure 3. Serum TRAP rises above vehicle levels before PINP and CTX following withdrawal of RANKL inhibition. (A) Schematic of the study design to
harvest cohorts of mice at specific intervals following 2 wk of OPG:Fc treatment to allow for contemporaneous measurements of bone turnover markers,
changes in bone microarchitecture, and histology. Pink box (left) highlights a time at which serum TRAP is rising from post treatment levels, while the blue
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the time during which BMD loss is occurring.
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Figure 4. Changes in bone microarchitecture during rebound bone loss following withdrawal of RANKL inhibition with OPG:Fc. (A) Representative 3D
images of harvested femora showing differences in bone microarchitecture between mice treated with saline and OPG:Fc. Dashed red box denotes a
region of interest examined at a 0.5 mm section located 3 mm above the growth plate (GP). Solid red box denotes region of interest examined ata 1 mm
section located 2 mm above the growth plate. CB, cortical bone; TB, trabecular bone. (B) Differences in trabecular volume (i), number (ii), and thickness
(iii) between mice treated with saline (vehicle) and OPG:Fc at the harvest timepoints. Boxplots represent mean + SD. (C) Differences in cortical volume (i)
and thickness (i) between mice treated with saline (vehicle) and OPG:Fc at the harvest timepoints. Boxplots represent mean + SD.

Following treatment with 2 wk of OPG:Fc, there was a
complete absence of osteoclasts. Osteoclasts were detectable
at week 8 but remained reduced in number compared to
control. However, by week 11, osteoclast numbers were

significantly higher than control levels, remaining elevated
at week 13 (Figure 5Bi). When osteoclast numbers were
normalized to trabecular bone surfaces, and the increase
in trabecular bone volume with OPG:Fc treatment was
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Figure 5. Changes in osteoclast number and activity during rebound bone loss following withdrawal of RANKL inhibition with OPG:Fc. (A) Representative
histological images of femora stained with TRAP (red) harvested following treatment with saline or OPG:Fc. Analysis of osteoclast parameters on trabecular
bone was performed within the ROl defined by the dotted line (scale bar 900 um at 2.2x magnification). Representative high magnification images shown
in top left corner and its corresponding ROl shown in the black box (scale bar 300 um at 9.8 x magnification). Red box (near bottom of image) denotes
osteoclasts observed on trabecular bone surfaces as shown in magnified images in Figure 5E. (B) Quantification of number of osteoclasts (i) and osteoclast
surface (i) per trabecular bone surfaces at harvest timepoints week 2, 8, 11, and 13. Boxplots represent mean =+ SD. (C) Quantification of serum RANKL
following OPG:Fc treatment. Boxplots represent mean & SD. (D) Quantification of mRNA expression of (i) Rank/, (i) Opg, and (i) Rankl:Opg in marrow
depleted femora of mice treated with saline or OPG:Fc harvested at week 8. Boxplots represent mean + SD. Representative images of osteoclasts
observed on trabecular bone surfaces throughout the study in the ROl marked by the red box in Figure 5A (scale bar 300 um at 7x magnification).
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accounted for (Figure 4B), osteoclasts numbers per trabecular
bone surface were equivalent or lower in treated mice during
rebound bone loss (Figure 5Bii). Osteoclast surfaces were also
increased during rebound bone loss. But this was equivalent
to vehicle levels when osteoclast surfaces were normalized
to trabecular bone surfaces due to increased trabecular bone
with OPG:Fc treatment at weeks 11 and 13, as was also
demonstrated with MicroCT analysis (Figure S4).

Osteoblast number and surfaces were also quantified in
this region of interest. Osteoblast numbers followed a similar
pattern to osteoclasts during OPG:Fc treatment and rebound
bone loss, with significantly lower numbers following treat-
ment, starting to rise thereafter. When total osteoclast num-
bers were significantly higher than control at week 11, total
osteoblast numbers remained equivalent to vehicle levels. By
week 13, osteoblast numbers and surface were both signifi-
cantly increased compared to control, but both number and
surface were equivalent to control levels when normalized to
trabecular bone surfaces (Figure S5).

In the most distal region of the metaphysis of the femur,
quantification of osteoclasts was not possible owing to the
difficulty in defining trabecular bone surfaces due to the reten-
tion of the primary spongiosa in mice treated with OPG:Fc.
Nevertheless, images of this region show clearly that TRAP+
osteoclasts were absent at the end of treatment and abundant
in numbers at weeks 8, 11, and 13 compared to vehicle
(Figure SE). On the endosteal surface, osteoclast parameters
(number and surfaces) were not different between groups
(data not shown).

Higher local and circulating RANKL levels provide a
pro-osteoclastogenic environment prior to rebound
bone loss

Serum RANKL measurement by ELISA demonstrated signifi-
cantly higher levels of circulating RANKL following treatment
with 2 wk of OPG:Fc, with levels 17.6-fold higher than
vehicle levels at week 2 (P < .001, Figure 5C). Serum RANKL
was maximal at week 8 with serum RANKL levels 14.7-
fold higher compared to week 2 levels (P <.0001), indicating
an abundance of circulating pro-osteoclastogenic factors just
prior to BMD loss (Figure 5C). As rebound BMD loss was
occurring, serum RANKL levels decreased. Serum RANKL
levels were equivalent to vehicle levels once hindlimb BMD
was equivalent.

We then performed quantitative PCR to measure mRNA
expression of Rankl and Opg in marrow-depleted femora to
examine the changes in osteoclastogenic factors in the bone
microenvironment at week 8, when serum RANKL levels were
highest. This showed significantly higher Rankl expression
in OPG:Fc-treated bones, while Opg expression remained
equivalent to control, leading to a significant shift in
the Rankl:Opg expression, favoring osteoclastogenesis
(Figure 5D).

Discussion

RANKL inhibition with denosumab has revolutionized the
treatment of osteoporosis. However, the overshoot of bone
resorption and rapid loss in BMD following its discontin-
uation presents an important clinical challenge in the long-
term management of osteoporosis. This phenomenon remains
incompletely understood. Combined with a lack of robust
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randomized control studies to define optimal management
approaches, this has led to uncertainty around how to manage
patients who have ceased or plan to cease denosumab therapy.

Animal models facilitate the direct examination of longi-
tudinal changes in bone structure, bone cell activity, and local
and serum markers of osteoclast activity during rebound bone
loss following treatment withdrawal.

OPG:Fc treatment in mice models denosumab
treatment and discontinuation

We used OPG:Fc to inhibit RANKL and model denosumab
treatment and discontinuation. This approach models
observations seen following denosumab discontinuation in
clinical practice where gains in BMD on treatment are lost
within 12 mo of discontinuation and a large overshoot in
bone turnover markers PINP and CTX are detected.>>!”
Importantly, we showed a similar pattern of response in
hindlimb BMD, trabecular architecture, and serum TRAP
in mice treated with OPG:Fc and murine anti-RANKL,
confirming the relevance of OPG:Fc when modelling this
scenario.

Longer duration of treatment with denosumab has been
identified as a risk factor for increased bone loss and frac-
tures.'® Our results align with this, with longer duration of
RANKL inhibition with OPG:Fc leading to greater gains in
hindlimb BMD and greater rates of BMD loss once treatment
was discontinued: 24% (long) versus 12% (short) over 4 wk.
Our model also showed a more sustained overshoot in bone
resorption as measured by serum TRAP.

Patients discontinuing denosumab are at increased risk
of fractures. Evaluation of iliac crest bone biopsy follow-
ing discontinuation of denosumab showed a return to bone
remodeling parameters similar to those observed in untreated
postmenopausal women with osteoporosis.' This was also
observed in our study where femoral microCT parameters
were equivalent between mice treated with OPG:Fc, murine
anti-RANKL antibody, or saline at week 17 (Figure 1D).
However, analysis of femora harvested while rebound bone
loss was occurring showed a relative deterioration of BMD
and trabecular bone microarchitecture (week 13), and a deficit
in cortical thickness with widening of the cortical structure at
weeks 11 and 13 (Figures 4C and S3).

Overshoot in serum TRAP occurs before a rise in
serum P1NP and CTX during the rebound
phenomenon
Bone turnover markers are used to predict fracture risk and
monitor treatment response in the management of patients
with osteoporosis. In 2010, the International Osteoporo-
sis Foundation and International Federation of Clinical
Chemistry and Laboratory Medicine recommended the use
of the bone formation marker (P1NP) and bone resorption
marker (CTX) as reference markers measured by standardized
assays, and the use of these markers has guided clinical
practice and trials since.2? In the setting of denosumab
discontinuation, overshoot above control levels is seen in both
PINP and CTX,'* and a rise in CTX has been used to guide
sequential therapy in randomized studies examining the use
of zoledronate following denosumab to prevent bone loss.*
We demonstrated that serum TRAP, a marker of osteo-
clast enzymatic activity, rises prior to these bone turnover
markers used in clinical practice. During bone resorption,

G20z aunf z| uo 1sanb Aq 96¥009./48Y/¥/6€/2101HE/ WAl WOo0"dno-olwapese//:sdny Wwoly papeojumoq


https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae023#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae023#supplementary-data
https://academic.oup.com/jbmr/article-lookup/doi/10.1093/jbmr/zjae023#supplementary-data

494

type 1 collagen is digested by enzymes, and the degradation
products of type 1 collagen (such as CTX) is released into
circulation once bone resorption and breakdown of bone
have already occurred. In our study, CTX and PINP were
only higher than vehicle levels once BMD loss had already
occurred, and this may explain why studies intervening at
a time of CTX rise failed to prevent BMD loss follow-
ing denosumab discontinuation*3+” as the intervention was
too late.

In comparison, TRAP is an enzyme produced by the
osteoclast during osteoclast differentiation and bone resorp-
tion?122 and is detectable earlier during osteoclastogenesis
as well as during the process of bone resorption. This
phenomenon was also seen in hRANKL mice receiving
denosumab, where serum TRAP was suppressed below vehicle
levels during treatment, then rose to vehicle levels before a
significant overshoot in serum CTX was detected.?

TRAP is a useful marker to monitor response to antiresorp-
tive treatment including denosumab, decreasing with treat-
ment and correlating to changes in BMD and serum CTX.24-2¢
TRAP is also unaffected by food intake, whereas CTX and
PINP levels decrease after feeding, reducing diagnostic accu-
racy, and must be measured on a fasting sample.”” Therefore,
a rise in serum TRAP from on-treatment levels may provide
a more useful marker in the setting of denosumab discontin-
uation. Clinical investigations are required to determine the
potential utility of this finding to inform timing of earlier
intervention with sequential osteoclast-directed therapy in
patients.

Elevated serum RANKL precedes an overshot in
serum TRAP and BMD loss following withdrawal of
RANKL inhibition

Following confirmation that a rapid formation of osteoclasts
was driving the bone loss in our model, we aimed to define
what was driving this response. Serum levels of RANKL were
elevated 17-fold in mice following treatment with OPG:Fc
and were significantly elevated before a rise in osteoclast
number, serum TRAP, and BMD loss were detected. Our
data align with cross-sectional clinical analyses of serum
RANKL and TRAP at 6, 9, and 12 mo following the last dose
of denosumab.?® In this clinical study, higher RANKL was
observed 6 mo following the last denosumab dose, compared
to levels measured at 9- and 12-mo, whereas serum TRAP was
highest in the 9- and 12-mo groups,”® though the temporal
relationship to changes in BMD was not examined.

This supports our observation that following withdrawal
of RANKL inhibition with OPG:Fc, there is a rise in serum
RANKL, which leads to a rise in serum TRAP and rebound
bone resorption, releasing CTX into the circulation at the time
of clinically detectable BMD loss.

However, this finding was not observed in another clini-
cal study by Fassio and colleagues,”® who measured serum
RANKL longitudinally following denosumab discontinuation
and found a progressive increase in RANKL, which only
reached statistical significance at 12 mo following denosumab
discontinuation. Why a difference in the timing of elevated
RANKUL exists between these clinical studies is unclear. Selling
and colleagues hypothesized that this difference may be due to
the difference in the number and mean age of participants and
the RANKL assay utilized.2® TRAP was not measured in the
study by Fassio and colleagues so the temporal relationship
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between RANKL and TRAP following denosumab discontin-
uation could not be examined in this study.

Notably, in our study, serum RANKL had returned to
control levels by the end of our study once bone loss had
completed and BMD also returned to control levels. Serial
measurements of serum RANKL could be considered in future
clinical studies examining denosumab discontinuation to fur-
ther elucidate the pattern of change in osteoclastogenic fac-
tors. Nevertheless, our pre-clinical study provides a clear tem-
poral pattern of accelerated osteoclast formation and activity
in the lead up to BMD loss and elevated fracture risk.

Changes in Rankl expression promote osteoclast
formation during rebound

Osteoclast precursors have been observed to accumulate
during denosumab treatment and suggested to play a role
in the rapid formation of osteoclasts following withdrawal.>’
Our previous work using OPG:Fc showed osteoclasts under-
going fission to form daughter cells termed “osteomorphs,”
which accumulated during OPG:Fc treatment.'” These
RANK-positive cells were then capable of undergoing re-
fusion to form mature osteoclasts following withdrawal of
RANKL inhibition in a process called “osteoclast recycling.”
The increase in RANKL following withdrawal of RANKL
inhibition with OPG:Fc could therefore stimulate this
pool of accumulated RANK-positive osteoclast precursors
and osteomorphs to undergo differentiation, fusion, and
activation to form a large number of osteoclasts and undergo
bone resorption en masse.’? This is also supported by our
previous work, where isolated bone marrow cells from
OPG:Fc-treated mice were cultured in vitro with RANKL
and M-CSE. The same number of bone marrow cells from
OPG:Fc-treated mice produced more osteoclasts than cells
from vehicle mice, and these cells were capable of forming
resorption pits on dentine slices.'”

To examine this mechanism further in our model and
overcome limitations of not being able to assess protein
levels of OPG, we examined local production of RANKL
via quantification of RANKL and OPG mRNA. Indeed, a
significant shift in the Rankl:Opg gene expression ratio in the
marrow depleted bone prior to increased osteoclast formation
and activity and BMD loss was demonstrated. A significant
increase in Rankl expression was also observed in hRANKL
mice receiving denosumab for 2 wk, though there was also
a significant reduction in Opg expression, which was not
observed in our study. Nevertheless, our local mRNA expres-
sion data indeed confirm out finding of elevated circulating
sRANKL, providing an additional mechanism for the rapid
formation of osteoclasts in our model.

In contrast to our previous findings, an increase in osteo-
clast progenitors, as determined by primary bone marrow
cultures, was not detected in a study of hRANKL mice treated
with denosumab.?? Single cell RNA sequencing of bone mar-
row harvested 2 wk following cessation of denosumab treat-
ment in hRANKL mice revealed no change in myeloid lin-
eage cells with denosumab. However, a trend toward more
cells expressing osteomorph markers (such as Acp$, Axl,
and Cadm1) was noted. The lack in significant increases in
precursors and osteomorphs in this hRANKL mouse study
may be due to technical isolation challenges, the timing of
analysis post denosumab treatment, or may be influenced by
the modified mouse model utilized.
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A humanized RANKL mouse has been previously devel-
oped by Amgen, and denosumab was able to completely
inhibit the chimeric RANKL, thereby increasing BMD.3!
However, the baseline phenotype of this mouse was altered,
with significantly lower serum TRAP levels and decreased
osteoclast and osteoblast surfaces (despite equivalent trabec-
ular volume) compared to wildtype.3' Although this novel
hRANKL mouse demonstrated equivalent cortical thickness
and trabecular volume to wild-type mice, bone cell activity
and endogenous mouse RANKL/RANK/OPG signaling
were not examined, therefore it is unclear if this would
influence the differences observed in Rankl:Opg expression
and osteoclast precursor populations following denosumab
treatment.

Nevertheless, the conclusion that downregulation of OPG
production by osteoblast and osteocytes in response to deno-
sumab is sound and is supported by our observations showing
a reduction in osteoblast parameters and the suppression of
the osteoblast marker PINP following OPG:Fc treatment,
indicating decreased osteoblast number and activity in our
model. These are complementary to our finding that elevated
RANKL provides a local pro-osteoclastogenic environment

Key resources table
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prior to and during rebound bone loss. Additional studies
examining changes in OPG in the bone microenvironment and
osteocyte populations in our model using OPG:Fc¢ to inhibit
RANKL would be informative.

It is also important to note that other than bisphosphonates,
which display a sustained effect on bone turnover following
discontinuation, other bone-directed therapies also display a
pattern of rise in bone resorption and loss of BMD following
discontinuation. This has been observed following the discon-
tinuation of hormone replacement therapy with estrogen,>
selective estrogen receptor modulators,>® odanacatib,>* and
romosozumab.’* Although increases in fracture risk have
not been associated with these reductions in BMD during
off treatment periods, further pre-clinical studies employ-
ing a similar design to the present study and examining
changes to RANKL/OPG signaling and serum TRAP would
expand our understanding of this phenomenon across other
treatments.

Our data provide the first model of denosumab discontinu-
ation using OPG:Fc in mice with the aim to define the tempo-
ral cellular and molecular mechanisms driving the rebound

Reagent or resource Source Identifier
Antibodies

Anti-mouse RANKL antibody BioXcell Cat#: BE0191
Chemicals, peptides, and recombinant proteins

Ambion Nuclease-Free Water Thermo Fisher Scientific Cat#: AM9937
Chloroform Sigma-Aldrich Cat#: C2432
EDTA Sigma-Aldrich Cat#: E5134
Ethyl alcohol, Pure Sigma-Aldrich Cat#: E7023
Isopropanol (2-Propanol) Sigma-Aldrich Cat#: 19516
Osteoprotegerin:Fc Amgen Inc N/A
Paraformaldehyde Thermo Fisher Scientific Cat#: ACR416785000
PBS, pH 7.4 GIBCO/Thermo Fisher Scientific Cat#: 10010049
TriReagent RNA Isolation Reagent Sigma-Aldrich Cati#: T9424
Critical commercial assays

Mouse TRANCE/RANKL/TNFSF11 Quantikine ELISA Kit R&D Systems Cat#: MTROO

Serum RatLaps (CTX-I) EIA

Serum PINP ELISA -Mouse

Serum TRAP 5b ELISA — Mouse
Tagman Gene Expression Assay
TagMan Gene Expression MasterMix
Tetro cDNA Synthesis Kit

Experimental models: Organisms/strains
CS57BL/6]
CS57BL/KaLwRij

Software and algorithms
BioQuant Osteo Ver v21.5.60
CTAn

Drishti-2.4

Vision DXA
NRecon
Life Technologies QuantStudio 7 Real Time PCR System

Other
Polytron PT1200E Homogenizer

Abacus ALS Pty Ltd
Abacus ALS Pty Ltd
Abacus ALS Pty Ltd
Thermo Fisher Scientific
Thermo Fisher Scientific
Meridian Life Science Inc

Australian BioResources
Australian BioResources

Bioquant Life Science

Skyscan
36

Faxitron Bioptics/Hologic
Skyscan
Applied Biosystems

Kinematica AG

Cat#: IDSACO6F1
Cat#: IDSAC33F1
Cat#: IDSBTR103
Cat#: 4331182
Cat#: 4369016
Cat#: BIO-65043

ABR:000664
ABR: 3076

https://www.bioquant.com/ RRID:SCR_016423
https://www.bruker.com/
https://github.com/nci/drishti;
RRID:SCR_017999

https://www.faxitron.com/
https://www.bruker.com/
https://www.thermofisher.com/order/catalog/pro
duct/4485701#/4485701 RRID:SCR_020245

P/N: 9112017

G20z aunf z| uo 1sanb Aq 96¥009./48Y/¥/6€/2101HE/ WAl WOo0"dno-olwapese//:sdny Wwoly papeojumoq


https://www.bioquant.com/
https://www.bioquant.com/
https://www.bioquant.com/
https://www.bioquant.com/
https://www.bioquant.com/
https://www.bioquant.com/
https://www.bioquant.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://github.com/nci/drishti
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.faxitron.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.bruker.com/
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701
https://www.thermofisher.com/order/catalog/product/4485701#/4485701

496

phenomenon. Moreover, this is the first study to demon-
strate that longer treatment with OPG:Fc drives a greater
rebound stimulus of osteoclast activity and more rapid bone
loss. It would be important to determine whether lower
doses of OPG:Fc, which may be considered more physio-
logically relevant, would lead to similar outcomes; however,
we did demonstrate a similar pattern of temporal bone gain
and rebound loss with our OPG:Fc dosing protocol com-
pared directly to a murine anti-RANKL antibody. In addition,
we used intact growing mice in our studies. It would be
important to explore our model in aged or mice follow-
ing ovariectomy to truly mimic the post-menopausal bone
microenvironment.

Importantly we also showed the potential for serum TRAP
measures to be utilized to predict imminent BMD loss and
guide timing of sequential therapy following denosumab dis-
continuation. At the cellular and molecular level, we revealed
aberrant RANKL signaling and osteoclast formation in the
weeks following OPG:Fc withdrawal, providing evidence to
support our previous conclusion that osteoclast precursor
accumulation and osteoclast recycling drive the rebound phe-
nomenon following denosumab discontinuation.

Our studies were performed in growing and eugonadal
mice, which is a limitation in the clinical translation of these
findings as postmenopausal women represent the majority
of patients receiving denosumab. Whether these changes in
gene expression and osteoclast precursor and osteomorph
populations are also seen in humans receiving denosumab is
unclear and warrants further investigation.

Taken together, this study provides a novel framework for
the biological mechanisms underpinning the rebound phe-
nomenon and the potential use of alternative markers of bone
resorption (serum RANKL and TRAP) to guide sequential
therapy. Ultimately, this work will lead to an improved capac-
ity to track rebound response to denosumab withdrawal and
therefore our ability to initiate sequential therapy strategies
to prevent bone loss and fractures in patients following deno-
sumab discontinuation.
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Abstract

Denosumab is a highly effective treatment for osteoporosis, and its long-term use is associated
with incremental gains in bone mineral density (BMD) and sustained fracture risk reduction.
Stopping denosumab, however, results in rebound increase in bone turnover, loss of treatment-
associated BMD gains, and in the worst case, spontaneous vertebral fractures (VFs). Insights into
the risk factors and the underlying mechanisms for rebound-associated bone loss and true
incidence of rebound VFs are emerging. Conventional strategies using bisphosphonates to

mitigate post-denosumab rebound display mixed success. Bisphosphonates may preserve bone
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density following short-term denosumab but the optimal sequential approach after longer-term
denosumab remains elusive. Patients at particular risk of are those with prevalent VVFs or greater
on-treatment BMD gains. To greater understand these risks and strategies to preserve bone after
denosumab, an emerging body of translational and pre-clinical work is shedding new light on the
biology of RANKL inhibition and withdrawal. Discovering an effective ‘exit strategy’ to control
rebound bone turnover and avoid bone loss after denosumab will improve confidence amongst
patients and clinicians in this highly effective and otherwise safe treatment for osteoporosis. This
perspective characterizes the clinical problem of post-denosumab rebound, provides a
comprehensive update on human studies examining the use of bisphosphonates following
denosumab and explores mechanistic insights from pre-clinical studies that will be critical in the

design of definitive human trials.

Keywords: Denosumab; Discontinuation; Rebound;-Bone Turnover; Bone Mineral Density;

Bone Resorption; Fracture; Bisphosphonates; Osteoporosis; Sequential therapy

Lay Summary

Osteoporosis is common and results in reduced bone strength (low bone density) and increased
fracture risk. Denosumab is one of the most common osteoporosis medications proven to increase
bone density and reduce fracture risk. Denosumab reduces the number of cells which break down
bone-(oesteoclasts), however is only effective so long as treatment is continued. If denosumab is
stopped, its beneficial effects on bone health are rapidly reversed. This ‘rebound effect’” involves
a rapid increase in bone breakdown by osteoclasts, loss of all bone density improvement and

sometimes cause spine fractures.
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Several studies have explored whether switching to a bisphosphonate (another osteoporosis
treatment) could prevent this rebound. Although these strategies work well when denosumab has
been given for a short time, they are less effective after long-term denosumab use (> 3-years).
Exciting new experiments in the laboratory are improving our understanding of the biologyof
osteoclasts and denosumab rebound which should help in finding a way to safely stop‘denesumab
in the clinic. This would make doctors and patients more comfortable with. using this highly

effective treatment in the long-term.

In this article, we discuss the latest evidence regarding denostumab rebound and consider new

innovative ways to tackle this problem.

“Pride goes before the fall... [the higher you go, the harder you fall]”

- Proverbs 16:18, paraphrased

Introduction

Osteoporosis affects over 200 million people globally and is characterized by low bone mass,
deterioration in bone microarchitecture and increased risk of fragility fractures. Over the last 15
years, denosumab has become established in osteoporosis treatment algorithms worldwide.

Denosumab is a fully human monoclonal antibody which mimics endogenous actions of
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osteoprotegerin (OPG), neutralizes receptor activator of nuclear factor-kf ligand (RANKL), and
thereby inhibits RANKL-mediated osteoclast differentiation and proliferation®. Denosumab
rapidly and exquisitely suppresses bone turnover, an effect sustained with ongoing use.

In the original pivotal trial, three years of denosumab effectively increased bone mineral density
(BMD) by 9.2% at the lumbar spine (LS) and 6.0% at the total hip (TH) in postmenopausalavomen
with osteoporosis, with significant lowering of fracture risk (68% reduction for vertebral,-40% for
hip and 20% for non-vertebral fractures). BMD continued to increase and fracture risk reduction
was maintained up to 10 years of use®3. Denosumab has also shown robust efficacy in the ‘real-
world’ setting* and several clinical indications beyond postmenopausal esteoporosis (Table 1)>°.
Long-term denosumab is safe, with an estimated 281 and 40 clinical fractures prevented for every

case of atypical femur fracture (AFF) and osteonecrosis.of thejjaw (ONJ), respectively®1°,

The potent therapeutic effects of denosumab are reversible, relating to the transient activity of this
circulating monoclonal antibody on bene'remodelling compartments, and subsequent clearance by
the reticuloendothelial system and nonspecific endocytosis!!. Treatment discontinuation results in
loss of the RANKL inhibitery effect and an exaggerated overshoot in bone turnover; the so-called
rebound phenomenont?!3,YHazardous effects of rebound include rapid losses of treatment-

associated BMD gains and vertebral fractures (VFs)***°,

With=inereasing use of denosumab worldwide, clinicians are faced with challenging questions:
How and when can we safely stop denosumab? Can denosumab be used as a treat-to-target agent

which can then be safely maintained by a bisphosphonate? What is the safety of long-term use
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beyond 10 years? In which patients should stopping denosumab be reconsidered? What is the role,

if any, of osteoanabolic therapy in facilitating denosumab cessation?

To date, clinical studies have provided mixed answers to these critical questions, limited by the
observational nature of studies. This article seeks to extrapolate from current clinical studies and
draw on emerging pre-clinical insights into osteoclast biology to define the clinical equipeise and
forge much needed guidance in the field. In understanding the rebound phenomenon with greater
clarity, we could begin to surmise effective strategies to ‘safely control the rebeund’ in the post-

denosumab patient, improving the longevity of its clinical utility.

understanding the Post-denosumab Rebound Phenomenon

Despite its long-term safety and efficacy, denosumab.may be discontinued for a variety of reasons.
Patients achieving treatment targets or those with adverse events such as hypocalcaemia may be
advised to stop treatment®. Unintended treatment lapses are common?’ as are misconceptions on
the risk of rare side-effects. Conversely,bisphosphonates exhibit prolonged skeletal retention and
thus do not result in a similar rebound phenomenon following discontinuation. In fact, supervised
treatment breaks are-a,reasonable strategy to optimize the risk versus benefit profile with long-
term bisphosphonate use®.

The rebound phenomenon is most pronounced in the first year following denosumab
discontinuation, characterized by an exaggerated increase in bone turnover as evidenced by rising
serum cross-linked C-telopeptide of type I collagen (CTx) coupled with procollagen type 1 N-
propeptide (PINP) concentrations'®!°, However, this rebound bone turnover is not simply a

reversal of the antiresorptive effect. Rather, there is an early overshoot with serum CTx exceeding
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pre-treatment values at 3 months post-discontinuation and peaking at 6 months (~70% greater than
baseline), before returning to pre-treatment concentrations by 24 months'®*°, Patients typically
experience rapid loss of all treatment-associated BMD gains at the LS and TH by 12 months, after
which bone loss stabilizes and parallels that in untreated patients*>61%20 (Figure 1). Translational
studies are uncovering the dynamic cellular and molecular biology underpinning the withdrawal

of RANKL inhibition (see “Mechanistic Insights and Future Directions”).

Concerns that rapid bone loss may precipitate fractures were initially allayed by apost-hoc analysis
of FREEDOM where discontinuing denosumab did not increase fracture rates versus discontinuing
placebo?. However, early analyses were limited by the inclusion.of short-term denosumab users
only (<5 doses), brief median follow-up of 8 months and lack of morphometric VF assessment.
Several cases subsequently emerged of multiple spoentaneous clinical VVFs occurring on average 4-
5 months following denosumab cessation?22%, A further FREEDOM extension post-hoc analysis
including ~1000 women with morphometric vertebral data showed that although annualized VF
risk rebounded from 1.2% to 7.1% after ceasing denosumab, these rates did not exceed those in
controls stopping placebo. However, in those who sustained VFs, the proportion with multiple VVFs
was higher after discentinting denosumab (61% vs. 39%, p=0.049)*°.

Taken together; clinicaltrials and observational studies suggest an upper risk threshold of rebound
VFs of 10% in patients ceasing denosumab without subsequent bisphosphonate treatment?4-26,
Whether this phenomenon represents an overshoot in fracture risk or a rapid return to baseline risk
is worth considering. Do patients ceasing denosumab face a cumulatively greater fracture risk in
the critical post-treatment phase than they would have otherwise faced if they never received

treatment? The FREEDOM extension study, despite its limitations, suggests this may be the case
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for multiple VVFs but not necessarily for single VFs®®. A large real-world database also suggested

an increased, rebound risk for all fragility fractures after denosumab?®.

Another important question is why denosumab rebound appears to be more specifically associated
with VFs, despite substantial BMD losses occurring also at the hip? Rapid changes in remadelling
may exert differential effects across bone compartments in systemic conditions. (e.g.
immobilization, glucocorticoid or aromatase inhibitor therapy). This may be.no different for the
post-denosumab phase in which rebound bone turnover places the trabecular.compartment at
particular risk of microarchitectural deterioration and spontaneous fractures'®. Apart from the
relatively greater proportion of trabecular bone in vertebrae, spontaneous fractures occur here due
to biomechanical and gravitational forces placed on the vertebral column during everyday activity.
In the clinic, red flags for impending critical bonesloss in patients stopping denosumab are an

important consideration in stratifying the risk of life-altering VFs.

Rebound-associated Bone L:0ss and ' Vertebral Fractures: Risk factors and Red

Flags

A body of observational data posit a number of clinical risk factors for rebound-associated
complications/ These include prevalent history of VFs, longer denosumab treatment and greater

BMD gains during treatment.

The most robust indicator for rebound-associated VFs is a prevalent history of VFs sustained
before or during denosumab®®622, This unsurprising risk factor, demonstrated by the post-hoc
FREEDOM analysis, identifies a specific cohort of patients with critical background

microarchitectural degradation. The distribution and morphology of rebound-associated VVFs are
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similar to osteoporotic VFs, but multiple VVFs are over-represented during rebound, underlying the
heightened microarchitectural instability in the more severe form of this phenomenon???, VFs
post-denosumab occur in the setting of exaggerated osteoclastogenesis with greater bone
resorption and acute bone loss?’. Screening for prevalent VFs when considering denosumab
cessation would therefore be prudent.

Longer denosumab treatment, particularly beyond 5 years, is associated with greaternBMD.10ss,
not only at the lumbar spine?, but also at the hip?, as opposed to patients treated. for <2 years®®.
This may be explained by greater BMD gains with prolonged treatment and risk of greater absolute
bone loss over a similar post-treatment period?®3%3L, Rebound bone turnover may also be more
exaggerated after stopping longer-term denosumab, as indicated by higher CTx levels?303L,
Longer denosumab treatment >2-3 years also predicted.subsequent VFs in a post-hoc analysis of
FREEDOM and case series!*??. Following denesumab discontinuation, there is a cumulative
increased risk of multiple VFs with each year. offstreatment and with greater losses in total hip
BMD14’15.

Greater BMD gains on treatment was an important risk factor for significant post-denosumab
bone loss in post-hoc analyses of FREEDOM and other studies?®%3 which persisted after
adjusting for treatment duration?>%®, In a recent retrospective study, patients with persistent high
bone turnover fequiring sequential zoledronic acid post-denosumab cessation had greater on-
treatment/BMD ‘gains in LS and femoral neck (FN) despite similar duration of denosumab use?°.
These studies have not defined a threshold of BMD gain beyond which there is increased risk of
post-denosumab bone loss but emphasizes the principle that greater gains lead to greater falls.
Interestingly, in another study, despite having greater BMD gains, patients who experienced post-

denosumab bone loss still had significantly lower LS BMD values at the time of cessation
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compared to those who did not experience bone loss!. These patients also had lower LS BMD at
treatment initiation. Hence, it remains unclear whether greater on-treatment BMD gains is an
independent risk factor for rebound bone loss, or whether this relationship is mediated by longer
duration of treatment or regression to a more severely osteoporotic setpoint. Regardless, clinicians
should review pre-denosumab BMD results to ascertain on-treatment BMD gains to assist.in risk
stratification prior to considering or planning treatment withdrawal. Potential “theories
underpinning the relationship between greater BMD gains and subsequent BMD loss are explored
later (see “Mechanistic Insights and Future Directions).

Other baseline risk factors for BMD loss following denosumab cessation included younger
age?®3%3! lower baseline LS BMD?3!, higher baseline CTx!, Tower bodyweight or BMI*%3? and
lack of preceding osteoporosis treatment®°. Younger jperimenopausal females, including those
receiving aromatase inhibitors, may represent a higher risk cohort with higher baseline CTx and
more dynamic bone turnover?3. The presence of CKD'(eGFR <60 mL/min) and history of parental
hip fracture were both associated withdoubling of VF risk in separate studies®*?. Due to the
prolonged anti-osteoclastic action of ) bisphosphonates, exposure prior to denosumab was
hypothesized to protect againstrebound-associated VFs. However, this was only supported by two
retrospective studies??4, but not in a large registry-based study?.

Table 2 summarizes risk factors for VFs and/or BMD loss and may help clinicians in formulating
an individualized risk assessment in patients considering denosumab withdrawal. The main
limitation-is that these risk factors are derived from retrospective data rather than prospective,

controled studies.

Strateqgies to Mitigate Rebound after Denosumab Cessation
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In patients ceasing denosumab without subsequent bisphosphonate therapy, BMD rapidly reverts
back to baseline'®%20 with an elevation in VF risk®>®, Thus, sequential treatment regimens
following denosumab have been examined for their efficacy in attenuating the rebound
phenomenon and its clinical consequences. Duration of denosumab is the single greatest factor
that influences the efficacy of these strategies. Most studies have focused on stopping shart-term
denosumab (<2.5-3.0 years). Higher risk patients ceasing medium-to-long term denosumab.(>2.5-
3.0 years) represent a particularly challenging group in whom standard-approaches using

bisphosphonates offer mixed success.

Mitigating denosumab rebound after short-term use

Various studies have examined strategies to address cessation of short-term denosumab (<2.5
years). The majority are retrospective in nature and,lack adequate control groups (Table 3). A
single infusion of zoledronic acid was effective invthree prospective studies and in several small
retrospective studies to maintain or preserve majority of BMD gains at the spine and hip after
short-term denosumab®>3+4°, The durability of this approach was also demonstrated in a 5-year
extension of an open-label praspective study (AfterDmab) in which approximately half of the
patients had maintenance of BMD following a single dose of zoledronic acid after a 2.5 year
denosumab course®** JIf repeat zoledronic acid treatment was required, this was typically at the
3-year mark post denosumab cessation. Hip BMD and majority of spine BMD were also
maintained 27-months after a single zoledronic acid infusion in another prospective study
following 12-months denosumab (overlapped with 9-months teriparatide)*°.

Alendronate also appears to be an effective alternative to maintain BMD after short-term

denosumab. Two RCTs provided reassurance that after one-year denosumab, short-term
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alendronate maintained BMD gains and suppressed bone turnover. However, inter-individual
variability was significant*>#3. BMD maintenance after ceasing alendronate was demonstrated in
a small extension study, however patients were excluded if they had significant BMD loss during
alendronate®.

Although direct comparisons between bisphosphonate strategies are sparse, one real-world study
found similar efficacy of alendronate (n=34) and zoledronic acid (n=32) in preserving BMD.gains
following an average 2.5-3.0 years of denosumab, whilst risedronate (n=22)-was relatively less
effective with loss of half BMD gains®’. This is consistent with a small case series of subjects
exiting the FRAME trial (n=5) in which a similar proportion of BMD gains were lost after
transitioning from denosumab (2 years) to risedronate (1-2 years)*. Another small study found
that risedronate had no effect on the initial early phase of rebound-associated bone loss*.
Raloxifene, a selective oestrogen receptor modulator,(SERM), has also demonstrated suboptimal
efficacy in this context. In one prospective study, raloxifene resulted in ~50% loss of BMD gains
at the spine and total hip despite only, 1 year of denosumab, while femoral neck BMD was
maintained*®. Two observational studies of raloxifene use post-denosumab demonstrated BMD
losses at all sites*”“8, One real<world study reported the development of clinical VFs (~20%) in

patients on raloxifene-afterdiscontinuing short-term denosumab®,

Therefore, oral alendronate and intravenous zoledronic acid appear to be the more effective
treatment approaches following a short course of denosumab. However, direct comparisons are
not ‘possible with existing data; a high degree of inter-individual variability exists and there
remains uncertainty around long-term retention of effect after a single treatment course. Greater

detail on these studies and others can be found in Table 3.
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Mitigating denosumab rebound after medium-to-long term use

Longer-term treatment with denosumab poses the risk of more significant rebound with greater
absolute bone loss during the critical withdrawal phase. Mitigating rebound after longer
denosumab use thus poses unique challenges and requires greater focus in prospective clinical

studies (Table 4).

The body of evidence suggests that a single dose of intravenous zoledronic.acid after medium-
term denosumab use preserves only up to half of BMD gains. A multicenter prospective cohort
study (n=47) followed women for 1 year after a single zoledranic.acid dose after stopping <3 or
>3 years denosumab. Duration of denosumab strongly.influenced efficacy of zoledronic acid in
preserving BMD. Spine BMD was maintained aftersshort-term denosumab but declined by ~7%
in those with longer exposure®®. Greater BMD loss'after >3 years denosumab despite a single dose
of sequential zoledronic acid was also.demonstrated in a sub-hoc analysis of an RCT32. In the only
RCT assessing its use after longer-term denosumab (ZOLARMAB, n=61), zoledronic acid
commenced at various timepoints after stopping ~5 years denosumab resulted in ~3-4% BMD
decline from the end.of denesumab treatment at multiple skeletal sites?®. However, data on baseline
BMD prior to denosumab initiation were not available, and thus the proportion of treatment-related
BMD gains preserved with zoledronic acid could not be quantified. An extension study
demonstrated that bone loss was stable in the second year post-denosumab withdrawal,
highlighting the importance of close follow-up during the first year®°.

Retrospective studies also suggest limited BMD preservation with a single dose of zoledronic acid

after longer denosumab exposure >2.5-3.0 years®>®%%2. In contrast, one retrospective study
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reported BMD maintenance in patients receiving either alendronate or zoledronic acid after >2.5
years denosumab (mean 4 years)®’. Importantly, these patients had achieved osteopenia at the time
of the denosumab-to-bisphosphonate sequence, raising the potential success of a treat-to-target
strategy. Two other observational studies reported partial BMD preservation with zoledronic acid
after medium-term denosumab. However, there are various limitations of these data including
small sample sizes, heterogeneity in treatment schedules, and combined reporting of‘eral and
intravenous bisphosphonates'®,

Independent of effects on BMD, another study (n=120) demonstrated the efficacy of
bisphosphonates, either alendronate or zoledronic acid, in almost quartering the incidence of post-
denosumab VFs from 21.1% in those without follow-on treatment t0'5.5%33. VF incidence was
independently associated with lack of subsequent bisphosphonates but not with duration of prior

denosumab use or prevalent VVFs.

The question of optimal sequence -after longer-term denosumab (>5 years) is yet more
challenging®®®3. Six women followed up after completing FREEDOM extension had one dose of
zoledronic acid after 7 years denosumab and lost half of LS BMD gains and all of TH BMD gains
within the next 2 years®. Ayreal-world study (n=282) provides a hint in suggesting repeat doses of
zoledronic acid” inyshort succession may be required to achieve a similar degree of BMD
preservation in patients on longer-term denosumab (mean 7.5 years) compared to those on short-

to-medium term use®?.

To summarize, bisphosphonates may prevent VFs in patients ceasing denosumab after medium

and long-term use, although BMD invariably declines with the various bisphosphonate strategies
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and at best, there is partial retention of BMD effect with repeated infusions of zoledronic acid.
Complete preservation of BMD in this group is not a consistent finding and patients seeking to
stop denosumab after medium to long-term use should expect a degree of bone loss. Further detail
on these studies can be found in Table 4. Strategies to preserve BMD after >8 years of denosumab
have not been examined by any study at this stage, and this evidence-free zone creates uncertainty,
particularly as denosumab safety data do not exceed 10 years. A greater understanding.of the
pharmacobiology of RANKL inhibition and novel strategies to address this are urgently needed

for this growing group of patients.

Mechanistic Insights and Future Directions

The latest understanding of cellular biology of denosumabtreatment and withdrawal are discussed
in the following section. We have also outlined.pathways where current and future treatments aim

to target rebound bone turnover (Figures 2:and 3) which are discussed further in this section.

Long-term denosumab and osteoclast precursors

It remains uncertain whyAonger denosumab exposure leads to greater difficulty in abating rebound.
Pre-clinical studiesthave recapitulated the rebound phenomenon in normal and ovariectomized
mice, a model of post-menopausal osteoporosis'?>>**° and raised several hypotheses for this
clinical observation. Prolonged RANKL inhibition may induce a pool of osteoclast precursors,
which, after treatment withdrawal, are primed to undergo rapid differentiation and fusion into
active osteoclasts'?°®>" (Figure 2B-C). In contrast, decreases or no changes are observed with

bisphosphonate treatment in osteoclast precursor populations®” 8, An accumulation of TRAP+
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mononuclear cells within the bone marrow may also occur in response to denosumab, another

potential source of rapid osteoclast differentiation following treatment withdrawal®®.

Intravital imaging in mice demonstrated novel evidence for osteoclast recycling, such that
osteoclasts appear to undergo fission into newly described ‘osteomorphs’ during prelonged
RANKL inhibition which can later re-fuse into active osteoclasts at treatment Withdrawal®®
(Figure 2C). However, the presence of osteomorphs in humans is yet to be validated andtwo small
clinical studies suggested rising osteoclast precursors may not be exclusive/to denosumab
treatment and that serum TRAP concentrations at the end of the dosing-interval were not higher

during prolonged versus shorter denosumab treatment®%:62,

Dysregulated RANKL/OPG signalling may also-be,implicated in the rebound phenomenon. A
humanized RANKL mouse model demonstratedyreduced osteocytic OPG expression during
prolonged denosumab, which the authors hypothesized was an indirect consequence of suppressed
bone turnover®. A model utilizing mouse anti-RANKL antibody showed an accumulation of
RANKL-bearing extracellular<vesicles with treatment, reflected by high circulating RANKL
levels, capable of triggering an ‘osteoclastic burst’ following the offset of treatment effect®’. In
humans, elevated serumRANKL concentrations have been reported six months post-denosumab®3.
In our murine model of rebound, tissue levels of RANKL rose at the end of the therapeutic effect
of OPG, reaching over 1000-fold higher than control mice just prior to the significant bone loss

that then characterized the withdrawal period®°.
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Longer denosumab exposure may thus lead to a greater pool of osteoclast precursors and
heightened tissue levels of RANKL which, following withdrawal, drives greater bone turnover
and more critical bone loss (Figure 2C). Understanding the chronobiology of these cellular and
molecular changes through further pre-clinical studies will lead to better informed, more timely

sequential approaches.

Links between on-treatment bone density gains and rebound bone loss

Several studies indicate greater BMD gains during denosumab predict greater.rebeund BMD loss.
Two studies suggest this relationship is not fully explained by a longer period of denosumab
exposure?®3°, Higher baseline bone turnover may be another confounder for this relationship, as
this may result in greater BMD response to treatment but alsowreversion to a more severe skeletal
phenotype after treatment cessation. However, studies exploring this hypothesis are sparse and
conflicting. Higher (pre-denosumab) baseline CTx“was shown to univariately correlate with
rebound bone loss in one study®!. However these patients had a more severe phenotype (younger,
lower baseline BMD) and so there were likely various unadjusted confounding factors. This same

relationship was not shown in‘another prospective study*°.

Rebound bone loss'is asstate of particularly high bone turnover and one study showed rapid BMD
gains when denosumab was recommenced in this setting, surpassing that seen during initial
denosumab treatment!3, Further studies are required to determine which factors, including baseline
bone turnover, may predict BMD response to denosumab and subsequent degree of bone loss after

discontinuation.
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In earlier studies, denosumab cessation without follow-on treatment resulted in BMD decline back
to baseline, potentially to a pre-existing bone mass ‘setpoint’. Of interest is the possible
involvement of a ‘mechanostat’ whereby osteocytes respond to local mechanical loads driving
BMD back to baseline levels®. As an adaptive response to load, osteocytes reduce sclerostin
release and increase OPG release to increase bone formation and suppress bone resorption®xin
the setting of denosumab treatment, RANKL levels are elevated in both humans and.mouse
models, and OPG levels are reduced in RANKL humanized mice treated with, denosumab or
C57bkl6 mice treated with OPG:Fc®26, In patients on denosumab, sclerostin.levels are increased
and DKkl levels decreased®’. These data suggest denosumab therapy. dysregulates mechano-
sensing pathways which typically regulate bone mass, leading to,a load-independent net increase
in bone mass. Upon withdrawal of RANKL it is therefore possible that mechanostat pathways
reinitiate a high level of bone turnover to return~bene mass back to baseline. To support this
concept we have shown that upon withdrawal of,RANKL inhibition in mice, RANKL levels
increase up to 15-fold prior to bone loss®®. Further pre-clinical studies are needed to determine
whether changes in OPG, Dkk1 and sclerostin occur during rebound bone loss to confirm their
contributions to this “mechanostat’ reset of bone mass. However, the mechanostat, in theory, is
not exclusive to post<denosumab bone loss and could be implicated in more gradual withdrawal
of BMD gains seen,after stopping any reversible osteoporosis treatment. Further, whether bone
targeted weight-bearing resistance exercise in addition to sequential therapy could curb rebound

bone loss following denosumab has not been studied and may warrant investigation.

‘Waves of bone resorption’ and timing bisphosphonate doses
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How soon should bisphosphonates be commenced to maintain BMD and minimise VF risk
following denosumab? Existing clinical evidence suggests this should not be delayed beyond 6
months. The ZOLARMAB study assessed the effect of zoledronic acid at three timepoints: 6
months, 9 months, or when CTx rose to 1.5x the upper reference limit for postmenopausal women
and elderly men?8. Similar BMD losses occurred regardless of timing, suggesting no benefitito
delaying zoledronic acid treatment beyond 6 months. Furthermore, clinical studies“indicate
rebound VFs may occur as early as 8-9 months after the last denosumab dese, particularly in

patients withdrawing from longer-term denosumab??24,

Our pre-clinical work and that of others demonstrate an early rise'in, RANKL and TRAP, preceding
changes in PINP and CTx, suggesting even earlier treatmentibefore 6 months may be necessary
(Figure 3)°%%2, Indeed, using our pre-clinical model of ‘denosumab discontinuation, we have
recently shown that earlier administration of zoledronic acid, prior to the offset of RANKL
inhibition, was able to prevent BMD_loss and’improved trabecular bone microarchitecture®. An
overlapping sequential approach between denosumab and bisphosphonates for higher-risk patients

may be warranted to prevent the early onset of microarchitectural deterioration?224,

Understanding differences in the mechanism of action of bisphosphonates versus denosumab is
critically important in defining optimal sequencing with these agents. Bisphosphonates primarily
target and.inhibit osteoclast function upon their engulfment from bone and, unlike denosumab,
have little to no impact on osteoclast formation (Figure 2D). Bisphosphonates therefore may not
be able to mitigate the rapid flow of osteoclast precursors into newly differentiated osteoclasts

(Figure 3). It is uncertain whether combining both agents, possibly in alternating doses, could
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provide an even more effective approach in extreme cases of rebound. Early evidence for such a
strategy is seen in a recent case report in which alternating denosumab and pamidronate in a child
with osteogenesis imperfecta type 4 controlled his severe withdrawal rebound phenomenon®®.
However, this approach is untested in adults with osteoporosis. In contrast, tapering of denosumab
without intervening bisphosphonates, failed to preserve BMD in a small group of subjects with

osteoporosis, but this approach also warrants further investigation (Figure 2D)".

The binding of a single dose of bisphosphonates is limited to the bone_surfaces.available at that
point in time. Hence the exacerbated osteoclast formation and activity which takes place during
denosumab withdrawal may rapidly expose new unbound surfaces for subsequent osteoclastic
resorption. Multiple and regular doses of zoledronic acid may therefore be required to control
‘waves of resorption’ after longer-term denosumab(kFigure 3). Indeed, in mice with the complete
absence of OPG (-/-) and hence an abundance of osteoclasts, zoledronic acid was less effective in
protecting bone mass than in mice with reduced OPG (+/-), suggesting that a single dose of
zoledronic acid is inadequate during unregulated osteoclast formation’. We recently showed that
multiple doses of zoledronatej specifically an ‘early dose’ prior to rise in serum bone turnover
markers and a repeat-dose during anticipated rebound BMD loss, was able to consolidate BMD
gains made during RANKL inhibition and prevent rebound overshoot in osteoclast-mediated bone
resorption®. Whether these effects are also observed in humans need validation through a clinical
trial._The lack of durability of a single dose in humans was highlighted in ZOLARMAB where
serum bone turnover increased towards the upper reference limit within 6 months post-zoledronic

acid infusion?®. Repeated infusions appeared to suppress this rising bone turnover although bone

20

G20z 8unr z| uo Jasn AsupAs Jo AusieAlun Aq 012908/ €0¥elz/awal/e60 L 0 |/10p/a[olE-80UBAPE/ILGI/LO0Y"dNODIWapEDE//:SA]Y WO, PaPEojuMOQ



density declined regardless, potentially suggesting sequential treatment may only be effective if

initiated at an optimal threshold of bone turnover (Figure 3).

In a recent retrospective study, two doses of zoledronic acid were administered in patients
following a mean of 4 years denosumab: the first dose at 6 months and second dose if bone tuarnover
markers increased 6 months later, as supported by current guidelines’. Intriguingly, the subgroup
of patients who had increased bone turnover at 6 months (CTx > mean reference-range) showed a
trend for greater BMD gains on treatment, and despite a second dose of zoledrenic acid, lost 5%
BMD at spine and alarmingly 10% of this group experienced VFs?°. Conversely, achieving CTx
below this threshold 6 months after an initial zoledronic acid dose was a reliable indicator for
subsequent BMD preservation. This strategy of administering a second dose of zoledronic acid
once CTx rises above the mid reference-range, as-advocated by current guidelines’2, may not be
effective in a higher risk subgroup. Thus, we advocate clear documentation of BMD gains on

treatment before considering denosumab,withdrawal for risk stratification (Figure 4).

Additional pre-clinical studiesi€xamining the impact of denosumab treatment duration, timing of
sequential bisphosphenates.or the utility of repeated bisphosphonate doses combined with tapered
denosumab withdrawalon rebound bone loss are important to define the optimal sequencing
approach/It is also'important to consider that factors involving other cells, and not just osteoclasts

on active remodelling surfaces, may also be at play.

Osteocytes, osteoblasts and osteoanabolic therapy
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Pre-clinical work supports a complex interplay of osteocyte and osteoblast dysregulation in the
rebound phenomenon. Importantly, osteocytes also express RANKL and its transgenic deletion in
these cells leads to significant osteopetrosis in rodents’®. In physiological states, osteocyte-derived
RANKL attracts osteoclasts to resorb micro-fractures and drive local bone repair. Hence, with
prolonged denosumab, micro-fractures may accumulate and the osteocyte mechano-sensory
apparatus may be compromised’. Local RANKL produced by both osteocytes and osteoblasts
may promote osteoclastogenesis to different extents during rebound and perhaps at’ distinctly
different timepoints, adding to the complexity of the pro-resorptive state following denosumab

withdrawal.

Depletion of osteoblasts at remodelling surfaces occurs. during prolonged periods of denosumab
treatment due to a loss of coupling signals from the-absence’of osteoclasts®*. As established sources
of OPG, the absence of osteoblasts, duringthe early stages of denosumab withdrawal, have also
been implicated in the rebound phenomenon” (Figure 2C). Mice treated with anti-RANKL
antibody displayed sustained deficits in osteoblast progenitors, suggesting that suppression of bone
formation following treatmentwithdrawal was due to both a loss of coupling signal and a decrease

in osteoblastic lineage.cells®’.

In humanized RANKL mice treated with denosumab, rising levels of RANKL and TRAP5b
preceded “an increase in OPG following denosumab withdrawal, indicating a greater initial
osteoclastic response (TRANKL/OPG ratio), with osteoblastogenesis lagging behind®

Furthermore, production of OPG by “young” osteocytes was also markedly reduced during the

early stages of denosumab withdrawal in these mice, implicating osteocytes in the rebound
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phenomenon also. In a clinical study of bone biopsies from patients treated with denosumab,
osteocyte viability was decreased during denosumab and this persisted during discontinuation’.
Together with the fact that osteocytes can signal adjacent osteocytes to produce RANKL, it is
likely osteocytes play a key role during denosumab withdrawal bone loss’®. Thus, uncoupling er
delayed coupling of osteoclast-osteoblast activity and altered osteocyte signalling in the rebound
milieu drives greater resorptive versus anabolic activity. Targeting this ‘uncoupling?, or-altered
osteocyte and osteoblast signalling may provide novel approaches to managing denosumab

withdrawal (Figure 2D).

Could a course of osteoanabolic therapy be an answer? Clinical.studies have examined this and
highlight once again the difficulty of sequencing from denosumab to any other agent. These studies
predominantly investigated transitioning from--denosumab to osteoanabolic treatments to
maximise BMD gains during long-term denosumab,rather than to facilitate denosumab cessation.
However, insights can still be derived.from these treatment sequences involving denosumab.
Switching to teriparatide results in'exaggerated bone turnover and early rapid bone loss particularly
at the hip’’. This may relatexto heightened local RANKL, driven both by PTH activity and
denosumab withdrawal, with preferentially deleterious impacts on cortical bone’. Indeed, the
increase in bone ‘turnever in patients ceasing denosumab is exacerbated by teriparatide’’.
Conversely, transitioning from at least one year of denosumab to romosozumab has resulted in
madest BMD gains at the spine (~5%) and maintenance at the hip in several clinical studies (n=163
total patients), despite rising bone turnover during this sequence’®®2. However, individual patient
responses were highly variable in these studies with the potential for bone loss in patients

sequencing directly from long-term denosumab to romosozumab. Given bisphosphonates have
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been shown to maintain BMD gains after romosozumab, a denosumab-to-romosozumab-to-
bisphosphonate sequence may have a role in mitigating rebound bone loss, although has not
specifically been studied. Further, romosozumab is clinically indicated in patients with more
severe osteoporosis who may not be suitable for planned denosumab cessation. Early clinical
evidence suggests overlapping, combined treatment approaches involving denosumab and
romosozumab may be more effective than directly sequencing from denosumab® 24 In our.work
using an overlapping approach, romosozumab was able to overcome the suppressive effect of
denosumab on osteoblast function, as indicated by P1NP levels, however the inevitable increase
in CTx following denosumab withdrawal was not controlled by romosozumab®. These strategies

require further investigation in prospective controlled studies.

Inflammation, catabolism and the acute-phase-reaction

Amongst currently available osteoporosis-treatments, denosumab is unique in its ability to
progressively increase BMD out to the, maximal studied duration of 10 years, with sustained
fracture risk reduction. Bisphosphonates reach a plateau in the BMD response and osteoanabolic
agents, particularly PTH analogues, have demonstrated an ‘anabolic window’ beyond which
further gains are limited. The biological basis of the steady rise in BMD with continued denosumab
use may hold important-clues for the inevitable bone loss in the rebound, post-denosumab phase.
To echo the famous words of Proverbs ‘pride goeth before a fall’ and, as shown in this perspective
piece, an important precursor for eventful rebound bone loss is a greater BMD response achieved
with, denosumab. Specific effects on alterations in bone mineralization and biological changes at

the cellular level of osteoclast response and activation could hold the keys®®.
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Osteoclasts do not live in isolation. They are an active cellular species, with dynamic, chronologic
changes and as discussed, may separate into smaller cell types (osteomorphs) to later drive further
bone resorption in regions separated in time and space. They are members of the
monocyte/macrophage lineage and inflammatory and immune-mediated components of the post-
denosumab rebound may also play an important but as yet undetermined role. Indeed, increased
common lymphoid and myeloid progenitors cells as well as higher interleukin-6 and granulocyte
colony stimulating factor have been observed in mice treated with anti-RANKL antibody®’.
Interestingly, two studies reported high rates of acute phase reaction following.a doese of zoledronic
acid in the post-denosumab setting, raising intriguing questions about the role of T-cell dynamics,
cytokine release and a potential pro-inflammatory state in patients withdrawing from denosumab

with potential flow-on effects to bone?®34,

Systemic disorders which drive inflammatory. and,catabolic pathways may further heighten the
rebound phase. A recent case report“published in this journal highlighted newly diagnosed
thyrotoxicosis as an exacerbating factor of a severe post-denosumab rebound in a 47-year-old
female®. This report cautioned clinicians to exclude secondary cases of bone loss in patients
withdrawing from dengsumab. On a basic level, the potential role of nuclear receptors, such as the
thyroid hormone reeeptor, and other pathways in their modulation of osteoclast activity following

denosumab withdrawal was raised.

Conclusions

Denosumab is a highly effective antiresorptive treatment. However, clinicians need to be aware of

its Achilles heel; that its withdrawal results in rapid onset of rebound characterized not just by
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reversal of treatment effect, but an overshoot in bone turnover, rapid loss of treatment-related BMD
gains and increase in VF risk. Strategies such as a single zoledronic acid infusion or short-term
alendronate reduce rebound bone loss and potentially VF risk after stopping short-term denosumab
(2.5 years). However, effective approaches to address rebound bone loss after longer-term
denosumab remain elusive and repeat doses as suggested by recent guidelines may not.prevent
VFs in high-risk groups®. In Figure 4, we summarize key decision points when considering
denosumab withdrawal based on the emerging evidence-base, depicted as a traffic light system;
proceed (green), exert caution (amber) and stop and reconsider before ceasing-denosumab (red)

due to the potential risk of serious harm.

Much remains unclear and existing data are limited, largely observational and intrinsically
challenged by ethical concerns of designing ‘safe-control groups’ in patients ceasing denosumab
with non-maleficence in mind. Taking this question to the lab and seeking greater insights in
osteoclast biology, including withdrawal effects of RANKL inhibition, the chronology of
osteoclastogenic markers characterizing the early, potentially modifiable phase of rebound, are
shaping future efforts in the clinic./These translational studies are posing critical new questions:
could other serum markers, such as TRAP5b or RANKL, better inform optimal timing of
sequential therapy?'Should we be intervening with bisphosphonates earlier than 6-months after the
last denosumab dose with the aim to prevent rebound in its earliest stage? Are bisphosphonates
alone_the . answer or is there a role for gradual denosumab dose tapering or overlapping

osteoanabolic treatment?
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Ultimately, discovering an effective ‘exit strategy’ to prevent rebound bone turnover, bone loss
and spontaneous VFs after prolonged denosumab is essential in improving confidence amongst

patients and clinicians in this highly effective and otherwise safe treatment for osteoporosis.
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Figure Legends
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Figure 1: Changes in bone mineral density (BMD), c-terminal telopeptide of type 1 collagen

(CTx) and vertebral fracture’(VE).risk at baseline, during and post denosumab cessation

CTx falls rapidly with initiation of denosumab treatment and remains suppressed for the duration
of treatment. Upon denosumab cessation (defined as 6-months after the last denosumab dose) there
is a rapid.rebound and overshoot in CTx before slowly returning to baseline levels. BMD rises
gradually during denosumab treatment. After cessation and along with the rebound in CTx, there
is a rapid decline in BMD back towards baseline levels, earlier than the return of CTx to baseline.
Fracture risk, including VF risk, falls with ongoing denosumab treatment. In the setting of

exaggerated bone turnover and declining BMD, there is a rapid increase in VF risk, particularly
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multiple VFs, with a return towards baseline risk. Graphical concepts adapted from Bone et al.,

2011 and Miller et al., 2008.
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Figure 2: Changes in bone homeostasis during denosumab treatment and discontinuation

and targets for sequential therapy
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A) Bone homeostasis is maintained by interaction between bone formation by osteoblasts and
bone resorption by osteoclasts which is regulated by RANKL/RANK/OPG signalling.
Osteoclasts may undergo ‘recycling’ where, under RANKL stimulation, osteoclasts
undergo fission to form osteomorphs which can circulate and fuse to re-form osteoclasts:

B) Denosumab inhibits RANKL/RANK binding, preventing osteoclast differentiation, and
promoting accumulation of osteoclast precursors. Osteoclasts may undergo fission-to.form
osteomorphs but fusion is also inhibited by denosumab, leading to an accumulation of
osteomorphs.

C) Upon denosumab discontinuation and offset of RANKL inhibition, increased RANKL
signalling promote differentiation and activation of aceumulated osteoclast precursors.
Accumulated osteomorphs may also fuse to form.active.osteoclasts. Bone turnover resumes
and osteoblastic bone formation and OPG=secretion also restarts but delayed relative to
osteoclastogenesis and bone resorption, leading to net bone loss.

D) Targets for sequential therapy“following denosumab discontinuation: bisphosphonates
primarily target and inhibit active osteoclasts resorbing bone without impacting osteoclast
differentiation and activation. Romosozumab inhibits sclerostin signalling, promoting
osteoblast formation and resultant OPG production and bone gains, as well as inhibiting
osteoclast formation. Rescue therapy with denosumab reverses the pathophysiology of the
rebound phenomenon, targeting RANKL/RANK binding, inhibiting osteoclast formation

as'well as potentially inhibiting re-fusion of accumulated osteomorphs.

RANKL; receptor activator of nuclear factor kappa beta ligand, RANK; receptor activator of
nuclear factor kappa beta, OPG; osteoprotegerin, TRAP; tartrate resistant acid phosphatase.

Created with BioRender.com.
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A. Standard 'On Time' Intervention and Repeat Dosing
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Figure 3: Mechanistic representation of effects of sequential bisphosphonates on targeting

rebound bone loss based an concepts extrapolated from preclinical studies

A) Standard ‘On Time*Intervention and Repeat Dosing
I.  As.the effect of denosumab wanes before the next dose, accumulated osteoclast
precursors and osteomorphs form osteoclasts and bone resorption resumes. Serum
RANKL and TRAP may become elevated above on-treatment suppressed levels. CTX,
however, would likely remain suppressed at this time
ii.  Six-months following the last denosumab dose, bone loss is occurring. Rising TRAP

and CTX levels may be seen at this time due to increased bone resorption. ‘On Time’
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Sequential bisphosphonate (sBP) at this time targets bone resorbing osteoclasts.
Standard timing of BPs may mitigate some bone loss, however osteoclasts are more
abundant at this stage compared to an earlier intervention window.

iii.  Rebound bone loss continues as accumulated osteoclast precursors and osteomorphs
not targeted by the initial bisphosphonate doses are purported to continue to form
osteoclasts. Repeat doses of bisphosphonates (rBP) may be required at this-time to
target these newly formed osteoclasts. Serum TRAP and CTX Jevels may remain
elevated as increased osteoclastic bone resorption continues, or returnie baseline levels
if resorption is suppressed with repeated BP dosing.

B) ‘Early’ Intervention and Repeat Dosing
i.  Early bisphosphonate administration (eBP) within'6.months post last denosumab dose
may inhibit bone resorption by the initialwave of osteoclasts differentiating from the
accumulated pool of precursors.
ii.  Osteoclasts continue to formiand repeat bisphosphonate doses (rBP) may be needed to

target these newly formed osteoclasts.

OC,; osteoclasts, RANK; receptor activator of nuclear factor kappa beta, RANKL; receptor
activator of nuclearfactor kappa beta ligand, Dmab; denosumab, BP; bisphosphonates, TRAP;
tartrate resistant acid phosphatase, CTX; cross-linked C-telopeptide of type | collagen,. Created

with_ BioRender.com.
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Initiating Denosumab Treatment Monitoring
= : - L
Judicious patient selection N Assess benefit vs risk

Discuss rebound of ongoing therapy #
phenomenon
Treatment Continuation
* Reinforce adherence
Considering Discontinuation il be':em vs risk
Rebound risk factors SRR
T/L spine XR £
Reconsider Discontinuation
Prevalent VFs
>5yrs treatment
High fracture risk
Contraindication to BP
Large BMD gains on Dmab
Duration of therapy
Rescue with Re-initiation
New VFs during rebound
Consider if:
Loss of BMD gains
+ T-score <-2.5
Medium term Denosumab 4
Employ caution

ZOL and repeat BTM at 3-6 months following last Dmab
Monitor BMD 6-12 months following last Dmab
Repeat ZOL if 1 BMD or persistently TBTM

Consider ALN with close monitoring and ZOL if

A A
inadequate response Safe Discontinuation Achieved

Ongoing long term monitoring
Threshold for re-initiation of
_ -

Figure 4: Clinical Considerations for Denostumab Initiation, Discontinuation and Re-

initiation

*Prior to initiating denosumab therapy, consider fracture risk and appropriateness for long-term
antiresorptive therapy. Stoppingdenosumab and transitioning to other osteoporosis medications
may be more appropriate in'cases where long-term antiresorptive therapy is unlikely to be
required.

T/L spine XR: thoracolumbar spine X-ray, VF; vertebral fracture, BP; bisphosphonates, ZOL;
zoledronate, BTM; bone turnover markers, Dmab; denosumab, BMD; bone mineral density,

ALN; alendronate. Created with BioRender.com.
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Tables

Table 1: Trial evidence for denosumab efficacy across various clinical indications

Patient population

Trial — participant characteristics

Efficacy

Postmenopausal osteoporosis 2

N= 7,868

Duration: 3 years

BMD gain (vs. placebo)

e@queape/iwff/wod dno-olwepeoe/:sdpy wol pepeojumoq

Lumbar spine 9.2% (959
Inclusion: Postmenopausal women I 8.2-10.1%
between 60-90 years . =
y Total hip 6.0% (95%
BMD T- bet -2.5 and -4.0 Ef
score between an cl 5.2-6.7)%
SD : _ %
Fracture risk reduction 3
(vs. placebo) §
Vertebral 68%  (95%
Cl: 59-74) <
g
Hip 40%  (95%
Cl: 3-63)
Non-vertebral 20% (95%6
Cl:5-33) &
Male osteoporosis ’ N= 242 BMD gain (vs. placebo)
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Duration: 1 year Lumbar spine 4.8% (95%
Inclusion: Men between 30-85 years Cl: 4.0-5.6)
BMD T-score between -2.0 and -3.5 | Total hip 2.1%" o
SD, or T-score between -1.0 and -3.5 | Femoral neck 2.1%" ;;
SD with osteoporotic fracture §
Osteoporosis setting of | N= 3,750 BMD gain (vs. baseline) i
chronic kidney disease ° Duration: 7-10 years Lumbar spine 14.9-23.7%’%
Inclusion:  Postmenopausal women | Total hip 6.2-9.8%*

between 60-90 years with Stage 2 or 3

Fracture risk reduction at

CKD years (vs. placebo)

BMD T-score between -2.5 and -4.0 | VVertebral 82-100%%

SD Non-vertebral | 10-25%%
Glucocorticoid-induced N= 795 BMD gain (vs. risedronate)

osteoporosis °

Duration: 2 years

Inclusion: Patients >18 years receiving
>7.5mg prednisolone or equivalent
daily

Patients > 50 years included if BMD T-
score < -2.0 SD, or < -1.0 SD with
history of osteoporotic fracture
Patients <50 years included if history of

osteoporotic fracture

Lumbar spine

3.2-4.5%
(95% CI: 2.

5.8)"

Total hip

2.5-3.1%
(95% CI: 1.

3.9)"

Femoral neck

1.8-2.5%

2o aunr g uo sasn Aeu;lsls o Auslianiun Agq OVQQOS/LSO elz/wgq /€601 °01y10p/a[0ie-80UBADE/ I /woo°dno-olw

(95% CI: 0.

()]

3.6)"
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Aromatase inhibitor therapy-

N= 252

BMD gain (vs. placebo)

Men <70 years with BMD T-score < -

1.0 SD or history of osteoporotic

Fracture risk reduction at

years (vs. placebo)

induced bone loss © Duration: 2 years Lumbar spine 7.6%"
Inclusion: Women >18 vyears with | Total hip 4.7%" 9
hormone receptor positive non- | Femoral neck 3.6%" ;;
metastatic breast cancer on aromatase g
inhibitor therapy §
BMD T-score between -1.0 and -2.5 %
SD %

El

Androgen deprivation therapy- | N=1,468 BMD gain at 2 yeaEs

induced bone loss 8 Duration: 3 years (vs. placebo) g’
Inclusion: Men with non-metastatic | Lumbar spine 6.7% j?;;)'
prostate cancer on ADT Total hip 4.8%" %
Men > 70 years with any BMD T-score | Femoral neck 3.9%" g

%

fracture Vertebral 62% (95
Cc
Cl: 22-81) &
Any fracture 28%  (nat
significant) <
“no 95% ClI provided g

*range depending on CKD stage and treatment duration of 7 or 10 years

&range depending on CKD stage

37




“range depending on glucocorticoid-initiating or glucocorticoid-continuing groups

Table 2: Risk Factors for Developing Vertebral Fractures and/or BMD loss After

Denosumab Withdrawal

Risk Factors for Vertebral Fractures and/or BMD loss After Denosumab Withdrawal

Prior to denosumab therapy

During denosumab therapy

After denosumab therapy

e Prevalent VFs or
fragility fracture
¢ No bisphosphonate therapy

e Younger age

other

Prevalent VFs or other
fragility fracture
Longer treatment duration (>

2-3 years)

Greater BMD gain

¢ No bisphosphonate therapy

e Longer

therapy

e Greater hip BMD loss

duration

off-

e Higher off-treatment CTx

Table summarized from references 14, 15,16, 20, 22, 26, 28, 29, 30, 31, 32
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Table 3: Clinical studies investigating strategies to mitigate rebound after short-term (<2.5-3.0 years) denosumab.use

g

3

1t author Study design | Study Prior Medication | Time BMD BTM VF outcomes 3
Year population Dmab since last | outcomes outcomes g
exposure Dmab 5

Tsai Extension of | N =18 1.0 years | ALN 1-year | 6 months | BMD BTMs Nil VFs 8
2024 open-label Postmenopausal (N=8) maintained-in | suppressed (radiographic) 3
RCT osteoporosis both groups at | in both 2

(CARD) Mean age — 66y ALN 2- 2-years groups g

years i

(N=10) 2

Anastasilakis | Extension of | N =16 Mean Z0L NR N=9 - BMD N/A Nil VFs (clinical & 3
2023 prospective Treatment- 2.5 years | (N=16) stable for 5 radiographic) §
open-label naive years o

randomized postmenopausal N=7 — 2

(AfterDmab) | osteoporosis retreated for 2

Mean age — 65y BMD loss 8

3

Ramchand Open-label N =51 1.0 years | ALN 6 months | BMD CTx, PINP | One VF g
2023 RCT Postmenopausal (N=26) maintained suppressed (radiographic) with &
(CARD) 0steoporosis with ALN with ALN ALN 3

Mean age — 66y RLX ~50% decline | and returned g

(N=25) atLSand TH, | to baseline &

maintained at | with RLX c

FN with RLX 5

Tutaworn Retrospective | N =121 Mean Z0L 6 months | BMD mostly One VF with ZOL, &
2023 observational | 93% female 2.5 years | (N=32) preserved with one VF with ALN 2
(real-world) | Mean age — 71y ALN ZOL and ALN (clinical) 3

(N=34) >50% gains 2

RIS (N=22) lost with RIS 8

Nil (N=33) S
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S

3

Hong Observational | N = 66 0.5-2.0 RLX NR RLX N/A Nil VFs (clinical & &
2022 (real-world) | Postmenopausal | years (N=33) attenuated radiographic) ;i
Propensity women i BMD loss at 3

score Mean age — 69y Nil (N=33) LS vs nil 2

matching treatment; but 5

not THor FN %

Ha Retrospective | N =61 1.0-2.5 RLX 6 months | Loss of all Overshoot in | Nil VFs =
2022 observational | Postmenopausal | years (N=61) BMD gainsat | CTx, PINP | (radiographic) g
(real-world) | women LS, TH and FN 3

Mean age — 66y 2

3

Everts- Retrospective | N = 32 0.5 years | ZOL 6'months,_-| BMD BTMs Nil VFs 2
Graber case series (N=32) maintained declined 3
2022 3
Ramchand Extension of | N =53 1.0 years | ZOL 5.5-8.0 BMD BTMs Nil VFs (clinical) <
2021 prospective Postmenopausal (N=53) months maintained at | increased but 2
open-label osteoporosis Overlap 12-months at not back to é

randomized Mean age — 66y | with 9- LS, TH, FN baseline g

(DATA-HD) months BMD Sy

TRPTD maintained at g

27-months §

(other than g

small loss at S

LS) =
Ebina Retrospective | N = 64 1.0-1.5 RLX Mean No sig. diff. in | Trend to More frequent clinical
2021 multicentre Postmenopausal | years (N=13) 7 months | LS BMD greater rise | VFs with RLX (n=3%
observational | osteoporosis Greater FN in serum vs n=1 vs n=0) S

(real-world) | Mean age — Oral BPs BMD loss with | TRAP5b g

73.1 (N=26) RLX using RLX 2

Previously 2

treated with ZO_L S

BPS/TPTD for (N=11) S
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S

3

mean 18- 8

months S

3

Kadaru Retrospective | N =12 Median | ZOL Median BMD mostly N/A Nil VFs (clinical) &
2021 case series Postmenopausal | 2.5 years | (N=12) 7 months | preserved-at §
women LS 8

Mean age — 77y ~50% gains =

lost at TH, FN 2

Kendler Randomized | N =115 1.0 year | ALN 6 months “\BMD Stable CTx | Nil VFs (clinical) 8
2020 multicentre | Treatment- (N=115) Mmairtained at | and PINP 2
open-label naive LS, TH and FN %

Cross-over postmenopausal 5

(DAPS) women 3

Mean age — 65y %

Laroche Prospective N =18 Mean RIS (N=18) |6 months | Lossof ~50% | Mean CTx One clinical VF 2
2020 cohort study | Postmenopausal | 3.0 years BMD gainsat | 303 ng/L 2
women LS and TH g

Mean age — 70y g

Kondo Retrospective | N =18 Mean Z0L Mean BMD No increase | Nil VFs 5
2020 multicentre Postmenopausal | 1.5-years, | (N=18) 9 months | maintained at | in TRAP5b (clinical/radiographi%;é)
observational | women LS and FN %

(real-world) | Mean age — 76y g

Anastasilakis | Prospective N =27 2.0-2.5 ZOL Mean BMD Stable CTx | Oneclinical VF ¢
2019 open-label Treatment- years (N=27) 6.5 maintained at | and PINP =
randomized | naive months LS and FN g

(AfterDmab) | postmenopausal =

osteoporosis 5

Mean age — 65y éCD

>1 year | BPs(N=10) | NR S
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Zanchetta Prospective N =33 Nil (N=23) BMD declined | CTx:more Nil VFs
2019% observational | Postmenopausal at LS but than-tripled | (radiographic)
(real-world) | women remained with BPs
stable at FN
with BPs
Horne Observational | N =19 2.0 years | ZOL Median BMD mostly N/A Nil VFs
2018 post-RCT Postmenopausal (N=11) 8 months | preserved'with
(FRAME) osteoporosis Z0OL
Rmab/placebo L oss of >50%
1-year->Dmab RIS (N=5) gains with RIS
Nil (N=3)

RCT = randomized controlled trial; DAPS = Denosumab Adherence Preference Satisfaction study; CARD = comparison of

alendronate and raloxifene after denosumab study; FRAME = Fracture study in Postmenopausal Women with Osteoporosis study ;

Dmab = denosumab; Rmab = romosozumab; BP = bisphosphonate; TPTD = teriparatide; ZOL = zoledronic acid; ALN = alendronate;

RIS = risedronate; RLX = raloxifene; BMD = bone mineral density; LS = lumbar spine; TH = total hip; FN = femoral neck; BTM =

bone turnover marker; CTx = C-terminal telopeptide oftype 1 collagen; PANP = propeptide type 1 collagen; TRAP5b = tartrate-

resistant acid phosphatase 5b; VF = vertebral fracture.

When generating this stable, the following-were excluded: single case reports, small case series, conference abstracts or studies where

specific treatment to facilitate Dmab cessation was not specified or outcomes were not reported for specific agents.
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Green shading = Complete/near-complete preservation of BMD

Amber shading = Partial preservation of BMD

Red shading = Complete/near-complete loss of BMD

#Zanchetta MB, Pelegrin C, Sarli M, & Miechi L. Bisphosphonates Prevent Bone Loss Associated with-Denosumab Treatment

Discontinuation. Journal of the Endocrine Society. 2019;3(Suppl 1):SAT-532. doi.org/10.2210/j5.2019-SAT-532

[fwoo-dno-olwapede//:sdiy wouy papeojumoq

Table 4: Clinical studies investigating strategies to mitigate rebound after medium=to=long-term (>3.0 years) denosumab use g
15t author | Study design | Study Prior Medication | Time since | BMD outcomes | BTM VF outcomesg
Year population Dmab last Dmab outcomes &

exposure &
Lee Prospective N =76 Median ZOL (N=61) [ 6 months BMD maintained | No sig. diff. Three clinical £
2024 open-label randomized to | 2.0 years in group with in CTx or morphometric2
randomized ZOL <3y Dmab <3y Dmab P1NP VFs é
(DST) Predominantly ZOL (N=15) between g
women BMD declined groups §
Mean age — 71y >3y Dmab by ~3% at LS in g
group with >3y g
Dmab 2
Grassi Retrospective | N =52 Mean ZOL (N=13) | 6-7 months | BMD maintained | BTMsatend | Three cI|n|caI§
2024 observational Predominantly | 4.0 years in group of follow-up | VFsand one ¢
study women CTx receiving one not recorded | morphometric3vF
Mean‘age — 71y <280ng/L ZOL dose in group needihg
6-months 2" ZOL dose &
post BMD declined 5
by ~5% at LS, 2
ZOL (N=39) ~3-4% at TH and
FN in group with S
CTx high bone o
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S
3
>280ng/L 6- turnover 8
months post prompting 2" S
and needing ZOL dose 3
2" infusion 5
Tutaworn | Subgroup N =33 Mean ZOL (N=11) | 6 months BMD maintained | N/A N/A §
2023 analysis of Predominantly | 4.0 years at LS, TH and 8
retrospective women FN with-ZOL =
real-world Mean age — 73y ALN (N=22) and ALN other 2
study than ~4% decline 3
inLS BMD with 2
ZOL g
Everts- Single centre N =282 Mean ZOL (N=144) | 6 months Greater BMD CTx, PINP VF rates post-3
Graber prospective Postmenopausal | 2.5 years lossat LS, TH increased Dmab S
2022 observational women (N=144) | ~2.5y Dmab and FN after after first - 7.4% after lang
study (ProOff) | Mean age — 66y medium and ZOL dose and | Dmab %
Mean ZOL (N=84) long-term Dmab | decreased - 2.4% after <
5.0 years cessation after medium Dma@
(N=84) ~5y Dmab subsequent - 2.1% after short
ZOL dose Dmab Sy
Mean ZOL (N=54) g
7.5 years Three out of faur
(N=54) ~7.5y Dmab cases of multigle
VFs occurred in
long Dmab group
Makras | Multicentre N =47 <3.0 ZOL (N=27) | 6 months BMD maintained | CTx and One clinical ViF
2021 prospective Treatment- years at LS and FN P1NP in group with 2
cohort study naive (N=27) <3y Dmab after <3.0 years increased longer Dmab 2
(including postmenopausal Dmab similarly in exposure g
post-hoc data BMD declined | both groups 3
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S

3

from osteoporosis >3.0 ZOL (N=20) by ~7% and ~3% 8

AfterDmab) Mean age — 65y | years after >3.0 years ‘ai

(N=20) >3y Dmab Dmab &l

Longerduration %

of Dmab 8

correlated-with % =)

decling in LS E

BMD 3

2

|

Solling Prospective N =61 Mean ZOL (N=61) | 6ymonths Similar LS BMD | CTx, PINP Two clinical \%Fs
2021, open-label Postmenopausal | 5.0 years (N=20) loss in all groups | and in 9-month grgup

2020 randomized women and 9 months (~4-5%) from osteocalcin ]
(ZOLARMAB) | men >50y with (N=20) end of Dmab to increased in §

osteopenia Treatment | 12 months after | all groups S

Mean age — 69y threshold or | ZOL 2

12 months . S

(N=21) BMD stable in 5

second year )

(although several S

patients had S

repeat ZOL or g

rescue Dmab) S

Everts- Retrospective | N =219 Mean ZOL (N=171) | 6 months No sig. diff. in Greater CTx | ZOL associated
Graber study Women with 2.5 years BMD loss rise associated | with fewest VEs
2021 0steoporosis between groups | with longer (HRO0.16, £
Mean,age.— 66y BPS/SERM Dmab (>2.5 | p=0.02) S

(N=22) Greater BMD years) compared to nil

loss at LS and treatment &

Nil (N=26) TH associated 2

with longer

Multiple VFs g
only observedsin

G¢0¢ ?u
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S
3
Dmab (>2.5 nil treatment 2
years) group S
3
Grassi Retrospective | N =120 Mean ZOL (N=73) | NR No sig-diff.\in N/A VF rates: §
2021 real-world Predominantly | 3.0 years BMD loss -5.9% in 8
single centre women between-ZOL combined BP=.
study Mean age — 69y ALN (N=28) and ALN groups treated groups2
-21.1%in 3
Partial loss of LS untreated gro@
Nil (N=19) BMD gains and
loss of majority
of TH and FN
BMD gains
Reid Case series N=6 7.0 years | ZOL (N=6) 6 months Loss of >50% LS | Mean PINP NR
2017 post- Postmenopausal BMD gains 52 ug/L
FREEDOM women
RCT extension | Mean age — 83y Loss of all TH
BMD gains

DST = Denosumab Sequential Therapy; ZOLARMAB = Treatment with Zoledronic Acid Subsequent to Denosumab in Osteoporosis;
ProOff = Prolia Off-treatment; FREEDOM = Fracture)Reduction Evaluation of Denosumab in Osteoporosis Every 6 Months; RCT =
randomized controlled trial; Dmab = denosumab;"ZOL = zoledronic acid; BP = bisphosphonate; SERM = selective estrogen receptor
modulator; ALN = alendronate; NR-=not.reported; BMD = bone mineral density; LS = lumbar spine; TH = total hip; FN = femoral

neck; BTM = bone turnover marker;.CTx = C-terminal telopeptide of type 1 collagen; PLNP = propeptide type 1 collagen; N/A = not

applicable; VF = vertebral fracture; HR = hazard ratio.
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When generating this stable, the following were excluded: single case reports, small case series, conference abstracts orstudies where
specific treatment to facilitate Dmab cessation was not specified or outcomes were not reported for specific'agents.

Green shading = Complete/near-complete preservation of BMD

Amber shading = Partial preservation of BMD

Red shading = Complete/near-complete loss of BMD
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