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a b s t r a c t

Skeletal-related events (SREs) are complications of bone metastases and carry a significant patient and
economic burden. Denosumab is a receptor activator of nuclear factor-jB ligand (RANKL) inhibitor
approved for SRE prevention in patients with multiple myeloma and patients with bone metastases from
solid tumors. In phase 3 trials, denosumab showed superiority to the bisphosphonate zoledronate in
reducing the risk of first on-study SRE by 17% (median time to first on-study SRE delayed by 8.2 months)
and the risk of first and subsequent on-study SREs by 18% across multiple solid tumor types, including
some patients with multiple myeloma. Denosumab also improved pain outcomes and reduced the need
for strong opioids. Additionally, a phase 3 trial showed denosumab was noninferior to zoledronate in
delaying time to first SRE in patients with newly diagnosed multiple myeloma. Denosumab has a conve-
nient 120 mg every 4 weeks recommended dosing schedule with subcutaneous administration. Rare but
serious toxicities associated with denosumab include osteonecrosis of the jaw, hypocalcemia, and atyp-
ical femoral fracture events, with multiple vertebral fractures reported following treatment discontinu-
ation. After a decade of real-world clinical experience with denosumab, we are still learning about the
optimal use and dosing for denosumab. Despite the emergence of novel and effective antitumor thera-
pies, there remains a strong rationale for the clinical utility of antiresorptive therapy for SRE prevention.
Ongoing studies aim to optimize clinical management of patients using denosumab for SRE prevention
while maintaining safety and efficacy.
� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background

Skeletal-related events (SREs) are serious sequelae in patients
with bone metastases (BMs) from solid tumors and in patients
with multiple myeloma (MM) and are associated with reduced
quality of life, increased pain, and decreased survival [1]. Deno-
sumab (XGEVA�, Amgen Inc, Thousand Oaks, CA) is a receptor acti-
vator of nuclear factor-jB ligand (RANKL) inhibitor that is
approved for prevention of SREs among cancer patients with BMs
or MM. The purpose of this review is to summarize clinical data
leading to the initial approval of denosumab in the US in 2010
for prevention of SREs, discuss what has been learned over the sub-
sequent 10 years, and highlight questions and areas for further
study.
1.1. Bone metastases and skeletal-related events

BMs are common in patients with certain advanced cancers,
with an incidence of approximately 70% in breast, 85% in prostate,
and 40% in lung and renal cancers [2,3]. Additionally, bone lesions
develop in the vast majority of patients with MM (approximately
90%) [4].

SREs are skeletal complications related to BMs and include
pathologic fractures that may impair ambulation and vertebral
compression or fracture leading to spinal cord compressions that
can result in numbness or weakness, urinary/fecal incontinence,
or paralysis [2]. They can trigger a need for radiation therapy to
bone to control local tumor burden and manage pain, and surgery
to prevent or treat pathologic fractures [2]. SREs are common in
patients with solid tumors, with overall incidence rates of approx-
imately 45%–65% in patients not receiving prophylactic antiresorp-
tive therapy [5]. By solid tumor type, the cumulative probability of
SRE occurring within 3–5 years of BM diagnosis ranges from 52% to
55% in breast, 42% to 52% in prostate, and 57% to 69% in lung can-
cers [6–9]; the probability of SRE among patients with MM ranges
from 22% to 34% [10,11]. The underlying pathophysiology, irre-
spective of primary tumor type and radiographic appearance, is a
locally increased pathologic rate of bone resorption due to
increased osteoclast activity [12], which is evidenced by elevated
levels of bone turnover markers [13], including calcium [14]. Ele-
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vated bone resorption markers have been associated with worse
prognosis for patients with significant skeletal morbidity [15].

SREs are associated with pain progression and impaired health-
related quality of life (HRQoL) and often require the use of strong
opioids for analgesic relief [1]. Between 65% and 75% of patients
with BMs experience pain and impaired mobility [16]. Addition-
ally, SREs result in substantial economic burden. Overall, patients
with BMs from solid tumors and SRE have higher per-year rates
of inpatient admissions, emergency department visits, physician
office visits, laboratory services, hospital-based outpatient services,
and subsequently higher total medical costs collectively than
patients without SREs [6]. The incremental annual average cost
of SREs in the US is reported to be $67,257 [6]. Furthermore,
patients with BMs and SREs incurred an additional 39.4 short-
term disability hours per month versus patients with BMs without
SREs [17]. Similarly, patients with MM and SRE have significantly
higher healthcare resource utilization rates and higher total medi-
cal costs than patients without SRE [10].
1.2. Development of bone-targeting agents for bone metastases

Bone-targeting agents (BTAs) pamidronate and zoledronate,
which are bisphosphonates (BPs), have been used for a variety of
skeletal disorders, including prevention of SREs in patients with
BMs from solid tumors (Fig. 1) [18]. BPs bind to the bone surface,
where they reduce bone resorption by inhibiting osteoclast activity
and survival through blockade of farnesyl pyrophosphate synthase
in the mevalonate pathway [19]. Zoledronate is indicated for treat-
ment of hypercalcemia of malignancy and for SRE prevention in
patients with MM or BMs from solid tumors in conjunction with
antineoplastic therapy, and in prostate cancer that has progressed
after treatment with � 1 hormonal therapy [20].

Adverse events have been reported with zoledronate for SRE
prevention. Cases of osteonecrosis of the jaw (ONJ) associated with
zoledronate have been identified in postmarketing reports [21]; it
is recommended that patients using zoledronate avoid invasive
dental procedures [20]. Additionally, intravenous BPs may impair
renal function, and pamidronate and zoledronate are not recom-
mended for treatment of BMs in severe renal impairment [20,22].

Because BPs have not improved survival outcomes related to
prevention of SREs in solid tumors [23,24] and their use is limited



Fig. 1. Approval of BTAs in the US (blue boxes) and Europe (gray boxes) for prevention of SREs. BM, bone metastasis; BTA, bone-targeting agent; FDA, US Food and Drug
Administration; MM, multiple myeloma; SRE, skeletal-related event. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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in renal impairment [25], novel BTAs with a distinct mechanism of
action were needed.
2. Mechanism of action and pharmacokinetics of denosumab

Denosumab is a fully human monoclonal antibody that binds to
and inhibits activity of RANKL, preventing excessive bone turnover
and subsequent life-threatening complications such as hypercal-
cemia (Fig. 2) [14,26]. RANKL is an osteoclastogenic cytokine and
humoral factor and is released by both osteoblasts and activated
T cells. Many factors induce RANKL expression which, once
secreted, binds to its receptor, RANK, expressed on osteoclast pro-
genitor cells, leading to bone resorption [27]. In normal bone phys-
iology, RANKL activity is also moderated by its decoy receptor,
osteoprotegerin (OPG). OPG was used as a surrogate for RANKL
inhibition in preclinical experiments. OPG inhibited osteoclastoge-
nesis in bone lesions in mice; OPG-deficient mice showed a high
bone turnover state that was suppressed by injection of anti-
RANKL antibodies, which promoted osteoclast apoptosis [28,29].
OPG also reduced biochemical markers of bone turnover in nonhu-
man primates [30]. Clinically, denosumab was more potent than an
Fc-OPG fusion protein, had a longer duration of effect, and avoided
potential risks related to OPG including generation of anti-OPG
antibodies and interference with tumorigenesis defense mecha-
nisms; thus, denosumab was further evaluated [31].

Denosumab exposure increases dose proportionally (30–
180 mg every 4 weeks [Q4W]; 60 and 180 mg every 12 weeks
[Q12W]) in patients with breast cancer and BMs [32]. The
steady-state serum concentration of denosumab 120 mg Q4W is
reached within 4–5 months, and serum levels decline over 4–
5 months after the last dose; denosumab half-life is 25–30 days
[33]. Renal dysfunction has no effect on pharmacokinetics or phar-
macodynamics of a single 60-mg subcutaneous (SC) dose of deno-
sumab [34] of doses examined in a phase 2 trial, 120 mg Q4W was
3

associated with maximum reduction (measured at week 13 from
baseline) of the bone turnover marker urinary N-telopeptide nor-
malized to urinary creatinine (uNTx/Cr) [32]. In addition, no grade
2 or higher hypocalcemia adverse events occurred with 120 mg
Q4W versus five events with 180 mg Q4W. Patients who received
denosumab 120 mg Q4W, unlike those on a Q12W schedule,
showed sustained uNTx/Cr suppression throughout the study
[35]. Further, 120 mg Q4W avoided potential for low exposures
of denosumab that could result in reduced efficacy in SRE preven-
tion through reduced uNTx/Cr suppression [36]. Collectively, these
phase 2 data informed selection of 120 mg Q4W as optimal for
antiresorptive effects in subsequent phase 3 studies.
3. Efficacy

An integrated analysis of three pivotal phase 3 studies in
patients with solid tumors with BMs and some patients with MM
showed that denosumab 120 mg SC Q4W was superior to intra-
venous zoledronate 4 mg Q4W in delaying time to first on-study
SRE and to first and subsequent on-study SREs (Fig. 3) [37] overall,
denosumab reduced the risk for first on-study SRE by 17%, for mul-
tiple SREs by 18%, and increased median time to first on-study SRE
by > 8 months. Additionally, denosumab reduced the risk of first
on-study SRE compared with zoledronate in patients with (hazard
ratio [HR], 0.84; 95% confidence interval [CI], 0.73–0.96; P = 0.01)
and without (HR, 0.82; 95% CI, 0.73–0.92; P < 0.001) previous
SRE at baseline. In a post hoc analysis of the same trials (excluding
MM), denosumab significantly reduced the risk of first on-study
SRE compared with zoledronate across subgroups defined by base-
line characteristics including number of BMs (< 2 versus � 2) and
uNTx level (� 43.7 versus < 43.7 nmol/mmol) [38]. Consistent with
overall results from the integrated analysis, median time to first
on-study SRE was longer with denosumab than zoledronate across
all baseline subgroups.



Fig. 2. Overview of (A) normal bone physiology, (B) tumor pathology, and (C) the mechanism of action of denosumab bone metastases. CSF, colony-stimulating factor; IL,
interleukin; OPG, osteoprotegerin; RANK, receptor activator of nuclear factor-jB; RANKL, RANK ligand.
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Fig. 3. SRE outcomes with denosumab versus zoledronate in patients with solid tumors or multiple myeloma [37,39–41]. *Events occurring � 21 days apart. yPrimary tumor
types (n [%]) were non–small-cell lung cancer (denosumab, 350 [39%]; zoledronate, 352 [40%]), multiple myeloma (denosumab, 87 [10%]; zoledronate, 93 [10%]), and other
(breast and prostate excluded; denosumab, 449 [51%]; zoledronate, 455 [50%]). CI, confidence interval; HR, hazard ratio; NR, not reached; SRE, skeletal-related event.
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Clinical outcomes in patients with breast cancer were compara-
ble to results from the integrated analysis [39]. Denosumab signifi-
cantly delayed time to first on-study SRE compared with
zoledronate (Fig. 3) and to first and subsequent SREs (rate ratio,
0.77; 95% CI, 0.66–0.89; P = 0.001, superiority). Median time to first
on-study SRE was longer in patients with breast cancer relative to
the integrated analysis. Patients with breast cancer initiated antire-
sorptive therapy within approximately 2 months of initial BM diag-
nosis, highlighting the importance of early initiation of therapy.

In the pivotal phase 3 trial in patients with castration-resistant
prostate cancer and BMs, the percentage of patients with an on-
study SRE was 36% with denosumab and 41% with zoledronate
[40]. Denosumab significantly delayed time to first on-study SRE
(Fig. 3) and to first and subsequent SRE (rate ratio, 0.82; 95% CI,
0.71–0.94; P = 0.008, superiority) compared with zoledronate.

In the third pivotal phase 3 trial in patients with solid tumors
and BMs (excluding breast and prostate cancers) or MM with lytic
lesions [41], denosumab was noninferior to zoledronate in delay-
ing time to first on-study SRE; median time to first SRE was
increased (Fig. 3).

Meta-analyses and systematic reviews of denosumab support
its efficacy in delaying time to SREs and reducing the number of
SREs in patients with solid tumor–associated BMs [42–44]. A
meta-analysis of four trials showed that denosumab was signifi-
cantly superior to zoledronate in delaying the incidence of first
on-study SRE (HR, 0.86; 95% CI, 0.80–0.93; P < 0.001) and develop-
ment of multiple SREs (HR, 0.87; 95% CI, 0.77–0.98; P = 0.03) [42].
5

4. Survival outcomes

Pathologic fractures have been shown to significantly increase
mortality in MM and in patients with BMs from breast or prostate
cancer [45]. To date, survival outcomes with denosumab have been
similar to those with zoledronate in patients with solid tumors and
BMs. In general, overall survival (OS) is highest in patients with
solid tumors without BM, lower in patients with BM but without
SRE, and lowest in patients with BM and SRE [46,47]. In an inte-
grated analysis and phase 3 head-to-head trials, no difference in
OS was observed between denosumab and zoledronate [37,39–
41]. In placebo-controlled studies of zoledronate, no difference in
OS was observed overall; however, zoledronate reduced the risk
of death in patients with poor prognosis (eg, patients with non–
small-cell lung cancer [NSCLC] or high NTx) [48]. To our knowl-
edge, no subgroup analyses have assessed OS with denosumab
among patients with or without SRE in phase 3 trials; however,
univariate and multivariate modeling in prostate cancer identified
previous SRE and bone-related parameters as being significantly
correlated to OS, with uNTx levels � 50 nmol/mmol predictive of
survival [49]. Similarly, in patients with solid tumors, uNTx
levels � 10.0 nmol/mmol were associated with improved OS after
3 months of denosumab or zoledronate treatment (HR, 1.85; 95%
CI, 1.67–2.04; P < 0.0001) [50].
5. Pain control and health-related quality of life

Pain has a significant impact on HRQoL in patients with cancer,
and preventing and palliating SRE-related pain is an important



Fig. 4. Prespecified AEs of interest with denosumab versus zoledronate in patients with solid tumors or multiple myeloma [37,39–41]. AE, adverse event; MM, multiple
myeloma; ONJ, osteonecrosis of the jaw; SAE, serious AE.
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consideration [1,51]. An integrated analysis of phase 3 studies in
patients with solid tumors and BMs showed that denosumab
delayed time to pain worsening and to increased pain interference
and prevented use of strong opioids compared with zoledronate
[52]. Denosumab reduced median time to onset of moderate or
severe pain by 1.8 months in patients with no or mild pain at base-
line (6.5 versus 4.7 months; HR, 0.83; 95% CI, 0.76–0.92; P < 0.001).
Among patients at risk, median time to increased overall pain
6

interference with function (� 2-point increase from baseline in
Brief Pain Inventory-Short Form score) was increased by
1.8 months with denosumab (11.1 versus 9.3 months; HR, 0.90;
95% CI, 0.83–0.98; P = 0.010). Overall, the percentage of patients
shifting from no strong opioid use at baseline to strong opioid
use was lower with denosumab (average relative difference, –
13.4%; P = 0.041), and fewer patients had clinically meaningful
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worsening HRQoL from baseline (average relative difference, –
4.1%; P = 0.005).

Pain control in patients with breast cancer or other solid tumors
(excluding breast and prostate) was consistent with that in the
integrated analysis. Denosumab delayed time to pain worsening
by 4 months compared with zoledronate in patients with breast
cancer and BMs with no or mild pain at baseline (9.7 versus
5.8 months; HR, 0.78; 95% CI, 0.67–0.92; P = 0.002) [53]. The per-
centage of patients who shifted from no or low analgesic use to
strong opioid use was lower with denosumab (relative difference,
20%; absolute difference, 2%). Additionally, in breast cancer, wors-
ening HRQoL was observed in 7% fewer patients with denosumab
compared with zoledronate [54]. Similarly, in patients with other
solid tumors and BMs, denosumab delayed median time to onset
of moderate or severe pain by 1 month (4.7 versus 3.7 months;
HR, 0.81; 95% CI, 0.66–1.00; P = 0.05) and to increased pain inter-
ference by > 3 months in patients with no or mild pain at baseline
(8.2 versus 4.8 months; HR, 0.77; 95% CI, 0.61–0.96; P = 0.021) [55].
Among all solid tumor types, pathologic fracture, radiation to the
bone, and spinal cord compression were associated with a signifi-
cantly greater risk of pain interference overall [1].
6. Safety

Kidney function is an important consideration with BTAs. The 5-
year prevalence of renal impairment in patients with solid tumors
and BMs in the US is estimated to be 43% [56]. Of patients with
renal impairment, 71% have chronic kidney disease. Adverse events
with denosumab 120 mg SC Q4W versus zoledronate were evalu-
ated in 5677 patients (denosumab, 2841; zoledronate, 2836) with
BMs secondary to advanced solid tumors or bone lesions from MM
(Fig. 4). In a combined analysis of the pivotal phase 3 trials, dose
adjustments of zoledronate were required in 18% of patients due
to impaired renal function, and 10% of patients had zoledronate
withheld during the study because of increased serum creatinine
levels; no dose adjustments were made for denosumab [37]. Rates
of renal adverse events were lower with denosumab than with
zoledronate (9.2% versus 11.8%) across patients with solid tumors
and MM (see Denosumab in Multiple Myeloma).

BTAs are considered a primary risk factor for ONJ [57]. In
blinded and open-label extension phases of pivotal phase 3 studies
in breast or prostate cancer, patient-year–adjusted incidence of
ONJ was 1.1% per 100 patient-years during the first year of treat-
ment with denosumab and 4.1% per 100 patient-years thereafter
[58]. In an integrated analysis of phase 3 breast cancer, prostate
cancer, and solid tumor/MM studies, incidence of ONJ was slightly
higher with denosumab than with zoledronate (1.8% versus 1.3%;
P = 0.13) [59], possibly due to the increased potency of denosumab
relative to zoledronate. Finally, a recent study of 374 patients with
cancer and BM found the incidence of ONJ was significantly higher
with denosumab versus zoledronate (12.6% versus 4.4%; P = 0.006)
[60]. Time to resolution of ONJ was significantly shorter for deno-
sumab (median 26.8 months versus not reached for zoledronate;
P = 0.024), which may be due to the shorter half-life of denosumab
compared with BPs. The effects of denosumab on bone are mostly
diminished within 6 months of treatment discontinuation [61].

Besides exposure to denosumab or BPs, other risk factors for
ONJ in cancer patients include local infection or trauma to the
bone, periodontal inflammation, other dental procedures, subclin-
ical trauma, concomitant medications (eg, corticosteroids, anti-
angiogenic therapy), concomitant diseases or conditions (eg, pre-
existing dental infections, anemia, diabetes mellitus), poor oral
hygiene, and smoking [62]. ONJ management includes symptom
control and risk mitigation by taking into account the risk/benefit
ratio of BTA [62]. Patients should undergo oral examination and
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preventive dentistry before initiation of denosumab; if invasive
dental procedures cannot be avoided during treatment, temporary
discontinuation should be considered [63].

During open-label extension phases of pivotal breast and pros-
tate cancer trials, hypocalcemia was observed in 20 patients (4.3%)
in the denosumab/denosumab group and 14 patients (3.1%) in the
zoledronate/denosumab group [58]. Hypocalcemia with deno-
sumab often occurred in the first months of use (median time to
first occurrence of any adverse event of hypocalcemia was
2.8 months and of grade � 3 was 4.6 months); incidence of
hypocalcemia was lower in patients treated with denosumab
who reported use of calcium and vitamin D supplements compared
with those without supplements (HR, 0.60; 95% CI, 0.45–0.81;
P = 0.0007) [64]. In open-label phase 2 studies evaluating safety
of denosumab in patients with chronic kidney disease, an
increased risk of clinically significant hypocalcemia was observed
in patients with increasing renal dysfunction [65].

Multiple vertebral fractures (MVF) have been reported follow-
ing discontinuation of denosumab treatment [63], typically in the
osteoporosis setting [66]. In the oncology setting, a case report
identified MVF 15 months after denosumab discontinuation in a
patient with BM from lung cancer without secondary risk factors
[67]. MVF is rarely observed in oncology, probably because of the
poor prognosis of patients with solid tumors and BMs and delay
in MVF after denosumab discontinuation (9–16 months). It is
unclear if the higher dosing frequency in the oncology setting
(Q4W) versus the osteoporosis setting (every 6 months) affects
the risk of MVF. Because denosumab does not incorporate into
bone, bone turnover markers increase following denosumab dis-
continuation, which may lead to rebound fracture [68]. Adminis-
tration of BPs may be considered following denosumab
discontinuation to reduce the risk of rebound osteolysis and subse-
quent fractures; however, the optimal dose and timing of BP ther-
apy have not been determined.

Similarly, atypical femoral fracture (AFF) events have occurred
during denosumab and after discontinuation [63]; retrospective
analyses of patients who received denosumab for BMs have
reported AFF incidence rates of 0.4%–1.8% [69,70]. Reports have
noted patients were also receiving glucocorticoid treatment at
the time of fracture [63]. Risk factors for AFF include prior zole-
dronate and long-term denosumab treatment (> 3.5 years) [69].
7. Clinical guidelines

Guidelines for BTAs as SRE prevention are available (Table 1). In
breast cancer, BTAs such as denosumab and zoledronate are rec-
ommended if BM is present [51,71], whether or not patients are
symptomatic [68]. In patients with prostate cancer and BMs, deno-
sumab has superior efficacy over zoledronate for SRE prevention
and is preferred, but underlying comorbidities must also be consid-
ered [72,73]. Guidelines also recommend denosumab or zole-
dronate for all patients with castrate-resistant prostate cancer
and BMs, whether or not they are symptomatic [68,74]. In NSCLC,
denosumab or BPs can be considered in patients with BMs [75];
both denosumab and zoledronate are recommended in patients
with advanced lung cancer with BMs and a life
expectancy � 3 months who are considered high risk for SREs
[68]. In most cases, BTAs should be initiated at BM diagnosis and
continue throughout therapy; in oligometastatic bone disease,
BTAs may be interrupted if complete or good partial responses
are achieved and may be resumed if disease progresses [68]. Cur-
rent guidelines are largely based on SRE outcomes; any future OS
or HRQoL benefits observed, including in specific patient sub-
groups, should be considered in future guideline development, par-
ticularly where these benefits outweigh potential adverse events.



Table 1
Guidelines for BTA use.

Recommendation BTA Dose,
Administration, and
Schedule

Notes

Breast Cancer
ASCO

[51]
Patients with evidence of bone disease should
receive BTAs

Denosumab 120 mg SC every
4 weeks

Zoledronate 4 mg IV every
12 weeks or every
3–4 weeks

Pamidronate 90 mg IV every 3–
4 weeks

ESMO
[68]

BTAs are recommended in patients with BMs,
whether they are symptomatic or not

Denosumab Every 4 weeks Oral daily ibandronate or clodronate may be considered
Zoledronate Every 4 weeks for

3–6 months, then
every 12 weeks

NCCN
[71]

BTAs are recommended in patients with BMs and
life expectancy � 3 months in addition to
chemotherapy or endocrine therapy

Denosumab
Zoledronate 4 mg IV every

12 weeks
Pamidronate 90 mg IV

Prostate Cancer
ASCO

[74]
BTAs are recommended in patients with
metastatic CRPC

Denosumab In patients with symptomatic metastatic CRPC and bone pain,
consider radium-223Zoledronate

AUA
[72]

For patients with metastatic CRPC and BMs,
clinicians may choose a BTA for preventing SREs

Denosumab
(first option)
Zoledronate

ESMO
[68]

BTAs are recommended in patients with CRPC
and BMs, whether they are symptomatic or not

Denosumab Every 4 weeks
Zoledronate Every 4 weeks for

3–6 months, then
every 12 weeks

NCCN
[73]

BTAs are recommended in patients with
metastatic CRPC and BMs

Denosumab
(preferred)

SC every 4 weeks Denosumab and zoledronate are not recommended in patients
with creatinine clearance < 30 mL/min

Zoledronate Every 12 weeks or
every 3–4 weeks

Non–Small-Cell Lung Cancer
NCCN

[75]
BTAs can be considered in patients with BMs Denosumab

Zoledronate
Advanced Lung Cancer, Renal Cancer, and Other Solid Tumors
ESMO

[68]
BTAs are recommended in patients with
clinically significant BMs and life
expectancy � 3 months

Denosumab Every 4 weeks
Zoledronate

Multiple Myeloma
ASCO

[95]
BTAs are recommended in patients with MM
with lytic lesions

Denosumab Bisphosphonates are recommended in patients with MM with
osteopenia but no evidence of lytic disease. Denosumab may be
preferred in patients with impaired renal function

Zoledronate 4 mg IV every 3–
4 weeks

Pamidronate 90 mg IV every 3–
4 weeks

ESMO
[68]

BTAs should be initiated at MM diagnosis Denosumab Every 4 weeks Denosumab is preferred in patients with renal impairment
(creatinine clearance < 60 mL/min)Zoledronate Every 4 weeks for

3–6 months, then
every 12 weeks

Pamidronate
IMWG

[96]
BTAs are recommended in patients with newly
diagnosed or relapsed/refractory MM

Denosumab might be preferred in patients with renal
impairment and can be considered in patients with creatinine
clearance < 30 mL/minIf bone disease is present: Denosumab or

zoledronate
(first options)
Pamidronate
(second option)

If bone disease is absent: Zoledronate
(first option)
Pamidronate
(second option)

NCCN
[94]

BTAs are recommended in patients with
symptomatic disease, regardless of documented
BM

Denosumab 120 mg SC every
4 weeks

Denosumab is preferred in patients with renal disease

Zoledronate 4 mg IV every 3–
4 weeks

Pamidronate 90 mg IV every 3–
4 weeks

ASCO, American Society of Clinical Oncology; AUA, American Urological Association; BM, bone metastasis; BTA, bone-targeting agent; CRPC, castration-resistant prostate
cancer; ESMO, European Society for Medical Oncology; IMWG, International Myeloma Working Group; IV, intravenous; MM, multiple myeloma; NCCN, National Compre-
hensive Cancer Network; SC, subcutaneous; SRE, skeletal-related event.
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8. Real-World evidence

According to US administrative claims and health plan enroll-
ment data, 43%–47% of patients with BMs secondary to solid
tumors received a BTA in 2012; patients received denosumab
(Medicare, 52%; commercial insurance, 47%) and zoledronate
(Medicare, 49%; commercial insurance, 56%) at similar rates [76].
Among patients with breast, prostate, or lung tumor, BTA use
was highest in breast cancer (58%–67%) and lowest in lung cancer
(30%–33%). Overall, approximately 75% of patients who received a
BTA initiated therapy within 3 months of BM diagnosis; zole-
dronate was initiated earlier than denosumab, with mean time
from BM diagnosis to treatment of 47.9–52.1 days for zoledronate
and 89.5–91.8 days for denosumab. However, persistence at
12 months was higher for denosumab (Medicare, 58%; commercial
insurance, 57%) than for zoledronate (Medicare, 37%; commercial
insurance, 36%). More recent evidence showed that 69% of patients
with breast cancer received a BTA (denosumab, 42%; zoledronate,
48%), and 85% of patients with prostate cancer received a BTA
(denosumab, 60%; zoledronate, 40%) [77,78].

Real-world evidence from patients with breast, prostate, lung,
or other solid tumors treated with denosumab in US indicated that
patients initiating denosumab were more compliant with treat-
ment (1-year compliance rate: denosumab, 50.4%; zoledronate,
40.7%) and less likely to switch to another BTA (denosumab, 6%;
BP, 14%; P < 0.001) [79,80]. Close renal monitoring is not required
for denosumab versus zoledronate, which may improve compli-
ance [80]. In Germany, evidence from patients with breast, pros-
tate, or lung cancer and BM diagnosis indicated that persistence
and compliance were higher and switch rates were lower at
12 months in patients treated with denosumab [81]. Persistence
and compliance were greater with denosumab because of patient
preference for Q4W SC dosing of denosumab versus 3–4 weeks
of intravenous dosing of BPs, lower rates of renal toxicity and
acute-phase reactions with denosumab, and longer time to
increases in pain with denosumab versus zoledronate.

In the real-world setting, dose regimens outside the recom-
mended denosumab 120 mg Q4W schedule are used for patient
convenience and adherence and typically align with chemotherapy
regimens. A retrospective study of denosumab based on dosing
interval (< 5, 5–11, or � 12 weeks) found that time to first SRE
and median OS were not significantly different with extended dos-
ing schedules [82]. However, another study found SRE incidence
was significantly higher with ‘‘deviated” (31–56 days) dosing ver-
sus ‘‘standard” (27–30 days) dosing (61.3% versus 31.0%; P = 0.02)
[83]. A recent survey of physicians in Canada revealed that deno-
sumab was commonly de-escalated (ie, Q4W to Q12W) [84].
Although zoledronate Q12W has been investigated [85], no studies
have compared denosumab Q12W with zoledronate Q12W.

Denosumab has been investigated in combination with novel
anticancer agents. In a retrospective analysis of patients with
metastatic melanoma and BMs, the combination of denosumab
with immune checkpoint inhibitors was feasible, with no unex-
pected safety issues and promising efficacy [86]. In patients with
prostate cancer receiving androgen deprivation therapy, deno-
sumab prevented bone loss [87]. Because radium-223 had no effect
on SRE outcomes [88], the combination of radium-223 and BTAs,
including denosumab, in patients with metastatic castration-
resistant prostate cancer and BMs has been investigated [89].
9. Denosumab in multiple myeloma

RANKL contributes to MM disease progression by modulating
myeloma cell-osteoclast interactions [90]. Patients with MM have
increased levels of serum RANKL, and elevated serum RANKL has
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been associated with increased bone resorption and higher risk
for mortality [91]. Thus, RANKL may be a therapeutic target for
patients with MM.

Denosumab was approved for SRE prevention in MM in 2018
based on phase 3 study results in newly diagnosed MM [92]. Adults
with � 1 lytic bone lesion received denosumab 120 mg SC Q4W or
zoledronate 4 mg intravenous. Denosumab was noninferior to
zoledronate in delaying median time to first on-study SRE
(22.8 months for denosumab versus 24.0 months for zoledronate;
HR, 0.98; 95% CI, 0.85–1.14; P = 0.010 for noninferiority). The per-
centage of patients who experienced an on-study SRE was similar
between groups (denosumab, 44%; zoledronate, 45%). Further-
more, in a post hoc landmark analysis of the same study at
15 months, denosumab was superior to zoledronate in delaying
time to first on-study SRE (median, not estimable for both; HR,
0.66; 95% CI, 0.44–0.98; P = 0.039). Median progression-free sur-
vival (PFS) was significantly increased by 10.7 months with deno-
sumab (46.1 versus 35.4 months; HR, 0.82; 95% CI, 0.68–0.99;
P = 0.036); however, median OS was similar between groups
(49.5 months versus not estimable; HR, 0.90; 95% CI, 0.70–1.16;
P = 0.41). In general, patients with MM have a high prevalence of
both renal impairment (61%) and chronic kidney disease (50%)
[93]; adverse events associated with renal toxicity
(creatinine > 2 mg/dL and creatinine doubled from baseline) were
lower with denosumab than with zoledronate (10% versus 17%
overall) [92]. A phase 2 trial is underway investigating the safety
and tolerability of denosumab in smoldering MM and assessing
the efficacy in reducing the risk of disease progression (ClinicalTri-
als.gov: NCT03839459).

National Comprehensive Cancer Network and European Society
for Medical Oncology guidelines recommend addition of deno-
sumab or BPs to primary therapy for MM regardless of evidence
of bone disease; denosumab is preferred in renal impairment
(Table 1) [68,94,95]. BPs may be interrupted in patients who
achieve complete or good partial response; however, denosumab
discontinuation may be complicated by rebound osteolysis. There-
fore, denosumab discontinuation following complete or good par-
tial response is not currently recommended [68]. Updated
guidelines from the International Myeloma Working Group
(IMWG) recommend denosumab or zoledronate as first options
in newly diagnosed MM or relapsed or refractory MM (with bone
disease), with zoledronate as a first option in patients without
MM-related bone disease; denosumab should be considered in
renal impairment [96]. IMWG guidelines also note that denosumab
might provide a PFS benefit in patients with newly diagnosed MM
and MM-related bone disease who are eligible for autologous stem
cell transplantation. These recommendations are supported by a
recent subgroup analysis that showed a PFS benefit with deno-
sumab versus zoledronate in patients with planned autologous
stem cell transplant (HR, 0.65; 95% CI, 0.49–0.85; descriptive
P = 0.002) and those < 70 years old (HR, 0.74; 95% CI, 0.59–0.94;
descriptive P = 0.012) [97]. Further, a PFS benefit with denosumab
was observed in patients with mild renal impairment or good base-
line renal function (creatinine clearance > 60 mL/min) compared
with zoledronate, suggesting a role for denosumab in MM regard-
less of renal function. The PFS benefit observed with denosumab in
these subgroups may be due to mechanistic differences between
denosumab and zoledronate, suggesting that inhibition of RANKL
provides more complete osteoclast inhibition than does inhibition
of protein prenylation [97]. Additionally, osteoclasts may reacti-
vate dormant myeloma cells; thus, osteoclast inhibition could pre-
vent MM progression [98]. As a consequence of the relatively
recent approval of denosumab for MM, evidence in the real-
world setting is limited.
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10. Future considerations

10.1. Survival and skeletal-related event benefits associated with
denosumab

Although we have learned a great deal about the clinical char-
acteristics of denosumab since its approval, questions remain.
Denosumab and BPs have been associated with a delay in SRE
onset [42–44]; however, it is still unclear if this leads to a survival
benefit. Some data suggest prolongation of OS in lung cancer [99].
Results were not confirmed in a phase 3 trial evaluating addition of
denosumab to standard-of-care chemotherapy in advanced NSCLC
in patients with and without BM; however, recruitment was ended
prematurely because of slow accrual, as immunotherapy replaced
standard-of-care chemotherapy, meaning the study lacked power
to detect a significant difference in OS [100]. Although a PFS benefit
has been observed with denosumab in MM [97], to date it is
unknown if there is any OS benefit. As MM has a high rate of
relapse, and survival rates become more dismal with each salvage
therapy used [101], it is possible this obscured any potential OS
benefit; data on disease progression in patients on salvage therapy
who are receiving denosumab would help clarify any potential OS
benefit of denosumab. Although rare, it is also unclear why AFF
occurs with denosumab; further study is needed to better under-
stand the role of concomitant medications and risk factors in the
pathophysiology of AFF. Relative risk of MVF after denosumab dis-
continuation in patients with solid tumors or MM and BMs is also
poorly understood, as is the role of preventive strategies for these
severe toxicities.
10.2. Optimal dosing

Dose regimens other than the recommended 120 mg Q4W
schedule may provide similar efficacy and safety. Patients with
breast cancer and BMs who received denosumab Q4W (30, 120,
or 180 mg) showed sustained uNTx/Cr suppression throughout
25 weeks of treatment, whereas some who received denosumab
Q12W did not [35]; furthermore, it is unclear if the reduced sup-
pression with 180 mg Q12W translated to reduced efficacy of
denosumab. Additionally, a recent randomized trial of Q4W versus
Q12W dosing in patients with BMs from breast or prostate cancer
in Canada showed that the change in HRQoL score with deno-
sumab Q12W was noninferior versus Q4W [102]. The 1-year
SRE-free survival rate was similar for denosumab Q4W and
Q12W; however, the study was not powered to detect differences
in SREs between groups. A phase 3 noninferiority trial is underway
investigating SRE prevention with denosumab 120 mg Q4W versus
120 mg Q4W for three doses de-escalated to Q12W in patients
with advanced breast or prostate cancer and BMs (NCT02051218).
10.3. Antitumor effects

In addition to inhibition of RANKL, various mechanisms have
been suggested for potential antitumor effects of denosumab,
including promotion of tumor cell apoptosis, inhibition of angio-
genesis, decrease of intravascular and extravascular migration
and invasion, and alteration of bone microenvironment (eg,
decreased tumor cell support from osteoclast-mediated bone
resorption) [99]. Besides its role in bone remodeling, the RANKL/
RANK pathway has an important role in mammary gland physiol-
ogy and has been shown to enhance the proliferation of mammary
epithelial and stem cells, therefore becoming a prominent target
for breast tumorigenesis. RANKL/RANK may contribute to the
development of a tolerogenic immune microenvironment by stim-
ulating lymph node and T- and B-cell development [27,103] and to
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tumor metastasis through osteoclast-independent processes [104].
Denosumab may play a potential role in BRCA1-positive breast can-
cer through aberrant RANK-signaling in BRCA1 tumorigenesis
[105], although this is yet to be clinically evaluated. Disease-free
survival was improved with denosumab 60 mg twice yearly in
postmenopausal hormone receptor–positive early breast cancer
when administered as an adjuvant treatment to aromatase inhibi-
tor therapy, with distant metastases and new primary cancers
reduced in the denosumab arm [106]. However, in D-CARE, an
international phase 3, placebo-controlled study of adjuvant deno-
sumab in early-stage breast cancer at high risk of disease recur-
rence, adjuvant denosumab did not improve disease outcomes
(BM-free survival [BMFS]) [107]. Due to the limitations of assessing
BMFS, which includes relapse in bone with and without extraskele-
tal recurrences and deaths from any cause, and the lower than
expected number of efficacy endpoint events, analysis of the pre-
specified exploratory bone endpoints may provide a more clinically
meaningful representation of the effect of denosumab in this dis-
ease setting.
11. Conclusions

SREs are associated with high patient burden, and treatment of
BMs over the past 2 decades with antiresorptive therapy has
resulted in a significant decrease in SREs. Denosumab is an effec-
tive option for patients at risk of SREs as a result of BMs from solid
tumors or MM. Denosumab is well tolerated and may be used in
impaired renal function; however, improvements in time to dis-
ease progression in bone and OS have not been demonstrated.
Future trials and real-world evidence examining outcomes with
extended-dosing schedules and factors affecting survival will con-
tinue to inform optimal management of these patients.
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