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Summary

A new understanding in the pathophysiology of bone led
to the development of a fully human monoclonal anti-
body directed against RANK ligand (RANKL). Deno-
sumab inhibits the interaction of RANKL with its receptor
RANK, thereby suppressing osteoclast differentiation,
function and survival. In this respect, denosumab mim-
ics osteoprotegerin, the endogenous antagonist of
RANKL. Recently, denosumab has been approved by the
European Medicines Agency (EMEA) for the treatment of
postmenopausal osteoporosis (PMO) and treatment-
induced bone loss in breast and prostate cancer patients
undergoing hormone ablation. Oncologic indications
affecting bone are promising, but still under clinical
evaluation. In clinical trials for PMO, denosumab has
shown significant increases in bone mineral density
(BMD) at various skeletal sites, decreases in bone turn-
over markers, and reductions in fracture risk. In head-to-
head studies, denosumab proved to be superior to alen-
dronate with regard to the increase in BMD. Considering
clinical trial data, the risk-benefit profile of denosumab
seems to be favorable since the rates of adverse events,
serious adverse events, infections, malignancies and
deaths were not higher compared to the control arms.
In PMO, denosumab is applied subcutaneously as a
60-mg dose twice yearly. This administration scheme
and route might have a high acceptance by patients and
physicians.

Schliisselwdorter
Osteoporose - Osteoporose, postmenopausale -
Denosumab - Monoklonaler Antikorper

Zusammenfassung

Ein neues Verstandnis der Pathophysiologie des Kno-
chenstoffwechsel miindete in der Entwicklung eines
vollhumanen, monoklonalen Antikdrpers gegen den
RANK-Liganden (RANKL). Denosumab hemmt die Inter-
aktion von RANKL mit seinem Rezeptor RANK, was
wiederum Differenzierung, Funktion und Uberleben der
Osteoklasten hemmt. In dieser Hinsicht ahmt Deno-
sumab die Wirkung von Osteoprotegerin nach, dem phy-
siologisch vorkommenden Antagonisten von RANKL.
Denosumab ist seit kurzem von der EMEA (European
Medicines Agency) zur Behandlung der postmenopausa-
len Osteoporose (PMO) und des behandlungsinduzierten
Knochensubstanzverlustes wahrend und nach der Hor-
monablationstherapie bei Mammakarzinomen und Pros-
tatakarzinomen zugelassen. In klinischen Studien bei
PMO-Patienten zeigten sich unter Denosumab eine signi-
fikante Erhdhung der Knochenmineraldichte an verschie-
denen Messpunkten, eine Verringerung der Knochen-
stoffwechselparameter und letztlich eine Verringerung
des Frakturrisikos. Des Weiteren war Denosumab in Ver-
gleichsstudien mit Alendronat in Bezug auf die Erho-
hung der Knochendichte tUberlegen. Das Risiko-Nutzen-
Profil von Denosumab erscheint nach den klinischen
Studien sehr vorteilhaft, da die Rate an unerwiinschten
und schwerwiegenden unerwinschten Ereignissen nicht
hoher war als in den Vergleichsarmen. In Studien zur
PMO wurde Denosumab subkutan in einer Dosis von
60 mg zweimal jahrlich verabreicht. Dieses einfache Ver-
abreichungsschema konnte unter Patienten und Arzten
eine hohe Akzeptanz erlangen.
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Introduction

Osteoporosis is characterized by decreased bone density and
altered bone microarchitecture, which reduce bone strength
and increase the risk of fractures [1]. The major consequences
of osteoporosis are fractures that increase mortality and
morbidity and have a significant impact on the quality of life.
Bone mass declines as people age, and especially postmeno-
pausal women are at high risk. Osteoporosis affects more than
75 million people in the USA, Europe and Japan [2, 3].
Worldwide, the disease causes more than 8.9 million fractures
annually, of which more than 4.5 million occur in America
and Europe. Approximately one-third of all postmenopausal
women worldwide suffer from osteoporosis and 1 in 3 women
above the age of 50 suffers a fracture associated with osteo-
porosis. Combined annual costs of all osteoporotic fractures
have been estimated to be § 20 billion in the USA and about
$ 30 billion in the European Union (EU) [3].

Osteoporosis is defined as a bone mineral density (BMD)
T-score of less than -2.5, osteopenia as a BMD T-score be-
tween —-1.0 and -2.5 [4]. Although there are several drugs
available for the treatment and prevention of osteoporosis,
this disease is often underdiagnosed, undertreated and associ-
ated with poor patient compliance and adherence to therapy
[5]. Current strategies for the management of osteoporosis in-
clude preventive actions as well as non-pharmacological and
pharmacological treatment.

Drug Therapies Approved for Postmenopausal
Osteoporosis

Adequate supply of vitamin D and calcium is recommended
as a baseline therapy for the prevention and treatment of
osteoporosis in all patients, but is not sufficient for the treat-
ment of prevalent osteoporosis [3, 6]. Vitamin D and calcium
supplementation is included in most clinical trials evaluating
novel drug candidates. Most drugs approved for the treatment
of osteoporosis are antiresorptive agents that improve bone
strength and reduce the risk of fractures primarily by decreas-
ing the bone turnover and maintaining or increasing the
BMD. These drugs include orally and intravenously applied
bisphosphonates, selective estrogen receptor modulators
(SERMs), and salmon calcitonin (table 1) [5-7]. In contrast,
anabolic agents such as teriparatide and recombinant human
parathyroid hormone (PTH) act by increasing bone forma-
tion. Strontium ranelate has antiresorptive and anabolic prop-
erties and is therefore classified as a dual-acting bone agent
(DABA). Numerous clinical trials have demonstrated the
efficacy of the drugs mentioned above. However, therapy
with these agents is limited by side effects, schemes for intake,
restricted duration of treatment and, not least, cost of the
drugs.

Oral bisphosphonates generally have a low bioavailability.
Adverse gastrointestinal effects and restrictive application
schemes contribute to suboptimal patient compliance and/or
premature cessation of therapy in many patients. A system-
atic review found that the average duration of therapy with
osteoporosis treatments, primarily bisphosphonates, was
generally less than 1 year [8]. More recently intravenous

Table 1. Other drugs approved in the EU for prevention and/or therapy of postmenopausal osteoporosis [36]

Class INN Clinical evidence Limitations and potential side effects
T BMD | Risk of vertebral | Risk of nonvertebral
fractures fractures
Bisphosphonates
Oral alendronate + +++ ++ gastrointestinal AE: gastritis, intake
etidronate + + -
Intravenous risedronate + +++ ++ flu-like symptoms, myalgia
ibandronate® + A+ A+
zoledronate + +++ +++
DABASs strontium ranelate + +++ +++ thrombosis risk, DRESS
SERMs raloxifene + +++ - vasomotor symptoms, thromboembolic
lasofoxifene + +++ +++ events, cramps
PTH teriparatide + +++ ++ nausea, dizziness, leg cramps; maximum
rHuPTH 1-84 + T+ - duration: 24 months
Calcitonin salmon calcitonin ~ + + — rhinitis

*Approved for oral (#) and intravenous administration.

+++ Strong evidence, ++ good evidence, + some evidence, — no evidence.

DABAs = Dual-acting bone agents, SERMs = selective estrogen receptor modulators, PTH = parathyroid hormone,
rHuPTH = recombinant human PTH, AE = adverse event, DRESS = drug rash with Eosinophilia and systemic symptoms.
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bisphosphonates with an increased potency have been ap-
proved, which allows for longer dosing intervals and thereby
potentially leading to better compliance. SERMs such as
raloxifene and the quite recently approved lasofoxifene are
associated with a higher risk of vasomotor effects, throm-
boembolic events and stroke [9], and strontium ranelate
increases the risk of venous thrombosis [10] or rare skin
diseases [11]. Therapy with recombinant human PTH and
teriparatide is limited to a maximum of 24 months without
any repetition.

The OPG/RANKL System in Bone Metabolism

Bone remodeling is a continuous process of bone resorption
and formation that renews the skeleton while maintaining its
structure [12, 13]. Osteoclasts, specialized cells to resorb bone,
are controlled by several cytokines. The central cytokine for
osteoclastogenesis is the receptor activator of nuclear factor
kB ligand (RANKL) [14], a member of the tumor necrosis
factor (TNF) superfamily. RANKL is expressed by osteo-
blasts and osteoblast precursors. Binding of RANKL to its re-
ceptor, RANK, induces osteoclast differentiation, activation,
and survival [15]. This results in increased bone resorption.
RANK is expressed on mature and precursor osteoclasts.
RANKL is endogenously regulated by the secreted glycopro-
tein osteoprotegerin (OPG), a non-signaling ‘decoy receptor’
of RANKL [16]. Alterations of the RANKL/OPG ratio are
critical in the pathogenesis of bone diseases that result from
increased bone resorption. In addition, a number of cytokines,
prostaglandin E2 and other hormones act with RANKL to
control osteoclast activity [13, 17]. Denosumab is a fully
human monoclonal antibody with a high specificity for human
RANKL [13]. Upon binding to RANKL, denosumab inhibits
bone resorption by suppressing osteoclast formation, activity,
and survival (fig. 1).

Clinical Data on Denosumab in Postmenopausal
Osteoporosis

To date, more than 10,000 patients with postmenopausal
osteoporosis (PMO) have been treated with denosumab.
Published clinical data on denosumab in patients with PMO
include 1 phase I dose escalation trial, 1 phase II trial with
extension studies and 4 phase III trials (table 2; summarized
in [18]).

The pharmacokinetic profile of denosumab was evaluated
in a randomized, double-blind, placebo-controlled, dose esca-
lation phase I study in 49 postmenopausal women receiving a
single subcutaneous (s.c.) dose of denosumab (0.01-3.0 mg/
kg) [19]. After s.c. application, the pharmacokinetics of deno-
sumab was nonlinear with dose, reaching a maximum serum
concentration (Cmax) at 5-21 days post dose. The serum half-
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Fig. 1. Novel mode of action: Denosumab specifically binds to
RANKL and inhibits osteoclast differentiation, activation and
survival. Denosumab is an investigational drug not yet approved [12].

life was 32 days with the maximum dose. The effect on bone
resorption was measured by urinary and serum N-telopeptide
(NTX): Denosumab reduced these bone turnover markers
within 12 h in a dose-dependent manner. The decrease versus
baseline was up to 84% after 3 months and started to increase
to baseline levels after 6 months.

Long-term treatment with denosumab (up to 6 years) was
examined in a phase II randomized, placebo-controlled, dose-
ranging study [20]. 412 postmenopausal women with low
BMD and a lumbar spine T-score of —1.8 to —4.0 were rand-
omized to 9 treatment groups: s.c. denosumab 6, 14, or 30 mg
every 3 months; s.c. denosumab 14, 60, 100, or 210 mg every
6 months; open-label alendronate 70 mg weekly; or placebo.
Denosumab treatment for 12 months resulted in a BMD in-
crease of 3.0 to 6.7% at the lumbar spine compared to base-
line, while there was a 4.6% increase with alendronate and a
0.8% loss with placebo (p < 0.001 vs. placebo). At the total
hip, there was a BMD increase of 1.9 to 3.6% compared to
baseline, with a 2.1% increase with alendronate and a 0.6%
loss in the placebo group (p < 0.001). In comparison with
alendronate, the BMD changes were at least as large with
denosumab, with an apparently greater BMD increase at the
total hip and distal one-third radius with denosumab 30 mg
every 3 months and 60 mg every 6 months. Of the original 412
women randomized, 337 completed the 24-month study [21]
and 262 were treated for 48 months [22]. Continuous, long-
term denosumab treatment increased BMD at the lumbar
spine and total hip by 9.4 to 11.8% and 4.0 to 6.1%, respec-
tively. Bone turnover markers were reduced over 48 months.
An extension of the denosumab phase II study to a total of
72 months of treatment with denosumab has been completed.
This phase II trial also revealed that discontinuation of deno-
sumab led to a decrease of BMD, increasing again after treat-
ment with denosumab is restarted, showing the reversibility of
the drug [22]. The dose of 60 mg every 6 months was selected
for the phase III clinical trials since higher doses were not
associated with additional increases in BMD.
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Table 2. Overview of clinical trials with denosumab for postmenopausal osteoporosis (PMO)

Indication Phase N Design Main clinical results Publication
PMO/therapy 111 7868  1:1 randomized, double-blind, placebo-controlled risk of new vertebral fractures reduced by Cummings et al., 2009
(FREEDOM) study for 36 months; BMD (lumbar spine) 68% with Dmab vs. placebo; incidence of [24]
<-2.5 and > 4.0; Dmab 60 mg s.c. every 6 months new vertebral fractures: Dmab 2.3% vs.
vs. placebo placebo 7.2% ; p < 0.0001; risk of hip fracture
reduced by 40% with Dmab vs. placebo;
p = 0.036; risk of nonvertebral fractures
reduced by 20%; p = 0.011
PMO/prevention 11T 332 1:1 randomized, double-blind, placebo-controlled BMD improvement (lumbar spine): Dmab  Bone et al., 2008 [23]
(DEFEND) study for 24 months; BMD (lumbar spine) 6.5% vs. placebo —0.6%; p < 0.0001; BMD
<-1.0 and > 2.5; Dmab 60 mg s.c. every 6 months improvement in Dmab group at total hip,
vs. placebo one-third radius, total body; p < 0.0001 vs.
placebo
PMO/therapy vs. I 1189  1:1 randomized, double-blind, active-controlled relative BMD improvement (total hip) Brown et al., 2009 [25]
alendronate (DECIDE) study for 12 months; BMD (lumbar spine or total ~35% greater in the Dmab vs. ALN group;
hip) <-2.0; 60 mg Dmab s.c. every 6 months vs. Dmab 3.5% vs. ALN 2.6%; p < 0.0001;
ALN 70 mg orally once weekly BMD significantly greater with Dmab vs.
ALN at all skeletal sites; p < 0.0002
PMO/therapy IIIb 504  1:1 randomized, double-blind, active-controlled relative BMD improvement (total hip) Kendler et al., 2010
bisphosphonate study for 12 months; BMD (lumbar spine or total ~80% greater in the Dmab vs. ALN group;  [26]
transition (STAND) hip) <-2.0 and > —4.0; > 6 months previous therapy ~Dmab 1.90 vs. ALN 1.05, p < 0.0001; BMD
with ALN; 60 mg Dmab s.c. every 6 months vs. significantly greater with Dmab vs. ALN
ALN 70 mg orally once weekly at lumbar spine, femoral neck, 1/3 radius;
p <0.0125
PMO/therapy 11 412 randomized controlled study for up to 6 years BMD improvement at 12/24 months McClung et al., 2006
(incl. extensions); BMD (lumbar spine) <-1.8 and  (lumbar spine); Dmab 3.0-6.7%/ [20], Lewiecki et al.,
>-4.0; or BMD (prox. femur) < -1.8 and 2 -3.5; 4.13-8.89%; ALN 4.6%/24 months data 2007 [21], Miller et al.,
Dmab s.c. (6, 14, 30 mg every 3 months or 14, 60, not shown; placebo —0.8%/-1.18%; BMD 2008 [22]
100, 210 mg every 6 months) vs. placebo vs. open improvement (total hip) at 12 months;
ALN, 70 mg once weekly Dmab 1.9-3.6%; ALN 2.1%, placebo —0.6%;
BMD improvement (lumbar spine) at 48
months; Dmab 9.4-11.8%
Healthy postmenopausal I 49 1:3 randomized dose-ranging study; single-dose decrease in urinary NTX dose dependent, Bekker et al., 2004
women/PK Dmab s.c. 0.01, 0.03, 0.1, 0.3, 1.0, 3.0 mg/kg vs. within 12 h, up to 84% and for up to [19]
placebo 6 months

ALN = Alendronate, PK = pharmacokinetics, Dmab = denosumab, NTX = N-telopeptide.

Of the 4 phase III studies, the FREEDOM study investi-
gated the prevention of fractures comparing denosumab ver-
sus placebo. FREEDOM and DEFEND looked at the effect
of denosumab versus placebo on BMD and on bone turnover
markers [23, 24]. The two remaining studies were head-to-
head trials comparing alendronate therapy with denosumab in
untreated patients (DECIDE study) and in patients pre-
treated with bisphosphonates (STAND study) [25, 26]. In
STAND, patients on alendronate for at least 6 months either
switched to denosumab or continued their bisphosphonate
therapy, whereas in DECIDE patients were either treatment
naive (3/4) or received other osteoporosis medications.

In all clinical trials, patients in either arm, denosumab or
control, received daily supplements of calcium and vitamin D.

The DEFEND study was a randomized, double-blind,
placebo-controlled study for 24 months. 332 postmenopausal
osteopenic women with lumbar spine BMD T-scores between
—-1.0 and -2.5 received either denosumab s.c., 60 mg every
6 months, or placebo [23]. At 24 months, denosumab signi-
ficantly increased the BMD at the lumbar spine, compared
with placebo (6.5 vs. —0.6%; p < 0.0001). Denosumab treat-
ment also led to significant increases in BMD at the total hip,
one-third radius, and total body (p < 0.0001 vs. placebo). Bone
turnover markers significantly decreased with denosumab.
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The FREEDOM trial enrolled 7868 postmenopausal
women with a T-score between < -2.5 and —4.0 at the lumbar
spine or total hip [24]. In this randomized, double-blind,
placebo-controlled study, patients received either 60 mg of
denosumab or placebo s.c. every 6 months for 36 months. In
comparison to placebo, denosumab reduced the risk of new
radiographic vertebral fractures by 68%. The cumulative inci-
dence of fractures with denosumab and placebo was 2.3% and
7.2%, respectively (risk ratio, 0.32; 95% confidence interval
(CI), 0.26-0.41; p < 0.001). Denosumab reduced the risk of hip
fracture by 40%, with a cumulative incidence of 0.7% in the
denosumab group, versus 1.2% in the placebo group (hazard
ratio (HR), 0.60; 95% CI, 0.37-0.97; p = 0.04). Furthermore,
the risk of nonvertebral fractures was reduced by 20%, with a
cumulative incidence of 6.5% in the denosumab group, versus
8.0% in the placebo group (HR, 0.80; 95% CI, 0.67-0.95;
p=0.01).

The DECIDE trial, a randomized, double-blind, active-
controlled study, compared the efficacy and safety of deno-
sumab with alendronate in 1189 postmenopausal women with
low bone mass (T-score < -2.0 at the lumbar spine or total
hip) [25]. Patients received either denosumab s.c., 60 mg every
6 months, plus oral placebo weekly or oral alendronate
weekly, 70 mg, plus s.c. placebo injections every 6 months for
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a total of 12 months. Denosumab showed significantly larger
gains in BMD and greater reduction in bone turnover mar-
kers compared with alendronate. The increase in BMD at
total hip was approximately 35% higher with denosumab
compared to alendronate at month 12 (3.5% versus 2.6%;
p < 0.0001). In addition, increases in BMD at all measured
sites were significantly greater with denosumab treatment
(treatment difference: 0.6%, femoral neck; 1.0%, trochanter;
1.1%, lumbar spine; 0.6 %, one-third radius; p < 0.0002 for all
sites). Denosumab treatment led to significantly greater re-
duction of bone turnover markers compared with alendronate
therapy.

STAND was a randomized, double-blind, active-controlled
study in 504 postmenopausal women with a BMD T-score of
< 2.0 to —4.0 [26]. The subjects had to receive alendronate
for at least 6 months. After an open-label alendronate phase,
70 mg once weekly for 1 month, the patients were randomized
to either continue weekly alendronate therapy or switch
to denosumab s.c., 60 mg every 6 months, for 12 months.
Transition to denosumab led to greater increases in BMD
at all measured skeletal sites and a greater reduction in bone
turnover than did continued alendronate. Total hip BMD
increased by 1.90% and 1.05% in subjects receiving deno-
sumab versus alendronate (p < 0.0001). Compared to alendro-
nate, denosumab led to significantly greater BMD gains
within 12 months at the lumbar spine, femoral neck, and
one-third radius (p < 0.0125 for all sites). Median serum
C-telopeptide (CTX) levels remained near baseline in the
alendronate group and were significantly decreased versus
alendronate (p < 0.0001) at all time points with denosumab.

Clinical data demonstrate that denosumab effectively
increases BMD, decreases bone turnover and significantly
reduces the risk of vertebral, nonvertebral and hip fractures.
Bone resorption by denosumab is inhibited in a rapid, sustai-
ned and reversible manner.

Safety of Denosumab

RANKL is not only expressed on osteoclasts but also on
endothelial cells, osteoblasts, activated T lymphocytes, imma-
ture thymocytes, and other cell types. In addition, RANK is
expressed on various cells such as mature T cells, dendritic
cells, mammary gland epithelial cells, and chondrocytes [27].
Therefore, potential impacts of RANKL inhibition on im-
mune function, malignancy, mammary cell activity, or vascu-
lar calcification need to be carefully investigated.

In phase III trials in patients with PMO, the rates of ad-
verse events and serious adverse events were similar between
denosumab and the control group (placebo or alendronate)
[23-26]. There was no increase in the risk of cancer, infection,
cardiovascular disease, delayed fracture healing, or hypocal-
cemia. In the DEFEND study, the rate of serious adverse
events was higher in the denosumab arm compared to pla-
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cebo, although not significantly [23]. This was primarily due to
a greater number of infections treated in a hospital. In the
FREEDOM study, the rate of serious cellulite was higher
compared to the placebo arm (0.3% vs. < 0.1%, p = 0.002),
but the overall incidence of cellulite was similar [24]. No cases
of osteonecrosis of the jaw occurred in the phase III trials.
No neutralizing antibodies were observed in clinical trials.
Taken together, denosumab seems to have a favorable safety
profile.

Denosumab: Other Indications

Based on data in postmenopausal women with osteoporosis,
denosumab was also evaluated in oncologic patients under-
going hormone-ablative therapies. A phase III trial in 252 pa-
tients receiving aromatase inhibitors for non-metastatic breast
cancer demonstrated that twice-yearly treatment with deno-
sumab s.c., 60 mg every 6 months, was associated with consist-
ently greater gains in BMD than treatment with placebo [28].
Compared to placebo, lumbar spine BMD increased by 5.5%
and 7.6% after 12 and 24 months, respectively, in the deno-
sumab group (p < 0.0001 for both). Increases in BMD were
also observed at the total hip, total body, femoral neck, and
the predominantly cortical one-third radius. Comparable re-
sults were observed in a phase III trial in patients receiving
androgen deprivation therapy for non-metastatic prostate
cancer [29]. At 24 months, denosumab was associated with in-
creased BMD, 5.6% in the denosumab group as compared
with a loss of 1.0% in the placebo group (p < 0.001). After
36 months there were less new vertebral fractures in the deno-
sumab-treated group as compared to placebo (1.5% vs. 3.9%;
relative risk, 0.38; 95% CI, 0.19-0.78; p = 0.006).

Since preclinical data suggest anti-tumor effects of deno-
sumab in bone by inhibition of osteoclasts, denosumab is in-
vestigated in various oncologic indications affecting bone [30,
31]. Phase III studies looked at patients with bone metastases
in breast cancer and advanced solid tumors or multiple mye-
loma [32, 33]. For these indications, denosumab was adminis-
tered at a dose of 120 mg s.c. twice yearly. In breast cancer
patients with bone metastases, denosumab significantly de-
layed the time to first on-study skeletal-related event (SRE;
pathologic fracture, radiation therapy or surgery to bone, or
spinal cord compression) compared with zoledronic acid (HR,
0.82; 95% CI, 0.71-0.95; p = 0.01) in this 34-month study [32].
Denosumab also significantly delayed the time to first and
subsequent on-study SRE (multiple event analysis) compared
with zoledronic acid (HR, 0.77; 95% CI, 0.66-0.89; p = 0.001).
However, overall survival and time to cancer progression
were similar between the two treatment groups. Another
phase III trial in patients with solid tumors and bone metas-
tases (excluding breast and prostate) or multiple myeloma
with osteolytic bone disease revealed that denosumab was not
inferior to zoledronic acid in the delay of on-study SRE [33].
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Although numerically greater, the delay in time to first
on-study SRE with denosumab was not superior to zoledronic
acid based on the statistical testing strategy (adjusted p = 0.06).
Other indications under investigation include the prevention
of bone metastases, the treatment of giant cell tumors of the
bone as well as therapy of rheumatic diseases [34, 35].

Conclusions
The monoclonal antibody denosumab exhibits a new mode

of action by selectively targeting molecules involved in
bone turnover. Clinical results of this drug are promising,

demonstrating at least similar or even superior efficacy
in comparison to conventional therapies. In addition, the
favorable safety profile and infrequent and simplified dosing
regimen might contribute to improved patient compliance,
persistence with therapy, and finally better long-term clinical
outcomes.
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