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Abstract: Denosumab is a subcutaneously (SC) administered investigational fully human
monoclonal antibody to receptor activator of nuclear factor-kB ligand (RANKL), a cytokine
member of the tumor necrosis factor family that is the principal mediator of osteoclastic bone
resorption. RANKL stimulates the formation, activity, and survival of osteoclasts, and is
implicated in the pathogenesis of postmenopausal osteoporosis and other skeletal disorders
associated with increased bone remodeling. Denosumab binds RANKL, preventing it from
binding to RANK, thereby reducing the formation, activity, and survival of osteoclasts and
slowing the rate of bone resorption. Postmenopausal women with low bone mineral density
(BMD) treated with denosumab have a reduction of bone turnover markers and an increase in
BMD that is rapid, sustained, and reversible. In postmenopausal women with osteoporosis,
denosumab reduces the risk of vertebral, hip, and nonvertebral fractures. In postmenopausal
women with low BMD randomized to receive denosumab or alendronate, denosumab is
associated with a significantly greater increase in BMD and further reduction in bone
turnover markers compared with alendronate. In postmenopausal women with low
BMD who were previously treated with alendronate, those who switched to denosumab
have a significantly greater BMD increase and further reduction in bone turnover
markers compared with those continuing alendronate. Denosumab is well tolerated with a
favorable safety profile. It is a promising emerging drug for the prevention and treatment
of osteoporosis, offering a long dosing interval of every 6 months and convenient SC
dosing, with the potential of improving long-term adherence to therapy compared with
current oral treatments.
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Introduction
Osteoporosis is a common skeletal disease char-

acterized by low bone mineral density (BMD) and

poor bone quality, with a reduction in bone

strength and increase in fracture risk [Klibanski

et al. 2001]. It has been estimated that over 200

million people worldwide have osteoporosis

[Cooper et al. 1992], including about 75 million

in the United States (US), Europe, and Japan

[European Foundation for Osteoporosis and

Bone Disease and National Osteoporosis

Foundation, 1997]. Postmenopausal women are

at particularly high risk for osteoporosis due to

declining estrogen levels, with low BMD being a

strong risk factor for fracture. Approximately 30%

of all postmenopausal women in the US and

Europe have osteoporosis, with at least 40% of

these women having one or more fragility

fractures in their remaining lifetime [Melton

et al. 1992]. Vertebral fractures are the most

common type of fragility fracture [Riggs and

Melton, 1995], with 5% of 50 year-old

Caucasian women and 25% of 80 year-old

women having at least one vertebral fracture

[Melton et al. 1989]. Hip fractures in white

women are more common than breast cancer,

with a lifetime risk of 1 in 6 [Cummings and

Melton, 2002]. Fractures of the hip and spine

are associated with increased morbidity and mor-

tality [Cooper, 1997]. Any type of fracture is a

sentinel event that greatly increases the risk of

future fractures [Kanis et al. 2004]. Despite the

high prevalence of osteoporosis and the availabil-

ity of cost-effective drugs that are proven to reduce

fracture risk, it is both underdiagnosed and under-

treated. Bone density testing to identify patients at
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risk for fracture is commonly not done [Curtis

et al. 2008], and even patients with previous

fractures are typically not evaluated or treated

for osteoporosis [Feldstein et al. 2003]. When

treatment is started, many patients do not take

medication correctly or for a sufficient length of

time to benefit from reduction in fracture risk

[McCombs et al. 2004]. Patients with good com-

pliance to therapy have larger BMD increases

[Yood et al. 2003], greater reduction in fracture

risk [Caro et al. 2004], and lower healthcare

costs than patients who are less compliant

[McCombs et al. 2004]. Strategies that have

been suggested to improve long-term compliance

to therapy include reducing the frequency of drug

dosing and simplifying drug administration

[US Department of Health and Human

Services, 2004].

The World Health Organization fracture risk

assessment tool (FRAX) provides an estimate of

10-year fracture probability in untreated women

and men aged 40�90, based on validated clinical

risk factors for fracture and BMD at the femoral

neck, when available [Kanis and on behalf of the

World Health Organization Scientific Group

(2007), 2007]. When economic modeling is

conducted with FRAX and country-specific

assumptions (e.g. societal willingness to pay, con-

sequences of fractures, costs of fracture care, and

treatment to prevent fractures), cost-effective

thresholds for intervention with pharmacological

therapy can be determined. Since many fractures

occur in patients who do not have BMD in the

osteoporosis range (T-score ��2.5) [Wainwright

et al. 2005], FRAX may be most useful in iden-

tifying those with low bone mass (osteopenia,

T-score between �1.0 and �2.5) who are at suf-

ficiently high risk for fracture to benefit from

therapy. Ultimately, however, the decision to

treat and the selection of an individual drug

must be customized according to each individual

patient, with consideration of other factors that

include the patient’s co-morbidities, previous

treatment experiences, preferences, availability

of treatment, and insurance coverage.

Medication for the prevention and treatment of

osteoporosis stabilizes or increases BMD and

reduces fracture risk through its effects on bone

remodeling. This is the dynamic process by which

the adult skeleton is continually broken down and

reformed in discrete bone remodeling units

located on the surface of trabecular bone and in

Haversian systems of cortical bone through the

coordinated activity of osteoclasts and osteoblasts.

When bone resorption is greater than bone forma-

tion, as commonly occurs in postmenopausal

women, bone loss is the result, with an increase

in skeletal fragility and risk of fractures

[Felsenberg and Boonen, 2005]. The receptor

activator of nuclear factor-kB ligand (RANKL)/

receptor activator of nuclear factor-kB (RANK)/

osteoprotegerin (OPG) signaling pathway

(Figure 1) is the principal regulator of osteoclastic

bone resorption [Bekker et al. 2004]. When

RANKL, expressed on the surface of osteoblasts

and other cells, binds to RANK on the cell surface

of osteoclasts and pre-osteoclasts, it increases

osteoclast formation, activity, and survival, result-

ing in increased bone resorption. OPG is a natu-

rally occurring soluble nonsignaling ‘decoy

receptor’ that binds to RANKL, reducing the

formation, activity, and survival of osteoclasts,

with inhibition of bone resorption [Simonet

et al. 1997]. An increase in the RANKL:OPG

ratio has been implicated in the pathogenesis of

postmenopausal osteoporosis and other skeletal

diseases associated with elevated bone resorption

[Hofbauer and Schoppet, 2004].

Drugs for the prevention and treatment of

osteoporosis are classified as antiresorptive (anti-

catabolic) or anabolic (bone-forming) depending

on their effect on bone remodeling [McClung

et al. 2005; Riggs and Parfitt, 2005; Riggs et al.

1996]. Antiresorptive drugs include estrogens

(with or without progesterone), bisphosphonates

(alendronate, risedronate, ibandronate, and zole-

dronic acid), an estrogen agonist/antagonist

(raloxifene), and salmon calcitonin. Teriparatide

and recombinant human parathyroid hormone

[1�84] are the only approved anabolic agents.

Strontium ranelate appears to have both antire-

sorptive and anabolic properties [Meunier et al.

2002].

Denosumab (previously AMG 162; Amgen Inc.,

Thousand Oaks, CA, USA) is an investigational

fully human monoclonal antibody (IgG2 immu-

noglobulin isotype) antiresorptive drug, adminis-

tered by subcutaneous (SC) injection, with a high

affinity and specificity for human RANKL. By

binding to RANKL, it prevents the interaction

of RANKL to RANK and inhibits bone resorp-

tion by suppressing osteoclast formation, activity,

and survival (Figure 1). This is a review of the

data from completed clinical trials on the use of

denosumab for the prevention and treatment of

postmenopausal osteoporosis.
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Pharmacokinetics
The pharmacokinetics of denosumab are non-

linear with dose, and similar to other fully

human monoclonal antibodies. A phase 1 dose-

escalation trial in healthy postmenopausal

women given a single dose of SC denosumab

(0.01 to 3.0 mg/kg) showed three phases: a pro-

longed absorption phase with maximum serum

concentration (Cmax) observed at 5 to 21 days

post-dose, increasing as dose increased; a pro-

longed b-phase, with serum half-life as long as

32 days with the maximum dose; and a rapid

terminal phase when serum concentration

dropped below 1000 ng/ml [Bekker et al. 2004].

The effect on reduction of bone resorption, as

measured by urinary N-telopeptide (NTX), is

dose-dependent, rapid (within 12 hours, the ear-

liest time point measured), profound (up to 84%

decrease from baseline at the 3 month time

point), sustained (up to 6 months), and reversible

(rise in NTX at the end of the monitoring

period). Reduction of serum bone-specific alka-

line phosphatase (BSAP) occurs later and is less

pronounced than was observed for NTX.

The duration of denosumab’s antiresorptive

effect appears to be a consequence of its long

half-life and its effects on osteoclast recruitment,

function, and survival. A 6-month dosing inter-

val, when administered for the treatment of

osteoporosis, offers the potential of improving

adherence to therapy compared with other osteo-

porosis treatments that require more frequent

dosing. SC administration alleviates concerns

regarding possible malabsorption of oral agents,

particularly the oral bisphosphonates, and may

have greater acceptance by primary care physi-

cians than intravenous bisphosphonates.

Efficacy

Denosumab compared with placebo in
postmenopausal women with low BMD
The efficacy and safety of denosumab were

evaluated in a phase 2 randomized, placebo-

controlled, dose-ranging study in 412 post-

menopausal women with low BMD (lumbar

spine T-score �1.8 to �4.0, and total hip or

femoral neck T-score �1.8 to �3.5) [McClung

et al. 2006]. The subjects were randomized to

9 groups (41�54 subjects per group) receiving

SC denosumab 6, 14, or 30 mg every 3 months;

SC denosumab 14, 60, 100, or 210 mg every

6 months; open-label alendronate 70 mg weekly;

or placebo. The primary endpoint was percentage

change in lumbar spine BMD at 12 months
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Figure 1. The receptor activator of nuclear factor-kB ligand (RANKL)/receptor activator of nuclear factor-kB
(RANK)/osteoprotegerin (OPG) signaling pathway. Denosumab is a fully human monoclonal antibody to RANKL
that prevents the binding of RANKL to RANK and thereby inhibits bone resorption in a manner similar to native
OPG. Adapted from [Kostenuik, 2005] with permission from Elsevier and [Lewiecki, 2006] with permission from
Future Medicine Ltd.
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compared to baseline. Bone turnover was assessed

by measurement of serum and urine telopeptides

and serum bone-specific alkaline phosphatase

(BSAP). Denosumab treatment for 12 months

resulted in a BMD increase of 3.0�6.7% at the

lumbar spine compared to baseline, while there

was a 0.8% loss with placebo ( p<0.001). At the

total hip, there was a BMD increase of 1.9�3.6%

compared to baseline, with a 0.6% loss in the pla-

cebo group ( p<0.001). At the distal one-third

radius, there was a BMD increase of 0.4�1.3%

with denosumab, compared to a 2.0% loss with

placebo ( p<0.001). In exploratory comparisons

(i.e. preliminary assessments to determine

whether additional investigation was warranted)

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 with denosumab 30 mg every 3 months

and 60 mg every 6 months. While the significance

of this finding was uncertain due to the small

number of patients and the study not being

designed to test equivalence, it raised the possibil-

ity that the novel mechanism of action of denosu-

mab might result in an effect on skeletal sites high

in cortical bone that is different than alendronate.

Denosumab groups showed a statistically signifi-

cant decrease (82% mean decrease with the 60 mg

dose) in serum C-telopeptide (CTX) compared to

placebo and compared to alendronate ( p<0.001

for both comparisons) as early as 3 days, the first

scheduled time of CTX measurement. Serum

CTX reached a maximum mean decrease of 88%

compared to 5% with placebo. The effects on uri-

nary NTX were similar to those of serum CTX.

The reduction of BSAP with denosumab was

significant compared to placebo ( p<0.001), but

was delayed by about 1 month compared to

CTX. The effect on bone turnover was rapid, sus-

tained, and reversible. The dose of 60 mg every

6 months was selected for further study in phase

3 clinical trials due to the finding that higher

doses were not associated with additional increases

in BMD and the greater convenience of dosing

every 6 months compared with every 3 months.

A pre-specified exploratory analysis evaluated

the efficacy and safety of denosumab after

24 months of treatment [Lewiecki et al. 2007].

Outcome measures included BMD at the lumbar

spine, total hip, distal one-third radius, and total

body; bone turnover markers; and safety. Of the

original 412 women randomized, 337 (81.8%)

completed the 24-month study. BMD increases

at the lumbar spine at 24 months were in the

range 4.13�8.89% with denosumab compared

to a 1.18% decrease with placebo ( p<0.001 for

all doses denosumab versus placebo). Compared

to open label alendronate, BMD increases with

denosumab at all four skeletal sites were similar

or greater, except with the denosumab dose of

14 mg every 6 months, for which the BMD

change at the lumbar spine was less than with

alendronate.

This study was extended for an additional 24

months for a total of 48 months, with blinded

doses of SC denosumab or placebo administered

every 6 months [Miller et al. 2008]. Denosumab-

treated patients who continued the study were

reassigned based on their randomization group

at enrolment (Figure 2). Patients randomized to

denosumab 6 and 14 mg respectively every

3 months, and those receiving 14, 60, and

100 mg every 6 months received denosumab

60 mg every 6 months. Patients randomized to

the 6-monthly 210 mg dosage received placebo

for the remainder of the study. Patients rando-

mized to the 3-monthly 30 mg dosage received

placebo for 12 months then were subsequently

retreated with denosumab 60 mg, every

6 months, for 12 months. Open-label alendro-

nate patients discontinued alendronate therapy

after 24 months and received no additional

drug therapy. The placebo group was maintained

for the entire 48 months. Of patients initially ran-

domized in the study, 64% (262/412) completed

48 months. Continuous, long-term denosumab

treatment (Figure 3) increased BMD at the

lumbar spine (9.4�11.8%) and total hip

(4.0�6.1%). Bone turnover markers were

reduced over 48 months. Discontinuation of

denosumab (Figure 4) was associated with a

BMD decrease of 6.6% at the lumbar spine and

5.3% at the total hip within the first 12 months of

treatment discontinuation, followed by a plateau

of BMD over the fourth year of the study at a

level that was approximately the same as baseline.

This level of BMD was nevertheless greater than

that of patients on placebo, who lost BMD at all

skeletal sites. Retreatment with denosumab

increased lumbar spine BMD by 9.0% from orig-

inal baseline values. Bone turnover markers

increased to levels transiently greater than base-

line after discontinuation of denosumab, peaking

6�12 months after discontinuation and returning

to levels near baseline that were not significantly

different than placebo 24 months after

discontinuation. Retreatment with denosumab

12 months after discontinuation rapidly reduced

Therapeutic Advances in Musculoskeletal Disease 1 (1)
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bone turnover markers to levels that were similar

to continuously treated patients at 42 and

48 months. The clinical consequences of the

increase in bone turnover markers and loss of

BMD after denosumab discontinuation are not

known. While no increase in fracture risk was

observed after denosumab was discontinued,

additional analyses may be helpful in determining
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Figure 3. Continuation of denosumab for 48 months of continuous therapy. Percentage change in bone mineral density (BMD) and
bone turnover marker (BTM) values in patients who continued denosumab treatment for 48 months: (a) lumbar spine; (b) total hip; (c)
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dose. Reprinted from [Miller et al. 2008] with permission from Elsevier.
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every 3 months; Q6M, every 6 months.
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whether there are any adverse clinical conse-

quences associated with the transient period of

increased bone remodeling. Similar patterns in

BMD and bone turnover marker changes have

been observed in the first year after withdrawal

of estrogen therapy, with a return of bone turn-

over markers to near baseline within 2 years after

estrogen discontinuation [Wasnich et al. 2004;

Sornay-Rendu et al. 2003; Gallagher et al.

2002; Greenspan et al. 2002;]. It is reassuring

to note that the transient increase in bone

remodeling after discontinuation of estrogen

therapy has not resulted in clear evidence of

increased fracture risk in several large studies

[Banks et al. 2004; Yates et al. 2004; Barrett-

Connor et al. 2003; Cauley et al. 1995].

An additional extension of the denosumab phase

2 study to a total of 72 months, evaluating

patients treated with denosumab for the entire

duration, has been completed. The results have

not yet been reported.

A phase 3 trial evaluated the efficacy and safety of

denosumab in postmenopausal women with low

bone mass (osteopenia). DEFEND (DEnosumab

FortifiEs boNe Density) enrolled 332 postmeno-

pausal women with lumbar spine T-scores

between �1.0 and �2.5 who were randomized

to receive SC denosumab 60 mg every 6 months

(n¼ 166) or placebo (n¼ 166) [Bone et al. 2008]

(Table 1). All subjects were instructed to take

supplements of 1000 mg calcium per day, with

variable vitamin D supplementation determined

according to the baseline serum level of

25-hydroxyvitamin D. The primary efficacy end-

point was the percentage change from baseline in

lumbar spine BMD measured by dual-energy

X-ray absorptiometry (DXA) at 24 months com-

pared to placebo. Secondary endpoints included
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the percentage change from baseline in BMD at

the total hip, femoral neck, one-third radius, and

total body at 24 months; per cent change from

baseline in trabecular, cortical, and per cent

change from baseline in bone turnover markers.

The mean baseline age of study subjects was 59.4

years, with a mean baseline lumbar spine T-score

of �1.61. The study was completed by 86% of

randomized subjects. Denosumab significantly

increased BMD at the lumbar spine compared

with placebo at 24 months (denosumab 6.5%

versus placebo �0.6%, p<0.0001), with signifi-

cant BMD increases also reported at the total

hip, one-third radius, and total body (p<0.0001

for each compared with placebo). There was also a

significant decrease in markers of bone resorption

and formation compared with placebo. It was con-

cluded that 6-monthly SC denosumab 60 mg

increased BMD and reduced bone turnover mar-

kers in postmenopausal women with osteopenia,

with an overall incidence of adverse events that

was similar to placebo.

Denosumab compared with alendronate in
women with low BMD initiating treatment
DECIDE (Determining Efficacy: Comparison of

Initiating Denosumab versus alEndronate) was a

1-year, phase 3 double-blind, double-dummy

non-inferiority trial in 1,189 postmenopausal

women with lumbar spine or total hip T-score of

�2.0 or less who were randomized to receive SC

denosumab 60 mg every 6 months plus weekly

oral placebo (n¼ 594) or oral alendronate 70 mg

weekly plus SC placebo injections every 6 months

(n¼ 595) [Brown et al. 2009] (Table 1).

Table 1. Key phase 3 trials of denosumab in women with postmenopausal osteoporosis (PMO) or low bone mineral density (BMD).

Study acronym DEFEND*

[Bone et al. 2008]
DECIDE$

[Brown et al. 2009]
STANDz

[Kendler et al. 2008]
FREEDOM§

[Cummings et al. 2008;
Amgen Inc. 2008]

Description Prevention of PMO|| Denosumab
compared with
alendronate in
patients starting
treatment

Switching to denosu-
mab compared with
continuing alendro-
nate in patients
previously treated
with alendronate

Treatment of PMO

Primary endpoint Percentage change in
LS� BMD# at 24
months with denosu-
mab compared with
placebo

Percentage change
in TH** BMD at 12
months with
denosumab
compared with
alendronate

Percentage change in
TH BMD at 12 months
with denosumab
compared with
alendronate

New vertebral fractures
at 36 months
with denosumab
compared with
placebo

Number randomized 332 1,189 504 7,868
Mean age (years) 59.4 64.4 68 72.3
Baseline T-score Between �1.0 and �2.5

at LS
��2.0 at LS or TH ��2.0 to � �4.0 at LS

or TH
< �2.5 to � �4.0 at LS

or TH
Efficacy results Increased BMD with

denosumab com-
pared with placebo

Increased BMD with
denosumab com-
pared with
alendronate

Increased BMD with
denosumab com-
pared with
alendronate

Decreased risk of
fracture with
denosumab com-
pared with placebo

Safety results Similar AEszz and
SAEs§§ with denosu-
mab compared with
placebo, except for
greater number of
SAE infections with
denosumab

Similar AEs and
SAEs with deno-
sumab compared
with alendronate

Similar AEs and SAEs
with denosumab
compared with
alendronate

Similar AEs and SAEs
with denosumab
compared with
placebo

*DEnosumab FortifiEs boNe Density;
$Determining Efficacy: Comparison of Initiating Denosumab versus alEndronate;
zStudy of Transitioning from AleNdronate to Denosumab;
§Fracture REduction Evaluation of Denosumab in Osteoporosis every 6 Months;
|#|PMO, postmenopausal osteoporosis;
�LS, lumbar spine;
#BMD, bone mineral density;
**TH, total hip;
zzAE, adverse event;
§§SAE, serious adverse event.
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All subjects were instructed to take at least

500 mg supplemental calcium per day, with the

dose of vitamin D supplementation adjusted

according to baseline serum 25-hydroxyvitamin

D. The primary endpoint was per cent change

from baseline of the total hip BMD at month 12

in subjects treated with denosumab compared

with alendronate. Key secondary endpoints

included the per cent change from baseline in

BMD at the femoral neck, trochanter, lumbar

spine, and one-third distal radius at month 12;

and per cent change in serum CTX-I and P1NP

from baseline at months 1, 3, 6, 9, and 12. The

mean baseline lumbar spine T-score was �2.6

and mean baseline age was 64 years, with

94% of subjects completing 12 months of study.

At 12 months, there was a significantly greater

BMD increase with denosumab compared with

alendronate at the total hip (denosumab 3.5

versus alendronate 2.6%, p<0.0001) and all

other measured skeletal sites, with the treatment

difference 0.6% at the femoral neck, 1.0% at the

trochanter, 1.1% at the lumbar spine, and 0.6% at

the distal one-third radius (p� 0.0002 for all

sites). There was a statistically significant greater

reduction in bone turnover markers (CTX-I and

P1NP) with denosumab compared with placebo.

This head-to-head blinded clinical trial of denosu-

mab versus alendronate showed a significantly

greater increase in BMD and greater reduction

of bone turnover markers with denosumab,

with a similar pattern and frequency of adverse

events (AEs).

Switching to denosumab compared with
continuing alendronate in women with low
BMD previously treated with alendronate
STAND (Study of Transitioning from

AleNdronate to Denosumab) was a 1-year phase

3 double-blind, active-controlled, double-dummy

study in 504 postmenopausal women aged

55-years and older being treated with alendronate,

with lumbar spine or total hip T-score in the range

from �2.0 to �4.0 [Roux et al. 2009; Kendler

et al. 2008] (Table 1). Subjects were randomized

to receive SC denosumab 60 mg every 6 months

or continuing oral alendronate 70 mg weekly.

All subjects were given daily supplements of

calcium 1000 mg and vitamin D at least 400 IU.

The primary endpoint was percentage change in

BMD at the total hip at 12 months for denosumab

compared to alendronate. The study design

allowed testing of the primary endpoint for supe-

riority if noninferiority was demonstrated. The

mean age of subjects at the time of randomization

was 68±8 years and mean duration of alendro-

nate therapy was 44±33 months. At 12 months,

there was a statistically significant greater increase

in BMD with denosumab compared to continuing

alendronate at the total hip (denosumab 1.90%,

alendronate 1.05%, p<0.0001), lumbar spine,

and distal one-third radius. It was concluded

that in postmenopausal women taking alendro-

nate, those switched to denosumab had increased

BMD more than those continuing alendronate,

with a similar incidence of AEs.

Denosumab compared with placebo for the
treatment of postmenopausal osteoporosis
FREEDOM (Fracture REduction Evaluation of

Denosumab in Osteoporosis every 6 Months)

was a three-year, phase 3 clinical trial in 7,868

postmenopausal women with osteoporosis who

were randomized to receive either SC denosumab

60 mg (n¼ 3902) or placebo (n¼ 3906) every 6

months [Cummings et al. 2008] (Table 1). The

primary efficacy endpoint was new vertebral frac-

tures at 36 months, with secondary endpoints

that included time to first hip and nonvertebral

fractures. Study subjects were between ages 60

and 90 years (mean 72.3 years) with a baseline

T-score at the lumbar spine or total hip <�2.5 to

��4.0 (mean baseline T-score¼�2.8 at the

lumbar spine), approximately 23% of whom

had at least one prevalent vertebral fracture at

the time of entry into the study. All patients

received elemental calcium 1000 mg and vitamin

D 400�800 IU daily. About 83% of subjects

(denosumab n¼ 3,272, placebo n¼ 3,206) com-

pleted the 36-month study. Treatment with

denosumab was associated with a significant

68% reduction in the risk of new vertebral frac-

tures compared with placebo (2.3% denosumab

versus 7.2% placebo, p<0.0001), 40% reduction

in the risk of hip fractures (0.7% denosumab

versus 1.2% placebo, p¼0.036), and 20% reduc-

tion in the risk of nonvertebral fractures (6.5%

denosumab versus 8.0% placebo, p¼ 0.011)

[Cummings et al. 2009].

Safety

Potential safety issues with RANKL inhibition
RANKL is expressed by numerous cell types,

including endothelial cells, bone marrow stromal

cells, primitive mesenchymal cells surrounding

cartilage, chondrocytes, activated T lympho-

cytes, and immature CD4/CD8 thymocytes

as well as osteoblasts and pre-osteoblasts.

Therapeutic Advances in Musculoskeletal Disease 1 (1)

20 http://tab.sagepub.com



RANK is expressed on the surface of cells that

include chondrocytes, mammary gland epithelial

cells, trophoblast cells, dendritic cells, and

mature T-cells as well as osteoclasts. OPG is

released by cells that include endothelial cells,

smooth muscle cells, dendritic cells, and mature

B-lymphocytes as well as osteoblasts, and

expressed in organs that include the heart, lung,

spleen, thymus, kidney and intestine [Kearns

et al. 2008; Neumann et al. 2005]. While the

role, if any, of the RANKL/RANK/OPG signal-

ing pathway in the regulation and function of

many of these nonskeletal cells and organ systems

is not well understood, its presence raises the

possibility that RANKL inhibition could have

clinically significant nonskeletal effects. This sug-

gests the potential for an impact of denosumab

on immune function, atherosclerosis, vascular

calcification, and mammary cell activity.

Preclinical data regarding these safety issues

and others are reviewed, with the safety findings

from key phase 2 and 3 clinical trials of denosu-

mab presented in the following section.

Immune function
Bone remodeling is modulated through a com-

plex interaction of osteoclasts and osteoblasts

with immune cells (e.g. T- and B-lymphocytes,

dendritic cells), cytokines (e.g. interleukin-1,

interleukin-6, tumor necrosis factor-a), and cir-

culating hormones (e.g. vitamin D, parathyroid

hormone, testosterone, and leptin) [Clowes

et al. 2005]. A local or systemic imbalance in

these factors may result in bone loss, as com-

monly occurs in many chronic inflammatory dis-

eases. It has been shown that activated T-cells

directly stimulate osteoclastogenesis through

RANKL [Kong et al. 1999a]. It has also been

demonstrated that RANKL produced by acti-

vated T- and B-lymphocytes increases bone

resorption by interacting with osteoclast precur-

sors and that RANKL prolongs the survival of

dendritic cells, thereby increasing T-cell activity

[Xing et al. 2005; Josien et al. 1999; Wong et al.

1997]. The intimate relationship of bone remo-

deling with RANKL/RANK/OPG signaling and

regulators of immune function suggests that inhi-

bition of RANKL could impact the immune

response to infection or malignancy [Whyte,

2006]. Preclinical studies have shown that the

development of an intact immune system is

dependent on the RANKL/RANK/OPG path-

way, with RANK and RANKL knockout mice

having a deficiency of splenic B-cells and failure

to develop peripheral lymph nodes [Dougall

et al. 1999; Kong et al. 1999b]. The RANKL/

RANK/OPG system appears to have a non-

essential role in immune function for adults

who already have a fully developed immune

system. Continuous lifelong overexpression

of OPG in transgenic rats and mice, which are

perhaps better animal models for the effects of

prolonged human exposure to denosumab than

the RANK knockout mouse, is not associated

with abnormalities of peripheral lymph node

development or impaired innate or humoral

immune responses [Stolina et al. 2007; Stolina

et al. 2005]. Humans with osteoclast-poor osteo-

petrosis due to mutations of the gene encoding

RANKL (TNFSF11), the human equivalent

of the RANKL knockout mouse, do not

have apparent defects in immune parameters

[Sobacchi et al. 2007]. However, in a study of

individuals with osteoclast-poor osteopetrosis

due to mutations of the gene encoding RANK

(TNFRSF11A), the human equivalent of the

RANK knockout mouse, hypogammaglobuline-

mia associated with impairment of function of

immunoglobulin-secreting B-cells was reported

[Guerrini et al. 2008]. The significance of this

finding with regard to exogenous RANKL inhi-

bition in adults with a fully developed immune

system is not known.

Atherosclerosis and vascular calcification
High-serum OPG levels in humans have been

associated with the presence and severity of cor-

onary artery disease [Jono et al. 2002], stroke

[Browner et al. 2001], cardiovascular morbidity

[Rasmussen et al. 2006] and mortality [Morena

et al. 2006], progression of atherosclerosis

[Kiechl et al. 2004], and vascular calcification

[Nitta et al. 2004]. Possible explanations for

these observations include: an active role of

OPG in the pathogenesis of vascular disease;

OPG being a compensatory counter-regulatory

response to mitigate the progression of vascular

disease; OPG being a non-compensatory

(neutral) response to vascular disease; or a

common etiology for vascular disease and OPG

production. Animal studies have helped to define

the relationship between OPG and vascular cal-

cification. OPG knockout mice develop medial

calcification of the aorta and renal arteries that

is prevented by transgenic over-expression of

OPG [Min et al. 2000] without affecting athero-

sclerosis [Morony et al. 2008], and OPG pre-

vents vascular calcification in a rat model of

rapidly progressive arterial calcification [Price

et al. 2001]. In mice that are deficient in

EM Lewiecki
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apolipoprotein E, OPG inhibits the progression

and calcification of advanced atherosclerotic

lesions [Bennett et al. 2006]. The animal

models support the concept that OPG protects

against vascular calcification rather than

causing it.

Effects on mammary cells
RANK knockout mice have a defect in mammary

gland development during pregnancy and lacta-

tion due to the inability of sprouted alveolar buds

to differentiate and mature [Fata et al. 2000].

However, OPG transgenic mice and rats with a

100-fold over expression of OPG do not have a

failure of lactation and have normal suckling

behavior [Simonet et al. 1997], suggesting that

a small permissive level of RANKL is sufficient

for mammary gland development and function.

Magnitude of reduction of bone turnover
Bone remodeling serves to maintain mineral

homeostasis, strengthen bone in the areas of

greatest mechanical stress, and repair bone

microcracks. Excessive bone remodeling (turn-

over) is implicated in the pathogenesis of postme-

nopausal osteoporosis, with most current

treatments directed toward reducing bone turn-

over. While there is no clear demarcation

between desirable and undesirable levels of

bone turnover, oversuppression of bone turnover

has been proposed as a potential factor leading to

increased risk of unusual fractures [Odvina et al.

2005] or osteonecrosis of the jaw (ONJ) [Marx

et al. 2007] with bisphosphonate therapy.

However, unusual fractures and ONJ may occur

in patients who have not been treated with

bisphosphonates, and the role, if any, of bone

turnover levels in the pathogenesis of these con-

ditions is unclear. Some osteoporosis patients

(3�5%) have very low bone turnover in the

absence of antiresorptive therapy [Kimmel et al.

1990], and may be at risk for further reduction in

bone turnover if treated with antiresorptive

drugs. The definition and consequences of exces-

sive bone turnover in individual patients remains

to be determined. There is no evidence that the

magnitude of reduction in the bone remodeling

rate achieved with denosumab has undesirable

skeletal effects; continued surveillance in clinical

trials and after marketing, if approved, is

appropriate.

Fracture healing
In rats with fractures, administration of OPG does

not influence early callus formation or fracture

strength, although it does impair callus remodel-

ing and consolidation [Ulrich-Vinther and Andre-

assen, 2005]. In mice, severe osteoclast depletion

with high dose RANK-Fc treatment has no signif-

icant effect on fracture healing [Flick et al. 2003].

In a recent study of male RANKL knock-in mice

that expressed a chimeric (human/murine) form

of RANKL, denosumab delayed the removal of

cartilage and the remodeling of fracture callus

but did not diminish the mechanical integrity of

the healing fractures [Gerstenfeld et al. 2009].

To date there are no reports of impaired fracture

healing in humans treated with denosumab.

Observed adverse events and serious adverse
events in clinical trials of denosumab in women
with low BMD and postmenopausal
osteoporosis
In the phase 2 trial of denosumab in postmeno-

pausal women with low BMD, AEs were generally

similar in the placebo, denosumab, and alendro-

nate groups respectively during the first

24 months of treatment [Lewiecki et al. 2007].

However, there were 6 cases (1.9%) of serious

adverse events (SAEs) of infections in the deno-

sumab group (2 cases of diverticulitis, 3 cases of

pneumonia, and 1 case of labyrinthitis) compared

to none in the placebo group or open label alen-

dronate group. There was 1 death, caused by gas-

tric cancer, in the denosumab group, and none in

the placebo or alendronate groups. Discontinua-

tion rates over the first 24 months were 2.2% for

placebo, 2.9% for denosumab, and 6.4% for alen-

dronate. No neutralizing antibodies to denosu-

mab were observed in the first 24 months of

treatment. At 48 months, reported SAEs were

10.9% (5/46) in the placebo group, 17.8%

(56/314) in the denosumab group, and 17.4%

(8/46) in the alendronate group. The incidence

of malignant neoplasms was similar in all treat-

ment groups. The overall incidence of infections

was also similar in all treatment groups, although

infections requiring hospitalization (SAEs)

occurred in 3.2% (10/314) of denosumab-treated

patients and none of those who received placebo

or alendronate. All infections were common com-

munity-acquired infections that responded appro-

priately to standard antibiotic therapy, with no

reports of opportunistic infections.

In DEFEND, AEs were similar in both groups.

SAEs occurred numerically more often with

denosumab than placebo, with the difference

not statistically significant (denosumab 11%

versus placebo 5.5%, p¼ 0.074), primarily due
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to the greater number of subjects with infections

treated as hospital inpatients (denosumab 8

versus placebo 1). The overall incidence of infec-

tions was balanced (denosumab 60% versus

placebo 61%). In DECIDE, no significant differ-

ence was observed in the overall incidence of AEs

between denosumab and alendronate-treated

subjects (80.9% versus 82.3%; p¼ 0.60), includ-

ing gastrointestinal disorders, infections, and

neoplasms. SAEs were similar between denosu-

mab-treated subjects (34 [5.7%]) and alendro-

nate-treated subjects (37 [6.3%]). The incidence

and types of infections were similar between the

treatment groups (221 [37.3%] denosumab; 207

[35.3%] alendronate). Infection SAEs were sim-

ilar between treatment groups, with nine (1.5%)

for denosumab- and six (1.0%) alendronate-

treated subjects. In STAND, AEs and SAEs

were balanced in both treatment groups.

Reported selected SAEs of interest included

infections (alendronate 3 [1.2%], denosumab 1

[0.4%]) and neoplasms (alendronate 3[1.2%],

denosumab 3 [1.2%]).

In FREEDOM, denosumab did not increase the

overall risk of malignancies, infections, cardiovas-

cular events, hypocalcemia, or delayed fracture

healing [Cummings et al. 2009]. There were no

cases of ONJ. Ninety (2.3%) deaths occurred in

the placebo and 70 (1.8%) in the denosumab

group (p¼ 0.08).

Considering the collective data in the reported

clinical trials of denosumab for the prevention

and treatment of postmenopausal osteoporosis,

the risk-benefit ratio appears favorable.

Continuing observation of patients in clinical

trials for possible adverse immune effects, includ-

ing infections and malignancy, is appropriate.

Conclusion
Denosumab is an investigational fully human

monoclonal antibody to RANKL that reduces

bone resorption in a rapid, sustained, and revers-

ible manner. Treatment with SC denosumab

60 mg, every 6 months, increases BMD and

reduces bone turnover markers in postmenopau-

sal women with low BMD. It increases BMD

and decreases bone turnover markers more than

alendronate, and in postmenopausal women pre-

viously treated with alendronate, those switching

to denosumab increase BMD and reduce bone

turnover markers more than those continuing

alendronate. In women with postmenopausal

osteoporosis, SC denosumab 60 mg, every

6 months, significantly reduces the risk of verteb-

ral, hip, and nonvertebral fractures compared

with placebo. The safety and tolerability of

denosumab are generally similar to placebo and

alendronate. The infrequent dosing interval

may improve compliance compared to oral med-

ications that require more frequent dosing.

SC administration may be more acceptable for

use by physicians who are uncomfortable with

intravenous administration of bisphosphonates,

as well as being more convenient for patients.

Denosumab enhances the choices of therapeutic

agents for the management of postmenopausal

osteoporosis, and may be particularly useful for

patients who are unable to benefit from oral

bisphosphonates due to a contraindication, intol-

erance, malabsorption, or poor compliance.
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