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Abstract Background andObjective:Denosumab (XGEVA�; AMG162) is a fully human IgG2monoclonal antibody,

which binds to the receptor activator of nuclear factor k-B ligand (RANKL) and prevents terminal

differentiation, activation and survival of osteoclasts. We aimed to characterize the population pharma-

cokinetics of denosumab in patients with advanced solid tumours and bone metastases.

Methods:A total of 14 228 free serum concentrations of denosumab from 1076 subjects (495 healthy subjects

and 581 advanced cancer patients with solid tumours and bone metastases) included in 14 clinical studies

were pooled. Denosumab was administered as either single intravenous (n= 36), single subcutaneous (n= 490)
or multiple subcutaneous doses (n= 550) ranging from 30 to 180mg (or from 0.01 to 3mg/kg) and was given

every 4 or 12 weeks for up to 3 years. An open two-compartment pharmacokinetic model with first-order

absorption, linear distribution to a peripheral compartment, linear clearance and quasi-steady-state ap-

proximation of the target-mediated drug dispositionwas used to describe denosumab pharmacokinetics, using

NONMEM Version 7.1.0 software. The influence of covariates (body weight, age, race, tumour type) was

investigated using the full model approach.Model evaluationwas performed through visual predictive checks.

Model-based simulations were conducted to explore the role of covariates on denosumab serum concentra-

tions and inferred RANKL occupancy.

Results: After subcutaneous administration, the dose-independent bioavailability and mean absorption

half-life of denosumab were estimated to be 61% and 2.7 days, respectively. The central volume of dis-

tribution and linear clearance were 2.62 L/66 kg and 3.25mL/h/66 kg, respectively. Clearance and volume

parameters were proportional to body weight. Assuming 1 : 1 denosumab-RANKL binding, the baseline

RANKL level, quasi-steady-state constant and RANKL degradation rate were inferred to be 4.46 nmol/L,
208 ng/mL and 0.00116 h-1, respectively. Between-subject variability in model parameters was moderate.

Following 120mg dosing every 4 weeks, the inferred RANKL occupancy at steady state exceeded 97%
during the entire dosing interval in more than 95% of subjects, regardless of the patient covariates.

Conclusions: The integration of pharmacokinetic data from 14 clinical studies demonstrated denosumab

RANKL-mediated pharmacokinetics. Pharmacokinetics-based dosage adjustments on the basis of body

weight, age, race and tumour type are not necessary in patients with bone metastases from solid tumours.

Introduction

The most common metastatic site for many types of cancer,

such as breast and prostate cancer, is bone.[1] These metastases

can result in substantial morbidity, including pathological

fractures, spinal cord compression and the need to undergo

radiation or surgery of the bone.[2-4] These events are collec-

tively referred to as ‘skeletal-related events’ (SREs). Metastatic

tumour cells in bone secrete cytokines and growth factors,

which induce osteoblasts to release the receptor activator of

nuclear factor k-B ligand (RANKL), a tumour necrosis factor

(TNF) superfamily protein, which plays a critical role in bone

remodelling.[5] RANKL binds to its receptor, RANK, on os-

teoclast precursors and mature osteoclasts to promote terminal

differentiation, activation and survival of osteoclasts, the sole

cell type responsible for bone resorption.[6-8] Inhibition of
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RANKL activity is a therapeutic target for treatment of several

bone disorders associated with increased bone resorption, such

as prevention of SREs in patients with bone metastases from

solid tumours.

Denosumab (AMG 162, XGEVA�) is a fully human IgG2

monoclonal antibody with high affinity (dissociation constant

[KD] 3 · 10-12mol/L) and specificity for RANKL.[9] Denosu-

mab is highly specific because it binds only to RANKL and not

to other members of the TNF family, such as TNFa, TNFb,
TNF-related apoptosis-inducing ligand (TRAIL) or CD40

ligand.[9] Like native osteoprotegerin (a decoy receptor for

RANKL, which is also produced by osteoblasts),[7,10,11] deno-

sumab neutralizes the activity of human membrane-bound or

soluble RANKL by blocking binding to RANK and thus pre-

vents terminal differentiation, activation and survival of osteo-

clasts, thereby reducing bone resorption, tumour-induced bone

destruction and SREs.

Several phase I and phase II studies have determined the

pharmacological activity and tolerability of denosumab, as

well as its pharmacokinetics and pharmacodynamics when

administered to cancer patients as a single intravenous dose, a

single subcutaneous dose or multiple subcutaneous doses rang-

ing from 30 to 180mg (or from 0.01 to 3mg/kg) and given

every 4 or 12 weeks for up to 3 years.[12-15] Furthermore, results

from pivotal randomized double-blinded phase III studies

demonstrated that denosumab was superior to zoledronic acid

in suppressing bone resorption and in delaying or preventing

SREs in patients with breast cancer, prostate cancer and other

solid tumours with bone metastases, and that it was well tol-

erated.[16-18] Currently, denosumab 120mg administered sub-

cutaneously every 4 weeks is approved in the US, EU and other

countries for prevention of SREs in patients with bone metas-

tases from solid tumours.

According to non-compartmental analyses, denosumab

exposure after subcutaneous administration ranges from 36%
to 78% relative to intravenous dosing. Denosumab is slowly

absorbed after subcutaneous administration, with peak serum

concentration (Cmax) values generally reached within 4 weeks

post-dose and a small volume of distribution after intravenous

dosing, indicative of limited extravascular distribution. Ap-

proximately 2-fold accumulation of denosumab in serum was

observed with repeated doses of 120mg administered every

month, which reached steady-state exposure within 4–5months

and maintained that exposure with continued dosing. After the

last administered dose, serum denosumab levels declined over

a period of 4–5 months, with a mean half-life of approximately

25–30 days. As observed for other monoclonal antibodies,

denosumab exhibits dose-dependent, parallel linear and non-

linear elimination over a wide dose range when administered by

intravenous and subcutaneous routes, and moderate between-

subject pharmacokinetic variability. However, approximately

dose-proportional increases in exposure are observed for doses

‡60mg. In addition, there was no evidence of time-dependent

pharmacokinetics after repeated denosumab dosing under the

regimens examined for up to 4 years of exposure.[19] Reversibility

of pharmacodynamic effects (based on serum bone turnover

markers) was observed.[14]

Furthermore, a population pharmacokinetic analysis of

denosumab[19] in healthy subjects and women with osteopenia

or osteoporosis demonstrated that an open two-compartment

pharmacokinetic model with linear distribution to the peri-

pheral compartment, parallel linear and RANKL-mediated

elimination, and first-order absorption following subcutaneous

administration, was suitable to describe the time course of free

denosumab serum concentrations following different intravenous

and subcutaneous dosing schedules. In that analysis, the clinical

impact of changes in body weight, race and age on denosumab

exposure were found to be limited, leading to a recommendation

for no dose adjustments when administering denosumab 60mg

subcutaneously every 6 months to postmenopausal woman with

osteoporosis.

In the present population analysis, the pharmacokinetics of

denosumab were evaluated in patients with bone metastases

from solid tumours by pooling full concentration-time profiles

from healthy subjects and cancer patients enrolled in phase I

studies with sparse observations collected from cancer patients

with bonemetastases enrolled in proof-of-concept and registra-

tion studies. The primary objectives of the population pharmaco-

kinetic analysis of denosumab were three-fold: (i) to characterize

the pharmacokinetic profile of denosumab after intravenous

and subcutaneous administration; (ii) to quantify the degree of

between-subject variability of denosumab pharmacokinetic pa-

rameters in patients with bone metastases from solid tumours;

and (iii) to evaluate patient-related covariates as potential sources

of variability in the pharmacokinetics of denosumab.

Methods

Clinical Data

This population pharmacokinetic analysis pooled data from

14 clinical studies of denosumab, which included 14 228 free

denosumab serum concentrations from 1076 subjects (495

healthy subjects and 581 patients with bone metastases from

solid tumours). The relevant characteristics of each clinical

study used for the current analyses are summarized in table I.
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Additional details of these clinical trials are reported else-

where.[12-18,20-21] In these studies, denosumab was administered

as single intravenous (n = 36), single subcutaneous (n = 490) or
multiple subcutaneous doses (n = 550), which ranged from 30 to

180mg (or from 0.01 to 3mg/kg) and were given every 4 weeks

or every 12 weeks for up to 3 years. All studies were sponsored

by Amgen Inc., conducted in accordance with the principles for

human experimentation as defined in the Declaration of Helsinki

and the International Conference on Harmonization Good

Clinical Practice guidelines, and approved by the respective in-

stitutional review boards. Informed consent was obtained from

each subject after they were told about the potential risks and

benefits, as well as the investigational nature of the study.

Bioanalysis

For the clinical studies used in this analysis, free serum deno-

sumab concentrations were determined using a validated enzyme

linked immunosorbent assay (ELISA). Microtitre plates coated

with osteoprotegerin ligand (OPGL, Part #890705; R&D Sys-

tems, Minneapolis, MN, USA) were used to capture denosumab

from serum. After sample incubation and washing steps, OPGL

conjugated to horseradish peroxidase (Part #890841; R&D Sys-

tems) was used to detect denosumab bound to the plate. The

validated assay range was from 0.8 to 35ng/mL. The intra-assay

and inter-assay variations were <6% and <9%, respectively.

Software

Nonlinear mixed effects modelling for the population

pharmacokinetic analysis of denosumab was performed using

NONMEM� Version 7.1.0 (Icon Development Solutions,

Ellicott City, MD, USA) with a GFortran 4.4 compiler. The

ADVAN13 subroutine and the first-order conditional estima-

tion method with interaction (FOCEI) were used for the key

intermediate model analysis. The stochastic approximation

expectation maximization (SAEM) method was used to pro-

vide the parameter estimation of the final model. After 1000

iterations, the objective function value (OFV) was obtained by

running the iterative-two-stage (ITS) method with the final

parameter estimates. Graphical data visualization, evaluation

of NONMEM� outputs, construction of goodness-of-fit plots

and graphical model comparisons were conducted using S-Plus

Version 8.0.4 (TIBCO Software Inc., Palo Alto, CA, USA).

Structural Model

The structural pharmacokinetic model of denosumab, dis-

played in figure 1, is based on the concept of target-mediated

drug disposition (TMDD)[22] and is consistent with the struc-

tural model used to analyse the denosumab free serum con-

centration in women with osteopenia or osteoporosis.[19] The

subcutaneous absorption of denosumab was represented by the

first-order absorption rate constant (ka). Absolute bioavail-

ability (F) was estimated by simultaneously analysing the data

obtained after subcutaneous and intravenous administration.

After an intravenous bolus or subcutaneous absorption, free

denosumab was distributed into the central compartment, with

the volume of distribution represented by V1. The nonspecific

distribution from the central compartment into the peripheral

compartment was characterized by intercompartmental clear-

ance (Q), and the peripheral volume of distribution was rep-

resented byV2. The free denosumab in the central compartment

was assumed to be eliminated by a linear pathway, quantified

by CLlin, or by binding to RANKL (R) following a second-

order rate constant (kon). The denosumab-RANKL complex

(RC) that was formed was dissociated according to a first-order

rate constant (koff) and generated free denosumab and

RANKL, or was eliminated through a first-order process,

characterized by the rate constant kint. RANKL was also as-

sumed to be produced following a zero-order process, char-

acterized by ksyn, and degraded by a first-order process, with

the elimination rate constant represented by kdeg. Since

RANKL is produced as a membrane-bound protein, which is

cleaved into a soluble form by ectodomain shedding,[23] both

+C

P

D

R RC

kintkdeg

ksyn = R0 • kdeg

CLlin/V1
Q/V2

Kss

Q/V1

ka

IV doseSC
dose

F

Fig. 1. Denosumab pharmacokineticmodel. D,C, andP represent the depot,

central and peripheral compartments, respectively. Absorption following

subcutaneous (SC) administration follows a first-order process (absorption

rate constant [ka]) with bioavailability represented by F. Non-specific dis-

tribution from the central compartment (V1) to the peripheral compartment

(V2) is linear with intercompartmental clearance (Q). Elimination of the drug

from the central compartment is described using parallel linear clearance

(CLlin) and quasi-steady-state approximation of target-mediated drug dis-

position. TheRandRCcompartments represent the total receptor activator of

nuclear factor k-B ligand (RANKL) and denosumab-RANKL complex, re-

spectively. Target turnover is described by the first-order degradation rate

constant (kdeg) and the zero-order synthesis rate (ksyn), where the baseline

RANKL level (R0) is equal to ksyn/kdeg. The denosumab-RANKL binding

affinity is estimated as the quasi-steady-state constant (Kss), calculated as

Kss= (koff+ kint)/kon, where koff is the first-order dissociation rate constant, kint
is the first-order elimination rate constant, and kon is the second-order

association rate constant of the drug-target complex. IV= intravenous.
[Reproduced from Sutjandra et al. (Fig. 1),[19] with permission from Adis

(ª Adis Data Information BV 2012. All rights reserved).]
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kint and kdeg are hybrid constants. Actually, kint characterizes

both the internalization rate of the denosumab :membrane-

bound RANKL complex and the degradation rate of the

denosumab : soluble RANKL complex. Similarly, kdeg char-

acterizes the degradation rate of the soluble and membrane-

bound RANKL. In this TMDD model, the nonlinearity of

denosumab pharmacokinetics was explained by the limited

RANKL in the central compartment at a given time relative to

the free denosumab concentration.

As the denosumab-RANKL association rate was much

faster than the elimination rates of denosumab (CLlin/V1) and

the denosumab-RANKL complex (kint), and the binding of

denosumab to RANKL can be assumed to be nearly irrever-

sible (KD = 3 · 10-12mol/L), the full TMDD model described

above became overparameterized and numerical difficulties

precluded obtaining accurate estimations of the binding con-

stants kon and koff. Therefore, the quasi-steady-state approx-

imation of the TMDD model, which assumes that the

concentrations of free denosumab, RANKL and denosumab-

RANKL complex were at steady state, was used.[22,24-26]

The denosumab-RANKL binding affinity, defined as koff/kon,
was equivalent to KD and could not be estimated in-

dependently. Rather, the quasi-steady-state constant (Kss) de-

fined as KD+ kint/kon, was estimated directly from the data.

The equations used to describe the system were as follows

(equations 1–7):

dAD

dt
¼�ka �AD (Eq. 1)

dAtot

dt
¼ ka �AD �CLtot � AC

V1
�Q

AC

V1
� AP

V2

� �
(Eq. 2)

where:

CLtot ¼CLlin þ
kint �V1 �Rtot

Kss þ AC

V1
(Eq. 3)

AC

V1
¼C¼ 1

2

Atot

V1
�Rtot �Kss

� �
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Atot

V1
�Rtot �Kss

� �2

þ 4 �Kss � Atot

V1

s2
4

3
5

(Eq: 4Þ
dAp

dt
¼Q � C� Ap

V2

� �
(Eq. 5)

dRtot

dt
¼ ksyn � kdeg �Rtot �

kint �kdeg
� � �Rtot �C

Kss þC (Eq. 6)

RC¼ Rtot �C
Kss þC (Eq. 7)

where AD denotes the amount of denosumab in the sub-

cutaneous depot compartment available for absorption, and

AC and AP refer to the amount of free denosumab in the central

and peripheral compartments, respectively. C is the free deno-

sumab concentration in the central compartment, and t is time

in hours. The total amount of denosumab (Atot) in serum was

introduced as the sum of AC and RC �V1. In addition, CLtot is

denosumab total clearance, and Rtot is the total RANKL level

(including both free RANKL and RANKL bound to denosu-

mab), which at steady state (Rtot,ss) can be explicitly determined

by equation 8:

Rtot;ss ¼ ksyn

kdeg þ kint �kdeg
� � � C

Kss þC (Eq. 8)

The initial conditions of this differential equation system

were set as (equation 9):

ADð0Þ¼F �Dosesubcutaneous

Atotð0Þ ¼Doseintravenous

APð0Þ ¼ 0

Rtotð0Þ¼R0 ¼ ksyn

kdeg ðEq: 9Þ

Statistical Model

Between-subject variability in pharmacokinetic parameters

was initially assumed to follow an independent log-normal

distribution, and the correlations between random effects were

explored and incorporated into the model if deemed necessary.

As concentrations are distributed log-normally rather than

normally, the ‘transformation of both sides’ approach was

applied to describe the residual error.[27] In addition, the ex-

ploratory analysis performed with phase I data, further con-

firmed by previous population pharmacokinetic analysis,[19]

demonstrated that the magnitude of the residual variability in

the log domain was greatest for low concentrations. In order to

account for this complexity, the following residual error model

implemented in the log-transformed concentration scale de-

scribed different variances for low and high concentrations

according to equation 10:

lnCij ¼ ln Ĉij þ sL � sL �sHð Þ � Ĉij

C50 þ Ĉij

 !
� eij

(Eq. 10)

where Cij is the i
th observed serum concentration of denosumab

in the jth subject; Ĉij is the corresponding model-predicted

concentration; eij is a random, independent, normally dis-

tributed variable with a mean of 0 and variance of 1; sL and sH

represent the approximate coefficient of variations for low and

high denosumab serum concentrations, respectively; and C50 is

the estimated denosumab serum concentration where the co-

efficient of variation of the residual variability is equal to the

mean between sL and sH. In addition, to account for the dif-

ferences between the intensive samples in phase I studies and

the relatively sparse samples in phase II and III studies, sH was

estimated separately as sH,Ph1 and sH,Ph2/3, respectively.
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Covariate Analysis

It is well known that the distribution and elimination of mono-

clonal antibodies are often proportional to body weight,[28,29]

therefore CLlin, V1, Q and V2 were scaled by body weight

(normalized for the typical body weight of women with post-

menopausal osteoporosis [66 kg], to be consistent with the

previously published analysis) using a power function. In ad-

dition, the covariates included in the analysis were age, sex, race

(Caucasian, Hispanic, Black, Asian and other) and disease

status (healthy subjects versus cancer subjects, who were also

stratified by tumour type as subjects with breast cancer, pros-

tate cancer, other solid tumours or giant cell tumour of the

bone). Since it is generally accepted that monoclonal antibodies

are eliminated by catabolism and/or receptor-mediated processes

and not by hepatic phase 1 or phase 2 metabolism, markers of

hepatic function were not evaluated as potential covariates in the

current analysis.[30,31] Similarly, markers of renal function were

not investigated as potential covariates, as the high molecular

weight of denosumab (144.7kD) precludes its elimination

through renal excretion, and a renal impairment study[32] has

shown no effect of renal insufficiency on the pharmacokinetics of

denosumab.

Empirical Bayes Estimates (EBEs) of the individual model

parameters were computed and used to identify potential cor-

relations with patient covariates. A full model approach[33] was

used for the covariate analysis and the inferences about statis-

tical significance of model parameters were based on the re-

sulting parameter estimates and measures of estimation

precision (asymptotic standard errors). If the magnitude of the

change of the parameter due to a covariate’s influence was less

than 20% over the range of values that were evaluated, the

covariate factor was not considered to be clinically relevant.

The effects of continuous covariates were modelled multi-

plicatively using normalized power models, whereas the effects

of categorical covariates were modelled multiplicatively using a

similar notation (equation 11):

TVP¼ yn �
YM
m¼ 1

covm

refm

� �y nþmð Þ

�
YP
p¼ 1

ycovMþp

nþMþpð Þ (Eq. 11)

where the typical value of amodel parameter (TVP) is described

as a function of M individual continuous covariates (covm,

m = 1,..,M) and P individual categorical (0 or 1) covariates

(covM +p, p= 1,..,P), yn is the estimated typical model parameter

value with covariates equal to the reference covariate values

(covm = refm, covM+ p = 0), and y(n+m) and y(n +M+ p) are esti-

mated parameters that describe the magnitude of the covariate-

parameter relationships.

Model Evaluation

A visual predictive check (VPC)[34] was performed as a model

validation technique. The denosumab serum concentration-time

profile was simulated for 1000 virtual subjects. Specific co-

variates for virtual subjects were sampled from the original da-

taset. Descriptive statistics of simulated denosumab serum

concentrations were then graphically compared with observed

denosumab serum concentrations. From this evaluation, an

assessment of model adequacy was made.

Model-Based Simulations

In order to compare the time course of denosumab serum

concentrations after subcutaneous administration of 2mg/kg
or 120mg doses every 4 weeks, the final estimates of the fixed

and random effects from the denosumab population phar-

macokinetic model were used to simulate the time course of de-

nosumab serum concentrations following six doses administered

to 1000 virtual subjects. Individual body weights were obtained

by resampling from the body weights of cancer patients included

in this study. The 5th, 50th and 95th percentiles of the denosumab

concentrations over time were compared across the two dosing

regimens. Additionally, the time course of denosumab serum

concentrations was simulated for a monthly subcutaneous dose

of 120mg administered to Caucasian, Hispanic and Black sub-

jects. The denosumab pharmacokinetics were then compared

among races. Similarly, the time course of denosumab serum

concentrations for a typical 66 kg patient was simulated for a

monthly subcutaneous dose of 120mg, and the denosumab

pharmacokinetic profile was compared among the cancer types in

order to evaluate the effect of the disease status. The effect of

body weight, age, race and tumour type on the time course of

serum denosumab concentrations and inferred RANKL in-

hibition was also computed for typical subjects covering the

entire distribution of each covariate. The determination of the

fraction of RANKL neutralized by denosumab was computed

as RC/Rtot, and was a function of the free denosumab serum

concentration.

Results

The quasi-steady-state TMDD model that was developed

provided a reasonable fit to the denosumab pharmacokinetic

data gathered from up to 3 years of treatment. Simplifying the

quasi-steady-state parameterization of the TMDDmodel to the

Michaelis-Menten model parameterization resulted in a sig-

nificant increase in the minimum OFV (DMOFV = 5063).
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Therefore, the quasi-steady-state assumption was selected for

further model development. In addition, the power coefficients

associated with the body weight effects on CLlin, V1, Q and V2

were estimated to be 0.849, 0.758, 1.14 and 1.05, respectively.

Since these values were very similar to 1 and their estimation

yielded a minor change in the OFV (DMOFV =-10.231), fixing
the body weight exponents to 1 was deemed appropriate. If the

exponents were assumed to be different from 1, the values of the

pharmacokinetic parameters differed by less than 20% in more

than 95% of subjects, compared with fixing the exponents to 1.

Furthermore, the inclusion of the race effect on CLlin and V1

was significant on the basis of the 95% confidence interval for

the point estimates (DMOFV = -62.496, df = 2, p < 0.001), al-
though only a 1% reduction of between-subject variability for

those parameters was observed. Hispanic subjects had 27%
faster CLlin relative to Caucasian, Asian and Black subjects. On

the other hand, inclusion of the tumour type on CLlin was

associated with a 4% reduction of between-subject variability

on CLlin (DMOFV =-133.519, df = 4, p< 0.001). Subjects with
solid tumours had 10–37% faster linear clearance compared

with the rates in healthy subjects. As in women with osteopenia

or osteoporosis,[19] ka decreased as a function of age and re-

mained relatively constant for subjects older than 53 years

(DMOFV = -79.227, df = 2, p< 0.001); however, only an 8%
reduction of between-subject variability in ka was observed

when the age effect was incorporated into the model.

No other evaluated covariates were found to significantly

improve the goodness of fit. An off-diagonal element for the

covariance between CLlin and V1 random effects was also es-

timated. In addition, as the phase I data consisted of intensive

concentration-time profiles whereas the majority of the phase

II/III data were sparse, estimating sH separately for phase I

studies (sH,Ph1) and phase II/III studies (sH,Ph2/3) was asso-

ciated with substantial model improvement (DMOFV = -6760)
and reflected the difference in residual variability across study

types, as previously reported in other meta-analyses.[35,36]

Table II displays the parameter estimates of the final pop-

ulation pharmacokinetic model using the SAEMmethod. Both

fixed and random effects were precisely estimated, with relative

standard errors (RSEs) of less than 8%. Overall, population

and individual model predictions adequately described the

observed data, and goodness-of-fit plots revealed a random

normal scatter around the line of identity with no apparent

trend in the conditional weighted residuals over the range of

concentrations and time that were evaluated (figure 2). Histo-

grams of individual random effects on parameters showed ap-

proximately normal distribution, and no significant correlation

between random effects was discernible (data not shown), other

than CLlin vs V1. The VPC figures (figure 3) indicate excellent

predictive ability of the model to describe denosumab con-

centrations following a single subcutaneous dose of 120mg

(figure 3a) and multiple monthly subcutaneous doses of 120mg

(figure 3b). Overall, the model appeared to adequately char-

acterize the nonlinear pharmacokinetics of denosumab and was

suitable to explore any covariate effects on the denosumab serum

concentration-time course through model-based simulations.

Table II. Estimated population pharmacokinetic parameters of denosumab

Pharmacokinetic parameter Estimate

[% RSE]

Variability

(% [% RSE])

CLlin (mL/h/66 kg)a,b 3.25 [1.54] 34.4 [5.02]

Ratio Hispanic : Caucasian 1.27 [3.52]

Ratio breast cancer : healthy subjects 1.10 [2.57]

Ratio prostate cancer : healthy subjects 1.29 [3.81]

Ratioother solid tumours : healthy subjects 1.37 [5.94]

Ratio giant cell cancer : healthy subjects 1.19 [5.55]

V1 (mL/66 kg)a,b 2620 [0.241] 48.5 [5.28]

Ratio Black : Caucasian 0.769 [8.10]

Q (mL/h/66 kg) 45.5 [1.60]

V2 (mL/66 kg) 1370 [0.501]

ka (h
-1)b 0.0107 [0.844] 51.5 [7.20]

Age power -0.509 [17.4]

Age reference 53.6 [13.0]

F 0.612 [0.193]

R0 (ng/mL)b 645 [0.526] 64.9 [7.09]

Kss (ng/mL) 208 [2.15]

kdeg (h
-1) 0.00116 [0.769]

kint (h
-1) 0.0112 [3.39]

C50 (ng/mL) 58.4 [4.54]

sL (%) 103 [2.48]

sH,Ph2/3 (%) 51.3 [0.536]

sH,Ph1 (%) 31.6 [0.465]

a The correlation between CLlin and V1 is R2 =0.556.

b The shrinkage values on CLlin, V1, ka and R0 are 7.9%, 11.3%, 27.7% and

31.2%, respectively.

rH= approximate CV for high serum denosumab concentrations; rH,Ph1= rH in

phase I studies; rH,Ph2/3= rH in phase II/III studies; rL= approximate CV for low

serum denosumab concentrations; C50= estimated serum denosumab con-

centration where the CV of the residual variability is equal to the mean between

sL and sH; CLlin= linear clearance; CV= coefficient of variation; F= absolute
bioavailability; ka= first-order absorption rate constant; kdeg= first-order degra-
dation rate constant; kint= elimination rate constant of the drug-target complex;

Kss= quasi-steady-state constant; Q= intercompartmental clearance; R0=
baseline RANKL level; R2= correlation coefficient; RANKL= receptor activator
of nuclear factork-B ligand;RSE= relative standarderror;V1= central volumeof

distribution; V2=peripheral volume of distribution.
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The magnitude of the effects of body weight, race and tumour

type on the time course of denosumab serum concentrations and

the estimated RANKL inhibition are shown in figure 4. Figure 4a

and 4b indicate the similarity of the denosumab pharmacokinetic

profile and the time course of RANKL inhibition across different

body weights.While the denosumab area under the concentration-

time curve (AUC) values at steady state for typical 45kg and 120kg

subjects were 43% higher and 47% lower, respectively, than the

denosumab AUC for a typical 66kg subject, the estimated

RANKL inhibition AUC values at steady state for 45kg and

120kg subjects were only 0.21% higher and 0.63% lower, respect-

ively, than the target occupancyAUCat steady state for the typical

66kg subject. A comparison of the denosumab serum concentra-

tion-time course after administration of a 120mg or 2mg/kg dose
was conducted to assess the effects of body weight on exposure for

the fixeddosing regimen.Figure 4e and 4f show the similarity of the

median and 90% prediction interval of the simulated denosumab

serum concentration-time profile and the estimated time course

of RANKL inhibition for both dosing regimens administered

to cancer patients with a body weight range from 38 to 174kg,
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respectively. Finally, after adjustment for differences in body

weight, the effects of race (figure 4a and4b) and tumour type (figure

4c and 4d) on denosumab disposition were limited. Actually, the

estimated RANKL inhibition at steady state following 120mg

administered subcutaneously every month was greater than 97%
during the entire dosing interval in more than 95% of subjects,

regardless of the patient covariate values (figure 4b and 4d).

Discussion

A primary goal of this analysis was to develop a population

pharmacokinetic model to characterize the time course of de-

nosumab absorption and disposition after intravenous and

subcutaneous administration in patients with bone metastases

from solid tumours. Consistent with the pharmacokinetics of

other monoclonal antibodies and denosumab pharmacoki-

netics in women with osteopenia and osteoporosis,[19] an open

two-compartment pharmacokinetic model with linear dis-

tribution to the peripheral compartment, parallel linear and

target-mediated elimination, and first-order absorption fol-

lowing subcutaneous administration was suitable to describe

the time course of denosumab serum concentrations in patients

with bone metastases from solid tumours. The model that was

developed represents the quasi-steady-state approximation of the

general TMDD model[25] and was able to quantitatively char-

acterize denosumab pharmacokinetics for different intravenous

and subcutaneous dosing schedules administered to healthy

subjects and advanced cancer patients. Rich pharmacokinetic

information, including data from intravenous administration,

obtained from healthy subjects, was previously published[19,20]

and included in the present analysis to support the identification

of the structural pharmacokinetic model parameters.

Bioavailability following subcutaneous administration of

proteins is affected by the extent of absorption from the sub-

cutaneous injection site and by pre-systemic catabolism. Ac-

cordingly, denosumab absolute bioavailability following

subcutaneous administration in cancer patients with bone me-

tastases was estimated to be 61%, which is also consistent with the

relative exposure obtained from the non-compartmental analysis

of the intravenous and subcutaneous data in Study 20010124,[20]

the results of the previous population pharmacokinetics analysis

of denosumab[19] and the bioavailability values reported for efa-

lizumab, omalizumab, adalimumab and etanercept.[29,31,37] Fur-

thermore, no evidence of dose-dependent bioavailability was

observed for denosumab within the range of doses evaluated in

the current and previous population pharmacokinetic analyses.[19]

The primary pathways for systemic absorption of mono-

clonal antibodies following subcutaneous administration in-

clude convective transport of the antibody through lymphatic

vessels into the blood, and diffusion of the antibody across

blood vessels distributed near the site of injection. As the flow

rate of the lymphatic system is relatively slow and movement

dependent, and because monoclonal antibodies are sub-

stantially large in comparison with cell membrane junctions,

these proteins are absorbed at greatly varying rates across

subjects and over relatively long periods of time (days or weeks)

after drug administration. In humans, the typical absorption

half-life (t½,ka = ln(2)/ka) for denosumab was estimated to be

2.7 days and was associated with large between-subject vari-

ability (51.5%). These values are consistent with the absorption
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rates reported previously for efalizumab, omalizumab and us-

tekinumab, which ranged from 1.4 to 3.6 days, with between-

subject variability varying from40% to 44%,[37] and are consistent

with the results of the previous population pharmacokinetics

analysis of denosumab in postmenopausal osteoporosis.[19]

Exploratory analysis of ka versus dose did not reveal any trends

and, therefore, ka was similar across the dose range that was

evaluated. However, ka was associated with age and, on aver-

age, a 50% increase in age was associated with a 19% reduction

in ka up to an age of 53 years. This relationship is physiologi-

cally plausible, since subcutaneous absorption depends on

passive lymphatic transport, which in turn may depend on the

activity level, which may correlate inversely with age. A de-

crease of the absorption rate with age has been observed for

other biologics administered subcutaneously, such as ery-

thropoiesis-stimulating agents, and has also been reported for

denosumab in women with osteopenia or osteoporosis.[19,38,39]

Model-based simulations indicated that, despite the differences

in the absorption rates, the steady-state concentration-time

profiles in young and old subjects were very similar (data not

shown), suggesting limited clinical relevance of the effect of age

on denosumab absorption in cancer patients.

V1 for IgG antibodies typically ranges from 2 to 3L, with the

volume of distribution at steady state, calculated as V1 +V2,

ranging from 3.5 to 7L, depending on the affinity for and ca-

pacity of binding to the ligand and its distribution.[40] V1 for

denosumab was estimated to be 2.62L, which was associated

with moderate to large between-subject variability (48.5%). In

addition, Black subjects have approximately 23% lower V1

values than non-Black subjects. Similar findings have been

observed by Sutjandra et al. in postmenopausal women with

osteopenia or osteoporosis treated with denosumab,[19] and for

other monoclonal antibodies such as ustekinumab in patients

with psoriasis, where V1 was found to be 11% smaller in non-

Caucasian subjects than in Caucasian subjects.[37]

As for other monoclonal antibodies, the distribution of de-

nosumab into the extravascular space may take place by con-

vective transport from the blood to the interstitial space of the

tissues or by receptor-mediated transcytosis. The alpha-phase

half-life is approximately 13.6 hours, which is significantly

shorter than the absorption half-life; therefore, it is not ob-

served following subcutaneous administration because the slow

absorptionmasks the distribution phase. At high concentrations

(when the nonlinear target-mediated pathway is saturated),

the denosumab beta-phase half-life is approximately 35.8 days.

The volume of distribution at steady state (3.99L/66kg) was
estimated to be similar to the plasma volume, as previously re-

ported.[19] However, this value is slightly lower than the values

reported for other monoclonal antibodies, which indicates the

lack of extensive extravascular distribution of denosumab.[37]

Nevertheless, the small volume of distribution does not preclude

attainment of pharmacologically active concentrations, as is

clearly demonstrated by the pharmacodynamics and efficacy of

denosumab.[13,14,16-18] In cases where antibodies show high affi-

nity and relatively high-capacity binding, as with denosumab,

the true steady-state volume of distribution may be greater than

the estimated distribution volume, especially if significant drug

elimination occurs from the peripheral tissues.[30]

Like any other monoclonal antibody, denosumab exhibits a

dual elimination process mediated by a nonspecific (linear)

pathway and a RANKL-mediated pathway, which was im-

plemented in the model as the quasi-steady-state approximation

of the (nonlinear) target-mediated elimination process (figure 1).

CLlin was estimated to be 3.25mL/h/66kg (between-subject

variability 34.4%), which is about one third of the reported

clearance for endogenous immunoglobulins (8.75–10mL/h) and
other monoclonal antibodies, but similar to the values reported

for denosumab in women with osteopenia or osteoporosis.[30,37]

At monthly subcutaneous doses of 120mg, the RANKL-

mediated elimination pathway is fully saturated, since deno-

sumab serum concentrations are much higher than 1872 ng/mL

(9-fold the Kss value). At this dose level, denosumab phar-

macokinetics are essentially linear, and denosumab disposition

is mainly affected by the linear elimination pathway. Interest-

ingly, after adjustment for body weight differences, CLlin in

Hispanic subjects was 27% faster relative to the rates in Cau-

casian, Asian and Black subjects. However, given the small

magnitude of the race effects on V1 and CLlin, it translated into

only a slight effect (<15%) on denosumab serum concentrations

at steady state and on total exposure (figure 4a). Similarly, a

statistically significant association was found for subjects with

solid tumours (breast, prostate, giant cell and other tumours),

who had a 10–37% increase in CLlin relative to healthy volun-

teers. Again, these differences are small relative to the body

weight effect and the inherent variability in denosumab phar-

macokinetics. Therefore, the clinical relevance of race and tu-

mour type on denosumab pharmacokinetics is expected to be

limited, as the RANKLoccupancy seems to be extensive during

the entire dosing interval (figure 4b).

At very low concentrations, the nonlinearity in denosumab

pharmacokinetics becomes more apparent, and total clearance

is as fast as 85mL/h at a concentration of 23 ng/mL when ap-

proximately 10% of the inferred RANKL is blocked. This rate

is about 46% faster than the total clearance estimated for

postmenopausal woman with osteoporosis at a similar con-

centration range.[19] Furthermore, the nonlinear elimination
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through the binding to RANKL reached half capacity at a

concentration of 208 ng/mL, where the total clearance was then

reduced to 49mL/h, which is about 2.9-fold faster than the rate

estimated for denosumab in postmenopausal woman with

osteoporosis.[19] Following monthly subcutaneous 120mg

dosing, the RANKL-mediated elimination pathway is esti-

mated to have >90% saturation during the time denosumab

serum concentrations are higher than 1872 ng/mL (9-fold the

estimated Kss value).

The apparent Kss value estimated from this analysis

(1.44 nmol/L) is much higher than the in vitro KD estimated at

3.00 pmol/L but very similar to the half maximal inhibitory

concentration for RANKL-induced formation of osteoclasts in

murine macrophage precursor cells (1.64 nmol/L).[41] Part of
this discrepancy might be explained by the quasi-steady-state

assumption, where Kss is the sum of KD +kint/kon. However,

this does not account for the three orders of magnitude dif-

ference between Kss andKD. Other factors might be potentially

important to understand the in vivo-in vitro differences in KD.

For instance, antibody concentrations in the interstitial fluid of

the target tissue are likely to be substantially lower than anti-

body concentrations in serum, particularly if the small volume

of distribution of denosumab relative to other monoclonal

antibodies is considered. In this situation, the apparent KD

would be over-estimated and will be closer to the hybrid

parameter, Kss. On the other hand, simple calculations showed

that an in vivo KD similar to the estimated in vitro KD would

lead to maximal binding at all observed denosumab con-

centrations. In that situation, the concentration-time profile

would not exhibit a clear non-linear pharmacokinetic profile, as

was evidenced in the denosumab clinical studies. Nevertheless,

the reasons why the in vivo and in vitroKDwere different are still

not well understood.

The typical value of the baseline RANKL level [R0]

(4.46 nmol/L), assuming 1 : 1 binding, represented the steady-

state total serum RANKL level and was associated with large

between-subject variability (64.9%). In addition, the relative

levels and extent of distribution of soluble and membrane-

bound RANKL in both plasma and bone tissues are not

known. The model assumes that RANKL distribution between

plasma and bone tissues occurs instantaneously, but there are

no data available to confirm or refute this hypothesis. Thus, the

fast equilibrium assumption is acknowledged to be a limitation

of the model. The inferred RANKL level is higher than values

reported in the literature for healthy young women,[42] Chinese

pre- and post-menopausal women,[43] osteoarthritic males[44]

andmultiple myeloma patients,[45] probably because of disease-

related differences in RANKL expression in healthy popula-

tions and various disease settings. It is hypothesized that tu-

mour cells in the bone lead to increased expression of RANKL

on osteoblasts and their precursors. Excessive RANKL-

induced osteoclast activity results in resorption and local bone

destruction (with evidence of elevated levels of bone turnover

markers), leading to SREs.[46]

Since the relative levels of soluble and membrane-bound

RANKL are not known, the model assumes that kint and kdeg
are hybrid elimination rates. According to this assumption, the

apparent estimate of the half-life associated with the estimated

kint (2.6 days) corresponds to a weighted average of the inter-

nalization of the denosumab :membrane-bound RANKL

complex (a process that normally takes a few minutes) and the

degradation of the denosumab : soluble RANKL complex (a

process that normally takes about 3 weeks). As was observed in

the population pharmacokinetic analysis in women with osteo-

penia or osteoporosis,[19] the elimination rate of the denosumab-

RANKL complex (kint= 0.0112h-1) was estimated to be much

faster than the elimination rates of RANKL (kdeg= 0.00116 h-1)
and denosumab (CLlin/V1 = 0.00124 h-1). One potential me-

chanism that might explain this phenomenon involves binding

of the soluble antibody-antigen complex to Fcg receptors on

cells such monocytes and macrophages, which subsequently

triggers internalization and catabolism of the complex.[37] If

this elimination mechanism was present for denosumab, then it

would be reasonable to anticipate that clearance of soluble

denosumab-RANKL complex would be faster than that of free

denosumab. A similar phenomenon has been reported for

omalizumab (an anti-IgE monoclonal antibody); the apparent

clearance of the omalizumab-IgE complex was 0.32L/day and

that of free omalizumab was 0.18L/day.[47] The reasons behind
this finding are not well understood, and it is unclear whether the

estimated value reflects the actual complex elimination rate or

difficulties in the estimation of this parameter in the absence of

RANKL or denosumab-RANKL complex measurements.[25]

Therefore, the values of kint, and also kdeg, should be interpreted

with caution.

No evidence of time-dependent kinetics was found in the

current analysis. Denosumab systemic exposure is consistent

following repeated monthly subcutaneous administration of

120mg (figure 3b). Consistent with the results of the non-

compartmental analysis, simulated serum concentration-time

profiles predicted 2.65- and 2.68-fold increases in the maximum

and mean denosumab concentrations at steady state follow-

ing monthly 120mg subcutaneous dosing. The pharmaco-

kinetics of denosumab were similar in healthy subjects and in

patients with bone metastases from solid tumours, and no dif-

ference in R0 with respect to these two populations was evident.
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Notably, this finding does not imply that the relative levels of

RANKL and osteoprotegerin would be the same across these

two populations.

As body weight has been reported to be the most important

demographic predictor of monoclonal antibody pharmaco-

kinetics,[28,29] denosumab pharmacokinetic parameters were

scaled by bodyweight, and simulations were conducted in order

to assess whether body weight-based dosing was necessary or

not. The typical pharmacokinetic profiles and their variability

following denosumab 120mg versus 2mg/kg dosing were sim-

ilar across the two dosing regimens (figure 4e), clearly indicat-

ing that there are no relevant differences in denosumab exposure

and that dose adjustment based on body weight is not neces-

sary. Model-based simulations revealed that following 120mg

dosing every 4 weeks, the inferred RANKL occupancy at

steady state exceeded 97% during the entire dosing interval in

more than 95% of subjects, independent of body weight, race

(figure 4b) and disease type (figure 4d). Taken together, these

data support the selection of a 120mg dose administered

monthly to prevent SREs in patients with bonemetastases from

solid tumours, and also explain the lack of clinically relevant

effects of the patient covariates (such as body weight, race, age

and type of tumour) affecting denosumab pharmacokinetics.

Conclusions

The integration of the pharmacokinetic data generated

during denosumab development demonstrated that an open

two-compartment pharmacokinetic model with linear dis-

tribution to the peripheral compartment, parallel linear and

RANKL-mediated elimination, and first-order absorption

following subcutaneous administration was suitable to describe

the time course of denosumab serum concentrations follow-

ing different intravenous and subcutaneous dosing schedules

administered to patients with bone metastases from solid tu-

mours. A monthly subcutaneous dose of denosumab 120mg

provides sufficient target coverage to prevent SREs in patients

with bone metastases from solid tumours, regardless of the

patient-specific covariates. In addition, given the moderate to

large between-subject variability in denosumab pharmaco-

kinetics, the clinical relevance of the effects of body weight,

race, age and tumour type on pharmacokinetic parameters is

likely to be limited, since a substantial overlap in simulated

concentration-time profiles was observed and the inferred

RANKL occupancy at steady state exceeded 97% during the

entire dosing interval in more than 95% of subjects, regardless

of body weight, age, sex, race and tumour type. Therefore,

pharmacokinetically based dose adjustments on the basis of

these patient covariates are not warranted for denosumab in

patients with bone metastases from solid tumours.
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Correspondence: Dr Juan José Pérez-Ruixo, Picayo 3, Puzol (46530), Valencia,

Spain.

E-mail: juanjose@amgen.com

260 Gibiansky et al.

ª 2012 Adis Data Information BV. All rights reserved. Clin Pharmacokinet 2012; 51 (4)


