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ABSTRACT

The goal of this investigation was to qualify the predictive performance of an existing
physiologically-based, multiscale systems pharmacology model (MSPM) using data exter-
nal to those used to develop it.

The MSPM was initially developed to describe longitudinal bone turnover marker (BTM)
changes affected by both teriparatide and denosumab (dmab) treatment[1] and includes
other relevant factors (e.g., calcium, PTH, calcitriol) and cellular and organ-level regula-
tions, e.g., PTH control of urinary calcium excretion, RANK-RANKL-OPG system in bone,
and differentiation and apoptosis controls for osteoclasts and osteoblasts. In the model,
RANKL depletion affects an immediate decline in osteoclasts due to increased apoptosis
and a later, less pronounced, decline in osteoblast function regulated by PTH and TGF-β
changes. Development of this model included earlier dmab trial data (NCT00043186). A
further extension of this model, using the earlier dmab data along with clinical manifesta-
tions associated with estrogen loss and during CKD-MBD ,[2] has linked bone markers with
BMD change.

The external data used for the current evaluation were digitized from FREEDOM trial
(NCT00089791) reports: serum C-terminal telopeptide (CTx), bone specific alkaline phos-
phatase (BSAP)[3] and lumbar spine (LS) BMD[4] . BTM and BMD model predictions over
time were obtained for placebo (no intervention) and dmab 60 mg Q 6 months (for up to 4
years) and compared to the corresponding observed data.

Model predicted changes in LS BMD following dmab 60 mg Q6 months were: 1.1, 4.0,
5.2, 6.1, 6.9, 8.5, 9.2, and 9.8% at 1, 6, 12, 18, 24, 36, 42 and 48 months, respectively, and
were in close agreement with observed data: mean absolute percentage error=9.1%; mean
percentage error=-7.9%. The model also predicted the nearly complete decline in osteoclast
function with a slight increase in pre-dose (6 months after previous dose) CTx and BSAP
with continued administration.

The use of external data to qualify the performance of the existing MSPM for prediction
of BTM and BMD changes associated with dmab treatment indicated that the model pre-
dictions can be generalized across data sets. These results provide further confidence in
model-based predictions of physiologic changes due to modulation of the RANK-L system
and related decision-making in drug development and clinical practice.

INTRODUCTION – MODEL BACKGROUND

Multiscale Systems Biology / Pharmacology Models (Figure 1)
• Biologic systems expressed as mathematical expressions
• Quantify timecourses, magnitudes of changes (e.g., natural decays, interactions)
• Serve as in silico probes of biologic perturbation (e.g., disease, genetic variation)
• Multiscale systems pharmacology model (MSPM): include pharmacologic effects
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Figure 1: Defining multiscale systems models and terminology; reproduced from Riggs 2011[5]

MSPM of Bone Mineral Homeostasis and Remodeling (Figures 2, 3)
• Mathematical (differential equations) construct from experimental and clinical data
• Scales: Cell signaling→ organ functions→ bone turnover markers (BTMs)→ BMD
• Applications:
• Denosumab: PTH, serum calcium, BTMs,[1] and lumbar spine BMD[6]

• Teriparatide: PTH, serum calcium, and BTMs[1]

• Disease/Aging [CKD-MBD,[2] menopause and endometriosis[7]]: BTMs, BMD and
fracture risk[8]

• Software: R (www.R-project.org/)[9]

• Model code available through:
• Original publication[1] (open-source): www.opendiseasemodels.org
• Ongoing development (subscription-based): METAMODLTM (www.metamodl.com)

Denosumab: inhibit one pathway (RANK-RANKL)⇒model related effects: osteoclast and
osteoblast activity (BTMs), BMD, and peripheral effects, e.g., serum calcium and PTH.

OBJECTIVE: MSPM Qualification
• Can the MSPM predict clinical observations that were not included in the original
model development? In this case, endpoint data collected from a separate clinical study.

INTRODUCTION – MULTISCALE SYSTEMS PHARMACOLOGY MODEL OVERVIEW

PHARMACOLOGY 
RANK-L inhibition  

Intermittent PTH 

GnRH receptor modulation 

PATHOPHYSIOLOGY  
Chronic Kidney Disease –  

Mineral and Bone Disorder (CKD-MBD) 

Hyper- and Hypo-parathyroidism 

Age + Menopause (Estrogen) 

BIOLOGY & PHYSIOLOGY 
-  Calcium homeostasis and bone remodeling   

-  Scales: signaling à organs à outcomes 
-  Cellular apoptosis 
-  Cell-cell signaling (RANK-RANKL-OPG) 
-  Vitamin D-dependent transporters 
-  Endocrine and paracrine feedback 
-  Organ functions: GI, PT gland, kidney, bone 
-  Bone turnover markers (e.g. osteoblast/osteoclast 

associated) 
-  Bone mineral density 

-  Relevant co-factors 
-  Phosphate (PO4) 
-  Parathyroid hormone (PTH)  
-  Calcitriol (active Vitamin D) 
-  Cytokines (e.g. TGFbeta) 

-  Predict therapeutic and disease state effects 

Figure 2: MSPM conceptual framework and content overview.
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Figure 3: Schematic of physiologically-based, multiscale systems pharmacology model; modified from figure 1 of Peterson
and Riggs, 2010. [1]

METHODS – RANK-RANKL-OPG and DENOSUMAB

The Receptor Activator of Nuclear Factor-κ B (RANK)-RANK Ligand
(RANKL)-Osteoprotegerin (OPG) system

⇑ OC differentiation and ⇑ OC activation: RANK–RANKL

⇓ OC differentiation and ⇑ OC apoptosis: RANKL–OPG, RANKL–denosumab
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Figure 4: Depiction of RANK-RANKL-OPG and denosumab interaction.

Denosumab[10]

• Fully human monoclonal antibody
• Binds to RANKL with high affinity and specificity
• Blocks interaction of RANKL with RANK
• Mimics endogenous effects of OPG

Denosumab–RANKL binding
• ↓ available RANKL
• ↓ RANK–RANKL interaction
• ↓ Osteoclast activity (serum C-telopeptide, CTx)
• ↓ Activation of TGFβ
• ↓ Osteoblast activity (bone-specific alkaline phosphatase, BSAP)
• ↑ bone mineral density (BMD), expressed mathematically[6] as:

d(LS BMD)

dt
= kin,BMD ·

(
BSAP

BSAPbaseline

)γOB

− kout,BMD ·
(

CTx

CTxbaseline

)γOC

· LS BMD

γOB = 0.0793 γOC = 0.0679 kout,BMD = 0.000145 h−1

Denosumab pharmacokinetic model
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Figure 5: Denosumab pharmacokinetic model.
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Figure 6: Simulated single-dose deno-
sumab concentration versus time.

CL Clearance - linear process 2.75 ml hr−1

Vc Central volume of distribution 2340 ml
Vp Peripheral volume of distribution 1324 ml
Q Intercompartmental clearance 18.67 ml hr−1

Ka Absorption rate constant 0.00592 hr−1

F Bioavailability 0.729 −
Vmax Maximum rate - nonlinear process 3110 ng hr−1

Km Michaelis constant 180 ng ml−1

Table 1: Denosumab pharmacokinetic parameters, from Peterson et al.[11]

METHODS – DENOSUMAB CLINICAL DATA: From Two Randomized, Double-Blind, Placebo-controlled, Multi-dose Studies

NCT00043186: Postmenopausal Women With Low BMD[10, 12]

• MSPM development and estimation dataset
• 6 – 210 mg denosumab (as Q3M and Q6M regimens): up to 48 months
• Endpoints included: PTH, serum calcium, BTMs, and LS BMD

NCT00089791 (FREEDOM): Postmenopausal Osteoporosis[3, 4]

• MSPM qualification dataset
• 60 mg Q6M administered for up to 48 months
• Endpoints included: BTMs (CTx and BSAP)[3] & LS BMD[4]

METHODS – DENOSUMAB DOSING REGIMEN

For figures 7 through 9 : Dose and dosing interval for 0 to 24 months are given in the panel title. At 24 months, regimen was updated as follows: 60 mg Q6M had no change to the regimen; 14mg Q6M switched to 60mg Q6M for 24
months; 30 mg Q3M switch to placebo for 12 months, then 60mg Q6M for 12 months; 210 mg Q6M switched to placebo for 24 months.[12]

METHODS – MSPM DEVELOPMENT: BSAP, CTx, BMD
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Figure 7: Observed (points)[10, 12] and MSPM predicted (lines) BSAP (top), CTx (middle), and lumbar spine
BMD (bottom) following denosumab multiple dosing. Figures taken from Peterson and Riggs[6]

RESULTS – MSPM EXPLORATION OF RANK-L & TGF-β EFFECTS

MSPM provides exploration of changes that are otherwise unmeasured
• Rebound in RANKL and TGF-β help explain CTx and BSAP drift with repeated dosing
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Figure 8: MSPM simulated changes in RANK ligand after multiple denosumab doses.
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Figure 9: MSPM simulated active (solid lines) and latent (dashed lines) TGF-β after multiple denosumab
doses. Figure taken from Peterson and Riggs[6]

RESULTS – MSPM QUALIFICATION USING FREEDOM DATA

Figure 10: Observed (symbols) and simulated (lines) BMD, CTx, and BSAP during during treatment with 60mg Q6M denosumab for 4 years. Observed values from denosumab treatment
groups: NCT00089791 (FREEDOM, blue symbols)[3, 4] and NCT00043186 (red symbols);[10, 12] and placebo treatment group: NCT00089791 (grey symbols).

• MSPM predicted LS BMD changes: 1.1, 4.0, 5.2, 6.1, 6.9, 8.5, 9.2 and 9.8% at 1, 6, 12, 18, 24, 36, 42 and 48 months, respectively, following denosumab 60 mg Q6 months
• MSPM predictions were in close agreement with observed data: Mean absolute percentage error=9.1%; Mean percentage error=-7.9%
• MSPM also predicted the nearly complete decline in osteoclast function with slight increase in pre-dose (6 months after previous dose) BTMs with continued administration

CONCLUSIONS

• External data qualified the performance of the existing MSPM for prediction of BTM and BMD changes associated with denosumab treatment
• Indicated MSPM predictions can be generalized across data sets
• Provided further confidence in model-based predictions of physiologic changes due to RANKL modulation and in related decision-making in drug development and clinical practice
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