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Systems Pharmacology: Mineral and Bone Health

Peterson MC and Riggs MM (2010) A physiologically based mathematical model of integrated calcium homeostasis and bone remodeling. Bone 46:49-63

Research A History of Model Evaluations

Question(s)
Define Needs: Time, Space, Precision

Physiology
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Biochemistry Signaling Pathways Cells Tissues Organs Humans
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Scales nm
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From Figure 1 of Riggs M. Multiscale Systems Models as a Knowledge Bridge Between
Biology, Physiology and Pharmacology. AAPS Newsmagazine (December, 2011)
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Model Evaluation Does model represent physiology

Much like with indirect response models: Maximal inhibition followed by “off” treatment allows for estimation of RANK-RANKL-OPG kinetics

Denosumab: RANKL inhibition
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Model Evaluation Does model represent physiology

Much like with indirect response models: Maximal inhibition followed by “off” treatment allows for estimation of RANK-RANKL-OPG kinetics

Denosumab: RANKL inhibition > Bone Marker Changes

Dose-Ranging: 6 2 210 mg,
Q3M and Q6M, d/c, re-Tx
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Fig.3 and 4; Peterson MC and Riggs MM,. CPT: Pharmacometrics & Systems Pharmacology (2012) 1, e14; doi:10.1038/psp.2012.15
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Model Evaluation Does model represent physiology

SP “middle-out”/ up — Use the model to extend to measured response (BMD)

Denosumab: RANKL inhibition > Bone Markers > BMD Change

Study schematic
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Fig.3 and 4; Peterson MC and Riggs MM,. CPT: Pharmacometrics & Sj$tertis Pharmacology (2012) 1, e14; doi:10.1038/psp.2012.15

METRUM

RESEARCH GROUP




Model Evaluation Are the results reproducible?

SP “middle-out”/ up — Use the model to extend to measured response (BMD)

Denosumab: RANKL inhibition > Bone Markers > BMD Change

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) and
NCT00043186 (red symbols); and placebo treatment group: NCT00089791 (grey symbols).
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Matthew M. Riggs, Kyle T. Baron, Elodie L. Plan, Marc R. Gastonguay. Qualification of a Physiologically-Based Model for Predicted Bone Marker and Bone
Mineral Density Changes Associated with Denosumab Treatment. Presented at American Society of Bone Mineral Research (ASBMR) Annual Meeting,
Minneapolis, MN; October 14, 2012 (Abstract# SU0363). Available at: http://metrumrg.com/index.php/publications
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Model Evaluation PTH short-term time scale, long-term effect

Time, it’s all about relativity

PTH-Ca Effects from Ca Sensing Receptor Inhibition

Model-Based Decision Support

m Use model-based approach to quantify the physiologic response to
calcilytics to support development of DS-9194b, an orally administered
investigational calcilytic

m Develop target criteria for PTH response (extent and duration) for

Tran Slcaa,:ils:‘lg’:'cfini cal, first-in-human clinical study of an investigational drug (DS-9194b)
literature data m Assess maximal PTH response and effects of urine Ca excretion using
Threshold / Maximum Release of DS-9194b first-in-human clinical data; support development criteria with

PTH from PT gland: ceiling effect . . .
for BMD response well below expectations for maximal BMD changes achievable through CaSR

teriparatide clinical data antagonism

Presented at American Society of

Bone Mineral Research (ASBMR)

Annual Meeting, Baltimore, MD;
October 6, 2013 (Abstract# SU0407)
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Model Evaluation PTH short-term time scale, long-term effect

Time, it’s all about relativity

Drug binding inhibits
ca* binding to CaSR,

Calcilytic
Translational, clinical,
literature data
Threshold / Maximum Release of
PTH from PT gland: ceiling effect
for BMD response well below
teriparatide clinical data

Presented at American Society of

Bone Mineral Research (ASBMR)

Annual Meeting, Baltimore, MD;
October 6, 2013 (Abstract# SU0407)
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Figure 3: Model of PTH pool within PT gland: PTH release stimulated by CaSR antagonist
drug concentration.
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Figure 4: Schematic of physiologically-based, multiscale systems pharmacology model; modified from figure 1 of Peterson and
Riggs, 2010. [V
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Model Evaluation PTH short-term time scale, long-term effect

Time, it’s all about relativity

RESULTS — MSPM PREDICTION OF PTH RESPONSE RESULTS - PTH EFFECT ON CALCIUM IN URINE (UCA)

Quantitative, physiologically-based explanation of observed PTH response | | MSPM also provides explanation of observed reduction in Ca?* excretion

to CaSR antagonism: due to hypothesized direct CaSR action in the kidney:
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October 6, 2013 (Abstract# SU0407)

METRUM

RESEARCH GROUP




Model Evaluation Integrate System, Disease, Drug

Start with a concept, add clinical data, watch it grow.

Chronic Kidney Disease-Mineral Bone Disorder

Disease

Calibrate Disease Model

New data, new compartment

L

Pharmacology

Q Direct and indirect
effects in PT gland and
bone

Kidney

Ca excretion

Riggs MM, Baron KT, Melhelm M (2018) Multiscale physiology-based modeling of mineral bone disorder
in patients with chronic kidney disease and secondary hyperparathyroidism on hemodialysis: application
to etelcalcetide treatment effects on calcium homeostasis. ACoP9 Abstract #T-078.
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Model Evaluation Integrate System, Disease, Drug

Start with a concept, add clinical data, watch it grow.

Chronic Kidnev Disease-Mineral Bone Disorder

Long-Term Predictive Checks

4169005 20120229 20120230
-
g’ THITIAE 1548
S +1 -LlIﬂ 0 ]I}‘I_H Despite continued decline in PTH
E’ I I ! (e.g., beyond weeks 4-6), feedback
g ] A I TETAT LT controls lead to leveling and partial
§‘-50- /L /\LH rebound in Ca.
g |
g
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Seurca code: M_3.16.14_05_sumR time (weeks)
Figure 2: Predictive check: change from baseline (percentage) for serum calcium (blue) and PTH (purple)
Phase 3 Study 20120229 was included as external validation. Observed data: solid circle (mean) and 10th - 90th percentile range
(shaded region); Simulated data: mean (solid line) and 10th - 90th percentile range (error bars).

Riggs MM, Baron KT, Melhelm M (2018) Multiscale physiology-based modeling of mineral bone disorder in patients with chronic kidney disease and secondary
hyperparathyroidism on hemodialysis: application to etelcalcetide treatment effects on calcium homeostasis. ACoP9 Abstract #T-078.
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Model Evaluation First, Understand the Question

Open science opens doors

gimen (QD to BID) or Release Profile
rols Hypercalciuria While Maintainin,
ocalcemia

taining

PTH for
Hypoparathyroidism
Clinical data

FDA suggested BID or sustained
release likely to retain efficacy
while minimizing risk of
hypercalciuria

q U.S. Food and Drug Administration
r A_ Protecting and Prometing Public Health

www.fda.gov

Control on 24-hour Urinary Calcium was Not Apparent
with Natpara in the Registration Trial (CL1-11-040)
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10 O Placebo 500 O Placebo
2 .
3 A
5 % 400
© £
- ~

S £ RSghe
£ 3 300 T T L T —_————
E - —
Q -
"] T l
E ,:-_ 200
9 -
9 3
é -g 100
P M
g

7 0

0 4 8 12 16 20 24 0 4 8 12 16 20 24
Week Week

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD

Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Model Evaluation First, Understand the Question

Open science opens doors

Altering Regimen (QD to BID) or Release Profile
Control Iciuria While Maintainin,
N

trols Hypercalciuria ! taining
lormocalcemia

PTH for
Hypoparathyroidism
Clinical data

FDA suggested BID or sustained
release likely to retain efficacy
while minimizing risk of
hypercalciuria

rl.) U.S. Food and Drug Administration
'DA_ Protecting and Promoting Public Health

www.fda.gov

Reduction in Urinary Calcium Excretion is Short-lived

C09-002 Study — Natpara Pharmacodynamics: Urinary Calcium
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T T
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Time (Mid-point of Collection Interval) (hr)

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD

Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Model Evaluation @ Level Needed to Support Question

Open science opens doors rhPTH Vit-D Serum Ca Urinary Ca
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3
2501 2004 € 12.54
3 £
3 2004 ’;: g --------------- g 10.0 ObSO
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Observed Mean(symbols with 95% confidence bands) and Predicted (solid lines) Concentration-time Plots for PTH, Serum Calcium, Calcitriol,
and 24-hr Urinary Calcium Excretion on Last Day of 6-month Placebo Treatment
(Mosekilde-IIT, Modified Model)

Figure 16 Evaluation of model — model reasonably predicts the observed PK
and PD data for placebo treatment in Mosekilde-IIT PKPD study.
“Obs” implies Observed and “Pred” implies Predicted.

rhPTH Vit-D Serum Ca Urinary Ca

300+ —

PTH for 1 .

° ° o O ~ 34 E 154

Hypoparathyroidism el
. g R 3 ] =
Clinical data E R S

FDA suggested BID or sustained 7 z
release likely to retain efficacy TThmaa TTwean TiwEaE T nian

i iNimizi H Time (hr) Time (hr) Time (hr) Time (hr)
Whlle mInImIZIng rISk Of Observed (symbols) and Predicted (solid lines) Concentration-time Plots for PTH, Calcitriol, Serum Calcium, and 24-hr

Urinary Calcium Excretion on Last Day of 6-month rh-PTH Treatment

hype rcalciuria (Mosekilde-IIT, Modified Model)

Figure 17 Evaluation of model — model reasonably predicts the observed PK
and PD data for rhPTH[1-84] treatment in Mosekilde-IIT PKPD
study. “Obs” implies Observed and “Pred” implies Predicted.

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and Metabolic Drugs Advisory
Committee (UCM413617) by Manoj Khurana, PhD, Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Model Evaluation With added confidence, investigate the question

Open science opens doors

gimen (QD to BID) or Release Profile
rols Hypercalciuria While Maintainin,
ocalcemia

taining

PTH for
Hypoparathyroidism
Clinical data

FDA suggested BID or sustained
release likely to retain efficacy
while minimizing risk of
hypercalciuria

Altering Regimen (QD to BID) or Release Profile

[FoA

Controls Hypercalciuria While Maintaining

Normocalcemia
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Presented at FDA September 12, 2014 Meeting of the Endocrinologic and
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD

24-hr Urinary Calcium (mg/day)
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Immo Zadezensky, PhD Nitin Mehrotra, PhD
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U.S. Food and Drug Administration
Protecting and Promoting Public Health
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Model Evaluation An ODE to Open Science

Without open science , none of this would have been possible... be open, make it possible!!

https://github.com/metrumresearchgroup/OpenBoneMin & QA % @ O (<] Q &

README.md

https://github.com/metrumresearchgroup/OpenBoneMin

About
STRATEGIC

APPROACH A multiscale systems model of bone health and mineral homeostasis. Please see the wiki page for more information on
this project.

Community contributions to this project are included here.

Documentation

EXPERTISE &
EXPERIENCE

INNOVATION

* Documentation here

Installation

Installation of OpenBoneMin requires the devtools package

GROWING THE TRANSPARENCY if(!require("devtools")) install.packages("devtools")
SCIENCE
Use the install_github function inside devtools to install the OpenBoneMin package from GitHub to your local
machine
devtools::install_github("metrumresearchgroup/OpenBoneMin")
COLLABORATION QUALITY PROCESS & You can test the installation by trying an example
INFRASTRUCTURE
example("sim_teri", package = "OpenBoneMin")

Usage

* Simulate teriparatide data
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IPSP An ODE to Open Science

Without open science , none of this would have been possible... be open, make it possible!!

https://github.com/metrumresearchgroup/OpenBoneMin

STRATEGIC
APPROACH

19 lines (9 sloc) 434 Bytes Raw Blame | History O » m

Community Contributions
EXPERTISE &

EXPERIENCE This folder contains community contributions to the OpenBoneMin repo.

INNOVATION

Contents

GROWING
THE SCIENCE

TRANSPARENCY
lump

Supplemenary code from:

QUALITY PROCESS & Hasegawa C, Duffull SB. Automated Scale Reduction of Nonlinear QSP Models With an Illustrative Application to a
INFRASTRUCTURE Bone Biology System. CPT Pharmacometrics Syst Pharmacol. 2018 Jul 24. doi: 10.1002/psp4.12324. PMID 30043496

COLLABORATION
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Systems Pharmacology: Mineral and Bone Health

Peterson MC and Riggs MM (2010) A physiologically based mathematical model of integrated calcium homeostasis and bone remodeling. Bone 46:49-63

Research A History of Model Evaluations

Question(s)
Define Needs: Time, Space, Precision

Physiology
T T S [T

Biochemistry Signaling Pathways Cells Tissues Organs Humans
. | | | | | | ] | |
DINENE I | | r | I | | |
Scales nm
Time seconds minutes hours months years

From Figure 1 of Riggs M. Multiscale Systems Models as a Knowledge Bridge Between
Biology, Physiology and Pharmacology. AAPS Newsmagazine (December, 2011)
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Model Evaluation First, Understand the Question

Open science opens doors

% U.S. Food and Drug Administration
IDA_ Protecting and Promoting Public Health

www.fda.gov

Outline

= Highlight important mechanistic aspects of PTH

» Pharmacokinetic (PK) and pharmacodynamic (PD)
characteristics of Natpara in patients with
hypoparathyroidism

» Relevance of PD effects on urinary calcium excretion to

PTH for clinical data
Hypoparathyroidism = Can we obtain better control on hypercalciuria?
Clinical data » |s different dosing regimen a solution?
FDA suggested BID or sustained - Summary

release likely to retain efficacy
while minimizing risk of

nypercalciurt - _____0__000000_“]
4

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD
Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Model Evaluation Using Open, Public Source Model

Open science opens doors

en (QD to BID) or Release Profile
s ercalciuria While Maintaining
mia

PTH for
Hypoparathyroidism
Clinical data

FDA suggested BID or sustained
release likely to retain efficacy
while minimizing risk of
hypercalciuria

Set-up the model obtained from public
domain

Internal evaluation

| Modify to accommodate desired

input/output

External evaluation (Iterative)

Application to the problem

Figure 14 Schematic of the fit for purpose model validation strategy

Simulation for Hypoparathyroidism state:
Presented at FDA September 12, 2014 Meeting of the Endocrinologic and

Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD
Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Model Evaluation First, Understand the Question

Open science opens doors

U.S. Food and Drug Administration
II'D/ Protecting and Promoting Public Health

www.fda.gov

Control on 24-hour Urinary Calcium was Not Apparent
with Natpara — Long-term Risk?

gimen (QD to BID) or Release Profile
rols Hypercalciuria While Maintainin,
ocalcemia

taining

Placeobo Natpara Relative risk of calcium stone formation
1500 . . .
o) at any given level of calcium excretion*
E (Standard of Care) 8 .
.
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PTH for Pawfotd, olfqd 3 /
Hypoparathyroidism = - = mmmmm , /x
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Clinical data 3 5
0- 03 ® S° l‘-lrJ /x i
. T T T T T | | 1
FDA suggested BID or sustained 0 5 10 15 20 250 5 10 15 20 25 oo—*--i"—‘200 200 c00
i i i Visit Week
release likely to retain efficacy st Wee URINE CALCIUM (mg/day)

while minimizing risk of *Andrew F. Stewart and Arthur E. Broadus. Ann Rev Med. 32: 457-73 (1981).

hipercaliur

Presented at FDA September 12, 2014 Meeting of the Endocrinologic and
Metabolic Drugs Advisory Committee (UCM413617) by Manoj Khurana, PhD
Immo Zadezensky, PhD Nitin Mehrotra, PhD
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Time Scale: An Evolution in the Model, Too!

R / C++ with mrgsolve

Deterministic = Include Variance = Include Estimation

Berkeley Madonna

GnRH/ Fracture Vitamin D
Model estrogen Risk (Plan/ C;‘IS&RSa modeling
construction Expansion begins ]E'llgftglfl/) g;%ii/) (Baron/ (Ocampo/ BM? ]{: El(‘iac/ture
begins (Riggs/ to include BMD Riggs) Riges) Gill ¢
Peterson) (Riggs/Peterson) iy

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

aff AN

Stochastic Implement in

expansion METAMODL™ BMD ]
Model estimation Menopause begins (Riggs/ Validation Sclerostin

i i i modeling
with denosumab, progression (Riggs/ Baron) (Baron/
teriparatide, CKD- model Baron) Riggs) (E_UdY/
MBD data (Riggs/ development Riggs)
Peterson) (Riggs)
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iPSP: Integrated Outputs

Balancing act: minimized risk for AE (bone loss) while providing therapeutic response

Endometriosis: GhRH modulation - Estrogen Loss
, M

Efficacy: | | Side Effect:
Patient-level Data . Literature Meta Data

L Biomarker: Estradiol (E2) Biomarkers: E2 < Bone Markers

v 4
Response: Endometriosis symptom
po severity score {Esss!; pt Response: Bone Mineral Density (BMD)

.

Logistic : \ / Multiscale
Model ) Time-course and Magnitude of Responses Model

v

Guide Study Design:
Treatment Duration
Biomarker Selection

Target Response p

\Q ) J

Figure 1 of M M Riggs, M Bennetts, P H van der Graaf and S W Martin. Integrated Pharmacometrics and Systems Pharmacology Model-Based Analyses to Guide GnRH
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iPSP: Integrated Outputs

Balancing act: minimized risk for AE (bone loss) while providing therapeutic response

Endometriosis: GhRH modulation - Estrogen Loss
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Figs 4, 6 of M M Riggs, M Bennetts, P H van der Graaf and S W Martin. Integrated Pharmacometrics and Systems Pharmacology Model-Based Analyses to Guide GnRH
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iPSP Same SP Model, More iPSP Examples

Open science opens doors

Calcilytic
Translational, clinical,
literature data
Threshold / Maximum Release of
PTH from PT gland: ceiling effect
for BMD response well below
teriparatide clinical data

Presented at American Society of

Bone Mineral Research (ASBMR)

Annual Meeting, Baltimore, MD;
October 6, 2013 (Abstract# SU0407)

Altering Regimen (QD to BID) or Release Profile
Controls Hyp iuria While Maintainis
Normocalcemia

PTH for
Hypoparathyroidism
Clinical data

FDA suggested BID or sustained
release likely to retain efficacy
while minimizing risk of
hypercalciuria

Presented at FDA September 12,
2014 Meeting of the Endocrinologic
and Metabolic Drugs Advisory
Committee

Sclerostin
Inhibition
Clinical literature data

Explored dose and dosing
interval responses and provided
descriptive responses of bone
markers changes over time

Eudy R, Gastonguay M, Baron K, and

Riggs M. Connecting the dots. CPT:
Pharmacometrics Syst Pharmacol, 2015
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Vitamin D
Clinical literature data

Included pharmacokinetic
conversion of Vitamin D in liver
(calcidiol) and kidney (calitriol)
with link into system model to
evaluate dose-response on Ca

and BMD response
Ocampo-Pelland, Gastonguay, and Riggs.
J Pharmacokinet Pharmacodyn,
44(4):375-388, Aug 2017.



