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Abstract

Denosumab is one of the most commonly prescribed anti-resorptive drugs
for the treatment of postmenopausal osteoporosis. The therapeutic effect of
denosumab is to inhibit osteoclast differentiation and consequently bone re-
sorption. Gains in bone mineral density (BMD) are achieved based on the
ability of the bone matrix to undergo secondary mineralization. Experi-
mental data show that the increase of BMD after commencing denosumab
treatment are bone site specific.

In this paper, we developed a comprehensive mechanistic pharmacokinetic-
pharmacodymamic (PK-PD) model of the effect of denosumab on bone re-
modeling in postmenopausal osteoporosis (PMO). The PD model is based on
a bone cell population model describing the bone remodeling process at the
tissue scale. The conceptual model of the bone mineralization process, orig-
inally proposed by Boivin and Meunier, is quantitatively incorporated using
a FIFO (First-In-First-Out) queue algorithm. The latter takes into account
the balance of mineral within bone tissue due to the mineralization process,
distinguishing the primary and secondary phases and removal of bone matrix
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due to bone resorption. The numerical simulations show that the model is
able to predict the bone-site specific increase in BMD as was observed in the
experimental data of Bone et al. 2008 for a typical denosumab administra-
tion pattern of 60 mg every 6 months. At the hip a 5 % increase in BMD was
observed, while at the lumbar spine a 7.5 % increase of BMD was achieved
after a 2 year treatment period. The difference in BMD is due to the fact
that bone turnover at the hip is lower compared to lumbar spine and conse-
quently has less potential for secondary mineralization. Parametric studies
revealed that the rate of bone mineralization is an essential parameter reg-
ulating BMD gains. If mineralization is neglected only minimal increases in
BMD are observed.

Keywords: postmenopausal osteoporosis; bone remodeling; bone
mineralization; denosumab; RANK-RANKL-OPG pathway; PK-PD
modeling; bone mineral density;

1. Introduction

Osteoporosis is a major skeletal disease linked to an imbalance in bone re-
modeling, with bone resorption exceeding bone formation [1]. This results in
continuous bone loss and deterioration of the bone microarchitecture, which
ultimately leads to impaired bone strength and increased risk of bone fracture
2][3]. Postmenopausal osteoporosis (PMO) has been linked to a decrease in
estrogen production in mid-age women. The rate of bone loss is relatively
high in the first year following menopause and then follows a linear pattern of
approximately 1% bone loss per year [4][5]. Fractures related to osteoporosis
are a major global health concern. With the increasing elderly population
in first world countries, the risk of fracture is estimated to significantly in-
crease over the next few years. In order to counteract this trend, a number
of so-called anti-resorptive therapies have been developed including bispho-
sphonates and denosumab [6]. These therapies decrease osteoclastic bone
resorption and have been shown to decrease the risk of osteoporotic fractures
in PMO [2]).

Denosumab is one of the most commonly prescribed anti-resorptive drugs
for the treatment of PMO [2]. The therapeutic effect of denosumab is based
on its ability to inhibit osteoclast formation and activity. The FREEDOM
study indicates that after 3 years of denosumab treatment the incidence of
new morphometric vertebral fractures decreased from 7.2% with placebo to



2.3% with denosumab (68% relative reduction)[2]. Short-term treatment (i.e.
Phase 2 study) of PMO with denosumab has been shown to reduce relative
risk of hip fractures by 40% and non-vertebral fractures by 20%. These
clinical results clearly indicate high efficacy of denosumab for treatment of
PMO. The therapeutic effects of denosumab can be monitored by looking
at a variety of bone biomarkers including non-specific (i.e., blood or urine
based) markers such as NTx, uTX, PICP/PINP and specific biomarkers, i.e.
measured at a particular bone site such as bone mineral density (BMD) [4].
BMD is most commonly assessed at the femoral neck, wrist and vertebrae
and it has been shown that denosumab has different effects on BMD depend-
ing on the bone site [4]. Largest increases in BMD are observed at bone
sites exhibiting high bone turnover rate, while more moderate increases are
observed at sites of lower turnover rate [3].

These experimental findings can be explained based on the conceptual
model of bone mineralization, which links the rate of bone remodeling with
the degree of bone tissue mineralization (BTM) [7][8]. Bone mineralization is
characterized by a fast primary phase, which takes place over several days to
weeks and achieves a degree of mineralization of approximately 70%, followed
by a slow secondary phase, which can take from months to years and may
achieve degrees of mineralization of up to 95%. This conceptual model states
that bone sites undergoing high turnover are characterized by a lower BTM
(and BMD) based on the fact that continuous remodeling prevents excessive
secondary mineralization to occur. On the contrary, at sites of low turnover
there is sufficient time for secondary mineralization to occur. Consequently,
based on the fact that denosumab significantly reduces bone turnover due to
inhibition of osteoclast activity, the treatment effects are more pronounced
at bone sites exhibiting higher bone turnover [8].

The time dependent dose-effect response of drugs is most commonly de-
scribed using pharmacokinetics (PK) — pharmacodynamics (PD) modeling
approaches [9]. Among these, mechanistic PK—PD models allow taking into
account organ-specific signaling pathways and regulatory mechanisms [4]. A
variety of different mechanistic PK—PD models describing the bone remod-
eling process have been developed [10][11][12]. The majority of these models
are based on the fundamental models of bone cell interactions in bone re-
modeling proposed by Lemaire et al (2004)[13] and Pivonka et al. (2008)[14].
These models incorporate the RANK-RANKL-OPG signaling pathway to-
gether with action of TGF—/ on bone cells. Particularly, the models of
Pivonka et al. also provide a mechanistic description of changes in bone
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porosity and bone volume faction (BV/TV') which are linked to bone cell
numbers [14][15][12]. These bone cell population models provide a mecha-
nistic means on how to link the action of denosumab to the bone remodeling
process based on competitive binding reactions between OPG, denosumab
and RANKL. Several authors have utilized this approach in different ways
[10][11][16][12]. However, none of these models included a mechanistic de-
scription of the mineralization process.

In the present paper, we present a comprehensive mechanistic PK—PD
model for quantifying the effect of denosumab on bone turnover and BMD
taking into account the mineralization process. This model is an extension
of a previously developed model of bone remodeling taking into account
the process of bone mineralization. The bone remodeling model accounts
for bone cell interactions via the RANK-RANKL-OPG pathway, the action
of TGF—f and mechanobiological feedback [14][15][12]. The PK model of
denosumab is a one-compartment model including a drug saturation term
for high doses and has been previously described by Marathe et al. 2011
[11]. The mineralization model is based on the work of Marti-Reina and
co-workers [17] and takes into account the balance of mineral within bone
tissue: input, due to the mineralization process, distinguishing the primary
and secondary phases; removal, due to bone resorption, that takes mineral
back into the blood serum.

Utilizing this model, we investigate some model features in a drug treat-
ment scenario whose clinical results were available in the literature [18]. This
includes the following parametric studies: taking or not taking into account
the bone mineralization process and its effect on BMD; different drug dis-
tribution factors accounting for ease of accessibility of denosumab from the
central compartment to the bone tissue compartment; and different bone
sites undergoing high and low turnover. Based on the proposed mechanistic
PK—PD model we are showing temporal evolution of bone biomarkers for
these cases including bone porosity, BMD and the degree of mineralization.

This paper is organized as follows: In Section 2 we provide a detailed
description of the mechanistic PK—PD model. The comparison of simula-
tion results and experimentally observed changes in BMD are reported in
Section 3, together with parametric studies of essential model parameters.
The results are discussed in detail with respect to the clinical bone biology
literature in Section 4.



2. Mechanistic PK-PD model for simulation of the effect of deno-
sumab on bone remodeling

2.1. One compartment PK model of denosumab

Several pharmacokinetic (PK) models of denosumab have been proposed
including one- and two-compartment models [19]. We here follow the ap-
proach suggested by Marathe et al. and use a one-compartment model
with Michaelis-Menten kinetics in order to characterize the serum denosumab
PK profiles. A first-order rate process (k,) governs the absorption of drug
(Dosegen) from the subcutaneous (SC) injection site into the central com-
partment (Cpgen , V). The drug elimination from the central compartment
is described by a combination of a linear first-order process (k) and a non-
linear saturation process (Ve , Kom)[11]:

de den Dosegep, kot Cp den Vinaz
2 = Rq . “r = : - ke : C en 1
dt v,)F € Kon + Crpaen VoJF el 1)

where, V,/F is the volume of the central compartment adjusted for bioavail-
ability. In Eq. (1) Dosegen, is given in ng per kg of body weight and then C), 4,
is calculated in ng/ml and subsequently converted into pmol/l, through the
molecular weight of denosumab Mg, = 149 kDa (Amgen) and using princi-
ples of physical chemistry. We note that all ligand receptor binding reactions
presented in the following sections are formulated with units pmol/l. Note
that V. is the volume of the central compartment and the factor F' is the
bioavailability. The latter factor is equal to 1 when the drug is adminis-
tered intravenously. The initial condition for Eq.(1) is set to zero, indicating
absence of drug. The prolonged absorption phase and the absence of intra-
venous data precludes the need for including distribution of the drug to a
non-specific tissue compartment and thus reduces the number of parameters
in this model. Table 2 in the Appendix summarises the PK model parame-
ters.

2.2. Model of bone cell interactions in bone remodeling

In the following, a description of the extended mathematical model de-
scribing bone cell interactions taking into account bone mineralization is
provided. Similar as in previous models, the RANK-RANKL-OPG pathway,
together with the action of several regulatory factors on bone cells, includ-
ing TGF—f, and mechanobiological feedback is given (for details on original
models see Pivonka et al. [14][15][20]. This new model has been designed in
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such a way that the original model structure has been preserved and only
additional model features relevant to formulation of the mineralization law
have been taken into account.

Following the approach taken by Pivonka et al., the bone remodeling
process can be described as cell balance equations. The bone cell types (i.e.
state variables) considered in the current model are: (i) osteoblast precursor
cells (OB,), (ii) active osteoblasts (OB,), and active osteoclasts (OC,). The
cell pools of uncommitted osteoblasts (OB,,) and osteoclast precursors (OC,)
are assumed constant:

dOB _
Tp = DOBu ' ﬂZCing : OBU + POBp : HZ?;%BP ' OBP+ (2)
Doy, AL OB
dOB, _
pTa Do, 'ﬂferf)Bi OB, — Aop, - OBg; (3)
dodC, _
dt - DOCp ’ ﬂiﬁggpl/ ' OOP - AOCa ’ ﬂzo(t;,gCﬁ ’ OO@’ (4)

Dog,, Do,, Doc, are differentiation rates of OB,, OB, and OC, respec-
tively. Pop, is the proliferation rate of OB,. App, and Apc, are apoptosis

rates of OB, and OC, respectively. The variables ﬂaTig_Bi, ﬂfeif?}fi and

Tlfzg ggﬁ represent activator and repressor functions related to the binding of

TGF-f to its receptor. Similarly, ﬂfcﬁgé{f is the activator function related

to the RANK-RANKL binding. II7%% B, is the mechanobiological feedback
function regulating the anabolic part of the feedback. We note that the cell
balance equations (Eq.2-4) are composed of a production term and a linear
degradation term, which describes differentiation of one cell type into another
(or terminal cell fate, i.e. apoptosis). The linear degradation term is further
regulated via sigmoidal activator/repressor functions which take values from
zero to one. The latter functions introduce nonlinearities into the model.
A schematic figure of the mechanistic PK-PD model is presented in Fig. 1.
Model parameters of the cell population model are given in Table 2 of the
Appendix.

2.3. Denosumab action on RANK-RANKL-OPG: competitive binding

Similar to previous mechanistic PK-PD models, we incorporate the ac-
tion of denosumab on bone remodeling via competitive binding reactions
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Figure 1: Schematic representation of the mechanistic PK-PD model: various bone cell
differentiation stages are presented together with biochemical and biomechanical inter-
actions. Subcutaneous injection of densumab leads to distribution of the drug into the
central compartment where it then interacts with the RANK-RANKL-OPG pathway (red
arrow between OB, and OC,). The latter interactions are accounted for via competitive
binding reactions. Also the conversion of osteoid into bone mineral, the major novel model
feature, is shown in orange in the figure.



within the RANK-RANK-OPG pathway [10][11][12]. In these models ac-
tion of denosumab is taken into account via the RANKL activator function
Tt oo (Eq(4), first term on the right). Denosumab competes with RANK
(and OPG) for binding to RANKL. Consequently, higher concentrations of
denosumab give rise to lower concentrations of RANKL-RANK complexes
and, hence, lower values of nfcﬁggf. Adapting the approach of Pivonka et

al. [12],

P
RANKL = RANKLm — PRanst + Prai,
Brankr + Drank. RANKL
. [1 + Ka,[RANKL-OPG}OPG + Ka,[RANKL-RANK] RANK + CKa,[RANKL-den} Cp,den] :
(5)

where K. a,[RANKL-OPC]; K, a,[RANKL-RANK]; and K, a,[RANKL-den] aI'€ the equilibrium
association binding constants for binding of OPG, RANK and denosumab
to RANKL. OPG, RANK, and RANKL are the concentrations of respective
regulatory factors in the bone tissue compartment, while C), 4,is the con-
centration of denosumab in the central compartment (see Eq.(1)) 3. Brankt
is the production rate of RANKL on the surface of osteoblasts, Drank 18
the RANKL degradation rate, RANKL™* is the maximum concentration
of RANKL and Prankr, models the increase in RANKL production induced
by PMO. Model parameters for the competitive binding model are given in
Table 2.

In Eq.(5) all association binding constants K, are obtained from in vitro
experiments. Furthermore, RANKL production and degradation rate con-
stants were estimated from previous works (see Table 2). Hence, the only
remaining factor to estimate was the accessibility factor (. The varying ac-
cessibility of denosumab to different bone tissue compartments is taken into
account through the accessibility factor (. ( = 1 represents unrestricted
access to denosumab, whereas ¢ < 1 reflects restricted access (for example
due to bone marrow being present or low blood perfusion). Hence, the deno-
sumab concentration is bone site specific. In the numerical results section we
will perform a parametric study to quantify appropriate values for (, which

3Note that in the original Lemaire et al. model [13] all concentrations where for-
mulated with respect to a pseudo central compartment and consequently no distinction
between site-specific bone tissue compartments needs to be made. However, formulation
of mechanobiological PK-PD models requires specification of a particular bone site which
is exposed to physiological mechanical loading.
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will eventually act as a calibration factor. Finally, the activator function of
RANKL can be expressed as:

ARANKL _ [RANKL—RANK] '
“tO0% K, 4,RANKL-RANK] + [RANKL-RANK]’

(6)

with Kg rankr-rank] as the corresponding equilibrium dissociation binding
constant. Model parameters of the binding reactions are provided in Table
2 in the Appendix.

2.4. Algorithm of bone mineralization

Bone is a composite of tissue matrix and pores, which may be filled with
marrow, blood vessels and nerves. A reference bone volume, Vzy g, can be
divided into the bone matrix volume, V;,,, and the volume of vascular pores,
Vieas- Bone matrix is composed of an inorganic phase (mineral), an organic
phase (mainly collagen) and water. The volume of each phase are designated
by V.., V, and V,,, respectively:

VRVE:%m+%a5:Vm+‘/;)+Vw+%as (7)

The link between the bone cell population model described in Section
(2.2) and bone mechanical properties can be made using the approach taken
by Pivonka and co-workers [20, 21]. In this approach, activities of osteoblasts
and osteoclasts define the evolution of the volume fraction of extravascular
bone matrix f,,. The latter is defined as follows: fy,, = Virn/Vry E, whereas
the volume fraction of vascular pores is defined as the volume of pores divided
by the total RVE volume, i.e., fyus = Vioas/Vrve with the constraint f,, +
foas = 1. The change of bone volume fraction over time is defined by the
balance of bone removed and formed:

df bm

= _kres : OCa k orm * OBa; 8
o + ky (8)

where ks and kg are respectively the bone matrix volume resorption
rate and osteoid volume formation rate. This distinction is important since
bone matrix is mineralized, while osteoid contains no mineral. OC, and
OB, are the concentrations of OC, and OB,, respectively defined in Eq(3)
and (4). Note that, as a first approximation, we assume that k.., and
E¢orm are constant cell intrinsic parameters. The set of differential equa-
tions (2),(3),(4),(8) were integrated using an explicit Euler algorithm, coded
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in MATLAB R2017a. Concentrations of regulatory factors, cell populations
and bone volume fraction are positive quantities and so they were forced to
be during the integration of equations. The integration time step was fixed
at 0.25 days after performing a convergence analysis, in which this value was
proven to be small enough to get stable and consistent solutions.

The osteoid laid de novo by osteoblasts consists only of organic phase
and water. Some of this water is later replaced with mineral, during the
mineralization process. This process has three phases: an initial phase, called
mineralization lag time, that takes from 6 to 22 days [22, 23] during which
no deposition of mineral occurs; a primary phase, very quick (it takes a few
days to reach the 70% of the maximum mineral content [24]), and a secondary
phase, when mineral is added at an exponentially decreasing rate [25], as the
tissue becomes saturated with mineral and which may last from 6 months
[26] to several years [27].

The mineral content is usually measured by the so-called ash fraction,
defined as the ratio between mass of mineral m,, (also termed ash mass) and
dry mass (the sum of mineral and organic mass):

My Pm Vm

a= 9)
where the densities of the mineral and organic components are respectively
pm = 3.2g/cm? and p, = 1.1 g/cm? [28].

We define the specific volumes v, = V,/V}, v, = V;,,/Vp and v, = Vi, /V},
(then v, 4+ v, + vy, = 1 holds). Equation (9) can be given in terms of specific
volumes, dividing by V;, and hence:

My, + M - Pm Vi + poVo

a = _ PmUm (10)
Pm Vm + Po Vo

Bone apparent density can be assessed through:

P = Pm Um + Po Vo + P Vu (11)

Mineral accumulates by displacing water present in bone matrix [24]. For
this reason, the volume ratio of organic phase would be constant during the
mineralization process, around v, = 3/7 [29], which was assumed a fixed
value; while the variations of mineral and water volume ratios would hold
Av,, = —Av,.

We have assumed that v,, increases with time following Eq. (12) (based
on [24]), which distinguishes the mineralization lag time; the primary phase,
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with a linear increase and the secondary phase, with an exponentially de-
creasing rate:

0 if ¢t <t
t— tmlt

’Um(t) = Um prim if tmlt <t S tp'rim + tmlt

t TiMm
Ummaz — é)vmaz - Uprim) G_K.(t_tp”m_tmlt) if tprim + tmlt <t

(12)
where t,,; and t,,;, are the length of mineralization lag time and primary
phase respectively; vy, prim 15 the mineral specific volume at the end of the
primary phase, corresponding to a = 0.45 [24]; Uy maz 1S the mineral specific
volume corresponding to the maximum calcium content, 300 mg/g [28]; and
finally, x is a parameter measuring the rate of mineral deposition during
the secondary phase (see Table 1). Only continuity is enforced in equation
(12). Differentiability is not needed since the set of differential equations
were integrated using an Euler explicit algorithm, as stated above.

The amount of mineral contained in a RVE depends on the age of the
tissue through Eq. (12), but the RVE can be made up of patches of tissue
that have been formed in the recent history, viz. of different ages. It must be
taken into account as well that the tissue within the RVE can be resorbed,
so taking the mineral back into the blood flow. The amounts of tissue with
different ages contained in the RVE are estimated using the algorithm first
presented in [17] and depicted in Fig. 2. V jom(t, 7) is defined as the bone
volume formed 7 days ago and still present (not resorbed) at time ¢. Then,
knowing the distribution of tissue patches of different ages at day ¢ (left
column) and the volume formed (Vigm(t) = kform OBq(t)) and resorbed
that day (Vyes(t) = kres OC,(t)), the distribution at day ¢ + 1 (right column)
can be estimated, using:

V torm (t,7)
Vi(t)

_ The second term of the right-hand side represents the fraction of volume
V form(t,4) which is resorbed at day ¢. It is assumed that the tissue volume

formed in previous days is uniformly distributed throughout the RVE. Con-
Vform(t?i)
Vi (t)

Vform(t + 172 + ]-) = Vform(tv 'L) - V;"es(t) (13)

sequently, that fraction is proportional to the concentration , and to

the resorbed volume, V,..4(t).
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Figure 2: FIFO queue algorithm used to update the distribution of tissue patches
of different ages within the RVE.

The queue is truncated at the residence time, tg, the typical time the
tissue patches remain in the RVE before being totally resorbed. In other
words, tg is the first day such that Vform(t, tgr + 1) = 0 and depends on the
turnover rate. Then,

Vi(t) = vaorm(t, i) (14)

must hold. Formally, in the algorithm of Fig. 2, tg — oo, but, for nor-
mal turnover rates, the older elements are negligible and the queue can
be truncated at day i = t¢ (f¢ < tr). Thus, it can be assumed that
Vform(t,i) ~ 0 Vi > tc. The parameter tc was limited to 1000 days
to reduce the computational cost. By doing so, there is a residual old tissue:

tc
vresiduzzl(w - %(t) - vaorm(ta Z) (15)
=0

and now Eq. (14) holds by replacing ¢tz with ¢ only if this residual old tissue
is added. Finally, the mineral content of each patch is summed to estimate
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the average mineral content of the RVE at day ¢ + 1.

o Z:io Vform(t + 17 Z) . Um(l) + V;"esidual (t + 1) * Ummazx
Vo(t+1)

U (t+1) (16)

where the mineral contents of the patches, v,, (i), are calculated through Eq.
(12) and Vj¢siguar has been assumed to contain the maximum mineral content

Um max -

.. Nominal Other examined Units

Parameter Description
value values

tmit Mineralization lag time 120 days
tprim Length of primary phase 10¢ days
U, prim U, at the end of primary phase 0.121 -
U maz Maximum mineral specific volume 0.442 -
K Rate of secondary phase 0.007 0.001, 0.003, 0.005, 0.009 -

Table 1: Parameters of the mineralization model. ¢ Brockstedt et al. (1993), ® Parfitt
(2004), © Hernandez et al. (2001)

The mineral content has influence on the mechanical properties, and par-
ticularly on the stiffness of bone tissue, which was studied by Hernandez
et al. [30]. We have assumed that bone tissue is isotropic with a Young’s
modulus given by the correlation obtained experimentally by those authors:

E(MPa) = 84370 f25® o*™ (17)

bm

A constant, uniaxial compressive stress ¢ = 5 M Pa was applied on the
trabecular bone. This value together with the Young’s modulus given in
Eq. (17) allows calculating the strain energy density, W. The latter quantity
is used as a mechanoregulatory feedback stimulus acting anabolically via
1175%p, and catabolically via 7l 58" (see Scheiner at al [20] for details).
Note that in the current model, mechanical properties vary not only with the

porosity but also with the mineral content.

3. Results

We follow the approach described in detail in Lemaire et al. [13] and
Pivonka et al. [14][15] to simulate disease progression in PMO with sub-
sequent denosumab treatment. The following biomarkers are investigated:
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bone cell numbers and BMD. While the former are representative for non-
specific bone resorption and formation markers, the latter are bone specific
and reflects the material properties.

PMO was simulated by introducing a disease-related increase in RANKL
production over time [12]:

PRANKL(t> - lgk/ll\(l)}giu SOEIA\A/I%KL (t) <18)

where Poanart = 4 -10° pM and @BANKY is a reduction factor defined as:

62
PRANKL ()5 = Per— (19)
& + | ppioin |
PMO

with & = 65 and Tﬁ]@%KL = 900 days, being characteristic values and tpyo ini
the disease onset time. One year of PMO was simulated prior to the begin-
ning of the treatment, which consisted in subcutaneous injection of 60 mg
of denosumab every 6 months, in accordance with the treatment analyzed in
Bone et al. [31] and one of those analyzed in Miller [18].*

3.1. Parametric studies: bone site, bone turnover rate and drug distribution

The predicted evolution of apparent bone density is shown in Fig. 3 in a
continuous manner. The onset of PMO leads to an initial significant bone loss
which starts to slow down at the end of the first year [4] [5]. One year after
the onset of the disease the denosumab treatment commences, with a sharp
increase in bone density related to an increase in bone volume. This increase
in bone volume is reduced later on and the observed increase in bone density
is mostly due to the rise in mineral content. The oscillations observed in the
evolution of bone density are due to the variable blood serum concentration
of denosumab, which also oscillates strongly with injections every 6 months.
Clearly, the model predicts an overall bone density gain with time.

For comparison purposes, the results were screened at 1, 6, 12 and 24
months, as is typically performed in clinical studies, including the one of
Bone et al. [31]. These authors measured the bone density gain (BDG) with

4A body weight of 60 kg has been assumed to calculate Dosege,, in ng per kg of body
weight.
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Figure 3: Evolution of apparent bone density for fpm,: = 15% and ¢ = 0.012.

respect to baseline, the density measured at the beginning of treatment, i.e.
after 1 year of PMO in the present simulations:

BDG(%) = 2D —plyear) (20)
o1 year)

BDG obtained here in silico was compared with the values reported in
that clinical study so as to adjust the drug accessibility factor (. Fig. 4
compares the effect of ( on BDG for a trabecular bone of high porosity
(fomio = 15%), representative of vertebral bone. From the comparison of
these simulation results with the clinical results of Bone et al. [31] it can
be seen that ¢ = 0.012 provides the best approximation. This value will be
used in all subsequent simulations. It can be seen that the numerical results
predict an abnormally high BDG at the beginning of the treatment, which
is influenced by the absorption term (k,) of the PK model (see Eq. (1)), as
will be discussed in the Appendix.

The next set of simulations investigates the effect on BDG of different ini-
tial porosities, which is representative for different bone sites such as vertebral
body/Lumbar spine and femoral neck/Hip. Fig. 5 compares the simulation
results with the clinical data of Bone et al. [31] for different initial porosities
fomo. This figure shows that bone sites with smaller f;,,:0 exhibit a larger
increase of BDG compared to bone sites with higher f,, 0.
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Figure 5: Influence of initial bone volume fraction, fp, 0, on BDG. Only BDG measured
at 1, 6, 12 and 24 months are presented according to data in Bone et al. [31]
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Figure 6: Influence of the bone mineralization rate on BDG.

The effect of the mineralization rate on BDG is analyzed in Fig. 6 through
the parameter s, which measures the rate of mineral deposition during the
secondary phase of mineralization. During this phase the tissue accumu-
lates mineral at a decreasing rate and it can take from 6 months [26] up
to several years [27] to reach 95% of the maximum mineral content. In Eq.
(12), k = 0.007 corresponds to 6 months while x = 0.001 corresponds to
4 years. It can be seen that a lower mineralization rate (i.e., a smaller s
value) makes the denosumab treatment less effective. Actually, changes in
BDG are mostly due to the increase in mineral content, which is clearly seen
in the case where the mineral content is assumed constant (see dashed blue
curve). Here, the increase in apparent density is only due to the decrease in
porosity and is very limited and not in accordance with the clinical results.
However, when the variation in mineral content is considered, inhibition of
bone turnover leads to an increase in the mineral content of the existing bone
tissue and consequently in bone density. Moreover, for x = 0.007 bone tissue
gets saturated with mineral quite quickly and further increases in s have no
noticeable influence (black dashed and solid curves are almost coincident).

The final set of simulations investigates the effect of bone turnover rate
(Fig. 7) for different initial bone matrix volume fractions ( fy:0). The nor-
mal turnover rate k,.s was multiplied by 2 and 0.5 to analyze high and low
turnover rates, respectively. These simulations test the conceptual miner-
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alization model proposed by Boivin and Meunier [7][8], which predicts that
bone tissue undergoing high turnover will exhibit a higher change in bone
tissue density compared to bone sites with lower bone turnover once remod-
eling is inhibited with anti-resorptive agents. Indeed all simulations confirm
that the average slope (Ap/At) of changes in bone tissue density is larger
for high bone turnover sites (dashed lines) compared to low bone turnover
sites (dotted lines) with sites of normal turnover exhibiting an intermediate
slope (see Fig. 7). The slope for k,.s X2 is approximately 43% higher than
the slope for the nominal value, k,.s, and this is 92% higher than the slope
for k,.sX0.5. No noticeable differences were found between the slopes for
different fy,,40. Thus, the different BDG observed in Fig. 5 can only be
explained by the reference density used to define BDG (p(lyear)), which is
different for each f,,4. In other words, BDG is greater for less dense bone
sites only in relative terms.

4. Discussion

In this paper we presented a novel mechanistic PK-PD model describing
the effect of the anti-catabolic drug denosumab on bone remodeling and
the associated changes in bone mineral density. Unlike for anabolic drugs,
where bone volume (and consequently bone mineral density) is gained due
to bone formation by osteoblasts, for anti-catabolic drugs the existing bone
matrix has the ability to embed more mineral in the extrafibrillar space, so
increasing bone tissue density. The latter phenomenon of bone mineralization
is strongly influenced by the bone turnover rate, which in turn is defined by
the activity of osteoclasts.

The conceptual model of bone mineralization was originally proposed
by Boivin and Meunier and states that bone undergoing higher remodeling
activity is less mineralized compared to bone that exhibits fewer remodeling
events [7]. This is due to the fact that bone matrix undergoes mineralization
until it is remodeled, when osteoclasts dissolve it, putting the mineral back
in the marrow.

The proposed computational model clearly indicates that the phenomenon
of bone mineralization is primarily responsible for the bone density gain af-
ter commencing denosumab treatment. More generally, this is true for any
anti-resorptive drug treatment. Neglecting the ability of bone matrix to in-
crease its mineral content delivers only moderate increase of BMD (see Fig.
6 “Constant mineral”). Our numerical simulation results indicate that pa-
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Figure 7: Influence of different bone turnover rates on BDG for different initial porosities.
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tients with high bone turnover would respond more efficiently to treatments
with anti-catabolic drugs than patients with low turnover.

We note that several PK-PD models have been presented decribing the
effect of denosumab on BMD [10][11][16][12]. However, none of these mod-
els have included a consistent mechanistic description of the mineralization
process. Simulation results of Scheiner et al. (2014) indicated that without
incorporation of the mineralization process the significant increases in BMD
during denosumab treatment could not be predicted based on suppression of
osteoclast activity alone [12]. On the other hand, the model of Marathe et
al. (2011) included a phenomenological equation for BMD which was con-
structed such that the experimental data could be well reproduced [11]. The
work of Marathe et al. used a zero order degradation rate of BMD in order
to adjust the slope of the BMD versus time curve [11]. The latter approach
was phenomenological in nature and required additional fitting parameters
to predict bone gains. Clearly, the formation of osteoid by active osteoblasts
and subsequent mineralization of osteoid taking into account primary and
secondary mineralization processes are a necessary prerequisite to accurately
predict the action of denosumab on bone turnover and BMD.

As described in Peterson and Riggs, the lumbar spine BMD was predicted
using a zero-order production rate that is affected by osteoblast function and
a first-order elimination that is affected by osteoclast function. Sigmoidic-
ity terms for each bone marker are estimated to describe the steepness of
the BMD change relative to the proportional change in the marker [16]. As
shown in our simulation results, the steepness of the BMD versus time curve
(after administration of denosumab) is exclusively determined by the respec-
tive bone turnover rate. No additional model parameters are required to
adjust/fit the slope of the BMD curve.

One issue to be addressed in the future is the fact that a highly min-
eralized bone matrix gives rise to a more brittle material behavior, which
increases the stiffness and reduces the fracture toughness of bone [8]. The
effects on bone stiffness and fracture toughness in combination with reduced
bone remodeling during drug treatment is of major concern regarding de-
velopment of fatigue damage. Hence, monitoring the degree of tissue min-
eralization is important and allows for designing patient-specific drug ad-
ministration regimes including dose, administration interval and “drug holi-
days” which assure predefined bounds for the degree of bone mineralization

[32][33][34].

20



5. Summary and conclusions

In this paper, a comprehensive mechanistic PK-PD model has been pre-
sented which allows simulating the effects of denosumab treatment on bone
remodeling and bone mineral density (BMD) in postmenopausal osteoporo-
sis. For this purpose, a PK model of denosumab has been coupled to a bone
cell population model of bone remodeling taking into account the mineraliza-
tion process. The latter accounts for the mineral balance in bone tissue and
distinguishes between primary and secondary mineralization and removal of
bone matrix due to bone resorption. Furthermore, mechanobiological feed-
back was accounted for in the model. The numerical simulation results have
shown the following novel model capabilities:

The bone mineralization process is an essential mechanism of bone min-
eral density (BMD) gains after treatment with denosumab. Neglecting
bone mineralization (i.e. assuming a constant mineral content) leads
to a significant reduction of BMD gains.

The potential for mineralization is strongly affected by the rate of min-
eralization and consequently affects changes in BMD over time. High
values of the mineralization rate lead to earlier saturation of the min-
eralization process.

The initial bone turnover is an essential factor in determining bone’s
ability to continue the mineralization process upon reducing bone re-
sorption due to anti-catabolic drug treatments. The slope of the BMD
vs. time curves is increased for high bone turnover, while it is reduced
for low turnover cases.

The drug accessibility factor is an essential parameter which controls
the ease by which denosumab is distributed from the central compart-
ment to the respective bone tissue compartment.

The effect of denosumab on BMD is bone site specific. The lumbar
spine exhibits a higher bone turnover rate compared to the hip and, con-
sequently, denosumab treatment is more effective in increasing BMD
in the lumbar spine in relative terms.

We note that the current model does not include the formation of micro-
cracks due to dynamic mechanical loading as occurs during habitual loading.
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The increased brittleness of the bone matrix following denosumab treatment
can be of concern for patients being on denosumab treatment for extended
time periods. In future studies we aim to explore these effects in more detail
identifying safe time periods for anti-resorptive treatments.

Appendix

The values of the constants of the PK-PD model are given in table 2. A
detailed discussion of these values can be consulted in [11] and [12].

Parameter Nominal value Other examined values Units
kres 2 1,4 pM~1! day !
kform 0.4 pM~! day~!
Dos, 7-1072 day—?
Dosg, 1.657 101 day—!
DOCP 2.1 day_l
AOBQ 0.211 day’l
Aoca 5.65 dayfl
BRANKL 1.684 - 102 pM day_l
DRANKL 1.013- 10" day !

¢ 0.012 0.01, 0.013, 0.014 -

K, RANKL-0PQ] 1-1073 pM~!
K. [RANKL-RANK] ~ 3.412-1072 pM~!
K, [RANKL-den] 0.333 pM~!

kq 0.170 0.017 day~!

kel 1.15-1072 day!

V. 7.79 - 10! ml kg_1
F 1 -

K, 4.11 - 102 ng ml—?
Vinae 2.672-103 ng kg~! day~!

Table 2: Values taken for the constants of the PK-PD model

We must note the influence of the absorption parameter of the PK model,
kq. In the paper, we have maintained the nominal value adjusted in [11],
because its influence on the long-term results is almost negligible, but the
short-term BDG is strongly affected by this absorption constant, as can be
seen in Fig. 8, and should be investigated in the future.
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Highlights

Mineralization is an essential mechanism for bone density gain (BDG)
after treatment with denosumab.

Mineralization rate strongly affects the changes in BDG over time. High
values lead to earlier saturation.

The slope of BDG vs. time curves is increased with turnover rate.

The drug accessibility factor is essential in controlling how denosumab
is distributed from the serum to the bone tissue compartment.

The effect of denosumab on BDG is site specific, being more effective
in the lumbar spine than in the hip.
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