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Assessment of romosozumab efficacy in the treatment
of postmenopausal osteoporosis: results from a
mechanistic PK-PD mechanostat model of bone

remodeling

Abstract

This paper introduces a theoretical framework for the study of the efficacy
of romosozumab, a humanized monoclonal antibody targeting sclerostin for
the treatment of osteoporosis. We developed a comprehensive mechanistic
pharmacokinetic-pharmacodynamic (PK-PD) model of the effect of drug treat-
ment on bone remodeling in postmenopausal osteoporosis (PMO). We utilized a
one-compartment PK model to represent subcutaneous injections of romosozumab
and subsequent absorption into serum. The PD model is based on a recently-
developed bone cell population model describing the bone remodeling process
at the tissue scale. The latter accounts for mechanical feedback via incorpo-
rating nitric oxide (NO) and sclerostin (Scl) as biochemical feedback molecules.
Utilizing a competitive binding model, where Wnt and Scl compete for binding
to LRP5/6, allows to regulate anabolic bone remodeling responses. Here, we
extended this model with respect to romosozumab binding to sclerostin. For
the currently approved monthly injections of 210 mg, the model predicted a
6.59%, 10.38% and 15.25% increase in BMD at the lumbar spine after 6, 12
and 24 months, respectively. These results are in good agreement with the data
reported in the literature. Our model is also able to distinguish the bone-site
specific drug effects. For instance, at the femoral neck, our model predicts a
BMD increase of 3.85% after 12 months of 210 mg injections, which is consistent
with literature observations. Finally, our simulations indicate rapid bone loss

after treatment discontinuation, indicating that some additional interventions

Preprint submitted to Bone December 3, 2019
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such as use of bisphosphonates are required to maintain bone.
Keywords: romosozumab, bone remodeling, Frost’s mechanostat,
postmenopausal osteoporosis, pharmacokinetics, pharmacodynamics,

patient-specific therapy

1. Introduction

Bone remodeling is the concerted action of bone resorption and bone forma-
tion taking place throughout life. Cells involved in the bone remodeling process
are osteoclast (bone resorbing cells), osteoblasts (bone forming cells) and osteo-
cytes (cells embedded in the bone matrix) [1]. In particular, osteocytes have
been identified as the conductors of bone remodeling. A key regulatory molecule
in anabolic bone remodeling, sclerostin, is almost exclusively produced by osteo-
cytes [2, 3]. Imbalanced bone remodeling is linked to bone pathologies, such as
osteoporosis (OP). In OP, bone resorption outweighs bone formation which, con-
sequently, induces a negative bone balance [4]. This leads to a gradual decline
in bone mass and ultimately results in bone fractures. Clinical bone research is
concerned with developing new drugs or combining different drugs able to halt
or even reverse bone loss.

Sclerostin, encoded by the SOST gene, is an inhibitor of the canonical Wnt
signaling pathway which has a pivotal role in skeletal development, adult skele-
tal homeostasis, and bone remodeling. Osteocytes produce sclerostin, and the
latter binds to low-density lipoprotein receptor-related protein 5/6 (LRP5/6)
expressed on osteoblasts and osteocytes. Receptor binding inhibits Wnt sig-
naling and the anabolic S-catenin signaling pathway [5]. Sclerostin levels are
directly linked to bone turnover and are negatively correlated to bone forma-
tion. Consequently, targeting sclerostin has great potential for controlling the
anabolic axis of bone remodeling [6].

In the past decade, several studies assessed the therapeutic potential of scle-
rostin neutralizing antibodies on bone mass. A first study led by Warmington

et al. in 2004 identified that treatment with a sclerostin monoclonal antibody
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gave rise to significant BMD increases in adult mice and rats, including up to
64% in trabecular bone volume of the tibial metaphysis [7]. Since then, various
studies investigated the administration of a sclerostin monoclonal antibody as a
means to counter osteoporosis-induced bone loss [6, 8] or promote bone fracture
healing [6, 9].

A humanized monoclonal antibody against sclerostin, called romosozumab
is currently under phase 3 clinical trial. This drug has been developed by Am-
gen and UCB and is known under its commercial name EVENITY™, Ro-
mosozumab has a significantly positive impact on bone mass [10, 11], which led
to approval of the drug in Japan, Canada, South Korea, US and the European
Union. The approved adult dosage of romosozumab is 210 mg administered
subcutaneously (SC) once a month for 12 months. Results of the effect of long-
term romosozumab treatment on bone mass and turnover markers as well as its
interaction with other signaling pathways are still lacking.

The efficacy of the anabolic treatment of PMO through the injection of ro-
mosozumab is not yet fully understood. Numerical modeling aims at filling this
gap, as well as providing a long-term vision of the treatment. In particular,
pharmacokinetics and pharmacodynamics (PK-PD) help understand how drugs
are released into the system (pharmacokinetics) and interact with pharmaco-
logical target sites (here, the target is sclerostin) in order to exert an effect on
biological systems (pharmacodynamics). PK-PD models have a great potential
to better understand the effects of monoclonal antibodies on disease progression
[12, 13]. Only a few studies have so-far developed PK-PD models for analyz-
ing sclerostin antibody efficacy on disease progression in osteoporosis [14, 15].
While these two studies accurately reproduce the dynamics of bone turnover
markers (BTMs) and bone mineral density (BMD), the scope of their models is
limited. In particular they do not consider any mechanical aspects of bone, but
treat bone tissue as a separate “compartment” to the BTMs. Different bone
sites such as lumbar spine and femoral neck are modeled with different sets
of parameters that are fitted to the experimental data. In contrast, work by

Pivonka and co-workers have highlighted that it is relevant to link bone cellular
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activities to respective BMD or bone volume fraction [16, 17, 18, 19]. Further-
more, we have recently shown that it is not necessary to treat different bone sites
as different compartments in order to simulate differential drug effects [20] or
hormonal changes [19]. One requires only a consistent mechanical formulation
of bone tissue.

The present paper aims at development of a comprehensive mechanistic PK-
PD model of the effects of romosozumab on bone remodeling in PMO. In par-
ticular, we are interested in drug efficacy. The model consists of a recently
developed multiscale model of bone remodeling which quantitatively takes into
account Frost’s mechanostat theory [1]. The latter concept is translated into a
biochemical feedback loop in which osteocytes respond to changes in mechan-
ical environment by regulating production of sclerostin (Scl) and nitric oxide
(NO). The sclerostin-driven anabolic feedback regulates osteoblast prolifera-
tion via Wnt signaling. On the other hand, NO catabolic feedback regulates
RANKL expression on osteoblast precursor cells. A simplified competitive bind-
ing model including Wnt proteins, sclerostin and LRP5/6 receptors (Scl-Wnt-
LRP5/6 pathway) was used in this analysis to drive osteoblast proliferation
[19].

We further develop here a one compartment PK model of romosozumab.
Utilizing binding affinities between Scl and romosozumab, we extended our Scl-
Wnt-LRP5/6 competitive binding model towards another binding partner. The
developed pharmacodynamic model is first calibrated on monthly injections of
210 mg as per the trial data for the lumbar spine from Langdahl et al. [21] to
determine the elimination rate of the bound complex of sclerostin to its antibody.
Model validation is then performed on a complementary set of data involving
various bone sites and injection dosages [22, 11, 21] (see Section 3).

The paper is organized as follows. Firstly, Section 2 introduces the mecha-
nistic PK-PD model of romosozumab effects on PMO. This section consists of a
detailed description of a one-compartment model of subcutaneous injections of
romosozumab (Subsection 2.1), a bone cell population model (BCPM) able to
simulate PMO (Subsection 2.2), a competitive binding model of the Scl-Wnt-
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LRP5/6 pathway and romosozumab (Subsection 2.3), and an overview of the
numerical model implementation (Subsection 2.4). Numerical results are pre-
sented in Section 3 together with experimental data. The results are discussed
and compared with findings in the literature in Section 4. A summary and

conclusions are provided in Section 5.

2. Mechanistic PK-PD model of bone remodeling simulating the ef-

fect of romosozumab on PMO

2.1. PK-PD modelling of sclerostin antibody anabolic therapy

Pharmacokinetic-pharmacodynamic models are frameworks capturing the
dynamics of the binding of a drug to its target in the body and the clear-
ance of that drug. We define here a PK-PD model for romosozumab as a
one-compartment PK model where the subcutaneous injection is accounted for
by adding a depot (D), from which the drug is absorbed into the central com-
partment (i.e., serum). Fig. 1 describes the framework of our pharmocokinetic
model. To our knowledge, there is currently no evidence that romosozumab
binding to plasma proteins would prevent it from reaching bone tissue, which
would motivate the need for an additional compartment.

The kinetics of the drug concentration in the depot C2, ., are described as

follows: 5

% = _kaCEclAbv (1)
where k, is the absorption coeflicient of the monoclonal antibody into the serum.
Our model is a quasi-equilibrium model derived from Michaelis-Menten kinetics.
Hence, we assume that the formation of the complex of sclerostin with its specific
antibody has a characteristic time that is negligible compared to absorption and
elimination processes. This leads to the assumption that the antibody binding
reaction is at equilibrium. Furthermore, the Michaelis-Menten model implies

that the sclerostin concentration is small relative to that of the antibody [13].

The evolution of the sclerostin antibody concentrations in the depot (C2,a,)
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Figure 1: Schematic of the pharmacokinetic (PK) one-compartment model with depot for

sclerostin antibody.

s and in the central compartment (CS,,) are as follows:

A0S D Vinae/(Ve/F) | = <
i - MG {Fy reg,, ) G ()
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Csamp(t=1t0) = Cslian: ®)
Dose Dose™®
COp(t=1t)) = Cor 4 ——— Dose= , 4
S 0) SclAb V,/F Msciab @

where V4, is the maximum binding reaction velocity achieved by the system,
Ky is the Michaelis constant, D5c|Ab is the elimination rate of romosozumab
(SclAb) and V../ F is the volume of the central compartment adjusted for bioavail-
ability. V. is the central compartment volume and the factor F' is the bioavail-
o ability approximated from literature [23, 24]. The latter is equal to 1 when the
drug is administered intravenously. The administered dose is generally given in
unit mass (we will use milligrams here), implemented here with the parameter

Dose™®. We note that all ligand receptor binding reactions and ligand levels pre-
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sented in the following sections are evaluated with units pmol/L (pM). Hence,
Eq. (4) classically uses the molar mass of romosozumab Mscap given in Evenity
FDA Prescribing Information [25] (see Table 1) for the conversion of the dose
Dose™®. The initial concentration of drug in the central compartment and the
depot are respectively accounted for via Cgc’lrf\i > 0 and C&&Z > 0, indicating a

potential remainder of drug resulting from previous injections.

Table 1: Typical parameter values for the one compartment PK model of romosozumab
according to [25]. Values were either calculated from clinical data (C), obtained from an

optimization based on clinical data (O) or retrieved from manufacturer data (M).

Symbol  Value Unit Definition Source
ka 0.450 day—! Absorption coefficient 0 [23]
Vinaz 1.5010° ng.day~! Max. binding reaction velocity O [23]
V. 3.92 L Central compartment volume M [25]
F 0.692 - Bioavailability C [23]
Ky 1.7010>°  ng.mL~!  Michaelis constant O [23]
Dsaap~ 6.001072  day ™! Elimination rate 0 [23]
Msapap, 149 kDa Molar mass M [25]

The solution of Eq.(2) provides the romosozumab concentration in serum.
The latter interacts with the osteocyte derived sclerostin concentration intro-
duced in the next section (Equations (5)-(9)). Due to the fact that Eq.(2) is
independent of the bone cell population model (BCPM), the equations governing
drug kinetics (Equations (1)-(4)) can be solved independently. The concentra-
tion of drug in the depot at a given time point ¢ is calculated by the algorithm
explained in Appendix B.

The parameters defined in Table 1 are determined to reproduce the pharmo-
cokinetic behavior of romosozumab, and therefore its effects on bone metabolism.
While these parameters are specific to this drug, the model structure would al-
low to simulate the pharmacodynamics of any other anti-sclerostin monoclonal

antibody, once PK parameters have been carefully adjusted against clinical data.
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2.2. Bone cell population model (BCPM) of bone remodeling

The present work is based on the bone cell population model (BCPM) devel-
oped by Martin et al. [19]. The aim of the BCPM is to mechanistically describe
the bone remodeling process at the tissue scale. Furthermore, the BCPM allows
one to simulate the influence of biochemical and mechanical environments on
bone remodeling together with imposing bone pathologies such as PMO onto
the system. While previous attempts have been made to connect mechanical
loading and biochemistry at the cellular scale [26, 27, 28, 29, 16, 18], our model
is unique in the sense that it places the osteocytes as conductors of mechanical
feedback which is biochemically actuated via nitric oxide (NO) and sclerostin
(Scl). Furthermore, this model incorporates competitive binding reactions be-
tween Wnt, sclerostin and LRP5/6 which regulates proliferation of osteoblast
precursor cells. This comprehensive model is schematically shown in Fig. 2.

Below, we briefly describe the main features of the model. A detailed de-
scription and mathematical formulation of all model features is presented in
[19]. As seen in Fig. 2, four main signaling pathways are considered in order
to describe the interactions between various bone cells and ligands involved in

bone remodeling:

(a) RANK-RANKL-OPG catabolic pathway: regulates differentiation of osteo-

clasts;

(b) action of TGF-f implemented according to earlier studies [30, 16, 19]: up-
regulation of the differentiation of uncommitted osteoblasts (Ob,, ), differ-
entiation into osteoblast precursor cells (Ob,,), inhibition of differentiation
of osteoblast precursor cells (Ob,) and promotion of apoptosis of active

osteoclasts (Oc,);

(c) osteocyte mechanical feedback: described via nitric oxide (NO) catabolic

regulation [31, 32, 33] and via sclerostin (Scl) anabolic regulation [6];

(d) Competitive binding of Wnt proteins and sclerostin (Scl) to LRP5/6 re-

ceptors on Ob,: sclerostin is upregulated by osteocytes in response to
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Figure 2: Overview of the bone cell population model (BCPM) containing both biochemical
and mechanical feedback and their interaction with romosozumab (SclAb). Main regulating
pathways of the model are: (a) Biochemical RANK — RANKL — OPG regulation (catabolic),
(b) Biochemical TGF — 3 regulation (coupling). In this model Wnt and Scl compete for
binding to LRP5/6 expressed on osteoblast precursor cells which regulates OB, prolifera-
tion. Romosozumab interacts with the latter binding reactions to modify osteoblast precursor
proliferation, (c) Mechanical NO regulation (catabolic), (d) Mechanical Scl-Wnt regulation
(anabolic). Adapted from Martin et al. [19].

decreased mechanical loading [34, 35], and down-regulated by increased
loads [36]. A comprehensive description of these binding reactions is given

in Section 2.3.

As described in Martin et al. [19], macroscopic physiological loading of bone
gives rise to stresses and strains in the bone matrix which are sensed by osteo-
cytes. In our model, we use the strain energy density in the bone matrix (Upm)
as a mechanical signal for osteocyte feedback (see Figs. 2,3). Osteocytes trans-
late the mechanical loads into a biochemical feedback, i.e. catabolic feedback

via nitric oxide (NO) and anabolic feedback via sclerostin (Scl). NO regulates
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the RANKL expression on Ob,, and affects the RANKL/OPG ratio. Conversely,
sclerostin interacts with Wnt-LRP5/6 to regulate Ob,, proliferation. For a de-
tailed description of the micromechanical model for computing the strain energy
density in the bone matrix (¥pm), one can refer to [18]. Osteocyte production
of NO and Scl relies on two sigmoidal regulatory functions defined in Appendix

A, and the properties of the bone matrix and pores of the tissue (see Appendix

Q).

Bone matrix I I Pore space (*) I

1T ™

Sclerostin @
| 1+— U UU @ @

Osteoblasts

BT |
e N R - “‘

17 Osteoclasts

Osteocytes Osteocyte products

embedded in bone matrix regulating bone remodeling Bl

Figure 3: Overview of the regulation of the mechanobiological feedback by osteocytes through
Scl and NO signaling. Scl regulates osteoblast precursors proliferation by inhibiting Wnt
signaling (see Subsection 2.3). Romosozumab inhibits the anti-anabolic action of sclerostin
by binding to sclerostin proteins. (x) Pore space refers here to cortical porosity and marrow

spaces in trabecular bone.

The above described features of the BCPM can be presented by the following

10
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evolution laws for bone cells [19]:

dOb

dtp = Dob, Oy, 6y, + Pob, ObyTattion, — Dob, ObpTiemion,  (5)
dOb,

dt = DOb Obpﬂrep Ob — Aob, Ob, (6)
dOc, >

dtc = Do, Oc, oy ,\(I)Ifip Aoc, OCaWaTc(t;,FOcaﬁ ()
dfbm

Pt = ]{ orm ba - kres a

e 5 Oc (8)

dOt . dfbm

A0 (9)

where Dop, , Dob, and Do, are differentiation rates of uncommitted osteoblast
progenitor cells, osteoblast /osteoclast precursor cells, respectively. Pop, denotes
the proliferation rate of osteoblast precursor cells. Aoy, is the rate of clearance
of active osteoblasts through apoptosis and differentiation. Agc, is the apoptosis
rate of active osteoclasts. Eq. (9) indicates that we assume that change in os-
teocyte population is proportional to the change in bone matrix volume fraction
df “2=. The factor n indicates the average concentration of osteocytes embedded
in the bone matrix. The aforementioned parameters are implemented as per
Table 1 in the recent work of Martin et al. [19].

The various regulation mechanisms inherent to bone remodeling controlling
the proliferation, differentiation or ligand production of cell populations are im-

plemented classically via Hill functions: 7Y These functions are described

act/rep, X *

in more detail in Appendix A.

2.3. Competitive binding Scl-Wnt-LRP5/6 interactions with romosozumab

In this section, we develop the implementation of the Scl-Wnt-LRP5/6 sig-
nalling pathway and its interactions with romosozumab. The competitive bind-
ing of Wnt and sclerostin proteins to the LRP5/6 receptor is complex. As
depicted in Fig. 4(a), Wnt signaling is an anabolic pathway triggered by the
binding of extracellular Wnt ligands to Frizzled and lipoprotein receptor-related
proteins (LRP5/6) co-receptors on osteoblastic cell surfaces. This event trig-

gers the intracellular activation of S-catenin, which promotes proliferation of

11
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Figure 4: (a) Wnt ligands bind to Frizzled and LRP5/6 receptors, triggering Wnt signaling;
(b) Dkk1 and Scl bind to LRP5/6 receptors, therefore inhibiting Wnt signaling; (¢) The mono-
clonal antibody romosozumab (SclAb) binds to Scl, therefore preventing it from competitively

binding to LRP5/6 receptors. Adapted from Martin et al. [19].

osteoblast precursor cells (among others). The formation of a Wnt-Frizzled-
LRP5/6 complex is inhibited by the presence of sclerostin (Fig. 4(b)). Sclerostin
(Scl) binds to LRP5/6 receptors, forming a complex with Kremen proteins and
preventing Wnt signaling. Also note that literature suggests that sclerostin has
a significantly higher affinity to LRP5/6 than Wnt [37, 38]. The latter fact
was accounted for in our model via the values of the dissociation constants of
the complexes Scl-LRP5/6 and Wnt-LRP5/6, as per Martin et al. [19]. This
property highlights that, in presence of Scl, LRP5/6 receptors will be likely
to bind faster to Scl than Wnt proteins. Note that, in the present study, the

binding of Frizzled, Kremen and Dkk1, is not explicitly taken into account. We

12
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only consider the dynamics of Scl binding as a first approximation, which has
a similar affinity to the LRP5/6 receptors as Dkk1, according to experimental
data [37]. We simplify the dynamics of the Wnt pathway: we do not account
for the diversity of Wnt proteins and assume that Scl and Wnt bind directly to
LRP5/6 as depicted in Fig. 2.

As explained earlier, the sclerostin antibody (SclAb) romosozumab has the
potential to counteract bone loss by binding to sclerostin (see Fig. 4(c)). Based
on the structure of our competitive binding model it is straightforward to include
the action of romosozumab on Wnt-signaling. Romosozumab has a significantly
higher affinity to sclerostin than sclerostin to LRP5/6 receptors [37, 38, 39],
therefore promoting the Scl-SclAb binding over Scl-LRP5/6 binding.

In the present model, Wnt signaling affects osteoblast precursors prolifer-
ation via a multiplying factor WZZ{‘fObp (Eq. (5)). This regulating function ac-
counts for the LRP5/6 receptor occupancy, which translates the strength of
Wnt/j3-catenin signaling. Hence, one can calculate the ratio between Wnt —
LRP5/6 complexes and the total concentration of LRP5/6 receptors [LRP5/6]iot
— including the ones binding to sclerostin — as a function of the basal concen-
tration of available Wnt proteins in the medium [Wnt], the total concentration

[LRP5/6]or of LRP5/6 receptors and the concentration of sclerostin [Scl]:

Taron, = /" ([Whnt], [Scl], [LRP5/6]cct), (10)

where the concentrations of LRP5/6 ([LRP5/6)i: = Néﬁfs/GObp) and sclerostin
([Scl]) are time-dependent and £Vt is implicitly defined by deriving the equation
of the total concentration of LRP5/6 receptors, as per Martin et al. [19]. We
assume here that the degradation of the complex Wnt-LRP5/6 is negligible
and that bone marrow mesenchymal stem cells (uncommitted osteoblasts Ob,,,
whose concentration is assumed to be constant in the model) are producing
Wnt. Hence, we postulate here a basal concentration [Wnt] of available Wnt
proteins in the medium. Model parameters are listed in Tables 2 and 3 in the

recent work of Martin et al. [19].

13
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Additionally, we work here under a steady-state assumption: the kinetics of
the binding reactions are assumed to be fast compared to the processes they
influence (namely, the cell population’s evolution and ligand production). This
assumption implies a balance between the production and degradation of scle-

rostin, leading to:

Psq = Dsq[Scl] + Ds .tres/6[Scl - LRP5/6] + Dsqi .scian[Scl - SclAb], — (11)

~ ~ c ~ Scl]CS
= Dsq[Scl] + Dsa-mps/eils]c[ﬁ#s//g] + Dsci—sclAb EKCSIC]PEE\'QE, (12)
D D

where the production of sclerostin Ps. can be decomposed into a term account-
ing for body production Psq; and an additional term corresponding to the
external dosage Psc q. The external dosage term Psy 4 is set null in this paper
as an injection of sclerostin is out of the scope of this paper. Therefore, the

production of sclerostin reads as follows:

Scl
Psei = Pscp = 5sc|,0t7r;lej;’,“5c| [Ot] <1 - [S[cl]c,jax> (13)

In the above equations, Dy is the degradation rate of X, and [Scl]max is a
saturation sclerostin concentration. Note that, in the expression of the body
production of sclerostin (Eq. 13), the mechanical repressor function WZ;TScI
regulates the local sclerostin production by osteocytes. As explained above,
the concentration of unbound LRP5/6 receptors [LRP5/6] can be expressed as
a function of the concentration of free sclerostin [Scl] (see Eq. (10)). As a

result, the balance equation Eq. (11) can be written as a quadratic equation of

unknown [Scl] as follows:

A[Scl)?> + B[Scl| + C =0, (14)
where:
~ -~ C B " 0 ﬂ.‘l’bm
A= DScI + DSclfscIAb Kgc'\silé(t:)lAb + = [scﬁ]rnaxyep’m > 07 (15)

B=A Ky 014 %) + Dsci—Lrps /65 [LRP5 /6] 1ot
D

—(Psci,g + BScI[Ot}WgSTScI) (16)
C = —(Psca+ BSd[Ot]ﬂ-:Ie,BTSd) (1+ %) <0 (17)
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We showed in a previous study that that Eq. (14) has one and only one
physiologically sensible solution [19]. Therefore, the only admissible root to
Eq. (14) allows to find the values of the concentration of free sclerostin, and
consequently the LRP5/6 receptor occupancy.

Note that, in Equation (11), the complex degradation DscpsclAb cannot be
determined directly from a single injection PK study. A parametric study in-

volving bone metabolism dynamics is therefore necessary (see Section 3).

2.4. Numerical implementation of the model of treatment of PMO with ro-

mosozumab

Numerical implementation. We used Matlab Stiff Differential Algebraic Equa-
tions solver to solve a system of differential equations consisting of the evolution
laws of bone cells (Egs. (5)-(9)) and that of the sclerostin antibody in the serum
(Eq. (2)), as well as one algebraic equation governing the balance of RANKL
(see [19, 40] for details).

Simulation of post-menopausal osteoporosis. We use a RANKL injection term
of PrankL = 2 pM to simulate post-menopausal osteoporosis, and an exponen-
tial decay law for sclerostin degradation rate (see Appendix D) as implemented
in our previous study [19]. This strategy is supported by experimental evidence
of increased RANKL/OPG ratios in post-menopausal subjects [41, 42, 43]. Ad-
ditionally, studies showed an increase of serum sclerostin in post-menopausal
subjects [44, 45] while its expression (local mRNA levels) decreased in animal
models [45]. The increase in RANKL ratio alone is not able to reproduce the
biomarker profile of sclerostin, therefore justifying the assumption of a gradual

modification of sclerostin degradation.

Bone density gain. Simulations give the evolution of the bone volume fraction
fom as a consequence of the differential equations (2) and (5)-(9). We assume
here the changes in bone matrix volume fraction fp, from our model to be

equal to the changes in the bone mineral density (BMD). Therefore, in order to
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compare our model results with literature, we computed the bone density gain

at an instant ¢ using the following equation:

BDG% _ fbm(t) - fbm(Ttreat)’ (18)

fbm (Ttreat)

where Tireat 1S defined as the instant when the simulated anabolic treatment with

romosozumab starts.

Calibration of the PK-PD model. The pharmacokinetic (PK) model was cali-
brated against clinical data from Padhi et al. [23] for a subcutaneous injection
dose of 3 mg/kg (see Figure 5). We assumed an average subject weight of 70 kg
as per Evenity prescribing information [25]. The calibration of the PD model
consisted in determining the complex elimination constant DSd.SdAb. To this
end, we used one set of the lumbar spine trial data from Langdahl et al.[21],

corresponding to 210 mg monthly injections for 12 months (Figure 7).

Validation of the model. We compare our numerical bone volume fraction (fp,)
results to experimental data from monthly romosozumab injections of 70 mg,
140 mg and 210 mg at the lumbar spine and the femoral neck [11, 22, 21]. As
discussed in Martin et al., at homeostasis, each bone site is characterized by a
different value of the bone matrix volume fraction and therefore a specific value
of the habitual stress o [19]. This relation between loading and the bone matrix
volume fraction fp,, determines the bone turnover, i.e. the number of bone
cells in the representative volume element (RVE). We assign different values
for baseline bone volume fractions, i.e., f) = 12.5% for lumbar spine (LS)
and fO = 25% for the femoral neck (FN), which are within ranges suggested in
literature [46, 47] and compute the respective tissue-scale stress o and associated

cell numbers in steady state (see Table 2).

3. Simulation results

Validation of the PK model. We used the trial data from Padhi et al. [23] to

calibrate and validate our PK model. Note that the model was calibrated for
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Table 2: Steady state values of bone cell concentrations and tissue-scale stress o for bone

site-specific remodeling simulations. Baseline bone matrix volume fractions are fp = 12.5%

for lumbar spine (LS) and f0 = 25% for femoral neck (FN).

Symbol  Value

Unit

Lumbar spine

ob?

0
Ob)
ob?
oc?

0ocY

P

oLs

9.38210*
1.190 1073
1.000 1072
1.876107°
5.5921073
—2.041

pM
pM
pM
pM
pM
MPa

Femoral neck

Ob?

Oob?
ob?

u

0
Oc,

OcY

OFN

8.8311074
1.1141073
1.000102
1.76610~°
5.592 1073
—4.405

pM
pM
pM
pM
pM
MPa

a subcutaneous injection dose of 3 mg/kg (approved dose), while the 1, 5 and

10mg/kg injections doses served for validation. Note that the 3 mg/kg injection

dose represented the approved recommended dosage for a 70 kg woman. In

Fig. 5, we used the parameters listed in Table 1 to simulate the injections and

observed the evolution of the serum sclerostin antibody concentration C’Scd Ab-

The sclerostin antibody concentration increases as the drug is absorbed from

the depot, and is then degraded or bound to sclerostin, respectively via the elim-

ination coefficient DScIAb or via the Michaelis Menten kinetics with the constant

Ky (see Figure 6).
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=
(8]

Figure 5: Evolution of sclerostin antibody levels in the central compartment (serum), for
subcutaneous injections of 1, 3, 5 and 10 mg/kg: comparison of simulations (model) with

experimental results (exp) from [23].

Subcutaneous romosozumab injection as a treatment for osteoporosis. In order
to simulate the effects of a single sclerostin monoclonal antibody injection, we
used our PK model to account for subcutaneous injections. In this study, we
account for an advanced PMO state and the start of the treatment arbitrarily
takes place 15 years after the start of PMO, corresponding approximately to
the average age of the trial cohorts (around 70) [21, 22, 11].

In Figure 6, we start with an initial bone matrix fraction of 25% to simulate
the drug dynamics in the femoral neck, and we model a single 210 mg injection.
Figure 6 displays the evolution of sclerostin levels and bone volume fraction
after the start of PMO (a), and sclerostin antibody levels in the depot and
central compartments after injection (b). One can note that after one injection,
the concentration of sclerostin antibody in serum is much higher than that of

sclerostin (several orders of magnitudes higher (see Fig. 6 (a)).
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Figure 6: Simulation of PMO and a 210 mg single injection after 180 months (15 years) of
PMO. Evolution of (a) sclerostin concentration and bone volume fraction (f,m) (simulation,
experimental data from Nordin et al. [48]) in the femoral neck (fJ,, = 25%) and (b) sclerostin
antibody levels in the depot and central compartments in the femoral neck as a function of

the elapsed time since the start of PMO.

Calibration of the bound complex elimination constant. We performed the cali-
bration of the bound complex elimination constant as displayed in Fig. 7. We
simulated 12 monthly injections of 210 mg of sclerostin monoclonal antibody as
per the trial data from Langdahl et al. [21]. We ran this simulation for various
values of the complex elimination constant D5c|.5c|Ab, observing the changes in
bone volume fraction at the lumbar spine (LS).

In light of the results of the calibration study depicted in Fig. 7, we set the

bound complex elimination constant to ﬁSd.SdAb =3.2day"!.

Monthly romosozumab injections: model validation. We confronted our model
with other clinical trial data in the literature [22, 21, 11], as displayed in Fig. 8.
We simulated the evolution of bone volume fraction in the femoral neck (FN)
with monthly injections of 70 mg, 140 mg and 210 mg of romosozumab, and
210 mg for lumbar spine (LS).

We note that simulation results for the lumbar spine are in excellent agree-
ment with the data of Langdahl et al. and McClung et al. [11, 21] (Fig. 8). Ad-
ditionally, in both simulations ((a) and (b)), the BMD results for the Japanese
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Figure 7: Evolution of bone volume fraction after the first injection in lumbar spine: simulation
of monthly injections over a 14-month period, for different values of the bound complex

elimination constant DSd .SclAb-

population lies somewhat higher [22], especially when considering lumbar spine.
The model is also able to reproduce the bone loss after discontinuation of ro-

mosozumab treatment [11].

4. Discussion

Osteocytes mechanosensation. As mentioned previously, osteocytes, the most
numerous cells in bone tissue (more than 90% of bone cells [49]), are thought
to be responsible for the sensation of mechanical loads. They transduce the
mechanical signals into biochemical signals orchestrating recruitment and ac-
tivity of osteoblasts and osteoclasts. In the present study, we accounted for
the influence of osteocyte mechanosensation by implementing their biochemical
feedback, namely by modeling their expression of nitric oxide and sclerostin as
a function of mechanical loading. In particular, we chose to follow the origi-

nal idea of Scheiner et al. [18] who used the strain energy stored in the bone
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Figure 8: Simulations of PMO treatment with monthly injections of romosozumab: bone
volume fraction fp,, (%) versus time (months): (top) femoral neck (FN) response (doses: 70
mg, 140 mg and 210 mg), and (bottom) lumbar spine (LS) response (dose: 24 monthly 210
mg injections, followed by placebo). Experimental data from Langdahl et al., McClung et al.
and Ishibashi et al. [21, 11, 22].

matrix as a stimulus for osteocytes biochemical signalling. This assumption
is an approximation to interpret the effects of mechanics on osteocytes. In
fact, there exist several theories attempting to explain the mechanosensation
of macroscopic loads by osteocytes, which rely on experiments and calculations

involving physico-chemical mechanisms at the cellular scale. Main assumptions
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emphasize the role of interstitial fluid flow, direct cell strain, streaming poten-

tials or hydrostatic pressure as the most likely mechanisms for mechanosensation

50, 51, 52, 53, 54].

Description of the pharmacodynamics of romosozumab. The efficacy of romosozumab

treatment is well represented by our model, as it can be observed in Fig. 8. One
may notice that the results from Ishibashi et al. are different from the other
studies we accounted for here. Ishibashi and coworkers focused their study on
Japanese post-menopausal women, while Langdahl et al. and McClung et al.
considered women from European and North American sites. !

Finkelstein et al. studied in 2002 the ethnic variation in bone mineral density
in lumbar spine and femoral neck in premenopausal and early perimenopausal
American women (mean age, 46.2 years) [55]. Their study demonstrated signif-
icant differences in bone mineral density and apparent density between ethnic
groups. In particular, unadjusted lumbar spine BMD was 5% higher in the
Caucasian than in the Japanese subjects, and when adjusting for covariates,
the lumbar spine BMD was 3% lower in Caucasians than in Japanese. Un-
adjusted femoral neck BMD was 9% higher in Caucasians than in Japanese,
and the adjusted values were very similar between those groups. These find-
ings could explain the difference in evolution of BMD in the lumbar spine when
comparing Ishibashi et al.’s data (Japanese population) with the results from
McClung et al., Langdahl et al. as well as our model results.

Moreover, one may also note that the Japanese subjects may have a smaller
volume of distribution, leading to different kinetics of the drug. Actually, in their
FDA briefing document, the Bone, Reproductive and Urologic Drugs Advisory
Committee states that “Romosozumab exposure is higher in subjects with lower

body weight”, which supports our hypothesis.

On romosozumab pharmacokinetics and pharmacodynamics. Our PK-PD model

conforms to the dynamics of the drug absorption and elimination depicted in the

IMcClung et al.’s study also comprised Latin American centres.

22



405

410

415

literature and predicts the expected impact on bone mass and sclerostin serum
concentration (Fig. 5). On the other hand, our model uses Michaelis Menten
kinetics which required the assumption that the concentration of sclerostin an-
tibody is much higher than that of sclerostin at time of injection. Fig. 6 shows
that this is indeed the case, as the concentration of sclerostin does not exceed
about 10% pM, while the sclerostin antibody concentration does not get lower
than about 10* pM during the treatment, which is two orders of magnitude

higher.

On treatment planning. Our model allows us to simulate and therefore study the
effects of romosozumab treatment on bone volume fraction. As an application,
we investigated the changes in bone volume fraction after a certain time (6
months, 1 year, 2 years or 5 years), as a function of the monthly dose. This

study is depicted in Figure 9.

sweeeweeafter 6 months
14 F after 1 year
—==—=-after 2 years
after 5 years

Bone density gain [%]

- -.--—-----------------------—"
145 mg \l/ g |
‘ Y

e K
0 50 100 150 200 250 300
Dosage [mg/month|

Figure 9: Influence of the dosage on the bone volume after 6 months, 1 year, 2 years and 5

years.

Firstly, one can observe that the bone gain at a given time point does not

evolve linearly with the dosage. Hence, one interest of pharmacodynamics mod-
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elling is to better predict the long-term effect of the treatment, and aim at
a patient-specific therapy. In Figure 9, we take two examples. We assume a
physician desires a 2.5% or a 5% bone density gain after 1 year of treatment.
The values of the corresponding dosage of the treatment can be easily recovered
graphically (145 mg and 267 mg, respectively). With our model, we can see
that the dose necessary to achieve a 5% bone density gain is smaller than the
double of the dose necessary to achieve a 2.5% bone density gain (267<145x2).
This means that PK modelling allows minimization of doses and therefore min-
imization of side effects.

Note that the treatment does not seem to offset the bone loss due to post-
menopausal osteoporosis when the dosage is not sufficiently high. This is high-
lighted in Figure 9. Under a 50 mg monthly dose, the bone gain after 5 years is
below 1%. Additionally, one can see that for very small dosages (< 20 mg), the
bone gain is negative, meaning that the treatment does not correct the negative

bone balance.

Antibody injection and bone metabolism. One of the benefits of the present
model is that it allows one to follow changes in cell numbers. Therefore, we are
able to get a more comprehensive understanding of the remodeling process, in
particular during the anabolic romosozumab treatment.

More specifically, Figure 10 depicts the changes subsequent to monthly ro-
mosozumab 210 mg injections in terms of (a) osteoclasts and osteoblasts cell
numbers (directly linked to resorption and formation rates), (b) percentage of

LRP5/6 receptor occupancy by Wnt proteins (evaluated through the Hill func-

Whnt

tion Tact,Ob,,

), (c) sclerostin and nitric oxide expression and (d) serum levels.
As expected, osteoblast numbers increase following the first injection (a),
as the receptor occupancy increases (b) while sclerostin serum levels decrease
significantly (d). Bone gain arising from the treatment modifies the mechanical
environment, resulting in an anti-anabolic osteocyte feedback reflected in an

augmentation of sclerostin expression (¢). Meanwhile, the variations in nitric

oxide in terms of expression by osteocytes and serum levels stay small (< 5%)
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Figure 10: Evolution of osteoblasts and osteoclasts concentration (a), LRP5/6 occupancy by

Wnt proteins ﬂZ::IptOb (b), percentage of maximum nitric oxide and sclerostin expression by
,0byp

osteocytes (c) and their serum levels (d), after the first injection of a 24 months treatment of

210 mg monthly subcutaneous injections (femoral neck).

in comparison to that of sclerostin (c,d).

Stolina et al. studied bone histomorphometry in ovariectomized rats recei-
ving sclerostin antibody or vehicle [56]. They noticed a clear increase in bone
formation markers and reduction of bone resorption parameters at 6 weeks.
However, at 26 weeks, they noticed that, in comparison to controls, the increase
of bone formation rate due to the antibody dropped (130% at 6 weeks, versus
74% at week 26), if adjusted with respect to bone surface (BFR/BS). This value
corresponds to the actual bone forming activity of osteoblasts. In Figure 10(a),
we also see clearly a diminished osteoblastic activity after a few months, in
parallel with the decrease in LRP5/6 receptor occupancy.

We find here that the decrease in osteoblast numbers also coincides with
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an increase in osteocytes expression of sclerostin as a result of the feedback
regulation. This observation is consistent with Stolina et al.’s observations and
hypotheses. Conversely, the changes in nitric oxide expression are very small (a
few percents) compared to sclerostin expression by osteocytes, which increases
significantly.

As highlighted in Subsection 2.1, our study reflects the pharmacodynamics
of romosozumab based on its specific profile. However, the pharmacokinetics
parameters listed in Table 1 could be modified in order to account for another

sclerostin monoclonal antibody if necessary.

5. Conclusions

In the present paper, we introduced a target-mediated drug disposition
model for sclerostin monoclonal antibody therapy and connected it to a bone
remodeling model relying on osteocyte mechanosensation.

After calibration, the model was able to reproduce with good fidelity the
bone gain induced by sclerostin antibody treatment reported in the literature.

Additionally, we observed that a main regulator of bone cell turnover during
treatment was sclerostin expression by osteocytes. The increase in sclerostin
expression during the treatment seems to be responsible for the decrease in
bone formation markers after a few months of treatment. This mechanism
is a result of the mechanostat, as the anabolic treatment shifts the mechanical
stimulus (strain energy density in the bone matrix ¥y, dependent on the tissue
porosity) to a lower value, therefore increasing sclerostin production.

Our comprehensive mechanistic pharmacokinetic/pharmacodynamic mod-
elling enabled the depiction of the relationship between bone gain and dosage.
These results — and, more generally, our proposed framework — could help
proposing more patient-specific treatment approaches.

This model offers the possibility to analyze different treatment options and
how they could affect the efficacy of the treatment on bone gain. The present

model is limited as it only focuses on bone tissue and bone cell pathways. In
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this regard, potential side effects affecting other sites or pathways not taken into
account in this model cannot be accounted for. Nonetheless, other limitations
regarding the observation of mineralization or the combination with other drugs

can definitely be adressed in the future.
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Appendix A. Parameters and functions of the bone cell population

model

In this section, we describe the parameters and functions used in the model
to account for the effects of biochemistry on the remodeling process.

Cell differentiation, proliferation, apoptosis and ligand production are reg-
ulated by a number of binding reactions. These mechanisms are implemented
with parameters displayed in Table 1 in the recent work of Martin et al. [19)].
We account for main regulating pathways via the introduction of multiplicative
regulatory Hill functions.

As described in earlier works [40], the up-regulation of X caused by the
formation of the complex L — R is defined by the ratio between the occupied
receptors R by ligands L and the total number of receptors. Conversely, the
repressor action of the receptor-ligand binding is the complementary of the pro-
moting regulating function (see [40]). In the absence of competitive binding,

under the previously-defined steady-state assumption, the up- and down- regu-
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lating functions become the first-order Hill activator and repressor functions:

L _ (L]
™ = TI-R 7 Al
act, X Ké,ﬁ"‘[ﬂ ( )
L _ 1
Trrep,X - 1+ [LL_]R ) (AQ)
D ,rep

where the coefficient K B;g is the dissociation constant of the ligand-receptor
binding reaction.

Additionally, we work here under a steady-state assumption: the kinetics of
the binding reactions are assumed to be fast compared to the processes they in-
fluence (namely, the cell population’s evolution and ligand production). There-
fore, in line with Pivonka et al. [16], we find that the production rate Py, of a

ligand L must be balanced with its degradation Dy, which itself can be assumed

to be proportional to the concentration of L:
PL-l-DL:PL—ZDL,S[L—S]:O, (A3)
s

where [L — S] represents the concentration of ligand L bound to S, a species in
solution that can bind to L. The expressions of the production and degradation
rates are detailed in an earlier work [19].

We also have the equilibrium of binding reactions:

[L][R] = KE-B[L — R, (A.4)

D,act

where the coefficient K{;;ﬁ/rep is the dissociation constant of the ligand (L) -
receptor (R) binding reaction.
The following binding reactions are considered, corresponding to the param-

eters listed in Tables 2 and 3 in the recent work of Martin et al. [19].

e Wnt and Scl binding competitively to LRP5/6 receptors, acting on pre-

: Wnt .
osteoblasts via Tact,Ob, >

e OPG binding to RANKL, as well as RANKL binding to RANK receptors,

entering in RANKL balance to calculate the inhibiting influence through

RANK .
act,Ocy,?

28



540

545

550

555

e TGF-8 binding to its receptors on osteoblasts and osteoclasts, whose
concentration is proportional to the concentration of osteoclasts by a factor

QTGF-8 = 1.0%;

e NO and PTH acting on RANKL production by pre-osteoblasts via the

function

PTH,NO _ PTH NO PTH NO
Tact /rep,RANKL = s (Wact,RANKL + 7rrep,RANKL) + Ae Tact,RANKL Trep,RANKL

where NO is produced by osteocytes and PTH is assumed to be produced
externally and has a constant concentration, and the respective contribu-
tions of the single and combined influence of the NO and PTH actions are

As = 0.45 and M. = 0.90;

e NO and Scl expression by osteocytes regulated by the mechanical stimulus
Upm via functions ﬂi‘;"}\,o and wqu'“scl described below (Equations (A.5)-

(A.6));

The mechanical feedback is driven by sigmoidal Hill functions as suggested

by Peterson and Riggs [57]:

\I[ Yact

Tpm bm

’n—aclt):,No - 5;}’;? + \I,bm'Yact (A5)
B = o (A6)

T = =),
rep,Scl 5;YerFe)p + \I/bm'y,ep

where v.,,0~, are respectively the sigmoidicity term influencing the steepness of
response and the value of the stimulus that produces the half-maximal response
[67]. These parameters are listed in Table 4 in the recent work of Martin et
al. [19]. In this previous work, the role of multiple model parameters was
investigated, in particular with respect to anabolic and catabolic mechanical
regulations of bone remodeling. The anabolic response was assessed with the
simulation of post-menopausal osteoporosis, while the catabolic response was

assessed with the simulation of space flight.
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Appendix B. Modeling of multiple romosozumab injections

To calculate the amount of romosozumab in the depot (i.e. subcutaneous
tissue) and the serum at any given time ¢, we use the algorithm schemati-
cally described in Figure B.11. Before the first injection we set ng Ap TO zero.
At the time of the first injection, the concentration of drug in the depot is
C2a, = Coirs | as defined in Eq. (4). This value is Coss = 0 at the start
of the simulation. For each subsequent injection, that value is updated taking
into account the remaining amount of drug from the previous injections after
its absorption into the central compartment (coefficient k,). After the last in-
jection, the concentration of drug is calculated accounting for the absorption of
the amount of drug present at the time of the last injection.

Hence, at each time point, we are able calculate the time derivative of C$

using Equation (2), where we insert the calculated value of CQ,,.

Appendix C. Properties of matrix and fluid in the micro-mechanical

model

The stiffness tensor of the extravascular bone matrix reads as follows (Kelvin

notation):
185 103 104 O 0 0
10.3 208 11.0 O 0 0
o — 10.4 11.0 284 0 0 0 GPa (1)
0 0 0 129 0 0
0 0 0 0 115 0
0 0 0 0 0 93
The stiffness tensor of the saturating fluid is:
Cvas = kn,0d + th,0K, (C.2)

where the bulk modulus and the shear modulus are respectively kn,0 = 2.3 GPa
and pn,0 = 0 GPa, and J is the volumetric part of the fourth-order unit tensor

I, and K is its deviatoric part, K=1—J.
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Figure B.11: Flow chart of the calculation of the amount of monoclonal antibody in the

has been administered (as opposed to Njpj, the total number of injections of the simulated
treatment), occurring at Tjgst, CEcIAb is the concentration of antibody in the depot, i is the

injection number, k, is the absorption coefficient of the drug, and At is the time between two

injections.
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Appendix D. Modelling the degradation rate of sclerostin in PMO

Following a previous work, we assumed an exponential decay of the degra-
dation rate of sclerostin: l~)sc|(t = tmenop +7) = l~)sc|,pMo(7'), where l~)sc|,pMo is

the function defined in Equation (D.1):

DSd,PMo(T) = ng exp(— (D-l)

TPMO
where Tppr0 = 20yr.

With this model of PMO, Martin et al. [19] showed that one can retrieve
the increase of serum sclerostin reported in post-menopausal subjects [44, 45]
and the decrease in sclerostin expression (local mRNA levels) found in animal

models of menopause [45].

Appendix E. Nomenclature

The abbreviations used in the present paper are summarized in Table E.3.
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Table E.3: Nomenclature

Symbol Description

Cells

Ob,, Ob,, Ob, Osteoblast uncommited precursor cells, precursor cells, active osteoblasts

Ocp, Oc, Osteoclast precursor cells, active osteoclasts
Ot Osteocytes
n Concentration of osteocytes in the bone matrix

Ligands, hormones

LRP5/6 Lipoprotein receptor-related proteins 5/6
NO Nitric oxide
OPG Osteoprotegerin
PTH Parathyroid hormone
RANK Receptor activator of nuclear factor kappa-B
RANKL Receptor activator of nuclear factor kappa-B ligand
Scl Sclerostin
SclAb Sclerostin monoclonal antibody
TGF-3 Transforming growth factor beta

Mechanics
Uhm Strain energy density
fom Volume fraction of bone matrix
BMD Bone mineral density

Pharmocokinetics

MM Michaelis-Menten
PMO Postmenopausal osteoporosis
PK Pharmacokinetic
PD Pharmacodynamic
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