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Abstract

Sclerosteosis is a severe autosomal recessive sclerosing skeletal dysplasia with no available
treatment. It is characterised by excessive bone formation and is caused by mutations in the
SOST gene that lead to loss of expression of sclerostin, a protein that acts as a negative
regulator of bone formation by binding to low-density lipoprotein receptor-related proteins
5 and 6 (LRP5/6) Wnt co-receptors to inhibit the canonical Wnt/B-catenin signalling pathway.
This study investigated the effectiveness of sclerostin replacement therapy in a mouse model
of sclerosteosis. Recombinant wild type mouse sclerostin (mScl) and two novel mScl fusion
proteins containing a C-terminal human immunoglobulin G1 (lgG1l) antibody fraction
crystallisable (mScl hFc), or C-terminal human Fc with a poly-aspartate motif (mScl hFc PD),
to increase serum half-life and promote localisation to bone, respectively, were produced and
purified using mammalian expression and standard chromatography techniques. These
recombinant mScl proteins bound to LRP6 with high affinity (nM range) and completely
inhibited matrix mineralisation in an in vitro bone nodule formation assay. Pharmacokinetic
assessment following a single dose administered to wild type (WT) or SOST knock out
(SOST) mice indicated that the presence of the hFc increased protein half-life from less than
5 minutes to at least 1.5 days. The effect of a 6-week treatment with these proteins on the
skeletal phenotype of young SOST”- mice revealed that mScl hFc PD treatment resulted in a
modest but significant reduction in trabecular bone volume compared with the vehicle
control. There was no marked effect on cortical bone indices assessed by uCT, whole body
areal bone mineral density by DXA, or terminal levels of the bone formation marker
procollagen type 1 N-terminal propeptide (P1NP) in any of the SOST/ or WT treatment
groups, possibly due to insufficient exposure. Administration of recombinant mScl hFc PD
protein partially corrected the high bone mass phenotype of the SOST/- mouse, suggesting
that bone-targeting of sclerostin engineered to improve half-life was able to negatively
regulate bone formation in the SOST7 mouse model of sclerosteosis. However, the modest
efficacy indicates that sclerostin replacement may not be an optimal strategy to mitigate

excessive bone formation in sclerosteosis, hence alternative approaches should be explored.
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Chapter 1: Introduction

1.1. Overview

Sclerosteosis is a rare, autosomal recessive, high bone mass condition with no known
treatment (Beighton and Hamersma, 1979; van Lierop et al., 2017). It is associated with
increased bone formation and disease management is limited to difficult and protracted
surgical decompression of entrapped cranial nerves and elevated intracranial pressure (du
Plessis, 1993; Hamersma and Hofmeyr, 2007). Sclerosteosis is caused by mutations in the
SOST gene that result in loss of functional sclerostin, a protein that regulates the canonical
Wnt/B-catenin pathway, a signalling pathway that plays an essential role in developmental
regulation and adult bone homeostasis (Balemans et al., 2001, 1999; Brunkow et al., 2001;
Nusse and Clevers, 2017). Loss of sclerostin thus leads to enhanced canonical Wnt signalling
in the skeleton, resulting in the excessive bone formation characteristic of sclerosteosis (Lin

et al., 2009).

1.2. Hypothesis

Sclerosteosis can be treated by administering exogenous sclerostin, thereby antagonising the

canonical Wnt signalling pathway and subsequently reducing abnormal bone formation.

1.3. Aim and objectives

The aim of this project was to investigate whether novel exogenous sclerostin constructs can

slow down excess bone formation in a sclerosteosis mouse model.

Objective 1: Design and clone novel sclerostin constructs fused with human Fc and an octa-

aspartic motif.

Objective 2: Express and purify the recombinant sclerostin-Fc fusion proteins.



Objective 3:

Objective 4:

Demonstrate in vitro functionality and effectivity through biophysical

techniques and a bone nodule formation assay.

Demonstrate in vivo functionality, effectivity, and safety in SOST knockout and
wild-type mice by administering recombinant sclerostin fusion constructs,
completing pharmacokinetic and pharmacodynamic assays, and analysing

bone formation parameters.



Chapter 2: Literature review

2.1. Bone: anintroduction

One of the differentiating features of vertebrates is the presence of an internal skeleton onto
which the muscles and ligaments are attached (Clarke, 2008). The skeleton is made of
numerous individual bones that vary between species by size and shape. In addition to being
an internal scaffold that supports the body and movement, bone is a highly adaptable
endocrine organ consisting of living cells and mineralised connective tissue that affords
physical support and protection to the body’s soft tissue, permits movement and locomotion,
and in most vertebrates harbours bone marrow for haematopoiesis (Zapata and Amemiya,
2000; Han et al., 2018). It is capable of adapting to changing requirements by altering its
structure and mass, and acts as an important reservoir of numerous minerals, including
phosphate, calcium, magnesium and organic molecules, to maintain mineral homeostasis and

acid base balance (Clarke, 2008; Florencio-Silva et al., 2015).

2.1.1. Bone structure and composition

There are four general categories of bone in the human skeleton: long (humeri, radii, femurs
and tibiae), short (carpal and tarsal bones), irregular (vertebrae) and flat bones (skull,
mandible and ribs). Mammalian long bones, such as the femurs, consist of a hollow, cylindrical
diaphysis, composed of a thick cortical bone shell, that is capped at both ends by expanded
and rounded, articular cartilage covered epiphyses, with developing regions, known as
metaphyses, in between (Figure 2.1) (Clarke, 2008; Fuchs et al., 2019). The diaphysis is lined
with the endosteum, a thin cover consisting of a single sheath of bone lining cells and
osteoblasts, which surrounds the medullary cavity that contains bone marrow or yellow fatty
tissue and interspersed endosteum-covered trabecular bone (Islam et al., 1990). In contrast,
the metaphyses and epiphyses at the ends of the diaphysis mainly consist of porous
trabecular bone (also known as cancellous bone) that is surrounded by a thin cortical bone
shell (Gurevitch et al., 2007). To separate the cortical bone from overlying soft tissue or
musculature, the outer cortical bone surface is covered with the periosteum, an intermediate

connective tissue sheath composed of collagen and elastin fibres, fibroblasts,



microvasculature, nerve networks, osteoblasts, chondrocytes and mesenchymal stem cells
(MSCs) that can differentiate into bone cells and aid in bone healing (Ito et al., 2001; Dwek,
2010; Duchamp de Lageneste et al., 2018).

2.1.1.1. Cortical bone

Cortical bone accounts for approximately 80% of skeletal tissue mass and significantly
contributes to the mechanical role of bone. It is compact, with low porosity that results in
great compressive strength, and consists of osteons. Osteons consist of a central blood vessel-
containing Haversian canal enveloped by concentric walls of lamellae with uniformly spaced
osteocyte-containing lacunae (Figure 2.1) (Stout et al., 1999). Branching canaliculae radiate
from each lacuna, penetrate the lamellae, and forms a network of interconnecting cavities by
linking to the canaliculae of nearby lacunae. These osteons form branching networks within
the cortical bone and regions between them are filled with interstitial bone. Volkmann’s
canals allow blood vessels to come into contact with the medullary space and trabecular bone

for delivery of nutrients and oxygen (Figure 2.1).

2.1.1.2. Trabecular bone

In contrast to cortical bone, trabecular bone consists of saucer-shaped bone packets
composed of layers of lamellae (Figure 2.1). Trabecular bone has high porosity (>50% of total
trabecular bone volume) and comprises of a honeycomb-like network of horizontal and
vertical rod- and plate-like structural components (trabeculae), giving trabecular bone its
sponge-like appearance (Figure 2.1) (Fuchs et al., 2019). This allows for even distribution of
load and absorption of energy. The porous structure further provides a larger surface area for
increased contact between bone and blood vessels, connective tissues, and red bone marrow,

thereby facilitating bone’s role in mineral homeostasis and haematopoiesis.
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Figure 2.1: Schematic illustration of bone structure and organisation. A) Representation of a long bone
consisting of a cylindrical diaphysis and two articular surfaces (epiphyses) separated from the diaphysis by
developing regions (metaphyses) that contain the growth plates. B) Microstructure and organisation of cortical
and trabecular bone, with visible osteons (Haversian systems) and central Haversian canals. C) A section of a
cortical bone osteon showing the lamellae, osteocytes, lacunae, canaliculus, and central Haversian canal. D)
Cross section of cortical osteon viewed by light microscope. E) A cross section of trabecular bone showing the
lamellae, lacunae, and outer endosteum cover. F) Trabecular osteons viewed by backscattered electron imaging.
Figure adapted from Fuchs et al., 2019; Marieb and Hoehn, 2012; Roschger et al., 2008.

2.1.1.3. Bone matrix

The intercellular substance of cortical and trabecular bone, known as the bone matrix,
consists of both organic and inorganic (approximately 70% of total bone mass) components.
The organic matrix is mainly composed of collagen (approximately 90% collagen type 1), a key
structural element that gives bone its flexibility. Collagen is produced within osteoblasts and
is a rope-like fibrous protein composed of many collagen fibrils, each fibril consisting of a
single a2 and two al polypeptide chains (Brodsky and Persikov, 2005; Bou-Gharios and de
Crombrugghe, 2008). Other organic components consist of non-collagenous protein:
proteoglycans, osteocalcin (OCN), osteopontin (OPN), fibronectin and bone sialoprotein
(BSP), and are essential for growth, differentiation of osteoblasts, osteoclasts and osteocytes,
cell adhesion, tissue mineralisation and bone remodelling (Young et al., 1992; Gehron Robey,
2008). The inorganic bone matrix serves as an ion reservoir for calcium, phosphorus, sodium
and magnesium. These ions form calcium hydroxyapatite, the most abundant mineral in the

skeleton, which gives bone most of its stiffness (Fuchs et al., 2019).



2.1.2. Bone cells

The functional integrity of bone is maintained primarily by osteoblasts, osteocytes and
osteoclasts embedded in the bone matrix, and contribute only a small mass to the skeleton
(Robey et al., 1993). Populations of these cells build on the extensive bone extracellular matrix

which, in turn, controls their ability to resorb and deposit bone (Karaplis, 2008).

2.1.2.1. Osteoblasts

Osteoblasts are mainly known for their bone forming function and make up 4-6% of total
resident bone cells. They are cuboidal cells that are located on bone formation surfaces and
originate from local proliferating undifferentiated pluripotent MSCs (Figure 2.2) (Capulliet al.,
2014). The MSCs are present in the periosteum and bone marrow stroma, and their
differentiation into osteoblasts is regulated by expression of specific genes and transcription
factors such as runt-related transcription factor-2 (Runx2), osterix (Osx, also known as Sp7),
distal-less homeobox-5 (DIx5), and msh homeobox homologue-2 (Msx2) that play key roles in
committing MSCs to the preosteoblast lineage instead of adipocyte, myocyte or chondrocyte
lineages (Ichida et al., 2004; Samee et al., 2008; Kawane et al.,, 2018; Komori, 2019).
Osteoblast progenitors proliferate and become committed to the osteoblast lineage through
direct regulation of numerous genes by Runx2, causing Runx2 expressing MSCs to segregate
from the osteochondroprogenitors to form preosteoblasts (Sinha and Zhou, 2013; Komori,
2019). Runx2 expressed by preosteoblasts induces expression of Osx, which acts downstream
from Runx2 and induces formation of immature osteoblasts by interacting with phosphatase
calcineurin activated nuclear factor of activated T cells calcineurin dependent 1 (NFATc1)
(Figure 2.2) (Koga et al., 2005; Sinha and Zhou, 2013). Expression of Runx2 and Osx can be
regulated by members of the wingless (Wnt) and Indian hedgehog (IHH) signalling pathways
as well as growth and transcription factors such as bone morphogenetic proteins (BMP),
which can induce bone formation by activating Runx2 and Osx expression. Expression is
further regulated by transforming growth factor-beta (TGF-B), which can either inhibit late
stage osteoblastic maturation or induce osteoblastic differentiation through regulation of

Runx2 expression (Komori, 2019).



Once Runx2 and collagen type 1A (Col1A) expressing osteoblast progenitors are established,
a proliferation step follows, during which osteoblast progenitors highly express proliferative
genes (c-Fos and histone H4) and alkaline phosphatase (ALP), a key enzyme in bone
mineralisation (Figure 2.2) (Sunters et al., 2004; Capulli et al., 2014; Khani et al., 2017). The
new preosteoblasts express Col1A, insulin-like growth factors (IGFs), fibroblast growth factors
(FGFs), TGF-B, cell adhesion proteins (such as fibronectin), and BSP. However, for cells to
further differentiate into mature, bone-forming osteoblasts, Runx2, Osx, B-catenin and other
Whnt signalling pathway components need to be expressed (Hu et al., 2005; Sinha and Zhou,
2013; Komori, 2019). There is also evidence that other factors, such as microRNAs and
connexin 43, are required for osteoblast differentiation: microRNAs play regulatory roles in
gene expression and can stimulate or prevent osteoblast differentiation, whilst mutations in
the connexin 43 gene, the main connexin in bone, impairs osteoblast differentiation (Zhang

et al,, 2011; Plotkin and Bellido, 2013).

Receptor activator of nuclear factor kB ligand (RANKL) and numerous growth and
transcription factors (such as Runx2, BSP, Osx, ALP, FGFs, IGFs and TGF-B) are expressed
during transition from preosteoblasts to mature osteoblasts (Figure 2.2) (Hu et al., 2005;
Sinha and Zhou, 2013; Komori, 2019; Tobeiha et al., 2020). Cells undergo morphological
changes and become cuboidal cells with a single nucleus, abundant rough ER, prominent Golgi
apparatus, various secretory vesicles, and basophilic cytoplasm (Capulli et al., 2014). Osx
expression is increased and collagen proteins (collagen type 1), non-collagen proteins,
osteonectin, BSP and OPN and proteoglycans (decorin and biglycan) are secreted to form the
organic matrix. Mineralisation of the matrix then occurs in two phases: the vesicular phase,
followed by the fibrillar phase. During the vesicular phase, matrix vesicles that were released
into the organic matrix by osteoblasts bind to proteoglycans and other matrix organic
elements (Golub, 2009; Hasegawa et al., 2017). Proteoglycans are then degraded by
osteoblast-secreted enzymes to release immobilised calcium ions (Ca*) from the matrix
vesicles, allowing the Ca* to cross the vesicle membrane via calcium channels (annexins).
Osteoblast-secreted ALP degrades phosphate containing compounds within the matrix
vesicle, thereby releasing phosphate ions (PO437). Hydroxyapatite crystals are formed when
the released Ca* and PO,*" nucleate. During the fibrillar phase, hydroxyapatite crystals are

released when the matrix vesicle ruptures due to oversaturation with Ca* and PO,3", and



spread to the surrounding matrix to form mineralised bone (Golub, 2009; Hasegawa et al.,

2017).

Upon completion of bone formation, mature osteoblasts become either osteocytes, bone
lining cells, or undergo apoptosis (Figure 2.2) (Jilka et al., 2008; Capulli et al., 2014).
Osteoblasts also possess receptors for sex steroids, vitamin D3, parathyroid hormone (PTH),
insulin, neuronal targets and cytokines, demonstrating that diverse local and systemic

influences can mediate osteoblast function (Zaidi, 2007).
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Figure 2.2: Osteoblast and osteoclast lineages. A) Osteoblast proliferation and differentiation from
mesenchymal stem cells, as well as genes and factors regulating osteoblastogenesis. Different stages of
osteoblastogenesis are indicated by the coloured top line. B) Osteoclast proliferation and differentiation from

haematopoietic stem cells, and genes and factors that regulate osteoclastogenesis. Figure produced using
Servier Medical Art.

2.1.2.2. Osteocytes

At the end of the bone formation cycle, most mature osteoblasts are dispersed across the
bone matrix and, through continued differentiation, become osteocytes, the most abundant
(approximately 90% of the total number bone cells) and long lived (up to 25 years) bone cells

(Goldring, 2015; Robling and Bonewald, 2020). During the transition from osteoblasts to



osteocytes, long cytoplasmic processes start to emerge and become integrated into the bone
matrix to allow the cells to communicate with neighbouring cells and upregulate E11/gp38
(podoplanin, an early osteocyte dendrite formation marker) expression (Zhang et al., 2006;
Capulli et al., 2014). As the bone matrix mineralises, the dispersed immature osteocytes
become trapped and begin to mature and highly express new osteocyte markers (matrix
extracellular phosphoglycoprotein (MEPE), FGF-23 and dentin matrix protein-1 (DMP-1)) that
cooperatively control calcium and phosphate regulation (Feng et al., 2003; Nampei et al.,
2004; Ubaidus et al., 2009; Robling and Bonewald, 2020). In contrast, expression of OCN, BSP,

Coll and ALP is downregulated.

Mature osteocytes fixed in the bone matrix are an essential source of receptor activator of
nuclear factor kB ligand (RANKL) and may direct both the spatial and temporal recruitment
of bone cells during bone remodelling (Xiong et al., 2015). Furthermore, osteocytes selectively
express sclerostin (Scl), a secreted glycoprotein that antagonises the canonical Wnt and BMP
signalling pathways, thereby inhibiting bone formation (Poole et al., 2005; van Bezooijen et
al., 2005). Maturing osteocytes undergo morphological and structural changes that
correspond with a decrease in protein production and secretion: the round osteoblast size
and number of cytoplasmic organelles are reduced, whilst the nucleus to cytoplasm ratio is
increased (Schaffler et al.,, 2014). Mature osteocytes occupy lacunae surrounded by
mineralised bone matrix, but form osteocyte lacunocanalicular systems by passing
cytoplasmic or dendric processes through canaliculi interconnecting the lacunae (Bozal et al.,
2012; Wittig et al., 2019). These systems reach the vascular supply and provide cells with
oxygen and nutrients (Thompson et al., 2011). The cytoplasmic processes also connect to
neighbouring osteocytes, osteoblasts, and bone lining cell processes by gap junctions to
facilitate intercellular nutrients and signalling molecule transport. Osteocytes further enable
intercellular communication by releasing signalling molecules, such as prostaglandins and
nitric oxide, into the interstitial fluid flowing through lacunocanalicular systems (Yellowley et

al., 2000; Wang et al., 2005; Civitelli, 2008).

This interconnectivity and distribution, as well as the abundance of osteocytes in the bone
matrix, enable osteocytes to perform their primary role: convert mechanical stimuli to
biochemical signals (potentially via the piezoelectric effect). This allows bone, possibly

through a process known as Wolff’s law, to adapt to daily mechanical forces by changing its



shape (Frost, 1994; Bonewald, 2006; Santos et al., 2009; Bakker and Klein-Nulend, 2010).
Bone deposition and resorption is finely controlled under mechanical load. For instance,
under mechanical stress, osteocyte expression of Scl, a protein that inhibits the canonical
Wnt/B-catenin signalling pathway to down regulate bone formation, decreases, which, in
conjunction with other osteoclastogenic factors, is thought to promote osteoclast activity and
suppress osteoblast activity (Robling et al., 2008). In addition to modulating bone
remodelling, embedded osteocytes can also control mineral metabolism, regulate the
function of other organs by secreting endocrine signals, and modify the properties of the
surrounding bone matrix (Dallas et al., 2013; Robling and Bonewald, 2020). Ultimately,
osteocytes die by apoptosis due to old age or mechanical damage. This process can however
act as a signal for osteoclasts to initiate bone resorption by osteoclasts (Plotkin, 2014; Robling

and Bonewald, 2020).

2.1.2.3. Bone lining cells

Bone lining cells are quiescent osteoblasts that have a flat shape, few cytoplasmic organelles,
a flat and narrow nucleus, and cytoplasm that extends down the bone surface. The cells cover
bone surfaces where no bone formation or resorption occur, and sometimes extend
cytoplasmic processes into the canaliculi to form gap junctions between neighbouring bone
lining cells and osteocytes (Miller et al., 1989; Wein, 2017). Their function is not fully
understood, but, when osteoclastic bone resorption should not occur, bone lining cells have
been shown to inhibit direct interaction between the bone matrix and osteoclasts (Andersen
et al., 2009). Osteoblastic secretory activity (see 2.1.2.1) can be reacquired, depending on the
physiological status of bone, and bone lining cells can express OPG and RANKL to facilitate
osteoclast differentiation. Lastly, during the bone remodelling cycle, bone lining cells form a

key element of the temporary basic multicellular unit (BMU) (Everts et al., 2002; Wein, 2017).

2.1.2.4. Osteoclasts

Osteoclasts are large, terminally differentiated single or multinucleated cells that are

responsible for bone resorption (Figure 2.2). They are derived from haematopoietic stem cells
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(HSCs) in the liver, spleen and bone marrow that are stimulated by macrophage colony
stimulating factor (M-CSF) to generate mononuclear cells that become osteoclast precursor
cells. These precursor cells are introduced into the blood circulation to exit at resorption sites
and fuse and form immature multinucleated osteoclasts (Teitelbaum, 2000). Development of
mature osteoclasts occurs within the local bone microenvironment and requires a multitude
of transcription factors and other proteins secreted by osteoprogenitor mesenchymal cells,
osteocytes, osteoblasts and mesenchymal stromal cells that promote transcription factor
activation and gene expression in osteoclast precursor cells to drive cells into a mature

osteoclast phenotype (Crockett et al., 2011; Yavropoulou and Yovos, 2008).

Osteoclastogenesis commences when RANKL binds to receptor activator of nuclear factor kB
(RANK) by physical contact with osteoclast precursors (Jimi et al., 1996; Asagiri and
Takayanagi, 2007; Soltanoff et al., 2009). When both M-CSF and RANKL, two crucial cytokines,
are present, the preosteoclasts fuse together into a multinucleated osteoclast associated with
initiation of B3 integrin, tartrate-resistant acid phosphatase (TRAP) (assists with bone
resorption in mature osteoclasts) and calcitonin receptor (CTR) expression (Suda et al., 1999).
Other osteoclastogenic factors, such as dendrocyte expressed seven transmembrane protein
(DC-STAMP) and NFATc1, are also expressed when RANKL binds to RANK (Takayanagi et al.,
2002; Miyamoto, 2006). NFATc1 interacts with ETS-family transcription factor PU.1, c-Fos, a
member of AP-1, and microphthalmia-associated transcriptor factor (MITF) to regulate
cathepsin K and TRAP, both genes that are critical for osteoclast activity (Wang et al., 1992;
Matsuo et al., 2004; Partington et al., 2004; Costa et al., 2011). Combined expression of these
factors promotes immature osteoclast differentiation into mature osteoclasts (Figure 2.2)
(Boyle et al.,, 2003). Low extracellular pH likely increases the expression of the
osteoclastogenic and bone-resorption regulatory factors (such as NFATc1, OPN and cathepsin
K), resulting in increased osteoclast differentiation, survival and resorptive activity (Brandao-
Burch et al., 2005; Yuan et al., 2016). Osteoclastogenesis can be inhibited by osteoprotegerin
(OPG), which acts as a soluble decoy for RANKL and occupies stromal RANKL binding sites on
osteoclast precursor cells and differentiated osteoclasts to prevent binding between RANKL
and RANK. The RANKL/RANK/OPG process is essential for osteoclastogenesis and osteoblastic
modulation of the RANKL/OPG ratio is another example of the intimate functional coupling

between osteoblasts and osteoclasts (Simonet et al., 1997; Boyce and Xing, 2008).
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Mature osteoclasts can have 4-5 nuclei and form a highly dynamic podosome that is, through
mediation by avf3-integrin (transmits signals that polarises osteoclast) and CD44, attached
to the bone surface where it establishes a microenvironment that is separated from the
surrounding extracellular space, allowing bone resorption to proceed solely under the ruffled
podosome border (Figure 2.2) (Chabadel et al., 2007; Luxenburg et al., 2007). Chloride
channel 7 (CIC-7) and vacuolar-type H*-ATPase pumps (V-ATPase) transports Cl" anions and
H* cations through the ruffled border plasma membrane to, together with the action of
carbonic anhydrase Il, acidify the compartment between the osteoclast and bone matrix. This
acidification results in dissolution of hydroxyapatite crystals to form the characteristic
Howship’s lacunae (shallow bone concavities) and exposes the organic matrix (Riihonen et al.,
2007; Qin et al., 2012). Matrix metalloproteinase-9 (MMP9), TRAP and cathepsin K are
transported to the Howship’s lacuna and degrades the exposed collagenous matrix. The
degradation products are then transported through the ruffled border via endocytosis and
moved, by transcytosis, to the functional secretory domain located opposite from the ruffled
border for secretion (Nesbitt and Horton, 1997; Henriksen et al., 2006; Teitelbaum, 2007;

Wilson et al., 2009).

Osteoclasts also display various other functions, such as participation in immune responses,
influencing bone formation by secreting factors that act on osteoblasts and osteoclasts,
hormone secretion, and movement of hematopoietic stem cells from bone marrow to the
bloodstream, thus functioning as more than just bone resorption cells (Boyce et al., 2009;

Charles and Aliprantis, 2014; Han et al., 2018).

2.1.3. Bone physiology

Bone is a dynamic organ that can alter its structure and mass to adapt to shifting needs. It
accomplishes this through bone growth, modelling, remodelling and other activities, each

with their own functions and mediator mechanisms.
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2.1.3.1. Bone growth

Skeletal bones are formed by two processes: intramembranous and endochondral
ossification. Flat bones, such as the cranium and medial clavicles, are formed by
intramembranous ossification, whilst irregular and long bones from the axial (mandible and
vertebrae) and appendicular (humeri, radii, femurs and tibiae) skeleton are formed by

endochondral ossification (Yamaguchi et al., 2000; Nakashima and de Crombrugghe, 2003).

Intramembranous ossification

Condensation of mesenchymal cells initiates the intramembranous ossification process. The
condensed cells then differentiate into osteoblasts and, due to the absence of a cartilaginous
framework known as anlagen, deposits bone matrix (osteoid) directly to form ossification
centres (Figure 2.3) (Karaplis, 2008, p. 3). Plates that expand are formed during development.
However, to regulate the expansive growth of the cranium, flat bones formed by this process
do not fuse with other bones and are separated by junctions known as sutures (Hall and

Miyake, 1992).

Endochondral ossification

To begin the endochondral ossification process, condensed mesenchymal cells in the central
diaphysis produce a growing population of collagen type Il expressing chondrocytes (Figure
2.3) (Kosher et al., 1986; Karaplis, 2008). The chondrocytes produce a collagen type Il
containing extracellular matrix (ECM) and form cartilaginous anlagen that act as templates for
developing bone. Chondrocytes then become hypertrophic and signal peripherally localised
perichondral cells to direct differentiation into osteoblasts. The anlagen at the centre of the
extended cartilaginous template becomes vascularised when vascular endothelial growth
factor (VEGF) is expressed by the hypertrophic chondrocytes, forming the ossification centre
(Karaplis, 2008; Berendsen and Olsen, 2015). Vascularisation enables osteoblast precursor
cells to infiltrate the template, develop into mature osteoblasts, and begin secretion and
mineralisation of an collagen type I-containing ECM, thereby producing anlagen through
endochondral ossification (Figure 2.3) (Nakashima and de Crombrugghe, 2003; Berendsen

and Olsen, 2015). The ossification centre propagates towards the two epiphyseal growth
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plates which, through chondrocyte proliferation at the proximal end and differentiation to
hypertrophy and apoptosis at the distal end, facilitates continuous linear bone growth in long

bones (Karaplis, 2008).
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Figure 2.3: Intramembranous and endochondral ossification. A) Intramembranous ossification. Mesenchymal
stem cells (MSCs) differentiate into preosteoblasts, which in turn differentiate into osteoblasts. Osteoblasts lay
down Coll-rich osteoid that mineralises to form an ossification centre. Upon completion of bone formation,
some osteoblasts terminally differentiate into osteocytes. B) Endochondral ossification. MSCs differentiate into
chondrocytes and produces a cartilaginous template for endochondral bone formation. Chondrocytes become
hypertrophic and signal for vascularisation of the template, allowing osteoblasts to transport to the site and
form osteoid on the template. Figure produced using Servier Medical Art and adapted from Kenkre and Bassett,
2018.

The canonical Wnt pathway determines whether MSCs differentiate into osteoblasts or
chondrocytes for intramembranous or endochondral bone formation respectively (Hartmann,
2007; Houschyar et al., 2019). Sonic hedgehog morphogen partially induces Wnt signalling in
the intramembranous bone formation area, resulting in elevated MSC B-catenin levels (Hu et
al., 2005). This inhibits expression of genes required for chondrogenesis, whilst increasing
transcription of genes required for osteoblastogenesis. In contrast, low B-catenin levels are
present in endochondral bone formation, resulting in upregulation of transcription factors
that drives MSCs to differentiate into chondrocytes (Akiyama et al., 2002). Endochondral
ossification is negatively regulated by local FGF, which inhibits chondrocyte proliferation, and

chondrocyte differentiation to hypertrophy is inhibited by cytokine parathyroid hormone
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related peptide (PTHrP) (Vortkamp et al., 1996; Ornitz, 2005). In addition, glucocorticoids,
growth hormone (GH), IGFs, thyroid hormone, oestrogen, androgen, vitamin D and leptin are
all involved in chondrocyte proliferation, maturation, differentiation, hypertrophy, and

subsequent bone growth (reviewed by Nilsson et al., 2005).

2.1.3.2. Bone modelling

The purpose of bone modelling is bone growth, and optimisation and minimisation of bone
strength and mass by maintaining or changing the size, shape and mass of pre-existing bone.
Bone modelling mainly happens during skeletal growth and enables bone adaptation in
response to rapidly changing growth-related mechanical strain (Robling et al., 2006; Seeman,
2009; Allen and Burr, 2014). Once signals for change are detected, bones can be shaped or
reshaped by the selective independent or coordinated actions of osteoblasts (formation
modelling) and osteoclasts (resorption modelling) (Figure 2.4) (Allen and Burr, 2014; Langdahl
et al.,, 2016).

During growth, the proper shape of long bones and radial growth is maintained by highly
coordinated bone apposition and resorption on spatially independent bone surfaces (Figure
2.4) (Allen and Burr, 2014; Langdahl et al., 2016). As the long bone lengthens, periosteal
resorption modelling is accompanied by formation modelling on the endocortical surface of
the metaphyseal region (Ominsky et al., 2015). During radial growth, bone apposition on the
periosteal surface is usually countered by resorption modelling on the endocortical surface,
allowing the medullary area to increase without significantly impacting bone strength (Ruff
and Hayes, 1982; Zebaze et al., 2007). Modelling drift, a process during which bone is formed
and resorbed on opposite cortices, is mainly associated with radial growth, but also occurs in
adult skeletons. These drifts enable the skeleton to adapt to changes in the direction of an
applied mechanical load and are, for example, responsible for changes in orientation of the
axis of an aging hip joint, orthodontic tooth movements and modified humerus shape and
size in a tennis player’s playing arm (Haapasalo et al., 2000; Kontulainen et al., 2003; Gasser

and Kneissel, 2017).
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Bone modelling decreases significantly once skeletal maturity is reached. However, other
factors such as mechanical loading, PTH, oestrogen and sclerostin play major roles in directing
radial bone growth through bone modelling and can result in renewed modelling in the adult

skeleton (Hodsman and Steer, 1993; Lindsay et al., 2006; Ominsky et al., 2014).

2.1.3.3. Bone remodelling

Bone remodelling is a coupled reconstruction process that replaces aged and damaged bone
with new bone throughout life, thus maintaining mechanical integrity and renewing the entire
adult skeleton approximately every 10 years, with trabecular remodelling occurring at a much
faster rate than cortical remodelling (Julie C. Crockett et al., 2011; Kenkre and Bassett, 2018).
The process can release growth factors (such as TGF-B, IGFs and FGF) embedded in bone and
is the sole mechanism that replaces aged, dying or dead osteocytes (Seeman, 2013;

Raubenheimer et al., 2017).

Bone remodelling is characterised by sequential bone resorption and formation, mediated by
osteoclasts and osteoblasts respectively, that occur in a coupled manner in a bone
remodelling unit (BMU) on a given bone surface (Figure 2.4) (Crockett et al., 2011; Hattner et
al., 1965; Seeman, 2008). The BMU functions in a special bone remodelling compartment
(BRC) with a roof of bone lining cells on the marrow side and the remodelling bone surface
on the osseous side (Figure 2.4) (Crockett et al., 2011). The whole BMU moves as a unit, with
osteoblasts following behind osteoclasts, allowing the resorption and formation processes to
occur in a controlled, coupled manner that ensures new bone is deposited where bone has
been removed by osteoclasts. New BMUs are initiated from within bone marrow, periosteum
or vasculature within existing osteons (Parfitt, 2000; Allen and Burr, 2014). Osteons are the
final products of cortical bone remodelling (described in 2.1.1 Bone structure and
composition). Bone remodelling on trabecular, endocortical and sometimes subperiosteal
surfaces forms hemiosteons, which are osteons with no incorporated blood vessels. During
intracortical remodelling, osteoclasts drill through cortical bone in a cone-shaped formation,
leaving a rod-like void that is filled by following osteoblasts in a closing cone (Dempster and

Lindsay, 1993; Parfitt, 1994).
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Remodelling in intracortical, endocortical and trabecular surfaces is common during growth,
development and adulthood, whilst remodelling on the periosteal surface occurs far less
frequently. The remodelling rate is high during growth and then slowly decreases until peak
bone mass is reached. Bone mass is then stable for 1-2 decades until age related bone loss
resulting from increased bone resorption and decreased bone formation begins (Dempster
and Lindsay, 1993). The bone remodelling rate varies in adults and is influenced by genetics,
age and modifiable factors such as physical activity, hormonal status, nutrition and
medication. The process increases progressively after onset of menopause, due to loss of
circulating oestrogen, resulting in increased osteoclast formation, decreased osteoclast
apoptosis, and subsequent suppression of remodelling (Allen and Burr, 2014). The
remodelling process is classified as either targeted (30%) or non-targeted (70%) remodelling
(Parfitt, 2002). Non-targeted remodelling is considered a random process during which
osteoclast resorption is triggered by a systemic initiating event and is believed to be more
involved in mineral homeostasis and the fulfiiment of bone metabolic requirements by storing
and releasing minerals such as phosphorous and calcium. In contrast, targeted remodelling
plays a role in maintaining skeletal mechanical integrity and initiates osteoclast-mediated
resorption by directing osteoclasts to a given location via specific local signals (Burr, 2002).
Targeted remodelling repairs sections of bone in response to mechanical forces, microscopic
damage and osteocyte apoptosis (Mori and Burr, 1993; Burr, 2002). Microscopic damage
disrupts the osteocyte network by physically breaking cytoplasmic connections between cells.
These osteocytes that are cut off undergo apoptosis and produce RANKL, a crucial element in
the recruitment and development of osteoclasts (Verborgt et al., 2000). In addition, nearby
healthy osteocytes produce OPG, an apoptotic signal for osteoclasts. It is possible that this
signalling pattern serves as a target for osteoclasts to initiate remodelling activity at the
breakage site. Osteocyte apoptosis is induced by an excess of glucocorticoid, oestrogen
deficiency and mechanical disuse, which are all linked to increased remodelling, further
supporting the vital part played by osteocyte apoptosis in bone remodelling (Kennedy et al.,
2012). Furthermore, inhibition of osteocyte apoptosis results in inhibition of bone

remodelling.

The remodelling cycle is characterised by activation, resorption, reversal, formation and

resting phases (Figure 2.4) (Allen and Burr, 2014). These five stages are not coordinated with
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each other and at any given time occur at approximately one million remodelling sites
throughout the skeleton. In humans, each cycle takes approximately 4-6 months (this time is
highly altered by disease) and matrix mineralisation continues for months after production

(Kenkre and Bassett, 2018).

Activation

The activation phase is triggered by systemic hormones, microscopic bone damage and
mechanical forces and starts with digestion of an unmineralised matrix layer by bone lining
cell-produced collagenase to expose the bone matrix. Osteoclast precursor cells are then
recruited to the exposed surface where they, due to a decrease in pH and an increase in
osteoclastogenic and bone-resorption regulatory factors, differentiate into preosteoclasts
that merge to become multinucleated mature osteoclasts (Figure 2.4) (Chambers and Fuller,

1985; Raggatt and Partridge, 2010; Kenkre and Bassett, 2018).

Resorption

During the resorption phase, bone lining cells withdraw from the bone surface, making it
possible for the multinucleated mature osteoclasts to attach to the exposed matrix (Figure
2.4). The attached osteoclasts actively dissolve the bone hydroxyapatite, thereby liberating
the collagen fibres, which are useful biomarkers for bone resorption. New osteoclasts are
recruited to the site as resorption proceeds to either support existing osteoclasts or replace

dead osteoclasts. Osteoclasts resorb for 3-6 weeks at a given site (Kenkre and Bassett, 2018).
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Figure 2.4: Bone modelling and remodelling. A) Modelling: Once signals for change are detected in bone, bones
can be shaped or reshaped by the selective independent or coordinated actions of osteoblasts (formation
modelling) and osteoclasts (resorption modelling). Formation and resorption modelling occur on different
surfaces. B) Bone remodelling compartment (BRC): When remodelling is required, a roof of bone lining cells is
formed on the marrow side allowing remodelling in C) to occur on the osseous side within the BRC. C) Bone
remodelling by a basic multicellular unit (BMU). The remodelling cycle consists of activation, resorption, reversal,
formation, and resting phases. Haematopoietic stem cells (HSCs) are activated by a stimulus (e.g. microdamage)
and differentiates into preosteoclasts, which then differentiate into mature osteoclasts that actively resorb bone
at the stimulus site. As osteoclasts move on, mesenchymal stem cell (MSC) derived preosteoblasts differentiate
into osteoblasts that form osteoid at the resorption sites. Upon completion of bone formation, osteoblasts
either die or differentiate into bone lining cells or osteocytes. Figure produced using Servier Medical Art.
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Reversal

Osteoclast resorption is ceased during the reversal phase and osteoblast precursors
differentiate to initiate bone formation (Figure 2.4). The presence of extracellular ephrin-B4
on osteoblasts and ephrin-B2 on osteoclast cell membranes suggest that reversal could be
initiated by direct cell-to-cell interaction between osteoclasts and osteoblasts or osteoblast
precursors, thus inducing cessation for one and activation for the other (Zhao et al., 2006). It
is also possible that osteoblast recruitment, migration and differentiation are stimulated by
topographical changes that are sensed by osteocytes, factors secreted by osteocytes
(CTHRC1, Wntl10b, cardiotrophin-1, sphingosine-1-phosphate, BMP6, and complement
factor3a) and bone matrix released factors, such as platelet derived growth factor (PDGF),
TGF-B, IGFs, and BMPs, from the resorption phase (McNamara et al., 2006; Julie C. Crockett
et al., 2011; Sims and Martin, 2015; Sims et al., 2016). For osteoblasts to proceed, remaining
collagen fragments on the exposed surface are removed by little defined specialised cells that
deposit a thin layer of new bone matrix (reversal line) that is rich in proteoglycans such as
OPN. This proteoglycan rich reversal line inhibits crack propagation, provides fibre matrix
bonding to enhance bone’s resistance to fractures, and delineates boundaries of osteons and
hemiosteons from surrounding old matrix (Sroga and Vashishth, 2012; Kenkre and Bassett,

2018).

Formation

Mature osteoblasts deposit osteoid, primarily composed of collagen type 1 fibres, that serves
as a template for the hydroxyapatite crystals (Figure 2.4). Primary mineralisation, where
calcium and phosphate ions are incorporated into the matrix, takes approximately 2-3 weeks.
This is followed by secondary mineralisation, where the final addition and mineralisation of
hydroxyapatite crystals occur, a process that can take up to a year or longer to complete

(Raggatt and Partridge, 2010; Gasser and Kneissel, 2017).

Resting
After forming new bone, osteoblasts either undergo apoptosis, are replaced by new

osteoblasts if more bone formation is still required or are integrated into the bone matrix to
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differentiate into osteocytes. Finally, to conclude the bone remodelling cycle, remaining
osteoblasts become inactive bone lining cells that cover the new bone surface and the new

matrix continues to mineralise over time (Kenkre and Bassett, 2018).

The bone remodelling balance or bone balance is the net quantity of old bone resorbed and
new bone deposited in each bone remodelling cycle. In young adults, bone mass is stable and
bone remodelling is balanced for one to two decades after reaching peak bone mass
(Langdahl et al., 2016). Once age-related bone loss begins, the balance becomes is slightly
negative in healthy adults (Kiberstis et al., 2000; Langdahl et al., 2016). Any imbalance or

dysregulation of this balance results in many pathological conditions.

2.1.4. Metabolic bone disorders

In mature, healthy bone, bone remodelling ensures that bone mass or quality is not altered
during the remodelling cycles. Maintaining this proper bone balance necessitates balanced
coupling of bone resorption and bone formation, processes that involve numerous
coordinated signalling mechanisms. This fine balance can be disrupted by age-related factors,
hormonal imbalances, medication, secondary diseases and changes in physical activity,

resulting in abnormal bone remodelling and development of bone disorders.

2.1.4.1. Osteoporosis

Osteoporosis, the most common metabolic bone disorder, affects approximately 30% of
women and 20% of men older than 50 years of age (Cooper and Ferrari, 2017). The condition
is characterised by low bone mass and reduced structural integrity, and resulting bone
fragility and increased susceptibility to fractures (“Consensus development conference,”
1993; NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and
Therapy, 2001). Postmenopausal osteoporosis affects postmenopausal women and is
characterised by an accelerated phase of bone loss resulting from a decrease in oestrogen

levels associated with menopause.
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Oestrogen maintains bone formation and antiresorptive effects by directly and indirectly
promoting osteoclast apoptosis, whilst also promoting the differentiation of bone marrow
stromal cells towards the osteoblast lineage, increasing differentiation of preosteoblasts to
osteoblasts, and restricting osteoblast and osteocyte apoptosis (Chow et al., 1992; Qu et al.,
1998). It does this by increasing procollagen synthesis and production of growth factors (TGFa
and IGF-1) by osteoblasts, and suppressing expression of sclerostin, a potent Wnt signalling
inhibitor (Oursler et al., 1991; Mirza et al., 2010; Médder et al., 2011; Farr et al., 2015). It also
suppresses RANKL (key factor in osteoclast development) production and some cytokines
(interleukin 1 and 6 (IL-1 and -6), TNFa and M-CSF), and increases OPG production by
osteoblast lineage cells (Hofbauer et al., 1999; Eghbali-Fatourechi et al., 2003; Drake and
Khosla, 2018). Oestrogen also plays a dominant part in maintaining skeletal integrity in aging
men (Falahati-Nini et al., 2000; Finkelstein et al., 2016). A decrease in oestrogen at onset of
menopause and during aging thus mainly results in an extended bone resorption and
shortened bone formation period, and an increased BMU activation frequency rate, resulting
in decreased total bone mass (seen as a negative bone balance) and structural weakening of
bone (Hughes et al., 1996; Manolagas, 2000; McClung et al., 2018). In men, trabecular bone
formation by osteoblasts and osteocyte related prevention of trabecular bone loss is
stimulated by testosterone signalling (Golds et al., 2017; Shin et al., 2018). Bone is also
indirectly affected by testosterone through aromatisation of testosterone to oestrogen by
aromatase. Testosterone deficiency in elderly men and men with both primary and secondary
hypogonadism thus results in osteoporosis, with decreased BMD and increased risk of
fractures (Golds et al., 2017; Shin et al., 2018). Osteoporosis is also caused by glucocorticoid
treatment and lack of physical movement (Takata and Yasui, 2001; Smith et al., 2005; Kim et
al., 2007).

2.1.4.2. Osteogenesis imperfecta

Osteogenesis imperfecta (Ol), or “brittle bone disease”, is a group of heritable conditions that
are characterised by variable degrees in bone fragility and consequent bone fractures. It is
the most common bone disease caused by a variable single gene mutation that results in

defects in collagen type 1 fibrils or defective production of collagen type 1 by osteoblasts,
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resulting in reduction in bone strength that can vary from a modest increase in fracture risk
to a lethal form (Peel, 2009). Defective or insufficient collagen type 1 results in a significant
decrease in cortical and trabecular bone quality or quantity, with consequent shortened and
deformed limbs, scoliosis, and vertebral compressions that often present with multiple
fractures (Shapiro et al., 1989; Engelbert et al., 2003). In addition, respiration function can be
limited by defective thoracic musculoskeletal development, and hydrocephalus and hearing
loss (conductive, sensorineural or mixed) may occur (Kuurila et al., 2003; Kovero et al., 2006;

Vitale et al., 2007).

2.1.4.3. Paget’s disease of bone

Paget’s disease of bone is the second most common metabolic bone disorder. It is
characterised by the presence of giant multinucleated osteoclasts, with as many as 100 nuclei,
that cause a dramatic increase in bone resorption, and a subsequent increase in formation of
new bone by an increased number of osteoblasts near the resorption areas to compensate
for bone loss (Mills and Singer, 1976; Rebel et al., 1976; Gherardi et al., 1980). Pagetic
osteoclast precursors’ hyperresponsiveness to RANKL further contributes to the significant
increase in bone resorption (Menaa et al., 2000). Due to this disordered resorption and
formation, a disorganised mixture of woven and lamellar bone is developed at the affected
skeletal sites. The disorganised bone is characterised by decreased bone density, increased
vascularisation and expanded size, resulting in bone that is weaker and more prone to
deformities or fractures than healthy bone (Peel, 2009; Charles et al., 2018). These bone
changes cause bone deformities, bone related pain, secondary arthritis, and associated

neurological complications (Feng and McDonald, 2011).

2.1.4.4. Rickets

Rickets occurs prior to epiphyseal closure in children and is characterised by
hypomineralisation of the bone matrix associated with a directly inhibited mineralisation
process and/or severe nutritional calcium (Ca), vitamin D and phosphate deficiency. Related

growth plate cartilage accumulates as hypertrophic chondrocytes fail to undergo apoptosis (a

23



process dependent on phosphorylation of caspase-9) due to hypophosphatasia, thereby
preventing vascularisation and subsequent osteoblastic mineralisation of the cartilaginous
template (Demay et al., 2007; Munns et al., 2016). This hypomineralisation results in
abnormal growth plate development, painful swelling around metaphyseal zones, stunted
growth and bone deformities (Pettifor et al., 2018). In addition, symptoms are further
enhanced by heightened bone resorption and increased bone turnover caused by inhibition

of osteoblast progenitors, decreased OPG and increased RANKL (Lips et al., 2013).

2.1.4.5. Osteomalacia

Osteomalacia is a metabolic bone disorder that is characterised by hyperosteoidosis and
impaired or altered bone mineralisation that results in low BMD and accumulation of
unmineralised osteoid in the skeleton (Francis and Selby, 1997; Gifre et al., 2011; Bilezikian,
2019). Clinical features include muscle weakness, musculoskeletal pain, skeletal fractures and
deformity, raised serum ALP and is often accompanied by rickets (widening of epiphyses and
impaired skeletal growth) in childhood. As with rickets, the major cause of osteomalacia is a
severe deficiency in vitamin D, phosphate, Ca and/or direct inhibition of the mineralisation
process, resulting from limited sun exposure and disorders in vitamin D and phosphate
metabolism (Francis and Selby, 1997; Bilezikian, 2019). Vitamin D is metabolised in the liver
to produce 25-hydroxyvitamin D, followed by renal production of 1,25-dihydroxyvitamin D,
the hormonally active metabolite of vitamin D, which promotes mineralisation by osteoblasts
and stimulates intestinal Ca uptake to maintain plasma Ca concentrations (Francis and Selby,
1997; Need et al., 2008; Christakos et al., 2016). Lack of vitamin D results in decreased
phosphate and Ca uptake, as well as secondary hyperparathyroidism, which increases bone
resorption but reduces mineralisation. Calciotropic hormones, such as PTH, thus maintain
plasma Ca concentrations at the expense of skeletal integrity to prevent dysregulation of vital
Ca-dependent physiological functions like neuromuscular and cardiac excitation and blood

coagulation (Need et al., 2008).
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2.1.4.6. Osteopetrosis

Osteopetrosis, also known as “marble bone disease”, is a heterogenous group of rare
heritable bone-remodelling disorders that, in contrast to the metabolic bone disorders
discussed above, are characterised by increased bone mass (Stark and Savarirayan, 2009;
Sobacchi et al., 2013). These changes are caused by autosomal recessive or autosomal
dominant mutations that affect osteoclast formation or function, resulting in defective
osteoclast mediated bone resorption during skeletal growth and bone modelling and
remodelling (Feng and McDonald, 2011; Bilezikian, 2019). Osteopetrosis is a rare condition
and presents as two distinctive clinical forms: the more common autosomal dominant adult
type (approximately 1 in 20 000), which presents relatively few symptoms, and the rarer
autosomal recessive infantile type (approximately 1 in 250 000), which is usually fatal in early
childhood if left untreated (Johnston et al., 1968; Loria-Cortés et al., 1977; Stark and

Savarirayan, 2009).

2.1.4.7. Van Buchem disease

Van Buchem disease (previously known as hyperostosis corticalis generalisata) is a rare (<40
reported cases), autosomal recessive, sclerosing bone dysplasia (van Buchem et al., 1955;
Fosmoe et al.,, 1968; Van Hul et al., 1998). The condition is characterised by progressive
generalised hyperostosis (increased bone formation) throughout life, primarily in the skull,
mandible, ribs, clavicles and diaphysis of the long bones. Excess bone in the skull often entrap
the cranial nerves and may result in facial nerve palsy, sensorineural hearing loss, visual
complications and neuralgic pain (Fosmoe et al., 1968; van Buchem et al., 1976). Van Buchem
disease is caused by deletion of a 52 kb homozygous, non-coding segment in the 17q12-g21
chromosomal region (Balemans et al., 2002; Van Hul et al., 1998). The deletion occurs 35 kb
downstream from the SOST gene and removes an enhancer element that is essential for
directing the expression of sclerostin, a negative regulator of bone formation, in the adult
skeleton, resulting in defective sclerostin synthesis (Loots et al., 2005). The condition is allelic

to sclerosteosis, another rare bone disorder with a similar, but more severe phenotype.
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2.2. Sclerosteosis

Sclerosteosis (OMIM accession number 269500) is an autosomal recessive, high bone mass
condition that was first described in 1958 (Truswell, 1958). It is a rare condition with
approximately 100 cases reported worldwide, of which two thirds are of Afrikaner descent
from South Africa, where the sclerosteosis phenotype was delineated (Beighton et al., 1976,
1977; Beighton and Hamersma, 1979; Beighton, 1988). Other cases are from the US
(Higinbotham and Alexander, 1941; Kelley and Lawlah, 1946; Stein et al., 1983), Germany
(Pietruschka, 1958), Japan (Sugiura and Yasuhara, 1975), Spain (Bueno et al., 1994), Senegal
(Tacconi et al., 1998), Greek Cypriot (Itin et al., 2001), Brazil (Kim et al., 2008), Turkey (Piters
et al., 2010) and China (He et al., 2016). Sclerosteosis has been linked to loss of function
mutations in LRP4 as well as absence of sclerostin expression caused by mutations within the
SOST gene and is, in contrast to many osteopetrotic high bone mass conditions, associated
with increased bone formation (hyperostosis), instead of defects in bone resorption
(Balemans et al., 2001; Balemans et al., 2002; Beighton et al., 1984; Fijalkowski et al., 2016).
Variable cutaneous or bony syndactyly (fusion of the digits) and dysplastic or absent nails are
absent from van Buchem disease, but are the earliest post-natal indicators of sclerosteosis
(Figure 2.5) (Beighton et al., 1976; Hamersma et al., 2003). Further clinical features include
increased bone mineral density (BMD) throughout the skeleton, thicker than normal
trabeculae and cortices, and widespread skeletal overgrowth during the early decades of life.
Bone overgrowth is more prominent in the skull, mandible, and long bones, resulting in gross
distortion of the facies and a tall stature (Figure 2.5) (Hamersma et al., 2003; Gardner et al.,
2005). As with van Buchem, the facial nerve is often entrapped as a result of hyperostosis of
the skull, causing recurring facial palsy that results in impaired facial movement later in life.
During early childhood, patients experience conductive hearing loss, which is usually followed
by sensorineural hearing loss in adulthood when the vestibulocochlear nerve becomes
entrapped and the round and oval windows of the inner ear starts to close due to excessive
bone growth (Hamersma and Hofmeyr, 2007). Furthermore, thickening of calvarium can
result in a potentially fatal increase in intracranial pressure in the early decades of life (du
Plessis, 1993; Hamersma et al., 2003). The condition is currently managed through complex
decompression surgery, whilst hearing loss can be corrected through middle ear surgery, use

of hearing aids, and brain stem implantation of electrodes if the auditory nerves are damaged
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(du Plessis, 1993; Hamersma and Hofmeyr, 2007). Nonetheless, treatment of the pathological
changes of sclerosteosis remains difficult due to the thickness and density of the bone.
Surgical intervention is lengthy and difficult, and typical neurosurgical instruments are often
inadequate (du Plessis, 1993). Furthermore, symptoms often recur due to post-surgical bone
regrowth. Remarkably, the disease is not linked to elevated risk of fractures, regardless of
increased BMD and bone mass. The mutated SOST gene does not appear to have extensive
pleiotropic effects, as suggested by an otherwise normal endocrine system and no noticeable
effects on non-skeletal tissue (Brunkow et al., 2001). In contrast to sclerosteosis patients,
disease carriers, with only a single mutated allele, have lower circulating sclerostin levels
(approximately 60%) and increased BMD compared to non-disease carrying controls (van

Lierop et al., 2017).

Causative mutations have been mapped to the gq12-g21 location on chromosome 17, the
same location as the van Buchem disease causing mutations (see 2.1.4.6), and two
independent research groups reported mutations in the SOST gene, where a premature
amino-terminal (N-terminal) stop codon results in loss of sclerostin expression (Van Hul et
al., 1998; Balemans et al., 1999, 2001; Brunkow et al., 2001). Additional SOST mutations, one
of which alters the processing of the SOST transcript, have subsequently been identified
(Balemans et al., 2002; van Lierop et al., 2017). More recently, mutations in LRP4, located at
p11.2 on chromosome 11, were shown to effect changes in the extra cellular B-propeller of
LRP4, a region that is crucial for sclerostin interaction with LRP4 (Leupin et al., 2011; Chang et
al., 2014; Fijalkowski et al., 2016). All of these reported mutations result in loss of functional
sclerostin or sclerostin-LRP4 interaction, and subsequent disruption of the canonical Wnt

signalling pathway (Fijalkowski et al., 2016; van Lierop et al., 2017).
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Normal

Figure 2.5: Skull and hand of a sclerosteosis patient. A) and B) Photos of the skull of a patient with sclerosteosis
(A) and (B), and an individual without the bone disorder (B). C) MRI of the skull of a sclerosteosis patient, with
the black region around the brain representative of excessive bone. D) X-ray image of the hand of a sclerosteosis
patient with syndactyly. From the collection of the University of Pretoria, South Africa (van Lierop et al., 2017).

2.3. Whntsignalling

The wingless-related integration site (Wnt) signalling pathway is an evolutionarily conserved
pathway that is essential for regulation of embryogenesis and maintenance of adult tissue
homeostasis. In response to Wnt stimulus, direct signalling can occur along one of three
distinct intracellular pathways: one is a canonical Wnt/B-catenin signalling pathway, whilst
the others are non-canonical pathways. The canonical Wnt/B-catenin signalling pathway is
the most extensively-studied of the three and is essential for bone formation (reviewed by

Niehrs, 2012; Baron and Kneissel, 2013; Nusse and Clevers, 2017).
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The canonical Wnt signalling pathway is activated once Wnt, a secreted glycoprotein, binds
to the seven-transmembrane-spanning receptors from the frizzled family of receptors (Fzd)
and the low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) Wnt co-receptors,
forming an LRP5/6-Wnt-Fzd ternary complex (Figure 2.6). Fzd then interacts intracellularly
with dishevelled (DVL), whilst the phosphorylated cytoplasmic domain of LRP5/6 recruits
AXIN, subsequently disrupting the activity of the B-catenin containing destruction complex.
Activated non-phosphorylated B-catenin accumulates in the cytoplasm, from where it is
translocated to the cell nucleus and initiates expression of the Wnt target genes by associating
with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors bound to nuclear

DNA (Figure 2.6) (Nusse and Clevers, 2017; Holdsworth et al., 2019).

Wnt pathway activation is tightly controlled by secreted antagonists, such as sclerostin (Scl),
that either binds to Wnt ligands or Wnt co-receptors. Sclerostin antagonises the canonical
Wnt signalling pathway by binding to the LRP4 Scl co-receptor and the LRP5/6 Wnt co-
receptors, thus preventing interaction between Wnt and LRP5/6, and the consequent
development of the LRP5/6-Wnt-Fzd complex and its activation of the Wnt signalling cascade
(Figure 2.6) (Fijalkowski et al., 2016; Holdsworth et al., 2019). During this inhibited state,
cytosolic B-catenin is phosphorylated by glycogen synthase kinase 3 beta (GSK3f) and casein
kinase 1 (CK1) (part of the destruction complex), labelling B-catenin for ubiquitination and
subsequent degradation by the proteasome. This prevents B-catenin accumulation and
translocation to the nucleus, allowing Groucho, a transcriptional repressor, to associate with
the TCF/LEF transcription factors and keep it in an inactive state, thereby inhibiting expression
of Wnt target genes (Figure 2.6) (Angers and Moon, 2009; Nusse and Clevers, 2017;
Holdsworth et al., 2019).

Among numerous roles, canonical Wnt signalling promotes MSC differentiation to the
osteoblast lineage, whilst inhibiting osteoclastogenesis and MSC commitment to adipogenic
and chondrogenic lineages (Day et al., 2005; Glass et al., 2005; Hill et al., 2005; Lerner and
Ohlsson, 2015).
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Uninhibited Wnt I Whnt inhibited by sclerostin

Cell
membrane

Figure 2.6: A simple illustration of the uninhibited and sclerostin inhibited canonical Wnt signalling pathway.
Uninhibited extracellular Wnt binds to a frizzled (Fzd) family and the LRP5/6 cell-surface receptors to form a
ternary complex. The intracellular region of LRP5/6 is phosphorylated, followed by AXIN recruitment, resulting
in disruption of destruction complex activity. Transcription of Wnt target genes is initiated once non-
phosphorylated B-catenin binds the TCF/LEF transcription factors in the cell nucleus. The canonical Wnt
signalling pathway is inhibited when sclerostin binds to LRP4 and LRP5/6 Wnt co-receptors. This prevents Wnt
from interacting with LRP5/6 and inhibits LRP5/6—Wnt—Fzd complex formation and subsequent AXIN
recruitment. The destruction complex tags phosphorylated B-catenin with ubiquitin, targeting it for proteasomal
degradation. In the cell nucleus, transcription of Wnt target genes is repressed when Groucho associates with
DNA-bound TCF/LEF transcription factors. Figure adapted from Holdsworth et al., 2019.

2.4. Sclerostin

Sclerostin (Scl), a potent Wnt antagonist, was originally identified in genetic screens of
sclerosteosis and van Buchem disease, and is expressed in mouse skeletal anlagen and limb
buds, where it plays a role in limb patterning (Loots et al., 2005; Collette et al., 2016). Through
early development and adulthood, Scl expression is primarily expressed by mature osteocytes
in the skeleton. However, lesser amounts of Scl are also produced by cementocytes,
hypertrophic and articular chondrocytes, synovial fibroblasts, and other cells linked with

mineralised matrix (Poole et al., 2005; Chouinard et al., 2016; Wehmeyer et al., 2016).
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Sclerostin is also present in non-mineralising tissues, such as the kidney and human aorta,
where it is upregulated during vascular calcifications, acting as a potential regulator of
mineralisation. During embryogenesis and neonatal development, Scl is expressed in
developing heart and the smooth muscle cells of the great arteries (Bezooijen et al., 2007,
Zhu et al., 2011; Murali et al., 2017). Remarkably, there are no apparent effects on non-
skeletal tissue in sclerosteosis patients, suggesting that Scl does not have widespread

pleiotropic effects (Brunkow et al., 2001).

Sclerostin is present in the circulation of non-diseased adults and serum levels increase with
age, whilst no Scl is detected in sclerosteosis patients (Roforth et al., 2014; van Lierop et
al.,2017). The circulating Scl appears to be relevant to the skeleton, as systemically
overexpression of Scl (up to two-fold) in mice caused a modest reduction in femoral and
trabecular bone fractions, but its role is not yet completely understood (Zhang et al., 2016;
Kim et al., 2017). Sclerostin activity within the skeleton appears to occur at a local level where
it is produced by local osteocytes (Poole et al., 2005). This is corroborated by an increase in
both circulating Scl and bone mass when Scl binding to LRP4, a co-receptor that plays an
important role in retaining and facilitating local Scl action, is impaired, suggesting that the

circulating Scl does not always correlate with bone density (Fijalkowski et al., 2016).

A range of approaches, such as Scl deletion in SOST knockout animals, overexpression of Scl
in transgenic animals, administration of recombinant Scl protein and neutralisation of
endogenous Scl using Scl antibodies in mouse, rat, monkey and human genetic, preclinical
and clinical studies, have been applied to demonstrate that Scl plays a crucial role in bone
homeostasis by regulating bone resorption and inhibiting bone formation (Li et al., 2009;

Krause et al., 2010; Ominsky et al., 2010; Holdsworth et al., 2019).
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Figure 2.7: Effects of sclerostin on bone formation and resorption. Sclerostin (Scl) inhibits bone formation by
inhibiting the canonical Wnt signalling pathway and exerts its function by: restricting MSC differentiation
towards the osteoblast lineage; promoting adipogenic differentiation; inhibiting pre-osteoblasts from
differentiating into osteoblasts; preventing quiescent bone lining cells from reverting to their osteoblastic state;
promoting osteoblast apoptosis; decreasing osteoblast-mediated bone matrix formation; inhibiting osteoblast
differentiation into osteocytes. Scl further enhances osteoclast differentiation by controlling osteoblast
expressed osteoclast regulators, thereby promoting bone resorption indirectly. Figure adapted from Holdsworth
et al., 2019.

2.4.1. Cellular level actions of sclerostin

2.4.1.1. Osteoblast lineage

Sclerostin exerts its function as a bone formation inhibitor in various ways throughout the
osteoblast lineage (Figure 2.7). It decreases osteoblast proliferation and osteoprogenitor
recruitment to the active bone surface, whilst increasing osteoblast apoptosis, thereby
regulating the function of the osteoblast linage and population of osteoprogenitor cells
directly, causing a decrease in osteoblast numbers and subsequent bone formation (Ominsky
et al., 2015; Taylor et al., 2016; Greenbaum et al., 2017; Boyce et al., 2018). In addition, ALP

activity is decreased by Scl, resulting in decreased mineralisation, which is also linked to
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upregulation of MEPE and associated reduction in phosphate-regulating neutral
endopeptidase, X-linked (PHEX), a pro-mineralisation enzyme, expression in human primary
cells (Winkler et al., 2003; Sutherland et al., 2004; Atkins et al., 2011; Kogawa et al.,
2017). Post bone formation, Scl plays a role in regulation of osteocyte maturation by
inhibiting transition of late osteoblasts to osteocytes (Atkins et al., 2011). Moreover,
restoration of Wnt signalling, enhanced osteogenesis and decreased osteocyte apoptosis, is
associated with Scl inhibition, demonstrating Scl’s role as a regulator of osteocyte
apoptosis (Lin et al., 2009; Veverka et al., 2009; Krause et al., 2010; Shahnazari et al., 2012b).
Sclerostin may also be involved with perilacunar mineral regulation by local osteocytes and
plays a key role in maintaining osteocyte morphology, connectivity, number and orientation,
and bone lining cell quiescence (Chandra et al., 2017; Kim et al., 2017; Qing and Bonewald,
2009; Ren et al., 2015). In addition, osteocyte Scl expression is decreased in bone under
mechanical load, whilst increased in bone under no load, consistent with the proposed

skeletal mechanosensory role of osteocytes (Robling et al., 2008; Kogawa et al., 2017).

2.4.1.2. Osteoclasts

In contrast to the osteoblast lineage, Scl has no direct influence on osteoclasts and indirectly
enhances and increases osteoclastogenesis and bone resorption in manner that depends on
RANKL (Figure 2.7) (Wijenayaka et al., 2011). This is done by regulating the Wnt signalling
pathway in osteoblasts and osteocytes, and subsequently exerting an effect on the
RANKL:OPG ratio, which plays a key role in osteoclastogenesis, a process that is promoted by
RANKL binding to RANK (Glass et al., 2005; Tu et al., 2015). There is also evidence that Scl
could regulate osteoclastogenesis by affecting expression of other regulators, such as Csfl

and WNT1-induced secretion protein (Wispl) (Taylor et al., 2016; Holdsworth et al., 2018).

2.4.1.3. Chondrocytes

Activated Wnt signalling inhibits MSC differentiation into chondrocytes and, in response,
articular chondrocytes and growth plate hypertrophic chondrocytes express Scl to inhibit the

canonical Wnt/B-catenin pathway. However, the effect of Scl on chondrocyte differentiation
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has not been studied in depth (Figure 2.7) (Winkler et al., 2003; Bezooijen et al., 2009). In
vitro studies have however shown that Scl increases anabolic gene expression and decreases
catabolic proteases expression to inhibit chondrocyte apoptosis (Chan et al., 2011; Bouaziz

et al., 2015).

2.4.1.4. Adipocytes

Sclerostin promotes MSC differentiation towards the adipogenic lineage and enhances
adipogenesis in white adipose tissue, thus acting as an endocrine factor and contributing to
cross communication between the skeleton and adipose tissue (Figure 2.7). This regulation of
adipose tissue could demonstrate a link between Scl and energy metabolism. However, Scl-
mediated inhibition of adipogenesis and regulation of fat deposits in humans is currently not

well studied and understood (reviewed by Holdsworth et al., 2019).

2.4.2. Biochemistry and structure

Human Scl is a 21573 Da, 213 amino acid (aa) glycoprotein initially identified as a member of
the BMP antagonising Dan/Cerberus family (Brunkow et al., 2001; Kusu et al., 2003; Winkler
et al., 2003; ten Dijke et al., 2008; Veverka et al., 2009; Krause et al., 2010). Arginine and
lysine residues are highly abundant within the protein, resulting in a rather basic peptide with
a calculated isoelectric point (pl) of approximately 9.5. A mature 190 aa protein is expressed
in mammalian and insect expression systems and appears as a doublet on SDS-PAGE. This
likely reflects variations in glycosylation, of which the functional significance is not fully

understood (Krause et al., 2010; Holdsworth et al., 2012).

In solution, Scl exists as a highly flexible monomer that comprises flexible amino (N) and
carboxy (C) terminal arms and a central cysteine knot motif surrounded by three loops (Figure
2.8) (Veverka et al., 2009; Weidauer et al., 2009). The rigid first (Loop 1) and third (Loop 3)
loops stem from the top of the cysteine knot motif and are held in place by a disulphide bond
at their tips, giving the protein a structured core. The second loop (Loop 2) is unstructured

and highly flexible in solution and exists on the opposing side of the central cysteine knot. It
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contains a region that binds to LRP5/6 and is critical for Scl function (Veverka et al., 2009;
Weidauer et al., 2009; Holdsworth et al., 2012). Loops 1 and 3 form a hydrophobic patch
(possibly a protein interaction site) on the concave protein face. One of the protein sides is
covered with a linear stretch of positively charged residues in loops 2 and 3. This linear stretch
of positively charged residues has been shown to interact with heparin to localise Scl to cell
surfaces (Figure 2.8) (Veverka et al., 2009). In addition, various sulphated glycosaminoglycans
(GAGs) within the bone extracellular matrix binds to this region, suggesting that Scl binding
to these GAGs and the cell surface might play a role in local regulation of Scl function. GAGs
that interfere with Scl LRP5/6 interaction also bind to this region and has been shown to
restore Wnt signalling in a reporter cell line (Salbach-Hirsch et al., 2015; Holdsworth et al.,

2019).

Heparin
binding

"\/"\' L

2 % ©

Loop 2

Figure 2.8: Ribbon illustration of the human sclerostin protein. The illustration shows the backbone topology
of human Scl (Protein Data Bank accession number 2K8P): The N-terminal (grey) and C-terminal (green) arms of
the protein are partially truncated for simplicity (aa 30—170 shown). The central cysteine knot (black) and its
disulphide bonds (orange) are surrounded by three loops. The rigid loops 1 (magenta) and 3 (blue) are joined by
a disulphide bond (orange) at their tips. In contrast, Loop 2 (red) is unstructured and highly flexible. The
hydrophobic pocket (dotted grey curved arrow) is situated between loops 1 and 3. The NxI motif (teal) that
interacts with LRP5/6 is located on Loop 2. Blue side chains indicate residues thought to be involved in heparin
binding. Figure from Holdsworth et al., 2019.
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The ‘NxI’ motif (asparagine (N) and isoleucine (l) residues separated by any other aa residue
(x)) in Loop 2 is conserved and crucial for high-affinity interaction between Scl and LRP5/6
(Bourhis et al., 2011; Holdsworth et al., 2012). Sclerostin binds to the first (E1) and potentially
the second (E2) of four B propellers that form part of the extracellular domain of the LRP5/6
Whnt co-receptors to inhibit canonical Wnt signalling (Li et al., 2005; Seménov et al., 2005;
Bourhis et al., 2011; Holdsworth et al., 2012). In doing so, Scl inhibits Wnt binding to the E1
propeller and subsequent WNT1 class canonical signalling (Bourhis et al., 2010; Ettenberg et
al., 2010). Sclerostin also binds to LRP4, a proposed Scl co-receptor (non-Wnt co-receptor).
Mutations in the E3 propeller of LRP4 impairs binding with Scl and results in similar symptoms
to that of sclerosteosis. These mutations are also associated with increased serum Scl levels,
suggesting Scl is retained in the skeleton by the anchoring action of LRP4 (Leupin et al., 2011;
Chang et al., 2014; Fijalkowski et al., 2016).

Sclerostin’s action in sclerosteosis as an antagonist of the Wnt/B-catenin signalling pathway
by binding to LRP4/5/6 is further supported by high bone mass phenotypes resulting from
mutations in the LRP5 E1 region of LRP5/6 that impair Scl binding and its subsequent action
as a Wnt inhibitor. Moreover, monoclonal anti-Scl antibodies inhibit Scl binding to LRP4/5/6
and induces osteoblast activity and bone formation, thereby increasing BMD and bone mass
and improving bone architecture and strength. Anti-Scl antibodies have therefore been
explored as a therapeutic strategy for low bone mass conditions such as
osteoporosis (Wesenbeeck et al., 2003; Semenov and He, 2006; Little et al., 2017; Lovato and
Lewiecki, 2017; McClung, 2017). One such antibody, Romosozumab (Evenity®), shows marked
increases in bone formation and BMD and rapid and substantial reduction in fracture risk, and
has recently been approved as a first-in-class antibody treatment for osteoporosis (Mullard,

2019).

2.4.3. Sclerostin as regulator of bone mass and strength

SOST knockout mice progressively showed rapid elevation of bone mineral density (BMD) in
the lumbar spine and long bones, increased bone formation parameters in endocortical,
trabecular, periosteal surfaces, and no significant observed changes in bone resorption

biomarkers in serum and at osteoclast surface areas (Ke et al., 2012). These results supported
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development of anti-sclerostin antibodies (as potential therapeutic agents for low bone mass
conditions such as osteoporosis) that successfully induced increased bone formation, bone
mass and bone strength, thereby providing more data that demonstrates Scl’s function as a
negative regulator of these bone parameters (reviewed by Holdsworth et al., 2019). Inversely,
overexpression of Scl has shown insignificant changes in bone resorption and has been shown
to reduce cortical bone thickness and trabecular bone volume (Kramer et al., 2010; Zhang et
al.,, 2016). It also decreases bone strength by significantly reducing bone formation, thus

raising the question of whether increasing Scl could be used as a treatment for sclerosteosis.

2.5. Sclerostin replacement as a potential treatment for sclerosteosis

As mentioned earlier (2.2), no treatment is available to prevent or reverse sclerosteosis.
However, based on results from previous studies, where the over-expression of Scl has been
shown to decrease the BMD in mouse models, it is possible that exogenous Scl could serve as
a viable treatment, either early on in the disease as a means of prevention, or later as a bone
formation control agent (Ke et al.,, 2012; Zhang et al.,, 2016; Kim et al., 2017). The
manufacturing of therapeutic proteins is, however, extremely complex and has limitations,
such as complex purification processes, low oral availability due to denaturing in the gut, and
high production costs. Complex secondary and tertiary structures need to be maintained and
post-translational modifications are usually required, necessitating production in living cells
or organisms. Moreover, proteins usually have a short half-life, and large proteins are unable
to efficiently penetrate tissues to reach targets due to their large size and
immunogenicity (Lagassé etal., 2017; Murray et al., 2017; Haggag et al., 2018). Despite these

drawbacks, there are ways to overcome or reduce the impact of some of these limitations.

Production

Proteins are often too complex to be manufactured by chemical processes alone and require
living cells or organisms for production. Functional Scl has previously been produced in
recombinant plasmid-expressing HEK293 mammalian cells, which maintained the necessary
protein folding and post translational modifications that would occur during expression in a

mammalian organism (Holdsworth et al., 2012). Such an approach could be replicated and
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adapted to produce larger quantities of protein required for in vivo studies. Furthermore,
additional nanofiltration and purification steps that require low ionic strength buffer, such as
cation exchange chromatography, could be implemented to reduce possible endotoxin and

viral contamination (Petsch, 2000; Korneyeva and Rosenthal, 2005).

Half-life

Of concern for protein replacement therapies is the short half-life of the product, which could
render the protein ineffective due to lack of efficacy or need for frequent administration.
Whilst the serum half-life of mouse Scl (~20 kDa) has not been reported, we speculated that,
as they are small, the peptides would likely display a short plasma half-life (Werle and
Bernkop-Schniirch, 2006; Veverka et al., 2009). From literature, a bioactive recombinant
protein can be fused to the fragment crystallisable (Fc) domain of immunoglobulin G1 (IgG1)
antibody to create a fusion protein with a potential increased half-life of up to 23 days (Lobo
et al., 2004; Shimamoto et al., 2012; Wu and Sun, 2014; Rath et al., 2015). Additionally, the
Fc fusion protein has a slower renal clearance due to its increased size, and facilitates in vivo
protein stability by binding to the neonatal Fc receptor (FcRn) (Rath et al., 2015; Kontermann,
2016). Two Fc molecules can also spontaneously homodimerise to generate two peptides in
each fusion protein, which could increase avidity for its target (Kontermann, 2011,
Shimamoto et al., 2012; Wu and Sun, 2014). Eleven Fc-fusion proteins have currently been

approved for therapeutic use, with more (26) in clinical trials (reviewed by Strohl, 2018).

Distribution

Considering that Scl is produced by osteocytes and effects its action in the skeleton,
localisation of Scl to bone could improve the effectiveness of the fusion construct. Drugs could
potentially be selectively delivered to bone by directing the drug to hydroxyapatite, an
inorganic component of bone, as hydroxyapatite does not exist in soft tissues. Numerous non-
collagenous, hydroxyapatite binding bone proteins have repeating acidic aa (aspartic (Asp)
and glutamic (Glu) acid) sequences in their structures that act as potential hydroxyapatite-

binding sites (Kasugai et al., 2010). Nishioka et al. demonstrated that the addition of an
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aspartate sequence to the C-terminal of anchorless recombinant human tissue-nonspecific
alkaline phosphatase (rhTNALP) enhanced its affinity for hydroxyapatite, extended retention
times, and had little influence on other biochemical properties (Nishioka et al., 2006). These
properties were replicated by Asfotase alfa (Enobia Pharma), marketed as STRENSIQ® by
Alexion, a commercially available drug that demonstrates higher affinity for hydroxyapatite
due to inclusion of a deca-Asp sequence (Millan et al., 2008; Whyte et al., 2012). It is thus
possible that addition of such an aspartate sequence to Scl or a Scl-Fc fusion protein could

enhance its distribution and efficacy.

Although expression of functional Scl is a complex process, multiple steps are available to
circumvent production and protein limitations to produce a potential protein-based

therapeutic for sclerosteosis.

2.6. Conclusion

Sclerosteosis, a severe genetic disorder with no available treatment, is caused by mutations
in the SOST gene, which result in a lack of Scl, a negative regulator of bone formation. This
lack of Scl results in excessive bone formation, producing the typical sclerosteosis phenotype.
This thesis explores the concept that administration of exogenous Scl constructs to
sclerosteosis patients could antagonise the canonical Wnt signalling pathway, thereby
reducing abnormal bone formation. The efficacy of such exogenous Scl constructs could be
improved by extending protein half-life through fusion of Scl with Fc and improving
distribution to bone by addition of poly-aspartate motifs, thus presenting a novel approach

to treat this debilitating, sometimes fatal condition.
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Chapter 3: Materials and methods

3.1. Plasmid design, cloning and protein production

3.1.1. Plasmid design and cloning

The aim of the plasmid design and cloning section was to design, clone and produce three
recombinant expression plasmids that encode for wild type mouse Scl (mScl), mScl fused with
human Fc (mScl hFc), and mScl hFc with an octa-aspartate motif (poly-aspartate, PD) attached
at the hFc C-terminus (mScl hFc PD). All plasmids were prepared for expression in a

mammalian expression system.

General cloning procedures

A proprietary pMH vector with modified CMV promotors (UCB Pharma, Slough, UK) (used for
all recombinant constructs) and plasmids containing hFc, hFc poly D, mSOST, and mSOST WT
fragments, obtained from DNA2.0 (Newark, NJ, USA), were used to construct the three
expression plasmids via restriction digest and DNA ligation. All plasmids were resuspended in
10 mM Tris-HCI pH 8 buffer to give a final concentration of 0.5 pug/uL DNA2.0 plasmids and 1

ug/uL UCB vector.

3.1.1.1. Restriction enzyme digest

For general restriction digests, 20 plL reaction mixtures were prepared with 1 pg DNA and 1
or 2 units of each restriction enzyme in an appropriate enzyme buffer. Amounts and volumes
of each component were increased and decreased proportionally if more DNA was required
for ligation reactions. Restriction digest mixtures were incubated at 37 °C for 1 hour, except
when stated otherwise. DNA loading dye was added to each restriction digest sample after

incubation and loaded onto an agarose gel for gel electrophoresis.
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3.1.1.2. Gel electrophoresis

For DNA fragment analysis by horizontal electrophoresis, appropriate size markers and
restriction digest samples were loaded onto a 1% (w/v) agarose gel in 1x TAE buffer, which
were run at 90 V/cm for typically 1 hour on a Bio-Rad Horizontal Electrophoresis System
coupled to a Bio-Rad PowerPac™ Basic Power Supply (Bio-Rad, Hercules, CA, USA). Gels were
stained with ethidium bromide (EtBr) (Thermo Fischer Scientific, Waltham, MA, USA) and DNA
bands were visualised using UV transillumination at 254 nm, followed by excision for ligation

reactions. Agarose gel electrophoresis was also used for restriction analysis (3.1.1.6).

3.1.1.3. DNA fragment preparation

Selected DNA fragments were excised and purified from agarose gels with two different DNA
recovery kits: a QIAGEN QlAquick Gel Extraction Kit (Qiagen, Hilden, Germany) at UCB (UCB
Pharma, Slough, UK) and a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA, USA)
at the University of Pretoria, as per the respective manufacturers’ instructions. All purified

DNA was eluted with 10 pL distilled water (dH,0).

3.1.1.4. DNA ligation

Ligation reaction mixtures (20 uL) were prepared with 1 pL vector DNA, 7 uL insert fragment,
1 uL T4 DNA ligase buffer (Thermo Fischer Scientific, Waltham, MA, USA), 1 uL PEG4000
(Sigma-Aldrich, St. Louis, MO, USA), 0.5 uL T4 DNA ligase (Invitrogen, Carlsbad, CA, USA) and
made up to 20 pL with dH20. Volumes used were the same for all reactions, unless stated
otherwise. Ligation reaction mixtures were incubated at 22 °C for 75 minutes, followed by
heat inactivation at 65 °C for 10 minutes and transformation into chemically competent E. coli
cells. Reactions without insert DNA were performed as controls to assess background noise

of uncut vector and transformation efficiency.
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3.1.1.5. Transformation of competent E. coli cells and plasmid preparation

At UCB, Oneshot TOP10 chemically competent cells (Thermo Fischer Scientific, Waltham, MA,
USA) were transformed with ligation samples, in accordance with the manufacturer’s
instructions. However, to increase the probability of successful colonies, incubation samples
were briefly centrifuged and 250 pL supernatant was discarded. Pellets were resuspended in
the remaining 50 pL media and plated on pre-warmed agar (50 pug/mL kanamycin) plates. To
assess transformation efficiency, non-transformed cells and cells transformed with control
ligation reactions or vector only were plated. The following morning colonies were selected
for mini prep and restriction analysis. Each selected colony was added to 5 mL Luria-Bertani
broth (LB) with 50 pg/mL kanamycin and incubated overnight. Recombinant plasmid DNA
from overnight cultures were purified via QIAGEN QIAprep Spin Miniprep Kit (Qiagen, Hilden,
Germany), as per the manufacturer’s instructions, for subsequent analysis by restriction

enzyme digests or DNA sequencing.

At the University of Pretoria, DH5a chemically competent cells (Thermo Fischer Scientific,
Waltham, MA, USA) were transformed with ligation reaction mixtures, as per provided
instructions. Incubation samples were treated as described for Oneshot TOP10 cells and were
plated on pre-warmed 50 pg/mL kanamycin agar plates. Overnight cultures were prepared,
and recombinant plasmids were purified the following day using a GeneJET Miniprep Kit

(Thermo Fischer Scientific, Waltham, MA, USA), as per kit instructions.

3.1.1.6. Analytical restriction enzyme digest

Analytical restriction enzyme digests were performed and visualised as described earlier
(3.1.1.1 and 3.1.1.2). Restriction enzymes for analytical digests were selected for
identification of successfully inserted fragments. Recombinant plasmid DNA samples that

tested positive for DNA fragment insertion were selected for sequencing.

42



3.1.1.7. DNA sequencing

The three recombinant plasmid constructs were sequenced to confirm successful cloning.
Reactions were prepared via BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Foster City, CA, USA), as per the manufacturer’s guidelines. Sequencing samples
(7.5 pL) were prepared in microcentrifuge tubes (Anachem Ltd, Leicester, UK) and comprised
of 0.5 ug DNA sample, 2 plL sequencing buffer, 0.3 uL Big Dye Terminator Reaction Ready
sequencing pre-mix, 1 pupL forward and reverse sequencing primers (5'
GCAGTACTCGTTGCTGCCGC; 3’ CACGGTGGGCATGTGTGAGT), made up to 7.5 pL with dH,0.
Reactions were cycled under the following conditions on a T100™ Thermal Cycler (Bio-Rad,

Hercules, CA, USA) and submitted to the UCB in house sequencing technician:

96°C 30 seconds

96 °C 10 seconds
50°C 5 seconds

60 °C 4 minutes
Repeat from step 2 x 35

4°C Constant

Results were analysed via sequence alignment in ContigExpress software (Vector NTI

Advanced, Invitrogen, Carlsbad, CA, USA).

3.1.1.8. Large scale plasmid preparation

After sequence analysis, larger quantities of successfully cloned recombinant plasmid DNA
were produced for use in a HEK293 mammalian expression system. Briefly, Oneshot TOP10
chemically competent cells were transformed with the selected plasmids, as per
manufacturer’s instructions. Starter cultures were prepared the following day by selecting
single colonies and culturing them overnight in 2 mL LB (50 pug/mL kanamycin) at 37 °C and
230 rpm in a shaking incubator. Starter cultures were then added to 500 mL 2x YT medium
(50 pg/mL kanamycin) and incubated at 37 °C for 24 hours. Recombinant plasmid DNA from
overnight cultures was purified via QIAGEN Plasmid Plus Giga Kit (Qiagen, Hilden, Germany),

using a vacuum pump, as per kit instructions. Purified plasmid DNA was eluted with 1 mL
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Elution buffer and stored at -20 °C for use in protein expression. All DNA concentrations were
measured using a NanoDrop™ 1000 spectrophotometer (Thermo Fischer Scientific, Waltham,

MA, USA).

3.1.1.9. Plasmid preparation and transport

Larger quantities of mSOST hFc PD plasmid DNA were prepared at University of the Pretoria
using a GeneJET Plasmid Maxiprep Kit (Thermo Fischer Scientific, Waltham, MA, USA), as per
the manufacturer’s instructions. The pMH mSOST hFc PD plasmid DNA was then precipitated
for storage and transportation to UCB. Briefly, 1 mL cold isopropanol was added to eluted
plasmid DNA. Sample was then incubated at -70 °C for 60 minutes and centrifuged at 16000
x g for 30 minutes at 4 °C. All supernatant was removed, and the plasmid pellet was washed
with 800 pL 70% ethanol, followed by 10 minutes incubation at room temperature. After
incubation, the sample was centrifuged at 16000 x g for 30 minutes at 4 °C, and supernatant

was discarded. The DNA pellet was left to air dry and sealed and stored for transport.

3.1.2. Protein expression, extraction, purification, and analysis

The aim of this section was to express and purify the three recombinant mouse Scl constructs
(mScl, mScl hFc and mScl hFc PD) using a human embryonic kidney (HEK) 293 mammalian

expression system and standard chromatography approaches.

3.1.2.1. Transfection and expression

Recombinant plasmid constructs were transiently expressed in an Expi293™ Expression
system (Thermo Fischer Scientific, Waltham, MA, USA), as per manufacturer’s guidelines. For
a 5 L transfection procedure (done for each recombinant plasmid construct), cell culture with
a cell count of 3x10° cells was added to five 1 L containers. The volume in each container was
adjusted to 850 mL with prewarmed Expi293™ media. To make up the transfection mixture,

5 mg DNA was added to 250 mL Opti-MEM® | and mixed by inversion. Additionally, 13.5 mL
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Expifectamine™ 293 Reagent was added to 236.5 mL Opti-MEM® | and mixed by inversion.
Both solutions were incubated and mixed as per kit instructions. After incubation, 100 mL
transfection complex mixture was added to each 850 mL cell culture. Each new 950 mL culture
was added to a 3 L flask with a vent cap and was incubated overnight at 37 °C, 75% humidity,
8% CO; and 120 rpm in a shaking incubator. The following day, 5 mL Enhancer 1 and 50 mL
Enhancer 2 were added to each 950 mL Expi293™ culture, and incubation was continued for

72 hours.

3.1.2.2. Collecting and filtering supernatant

The 5 L transfected cell culture was divided between six 1000 mL polypropylene centrifuge
bottles with cap and autovent plug assemblies (Beckman Coulter, Brea, CA, USA) that were
washed and rinsed with 0.1 M NaOH and endotoxin free PBS respectively. Balanced flasks
were then centrifuged for 1.5 hours at 4 °C and 12 000 x g. After centrifugation, supernatant
was vacuum filtered (Stericup®-GP Quick Release Sterile Vacuum Filtration System, 500ml,
0.22 um PES; Merck, Kenilworth, NJ, USA) and collected in a sterile 5 L container, which was

stored at 4 °C until supernatant was loaded onto chromatography columns.

3.1.2.3. AKTA Pure and column preparation

An AKTA Pure chromatography system (GE Healthcare, Chicago, IL, USA) was used to load and
elute samples onto and from chromatography columns. Before loading the supernatant, all
AKTA Pure pumps and lines were primed and washed with 0.1 M NaOH. Pumps and lines were
then primed and rinsed with endotoxin free 10 mM PBS to remove NaOH from the system.
All chromatography columns were washed with 0.1 M NaOH and then equilibrated with their
respective equilibration buffers (1 column volume NaOH followed by 3 column volumes

equilibration buffer to ensure all NaOH is removed from columns).
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3.1.2.4. Affinity chromatography

Filtered supernatant (5 L) containing hFc fusion protein (mScl hFc or mScl hFc PD) was loaded
onto two HiTrap™ Protein A HP (5 mL) columns (GE Healthcare Life Sciences, Chicago, IL,
USA) that were connected in series and equilibrated with PBS. The following day, protein was
eluted by a linear or stepwise increase in 0.1 M citric acid pH 2, and peak fractions (220 mAU)
were collected. Tris-HCI (1 M, pH 8.5) was added to peak samples to adjust pH to 7 and
selected fractions were then analysed by sodium dodecyl-sulphate polyacrylamide gel
electrophoresis (SDS-PAGE; 3.1.2.7). Protein-containing fractions were pooled and protein
aggregate was removed by centrifugation. Samples were then stored at 4 °C for loading onto
a HiLoad™ 26/600 Superdex™ 200 pg size exclusion chromatography (SEC) column (GE
Healthcare Life Sciences, Chicago, IL, USA). Loading and elution steps were repeated with flow
through collected during the first loading step to collect remaining protein from the

supernatant.

3.1.2.5. Cation exchange chromatography

For wild type mScl, filtered supernatant was loaded onto a 6 mL RESOURCE S™ cation
exchange chromatography (CEC) column (GE Healthcare Life Sciences, Chicago, IL, USA)

equilibrated with Buffer A1 (50 mM MES, 100 mM NaCl, pH 6), whilst mScl hFc or mScl hFc PD
pooled samples from the SEC step (2.1.2.6) were loaded onto a 1 mL RESOURCE S™ CEC
column that was equilibrated with Buffer A2 (10 mM PBS, pH 7.4). All columns were washed
with PBS after samples were loaded. Wild type mScl was then eluted by increasing Buffer B1
(50mM MES, 500 mM NaCl, pH 6) and decreasing Buffer Al in a step wise manner, whilst mScl
hFc and mScl hFc PD were eluted by linear gradient using Buffer A2 and B2 (10 mM PBS, 1 M
NaCl, pH 7.4). Peak fractions (220 mAU) were collected in 96 well collection plates (mScl hFc
and mScl hFc PD) or 8 mL collection tubes (mScl). Selected samples were then pooled for
loading onto a SEC column (mScl) or tested for endotoxin and stored at -80°C (mScl hFc and

mScl hFc PD).
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3.1.2.6. Size exclusion chromatography

Sample containing mScl was loaded onto a HiLoad™ 26/600 Superdex™ 75 pg SEC column,
whilst sample containing mScl hFc or mScl hFc PD were loaded onto a HiLoad™ 26/600
Superdex™ 200 pg column, followed by 1.2 column volume elution and collection of peak
fractions (220 mAU) in 96 well collection plates. Selected fractions were analysed by SDS-
PAGE and fractions containing protein were pooled for loading onto a RESOURCE S™ column

(mScl hFc and mScl hFc PD) or tested for endotoxin and stored at -80 °C (mScl).

3.1.2.7. Purified protein analyses

SDS-PAGE

Samples were collected throughout the purification process for SDS-PAGE analysis. NUPAGE®
LDS Sample Buffer (Thermo Fischer Scientific, Waltham, MA, USA) was added to each sample
for non-reducing conditions and NUPAGE® Sample Reducing Agent was used for reducing
conditions. Samples were prepared and loaded onto NUPAGE™ 4-12% Bis-Tris Protein Gels
that were placed in a mini gel tank (Thermo Fischer Scientific, Waltham, MA, USA) filled with
NuPAGE™ MES SDS Running Buffer. SeeBlue™ Plus2 Pre-stained Protein Standard (Thermo
Fischer Scientific, Waltham, MA, USA) was used as a standard and gels were run according to
manufacturer’s guidelines. To visualise protein bands, gels were stained with InstantBlue™
Protein Stain (Expedeon, San Diego, CA, USA) and imaged with an ImageQuant LAS 4000

camera system (GE Healthcare Life Sciences, Chicago, IL, USA).

Analytical gel filtration

Samples (120 pL of 0.7 mg/mL sample) were loaded onto a Superdex® 200 10/30 GL column
connected to an Agilent 1100 HPLC system (Agilent, Santa Clara, CA, USA), followed by elution
with 10 mM PBS. Bio-Rad Gel Filtration Standard (Bio-Rad, Hercules, CA, USA) was used to

calculate protein size.
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Deglycosylation

N-linked oligosaccharides were removed from protein using peptide-N-glycosidase F (PNGase
F) and supplied reagents, as described by the manufacturer’s guidelines (New England
Biolabs, Ipswich, MA, USA). Analysis was done by SDS-PAGE under reducing and non-reducing

conditions, as described earlier.

N-terminal sequencing

Denaturing loading buffer was added to protein samples in a 1:3 ratio for SDS-PAGE analysis.
After SDS-PAGE, protein was transferred to a polyvinylidene fluoride (PVDF) membrane with
an Invitrogen™ iBlot™ Gel Transfer Stack and iBlot™ Dry Blot System (Thermo Fischer
Scientific, Waltham, MA, USA), as per provided instructions. The PVDF membrane was then
stained with Ponceau S solution (Merck KGaA, Darmstadt, Germany), rinsed with dH,0 and
left to dry overnight. Briefly, bands of interest were excised from the PVDF membrane and
individually applied to reaction cartridges on a Procise® Protein Sequencing System (Life
Technologies, Carlsbad, CA, USA). Samples were subjected to 13 cycles of Edman Chemistry,
including 2x blanks and 1x PTH-amino acid standard, and data was analysed using
SequencePro™ Data Analysis Application (Applied Biosystems, Foster City, CA, USA). Imagel
(U. S. National Institutes of Health, Bethesda, Md, USA) was used to calculate the percentage
truncated mScl hFc PD (based on SDS-PAGE band intensity) (Schneider et al., 2012).

3.1.2.8. Protein concentration

Protein concentration was measured using a NanoDrop™ 1000 spectrophotometer (Thermo
Fischer Scientific, Waltham, MA, USA). NanoDrop™ software uses a default extinction
coefficient value of 1, therefore, to determine proper protein concentrations, the correct
protein extinction coefficient for each protein construct was calculated using ProtParam

(Gasteiger et al., 2005). Concentration in mg/mL was then calculated as follows (adapted from
Mw .
Beer-Lambert Law): Cpror = Cazgo * (T)’ where cprot = concentration in mg/L, caso =

absorbance at 280 nm or concentration calculated by NanoDrop™, MW = molecular weight
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of protein (daltons), and € = extinction coefficient (M.cm™) (Table 3.1) (Grimsley and Pace,

2004).

Table 3.1: Extinction coefficients of recombinant mScl constructs.

Protein Extinction coefficient (M1.cm?)
mScl hFc PD 61288
mScl hFc 61288
mScl 25690

3.1.2.9. Endotoxin measurement and removal

Sample endotoxin levels were measured with an Endosafe®-PTS™ system (Charles River,
Wilmington, MA, USA) to ensure endotoxin levels were <2 EU/mg in all purified protein
samples. Proteus NoEndo™ S spin columns (Generon, Slough, UK) were used to remove
endotoxins from mScl samples with endotoxin levels above 2 EU/mg, as per the provided kit
instructions. RESOURCE™ S CEC (3.1.2.5) was repeated to reduce endotoxin levels in mScl hFc

and mScl hFc PD samples to <2EU/mg. Samples were then aliquoted and stored at -80 °C.

3.1.2.10.Protein storage

To protect protein against cryodamage, 10% endotoxin free glycerol was added to mScl, mScl
hFc and mScl hFc PD samples. Samples were then aliquoted to 2 mL Greiner Cryo.s™ vials

(Greiner Bio-One, Kremsmiunster, Austria) and stored at -80 °C.

3.2. Invitro functionality and efficacy of recombinant sclerostin constructs
3.2.1. Isothermal titration calorimetry

The aim of the isothermal titration calorimetry (ITC) assays, a technique that measures heat

exchange during a biomolecular binding event in solution directly, were to investigate binding
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interactions between the recombinant mScl constructs and a label-free fragment of the Wnt
co-receptor LRP6 containing the first and second B-propellers of the receptor extracellular
domain (LRP6-E1E2; Holdsworth et al., 2012), and determine the KD for each construct (Doyle,
1997).

3.2.1.1. Buffer exchange

To prevent heat changes arising from buffer differences, all recombinant protein samples
(mScl, mScl hFc and mScl hFc PD) were desalted using 2 mL Zeba™ Spin Desalting Columns 7K
molecular weight cut-off (MWCO) (Thermo Fischer Scientific, Waltham, MA, USA). Columns
were prepared as per the manufacturer’s protocol. Briefly, protein samples (500 pL) were
applied directly to column resin, followed by addition of 200 uL Dulbeco’s phosphate buffered

saline (DPBS) stacker. Columns were then centrifuged and 700 pL samples were collected.

3.2.1.2. ITC assay

A MicroCal PEAQ-ITC (Malvern Instruments Ltd, Malvern, UK) instrument was used for all ITC
measurements. The system was cleaned and prepared as per test kit guidelines and on-screen
instructions provided by MicroCal PEAQ-ITC Control Software (Malvern Instruments Ltd,
Malvern, UK). LRP6-E1E2 (111 uM) (UCB, Slough, UK) was added to the syringe, whilst 20 uM
desalted recombinant protein sample was added to the sample cell, as per on-screen
instructions. Runs for each protein construct was performed in triplicate and parameters
were set as follows before starting the assays: syringe concentration (LRP6-E1E2) = 111 uM;
cell concentration (recombinant Scl constructs) = 20 uM; Temperature = 25 °C; Reference
power (ucal/s) = 10; Feedback = High. To maximise number of experiments per day, due to
limited time on the machine as well as to improve protein stability, injection parameters were
set as: number of injections = 10 and volume (uL) = 4 (a 0.4 uL injection was done prior to
experimental runs to minimise impact of equilibration artefacts). To reduce artefacts, the test
cell was rinsed manually with DPBS after each run, before adding new protein sample. Both
the reference cell and syringe were rinsed between runs for different recombinant protein

constructs.
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3.2.1.3. Analysis

ITC data was fitted to a single site binding model using the MicroCal PEAQ-ITC Analysis
Software (Malvern Instruments Ltd, Malvern, UK). KD and binding stoichiometry were
calculated from fitted data, whilst entropy changes (AS) and Gibbs free energy changes (AG)
were derived from the thermodynamic relationships: AG = AH-TAS (where T is absolute

temperature in Kelvin) (Hammes and Hammes-Schiffer, 2015).

3.2.2. Microscale thermophoresis

Microscale thermophoresis (MST) assays are based on detection of a temperature-induced
change in fluorescence of labelled protein as a function of the concentration of a non-
fluorescent ligand (Jerabek-Willemsen et al., 2014). Therefore, the aim of the MST assays was
to investigate binding reactions between the recombinant mScl constructs and fluorescently
labelled LRP6-E1E2 (Holdsworth et al., 2012). A Monolith NT™ Protein Labelling Kit RED-NHS
with a Monolith NT.115 instrument (NanoTemper Technologies, Munich, Germany) were

used for the assays.

3.2.2.1. Labelling LRP6-E1E2 with NT647

Fluorescence labelling of purified LRP6-E1E2 (UCB, Slough, UK) was performed as per
provided protocol for N-hydroxysuccinimide (NHS) coupling of NT647 dye (NanoTemper
Technologies, Munich, Germany) to lysine residues of the receptor protein. Quality of the
purified labelled LRP6-E1E2 (LRP6-NT647) was assessed by calculating degree of labelling
(average number of NT647 dye molecules coupled with an LRP6-E1E2 molecule). Absorbance
of purified fractions was measured at 280 nm and 647 nm. Concentration of LRP6-NT647
(A280) and NT647 only (Ass7) were then calculated using a modified Beer-Lambert Law

. A-CF . . . . .
equation: ¢ = < where c is the protein concentration (M), A is the absorbance, ¢ is the

molar extinction coefficient (M*.cm™), L is the pathlength (cm) and CF is the correction factor.
Degree of labelling was then calculated by dividing NT647 concentration with LRP6-NT647

concentration.
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3.2.2.2. Optimal LRP6-NT647 concentration

To determine the optimal LRP6-NT647 concentration for MST assays, a serial dilution (100,
50, 25 and 12.5 nM) of LRP6-NT647 was prepared. Premium capillaries (NanoTemper
Technologies, Munich, Germany) filled with LRP6-NT647 dilution samples were loaded onto
a Monolith NT.115 instrument and capillary scans (Cap Scan in the NanoTemper software
suite) were performed to measure the signal strength of the labelled LRP6. Sample
concentrations with a raw fluorescence count >200 (minimum signal required for optimal

readings) were selected for MST assays.

3.2.2.3. Sample preparation

LRP6-NT647 (25 nM) samples were prepared, and a Cap Scan was performed to confirm that
newly prepared samples provided the required signal strength. Recombinant Scl stock
samples (human Scl, mScl, mScl hFc, and mScl hFc PD) were diluted to 500 nM with DPBS (pH
7.4) containing 0.05% Tween 20 and 50% (w/v) PEG8000, and a 12-point titration of the
diluted Scl samples were prepared with fixed LRP6-NT647 (Table 3.2).

Table 3.2: Scl and LRP6-NT647 twelve-point titrations.

Microcentrifuge 1 2 3 4 5 6 7 8 9 10 | 11 | 12
tube
Scl (nM) 250 | 125 |62.5]31.25|15.63|7.81]3.91|1.95]0977|0.490.25]0

LRP6-NT647 (nM) | 12.5 | 12.5 | 12.5 | 12,5 | 12,5 |125|12,5| 125|125 | 12.5| 12,5125

3.2.2.4. MST assay

A 12-point dilution series was completed for each MST run, which was performed separately
and in triplicate for each recombinant protein construct. Premium capillaries were filled with
Scl/LRP6-NT647 samples and loaded onto an NT.115 instrument. Running parameters were
set as follows using MO.Control software (NanoTemper Technologies, Munich, Germany):
Temperature: 23.9 °C; 5s/30s/5s infrared (IR) laser off/on/off times; LED power = 100%; MST

power = 40%; Fixed LRP6-NT647 concentration = 12.5 nM; Ligand concentration of each
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capillary: as per Table 3.2. A Cap Scan was performed to confirm LRP6-NT647 signal was
evenly distributed across capillaries and to monitor for any adsorption effects. The
experimental run was started once linear, narrow, smooth sample peaks, similar in size and
height, were observed for each capillary. Dose response curves, plotted as change in MST
signal versus ligand concentration, for each Scl construct were fitted using the KD model (a
1:1 interaction model) of the MO. Affinity Analysis v2.2.6 software (NanoTemper
Technologies, Munich, Germany). The dissociation constant (KD) was then derived from fitted

data using the law of mass action (Kenakin, 2016).

3.2.3. Surface plasmon resonance

Surface plasmon resonance (SPR) measures change in the refractive index at a gold sensor
chip coated with immobilised ligands. A change in this refractive index when analytes are
passed over the receptor coated chip surface is observed as a response and is linearly related
to the number of molecules bound (Jason-Moller et al., 2006). Therefore, the aim of the
Biacore SPR assays was to provide additional evidence that the recombinant mScl constructs
were functionally active and able to bind to LRP6. To achieve this, a competition assay was
set up on a Biacore™ 3000 instrument (GE Healthcare Life Sciences, Chicago, IL, USA).

Biacore™ experiments were conducted at 25 °C.

3.2.3.1. Sensor surface preparation

Flow cells on a CM5 gold carboxymethyl dextran coated sensor (GE Healthcare Life Sciences,
Chicago, IL, USA) were activated by addition of a mixture, in water, of 0.1 M N-
hydroxysuccinimide (NHS) and 0.5 M ethyl(dimethylaminopropyl)carbodiimide (EDC) (GE
Healthcare Life Sciences, Chicago, IL, USA) to the sensor (60 pL injection at a 10 puL/min flow
rate). Recombinant Scl constructs (20 pug/mL human Scl (hScl; UCB), mScl, mScl hFc and mScl
hFc PD) in 10 mM sodium acetate pH 4 were added to selected flow cells, at 10 puL/min, using
HBS-EP pH 7.4 (10 mM HEPES, 150 mM NaCl, 3 mM EDTA and 0.05% v/v surfactant P20; GE

Healthcare Life Sciences, Chicago, IL, USA), to immobilise ~1600 RU (response unit) on the
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sensor surface. A reference flow cell and remaining unreacted activated sites were blocked

by addition of 1 M ethanolamine (50 uL injection at 10 puL/min).

3.2.3.2. Establishing LRP6-E1E2 concentration for Scl coated sensors in a competition assay

To show that Scl coated sensor surfaces were active and to establish how much LRP6-E1E2-
Fc (UCB, Slough, UK) to use in the Scl-LRP6 competition assay, LRP6-E1E2-Fc dilutions (30, 10,
3,1,0.3 and 0.1 nM) in HBS-EP pH 7.4 containing 1 mg/mL CM-dextran (to inhibit non-specific
interactions; Honeywell Fluka™, Charlotte, NC, USA) were passed over selected flow cells (30
uL injections at 10 pL/min) coated with the different Scl preparations, using HBS-EP H 7.4
(with 1 mg/mL CM-dextran) as the running buffer. The surface was regenerated following
each run using two injections of 30 mM HCI (10 L) at a flow rate of 10 uL/min. Following
positive results, LRP6-E1E2-Fc (300, 100, 30, 10, 3 and 1 nM) dilutions in HBS-EP containing 1
mg/mL CM-dextran were passed over flow cells coated with hScl (UCB). A change in refractive
index when LRP6-E1E2-Fc passes over the Scl coated chip surface was observed as a response
signal that was quantified in resonance units. The response was plotted on SPR sensorgrams
as a function of LRP6-E1E2-Fc concentration, and a dilution curve was used to determine the

LRP6-E1E2-Fc concentration to use in the competition assay.

3.2.3.3. SPR competition assay

A range of dilutions (1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81 and 0 nM) of the Scl
constructs (hScl, mScl, mScl hFc and mScl hFc PD) in HBS-EP pH 7.4, containing 1 mg/mL CM-
dextran, were pre-incubated with 100 nM LRP6-E1E2-Fc for 30 minutes at room temperature.
Duplicate hScl/LRP6-E1E2-Fc samples were prepared, one for the start and one for the end of
the assay, to confirm that the sensor surface did not change during the assay. The Scl/LRP6-
E1E2-Fc samples were passed over a reference and hScl coated flow cells using 30 uL
injections and a flow rate of 10 pL/min. HBS-EP containing 1 mg/mL CM-dextran was used as
the running buffer. Responses at each concentration were used to construct dilution curves
with XLfit version 5.5.0.5 (IDBS, Guildford, UK). EC50 (the concentration of Scl needed to

achieve 50% of the maximum response) for each recombinant Scl construct were derived
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o . : Ymax—Ymi
from the midpoint between the minimum and maximum response rate ((m“xz—mm) + Yoin)

on the fitted dilution curves. The cell surface was regenerated following each run using two

injections of 30 mM HCI (10 pL) at a flow rate of 10 puL/min.

3.2.4. Mineralised nodule formation assay

The aim of the mineralised nodule formation assay was to investigate the effect of
recombinant mScl constructs on in vitro bone formation. Three independent assays were

completed for each recombinant mScl construct.

3.2.4.1. Cell revival from cryopreservation

MC3T3-E1 Subclone 14 (ATCC® CRL-2594™) mouse pre-osteoblasts (ATCC, Manassas, VA,
USA) (passage number 22) were selected as an appropriate mineralisation model since they
express LRP4/5/6 and have been shown to be sensitive to Scl (Li et al., 2009). Cells were
prepared from frozen with pre-warmed complete growth medium (Minimum Essential
Medium Alpha (Thermo Fischer Scientific, Waltham, MA, USA) containing 2 mM L-Glutamine,
Ribonucleosides, Deoxyribonucleosides, 10% foetal bovine serum (FBS), and no ascorbic acid),
as described by the product sheet provided with the cells. Resuspended cells were then added
to pre-warmed complete growth medium in 175 cm? rectangular straight neck cell culture
flasks with vented caps and incubated at 37 °C and 5% CO; until confluent (approximately 72

hours).

3.2.4.2. Cell sub-culturing

Once cells achieved >80% confluence, culture medium was discarded, and residual culture
medium was removed by rinsing cells with sterile DPBS. Cells were detached using TrypLE™
Express (with EDTA; without phenol red; Thermo Fischer Scientific, Waltham, MA, USA) cell
dissociation solution, as per provided instructions, and transferred to a 50 mL Falcon tube

containing complete growth medium. The cell suspension was centrifuged, supernatant
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discarded, and the cell pellet was resuspended in complete growth medium. To count the
cells, 10 uL 0.4% Trypan Blue Stain (Thermo Fischer Scientific, Waltham, MA, USA) was added
to 10 pL resuspended cells. The Trypan blue/cell solution was added to a Cellometer cell
counting chamber and cells were counted using the Trypan Blue program on a Cellometer
Auto 1000 (Nexcelcom Biosciences, Lawrence, MA, USA). The total number of cells required
per well on a 24 well cell culture plate was 11438 (6020 cells/cm? x 1.9 cm?). Thus, a total of
1.83x10° cells were required for 144 wells (6 x 24 well cell culture plates). Complete growth
medium (500 pL) and 500 L cell suspension was added to each well (1 mL total volume per

well) and cells were maintained at 37 °C and 5% CO; for 48 hours.

3.2.4.3. Anti-Scl antibody Fab preparation

Fragment antigen binding (Fab) fragments of a Scl neutralising antibody (Scl-Ab1; UCB,
Slough, UK) were used as an experimental control and were generated using a Pierce™ Fab
Preparation Kit (Thermo Fischer Scientific, Waltham, MA, USA). PBS/1% BSA (w/v) and PBS
3% BSA were prepared fresh for each preparation and Fabs were prepared as described by

the provided kit guidelines.

3.2.4.4. Cell treatment

After 48 hours, media was replaced with 500 pL osteogenic media (complete growth medium
supplemented with 50 pg/mL ascorbate-2-phosphate and 10 mM B-glycerophosphate) and
cells were treated with 50 nM recombinant mScl constructs (mScl hFc and mScl hFc PD
concentrations were the molar equivalent of mScl concentration) (Table 3.3). Antibody
controls were co-treated with 50 nM recombinant mScl and 230 nM Scl neutralising antibody
(Scl-Ab1; Veverka et al., 2009) (UCB, Slough, UK), Scl-Ab1 Fab, or an irrelevant isotype control
Ab. Vehicle controls were treated with DPBS (DPBS volume was equivalent to the highest
volume of protein used for treatment), whilst medium controls were treated with complete
growth media only (Table 3.3, Row 1). Cells were maintained at 37 °C and 5% CO;, and
treatment was repeated approximately every 48 hours, until 290% mineralisation was

observed in osteogenic media control wells.
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Table 3.3: MC3T3-E1 mineralised nodule formation assay 24-well plate layout and well contents.

A B Cc D E F
Complete Complete Complete Complete Complete Complete
growth growth growth growth growth growth
medium medium medium medium medium medium

Ost i Ost i Ost i
Osteogenic Osteogenic Osteogenic > e.ogenlc ° e.ogenlc s e.ogenlc
media media media media media media
DPBS DPBS DPBS
Osteogenic Osteogenic Osteogenic
Osteogenic Osteogenic Osteogenic . & . & . &
i R R media media media
media media media
msel construct mSel construct mSel construct mScl construct mScl construct mScl construct
Anti-Scl Ab Anti-Scl Ab Anti-Scl Ab
Osteogenic Osteogenic Osteogenic Osteogenic Osteogenic Osteogenic
media media media media media media
mScl construct mScl construct mScl construct mScl construct mScl construct mScl construct
Anti-Scl Fab Anti-Scl Fab Anti-Scl Fab Control Ab Control Ab Control Ab

3.2.4.5. Cell fixing

Cells were fixed in formalin once sufficient mineralisation occurred. Briefly, supernatant was
discarded, and cells were washed twice with DPBS. Neutral buffered formalin (NBF) (200 pL
10%) was added to each well, followed by incubation at room temperature for 20 minutes.
NBF was removed by rinsing wells with 200 uL DPBS, and plates were left to dry at room
temperature. Dry plates were scanned using a Canon flatbed scanner (Canon, Ota City, Tokyo,

Japan) with a black background.

3.2.4.6. Alizarin Red S staining

Fixed cells were stained with Alizarin Red S to detect mineralisation (Taylor et al., 2014).
Freshly prepared 40 mM Alizarin Red S pH 4 was added to each well (500 uL/well), followed
by incubation at room temperature for 10 minutes. After incubation, excess Alizarin Red S
was discarded, and wells were washed with 70% ethanol until all unbound stain was removed.

Plates were then placed face down on paper towel to air dry. Once dried, plates were scanned
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using a Canon flatbed scanner (Canon, Ota City, Tokyo, Japan) with a white background and

were stored in darkness at room temperature for cetylpyridinium chloride (CPC) staining.

3.2.4.7. Cetylpyridinium chloride staining

Cetylpyridinium chloride (CPC) extracts Alizarin Red S from the stained mineral and was used
to quantify mineralisation (Shah et al., 2020). CPC (10% w/v) was freshly prepared and added
to each well (500 uL/well), followed by 60 minutes incubation in darkness. Samples (100 uL)
were then transferred from the 24 well plates to 96 well plates, and absorbance was
measured at 570 nm with a Synergy™ 2 Multi-Mode Microplate Reader instrument using

Genb5 2.09 software (BioTek, Winooski, VT, USA).

3.3. Invivo biological activity and efficacy of recombinant sclerostin constructs

3.3.1. Single dose pharmacokinetic and pharmacodynamic study

The aim of the in vivo single dose pharmacokinetic and pharmacodynamic study was to
determine the circulating half-life of the recombinant mScl constructs and to assess any
changes in serum procollagen type | N-terminal propeptide (P1NP, a bone formation marker)
levels. Dose administration and serum sample collection were done by technicians at Charles

River Laboratories Edinburgh Ltd (Tranent, Edinburgh, UK).

3.3.1.1. Animals

SOST”/" mice (Mus musculus) were sourced from Charles River Laboratories Edinburgh Ltd
(Tranent, Edinburgh, UK) and were used as a pre-clinical model that mimics sclerosteosis,
whilst C57/BL6 mice were used as wild type (WT) controls (Li et al., 2008). SOST”" mice and
WT littermates (8-10 week old) weighing approximately 20 g were housed at Charles River
Laboratories Edinburgh Ltd (Tranent, Edinburgh, UK). WT control groups consisted of 12
female and 12 male mice (Table 3.4), whilst SOST7- groups consisted of 12 females and three

males (Nwtai=117). Female mice were housed in groups (three per cage) and males were kept
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individually (one per cage) in UK Home Office-compliant solid bottom polycarbonate and
stainless-steel caging. A 12-hour light/dark cycle and temperature of 21 °C was maintained,
and mice were offered play tunnels, wooden chew sticks and nestlets for environmental
enrichment. Tap water was available ad libitum and all animals were fed a laboratory diet of
known formulation (details held at the Charles River test facility) throughout the study.
Animals were allowed to acclimatise for five days and were observed to ensure that they were
in good health and suitable for inclusion in the study. Animals were under the care of Charles
River’s clinical veterinary surgeons. Animal experiments were performed in accordance with
South African (South African National Standard (SANS 10386-2008)) and UK (Animals
(Scientific Procedures) Act 1986) guidelines, and were approved by the University of Pretoria

Animal Ethics Committee and UCB Pharma Animal Welfare and Ethical Review Body.

3.3.1.2. Dose formulation and regimen for the pharmacokinetic and pharmacodynamic study

Protein samples (mScl, mScl hFc and mScl hFc PD) were removed from -80°C storage on the
afternoon prior to dose administration and allowed to thaw overnight at 2-8°C. The following
morning PBS was added to homogenous samples to dilute the samples to required dose
concentrations (Table 3.4). A single dose formulation of mScl hFc (10 mg/kg), mScl hFc PD (10
mg/kg), or a molar equivalent of mScl (4.4 mg/kg), to adjust for molecular weight differences
between proteins, was administered intravenously as a bolus injection via the tail vein over a
30 second period. The 10 mg/kg/wk dose was selected based on prior experience of the PK

behaviour of Fc-fusion proteins.
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Table 3.4: Animal and dosing information for the pharmacokinetic and pharmacodynamic study.

Mouse No. of Animals Protein Dose Level Dose ] Dose
Group strain Route Female Male compound (mg/ke) Concentration | Volume
(mg/mL) (mL/kg)
1 C57/BL6 v 12 12 mScl 4.4 0.88 5
2 SOST” \Y; 12 3 mScl 4.4 0.88 5
3 C57/BL6 v 12 12 mScl hFc 10 2 5
4 SOST” v 12 3 mScl hFc 10 2 5
5 C57/BL6 v 12 12 mScl hFc PD 10 2 5
6 SOST v 12 3 mScl hFc PD 10 2 5

IV: intravenous

3.3.1.3. Blood sample collection and processing

Predose blood samples were collected from all mice prior to dose administration (Table 3.5
and 3.6). Thereafter, serial blood samples were collected at allocated time points (5 minutes,
1,2,6hours, 1,2,3,4,5,6, 7,8, 10 days; N=3) and terminal blood samples were collected at
mouse takedown on Day 10. Predose and serial blood samples were collected via the
saphenous vein, whilst terminal samples were collected from the orbital sinus. Blood samples
were kept at room temperature for a minimum of 30 minutes and maximum of 60 minutes,
followed by centrifugation at 4 °C and 1500 g for 10 minutes. The resulting serum was stored

at -80 °C until shipment to UCB labs.

Table 3.5: Sampling schedule for WT mice in the pharmacokinetic and pharmacodynamic study.

Time Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal
016 | o017 | o18F | o19F | o020 | 021F | o22F | o023 | o24F | o25F | o2eF | o27F
(hours) ™2em | 020M | 030M | 031M | 032M | 033M | 034M | 035M | 036M | 037M | 038M | 039M
Predose A A A A A A A A A A A A
0.083 A A A
1 B B B
2 B B B
6 B B B
24 B B B
48 B B B
72 B B B
96 B B B
120 B B B
144 C C C
168 C C C
192 C c C
240 c Cc c

Blood sample volume collected: A) 60uL; B) 120uL; C) terminal sample. F: female; M: male; N=24: 12 females and 12 males.
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Table 3.6: Sampling schedule for SOST- mice in the pharmacokinetic and pharmacodynamic study.

Time Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal Animal
(hours) 001F 002F 003F 004F 005F 006F 007F 008F 009F 010F 011F 012F 013M 014M

Animal
015M

Predose A A A A A A A A A A A A A A

0.083 A A A

1 B B B

2 B B B

6 B B B

24 B B B B B

48 B B B

72 B B B

96 B B B B B

120 B B B

144 C C c

168 C C C A A

192 C C C

240 C C C C C

Blood sample volume collected: A) 60pL; B) 120uL; C) terminal sample. F: female; M: male; N=15: 12 females and 3 males.

3.3.1.4. Circulating sclerostin concentrations measured by LC-MS/MS

The method for measuring circulating Scl levels consisted of three steps: peptide selection,
trypsin digestion and liquid chromatography coupled to tandem mass spectrometry (LC-

MS/MS) analysis.

Peptide selection

The amino acid (aa) sequences of the recombinant mScl constructs were used to create an in
silico library of surrogate tryptic peptides using Skyline 20.1 software (MacCoss Lab,
University of Washington Genome Sciences, Seattle, WA, USA; MacLean et al., 2010). From
this library, surrogate peptide candidates were selected mainly based on their uniqueness to
the protein of interest and eligibility criteria, such as no post-translational modification and
peptide lengths between 6-16 aa (Kamiie et al., 2008). Selected peptides were verified against
tryptically digested samples (see below) of the proteins of interest on the LC-MS/MS system
and then further screened to select the best responders in terms of LC-MS/MS performance,
such as good MS sensitivity (Signal/Noise >5) and good chromatographic separation. Best

responding peptides were used to analyse the collected serum samples.

Tryptic digestion
Serum, myoglobin internal standard, LC-MS grade acetonitrile and 0.2 M Tris(2-carboxyethyl)-

phosphine (TCEP) were transferred to deep well plates and heated at 70 °C for 30 minutes.
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Once cooled to room temperature, 7 uL 0.1 M iodoacetamide (IAA) was added and samples
were incubated in the dark for 30 minutes at 37 °C. After incubation, 500 pL 100 mM
ammonium bi-carbonate buffer and 10 pL resuspended trypsin (in 50 mM acetic acid) was
added to each sample to achieve a 1:78 enzyme to protein ratio. Samples were then

incubated in a shaking incubator for a minimum of 4 hours at 37 °C.

Digested samples were desalted using Waters Oasis® Hydrophilic-Lipophilic-Balanced solid
phase extraction sorbent (Waters Corporation, Milford, MA, USA). Briefly, samples were
centrifuged at 10000 g for 15 minutes and loaded onto equilibrated cartridges. Cartridges
were then washed with 1 mL 5% methanol + 0.5% formic acid (FA), followed by elution and
collection of peptides using 1 mL methanol + 0.5% FA. Thereafter, 10% glycerol was added to
eluted samples, which were dried in a vacuum concentrator until samples were completely
dry. Dried samples were resuspended in 100 puL 5% methanol + 0.5% FA for use with the LC-
MS/MS system.

LC MS/MS and pharmacokinetic analysis

Prepared samples were analysed using a Shimadzu UHPLC system (Shimadzu, Kyoto, Japan)
coupled to a QTRAP® 6500 LC-MS/MS system (AB Sciex, Redwood City, CA, USA). Liquid
chromatography was performed using a Phenomenex Luna® 3 p €18 100 A (150x2 mm) HPLC
column (Phenomenex, Torrance, CA, USA). A linear gradient of 2-98% acetonitrile 0.1% FA
were applied to elute peptides at a flow rate of 0.5 mL/min for 5 minutes. The mass
spectrometer was set to run a multiple reaction monitoring experiment for detection of
peptides in positive ionization mode. Instrument control and data processing was done using
Analyst® 1.6.2 Software (AB Sciex, Redwood City, CA, USA). To determine pharmacokinetic
parameters, data was fitted to non-compartmental models using Phoenix® WinNonlin® 8.1
software (Princeton, NJ, USA). Compartmental models were fitted with Berkeley Madonna
9.1.19 software (University of California, Berkeley, California, USA) to simulate a 42-day

dosage study.
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3.3.1.5. P1INP ELISA

Procollagen Type | N-terminal propeptide (P1NP) is a reference bone formation marker that
increases during bone formation and decreases during bone resorption (Vasikaran et al.,
2011). PINP concentrations were therefore measured using P1NP ELISA kits
(Immunodiagnostic Systems Holdings PLC, Tyne and Wear, UK). Prior to assaying
experimental samples, the protocol was practised on untreated C57/BL6 mice serum samples
to ensure that all samples can be transferred to 96-well ELISA plates within the recommended
time limit, to minimise sample drift. Standards, controls and reagents were prepared as
described by the included instructions and the provided assay procedure was followed
precisely. Individual serum samples were added to two wells (N=2) and two independent
ELISAs were performed. Absorbance was measured at 450 nm (reference 650 nm) and
calibration curves were plotted in GraphPad Prism 8.4.1 (GraphPad Software, San Diego, CA,
USA) to determine, through interpolation, the PINP concentrations in controls and serum

samples.

3.3.2. Pharmacology study

The pharmacology study aimed to determine the safety and effect of the recombinant mScl
constructs on bone formation, bone density, and skeletal architecture of WT and SOST/- mice

over a six-week dosing period.

3.3.2.1. Animals

Female SOST/- mice and wild type (WT) C57/BL6 littermates (7-10 week old; males were
excluded to eliminate gender-related data discrepancies) weighing approximately 20 g were
obtained from Charles River Laboratories Edinburgh Ltd (Tranent, Edinburgh, UK). Mice were
allocated to eight groups (N=6 mice per group; group 5 had an additional mouse) based on a
validated UCB testing protocol and to maintain the integrity of the collected data (Table 3.7).
Animals were housed in cages with environmental enrichment (as prescribed in the Animal
(Scientific Procedures) Act UK 1986) and a 12-hour light/dark cycle. Temperature was

maintained at approximately 21 °C and mice had access to water and RM1 food pellets (Aston
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Pharma, London, UK) ad libitum. Mice received a seven-day acclimatisation period and were
observed to ensure that they were in good health and suitable for inclusion in the study.
Animals were cared for by qualified UCB animal technicians with experience from similar
mouse studies (qualifications included UK IAT Certification up to Level 4) and were weighed
once weekly to monitor body weights. Animal experiments were performed in accordance
with South African (South African National Standard (SANS 10386-2008)) and UK (Animals
(Scientific Procedures) Act 1986) guidelines, and were approved by the University of Pretoria

Animal Ethics Committee and UCB Pharma Animal Welfare and Ethical Review Body.

3.3.2.2. Dose formulation and regimen for the pharmacology study

Recombinant protein samples (mScl, mScl hFc and mScl hFc PD) and 0.3% rat serum albumin
(RSA) were removed from -80 °C storage on the afternoon prior to dose administration and
thawed overnight. PBS pH 7.4 and 0.3% RSA were added to homogenous samples the
following morning to dilute samples to the required dose concentrations (Table 3.7). Mice
were restrained by scruffing (grasping the skin at the nape) and 100 pL dose formulation (mScl
construct; PBS pH 7.4; 0.1% RSA) was administered subcutaneously (SC) over a 30 second
period. A 4.4 mg/kg mScl dose was administered six days a week for six weeks (Table 3.7 and
3.8). The seventh day was omitted to keep the number of needle pricks per animal <40, as
specified by the project licence. mScl hFc and mScl hFc PD doses (10 mg/kg) were
administered once a week for six weeks (Table 3.7 and 3.8). Since these were new protein
constructs, a cautious administration strategy was used, whereby an initial mouse was dosed
with mScl hFc PD and observed for adverse effects before dosing the remainder of the cohort.
Animals treated with mScl hFc and mScl hFc PD were dosed with vehicle (0.1% RSA; PBS pH
7.4) five days a week for the duration of the study to keep administration consistent across
the groups (Table 3.7 and 3.8). On day 31 and 39 (Table 3.8), Calcein (Sigma-Aldrich, St. Louis,
MO, USA), a fluorescent chromophore that specifically binds to calcium, was administered
intraperitoneally (100 pL at 20 mg/kg) to all mice for optional ex vivo bone histomorphometry

(Ducy et al., 2000).
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Table 3.7: Animal and dosing information for the pharmacology study.

Mouse No. of Protein Dose Dose . Dose
Group strain Animals Route compound Level Concentration Volume

(mg/kg) (mg/mL) {*18)

1 C57/BL6 6 SC Vehicle N/A 0 100
2 SOST” 6 SC Vehicle N/A 0 100
3 C57/BL6 6 SC mScl 4.4 1.1 100
4 SOST 6 SC mScl 4.4 1.1 100
5 C57/BL6 7 SC mScl hFc 10 2.5 100
6 SOST 6 SC mScl hFc 10 2.5 100
7 C57/BL6 6 SC mScl hFc PD 10 2.5 100
8 SOST” 6 SC | mScl hFc PD 10 2.5 100

SC: subcutaneous; N/A: not applicable
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3.3.2.3. Sample collection and processing

Blood samples

Animals were restrained using a standard restraining device and all blood samples, except
terminal, were collected via tail bleed. All blood samples were collected by UCB animal
technicians (UCB, Slough, UK). Predose (50 pL) blood samples were collected by from all mice
(N=49) prior to dose administration (Table 3.8). Thereafter, serial blood samples were collected
from selected mice at allocated time points (N=3) (Table 3.8). To collect terminal blood samples,
mice were anaesthetised under terminal anaesthesia (gaseous isoflurane administered by
inhalation) and maximum possible terminal blood samples were collected via cardiac puncture.
After sample collection, animals were euthanised via cervical dislocation. Blood samples were
centrifuged at 4 °C and 10000 g for 5 minutes and the resulting serum was aliquoted and stored

at-80 °C.

Bone samples

Lumbar vertebrae (L2-5), femurs, tibiae, and skulls were collected from euthanised animals,
cleaned of soft tissue and fixed in 10% neutral buffered formalin (NBF) (Table 3.9). After 48
hours, micro computed tomography (UCT) samples were removed from 10% NBF and washed
and stored in PBS for the duration of the uCT scans. Samples selected for optional histology and
immunohistochemistry assays were removed from 10% NBF after five days and decalcified with
Osteosoft® (Merck, Kenilworth, NJ, USA). Animal carcasses and removed skin and soft tissue

were incinerated.
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Table 3.9: Bone sample collection and preparation.

Ti P
Tissue |sts:r<-r:ni:‘rt)i::1ter Purpose Fixation Post-fix destination
L2 and L3 Soft tissue removed Histology 10% NBF Decalc.lflcatlon and
histology
L4 and L5 Soft tissue removed uCT 10% NBF KCT and 70% ethanol
Left Femur Skin and soft tissue Histology 10% NBE Decalcllflcatlon and
removed histology
Left Tibia Skin and soft tissue Histology 10% NBE Decalcllflcatlon and
removed histology
Right Femur Skin arr;i;‘:/f;;'ssue uCT 10% NBF UCT and 70% ethanol
Right Tibia Skin izi}zzf;(:lssue uCT 10% NBF UCT and 70% ethanol
Skull Skin removed uCT 10% NBF UCT and 70% ethanol

L2-5: lumbar vertebrae; uCT: micro computed tomography; NBF: neutral buffered saline

3.3.2.4. Bone densitometry

Whole body areal bone mineral density (aBMD) of anaesthetised mice were measured by dual

X-ray absorptiometry (DXA). To immobilise animals and avoid distress, mice were anaesthetised

with isoflurane and then placed in a Faxitron® UltraFocus DXA cabinet (Tucson, AZ, USA) for

aBMD measurement on Day O (baseline), 21 and 42 (Table 3.8). In addition to aBMD

measurement, regular X-ray analysis allowed for assessment of sub-clinical adverse bone events.

3.3.2.5. Pharmacokinetics and pharmacodynamics

LC-MS/MS was performed by Dr Apoorva Kotian as described in 3.3.1.4. Briefly, serum samples

collected at 5, 30 minutes, 2, 8 hours, 1, 7, 42 days were prepared by tryptic digestion and serum

Scl levels were measured by LC-MS/MS, using the peptides selected in 3.3.1.4. To determine

pharmacokinetic parameters, compartmental models were fitted with Berkeley Madonna 9.1.19

software (University of California, Berkeley, California, USA).

P1NP ELISA was performed once as described in 3.3.1.5, using samples collected at predose, 1,

7 and 42 days.
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3.3.2.6. Anti-drug antibody assay

The severity of immune responses against the administered mScl constructs were determined
by electrochemiluminescence (ECL) anti-drug antibody (ADA) assays. Serum anti-Scl antibodies
(Abs) bound to biotinylated mScl captured on streptavidin coated plates (Figure 3.1). SULFO TAG
labelled mScl then bound to the captured anti-Scl Abs and light was emitted due to a reaction
between SULFO TAG and 2x MSD reading buffer (Meso Scale Diagnostics, Rockville, MD, USA).

Measured signal was proportional to the amount of bound anti-Scl Abs.

Biotinylation

mScl and mScl hFc PD were biotinylated with EZ-Link™ NHS-LC-LC-Biotin (Thermo Fischer
Scientific, Waltham, MA, USA) as per manufacturer’s instructions. Excess Biotin was removed
using 2 mL Zeba™ Spin Desalting Columns 7K MWCO (Thermo Fischer Scientific, Waltham, MA,
USA).

SULFO-TAG labelling
mScl and mScl hFc PD were labelled with MSD GOLD™ SULFO-TAG NHS-Ester (150 nmol) (Meso
Scale Diagnostics, Rockville, MD, USA) as per provided instructions. Excess SULFO-TAG was
removed using 2 mL Zeba™ Spin Desalting Columns 7K MWCO (Thermo Fischer Scientific,
Waltham, MA, USA).
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Figure 3.1: Electrochemiluminescence anti-drug antibody assay. Unbound anti-Scl Ab binds to biotinylated mScl immobilised on
a streptavidin coated plate. Unbound SULFO TAG labelled mScl then binds to the captured anti-Scl Abs. MSD 2x Read buffer is
added to the sample solution and the reaction with the SULFO TAG is measured at 450 nm (570 nm as reference). The measured
signal is proportional to the amount of bound Anti-Scl Ab.

Assay test runs were performed prior to experimental assays to ensure large quantities of sample
could be transferred efficiently and that 1 ug/mL biotinylated and SULFO TAG labelled mScl

constructs provided sufficient signal.

Sclerostin neutralising antibody (3.2.4.4) standards (50 puL/sample; 2000, 667, 222, 74, 25, 8.2,
2.7 and 0 ng/mL) were prepared in PBS/1% BSA/10% WT serum. Biotinylated and SULFO TAG
labelled mScl (50 pL/sample; 1 ug/mL) (for mScl treated mice) and mScl hFc PD (for mice treated
with mScl hFc fusion proteins) were then added to the 50 plL standards, 50 uL experimental
serum samples (1:10 dilution) and two controls (50 uL 500 ng and 20 ng anti-Scl Ab in PBS/1%
BSA/10% WT serum). Sample solutions were incubated overnight at room temperature, in a

shaking incubator. MSD GOLD 96-well Streptavidin SECTOR plates (Meso Scale Diagnostics,
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Rockville, MD, USA) were washed (PBS/0.1% Tween wash buffer), blocked with 150 uL PBS/3%
BSA blocking buffer and incubated overnight at 4 °C.

The following day, after washing the blocked plates with wash buffer, prepared samples (50
uL/well) were loaded onto 96-well plates. Plates were sealed and incubated, shaking at room
temperature, followed by three washing steps. Two times MSD Read Buffer (Meso Scale
Diagnostics, Rockville, MD, USA) was added (150 uL/well) and signal was read immediately at
450 nm (570 nm as reference) using an MSD SECTOR Imager 6000 system (Meso Scale
Diagnostics, Rockville, MD, USA). A standard curve was generated by plotting MSD signal
(logarithmic) against Anti-Scl Ab concentration (logarithmic) in Microsoft Excel (Microsoft,
Redmond, WA, USA). Anti-Scl Ab serum concentrations were interpolated using GraphPad Prism
8.4.1 (GraphPad Software, San Diego, CA, USA) and results were corrected for 1:10 sample

dilution.

Outliers were selected and ADA confirmation assays were performed. These assays were
identical to assays described above, however, serum samples were saturated with 100 pg/mL
mScl, mScl hFc or mScl hFc PD to confirm the presence of ADAs and to determine whether ADAs

targeted the mScl or hFc regions of the recombinant mScl constructs.

3.3.2.7. Micro computed tomography

Micro computed tomography (uCT) analyses were performed to measure skeletal changes due
to treatment with the recombinant mScl constructs. The right femurs and L5 lumbar vertebrae
were cleaned of soft tissue, fixed in 10% neutral buffered formalin for 48 hours, then washed
and stored in PBS for the duration of the uCT scans. Prior to scanning, samples were removed
from storage pots, wrapped in PBS-soaked tissue for stabilisation, and placed in radiolucent

custom containers.

After blinding sample details, whole femurs and vertebrae were placed in a 16-position high
throughput sample carousel for automated scanning and were scanned using a Skyscan 1272 X-
ray micro computed tomography instrument (Bruker, Kontich, Belgium), MA, USA). X-ray

projection images, taken with a 0.6° rotation step over 180° sample rotation, were acquired using
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the Skyscan acquisition software version 1.1.17. The X-ray tube was operated at 50 kV source
voltage, 200 pA current, 1100 ms exposure time using a 0.5 mm aluminium filter to reduce X-ray
diffraction of high-density sample, and a 6 um voxel size (adapted from Javaheri et al., 2016;
Shah et al., 2010). Vertebrae and femurs were reconstructed using Skyscan NRecon version
1.7.4.6 (reconstruction engine: GPUReconServer) with the following settings: Smoothing: 1; Ring
artefacts correction: 4; Beam hardening correction: 20% for vertebrae and 30% for femurs.
Subsequently, reconstructed data sets were viewed and reoriented in SkyScan DataViewer
version 1.5.6. Vertebrae were orientated and straightened with the spinous process projecting
upwards, and femurs were rotated and straightened using a straight 90° vertical reference line,
ensuring that the femoral head was positioned proximally. Morphometric regions of interest
(ROIs) for cortical and trabecular bone were automatically segmented using custom task-list
algorithms (developed by Phil Salmon, Bruker MicroCT) in CTAn version 1.19.3.1 software
(Bruker, Kontich, Belgium). In addition, prior to measuring bone mineral density (BMD),
hydroxyapatite phantoms (dense and non-dense) were scanned and used to calibrate BMD.

Representative images were generated using Skyscan NRecon version 1.7.4.6.

Femur analysis

Trabecular and cortical bone compartments were analysed in the distal metaphysis and
diaphysis, respectively. A reference point for analysis of distal femur metaphyseal trabecular
bone and diaphyseal cortical bone was selected where the trabecular ‘bridge’ that connects the
two primary spongiosa bone ‘islands’ appeared (where the distal growth plate ends). Five
hundred (3 mm) slices from a proximal offset of 150 slices (0.9 mm) from the reference point
were selected as ROl to capture the metaphyseal region for trabecular analysis, with cortical shell
excluded (Figure 3.2). An offset of 430 slices from the reference point was selected for the
femoral cortical bone within the diaphysis, with an analysis region of 250 slices (1.5 mm) selected
(Figure 3.2). Three-dimensional algorithms were used to calculate trabecular bone parameters:
volumetric bone mineral density (vBMD), bone volume as a percentage of the total volume
scanned (BV/TV), trabecular thickness (Tbh.Th), trabecular space (Tb.Sp), trabecular number
(Th.N), trabecular bone pattern factor (Tb.Pf), structural model index (SMI) and degree of
anisotropy (DA). Cortical bone parameters were calculated with two-dimensional algorithms:

BV/TV, tissue area (T.Ar), bone area (B.Ar), medullary area (Ma.Ar), tissue perimeter (T.Pm), bone
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perimeter (B.Pm), bone cross-sectional thickness (Cs.Th), mean polar moment of inertia

(MMlI(polar)) and mean eccentricity.

Vertebra analysis

The distal and proximal growth plates were used as reference marks and trabecular bone of the
vertebral body within this region was analysed (Figure 3.2). For analysis, an upper threshold value
of 255 and a lower threshold value of 83 was used to delineate each pixel as “bone” or “non-
bone” when automatically segmenting ROIs with custom task-list algorithms in CTAn version
1.19.3.1 software (Bruker, Kontich, Belgium). Three-dimensional and two-dimensional
morphometric traits were then calculated for trabecular and cortical bone respectively (see

Femur analysis above).

Coefficients of variation

To examine variations between bone scans, the coefficients of variation (CVs) were determined
with six independent, full femoral scans (including repositioning, reconstruction and analysis)
performed on the same bone sample, to account for operator and automated algorithm bias,
and determine reproducibility of the analysis. Only trabecular bone analysis was chosen, due to
the greater margin of error involved in segmenting the ROIls, since the cortical shell shape
changes markedly throughout the analysed region. CVs of each parameter were determined as
the ratio between the standard deviation and mean, and were as follows for the relevant
parameters: BV/TV: 2.53%; Th.Th: 1.72%; Th.N: 3.2%; cortical B.Ar: 0.15% and cortical thickness:
0.46%.
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Figure 3.2: Femoral and vertebral regions of interest. Trabecular microarchitecture was assessed by puCT in wild
type and SOST”" mice aged ~3 months. A) A reference point was selected where the distal femoral growth plate
ends. An offset of 150 slices from the reference point and 500 slices were selected (yellow) as ROI for femoral
trabecular analysis. An offset of 430 slices from the references point and a region of 250 slices (red region) was
selected for analysis of femoral cortical bone. B) The vertebral body region (top yellow region) between the distal
and proximal growth plates (bottom yellow region) was selected as the region of interest for vertebral trabecular
analysis.

3.4. Statistical analysis

Results were presented as mean+SD. Data comparison was performed with GraphPad Prism
8.4.1 (GraphPad Software) using two-way ANOVA for the bone nodule formation assays, and
unpaired t-tests or ordinary one-way ANOVA for trabecular and cortical bone parameters. A p-

value of <0.05 was considered significant.
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Chapter 4: Results

4.1. Plasmid design, cloning, and protein production

4.1.1. Plasmid design and cloning
4.1.1.1. pMH mSOST WT

The pMH mSOST WT recombinant plasmid for mScl expression was cloned in a single step at the
UCB labs in Slough, UK. The mSOST WT fragment (648 bp) contained a Kozak sequence (to
enhance translation) adjacent to a 5’ Hindlll site, followed by an initiation codon and mSOST
sequence, and ending in a stop codon before a 3’ EcoRl site (Figure 4.1). The UCB pMH vector
(approximately 5.2 kb) contained a modified human cytomegalovirus (CMV) promoter and
enhancer for transient expression of inserted gene sequences and a kanamycin resistance gene
for antibiotic selection. Restriction digest with EcoRl and Hindlll in 10x NEBuffer™ 3.1 (New
England Biolabs, Ipswich, MA, USA) removed a stuffer region (702 bp) and linearised the pMH
vector (now 4534 bp), and excised the mSOST WT fragment from the DNA2.0 (Newark, NJ, USA)
plasmid (Figure 4.1). The linearised vector and excised fragment were extracted from agarose
gel and ligated to yield a 5182 bp pMH mSOST WT vector (Figure 4.1). OneShot Top10 competent
cells were then transformed with the ligation mixture and colonies were selected the following
day for miniprep plasmid preparation. Prepared DNA was analysed via restriction digest, using
Hindlll High-Fidelity (HF®) and EcoRI HF® restriction enzymes in CutSmart® Buffer (New England
Biolabs, Ipswich, MA, USA). Bands of approximately 648 bp and 4534 bp confirmed successful
insertion of an mSOST WT fragment to form a pMH mSOST WT recombinant plasmid (Figure 4.4
and 4.5).
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Figure 4.1: pMH mSOST WT construction. To construct a pMH mSOST WT expression vector (5884 bp), a 648 bp
mSOST WT fragment, consisting of a Kozak sequence, followed by mSOST and ending with a stop codon (TGA), was
inserted into a 5236 bp pMH vector (containing a CMV promoter and enhancer for transient gene expression and a
kanamycin resistance gene for antibiotic selection) using HindlIll and EcoRl restriction digest (a 702 bp stuffer region
was removed from the vector in this process; not shown).

4.1.1.2. pMH mSOST hFc

A pMH mSOST hFc recombinant plasmid, developed for mScl hFc expression, was also cloned at
the UCB labs in Slough, UK. Cloning was done in two steps: a pMH hFc vector was constructed

first, followed by insertion of an mSOST fragment into the new pMH hFc plasmid.

PMH hFc construction

The hFc fragment (705 bp) was designed with a 5’ Xhol restriction site, followed by the hFc
sequence and a stop codon, and ended with a 3’ EcoRl restriction site. Restriction digest was
performed with EcoRl and Xhol in 10x NEBuffer™ 3.1 to remove the stuffer region and linearise
the pMH vector (UCB, Slough, UK), and to excise the hFc fragment from the DNA2.0 plasmid
(Figure 4.2). The hFc fragment (705 bp) was extracted from agarose gel and ligated with the
linearised vector (4534 bp). Following ligation, OneShot Top 10 cells were transformed with
ligation mixture. The following day, five colonies were selected and prepared via miniprep for
restriction analysis. Prepared DNA was digested with EcoRl and Xhol, and an approximately 705

bp band was observed for successfully cloned pMH hFc plasmids (5239 bp).
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PMH mSOST hFc construction

An mSOST fragment (645 bp) was designed with a 5’ HindlIl restriction site, followed by a Kozak
sequence and the mSOST sequence, and ending with a 3’ EcoRlI restriction site (Figure 4.2). No
stop codon was included to ensure that translation continued in frame through the hFc
sequence. Restriction digest with Hindlll and EcoRl in NEBuffer3.1 linearised the pMH hFc vector
and excised the mSOST fragment from the DNA2.0 plasmid. The mSOST fragment was then
ligated into the pMH hFc vector to yield pMH mSOST hFc (5884 bp) (Figure 4.2). Competent
OneShot Top 10 cells were transformed with the ligation mix and the following day colonies were
selected for restriction analysis. DNA was purified via miniprep and digested with Hindlll HF® and
EcoRl HF® restriction enzymes in CutSmart® Buffer for restriction analysis. Bands of
approximately 1350 bp and 4534 bp were observed, confirming successful insertion of mSOST

into pMH hFc to yield a pMH mSOST hFc recombinant plasmid (Figure 4.4 and 4.5).
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Figure 4.2: pMH mSOST hFc construction. To construct a pMH mSOST hFc expression vector (5884 bp): A) a 705 bp
hFc sequence with a stop codon (TGA) was inserted into a 5236 bp pMH vector (containing a CMV promoter and
enhancer for transient gene expression and a kanamycin resistance gene for antibiotic selection) that was linearised
by Xhol and EcoRl restriction digest (a 702 bp stuffer region was removed from the vector in this process; not shown).
B) A 645 bp mSOST WT sequence, consisting of a Kozak sequence and mSOST, was inserted into the new 5239 bp
pPMH hFc vector using Hindlll and Xhol restriction digest.
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4.1.1.3. pMH mSOST hFc PD

A pMH mSOST hFc PD recombinant plasmid, developed to express mScl hFc PD, was cloned at
the Department of Microbiology and Plant Pathology labs, University of Pretoria, South Africa.
Cloning was done in two steps: a pMH hFc PD vector was constructed first, followed by insertion

of an mSOST fragment into the new pMH hFc PD plasmid (Figure 4.3).

PMH hFc PD construction

The hFc PD fragment (729 bp) was designed with a 5’ Xhol restriction site, followed by the hFc
PD sequence, a stop codon, and a 3’ EcoRl restriction site. FastDigest Green Buffer and FastDigest
Xhol and EcoRl restriction enzymes (Thermo Fischer Scientific, Waltham, MA, USA) were used to
linearise the UCB vector by removing the 705 bp stuffer region, and to excise the hFc PD fragment
from the DNA2.0 plasmid. The FastDigest reaction mixtures were incubated at 37 °C for 15
minutes and loaded straight onto an agarose gel. The linearised pMH and excised hFc PD
fragment were ligated, followed by transformation of competent DH5a E. coli cells with the
ligation mixture. The following day, colonies were selected for miniprep and restriction analysis.
DNA digested with EcoRI and Xhol showed an approximately 729 bp band, confirming successful
cloning of hFc PD into the vector to yield the new 5263 bp pMH hFc PD recombinant plasmid
(Figure 4.3).

PMH mSOST hFc PD construction

HindIll and EcoRl restriction digest was performed to linearise the pMH hFc PD vector and excise
the mSOST fragment (identical to the fragment described in 4.1.1.2) from the DNA2.0 plasmid.
The mSOST fragment (645 bp) was then ligated into the linear pMH hFc PD vector to yield a 5908
bp pMH mSOST hFc PD plasmid (Figure 4.3). DH5a E. coli cells were transformed with the ligation
mixture and colonies were selected for miniprep and restriction analysis the following day. The
purified DNA was digested with Hindlll HF® and EcoRl HF® restriction enzymes in CutSmart®
Buffer, and bands of approximately 1374 bp and 4534 bp were observed for successfully cloned
pMH mSOST hFc PD recombinant plasmids (Figure 4.4 and 4.5).

78



4.1.2. Sequencing

All three recombinant plasmids were prepared with QlAprep Spin Miniprep Kits and submitted
for sequencing. ContigExpress (Invitrogen Vector NTI Advanced 11.5.5 software package;
Thermo Fischer Scientific, Waltham, MA, USA) was used to align sequencing results with
reference sequences (Figure 4.6). No errors were found, confirming that all three mSOST

constructs were successfully cloned into the vectors.
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Figure 4.3: pMH mSOST hFc PD construction. To construct a pMH mSOST hFc PD expression vector (5908 bp): A) a
729 bp fragment consisting of an hFc sequence, an octa-aspartate sequence (PD), and a stop codon (TGA) was
inserted into a 5236 bp pMH vector (containing a CMV promoter and enhancer for transient gene expression and a
kanamycin resistance gene for antibiotic selection) that was linearised by Xhol and EcoRl restriction digest (a 702 bp
stuffer region was removed from the vector in this process; not shown). B) A 645 bp mSOST WT fragment, consisting
of a Kozak and mSOST sequence, was inserted into the new 5263 bp pMH hFc PD vector using Hindlll and Xhol
restriction digest.
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Figure 4.4: Schematic diagram of the three mSOST vector inserts. A) The 654 bp mSOST WT sequence consists of a
Kozak sequence, followed by mSOST, and ending with a stop codon (TGA). B) mSOST hFc (1350 bp) is made up of a
Kozak sequence, mSOST, hFc, and a stop codon at the 3’ end. C) The 1374 bp mSOST hFc PD insert consists of a
Kozak and mSOST sequence, followed by hFc, an octa-aspartate sequence and a stop codon (TGA).
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Figure 4.5: Restriction analysis of pMH mSOST WT, pMH mSOST hFc and pMH mSOST hFc PD. Undigested DNA
samples were used as controls. Plasmids were digested with Hindlll HF® and EcoRl HF® restriction enzymes in
CutSmart® Buffer. Digestion with these enzymes removed the inserted mSOST, mSOST hFc and mSOST hFc PD
fragments from the respective plasmids. An ~650 bp band was observed for pMH mSOST WT (bottom arrow), whilst
~1350 bp bands were observed for pMH mSOST hFc and pMH mSOST hFc PD (middle arrow), indicating successful
insertion into the pMH vector. All three constructs showed an ~4500 bp band (top arrow) for the linearised vector
(same for all constructs once inserts removed). Samples were run on a 1% agarose gel and a GeneRuler 1kb DNA

ladder was used.
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A mSOST WT: 139 » 787 B mSOST hFc: 1 » 1356
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Figure 4.6 Sequence alignment of cloned constructs. The complete A) mSOST, B) mSOST hFc and C) mSOST hFc PD
inserts were sequenced. Forward and reverse sequences (lower and middle arrows) were alighed with their
respective reference sequences (top arrows). The bottom bar indicates the sequence lengths and shows where the
forward and reverse sequences overlap (dark sections in the middle). Sequences were aligned with ContigExpress
(Invitrogen Vector NTI Advanced 11.5.5 software package).

4.1.3. Protein expression and purification

Recombinant wild type mouse sclerostin (mScl) and two novel recombinant mScl fusion proteins
were produced for this study. To increase protein half-life, mScl was fused with a monomeric Fc
region of a human immunoglobulin G (IgG) antibody (hFc) positioned at the mScl C-terminus
(mScl hFc). In a third construct, an octa-aspartate motif (PD) was included downstream of the

hFc in an attempt to improve the protein’s ability to localise to bone (mScl hFc PD).

4.1.3.1. Chromatography

mScl hFc PD
SDS-PAGE analysis showed mScl hFc PD (~96.7 kDa) was present (~98 kDa and ~55 kDa bands
under non-reducing and reducing conditions respectively) (Figure 4.7) in the filtered supernatant

of 5 L HEK293 mammalian expression culture. As a first step, mScl hFc PD was purified by hFc-
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tag affinity to Protein A. To elute the protein after loading it onto Protein A columns, elution
buffer (0.1 M citric acid) was increased linearly from 0-100% and a single peak (>2500 mAU) was
observed approximately 35 mL after elution started (at 35% 0.1 M citric acid) (Figure 4.8). Peak
fractions were slightly turbid, however, addition of 1 mL 1 M Tris-HCI pH 8.5 to each fraction
adjusted sample pH to 7, thereby decreasing sample turbidity. Fractions were pooled and
centrifuged to remove protein aggregate, resulting in a clear sample. Multiple bands were visible
on SDS-PAGE gels, however, three bands: two (~98 kDa and ~80 kDa) under non-reducing
conditions and one (~55 kDa) under reducing conditions, were distinct (Figure 4.7). This was as
expected, as the hFc component of the constructs is expected to form disulphide-linked dimers
under non-reducing conditions (~98 kDa) and become or remain monomers under reducing
conditions (~55 kDa). Remaining protein was extracted from the first 5 L flow through by a single
repetition of the loading and elution steps. Samples from both runs were pooled (22 mL total

volume) for size exclusion chromatography (SEC).

The 22 mL affinity chromatography sample was loaded onto a HiLoad™ 26/600 Superdex™ 200
pg column. A single peak (1900 mAU) was observed after 110 mL elution (Figure 4.9) and peak
fractions were pooled (48 mL total volume). SDS-PAGE showed two distinct (~98 kDa and ~80
kDa) and one minor (~55 kDa) band under non-reducing conditions, whilst one major (~55 kDa)

and two minor (~38 kDa and ~30 kDa) bands were visible under reducing conditions (Figure 4.7).

The SEC sample was loaded onto a 1 mL RESOURCE™ S cation exchange chromatography (CEC)
column (equilibrated with Buffer A2: 10 mM PBS, pH 7.4) and eluted by increasing Buffer B2 (10
mM PBS, 1 M NaCl, pH 7.4) linearly from 50% to 100%. A single, narrow peak (>2500 mAU) was
observed at 65% Buffer B2 (0.65 M NaCl, 10 mM PBS, pH 7.4), after approximately 17 mL elution
(Figure 4.10). Peak fractions were pooled (5.25 mL total sample volume) and removal of
remaining impurities was confirmed by SDS-PAGE. Distinct bands, identical to those seen in the

SEC purification step, were observed (Figure 4.7).

mScl hFc
Filtered HEK293 supernatant (5 L) containing mScl hFc (94.8 kDa) (confirmed by an ~50 kDa band
under reducing conditions) (Figure 4.11) was loaded onto Protein A columns. A lack of ~98kDa

and ~55kDa bands in the flow through, under non-reducing and reducing conditions respectively,
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showed that mScl hFc successfully bound to the Protein A column (Figure 4.11). To elute protein,
the concentration of 0.1 M citric acid was increased to 50% and a single tall and wide peak (>2500
mAU) was observed at approximately 30 mL after elution started (Figure 4.12). An additional 1
mL 1 M Tris-HCI pH 8.5 was added to each fraction to adjust sample pH to 7, resulting in clear
eluted samples that were pooled. Multiple protein bands were observed when analysing the
pooled samples by SDS-PAGE (Figure 4.11). However, distinct ~98kDa and ~50kDa bands, under
non-reducing and reducing conditions respectively, indicated the presence of mScl hFc in
samples. As with mScl hFc PD purification, loading and elution steps were repeated with 5 L flow
through collected during the first run. Although SDS-PAGE indicated little to no mScl hFc in the
flow through, elution results from the second run were similar to the first. Fractions from both

runs were pooled together.

Pooled affinity chromatography samples were loaded onto a HiLoad™ 26/600 Superdex™ 200 pg
column in two separate steps and fractions were collected from three distinct elution peaks
(Figure 4.13). Peaks were analysed by SDS-PAGE and the following distinct protein bands were
observed under non-reducing conditions: Peak 1: ~98 kDa; Peak 2: ~98 kDa and ~80 kDa (similar
to mScl hFc PD SEC results); Peak 3: ~90 kDa (Figure 4.14). An ~50 kDa band was observed for all
three peaks under reducing conditions, with additional ~38 kDa and ~30 kDa bands visible for
Peak 2. Peak 3 eluted late and likely consisted of impurities. Analytical gel filtration (Superdex®
200 10/30 GL column) of Peak 1 and 2 (Figure 4.15) showed that Peak 1 possibly consisted of
mScl hFc hexamers or protein aggregate (~630 kDa), whilst Peak 2 consisted of dimeric mScl hFc
(~95 kDa). Peak 2 had the same SDS-PAGE profile as purified mScl hFc PD and was therefore

selected and stored for purification by CEC.

SEC samples were loaded onto a 1 mL RESOURCE™ S column equilibrated with Buffer A2. During
elution, Buffer B2 (10 mM PBS, 1 M NaCl, pH 7.4) was increased linearly from 50% to 100% and
a narrow >2500 mAU peak was observed at 60% Buffer B2 (0.6 M NaCl, 10 mM PBS, pH 7.4), 48
mL after elution started (Figure 4.16). Peak fractions were pooled (4 mL total sample) and
analysed by SDS-PAGE. Two distinct ~98kDa and ~80kDa bands were observed under non-
reducing conditions, whilst a single ~50kDa and two ~38kDa and ~30kDa bands were visible
under reducing conditions. As expected, monomeric mScl hFc was slightly smaller than mScl hFc
PD monomers (~55 kDa). Impurities remaining from the SEC step were successfully removed with

CEC (Figure 4.11).
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mScl WT

Some impurities were removed from HEK293 cell culture supernatant by vacuum filtration (0.22
um PES) (Figure 4.17). Filtered supernatant contained wild type mScl, as indicated by a light,
fuzzy ~35kDa band, and was loaded onto a 6 mL RESOURCE™ S CEC column equilibrated with
Buffer A1 (50 mM MES, 100 mM NaCl, pH 6). Absence of an ~35 kDa protein band in SDS-PAGE
analysis of the Resource™ S flow through showed that the protein successfully bound to the
Resource™ S column (Figure 4.17). Protein was eluted with Buffer B1 (50mM MES, 500 mM NaCl,
pH 6) and a single peak (>2500 mAU) was observed after 25 mL elution, when Buffer B1 was
increased from 20% to 90% (Figure 4.18). Peak fractions were pooled (9 mL total volume) and
analysed by SDS-PAGE. Pooled sample was very concentrated and multiple bands were observed,

however, an ~35kDa band indicated the presence of mScl in the sample (Figure 4.17).

The 9 mL CEC sample was loaded onto a HiLoad Superdex 75 pg prepacked column. A single,
narrow, tall peak (~2200 mAU) was observed after 50 mL elution (Figure 4.19) and all peak
fractions were pooled (20 mL total sample). SEC removed impurities and protein aggregate, and
mScl appeared as a single, large and fuzzy ~35 kDa band under both reducing and non-reducing

conditions (Figure 4.17).
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Figure 4.7: SDS-PAGE of the mScl hFc PD purification process. mScl hFc PD was present in filtered HEK293
supernatant (an ~98 kDa protein band under non-reducing conditions and an ~55 kDa band under reducing
conditions). Approximately 98 kDa and ~80 kDa bands under non-reducing conditions and a ~55 kDa band under
reducing conditions (black arrows) indicated the presence of mScl hFc PD in protein A affinity, size exclusion (SEC),
and Resource™ S cation exchange (CEC) chromatography fractions. Impurities remained after Protein A affinity
chromatography and were removed by SEC and CEC. Samples were analysed on NUPAGE™ 4-12% Bis-Tris Protein
Gels.
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Figure 4.8: mScl hFc PD Protein A affinity chromatography elution profile. A representative chromatogram of mScl
hFc PD purification by Protein A affinity chromatography. Citric acid (0.1 M) concentration was increased linearly

(green line) to elute mScl hFc PD from a Protein A affinity chromatography column. A single >2500 mAU peak
appeared after 30 mL elution, at ~¥35% 0.1 M citric acid. Absorbance measured at 280 nm.
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Figure 4.9: mScl hFc PD size exclusion chromatography elution profile. A representative chromatogram of mScl hFc

PD purification by SEC (HiLoad™ 26/600 Superdex™ 200 pg column). A single peak (~1900mAU) containing mScl hFc
PD appeared approximately 110 mL after elution started. Absorbance measured at 280 nm.
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Figure 4.10: mScl hFc PD cation exchange chromatography elution profile. A representative chromatogram of mScl
hFc PD purification by CEC. Buffer B2 (10 mM PBS, 1 M NaCl, pH 7.4) was increased linearly from 50% to 100% (green
line) after approximately 15 mL elution to elute protein from a 1 mL Resource™ S CEC column. A single peak (>2500
mAU) appeared after approximately 17 mL elution, at ~55% Buffer B2 (0.55M NaCl, 10 mM PBS, pH 7.4). Absorbance
measured at 280 nm.
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Figure 4.11: SDS-PAGE of the mScl hFc purification process. mScl hFc was present in filtered HEK293 supernatant
(indicated by ~50 kDa protein band under reducing conditions). No mScl hFc was present in the Protein A flow
through. Approximately 98 kDa and ~80 kDa bands (left arrows) under non-reducing conditions and an ~50 kDa band
under reducing conditions (right arrow) indicated that mScl hFc was present in protein A affinity, SEC, and CEC
fractions. Remaining impurities after Protein A affinity chromatography were removed by SEC and CEC. Samples
were analysed on NUPAGE™ 4-12% Bis-Tris Protein Gels.
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Figure 4.12: mScl hFc Protein A affinity chromatography elution profile. A representative chromatogram of mScl
hFc purification by Protein A affinity chromatography. Citric acid (0.1 M) was increased to 50% (green line) to elute
protein from a Protein A affinity chromatography column. A single >2500 mAU peak was observed after 30 mL
elution, at 50% 0.1 M citric acid. Absorbance measured at 280 nm.
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Figure 4.13: mScl hFc size exclusion chromatography elution profile. A representative chromatogram of mScl hFc
purification by SEC (HiLoad™ 26/600 Superdex™ 200 pg column). Three peaks were observed when eluting protein
from a HiLoad Superdex 200 pg column. Peak 1 (170 mAU), 2 (380 mAU) and 3 (40 mAU) appeared after 120 mL,
140 mL, and 260 mL elution, respectively. Absorbance measured at 280 nm.
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Figure 4.14: SDS-PAGE of mScl hFc size exclusion chromatography. Refer to peaks in Figure 4.13. Distinct bands
were visible for all peaks under non-reducing conditions: Peak 1: ~98 kDa (top left black arrow); Peak 2: ~98 kDa and
~80 kDa (left white arrow); Peak 3: ~70 kDa (lower left black arrow). An ~50 kDa band is visible for all peaks under
reducing conditions (right black arrow). Peak 2 also have two additional distinct bands: ~38 kDa and ~30 kDa (right
white arrows), consistent with purified mScl hFc PD. Samples were analysed on NUPAGE™ 4-12% Bis-Tris Protein
Gels.
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Figure 4.15: Analytical gel filtration of Peak 1 and 2 of mScl hFc size exclusion chromatography profile. A) Peak 1:
633.34 kDa. B) Peak 2: 95.26 kDa. Samples were analysed with a Superdex® 200 10/30 GL column and a Bio-Rad Gel

Filtration standard was used to calculate peak sizes. Absorbance measured at 280 nm.
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Figure 4.16: mScl hFc cation exchange chromatography elution profile. A representative chromatogram of mScl
hFc purification by CEC. Buffer B2 (10 mM PBS, 1 M NaCl, pH 7.4) was increased linearly from 50% to 100% (green
line) after approximately 47 mL elution to elute protein from a 1 mL Resource™ S column. A single peak (>2500
mAU) appeared after approximately 48.5 mL elution, at ~55% Buffer B2 (0.55M NaCl, 10 mM PBS, pH 7.4).
Absorbance measured at 280 nm.
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Figure 4.17: SDS-PAGE of the mScl purification process. Filtration removed some impurities from HEK293 culture
supernatant. Wild type mScl appeared as an ~35 kDa band (black arrow) throughout purification process, under
both non reducing and reducing conditions. No mScl was present in CEC (6 mL Resource™ S column) flow through.
Resource™ S fractions were highly concentrated, and impurities were removed by SEC. Samples were analysed on
NUPAGE™ 4-12% Bis-Tris Protein Gels.
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Figure 4.18: mScl cation exchange chromatography elution profile. A representative chromatogram of mScl
purification by CEC. Buffer B1 (50mM MES, 500 mM NaCl, pH 6) was increased from 20% to 90% (green line) after
approximately 18 mL to elute protein from a 6mL Resource™ S column. A single peak (>2500 mAU) was observed
after approximately 25mL elution, at 90% Buffer B1. Absorbance measured at 280 nm.
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Figure 4.19: mScl size exclusion chromatography elution profile. A representative chromatogram of mScl

purification by SEC (HiLoad™ 26/600 Superdex™ 75 pg column). A single peak (~2200 mAU) appeared ~45 mL after
elution was initiated. Absorbance measured at 280 nm.

94



4.1.3.2. Protein analysis

Recombinant mScl hFc PD (used as a representative for the dimeric Fc-fusion proteins) was
analysed by deglycosylation and N-terminal sequencing to investigate the heterogenous nature

of the purified fusion-protein samples.

PNGase F was used to deglycosylate 6.5 ug mScl hFc PD. Under reducing conditions, bands
consisting of mScl hFc PD treated with PNGase F decreased in size, from ~55 kDa (non-PNGase F
treated sample) to ~50 kDa (Figure 4.20), suggesting that glycosylation affected protein size.
Identical bands (~35 kDa and ~50 kDa) were observed for protein treated with PNGase F under

both reducing and non-reducing conditions.

For N-terminal sequencing, mScl hFc PD samples were transferred from SDS-PAGE to a PVDF
membrane. An ~35 kDa band was excised from the dried PVDF membrane and N-terminal
sequencing showed that a small proportion (~20%) of the mScl hFc PD protein (Table 4.1) was
truncated at a site (AKANQAELEN) 176 amino acids downstream from the mScl N-terminus,
towards the end of the mScl C-terminal flexible region fused to hFc, resulting in truncation of the

majority of the mScl sequence from the captured mScl hFc PD material.
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Figure 4.20: Deglycosylation of mScl hFc PD. Under reducing conditions mScl hFc PD treated with PNGase F
decreased from ~55 kDa (non-PNGase F treated sample) to ~50 kDa (black arrows). Identical bands (~35 kDa and
~50 kDa) were observed for protein treated with PNGase F under both reducing and non-reducing conditions.
Samples were analysed on a NUPAGE™ 4-12% Bis-Tris Protein Gel.

Table 4.1: mScl hFc PD amino acid sequence.

ggwgafrndatevipglgeypepppenngtmnraenggrpphhpydakdvseyscrelhytrfltdgp

crsakpvtelvcsggcgparllpnaigrvkwwrpngpdfrcipdryragrvgllcpggaaprsrkvrl

vasckckrltrfhngselkdfgpetarpgkgrkprpgarg|AKANQAELENayleepksadkthtcpp

cpapellggpsvilfppkpkdtlmisrtpevtcvvvdvshedpevkifnwyvdgvevhnaktkpreeqy
nstyrvvsvltvlhgdwlngkeykckvsnkalpapiektiskakggprepgvytlppsrdeltkngvs
ltclvkgfypsdiavewesnggpennykttppvldsdgsfflyskltvdksrwgggnvfscsvmheal
hnhytgkslslspgkdddddddd

Underlined: mScl sequence; Red line: cleavage point; Bold and capitals: dominant N-terminus.
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4.1.3.3. Protein concentration and quality control

mScl hFc PD

A total of 107.7 mg mScl hFc PD was produced from 5 L HEK293 culture. The Nanodrop measured
protein concentration (26 mg/mL) was corrected to 20.5 mg/mL using the correct extinction
coefficient for mScl hFc PD (61288 M-lcm™). Sample concentration was diluted to 4 mg/mL with
PBS and 10% endotoxin free glycerol, and a final endotoxin test result was 1.025 EU/mg, below

the 2 EU/mg maximum limit considered suitable for in vitro and in vivo studies.

mScl hFc

A total of 71.8 mg mScl hFc was collected from 5 L HEK293 culture. Protein concentration was 18
mg/mL (corrected using mScl hFc extinction coefficient: 61288 M-1cm1), with an initial endotoxin
level of 2.58 EU/mg, above the maximum limit of 2 EU/mg. CEC was repeated to remove excess
endotoxin, with minimal to no protein loss. Protein sample was diluted to 4 mg/mL with PBS and
10% endotoxin free Glycerol and the final endotoxin level was 1.15 EU/mg, below the 2 EU/mg

maximum limit.

mScl

A total of 98.8mg mScl was collected from 5 L HEK293 culture, with a concentration of 4.94
mg/mL (calculated using mScl extinction coefficient: 25690M-1cm™). The initial endotoxin level
for the collected sample was 5.75 EU/mg, above the 2 EU/mg maximum limit. Purification with
a Proteus NoEndo™ S spin column reduced the endotoxin level from 5.26 EU/mg to 4.3 EU/mg,
with an ~10% loss of protein (4.94 mg/mL to 4.4 mg/mL mScl). The endotoxin clean-up step was
repeated with a new column and the final endotoxin result was 1.7 4EU/mg, with a final protein

concentration of 4.2 mg/mL.

4.2. Invitro functionality and efficacy of recombinant sclerostin constructs

Sclerostin normally exists as a monomer, therefore it was important to confirm that the dimeric

hFc constructs did not impair the mScl activity in vitro. The recombinant mScl constructs’ ability
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to bind a fragment of the Wnt co-receptor LRP6 containing the first and second B-propellers of
the receptor extracellular domain (LRP6-E1E2; Holdsworth et al., 2012) were thus tested in vitro

to confirm the functional activity of the recombinant mScl proteins.

4.2.1. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed to assess the binding interactions between
label-free LRP6-E1E2 and the recombinant mScl protein, and to determine the dissociation

constants (KD) of the recombinant constructs.

4.2.1.1. Buffer exchange

Protein loss was observed for all samples when performing buffer exchange and stock
concentrations were reduced from 4.9, 4, 4.24 and 10.6 mg/mL to 3.76, 2.06, 2.8 and 7.9 mg/mL
for mScl, mScl hFc, mScl hFc PD and LRP6-E1E2 respectively. Remaining recombinant mScl
construct concentrations were however sufficient to set up 20 UM recombinant protein assay
samples (above the minimum sample concentration of 10 uM that will typically produce a
confidently measurable heat change for a 1:1 interaction), and LRP6-E1E2 concentration was

kept constant at 111 pM.

4.2.1.2. ITC assays

mScl hFc PD

Raw ITC data showed that all experimental runs were successful and fitted data indicated that
mScl hFc PD interacted dose dependently with LRP6-E1E2 (Figure 4.21). The average KD was
7461163 nM and average stoichiometry was 0.85 (Table 4.2), suggesting moderate interaction
with LRP6-E1E2 and an approximately 1:1 (Scl:LRP6) binding ratio. All reactions proceeded

exothermically.
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mScl hFc

No anomalies were observed in the raw ITC data and fitted data demonstrated that dose
dependent interaction occurred between mScl hFc and LRP6-E1E2 (Figure 4.21). The KD and
average stoichiometry was 117+15 nM and 0.57 respectively (Table 4.2), suggesting strong

interaction and a 1:2 (Scl:LRP6) binding ratio. All reactions were exothermic.

mScl

Raw ITC data indicated that all experimental runs were successful. However, a possible air bubble
occurred during the third run and a single data point was excluded from the results (Figure 4.21).
Data fitted to a single site binding model demonstrated dose dependent interaction between
mScl and LRP6-E1E2, with an average KD of 147175 nM (Table 4.2), indicating moderate to strong
binding to the Wnt co-receptor (Figure 4.21). The average binding stoichiometry was 0.76 (a
binding ratio of 1:1.5 (Scl:LRP6)) and the enthalpy of the reactions were negative, indicating that

interactions proceeded exothermically.
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Figure 4.21: Recombinant mScl constructs binding to LRP6-E1E2 (ITC). A, B and C) Raw calorimetric data and
representative experimental titration curves of mScl hFc PD (A), mScl hFc (B), and mScl (C) binding to LRP6-E1E2 are
shown in the upper and lower panels, respectively. Average binding affinities and thermodynamic parameters for
three replicates are shown next to the binding isotherms. KD: dissociation constant; N: stoichiometry; AH: change
in enthalpy; -TAS: temperature delta entropy; AG: change in Gibb's free energy.
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Table 4.2: Recombinant mScl constructs binding to LRP6-E1E2 (ITC).

. - N .
protein Run (Tlsl;;; LRI()SI\EI;EZ (binding sites) KD (nM) (kca?/l-llml) (kca?/Gmol) (kcaTI/A:wI)
mScl 1 20 111 0.79 139+63.5 | -17.9+1.7 -9.36 8.56
mScl 2 20 111 0.64 77.2+41.4 | -16.1+0.94 -9.70 6.42
mScl 3 20 111 0.85 2264147 | -19.6+3.94 -9.07 10.50
mScl hFc 1 20 111 0.58 102+43.3 | -17.60.89 -9.54 8.06
mScl hFc 2 20 111 0.55 131+19.7 | -14.20.27 -9.39 4.83
mScl hFc 3 20 111 0.59 117+31.8 | -15.4%0.52 -9.46 5.90
mSclhFcPD | 1 20 111 0.86 9314457 | -27.36.82 -8.23 19.10
mScl hFc PD 20 111 0.78 682+416 | -19.7+4.39 -8.41 11.30
mSclhFcPD | 3 20 111 0.91 6254377 | -23.4+8.98 -8.46 14.90

N: stoichiometry; KD: dissociation constant; AH: change in enthalpy; AG: change in Gibb's free energy. —-TAS: temperature delta
entropy.

4.2.2. Microscale thermophoresis

Microscale thermophoresis (MST) assays were performed to investigate the binding reactions

between the recombinant mScl constructs and fluorescently labelled LRP6-E1E2 (LRP6-NT647).

4.2.2.1. Labelling LRP6-E1E2 with NT647

After labelling LRP6-E1E2 with NT647 fluorescent dye, unreacted NT647 dye was removed from
the LRP6-NT647 sample using the provided purification column. The initial clear flow through
contained DPBS only and was discarded, whereas the following 150 uL fraction had a blue colour,
indicating presence of labelled protein. Measured absorbance of the blue fraction was Axgo = 1.2
and Ass7 = 0.95, and the concentrations of LRP6-NT647 (Azso) and NT647 (Assa7) were 6.7x10° M
and 3.8x10® M respectively. The degree of labelling (DOL) was 0.57, within the acceptable range

(between 0.5 and 1) recommended by the manufacturer guidelines.
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4.2.2.2. Optimal LRP6-NT647 concentration

The raw fluorescence count for the 100, 50 and 25 nM serial LRP6-NT647 dilutions were above
acceptable levels (>1500), whilst the ~300 fluorescence count for the 12.5 nM sample fell within
the optimal range of 200 and 1500 signal counts stipulated by the manufacturer guidelines. Fixed
12.5 nM LRP6-NT647 concentrations were therefore maintained throughout the MST
experiments to ensure that observed changes in fluorescence were not due to differences in
LRP6-NT647 concentrations. Additionally, a symmetrical fluorescence peak indicated that no

adsorption occurred between the 12.5 nM LRP6-NT647 sample and the capillary wall.

4.2.2.3. Sclerostin interaction with LRP6-NT647

Human Scl

An ~350 fluorescence signal count and symmetrical peaks were observed during a capillary check
prior to the experimental assay, indicating no adsorption to the capillary walls (Figure 4.22). All
capillary points (excluding two outliers) fell within a 10% range of the average initial
fluorescence, demonstrating comparable capillary LRP6-NT647 concentrations. No protein
aggregation was observed on MST traces and a single outlier trace, which correlated with a point
that fell outside the 10% fluorescence range, was excluded from the data (Figure 4.22). A dose
response curve was fitted to a one-site binding model using data from 1.5 seconds MST on-time,
and the reported KD was <6nM (Table 4.3), indicating strong interaction between hScl and LRP6-
E1E2. The signal to noise ratio of the MST run was 8.9, above the minimum recommended ratio

of five (Nanotemper MO.Control software manual v03_2018-03-14).

mScl hFc PD

A capillary check done prior to the MST assay showed an ~300 fluorescence signal count for the
12 capillaries and symmetrical peaks indicated no adsorption to capillary walls (Figure 4.23).
However, five out of 36 capillary points fell outside the 10% average initial intensity range. No
protein aggregation occurred, as indicated by the smooth MST traces, and a single outlier MST

trace was removed. Five seconds MST on-time data were used to fit a dose response curve and
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the reported KD was <6nM (Table 4.3), indicating strong interaction between mScl hFc PD and

LRP6-E1E2. The signal to noise ratio (6.9) was above the lower recommended limit.

mScl hFc

Symmetrical peaks observed after an initial capillary check showed no adsorption to capillary
walls and the fluorescence signal count for the 12 capillaries were ~300, with 2 out of 36 capillary
points falling outside the 10% average initial intensity range (Figure 4.24). For the experimental
run, smooth MST traces indicated that no protein aggregate was present and showed a ligand
concentration-dependent shift in magnitude (Figure 4.24). A dose response curve was fitted from
five seconds MST on-time data and the calculated KD was <6nM (Table 4.3), demonstrating
strong interaction between mScl hFc and LRP6-E1E2. The signal to noise ratio of 8.9 was above

the recommended lowest limit.

mScl

A capillary check prior to the MST assay showed a fluorescence signal count of ~300, confirming
similar LRP6-NT647 concentrations in the 12 capillaries, and only a single capillary point (out of
36) fell outside the 10% average initial intensity range (Figure 4.25). Symmetrical capillary shapes
confirmed no adsorption to the capillary walls. Smooth experimental MST traces showed no
protein aggregation and a single outlier trace that correlated with the single point outside the
10% signal range was removed from the data set (Figure 4.25). Binding constants were derived
from a dose response curve fitted to five seconds MST on-time data and calculated KD was 30
nM (Table 4.3), indicating strong interaction between mScl and LRP6-E1E2. The signal to noise

ratio (10.9) was above the recommended minimum ratio.
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Table 4.3: Microscale thermophoresis parameters and results.

KD Target | Signal | Std. Error
KD Confidence | Response Conc. to of Reduced
Ligand Target (nM) (nM) Amplitude (nM) | Noise | Regression X2
hScl LRP6-NT647 2 2 6.9 12.5 8.9 0.9 13
mScl hFc PD | LRP6-NT647 | 0.54 1.23 19.8 12.5 6.9 3.2 4.3
mScl hFc LRP6-NT647 2 2 25.3 12.5 8.9 3.1 2.9
mScl LRP6-NT647 30 16 12.8 12.5 10.9 1.3 29.9
KD: dissociation constant; n: number of separate MST runs performed.
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Figure 4.22: Interaction between hScl and fluorescently labelled LRP6-E1E2 (MST). A) Capillary Scan. B) LRP6-NT647
adsorption test. C) MST traces (12 capillaries) and D) dose-response curve. A single MST trace (grey trace) was
excluded from the data (C). Gradual change in thermophoresis is plotted as AFnorm (F1/FO, where F1 and FO
correspond to average fluorescence values between red and blue areas) versus ligand concentration to yield a dose
response curve that was fitted to a one-site binding model. MeanSD of four independent experiments shown in

(D). Experiments were carried out at 40% MST and 100% red LED excitation power.
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Figure 4.23: Interaction between mScl hFc PD and fluorescently labelled LRP6-E1E2 (MST). A) Capillary Scan. B)
LRP6-NT647 adsorption test. C) MST traces (12 capillaries) and D) dose-response curve. A single MST trace (grey
trace) was excluded from the data (C). Gradual change in thermophoresis is plotted as AFnorm (F1/FO, where F1 and
FO correspond to average fluorescence values between red and blue areas) versus ligand concentration to yield a
dose response curve that was fitted to a one-site binding model. MeanzSD of three independent experiments shown
in (D). Experiments were carried out at 40% MST and 100% red LED excitation power.
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Figure 4.24: Interaction between mScl hFc and fluorescently labelled LRP6-E1E2 (MST). A) Capillary Scan. B) LRP6-
NT647 adsorption test. C) MST traces (12 capillaries) and D) dose-response curve. Gradual change in thermophoresis
is plotted as AFnorm (F1/F0, where F1 and FO correspond to average fluorescence values between red and blue
areas) versus ligand concentration to yield a dose response curve that was fitted to a one-site binding model.
Mean1SD of three independent experiments shown in (D). Experiments were carried out at 40% MST and 100% red

LED excitation power.

105



>
W

g
:

o

g
=
1
o

Relstive Fluceescance [+
5

Riw Fluoriscende [eounls]

o

JL JL Jy Y —

Capillary Pasition |-] Relative porition along X-aks [rm]

0

Relstive Flucrescence -]

5 [ 5 10 15 0 £ 30 35 LOE-02 1001 10E+00 10401 106402 10+03
MST experiment time f5] Ligand Concentration

Figure 4.25: Interaction between mScl and fluorescently labelled LRP6-E1E2 (MST). A) Capillary Scan. B) LRP6-
NT647 adsorption test. C) MST traces (12 capillaries) and D) dose-response curve. A single MST trace (grey trace)
was excluded from the data (C). Gradual change in thermophoresis is plotted as AFnorm (F1/FO, where F1 and FO
correspond to average fluorescence values between red and blue areas) versus ligand concentration to yield a dose
response curve that was fitted to a one-site binding model. Mean%SD of three independent experiments shown in
(D). Experiments were carried out at 40% MST and 100% red LED excitation power.

4.2.3. Surface plasmon resonance

Surface plasmon resonance (SPR) competition assays were performed to provide additional

evidence that the recombinant mScl constructs were functional and able to bind to LRP6.

4.2.3.1. Coating of SPR sensor surface

SPR sensor surface (carboxy methyl dextran coated) was coated with four different Scl
preparations (Table 4.4), using standard ethyl(dimethylaminopropyl)-carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) chemistry for activation of the carboxy groups. The Scl preparations

were added to the activated sensor in 10 mM sodium acetate pH 4 and unreacted groups were
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blocked by addition of ethanolamine. Reference surfaces were prepared similarly, but without

addition of 10 mM sodium acetate pH 4 Scl preparations.

Table 4.4: Amount of Scl bound to CM5 sensor surface.

Protein Amount added to CM5 sensor
(RU)

mScl 2164

hScl 3731

hScl (UCB) 1624

RU: resonance unit

4.2.3.2. Establishing Scl and LRP6-E1E2-Fc concentrations to be used

SPR sensorgrams of LRP6-E1E2-Fc passed over the Scl coated flow cells on the sensor surface,

using HBS-EP pH 7.4 containing 1 mg/mL carboxymethyl-dextran (CM-dextran) as running buffer,

showed that binding occurred with only one of the Scl preparations (hScl (UCB)) (Figure 4.26).

Therefore, hScl (UCB) was used to coat the sensor for use in the competition assay. An aliquot of

100 nM LRP6-E1E2-Fc, determined from a dilution curve constructed with hScl (UCB) (Figure

4.27), was selected for use in the competition assay, as it gave a reasonable response (100

resonance units (RU), a measure of ligand concentration) and did not saturate the flow cell

surfaces.
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Figure 4.26: SPR sensorgrams of LRP6-E1E2-Fc interaction with test Scl preparations. Sensor surfaces were coated
with A) mScl, B) hScl and C) hScl (UCB). LRP6-E1E2-Fc dilutions used were 30, 10, 3, 1, 0.3 and 0.1 nM. Running buffer
was HBS-EP pH 7.4 containing 1 mg/mL CM-dextran.
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Figure 4.27: LRP6-E1E2-Fc SPR dilution curve. A dilution curve showing relative response rate at 240 s vs LRP6-E1E2-
Fc concentration. LRP6-E1E2-Fc (300, 100, 30, 10, 3, 1, 0.3 and 0.1 nM) was passed over a sensor coated with hScl
(UCB) (1624 RU). Running buffer was HBS-EP pH 7.4 containing 1 mg/mL CM-dextran.
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4.2.3.3. SPR competition assay

A mixture of 100 nM LRP6-E1E2-Fc and Scl (hScl (UCB), mScl, mScl hFc or mScl hFc PD), at
concentrations of 1000, 500, 250, 125, 62.5, 31.25, 15.63, 7.81 and 0 nM, were pre-incubated
prior to injection onto the sensor. SPR sensorgrams showed association of unbound LRP6-E1E2-
Fc with hScl (UCB) coated on the sensor surface (Figure 4.28). Weak transient associations of the
recombinant Scl constructs, with the hScl (UCB) coated surface sensor, were observed at higher
concentrations. The response at 260 seconds, a position with a stable signal and close to the
maximum, was used to construct dilution curves for each recombinant Scl construct (Figure
4.29). The dilution curves showed that increasing the amount of Scl construct resulted in
decreased LRP6-E1E2-Fc bound to the coated sensor, signifying interaction between the Scl
constructs and LRP6-E1E2-Fc. The EC50 value for each Scl construct, determined from the
midpoints of the dilution curves as the concentration of Scl halfway between the baseline and
maximum response rate (Figure 4.29), was ~30 nM (Table 4.5), demonstrating that the constructs
bound well to LRP6-E1E2-Fc. Little to no changes occurred on the sensor surface between SPR
runs, as indicated by the small difference between the first and second hScl (UCB) SPR runs

(Figure 4.29; Table 4.5).
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Figure 4.28: SPR sensorgrams of LRP6-E1E2-Fc with recombinant Scl constructs. Samples consisting of fixed 100
nM LRP6-E1E2-Fc and a range of A) mScl hFc PD, B) mScl hFc, C) mScl and D) hScl (UCB) dilutions (1000, 500, 250,
125, 62.5, 31.25, 15.63, 7.81 and 0 nM) were injected onto flow cells coated with hScl Pool 3. Running buffer was
HBS-EP pH7.4 containing 1 mg/mL CM-dextran.
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interaction with LRP6-E1E2-Fc. Relative response (RR) at 260 s was plotted against the concentration of recombinant

Scl in solution. Points with squares were marked as outliers.

Table 4.5: EC50 of recombinant Scl constructs.

Protein EC50 (nM)
mScl hFc PD 26.7
mScl hFc 311
mScl 33.9
hScl (UCB) Run 1 335
hScl (UCB) Run 2 33.9

4.2.4. Mineralised nodule formation assay

Sclerostin is a potent negative regulator of bone formation, therefore recombinant mScl

protein’s ability to inhibit this process was tested in three independent in vitro mineralised
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nodule formation assays. MC3T3-E1 cells express LRP4/5/6 and have been shown to be sensitive
to Scl, and were selected as an appropriate model for mineralisation (Wang et al., 1999, p. 3; Li

et al., 2009).

4.2.4.1. Cell treatment and media change

For initial assays, 250 pL of 500 pL/well media were removed and replaced with 250 pL new
sample solution every 2-3 days. Confluent MC3T3-E1 cells treated with osteogenic (OM) media

(complete growth medium supplemented with 50 pg/mL ascorbate-2-phosphate and 10 mM B-
glycerophosphate) differentiated into osteoblast-like cells and started to form mineralised
nodules after approximately 11 days. Mineralisation was complete after approximately 14 days
and covered <50% of the OM treated control wells. Cells were then fixed, as extended incubation
time did not result in increased mineralisation. To improve mineralisation efficiency, all culture
medium in subsequent assays was discarded and replaced with 500 pL new sample solution,
resulting in a well-mineralised extracellular matrix that covered 290% of the plate surface after

approximately nine days, consistent with previously reported results (Li et al., 2009).

4.2.4.2. Alizarin Red S staining

Mineralisation was visualised by Alizarin Red S staining (Figure 4.30). Considerable inhibition of
mineralisation was observed in cells treated with 50 nM of the recombinant mScl proteins (Figure
4.30). This inhibition was reversed when co-treating cells with 230 nM Scl neutralising Ab (Anti-
Scl Ab) or Fab and 50 nM recombinant mScl constructs. In contrast, little to no mineralisation
was observed when co-treating cells with 50 nM recombinant mScl constructs and 230 nM of an
irrelevant isotype control Ab (Control Ab) (Figure 4.30). Control wells treated with complete
growth media (CT) showed no mineralisation, whilst complete mineralisation occurred when
treating cells with OM, demonstrating the requirement of ascorbate-2-phosphate and B-
glycerophosphate for cell differentiation and subsequent mineralised extra cellular matrix

formation. Mineralisation of PBS controls was comparable to the OM treated control cells.
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4.2.4.3. Cetylpyridinium chloride staining

Mineralisation was quantified following Alizarin Red S solubilisation with cetylpyridinium
chloride (CPC) and corroborated the qualitative results (Figure 4.30 and 4.31). The three
recombinant mScl proteins (50 nM) inhibited mineralisation substantially (p<0.0001). Co-
treatment with 230 nM Anti-Scl Ab confirmed that inhibition was due to functional inhibition by
mScl since mineralisation was restored in the presence of Anti-Scl Ab (p<0.0001) but was

unaffected by the Control Ab (p<0.0001) (Figure 4.31).
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Figure 4.30: Recombinant mScl proteins inhibit osteoblast mineralisation in vitro (Alizarin Red S). MC3T3-E1 cells
were cultured for nine days and mineral was stained with Alizarin Red S. A, B, C) Cells treated with mScl hFc PD (A),
mScl hFc (B) and mScl (C). CT: complete growth media control; OM: osteogenic media control; PBS: osteogenic media
with PBS vehicle control; mScl/mScl hFc/mScl hFc PD: osteogenic media with 50 nM recombinant mScl as indicated;
Anti-Scl Ab or Fab: osteogenic media with 230 nM Anti-Scl Ab or Fab and 50 nM of indicated recombinant mScl;
Control Ab: osteogenic media with 230 nM irrelevant isotype Control Ab and 50nM of indicated recombinant mScl.
All conditions were set up in triplicate, except for CT (6 wells).
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Figure 4.31: Recombinant mScl proteins inhibit osteoblast mineralisation in vitro (CPC). Alizarin Red S-stained
mineral (Figure 4.30) was solubilised using CPC for quantitative analysis of mineralisation. Absorbance (570 nm) data
from three independent experiments was plotted for the three recombinant mScl constructs: A) mScl hFc PD, B)
mScl hFc and C) mScl. Mean#SD of triplicates (except CT, for which N=6) from three independent experiments

shown. Two-way ANOVA was used for statistical analysis. **** p<0.0001.
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4.3. Invivo biological activity and efficacy of recombinant sclerostin constructs

4.3.1 Single dose pharmacokinetic and pharmacodynamic study

The in vivo single dose pharmacokinetic and pharmacodynamic study was completed to
determine the circulating half-life of the recombinant mScl constructs and assess any changes in

serum P1NP levels.

4.3.1.1. Animals and blood sample collection

The pharmacokinetic (PK) properties of the recombinant mScl constructs were assessed in 7-10
week old C57/BL6 (wild type) and SOST/- mice following a single intravenous (IV) administration
of mScl hFc PD (10 mg/kg), mScl hFc (10 mg/kg), or a molar equivalent of mScl (4.4 mg/kg). All
dose administrations were performed without incident. However, a male wild type (WT) mouse
(28M) (Table 3.5) treated with mScl hFc PD suffered a convulsion and cardiac arrest five minutes
post dose and died. This animal was replaced with a spare male mouse (028MR). At
approximately 2.25 hours post dose, two additional WT males (034M and 037M) treated with
mScl hFc PD were hunched, showed reduced activity, had erect fur and were cold to the touch.
After 30 minutes the clinical signs for 34M and 37M had not improved and both animals were
prostrate, lying on their sides with shallow breathing. Mouse 034M was deceased approximately
three hours post dose, and no blood sample was collected. Mouse 37M was sacrificed at
approximately 3.5 hours post dose due to clinical signs and a partial sample was collected. A male
SOST”- mouse (13M) (Table 3.6) and a WT male (039M) treated with mScl hFc PD were both
hunched and cold to the touch and showed reduced activity at approximately 2.5 and 5.75 hours
post dose, respectively. However, after 6.5 hours both animals showed no abnormalities. No
abnormalities were detected in any of the other animals treated with mScl hFc PD. Additionally,
no clinical signs were observed, and no unscheduled deaths occurred when dosing mice with

wild type mScl or mScl hFc.
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4.3.1.2. Pharmacokinetics of recombinant mScl proteins

Blood samples were collected at various intervals post-dose for LC-MS/MS quantification of the
recombinant protein in serum. LC-MS/MS data for male and female groups were comparable,
therefore pharmacokinetic analyses were based on genotype data only. Six samples were
analysed at each time-point (N=6), except predose (N=24 in WT mice and N=15 in SOST”" mice).
No Scl was detected in predose samples, suggesting that Scl concentrations before dosing were
below the limit of sensitivity of the LC-MS/MS assay. Wild type mScl had a very short half-life and
was undetectable after five minutes post dose, whereas hFc fusion proteins were detectable at
later time points (Figure 4.32; Table 4.6). Non-compartmental analyses (NCA) were therefore
completed for mScl hFc and mScl hFc PD data only (Table 4.6). Recombinant mScl hFc had an
extended half-life estimated at 1.5 and 1.8 days in WT and SOST/* mice, respectively. Some
abnormal distribution occurred at the beginning for mice treated with mScl hFc PD, however,
this stabilised over time and serum half-life was estimated to be approximately 4 days in WT
mice (Figure 4.32; Table 4.6). SOST/" mice treated with mScl hFc PD had a flat profile (Figure
4.32), preventing accurate assessment of half-life and other pharmacokinetic parameters. The
steady-state volume of distribution (Vss) for WT and SOST7* mice treated with mScl hFc was
1109.82 and 1390.67 mL/kg respectively and 483.19 mL/kg for WT mice treated with mScl hFc
PD (Table 4.6). This was approximately 6.3x (mScl hFc) and 2.5x (mScl hFc PD) lower than the
expected distribution (<200 mL/kg bodyweight) (@ie and Tozer, 1979; Smith et al., 2015). The
maximum concentration (Cmax) Was also lower than expected (250 pg/mL expected for a 10
mg/kg dose): 11.98 and 9.8 pg/mL for WT and SOST”- mice treated with mScl hFc (~23x lower)
and 20.87 and 21.87 pg/mL for WT and SOST”- mice treated with mScl hFc PD (~12x lower).

Compartmental pharmacokinetic analysis of IV administered mScl hFc fitted two-compartment
kinetics, where the drug concentration decreases bi-exponentially as the sum of distribution and
elimination of the construct (Figure 4.32). Data from this fitted model (mScl hFc PD data was
excluded due to weak half-life estimation) was used to simulate a 42-day prediction model for a
repeat dose pharmacology study with weekly subcutaneous (SC) dosing of 10 mg/kg hFc fusion
proteins (Figure 4.32). In this model IV administration was switched to subcutaneous (SC),
bioavailability was assumed to be 0.5 (50%) and absorption rate was assumed as 0.1/hour, giving
a Tmax of £1 day. The simulated peak and trough mScl hFc concentrations over 42 days were 2.8-

3.2 ug/mL and 0.4-0.5 pg/mL respectively, indicating that the total serum concentration of mScl
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hFc would increase slightly after each dose (every seven days) (Figure 4.32). The trough levels

exceeded previously reported serum sclerostin levels (<100 pg/mL), therefore a weekly, SC

administered 10 mg/kg mScl hFc or mScl hFc PD dose were considered suitable for use in the 42-

day repeat dose pharmacology study (Jastrzebski et al., 2013; Shahnazari et al., 2012a; Tu et al.,

2012).

Table 4.6: Pharmacokinetic summary of mScl, mScl hFc and mScl hFc PD.

Mouse Treatment Dose Route | Half-life Cinax AUC Clearance Vs

strain (mg/kg) (ng/mL) | (hour*pg/mL) | (mL/day/kg) | (mL/kg)
WT mScl 4.4 vV <5 mins ND ND ND ND
SOST mScl 4.4 v <5 mins ND ND ND ND
WT mScl hFc 10 v 1.5 days 12.0 273.8 529.8 1109.8
SOST” mScl hFc 10 v 1.8 days 9.8 236.1 566.1 1390.7
WT mScl hFc PD 10 v 4 days 20.9 829.8 80.4 483.2
SOST mScl hFc PD 10 v ND 21.9 577.1 ND ND

Half-life was not well estimated for mScl hFc PD in SOST- mice. IV: intravenous; Cmax: maximum concentration; AUC: area under

curve; Vs steady-state volume of distribution; ND: not determined.
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Figure 4.32: Single dose study pharmacokinetic profiles and models. A, B, and C) Pharmacokinetic (PK) profiles of
mice (WT and SOST”) treated with IV administered mScl (A), mScl hFc (B) and mScl hFc PD (C) respectively. D)
Compartmental pharmacokinetic fitted model (orange dotted line) of IV administered mScl hFc. E) Prediction model
of weekly SC administered 10 mg/mL mScl hFc dosage over 42 days, with 0.5 bioavailability and 0.1/hour absorption.

4.3.1.3. Effect of recombinant mScl on serum P1NP concentration

PINP (a bone formation marker measured by ELISA) levels were expected to decrease if the
recombinant mScl proteins inhibited bone formation (Vasikaran et al., 2011). All PINP ELISAs
were repeated once (Assay 1 and 2 in Figure 4.33), with serum samples from three mice per time
point (individual serum samples were analysed in duplicate, thus N=6 per timepoint in a single
assay). Almost all ELISAs fell within the acceptable range of the high and low concentration
quality controls (3.3-6.6 and 30.3-56.4 ng/mL respectively), except for a single ELISA with samples
from SOST”" mice treated with mScl hFc PD. In this case the high concentration control (68
ng/mL) fell outside the expected range and the data set was excluded from further analysis. Mice
treated with native mScl and all predose samples were also excluded, as no change in PINP
concentrations were expected from mScl due to its short half-life, and predose sample volumes
were insufficient for repeated ELISAs. No significant difference was observed in mean P1NP

concentrations (N=12 per time point) of WT and SOST”- mice treated with mScl hFc or mScl hFc
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PD (Figure 4.33). PINP concentrations were near constant in WT mice treated with mScl hFc and
no significant difference was seen between the beginning and end of the study. Variation in data
points was possibly due to differences in two readings from the same serum sample and variation
in the three mice assayed at specific timepoints. SOST7- mice treated with mScl hFc showed two
spikes, one at 72 and another at 168 hours, with only the 168-hour spike being significant (Figure
4.33). However, the P1NP levels in both cases decreased again after 24 hours and no significant
difference in concentrations were observed between start and end of study. P1NP
concentrations were stable in WT mice treated with mScl hFc PD and no significant differences
were observed between 24 hours and 240 hours post dose. ELISA data from the first assay of
SOST- mice treated with mScl hFc PD was discarded due to invalid controls (Figure 4.33). Results
from the second ELISA showed some variation, but no difference between start and end of study
was observed. Comparison between WT and SOST”- treated mice demonstrated little to no
difference between genotypes and overall results indicated that treatment with the recombinant

mScl constructs resulted in no change in PINP concentrations.
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Figure 4.33: WT and SOST/- PINP levels in the single dose pharmacokinetic study. A and B) PINP concentrations
of WT (A) and SOST”" (B) mice treated with mScl hFc. C and D) PINP concentrations of WT (C) and SOST”" (D) mice
treated with mScl hFc PD. For each assay, PINP concentration of three independent mice was measured at each
time point (N=3) (blue dots and red triangles). Black line depicts mean of all data points (N=6) at each time point
(except for (D), where N=3). E and F) Mean comparison of WT (blue line) and SOST” (red line) mice treated with
mScl hFc (E) and mScl hFc PD (F). Ordinary one-way ANOVA was performed for statistical analysis: ns=non-
significant; p<0.05.
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4.3.2. Pharmacology study
4.3.2.1. Body weight and whole body bone mineral density

All dose administrations (4.4 mg/kg mScl dose administered six days a week and 10 mg/kg mScl
hFc and mScl hFc PD doses administered once a week for six weeks) were performed without
incident and no adverse effects were observed in any of the treated mice. Body weights of 7-10
week old female WT and SOST/- mice were comparable for both genotypes throughout the 6-
week study (Figure 4.34). Weights ranged from 18-23 g and as expected for growing mice,
increased gradually over the experimental period. Whole body areal bone mineral density
(aBMD), vertebral BMD, and femoral BMD, measured by dual-energy X-ray absorptiometry
(DXA), was higher in SOST7- mice than WT mice throughout the study (aBMD: 80+9 g/cm? (WT)
vs 10010 g/cm? (SOST7), p<0.0001; vertebral BMD: 81+17 g/cm? vs 107+22 g/cm?, p<0.0001;
femoral BMD: 76+12 g/cm? vs 971710 g/cm?, p<0.0001) (Figure 4.35), consistent with the
previously reported phenotype (Li et al., 2008). None of these parameters were however

affected by the recombinant mScl proteins (compared with Vehicle treated controls) (Figure
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Figure 4.34: Body weights of WT and SOST”" mice groups. A and B) Body weights of 7-10 week old female WT (A)
and SOST”" (B) mice treated with vehicle, mScl, mScl hFc and mScl hFc PD.
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Figure 4.35: Whole body areal, vertebral, and femoral BMD of WT and SOST”- mice groups. A and B) Whole body

areal BMD of WT (A) and SOST”*(B) mice measured by DXA at Baseline and at Day 40, which was just prior to the
end of the study. C and D) Vertebral BMD of WT (C) and SOST”*(D) mice. E and F) Femoral BMD of WT (E) and SOST-
/-(F) mice. MeanzSD from each group shown (N=6 mice/group except for SOST”" vehicle N=7). Unpaired t-test was
performed for statistical analysis of baseline vs Day 40 comparison: ns=non-significant; *p<0.05; **p<0.01.
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4.3.2.2. Pharmacokinetics and pharmacodynamics of recombinant mScl

Pharmacokinetics

Fitted LC-MS/MS results were consistent with one compartment kinetics and compartmental
analysis showed an estimated half-life of 1.6 days and 2.6 days for mScl hFc and mScl hFc PD
respectively. Volume of distribution (Vss) was 497 mL/kg for mScl hFc and 188 mL/kg for mScl hFc
PD and, allowing for loss due to SC route of administration, was consistent with the distribution
seen in the single dose PK study. Serum mScl hFc concentration was lower than mScl hFc PD
throughout the study. WT and SOST”- serum mScl hFc (ug/mL) were however comparable and
stayed constant after each dose, whilst serum mScl hFc PD differed slightly between WT and
SOST/- mice, and increased with each dose (difference between Day 0 and Day 42 serum mScl
hFc PD concentrations was approximately 7 pug/mL) (Figure 4.36). Exposure was better than
predicted, with comparable trough values, but higher peak values for fitted mScl hFc compared
to the simulated 42-day prediction model from the single dose PK study. This difference is likely
due to the switch from IV to SC administration, extrapolated single dose study modelling data,
and parameters used for the 42-day simulation (a more conservative 50% bioavailability was

used for the prediction algorithm).
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Figure 4.36: Multidose pharmacology study pharmacokinetic profiles and models. A and B) mScl hFc (A) and mScl
hFc PD (B) fitted models. Models were fitted for mScl hFc and mScl hFC PD data from WT (blue lines) and SOST
(red lines) mice, using data from predose (0 hours), Day 7 (168 hours) and Day 42 (1008 hours) time points. C)

Comparison of pharmacology study mScl hFc fitted model (red line) and the mScl hFc simulated 42-day prediction
model from the single dose PK study (blue line).
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Effect on PINP concentration

P1NP ELISA kit accuracy was determined using kit standards and controls (low and high control ranges
were 3.6-6.6 ng/mL and 30.3-56.4 ng/mL respectively). A single ELISA plate, containing Vehicle and mScl
samples from WT mice, fell outside the high concentration control (71.12 ng/mL) and were excluded from
analysis. ELISAs showed that treatment with recombinant mScl did not reduce serum P1NP (Figure 4.37).
However, a small, but significant reduction in PINP concentration was observed at the 24-hour point in
SOST”* mice treated with wild type mScl (p<0.05). The final PANP concentration was however similar to

the Vehicle control, indicating no effective change in P1NP levels from start to end of study (Figure 4.37).
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Figure 4.37: WT and SOST/- P1NP levels in the multidose pharmacology study. A) PANP concentrations of WT mice
treated with mScl hFc (blue line) and mScl hFc PD (red line). B) PINP concentrations of SOST”" mice treated with
Vehicle, mScl (green line), mScl hFc (blue line) and mScl hFc PD (red line). N=6 at each time point, except SOST
Vehicle N=7. Vehicle data was collected at Day 42 only. Unpaired t-test was performed for statistical analysis of mScl
(Predose vs 24 hour), and mScl vs Vehicle (Day 42) comparison (*p<0.05).

4.3.2.3. Anti-drug antibody assays

Anti-drug antibody (ADA) assays were performed with biotinylated and SULFO TAG labelled native mScl
(for samples from mScl treated mice) and mScl hFc PD (for samples from mScl hFc or mScl hFc PD treated
mice). Outlier ADA concentrations were seen in WT mice treated with mScl hFc (2/6 mice) and mScl hFc
PD (1/6 mice), and SOST” mice treated with mScl (2/6 mice), mScl hFc (2/6 mice) and mScl hFc PD (1/6
mice) (4.38). Outliers were selected for additional ADA confirmation assays, where selected samples were
saturated with 100 pg/mL mScl or mScl hFc to suppress ADA signal. Lack of ADA signal in mScl saturated
samples suggest that selected WT and SOST” samples contained ADAs against the recombinant mScl

constructs. For some mScl hFc treated mice, ADA signal was observed when oversaturating samples with
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mScl, whilst no ADA signal was seen for samples oversaturated with mScl hFc, suggesting that ADAs target
the hFc region of the mScl hFc construct. ADAs appeared to target both the mScl and hFc PD regions of
mScl hFc PD in WT and SOST”" samples. These ADA confirmation assays show that all selected outlier
samples contained ADAs, confirming that approximately one to two out of six mice developed ADAs
against the recombinant Scl constructs. It is however unclear how much an effect these ADAs would have

on drug efficacy.
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Figure 4.38: Anti-drug antibodies against recombinant mScl in WT and SOST”" mice. A) Anti-drug antibody (ADA)
assay (biotinylated and SULFO TAG labelled mScl added to samples) of WT and SOST/- mice treated with wild type
mScl. B) and C) ADA assay of WT (B) and SOST”* (C) mice treated with mScl hFc or mScl hFc PD (biotinylated and
SULFO TAG labelled mScl hFc PD added to samples). Potential ADA responses are indicated with a red circle around
the data point(s). D) and E) Potential ADA samples were tested in confirmation ADA assays: WT (D) and SOST” (E)
mice treated with the recombinant mScl constructs (used biotinylated and SULFO TAG labelled mScl and mScl hFc
PD). Samples were saturated as follows: group 6 with mScl; group 3 and 7 with mScl hFc and mScl; group 4 and 8
with mScl and mScl hFc PD. Table to right of E) indicates genotype and treatment of selected samples with potential
ADA responses. Unpaired t-test was performed for statistical analysis of vehicle vs mScl or mScl hFc/PD comparison:
ns=non-significant; **p<0.01; ***p<0.001.

4.3.2.4. Microcomputed CT

The effect of the recombinant mScl proteins on skeletal phenotype of WT and SOST” mice was

analysed by microcomputed tomography (uCT) scanning and 2D and 3D bone
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histomorphometry, following the 42-day treatment period. Consistent with the genotype effect
observed by DXA, there was a clear difference in trabecular and cortical parameters of WT
compared with vehicle treated SOST/- mice (Table 4.7, 4.8 and 4.9), demonstrating the suitability
of SOST”/ as a sclerosteosis model. However, WT and SOST”/" mice had similar connected
trabecular lattices and plate- and rod-like architecture in vertebral trabecular bone, as indicated
by the vertebral trabecular pattern factors (Th.Pf) and structure model indexes (SMI). In addition,
the medullary area (M.Ar) was the only femoral cortical parameter that showed no difference
between the two genotypes, suggesting similar sized medullary cavities in WT and SOST”

diaphyses.

Administration of mSc hFc PD resulted in a modest but statistically significant effect on trabecular
bone parameters of SOST”/" mice (Figure 4.39 and 4.40; Table 4.7 and 4.8). Volumetric BMD
(vBMD), bone volume fraction (BV/TV) and trabecular number (Tb.N) in lumbar vertebrae of
SOST/- mice treated with mScl hFc PD were approximately 20%, 15% and 19% lower compared
with the vehicle control group, whilst trabecular separation (Tb.S) was 27% higher (Figure 4.39,
Table 4.7). Lack of changes in Th.Pf, SMI and DA however indicated that treatment with
recombinant proteins did not affect the connected trabecular lattices, plate- and rod-like
architecture, and relative stiffness of vertebral trabecular bone in different directions, as
measured by uCT. In femoral trabecular bone, a modest but statistically significant 37% increase
in trabecular separation (p<0.05) and a non-significant trend towards reduced BV/TV (27%),
vBMD (21%), and Th.N (25%) was observed (Figure 4.40, Table 4.8). No significant effects on
vertebral and femoral trabecular bone were observed in SOST”" mice treated with mScl or mScl
hFc. In contrast to vertebrae, femoral cortical indices appeared to be unchanged following
treatment across all three proteins tested (Figure 4.41, Table 4.9), and no significant effects were

seen in trabecular or cortical bone of any of the WT treated groups.

Representative uCT images of the L5 vertebral body and right femur from vehicle, mScl, mScl hFc
and mScl hFc PD treated WT and SOST- mice (approximately 3 months of age) were selected for
visual comparison (Figure 4.42 and 4.43). Compared to WT, vertebral and femoral trabecular and
cortical bone volume appeared to be higher in SOST”" mice. There also seemed to be a decrease
in vertebral trabecular bone and an increase in intravertebral foramina in both WT and SOST--
mice treated with mScl hFc and mScl hFc PD, compared to vehicle controls (Figure 4.42), whilst
no apparent changes were visible in femoral trabecular and cortical bone.
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Table 4.7: Trabecular bone histomorphometry of vertebral body between growth plates of L5 lumbar

vertebrae.
WT SosT/-
Vehicle mScl mScl hFc mScl hFc PD Vehicle mScl mScl hFc mScl hFc PD

Mean SD Mean SD Mean SD Mean SD | Mean SD Mean SD Mean SD Mean SD
vBMD (g/cm?3) 0.27 0.06 0.32 0.14 0.23 0.11 0.26 0.03 0.64 0.05 0.63 0.07 0.61 0.07 0.51 0.14*
BV/TV (%) 16.21 1.85 1749 566 1497 3.78 16.14 1.12 | 29.40 1.83 29.03 2.39 2847 261 2491 4.92%
Tb.Th (mm) 0.05 0.00 0.05 0.00 0.05 0.00 0.05 0.00 0.06 0.00 0.06 0.00 0.06 0.00 0.06 0.00
Tb.Sp (mm) 0.21 0.02 0.22 0.02 0.25 0.04 0.22 0.01 0.15 0.01 0.15 0.01 0.16 0.03 0.19 0.04*
Th.N (mm™) 3.52 0.20 3.24 0.46 3.10 0.68 3.43 0.19 4.75 0.25 4.61 0.35 4.59 0.39 3.85 0.80**
Th.Pf (mm™) 18.19 3.64 1726 4.19 1715 4.01 15.85 1.79 | 16,53 2.20 1590 1.73 17.09 419 1734 2.18
SMI 1.37 0.16 1.36 0.22 1.37 0.24 1.26 0.11 1.52 0.12 1.51 0.13 1.55 0.25 1.66 0.21
DA 0.46 0.03 0.49 0.04 0.46 0.03 0.49 0.03 0.24 0.06 0.27 0.05 0.21 0.04 0.27 0.07

Data are expressed as the mean+SD of N=6 mice/group (except SOST vehicle group: N=7). Ordinary one-way ANOVA was
performed for statistical analysis: *p<0.05; **p<0.01 compared with SOST/- vehicle group. The region of interest was the
vertebral body of the L5 lumbar vertebrae. vBMD: volumetric bone mineral density; BV/TV: bone volume fraction; Th.Th:
trabecular thickness; Th.Sp: trabecular space; Th.N: trabecular number; Tb.Pf: trabecular pattern factors; SMI: structure model
indexes; DA: degree of anisotropy.

Table 4.8: Trabecular bone histomorphometry of bone close to the femoral distal growth plate.

WT SOST”

Vehicle mScl mScl hFc mScl hFc PD Vehicle mScl mScl hFc mScl hFc PD

Mean SD Mean SD Mean SD Mean SD | Mean SD Mean SD Mean SD Mean SD
vBMD (g/cm3®) 0.15 001 014 004 014 003 015 001 | 035 004 032 005 035 006 027 0.10
BV/TV (%) 866 071 841 281 7.66 252 878 063 | 2396 351 2220 366 2367 480 1761 7.79
Th.Th (mm) 005 000 006 001 006 000 005 000| 009 000 009 000 009 001 009 001
Th.Sp (mm) 028 001 031 006 037 012 029 003| 021 001 023 002 022 003 028 0.09*
Th.N (mm-?) 162 011 150 046 131 044 166 014 | 262 034 244 030 263 050 195 0.78
Th.Pf(mm?)  29.14 263 29.07 574 26.05 3.49 2588 230 | 13.58 2.48 1347 216 1330 265 1676 5.22
smi 225 043 230 023 221 019 207 012 | 1.8 027 182 017 182 037 209 042
DA 038 003 034 003 036 006 039 003| 049 003 047 002 045 004 046 0.04

Data are expressed as the mean%SD of N=6 mice/group (except WT mScl hFc PD group: N=5; SOST"- vehicle group: N=7). Ordinary
one-way ANOVA was performed for statistical analysis: *p<0.05 compared with SOST7- vehicle group. The distal metaphyseal
region of interest of the right femur was analysed. vBMD: volumetric bone mineral density; BV/TV: bone volume fraction; Tb.Th:
trabecular thickness; Th.Sp: trabecular space; Th.N: trabecular number; Tb.Pf: trabecular pattern factors; SMI: structure model
indexes; DA: degree of anisotropy.
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Table 4.9: Cortical bone histomorphometry near the femoral midshaft.

WT SOST/
Vehicle mScl mScl hFc mScl hFc PD Vehicle mScl mScl hFc mScl hFc PD
Mean SD Mean SD Mean SD Mean SD | Mean SD Mean SD Mean SD Mean SD
VBMD (g/em®) 106 007 101 004 102 005 101 005 | 141 006 138 007 143 012 137 0.12
BV/TV (%) 4473 241 42.80 1.42 4323 184 42.88 166 | 56.95 2.26 5590 2.64 57.72 422 5551 4.22
T.Ar (mm?) 184 009 18 012 173 011 191 007 | 259 018 257 015 248 016 256 0.11
B.Ar (mm?) 082 005 081 006 075 007 082 005 147 012 144 014 144 019 142 0.4
Ma.Ar (mm?) 1.02 008 108 006 098 005 109 005 | 111 010 113 005 105 006 114 0.10
T.Pm (mm) 529 015 534 020 511 015 540 013 | 634 028 629 019 620 028 625 0.5
B.Pm (mm) 939 032 949 037 909 022 963 026 | 1154 061 11.51 0.78 11.30 0.58 11.25 0.56
Es.Pm (mm) 410 019 416 017 398 009 422 014 | 521 036 522 061 511 034 500 045
Cs.Th (mm) 017 001 017 001 016 001 017 001 | 025 002 025 001 026 002 025 001
?:'n“r'r"'f)‘m'ar) 040 004 041 006 035 005 043 004 | 095 015 092 013 088 017 089  0.10
Eccentricity 075 001 074 002 075 001 076 002| 078 001 077 002 078 003 0.76 0.02

Data are expressed as the mean+SD of N=6 mice/group (except WT mScl hFc PD group: N=5; SOST/- vehicle group: N=7). The
diaphyseal region of interest of the right femur was analysed. vBMD: volumetric bone mineral density; BV/TV: bone volume
fraction; T.Ar: tissue area; B.Ar: bone area; Ma.Ar: medullary area; T.Pm: tissue perimeter; B.Pm: bone perimeter; Es.Pm:
eccentric perimeter; Cs.Th: cross section thickness; MMI(polar): polar moment of inertia.
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Figure 4.39: Vertebral trabecular bone parameters of WT and SOST”- mice treated with Vehicle, mScl, mScl hFc

and mScl hFc PD. Trabecular microarchitecture was assessed by pCT in WT and SOST”" mice aged ~3 months. A)
Vertebral body region (top yellow region) between the distal and proximal growth plates (bottom yellow region)

was selected as the region of interest for vertebral trabecular analysis. B, C, D, E, F, G, H and I) vBMD (B), BV/TV (C),
Th.Sp (D), Th.N (E), Th.N (F), Tb.Pf (G), SMI (H) and DA (l). Bars represent mean+SD of N=6 mice/group (except SOST

/- mice vehicle group: N=7). Ordinary one-way ANOVA was performed for statistical analysis: *p<0.05; **p<0.01.
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Figure 4.40: Femoral trabecular bone parameters of WT and SOST- mice treated with Vehicle,
mScl hFc PD. Trabecular microarchitecture was assessed by uCT in WT and SOST”
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Figure 4.41: Femoral trabecular bone parameters of WT and SOST- mice treated with Vehicle, mScl, mScl hFc and
mScl hFc PD. Trabecular microarchitecture was assessed by pCT in WT and SOST”" mice aged ~3 months. A) Region
of interest for femoral cortical (red) bone analysis. B, C, D, E, F, G, H, |, J, K and L) vBMD (B), BV/TV (C), Th.Sp (D),

of N



Vehicle mScl hFc mScl hFc PD

Figure 4.42: Representative frontal plane uCT images of fifth lumbar vertebral body in WT and SOST- mice treated
with Vehicle, mScl, mScl hFc and mScl hFc PD. Trabecular microarchitecture was imaged by uCT in WT and SOST”
mice aged ~3 months. Vertebral body is viewed from the front (white arrow in Figure 4.39A). Blue indicates bone
density and are for illustration purposes only.

Vehicle mScl mScl hFc  mScl hFc PD

Figure 4.43: Representative sagittal plane uCT images of the right femurs of WT and SOST”" mice treated with
Vehicle, mScl, mScl hFc and mScl hFc PD. Trabecular microarchitecture was imaged by pCT in WT and SOST- mice
aged ~3 months. Blue indicates bone density and are for illustration purposes only.
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Chapter 5: Discussion

Sclerosteosis is a rare, severe autosomal recessive sclerosing skeletal dysplasia caused by loss of
function mutations in the SOST or LRP4 genes (Balemans et al., 2001; Fijalkowski et al., 2016; van
Lierop et al., 2017). These mutations result in lack of functional sclerostin (Scl), a protein that is
important for maintaining bone homeostasis, or impaired interaction between Scl and LRP4, a
Scl co-receptor that plays a role in retaining and facilitating local Scl action (Fijalkowski et al.,
2016; Holdsworth et al., 2019). It has been shown that Scl plays a key role in controlling bone
formation in bone modelling and remodelling by antagonising the canonical Wnt signalling
pathway through high-affinity binding to the extracellular domains of LRP4 Scl co-receptor and
LRP5/6 Wnt co-receptors (Balemans et al., 2001; Poole et al., 2005; Semenov and He, 2006; van
Lierop et al., 2011). The protein is expressed primarily by osteocytes, and lack thereof results in
skeletal conditions such as sclerosteosis (Balemans et al., 2001; Brunkow et al., 2001).
Sclerosteosis has no available treatment and is currently managed through difficult and
protracted surgical decompression of entrapped cranial nerves and elevated intracranial
pressure caused by excessive bone formation. Surgery is, however, only palliative, as bone soon
regrows post-surgery and may cause recurrence of symptoms, necessitating repeated surgical
intervention. Finding a less invasive treatment for the condition, either earlier on in its

pathogenesis or to later manage the condition in adults, is thus sorely needed.

For this study we therefore hypothesised that replacing Scl with an exogenously produced
equivalent protein could potentially reduce excessive bone formation in a SOST”- mouse model
of sclerosteosis by inhibiting the Wnt-signalling pathway. A protein-based approach was
selected, as protein drugs bind avidly to their targets, making them highly specific (Joseph et al.,
2017; Murray et al., 2017). Their specificity reduces drug toxicity, and drug related side-effects
are mostly associated with exaggerated pharmacological effects. In contrast, small molecules
cause off-target toxicity due to broad distribution to other tissues (Reynolds et al., 2013). Protein
replacement therapies have previously been used to treat anaemia and haemophilia A or B by
administrating recombinant erythropoietin and factors VIII or IX, respectively (Eschbach et al.,
1987; Aledort et al., 2014; Peters and Harris, 2018). Exogenously supplied enzymes, purified from
human or animal tissue or produced by recombinant techniques, have also been used to treat

lysosomal storage disorders (Reynolds et al., 2013; Beck, 2018). Successful protein and enzyme

134



replacement in rare diseases that are linked to loss of functional proteins provide some degree
of confidence that such an approach could be effective for sclerosteosis (Sun et al., 2017;
Tambuyzer et al., 2020). For this study, wild type Scl and two novel recombinant Scl constructs

were developed for evaluation and comparison.

5.1. Protein design, cloning and expression

As a first step in developing effective treatment, the protein needed to be synthesised in vitro.
For this, three recombinant constructs were cloned into expression plasmids using multiple steps
of restriction enzyme digest and DNA ligation. Wild type mouse Scl (mScl), the first of the three
distinct constructs, was used as a control throughout the project and was expected to have a
short half-life due to its small size. The second construct (mScl hFc) consisted of a fusion between
wild type mouse Scl and human Fc (hFc), a method used in multiple studies, including U.S. Food
and Drug Administration (FDA) and European Medicines Agency (EMA) approved drugs, to
improve protein half-life (Strohl, 2015; Kontermann, 2016; Sheffield et al., 2018; AlQahtani et al.,
2019). The Fc region of immunoglobulin type 1 (IgG1), a type of antibody, binds to the neonatal
Fc receptor (FcRn), which is part of a natural pathway that rescues and recycles IgG1 back into
circulation, thereby increasing its plasma half-life (Sockolosky et al., 2014; Rath et al., 2015;
Kontermann, 2016). The half-life is further increased by the greater molecular weight of a fusion
protein (Rath et al., 2015). Thus, attaching hFc to the C-terminal flexible arm region of wild type
mScl would in theory increase the half-life of the protein and decrease the dosage frequency for
in vivo studies. While the danger of changing the protein structure could potentially result in a
loss of biological function, we considered this to be of low possibility as the ability of Scl to bind
to Wnt co-receptors LRP5/6 is mediated by a flexible loop region (loop 2) within the central core
of the protein and does not involve the N- and C-terminal flexible arm regions (Holdsworth et al.,
2012; Kim et al., 2020). Moreover, it has previously been shown that mouse Fc and hFc binds to
mouse Fcy receptors (FcyR) ex vivo with similar binding strength, suggesting fusion with hFc
would not affect Fc effectiveness in a mouse model (Dekkers et al., 2017). The third fusion
protein (mScl hFc PD) comprised of wild type mouse Scl fused with hFc and a poly-aspartate
motif (PD) attached at the hFc C-terminus. Kasugai et al. demonstrated that a repeating sequence

of acidic amino acids, such as aspartic acid and glutamic acid, binds to hydroxyapatite, an
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inorganic component of bone, and was effective as a carrier for drug delivery to bone (Kasugai
et al., 2010). Other studies have also shown that addition of a poly-aspartate motif to a protein
resulted in safe, more efficient delivery to bone, longer retention times, and had little influence
on other biochemical properties (Nishioka et al., 2006; Whyte et al., 2012). The aim of the PD
motif was thus to localise the recombinant mScl hFc fusion construct to the bone area to further
enhance effectivity. On completion of cloning, both restriction analysis and DNA sequencing
confirmed that the hFc and hFc PD fragments were successfully attached to the wild type mScl
sequences and all recombinant plasmid constructs (pMH mSOST WT, pMH mSOST hFc and pMH

mSOST hFc PD) were cloned correctly.

Large quantities (~100 mg each) of the three recombinant protein constructs (mScl, mScl hFc and
mScl hFc PD) were successfully expressed in 5 L Expi293™ cultures, signifying a viable approach
for future protein production for in vitro and in vivo studies. After expression, native mScl was
first purified by cation exchange chromatography (CEC), as the net positive surface charge of the
protein allowed it to attach to the negatively charged ion exchange resin. This was followed by
size exclusion chromatography (SEC), and yielded approximately 100 mg mScl per 5L HEK293
culture, comparable to quantities obtained by Veverka et al. (Veverka et al., 2009). Protein A
affinity chromatography was the first step in mScl hFc and mScl hFc PD purification, as hFc was
previously shown to have a high affinity for Protein A (Carter, 2011; Czajkowsky et al., 2012).
While the method was adequate for protein purification, in some cases high protein
concentrations obtained from Protein A affinity chromatography resulted in protein aggregation
and sample turbidity. To overcome this, adjusting the sample pH to 7 with Tris-HCl pH 8.5
stabilised the protein and cleared the turbidity. Remaining protein aggregates had to be removed
by centrifugation and any remaining impurities were then removed by SEC and CEC, yielding

approximately 100 mg mScl hFc and mScl hFc PD per 5L HEK293 culture.

Subsequent endotoxin screening of all protein yields showed that endotoxin levels in some
samples were above acceptable levels (mScl: 5.75 EU/mg; mScl hFc: 2.58 EU/mg) for use in in
vivo studies (€2 EU/mg being the required limit), necessitating additional endotoxin removal
steps. Approximately 10% mScl was lost during endotoxin removal using Proteus NoEndo™ S spin
columns, conforming with typical >90% recovery. However, attempting to remove endotoxin
from mScl hFc samples with the same columns resulted in ~50% loss of protein, possibly due to
protein aggregate blocking the column or some protein adhering to the column due to the sticky
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nature of Scl (Boschert et al., 2016). As an alternative, an additional CEC step was implemented
at the end of the mScl hFc and mScl hFc PD purification process, with no resultant protein loss.
In this step the positively charged recombinant proteins (high pl) bound to the negatively
charged column, whilst endotoxin (low pl) washed away with low ionic strength buffer (Petsch,
2000). Endotoxin removal by these methods was safe and efficient, with approximately 70% and
55% (mScl and mScl hFc respectively) reduction in endotoxin levels and little to no loss in protein.
A sufficiently sterile work environment could also negate the need for further endotoxin
removal, as seen with mScl hFc PD production. However, this was not entirely possible in the

development laboratory in which this study was undertaken.

Different SDS-PAGE bands were observed for the respective purified recombinant Scl proteins,
denoting samples that consist of heterogenous Scl conformations (Figure 5.1). Sclerostin
contains two conserved, possible N-linked glycosylation sites, suggesting that differences in band
sizes could be a result of glycosylation. Subsequent deglycosyslation of mScl hFc PD with PNGase
F under reducing conditions suggested that discrepancies in protein size were indeed partially a
result of glycosylation (Figure 4.20). Multiple protein bands were also observed in previous
research, where human Scl was expressed in mammalian expression systems, possibly reflecting
differences in the extent of glycosylation (Krause et al., 2010; Holdsworth et al., 2012).

Glycosylation can vary on the same protein and thus likely contributed to the post translational
heterogeneity that resulted in fuzzy bands observed for wild type mScl (Rudd and Dwek, 1997).
Furthermore, truncation occurred 176 amino acids downstream from the N-terminal end of mScl
hFc and mScl hFc PD, towards the end of the mScl C-terminal flexible region fused to hFc, thereby
removing the majority of the mScl sequence in ~20% of the hFc-fusion samples and resulting in
various possible protein conformations (Figure 5.1) (Veverka et al., 2009). Since the high
flexibility of the hinge region between hFc and mScl and the relatively low dissociation energy of
the disulphide bonds that form the Fc dimer could lead to further modifications and cleavages,
it is possible that some captured dimers consisted of dimeric hFc and a single mScl, whilst some
constructs comprised of monomeric mScl hFc PD or dimeric hFc without mScl (Figure 5.1) (Moritz
and Stracke, 2017; Suzuki et al., 2018). Smaller protein bands could have consisted of hFc
monomers, a different protein breakdown product, or even monomeric mScl (Figure 5.1). This
heterogeneity could also be a result of proteolysis, which has been shown to be an issue in

mammalian cell cultures and can range from complete hydrolysis of the protein to minor
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truncation of the protein without impairing its biological function (Robert et al., 2009; Rogers
and Overall, 2013; Lee et al., 2015; Chakrabarti et al., 2019). The functional significance of these
post-translational modifications is however uncertain, as protein produced by E. coli expression
systems showed similarly effective Scl function in Wnt reporter assays as Scl produced in
mammalian systems (Veverka et al., 2009). Functional assays of the two recombinant fusion
proteins suggested that truncation and glycosylation did not affect protein function
considerably. However, further analysis of the different conformations could provide a clearer
understanding of why truncation and glycosylation occur and whether some of these post-

translational modifications are significant.
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Figure 5.1: Possible conformations of heterogenous mScl hFc. mScl hFc could comprise of: A) dimeric hFc with two
mScl, B) dimeric hFc with a single mScl, C) dimeric hFc without mScl, D) monomeric hFc with mScl and E) native mScl.
Molecular weights are shown in kDa.

5.2. Invitro functionality and efficacy of recombinant sclerostin constructs

It was important to confirm that the formation of a dimeric molecule did not impair mScl activity
in vitro, since Scl normally exists as a monomer. Sclerostin exerts its function through binding to
LRP4/5/6 receptors, thus, the ability of the recombinant mScl protein to bind a fragment of the
Wnt co-receptor LRP6 containing the first and second B-propellers of the receptor extracellular

domain (LRP6-E1E2) (Holdsworth et al.,, 2012) were tested in vitro, using microscale
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thermophoresis, isothermal titration calorimetry and a surface plasmon resonance competition
assay. Binding to LRP6 gives confidence that the recombinant mScl proteins also interacted with
LRP5, as Scl interacts with both via the same NxI motif (He et al., 2004; Holdsworth et al., 2012).
Although Scl also binds to LRP4 to inhibit bone formation, this study focussed on the effect of
the recombinant mScl proteins on the canonical Wnt signalling pathway. Investigation of the
interaction between LRP4 and the recombinant proteins was therefore excluded for possible
future studies. Lastly, with Scl being a potent negative regulator of bone formation, an in vitro
bone nodule formation assay was used to test the ability of the recombinant mScl proteins to

inhibit this process.

5.2.1. Microscale thermophoresis

The microscale thermophoresis (MST) assays investigated the binding reactions between the
recombinant mScl constructs (mScl, mScl hFc and mScl hFc poly D) and fluorescently labelled
LRP6-E1E2, based on temperature-induced changes in fluorescence of labelled LRP6 as a function
of the concentration of non-fluorescent recombinant Scl constructs (Jerabek-Willemsen et al.,
2014). These assays required low amounts of ligand and showed that the three recombinant
mScl constructs interacted strongly with LRP6-E1E2. Calculated KD (equilibrium dissociation
constant) values <6nM (less than half of the fixed 12.5nM LRP6-NT647 concentration) could
however not be reported as absolute values, due to experimental constraints that result from
ligand depletion. Once KD decreases past the labelled LRP6 concentration, the midpoint of the
dose response curve converges to 0.5*[LRP6-NT647], making it impossible to determine the true
KD (Wienken et al., 2010; Esteban Fernandez de Avila et al., 2013). The KD values for hScl, mScl
hFc and mScl hFc PD (2nM, 2nM, and 0.54nM respectively) were therefore reported as <6nM,
demonstrating strong interaction between the recombinant constructs and LRP6. These results
were similar to the ~5nM KD previously reported for interaction between hScl and LRP6
(Holdsworth et al., 2012; Boschert et al., 2013). However, those previous studies used SPR
instead of MST to determine KD. KD values reported here might thus not be completely
comparable to the previously reported hScl KDs. Moreover, as reported in other studies, the
fluorescent dye used to label LRP6-E1E2 may have altered protein properties or promoted

aggregation, thereby affecting the interaction between labelled LRP6-E1E2 and the mScl
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constructs unpredictably (Scheuermann et al., 2016). Although such interference could be
assessed by a competition assay, the aim of undertaking the MST assays was not to quantify KD,

but rather to demonstrate that interaction occurred as predicted.

5.2.2. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was used as an orthogonal technique to generate additional
data on protein affinity. The technique measures the heat exchange during a biomolecular binding
event in solution directly and is highly sensitive and non-destructive (native proteins are used)
of the tested ligands and receptors, making it a powerful tool and the leading technique used for
measuring well-defined classical energetic parameters and the affinity constants of biochemical
interactions (Doyle, 1997; Ma et al., 2018). Dissociation constants (KDs) in the nanomolar range
were reported by multiple dose dependent ITC assays, indicating moderate to strong interaction
between the recombinant mScl constructs and label-free LRP6-E1E2. The KD values (~¥147nM,
~116nM and ~746nM for mScl, mScl hFc and mScl hFc PD respectively) were similar to the
recently reported KD for wild type Scl (170 nM) (Kim et al., 2020). It was however much higher
than other previously reported values for wild type human Scl (~5nM), suggesting that mouse
Scl might bind to human LRP6 with lower affinity (Holdsworth et al., 2012; Boschert et al., 2013).
A BLAST alignment of wild type mouse Scl (Uniprot: Q99P68) and human Scl (Uniprot: Q9BQB4)
showed overall structure homology, but indicated some differences in protein sequences,
including an amino acid difference close to the NXI motif, the functional region of Scl that
interacts with LRP6, which could affect mScl interaction with human LRP6 and may account for
the shift in KD (Holdsworth et al., 2012; Sayers et al., 2019). It is also possible that the inactive
truncated fractions (consisting of hFc without mScl) in the hFc-fusion protein samples affected
protein affinity, and the higher sample concentration required for ITC could have promoted
protein aggregation, thereby affecting KD values. Furthermore, different methods often give
differing absolute values, thus some differences might be a result of different techniques used
to determine KD: Boschert et al. used autoradiography, Kim et al. used MST, whilst Holdsworth

et al. used SPR (Biacore) (Holdsworth et al., 2012; Boschert et al., 2013; Kim et al., 2020).

Binding of the dimeric recombinant mScl hFc fusions to LRP6-E1E2 was expected to occur in a

1:2 ratio (one mScl molecule binding to two LRP6-E1E2 molecules). Stoichiometries of 0.6 and
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0.9 were obtained for mScl hFc and mScl hFc PD respectively, indicating that mScl hFc bound at
the expected ratio. The reasons underlying the deviation from the expected binding ratio for
mScl hFc PD is unclear, but it may reflect the level of active protein in the samples (hFc-fusion
protein samples contained truncated products that may have been less active). Although
unlikely, it is also possible that inaccurate sample concentrations in the sample cell or syringe of
the ITC system could account for the unexpected binding stoichiometries, as concentration
errors do not yield noticeably flawed titration profiles, but can nonetheless propagate to the

fitted thermodynamic results (Kantonen et al., 2017).

5.2.3. Surface plasmon resonance

The Biacore™ surface plasmon resonance (SPR) competition assays provided additional evidence
that the recombinant mScl constructs were functionally active and able to bind to the LRP6 Wnt
co-receptor. Sclerostin is a ‘sticky’ protein that tends to bind non-specifically to the Biacore™
sensor surface, which can complicate the measurement of the association/dissociation rates of
interactions when Scl is flowed across the chip to measure binding to a previously captured
protein (Boschert et al., 2016). It was therefore decided to coat the sensor surface with Scl and
pass a solution of LRP6-E1E2 and the selected mScl construct over the top. This approach also
removed the necessity to coat a new sensor surface for each recombinant mScl construct, which
would have made comparison more difficult. Additionally, in these competition assays the
binding event was in solution and as a result were not influenced by the sensor surface (capturing
a recombinant mScl protein on the sensor might have blocked its binding sites). EC50 values of
the mScl constructs demonstrated that the recombinant constructs bound well to LRP6-E1E2.
These assays were however not performed in triplicate and as a result the amount of possible
variation in the measurements was not clear. The Biacore™ 3000 data were therefore only used

as an additional indicator of interaction between the recombinant mScl proteins and LRP6.

5.2.4. Mineralised nodule formation assay

The mineralised nodule formation assays were done to show functional efficacy of the

recombinant proteins and investigated the effect of the recombinant mScl constructs on
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osteoblast mineralisation. MC3T3-E1 Subclone 14 mouse pre-osteoblasts (ATCC, Manassas, VA,
USA) were selected for the mineralisation nodule assay as they express LRP4/5/6 and alkaline
phosphatase, exhibit high level of osteoblast differentiation, produce an extensive collagenous
extracellular matrix and deposits mineral after being cultured in 50 pg/mL ascorbate-2-
phosphate and 10 mM B-glycerophosphate (Fratzl-Zelman et al., 1998; Li et al., 2009).
Additionally, differentiated osteoblasts do not produce sclerostin (mainly produced by
osteocytes), which provided the added benefit of minimal interference with the recombinant
mScl constructs (Poole et al., 2005). The aim of this study was not to do a detailed mechanistic
study of a novel class of protein, therefore a cell line, such as primary osteoblasts from rat
neonates (needs to be isolated and are more difficult to culture than MC3T3-E1 cells), that
deposits recognisable and quantifiable woven bone structures rather than just mineral was not
required (Orriss et al., 2012; Taylor et al., 2014; Liu et al., 2019). However, although MC3T3-E1
mineralisation assays were sufficient for initial studies, independent evaluation of the effects of
the mScl constructs on the mineralisation and organic matrix components of bone formation in
rat neonate-derived primary osteoblast cultures would be of interest. The MC3T3-E1 cells, which
are easier to culture and have demonstrated mineralisation and robust osteogenic gene and
protein expression comparable to primary cells, were however a convenient, initial bioactivity
screen to show a similar response to the well-studied and -understood wild type Scl protein
(Franceschi et al., 1994; Fratzl-Zelman et al., 1998; Li et al., 2009). Moreover, use of MC3T3-E1
cells instead of primary cells for the purpose of our project were in line with the three Rs
(replacement, reduction, and refinement) of animal use in science (Russell and Burch, 1959;
Tannenbaum and Bennett, 2015). When treated with osteogenic media (growth media
supplemented with ascorbic acid and B-glycerophosphate) only, cells differentiated into mature
osteoblasts and deposited mineral that covered the well surface after approximately 9 days,
consistent with previously reported results (Wang et al., 1999). As expected, wild type mScl and
the mScl fusion proteins inhibited mineralisation substantially, consistent with previous reports
for rat and human Scl (Li et al., 2009; Veverka et al., 2009). The inhibition of mineralisation by
mScl hFc and mScl hFc PD indicated that mScl with C-terminal hFc retained its binding and
biological activity, even when dimerised via that hFc. Consistent with previous reports,
substantial inhibition of mineralisation was blunted by co-treatment with ~5x molar excess of
sclerostin-neutralising antibody (anti-Scl Ab), confirming that inhibition was due to functional

inhibition by mScl, since mineralisation was restored in its presence, but was unaffected by an
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irrelevant isotype control Ab (Li et al., 2009). Moreover, the antigen-binding fragment (Fab) of
the anti-Scl Ab inhibited mScl as effectively as the full anti-Scl Ab, demonstrating that inhibition
of mineralisation was not due to possible aggregation of anti-Scl Ab and the dimeric mScl
constructs. Direct interaction between LRP4 and the recombinant mScl constructs was not
confirmed, however, since the expected Scl effect was demonstrated in the MC3T3-E1
mineralisation assay, the hFc fusion proteins appear able to bind related Scl receptors. These
results, together with data from the three biophysical techniques, demonstrated that the
recombinant mScl proteins bound to the necessary receptors (LRP4/5/6, although LRP4
interaction was not confirmed by binding assays), and were functional and effective in vitro. It
was therefore decided to continue studying the recombinant mScl constructs in a SOST knockout

(SOST”") mouse model.

5.3. Invivo functionality and efficacy of recombinant sclerostin constructs

Although it has been reported that Scl also have effects on non-skeletal tissue, this study
focussed on the effect of exogenous Scl on the skeleton as a potential approach to manage
excessive bone formation in a mouse model of sclerosteosis (Moester et al., 2010; Zhu et al.,
2011; Guanabens et al., 2016; Fulzele et al., 2017). Lack of obvious effects on non-skeletal tissue
in sclerosteosis patients further suggests that, at least in humans, Scl would not have widespread
pleiotropic effects (Brunkow et al., 2001). Thus, following confirmation of in vitro activity, the
effect of the recombinant mScl proteins on the skeleton was investigated in SOST”- mice that
display increased bone mass throughout the skeleton in early life. This phenotype is driven by
increased bone formation and rapid increase in BMD as mice grow, and lack of ectopic bone
further copies the sclerosteosis phenotype, making SOST”- mice an appropriate model in which
to test the concept of sclerostin replacement as a strategy to mitigate the excessive bone
formation of sclerosteosis (Li et al., 2008; Kramer et al., 2010; Ke et al., 2012; Schwarze et al.,
2019). Two in vivo studies were completed for this project. In the first study, recombinant mScl
constructs were administered in a single intravenously (IV) dose. Samples were then collected
over a 10-day period to determine the pharmacokinetic and pharmacodynamic parameters of
the different constructs. During the second study, multiple doses were administered

subcutaneously over a 6-week period, and although pharmacokinetic and pharmacodynamic
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data were collected, the primary aim of this study was to assess safety and efficacy of the

different recombinant constructs.

5.3.1. Animal treatment

During early stages of the single dose pharmacokinetic and pharmacodynamic study,
immediately after administration of recombinant mScl constructs, adverse effects and fatalities
were observed in mice treated with mScl hFc PD. All affected animals were male, primarily
C57/BL6 (wild type), with a single SOST” case. It was curious that not all animals reacted the
same in given groups and although fatalities were observed, some animals did recover. Pathology
reports from Charles River Laboratories were inconclusive. Mouse Scl hFc PD is a novel construct,
but is highly similar to mScl hFc, which caused no adverse events. The only difference between
the two constructs is the inclusion of an eight-aspartate residue motif at the C-terminus of mScl
hFc PD, which was expected to mediate localisation of the protein to bone. It is unlikely that
addition of such an acidic motif would result in the observed adverse events, as several bone
non-collagenous proteins have repeating sequences of acidic amino acids, such as aspartate and
glutamic acid, in their structures (Kasugai et al., 2010). Moreover, this approach has been used
in the approved drug Asfotase Alfa, which utilised 10 aspartate residues at the C-terminus of hFc
included in the fusion protein, suggesting that addition of the eight aspartate residues should be
safe (Whyte et al.,, 2012). The inconsistent adverse effects remain unexplained, especially
considering that no adverse events were observed in mice treated during the multidose
pharmacology study. While it is possible that a contaminant may have been responsible for the
evident signs, endotoxin levels of all samples from both studies were confirmed to be below the

maximum level allowed by the project licence.

5.3.2. Pharmacokinetics of recombinant mScl proteins

To assess the pharmacokinetic (PK) properties of the recombinant mScl proteins, a single dose
of mScl hFc (10 mg/kg), mScl hFc PD (10 mg/kg), or a molar equivalent of mScl (4.4 mg/kg), to
adjust for molecular weight differences between proteins, was administered intravenously (IV)

to 7-10 week old wild type (WT) and SOST knock out (SOST”") mice. Concentrations of
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recombinant mScl protein in blood samples collected at various intervals post-dose were
quantified by LC-MS/MS, and PK profiles generated from these concentrations were broadly
similar in WT and SOST”" mice. Wild type mScl had a very short half-life and was undetectable
after 5 minutes post dose. As expected, the half-life of the hFc fusion proteins were much longer,
estimated at 1.5-1.8 days for mScl hFc and 4 days for mScl hFc PD. These extended half-lives were
consistent with multiple Fc fusion drugs (e.g. eftrenonacog-a: 2.3 days; Aflibercept: 4.6 days),
demonstrating that the mScl hFc fusion proteins could have potential as a treatment with lower
dose frequencies (reviewed by Kontermann, 2016). The simulated 42-day prediction model
based on the single dose study PK showed that mScl serum levels (0.5-3 pg/mL) would remain
well above previously reported Scl serum concentration (<100 pg/mL) at 10 mg/kg mScl hFc and
mScl hFc PD, and 4.4 mg/kg mScl, therefore dosage concentrations remained unchanged for the
pharmacology study (Shahnazari et al., 2012a; Tu et al., 2012; Jastrzebski et al., 2013). The PK
profiles for the multi-dose pharmacology study were comparable to the single dose study and

showed a half-life of approximately 1.6 and 2.6 days for mScl hFc and mScl hFc PD respectively.

The steady-state volume of distribution (Vss) for the recombinant mScl constructs were expected
to be low (<200 mL/kg bodyweight, approximately the same as the amount of body-water in a
mouse), as the hydrophilic nature and large size (~100 kDa) of the protein constructs should
preclude significant cellular uptake and distribution (@ie and Tozer, 1979; Smith et al., 2015). The
Vs for the two hFc fusion constructs were however approximately 10x higher than expected.
Immediately after protein administration, initial volume of distribution should approximate the
serum volume of the mouse, which is approximately 40 mL/kg bodyweight. A dose of 10 mg/kg

mScl hFc and mScl hFc PD was administered, therefore the expected maximum concentration

10mg/kg

(Cmax) for the hFc fusion proteins were 20mL/kg

= 250 pg/mL. The Cmax for the hFc fusion

proteins was however >10x lower than expected (approximately 10 pug/mL mScl hFc and 20
ug/mL mScl hFc PD), perhaps due to potential issues with dosing, where administered samples
possibly contained less protein than expected (protein stock concentrations used to make up the
administered solutions were correct), construct stability in the formulation, or impact of
glycosylation on the Scl-hFc clearance profiles (Li and d’Anjou, 2009). Rapid elimination by the
liver for biliary excretion, and subsequent decrease in Vs is also a possibility (Kok-Yong and
Lawrence, 2015; Almazroo et al.,, 2017). Lastly, Scl is a sticky protein, therefore it was also

possible that the mScl constructs were sticking to the administration needle, or at the IV
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administration point and then slowly dissipated in serum over time (Boschert et al., 2016). To
reduce or eliminate possible sticking to the needle, rat serum albumin (RSA) was added to the
solutions that were administered subcutaneously (SC) during the multi-dose pharmacology study
(Towbin et al., 1979). Upon administration, RSA would act as a blocking agent by attaching to
potential non-specific binding sites on the needle surface when the drug solution pass through,
thereby leaving little to no room for mScl to attach, allowing recombinant mScl to pass through
without sticking to the needle (Steinitz, 2000; Xiao and Isaacs, 2012). Compartmental analysis of
the multi-dose study data showed volume of distribution of 497 mL/kg and 188 mL/kg for mScl
hFc and mScl hFc PD respectively, which, allowing for loss due to SC route of administration, were
consistent with pharmacokinetic results from the single dose study. Exposure was therefore
reflective of what was seen before, suggesting that the sticky nature of Scl as well as the
administration routes (IV and SC) were likely not the cause of the unexpected pharmacokinetic

results in both studies.

Recombinant mScl constructs administered intravenously during the single dose study fitted a
two-compartment model, where the drug concentration decreased bi-exponentially. In contrast,
fitted data from the multi-dose study showed one compartment kinetics when two compartment
kinetics were expected for the mScl constructs and a SC route of administration. It is likely that
the slow absorption from SC administration hid the first distributional phase due to insufficient
information (low number of samples were collected, and the concentration of the absorption
phase and the rest of the data were at trough (pre-dose) levels) (Bonate, 2011; Ahmed, 2015).
Distribution of the multi dose study mScl hFc data was comparable to the simulated 42-days
dosage study: exposure samples obtained at trough levels (predose and just before another dose
or end of study) were similar to the predicted exposure, demonstrating that the pharmacology
study was well-performed. Considering the potential for error and the uncertainty of the effect
of the SC route, these predictions allowed us to run the study with some confidence of achieving
a given exposure and a standard with which to compare the ultimately observed exposure, so
that the success of repeat dosing in the pharmacology study could be assessed. More accurate
estimates of pharmacokinetic parameters, such as protein half-life, Vss and Cmax, would be
derived from measuring whole profiles, but the available data from the single dose
pharmacokinetic study gave good indications for planning of the multi-dose pharmacology study.

The similarity between the trough data collected on Day 42 of the pharmacology study and the
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predicted data suggests that significant interference from anti-drug antibodies (ADA) was
unlikely (see 5.3.4). In contrast, peak exposure samples were much higher than the predicted
peaks, likely due to bioavailability (possibly ~¥90%) being higher than the more conservative 50%
bioavailability used in the prediction algorithm. This would suggest that bioavailability after
administering drugs via IV and SC routes were similar, which, together with similarities between
IV and SC PK profiles, further supports the SC administration route as a viable means of

administration.

5.3.3. Pharmacodynamics

A decrease in the bone formation marker PINP would be indicative of a reduction in bone
formation, as demonstrated by a previous study and suggested by the difference between P1NP
concentrations in WT and SOST”- mice in this study (Vasikaran et al., 2011). A reduction in P1NP
was therefore expected for effective recombinant mScl constructs, but PINP concentrations in
both the single dose pharmacodynamic study and the multidose pharmacology study were not
affected by dosing with mScl hFc and mScl hFc PD. However, although this lack of change in PINP
would be consistent with the little or no changes observed in bone parameters, it is possible that
the strategic time points at which samples were collected missed the windows in which P1NP

levels were altered.

5.3.4. Anti-drug antibodies

Mice rarely developed anti-drug antibodies (ADAs) against the recombinant mScl constructs. As
expected, no ADAs were observed in WT mice treated with wild type mScl, as these mice would
produce their own mScl, which would be familiar to the mouse immune system (Beier et al.,
2017). Curiously, ADAs targeted both hFc and mScl in WT mice treated with mScl hFc and mScl
hFc PD when only ADAs against hFc were expected, as only hFc would have been foreign to the
host (Krishna and Nadler, 2016). In contrast, ADAs targeted native mScl as well as fused mScl
and/or hFc in SOST” mice, as both mScl and hFc/hFc PD were foreign to the mouse immune
system (Li et al., 2008). ADAs were however only rarely observed in treated animals and would

likely not affect the efficacy of the recombinant mScl proteins in mice. The unlikelihood of
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significant interference by ADAs is further supported by the similarities between predicted and
actual exposure data in the dosage study. In addition, there was no difference in bone
parameters in mice either with or without ADAs. These results may however not translate well
to humans (Leenaars et al., 2019; Brubaker and Lauffenburger, 2020). Human patients will likely
receive repeated treatment over many months/years, during which ADAs against the
recombinant mScl protein might continue to increase, thereby reducing drug effectivity or

rendering the drug ineffective as a therapeutic agent to some patients.

5.3.5. Bone parameters

The effect of Scl administration on the skeleton of SOST7- mice was measured and, as expected,
whole body areal BMD of the growing mice, determined by dual X-ray absorptiometry (DXA)
from isoflurane anaesthetised mice, increased throughout the study. Although a clear difference
in bone mass was observed when comparing WT mice with SOST7- mice, no difference in bone
mass was observed between WT groups compared to other WT groups, and SOST” groups
compared to other SOST/- groups, likely due to DXA being unable to pick up small changes in
bone mass over the six-week study period (Somerville et al., 2004; Li et al., 2008). Thus,

microcomputed tomography (LCT) analysis was more applicable to the pharmacology study.

Although the skull is the most relevant to sclerosteosis, generalised bone overgrowth is observed
in both sclerosteosis patients and SOST” mice. Assessment of lumbar and femoral trabecular
and cortical bone by uCT are standard procedures, so these bones were examined first to
understand the extent of any effect following treatment. As with DXA, a clear difference was
observed between the bone mass of the two genotypes. A small, but significant decrease in
vBMD, BV/TV, Th.N, and an increase in Th.Sp were observed in the vertebral trabecular bone of
SOST”/" mice treated with mScl hFc PD. Notably, these changes did not correlate with a typical
decrease one would expect in Tb.Th, as an increase in Tb.Sp is a direct result of a decrease in
Tb.Th (Li et al., 2008). In contrast to changes observed in femoral trabecular bone, there was no
clear effect on whole body aBMD or femoral cortical bone parameters following administration
of any of the three recombinant mScl proteins. In addition, no significant changes in cortical or
trabecular bone in response to treatment with any of the mScl proteins were observed in WT

control mice. It is possible that the WT mice self-regulated their own Scl production to
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compensate for the exogenous Scl. However, transgenic mice that over express Scl have low
bone mass (reduced trabecular parameters), suggesting that exogenous Scl, whether given as a
drug or through over expression, should indeed affect bone homeostasis in WT mice (Kramer et

al., 2010; Zhang et al., 2016; Delgado-Calle et al., 2017).

Limited change in bone parameters could be the result of ADAs (see 5.3.4) or a too short
treatment period. However, a typical bone remodelling cycle takes approximately 2-3 weeks,
depending on mouse strain (Weinstein et al., 1998). The six-week study should thus have allowed
for approximately 2-3 bone remodelling cycles, which should have been sufficient to see changes
in the trabecular parameters, providing a degree of certainty that the study design was sound
and likely not the reason for lack in protein efficacy. Sclerosteosis usually stabilises when patients
reach skeletal maturity in the third decade of life (van Lierop et al., 2017). It is thus possible that
the 7-10 week old mice were too old and a greater response might have been seen if treatment
was started at an earlier age. Most likely, levels of recombinant mScl might have been too low to
achieve sufficient efficacy and the recombinant proteins were not efficiently delivered to bone.
A bigger response could possibly have been elicited if the dosage was increased significantly (e.g.
10x) to improve distribution, but the maximum injection volume and protein solubility (the
recombinant mScl proteins tend to aggregate at higher concentrations) may have limited this
approach. It is possible that the bone-targeting aspartate moiety of mScl hFc PD was beneficial
in delivering the protein to the target tissue, since effects were seen in SOST/- mice administered
with this recombinant construct. The current study did however not explore whether the protein

localised to bone tissue, or whether Wnt signalling was reduced in the bones of these mice.

Upon closer inspection of the uCT data it became apparent that the changes in bone parameter
data observed in the SOST7- mice treated with mScl hFc PD were primarily dictated by two outlier
mice that showed a greater response. The difference in bone structure between one of these
responding mice and an average mouse from the same group can clearly be seen in uCT images
(Figure 5.2). Whilst it is possible that the responding mice received larger doses, a highly variable
response between animals would have been expected, as a single dose formulation, from which
each 100 pL dose was removed for administration, was prepared. Moreover, mice were not
dosed in the same sequence at each dosing time point, making it unlikely that there were
continuous dosing differences between the outlying mice and the rest of the group. It is also

possible that there were slight variations in age and physiology between the SOST”/" mice
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provided by Charles River. Answers to these questions would be of interest, but would likely

require repetition of the study.

SOST treated with
mScl hFc PD

Figure 5.2: Vertebral trabecular bone phenotype of SOST’ mice treated with mScl hFc PD. Trabecular
microarchitecture was assessed by puCT in SOST”" mice aged ~3 months. A) Vertebral body region (top yellow region)
between the distal and proximal growth plates (bottom yellow region) was selected as the region of interest for
vertebral trabecular analysis. B and C) Representative frontal plane uCT images of the fifth lumbar vertebral body in
SOST/" mice that highlights the extent of the differences between mice treated with mScl hFc PD.

5.4. Future work

Future work would focus on finding a treatment for sclerosteosis by either revisiting the
exogenous Scl route or exploring new approaches. To answer the questions raised by our
multidose pharmacology study, the study would have to be repeated with additional doses, time-
points and potentially a larger number of mice. Positive results from such a repeated study would
justify further improving the existing Scl constructs or designing new or improved Scl constructs.
A bone-targeting, mScl fusion protein-expressing adeno-associated virus would be an interesting
proof of concept for a means to express the mScl proteins within the skeleton (Lee et al., 2019;
Yang et al., 2019). Furthermore, there is evidence that Scl regulates non-skeletal tissue/organs

in animal models and humans, and whilst the current study focussed on the skeletal effects of
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the recombinant mScl proteins, further investigation of effects on other organs would be of
interest (Moester et al., 2010). In addition to LRP6-Scl interactions, direct interaction between
LRP4 and Scl should also be examined in future studies. Sclerostin gene therapy, or other
strategies to inhibit Wnt signalling in bone, such as small molecules, could also be explored as
alternatives to Scl replacement therapy, but might be a lengthy process (Funck-Brentano et al.,
2018; Madan et al., 2018). Although this project focussed on the mutant SOST variant of
sclerosteosis, future investigations could include the sclerosteosis variant that results from

mutated LRP4 (Fijalkowski et al., 2016).
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Chapter 6: Conclusion

This pilot study found that the recombinant mScl constructs (mScl, mScl hFc and mScl hFc PD)
interacted with the LRP6 Wnt co-receptor and substantially supressed matrix mineralisation by
osteoblast-like cells in vitro. Furthermore, administration of recombinant mScl hFc PD protein
partially corrected the high bone mass phenotype of the SOST7- mouse, suggesting that bone-
targeting of Scl engineered to improve serum half-life and localise mScl to bone was able to

negatively regulate bone formation in the SOST”- mouse model of sclerosteosis.

The limited efficacy observed in this study may be due to one or a combination of the following
possibilities: Firstly, the treatment period may have been too short. However, the six-week study
should have allowed for approximately 2-3 bone remodelling cycles, which should have been
sufficient to see changes in bone parameters (Weinstein et al., 1998). Secondly, although
unlikely, protein immunogenicity could have reduced efficacy through production of ADAs.
Thirdly, it is possible that the 7-10 week old mice were too old. Sclerosteosis usually stabilises
when patients reach skeletal maturity in the third decade of life, thus, a greater response might
have been seen if treatment was started at an earlier age (van Lierop et al., 2017). Lastly, and
most likely, levels of recombinant mScl may have been too low to achieve sufficient efficacy, or
systemic administration was not able to efficiently deliver the recombinant proteins to the target
tissue. Significantly increasing the dosage (e.g. 10x) to improve distribution might have elicited a
bigger response, but protein solubility and maximum injection volume could limit this approach.
Inclusion of the bone targeting moiety in mScl hFc PD may have been beneficial, however, the
current study did not explore whether the protein localised to bone tissue, or whether Wnt

signalling was reduced in the bones of mice treated with mScl hFc PD.

The modest efficacy observed in this study indicates that Scl replacement may not be an optimal
strategy to mitigate excessive bone formation in sclerosteosis. Alternative approaches such as
novel and improved Scl constructs, SOST gene therapy, or other strategies to inhibit Wnt
signalling in bone could be investigated. Continued research is certainly warranted for this
debilitating, sometimes fatal condition, that is currently reliant on difficult and protracted
surgical measures. Effective treatments would dramatically improve the quality of life of these

patients and their families.
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