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Abbreviation used in this thesis

1,25(OH)2Ds la,25-dihydroxyvitamin D3

AAALAC Association for Assessment and Accreditation of Laboratory Animal Care
Aib a-aminoisobutyric acid

AUC Area under the curve

B.Ar Bone area

B.Pm Bone perimeter

BFR Bone formation rate

BID Twice daily

BMD Bone mineral density

BS Bone surface

BV Bone volume

CIHR Collagenlal-PTHR1-H223R

Ca Calcium

cAMP 3'5'-cyclic adenosine monophosphate
CKD Chronic kidney disease

cryo-EM Cryogenic electron microscopy

CTX1 C-terminal telopeptides of type I collagen
DMPI Dentin matrix protein 1

ECso Median effective concentration

ECD Extracellular domain

ELISA Enzyme-Linked Immunosorbent Assay
Emax Equal maximum effects

ERK1/2 Extracellular signal-regulated kinase 1/2
Fb.Ar. Fibrosis area

FGF23 Fibroblast growth factor 23

GPCR G protein-coupled receptor

Har Homoarginine

iv. Intravenous

ICso Median inhibitory concentration

iCa® Tonized Ca

Thh Indian hedgehog

IMC Jansen’s metaphyseal chondrodysplasia
LA-PTH Long-acting PTH

Ma.BA Medullary bone area

III



Ma.TA Medullary total area

MAR Mineral apposition rate
M-PTH Modified PTH

MSC Mesenchymal stem cells

N.D. Not detected

N.Ob Number of osteoblast

N.Oc Number of osteoclasts

N.Ot Number of osteocytes

Nle Norleucine

Ob.Pm Osteoblast perimeter

Oc.Pm Osteoclast perimeter

OPG Osteoprotegerin

Pi Phosphate

PKA Protein kinase A

PKC Protein kinase C

PLC Phospholipase C

PTH Parathyroid hormone

PTHR1 PTH/PTHzP type 1 receptor
PTHrP Parathyroid hormone-related protein
QOL Quality of life

RANKL Receptor activator of nuclear factor-xB ligand
Runx2 Runt-related gene 2

s.C. Subcutaneous

sCa Serum Ca

SD Standard deviation

SEM Standard error of the mean

sPi Serum Pi

T.Ar Tissue area

TMD Transmembrane helical domain
TPTX Thyroparathyroidectomized
TRAP Tartrate-resistant acid phosphatase
TV Total volume

uCa Urinary Ca

uCre Urinary creatinine

uDpD Urinary deoxypyridinoline

uPi Urinary Pi

v



Veh Vehicle
WT Wild-type
uCT Microcomputed tomography



Preface

Parathyroid hormone/parathyroid hormone-related protein receptor (PTH/PTHrP type 1
receptor; commonly known as PTHR1) is a family B G protein-coupled receptor (GPCR) that binds
two distinct polypeptide ligands (Alexander et al., 2013), parathyroid hormone (PTH) and parathyroid
hormone-related protein (PTHrP), and thereby plays two distinct and critical biological roles: the
maintenance of calcium (Ca) and phosphate (Pi) homeostasis and the control of bone and tissue
development (Potts, 2005). These functional roles place the PTHR1 in a position of prominence for a
number of high-impact diseases, including osteoporosis, hypoparathyroidism and Jansen’s

metaphyseal chondrodysplasia (JMC), and also as a key drug-discovery target.

PTH is a peptide hormone composed of 84 amino acids secreted by the parathyroid gland.
The molecular weight is about 9400 daltons (Brewer and Ronan, 1970; Niall et al., 1970). The amino
acid sequence of PTH in different species has been identified and especially its N-terminal portion
shows high homology between species (Gensure et al., 2004; Guerreiro et al., 2007; Papasani et al.,
2004; Power et al., 2000; Trivett et al., 2005). The N-terminal fragment of PTH, PTH (1-34), is known
as potent as the intact native hormone, PTH(1-84), for binding to the receptor and inducing biologic
responses in vitro and in vivo (Potts et al., 1971).

The physiological role of the parathyroid grands in Ca regulation was first established by
James Bertram Collip in a definitive series of experiments (Collip, 1925). PTH plays a key role in
maintaining the levels of Ca in the blood and extracellular fluids. The hormone is secreted from the
parathyroid gland with sensing the blood Ca levels falling down, and then acts on the bone and kidney

to mobilize Ca into the blood (Brown et al., 1983; Shoback et al., 1983). In the bone, PTH acts on



osteoblasts to produce the receptor activator of nuclear factor-xB ligand (RANKL), which acts on
osteoclasts to stimulate their bone resorption activity (Boyce et al., 2012; Saini et al., 2013; Silva et
al., 2011). In the kidney, PTH acts on cells of the distal tubules to increase their reabsorption of Ca (de
Groot et al., 2009; van Abel et al., 2005). PTH also acts on cells of renal proximal tubule to decrease
their reabsorption inorganic Pi, resulting in lower blood Pi levels (Biber et al., 2009; Miyamoto et al.,
2004; Nagai et al., 2011; Picard et al., 2010). PTH also activates the mitochondrial 25-hydroxyvitamin
Ds-1-a-hydroxylase in renal proximal tubule cells; this leads to transform vitamin Dj to active form,
which, in turn, is a potent inducer of intestinal Ca and Pi absorption (Martin et al., 2008; Miao et al.,
2004). Regarding the regulation of Pi metabolism by PTH, PTH promotes the production of fibroblast
growth factor 23 (FGF23) in osteocytes which are differentiated from osteoblast lineage cells and
embedded into bone matrix (Rhee et al., 2011). FGF23 is mainly produced by osteocytes and acts on
the kidney as a hormone to decrease serum Pi (Shimada et al.,, 2001). FGF23 suppresses Pi
reabsorption in the renal proximal tubule and decreases serum 1a,25-dihydroxyvitamin D3
[1,25(0OH).Ds] resulting in suppression of intestinal Pi absorption (Shimada et al., 2004). On the other
hand, 1,25(OH).D; upregulates FGF23 production in osteocytes (Saito et al., 2005). FGF23 also
suppresses the production and secretion of PTH in the parathyroid glands (Ben-Dov et al., 2007). In
this way, PTH, 1,25(OH).D3, and FGF23 coordinately regulate Pi metabolism. In patients with chronic
kidney disease (CKD), it has been reported that serum FGF23 levels increase prior to PTH elevation
during early stages of CKD (Isakova et al., 2011). Abnormally high serum FGF23 levels in late stage
of CKD appear to exert unwarranted off-target effects, including left ventricular hypertrophy
(Gutierrez et al., 2009), faster CKD progression, and premature mortality (Nasrallah et al., 2010).
Based on these current insights regarding FG23 in CKD, a concept has been proposed in which kidney-
specific PTH action in the early stage of CKD could lower serum FGF23 levels through lowering

serum Pi resulting in improvement of the prognosis of patients with CKD (Juppner, 2011).



In regulation of bone metabolism, bone remodeling occurs through life after growing phase;
that is osteoclasts derived from hematopoietic stem cell precursors resorb the bone and then osteoblasts
derived from the differentiation of mesenchymal stem cells (MSC) form the new bone to renew the
organ resulting in maintaining the bone structure strength. Runt-related gene 2 (Runx2) of transcription
factors, known as a master regulator, expresses from early differentiation stage such as osteoprogenitor
cells, followed by osterix and alkaline phosphatase from pre-osteoblasts (Komori, 2006). In
osteoblasts, which are more differentiated, abundant bone matrix proteins such as type I collagen are
expressed early in the differentiation stage of osteoblasts and osteocalcin are expressed in mature stage
(Aubin, 2001). Pre-osteoblasts are proliferative cells but does not synthesize bone matrix actively, and
mature osteoblasts are known as cells that synthesize a large amount of bone matrix (Franceschi et al.,
2007). A fraction of osteoblasts become lining cells that are resting on the surface of bone (Khosla et
al., 2008), and then as osteoblast differentiation progresses further, they are embedded into the bone
matrix and differentiate into osteocytes that extend dendrites toward the osteoblast layer and form a
network between osteocytes. Dentin matrix protein 1 (DMP1) is expressed in osteocytes (Aubin, 2001).

The PTHRI1 is expressed in MSC linage such as osteoblasts and osteocytes but not in
osteoclasts (Amizuka et al., 1996; Divieti et al., 2001; Ishizuya et al., 1997). Mechanisms of bone
anabolic action induced by intermittent PTH treatment via the MSC lineage cells expressing the
PTHR1 include 1) accelerating differentiation of osteoprogenitor cells or pre-osteoblasts into
osteoblasts, 2) to enhancing production of bone matrix such as type-1 collagen in mature osteoblast,
3) activating resting osteoblasts which are bone lining cells, and 4) inhibiting mature osteoblast
apoptosis (Jilka, 2007). More, it has also been reported that PTH activates osteocytes which act on
osteoblasts on the bone surface through osteocyte networks embedded in bone matrix (Silva et al.,

2011).



PTH thus plays a role in the bone-remodeling process that goes on continuously and involves
coordinated actions of osteoblasts and osteoclasts (Baron and Hesse, 2012). Outcomes in vivo for
PTH-based ligands are generally well known to vary widely, depending on the temporal profile of
ligand action/exposure; hence the dogma: continuous PTH results in net bone catabolism with
potentially adverse hypercalcemia, while pulsatile PTH results in net bone anabolism (McCauley and
Martin, 2012). It has recently been reported that the Wnt signaling is related to the bone anabolic
action of PTH (Krishnan et al., 2006; Kulkarni et al., 2005). PTH(1-34) treatment reduces the
expression level of sclerostin, a Wnt signaling inhibitory protein, in the bone, and consequently
activates the Wnt signaling in the bone (Bellido et al., 2005; Keller and Kneissel, 2005). Sclerostin is
known as a matrix protein specifically expressed in the bone. The effect of PTH(1-34) on the bone is
reduced in mice osteocyte-specific overexpressing sclerostin and is abolished in sclerostin knockout
mice (Kramer et al., 2010). These results indicate that inhibition of the expression of sclerostin might
be one of the components of the bone anabolic effect of PTH, although there is a limitation that excess
bone volume in sclerostin knockout mice would mask the bone anabolic effect of PTH.

It is well known that PTH stimulates the bone catabolism as well as the bone anabolism, and
that the injection of PTH by the continuous infusion shows the lowering of the bone mineral density
(BMD) (Martin et al., 2008). Renal osteodystrophy, especially accompanied with secondary
hyperparathyroidism associated with chronic renal failure, is a typical disease demonstrating the
relationship between a persistent PTH stimulation and bone effects (Fraser, 2009). In an experiment
to compare the effects of intermittent and sustained injection of PTH (1-34) on the bone in rats, the
BMD increased by daily intermittent injections or up to 2 hours per day infusion for 4 weeks, while
the efficacy on the bone was not observed by continuous infusion for 4 hours per day with a sustained
increase in bone resorption-related factors such as RANKL as well as bone formation (Shimizu et al.,

2016b). Continuous PTH-administration induces RANKL by acting on osteoblasts expressing PTHR1



and indirectly induces osteoclast-mediated bone catabolic action resulting in releasing Ca and Pi.
Based on these characteristics of PTH actions, therefore, PTH drug with the pulsate

pharmacokinetics is desirable for the osteoporosis in which the increase of BMD is required, while the

continuous type of PTH drug is expected for the hypoparathyroidism in which the stable calcemic

action is required.

PTHrP, which in total is 141 amino acids in length, was identified as the cause of
hypercalcemia of malignancy (Suva et al., 1987) and has been known to act as an agonist for PTHR1
at the N-terminal 36 amino acids of PTHrP (Nissenson et al., 1988). Consistent with a key role in the
receptor activation (Horwitz et al., 2003; Juppner et al., 1991), the N-terminal portion of PTHrP
exhibits the highest homology with PTH, because 8 of the first 13 amino acids are identical. PTHrP is
secreted locally from various organs, including cartilages and smooth muscles, breast, hair follicles,
and placentae, and is known to act in local autocrine and/or paracrine regulation (Strewler, 2000). In
the growth plate, PTHrP is synthesized and secreted by perichondrial cells and chondrocytes at the
ends of the growing bones. As chondrocytes go through a program of proliferation and then further
differentiation into hypertrophic chondrocytes in the process of the skeletal development, PTHrP acts
to delay the endochondral ossification; that is, PTHrP has a role to keep chondrocytes proliferating
and delays their further differentiation with suppressing chondrocyte hypertrophy. Indian hedgehog
(Ihh) is synthesized by chondrocytes that have just stopped proliferating and is required for synthesis
of PTHrP. The feedback loop between PTHrP and Ihh serves to regulate the pace of chondrocyte
differentiation resulting in normal bone development (Kronenberg, 2006). The importance of many of
these actions of PTHrP has been established by a series of the phenotype analyses in mice missing the
PTHrP gene (Karaplis et al., 1994), the PTH/PTHrP receptor gene (Lanske et al., 1996), and the PTH

gene (Miao et al., 2002), and also in chondrocyte-specific PTHrP-transgenic mice (Weir et al., 1996).



Blocking the activity of excess circulating PTH or PTHrP at PTHR1 should ameliorate the
pathological consequences of hyperparathyroidism and humoral hypercalcemia of malignancy. Based
on this objective, N-terminal truncated PTH/PTHrP ligands which bind to the PTHR1 as an antagonist
with competitive antagonism against PTH(1-34) in vitro and in vivo were identified (Goltzman et al.,
1975; Horiuchi et al., 1983; Rosenblatt et al., 1977). As a result, further modification of the PTH(7—
34) scaffold produced more potent antagonists including an analog of dTrp!>-PTH(7-34) (Chorev et
al., 1990; Dresner-Pollak et al., 1996). However, clinical trials in patients with hypercalcemia due to
primary hyperparathyroidism provided a complete failed results for such a dTrp'?-PTH(7-34) analog
(Rosen et al., 1997). Although reasons for why the antagonist failed in patients is unclear, the
concentration of the peptide in blood would not probably have reached to sufficient levels to block

agonistic signaling stimulated by excessive endogenous PTH(1-84).

PTHRU1 is shared and activated by both PTH and PTHrP via a two-site mechanism (Bergwitz
et al., 1996). This mechanism involves an initial binding of the C-terminal portion of the PTH(1-34)
fragment, PTH(15-34), to the N-terminal extracellular domain (ECD) portion of the receptor and a
subsequent engagement of the N-terminal portion of the ligand (Lee et al., 1994), PTH(1-14), with
the extracellular loop and seven-transmembrane helical domain (TMD) region of the receptor, that
leads to receptor activation (Caulfield et al., 1990; Luck et al., 1999). The recent high-resolution X-ray
crystal and cryogenic electron microscopy (cryo-EM) structures of the PTHR1, each in complex with
a PTH(1-34) or PTHrP(1-36) analog ligand, confirm and extend this model of ligand binding
(Ehrenmann et al., 2018; Zhao et al., 2019). These structures thus show the peptide to be bound as a
linear a-helix with its C-terminal portion docked to the ECD and its N-terminal portion projecting into

the core of the TMD bundle. This binding mode is similar to that seen in the high-resolution structures



reported for several other family B GPCRs (Sutkeviciute and Vilardaga, 2020), including the receptors
for glucagon, GLP-1, and calcitonin, in each complex with a bound peptide ligand, thus supporting a
common basic mechanism of ligand-induced activation is useful for each of the family B GPCR.
PTH (1-14), an N-terminal fragment of PTH, or its analogs, has been reported to exhibit
3'.5'-cyclic adenosine monophosphate (cAMP) and phospholipase C (PLC)-activity (Luck et al., 1999).
It has also been reported that the most active [Aib'3 A12,Q!, Har'!,W'4]-PTH(1-14) in this PTH(1-
14) analog, modified “M"-PTH(1-14) (Shimizu et al., 2000a; Shimizu et al., 2001a; Shimizu et al.,
2000b; Shimizu et al., 2001b), can be used to characterize ligands such as small-molecule compounds
that specifically bind to TMD region of the PTHR1 as a tracer (Carter et al., 2015; Tamura et al., 2016).
As a downstream signal of PTHR1, Gas which activates cAMP/protein kinase A (PKA) and Gog which
activates PLC/protein kinase C (PKC) are known to be coupled in the cells of the target organ (Abou-
Samra et al., 1992; Huang et al., 1996; lida-Klein et al., 1997). In addition, extracellular signal-
regulated kinase 1/2 (ERK1/2) signals via Gai2/13/RhoA/ phospholipase D (Singh et al., 2005) and
B-arrestin have also been reported (Gesty-Palmer et al., 2006; Syme et al., 2005). There are seven Ser
phosphorylation sites in the intracellular C-terminal sites of PTHR1 that are phosphorylated through
stimulation by the agonist (Malecz et al., 1998; Qian et al., 1998). The modified serine residues
promote recruitment of B-arrestin, which destabilize the interactions with G proteins, induce the
dissociation of agonist, and initiate internalization of the receptor from cell surface (Tawfeek et al.,
2002; Vilardaga et al., 2002). It has, therefore, been recognized that this receptor internalization
process correlates temporally with the termination of G-protein signaling in a classical model for the
GPCRs based on the research in other GPCRs, such as 2 adrenoreceptor (Luttrell and Lefkowitz,

2002).

Consistent with current GPCR theory, the PTHR1 is thought to cause a variety of receptor



conformational changes by a certain ligand analog which bound and may stabilize each conformation.
Classical GPCR theory holds that G protein docking shifts the receptor into a high-affinity
conformation for agonist binding-the RO state (De Lean et al., 1980). For the PTHRI1, this RY state is
bound by all potent peptide agonists but is particularly crucial to the binding of certain ligands such
as PTHrP(1-36) (Dean et al., 2008), M-PTH(1-14) and abaloparatide, which exhibit only weak
affinity for G protein-uncoupled PTHR1 conformations (Hattersley et al., 2016; Okazaki et al., 2008).
Other ligands, however, such as PTH(1-34), can bind with high affinity to such uncoupled receptors,
and thus define a novel and distinct high affinity conformation, called R. This R appears a G protein
independent state as the binding is observed in the presence of excessive GTPyS which displaces Gas
protein (Dean et al., 2008). The mechanistic basis by which a given G protein — Gas, Gog, etc. —
reciprocally modulates the extracellular orthosteric ligand-binding pocket is not well understood, but
is likely of biological and medical relevance, given the potential impact on ligand/drug affinity. In
general, the duration of the cAMP responses observed in the cell-based studies correlate with the
different affinities that PTH(1-34) and PTHrP(1-36) exhibit for the R? state, rather than with their
affinities for the RO state, as assessed in membrane assays. PTH(1-34) forms more stable complexes
with PTHR1 at the R? state than PTHrP(1-36) and accompanies with a prolonged cAMP signaling
(Dean et al., 2008). The correlation between PTHR1 R affinity and the duration of intracellular cAMP
responses observed for PTH and PTHrP analogs led to the hypothesis that PTHR1 ligands with
improved R affinity might stimulate an even longer cAMP response than PTH(1-34). A number of
such ligands were identified in a series of PTH analogs containing A number of such ligands were
identified in a series of PTH analogs containing “M” substitutions which are known to enhance the
affinity with the receptor. (Shimizu et al., 2000a; Shimizu et al., 2001a; Shimizu et al., 2000b; Shimizu
et al, 2001b). Interestingly, these analogs induced markedly prolonged calcemic and

hypophosphatemic responses not accompanied by altered pharmacokinetics in mice (Okazaki et al.,



2008). In contrast to acting effectively on osteoporosis by a short-acting PTHrP analog (abaloparatide)
that selectively binds to the RS state of PTHR1, to pursue a ligand with high affinity on the R’ state of
PTHRI1 may therefore generate a long-acting PTH (LA-PTH) analog, whose prolonged calcemic and
hypophosphatemic action would effectively work as a novel treatment option for hypoparathyroidism.

Novel mode of prolonged cAMP signaling by R selective ligands for the PTHR1 has
recently been established with endosomal signaling after internalization of the complex of ligands
bound to the receptor (Feinstein et al., 2011; Ferrandon et al., 2009; Wehbi et al., 2013). As mentioned
before, it has been widely recognized that the cAMP signaling is mediated by the cell surface GPCR
and its termination is regulated by internalization of the receptor from cell surface. Recent a series of
studies reveal that GPCRs do not always follow this conventional paradigm; that is, some of GPCRs
including PTHR1 mediate cAMP signaling not only from the cell surface but also from endosome
after internalization (Calebiro et al., 2009; Feinstein et al., 2013; Nguyen et al., 2019; Thomsen et al.,
2016). For the PTHR1, it was first pointed out that R? selective ligand with prolonged signaling clearly
does induce internalization of PTHR1 accompanying with the ligand in the report of efficacy of M-
PTH in vitro and in vivo (Okazaki et al., 2008). Further experiments revealed that the prolonged cAMP
signaling in the PTHR1 mediated by R selective ligands requires the internalization occurred

subsequent to recruitment of B-arrestin (Ferrandon et al., 2009).

Gain-of-function activating mutations have been identified in patients with JMC (Schipani
et al., 1996). All of identified point mutations occur at one of three residue positions in PTHR1, each
of which is located at the cytosolic base of a TMD helix: His223 in TM helix 2 (TM2), Thr410 in TM6,
and I[1e458 in TM7 (Calvi and Schipani, 2000). The residues at these positions are highly conserved in
the family B GPCRs (Cordomi et al., 2015). Despite different shapes and sizes of the TM pockets and

the different peptide sequences, it is recently reported that family B GPCRs share a common



mechanism of ligand-mediated receptor activation through key conserved residues that stabilize the
sharp kink at the middle of TM6 based on the cryo-EM structure analysis (Zhao et al., 2019). The
PTHR1 mutations of JMC can thus be predicted to perturb a critical component of the receptor located
in the lower portion of the TMD bundle that controls receptor activation and deactivation.

Inverse agonists were first discovered in B-carbolines acting on the GABA/benzodiazepine
receptors and have been reported for a number of GPCR (Braestrup et al., 1982). Such kind of ligands
are classified as a subclass of antagonists that can bind to an active-state receptor and revert it to an
inactive conformation (Bond et al., 1995). PTH analogs deleted of residues 1-6 from the PTH(1-34)
scaffold represent no longer activate signaling via the cAMP—PKA pathway, but instead, function as
competitive antagonists for the PTHR1 (Goltzman et al., 1975; Horiuchi et al., 1983; Rosenblatt et al.,
1977). In the process of screening of PTH(7—34) scaffold, the substitution of Gly to dTrp at the position
of 12 was identified as a key residue for an inverse agonist (Gardella et al., 1996). Further modification
of the inverse agonist, a number of PTH and PTHrP analogs including [Leu!!,dTrp'2, Trp?3, Tyr3]-

PTHrP(7-34)NH>, was produced (Carter et al., 2001).

Osteoporosis is a metabolic disease characterized by reduced bone strength resulting in
fractures (Unnanuntana et al., 2010; Vestergaard et al., 2007). Primary osteoporosis is subclassified
into postmenopausal osteoporosis, male osteoporosis, and idiopathic osteoporosis. Especially, there
are many patients with postmenopausal osteoporosis, and it is estimated that worldwide 1 in 3 women
and 1 in 5 men aged 50 years or older will experience osteoporosis fractures in the rest of their lives
(Curtis et al., 2016; Kanis et al., 2000; Oden et al., 2015). The prevalence of osteoporosis has risen
substantially due to the global aging of the population and changes in lifestyle habits and that is

expected to continue in the future (Gullberg et al., 1997; Reginster and Burlet, 2006). The goal of
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osteoporosis treatment is the prevention of fragility fractures and changes in BMD have been used as
surrogate markers for osteoporosis treatment (Reid, 2020).

As an osteoporosis drug, anti-bone resorption agents have been widely used for long time.
Although anti-bone resorptive agents has contributed to the prevention of fragility fracture of
osteoporosis, bone anabolic agents that actively can enhance bone formation have been needed to
prevent fractures in patients with severe osteoporosis with immediately (Estell and Rosen, 2021).

PTH has been reported to reduce bone mass when it acts continuously, while increasing bone
mass when it is administered intermittently. PTH (1-34) has been approved in the United States as the
first bone anabolic agent in 2002 and is now widely used in the world(Estell and Rosen, 2021). PTH
has side effects characterized by hypercalcemia and hypercalciuria caused by the action as the Ca
regulation hormone, by which the upper limit dose of PTH in osteoporosis treatment is restricted. PTH
also has both bone anabolic and bone resorptive effects. The time between the major gains in bone
formation and the subsequent increase in bone resorption markers can be described as the "anabolic
window” (Rubin and Bilezikian, 2003). In an attempt to broaden "therapeutic window" between such
bone anabolic effect and calcemic effect or "anabolic window" between bone anabolic and bone
resorptive effects, abaloparatide which is a PTHrP analog peptide that selectively binds to the R state
of the PTHR1, an active conformation accompanied with Go, protein, has been developed (Compston
et al., 2019). In a 18-month phase 3 clinical trial of postmenopausal osteoporosis patients,
abaloparatide was significantly superior than PTH(1-34) in increasing BMD of the lumber spine
(Miller et al., 2019).

Another bone anabolic agent was an anti-sclerostin antibody and recently approved in
various countries as an osteoporosis drug (Mullard, 2019). Sclerostin is a Wnt-signal inhibitory protein
which is expressed in mainly bone tissue. Unlike PTH, the anti-sclerostin antibody promotes bone

formation without increasing bone resorption. It exhibits increasing BMD and prevention of fractures
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effect based on the obvious bone formation promotion action in only 1 year (Saag et al., 2017).

Thus, bone anabolic agents have been developed in recent years, and multiple therapeutic
options have begun to be provided for the patients with osteoporosis. On the other hand, both PTH
and anti-sclerostin antibody are injectable agents, and considering that osteoporosis is required life-
long treatment, orally available bone anabolic agents would be needed for osteoporosis treatment in
the future. There are still no orally available bone anabolic agents that can be used clinically. Although
an orally available small-molecule PTHR1 agonist has been reported recently (Nishimura et al., 2020;
Tamura et al., 2016), its application in osteoporosis has challenges because of their relatively persistent
pharmacokinetics. The further drug discovery researches that also incorporate signal biases, such as

R state selective ligands, is required for the generation of oral therapeutics targeting PTHR1.

One of the PTH-related disease is hypoparathyroidism that presents with hypocalcemia due
to insufficient secretion of endogenous PTH (Bilezikian et al., 2011; Shoback, 2008). Hypocalcemia
leads to neuromuscular irritability which can manifest sensory neuron irritability with as paraesthesia
in the extremities and in the peri-oral and oral area and motor neuron irritability accompanying with
as muscle spasms, tetany, or life-threatening laryngospasm in some cases (Mannstadt et al., 2017). The
most common cause of hypoparathyroidism is surgical destruction or injury to the parathyroid grands
after the surgery of thyroid cancer and non-cancerous thyroid hypertrophy; other causes are
autoimmune diseases or genetic disorders affecting secretion of endogenous PTH, function of PTH,
or parathyroid gland development (Bilezikian et al., 2011). It has been reported that population
prevalence of hypoparathyroidism is estimated at approximately 60,000 adults total in the United
States. In the analysis of a large US health plan over a 12-month survey from 2007 to 2008,
approximately 7.6% of patients undergoing neck surgery, such as thyroid cancer, were diagnosed with

hypoparathyroidism, and approximately 25% of these were diagnosed with chronic
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hypoparathyroidism (Powers et al., 2013).

In the conventional therapy of patients with hypoparathyroidism, high doses of oral Ca
supplementation or/and activated vitamin D preparation (400-1000 IU) are given to the patients
(Shoback, 2008). Although the conventional therapy with Ca supplementation or/and activated
vitamin D preparation can correct the hypocalcemia, it does not restore other actions of PTH which
acts as a key regulator tightly controlling Ca metabolism in the body. Correction of hypocalcemia by
the therapy is accompanied by an increase of urinary excretion of Ca. It is reported that long-term
treatment with the conventional therapy is associated with long-term complications, such as
nephrocalcinosis and renal stones resulting in impaired renal function and reductions in the quality of
life (QOL) of patients with hypoparathyroidism (Leidig-Bruckner et al., 2016; Mitchell et al., 2012;
Weber et al., 1988). To establish a more natural alternative therapeutic option, PTH replacement
therapy has been being investigated. Recently, a large clinical trial by using the full-length PTH,
PTH(1-84), was conducted. The add-on therapy of once-daily subcutaneous injection of PTH(1-84)
with conventional therapy for 24-weeks achieved the primary endpoint maintaining blood Ca above
the lower limit of normal (1.87 mM) and reducing doses of Ca supplementation and active vitamin D
preparations by more than 50% (Mannstadt et al., 2013), and has been approve in the United States
and the European Union as the first hormone replacement therapy for hypoparathyroidism. However,
PTH(1-84) did not reduce urinary Ca excretions versus Placebo group. In addition, hypercalcemia and
hypocalcemia occurred more frequently in PTH(1-84) group than in placebo group due to the short
pharmacokinetics.

Novel treatment options that can stably normalize blood Ca levels without causing
hypercalciuria by sustained replacement of the missing hormone is therefore needed for the patients

with hypoparathyroidism (Mannstadt et al., 2017; Marcucci et al., 2017).
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As PTHRI1 related disease, JMC has been first reported in 1934 (Jansen, 1934). It is an ultra-
rare autosomal-dominant disease caused by heterozygous gain-of-function mutations in the PTHR1
(Bastepe et al., 2004; Schipani et al., 1999; Schipani et al., 1996). The patients with JMC exhibit
marked defects in bone development and bone turnover that result in short stature, limb deformities,
mobility impairment. Radiological analysis has shown severe metaphyseal changes, especially of long
bone. The metaphyses are enlarged and expanded with a wide zone of irregular calcifications
(Silverthorn et al., 1987). IMC also represents biological changes which are hypercalcemia, renal Pi
wasting, and increased urinary cAMP excretion even though the blood concentrations of PTH are not
low or undetectable and concentrations of PTHrP are not elevated (Kruse and Schutz, 1993; Saito et
al., 2018).

Treatment options for JMC are currently very limited and only a few reports in the literature
discuss treatment options for patients with JMC. The patients have multiple corrective bone surgeries
through their growth and are given with drug medicines, hydrocortisone, calcitonin and
bisphosphonate, aiming to ameliorate nephrocalcinosis and/or nephrolithiasis to spare renal function
(Parfitt et al., 1996; Schipani et al., 1999). Although the long-term treatment with an anti-bone
resorptive agent such as bisphosphonate and the subsequent addition of a thiazide diuretic showed
clear clinical outcome to normalize blood Ca levels and to markedly reduce urine Ca excretion
(Onuchic et al., 2012), no specific treatment to cure whole clinical features for the patients with JMC
is currently available (Nampoothiri et al., 2016). The impact of the disease on patient QOL and the
associated long-term health care burden emphasizes the importance to develop an effective therapeutic

option for IMC.

Three peptide agonists, PTH(1-34), PTH(1-84) and abaloparatide which is a PTHrP analog,

for this GPCR are used for treatment of patients with osteoporosis and hypoparathyroidism (Compston
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etal., 2019; Gafni and Collins, 2019). Emerging structure analysis of related family B GPCRs provide
clues as to how ligands bind to the receptor and induce activation (Ehrenmann et al., 2018; Liang et
al., 2018; Zhang et al., 2017a; Zhang et al., 2018; Zhang et al., 2017b; Zhao et al., 2019). Yet
substantial gaps remain in knowledges of how the peptide ligands is to be improved for treatment of
each PTH-related diseases, because it is not known well how each ligand controls signaling responses
in bone- and kidney-targeted cells. It is also the barrier for the substantial clinical translational research
that all clinical available ligands for the PTHR1 has a general property in peptides that is short
pharmacokinetics. Seeking therapeutic potential with various peptide ligands for the PTHR1 would
promote a better understanding of diseases of bone and/or mineral ion metabolism and would reveal
the opportunities for peptide ligands for the receptor to be used as clinical drugs. Here, the author
sought to examine the proof-of-concept of an inverse agonist ligand for JMC in chapter I and report
the process of the peptide modification to pursue a ligand of LA-PTH providing a potential application

of the novel agonist for hypoparathyroidism in chapter II.

15



Chapter I

An inverse agonist ligand of the PTH receptor partially rescues skeletal defects in a mouse

model of Jansen’s metaphyseal chondrodysplasia.

Introduction

JMC (Jansen, 1934) is a rare disorder of autosomal-dominant disease caused by
heterozygous, activating PTHR1 mutations (Schipani et al., 1995). Five different PTHR1 mutations
affecting one of three different amino acid residues have been identified in patients with JMC; these
mutations, H223R, T410P/R, and I458K/R, are each located at the intracellular end of transmembrane
helices, namely TM-2, -6, and -7, respectively (Calvi and Schipani, 2000). Clinical hallmarks of the
disease include short stature, deformed, undermineralized bones, chronic hypercalcemia and
hyperphosphaturia with normal serum PTH levels, and elevated serum markers of bone turnover
(Jansen, 1934; Saito et al., 2018; Schipani et al., 1996). Disease features become apparent within days
or months after birth and progress with age. The overall disease profile is consistent with the critical
roles that the PTHR1 plays in endochondral bone formation, and in Ca and Pi homeostasis; processes
that are normally controlled by the two endogenous peptide ligands, PTH and PTHrP, respectively.
Because JMC is an ultra-rare disease, with only about 30 cases identified since its first description in
1934, it has garnered little if any interest from the pharmaceutical industry in terms of therapeutic
development. There is thus currently no effective treatment option available for the patients with JMC.

An inverse agonist that targets the constitutively active mutant PTH receptors of IMC could,
in theory, be used to treat this disease. A number of competitive antagonist ligands for the PTHR1

developed from N-terminally truncated PTH and PTHrP analogs containing the dTrp (W)?
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substitution, have been shown to function as inverse agonists in vitro and can thus suppress the basal
rates of cAMP signaling in transfected COS-7 or HEK293 cells expressing a mutant PTHR1 variant
of JMC . In addition to key inverse agonism substitution (dTrp'?), other substitutions were introduced
that enhanced the binding affinity to the receptor resulting in that [Leu!!,dTrp'2, Trp??, Tyr3¢]-PTHrP(7—
34)NH, was generated as the most effective inverse agonist for JIMC mutants (Carter et al., 2001;
Gardella et al., 1996; Saito et al., 2018). These in vitro findings led the author to examine whether
such an inverse agonist could correct the bone growth/remodeling defects seen in JMC phenotypes.
To obtain the proof-of-concept of an inverse agonist using a mouse model of JMC at first, the author
thus assessed the capacity of [Leu!!,dTrp'2,Trp??, Tyr3¢]-PTHrP(7-34)NH, which acts as a potent
inverse agonist in vitro, whether it would rescue the skeletal abnormalities that occur in transgenic
mice expressing the PTHR1-H223R allele of JMC in osteoblasts under the control of Collagen lal
promoter. Since type 1 collagen is gradually expressed from pre-osteoblasts and is most abundant in
osteoblasts but not in osteocytes, the action of excessive PTHR1 signal due to the constitutively active
mutation mainly induces differentiation from pre-osteoblasts to mature osteoblasts, increased bone
matrix production in osteoblasts, and increased number of osteoblasts by suppression of apoptosis.
This mutant transgenic mice also exhibit the induction of excessive bone resorption through the
activity of the osteoblast linecage. As a result of these action, the mice exhibit a marked skeletal
phenotype characterized principally by cortical bone thinning and excess cancellous bone mineral
density in the marrow compartments. On the other hand, since the action of this mutation is limited to
pre-osteoblasts and osteoblasts, Ca action and hypophosphatemic actions linked with PTH-like action
in the kidney (promotion of Ca reabsorption, Pi excretion, and active vitamin D production) are not

observed (Calvi et al., 2001).
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Material and Methods

Peptides, cells and reagents. The peptides [Leu'!,dTrp!'% Trp?3, Tyr*¢]-hPTHrP(7-36)NH, (Carter et
al., 2001) and [dTrp'2,Nle®!8, Tyr’4]-bPTH(7-34)NH> (Goldman et al., 1988) and hPTH(1-34)NH>
[PTH(1-34)] were synthesized by the Massachusetts General Hospital Biopolymer Core facility.
Peptides were HPLC-purified and confirmed by mass spectroscopy. GHR-10 cells (Carter et al., 2015)
are derived from HEK293 cells by stable transfection to express the luciferase-based pGlosensor-22F
(GloSensor®; Promega, San Luis Obispo, CA, USA) cAMP reporter and the PTHR1-H223R mutant

allele of JMC.

Functional assessment of inverse agonism in cultured cells. GHR-10 cells were seeded into white,
clear-bottomed 96-well plates and used for assay 24 to 48 hours after the cell monolayers became
confluent. For assay, the cells were preloaded with Iuciferin for 20 min at room temperature in CO»-
independent media (ThermoFisher Scientific, Waltham, MA, USA) and then treated with ligand at
varying concentrations in media or media alone and luminescence was measured at 2-min intervals
using a PerkinElmer Envision plate reader. For dose-response curves, the area-under-the-curve (AUC)
of the time course-luminescence response at each ligand concentration was expressed as a percent of
the response observed in the absence of ligand and plotted versus ligand concentration. Data from

three independent experiments with duplicate wells in each were combined as means + SD.

Mouse breeding and maintenance. Collagenlal-PTHR1-H223R transgenic (C1HR) mice (Calvi et
al., 2001) in strain FVB were maintained by mating heterozygous C1HR males to wild-type FVB
females (Charles River Laboratories, Worcester, MA, USA; cat #207FVB). Genotypes were

determined by PCR of genomic DNA obtained from tail tissue using
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5'-GAGTCTACATGTCTAGGGTCTA-3' and 5-TAGTTGGCCCACGTCCTGT-3' as forward and
reverse primers, respectively. The mice were housed in facilities operated by the Center for
Comparative Medicine of the Massachusetts General Hospital, and all experimental procedures were
approved (protocol #: 2017N000162) by the Massachusetts General Hospital Institutional Animal
Care and Use Committee and in compliance with federal, state, and local animal care rules and
guidelines. CIHR mice and wild-type littermates were maintained on normal chow with a soft diet
supplement (DietGel 76A plus DietGel Boost; Clear H,O, Portland, ME, USA), which was provided
due to the oversized incisors in the CIHR mice. Heterozygous C1HR mice and wild-type littermate
controls were assigned randomly to treatment groups. Power calculations predicted that the number
of animals used per study group would be sufficient to detect statistically significant differences in
intended primary experimental outcomes (i.e., changes in bone structural and cellular parameters,

blood and urine markers, and mRNA levels) (Calvi et al., 2001; Ohishi et al., 2009).

Peptide preparation and injection. A stock solution of [Leu'!,dTrp'2, Trp?*, Tyr3¢]-PTHrP(7-36)NH>
was prepared in 10 mM acetic acid at a peptide concentration of 2.0 mM. For injection, the stock
solution was diluted in vehicle (150 mM NaCl, 10 mM citrate, 0.05% Tween80, pH 5.0) to a peptide
concentration of 200 uM. Mice were injected twice daily (BID) subcutaneously into the interscapular
area with each injection at a peptide dose of 500 nmol (1.9 mg)/kg body weight. The injection volume
was 2.5 mL/kg, corresponding to 10 to 26 pL per mouse, depending on body weight, which, at age
24 days, was 12.9+1.3g (n=17) and 6.8 £ 0.8 g (n = 19; mean + SD) for wild-type and C1HR mice,
respectively. The peptide injection dose was selected to be as high as practical given limits of peptide
solubility (~7.0 mg/mL), the expected rapid rate of clearance of the peptide from the circulation (Rosen
et al., 1997), a rapid rate of dissociation from the receptor (Carter et al., 2001), and the goal of

achieving as close to maximum occupancy of the mutant receptor as possible. In prior studies, we
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found that injection of PTH(1-34) at a dose of 50 nmol/kg into wild-type mice was sufficient to induce
a frank hypercalcemic response (Maeda et al., 2013), indicating effective ligand occupancy of the
PTHRI1 in target tissue. The author thus predicted at least some occupancy of the mutant
PTHR1-H223R would be achieved by the current inverse agonist peptide when injected at a 10-fold
higher dose than used in the prior study for PTH(1-34). Control animals were injected with vehicle at
the same injection volume (2.5 mL/kg). Mice were injected for 17 days at approximately 12-hour
intervals beginning at 7 days of age. At 12 hours after the last injection, the mice were euthanized by
exsanguination from the abdominal aorta under isoflurane-anesthesia, and tissue samples were
dissected for analysis.

To double-label the bone surfaces for dynamic histomorphometric analyses, the mice were injected
intraperitoneally with calcein (20 mg/kg) and then demeclocycline (40 mg/kg) at 48 and 24 hours prior
to euthanasia, respectively. The two fluorochromes are incorporated at the site of active mineralization
of hydroxyapatite on the bone due to their high affinity for Ca resulting in forming two separate
fluorochrome bands on the bone surface with bone formation. The double-label technique is allowing
bone morphometric measurements such as detecting a bone formation surface and calculating a bone
formation speed by measuring a distance between two separate bands. The 24-hour labeling interval
was selected based on the expected high rate of bone formation and turnover in the C1HR mice (Calvi
etal., 2001), and although the interval was too short to give consistent dual bands of labels in the wild-

type mice, it did yield adequate dual fluorescent labels in the C1HR mice.

Blood biochemistry. Blood was collected via the abdominal aorta under isoflurane-anesthesia prior
to euthanasia by exsanguination. Plasma total Ca was determined using a Calcium LiquiColor Test kit
(Stanbio Laboratory, Boerne, TX). Plasma Pi was determined using a Phosphate Colorimetric Assay

Kit (BioVision, Inc, San Francisco, CA, USA). Plasma C-terminal telopeptides of type I collagen
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(CTX1) was determined using the RatLaps EIA kit (Immunodiagnostic Systems Inc., Fountain Hills,
AZ, USA). During a process of bone resorption, several fragments including CTX1 are released as a
result of degradation of type I collagen by osteoclasts. CTX1 is thus recognized as a bone resorptive

marker (Rosen et al., 2000).

Histology. Tibias were harvested, fixed with 10% formalin overnight and then washed in PBS and
transferred to 70% ethanol. The fixed nondecalcified tibias were dehydrated (graded ethanol) and
subsequently infiltrated and embedded in methylmethacrylate. Longitudinal sections (5 pm) were cut
and stained with Goldner's Trichrome for measurements of cellular parameters, and by the method of
von Kossa (Liu et al., 2016) to evaluate bone mineralization. Goldner's Trichrome is a stain able to
differentiate mineralized and non-mineralized parts of the sample at same time that highlights the
cellular components, due to use of ferric hematoxylin. Only "active" osteoblasts (square shape in
contact with the bone) were considered following the guidelines (Dempster et al., 2013). The habitual
osteoclast appearances were first grossly confirmed using tartrate-resistant acid phosphatase (TRAP)
staining for specific detection of osteoclasts and then only the osteoclasts on the top of bone resorptive
surface or on non-mineralized tissue were considered. Myelofibrotic cells is recognized by the
characteristic bone marrow cellular shape and localization in relation to the trabecular bone. The
fibrosis area was analyzed by measuring the area where the myelofibrotic cells with evident nuclear
shape existed.

Dynamic bone parameters were evaluated on unstained sections by measuring the extent, the volume
and the distance between double labels in relation to the rest of the tissue based on the measured area
using the OsteoMeasure analyzing system (Osteometrics Inc., Decatur, GA, USA). The structural,

dynamic, and cellular parameters were evaluated using standardized guidelines (Dempster et al., 2013).
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Micro—computed tomography. Microcomputed tomography (uCT) analysis was performed on
dissected bones using a desktop microtomographic imaging system (LCT 40; Scanco Medical AG,
Briittisellen, Switzerland). Samples were scanned with a 10-um isotropic voxel size, 70-kV peak
potential (kVp), 114-pA X-ray tube intensity, and 300-ms integration time. Intramedullary bone
volume (BV) and total volume (TV) were assessed in the distal femoral metaphysis in a region
beginning at the peak of the growth plate and extending proximally for 1.0 mm (100 transverse slices)
as well as in a region of the proximal tibial metaphysis beginning 0.1 mm inferior to the growth plate
and extending distally for 1.0 mm (100 transverse slices). The density of all pixels within the each
same region (the distal femoral metaphysis and proximal tibial metaphysis) were assessed as BMD.
At the femoral mid-shaft, analysis was performed on a 0.5-mm-long region (50 transverse slices) to
measure medullary total area (Ma.TA) and medullary bone area (Ma.BA); the Ma.BA was normalized
to the Ma.TA at each slice, and the mean value reported as the medullary bone area fraction

(Ma.BA/TA).

Quantitative real-time (RT) PCR of bone cell mRNAs. Total RNA was prepared from femoral
diaphyses with epiphyses and perichondrium removed and the marrow left unflushed. The bones were
homogenized in TRIzol (Thermo Fisher Scientific, Waltham, MA, USA) using a Dremel Tissue Tearor
homogenizer (Dremel, Racine, WI, USA), and total RNA was extracted by phase separation with
chloroform followed by precipitation in isopropanol and then purified using an RNeasy Mini kit
(Qiagen, Hilden, Germany). The total RNA was then reversed-transcribed using TagMan® Reverse
Transcription Reagents and the cDNA was processed using a TagMan® quantitative RT-PCR system
(TagMan® Gene Expression Assays). For each gene, the measured mRNA level in each sample was
normalized to the level of 18S rRNA in that sample and then expressed relative to the normalized level

of that mRNA observed in the samples from vehicle-treated wild-type mice. The TagMan® probes
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used are shown in Table 1.

Data analysis. Data were processed using Microsoft Excel-2016 (Redmond, WA, USA) and GraphPad
Prism 8.2 (La Jolla, CA, USA) software packages. Statistical analyses were performed (Prism) using
a one-way ANOVA with Tukey's post hoc comparisons of means when ANOVA was significant.

Values of p < 0.05 indicate significance.
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Table 1. TagMan® PCR probes (Thermo Fisher Scientific)

FAM-MGB™ probes

Gene symbol Gene name Protein symbol Assay ID #
Tnfsf1l Tumor necrosis factor ligand superfamily, member 11 RANKL Mm00441906_m1
Tnfrsfllb Osteoprotegerin OPG Mm00435454 m1
Acp5 Acid phosphatase 5, tartrate resistant TRAP-5b Mm00475698_m1
Sost Sclerostin SOST MmO00470479_m1
Collal Collagen, type I, alpha 1 Collal MmO00801666_g1

VICR/TAMRA™ probe

Gene symbol Description Catalog #

18S Eukaryotic 18S rRNA Endogenous Control 4310893E
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Results

Inverse agonist properties in vitro. The primary structure of [Leu'!,dTrp'2 Trp?, Tyr3¢]-PTHrP(7—
36)NH; (Carter et al., 2015; Carter et al., 2001), and its mode of action on the PTHR1-H223R mutant
of JMC are depicted in Fig. 1 A. In functional studies in vitro, the basal cAMP signaling in HEK293
cells stably transfected to express PTHR1-H223R is higher than in the cells stably transfected to
express wild-type of PTHRI1 (Carter et al., 2015; Carter et al., 2001). [Leu'!,dTrp!'?, Trp??, Tyr3¢]-
PTHrP(7-36)NH, was more effective as an inverse agonist than the PTH-based analog,
[N1e®!8 dTrp'?, Tyr**]-bPTH(7-34)NH> (Goldman et al., 1988; Rosen et al., 1997), because it more
effectively reduced the high basal cAMP signaling in HEK293 cells expressing PTHR1-H223R (Fig.
1 B,C). Based on these and prior cell-based studies (Carter et al., 2015; Carter et al., 2001),
[Leu!!,dTrp!2, Trp?, Tyr*¢]-PTHrP(7-36)NH, was selected for the studies in vivo described in the

following sections.
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Figure 1. Properties of the inverse agonist ligand. (A) The primary structure of the inverse agonist
analog used for in vivo studies, [Leu'!,dTrp'2, Trp?3, Tyr3¢]-PTHrP(7-36)NH; (Carter et al., 2001), with
residues not native to human PTHrP shown in black circles, and a model of inverse agonism. The
H223R mutation of JMC is located at the base of TM helix 2 and induces an active-state receptor
conformation that mediates ligand-independent Gas coupling and cAMP signaling; binding of the
inverse agonist reverts the receptor to an inactive conformation and decreases basal signaling. (B)
Inverse agonist responses in HEK293 cells stably expressing PTHR1-H223R and the GloSensor
cAMP reporter (GHR-10 cells); the cells were treated with [Leu'!,dTrp'2 Trp?, Tyr’¢]-PTHrP(7—
36)NH, (dTrp'>-PTHrP (7-36)) or the PTH-based antagonist/inverse agonist, [dTrp'2,Nle®!8 Tyr34]-
bPTH(7-34)NH; (Goldman et al., 1988) (dTrp!>-PTH(7-34)), each at 100 nM, or with vehicle, and
cAMP-dependent GloSensor luminescence was recorded at 2-min intervals for 22 min. (C) Dose-
response curves generated from the area-under-the-curve of time-course data obtained as in B at

varying concentrations of ligand. Data are means + SD of three experiments, each in duplicate.

26



Properties of Coll1-PTHR-H223R mice and peptide dose selection. Col1-H223R transgenic mice
(referred to as C1HR mice herein) express the PTHR1-H223R variant under the control of the
collagenlal promoter, which is active predominantly in osteoblasts (Calvi et al., 2001). Compared to
wild-type mice, CIHR mice exhibit a pronounced accumulation of trabecular bone in the marrow
compartments of the long bones, a thinning of the bone cortices, an accumulation of fibrotic stromal
cells in the marrow spaces between bone trabeculae, and high rates of bone turnover (Calvi et al.,
2001; Ohishi et al., 2009; Ohishi et al., 2012). In a pilot study, the author found that once-daily
injection of [Leu!!,dTrp!'?, Trp?, Tyr*¢]-PTHrP(7-36)NH,, henceforth referred to as inverse agonist,
into the C1HR mice for 2 weeks at a daily dose of 500 nmol/kg did not result in any noticeable change
in the bone phenotype, as assessed histologically at the proximal tibias. For the current experiment,
the author sought to increase ligand exposure and thus injected the mice BID with the inverse agonist
at a dose of 500 nmol/kg/injection. The injections were started on postnatal day 7 and continued every
12 hours for 17 days. As controls, C1HR littermate mice were injected with vehicle, and wild-type
littermates were injected with either vehicle or inverse agonist. The C1HR mice were small, with body
weights that were about 60% less than that of their wild-type littermates, as reported (Calvi et al.,
2001). For either the wild-type or C1HR mice, no change in mean body weight occurred with inverse
agonist treatment, as compared to with vehicle treatment (Fig. 2), and the overall health appearance
of the mice did not change over the 17-day treatment period. Twelve hours after the last injection, the

mice were euthanized and bones as well as blood and urine samples were collected for analysis.
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Figure 2. Body weights. Body weights at the study end-point of wild-type (WT) or Coll-PTHRI1-
H223R (C1HR) mice injected twice-daily with either vehicle (veh) or inverse agonist (IA) for 17 days.
Data are means + SD; p value derived by ANOVA with Tukey’s ad hoc comparison.

28



Inverse agonist treatment reduces bone mass and increases bone length in C1HR mice. pCT was
used to assess the effects of inverse agonist treatment on bone mineral density and bone structure in
the C1HR mice. pCT scans of the femurs and tibias isolated from the vehicle-treated C1IHR mice
revealed the expected marked increases in trabecular bone in the metaphyseal regions of the distal
femur and proximal tibia, as well as in the medullary region of the femur mid-shaft, as compared to
the corresponding regions of the bones isolated from vehicle-treated wild-type mice (Figs. 3 A,B, 4
and 5). Quantification of bone volume fraction (BV/TV, %) and bone mineral density (mg
hydroxyapatite/cm?) in the metaphyseal regions of the distal femurs and proximal tibias, and of cross-
sectional bone area at the femoral mid-shaft confirmed this increase in bone in the vehicle-treated
C1HR mice relative to the vehicle-treated wild-type mice (Fig. 3 C). Significantly less bone was
measured in these compartments of the femurs and tibias obtained from C1HR mice treated with
inverse agonist, as compared to the bones from vehicle-treated CIHR mice (Figs. 3, 4 and 5). No
change in these structural parameters was observed in the bones obtained from wild-type mice treated

with inverse agonist, as compared to those obtained from wild-type mice treated with vehicle.
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Figure 3. Micro-CT analysis of the effects of inverse agonist treatment on bone density in WT and
C1HR mice. Femurs and tibias isolated from WT and C1HR mice after 17 days of treatment with
inverse agonist, [A, or Veh were analyzed by uCt. (A) Representative sagittal views of the whole femur.
(B) Representative sagittal views and corresponding transverse views of the proximal tibia. (C)
Quantification of trabecular BV/TV (%) and BMD (mg hydroxyapatite/cm?) at the distal femur and
proximal tibia, and of cross-sectional medullary BA/TA (%) at the femur mid-shaft. Measurements
were made between the cortices in the regions of interest shown by the boxes in the vehicle-treated
WT images in A and B. Data are means = SD; p values (Tukey's multiple comparison test after
ANOVA) are shown for paired groups marked by brackets (n = 8—10 per group). uCT = micro—
computed tomography; C1HR = Coll-PTHR1-H223R; WT = wild-type; Veh = vehicle; [A =
[Leu'!,dTrp'2, Trp?*, Tyr3¢]-PTHrP(7-36)NH>; BV/TV = bone volume relative to tissue volume; BMD

= bone mineral density; BA/TA = bone area relative to total area.
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Figure 4. Micro-CT images of femur. Sagittal views of the total femur and corresponding transverse
views of the mid-shaft of femurs obtained from wild-type (WT) or Col1-PTHR1-H223R (C1HR) mice

injected twice-daily with vehicle (veh) or inverse agonist (IA) for 17 days.
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Figure 5. Micro-CT images of tibia. Sagittal and corresponding transverse views of the proximal
regions of tibiae obtained from wild-type (WT) or Col1-PTHR1-H223R (C1HR) mice injected twice-
daily with vehicle (Veh) or inverse agonist (IA) for 17 days: transverse views show a region

approximately 1 mm below the growth plates.
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Inverse agonist treatment reduces osteoblast number, bone marrow fibrosis, and bone formation
rates in C1HR mice. The author further explored the effects of the inverse agonist on bone properties
by examining histological sections of the proximal tibias obtained from the mice. Consistent with the
uCT imaging, staining of the tibia sections with von Kossa dye revealed the expected increase in
mineralized trabecular bone in the tibias of the vehicle-treated C1HR mice, as compared to those of
the vehicle-treated wild-type mice, and this trabecular bone mass was reduced in the CIHR mice by
inverse agonist treatment (Fig. 6 A). Higher magnification views of sections stained with the Goldner's
Trichrome reagent revealed the expected accumulation of fibrotic, stromal-like cells in the
intertrabecular spaces in the tibias from the vehicle-treated C1HR mice, whereas these spaces in bones
from wild-type mice were populated by smaller hematopoietic-type cells (Calvi et al., 2001;
Kuznetsov et al., 2004; Ohishi et al., 2009; Ohishi et al., 2012) (Fig. 6 B). Treatment with the inverse
agonist reduced the abundance of these fibrotic cells in the tibiae of the C1HR mice, as compared to
the amounts of these cells seen in the tibias from the C1HR mice injected with vehicle, and there was
concomitantly an apparent increase in the abundance of smaller hematopoietic-type cells (Fig. 6 B).
Quantitative histomorphometric analyses confirmed these observations, as inverse agonist treatment,
relative to vehicle treatment in the C1HR mice significantly reduced the measured bone mass, the
number of bone trabeculae, as well as the amount of marrow cell fibrosis (Fig. 6 C, Table 2). The effect
on bone trabeculae was also supported by the significant improvement in reduced space between
trabecular bones in C1HR mice, although inverse agonist did not affect trabecular bone thickness (Fig.
7 A). Inverse agonist treatment in C1HR mice also reduced the number of osteoblasts per unit length
of bone perimeter, whereas it increased the number of osteoclasts; the latter effect could be explained
by a reduction in the total bone area in the C1HR mice with a corresponding smaller change in the
total number of osteoclasts in the measured area (Fig. 6 C, Table 2).

The differences given in the previous paragraph in bone structural parameters observed in the CIHR
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mice treated with or without inverse agonist likely reflect, at least in part, effects on rates of bone
formation. To assess rates of bone mineralization and formation, the mice were sequentially injected
with the fluorescent bone-labeling dyes, calcein and demeclocycline, at two days and one day,
respectively, before the last injection (day 17). The 24-hour interval between dye injections was
selected based on the higher bone formation rate predicted for the CIHR mice from previous studies
(Calvi et al., 2001; Ohishi et al., 2009). This interval was too short to provide consistent double labels
in the bones of wild-type mice, which precluded reliable rate measurements in the bones of these
animals. In the bones of the CIHR mice, adequate double labels were obtained, and the distances
measured between the two labels clearly indicated that inverse agonist treatment reduced the rates of
bone mineral apposition (MAR) and bone formation (BFR) in CIHR mice (Figs. 6 C, 7, and Table 2).
Quantitative histomorphometric analyses performed on the sections of proximal tibiae also revealed
that osteocytes in vehicle-treated CIHR mice significantly increased comparing in vehicle-treated

wild-type mice but inverse agonist did not affect the number of osteocytes (Fig. 7A).
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Figure 6. Histological analysis of the effects of inverse agonist treatment on bone in WT and C1HR
mice. Tibias isolated from WT and C1HR mice after 17 days of treatment with IA or Veh were analyzed
histologically in the proximal region. (A) Representative sagittal views of sections stained with von
Kossa dye to show mineralized bone tissue (magnification x40). (B) Higher magnification (x400)
views of sections stained with Goldner's trichrome dye to show bone trabeculae (green) and
surrounding cells and tissue. Blue arrows in the C1HR + Veh image point to areas of stromal cell
fibrosis; yellow arrows point to osteoclasts. (C) Quantification of histomorphometric parameters in a
region just below the center of the growth plate in the proximal tibia. Mineral apposition rate was not
determined in bones of WT mice due to inadequate separation of double labels. Data are means + SD;
p values (Tukey's multiple comparison test after ANOVA) are shown for paired groups marked by
brackets (n = 810 per group). WT = wild-type; CIHR = Col1-PTHR1-H223R; IA = inverse agonist;
Veh = vehicle.
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Figure 7. Histomorphometry of tibiae. Tibiae from wild-type (WT) or Coll-PTHR1-H223R (C1HR) mice after 17 days of twice-daily injection with either
vehicle (Veh) or inverse agonist (IA) were analyzed histomorphometrically in a region just below the proximal growth plate. (A) Quantification of
histomorphometric parameters. Data are means + SD; p values (Tukey's multiple comparison test after ANOVA) are shown for paired groups marked by
brackets. Bone formation rate was not determined in bones of WT mice due to inadequate separation of calcein and demeclocycline fluorescent labels. (B)

Fluorescent microscopy images of bone trabeculae in tibia from C1HR mice showing incorporated calcein (green) and demeclocycline (orange) labels

administered two days and one day before sacrifice, respectively (400X).
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Table 2. Histomorphometry of tibiae from mice injected with vehicle or inverse agonist.

WT Col1-H223R
Vehicle Inverse Agonist Vehicle Inverse Agonist
n P vs. WT-Veh n n Pvs. WT-veh. PVSVS;HR'
B.Ar/T.Ar (%) 10.310.8 7 11.8 £ 3.1 0.91 6 224 *58 9 <0.0001 15.3+3.0 10 0.00
N.Ob/T.Ar (mm?) 158+8 7 179 = 21 0.96 6 511%£129 o9  <0.0001 290 * 61 10 <0.0001
N.Oc/T.Ar (mm'z) 17.0+x2.0 7 20.8 + 4.0 0.90 6 449%*119 o  <0.0001 477116 1o 0.93
N.Ob/B.Pm (mm'1) 21.1%1.2 7 21.8 £ 1.7 0.97 6 254+21 9 0.039 210240 10 0.018
N.Oc/B.Pm (mm'1) 2.261+0.32 7 2.57 + 0.68 0.89 6 230+£0.64 o >0.99 3.50 £ 0.87 10 0.011
Ob.Pm/B.Pm (%) 15.5%1.2 7 15.3 £ 1.3 >0.99 6 18.0£3.5 9 0.263 142%+18 10 0.020
Oc.Pm/B.Pm (%) 3.50+0.40 7 3.92 £ 0.97 0.95 6 430137 o 0.67 6.91 £ 1.77 10 00019
N.Ot/B.Ar (mm'z) 708 £32 7 783 + 169 0.80 6 968 £123 o 0.0085 1031 £ 184 10 0.79
Fb.Ar./T.Ar/ (%) 0.0017 £0.0017 7 0.0041 = 0.0101 >0.99 6 0.22+0.16 o 0.0002 0.11 £ 0.04 10 o048
MAR (um/day) N.D. N.D. 147 £0.53 s 0.76 £ 0.18 9 00050
BFR/BS (um®/um?’/day) N.D. N.D. 0.031 £0.008 s 0.017 £ 0.006 s 00013

Proximal tibiae were analyzed in a ~1.0x1.0 mm area located ~1.0 mm below the center of the growth plate. Data are means +SD; P values were determined
by Tukey's multiple comparison test after ANOVA. N.D., not determined -- inadequate separation of demeclocycline and calcein labels in bones of WT mice

precluded assessment of mineral apposition and bone formation rates.

B.A1/T.Ar(%) Bone area/tissue area N.Ob/T.Ar (mm) number of osteoblasts/tissue area
N.Oc/T.Ar (mm2) number of osteoclasts/tissue area N.Ob/B.Pm (mm") number of osteoblast/bone perimeter
N.Oc/B.Pm (mm™') number of osteoclast/bone perimeter Ob.Pm/B.PM (%) osteoblast perimeter/bone perimeter
Oc.Pm/B.PM (%) osteoclast perimeter/bone perimeter N.Ot/B.Ar (mm2) number of osteocytes/bone area
Fb.Ar./T.Ar. (%) fibrosis area/tissue area MAR (um/day) mineral apposition rate

BFR/BS (um*/pum*day)Bone formation rate
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Inverse agonist treatment reduces markers of bone turnover in C1HR mice. Serum levels of
CTX1 were significantly elevated in the vehicle-treated C1HR mice, as compared to the levels in the
vehicle-treated wild-type mice, and these levels in C1HR mice were reduced by inverse agonist
treatment (Fig. 8 A). Serum concentrations of total Ca were not different between the four groups,
whereas serum Pi was unchanged between groups of wild-type mice and the vehicle-treated CIHR
mice but was significantly reduced in CIHR mice treated with the inverse agonist, as compared to
C1HR mice treated with vehicle (Fig. 8 B, C). Urine levels of both Ca and Pi were significantly
elevated in vehicle-treated CIHR mice, and were reduced in the CIHR mice by inverse agonist
treatment, although the effect was significant only for urine Ca (Fig. 8 D, E). Unlike the case of PTH
acting systemically, CIHR mice does not affect the PTHR1 signal in the kidney. In the mutant mice,
Ca and Pi released from the bone into the blood due to the excessive bone resorption might have been
therefore excreted directly into urine. The elevations in urinary Ca and Pi, and plasma CTX1 observed
in the vehicle-treated C1HR mice, as compared to the levels in wild-type mice, were consistent with
an increase in the rate of osteoclast-mediated bone resorption, as induced indirectly by the constitutive
signaling activity of the mutant PTHR1-H223R in bone osteoblasts, whereas the reductions in these
markers with inverse agonist treatment were consistent with a suppression of PTHR1-H223R signaling
activity in the osteoblasts of the transgenic mice and an indirect suppression of osteoclast-mediated
bone turnover.

The levels of mRNAs encoding several osteoblast-produced proteins that are regulated by PTHR1
signaling, including collagen-1al, RANKL, which stimulates osteoclast differentiation and activity,
and osteoprotegerin (OPG), which inhibits RANKL by acting as a decoy receptor (Udagawa et al.,
2000), as well as the osteoclastic gene product, TRAP5b, were elevated in femurs isolated from
vehicle-treated C1HR mice, as compared to femurs isolated from vehicle-treated wild-type mice (Fig.

9). Inverse agonist treatment had only a minor if any effect on the levels of these mRNAs in CIHR
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mice, although collagen-1al mRNA levels were reduced significantly (p value = 0.048).
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Figure 8. Effects of inverse agonist treatment on markers of bone and mineral metabolism in blood
and urine. Blood and urine samples collected from WT and C1HR mice after 17 days of treatment with
IA or Veh were analyzed for CTX1 (A), total Ca (B, D), and Pi (urine values are normalized to
creatinine) (C, E). Data are means + SD; p values (Tukey's multiple comparison test after ANOVA)
are shown for paired groups marked by brackets (n = 8—10 per group). WT = wild-type; CIHR = Coll-

WT+Veh WT+A C1HR+Veh C1HR+A

-]

WT+Veh

WT+HA C1HR+Veh C1HR+IA

PTHR1-H223R; A = inverse agonist; Veh = vehicle; Pi = inorganic phosphate.
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Figure 9. Effect of inverse agonist treatment on mRNA levels in femurs of WT or C1HR mice. Total
RNA isolated from femurs obtained from wild-type (WT) or Col1-PTHR1-H223R (C1HR) mice after
17 days of twice-daily injection with either vehicle (Veh) or inverse agonist (IA) was analyzed by real-
time (RT) PCR for mRNAs corresponding to the indicated genes. RT-PCR values for each gene were
normalized to the value for I8sRNA and then by the corresponding 18S-normalized value obtained in
WT-vehicle controls. Data are means+SD; p values (Tukey's multiple comparison test after ANOVA)

are shown for paired groups marked by brackets.
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Table 3. Effect of inverse agonist treatment on bone length.

WT Col1-H223R
Vehicle Inverse Agonist Vehicle Inverse Agonist
Pvs.WT- P vs.WT- P vs.
Veh Veh C1HR- Veh
n n
Femur length (mm) 10.7 £ 04 8 10.6 + 0.4 0.95 9 9.0+04 <0.0001 9 94 04 0.080 10
Tibia length (mm) 13.4 £ 0.6 6 13.4 0.3 0.99 9 11.6 £ 0.5 <0.0001 8 121 £ 0.5 0.195 10

Bone length determined by micro CT. Data are means = SD; p values determined by Tukey's multiple comparison test after ANOVA.
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Discussion

Because JMC is an ultra-rare disease, with only about 30 cases identified since its first
description in 1934 (Jansen, 1934; Saito et al., 2018), it has garnered little if any interest from the
pharmaceutical industry in terms of therapeutic development. There is thus no effective drug therapy
available for the disease, despite a clear medical need (Nampoothiri et al., 2016) and precise
knowledge of the molecular target (Gardella et al., 1996; Schipani et al., 1996; Schipani et al., 1997).
Those considerations provided the key impetus for the current study, which is the first time that an
inverse agonist ligand for a constitutively active mutant PTHR1 has been tested in vivo. The overall
results provide proof-of-concept support for the hypothesis that such an inverse agonist ligand can be
effective at suppressing the constitutive activity of a JMC PTHRI1 variant in vivo. The author thus
found that administration of [Leu!!,dTrp'?, Trp?*, Tyr*¢]-PTHrP(7-36)NH, to CIHR mice expressing
the PTHR1-H223R mutant allele in osteoblasts can prevent and/or correct at least some of the skeletal
and mineral ion abnormalities that otherwise occur in these JMC model mice.

The author selected the [Leu'!,dTrp!2, Trp??, Tyr3¢]-PTHrP(7-36)NH, analog for use in this
study because of its proven effectiveness in suppressing the basal cAMP signaling activity of the
PTHR1-H223R mutant in transfected cells (Carter et al., 2015; Carter et al., 2001). The C1HR
transgenic mice were used as a model of JIMC because they express the PTHR1-H223R mutant allele,
which is the most common JMC disease variant (Saito et al., 2018), and they exhibit a robust, well-
characterized phenotype in skeletal tissue, which is the main site affected in patients. After only
17 days of treatment the inverse agonist produced significant reductions in the excess trabecular bone
mass that otherwise accumulates in the long bones of the C1HR mice. It also quantitatively reduced
the rate of new bone formation, the levels of bone resorption markers in the blood or urine, and the

abundance of fibrotic stromal cells that otherwise populate the marrow compartments of the long

43



bones of the CIHR mice (Kuznetsov et al., 2004; Ohishi et al., 2012).

A surprising finding was that although inverse agonist treatment in the CIHR mice led to a
significant reduction in serum levels of CTX1, it increased the number and/or size of osteoclasts lining
the bone perimeters (Fig. 8 A, Table 2). Although the underlying mechanisms are not clear, it is
possible that the bone-resorbing activity of the osteoclasts did not increase proportionally with an
increase in the size and/or number of these cells. An increase in osteoclast size and/or number with a
concomitant decrease in serum CTX1 was observed previously by Ko and colleagues (Ko et al., 2017)
in young wild-type mice in response to 8 weeks of alendronate treatment. Although these findings
appear similar to ours, the upstream mechanisms likely differ, because the effect involved treatment
with a bisphosphonate, whereas our current study involves effects on PTHR1 signaling.

The author detected no significant change in any bone parameter in wild-type mice treated
with the inverse agonist. The absence of a skeletal effect in the wild-type mice suggests that the inverse
agonist acts with at least some degree of selectivity on the PTHR1-H223R variant, relative to on the
wild-type PTHR1, and thus can have efficacy toward that variant without causing major alterations to
the normal physiology regulated by the wild-type PTHRI1 and its two endogenous ligands, PTH and
PTHrP, acting in the principal target tissues of bone and kidney. Although a formal toxicological
analysis was not performed, there was no sign of systemic toxicity associated with ligand treatment in
either the wild-type or CIHR mice. In support of this, inverse agonist treatment in either strain of mice
resulted in no change in body weight, which provides at least an initial assessment of systemic drug
toxicity (Parasuraman, 2011) (Fig. 2), nor a change in serum Ca (Fig. 8 B).

Bone phenotypes in this osteoblast-specific mouse model of JIMC well reflected the PTH
actions on osteoblasts, such as increased numbers of mature osteoblasts (N.Ob/B.Pm) and increased
MAR and BFR linked to upregulated bone matrix production and osteoblast activity (Figs. 6 C, 7 A

and table 2). Inverse agonist improved these bone phenotypes significantly but did not affect the
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increased number of osteocyte in the C1HR mice (Fig. 7 C), in which the increase osteocyte might be
derived from osteoblasts induced by the constitutively active mutant PTHR1. These results also
support that inverse agonist acted specifically on the PTHR1-H223R expressing only on osteoblasts,
not on osteocytes.

The lengths of the tibias and femurs in the C1HR mice were ~15% shorter than those in
wild-type mice, consistent with prior studies (Calvi and Schipani, 2000; Ohishi et al., 2009) , and the
mean lengths of the bones in the C1HR mice tended to increase modestly (3% to 5%) with inverse
agonist treatment, although the effects were not significant (Table 3). Potential effects on bone length
are of interest because impaired limb development and reduced overall height are prominent clinical
features of JIMC (Nampoothiri et al., 2016). An inverse agonist could conceivably induce changes in
bone length in C1HR mice via actions in the growth plates, because expression of the PTHR1-H223R
transgene is detected at low levels in growth plate chondrocytes of the CIHR mice(Calvi et al., 2001),
and PTHRI1 signaling is well known to play a major role in growth plate chondrocyte differentiation
and hence bone growth (Chagin and Kronenberg, 2014; Khan et al., 2018; Lanske et al., 1998;
Schipani et al., 1996). The author administered the inverse agonist starting at 7 days of age, and so the
analog was present in the mice during a period of active bone growth. Elucidating how processes of
growth plate maturation and bone growth might be altered by constitutive PTHR1 signaling and
potentially modulated with an inverse agonist ligand are important research objectives, given the
impact that such altered signaling has on skeletal development in children with JMC (Nampoothiri et
al., 2016; Saito et al., 2018).

Prominent laboratory abnormalities reported for patients with JMC including hypercalcemia
and hypophosphatemia (Saito et al., 2018) are also inconsistent with the phenotype of CIHR mice.
These abnormalities could lead to renal frailer resulting in lower the long-term prognosis. Further

investigation to use other model mice such as H223R-PTHR1 knock-in mice would be needed to
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evaluate the effect of inverse agonist on the kidney.

The recent high-resolution structures of the PTHR1 in partially active (Ehrenmann et al.,
2018) and active-state (Zhao et al., 2019) conformations, together with the structures obtained for
several other family B GPCRs (de Graaf et al., 2017; Glukhova et al., 2018; Yin et al., 2017) help shed
light on the mechanisms by which the PTHR1 and these peptide hormone receptors as a class function.
Particularly noteworthy is the finding that all known JMC mutations map to three residue positions in
the PTHR1: His223, Thr410, and 11e458, which are each located at the cytosolic base of a TMD helix
and at a position that strongly suggests a critical role in receptor activation. His223 in TM2 and Thr410
in TM6 are thus seen to be directly involved in a network of polar residues that acts as a switch to
control the outward movements of the TMD helices that occur during activation and which lead to the
formation of a cavity on the cytosolic face of the receptor that is used for G protein coupling (de Graaf
et al., 2017; Glukhova et al., 2018; Hjorth et al., 1998; Yin et al., 2017). 1le458 in TM7 is adjacent to
Tyr459, which also participates in the same polar network. A fourth key residue in this polar network
of the PTHR1 is Glu302 in TM3, which so far has not been associated with JMC. Overall, the discase
phenotype of JMC patients confirms the functional significance of this polar network. Although this
polar network is highly conserved in family B GPCRes, it is not reported that another disorder is caused
by an activating mutation in any of these other GPCRs, even though mutations introduced at these
sites in several of them have been shown to result in constitutive activity when tested in transfected
cells(Hjorth et al., 1998; Yin et al., 2017). Whether the apparent absence of a disease association for
these other receptors is due to poor expression of the constitutively active mutant allele in the
respective target tissue, or by some other overriding factor is unknown.

The current structural data predict that the PTHR 1 mutations of JMC shift the receptor to an
active-state conformation by perturbing key molecular interactions that occur within the polar network

at the base of the TMD bundle. The mechanism by which the binding of the inverse agonist ligand to

46



the receptor's extracellularly exposed orthosteric pocket promotes the inactive receptor conformation
is less clear. The dTrp'? modification of the ligand, which replaces the L-glycine that is conserved at
this position in native PTH and PTHrP agonist ligands, is likely to play a key role, because it is required
for the inverse agonist effect (Gardella et al., 1996). Several small-molecule antagonist ligands have
been identified for the PTHR1, but none so far has been reported to function as an inverse agonist
(Carter et al., 2015; Carter et al., 2007; McDonald et al., 2007).

The rarity of JMC is likely to be at least partly explained by a limited number of sites in the
PTHRI1 that can result in functional constitutive activity when mutated; ie, those impacting the
conserved polar residue network comprised of His223, Glu302, Thr410, and Tyr458. In contrast to the
activating mutations of JMC, heterozygous loss-of-function mutations have been identified at a
number of dispersed sites in the PTHR1 in patients with defects in tooth eruption (Roth et al., 2014).
In the very rare homozygous state, such loss-of-function PTHR1 mutations lead to the perinatal lethal
condition of Blomstrand's chondrodysplasia (Zhang et al., 1998), which is characterized by a
hypermineralized skeleton, in contrast to the low bone mineral density seen in patients with JIMC

(Nampoothiri et al., 2016).
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Summary in chapter [

JMC is a rare disease of bone and mineral ion physiology that is caused by activating
mutations in PTHRI1. Ligand-independent signaling by the mutant receptors in cells of bone and
kidney results in abnormal skeletal growth, excessive bone turnover, and chronic hypercalcemia and
hyperphosphaturia. Clinical features further include short stature, limb deformities, nephrocalcinosis,
and progressive losses in kidney function. There is no effective treatment option available for JMC. In
previous cell-based assays, the author’s group found certain N-terminally truncated PTH and PTHrP
antagonist peptides function as inverse agonists and thus can reduce the high rates of basal cAMP
signaling exhibited by the mutant PTHR1s of JMC in vitro. Here the author explored whether one such
inverse agonist ligand, [Leu!!,dTrp!'2, Trp?3, Tyr’¢]-PTHrP(7-36)NH,, can be effective in vivo and thus
ameliorate the skeletal abnormalities that occur in transgenic mice expressing the PTHR1-H223R
allele of JMC in osteoblastic cells via the collagen-1a1 promoter (C1HR mice). The author observed
that after 2 weeks of twice-daily injection and relative to vehicle controls, the inverse agonist ligand
improved at least some of the skeletal and mineral ion defects caused by transgenic expression in
osteoblasts of a constitutively active PTHR1-H223R allele of JMC. This study is the first
demonstration that an inverse agonist for the PTHR1 can be effective in vivo, and thus provides proof-
of-concept support for the notion that such a ligand could potentially be developed as a therapy for
JMC. Although full phenotypic rescue was not achieved in the current, short-term studies, this was not
an essential goal, given that the transgenic mice utilized here, as well as other available JMC transgenic
mice (Bellido et al., 2005; O'Brien et al., 2008), are not precise models of the disease, because the
mutant allele in the mice is expressed in a restricted tissue or cell type, eg, bone osteoblasts, whereas
in patients it is expressed in all endogenous PTHR1 target sites, including bone, kidneys, and the

growth-plates. The current findings nevertheless show that inverse agonist efficacy in vivo is possible
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for the mutant PTH receptors of JMC, and they also suggest that further studies aimed at improving
the receptor-binding properties of such ligands as well as their pharmacokinetic properties should be

important goals of future research.
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Chapter 11

Optimization of PTH/PTHrP hybrid peptides to derive a long-acting PTH analog (LA-PTH).

Introduction

Hypoparathyroidism is an endocrine disorder in which the parathyroid grands cannot
produce enough PTH and presents with hypocalcemia hyperphosphatemia. It causes tetanic symptoms,
including systemic muscle cramps, shivering, paresthesias of the extremities, and seizures, resulting
in bronchospasm, laryngospasm, and heart rate abnormalities. The disorder is mainly caused by the
removal or damage of the parathyroid glands when the thyroid gland is removed for treatments of
thyroid cancer. Other inherited disorders also lead to the development of hypoparathyroidism. In some
cases, it is also caused by autoimmune diseases (Bilezikian et al., 2011; Gafni and Collins, 2019;
Mannstadt et al., 2017; Shoback, 2008).

Conventional therapy of hypoparathyroidism, high doses of oral Ca and active vitamin D
analogs, can increase the risk of hypercalciuria (Mitchell et al., 2012; Underbjerg et al., 2013). Human
PTH(1-84) has recently been approved by the US Food and Drug Administration and the European
Medicines Agency as a treatment option for hypoparathyroidism. It would theoretically maintain
serum Ca while reducing Ca and requirements of vitamin D analogs by replacing the missing hormone.
However, due to its short half-life, daily injection of human PTH(1-84) is insufficient to maintain
serum Ca at a steady-state level without excessive urinary Ca excretion in a double-blind, placebo-
controlled randomized phase 3 study (Mannstadt et al., 2013). There exists therefore an unmet medical
need for hypoparathyroidism; that is, prolonged PTH replacement therapy without causing

hypercalciuria could be a cure treatment option for patients with the disease.
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It was previously reported that LA-PTH which is a M-PTH(1-14)/PTH(15-36) hybrid
analog, [Alal31218:1922 GIn!% Arg!! Trp'4,Lys?6]-PTH(1-14)/PTHrP(15-36), was previously reported
that produces sustained calcemic responses in thyroparathyroidectomized (TPTX) rats and in normal
monkeys (Shimizu et al., 2016a). Not reported are the extensive structure—activity relationship studies
that led to the development of this analog, as well as the evidence that LA-PTH is the most desirable
ligand analog for the intended purpose. In this work, the author characterized the series of PTH/PTHrP
hybrid molecules that formed the basis for LA-PTH development. The design used the carboxyl
terminal portion of PTHrP based on the evidence that it bound with higher affinity to the ECD of the
PTH receptor, as compared with the PTH C-terminal segment, and the author further included the
optimized N-terminal portion of PTH modified with the activity-enhancing “M” substitutions
(Ala'312,GIn'® Arg'! Trp'#) that were identified in previous work on the PTH(1-14) scaffold (Shimizu
et al., 2001a; Shimizu et al., 2000b; Shimizu et al., 2001b). Seven different hybrid molecules with
various boundaries between the N-terminal M-PTH and C-terminal PTHrP segments ranging from
positions 11/12 to positions 30/31 were synthesized and evaluated the binding affinity for PTHR1 in
vitro, assessing both the G protein-coupled and uncoupled receptor conformations, RS and R,
respectively.  Previous studies revealed that relative affinity for the R? conformation correlates with
duration of cAMP signaling (Okazaki et al., 2008). Most importantly, the analogs were evaluated in
vivo and thus assessed their capacities to stimulate a calcemic response in normal rats after a single
intravenous injection. These evaluations identified the most potent PTH/PTHrP hybrid analog as M-
PTH(1-14)/PTHrP(15-36) (Shimizu et al., 2016a). However, in the initial assessment of this analog,
it has a relatively low solubility in aqueous solutions at neutral pH. With further investigation, the
author identified several amino acid substitutions in the C-terminal PTHrP region that led to improved
solubility while retaining high R binding affinity, as well as prolonged in vivo calcemic actions. It

was this work that led to the choice of [Ala"312:1819.22 GIn'0 Arg!!, Trp'4,Lys?]-PTH(1-14)/PTHrP(15—
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36) as an optimized analog, LA-PTH. Here the author presents key findings that led to the selection
of LA-PTH as an optimum ligand in the series and provides further data that compare the Ca-
mobilizing actions of this type of hybrid PTH/PTHrP analog with those of a vitamin D analog in TPTX

rats.
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Material and Methods

Peptides. All peptides used were based on the human PTH or PTHrP amino acid peptide sequence,
except for the PTH(1-34) analog used for radiolabeling, which was based on the rat PTH sequence.
Specific analogs assessed for function were PTH(1-34), LA-PTH

([Ala">12,GIn'0, Arg"!, Trp'4]PTH(1-14)/[Ala'®?2, Lys?]PTHrP(15-36)COOH), and M-PTH(1-15)
([Ala"'2,Aib* Nle®,GIn'0,Har!!, Trp'4, Tyr'>]-PTH(1-15)NH,)—in which Aib is a-aminoisobutyric
acid, Har is homoarginine, and Nle is norleucine. The radioligands used were 'I-PTH(1-34), ('*’I-
[N1e®2?! Tyr3*]-rat PTH(1-34)NH>), and '>’I-M-PTH(1-15). They were prepared by chloramine-T-
based radioiodination, followed by reversed-phase HPLC purification. Peptides were prepared by
conventional chemical synthesis. Peptide identity was established by mass spectrometry; purity was

confirmed to be greater than 95% by reverse-phase HPLC.

Cell culture and transfection. GP-2.3 cells, an HEK-293 cell- (ATCC CRL-1573) derived cell line
that stably expresses the luciferase-based pGloSensor-22F (GloSensor) cAMP reporter plasmid
(Promega Corp., San Luis Obispo, CA, USA) along with the human PTHR1, were cultured in DMEM
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with FBS (10%). Cells were seeded
into white 96-well plates for GloSensor cAMP assays, and used for assay 2 to 3 days after the
monolayer became confluent (Ferrandon et al., 2009). UGS-56 cells were derived from the UMR106
rat osteoblastic cell line by stably transfecting the cells to express the GloSensor-cAMP reporter. B64
cells are a derivative of the porcine kidney cell line, LLC-PK1 that stably expresses the human PTHRI1.
COS-7 cells (ATCC CRL-1661) were seeded into 10-cm dishes and transiently transfected to express
the human PTHR1 with or without a high-affinity, negative-dominant Gas subunit; 2 days after

transfection, the cells were harvested for membrane preparations (Dean et al., 2006). All transfections
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were performed using the FuGENE HD reagent (Promega Corp.).

cAMP signaling assays. Changes in cAMP levels were assessed in intact GP-2.3 or UGS-56 cells via
the (GloSensor) cAMP reporter. The intact cells in white 96-well plates were preloaded with luciferin
in COz-independent culture media (Thermo Fisher Scientific) for 20 min at room temperature, then
treated with a test ligand diluted in the same media and placed into a Envision plate reader
(PerkinElmer, Waltham, MA, USA) for an additional 30 min, during which time cAMP-dependent
luminescence was measured at 2-min intervals (ligand-on phase). Ligand dose-response curves were
generated by plotting ligand concentrations versus the AUC of the time versus luminescence plot
obtained at each ligand dose and expressing that AUC as a percent of the maximum AUC observed in
the same experiment for PTH(1-34). For washout responses, the cells were treated as above, and after
the ligand-on phase, the plate was removed from the plate reader, the cells were rinsed with media,
then fresh media containing only luciferin was added and luminescence was measured for an
additional 90 min (washout phase). ECso values were determined using the 4-parameter sigmoidal

dose-response equation in Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA).

Competition binding assays. Ligand binding to the human PTHR1 in R° and R® conformations were
assessed by competition methods using membranes prepared from COS-7 cells and either '>>I-PTH(1—
34) (R% or 1251-M-PTH(1-15) (RY) as tracer radioligand and GTPyS (10 uM) included in the R®
assays (Dean et al., 2006). Binding reactions were performed in 96-well vacuum filtration plates and
were incubated at room temperature for 90 min; the plates were then processed by vacuum filtration;
after washing, the filters were removed and counted for gamma irradiation. Nonspecific binding was
determined in reactions containing an excess (0.5 pM) of unlabeled PTH(1-34). Curves were fit to the

data using a 4-parameter sigmoidal dose-response equation.
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Peptide solubility assay. Peptides were initially dissolved in 10 mM acetic acid to obtain a stock
solution of peptide at 1.0 to 2.0 mM. For assay, a stock solution was diluted in aqueous vehicle (pH 5.0)
or assay buffer (pH 7.4) to concentrations of 10 — 30 uM, at which all peptides exhibited good
solubility. For certain peptides, including, the M-PTH/PTHrP hybrid and PTHrP(1-36), precipitation
or turbidity was observed in aqueous neutral pH buffer at a higher peptide concentration (>100 uM),
which led the author to perform further optimization of the C-terminal PTHrP portion of the peptide
scaffold. To assess solubility, a volume of each stock peptide solution that contained 75-ng peptide
mass was placed, in duplicate, into a 1.5-mL microcentrifuge tube and lyophilized to dryness. For each
peptide, one of the duplicate lyophilized samples was reconstituted in 50 pL of 10-mM acetic acid to
a final concentration of 1.5 mg/mL; the other duplicate sample was reconstituted in 50 pL of PBS,
pH 7.4. The solutions were then incubated for 24 hours at room temperature, then centrifuged at
16,000 x g for 2 min at room temperature. A 10-uL aliquot of the upper supernatant phase of each
sample was removed in duplicate and assayed for protein concentration using the BCA protein assay
(Pierce, Rockford, IL, USA). The protein concentration (mg/mL) of each sample was then derived
from a standard curve generated with bovine serum albumin. The relative solubility in PBS was
calculated as: 100 x (protein concentration of PBS supernatant/protein concentration of acetic acid

supernatant).

In vivo pharmacology and pharmacokinetics studies. All animal studies were approved by the
Institutional Animal Care and Use Committee of Chugai Pharmaceutical, and were conducted in
accordance with the approved protocols (protocol #: 07-317) and the Guidelines for the Care and Use
of Laboratory Animals at Chugai. Chugai Pharmaceutical is fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care (AAALAC) International.
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Calcemic actions in normal rats. Peptides were diluted in phosphate—citrate-buffered saline vehicle
(prepared by adding 23 mmol/L citric acid/100 mmol/L NaCl added to 25 mmol/L sodium-phosphate/
100 mmol/L NaCl until the pH of 5.0 was attained) containing 0.05% Tween-80 (Tokyo Chemical
Industry Co., Ltd., Tokyo, Japan). Six-week-old normal rats were randomly assigned to test groups,
and M-PTH/PTHrP hybrid analogs were administrated by a single i.v. administration. Blood was
collected in a glass capillary from tail vein at 2-min intervals; blood ionized Ca?" (iCa?") was measured

by Ca analyzer (GE Healthcare, Piscataway, NJ, USA).

Pharmacological studies in TPTX rats. Surgical TPTX was performed on 6-week old rats (Charles
River Laboratories Japan, Inc, Kanagawa, Japan). All rats received atropine (0.05 mg/mL/kg) for
suppression of mucus production and an analgesic (flunixin 2.5 mg/mL/kg) by s.c. injection prior to
the operation. The cervical skin region was incised under isoflurane anesthesia after the disinfectant
using povidone-iodine and then the paratracheal muscles was separated to expose the trachea. The
right and left thyroid glands accompanied with the parathyroid glands on the trachea surface was
gently removed, and after adequate hemostasis, the surgical site was closed, and was disinfected with
5% chlorhexidine solution. The postoperative rats were maintained properly on a warm incubator
(37 °C) for body temperature recovery until awakening, and received an analgesic (flunixin 2.5
mg/mL/kg) by s.c. injection once daily for 2 days after surgery. Pellet food (CE-2; CLEA Japan, Inc.,
Tokyo, Japan) containing 1.10% Ca and 1.09% Pi moisturized with tap water was supplied inside each
cage for easy access. postsurgical rats exhibiting serum Ca (sCa) levels less than 8.0 mg/dL were
selected for subsequent peptide injection studies. TPTX rats were injected i.v. or s.c. with vehicle or
vehicle containing a PTH peptide, or orally treated once daily with vehicle (medium-chain

triglyceride; Chugai Pharma Manufacturing, Tokyo, Japan) or vehicle containing alfacalcidol (Chugai
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Pharma Manufacturing) for 11 days. Blood samples were obtained from the tail or jugular vein
immediately before and at times after injection. Urine samples at O to 8 hours or 8 to 24 hours, were
collected in metabolic cages. sCa and urinary Ca (uCa), serum Pi (sPi) and urinary Pi (uPi), and
creatinine (uCre) were measured with an automatic analyzer (7180; Hitachi, Ltd, Chiyoda, Tokyo,
Japan). Urinary deoxypyridinoline (uDpD) which is a crosslink of type 1 collagen released during
bone resorption was measured using a Metra DPD EIA kit (DS Pharma Biomedical, Osaka, Japan),
and the data were normalized to the uCre concentrations. Serum FGF23 was measured using FGF23
ELISA assay (Immunodiagnostik AG, Bensheim, Germany). Serum 1,25(OH);D3 levels were

determined by an ELISA (Immunodiagnostic System Ltd, Bolden, UK).

For pharmacokinetic studies, plasma samples were prepared in the presence of protease inhibitors
(aprotinin, leupeptin, EDTA). Plasma levels of PTH(1-34) were assessed by ELISA assay (Human
PTH(1-34) Specific ELISA Kit; Immutopics Inc, San Clemente, CA, USA), and plasma levels of M-
PTH/PTHrP were assessed by ELISA assay (PTH-RP 1-34 Human Enzyme Immunoassay Kit;
Peninsula Laboratories International, San Carlos CA, USA) using M-PTH/PTHrP peptides as standard

solutions.

Monkeys. Male cynomolgus monkeys at age 3 to 4 years were purchased from Hamri Co. Ltd (Tokyo,
Japan). Cynomolgus monkeys were randomly assigned and injected s.c. with either vehicle,
M-PTH/PTHrP, or LA-PTH. Blood samples were collected from the saphenous vein and assessed for

sCa or sPi levels.

Statistical analysis. Data are represented as the mean+SEM and statistical significance was

determined using JMP Ver.11 (SAS Institute Japan, Tokyo, Japan). A Dunnet test was performed to
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assess the significant differences in the PTH(1-34), M-PTH/PTHrP, or LA-PTH groups compared
with the vehicle groups. A Student's t test was used to assess the significance between two data sets

(TPTX-vehicle versus sham). Values of p <0.05 indicate significance.
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Results

Binding and cAMP signaling properties of PTH/PTHrP hybrid peptides in vitro and calcemic
actions in normal rats. The primary structures of the M-PTH/PTHrP hybrid peptides evaluated in
this study are shown in Figure 10, and their PTHR1-binding properties, assessed in membranes
prepared from COS-7 cells transfected to express the human PTHR1, as well as their cAMP signaling
properties, assessed in GP-2.3 cells (HEK293 cells stably transfected to express the hPTHR1 and
GloSensor cAMP reporter), are reported in Tables 4 and 5. Affinities at the RS PTHR1 conformation
were similar for all analogs tested, whereas each hybrid peptide bound to the R® conformation with an
affinity several-fold higher than that of PTH(1-34), and only slight differences in affinity were
detected between any of the hybrid analogs (Table 4 and 5). All M-PTH/PTHrP hybrid analogs
exhibited more prolonged cAMP signaling responses on human PTHR1, as compared with PTH(1-
34) and PTHrP(1-36) (Fig. 11).

Having established adequate receptor-binding properties in vitro, the author next tested the calcemic
actions of the M-PTH/PTHrP hybrid analogs in normal rats. The peptides were administered by a
single i.v. injection at a dose of 5.0 nmol/kg of body weight for each analog (Fig. 12 A—C), as well as
at multiple doses (Fig. 13 A—C). M-PTH(1-11)/PTHrP(12-36) and M-PTH(1-14)/PTHrP(15-36) at
5 nmol/kg significantly increased blood iCa?" levels at 1 hour, and further increased blood iCa?" levels
up to 6 hours after administration (Fig. 12 A). M-PTH(1-18)/PTHrP(19-36) increased blood iCa?" at
1 hour, and sustained levels for up to 6 hours. M-PTH(1-17)/PTHrP(18-36), M-PTH(1-
22)/PTHrP(23-36), M-PTH(1-26)/PTHrP(27-36), and M-PTH(1-30)/PTHrP(31-36) increased blood
iCa?" levels more transiently, with peak responses occurring at 1 to 2 hours, and then blood iCa?* levels
returning to basal levels gradually. As M-PTH(1-14)/PTHrP(15-36) exerted the most robust and

prolonged calcemic action at the 5 mmol/kg dose, this analog was selected, hereafter referred to as
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M-PTH/PTHTrP, for further testing.
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1 14 34 36
PTH(1-34) SVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNF

PTHrP(1-36) AVSEHQLLHDKGKSIQDLRRRFFLHHLIAEIHTAEI
M-PTH(1-11)/PTHrP AVAEIQLMHQRGKSIQDLRRRFFLHHLIAEIHTAEI
M-PTH(1-14)/PTHrP AVAEIQLMHQRAKWIQDLRRRFFLHHLIAEIHTAEI
M-PTH(1-17)/PTHrP AVAEIQLMHQRAKWLNSLRRRFFLHHLIAEIHTAEI
M-PTH(1-18)/PTHrP AVAEIQLMHQRAKWLNSMRRRFFLHHLIAEIHTAEI
M-PTH(1-22)/PTHrP AVAEIQLMHQRAKWLNSMERVEFLHHLIAEIHTAEI
M-PTH(1-26)/PTHrP AVAEIQLMHQRAKWLNSMERVEWLRKLIAEIHTAEI

M-PTH(1-30)/PTHrP AVAEIQLMHQRAKWLNSMERVEWLRKKLQOQDIHTAETI
13 10 1214

Figure 10. Primary structure of PTH, PTHrP, and M-PTH/PTHrP hybrid analogs. Amino acid
sequences of human PTH(1-34), human PTHrP(1-36), and PTH/PTHrP hybrid analogs. PTH and
PTHrP residues are colored black and green, respectively, and the N-terminal “M” modifications at
positions 1, 3, 10, 11, 12, and 14 in PTH are colored blue. M-PTH(1-14)/PTHrP(15-36) analog is also
referred to as M-PTH/PTHrP in the text.
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Table 4. Binding to the RG and R° conformations of human PTHRI.

RO RC
p versus p versus
ICso("M) n  PTH(1-34)  PTHrP(1-36) ICso("M) n  PTH(1-34)  PTHrP(1-36)
PTH(1-34) 104+37 8 1.00 0.67 0.16+0.08 8 1.00 0.30
PTHrP(1-36) 8.20+3.41 3 0.67 1.00 0.07+0.01 3 0.30 0.30
M-PTH(1-11)/PTHrP(12-36)  2.14+047 3 0.06 0.22 0.55 2
M-PTH(1-14)/PTHrP(15-36) 2.69+0.99 3 0.08 0.24 0.67+0.05 3 0.0006 0.0064
M-PTH(1-17)/PTHrP(18-36) 1.91+0.39 4 0.06 0.20 0.23+£0.02 4 0.42 0.0000
M-PTH(1-18)/PTHrP(19-36)  1.66+0.22 4 0.05 0.19 0.13+£0.02 4 0.72 0.02
M-PTH(1-22)/PTHrP(23-36)  7.80 £2.55 3 0.58 0.93 0.67+0.02 3 0.0004 0.0001
M-PTH(1-26)/PTHrP(27-36) 1.73+0.75 5 0.05 0.19 0.13£0.04 5 0.73 0.21
M-PTH(1-30)/PTHrP(31-36) 2.98+0.48 4 0.09 0.26 0.21+0.03 4 0.60 0.013

Equilibrium competition binding reactions were performed either in the presence (R°) or absence (R®) of GTPyS, and RO reactions used membranes from
cells transfected with a high-affinity Gos-dominant-negative mutant in addition to the PTHR1. Data are means + SEM of the number of experiments indicated
by n; p = Student's t test versus PTH(1-34) or PTHrP(1-36). ICso values are peptide concentrations (nM) that resulted in 50% inhibition of binding of >I-
labeled PTH(1-34) radioligand (R®) or '?°I-labeled M-PTH(1-15) radioligand (RS) to the hPTHR1 expressed in membranes of transiently transfected COS-7

cells.
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Table 5. cAMP responses of human PTHR1 in GP-2.3 cells.

p versus p versus

ECso (NM) PTH(1-34) PTHrP(1-36) Emax (%) PTH(1-34) PTHrP(1-36)
PTH(1-34) 1.4+0.6 1.00 0.55 100 £0 1.00 0.81
PTHrP(1-36) 1.82 +0.45 0.55 1.00 993 0.81 1.00
M-PTH(1-11)/PTHrP(12-36)  4.46 +1.27 0.088 0.13 103 +3 0.46 0.46
M-PTH(1-14)/PTHrP(15-36)  5.18 +1.07 0.029 0.044 105 +4 0.37 0.36
M-PTH(1-17)/PTHrP(18-36)  6.78 +1.98 0.067 0.084 105 £5 0.36 0.34
M-PTH(1-18)/PTHrP(19-36)  6.01 % 1.59 0.055 0.073 107 £5 0.28 0.26
M-PTH(1-22)/PTHrP(23-36)  2.58 +0.26 0.12 0.20 104 4 0.39 0.37
M-PTH(1-26)/PTHrP(27-36)  1.79 +0.41 0.56 0.97 106 £5 0.38 0.35
M-PTH(1-30)/PTHrP(31-36)  1.52+0.14 0.81 0.56 106 +4 0.21 0.21

ECso values are peptide concentrations that stimulated 50% of the maximum response (Emax) for that peptide. Data were derived from the area-under-the-
curves (AUC) of time-course luminescence responses measured at multiple doses and calculated as a % of the maximum AUC response attained in each assay
with PTH(1-34), the average of which was 104+ 19 x 10° counts per second (cps) * min, and the corresponding basal value (not subtracted) was
0.52+0.13x10® ¢ps * min. Data are means + SEM of four experiments; p values determined by Student's t-test compare responses to PTH(1-34) and
PTHrP(1-36). cAMP responses were measured in GP-2.3 cells (HEK293 cells stably transfected to express the hPTHR1 and GloSensor cAMP reporter).
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Figure 11. PTH ligand-induced cAMP-signaling responses in GP-2.3 cells. Time course of the cAMP-
dependent luminescence response measured at 2-minute intervals in the presence of each ligand at
10nM (Ligand on-phase) and B) Time course of the cAMP-dependent luminescence response
measured at 2-minute intervals after washout of unbound ligand (Ligand wash-out phase). GP-2.3
cells preloaded with luciferin were treated with a concentration of PTH ligand at a concentration of
10 nM for 30 min, and cAMP-dependent luminescence was measured at two-minute intervals (ligand-
on phase). The cells were then removed from the plate reader, rinsed twice with media to remove
unbound ligand, and then fresh media containing luciferin, but lacking ligand was added and
luminescence was assessed for additional 90 min (Ligand wash-out phase). Data are means (= SEM)

of four experiments, each performed in triplicate.
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Figure 12. Calcemic actions of M-PTH/PTHrP hybrid analogs in normal rats. M-PTH/PTHrP hybrid
analogs, PTH(1-34) and PTHrP(1-36) at 5.0 nmol/’kg were i.v. administered, and blood ionized Ca
(iCa?"), collected from the tail vein, was measured at the indicated time points. (A) M-PTH(1-
11)/PTHrP(12-36) to M-PTH(1-17)/PTHrP(18-36) hybrid analogs in experiment 1. (B) M-PTH(1—
18)/PTHrP(19-36) to M-PTH(1-26)/PTHrP(27-36) in experiment 2. (C) M-PTH(1-30)/PTHrP(31-

36) in experiment 3. Data are means = SEM; n = 6. *p <0.05 versus vehicle.
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Figure 13. In vivo calcemic actions of M-PTH/PTHrP hybrid analogs in normal rats. The indicated
M-PTH/PTHrP hybrid analogs along with PTH(1-34) and PTHrP(1-36) controls, were administered
at the indicated doses by i.v. injection, and at the indicated time points blood was collected from the
tail vein and measured for iCa?". Panels A—C represent three separate experiments. Data are means +
SEM; n = 6 or 4 (80 nmol/kg of M-PTH(1-11)/PTHrP(12-36), M-PTH(1-14)/PTHrP(12-36), M-
PTH(1-17)/PTHrP(18-36) and 1.25nmol/kg of M-PTH(1-30)/PTHrP(31-36)). *p <0.05 versus
Vehicle.
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In vivo calcemic actions of M-PTH/PTHrP in thyroparathyroidectomized rats by a single
administration. The author then evaluated the capacity of M-PTH/PTHrP to modulate blood iCa*"
levels in TPTX rats by a single i.v. administration and in comparison with PTH(1-34) (Fig. 14 A).
Normal blood iCa?* levels are around 1.3 mM (data not shown here), but these TPTX rats exhibit
moderate hypocalcemia in the basal state as shown in Fig. 14, as nor and thus represent a model of
surgical hypoparathyroidism. Injection of M-PTH/PTHrP at each of two doses resulted in a significant
increase in blood iCa?* levels. Whereas the higher dose of 5.0 nmol/kg resulted in frank hypercalcemia
(iCa?* >1.6 mM) by 24-hour post-injection, the lower dose of 1.25 nmol/kg restored blood iCa®" levels
to nearly the normal level (approximately 1.2 mM) by 6 hours, and the restorative effect persisted for
up to 24 hours. At the even higher dose of 20 nmol/kg, PTH(1-34) produced a much smaller and more
transient increase in blood iCa®".

The author then compared the pharmacokinetic properties of M-PTH/PTHrP and PTH(1-34) by i.v.
injecting the peptides at equivalent doses (10 nmol/kg) into normal rats and measuring the blood
concentrations of the peptides at times after injection by ELISA immunoassay (Fig. 14 B). Initial
experiments established the M-PTH/PTHrP analog cross-reacted adequately with an ELISA assay
targeted to PTHrP. Upon i.v. injection, each peptide disappeared rapidly from the circulation, such that
the plasma concentrations declined to the lowest detection level by the 60-min time point. This rapid
decline in serum ligand concentrations, coupled with a prolonged pharmacodynamic profile of M-
PTH/PTHrP observed in intact and TPTX rats, is consistent with the rapid clearance rate and prolonged
calcemic responses observed for LA-PTH and similar M-PTH analogs in previous studies (Okazaki et

al., 2008; Shimizu et al., 2016a).
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Figure 14. Pharmacodynamic and pharmacokinetic profiles of M-PTH/PTHrP and PTH(1-34) in rats.
(A) Effects of M-PTH/PTHrP and PTH(1-34) on blood ionized Ca (iCa?") in TPTX rats by i.v.
injection. M-PTH/PTHrP and PTH(1-34) were injected intravenously in TPTX rats at the indicated
doses, and blood samples were collected from the tail vein measured for ionized Ca; data are means +
SEM; n = 5 or 3 [PTH(1-34)]. *p<0.05, **p<0.01, ***p <0.005 M-PTH/PTHrP or PTH(1-34)
versus TPTX-vehicle. Blood iCa?" in TPTX rats injected with M-PTH/PTHrP at 1.25 and 5.0 nmol/kg
at 1 hour were statistically higher than those in vehicle-injected TPTX rats (*p<0.05). (B)
Pharmacokinetics of M-PTH/PTHrP and PTH(1-34). M-PTH/PTHrP and PTH(1-34) each at a dose
of 10 nmol/kg were i.v. administered, and blood samples were collected from the jugular vein in the
presence of proteinase inhibitors (Aprotinin, Leupeptin, and EDTA) and the plasma samples were
assessed for peptide concentration using a hPTHrP(1-34)-targeted EIA for M-PTH/PTHrP and an
hPTH(1-34)-targeted ELISA for PTH(1-34). Data are means £ SEM; n = 4 (M-PTH/PTHrP) or 3
[PTH(1-34)].
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Effects of repeated daily administrations of M-PTH/PTHrP in thyroparathyroidectomized rats.
Next, the author studied the effects of M-PTH/PTHrP on total sCa in comparison with the vitamin D
analog, alfacalcidol (1a-hydroxycholecalciferol), over a course of 12 days in TPTX rats. TPTX control
showed lower in sCa than sham control and no significant changed in uCa, serum 1,25(OH),D3, and
urinary bone resorption marker, uDpD. M-PTH/PTHrP dose-dependently increased sCa levels, as
measured at 8 and 24 hours after the last administration on day 12 (Fig. 15 A, B). At a dose of
4.0 nmol/kg, M-PTH/PTHTrP resulted in sCa levels that were comparable to those in the sham-operated
control group, whereas uCa levels, measured at the intervals of 0 to 8 hours and 8 to 24 hours, remained
low (Fig. 15 C, D). At the 8.0 nmol/kg dose of M-PTH/PTHrP, frank hypercalcemia was observed at
8 hours after administration, and uCa at 0 to 8 hours, and uDpD at 0 to 24 hours increased significantly
after the last administration (Figs. 15 C,D, and 16 B). Daily administration of alfacalcidol also dose-
dependently increased sCa levels, and the higher dose of 0.2 pg/kg increased sCa to levels comparable
to those of the sham group; however, this dose of alfacalcidol was accompanied by high uCa excretion
levels at both 0- to 8- and 8- to 24-hour time intervals. No significant change in serum 1,25(OH),D3
was observed among all groups (Fig. 16 A).

Compared with the sham control animals, the TPTX rats exhibited elevated urine levels of sPi, and
daily injection with M-PTH/PTHrP dose dependently decreased these levels, with the 4.0 nmol/kg
dose achieving a sPi level that was comparable to that of the sham control at 8 and 24 hours (Fig. 17
A,B). This lowering of sPi was accompanied by a significant increase in uPi excretion over the 0- to
8-hour interval but not over the 8- to 24-hour period (Fig. 17 C, D). Alfacalcidol also normalized sPi
levels, especially at the 0.2 ng/kg dose, with a significant increase of uPi excretions between 8- to 24-
hour period, although it did not change between 0- to 8-hour period. Serum levels of FGF23 in TPTX
control dramatically decreased comparing in sham control consistent with previous report (Saito et al.,

2005). As it has been reported that FGF23 is induced by both PTH and sCa levels (David et al., 2013;

70



Rhee et al., 2011), the reduction of serum FGF levels therefore would be occurred by conditions with
absent of PTH or hypocalcemia. M-PTH/PTHrP at 4.0 and 8.0 nmol/kg and alfacalcidol at 0.2 pg/kg
significantly increased the levels of serum FGF23 (Fig. 16 C). Consistent with a previous report
regarding strong induction of FGF23 by 1,25(0OH),D3, (Saito et al., 2005) alfacalcidol especially at
the dose of 0.2 pg/kg promoted higher serum FGF23 levels more than 10-fold than TPTX control.

Despite of the effect in decrease of sPi, both alfacalcidol and M-PTH/PTHrP did not increase uPi in
the 0- to 8-hour or 8- to 24-hour period, respectively. The reason for the inconsistency between sPi
and uPi is unclear but Pi load such as intestinal Pi absorption could have been in low levels through
the experimental day. It was possibly that multiple blood and urine samplings over time might have
made TPTX rats lower food intake. PTH acts directly on the proximal tubule to increase uPi excretion
in early, while alfacalcidol promotes slower uPi excretion via induction of FGF23. That could be the

reason for the time differences between PTH and alfaclcidol in the effect on uPi.
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Figure 15. Effects of 11-day treatment (12-day study) with M-PTH/PTHTrP or alfacalcidol on serum
Ca (sCa) in thyroparathyroidectomized (TPTX) rats. TPTX rats were treated for 11 days with daily s.c.
injection of either vehicle or M-PTH/PTHrP, or with daily oral alfacalcidol at the indicated doses, and
sham-surgery control rats were s.c. injected daily with vehicle. The levels of Ca in serum and urine
were assessed. Blood samples were collected from the jugular vein at 8 hours (A) and at 24 hours (B)
after the last treatment administration, and assessed for total sCa. Total urine was collected in
metabolic cages over the time intervals of 0 to 8 hours (C), and 8 to 24 hours (D) and assessed for total
urinary Ca. Data are means £ SEM; n = 6 or 5 (2.0 and 4.0 nmol’kg of M-PTH/PTHrP);
*p < 0.05 M-PTH/PTHrP versus TPTX-vehicle; #p <0.05 TPTX vehicle versus sham.
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Figure 16. Effects of 11 days treatment (12 days study) of M-PTH/PTHrP on serum 1,25(OH).D3,
urinary deoxypyridinoline (Dpd) and serum FGF23 in TPTX rats. Serum and urine samples obtained
from the TPTX and sham control rats of the two-week daily-administration experiment shown in
Figure 15 were analyzed by ELISA for the indicated markers. A) serum 1,25(OH).Ds. B) urinary
deoxypyridinoline (DpD)/Cre. C) serum FGF23. Data are means = SEM; n = 6 or 5 (2.0 and
4.0 nmol/kg of M-PTH/PTHrP); *p <0.05 M-PTH/PTHrP versus TPTX-vehicle, #p <0.05 TPTX-

vehicle versus sham.
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Optimizing solubility of the M-PTH/PTHrP scaffold to derive LA-PTH. In the course of this work,
the author found that several of the hybrid analogs containing the C-terminal portion of PTHrP,
including M-PTH/PTHTrP, as well as PTHrP(1-36) itself, were poorly soluble at high concentrations
(> approximately 0.3 mg/mL) in aqueous buffers at neutral pH. This led the author to investigate amino
acid substitutions in the C-terminal PTHrP sequence that could improve peptide solubility yet preserve
functional activity. The author first assessed for functional effects utilizing the PTHrP(1-28) scaffold
peptide, as critical residues of receptor binding are known to be located in the 15-28 domain. An initial
alanine scan through the (15-28) segment of PTHrP(1-28) revealed that positions 18, 22, 25, and 26
were tolerant of alanine replacement, for both PTHR1 binding and stimulating cAMP formation (Fig.
18 A,B). A subsequent “Type” substitution analysis, by which the author introduced at each of those
four sites, a representative amino acid of each of the main side chain biochemical groups (eg, aromatic,
hydrophobic, charged, polar), revealed that each of the four sites, particularly, 18, 22, and 26, were
broadly tolerant of substitution (Fig. 18 C,D). The author then explored various combinations of
residues at 18, 22, and 26 and identified Alal8, Ala22, and Lys26 as a combination that when
introduced into the full-length scaffold peptide, M-PTH(1-14)/PTHrP(15-36), preserved or even
enhanced PTHR1-binding affinity (Fig. 18 C) and cAMP-stimulating activity, (Fig. 19, Table 6) and

improved peptide solubility, (Fig. 18 E) and thus resulted in the analog LA-PTH.
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Figure 18. Substitution analysis of the 15-25 region of PTHrP(1-28) and optimization of M-PTH(1-
14)/PTHrP(15-36) solubility. (A) Alanine-scan analysis of the (15-28) region of PTHrP(1-28) for
effects on binding to the RY conformation of the hPTHR1. Native PTHrP(1-28) and analogs thereof
containing the indicated single alanine substitutions were assessed at a concentration of 1 nM for the
capacity to inhibit binding of '>’I-M-PTH(1-15) tracer radioligand to membranes prepared from
COS-7 cells transiently transfected to express the hPTHR1 and a high affinity GyS negative-dominant
mutant. Data are expressed as a percent of the inhibition of specific binding observed with native
PTHrP(1-28), which was 39 £ 2 percent of the complete inhibition observed with 3 pM unlabeled M-
PTH(1-15). (B) The same peptides were assessed at a concentration of 3 nM for the capacity to
stimulate cAMP formation in HKRK-B64 cells (LLC-PK1 cells stably expressing the hPTHR1, cAMP
measured by RIA). The basal cAMP levels were 1.2+ 0.1 pmol/well. Data in A and B are means
(£SEM) of three experiments, each performed in triplicate or quadruplicate. (C) Type-substitution
analysis, in which amino acids with varying side chain structures (e.g., small, bulky, charged,
aromatic) are introduced, was performed on residue positions 18, 22, 25 and 26 of PTHrP(1-28),
which were identified as tolerant to Ala substitution in the experiments of panels A and B, and the
analogs were assessed at a concentration of 1.0 nM for the capacity to inhibit binding of '>’I-M-
PTH(1-15) to the hPTHR1 (RY) in COS-7 cell membranes. Data are means (:SEM) of triplicate
determinations expressed as a percent of the inhibition of binding observed with native PTHrP(1-28),
which was, 41 £1 percent of the maximum binding inhibition (NSB, subtracted) observed with
unlabeled M-PTH(1-15). (D) The same analogs as in C were assessed at a 3.0 nM concentration for
the capacity to stimulate cAMP formation in HKRK-B64 cells. Data are means (= SEM) of three
experiments, each performed in duplicate. Basal cAMP levels were 0.3 +0.1 pmol/well. (E) Peptide
solubility in PBS was assessed by incubating each indicated peptide at a concentration of 1.5 mg/ml
in either PBS at pH 7.4 or in 10 mM acetic acid for 24 h, and then, after centrifugation (15,000 x g/ 20
mins.) determining the peptide concentrations of the upper phases and expressing each peptide
concentration in the PBS supernatants as a percent of the concentration of the same peptide in the
acetic acid supernatant. Data are means (= SEM) of duplicate determinations of a single experiment

representative of three others.
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Figure 19. Sequence and functional comparison of M-PTH/PTHrP and LA-PTH in a rat osteoblast-
derived cell line. (A) Sequence of PTH(1-34), PTHrP(1-36) and hybrid analogs, M-PTH/PTHrP, and
LA-PTH. (B) Dose-response for stimulation of cAMP signaling in a UMR106-derived rat osteoblastic
cell line (UGS-56 cells). (C) Time course of the cAMP-dependent luminescence response measured
at 2-min intervals in the presence of a near-ECso concentration of each ligand: PTH (1-34) (0.3 nM),
PTHrP (1-36) (1.0 nM), M-PTH/PTHrP (1 nM), and LA-PTH (0.3 nM). (D) Time course of the
cAMP-dependent luminescence response measured in the same cells as in (C), but after washout of
unbound ligand. (E) Area-under-the-curve (AUC) values of the washout responses shown in (D). Data
are means (= SEM) of six experiments, each performed in triplicate. Dose—response ECso and washout-

AUC values are reported in Table 6.
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Table 6. cAMP Responses in UMR106/GloSensor cells.

] ECso (NM) Emax (%0) Washout AUC (%)
Ligands
p p Y
PTH(1-34) 0.20 £0.03 1.000 100 £ 0.4 1.000 100 +£0 1.000
PTHrP(1-36) 0.46 £0.11 0.062 88.4+2.8 0.007 92 +11 0.530
M-PTH/PTHrP  0.72 +0.13 0.012 96.2 +£2.4 0.143 700 + 85 <0.0001
LA-PTH 0.12 £0.01 0.020 94.7 £2.9 0.105 763 £135 0.001

Responses at each ligand concentration were calculated as the area-under-the-curve (AUC) values obtained from the time-course plots of cAMP-dependent
luminescence versus time measured over 30 min, and then expressed as a percent of the maximum AUC response observed for PTH(1-34) in each assay, the
average of which was 3.13 £0.66 x 10° counts per second (cps) * min; the corresponding minimum value (not subtracted) was 3.58 +£2.16 x 108 ¢ps * min.
Washout values report the AUC of the cAMP-dependent luminescence versus time measured for each ligand at a near ECso-concentration over 90 min and
expressed as a percent of the response observed for PTH(1-34) (0.3 nM) in each assay, the average of which was 0.96 +0.87 x 10° ¢ps * min; and the
corresponding value in vehicle-treated cells (not subtracted) was 0.48 = 0.1x10° cps * min. Data are means + SEM of six experiments, with duplicate wells in
each; p = Student's t test versus PTH(1-34). cAMP responses were measured in rat osteoblastic UMR-106/GloSensor (UGS-56) cells. ECs values are peptide

concentrations (nM) that stimulated 50% of the maximum response (Emax) observed for that peptide.
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Efficacy of M-PTH/PTHrP and LA-PTH in thyroparathyroidectomized rats and normal
monkeys. The author then compared the capacity of LA-PTH to modulate sCa and sPi levels in
comparison with M-PTH/PTHrP by a single i.v. administration in TPTX rats (Fig. 20 A, B). LA-PTH
and M-PTH/PTHTrP caused comparable increases in total sCa levels over the sham control group that
peaked at 10 hours post-injection and persisted at near the sham-control levels by 48 hours, until
returning to near baseline levels by the 72-hour time point. In parallel, the sPi levels were reduced and
persisted near the normal sham-control levels for at least 72 hours after the dose administration. The
efficacy and the duration of the responses induced by LA-PTH in these TPTX rats were thus
comparable to those induced by the M-PTH/PTHrP parent hybrid peptide.

The effects of LA-PTH and M-PTH/PTHrP on total sCa and sPi levels in normal monkeys were further
compared. Upon a single s.c. injection, both LA-PTH and M-PTH/PTHrP significantly increased sCa
levels by 24 hours after administration, and each analog similarly maintained sCa at higher levels for
up to 48 hours (Fig. 21 A, B). The hypophosphatemic effects of LA-PTH in monkeys were also
comparable to those of M-PTH/PTHrP as each analog decreased sPi levels for up to 72 hours after
injection. These results confirmed that LA-PTH retains the strong calcemic and hypophosphatemic

effects of the parent hybrid peptide, M-PTH/PTHrP, in TPTX rats as well as in normal monkeys.
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Figure 20. Effects of M-PTH/PTHrP and LA-PTH on serum Ca (sCa) and serum Pi (sPi) in
thyroparathyroidectomized (TPTX) rats. TPTX rats were i.v. injected with vehicle, LA-PTH, or
M-PTH/PTHrP. Each peptide was at a dose of 1.25 nmol/kg, and sham control rats were injected with
vehicle. Blood samples were collected from the jugular vein and assessed for total Ca (A) and Pi (B).
Data are means + SEM; n=6; *p <0.05, **p <0.01, ***p <0.005 LA-PTH and M-PTH/PTHrP versus

vehicle.
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Figure 21. Effects of M-PTH/PTHrP and LA-PTH on total serum Ca (sCa) and serum Pi (sPi) in
normal monkeys. Cynomolgus monkeys were s.c. injected with either vehicle, LA-PTH, or
M-PTH/PTHrP. Each peptide was at a dose of 2.5 or 10 nmol/kg, and blood samples were collected
from the saphenous vein and assessed for total sCa (A) and sPi (B). Data are means = SEM; n = 3;

*p<0.05, **p<0.01, ***p <0.005, LA-PTH and M-PTH/PTHrP versus vehicle.
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Discussion

In this study, the author systematically explored a series of hybrid molecules composed of
PTH and PTHrP. The rationale in combining the M-PTH amino terminal region with the carboxyl
terminal region of PTHrP to achieve enhanced binding and signaling activity on the PTHR1 was based
on the evidence that the PTHrP(15-36) fragment binds with approximately twofold higher affinity to
the amino-terminal ECD portion of the receptor than does the PTH(15-34) fragment (Pioszak et al.,
2009), and that N-terminal PTH fragments with the “M” modifications, such as M-PTH(1-14) and
M-PTH(1-11), exhibit enhanced binding and signaling interactions with the transmembrane domain
region of the PTHR1, as shown by previous structure—activity relationship studies (Shimizu et al.,
2001a; Shimizu et al., 2000b; Shimizu et al., 2001b). The hybrid analog that proved most active in
vivo in Ca-elevating potency was M-PTH(1-14)/PTHrP(15-36). Furthermore, repeated
administrations of M-PTH/PTHrP at an optimal dose (4.0 nmol/kg) normalized sCa levels without
increasing uCa, whereas alfacalcidol increased sCa levels, but was associated with hypercalciuria.
These results support the concept that the M-PTH/PTHrP class of ligands could have beneficial
pharmacological effects over alfacalcidol in the treatment of hypoparathyroidism, as suggested by a
similar comparative study about the effects of a PTHR1 small molecule agonist and alfacalcidol on
sCa and uCa has been reported previously (Tamura et al., 2016).

The low solubility observed for M-PTH/PTHrP and related analogs containing the
C-terminal PTHrP(15-36) sequence when prepared at high concentrations in aqueous neutral buffer
led the author to explore amino acid substitutions that would improve solubility yet preserve activity
on the PTHR1. Using PTHrP(1-28) as a scaffold peptide for substitution analysis, the author thus
identified three changes: Leul8->Ala, Phe22->Ala, and His26=>Lys, which when combined into the

MPTH(1-14)/PTHrP(15-36) peptide had the desired effect. The resulting analog,
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[Ala'3121822 GIn'0 Arg!! Trp'# Lys?*]-PTH(1-14)/PTHrP(15-36), termed LA-PTH, was thus found to
be equally potent to the M-PTH/PTHrP parent hybrid peptide in vitro and in vivo (Figs. 19-21), and
is shown in a previous report to satisfactorily normalize sCa levels in TPTX rats without increases in
uCa or causing adverse changes in bone structural parameters, including cortical porosity, when
administered daily for 4 weeks at an optimal dose (Shimizu et al., 2016a). The capacity of LA-PTH
and PTH analogs of this class to form highly stable complexes with the PTHR 1, which underlies their
prolonged pharmacodynamic actions, is highlighted by the recently reported high-resolution cryo-
electron microscopy structure of LA-PTH bound to the PTHR1 and a partner heterotrimeric G protein
(Zhao et al., 2019), as well as the X-ray crystallographic structure of a PTH(1-34) analog containing
N-terminal modifications similar to those of LA-PTH bound to a thermo-stabilized PTHR1 in a G
protein-uncoupled state (Ehrenmann et al., 2018). As in each case, the process of structure
determination was likely facilitated by the stability provided the ligand analog. It will now be
interesting to see, perhaps using computational modeling approaches, how other PTH and PTHrP
analogs bind to the PTHR1, and how the binding modes at the PTHR1 may vary, depending on ligand
structure. This would extend to the orally available small molecule PTHR1 agonist, PCO371
(Nishimura et al., 2020), which has been shown to restore sCa and lower sPi levels in TPTX rats
(Tamura et al.,, 2016), and is currently being evaluated in an early-stage clinical trial for

hypoparathyroidism.
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Summary in chapter 11

Prolonged signaling at the PTHR1 correlates with the capacity of a ligand to bind to a G
protein-independent receptor conformation (R°). As LA-PTH ligand holds interest as potential
treatments for hypoparathyroidism, we explored the structural basis in the ligand for stable R binding
and prolonged cAMP signaling. A series of PTH/PTHrP hybrid analogs were synthesized and tested
for actions in vitro and in vivo. Of the series, [Ala'>'2,GIn'%, Arg!! Trp'4]-PTH(1-14)/PTHrP(15-36)
(M-PTH/PTHrP) bound with high affinity to R, induced prolonged cAMP responses in UMR106 rat
osteoblast-derived cells, and induced the most prolonged increases in sCa in normal rats. Daily s.c.
injection of M-PTH/PTHrP into TPTX rats, a model of hypoparathyroidims, normalized sCa without
raising uCa. In contrast, oral alfacalcidol, a widely used treatment for hypoparathyroidism, normalized
sCa, but induced frank hypercalciuria. M-PTH/PTHrP exhibited low solubility in aqueous solutions
of neutral pH; however, replacement of Leul8, Phe22, and His26 with the less hydrophobic residues,
Ala, Ala, and Lys, at those respective positions markedly improved solubility while maintaining
bioactivity. Indeed, we recently showed that the resultant analog [Ala'®?2,Lys*]-M-PTH/PTHrP or
LA-PTH, effectively normalizes sCa in TPTX rats and mediates prolonged actions in monkeys. These
studies provide useful information for optimizing PTH and PTHrP ligand analogs for therapeutic

development and also support further testing of LA-PTH for the patients with hypoparathyroidism.
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Conclusion

JMC is a rare disease caused by heterozygous gain-of-function mutations in the PTHR1.
Patients with JMC exhibit marked defects in bone development and bone turnover that result in short
stature, limb deformities, mobility impairment, and chronic imbalance of blood/ urine Ca and Pi
handling systems. There is no treatment option for JMC that directly targets the underlying molecular
defect. In these studies, the author demonstrated that an inverse agonist ligand,
[Leu!,dTrp!2, Trp?, Tyr*¢]-hPTHrP(7-36)NH,, for the PTHR1 could ameliorate at least some of the
bone and mineral ion defects that occur in this osteoblast-specific mouse model of IMC. These overall
findings provide a proof-of-concept supporting for the notion that inverse agonist ligands targeted to
the mutant PTHR1 variants of JMC can have efficacy in vivo. Further studies of such PTHR1 ligand
analogs could help open paths toward the first treatment option for this debilitating skeletal disorder.

Hypoparathyroidism is an endocrine disorder in which the parathyroid glands cannot
produce enough parathyroid hormone. Conventional therapy of hypoparathyroidism, Ca
supplementation or/and activated vitamin D preparation, can increase of urinary excretion of Ca
resulting in impaired renal function and reductions in the QOL of patients with hypoparathyroidism.
PTH(1-84) has recently been approved as a treatment option for hypoparathyroidism. It would be
expected to maintain serum Ca while requirements of Ca supplementation or/and activated vitamin D
preparation by replacing the missing hormone. However, due to its short half-life, multiple injections
are necessary to maintain serum Ca at a steady level. Novel treatment options that can stably normalize
blood Ca levels without causing hypercalciuria by PTH action is needed for the patients with
hypoparathyroidism. In these studies, the author identified the most potent PTH/PTHrP hybrid analog
as M-PTH(1-14)/PTHrP(15-36) based on the concept that more potent ligands for R state could have

more prolonged calcemic action. M-PTH(1-14)/PTHrP(15-36) exhibits to control serum Ca and
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serum Pi without excess urinary Ca excretion, and illustrates its superiority to treatment with active
vitamin D analog. Moreover, the author modified the initial analog to improved solubility while
retaining high R® binding affinity and finally identified LA-PTH as the best clinical candidate.
LA-PTH could be a useful drug for hypoparathyroidism that can stably normalize blood Ca levels
without causing hypercalciuria.

Currently, only three peptide agonists for the PTHR1, PTH(1-34), PTH(1-84) and
abaloparatide, are clinically available for the treatment option of patients with osteoporosis and
hypoparathyroidism. Considering the wide range of biological roles of PTHR1, to endow each ligand
with suitable property for each disease biology could provide therapeutic options for diseases related
to PTHR1 signaling widely. In these studies, the author showed potential applications of an inverse
agonist for JMC and of LA-PTH for hypoparathyroidism, thus expanding a potential of the PTHR1 as
an important drug target.

Peptide drugs, on the other hand, commonly have limitations in pharmacokinetics that have
been recognized even with previous challenges of antagonist peptides for hyperparathyroidism as well
as an inverse agonist for JMC. The process of modification of peptide ligands to generate long-acting
PTH/PTHrP analog provides here one of the options to overcome the limitations by using the concept
of a new prolonged cAMP signaling. Since it has been reported that the concept is shared with other
GPCRs, the insights could be widely applied not only to PTHR1-related diseases but also widely to
other GPCR related diseases.

In addition, considering current companion-animal health care, some of bone metabolic-
related diseases such as CKD and ectopic hyperthyroidism in dogs and cats and bone fractures in
racehorses and rabbits are still accompanied with difficulties to treat in some situations. Scientific
insights obtained in a series of these studies would be useful to focus on the potential applications of

ligands for the PTHRI1 to above diseases in companion-animals health care.
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PR FUR AR L %2 4K (PTHRL) 1 X Family B @ G % o /87 B 4875 2%k (GPCR)
B L. 20D ~"TF FTHLEIFRER/LVEL (PTH) & BIFURIRA LE B &
YR8 (PTHP) ZWEPED Y 72 K& LTRED, PTHRL A2/ L7zZivb 25D U v K
OERIC LY RN TOI ST L E ) OIEFHERCN A B O E & A3
PITOID, £O72H, PTHRL ITEMERIE. BIH RIRFEREIR THEI LU Jansen -5k b 52
JERE (IMC) Z G e B AHBEEREOHERAIFE S —7 vy b & LTESIT bivd,
PTHR1 Z & & T Family B ® GPCR D < 2%, IEOHEMEEIC LY, ZHETEHEL,
ST B XY EDOSARREEDMED L, BIZEFZEO T 0 BRE S NIBD TN D, —FTH
Vv REZKIKROMAENERD, IR TROEBFES 7 F MREIRE 2 £ o X ) ITHI#E
DT ONTIE, REARHZRE L, 7o, PTHRL Z4ERY & UZERRAYIZHI T rlaE 72 38
X, WIS XTF R AT FOT7 T=X N THY | #IE & B HERE & B R IR RE K
MEDHTHD, £iz. ~TF FOFFORHETH 2 FOAERPERIIA #RIAV PTHRL B
HR BT U CORRIRIS ] D FE R 7R [ERE & 72> TV D, > T, PTHRL BEEE D=0
DEFERTF KU o RIZ K DB ATREME A R T 5 2 L 1E, BIRE~DOH T 7o 15 HEIR
a2l 92 7200 TR CEREBEEREE N ENA~DOBF AR 5 & & HIZPTHRL &
& te Family B GPCR (2§ 2 AR 2 KT 2 MR 2155 Z L WHIFFTE 2,

= ZTCAIIZETIE, £ IMC DJFREE T L~ 7 2 & VT PTHRLIZ %9 % inverse agonist
AR7F R ([Leutt,dTrp'2 Trp?, Tyr36]-PTHrP(7-36)NH,) DIRWEIRE L L C o nlREME 2 Mgt L
72 IMC 1% PTHR1 OIEFEEMALIZRIZ L 0 51 & 2 SN o F R EMREMEIRMRE S L
TR, RS RIE, RETOE®RES O RIEHRIE, @A/ v AER X OE A LT T
DIRIE L W o TefERE B 2, ARIRIBHRIEIIFE LRV,

IMC ZED—>Ths 223 FEEDT I JBNR AT VU N T AT ~EBRL-
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PTHR1 (PTHR1-H223R) % Collagen lal 7 v & — % — il K OB M4 S A RIS 5
SE~v T A (CIHR w7 A) (Z, MO FME A O RE B OB @ OE RV, B RbvE
7 WD 5 RO B O & A OIEFE L, & E AR RIS AE O B OMME(L R
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500 nmol/kg DA &ETA% 7T HES 17 HE L H 2[BL#EHZ TG L7 24, CIHR v
ZOIFRED—HFL, T2 LR F ', & E G EERIE S B B8 OMHE LB R~ —
A —OHMPAEICSE S N, T OMEHRRIZ. PTHRL [Z%F9 % inverse agonist 7% JIMC
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LI2bDTHY, A% D IMCIZXT HIEREDBRFEICR L THHZRIR 2RI L7 & %
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LTETBND, £72, 500 nmollkg &\ 9 mHFEG&ETOHEIERSG % H > TLTHEHZIIR
FRRELEN R Th 722 LD, FERERA~DISHIZIET TIX, inverse agonist H KD IENER)
2T TR EYBBOBES D T T IVETE L L TOEH OIER 2 X 2% B 1253 2

BLEZEZDND,

=

WIZABFFETIE, PTH & PTHIP LD A 7Y RATF REAIRR - (&5 2 LT,

v RO REIFKFICERNRRET 27 2= hX7F K~ (LA-PTH) ZAlk L.

=l

PR RS REAR T E L k3 2 3 FTREME 2 Mt L7ce RIFRIRIRBSAEIR TUEIX PTH O/ WMK T
H L IEKBIZE > TRZ Y EA LT AMAE & ZHUCRE D g, 7 7 =— RERE D
FEREZ R THRETH D, TNETEEFEE LTy U A 8H e 5 I D "HAIO#H
EPHNONTELN, RPN T DPMD EAZHED Z L6 P AN Y Lx+5
EFETERNZ & FEMIICITRE R ACAIKILE I L2 BB T 23588 & e -

Tz, 4 PTH(-84)D 1 H 1 RID R N5, o REFRNVE LV EMAET 2HETH D
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AN NERP AN LYEIE O 2 b — U ZBWT, A RIRBRINT
|AYAJAN

SRR OFEGHERE > 7 VR &t U723 OFRIZ L D . PTHRL @ 2 SO
WEDIH, GF U EMEMEMEAEE (RE) ~DRRAY T REHT, GZ o7
B EAMEE (RO ~OIREY D o N, 7T = MEES 7T L ORGERELS ., <
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PTHIP & DHIZ & REROEIRIERS S 7 T RHGIEDE DDA B & 7o 7o 2 & b ARG
TIIER &% 72 PTHIPTHIP A 7Y v R7 a7 G L., £ OfaHEaiHi+ 25 Z & TR
BIRPED TR PTHIPTHIP A 7 U w K7+ r 7 Th 5 [Alat32,GInoArg't, Trpl4]-PTH(1-
14)/PTHrP(15-36) (LA, M-PTH/PTHrP) 753 FLH & du7z, ROBERMED 58 M-PTH/PTHrP (%
1E% 7w b~ 5nmol/kg EfIRPN % 51251 T, PTH(1-34)<° PTHIP(1-36) & Lb~TH 5 20
Wil v w A ERAEMZR L, BIRRBBEEIR TEOREE T L T 5 FRIR - @Il
W (TPTX) 7 v MZBW T, PTHA-34)2A —@tE ol vy v A ERAVER 2740
(2% LC. M-PTH/PTHIP (% 24 WfLL LRGNt o b AR 2R Lz, B
DREEWNZ &1, BT v b~ ORI G-1% 0 M iR EEHER O FF@i 2> & . M-PTH/PTHrP (%
PTH(1-34) & [AlfkIC B 1% 1 REILANIZHC IR 2y B R L, Zofdf vy o s B
TER OFFgErEIX, M REIRFNZ2 O THD Z LAVRENTZ, TPTX 7 v h~0 11 A
MOEREEGIC L DBFCE, mHRE X I D ®EITHLT VT 7 Ly R—LOfn
BGDRP AN T A EARIC LR SERR 6P vy A& IEFET 5T,
M-PTH/PTHIP DR F#513%, JRT AV ARt 2 TSP v o v A& IER L L
2o EBIT, TPTX 7 v k EEHYMTE VT M-PTH/PTHIP &[S L~ v b
A EFERZHERF L2 6, B TFESAIE U CTHRANICEE Ch 5 HYERHE TOREMME %
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PTH(1-14)/PTHrP(15-36) (L F. LA-PTH) %AIkT % Z LITakzh L7,
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7T NAHGEIEORUY LA-PTH O AIREME AR L2 2 & T, NN DORE~DHT =72
TERERPUE R S D & 41T, PTHRL ORFOIEAFIER & L TOMEIR [ REPED D TR
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fed DA 2RI T DAl R STz, IEOHIZEND Z D2 &7 T PTHRL LIk
?D GPCR ~& A 2 vl REMED 5 <, AWFFETOHLIT PTHRL BERE D HZ 72 53, IR

< o> GPCR BEEE BT T 2 FAIBARICAEH EEZ B, SROBENYFEIND,
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