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Abstract

Most pediatric bone diseases result either from mutations of the essential genes for bone development or from abnormalities of
mineral homeostasis. With an increase in non-invasive techniques to measure bone mineral density, the number of children with
apparent low bone mineral density is rising. Furthermore, a new classification system proposed by the International Society for
Clinical Densitometry now considers osteoporosis a valid diagnosis in children. Osteoporosis is a particular problem among
children with conditions such as muscular dystrophy, immobilization, and chronic liver diseases and those who received a
prolonged course of glucocorticoids. Pharmacologic agents for treatment of osteoporosis were developed primarily to prevent
fragility fractures in postmenopausal women, and studies of their efficacy and safety in children are limited. Recent advances
have seen new therapies for bone diseases in children; some of these conditions were deemed incurable in the past. This article
reviews data regarding mechanism of action, safety, and efficacy of four bone drugs in pediatric patients. These are (1) zoledronic
acid, a long-acting bisphosphonate; (2) denosumab, a RANKL inhibitor; (3) asfotase alfa, a synthetic alkaline phosphatase; and

(4) burosumab, a monoclonal antibody against FGF23.
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Introduction

Bone disorders in children compresses into two groups: (1)
bone disorders caused by gene mutations that disrupt normal
bone development and (2) metabolic bone disorders related to
chronic illness or disuse osteopathy. The first group of bone
disorders is further classified into dysostoses, skeletal dyspla-
sias, and osteolysis syndromes [1]. Dysostoses result from
mutations of genes expressed during skeletal organogenesis.
Examples of these diseases include Holt-Oram (7BX5 muta-
tion) and Cousin syndrome (7BX15 mutation). Disruptions of
genes expressed during both organogenesis and in postnatal
life are responsible for skeletal dysplasias. These conditions
are further divided into primary and secondary skeletal dys-
plasias [1]. In primary skeletal dysplasias, the formation of
skeletal tissues is disrupted due to the mutations of genes that
are expressed in these tissues, while the abnormalities of ex-
ternal factors such as mineral homeostasis cause secondary
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skeletal dysplasias [1, 2]. Osteogenesis imperfecta (OI) is the
best-known example of primary skeletal dysplasias.
Hypophosphatasia and hypophosphatemic rickets are exam-
ples of secondary skeletal dysplasias [1, 2]. The third group of
genetic syndromes, termed osteolysis, is characterized by nor-
mal skeletal development, but bone resorption ensues and
eventually leads to disappearance of skeletal tissues.
Winchester-Torg syndrome (MMP2 mutation) is one of the
most severe forms of osteolysis syndromes [1].

Many children with genetic bone disease suffer from lim-
ited mobility related to bone pain and progressive deformity
which in turn further accelerates a decline in bone mineral
density (BMD). Although advances in molecular diagnosis,
particularly whole-exome sequencing, have increased knowl-
edge of mutations responsible for genetic bone disease [3, 4],
nonetheless, medical treatment for the majority of these dis-
orders is not available and orthopedic procedures continue to
be the mainstay for correction of deformity and alleviation of
pain. Ol is the most common form of skeletal dysplasia having
an incidence of around 1 in 10,000 births [5]. Vertebral com-
pression fractures also occur frequently in skeletal dysplasias,
particularly among children with OI. In one cohort, all but one
out of 79 children with OI sustained vertebral compression
fractures [6]. Hence, considerable attention has focused on
development of treatment for OI.
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In 2019, the International Society for Clinical
Densitometry (ISCD) established a definition of osteoporosis
in children and screening by dual-energy X-ray absorptiome-
try (DXA) of children who are at risk for skeletal fractures [7].
The establishment of normative data for BMD in children has
allowed wider and more accurate assessment of bone mineral
density in chronic medical conditions in children [8, 9].

Anti-resorptive agents, including zoledronic acid and
denosumab, have been used to reduce fracture risk. Initially,
these agents did not have approval by the US Food and Drug
Administration (FDA) for use in children, and their use has
been based on a compassionate care [10]. However, advance-
ment in protein pharmaceuticals has led to the development of
two new drugs, asfotase alfa and burosumab, that specifically
target the mechanism underlying bone disease. Asfotase alfa
(Strensiq ®) is a synthetic alkaline phosphatase enzyme which
was approved by the FDA in 2015 for treating
hypophosphatasia. This was followed in 2018 by the approval
for burosumab (Crysvita ®), a monoclonal antibody against
FGF-23, for treatment of X-linked hypophosphatemia. This
review examines efficacy and safety data of four drugs used
now for the treatment of bone disease in children: zoledronic
acid, denosumab, asfotase alfa, and burosumab.

Zoledronic Acid
Pharmacology and Biological Activities

Zoledronic acid (ZA) is a member of the bisphosphonate
group. It is the most potent agent among its class and is ap-
proximately 850 times more potent than pamidronate. After
the intravenous administration, it is cleared rapidly from the
plasma, and mostly sequestrated in bones with a 100-fold
difference in concentration between bone and plasma [11].
Like other bisphosphonates, ZA then undergoes endocytosis
by osteoclasts. There, it disrupts osteoclast functions by inter-
fering with post-translational modification of small GTPases
such as Ras. These molecules are important regulators of os-
teoclast cellular processes including apoptosis. By disrupting
these molecules, ZA increases apoptosis of osteoclasts and
subsequently diminishes bone break down [12]. Due to its
long half-life, zoledronic acid can be given once per year.
Together with short infusion time (15-30 min), it has become
an attractive option for treating osteoporosis in children.

Zoledronic Acid Therapy in Children

The number of reports on the use of ZA in pediatric patients
has markedly increased in recent years. However, all of these
reports were based on open-labeled studies, and outcomes
were compared with baseline data. Only one study had a
placebo-controlled group [13].

@ Springer

Osteogenesis Imperfecta

The greatest number of reports on the use of ZA has been in
the treatment of OI. The doses of ZA ranged from 0.025—
0.1 mg/kg/dose every 3—6 months, depending on the study
[14—-17]. Despite the differences in the dose, most studies in-
dicated both favorable outcomes in bone mineral density and
reduction in fracture frequency. In one report, the administra-
tion of ZA over 2 years in 25 children with OI type III and 8
children with OI type IV significantly reduced the number of
fractures and saw an increase in the median (IQR) lumbar
spine BMD-Z score from —1.5 (-=2.1 to —1.3) to —0.8 (—

1.0 to —0.7) [16]. Another study examined changes in mobil-
ity among children with OI type I, III, or IV [18]. The authors
used the modified Bleck score, a scale ranging from 1

(wheelchair-bound or bedridden) to 9 (able to sprint and par-
ticipate in sports), to assess the mobility of 14 children with OI
type L, III, or IV after ZA infusion. The duration of treatment
varied among subjects, but overall, the average modified
Bleck score significantly improved from 4 (range 1-9) before
treatment to 6 (range 1-9) after treatment [18].

The effect of ZA on the vertebral shape of Ol patients with
vertebral compression fracture has also been examined [19]. A
significant improvement in vertebral column height, deter-
mined by morphometric measurements of lumbar spine X-
rays, was observed in children with OI types I, III, and IV
(average age 8.9 years) 1 year after ZA (Reclast ®) treatment
(5 mg annually), and the effect was sustained after 2 years of
treatment. Lumbar spine BMD Z-score was also determined
in that study. It also improved from —3.9+1.8 to 0.2+2.1
[19]. Fever and transient hypocalcemia were the only side
effects despite high dose of ZA infusion in this study [19].
In a 4-year retrospective study of 31 patients with OI types I,
III, IV, V, VI, and VII, discontinuation of ZA treatment after
the completion of growth in OI patients resulted neither in a
decline in lumbar spine BMD nor an increase in the rate of
vertebral compression fractures [20].

Childhood Osteoporosis

A summary of published data on treatment protocols of ZA in
pediatric bone disease is presented in Table 1. Among these
conditions, treatment of ZA in Duchenne muscular dystrophy
comprised the greatest number of reports [53]. The combina-
tion of limited mobility and glucocorticoid use put these pa-
tients at high risk for long bone and vertebral compression
fracture. The effect of ZA on BMD in Duchenne muscular
dystrophy is subject of two small reports consisting of 5 and
9 patients per cohort respectively. In one study, patients re-
ceived ZA at 0.1 mg/kg every 6 months [22], whereas the dose
0f 0.04 mg/kg every 4 months was used in another report [23].
Both studies indicated modest improvement of lumbar spine
BMD Z-score. In the study using the ZA dose of 0.04 mg/kg
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Table 1 Pharmacologic agents for pediatric bone diseases with published safety or efficacy data
Drug Conditions Dose and frequency References Adverse effects (all reports)
Zoledronic  Osteogenesis 0.025-0.1 mg/kg iv every 3—6 months (max 4-5 mg) [14-17] Hypocalcemia, hypophosphatemia,
acid imperfecta flu-like symptoms, nausea,
Fibrous dysplasia 0.025-0.05 mg/kg iv every 3—12 months (max 4 mg) [21] vomiting, diarrthea
Duchenne muscular  0.04-0.1 mg/kg iv every 46 months [22, 23]
dystrophy
Spinal muscular 0.05 mg/kg iv every 6 months (max 4 mg) [24]
atrophy
Secondary 0.025-0.05 mg/kg iv every 6-12 months (max 4-5 mg)  [21]
osteoporosis*
Avascular necrosis  0.025-0.05 mg/kg iv every 3—12 months (max 4 mg) [21]
Chronic recurrent 0.025-0.05 mg/kg iv every 3—12 months (max 4 mg) [21]
multi-focal osteo-
myelitis
Crohn’s disease 0.066 mg/kg iv single infusion (max 4 mg) [13]
Denosumab Fibrous dysplasia 1-1.5 mg/kg sc (max 60 mg) every 3 months [25-27] Hypercalcemia, hypocalcemia,
Osteogenesis 1 mg/kg sc (max 60 mg) every 3 months [28-31] metaphyseal sclerotic bands,
imperfecta osteonecrosis of the jaw (1 case)
Giant cell tumor 120 mg sc weekly for 4 doses then 120 mg sc monthly [32-36]
Central giant cell 120 mg sc weekly for 4 doses then 120 mg sc monthly [37-39]
granuloma
Aneurysmal bone 70 mg/m? or 120 mg sc weekly for 4 doses then 120 mgsc [40-43]
cyst monthly
Juvenile Paget’s 0.5 mg/kg sc every 7 weeks (patient only received 2 doses) [44]
disease
Asfotase Perinatal Current recommendations for all types: 1 mg/kg sc, [45-47] Injection site reactions, acute phase
alfa hypophosphatasia 6 times per week or 2 mg/kg sc, 3 times per week reactions, nephrocalcinosis,
Infantile [45-47] ocular calcification
hypophosphatasia
Childhood [48, 49]
hypophosphatasia
Burosumab  X-linked Current recommendations: 1 mg/kg sc every 2 weeks for  [50-52] Injection site reactions, acute phase
hypophosphatemia  patient less than 10 kg, 0.8 mg/kg sc every 2 weeks for reactions, dental caries and abscesses

patient 10 kg and greater

(minimum 10 mg, maximum 90 mg)

iv intravenous route, sc subcutaneous route

*Primary diagnoses consist of cerebral palsy, chronic inflammatory disease, muscular dystrophy, suspected genetic bone disease, other neuromuscular
diseases, cystic fibrosis after lung transplant, acute lymphoblastic leukemia survivor, small bowel resection, and multiple congenital anomalies [21]

every 4 months, the vertebral height ratios of patients who had
a history of vertebral fractures stabilized or improved in some
patients after receiving ZA [22].

The benefits of ZA therapy in patients with spinal muscular
atrophy (SMA), another neurodegenerative disease that re-
sults in immobilization, has also been reported [24].
Although BMD Z-score at the lateral distal femur did not
change, the average number of fractures significantly de-
creased from 1.4 per year to 0.1 per year after 2 years of
treatment of SMA patients with ZA [24].

The only randomized, double-blinded, placebo-controlled
study of ZA in childhood osteoporosis was in patients with
Crohn’s disease who had received a prolonged course of glu-
cocorticoids. Seven patients were treated with ZA. Six pa-
tients served as controls. After a single infusion of
0.066 mg/kg of ZA, lumbar spine BMD Z-score was signifi-
cantly better at 6 and 12 months after the therapy compared

with that of controls [13]. Figure 1a and b indicates a marked
improvement in vertebral compression fractures in a patient
who received ZA for 1 year after a prolonged course of glu-
cocorticoid therapy at the author’s institution. More extensive
studies are needed to establish a benefit from the use of ZA to
treat childhood osteoporosis.

Safety of Zoledronic Acid in Children

Serious side effects of ZA such as atypical fracture or
osteonecrosis of the jaw have not been reported in children.
Common side effects include acute phase reactions and abnor-
malities of serum calcium or phosphorus. Hypophosphatemia
occurred in 25.2% of patients in a cohort of 80 pediatric pa-
tients who received ZA infusion (a total of 204 infusions) for
treatment of various bone diseases [21]. The dose of ZA
ranged from 0.0125 to 0.05 mg/kg. Sixteen percent of patients
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in the study developed hypocalcemia although all patients
received calcium and calcitriol before the first dose of ZA
and in the subsequent infusions. Acute-phase reactions (fever,
myalgia, bone pain, or headache) also occurred in 19% of
patients. Two patients developed symptomatic hypocalcemia
that required intravenous calcium infusion. The frequency of
all adverse effects significantly declined with subsequent in-
fusions [21]. Adverse effects were also less frequent in pa-
tients who had previously received other bisphosphonates
[21]. Similar adverse effects such as acute phase reactions,
hypophosphatemia, and hypocalcemia that were transient
and responded well to treatments have also been reported in
other smaller studies [14, 16-18, 22, 23].

Denosumab
Pharmacology and Biological Activities

Denosumab is a human monoclonal antibody that binds to the
receptor activator of NF-kB ligand (RANKL). RANKL is
expressed in osteoblasts, osteocytes, bone marrow stromal
cells, and activated T cells. Binding of RANKL to RANK
present on osteoclast precursor cells induces osteoclastogene-
sis [54]. Osteoprotogerin (OPG), secreted by osteoblasts, os-
teocytes, and T and B cells, binds to RANKL and inhibits
RANK-RANKL activation. The ratio of RANKL to OPG is
an important indicator of bone homeostasis. High RANKL/
OPG ratio, observed in several bone diseases such as osteo-
porosis, favors osteoclastogenesis and bone resorption [54].
Similar to OPG, denosumab inhibits the RANK-RANKL

binding, suppresses osteoclastogenesis, and decreases bone
resorption [55].

The Fracture Reduction Evaluation of Denosumab
(FREEDOM) study was the first large-scale randomized
placebo-controlled study that showed the effectiveness of
denosumab in the reduction of fracture in osteoporotic women
[54]. Following the publication of the FREEDOM studyin
2010, the FDA approved denosumab for a treatment of oste-
oporosis in postmenopausal women and men with high risk of
fracture, and for treatment of bone metastases from solid tu-
mors. The pharmacokinetics of denosumab has been exten-
sively studied in groups of patients. Denosumab exerts a dose-
dependent effect after the subcutaneous administration. The
effective inhibition of RANKL was achieved at a dose of
60 mg every 6 months in women with osteoporosis regardless
of the weight. More than 97% occupancy of RANKL is
achieved at a dose of 120 mg every 4 weeks in cancer patients
with bone metastases [56, 57]. The current regimens of
denosumab are based on these studies. Pharmacokinetic stud-
ies of denosumab in children have not been published and are
lacking, and there is currently no FDA-approved indication
for pediatric use. Reports on the use of denosumab in children
have been done under research protocols.

Denosumab Use in Children
Fibrous Dysplasia
Bone cells in fibrous dysplasia lesion highly express RANKL,

and this makes denosumab an appealing choice of treatment in
this condition. The first report on the use of denosumab in

Fig. 1 a Lateral spine radiogram of a 13-year-old male showing vertebral
compression fractures due to a prolonged course of glucocorticoids. b
Spine radiogram of the same patient 1 year after a single dose of zoledro-
nic acid infusion at 0.05 mg/kg. Vertebral column height increased par-
ticularly in the lumbar region (arrow heads). ¢ Knee radiogram of a 3-
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year-old boy with childhood hypophosphatasia showing poor minerali-
zation and tongue-shaped radiolucency. d After 18 months of asfotase
alfa therapy, bone mineralization improved significantly. The tongue-
shaped radiolucent areas are now replaced with mineralized tissue
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children was in a 9-year-old boy with fibrous dysplasia from
McCune-Albright syndrome [25]. The patient received
monthly injection of denosumab starting at 1 mg/kg with an
incremental increase of 0.25 mg/kg every 3 months. Seven
months after the beginning of treatment, there was a substan-
tial reduction in pain, and a decline in bone turnover markers
and tumor growth rate. Treatment was discontinued at the
seventh month because patient sustained a fracture related to
traumatic injury. Rebound hypercalcemia and an increase in
the level of bone turnover markers occurred after the discon-
tinuation of the treatment [25]. In a separate study,
denosumab, 60 mg every 3 months, was effective in reducing
pain in a 20-year-old patient who was diagnosed with
monostotic fibrous dysplasia of the left mandible at 11 years
of age [26]. Although no prospective study in children with
fibrous dysplasia has been published, a recent prospective
study on the use of denosumab in adult patients with fibrous
dysplasia showed promising results. Twelve patients (28—
68 years of age) who had not responded to bisphosphonate
therapy received 60 mg of denosumab every 3 months. Four
patients had McCune-Albright syndrome, seven patients had
polyostotic, and one had monostotic fibrous dysplasia. After
15 months of treatment, the levels of bone turnover markers
significantly reduced, and ten patients reported a significant
reduction in pain [27].

Osteogenesis Imperfecta

Children with OI (type I, III, and 1V) had higher serum
RANKL level compared with healthy controls [58]. The num-
ber of immature osteoblasts in the skeleton of transgenic mice
with OI phenotypes (oim/oim) was greater than wild-type lit-
termates. The immature osteoblasts also expressed a higher
level of RANKL/OPG ratio, and co-culture of these cells with
bone marrow—derived non-adherent monocytes resulted in in-
creased osteoclast differentiation [59]. Both studies suggest
that the activation of RANK-RANKL system attributes to
higher bone resorption observed in OI, and therefore, the in-
hibition of RANKL by denosumab may provide clinical im-
provement in OI patients.

The first use of denosumab in OI was reported in patients
with Ol type VI, a rare autosomal recessive form of OI caused
by mutation of the SERPINFI gene [28]. Children with OI
type VI respond poorly to bisphosphonate because the large
amount of unmineralized osteoid provides a poor docking site
for the bisphosphonate molecule [60]. Four children with OI
type VI received denosumab at the dose of 1 mg/kg every
3 months. All patients tolerated the injection without any side
effects, and bone resorption markers normalized after each
injection. However, bone resorption markers returned to the
pre-treatment level at around 6—8 weeks. Despite this, in the
follow-up report, there was a significant increase in the verte-
bral column height in segments with a compression fracture at

baseline after 2 years of treatment. In addition, all patients had
improvement in mobility score and a reduction in the number
of fractures [29]. Nonetheless, other studies have questioned
the efficacy of denosumab in Ol type VL. In a case-series of 13
patients with OI type VI, when treatment was changed from
bisphosphonate to denosumab (1 mg/kg every 3 months) in
four patients, there were no clear benefits of denosumab after a
follow-up period of 3 years. In particular, the median number
of femur and tibia fractures in the last 2 years of treatment was
similar in bisphosphonate and denosumab treatments [30].
With respect to the pharmacodynamics, two studies reported
that the duration of action of denosumab in children with OI
type VI was shorter than 3 months, much shorter than the
duration of action in postmenopausal women. In one report,
the number of osteoclasts in the iliac bone biopsy specimen of
a patient with OI type VI began to increase 3 months after the
last dose of denosumab [31]. In the second report, a rapid
decline in lumbar spine BMD Z-score was noted in two pa-
tients with OI type VI whose denosumab injection was
switched from every 3 to every 6 months [61].

With respect to treatment of other types of OI with
denosumab, ten patients with OI type I, III, or IV prospective-
ly received denosumab (1 mg/kg) every 12 week months for
36 weeks. Although the average lumbar spine BMD Z-score
significantly increased from — 2.2 to — 1.27, the treatment did
not result in an improvement in the mobility scores [62].

In light of the limited number of studies and their conflict-
ing results, it is difficult to draw a conclusion of the effective-
ness of denosumab as a single agent for treatment of OI.
Additional large-scale and long-term studies are needed [63].

Giant Cell-Rich Lesions

This group of disease consists of giant cell tumor of the bone,
aneurysmal bone cyst, and central giant cell granuloma.
Although each of these tumors has distinct histological fea-
tures, they have in common the presence of osteoclast-like
giant cells. These cells express high-level RANKL suggesting
a possible benefit of denosumab therapy. In 2013, the FDA
approved the use of denosumab in giant cell tumor of the bone
in adults and skeletally mature adolescents [64]. The peak
incidence of giant cell tumor among adolescents is between
13 and 19 years of age, and common sites are the proximal
tibia, vertebra, and pelvis [32]. The growth of tumor can result
in pain, nerve compression, and fractures. Although surgical
removal of the lesion is the principal treatment, denosumab
has been used in patients with metastatic, recurrence, or
unresectable tumor. Case-series reports have described the
use of denosumab in seven adolescents with giant cell tumor
of the bone [32-36]. Three patients had pulmonary metastasis
[34, 35]. In all reports, the initial dose was 120 mg weekly for
1 month and followed by 120 mg every 4 weeks. Denosumab
treatment resulted in a significant decrease in the tumor size
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and the disappearance of giant cells [32—36]. Pulmonary met-
astatic nodules decreased in size in all three patients, and in
one patient, some nodules disappeared [34, 35].

Aneurysmal bone cyst is a benign bone tumor that presents
as a single lesion with internal septations. Most patients pres-
ent before 20 years of age, common sites are long bones,
vertebra, and pelvis [40]. Surgical resection is the mainstay
of the therapy but may not be possible in some patients due to
the location of the tumor. Similar to giant cell tumor of the
bone, aneurysmal bone cyst contains large number of
osteoclast-like giant cells [40]. The first use of denosumab in
two children with aneurysmal bone cyst was reported in 2013
[41]. Three additional case-series reports with a total of 19
affected children were later published [40, 42, 43]. In three
of these reports, the dose of denosumab was 70 mg/m? with a
maximum dose 120 [40, 41, 43], whereas one study used a
fixed dose of 120 mg [42]. Patients received a weekly injec-
tion during the first month, and then monthly injections. The
duration of treatment ranged from 4 months to
2 yearsdepending on the clinical response. Treatment relieved
pain in all patients and significantly improved neurological
symptoms among four patients who had nerve compression.
Tumor reduced in size in ten patients. However, the lesion
recurred in four patients after the discontinuation of the treat-
ment [40-43].

Central giant cell granuloma is another giant cell-rich bone
tumor. It occurs mainly in the maxilla or mandible. Reports of
three patients (4, 9, and 12 years old) with central giant cell
granuloma who received denosumab have been published
[37-39]. The dose of denosumab used was similar to the other
two types of giant cell-rich tumors. Two patients were treated
with denosumab because they had a poor response to other
medical treatments. One patient received denosumab as a pri-
mary therapy. Tumor size significantly reduced in all patients,
and none of them required surgery [37-39].

Juvenile Paget’s disease is a rare debilitating bone disease
caused by an inactivating mutation of TNFRSFI1B gene
encoding OPG. Lack of OPG causes unregulated bone turn-
over and subsequently severe and progressive bone deformi-
ties [65]. In a single report, an 8-year-old girl with juvenile
Paget’s disease received two doses of denosumab (0.5 mg/kg)
7 weeks apart. Bone turnover markers, including serum bone-
specific alkaline phosphatase, osteocalcin, and urine N-
telopeptides, rapidly declined after the injections [44]. The
treatment was discontinued after the second dose due to severe
hypercalcemia. However, the effect of denosumab on bone
deformities could not be determined because of the short
course of therapy [44].

Safety of Denosumab in Children

Although hypocalcemia can occur, it is less frequent in chil-
dren who received denosumab than it is in children who
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received zoledronic acid. By contrast, hypercalcemia occurred
in many patients who received denosumab, and was often
severe and necessitated the bisphosphonate therapy [25, 31,
34, 40, 42, 62, 66, 67]. Although sometimes found during
treatment [61], hypercalcemia typically occurred after the dis-
continuation possibly due to rebound osteoclastic activities in
highly active bones of pediatric patients [55]. Denosumab
may exert only cytostatic effect on bone cells, and when
RANKL becomes immediately available after the discontinu-
ation of denosumab, osteoclastogenesis resumes swiftly caus-
ing the rebound effects [54]. Hypercalcemia was also more
common in patients with giant cell-rich lesions who received
higher dose and more frequent injections of denosumab [39,
66, 67]. It was also suggested that a gradual spacing out of the
denosumab injections before discontinuing the treatment may
prevent rebound hypercalcemia [39]. For these reasons, serum
calcium should be closely monitored in patients who receive
denosumab. Osteonecrosis of the jaw was reported in a 19-
year-old patient who received denosumab for 4 years for giant
cell tumor of the bone [36].

Concern about the lasting effects of denosumab on the
growth plates has been raised because of its inhibitory effects
on growth plates of rodents and primates, and the finding of
dense sclerotic bands in the metaphyseal areas in children who
received denosumab [55, 68]. However, a histological exam
of the sclerotic bands revealed that these were calcified carti-
lage derived from unresorbed primary spongiosa. The bands
also migrated away from the growth plates after the treatment
was stopped indicating that the linear bone growth had re-
sumed [69].

Asfotase Alfa
Pharmacology and Biological Activities

Asfotase alfa is a human recombinant tissue non-specific al-
kaline phosphatase (TNSALP) fusion protein. It consists of
the catalytic domain of TNSALP, the Fc portion of human
IgG and a deca-asparatate oligopeptide domain [70]. The ad-
dition of deca-aspartate oligo domain increases the binding
affinity of the protein for hydroxyapatite in the bones [70].
In vitro study indicated that the binding affinity of asfotase
alfa to hydroxyapatite is 32-fold greater than the native en-
zyme [71]. The main function of TNSALP is the hydrolysis of
inorganic pyrophosphate into organic phosphate needed for
bone mineralization. TNSALP is also necessary for metabo-
lism of vitamin Bg. Mutations in the TNSALP gene (also
named ALPL) cause hypophosphatasia, a condition marked
by a subnormal level of serum alkaline phosphatase and de-
fective bone mineralization [72]. Asfotase alfa was approved
by the FDA in 2015 as a treatment of hypophosphatasia, and
currently, it is the only treatment for hypophosphatasia.
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Asfotase alfa exerts linear pharmacokinetics after subcuta-
neous injection, and the average elimination half-life of
asfotase alfa is 2.3 days. Bodyweight affects the volume of
distribution and clearance, and therefore the current dosing
regimen is based on patient’s weight [70, 73].

Asfotase Alfa Use in Children
Perinatal and Infantile Hypophosphatasia

Hypophosphatasia is classified into five types based on the
age of onset and severity [72]. Mutations that severely affect
enzyme functions result in the perinatal and infantile forms,
most of the cases being inherited in a recessive form [74].
Patients with the perinatal form frequently die from respirato-
ry failure or vitamin Bs—dependent seizures [75]. Patients with
the infantile form usually present before 6 months of age with
rickets, failure to thrive, hypotonia, epilepsy, and craniosyn-
ostosis [72]. Patients with the infantile form can also experi-
ence deterioration of respiratory status and die of respiratory
insufficiency [45].

The first clinical trial of asfotase alfa was investigated in 11
patients, ranging from 2 weeks to 3 years of age, with the
perinatal and infantile form of hypophosphatasia [45].
Subjects received the first dose intravenously at 2 mg/kg
followed by subcutaneous injection at 1 mg/kg three times
per week. Skeletal mineralization significantly improved by
24 weeks of treatment and continued to improve until the end
of the observation period at 48 weeks. Ten patients were re-
ceiving ventilatory support. At the end of the study, six pa-
tients no longer required respiratory support because of
marked improvement in the mineralization of the thoracic
skeleton [45]. Motor function also improved in all patients
who were able to complete the functional assessments. One
patient who withdrew from the study had a substantial demin-
eralization of ribs 14 months after the discontinuation of treat-
ment. Biochemical analysis indicated a significant reduction
in serum pyridoxal 5-phosphate (PLP) and inorganic pyro-
phosphate, the direct substrates of TNSALP following treat-
ment with asfotase alfa [45]. As inorganic pyrophosphate in-
hibits mineralization, its reduction has been a factor in bone
healing [72]. On the basis of this study, asfotase alfa was
approved by the FDA in 2015 for treatment of
hypophosphatasia.

The study continued after FDA approval of the medication.
After 7 years of treatment, the skeletal healing was sustained.
None of the nine patients who completed the study required
reinitiation of ventilatory support. Treatment with asfotase
alfa had only a modest effect on height. Baseline median
height Z-score was —3.72, and the median height Z-score in
the third year increased to —2.33 but then decreased to —
3.02 at the end of the study [46].

A comparative study published in 2016 further supported
the effect of asfotase alfa on the survival of patients with the
perinatal and infantile form of hypophosphatasia [47]. In this
study, the clinical outcomes of 37 patients with perinatal and
infantile hypophosphatasia who received asfotase alfa were
compared with the history controls consisting of 48 patients
with similar chronological age and the disease characteristics
[47]. The survival rate at 1 and 5 years of age was 95 and 84%
respectively in the treatment group compared with only 42
and 27% in the historical control group. Furthermore, 76%
of the patients in the treatment group who initially required
ventilatory support survived compared with only 5% of the
patients in the control group [47]. Another large multinational
clinical trial which enrolled 69 patients with
hypophosphatasia whose diagnosis was made before 6 months
showed similar efficacy of asfotase alfa in improving bone
mineralization and respiratory status [76]. Forty-six percent
of patients who required respiratory support at the start of trial
no longer required it after a median duration treatment of
2 years. Patients who did not respond to the treatment had a
higher rate of developing neutralizing antibody to asfotase alfa
[76].

Childhood Hypophosphatasia

Patients with this form of hypophosphatasia often present after
6 months. The clinical manifestations include premature loss
of deciduous teeth, rickets, bowed legs, and craniosynostosis.
Radiographic studies of long bones often reveal bone
hypomineralization and tongue-shaped radiolucency extend-
ing from physes into metaphyses [72, 77]. Decreased muscle
strength and the delay in walking are also common [72, 77].
The functional analysis of ALPL gene mutations in this group
of patients indicated that the mutated protein retained some
residual activities [74]. Childhood hypophosphatasia inherits
in a dominant fashion in 46 to 66% of patients compared with
only 3 to 5% perinatal and infantile hypophosphatasia [77,
78].

Asfotase alfa treatment of childhood hypophosphatasia
was first tried in 13 children ranging from 6 to 12 years of
age [48]. Bone mineralization significantly increased after
6 months of treatment. Improvements in motor functions,
strength, and agility, and reduction in pain were also noted
as early as 6 months of treatment and sustained throughout
the five-year duration of the study [48]. Seven out of 13 chil-
dren (64%) in the extension study report also developed cra-
niosynostosis, which was thought to be a complication of
hypophosphatasia, and treatment with asfotase alfa could not
prevent it [46]. Figure 1c and d illustrate the knee radiograms
of a 3-year-old patient with hypophosphatasia, who is follow-
ed at the author’s institution, showing marked improvement of
bone mineralization after asfotase alfa treatment for
18 months.

@ Springer



38

Clinic Rev Bone Miner Metab (2020) 18:31-42

The therapeutic effects of asfotase alfa in adolescents with
hypophosphatasia were also reported in a trial consisting of six
patients between 13 and 18 years of age. The study also includ-
ed 13 adult patients [49]. The patients received asfotase alfa at
2.1-3.5 mg/kg/week during the first 6 months, followed by
0.5 mg/kg/week for six more months. The dose was later in-
creased to 1 mg/kg/week after the first year. At the end of the
study, only four adolescents completed the study. Serum PLP
and inorganic pyrophosphate were significantly reduced after
the first 6 months of treatment and sustained throughout the 5-
year duration of study. Transiliac bone biopsy also indicated a
decrease in mineralization lag time at 1 year after the start of
treatment. The total distance on the 6-min walking test also
increased significantly and indicated functional improvement
[49]. However, the study did not perform a subgroup analysis
among adolescent patients. Rapid demineralization of long
bones was also reported in an adolescent with hypophosphatasia
after the patient stopped the treatment for 1 year [79].

Safety of Asfotase Alfa in Children

Asfotase alfa is well-tolerated in most patients in all reports.
Severe allergic reactions that led to the discontinuation of the
therapy occurred in a single case in each of the two studies
[46, 49]. The most common side effect of asfotase alfa was
injection site reactions; erythema, hematoma and hypertrophy,
all of which were mild and improved when the injection site
was switched [46, 48, 49]. Acute phase reactions such as
pyrexia, flu-like symptoms, vomiting, and diarrhea were more
common among young patients, but most of these reactions
occurred during the original study when asfotase alfa was
given intravenously [46].

Ectopic calcifications particularly nephrocalcinosis and oc-
ular calcifications also occurred in some patients, and the latter
was more common among children and adolescents. None of
the patient developed renal insufficiency or visual impairment
during the study [46, 49]. One patient developed soft tissue
calcification at the injection sites, which resolved after the
location of injection was changed [46]. The current guidelines
of the treatment with asfotase alfa recommend a renal ultra-
sound and ophthalmologic examination to screen for these
two complications [80]. Closed monitoring of serum calcium
in perinatal and infantile hypophosphatasia is also recom-
mended although severe hypocalcemia from asfotase alfa
treatment has not been reported [80].

Burosumab
Pharmacology and Biological Activities

Burosumab is a fully human recombinant IgG1 monoclonal
antibody that binds and neutralizes fibroblast growth factor 23
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(FGF23) [81]. FGF23 is produced by osteocytes and plays an
essential role in phosphate homeostasis. The expression of
sodium-phosphate co-transporters in the renal tubules is
inhibited by FGF23, leading to an increase in renal phosphate
excretion. FGF23 also suppresses 1-alpha hydroxylase and
therefore suppresses the formation of calcitriol, an important
factor for intestinal phosphate absorption [82]. Hereditary
conditions that lead to an elevated serum FGF23 level will
result in hypophosphatemia, rickets, osteomalacia, and skele-
tal deformities. Burosumab was created to antagonize the cir-
culating FGF23 in X-linked hypophosphatemia (XLH), the
most common form of hereditary renal phosphate wasting
disorders [50].

After subcutaneous injection, burosumab is absorbed slow-
ly with time to maximum concentration between § to 10 days.
The serum concentration of burosumab also shows a linear
relationship with the dose. The terminal half-life is approxi-
mately 19 days. Burosumab is most likely broken down in the
body without direct excretion [81]. In adults, a single injection
every 4 weeks sufficiently maintained the pharmacologic ef-
fects of burosumab [83]. However, the results of the phase 2
clinical trial in children indicated that serum phosphorus levels
are less fluctuated in patients who received burosumab every
2 weeks [50]. Burosumab received approval by the FDA in
April 2018. The current regimen in children younger than
18 years is 0.8 mg/kg (minimum of 10 mg and maximum of
90 mg) every 2 weeks [81].

Burosumab Use in Children

Burosumab is approved for the treatment of XLH in patients
who are 1 year and older [81]. Inactivating mutations of
phosphate-regulating endopeptidase homolog X-linked
(PHEX) gene cause an elevation of serum FGF23 level, which
results in hypophosphatemia and eventually leads to rickets
and bone deformities. Other common problems include poor
growth, delayed motor skills, skull abnormalities
(dolicocephaly, frontal bossing, and craniosynostosis), joint
pain, excessive dental caries, and tooth abscesses [82, 84].
Serum chemistry analysis typically shows hypophosphatemia,
elevated alkaline phosphatase, normal calcium, normal para-
thyroid hormone, and low or normal 1,25-dihydoxyvitamin D
[82]. Nephrocalcinosis occurs frequently and is thought to be
a complication of conventional therapy with phosphorus sup-
plement and calcitriol [84].

The first clinical trial of burosumab in children with XLH
was published in 2018 [50]. Fifty-two children between 5 and
12 years of age with XLH, who previously received conven-
tional therapy, were randomly assigned to receive burosumab
every 2 or every 4 weeks for 64 weeks. The dose was gradu-
ally escalated in the first 16 weeks to achieve optimal fasting
serum phosphorus and then continued for an additional
48 weeks [50]. A decrease in the Thacher rickets severity
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score, assessed by radiographic studies, was apparent at the
40th week compared with that of the baseline in both regi-
mens. Significant increase in serum phosphorus, renal tubular
reabsorption, and serum 1,25-dihydroxyvitamin D, and reduc-
tion in serum alkaline phosphatase from the baseline were also
observed at the 40th week. However, burosumab injection
every 2 weeks resulted in a higher and less fluctuating serum
phosphorus level [50]. The height Z-score, physical functions,
and pain score modestly improved from the baseline at the end
of the study period [50].

Based on the data from the first trial, the subsequent study
of younger children with XLH used the dosing regimen of
0.8 mg/kg every 2 weeks with an increment to 1-2 mg/kg
every 2 weeks if serum phosphorus prior to the next dose
remained below the lower limit of normal range. Thirteen
children between 1 and 4 years of age were enrolled in the
study, which continued for a total of 64 weeks. Similar to the
first trial in older children, Thacher rickets severity score sig-
nificantly decreased at the 40th-week assessment. The average
serum phosphorus normalized at the 40th week and sustained
until the end of the study. Serum 1,25-dihydroxyvitamin D
and alkaline phosphatase also normalized at the same time-
point. However, there was no significant increase in height Z-
score at the end of trial [51].

The results of the multinational phase 3 study comparing
the efficacy of burosumab to the conventional treatment with
oral phosphate and calcitriol or alfacalcidiol were published in
2019 [52]. Children between 1 and 12 years of age with XLH
who were previously treated with conventional therapy were
randomly assigned to continue with the conventional therapy
or to switch to burosumab (0.8 mg/kg every 2 weeks) for a
duration of 64 weeks. Thirty-two patients in conventional
therapy group and 29 patients in the burosumab group com-
pleted the study. At baseline, the average Thacher rickets se-
verity scores were similar in both groups. The scores signifi-
cantly decreased among patients who received burosumab
compared with those among patients in the conventional ther-
apy group at the 40th and 64th week of therapy [52].
Significantly lower serum alkaline phosphatase level in the
burosumab group was achieved at the 16th week, and the level
normalized at the 40th week of the study. Serum phosphorus
significantly increased in the burosumab group at the 4th week
of treatment and maintained throughout the duration of the
study. The changes in height Z-score and 6-min walking test
distance from baseline were also significantly greater among
patients who received burosumab compared with that of the
conventional group [52]. Despite the remarkable outcomes of
this study, several arguments regarding the trial design were
raised. At the start of the trial, rickets was moderate to severe
in all patients despite receiving conventional therapy, and it
was likely that the continuation of this regimen would not
change the outcomes. The average doses of phosphate and
active vitamin D in the conventional group also varied

considerably, and this could have an impact on the healing
of rickets [85].

Safety of Burosumab in Children

The most common adverse events from these three trials were
acute phase reactions to the injection: pyrexia, headache,
cough, nasal congestion, vomiting, and diarrhea [50-52].
These reactions were self-limited and were more common
among young children [52]. Injection site reactions, such as
erythema, pain rash, and swelling, were also common but
resolved spontaneously and did not lead to the discontinuation
of the treatment [50-52]. Several patients had
nephrocalcinosis at the start of the trial, but the condition did
not worsen in any patient, and none of the patients developed
new lesion at the end of the study. Ectopic calcification was
also not detected during the study period [50, 52].

Dental complications, caries, and abscess occurred be-
tween 31 and 54% patients who received burosumab [51,
52]. Interestingly, the incidence of these dental complications
was higher among patients who received burosumab than
those who received conventional therapy in the phase 3 trial
[52]. The exact reasons of this finding are uncertain, but it is
hypothesized that there might be other biologically active pep-
tides that were elevated due to PHEX deficiency, and their
levels will not be affected by burosumab treatment. It also
suggested that conventional therapy might have direct dental
benefits [85]. Although both dental caries and abscess are not
a contraindication for the treatment, particular attention should
be made to detect these common dental complications among
XLH patients who are receiving burosumab.

Conclusions

Novel therapies are now available to treat rare pediatric bone
diseases. Many of these drugs are synthetic protein molecules
that specifically target the underlying mechanism of the dis-
ease, and because of this reason, survival or healing of defor-
mities is now possible in certain conditions such as perinatal
lethal hypophosphatasia or XLH. Although currently avail-
able data indicate that certain drugs, such asfotase alfa and
burosumab, are effective in treating its specific condition,
others, such as zoledronic acid or denosumab, show some-
what modest efficacy in treating childhood osteoporosis.
One of the possible explanations is the lack of randomized
placebo-controlled trials with uniformed regimens to produce
reliable results. Physicians who treat childhood osteoporosis
are still required to use careful judgment when deciding on the
choice and the dose of treatment. Newer biologic agents are
also being developed to treat genetic bone diseases. Four dif-
ferent pharmaceutical companies are currently developing a
C-type natriuretic peptide analog that antagonizes FGFR3
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signaling as a treatment for achondroplasia. Romosozumab, a
neutralizing monoclonal antibody against sclerostin, was re-
cently approved for treating postmenopausal osteoporosis.
Sclerostin is an inhibitor of Wnt/3-catenin signaling, a central
pathway in bone formation, and the neutralization of
sclerostin leads to an increase in bone mass. Because
romosozumab can modulate bone formation, it can potentially
become a new therapeutic option for genetic bone diseases
with low bone mineral density. These were a few examples
of the recent advancements in bone drug developments. We
can certainly expect to see the surge in the number of new
drugs for treating bone diseases in the near future.
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