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thus the search for new effective compounds is an ongoing process, and some researchers
put great hopes in monoclonal antibodies in this ﬁeld.
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mineral density, and can be achieved by using antibodies against this factor, i.e. romosozumab and blosozumab. Another compound that has an inﬂuence on Wnt/b-catenin
signaling pathway is Dickkopf-1. Monoclonal antibodies against this factor have been tested
in bone diseases and found to contribute to increased bone mineral density. Other antiresorptive agent indicated for the treatment of osteoporosis is a receptor activator of nuclear
factor-kB ligand (RANKL) inhibitor. Denosumab is a human antibody to RANKL, and it
decreases osteoclastogenesis and osteoclast activity, leading to reduced bone resorption.
It is currently used in treatment of postmenopausal osteoporosis.
Conclusions: The essential goal for the management of osteoporosis is to increase bone mass
and reduce fracture risk by slowing or stopping bone loss. Monoclonal antibodies that
have been recently developed are becoming an important option in the pharmacotherapy
of osteoporosis.
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Introduction

Monoclonal antibodies are a group of biological agents that are
hugely important in targeted therapies for many disorders.
They speciﬁcally bind to exact targets, allowing improvement
of clinical efﬁcacy and safety. These developmental drugs,
which in fact are immunoglobulins that modify immunological reaction, have become useful not only in cancer treatment,
but also in treatment for other diseases including multiple
sclerosis, psoriasis, age-related macular degeneration, rheumatoid arthritis and osteoporosis.1
Osteoporosis is a bone disease that affects both women and
men. Its clear characteristics such as low bone mass and
disturbed bone microarchitecture are caused by a lack of
balance between the actions of osteoblasts and osteoclasts. All
of these disturbances lead to increased fracture risk, and
weaken bone strength.2
Nowadays, drugs with anti-resorptive or stimulating bone
formation properties are used to prevent possible fractures and
avoid any signiﬁcant reduction in quality of life of osteoporotic
patients. Despite all the beneﬁts, drugs used in current therapies
are far from perfect thus the search for new effective
compounds is an ongoing process, and some researchers put
great hopes in monoclonal antibodies in this ﬁeld.1

2.

Aim

This article discusses monoclonal antibodies that are currently being used or tested in the therapy of osteoporosis and other
bone diseases, as promising therapeutic methods.

3.

Material and methods

This article was based on the available literature and
publications.

4.

Results and discussion

4.1.

Anti-sclerostin antibodies

The progress in discovery of mechanisms that are at the heart
of the imbalance between bone formation and bone resorption
contributes to development of new drugs, e.g. monoclonal
antibodies against sclerostin.
Sclerostin is a glycoprotein codiﬁed by the human SOST
gene and is considered to be a member of the DAN family of
bone morphogenetic protein antagonists. In the structure of
this compound the C-terminal cysteine knot-like domain can
be distinguished. Sclerostin is not only a monomeric protein,
what Hernandez et al. showed in their work, but also occurs
in other forms like dimers. Moreover, they described the
sclerostin molecular weight to be detected more often as
47 kDa, 54 kDa or 70 kDa rather than the 27 kDa mentioned
in former works.3–5
For a long time sclerostin was considered to be produced
exclusively by osteocytes; however the SOST mRNA has been

discovered in several parts of the organism such as kidneys,
heart, lungs, liver, aorta, and chondrocytes. Nonetheless,
osteocytes are still the main producers of glycoprotein, which
in its 54 kDa dimeric form can be secreted from the bone and
spread into various organs.3–8
Serum sclerostin levels depend on many factors, and increase
with age or augmentation of fat mass; it can also be higher in
men. Increased levels can also be observed in conditions such
as type 2 diabetes, atherosclerosis or aortic calciﬁcations.6–10
In contrast to those conditions, some disorders are
associated with reduced serum sclerostin levels. Cases in
point are sclerosteosis and van Buchem's disease – both are
caused by mutations of the SOST gene and the decreased
level of sclerostin that follows. In sclerosteosis two clinical
phenotypes can be observed. As opposed to heterozygotes that
are deﬁned by reduced level of sclerostin, homozygotes' serum
sclerostin level is undetectable. Furthermore, severe symptoms occur in homozygotes, including bone overgrowth, facial
nerve paralysis or syndactyly. In heterozygotes none of these
appear. They are phenotypically normal, and only aberrations
that can be observable are higher than normal bone mass
and rarely fracture. Contrary to sclerosteosis, van Buchem's
disease is characterized by low levels of sclerostin in all
patients, which results in increased bone mass and other
similar but less severe symptoms. All skeletal disturbances
in mentioned disorders are associated with sclerostin, and can
be explained by physiological functions of this compound.5,11
Nowadays, it has become well-known that sclerostin
belongs to Wnt inhibitors. Wnt/b-catenin signaling pathway
is essential for normal physiological cell functions such as
differentiation or proliferation. Sclerostin is a protein, which is
able to bind to Wnt co-receptors low-density lipoprotein
receptor-related protein (LRP) 5/6, causing receptor internalization through inhibition of b-catenin translocation into
nucleus, and augmentation of b-catenin degradation. Regarding bones, Wnt pathway participates in balance maintenance
between bone formation and resorption. The pathway
stimulates osteoprotegerin (OPG), which results in counteracting excess bone resorption due to binding receptor activator
of nuclear factor-kB ligand (RANKL). Besides LRP5 and LRP6,
sclerostin can also bind to LRP4. Data from previous studies
concerning LRP4 protein mutations showed occurrence of
aberrations of skeletal phenotypes in the form of increased
bone mass.5,11–13
Genetic modiﬁcations of sclerostin activity were observed
both during researches, and in naturally occurred diseases
such as sclerosteosis and van Buchem's disease. It was
precisely its inhibition, resulting in increased bone mineral
density (BMD) that opened up the possibility of therapeutic use
of the observed effects. Monoclonal antibodies against
sclerostin, through speciﬁc binding to this protein, can block
its action and contribute to increased bone formation. Antisclerostin antibodies prevent binding of sclerostin to LRP6, as
well as receptor internalization and degradation of b-catenin,
all of which result in osteoanabolic effects. Amongst sclerostin
antibodies there are blosozumab and romosozumab, which
are the ﬁrst humanized monoclonal antibodies against
sclerostin.5,9,13,14
Phase I clinical trial in blosozumab in postmenopausal
women was completed in 2014. Data indicated safety of a
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single subcutaneous or multiple intravenous doses of blosozumab, and reﬂect anabolic effects on bone. In March 2015
another study was completed, in order to evaluate safety,
tolerability, and pharmacokinetics of two formulation of
blosozumab in postmenopausal women. Results from this
study have not been published yet.15,16
More information concerning romosozumab as the ﬁrst
anti-sclerostin antibody is available. Romosozumab have been
examined in a number of studies, and currently phase III
studies are being conducted. Four of the phase III studies are
related to postmenopausal osteoporosis, while there is also
one study that focuses on osteoporosis in men. To get to this
stage, as a general rule, promising results must have been
achieved in earlier experiments with romosozumab. Both
preclinical animal studies and phase I and phase II clinical
studies had demonstrated that the antibody can augment
bone formation as well as enhance BMD. Li et al. initially
proved that romosozumab caused reversal of bone loss in aged
ovariectomized rats, while it also increased their bone mass
over normal level. An experiment on aged male rats followed,
in which the inﬂuence of increased level of romosozumab on
BMD and bone formation was conﬁrmed through observation
of increased level of bone formation parameters. The same
effects of romosozumab in cynomolgus monkeys were proved
by Ovinsky et al., who also tested the usefulness of this antibody
in fracture healing. The correlation between improvements
at fracture site and BMD as well as bone formation at nonfractured site were observed. Moreover, Cui et al. showed in a
mouse osteotomy model that in mice treated with romosozumab the maximum load of failure was enhanced, while also
bone strength and BMD increased. Therefore, the authors
suggested usability of romosozumab in the therapy of fracture
healing, particularly at the early stage. The quality of bone
matrix after sclerostin antibody treatment in rats and
nonhuman primates was examined by Ross et al. Data from
their study showed that parameters like crystallinity, mineralto-matrix ratio and collagen cross-linking did not change,
what could be construed as a suggestion that romosozumab
treatment did not exert any negative effects on bone matrix
quality. Phase I clinical trials concerning romosozumab were
conducted by Padhi et al. with participation of postmenopausal women and healthy men with low BMD. Tested
antibody was generally well tolerated, and only one adverse
accident (hepatitis) was observed during treatment. Evaluation of BMD showed signiﬁcant increases, in comparison to
placebo. Moreover, bone formation markers (N-terminal
propeptide of human procollagen type I, bone alkaline
phosphatase, osteocalcin) were augmented, and level of
serum carboxy-terminal collagen crosslinks – the marker
of bone resorption – was decreased. Data from randomized,
placebo-controlled, multi-dose phase II clinical trial of
romosozumab in the treatment of postmenopausal women
with low BMD was published at the beginning of 2014. The
authors noticed greater increases in BMD in patients treated by
romosozumab than in groups that were treated with alendronate or teriparatide. In the placebo group a decrease of BMD
was observed. In addition, an observation of bone formation
and resorption markers concentrations suggested that romosozumab chronically reduced bone resorption and promoted
bone formation for a short term. Regarding safety and
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tolerability, romosozumab did not cause any serious side
effects. One of the observed adverse events after the injection
were mild site reactions.5,9,14,17–20
Obtained results indicated that monoclonal antibodies
against sclerostin could become a promising new treatment of
osteoporosis. Further examinations are necessary to evaluate
activity and safety of blosozumab, and Phase III clinical studies
data concerning romosozumab are awaited.

4.2.

Anti-Dickkopf-1 antibodies

Another factor inﬂuencing Wnt/b-catenin signaling pathway
is Dickkopf-1 (DKK-1). DKK-1 is a glycoprotein that binds to
LRP5 and LRP6 and thereby can inhibit Wnt pathway and
decrease bone formation. In contrast to sclerostin, DKK-1 can
inhibit Wnt 3a class Wnt signaling (beyond this, DKK-1 inhibits
Wnt 1 class Wnt signaling, which is also a common action
for sclerostin), as well as bind to Kremen 1 and Kremen 2
receptors.5
Expression of DKK-1 is speciﬁc mainly to osteoblast and
osteocytes, although it was also found in skin and in prostate.
Moreover, the overexpression of DKK-1 was detected in the
myeloma plasma cell. In patients with multiple myeloma, the
level of DKK-1 was correlated with osteolytic bone destruction.
Osteolytic lesions in murine model of this disease were
suppressed by monoclonal antibodies to DKK-1.2,5,13
Due to DKK-1 effects on bone, monoclonal antibodies
against this factor have been tested in bone diseases. In
studies with ovariectomized mice and monkeys, anti-DKK-1
antibodies contributed to increased BMD. It is noteworthy that
glucocorticoid-induced osteopenia was also attenuated by
modulation of DKK-1 expression. Data from researches
showed that DKK-1 blocking is an interesting area of study,
which could potentially open further approaches to treatment
of rheumatoid arthritis or low-bone mass diseases.5,13,17,18,21

4.3.

Anti-RANKL antibodies

Other antiresorptive agent indicated for the treatment of
osteoporosis is an inhibitor of RANKL, which is a cytokine
essential to osteoclast differentiation, activation and survival.
RANKL belongs to the tumor necrosis factor (TNF) family of
cytokines, and is also known as TNF (ligand) superfamily
member 11 (TNFSF11).22 The cytokine is a type II membrane
protein that has close homology to TNFSF members, TNFrelated apoptosis-inducing ligand (TRAIL), FAS ligand (FasL)
and tumor necrosis factor a (TNF-a).23 Human RANKL is
synthesized as a glycoprotein of 317 amino acids, and consists
of cytoplasmic N-terminal domain, a transmembrane domain,
and extracellular C terminal domain.24 RANKL is produced in a
membrane-bound and soluble form. The soluble form can be
generated by proteolytic cleavage of the membrane-bound
form or through alternative splicing. The proteolytic cleavage
can be carried by proteinases, e.g. TNF-a converting enzyme
(TACE),25 a disintegrin and metalloproteinase (ADAM) 10 and
matrix metalloproteinase (MMP) 14.26
Numerous cell types have been reported to express either
RANKL mRNA or RANKL protein.27 The list includes both T and
B lymphocytes, mammary epithelial cells, keranocites, vascular endothelial cells, synovial ﬁbroblasts and hypertrophic
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chondrocytes as well as osteoblast precursors, mature
osteoblasts, and osteocytes.27
Expression of RANKL is regulated by various osteoactive
factors such as glucocorticoids, [1,25(OH)2D3] – the active
form of vitamin D3, interleukin-1 (IL-1), TNF-a, transforming
growth factor-b (TGF-b), Wnt ligands, and lipopolysaccharide
(LPS).24
More than a decade ago, it was shown that some of the
members of the TNF superfamily play crucial roles the
regulation of bone metabolism. The molecular triad consisted
of the OPG, RANK and RANKL members of that superfamily,
and was deﬁned as the key regulator of the differentiation and
function of osteoclast biology, also playing a crucial role in
regulating psychological and pathological bone turnover.28
RANKL is a protein which exists as a cell surface molecule, and
is able to bind to its cognate receptor activator of nuclear
factor-kB (RANK) on the surface of osteoclast precursors.29
This process is essential for generating new osteoclasts.
Moreover, RANKL binding to RANK on mature osteoclasts
promotes their adherence to bone and suppresses osteoclast
apoptosis.30 Such action between RANKL and RANK leads to
activation of speciﬁc signaling pathways implicated in the
formation and survival of osteoclasts.28 OPG functions as an
endogenous antagonist receptor that is able to bind to both
membranous and soluble form of RANKL.29 OPG, by interacting
with RANKL, prevents RANK activation and subsequent
osteoclastogenesis, and inhibits bone resorption as a result.29
The central role of the RANKL/RANK/OPG signaling pathway in
the regulation of bone remodeling has been proven in studies
in genetically altered mice. Genetic ablations of both RANKL
and RANK in mice exhibit severe osteopetrosis due to
complete lack of osteoclasts.27,31 Conversely, the ablation of
OPG in mice results in osteoporosis, whereas overexpression
of OPG causes osteopetrosis.32,33
The ﬁrst fully human antibody to RANKL – denosumab
decreases osteoclastogenesis and osteoclast activity, in consequence of which bone resorption reduces. Denosumab is a
fully human IgG2 monoclonal antibody that binds to human
RANKL with high afﬁnity. By binding to RANKL the drug
prevents the maturation and differentiation of preosteoclasts
and promotes apoptosis of osteoclasts, and thereby bone
resorption is slowed.34 Denosumab, formerly known as AMG
162, was approved in June 2010 by the US Food and Drug
Administration (FDA) as well as by the European Medicines
Agency in Europe for treatment of postmenopausal osteoporosis in women at a high or increased risk of fracture.35
Moreover, in Europe denosumab has also been accepted for
treatment of bone loss associated with hormone ablation in
men with prostate cancer, while in the USA it is used (as Xgeva)
for prevention of skeletal-related events in patients with bone
metastases from solid tumors.36 Denosumab is administered
subcutaneously as a single 60 mg dose once every 6 month,
and may be injected in the upper arm, upper thigh or the
abdomen.37 The pharmacokinetics of this drug is nonlinear.
Despite that neither absorption, bioavailability, distribution,
nor elimination are determined, studies with similar IgG
antibodies have shown that subcutaneous denosumab is
absorbed by the lymphatic system with subsequent drainage
into vascular system.38 The bioavailability ranges from 50%
to 100%. The clearance is probably by the reticuloendothelial

system, and no signiﬁcant amount of the drug seems to be
ﬁltered and excreted by kidneys.38
The phase I trial showed the ability of denosumab to reduce
levels of bone turnover markers in healthy postmenopausal
women.39 Some patients received a single subcutaneous dose
of denosumab of 0.01 mg/kg, 0.03 mg/kg, 0.1 mg/kg, 0.3 mg/kg
or 3.0 mg/kg, while others were given placebo. The patients
were then observed for 6 months, and those receiving the
highest dose were monitored for the period of 9 months.
Pharmacological effects were assessed by rapid and reversible
reduction in the level of urinary N-telopeptide (NTX) that
sustained for 6 months, and by later reduction of bone-speciﬁc
alkaline phosphatase (BSAP).
Phase II was performed to evaluate the efﬁcacy and safety
of denosumab. It was established in a 4-year dose-ranging
study in postmenopausal women (n = 412) with low bone mass
or osteoporosis,30,40 and continued in the extension studies.41,42 Those studies demonstrated the signiﬁcant increase in
BMD in the treatment group (compared to the placebo group)
after 12 months43 and 48 months30,40 with doses of denosumab
of 30 mg once every 3 months or 60 mg once every 6 months.
The extension studies conﬁrmed the progressive improvement in BMD observed over 6 years42 and 8 years41 of
treatment.
Therapeutic efﬁcacy of denosumab was demonstrated in
three experiments of phase III trials consisting of a comparison
with placebo – 'Fracture Evaluation of Denosumab in Osteoporosis Every Six Month' (FREEDOM) trial,44 and a head-tohead comparison with alendronate – 'Determining Efﬁcacy:
Comparison of Initiating Denosumab versus Alendronate'
(DECIDE),45 and the 'Study of Transitioning from Alendronate
to Denosumab' trials (STAND).46
The FREEDOM trial enrolled 7808 postmenopausal women with osteoporosis, who were randomly assigned to
receive either denosumab or placebo subcutaneously twice
a year for 36 months.44 At the end of the 36th month,
compared to placebo, denosumab signiﬁcantly reduced the
risk of radiographic vertebral fractures by 68%, hip fracture
by 40% and nonvertebral fracture by percent. Moreover, in
comparison with placebo, denosumab improved lumbar
spine BMD (0.2% vs. 0%) and total hip (4% vs. 2%) after 3
years of therapy. On top of that, biochemical markers of
bone turnover were also signiﬁcantly reduced in treated
patients.
The DECIDE trial45 was a double-blind, double-dummy
noninferiority 1-year study to compare the effect of denosumab and alendronate on BMD and bone turnover markers
(BTMs) in 1189 postmenopausal women with T-score of
lumbar spine or total hip less than 2. Patients were randomly
divided into groups, and either received a 60 mg dose of
denosumab subcutaneously once every 6 months, accompanied by a weekly oral dose of placebo, or took an oral 70 mg
dose of alendronate once every week together with a
subcutaneous dose of placebo. The study revealed that the
denosumab group had greater BMD increase in total hip in
comparison to placebo, and greater reduction in BTMs than the
alendronate group. Data also showed that denosumab was
associated with signiﬁcant reduction of bone resorption and
greater gains in BMD at all measured sites in comparison to
alendronate.
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The STAND trial46 was a 1-year randomized double-blind,
double-dummy, parallel-group study in 504 postmenopausal
women previously treated with alendronate for at least 6
months and with lumbar spine or total hip T-score of 2.0 to
4.0. At 12 months denosumab showed signiﬁcant increase in
BMD at the total hip, lumbar spine and distal one-third radius
compared to the group continuing with alendronate. Those
results revealed that postmenopausal women with low BMD
could be safely transitioned from receiving weekly oral
alendronate doses to 6-monthly subcutaneous denosumab
doses in order to achieve incremental increase in bone mass.
Further clinical study was conducted by Reid et al.,47 who
collected iliac crest biopsies from the FREEDOM and STAND
populations after 12, 24 and 36 months of denosumab
exposition. The data revealed that in the FREEDOM study,
median eroded surface was reduced by more than 80%, and
osteoclasts were absent from more than 50% of biopsies in the
denosumab group, whereas in STAND the histomorphometry
demonstrated that denosumab in a dose of 60 mg every 6
months showed greater inhibition of turnover than through a
weekly 70 mg dose of alendronate.
In conclusion, denosumab is an effective and safe drug
used in the treatment of postmenopausal osteoporosis and
osteoporosis in men as well as bone loss in men with prostate
cancer and in women with breast cancer. It has been proven
that this human monoclonal antibody to RANKL is associated
with reduction in bone turnover markers, increase in BMD and
decrease in the risk of vertebral fractures, hip fractures and
nonvertebral fractures.

5.

Conclusions

In summary, osteoporosis is the most common disorder
affecting humans. Low bone density, loss of bone strength,
increased bone fragility and increased fracture risk are the
major clinical consequences of osteoporosis. The essential
goal for the management of osteoporosis is to increase bone
mass and reduce fracture risk by slowing or stopping bone loss.
Progress in the understanding of the molecular regulators of
bone remodeling has opened the possibility of creating new
drugs in the therapy of osteoporosis. Recently developed
monoclonal antibodies, including anti-RANKL anti-sclerostin
and anti-DKK-1, represent a new class of compounds for the
therapy of osteoporosis. By causing reduction of bone
resorption and increase of bone mineral content, bone mass
and bone strength, these antibodies are becoming an important option in the pharmacotherapy of this disease
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