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Chapter 8
Bone Targeted Therapies

Ashley McEwan and Silvia CW Ling

Abstract Myeloma bone disease (MBD) is present in up to 90% of multiple 
myeloma (MM) patients and is a product of osteolytic lesions due to dysregulated 
osteoblast and osteoclast function. Myeloma bone disease is a cause of significant 
morbidity and decreased quality of life in MM patients as it leads to several skeletal- 
related events including pathologic fractures, severe bone pain, and spinal cord 
compression. Bisphosphonate drugs and the monoclonal antibody denosumab are 
currently the only approved treatments for MBD, despite their potential severe 
adverse events such as osteonecrosis of the jaw. Further studies and the continued 
development of novel treatments for MBD are needed to better combat MBD. This 
chapter will review the available efficacy data of current bisphosphonate drugs in 
use and denosumab and their mechanisms of action, explore the pathways and 
potential targets involved in MBD, and review the current progress in the develop-
ments of a number of potential novel treatments for MBD.
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Abbreviations

ASCO American Society of Clinical Oncology
BAFF B cell activating factor
bALP Bone-specific alkaline phosphatase
BMSC Bone marrow stem cell
BTK Bruton’s tyrosine kinase
CCL Chemokine (C-C motif) ligand
CCR Chemokine (C-C motif) receptor
DKK1 Dickkopf-1
FDA US Food and Drug Administration
HGF Hepatocyte growth factor
IL Interleukin
IMiD Immunomodulatory imide drug
IMWG International Myeloma Working Group
MBD Myeloma bone disease
MGUS Monoclonal gammopathy of uncertain significance
MIP-1α Macrophage-inhibitory protein 1 alpha
MM Multiple myeloma
NF-κB Nuclear factor kappa-B
OAF Osteoclast-activating factor
OPG Osteoprotegerin
OS Overall survival
PI Proteasome inhibitor
RANK Receptor activator of nuclear factor kappa-B
sFRP3 Soluble frizzled-related protein 3
SRE Skeletal related event
TGF-β Transforming growth factor-beta
TNF Tumor necrosis factor
TNF-α Tumor necrosis factor-alpha
TSP1 Thrombospondin 1
uNTX Urinary N-telopeptide of collagen type 1
VEGF Vascular endothelial growth factor
β-CTX Beta-isomerized C-terminal telopeptide of collagen type 1

8.1  Myeloma Bone Disease

Multiple myeloma (MM) is a cancer of differentiated B lymphocytes (plasma cells) 
and is characterized by clonal proliferation of these plasma cells in the bone mar-
row, the secretion of a monoclonal protein, and osteolytic bone disease [1]. Myeloma 
bone disease (MBD) is present in up to 90% of patients and is a result of plasma cell 
proliferation, characterized by osteolytic lesions and the suppression of osteoblast 
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differentiation and function [2]. Current International Myeloma Working Group 
(IMWG) guidelines require the presence of at least one osteolytic lesion to meet the 
criteria for MBD [3]. Myeloma bone disease leads to several skeletal-related events 
(SREs) including pathologic fractures, severe bone pain, and spinal cord compres-
sion which can result in the need for radiotherapy or surgical fixation [4]. In MM 
patients, pathologic fractures increase the risk of death by more than 20% compared 
to patients without fractures [5]. Hence, despite increasing overall survival (OS) for 
patients with multiple myeloma, MBD and secondary SREs can result in significant 
morbidity and reduced quality of life, highlighting the need for advancements in the 
current standard of care [1].

8.1.1  Diagnosis

Myeloma bone disease is diagnosed through the use of plain radiograph, whole 
body low dose computed tomography, or whole body magnetic resonance imaging 
skeletal surveys to detect the presence of osteolytic bone lesions [6]. Plain radio-
graph is the least sensitive available type of imaging, as a bone lesion needs to be at 
least 1 cm in size and associated with at least 30% loss of bone mineral content 
before it can be detected [7]. Despite this, most current guidelines recommend plain 
radiograph skeletal survey as the primary method for the detection of MBD, fol-
lowed by the utilization of other modalities if there is a suspicion of MBD and 
conventional radiography is negative [3, 8]. Imaging findings such as osteoporosis, 
osteopenia, or compression fractures without the presence of osteolytic lesions is 
insufficient to meet the current criteria for MBD [6]. The IMWG has also noted that 
increased fluorodeoxyglucose uptake on positron emission tomography (PET) scan 
without an associated destructive bone lesion does not meet the criteria for MBD [3].

8.1.2  Pathogenesis

Myeloma bone disease occurs as a result of numerous interactions between plasma 
cells and various pathways that affect osteoclasts and osteoblasts, leading to overall 
bone loss and the development of lytic bone lesions [1]. While augmented osteo-
clast function is a key pathogenic mechanism in the development of MBD, the 
reduction in trabecular thickness, calcification rate, and osteoblast numbers in bone 
specimens from multiple myeloma patients suggest that dysfunctional osteoblast 
activity is a significant contributor [9].

Osteoblasts and osteoclasts are the major cells involved in bone remodeling, with 
other factors including osteocytes, cytokines, and hormones also contributing to the 
process [10]. Osteoclasts are large multinucleated cells derived from monocyte- 
macrophage lineage which generate enzymes that breakdown the bone mineral 
matrix [11]. Osteoblasts are mononuclear cells originating from mesenchymal stem 
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cells which contain the enzyme alkaline phosphatase [12]. Immature osteoblasts 
secrete interleukin (IL)-6 that upregulates osteoclasts, while mature osteoblasts 
secrete osteoprotegerin (OPG) which inhibits the activation of osteoclasts [1]. 
Osteoblasts create the bone mineral matrix through the secretion of collagen and 
eventually become trapped as part of the mineralized matrix before differentiating 
into osteocytes [11]. Osteocytes communicate with surrounding cells in the bone 
surface and bone marrow via cytoplasmic projections and contribute factors such as 
receptor activator of nuclear factor kappa-B ligand (RANKL) and sclerostin that 
affect both osteoblastic and osteoclastic activity [13].

The normal signaling pathways are disrupted by interactions between malignant 
plasma cells (myeloma cells) and cells of the bone marrow microenvironment [14]. 
A group of mediators known as osteoclast-activating factors (OAFs) have been 
identified which include IL-6, interleukin-1 (IL-1), interleukin-3 (IL-3), macrophage- 
inhibitory protein 1 alpha (MIP-1ɑ), tumor necrosis factor-alpha (TNF-ɑ), hepato-
cyte growth factor (HGF), and vascular endothelial growth factor (VEGF) [14]. 
These OAFs affect various components of other pathways including the receptor 
activator of nuclear factor kappa-B (RANK), RANKL, and OPG. Additionally, cer-
tain molecules have been shown to inhibit osteoblast differentiation, including 
transforming growth factor-beta (TGF-β), HGF and Wnt-signaling inhibitors dick-
kopf- 1 (DKK1), soluble frizzled-related protein-3 (sFRP3), and sclerostin [14].

In the early stages of MBD, myeloma cells secrete IL-1 and tumor necrosis fac-
tor (TNF) which stimulate osteoblast differentiation and recruitment to affected 
sites. These recruited osteoblasts in turn secrete IL-6, which recruits osteoclasts and 
is a myeloma growth factor [7]. Later in MBD, osteoblast numbers decrease sec-
ondary to unclear mechanisms; postulated to be related to osteoblast inhibitory fac-
tors or decorin, a proteoglycan produced by osteoblasts which causes an 
anti-myeloma effect by inhibiting TGF-β [1]. Myeloma also affects osteoprogenitor 
cells, disrupting the normal production of osteoblasts, resulting in a net effect of 
reduced osteoblast levels and over activation of osteoclasts and leading to the lytic 
bone lesions found on imaging in MBD [15]. Hence, any coupled bone remodeling 
between osteoclasts and osteoblasts is disordered in MM. The numerous factors that 
affect osteoclasts and osteoblasts and contribute to the pathogenesis of MBD and 
may be potential foci for bone targeted therapies and are explored in further detail 
below [4].

8.1.3  Osteoclastic Activation

8.1.3.1  The RANK/RANKL Pathway

The RANK/RANKL pathway plays a major role in osteoclast function and bone 
remodeling [4]. RANK is a transmembrane receptor that is expressed on the surface 
of osteoclast precursors, and RANKL is a membrane-bound protein on stromal cells 
of the osteoblast line and activated T lymphocytes [11]. The binding of RANKL to 
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RANK triggers the maturation of osteoclast precursors into osteoclasts that bind to 
the bone surface and initiate bone resorption [14]. OPG is a cytokine secreted by 
osteoblasts and stromal cells that is a soluble decoy receptor for RANKL that inhib-
its osteoclast development; in MM patients OPG levels are reduced while RANKL 
levels are increased [4]. RANKL is produced by myeloma cells and increased 
RANKL expression by osteoblasts and bone marrow stromal cells can result from 
stimulation by other contributory cytokines such as increased levels of parathyroid 
hormone-related peptide [11]. This imbalanced ratio of RANKL to OPG results in 
a net increase in osteoclast stimulation and bone resorption. Treatments including 
thalidomide and autologous stem cell transplant can normalize the RANKL to OPG 
ratio, reducing bone resorption. Denosumab, a human monoclonal antibody (MoAb) 
targeting RANKL, prevents the activation of this signaling pathway and reduces the 
burden of MBD as well as progression of disease [16].

8.1.3.2  Interleukins

IL-3 stimulates osteoclast formation and inhibits osteoblast differentiation. IL-3 
exerts its osteoclastogenic effect by inducing activin A production by macrophages, 
a factor involved in promoting osteoclast differentiation [11]. IL-3 also acts in con-
junction with RANKL and MIP-1α to increase osteoclastogenesis [14]. Increased 
levels of IL-3 have been detected in studies of myeloma patient’s bone marrow 
plasma [17]. IL-6 augments osteoclast differentiation by simulating myeloma cells 
to secrete VEGF which activates osteoclasts via surface receptor binding [11]. IL-6 
levels are lowered with DKK1 protein inhibition [14]. IL-17 promotes osteoclast 
activation and can result in osteolytic lesion formation, although this has been seen 
mainly in preclinical models [18].

8.1.3.3  Hepatocyte Growth Factor

HGF is produced by bone marrow stem cells (BMSCs) and myeloma cells. The 
binding of HGF to MET receptor on the surface of myeloma cells triggers down-
stream signaling via the RAS pathway, causing the growth of myeloma plasma cells 
and inhibiting apoptosis [11]. HGF also acts as a coupling factor between osteo-
clasts and osteoblasts and mediates autocrine regulation of osteoclasts and paracrine 
regulation of osteoblasts.

8.1.3.4  Notch Pathway

There are four Notch transmembrane receptors on myeloma cells that can bind to 
their ligands on the same cell or on adjacent BMSCs which results in the production 
of RANKL by the myeloma cells [11]. This generates a feedback loop which stimu-
lates Notch2. The resulting Notch2 signaling cascade further stimulates osteoclast 
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differentiation and proliferation. Inhibition of this pathway results in apoptosis of 
myeloma cells and inhibits osteoclastogenesis, representing a potential therapeutic 
target [11].

8.1.3.5  Chemokines

Certain chemokines are involved in osteoclastogenesis. Chemokine (C-C motif) 
ligand 3 (CCL-3) is secreted by myeloma cells. Chemokine (C-C motif) ligand 20 
(CCL-20) is overexpressed in the multiple myeloma bone marrow. These chemo-
kines induce osteoclastogenesis, and higher levels are detected in myeloma patients, 
correlating with the extent of bone disease [11]. Chemokine receptors including the 
CCL-3 receptor, CCR1 receptor, and CCR5 receptor are expressed on BMSCs, 
osteoclasts, osteoblast, and MM cells. The activation of these receptors attracts 
immature osteoclasts, promoting differentiation and stimulating RANKL and IL-6 
[11]. Inhibitors of CCL-3 and its receptors are promising in preclinical studies for 
MBD therapy [16].

8.1.3.6  Activin A

When activin A binds to activin type 2A receptor, subsequent signaling results in 
increased bone resorption and reduced bone formation [16]. Activin A is elevated in 
myeloma patients, correlating with the extent MBD [11]. Activin A is further upreg-
ulated by IL-3, a cytokine released from the BMSCs of myeloma patients [16]. 
There is a synergistic effect between Activin A and RANKL, resulting in more 
potent stimulation of osteoclastogenesis. Preclinical studies have demonstrated that 
osteoclast formation is blocked following treatment with soluble activin receptor 
type 2A [11].

8.1.3.7  The TNF Superfamily

Key members of the TNF superfamily involved in MBD include TNF-α and B-cell 
activating factor (BAFF). TNF-α acts together with RANKL to induce osteoclast 
differentiation and growth and is elevated in MBD patients [11]. BAFF is secreted 
by myeloma cells, osteoclasts, and BMSCs, causing the activation of nuclear factor 
kappa-B (NF-κB), resulting in osteoclastogenesis and myeloma cell survival [14].

8.1.3.8  BTK and SDF-1α

Bruton’s tyrosine kinase (BTK) regulates osteoclast differentiation and is expressed 
in osteoclasts. Higher levels of BTK expression have been observed in myeloma 
patients [16]. BTK is linked to CXCR4 expression. The CXCR4SDF-1α pathway 
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induces BTK activation, promoting osteoclastogenesis [11]. Inhibition of osteoclas-
tic activity through agents like ibrutinib is being investigated in current clinical tri-
als [19]. This could potentially be an added therapy in patients with severe myeloma 
bone disease.

8.1.4  Osteoblastic Suppression

8.1.4.1  The WNT Pathway

The Wnt-signaling pathway cascade ultimately results in gene expression favoring 
bone formation and imminent bone resorption [11]. It is activated via Wnt ligands 
and parathyroid hormone binding to receptors in the Wnt pathway. Preclinical mod-
els demonstrate that increased Wnt signaling inhibits the development of MBD 
[20]. Conversely, aberrant Wnt signaling can result in the proliferation of myeloma 
cells and the subsequent development of MBD [11]. This dysregulated Wnt path-
way signaling contributes to the invasion of myeloma cells and is linked to their 
adhesion-mediated drug resistance [21]. The canonical Wnt pathway is inhibited by 
sclerostin, DKK1, and sFRP2. These proteins have been observed to be elevated in 
cases of MBD and may be potential therapeutic targets [11].

8.1.4.2  Sclerostin

Sclerostin is a protein encoded by the SOST gene and is produced by osteocytes. 
Sclerostin induces the apoptosis of mature osteoblasts and reduces osteoblast-driven 
bone formation [14]. It is an inhibitor of the canonical Wnt pathway through bind-
ing to LRP5/6 transmembrane receptors on osteoblasts, blocking the Wnt pathway 
cascade [11]. Sclerostin is secreted by myeloma cells and suppresses bone forma-
tion by inhibiting osteoblastogenesis while stimulating osteoclastogenesis by 
increasing the ratio of RANKL to OPG ratio [22]. High levels of sclerostin have 
been observed in patients with more severe disease and pathologic fractures at diag-
nosis [11]. Monoclonal antibodies against sclerostin are under investigation as a 
sole therapy for MBD and in conjunction with proteasome inhibitors (PI) [23].

8.1.4.3  DKK1

DKK1 inhibits the Wnt-signaling pathway by competitively binding LRP5/6 recep-
tors and removing transmembrane proteins [14]. DKK1 inhibits osteoblastogenesis 
by blocking osteoblast differentiation and acts together with sclerostin resulting in 
osteoblast dysfunction [11]. DKK1 also indirectly increases osteoclastogenesis, by 
blocking the osteoclastogenesis inhibitor OPG and increasing the osteoclastogene-
sis activator RANKL [14]. Higher DKK1 levels have been observed in patients with 
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more extensive MBD [24]. DKK1 expression can be utilized to predict early SREs, 
and reduced levels can be observed after myeloma treatment has commenced [11].

8.1.4.4  Periostin

Periostin is a protein produced by BMSCs that activates the integrin-AKT-FAK- 
β-catenin pathway and is implicated in the Wnt-signaling pathway [11]. High peri-
ostin levels in myeloma patients are associated with SREs, lytic bone lesions, and 
more advanced disease [25].

8.1.4.5  RUNX2/CBFA1 and IL-7

IL-7 reduces osteoblast differentiation and stimulates T lymphocytes to secrete 
RANKL.  IL-7 reduces transcriptional levels of runt-related transcription factor 2 
(RUNX2) via the noncanonical Wnt-signaling pathway [11]. RUNX2 is required 
for osteoblastogenesis, and both reduced levels of RUNX2 [12] and increased levels 
of IL-7 [14] have been observed in myeloma patients with MBD.

8.2  Indications for Bone Targeted Therapies

Bisphosphonate drugs are currently the only therapy approved in Australia for the 
treatment of MBD. The IMWG recommends considering bisphosphonate therapy 
[23], including patients with no visible lesions on conventional radiology [31]. It is 
difficult to accurately determine whether MM patients without radiological evi-
dence of bone disease would benefit from bisphosphonates as most clinical trials did 
not stratify patients according to the presence of lytic lesions prior to treatment. 
Certainly, there is no indication that bisphosphonate therapy in the setting of smol-
dering myeloma or monoclonal gammopathy of uncertain significance (MGUS) 
reduces the time or likelihood of progression to MM [31].

8.3  Utility of Bone Resorption Markers to Guide Therapy

Currently, the use of bone turnover markers to guide therapy and predict response 
or disease progression in myeloma is controversial, with mixed results across stud-
ies and a lack of consensus regarding appropriate markers. International guidelines 
do not currently support the utilization of bone turnover or resorption markers to 
guide therapy given the lack of convincing evidence [31]. A recent study examining 
123 patients with newly diagnosed multiple myeloma measured β-isomerized 
C-terminal telopeptide of collagen type I (β-CTX), which reflects the resorptive 
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osteoclast activity, and bone-specific alkaline phosphatase (bALP) over a 12-month 
period [26]. This study found that bALP levels did not have a clear relationship with 
the degree of underlying bone disease; however, β-CTX levels were increased in 
those patients with underlying bone disease, with a correlation between the degree 
of bone lesions and β-CTX levels [26]. Hence, changes in β-CTX levels could 
potentially reflect the degree of MBD burden and may be a clinically useful marker. 
A small retrospective study of patients receiving bisphosphonate therapy found that 
increasing levels of β-CTX were linked to increased likelihoods of disease progres-
sion [27]. Several other studies have utilized urinary N-telopeptide of type 1 colla-
gen (uNTX) as well as ALP to predict fracture risk in MM patients on bisphosphonates 
and concluded that these biomarkers did not correlate to fracture risk [28, 31]. Until 
further studies provide stronger evidence for the utility of bone turnover markers in 
guiding therapy for MBD, there is currently no support for their use.

8.4  Current Treatments for Myeloma Bone Disease

8.4.1  Bisphosphonates

8.4.1.1  Mechanism of Action

Bisphosphonates are the mainstay of MBD prevention and treatment. They are 
pyrophosphate analogs which bind with varying affinity to hydroxyapatite and 
become integrated into the bone matrix [31]. Bisphosphonates are then released 
from hydroxyapatite secondary to bone resorption and are potent inhibitors of 
osteoclast activity and signaling [4]. Bisphosphonates are absorbed by macrophages 
and mature osteoclasts and induce apoptosis via ATP metabolites [14]. The potency 
of different bisphosphonates is dependent on their binding affinity for hydroxyapa-
tite; the nitrogen group in the phosphate-carbon-phosphate core of pamidronate and 
zoledronic acid renders them 100–10,000 times more potent than etidronate and 
clodronate, as seen in Table 8.1 [29].

Table 8.1 Comparative 
potencies of bisphosphonates

Bisphosphonate Potency IC50a (nmol/L)

Etidronate ∼1× –
Clodronate ∼10× –
Pamidronate ∼100× 200
Alendronate >100 to <1000× 50
Ibandronate >1000 to <10,000× 20
Risedronate >1000 to <10,000× 10
Zoledronate >10,000× 3

aIC50 half-maximal inhibitory concentration
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8.4.1.2  Evidence in MBD

Treatment with pamidronate or zoledronic acid has been proven to improve symp-
toms related to MBD and prevent SREs. A 1996 study compared pamidronate with 
placebo in 392 MM patients demonstrated significant protection against SREs [30]. 
A non-inferiority trial comparing pamidronate with zoledronic acid for MBD dem-
onstrated equivalence between the two therapies [4]. As a result, pamidronate and 
zoledronic acid have become the standard of care for MBD. There is currently some 
evidence for the use of oral clodronate, which has been shown to lower the inci-
dence of SREs compared with placebo [31].

8.4.1.3  Comparison Between Bisphosphonates

Pamidronate and zoledronic acid are the two most commonly utilized bisphospho-
nates for MBD. They are nitrogen-containing bisphosphonates, which were proven 
to be superior at reducing SREs compared with non-nitrogen containing bisphos-
phonates in the MRC Myeloma IX trial [32]. A review of 20 studies found that 
zoledronic acid improved overall survival compared to placebo and etidronate, but 
not compared with other bisphosphonates [31]. An observational study comparing 
zoledronic acid with pamidronate found that patients treated with zoledronic acid 
had significantly less mortality and SREs compared with patients treated with pami-
dronate [33]. However, a randomized controlled trial comparing zoledronic acid 
with pamidronate found that they had similar efficacies in MBD [34]. Hence, cur-
rent recommendations suggest the use of zoledronic acid or pamidronate as primary 
treatment for MBD.

8.4.1.4  Adverse Events

Bisphosphonates can cause several rare but serious side effects including osteone-
crosis of the jaw, atypical femoral fractures, and renal impairment. More common 
side effects include acute phase reactions, injection site reactions, transient fevers, 
myalgias and flu-like symptoms, hypocalcemia, and hypophosphatemia [31]. 
Bisphosphonates also cause ocular side effects, which typically have a rapid onset 
ranging from within days to hours, such as conjunctivitis, uveitis, episcleritis, scle-
ritis, and keratitis [35]. The more severe side effects are discussed in greater 
detail below.

8.4.1.5  Renal Impairment

The kidneys are responsible for 40% of bisphosphonate excretion via glomerular 
filtration and active tubular excretion, and as such, are extremely sensitive to 
bisphosphonates [4]. Both acute and chronic renal impairment can result from 
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bisphosphonate therapy, but the level of kidney damage is related to blood drug 
levels [31]. Nephrotoxicity is directly linked to the maximum plasma concentration, 
bisphosphonate dose, and infusion time [4]. Renal impairment is seen equally with 
zoledronic acid and pamidronate however zoledronic acid has more potential for 
accumulation in the kidneys due to its prolonged half-life [4]. Kidney injury related 
to zoledronic acid is most often caused by tubular toxicity, and hence acute tubular 
necrosis. Comparatively, pamidronate more commonly causes acute kidney injury 
and nephrotic range proteinuria [31]. Patients with elevated creatinine levels at 
baseline are at higher risk of developing acute renal injury related to bisphosphonate 
treatment [36]. Dosing variations are required in renal impairment, as described in 
Table 8.2.

8.4.1.6  Osteonecrosis of the Jaw

Osteonecrosis of the jaw is a rare but serious side effect of bisphosphonate therapy. 
Characteristic features include exposed bone in the oral cavity, severe pain, necro-
sis, and increased risk of secondary infections at the site of osteonecrosis [4]. The 
symptoms preceding an osteonecrotic lesion include mucosal swelling, ulceration, 
loose dentition, pain, or a nonhealing socket after tooth extraction [4]. The patho-
genic etiology of osteonecrosis of the jaw is not clear but thought to be related to 
reduced vascularity of the bones of the maxilla and mandible, risk of dental infec-
tions, and bone turnover suppression [31]. The anti-angiogenic properties of 
bisphosphonates also contribute to osteonecrosis risk, due to an interruption of 
blood supply [37]. The suppression of bone remodeling appears to play a major 
role, evidenced by the higher rates of osteonecrosis of the jaw associated with treat-
ment with higher potency bisphosphonates like zoledronic acid [31]. Excessive 
inhibition of bone remodeling can occur secondary to the long half-life of bisphos-
phonates and potential accumulation if administered monthly [31]. Osteonecrosis 
may not only be due to bisphosphonate therapy but may be an outcome of bone 

Table 8.2 Renal dosing adjustments in bisphosphonate therapy [6]

Creatinine 
clearance

Sodium 
clodronate Pamidronate Zoledronic acid

>60 1600 mg 90 mg 2–4 h 4 mg over 15 min
50–60 1600 mg Reduce dose or infuse over 

4–6 h
3.5 mg over 15–30 min

30–50 1200 mg Reduce dose or infuse over 
4–6 h

40–49 mL/min: 3.3 mg 
30–39 mL/min: 3 mg
Over 15–30 min

10–30 800 mg 30 mg to be given over 2–4 h Not recommended
<10 Not 

recommended
30 mg to be given over 2–4 h Not recommended

Haemodialysis Not 
recommended

On renal advice only 30 mg 
to be given over 2–4 h

On renal advice only
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modeling suppression, supported by animal models and given that osteonecrosis of 
the jaw can occur with denosumab therapy [38].

The risk factors for osteonecrosis of the jaw include potency, dosage, and expo-
sure duration to bisphosphonate therapy [31]. Several studies have shown that the 
incidence of osteonecrosis of the jaw increases with longer exposure to bisphospho-
nate therapy. The median time to development of osteonecrosis of the jaw was 
shorter for intravenous administration compared to oral administration in a single 
center study; 34–54 months for intravenous versus 16 months for oral bisphospho-
nates [39]. Patients with preexisting dental disease or concomitant dental proce-
dures had significant increases in the risk of osteonecrosis of the jaw. Dental 
extraction caused an approximately nine times higher risk of osteonecrosis of the 
jaw development [38]. Alterations within the genes that affect bone turnover and 
collagen formation, and metabolic bone diseases may also predispose patients to 
osteonecrosis of the jaw [40].

As such, dental assessment prior to initiation of bisphosphonate is recommended 
in order to minimize the risk of developing osteonecrosis of the jaw. Any existing 
lesions should be addressed prior to bisphosphonate therapy, and bisphosphonates 
should be withheld for 90 days before or after any dental extraction [31]. In the 
event of osteonecrosis of the jaw developing, bisphosphonate therapy should be 
discontinued until the lesion is healed and treatment has been given as required [23].

8.4.1.7  Subtrochanteric and Other Atypical Femoral Fractures

The symptoms of atypical femoral fractures can be subtle and preceded by thigh or 
groin pain prior to diagnosis [31]. Long-term bisphosphonate use is linked to the 
development of atypical femoral fractures in approximately 93.9% of cases [41]. 
The majority of atypical femoral fractures occur at the proximal femur, with a 
minority occurring at the subtrochanteric region along the femoral shaft [42].

8.4.1.8  Duration, Frequency, and Monitoring of Therapy

Doses for bisphosphonate therapy are adjusted for renal function as described in 
Table 8.2. Zoledronic acid is not recommended in creatinine clearance rates <30 mL/
min given to the lack of available evidence. Pamidronate can be utilized in patients 
with significant renal disease, defined as having an estimated creatinine clearance of 
<30 mL/min. While expert guidelines do not currently include dosing guidelines in 
patients with a creatinine clearance of <30 mL/min, expert panels recommend that 
a reduced dose is used [43].

The American Society of Clinical Oncology (ASCO) guidelines suggest that 
bone targeted therapy continues for a period of at least 2 years, and if ceased, should 
resume upon multiple myeloma relapse with any new SREs [43]. The frequency of 
dosing is recommended to be around every 3–4 weeks with intravenous zoledronic 
acid or pamidronate, or daily for oral clodronate therapy [31]. Less frequent dosing 
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may be considered in patients with responsive or stable disease. Three-month inter-
vals of therapy may be considered in patients with inactive myeloma or on mainte-
nance therapy [3].

Renal function should be monitored before each dose of pamidronate or zole-
dronic acid, and in the event of an acute rise in creatinine, therapy should be with-
held until renal function normalizes within 10% of baseline [31]. Serum calcium 
and vitamin D levels should be reviewed intermittently during therapy and replaced 
as required. Intermittent review of albuminuria on a spot urine sample is recom-
mended every 3–6 months, and if present should lead to further evaluation with a 
24-h urine collection [43].

8.4.1.9  Future of Bisphosphonate Therapy

Bisphosphonates are the cornerstone of bone targeted therapy in MM.  Despite 
adverse effects and the development of new therapies, bisphosphonates remain the 
standard of care for MBD in all major guidelines [44]. There is ongoing research 
evaluating different dosing strategies and administration schedules of bisphospho-
nates as sole therapy and in conjunction with new bone therapies. Denosumab, a 
human MoAb against RANKL, has recently been approved by the US Food and 
Drug Administration (FDA) for the treatment of MBD and was shown to be non- 
inferior to zoledronic acid in phase III randomized controlled trial [45]. Further 
agents under investigation include anti-DKK1 MoAbs, and therapies targeting 
activin A and CCR1 [16].

8.4.2  Denosumab

8.4.2.1  Mechanism of Action

Denosumab is a fully humanized MoAb that binds RANKL, preventing RANKL 
from activating RANK on the surface of osteoclasts. This inhibits osteoclast func-
tion and osteoclastogenesis by preventing the RANK–RANKL interaction [14]. 
Denosumab mimics the endogenous effects of OPG by lowering the amount of 
RANKL and thus decreasing the osteoclastogenesis [1]. Unlike bisphosphonates, 
denosumab does not become embedded in the bone mineral matrix but binds 
RANKL in the extracellular fluid and circulation to inhibit osteoclasts formation 
[10]. Denosumab is cleared from the circulation by the reticuloendothelial system 
and has a half-life of approximately 26 days [10].
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8.4.2.2  Evidence in MBD

Denosumab has been approved by the FDA for the treatment of bone disease in 
solid organ cancers since 2010 but was not been approved for use in MBD until 
2018. The approval of denosumab for use in MBD was largely based upon the 
results of phase III randomized, controlled trial of denosumab versus zoledronic 
acid in patients with newly diagnosed MM [45]. The study recruited 1718 patients, 
with 859 patients assigned to each arm of the study. In the denosumab treatment 
arm, subcutaneous denosumab 120 mg was given along with intravenous placebo 
every 4 weeks. In the zoledronic acid treatment arm, intravenous zoledronic acid 
5 mg was given along with subcutaneous placebo every 4 weeks. The study showed 
that the median time to the first on-study SRE was similar between the denosumab 
and zoledronic acid arms (22.83 months with denosumab versus 23.98 months with 
zoledronic acid). Median progression free survival (PFS) was prolonged in the 
denosumab arm by 10.7 months compared to the zoledronic acid arm (P = 0.036). 
Prior to this landmark study, denosumab had been successfully studied in phase II 
and III trials in patients with solid organ cancer bone disease and those at high risk 
of developing bony metastatic disease, with results reporting that denosumab was 
equal to zoledronic acid in preventing or delaying SREs [16].

8.4.2.3  Adverse Events

The adverse events seen most commonly with denosumab therapy include neutro-
penia, thrombocytopenia, and anemia [45]. Renal toxicity is significantly lower in 
denosumab therapy compared with bisphosphonate therapy, and denosumab can be 
utilized in patients with poor baseline renal function without dose adjustment [46]. 
In a study of single-dose denosumab in patients with varying degrees of renal 
impairment, 15% of patients developed hypocalcemia. The severity of hypocalce-
mia appeared to relate to the severity of renal impairment, and two patients required 
hospitalization for treatment [46]. The serum nadir of hypocalcemia tends to appear 
approximately 10 days after administration of denosumab. Other associated adverse 
events include osteonecrosis of the jaw, nausea and vomiting, pneumonia, back 
pain, headache, arthralgia, and injection site reactions. Interestingly, in the phase III 
trial of denosumab versus zoledronic acid, the incidence of osteonecrosis of the jaw 
was not significantly different between denosumab and zoledronic acid arms [45].

8.4.2.4  Duration and Frequency of Therapy

Denosumab therapy is typically administered at 120 mg doses every 4 weeks sub-
cutaneously with no dose adjustments required for renal impairment [45]. The 
length of therapy in MBD is not yet established given the recency of approval for 
denosumab therapy in this area. However, given the findings of the phase III trial of 
denosumab versus zoledronic acid, it can be extrapolated that denosumab may be 
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dosed at the same length and frequency as current bisphosphonate guidelines. This 
is the area that currently needs further development as denosumab is incorporated 
into current treatment guidelines.

8.4.3  Novel Therapies

8.4.3.1  Anti-Sclerostin Antibodies

Sclerostin is a soluble Wnt antagonist produced by osteocytes, which binds to Wnt 
coreceptors LRP5/6 to inhibit the Wnt-signaling pathway during bone formation, 
leading to an increase in osteoclastogenesis via RANKL production and OPG inhi-
bition [1]. Multiple myeloma results in elevated sclerostin expression, and a recip-
rocal decrease in osteoblast markers. Sclerostin expression has been observed to be 
restricted to osteocytes, presenting a potential therapeutic target [47]. Anti-sclerostin 
therapies such as romosozumab, a humanized anti-sclerostin MoAb, have shown 
improvements in bone formation and bone mineral density in osteoporosis [1]. The 
effects of anti-sclerostin treatment on MBD currently remain unknown.

Anti-sclerostin MoAbs have been effective in mouse models and humans in pro-
moting bone formation in the context of osteoporosis [16]. Anti-sclerostin treatment 
in mice with multiple myeloma has resulted in the normalization of bone volumes 
by increasing trabecular bone volume and thickness, increased osteoblastogenesis, 
reduced osteolytic lesions, and reduced bone loss [1, 47]. These mouse models also 
demonstrated a potential link between DKK1 and sclerostin; as DKK1 appeared to 
control increases in sclerostin by inducing its release from osteoblasts [48]. 
Romosozumab has been shown to increase bone mineral density and bone forma-
tion in numerous studies, mainly in the setting of postmenopausal osteoporosis [48]. 
However, romosozumab has been shown to increase the risk of cardiovascular 
events by 2.5% [1].

Anti-sclerostin antibodies have also been shown to reduce bone marrow adipose 
tissue, which has a downstream effect of reducing signaling molecules such as adi-
pokines and fatty acids that normally promote the growth of myeloma plasma cells 
and osteolytic lesions [49]. Overall, sclerostin inhibition has been demonstrated to 
be beneficial in postmenopausal osteoporosis but there is currently a lack of evi-
dence to support its use in MM [50].

8.4.3.2  Anti-DKK1 Neutralizing Antibodies

The DKK1 protein negatively regulates the Wnt/β-catenin signaling pathway. 
DKK1 binds to LRP 5/6 receptors, causing β-catenin breakdown by the proteasome 
and reducing osteoblast differentiation [51]. DKK1 prevents the differentiation of 
stem cells into mature osteoblasts by downregulating the Wnt signaling required for 
osteoblast differentiation [11]. The undifferentiated stem cells secrete IL-6, 
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promoting the expansion of myeloma cells which further secrete DKK1 [52]. DKK1 
also causes an increase in the ratio of RANKL to OPG, increasing osteoclastogen-
esis and leading to the development of MBD [53].

DKK1 inhibition via a neutralizing antibody has been studied in murine and 
humanized MM models. Antibodies such as BHQ880 and DKN-01 aim to increase 
osteoblast differentiation and activity by DKK1 blockade and Wnt-signaling path-
way modulation [54]. In vitro studies have observed that DKK1 inhibition promotes 
osteoblast differentiation and activity and inverts the negative effects of myeloma 
cells on osteoblast differentiation. These findings were demonstrated by the 
increased trabecular thickness of bone [55]. In vivo studies have demonstrated that 
DKK1 antibodies can improve bone formation, osteoblast numbers, and decrease 
lytic lesions [4].

A phase IB trial has evaluated the combination of DKK1 antibodies and bisphos-
phonate therapy in MM patients [56]. The study demonstrated that the combination 
therapy resulted in a delay in SREs and increased bone density. The contribution of 
DKK1 inhibition to these results is unclear.

Overall, DKK1 inhibition has been shown to positively affect osteoblastogenesis 
but the effects on osteoclastogenesis are currently unclear. The utility of DKK1 
inhibition in MM at present may be limited as some myeloma patients do not show 
increased DKK1 levels, and DKK1 levels have been observed to decrease in later 
stages of the disease [57].

8.4.3.3  Activin Receptor Ligand Traps

Activin A is a cytokine that is upregulated in MM patients, especially in the setting 
of MBD. Activin A levels correlate with the severity of bone disease and disease 
stage [58]. Activin A inhibits bone mineralization by binding to the activin type 2A 
receptor, resulting in increased bone resorption and reduced bone formation [59]. 
Activin receptor ligand traps have been shown to increase markers of bone forma-
tion and decrease bone pain in MM patients [14].

A murine analog of sotatercept, a recombinant activin type 2A receptor ligand 
trap, has demonstrated dual anabolic and anti-bone resorptive effects in preclinical 
trials [60]. The safety and tolerability of sotatercept in combination with melphalan, 
prednisolone, and thalidomide have been evaluated in a phase IIA trial [60]. A total 
of 24 patients received sotatercept during the study, with three patients experiencing 
adverse events secondary to therapy. These three patients each experienced signifi-
cant hypertension, which was resolved following antihypertensive therapy or inter-
ruption of sotatercept therapy. One patient had a grade five adverse event of sudden 
death following a second dose of sotatercept. The efficacy and safety of activin A 
receptor ligand traps for the treatment of MBD currently remains unclear. Further 
studies are required to the utility of this treatment in MBD.
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8.4.3.4  Bruton’s Tyrosine Kinase (BTK) Inhibitors

BTK is expressed in many hematopoietic lineages and affects the development and 
function of B cells via B cell antigen receptor signaling pathways [16]. BTK inhibi-
tors have proven efficacy in the setting of chronic lymphocytic leukemia. BTK is 
highly expressed in patients with MM and is involved in the promotion of osteoclas-
tic bone resorption [61].

PCI-32765 (ibrutinib), a potent BTK inhibitor, has been shown to reduce osteo-
clast differentiation and bone resorption [19]. Ibrutinib has also resulted in a reduc-
tion of chemokine and cytokine secretion from osteoclasts.

Overall, BTK activation in MM facilitates osteoclast differentiation and osteo-
clastic bone resorption. BTK inhibitors such as ibrutinib appear to reduce this effect, 
and further investigations into this potential therapy for the management of MBD 
are warranted.

8.4.3.5  B Cell Activating Factor (BAFF) Neutralizing Antibodies

BAFF is a TNF superfamily member that promotes normal B cell development [62]. 
It is expressed by myeloma cells, osteoclasts, and bone marrow stromal cells, and is 
increased in MM patients and mediates survival of myeloma plasma cells in the 
bone marrow [16]. BAFF neutralizing antibodies have been tested in a mouse MM 
model [62]. Anti-BAFF treated animals showed decreased IL-6 receptor levels, sug-
gesting anti-myeloma activity. Additionally, a survival advantage and reduction in 
radiologically evident lytic lesions were observed.

A phase I study examined tabalumab, a human MoAb against BAFF, in combi-
nation with the PI bortezomib in 48 patients [28]. Twenty of 46 evaluable patients 
achieved a partial response or better following the combination treatment, showing 
some promise for BAFF neutralizing antibodies.

Although early studies have so far promising results of BAFF neutralizing anti-
bodies in both animals and humans, further studies are still required to fully assess 
the utility and impact of this therapy in MBD.

8.4.3.6  Transforming Growth Factor-β (TGF-β) Inhibitors

The TGF-β protein has been observed to result in increased tumor-induced bone 
disease, although the exact mechanism is unclear. Increased levels of TGF-β are 
released by osteoclasts in MBD [1]. The use of TGF-β inhibitor neutralizing anti-
body (1D11) in mice has been shown to improve the trabecular architecture and 
increase osteoblast differentiation in mouse MM models [63]. 1D11 in combination 
with bortezomib was shown to reduce tumor burden and bone disease, but 1D11 
alone did not reduce tumor burden.

Thrombospondin 1 (TSP1) binds to and activates TGF-β. SRI31277, a TSP1 
antagonist that acts by reducing TGF- β activation, has been tested in mice with 
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MBD [64]. SRI31277 treatment resulted in a decrease in osteoclasts and an increase 
in osteoblastogenesis. It is unclear if these benefits would be seen in humans as only 
mice with highly osteolytic lesions and the human CAG-HPSE myeloma cell line 
were studied.

8.4.3.7  Parathyroid Hormone

Parathyroid hormone has been shown to be beneficial in osteoporotic bone disease 
via anabolic pathways at intermittent lower doses. The mechanism of action is 
thought to be due to the inhibition of sclerostin which normally promotes osteoclas-
togenesis, as well as direct activity on osteoblasts to promote osteoblastogene-
sis [65].

Treatment with teriparatide therapy has been linked to the development of MM 
in several case reports [66]. Additionally, it has been shown that high parathyroid 
hormone levels could facilitate the development of myeloma cells and have been 
correlated with a reduced progression free survival [67]. Conversely, a study of 
parathyroid hormone administration in murine MM models found an increase in 
bone mineral density via upregulation of osteoblasts [68].

Overall, there is minimal evidence to support the role for, and investigation of, 
parathyroid hormone therapy in the setting of MBD.

8.4.3.8  Proteasome Inhibitors

Bortezomib is a PI which impairs osteoclastogenesis and stimulates osteoblast dif-
ferentiation, and hence actively modulating bone remodeling in MM [4]. Proteasome 
inhibitors produce an anabolic effect through the stimulation of osteoblast differen-
tiation via the reduction of sclerostin levels, and the upregulation of BMP-2 and 
transcription factor RUNX2 via inhibition of proteasomal degradation [1].

It has been demonstrated that bortezomib therapy results in a reduction of 
sclerostin levels [58]. Patients with active MM and pathologic fractures at diagnosis 
possessed very high levels of sclerostin compared to other patient groups (relapsed 
myeloma, MGUS, and a control group). Higher sclerostin levels were associated 
with reduced survival with a median survival of 27 months for those with higher 
sclerostin levels versus 98 months for other patient groups [58]. Bortezomib mono-
therapy resulted in a significant reduction of sclerostin levels by almost 50%. 
Bortezomib has been shown to have anabolic activity leading to increased bone 
formation through promoting osteoblastogenesis and increasing bone mineral 
density.

Other PIs such as carfilzomib and ixazomib have also been shown to have bone 
anabolic effects similar to bortezomib [1]. Overall, PIs have been shown to improve 
MBD, disease control, and progression. They are a promising therapeutic in the set-
ting of MBD.
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8.4.3.9  Immunomodulatory Imide Drugs

Immunomodulatory imide drugs (IMiD) such as thalidomide, lenalidomide, and 
pomalidomide have a direct inhibitory effect on MM growth, as well as exerting an 
immunomodulatory effect and inhibiting angiogenesis [4]. Immunomodulatory 
imide drugs have been shown to reduce both osteoclastogenesis and growth factors 
associated with bone destruction [16]. Lenalidomide decreases RANKL secretion 
and increases OPG in MM patients, restoring the balance of RANKL and OPG and 
resulting in reduced osteoclast differentiation and activation. By decreasing RANKL 
secretion in MM patients, lenalidomide also causes OPG to increase, restoring the 
RANKL-OPG balance and resulting in reduced osteoclast formation and activation.

It has been demonstrated that thalidomide downregulates transcriptional factor 
PU.1 [69]. Lenalidomide and pomalidomide also both downregulate PU.1 expres-
sion in osteoclast precursors, causing a net reduction in osteoclast differentiation. 
Additionally, lenalidomide causes inhibition of the osteoclast-activating factors 
APRIL and BAFF [14].

Overall, it is clear that IMiDs have numerous effects on tumor growth, growth 
factors, and signaling proteins that result in a reduction in osteoclastogenesis. 
Further studies are warranted to further examine and understand the direct impacts 
of IMiDs on MBD.

8.5  Conclusion

Myeloma bone disease can result in significant associated morbidity and mortality. 
Effective therapies to combat the development and progression of MBD are crucial 
in maintaining quality of life, reducing cost, and improving overall survival. The 
current treatments available to combat MBD are limited to bisphosphonates and 
denosumab. Given the plethora of pathways and proteins involved in MBD, the 
potential targets for therapy are numerous. Further studies of novel agents, as well 
as studies of new combinations of existing and novel therapies, are needed to better 
manage MBD, reduce morbidity and mortality, and increase the quality of life and 
survival in patients with MM.
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