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A B S T R A C T

The question of how myeloma cells cause destruction of skeletal tissue has interested scientists for many years,
and knowledge in this field has developed in parallel with the understanding of physiological bone remodeling.
The identification of bioactive proteins of the cytokine class during the last decades of the previous century and
mapping of their role in the regulation of anabolic and catabolic processes in bone, led to a sequence of hy-
potheses about how the same peptides also could be involved in myeloma-driven bone destruction. Although
bone remodeling is now understood in detail, there is still no clear unified theory of how myeloma cells degrade
bone. The reason for this could be that there is no single mechanism that is active in every patient. The common
trait is possibly that myeloma cells benefit from bone destruction per se, and the strategy they use to accomplish
this vary between patients.

1. Introduction

Multiple myeloma (MM), the cancer of plasma cells, is distinct from
other hematological cancers in its strong propensity to degrade bone
near the cancer cells. Due to this trait, multiple myeloma can be diag-
nosed with some certainty even in archeological finds [1]. The question
of how myeloma cells are able to cause destruction of bone has inter-
ested scientists for several decades. However, lack of knowledge of key
aspects of bone metabolism severely hampered research on this matter
until at least the mid-nineties, and is possibly still an obstacle to a full
explanation. In this review article, we will describe how the knowledge
of myeloma bone disease (MBD) has evolved in parallel with the in-
creased knowledge of physiological bone development and remodeling.
We also bring an updated overview of the current treatment for MBD.

2. Theories of how MBD develop

It was only in 1974 that the first two papers addressing pathophy-
siological mechanisms leading to bone destruction were published.
Gregory Mundy and colleagues authored both these papers, published
in the New England Journal of Medicine. Here they reported the finding
of a factor stimulating the bone-resorbing cell, the osteoclast, in MM
[2,3]. They found that supernatants from cultured bone marrow cells of
patients with MM caused release of calcium from cultures of fetal rat
bone. At the time, this “activity” could not be linked to specific mole-
cules, but was found to be distinct from parathyroid hormone and vi-
tamin-D. No cytokines with the ability to cause osteoclast activation
had yet been characterized.
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2.1. The cytokine era

After this, no substantial progress was made until the advent of the
cytokine era. The next significant paper came from San Antonio, Texas,
in 1987, now with Gregory Mundy as senior author and Ross Garrett as
first author [4]. By this time, a number of bone-resorbing leukocyte
cytokines had been identified, including interleukin-1 (IL-1)β, tumor
necrosis factor (TNF) and lymphotoxin (alias TNFβ). The experiments
were similar to those in the papers from 1974, but now they could
identify lymphotoxin as the possible culprit. However, two years later, a
Japanese group led by Atsushi Kuramoto in Hiroshima, made a case for
another cytokine, claiming that “IL-1β rather than lymphotoxin” was
the bone-resorbing protein produced by myeloma cells [5]. While
Garrett had used supernatants from allegedly myeloma cell lines, which
are immortalized myeloma cells, the Japanese group had studied su-
pernatant from primary myeloma cells, i.e. cells taken fresh from pa-
tients. Other groups confirmed these observations, largely with the
finding that cell lines made lymphotoxin, whereas supernatant from
fresh cells was dominated by IL-1β [6–8].

2.2. Importance of efficient cell sorting and cell authenticity

As it turned out, there were problems with both these approaches.
Some of the cell lines used at the time were in fact not genuine mye-
loma cells lines, but B cell lines immortalized by Epstein Barr virus
(EBV) [9,10]. In addition, cultures of primary myeloma cells were
generally not separated to purity higher than 90%. Even small numbers
of metabolically active cells, like monocytes, can produce large
amounts of cytokines, so cytokine production by contaminating cells
cannot be ruled out unless the culture purity is very high.

When we came into the field in the early nineties, we realized that
we needed to purify myeloma cells better than in previous studies. By
picking out myeloma cells with magnetic beads coated with a recently
commercially available antibody, termed B-B4, with claimed specificity
for myeloma cells, we were able to achieve 98–99% purity [11]. The
antigen recognized by this antibody was later found to be syndecan-1
(CD138) [12], and has since become a well-known marker for myeloma
cells. Using this method, we found that purified myeloma cells pro-
duced neither IL-1, nor IL-6, whereas the bone marrow cells that were
sorted away made both these cytokines [11]. IL-6 came into the lime-
light in MM research in 1988 when the journal Nature published a
paper by the Hiroshima group claiming that IL-6 was an autocrine
growth factor for myeloma cells [13]. They were right in the observa-
tion that IL-6 is a strong myeloma growth factor, but already in 1989 a
paper in Blood by Bernard Klein and colleagues from France, disputed
the origin of IL-6 in MM [14]. They found that IL-6 did not originate
from the myeloma cells, but from other cells in the microenvironment,
which was what we could confirm in our work [11]. The IL-1β question
remained controversial for a number of years, but now it is generally
believed that IL-1β is normally not produced to any large degree by
myeloma cells and is unlikely to be the prime cause of the bone disease
seen in MM ([15] and Fig. 1).

2.3. Not only activation of osteoclasts

In 1989, an important paper by Regis Bataille et al. appeared in the
Journal of Clinical Oncology [16]. Bataille studied the bone disease in
MM and found that not only did the cancer destruct bone; there was
also diminished bone formation. Healthy bone is constantly being re-
modeled by a balanced activity of bone-forming osteoblasts and bone-
degrading osteoclasts. Bataille saw increased osteoclast activity in vir-
tually all MM patients, including patients with relatively little MBD.
The defining trait for patients with excessive MBD was not increased
resorption of bone, but bone formation that did not match the increase
in degradation. These patients had lost the balance in the activity of the
two key cell types remodeling bone.

2.4. HGF

Inspired by Bataille's paper, we started to look for factors that could
act as inhibitors of osteoblasts. At the time, one realized that there
existed molecules that acted as coupling factors between osteoclasts
and osteoblasts. When osteoclasts increased their activity, coupling
factors would be activated and signal to osteoblasts that they had to
keep pace with the osteoclast in order to preserve bone density. A
possible coupling factor candidate was the cytokine transforming
growth factor β (TGFβ), which was known to be embedded in the bone
matrix and to be released for activity when bone was resorbed [17–19].
We established a biological assay for TGFβ and screened media in
which we had grown myeloma cells, for “activity” that inhibited TGFβ
[20,21]. As it turned out, some myeloma cell lines produced something
that totally abrogated the biological effect of TGFβ in our assay. From
the chemical properties of this “something”, we realized that it had to
be a protein. We purified the protein and had it sequenced. We were
disappointed that it was not an unknown protein, but hepatocyte
growth factor (HGF) [20], a cytokine that had been purified and cloned
a few years before by a Japanese group [22]. However, we soon rea-
lized that HGF could still be important in MM [23]. We found that the
average level of HGF was higher in serum from patients with MM than
in healthy controls [20]. Later, we published that increased HGF levels
were associated with an unfavorable prognosis for MM patients [24].
We also found that purified primary myeloma cells tended to express
HGF and at the same time to express its receptor, a tyrosine kinase
protooncoprotein called c-Met [20]. We demonstrated that c-Met could
be activated in an autocrine fashion in myeloma cells, leading to in-
creased proliferation or protection against apoptosis [20,25]. HGF
could also potentiate the effects of IL-6 on myeloma cell proliferation
[26].

HGF is a heparin-binding growth factor and we realized that it
would bind syndecan-1, the myeloma marker molecule, since syndecan-
1 is a proteoglycan with heparan sulfate side chains. We hypothesized
that syndecan-1, by presenting HGF to its high-affinity receptor c-Met,
would potentiate the effect of HGF, and showed this in a paper in 2000
[27]. Patrick Derksen in Steven Pals' research group in Amsterdam later
showed that such presentation of HGF to myeloma cells promoted
proliferation [28,29]. Although there were reports that HGF promoted
osteoclast formation and activity [30–32], the question remained
whether HGF really was the factor causing bone resorption in MM.

2.5. MIP-1α

In the meantime, other cytokines were shown to have bone-re-
sorbing properties and were detected as produced by myeloma cells or
by other cells in the bone marrow of patients with MM. Around the turn
of the century, work from G. David Roodman's lab demonstrated in-
creased levels of macrophage inflammatory protein (MIP)-1α in MM
bone marrow, whereas previous candidate molecules, IL-6, IL-1β and
lymphotoxin, were undetectable [33]. Antibodies against MIP-1α could
block bone resorption caused by MM bone marrow plasma in in vitro
experiments [33] and antisense RNA against MIP-1α blocked bone re-
sorption in vivo [34]. The latter experiment was done with ARH-77
cells, which are no longer considered real myeloma cells, but EBV-
transformed cells [9]. However, the expression of MIP-1α from a large
proportion of genuine myeloma cells is firmly documented (Fig. 1). The
same group later identified IL-3 as another possible mediator of mye-
loma-induced osteoclast stimulation [35].

2.6. RANKL and OPG

In 1997–98, the long-sought coupling factors between osteoblast-
and osteoclast activity were found. Receptor activator of nuclear factor-
kappa B ligand (RANKL) emerged as the prime osteoclast-activating
factor and osteoprotegerin (OPG) as a decoy receptor that binds and
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inactivates RANKL, thereby favoring bone formation [36,37]. Interest-
ingly, both seem to be produced mainly by pre-osteoblasts, osteoblasts
[38] and by osteocytes [38,39], although during inflammation certain T
cells can also make RANKL [40]. When the ratio between RANKL and
OPG is high, bone resorption predominates, and bone formation dom-
inates when the ratio is low. It was soon established that there is an
imbalance in MM between these two proteins in favor of RANKL
[41–44]. Some studies indicated production of RANKL by myeloma
cells [45], whereas others failed to do so [42]. Recently, available large
datasets from high-capacity sequencing of mRNA from purified patient
myeloma cells show lack of RANKL expression in the large majority of
patients (CoMMpass database IA12, Fig. 1), a finding that should rule
out direct production of RANKL by myeloma cells as the prime reason
for MBD. OPG is a heparan sulfate-binding protein and thus binds to the
heparan sulfate side chains of syndecan-1. We demonstrated that this
binding leads to internalization and degradation of OPG by myeloma
cells, a factor that could contribute to the altered RANKL/OPG balance
in patients with myeloma [46].

2.7. DKK1 and SFRP-3

The next major finding in the quest for factors that contribute to
bone degradation in MM came after the introduction of global gene
expression profiling. John D. Shaughnessy's lab in Bart Barlogie's group
in Arkansas were pioneers in the use of this technology and were able to
correlate gene expression in purified myeloma cells to the degree of
MBD in patients. The only genes encoding secreted factors within the
top 50 upregulated genes in myeloma cells from patients with a high
level of MBD, were genes coding for dickkopf 1 (DKK1) and secreted
frizzled-related protein (x)-3 (FRZB), both proteins from the Wnt family
[47,48]. DKK1 is an inhibitor of Wnt signaling, and in bone, it blocks
differentiation of osteoblasts, as seen by reduced production of alkaline
phosphatase (ALP) [48]. Antibodies against DDK-1 increased the
number of osteoblasts and suppressed the bone disease in MM mouse
models [49,50], and blocking SFRP-2, another inhibitor of Wnt sig-
naling, increased mineralization in an in vitro bone formation assay
[51].

2.8. More inhibitors of osteoblasts

The concept of MM-induced loss of bone formation was a con-
firmation of Regis Bataille's observations from the late 80s and was also
supported by subsequent work of Nicola Giuliani and colleagues who
saw reduced activity of the osteoblast transcription factor RUNX2/
CBFA1 in co-cultures of bone marrow cells and myeloma cells.
Myeloma cells had an inhibitory effect on osteocalcin, ALP and collagen
I mRNA levels in human preosteoblastic cells [52]. They suggested that
IL-7 could be a factor that mediated the observed osteoblast inhibition
[52]. The same group had earlier found IL-7 to be overexpressed in the
bone marrow of patients with MM and that it induced RANKL pro-
duction in T cells and thus promoted osteoclast activity [53]. They also
added IL-3 to the list of osteoblast-inhibiting molecules, although its
effect was indirect via CD45+ cells in the microenvironment [54].
Sonia Vallet and colleagues from Harvard Medical School found that
MIP-1α also had a direct inhibitory effect on osteoblast activity [55].

We studied the effects of HGF on bone cells in vitro and found that it
was inhibitory to osteoblast differentiation, much in the same way as

had been described for DKK1 [56]. Osteoblast development is promoted
by bone morphogenetic proteins (BMPs), leading to production of
RUNX2/CBFA1, ALP and osteocalcin. HGF prevented these signs of
BMP-induced osteoblast differentiation, and reduced formation of bone
nodules in vitro.We also found an inverse correlation between the levels
of HGF and markers of bone formation in serum from patients with MM
[56]. Myeloma cells were found to be the likely source of the elevated
level of this cytokine in serum [57]. Increased serum levels in MM
patients of the enzyme HGF activator, which converts pro-HGF to its
active form, suggests that HGF is not only present, but also bioactive in
the patients [58]. Positive immunohistochemical staining of phos-
phorylated c-Met in myeloma biopsies further supports an active HGF/
c-Met signaling axis in MM bone marrow [59].

Lately, yet another osteoblast-inhibiting molecule of the Wnt family,
sclerostin, has been implicated in MBD. Targeting sclerostin or its gene
SOST, prevented bone loss, reduced the number of osteolytic lesions
and increased bone formation in different preclinical MM models; and
inhibitors of sclerostin are emerging as promising drug candidates
against myeloma-induced bone disease [60–62]. While a few early re-
ports suggested that sclerostin was expressed by myeloma cells, it now
seems evident that osteocytes and to some extent other cells of the
osteoblast lineage, are the main producers of sclerostin in MM [60–62].
Since inhibiting sclerostin did not reduce tumor burden, treatment di-
rected against sclerostin will probably have to be combined with other
anti-myeloma drugs. Interestingly, DKK1 secretion from myeloma cells
may be key to enhance SOST expression by osteocytes/osteoblasts [60].
Evangelos Terpos and colleagues found significantly elevated levels of
sclerostin in the serum of patients who presented with bone fractures at
diagnosis, but the difference in serum levels between patients with
advanced MBD (>3 lytic lesions and/or fractures) and other patients
with myeloma did not meet statistical significance [63].

2.9. Other suspects

A series of additional molecules have been proposed as candidates
for mediating the bone disease. Some studies have focused on Notch
signaling. Inhibitors of Notch receptor signaling block MM-induced
osteoclast activation in vitro [64], as well as in vivo in a mouse model of
MM [65]. Previous reports of high expression of Notch ligands [66]
does not find support in expression data from purified myeloma cells in
the CoMMpass data base (Fig. 1), but Notch ligand expression may be
induced of by cell-to-cell contact in the microenvironment.

A study by Jesus Delgado-Calle and coworkers in Teresita Bellido's
lab in Indianapolis focused on direct physical interaction between
myeloma cells and osteocytes [65]. Osteocytes have been difficult to
study due to their relative inaccessibility as they are embedded in solid
bone. However, it is now realized that they are important in orches-
trating bone remodeling by balancing the expression of sclerostin,
RANKL, OPG and other molecules [67]. In patients with myeloma there
is increased osteocyte death, a situation that favors osteoclast activa-
tion, and osteocytes produce increased amounts of the osteoclast-acti-
vating cytokine IL-11 [68]. We found that HGF from myeloma cells
were able to induce IL-11 production in osteoblast-like cells [69].

Activin A is a cytokine that antagonizes BMP-6 and -9 [70] and
possibly inhibits osteoblast activity. In a panel of 18 detectable cyto-
kines in bone marrow plasma from patients with MM, activin A was the
only one that was significantly elevated in the subgroup of patients with

Fig. 1. RNA-seq data showing myeloma cell expression of a selection of genes that have been linked to myeloma bone disease.
Histograms of mRNA levels as quantified by RNA-seq of samples purified by positive selection of CD138+ myeloma cells from 766 patients (CoMMpass IA12
database). Individual samples are ordered by expression level. mRNA levels are shown in fragments per kilobase of exon per million reads mapped (FPKM). Note the
large differences in y-axis scale between plots. There is a skewed expression pattern of all genes, which makes it unlikely that any single gene expressed by myeloma
cells, is responsible for myeloma bone disease in all afflicted patients. FRZB, DKK1, HGF and CCL3 are expressed at a high level in a substantial number of patients,
which could indicate that each of these genes is of biological relevance in a subgroup of patients. JAG1 and DLL4 were the two Notch ligands with the highest
expression.
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MBD [71]. SDF-1α [72] and VEGF [73], both factors that have been
suggested to promote bone disease in MM, showed lower levels in pa-
tients with MBD, but these differences did not reach statistical sig-
nificance [71]. Other relevant cytokines were either undetectable (IL-
1β, IL-17, IL-32 and MIP-1α) or were not represented in the cytokine
array (IL-3, IL-7, IL-11, Lymphotoxin, DKK1, SFRP-3, HGF, GDF-15,
MIP-3α, RANKL and OPG). The main source of activin A was bone
marrow stromal cells. Myeloma cells secreted little or no activin A [71],
suggesting that myeloma cells instruct cells in their neighborhood to
produce this cytokine. Additional support for activin A as an important
mediator in MBD came from an MM mouse model where inhibition of
activin A by a decoy receptor stimulated bone formation and prevented
bone destruction [74].

Growth differentiation factor (GDF)-15 is another cytokine that has
been found in increased amount in serum from MM patients [75], and
which stimulates osteoclasts [76] and inhibits osteoblasts [75].

Brain-derived neurotrophic factor (BDNF) is yet another cytokine
with bone-destructive properties that has been implicated as a candi-
date for causing MBD [77,78]. BDNF induced RANKL production from
bone marrow stromal cells, and knockdown of BDNF in ARH-77 cells
rescued mice from the bone disease seen in mice grafted with wild-type
cells [77]. Again, it can be argued that ARH-77 cells are not genuine
myeloma cells. However, the same group, led by Yu Hu in Wuhan,
China, also demonstrated increased levels of BDNF in bone marrow
plasma from MM patients and saw positive correlation between BDNF
and MBD [79]. Similarly to many of the proposed culprits, BDNF shows
low or no expression in the majority of purified myeloma samples in the
CoMMpass data base (Fig. 1).

After it was found that Th17 cells could produce RANKL during
inflammation and activate osteoclasts [40], several reports demon-
strated a skewed balance of the T cell repertoire in MM bone marrow
towards a Th17 profile and production of IL-17 [80], possibly mediated
by dendritic cells [81] or by the action of another overexpressed cy-
tokine, MIP-3α (CCL20) [82]. Both IL-17 and MIP-3α can lead to os-
teoclast activation, but are themselves not myeloma cell products
[80,82]. In a recent study of correlations between MBD and levels of
selected cytokines in bone marrow, MIP-1α, MIP-3α, Activin-A and
DKK1 were significantly higher in patients with high bone disease than
in patients with low MBD [83]. Levels of IL-3 and RANKL did not come
out as significant in this study.

2.10. Lessons from expression studies

Ida Christensen in Niels Abildgaard's lab in Denmark examined
snap-frozen crude bone marrow samples from patients with MM with
quantitative PCR and looked for correlations with level of MBD. She
found significantly higher DKK1, FRZB, HGF and MET (c-Met gene)
expression in samples from patients with lytic bone disease, whereas a
series of other genes, including the genes encoding MIP-1α, RANK,
RANKL, OPG, syndecan-1 and sclerostin did not correlate significantly
with bone disease. In accordance with this, she found higher protein
levels of DKK1, SFRP-3 and HGF in bone marrow plasma from MM
patients with extensive bone disease than in similar samples from pa-
tients with low bone disease [84,85]. In other studies, positive corre-
lation with the extent of bone disease has also been found for serum
levels of MIP-1α [86,87]. In the study by Tsirakis and colleagues, the
extent of MBD correlated more strongly with HGF than with MIP-1α
[87].

Large-scale gene array studies revealed that expression of mRNA for
HGF was one of the traits that most significantly distinguished myeloma
cells from healthy plasma cells [88]. Interestingly, HGF and MET, were
ranked first and third on the list of angiogenesis-related genes that were
overexpressed in myeloma cells as compared to normal bone marrow
plasma cells [89]. Moreover, HGF was ranked number 21 on the list of
genes whose expression distinguished malignant plasma cells from
cancer cells purified from patients with chronic lymphocytic leukemia

and Waldenström's macroglobulinemia, two hematological malig-
nancies that do not cause bone destruction, but which otherwise are
closely related to MM [90]. It seems reasonable to presume that genes
whose expression is responsible for the perturbed bone remodeling in
patients with MM should appear on this list. Indeed, DKK1 and FRZB
were ranked number seven and nine, respectively. Other candidate
molecules mentioned in this review were absent among the>500
genes on this list, with the exception of the Notch ligand JAG1, which
was ranked number 519. Of course, even if the absence of a specific
mRNA on this list reduces the likelihood of that gene being highly ex-
pressed by myeloma cells, it does not exclude the corresponding protein
from being an important mediator of the bone disease. It might well be
that other cells in the bone marrow are instructed by myeloma cells to
express a given bone-destructive protein.

2.11. Role of exosomes

In recent years, it has become evident that communication between
myeloma cells and other cells in the bone marrow is not only mediated
by soluble factors and direct cell-cell contact but also by extracellular
vesicles (EVs) or exosomes. The cargo of EVs/exosomes is dependent on
microenvironmental cues. In our lab, we found that upon hypoxia both
primary myeloma cells and cell lines express the pro-inflammatory
cytokine IL-32 and that IL-32 is exported from the cells in EVs. Such EVs
promoted osteoclast activation both in vitro and in vivo [91]. Im-
portantly, silencing IL-32 in JJN3 myeloma cells significantly reduced
the osteolytic capacity of this cell line, demonstrating the potent effect
of this particular cytokine on osteoclast activation. Patients with MBD
have higher expression of IL-32 in the plasma cells than patients
without bone disease, supporting that IL-32 may play a role for the
development of bone disease [91]. A recent study also nicely demon-
strated that MM-cell-derived EVs in addition to enhancing osteoclast
differentiation also potently inhibited osteoblast differentiation in a
MM mouse model [92]. Whether exosome secretion is a useful target in
the treatment of myeloma bone disease remains to be investigated.

2.12. Role of non-coding RNAs

Exosomes carry not only protein cargo, but also non-coding RNAs.
And recent research has revealed that bone remodeling is heavily in-
fluenced by RNAs that do not code for proteins but have various reg-
ulatory roles [93,94]. In a paper by Bingzong Li and colleagues from
China they demonstrated that exosomes from MM cell lines carried a
long non-coding RNA called lncRUNX2-AS1 [95]. When delivered to
mesenchymal stromal cells (MSCs), this RNA targeted mRNA coding for
the transcription factor RUNX2 and thereby inhibited differentiation of
the stem cells to osteogenic cells. Small non-coding RNAs may also play
a role by regulating translation of mRNAs. A recent paper from Irene
Ghobrial's lab at Harvard, written together with colleagues from Den-
mark, focused on microRNA-138 (miR-138), which is one of several
miRNAs that target mRNAs coding for proteins that are important for
osteogenic differentiation of MSCs [96]. They showed that miR-138 is
overexpressed by myeloma cells and by MSCs from myeloma patients.
Targeting miR-138 by an anti-miR-138 oligonucleotide increased os-
teogenic differentiation of MSCs and increased the number of osteo-
blastic linage cells in a multiple myeloma mouse model.

3. Current diagnostics of MBD

MBD is a serious clinical manifestation of MM and may have a major
negative impact on quality of life. Active bone disease can be detected
in> 80% of patients with MM [97]. It causes fractures leading to pain
and often changes in body shape, including sometimes 10–15 cm
shortening of height. MBD constitutes one of the so-called CRAB criteria
[hypercalcemia (C), renal impairment (R), anemia (A), bone destruc-
tion (B)] that distinguishes MM from smoldering myeloma and from the
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premalignant condition monoclonal gammopathy of undetermined
significance (MGUS). This means that start of MBD heralds that an
active cancer has developed from a slowly developing plasma cell dis-
order and that the patient now will benefit from treatment.

We can distinguish two types of bone destructions. Osteolytic le-
sions with destruction of cortical bone is the most obvious and can be
detected by conventional skeletal survey (X-ray) and low-dose whole-
body CT. CT is the more sensitive and will pick up approximately 25%
more lesions in the axial skeleton and flat bones, but not in the long
bones [98].

Low-dose whole body CT is therefore recommended as the standard
investigation of MBD. A second, more subtle type of bone disease de-
structs trabecular bone in the bone marrow and appears as focal lesions
by magnetic resonance imaging (MRI) or PET-CT. These lesions have
prognostic significance and indicate that treatment should be started.
The recommended diagnostic set up is therefore screening for MBD by
low-dose whole body CT. If this demonstrates bone disease, no further
examinations are required. If no bone disease is detected, the ex-
aminations should be supplemented by MRI (whole body or spine/
pelvis) or PET-CT in patients with seemingly smoldering myeloma. This
extended examination is not required in patients with MGUS without
pain, who rarely have these lesions. However, not all modalities for
bone examination are available in all hospitals and the diagnostic
procedures must be adjusted accordingly. More details can be found in
a recent update [99].

4. Current treatment of MBD

Anti-myeloma treatment is also the best treatment against the bone
disease. Treatment directed more specifically against MBD can be di-
vided in two: prophylactic treatment and treatment against osteolytic
lesions and their consequences. The latter includes radiation against
painful lesions and surgery and will not be discussed further.

Prophylactic treatment with bisphosphonates has been standard
care since the 1990s. Several bisphosphonates such as zoledronic acid,
pamidronate and clodronate, have been used, today most commonly
zoledronic acid. Bisphosphonates are pyrophosphate analogues that
bind to hydroxyapatite and are incorporated into areas of active bone
remodeling [100]. All bisphosphonates share a core phosphate‑carbon-
phosphate backbone, but their potency varies dependent on the com-
position of the two side chains coupled to the central carbon atom.

Bisphosphonate given to MM patients reduces time to first skeletal-
related events. Zoledronic acid and pamidronate were compared di-
rectly and had an equal effect [101].

Interestingly, a study comparing clodronate and zoledronic acid
demonstrated that zoledronic acid extended overall survival by
5.5 months [102]. These results confirm preclinical studies indicating a
direct anti-myeloma effect of zoledronic acid. Pamidronate may also
have a similar effect as indicated in a Cochrane network meta-analysis
[103].

The only approved treatment specifically targeting one of the mo-
lecules that have been discussed in this review as mediators of MBD, is
denosumab, a monoclonal antibody against RANKL. In a phase 3 clin-
ical trial, the effect of denosumab was found to be equipotent to that of
zoledronic acid [104]. Due to its higher cost, denosumab is seldom used
except in myeloma patients with renal failure, for whom bispho-
sphonates may have harmful side effects.

Several other drugs targeting molecular mediators of the bone dis-
ease are being explored, but have not yet reached full documentation
for clinical use.

5. Future considerations

Can we arrive at a conclusion about the question of how myeloma
causes bone degradation? When we started looking for myeloma-pro-
duced molecules that could explain this important manifestation of the
disease, we presumed that there would be a single protein or a unifying
molecular program that was responsible in all MM patients with MBD.
Many hypotheses have been put forward over the years and most of
them have focused on a specific extracellular protein with signaling
properties. However, today, almost thirty years later, nobody has come
up with a mechanism that can explain the disease in every patient. If we
look at the expression in primary myeloma cells of genes coding for
proteins that have been implicated in MBD, we have difficulty finding a
candidate molecule that can be involved in every patient (Fig. 1, Fig. 2
and Table 1). The majority of genes are expressed at such low levels
that it is difficult to imagine that their gene product could be re-
sponsible for anything unless maybe in a small fraction of patients. The
genes encoding RANKL, IL-1β, lymphotoxin, IL-3, IL-7, sclerostin, ac-
tivin-A, Notch ligands, BDNF and GDF-15 fall within this group. The
expression patterns of other candidate molecules are also conspicuously
skewed across a population of patients (Fig. 1). Genes coding for MIP-
1α, DKK1, HGF and SFRP-3 are active in a substantial number of pa-
tients, but each of them relatively silent in a higher proportion of pa-
tients than the percentage who do not suffer from bone disease.

So then, what is the unifying pattern we are unable to see? The
presence of monoclonal immunoglobulin in the circulation is a unifying
trait of most MM patients. We recently demonstrated that serum pro-
teins are differently glycosylated in MM patients compared with
healthy individuals [105]. In rheumatoid arthritis, altered N-glycosy-
lation of autoantibodies promotes bone loss [106], and it will be in-
teresting to explore if immunoglobulins play a similar role in MBD.

Alternatively, maybe the unifying pattern is benefit from bone de-
struction to myeloma cells no matter how the destruction is accom-
plished. Could it be that myeloma cells are dependent on some product
from active osteoclasts, and have a series of strategies to promote the
production of this substance (Fig. 2)? In support of this notion, in an
elegant study using two-photon intravital microscopy, Michelle Lawson
and colleagues in Peter Croucher's lab demonstrated that osteoclast
activation promoted reactivation of dormant myeloma cells [107].
Thus, our quest should perhaps focus more on the interaction between
myeloma cells and osteoclasts and particularly on osteoclast products.

Practice points

• The bone disease is a particular trait of multiple myeloma, affecting
over 80% of patients.

• MBD causes pain and pathological fractures, leading to serious
suffering for many patients.

• MBD is far from fully understood. To form a basis for new treatment

Fig. 2. Proteins proposed to be involved in myeloma bone disease.
The figure depicts proteins that directly affect either osteoblast or osteoclast
activity and are found in a substantial fraction of myeloma cases at a level that
correlates with extent of bone disease.
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it is important to understand better how MBD develops.

• Many bioactive proteins have been implicated as mediators of MBD,
but only a few of them firmly documented as myeloma cell products
in a substantial proportion of patients: SFRP-3, DKK1, HGF and MIP-
1α.

• Clinical studies targeting the identified cytokines or their down-
stream signaling pathways should be conducted with level of MBD
as a clinical endpoint.

Research agenda

• There is likely to be a vicious circle between myeloma cells and
osteoclasts where they stimulate each other.

• The components of this circle can best be identified through re-
search focused on the interplay between myeloma cells and other
cells in the microenvironment: osteoclasts, osteoblast, osteocytes
and immune cells.

• The effect of immunoglobulin glycosylation of bone metabolism
should be examined.
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