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Multiple myeloma (MM) is one of the most common forms of hematologic malignancy
resulting from cancerous proliferation of mature malignant plasma cells (MPCs). But
despite the real improvement in therapeutics in the past years, it remains largely incur-
able. MM is the most frequent cancer to involve bone due to the stimulation of osteoclast
(OCL) differentiation and activity. OCLs have a unique capacity to resorb bone. However,
recent studies reveal that they are not restrained to this sole function. They participate
in the control of angiogenesis, medullary niches, and immune responses, including in
MM. Therefore, therapeutic approaches targeting OCLs probably affect not only bone
resorption but also many other functions, and OCLs should not be considered anymore
only as targets to improve the bone phenotype but also to modulate bone microenviron-
ment. In this review, we explore these novel contributions of OCLs to MM which reveal
their strong implication in the MM physiopathology. We also underline the therapeutic
interest of targeting OCLs not only to overcome bone lesions, but also to improve bone
microenvironment and anti-tumoral immune responses.

Keywords: osteoimmunology, osteoclast, multiple myeloma, myeloma bone disease, immunomodulation,
hematopoietic niche

INTRODUCTION

Representing 13% of hematologic and 1% of all the cancers (1), multiple myeloma (MM) is the most
common form of hematologic malignancy after non-Hodgkin lymphoma and the most frequent
cancer to involve bone (2). MM is a plasma cell neoplasm of complex etiology, resulting from a
cancerous proliferation of mature malignant plasma cells (MPCs) and characterized by the produc-
tion of monoclonal intact immunoglobulins or immunoglobulin free light or free heavy chains. MM
arises from the interaction between adverse environmental and inherited genetic risk factors (3).
While the therapy of MM has greatly improved in the past 15 years, its prognosis remains poor and
a better understanding of the mechanisms involved in the disease is still needed.

Genetic analysis has demonstrated that the pre-MPCs share some of the mutations associated
with MM and that the disease progresses through multiple genetic waves of MM cell clones (3, 4).
Indeed, during the course of the disease, the clonal composition of MPCs changes while they acquire
further genetic abnormalities. These changes result in patients in the presence of multiple subclones
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genetically distinct (5-7) that further expand or compete for
stromal niches within the bone marrow (BM) in a landscape that
is continually changed by therapies (4).

Malignant plasma cells originate from the lymph nodes and
migrate to the BM where they localize in contact with BM stromal
cells (8, 9). The interaction of MPCs with BM stromal cells is
crucial for their homing, survival, and proliferation and results
in secondary pathologic conditions, such as bone destruction
by osteoclasts (OCLs) recruited around MPCs (10). This bone
destruction stimulates tumor growth through the release of
growth factors from the bone matrix and results in severe bone
pain and pathological fractures in the vast majority of patients
presenting with MM. It also causes hypercalcemia, immunosup-
pression, and increased susceptibility to infections (11).

Osteoclasts are multinucleated giant cells of hematopoietic
origin having a unique capacity to resorb the bone matrix. Recent
studies, including from our group, have provided new finding
demonstrating that OCLs are not only bone-resorbing cells but
they are also involved in broader functions. OCLs regulate BM
niches for hematopoietic stem cells (12, 13), B cell progenitors
(14), and MPCs (15). They are capable of driving immune T cell
response toward immunosuppression or inflammation according
to their origin and to their environment (16-19), and participate
in maintaining an immune suppressive environment in MM
conditions (20).

Hence, because of these emerging pieces of evidence that
OCLs may participate in the physiopathology of MM by modu-
lating the immune response and the preservation of MPCs in the
BM, their full clinical impact has yet to be more deeply evaluated.
This review addresses this newly identified contribution of OCLs
to MM, in particular their interactions with MPCs and their
immunomodulatory function. It brings a more precise knowl-
edge of the implication of OCLs in the physiopathology of MM
that leads to consider targeting of OCLs as a complementary
approach to improve MM therapy (21).

MYELOMA BONE DISEASE

Multiple myeloma evolves through various distinct clinical
phases, including asymptomatic monoclonal gammopathy of
undetermined significance (MGUS) and smoldering multiple
myeloma (SMM; also known as asymptomatic myeloma).
Presence of MPCs cells in the BM is a hallmark of MM. These
cells are arising from the B cell lineage. They are complex cells
with a morphological, cytogenetical, and phenotypic diversity,
characterized by the expression of different markers. As normal
plasma cells, MPCs express CD38 and CD138. CD138 (synde-
can-1) is a proteoglycan that binds growth factors, chemokines,
cytokines, and extracellular matrix components and regulates
the interactions between MPCs and their environment (22,
23). CD38 is a transmembrane glycoprotein having the ability
to interact with CD31 and having ecto-enzyme activities. It is
involved in the regulation migration, adhesion, activation, and
survival of leukocytes, including normal and MPCs (22, 24), as
well as in bone remodeling (25) as described below, making it a
very good therapeutic target (24). Myeloma cells are also charac-
terized by the expression of SLAMF7, a glycoprotein expressed

in hematopoietic cells, such as NK or CD8"* T cells and overex-
pressed by MPCs (26, 27). SLAMF7 plays an important role in the
interaction between myeloma cells and BM stromal cells.

Multiple myeloma is characterized by the development
of bone lytic lesions in up to 90% of the patients resulting in
myeloma bone disease (2). In the BM, interaction between
MPCs and BM stromal cells induces an alteration of the dynamic
balance between bone formation and bone resorption. It results
in an increased OCL differentiation and activity and a decreased
osteoblast (OBL) number leading to the development of bone
lesions that could extend from discrete lytic lesions to osteopenia
affecting any part of skeleton, but preferably the spine, skull, and
long bones (28). By the end of the nineteenth century, the first
description of MM was a disease making bones deficient and
fragile and “multiple” referred to several bones affected at a time.
These osteolyticlesions were identified by X-rays in 1903 by Weber
and whole body skeletal radiography remained the traditional
gold standard for identification of lytic bone lesion. However, it
does not detect early bone lesions and underestimates the extent
of bone involvement (29) and low-dose computed tomography,
magnetic resonance imaging, and positron emission tomography
with computed tomography are now recommended for a more
sensitive evaluation of myeloma patients (30, 31).

OCL ACTIVATION IN MYELOMA

Multiple myeloma is the most frequent cancer to involve skeleton
with up to 90% of patients developing bone lesions affecting the
axial and appendicular skeleton during the disease course (32).
MM symptoms are dominated by bone marks, such as bone pain
(70-80% of the patients), fractures (50-60%), hypercalcemia
(15%), and spinal cord compression (2-3%). Osteolytic lesions
are a major cause of morbidity, decreased quality of life, poor
mobility, and possible mortality (33).

This bone destruction is due to the over-activation of OCLs,
the main if not the exclusive cells specialized in bone resorption.
OCLs are multinucleated giant cells derived from monocytic
precursor cells, mainly monocytes (MNs). In steady state,
OCL differentiation requires close interactions with BM mes-
enchymal stromal cells (MSCs) and bone-forming OBLs that
produce the two main factors required for OCL differentiation:
macrophage-colony stimulating factor (M-CSF) and receptor
activator of NFkB (RANK) ligand (RANKL) (Figure 1A)
(34, 35). M-CSF is involved at early stages of OCL differen-
tiation by playing a role in the survival and proliferation of
OCL precursors. Interaction between RANK expressed on pre-
OCLs and RANKL expressed on MSCs, OBLs, and osteocytes
plays a key role in the differentiation, fusion, survival, and activ-
ity of OCLs, whereas osteoprotegerin (OPG), a decoy receptor
for RANK ligand secreted mainly by stromal cells, inhibits
RANK-RANKL signaling (35-38). Active OCLs are character-
ized by a very important extra- and intra-cellular proteolytic
activity and a secretion of protons necessary for the degradation
of the bone matrix (39). Bone resorption releases from the bone
matrix growth factors that activate OBL differentiation, such
as TGFp, BMP2, IGE or PDGF (40). Hence, in steady state,
OCL and OBL differentiation and activity are tightly coupled
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FIGURE 1 | Osteoclast (OCL) development in steady state and multiple myeloma (MM). (A) In steady state, osteoclasts (OCLs) derive from monocytes (MN) under
the influence of M-CSF and RANKL produce by osteoblasts (OBLs) and mesenchymal stromal cells (MSCs). (B) In MM environment, malignant plasma cells (MPC)
produce and stimulate the production of RANKL by MSCs leading to a higher OCL differentiation. In the presence of such high levels of RANKL and IL-17 produced
by Th17 cells, OCLs arise not only from MNs but also from dendritic cells (DCs). Moreover, MPCs form OCL-like polycaryons in the presence of high RANKL levels.
Combination of these mechanisms lead to a dramatic increase of OCLs and to bone lesions.

to maintain bone homeostasis and integrity (40). However,
under pathological conditions related to bone destruction, this
coupling is altered and the expression of RANKL and M-CSF is
dramatically increased mainly due to the production of inflam-
matory cytokines by immune cells, in particular CD4* T cells.
Pro-inflammatory cytokines, such as IL-1f, IL-6, TNF-a, and
IL-17, can positively influence this osteoclastic differentiation
directly (41, 42) or through OBLs (43) or Th17 lymphocytes to
increase RANKL production (Figure 1B) (44-46).

As in inflammatory conditions, the coupling between OCLs
and OBLs is altered in MM. Myeloma cells interact with other
cells of the bone microenvironment to increase their survival and
proliferation which also results in other pathologic conditions
such as bone destruction by the OCLs recruited around myeloma
cells (10). But contrasting with metastatic tumors such as breast
and prostate cancers in which both the osteoclastic and osteo-
blastic activities are increased, no bone formation is observed in
MM (47). Indeed, myeloma bone disease is related not only to
OCL hyperactivity but also to an inhibition of OBL function
(48). Comparative transcriptomic analysis revealed that the Wnt
inhibitor Dickkopf 1 known to block OBL differentiation is highly
expressed in MPCs from MM patients with bone lesion compared
to normal plasma cells or plasma cells from MM patients without
bone lesions, suggesting that inhibition of OBL differentiation in
MM is also mediated by MPCs (10).

Regarding OCLs, myeloma cells trigger a coordinated
upregulation in RANKL and decrease in OPG expression by BM
MSCs and OBLs leading to an increased OCL differentiation
and activity in patients (49-52). MPCs express RANKL (53) and
interact with MSCs through the VLA-4d integrin to stimulate
their production of RANKL (Figure 1B) (50). Several other
factors that are upregulated during MM have been shown to
contribute to OCL formation independently from RANKL.
Macrophage inflammatory protein-1 alpha (MIP-1 alpha) and
IL-3 are overexpressed in the BM of MM patients in correlation
with the severity of the disease and induce OCL differentiation
in vitro (54-56). Interestingly, the effect of IL-3 has been shown

to be mediated by the production of Activin A by CD14* MNs
(57). In addition to increase osteoclastogenesis, this mechanism
participates in the decrease of OBL formation (57). Blocking of
Activin A in a humanized murine model of MM ameliorates the
bone phenotype and inhibits tumor growth (58).

The MM BM environment not only provides a dramatic
increase in osteoclastogenic factors but also favors the recruit-
ment of various OCL progenitors. In conditions of very high
RANKL production, the differentiation of OCLs differs from
steady state since OCLs not only differentiate from MNs but also
from dendritic cells (DCs) (Figure 1B). In 2004, Rivollier et al.
reported for the first time the in vitro differentiation of human
DCs generated from circulating blood MNs toward mature OCLs
under M-CSF and RANKL stimulation and in the presence of
synovial fluid from arthritic patients (59). This differentiation
pathway has also been reported in vivo where it requires the
presence of CD4* T cells producing IL-17 and responsible for a
high RANKL expression (60). This differentiation pathway arises
from different DCs subsets: immature DCs generated in vitro
(19, 59), conventional splenic MHC-II* CD11c* DCs and even
DCs matured in the presence of LPS or CpG (60). Nevertheless,
not all DC subtypes share the same plasticity, since conventional
DCs have a higher potential for generating mature OCs than
plasmacytoid DCs (60). The DC-derived OCLs probably rep-
resent an important pool of OCLs in inflammatory conditions
(19, 61). Interestingly, the differentiation of OCLs from DCs has
also been reported in MM (Figure 1B). In myeloma, BM resident
DCs recruit CD4* T cells and prime Th17 differentiation (62).
Presence of Th17 cells in the BM is associated with increased
OCL differentiation (45) in particular from DCs (60). Moreover,
in MM patients, the proportion of Th17 cells is correlated with
the severity of bone lesions and in vitro, IL-17 stimulates the dif-
ferentiation of bone-resorbing OCLs not only from BM cells (63)
but also from DCs from MM patients (64).

Several studies have suggested that, in addition of providing
osteoclastogenic factors, MCPs could participate more directly
in bone resorption. Murine MM cells have been reported to have
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the capacity to resorb bone in vitro (65). After long-term culture,
human myeloma cell lines generate adherent polycaryons that
express OCL markers, such as tartrate-resistant acid phos-
phatase and calcitonin receptor, and are able to resorb mineral-
ized matrix (66). These observations were further supported by
a study showing that OCLs from MM patients contain nuclei
baring translocated chromosome originating from MPC clones,
suggesting that MCP can directly contribute to OCL formation
in MM patients (67).

These data highly suggest that the combination of an overex-
pression of osteoclastogenic factors and the recruitment of vari-
ous OCL precursors participate in the increased OCL formation
and bone lesions in myeloma.

OCLs AND MYELOMA CELL NICHES

Myeloma cells have a tropism for the bone medullary compart-
ment. The BM structure is complex and comprises multiple cell
types, including MSCs and their derivatives, endothelial cells,
neuronal cells, immune cells, and hematopoietic stem and
progenitor cells (HSPCs) (68). The BM provides specialized
environments known as niches that maintain HSPCs, control
their fate, and the balance between their dormancy and prolif-
eration thanks to the expression of growth factors, chemokines,
adhesion molecules, and transmembrane ligands, as well as
extracellular matrix components (68). Two main HSC niches
have been defined for HSCs, the endosteal niche located close
to the trabecular bone and involving osteoblastic cells, and the
perivascular niche. However, the endosteal region is highly
vascularized making difficult to clearly identified the exact
contribution of each of these niches (69).

In addition, a number of cell types participate in the niches
and their regulation, including OCLs (68, 70). In osteopetrotic
mice lacking active OCLs, HSCs do not colonize the BM because
of defective niches characterized by an impaired OBL differen-
tiation and a decreased expression of the main niche factors
(13). Restoration of OCL activity is sufficient for recovering OBL
differentiation, functional niches, and HSC homing in the BM
(13). Equivalent mechanisms were also involved in the niches for
B cell progenitors (14). Blocking of OCL activity also modulates
BM plasma cell niches (71). Moreover, bone-resorbing OCLs
have been identified as regulators of HSPC mobilization under
stress conditions (12). Stress-activated OCLs over produce
proteolytic enzymes that inactivate some of the signals involved
in stem cell anchorage and retention participating to HSPCs
mobilization (12).

Bone marrow niches are not only involved in normal
hematopoiesis but also in maintaining cancer cells, including
malignant hematopoietic cells. Alsayed et al. have showed that,
as for HSCs, homing of MM cells to the BM is dependent on the
expression of SDF-1 by OBLs and MSCs and CXCR4 on MM
cells (72). Intravital microscopy analysis in mice has demon-
strated that, once in the BM, part of MCPs are maintained as
dormant cells in close proximity to the endosteal niche region.
These cells are more tumorigenic than other MCPs and are
resistant to anti-cancer therapies (15, 73). Moreover, activa-
tion of OCLs by RANKL injection results in a release of MCPs

from the endosteal region and a decreased number of dormant
MCPs in the BM, indicating that OCL control reactivation of
dormant myeloma cells by remodeling the endosteal niche (15)
as described for HSCs (12).

The vascular niche is also important for MPCs. Angiogenesis
is an essential step in tumor progression and malignant cells
require vascularization to survive and proliferate. Reciprocal
interaction and cross stimulation between MCPs producing
vascular-endothelial growth factor (VEGF) and stromal cells
producing IL-6 represent a potent regulatory mechanism con-
tributing to increased vascularization in MM (74). Interestingly,
OCLs are also participating to BM vascularization. As described
for bone formation, bone resorption is coupled with angiogenesis
mainly because OCLs produce and release VEGF from the bone
matrix through the production of MMP9 (75, 76). Participation
of OCLs to angiogenesis has also been reported in MM where
osteopontin produced by OCLs cooperates with VEGF produced
by MPCs to increase angiogenesis (77). Inhibition of OCL func-
tion reduces BM angiogenesis and tumor burden in mice (78).

Overall, these data strongly support a key role of OCLs in
the maintaining of MPCs in the BM through their control of
BM niches and angiogenesis (Figure 2). How alteration in the
BM niches participates in the progression of MGUS to SMM and
MM is still a matter of research (79) and the role of OCLs in these
alterations remains to determine.

OCLs AND IMMUNOSUPPRESSIVE
MYELOMA ENVIRONMENT

Tumor development is highly dependent on immune escape and
impaired immune surveillance, including in MM (80). Crosstalk
between MPCs and their environment favors the expansion of
immune-suppressive cells and reduces the anti-tumor function
of immune competent cells (81). Among these mechanisms, MM
cells produce themselves IL-10 and other factors, such as ICOS-L
that induce regulatory T (Treg) cells (82). In turn, Treg cells pro-
duce larger amount of immunosuppressive IL-10 and TGFf than
in healthy patients (83) and their proportion correlates with poor
prognosis (84). NK cells are present in patients but have func-
tional defects mediated by a high expression of programmed cell
death 1 (PD-1) that binds to its ligand PD-L1 expressed on MM
cells, participating to immune escape (85). MM cells also induce
the development of myeloid-derived suppressor cells (MDSCs)
that participate in the suppression of T cell responses and in the
induction of Treg in part by producing arginase, reactive oxygen
species, and nitric oxide (86-88). They also promote angiogenesis
and support tumor growth (89). Moreover, MDSCs represent
OCL progenitors and this potential is increased in MDSCs from
MM patients (90).

While all these mechanisms have been largely documented,
the contribution of OCLs to immunomodulation has been
neglected for a long time. Nevertheless, OCLs derive from the
myeloid lineage and share with other monocytic cells the capac-
ity to modulate immune responses and interact with T cells as
revealed by an increasing number of data including from our
team (16, 19, 20, 70). Because they can arise from DCs, their
capacity to process and present antigens has been evaluated.
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FIGURE 2 | Contribution of osteoclasts (OCLs) to multiple myeloma (MM). OCLs may contribute to MM through different mechanisms. Producing proteases and
proton, they are responsible not only for bone lesions but also for remodeling the endosteal niches and controlling the maintenance of dormant malignant plasma
cells (MPCs). They also promote angiogenesis required for tumor cell survival and proliferation and tumor progression. Subsets of OCLs produce
immunosuppressive cytokines and induce regulatory T (Treg) cells in an antigen-dependent manner. Lastly, OCLs express checkpoint proteins that participate in the

Ag presentation

OCLs express MHC-II and the costimulatory molecules CD80
and CD86 in vitro (17, 19, 59) and in vivo (19) and process and
present antigens (17, 19). In 2009, Kiesel et al. first reported
that OCLs from healthy mice are able to cross present antigens
inducing thereby the formation of CD8* FoxP3* Treg cells
having an immunosuppressive function in vitro (16). In 2016,
Ibanez et al. demonstrated that OCLs derived from normal BM
express immunosuppressive cytokines (IL-10, TGFp) and polar-
ize CD4" T cells toward immunosuppressive CD4* Treg cells in
an antigen-dependent manner (19). By contrast, OCLs derived
from inflamed BM fail to induce Treg cells but instead they are
very efficient in driving TNFa-producing CD4* T cells (19). This
study revealed for the first time the existence of different subsets
of OCLs having opposite effect on T cell polarization depending
on their cell origin and their environment (19).

In addition to this antigen-specific induction of different T cell
subsets, OCLs have also been described as suppressive cells in
steady state. Human OCLs derived from blood MN suppress
T cell activation and proliferation independently from antigen
presentation (18). Immune suppression by OCLs has also been
reported in the context of MM. Many checkpoint molecules such
as PD-LI1, IDO HVEM, Galectin-9, and CD200 used by MPCs
to escape immune surveillance are also expressed in OCLs from
MM patients at a higher level than in MPCs and participate in
T cell apoptosis or suppression (20). OCLs from patients protect
MM cells against T cell cytolytic function through PD-L1 and
IDO (20). OCLs also share with MCPs the expression of CD38.
Treatment of OCLs with anti-CD38 antibodies downregulates
expression of checkpoints proteins and reduces their immuno-
suppressive effect (20). These new findings on the participation

of OCLs not only to bone lesion, but also to immune suppres-
sion point OCLs as key players in promoting MM development
(Figure 2).

THERAPEUTIC TARGETING OF OCLs IN
MM

Over the past 15 years, identification of the impact of the micro-
environment in cancer pathogenesis has transformed the thera-
peutic of MM with the develoment of drugs targeting the tumor
in its microenvironment, such as proteasome inhibitors (PIs) and
immunomodulatory drugs (IMiDs) (91, 92). These new thera-
pies aim not only at inducing MPC apoptosis or blocking MPC
proliferation but also at reducing angiogenesis and immunosup-
pression and at stimulating anti-tumoral responses. Interestingly,
as OCLs are involved in many of these functions, these therapies
also target the newly identified OCL functions.

By blocking the process of protein degradation necessary
for many cellular functions mediated by proteasome, such as
proliferation, activity, growth, and repair, PIs induce cellular
apoptosis. Proliferating cancer cells, including myeloma cells,
have a higher proteasome activity than normal cells and are
more susceptible to PIs than normal cells. PIs have cytotoxic and
growth inhibitory effects on MPCs (93-95) but they also display
anti-osteoclastic, pro-osteoblastic, and anti-angiogenesis effects
(96, 97). They inhibit the NF-xB and p38 MAP kinase path-
ways, they downregulate NFATc1, TRAF6, and the secretion of
inflammatory cytokines, such as MIP-1a, BAFF, APRIL, IL-6,
TNF-a, and IL-1, all involved in osteoclastogenesis (98-103).
Moreover, PIs increase the expression of BMP2, a potent inducer
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of OBL differentiation, and prevent the degradation of Runx2,
the master gene of osteoblastogenesis, leading to new bone
formation (104).

Immunomodulatory drugs have significant anti-myeloma
activity (105). They induce MPC apoptosis, enhance anti-
myeloma CTL and NK cell immunity and have antiangiogenic
activity (106-110). Their mechanism of action includes caspase-
8-mediated apoptosis, inhibition of the binding of MPCs to
BM stromal cells, modulation of cytokine secretion, induction
of immunogenic T, NK and NK-T cells, and downregulation
of Treg cells (111). IMiDs also display anti-osteoclastogenic
effects (99, 112) by affecting the lineage commitment of OCL
precursors and downregulating critical factors involved in OCL
differentiation and activity, such as PU.1, cathepsin K, and
RANKL (99, 112, 113).

More recently, several anti-tumor mAbs have entered clinical
testing in MM, inducing tumor cell death, reducing immune
suppression, or stimulating anti-tumor immune responses.
Because OCLs share the expression of many markers with
MCP, they represent additional targets for these therapeutic
approaches. Among these mAbs are the anti-CD38 mAbs (114).
They induce myeloma cell death directly or through NK cell
stimulation and complement-mediated cytotoxicity (115, 116).
Interestingly, CD38 is highly expressed on OCLs and is involved
in bone remodeling as evidenced by the reduced bone density
observed in young CD38~'~ mice, a phenotype that disappears
with age (25). CD38 is supposed to participate in the coupling
between the OCL metabolism activity and calcium sensing, all
required for bone resorption (25). In human, blocking of CD38
by anti-CD38 mAb inhibits in vitro the differentiation of MNs
from MM patients into OCLs (117). Moreover, it reduces the
immune suppressive activity of OCLs on T cell function by
blocking the expression of immune checkpoint by OCLs (20).

Another example is the PD-1/PD-L1 axis, a master immune
checkpoint regulating anti-tumor immune responses. PD-L1
is overexpressed in MDSCs, DC but also OCLs in the MM
microenvironment. The binding between PD-L1 expressed on
these cells and PD-1 on T lymphocytes results in the inhibition
of T cell proliferation and cytokine secretion and in an increase in
Treg cells resulting in immune suppression (118, 119). Blockade
of this axis using an anti-PD-L1 Ab increases CD4"* T cell prolif-
eration and CTL activity against human MM cells in vitro (120)
and is curative in a murine model of myeloma in combination
with antagonists of the IAP (inhibitors of apoptosis) proteins
(121). These approaches are under evaluation in clinical trials.
During their differentiation, OCLs upregulate immune inhibi-
tory proteins, including PD-L1, that protect MPCs from immune
responses. Thus OCLs are also likely to be targeted by these novel
therapeutic strategies.

More specific approaches aim at blocking OCL differentiation
and activity, such as bisphosphonates (BPs). Zoledronic acid or
pamidronate are recommended for preventing skeletal-related
events in patients with MM. However, they display side effects
such as renal toxicity or osteonecrosis of the jaw (122). Novel
inhibitors of OCL differentiation are under evaluation in MM,
as Denosumab, a humanized anti-RANKL neutralizing antibody.
Other molecules involved in bone destruction may represent

interesting novel therapeutic targets. In particular, with the recent
identification of the divergent immunomodulatory effects of the
two OCL subsets (19), specific markers of these subsets should
be identified and evaluated in preclinical studies to generate
new therapeutic approaches specifically targeting each of these
populations.

CONCLUDING REMARKS

Despite the development of therapies targeting MPCs, MM
remains largely incurable (123). The disease relapse is mainly
due to immune escape and persistence in BM-specific niches
of dormant MCPs that are resistant to therapy. Modifications
of the cellular and molecular interactions in the BM during
the course of the disease provide a microenvironment that
favors these conditions. Thus, targeting MPCs is not sufficient
and novel therapeutic strategies combining different targets,
e.g., MCPs, immune checkpoints, and BM environment, are
emerging (81).

In this sense, OCLs have long been considered only as
responsible for bone lesions because of the pro-osteoclastogenic
effect of MCPs. But as presented above, an increasing number
of reports revealed that their function is not limited to bone
resorption and that they may participate in modifications of BM
niches, angiogenesis, myeloma cell maintenance, and immune
suppression. Therefore, therapeutic approaches targeting OCLs
probably affect not only bone resorption but also many other
functions, and OCLs should not be considered anymore only
as targets to improve the bone phenotype but also to improve
immune responses.

Blocking bone resorption by BP or other inhibitors of bone
resorption maybe toolimited to control all the detrimental effects
of OCLs in myeloma. Moreover, MCP dormancy is a reversible
state that can be switched “oft” by OCLs (15). Thus, if inhibition
of bone resorption is beneficial for bone lesions and reduces
angiogenesisand tumor burden (78),it mayalso participatein the
maintenance of MCP dormancy and resistance to therapy. Lastly,
the identification of different OCLs subsets that induce immune
tolerance or stimulate immunogenic responses revealed that
targeting the harmful effects of OCLs in MM is probably much
more complex than what has been envisaged up to now (19).
A better understanding of the origin, function, and phenotype
of the different OCL subsets is necessary to develop new
approaches targeting specifically certain subsets of OCLs at
certain phases of the disease, as done for other immune cells.

AUTHOR CONTRIBUTIONS

AM and CB-W wrote the manuscript. AM, CB-W, and AW
reviewed the manuscript.

ACKNOWLEDGMENTS

The work of the authors was supported by the “Fondation pour
la Recherche Médicale” (Equipe FRM DEQ20130326467), the
“Agence Nationale de la Recherche” (ANR-13-BSV1-0021 and
ANR-16-CE14-0030).

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 954


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Mansour et al.

Implication of OCLs in MM

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Palumbo A, Anderson K. Multiple myeloma. N Engl ] Med (2011) 364:1046—

60. doi:10.1056/NEJMral011442

. Roodman GD. Pathogenesis of myeloma bone disease. Leukemia (2009)

23:435-41. doi:10.1038/leu.2008.336

. Morgan GJ, Walker BA, Davies FE. The genetic architecture of multiple

myeloma. Nat Rev Cancer (2012) 12:335-48. d0i:10.1038/nrc3257

. Bahlis NJ. Darwinian evolution and tiding clones in multiple myeloma.

Blood (2012) 120:927-8. doi:10.1182/blood-2012-06-430645

. Kyle RA, Rajkumar SV. Multiple myeloma. N Engl ] Med (2004) 351:1860-73.

doi:10.1056/NEJMra041875

. Walker BA, Wardell CP, Melchor L, Hulkki S, Potter NE, Johnson DC, et al.

Intraclonal heterogeneity and distinct molecular mechanisms characterize
the development of t(4;14) and t(11;14) myeloma. Blood (2012) 120:1077-86.
doi:10.1182/blood-2012-03-412981

. Walker BA, Wardell CP, Melchor L, Brioli A, Johnson DC, Kaiser MF, et al.

Intraclonal heterogeneity is a critical early event in the development of
myeloma and precedes the development of clinical symptoms. Leukemia
(2014) 28:384-90. d0i:10.1038/leu.2013.199

. Billadeau D, Ahmann G, Greipp P, Van Ness B. The bone marrow of multiple

myeloma patients contains B cell populations at different stages of differenti-
ation that are clonally related to the malignant plasma cell. J Exp Med (1993)
178:1023-31. doi:10.1084/jem.178.3.1023

. Matsui W, Huff CA, Wang Q, Malehorn MT, Barber ], Tanhehco Y, et al.

Characterization of clonogenic multiple myeloma cells. Blood (2004)
103:2332-6. doi:10.1182/blood-2003-09-3064

Tian E, Zhan E Walker R, Rasmussen E, Ma Y, Barlogie B, et al. The role
of the Wnt-signaling antagonist DKK1 in the development of osteolytic
lesions in multiple myeloma. N Engl ] Med (2003) 349:2483-94. doi:10.1056/
NEJMoa030847

Anderson KC, Shaughnessy JD, Barlogie B, Harousseau J-L, Roodman GD.
Multiple myeloma. Hematology Am Soc Hematol Educ Program (2002)
2002:214-40. doi:10.1182/asheducation-2002.1.214

Kollet O, Dar A, Shivtiel S, Kalinkovich A, Lapid K, Sztainberg Y, etal. Osteoclasts
degrade endosteal components and promote mobilization of hematopoietic
progenitor cells. Nat Med (2006) 12:657-64. doi:10.1038/nm1417

Mansour A, Abou-Ezzi G, Sitnicka E, Jacobsen SEW, Wakkach A, Blin-
Wakkach C. Osteoclasts promote the formation of hematopoietic stem cell
niches in the bone marrow. J Exp Med (2012) 209:537-49. doi:10.1084/
jem.20110994

Mansour A, Anginot A, Mancini SJC, Schiff C, Carle GE, Wakkach A, et al.
Osteoclast activity modulates B-cell development in the bone marrow. Cell
Res (2011) 21:1102-15. doi:10.1038/cr.2011.21

Lawson MA, McDonald MM, Kovacic N, Hua Khoo W, Terry RL, Down ],
et al. Osteoclasts control reactivation of dormant myeloma cells by
remodelling the endosteal niche. Nat Commun (2015) 6:8983. doi:10.1038/
ncomms9983

Kiesel JR, Buchwald ZS, Aurora R. Cross-presentation by osteoclasts induces
FoxP3 in CD8+ T cells. JImmunol (2009) 182:5477-87. doi:10.4049/
jimmunol.0803897

Li H, Hong S, Qian ], Zheng Y, Yang J, Yi Q. Cross talk between the bone
and immune systems: osteoclasts function as antigen-presenting cells and
activate CD4+ and CD8+ T cells. Blood (2010) 116:210-7. doi:10.1182/
blood-2009-11-255026

Grassi E, Manferdini C, Cattini L, Piacentini A, Gabusi E, Facchini A, et al.
T cell suppression by osteoclasts in vitro. J Cell Physiol (2011) 226:982-90.
doi:10.1002/jcp.22411

Ibafiez L, Abou-Ezzi G, Ciucci T, Amiot V, Belaid N, Obino D, et al.
Inflammatory osteoclasts prime TNFa-producing CD4(+) T cells and
express CX3 CRI. JBone Miner Res (2016) 31:1899-908. doi:10.1002/
jbmr.2868

AnG, Acharya C,Feng X, Wen K, Zhong M, ZhangL, etal. Osteoclasts promote
immune suppressive microenvironment in multiple myeloma: therapeutic
implication. Blood (2016) 128:1590-603. doi:10.1182/blood-2016-03-707547
Mansour A. Emerging Roles of Osteoclasts in the Modulation of bone
Microenvironment in Multiple Mpyeloma. Medicine’s thesis. Marseille:
University of Aix Marseille (2017).

22.

23.

24.

25.

26.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lin P, Owens R, Tricot G, Wilson CS. Flow cytometric immunophenotypic
analysis of 306 cases of multiple myeloma. Am J Clin Pathol (2004) 121:482-8.
doi:10.1309/74R4-TB90-BUWH-27]X

Reijmers RM, Spaargaren M, Pals ST. Heparan sulfate proteoglycans in the
control of B cell development and the pathogenesis of multiple myeloma.
FEBS J (2013) 280:2180-93. doi:10.1111/febs.12180

van de Donk NWCJ, Janmaat ML, Mutis T, Lammerts van Bueren J]J,
Ahmadi T, Sasser AK, et al. Monoclonal antibodies targeting CD38 in
hematological malignancies and beyond. Immunol Rev (2016) 270:95-112.
doi:10.1111/imr.12389

Sun L, Igbal ], Dolgilevich S, Yuen T, Wu X-B, Moonga BS, et al. Disordered
osteoclast formation and function in a CD38 (ADP-ribosyl cyclase)-deficient
mouse establishes an essential role for CD38 in bone resorption. FASEB |
(2003) 17:369-75. doi:10.1096/1).02-0205com

Lonial S, Dimopoulos M, Palumbo A, White D, Grosicki S, Spicka I, et al.
Elotuzumab therapy for relapsed or refractory multiple myeloma. N Engl
J Med (2015) 373:621-31. doi:10.1056/NEJMoal505654

. WangY, SanchezL, Siegel DS, Wang ML. Elotuzumab for the treatment of mul-

tiple myeloma. ] Hematol Oncol (2016) 9:55. doi:10.1186/s13045-016-0284-z
Kyle RA, Therneau TM, Rajkumar SV, Larson DR, Plevak MF, Melton LJ.
Incidence of multiple myeloma in Olmsted County, Minnesota: trend over 6
decades. Cancer (2004) 101:2667-74. doi:10.1002/cncr.20652

Durie BG, Salmon SE. High speed scintillation autoradiography. Science
(1975) 190:1093-5. doi:10.1126/science.1188385

Regelink JC, Minnema MC, Terpos E, Kamphuis MH, Raijmakers PG,
Pieters-van den Bos IC, et al. Comparison of modern and conventional
imaging techniques in establishing multiple myeloma-related bone disease:
a systematic review. Br ] Haematol (2013) 162:50-61. doi:10.1111/bjh.12346
Silbermann R, Roodman GD. Current controversies in the management
of myeloma bone disease. ] Cell Physiol (2016) 231:2374-9. doi:10.1002/
jep.25351

van Lammeren-Venema D, Regelink JC, Riphagen II, Zweegman S,
Hoekstra OS, Zijlstra JM. "*F-fluoro-deoxyglucose positron emission tomog-
raphy in assessment of myeloma-related bone disease: a systematic review.
Cancer (2012) 118:1971-81. doi:10.1002/cncr.26467

Cocks K, Cohen D, Wisloff E Sezer O, Lee S, Hippe E, et al. An international
field study of the reliability and validity of a disease-specific questionnaire
module (the QLQ-MY20) in assessing the quality of life of patients with mul-
tiple myeloma. Eur ] Cancer (2007) 43:1670-8. doi:10.1016/j.ejca.2007.04.022
Yoshida H, Hayashi S-I, Kunisada T, Ogawa M, Nishikawa §,
Okamura H, et al. The murine mutation osteopetrosis is in the coding region
of the macrophage colony stimulating factor gene. Nature (1990) 345:442-4.
doi:10.1038/345442a0

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al.
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation
and activation. Cell (1998) 93:165-76. doi:10.1016/S0092-8674(00)81569-X
Nakagawa N, Kinosaki M, Yamaguchi K, Shima N, Yasuda H, Yano K, et al.
RANK is the essential signaling receptor for osteoclast differentiation factor
in osteoclastogenesis. Biochem Biophys Res Commun (1998) 253:395-400.
doi:10.1006/bbrc.1998.9788

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Liithy R, et al.
Osteoprotegerin: a novel secreted protein involved in the regulation of bone
density. Cell (1997) 89:309-19. doi:10.1016/50092-8674(00)80209-3

Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C, et al. OPGL is
a key regulator of osteoclastogenesis, lymphocyte development and lymph-
node organogenesis. Nature (1999) 397:315-23. doi:10.1038/16852
Edwards JR, Mundy GR. Advances in osteoclast biology: old findings and
new insights from mouse models. Nat Rev Rheumatol (2011) 7:235-43.
doi:10.1038/nrrheum.2011.23

Sims NA, Martin TJ. Coupling signals between the osteoclast and osteoblast:
how are messages transmitted between these temporary visitors to the bone
surface? Front Endocrinol (2015) 6:41. doi:10.3389/fendo.2015.00041

Jimi E, Nakamura I, Duong LT, Ikebe T, Takahashi N, Rodan GA, et al.
Interleukin 1 induces multinucleation and bone-resorbing activity of
osteoclasts in the absence of osteoblasts/stromal cells. Exp Cell Res (1999)
247:84-93. doi:10.1006/excr.1998.4320

Roodman GD. Interleukin-6: an osteotropic factor? ] Bone Miner Res (1992)
7:475-8. doi:10.1002/jbmr.5650070502

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 954


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1056/NEJMra1011442
https://doi.org/10.1038/leu.2008.336
https://doi.org/10.1038/nrc3257
https://doi.org/10.1182/blood-2012-06-430645
https://doi.org/10.1056/NEJMra041875
https://doi.org/10.1182/blood-2012-03-412981
https://doi.org/10.1038/leu.2013.199
https://doi.org/10.1084/jem.178.3.1023
https://doi.org/10.1182/blood-2003-09-3064
https://doi.org/10.1056/NEJMoa030847
https://doi.org/10.1056/NEJMoa030847
https://doi.org/10.1182/asheducation-2002.1.214
https://doi.org/10.1038/nm1417
https://doi.org/10.1084/jem.20110994
https://doi.org/10.1084/jem.20110994
https://doi.org/10.1038/cr.2011.21
https://doi.org/10.1038/ncomms9983
https://doi.org/10.1038/ncomms9983
https://doi.org/10.4049/jimmunol.0803897
https://doi.org/10.4049/jimmunol.0803897
https://doi.org/10.1182/blood-2009-11-255026
https://doi.org/10.1182/blood-2009-11-255026
https://doi.org/10.1002/jcp.22411
https://doi.org/10.1002/jbmr.2868
https://doi.org/10.1002/jbmr.2868
https://doi.org/10.1182/blood-2016-03-707547
https://doi.org/10.1309/74R4-TB90-BUWH-27JX
https://doi.org/10.1111/febs.12180
https://doi.org/10.1111/imr.12389
https://doi.org/10.1096/fj.02-0205com
https://doi.org/10.1056/NEJMoa1505654
https://doi.org/10.1186/s13045-016-0284-z
https://doi.org/10.1002/cncr.20652
https://doi.org/10.1126/science.1188385
https://doi.org/10.1111/bjh.12346
https://doi.org/10.1002/jcp.25351
https://doi.org/10.1002/jcp.25351
https://doi.org/10.1002/cncr.26467
https://doi.org/10.1016/j.ejca.2007.04.022
https://doi.org/10.1038/345442a0
https://doi.org/10.1016/S0092-8674(00)81569-X
https://doi.org/10.1006/bbrc.1998.9788
https://doi.org/10.1016/S0092-8674(00)80209-3
https://doi.org/10.1038/16852
https://doi.org/10.1038/nrrheum.2011.23
https://doi.org/10.3389/fendo.2015.00041
https://doi.org/10.1006/excr.1998.4320
https://doi.org/10.1002/jbmr.5650070502

Mansour et al.

Implication of OCLs in MM

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishiyama S,
et al. IL-17 in synovial fluids from patients with rheumatoid arthritis is a
potent stimulator of osteoclastogenesis. ] Clin Invest (1999) 103:1345-52.
doi:10.1172/]JCI5703

Sato K, Suematsu A, Okamoto K, Yamaguchi A, Morishita Y, Kadono Y,
et al. Th17 functions as an osteoclastogenic helper T cell subset that links
T cell activation and bone destruction. J Exp Med (2006) 203:2673-82.
doi:10.1084/jem.20061775

Ciucci T, Ibafez L, Boucoiran A, Birgy-Barelli E, Péne J, Abou-Ezzi G, et al.
Bone marrow Th17 TNFa cells induce osteoclast differentiation, and link bone
destruction to IBD. Gut (2015) 64:1072-81. doi:10.1136/gutjnl-2014-306947
Wakkach A, Rouleau M, Blin-Wakkach C. Osteoimmune interactions
in inflammatory bowel disease: central role of bone marrow Th17 TNFa
cells in osteoclastogenesis. Front Immunol (2015) 6:640. doi:10.3389/
fimmu.2015.00640

Roodman GD. Pathogenesis of myeloma bone disease. Blood Cells Mol Dis
(2004) 32:290-2. doi:10.1016/j.bcmd.2004.01.001

Giuliani N, Rizzoli V, Roodman GD. Multiple myeloma bone disease: patho-
physiology of osteoblast inhibition. Blood (2006) 108:3992-6. doi:10.1182/
blood-2006-05-026112

Pearse RN, Sordillo EM, Yaccoby S, Wong BR, Liau DE, Colman N, et al.
Multiple myeloma disrupts the TRANCE/osteoprotegerin cytokine axis to
trigger bone destruction and promote tumor progression. Proc Natl Acad Sci
US A (2001) 98:11581-6. doi:10.1073/pnas.201394498

Giuliani N, Bataille R, Mancini C, Lazzaretti M, Barillé S. Myeloma cells
induce imbalance in the osteoprotegerin/osteoprotegerin ligand system in the
human bone marrow environment. Blood (2001) 98:3527-33. doi:10.1182/
blood.V98.13.3527

Sezer O, Heider U, Zavrski I, Kithne CA, Hofbauer LC. RANK ligand
and osteoprotegerin in myeloma bone disease. Blood (2003) 101:2094-8.
doi:10.1182/blood-2002-09-2684

Hameed A, Brady JJ, Dowling P, Clynes M, O'Gorman P. Bone disease in
multiple myeloma: pathophysiology and management. Cancer Growth
Metastasis (2014) 7:33-42. doi:10.4137/CGM.S16817

Farrugia AN, Atkins GJ, To LB, Pan B, Horvath N, Kostakis P, et al. Receptor
activator of nuclear factor-kappaB ligand expression by human myeloma cells
mediates osteoclast formation in vitro and correlates with bone destruction
in vivo. Cancer Res (2003) 63:5438-45.

Han JH, Choi ], Kurihara N, Koide M, Oba Y, Roodman GD. Macrophage
inflammatory protein-lalpha is an osteoclastogenic factor in myeloma that
is independent of receptor activator of nuclear factor kappaB ligand. Blood
(2001) 97:3349-53. doi:10.1182/blood.V97.11.3349

Lee JW, Chung HY, Ehrlich LA, Jelinek DE, Callander NS, Roodman GD,
et al. IL-3 expression by myeloma cells increases both osteoclast formation
and growth of myeloma cells. Blood (2004) 103:2308-15. doi:10.1182/
blood-2003-06-1992

Choi §], Cruz JC, Craig F, Chung H, Devlin RD, Roodman GD, et al.
Macrophage inflammatory protein 1-alpha is a potential osteoclast stimula-
tory factor in multiple myeloma. Blood (2000) 96:671-5.

Silbermann R, Bolzoni M, Storti P, Guasco D, Bonomini S, Zhou D, et al.
Bone marrow monocyte-/macrophage-derived activin A mediates the osteo-
clastogenic effect of IL-3 in multiple myeloma. Leukemia (2014) 28:951-4.
doi:10.1038/leu.2013.385

Vallet S, Mukherjee S, Vaghela N, Hideshima T, Fulciniti M, Pozzi S, et al.
Activin A promotes multiple myeloma-induced osteolysis and is a promising
target for myeloma bone disease. Proc Natl Acad Sci U S A (2010) 107:5124.
doi:10.1073/pnas.0911929107

Rivollier A, Mazzorana M, Tebib ], Piperno M, Aitsiselmi T, Rabourdin-
Combe C, et al. Immature dendritic cell transdifferentiation into osteoclasts:
a novel pathway sustained by the rheumatoid arthritis microenvironment.
Blood (2004) 104:4029-37. doi:10.1182/blood-2004-01-0041

Wakkach A, Mansour A, Dacquin R, Coste E, Jurdic P, Carle GF, et al. Bone
marrow microenvironment controls the in vivo differentiation of murine
dendritic cells into osteoclasts. Blood (2008) 112:5074-83. doi:10.1182/
blood-2008-01-132787

Laperine O, Blin-Wakkach C, Guicheux J, Beck-Cormier S, Lesclous P.
Dendritic-cell-derived osteoclasts: a new game changer in bone-resorp-
tion-associated diseases. Drug Discov Today (2016) 21:1345-54.d0i:10.1016/j.
drudis.2016.04.022

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Dhodapkar KM, Barbuto S, Matthews P, Kukreja A, Mazumder A,
Vesole D, et al. Dendritic cells mediate the induction of polyfunctional
human IL17-producing cells (Th17-1 cells) enriched in the bone marrow
of patients with myeloma. Blood (2008) 112:2878-85. doi:10.1182/
blood-2008-03-143222

Noonan K, Marchionni L, Anderson J, Pardoll D, Roodman GD, Borrello 1.
A novel role of IL-17-producing lymphocytes in mediating Iytic bone disease
in multiple myeloma. Blood (2010) 116:3554. doi:10.1182/blood-2010-
05-283895

Tucci M, Stucci S, Savonarola A, Ciavarella S, Cafforio P, Dammacco F, et al.
Immature dendritic cells in multiple myeloma are prone to osteoclast-like
differentiation through interleukin-17A stimulation. Br ] Haematol (2013)
161:821-31. doi:10.1111/bjh.12333

McDonald DF, Schofield BH, Prezioso EM, Adams VL, Frondoza CA,
Trivedi SM, et al. Direct bone resorbing activity of murine myeloma cells.
Cancer Lett (1983) 19:119-24. doi:10.1016/0304-3835(83)90145-3

Calvani N, Cafforio P, Silvestris F, Dammacco F. Functional osteoclast-like
transformation of cultured human myeloma cell lines. Br ] Haematol (2005)
130:926-38. doi:10.1111/j.1365-2141.2005.05710.x

Andersen T, Boissy P, Sondergaard T, Kupisiewicz K, Plesner T, Rasmussen T,
etal. Osteoclast nuclei of myeloma patients show chromosome translocations
specific for the myeloma cell clone: a new type of cancer-host partnership?
J Pathol (2007) 211:10-7. doi:10.1002/path.2078

Morrison SJ, Scadden DT. The bone marrow niche for haematopoietic stem
cells. Nature (2014) 505:327-34. doi:10.1038/nature12984

Beerman I, Luis TC, Singbrant S, Lo Celso C, Méndez-Ferrer S. The evolving
view of the hematopoietic stem cell niche. Exp Hematol (2017) 50:22-6.
doi:10.1016/j.exphem.2017.01.008

Blin-Wakkach C, Rouleau M, Wakkach A. Roles of osteoclasts in the control
of medullary hematopoietic niches. Arch Biochem Biophys (2014) 561:29-37.
doi:10.1016/j.abb.2014.06.032

Teufel S, Grotsch B, Luther ], Derer A, Schinke T, Amling M, et al. Inhibition
of bone remodeling in young mice by bisphosphonate displaces the plasma
cell niche into the spleen. ] Immunol (2014) 193:223-33. doi:10.4049/
jimmunol.1302713

Alsayed Y, Ngo H, Runnels J, Leleu X, Singha UK, Pitsillides CM, et al.
Mechanisms of regulation of CXCR4/SDF-1 (CXCL12)-dependent migration
and homing in multiple myeloma. Blood (2007) 109:2708-17. doi:10.1182/
blood-2006-07-035857

Chen Z, Orlowski RZ, Wang M, Kwak L, McCarty N. Osteoblastic niche
supports the growth of quiescent multiple myeloma cells. Blood (2014)
123:2204-8. doi:10.1182/blood-2013-07-517136

Harousseau J-L, Shaughnessy J, Richardson P. Multiple myeloma. Hematology
Am  Soc Hematol Educ Program (2004) 2004:237-56. doi:10.1182/
asheducation-2004.1.237

Cackowski FC, Anderson JL, Patrene KD, Choksi RJ, Shapiro SD,
Windle JJ, et al. Osteoclasts are important for bone angiogenesis. Blood
(2010) 115:140-9. doi:10.1182/blood-2009-08-237628

Chiusaroli R, Sanjay A, Henriksen K, Engsig MT, Horne WC, Gu H,
et al. Deletion of the gene encoding c-Cbl alters the ability of osteoclasts
to migrate, delaying resorption and ossification of cartilage during the
development of long bones. Dev Biol (2003) 261:537-47. doi:10.1016/
S0012-1606(03)00299-9

Tanaka Y, Abe M, Hiasa M, Oda A, Amou H, Nakano A, et al. Myeloma
cell-osteoclast interaction enhances angiogenesis together with bone
resorption: a role for vascular endothelial cell growth factor and oste-
opontin. Clin Cancer Res (2007) 13:816-23. doi:10.1158/1078-0432.
CCR-06-2258

Croucher PI, De Hendrik R, Perry MJ, Hijzen A, Shipman CM, Lippitt ], et al.
Zoledronic acid treatment of 5T2MM-bearing mice inhibits the development
of myeloma bone disease: evidence for decreased osteolysis, tumor burden
and angiogenesis, and increased survival. ] Bone Miner Res (2003) 18:482-92.
doi:10.1359/jbmr.2003.18.3.482

Hideshima T, Mitsiades C, Tonon G, Richardson PG, Anderson KC.
Understanding multiple myeloma pathogenesis in the bone marrow to iden-
tify new therapeutic targets. Nat Rev Cancer (2007) 7:585-98. doi:10.1038/
nrc2189

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144:646-74. d0i:10.1016/j.cell.2011.02.013

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 954


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1172/JCI5703
https://doi.org/10.1084/jem.20061775
https://doi.org/10.1136/gutjnl-2014-306947
https://doi.org/10.3389/fimmu.2015.00640
https://doi.org/10.3389/fimmu.2015.00640
https://doi.org/10.1016/j.bcmd.2004.01.001
https://doi.org/10.1182/blood-2006-05-026112
https://doi.org/10.1182/blood-2006-05-026112
https://doi.org/10.1073/pnas.201394498
https://doi.org/10.1182/blood.V98.13.3527
https://doi.org/10.1182/blood.V98.13.3527
https://doi.org/10.1182/blood-2002-09-2684
https://doi.org/10.4137/CGM.S16817
https://doi.org/10.1182/blood.V97.11.3349
https://doi.org/10.1182/blood-2003-06-1992
https://doi.org/10.1182/blood-2003-06-1992
https://doi.org/10.1038/leu.2013.385
https://doi.org/10.1073/pnas.0911929107
https://doi.org/10.1182/blood-2004-01-0041
https://doi.org/10.1182/blood-2008-01-132787
https://doi.org/10.1182/blood-2008-01-132787
https://doi.org/10.1016/j.drudis.2016.04.022
https://doi.org/10.1016/j.drudis.2016.04.022
https://doi.org/10.1182/blood-2008-03-143222
https://doi.org/10.1182/blood-2008-03-143222
https://doi.org/10.1182/blood-2010-05-283895
https://doi.org/10.1182/blood-2010-05-283895
https://doi.org/10.1111/bjh.12333
https://doi.org/10.1016/0304-3835(83)90145-3
https://doi.org/10.1111/j.1365-2141.2005.05710.x
https://doi.org/10.1002/path.2078
https://doi.org/10.1038/nature12984
https://doi.org/10.1016/j.exphem.2017.01.008
https://doi.org/10.1016/j.abb.2014.06.032
https://doi.org/10.4049/jimmunol.1302713
https://doi.org/10.4049/jimmunol.1302713
https://doi.org/10.1182/blood-2006-07-035857
https://doi.org/10.1182/blood-2006-07-035857
https://doi.org/10.1182/blood-2013-07-517136
https://doi.org/10.1182/asheducation-2004.1.237
https://doi.org/10.1182/asheducation-2004.1.237
https://doi.org/10.1182/blood-2009-08-237628
https://doi.org/10.1016/S0012-1606(03)00299-9
https://doi.org/10.1016/S0012-1606(03)00299-9
https://doi.org/10.1158/1078-0432.CCR-06-2258
https://doi.org/10.1158/1078-0432.CCR-06-2258
https://doi.org/10.1359/jbmr.2003.18.3.482
https://doi.org/10.1038/nrc2189
https://doi.org/10.1038/nrc2189
https://doi.org/10.1016/j.cell.2011.02.013

Mansour et al.

Implication of OCLs in MM

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Kawano Y, Moschetta M, Manier S, Glavey S, Gorgiin GT, Roccaro AM,
et al. Targeting the bone marrow microenvironment in multiple myeloma.
Immunol Rev (2015) 263:160-72. doi:10.1111/imr.12233

Feyler S, Scott GB, Parrish C, Jarmin S, Evans P, Short M, et al. Tumour
cell generation of inducible regulatory T-cells in multiple myeloma is con-
tact-dependent and antigen-presenting cell-independent. PLoS One (2012)
7:¢35981. doi:10.1371/journal.pone.0035981

Beyer M, Kochanek M, Giese T, Endl E, Weihrauch MR, Knolle PA, et al.
In vivo peripheral expansion of naive CD4+CD25high FoxP3+ regulatory
T cells in patients with multiple myeloma. Blood (2006) 107:3940-9.
doi:10.1182/blood-2005-09-3671

Giannopoulos K, Kaminska W, Hus I, Dmoszynska A. The frequency of
T regulatory cells modulates the survival of multiple myeloma patients:
detailed characterisation of immune status in multiple myeloma. Br ] Cancer
(2012) 106:546-52. doi:10.1038/bjc.2011.575

Benson DM, Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B,
et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple
myeloma effect: a therapeutic target for CT-011, a novel monoclonal anti-PD-1
antibody. Blood (2010) 116:2286-94. doi:10.1182/blood-2010-02-271874
Favaloro ], Brown R, Aklilu E, Yang S, Suen H, Hart D, et al. Myeloma skews
regulatory T and pro-inflammatory T helper 17 cell balance in favor of a
suppressive state. Leuk Lymphoma (2014) 55:1090-8. doi:10.3109/1042819
4.2013.825905

Favaloro J, Liyadipitiya T, Brown R, Yang S, Suen H, Woodland N, et al.
Myeloid derived suppressor cells are numerically, functionally and pheno-
typically different in patients with multiple myeloma. Leuk Lymphoma (2014)
55:2893-900. doi:10.3109/10428194.2014.904511

Gorgiin GT, Whitehill G, Anderson JL, Hideshima T, Maguire C,
Laubach J, et al. Tumor-promoting immune-suppressive myeloid-derived
suppressor cells in the multiple myeloma microenvironment in humans.
Blood (2013) 121:2975-87. doi:10.1182/blood-2012-08-448548

Binsfeld M, Muller J, Lamour V, De Veirman K, De Raeve H,
Bellahcéne A, et al. Granulocytic myeloid-derived suppressor cells pro-
mote angiogenesis in the context of multiple myeloma. Oncotarget (2016)
7:37931-43. doi:10.18632/oncotarget.9270

Zhuang J, Zhang J, Lwin ST, Edwards JR, Edwards CM, Mundy GR, et al.
Osteoclasts in multiple myeloma are derived from Gr-14+-CD11b+myeloid-
derived suppressor cells. PLoS One (2012) 7:e48871. doi:10.1371/journal.
pone.0048871

Korde N, Roschewski M, Zingone A, Kwok M, Manasanch EE, Bhutani M,
et al. Treatment with carfilzomib-lenalidomide-dexamethasone with lena-
lidomide extension in patients with smoldering or newly diagnosed multiple
myeloma. JAMA Oncol (2015) 1:746-54. doi:10.1001/jamaoncol.2015.2010
Lonial S, Anderson KC. Association of response endpoints with survival
outcomes in multiple myeloma. Leukemia (2014) 28:258-68. doi:10.1038/
leu.2013.220

Bianchi G, Oliva L, Cascio P, Pengo N, Fontana F, Cerruti F, et al. The
proteasome load versus capacity balance determines apoptotic sensitivity of
multiple myeloma cells to proteasome inhibition. Blood (2009) 113:3040-9.
doi:10.1182/blood-2008-08-172734

Hideshima T, Richardson P, Chauhan D, Palombella V], Elliott PJ, Adams J,
et al. The proteasome inhibitor PS-341 inhibits growth, induces apoptosis,
and overcomes drug resistance in human multiple myeloma cells. Cancer
Res (2001) 61:3071-6.

Obeng EA, Carlson LM, Gutman DM, Harrington W], Lee KP, Boise LH.
Proteasome inhibitors induce a terminal unfolded protein response
in multiple myeloma cells. Blood (2006) 107:4907-16. doi:10.1182/
blood-2005-08-3531

Mohty M, Malard E, Mohty B, Savani B, Moreau P, Terpos E. The effects
of bortezomib on bone disease in patients with multiple myeloma. Cancer
(2014) 120:618-23. d0i:10.1002/cncr.28481

Roccaro AM, Hideshima T, Raje N, Kumar S, Ishitsuka K, Yasui H, et al.
Bortezomib mediates antiangiogenesis in multiple myeloma via direct
and indirect effects on endothelial cells. Cancer Res (2006) 66:184-91.
doi:10.1158/0008-5472.CAN-05-1195

Boissy P, Andersen TL, Lund T, Kupisiewicz K, Plesner T, Delaissé JM.
Pulse treatment with the proteasome inhibitor bortezomib inhibits osteo-
clast resorptive activity in clinically relevant conditions. Leuk Res (2008)
32:1661-8. doi:10.1016/j.leukres.2008.02.019

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Breitkreutz I, Raab MS, Vallet S, Hideshima T, Raje N, Mitsiades C, et al.
Lenalidomide inhibits osteoclastogenesis, survival factors and bone-re-
modeling markers in multiple myeloma. Leukemia (2008) 22:1925-32.
doi:10.1038/leu.2008.174

Hongming H, Jian H. Bortezomib inhibits maturation and function of osteo-
clasts from PBMCs of patients with multiple myeloma by downregulating
TRAF6. Leuk Res (2009) 33:115-22. doi:10.1016/j.]leukres.2008.07.028

von Metzler I, Krebbel H, Hecht M, Manz RA, Fleissner C, Mieth M, et al.
Bortezomib inhibits human osteoclastogenesis. Leukemia (2007) 21:2025-34.
doi:10.1038/sj.leu.2404806

Pennisi A, Li X, Ling W, Khan S, Zangari M, Yaccoby S. The proteasome
inhibitor, bortezomib suppresses primary myeloma and stimulates bone for-
mation in myelomatous and nonmyelomatous bones in vivo. Am ] Hematol
(2009) 84:6-14. doi:10.1002/ajh.21310

Accardi F, Toscani D, Bolzoni M, Palma BD, Aversa E, Giuliani N. Mechanism
of action of bortezomib and the new proteasome inhibitors on myeloma cells
and the bone microenvironment: impact on myeloma-induced alterations
of bone remodeling. Biomed Res Int (2015) 2015:172458. doi:10.1155/
2015/172458

Garrett IR, Chen D, Gutierrez G, Zhao M, Escobedo A, Rossini G, et al.
Selective inhibitors of the osteoblast proteasome stimulate bone forma-
tion in vivo and in vitro. J Clin Invest (2003) 111:1771-82. doi:10.1172/
JCI16198

Quach H, Ritchie D, Stewart AK, Neeson P, Harrison S, Smyth M]J, et al.
Mechanism of action of immunomodulatory drugs (IMiDS) in multiple
myeloma. Leukemia (2010) 24:22-32. d0i:10.1038/1eu.2009.236

D’Amato RJ, Loughnan MS, Flynn E, Folkman J. Thalidomide is an inhibitor
of angiogenesis. Proc Natl Acad Sci U S A (1994) 91:4082-5. doi:10.1073/
pnas.91.9.4082

Singhal S, Mehta ], Desikan R, Ayers D, Roberson P, Eddlemon P, et al.
Antitumor activity of thalidomide in refractory multiple myeloma. N Engl
J Med (1999) 341:1565-71. doi:10.1056/NEJM199911183412102
Dimopoulos MA, Anagnostopoulos A, Weber D. Treatment of plasma
cell dyscrasias with thalidomide and its derivatives. J Clin Oncol (2003)
21:4444-54. doi:10.1200/JC0.2003.07.200

Davies FE, Raje N, Hideshima T, Lentzsch S, Young G, Tai YT, et al.
Thalidomide and immunomodulatory derivatives augment natural killer cell
cytotoxicity in multiple myeloma. Blood (2001) 98:210-6. doi:10.1182/blood.
V98.1.210

Gorgun G, Calabrese E, Soydan E, Hideshima T, Perrone G, Bandi M, et al.
Immunomodulatory effects of lenalidomide and pomalidomide on interac-
tion of tumor and bone marrow accessory cells in multiple myeloma. Blood
(2010) 116:3227-37. doi:10.1182/blood-2010-04-279893

Davies F, Baz R. Lenalidomide mode of action: linking bench and
clinical findings. Blood Rev (2010) 24(Suppl 1):S13-9. doi:10.1016/
$0268-960X(10)70004-7

Anderson G, Gries M, Kurihara N, Honjo T, Anderson J, Donnenberg V,
et al. Thalidomide derivative CC-4047 inhibits osteoclast formation by
down-regulation of PU.1. Blood (2006) 107:3098-105. doi:10.1182/blood-
2005-08-3450

Bolzoni M, Storti P, Bonomini S, Todoerti K, Guasco D, Toscani D, et al.
Immunomodulatory drugs lenalidomide and pomalidomide inhibit multi-
ple myeloma-induced osteoclast formation and the RANKL/OPG ratio in
the myeloma microenvironment targeting the expression of adhesion mole-
cules. Exp Hematol (2013) 41:387-97.e1. d0i:10.1016/j.exphem.2012.11.005
Lokhorst HM, Plesner T, Laubach JP, Nahi H, Gimsing P, Hansson M, et al.
Targeting CD38 with daratumumab monotherapy in multiple myeloma.
N Engl ] Med (2015) 373:1207-19. doi:10.1056/NEJMoal506348

Nijhof IS, Groen RW]J, Noort WA, van Kessel B, de Jong-Korlaar R,
Bakker J, et al. Preclinical evidence for the therapeutic potential of CD38-
targeted immuno-chemotherapy in multiple myeloma patients refractory
to lenalidomide and bortezomib. Clin Cancer Res (2015) 21:2802-10.
doi:10.1158/1078-0432.CCR-14-1813

de Weers M, Tai Y-T, van der Veer MS, Bakker JM, Vink T, Jacobs DCH,
et al. Daratumumab, a novel therapeutic human CD38 monoclonal anti-
body, induces killing of multiple myeloma and other hematological tumors.
J Immunol (2011) 186:1840-8. doi:10.4049/jimmunol. 1003032

Costa F, Toscani D, Chillemi A, Quarona V, Bolzoni M, Marchica V, et al.
Expression of CD38 in myeloma bone niche: a rational basis for the use

Frontiers in Immunology | www.frontiersin.org

August 2017 | Volume 8 | Article 954


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1111/imr.12233
https://doi.org/10.1371/journal.pone.0035981
https://doi.org/10.1182/blood-2005-09-3671
https://doi.org/10.1038/bjc.2011.575
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.3109/10428194.2013.825905
https://doi.org/10.3109/10428194.2013.825905
https://doi.org/10.3109/10428194.2014.904511
https://doi.org/10.1182/blood-2012-08-448548
https://doi.org/10.18632/oncotarget.9270
https://doi.org/10.1371/journal.pone.0048871
https://doi.org/10.1371/journal.pone.0048871
https://doi.org/10.1001/jamaoncol.2015.2010
https://doi.org/10.1038/leu.2013.220
https://doi.org/10.1038/leu.2013.220
https://doi.org/10.1182/blood-2008-08-172734
https://doi.org/10.1182/blood-2005-08-3531
https://doi.org/10.1182/blood-2005-08-3531
https://doi.org/10.1002/cncr.28481
https://doi.org/10.1158/0008-5472.CAN-05-1195
https://doi.org/10.1016/j.leukres.2008.02.019
https://doi.org/10.1038/leu.2008.174
https://doi.org/10.1016/j.leukres.2008.07.028
https://doi.org/10.1038/sj.leu.2404806
https://doi.org/10.1002/ajh.21310
https://doi.org/10.1155/2015/172458
https://doi.org/10.1155/2015/172458
https://doi.org/10.1172/JCI16198
https://doi.org/10.1172/JCI16198
https://doi.org/10.1038/leu.2009.236
https://doi.org/10.1073/pnas.91.9.4082
https://doi.org/10.1073/pnas.91.9.4082
https://doi.org/10.1056/NEJM199911183412102
https://doi.org/10.1200/JCO.2003.07.200
https://doi.org/10.1182/blood.V98.1.210
https://doi.org/10.1182/blood.V98.1.210
https://doi.org/10.1182/blood-2010-04-279893
https://doi.org/10.1016/S0268-960X(10)70004-7
https://doi.org/10.1016/S0268-960X(10)70004-7
https://doi.org/10.1182/blood-2005-08-3450
https://doi.org/10.1182/blood-2005-08-3450
https://doi.org/10.1016/j.exphem.2012.11.005
https://doi.org/10.1056/NEJMoa1506348
https://doi.org/10.1158/1078-0432.CCR-14-1813
https://doi.org/10.4049/jimmunol.1003032

Mansour et al.

Implication of OCLs in MM

118.

119.

120.

121.

122.

of anti-CD38 immunotherapy to inhibit osteoclast formation. Oncotarget
(2017). doi:10.18632/oncotarget.17896

Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ,
Kuchroo VK, et al. PD-L1 regulates the development, maintenance, and
function of induced regulatory T cells. J Exp Med (2009) 206:3015-29.
doi:10.1084/jem.20090847

Rosenblatt J, Avigan D. Targeting the PD-1/PD-L1 axis in multiple myeloma: a
dream or a reality? Blood (2017) 129:275-9. doi:10.1182/blood-2016-08-731885
Ray A, Das DS, Song Y, Richardson P, Munshi NC, Chauhan D, et al. Targeting
PD1-PDL1 immune checkpoint in plasmacytoid dendritic cell interactions
with T cells, natural killer cells and multiple myeloma cells. Leukemia (2015)
29:1441-4. doi:10.1038/1eu.2015.11

Chesi M, Mirza NN, Garbitt VM, Sharik ME, Dueck AC, Asmann YW, et al.
IAP antagonists induce anti-tumor immunity in multiple myeloma. Nat Med
(2016) 22:1411-20. doi:10.1038/nm.4229

Terpos E, Morgan G, Dimopoulos MA, Drake MT, Lentzsch S, Raje N, et al.
International Myeloma Working Group recommendations for the treatment

123.

of multiple myeloma-related bone disease. J Clin Oncol (2013) 31:2347-57.
doi:10.1200/JC0O.2012.47.7901

Kumar SK, Lee JH, Lahuerta JJ, Morgan G, Richardson PG, Crowley J, et al.
Risk of progression and survival in multiple myeloma relapsing after therapy
with IMiDs and bortezomib: a multicenter international myeloma working
group study. Leukemia (2012) 26:149-57. doi:10.1038/leu.2011.196

Conflict of Interest Statement: The authors declare that their research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Mansour, Wakkach and Blin-Wakkach. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

10

August 2017 | Volume 8 | Article 954


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.18632/oncotarget.17896
https://doi.org/10.1084/jem.20090847
https://doi.org/10.1182/blood-2016-08-731885
https://doi.org/10.1038/leu.2015.11
https://doi.org/10.1038/nm.4229
https://doi.org/10.1200/JCO.2012.47.7901
https://doi.org/10.1038/leu.2011.196
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Emerging Roles of Osteoclasts 
in the Modulation of Bone Microenvironment and Immune Suppression in Multiple Myeloma
	Introduction
	Myeloma Bone Disease
	OCL Activation in Myeloma
	OCLs and Myeloma Cell Niches
	OCLs and Immunosuppressive Myeloma Environment
	Therapeutic Targeting of OCLs in MM
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References


