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ARTICLE INFO ABSTRACT

Keywords: The relationship between bone and immune cells is well established both in physiological and pathological
Osteoclast conditions. Multiple myeloma (MM) is a plasma cell malignancy characterized by an increase of number and
Osteoblast activity of osteoclasts (OCLs) and a decrease of osteoblasts (OBs). These events are responsible for bone lesions of
Myeloma cells MM patients. OCLs support MM cells survival in vitro and in vivo. Recently, the possible role of OCLs as im-
g?tiznzyme munosuppressive cells in the MM BM microenvironment has been underlined. OCLs protect MM cells against T

cell-mediated cytotoxicity through the expression of several molecules including programmed death-ligand (PD-
L) 1, galectin (Gal) 9, CD200, and indoleamine-2,3-dioxygenase (IDO). Among the molecules that could be
involved in the link between immune-microenvironment and osteoclastogenesis the role of CD38 has been
hypothesized. CD38 is a well-known adhesion molecule and an ectoenzyme highly expressed by MM cells.
Moreover, CD38 is expressed by OCLs and at the surface level on OCL precursors. Targeting CD38 with
monoclonal antibodies showed inhibition of both osteoclastogenesis and OCL-mediated suppression of T cell
function. This review elucidates this evidence indicating that osteoclastogenesis affect MM immune-micro-
environment being a potential target to improve anti-MM immunity and to ameliorate bone disease.

Immune-microenvironment

1. Introduction stimulatory molecules, such as CD80 and CD86, needed for the acti-

vation of T cells [6]. In addition, high number of myeloid-derived

Multiple myeloma (MM) is a hematological malignancy character-
ized by plasma cell (PC) accumulation into the bone marrow (BM)
leading to both osteolytic bone disease and immunosuppression [1].
Indeed, the presence of MM cells alters the BM microenvironment, af-
fecting bone cells with an increase of the number and activity of os-
teoclasts (OCLs) and a decrease of osteoblasts (OBs) and those of the
immune system. The alteration of the bone and immune-micro-
environment was exerted through either the release of soluble factors or
the cell-to-cell contact between MM and microenvironment cells, pro-
viding a permissive niche that promotes MM cell growth [2,3].

MM patients show several deficit of humoral immunity, im-
munoparesis and alterations in the activity of effectors [4]. NK cells are
decreased and dysfunctional, and T cells are significantly altered both
quantitatively and functionally [5]. Moreover, MM patients display
dysfunctional dendritic cells (DCs) with a deficit expression of the co-

suppressor cells (MDSCs), involved in the immune escape of MM cells,
was found in MM patients compared to healthy subjects [7].

This review summarizes the link between bone and immune cells in
the context of MM focusing on the key role of osteoclasts.

2. Bone cells as immunocompetent cells: role of OCLs

The close relationship between bone and immune cells dates back to
the early 1970s [8]. The term “osteoimmunology” was subsequently
developed to indicate the mechanisms behind this interaction [9,10].
Studies on autoimmune disease, such as rheumatoid arthritis (RA), re-
vealed that osteoclastic bone resorption is associated with the pro-
longed T-cell immune activation [11]. It is well known that activated T
cells act directly on OCL precursors by expressing the main pro-osteo-
clastogenic factor, receptor activator of nuclear factor-kB ligand
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(RANKL), like BM stromal cells (BMSCs) and OBs [12]. Of note, RANKL
and its receptor RANK were first described to play a role in T-cell
mediated survival of dendritic cells (DCs), thus confirming the presence
of common regulating factors between immune and bone cells [13].
RANKL signaling is also involved in the early T cell development by
regulating self-tolerance and auto-immunity in mice models [14]. In-
terestingly, RANKL ™~ mice lack in the development of lymph nodes and
have abnormality in the spleen, thus suggesting the time-dependent
involvement of RANK/RANKL axis in the regulation of the immune
system [15].

In addition, it is known that OCLs differentiate from the same
monocytic/macrophage precursor of DCs, according to the influence of
macrophage colony-stimulating factor (M-CSF) and granulocyte-mac-
rophage CSF (GM-CSF), respectively [16]; and immature DCs can
transdifferentiate into functional OCLs in the presence of M-CSF and
RANKL, mainly under inflammatory conditions [17].

Despite the well-known common origin with DC, the role of OCLs as
antigen-presenting cells (APCs) is debated. Some studies have demon-
strated that OCLs express several immune receptors (e.g. DC specific
transmembrane protein and immunoreceptor tyrosine-based activation
motif signaling receptors) and share mechanisms of regulation with
macrophages and DCs [18].

Literature data on murine models also reported that OCLs express
only class I MHC, suggesting that they preferentially activate CD8 + T
cells [19]. OCLs increased the expression of the T regulatory cells (Treg)
marker forkhead box P3 (FoxP3) and suppressed antigen-specific naive
T cell proliferation [19]. Further studies demonstrated that OCL-primed
T cells inhibited OC formation through the release of interferon (IFN) v,
interleukin 6 (IL-6) and IL-10 [20]. Similar effects were reported in the
inflammatory model of RA [21]. By contrast, Li et al. first showed that
human OCLs express both class I and class Il MHC molecules, as well as
co-stimulatory molecules CD80 and CD86 and can activate both allo-
and antigen-specific CD4" and CD8™" T cell responses [22]. More re-
cently, a study from Ibanez et al. demonstrated that OCL effects on T
cell activity depend on their cell origin and the surrounding micro-
environment [23]. Specifically it was described that OCLs derived from
normal BM express immunosuppressive cytokines (IL-10, transforming
growth factor (TGF) 3) and induce the activation of immunosuppressive
CD4™" Treg cells in an antigen-dependent manner [23]. On the other
hand, OCLs derived from an inflammatory milieu enhance the expan-
sion of tumor necrosis factor (TNF) a-producing CD4* T cells [23].
These data show that OCLs have double effects on immune cells, based
on the microenvironment pressure.

Furthermore, the suppression of T cells occurs in the early OCL
formation, as confirmed by the upregulation of the expression of the
inhibitory molecule CD200, prior to fusion of proliferating monocytes
[24]. The binding with CD200 receptor on natural killer and activated T
cells then induce the suppression of their activity and proliferation
[25].

In addition, it has been recently demonstrated that the primary
murine BM OCL precursor belongs to a Lin~CD11b°"/~CD115" po-
pulation [26]. These cells attenuate joint inflammation after adoptive
transfer in a T cell dependent model of RA leading to the hypothesis
that these OCL precursors may be MDSCs [26]. MDSCs are character-
ized by expression of CD11b and either Ly6C (monocytic MDSC) or
Ly6G (granulocytic MDSC) [27]. Similar to monocytic MDSCs,
CD11b""/~ Ly6CM OCL precursors did not express Ly6G and inhibited
T cell proliferation in vitro mainly through the production of nitric
oxide, after T cell derived IFNy stimulation.[27] Interestingly, the dif-
ferentiation into OCLs did not change their ability to inhibit T cell
proliferation [27]. Moreover, the bone microenvironment seems to be
essential for MDSC ability to differentiate into OCLs. As reported by
Sawant et al.,, MDSCs from lung, spleen, blood, and lymph nodes are
unable to differentiate into OCLs; [28] however it is not yet clear which
factors are involved in polarizing MDSCs toward OCL differentiation.
Studies on human cancer with osteolytic bone metastasis also revealed
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the involvement of MDSCs in the development of bone disease, thus
confirming the cross-talk between these two compartments [29].

OBs seem to be also involved in the regulation of the immune
system; however, few data are currently available. Several studies re-
ported OB expression of cell surface molecules that activate T-cell sig-
naling, including CD80, CD86, and CD44 with costimulatory functions
[30,31]. Lisignoli et al. also demonstrated that T cell recruitment and
proliferation is supported by OBs expressing intercellular adhesion
molecule 1 (ICAM-1) after stimulation with IL-1, TNFa, IFNy, and li-
popolysaccharide [30]. ICAM-1 is typically expressed by APCs and its
binding with CD11a/CD18 on T cells is essential for T-cell activation
[32]. It is important to note that T cells are activated after antigen
presentation by self-MHC on the surface of the APCs. Interestingly, it
was described that IFNy stimulates the expression of MHC class II on
human OBs [31] further suggesting the involvement of these cells in
antigen presentation mechanisms. Moreover, OBs express the cytokine
receptors, CXCR3 and CXCR5, which control T cell migration and po-
larization towards T helper (Th) type 1 or Th type 2 (Th2) phenotype
[33,34]. However, the functional role of OBs as APCs able to induce
strong responses to specific antigens by resting T cells is not yet well
understood.

All these data highlight the interplay between the bone and the
immune system, thus providing the molecular basis for novel ther-
apeutic strategies against several diseases affecting both cell compart-
ments.

3. Myeloma-induced bone microenvironment alterations

As already mentioned above, the BM of MM patients shows different
alterations, including in particular, the alterations of bone remodeling
leading to bone destruction. Osteolytic lesions are the main feature of
bone involvement in MM patients due to an increase of the osteoclas-
togenesis and OCL activity and OB suppression [2]. Different cytokines
and chemokines involved in OCL activation and/or OB suppression are
released at high level into the BM microenvironment including che-
mokine (C—C motif) ligand (CCL)-3, dickkopf-related protein (DKK)-1,
hepatocyte growth factor (HGF), IL-1, IL-3, IL-6, IL-7, secreted frizzled
related protein (sFRP)-2, sFRP-3, and TNFa [2,35]. Moreover, cell-to-
cell contact between MM cells and BMSCs up-regulates RANKL, the
main pro-osteoclastic cytokine, and decreases the release of RANKL
decoy receptor osteoprotegerin (OPG) from osteoprogenitor cells
[2,36]. The adhesion and interaction between MM cells and the bone
microenvironment also causes the inhibition of the expression of the
main pro-osteoblastogenic transcription factor, Runt-related transcrip-
tion factor (Runx) 2, expressed by BMSCs leading to the suppression of
OB differentiation [37]. Furthermore, some of the cytokines present
into the BM as IL-7, IL-3 and HGF contribute to the inhibition of Runx2
activity and OB suppression [35,38]. Besides its anti-OB activity, IL-3
mediates monocyte secretion of activin A that enhances osteoclasto-
genesis contributing to MM-induced bone disease [39].

The involvement of immune system in the mechanism involved in
MM-induced osteoclastogenesis disease has been underlined. MM T
cells secrete high amount of RANKL [40]. The presence of MM cells in
co-colture systems increased the expression and secretion of RANKL by
activated T lymphocytes.[40] This effect was mediated by MM cell IL-7
secretion [40]. Consistently, MM patients with severe osteolytic lesions
showed RANKL up-regulation by BM T cells as compared to MM pa-
tients without bone lesions [40]. Beside RANKL, MM T cells produce
other pro-osteogenic cytokines as IL-3 which BM levels are higher in
MM patients as compared to controls, sustaining MM-induced osteo-
clastogenesis [41]. The role of T cells was in MM-induced osteoclasto-
genesis was further confirmed by others showing that MM T cells
support OC formation and survival, possibly involving OPG/TRAIL in-
teraction and unbalanced OC expression of TRAIL death and decoy
receptors [42].

More recently, it has been reported that MM patients’ BM showed an
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increase of IL-17-producing Th type 17 (Th17) cells that inhibit cyto-
toxic T cell activity and promote MM cell growth [43,44]. IL-17 also
increases osteoclastogenesis in BM samples cultured with M-CSF and
RANKL compared to controls as well as the addition to BM cultures of
MM patients’ Th17 [43]. Interestingly, a significant relationship be-
tween Th17 cell number and the degree of lytic bone lesions has been
reported [44]. Consistently, MM cells up-regulated the expression of
CCL20 and of its receptor CC chemokine receptor (CCR) 6 into the bone
microenvironment with the possible involvement of two pro-in-
flammatory cytokines IL-1 and TNFa [45]. CCL20 is known to be the
main chemokine stimulating Th17 recruitment [43]. and consequently
increase osteoclastogenesis. Accordingly, it has been reported that
neutralizing antibodies (Abs) against CCL20 or CCR®6 significantly in-
hibit MM-induced OCL formation [45].

Overall these data suggest a significant link between OCL formation
and immune system in the pathophysiology of MM-induced bone de-
struction.

4. Osteoclasts and myeloma cells interplay: the
immunosuppressive role of osteoclast

Osteoclastogenesis is highly induced by MM cells, which in turn
enhances MM cell survival, angiogenesis and drug resistance, resulting
in a vicious loop. In vitro evidence indicates that OCLs produce MM pro-
survival factors, such as osteopontin (OPN) and IL-6, and adhesion of
MM cells to OCLs increased their production [46]. Other factors as B-
cell-activating factor (BAFF) and A proliferating-inducing ligand
(APRIL) are considered survival factors for MM cells produced by OCLs
in the BM microenvironment [47]. Moreover in vivo studies in MM
mice models demonstrated that inhibition of OCL formation by amino-
bisphosphonates may extent anti-MM activity [48].

Emerging data indicate that OCLs have a possible
munosuppressive role in MM microenvironment. Beside direct positive
effect of OCLs on MM cell survival and grow, more recently an indirect
effect has also been hypothesized. OCLs modulates T-cell mediated anti-
MM immunity protecting MM cells against T cell responses [49]. Both
CD4 and CD8 lymphocyte proliferation induced by anti-CD2, CD3, and
CD28 beads stimulation was blunted in the presence of OCLs. Inter-
estingly anti-PD-L1 Abs or by indoleamine-2,3-dioxygenase (IDO) in-
hibitors partially overcame this immunosuppressive effect [49]. The
capacity of OCLs to expert an immunosuppressive effect on T cells were
due to their APC capacity and the up-regulation of several co-inhibitory
molecules including PD-L1, galectin (Gal) 9, anti-herpesvirus entry
mediator (HVEM), and CD200 [49].

Immune inhibitory molecules involved in OCL-mediated im-
munosuppressive effect in MM are also involved in the production of
metabolic enzymes particularly IDO. OCLs derived from MM patients
highly produced IDO which levels were significantly higher into the BM
plasma of MM patients compared to controls [49].

OCL progenitors also expressed the co-inhibitory molecules PD-L1,
Gal-9, HEVM and CD200. Upon OCL differentiation, a significant up-
regulation of these molecules has been reported [49]. In addition,
comparing newly diagnosed MM patients with healthy donors, the ex-
pression levels of the co-inhibitory molecules were found to be higher
in the MM group [49].

Finally, APRIL promotes MM cell survival and MM progression in
vivo [50]. OCLs are the major source of APRIL in the BM micro-
environment and the APRIL/BCMA axis regulates the expression of PD-
L1 in MM cells via MEK/ERK pathway [50]

Overall, this evidence clearly underlines the immunosuppressive
and pro-tumoral role of OCLs in MM. Furthermore, the in vivo mouse
models showed that the growth and immunosuppression critically de-
pendent on APRIL/BCMA axis delineating a new therapeutic approach
based to target this pathway to restore immune function in MM.

im-
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5. Expression profile of ectoenzymes by the bone
microenvironment in multiple myeloma

The MM bone microenvironment contains high levels of extra-
cellular nucleotides, such as adenosine triphosphate (ATP) and nicoti-
namide adenine dinucleotide (NAD)*, which are metabolized to ade-
nosine (ADO) by the action of cell surface proteins called ectoenzymes
[51]. ADO is a nucleoside produced under metabolic stress like hy-
poxia, which modulates inflammation and immune responses [52]. In
melanoma model, ADO suppresses T cell proliferation and their ability
to kill cancer cells [53]. Through the canonical adenosinergic pathway,
ATP is hydrolyzed by the ecto-nucleoside triphosphate dipho-
sphohydrolase CD39 to adenosine monophosphate (AMP) that can be
hydrolyzed by the 5’-nucleotidase CD73, generating ADO. It has been
recently characterized an alternative pathway that produces extra-
cellular ADO from NAD™*. This axis involves the nucleotide-metabo-
lizing ectoenzymes NAD + -glycohydrolase CD38, the ecto-nucleotide
pyrophosphatase/phosphodiesterase CD203a (also known as PC-1), and
the 5’-ectonucleotidase CD73 [54]. Briefly, CD38 generates adenosine
diphosphate ribose (ADPR) that is further hydrolyzed by CD203a to
produce AMP. The conversion from AMP to ADO is regulated by CD73.
Several experimental models confirmed the active function of this al-
ternative pathway in MM bone niche [55-57]. MM and bone cells are
equipped with ectoenzyme machinery able to produce ADO by both
canonical and alternative pathway. Specifically, MM cell lines estab-
lished from patients with MM express CD38 and its non-substrate ligand
CD31, whereas the expression of CD203a, CD39 and CD73 is un-
detectable. In the same way, the analysis of the expression of all these
ectoenzymes by BMSCs during OB differentiation reveals CD38 de-
creases during differentiation with a concomitant increase of CD203a.
CD39 expression is undetected both in differentiated and un-
differentiated cells [56]. The ectoenzyme CD73 displays a stable surface
expression during OB differentiation.

The analysis and distribution of the ectoenzymes in MM niche has
been recently performed on bone biopsies, primary PCs from BM as-
pirate and osteogenic cells [55,57]. In line with the data reported
above, PCs express high levels of CD38 whereas CD39 and CD73 differ
from patient to patient. Interestingly, CD203a was expressed by pri-
mary PCs confirming the presence of a complete set of ADO-producing
enzymes. The expression profile of BMSCs and OBs reveals that both
cell types are CD38 /CD39~ while expressing CD73 and CD203a
[55,57]. These data provide a conclusive evidence that the components
of the alternative adenosinergic pathway, CD38, CD203a and CD73,
and those of the canonical pathway CD39 and CD73, are expressed by
bone microenvironment cells. Subsequently, the same authors sought to
link the expression of all these ectoenzymes to the production of ADO.
In a first preliminary paper, they demonstrated that ADO is present in
BM plasma aspirates from MM patients [51]. Interestingly, ADO levels
were found to be higher in MM patients than in asymptomatic patients
and in patients with an ISS = III compared with ISS = I and II [57].
Noteworthy, primary PCs isolated from BM aspirates do not produce
detectable levels of ADO possibly because of the low levels of CD73, the
enzymes responsible for the final production of ADO. To clarify, the
authors analyzed the generation of ADO in co-culture system between
MM cell line and OCLs, OBs or BMSCs after treatment with different
substrates (ATP, AMP or NAD™"). The results indicate that ADO pro-
duction increases because of cell-to-cell contact supporting the growth
of tumoral cells within the niche [57]. More recently, it has been de-
monstrated that microvesicles (MVs) isolated from MM BM express high
levels of all ectoenzymes compared with those isolated from controls.
Moreover, the production of ADO is higher in MVs from MM compared
with controls suggesting that MVs may contribute to the production of
ADO in BM niche [58].

All these observations support the notion that the canonical CD39/
CD73 pathway to generate ADO from ATP is supphorted by the alter-
native CD38/CD203a/CD73 that uses NAD* as substrate. Both are
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Fig. 1. The link between immune cells and OCLs in MM microenvironment.

The presence of MM cells in the microenvironment upregulates the critical pro-osteoclastogenic factor RANKL by both T lymphocytes and BMSC inhibiting its decoy
receptor OPG. The increase of OCL formation and activation induces an immune suppressive effect in the BM microenvironment supporting the growth of MM cells.
Several co-inhibitory molecules including PD-L1, Gal-9, HVEM, and CD200 are up-regulated on OCLs that produce high levels of IDO. All these molecules display an
inhibitory effect on T lymphocytes. CD38 contribute to immunosuppression in MM microenvironment acting as key ectoenzyme of the non-canonical pathway
(together with CD203a and CD73) through the production of ADO, a potent T lymphocyte inhibitor. Moreover, CD38 expressed at surface level on monocyte and

early OCL progenitors is involved in the osteoclastogenesis.

Both CD38 and PD-L1 are suitable targets for Ab-based immunotherapy to block immunomosuppressive effect of OCLs. Moreover, the recently developed anti-CD38
mADbs has shown in pre-clinical models both anti-osteoclastogenic and immunomodulatory effects. This evidence indicate that this approach could be also suitable to
target bone disease and to restore the immunosuppressive microenvironment in MM.

responsible for the accumulation of ADO within the niche. Intriguingly,
ADO suppresses T cell proliferation and their ability to kill cancer cells
suggesting that MM bone niche may represent the ideal setting where
MM cells take advantage of the products of the adenosinergic ectoen-
zymes to build up a microenvironment for their survival and protection
from host immune system.

6. Role of CD38 in myeloma-induced osteoclastogenesis

In the last years, CD38, a 45-kDa type II transmembrane glycopro-
tein, has achieved considerable importance in MM setting because of its
dual role and ubiquitous distribution. Indeed, beside its role as ec-
toenzyme, CD38 also acts as surface molecule by regulating the in-
tracellular levels of calcium and downstream signaling pathways
through its ADP-ribosyl cyclase activity. The wide knowledge of its
function in PCs led to the development of different CD38-targeting Abs
with important clinical benefit [59].

Several studies have also reported the CD38 involvement in mice
and rabbit bone resorption [60,61]. A study from Sun et al., reported
that enzymatically active CD38 localizes in the plasma membrane of
rabbit OCL [60]. The activation of CD38 by the agonist molecule trig-
gers cytosolic Ca®™ signal and, consequently, inhibits bone resorption.
In vivo experiment showed that CD38 7/~ mice have reduced bone
mineral density and their hematopoietic stem cells displays a strong
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ability to differentiate into highly resorptive OCL [61]. The authors
speculated that CD38 might act as sensor able to couple the metabolic
activity of OCL with its Ca2* signaling pathway.

More recently, Costa et al. observed that human OCL progenitors
present CD38 on their surface but it decreases during differentiation
toward OCL phenotype. The treatment with the high-affinity human
IgG1lk anti-CD38 mAb, Daratumumab (DARA), shows inhibitory effects
on OCL formation and activity targeting OCL progenitors [55]. The role
of CD38 as immune checkpoint molecules has been recently explored
[49]. First, the authors showed that cytoplasmic CD38 is induced
during osteoclastogenesis and the treatment with the anti CD38 mAbs
SAR650984 (SAR) reduces CD38 expression in an ex vivo culture
system from monocyte without affecting OCL formation [49]. Co-cul-
ture between OCL and activated T cells increases the death of OCL
through IFN-y production and SAR enhances this cytotoxic effect.
Moreover, OCL blocks the proliferation of T cell in co-culture system
whereas the treatment with SAR restores T-cell response.

Overall, these data suggest that anti-CD38 therapy, either by re-
storing T cell function or inhibition early osteoclastogenesis, may mi-
tigate bone disease.

7. Conclusions

The possible role of T Ilymphocytes in MM-induced
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osteoclastogenesis and OCL activity is well established. Growing evi-
dence indicates that OCLs have an immunosuppressive role in MM
microenvironment also supporting the indirectly growth of MM cells.
The mechanism by which OCLs exert this immune effect is currently
under investigation. It is known that OCLs display APC features and
upregulate several co-inhibitory molecules including PD-L1, Gal-9,
HVEM, and CD200. In addition, OCLs in MM microenvironment pro-
duce high levels of IDO. All these molecules are involved in the in-
hibitory effect on T lymphocytes (Fig. 1).

Recently, a dual role of CD38 in MM OCLs and OCL progenitors has
been underlined as both co-immunosuppressive factor and pro-osteo-
clastogenic molecule (Fig. 1). CD38 is a new therapeutic target in MM
patients and anti-CD38 Ab-based immunotherapy has shown in pre-
clinical models anti-osteoclastogenic and immunomodulatory effects
(Fig. 1). These preliminary data indicate that this approach could be
also suitable to target bone disease and to restore the im-
munosuppressive microenvironment in MM.
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