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Abstract

Multiple myeloma is a plasma cell skeletal malignancy. While therapeutic agents such as
bortezomib and lenalidomide have significantly improved overall survival, the disease is currently
incurable with the emergence of drug resistance limiting the efficacy of chemotherapeutic
strategies. Failure to cure the disease is in part due to the underlying genetic heterogeneity of the
cancer. Myeloma progression is critically dependent on the surrounding microenvironment.
Defining the interactions between myeloma cells and the more genetically stable hematopoietic
and mesenchymal components of the bone microenvironment is critical for the development of
new therapeutic targets. In this review, we discuss recent advances in our understanding of how
microenvironmental elements contribute to myeloma progression and therapeutically, how those
elements can or are currently being targeted in a bid to eradicate the disease.

Introduction

Multiple myeloma is a clonal expansion of malignant plasma cells within the bone marrow.
Malignant transformation of plasma cells often begins with the chromosomal translocation,
into the 1gG loci. Secondary mutations, then lead to the development of clonal variants with
KRAS mutations, MYC up regulation and the activation of NFkb pathways [1]. Clinically,
the current consensus regarding a diagnosis of myeloma is made based upon low levels of
hemoglobin (<10.5 g/dL), increased levels of circulating calcium (=12mg/dL),
immunoglobulin in the urine and the presence of areas of bone destruction [2]. Cancer-
induced bone disease is associated with significant morbidity as a result of pain,
pathological fractures and hypercalcemia [3]. Worldwide, approximately 115,000 patients
are diagnosed with myeloma per year. The median survival time is 3 — 4 years subsequent to
diagnosis and approximately, 80,000 patients succumb to the disease each year [4].

Although currently incurable, the recent discovery of novel therapeutics has significantly
improved overall survival for patients diagnosed with symptomatic myeloma. The current
standard of care for patients with various stages of myeloma includes the following

Corresponding Author: Conor C. Lynch, SRB-3, H. Lee Moffitt Cancer Center and Research Institute, 12902 Magnolia Blvd,
Tampa, FL, USA, 33612. Phone: 813-745-8094. Fax: 813-745-3829. conor.lynch@moffitt.org.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shay et al.

Page 2

approaches that are divided based on newly diagnosed versus refractory disease. For patients
under the age of 70 years old, without comorbidities, high-dose chemotherapy followed by
autologous stem cell transplantation (HDT-ASCT) is a first line treatment strategy for newly
diagnosed myeloma. A major advance has been the introduction of novel agents including
immunomodulatory drugs (thalidomine and lenalidomide), and proteasome inhibitors
(bortezomib), increasing the rates of remission [5]. In those individuals not eligible for stem
cell transplantation, the combination of melphalan/prednisone/thalidomide or bortezomib is
a standard treatment strategy. Additionally, the majority of patients receive a bisphosphonate
(e.g. Zometa) that significantly reduces bone pain and the risk of skeletal related events (e.g.
hypercalcemia, fracture and spinal cord compression) [6].

Relapsed, or refectory disease is defined as individuals that fail to respond to salvage
therapy, or undergo disease progression rapidly following initial therapy. As expected,
refractory disease is often more aggressive in nature and resistant to standard of care
therapies and consequently, a different treatment strategy is required [7]. National
Comprehensive Cancer Network (NCCN) guidelines indicate the use of new agents
pomalidomide (an analogue of thalidomine and lenalidomide) and carfilzomib (a second
generation proteasome inhibitor) for use in relapsed patients who have failed bortezomib or
lenalidomide based therapies [8].

Reports from ongoing clinical trials are also encouraging in regards to extending progression
free and overall survival for myeloma patients (Table 1). However, the majority of these
clinical trials still focus primarily on treatment of the malignant myeloma cells. Given that
myeloma is highly susceptible to genetic mutation, this leads to increased probability of
drug resistant clones that will emerge following therapeutic intervention [9]. Despite the
numerous mutations associated with myeloma, the progression of the disease is often
dependent on interactions with the surrounding bone microenvironment [10]. The paradigm
for myeloma-bone interaction has been described as the “vicious cycle” wherein myeloma
cells suppress bone-forming osteoblasts and promote the formation of bone-resorbing
osteoclasts. The bone matrix is rich in factors such as transforming growth factor beta
(TGFp) that upon release feed back on the myeloma cells to promote disease progression
[11]. Targeting the stromal cells driving the vicious cycle represent a logical therapeutic
opportunity. In this regard, bisphosphonates, which target osteoclasts have been shown to
significantly reduce the risk of myeloma induced pathological fracture and in subsets of
myeloma patients can extend overall survival [12, 13]. Now, emerging studies have begun to
define important contributions from other cell types in the bone marrow microenvironment.
The bone marrow microenvironment is a natural reservoir for hematopoietic cell
progenitors. Hemangioblasts give rise to endothelial and hematopoietic stem cells (HSCs).
Angiogenesis and the vascularization of the myeloma-bone microenvironment has long been
associated with the progression of the disease and the contribution of endothelial cells and
the factors regulating the process has been extensively reviewed [14— 16]. Here, we will
examine the contributions of HSC derived hematopoietic and mesenchymal cells in
contributing to myeloma progression and discuss potential therapeutics that could
significantly impact disease progression and extend overall survival for these patients.
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The impact of hematopoietic derived cells on myeloma progression

The bone marrow microenvironment is rich in HSCs and, HSC derived myeloid and
lymphoid cells that form the cellular components of blood, have been identified as playing
causal but in some cases protective roles in the progression of the disease.

Myeloid Derived cells in myeloma-bone microenvironment

Hematopoietic stem cells can differentiate into myeloid cells including osteoclasts, myeloid
derived suppressor cells (MDSCs), macrophages, dendritic cells, neutrophils,
megakaryocytes and mast cells that play roles in innate and adaptive immunity.

Osteoclasts—Bone destruction is a hallmark of myeloma and is mediated by osteoclasts
[11]. Osteoclasts are generated by the fusion of myeloid/monocytic precursor cells in
response to potent osteoclastogenic factors such as receptor activator of nuclear kappa B
ligand (RANKL) and interleukins (ILs) [17]. Further, heightened AKT activity in bone
marrow monocytes from myeloma patients can lead to elevated expression of the RANK
receptor on osteoclast precursor cells. These data suggest that in the bone marrow of
patients, osteoclast precursor cells are primed for RANKL mediated osteogenesis [18].
Myeloma cells also directly promote osteoclast formation via the endogenous expression of
RANKL, tumor necrosis factor alpha (TNFa) and macrophage inflammatory protein lalpha
(MIP1a) [19-23]. In addition, myeloma cells further enhance osteoclastogenesis by down
regulating expression of the RANKL decoy receptor, osteoprotegerin (OPG), produced by
osteoblasts and endothelial cells [24, 25]. Once generated, osteoclasts form a resorptive seal
on the mineralized bone matrix surface and degrade the bone by secreting hydrochloric acid
and acidophilic collagenases such as cathepsin K [26]. It has been hypothesized that
myeloma cells may also induce bone destruction directly, forming *“osteoclast-like” cells
capable of bone resorption at least in vitro [27, 28]. Intriguingly, 30% of the osteoclast
nuclei in myeloma patients were identified to contain transcriptionally active chromosomes
of myeloma cells origin, suggesting that myeloma cells may fuse with normal osteoclasts
and potentially, influence their functionality [29]. As expected, the formation of osteolytic
lesions occurs in sites adjacent to myeloma cells and resorption of the bone matrix results in
the release of sequestered growth factors such as TGFf and insulin like growth factor-1
(IGF-1) that in turn promote myeloma survival and growth [30]. Osteoclasts can also directly
stimulate myeloma proliferation [31]. Cell-cell contact between myeloma cells and
osteoclasts, increased cell growth and survival, partially due to an interleukin-6 (IL-6) and
osteopontin mediated mechanism [32]. Bisphosphonates and monoclonal antibodies to
RANKL are commonly used approaches to limiting osteoclast activity [33, 34].
Surprisingly, given the role of the osteoclast in supporting myeloma growth, inhibition of
osteoclast formation/function with RANKL blocking antibodies or bisphosphonates does not
extend overall survival with the exception of some subset groups [12, 35]. However, the
therapies do significantly delay skeletal related events such as pathological fracture and
therefore importantly, reduce disease-associated morbidity [6, 36].

Myeloid derived suppressor cells—In healthy individuals, a small number of
immature myeloid cells (IMCs) are present in the bone marrow. IMCs are capable of
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differentiating into macrophages, dendritic cells and granulocytes. However, in response to
tumor-derived factors such as vascular endothelial growth factor (VEGF), granulocyte
macrophage colony stimulating factor (GM-CSF) and IL-6, differentiation is blocked,
leading to the rapid expansion and accumulation of immature MDSCs, that can make the
tumor microenvironment immune-privileged by inhibiting the cytotoxic effects of T-cells
and contribute to cancer progression and metastasis [37, 38]. In mice, MDSC can broadly be
defined as monocytic (CD11b*GR-1*Ly6C*) and granulocytic (CD11b*GR-1*Ly6G™)
MDSC, with both populations differing in their mechanisms of T-cell suppression. Human
MDSCs are less defined with CD11b* CD33*HLA-DR!°W/~ commonly used as a marker
[39]. Analysis of immunocompetent mouse models of myeloma has revealed an expansion
of MDSC in the bone marrow, with monocytic MDSC found to be the predominant
population [40, 41]. In addition to their immunomodulatory effects, MDSCs also can also
differentiate into other cell types depending on the presence of signaling cues in the cancer
microenvironment. For example, MDSCs isolated from the bone marrow of the 5TGM1
syngeneic murine myeloma model were found to have a greater propensity to differentiate
into osteoclasts than immature myeloid cells, both in vitro and in vivo with studies in breast
cancer demonstrating the incorporation of MDCSs into the endothelium during angiogenesis
[42, 43].

MDSCs represent an exciting area for therapeutic intervention with strategies focusing on
depletion, inhibition of expansion, limiting T-Cell suppression or stimulating differentiation
[38]. Direct targeting of MDSCs is also possible with antibodies that target growth factors
such as GM-CSF, macrophage colony-stimulating factor 1 receptor (CSF1R), VEGF and
chemokines such as c-x-¢ chemokine receptor 4 (CXCR4) and chemokine (CC motif) ligand
2 (CCL2) that prevent MDSC expansion and mobilization in pre-clinical studies [44]. The
cytotoxic drug 5-Fluorouracil has also been demonstrated to deplete MDSC. Treatment of a
mouse myeloma model with 5-fluorouracil significantly inhibited MDSC populations, and
decreased tumor burden [45]. Additionally, phosphodiesterase-5 inhibitors have been
demonstrated to down-regulate MDSC immunosuppressive pathways, restoring T-cell
antitumor activity in vivo. Treatment of PBMCs isolated from myeloma patients with the
phosphodiesterase inhibitor, Sildenafil, restored CD4* T-cell proliferation [46].
Phosphodiesterase-5 inhibition has also been shown to restore responsiveness to
lenalidomide in patients with refractory myeloma with possible mechanisms of immune
activation noted [47]. This study indicates that MDSCs protect myeloma cells and that
MDSC elimination may render the disease susceptible to immune and chemotherapy based
treatments.

Macrophages—Macrophages have long been implicated in the progression and metastasis
of several solid cancers [48]. Macrophage polarization into a spectrum of phenotypes is
dictated by cytokines and growth factors present in the tumor microenvironment. The “anti-
tumor” phenotype is characterized by the expression of TNF-q, interleukin-1 (IL-1) and
interleukin-12 (IL-12) and has noted protective effects while the “pro-tumor” phenotype,
characterized by interleukin-10 (IL-10) production can contribute to the progression of the
disease by stimulating proliferation, angiogenesis, suppressing the immune system,
protecting against chemotherapy induced apoptosis [49, 50]. In myeloma, blood-derived
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monocytes are recruited to the bone marrow by myeloma derived c-x-c motif chemokine 12
(CXCL12) and undergo maturation to a pro-tumor macrophage phenotype in response to
tumor-derived I1L-10 [51]. Subsequently, the pro-tumor/M2 generated macrophages enhance
myeloma cell proliferation and survival by secreting high levels of IL-6 and 1L-10 [52-54].
Myeloma induced macrophages may also play roles in drug resistance to chemotherapeutic
agents and in promoting angiogenesis [55-57].

Tumor associated macrophages (TAMS) are a subset of the M2 phenotype and can promote
myeloma survival through mechanisms including immunosuppression and chemotherapy
resistance [58]. Targeting these tumor-promoting cells may not only lead to new therapeutic
strategies but may enhance currently used therapeutic agents. Repolarizing TAMSs to an
“anti-tumor” phenotype or their depletion with CSF1R based therapies are important
immunotherapeutic strategies under investigation [59, 60]. Alternatively, TAMS can be
directly targeted. For example, anti-CD40 agonists and targeted monoclonal antibodies have
been demonstrated to activate antigen presenting cells, in particular macrophages, with
enhanced anti-tumor effects achieved with co-administration of Toll Like Receptor-9
agonist, CpG [61]. This strategy was recently applied to a mouse model of refractory
myeloma, resulting a significant increase in overall survival following the use of an anti-
CD40 mAB [62]. Preventing monocyte recruitment is also possible by targeting chemokines
including the CXCR4/CXCL12 axis [51].

Dendritic Cells—Dendritic cells are antigen presenting cells that link innate and adaptive
immunity by regulating T-cell behavior. In humans, dendritic cells can be functionally and
phenotypically categorized into myeloid dendritic cells and plasmoid dendritic cells.
Plasmoid dendritic cells play a role in the regulation and differentiation of normal B-cells
[63]. Myeloma patients have noted dysfunctional plasmoid dendritic cells with impaired T-
cell stimulatory abilities compared to healthy controls reported [64]. The number of
plasmoid dendritic cells is significantly increased in the bone marrow of myeloma patients
compared to healthy individuals, with only a modest increase in peripheral blood [65]. One
such mechanism of immune tolerance is a result of reduced dendritic cell maturation and
antigen presentation, mediated in part by I1L-6 [66]. Additionally, dendritic cells may
directly influence myeloma growth, with co-culture of dendritic cells increasing
clonogenicity of myeloma cells in vitro. Many studies have demonstrated the value of
autologous transplantation of dendritic cells as a vaccination or as a means of immune
system augmentation for cancer treatment. Direct targeting of cancer associated dendritic
cells may also be a potentially impactful treatment. For example, inhibition of RANKL and
A Proliferation-Inducing Ligand (APRIL) pathways prevented dendritic cell enhancement of
clonogenicity [67]. Plasmoid dendritic cells were demonstrated to confer resistance to
bortezomib, increasing the 1Csq of myeloma cells in vitro by up regulating proteasome
activity [65]. Dendritic cells may also directly contribute to myeloma-induced osteolysis by
differentiating into osteoclasts [68]. Induction of osteoclastogenesis in dendritic cells is
believed to be induced by interleukin-17A in myeloma patients, with levels significantly
elevated in the bone marrow and plasma compared to healthy individuals [69].

Other myeloid cell lineages are also being investigated in regards to their role in the
myeloma progression. For example, neutrophils isolated from myeloma patients were found
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to have a reduced phagocytic ability, and inhibit T cell function. These data suggest that
neutrophils may contribute to immune suppression in myeloma patients [70]. Megakarocytes
and eosinophils are known to be involved in the survival of normal plasma cells, with their
ability to promote myeloma cell survival in early stages of growth due to the production of
IL-6 and APRIL [71]. Mast cells are another cellular component of myeloma and can
contribute to neovascularization by directly incorporating into the vasculature [72]. Mast
cell density is associated with increased vascular density, and myeloma proliferation,
indicating that mast cells directly promote myeloma progression [73]. Therapies that focus
on these myeloid cells types could therefore potentially be used for myeloma treatments.

Lymphoid Derived cells in myeloma-bone microenvironment

Originating in the bone marrow from a common progenitor, lymphoid cells include B-cells,
NK cells and T-cells. Following differentiation, lymphoid cells enter circulation and migrate
to the Thymus (T-cells), and lymphoid organs (NK and B-cells) where they can control
adaptive immunity.

T-Cells—T-cells play a pivotal role in systemic immunity and are delineated from other
leukocytes by the expression of T cells receptors (TCR). Developing in the thymus from
hematopoietic stem cells, T-cells have distinct functions both in immunity, and in cancer. T-
cells can be broadly categorized into cytotoxic T-cells (CD8") killing infected and
transformed cells, helper T cells (CD4*) playing a role in the adaptive immune system, and
regulatory T-cells (CD4*CD25*) mediating immunosuppression and tolerance. In addition
to their roles in regulating the immune system, T-cells can also impact normal bone
homeostasis and osteolytic and inflammatory bone diseases such as rheumatoid arthritis
[74]. In normal bone remodeling, activated CD8*/CD4* T-cells express RANKL directly
stimulating osteoclastogenesis in the absence of osteoblasts. In contrast, production of
interferon gamma (IFN-v) can inhibit T-cell mediated osteolysis [75, 76].

CD4*CD25*FOXP3* regulatory T-cells (Tregs) are essential for maintaining peripheral T-
cell homeostasis and self-tolerance by inhibiting CD4*T cells, CD8*T cells, dendritic cells,
macrophages, B cells and NK cells. Tregs can be found in the thymus and the bone marrow
of healthy individuals is rich in this cell type [77]. In solid tumors Tregs play critical roles in
immune evasion and making the tumor microenvironment an immune privileged site. The
picture in myeloma is not as clear. Studies have defined higher levels of circulating Tregs in
patients with asymptomatic and symptomatic myeloma compared to healthy control
individuals that could suppress naive T-cell (CD47CD25~ T-cells) proliferation and
activation by secreting factors including TGFf and IL-10 [78-80]. Further, elevated levels
of Tregs were associated with a decrease in overall survival and progression free survival
compared to myeloma patients with lower Treg numbers [81, 82]. Interestingly, analysis of
myeloma patient bone marrow revealed the Tregs numbers to match that of healthy
individuals, indicating myeloma cells do not recruit Tregs to the bone marrow and that other
immune cells may be responsible for disease related immune tolerance. However, given the
functionality of Tregs in the bone marrow, therapeutic targeting of these cells may yet prove
an alternative means with which to target myeloma and augment existing therapies [83].
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Recently, a regulatory subset of CD8* T-cells has been identified in myeloma patients, with
the ability to suppress CD4* T-cell proliferation via the secretion of IFN-y [84]. The clinical
role of this subset of T-cells is currently unknown, although they are believed to contribute
to immune suppression in myeloma. While myeloma patients have functional cytotoxic
CD8™* T-cells, myeloma cells escape the immune system resulting in their expansion within
the bone marrow. This is a result of impaired plasma cell recognition, due to alterations in
antigen presentation machinery on the transformed plasma cells [85, 86]. One such
mechanism of escape includes the expression of carcinoembryonic antigen-related cell
adhesion molecule-6 (CEACAM-6) on the plasma cells surface. Binding and cross linking
of cytotoxic T-cells to the CEACAM-6 receptor inhibits T-cell activation and response to
malignant plasma cells [87].

T-cell targeted therapies are currently providing exciting results in clinical trials in solid
cancers and in hematological malignancies such as multiple myeloma. In addition to clinical
trials (NCT02215967, NCT00881920 and NCT01886976) focusing on modulating T-cells to
display chimeric antigen receptors (CAR T-cells) that allow for the specific targeting of
myeloma; novel therapies are also being implemented that make myeloma cells more
“visible” to the immune system [62]. The cytotoxic activity of T-cells in the immune
microenvironment can be suppressed by the activation of a number of receptors expressed
on the T-cell including Programmed Cell Death-1 receptor (PD-1) and cytotoxic T-
Lymphocyte-associated protein 4 (CTLA-4). Therefore, myeloma cells expressing PD-1
ligand (PD-L1) can promote immune tolerance [88]. PD-L1 is highly expressed by myeloma
cells and its expression can be induced via interaction with the surrounding bone marrow
stroma [88, 89]. Notably, PD-1 expression is also enhanced on T-cells isolated from
myeloma patients [90]. Culture of myeloma cells with CD4" T-cells resulted in the
generation of Tregs with immune suppressive activities, highly expressing PD-1 [91]. The
immunomodulatory mechanistic effects of lenalidomide in activating NK and cytotoxic T-
cells may be in part explained by reduced PD-1 and PD-L1 expression in T-cells and
myeloma cells respectively [92]. Pre-clinical studies using anti-PD-L1 antibodies or PD-1
deficient mice have shown significant suppression of myeloma growth, and have provided
solid rationale for a number of ongoing clinical trials [93-95]. Both PD-1/PD-L1 antibodies
are currently under investigation as a single agent (NCT01375842) or in combination with
other agents including Lenalidomide (NCT02077959), and with myeloma vaccines (e.g.
NCTO01067287). PD-1 inhibition is also been investigated in combination with other T-cell
co-inhibitor molecules such as cytotoxic T-lymphocyte-associate protein 4 (CTLA-4)
(NCT01592370).

B-Cells—B-cell development results in the formation of terminally differentiated, antibody
producing plasma cells [96]. Myeloma is a B-cell malignancy, and individuals with
myeloma have a reduced level of normal immunoglobulin (serum IgM ~1.9mg/ml),
associated with the suppression of B-cell differentiation that may be explained by an arrest
in B-cell maturation [97]. Symptomatic myeloma patients have lower numbers of B-cells
compared to age matched controls. In particular, memory B-cells were reduced, with an
increased reduction in myeloma patients compared to individuals with early stage disease.
This reduction in memory cells was associated with a reduction in antibodies, and memory
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recall, resulting in increased infection and a reduced response to vaccinations [98]. A
number of therapies directed towards B-cell antigens are currently under investigation to
directly target myeloma cells, including antibodies towards B-cell maturation antigen
(BCMA) and vaccines targeting CD138 [99, 100]. Targeting these cell surface markers, and
others, is the focus of ongoing clinical trials (NCT02064387) (NCT01718899).

NK-Cell—Natural Killer cells (NKSs) can identify cancer cells in the absence of major
histocompatibility complex (MHC) presentation. NK activity negatively correlates with
disease progression in myeloma patients [101]. Agents such as bortezomib, and
lenalidomide have been in part, shown to function by enhancing NK anti-tumor activity
towards myeloma cells [102, 103]. Many therapeutic strategies to enhance NK-cell activity
are currently under investigation. PD-1 has been demonstrated to be expressed by NK cells
isolated from myeloma patients, but not from healthy individuals. Inhibition of PD-1 was
found to enhance NK cell response to myeloma cells in vitro [104]. Further, administration
of NK cells in a mouse xenograft model of myeloma, significantly reduced tumor burden
[105]. Clinical trials are currently underway investigating the transplantation of NK cells to
myeloma patients (NCT01040026.) Expansion, and activation of human NK cells ex vivo
has been demonstrated in the presence of human leukocyte antigen (HLA) deficient cell line
K562 genetically modified to express an activated T-Cell ligand (41BBL) and interleukin-15
(IL-15.) Safe auto- or allo-transplant of educated NK cells has been demonstrated in patients
[106]. Similarly to T-cells, CAR-NK cells are also under investigation for the treatment of
myeloma, with CS1 as a potential therapeutic target [107].

Taken together, our increased understanding of how the innate and adaptive arms of the
immune system contribute to, or protect against, myeloma progression has revealed many
new therapeutic approaches that are being translated to the clinical setting.

Mesenchymal derived cells play crucial roles in myeloma progression

(MSC)

MSCs

Mesenchymal stem cells (MSCs) give rise to bone, cartilage, adipose, muscle and dermal
tissues. The bone marrow is rich in MSCs and roles for MSCs and their derivatives; hamely,
osteoblasts, adipocytes and chondrocytes have been shown to play novel roles in myeloma
progression.

In primary solid cancers, MSCs have been shown to differentiate into cancer-associated
fibroblasts (CAFs) that can contribute to disease progression [108]. Given that bone is rich
in MSCs, this intriguing cell population and its role in myeloma progression has been under
extensive investigation. Myeloma cell interaction with bone marrow stromal MSCs
promotes the secretion of cytokines (eg. IL-6, and VEGF), chemokines (eg. macrophage
inflammatory protein (MIP-1)) and the expression of adhesion molecules (eg. integrins)
[109]. IL-6 is a key cytokine in the progression of the disease, and is secreted by both
myeloma and bone marrow stromal cells [110]. Originally identified as a regulator of
normal B-cell differentiation, it has been shown to promote myeloma cell proliferation and
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protect cells from apoptosis [111]. Cell-cell contact between BMSC and myeloma cells is
also essential for the development chemotherapeutic drug resistance in myeloma patients
[112]. The expression and activation of adhesion molecules are essential for mediating these
cellular interactions. Integrins, including VLA-4 (a4p1) facilitate binding of myeloma cells
to stromal cells via vascular cell adhesion molecule-1 (VCAM-1), and to the extracellular
matrix components such as fibronectin [113]. Growth factors such as TNF-a can up-regulate
VLA-4 expression in myeloma cells, enhancing homing and adhesion to fibronectin and
stromal cells [114]. CD138, a cell surface marker commonly used to identify myeloma cells,
is a proteoglycan responsible for binding to extracellular matrix proteins, as well as
regulating integrin activity [115]. Cell-Cell adhesion modulates pathways in both the
myeloma and stromal components, which is ultimately sufficient to mediate a multi-drug
resistant phenotype commonly referred to as cell adhesion mediated drug resistance (CAM-
DR). Data suggest that CAM-DR results in a failure to eradicate minimal residual disease
following delivery of standard of care agents and may contribute to the emergence of
acquired drug resistance in myeloma [112, 116, 117]. Although MSCs from healthy and
myeloma patients are capable of inducing resistance in vitro, myeloma derived MSCs could
inhibit the effects of bortezomib on cell growth to a greater extent [118]. One mechanism by
which myeloma cells become resistant is by increased expression of the apoptosis
suppressor protein survivin by cell contact [119]. In addition to enhancing myeloma
resistance to chemotherapy, IL-6 can also directly stimulate osteoclast formation and
RANKL production in stromal cells [120]. Similarly, myeloma derived IL-1f is also known
to stimulate osteoclastogenesis by increasing expression of adhesion molecules and
paracrine secretion of 1L-6 [121]. Further, myeloma cells produce chemokine MIP-1a,
stimulating osteoclast formation and adhesion to BMSC by enhancing cytokine production
(eg. IL-6, VEGF) [122].

Because of their pluripotency MSCs can also play a role in the myeloma bone
microenvironment by differentiating into a number of cell types. Differential gene
expression analysis revealed genes such as IL-6 and Dickopf-1 (DKK-1) are up regulated in
myeloma derived MSCs compared to healthy controls [109]. Further, MSCs isolated from
myeloma patients have a reduced ability to differentiate into osteoblasts, with the down-
regulation of osteogenic genes such as Wntl and Wnt2 implicated. Myeloma derived factors
such as the Wnt antagonist, DKK-1, can also limit the differentiation of MSCs into
osteoblasts. MSCs isolated from the bone marrow stroma of myeloma patients also produce
notably higher endogenous levels of DKK-1 [123]. MSCs have immunomodulatory roles
that affect the proliferation and function of T-cells both in vivo and in vitro. MSC isolated
from myeloma patients expressed high levels of TGFp, IL-6, interleukin-3 (IL-3), TNF-a
and RANKL, and decreased expression of FAS-L and TGF compared to those from healthy
individuals. T-cells from normal individuals were capable of stimulating osteoblastic
differentiation, with this ability reduced in those from myeloma patients or cultured with
myeloma-MSC [124, 125].

It is important to note that MSCs in some contexts can have protective roles in tumor
progression. For example, intra-tibial injections of myeloma naive MSCs were demonstrated
to delay disease due to increased bone formation and reduced myeloma growth [126]. The
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inhibitory effect of MSCs on myeloma growth, are partially explained by Fas-L induced
apoptosis [127]. Fas-L expression is significantly decreased in myeloma-derived MSC,
potentially explaining conflicting observations in MSC focused studies [126]. Nevertheless,
these studies open up the question of modulating MSCs, or transplantation of normal MSC
to treat myeloma, however understanding the mechanisms by which MSC inhibit myeloma
may provide a safer therapeutic strategy. Given our knowledge regarding MSC derived IL-6
for example, therapies generated either against the cytokine directly or the IL-6 receptor/
pathway would be logical choices for the design of targeted therapies. Siltuximab is a
monoclonal against IL-6 and is well tolerated in patients (NCT01484275)[128]. However,
transplant ineligible patients that underwent Siltuximab treatment in combination with
velcade, melphalan and prednisone (VMP) did not demonstrate improved complete response
rates compared to the VMP arm alone [129]. Since IL-6 is involved in early myeloma-
stroma interactions and survival, it is possible that application of the IL-6 therapy at earlier
stages of the disease may prove more beneficial. In this regard, Siltuximab is currently under
investigation in patients with asymptomatic disease (NCT01484275.)

Novel molecules are also being investigated that can potentially block the interaction
between MSCs and stromal cells and the extracellular matrix. One such example is HYD1,;
this short peptide has been demonstrated to bind adhesion molecules CD44 and VLA-4
[130]. HYDL treatment prevented myeloma cells adhesion to fibronectin, and reversed
adhesion mediated drug resistance in a co-culture with bone marrow stromal cells. In
addition, HYD1 induced necrosis in myeloma cell lines in vitro. Tumor burden was
significantly reduced with HYD1 treatment in vivo, making HYD1 an attractive therapeutic
agent [131].

Osteoblasts/osteocytes

Osteoblast mediated bone formation/mineralization is severely restricted in myeloma
patients. The factors involved in osteoblast suppression have been widely described, with
the Wnt pathway and myeloma-derived factors, such as IL-3 implicated [132]. Many
therapeutic agents are currently under investigation to stimulate bone formation or block
agonists in myeloma patients. These include but are not limited to potent osteogenic factors
such as Wnt, and DKK-1, fibroblast growth factor 23 (FGF23) and heparanse [52, 133, 134].
The DKK-1 inhibitor BHQ880, increases osteoblast number and trabecular bone volume in
an in vivo myeloma model [135]. In clinical trials BHQ880 showed a trend towards
increased bone mineral density when used in combination with a bisphosphonate for the
treatment of relapsed myeloma [136]. Other Phase I/11 clinical trials examining the efficacy
of BHQ880 have been completed with reports from those trials pending (NCT01302886,
NCT00741377 and NCT01337752).

A recent study demonstrated that quiescent myeloma cells are primarily located in the
osteoblastic niche in a dormant stem like state compared to those isolated from the vascular
niche [137]. Emerging data, suggests that these dormant cells are protected from
chemotherapy, leading to repopulation of the tumor and ultimately, patient relapse [138]. In
some instances, osteoblasts can inhibit the growth of myeloma cells and induce apoptosis in
part explaining why osteoblast activity is so suppressed in patients with myeloma [139].
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Similarly, the majority of patient derived osteoblasts were found to inhibit myeloma growth
in co-culture and reciprocally, myeloma suppression of osteoblast activity correlated with
the degree of skeletal disease [139, 140]. Mechanistically, osteoblasts appear to suppress
myeloma growth via the production of decorin, a small leucine-rich proteoglycan known to
be unregulated in differentiating osteoblasts and a sink for TGFp. Osteoblast-derived, or
recombinant decorin, upregulated cell-cycle regulator p21, and induced myeloma cell
apoptosis [141]. Levels of decorin were shown to be significantly decreased in the bone
marrow of myeloma patients compared to that of healthy individuals [142].

During the bone remodeling process, osteoblasts are embedded into the bone matrix where
they terminally differentiate into mechanosensing osteocytes. There is increasing evidence
that osteocytes regulate bone remodeling, stimulating osteoclast formation and inhibiting
osteoblasts by secretion of sclerostin. Osteocytes have also been identified as a major source
of RANKL [143]. To date, the role of osteocytes in myeloma is relatively unknown.
Transcriptional analysis of osteocytes isolated from myeloma patients revealed changes in
the expression of approximately 1800 genes, compared to healthy controls. These data
indicate that myeloma cells may influence osteocyte function [144]. Analysis of myeloma
patient biopsies revealed a significant decrease in the number of osteocytes, compared to
healthy individuals. The reduction in osteocyte number was equated to increased apoptosis
[145]. Osteocyte apoptosis can drive osteoclast recruitment and formation by as yet
undefined mechanisms. The use of fluorescently labeled bisphosphonate analogue has also
revealed uptake in the osteocytic lacunae indicating potential additional sites of action [146].
In vitro studies, have suggested bisphosphonates may protect osteocytes from apoptosis at
low concentrations, suggesting that bisphosphonates may have anti-apoptotic effects on
osteocytes in vivo [147]. Trials are currently underway exploring the factors that control this
intriguing cell type in myeloma patients (NCT02212262).

Adipocytes

Adipocytes are responsible for fat storage in the body make up a large component of bone
marrow, with the number of adipocytes increasing with age. In the setting of healthy bone,
the adipokines; leptin and adiponectin, have been shown to promote osteoblast
differentiation, proliferation, and mineralization, but prevent osteoclastogenesis [148]. These
adipokines also drive the growth of solid tumors, such as prostate cancer, however their role
in hematological cancers is not as widely understood [149]. The culture of myeloma cell
lines with adipocyte conditioned media, revealed soluble factors could promote myeloma
cell proliferation, migration while inhibiting apoptosis potentially via leptin [150].
Additionally, adipocytes secrete significant amounts of 1L-6 [151]. By secreting heparanase,
myeloma cells can also promote MSC to adipocyte differentiation, thereby suppressing bone
formation by limiting the number of stem cells that can commit to the osteoblast/osteogenic
program [134].

Increasing evidence now indicates a link between obesity and myeloma incidence [152]. In
fact, leptin levels were found to be increased in the serum of non-obese myeloma patients,
with concentration correlating with disease progression [153]. Further, adiponectin has been
associated with a reduction in myeloma cell survival due to the suppression of lipogenesis
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[154, 155]. Pre-clinical studies also support a role for adipokines in the progression of the
disease. The 5TGM1 mouse model grows in syngeneic C57BL/KaLwRij mice, but not in the
closely related C57BL/6 mouse strain. A recent study, demonstrated that when C57BL/6
were fed a high fat diet, the 5TGM1 cells were now able to grow in the bone marrow and
induce osteolysis indicating a key role for adipocytes/adipokines in myeloma [156].
Interestingly, although myeloma incidence is higher in obese patients, the disease takes
longer to progress with higher overall survival rates noted [157]. Although much of the data
suggests adipocytes promote myeloma, this study indicates that further investigation is
required before we can begin to consider adipocytes and adipokines as therapeutic targets.

Collectively, these data illustrate how mesenchymal derived cells can play pivotal roles in
myeloma growth and therapy resistance and that targeting the mesenchymal arm of the
myeloma-bone microenvironment can be of significant benefit for patients.

Targeting early microenvironmental changes to prevent symptomatic

myeloma

The therapeutic strategies discussed above are largely geared toward tackling active
symptomatic myeloma disease or the cells of the established myeloma-tumor
microenvironment. Earlier intervention may ultimately have a more profound impact on
overall survival. In the majority of patients, myeloma is preceded by precursor stages known
as monoclonal gammopathy of undetermined significance (MGUS) and smoldering
myeloma (SMM)[2]. These stages are typically categorized by serum immunoglobulin
levels (MGUS <30g/l, SMM >30g/I). The median time of progression to overt myeloma
varies greatly from 2 to 10 years, with a rate of progression of MGUS to myeloma at 0.5—
1.5% per year. The risk of progression from SMM is significantly greater, with
approximately 10% of patients progressing to overt disease within the first 5 years [158].
Currently, patients diagnosed with MGUS or SMM are simply monitored until the onset of
symptomatic disease. The reasons for delaying therapeutic intervention include drug
toxicity, as well of the risk of developing drug resistance. However, it is recognized that that
there are sub-groups of patients within these categories that are at “higher risk” of
progression but their identification remains a challenge. A number of markers including
soluble free light chain (FLC) ratios (normal ratio for x/A is 0.26-1.65), and clonal bone
marrow plasma cell percentage (>60% defined as myeloma) have been identified [159].
Recent data suggests that defining systemic factors capable of modulating the bone
microenvironment may provide insight into the identification of those patients at high risk.
Although this MGUS stage does not present with osteolytic lesions, patients are more
susceptible to fracture as a result of systemic osteoporosis [160]. These findings suggest that
even during MGUS, malignant plasma cells are modulating the skeletal microenvironment.
The concept of the “pre-metastatic niche” has been described in a number of solid tumors;
therefore one may speculate that myeloma can prepare new bone sites for arrival and
colonization [161]. Understanding myeloma colonization mechanisms could limit the
systemic nature of the disease [162]. For example, myeloma interactions with MSCs via
VLA-4/\VCAM-1 promotes the colonization of the disease in the bone marrow and results in
increased osteoclastogenesis via IL-6 production [163, 164]. In addition, VLA-4/VCAM-1
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interaction has been shown to be important for the homing of myeloma cells to the bone
marrow [165]. Emerging studies are also beginning to elucidate roles for exosomes.
Exosomes have come to light as key mediators of cell-cell communication, particularly in
modulating the pre-metastatic microenvironment to be ready for future metastatic seeding.
These nanometer vesicles (50-150nm) of endocytic origin have been shown to transfer
proteins, lipids, RNAs, and even DNA between cell types. Released by a variety of cells,
proteomic profiling has revealed exosomal content to be cell type specific [166]. Recent
data, has implicated myeloma derived exosomes in disease progression by promoting
angiogenesis, osteoclastogenesis and mediating drug resistance [162, 167-169]. Further
exploration of these cellular and molecular mechanisms could allow for therapeutic
intervention to prevent systemic bone microenvironmental changes the development of
symptomatic disease or at the very least identify patients that are at a high-risk of
progression.

Concluding remarks

The recent discovery of novel therapeutics such as proteasome inhibitors (bortezomib, and
carfilzomib) and lenolidomide has significantly enhanced our ability to treat symptomatic
multiple myeloma and extend patient overall survival. The optimal use of these agents, alone
or in combination with other novel therapies is the focus of many ongoing clinical trials that
no doubt will increase complete response and overall survival rates. However, the genetic
heterogeneity underlying myeloma pathogenesis indicates that the emergence of refractory
disease is but a matter of time. The surrounding microenvironment of myeloma is critical for
the progression of the disease and given its relative genetic stability, presents a logical area
for the development of targeted therapies. Clinical trials designed to target immune and
stromal components of the microenvironment are ongoing and, in combination with
myeloma targeted therapies should get us closer to our ultimate objective of curing the
disease (Fig. 1).

As new treatment strategies come online and begin to impact overall survival, one challenge
on the horizon may be how to deal with extramedullary multiple myeloma. In advanced
disease stages, myeloma cells can become independent of the bone microenvironment
leading to the presentation of soft tissue plasmacytomas. Postmortem studies have revealed
that approximately 70% of myeloma patients have extramedullary disease at autopsy [170,
171]. Extramedullary myeloma most frequently occurs at local sites, arising from bone
involvement (eg. vertebrae) although plasmacytomas can occur in organs such as the skin,
liver and central nervous system [172]. Extramedullary disease is associated with a
significant reduction in progression-free, and overall survival [173]. It is too premature to
determine whether the incidence of extramedullary disease is increasing with the advent of
new therapies but, it is possible that longer overall survival may allow for extramedullary
disease to develop. If so, then understanding how myeloma extravasates from the skeletal
tissue and occupies soft tissue may be an important area of research in the future.

In conclusion, while multiple myeloma currently remains an incurable disease, there is much
optimism moving forward, based on ongoing clinical trials, that meaningful increases in
complete response and overall survival rates can be achieved. Future advances in our
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understanding of the molecular mechanisms driving multiple myeloma and importantly, how
the surrounding bone microenvironment controls disease evolution and progression, will
surely increase the number of therapeutic options available to the hematology oncologist to
eradicate the disease.
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A. Myeloid-derived cells
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Figure 1.
The multiple myeloma bone microenvironment. Our understanding of the “vicious cycle”

between myeloma cells, osteoclasts and osteoblasts, can now been updated to include the
contribution of other cells in the microenvironment including those of a myeloid (A) and
lymphoid/mesenchymal stem cell (B) lineage.
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