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Abstract

Waldenstrém macroglobulinemia (WM) is a lymphoplasmacytic
lymphoma characterized by widespread involvement of the bone
marrow (BM). The BM microenvironment serves as not only a site
for disease involvement, but it also appears that the interaction of
WM cells with the BM is essential for the pathogenesis of WM. The
BM microenvironment consists of the cellular and noncellular com-
partments. The BM has been shown to regulate cell proliferation, cell
cycle, and drug resistance as well as cell dissemination and cell traf-
ficking of WM cells. A better understanding of the role of the BM
microenvironment in the pathogenesis of WM can help guide better
therapeutic strategies that can target the tumor clone and also regu-
late the BM microenvironment.

Introduction

Waldenstrom macroglobulinemia (WM) is a lymphoplasmacytic
lymphoma with a monoclonal gammopathy (immunoglobulin [Ig]
M), lymphadenopathy, organomegaly and bone marrow (BM) in-
volvement.' There is continuous trafficking of WM cells in and out
of the BM, and leads to cell dissemination. The BM not only serves
as an important site for WM cell trafficking, but the BM microenvi-
ronment plays a crucial role in tumor cell proliferation, survival, and
drug resistance.”* The BM microenvironment is composed of a
cellular and a noncellular compartment. The noncellular compart-
ment is composed of the extracellular matrix and the soluble ele-
ments: cytokines, growth factors, adhesion proteins, and so forth.”

Genetic and epigenetic events in the tumor clone of WM lead to
its oncogenesis.®”” WM arises from a cell that has undergone somatic
hypermutation but not isotype switch recombination.'”'" Although
several genetic and cytogenetic events have been shown to be in-
volved in WM oncogenesis, these events may not be sufficient, and a
permissive microenvironment may be required for frank malignancy
to emerge.12 Here, we review our current understanding of the role
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of the BM microenvironment in the pathogenesis of WM and its
impact on the treatment of patients with WM.

Cellular Compartment of the BM and Its Role in WM

The cellular BM is composed of hematopoietic cells, including
hematopoietic stem cells; mesenchymal progenitor cells, fibroblasts
and BM stromal cells; endothelial precursor cells; mature endothelial
cells; immune cells (B lymphocytes, T lymphocytes, natural killer
cells, macrophages, mast cells, monocytes, natural killer T cells);
erythrocytes, megakaryocytes, and platelets; and chondroclasts,
osteoclasts, and osteoblasts.”!?

The role of BM stromal cells has been extensively studied in WM and
other hematologic malignancies. We, and other investigators, have
shown that stromal cells are critical for the growth of WM cells."*'¢ In
addition, coculture of WM cells with stromal cells leads to resistance of
WM cells to therapeutic agents, including rituximab. 1416 BM mast cells
are commonly found in association with lymphoplasmacytic cells in
patients with WM, and coculture of tumor cells from WM patients with
WM and with mast cells has resulted in a dose-dependent tumor colony
formation and/or proliferation.'”

Endothelial cells also play an important role in WM cell growth. Our
group has shown that ephrin-B2 (the ligand of the Eph-B2 receptor, a
tyrosine kinase) was highly expressed on endothelial cells from the BM of
patients with WM compared with controls.'® Eph receptors and ephrin
ligands are overexpressed in several cancers. The receptor and ligand are
both membrane bound, and they play a role in cell-cell interaction.
Activation of the Eph-B2 receptor with ephrin-B2 did not affect WM
cell proliferation and cell cycle; however, it induced activation of adhe-
sion cascades that increased adhesion of WM cells to endothelial cells
(see Figure 1). This adhesion promoted WM cell proliferation through
cell-cycle transition. Ephrin-B2—-Eph-B2 receptor interaction in WM
was found to regulate cell-cell interaction through an integrin dependent
system that involves downstream activation of focal adhesion kinase
(FAK) and Src. Inhibition of either Eph-B2 on WM cells or inhibition
of ephrin-B2 on endothelial cells or both reduced the adhesion of WM
cells to endothelial cells and reduced activation of the cytoskeletal signal-
ing. Knockdown of Eph-B2 in WM cells prevented the proliferative
effect and cell-cycle regulation in WM cells previously induced by co-
culture with endothelial cells. These findings also were confirmed by
using in vivo studies that showed that inhibition of Eph-B2 in WM cells
reduced BM infiltration by these cells. The link between adhesion-reg-
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Figure 1 The BM Microenvironment Plays a Key Role in the Pathogenesis of Waldenstrom’s Macroglobulinemia (WM). The Bone
Marrow Endothelial Cells (BMEC) Interact with the WM Cells Via the Ephrin-B2—Eph-B2 Interaction That Increases WM
Cell Adhesion to the Endothelial Cells. The Bone Marrow Stromal Cells (BMSC) and WM Cells Seem to Stimulate Each
Other Via Paracrine Signaling By Secretion of Cytokines (CCL5 and IL6). WM Cells also Interact with the Extracellular

Matrix (ECM) Through Several Signaling Pathways that may be Initiated by miRNA-155 Within the WM Cell. The
Signaling of WM Cells In and Out of the Bone Marrow is Partly Regulated by the SDF-1 Secreted by the Bone Marrow

and the CXCR4 Receptor on the WM Cells
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ulating molecules and proliferative signaling pathways in WM is inter-
esting and may lead to discovery of new therapeutic agents.

Noncellular Compartment of the BM and Its Role in WM

The noncellular compartment of the BM consists of the extracel-

lular matrix and a variety of cytokines, growth factors, and adhesion

factors that are secreted by the cells that make up the cellular com-
partment of the microenvironment. Several studies have focused on
the role of cytokines in the pathogenesis of WM. Cytokines may play
an important role in the paracrine or autocrine signaling pathways
that are important for cell proliferation and survival. In a study of 56
patients with WM and 11 patients with IgM MGUS, Anagnosto-
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poulos et al'” found increased levels of angiogenin, vascular endo-
thelial growth factor, vascular endothelial growth factor A, and basic
fibroblast growth factor in sera of patients compared with controls. A
lower level of angiopoietin-1 (Ang-1) was also noted in WM com-
pared with controls. Ang-1 is an antagonist of neovascularization,
and an inverse correlation between Ang-1 and BM microvessel den-
sity has been noted.”® The higher levels of these angiogenic cytokines
in patients with WM suggest that there is a role of angiogenesis in
WM. This study raises the possibility of the cellular compartment of
the BM microenvironment that supports neovascularization and
contributes to WM pathogenesis through these angiogenic cyto-
kines. Elsawa et al®' performed a comprehensive cytokine analysis on
serum and BM biopsy samples from patients with WM and from
healthy donors. They found C-C motif ligand 5 (CCLS5), granulo-
cyte colony-stimulating factor, and soluble interleukin (IL)-2 recep-
tor elevated in patients with WM, whereas IL-8 and epidermal
growth factor levels were found to be lower compared with healthy
controls.”' CCL5 expression was higher in the BM microenviron-
ment of patients with WM compared with controls. CCL5 levels
were shown to correspond with disease aggressiveness, and there was
a functional correlation between CCL5 and IL-6 levels. IL-6 is a
proinflammatory cytokine mainly produced by BM stromal cell and
has a role in normal and malignant B-cell biology. CCL5 stimulated
IL-6 secretion from BM stromal cells by binding to a receptor C-C
motif receptor 3 (CCR3) and induction of GLI2, a transcription
factor via the PI3K-AKT-1kBa-p65 pathway.”” Increased IL-6 pro-
duction in turn resulted in increased IgM production by WM ma-
lignant cells via the JAK/STAT pathway (see Figure 1). The CCL5—
IL-6 interaction may be a mechanism by which the WM cells and
BM stromal cells stimulate each other, wherein the WM cells pro-
duce CCLS5, which stimulates the stromal cells to produce IL-6, and
IL-6 in turn stimulates IgM production by the WM cells. IgM is a
mediator of WM morbidity, and this study highlights the impor-
tance of the BM microenvironment in the pathogenesis of WM.
Other cytokines that have been shown to be increased in WM in-
clude B-lymphocyte stimulator and macrophage inflammatory pro-
tein-1 alpha.”*** Future studies need to further explore the complex
role of these cytokines in the pathogenesis of WM with an eye on
developing therapeutic agents that can target these cytokines.

The migration of cells through the blood to the BM microenvi-
ronment requires active navigation through the process of homing.
Homing is thought to be a coordinated multistep process that in-
volves signaling by stromal-derived factor (SDF-1), activation of
lymphocyte function-associated antigen 1, very late antigen (VLA)-
4/5, and activation of matrix metalloproteinase (MMP)2/9.° Our
group has shown that WM cells express high levels of CXCR4 (a
receptor for SDF-1) and VLA-4.> CXCR4 was found to be essential
for the migration and transendothelial migration of WM cells under
static and dynamic shear flow conditions, with significant inhibition
of migration by using the CXCR4 knockdown or the CXCR4 inhib-
itor plerixafor. Inhibition of CXCR4 or VLA-4 led to decreased
adhesion to fibronectin, stromal cells, and endothelial cells. Most
importantly, decreased adhesion of WM cells to stromal cells by
plerixafor led to increased sensitivity of these cells to cytotoxicity by
bortezomib. PI3K and ERK signaling pathways were found to be
activated by CXCR4 activation in this study. Polymorphisms in the
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SDEF-1 gene may also have an impact in the pathogenesis and disease
progression of WM.?® These studies show the importance of the
SDF-1-CXCR4 axis in the pathogenesis of WM. They confirm the
protective effect of the BM microenvironment toward WM cells and
also provide a strong rationale for disrupting the WM-BM interac-
tion to improve therapeutic efficacy.

In a microRNA (miRNA) expression profiling study, we identified
miRNA-155 as being increased in WM compared with normal con-
trols.” miRNA 155 has been shown to play an important role in other
B-cell malignancies, for example, diffuse large B cell lymphoma, pri-
mary mediastinal B-cell lymphomas, and Hodgkin lymphoma. In
this study, a significant inhibition of adhesion to fibronectin was
observed in the miRNA-155 knockdown cells compared with con-
trols. This was further supported by the downregulation of genes
such as several Rho GTPase activating proteins, p21 (CDKN1A)
activating protein, and p21-activated kinase 1 interacting protein,
which are known to be involved in the adhesion process (see Figure
1). Similarly, miRNA-155 knockdown significantly inhibited WM
cell migration in response to SDF-1. By using an in vivo homing
model, the study also showed that miRNA-155 knockdown WM
cells homed and proliferated in the BM at a lower rate than control
WM cells and led to decreased IgM production and a significant
survival benefit in mice.

Conclusion

The BM microenvironment is critical for the pathogenesis of WM
and plays a role in cell growth, survival, and resistance to therapy. As
our understanding of the specific elements that are critical for the
interaction of the tumor with the supporting BM niche improves, we
will be able to design therapeutic interventions that can improve

outcomes.
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