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Abstract
Waldenström 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
Waldenström macroglobulinemia (WM) is a lymphoplasmacytic

lymphoma with a monoclonal gammopathy (immunoglobulin [Ig]
M), lymphadenopathy, organomegaly and bone marrow (BM) in-
volvement.1 There is continuous trafficking of WM cells in and out
f the BM, and leads to cell dissemination. The BM not only serves
s an important site for WM cell trafficking, but the BM microenvi-
onment plays a crucial role in tumor cell proliferation, survival, and
rug resistance.2-4 The BM microenvironment is composed of a
ellular and a noncellular compartment. The noncellular compart-
ent is composed of the extracellular matrix and the soluble ele-
ents: cytokines, growth factors, adhesion proteins, and so forth.5

Genetic and epigenetic events in the tumor clone of WM lead to
its oncogenesis.6-9 WM arises from a cell that has undergone somatic
hypermutation but not isotype switch recombination.10,11 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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f the BM microenvironment in the pathogenesis of WM and its
mpact 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.5,13

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.14-16 In
ddition, coculture of WM cells with stromal cells leads to resistance of

M cells to therapeutic agents, including rituximab.14-16 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.17

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.18 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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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-

Figure 1 The BM Microenvironment Plays a Key Role in the Pa
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poulos et al19 found increased levels of angiogenin, vascular endo-
helial growth factor, vascular endothelial growth factor A, and basic
broblast growth factor in sera of patients compared with controls. A

ower level of angiopoietin-1 (Ang-1) was also noted in WM com-
ared with controls. Ang-1 is an antagonist of neovascularization,
nd an inverse correlation between Ang-1 and BM microvessel den-
ity has been noted.20 The higher levels of these angiogenic cytokines
n patients with WM suggest that there is a role of angiogenesis in

M. This study raises the possibility of the cellular compartment of
he BM microenvironment that supports neovascularization and
ontributes to WM pathogenesis through these angiogenic cyto-
ines. Elsawa et al21 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 (CCL5), 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.21 CCL5 expression was higher in the BM microenviron-

ent of patients with WM compared with controls. CCL5 levels
ere shown to correspond with disease aggressiveness, and there was
functional correlation between CCL5 and IL-6 levels. IL-6 is a

roinflammatory cytokine mainly produced by BM stromal cell and
as a role in normal and malignant B-cell biology. CCL5 stimulated
L-6 secretion from BM stromal cells by binding to a receptor C-C
otif receptor 3 (CCR3) and induction of GLI2, a transcription

actor via the PI3K-AKT-I�B�-p65 pathway.22 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–
L-6 interaction may be a mechanism by which the WM cells and
M stromal cells stimulate each other, wherein the WM cells pro-
uce CCL5, which stimulates the stromal cells to produce IL-6, and
L-6 in turn stimulates IgM production by the WM cells. IgM is a
ediator of WM morbidity, and this study highlights the impor-

ance of the BM microenvironment in the pathogenesis of WM.
ther cytokines that have been shown to be increased in WM in-

lude B-lymphocyte stimulator and macrophage inflammatory pro-
ein-1 alpha.23,24 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)2/9.25 Our
group has shown that WM cells express high levels of CXCR4 (a
receptor for SDF-1) and VLA-4.2 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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SDF-1 gene may also have an impact in the pathogenesis and disease
progression of WM.26 These studies show the importance of the
DF-1–CXCR4 axis in the pathogenesis of WM. They confirm the
rotective effect of the BM microenvironment toward WM cells and
lso provide a strong rationale for disrupting the WM-BM interac-
ion to improve therapeutic efficacy.

In a microRNA (miRNA) expression profiling study, we identified
iRNA-155 as being increased in WM compared with normal con-

rols.3 miRNA 155 has been shown to play an important role in other
-cell malignancies, for example, diffuse large B cell lymphoma, pri-
ary mediastinal B-cell lymphomas, and Hodgkin lymphoma. In

his study, a significant inhibition of adhesion to fibronectin was
bserved in the miRNA-155 knockdown cells compared with con-
rols. This was further supported by the downregulation of genes
uch as several Rho GTPase activating proteins, p21 (CDKN1A)
ctivating protein, and p21-activated kinase 1 interacting protein,
hich are known to be involved in the adhesion process (see Figure
). Similarly, miRNA-155 knockdown significantly inhibited WM
ell migration in response to SDF-1. By using an in vivo homing
odel, the study also showed that miRNA-155 knockdown WM

ells homed and proliferated in the BM at a lower rate than control
M cells and led to decreased IgM production and a significant

urvival 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.

Acknowledgment
I. Ghobrial is supported in part by R01CA125690, R01CA133799,

and R01CA154648.

Disclosure
The authors have stated that they have no conflicts of interest.

References
1. Ghobrial IM, Gertz MA, Fonseca R. Waldenström macroglobulinaemia. Lancet

Oncol 2003; 4:679-85.
2. Ngo HT, Leleu X, Lee J, et al. SDF-1/CXCR4 and VLA-4 interaction regulates

homing in Waldenstrom macroglobulinemia. Blood 2008; 112:150-8.
3. Roccaro AM, Sacco A, Chen C, et al. microRNA expression in the biology, prognosis,

and therapy of Waldenström macroglobulinemia. Blood 2009; 113:4391-402.
4. Damiano JS, Dalton WS. Integrin-mediated drug resistance in multiple myeloma.

Leuk Lymphoma 2000; 38:71-81.
5. Yin T, Li L. The stem cell niches in bone. J Clin Invest 2006; 116:1195-201.
6. Schop RF, Kuehl WM, Van Wier SA, et al. Waldenström macroglobulinemia

neoplastic cells lack immunoglobulin heavy chain locus translocations but have
frequent 6q deletions. Blood 2002; 100:2996-3001.

7. Terre C, Nguyen-Khac F, Barin C, et al. Trisomy 4, a new chromosomal abnor-
mality in Waldenstrom’s macroglobulinemia: a study of 39 cases. Leukemia 2006;
20:1634-6.

8. Liu YC, Miyazawa K, Sashida G, et al. Deletion (20q) as the sole abnormality in
Waldenström macroglobulinemia suggests distinct pathogenesis of 20q11 anomaly.
Cancer Genet Cytogenet 2006; 169:69-72.

9. Treon SP, Xu L, Yang G, et al. MYD88 L265P somatic mutation in Waldenström’s
macroglobulinemia. N Engl J Med 2012; 367:826-33.

10. Kriangkum J, Taylor BJ, Treon SP, et al. Clonotypic IgM V/D/J sequence analysis
in Waldenstrom macroglobulinemia suggests an unusual B-cell origin and an ex-
pansion of polyclonal B cells in peripheral blood. Blood 2004; 104:2134-42.

11. Sahota SS, Forconi F, Ottensmeier CH, et al. Typical Waldenstrom macroglobu-

linemia is derived from a B-cell arrested after cessation of somatic mutation but prior
to isotype switch events. Blood 2002; 100:1505-7.



1

1

1

1

2

2

2

2

2

2

2

Amit Agarwal, Irene M. Ghobrial

12. Raaijmakers MH, Mukherjee S, Guo S, et al. Bone progenitor dysfunction induces

myelodysplasia and secondary leukaemia. Nature 2010; 464:852-7.
13. Podar K, Chauhan D, Anderson KC. Bone marrow microenvironment and the

identification of new targets for myeloma therapy. Leukemia 2009; 23:10-24.
14. Roccaro AM, Sacco A, Husu EN, et al. Dual targeting of the PI3K/Akt/mTOR

pathway as an antitumor strategy in Waldenstrom macroglobulinemia. Blood 2010;
115:559-69.

15. Ngo HT, Azab AK, Farag M, et al. Src tyrosine kinase regulates adhesion and
chemotaxis in Waldenstrom macroglobulinemia. Clin Cancer Res 2009; 15:
6035-41.

6. Leleu X, Eeckhoute J, Jia X, et al. Targeting NF-kappaB in Waldenstrom macro-
globulinemia. Blood 2008; 111:5068-77.

7. Tournilhac O, Santos DD, Xu L, et al. Mast cells in Waldenstrom’s macroglobu-
linemia support lymphoplasmacytic cell growth through CD154/CD40 signaling.
Ann Oncol 2006; 17:1275-82.

8. Azab F, Azab AK, Maiso P, et al, Eph-B2/ephrin-B2 interaction plays a major role
in the adhesion and proliferation of Waldenstrom’s macroglobulinemia. Clin Can-
cer Res 2012; 18:91-104.

9. Anagnostopoulos A, Eleftherakis-Papaiakovou V, Kastritis E, et al. Serum concen-
trations of angiogenic cytokines in Waldenstrom macroglobulinaemia: the ration of

angiopoietin-1 to angiopoietin-2 and angiogenin correlate with disease severity. Br J
Haematol 2007; 137:560-8.
0. Kastritis E, Eleutherakis-Papaiakovou E, Gavriatopoulou M, et al. The role of
angiopoietins system in Waldenstrom’s macroglobulinemia: correlations with mar-
row microvessel density and survival. 54th ASH Annual Meeting and Exposition,
Atlanta, GA, December 8-11, 2012. 2012; 120:3901 [abstract].

1. Elsawa SF, Novak AJ, Ziesmer SC, et al. Comprehensive analysis of tumor microen-
vironment cytokines in Waldenstrom macroglobulinemia identifies CCL5 as a
novel modulator of IL-6 activity. Blood 2011; 118:5540-9.

2. Elsawa SF, Almada LL, Ziesmer SC, et al. GLI2 transcription factor mediates
cytokine cross-talk in the tumor microenvironment. J Biol Chem 2011; 286:
21524-34.

3. Elsawa SF, Novak AJ, Grote DM, et al. B-lymphocyte stimulator (BLyS) stimulates
immunoglobulin production and malignant B-cell growth in Waldenstrom macro-
globulinemia. Blood 2006; 107:2882-8.

4. Terpos E, Anagnostopoulos A, Kastritis E, et al. Abnormal bone remodelling and
increased levels of macrophage inflammatory protein-1 alpha (MIP-1alpha) in Wal-
denstrom macroglobulinaemia. Br J Haematol 2006; 133:301-4.

5. Lapidot T, Dar A, Kollet O. How do stem cells find their way home? Blood 2005;
106:1901-10.

6. Poulain S, Ertault M, Leleu X, et al. SDF1/CXCL12 (-801GA) polymorphism is a

prognostic factor after treatment initiation in Waldenstrom macroglobulinemia.
Leuk Res 2009; 33:1204-7.

Clinical Lymphoma, Myeloma & Leukemia April 2013 221


	The Bone Marrow Microenvironment in Waldenström Macroglobulinemia
	Introduction
	Cellular Compartment of the BM and Its Role in WM
	Noncellular Compartment of the BM and Its Role in WM

	Conclusion
	Disclosure
	Acknowledgment
	References


