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Waldenstrém macroglobulinemia is an indolent, B-cell lymphoma without a known cure. The bone marrow
microenvironment and cytokines both play key roles in Waldenstrom macroglobulinemia (WM) tumor progression.
Only one FDA-approved drug exists for the treatment of WM, lbrutinib, but treatment plans involve a variety of

drugs and inhibitors.

Waldenstrém macroglobulinemia B-cell lymphoma non-Hodgkin’s

| 1. Proliferation

IL-21 is a type | cytokine commonly found in the WM tumor microenvironment that rapidly induces the
phosphorylation of STAT3 in WM cells (Figure 1) . MWCL-1 cells cultured in the presence of IL-21 for 72 h in
vitro demonstrated a dose-dependent increase in both WM cell proliferation and phosphorylated STAT3 levels in
those cells [, Additionally, in MWCL-1 cells, 10 min of stimulation with IL-21 displayed a significant increase in the
phosphorylation of STAT3 [ Treatment with a STAT3 inhibitor eliminated the IL-21-mediated increase in
proliferation 1.
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Figure 1. Signaling pathways contributing to tumor progression in WM.

Fibroblast growth factor receptor 3 (FGFR3) is a member of the FGFR family that interacts with fibroblast growth
factor 3 (FGF3), inducing a cascade of downstream signals that influence cell proliferation. This is well documented
in many types of cancer, including tongue, colorectal, breast, bladder, and oral cancers BEBIHBEISIT |n WM, the
expression of FGFR3 on CD19+ cells from WM patients was greater than the expression on B cells from healthy
subjects, and FGFR3 was also overexpressed in the cell lines BCWM.1 and MEC-1 [&],

In cancer, overexpression of the Akt and mTOR pathways play an important role in the progression of malignancies
through the phosphatidylinositol-3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway. This
pathway can enhance cell survival by inhibiting cell death and stimulating cell proliferation 229, The activation of
this pathway ultimately leads to growth, angiogenesis, resistance to apoptosis, and therapy resistance 1112 |n
WM, constitutive activation of the PI3K/Akt pathway exists and leads to increased cell proliferation and resistance
to apoptosis 13, Phosphatases and tensin homolog (PTEN) are haploinsufficient tumor suppressors; therefore,
partial loss-of-function mutations can have a dramatic effect on cancer progression. PTEN acts to deactivate the
PISK/Akt/mTOR pathways, therefore loss-of-function can lead to constitutive activation. Studies in mouse models
have shown that even a small reduction in PTEN expression can significantly increase cancer risk 141131,
Unfortunately, PTEN loss-of-function mutations are frequent in human cancers, leading to the perpetual activation
of AKT. Furthermore, the role of PTEN in WM has not been reported.

IL-6 plays an important role in normal B cell proliferation and maturation and in B-cell malignancies including

diffuse large B-cell lymphoma 28 Hodgkin lymphoma 4, and multiple myeloma 28 where it has been shown to
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regulate the growth of malignant cells. Previous studies have shown that serum IL-6 levels are increased in
patients with WM compared to healthy patients 22, |L-6 has shown a significant upregulation of IgM secretion by
WM cells through the CCL5-IL-6-IgM axis in the TME 2921 CCL5 signaling has been shown to induce the
expression of the transcription factor GLI2 through the PISK-AKT-IkB-p65 pathway. GLI2 is required to modulate IL-
6 expression in vitro and in vivo through this pathway 29, Targeting the IL-6 receptor with Tocilizumab to block IL-6
effects on WM tumor cells was shown to reduce IgM levels and deter tumor growth in WM, while not inducing
toxicity [22l. This suggests that blocking IL-6 may provide therapeutic efficacy in WM. Despite this, targeting IL-6 in

WM patients has not been investigated.

The role of bone marrow stromal cells has been extensively studied in WM and are attributed to the growth of WM
cells [131123124]125] ' Ephrin-B2 was demonstrated to be highly expressed on endothelial cells from the bone marrow
of patients with WM compared with healthy controls 28 and activation of the Eph-B2 receptor did not directly
increase the proliferation of WM cells, but it increased the adhesion of WM cells to endothelial cells, promoting WM
cell proliferation 22, This increase in WM cell proliferation is dependent on downstream activation of focal adhesion
kinase (FAK) and Src and inhibition of ephrin-B2 on endothelial cells or inhibition of Eph-B2 on WM cells reduced

the adhesion of WM cells to endothelial cells, preventing the proliferative induction from occurring 221,

B-lymphocyte stimulator (BLyS) is a TNF family member expressed by dendritic cells, neutrophils, monocytes, and
macrophages and has been shown to be necessary for normal B-cell development. BLyS binds to the receptors B-
cell-activating factor of the TNF family receptor (BAFF-R), transmembrane activator and CAML interactor (TACI),
and B-cell maturation antigen (BCMA) in WM patients. Expression of BLyS in WM patient bone marrow and
elevated serum BLyS levels have also been noted, as well as upregulated IgM secretion upon BLyS addition. In

vitro, BLyS was shown to enhance the proliferation and survival of WM cells 271,

Bone marrow mast cells are commonly associated with malignant cells in patients with WM. CD40 ligand
(CD40L/CD154) is an inducer of B-cell proliferation and is expressed on malignant cell-associated mast cells in
94% of WM patients, in contrast with 0% of healthy patient mast cell samples. It was found that the co-culture of
mast cells and lymphoplasmacytic cells (LPC) induced LPC proliferation and tumor colony formation 28, Increased
Erk phosphorylation and cell growth in malignant B-cells co-cultured with CD40L-expressing stromal cells have
also been reported. GLI2 induced increased CD40L expression and GLI2 knockdown decreased CD40L

expression. GLI2 has been shown to directly bind to and regulate the activity of the CD40L promoter 29,

| 2. Survival

Myeloid differentiation factor 88 (MYD88) L265P somatic mutation is present in 91% of WM/LPL patients, per
whole genome sequencing results BYE1, The presence of MYD88 L265P has also been reported in IgM MGUS
821 mucosa-associated lymphoid tissue lymphoma (9%) (3! and diffuse large B-cell lymphoma (4. Inhibiting
MYD88/IRAK signaling induced apoptosis of MYD88 L265P-expressing WM cells by blocking MYD88
homodimerization, an essential process for IRAK1 and IRAK4 signaling (Figure 1). This treatment induced

significant apoptosis in BCWM.1, MWCL-1 cell lines as well as primary WM patient cells. Induction of apoptosis did

https://encyclopedia.pub/entry/28371 3/11



Mechanisms of Disease Progression of Waldenstrom Macroglobulinemia | Encyclopedia.pub

not occur without the MYD88 L265P mutation B9, Due to the activation of NF-kB, increased anti-apoptotic Bcl-xL
expression has been observed in both MYD88 L265P and MYD88 L265RPP mutations, promoting increased
survival of malignant cells 32,

| 3. Angiogenesis

Angiogenesis plays an essential role in wound healing and bone repair and regeneration. This process forms new
blood vessels from existing ones, which allow the body to re-establish normal blood flow and
oxygen/nutrient/growth factor delivery to the injured or proliferating area B8IB7I38I39 |n cancer, tumor cells can
develop an angiogenic phenotype through the upregulated pro-angiogenic or downregulated anti-angiogenic
pathways 4941 This causes endothelial cells to enter a rapid growth phase, forming new blood vessels, and
providing nutrients, oxygen, and growth factors to the tumor cells 42l This process is often rushed in cancer and
endothelial cells do not have the time to form perfect blood vessels, leading to leaky, disorganized blood vessels
[43l44] This is an essential step of disease progression and serves to initiate the process of metastasis in many
types of cancer 4345 VEGF is a well-established growth factor, known for its role in both physiological and
pathological angiogenesis. VEGF-A is the main member of the VEGF family and plays a key role in promoting
angiogenesis during embryonic development and tissue repair under physiological conditions (Figure 1) B, In
cancer, VEGF-A production from tumor cells results in an angiogenic switch, leading way to vasculature growth and
as a result, tumor growth and metastasis 2. As the tumor mass increases, the oxygen availability of decreased
and hypoxia occurs, leading to the release of proangiogenic factors such as VEGF-A B2 Angiopoietin-1 (Ang-1)
and its antagonist, angiopoietin-2 (Ang-2) serve as the ligands for receptor tyrosine kinase Tie-2 and play a critical
role in angiogenesis in both physiological and malignant conditions €. Fibroblast growth factors (FGF) are a
family of heparin-binding growth factors. Basic FGF (bFGF) interacts with endothelial cell surface receptors and
has pro-angiogenic activity “Z4. The crosstalk between bFGF, VEGF, and other inflammatory cytokines plays an

important role in mediating angiogenesis in the tumor microenvironment.

In WM, the bone marrow microvessel density is only elevated in 30-40% of patients 48], In a study of 56 patients
with WM, it was reported that increased levels of angiogenin, vascular endothelial growth factor (VEGF), vascular
endothelial growth factor A (VEGFA), and basic fibroblast growth factor in sera of patients, compared with healthy
controls 42, A lower level of the angiogenesis antagonist, angiopoetin-1 (Ang-1), was also reported in WM sera

versus healthy controls 42,

| 4. Hypoxia

Hypoxia plays an important role in the progression of many malignancies and activated hypoxia pathways are
strongly associated with adverse prognosis in cancer 3. Tumor hypoxia in multiple myeloma activates HIF1a,
which promotes cell survival, motility, invasiveness, drug resistance, and neoangiogenesis B2l and is associated
with a more aggressive tumor B2, In multiple myeloma, the egress of bone multiple myeloma cells from the bone
marrow into the circulation and into new niches was also demonstrated 53!,
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In a study demonstrating hypoxia in WM cells, the WM cell line, BCWM.1, was genetically engineered to express
luciferase and mCherry fluorescent protein. The cells were injected into SCID mice via the tail vein and allowed to
grow for 3 weeks to establish tumor burdens in the bone marrow of the mice 2. This growth in the bone marrow
was confirmed by flow cytometry. The mean fluorescent intensity (MFI) of hypoxia marker pimonidazole
hydrochloride signal was analyzed and a direct correlation between the tumor burden in the bone marrow and
hypoxia in the WM cells was found. Other cells in the bone marrow were tested for hypoxic signs as well and found
that the mCherry-negative population was less hypoxic than the WM cells, but still showed hypoxic signs, and
hypoxic signs were more greatly shown at higher tumor burdens B2, In addition, the effect of tumor hypoxia on the
egress of WM cells from the bone marrow was tested and a direct linear correlation between the hypoxia in the
bone marrow and the number of circulating WM cells was found 22, This indicated that the mechanism of WM cell

entry into circulation is regulated by hypoxia.

Hypoxia also plays a major role in regulating WM cell proliferation. BCWM.1 and MWCL.1 WM cell lines were
exposed to normoxic and hypoxic conditions for 24 h in vitro and found that after 24 h of normoxia, the BCWM.1
and MWCL.1 cells had nearly doubled, and the hypoxic cells only increased by 1.3-fold B2 This suggests that

hypoxic conditions do not promote WM cell growth but play a role in other aspects of WM biology.

| 5. Epithelial-Mesenchymal Transition

The epithelial-mesenchymal transition (EMT) describes a process in which epithelial cells lose their epithelial
characteristics and gain a mesenchymal phenotype B4l This process can lead to increased invasiveness of the
cancer cells, leading to overall metastasis 22. This process allows cancer cells to leave the primary tissue site,

enter the bloodstream, and infiltrate other tissues 42!,

In a study of WM cells and hypoxia, EMT markers E-cadherin, CXCR4, and VLA-4 were assessed via flow
cytometry to determine the effect of hypoxia on EMT in WM. BCWM.1 cells were exposed to either normoxic or

hypoxic conditions for 24 h, then analyzed for expression of EMT markers by flow cytometry 52,

The adhesion ability of WM cells to bone marrow stromal cells and to each other was assessed in vitro and
incubation of BCWM.1 or MWCL.1 cells in hypoxic conditions reduced their adhesion to a bone marrow stromal cell
monolayer by 50% and 25%. This decrease in adhesion was linked to reduced expression of the epithelial marker
E-cadherin in WM cells 2],

| 6. Tumor Spreading and Tissue Infiltration

Ephrin receptors (Eph) represent the largest family of receptor tyrosine kinases (RTK) and are divided into 2
classes: Eph-A and Eph-B, depending on their affinity to ligands ephrin-A and ephrin-B, and they play a critical role
in embryogenesis by positioning cells and modulating cell morphology B8IE7BE8 As these receptors are not
typically found in adult tissue, the presence of EphA1/A2 and ephrin-Al has been correlated with tumor malignancy

and prognosis. The role of these receptors in cancer is still unknown, as they have been found over-expressed in
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some cancers, but downregulated in others. For example, higher ephrin-Al expression in liver and colorectal
cancer is associated with a worse prognosis B6% put in stage | non-small cell lung cancer patients, higher
expression levels of EphA2 and ephrin-Al improved their prognosis 1. In WM patient samples, the Eph-B2
receptor was found to be overexpressed in WM cells. Inhibition of ephrin-B2 on endothelial cells led to decreased
adhesion of WM cells to endothelial cells, therefore decreasing proliferation, cell-cycle progression, and tumor
progression in WM cells (28, |n a study looking at the effect of Eph-B2 in WM cells, it was found that inhibition of
Eph-B2 on WM cells reduced bone marrow infiltration by WM cells 221,

| 7. Disease Progression Complications

Bing—Neel syndrome (BNS) is a rare complication of WM. Two types of BNS exist, diffuse and tumoral form. In
diffuse form, malignant cells are found in the leptomeningeal space, periventricular white matter, or the spinal cord.
The tumoral form is characterized by an intraparenchymal mass or nodular lesion 2. BNS is rare, with only 1% of
patients showing BNS during the disease progression. The treatment of BNS requires drugs with successful
infiltration into the central nervous system, such as fludarabine, methotrexate, and cytarabine. Ibrutinib has shown

some CNS-penetrating properties and may have a therapeutic role in treating BNS [63],
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