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ABSTRACT
The tumor microenvironment (TME) plays an important role in cancer cell biology
and is implicated in resistance to therapy. In Waldenström macroglobulinemia (WM), a
subtype of Non-Hodgkin lymphoma, the TME modulates WM biology by secreting cytokines
that promote the malignant phenotype. In previous work, we have shown that TME-IL-6
promotes WM cell growth and IgM secretion in WM. Tocilizumab/Actemra is an anti-IL-6R
antibody, which can competitively block IL-6 binding to the IL-6R. We investigated the
efficacy of Tocilizumab in a preclinical mouse model of WM that considers the role of the
TME in disease biology. Hairless SCID mice were subcutaneously implanted with BCWM.1 or
RPCI-WM1 and bone marrow stromal cells. Groups of mice were treated with Tocilizumab
or control antibody three times/week for 5 weeks and the effect on tumor burden and
disease biology were evaluated. Although Tocilizumab had no effect on mice survival,
there was a significant reduction in tumor growth rate in mice injected with RPCI-WM1
cells treated with Tocilizumab. In mice injected with BCWM.1 cells, there was a significant
reduction in human IgM secretion in mice sera with Tocilizumab treatment. There was
no significant change in mice weight suggesting Tocilizumab induced no toxicities to the
mice. Taken together, our data found that administration of Tocilizumab to tumor bearing
mice, results in a significant reduction in tumor volume and IgM secretion. Therefore, the
evaluation of the role of Tocilizumab in WM patients may provide therapeutic efficacy by
reducing IgM production and slowing the rate of tumor growth.

INTRODUCTION

understanding of WM biology. This has led to the evaluation
and introduction of several new therapeutic options for WM
patients. Current therapies used for the treatment of WM
patients mainly focus on targeting cancer cells directly using
combination therapies. Rituximab-containing therapies are a
standard of care in the United States. This includes therapies
such as R-CHOP (Cyclophosphamide, doxorubicin,
vincristine and prednisone plus rituximab). Ibrutinib, a
BTK inhibitor, is the only FDA approved therapy for WM.
However, it is administered indefinitely and can cause
adverse reactions such diarrhea, thrombocytopenia, rash,
atypical bleeding, among other symptoms [4]. However,
despite evidence for a role of the tumor microenvironment
(TME) in promoting WM cell growth, survival and IgM

Waldenström macroglobulinemia (WM) is a subtype
of non-Hodgkin lymphoma (NHL) characterized by
infiltration of the bone marrow with lymphoplasmacytic
cells [1]. Despite WM being an indolent lymphoma,
WM cells secrete very high levels of a monoclonal
immunoglobulin M (IgM) protein, which is associated with
symptoms such as anemia, serum hyperviscosity syndrome
and peripheral neuropathy [2]. At initial diagnosis,
many WM patients do not require immediate clinical
intervention unless disease symptoms, mostly associated
with hyperviscosity syndrome are evident [2–4]. In the past
decade, several significant enhancements were made in our
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secretion [5], there have been little studies investigating
targeting the TME as a therapeutic strategy for WM patients.
Despite the progress made to understand disease
biology, like most other neoplasms, WM remains an
incurable disease and ultimately patients succumb to
disease progression. The TME plays an important role in
the development and progression of WM and has been
shown to play a protective role in resistance to therapy
[5–7]. In fact, the cross-talk between malignant cells and
cells in the TME favors disease progression and promotes
IgM secretion. In previous studies, we and others have
shown that IL-6 from the TME promotes IgM secretion
and cell growth via binding to the IL-6R on WM cells
[8–11]. Therefore, targeting IL-6/IL-6R signaling may
provide therapeutic benefit for WM patients, particularly
those with high levels of IgM in their serum.
Tocilizumab/Actemra is an anti-IL-6R antibody,
which can competitively block IL-6 binding to the IL6R. Tocilizumab has been administered or investigated
in several clinical settings in patients with several
inflammatory-mediated diseases including Castleman’s
disease, Rheumatoid arthritis, Systemic juvenile idiopathic
arthritis, Crohn’s disease, Giant cell arteritis, Systemic
sclerosis, Systemic lupus erythematosus and multiple
sclerosis [12]. These studies indicate that administration of
Tocilizumab can be used as a novel therapy to block IL-6
in these chronic inflammatory conditions and suggest its
potential role in other diseases in which IL-6 plays a role.
Furthermore, several studies have investigated the addition
of anti-IL-6 therapy in multiple myeloma (MM) with
enhanced results over chemotherapeutic regimens [13–
15]. However, despite investigations of anti-IL-6 therapy
in autoimmune and malignant disorders, no studies to date
have investigated its therapeutic efficacy in WM.
In this study, we report the efficacy of targeting the
TME with Tocilizumab in a preclinical mouse model of
WM that considers the role of the TME in disease biology.
We show that Tocilizumab reduced tumor growth and IgM
secretion and suggest it may provide therapeutic benefit to
WM patients.

and examined the effect of therapy on mice survival. In
accordance with Institutional IACUC, mice were euthanized
when tumors reached 2 cm in any dimension or when tumors
became ulcerated. We found that Tocilizumab treatment did
not affect overall survival in mice xenografted with BCWM.1
or RPCI-WM1 and stromal cells (Figure 1B).

Targeting IL-6 with Tocilizumab reduces tumor
growth and IgM secretion
Tumor growth was monitored and recorded 3 times/
week. When we examined the rate of tumor growth (tumor
growth relative to the size of the first recorded tumor), we
found a significant reduction in tumor growth rate in mice
implanted with RPCI-WM1 and stromal cells, and treated
with Tocilizumab (p = 0.0394) (Figure 2A). Although the
overall tumor growth rate was not statistically significant
in mice implanted with BCWM.1 cells and stromal cells,
the rate of tumor growth was slower in Tocilizumab treated
mice (Figure 2B). Interestingly, when we examined actual
tumor volume and tumor growth rate in mice implanted
with BCWM.1 and stromal cells at day 14 (when all mice
were alive), we found a significant reduction in tumor
growth rate (p = 0.0306) (Figure 2C). We also found a
reduction in the actual tumor volume in this group at day
14, although this did not reach statistical significance
(p = 0.057) (Figure 2C). This is consistent with our
previous reports on the effect of IL-6 on malignant cell
growth in WM, where IL-6 induced a modest increase in
WM cell proliferation in this indolent lymphoma [8, 9].
The role of IL-6 in normal and malignant B cell
biology is well established [9, 11, 18–21]. IL-6 has
been shown to promote immunoglobulin (Ig) secretion
in normal B cells [21] and malignant B cells [9–11,
18–20]. We have previously shown that IL-6 promotes
IgM secretion in WM [8, 9]. Therefore, we examined the
effect of IL-6 therapy on human IgM secretion in mice
sera. Consistent with our previous reports, we found
a significant reduction in human IgM secretion in mice
sera in groups of mice xenografted with BCWM.1 cells
and stromal cells, treated with Tocilizumab (p = 0.0029)
(Figure 3). However, in mice xenografted with RPCIWM1 cells and stromal cells, there was no reduction in
IgM secretion with Tocilizumab treatment (Figure 3). The
RPCI-WM1 tumors were significantly larger (928.8 +/599.6 mm3 in control mice) than BCWM.1 xenografted
mice (115.1 +/- 73.23 mm3 in control mice) prior to
euthanasia of mice in either group. Furthermore, of the
3 WM cell lines that are currently available, RPCI-WM1
cells secrete the highest levels of IgM (data not shown).

RESULTS
Targeting IL-6 in the WM TME does not affect
survival
Because bone marrow stromal cells in the WM
TME are an important source of IL-6, we subcutaneously
implanted hairless SCID mice with BCWM.1 cells or RPCIWM1 cells and HS-5 stromal cells at a ratio of 5:1 onto the
right flank of mice. This allowed us to examine the role of
paracrine IL-6 from bone marrow stromal cells, which have
been shown to play an important role in malignant B cells
in WM [5, 8, 9, 16, 17], on WM cells in vivo. Upon tumor
appearance, we treated mice with either Tocilizumab or IgG
control antibody every other day for 5 weeks (Figure 1A)
www.oncotarget.com
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Tocilizumab treated mice did not differ from control mice
in weight in RPCI-WM1 xenografted mice (Figure 4A).
In BCWM.1 xenografted mice, there was a significant
(p = 0.005) difference in mice weights between Tocilizumab
treated mice and control mice (Figure 4A). However, when
we examined individual mice within each group, the data
indicates that control mice consistently increased their
weight, while the majority (7/10 mice) of Tocilizumabtreated mice either maintained their weight or increased
it (Figure 4B). Taken together, these results suggest that
targeting IL-6 in the TME reduced tumor growth rate and
IgM secretion while having no toxic effects on mice.
We performed immunohistochemical staining of
tumor biopsies with H&E and found a similar cellular
morphology composed of small round cells in the 2 mice
treatment groups (Figure 5). This is consistent with B cell
morphology and suggests growth of WM cells to form
these tumors.

in the TME play an essential role in regulating malignant
B cell biology including cell growth, cell survival and Ig
secretion [5, 8, 24]. In previous work, we have shown that
IL-6 levels are elevated in WM patients and IL-6 from
human bone marrow stromal cells can promote WM
cell growth and IgM secretion [8, 16]. This finding led
us to investigate the efficacy of blocking IL-6 to block
the interaction between the TME and WM cells. Our
results show that targeting IL-6 in the WM TME did not
affect the overall survival in the two WM cell line models
investigated (Figure 1B). This finding is not surprising,
as IL-6 does not induce apoptosis of WM cells [9].
Rather, the role of IL-6 in WM was shown to promote
IgM secretion and WM cell growth [8, 9]. Consistent with
this role, we did find a reduction in tumor growth rate
when tumor bearing mice were treated with Tocilizumab
(Figure 2). These results indicate that targeting IL-6 in the
TME in WM may slow the rate of tumor growth. Since
WM remains an incurable disease, a reduction in IgM
levels may provide a much needed symptomatic relief
for patients. Future studies combining targeting of IL-6
with therapies that induce apoptosis of WM cells, may
prove to be effective; with IL-6 therapy slowing tumor
growth and IgM secretion, and another therapy targeting

DISCUSSION
The role of the bone marrow TME in WM and other
B cell malignancies is well documented [6, 16, 22–24].
Interactions between malignant B cells and stromal cells

Figure 1: Tocilizumab therapy does not affect overall survival. (A) Hairless SCID mice (n = 10 mice/group) were subcutaneously

injected with 10 × 106 BCWM.1 or RPCI-WM1 cells + HS-5 stromal cells (5:1 ratio). Upon tumor appearance (day 7), groups of mice
were treated with either Tocilizumab or Control antibody (IgG) at 100 μg/mouse i.p every other day for a total of 5 weeks. (B) Mice were
monitored and survival was reported.
www.oncotarget.com
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the malignant cells. Currently, Ibrutinib is the only drug
approved by the Food and Drug Administration (FDA)
for WM patients. However, several other therapies
are used as monotherapies or in combination and
include Bendamustine, Rituximab, Dexamethasone,
Fludarabine, Chlorambucil, Everolimus, among others
[1]. An examination of the role of Tocilizumab therapy
in combination with these therapies may allow a dose
reduction in these therapies and therefore alleviate some
of the side effects associated with each therapy.
One of the hallmarks of WM is the overproduction
of monoclonal IgM [8–10, 17, 25]. Our results show that
tumor-bearing mice treated Tocilizumab had reduced
levels of human IgM secretion in mice serum (Figure 3).

Interestingly, RPCI-WM1 tumor-bearing mice treated
with Tocilizumab had similar levels of IgM as control
mice. The 2 WM cell lines used in this study are derived
from different WM patients [26, 27]. Interestingly, RPCIWM1 cells secrete the highest levels of IgM among the
available WM cell lines (data not shown), and in our
studies, the average IgM levels in RPCI-WM1 tumorbearing mice was higher (Control mice: 59.39 ± 0.927
and Tocilizumab treated mice: 60.46 ± 1.025 μg/ml)
than in BCWM.1 tumor-bearing mice (Control mice:
18.8 ± 4.17 and Tocilizumab treated mice: 11.32 ± 1.64
μg/ml) (Table 1). This raises the possibility that other
mechanisms, in addition to IL-6, promote IgM secretion
in these cells. Therefore, an examination of the efficacy of

Figure 2: Targeting the TME with Tocilizumab reduces tumor growth. (A) Relative tumor growth rate in BCWM.1 (left;
n = 10/group) and RPCI-WM1 (p = 0.0394)(right; n = 10/group) (both with stromal cells) xenografted mice treated with either Tocilizumab
or IgG control. The Y-axis indicates tumor volume relative to first recorded tumor size. (B) Tumor volume (left; p = 0.057) and relative
tumor growth (right, p = 0.0306) on day 14 in mice xenografted with BCWM.1 cells and stromal cells. (C) Actual tumor volume (left,
p = 0.057) and tumor growth rate (right, p = 0.0306) on day 14 in mice injected with BCWM.1 and stromal cells.

Figure 3: Tocilizumab reduces human IgM secretion in mice xenografted with BCWM.1 cells and stromal cells. Serum
was harvested from mice xenografted with BCWM.1 (left; p = 0.0029) and RPCI-WM1 (right) cells upon euthanasia and used to quantify
human IgM levels in mice sera. IgM levels were determined using a human IgM ELISA.
www.oncotarget.com

3403

Oncotarget

Table 1: Characteristics of mice implanted with the 2 WM cell lines

Average mice weight (g)
(first observation)
Average mice weight (g)
(last observation)
Appearance of tumors
Average tumor volume
(when all mice alive; mm3)
Average tumor volume
(experiment end; mm3)
Average IgM (μg/ml)

BCWM.1 group
Ig Control
Tocilizumab

Day

RPCI-WM1 group
Ig Control
Tocilizumab

Day

22.9 ± 0.433

22.6 ± 0.562

(9)

24.0 ± 0.394

24.0 ± 0.471

(12)

24.1 ± 0.41

22.4 ± 0.427

25.6 ± 0.34

25.4 ± 0.521

day 7

day 7

day 3

day 3

1.878 ± 0.314

0.97 ± 0.219

928.8 ± 189.6

731.2 ± 81.83

198.51 ± 30.31

165.31 ± 35.45

2044.2 ± 302.53

1199.6 ± 108.85

18.8 ± 4.17

11.32 ± 1.64

59.39 ± 0.927

60.46 ± 1.025

(14)

(17)

All values are presented as means ± SEM.

Figure 4: Tocilizumb is not toxic to mice. (A) Mice weights were monitored 3x/week and recoded to determine potential treatment
toxicity for BCWM.1 (p = 0.005) and RPCI-WM1 xenografted mice. (B) Individual mice weights on day 9 (first recorded weight) and day
42 (experiment end point) for mice xenografted with BCWM.1 cells and stromal cells.
www.oncotarget.com
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IL-6 therapy in WM patients is necessary to evaluate its
effect on IgM levels and tumor growth. Previous studies
have identified B-lymphocyte stimulator (BLyS/BAFF)
and IL-21 to modulate IgM secretion in WM [25, 28]. In
addition, a variety of other cytokines have been reported to
be dysregulated in WM including CCL5, G-CSF, sIL-2R,
EGF, IL-8, IP-10, eotaxin and MCP-1 [9]. This postulates
that perhaps several cytokines cooperate to regulate IgM
secretion in RPCI-WM1 cells.
Taken together, our data suggest that administration
of Tocilizumab monotherapy to tumor bearing mice results
in a reduction in tumor burden and IgM secretion, despite
the presence of IL-6 from bone marrow stromal cells
in the TME. Therefore, administration of an anti-IL-6
therapy such as Tocilizumab to WM patients may provide
therapeutic efficacy by targeting the TME to reduce IgM
production and slow [6, 16, 22–24] the rate of tumor
growth.

acclimate for 2 weeks. Mice were then subcutaneously
implanted with BCWM.1 cells (10 × 106) and HS-5 cells
(2 × 106) (5:1 ratio) as previously published [8]. Mice were
cared for and handled in accordance with institutional and
National Institutes of Health guidelines, after obtaining
IACUC approval. Mice were treated with 100 μg/mouse
either Tocilizumab or control antibody (Genentech, South
San Francisco, CA) in a total volume of 100 μl injected
via intraperitoneal route every other day for a total of 5
weeks (Figure 1A). Tumors were measured (using digital
calipers; Fisher Scientific, Waltham, MA) and tumor
volume (mm3) was calculated using the formula (smaller
measurement (mm) x larger measurement (mm)2)/2.
Relative tumor volume was calculated as tumor volume
(mm3) relative to first recorded tumor volume. Mice were
weighed 3 times/week. Upon euthanasia, tumor samples
and sera were harvested and stored for later use.

IgM ELISA

MATERIALS AND METHODS

Human IgM in mice sera was quantified using human
IgM ELISA (Bethyl laboratories, Inc., Montgomery, TX)
following manufacturer’s recommendations, as previously
published [8] using ELISA plates (Nunc Maxisorp, Fisher
Scientific). ELISA plates were developed using the Turbo
TMB-ELISA (Fisher Scientific) and the reaction was
stopped by addition of 2N H2SO4. Results were quantified
using a plate reader (Molecular Devices, Palo Alto, CA)
and data was analyzed using SoftMax Pro 7.0.2 software.

Cells and reagents
The BCWM.1 cells [27, 29] were kindly provided
by Dr. Steve Treon (Dana Farber Cancer Institute, Boston,
MA), the RPCI-WM1 cells [26, 29] were kindly provided
by Dr. Chanan-Khan (Mayo Clinic, Jacksonville, FL) and
HS-5 cells were purchased from ATCC (Manassas, VA).
WM cells were maintained in RPMI and HS-5 cells in
DMEM, all supplemented with 10% FBS and antibiotics/
antimycotics as previously published [8–10, 17, 30].

Statistical analysis
The last observed outcome data for actual tumor
volume, tumor volume relative to baseline and mice
weights were compared between treatment groups using a
Student’s T- test with the assumption of unequal variance.

Mice
Hairless SCID mice (male; 6–8 weeks old; Charles
River, Wilmington, MA) were purchased and allowed to

Figure 5: Histology of tumors post euthanasia. H & E staining for tumors harvested from mice treated with Tocilizumab and control

(BCWM.1 left, RPCI-WM1 right). Tumor samples were harvested and immediately fixed in 4% formaldehyde. Five μm sections were then
stained with H & E as described in the methods.
www.oncotarget.com
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The mixed effect model with the assumption of random
intercepts and slopes for the trajectory lines for each
mouse were also fitted to compare the slope of the growth
of the outcome measures between treatment groups. The
fixed interaction term of the number of days from baseline
by treatment indicator were tested for the difference of
two arms. All analysis were conducted within tumor type
(BCWM.1 or RPCI-WM1).
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