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Multiple myeloma induces Mcl-1 expression and survival of 
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ABSTRACT
Myeloid-derived suppressor cells (MDSC) are contributing to an 

immunosuppressive environment by their ability to inhibit T cell activity and thereby 
promoting cancer progression. An important feature of the incurable plasma cell 
malignancy Multiple Myeloma (MM) is immune dysfunction. MDSC were previously 
identified to be present and active in MM patients, however little is known about the 
MDSC-inducing and -activating capacity of MM cells. In this study we investigated the 
effects of the tumor microenvironment on MDSC survival. During MM progression in 
the 5TMM mouse model, accumulation of MDSC in the bone marrow was observed in 
early stages of disease development, while circulating myeloid cells were increased at 
later stages of disease. Interestingly, in vivo MDSC targeting by anti-GR1 antibodies 
and 5-Fluorouracil resulted in a significant reduced tumor load in 5TMM-diseased mice. 
In vitro generation of MDSC was demonstrated by increased T cell immunosuppressive 
capacity and MDSC survival was observed in the presence of MM-conditioned medium. 
Finally, increased Mcl-1 expression was identified as underlying mechanism for MDSC 
survival. In conclusion, our data demonstrate that soluble factors from MM cells are 
able to generate MDSC through Mcl-1 upregulation and this cell population can be 
considered as a possible target in MM disease.

INTRODUCTION

Multiple Myeloma (MM) is an incurable B-cell 
malignancy characterized by clonal proliferation of 
malignant plasma cells within the bone marrow (BM). 
Clinical features of this disease are anemia, renal failure, 
hypercalcemia and osteolytic bone lesions. In addition, 

immunodeficiency is a typical observation in patients 
with active MM [1]. MM cells evade immunosurveillance 
through several mechanisms including the generation of 
immunosuppressive cell types (regulatory T cells, Th17 
cells and myeloid-derived suppressor cells), secretion 
of immune-suppressive molecules, and abnormalities in 
number and function of macrophages, T cells, B cells, 
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natural killer T cells and dendritic cells [2–4]. The immune 
deficiency not only contributes to the susceptibility 
to infections, but also plays a crucial role in disease 
pathogenesis and progression [4]. In the past decade, 
immunomodulatory drugs (IMiDs) including thalidomide, 
lenalidomide and recently pomalidomide, emerged 
as a new treatment option in MM patients. Besides a 
direct anti-MM effect, these agents modulate the BM 
microenvironment and enhance the host immune response. 
Importantly, the combination of IMiDs with other anti-
MM drugs dramatically increases the outcome of patients 
with MM [5]. However, MM is still incurable and most 
of the patients relapse. Thus, unraveling of relapse and 
resistance mechanisms is necessary.

It has become clear that myeloid-derived suppressor 
cells (MDSC) play a major role in immunosuppression in 
cancer [6–9]. MDSC form a heterogeneous population 
of immature myeloid cells with strong T cell suppressive 
activities. They accumulate during cancer, inflammation 
and infection in the blood, lymph nodes, BM and at 
tumor sites in human cancers and animal models. In mice, 
MDSC are characterized by the dual expression of CD11b 
and Gr-1. In addition, these cells can be subdivided into 
monocytic (CD11b+Ly6G–Ly6Chigh) and granulocytic 
(CD11b+Ly6G+Ly6Clow) populations [9, 10]. Among 
human patients, MDSC are highly heterogeneous in 
antigen expression and are generally defined based on the 
expression of CD11b and CD33, and a lack of the mature 
marker HLA-DR. Furthermore, monocytic MDSC tend 
to be more CD14+, while granulocytic myeloid cells are 
CD15+ [10–12]. However, there is no clear consensus 
about the phenotypic characterization of both populations 
in humans.

Extensive data exist on the MDSC suppressive 
mechanisms in murine models. MDSC suppress the 
immune system by production of arginase-1, nitric 
oxide synthase, reactive oxygen species (ROS), 
immunosuppressive cytokines (IL-6, IL-10) and regulatory 
T cell activation [4]. However, few data are available about 
the underlying mechanisms of generation and activation of 
MDSC in the context of cancer. A range of soluble factors 
such as GM-CSF, G-CSF, M-CSF, IL-6, IL-10, VEGF 
and IL-1β are described to stimulate MDSC accumulation 
[10, 13, 14]. Also, STAT3 has been identified as the main 
transcription factor for MDSC expansion while STAT1 
and STAT6 are stimulators of MDSC function [15, 16]. 
Increased STAT3 phosphorylation was observed in MDSC 
of tumor-bearing mice compared to immature myeloid 
cells of naive mice [17]. Furthermore, STAT3 activation 
is associated with increased survival of myeloid cells by 
inducing the expression of STAT3 target genes including 
Bcl-xL, Myc, survivin, cyclin D1 and calcium-binding 
pro-inflammatory proteins S100A8 and S100A9 [10].

Recent studies described the presence and 
immunosuppressive capacity of monocytic and 

granulocytic MDSC in MM mouse models [18–20]. 
Also in MM patients both MDSC populations have 
been described. A significant increase was observed 
of CD11b+CD33+CD14–CD15+ (granulocytic) MDSC 
in the blood and BM of MM patients [18, 19, 21]. 
Although no change in the monocytic (CD14+HLA-
DRlow) cell population was observed, both subgroups exert 
immunosuppressive activities [19]. One study describes 
the importance of S100A9 in the accumulation of MDSC 
in MM and blocking MDSC accumulation could delay 
the development of MM tumor [19]. No other underlying 
mechanisms of MDSC accumulation are described in MM.

The aim of our study was to investigate the 
development of MDSC during myeloma progression and 
its importance in MM growth using the 5TMM mouse 
models. We assessed the role of MM soluble factors on 
MDSC survival and accumulation and further defined the 
underlying mechanisms, focusing on STAT3 and bcl-2 
family proteins.

RESULTS

MDSC distribution in bone marrow, blood 
and spleen of 5T33MM mice during disease 
progression

C57BL/KaLwRij mice were inoculated with 
5T33MMvv cells and sacrificed one, two and three 
weeks after inoculation and at end-stage of the disease. 
Tumor load was assessed by microscopic examination of 
cytospins (Figure 1A) and anti-idiotype FACS staining 
(Figure 1B) of isolated BM. The presence of CD11b+ cells, 
gated on the idiotype negative cell population (3H2–),  
was investigated by flow cytometry and we observed a 
significant increase in the BM one week after MM cell 
inoculation. At later stages of disease a decrease in the 
BM could be observed, while circulating myeloid cells 
increased (Figure 1C). In the spleen, we observed a low 
percentage of CD11b+ cells with no significant changes 
during MM progression.

We examined the presence of Ly6Glow (monocytic) 
versus Ly6Ghigh (granulocytic) cells within the CD11b+ 
population of blood, spleen and bone marrow at different 
stages of MM progression (Figure 1D). During disease 
progression, an early increase of Ly6Glow cells in the 
blood and spleen that switches to an increased Ly6Ghigh 
population at the end-stage of the disease was observed, 
while no clear switches in the abundance of bone marrow 
MDSC populations could be seen. However, within the 
CD11b+Ly6Glow cell population, three distinct subtypes 
can be discriminated based on Ly6C expression: (a) Ly6Chi 
inflammatory monocytes (MO), (b) Ly6Cint eosinophils, 
and (c) Ly6Clow immature myeloid cells (IMC) (gating 
strategy shown in Supplementary Figure 1), all of which 
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were reported to possess immunosuppressive activity 
[20]. Interestingly, an increase in the IMC population 
in blood, spleen and bone marrow could be observed 
during disease progression, suggesting an overall myeloid 
cell differentiation block in the presence of MM cells 
(Figure 1E).

MDSC depletion by anti-GR1 antibodies and 
5-Fluorouracil in vivo

We next investigated whether MDSC depletion can 
influence tumor development by depleting these cells 
using an anti-GR1 antibody. As 5T33MMvv-derived 
5TGM1 cells were negative for GR1 expression, we 
preferred this model for in vivo MDSC targeting. Since we 
observed already an early accumulation of CD11b+ cells in 

MM mice, we initiated treatment with anti-GR1 antibodies 
one day after inoculation. Therefore, we first checked the 
effect of anti-GR1 antibodies on the CD11b+ population 
in naive mice. Two days after antibody administration, we 
observed a reduction in total CD11b+ cell number, mainly 
by depletion of the Ly6G+ (granulocytic) population in the 
BM (Figure 2A). Hence, one day after injection of 5TGM1 
cells, mice were treated with anti-GR1 antibodies during 
5 weeks and tumor load was assessed when mice showed 
signs of disease. A significant reduction in 5TGM1-GFP+ 
cells in the BM, accompanied by an upregulation in IFNγ-
secreting CD8+ T cells was observed (Figure 2B-2C), 
along with a diminished tumor load in the spleen and 
reduced serum M-spike (Figure 2D-2E).

In addition, we evaluated the effect of the 
chemotherapeutic agent 5-fluorouracil (5FU), a 

Figure 1: MDSC distribution in the bone marrow, blood and spleen of 5T33MM mice during disease progression. C57BL/
KaLwRij mice were inoculated with 5T33MMvv cells and sacrificed at one, two and three weeks after inoculation and at the end-stage 
of the disease (n = 3/group). Blood, BM and spleen were investigated. A. % Plasmacytosis determined by microscopic examination 
of cytospins stained by the May-Grünwald-Giemsa method. B. % Idiotype+ cells detected by anti-idiotype (3H2) FACS staining to 
detect tumor load. C. The percentage of CD11b+ cells (gated on 3H2– cells) was determined by flow cytometry. D. Ly6G expression in 
the CD11b+ population was analyzed by flow cytometry. E. In the CD11b+ Ly6Glow population, Ly6C expression was analyzed by flow 
cytometry to distinguish inflammatory monocytes (MO) (Ly6Chi), eosinophils (Ly6Cint), and immature myeloid cells (IMC) (Ly6Clow). 
Error bars represent the SD. *indicates p < 0.05 and represents the significant increase compared to week 1 (Figure 1A and 1B) or day 0  
(Figure 1C and 1E).



Oncotarget10535www.impactjournals.com/oncotarget

Figure 2: In vivo MDSC targeting by anti-GR1. A. Naive mice were treated with 200 μg/mL anti-GR1 antibody and sacrificed two 
days later. The percentage CD11b+ and Ly6G+ cells were analyzed by flow cytometry (n = 2). B-E. Mice were inoculated with 5TGM1-
GFP+ cells and treated with vehicle (n = 5) or anti-GR1 antibodies (n = 7) (200 μg/mL, every two days) for 4 weeks. The effect on tumor 
load in the BM and spleen and IFNγ secreting CD8+ T cells in the BM was assessed by flow cytometry. M-spike was measured by means of 
serum electrophoresis. *indicate p < 0.05, **indicate p < 0.01 (Mann–Whitney U-test). Error bars represent the SD.
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pyrimidine analog with MDSC depleting capacity. Ex vivo, 
5T33MMvv cells (CD11b–) and MDSC (CD11b+) were 
incubated with increasing concentrations of 5FU. We 
observed a reduction in cell viability of both populations, 
however the CD11b+ cells were much more sensitive to 5FU 
(IC50 5T33MMvv = 84.5 μM, IC50 CD11b+ = 15.1 μM)  
(Figure 3A). In vivo, 5FU administration resulted in a 
reduction of CD11b+ cells in the BM and spleen (Figure 3B 
and 3C). Further analysis demonstrated that the Ly6Glow 
subpopulation is affected by 5FU, with mainly an effect on 
immature myeloid cells (Figure 3D and 3E). Importantly, 
5FU administration reduced M-spike and idiotype positive 
cells in the BM and spleen (Figure 3F and 3G).

All these data indicate that both monocytic and 
granulocytic MDSC are active in MM disease and that 
targeting MDSC inhibits tumor development.

Generation of murine MDSC in myeloma cell 
conditioned medium

As we could observe an induction of MDSC in early 
stages of MM development, we further wanted to evaluate 
the underlying mechanisms of MDSC induction in vitro 
stimulated by conditioned medium (CM) derived from 
5T33MMvt cells. In first instance, the immunosuppressive 
capacity was measured as this is the major characteristic 
of MDSC. Murine CD11b+ cells from naïve bone marrow 
were cultured in presence or absence of 5T33MMvt-CM 
with total CFSE-labeled spleen cells at different MDSC/
spleen cell ratios. T cells were stimulated with anti-CD3/
CD28 dynabeads and analyzed for proliferation by flow 
cytometry. CD11b+ cells cultured in the presence of  
MM-CM were able to significantly decrease T cell 
proliferation compared to control (Figure 4A). We further 
investigated the effect of MM-CM on the survival of 
CD11b+ cells. Interestingly, CD11b+ cells cultured in 
CM derived from 5T33MMvt cells, have an increased 
viability and reduced apoptosis (reduced % Annexin V+ 
and cleaved caspase-3+ cells) as compared to CD11b+ cells 
cultured in control medium (Figure 4B-4D). Cytospin 
stainings showed the presence of both monocytic and 
polymorphonuclear cells 2 days after incubation with 
MM-CM for murine CD11b+ cells (Figure 4E). This is in 
accordance with the observation that both sorted Ly6Glow 
and Ly6Ghigh CD11b+ cells incubated with 5T33MMvt-
CM have a survival benefit (data not shown). Next, 
we aimed to identify the soluble factor involved in this 
phenomenon. As GM-CSF, a major survival factor for 
MDSC was identified in the 5T33MMvt-CM by cytokine 
array (Supplementary Figure 2), we investigated the effect 
of a GM-CSF blocking antibody and found that the pro-
survival effect of the MM-CM could be abrogated (Figure 
4B-4C). Other MDSC survival factors like VEGF and IL-
10 are also produced by 5T33MMvt cells, but no effects 
of anti-VEGF and anti-IL-10 antibodies could be observed 
(Supplementary Figure 3A-3B).

Generation of human MDSC in myeloma cell 
conditioned medium

We also investigated the induction of human MDSC 
in MM-CM. Since it is difficult to obtain BM from healthy 
donors we used peripheral blood mononuclear cells. Total 
CFSE-labeled PBMC were stimulated with anti-CD3/
CD28 dynabeads and cultured in control medium or CM 
derived from HMCL (RPMI8226, OPM2 and LP1). A 
significantly decreased CD4+ and CD8+ T cell proliferation 
was observed in the cultures with MM-CM (Figure 5A) 
indicating that an immunosuppressive population is 
generated in MM-CM. Similar to mouse, an increased 
viability of total PBMC in the presence of HMCL-CM 
could be observed (Figure 5B). Furthermore, the presence 
of human MDSC was analyzed based on CD11b, CD33, 
HLA-DR, CD14 and CD15 expression. We did not detect 
differences in the total percentage of CD11b+CD33+ cells 
between the control condition and HMCL-CM. However, 
within the CD11b+CD33+ population, the percentages 
of mononuclear MDSC (identified as CD14+HLA-
DRlow) were increased compared to control conditions 
(Figure 5C). Interestingly, human CD11b+ cells with a 
monocytic and polymorphonuclear morphology could be 
observed 1–2 days after culture in MM-CM. After 3 days 
of culture, monocytic cells remained while cells with a 
polymorphonuclear morphology disappeared (Figure 5D). 
These data indicate that soluble factor(s) secreted by 
MM cells have the capacity to induce MDSC with 
T cell suppressive ability. Additionally, we investigated 
cytokines responsible for this MDSC induction. As GM-
CSF is not expressed by human MM cell lines (data not 
shown), we investigated the effects of anti-VEGF, anti-
IL-10 and anti-M-CSF, cytokines which are associated 
with MDSC expansion and produced by human MM cells. 
Anti-IL-10 was able to partially decrease the accumulation 
of CD14+HLA-DRlow in RPMI8226-CM, however we 
could not observe this effect in the presence of LP1-CM 
(Supplementary 3C-3D). Anti-VEGF and anti-M-CSF had 
no effect on the presence of MDSC.

Underlying mechanisms for MDSC survival

To unravel the mechanism of MM-induced MDSC 
survival and activity, expression of apoptosis regulating 
proteins from the Bcl-2 family (Bcl-2, Bcl-xl, Mcl-1) and 
survival proteins (pSTAT3, STAT3) were investigated 
by western blot. Mouse CD11b+ cells incubated with 
5T33MMvt-CM showed a clear increase in pSTAT3 
compared to control. Moreover, the anti-apoptotic protein 
Mcl-1 was clearly increased in 5T33MMvt-CM compared 
to control-treated cells, while Bcl-2 and Bcl-xl were only 
slightly higher (Figure 6A). Interestingly, anti-GM-CSF 
treatment strongly reduced Mcl-1 expression, while 
leaving pSTAT3 induction unaltered (Figure 6B). In 
addition, bone marrow CD11b+ cells derived from naïve 
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Figure 3: In vivo MDSC targeting by 5-Fluorouracil. A. 5T33MMvv cells and CD11b+ cells were treated with increasing 
concentrations of 5FU for 48 h and analyzed for viability by CellTiter-Glo assay (n = 3). B-C. 5T33MM mice were treated with 50 mg/kg  
of 5-fluorouracil (5FU). Mice were sacrificed four days after drug treatment. The percentage CD11b+ cells in the BM and spleen was 
determined by flow cytometry (n = 4). D. Ly6G expression in the BM analyzed by flow cytometry (n = 4). E. In the CD11b+Ly6Glow 
population three MDSC subtypes were distinguished based on Ly6C (Ly6Chi inflammatory monocytes (MO), Ly6Cint eosinophils, and 
Ly6Clow immature myeloid cells (IMC)) (n = 4). F-G. 5T33MM mice were treated with 50 mg/kg of 5-fluorouracil (5FU) (one dose, i.p., 
4 days after 5T33MMvv cell inoculation) and sacrificed 17 days after MM cell inoculation (n = 3/group). Tumor load was assessed by 
M-spike detection and 3H2 (anti-idiotype) FACS staining. *indicate p < 0.05 (Mann–Whitney U-test). Error bars represent the SD.
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Figure 4: Generation of murine MDSC in myeloma cell conditioned medium. A. Mouse CD11b+ cells were cultured in 
5T33MMvt-CM for 3 days at different MDSC/spleen cell ratios. CFSE labeled cells were activated with anti-CD3/CD28 Dynabeads and 
T cell proliferation was determined by FACS staining (n = 3). B. CD11b+ cells were isolated from the BM of naive C57BL/KaLwRij mice 
and cultured in 5T33MMvt-CM for 48 h. Viability was measured by CellTiter-Glo assay (n = 5). C and D. Apoptosis was determined by 
AnnexinV FITC (n = 4) and active Caspase 3 FITC (n = 3) with flow cytometry. In some conditions, 10 μg/ml anti GM-CSF or control rat 
IgG1 was added. E. Cytospins of murine CD11b+ cells, cultured in 5T33MMvt-CM (2 days) and stained by the May-Grünwald-Giemsa 
method, are shown. *indicate p < 0.05, **indicate p < 0.01 (Mann–Whitney U-test). Error bars represent the SD.
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Figure 5: Generation of human MDSC in myeloma cell conditioned medium. A. Human PBMC were cultured in control 
medium or HMCL-CM (RPMI8226, OPM2 and LP1) for 6 days and T cell proliferation was determined by FACS staining (n = 4). 
B. Peripheral blood mononuclear cells derived from healthy donor blood samples were cultured for 24 h in MM-CM (RPMI8226, OPM2, 
LP1) and viability was analyzed by CellTiter-Glo assay (n = 3). C. After 72 h in HMCL-CM, PBMC were analyzed by flow cytometry for 
MDSC markers CD11b, CD33, CD14 and HLA-DRlow (n = 4). Gating strategy is shown. D. Human CD11b+ cells, cultured in RPMI8226-
CM (3 days) and stained by the May-Grünwald-Giemsa method, are shown. Bright-field pictures were taken with a Nikon Eclipse 90i 
microscope at 400x original magnification. *indicate p < 0.05 (Mann–Whitney U-test). Error bars represent the SD.
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and 5T33MM mice were compared immediately after BM 
isolation and purification. pSTAT3 as well as Mcl-1 were 
upregulated in CD11b+ cells derived from tumor-bearing 
mice compared to those from naïve mice (Figure 6C). The 
results of pSTAT3 and Mcl-1 were confirmed using human 
cells. CD11b+ cells incubated in control or RPMI8226-
CM resulted in an increase in pSTAT3 and Mcl-1. For 
LP1-CM, we only observed a modest increase in pSTAT3 
(Figure 6D).

To verify the role of Mcl-1 in MDSC survival, 
murine 5T33MMvt-CM-treated CD11b+ cells were 
incubated with MIM1, a novel Mcl-1 inhibitor [22]. The 
data clearly showed a decrease in survival, associated 
with an increase in apoptosis, of the murine CD11b+ cells 
in presence of MIM1 (Figure 7A). Incubation of human 
CD11b+ cells in RPMI8226-CM with MIM1 resulted 
in a slight decrease in the percentage of CD11b+ cells. 
However, within that population, a significant reduction 

Figure 6: Underlying mechanisms for MDSC survival. Western blot analysis for pSTAT3, STAT3, Mcl-1, Bcl-xL and Bcl-2 on 
mouse CD11b+ cells and human CD11b+ cells. A. Mouse CD11b+ cells were incubated for 5 min, 30 min, 1 h, 6 h and 18 h in 5T33MMvt-
CM. B. Mouse CD11b+ cells were incubated with 5T33MMvt-CM in the presence of 10–20 μg/mL anti-GM-CSF for 24 h. C. CD11b+ 
cells derived from naive and 5T33MM mice were compared after in vivo isolation. D. Human CD11b+ cells were incubated in RPMI8226-
CM and LP1-CM for 18 h. One experiment representing three is shown. The pixel densities of proteins were normalized to B-actin and 
quantified by ImageJ.
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in the monocytic MDSC subset was observed. MIM1 
treatment in presence of LP1-CM resulted in a minor 
decrease of monocytic MDSC accumulation (Figure 7B). 
This is in accordance with the absence of Mcl-1 induction 
by LP1-CM. All these data indicate an important 
role of Mcl-1 but not pSTAT3 in MDSC survival and 
accumulation induced by MM soluble factors.

DISCUSSION

Previous studies showed an important role of 
MDSC in the regulation of MM cell growth, mainly 
focusing on their immunosuppressive capacity [18, 19]. 

In this paper we assessed the presence of MDSC during 
disease progression, the MDSC-generating and activating 
potential of MM cells, the underlying mechanism of 
MDSC survival and the potential of MDSC-targeting 
in vivo. We took advantage of the immunocompetent 
5T33MM mouse model to quantify the MDSC population 
during disease progression. This murine model resembles 
the human disease closely and allows the ability to 
investigate the interactions between MM cells and the 
BM microenvironment [23]. We observed an increase 
of CD11b+ cells in the BM one week after MM cell 
inoculation, while circulating myeloid cells increased 
at later stages of the disease. At end-stage, a decline of 

Figure 7: Effect of Mcl-1 targeting by MIM1 on MDSC survival. A. Murine CD11b+ cells were cultured in 5T33MMvt-CM 
for 48 h with increasing concentrations of the Mcl-1inhibitor MIM1 (MIM). Viability was measured by CellTiter-Glo and apoptosis by 
AnnexinV staining (n = 3). B. Human CD11b+ cells were incubated with MIM1 in RPMI8226-CM and LP1-CM for 72 h and analyzed for 
MDSC markers by FACS (n = 5). *indicates p < 0.05, **indicate p < 0.01 (Mann–Whitney U-test). Error bars represent the SD.
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CD11b+ cells was observed in the BM and spleen due to 
a high expansion of MM cells in these organs. These data 
are in accordance with observations by Ramachandran et 
al. who demonstrated a rapid accumulation of CD11b+ 
cells in the BM of double transgenic c-myc/Bcl-xL 
mice [19]. Furthermore, we observed that the immature 
myeloid cell subtype increased during disease progression, 
indicating a block in the differentiation of CD11b+ cells. 
In our previous study, we demonstrated an increased 
immunosuppressive capacity of MDSC subsets already at 
early time points during MM progression [20]. All these 
data indicate that MDSC are important at an early stage 
of MM development. To investigate the importance of 
MDSC in MM development, we decided to test an anti-
GR1 depleting antibody to target the MDSC population 
in vivo. As 5T33MM cells express GR1, we preferred 
to use the similar 5TGM1 mouse model in which the 
tumor cells were negative for GR1 expression (data 
not shown). In the 5TGM1 model, MDSC expansion in 
blood, BM and spleen could be observed up to 28 days 
after MM cell inoculation [24]. Anti-GR1 antibodies bind 
Ly6G and Ly6C molecules and are extensively described 
to deplete granulocytic MDSC [25, 26]. However, some 
controversy exists about the MDSC depleting potential 
of anti-GR1 antibodies in the BM. Ribechni et al. 
could not observe a depletion of MDSC in the BM and 
demonstrated an induction of myeloid cell expansion. 
In addition, they hypothesized that Mcl-1 expression in 
BM MDSC prevented apoptosis by anti-GR1 antibodies 
[27]. In contrast to these observations, we observed a 
significant reduction in tumor load, mainly by depletion 
of CD11b+Ly6G+ cells in the BM, and increased CD8+ 
T cell activation. Tumor load in the spleen was also 
decreased when MDSC were depleted but the effects 
were less pronounced than in the BM. This is probably 
due to a more monocytic phenotype of MDSC in the 
spleen which is unaffected by the anti-GR1 antibody. 
We previously described that both Ly6Glow and Ly6Ghigh 
cells from the bone marrow of MM-bearing mice have 
immunosuppressive capacity [20]. While Ly6Glow cells 
are more potent immunosuppressors than Ly6Ghigh cells, 
Ly6Ghigh cells are the most abundant cell type in the BM 
(±70%), pointing out that both populations are essential to 
target in MM disease. Indeed, the chemotherapeutic agent 
with MDSC-depleting capacity, 5-Fluorouracil, which 
mainly affects the Ly6Glow population also resulted in a 
significant reduction in tumor load in the 5T33MM model.

It has been shown that currently used anti-MM 
drugs such as lenalidomide and bortezomib do not 
alter the MDSC frequency and suppressive function 
[18]. Also, pomalidomide has minor effects on the 
immunosuppressive capacity of MDSC [28]. Therefore, 
the efficacy of immunomodulating therapies could 
be improved by additional targeting of MDSC. We 
recently reviewed distinct strategies to target the 

MDSC population in hematological malignancies [14]. 
Inhibition could be achieved by deactivation of MDSC 
(e.g. phosphodiesterase-5 inhibitors, nitro-aspirin, 
cyclooxygenase-2 inhibitors), inhibition of MDSC 
differentiation/development (e.g. nitro-bisphophonates) 
and MDSC depletion (5-Fluorouracil, Gemcitabine, 
Sunitinib, anti-GR1 antibodies) [29, 30]. Current clinical 
trials with Sunitinib already show improved clinical 
outcomes of patients with metastatic renal cell carcinoma 
[31]. Phosphodiesterase inhibitor Tadalafil entered a phase 
II clinical trial in MM patients to improve the efficacy 
of dexamethasone and lenalidomide [32]. The group of 
Borello et al. recently demonstrated a reduction in iNOS 
and arginase-1 expression in MDSC derived from an end-
stage relapsed/refractorty patient treated by Tadalafil, 
accompanied by a reduction in M-spike [33].

We further wanted to study the underlying 
mechanisms of MDSC survival induced by 
MM cells. T cell proliferation assays showed a clear 
immunosuppressive activity in the presence of MM-CM, 
demonstrating the generation of an MDSC population 
in vitro. We observed increased viability and reduced 
apoptosis of murine MDSC cultured in MM-CM. We 
identified GM-CSF in 5T33MMvt-CM and observed 
a significant reduction in viability by the use of a GM-
CSF blocking antibody. Stromnes and colleagues 
also demonstrated GM-CSF as an important MDSC 
survival factor in pancreatic ductal adenocarcinoma 
[34]. Although human MM cells do not secrete GM-
CSF, it is possible that GM-CSF present in the BM 
microenvironment could influence MDSC generation 
[35]. Interestingly, we observed an increase in the 
monocytic (CD11b+CD33+HLA-DRlowCD14+) MDSC 
population after administration of MM-CM to PBMC in 
culture. Based on morphological staining, we found a 
more monocytic population 3 days after culture of healthy 
donor PBMC in RPMI8226-CM. This is in accordance 
with the study of Lechner et al. where they characterized 
cytokine-induced MDSC from normal PBMC in vitro 
[36]. In this study, they described that cytokines GM-CSF, 
IL-6, VEGF, IL-1β and TNF-α are able to generate human 
CD33+ MDSC. Considering cytokines produced by MM 
cells, we investigated the involvement of IL-10, M-CSF 
and VEGF in MDSC survival. In our experiments, IL-10 
was partially involved in MDSC accumulation induced 
by RPMI8226-CM, while VEGF and M-CSF were not 
involved. In a previous study in MM an induction of 
CD11b+CD14–CD33+CD15+ MDSC was observed when 
PBMC were cocultured with RPMI8226 cells [18]. We 
could not observe a generation of CD11b+CD33+CD15+ 
MDSC in our cultures. However, as recently described 
as a novel MDSC subtype in MM, we did see some   
co-expression of CD15 on CD14+HLA-DRlow cells [37].

The main goal of our research was to understand the 
underlying mechanism of MDSC survival in the presence 
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of MM cells. Previously, it was demonstrated that S100A9 
(MRP 14), a protein abundantly expressed in myeloid 
cells, is involved in the accumulation of MDSC in MM 
mouse models [19, 38]. In our study, western blot data 
clearly showed an increase in STAT3 phosphorylation and 
Mcl-1 expression after incubation with MM-CM. It has 
been described that GM-CSF is an important inducer of 
the JAK/STAT pathway (more specific JAK2, STAT3 and 
STAT5B) in human neutrophils [39]. Furthermore, STAT3 
has been described as an important regulator of MDSC 
expansion and plays a role in their immunosuppressive 
capacity through arginase-1 regulation [40]. However, in 
our study GM-CSF neutralization resulted in a decrease 
of Mcl-1, while pSTAT3 remained unaffected. In addition, 
while STAT3 inhibition with AG-490, a JAK-2 tyrosin 
kinase inhibitor, was not able to abrogate the effect of MM-
CM on MDSC proliferation (data not shown), the Mcl-1 
inhibitor MIM1 was able to completely abrogate the effect 
of MM-CM on the viability of murine CD11b+ cells. This 
was accompanied by an increased apoptosis. Furthermore, 
human CD11b+ cells cultured in RPMI8226-CM in the 
presence of MIM1 showed a decrease in the accumulation 
of MDSC (CD11b+CD33+HLA-DRlowCD14+). It has been 
shown that MIM1 selectively targets the BH3-binding 
pocket and neutralizes Mcl-1 (not Bcl-xL), thereby 
inducing capase 3/7 activation and apoptosis in Mcl-1 
dependent leukemic cells (IC50 4.2 μM) [41]. Importantly, 
we demonstrate that Mcl-1 plays a critical role in MDSC 
survival induced by MM cells. This is in accordance with 
a recent study in solid tumors [42]. Although in contrast 
to our study, depletion of granulocytic MDSC did not 
alter tumor incidence in neuroblastoma, they underline 
the importance of Mcl-1 in the survival of granulocytic 
MDSC. It was recently described that Mcl-1 is also 
important for the survival of regulatory T cells [43]. Taken 
together, Mcl-1 targeting strategies in MM are not only 
important for direct anti-tumor effects but also modulate 
the BM microenvironment including MDSC to enhance 
the host immune response [44].

In summary, our data indicate an Mcl-1 dependent 
survival of MDSC in the presence of MM cells. 
Furthermore, MDSC depletion showed potential as a new 
treatment option for MM patients. Studies combining 
anti-MM drugs with MDSC targeting agents, especially in 
stages of low tumor burden should be further investigated.

MATERIALS AND METHODS

Mice

C57BL/KaLwRij mice were purchased from 
Harlan CPB (Horst, the Netherlands). They were housed 
and maintained following the conditions approved by 
the Ethical Committee for Animal Experiments, Vrije 
Universiteit Brussel (license no. LA1230281). For 
the 5T33MM mouse model, the 5T33MMvv cell line 

originated spontaneously in elderly C57BL/KaLwRij mice 
and have since been propagated in vivo by intravenous 
transfer of the diseased marrow into young syngeneic 
mice [45].

Cell lines

The 5T33MMvt and 5TGM1 cell lines resulted 
spontaneously from cultured 5T33MMvv cells and they 
grow in vitro, independently from BM stroma. 5TGM1 
cells were previously modulated to express eGFP [46]. 
Three well characterized human myeloma cell lines 
(HMCL), namely RPMI8226, OPM2 and LP1 were 
selected for our experiments. Murine cells were maintained 
in RPMI1640 medium (Lonza, Basel, Switzerland) 
supplemented with penicillin/streptomycin, Na-pyruvate, 
glutamine, MEM (Gibco, Eggenstein Germany) and 
10% fetal bovine serum (Hyclone, UT, USA) at 37% in 
5% CO2. HMCL were cultured in RPMI1640 medium 
supplemented with penicillin/streptomycin, glutamine, 
and 10% fetal bovine serum. Authenticity of HMCLs was 
regularly confirmed by short-tandem repeat analysis.

Drugs and blocking antibodies

The following blocking antibodies were used: 
10–20 μg/mL anti-mouse GM-CSF blocking antibody 
(eBioscience, San Diego, CA, USA), 20 μg/mL anti-mouse 
VEGF, 20 μg/mL anti-mouse IL-10, 10 μg/mL anti-human 
GM-CSF, 10 μg/mL anti-human VEGF and 20 μg/mL  
anti-human IL-10 blocking antibodies (R&D systems, 
Minneapolis, MN, USA). Isotype controls used were 
10 μg/mL rat IgG2aK isotype control (eBioscience) and 
normal goat IgG control (R&D). Mcl-1 inhibitor MIM1 
(R&D) was dissolved in DMSO.

Cell culture and purification

For murine experiments, BM was isolated from 
naive mice followed by red blood cell lysis. Human 
healthy donor blood samples were collected after informed 
consent and all research was approved by the local ethical 
committee (B.U.N. 143201316382). Peripheral blood 
mononuclear cells were obtained from whole blood 
of healthy donors and separated by Ficoll-Hypaque 
(Nycomed, Lucron Bioproducts, De Pinte, Belgium) 
gradient centrifugation. CD11b+ cells were positively 
selected by the use of CD11b MACS beads (Miltenyi 
Biotec, Bergisch Gladbach, Germany) according to the 
manufacturer’s instructions.

Flow cytometry

The antibodies used for murine experiments were 
CD11b-FITC, Ly6G-PECy7, Ly6C-APC, CD3-PECy7, 
CD4-APC, CD8-FITC, IFNγ-PECy7 and isotype controls. 
Tumor load in the 5T33MM model was determined by the 
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use of anti-idiotype (3H2) monoclonal antibody (IgG1) and 
APC-labeled rat anti-mouse IgG1 antibody (secondary step). 
The development of 3H2 was described previously [23]. 
The following antibodies were used for human experiments: 
CD4/CD8-Alexa Fluor®647, CD15-Pacific BlueTM, CD33-
PE, CD11b-PECy7, HLA-DR-FITC, CD14-APC and 
isotype controls. All antibodies (except 3H2 and IFNγ-
PECy7) were obtained from Biolegend (Biolegend, San 
Diego, CA, USA). IFNγ-PECy7 was derived from Becton 
Dickinson. Flow cytometric data were acquired using FACS 
Canto or Fortessa (Becton Dickinson, Franklin Lakes, NJ, 
USA) and analyzed by FACS Diva Software (BD). 

Viability and apoptosis assay

Cell viability was measured by the use of a 
CellTiter-Glo® assay (Promega, Madison, WI, USA). 
Apoptosis was quantified by AnnexinV-FITC staining 
(Becton Dickinson) and active Caspase-3-FITC staining 
(Becton Dickinson), followed by flow cytometric analysis.

Cytospin staining

Cytospins were made and stained by the May-
Grünwald-Giemsa method. Bright-field pictures were 
taken with a Nikon Eclipse 90i microscope at 400x 
original magnification (Nikon France SAS, Champigny-
Sur-Marne, France).

Preparation conditioned medium

Conditioned medium (CM) was prepared from 
5T33MMvt cells or HMCL (RPMI8226, OPM2, LP1) 
cultured for 48 h in RPMI1640 medium (10% FCS) at a 
concentration of 106/mL. For experiments, conditioned 
medium was diluted ½ in fresh RPMI1640 medium (10% 
FCS). Ten times concentrated conditioned medium with 
Centriprep (Millipore, Billerica, MA, USA) was used to 
detect cytokines with the mouse cytokine array panel A  
(R&D sytems, Minneapolis, MN, USA) according to 
manufacturer’s instructions.

T cell suppression assay

For murine experiments, cells were isolated from 
spleen of healthy mice followed by red blood cell lysis. 
Cells were stained by CFSE (0.1 μM) (Invitrogen, 
Carlsbad, CA) for 10–15 min at 37°C, centrifuged and 
resuspended in RPMI1640 medium supplemented with 
10% HEPES (Sigma, St Louis, MO, USA) and 20 μM 
β-mercaptoethanol (Sigma). After 20–30 min incubation 
at room temperature, they were cultured in a 96-well 
plate (2 × 105 cells/well). T cells were stimulated with 
2 μL of CD3/CD28 Dynabeads (Invitrogen) and cultured 
for 3 days in the presence or absence of CD11b+ cells at 
different ratios. Cells were cultured in RPMI1640 medium 
(10% FCS) or conditioned medium of 5T33MMvt cells. 

Proliferation was analyzed by flow cytometric CFSE 
dye dilution after CD3 staining. For human samples, 
total peripheral blood mononuclear cells were labeled 
with CFSE (0.3 μM), stimulated with 2 μL CD3/CD28 
Dynabeads and analyzed 6 days after incubation in 
HCML-CM at 37°C. Cells were labeled for CD4 and CD8, 
and analyzed by flow cytometry.

Western blot

CD11b+ cells were cultured in 5T33MMvt-CM 
or HMCL-CM, at a density of 106/mL and collected at 
indicated time points. Western blot was performed as 
described previously [47] using following antibodies: 
STAT3, pSTAT3, Mcl-1, Bcl-2, Bcl-xL and B-actin (Cell 
Signaling Technology, Boston, MA). The pixel densities 
of proteins were quantified by ImageJ. 

In vivo treatment with anti-GR1 and 
5-Fluorouracil

In the first experiment, naïve mice were 
intraperitoneally injected with one single injection of the 
GR1 neutralizing antibody (200 μg/mouse, RB6–8C5) 
obtained from BioXCell (West Lebanon, NH). Two days 
after antibody administration, the percentage of CD11b+ 
and Ly6G+ cells in the BM was analyzed by flow cytometry. 
As 5T33MM cells express GR1, we preferred the similar 
5TGM1 mouse model in which the tumor cells were negative 
for GR1 expression (data not shown). 5TGM1 mice were 
intravenously inoculated at 1 × 106 cells/mouse. One day 
later, treatment was started with 200 μg GR-1 neutralizing 
antibody every two days. When first mice showed sign of 
disease, all mice were sacraficed and analyzed for tumor 
load at day 39. The percentage of 5TGM1-GFP+ cells 
and IFNγ expressing CD8+ cells were determined by flow 
cytometry in the BM and spleen. Additionally, M-spike was 
measured by means of serum electrophoresis.

To investigate the effect of 5-Fluorouracil (5FU), 
5T33MM mice were intraperitoneally injected with one 
single injection of 5FU (Sigma), 4 days after 5T33MMvv 
cell inoculation. Four days after 5FU administration, 
the percentage of CD11b, Ly6G and Ly6C in the BM 
and spleen was analyzed by flow cytometry. In a second 
experiment, 5T33MM mice were treated with 5FU on day 4 
and analyzed for tumor load at day 17. The percentage of 
idiotype positive cells (3H2+) was determined by flow 
cytometry in the BM and spleen. Additionally, M-spike 
was measured by means of serum electrophoresis.

Statistics

Statistical analysis was done using GraphPad 
Prism 5 software. All data represent the mean ± standard 
deviation (SD), and results were analyzed using the Mann-
Whitney U test. p < 0.05 (*), p < 0.01 (**) and p < 0.001 
(***) were considered statistically significant.



Oncotarget10545www.impactjournals.com/oncotarget

ACkNOWLEDGMENTS

This work was supported by the International 
Myeloma Foundation (IMF), SRP-VUB and the European 
Commission’s Seventh Framework Programme (EU FP7) 
OVER-MyR. Elke De Bruyne, Eline Menu and Els Van 
Valckenborgh are post-doctoral fellows of FWO-VI.

The authors would like to thank Carine Seynaeve, 
Marie Joos de ter Beerst and Sofie Seghers for excellent 
technical assistance, Prof. F. Gorus (UZ Brussel) for 
analysis of serum electrophoresis, and Oscar Onyema for 
providing the healthy donor blood samples.

DISCLOSURE OF POTENTIAL 
CONFLICTS OF INTEREST

The authors disclose no potential conflicts of 
interest.

Authors’ contribution

Contributions: K.D.V., K.V. and E.V.V. conceived 
and designed the research and wrote the manuscript; 
K.D.V., E.V.V., S.L. and N.D.B. performed the experiment 
and analyzed the data; B.O.O. provided reagent; S.L., 
N.D.B., J.V.G., I.B., K.T, E.D.B., E.M., M.L., I.V.R., K.V. 
and E.V.V. provide crucial suggestions and revised the 
manuscript.

REFERENCES

1. Kyle R a, Rajkumar SV. Multiple myeloma. N Engl J Med. 
2004; 351:1860–73.

2. Nur H, Fostier K, Aspeslagh S, Renmans W, Bertrand E, 
Leleu X, Favreau M, Breckpot K, Schots R, De Waele M, 
Van Valckenborgh E, De Bruyne E, Facon T, et al. 
Preclinical evaluation of invariant natural killer T cells in the 
5T33 multiple myeloma model. PLoS One. 2013; 8:e65075.

3. Nur H, Van Valckenborgh E, De Bruyne E, 
Vanderkerken K, Menu E. The Role of Invariant Natural 
Killer T Cells in Cancer. Int Blood Res Rev. 2014; 1:44–71.

4. Rutella S, Locatelli F. Targeting multiple-myeloma-induced 
immune dysfunction to improve immunotherapy outcomes. 
Clin Dev Immunol. 2012; 2012:196063.

5. Pan B, Lentzsch S. The application and biology of immu-
nomodulatory drugs (IMiDs) in cancer. Pharmacol Ther. 
2012; 136:56–68.

6. Bronte V, Apolloni E, Cabrelle A, Ronca R, Serafini P, 
Zamboni P, Restifo NP, Zanovello P. Identification of a 
CD11b(+)/Gr-1(+)/CD31(+) myeloid progenitor capable of 
activating or suppressing CD8(+) T cells. Blood. American 
Society of Hematology. 2000; 96:3838–46.

7. Gabrilovich DI, Velders MP, Sotomayor EM, Kast WM. 
Mechanism of Immune Dysfunction in Cancer Mediated 

by Immature Gr-1+ Myeloid Cells. J Immunol. American 
Association of Immunologists. 2001; 166:5398–406.

8. Gallina G, Dolcetti L, Serafini P, De Santo C, Marigo I, 
Colombo MP, Basso G, Brombacher F, Borrello I, 
Zanovello P, Bicciato S, Bronte V. Tumors induce a sub-
set of inflammatory monocytes with immunosuppressive 
 activity on CD8+ T cells. J Clin Invest. 2006; 116:2777–90.

9. Movahedi K, Guilliams M, Van den Bossche J, Van 
den Bergh R, Gysemans C, Beschin A, De Baetselier P, 
Van Ginderachter JA. Identification of discrete tumor-
induced myeloid-derived suppressor cell subpopulations 
with distinct T cell-suppressive activity. Blood. 2008; 
111:4233–44.

10. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor 
cells as regulators of the immune system. Nat Rev Immunol. 
Nature Publishing Group. 2009; 9:162–74.

11. Greten TF, Manns MP, Korangy F. Myeloid derived sup-
pressor cells in human diseases. Int Immunopharmacol. 
2011; 11:802–7.

12. Filipazzi P, Huber V, Rivoltini L. Phenotype, function and 
clinical implications of myeloid-derived suppressor cells 
in cancer patients. Cancer Immunol Immunother. 2012; 
61:255–63.

13. Lechner MG, Liebertz DJ, Epstein AL. Characterization 
of cytokine-induced myeloid-derived suppressor cells 
from normal human peripheral blood mononuclear cells. 
J Immunol. American Association of Immunologists. 2010; 
185:2273–84.

14. De Veirman K, Van Valckenborgh E, Lahmar Q, 
Geeraerts X, De Bruyne E, Menu E, Van Riet I, 
Vanderkerken K, Van Ginderachter JA. Myeloid derived 
suppressor cells as therapeutic target in hematological 
malignancies. Hematol Oncol. Frontiers. 2014; 4.

15. Condamine T, Gabrilovich DI. Molecular mechanisms reg-
ulating myeloid-derived suppressor cell differentiation and 
function. Trends Immunol. 2011; 32:19–25.

16. Sonda N, Chioda M, Zilio S, Simonato F, Bronte V. 
Transcription factors in myeloid-derived suppressor cell 
recruitment and function. Curr Opin Immunol. 2011; 
23:279–85.

17. Nefedova Y, Nagaraj S, Rosenbauer A, Muro-Cacho C, 
Sebti SM, Gabrilovich DI. Regulation of dendritic cell dif-
ferentiation and antitumor immune response in cancer by 
pharmacologic-selective inhibition of the janus-activated 
kinase 2/signal transducers and activators of transcription 3 
pathway. Cancer Res. 2005; 65:9525–35.

18. Görgün GT, Whitehill G, Anderson JL, Hideshima T, 
Maguire C, Laubach J, Raje N, Munshi NC, Richardson PG, 
Anderson KC. Tumor-promoting immune-suppressive 
myeloid-derived suppressor cells in the multiple myeloma 
microenvironment in humans. Blood. 2013; 121:2975–87.

19. Ramachandran IR, Martner A, Pisklakova A, Condamine T, 
Chase T, Vogl T, Roth J, Gabrilovich D, Nefedova Y. 
Myeloid-derived suppressor cells regulate growth of 



Oncotarget10546www.impactjournals.com/oncotarget

multiple myeloma by inhibiting T cells in bone marrow. 
J Immunol. 2013; 190:3815–23.

20. Van Valckenborgh E, Schouppe E, Movahedi K, 
De Bruyne E, Menu E, De Baetselier P, Vanderkerken K, 
Van Ginderachter JA. Multiple myeloma induces the immu-
nosuppressive capacity of distinct myeloid-derived sup-
pressor cell subpopulations in the bone marrow. Leukemia. 
2012; 26:2424–8.

21. Wang Z, Zhang L, Wang H, Xiong S, Li Y, Tao Q, Xiao W, 
Qin H, Wang Y, Zhai Z. Tumor-induced CD14(+)HLA-DR  
(–/low) myeloid-derived suppressor cells correlate with tumor 
progression and outcome of therapy in multiple myeloma 
patients. Cancer Immunol Immunother. 2014; (Dec  30). 

22. Kritzer JA. The secret of MIM: a novel, MCL-1-specific 
small molecule. Chem Biol. 2012; 19:1082–3.

23. Vanderkerken K, De Raeve H, Goes E, Van Meirvenne S, 
Radl J, Van Riet I, Thielemans K, Van Camp B. Organ 
involvement and phenotypic adhesion profile of 5T2 
and 5T33 myeloma cells in the C57BL/KaLwRij mouse. 
Br J Cancer. 1997; 76:451–60.

24. Zhuang J, Zhang J, Lwin ST, Edwards JR, Edwards CM, 
Mundy GR, Yang X. Osteoclasts in multiple myeloma are 
derived from Gr-1+CD11b+myeloid-derived suppressor 
cells. PLoS One. 2012; 7:e48871.

25. Ma C, Kapanadze T, Gamrekelashvili J, Manns MP, 
Korangy F, Greten TF. Anti-Gr-1 antibody depletion fails 
to eliminate hepatic myeloid-derived suppressor cells in 
tumor-bearing mice. J Leukoc Biol. 2012; 92:1199–206.

26. Daley JM, Thomay AA, Connolly MD, Reichner JS, 
Albina JE. Use of Ly6G-specific monoclonal antibody to 
deplete neutrophils in mice. J Leukoc Biol. 2008; 83:64–70.

27. Ribechini E, Leenen PJM, Lutz MB. Gr-1 antibody induces 
STAT signaling, macrophage marker expression and abro-
gation of myeloid-derived suppressor cell activity in BM 
cells. Eur J Immunol. 2009; 39:3538–51.

28. De Keersmaecker B, Fostier K, Corthals J, Wilgenhof S, 
Heirman C, Aerts JL, Thielemans K, Schots R. 
Immunomodulatory drugs improve the immune environ-
ment for dendritic cell-based immunotherapy in multiple 
myeloma patients after autologous stem cell transplantation. 
Cancer Immunol Immunother. 2014; 63:1023–36.

29. Wesolowski R, Markowitz J, Carson WE. Myeloid derived 
suppressor cells – a new therapeutic target in the treatment of 
cancer. J Immunother Cancer. BioMed Central Ltd. 2013; 1:10.

30. Najjar YG, Finke JH. Clinical perspectives on targeting of 
myeloid derived suppressor cells in the treatment of cancer. 
Front Oncol. 2013; 3:49.

31. Molina AM, Lin X, Korytowsky B, Matczak E, Lechuga MJ, 
Wiltshire R, Motzer RJ. Sunitinib objective response in met-
astatic renal cell carcinoma: analysis of 1059 patients treated 
on clinical trials. Eur J Cancer. 2014; 50:351–8.

32. N. Ghosh, L. Rudraraju, X. Ye, K. Noonan, C.A. Huff IB.  
Administration Of An Oral PDE5 Inhibitor, Tadalafil In 

Conjunction With a Lenalidomide Containing Regimen In 
Patients With Multiple Myeloma - The Myeloma Beacon. 
Ash meeting. p. New Orleans.

33. Noonan KA, Ghosh N, Rudraraju L, Bui M, Borrello I. 
Targeting immune suppression with PDE5 inhibition in end-
stage multiple myeloma. Cancer Immunol Res. American 
Association for Cancer Research. 2014; 2:725–31.

34. Stromnes IM, Brockenbrough JS, Izeradjene K, 
Carlson MA, Cuevas C, Simmons RM, Greenberg PD, 
Hingorani SR. Targeted depletion of an MDSC subset 
unmasks pancreatic ductal adenocarcinoma to adaptive 
immunity. Gut. 2014; 63:1769–81.

35. Zhang X, Bataille R, Jourdan M, Saeland S, Banchereau J, 
Mannoni P, Klein B. Granulocyte-macrophage colony-
stimulating factor synergizes with interleukin-6 in support-
ing the proliferation of human myeloma cells. Blood. 1990; 
76:2599–605.

36. Lechner MG, Liebertz DJ, Epstein AL. Characterization 
of cytokine-induced myeloid-derived suppressor cells 
from normal human peripheral blood mononuclear cells. 
J Immunol. 2010; 185:2273–84.

37. Busch A, Zeh D, Janzen V, Mügge L-O, Wolf D, Fingerhut L, 
Hahn-Ast C, Maurer O, Brossart P, von Lilienfeld-Toal M. 
Treatment with lenalidomide induces immunoactivating and 
counter-regulatory immunosuppressive changes in myeloma 
patients. Clin Exp Immunol. 2014; 177:439–53.

38. Manitz M-P, Horst B, Seeliger S, Strey A, Skryabin B V., 
Gunzer M, Frings W, Schonlau F, Roth J, Sorg C, 
Nacken W. Loss of S100A9 (MRP14) Results in Reduced 
Interleukin-8-Induced CD11b Surface Expression, 
a Polarized Microfilament System, and Diminished 
Responsiveness to Chemoattractants In Vitro. Mol Cell 
Biol. 2003; 23:1034–43.

39. Al-Shami A, Naccache PH. Granulocyte-macrophage 
colony-stimulating factor-activated signaling pathways in 
human neutrophils. Involvement of Jak2 in the stimula-
tion of phosphatidylinositol 3-kinase. J Biol Chem. 1999; 
274:5333–8.

40. Vasquez-Dunddel D, Pan F, Zeng Q, Gorbounov M, 
Albesiano E, Fu J, Blosser RL, Tam AJ, Bruno T, Zhang H, 
Pardoll D, Kim Y. STAT3 regulates arginase-I in myeloid-
derived suppressor cells from cancer patients. J Clin Invest. 
2013; 123:1580–9.

41. Cohen NA, Stewart ML, Gavathiotis E, Tepper JL, 
Bruekner SR, Koss B, Opferman JT, Walensky LD. A com-
petitive stapled peptide screen identifies a selective small 
molecule that overcomes MCL-1-dependent leukemia cell 
survival. Chem Biol. Elsevier. 2012; 19:1175–86.

42. Haverkamp JM, Smith AM, Weinlich R, Dillon CP, Qualls 
JE, Neale G, Koss B, Kim Y, Bronte V, Herold MJ, Green 
DR, Opferman JT, Murray PJ. Myeloid-Derived Suppressor 
Activity Is Mediated by Monocytic Lineages Maintained 
by Continuous Inhibition of Extrinsic and Intrinsic Death 
Pathways. Immunity. Elsevier. 2014; 41:947–59.



Oncotarget10547www.impactjournals.com/oncotarget

43. Pierson W, Cauwe B, Policheni A, Schlenner SM, 
Franckaert D, Berges J, Humblet-Baron S, Schönefeldt S, 
Herold MJ, Hildeman D, Strasser A, Bouillet P, Lu L-F, 
et al. Antiapoptotic Mcl-1 is critical for the survival and 
niche-filling capacity of Foxp3+ regulatory T cells. Nat 
Immunol. 2013; 14:959–65.

44. Derenne S. Antisense strategy shows that Mcl-1 rather than 
Bcl-2 or Bcl-xL is an essential survival protein of human 
myeloma cells. Blood. 2002; 100:194–9.

45. Asosingh K, Radl J, Van Riet I, Van Camp B, 
Vanderkerken K. The 5TMM series: a useful in vivo mouse 
model of human multiple myeloma. Hematol J. 2000; 
1:351–6.

46. Oyajobi BO, Muñoz S, Kakonen R, Williams PJ, 
Gupta A, Wideman CL, Story B, Grubbs B, Armstrong A, 
Dougall WC, Garrett IR, Mundy GR. Detection of myeloma 
in skeleton of mice by whole-body optical fluorescence 
imaging. Mol Cancer Ther. 2007; 6:1701–8.

47. De Bruyne E, Bos TJ, Schuit F, Van Valckenborgh E, 
Menu E, Thorrez L, Atadja P, Jernberg-Wiklund H, 
Vanderkerken K. IGF-1 suppresses Bim expression in mul-
tiple myeloma via epigenetic and posttranslational mecha-
nisms. Blood. 2010; 115:2430–40.


