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Key Points

• We report strategies to
reprogram macrophages as a
novel approach to treat MM
mouse models using pro-M1
and blocking M2 signals.

• MIF is upregulated in
the bone marrow
microenvironment of MM
patients and plays an
autocrine role in protumoral
MØ polarization.

Tumor-associated macrophages (TAM) are important components of the multiple

myeloma (MM) microenvironment that support malignant plasma cell survival and

resistance to therapy. It has been proposed thatmacrophages (MØ) retain the capacity to

change in response to stimuli that can restore their antitumor functions. Here, we

investigated several approaches to reprogramMØ as a novel therapeutic strategy in MM.

First, we found tumor-limiting and tumor-supporting capabilities for monocyte-derived

M1-like MØ and M2-like MØ, respectively, when mixed with MM cells, both in vitro and in

vivo. Multicolor confocal microscopy revealed that MM-associated MØ displayed a

predominant M2-like phenotype in the bone marrow of MM patient samples, and a high

expression of the pro-M2 cytokine macrophage migration inhibitory factor (MIF). To

reprogram the protumoral M2-like MØ present in MM toward antitumoral M1-like MØ, we

tested thepro-M1cytokinegranulocyte–macrophagecolony-stimulating factor (GM-CSF)

plus blockade of the M2 cytokines macrophage colony-stimulating factor or MIF. The

combination of GM-CSF plus the MIF inhibitor 4-iodo-6-phenyl-pyrimidine achieved the

best reprogramming responses towardanM1profile, at bothgeneandproteinexpression

levels, aswell as remarkable tumoricidal effects. Furthermore, this combined treatment elicitedMØ-dependent therapeutic responses

inMMxenograftmousemodels,whichwere linked toupregulationofM1and reciprocaldownregulationofM2MØmarkers.Our results

reveal the therapeutic potential of reprogramming MØ in the context of MM. (Blood. 2016;128(18):2241-2252)

Introduction

Multiple myeloma (MM) is an incurable hematologic neoplasia
characterized by accumulation in the bone marrow (BM) of malignant
plasma cells that produce monoclonal proteins and cause bone lesions,
renal disease, and immunodeficiency.1 Survival of malignant plasma
cells is supported by interactionswith theBMmicroenvironment (cells,
extracellular matrix, and soluble factors), where macrophages (MØ)
represent an important component.2,3 Tumor-associated macrophages
(TAM) and related myeloid-derived suppressor cells protect MM cells
fromspontaneous and chemotherapy-induced apoptosis andprovide an
immunosuppressive microenvironment.4,5 In addition, TAM partici-
pate in complex paracrine loops with stromal and endothelial cells,
promoting MM survival and angiogenesis through release of vascular
endothelial growth factor and vasculogenicmimicry.6-8 Indeed, several
studies have shown that MM patients with high BM-MØ infiltration
have poor prognosis.9,10 Despite their protumoral actions, MØ in the
myeloma niche display inherent tumoricidal potential, as demonstrated
by the use of anti-CD47 antibodies that block “don’t eat me” signals
and elicit MØ-mediated myeloma regression.11 Moreover, T-helper
1–activatedMØare important effectors cellsmediatingantitumorCD41

T-cell responses in myeloma models.12 Interestingly, macrophage-
activating immunotherapy using CD40 plus Toll-like receptor ligation
has shown clinical benefit in a MMmurine model.13

MØ therefore have great plasticity and can differentiate into several
functional states in response to microenvironmental signals.14 Using
different activation stimuli in vitro, MØ have been classified into 2
major polarized states: M1-MØ refers to classically activated MØ by
cytokines suchas interferon-g (IFN-g), tumornecrosis factor-a (TNF-a),
or granulocyte–macrophage colony-stimulating factor (GM-CSF),
whereas M2-MØ refers to alternatively activated MØ by interleukin-4
(IL-4), IL-13, or IL-10.15 M1-MØ have remarkable tumoricidal activity
throughsecretionof cytotoxic factors (type I interferons,TNF-a, reactive
nitrogen/oxygen species) and phagocytosis.16,17 Notably, M1-MØ can
initiate specific antitumor immune responses through high expression
of the major compatibility complex and costimulatory molecules for
efficient antigen presentation and proinflammatory cytokines (IL-12 and
IL-23) to stimulate cytotoxic T and natural killer cells.18 In contrast,M2-
MØ generally show low reactive nitrogen/oxygen species production
and low antigen-presentation and suppress antitumor immunity.19
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Figure 1. M1-MØ are cytotoxic to MM cells and inhibit MM cell proliferation and tumor development in vivo. (A) The indicated MM cell lines were cultured alone or in

the presence of GM-MØ or M-MØ for 3 days. Cell death was measured and normalized by MM cell spontaneous death. Data represent mean 6 standard error of the mean

(SEM) of 6 independent experiments with different MØ donors. (B) MM cells were cultured for 72 hours in the absence or presence of M-MØ, and cell death was induced with
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Current in vivo evidence indicates that TAM are predominantly
polarized toward theM2-like phenotype in advanced cancer stages,
and that MØ targeting can be clinically beneficial.14,19,20 Rather
than depletion of TAM, more targeted therapies are directed to
block the protumor functions of TAM, while promoting their
antitumor activities.21 Such reprogramming from M2-like to M1-
like MØ may control inflammation-related cancer progression
and elicit tumor-destructive reactions. Several factors can induce
the M2-MØ phenotype, including macrophage-colony stimulating
factor (M-CSF) andmacrophagemigration inhibitory factor (MIF),
both abundantly produced in tumors.20,22,23 M-CSF is crucial for
MØ differentiation and survival and inhibition of its signaling
ablates TAM inmouse tumor models and is associated with clinical
benefit in patients.20,24MIF is strongly upregulated in tumors and is
related to tumor progression and high clinical stage.25,26 Further-
more,MIF-deficient models of melanoma and chronic lymphocytic
leukemia displayed prolonged survival.22,27

In this study, we have characterized the functions of M1-MØ
comparedwithM2-MØ inMMand have explored possible therapeutic
protocols targeting MØ in myeloma. Using a new double strategy that
combines GM-CSF and antagonizes MIF signaling, we have
reprogrammedTAMand showed therapeutic benefit inMMxenograft
models. Furthermore,wehavedefined the role ofMIFand its receptors,
CD74 and CXCR7, in M2-MØ polarization.

Materials and methods

Patient samples, MØ, and MM cell lines

Samples from MM patients were obtained after informed consent and
followed the guidelines from the Ethics Committees of Instituto de
Investigación Sanitaria Gregorio Marañón, Hospital 12 de Octubre, and
Consejo Superior de Investigaciones Cientı́ficas. Patient characteristics are
reported in supplemental Table 1, available on the Blood Web site. CD1381

primary myeloma cells were purified from the mononuclear fraction of BM
samples from patients with active MM using CD138 microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). Human monocytes were purified from
buffy coats and differentiated toM1-like orM2-likeMØ usingGM-CSF or
M-CSF, respectively, as previously reported28 (protocol in supplemental
Figure 1E). Hereafter, we will refer to these phenotypes as GM-MØ and M-
MØ, respectively. HumanMØ andMM cell lines (NCI-H929, U266, MM.1S,
and MM.1S-GFP) were maintained in Roswell Park Memorial Institute 1640
medium/10% fetal calf serum (Sigma-Aldrich, St. Louis, MO) at 37°C in 5%
CO2/95% air atmosphere.

For M-MØ reprogramming, the supernatant of previously differentiated
M-MØ was replaced with fresh medium containing reprogramming agents
(provided in supplemental Table 2) every 2 days for 7 additional days, as
indicated in reprogramming protocol (supplemental Figure 2A).

MØ and MM cell cocultures

MM cells were cocultured with GM-MØ, M-MØ, or reprogrammed MØ at
1:1 MØ/MM ratio. After 3 days, MM cell death was analyzed by flow
cytometry, using the Annexin V/Propidium Iodide Kit (BD Bioscience,

San Jose, CA). Staining with CD14Ab was used to exclude MØ from the
analysis. MM cell proliferation was measured using carboxyfluorescein
diacetate succinimidyl ester (CFSE;LifeTechnologies), andMØanddeadcells
were excluded from this analysis using CD14Ab and 7-aminoactinomycin
D staining, respectively.

For non–cell-cell contact experiments, MØ were differentiated in the
lower chamber of 0.4-mM pore size Transwell inserts. MM cells were
added to the upper chamber of the insert, and MM cell death was
determined after 3 days of culture. For experiments with conditioned
media, the supernatants from various types of MØ or from GM-MØ1
MM cocultures were collected and added to MM cells (50% vol/vol).
MM cell death analyses were performed after 3 days of culture.
Conditioned media inactivation was performed by heating supernatants
at 100°C during 10 minutes.

Other methods

Other methods, reagents, and antibodies are provided in supplemental Methods
and supplemental Table 3.

Results

Differential role of polarized MØ on MM cell survival,

proliferation and tumor growth

To determine the tumoricidal potential of polarized MØ toward
MM cells, human monocytes were treated with either GM-CSF or
M-CSF, to generate M1-like (GM-MØ) andM2-like (M-MØ)MØ,
respectively. Phenotypical analyses confirmed that M-MØ had
higher protein or messenger RNA expression of the M2 markers
CD163, folate receptor b (FRb, encoded by FOLR2), STAB1,
SERPINB2, and CCL2, and lower expression of the M1 markers
ICAM3, EGLN3, INHBA, and MMP12 than GM-MØ29-33(supple-
mental Figure 1A). GM-MØandM-MØ from 6 independent donors
were cocultured with several MM cell lines and subsequently
analyzed by flow cytometry, using annexin V and propidium iodide
(AnV/PI) to identify dead MM cells and CD14 to exclude MØ
(Figure 1A; representative MØ donor in supplemental Figure 1B).
MM cells cocultured with GM-MØ showed enhanced cell death
compared with MM cells cultured alone or cocultured with M-MØ
(Figure 1A). M-MØ also supported resistance of MM cells to the
cytotoxic agent bortezomib (Figure 1B). Moreover, M-MØ protected
primaryMMcells fromspontaneous death in ex vivo cultures,whereas
GM-MØ enhanced basal cell death by 50% (Figure 1C).

We next used video-microscopy to monitor MM cells in coculture
with MØ. During the first hours of coculture with GM-MØ, a
significant number ofNCI-H929MMcells showed either rapidAnV1/
PI1 staining (necrotic cell death) or long-lasting membrane blebbing
and cell shrinkage (apoptotic cell death) (Figure 1D; supplemental
Video 1), indicating that GM-MØ were able to induce both forms
of programmed cell death. By contrast, there were no deadMMcells in
M-MØ1MM cell cocultures or MM cells cultured alone (Figure 1D;
supplemental Video 2).

Figure 1 (continued) bortezomib (10 nM) (n 5 3 MØ donors). (C) Cell death analysis of patient CD1381 MM BM cells (dot plot) cultured alone or with GM-MØ or M-MØ

(48 hours). (D) NCI-H929 cells were cocultured with GM-MØ or M-MØ (stained with CFSE; blue) and live-imaged for 4 hours. First and last frames are shown (bright field images). Rapid

acquisition of AnV (green)/PI (red) staining represents necrotic cells (red circles). Blebbing-apoptotic cells are circled in yellow, and onemagnified case is indicated (asterisks). Scale bars,

100 mm. (E)MM cell proliferation (CFSE dilution method) in the presence of GM-MØ or M-MØ. A representative experiment is shown on the left, and mean fluorescence intensity (MFI)

values of 3 independent MØ donors normalized by NCI-H929 cultured alone are shown on the right. (F-G) NCI-H929 cells were injected (subcutaneously) alone or mixed with GM-MØ or

M-MØ (1:1) in the flank of NSGmice. After 10 days, mice were sacrificed for tumor volume evaluation (F) and confocal microscopy analysis (G) by determining CD138/CD38, caspase 3,

F4/80, CD163, and cd45, and Ki67 labeling. Scale bars, 50 mm. Percentage of proliferating (Ki67) and apoptotic cells (active caspase 3) along intratumoral areas is represented on the

right. Data show media 6 SEM of at least 4 mice per group. *P , .05; **P , .01; ***P , .001. (D,G) Scale bars as indicated.
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To analyze the role ofMØonMMcell proliferation, we usedCFSE
dilution tomonitor cell division of liveMMcells (7-aminoactinomycin
D–negative). Figure 1E shows a progressive decrease in cell

fluorescence in MM cells cocultured with M-MØ, indicating active
MMcell proliferation.MMcells coculturedwithGM-MØmaintained
high CFSE-staining, whereas MM cells cultured alone showed
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Figure 2. M1-MØ and M2-MØ secretion of cytotoxic factors and cross-activation in coculture with MM cells. (A-B) MM cell death was analyzed after 72 hours of

coculture of MM cells alone or in the presence of various types of the indicated MØ, in cell-cell contact experiments (A) and non–cell-cell contact Transwell experiments (B).

(C-D) Determination by enzyme-linked immunosorbent assay of TNF-a (C) and IL-12 p40 (D) levels in supernatants collected after 48 hours of culture of various types of the

indicated MØ, MM cell lines, or MM1MØ cocultures. (E) NCI-H929 and U266 cells were cultured with TNF-a (200 ng/mL) or supernatants collected from GM-MØ1NCI-H929

and GM-MØ1U266 cocultures, respectively (measured in C), and treated with infliximab (80 mg/mL), as indicated. GM-MØ1MM conditioned media were inactivated by heat

(10 minutes at 100°C). (F) Conditioned media of various types of the indicated MØ were collected and added to NCI-H929 or U266 cells (50% vol/vol). MM cell death was

measured after 72 hours of culture. Summarized results of at least 3 independent experiments with different donors 6 SEM are shown. *P , .05; **P , .01; ***P , .001.
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intermediate CFSE staining (Figure 1E). These results indicated that
M2-MØ enhance cell proliferation, whereas M1-MØ do not.

We next used a MM cell–xenograft model to examine whether
human MØ could impact tumor development. NCI-H929 cells were
mixedwith either GM-MØorM-MØand injected subcutaneously into
NSG mice. Determination of tumor size revealed that MM cells
coinjected with M-MØ developed larger tumors than when coinjected
with GM-MØ (Figure 1F). MM cells injected alone developed
intermediate-sized tumors. Tissue analysis revealed amajor component
of CD381/CD1381 tumor cells with scattered mouse and human MØ
in both tumors (Figure 1G; quantified in supplemental Figure 1C).
Interestingly, MM1GM-MØ tumors displayed enhanced active
caspase 3 levels, whereasMM1M-MØ showed higher Ki67 staining,
revealing inverse apoptosis/proliferation ratio in each tumor. Compa-
rable results were obtained when either GM-MØ or M-MØ were
injected into the tumor at a later stage (after tumor volume reached
100 mm3) (supplemental Figure 1D). These data indicate that M-MØ
enhance and GM-MØ suppress MM tumor growth in vivo.

Distinct response of polarized MØ in the secretion of cytotoxic

factors and cross-activation by MM cells

To account for differences in macrophage differentiation protocols, we
further exposedGM-MØ to lipopolysaccharide (LPS) and IFN-g (LPS/
IFN-MØ), whereas M-MØ were treated with IL-4 (IL4-MØ) (see
protocol in supplemental Figure 1E). LPS/IFN-MØ displayed
enhanced tumoricidal effect toward NCI-H929, but not toward U266
and MM.1s cells, compared with GM-MØ (Figure 2A). These data
indicate that further activation of GM-MØ with IFN-g and LPS
potentiates their killer ability toward certain MM cell lines.

To determine whether the tumoricidal activity of MØ toward
MM cells requires cell-cell contact, we used Transwell inserts to
separateMØ andMMcells during culture. GM-MØ, and to a larger
extent LPS/IFN–MØ, retained significant tumoricidal ability in
this system, whereas M-MØ did not alter MM cell viability
(Figure 2B). Furthermore, as Transwell inserts prevent phagocy-
tosis, the data show that the differential behavior of GM-MØ and
M-MØ was not due to their distinct ability to engulf apoptotic/
necrotic cells. These results indicated that MØ tumoricidal effect
involved, at least partially, the secretion of cytotoxic factors, a
potential candidate being TNF-a.34 No TNF-a production was
detected in GM-MØ, M-MØ, or MM cell culture media
(Figure 2C). Interestingly, coculture of GM-MØ with NCI-H929
or U266 MM cells induced TNF-a secretion, whereas no TNF-a
was detected in cocultures of MM cells with M-MØ. Culture
supernatants of activated LPS/IFN-MØ contained large amounts of
TNF-a, and coculture with NCI-H929 or U266 MM cells further
upregulated its secretion (Figure 2C). Production of IL-12 was also
monitored as this cytokine encompasses both innate and adaptive
antitumor immunity.35 Similarly to TNF-a, GM-MØ did not produce
IL-12, but this powerful antitumor cytokine was highly induced
upon coculture with MM cells or activation by LPS/IFN (Figure 2D).
These experiments demonstrated cross-activation of GM-MØ in
coculture with MM cells, which induced production of TNF-a
and IL-12, compared with the lack of these cytokines in M-MØ
cocultured with MM cells. To further explore the role of TNF-a
in MØ-dependent MM cell death, we incubated the supernatants
obtained from Figure 2C with the TNF-a–blocking antibody
(Ab) infliximab and performed cytotoxic assays with NCI-H929
or U266 cells (cell lines sensitive and resistant to TNF-
a–induced cell death, respectively36). Figure 2E shows that
infliximab reduced NCI-H929 cell death when cultured with

GM-MØ1MM cell supernatant. In contrast, U266 cells were
killed by other cytotoxic factors sensitive to heat inactivation
(Figure 2E).

To avoid MØ-MM cell cross-talk, we performed experiments
with GM-MØ conditioned media, which still induced cell death of
NCI-H929 cells and to a lesser extent of U266 cells (Figure 2F). LPS/
IFN-MØ media enhanced death of NCI-H929 cells but not of U266
cells. Altogether, these data demonstrate the differential response of
M1-likeMØ, comparedwithM2-likeMØ, to secrete IL-12,TNF-a, and
other cytotoxic factors and to be cross-activated by MM cells.
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Expression of MØ polarization markers by MM-associated MØ

We next analyzed the in vivo polarization state of MØ present in BM
samples, highly infiltrated by CD381/CD1381plasma cells, from active
MM patients. Whole mounts of BM samples were stained with MØ
polarization markers and analyzed by confocal microscopy.37 Initial
identification of MØ was performed using a combination of CD68 and
CD163MØmarkers (Figure 3A),finding high expression ofCD163 and
moderate expression of CD68 in MM-infiltrating MØ (Figure 3B).
CD1631MØwere gated to quantify relative fluorescence expression of
M1 markers CLEC5A, TNF-a, and EGLN3, and M2 markers CD209
and FRb38 (Figure 3A). We quantified .3000 single cells in several
cases, and these analyses revealed that MM-associated MØ highly
express CD163, CD209, and FRb, whereas most MØwere negative for
CLEC5A, TNF-a, and EGLN3 (Figure 3B). With respect to cytokines
known to drive M2-TAM polarization, we found that MIF, a cytokine
secreted byMMcells,was highly detected in theBMmicroenvironment.
Interestingly, MM TAM showed elevated expression of CD74, MIF
high-affinity receptor.39

Protumoral toward antitumoral MØ reprogramming

We then explored strategies to functionally reprogram established
protumoral MØ into tumoricidal effector MØ by using pro-M1 stimuli
in combination with blocking M2 autocrine/paracrine signaling and
subsequently monitored expression of M1/M2 markers (see protocol

and MØ viability in supplemental Figure 2A-B). Treatment with GM-
CSF alone induced upregulation of M1-associated genes and down-
regulation of most M2-associated genes (Figure 4A). However,
the combination of GM-CSF with blockade of M2-signaling using an
anti-M-CSF neutralizing Ab, or blocking the M-CSF receptor with
GW2580 or Ki20227,40 reduced the expression ofM1 genes compared
with GM-CSF treatment alone (supplemental Figure 2C).

It has been reported that MIF controls the alternative activation of
tumorMØinamelanomamousemodel,22 andwefoundhighexpression
of MIF in the BM microenvironment (Figure 3). Quantification of
MIF secretion showed that is abundantly produced byM-MØ as well as
byMMcells (supplemental Figure 2D). Therefore, our next strategywas
to block autocrine/paracrine MIF production either with the suicide
antagonist 4-iodo-6-phenyl-pyrimidine (4-IPP),41 with the allosteric
inhibitor p425, also known as Chicago Sky Blue 6B (CSB),42 or by
knocking down MIF using small interfering RNA. 4-IPP alone or MIF
silencing significantly repressed M2-associated genes, which were
further reduced by combining 4-IPP or CSBwith GM-CSF (Figure 4A;
supplemental Figure 2E-F). Furthermore, GM-CSF treatment showed a
cooperative effect when combined with 4-IPP or CSB enhancing M1
genes, in contrast to M-CSF signaling antagonists. These changes were
stable enough to downregulate the surface expression of FRb and
CD163 and to upregulate the M1 marker ICAM3 (Figure 4B).

In addition to changes in receptor surface expression, MØ
polarization is associated with a shift in energy metabolism, and the
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adenosine 59-monophosphate–activated protein kinase (AMPK) is
central in this regulation.43 To analyze AMPK activity during M-MØ
reprogramming toward M1, we analyzed by western blot T172
phosphorylation levels linked to AMPK activation, which is higher in
M-MØ than in GM-MØ (data not shown). Interestingly, treatment of
M-MØ with either GM-CSF or 4-IPP decreased AMPK T172
phosphorylation, and reduction was even higher by combining both
treatments (Figure 4C). These data indicate that GM-CSF and 4-IPP
strongly downregulate AMPK activity in M-MØ, suggesting a pro-
inflammatory metabolic shift that might favor their pro-inflammatory
functions.44

Wenext determined the tumoricidal ability towardMMcells ofMØ
reprogrammed by different stimuli. M-MØ reprogrammed with
GM-CSF, 4-IPP, or blocking M-CSF alone displayed significant
tumoricidal ability. Notably, a remarkable increase inMM cell death
was reached by reprogrammed MØ treated with the combination of
GM-CSF plus inhibition of M-CSF or MIF signaling, which was
also confirmed by video-microscopy (Figure 4D; supplemental
Figure 2G-H). Nonetheless, the combination of GM-CSF14-IPP
showed the largest cytotoxic effect towardMMcells (Figure 4D).
Altogether, these results indicate that the combination GM-
CSF14-IPP was remarkably effective at reprogramming M-MØ
toward M1-like MØ, as assessed by gene and protein expression,
as well as by tumoricidal responses. In addition, these results
suggest that combining pro-M1 and anti-M2 treatments may
synergize for a more efficient repolarization toward antitumoral
M1-like MØ.

CD74 and CXCR7 are the MIF receptors involved in

MØ reprogramming

Besides binding to the high-affinity receptor CD74, MIF interacts with
the chemokine receptors CXCR4, CXCR7, and CXCR2.45 To further
characterize the role of MIF in MØ polarization, we first analyzed the
expression of these receptors on M-MØ. These MØ highly expressed
CXCR4 at the cell surface, whereas CXCR7, CXCR2, and CD74
showed a predominant intracellular distribution (Figure 5A). We next
compared the ability of 4-IPP together with MIF receptor blocking
antibodies or antagonists to reprogramM-MØ, alone or in combination
withGM-CSF. Interestingly, the anti-CD74Ab, theCXCR7-antagonist
CCX733, and 4-IPP strongly reduced the expression of theM2-specific
FOLR2 gene (Figure 5B left). Blocking CXCR2 or CXCR4 was less
effective, suggesting that MIF was preferentially signaling through
CD74 and CXCR7 to repolarize M2 MØ. 4-IPP or the anti-CD74 Ab
only mildly affected the expression of the M1 genes (Figure 5B).
Importantly, the combination of GM-CSF with 4-IPP, or with CD74/
CXCR7 inhibitors, further enhanced M1-gene expression compared
with GM-CSF alone (Figure 5B).

Therapeutic evaluation of MØ reprogramming in a MM

xenograft model

The above data indicate that MIF is highly detected in the BM
microenvironment of MM patient samples (Figure 3), and our in vitro

results established that the most effective treatment of reprogramming
M2-MØ toward M1-MØ was the GM-CSF14-IPP combination
(Figure 4).Therefore,we evaluated thepotential therapeuticapplication
of this MØ reprogramming combination in NCI-H929 and MM.1S
xenograft tumor mouse models. Previously, we confirmed that M-MØ
and GM-MØ derived from NSG mice behave similarly to human MØ
and that M-MØ repolarized with GM-CSF14-IPP displayed tumor
cytotoxic activity in vitro (supplemental Figure 2I-J). For the NCI-
H929 xenografts, cells were subcutaneously injected into NSG and
SCID mice, and when tumor volumes reached;100 mm3, mice were
treated with GM-CSF14-IPP, 4-IPP alone, or vehicle. Significant
reductions in NCI-H929 tumor volumes were observed in both murine
models treated with GM-CSF14-IPP, as compared with control mice
or to 4-IPP alone (Figure 6A). This effect was not due to MM
toxicity, because our in vitro experiments demonstrated that
4-IPP was not toxic for MM cells (supplemental Figure 2K). To
assess the specific contribution of MØ in the reduction of MM
tumor sizes in mice treated with GM-CSF14-IPP, we used
clodronate-containing liposomes (clo-liposomes) to deplete MØ
before the treatment. Subcutaneous NCI-H929 tumors did not
develop if clo-liposomes were administered at the time of tumor
injection (day 0, data not shown). Therefore, tumors were
allowed to develop, and mice were injected intravenously with
clo-liposomes when tumors reached 100 mm3. In a preliminary
experiment, we observed a significant reduction in TAM48 hours
after clo-liposome administration (data not shown); therefore,
GM-CSF14-IPP treatment was initiated at that time after clo-
liposome infusion. Mice treated with GM-CSF14-IPP devel-
oped smaller tumors and survived longer, compared with mice
treated with clo-liposomes plus GM-CSF14-IPP (Figure 6B),
suggesting that the presence of MØ during GM-CSF14-IPP
treatment is required for the therapeutic benefit against myeloma.

To further characterize the in vivo reprogramming ability of
GM-CSF14-IPP treatment on SCID murine TAM, tumor-
associated myeloid cells were isolated with CD11b magnetic
beads from NCI-H929 tumors to quantify the relative expression
of a panel of M1 and M2 mouse MØ genes.46 These analyses
revealed a general reduction of M2 markers on treated mice,
which was statistically significant for Cd206, S1pr1, Stab1, and
Ctla2b and was associated with a reciprocal increase in M1
markers, including Inhba and Ccr2, compared with tumor-
bearing control mice (Figure 6C).

For the MM.1S xenograft model, we injected MM.1S-GFP1 cells
intravenously into NSG mice, and after 10 days, animals were treated
every 2 days with GM-CSF14-IPP or vehicle. Upon 2 weeks of
treatment, MM.1S infiltration in the BM was quantified by flow
cytometry and bymessenger RNA expression of humanGAPDH. The
data revealed a significant reduction inMM.1S BM infiltration inGM-
CSF14-IPP–treated mice (Figure 6D-E), which was linked to a
decrease in the expression of M2 markers and to an increase in M1
markers, as comparedwithvehicle (Figure 6F). These data indicate that
GM-CSF14-IPP treatment reprograms gene expression of TAM in
vivo and generates a population of MØ with antitumoral properties.

Figure 6 (continued) n5 6-10 per group; right, n5 8). (B) NSG mice displaying 100-mm3 subcutaneous NCI-H929 tumors were injected IV with clodronate, and 2 days later,

mice were treated with GM-CSF14-IPP every 2 days. Tumor growth was measured daily. Data show tumor-volume average of 5 mice per group 6 SEM. (C) M1 and M2

polarization murine marker expression in CD11b1 cells isolated from tumors grown in SCID mice, as determined by qRT-PCR (n 5 10). Relative expression (log scale)

indicates the expression of each marker after GM-CSF14-IPP treatment relative to its expression in the absence of treatment. (D-E) MM.1S-GFP cells were IV injected into

NSG mice, and 10 days later, mice were treated with GM-CSF/4-IPP or with vehicle. Mice were sacrificed after 2 weeks of treatment, and BM cells were analyzed by flow

cytometry for human HLA-1 and green fluorescent protein (GFP) expression. Representative dot-plots panels showing HLA-11/GFP1 percentages (left) and quantification of

BM infiltration (right) are displayed. (B) qRT-PCR analyses of human GAPDH expression of BM samples from vehicle- or GM-CSF/4-IPP-treated mice. Data show the mean6

SEM of 14 mice. (F) M1 and M2 polarization murine marker expression in the BM from NSG mice infiltrated with MM.1S-GFP cells, shown as in (C). mRNA, messenger RNA.

*P , .05; **P , .01; ***P , .001.
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Discussion

MM remains an incurable malignancy mainly due to minimal residual
disease, which is commonly supported by the BMmicroenvironment,
leading to drug resistance and disease relapse.47 Therefore, new
therapeutic strategies that target the supportive microenvironment
are urgently needed to boost the efficacy of tumor-directed therapies.
TAM represent an abundant component of BMmicroenvironment that
contribute to MM cell resistance to conventional chemotherapy.4,48

However, the inherent tumoricidal potential of these MØ has not
been explored. In the current study, we evaluated for the first time the
therapeutic value of reprogramming MØ in MM. We found that MIF is
highlyexpressed in theBMmicroenvironmentandplaysanautocrine role
in M2-MØ polarization through CD74 and CXCR7. Using a combined
treatment to reprogram MM TAM with the pro-M1 cytokine GM-CSF
plus blocking the pro-M2 cytokine MIF with 4-IPP, we induced
upregulation of M1 markers and the reciprocal downregulation of M2
markers, both in vitro and in vivo. This combined treatment inducedMØ-
dependent tumor reduction in MM xenograft models, thus identifying
MM-MØaspromising therapeutic targets.Furthermore,ourdataestablish
the translational potential of combining treatments that promoteM1while
simultaneously blocking M2 signaling to re-educate TAM.

We previously described M1 and M2 polarization markers for
phenotyping tissue MØ by multicolor confocal microscopy in several
human pathologies.38 Our quantitative image analyses at the single-cell
level revealed that TAM from active MM patients have a predominant
M2-like phenotype.During tumor evolution, a diverse spectrumofMØ
populations develop within the tumor compartment.49 At early patient
diagnosis, MM monocytes/macrophages display a proinflammatory
transcriptional profile in the MM microenvironment that leads to
transcriptionof inflammatorycytokines.6,50 Interestingly, a shift toward
M2 polarization occurs upon tumor progression in MM animal
models,50 which is consistent with our results. Indeed, it was recently
reported that the levels of soluble CD163 and CD206 (M2-MØ
markers) present in serum are independent markers of overall survival
in MM patients.51,52 In addition, we explored other factors reported to
control TAM alternative activation, such as MIF, which was selected
because it is highly expressed by primary malignant plasma cells.22,53

Accordingly, we found abundant MIF in the MM BM microenviron-
ment, along with high expression of the MIF receptor CD74 in MM
TAM in patient samples. MIF was originally identified as a pro-
inflammatory stimulus mainly produced by MØ, which are able to
secrete large amounts of this cytokine in response to various stimuli.54

Nevertheless, MIF is a pleiotropic cytokine with complex context-
dependent signaling that leads to inhibition of antitumor reactivity in
vivo.55 Furthermore, MIF controls mature B-cell proliferation and
survival, and the humanized anti-CD74 monoclonal Ab milatuzumab
is being clinically evaluated for treatment of MM.56 Thus, blocking
MIF or its receptors may target both MM cells and MØ in the
BM microenvironment. The dual targeting of MM cells and the
BM microenvironment is accomplished by novel therapies, such as
bortezomib, thalidomide, and lenalidomide, that have significantly
improved patient survival.57

As stated above, our goalwas to reprogram theM2-likeMØpresent
in the MM microenvironment to become antitumoral M1-like MØ.
To this end, we first analyzed the tumoricidal or supportive effects of
diverse MØ polarization states toward MM cell lines. Interestingly,
M1-like GM-MØ promoted both apoptotic and necrotic forms of
programmed cell death to MM cells and limited the growth of MM
xenografts in vivo.On the other hand,M-MØprotectedMMcells from

bortezomib-induced death in vitro and promoted tumor growth in vivo.
Moreover, our previous results showed that M-MØ exhibit a gene
profile similar to ex vivo–isolated TAMs from several tumor types,58

therefore supporting the use of M-MØ as an in vitro TAM model to
explore reprogramming protocols.

Reprogramming M-MØ with the pro-M1 cytokine GM-CSF
induced low tumoricidal ability compared with GM-MØprogrammed
frommonocytes, indicating thatM-MØ are not as plastic as monocyte
precursors. To reinforce MØ reprogramming, it is important to block
autocrine/paracrine M2 signals, such as M-CSF or MIF, which are
abundant in tumor microenvironments and might reverse the
reprogrammed “therapeutic”M1-MØ.19 Inhibition of M-CSF signal-
ing was one of the first TAM targeting strategies, which diminished
M2-like MØ programming in glioma.59 However, blocking M-CSF
signaling in combination with GM-CSF to reprogram MØ reduced
INHBA expression, which encodes Activin A that is a key factor
driving GM-CSF-dependent M1 polarization.33 Interestingly, block-
ing MIF in combination with GM-CSF showed great induction of
INHBA expression. MIF has been recently recognized as a pro-M2
tumor-derived factor, whose disruption improved survival in chronic
lymphocytic leukemia and melanomamouse models.22,27 Our current
results extend the role ofMIF inM2polarization from rodent to human
MØ and identify CD74 and CXCR7 as the main receptors for MIF
involved in a pro-M2-MØ positive feedback mechanism.

Because single pro-M1-MØ or anti-M2-MØ agents had a partial
effect inMØ reprogramming,we reasoned that the combination of both
treatments may have a synergistic effect. Indeed, treatment with
GM-CSF and theMIF-inhibitor 4-IPP showed the best cooperativeM1
to M2 shift at gene, protein, and functional levels. Importantly, we
demonstrated therapeutic benefit of this novel combination in mouse
models of MM that were dependent on MØ. Furthermore, TAM
isolated from treated mice displayed enhanced M1 and di-
minished M2 gene expression. Altogether, our results indicate that
MØ-reprogramming strategiesmay provide significant clinical benefit
for MM patients.
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30. Puig-Kröger A, Sierra-Filardi E, Domı́nguez-Soto
A, et al. Folate receptor beta is expressed by
tumor-associated macrophages and constitutes
a marker for M2 anti-inflammatory/regulatory
macrophages. Cancer Res. 2009;69(24):
9395-9403.

31. Estecha A, Aguilera-Montilla N, Sánchez-Mateos
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38. González-Domı́nguez É, Samaniego R, Flores-
Sevilla JL, et al. CD163L1 and CLEC5A
discriminate subsets of human resident and
inflammatory macrophages in vivo. J Leukoc Biol.
2015;98(4):453-466.

39. Leng L, Metz CN, Fang Y, et al. MIF signal
transduction initiated by binding to CD74. J Exp
Med. 2003;197(11):1467-1476.

40. Conway JG, McDonald B, Parham J, et al.
Inhibition of colony-stimulating-factor-1 signaling
in vivo with the orally bioavailable cFMS kinase
inhibitor GW2580. Proc Natl Acad Sci USA. 2005;
102(44):16078-16083.

41. Winner M, Meier J, Zierow S, et al. A novel,
macrophage migration inhibitory factor suicide
substrate inhibits motility and growth of lung
cancer cells. Cancer Res. 2008;68(18):
7253-7257.

42. Bai F, Asojo OA, Cirillo P, et al. A novel allosteric
inhibitor of macrophage migration inhibitory factor
(MIF). J Biol Chem. 2012;287(36):30653-30663.

43. Kelly B, O’Neill LA. Metabolic reprogramming in
macrophages and dendritic cells in innate
immunity. Cell Res. 2015;25(7):771-784.

44. Sag D, Carling D, Stout RD, Suttles J. Adenosine
59-monophosphate-activated protein kinase
promotes macrophage polarization to an anti-
inflammatory functional phenotype. J Immunol.
2008;181(12):8633-8641.

45. Bernhagen J, Krohn R, Lue H, et al. MIF is a
noncognate ligand of CXC chemokine receptors
in inflammatory and atherogenic cell recruitment.
Nat Med. 2007;13(5):587-596.

46. de las Casas-Engel M, Domı́nguez-Soto A,
Sierra-Filardi E, et al. Serotonin skews human
macrophage polarization through HTR2B and
HTR7. J Immunol. 2013;190(5):2301-2310.

47. Bianchi G, Richardson PG, Anderson KC.
Promising therapies in multiple myeloma. Blood.
2015;126(3):300-310.

BLOOD, 3 NOVEMBER 2016 x VOLUME 128, NUMBER 18 RE-EDUCATION OF MYELOMA-ASSOCIATED MACROPHAGES 2251

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/128/18/2241/1396623/2241.pdf by guest on 12 June 2024

mailto:paloma.sanchezmateos@salud.madrid.org
mailto:paloma.sanchezmateos@salud.madrid.org


48. Zheng Y, Yang J, Qian J, et al. PSGL-1/
selectin and ICAM-1/CD18 interactions are
involved in macrophage-induced drug
resistance in myeloma. Leukemia. 2013;27(3):
702-710.

49. Qian BZ, Pollard JW. Macrophage diversity
enhances tumor progression and metastasis.
Cell. 2010;141(1):39-51.

50. Hope C, Ollar SJ, Heninger E, et al. TPL2 kinase
regulates the inflammatory milieu of the myeloma
niche. Blood. 2014;123(21):3305-3315.

51. Andersen MN, Abildgaard N, Maniecki MB, Møller
HJ, Andersen NF. Monocyte/macrophage-derived
soluble CD163: a novel biomarker in multiple
myeloma. Eur J Haematol. 2014;93(1):41-47.

52. Andersen MN, Andersen NF, Rødgaard-Hansen
S, Hokland M, Abildgaard N, Møller HJ. The novel

biomarker of alternative macrophage activation,
soluble mannose receptor (sMR/sCD206):
Implications in multiple myeloma. Leuk Res. 2015;
39(9):971-975.

53. Claudio JO, Masih-Khan E, Tang H, et al. A
molecular compendium of genes expressed in
multiple myeloma. Blood. 2002;100(6):
2175-2186.

54. Calandra T, Roger T. Macrophage migration
inhibitory factor: a regulator of innate immunity.
Nat Rev Immunol. 2003;3(10):791-800.

55. Zhou Q, Yan X, Gershan J, Orentas RJ,
Johnson BD. Expression of macrophage
migration inhibitory factor by neuroblastoma
leads to the inhibition of antitumor T cell
reactivity in vivo. J Immunol. 2008;181(3):
1877-1886.

56. Starlets D, Gore Y, Binsky I, et al. Cell-surface
CD74 initiates a signaling cascade leading to cell
proliferation and survival. Blood. 2006;107(12):
4807-4816.

57. Kumar SK, Rajkumar SV, Dispenzieri A, et al.
Improved survival in multiple myeloma and the
impact of novel therapies. Blood. 2008;111(5):
2516-2520.

58. Soler Palacios B, Estrada-Capetillo L, Izquierdo
E, et al. Macrophages from the synovium of
active rheumatoid arthritis exhibit an activin
A-dependent pro-inflammatory profile. J Pathol.
2015;235(3):515-526.

59. Pyonteck SM, Akkari L, Schuhmacher AJ, et al.
CSF-1R inhibition alters macrophage polarization
and blocks glioma progression. Nat Med. 2013;
19(10):1264-1272.
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