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Induced by Milk Fat Globule-EGF Factor 8 (MFG-E8)-mediated
Efferocytosis*□S
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Background: The growing body of data on tumor-associated macrophages largely neglects phagocytosis of apoptotic cells.
Results: MFG-E8, induced during efferocytosis, contributes to macrophage polarization with STAT3/SOCS3 pathway
involvement.
Conclusion: Efferocytosis induces macrophage polarization into tumor-associated macrophages mediated by MFG-E8.
Significance: A novel tumor-promoting mechanism for macrophage polarization through efferocytosis and MFG-E8 and its
corresponding signaling pathway were identified.

Tumor cells secrete factors that modulate macrophage activa-
tion and polarization into M2 type tumor-associated macro-
phages, which promote tumor growth, progression, and metas-
tasis. The mechanisms that mediate this polarization are not
clear. Macrophages are phagocytic cells that participate in the
clearance of apoptotic cells, a process known as efferocytosis.
Milk fat globule- EGF factor 8 (MFG-E8) is a bridge protein that
facilitates efferocytosis and is associated with suppression of
proinflammatory responses. This study investigated the
hypothesis that MFG-E8-mediated efferocytosis promotes M2
polarization. Tissue and serum exosomes from prostate cancer
patients presented higher levels of MFG-E8 compared with con-
trols, a novel finding in human prostate cancer. Coculture of
macrophages with apoptotic cancer cells increased efferocyto-
sis, elevated MFG-E8 protein expression levels, and induced
macrophage polarization into an alternatively activated M2
phenotype. Administration of antibody against MFG-E8 signif-
icantly attenuated the increase in M2 polarization. Inhibition of
STAT3 phosphorylation using the inhibitor Stattic decreased
efferocytosis and M2 macrophage polarization in vitro, with a
correlating increase in SOCS3 protein expression. Moreover,
MFG-E8 knockdown tumor cells cultured with wild-type or
MFG-E8-deficient macrophages resulted in increased SOCS3
expression with decreased STAT3 activation. This suggests that
SOCS3 and phospho-STAT3 act in an inversely dependent man-
ner when stimulated by MFG-E8 and efferocytosis. These
results uncover a unique role of efferocytosis via MFG-E8 as a

mechanism for macrophage polarization into tumor-promoting
M2 cells.

The skeleton is a favored organ for metastasis, resulting in
significant morbidity for cancer patients (1, 2). Tumor-associ-
ated macrophages (TAMs)3 have been investigated in the con-
text of cancer (3, 4), but their role in bone metastasis remains
elusive (3, 5, 6). Macrophages are activated differentially
according to the stimuli provided. M1 antitumorigenic macro-
phages are defined as classically activated, and M2 protumori-
genic macrophages (also known as TAMs) are defined as alter-
natively activated (7, 8). TAMs are prominently involved with
cancer initiation, progression, and metastasis, facilitating
angiogenesis, matrix breakdown, and tumor cell motility
(9 –11). Although the role of TAMs in skeletal metastasis is
emerging, the mechanisms remain to be defined.

In addition to their high rate of cell proliferation, tumors
have high apoptosis rates, an often forgotten but important
process in tumor dynamics (12). The large number of apoptotic
cells is underappreciated because of rapid cell clearance per-
formed by macrophages and other phagocytic cells, a process
known as efferocytosis. Indeed, not much is known regarding
the interactions of apoptotic tumor cells with macrophages
and, subsequently, how this affects the remaining viable tumor
cells in skeletal metastasis. Efferocytosis elicits changes in
immune responses and can result in immunosuppression of
antitumor defenses (13, 14); production of anti-inflammatory
mediators, including TGF-� and IL-10; and inhibition of pro-
inflammatory TNF (14, 15).
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Milk fat globule-EGF factor 8 (MFG-E8) is a protein secreted
by numerous cells including macrophages and is known as a
phagocytosis “eat me” signal (16, 17). MFG-E8 functions as a
tether between macrophage and apoptotic cells via a bimotif
function, binding to both phosphatidylserine (PS) externalized
on apoptotic cells and the �v�3/�v�5 integrin expressed on
macrophages (16). MFG-E8 mutant mice are deficient in effe-
rocytosis, resulting in increased apoptotic cell accumulation,
which has been implicated in autoimmunity- and inflammato-
ry-related diseases (18 –20).

Interestingly, phagocytes activated by their interaction with
apoptotic cells via MFG-E8 share similar anti-inflammatory
and tumor-promoting properties, as seen in M2 TAMs (7, 12,
21). Pretreatment of LPS-stimulated macrophages with
rMFG-E8 results in activation of suppressor of cytokine signal-
ing 3 (SOCS3) via the STAT3 pathway (22). SOCS3 proteins are
known to inhibit the JAK/STAT signaling pathway, creating a
negative feedback loop to prevent excessive activation of the
pathway (23). This modulatory role has also been suggested as a
mechanism for macrophage polarization. Despite these sugges-
tive links, efferocytosis via MFG-E8 and its role in tumor effe-
rocytosis and M2 polarization has not been investigated in the
context of prostate cancer or skeletal metastasis.

Given that prostate cancer has a high propensity to metasta-
size to the bone, which is rich in macrophages and anti-inflam-
matory factors that contribute to tumor growth, we hypothe-
sized that MFG-E8-mediated efferocytosis modulates the bone
marrow-derived macrophage SOCS3/STAT3 pathway, induc-
ing an M2 switch and promoting tumor growth. In this study,
the impact of efferocytosis mediated by MFG-E8 on macro-
phage polarization into M2 TAMs was investigated, and the
underlying mechanisms that could be developed as potential
therapeutic targets were delineated.

EXPERIMENTAL PROCEDURES

Primary Cells and Cell Lines—All animals were maintained
in accordance with institutional animal care and use guidelines,
and experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University of Michigan.
MFG-E8 mutant mice were provided by Kamran Atabai from
the University of California, San Francisco. Briefly, MFG-E8
mutant mice have an insertion of the pGT1-pfs gene trap vector
in intron 7 of Mfge8, trapping the secretory protein, resulting in
fusion protein degradation in the endoplasmic reticulum (24).

Primary bone marrow cells were collected from male
C57BL/6J (The Jackson Laboratory, Bar Harbor, ME) and
MFG-E8 mutant mice at 4 – 6 weeks of age for in vitro experi-
ments. Mouse bone marrow macrophages were differentiated
in vitro from bone marrow cells cultured in �-minimal essential
medium (MEM) with 30 ng/ml murine M-CSF (eBioscience)
for 6 days. At day 7, macrophages or RAW 264.7 cells were
plated into 12-well plates. Cells were treated with recombinant
murine MFG-E8 (R&D Systems) at the indicated concentra-
tions. Anti-MFG-E8 (D161--3, MBL International) and IgG
control (Dako) were used at 20 �g/ml to treat macrophages in
vitro as described previously (25).

Three prostate cancer cell lines were used in this study. Two
human bone metastatic prostate cancer cell lines, C42B and

PC-3, were obtained from the ATCC. RM-1, a murine cell line,
was originally obtained from Dr. Timothy C. Thompson (Bay-
lor College of Medicine, Houston, TX). C42B cells, originally
derived from LNCaP tumors maintained in castrated and intact
athymic male mice, are androgen-independent, metastasize to
the bone, and form mixed osteoblastic/osteolytic lesions (26).
PC-3 cells, derived from human vertebral prostate cancer
metastasis, are androgen-independent, highly metastatic, and
produce osteolytic lesions. Human PC-3 cells were stably trans-
fected to express dsGREEN immunofluorescence.

Apoptosis of prostate cancer cells (RM-1, PC-3, and C42B)
was induced by overnight serum starvation followed by 24-h
treatment with cobalt chloride (RM-1, 150 �M; PC-3 and C42b,
200 �M) (Sigma-Aldrich). Cells were washed at least three times
with PBS after apoptosis induction and enumerated. A 60 –70%
range of trypan blue-positive cells was designated high apopto-
tic (HAP). UV exposure of tumor cells for 20 min in PBS was
also utilized to induce apoptosis, avoiding chemical-derived
effects. Untreated tumor cells contained 5–10% trypan blue-
positive cells and were designated as basal apoptotic (BAP)
cells.

Stable shRNA Constructs—Mouse GIPZ lentiviral shRNAmir
was transfected into RM-1 prostate cancer cells to produce
MFG-E8-shRNA stable constructs. Cells were designated as
RM-1 m_08 (clone ID V2LMM_277508), RM-1 m_30 (clone ID
V2LMM_39830), RM-1 m_41 (clone ID V3LMM_432041),
RM-1 m_43 (clone ID V3LMM_432043), RM-1 m_45 (clone ID
V3LMM_432045), and RM-1 GIPZ scramble control (Lenti-
pGipZ-scramble-VSVG, University of Michigan Vector Core).

Efferocytosis Assay—RAW 264.7 cells or primary bone mar-
row macrophages were plated at 50,000 cells/cm2 and incu-
bated at different time points with low or high apoptotic pros-
tate cancer cells (RM-1, PC-3, and C42b) at a 1:3 ratio of
macrophage to tumor cells or carboxylated fluorescent beads
(Bangs Laboratories, Inc.) at a 1:2 ratio. Cells were washed with
PBS, and attached cells were collected for further analyses.

Confocal Microscopy—Bone marrow macrophages, RAW
264.7 cells and prostate cancer cells were stained with 0.2 �l/ml
orange or green CellTrackerTM or CellTraceTM carboxyfluo-
rescein succinimidyl ester (Invitrogen) for 20 min in serum-free
medium, followed by incubation in complete medium for 60
min. Macrophages were plated in 1.5-mm coverglass chambers
for confocal microscopy. High apoptotic cancer cells or carbox-
ylated fluorescent beads were added at a 1:1 or 1:2 ratio to the
attached macrophages for up to 24 h and fixed with ice-cold
methanol for 20 min. Cells were then washed with PBS and
covered with Vectashield� mounting medium containing
DAPI (Vector Laboratories, Inc.). Confocal microscopy images
were analyzed using the Leica inverted SP5X confocal micro-
scope system with two-photon film and Leica software (Leica
Microsystems, Germany).

Flow Cytometry—Flow cytometry was performed as
described previously (27). Briefly, cells were collected in FACS
buffer (PBS, 2% FBS, and 2 mM EDTA), and 1 million cells were
stained for 30 min with the following macrophage-specific anti-
bodies: F4/80 Alexa Fluor 647 (Abcam, CI:A3-1) and CD206 PE
(AbD Serotec, MR5D3). Cells were fixed and permeabilized
with LeucopermTM (AbD Serotec) and incubated with anti-
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Ym1 rabbit antibody (StemCell Technologies, catalog no.
01404). Cells were then incubated with secondary antibody,
Alexa Fluor 700 goat anti-rabbit IgG (Molecular Probes) 700.
For confirmation of apoptosis, prostate cancer cells were
stained with the FITC annexin V apoptosis detection kit (BD
Biosciences). After antibody incubation, cells were washed
twice with FACS buffer, fixed with 1% formalin, and evaluated
for FACS analyses (BD FACSAriaTM III).

Western Blot Analyses and Quantification—For protein col-
lection, cells were washed twice with cold PBS and lysed with
CelLyticTM MT (Sigma). SDS-PAGE was performed in 4 –20%
gradient Novex Tris-glycine gels (Invitrogen) loaded with 50 �g
of protein/well. After electrophoresis, proteins were trans-
ferred to membranes (Duralon UV membrane, Stratagene) and
blocked in 5% milk for 20 min. The membranes were then incu-
bated with the primary antibody in 5% milk overnight on a
shaker at 4 °C. Antibodies against �-actin (C4) 1:50,000 (Santa
Cruz Biotechnology, Inc.), SOCS3 (1:500 dilution, Cell Signal-
ing Technology), phospho-STAT3 (3E2) and STAT3 (124H6,
1:1000 dilution, Cell Signaling Technology), and MFG-E8
(1:500, R&D Systems) were used. After washing, membranes
were incubated with secondary antibodies, washed, and then
chemiluminescence (via SuperSignal West Pico chemilumines-
cent substrate, Thermo Scientific) was imaged on x-ray film.
Protein quantification was performed using the Scion Image
software and calculated relative to control protein expression
(�-actin).

RNA Extraction and Quantitative RT-PCR—RNA isolation
was performed as described previously (28) using an RNeasy
mini kit (Qiagen, Valencia, CA). cDNA was synthesized using
0.5 �g of total RNA in 50 �l of reaction volume using the
TaqMan reverse transcription kit (Applied Biosystems).
Quantitative real-time PCR was performed using the ABI
PRISM 7700 using a ready-to-use mix of primers and FAM-
labeled probe assay systems (Applied Biosystems) for Il10
(Mm00439614_m1), transforming growth factor �1 (Tgf-�1,
Mm03024053_m1), Ym1 (Chi3l3, Mm00657889_mH), and
arginase 1 (Arg1, Mm00475988_m1). GAPDH (Gapdh,
Mm99999915_g1) was used as an internal reference, and the
��CT method was used to calculate the data as described
previously (29).

Immunohistochemistry—A prostate cancer tissue microarray
(TMA) was obtained through the rapid autopsy program at the
University of Michigan Prostate Cancer Specialized Program of
Research Excellence Tissue Core. The institutional review
board at the University of Michigan approved the use of all
tissues. A total of 30 benign (n � 12) and malignant (n � 18)
paraffin-embedded tissue specimens were analyzed with a
Gleason score of 7 to 8. Areas of malignant and benign prostatic
hyperplasia (BPH) were taken from the same patients (matched
paired tissues). Immunohistochemical detection of human
MFG-E8 and CD68 (KP1) was carried out in deparaffinized and
rehydrated sections using the HRP-AEC cell and tissue staining
kit (R&D Systems) according to the protocol of the manufac-
turer. Tissue was permeabilized with 0.2% Triton X-100 and
incubated overnight at 4 °C with anti-mouse CD68 (1:200) and
anti-human MFG-E8 (1:50) (Abcam). Samples were counter-
stained with hematoxylin and mounted with paramount aque-

ous mounting medium (Dako). Negative controls were used to
detect nonspecific staining. MFG-E8 staining was quantified
using NIS Elements software (Nikon). Briefly, the region of
interest tool was used to set the target area that was positively
stained for MFG-E8 over the total area (percent) of the tissue.
The mean area positive for MFG-E8 was then calculated for
each tissue within three different areas of tissue. The proximity
of CD68� cells to MFG-E8 expression was determined by ana-
lyzing three tissue sections at �100 magnification per specimen
per TMA. Cells overlapping or in close proximity that were
positive for both CD68 (macrophage) and MFG-E8 expression
were quantified using ImageJ software.

Serum Exosomes—Serum samples were obtained from sub-
jects through a protocol approved by the University of Michi-
gan institutional review board. Blood serum was isolated from
patients with primary (n � 6), metastatic prostate cancer (n �
7), or control tumor-free (n � 3). Human serum was centri-
fuged at 500 � g for 10 min, after which the resultant superna-
tant was centrifuged at 20,000 � g for 20 min. Exosomes were
then harvested by centrifugation at 100,000 � g for 70 min
(Sorvall S100-AT5 rotor). The exosome pellet was resuspended
in PBS, filtered through 0.2-�m nylon filters (GE) and collected
by ultracentrifugation at 100,000 � g for 70 min. Exosomes
were lysed with radioimmune precipitation assay lysis buffer
(Millipore, Billerica, MA) containing a complete protease
inhibitor tablet (Sigma). Lysates were cleared by centrifugation
at 14,000 � g for 20 min. 50 �g of protein was loaded in 4 –20%
gradient Novex Tris-glycine gels, and Western blot analysis was
performed as described above. MFG-E8 protein expression was
quantified using the Scion Image software and calculated rela-
tive to control GAPDH.

Mouse Inflammation Antibody Array—Bone marrow macro-
phages were plated into 6-well dishes (3 � 106 cells/well). After
24 h, cells were washed with PBS, and 1% FBS �-minimal essen-
tial medium was added to the wells with or without high apo-
ptotic RM-1 cells at a 1:1 ratio. The supernatant was collected
after 24 h, and proteins were analyzed using the mouse inflam-
mation antibody array C1 (catalog no. AAM-INF-1– 8, RayBio-
tech, Inc.) following the instructions of the manufacturer.

Statistical Analyses—Statistical analysis was performed by
unpaired Student’s t test to compare two groups with a signifi-
cance of p � 0.05. Data are presented as mean � S.E.

RESULTS

MFG-E8 Is Highly Expressed in Prostate Cancer—MFG-E8
has been correlated with tumor growth and progression of
different types of cancers, such as melanoma and breast can-
cer, but its expression in prostate cancer is still unclear. To
elucidate the pattern of MFG-E8 in prostate cancer, immu-
nohistochemistry was performed on serial sections of pros-
tate cancer patient-derived TMAs containing a total of 30
benign (n � 12) and malignant (n � 18) tissue specimens
combined (Fig. 1, A and B). MFG-E8 expression was signifi-
cantly higher in malignant (31.93% � 1.27) compared with
benign (4.89% � 0.68) tissues (Fig. 1A). MFG-E8 appeared to
be localized on the plasma membrane and in the cytoplasm.
However, invasive specimens revealed intense MFG-E8 at
the leading edge of tumors and in the apical and basal areas
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of luminal epithelial cells. The proximity of CD68� cells to
MFG-E8 expression was determined to be two times higher
in malignant specimens (Fig. 1B). The increased proximity of
CD68� cells in areas of high MFG-E8 expression indicates a
potential interaction between MFG-E8 and macrophages in
prostate cancer.

Protein expression levels were investigated in blood exo-
somes isolated from patients with prostate cancer or non-can-
cer controls (Fig. 1C). Blood was collected from patients with
localized primary prostate cancer or castration-resistant cancer
patients with metastases (30). Western blot analyses revealed
that MFG-E8 levels were increased significantly in patients that
presented with primary and metastatic prostate cancer. Taken

together, these data suggest that MFG-E8 is a potential marker
for prostate cancer progression.

MFG-E8 Is Increased in Macrophages during Efferocytosis of
Apoptotic Cells—MFG-E8 is a protein that mediates the inter-
action of macrophages and apoptotic cells, thereby facilitating
efferocytosis. To evaluate efferocytosis of apoptotic tumor cells
by macrophages, bone marrow macrophages were cultured
with tumor cells, and efferocytosis was investigated. RM-1 cells
stained with Cell Tracker dye (CFSE� green) and treated with
CoCl2 to induce apoptosis were designated as HAP cells (�60%
apoptosis). Untreated cells (�10% apoptosis) were designated
as BAP cells and used as controls. Fig. 2A shows representative
confocal microscopic images of macrophages (red) coincu-

FIGURE 1. MFG-E8 expression is increased in prostate cancer patients. A and B, immunohistochemistry was performed on serial sections of prostate cancer
TMAs containing 30 benign (n � 12) and malignant (n � 18) matched tissue specimens combined. A, MFG-E8 expression in benign and malignant prostate
cancer TMAs was analyzed by calculation of percent positive MFG-E8 expression in the region of interest. Data are mean � S.E. **, p � 0.0001. B, proximity of
CD68-positive macrophages and MFG-E8 was determined by analyzing three tissue sections at �200 magnification per specimen per TMA. Overlapping or
cells in close proximity positive for CD68 and MFG-E8 were counted, as indicated by arrowheads. The number (#) of CD68� cells in proximity to MFG-E8 was
counted as indicated in the graph. The mean of all three images was calculated, and the overall mean was obtained for each tissue type. Data are mean � S.E.
*, p � 0.05. C, serum exosome proteins were isolated from patients with primary (n � 6) and metastatic (n � 7) prostate cancer (PCa) or control tumor-free
individuals (n � 3). The first two controls from the top blot were also included in the bottom blot for standardization and relative calculation. MFG-E8 protein
expression was quantified using Scion Image software and calculated relative to control GAPDH. Data are mean � S.E. *, p � 0.05.
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bated with RM-1 cells (CFSE� green). Efferocytosis was quan-
tified relative to the number of nuclei (DAPI) and was increased
significantly when macrophages were cultured with HAP cells
versus control BAP tumor cells (Fig. 2B). Confocal microscopic

images of bone marrow macrophages confirmed efferocytosis
as shown in supplemental Movies 1 and 2 (Z stack videos).
Increased efferocytosis of HAP cells compared with control
(BAP) cells was also observed by flow cytometry quantification.

FIGURE 2. Efferocytosis of apoptotic tumor cells and MFG-E8 expression. A, representative confocal images (�63, 1. 4 oil objective) of stained macrophages
(M�, red) cocultured for 5 h with CFSE-stained HAP (�60% apoptosis) and BAP (�10% apoptosis) RM-1 prostate cancer cells (green) at a 1:1 ratio. DAPI nuclear
staining is shown in blue. White arrowheads show colocalization suggesting efferocytosis. B, quantification of efferocytosis in four fields of confocal microscopic
images. Macrophages were cocultured with HAP or BAP RM-1 cells. Data are mean � S.E. (n � 4/group). *, p � 0.05. C, flow cytometric analyses of bone marrow
macrophages cultured with CFSE-stained RM-1 cells with basal or high apoptosis for 5 h. A representative plot shows cells double-positive for CFSE and the
macrophage marker F4/80 indicating efferocytosis. The graph shows collective data (mean � S.E., n � 5/group). *, p � 0.05. D, flow cytometric analyses of
efferocytosis. Unstained RAW 264.7 cells cocultured for 5 h with Cell Tracker-stained HAP (�60% apoptosis) and BAP (�10% apoptosis) RM-1 cells. Efferocytosis
was measured on the basis of unstained macrophages engulfing the RM1 Cell Tracker� cells described as percent total cells � S.E. (n � 5/group, p � 0.05). FSC,
forward scatter. E, MFG-E8 is increased in macrophages cultured with high apoptotic RM-1 and PC-3 cells. Shown is a Western blot analysis for MFG-E8 protein
expression when RAW 264.7 cells were cultured with BAP or HAP for 1, 5, and 24 h of incubation.
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F4/80� bone marrow macrophages that engulfed CFSE�
tumor cells were analyzed as shown in Fig. 2C.

Efferocytosis was also analyzed in unstained RAW 264.7
(RAW) macrophages that were cocultured with RM-1 HAP or
BAP for 5 h. Efferocytosis of RM-1 cells by macrophages was
measured by flow cytometric analysis on the basis of RAW cell
engulfment of Cell Tracker-stained RM-1 cells (Fig. 2D). Effe-
rocytosis was increased when macrophages were cultured with
RM-1 HAP compared with control BAP tumor cells.

MFG-E8 functions as a facilitator of efferocytosis, binding to
PS expressed on apoptotic cells and to the �v�3/�v�5 integrin
expressed on macrophages (16). To determine whether
increased efferocytosis would affect MFG-E8 expression in
macrophages, RAW cells were cultured with low or high apo-
ptotic tumor cells at different time points, and MFG-E8 protein
expression was determined (Fig. 2E). Western blot analyses
showed that MFG-E8 protein expression increased over time
and was augmented when cells were cultured with HAP tumor
cells. Taken together, these data suggest that coincubation of
macrophages with apoptotic tumor cells elicits efferocytosis
and increased MFG-E8 levels.

MFG-E8 Expression in Macrophages and Tumor-derived
MFG-E8 —Although MFG-E8 is expressed in many tissues and
cells, its expression in prostate cancer cell lines has remained
unknown (31). To determine whether MFG-E8 is expressed in
prostate cancer cells, protein was collected and analyzed from
RAW 264.7 macrophages and three different prostate cancer
cell lines: a prostate cancer murine-derived cell line, RM-1, and
two bone metastatic human-derived cell lines, PC-3 and C42B
(Fig. 3A). MFG-E8 expression was increased in HAP versus BAP
RM-1 cells but did not change significantly for HAP PC-3 and
C42b cells versus BAP cells. Overall, all cell lines tested highly
expressed MFG-E8.

Because high apoptotic RM-1 cells express high levels of
MFG-E8, the contribution of macrophage-derived MFG-E8
during efferocytosis was investigated further. Bone marrow
macrophages from C57BL/6J WT or MFG-E8 mutant mice
lacking functional secreted MFG-E8 (KO) were expanded, and
MFG-E8 protein levels were confirmed (Fig. 3B). To determine
whether efferocytosis increased MFG-E8 expression in macro-
phages without the interference of tumor-derived MFG-E8,
stable-shRNA RM-1 constructs were generated using five dif-
ferent clones and a pGIPZ scramble clone as control (RM-1
GIPZ) (Fig. 3C). The clones with higher efficiency of MFG-E8
knockdown, RM-1 m_08 and RM-1 m_30, were selected for
further analyses. Bone marrow macrophages from WT and
mutant (KO) mice were cocultured with BAP or HAP cells
from shRNA or scramble controls for 5 h (Fig. 3C). Interest-
ingly, MFG-E8 protein levels were increased when WT
macrophages were cultured with HAP cells from control
(GIPZ) and shRNA clones (m_08 and m_30) but not detected
when the KO cells were cultured with high apoptotic cells
(Fig. 3, D and E). This suggests that, even though RM-1 can-
cer cells express MFG-E8, efferocytosis elicits the produc-
tion of MFG-E8 in macrophages.

Efferocytosis of Apoptotic Prostate Cancer Cells Induces M2
Polarization in Macrophages—Because efferocytosis stimulates
MFG-E8 in macrophages and given the role of MFG-E8 as a

potential immune modulator in macrophages, it was hypothe-
sized that MFG-E8-mediated efferocytosis could be a possible
mechanism for macrophage polarization into the M2 type. To
better elucidate whether efferocytosis of tumor cells plays a role

FIGURE 3. Macrophage-derived MFG-E8 expression is increased during
efferocytosis regardless of tumor-derived MFG-E8 expression. A, MFG-E8
expression in prostate cancer and macrophage cell cultures. Shown is expres-
sion of MFG-E8 in cells alone. RAW 264.7 macrophages (RAW), RM-1, PC-3, and
C42B prostate cancer cells express MFG-E8. Prostate cancer cells were treated
with CoCl2 for 24 h (�60% apoptosis) and designated as HAP. BAP cells were
left untreated (�10% apoptosis). Proteins were analyzed by Western blotting.
Expression is reported relative to corresponding �-actin levels. Shown is a
representative blot of two independent experiments where values corre-
spond to fold change relative to RAW control (for RM1) or to PC-3 (for PC-3
and C42B). Data are mean � S.E. (SEM) (n � 2/group). Rel. exp., relative expres-
sion. B, MFG-E8 protein expression from bone marrow macrophages col-
lected from C57Bl/6 WT or MFG-E8 KO. C, MFG-E8 stable knockdown in cells
was generated using five different clones as described under “Experimental
Procedures.” Protein expression indicated the greatest knockdown for
MFG-E8 in clones m_08 and m_30. D, WT or KO macrophages were cultured
with BAP or HAP RM-1 cells containing GIPZ (negative control) or clone shRNA
(m_08 and m_30) for 5 h at a 1:1 ratio. A representative image for Western blot
analyses is shown, and MFG-E8 expression was determined. Experiments
were repeated twice with similar results. E, quantification for MFG-E8 expres-
sion was determined by relative expression of MFG-E8 to the control �-actin.
Data are mean � S.E. of two independent experiments and normalized to
HAP WT GIPZ control (n � 2/group). *, p � 0.05.
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in M2 polarization, bone marrow macrophages were cocul-
tured with CFSE-stained BAP or HAP RM-1 cells. After 5 h,
flow cytometric analyses were performed to determine total
efferocytosis, the population of F4/80� macrophages that
engulfed CFSE-stained RM-1 cells (CFSE�F4/80�), and M2
polarization (F4/80�CD206�) (Fig. 4A). Efferocytosis was sig-
nificantly greater for HAP cells and occurred in conjunction
with an increase in M2 macrophages. Similar results were also
observed when bone marrow macrophages were cocultured
with PC-3 cells (Fig. 4B). Although addition of rmMFG-E8 did

not affect efferocytosis of tumor cells (data not shown), neutral-
izing antibody against MFG-E8 significantly inhibited efferocy-
tosis of HAP cells and decreased M2 polarization of macro-
phages when compared with IgG controls (Fig. 4C). In
summary, the flow cytometric analyses suggested that
increased efferocytosis contributes to M2 polarization via
MFG-E8. Moreover, neutralizing MFG-E8 antibody treat-
ment significantly inhibited efferocytosis of HAP cells and
reduced the HAP-induced M2 polarization, suggesting a
unique role for MFG-E8.

FIGURE 4. Efferocytosis via MFG-E8 induces M2 polarization. A and B, FACS analyses of efferocytosis in bone marrow macrophages (M�) cultured with BAP
or HAP RM-1 (A) or PC-3 (B) cells. Efferocytosis was demonstrated as double-positive cells (CFSE�F4/80�) indicating macrophages (F4/80�) that engulfed
tumor cells (CFSE�). Representative FACS and M2 polarization is shown as F4/80�CD206� cells. Data are mean � S.E. (n � 4/group from three independent
experiments). *, p � 0.05. C, macrophages were treated with IgG or anti-MFG-E8 (20 �g/ml) and then cocultured with HAP RM-1 cells. FACS analyses of
efferocytosis, reported as double-positive cells (CFSE�F4/80�) and M2 polarization (F4/80�CD206�) and representative FACS are shown. Data are mean �
S.E. (n � 4/group). *, p � 0.05 from three independent experiments. D, bone marrow macrophages were cultured for 24 h with HAP RM-1 cells or not cultured.
The supernatant was collected, and proteins were analyzed using a mouse inflammation antibody array. The fold increase in densitometry was calculated
relative to the positive controls (yellow) and according to the protocol of the manufacturer. Shown are IL-6 (red), chemokine (C-C motif) ligand 2 (CCL2 or MCP-1,
blue), and chemokine (C-C motif) ligand 1 (CCL1 or TCA-3, green). Data are mean � S.E. (n � 3/group). *, p � 0.05 from three independent experiments. E, bone
marrow macrophages were cultured for 5 h with HAP RM-1 cells at 37 °C or at 4 °C to block efferocytosis. Gene expression levels were analyzed by quantitative
PCR relative to Gapdh, and fold change was calculated. Shown are interleukin 10 (Il10), transforming growth factor � 1 (Tgfb1), Ym-1 (also known as chitinase
3-like protein 3, Chi3l3), and arginase1 (Arg1). Data are mean � S.E. (n � 6/group from two independent experiments). *, p � 0.05; **, p � 0.001. F, bone marrow
macrophages incubated at 4 °C did not alter gene expression. Gene expression relative to Gapdh and fold change was calculated for interleukin 10 (Il10),
transforming growth factor � 1 (Tgfb1), Ym-1(Chi3l3), and arginase1 (Arg1). Data are mean � S.E. (n � 3/group). *, p � 0.05.
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To better determine the effect of cancer efferocytosis in
macrophage activation and its participation in cancer inflam-
mation, inflammatory protein array analyses were performed.
Bone marrow macrophages were cultured in the presence or
absence of HAP RM-1 for 24 h, and the supernatant proteins
were analyzed (Fig. 4D). Interestingly, M2-related proteins (32,
33), such as IL-6, chemokine (C-C motif) ligand 2 (CCL2, also
known as MCP-1), and chemokine (C-C motif) ligand 1 (CCL1,
also known as TCA-3), were augmented significantly with effe-
rocytosis. The production of CXC-chemokine family members
such as KC, Lix, and XCL-1, as well as IL-13 and IL-17, were also
significantly higher when macrophages were cultured with
HAP RM-1 cells (data not shown). However, M1 related pro-
teins such as GM-CSF, INF-�, IL-1� and �, TNF-�, IL-12 p40/
70, and IL-12P70 were not changed significantly (data not
shown).

To further validate M2 polarization, M2 macrophage-asso-
ciated genes were investigated when macrophages were cul-
tured with HAP RM-1 tumor cells and at 4 °C to block effero-
cytosis (Fig. 4E). Expression of M2 macrophage-associated
genes such as interleukin 10 (Il10), transforming growth factor
� 1 (Tgfb1), Ym-1 (Chi3l3), and arginase 1 (Arg1) were
decreased significantly when efferocytosis was blocked at 4 °C.
Incubation at 4 °C did not alter gene expression, except argi-
nase, which was increased significantly (Fig. 4F). Collectively,
these data suggest that macrophage alternative activation into
an M2 phenotype is facilitated by efferocytosis.

Direct Role of MFG-E8 in M2 Macrophage Polarization—
Because rmMFG-E8 is also known to modulate macrophage
responses (22), its direct role in macrophage polarization was
investigated (Fig. 5). Bone marrow macrophages expanded for 3
days with M-CSF were treated with different concentrations of
rmMFG-E8 protein for 50 h and analyzed by flow cytometry for
the M2 markers mannose receptor CD206 and intracellular
Ym-1 (Fig. 5A). Interestingly, bone marrow macrophages
showed a dose-dependent increase in M2 polarization, reach-
ing a peak at 0.5 �g/ml and decreasing at 2 �g/ml, an MFG-E8
concentration that has been reported to inhibit efferocytosis
(16). To better clarify the direct role of MFG-E8, macro-

phages were treated with IL-4 to induce M2 polarization in
the presence of anti-MFG-E8 antibody or IgG control (Fig.
5B). M2 polarization was reduced significantly with MFG-E8
neutralization. These data suggest that MFG-E8 may directly
activate and modulate macrophage polarization into an M2
type.

STAT3 Pathway in MFG-E8-mediated Efferocytosis and M2
Polarization—MFG-E8 activates the JAK/STAT3 pathway in
macrophages (22). Therefore, to determine whether the
STAT3 pathway is important for MFG-E8-mediated efferocy-
tosis, macrophages were treated for 2 h with the STAT3 inhib-
itor Stattic prior to coculture with tumor cells (Fig. 6, A and B).
Stattic targets the STAT3-SH2 domain and prevents its associ-
ation with upstream kinases, inhibiting cellular phosphoryla-
tion of STAT3 at Tyr-705 (34). Flow cytometric analyses
revealed that phospho-STAT3 (p-STAT3) inhibition with Stat-
tic pretreatment not only inhibited efferocytosis of RM-1 (Fig.
6A) and PC-3 (Fig. 6B) but also decreased M2 F4/80�CD206�
cells. To better delineate the role of MFG-E8 in efferocytosis
and STAT3, macrophages from mutant MFG-E8 (KO) and
control (WT) were given apoptosis-mimicking, PS-coated car-
boxylated beads, and the STAT3 pathway was investigated (Fig.
6, C–E). Phagocytosis of PS-coated beads was reduced signifi-
cantly in MFG-E8 mutant (KO) mice, as expected (Fig. 6, C and
D). The STAT3 pathway was investigated further in macro-
phages challenged with STAT3 inhibition or vehicle prior to
phagocytosis with PS-coated carboxylated beads (Fig. 6E).
Interestingly, macrophage phagocytosis stimulated phosphor-
ylation of STAT3 and SOCS3 activation in WT compared with
control non-stimulated macrophages. Inhibition of STAT3
phosphorylation by pretreatment with Stattic resulted in
decreased STAT3 phosphorylation and a further increase in
SOCS3 expression. MFG-E8 KO macrophage p-STAT3 levels
were not changed after phagocytosis of PS-coated beads, and,
even though inhibition of STAT3 was significant, no effect was
observed in SOCS3 activation, suggesting that decreased phag-
ocytosis in MFG-E8 KO blunted P-STAT3 activation and the
SOCS3 response. Collectively, the data in Fig. 6 suggest that the
STAT3 pathway is important for macrophage efferocytosis and

FIGURE 5. MFG-E8 has a direct role in M2 macrophage polarization. A, rmMFG-E8 treatment increased the M2 population in bone marrow macrophages.
Bone marrow cells were expanded for three days with M-CSF and treated with rmMFG-E8 for 50 h at different concentrations (0 –2 �g/ml). Shown are FACS
analyses of M2 cells double-positive for CD206 and intracellular Ym-1. A representative FACS analysis is shown. Data are mean � S.E. (n � 4/group). Two
independent experiments were performed with similar results. *, p � 0.05. NS, not significant; M�, bone marrow macrophages. B, IL-4-induced bone marrow
macrophage M2 polarization (Ym-1� CD206�) was reduced when cells were treated with anti-MFG-E8 antibody. Bone marrow macrophages were treated
with 10 units/ml of IL-4 for 24 h in the presence of anti-MFG-E8 antibody (20 �g/ml) or IgG control. Data are mean � S.E. (n � 4/group). *, p � 0.05.
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M2 polarization. Furthermore, efferocytosis elicits phosphory-
lation of STAT3.

MFG-E8 and Efferocytosis in the STAT3/SOCS3 Pathway—
The STAT3/SOCS3 pathway is important for cytokine expres-
sion in macrophages, playing essential roles in tumorigenesis
and inflammation (35). SOCS3 is a negative regulator of STAT3
(36). Interestingly, Fig. 6E shows that STAT3 inhibition
resulted in increased SOCS3 expression. Therefore, the rela-
tionship between p-STAT3 and SOCS3 was investigated fur-
ther in the context of efferocytosis of tumor cells (Fig. 7).
Macrophages were pretreated with Cytochalasin D, a potent
inhibitor of actin polymerization and phagocytosis, or with
dimethyl sulfoxide as a control for 2 h prior to incubation with
HAP PC-3 cells. Efferocytosis inhibition with Cytochalasin D

significantly suppressed p-STAT3 activation in macrophages
stimulated with PC-3 HAP cells (Fig. 7A). SOCS3 demon-
strated an opposite response to Cytochalasin D inhibition, with
significantly increased SOCS3 expression in both WT and KO
macrophages.

To further clarify the STAT3/SOCS3 pathway and the role of
MFG-E8 in this process, WT and KO bone marrow macro-
phages were cultured with HAP RM-1 tumor cells expressing
reduced MFG-E8 levels (GIPZ-control, versus knockdown
shRNA m_08 or m_30 clones) (Fig. 7B). The purpose of modu-
lating tumor-derived MFG-E8 was to determine whether para-
crine MFG-E8 also played a role in the activation of macro-
phages and in the STAT3/SOCS3 pathway. Strikingly,
macrophages cultured with shRNA knockdown clones pre-

FIGURE 6. Macrophage efferocytosis and activation of phospho-STAT3 signaling. A and B, flow cytometric analyses for efferocytosis (dual CFSE�F4/80�)
and M2 polarization (F4/80�CD206�). Macrophages (M�) were pretreated with the phospho-STAT3 inhibitor Stattic 2 h prior to culture with RM-1 (A) and PC-3
(B) HAP tumor cells at a 1:3 ratio (M�:HAP). Data are mean � S.E. (n � 4/group). *, p � 0.05. Experiments were performed three times with similar results. DMSO,
dimethyl sulfoxide. C, macrophages were cocultured with PS-coated carboxylated beads (1:2 ratio) for 1 h. Shown are representative confocal images of bone
marrow macrophages (red) from WT or MFG-E8 mutant mice (KO) engulfing fluorescent carboxylated beads. DAPI (blue) was the nuclear stain. D, quantification
of phagocytic index was calculated using the following formula: (number of engulfed beads / number of total M�) � (M� that engulfed beads/number of total
M�) � 100. Data are mean � S.E. from two independent experiments, a total of n � 7/group. *, p � 0.05. E, representative Western blot showing two
independent samples per group and the density quantification. Phospho-STAT3 expression levels were normalized to total STAT3 (p-STAT3/STAT3, n �
4/group), and SOCS3 (n � 2) expression levels were normalized relative to �-actin levels. Fold change was calculated for WT or MFG-E8 mutant mice (KO)
dimethyl sulfoxide controls. Experiments were repeated twice, and data are mean � S.E. *, p � 0.05.
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sented significantly reduced P-STAT3 activation and exacer-
bated SOCS3 activation compared with cells cultured with con-
trol GIPZ RM-1 cells, which had an opposite response. These
data suggest that tumor-derived MFG-E8 is important for
macrophage activation of the STAT3 pathway and that the
SOCS3 pathway negatively regulates STAT3 activation, indi-
cating that tumor cell efferocytosis impacts the STAT3/SOCS3
pathway in macrophages.

Collectively, the important roles of tumor cell efferocytosis in
STAT3 activation suggest SOCS3 as a negative regulator of this
pathway. Moreover, tumor-derived MFG-E8 may play impor-
tant roles not only in efferocytosis but may also have a signifi-
cant paracrine effect in the regulation of the STAT3/SOCS3
pathway.

DISCUSSION

Efferocytosis is an important process for maintaining homeo-
stasis but may also have deleterious effects. Its role in the con-
text of cancer and, specifically, skeletal metastases is intriguing
yet unexplored. In normal bone, macrophages, known as
“osteomacs,” constitute one-sixth of the total cells and express
specific markers: F4/80 and CD68 (37, 38). Interestingly, deple-
tion of macrophages influences osteoblastic bone formation,
bone healing, and hematopoietic niche maintenance (38 – 42).
Although there is a growing body of literature on TAMs, little
attention has been given to the phagocytic function of TAMs in
the tumor environment and the mechanisms that control this
process. In this study, the interactions of macrophages and
tumor cells were investigated with a focus on efferocytosis and
its effects on macrophage polarization via MFG-E8.

Clearance of apoptotic cells is essential to preserve tissue
integrity and prevent the accumulation of harmful products
released from dying cells. Deficient efferocytosis is associated
with autoimmune diseases because of exacerbated and abnor-
mal inflammatory responses (16, 17). Efferocytosis via MFG-E8
influences phagocytic cells such as macrophages and dendritic
cells to down-regulate proinflammatory responses (22, 43).
Furthermore, MFG-E8 has anti-inflammatory roles in homeo-
stasis, evidenced by its modulation of proinflammatory signal-
ing during efferocytosis through activation of the �v�3 integrin
receptors expressed by macrophages (18, 43, 44). Pretreatment
of macrophages with the MFG-E8 recombinant protein
resulted in reduced proinflammatory responses induced by LPS
stimulation (22). Interestingly, in cancer, the protumorigenic
macrophage also known as M2 alternatively activated (or
TAM) shares many similarities with the phagocytic macro-
phage. TAMs have an anti-inflammatory role in the tumor
microenvironment, expressing phagocytic markers such as
mannose receptors (CD206) and anti-inflammatory cyto-
kines and factors that not only participate in immunosup-
pression but also promote tumor growth (6). In this study,
MFG-E8 was expressed in three different prostate cancer cell
lines, and coculture of macrophages with cells undergoing
apoptosis increased efferocytosis as well as MFG-E8
production.

MFG-E8 levels were found to have a direct effect on macro-
phage polarization. A key question in the activation of M2
TAMs is which signals drive protumorigenic polarization.
MFG-E8 also has anti-inflammatory roles, capable of modulat-
ing inflammatory signaling during efferocytosis (18). Interest-

FIGURE 7. MFG-E8 and efferocytosis in the STAT3/SOCS3 signaling pathway. A, WT or MFG-E8 mutant (KO) macrophages were pretreated 2 h with
the efferocytosis inhibitor Cytochalasin D (2 �M) or control dimethyl sulfoxide. Cells were then incubated with HAP PC-3 cells at a 1:3 ratio for 6 h.
Western blot analysis was performed in two independent samples per group, and the relative expression to �-actin control was quantified. Phospho-
STAT3 expression levels were normalized to total STAT3 (p-STAT3/STAT3). Data are mean � S.E. (n � 2/group). *, p � 0.05. B, high apoptotic GIPZ
(negative control) or MFG-E8 knockdown shRNA (m_08 and m_30) RM-1 cells were incubated for 5 h at a 1:1 ratio. A representative image for Western
blot analyses is shown, and p-STAT3 and SOCS3 expression was determined. Data are mean � S.E. of two independent samples per group repeated
twice (total n � 4/group). *, p � 0.05.
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ingly, phagocytes activated by the interaction with apoptotic
cells via MFG-E8 share similar anti-inflammatory and tumor-
promoting properties, as seen in M2 TAMs (12). Coculture of
macrophages with apoptotic cells induced macrophage polar-
ization, as demonstrated by both flow cytometric analyses and
quantitative PCR of M2-related genes. Interestingly, when effe-
rocytosis was decreased via incubation at 4 °C or neutralizing
MFG-E8 antibody treatment, M2 polarization was also
reduced, suggesting that efferocytosis is important for macro-
phage polarization into tumor-promoting M2 cells. When
macrophages were challenged with efferocytosis, increased
secretion of M2-related cytokines such as IL-6 and CCL-2
(MCP-1) was observed (3, 45– 47). Indeed, the observation that
IL-6 is increased dramatically (� 20-fold) with efferocytosis
further supports and explains our findings of STAT3 activa-
tion in this pathway. M1-related proteins were not changed
significantly with efferocytosis. Furthermore, MFG-E8 may
also directly mediate macrophage responses. Addition of
rmMFG-E8 protein augmented macrophage polarization
into an M2 macrophage, and this polarization was decreased
significantly in the presence of the neutralizing antibody
against MFG-E8.

The involvement of the STAT3/SOCS3 activation path-
way in macrophage polarization was also investigated. The
increase in MFG-E8 levels when bone marrow macrophages
were cocultured with apoptotic cells was accompanied by
SOCS3 down-regulation. SOCS3 deficiency in myeloid line-
age cells has been shown to prolong activation of the JAK/
STAT pathway and M1 polarization, suggesting that SOCS3
is required for M1 activation (22, 36, 48). SOCS3 down-reg-
ulation in macrophages by siRNA induced M2 polarization and
activation of STAT3 (49). In addition, myeloid cell-specific SOCS3
conditional KO mice had fewer liver and lung metastatic nodules
than the wild type in a mouse melanoma metastatic model (35).
SOCS3 conditional KO myeloid cells stimulated with tumor
lysates exhibited prolonged STAT3 phosphorylation with
increased CCL8 (MCP2) production associated with the antitu-
mor metastatic effect.

Here we demonstrated that inhibition of STAT3 signaling
resulted in decreased efferocytosis and M2 polarization. In con-
trast, SOCS3 presented an opposite effect, with reduced expres-
sion when STAT3 was activated by efferocytosis and increased
expression with efferocytosis and STAT3 inhibition. Taken
together, we hypothesize that STAT3 participates in both effe-
rocytosis and M2 polarization and that SOCS3 functions as a
negative regulator of this pathway (Fig. 8).

A notable finding in this study was the fact that tumor-
derived MFG-E8 may also play an important role in macro-
phages. The striking result of STAT3 reduction and SOCS3
activation in macrophages cultured with MFG-E8 knock-
down cells indicates the importance of a paracrine effect that
MFG-E8 may exert in macrophage activation and signaling.
Still, the data suggest that MFG-E8 could not only be medi-
ating efferocytosis and cell-cell interactions but could also be
eliciting macrophage responses in an autocrine and para-
crine manner.

Finally, MFG-E8 is not only expressed in multiple tissues but
is also highly expressed in cancers such as malignant melanoma

and has been associated with tumor progression and growth
(25, 50). Jinushi et al. (50) reported that MFG-E8 signals
through Akt and Twist-dependent pathways to promote tumor
growth and metastasis in malignant melanoma . They proposed
MFG-E8 blockage as a potential therapeutic strategy. MFG-E8
antibody administration resulted in improved antitumor activ-
ities, such as radiation and chemotherapies, and elicited
immune activation against tumor cells (25). Until now,
MFG-E8 expression and involvement in prostate cancer had
not been explored. In this study, it was demonstrated that
patients with primary and metastatic prostate cancer had
higher MFG-E8 expression in prostate tissue and blood exo-
somes compared with control patients. CD68� macrophages
in close proximity to MFG-E8-enriched areas of tumors were
also augmented in malignant prostate cancer tissue. BPH tis-
sues, which present a high turnover rate of prostate epithelia,
are associated with increased macrophages and other inflam-
matory cells (51, 52). Macrophages contribute to the high pro-
liferation rates and aggravate the chronic inflammatory state
(53, 54). Although little is known about the efferocytic macro-
phages present in the BPH tissue regarding cell clearance, it is
possible that they could be active players in this process. Interest-
ingly, in this study, MFG-E8 expression was increased dramati-
cally in the malignant tissues compared with BPH tissues. When
macrophages were quantified, it was clear that malignant tissue
presented an increased number of these cells in close proximity to
the MFG-E8� epithelial cells, which suggests potential efferocytic
interactions compared with what was observed in the BPH cells.
Therefore, a role for MFG-E8 in prostate cancer progression and
growth is likely, and the findings from this study suggest that it is a
potential candidate for therapeutic targeting. In conclusion, we
report a novel mechanism by which MFG-E8, by mediating effe-
rocytosis of prostate cancer cells, can support tumor growth

FIGURE 8. Proposed model of MFG-E8-mediated efferocytosis of
tumor cells and macrophage polarization. MFG-E8 is a protein that
functions as a bridge binding to the �v�3/�v�5 integrin expressed by
macrophages and to PS externalized on apoptotic cells. Macrophages
(M�) interact with apoptotic cells, resulting in increased MFG-E8 expres-
sion, therefore mediating the efferocytosis of apoptotic tumor cells. This
interaction activates the phosphorylation of STAT3, leading to a polariza-
tion of macrophages into M2 tumor-promoting macrophages with
increased expression of M2 markers such as CD206 and Ym-1 as well as
M2-related genes of cytokines and growth factors known to contribute to
tumor promotion. Moreover, MFG-E8 and efferocytosis may inhibit
SOCS3, a negative regulator of STAT3, therefore keeping STAT3 signaling
activated and promoting M2 polarization.
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through facilitation of M2 macrophage polarization and regula-
tion of SOCS3/STAT3 activation.
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