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Inhibition of macrophage polarization prohibits growth
of human osteosarcoma
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Abstract Osteosarcoma is the most malignant bone tumor
characterized by high local aggressiveness and poor therapeu-
tic outcome. Tumor-associated macrophages (TAM) have
been shown to participate in the development and progress
of many types of cancer cells. However, whether TAM may
play a role in the pathogenesis of osteosarcoma is largely
unknown. In a mouse model of human osteosarcoma implan-
tation, we showed that the recruited macrophages at the site of
the implanted tumor were polarized to an M2 subtype (same
as TAM) during the development and growth of the osteosar-
coma. In a loss-of-function experiment, we deleted these TAM
with a specific macrophage-eliminating liposome, which re-
sulted in decreased tumor growth. Moreover, when the epi-
dermal growth factor receptor (EGFR) in the implanted cancer
cells was inhibited by shRNA, the tumor failed to grow in
response to the recruited macrophages. Taken together, for the
first time, we show that the growth of an osteosarcoma is
EGFR signaling-dependent and TAM-mediated. Our data
suggest that TAM and EGFR may be good targets for treating
human osteosarcoma.
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Introduction

An osteosarcoma (OS) is highly locally aggressive and rapidly
metastasizing, resulting in an early onset tumor with poor
survival [1]. OS is highly histologically heterogenic,

suggesting an origin of mesenchymal stem cells, along their
path of differentiation to the OS lineage [2]. OS is the most
common primary bone tumor in the pediatric age group.
Treatment-refractory pulmonary metastasis continues to be
the major complication of OS, reducing the 5-year survival
rate for these patients to 10–20 % [2]. The mechanisms
underlying the metastatic process in OS are still unclear. A
greater understanding of the factors and interactions involved
in its regulation will open new andmuch-needed opportunities
for therapeutic intervention. Therefore, there is an urgent need
for studying the tumor biology in order to increase our com-
prehension and to treat it efficiently [1, 3, 4]. A number of
human OS cell lines have been established, among which the
U2OS [5] cell line has been extensively characterized and
widely used for OS research.

Macrophages have been suggested to play a substantial role
in the pathogenesis of tumor growth, progress, and metastasis.
The traditional macrophages can kill and remove tumor cells.
However, besides the classically activated macrophages (also
called M1 macrophages), which respond to type I helper T
cells and generate reactive oxygen species and nitric oxide to
kill pathogens and cells, there are also the alternatively acti-
vated macrophages (M2 macrophages or tumor-associated
macrophages (TAM)), which respond to type II helper T cells
to mediate humoral immunity and tissue repair [6–9]. At the
site of tumor formation, M1 macrophages are the first to be
recruited to kill tumor cells, while M2 macrophages are pref-
erentially recruited later to hypoxic and necrotic regions, and
secrete a wide range of chemokines, enzymes, and growth
factors, to promote tumor neovascularization, growth, and
metastasis [6, 10–12].

However, whether TAM may play a role in the pathogen-
esis of an osteosarcoma is largely unknown. Here, in a mouse
model of human osteosarcoma implantation, we studied the
role of TAM in the growth of OS and how it functions. Our
data show that the growth of an osteosarcoma is epidermal
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growth factor receptor (EGFR) signaling-dependent and
TAM-mediated, suggesting that TAM and EGFR may be
good targets for treating a human osteosarcoma.

Materials and methods

Culture and labeling of human OS cell line

The human osteosarcoma U2OS [5] cell line was purchased
from ATCC and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine se-
rum (PAA, Austria). To trace the U2OS cells in vivo, we
infected the cells with a recombinant lentivirus expressing
luciferase and green fluorescence protein (GFP) under the
control of a CMV promoter at a multiplicity of infection
(MOI) of 100, which resulted in nearly 100 % infection
efficiency based on green fluorescence. The reporter-
carrying U2OS cells were termed OS-GFP-LUC. To knock
down the EGFR in U2OS cells, we infected the cells with a
recombinant lentivirus expressing luciferase and ShEGFR-
IRES-GFP under the control of the CMV promoter at the
MOI of 100, which resulted in nearly 100 % infection effi-
ciency based on green fluorescence. These EGFR-KO U2OS
cells were termed OS-ShEGFR-GFP-LUC. All plasmids were
produced by Genema (Shanghai, China).

Mouse manipulations

All mouse experiments were in accordance with the general
principles contained in the Guide for the Care and Use of
Laboratory Animals published by Liaoning Medical Univer-
sity. Ten-week-old male nonobese diabetic/severe combined
immunodeficiency (NOD/SCID) mice were used for experi-
ments, and 105 OS-GFP-LUC or OS-ShEGFR-GFP-LUC
cells were orthotopically injected into the tibia of 10-week-
old female NOD/SCID mice in order for them to develop the
tumor. Tumor growth was monitored by bioluminescence
imaging. For macrophage depletion, 0.2 ml clodronate lipo-
somes (ClodronateLiposomes, Netherlands) was i.v.-injected
every 3 days, from 3 weeks after OS implantation until
10 weeks. Control mice were injected with the same amount
of control liposome at the same frequency.

Imaging of OS by bioluminescence

Bioluminescence was measured with the IVIS imaging sys-
tem (Xenogen Corp., Alameda, CA). All of the images were
taken 10 min after intraperitoneal injection of luciferin
(Sigma) at 150 mg/kg body weight, as a 60-s acquisition and
10-s binning. During image acquisition, mice were sedated
continuously via inhalation of 3 % isoflurane. Image analysis

and bioluminescent quantification were performed using Liv-
ing Image software (Xenogen Corp).

Tumor digestion and analysis and isolation of macrophages
(subtypes) by flow cytometry

The implanted OS tumor was dissected out and chopped into
small pieces of 2–3 mm in diameter, followed by 30 min
digestion with 30 mg/dl collagenase and 0.5 mg/dl trypsin
(Sigma, St. Louis, USA) in a 37 °C shaker at 150 rpm. The
digestion appeared to be complete, since most of the digests
passed a 70-nm filter. The filtered tumor digests were then
incubated with APC-conjugated F4/80 antibody and/or
PEcy7-conjugated CD163 (Serotec, St. Louis, USA) for flow
cytometry analysis or sorting.

Western blot

Proteins were extracted from the brain tissue by RIPA buffer
(Sigma, St. Louis, USA) and used for Western blot. Primary
antibodies for Western blot are rabbit epidermal growth factor
(EGF), EGFR, and β-actin (Cell Signaling, LA, USA). The
secondary antibody is HRP-conjugated antirabbit (Jackson
Labs, LA, USA). Images shown in the figure were represen-
tative of five mice in one group.

RNA extraction, reverse transcription and quantitative PCR

Total RNA was extracted using Trizol (Invitrogen, USA)
according to the manufacturer’s instructions. For messenger
RNA (mRNA) analysis, complementary DNA (cDNA) was
randomly primed from 2 μg of total RNA using the
Omniscript reverse transcription kit (Qiagen, USA). Real-
time PCR was subsequently performed in triplicate with a
1:4 dilution of cDNA using the Quantitect SyBr green PCR
system (Qiagen) on a Rotor-Gene 6000 series PCR machine
(Corbett Research, USA). Data were collected and analyzed
using the Rotor-Gene software accompanying the PCR ma-
chine. Relative expression levels were determined using the
comparative quantification feature of the Rotor-Gene soft-
ware. All mRNA quantification data were normalized to β-
actin. Sequences of PCR primers and RNA oligonucleotides
for real-time PCR were generated by the Shanghai Sangon
company.

Statistics

All data were statistically analyzed using one-way ANOVA
with a Bonferroni correction. All values are depicted as mean
±standard deviation (SD) and are considered significant if
p<0.05.
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Results

A mouse model to allow in vivo tracing of OS growth

To trace the U2OS cells in vivo, we infectedU2OS cells with a
recombinant lentivirus expressing luciferase and GFP under
the control of the CMV promoter at the MOI of 100, which
resulted in nearly 100 % infection efficiency based on green
fluorescence (Fig. 1a). The reporter-carrying U2OS cells were
termed OS-GFP-LUC. In order to evaluate the role of TAM in
the development and growth of OS, we generated a mouse
model by orthotopically injecting 105 OS-GFP-LUC into the
tibia of NOD/SCID mice, since it is one of the most common
locations of primary osteosarcoma in humans. Tumor growth
was monitored by bioluminescence imaging. We found a
continuous growth of the implanted tumor in the recipient
mice (Fig. 1b, c). Thus, this model allows the tracing of the
growth of OS in vivo.

Macrophage polarization occurred at the site of human OS
implantation

Since macrophages have two subtypes (M1 and M2 macro-
phages) with very different biological functions, we aimed to
examine whether macrophage polarization may occur during
the development and growth of OS. Therefore, at 1 week,
3 weeks, or 10 weeks after OS implantation, we digested the
tumor implants and analyzed the infiltrated macrophages
(based on the pan-macrophage marker F4/80) and differenti-
ated their subtypes (based on the M2-macrophage marker
CD163) in the tumor digests by flow cytometry. We found
that most F4/80-positive macrophages in the tumor 1 week

after OS implantation were CD163-negative M1 macro-
phages, while most F4/80-positive macrophages in the tumor
3 or 10 weeks after OS implantation were CD163-positiveM2
macrophages (Fig. 2a, b), suggesting that macrophage polar-
ization to a M2 subtype, or TAM, occurs during the first
3 weeks after tumor implantation.

Elimination of TAM significantly decreased OS growth

To examine whether M2 macrophages, TAM, have any effect
on the growth of the implanted OS, we chemically depleted
the infiltrated macrophage infiltration with clodronate [13].
Clodronate is a hydrophilic molecule that is packaged in a
liposome to mediate internalization clodronate into macro-
phages. This molecule has a short half-life when released in
the circulation, but does not easily cross phospholipid bilayers
of liposomes or cell membranes. As a consequence, once
ingested by a macrophage in a liposome-encapsulated form,
it will accumulate within the cell to induce the apoptosis of the
macrophage. Given the fact that neither the liposomal phos-
pholipids chosen nor the clodronate is toxic to other
nonphagocytic cells, this method has proven its efficacy and
specificity for depletion of macrophage subsets in various
organs [13–17].

Thus, we gave multiple injections of clodronate every
3 days since 3 weeks after OS implantation, to continuously
eliminate TAM, as majority of the macrophages 3 weeks after
OS implantation at the tumor site are M2 macrophages, or
TAM (Figs. 2a, b, and 3a). Our data showed that clodronate
administration reduced most of the (M2) macrophages at the
tumor site (Fig. 3b, c). Moreover, analysis of the biolumines-
cence showed that reduction in TAM resulted in a significant
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Fig. 1 A mouse model to allow
in vivo tracing of OS growth. a
Cultured U2OS cells carrying
luciferase and GFP under the
control of a CMV promoter were
termed OS-GFP-LUC; b, c 105

OS-GFP-LUC were implanted
into the tibia of NOD/SCID mice,
and tumor growth was monitored
by bioluminescence imaging,
shown by representative images
of the same mouse at different
time points (b) and quantification
(c). Quantification was shown as
fold change to the luminescence
levels at 1 week after
implantation. GFP green
fluorescence protein, DAPI
nuclei. *p<0.05. The bar is
10 μm
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decrease in the tumor growth (Fig. 3d, e). Our data thus
demonstrate that elimination of TAM significantly decreased
OS growth.

TAM from OS expressed a high level of EGF, and OS
expressed a high level of EGFR

Since many reports have shown that inhibition of EGFR
signaling may reduce the growth of many tumors, we exam-
ined whether it may also account for the TAM-mediated
promotion of OS growth. We extracted RNA and protein from
the implanted OS cells (based on GFP) and from the sorted
TAM cells (based on F4/80 and CD163). We analyzed EGFR
mRNA levels by reverse transcription and quantitative PCR
(RT-qPCR) (Fig. 4a) and protein levels by Western blot
(Fig. 4b). We found that OS expressed high levels of EGFR,
but little EGF, while TAM expressed high levels of EGF, but
not EGFR, suggesting their cross-talk may be through EGF/
EGFR signaling. Interestingly, macrophage depletion did not
overtly affect the EGF and EGFR expressions by TAM and
OS, respectively (Fig. 4b).

TAM-mediated promotion of OS growth is EGFR
signaling-dependent

To examine whether TAM-mediated promotion of OS growth
is EGFR signaling-dependent, we used short hairpin RNA
(shRNA) to knock down EGFR expression in U2OS cells
and prepared OS-ShEGFR-GFP-LUC lines for implantation
into the mice (Fig. 4b). We found that inhibition of EGFR

signaling in OS significantly decreased tumor growth
(Fig. 4c), without affecting the TAM number or polarization
(not shown). Thus, TAM-mediated promotion of OS growth is
EGFR signaling-dependent.

Discussion

High-grade OS is a malignant bone tumor that predominantly
occurs in adolescent patients. Despite wide-margin surgery
and intensification of chemotherapeutic treatment, overall
survival rates are not reaching satisfaction [1]. Novel admin-
istration modalities are needed although data on critical bio-
logical mechanisms allowing the development of novel ther-
apeutic agents are scarce. TAMmay promote tumorigenesis of
OS through immunosuppression, expression of matrix-
degrading proteins, and support of angiogenesis. Therefore,
in addition to conventional chemotherapeutic agents, immune
regulatory strategies may be novel and effective, by modulat-
ing TAM [6, 7, 11, 12, 18]. However, only limited information
on macrophage infiltration and activation in OS is available
[3, 4].

Here, in a mouse model of human OS implantation, we
showed that the recruited macrophages at the site of the
implanted tumor were polarized to an M2 subtype (same as
TAM) with the development and growth of the OS. In a loss-
of-function experiment, we deleted those TAMwith a specific
macrophage-eliminating liposome, which resulted in de-
creased tumor growth. These data suggest that TAM play a
nonredundant role during the development and growth of OS.
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Fig. 2 Macrophage polarization
occurred at the site of human OS
implantation (a, b). At 1 week,
3 weeks, or 10 weeks after OS
implantation, we digested the
tumor implants and analyzed the
infiltrated macrophages (based on
the pan-macrophage marker F4/
80) and differentiated their
subtypes (based on the M2-
macrophage marker CD163) in
the tumor digests by flow
cytometry. Representative FAC
charts (a) and quantification (b)
were shown. Macrophage
polarization to an M2 subtype, or
TAM, occurs during the first
3 weeks after tumor implantation.
*p<0.05
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According to literature, TAM can secret the immunosup-
pressive cytokines IL-10, transforming growth factor beta

(TGF-β), and prostaglandin E2 (PGE2) and numerous growth
factors including VEGF, basic fibroblast growth factor
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Fig. 4 TAM from OS expressed
a high level of EGF, and OS
expressed a high level of EGFR.
a, b RNA and protein were
extracted from the implanted OS
cells (based on GFP) and from the
sorted TAM cells (based on F4/80
and CD163). a We analyzed
mRNA levels of EGF/EGFR by
RT-qPCR. b We analyzed protein
levels of EGF/EGFR by Western
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Fig. 3 Elimination of TAM
significantly decreased OS
growth. a Multiple injections of
clodronate were performed every
3 days, since 3 weeks after OS
implantation, to continuously
eliminate TAM. b, c Clodronate
administration reduced most of
the (M2) macrophages at the
tumor site, shown by
representative FAC charts (b) and
quantification (c). d, eAnalysis of
the bioluminescence showed that
reduction in TAM resulted in a
significant decrease in the tumor
growth. The data were shown by
representative images (d) and
quantification (e). *p<0.05
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(bFGF), EGF, platelet-derived growth factor (PDGF), and
TGF-α [6, 7, 11, 12, 17, 18]. Among these factors, EGF
signals through its receptor EGFR and has been reported to
be involved in the tumor growth and progress in many kinds
of cancers [19]. Moreover, we found that U2OS expressed
high levels of EGFR. Therefore, we decided to study whether
TAM may promote the growth of OS through EGF/EGFR
signaling. Inhibition of EGFR expression in the cancer cells
with shRNA prevented the tumor to grow in response to the
recruited macrophages. These data demonstrate that the
growth of osteosarcoma is EGFR signaling-dependent and
TAM-mediated. Future experiments may be applied to further
dissect the signaling pathway that regulates this model and to
provide evidence for using TAM and EGFR as novel targets
for treating human osteosarcoma.
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