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A B S T R A C T

Proinflammatory macrophage (M1) is now being suggested as a potential therapeutic strategy for cancer because
of its tumoricidal capacity. However, few studies have been focused directly on the effects of M1 macrophages on
cancer cells. Here, we found that M1 induced a subpopulation of CD44high/CD24−/low or ALDH1+ cells with
CSC-like phenotypes from different types of breast cancer cells (BCCs) in a paracrine manner. Stat3/NF-κB
pathways in BCCs were activated by proinflammatory cytokines, igniting Lin-28B-let-7-HMGA2 axis to induce
CSC through epithelial-mesenchymal transition (EMT). Previously, we reported that Stat3-coordinated Lin-28B-
let-7-HMGA2 axis initiated EMT in BCCs. Here, inhibition of Stat3/NF-κB pathways or Lin-28B-let-7-HMGA2 axis
suppressed EMT/CSCs program. Notably, HMGA2 knockdown directly repressed M1-induced CSC formation and
expression of Klf-4 and Nanog. Meanwhile, prolonged coculture with BCCs endowed M1 with M2 properties. M1
supernatant induced CSC from non-stem cancer cells, while M2 supernatant sustained a higher proportion of
ALDH1+ cells. Our data suggest that macrophages might modulate CSC formation and maintenance by trans-
ferring between M1/M2 phenotype. Given that M1 are being considered as a promising immunotherapy tool, it is
important to inhibit their CSC-inducing potential by targeting key molecules and pathways.

1. Introduction

Macrophages have been demonstrated to be the most abundant
immune cells in solid tumors, comprising 5–40% of tumor mass. In
early tumors, macrophages appear to possess “classically activated”
(M1) phenotype to play proinflammatory tumoricidal roles [1]. As tu-
mors are established, macrophages tend to be educated by tumor cells
towards immunosuppressive “alternatively activated” phenotype (M2)
to aid tumor progression [2]. Mounting evidence suggests that an ele-
vated number of TAMs with M2 profile is correlated with therapy
failure and poor prognosis in patients [3–6], indicating TAM an im-
portant target in anti-tumor therapy [7,8]. Attempts have been made to
increase M1/M2 ratio in tumors by inducing TAMs to switch from M2
to M1 or injecting polarized M1 into tumors [9–11], showing that

increased M1 macrophages efficiently reduced tumor burden and ma-
lignancy in mouse models. Furthermore, modulation of TAMs is also
required by other immunotherapies to succeed. Change of TAM phe-
notype to M1 augmented the anti-tumor efficacy of CD8+ T cells in lung
and melanoma cancers in vivo [12,13]. Monoclonal antibodies tar-
geting programmed cell death protein-1 (α-PD-1) have shown notable
clinical efficacy in patients with various cancer. However, PD-1- TAMs
could capture α-PD-1 from T cell surface and dramatically reduce the
efficacy of α-PD-1 in activating T cells [14]. These data suggest that
modulating TAMs would be a promising cancer therapy and also ben-
eficial for other established immunotherapies. Though M2 phenotype
has been considered to be the major phenotype of TAM, TAMs with a
mixed M1/M2 phenotype are also present in patients of pancreatic
cancer, T cell/histiocyte rich large B cell lymphoma and ovarian cancer
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[15–18]. In pancreatic ductal adenocarcinoma (PDAC) patients, TAMs
exhibiting M1 phenotype were detected and both pro- and anti-in-
flammatory macrophages contributed equally to EMT in PDAC initia-
tion and development [15]. Very recently, it has also been revealed that
polarized M1 macrophages enhances the metastasis potential of ovarian
cancer cell lines via NF-κB pathway [19]. These evidences indicate that
the pro-inflammatory signals of tumor-associated macrophages might
function in tumor progression, so strategies using M1 macrophages in
cancer treatment should be regarded with some caution and more
studies should be focused on the effect of M1 macrophages on cancer
cells.

Cancer stem cells (CSCs) are a minority subpopulation of highly
tumorigenic cells in tumors, which have been identified in a wide
variety of cancers [20]. It has been suggested that CSCs may arise from
non-stem cancer cells (NSCCs) upon microenvironment signals [21,22].
However, the mechanisms of CSC formation still remain elusive. Ab-
lation of macrophages in mouse mammary fat pad severely impaired
the function of stem/progenitor cells in developing mammary gland
and almost completely blocked tumor initiation in mouse models,
suggesting a critical correlation between macrophages and CSCs [23].
M2 TAMs have been indicated to support CSC signatures [24,25]. Both
M1 and M2 TAMs are observed in tumor tissues and the transient ac-
tivation status is essential for macrophages to acquire M2 phenotype.
Also, pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, and
IL-8 contributed to the establishment of CSC niche. Since CSCs are a
major cause for tumor metastasis, drug resistance and relapse and M1
macrophages are being introduced into cancer treatments, it is worth
investigating any potential correlation between macrophages and CSCs.

Accumulating evidence indicates that stem cell-like properties can
be induced in cancer cells via epithelial-mesenchymal transition (EMT),
during which epithelial cells lose their cell polarity and cell-cell adhe-
sion and gain migratory and invasive properties. Previously, we re-
ported that in breast cancer cells, Stat3-coordinated Lin-28B-let-7-
HMGA2 axis effectively initiated EMT in response to inflammatory
cytokine Oncostatin M (OSM) and inflammatory pathways IL-6/Stat3/
Jagged-1/Notch could increase drug resistance of gastric cancer cells
via EMT/CSC process [26,27].

In this study, we found that M1 macrophages contribute to the in-
itiation of CSC phenotypic transformation in breast cancer cells. M1-
associated inflammatory cytokine network triggers the expansion and
self-renewal of CSCs through Lin-28B-let-7-HMGA2 axis. Our data also
suggest that upon interplay with tumor cells, M1 transdifferentiate into
M2 phenotype, which function in supporting CSC maintenance. This
study not only sheds a new light on the potential mechanism of CSC
generation, but more importantly, indicates that when M1 macrophage
is utilized as a powerful tool to kill cancer cells, it is of great importance
to suppress potential CSC formation and maintenance by blocking key
pathways and preventing M1 from switching to M2 phenotype.

2. Material and methods

2.1. Cell culture

Human breast cancer cell lines MCF-7, T47D, BT474, and MDA231
were cultured in Dulbecco's Modified Eagle's Medium (DMEM,
Invitrogen) supplemented with 10% fetal bovine serum (FBS) in a 5%
CO2 atmosphere at 37 °C. Human monocytic cell line THP-1 was cul-
tured in RPMI 1640 medium supplemented with 10% FBS. Stable de-
pletion of HMGA2 in MDA-MB-231 cells was achieved by transfection of
the HMGA2 shRNA expression vector and the transfected cells were
maintained in DMEM containing 10% FBS and 400 ng/ml G418
(Invitrogen).

To analyze the activation of Stat3 and NF-κB signaling pathways,
breast cancer cells were pre-treated with 50 μM Janus kinase 2 (JAK2)
inhibitor AG490 (Sigma), 5 μM nuclear factor κB (NF-κB) inhibitor
BAY11-7082 (InvivoGen) or both for 1 h and then cocultured with the

proinflammatory macrophages.
To determine the effects of proinflammatory cytokines on the for-

mation of CSCs, MCF-7 cells were treated with 50 ng/ml of IL-1β, IL-6,
and TNF-α, respectively, or with all three cytokines for 24 h. THP-1-
polarized proinflammatory macrophages were pre-treated with anti-IL-
6 (0.5 μg/ml, PEPROTECH), anti-TNF-α (0.5 μg/ml, PEPROTECH), anti-
IL-1β antibodies (2.5 μg/ml, eBioscience), respectively, or with all the
three antibodies for 1 h and then co-cultured with MCF-7 cells for ad-
ditional 24 h. Co-cultured MCF-7 cells were analyzed by flow cytometry
and Western blot.

2.2. M1 and M2 macrophage polarization

The protocols of M1 and M2 macrophages polarization from THP-
1 cells and human monocytes were adopted from Tjiu et al. [28].
Briefly, THP-1 cells were treated with 320 nM phorbol-12-myristate-13-
acetate (PMA; Sigma) for 6 h and then with PMA plus 100 ng/ml lipo-
polysaccharide (LPS) (Sigma) and 20 ng/ml interferon-γ (IFN-γ; PEPR-
OTECH) or 20 ng/ml IL-4 (PEPROTECH) and 20 ng/ml IL-13 (PEPRO-
TECH) for 18 h to obtain the M1and M2 phenotype, respectively.

Human peripheral blood mononuclear cells (PBMC) were treated
with 100 ng/ml macrophage colony-stimulating factor (M-CSF, PEPR-
OTECH) in RPMI 1640 medium supplemented with 20% FBS for 6 d. To
generate the M1 macrophages, the cells were treated with 100 ng/ml
LPS and 20 ng/ml IFN-γ for an additional 72 h.

2.3. Co-culture of macrophages and breast cancer cells

1×106 THP-1 cells were seeded into the upper insert of a six-well
transwell apparatus (0.4 μm pore size, BD Biosciences) and polarized
into the M1 or M2 macrophages. After thoroughly washing to remove
all PMA and cytokines, the THP-1-derived M1 or M2 macrophages were
co-cultured with 3×105 MCF-7 breast cancer cells in six-well plates for
indicated time points. Then the macrophages in upper inserts and
breast cancer cells in six-well plates were used for subsequent experi-
ments. The experiments were repeated at least twice.

2.4. Flow cytometry

Macrophages were washed and resuspended in phosphate buffered
saline (PBS). The cells were then incubated with PE-conjugated anti-
CD197 (eBioscience), anti-CD163 (eBioscience), or anti-CD206
(eBioscience) antibodies for 30min in dark at room temperature. After
washing with PBS twice, the labeled cells were analyzed on a FACScan
flow cytometer using CellQuest software (BD Biosciences). The ex-
periments were repeated at least twice.

MCF-7 cells were pre-treated by the supernatant of M1 macrophages
(M1-S) for 24 h. CSCs were sorted by using ALDEFLUORTM kit
(StemCell Technologies) according to the manufacturer's protocol.
ALDH1+ cells were plated at 2×105 cells per well in 6-well plates pre-
coated with rat-tail collagen in DMEM/F12 containing 5% FBS and 25%
supernatant of THP-1, M1-S, and M2-S and incubated for 4 d. NSCCs
were seeded at 2×105 cells per well in 6-well plates and incubated in
DMEM containing 10% FBS and 25% supernatant of THP-1, M1-S, and
M2-S for 24 h. Then CSCs and NSCCs were analyzed by ALDEFL-
UOR-based FACS assay.

2.5. RNA extraction and real-time PCR

To determine the alterations of the cytokine mRNAs in breast cancer
cells and macrophages, total RNAs were prepared using Trizol reagent
from each sample and reverse transcribed using RevertAid First Strand
cDNA Synthesis Kit (Fermentas). Real-time PCR was then carried out in
a total of 20 μl reaction mixture using a Stratagene Mx3000P system
with SYBR Mix (Thermo Fisher Technology). Data were then analyzed
according to the comparative Ct method and normalized to GAPDH or
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U6. The experiments were repeated at least twice. Primer sequences for
real-time PCR were listed in supplemental legends.

2.6. Western blot

Western blotting was performed as previously described. Cell ex-
tracts were subjected to SDS-PAGE and transferred to a PVDF mem-
brane. Immunoblot analysis was performed with antibodies against E-
cadherin (Santa Cruz), fibronectin (Santa Cruz), Stat3 (Santa Cruz), p65
(Santa Cruz), p-Stat3 (Cell Signaling Technology), p-p65
(ImmunoWay), ZEB1 (ABclonal), HMGA2 (ABGENT), and Lin-28B
(ABGENT), followed by horseradish peroxidase-conjugated secondary
antibodies. Bands were visualized by the enhanced chemiluminescence
assay (Thermo).

2.7. Transfection of miRNA mimics and siRNA

MCF-7 cells were seeded at 3× 105 cells per well in 6-well plates
and transfected with let-7 mimics at a final concentration of 50 nM
using RNAiMAX (Invitrogen) according to the manufacturer's instruc-
tions. After 24 h of transfection, the cells were co-cultured with or
without the proinflammatory macrophages for 24 h. To knockdown the
expression of Stat3, p65, or HMGA2 in MCF-7 cells, 50 nM specific
siRNAs were transfected into the cells. The experiments were repeated
at least twice.

2.8. Luciferase reporter assay

Cells were seeded in 24-well plates in duplicate one day prior to
transfection. Then the cells were co-transfected with 300 ng of Stat3 or
NF-κB luciferase reporter plasmid and 30 ng pRL-TK reporter plasmid.
After 24 h, the cells were treated with M1-S for the indicated time
points. The luciferase activities were measured using the Dual-
Luciferase Reporter Assay System (Promega) and normalized to Renilla
luciferase activities. The experiments were repeated at least twice.

2.9. Immunofluorescence

3×105 cells were seeded in 35mm dishes overnight, washed
twice, and then treated with THP-1-S, M1-S, or M2-S for 24 h. The cells
were fixed with 4% paraformaldehyde at 4 °C for 10min followed by
washing with PBS. After blocking with 3% BSA in PBS for 45min at
room temperature, the cells were incubated with the anti-fibronectin
(Santa Cruz) and anti-E-cadherin antibodies (Santa Cruz) for 12 h at
4 °C. After washing with PBS twice, the cells were incubated with
fluorescein-labeled secondary antibodies (Life Technologies, A11012&
A11001) for 1 h at room temperature in dark. The cells were then wa-
shed twice, stained with DAPI (5 μg/ml) in PBS for 15min, and ob-
served under a laser scanning confocal microscope (Zeiss LSM510).
Digital images were taken.

Breast cancer tissues were obtained from Hebei Hospital
(Shijiazhuang, Hebei, China). Written informed consents were obtained
from the patients for the use of the tumor tissue samples in this re-
search. The study was approved by the Ethics and Scientific Committee
of Hebei Hospital. Paraffin-embedded tissue sections were stained with
the anti-NOS2 (Santa Cruz) and anti-ALDH1 (ABGENT) primary anti-
bodies and fluorescein-labeled secondary antibodies. All the methods
were performed in accordance with relevant guidelines and regulations.

2.10. In vitro cell invasion assay

Matrigel invasion assays were performed using a 24-well invasion
chamber system with 8 μm pore polycarbonate membrane inserts
(Costar) coated with Matrigel basement membrane matrix (BD
Biosciences) on the top. Briefly, RPMI 1640 medium supplemented with
20% FBS was placed in the lower compartment of the chamber. 1× 105

breast cancer cells in 200 μl of serum-free RPMI 1640 medium were
seeded on the inserts. The cells that had migrated and invaded through
the inserts were stained with crystal violet and photographed under an
Olympus microscope. The uptaken crystal violet was solubilized in 33%
acetic acid solution. The amount of dye was quantified by measuring
the absorbance at 570 nm. The experiment was repeated twice.

2.11. Immunohistochemistry

Immunohistochemical staining was performed as previously de-
scribed. The expression of Ki67 in MDA-MB-231 human breast cancer
xenografts was detected by the rabbit polyclonal antibodies against
Ki67 (Santa Cruz). Images were taken on an Olympus BX51 microscope
using the Spot insight image capture system CCD camera.

2.12. Mammosphere formation assay

Breast cancer cells were collected, washed to remove sera, and then
suspended in MammoCult™ Medium (StemCell Technologies). The cells
were subsequently cultured at a density of 1000 cells/well for one to
two weeks according to the manufacturer's instructions. Spheres were
counted under a phase contrast microscope.

2.13. Chemotherapy drug treatment

Cancer stem cells (CSCs) and nonstem cancer cells (NSCCs) were
sorted from MCF-7 cells treated with M1-S by flow cytometry using
ALDEFLUORTM kit. The CSCs and NSCCs were treated with paclitaxel,
5-fluorouracil (5-FU), and doxorubicin for 24 h and cell viability was
assessed by the sulforhodamine B (SRB) assay. The uptaken SRB was
dissolved in 10mM Tris solution and quantified by measuring the ab-
sorbance at 570 nm. The experiment was repeated twice.

2.14. Animal study

Four to five-week-old female Balb/C nude mice were sub-
cutaneously implanted with 17β-estradiol pellets (Innovative Research,
Novi, MI, USA). 24 h after implantation of the pellets, 5× 102, 5× 103,
5× 104, or 5× 105 CSCs or NSCCs sorted from M1-S-induced MCF-
7 cells were inoculated into the right mammary fat pad of the mice. The
mice were examined visually and by palpation at the site of injection
twice weekly and tumor volumes calculated by using the following
equation: (length/2)× (width)2. At the end of the experiments, pri-
mary tumors were dissected.

To investigate the effect of the proinflammatory signals of macro-
phages on tumorigenesis of MDA-MB-231 cells, female Balb/C nude
mice were subcutaneously injected with 5× 103, 5×104, 5× 105, or
5× 106 MDA-MB-231 cells treated with or without THP-1-S or M1-S.
The mice were examined visually and by palpation at the site of in-
jection weekly. The tumors were dissected after sacrificing the animals.
The lysates of the dissected tumors were prepared and subjected to SDS-
PAGE and Western blot using the antibodies against ZEB1, fibronectin,
Lin-28B, HMGA2, p-Stat3, p-p65, and GAPDH.

To analyze the direct role of the M1 macrophages in tumor forma-
tion, the 4–5-week old mice were subcutaneously co-injected with
MDA-MB-231 cells and PBMC-derived proinflammatory macrophages.
The tumors were measured with calipers weekly. The mice were sa-
crificed after 8 weeks and the tumors were dissected, fixed in formalin,
and paraffin-embedded for immunohistochemical staining.

2.15. Statistical analysis

Statistical analyses were performed with SAS statistical software for
Windows, Version 9.2 (SAS Institute). All data were presented as
mean ± SD. Student's t-test or ANOVA was used for comparison be-
tween two groups. P < 0.05 was considered statistically significant. *
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P < 0.05, ** P < 0.01.

3. Results

3.1. M1 macrophage induces CSC subpopulation in breast cancer cells

Human monocytic cell line THP-1 is widely used as a model for
monocyte/macrophage differentiation. We produced polarized M1 and
M2 macrophage from THP-1 and human monocytes according to es-
tablished methods [28] (Supplemental Fig. 1A), which have also been
used in studying the effect of polarized M1 on tumor cells both in vivo
and in vitro [10,11]. THP-1 cells treated with IFN-γ/LPS firmly attached
to the plates and most of the cells extended multiple elongated pro-
cesses. IL-4/IL-13-induced cells were near-round and some cells had
short broad cellular processes (Supplemental Fig. 1B). Stimulation by
IFN-γ/LPS greatly increased the expression of CD197, a M1 macrophage
marker, while the expression of M2 macrophage markers CD163 and
CD206 was induced by IL-4/IL-13 (Supplemental Fig. 1C). To further
characterize the macrophages, we analyzed the expression of cytokine
genes associated with M1 or M2 phenotype. As shown in Supplemental
Fig. 1D, the treatment with IFN-γ/LPS resulted in high production of IL-
12, TNF-α, IL-1β, and IL-6, representing a typical proinflammatory
phenotype. Following exposure to M2 polarizing mediators, cells pro-
duced elevated level of IL-10 and reduced level of IL-1β, IL-12, TNF-α,
and IL-6. These data demonstrate that macrophages were functionally
polarized by distinct stimuli, respectively.

Next, we cocultured human breast cancer cell line MCF-7, which
belongs to luminal A-type cell line and displays non-advanced stage of
breast cancer malignancy, with polarized M1 macrophages by utilizing
a non-contact culture system and analyzed CD24−/low/CD44high phe-
notype [29], which is one of the most consistently used biomarkers to
identify breast CSCs. Fig. 1A and B show that after 6 hrs of M1 co-
culture, a subpopulation (9.9%) of CD24−/low/CD44high was observed.
The percentage of the subpopulation was further increased within
24 hrs (∼23.2%), but remained steady after 48 hrs (22.7%). In MCF-7
control or MCF-7 cocultured with THP-1 cells, the subpopulation was at
a very low level (1.9–2.0%). To confirm it, the expression of aldehyde
dehydrogenase 1 (ALDH1), another functional marker of breast CSCs

[30], was analyzed by Aldefluor flow cytometry-based assay. Similarly,
the subpopulation of ALDH1+ cells was induced (6.6%) at 6 h after
coculture and reached to 13.8% at 24 h. The ALDH1+ subpopulation
was only about 1.2%–1.4% in the control groups. Similar results were
observed in other M1-cocultured breast cancer cell lines, MDA-MB-231
(triple-negative breast cancer cell line) and T47D (luminal A-type cell
line) cells (Supplemental Figs. 1E–1F). Moreover, we produced M1
macrophages from human peripheral blood mononuclear cells (PBMC)
as previously described (Supplemental Fig. 1G). As is shown in Fig. 1C,
coculture of MCF-7 cells with PBMC-derived M1 also generated a sub-
population of ALDH1+ cells.

To better understand the correlations between M1 macrophages and
CSCs in vivo, we analyzed their localization in tumor tissues of breast
cancer patients. The paraffin-embedded breast cancer tissue sections of
patients were co-labeled with antibodies against ALDH1 to identify
CSCs and nitrogen-oxidase synthase 2 (NOS2) to detect M1 macro-
phages as previously reported [4]. As shown in Fig. 1D, a small number
of ALDH1+ cells were accumulated at the sites where NOS2+ proin-
flammatory macrophages were also observed. This distribution of
ALDH1+ tumor cells in the close vicinity of macrophages displaying
proinflammatory phenotype in breast cancer tissues implicates a po-
tential functional link between M1 macrophages and CSCs.

To mimic what we observed in the samples of breast cancer patients,
we co-inoculated a small amount of PBMC-polarized M1 macrophages
(5×104) and a larger number of MDA-231 cells (1× 106) into nude
mice and measured tumor size every week (Supplemental Fig. 1H).
Other groups have reported that injecting a much larger amount of
polarized M1 macrophages (5×105–1×106) reduced established xe-
nografts in mice models. Macrophages could have plastic phenotypes in
response to different microenvironment signals, and thus the inoculated
M1 macrophages might repolarize and could not be maintained in the
original large number. In our assay, low amount of M1 macrophages
enhanced tumorigenesis with a dramatic increase of tumor volume,
implying that small number of M1 promoted tumor outgrowth by CSCs.
Our data suggest that, when M1 macrophage is introduced to combat
tumor bulk, maintaining a proper amount of M1 macrophages and in-
hibiting potential M1-induced CSC generation are both of great im-
portance in the therapy.

Fig. 1. M1 macrophages induce CSC phenotype in breast cancer cells A and B, MCF-7 cells were cocultured with THP-1-derived M1 macrophages (M1) for
indicated time points. MCF-7 cells cocultured with or without untreated THP-1 cells were used as controls. CD24low/CD44high phenotype was analyzed by flow
cytometry. ALDH1+ subpopulation was determined by Aldefluor flow cytometry-based assay. C, MCF-7 cells were cocultured with PBMC-derived M1 macrophages
and ALDH1+ subpopulation was analyzed. D, The paraffin-embedded breast cancer tissue sections were stained with antibodies against NOS2 and ALDH1 followed
by fluorescein-labeled secondary antibodies incubation. Bar= 20 μm (con, control; co-M1/co-THP-1/co-M1PBMC, cocultured with M1 macrophages/THP-1 cells/
PBMC-derived M1macrophages).
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3.2. M1 macrophages regulate CSC phenotype in a paracrine manner

To investigate how M1 macrophages regulate CSC phenotype in
breast cancer cells, we incubated MCF-7 cells with the supernatant of
M1 macrophages (M1-S). CD24−/low/CD44high cells were expanded in a
time-dependent manner within 24 hrs (0 h, 2.7%; 12 h, 12.8%; 24 h,
19.8%; Supplemental Fig. 2A). This pro-CSC effect was verified by de-
tecting ALDH1+ subpopulation (0 h, 0.9%; 12 h, 8.9%; 24 h, 9.6%;
Supplemental Fig. 2B).

Chemo-resistance is closely related to the intrinsic or acquired
properties of CSCs [31]. To test whether M1-S-induced ALDH1+ cells
possess CSC properties, we sorted ALDH1+ and ALDH1- cells from M1-
S-treated MCF-7 cells and analyzed their viability after chemotherapy
drugs (paclitaxel, 5-FU, and doxorubicin) treatment by SRB analysis.
Fig. 2A shows that the ALDH1+ cells were significantly more resistant
to the chemotherapeutic agents than the ALDH1- subpopulation.

Another important property of CSC is to initiate tumor development
in mice models at a low cell number. We introduced different numbers
of ALDH+ or ALDH1- cells from M1-S-treated MCF-7 cells into the fat
pad of nude mice and found that injection of 500 ALDH1+ cells could
produce tumors in all the 3 mice, while no tumor was observed when
5×105 sorted ALDH1- cells were inoculated (Supplemental Fig. 2C).
We further evaluated the stemness of M1-S-induced ALDH1+ cells by
testing tumor outgrowth in secondary mice. Since no tumor was formed
by ALDH1- cells in mice and it was difficult to sort enough ALDH1+

cells from MCF-7 cells which has been identified as luminal cells
showing little to no ALDH activity, we used tumors (1×107 cell per
mouse) formed by parental MCF-7 cells as control in the secondary
implantation assay. The M1-S-induced ALDH1+ tumor blocks exhibited
rapid tumor re-growth in secondary recipient mice. However, the tumor
blocks obtained from parental MCF-7 xenografts failed to produce
palpable xenografts in recipient mice within 2 weeks after implantation
(Supplemental Fig. 2D).

Mammosphere-formation assay was performed to analyze the self-
renewal capacity of M1-S-treated MCF-7 cells. Fig. 2B shows that both
the number and diameter of the spheres from M1-S-treated MCF-7 cells
were much larger than those treated with or without THP-1 supernatant
(THP-1-S). Western blot revealed that the pluripotent factors Lin-28B
and Nanog were significantly upregulated in a time-dependent manner

upon M1-S treatment (Fig. 2C).
To explore whether the pro-CSC effect of M1 macrophages is limited

to certain breast cancer cell type, we used MDA-MB-231 cells, which
display a more malignant phenotype, to see if the proinflammatory
signal could also increase their tumorigenesis capacity. In order to have
an overview of the effect of M1-S on MDA-231 cells before inoculating
the cells into mice models, MDA-231 cells were treated with M1-S and
the number of ALDH1+ cells were identified to be increased (Fig. 2D).
Next, different numbers of M1-S-treated MDA-MB-231 cells were in-
jected into mice. Fig. 2E demonstrates that M1-S-treated MDA-MB-
231 cells obtained a higher tumorigenic capability, as 5×103 cells
could produce tumors, while no tumors were established when the
same number of parental MDA-MB-231 cells were injected. Moreover,
xenografts formed by M1-S-treated MDA-MB-231 cells grew more ra-
pidly than untreated and THP-1-S-treated cells, as demonstrated by
tumor volume and Ki67 staining (Fig. 2F and G). These data indicated
that M1 might promote tumor growth through CSCs in a paracrine
manner.

3.3. M1 macrophages induce EMT in breast cancer cells

It has been proposed that EMT is a major mechanism responsible for
CSCs formation and that TAMs contribute to tumor progression by in-
ducing EMT [32–34]. We found that compared to control groups, M1-S
induced an obvious mesenchymal morphological alteration in MCF-
7 cells, changing from a tightly packed epithelial-like morphology to an
elongated spindle-like one (Fig. 3A). The expression level of epithelial
marker E-cadherin was greatly reduced, while the mesenchymal marker
fibronectin and E-cadherin transcription repressor ZEB1 were drama-
tically increased. Additionally, Lin-28B and HMGA2, which have been
identified to be the key regulators in Oncostatin M (OSM)-induced EMT
in our previous study and are suggested to be associated with CSC
stemness by other groups, were also significantly upregulated in a time-
dependent way within 24 h (Fig. 3B and C). The reduction of E-cadherin
at cytoplasmic membrane and elevation of perinuclear aggregation of
fibronectin in MCF-7 cells after M1-S treatment was further demon-
strated by immunofluorescence (Fig. 3D). The phenotypic transition
was also observed in MCF-7 cells cocultured with M1 macrophages ei-
ther derived from THP-1 cells or PBMC (Fig. 3E and F). Notably, Stat3

Fig. 2. M1 macrophages induce CSC phenotype A, After MCF-7 cells were treated with M1-S, ALDH1+ and ALDH1- cells were sorted by flow cytometry using
ALDEFLUOR™. The effects of chemotherapy drugs (paclitaxel, 5-FU, and doxorubicin) on the viability of CSCs and NSCCs were analyzed by SRB assays. B, MCF-7 cells
were incubated with M1-S or the supernatant of THP-1 cells (THP-1-S). The cells were washed to remove serum, resuspended in MammoCult™ Medium, and
subsequently cultured at a density of 1000 cells/well for one to two weeks. Spheres were observed and counted under an inverted microscope. Bar= 100 μmC, The
expression of Lin-28B and Nanog was analyzed by Western blot. Images are shown for indicated proteins. D, MDA-MB-231 cells were treated with THP-1-S or M1-S
for 24 h and ALDH1+ cell frequency was analyzed by flow. E-G, 5×103, 5× 104, 5× 105 or 5× 106 MDA-MB-231 cells treated with THP-1-S or M1-S were
inoculated subcutaneously into mice. Tumor incidence (E) and tumor size (F) were evaluated. The expression of Ki67 in the tumor xenografts was detected by the
rabbit polyclonal antibodies against Ki67 (G). Bar= 200 μm (THP-1-S/M1-S, the supernatant of THP-1 cells/proinflammatory) macrphages
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Fig. 3. M1 macrophages induce EMT in breast cancer cells A, MCF-7 cells were treated with THP-1-S or M1-S for 24 hrs and observed under an inverted
microscope. Bar= 200 μmB, MCF-7 cells were treated with THP-1-S or M1-S. The expression of E-cadherin, fibronectin, ZEB-1, Lin-28B, and HMGA2 was analyzed
by Western blot. Images are shown for indicated proteins. C, MCF-7 cells were treated with M1-S for indicated time points. The expression of E-cadherin, fibronectin,
and ZEB-1 was analyzed. D, MCF-7 cells treated with THP-1-S or M1-S for 24 h were subjected to immunofluorescence assay to detect the localization and expression
of fibronectin and E-cadherin. DAPI was used to stain nuclear. Images were obtained under a laser scanning confocal microscope. Bar= 50 μmE and F, MCF-7 cells
were cocultured with M1 macrophages polarized from THP-1 cells (E) or PBMC (F). The expression of EMT/CSC-associated molecules was analyzed. G, MCF-7 cells
were co-cultured with THP-1 cells or THP-1-derived M1 macrophages. The invasive activities of the cells were analyzed by Matrigel invasion assay. Bar= 500 μmH,
The tumor tissues were dissected from tumors formed by THP-1-S-treated or M1-S-treated MDA-MB-231 cells. The expression of EMT/CSC-associated molecules was
analyzed. Images are shown for indicated proteins. I, Tumor tissues were dissected from the parental MCF-7 cells-formed xenograft or tumors formed by M1-S-
induced ALDH1+ MCF-7 cells. The expression of EMT/CSC-associated molecules was analyzed.
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and NF-κB p65 subunit, which participate in a variety of processes that
related to tumor malignancy, were markedly activated.

This EMT-like process was accompanied by an enhanced invasive
potential of MCF-7 cells (Fig. 3G). Similar data were obtained in MDA-

MB-231, T47D, and BT474 cells (Supplemental Figs. 3A–3E). Compared
with xenografts formed by MDA-MB-231 treated with or without THP-
1-S, tumors arising from M1-S-treated MDA-MB-231 cells displayed a
more malignant phenotype with higher levels of ZEB1, fibronectin, Lin-

(caption on next page)
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28B, HMGA2 and phosphorylated Stat3 and p65 (Fig. 3H).
Similarly, xenografts formed by sorted M1-S-induced ALDH1+ cells

displayed a less epithelial phenotype than tumors generated by parental
MCF-7 cells. Fig. 3I shows that in contrast to MCF-7 control tumors, M1-
S-induced ALDH1+ tumors express lower level of E-cadherin and higher
level of mesenchymal marker fibronectin and EMT/CSC-associated
molecules ZEB-1, Lin-28B, and HMGA2. These results suggest that
EMT/CSC program could be activated by M1 macrophages in breast
cancer cells.

3.4. Stat3 and NF-κB pathways are activated in M1-induced EMT/CSC

It has been known that inflammation acts as a crucial mediator of
EMT [35]. M1 macrophages secrete high amounts of proinflammatory
mediators, including TNF-α, IL-1β and IL-6. Our data showed that M1
macrophages induced CSCs in a paracrine way. Therefore, in order to
investigate the effects of M1-characterised cytokines on CSC induction,
we treated MCF-7 cells with IL-6, TNF-α, and IL-1β. The combinational
stimulation resulted in an induction of ALDH1+ subpopulation
(Fig. 4A). To further confirm the role of these cytokines in CSC induc-
tion, we cocultured MCF-7 cells with M1 macrophages in the presence
of neutralizing antibody against IL-6, TNF-α, or IL-1β and observed the
antagonizing effect of these neutralizing antibodies on CSC induction
(Fig. 4B). Meanwhile, the upregulation of fibronectin and Lin-28B was
dramatically reversed and E-cadherin expression restored (Fig. 4C). We
noticed that the induction of CSC subpopulation by addition of cyto-
kines was not as strong as M1-S and the neutralization antibodies did
not block CSC generation completely, which indicated that IL-6, TNF-α
and IL-1β play a partial role in M1-induced CSC formation and other
cytokines might also be involved. These data implicate a proin-
flammatory cytokine network functioning in M1-induced EMT/CSC
process.

Many proinflammatory cytokines are reported to play their roles by
converging on Stat3 and NF-κB pathways [36]. In M1-treated MCF-
7 cells, Stat3 and NF-κB were activated (Fig. 4C). Fig. 4D demonstrated
that, using IL-6 or TNF-α as positive control, M1-S led to a rapid acti-
vation of both Stat3 and p65. As determined by luciferase reporter gene
assays, Stat3-and NF-κB-driven luciferase activities were increased by
approximately 10 and 15 folds in the presence of M1-S, respectively.
Particularly, the activity of Stat3-dependent luciferase reporter was
much higher in the M1-S-treated cells than in the IL-6-treated cells
(Fig. 4E). Recently, our group has reported that motivation of Stat3
could “switch on” EMT in breast cancer cells [26] and IL-6/Stat3
pathway was involved in transuzumab-resistance associated EMT/CSC
in gastric cancer [27]. Here, we found that Janus kinase 2 (JAK2) in-
hibitor AG490 and NF-κB inhibitor BAY11-7082 greatly blocked the
effects of M1 macrophages on EMT in the cocultured MCF-7 cells
(Fig. 4F). Blocking both pathways more effectively reversed the ma-
lignancy phenotype. The roles of Stat3/NF-κB pathways in induction of
EMT/CSC were confirmed by knockdown assays. The maximal effect on
reversing EMT/CSC was caused by simultaneous repression of Stat3 and
p65 (Fig. 4G). In Fig. 4G, when both Stat3 and p65 were knocked down
in MCF-7 cells, reduction of E-cadherin by M1 was reversed, while M1-
stimulated induction of Fibronectin and CSC-related genes (Lin-28B,

Nanog) was inhibited. Meanwhile, CD24−/low/CD44high subpopulation
and invasive activities induced by M1 macrophages were also reduced
by siRNA-mediated Stat3 and p65 knockdown in MCF-7 cells (Fig. 4H
and Supplemental Fig. 4A). Ectopic overexpression of p65 or Stat3C (a
constitutive active form of Stat3) modestly upregulated Lin-28B and
Nanog (Supplemental Fig. 4B). These data indicate that cytokine-in-
duced activation of Stat3/NF-κB pathways is critical to M1-induced
EMT/CSC process.

3.5. Lin-28B-let-7-HMGA2 axis regulates proinflammatory signals-initiated
CSC formation

Our previous study has revealed a key role of Stat3-coordinated Lin-
28B-let-7-HMGA2 axis in initiating OSM-induced EMT in breast cancer
cells. Other groups also have reported the role of these molecules in
tumor malignancy. Recently, Lin-28B/let-7/HMGA2 has been proved to
function in regulating self-renewal potential of fetal hematopoietic stem
cells [37]. We found that M1-S significantly upregulated Lin-28B/
HMGA2 expression and downregulated the level of let-7 in MCF-7 cells
(Fig. 5A). A much stronger activation of this axis was observed in co-
culture system. As an initiator of this axis, Lin-28B plays a critical role
in inducing phenotype transition. Knockdown of Lin-28B in MDA-MB-
231 cells, which are highly invasive and display all the characteristics of
post-EMT, downregulated fibronectin expression (Supplemental
Fig. 5A). In contrast, overexpression of Lin-28B in MCF-7 cells, which
exhibit the features of more differentiated luminal epithelial cells, re-
markably repressed the expression of E-cadherin, yet induced the ex-
pression of fibronectin (Supplemental Fig. 5B). In a variety of human
cancers, Lin-28B selectively blocks the expression of let-7 and HMGA2
is one of let-7 target genes. Transfection of specific siRNA targeting Lin-
28B or HMGA2 markedly reduced the percentage of the ALDH1+

subpopulation and the invasive activities of MCF-7 cells cocultured with
M1 macrophages (Fig. 5B and C). Though the suppressive effect of let-7
mimics on ALDH1+ subpopulation was not statistically significant, the
transfection of let-7 mimics dramatically reduced M1-induced invasive
capability of MCF-7 cells (Fig. 5C).

In our previous study, we have demonstrated that HMGA2 acts as a
master switch of OSM-induced-EMT. To determine the role of HMGA2
in M1-induced-EMT/CSC, we established MDA-MB-231 cells that stably
expressed HMGA2-shRNA plasmid (MDA-MB-231/HMGA2sh). The
sphere formation capacities of MDA-MB-231/HMGA2sh cells were
significantly decreased (Fig. 5D). Repression of HMGA2 expression not
only increased E-cadherin expression directly but also reduced M1-S-
induced upregulation of ZEB1 and fibronectin (Fig. 5E). In MCF-7 cells,
the mRNA level of CSC-associated molecules Krüppel-like factor (KLF)-
4 and Nanog that were increased by M1 was remarkably suppressed
when HMGA2 siRNA were introduced (Fig. 5F). These data suggest that
Lin-28B-let-7-HMGA2 axis is critical in M1-induced EMT/CSC and
HMGA2 functions as the key regulator in this axis.

3.6. Macrophages regulate CSC generation and maintenance through
phenotype transdifferentiation

We noticed that the percentage of the CD24−/low/CD44high or

Fig. 4. Stat3 and NF-κB inflammatory pathways are involved in induction of EMT/CSC A, MCF-7 cells were treated with IL-6, TNF-α, and IL-1β and ALDH1+

population was analyzed. B and C, MCF-7 cells were cocultured with M1 macrophages and neutralizing antibodies against IL-6, TNF-α, or IL-1β. ALDH1+ cells were
analyzed by flow cytometry (B). The expression of EMT/CSC-associated molecules and activation of Stat3 and NF-κB were analyzed by Western blot (C). D, MCF-
7 cells were treated with M1-S. The treatment with IL-6 and TNF-α was used as controls. The phosphorylated Stat3 and p65 were analyzed. Images are shown for
indicated proteins. E, MCF-7 cells were co-transfected with 300 ng of Stat3 or NF-κB luciferase reporter plasmid and 30 ng of pRL-TK reporter plasmid. After 24 h, the
cells were treated with M1-S. The luciferase activities were measured using Dual-Luciferase Reporter Assay System and normalized to Renilla luciferase activities. F,
MCF-7 cells were co-cultured with M1 macrophages with an addition of JAK2 inhibitor AG490 or NF-κB inhibitor BAY11-7082. The expression of EMT/CSC-
associated molecules and activation of Stat3 and p65 were analyzed. Images are shown for indicated proteins. G and H, MCF-7 cells were transfected with 50 nM
specific siRNAs targeting Stat3 or p65. The transfected cells were cocultured with THP-1-derived M1 macrophages or THP-1control cells for 24 h. The expression of
EMT/CSC-associated molecules and activation of Stat3 and p65 were analyzed by Western blot (G). Images are shown for indicated proteins. The CD24−/low/
CD44high population was analyzed by flow cytometry (H). (α-IL-6/α-TNF-α/α-IL-1β, the antibodies against IL-6/TNF-α/IL-1β).
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ALDH1+ subpopulation in MCF-7 cells was progressively increased
within the first 24 hrs of coculture with M1 macrophages (Fig. 1A).
However, afterwards, the ratio did not further expand, suggesting a
potential mechanism to maintain a relatively stable subpopulation of
CSCs. Macrophages are functionally plastic and their phenotype char-
acteristics associate with different stages of tumor development, with
M1-like phenotype in the site of chronic inflammation where tumor
develops and M2-like phonotype in established tumors [38]. In contrast
to immunosuppressive micromilieu in tumor nest, the peritumoral
stroma contains macrophages with proinflammatory phenotypes [39],
implying different phenotype of macrophage may function in different
tumor stage.

To investigate whether M1 and M2 macrophages exert differential
effect on CSCs, MCF-7 cells were treated with M1-S and M2-S, respec-
tively. Fig. 6A shows that a much higher proportion of CD24−/low/
CD44high or ALDH1+ subpopulation was observed in M1-S- than M2-S-
treated cells. CSCs (ALDH1+) and NSCCs (ALDH1-) were sorted and
cultured with THP-1-S, M1-S, and M2-S, respectively. When NSCCs
were treated with M1-S for 24 h, a subpopulation of ALDH1+ cells
(10.2%) was observed, whereas the effects of the THP-1-S (2.28%) and
M2-S (3.7%) on CSC induction were much weaker (Fig. 6B), supporting
that CSCs can be directly induced from NSCCs by M1 macrophages.

Following exposure of sorted CSCs to M1-S for 4 days, the proportion of
ALDH1+ cells reduced to 3.53%, whereas a higher percentage (8.34%)
of the subpopulation was detected by M2-S, implying that M2-S con-
tributes more to the maintenance of stemness. Both M1 and M2 mac-
rophages upregulated the expression of CSC-associated molecules Lin-
28B, Nanog, Klf-4, c-Myc, and Oct-4. However, the upregulation of Lin-
28B, Klf-4, and Oct-4 was more pronounced in M1-cocultured group
(Fig. 6C). Similar data were obtained by treating BT474 cells with the
supernatants of macrophages (Supplemental Fig. 6A). Lin-28B, Nanog,
Klf4, and Oct4 are known as core reprogramming factors in repro-
gramming somatic cells [40,41], implying that M1 are more potent in
generating CSCs. Additionally, the activation of EMT (downregulation
of E-cadherin and upregulation of Fibronectin and Lin-28B) and Stat3/
NF-κB pathways by M1-S was more striking (Supplemental Fig. 6A),
which may explain the stronger effect of M1 on CSC formation. The
data suggest that macrophages may modulate CSC formation and
maintenance by combining proinflammatory and immunosuppressive
signals.

It has been revealed that blood circulating monocytes treated with
tumor culture supernatants transiently acquired an activated proin-
flammatory phenotype before their subsequent re-polarization into
immunosuppressive macrophages [39]. In our study, the surface

Fig. 5. Lin-28B-let-7-HMGA2 axis regulates M1-induced EMT and CSC formation A, MCF-7 cells were incubated with M1-S or cocultured with M1 macrophages
for 24 h. The expression of Lin-28B, let-7, and HMGA2 at mRNA levels were determined by real-time PCR. B and C, MCF-7 cells were transfected with 50 nM specific
siRNAs targeting Lin-28B and HMGA2 or with let-7 mimics. The transfected cells were cocultured with M1 macrophages. The ALDH1+ cells were analyzed by flow
cytometry (B) and the invasive activities of the cells by Matrigel invasion assays (C). D, MDA-MB-231 cells that were stably transfected with the plasmid expressing
HMGA2-shRNA (MDA-MB-231/HMGA2sh) or empty plasmid were incubated with M1-S. The sphere formation capacities of the cells were evaluated. E, MDA-MB-
231/HMGA2sh or control cells were treated with THP-1-S or M1-S. The expression of EMT/CSC-associated molecules was analyzed by Western blot. F, MCF-7 cells
transfected with HMGA2 siRNA were cocultured with M1 macrophages. The mRNA level of HMGA2, Klf-4, and Nanog was analyzed by real-time PCR.
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markers of M1 or M2 macrophages were not significantly shifted within
the first 24 h of coculture with MCF-7 cells (Supplemental Fig. 6B).
Intriguingly, IL-6, IL-1β, TNF-α, and IL-10 were significantly upregu-
lated in both cocultured M1and M2 macrophages during this period
(Supplemental Fig. 6C). Our previous data showed that the CSC sub-
population was observed as early as 6 h after coculture with M1 mac-
rophages, which excludes the possibility that generation of CSCs was
induced by M2 macrophages repolarized from M1. Of note, cocultured
M2 macrophages displayed a combined proinflammatory/im-
munosuppressive phenotype with increased levels of IL-1β, TNF-α and
IL-12 (Supplemental Fig. 6C). These data suggested that the proin-
flammatory signals of macrophages might be required for CSC forma-
tion.

We further analyze the dynamic alterations of cocultured macro-
phages over time. After 48 h of coculture with MCF-7 cells, a slight
increase of CD206 expression as well as a trivial decrease of CD197 was
observed in cocultured M1 macrophages (Fig. 6D). Cytokine profile
revealed that the proinflammatory phenotype was enhanced within
24 h. However afterwards, the levels of IL-6, TNF-α, and IL-1β were
remarkably declined and the expression of IL-10 was progressively

elevated (Fig. 6E), indicating macrophage repolarization was under-
going. Consistently, the timing of the transient enhancement of acti-
vation (∼24 h) and the subsequent acquisition of M2 phenotype
(∼48 h) are consistent with the timing of the induction and main-
tenance of CSCs. Therefore, the stagnant of CSC generation after 24 h
may be attributed to the functional phenotype alteration of the mac-
rophages. Taken together, M1 signals predominantly act in CSC for-
mation, and macrophages regulate the initiation and maintenance of
CSCs by orchestrating proinflammatory and immunosuppressive signals
(Supplemental Fig. 7).

4. Discussion

Nowadays, it has been widely accepted that tumorigenesis is
orchestrated by innate immunity [42]. As a major component in innate
immunity and the most abundant immune cells infiltrating in solid
tumor, macrophages regulate tumor initiation and progression. The
phenotype of macrophage is considered to switch from proin-
flammatory M1 in tumorigenesis to immunosuppressive M2 since tu-
mors are established, with its role changing from tumoricidal to pro-

Fig. 6. Macrophages regulate CSC generation and maintenance through proinflammatory and immunosuppressive signals shifting A, MCF-7 cells were
incubated with M1-S or M2-S. CD24−/low/CD44high and ALDH1+ subpopulations were analyzed by flow cytometry, respectively. B, ALDH1+ and ALDH1- were
sorted by flow cytometry and then treated with THP-1-S, M1-S, or M2-S, respectively. The percentage of ALDH1+ population was analyzed. C, MCF-7 cells were
treated with M1-S, or M2-S, or cocultured with THP-1 cells, M1 or M2 macrophages for 24 h. The expression of Lin-28B, Nanog, Klf-4, c-Myc, and Oct-4 was analyzed.
D and E, M1 macrophages were cocultured with MCF-7 cells for 24, 48, and 72 h. The phenotypes of the macrophages were analyzed by flow cytometry at indicated
time points (D). The expression of IL-6, TNF-α, IL-1β, and IL-10 at mRNA level was determined by real-time PCR (E).
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malignant in tumor. An increased M1/M2 ratio within tumors often
suggests a better prognosis in various cancer patients. Moreover, im-
munosuppressive tumor microenvironment attenuates the efficacy of
immunotherapy. TAMs have been demonstrated to express high level of
PD-1, which impairs phagocytosis of activated macrophages and in-
hibits the effects of stimulated T cells. Additionally, PD-1- TAMs have
been revealed recently to be capable of capturing anti-PD-1 antibody
from PD-1+ tumor-infiltrating CD8+ T cells, thus impairing the tu-
moricidal effect of CD8+ T cell [14]. Therefore, many attempts have
been made to increase M1/M2 ratio in tumor microenvironment. 5,6-
Dymethylxanthenone-acetic-acid was used to change the intratumoral
M2/non-M2 immunosuppressive ratio by increasing the influx of neu-
trophils and M1 macrophages to the tumor, resulting in an increased
number and activity of intratumoral CD8+ T cells and enhanced effi-
cacy of other immunotherapies [13]. Similarly, injection of a certain
amount of THP-1-polarized M1 macrophages into established hepato-
cellular tumors in mouse models significantly reduced tumor volume.
However, the induction of acute inflammatory response and the diffi-
culty to retain injected immune cells in tumor sites hindered direct use
of M1 macrophages in cancer treatment. To improve the strategy, a
biocompatible scaffold composed of poly and gelatin-based hydrogel
was created to support the function of M1 macrophages in targeting
tumor cells in vitro and in vivo without affecting normal cells [11].
Though the killing capacity of M1 macrophages is promising in cancer
treatment, the role of M1 macrophages in tumor has not received en-
ough attention.

Actually, both M1 and M2 macrophages have been detected in
various types of tumor tissues [4,15]. Though macrophages with
proinflammatory phenotype in peritumoral stroma have been revealed
to be educated towards M2 phenotype after infiltrating into tumor,
these activated macrophages could trigger the proliferation of IL-17-
producing CD8+ T cells whose infiltration promoted hepatocellular
carcinoma progression and positively related to poor survival of cancer
patients [43] and the transient state of activation is also critical for M2
re-polarization. The findings in H. pylori-associated gastric cancer sug-
gest that the proinflammatory macrophage polarization during H. pylori
infection contributes to gastric carcinogenesis as a result of increased
levels of reactive oxygen and nitrogen species [44]. Very recently, it has
been revealed that treatment with polarized M1 macrophages enhances
the metastasis potential of ovarian cancer cell lines via NF-κB pathway
[19]. M1 TAMs isolated from PDAC patients, as well as in vitro gen-
erated M1 macrophages, mediated EMT in premalignant and malignant
pancreatic ductal epithelial cells [15]. Therefore, it is worth studying
whether the proinflammatory signals of M1 macrophage have side ef-
fects when combating tumor cells. In our study, we used both culture
media of macrophages and co-culture system to treat breast cancer cells
and found that besides killing breast cancer cells, the proinflammatory
signals of M1 macrophages functioned as a driving force for CSC gen-
eration. Stat3/NF-κB pathways were activated by a proinflammatory
cytokine network (IL-6, TNF-α, IL-1β included), leading to Lin-28B-let-
7-HMGA2 axis-induced EMT/CSC in breast cancer cells. Also, we found
that a small number of NOS2+ M1 macrophages were observed within
the samples of breast cancer patients and frequently present in close
proximity to ALDH1+ CSCs. Our findings are in line with the report
showing that although being localized in close proximity to cancer cells,
macrophages were hardly detected in direct cell-cell contact with tumor
cells [16], supporting the view that macrophages contribute to malig-
nancy in a paracrine manner. Instead of inoculating a higher percentage
of polarized M1 macrophages, we co-injected a smaller amount of
PBMC-polarized M1 macrophages (5×104) with MDA-MB-231 cells in
mouse model and achieved an increase in the size of xenografts.
Moreover, a higher tumor incidence was achieved with M1-S-treated
MDA-MB-231 cells, and as few as 5×103 cells led to tumor growth in
mice. Actually, some investigations have shown a mixed proin-
flammatory/immunosuppressive phenotype in tumor-associated mac-
rophages [38,45,46]. On the other hand, exosomes secreted by

melanoma endowed macrophages a mixed M1/M2 phenotype to pro-
mote tumor malignancy [47]. In our study, we also found an increased
level of IL-6, TNF-α and IL-1β in polarized M2 macrophages cocultured
with breast cancer cells, suggesting that “proper” amount of proin-
flammatory signals function in tumor progression and the phenotype of
tumor-associated macrophages is more complicated. Whatever, since
M1 is the prevailing phenotype of macrophages in chronic inflamma-
tion when tumor develops, our data indicated that M1 signals con-
tribute to tumor development by initiating CSC formation.

CSCs have been implicated as a major cause for recurrence, me-
tastasis, and therapeutic resistance, leading to therapy failure and
mortality in cancer patients. However, the mechanisms of CSC gen-
eration still remain unclear. It is of great importance to explore how and
when CSC is generated and thus to reduce the possibility of CSC for-
mation and to target CSCs by blocking critical molecules and pathways
in cancer therapy.

Many of the signaling pathways associated with induction of EMT
are suggested to be involved in development and maintenance of CSCs.
The key regulators of EMT, including ZEB1, Snail/Slug, and Twist, also
modulate the stemness of somatic stem cells and CSCs [48–50]. Pre-
viously, we reported that the activation of IL-6/Stat3 pathway induced
EMT and CSC phenotype in gastric cancer cells through a positive
feedback loop with Jagged-1/Notch pathway. Moreover, in chronic
psychological stress in breast cancer, we have found that monocytes/
macrophages contribute to the pre-metastasis niche of lung. Tumor-
associated monocytes and macrophages have been reported to create a
niche to enhance CSC activities through juxtacrine signaling with CSCs.
CD90 and EphA4 could be upregulated after EMT on carcinoma cells to
mediate the physical interactions of CSCs with TAMs, which activates
NF-κB in CSCs to sustain the stem cell state by inducing the secretion of
a variety of cytokines [34]. Our previous study demonstrated that
macrophage-derived OSM initiated EMT process in breast cancer cells
by activating the Stat3-regulated Lin-28B-let-7-HMGA2 axis [26]. In-
triguingly, molecules in this axis participate in regulating stemness
markers (Oct-4, Sox-2, Nanog) and inducing reprogramming and trans-
differentiation of somatic cells. Lin-28B positively regulates the ex-
pression of Oct-4 and Sox2 and self-renewal of embryonic stem cells
[51,52]. Let-7 miRNA biogenesis is blocked by Lin-28B, resulting in
repression of the let-7 target genes [53]. It has been proposed that let-7
regulates stemness by repressing self-renewal and promoting differ-
entiation in both normal development and CSCs [54]. HMGA2, as a
target of let-7, was a specific modulator of neural and embryonic stem
cell self-renewal potential [55,56]. Like Lin28B, HMGA2 regulates Sox-
2 expression by directly binding to its promoter [57]. A recent study
indicates that Lin-28B-let-7-HMGA2 axis controls high self-renewal
potential of fetal hematopoietic stem cells [37]. In the current study, we
demonstrate that the proinflammatory signals of M1 macrophages in-
duce stemness properties in non-stem breast cancer cells through Stat3/
NF-κB-induced Lin-28B-let-7-HMGA2 activation. Notably, HMGA2
functions as a determinant factor in this axis. Suppression of HMGA2
expression directly reversed the proinflammatory signals-induced ex-
pression of reprogramming factors Klf-4 and Nanog, repressed mam-
mosphere formation, and reduced ALDH1+ subpopulation. Our data
suggest that as a critical regulatory axis for in CSC occurrence, Lin-28B-
let-7-HMGA2 is a potential target in cancer treatment.

We also noticed that after 24 hrs of coculture with proinflammatory
macrophages, the CSC population in breast cancer cells was no longer
increased. It is known that the phenotype of tissue macrophages is not
an immutable end-stage phenotype. Once infiltrating into tumor nest,
the activated macrophages tend to be re-polarized into M2 phenotype
in response to microenvironmental signals. We found that within the
first 24 hrs of coculture when CSC population reached to its peak, M1
macrophage predominantly possessed proinflammatory phenotype.
However, the level of IL-12 was decreased, while IL-10 increased, in-
dicating macrophage re-polarization was undergoing. After coculture
for 48 hrs, the functional phenotype of the macrophages was similar to
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that of M2 macrophages given the expression level of IL-6, IL-1β, TNF-
α, and IL-10. Concomitantly, the proportion of CSCs remained rela-
tively steady. Furthermore, M1-S directly induced ALDH1+ sub-
population from sorted ALDH1- cells and was more potent in upregu-
lating the expression of the core reprogramming factors Lin-28B, Klf-4
and Oct-4, while M2-S was more efficient in maintaining the CSC
phenotype, which implicates that macrophages play a potential role in
inducing and maintaining CSCs through orchestrating proinflammatory
and immunosuppressive signals.

Diversity and plasticity are hallmarks of macrophages. Classical M1
and alternative M2 activation of macrophages, possessing opposite
functions, represent two extremes of a dynamic changing state of
macrophage polarization in response to different microenvironment
stimulus. Tumor microenvironment, including macrophages, could be
targeted for effective therapy to combat cancers. Two attractive ther-
apeutic strategies are being investigated: targeting M2 TAMs and re-
programming TAM to antitumor phenotype. It has been reported that
TAM-specific molecules, including mannose receptor CD206, stress
protein Legumain, and scavenger receptor A and CD52, could serve as
efficient targets for cancer treatment [58–60]. IRF/STAT signaling is a
central pathway in regulating M1-M2 polarization. Activation of IRF/
STAT1 by IFNs and TLR would skew macrophage function towards M1
phenotype, while activation of IRF/STAT6 signaling by IL-4 and IL-13
would polarize macrophages towards M2 phenotype [61]. Activation of
NF-ĸB is critical in polarization of TAM to antitumor phenotype via TLR
agonists, anti-CD40 mAbs, and IL-10 mAbs [62]. Pseudomonas aeru-
ginosa mannose-sensitive hemagglutinin could re-educate
CD163 + TAM to M1 phenotype in malignant pleural effusion [63].
Recently, it has been suggested that bioconjugated manganese dioxide
nanoparticles enhanced the responses of chemotherapy by inducing M2
TAMs towards M1 phenotype [64]. The use of β-glucan is also currently
under investigation for their antitumor properties by differentiating M2
macrophages into M1 [65].

Taken together, our data indicate that the proinflammatory signals
of M1 macrophage may be one of the driving forces in the development
and expansion of CSC at the early stage of tumorigenesis. Lin-28B-let-7-
HMGA2 axis plays a critical role in CSC formation. The functional
phenotypic transition of macrophages imposed by interplay with tumor
microenvironment dictates the fate of CSCs. Therefore, it is not safe to
determine M1 as absolutely “good” and cancer progression may need
both M1 and M2 signals [66,67]. M1 macrophages are now being re-
ported to be powerful in killing cancer cells and being tested in cancer
treatment, so it is of great importance to inhibit M1 signal-induced CSC
generation and repress M2 repolarization by targeting critical pathways
and molecules.
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