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ABSTRACT
Microenvironmental signals determine the differentiation types and distinct functions of macrophages.
Tumor-associated macrophages (TAM) constitute major infiltrates around solid tumor cells and accelerate
tumor progression due to their immunosuppressive functions. However, the mechanisms through which
tumor microenvironment modulates macrophages transition are not completely elucidated. Hyaluronan
(HA), a prominent component in tumor microenvironment, is a notable immunoregulator and its high
level is often related to poor prognosis. Herein, we found that the number of M2 macrophages was highly
correlated with HA expression in tumor tissues from breast cancer patients. Experimental data showed
that breast cancer-derived HA stimulated M2-like TAM formation in a mouse model and had multiple
effects on macrophages transformation in vitro, including upregulating CD204, CD206, IL-10 and TGF-b,
activating STAT3 signal, and suppressing killing capacity. These data indicate that HA derived from breast
cancer activates macrophages in an alternative manner. Further mechanism study revealed that HA-CD44-
ERK1/2-STAT3 pathway served as an important regulator in M2-like TAM formation. Therefore, targeting
TAM by abrogating HA–CD44 interaction may be a potential strategy for breast cancer immunotherapy.
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Introduction

Macrophages originate from monocytic precursors in the blood
and transform into specialized phenotypes depending on local con-
ditions in tissues. In response to various signals, macrophages may
undergo classical M1 activation (stimulated by bacterial products
or IFNg) or alternative M2 activation (stimulated by IL-4/IL-13).1

Important features of M1 macrophages include the expression of
pro-inflammatory cytokines, promotion of Th1 response, and
strong microbicidal and tumoricidal activity. In contrast, M2 mac-
rophages are characterized by high expression of scavenger and
mannose receptors, release of anti-inflammatorymolecules, modu-
lation of tissue remodeling, and downregulation of inflammation.2

Macrophages comprise the dominant portion of leukocyte popula-
tion within the tumor microenvironment, and tumor-associated
macrophages (TAM) have been identified as immunosuppressive
M2-like phenotype.2-5 M2-polarized TAM promote tumor growth
by stimulating angiogenesis, secreting growth factors, suppressing
immune responses, or facilitating invasion andmetastasis. In breast
carcinomas, TAM density correlates with poor prognosis, and
eliminating macrophages from the tumor site, either via genetic or
therapeutic means, leads to retarded tumor progression.4-6

As TAM have important clinical significances, it is necessary
to explore the precise mechanisms regarding TAM polariza-
tion. It is generally assumed that tumor microenvironment is a
critical determinant of the phenotype of local macrophages.

Recent studies have reported that M-CSF, heat shock protein
27 (Hsp27), TGF-b, sphingosine-1-phosphate (S1P) secreted
by breast cancer cells, and IL-4 released by tumor-infiltrating
lymphocytes may influence the TAM transition.7-10 As breast
tumor microenvironment contains both cellular and non-cellu-
lar (matrix) compositions, the currently reported molecules
cannot fully explain the role of breast tumor microenvironment
in the formation of TAM with M2 phenotype. Hyaluronan
(HA), a major component of extracellular matrix (ECM), is
one of the most abundant molecules within most malignant
tumor microenvironments. As an unbranched polymer com-
posed of repeating glucuronic acid and N-acetyl glucosamine
disaccharide units, HA is accumulated both in the pericellular
milieu surrounding tumor cells and in the tumor stroma.11

Clinical and experimental data indicate that HA abnormally
accumulates in breast cancer compared to normal breast epi-
thelium, and correlates to poor prognosis.12,13 Moreover, as an
important immunoregulator, HA has the ability to regulate
immunoactivities of macrophages, such as stimulating chemo-
kine production of macrophages in acute lung injury.14 All the
above findings suggest that HA derived from breast cancer cells
may serve as a crucial player in the formation of M2-like TAM
within breast tumor microenvironment. Besides HA, the major
HA receptor CD44 is also activated and highly expressed on
macrophages during tumor microenvironment remodeling.15
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Additional reports indicate that tumor cells can deactivate
monocytes via CD44.16,17 With supporting data from other lab-
oratories and ours showing that CD44 participates in cell dif-
ferentiation,18,19 it seems that HA–CD44 axis may act together
in TAM-polarizing formation.

In this study, we attempted to investigate the potential of
breast cancer-derived HA in the inducement of M2-like TAM.
We first analyzed the HA expression levels and the amount of
M2 macrophages accumulated in human breast cancer and
benign tissues. Then, we investigated the effects of HA derived
from breast cancer cells on macrophage phenotype transition
in vitro by using human peripheral blood monocytes and
human monocytic cell line THP-1 as studying models.20 Fur-
thermore, an in vivo experiment was conducted in a mouse
model to verify the role of breast cancer-derived HA. Finally,
we tried to reveal the underlying mechanisms by studying HA-
CD44-ERK1/2-STAT3 signal pathway. Our results showed that
breast cancer-derived HA-induced M2 polarization of macro-
phages through interacting with CD44 and activating ERK1/2-
STAT3 pathway.

Results

The amount of M2 macrophages is correlated with HA
expression in human breast malignant tissues

Previous reports have proved that HA accumulates in breast
cancer tissues and correlates to poor prognosis.12,13 To deter-
mine whether HA-enriched breast tumor microenvironment is
associated with the formation of TAM with M2 phenotype,
immunohistochemistry was applied to analyze the HA expres-
sion and the number of M2 macrophages on serial sections of
tissues derived from patients diagnosed with breast cancer or
benign diseases. CD204 and CD206 were used as specific
markers of M2 macrophages as previously described.21,22 As
shown in Fig. 1A, HA content was low in human breast benign
tissues where CD204C or CD206C macrophages were also
hardly detected. In contrast, intense HA staining was observed
in human breast cancer tissues and mainly distributed around
cancer cell islets. In accordance with HA deposition, consider-
able CD204C or CD206C macrophages were located within or
near the stroma surrounding cancer cell islets. Statistical analy-
sis showed that the levels of HA, CD204C macrophages, and
CD206C macrophages between benign and malignant tissues
were significantly different (Figs. 1B–D). In order to further
understand their clinical values, we examined the relationship
among HA expression level, M2-like TAM number, and clini-
copathologic characteristics. As shown in Table 1, the elevated
HA intensity and the increase of CD204C/CD206C macro-
phages were both related to tumor size, lymph node positivity,
and poor tumor differentiation. Moreover, the correlation anal-
ysis revealed that HA expression was positively correlated with
the amount of CD204C or CD206C macrophages in human
breast malignant tissues (Figs. 1E and F). Together, these
results suggest that the abnormal accumulation of HA in breast
tumor microenvironment contributes to M2 polarization in
macrophages.

Inducement of M2 macrophages by breast cancer cells
with different HA expression levels

To verify our hypothesis, two breast cancer cell lines with
either high or low HA expressing potential were selected.
The capacities of breast cancer cells to induce M2 macro-
phages formation were assessed by using human peripheral
blood monocytes and human monocytic cell line THP-1 as
studying models.20 First, as described before, we used PMA/
IL-4/IL-13 and IL-4/IL-13 as positive controls to induce
THP-1 cells and monocytes, respectively. As expected, THP-
1 cells differentiated to macrophages with significant expres-
sion of cell surface markers for M2 macrophages, including
CD14, CD204, and CD206 (Fig. 2A). Monocytes isolated
from peripheral blood of healthy donors also transited to
CD204- or CD206-positive macrophages (Fig. 2A). When
monocytes develop into TAM, the signal transducer and
activator of transcription 3 (STAT3) could be phosphory-
lated and associated with TAM bioactivities, such as secret-
ing cytokines that accelerate tumor malignancy.23 Our data
showed that STAT3 phosphorylation levels in THP-1 cells
and monocytes were remarkably increased when stimulated
with PMA/IL-4/IL-13 or IL-4/IL-13 (Fig. 2B). The above
results indicated that THP-1 cells and monocytes have the
ability to polarize to M2 macrophages after treatment with
corresponding cytokines. To investigate whether breast can-
cer-derived HA contributes to monocytes transformation as
well, human breast cancer cells BT-549 (HAhigh) and MCF-7
(HAlow) were applied for the inducement (Figs. S1A, C, D,
F). After co-cultured with BT-549 cells, THP-1 cells pre-
sented high expression of CD14/CD204/CD206 and
enhanced phosphorylation of STAT3. When exposed to BT-
549 supernatant containing high level of HA, peripheral
blood-derived monocytes also exhibited increased STAT3
phosphorylation and a markedly altered phenotype, with ele-
vated expression of CD204/CD206 and retained CD14 mole-
cules. In contrast, MCF-7 cells and MCF-7 supernatant
showed no significant effects on phenotype conversion of
THP-1 cells and monocytes. (Figs. 2A and B). As the immu-
nosuppressive macrophages, TAM suppress immunological
responses through secreting many anti-inflammatory cyto-
kines in which IL-10 and TGF-b are most important.24-26

Next, we determined whether breast cancer-derived HA
affects the bioactivities of macrophages by measuring the
secretion levels of IL-10 and TGF-b. The ELISA assay
showed that IL-4/IL-13 (positive control) and BT-549 super-
natant facilitated monocytes to release IL-10 and TGF-b,
whereas MCF-7 supernatant had no significant effect
(Figs. 2C and D). In addition, different from M1 macro-
phages, TAM lose the capacity to kill cancer cells. To con-
firm that the phenotype conversion induced by HAhigh

breast cancer cells could influence the following effects of
macrophages on cancer cells, a cytotoxicity assay was per-
formed. The data indicated that monocytes pre-exposed to
BT-549 supernatant showed considerably decreased capacity
to induce the apoptosis of cancer cells when compared with
control monocytes (Fig. 2E), suggesting that macrophages
lose the killing potential in the presence of high level of HA.
Collectively, these results demonstrate that breast cancer cells
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with high HA expression educate monocytes to converse to
macrophages with M2-like phenotypes and functions.

4-MU inhibits the formation of M2 macrophages by
suppressing HA synthesis

To identify whether HA is the pivotal mediator in TAM
polarization, 4-Methylumbelliferone (4-MU), the HA synthe-
sis inhibitor, was administrated to suppress HA biosynthesis
in BT-549 cells. The concentration of 4-MU was set at
500 mmol/L that had no cytotoxic effect on BT-549 cells
(Fig. S1B). After treatment with 4-MU, HA production was
reduced by nearly 65% (Fig. S1C). As a result, the transfor-
mation of THP-1 cells and monocytes was inhibited (Fig. 3).

In particular, the capacity of 4-MU treated BT-549 cells to
induce CD14/CD204/CD206 expression and STAT3 signal
activation in THP-1 cells was significantly lower than that of
BT-549 cells without 4-MU addition (Figs. 3A and B). Simi-
larly, the levels of CD204/CD206 expression and STAT3
phosphorylation were dramatically decreased in monocytes
incubated with supernatant of 4-MU treated BT-549 cells
(Figs. 3A and B). Furthermore, when exposed to supernatant
of BT-549 cells treated with 4-MU, the levels of IL-10 and
TGF-b secreted by monocytes were also decreased, whereas
the cytotoxicity of monocytes was increased significantly
(Figs. 3C–E). The data suggest that HA derived from breast
cancer cells is responsible for the formation of M2
macrophages.

Figure 1. The amount of M2 macrophages is correlated with HA expression in human breast malignant tissues. (A) Immunohistochemical analysis showing HE staining,
HA content, CD204C macrophages, and CD206C macrophages in human breast benign and malignant tissues. Shown are representative images from 40 patients with
breast benign diseases and 42 breast cancer patients. (B–D) Scatter plots showing levels of HA (B), CD204C macrophages (C), and CD206C macrophages (D) in tissue sam-
ples of patients with breast cancer (n D 42) and benign diseases (n D 40). ���p < 0.001 by Student’s t-test. (E, F) Scatter plots showing the positive correlation between
HA expression and the number of CD204C/CD206Cmacrophages in tissue samples of breast cancer patients (n D 42). Pearsons’ coefficient tests were performed to assess
statistical significance.
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Over-expression of HA promotes M2 macrophages
formation in vitro and in vivo

As shown in Fig. 2, MCF-7 cells had no significant effect on M2
macrophages formation due to the low expression of HA. To
further confirm the role of HA derived from breast cancer cells
in phenotype conversion of macrophages, we transfected MCF-
7 cells with HA synthase 2 (HAS2) and established a stable
MCF-7 cell line over-expressing HA, named MCF-7HAS2

(Figs. S1D–F). Compared with parental and mock-transfected
cells, MCF-7HAS2 cells and supernatant significantly increased
the levels of CD204/CD206 expression and STAT3 phosphory-
lation in THP-1 cells and monocytes, respectively (Figs. 4A and
B). In addition, when stimulated with MCF-7HAS2 supernatant,
the levels of IL-10 and TGF-b secreted by monocytes were
enhanced as well (Figs. 4C andD). To further verify the potential
of HA, 4-MU was added to suppress HA synthesis in MCF-
7HAS2 cells. As expected, the phenotype transformation of
monocytes induced by MCF-7HAS2 cells was inhibited (Fig. S2).
These results prove that HA derived from breast cancer cells
drives the transformation of monocytes to M2 macrophages. To
define the contribution of HA in TAM polarization in vivo,
MCF-7mock and MCF-7HAS2 cells were implanted into the mam-
mary fat pads of NOD/SCID mice, and the tumors were isolated
for immunohistochemistry assay. The histological evaluation
showed that the HA expression level and the number of
CD204C/CD206C macrophages were significantly higher in
tumors formed by MCF-7HAS2 cells than that in tumors induced
by MCF-7mock cells (Fig. 5), further clarifying the critical role of
breast cancer-derived HA inM2-like TAM formation.

Involvement of HA-CD44 interaction in the formation of
M2 macrophages

CD44 is the major cell surface receptor for HA. To determine
whether breast cancer-derived HA induces M2-like TAM for-
mation through binding to CD44, the blockage experiment
was conducted. Pretreatment of THP-1 cells with anti-CD44
mAb (IM7) 27 effectively inhibited the expression of CD14/
CD204/CD206 and the phosphorylation of STAT3 mediated
by BT-549 cells (Figs. 6A and B). Similarly, blocking of CD44
suppressed CD204/CD206 expression and STAT3 phosphory-
lation in monocytes stimulated by BT-549 supernatant
(Figs. 6A and B). In addition, the elevated secretion of IL-10/
TGF-b and the decreased cytotoxicity of monocytes induced
by BT-549 supernatant were inhibited by adding the anti-
CD44 mAb (Figs. 6C–E). The isotype IgG had no effects in all
corresponding experiments. The results indicate that cell
membrane CD44 is responsible for the HA-induced M2 polar-
ization of macrophages.

ERK1/2-STAT3 pathway is involved in macrophages
transformation

To further understand the intracellular mechanism after the
binding of HA to CD44 on macrophages, we next studied one
of the important cellular signal pathways, ERK1/2, which has
been regarded as a crucial regulator of cell differentiation and
reported to interact with CD44 directly.28,29 The western blot
analysis showed that ERK1/2 phosphorylation in THP-1 cells
and monocytes were considerably elevated after exposed to BT-

Table 1. Clinicopathologic characteristics of study population in relation to HA expression, CD204C macrophages, and CD206C macrophages.

HA expression (IOD) CD204C macrophages CD206C macrophages

Clinicopathologic parameter n Median 95% CI p Median 95% CI p Median 95% CI p

Age
<50 y 12 43,940 27,864–5,9465 0.509 25.25 19.12–39.17 0.421 22.96 17.06–35.42 0.756
�50 y 30 38,632 30,875–46,433 24.75 20.07–30.34 23.38 20.13–29.54

Tumor size
<2 cm 16 31,935 17,677–43,358 0.024� 14.25 12.88–28.81 0.032� 15.40 13.21–26.89 0.043�

�2 cm 26 42,023 38,495–53,369 25.50 25.31–35.92 23.88 23.38–32.55
Histologic type

Invasive duct 26 39,993 34,271–50,564 0.385 26.88 24.25–34.61 0.150 26.21 23.13–33.34 0.056
Others 16 38,126 23,199–49,394 16.75 14.17–31.44 17.38 13.75–26.98

Histologic grade
1 8 26,909 9,125–39,615 0.025� 11.25 4.900–23.29 0.007� 13.67 5.349–25.37 0.024�

2 17 37,905 27,617–48,935 25.25 19.80–33.09 22.84 18.59–30.67
3 17 42,718 40,138–61,194 35.00 26.32–40.66 29.38 24.29–37.61

Lymphnode metastasis
Yes 12 45,817 39,807–62,023 0.043� 34.67 27.58–38.59 0.030� 32.00 25.02–38.09 0.045�

No 30 37,905 27,628–44,221 22.18 18.74–30.31 19.96 17.76–27.65
ER

Negative 17 42,718 33,053–58,388 0.172 25.00 20.57–34.77 0.782 23.75 19.43–31.00 0.994
Positive 25 35,909 28,277–44,267 25.00 20.19–32.59 20.00 19.35–31.14

PR
Negative 24 40,706 33,545–52,815 0.295 24.38 21.14–32.96 0.945 23.21 19.99–30.48 0.999
Positive 18 38,541 25,803–46,117 25.46 19.13–34.33 23.25 18.23–32.24

HER2
Negative 19 40,625 26,904–49,870 0.653 25.00 17.81–32.30 0.455 22.67 16.91–30.51 0.485
Positive 23 37,180 32,605–50,373 25.00 22.40–34.47 23.25 21.34–31.77

Ki67
<20% 20 38,557 30,177–50,482 0.918 24.34 19.07–33.28 0.737 22.84 18.58–31.01 0.838
�20% 22 39,993 29,681–49,593 25.13 21.39–33.75 23.50 19.86–31.41

�Indicated statistical significance (p < 0.05)
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549 cells and the supernatant, respectively (Fig. 7A). Also, the
increasement was inhibited by 4-MU-induced suppression of
HA synthesis (Fig. 7A), suggesting that HA derived from breast

cancer cells activated ERK1/2 signal during the conversion of
monocytes. To further identify the role of ERK1/2 signal, a
MAPK kinase inhibitor, U0126, was administrated. The results

Figure 2. Inducement of M2-like macrophages by breast cancer cell lines with different HA expression levels. (A) Flow cytometry analysis showing expression levels of
CD14, CD204, and CD206 in THP-1 cells and monocytes. (B) Western blot analysis of STAT3 phosphorylation levels of THP-1 cells and monocytes. (C, D) Levels of IL-10 and
TGF-b secreted by monocytes were measured by ELISA assay. (E) Apoptosis of BT-549 cells induced by monocytes. (a) BT-549 cells cultured in normal condition; (b) BT-
549 cells co-cultured with monocytes which were cultured in normal medium for 72 h; (c) BT-549 cells co-cultured with monocytes which were pretreated with 50% BT-
549 supernatant for 72 h. The ratio of apoptotic BT-549 cells was determined by manually counting white condensed pyknotic nuclei (white arrows point to the represen-
tative apoptotic nuclei of BT-549 cells, and red arrows point to the nuclei of monocytes). At least five fields were counted for each experimental group. Data represented
are shown as mean § s.d. from three independent experiments. �p < 0.05, ��p < 0.01, ���p < 0.001 (� VS Control); #p < 0.05, ##p < 0.01, ###p < 0.001 (# VS BT-549 or
BT-549S).

Figure 3. 4-MU inhibits the formation of M2 macrophages by suppressing HA synthesis. (A) Flow cytometry analysis showing expression levels of CD14, CD204, and
CD206 in THP-1 cells and monocytes. (B) Western blot analysis of STAT3 phosphorylation levels of THP-1 cells and monocytes. (C, D) Levels of IL-10 and TGF-b secreted by
monocytes were measured by ELISA assay. (E) Apoptosis of BT-549 cells induced by monocytes. (a) BT-549 cells co-cultured with monocytes which were treated with 50%
BT-549 supernatant for 72 h. (b) BT-549 cells co-cultured with monocytes which were cultured in 50% supernatant of 4-MU treated BT-549 cells for 72 h. All data repre-
sented are shown as mean § s.d. from three independent experiments. �p < 0.05, ��p< 0.01, ���p < 0.001 (� VS BT-549 or BT-549S).
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showed that ERK1/2 phosphorylation induced by BT-549 cells
and supernatant was significantly decreased in the presence of
U0126 (Fig. 7A). Meanwhile, U0126 also inhibited the transfor-
mation of THP-1 cells and monocytes (Figs. 7B–E), indicating
that ERK1/2 signal activated by HA derived from breast cancer
cells participated in monocytes transformation. As described
previously, the phosphorylation level of STAT3 was elevated by
HA derived from breast cancer cells (Fig. 3B), suggesting that
STAT3 signal is involved in TAM formation. To prove this, a
STAT3 inhibitor, S3I-201,30,31 was administrated to human
peripheral blood monocytes. The results demonstrated that
STAT3 phosphorylation and phenotype conversion of mono-
cytes induced by BT-549 supernatant were simultaneously sup-
pressed by S3I-201 (Figs. 7F–I), confirming the important role
of STAT3 in monocytes transformation. Given that STAT3
phosphorylation of monocytes was also inhibited by U0126
(Fig. 7C), we proposed that ERK1/2-STAT3 pathway was criti-
cal during TAM formation. In addition, blocking of CD44 on
THP-1 cells or monocytes suppressed ERK1/2 and STAT3
phosphorylation mediated by BT-549 cells or supernatant
(Figs. 6B and 7A), suggesting that breast cancer cell-derived
HA activated ERK1/2-STAT3 signal pathway through interact-
ing with CD44. These results, together with the data shown in
Fig. 6, demonstrate that CD44-ERK1/2-STAT3 pathway is the
main effecter in M2-like TAM formation induced by breast
cancer-derived HA.

Discussion

TAM accumulated in breast tumor are polarized M2 cells that
suppress antitumor immunity and promote cancer progres-
sion.3,4 Although a few tumor microenvironment-derived cyto-
kines have been demonstrated to regulate the plasticity of TAM
phenotypes and functions,7-10 the current reports cannot fully

explain how M2-like TAM form. ECM is extensively remodeled
in tumor microenvironment and its active products have been
reported to regulate immunoresponses.32 HA, the most abun-
dant component of ECM, acts as both a pro- and anti-inflam-
matory molecule in vivo. For example, HA is identified to
induce potent pro-inflammatory responses in macrophages
during lung injury and repair.14 As HA is abnormally increased
in breast cancer and related to poor prognosis, it is reasonable
to assume that HA may contribute to TAM polarization
through mediating anti-inflammatory responses in macro-
phages within breast tumor microenvironment.

In this study, we found that HA was highly expressed in
breast cancer tissues of patients, which is consistent with previ-
ous reports.12 Meanwhile, the amount of M2-like TAM
(CD204 or CD206 positive) were also increased and mainly dis-
tributed at the sites of HA deposition. Notably, the statistical
analysis indicated that HA expression was positively correlated
with the number of M2-like TAM. This is supported by a recent
pathological study that displayed a fascinating link between HA
accumulation and high numbers of macrophages, especially
M2-like (CD163 positive).33 Moreover, in accordance with
prior studies, our clinical analysis demonstrated that both HA
and M2-like TAM were related to the malignancy of breast can-
cer, such as tumor size, histologic grade, and lymph node
metastasis. Based on these, we believe that HA and TAM may
accelerate breast cancer development together through interact-
ing with each other that is not completely elucidated. It has
been shown that HA has the capacity to recruit macrophages
into breast tumor stroma,34 whereas our results indicated that
macrophages surrounded by HA in breast cancer showed M2
polarized feature. These findings prompt us to ask how macro-
phages recruited by HA converse to M2-like TAM in breast
tumor microenvironment. In order to understand this transfor-
mation process, we explored the potential of HA in TAM

Figure 4. Over-expression of HA promotes M2 macrophages formation. (A) Flow cytometry analysis showing expression levels of CD14, CD204, and CD206 in THP-1 cells
and monocytes. (B) Western blot analysis of STAT3 phosphorylation levels of THP-1 cells and monocytes. (C, D) Levels of IL-10 and TGF-b secreted by monocytes were
measured by ELISA assay. Graphs represent the mean § s.d. from three independent experiments. �p < 0.05, ��p < 0.01, ���p < 0.001 (� VS MCF-7mock or MCF-7mock S).
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polarization. We first investigated whether HA derived from
breast cancer cells affects phenotype transition of macrophages.
Specific markers for M2 macrophages were analyzed to evaluate
macrophage phenotypes, including CD204, CD206, STAT3, IL-
10, and TGF-b.21-24,35 Our data showed that breast cancer cells
BT-549 (HA high expressing), but not MCF-7 (HA low
expressing), significantly induced monocytes developing into
macrophages with M2 phenotype, suggesting that HA is
involved in this process. As breast cancer cells secrete numer-
ous molecules, the above result cannot exclude the role of other
factors that may contribute to macrophages activation. To
determine whether this cell type transition is primarily initiated
by HA, 4-MU, the well-known HA synthesis inhibitor, was
administrated to suppress HA biosynthesis in BT-549 cells.
Given that 4-MU at high concentration may have cytotoxic
effect on cells,36 we priorly evaluated its cytotoxity and took a
concentration that extremely inhibited HA synthesis without
affecting BT-549 cells proliferation. We found that 4-MU
repressed M2 macrophages formation mediated by BT-549
cells, suggesting that breast cancer-derived HA promotes
monocytes transforming to M2-like TAM. The result was also

supported by other findings that HA derived from cervical,
hepatoma, glioma, and lung carcinoma cells could induce for-
mation of immunosuppressive macrophages in vitro.24 How-
ever, a few recent studies point out that 4-MU may influence
the synthesis of other glycosaminoglycans, such as chondroitin
sulfate, heparin sulfate, and decorin.37,38 To exclude their possi-
ble effects on monocytes differentiation, we over-expressed HA
in MCF-7 cells to investigate its role in macrophages activation
for a further confirmation. Three isoforms of HA synthase
(HAS) have been identified in humans, in which HAS2 is
essential for initiation and progression of breast cancer and its
products are documented to have immuneregulating func-
tions.24,39 More importantly, it is reported that 4-MU-induced
inhibition of HA in mammary tumor cells is mainly attributed
to HAS2 repression.40 Therefore, we transfected MCF-7 cells
with HAS2 and found that MCF-7HAS2 cells markedly induced
macrophages phenotype transformation due to elevated HA
expression. Moreover, as expected, the MCF-7HAS2 cells-medi-
ated macrophages activation was blocked by 4-MU as well,
demonstrating that HA synthesized by HAS2 is responsible for
M2-like TAM formation. These findings, together with our

Figure 5. HA over-expressed breast cancer cells induce M2 macrophages formation in vivo. (A) Immunohistochemical analysis showing HE staining, HA expression,
CD204C macrophages, and CD206C macrophages in tissue samples of mouse breast tumors formed by MCF-7mock cells or MCF-7HAS2 cells. (B–D) Box plots showing levels
of HA, CD204C macrophages, and CD206C macrophages in tissue samples of tumors formed by MCF-7mock cells (n D 3) and MCF-7HAS2 cells (n D 3). Data represented are
shown as mean § s.d..�p < 0.05, ��p < 0.01.
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clinical data, strongly suggest that HA derived from breast can-
cer induces TAM polarization, which in turn may accelerate
breast cancer progression.

It is well accepted that the crosstalk between macrophages
and tumor cells is a fundamental step in driving breast cancer
malignancy. When TAM transit to M2 phenotype, they become
facilitative to cancer progression. However, apart from pheno-
type alterations induced by different factors, the following effects
of changed macrophages on cancer cells were not usually
observed in previous relevant studies, including the cytotoxicity
of macrophages.24,41 In this study, we not only confirmed the
potential of HA in affecting phenotype conversion of macro-
phages, but also determined the influence of HA on macro-
phages killing capacity. When pre-treated with BT-549
supernatant containing high amount of HA, the killing potential
of macrophages was effectively inhibited, which could be abro-
gated by suppressing HA synthesis. As losing the ability to kill
cancer cells is one of the prominent characteristics of TAM, our
data further imply that HA contributes to the formation of
immunosuppressive TAM, partially explaining why breast can-
cer with abundant HA could escape from immunotoxicity and
progress rapidly.12,33 As in vitro experiments cannot completely
mimic the in vivo environment, to further confirm our results,
an animal model was conducted by implanting MCF-7mock cells

(low HA expressing) and MCF-7HAS2 cells (high HA expressing)
into the mammary fat pads of NOD/SCID mice. In contrast to
breast tumors formed by MCF-7mock cells, the MCF-7HAS2 cells-
induced tumors significantly harbored more M2-like TAM.
These data are consistent with our clinical results obtained from
breast cancer patients, further verifying the critical role of HA in
TAM polarization.

Given that HA is the key factor that mediates TAM forma-
tion within breast tumor microenvironment, it is necessary to
uncover the following mechanisms in terms of finding a target
for breast cancer immunotherapy. As proved before, CD44 is
the major cell surface receptor for HA and HA–CD44 axis
appears to be increasingly significant in regulating immunolog-
ical responses, such as mature B cells activation, T cells recruit-
ment, and monocytes deactivation.42 We found that
antagonizing the HA–CD44 interaction between breast cancer
cells and monocytes significantly inhibited phenotype transfor-
mation, suggesting that the induction of TAM by HA is trig-
gered through binding to CD44. However, besides CD44, other
receptors on monocytes can also bind HA. Carlos et al. have
reported that CD44 and TLR4 were both engaged in the deacti-
vation of monocytes mediated by HA.17 Our study cannot
exclude other HA receptors in M2 macrophages conversion,
which needs a further investigation. Still more, anti-CD44 mAb

Figure 6. Involvement of HA–CD44 interaction in the formation of M2 macrophages. (A) Flow cytometry analysis showing expression levels of CD14, CD204, and CD206 in
THP-1 cells and monocytes. (B) Western blot analysis of STAT3 phosphorylation levels of THP-1 cells and monocytes. (C, D) Levels of IL-10 and TGF-b secreted by mono-
cytes were measured by ELISA assay. Graphs represent the mean § s.d. from three independent experiments. (E) Apoptosis of BT-549 cells induced by monocytes. (a) BT-
549 cells co-cultured with monocytes which were pretreated with non-immune IgG (10 mg/mL) and cultured in 50% BT-549 supernatant for 72 h. (b) BT-549 cells co-cul-
tured with monocytes which were pretreated with anti-CD44 mAb (10 mg/mL) and cultured in 50% BT-549 supernatant for 72 h. The data represented are shown as
mean § s.d. from three independent experiments. �p <0.05 (� VS BT-549CIgG or BT-549SCIgG).
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or 4-MU cannot completely block the effect of HA on M2 mac-
rophages formation in our experiments, suggesting that addi-
tional factors derived from breast cancer cells may participate
in the process. Nevertheless, the in vivo experiment in mouse
model and in vitro study, together with the clinical results, still
strongly suggest that HA is closely related to M2-like TAM for-
mation within breast tumor microenvironment.

The molecular cues responsible for the change in macro-
phage phenotypes are mostly unclear. Currently, Simona et al.
have reported that c-Jun phosphorylation contributes to the
acquisition of a protumorigenic macrophage phenotype in
hepatocellular carcinoma,43 implying the importance of signal-
ing pathways in TAM polarization. It is well documented that
ERK1/2 signal cascade is closely connected to HA receptor
CD44 and has been proved to participate in the regulation of
myeloid differentiation and activation.44,45 Our data showed
that ERK1/2 signal activated by HA–CD44 interaction induced
the phenotype transformation of macrophages, implying a
novel role of ERK1/2 pathway in macrophages function. It is
well known that STAT3 signaling in macrophages is involved
in the regulation of immune responses,46,47 and STAT3

activation is essential for macrophage differentiation toward
the M2 phenotype.23 In accordance with this, we demonstrated
that STAT3 signal was important for monocytes conversion
induced by HA derived from breast cancer. Moreover, STAT3
activation was inhibited by suppressing ERK1/2 signal during
phenotype transition of macrophages. Our data, together with
previous studies indicating that STAT3 may serve as the down-
stream signal of ERK1/2,48,49 suggest that ERK1/2-STAT3 path-
way is the molecular cue responsible for HA-mediated TAM
formation. Based on these results, we conclude that macro-
phages within breast tumor microenvironment transform to
M2 cells through HA-CD44-ERK1/2-STAT3 pathway that may
be valuable as a target in suppressing TAM formation.

In summary, we demonstrate that HA accumulated in breast
tumor microenvironment educates recruited monocytes to
transform into immunosuppressive TAM through interacting
with CD44 and activating the downstream ERK1/2-STAT3 sig-
nal pathway. Our study provides a new insight into the mecha-
nisms underlying the formation of M2-like TAM during cancer
progress, which would be helpful to breast cancer
immunotherapy.

Figure 7. ERK1/2-STAT3 pathway is involved in M2 macrophages formation. (A) Western blot analysis of ERK1/2 phosphorylation levels of THP-1 cells and monocytes.
(B, G) Flow cytometry analysis showing expression levels of CD14, CD204, and CD206 in THP-1 cells and monocytes. (C, F) Western blot analysis of STAT3 phosphorylation
levels of THP-1 cells and monocytes. (D, E, H, I) Levels of IL-10 and TGF-b secreted by monocytes were measured by ELISA assay. The data represented are shown as
mean § s.d. collected from three independent experiments. Student’s t-tests were performed to assess statistical significance.�p < 0.05, ��p < 0.01, ���p < 0.001 (� VS
BT-549 or BT-549S).
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Materials and methods

Patients and specimens

This study was approved by the ethical committee of Shang-
hai Jiao Tong University Affiliated Sixth People’s Hospital,
and informed consent was obtained in accordance with the
Declaration of Helsinki of the World Medical Association.
Patients diagnosed with breast cancer (n D 42) or benign
breast diseases (n D 40) were enrolled into our study. None
of the patients had received chemotherapy or radiotherapy
before surgery. Details concerning clinical and pathologic
parameters are provided in Table 1. Serial slides for immu-
nohistochemistry were obtained from formalin-fixed and
paraffin-embedded sections of surgical tumor specimens
according to a standard clinical protocol.

Cell lines and preparation of tumor culture supernatants

THP-1, BT-549, and MCF-7 cells were obtained from the
American Type Culture Collection (ATCC). All cells were cul-
tured in RPMI1640 supplemented with 10% fetal bovine serum,
100 units/mL penicillin, and 100 mg/mL streptomycin. BT-549
and MCF-7 cells were plated at 6 £ 105 cells in 5 mL complete
medium in 60 mm dishes for 24 h, and thereafter changing the
medium to new RPMI1640 supplemented with or without
500 mmol/L 4-MU (4-MU, Sigma, St. Louis, USA), the HA syn-
thesis inhibitor. After three days, the supernatants were har-
vested, centrifuged, and stored at ¡80�C.

Immunohistochemistry

Immunohistochemical stainings for HA, CD204, and CD206
were carried out on 5 mm formalin-fixed and paraffin-embed-
ded sections. The serial slides were dewaxed with xylene, and
dehydrated through a series of alcohol solutions. After wash-
ing in distilled water, the sections were pretreated with
citrate buffer for 20 min by a microwave antigen-retrieval pro-
cedure. The peroxidase blocking reagent was used to block
endogenous peroxidase activity. After washing the slides three
times in PBS, non-specific binding was blocked by pre-incu-
bating with 5% bovine serum albumin (BSA) in PBS at room
temperature for 1 h. For HA staining, a 1:50 dilution of bioti-
nylated HABP (Merck, Darmstadt, Germany) in 1% BSA-PBS
was added, and the slides were incubated at 4�C overnight.
Next, slides were washed with PBS and incubated with Strep-
tavidin-ABC at room temperature for 30 min. For CD204/
CD206 detection, slides were incubated overnight at 4�C with
rabbit anti-human CD204 or CD206 polyclonal antibodies
(1:100, Molecular Probes, Eugene, OR, USA). Next, slides
were washed with PBS and incubated with biotinylated anti-
rabbit antibody (Boster, Wuhan, China) for 30 min at room
temperature, followed by incubation with Streptavidin-ABC.
Slides were washed and then developed with DAB Substrate
Kit and counterstained with hematoxylin. The intensity of HA
staining was quantitatively analyzed using Image Pro-Plus 6.0
software (Media Cybernetics, MD, USA). For quantification of
CD204- or CD206-positive cells, five randomly selected fields
(400 magnifications) were counted and averaged to represent

the numbers of positive cells in the section. Each section was
evaluated by two independent investigators who were blind to
the patients’ clinicopathological data.

Generation of stably transfected cell lines

The HAS2 expression plasmid was generated by cloning the
genomic HAS2 gene into retroviral transfer plasmid pCMVIE-
IRES-puro to generate plasmid pCMVIE-IRES-HAS2. Briefly,
standard PCR was performed to reproduce the HAS2 open
reading frame (ORF, Hanbio, Shanghai, China), and the pri-
mers used in the reaction included sites for two different
restriction enzymes (EcoRI and BamHI, Fermentas, Vilnius,
Lithuania). The ORF was inserted into the vector using a stan-
dard ligation reaction with T4 DNA Ligase (Fermentas).
Amplification of the cloned vector was done via bacterial trans-
formation (Escherichia coli DH5a, Invitrogen, Carlsbad, CA,
USA). The integrity of the HAS2 ORF was confirmed by PCR
and sequencing. Then, pCMVIE-IRES-HAS2 was cotransfected
with pSPAX2 and pMD2Gd in 293T cells. Thirty-six hours
after the cotransfection, supernatants were collected and incu-
bated with MCF-7 cells for 24 h in the presence of polybrene
(2.5 mg/mL, Santa Cruz, Dallas, USA). After infection, puromy-
cin (1.5 mg/mL, Sigma) was used to select stably transduced
cells over a 15-d period. The MCF-7 cells over-expressing
HAS2 were named as MCF-7HAS2 cells, whereas the MCF-7
cells infected with the control virus were named as MCF-7mock

cells. The expression levels of HAS2 and HA in MCF-7HAS2

and MCF-7mock cells were determined by western blot and
radioimmunoassay, respectively.

Isolation of monocytes and inducement of M2
macrophages formation

Peripheral blood mononuclear cells (PBMC) were isolated from
buffy coats derived from the blood of healthy donors by Ficoll
density gradient. Cells were initially cultured for 2 h at a density
of 1 £ 106 cells/mL in RPMI1640 supplemented with antibiot-
ics. Then, the supernatant was removed and adherent cells
were cultured in the same medium additionally supplemented
with 10% fetal bovine serum for 16 h to remove residual lym-
phocytes. For inducing the phenotype conversion of macro-
phages, THP-1 cells were treated with PMA for 6 h and then
cultured with PMA plus 20 ng/mL IL-4/IL-13 (eBioscience, San
diego, USA) for additional 18 h, or co-cultured with different
breast cancer cells for 72 h. Briefly, breast cancer cells plated at
6 £ 105 cells in 25 cm2 culture flasks were cultured for 24 h,
and the culture medium was discarded. The 6 £ 105 suspended
THP-1 cells in 5 mL RPMI1640 medium were added into the
flasks and co-cultured with breast cancer cells for 72 h. Then,
THP-1 cells were isolated and prepared for flow cytometry or
western blot. For monocytes derived from peripheral blood of
healthy donors, 1 £ 106 cells were seeded in 25 cm2 culture
flasks and stimulated with IL-4/IL-13 (20 ng/mL) or 50%
supernatants from different breast cancer cells for 72 h. Then,
monocytes were lysated for immunobloting analysis or
detached by 5 mmol/L EDTA for flow cytometry and cytotoxic-
ity assay. In some experiments, THP-1 cells and monocytes
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were pretreated with anti-CD44 mAb, IgG (10 mg/mL, eBio-
science), U0126 (10 ng/mL, Cell signaling, Beverly, USA), or
S3I-201 (100 mmol/L, Santa Cruz) for 18 h.

Flow cytometric analysis

Cultured cells were harvested and washed with washing buffer
(PBS supplemented with 2% BSA, pH 7.4). Cells (1 £ 106 cells
per sample) were incubated with monoclonal mouse anti-
human antibodies CD14-APC (eBioscience), CD204-PE (R&D,
Minneapolis, MN, USA), CD206-PE (Biolegend, San diego,
CA, USA), and the relevant isotypes for 30 min at room tem-
perature. Following incubation samples were washed three
times and resuspended in PBS. 1 £ 104 cells were analyzed per
sample on a flow cytometer (Beckman-Coulter, Brea, CA,
USA). Gates were determined with the use of appropriate iso-
type controls. Results were given as the positive percentage
minus background from isotype controls.

Western blotting

Cells were harvested and homogenized in ice-cold RIPA lysis
buffer. Total cell lysates were collected, and equal quantities of
protein were separated by SDS-PAGE and blotted onto PVDF
membranes. The PVDF membranes were blocked with Tris-
buffered saline (TBS) containing 5% skimmed milk powder for
1 h at room temperature and incubated with anti-phospho-
STAT3 (Cell Signaling, 1:1,000), anti- phospho-ERK1/2 (Cell
Signaling, 1:1,000) or anti-GAPDH mAb (1:1,000, Abcam,
Cambridge, MA, USA) overnight at 4�C. Then the membranes
were washed with 1 £ TBS/Tween20 buffer for three times and
incubated with HRP-conjugated polyclonal secondary antibod-
ies for 1 h at room temperature. The membranes were devel-
oped with the enhanced plus chemiluminescence assay
(Millipore, Temecula, CA, USA). Then the membranes for
phospho-STAT3 and phospho-ERK1/2 were washed by strip-
ping buffer and blocked for 1 h. After incubated with anti-
STAT3 (Cell Signaling, 1:1,000) and anti-ERK1/2 mAb (Cell
Signaling, 1:1,000) overnight at 4�C, the membranes were incu-
bated with secondary antibodies and developed with the
enhanced plus chemiluminescence assay.

ELISA assay

The IL-10 and TGF-b levels in the conditioned media of mono-
cytes were measured using an enzyme-liked immunosorbent
assay (ELISA) kit (eBioscience) according to the manufacturer’s
instructions. Briefly, a 96-well microplate was precoated with
anti-human IL-10 or TGF-b antibody. First, 100 mL of each
standard or sample was added to the appropriate wells and
incubated for 2.5 h at 24�C with gentle shaking. After discard-
ing the solution and washing four times, 100 mL of prepared
biotinylated anti-human IL-10 or TGF-b antibody was added
to each well and incubated for 1 h. After washing away
unbound biotinylated antibody, 100 mL of horseradish peroxi-
dase (HRP)-conjugated streptavidin was added to the wells and
incubated for 45 min, and 100 mL of 3,30,5,50-Tetramethylben-
zidine (TMB) one-step substrate reagent was added after five

washes. Subsequently, 50 mL of stop solution was added to
each well, and the plate was immediately read at 450 nm. The
endogenous IL-10 and TGF-b production of respective super-
natants were simultaneously assayed and minused.

Cytotoxicity assay

Human peripheral blood monocytes (5 £ 104/well) were cul-
tured in normal medium or exposed to BT-549 supernatant for
72 h. Next, monocytes were co-cultured with BT-549 cells
which were seeded in 24-well plates (2 £ 104/well) for 24 h.
After that, cells were washed briefly with PBS, fixed in 4% para-
formaldehyde for 10 min, then permeabilized using Triton X-
100 (0.1% v/v in PBS) for 10 min at room temperature. The
cells were stained with Hoechst 33342 (Beyotime, Shanghai,
China) overnight at 4�C and visualized under an inverted fluo-
rescence microscopy (Olympus, Tokyo, Japan).

Animal experiments

Female NOD/SCID mice were obtained from Shanghai SLAC
Laboratory Animal Co. Ltd. All protocols involving mice were
evaluated and approved by our Institutional Animal Care and
Use Committee and performed under veterinary supervision.
MCF-7mock or MCF-7HAS2 cells (1£107) in a suspension of
50% Matrigel (CorningCostar, Cambridge, USA) were injected
into the mammary fat pads of 8-week-old mice. Drinking water
of mice was supplemented with 0.67 mg/mL 17 b-estradiol
(Sigma) from one week in advance of inoculation until sacri-
ficed.50 Fresh estradiol-supplemented water was provided twice
a week. After 30 d, the animals were sacrificed. Tumor samples
were isolated, fixed by formalin, and embedded by paraffin for
immunohistochemistry.

Statistical analysis

All statistical analyses were carried out using SPSS 16.0 statisti-
cal software (SPSS, San Diego, USA). Pearsons’ correlation was
used to test association between continuous variables. Statistical
analysis between groups displaying normal distributions was
performed by Student’s t test for two groups or using one-way
ANOVA for multiple groups. When the normality test failed,
the analysis was performed using non-parametric tests, such as
the Mann–Whitney rank sum test. In all cases, p < 0.05 was
considered statistically significant.
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