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The protumor roles of alternatively activated (M2) tumor-associated
macrophages (TAMs) have been well established, and macrophage
reprogramming is an important therapeutic goal. However, the
mechanisms of TAM polarization remain incompletely under-
stood, and effective strategies for macrophage targeting are
lacking. Here, we show that miR-182 in macrophages mediates
tumor-induced M2 polarization and can be targeted for therapeu-
tic macrophage reprogramming. Constitutive miR-182 knockout
in host mice and conditional knockout in macrophages impair
M2-like TAMs and breast tumor development. Targeted depletion
of macrophages in mice blocks the effect of miR-182 deficiency in
tumor progression while reconstitution of miR-182-expressing
macrophages promotes tumor growth. Mechanistically, cancer
cells induce miR-182 expression in macrophages by TGFβ signal-
ing, and miR-182 directly suppresses TLR4, leading to NFκb in-
activation and M2 polarization of TAMs. Importantly, therapeutic
delivery of antagomiR-182 with cationized mannan-modified
extracellular vesicles effectively targets macrophages, leading to
miR-182 inhibition, macrophage reprogramming, and tumor sup-
pression in multiple breast cancer models of mice. Overall, our
findings reveal a crucial TGFβ/miR-182/TLR4 axis for TAM polariza-
tion and provide rationale for RNA-based therapeutics of TAM
targeting in cancer.

miR-182 j tumor-associated macrophage j breast cancer j RNAi
therapeutics j extracellular vesicle

I t is well known that the nonmalignant stromal components in
tumors play pivotal roles in tumor progression and therapeu-

tic responses (1, 2). Macrophages are a major component of
tumor microenvironment and display considerable phenotypic
plasticity in their effects toward tumor progression (3–5). Clas-
sically activated (M1) macrophages often exert direct tumor
cytotoxic effects or induce antitumor immune responses by
helping present tumor-related antigens (6, 7). In contrast,
tumoral cues can polarize macrophages toward alternative acti-
vation with immunosuppressive M2 properties (6–8). Numer-
ous studies have firmly established the protumor effects of
M2-like tumor-associated macrophages (TAMs) and the associ-
ation of TAMs with poor prognosis of human cancer (9–11).
However, how tumors induce the coordinated molecular and
phenotypic changes in TAMs for M2 polarization remains
incompletely understood, impeding the designing of TAM-
targeting strategies for cancer intervention. In addition, drug
delivery also represents a hurdle for therapeutic macrophage
reprogramming.

Noncoding RNAs, including microRNAs, have been shown to
play vital roles in various pathological processes of cancer (12).
The microRNA miR-182 has been implicated in various develop-
mental processes and disease conditions (13–15). Particularly, it
receives extensive attention in cancer studies. Prevalent chromo-
somal amplification of miR-182 locus and up-regulation of its
expression in tumors have been observed in numerous cancer
types including breast cancer, gastric cancer, lung adenocarcinoma,

colorectal adenocarcinoma, ovarian carcinoma, and melanoma
(16–21). miR-182 expression is also linked to higher risk of metas-
tasis and shorter survival of patients (20, 22–24). Functional studies
showed that miR-182 expression in cancer cells plays vital roles in
various aspects of cancer malignancy, including tumor proliferation
(25–29), migration (30, 31), invasion (16, 32, 33), epithelial-
mesenchymal transition (34–36), metastasis (21, 37, 38), stemness
(30, 39, 40), and therapy resistance (41, 42). A number of target
genes, including FOXO1/3 (18, 21, 43–45), CYLD (46), CADM1
(47), BRCA1 (27, 48), MTSS1 (34), PDK4 (49), and SMAD7 (35),
were reported to be suppressed by miR-182 in cancer cells. Our
previous work also proved that tumoral miR-182 regulates lipogen-
esis in lung adenocarcinoma and promotes metastasis of breast
cancer (34, 35, 49). Although miR-182 was established as an
important regulator of cancer cell malignancy, previous studies
were limited, with analyses of miR-182 in cultured cancer cells
and transplanted tumors. Thus, the consequences of miR-182
regulation in physiologically relevant tumor models, such as
genetically modified mice, have not been shown. More impor-
tantly, whether miR-182 also plays a role in tumor microenviron-
mental cell components is unknown.

In this study, we show that miR-182 expression in macro-
phages can be induced by breast cancer cells and regulates
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TAM polarization in various tumor models of mice. In addition,
miR-182 inhibition with TAM-targeting exosomes demonstrates
promising efficacy for cancer treatment.

Results
miR-182 Deficiency in Mice and Macrophages Impairs M2 Polarization
of TAMs and Progression of Breast Cancer. Previous studies estab-
lished the oncogenic roles of miR-182 in cancer cells. Interest-
ingly, we also observed higher miR-182 expression in M2
macrophages derived from THP1 monocytes as compared to
naıve (M0) or M1 macrophages (SI Appendix, Fig. S1A). Rean-
alyses of previously published transcriptomic sequencing data-
sets (51, 52) also demonstrated marked miR-182 up-regulation
in human and murine M2 macrophages and TAMs of breast
cancer (Fig. 1 A and B). Further, we analyzed miR-182 expres-
sion by fluorescence in situ hybridization (FISH) and TAM
infiltration by immunofluorescent (IF) staining in a cohort of
human breast tumors. The analysis revealed a significant cor-
relation of miR-182 expression and CD206+ macrophage

enrichment in human tumors (Fig. 1C). These data implicated
a role of miR-182 in TAMs of breast cancer.

Thus, we used several mouse models to assess the role of
miR-182 in macrophages and breast cancer development. First,
we utilized a previously reported constitutive miR-182 knockout
(KO) mouse model (52). The genetic locus of miR-182 was
replaced by the neomycin-encoding sequence (SI Appendix,
Fig. S1B), leading to miR-182 deficiency in various tissues of
the mice (SI Appendix, Fig. S1C). Consistent with the previous
study (52), the KO mice were viable and fertile and exhibited
no gross phenotypic abnormalities compared to their wild-type
littermates. Notably, mammary glands from the wild-type and
KO mice showed no obvious differences in numbers of terminal
end buds or branches (SI Appendix, Fig. S1D), indicating that
miR-182 is dispensable for normal mammary gland development.

Then, the miR-182-KO and wild-type mice were crossed with
the MMTV-PyMT mice, and the macrophages in autochthonous
breast tumors were analyzed by flow cytometry (SI Appendix,
Fig. S1E). It was observed that miR-182 deficiency did not affect
the total abundance of TAMs in tumor tissues (Fig. 1D) but
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Fig. 1. miR-182 deficiency in mice impairs TAM polarization and breast cancer progression. (A) Expression heatmap of the top five up- and down-
regulated miRNAs in the human M2 versus M0 macrophages (50) (GSE51307). (B) Fold changes of expression of the top 10 up-regulated miRNAs in the
TAMs isolated from mouse breast tumors compared with spleen macrophages (51) (GSE115295). (C) Correlation of miR-182 expression, detected by FISH,
and CD206+ cell infiltration levels, detected by IF staining, in ER+ (n = 25 patients) and all (n = 30 patients) samples of a human breast cancer cohort.
Shown on the right are representative FISH and IF images of two tumors. Arrowheads point to miR-182-expressing CD206+ cells. (D–K) Analyses of macro-
phage polarization and tumor progression in the miR-182-KO (miR-182�/�, �/�) or wild-type (miR-182+/+, +/+) mice crossed with MMTV-PyMT mice. Shown
are flow cytometric analyses of F4/80+CD11b+ macrophage fraction of all cells in tumors (D, n = 7 mice each group) and CD206+ fraction in macrophages
in tumors (E, n = 7 mice each group), expression heatmap of M2 and M1-macrophage marker genes of tumors (F), ELISA of serological IL-10 and TGFβ lev-
els of the mice (G, n = 4 mice each group), ARG1 expression and STAT3/6 phosphorylation in F4/80+ cells from the tumors (H), animal tumor-free survival
rates (I, n = 16 and 17 mice for KO and wild-type groups), tumor growth (J, n = 16 and 17 mice for KO and wild-type groups), and Ki67 IF analysis of the
tumors (K, n = 5 tumors each group). P values were obtained by Pearson correlation analysis (C), two-tailed unpaired t test (D, E, G, and K), log-rank test
(I), or two-way ANOVA (J). (Scale bar, 50 μm.) Box plots display values of minimum, first quartile, median, third quartile, and maximum (D and E). Bar
graphs show mean + SD (G and K). Data points show mean+ SEM (J).
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caused a significant decrease in the proportion of M2-like
CD206+ macrophages (Fig. 1E). IF staining also revealed the
decrease of CD206+ macrophages in the tumors of miR-182-KO
mice (SI Appendix, Fig. S1F). Consistently, transcriptomic
sequencing analysis of the tumor tissues showed that miR-182
deficiency inhibited expression of M2-macrophage marker genes
(Fig. 1F). Previously identified gene sets up-regulated in M2
macrophages compared with resting or M1 macrophages (53,
54) were also suppressed in miR-182-KO tumors (SI Appendix,
Fig. S1G). Furthermore, the concentrations of several anti-
inflammatory factors known to be secreted by M2 macrophages,
including IL10 and TGFβ but not the M1 cytokine IL12 (55) or
GCSF, which can be produced by stromal cells (56), were
reduced in the sera of KO mice after tumor appearance (Fig. 1G
and SI Appendix, Fig. S1H). In addition, when the F4/80+ macro-
phages were isolated from the tumors and analyzed, it was found
that the M2 markers, including STAT3 and STAT6 phosphoryla-
tion, and ARG1 and Il10 expression were all significantly
suppressed in the macrophages of KO tumors (Fig. 1H and
SI Appendix, Fig. S1I). These data showed that constitutive

miR-182-KO leads to impairment of M2 polarization of macro-
phages in autochthonous tumors.

Concordant with the well-established protumor roles of
M2-like TAMs, deficiency of M2-like TAMs in miR-182-KO
mice was accompanied with the suppression of tumor initi-
ation (Fig. 1I), growth (Fig. 1 J and K), and progression
(SI Appendix, Fig. S1 J and K). Consistent to the role of macro-
phage miR-182 on tumor progression, we also observed the
up-regulation of miR-182 expression in macrophages of lung
metastases of MMTV-PyMT (miR-182 wild-type) mice as
compared to macrophages in normal lung tissues (SI Appendix,
Fig. S1L).

To analyze the role of miR-182 in tumor microenvironment
rather than in tumor cells, the Py8119 cancer cells, derived
from murine PyMT breast tumors, were orthotopically injected
into the wild-type and miR-182-KO mice. Again, miR-182-KO
in host mice led to reduction of CD206+ macrophages but not
total macrophages in the transplanted tumors, as shown by flow
cytometry (Fig. 2A and SI Appendix, Fig. S2A) and IF analyses
(Fig. 2B). Serological levels of IL10 and TGFβ, but not IL12
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Fig. 2. miR-182 deletion in host mice and macrophages suppresses M2 polarization and tumor development. (A–H) Analyses of macrophage polarization
and tumor progression in miR-182-KO (miR-182�/�, �/�) or wild-type (miR-182+/+, +/+) mice with orthotopic injection of Py8119 cells. Shown are flow cyto-
metric analysis of the CD206+ percentage of F4/80+CD11b+ macrophages in Py8119 tumors (A, n = 8 tumors each group), CD206 staining of the tumors (B,
n = 5 tumors each group), ELISA of serological IL-10 and TGFβ of the mice (C, n = 4 mice each group), ARG1 expression and STAT3/6 phosphorylation in
F4/80+ cells of the tumors (D), tumor initiation analysis by tumor-free survival curves (E, n = 16 and 20 tumors for KO and wild-type groups), tumor
growth (F, n = 14 tumors from 7 mice each group), bioluminescent imaging (BLI) of tumor burden 6 wk after Py8119 injection (G, n = 6 mice each group),
and tumor invasion distance from tumor edges (red dotted line) to invasive fronts (black dotted line) (H, n = 5 tumors each group. (I–O) Analyses of mac-
rophage polarization and tumor progression in conditional miR-182-KO (CKO, miR-182fl/fl;Lyz2cre) or wild-type control (WT, Lyz2cre) mice with orthotopic
injection of Py8119 cells. Shown are flow cytometric analysis of CD206+ percentage of macrophages in the tumors (I, n = 10 mice each group), CD206
staining of the tumors (J, n = 5 tumors each group), tumor initiation analysis by tumor-free survival curves (K, n = 14 tumors from 7 mice each group),
tumor growth (L, n = 14 tumors from 7 mice each group), Ki67 analyses of the tumors (M, n = 5 tumors each group), tumor invasion distance from tumor
edges to invasive fronts (N, n = 5 tumors each group, and numbers of pulmonary nodules (O, n = 6 mice each group). (Scale bar, 100 μm.) P values were
obtained by two-tailed unpaired t test (A–C, G–J, and M–O), log-rank test (E and K) or two-way ANOVA (F and L). Box plots display values of minimum, first
quartile, median, third quartile, and maximum (A and I). Bar graphs show mean + SD (B–D, G, H, J, and M–O). Data points show mean+ SEM (F and L).
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or GCSF, were reduced in KO mice (Fig. 2C and SI Appendix,
Fig. S2B). Suppression of STAT3 and STAT6 phosphorylation
as well as ARG1 and Il10 expression was also observed in the
macrophages of tumors transplanted in KO mice (Fig. 2D and
SI Appendix, Fig. S2C). miR-182 deficiency in host mice also
suppressed the initiation, growth, and metastasis of trans-
planted tumors (Fig. 2 E–H and SI Appendix, Fig. S2 D and E).
Together with the reduction of M2 macrophages in the tumors
of miR-182-KO mice, we also observed a decrease of CD4+ T
cell population and an increase of CD8+ T cell population in
these tumors, which is concordant to the immune-suppressive
role of M2 macrophages (SI Appendix, Fig. S2 F and G). The
abundance of myeloid-derived suppressor cells and B cells was
not obviously changed (SI Appendix, Fig. S2 H and I).

We repeated the transplanting experiments with orthotopic
injection of AT3 breast cancer cells into wild-type and KO mice
and observed similar phenomena in M2 macrophages and
tumor development (SI Appendix, Fig. S2 J–N). These data
demonstrated a role of miR-182 in tumor microenvironment
for TAM polarization and tumor development.

To further assess the function of miR-182 in macrophages,
we generated a conditional miR-182-KO mouse model by flank-
ing the miR-182 gene with LoxP sites (SI Appendix, Fig. S2O).
Crossing the mice with the strain harboring lysozyme 2-driven
Cre recombinase (Lyz2cre) resulted in specific deletion of miR-
182 in monocytes (SI Appendix, Fig. S2 O and P). Then, Py8119
cells were transplanted into the mammary fat pads of the mice.
Concordant to the observations in constitutive KO mice,
miR-182 deletion in monocytes did not affect the abundance of
total macrophages in breast tumors (SI Appendix, Fig. S2Q) but
led to a reduction of M2 fraction and an elevation of iNOS+

M1 fraction of macrophages (Fig. 2 I and J and SI Appendix,
Fig. S2R). In addition, fewer CD4+ T cells and more CD8+

T cells were observed in the tumors of conditional KO mice
(SI Appendix, Fig. S2S). Accompanied with these changes was
the inhibition of tumor initiation and progression (Fig. 2 K–O).
Thus, miR-182 deletion in macrophages also resulted in defi-
ciency of TAM polarization and tumor development.

miR-182 Promotes M2 Polarization of Macrophages In Vitro. To val-
idate the effect of miR-182 in macrophage activation, bone
marrow cells were isolated from wild-type or miR-182-KO
mice, followed by treatment with macrophage colony stimulat-
ing factor (M-CSF) for macrophage differentiation. Consistent
with the observations in mice, miR-182 deficiency led to no
obvious changes in macrophage differentiation (SI Appendix,
Fig. S3A). However, when the bone marrow-derived macro-
phages (BMDMs) were further activated by IL4 and IL13,
miR-182 deficiency significantly weakened the tendency of
BMDMs to activate into CD206+ M2 macrophages (Fig. 3 A
and B). Secretion of IL10 and TGFβ was also reduced in the
miR-182-deficient macrophages (Fig. 3C). qPCR of additional
M2 marker genes, including Arg1, Chial, Clec7, Dgat1, and
Jag1, also confirmed the conclusion (Fig. 3D). Furthermore,
when Py8119 cancer cells were cultured with the conditioned
media of BMDMs, cancer cell proliferation and tumorsphere
formation were weakened in the media of miR-182-deficient
BMDMs as compared to those of normal BMDMs (SI Appendix,
Fig. S3 B and C).

Then, miR-182 was overexpressed with a microRNA mimic
in THP1 and U937 cells (SI Appendix, Fig. S3D), followed by
phorbol-12-myristate-13-acetate (PMA) and IL4/13 treatment
of the cells for M2 macrophage differentiation (SI Appendix,
Fig. S3E). miR-182 overexpression obviously promoted the
expression of CD163, CD206, IL10, and additional M2 markers in
both THP1 and U937 (Fig. 3 E and F and SI Appendix, Fig. S3F).
STAT3/6 phosphorylation as well as ARG1 expression were also
enhanced by miR-182 overexpression in macrophages (Fig. 3G).

Notably, miR-182 overexpression also promoted the capacity of
macrophage conditioned media to facilitate breast cancer cells
for tumorsphere formation (SI Appendix, Fig. S3G) and escap-
ing Tcell cytotoxicity (SI Appendix, Fig. S3 H–J).

Reciprocally, when miR-182 was knocked down with an oligo-
nucleotide inhibitor in THP1 and wild-type BMDMs (SI Appendix,
Fig. S3D), M2 polarization was depressed (Fig. 3 G–J), a phenom-
enon similar in miR-182-KO BMDMs. More importantly,
re-expression of miR-182 in the miR-182-KO BMDMs by the
miR-182 mimic rescued the effect of miR-182 depletion and recov-
ered M2 polarization (Fig. 3 H–J). Taken together, our data
confirmed the role of miR-182 in macrophages to promote M2
polarization and facilitate tumor progression.

Macrophage Regulation Mediates the Effects of miR-182 in Tumor
Progression. As previous studies have shown that miR-182 could
regulate autonomous behaviors of cancer cells, we further used
several animal assays to test whether the observed effects of
miR-182-KO in breast cancer in our study are dependent on
macrophage regulation. First, clodronate liposome was used to
deplete macrophages in wild-type or miR-182-KO mice with
Py8119 tumors (SI Appendix, Fig. S4A). We found that systemic
macrophage depletion abolished the differences in tumor
development caused by miR-182 constitutive KO in mice. The
tumors initiated and grew at similar rates in wild-type and miR-
182-KO mice after clodronate treatment (Fig. 4 A–C). Second,
Py8119 breast cancer cells and wild-type or miR-182-KO
BMDMs were coinjected into the mammary glands of mice
whose endogenous macrophages in mammary glands were pre-
viously depleted via combination of systemic half-lethal dose
irradiation and fat-pad injection of clodronate liposome (SI
Appendix, Fig. S4 B and C). Interestingly, initiation and growth
of the Py8119 tumors were obviously slower with coinjection of
miR-182-KO macrophages than those with wild-type macro-
phages in the same mice (Fig. 4 D–F). Tumor cell proliferation
was also suppressed with miR-182-KO BMDMs (Fig. 4G).
Third, we used a mouse model of bone marrow transplantation.
Wild-type host mice irradiated at lethal dose received trans-
plantation of bone marrow from wild-type or miR-182-KO
donor mice, followed by orthotopic injection of Py8119 cancer
cells (SI Appendix, Fig. S4 D and E). In the hosts reconstituted
with miR-182-KO bone marrow cells, M2 polarization of the
macrophages in Py8119 tumors was significantly more weak-
ened than those in the mice with wild-type marrow transplanta-
tion (Fig. 4 H and I), leading to delay of tumor initiation and
decrease of tumor growth and proliferation (Fig. 4 J–L). Over-
all, these data suggested that the effect of miR-182 depletion
on tumor development is largely dependent on the regulation
of macrophages.

Tumor Cells Induce miR-182 Expression of Macrophages by TGFβ
Signaling. Next, we interrogated whether miR-182 mediates the
induction of macrophage polarization by tumor cells. Culturing
BMDMs in conditioned medium of Py8119 indeed induced M2
polarization of the macrophages (Fig. 5A). Interestingly, the
expression of miR-182 in macrophages was also induced by
cancer cell conditioned medium (Fig. 5B and SI Appendix,
Fig. S5A). Notably, miR-182 expression in other immune cell
types, including neutrophils and Tcells, was significantly weaker
than in macrophages and was not responsive to cancer cell con-
ditioned medium (SI Appendix, Fig. S5A). In addition, the
up-regulation of macrophage miR-182 was only observed in
wild-type, but not miR-182-KO, macrophages when cultured in
cancer cell conditioned medium (Fig. 5C), indicating the induc-
tion of endogenous miR-182 rather than the engulfment of
exogenous miR-182 molecules in macrophages.

Then, we asked how cancer cells affect the expression of
miR-182 in macrophages. Previously, we and others have
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reported that TGFβ could up-regulate the expression of miR-
182 in glioma cells and breast cancer cells by activing the pro-
moter activity of miR-182 in a SMAD-dependent manner (35,
46). In addition, we observed an obvious positive correlation of
TGFβ expression and M2 macrophage infiltration in human
breast tumors (SI Appendix, Fig. S5B). Therefore, we tested
whether cancer cells induce macrophage miR-182 expression by
TGFβ. We found that Py8119 and SCP28 cancer cells indeed
secreted TGFβ into the conditioned medium (SI Appendix,
Fig. S5C). Importantly, administration of the TGFβ inhibitor
SB431542 or TGFβ neutralizing antibody (57) blocked the
effect of Py8119 conditioned medium on miR-182 induction and
M2 polarization of BMDMs (Fig. 5 A and B and SI Appendix,
Fig. S5D). A similar phenomenon was observed when the
expression of TGFβ in Py8119 was suppressed by short hairpin
RNAs (shRNAs; SI Appendix, Fig. S5E and Fig. 5D). We also
obtained the same results by treating THP1 macrophages with
SCP28 conditioned medium (SI Appendix, Fig. S5 F and G).
Further analyses showed that TGFβ could enhance the activity
of miR-182 promoter (SI Appendix, Fig. S5H) and induce the
expression of miR-182 in a variety of macrophage cells, including

THP1, U937, BMDMs, and RAW264.7, in a dose- and time-
dependent manner (Fig. 5E and SI Appendix, Fig. S5I).

In addition, TGFβ treatment induced M2 polarization of
wild-type BMDMs (Fig. 5 F–H). However, when miR-182 was
knocked out or inhibited in BMDMs, BMDMs were much less
responsive to TGFβ for M2 activation (Fig. 5 F–H and SI
Appendix, Fig. S5J). Similarly, THP1- and U937-derived macro-
phages could also be induced to express M2 markers by TGFβ
and miR-182 overexpression, while miR-182 inhibition hindered
their responsiveness to TGFβ (Fig. 5 I–K and SI Appendix, Fig.
S5K). Thus, our data support the conclusion that the secretion
of TGFβ by tumor cells promotes the expression of miR-182 in
macrophages, thereby inducing the polarization of macro-
phages to M2.

miR-182 Targets Toll-Like Receptor 4 to Regulate M2 Polarization of
TAMs. We further aimed to delineate the downstream mecha-
nism of miR-182 in macrophages for M2 regulation. The tran-
scriptomic profiles of wild-type and miR-182-KO BMDMs were
compared by RNA sequencing. Gene Ontology analysis showed
that the top-up-regulated genes by miR-182-KO were mostly
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Fig. 3. miR-182 promotes M2 polarization of macrophages in vitro. (A–D) Analyses of M2 polarization of wild-type (+/+) or miR-182-KO (�/�) BMDMs after
IL4 and IL13 treatment. Shown are CD206 flow cytometry (A, n = 3 independent experiments), CD206 IF analysis (B, n = 3 independent experiments),
ELISA of IL-10, TGFβ, and IL10/IL-12 ratio (C, n = 4 independent experiments), and qPCR analyses of additional M2 markers (D, n = 3 independent experi-
ments). (E) Effects of miR-182 mimic on M2 polarization of THP1 macrophages after IL4 and IL13 treatment. Shown are CD206 flow cytometry, ELISA of
IL10 and IL10/IL12 ratio, and qPCR analyses of additional M2 markers (n = 3 independent experiments). NC, negative control. (F) Effects of miR-182 mimic
on M2 polarization of U937-macrophages after IL4 and IL13 treatment. Shown are CD206 flow cytometry, ELISA of IL10 and IL12 secretion, and qPCR anal-
yses of additional M2 markers (n = 3 independent experiments). (G) ARG1 protein expression and STAT3/6 phosphorylation in wild-type or miR-182-KO
BMDMs and in THP1- or U937-derived macrophages treated with miR-182-overexpressing mimic or miR-182 oligonucleotide inhibitor (Inh). (H–J) Analysis
of M2 polarization of IL4/IL13-activated wild-type BMDMs after treatment of miR-182 inhibitor (Inh) and miR-182-KO BMDMs after miR-182 overexpres-
sion. Shown are CD206 flow cytometry (H, n = 3 independent experiments), ARG1 protein expression and STAT3/6 phosphorylation (I), and CD206 IF anal-
ysis (J, n = 3 independent experiments). (Scale bar, 100 μm.) P values were obtained by two-tailed unpaired t test. Bar graphs show mean + SD.
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involved in Toll-like receptor (TLR) and its downstream NFκB
signaling pathways (SI Appendix, Fig. S6A). Gene set enrich-
ment analysis (GSEA) analyses also showed the up-regulation
of several TLR and NFκB-related gene sets (58, 59) in miR-
182-KO BMDMs (Fig. 6A). An overlapped analysis of Target-
Scan (60) predicted target genes of miR-182 and KEGG (61)
TLR pathway genes revealed nine candidates (SI Appendix,
Datasets S1–S3 and Fig. S6B), among which TLR4 was of par-
ticular interest, as it is known to play a key role in macrophage
polarization (62) and also reported to be a target gene of miR-
182 (63). We confirmed the regulation of TLR4 by miR-182.
The 30UTR of TLR4 contained two predicted binding sites of
miR-182 (SI Appendix, Fig. S6C). Luciferase reporter assays
showed that miR-182 mimic dose-dependently suppressed
TLR4 30UTR activity (Fig. 6B). When the second miR-182
binding site at TLR4 30UTR was mutated (SI Appendix,
Fig. S6C), the 30UTR activity was no longer affected by miR-
182 (Fig. 6C). More importantly, although the TLR4 mRNA

was not affected by miR-182 (SI Appendix, Fig. S6D), miR-182
overexpression significantly suppressed, while its knockdown
enhanced, the endogenous protein level of TLR4 in both
BMDMs and THP1 macrophages (Fig. 6 D and E).

TLR4 is a member of the TLR family and known to polarize
macrophages toward a proinflammatory phenotype by activat-
ing downstream MYD88-dependent NFκB signaling (64, 65).
Accordingly, down-regulation of MYD88, p65 phosphorylation,
and the NFκB downstream gene Nfkbia were observed together
with miR-182 and TGFβ-induced TLR4 suppression in THP1
and BMDMs (Fig. 6 D and E and SI Appendix, Fig. S6 F and
G). Reciprocally, miR-182-KO resulted in up-regulation of
TLR4, MYD88, and p65 phosphorylation in the macrophages
of breast tumors (Fig. 6F). We further knocked down TLR4 by
small interfering RNAs (siRNAs) in miR-182-KO BMDMs
(Fig. 6G). TLR4 knockdown inhibited downstream MYD88
expression and NFκB activation (Fig. 6G and SI Appendix,
Fig. S6F) and, more importantly, led to up-regulation of M2
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Fig. 4. Macrophage regulation mediates the effects of miR-182 in tumor progression. (A–C) Tumor development and proliferation in miR-182-KO and
wild-type mice treated with clodronate liposomes (Clod) or PBS liposomes (PBS) after orthotopic injection of Py8119 cells. Shown are tumor initiation
analysis by tumor-free survival curves (A, n = 12 tumors from 6 mice each group), tumor growth (B, n = 12 tumors from 6 mice each group), and Ki67 IF
analysis of the tumors (C, n = 5 tumors each group). (D–G) Tumor development and proliferation in C57BL/6 mice with depletion of endogenous macro-
phages and coinjection of Py8119 with wild-type (Mϕ+/+) or miR-182-KO (Mϕ�/�) BMDMs. Shown are tumor initiation analysis by tumor-free survival
curves (D, n = 16 tumors from 8 mice each group), representative images of tumor-bearing mice (E), tumor growth (F, n = 16 tumors from 8 mice each
group), and Ki67 IF analysis of the tumors (G, n = 4 tumors each group). (H–L) Analyses of macrophage polarization and tumor progression in irradiated
mice with transplantation of wild-type (BMT+/+) or miR-182-KO (BMT�/�) bone marrow and orthotopic injection of Py8119 cells. Shown are CD206 IF anal-
ysis of the tumors (H, n = 5 tumors each group), CD206 flow cytometry (I, n = 8 tumors each group), tumor initiation analysis by tumor-free survival curves
(J, n =16 tumors from 8 mice each group), tumor growth (K, n = 16 tumors from 8 mice each group), and Ki67 IF analysis of the tumors (L, n = 5 tumor
each group). (Scale bar, 100 μm.) P values were obtained by log-rank test (A, D, and J), two-way ANOVA (B, F, and K), or two-tailed unpaired t test (C,
G–I, and L). Bar graphs show mean + SD (C, G, H, and L). Data points show mean+ SEM (B, F, and K). Box plots display values of minimum, first quartile,
median, third quartile, and maximum (I).
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markers (Fig. 6 H–J). TLR4 knockdown rescued the effect of
miR-182 deficiency on macrophage polarization (Fig. 6 I and
J). Reciprocally, stable overexpression of TLR4 in THP1 (SI
Appendix, Fig. S6E and Fig. 6G) obviously repressed NFκB
activation and M2 polarization (SI Appendix, Fig. S6F and Fig.
6 H and K). In addition, the suppression of CD206 and CD163
expression by TLR4 overexpression was diminished by miR-182
overexpression (Fig. 6K and SI Appendix, Fig. S6H). These data
demonstrated that miR-182 directly targets TLR4 in macro-
phages to suppress NFκB and promote M2 polarization.

AntagomiR Targeting miR-182 in Macrophages Suppresses Tumor
Development. The essential function of miR-182 in TAMs
implies that it is a potential target for cancer therapy. Thus, we
designed an antagomiR inhibitor of miR-182 and adopted a
recently reported macrophage-targeting “eat me” strategy with
cationized mannan-modified extracellular vesicles (M-EVs)
(66, 67) for in vivo delivery of the inhibitor into TAMs. Extra-
cellular vesicles (EVs) were isolated from mesenchymal stem
cells (MSCs; SI Appendix, Fig. S7A) and modified with

cationized mannan, which is the ligand of the surface receptor
CD206 (also called MRC1) expressed by M2 macrophages,
followed by electroporation loading of the antagomiR-182
inhibitor (Fig. 7A). The macrophage-targeting efficiency of the
cationized M-EVs was first confirmed, as they were internalized
by macrophages with much higher efficiency than by tumor
cells (Fig. 7 B and C). M-EV loading of antagomiR-182
resulted in a striking improvement of miR-182 inhibition in
macrophages, but not in tumor cells, as compared to the
unpackaged inhibitor (Fig. 7D). M-EV delivery also enhanced
the efficiency of antagomiR-182 to inhibit M2 polarization of
macrophages in vitro (Fig. 7E).

Then, we assessed the efficiency of antagomiR-182 delivered
in M-EVs for cancer therapy in vivo. Py8119 cells were ortho-
topically injected into C57BL/6 mice, followed by intratumoral
injection of the antagomiR-182-loaded M-EVs every 5 d (SI
Appendix, Fig. S7B). A test with dye-labeled M-EVs showed
that the vesicles were mainly distributed in the injected mam-
mary glands without obvious spreading to other organs of the
mice (SI Appendix, Fig. S7C). Importantly, antagomiR-182
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Fig. 5. Tumor cells enhance miR-182 expression of macrophages by secreting TGFβ. (A and B) CD206+ percentage (A) and miR-182 expression (B) of
BMDMs cultured in control DMEM or Py8119 conditioned medium (CM) and treated with SB431542 (SB); n = 3 independent experiments. (C) miR-182
expression in wild-type (+/+) or miR-182-KO (�/�) BMDMs after treatment of Py8119 CM (n = 3 independent experiments). (D) miR-182 expression of
BMDMs after treatment of CM from Py8119 cells with TGFβ knockdown (n = 3 independent experiments). (E) miR-182 expression of THP-1 macrophages
after treatment of TGFβ at different concentrations for different durations (n = 3 independent experiments). (F–H) CD206 flow cytometry (F, n = 3
independent experiments), ARG1 expression and STAT3/6 phosphorylation (G), and CD206 IF analyses (H, n = 3 independent experiments) of wild-type or
miR-182-KO BMDMs with treatment of TGFβ (50 ng/mL, 36 h) and/or miR-182 inhibitor (Inh). (I) Expression of M2 markers in THP1 macrophages after
treatment of TGFβ (50 ng/mL, 48 h) and/or miR-182 inhibitor (n = 3 independent experiments). (J) CD206 flow cytometry of THP1 macrophages with treat-
ment of TGFβ (50 ng/mL, 36 h), miR-182 mimic or inhibitor (n = 3 independent experiments). NC, negative control. (K) ARG1 expression and STAT3/6 phos-
phorylation of THP1 and U937 macrophages with treatment of TGFβ (50 ng/mL, 36 h), miR-182 mimic, or inhibitor. (Scale bar, 100 μm.) P values were
obtained by two-tailed unpaired t test. Bar graphs show mean + SD.
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delivered by M-EVs showed no obvious toxicity in the mice (SI
Appendix, Fig. S7D). The treatment effectively suppressed the
expression of miR-182 both in F4/80+ and F4/80� cells of
Py8119 tumors but with the inhibiting efficiency obviously
higher in F4/80+ cells (SI Appendix, Fig. S7E). TLR4 was signif-
icantly enhanced in F4/80+ cells by the treatment (SI Appendix,
Fig. S7F). It was found that the treatment did not change the
total abundance of macrophages in tumors (SI Appendix, Fig.
S7G) but significantly suppressed M2 polarization of TAMs
(Fig. 7F). Consequently, miR-182 targeting in macrophages
resulted in obvious suppression of tumor growth and lung
metastasis (Fig. 7 G and H and SI Appendix, Fig. S7H). The
tumors in the same mice were halted by the miR-182 inhibitor
but not by the empty M-EVs (Fig. 7G). We repeated the thera-
peutic testing of antagomiR-182 delivery to treat 4T1 orthotopic
tumors in BALB/c mice and again observed effective suppression
of M2 macrophages and tumor growth (Fig. 7 F–H, and SI
Appendix, Fig. S7I). These data corroborate the potential of miR-
182 inhibition for TAM-targeting therapy in breast cancer.

Discussion
Recently, miR-182 has emerged as an important regulator of
cancer. It has been widely observed as one of the top
up-regulated microRNAs in tumor tissues (17–24, 34, 49) and
plays promoting roles in tumorigenesis and metastasis of breast
cancer, lung cancer, glioma, melanoma, and ovarian cancer (16,
26–36, 38, 39, 41, 42, 49). However, previous analyses of miR-
182 in cancer are mainly performed in cancer cell lines, and
studies with genetic mouse models are lacking. In addition, the
expression dysregulation and functional influence of miR-182 in
cancer may not be limited to tumor cells. In this study, we first
used a constitutive miR-182-KO mouse model to confirm the
critical role of the microRNA in tumor development and fur-
ther showed that miR-182 genetic deficiency in tumor host tis-
sues and, more specifically, in macrophages deprived tumors of
M2-like TAMs, leading to repression of tumor development.
Mechanistic studies revealed miR-182 as a mediator for tumor
education of macrophages by responding to tumor-derived
TGFβ and regulating the TLR4/NFκB signaling to drive TAM
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Fig. 6. miR-182 regulates macrophage polarization by targeting TLR4. (A) GSEA analyses of TLR4 and NFκB pathway gene sets in breast tumors from
PyMT;miR-182+/+ vs. MMTV-PyMT;miR-182�/� mice. (B) TLR4 30UTR luciferase activity after transfection of various amount of miR-182 mimic in HeLa (n = 3
independent experiments). (C) Luciferase activities of wild-type and mutated TLR4 30UTR after transfection of miR-182 mimic (100 μM) in HeLa (n = 3
independent experiments). (D) TLR4 and MYD88 expression and P65 phosphorylation in BMDMs, and THP1 macrophages after treatment of TGFβ and/or
miR-182 mimic or inhibitor. (E) TLR4 and MYD88 expression and P65 phosphorylation in wild-type (+/+) or miR-182-KO (�/�) BMDMs, and THP1 macro-
phages after treatment of miR-182 mimic or inhibitor. (F) TLR4 and MYD88 expression and P65 phosphorylation in F4/80+ cells of Py8119 tumors in wild-
type or miR-182-KO mice. (G) TLR4 and MYD88 expression and P65 phosphorylation in BMDMs with TLR4 knockdown and THP1 macrophages with TLR4
overexpression. (H) ARG1 expression and STAT3/6 phosphorylation in BMDMs with TLR4 knockdown and THP1 macrophages with TLR4 overexpression. (I)
CD206 flow cytometry in wild-type or miR-182-KO BMDMs with TLR4 knockdown (n = 3 independent experiments). (J) CD206 IF analyses of miR-182-KO
BMDMs with TLR4 knockdown (n = 3 independent experiments). (K) CD206 flow cytometry of THP1 macrophages with treatment of miR-182 mimic and/
or TLR4 overexpression (n = 3 independent experiments). (Scale bar, 100 μm.) P values were obtained by two-tailed unpaired t test (C and I–K). Bar graphs
show mean + SD.
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polarization (Fig. 7I). Our study of miR-182 in TAMs is largely
consistent with a previous study reporting that miR-182 regu-
lates TLR4 in macrophages to alleviate inflammation in myo-
cardial infarction (63). However, our data do not exclude the
previously validated role of miR-182 in cancer cells. In addition,
the involvement of miR-182 in tumor microenvironment might
even go beyond macrophages. For example, we also found
the up-regulation of miR-182 expression in tumor-associated
fibroblasts as compared to normal fibroblasts (SI Appendix,
Fig. S7J). miR-182 is also the most induced miRNA in B cells
undergoing class-switch recombination (68, 69). In addition,
miR-182 could also induce regulatory T cell differentiation (44,
70). Thus, miR-182 might play versatile roles in cancer cells
and tumor microenvironment. As multiple cancer types are
known to secret TGFβ abundantly and thus could regulate
microenvironmental miR-182 expression, the microenviron-
mental role of miR-182 and its therapeutic potential are
unlikely to be limited to breast cancer, although our study
mainly focuses on breast cancer. Nevertheless, our study will
expand the understanding of the involvement of miR-182 in
cancer and support the rationale of miR-182 targeting for can-
cer treatment.

Although both our study and the previous report (63)
showed that miR-182 directly targets TLR4 and suppresses the
downstream NFκB signaling to regulate macrophage polariza-
tion, we also noticed that TLR4 suppression by some siRNA
inhibitors cannot completely restore the phenotype caused by
miR-182-KO, indicating TLR4 may not be the only downstream
factor participating in this process. Our previous study reported
that miR-182 regulates the accumulation of triglyceride in can-
cer cells (49), while lipid metabolism has been known to be crit-
ical for macrophage polarization (71–73). In addition, HIF-1α
signaling, which could be regulated by miR-182 (74), is also
known to be critical for alternative activation of macrophages
(71). Therefore, the role of miR-182 in macrophage modulation
is worthy of further investigation, and the possibility of mecha-
nisms other than TLR4 should not be excluded.

Since TAMs play important roles in tumor initiation, growth,
and metastasis, unraveling the crucial regulators of macrophage
polarization in tumor microenvironment may bring opportuni-
ties in cancer therapy. Indeed, our findings of miR-182 in
TAMs provide a potential strategy for TAM targeting and dem-
onstrate the effectiveness of miR-182-inhibiting RNA interfer-
ence (RNAi) therapy. Due to its advantages, including high
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Fig. 7. Macrophage targeting with M-EV delivery of antagomiR-182 suppresses tumor development. (A) Schematic of the process for preparation of cat-
ionized mannan-modified EVs (M-EVs) and antagomiR-182 (ATR) loading. (B and C) Internalization efficiency of PKH67-labeled M-EVs by BMDMs or
Py8119, as shown by PKH67 IF analysis (B) and flow cytometry (C); n = 3 independent experiments. (D) miR-182 knockdown efficiency in BMDMs or
Py8119 cells after treatment of naked or M-EV-loaded antagomiR-182; n = 3 independent experiments. (E) CD206 flow cytometry of BMDMs treated with
empty M-EVs, naked (ATR) or M-EV-loaded antagomiR-182 (ATR+M-EV); n = 3 independent experiments. (F–H) Macrophage polarization and tumor
development in mice with orthotopic injection of Py8119 or 4T1 cells and treatment of M-EV-loaded antagomiR-182. Shown are CD206 flow cytometry of
the F4/80+CD11b+ macrophages in transplanted tumors (F, n = 10 mice each Py8119 group; n = 8 mice each 4T1 group), representative images of mice
with treated and untreated tumors on each side (G), and tumor growth curves (H, n = 12 tumors each Py8119 group; n = 8 tumors each 4T1 group). (I)
Schematic of the role of miR182 in TAM polarization. (Scale bar, 100 μm.) P values were obtained by two-tailed unpaired t test. Bar graphs mean + SD.
Data points show mean+ SEM. Box plots display values of minimum, first quartile, median, third quartile, and maximum (F).
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targeting specificity, convenience for inhibitor designing and
synthesis, and the potential to target nearly all genes of interest,
RNAi therapy is a long-sought strategy for cancer treatment.
However, the issues of oligonucleotide stability and drug deliv-
ery greatly limit the scope of application of siRNA drugs (75).
The recently reported approach using EVs or exosomes pro-
vides a promising solution to these issues (67, 76–78). In partic-
ular, delivery with mannan-coupled EVs, taking advantage of
the highly expressed CD206, the receptor of mannan, on
TAMs, and the innate endocytosis capacity of macrophages, is
an efficient TAM-targeting strategy (66, 67). Our data con-
firmed that miR-182-targeting antagomiR can be specifically
delivered into macrophages in vitro and in vivo, resulting in
obvious tumor suppression. In addition, this strategy might be
further improved. In our study, MSC-derived EVs were used to
deliver antagomiR due to the promising potential of MSC-EVs
in disease therapy (79). However, other cell types could also be
used for EV preparation. For example, EVs derived from den-
dritic cells can be more readily accumulated in macrophages
and also promote immune responses of macrophages due to
the presence of MHC and T cell costimulatory molecules on
the surface of dendritic cell EVs (67).

Overall, our study highlights a role of the miR-182/TLR4/
NFκB axis for tumor-induced macrophage polarization in
breast cancer. Clinical analyses demonstrate the correlation of
miR-182 expression and M2-like TAM infiltration in human
tumor tissues. The study also provides a promising TAM-
targeting RNAi strategy for cancer therapy. Further clinical
studies are needed to confirm the value of miR-182 as a poten-
tial prognostic marker and therapeutic target in cancer.

Materials and Methods
Constructs and Reagents. The miR-182 mimic, 2’methoxy modified miR-182
oligonucleotide inhibitor, TLR4 siRNAs, and the negative control oligonu-
cleotides were purchased from GenePharme. AntagomiR-182 and the neg-
ative control were purchased from RIBOBIO. For TGFβ1 knockdown, shRNA
sequences were obtained from the MISSION shRNA library (Sigma), then
annealed and cloned into the pLKO.1-blasticidin vector (Addgene). Human
TLR4 cDNA sequence was constructed into pLVX-puro vector (Clontech) for
overexpression. The +4422 to +5236 30UTR DNA sequence flanking the
transcription end site of TLR4 was cloned into the ‘3 region of Renilla lucif-
erase gene of psi-Check2 vector (Promega). For miR-182 promoter reporter
assays, a 2.5-kb fragment upstream of the miR-182 gene was cloned into
pGL3basic (Ambion) with NheI and XhoI digestion (35). The sequences of
all oligonucleotides used in this study are provided in SI Appendix,
Datasets S4. For Western blotting and IF analyses, the following antibodies
were used: β-actin (A2228, Sigma), CD206 (187041AP, Proteintech), STAT6
(51073, Proteintech), p-STAT6 (56554S, CST), STAT3 (4904P, CST), p-STAT3
(9145P, CST), ARG1 (16001 Proteintech), TGFB1 (189781AP, Proteintech),
TLR4 (sc-293072, Santa Cruz), MYD88 (4283S, CST), p-P65Ser536 (3033, CST),
p-P65Ser276 (SAB4504488, Sigma), p65 (sc-372, Santa Cruz), pan-Cytokeratin
(sc-8018, Santa Cruz), Alexa Fluor 488 donkey anti-rabbit IgG (A-21206,
Invitrogen), HRP-conjugated goat anti-mouse IgG (401215, Merck/Milli-
pore), and HRP-conjugated goat anti-rabbit IgG (401315, Merck/Millipore).
The antibodies used for flow cytometric analyses were as follows: anti-
mouse CD11b-APC (M1/70, 17011281, eBioscience), anti-mouse F4/80-PE
(BM8, 12480182, eBioscience), anti-mouse CD206-PE/Cy7 (C068C2, 141719,
Biolegend), anti-mouse CD206-FITC (C068C2, 141703, Biolegend), anti-
human CD206-FITC (15-2, 321104, Biolegend), anti-human CD163-FITC
(GHI/61, 333617, Biolegend), Alexa Fluor 700 anti-mouse CD45 (103128,
Biolegend), PE/Cy7 anti-mouse CD3ε (100320, Biolegend), Pacific Blue anti-
mouse CD4 (100428, Biolegend), Brilliant Violet 605 anti-mouse CD8a
(100744, Biolegend), Brilliant Violet 510 anti-mouse/human CD11b
(101263, Biolegend), FITC anti-mouse/human CD45R/B220 (103206, Biole-
gend), anti-mouse NOS2 PE (12-5920-82, Thermo Fisher Scientific), and
FITC anti-mouse Ly-6G/Ly-6C (Gr-1) (108406, Biolegend). Recombinant pro-
teins and chemicals used for in vitro assays were as follows: murine M-CSF
(3150210, PeproTech), murine IL4 (AF214145, PeproTech), murine IL13
(2101310, PeproTech), recombinant mouse TGFβ1 (7666-MB-005, R&D),
recombinant human TGFβ1 (240-B-002, R&D), human IL13 (2001310, Pepro-
Tech), the TGFβ inhibitor SB431542 (S1067, Selleck), phorbol 12-myristate

13-acetate (P8139, Sigma), dimethyl sulfoxide (DMSO; 54686, Biomol),
mannan (M7504-1G, Sigma), and N,N-carbonyldiimidazole (115533-
10G, Sigma).

microRNA Detection. Total RNAs were extracted by TRIzol reagent (Invitrogen,
15596018), and mature microRNAs were reverse transcribed by TaqMan
MicroRNA Reverse Transcription Kit (4366597, Invitrogen). Then, the TaqMan
microRNA Assay Kit (#000597, ABI) was used to for qPCR detection. The data
were normalized to U6 expression.

Luciferase Reporter Assays. For TLR4 30UTR assays, HeLa cells were cotrans-
fected with the miR-182 mimic or negative control and the psi-Check2 vector
with TLR4 30UTR or its mutation at the end of Renilla luciferase coding
sequence. Lysates were collected 72 h after transfection. Firefly and Renilla
luciferase activities were measured with Dual-Luciferase Reporter System
(E1910, Promega) at 36 h posttransfection. Renilla luciferase activities were
normalized with firefly luciferase activities for 30UTR activities.

For miR-182 promoter assays, the pGL3basic vector containing the miR-182
promoter sequence was transfected into THP1-derived macrophages with Lip-
ofectamine 3000 (L3000015, Thermo Fisher Scientific). After 48 h, TGFβ of indi-
cated concentrations was added for stimulation. The lysates were collected,
and the luciferase activity wasmeasured after 24 h.

EV Purification and Labeling. MSC-derived EVs were isolated by differential
centrifugation. Briefly, MSCs were cultured in medium containing EV-depleted
fetal bovine serum (FBS) for 72 h. The supernatant of the culture was centri-
fuged at 2,000 g for 5 min and filtered using 0.2-μm filter to remove cells and
debris. Next, the samples were subjected to ultracentrifugation at 10,000 g to
deplete the microvesicles. After discarding the pellet, the supernatant was
ultracentrifuged at 100,000 g for 70 min at 4 °C. Then, the pellet
was resuspended in phosphate buffered saline (PBS) and ultracentrifuged again
at 100,000 g for another 70 min. The precipitated vesicles were suspended in
PBS carefully. EVs were either used immediately (on ice) or stored at �80 °C.
PKH67 Cell Linker Kit (midi67, Sigma) was used to label EVs. EV-depleted FBS
was prepared by filtering FBS with a 0.2-μm filter, followed by ultracentrifuga-
tion at 100,000 g overnight.

Synthesis of Cationized Mannan and Preparation of AntagomiR-182-Loaded
M-EVs. The cationized mannan was synthesized as previously reported (67).
Briefly, mannan (100 kDa, 20 mg) was suspended in 20 mL anhydrous DMSO.
Then, spermine (748 mg) and N,N-carbonyldiimidazole (105.2 mg) were added
to the mixture and kept at 35 °C for 20 h under moderate stirring. EVs modified
with cationized mannan (M-EVs) were engineered by mixing the EVs isolated
fromMSCswith the cationizedmannan. The reactionwas kept at room temper-
ature for 15 min (67). The protein concentrations of M-EVs were determined.
For each injection, 2 μg M-EVs and 10 nmol of antagomiR-182 or negative con-
trol were mixed in 100 μL of electroporation buffer (1.15 mM potassium
phosphate pH 7.2, 25 mM potassium chloride, 21% OptiPrep) (77) and then
electroporated in a 1-mm cuvette. The liquid after electroporation was pooled
for ultracentrifugation followed by resuspension in 80 μL 5% glucose.

IF Staining. The tumor tissues were fixed in 4% paraformaldehyde (PFA) for 2
h at 4 °C on a shaker, dehydrated by 20% sucrose in PBS for 4 h, then dehy-
drated by 30% sucrose PBS solution overnight and embedded in optimal cut-
ting temperature compound (4583, Sakura) for 30 min at 4 °C, followed by
freezing at �80 °C. Tissues were sectioned to 10 μm thickness. Sections were
washed twice with PBS, permeabilized with 0.2% Triton X-100, and blocked
with 3% normal donkey serum for 1 h at room temperature. Then, the sec-
tions were incubated with the primary antibody overnight at 4 °C and
fluorescent-labeled secondary antibody for 1 h at room temperature, respec-
tively. Before mounting by Dako (S3023, Agilent), nuclei were stained by DAPI
(10236276001, Roche). For IF staining of cultured cells, cells were seeded on
coverslips in 24-well plates, fixed with 4% PFA for 15 min, and permeated by
0.3% Triton X-100 buffer at room temperature for 10 min. Then, the staining
with antibodies was performed as described previously.

FISH. The Cy3-miR-182 probe (F07101, GenePharme) and miR-182 FISH Kit
(F04501, GenePharme) were used to analyze the level of miR-182 in paraffin-
embedded breast tumor sections, following the manufacturer’s instructions.

Flow Cytometry Analyses. Mice were euthanized at week 2 to 3 posttrans-
plantation and tumors were harvested. Single-cell suspensions of mammary
glands or tumors were prepared as described previously (80). Briefly, tissues
were picked, minced, and further digested by 5 mg/mL Collagenase Type III
(LS004182, Worthington), 0.001% (W/V) DNase 1 (D-4527, Sigma), and 1%
(wt/wt) Dispase (17105041, Invitrogen) at 37 °C for 1 h. Cells were filtered with
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a 70-μm strainer before erythrocyte lysis with the lysis buffer (555899, BD Phar-
mingen). FcR was blocked by a CD16/CD32 antibody (2.4G2, BD Life Sciences)
at the concentration of 0.5 mg per million cells before antibody staining. Anti-
bodies were diluted for staining according to the manufacturer’s instructions.
For CD206 intracellular staining, cells were fixed with IC Fixation Buffer
(008222, eBioscience), permeabilized with Permeabilization Buffer (008333,
eBioscence) and subsequently incubated with antibodies as described previ-
ously. Flow cytometry was performed with Gallious (Beckman) fluorescence
activated cell sorting system and quantified by the FlowJo V10 software.

Enzyme-Linked Immunoassay. Enzyme-linked immunoassay (ELISA) kits were
used to analyze the levels of murine IL10 (KE10008, Proteintech), murine IL12
(KE10014, Proteintech), murine TGFB1 (KE10005, Proteintech), murine GCSF
(KE10025, Proteintech), human IL10 (KE00012, Proteintech), and human IL12
(KE00019, Proteintech), following themanufacturer’s instructions.

Cell Culture and Macrophage Differentiation. Py8119 cell, AT3 cell, and SCP28
cell were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing
10% FBS. THP1 and U937 were obtained from the Cell Bank of the Chinese
Academy of Sciences. Jurkat, CTLL2, and PBMC were obtained from American
Type Culture Collection (ATCC) and were cultured and activated according to
the ATCC instructions (https://www.atcc.org/). All cell lines were tested as
Mycoplasma free. Lipofectamine 2000 (11668019, Thermo Fisher Scientific)
was used to transfect siRNAs, miR-182 mimic, or oligonucleotide inhibitor into
BMDMs or U937-/THP1-derived macrophages. Follow-up experiments were
generally carried out around 36 to 48 h after the transfection. For macro-
phage differentiation, bone marrow cells were cultured in 1640 containing
10% heat-inactivated FBS, and BMDMs were obtained as previously described
(81). Then, BMDMs were stimulated with murine IL4 (20 ng/mL) and IL13 (20
ng/mL) for 1 to 2 d for M2 activation (81). THP1 and U937 cells were cultured
in 1640 medium containing 10% heat-inactivated FBS. For macrophage differ-
entiation, THP1 and U937 cells were stimulated with 50 ng/mL PMA for 48 h.
For M2 activation, U937 or THP1-derived macrophages were further treated
with human IL13 (20 ng/mL) and IL4 (25 ng/mL) for 48 h. Unless stated, the
concentrations and duration of various reagents for cell culture treatment are
as follows: miR-182 mimic (25 μM), miR-182 oligonucleotide inhibitor (25 μM),
and TGFβ (50 ng/mL, 36 h).

Tumorsphere Formation Assays. A total of 1,000 Py8119 cells or 5,000 SCP28
cells were seeded in 6-well ultralow attachment plates (3471, Corning) in 1:1
DMEM/F-12 media supplemented with 1:50 B27 (12587010, Thermo Fisher Sci-
entific), 20 ng/mL epidermal growth factor (PHG0311, Thermo Fisher Scien-
tific), 10 ng/mL basic fibroblast growth factor (F0291, Sigma-Aldrich), 5 μg/mL
heparin sulfate (H3149, Sigma-Aldrich), and 5 μg/mL insulin (11376497001,
Roche). Spheres with diameters larger than 50 μm were counted under the
microscope after 1 wk of culturing.

Mouse Experiments. All animal studies were conducted according to the
guidelines for the care and use of laboratory animals and were approved by
Institutional Biomedical Research Ethics Committee of Shanghai Institute of
Nutrition and Health. The C57BL/6 miR-182 constitutive KO mice (52) were
crossed with the C57BL/6 MMTV-PyMT mice, which were previously described
(82). The miR-182 conditional KO (miR-182fl/fl) mice were generated in C57BL/
6 background by GemPharmtech and then crossed with Lyz2-cremice (Shang-
hai Model Organisms Center).

For fat-pad injection assays, 5 × 104 Py8119, AT3 cells, or 4T1 were mixed
with Matrigel (354234, BD Biosciences) and injected into the mammary fat

pads on each side of 8-wk-old female mice. Syngenic immunocompetent
C57BL/6 and BALB/C mice were used for Py8119/AT3 and 4T1, respectively. For
macrophage depletion, 100 μL clodronate liposomes or PBS liposomes were
injected into mammary fat pads of 8-wk-old female miR-182-KO or wild-type
mice every 3 d. Py8119 cells were orthotopically transplanted as described pre-
viously at day 5. When tumors appeared, liposomes were injected into tumors
every 3 d until the end of experiments. For analyses of Py8119 and BMDM
coinjection, wild-type C57BL/6 female mice were irradiated by 4 Gy γ-rays, fol-
lowed by injection of 100 μL clodronate liposome into the mammary glands 3
d later. Then, a mixture of 5 × 104 Py8119 cells and 2.5 × 105 miR-182-KO or
wild-type BMDMs were injected into the mammary glands of the mice 4 d
later. Bonemarrow transplantation of mice was performed as described previ-
ously (83). Briefly, recipient C57BL/6 mice received lethal irradiation of 9 Gy
γ-rays. Then, bone marrow cells from miR-182-KO or wild-type donors were
resuspended in serum-free medium and injected into the tail vein of recipient
mice 3 h later. After 1 mo, 5 × 104 Py8119 cells were orthotopically trans-
planted into the recipient mice.

Except for the MMTV-PyMT model, female mice aged 6 to 8 wk were used
in all animal experiments. Unless stated otherwise, flow cytometry and IF anal-
yses of transplanted tumors were performed 3 wk after orthotopic injection
of the tumor cells. The flow cytometry and IF analyses of autochthonous
tumors and serological analyses of the corresponding mice were performed 2
wk after the first palpable tumor. To analyze tumor invasiveness, hematoxylin
and eosin staining was performed on tumor sections, and then Image J was
used to measure the distance from the invasion front to the dense tumor
edge (84).

Transcriptomic Sequencing and GSEA Analyses. The RNA of Py8119 trans-
planted tumors frommiR-182-KO or wild-type mice, with three littermates for
each group, were used for transcriptome sequencing. In addition, RNA was
extracted from miR-182-KO or wild-type BMDMs and subjected to transcrip-
tomic sequencing to analyze the molecular pathways affected by miR-182 in
macrophages. For GSEA, all gene sets were obtained from Molecular Signa-
tures Database (MSigDB, BROAD Institute).

Clinical Samples. Paraffin-embedded primary tumor specimens for the corre-
lation analysis of miR-182 expression and CD206+ cell infiltration levels were
obtained from Qilu Hospital. Samples were obtained with informed patient
consent and approval from the Research Review Board of the hospital.

Statistics and Reproducibility. The data presentation and statistical analyses
are described in the figure legends. Data analyses were performed by Graph-
Pad Prism 8 (GraphPad Software). The experiments in vitro were repeated
independently at least three times with similar results. P values < 0.05 were
considered as statistically significant.

Data Availability. The RNA sequencing data generated in this study have been
deposited in the National Omics Data Encyclopedia (https://www.biosino.org/
node, ID: OEP002515, OEP002516). The source data generated in this study
are provided in Datasets S1–S4.
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