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ABSTRACT: Tumor-associated macrophages (TAMs) usually
display the tumor-promoting M2 phenotype rather than the
tumoricidal M1 phenotype. Thus, M2-to-M1 repolarization of
TAMs has emerged as a promising strategy for tumor
immunotherapy nowadays. However, immune side effects remain
a great challenge, because phenotypic conversion of macrophages
into the proinflammatory M1 phenotype may also be induced in
normal tissue. Here, aiming at repolarizing TAMs without altering
the M1/M2 polarization balance in healthy organs, we develop a
micellar nanodrug with M2-targeting peptides (M2peptide)
hidden in the pH-sheddable PEG corona so that an active
targeting of M2-like macrophages is triggered only in the acidic tumor microenvironment (TME). The smart nanodrug effectively
functions M2-to-M1 repolarization via M2-targeted codelivery of IKKβ siRNA and STAT6 inhibitor AS1517499 (AS), which
suppresses the tumor growth and metastasis. Moreover, immune side effects are reduced because the neutral-pH environment in
healthy organs does not trigger a “stealth-to-nonstealth” conversion of the nanodrug essential for M2-targeted drug delivery.

■ INTRODUCTION

Malignant solid tumors are composed of cancer cells and blood
vessels, cancer-associated fibroblasts, immune cells, and
extracellular matrix and signaling molecules.1,2 Although the
major function of immune cells, including macrophages, is to
combat cancer cells, immune cells typically have a noticeably
dichotomous behavior in the tumor microenvironment. In
particular, macrophages demonstrate continuum plasticity
between the M1 and M2 subphenotypes in response to
microenvironment signals,3−6 and compelling evidence has
shown that tumor-associated macrophages (TAMs) abundant
in the microenvironment of solid tumors are generally M2-
polarized. It is known that the M1-like macrophages are
proinflammatory and tumoricidal, whereas the M2-like macro-
phages are anti-inflammatory and protumoral. To date, the
M2-polarized macrophages have been found to be associated
with poor prognoses in various cancers.7−10 It exhibits
numerous tumor-supportive properties, e.g., promoting angio-
genesis by secreting vascular endothelial growth factor
(VEGF),11 enhancing tumor invasion and metastasis through
overexpressing matrix metalloproteinase (MMP),12 and
restricting the adaptive immune response by secreting
cytokines of interleukin 10 (IL-10) and transforming growth
factor-beta (TGF-β).13,14 Therefore, the M2-polarized TAMs
represent a promising target for tumor immunotherapy.
Effective antitumor immunotherapy has been demonstrated

via depleting TAMs or reprogramming TAMs from the M2

protumoral phenotype toward the M1 antitumoral pheno-
type.15−17 Moreover, an M2-targeting delivery strategy can be
applied to improve the therapeutic efficiency of administered
drugs and to avoid the off-target effects on other leukocytes.
For example, Pun et al. reported delayed mortality and
selective reduction of the M2-like TAM population in tumor-
bearing mice receiving an intravenous injection of a fusion
peptide of proapoptotic peptide with an M2-targeting peptide
(M2pep).18 However, according to research in other diseases,
a depletion of M2-like macrophages or M1 activation may lead
to chronic inflammation which causes tissue damage.19−21 For
example, although the bisphosphonate (zoledronic acid) can
be phagocytosed by TAMs to induce apoptosis and promote
M2-to-M1 repolarization,22,23 side effects such as an
osteonecrosis of the jaw may also be induced due to the
nonspecific distribution and immune regulation.24,25 There-
fore, when reprogramming M2-polarized macrophages toward
the M1-like phenotype for antitumor immunotherapy, targeted
drug delivery to the M2-like TAMs without significantly
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affecting the tissue-resident M2-like macrophages in normal
organs such as the liver, spleen, and lung should be considered.
The macrophage phenotypic polarization is a complex

dynamic process regulated by various signal molecules and
signaling pathways. The JAK/STAT signaling pathway is
pivotal in M1 and M2 macrophage polarization, and STAT6 is
the crucial factor in IL-4-mediated immune responses during
M2 macrophage activation.26 On the other hand, nuclear factor
kappa-B (NF-κB) plays key roles in the PI3K/Akt,27 JNK,28

and Notch29 signaling pathways which are closely associated

with inflammation responses and macrophage polarization.
Because IKKβ is an important upstream molecule controlling
NF-κB activation,30 its silencing may drive the M1 polarization
of TAMs.31 Owing to the different mechanisms of STAT6 and
NF-κB in promoting the M1 polarization of TAMs,32,33 a
combination regulation of STAT6 and NF-κB is likely to
achieve an optimal outcome. Hence, given the potential of the
synergistic effect between the two different strategies, an M2-
targeted codelivery of the STAT6 inhibitor and IKKβ siRNA

Figure 1. Schematic illustration of PEG-sheddable nanodrug targeting M2-like TAMs for antitumor immunotherapy.

Figure 2. Characterizations of the micelleplex with a sheddable PEG corona. (A) Molecular structure of mPEG-phe-P[Lys(M2pep)-Lys]−
PAsp(DIP-co-BZA). (B) Electrophoretic mobility of siRNA in agarose gel after complexing with drug-free micelle (T-blank) at various N/P ratios.
(C) Effects of N/P ratios on particle sizes and ζ potentials of micelleplex T-Si prepared from polymer N3−P[Lys(M2pep)-Lys]−PAsp(DIP-co-
BZA) and siRNA at various N/P ratios. (D) Morphology and size of micelleplex ST-Si (N/P = 15) at pH 7.4 and pH 6.8 revealed by TEM and
DLS measurements. (E) 1H NMR spectra of mPEG-phe-DBCO and mPEG-OMA in CDCl3. mPEG-OMA was obtained from mPEG-phe-DBCO
after treating in PBS of pH 6.8 for 24 h.
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may be a highly effective strategy to transform the M2-
polarized TAMs to the M1-polarized ones.34

We herein describe a dual pH-sensitive nanodrug which can
effectively repolarize TAMs for antitumor immunotherapy
while minimizing the risk of breaking the M1/M2 polarization
balance in healthy organs. As outlined in Figure 1, the
nanodrug integrating a STAT6 inhibitor AS1517499 (AS) and
IKKβ siRNA was prepared and then coated with sheddable
PEG to hide the M2-targeting peptide (M2pep). The pH-
sensitive PEG-conjugating structure, 1-amide-2-propionic
ester-3-methyl maleic acid (phe), was stable at neutral pH
but cleavable in the acidic tumor microenvironment (TME).35

Thus, the PEG corona will remain in the bloodstream and
normal organs to render the nanodrug stealth property,
whereas the PEG shedding will be triggered inside the tumor
to let M2pep be exposed for active M2-targeting. Meanwhile,
the sheddable PEG envelope may effectively protect the
transported siRNA from enzymatic degradation in the blood
circulation, and the pH-sensitive core of the nanodrug may
facilitate endolysosomal escape of the nanodrug and rapid
release of AS inside M2-like TAMs. The antitumor
immunotherapeutic effects via M2-to-M1 repolarization of
TAMs and immune side effects of the nanodrug were assessed
both in vitro and in vivo.

■ RESULTS
Synthesis of Copolymers and Preparation of Mi-

celles. Diblock copolymer (N3−P[Lys(M2pep)-Lys]−PAsp-
(DIP-co-BZA)) grafted with TAM-targeting peptide was
synthesized via multistep reactions as outlined in Scheme S1.

The polymer mPEG-phe-DBCO designed as a pH-sensitive
coating of the nanodrug was synthesized as shown in Scheme
S2. Principally, after the micelle was assembled from N3−
P[Lys(M2pep)-Lys]−PAsp(DIP-co-BZA), it was decorated
with pH-sheddable PEG via click reaction on the micelle
surface,36,37 as shown in Figure 2A. Through such a design, an
active targeting of M2-like macrophages may be triggered only
in the tumor acidic microenvironment. A triblock copolymer
mPEG-P[Lys(M2pep)-Lys]−PAsp(DIP-co-BZA) was also syn-
thesized to prepare the micelle with a nonsheddable PEG
corona (Scheme S3). The polymers were characterized by 1H
NMR analysis (Figures S1−S10). According to the integration
ratio of the peaks at 3.82 ppm (N3CH2−) and 7.16−7.38 ppm
(−CH2C6H5 of PBCLLys and PBLAsp), the polymerization
degrees of PBCLLys and PBLAsp were both calculated to be
55. After ammonolysis, the disappearance of resonance peaks
at 4.93−5.10 ppm (C6H5CH2OOC−) indicated a complete
reaction and successful removal of N-benzyloxycarbonyl group
in PBCLLys. The residual peaks at 7.16−7.38 ppm
(−CH2C6H5) represented the phenyl group in PAsp(DIP-co-
BZA). The grafting degree of DIP in PAsp(DIP-co-BZA) was
calculated to be 69.10% via analyzing the grafting degree of
BZA from the 1H NMR spectra. The molecular weights of
polymers are summarized in Table S1.
The amphiphilic diblock copolymers N3−P[Lys(M2pep)-

Lys]−PAsp(DIP-co-BZA) were self-assembled into M2-target-
ing micelle with (T-AS) or without (T-blank) encapsulating
hydrophobic AS in the micellar core. Using the standard curve
of AS established through measuring the characteristic peak of
308 nm with UV−vis spectrophotometry (Figure S11A,B), the

Figure 3. Cellular uptake and intracellular distribution of micelleplexes in M2-like macrophages. (A) Confocal laser scanning microscopic (CLSM)
imaging of M2-like macrophages incubated with ST-Cr6&Cy3 and NT-Cr6&Cy3 at pH 6.8 or pH 7.4 for 6 h. (B) Quantitative analysis of Cr6- and
Cy3-positive M2-like macrophages by flow cytometry after cell incubation with ST-Cr6&Cy3 and NT-Cr6&Cy3 at pH 6.8 or pH 7.4 for 6 h. (C)
CLSM imaging of M2-like macrophages and GFP-4T1 cancer cells coincubated with ST-Cr6&Cy3 or NT-Cr6&Cy3 at pH 6.8 for 6 h. Red
fluorescence, Cy3-labeled scrambled siRNA (SCR); green fluorescence: GFP protein expressed in GFP-4T1 cancer cells; scale bars represent 10
μm. (D) Relative Cy3 fluorescence intensities in M2-like macrophages and GFP-4T1 tumor cells coincubated with ST-Cr6&Cy3 or NT-Cr6&Cy3
at pH 6.8 for 6 h. The Cy3 fluorescence intensity in GFP-4T1 tumor cells incubated with NT-Cr6&Cy3 was used for normalization. ***P < 0.001
vs ST in M2-like macrophages. Statistical graphs shown in part D are from the CLSM images shown in part C.
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AS loading content of T-AS was measured to be 3.02%. The
complexation of cationic T-blank with siRNA driven by
electrostatic interaction was assessed by the agarose gel
electrophoresis assay. As shown in Figure 2B, a complete
retardance of siRNA migration was observed above the N/P
ratio of 8, which indicated complete siRNA complexation.
The PEG grafting degree of the ST micelle was measured to

be 94 ± 3% owing to the extremely high selectivity and
reaction rate of the Cu-free click cycloaddition reaction,37−39

which indicated that the PEG density on the surface of the ST
micelle was just slightly different from that on the surface of
the NT micelle. Thus, these two prepared micelles, ST-
Cr6&Cy3 and NT-Cr6&Cy3, were a suitable pair for
comparison in the present study.

The particle sizes and ζ potentials of micelleplexes obtained
via complexation of siRNA with T-blank at different N/P ratios
were determined by dynamic light scattering (DLS). The
particle size decreased along with the increase of N/P ratio
until N/P 15 because the electrostatic interactions between
cationic micelle and negatively charged siRNA led to the outer
layer compaction of the micelle (Figure 2C). T-blank showed
an averaged hydrodynamic diameter of 232.5 ± 10.5 nm,
whereas the micelleplex formed at N/P 15 was decreased to
186.5 ± 6.0 nm. Then, a further increase in N/P ratio above
N/P 15 led to a slight increase in particle size, likely because
the uncomplexed micelle may exist. The ζ potential of the
micelleplex increased to +27.6 mV from +3.1 mV along with
the increase of N/P ratio to 50 from 10. In consideration of its

Figure 4. Repolarization of M2-like macrophages in vitro. (A) IKKβ mRNA levels determined by quantitative real-time PCR (qRT-PCR) in M2-
like macrophages incubated with different formulations for 48 h. **P < 0.01. (B) Protein expression levels of IKKβ, STAT6, Arg I, and iNOS
determined by Western blot (WB) in M2-like macrophages incubated with different formulations for 48 h. (C) mRNA levels of M2/M1-associated
genes determined by qRT-PCR in M2-like macrophages incubated with different formulations for 48 h. *P < 0.05, **P < 0.01, ***P < 0.001. (D)
Morphological transformation indicative of phenotypic change of M2-like macrophages incubated with different formulations for 48 h. M2-like
macrophages labeled green with anti-CD206 antibody; M1-like macrophages labeled red with anti-CD80 antibody; cell nuclei stained blue; tubulin
stained gray. Scale bars represent 5 μm. (E) Schematic illustration of the morphology transformation of M2-like macrophages following the
repolarization process. IKKβ siRNA dose, 100 nM; AS concentration if applied, 0.8 μM.
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relatively small size (186.5 nm) and weak positive charge
(+10.6 mV), the micelleplex formed at N/P ratio of 15 was
selected for further experiments. At pH 7.4, the micelleplex ST-
Si possessed a uniform spherical morphology under trans-
mission electron microscopy (TEM) observation and an
averaged hydrodynamic diameter of 214.2 ± 6.8 nm according
to the DLS measurement (Figure 2D). At pH 6.8, the
micelleplex showed the same morphology but a decreased
particle size around 196 nm due to the removal of the
sheddable PEG corona.
To further assess the pH sensitivity of the sheddable PEG

coating, mPEG5k-phe-DBCO was incubated in PBS (10 mM,
pH 6.8) to yield methoxy-poly(ethylene glycol)-2-(3-oxoprop-
yl) maleic acid (mPEG5k-OMA). The two polymers mPEG5k-
phe-DBCO and mPEG5k-OMA were characterized by 1H
NMR analysis. As shown in Figure 2E, after reaction the
characteristic 1H NMR peaks at 7.16−7.38 ppm (phenyl group
of DBCO) disappeared, which implied that the PEG corona
could be removed from the micelleplex in the acidic tumor
microenvironment (pH ∼ 6.8).
Cytotoxicity and Cell Uptake. After treatment with

MCS-F and IL-4, more than 95% of the bone marrow derived
macrophages were CD206-positive, indicating the M2-like
phenotype (Figure S12A). The percentage of CD206-positive
cells did not change much no matter whether the macrophages
were incubated at pH 7.4 or at pH 6.8 (Figure S12B). The M2-
like macrophages showed viabilities above 80% even after
incubation with T-blank and ST at concentrations up to 200
μg mL−1 (Figure S13), indicating low cytotoxicities of the
micellar carrier and polymer. Furthermore, decoration of the
sheddable PEG corona had negligible effect on the cytotoxicity
of the micelle.
Cell uptake and intracellular distribution of micelleplexes

(ST-Cr6&Cy3 and NT-Cr6&Cy3) in M2-like macrophages
were evaluated using confocal laser scanning microscopy
(CLSM) and flow cytometry. As shown in Figure 3A, the cells
incubated with ST and the cells incubated with NT at pH 7.4
showed no obvious difference in their Cr6 and Cy3
fluorescence intensities. In contrast, at pH 6.8, the cells
incubated with ST showed obviously higher Cr6 and Cy3
fluorescence intensities than the cells incubated with NT,
which indicated the M2peptide-mediated targeting delivery to
M2-like macrophages as a result of PEG shedding at pH 6.8.
These results are meaningful because they implied that the
PEG shedding allowing M2-targeted delivery would only occur
in the acidic tumor microenvironment rather than normal
tissues with neutral pH. Flow cytometry was employed to
quantitatively measure the uptake levels of micelleplexes by
M2-like macrophages, which obtained results in line with the
CLSM analyses (Figure 3B). To further evaluate the specificity
of M2 peptide-mediated delivery to M2-like macrophages, the
M2-like macrophages and GFP-4T1 cancer cells were
cocultured with NT-Cr6&Cy3 or ST-Cr6&Cy3 at pH 6.8.
As shown in Figure 3C,D, the PEG-sheddable micelleplex ST-
Cr6&Cy3 obviously showed a preferential uptake by the M2-
like macrophages, whereas the PEG-nonsheddable NT-
Cr6&Cy3 showed equivalently low uptake levels by the M2-
like macrophages and GFP-4T1 cancer cells. These results
further confirmed the feasibility of using the nanodrug with
M2peptide hidden underneath the pH-sheddable PEG corona
to target the M2-like TAMs in the tumor microenvironment
(pH ∼ 6.8).

Repolarization of M2-Like TAMs in Vitro. The M2-like
macrophages were derived from the extracted bone marrow
and stimulated by M-CSF and IL-4. The target gene silencing
efficiency of IKKβ siRNA in M2-like macrophages was verified
using quantitative real-time PCR (qRT-PCR) and Western
blot (WB) assays. As shown in Figure S14, the effects of three
doses (50, 100, and 200 nM) on macrophage repolarization
were compared, and a high siRNA dose may lead to a more
efficient repolarization of the M2-like macrophages to the M1-
like ones. Increasing the siRNA dose to 100 nM from 50 nM
resulted in very significant downregulation of the M2
biomarker CD206 and upregulation of the M1 biomarker
CD80. Nevertheless, the effect became much weaker when
further increasing the siRNA dose to 200 nM from 100 nM.
Moreover, at a constant siRNA concentration (100 nM),
increasing the AS concentration to 0.8 μM from 0.1 μM
effectively promoted the macrophage repolarization, whereas
further increasing the AS concentration above 0.8 μM
appeared ineffective in promoting the macrophage repolariza-
tion. Therefore, the 100 nM Si and 0.8 μM AS were set for the
investigation of macrophage repolarization. Then, the ex-
pression levels of the IKKβ gene in the M2-like macrophages
incubated at pH 6.8 were significantly downregulated to
39.71% and 36.27% by ST-Si and ST-AS&Si, respectively
(Figure 4A). Meanwhile, the WB results showed an obviously
suppressed expression of IKKβ protein, which was consistent
with the qRT-PCR results. On the other hand, cell incubations
with ST-AS and ST-AS&Si both significantly suppressed the
expression levels of phospho-STAT6 (pSTAT6) protein in the
M2-like macrophages (Figure 4B). In consideration that AS is
an effective inhibitor for the phosphorylation of STAT6
protein,40 these results indicated that AS was efficiently
delivered into the M2-like macrophages. As shown in Figure
4B, using the PEG-sheddable and M2-targeting nanocarrier,
although a single drug treatment with AS or IKKβ siRNA
appeared effective in inducing a repolarization of the M2-like
macrophages toward M1-like macrophages, the combination
treatment using two drugs was the most potent. In the
macrophages incubated with ST-AS&Si, the arginase I (Arg I)
protein as a typical biomarker of the M2-like macrophages was
most significantly downregulated, whereas the inducible nitric
oxide synthase (iNOS) protein as a typical biomarker of the
M1-like macrophages was markedly upregulated. Moreover,
analyses of the M2/M1-associated genes obtained consistent
results. As shown in Figure 4C, the expression levels of M2-
associated genes including IL-10, CD206, TGF-β, and Arg I
were obviously downregulated, whereas the expression levels of
M1-associated genes including IL-12, CD80, TNF-α, and IFN-
γ were remarkably upregulated upon cell incubations with the
three AS/siRNA-incorporated nanodrugs, with ST-AS&Si
showing the best effect. The scrambled siRNA formulation
(ST-SCR) did not cause a repolarization of the M2-like
macrophages. These results strongly demonstrated that ST-
AS&Si effectively repolarized the M2-like macrophages to M1-
like macrophages via the joint effect of IKKβ gene silencing
and STAT6 protein inhibition.
Because the M2-like macrophages and M1-like macrophages

exhibit distinct morphologies,17 the phenotypic transformation
of macrophages can be indicated by an obvious change of cell
morphology. As schematically illustrated in Figure 4E, the M2-
like macrophages display a morphology of elongated fusiform
while the M1-like ones display a round and flattened cellular
morphology. To better visualize the morphological change of
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macrophages against different nanodrug treatments, the M2-
like macrophages and M1-like macrophages were labeled into
green and red with anti-CD206 and anti-CD80 antibodies,
respectively. As shown in Figure 4D, clear morphological
changes from the M2-like phenotype to an M1-like one were
observed as a result of AS and/or IKKβ siRNA treatments
mediated by the PEG-sheddable and M2-targeting nanocarrier.
Notably, the combination treatment using ST-AS&Si seemed
to exhibit the best effect to induce the M2-to-M1
morphological change. Again, these results revealed that,
using the PEG-sheddable and M2-targeting nanocarrier, both
the AS and IKKβ siRNA treatments may cause a repolarization

of the M2-like macrophages into M1-like macrophages, and
the two drug combination treatment was even more effective
to induce such phenotypic transformation.

Immunotherapeutic Effects of Nanodrugs. The in vivo
immunotherapies were initiated via tail vein injection of
nanodrugs. One tail vein injection was applied every 3 days
over 19 days as shown in the treatment schedule of Figure 5A.
To explore the in vivo distribution and tumor accumulation of
nanodrugs, a fluorescence imaging study was carried out in
mice bearing a subcutaneous graft of the 4T1 breast tumor.
The micelles labeled with near-infrared fluorescent dye 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide

Figure 5. Antitumor immunotherapeutic effect in mice bearing subcutaneous 4T1 grafts. (A) Schematic illustration of immunotherapeutic studies
in vivo. (B) In vivo Dir fluorescence imaging of mice bearing the 4T1 tumor after tail vein injection of ST-Dir or NT-Dir and (D) relative Dir
fluorescence intensity in tumor tissues at different time points. (C) Ex vivo Dir fluorescence imaging and (E) relative Dir fluorescence intensities in
major organs (heart, He; liver, Li; spleen, Sp; lung, Lu; kidney, Ki; tumor, Tu) of the above mice sacrificed at 48 h postinjection. (F) Orthotopic
4T1 tumor growth in mice receiving different treatments (n = 6). The injections were performed every 3 days for a total of seven treatments. (G)
Cumulative survival of 4T1 tumor-bearing mice receiving difference treatments (n = 8). (H) Histological analyses of 4T1 tumor sections from mice
having undergone a total of 19 days of treatment. In H&E staining, blue indicated nuclei, and red indicated extracellular matrix and cytoplasm. In
the TUNEL assay, apoptotic cells were stained brown. Scale bars represent 50 μm. (I) In vivo bioluminescence imaging (BLM) of Luc-4T1 tumor-
bearing mice receiving various treatments at different treatment time points to track orthotopic tumor growth and metastases (n = 6). (J) Tumor
metastasis potential in mice bearing subcutaneous 4T1 grafts. Representative ex vivo bioluminescent images (BLM) and the H&E staining of livers
and lungs obtained from the Luc-4T1 tumor-bearing mice having undergone a total of 19 days of treatment to track tumor metastases. Yellow
arrows indicated metastatic tumor nodules. Scale bars represent 50 μm. siRNA dose, 250 μg/kg body weight; AS dose, 60 μg/kg body weight. *P <
0.05; **P < 0.01; ***P < 0.001.
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(DiR), ST-Dir, and NT-Dir were injected into tumor-bearing
mice via the tail vein, and then, the in vivo distribution of Dir
fluorescence was monitored against postinjection time. As
shown in Figure 5B, both micelles exhibited liver accumulation
after intravenous (IV) injection, which is a normal
phenomenon for nanoparticles admittedly subjected to
clearance by the reticuloendothelial system.41 More impor-
tantly, both micelles accumulated gradually in the tumor site to
reach the highest Dir fluorescence intensities after IV
injections, and the tumor accumulation of ST-Dir was even
much better than that of NT-Dir (Figure 5D). Ex vivo imaging
studies of major organs and tumors from mice sacrificed at 48
h after micelle injection obtained consistent results (Figure
5C,E). Based on these results, it was likely that the sheddable
PEG corona was removed from the micelle surface to expose
the M2-tageting ligand (M2peptide) in the acidic tumor
microenvironment, which led to an increased tumor retention
of the micelle.
A tumor graft mice model established via subcutaneously

implanting luciferase-expressing 4T1 cells, i.e., the mice Luc-
4T1 tumor model, was used to verify the effects of nanodrugs
on tumor growth and metastasis. As shown in Figure 5F, the

mice treated with PBS and ST showed the fastest tumor
growth, reaching 1943 ± 87 and 1953 ± 177 mm3 at 16 days,
respectively. In comparison, the three nanodrugs incorporating
the therapeutic agent (ST-AS, ST-Si, and ST-AS&Si) obviously
inhibited the tumor growth. In particular, the treatment with
nanodrug integrating AS and siRNA (ST-AS&Si) most
effectively inhibited the tumor growth, showing a tumor
growth inhibition of 83.94% compared to the PBS treatment at
16 days (312 ± 25 vs 1943 ± 87 mm3). Cumulative survival of
the 4T1 tumor-bearing mice was consistent with the tumor
growth inhibition results (Figure 5G). That is, although the
single drug-incorporated nanodrugs (ST-AS and ST-Si) were
effective in prolonging the animal survival, the ST-AS&Si
treatment was even much more potent. One additional
syngeneic orthotopic tumor model was established to test
the antitumor efficacy of nanodrugs. As shown in Figure S15A,
the antitumor potential of the pH-sensitive PEGylated AS&Si-
encapsulated micelle decorated with scrambled M2pep
(scrM2pep), i.e., STscr-AS&Si, was similar to that of NT-
AS&Si likely due to the lack of the TAM-targeting ability for
both STscr-AS&Si and NT-AS&Si. By contrast, the ST-AS&Si
treatment was very potent in inhibiting the syngeneic

Figure 6. Repolarization of TAMs and regulation of T cells to reshape the tumor immune microenvironment for effective immunotherapy in vivo.
(A) Flow cytometric analysis of M2-like TAMs, M1-like macrophages, CD8+ T cells, Th1 cells, and Tregs in the tumor tissue from mice receiving
various treatments at 8 days (see Figure 5A for the in vivo study schedule). M1- and M2-like macrophages were gated on CD45+CD11b+F4/80+

cells. CD8+ T cells, Th1 cells, and Tregs were gated on CD45+CD3+ cells, CD4+ cells, and CD4+CD25+ cells, respectively. (B) Representative flow
cytometric analysis displaying the absolute percentage of the tumor-infiltrating M2-like macrophages, M1-like macrophages, CD8+ T cells, Th1
cells, and Tregs in the tumor following various treatments. Data are presented as mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. (C)
Immunofluorescence assays displaying M2-like TAMs, M1-like macrophages, CD8+ T cells, Th1 cells, and Tregs in the tumor tissue at 8 days after
various treatments. Scale bars represent 50 μm. See Figures S16 and S17 for unmerged images. (D) Expression levels of target proteins (IKKβ and
pSTAT6), and macrophage biomarkers (M2, Arg I; M1, iNOS) in the 4T1 tumor from mice receiving various treatments at 19 days after various
treatments. Scale bars represent 50 μm. siRNA dose, 250 μg/kg body weight; AS dose, 60 μg/kg body weight.
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orthotopic tumor. The animal survival of the ST-AS&Si
treatment group was distinctly prolonged compared with the
other three treatment groups (Figure S15B). The body weights
of each group showed no significant difference (Figure S15C),
and serum levels of BUN, CRE, ALT, and AST in tumor-
bearing mice receiving various treatments were in the reference
range (Table S3), indicating that treatments with all these
formulations had negligible adverse effects on the mice.
Hematoxylin/eosin (H&E) staining and the TUNEL assay
were performed to further confirm the therapeutic effect of
nanodrugs. As shown in Figure 5H, the tumor tissues obtained
from the animals receiving PBS or ST showed a dense
population of atypical cancer cells without signs for apoptosis.
By contrast, the ST-AS and ST-Si treatments led to decreased
cancer cell density and increased apoptosis in tumor tissues.
Moreover, tumor sections from the animals receiving ST-
AS&Si showed the fewest cancer cells and the highest cell
apoptosis level, which made evident again the best inhibitory
effect of ST-AS&Si on tumor growth.
Tumor growth and metastasis in mice receiving different

treatments were further monitored with bioluminescence
imaging. As shown in Figure 5I, the bioluminescence imaging
revealed the same orthotopic tumor growth as measured with
the caliper (Figure 5F). Moreover, obvious tumor metastasis
was found in mice treated with PBS and ST according to the
bioluminescence distribution of the Luc-4T1 tumor. At 19
days, bioluminescence was seen not only in the orthotopic
tumor sites but also in other areas. In comparison, tumor
metastasis in animals treated with ST-AS, ST-Si, and ST-
AS&Si was obviously suppressed. In particular, no bio-
luminescence for the metastatic tumor other than the
orthotopic one was observed in animals receiving ST-AS&Si,
even in the ex vivo bioluminescence imaging of liver and lung.
The ex vivo bioluminescence imaging and histological studies
of the liver and lung achieved the same results. As shown in
Figure 5J, severe tumor metastasis was shown in both the lung
and liver of the PBS and ST treated mice. Treatments with ST-
AS and ST-Si obviously reduced tumor metastasis in the liver
and lung. More excitingly, tumor metastasis to the liver and
lung was not detectable by the ex vivo bioluminescence
imaging in mice treated with ST-AS&Si. Histological studies
on tumor sections obtained from the same organs as examined
in the ex vivo bioluminescence imaging obtained consistent
results. Obviously, it confirmed once again the marked
inhibitory effect of ST-AS&Si on 4T1 tumor metastasis; i.e.,
no metastatic tumor nodule was seen in the liver and lung
sections.
Evidence of TAM Repolarization for Effective

Immunotherapy. The proportions of M2-like and M1-like
TAMs in tumor tissues were analyzed through determining the
M2 biomarker CD206 and M1 biomarker CD80 with flow
cytometry and immunofluorescence staining (Figure 6). Mice
treated with PBS and ST showed high levels of M2-like TAMs
(CD206high) reaching 43.1% and 42.2% in CD45+CD11b+F4/
80+ cells (absolute percentage of 1.81% and 1.76% in tumor
tissue), respectively, which was in line with the fast tumor
growth and severe tumor metastasis of the two groups. In
comparison, mice treated with ST-AS, ST-Si, and ST-AS&Si
showed obviously reduced M2-like TAMs in the tumor tissue.
In particular, mice treated with the micelleplex ST-AS&Si
showed the lowest M2-like TAMs (0.33%) while the highest
M1-like TAMs (2.16%). The highest number of M1-like
TAMs in the tumor tissue of mice receiving ST-AS&Si was also

shown in the CLSM observation (Figure 6C and Figure S16).
Immunohistochemical studies achieved consistent results as
well. As shown in Figure 6D, the tumor tissue in mice receiving
PBS and the blank micelle ST showed high levels of IKKβ and
pSTAT6 protein expressions. Obviously, the treatments with
ST-Si and ST-AS&Si effectively suppressed the IKKβ protein
expression as an outcome of target gene silencing by siRNA,
while the treatments with ST-AS and ST-AS&Si effectively
suppressed the pSTAT6 protein expression as a result of the
AS-induced STAT6 deactivation. Moreover, the inducible
nitric oxide synthase (iNOS) as an M1 biomarker was
upregulated, whereas the arginase I (Arg I) as an M2
biomarker was downregulated in the tumor tissues of mice
receiving ST-AS, ST-Si, and ST-AS&Si, which revealed once
again the repolarization of the M2-phenotype to M1-penotype
via the ST and siRNA treatments mediated by the PEG-
sheddable micelle. In particular, ST-AS&Si showed the best
effect on such phenotypic repolarization of TAMs.
Unlike the tumor-promoting M2-like macrophages,42 it is

known that M1-like macrophages display tumoricidal effects
via producing ROS,43 activating effector T cells,44 promoting
cell apoptosis,45 etc. Therefore, the above results indicated that
the best inhibition of 4T1 tumor orthotopic growth and
metastasis in mice receiving the ST-AS&Si treatment was
resulted from the most effective repolarization of TAMs. In
addition, the results strongly demonstrated a joint therapeutic
effect of AS and siRNA when ST-AS&Si was administered.
To further verify the immunotherapeutic effect of the

nanodrugs, the T cell infiltration in tumor tissues of mice
receiving various treatments was also investigated. As a result
of repolarization of TAMs into M1-like macrophages via
treatments with ST-AS, ST-Si, and ST-AS&Si, the tumor
infiltration of tumoricidal CD8+ T cells and Th1 cells was
elevated obviously (Figure 6A,B). In particular, the ST-AS&Si
treatment resulted in the highest infiltration of both CD8+ T
cells (0.37%) and Th1 cells (0.26%) in the tumor tissue of
mice. Since the regulatory T cells (Tregs) were the typical
immune cells contributing to the immunosuppressive micro-
environment in tumor tissues, the effects of nanodrugs on
Tregs in tumor tissues were also explored. As determined by
flow cytometry, the proportion of Tregs in tumor tissues of
mice receiving ST-AS&Si was only 0.05%, which was
significantly lower than that in the tumor tissue of mice
receiving PBS (0.34%). The immunofluorescent staining assay
achieved consistent results (Figure 6C and Figure S17), which
revealed once again that the ST-AS&Si treatment resulted in
the highest tumor infiltration of CD8+ T cells and Th1 cells
but the lowest tumor infiltration of Tregs, which apparently
contributed to the most effective inhibition of tumor growth
and metastasis.

Decreased Proinflammatory Effects in the Liver and
Lung via Tumor Acidity-Triggered Targeting Delivery.
Although the M2-to-M1 repolarization of macrophages in
tumor sites inhibits the tumor growth and metastasis, such
activity in healthy organs may break the phenotypic balance of
macrophages and leads to proinflammatory side effects. Thus,
the M2-to-M1 repolarization and proinflammatory side effects
of various treatments in the liver and lung as representative
organs were explored, which was believed to be likewise
important for our TAM-targeting strategy using the tumor
acidity-sensitive PEG-sheddable nanocarriers. First, accumu-
lation of micelles with and without the sheddable PEG corona
in the liver and lung was investigated. To visualize the micelles,
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Nile red (NR) instead of AS was encapsulated. As shown in
Figure 7A, T-NR without PEG shielding accumulated more in
both the liver and lung than ST-NR according to the stronger
NR fluorescence. Moreover, the NR fluorescence marking
micelles overlapped nicely with that of CD206 marking the
M2-like macrophages, which indicated that the enhanced liver
and lung accumulations of T-NR were due to the M2-targeting
delivery. In contrast, the M2peptide of ST-NR was unable to
bind M2-like macrophages because a PEG shedding to expose
M2peptide could not occur at the neutral pH of the liver and
lung tissue, which impeded the uptake of ST-NR by M2-like
macrophages to enhance liver and lung accumulations. Thus,
the sheddable PEG corona introduced onto the M2peptide-
modified nanodrugs may function as a pH-sensitive “on−off”
for M2-targeting to enhance the tumor accumulation, i.e., M2-
targeting “on” at tumor acidity, while lowering the accumu-
lations in healthy organs such as the liver and lung, i.e., M2-
targeting “off” at neutral pH.

Then, the M2-to-M1 repolarization of macrophages in the
liver and lung and resultant proinflammatory effects, which are
critical for the nanodrug to be considered as a potential
antitumor immunotherapeutic agent, were further investigated.
Immunohistochemical assays were performed to analyze the
M2 biomarker CD206 and M1 biomarker CD80. In
comparison with PBS treatment, T-AS&Si treatment and
NT-AS&Si treatment decreased the M2-like macrophages but
increased the M1-like macrophages in the liver and lung,
indicating M2-to-M1 repolarization in these organs. Excitingly,
the ST-AS&Si treatment showed a much lowered effect on the
macrophage phenotypes in both the liver and lung (Figure
7B−D). Consequently, the animals receiving ST-AS&Si
showed lower expression levels of proinflammatory TNF-α
produced by the M1-like macrophages. Finally, the H&E
images of lungs and livers from mice receiving T-AS&Si and
NT-AS&Si treatment showed some damages of the alveolar
wall in the lung and hepatic sinusoid well in the liver

Figure 7. Decreased proinflammatory effects in the liver and lung via tumor acidity-triggered targeting delivery. (A) Confocal laser scanning
microscopic (CLSM) imaging showing uptake of micelleplex T-NR, NT-NR, or ST-NR by M2-like macrophages in the lung and liver after 24 h
postinjection of the micelleplex. Green fluorescence indicates anti-CD206 antibody labeling M2 macrophages, and red fluorescence indicates NR-
loaded micelles. Scale bars represent 25 μm. (B) H&E staining and immunohistochemical assay of the lung and liver from mice after receiving
treatments of PBS, T-AS&Si, NT-AS&Si, or ST-AS&Si every 2 days for a total of five injections. Red arrows indicate damages of the alveolar wall in
lung and hepatic sinusoid well in the liver, and black arrows show inflammatory cells. Amounts of M2- or M1-like macrophages and expressions of
M1-associated proinflammatory factor TNF-α in the lung and liver were analyzed by immunohistochemical assay to explore the inflammatory
reaction. CD206-positive cells (M2) and CD80-positive cells (M1) counted in the lung (C) and liver (D), *P < 0.05. Scale bars represent 50 μm;
siRNA dose, 250 μg/kg body weight; AS dose, 60 μg/kg body weight.
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accompanying obvious infiltration of inflammatory cells. The
inflammatory injuries and the inflammatory cell infiltration
turned much less evident in the lungs and livers from mice
receiving ST-AS&Si. The above results clearly showed that the
sheddable PEG corona introduced onto the M2peptide-
decorated nanodrug may lower the immune side effects by
reducing the risk of inducing M2-to-M1 repolarization of
macrophages in healthy organs.
A further investigation of macrophage repolarization in

organs (i.e., liver, lung, spleen, lymph nodes) and blood was
performed by flow cytometry analyses. As shown in Figure S18,
the T-AS&Si and NT-AS&Si treatments both reduced the M2-
like macrophages in the blood, liver, lung, spleen, and lymph
nodes and meanwhile increased the M1-like macrophages
there. However, the effect of ST-AS&Si treatment to induce
the M2-like macrophage repolarization was much weaker,
which indicated that the sheddable PEG corona on ST-AS&Si
was favorable for lowering the immune-associated side effects
in healthy organs including the spleen.

■ DISCUSSION
As the M2-to-M1 phenotypic transition may be induced by
silencing the IκB kinase-β (IKKβ) gene46 or inhibiting the
signal transducers and activators of the transcription 6
(STAT6) protein,47 a combination regulation of STAT6 and
NF-κB was expected to result in a synergistic effect to promote
the M1 polarization of TAMs. In this context, an M2-targeted
codelivery of the STAT6 inhibitor and IKKβ siRNA may
represent a highly effective strategy to turn the M2-polarized
TAMs into the M1-polarized ones.
The nanocarrier, with its unique features in tumor passive

targeting and readily available multifunctionality, holds great
promise for accomplishing this multipronged therapeutic
strategy. Moreover, codelivery of the STAT6 inhibitor and
IKKβ siRNA using a pH-sensitive nanocarrier with M2-
targeting peptide (M2pep) hidden underneath the pH-
sheddable PEG outer layer may bypass the M2-like macro-
phages in normal organs, thus lowering the systemic immune
side effects of the M2-targeted combination treatment.
A block copolymer N3−P[Lys(M2pep)-Lys]−PAsp(DIP-co-

BZA) was synthesized and then self-assembled into micelle
embedding STAT6 inhibitor AS in the hydrophobic core. The
micelle efficiently complexed IKKβ siRNA to form a
micelleplex which was then decorated with a pH-sensitive
sheddable PEG outer layer through click reaction between the
azide groups on the micelle and azadibenzocylooctyne
(DBCO) group terminating PEG (mPEG-phe-DBCO). The
antitumor immunotherapeutic effects via M2-to-M1 repolari-
zation of TAMs and immune side effects were assessed both in
vitro and in vivo. To date, although a PEG sheddable strategy
utilizing acidic TME to expose the TAM-targeting ligand on
the nanocarrier for TAM-targeted drug delivery was
reported,48 the nanodrug showing clear evidence to induce
an M2-to-M1 repolarization of TAMs for effective anticancer
immunotherapy and meanwhile bypassing the M2-like macro-
phages in normal organs for reduced side effects has not been
documented yet.
The pH-sensitive linker, 1-amide-2-propionic ester-3-methyl

maleic acid (phe), between PEG and the micelleplex was
broken in the tumor acidic microenvironment to allow PEG
shedding, thus exposing M2peptide for M2-tageting delivery.
However, the PEG corona was stable in healthy organs with
neutral pH, reducing internalization of the micelleplex into the

M2-like macrophages. Consequently, the AS and IKKβ siRNA
were efficiently delivered into the M2-like TAMs to jointly
induced an M2-to-M1 repolarization for effective antitumor
immunotherapy, which inhibited orthotopic growth and
metastasis of the 4T1 tumor. More excitingly, the reduced
uptake of the micelleplex by M2-like microphages in healthy
organs such as the lung and liver resulted in less M2-to-M1
repolarization, which decreased inflammatory side effects. Our
results show that the pH-sensitive PEG-sheddable micelleplex
integrating AS and IKKβ siRNA is potentially a potent
nanodrug for anticancer immunotherapy with low immune
side effects.

■ MATERIALS AND METHODS
Preparation of Micelles. N3−P[Lys(M2pep)-Lys]−PAsp-

(DIP-co-BZA) (10 mg) and 1 mg of AS were dissolved in 1 mL
of DMSO. The solution was added dropwise into 10 mL of pH
7.4 PBS buffer under sonication (Sonics Vibra-Cell, 20 kHz,
60% power level) in an ice−water bath. After dialyzing
(MWCO: 7 kDa) against pH 7.4 PBS for 24 h to remove
DMSO, the solution was filtered through a syringe filter (pore
size: 450 nm) to eliminate large aggregates and obtain the
solution of the drug-loaded micelle (T-AS). The targeting
blank micelle (T-blank) based on N3−P[Lys(M2pep)-Lys]−
PAsp(DIP-co-BZA) was prepared in a similar way without
adding AS. According to the predesigned N/P ratio, a certain
amount of IKKβ siRNA was added to the T-AS micelle
solution, and then, the solution was incubated at room
temperature for 30 min to obtain the AS-siRNA-coloaded
micelle (T-AS&Si). After the T-AS&Si micelle and mPEG-
phe-DBCO were mixed at a 1:1 molar ratio, the solution was
stirred overnight at room temperature to obtain the targeting
micelle with pH-sensitive PEG coating (ST-AS&Si). The
targeting blank micelle with pH-sensitive PEG coating (ST)
and micelleplex formed by ST complexation with siRNA (ST-
Si) were also prepared. The micelle with pH-insensitive PEG
corona (NT-AS&Si) was prepared as a control. The AS&Si-
encapsulated PEGy-sheddable micelle decorated with
scrambled M2pep (scrM2pep) was denoted as STscr-AS&Si.
The coumarin 6 (Cr6)-encapsulated targeting micelle with
sheddable PEG corona and the Cr6-encapsulated targeting
micelle with nonsheddable PEG corona were complexed with
Cy3-labeled SCR at an N/P ratio of 15 to form the
micelleplexes of ST-Cr6&Cy3 and NT-Cr6&Cy3 for cell
transfection study.
The targeting micelleplex without PEG coating (T-AS&Si)

encapsulating IKKβ siRNA and AS was assembled from N3−
P[Lys(M2pep)-Lys]−PAsp(DIP-co-BZA) as a control, which
exposes M2peptide on the micelleplex surface for studies of
proinflammatory side effects. To study the organ accumulation
of micelles, micelles loading Nile red (NR) with or without
PEG corona (T-NR and ST-NR) were prepared via the same
approach as described above. The formulations and their
explanations are summarized in Table 1.

Characterization of Nanodrugs. The PEG density on
the surface of the ST micelle was investigated. In brief, 5 mL of
T-blank in pH 7.4 distilled water (10 mg mL−1) was mixed
with mPEG-phe-DBCO at a 1:1 polymeric molar ratio. The
solution was slightly stirred overnight at room temperature and
then dialyzed (MWCO: 7 kDa) against pH 7.4 distilled water
for 24 h to remove unreacted PEG. The obtained solution was
finally lyophilized and weighed. The grafting degree of PEG on
the ST micelle was calculated based on the 1H NMR analysis.
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The size distribution and ζ potential of micelleplexes at 25
°C were analyzed with dynamic light scattering (DLS) using
Malvern Zetasizer Nano ZS equipment (Malvern, UK) at a
detection angle of scattered light at 90° and 15°, respectively.
Each sample was measured three times, and the data were
presented as mean ± standard deviation (SD).
The morphology of micelleplexes was analyzed with

transmission electron microscopy (TEM). Sample solution
(10 μL; 1 mg mL−1) was dropped onto a copper grid coated
with amorphous carbon and naturally dried in a desiccator. A
drop of 1 wt % aqueous solution of uranyl acetate was dropped
onto the copper grid to stain the samples for 1 min. After
blotting with a filter paper, the samples were thoroughly dried
in a desiccator before TEM observation. The samples were
finally observed on a Philips CM120 transmission electron
microscope (Philips, Netherlands).
The drug loading content was quantified using the UV−vis

spectral measurement on a Unico UV-2000 UV−vis
spectrophotometer (PE). First, a series of AS solutions were
prepared with DMSO as the solvent to obtain the standard
curve at characteristic absorption peak of 308 nm. Then, 5 mL
of T-AS micelle solution was lyophilized to yield a solid. After
redissolving the solid sample in DMSO, the absorbance of AS
at 308 nm was measured, and the drug loading content was
calculated by referring to the previously established calibration
curve.
Analysis of siRNA Complexation by Gel Electro-

phoresis Assay. Scrambled siRNA (SCR) was centrifuged
at a rate of 12000g for 5 min and dissolved into sterilized
water. 0.5 μg of SCR was mixed with T-blank at different N/P
ratios and incubated at room temperature for 30 min. The
mixture was loaded onto a 1% agarose gel with 0.5 μg mL−1

ethidium bromide and underwent an electrophoresis in TAE

(Tris-acetate-EDTA) buffer at a voltage of 150 V for 15 min.
The retardation of siRNA mobility was observed and recorded
on a UV light of a gel imaging system (Tanon, China).

Extraction and Stimulated Differentiation of Bone
Marrow Derived Macrophages. The BALB/C mice, 6−8
weeks of age, were sacrificed and soaked in 75% ethanol for 30
s to sterilize. The bodies were placed on a sterilized operation
table, and the hind legs were pulled to dislocate the femur from
the hip bone. Then, the leg muscles were separated to expose
the femur and tibia. After removing the bones below the knee
joint by cutting the ligaments, the separated femurs and tibias
were placed into precooled normal saline. Both ends of the
femur and tibia were cut, and the marrow cavities were rinsed
three times with RPMI 1640 medium containing 10% FBS; the
cells were collected. After treating with red blood cell lysis
buffer for 2 min, the cells were collected and cultured with 10
mL of DMEM medium containing 10% FBS, 1% penicillin−
streptomycin, 10 ng mL−1 M-CSF (macrophage colony
stimulating factor, PeproTech) and 10 ng mL−1 IL-4
(interleukin-4, PeproTech) for 3 days to stimulate cells into
M2-like macrophages.

Cytotoxicity and TAM Transfection. The M2-like
macrophages were cultured in DMEM medium containing
10% FBS, 1% penicillin−streptomycin, 10 ng mL−1 MCS-F,
and 10 ng mL−1 IL-4. The cells were trypsinized with 0.25%-
EDTA trypsin, seeded into a 96-well plate at a density of 1 ×
104 per well, and incubated with T-blank or ST at different
concentrations for 24 h. The cell viabilities of each group were
detected with the MTT assay using a Synergy 2 modular
multimode reader (BioTek).
The M2-like macrophages were incubated with ST-

Cr6&Cy3 of N/P 15 for 6 h at pH 7.4 or 6.8 in DMEM
medium. After washing with fresh PBS, the cells were treated
with 4% paraformaldehyde for 10 min and then treated for 5
min with 1 μg mL−1 DAPI to label the nuclei. The uptake and
distribution of ST-Cr6&Cy3 in M2-like macrophages were
observed under an SP8 confocal laser scanning microscope
(CLSM, Leica, Germany). The M2-like macrophages
incubated with NT-Cr6&Cy3 at the same conditions were
employed as a control group. The transfection efficiencies of
ST-Cr6&Cy3 and NT-Cr6&Cy3 in M2-like macrophages were
also analyzed by an Attune NxT flow cytometry instrument
(Invitrogen).
In a coculture study, the M2-like macrophages and murine

breast cancer cells expressing green fluorescent protein (GFP-
4T1) were coincubated with ST-Cr6&Cy3 or NT-Cr6&Cy3 at
pH 6.8 in DMEM medium. After incubation for 6 h, the cells
were treated with 4% paraformaldehyde for 10 min. The M2-
like macrophages were labeled with anti-CD206 antibody
(Abcam, UK), and the nuclei were stained with DAPI. The
siRNA uptake and distribution in two different cells were
observed under CLSM to evaluate the TAM-targeting delivery
of micelleplexes. If not otherwise stated, the pH value of
culture medium was set to 6.8 in the following experiments.

Repolarization of TAMs in Vitro. Macrophages derived
from murine bone marrow were stimulated into M2-like
macrophages by treating with MCS-F and IL-4. The M2-like
macrophages were seeded into a 12-well plate and incubated
for 48 h with PBS, ST, ST-AS, ST-Si, or ST-AS&Si,
respectively. After incubation for 48 h, the total RNA and
total protein were collected to perform quantitative real-time
PCR (qRT-PCR) and Western blot (WB) assays, respectively.
Briefly, total RNA was isolated from cells using the Trizol

Table 1. Summarization of Various Formulations

names of
formulations explanations

T-blank M2-targeting blank micelle
T-AS STAT6 inhibitor (AS)-loaded M2-targeting micelle
T-Si IKKβ siRNA (Si)-loaded M2-targeting micelle
ST M2-targeting micelle coating a sheddable PEG corona
NT M2-targeting micelle coating a nonsheddable PEG corona
ST-AS AS-loaded M2-targeting micelle coating a sheddable PEG

corona
ST-Si Si-loaded M2-targeting micelle coating a sheddable PEG

corona
STscr-AS&Si AS&Si-coloaded micelle modified scrambled M2pep

(scrM2pep) coating a sheddable PEG corona
ST-AS&Si AS&Si-coloaded M2-targeting micelle coating a sheddable

PEG corona
NT-AS&Si AS&Si-coloaded M2-targeting micelle coating a

nonsheddable PEG corona
T-AS&Si AS&Si-coloaded M2-targeting micelle coating a sheddable

PEG corona
ST-Dir Dir-loaded M2-targeting micelle coating a sheddable PEG

corona
NT-Dir Dir-loaded M2-targeting micelle coating a nonsheddable

PEG corona
T-NR Nile red (NR)-loaded M2-targeting micelle
ST-NR Nile red (NR)-loaded M2-targeting micelle coating a

sheddable PEG corona
ST-Cr6&Cy3 coumarin 6 (Cr6) and Cy3-labeled scrambled siRNA

(Cy3)-coloaded M2-targeting micelle coating a
sheddable PEG corona

NT-Cr6&Cy3 Cr6&Cy3-coloaded M2-targeting micelle coating a
nonsheddable PEG corona
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Reagent Kit (Invitrogen). The first strand cDNA was
synthesized from the total RNA using a PrimeScript RT
reagent kit (Takara, Japan). The indicated mRNA expressions
of IKKβ, IL-10, CD206, Arginase I and IL-12, TNF-α, and
CD80 associated with M2-like or M1-like macrophages were
quantified with a StepOne Plus real-time PCR System (ABI)
using a FastStart Universal SYBR Green Master (ROX) kit
(Roche, Switzerland). The β-actin gene was utilized as an
internal normalization standard. The forward and reverse
sequences of each gene primer are listed in Table S2.
After treating with different nanodrugs, the total protein of

cells was extracted with RIPM lysis (Beyotime, China) to
perform the Western blot assay. 40 μg of protein samples was
separated on 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to poly-
vinylidene difluoride (PVDF) membranes. After blocking with
5% nonfat milk for 2 h at room temperature, the membranes
were incubated with anti-IKKβ antibody (Abcam), Anti-
STAT6 (phospho Y641) antibody (Abcam), anti-iNOS
antibody (Abcam), anti-Arginase I antibody (Cell Signaling
Technology), or anti-β-actin antibody (Abcam) overnight at 4
°C. β-Actin protein was used as an internal normalization
standard. The protein signals were detected with a
chemiluminescence kit (KeyGEN, China) after treating with
horseradish peroxidase (HRP)-conjugated IgG.
The M2-like and M1-like macrophages manifested different

morphologies.49 By observing the cellular morphology, the
repolarization of M2-like macrophages treated with different
nanodrugs was investigated. The M2-like macrophages were
labeled with anti-CD206 antibody to show green fluorescence,
and the M1-like macrophages were labeled with anti-CD80
antibody to show red fluorescence. For all cells, the nuclei and
tubulin were stained blue and gray with DAPI and antitubulin
antibody, respectively. The cellular morphologies of different
phenotypic macrophages were visualized under CLSM.
Animal Model and in Vivo Fluorescence Imaging.

Female BALB/C mice, 6−8 weeks of age, were purchased from
Guangdong Medical Laboratory Animal Center and raised in
SPF animal center of School of Life Sciences, Sun Yat-sen
University. All surgical interventions and postoperative animal
care were approved by the Institutional Animal Care and Use
Committee of the Sun Yat-sen University, Guangzhou, China.
The murine breast cancer cells expressing firefly luciferase
(Luc-4T1) were collected at the logarithmic growth stage and
subcutaneously injected into the right axillary breast side of the
mice at a density of 1 × 107. When the tumor grew to about
100 mm3 after 5 days, the in vivo fluorescence imaging of mice
was performed. The Dir-loaded micelle with pH-sensitive PEG
coating (ST-Dir) and the Dir-loaded micelle with pH-
insensitive PEG coating (NT-Dir) were prepared as described
in the Preparation of Micelles section. 100 μL of ST-Dir or
NT-Dir solution was injected into tumor-bearing mice via the
tail vein at a Dir dose of 0.5 mg kg−1 body weight. The Dir
fluorescence intensities in the tumor site at different time
points were recorded by a Carestream Multispectral FX Pro in
vivo imager (Carestream Health). The excitation and emission
wavelengths of Dir were 720 nm and 790 nm, respectively.
Moreover, one additional syngeneic orthotopic tumor model
was established. Briefly, a mixture (50 μL) of PBS and Matrigel
(1:1 v/v) containing 1 × 106 4T1 cells was injected into the
fourth breast fat pad.
Tumor Growth Inhibition Assay. When the tumor

volume reached approximately 50 mm3, the mice were

randomly divided into 5 groups, i.e., the PBS, ST, ST-AS,
ST-Si, and ST-AS&Si groups. Each mouse was injected with
100 μL of nanodrug solution via the tail vein (AS dose, 60 μg/
kg body weight; siRNA dose, 250 μg/kg body weight). The
width and length of the tumor size were measured using a
vernier caliper, and each mouse was weighed. Over a total of
seven treatments for each mouse, the injection was performed
every 3 days while the tumor size and weight of mice were
recorded accordingly. The day of first administration was
denoted as Day 1. When the tumor volumes reached 2000
mm3, the mice underwent euthanasia as the humanitarian end
point of the study. During the therapeutic process, 100 μL of
D-luciferin solution (10 mg mL−1) was intraperitoneally
injected into mice for bioluminescence imaging to monitor
the tumor growth and metastasis at 1, 10, and 19 days. At 19
days, the mice receiving D-luciferin solution were sacrificed,
and tumors and organs were excised. The metastatic tumors in
the liver and lung were observed through bioluminescence
imaging in vivo and ex vivo. The excised tumors, livers, and
lungs were fixed in 4% paraformaldehyde for at least 24 h, and
then, the paraffin sections of 2 μm or frozen section of 5 μm
was prepared. The tumor nodules were observed from H&E
images of the liver and lung to assess the tumor metastasis in
different animal groups.
The antitumor efficacy was further tested in one additional

syngeneic orthotopic tumor model. The mice were randomly
divided into 4 groups for the treatments of PBS, STscr-AS&Si,
NT-AS&Si, and ST-AS&Si. The tumor size, mouse body
weight, and cumulative survival were recorded.

Histological, Immunohistochemical, and TUNEL As-
says. The paraffin sections were sequentially deparaffinized
using xylene, hydrated with ethanol of gradient concentrations,
and then subjected to H&E, immunohistochemical, and
TUNEL staining. A FragEL DNA fragmentation detection
kit (Merck, Germany) was used for the TUNEL assay
according to the manufacturer’s protocol. Briefly, after
permeabilization using proteinase K and inactivation of
endogenous peroxidase with 3% H2O2/CH3OH, the samples
were treated with terminal deoxynucleotidyl transferase (TdT)
for 1.5 h at 37 °C to label the exposed 3′−OH ends of the
DNA fragment in apoptotic cells. The positive signals of
apoptotic cells were visualized by staining with diaminobenzi-
dine (DAB) and observed under a BX51 microscope (Leica,
Germany).
Immunohistochemical (IHC) staining was performed using

an IHC Kit (BOSTER, China). After deparaffinization and
hydration, the tissue sections were sequentially treated in
citrate buffer (10 mM, pH 6.0) for antigen retrieval and 3%
H2O2/MeOH for inactivation of endogenous peroxidase. After
being blocked with 5% bovine serum albumin (BSA), the
sections were incubated with primary antibodies, i.e., anti-
IKKβ, anti-pSTAT6, anti-Arg I, and anti-iNOS antibodies, and
treated with biotin-labeled goat antimouse IgG secondary
antibody. Then, the streptavidin−biotin complex (SABC) was
used to magnify the immunohistochemical signal by cascade
amplification between streptavidin and biotin. The positive
immunoreactivity was visualized by staining with DAB and
observed under a BX51 microscope (Leica, Germany).

Repolarization of TAMs into M1-Like Macrophages in
Vivo and Activation of Tumor Immunity. Tumor tissues
were excised and homogenized into single cells in PBS. The
cells were collected and adjusted to a 100 μL solution
containing 1 × 106 cells in a vial. The above solutions were
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treated with 2 μL of Fc blocking antibody (1 mg mL−1) for 10
min on ice; the cells were incubated with corresponding
fluorophore-labeled antibodies including anti-CD45-APC-Cy7,
anti-CD11b-PerCP-Cy5.5, anti-F4/80-FITC, anti-CD80-APC,
anti-CD206-APC, anti-CD3-APC, anti-CD8-PE, anti-CD4-
FITC, anti-CD25-BV421, anti-Foxp3-PE, and anti-IFN-γ-
APC. All antibodies were purchased from BioLegend (San
Diego, CA). The proportions of M1-like macrophages
(CD45+CD11b+F4/80 +CD80+ ) , M2 - l i k e TAMs
(CD45+CD11b+F4/80+CD206+) , CD8+ T ce l l s
(CD45+CD3+CD8+), Th1 cells (CD4+IFN-γ+), and regulatory
T cells (CD4+ CD25+Foxp3+) within the tumor tissues of mice
receiving different treatments were analyzed using an Attune
NxT flow cytometer (Invitrogen).
The frozen sections (5 μm thickness) of the excised tumor

tissues were also prepared for immunofluorescence staining.
Briefly, after blocking with 5% BSA for 0.5 h at 37 °C, the
sections were incubated overnight at 4 °C with anti-CD80
antibody and anti-CD206 antibody (Abcam, UK) to label the
M1-like macrophages and M2-like TAMs, respectively. Then,
the AF647-labeled secondary antibody and AF488-labeled
secondary antibody (Abcam, UK) were utilized to fluores-
cently label the M1-like and M2-like macrophages within
tumor tissues, respectively. After staining the nuclei with DAPI,
the tissue sections were observed under CLSM. Moreover, the
infiltrated CD8+ T cells, Th1 cells, and regulatory T cells
(Tregs) in tumor tissues were also labeled for immunofluor-
escence imaging.
Proinflammatory Side Effects in the Liver and Lung.

The organ accumulation of micelles was investigated. T-NR,
NT-NR, or ST-NR, i.e., micelles loading Nile red (NR) with or
without sheddable PEG coating, was injected into tumor-
bearing mice via the tail vein. After 24 h, the mice were
sacrificed, and the livers and lungs were excised to prepare
frozen sections. The sections were treated with anti-CD206
antibody to label M2-like macrophages and with DAPI to stain
nuclei. The organ accumulation of micelles was evaluated via
the fluorescence distribution of NR in livers and lungs under
CLSM.
Furthermore, 100 μL of T-AS&Si, NT-AS&Si, or ST-AS&Si

solution was injected into tumor-bearing mice via the tail vein
at an AS dose of 60 μg/kg body weight and siRNA dose of 250
μg/kg body weight. The injection for each animal was
performed once every 2 days for a total of five injections.
The mice receiving PBS were used as a control group. After
ending treatments, the mice were sacrificed, and the liver and
lung were excised to prepare paraffin sections. The sections
were subjected to immunohistochemical staining to detect the
M2-like and M1-like macrophages. The TNF-α levels
indicating inflammatory reaction in the liver and lung were
also evaluated by immunohistochemical assay. The organ
injury and inflammatory cell infiltration were assessed via the
H&E staining. Flow cytometry analysis of macrophage
repolarization in the blood, liver, lung, spleen, and lymph
nodes was performed.
Statistical Analysis. Statistical analysis of data was

performed with the one-way ANOVA analysis (SPSS software,
version 19.0, SPSS Inc.). The results were expressed as mean ±
SD (standard deviation), and P < 0.05 was considered to be of
statistical significance.
Safety Statement. No unexpected or unusually high safety

hazards were encountered.
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