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Abstract Tumor-associated macrophages (TAMs), one of the dominating constituents of tumor micro-

environment, are important contributors to cancer progression and treatment resistance. Therefore, regu-

lation of TAMs polarization from M2 phenotype towards M1 phenotype has emerged as a new strategy

for tumor immunotherapy. Herein, we successfully initiated antitumor immunotherapy by inhibiting

TAMs M2 polarization via autophagy intervention with polyethylene glycol-conjugated gold nanoparti-

cles (PEG-AuNPs). PEG-AuNPs suppressed TAMs M2 polarization in both in vitro and in vivo models,

elicited antitumor immunotherapy and inhibited subcutaneous tumor growth in mice. As demonstrated by

the mRFP-GFP-LC3 assay and analyzing the autophagy-related proteins (LC3, beclin1 and P62), PEG-

AuNPs induced autophagic flux inhibition in TAMs, which is attributed to the PEG-AuNPs induced lyso-

some alkalization and membrane permeabilization. Besides, TAMs were prone to polarize towards M2

phenotype following autophagy activation, whereas inhibition of autophagic flux could reduce the M2

polarization of TAMs. Our results revealed a mechanism underlying PEG-AuNPs induced antitumor

immunotherapy, where PEG-AuNPs reduce TAMs M2 polarization via induction of lysosome dysfunc-

tion and autophagic flux inhibition. This study elucidated the biological effects of nanomaterials on

TAMs polarization and provided insight into harnessing the intrinsic immunomodulation capacity of na-

nomaterials for effective cancer treatment.

ª 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tumor microenvironment promotes tumorigenesis, metastasis, and
drug resistance of tumors1,2. Tumor-associated macrophages
(TAMs) is a dominating constituent in tumor microenvironment
and a vital target for cancer therapy3e5. Macrophages are immune
cells which polarize towards different directions under certain
stimuli, and the two extremes of the polarization of macrophages
are defined as M1 and M2 phenotypes, respectively. Most TAMs
show a typical M2 phenotype characterized by high expression of
immunosuppressive factors, e.g., transforming growth factor-beta
(TGF-b), interleukin-10 (IL-10), vascular endothelial growth
factor (VEGF)], which could significantly promote tumor pro-
gression. Accordingly, inhibition of the M2 polarization has been
reported to induce potent antitumor effects6,7. For instance, it has
been reported that all-trans retinoic acid (ATRA) inhibited the
initiation and stemness of osteosarcoma by preventing the M2
polarization of TAMs8, while ovatodiolide was shown to reduce
TAMs M2 polarization and colon tumorigenesis through yes-
associated protein 1 (YAP1) oncogenic pathways9. Therefore,
regulation of TAMs polarization has emerged as a new strategy for
tumor immunotherapy.

Recent advances in nanomaterials have shown that nano-
materials are potential candidates for TAM immunomodulation.
The intrinsic biological effects of nanomaterials have attracted a
lot of attention recently because of their unique and tunable
physicochemical properties10,11. It has been demonstrated that
nanomaterials administered systemically or locally are readily
internalized by TAMs, and thus nanomaterials have been exten-
sively investigated in targeting TAMs in cancer diagnostic and
therapy12e14. Therefore, it is critical to investigate the effects of
nanomaterials on TAMs polarization and cancer treatment. Studies
have found that inorganic nanomaterials like gold nanoparticles
(AuNPs) are more likely to be internalized by M2 macro-
phages15,16. Further, noble metal nanomaterials-induced oxidative
stress can reprogram TAMs from the M2 to M1 phenotype17.
Nevertheless, the intrinsic mechanisms underlying nanomaterials
on TAMs polarization are not well understood.

Autophagy is a conserved cellular catabolic pathway, which is
characterized by the formation of autophagosomes (a kind of
double-layer membrane vesicles). Autophagy can degrade mis-
folded proteins, damaged or excessive organelles through the
lysosome mediated pathway18. It has been reported that autophagy
was crucial in mediating macrophage polarization19e21. For
example, cathepsins and IL-6 have been reported to promote
macrophage M2 polarization by inducing autophagy19e21,
whereas neferine was shown to induce autophagy and reduce M2
polarization of macrophages by inhibiting the mammalian target
of rapamycin (mTOR)/70-kDa ribosomal protein S6 kinase
(P70S6K) pathway22. Autophagy activation with baicin treatment
can repolarize TAMs toward the M1 phenotype23. These data
suggested autophagy modulation may serve as a functional target
for regulating macrophage polarization.

Nanomaterials, defined as materials with the nanometer size
range, have emerged as new autophagy modulators24e27. Non-
degradable nanomaterials, such as iron oxide and silica nano-
particles can induce autophagy through oxidative stress. After cell
entry, they destroy mitochondrial function and generate a series of
reactive oxygen species28e30. Several reports26,31 have suggested
that nanomaterials function as autophagy activators, as reflected by
the increased processing of autophagy protein such as microtubule-
associated protein light chain 3 (LC3). The term “autophagic flux”,
used to represent the dynamic process of autophagy, is a more
reliable indicator to estimate the activation or inhibition of auto-
phagy32. The possibility of autophagic flux inhibition was not often
investigated in nanoparticles, thus the activated autophagic flux by
nanomaterials in many cases is uncertain32. In fact, since nano-
materials have been reported to cause damage to lysosomal ultra-
structure and increase membrane permeability, many kinds of
nanomaterials have been reported to inhibit autophagic flux33.
Therefore, nanomaterials are potential tools for autophagy modu-
lation and may induce M1 repolarization of TAMs, as well as
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antitumor immunotherapy. However, to our knowledge, no studies
have been undertaken to examine the effect of autophagy modu-
lation of nanomaterials on M1 repolarization of TAMs.

In this study, we discussed the potential effect and underlying
mechanism of nanomaterials, polyethylene glycol-conjugated
AuNPs (PEG-AuNPs) as a model nanomaterial due to their
biocompatibility as well as colloidal stability, on the polarization
of TAMs. The results showed that PEG-AuNPs induced antitumor
immunotherapy inhibiting TAMs M2 polarization via autophagy
intervention. PEG-AuNPs could induce autophagic flux inhibition
in TAMs, which is attributed to the induction of lysosome alka-
lization and membrane permeabilization by PEG-AuNPs. Besides,
TAMs polarized towards the M2 phenotype following autophagy
activation, whereas inhibition of autophagic flux could reduce the
M2 polarization of TAMs. This study elucidated the regulatory
effects of nanomaterials on TAMs polarization and provided
insight into harnessing the intrinsic immunomodulation of nano-
materials for effective cancer treatment.
2. Materials and methods
2.1. Materials

HAuCl4$4H2O, citric acid, and NaBH4 were bought from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). The linear
heterobifunctional PEGylation reagent, thiol polyethylene glycol
amine (NH2-PEG-SH) and thiol fluorescein isothiocyanate labeled
polyethylene glycol (FITC-PEG-SH) were purchased from
Shanghai Jinpan Co., Ltd. (Shanghai, China). The cell culture
medium Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), LysoSensor Green DND-189 dye, acridine
orange (AO), Lipofectamine 2000 and PC7 anti-mouse CD86
antibody (Cat. No. 25-0862-80) were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). FITC-conjugated anti-
mouse CD11C antibody (Cat. No. 117306), FITC-conjugated anti-
mouse CD3 antibody (Cat. No. 100204), APC-conjugated
anti-mouse CD4 antibody (Cat. No. 100412), and PE-labeled
anti-mouse CD8 antibody (Cat. No. 162304) were purchased
from BioLegend (San Diego, CA, USA). The Tunel Kit, protease
K, rabbit anti-mouse KI67 antibody, and HRP conjugated goat
anti-rabbit secondary antibody were purchased from Servicebio
(Wuhan, China). Fresh DAB chromogenic solution was purchased
from DAKO (Glostrup, Denmark). The cell culture antibiotics,
penicillin/streptomycin, were obtained from Thermo Scientific
HyClone (Logan, UT, USA). The Cell Counting Kit 8 (CCK-8), a
Colorimetric Assay Kit used to evaluate cell proliferation and
cytotoxicity, was bought from Dojindo Laboratories (Kumamoto,
Japan). Percoll density gradient was obtained from Pharmacia
(Uppsala, Sweden). The RNA Fast 200 Extraction Kit was bought
from Fastagen Biotechnology (Shanghai, China). SYBR Premix
Ex Taq™ and PrimeScript™ RT Master Mix were purchased from
Takara (Otsu, Shiga, Japan). The Enzyme-Linked Immunosorbent
Assay (ELISA) Kit used to perform a common immunoassay was
purchased from R&D Systems Inc. (Minneapolis, MN, USA).
mRFP-GFP-LC3 adenovirus used to detect the autophagy flux was
purchased from Shanghai HanBio Inc. (Shanghai, China). Atg5
siRNA were purchased from Genepharm Biotech (Shanghai,
China).
2.2. Synthesis of polyethylene glycol-conjugated gold
nanoparticles (PEG-AuNPs)

The synthesis of AuNPs with diameter of 5 nm was performed by
the sodium borohydride reduction approach34. In brief, a mixed
aqueous solution of HAuCl4$4H2O (0.25 mmol/L) and
Na3C6H5O7$2H2O (0.25 mmol/L) was prepared with ultrapure
water and stirred vigorously for 1 min. Then, 2 mL of a freshly
prepared NaBH4 solution (100 mmol/L) was added to the mixed
solution and stirred for 12 h at 25 �C. The solution was centri-
fuged at 3500 rpm (ThermoFisher, Sorvall ST1 Plus, Shanghai,
China) for 30 min with an ultrafiltration tube (MWCO 100 kDa),
aiming to remove unconjugated or unreacted chemicals. Then,
Na3C6H5O7$2H2O solution (1.25 mmol/L) was added and the
product was redissolved with ultrasound. AuNPs with diameters
of 20, 50, and 100 nm were prepared by changing the concen-
trations of HAuCl4$4H2O and Na3C6H5O7$2H2O.

To minimize the adsorption of serum proteins to AuNPs and
maximize their stability, AuNPs of all four sizes were PEGylated.
In brief, NH2-PEG-SH (0.25 mmol/L, 2.4 mL) was added into
6 mL of AuNP citric acid solution and adjusted to 12 mL with
Milli-Q� water. The mixed solution was stirred vigorously at
25 �C for 20 min and kept at 4 �C overnight. After centrifugation
at 3500 rpm (ThermoFisher) for 30 min with an ultrafiltration tube
to remove unconjugated PEG, the product was redissolved in
Milli-Q� water with ultrasound. Similarly, the procedure of FITC
labeled AuNPs were prepared as described using FITC-PEG-SH.

All the PEG-AuNPs were validated by transmission electron
microscopy (TEM, JEM 2100; JEOL, Tokyo, Japan). TEM images
were taken as described below. Briefly, PEG-AuNPs were sus-
pended in ultrapure water and sonication for 10 min was taken to
disperse PEG-AuNPs. After then, a small drop of the suspension
was deposited onto a carbon-coated grid and allowed to evaporate.
Then, the perfectly dried grid was monitored under the TEM at
100 kV. PEG-AuNPs were also analyzed for their size by dynamic
light scattering (DLS; Zetasizer Nano ZS90; Malvern, UK), and
for their ultraviolet absorption spectrum by UVeVis absorption
spectroscopy with Techcomp UV2500 UVeVis spectrophoto-
meter.

To investigate the stability of PEG-AuNPs under storage
condition, the nanoparticles were stored in PBS solution at 25 �C.
At different time points, the size of PEG-AuNPs was analyzed by
DLS (Zetasizer Nano ZS90; Malvern, UK).

2.3. Cell lines and cell culture

Hepa1-6 cells (a mouse hepatoma cell line) and RAW 264.7 cells
(a mouse macrophage-like, Abelson leukemia virus-transformed
cell line) were obtained from Shanghai Chinese Academy of
Sciences (Shanghai, China). The cells were cultured as described
as follows. Briefly, the cells were cultured in DMEM supple-
mented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 mg/mL
streptomycin at 37 �C in a humidified atmosphere consisting of
5% CO2 and 95% air. To mimic TAMs in vitro, RAW264.7 cells
were indirectly co-cultured with Hepa1-6 cells (TSN, tumor cul-
ture supernatant) with Transwell� plates with a pore size of
0.4 mmol/L (Corning, Corning, NY, USA). RAW 264.7 cells
(1 � 105) were grown in the lower chamber while Hepa1-6 cells
(5 � 104) were grown in the upper chamber for 48 h.
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2.4. Cell viability assay

The cytotoxic effects of PEG-AuNPs against RAW264.7 and
Hepa1-6 cells were evaluated using the CCK-8 assay. Briefly,
RAW264.7 and Hepa1-6 cells were seeded in 96-well plates with a
density of 1 � 104 per well and cultured for 12 h. Then, the cells
were incubated with a series of different concentrations of PEG-
AuNPs for 48 h followed by 10 mL CCK-8 reagent added, and
the cells were incubated with the reagent for another 2 h. After
that, the absorbance of each well was obtained at 450 nm and cell
viability was calculated as shown in Eq. (1):

Cell viability (%) Z [(AT�AB)/(AC�AB)] � 100 (1)

where A Z absorbance, T Z treatment, B Z blank, C Z control.

2.5. Flow cytometry

The cells were detached from the cell culture plate, washed, and
resuspended in phosphate-buffered saline (PBS). After then, the
cells were trypsinized, and stained with FITC-conjugated F4/80
antibody and PE-conjugated CD206 or CD80 antibodies for
30 min at 4 �C. After then, the cells were washed with PBS
extensively. Finally, the cells were suspended in PBS and flow
cytometry (FACSVerse™, BD BioSciences, CA, USA) was per-
formed to analyze the fluorescence of the cells.

2.6. ELISA

The concentrations of IL-10 and IL-12 in the cell media were
assayed using an ELISA Kit (R&D Systems Inc.) according to the
manufacturer’s instructions. In brief, all reagents, samples, and
standards were prepared as instructed. Then 50 mL standard or
sample was added to the wells, and a 50 mL antibody cocktail was
added. After incubation at 25 �C for 1 h, the liquid was removed
and each well was washed with PBS three times. 3,3ʹ,5,5ʹ-Tetra-
methylbenzidine (TMB) solution was added to each well and
incubated for 30 min. Then, stop solution was added and the
absorbance was acquired at 450 nm. Finally, the expression of
cytokines was normalized to the cell number in the ELISA-based
analysis.

2.7. Real-time quantitative reverse transcription-polymerase
chain reaction (RT-qPCR)

RNA was extracted with the RNA Fast 200 Extraction Kit ac-
cording to the manufacturer’s protocol. After that, RNA was
converted to cDNA using PrimeScript™ RT Master Mix accord-
ing to the manufacturer’s protocol. qPCR analysis was carried out
with SYBR Premix Ex Taq™ in a LightCycler quantitative PCR
machine (Stratagene, Santa Clara, CA, USA). The levels of
mRNA expression were normalized to that of glyceraldehyde 3-
phosphate dehydrogenase (Gapdh).

2.8. Animal

All male BALB/c mice (18e20 g) raised under specific pathogen-
free (SPF) conditions were bought from Shanghai SLAC Labo-
ratory Animal Co., Ltd. (Shanghai, China). All experimental
procedures were executed according to the protocols approved by
the Committee on Animals of the Naval Medical University
(Shanghai, China) and are in line with the internationally accepted
standards.

2.9. In vivo antitumor assays of PEG-AuNPs

The in vivo antitumor assay of PEG-AuNPs was conducted in
mice model bearing subcutaneous and xenografted liver cancer.
Briefly, Hepa1-6 cells (4 � 106) were inoculated subcutaneously
into the right flank of BALB/c mice with or without PEG-AuNPs
(0.02 mg/kg or 0.1 mg/kg). After 7 days, the tumor volume was
measured with the following formula (width2 � length):/2. After
21 days, the mice were euthanized, and the tumor was excised and
weighed to assess therapeutic efficacy. The inhibitory rate of tu-
mors (IRT) was calculated as shown in Eq. (2):

IRT (%) Z [(We�Wc) / Wc] � 100 (2)

where We and Wc are the tumor weights of the experimental and
control groups, respectively). On Days seven and 14, a subset of
mice was euthanized, and their tumor tissues were harvested for
immunofluorescence and TAM assays.

To investigate the effects of PEG-AuNPs upon the immune
cells in the tumor environment, the dendritic cells (DCs) and T
cells in the tumor tissues excised on Day 14 was analyzed as
described below. Briefly, the tumor tissue was cut into pieces, and
1 mL of type IV collagenase (0.05 mg/mL) digested solution was
added. The mixture was placed in a 37 �C water bath for
continuous shaking for 1 h until the tumor tissue was dissociated
into single cells. After then, the cell suspension was passed
through a sterile 70 mm cell strainers and centrifuged at 1000�g
for 5 min to remove the supernatant. The ACK (ammonium-
chloride-potassium) lysis buffer was added to the cell debris to
lyse erythrocytes by incubation at 25 �C for 3 min. Excessive PBS
buffer was then added to terminate the lysis, and the supernatant
was discarded by centrifugation at 1500�g for 5 min. The cell
suspension was re-suspended by PBS and passed through a sterile
70 mm cell strainers. The cell density in the suspension was
adjusted to be around 1 � 106/mL. DCs and T cells were stained
with indicated antibodies to detect matured DCs (CD11þCD86þ),
CD3þCD4þ T cells and CD3þCD8þ T cells.

Formalin-fixed and paraffin-embedded tumors excised on Day
14 were also stained for Tunel (TdT-mediated dUTP nick end
labeling) and KI67 using the procedure described below. Briefly,
the excised tumors were fixed in PBS containing 4% para-
formaldehyde and cut into 4 mm slices. The paraffin embedded
slices were dewaxed to water, and the working solution of protease
K was used for antigen repair. PBS containing 3% H2O2 was
added to slices, and Tunel staining was performed using the Tunel
Kit. KI67 staining was carried out using the KI67 antibody as the
primary antibody and horseradish peroxidase (HRP)-conjugated
goat anti-rabbit as the secondary antibody. Fresh dia-
minobenzidine (DAB) chromogenic solution was used for
immunohistochemical staining, and hematoxylin was used to stain
the nuclei. Finally, the slices were sealed by neutral gum and
observed under microscope.

To elucidate the role of macrophages on the anticancer efficacy
of PEG-AuNPs, we used clodronate liposomes to eliminate the
macrophages of mice in vivo. Briefly, mice were given 200 mL of
anionic clodronate liposomes (clophosome-A-clodronate lipo-
somes, FormuMax) intraperitoneally once every 4 days for a total
of three times. Four days after the last injection of clodronate li-
posomes, Hepa1-6 cells (4 � 106) were inoculated subcutaneously
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into the right flank of BALB/c mice with or without the addition of
PEG-AuNPs (0.02 mg/kg or 0.1 mg/kg). After 7 days, the tumor
volume was measured, and after 21 days, the mice were eutha-
nized, and the tumor was excised and weighed to assess thera-
peutic efficacy. On Day 14, a subset of mice was euthanized, and
their tumor tissues were harvested for immunofluorescence and
TAM assays.

2.10. Isolation of in vivo TAMs

The isolation of TAMs from solid tumors was carried out with the
double Percoll density gradients-based method. Briefly, the solid
tumors were enzymatically digested. After the solid tumors were
dissociated into single cells, these cells were centrifuged to obtain
a single-cell suspension. Then, the enrichment of tumor macro-
phages from the tumor cell suspension was carried out with double
Percoll density gradients (35% and 45%), and the enriched cell
suspensions were stained with PE-conjugated F4/80 antibody,
followed by being stained with magnetic beads coupled with anti-
PE antibody, and sorted with the LS MACS columns (Miltenyi
Biotec, Bergisch Gladbach, Germany).

2.11. Western blotting

Western blotting was carried out according to a standard protocol
as described below. In brief, cell extracts (30 mg protein) were
loaded and separated by the sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). After separa-
tion, the proteins were transferred to polyvinylidene difluoride
(PVDF) membranes at 250 mA for 90 min. After being blocked
with 5% skim milk, the PVDF membranes were incubated with
anti-mouse LC3, beclin1, P62/sequestosome 1 (SQSTM1), or b-
actin primary antibodies overnight at 4 �C, respectively. Then, the
membrane was washed with PBS for 3 times and incubated with
HRP-conjugated-goat anti-mouse IgG secondary antibody for
another 2 h. The results were acquired by Odyssey system (LI-
COR, Lincoln, NE, USA).

2.12. The transfection of mRFP-GFP-LC3 adenovirus

RAW 264.7 cells (1 � 105) were inoculated in the lower Trans-
well� chamber and transfected with mRFP-GFP-LC3 adenovirus
for 6 h at a multiplicity of infection (MOI) of 100. The transfected
macrophages were incubated with DMEM containing 10% FBS
for another 48 h before TSN co-culturing. Autophagosomes
(greenþredþ) and autolysosomes (Green-Redþ) were observed and
calculated by confocal microscopy (Leica TCS SP8, Leica,
Biberach, Germany). To analyze the autophagy flux, the ratio of
fluorescent punctae/cell was calculated by dividing the punctae
number by the cell number.

2.13. Lysosomal acidity and stability assay

Lysosomal acidity and stability assays were performed as
described previously35. TSN co-cultured RAW 264.7 cells were
treated with PEG-AuNPs (10 or 50 mmol/L) for 48 h. For the
lysosomal acidity assay, the cells were washed twice with PBS
then stained with 100 nmol/L LysoSensor Green DND-189 dye
dissolved in pre-warmed medium for 30 min at 37 �C. After
staining, the cells were observed with a fluorescence microscope
(Olympus IX71, Tokyo, Japan). The cells were then collected and
analyzed by flow cytometry. Lysosomal stability assay was
performed as described below. In brief, the cells were washed
twice and then treated with 20 mg/mL acridine orange (AO) dis-
solved in pre-warmed medium for 15 min at 37 �C. After AO
staining, the cells were washed, collected, and analyzed for their
red fluorescence by flow cytometry.

2.14. Atg5 siRNA transfection

Small interfering RNA (siRNAs) against Atg5 and a non-specific
scrambled siRNA were synthesized by Gene pharm Biotech, and
transfected using Lipofectamine 2000 according to a standard
protocol. Briefly, after cells were grown to 80% confluence, the
cells were transfected with 20 pmol siRNA with Lipofectamine
2000 for 6 h. After then, a fresh medium was added to the cells.
Twenty-four hours later, RT-qPCR was carried out to evaluate the
gene expression.

2.15. Investigation of the endocytosis mechanism of
nanoparticles in macrophages

The uptake mechanism of PEG-AuNPs was investigated in TSN
co-cultured RAW 264.7 cells. Briefly, RAW 264.7 cells were
cultured on 6-well plates at a density of 1.5 � 105 cells per well
overnight. RAW 264.7 cells were treated with one of the following
inhibitors for 1 h before the treatment of PEG-AuNPs: dynasore
(100 mmol/L); chlorpromazine (100 mmol/L). Then, the cells were
washed with PBS to remove all the inhibitors and incubated with
the medium containing 50 mmol/L PEG-AuNPs for 1 h. After that,
the cells were washed three times, tryptic digested, and collected
for ICP-AES assay.

2.16. Statistical data analysis

Statistical data analysis was carried out using GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, USA). The results are
presented as means � standard deviation (SD). Statistical analysis
was performed using Student’s unpaired t-test or analysis of
variance (ANOVA). *P < 0.05; **P < 0.01; ***P < 0.001.

3. Results and discussion

3.1. Characterization of PEG-AuNPs

The AuNPs have been investigated widely recently due to their
superior biocompatibility, tunable size, and optical properties36.
PEGylation of AuNPs could greatly improve their solubility and
stability in aqueous solutions37. Therefore, we successfully syn-
thesized PEG-AuNPs with a series of sizes (5, 20, 50, and 100 nm)
using the sodium borohydride reduction method (Fig. 1A). The
size, uniform distribution, and spherical shape of the PEG-AuNPs
were evaluated by TEM (Fig. 1B). As the particle size increased,
the color of the PEG-AuNPs gradually lightened (Fig. 1C), while
the wavelength of maximum absorbance gradually red-shifted
(Fig. 1D). These results verified the synthesized gold nano-
particles met desired size, shape, and structure. The size of PEG-
AuNPs did not change significantly at the storage period of 14
days, suggesting their good stability (Supporting Information
Fig. S1).

We then performed cell viability assays to evaluate the cyto-
toxicity of PEG-AuNPs against RAW 264.7 and Hepa1-6 cells. As
shown in Supporting Information Fig. S2, the results showed that



Figure 1 Characterization of PEG-AuNPs. (A) The size of PEG-AuNPs was measured with dynamic light scattering (DLS). (B) TEM images

of PEG-AuNPs. Scale bar Z 20, 50 or 100 nm. (C) Photographs of PEG-AuNPs in aqueous suspension. (D) UVeVis absorption spectra of PEG-

AuNPs or FITC-labeled AuNPs at wavelengths from 400 to 800 nm.
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the cytotoxicity of PEG-AuNPs was in concentration dependent
manner where the cytotoxicity increased when the cells incubated
with high concentration PEG-AuNPs. The PEG-AuNPs with a
particle size of 20 nm owned the optimal biocompatibility. At
concentrations less than 50 mmol/L, there was no significant
cytotoxic effect of 20 nm PEG-AuNPs towards RAW 264.7 and
Hepa1-6 cells.

3.2. The cellular uptake of PEG-AuNPs in TAMs

TAMs are good targets for nanomaterials, mainly because mate-
rials at the nanosize level have natural targeting on macrophages,
and thus macrophages have a strong phagocytic effect on them38.
To investigate the relationship between the size of PEG-AuNP and
cellular uptake efficiency, we treated RAW 264.7 and Hepa1-
6 cells with 5, 20, 50, and 100 nm PEG-AuNPs for 4 h. The
concentration of PEG-AuNPs in the cell suspensions was quan-
titatively measured using inductively coupled plasma-atomic
emission spectroscopy (ICP-AES)39. As shown in Fig. 2A, the
results showed that the cellular uptake of PEG-AuNPs was size-
dependent, and nanoparticles of five and 20 nm were most
readily internalized by macrophages and cancer cells. It has been
reported39,40 that the cellular uptake of nanoparticles was closely
associated with the size, and nanoparticles of smaller size would
have better cellular penetration. Especially, the diameter of AuNPs
smaller than 10 nm has been reported to show superior localiza-
tion and penetration in cancer cells than those larger than 10 nm39.
Our results also demonstrated that nanoparticles with smaller sizes
could have increased cellular uptake compared with larger
nanoparticles.

It has been reported41 that the tumor microenvironment can
induce macrophages to polarize toward the M2 phenotype, which
is due to the soluble factors derived from tumor cells. Evidence
has shown that TSN can induce RAW264.7 cells to polarize to-
wards M2 TAMs41,42. Herein, we co-incubated the RAW2
64.7 cells with Hepa1-6-cells using Transwell� plates and
assessed the expression of M2 surface marker CD206. After co-
culture with cancer cells for 48 h, the percentage of CD206þF4/
80þ macrophages were considerably higher in the TSN group
(75.4%) compared with the control group (27.2%) (P < 0.001),
indicating macrophage polarization toward the M2 phenotype
after co-culture with TSN (Fig. 2B). IL-10 is a characteristic
cytokine highly expressed in M2 macrophages16. Thereby, we
detected the secretion of IL-10 using ELISA in the macrophages
co-culturing with TSN for 12, 24, 36 and 48 h. The IL-10 level
increased with the extension of time in the TSN group (P < 0.01),
whereas no substantial change was observed in the control group,
further demonstrating the polarization of macrophages toward the
M2 phenotype in the presence of TSN in a time-dependent manner
(Fig. 2C). We then conducted an RT-qPCR assay to detect the M2
phenotype-related markers (Arg1 and Cd163) and found them to
be upregulated in the TSN co-culture group in comparison to the
control group (P < 0.001) (Fig. 2D). These data suggest that
macrophage polarization was successfully induced by co-culturing
with TSN in vitro.

Next, we evaluated the cellular uptake of PEG-AuNPs in TSN
co-cultured RAW264.7 cells. The five and 20 nm PEG-AuNPs
showed the greatest uptake by macrophages (Fig. 2E). In addition,
we further used TEM to detect the intracellular location of the
differently sized PEG-AuNPs in TAMs. The TEM images
confirmed that five and 20 nm PEG-AuNPs are located in the
cytoplasm and distributed in large numbers around the nucleus and
these nanoparticles were found to be evenly distributed in the cells
(Fig. 2F). However, few PEG-AuNPs with diameter of 50 and



Figure 2 The cellular uptake and penetration of PEG-AuNPs. (A) Quantitative ICP-AES measurement of PEG-AuNPs uptake in RAW264.7

and Hepa1-6 cells. (B) The analysis of the CD206þ/F4/80þ cells was performed with flow cytometry in RAW264.7 cells cocultured with TSN for

48 h; (C) The IL-10 concentration of supernatant from RAW 264.7 cells co-cultured with TSN at different time points as measured using ELISA;

(D) The levels of the M2 phenotype related genes Arg1 and Cd163 mRNA were measured using RT-qPCR in RAW264.7 cells co-cultured with

TSN for 48 h; (E) Quantitative ICP-AES measurement of PEG-AuNPs uptake in RAW264.7 cells co-cultured with TSN; (F) TEM images of PEG-

AuNPs uptake and penetration in TAMs. Data are expressed as mean � SD (n Z 5). **P < 0.01, ***P < 0.001. Scale bar Z 50 nm, 500 nm,

1 mm and 2 mm.
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100 nm were presented in cells, whose cellular penetration was not
as efficient as that of the small-sized nanoparticles. These results
demonstrated that the cellular uptake and penetration of PEG-
AuNPs in TAMs were size-dependent, and smaller nanoparticles
(diameter of five and 20 nm) possess improved cellular uptake
penetration. Our results were consistent with the studies investi-
gating the cellular uptake of nanoparticles of different sizes43.

Subsequently, we investigated the endocytosis mechanisms of
nanomaterials. There are four types of endocytosis mechanisms of
nanomaterials: phagocytosis, macropinocytosis, clathrin, and
caveolin-mediated endocytosis pathways44. Phagocytosis and
macropinocytosis are actin-dependent endocytic pathways that
mediate the uptake of nanomaterials45, whereas clathrin or
caveolin-mediated endocytosis is the manner by which substance
enters into the cells through the plasma membrane by clathrin or
caveolin-coated vesicles which are formed by the contraction
effect of dynamin46. Dynasore is a specific inhibitor of endocytic
pathways that prevents the formation of dynamin47. As shown in
Supporting Information Fig. S3, dynasore treatment substantially
inhibited the internalization of PEG-AuNPs of 5, 20 and 50 nm,
suggesting that the endocytosis of PEG-AuNPs of 5, 20, and
50 nm may in principle adopt clathrin or caveolin mediated
endocytosis. On the contrary, an obvious inhibition effect was not
observed for PEG-AuNPs of 100 nm. Furthermore, the endocy-
tosis of PEG-AuNPs of 5, 20, and 50 nm was also significantly
suppressed by chlorpromazine which could inhibit the formation
of clathrin-coated vesicles, whereas the uptake of PEG-AuNPs of
100 nm was not influenced by these inhibitors, suggesting that
endocytosis pathway of PEG-AuNPs of 100 nm was not clathrin
and caveolin mediated. In the case of the large size of PEG-
AuNPs of 100 nm, their endocytosis may mainly go through the
macropinocytosis pathway44.
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Since the 20 nm PEG-AuNPs showed the lowest toxicity and
most effective cellular uptake in TAMs, we used 20 nm PEG-
AuNPs in the subsequent experiments.

3.3. PEG-AuNPs suppress M2 macrophage polarization in vitro

To investigate the effects of PEG-AuNPs on macrophage polari-
zation in vitro, we incubated TSN cultured macrophages with
PEG-AuNPs of 20 nm for 48 h, and the macrophage cell surface
proteins CD80 and CD206 were evaluated by flow cytometry16.
PEG-AuNPs did not change the CD80 expression of TSN co-
cultured macrophages, but significantly decreased the CD206
expression (Fig. 3A and B). Then, the secretion of cytokines IL-12
(M1 phenotype) and IL-10 (M2 phenotype) was assessed using
ELISA. The results demonstrated that the production of IL-10 was
substantially decreased by PEG-AuNPs, whereas PEG-AuNPs did
not affect the secretion of IL-12 (Fig. 3C). Furthermore, PEG-
AuNPs could significantly reduce the mRNA levels of Arg1 and
Cd163 (M2 genes) but did not affect the expression of Tnf-a and
inducible nitric oxide synthase (Inos) (M1 gene) (Fig. 3D). Pal
et al.17 have demonstrated that AuNPs could downregulate IL-10
but also upregulate IL-12 in TAMs, resulting in the polarization of
the M2 to M1 phenotype for TAMs. Consistently, our results
indicated that PEG-AuNPs could inhibit the M2 polarization of
TAMs, as reflected by reduced expression of M2 markers such as
CD206, Cd163, Arg1, and IL10.

3.4. In vivo inhibition of subcutaneous tumor growth and M2
macrophage polarization by PEG-AuNPs

To determine whether PEG-AuNPs could affect tumor growth
in vivo, Hepa1-6 cells were injected subcutaneously into the right
flank of male BALB/c mice, with or without the addition of 20 nm
PEG-AuNPs. As shown in Fig. 4A, the results showed that the
tumor volume was substantially decreased with PEG-AuNPs in-
jection, and a higher dose of PEG-AuNP (50 mmol/L) showed
better therapeutic efficacy compared with the lower dose
(10 mmol/L) (Fig. 4A). Consistently, the average final tumor
weight of mice treated with the higher dose of PEG-AuNP was
lower in comparison to that of mice treated with the lower dose of
Figure 3 PEG-AuNPs suppress the polarization of macrophages to the M

with or without PEG-AuNPs for 48 h at concentrations of 10 and 50 mm

macrophages was evaluated using flow cytometry. (C) The concentrations

The mRNA levels of Tnf-a, Inos, Arg1 and Cd163 of macrophages were m

*P < 0.05, **P < 0.01, ***P < 0.001.
PEG-AuNPs (P < 0.05) (Fig. 4B and C). To evaluate whether
PEG-AuNPs could reprogram TAM polarization in vivo, the PEG-
AuNPs treated tumors and TAMs were analyzed using immuno-
fluorescence staining, flow cytometry and RT-qPCR. In tumor
slices obtained on Days seven and 14 after implantation, the
number of CD206þ cells were lower in the PEG-AuNPs-co-
injected tumors than in the control tumors, suggesting that the
number of M2 TAMs was reduced by PEG-AuNPs treatment
(Fig. 4D). The tumor tissues obtained on Days seven and 14 were
enzymatically digested to isolate TAMs, and the expression of F4/
80 and CD206 (M2 TAM markers) was quantified using flow
cytometry. The number of CD206þ/F4/80þ cells in the PEG-
AuNPs co-injected tumors was significantly decreased in com-
parison to that of controls (Fig. 4E). On Days seven and 14, the
mRNA levels of Arg1, Cd163, and Il-10 (M2 markers) in the
TAMs of PEG-AuNPs co-injected tumors were significantly
reduced compared with those in controls (Fig. 4F). To elucidate
whether PEG-AuNPs have direct activity to tumor cells and the
role of macrophages on the anticancer efficacy of PEG-AuNPs, we
used clodronate liposomes to eliminate the macrophages of the
mice in vivo. Then, Hepa1-6 cells were inoculated subcutaneously
into the BALB/c mice with or without PEG-AuNPs. After 14 days,
the mice were euthanized, and the tumor was excised and weighed
to assess therapeutic efficacy. The results showed that PEG-
AuNPs treatment did not show any therapeutic efficacy, as re-
flected by the fact that the average final tumor weight of mice did
not differ among all the three groups (Supporting Information
Fig. S4A‒C). In tumor sections obtained on Day 14 after im-
plantation, F4/80þ and CD206þ cells disappeared in all the groups
(Fig. S4D). These results suggested that PEG-AuNPs have no
direct therapeutic efficacy towards tumors, and the elimination of
macrophages abrogated the therapeutic efficacy of PEG-AuNPs.

Subsequently, the immune profiles in tumor microenvironment
was analyzed after treatment with PEG-AuNPs. Fig. 5A and B
showed that PEG-AuNPs effectively elicited the maturation of
dendritic cells (DCs). 0.02 mg/kg and 0.1 mg/kg PEG-AuNPs
significantly promoted the maturation of DCs, which was 2- and
4-fold than that of control group, respectively. As shown in
Fig. 5CeF, PEG-AuNPs effectively increased the frequency of
CD3þCD4þ T cells and CD3þCD8þ T cells in tumors, while
2 phenotype in vitro. TSN co-cultured RAW264.7 cells were treated

ol/L, respectively. The expression of (A) CD80 and (B) CD206 of

of IL-12 and IL-10 of macrophages were analyzed using ELISA. (D)

easured using RT-qPCR. Data are expressed as mean � SD (n Z 5).



Figure 4 In vivo antitumor activity and inhibition of M2 macrophage polarization by PEG-AuNPs. (A) Tumor growth curves. Hepa1-6 cells

were subcutaneously inoculated into the right flank of male BALB/c mice with or without 20 nm PEG-AuNPs, and the tumor growth was

monitored for 21 days. (B) The gross images of excised tumors from the mice at the endpoint. (C) Tumor weight at the endpoint. (D) Repre-

sentative immunofluorescence staining of CD206þ and F4/80þ macrophages in tumor tissues on Days seven and 14 after implantation. Scale

bar Z 200 mm. (E) CD206þ/F4/80þ macrophages were analyzed using flow cytometry in tumor tissues on Days seven and 14 after implantation.

(F) The mRNA levels of genes (M2 phenotype) measured using RT-qPCR in tumors on Days seven and 14 after implantation in mice. Data are

expressed as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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0.1 mg/kg PEG-AuNP exhibited the highest proportion of T cells
among all treatment groups. Cell proliferation and apoptosis in the
tumor environment are also detected by KI67 and Tunel staining,
respectively. As shown in Fig. 5GeJ, after treatment with PEG-
AuNPs, immunohistochemical staining revealed a significant
decrease in KI67 expression and increase in Tunel staining, sug-
gesting that the reduced tumor cell proliferation and increased
tumor cell apoptosis.

Taken together, these data indicate that PEG-AuNPs can
inhibit the polarization of TAMs to the M2 phenotype in vivo,
thereby reducing the immunosuppressive effects and initiating
antitumor immunotherapy. M1 macrophages possess intrinsic
function to phagocytose tumor cells, and could also secret
immuno-stimulatory cytokines (IL-6, IL-12, TNF et al.) to activate
other immune cells including dendritic cells and T cells48. We
have demonstrated that, after elimination of macrophages, the
therapeutic efficacy of PEG-AuNPs was abrogated, suggesting the
pivotal role of macrophages in the antitumor activity of PEG-
AuNPs, and that PEG-AuNPs have no direct therapeutic efficacy
towards tumor cells. After treatment with PEG-AuNPs, the pro-
portion of mature dendritic cells, CD3þCD4þ T cells and
CD3þCD8þ T cells increased significantly, accompanied with
significantly increased proportion of apoptotic tumor cells. The
results suggested that PEG-AuNPs could inhibit the polarization
of TAMs to the M2 phenotype and activate other immune cells
including dendritic cells and T cells, thus eliciting antitumor
immunity and consequent tumor suppression. Similarly, several
kinds of nanomaterials have been reported to regulate the polari-
zation of TAMs and play an active role in regulating biological
effects14,38,49. For example, iron oxide nanoparticles can induce
the polarization of macrophages to the M1 phenotype, increase the
level of reactive oxygen species (ROS) and TNF-a, and inhibit
mammary tumor growth and liver and lung metastasis14. The
cationic polymers, cationic dextran, and polyethyleneimine (PEI),
can also reverse the polarization of TAMs through toll-like re-
ceptor 4 (TLR-4) to promote IL-12 expression, thereby facilitating
cancer immunotherapy50. Also, several nanomaterials, such as
silver and zinc oxide nanoparticles, can modulate macrophage
polarization38. Therefore, the use of nanomaterials to reverse M2
TAMs for cancer immunotherapy is a promising treatment
strategy.

3.5. PEG-AuNPs block autophagic flux in TAMs

Autophagy is a dynamic cellular process, which is characterized
by the formation of autophagosomes, fusion of lysosomes and
autophagosomes, formation of autophagolysosomes, and subse-
quent degradation51. Autophagy is strictly regulated by a variety
of proteins, including autophagy-related proteins (ATG), LC3,
P62/SQSTM1, and beclin152. LC3 is a kind of autophagosome
marker, and LC3 has two forms: LC3-I, which is a 16 kDa
cytosolic protein, and LC3-II, which is a processed 14 kDa form.



Figure 5 The effects of PEG-AuNPs on the immune cells and tumor cells in the tumor environment. (A) Representative flow cytometry plots

and (B) quantitative analysis of mature DCs (CD11þCD86þ) in tumors. (C) Representative flow cytometry plots and (D) quantitative analysis of

CD3þCD4þ T cells in tumors. (E) Representative flow cytometry plots and (F) quantitative analysis of CD3þCD8þT cells in tumors. Data are

expressed as mean � SD (n Z 6). (G) Representative images and (H) quantitative analysis of KI67 staining in tumors. (I) Representative image

and (J) quantitative analysis of Tunel staining in tumors. Scale barZ 50 mm. Data are expressed as mean � SD (nZ 10). *P < 0.05, **P < 0.01,

***P < 0.001.
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The total amount of LC3 protein or the LC3-II/LC3-I ratio can
reflect the level of autophagy52. P62/SQSTM1 (P62), a versatile
adaptor protein, is a selective autophagy receptor53. Beclin1 is
necessary for autophagosome formation by mediating autophagy
protein localization in the phagophore, and its protein level is
positively correlated with autophagy54. As shown in Fig. 6A, after
TSN co-culture, the total amount of beclin1 and LC3 in macro-
phages increased substantially, with a decreased level of P62,
indicating autophagy is activated in the TSN-cultured macro-
phages. After treatment with PEG-AuNPs, the total amount of
LC3 protein continued to increase, with increased expression of
P62 and decreased expression of beclin1, suggesting that PEG-
AuNPs could block the autophagic flux of macrophages.

mRFP-GFP-LC3 (mRFP is a red fluorescent marker, and GFP
is a green fluorescent marker) was used to further monitor auto-
phagic flux55. In the initial stage of autophagy, mRFP-GFP-LC3
aggregates on autophagosomes, and red/green co-localized dots
can be observed. At the later stage of autophagy, autophagosomes
Figure 6 PEG-AuNPs block autophagic flux and cause lysosomal dysf

related proteins. (B) The images of representative immunofluorescence

(GþRþ) and red autolysosomes (G�Rþ) of mRFP-GFP-LC3 dots in macr

Sensor Green DND-189 stained macrophages. Scale bar Z 50 mmol/L.

macrophages. (E) Flow cytometry analysis of macrophages stained with

*P < 0.05, **P < 0.01, ***P < 0.001.
are fused with lysosomes, resulting in the formation of autopha-
golysosomes. Since GFP is unstable and quenched under acidic
conditions, only red fluorescent punctate can be detected at this
stage. Therefore, autophagosomes in cells are labeled as yellow
dots (the overlap of green and red fluorescence), and autophago-
lysosomes are labeled as red dots (the quenching of green fluo-
rescence). Firstly, we transfected RAW264.7 cells with an mRFP-
GFP-LC3 adenovirus, following which the macrophages were
cultured with or without TSN and treated with PEG-AuNPs (10 or
50 mmol/L) for 48 h. Then, the mRFP-positive (Rþ) and GFP-
positive (Gþ) dots were detected using confocal microscopy
(Fig. 6B). The results showed that the numbers of yellow (GþRþ)
and red (G�Rþ) dots were substantially augmented after TSN co-
culture, suggesting that autophagic flux was activated in TSN
cultured macrophages. After incubation with PEG-AuNPs, the
number of yellow dots (GþRþ) in TSN-cultured macrophages was
significantly increased, whereas the number of red dots (G�Rþ)
was significantly decreased, suggesting that PEG-AuNPs inhibit
unction in macrophages. (A) Western blotting analysis of autophagy-

and quantitative analysis of the number of yellow autophagosomes

ophages. Scale bar Z 10 mmol/L. (C) Fluorescence images of Lyso-

(D) Flow cytometry analysis of LysoSensor Green DND-189 stained

acridine orange (AO). Data are expressed as mean � SD (n Z 5).



Figure 7 Inhibition of M2 macrophage polarization by autophagy blockade. Analysis of relative mRNA expression of Arg1, Cd163, Cd206,

and Il-10 in TSN co-cultured RAW 264.7 cells incubated with Atg5 siRNA (A), chloroquine (CQ) (B), and rapamycin (Rapa) (C). Data are

expressed as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001. ns, not statistically significant.
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the formation of autophagolysosomes and induce the accumula-
tion of autophagosome. Therefore, autophagic flux is blocked by
PEG-AuNPs in TSN co-cultured macrophages.

To further clarify the mechanism underlying PEG-AuNPs-
induced autophagic flux blockage, we explored the impact of
PEG-AuNPs on the function of lysosomes in TAMs. The lysosome
is an acidic compartment with a stable membrane structure,
whereas lysosomal dysfunction will be induced with lysosomal
alkalization and lysosomal membrane permeabilization25,51. As
shown in Fig. 6C and D, by staining with LysoSensor Green DND-
189, which is an indicator for detecting pH with fluorescence
intensity, lysosomal acidification evaluated according to fluores-
cence intensity was markedly decreased in PEG-AuNPs treated
TSN-cultured macrophages in comparison to that in control cells.
Acridine orange (AO) is a lysosomotropic, metachromatic fluo-
rescent dye that yields red fluorescence when they accumulate
within the lysosomes25. Fig. 6E shows that PEG-AuNPs could
decrease the red fluorescence intensity of AO in a concentration-
dependent manner, suggesting the leakage of AO from the
lysosome32.

Altogether, our results firmly confirmed that PEG-AuNPs can
cause lysosomal dysfunction by inducing lysosomal alkalization
and lysosomal membrane permeabilization and therefore inhibit
autophagic flux in TAMs. Accordingly, various nanomaterials
have been demonstrated to induce lysosomal dysfunction, and one
general type of lysosomal dysfunction related to nanomaterials
treatment is lysosome membrane permeabilization, since nano-
materials are commonly sequestered within the lysosomal
compartment51.
3.6. Suppression of macrophages polarization to M2 phenotype
by autophagy blockade

PEG-AuNPs suppressed M2 macrophage polarization and block
autophagic flux. We subsequently investigated whether TAMs M2
polarization could be inhibited by autophagy blockage. The ef-
fects of a series of concentrations of autophagy inhibitors (chlo-
roquine and Atg5 siRNA) and autophagy inducers rapamycin were
investigated on the polarization of TSN co-cultured macrophages.
As shown in Fig. 7A, the mRNA expressions of Arg1, Cd163,
Cd206, and Il-10 were substantially increased in TSN co-cultured
macrophages in comparison to that in normal cultured macro-
phages, suggesting that TSN co-culture promoted the M2 polari-
zation. In normal cultured macrophages, after transfection with
Atg5 siRNA, no substantial difference in the expression of Arg1,
Cd163, Cd206, and Il-10 between the two groups was observed,
indicating that autophagy inhibition itself could not induce M2
polarization. However, in TSN co-cultured macrophages, in
comparison to the control siRNA group, the expression of Arg1,
Cd163 Cd206, and Il-10 significantly decreased after Atg5 siRNA
transfection, indicating that autophagy inhibition could reduce the
M2 polarization caused by TSN. Similarly, the Mrna expression of
Arg1, Il-10, Cd163, and Cd206 was substantially reduced in TSN
co-cultured macrophages after treatment with 20 mmol/L chloro-
quine for 48 h (Fig. 7B). Meanwhile, following treatment with
100 nmol/L rapamycin for 48 h, the expression of Arg1, Cd163,
Cd206, and Il-10 in TSN co-cultured macrophages increased
significantly, indicating that induction of autophagy can promote
the M2 polarization (Fig. 7C). Therefore, these results



Figure 8 The schematic diagram of the mechanism underlying PEG-AuNPs-induced antitumor immunotherapy, involving inhibiting TAMs M2

polarization via induction of lysosome dysfunction and autophagic flux inhibition. After PEG-AuNPs internalization, the autophagic flux of TAMs

was blocked due to lysosomal dysfunction, as reflected by autophagosome accumulation. After then, the M2 polarization of TAMs was inhibited,

resulting in potential antitumor immunotherapy.
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demonstrated that TSN culture could activate autophagy and
polarize macrophages to the M2 phenotype, and autophagy
blockade could suppress M2 macrophage polarization.

In this study, our results revealed the mechanism that PEG-
AuNPs reduce TAMs M2 polarization via autophagy blockade.
Autophagy has been shown to have an anti-inflammatory effect
through downregulation of the inflammasome, an intracellular
structure that promotes the generation of active proinflammatory
cytokines56,57, and recent reports of the nonspecific lysosomal
inhibitors chloroquine and bafilomycin A1 impairing M2 polari-
zation in the tumor microenvironment58. Furthermore, inhibition
of autophagy will rescue NF-kB activity and force M2-polarized
macrophages to produce a high level of M1-like cytokines55.
Several small molecule drugs including neferine and baicin were
shown to induce autophagy and reduce M2 polarization of mac-
rophages22,23. The discrepancy between small molecule drugs and
nanomaterials on the relationship between macrophage polariza-
tion and autophagy may be attributed to their difference in
physical and chemical properties.

Taken together, our above data suggest a mechanism under-
lying PEG-AuNPs induced antitumor immunotherapy, including
inhibiting TAMs M2 polarization via induction of lysosome
dysfunction and autophagic flux inhibition (Fig. 8). Upon PEG-
AuNPs internalization, the autophagic flux of TAMs was
blocked due to lysosomal dysfunction, as reflected by autopha-
gosome accumulation, lysosomal alkalization, and lysosomal
membrane permeabilization, following which M2 polarization of
TAMs was inhibited, resulting in potential antitumor
immunotherapy.

4. Conclusions

Regulation of TAMs polarization emerges as a new promising
strategy for tumor immunotherapy. Herein, we successfully initi-
ated antitumor immunotherapy by inhibiting TAMs M2 polariza-
tion via autophagy intervention with polyethylene glycol-
conjugated AuNPs (PEG-AuNPs). Our results suggest a mecha-
nism underlying PEG-AuNPs-induced inhibition on M2 polari-
zation, that PEG-AuNPs can induce lysosome dysfunction and
autophagic flux inhibition. This study also showed the intrinsic
effect of AuNPs on the tumor microenvironment, which
strengthens our in-depth understanding of the interaction of
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nanomaterials and tumor microenvironments and may provide
strategies for the nanomaterials-guided antitumor therapy.
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ER-targeted beclin 1 supports autophagosome biogenesis in the

absence of ULK1 and ULK2 kinases. Cells 2019;8:475.

55. Chang CP, Su YC, Hu CW, Lei HY. TLR2-dependent selective auto-

phagy regulates NF-kB lysosomal degradation in hepatoma-derived

M2 macrophage differentiation. Cell Death Differ 2013;20:515e23.

56. Liu PH, Huang GJ, Wei T, Gao J, Huang CL, Sun MW. Sirtuin 3-

induced macrophage autophagy in regulating NLRP3 inflammasome

activation. Biochim Biophys Acta Mol Basis Dis 2018;1864:764e77.

57. Nakahira K, Haspel J, Rathinam V, et al. Autophagy proteins regulate

innate immune responses by inhibiting the release of mitochondrial

DNA mediated by the NALP3 inflammasome. Nat Immunol 2011;12:

222e30.

58. Chen D, Xie J, Fiskesund R, Dong W, Liang X, Lv J, et al. Chloro-

quine modulates antitumor immune response by resetting tumor-

associated macrophages toward M1 phenotype. Nat Commun 2018;

9:873.

http://refhub.elsevier.com/S2211-3835(22)00058-2/sref30
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref30
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref30
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref31
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref31
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref31
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref31
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref32
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref32
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref32
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref33
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref33
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref33
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref34
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref34
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref34
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref34
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref35
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref35
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref35
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref35
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref36
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref36
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref37
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref37
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref37
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref37
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref38
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref38
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref38
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref39
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref39
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref39
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref39
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref39
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref40
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref40
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref40
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref40
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref41
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref41
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref41
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref41
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref41
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref42
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref42
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref42
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref42
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref43
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref43
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref43
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref43
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref44
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref44
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref44
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref45
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref45
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref45
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref46
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref46
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref46
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref46
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref47
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref47
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref47
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref48
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref48
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref48
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref49
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref49
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref49
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref50
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref50
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref50
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref50
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref50
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref51
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref51
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref51
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref51
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref52
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref52
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref52
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref52
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref53
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref53
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref53
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref54
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref54
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref54
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref55
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref55
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref55
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref55
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref56
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref56
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref56
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref56
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref57
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref57
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref57
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref57
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref57
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref58
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref58
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref58
http://refhub.elsevier.com/S2211-3835(22)00058-2/sref58

	Gold nanoparticle-directed autophagy intervention for antitumor immunotherapy via inhibiting tumor-associated macrophage M2 ...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Synthesis of polyethylene glycol-conjugated gold nanoparticles (PEG-AuNPs)
	2.3. Cell lines and cell culture
	2.4. Cell viability assay
	2.5. Flow cytometry
	2.6. ELISA
	2.7. Real-time quantitative reverse transcription-polymerase chain reaction (RT-qPCR)
	2.8. Animal
	2.9. In vivo antitumor assays of PEG-AuNPs
	2.10. Isolation of in vivo TAMs
	2.11. Western blotting
	2.12. The transfection of mRFP-GFP-LC3 adenovirus
	2.13. Lysosomal acidity and stability assay
	2.14. Atg5 siRNA transfection
	2.15. Investigation of the endocytosis mechanism of nanoparticles in macrophages
	2.16. Statistical data analysis

	3. Results and discussion
	3.1. Characterization of PEG-AuNPs
	3.2. The cellular uptake of PEG-AuNPs in TAMs
	3.3. PEG-AuNPs suppress M2 macrophage polarization in vitro
	3.4. In vivo inhibition of subcutaneous tumor growth and M2 macrophage polarization by PEG-AuNPs
	3.5. PEG-AuNPs block autophagic flux in TAMs
	3.6. Suppression of macrophages polarization to M2 phenotype by autophagy blockade

	4. Conclusions
	Acknowledgments
	Author contributions
	Conflicts of interest
	Conflicts of interest
	Appendix A. Supporting information
	References


