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Background: Tumor-associated macrophages (TAMs) are critical in tumor progression and
metastasis. Selective targeting of TAMs holds great potential to ameliorate the immunosup-
pressive tumor microenvironment and enhance the efficacy of antitumor therapy. Various
liposomes have been developed to target TAMs via cell-specific surface receptors either to
deplete or re-educate TAMs. Since immuno-stimulation often initiates with the interaction of
nanocarriers with the innate immunity cells such as macrophages, the intrinsic impact of
drug-free liposomes on macrophage activation and polarization via cell interaction is one of
the most critical issues in nanomedicine for promoting effective immunotherapy.

Methods: In this study, conventional bare liposomes, PEGylated liposomes, and mannosy-
lated liposomes were developed and the cytotoxicity, cellular internalization, immunostimu-
latory activity, targeting efficiency, antitumor efficacy, and mechanism were evaluated
in vitro and in vivo.

Results: All liposomes displayed an ideal particle size, good biocompatibility, and con-
trolled release behavior. Mannosylated liposomes exhibited superior in vitro cellular inter-
nalization and tumor spheroid penetration with the aid of the mannose receptor-mediated
TAMs-targeting effects. In particular, mannosylated liposomes promoted the polarization of
both M0 and M2 to the M1 phenotype by enhancing the expression ratio of CD86/CD206
in vitro. Of note, mannosylated liposomes could inhibit G422 glioma tumor growth, which
may be attributed to the polarization of TAMs, as evidenced by the reduction in expression
level of the TAMs surface marker.

Conclusion: These results indicate the potential value of mannosylated liposomes in the
design of a rational delivery system to enhance the antitumor immune efficacy of immuno-
modulators by inducing a shift from the M2 to the M1 phenotype.

Keywords: liposomes, cancer immunotherapy, tumor-associated macrophages, mannose
receptor, drug delivery

Introduction

The tumor microenvironment is composed of proliferating tumor cells, tumor
stroma, blood and lymphatic vessels, and infiltrating immune cells.' Macrophages
are the dominant population of infiltrating immune cells, and are generally termed
as tumor-associated macrophages (TAMs).> Accumulating evidence from pre-
clinical and clinical studies indicates that TAMs generally express an M2-like
phenotype and play diverse roles in the progression and metastasis of tumors.>*
Particularly, they secrete a plethora of tumor-promoting cytokines and growth
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factors to accelerate tumor growth, angiogenesis, progres-
sion and metastasis, and immune suppression.>>® The
elevated population of TAMs is associated with poor over-
all prognosis and therapeutic failure in patients with var-

ious cancers,L10

suggesting their potential value as
a target in cancer immunotherapy. Therefore, strategies
that target TAMs, including depletion of TAMs or polar-
ization of the tumor-promoting M2 subtype to the tumor-
suppressing M1 subtype, may enhance the efficacy of
antitumor therapy.®!'!

With advances in nanomedicine, the development of
sophisticated nanocarriers that are functionalized by specific
receptors on TAMs is a feasible TAMs-targeting strategy.
A number of recent experimental studies have reported the
utility of TAMs-targeted nanocarriers loaded with various
immunomodulators to inhibit tumor growth and metastasis
with 12-14

breast cancer,
melanoma, '

satisfactory  outcomes in

cancer,!”

lung  cancer,'®  pancreatic
glioblastoma,'® and sarcoma.'? It is well known that macro-
phages are predominantly responsible for internalizing engi-
neered nanocarriers and then undergo polarization or
reprogramming in response to signals, which leads to the
expression of various cell surface receptors for cellular
uptake as well as cytokine and chemokine secretion.?’*!
Therefore, the intrinsic impact of drug-free nanocarriers on
macrophage physiology is one of the most critical issues in
nanomedicine for promoting effective immunotherapy.

Previous studies have shown that a variety of engineered
drug-free nanoparticles, such as iron oxide nanoparticles,”
noble metal (gold and silver) nanoparticles,” polystyrene
nanoparticles,?* and glycocalyx-mimicking nanoparticles,?
could induce polarization of TAMs from M2 to M1 in the
tumor microenvironment, indicating a probable role for
nanoparticles as a tool in selective reprogramming of M1/
M2 polarization. Despite many studies specifying the intrin-
sic impact of drug-free nanoparticles on macrophage polar-
ization, very little attention has been placed on the
investigation of the interaction between liposomes and
macrophages at the cellular level. Given the increasing
importance of liposome-based immunotherapy for the treat-
ment of tumors, the cytotoxicity, cellular internalization level
and mechanism, intracellular trafficking, and immune
response of drug-free liposomes to macrophages warrant
particular attention.

The aim of the present study was to gain insight into the
interactions, including the cellular internalization process

and immune response, between drug-free liposomes and

macrophages. Surface functionalization of nanocarriers
with specific ligands has an important effect on the interac-
tions between nanocarriers and biological targets.?'**2%%
As TAMs abundantly express mannose receptors (MRs),?®
mannose-decorated liposomes, conventional bare lipo-
somes, and PEGylated liposomes were developed and eval-
vated. The specific development of immune modulators
targeting TAMs would be of significant interest if the dis-
tinct interaction between the macrophage membrane and the
liposomes, as well as the subsequent uptake mechanisms,

were fully understood.

Material and methods

Materials

Soybean phosphatidylcholine (S100) was purchased from
Lipoid GmbH (Ludwigshafen, Germany). Cholesterol,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-[amino
(polyethylene glycol)-2000] (DSPE-PEG,qq0) and DSPE-
PEG;g00-N-hydroxysuccinimide ester (NHS) were purchased
from A.V.T. Pharmaceutical Co., Ltd. (Shanghai, China).
4-Aminophenyl o-D-mannopyranoside was obtained from
J&K Scientific Ltd. (Beijing, China). Coumarin-6 was pur-
chased from Sigma-Aldrich (Saint Louis, MO, USA).
4',6-Diamidino-2-phenylindole (DAPI) and LysoTracker Red
were purchased from Beyotime (Haimen, Jiangsu, China).
APC-CD86 and PE-CD206 were supplied by BioLegend
(San Diego, CA, USA). The primary antibody against
CD206 was obtained from Abcam (Cambridge, MA, USA).
The primers of Argl, Mgl2, and Yml were obtained from
Invitrogen (Carlsbad, CA, USA). Recombinant murine inter-
leukin-4 (IL-4) was supplied by PeproTech (Rocky Hill, NJ,
USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and
fetal bovine serum (FBS) were purchased from Thermo Fisher
Scientific Inc. (Waltham, MA, USA). Temozolomide capsules
were purchased from Jiangsu Tasly Diyi Pharmaceutical Co.,
Ltd. (Huai’an, Jiangsu, China). All other organic reagents were
of analytical grade and purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

Cell culture

The RAW264.7 murine macrophage cell line was obtained
from the Cell Resource Center, Peking Union Medical
College (Beijing, China). The 4T1 murine breast adeno-
carcinoma cell line and G422 murine glioma cell line were
kind gifts from Prof. Zhonggao Gao and Prof. Xiaoguang
Chen, respectively (Institute of Materia Medica, Peking
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Union Medical College, Beijing, China). RAW264.7, 4T1,
and G422 cells were cultured in DMEM supplemented
with 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin in a humidified atmosphere of 5% CO, at
37 °C.

Synthesis of DSPE-PEG,g00-mannose
DSPE-PEG;ggo-Mannose (DSPE-PEG;y0p-Man) was synthe-
sized in a reaction by covalent binding with DSPE-PEG;ggo-
NHS and 4-Aminophenyl o-D-mannopyranoside (Figure
1A).% 0.04
D-mannopyranoside was dissolved in 500 pL of anhydrous
dimethylsulfoxide (DMSO) for 30 min, followed by the addi-
tion of 0.02 mol DSPE-PEGyn-NHS and stirring at 30 °C for
48 h. The reaction mixture was purified by dialysis using
a membrane with a molecular weight cutoff (MWCO) of
1000 Da (Spectrum Laboratories, Rancho Dominguez, CA,
USA) for 48 h. The product was freeze-dried, and the chemical
structure of DSPE-PEG;q0-Man was characterized by 'H-
nuclear magnetic resonance (NMR).

Briefly, mol  4-Aminophenyl -

Preparation and characterization of

liposomes

Liposomes were prepared by the thin film hydration method.
Lipids, including S100, cholesterol, DSPE-PEGygqy, and
DSPE-PEG;00-Man were dissolved in chloroform at a molar
ratio of 65:30:3:2, and the organic solvent was removed by
rotary evaporation under vacuum at 40 °C to form a thin film
layer. The lipid film was hydrated in phosphate buffered saline
(PBS; 10 mM and pH 7.4, here and hereafter) at 55 °C for 1 h,
and intermittently sonicated by a probe sonicator at 100 W for
9 min in an ice-water bath to obtain mannosylated liposomes
(Man-PEG-Lipo). Conventional bare liposomes (Lipo) and
PEGylated liposomes (PEG-Lipo) were prepared as described
above, except that the molar ratio of lipids varied accordingly
(S100:cholesterol of =70:30 for Lipo and S100:cholesterol:
DSPE-PEG;go 0f =65:30:5 for PEG-Lipo). Liposomes loaded
with 1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine
iodide (DiR) or coumarin-6 were prepared with similar proce-
dure except that DiR or coumarin-6 was dissolved in chloro-
form with lipids.
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Figure | Synthesis and characterization of DSPE-PEG;g00-Mannose. (A) Schematic of synthetic DSPE-PEG;,qgo-Mannose. (B) The 'H-NMR spectrum of DSPE-PEG;g0. (C)

The 'H-NMR spectrum of DSPE-PEG;pp0-Mannose.
Note: a, 1.0-1.5 ppm (DSPE); b, 3.5-4.0 ppm (PEG); ¢, 6.9-7.5 ppm (phenyl group)
Abbreviation: 'H-NMR, 'H-Nuclear Magnetic Resonance.
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The average particle size and size distribution of lipo-
somes were determined by the dynamic light scattering
method using Zeta Potential/Particle Sizer NICOMP 380
ZLS (PSS NICOMP, Santa Barbara, CA, USA) after appro-
priate dilution with double-distilled water. Morphological
examination of liposomes was carried out by transmission
electron microscopy (TEM) (SU8010; Hitachi, Tokyo,
Japan). Briefly, samples were prepared by adding one drop
of liposome suspension to a copper grid followed by stain-
ing with 2% (w/v) phosphotungstic acid. The samples were
dried and examined.

In vitro drug release assay

The in vitro release of coumarin-6 from liposomes was
assayed in 0.5% (w/v) Tween-80 in PBS using a dialysis
method. The coumarin-6-loaded liposomes were placed in
a dialysis bag (MWCO 12 kDa) and immersed in 100 mL
of release medium at 37 °C on a shaker (100 rpm). At
predetermined timepoints, 1 mL of release medium was
withdrawn and replaced with fresh release medium. The
concentration of coumarin-6 was determined by high-
performance liquid chromatography with a fluorescence
detector (1260; Agilent Technologies, Santa Clara, CA,
USA). Each sample was performed in triplicate.

In vitro cytotoxicity

The in vitro cytotoxicity of conventional bare liposomes,
PEGylated liposomes, and mannosylated liposomes was
evaluated in RAW264.7 macrophages using CCK-8 kits
(Dojindo Laboratories, Tokyo, Japan). Briefly, RAW264.7
cells were plated at a density of 2x10* cells per well in
a 96-well plate. After 24 h, the cells were treated with
different liposome samples containing various concentra-
tions of lipids (0, 10, 50, 100, 500, and 1000 pg/mL). After
24 h of incubation, the number of viable cells was deter-
mined using CCK-8 kits according to the manufacturer’s
protocol. Untreated control cells were used as the control
and were considered to be 100% viable.

In vitro cellular uptake

The cellular uptake index of the different liposomes loaded
with coumarin-6 was evaluated by flow cytometry and
confocal laser scanning microscopy (CLSM). Briefly,
RAW264.7 cells were seeded into 6-well plates at
a density of 5x10° cells/well and incubated for 24 h.
Then, the cells were pre-treated with 20 ng/mL IL-4 for
24 h followed by incubation with liposome-encapsulated
coumarin-6 at 37 °C for 1 h. For CLSM, the cells were

rinsed three times with cold PBS, fixed with 4% parafor-
maldehyde (PFA), stained with DAPI, and observed by
CLSM (FV1000; Olympus, Tokyo, Japan). For flow cyto-
metry analysis, the cells were harvested, washed three times
with cold PBS, and then analyzed using a flow cytometer
(Accuri C6; BD Biosciences, San Jose, CA, USA).

Three-dimensional co-cultured tumor

spheroid penetration

Three-dimensional (3D) co-cultured multicellular tumor
spheroids of tumor cells (4T1 cell line) and macrophages
(RAW264.7 cell line) were developed using a liquid-overlay
system according to the culture scheme illustrated in
Figure 6A.>° RAW264.7 cells were stained with 10 pg/mL
1,1‘-dioctadecyl-3,3,3’,3 -tetramethylindocarbocyanine ~ per-
chlorate (Dil) prior to spheroid formation. 4T1 cells (1x10*
cells) and Dil-labeled RAW264.7 cells (0.5x10* cells) were
mixed with DMEM containing 10% FBS and 2.5% Matrigel,
seeded in a 96-well round bottom plate (Corning, Corning, N,
USA), and centrifuged at 1000x g for 10 min. After 3 days,
separate groups of co-cultured tumor spheroids were incubated
with Lipo, PEG-Lipo, and Man-PEG-Lipo for 8 h. At the end
of incubation, the co-cultured tumor spheroids were washed
three times with cold PBS, and fixed with 4% PFA for 1 h at
room temperature. The fluorescence intensity of different
depths of the co-cultured tumor spheroids was determined
using CLSM.

Cellular internalization mechanism and

intracellular trafficking
To study whether endocytosis was the main pathway for the
cellular uptake of Man-PEG-Lipo, RAW264.7 cells were
pre-treated with 20 ng/mL IL-4 for 24 h and then incubated
with Man-PEG-Lipo at 4 °C instead of the regular 37 °C.
Additionally, cells were pre-incubated with different inhibi-
tors, including chlorpromazine (10 pg/mL),*" cytochalasin
D (10 uM),*? and methyl-B-cyclodextrin (10 mM),*! at 37 °C
for 1 h. Then, Man-PEG-Lipo and the different inhibitors at
the same concentrations as described were added and incu-
bated at 37 °C for another 2 h. At the end of incubation, cells
were washed, trypsinized, and analyzed by flow cytometry.
To investigate the intracellular fate of Man-PEG-Lipo,
RAW264.7 cells were plated on glass bottom dishes in
a 6-well plate at a density of 1x10° cells/well and incu-
bated for 24 h at 37 °C. After pre-treatment with 20 ng/mL
IL-4 for 24 h, the cells were incubated with Man-PEG-
Lipo for 1 h at 37 °C. At the end of incubation, cells were
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stained with 75 nM LysoTracker Red, fixed with 4% PFA,
and stained with DAPI. Fluorescence images of cells were
captured with CLSM.

Tissue biodistribution

Female BALB/c mice weighing 14-16 g were supplied by
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). All animal experiments were
approved by the Institutional Animal Care and Use
Committee of Peking Union Medical College. The care of
laboratory animal and animal experimental operation were
performed in accordance with the Beijing Administration
Rule of Laboratory Animal. Orthotopic 4T1 breast tumors
were generated by injecting 1x10° cells into the mammary
fat pad of each mouse. When the tumors grew to a median
size of 500 mm®, DiR-encapsulated liposomes were injected
into the tail vein of each mouse (0.1 mg/kg body weight).
During the experiments, the whole-body fluorescence
images were detected at predetermined times post-
injection (2, 4, 8, 12, and 24 h) using the In Vivo IVIS
spectrum-imaging system (PerkinElmer, Waltham, MA,
USA). At the end of experiments, the mice were sacrificed,
the tumors and other major organs were surgically col-
lected, and examined by ex vivo imaging.

Macrophage marker expression

RAW264.7 cells were seeded in 6-well plates at a density
of 5x10° cells/well and treated with IL-4 (20 ng/mL) for
24 h to induce the polarization of RAW264.7 cells to M2
macrophages. RAW264.7 cells (considered as M0 macro-
phages) or M2 macrophages were treated with the differ-
ent liposomes (500 pg/mL) for 24 h, followed by
incubation with antibodies to two different cell surface
markers (CD86 for M1 macrophages and CD206 for M2
macrophages). After incubation and rinsing, the samples
were analyzed by flow cytometry.

In vivo antitumor efficacy and safety

evaluation

Female ICR mice (6~8 weeks old) were purchased from SPF
(Beijing) Biotechnology Co., Ltd. (Beijing, China). All animal
protocols were approved by the institutional animal care and
use committee of Peking Union Medical College. Glioma
tumor model was established by the subcutaneous injection
of 5x10° G422 cells to the right flank of each ICR mouse. The
tumor-bearing mice were randomly assigned five groups
(n=7 per group) the following day after tumor implantation to

receive blank liposomes at 47 nmoles of phospholipids/g body
weight or vehicle via tail vein injections daily for two weeks as
described in the schedule given, according to the treatment
scheme illustrated in Figure 10A. The positive control group
was orally treated with temozolomide (TMZ) (50 mg/kg/day)
for 5 days. At the end of the experiments, all mice were
sacrificed and the tumors were collected, photographed,
weighed and further analyzed by quantitative real-time PCR
for Argl, Mgl2, and Ym1 mRNA expression and western blot
for CD206 expression.”* The antitumor efficacy was evaluated
by calculating tumor growth inhibition ratio (TGI%) according
to the formula shown below:

TG1% = (1 —&> x 100

vehicle

Wiest and Wepicle represent the tumor weight of the
treatment group and the vehicle group, respectively.

Statistical analysis

All data subjected to statistical analysis were obtained from at
least three parallel experiments, and the results are expressed
as mean + standard deviation (SD). The statistical analysis was
performed by unpaired two-tailed Student’s #-test for two
groups, and one-way ANOVA for multiple groups using
GraphPad Prism version 7.00 for Windows (GraphPad
Software, La Jolla, CA, USA). A p-value <0.05 was consid-
ered statistically significant.

Results

Preparation and characterization of
liposomes

The '"H-NMR spectrum of DSPE-PEG;qg and DSPE-PEG
2000-Man are shown in Figure 1B and C. The peaks at
6.9-7.5 ppm
4-Aminophenyl o-D-mannopyranoside, indicating that the

represented the phenyl group in
NHS group had reacted with the amino group. The peaks of
"H-NMR spectrum were assigned to chemical structures as
follows: 6.9—7.5 ppm (phenyl group), 3.5-4.0 ppm (PEG),
and 1.0-1.5 ppm (DSPE). The reaction yield of DSPE-PEG
2000-Man synthesis was approximately 81.4%.

The mean particle size of Lipo, PEG-Lipo, and Man-
PEG-Lipo was 133.9 nm, 105.7 nm, and 109.8 nm, respec-
tively (Figure 2). All liposomes had polydispersity index
(PDI) values below 0.3, demonstrating that the size dis-
tribution of all liposomes was narrow. TEM examination
of Lipo, PEG-Lipo, and Man-PEG-Lipo samples revealed
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Figure 2 Particle size distribution and morphology of Lipo, PEG-Lipo, and Man-PEG-Lipo. Scale bar =100 nm.
Abbreviations: Lipo, liposomes; PEG-Lipo, PEGylated liposomes; Man-PEG-Lipo, mannosylated liposomes.

that the three kinds of liposomes were spherical and reg-
ular in shape (Figure 2).

In vitro release

As shown in Figure 3, the in vitro release of coumarin-6
from Lipo, PEG-Lipo, and Man-PEG-Lipo displayed simi-
lar patterns of gradual increase within 72 h in the release
that all had
a sustained release profile.

medium, suggesting three liposomes

In vitro cytotoxicity

In vitro cytotoxicity of Lipo, PEG-Lipo, and Man-PEG-
Lipo was evaluated on RAW264.7 cells using CCK-8 kits.
Incubation of the various concentrations of the three lipo-
RAW264.7
(Figure 4), indicating the excellent biocompatibility of

somes produced negligible cytotoxicity
the liposomes with macrophages. Interestingly, lipid con-
centrations exceeding 500 pg/mL produced a higher cell

survival rate compared with the control, indicating that
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Figure 4 In vitro cytotoxicity of liposomes in RAW264.7 cells at 24 h. Each value represents the mean * SD (n=6).
Abbreviations: Lipo, liposomes; PEG-Lipo, PEGylated liposomes; Man-PEG-Lipo, mannosylated liposomes.

high lipid levels of all three liposomes enhanced macro-
phage proliferation.

In vitro cellular uptake

The cellular uptake index of coumarin-6-encapsulated
liposomes by M2 macrophages was determined qualita-
tively by CLSM and quantitatively by flow cytometry. The
green fluorescence was dispersed in the surrounding
nuclear membrane (Figure 5A), demonstrating that the
liposomes were able to effectively deliver coumarin-6 to the
cytoplasm of M2 macrophages. It is worth noting that the
fluorescence intensity was clearly enhanced following 1 h
incubation with Man-PEG-Lipo as compared with Lipo and

PEG-Lipo. Additionally, the uptake of Man-PEG-Lipo was
significantly increased in M2 macrophages compared with
that in RAW264.7 cells untreated with IL-4. To further eval-
uate the cellular uptake efficiency of the different liposomes,
the mean fluorescence intensity (MFI) was determined by flow
cytometry. Consistent with the CLSM results, the highest MFI
was evident in cells exposed to Man-PEG-Lipo, compared
with Lipo and PEG-Lipo (Figure 5B and C).

3D co-cultured tumor spheroid

penetration
Given the critical role TAMs play in tumors, the develop-
ment of in vitro 3D co-cultured tumor spheroids, which
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Figure 5 In vitro cellular uptake of coumarin-6-loaded liposomes in RAW264.7
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Abbreviations: Lipo, liposomes; PEG-Lipo, PEGylated liposomes; Man-PEG-
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recapitulate the interplay between TAMs and cancer cells,
is of significant basic and clinical interest.>® To this end,
3D co-cultured tumor spheroids of 4T1 and RAW264.7
cells were used to evaluate the penetration efficiency of
the liposomes. Morphological analysis by scanning elec-
tron microscopy (SEM) demonstrated that the cells formed
tightly packed, rounded spheroids (Figure 6B). The CLSM
image showed that Dil-labeled RAW?264.7 cells (red fluor-
escence) distributed homogeneously throughout the spher-
oid (Figure 6B). When co-cultured tumor spheroids were
incubated with the coumarin-6-loaded liposomes for 8 h,
Man-PEG-Lipo penetrated more deeply and was distribu-
ted more extensively in tumor spheroids than Lipo and
PEG-Lipo, indicating that mannose receptor led to higher
penetration efficiency of Man-PEG-Lipo in co-cultured
tumor spheroids (Figure 6C).

Cellular internalization mechanism and

intracellular trafficking
To determine the cellular internalization mechanism of Man-
PEG-Lipo, biochemical inhibitors, including chlorproma-
zine, cytochalasin D, and methyl-B-cyclodextrin, were
selected to inhibit clathrin-, macropinocytosis-, and caveolin-
mediated endocytosis, respectively.’’? After incubation at
4 °C, the cellular uptake of Man-PEG-Lipo decreased dra-
matically as compared with the control (37 °C), indicating
that the endocytosis was energy-dependent (Figure 7A).
When cells were pre-treated with chlorpromazine, cytocha-
lasin D, or methyl-B-cyclodextrin, the reduction of cellular
uptake ratio was 92.5%, 97.2%, and 10.0%, respectively,
demonstrating that the internalization of Man-PEG-Lipo pri-
marily relied on caveolae-mediated endocytosis pathways.
The intracellular trafficking of Man-PEG-Lipo after
internalization was investigated by CLSM. After incubation,
coumarin-6 (green fluorescence) was dispersed in the cyto-
plasm and co-localized with lysosomes (red fluorescence),
indicating that Man-PEG-Lipo was first localized in lyso-
somes after internalization by macrophages (Figure 7B).

Tissue biodistribution

The tumor fluorescence in DiR-Man-PEG-Lipo-treated mice
was significantly higher than that in the DiR-DMSO-, DiR-
Lipo-, and DiR-PEG-Lipo-treated mice at all time points
following the injection of the liposomes (Figure 8A). The ex
vivo fluorescent image from the excised tumors also clearly
showed higher fluorescence from the DiR-Man-PEG-Lipo-
treated groups compared to the DiR-DMSO-, DiR-Lipo-,
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CLSM, confocal laser scanning microscopy.

and DiR-PEG-Lipo-treated groups (Figure 8B). Additionally,
the 3D reconstruction of DiR-Man-PEG-Lipo-treated mice
was performed to observe the overall distribution of fluores-
cence in the tumor. As shown in Figure 8C, the fluorescence
was primarily found around the tumor and partially observed
in the center of the tumor, indicating that Man-PEG-Lipo may
be used as an effective TAMs-targeting carrier by which to
deliver immunomodulators to tumor tissues.

It is of significance to explore the accumulation of
mannosylated liposomes in the liver since Kupffer cells
distributed there have been identified to express mannose
receptor.**> As shown in Figure 8B and S1A, mice treated
with mannosylated liposomes displayed elevated fluores-
cent signals in livers compared with PEGylated liposomes,

and the fluorescence in spleens was comparable between the
two groups. The enhanced liver accumulation might be due
to the mannose receptor expression in liver Kupffer cells,
which is in accordance with previous related studies.*®*’
Although mannosylated liposomes could enhance the liver
accumulation, both the tumor-to-liver ratio and tumor-to-
spleen ratio of the mannosylated liposome-treated group
were higher than PEGylated liposomes (Figure S1B), indi-
cating that mannosylated liposomes effectively accumu-
lated in tumors.

The collective findings demonstrated the specific and
efficient tumor targeting behavior of Man-PEG-Lipo,
which may be attributed to the long circulation and the
TAMs-targeting ability of Man-PEG-Lipo.
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The polarization of M2 macrophages

in vitro

To investigate the immune response of liposomes to
macrophages, the surface receptor expression was deter-
mined by flow cytometry. Differential receptor expression
is a critical feature of polarized macrophages. The M1
phenotype is characterized by elevated expression of
CD86, whereas M2 macrophages typically expressed
CD206.*%2° As shown in Figure 9A, the expression ratio
of CD86/CD206 was decreased in RAW264.7 cells (con-
sidered as the MO phenotype) treated with IL-4, indicating
that IL-4 could induce the polarization of MO macrophages
to the M2 phenotype. Interestingly, the expression ratio of
CD86/CD206 in MO macrophages incubated with Man-
PEG-Lipo was elevated as compared with control, while
Lipo and PEG-Lipo retained the comparative expression
ratio, suggesting that Man-PEG-Lipo could promote the
polarization of the MO to the M1 phenotype (Figure 9B). It
is worth noting that the upregulation of the CD86/CD206
expression ratio was induced by Man-PEG-Lipo when IL-
4-conditioned M2 macrophages were treated with Man-
PEG-Lipo (Figure 9C). These results demonstrated that

Man-PEG-Lipo not only could facilitate polarization of
MO to M1 phenotype, but also had a significant effect on
resetting M2 macrophages toward the M1 phenotype.

In vivo antitumor efficacy and safety

evaluation

To investigate whether blank liposomes exposure would
impact tumor growth in vivo, a murine G422 glioma tumor
model was established and treated with three kinds of blank
liposomes daily for 14 days. The dosage of blank liposome
was set as 47 nmoles phospholipids/g body weight as pre-
viously reported.** As shown in Figure 10D and E, positive
drug TMZ dramatically inhibited tumor growth and possessed
the lowest tumor weight, with a tumor growth inhibition ratio
(TGI%) of 78.6%, demonstrating that the murine G422 glioma
tumor model was established successfully. Compared to the
modest tumor inhibition of blank Lipo (TGI%, 28.5%) and
PEG-Lipo (TGI%, 20.0%), blank Man-PEG-Lipo exhibited
superior antitumor efficacy with the highest TGI% of 40.7%
among the groups treated with three kinds of blank liposomes.
The photos and weight of excised tumors showed a similar
tendency (Figure 10B and D). These results indicated that
blank liposomes could inhibit G422 glioma tumor growth to
varying degrees, and Man-PEG-Lipo possessed the greatest
potential, which may be attributed to the promotional polar-
ization of M2 macrophages.

In addition, the weight of all groups of mice increased at
the end of the experiment compared with that before treat-
ment (Figure 10C), indicating that the three kinds of blank
liposomes had the good compatibility in vivo and could be
used as a safe drug delivery carrier for future application.

The antitumor mechanism of Man-PEG-
Lipo in vivo

Given that TAMs could promote the progression of tumors
and were the primary cells that internalized liposomes in the
tumor microenvironment,*' it is meaningful to explore
whether the tumor growth inhibition of Man-PEG-Lipo is
associated with the polarization of TAMs in tumor tissue.
The expression level of TAMs surface marker CD206 was
significantly reduced in all liposome-treated groups com-
pared to the vehicle-treated group (Figure 11A). However,
the positive drug TMZ could not regulate the expression of
CD206, indicating that the polarization of TAMs may be
not involved in the cytotoxic agent TMZ-mediated inhibi-
tion of the tumor growth. It is remarkable that Man-PEG-
Lipo induced the most pronounced reduction in CD206
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Lipo, mannosylated liposomes.

expression compared with PEG-Lipo and Lipo, which was
consistent with the results of the in vivo antitumor efficacy.
Due to the polarization of macrophages accompanied by
changes in gene expression, the expression of TAMs marker
genes in tumor tissue, including Argl, Mgl2 and Ym1, was
assessed by quantitative real-time PCR. The mRNA expres-
sion level of Mgl2 and Ym1 were significantly decreased
upon treatment with Man-PEG-Lipo compared to the vehi-
cle-treated group (Figure 11C and D). Although there was
no statistical difference between the two groups, the Argl
mRNA expression level of Man-PEG-Lipo-treated group
had a tendency to decrease as compared to that of the
vehicle-treated group (Figure 11B). Taken together, these
results clearly demonstrated that Man-PEG-Lipo could

effectively reduce the polarization of TAMs in vivo.
Therefore, the tumor growth inhibition of Man-PEG-Lipo
may be attributed to the impact of Man-PEG-Lipo on the
polarization of TAMs (Scheme 1).

Discussion

Cancer immunotherapy holds great potential for the treat-
ment of tumors, and increasing evidence indicates that the
stratification of the tumor microenvironment according to
tumor-infiltrating lymphocytes is crucial in optimizing
cancer immunotherapies.*” As the major constituent of
tumor-infiltrating lymphocytes, TAMs are generally driven
by tumor-derived and T cell-derived cytokines to acquire

a polarized M2 phenotype, and subsequently facilitate
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tumor growth and metastasis, immunosuppression, and
angiogenesis.>®*> Therefore, a cancer immunotherapy
that targets TAMs, including depleting or re-educating
TAMs by immunomodulators, is a promising strategy.
Nanosized particulate carriers such as liposomes and
nanoparticles, which are amenable to ligand-based active
targeting, can accumulate in tumor tissue paving way for
preferential tumoral localization of pharmaceutical
molecules.>*** This provides the capability to deliver
immunomodulators to selectively eliminate or re-educate
TAMs that infiltrate the tumor microenvironment.>® The
knowledge gained concerning nanocarrier-mediated target-
ing of TAMs has highlighted the importance of under-
standing the interaction between nanocarriers and TAMs
for the design and development of optimal drug delivery
systems.*® The biodistribution of nanocarriers as well as
their intrinsic immunostimulatory activity are profoundly
affected by their surface characteristics.>* The mannose
receptor is one of the most commonly targeted receptors,
due to its overexpression of TAMs.** Previous studies
that

a distinct TAMs-targeting capacity as compared with con-

demonstrated mannosylated  liposomes have
ventional bare liposomes.'” To the best of our knowledge,
the present study is the first report on the effect of man-
nosylated liposomes on macrophage activation and
polarization.

As professional phagocytes, macrophages very effi-
ciently take up extracellular materials including nanosized
particles.*® To evaluate the macrophage biocompatibility of

the liposomes, the in vitro cytotoxicity of the three liposomes

was determined for RAW264.7 macrophages (Figure 4). The
liposomes were not cytotoxic to macrophages and macro-
phage proliferation was stimulated at concentrations exceed-
ing 500 pg/mL, suggesting that all the liposomes have
excellent biocompatibility. Additionally, the observation of
enhanced macrophage proliferation in the presence of high
concentrations of lipids suggests the possibility that the pro-
liferation of macrophages within the immunosuppressive
microenvironment of tumors could be greatly enhanced.

M2 macrophages express relatively high levels of man-
nose receptor (MR) on the cell surface, but there are few
MRs on the surface of M1 macrophages.*® Based on these
different expression profiles, the cellular uptake efficacy of
liposomes was evaluated to determine whether endocytosis
of liposomes was associated with MR. The results indicate
that overexpression of MR significantly facilitated the cel-
lular uptake of Man-PEG-Lipo in M2 macrophages and that
the expression profile of MR modulated the cellular uptake
of Man-PEG-Lipo before and after polarization (Figure 5).
The comprehensive results of uptake, internalization
mechanism, and intracellular trafficking support the conclu-
sion that Man-PEG-Lipo may be internalized into M2
macrophages through an MR-mediated internalization path-
way via caveolin-coated pits (Figure 7A) with subsequent
localization in lysosomes (Figure 7B). This finding is con-
sistent with the results of a previous study.*’

The conventional two-dimensional monolayer model is
deficient in providing the environmental cues that define
a tumor microenvironment and is incapable of simulating the

3D localization of macrophages with respect to the tumor.***
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Therefore, development of a 3D co-cultured spheroid model,
which mimics the clinical observations of TAM localizations
and subsequent functional performance, has profound value in
evaluating the penetration and accumulation efficiency of
nanocarriers within tumors. As reported in another co-culture
model study, the incorporation of macrophages within breast
cancer spheroids can convert macrophage differentiation
toward an M2 phenotype.**** In the present study, the results
of 3D co-cultured spheroid penetration demonstrated the

greater penetration efficiency of Man-PEG-Lipo compared to
Lipo and PEG-Lipo (Figure 6C), indicating that the enhanced
penetration efficiency of Man-PEG-Lipo could be associated
with the elevated expression profile of MR in co-cultured 4T1
and RAW264.7 cells. Additionally, Man-PEG-Lipo exhibited
enhanced tumor targeting efficiency in orthotopic 4T1 breast
tumors as a result of TAMs-targeting effects (Figure 8).

M1 phenotype macrophages facilitate the secretion of
pro-inflammatory cytokines and enhance the expression of
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Figure Il Man-PEG-Lipo promotes the polarization of TAMs. Murine G422 glioma tumor-bearing mice were treated with liposomes, and the tumors were analyzed by
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differentiation 206; Argl, Arginase |; Mgl2, Macrophage galactose-type C-type lectin 2; YmI, Chitinase 3-like 3.

co-stimulatory molecules, such as CD86, to promote the
immunological response against tumors. On the contrary,
M2 phenotype macrophages overexpress CD206 and abun-
dantly produce anti-inflammatory cytokines to produce
a protumoral effect.*® Therefore, the immunostimulatory
activity of liposomes on macrophages was investigated by
determining the pivotal features of polarized macrophages.
Previous studies have shown that certain PEGylated lipo-
somes (no drug loaded within), which are similar in size and
composition to the Doxil® (PEGylated liposomal doxorubi-
cin) drug carrier, could induce polarization of TAMs toward
an M2-phenotype and then lead to tumor progress and immu-
nosuppression in murine cancer models.***' However, the
extent to which the findings of the above studies are broadly

applicable to other nanoparticles or other types of tumors
remains to be determined. There is substantial heterogeneity
in physicochemical properties among different types of lipo-
somes and in tumor biology among different types of

1 . . . . .
Since surface functionalization of nanocarriers

tumors.”
with specific ligands has an important effect on the interac-
tions between nanocarriers and biological targets, conven-
PEGylated
mannosylated liposomes were developed and the immunos-
timulatory activity of these liposomes to macrophages eval-

uated in the present study. In contrast to previous studies

tional bare liposomes, liposomes, and

mentioned above,*>*! Man-PEG-Lipo promoted the polari-
zation of both M0 and M2 to M1 phenotype by enhancing the
expression ratio of CD86/CD206 in the present study (Figure

submit your manuscript

3216

Dove

International Journal of Nanomedicine 2019:14


http://www.dovepress.com
http://www.dovepress.com

Dove

Ye et al

~<@\~ Fibrocytes

Scheme | The schematic diagram of Man-PEG-Lipo resetting TAMs.

Lipids
Cholesterol

DSPE-PEG
— Man-PEG-DSPE

Macrophages

CD206 i

CD86 T

Abbreviations: Man-PEG-Lipo, mannosylated liposomes; TAMs, tumor-associated macrophages.

9). Most significantly, Man-PEG-Lipo could inhibit G422
glioma tumor growth (Figure 10), which may be attributed
to the polarization of TAMs, as evidenced by the reduction in
the expression level of the TAMs surface receptor (CD206)
and marker genes (Mgl2 and Yml) (Figure 11). Previous
studies reported that the nanoparticles modified with an
established macromolecular ligand of MR could induce the
clustering of MR on the surface of the macrophages, and then
triggered intracellular  signaling and consequently
a phenotypic change.*’ There was also evidence that glyco-
calyx-mimicking nanoparticles self-assembled by amphiphi-
lic mannopyranoside polymer could promote the reversion of
TAMs, which was mainly dependent on the downregulation
of STAT6 phosphorylation and upregulation of NF-kB p65
phosphorylation.>® Based on the above findings, we hypothe-
sized that liposomes modified with a ligand of MR named
Man-PEG-Lipo may induce the clustering of MR on the
surface of the M2 macrophages, and then suppress STAT6
and activate NF-kB phosphorylation, consequently promot-
ing the polarization of M2 macrophages to the M1 pheno-
type. We will verify the specific mechanism in the later

experiments. These results highlight the potential of Man-

PEG-Lipo in the design of a rational delivery system to
enhance the antitumor immune efficacy of immunomodula-
tors by inducing a shift from the M2 to the M1 phenotype.

Conclusion

A fundamental understanding of the interaction between nano-
carriers and immune cells will facilitate the rational design and
development of effective therapeutic strategies to enhance the
efficacy of cancer immunotherapy. In the present study, cellu-
lar internalization and immunostimulatory activity of surface
functionalization of liposomes, including conventional bare
liposomes, PEGylated liposomes, and mannosylated lipo-
somes, on TAMs were investigated. The data indicate that the
potential of mannosylated liposomes in a delivery system that
will enhance the antitumor immune efficacy of immunomodu-
lators based on a shift from the M2 to the M1 phenotype.
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Figure S| Ex vivo average radiant efficiency of excised tissues and tumors at 24 h post-injection. The average radiant efficiency (A) and tumor-to-tissue ratios (B) measured
from the fluorescence images of excised tissues and tumors.
Abbreviations: PEG-Lipo, PEGylated liposomes; Man-PEG-Lipo, mannosylated liposomes.
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