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Tumor-associated macrophages (TAMs) generally display an immunosuppressive M2 phenotype and promote
tumor progression and metastasis, suggesting their potential value as a target in cancer immunotherapy.
Chlorogenic acid (CHA) has been identified as a potent immunomodulator that promotes the polarization of
TAMs from an M2 to an M1 phenotype. However, rapid clearance in vivo and low tumor accumulation have
compromised the immunotherapeutic efficacy of CHA in clinical trials. In this study, mannosylated liposomes are
developed for targeted delivery of CHA to TAMs. The immunoregulatory effects of CHA, along with the overall
antitumor efficacy of CHA-encapsulated mannosylated liposomes, are investigated through in vitro and in vivo
experiments. The prepared CHA-encapsulated mannosylated liposomes exhibit an ideal particle size, favorable
stability, and preferential accumulation in tumors via the mannose receptor-mediated TAMs-targeting effects.
Further, CHA-encapsulated mannosylated liposomes inhibit G422 glioma tumor growth by efficiently promoting
the polarization of the pro-tumorigenic M2 phenotype to the anti-tumorigenic M1 phenotype. Overall, these
findings indicate that CHA-encapsulated mannosylated liposomes have great potential to enhance the im-
munotherapeutic efficacy of CHA by inducing a shift from the M2 to the M1 phenotype.

1. Introduction the tumor mass [5]. Given the importance of TAMs in regulating tumor

progression, there has been considerable interest in TAMs-centred

Glioblastoma (GBM), the most aggressive and common malignant
primary brain tumor, carries a bleak prognosis despite aggressive
treatment [1]. There is evidence that the tumor microenvironment
plays a key role in promoting the tumor growth and progression of GBM
[2]. As a dominant population of infiltrating immune cells in tumor
microenvironments, tumor-associated macrophages (TAMs) have been
confirmed to promote tumor growth, angiogenesis, progression, me-
tastasis, and immune suppression [3,4]. The critical role of TAMs in
promoting GBM growth is highlighted by the largest proportion of
tumor-infiltrating cells within GBM, comprising up to 50% of all cells of
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cancer immunotherapy strategies for the treatment of GBM [4,6-8].
With advances in nanomedicine, the design of TAMs-targeted na-
nocarriers opens doors for targeted delivery of immunomodulators to
selectively eliminate or promote polarization of TAMs infiltrating
tumor environment [4,7]. A distinguishing feature of TAMs during M2
polarization is their enhanced expression of mannose receptors, a C-
type lectin [9]. The mannose receptors involve eight extracellular car-
bohydrate-recognition domains, which can recognize repeated man-
nose residues [10]. The substantial expression of mannose receptors on
TAMs was extensively explored for the design of TAMs-targeting
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nanocarriers [7,11,12]. In our previous study, liposomes modified with
mannose exhibited superior in vitro cellular internalization, tumor
spheroid penetration, and in vivo tumor accumulation with the aid of
mannose receptor-mediated TAMs-targeting effects [13]. In particular,
drug-free mannosylated liposomes inhibited GBM tumor growth by
promoting the polarization of TAMs toward the anti-tumorigenic M1
phenotype in vivo [13]. The polarization of TAMs induced by drug-free
nanocarriers may be associated with suppressing STAT6 and activating
NF-kB phosphorylation [10,13]. However, this interesting result is in-
consistent with that reported in the literature: drug-free PEGylated li-
posomes could induce polarization of TAMs toward the pro-tumorigenic
M2-phenotype and then lead to tumor progress and immunosuppres-
sion in TC-1 cervical cancer models [14,15]. Although differences in
physicochemical properties of liposomes may contribute to the afore-
mentioned contradictory results, the substantial heterogeneity in tumor
microenvironment among different types of tumors may be the culprit
[15,16]. Due to a considerable amount of TAMs infiltrating within
GBM, mannosylated liposomes may deeply interrupt the biological in-
teractions between TAMs, tumor cells, and other cells with the aid of
mannose receptor-mediated TAMs-targeting effects, consequently
modulate the polarization of TAMs. Based on the above findings and the
substantial expression of mannose receptors on TAMs [7,17-20],
mannosylated liposome is an attractive choice for targeted delivery of
immunomodulators to TAMs for the treatment of GBM.

Chlorogenic acid (CHA) has been reported to possess multiple
beneficial pharmacological activities [21,22]. Our previous study found
that CHA functions as an antitumor immunomodulator that promotes
the polarization of TAMs from the M2 to the M1 phenotype via the
promotion of STAT1 activation and the inhibition of STAT6 activation,
thereby modulating the tumor microenvironment and inhibiting the
growth of GBM[6]. Recently, CHA has completed a phase I clinical trial
and is now entering a phase II clinical trial in glioma patients. The
phase I clinical trial report demonstrated that CHA injections in patients
with recurrent high-grade GBM were safe, well-tolerated, and conferred
potential antitumor effects [23]. Overall, these pre-clinical and clinical
results make CHA an attractive candidate for cancer immunotherapy.
However, as a small-molecule compound, CHA is rapidly cleared in vivo
following injection, thereby resulting in a short circulation time and
low tumor accumulation [24,25]. Although the antitumor efficacy was
satisfactory in the clinical trial after intramuscular injection daily for
months, poor patient compliance makes the treatment difficult to ad-
minister.

To overcome the limitations mentioned above, targeted delivery of
CHA via mannosylated liposomes holds great promise. Herein, we de-
veloped mannosylated liposomes to encapsulate CHA for targeted de-
livery of CHA to TAMs for cancer immunotherapy (Scheme 1). To im-
prove the lipophilicity of CHA and facilitate its association with
liposomes, a CHA-phospholipid complex was developed as an inter-
mediate [26]. The physicochemical properties, targeted delivery cap-
ability, M2 phenotype TAMs repolarization ability, tissue distribution,
and antitumor efficacy of CHA-encapsulated mannosylated liposomes
were systematically evaluated on macrophages in vitro and against a
G422 glioma tumor model in vivo. These results present a potential new
approach for TAMs-centred cancer immunotherapy that efficiently de-
livers CHA to TAMs and enhances the antitumor immune efficacy of
CHA based on a shift from the M2 to the M1 phenotype with negligible
systemic toxicity.

2. Material and methods
2.1. Materials

Soybean phosphatidylcholine S100 was purchased from Shanghai
Tywei Pharmaceutical Co., Ltd. (Shanghai, China). Cholesterol, DSPE-

PEGyp00, and DSPE-PEGyp00-NHS were purchased from A.V.T.
Pharmaceutical Co., Ltd. (Shanghai, China). Chlorogenic acid was
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provided by Sichuan Jiuzhang Biotech Co., Ltd. (Chengdu, Sichuan,
China). Mannose, temozolomide, and 4-aminophenyl o-p-mannopyr-
anoside were obtained from J&K Scientific Ltd. (Beijing, China).
Coumarin-6 was purchased from Sigma-Aldrich (Saint Louis, MO, USA).
DiR was purchased from AAT Bioquest, Inc. (Sunnyvale, CA, USA). The
iNOS primer was obtained from Sino Biological Inc. (Beijing, China).
Recombinant murine macrophage colony stimulating factor (M-CSF)
and recombinant murine interleukin-4 (IL-4) were 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). All other organic reagents
were of analytical grade and were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Cell culture

The RAW264.7 murine macrophage cell line was obtained from the
Cell Resource Center, Peking Union Medical College (Beijing, China).
The G422 murine glioma cell line was provided by Beijing
Neurosurgical Institute (Beijing, China). RAW264.7 and G422 cells
were cultured in DMEM supplemented with 10% FBS, 100 U/mL pe-
nicillin, and 100 pg/mL streptomycin in a humidified atmosphere of 5%
CO, at 37 °C.

2.3. Isolation and polarization of BMDMs

Bone marrow derived macrophages (BMDMs) were generated from
bone marrow progenitors isolated from both femurs and tibias of
C57BL/6 mice, as previously described [27]. The harvested bone
marrow cells were grown in DMEM culture medium supplemented with
20 ng/mL recombinant M-CSF for 7 days to facilitate differentiation
into naive macrophages (BMDMs). After differentiation, BMDMs were
collected, and macrophage marker expressions (F4/80) were de-
termined using flow cytometry. BMDMs were polarized into M2 sub-
types through stimulation with 20 ng/mL IL-4 for 24 h (Fig. 3A).

2.4. Preparation and characterization of liposomes

DSPE-PEGgo-Mannose (DSPE-PEG,0o-Man) was synthesized using
DSPE-PEG2000-NHS and 4-aminophenyl o-p-mannopyranoside, ac-
cording to the methodology previously described [13], and the che-
mical structure was characterized using *H nuclear magnetic resonance
(NMR).

The CHA-phospholipid complex was prepared using a solvent eva-
poration method. CHA and phospholipids (1:2.2, w/w) were dissolved
in absolute ethanol and magnetically stirred for 15 min at room tem-
perature. A solid was obtained after the organic solvent was removed
under agitation and vacuum. The resulting CHA-phospholipid complex
was weighed (XS105DU; Mettler-Toledo GmbH, Zurich, Switzerland)
and stored at — 20 °C until further use. Liposomes were prepared by the
thin-film hydration method, as described in our previous study [13]. In
brief, lipids, including S100, cholesterol, and DSPE-PEG20o-Man, were
dissolved in chloroform, and the pre-weighed CHA-phospholipid com-
plex was added. The organic solvent was removed by rotary evapora-
tion under vacuum to form a thin film layer. The lipid film was hy-
drated in phosphate buffered saline (PBS; pH 5.5) and was
intermittently sonicated 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. Liposomes loaded with DiR or cou-
marin-6 were prepared using a similar procedure, except that DiR or
coumarin-6 was dissolved in chloroform along with the lipids. The
entrapment efficiency of CHA in the liposomes was determined by the
centrifugation ultrafiltration method. The mean particle size and size
distribution of liposomes were measured by the dynamic light scat-
tering (DLS) method. The morphology of liposomes was observed by
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Scheme 1. Schematic overview of CHA-encapsulated Man-PEG-Lipo that enhances tumor accumulation via active targeting to mannose receptor-expressing TAMs

and promotes the polarization of TAMs for cancer immunotherapy.

transmission electron microscopy (TEM) (H-7650; Hitachi, Tokyo,
Japan). Samples were prepared by adding one drop of liposome sus-
pension to a copper grid followed by staining with 2% (w/w) phos-
photungstic acid. The samples were then dried and examined.

2.5. Turbiscan stability index

The in vitro physical stability of liposomes in PBS at 4 °C or in
culture medium with 10% FBS at 37 °C was qualitatively determined by
Turbiscan Tower® (Formulaction, L'Union, France) using multiple light
scattering. The liposomes were appropriately diluted in the medium,
placed into a cylindrical glass cell, and scanned by the light source from
bottom to top. The transmission intensity profiles as a function of po-
sition were acquired over a scan. The variation of average transmitted
intensity (AT) and turbiscan stability index (TSI) calculated from the
signal value of transmission light were used as important parameters to
judge the stability of the liposomes in medium [28].

2.6. In vitro cytotoxicity

The in vitro cytotoxicity of Lipo, PEG-Lipo, and Man-PEG-Lipo was
evaluated in RAW264.7 macrophages using CCK-8 kits (Dojindo
Laboratories, Tokyo, Japan). RAW264.7 cells or M2-type BMDMs were
plated at a density of 1 x 10* cells per well in a 96-well plate. After
24 h, the cells were treated with different liposome samples containing
various concentrations of CHA (0, 0.01, 0.1, 1, and 10 uM). After in-
cubation for 24 h, the number of viable cells was determined using
CCK-8 kits, according to the manufacturer's protocol. Untreated cells
were used as the control and were considered to be 100% viable.

2.7. Invitro cellular uptake

The cellular uptake profiles of the different liposomes loaded with
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coumarin-6 were evaluated by flow cytometry. Briefly, BMDMs were
seeded into 6-well plates at a density of 5 x 10° cells per well and
incubated for 24 h. Then, the cells were pretreated with IL-4 (20 ng/
mL) for 24 h, followed by incubation with coumarin-6-encapsulated
liposome at 37 °C. After incubation for 1 h, 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). To further
confirm the potential of mannose receptors to mediate the uptake of
Man-PEG-Lipo, M2-type BMDMs were treated with Man-PEG-Lipo and
excess mannose (100 mM) [][56], individually or in combination, fol-
lowed by flow cytometer analysis.

2.8. Polarization of M2 macrophages in vitro

BMDMs were seeded in 6-well plates at a density of 5 x 10° cells
per well and were stimulated with IL-4 for 24 h in order for them to
differentiate into M2 macrophages. M2-type BMDMs were then treated
with Man-PEG-Lipo at a concentration of 1 uM CHA for 24 h, followed
by incubation with antibodies of M2-type BMDMs surface markers
(CD206 for M2-type; BioLegend; San Diego, CA, USA). After incubation
and rinsing, the samples were analyzed using flow cytometry.

2.9. Pharmacokinetic study and tissue biodistribution in vivo

Female ICR mice weighing 18-20 g were supplied by SPF (Beijing)
Biotechnology Co., Ltd. (Beijing, China). All animal experiments were
approved by the Institutional Animal Care and Use Committee of
Peking Union Medical College. For plasma pharmacokinetic study, fe-
male ICR mice were randomly divided into two groups (free CHA and
Man-PEG-Lipo, n = 3 per group) to receive free CHA solution or Man-
PEG-Lipo with equivalent CHA doses of 40 mg/kg via single in-
travenous injection. Blood samples were collected and analyzed for
CHA content using HPLC-MS/MS (6480B; Agilent Technologies). For
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tissue biodistribution study, the glioma tumor model was established
through the subcutaneous injection of 2 x 10° G422 cells to the right
flank of each ICR 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 experiment, whole-
body fluorescence images were taken at predetermined times post-in-
jection (2, 4, 6, 8, 12, and 24 h) using the In Vivo IVIS spectrum-ima-
ging system (PerkinElmer, Waltham, MA, USA). At the end of the ex-
periment, the mice were euthanized, and the tumors and other major
organs were surgically collected. These were then examined using ex
vivo imaging.

2.10. In vivo antitumor efficacy and safety evaluation

The glioma tumor model was established in female ICR mice, as
mentioned above. The tumor-bearing mice were randomly divided into
six groups (control, TMZ, CHA, Lipo, PEG-Lipo, and Man-PEG-Lipo,
n = 6-7 per group) the day after tumor implantation. The TMZ group
(positive control group) was orally treated with temozolomide (TMZ)
(50 mg/kg) for 5 days. The other groups were intravenously injected
with free CHA solution (CHA group) or different liposomes (Lipo, PEG-
Lipo, and Man-PEG-Lipo groups) with equivalent CHA doses of 20 mg/
kg, daily or once every other day for about two weeks. The schedule of
administration is illustrated in Figs. 6A and 7A. Bodyweight and tumor
volume were measured for each mouse to evaluate in vivo safety and
antitumor efficacy, respectively. The tumor volume was calculated ac-
cording to the following formula: tumor volume = length x (width)?/
2. At the end of the experiments, all mice were euthanized, and the
tumors were collected, weighed, and photographed. The tumor growth
inhibition ratio (TGI%) was calculated by the following formula: TGI%
= (1-Wiest/Wvehicle) X 100, where Wiesr and Wyenicle represent the
tumor weight of treatment group and vehicle group, respectively. At the
end of the in vivo antitumor experiment with interval administration,
the fresh tumor, spleen, and peripheral blood were collected and fur-
ther analyzed to evaluate the in vivo polarization ability of CHA-en-
capsulated liposomes. Hematological examination was performed with
an automatic hematology analyzer (MEK-7222 K; Nihon Kohden,
Tokyo, Japan).

2.11. Polarization ability of liposomes in vivo

The in vivo polarization ability of CHA-encapsulated liposomes was
evaluated by analyzing the ratio of M1/M2 subtype macrophages, cy-
tokine production, and the expression profiles of surface proteins and
gene markers. The ratio of M1/M2 subtype macrophages infiltrated into
tumors and spleens was quantitatively analyzed using flow cytometry.
The fresh tumors and spleens were cut into small pieces and then di-
gested for 40 min at 37 °C to obtain cell suspensions. The red blood cells
were removed using a red blood cell lysis buffer. The cells were col-
lected, washed, and were incubated with APC antimouse CD45, FITC
antimouse CD11b, Brilliant Violet 605™ antimouse F4/80, Brilliant
Violet 421™ antimouse CD206 (M2-type), and PE antimouse CDl11lc
(M1-type) (BioLegend; San Diego, CA, USA). The cell suspensions were
filtered through 400 mesh sieves after being washed twice and were
then analyzed using flow cytometry (NovoCyte D3010; AECA
Biosciences, San Diego, CA, USA). The CD45*CD11b*F4/80 " CD206 ™"
cells and CD45"CD11b*F4/80*CD11c* cells were considered to be
M2-type and M1-type TAMs, respectively [29,30]. The different cyto-
kines (IFN-y, TNF-a, and IL-10) in tumors, spleens, and blood were
quantitatively determined by bead-based LEGENDplex™ assays (Bio-
Legend; San Diego, CA, USA) according to the manufacturer's protocol.
For immunofluorescence assays, the tumors were fixed with 4% par-
aformaldehyde, embedded with paraffin, and dissected. After that, the
DAPI, F4/80, CD86, and CD206 were stained. Images were obtained by
confocal laser scanning microscopy. Besides, the expression profile of a
gene marker (iNOS mRNA) was analyzed by quantitative real-time PCR.
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2.12. Statistical analyses

All data subjected to statistical analyses were obtained from at least
three parallel experiments, and the results are expressed as mean =+
standard error of mean (SEM). The statistical analysis was performed
by Student's t-tests 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 considered to be
statistically significant.

3. Results and discussion
3.1. Properties and characteristics of liposomes

The mannose receptor, also known as CD206, is one of the most
commonly used TAMs-targeted receptors due to its high expression
level on the surface of M2-type TAMs [31]. In the present study, the
conjugation of mannose to DSPE-PEG,p00 was used as an M2-type
TAMs-targeted ligand, based on the specific recognition between
mannose and the mannose receptors of M2-type TAMs. DSPE-PEGy(00-
Man was synthesized via NHS covalent coupling with the amino group
(Fig. S1A), and the chemical structure of the obtained product was
confirmed using H NMR (Fig. S1B). Mannose moiety in DSPE-PEGygo-
Man was verified by the proton signals of the phenyl group at
6.9-7.5 ppm.

The overexpression profile of the mannose receptors on TAMs
prompted extensive utilization of mannose ligands for decoration of
nanocarriers to target TAMs via specific recognition and internalization
[4]. In the present study, liposomes functionalized with DSPE-PEG(g0-
Man (Man-PEG-Lipo) were developed to be potential drug carriers to
target M2-like TAMs. As shown in Fig. 1, the mean particle sizes and
zeta potentials of Lipo, PEG-Lipo, and Man-PEG-Lipo were
1759 = 1.7 nm, 1394 *= 0.4 nm, 139.0 * 0.5 nm, and
—5.0 £ 0.5mV, —10.2 * 0.1 mV, —25.3 *+ 0.8 mV, respectively.
All liposomes exhibited low polydispersity index (PDI) values (< 0.3),
indicating that the size distributions of all liposomes were narrow. TEM
images of the liposomes revealed that the three kinds of liposomes were
approximately spherical nanosized particles with a core-shell structure.
The entrapment efficiency (EE) of CHA in Lipo, PEG-Lipo, and Man-
PEG-Lipo were 71.9%, 72.7%, and 71.5%, respectively. CHA is a highly
water-soluble compound that cannot be loaded effectively into lipo-
somes with a relatively low EE of about 20%. Thus, the increased en-
trapment efficiency may be attributed to the enhanced lipophilicity of
CHA-phospholipid complex [26].

3.2. In vitro physical stability of liposomes

The storage stability against dispersion media and the colloidal
stability against physiological conditions were important aspects to be
taken into account in order to effectively propose liposomes as possible
carriers for the targeted delivery of therapeutics [32,33]. The in vitro
storage and colloidal stabilities of the three kinds of liposomes were
evaluated using the Turbiscan Lab® Expert, an advanced analyzer that
can detect early imperceptible changes in transmission or back-
scattering profiles before the appearance of macroscopic physical
modifications to nanosized colloidal suspensions [34].

The variation of the droplet volume fraction (migration) or size
(coalescence) was observed as a variation of light transmission (AT)
profiles. It can be assumed that variations greater than 10% are re-
presentative of an unstable formulation [35]. As shown in Fig. 2A and
C, the variations of transmission profiles (AT) of both PEG-Lipo and
Man-PEG-Lipo were less than 10%, indicating that there was no ap-
parent aggregation or sedimentation when the liposomes were dis-
persed in PBS (4 °C) for 7 days or in culture medium (37 °C) for 24 h. On
the contrary, flocculation and sedimentation occurred when Lipo was
incubated in PBS or culture medium, as evidenced by the higher AT
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(above 10%) value and by their appearance. In order to compare the in
vitro stabilities of liposomes more intuitively, the TSI values under
different conditions were calculated from the changes in transmitted
light. Larger TSI values represent less stability [36]. The TSI of Lipo
increased with the extension of incubation time, while PEG-Lipo and
Man-PEG-Lipo maintained relatively low TSI values (Fig. 2B and D).
These results demonstrated that both PEG-Lipo and Man-PEG-Lipo
possess excellent storage and colloidal stabilities, which may be at-
tributed to the surface modification of highly hydrated groups that
sterically reduce both electrostatic and hydrophobic interactions among
plasma components around the PEGylated liposome surface [37]. This
superior stability could prolong liposome circulation time in the blood
and enhance its accumulation in tumors via enhanced permeability and
retention (EPR) effects [38,39].

3.3. Cellular uptake profile of liposomes

A schematic description of the generation procedure for BMDMs is
illustrated in Fig. 3A. High purity of mature BMDMs can be obtained,
and the macrophages can be used for further experiments on day 7, as
evidenced by the fact that 97% of cells were F4/80 positive (Fig. 3B and
C). After treatment with IL-4, polarized M2-type BMDMs can be dis-
tinguished using antibodies against CD206. As shown in Fig. 3D, the
expression of CD206 surface antigens on IL-4-treated BMDMs was sig-
nificantly up-regulated (12.7%, about 25-fold higher) compared to the
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control group (0.5%), indicating the successful polarization of the
BMDMs to M2-type macrophages [1[56].

To investigate the mannose receptor-mediated TAMs-targeting ef-
ficiency of Man-PEG-Lipo on M2-type BMDMs, the cellular uptake
profiles of coumarin-6-encapsulated liposomes were determined quan-
titatively by flow cytometry. As shown in Fig. 3E and G, Man-PEG-Lipo
exhibited the highest mean fluorescence intensity (MFI) in M2-type
BMDMs compared to PEG-Lipo and Lipo. To confirm whether this en-
hanced uptake by macrophages was mediated by the mannose re-
ceptors, BMDMs were firstly pretreated with IL-4 to stimulate the ex-
pression of mannose receptor (Fig. 3D) and were then incubated with
excess mannose to saturate the mannose receptors. As shown in Fig. 3F
and H, the cellular uptake of Man-PEG-Lipo was significantly enhanced
in BMDMs pretreated with IL-4 (M2-type) compared to the control
group (MO-type). Additionally, pre-incubation with excess mannose
reduced the uptake of Man-PEG-Lipo in IL-4 treated BMDMs (M2-type).
The uptake characteristics of Man-PEG-Lipo in BMDMs (primary mac-
rophages) were consistent with those in RAW264.7 (macrophages cell
line) [13]. These results demonstrate that mannose conjugation on the
liposomes' surface effectively facilitates in vitro cellular uptake by M2-
type macrophages and that the expression profiles of mannose receptors
regulate the cellular uptake of Man-PEG-Lipo before and after polar-
ization.
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3.4. In vitro cytotoxicity

As shown in Fig. 4A, the cell survival rate of all groups was near to
100% after incubation with liposomes at concentrations of CHA in the
range of 0.01-10 puM for 24 h, indicating significant biocompatibility of
liposomes with macrophages and there was negligible cytotoxicity to
macrophages caused by CHA at a concentration of 10 pM. Similarly,
CHA-encapsulated Man-PEG-Lipo at a CHA concentration lower than
10 pM produced negligible cytotoxicity to M2-type BMDMs (Fig. 4B).
Our previous study found that CHA exhibited almost no direct toxicity
towards either of the various human cancer cell lines at concentrations
lower than 10 uM [6]. Previous studies have reported that CHA inhibits
tumor growth and tumor angiogenesis in several types of malignancy
by exerting its toxicity directly to tumor cells. However, the effective
dose of CHA was higher than 10 uM or a maximum of 500 uM in these
studies [40-43].

3.5. Polarization of M2 macrophages in vitro

In our previous study, we reported that free CHA could function as
an antitumor immunomodulator that promotes the polarization of
TAMs from the M2 to the M1 phenotype [6]. To further investigate the
impacts of CHA-encapsulated liposomes on M2 polarization of macro-
phages induced by IL-4, the expression of M2 phenotype macrophage
surface marker in BMDMs was determined by flow cytometry after in-
cubation with CHA-encapsulated liposomes. Polarized macrophages are
distinguished by differential receptor expression profiles: M2 pheno-
typic macrophages typically up-regulate the expression of CD206 [44].

As shown in Fig. 4C and D, the CD206 expression ratio significantly
increased in BMDMs treated with IL-4 (Control group), indicating that
IL-4 promoted the polarization of naive macrophages to the M2 phe-
notype. As consistent with the results reported previously, free CHA
(CHA group) was confirmed to down-regulate the CD206 expression
ratio of IL-4-conditioned M2-type BMDMs in this study. In particular,
CHA-encapsulated Man-PEG-Lipo (Man-PEG-Lipo group) significantly
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down-regulate the CD206 expression ratio of IL-4-conditioned M2-type
BMDMs after incubation for 24 h. It is worth noting that Man-PEG-Lipo
exhibited a trend of improved inhibition effect on the M2 polarization
of macrophages induced by IL-4 compared to free CHA, which may be
attributed to the dual function of active targeting and promoting po-
larization of mannosylated nanocarriers [13]. These results demon-
strate that Man-PEG-Lipo significantly inhibits M2 polarization of
macrophages and that they hold the potential to regulate the tumor
microenvironment.

3.6. Tissue biodistribution in vivo

To evaluate the in vivo tumor-targeting ability of Man-PEG-Lipo, the
tissue biodistribution of DiR-loaded liposomes was determined in
murine G422 glioma tumor-bearing mice. As shown in Fig. 5A, the
fluorescence intensity of tumor sites in DiR-Man-PEG-Lipo-treated mice
was apparently higher than that in DiR-DMSO-, DiR-Lipo-, and DiR-
PEG-Lipo-treated mice at all observed time points following injection
with liposomes. The ex vivo fluorescent images from the excised tumors
further confirmed that DiR-Man-PEG-Lipo-treated groups presented the
highest fluorescence intensity as compared to the DiR-DMSO-, DiR-
Lipo-, and DiR-PEG-Lipo-treated groups (Fig. 5B). Additionally, 3D re-
construction of DiR-Man-PEG-Lipo-treated mice was performed to
evaluate the overall distribution of fluorescence in the tumors. As
shown in Fig. 5C, the fluorescence signals were primarily distributed in
the centers of the tumors. These results indicated that Man-PEG-Lipo
possessed the capacity to specifically and efficiently target the tumor
microenvironment and that they hold the potential to be used as an
effective TAMs-targeting carrier to deliver immunomodulators to the
tumor microenvironment. Since glioma-associated macrophages are the
predominant inflammatory cells to infiltrate gliomas [45,46], the
tumor-targeting ability of Man-PEG-Lipo may be due to their long cir-
culation in the blood and their relatively higher uptake by TAMs with
the aid of mannose receptor.

Accumulated evidence demonstrated that mannose, a glucose
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Fig. 5. In vivo biodistribution of DiR-
loaded liposomes. (A) In vivo fluores-
cence images of ICR mice bearing G422
after tail vein injection of DiR-loaded
liposomes. (B) Ex vivo fluorescence
images of excised organs and tumors at
24 h post-injection of DiR-loaded lipo-
somes. (C) 3D reconstruction of in vivo
imaging of DiR-Man-PEG-Lipo-treated
mice.
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derivative, could traverse the blood-brain barrier through facilitative
glucose transporter-mediated delivery [47-50]. Apart from the tumor
sites, the brain tissue accumulation of DiR-loaded Man-PEG-Lipo was
determined to evaluate the ability of Man-PEG-Lipo to cross the blood-
brain barrier. As shown in Fig. S2, the fluorescence intensity of brain
tissues in DiR-Man-PEG-Lipo-treated mice was greater than that in DiR-
DMSO-, DiR-Lipo-, and DiR-PEG-Lipo-treated mice at all observed time
points, which may be associated with the mannose mediated transport
capability via the glucose transporter pathways. The in vivo ability of
Man-PEG-Lipo to cross the blood-brain barrier and target the TAMs in
orthotopic glioma-bearing mice will be further investigated in our fu-
ture work.

3.7. In vivo antitumor efficacy of successive administration

The plasma pharmacokinetic study in ICR mice was performed to
compare the pharmacokinetic characteristics of free CHA and CHA-
loaded Man-PEG-Lipo. As shown in Fig. S3 and Table S1, free CHA was
quickly eliminated after intravenous administration with a short half-
life (t;,») and mean residence time (MRT) of 48.1 and 16.5 min, re-
spectively. However, Man-PEG-Lipo exhibited altered plasma pharma-
cokinetics, with a longer t;,», and MRT, larger area under curve (AUC),
and significantly lower clearance rate (CL) than free CHA. These results
demonstrate that Man-PEG-Lipo can act as a CHA reservoir in blood
conferring a prolonged circulation time, which is advantageous for the
tumor accumulation via enhanced permeability and retention (EPR)
effect.

Since CHA is rapidly metabolized and cleared in vivo, CHA injec-
tions were administered intramuscularly daily for 28 days in clinical
trials. Considering the pharmacokinetic characteristics of CHA, the
antitumor effects of CHA were first evaluated in a G422 glioma murine
model using successive administration (Fig. 6A). As shown in Fig. 6B,
the chemotherapeutic agent TMZ dramatically reduced the tumor
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weight after oral administration compared to the control group, in-
dicating that the G422 glioma murine model was established success-
fully. Moreover, free CHA was able to inhibit tumor growth after in-
travenous administration of 20 mg/kg daily for 14 days. As expected,
the three kinds of CHA-encapsulated liposomes tested in this study also
showed significant antitumor activities against G422 tumors after suc-
cessive administration, with TGI% values on day 14 of 42.0%, 53.0%,
and 60.3%, respectively (Fig. 6C and D). The superior antitumor effi-
cacy of CHA-encapsulated Man-PEG-Lipo, which had the highest TGI%
among the three groups, may be attributed to the TAMs-targeting effect
of Man-PEG-Lipo.

To evaluate the safety of CHA and CHA-loaded liposomes, body-
weight monitoring and hematological examination were performed
after successive administration for 14 days. The bodyweight of CHA-
treated mice increased at the end of the experiment compared with that
before treatment (Fig. 6E). In addition, free CHA and CHA-loaded li-
posomes did not cause significant changes in hematological indexes,
including the level of white blood cells (WBC), red blood cells (RBC),
and platelet (PLT) (Fig. S4), indicating that there was almost no cyto-
toxic effect to mice after successive administration of CHA and CHA-
loaded liposomes.

3.8. In vivo antitumor efficacy of interval administration

Although the above finding and the phase I clinical trial report
confirm that CHA has obvious antitumor effects on glioma following
successive administration, poor patient compliance induced by suc-
cessive administration represents a troublesome problem that cannot be
ignored. To investigate whether Man-PEG-Lipo inhibits tumor growth
following interval administration, the established G422 glioma murine
model was treated with CHA-encapsulated liposomes once every other
day for about two weeks according to the schedule of administration
illustrated in Fig. 7A. The frequency of interval administration was half
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Fig. 6. In vivo antitumor efficacy and safety evaluation of CHA-encapsulated liposomes using successive administration. (A) The schematic of treatment schedule.
The images of excised tumors (B), tumor weight (C), tumor growth inhibition ratio (TGI%) (D), and body weight changes (E) of murine G422 glioma tumor-bearing

mice after successive intravenous treatment of CHA-encapsulated liposomes. Each value represents the mean + SEM (n

compared with the control group.

of that of the successive administration procedure mentioned above.
As shown in Fig. 7B, C and D, the tumor volume and tumor weight
of the chemotherapeutic agent TMZ group were significantly decreased
compared to those of the control group. Unlike successive administra-
tion, the tumor volume and tumor weight of mice treated with interval
administration of free CHA were comparable with that of mice in the
control group, demonstrating that free CHA did not inhibit glioma
growth when following an interval administration regimen. The dif-
ferences in the antitumor effect of free CHA between successive and
interval administration may be attributed to the rapid metabolic elim-
ination characteristic and the low tumor accumulation of free CHA in
vivo. Similar to free CHA, CHA-encapsulated Lipo did not exhibit an-
titumor effects on the G422 glioma murine model when an interval
administration procedure was followed. Compared to free CHA and
CHA-encapsulated Lipo, CHA-encapsulated PEG-Lipo suppressed tumor
growth to some extent, which may be ascribed to the improved tumor
accumulation of PEG-Lipo via EPR effects (Fig. 5). Interestingly, com-
pared to the modest tumor inhibition of PEG-Lipo, CHA-encapsulated
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7). **p < 0.01 and ***p < 0.001

Man-PEG-Lipo exhibited superior antitumor efficacy, as evidenced by
the decreased tumor volume and tumor weight. These tumor volume
and tumor weight values were comparable to those of TMZ, the first-
line drug for glioma in the clinic (Fig. 7C and D). The remarkable an-
titumor efficacy of Man-PEG-Lipo may be due to enhanced tumor ac-
cumulation, selective delivery of CHA to macrophages, and sustained
intracellular release.

Toxicity was evaluated by direct observations of animal behavior
and body weight. Mice treated with TMZ reduced body weight and
exhibited sparse hair initially after treatment, which were likely
symptoms of the cytotoxic effects of chemotherapeutics. Interestingly,
all mice treated with free CHA and CHA-encapsulated liposomes tol-
erated the regimens well. As shown in Fig. 7E, there were obvious in-
creases in body weight in the CHA-treated mice, indicating that the
immunotherapy of 20 mg/kg CHA exhibited almost no systemic toxi-

city.
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Fig. 7. In vivo antitumor efficacy and safety evaluation of CHA-encapsulated liposomes using interval administration. (A) The schematic of treatment schedule. The
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with the control group.

3.9. Polarization ability of liposomes in vivo

The above-mentioned results of the in vitro cytotoxicity study de-
monstrated that free CHA and CHA-encapsulated liposomes exhibited
no cytotoxicity to the mouse macrophage cell line RAW264.7 (Fig. 4A).
Additionally, a previous study reported that CHA induced almost no
cytotoxic effects toward tumor cells at concentrations lower than 10 uM
[6]. Therefore, we investigated whether the encouraging therapeutic
effects of Man-PEG-Lipo stemmed principally from the im-
munoregulatory ability of CHA to promote the polarization of M2-type
to M1-type macrophages. The in vivo polarization ability of CHA-en-
capsulated liposomes was evaluated by analyzing the ratio of M1/M2
subtype macrophages, cytokine production, and the expression profile
of surface proteins and gene marker.

Flow cytometry assays were carried out to quantitatively determine
the number of TAMs of the different phenotypes in both tumor and
spleen tissues: M2-type and M1-type TAMs were distinguished by
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possessing F4/807CD206" and F4/80*CD11c*, respectively. As ex-
pected, flow cytometer analysis demonstrated that only Man-PEG-Lipo
could elevate the amount of M1 macrophages and reduce the amount of
M2 macrophages in both tumor and spleen tissues, whereas the other
groups had no effect on the number of the different macrophages
phenotypes (Fig. 8). To better evaluate the in vivo polarization ability
of Man-PEG-Lipo, the ratios of M1/M2 were calculated. An increased
ratio of M1/M2 is associated with an improved polarization effect [19].
As shown in Fig. 8D and G, the ratio of M1/M2 in both tumor and
spleen tissues of the Man-PEG-Lipo-treated group was significantly
higher than that of other treatment groups, indicating that Man-PEG-
Lipo effectively promoted the polarization of M2-type to M1-type
TAMs.

Previous studies reported that most of TAMs arose from the spleen
resident macrophages and circulating monocytes derived from bone
marrow [51-53]. Particularly, macrophages derived from the spleen at
the stage of tumor development were found to polarize toward M2-type
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Fig. 8. The in vivo polarization ability of CHA-encapsulated liposomes was evaluated by analyzing the ratio of M1/M2 subtype macrophages in both tumor and
spleen tissues. (A) Flow cytometric analysis of the TAMs phenotype in tumor tissues. The amount of M1-type TAMs (B), M2-type TAMs (C), and the ratio of M1/M2
subtype TAMs (D) in tumor tissues. The amount of M1-type TAMs (E), M2-type TAMs (F), and the ratio of M1/M2 subtype macrophages (G) in spleen tissues. Each
value represents the mean = SEM (n = 3). *p < 0.05 compared with the control group.
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Fig. 9. The in vivo polarization ability of CHA-encapsulated liposomes was evaluated by analyzing the cytokine production. (A) Flow cytometric dot plots of cytokine
production induced by CHA-encapsulated liposomes in blood. Cytokine secretion of IFN-y (B), TNF-a (C), and IL-10 (D) in blood. (E) Flow cytometric dot plots of
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secretion of IFN-y (I), TNF-a (J), and IL-10 (K) in spleen tissues. Each value represents the mean =+
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SEM (n = 3). *p < 0.05 compared with the control group.
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macrophages [54]. In addition, a great number of TAMs could physi-
cally relocate from the spleen to the tumor stroma and then promote
tumor progression [53]. As spleen resident macrophages have been
identified to contribute to the pool of TAMs in tumor, promoting the
polarization of M2-type to M1-type macrophages in spleen is also of
great significance for improving the antitumor immune response of
Man-PEG-Lipo as compared to that in tumor sites.

M1-type macrophages facilitate an immunological response against
tumors by producing immunogenic cytokines, such as IFN-y and TNF-a.
On the contrary, M2-type macrophages promote tumor growth by en-
hancing the release of immunosuppressive cytokine IL-10 [4,55]. Thus,
the secreted cytokines were identified to further confirm the effect of
Man-PEG-Lipo on the polarization of TAMs. It was noted that treatment
with Man-PEG-Lipo elevated the production of IFN-y and TNF-a and
decreased the secretion of IL-10 in both peripheral blood and tumor
tissues (Fig. 9). Although Man-PEG-Lipo had no impact on TNF-a pro-
duction in spleen tissues, the levels of IFN-y and IL-10 in the spleen had
the same variation trend in the peripheral blood and tumor tissues
(Fig. 91, J, and K).

Apart from the analysis of the ratio of M1/M2 subtype macro-
phages, the expression profiles of surface proteins (CD86 for M1-type,
CD206 for M2-type) and gene marker (iNOS mRNA for M1-type) on
TAMs was determined by immunofluorescence and quantitative real-
time PCR to verify the polarization ability of Man-PEG-Lipo. As shown
in Fig. S5A, the expression level of the M2 phenotype TAMs surface
marker CD206 was significantly reduced in the Man-PEG-Lipo-treated
group compared to the control group. Besides, Man-PEG-Lipo induced
pronounced upregulation of CD86 expression along with iNOS mRNA
expression compared to the control group (Figs. S5A and B). The ex-
pression profiles of surface proteins were consistent with the results of
the ratio of M1/M2 subtype macrophages, further confirming the po-
larization ability of Man-PEG-Lipo.

4. Conclusion

In the study, we developed CHA-encapsulated liposomes modified
with mannose, which could selectively deliver CHA to TAMs for cancer
immunotherapy of GBM. The prepared CHA-encapsulated mannosy-
lated liposomes were highly effective at targeting TAMs and in pro-
moting the polarization of the pro-tumorigenic M2 phenotype to the
anti-tumorigenic M1 phenotype, thereby inhibiting G422 glioma tumor
growth. Therefore, CHA-encapsulated mannosylated liposomes present
a potential strategy for TAMs-targeted cancer immunotherapy of GBM
with negligible systemic toxicity.
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