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Abstract Checkpoint blockade-based immunotherapy has shown unprecedented effect in cancer treat-

ments, but its clinical implementation has been restricted by the low host antitumor response rate.

Recently, chemotherapy is well recognized to activate the immune system during some chemotherapeu-

tics-mediated tumor eradication. The enhancement of immune response during chemotherapy might

further improve the therapeutic efficiency through the synergetic mechanism. Herein, a synergistic anti-

tumor platform (designated as BMS/RA@CC-Liposome) was constructed by utilizing CT26 cancer-cell-

biomimetic nanoparticles that combined chemotherapeutic drug (RA-V) and PD-1/PD-L1 blockade in-

hibitor (BMS-202) to remarkably enhance antitumor immunity. In this study, the cyclopeptide RA-V

as chemotherapeutic drugs directly killing tumor cells and BMS-202 as anti-PD agents eliciting antitumor

immune responses were co-encapsulated in a pH-sensitive nanosystem. To achieve the cell-specific tar-

geting drug delivery, the combination therapy nanosystem was functionalized with cancer cell membrane

camouflage. The biomimetic drug delivery system perfectly disguised as endogenous substances, and

realized elongated blood circulation due to anti-phagocytosis capability. Moreover, the BMS/RA@CC-

Liposome also achieved the selective targeting of CT26 cells by taking advantage of the inherent homol-

ogous adhesion property of tumor cells. The in vitro and in vivo experiments revealed that the BMS/

RA@CC-Liposome realized PD-1/PD-L1 blockade-induced immune response, RA-V-induced PD-L1

down-regulation and apoptosis in cancer cells. Such a system combining the advantages of chemotherapy
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and checkpoint blockade-based immunotherapy to create an immunogenic tumor microenvironment sys-

temically, demonstrated improved therapeutic efficacy against hypoxic tumor cells and offers an alterna-

tive strategy based on the immunology of the PD-1/PD-L1 pathway.

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

Cancer immunotherapies (e.g., cancer vaccines therapy, cytokine
therapy, chimeric antigen receptor (CAR)-T cell therapy)1e4 have
emerged as revolutionary cancer treatment from the last 30 years,
with high overall response rates in clinical patients5. Among
various cancer immunotherapies, immune checkpoint blockade
therapy exhibited satisfactory clinical responses in certain types of
tumors by reversing the immune tolerance6. Particularly, the PD-1/
PD-L1 pathway is a valuable target of immune checkpoint
blockade. The binding of PD-L1 with PD-1 brings about the im-
mune evasion by suppressing the secretion of cytokines and
inducing T cells apoptosis, which largely limited the actual effi-
cacy of immune therapy7,8. Moreover, the high expression of PD-
L1 on cancer cells restricts tumor cell killing by causing T cell
exhaustion9,10. Therefore, blocking the PD-1/PD-L1 axis can
recover exhausted T cells and boost the immune response against
tumors11. However, in some patients, immune checkpoint PD-1/
PD-L1 blockade has limited activity with low antitumor immune
response. This is attributed to the complex intrinsic immunosup-
pressive mechanism, such as the absence of costimulation tumor
microenvironment and abundance of immune suppressive cell
populations12,13. Therefore, alternative approaches strengthening
the effect of PD-1/PD-L1 axis blockade are urgent to be exploited.
Recently, immune checkpoint inhibitor therapy in combination
with chemotherapy has shown great prospect for highly efficient
and selective treatment in multiple tumor types14,15.

Chemotherapy can enhance antitumor immune responses
through a variety of mechanisms, such as stimulating the immune
system through immunogenic cell death (ICD), and inhibiting
immunosuppressive pathways in the tumor microenvironment
(TME)16e18. Thus, searching for appropriate chemotherapeutics
combined with immune checkpoint inhibitors seems to be a
promising immunotherapeutic strategy. However, some chemo-
therapy agents would lead to up regulation of PD-L1 expression,
which impair therapeutic effect. Different from conventional che-
motherapeutics causing PD-L1 enrichment, cyclopeptide RA-V
(deoxybouvardin), a unique natural cyclopeptide derived from the
medical plant Rubia yunnanensis catches our attention because of
its satisfactory activities in cancer cells19,20. According to our pre-
vious work, RA-V could induce cancer cells apoptosis through
blocking the phosphatidylinositol 3-kinase (PI3K)/AKT pathway or
down-regulating ERK1/2 phosphorylation21e23. Moreover, in our
latest research, RA-V was found to effectively overcome hypoxia
and induce apoptosis by down-regulating the expression of HIF-1a
in tumor cells, in comparison to conventional MnO2 or catalase
catalyst confined by low intracellular H2O2 concentration

24. Many
studies have demonstrated the crucial function of hypoxia to the
acquisition of tumor immune escape including innate immunity and
adaptive (T cell-mediated) immunity25,26. Especially, in adaptive
immunity, HIF-1a increased the expression of PD-L1, leading to
tumor-cell resistance to cytotoxic lymphocytes (CTLs)-mediated
cytolysis27. Considering the intrinsic relation between hypoxia and
tumor immune escape, we hypothesis that RA-V could effectively
reduce the expression of PD-L1 in cancer cells and contribute to
tumor immune response. Thus, RA-V is an ideal chemotherapeutic
candidate for constructing combination therapy system to improve
therapeutic outcomes through an attractive synergy between
chemotherapy and immune checkpoint inhibition.

To further realize high cancer selectivity of the combination
therapy system, biological functionalization of nanocarriers with
natural membrane derived from cancer cells become a promising
way28e31. To date, a variety of cell membrane-derived nano-
particles have been developed for drug delivery systems, such as
platelet membrane-camouflaged nanoparticles32, neutrophil
membrane-coated liposome nanoparticles33, red blood cells
membrane-coated nanozyme34, and cancer cell membrane-coated
nanoparticles35. The cancer-cell-membrane-derived vesicles pre-
sents a unique top-down approach that could achieve the long-
circulation efiect, as well as high specific accumulation in
tumor, which could be attributed to the enhanced permeability and
the cell membrane mediating homotypic targeting potential36,37.

Inspired by the remarkable performance of these cancer-cell-
membrane-derived nanoparticles, we prepared CT26 colon cancer
cells membrane-decorated liposomes as a carrier to construct a
combination therapy nanosystem (BMS/RA@CC-Liposome) for
highly effective therapy against hypoxic tumor (Scheme 1). In this
system, the cyclopeptide RA-V and PD-1/PD-L1 inhibitor (BMS-
202, “BMS” for short) were co-encapsulated in the biomimetic
pH-sensitive liposome. The obtained cancer cell membrane
coated-nanoparticles showed the abilities of anti-phagocytosis and
homologous targeting. Moreover, the BMS/RA@CC-Liposome
treatment could sensitize hypoxia tumors to checkpoint blockade
therapy in virtue of the synergistic effects between RA-V and
BMS on PD-1/PD-L1 axis. BMS intervened the binding of PD-1/
PD-L1 and reinvigorated exhausted T cells, leading to the
enhanced cancer immunotherapy. In addition, cyclopeptide RA-V
effectively killed cancer cells and down-regulated the expression
of PD-L1, synergistically enhancing cytotoxic immune responses
of tumor-infiltrating lymphocytes. These findings indicated that
the tumor inhibition could be substantially enhanced by
combining PD-1/PD-L1 checkpoint blockade immunotherapy
with chemotherapeutics such as RA-V.
2. Materials and methods

2.1. Reagents

Cholesteryl hemisuccinate (CHEMS)was purchased fromAvanti Polar
Lipids (USA). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[carboxy (polyethylene glycol)-2000] (DSPE-mPEG2000-COOH),

http://creativecommons.org/licenses/by-nc-nd/4.0/


Scheme 1 Schematic illustration of the BMS/RA@CC-Liposome as the biomimetic nanoplatform for hypoxia tumor chemotherapy and

immunotherapy.

Cancer-cell-biomimetic nanoparticles eliminate tumors by chemotherapy and immunotherapy. 2105
and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were
obtained from Nanocs (New York, USA). HIF-1a antibody and
HMGA1 antibody were purchased from Abcam (Cambridge, UK),
phospho-Akt (Ser473) antibody, phospho-p44/42 MAPK (Erk1/2)
antibody and E-cadherin antibody were obtained from Cell Signaling
Technology (USA) and the other antibodies were purchased from
Proteintech (Wuhan, China). Sulforhodamine B (SRB) was purchased
from SigmaeAldrich Inc. (St. Louis, MO, USA). Antibodies against
immune cell surface markers for flow cytometry assay were purchased
from BD Biosciences (San Jose, CA, USA). RA-V (purity>99%) was
prepared in our laboratory, with identification by MS and NMR
spectroscopy. PD-1/PD-L1 inhibitor (BMS-202) was purchased
from MedChemExpress (Monmouth Junction, NJ, USA). Ultrapure
water was obtained using a Millipore Simplicity System (Millipore,
Bedford, USA).

2.2. Apparatus

Zeta potential and average hydrodynamic diameter measurement
were carried out on Malvern Zetasizer nano instrument (Malvern
Company, UK) at 25 �C. SDS-PAGE protein experiment and
western blotting experiment were performed on Mini-Protean
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Tetra Cell (Bio-Rad, USA). Fluorescence imaging of cells was
performed on a confocal laser scanning microscope (LSM700,
Zeiss, Germany). And images were analyzed by a ZEN imaging
software. Flow cytometric assay was performed with Attune NxT
Flow Cytometer (Thermo Fisher Scientific, USA). Cytotoxicity
assay was performed with microplate reader (Biotek, USA). The
Liposome was sonicated using an ultrasonics processor (SCI-
ENTZ, China).

2.3. Cell lines and animals

CT26 colorectal cancer cells and RAW264.7 macrophage cells
were originally obtained from Shanghai Cell Bank, Chinese
Academy of Sciences (CAS). CT26 cells were maintained 1640
medium supplemented with 10% fetal bovine serum, penicillin
(100 U/mL; Invitrogen), and streptomycin (100 U/mL; Invi-
trogen). RAW264.7 cells were cultured in DMEM medium con-
taining 10% fetal bovine serum. The rest of colorectal cancer cells
such as HCT116, HT29, SW480, RKO, SW620 cells, and other
cancer cells such as A549 and NCM460 cells were also obtained
from Shanghai Cell Bank, Chinese Academy of Sciences (CAS).
All cells were cultured in an incubator at 37 �C with a humidified
5% CO2/95% air atmosphere.

BALB/c mice (female, 6e8 weeks old, 18e20 g) and nude
BALB/c mice (female, 6e8 weeks old, 18e20 g) were purchased
from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai,
China), raised with sterilized water in a controlled environment at
China Pharmaceutical University. All animal procedures were
performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of China Pharmaceutical University and were
approved by the Animal Care Committee of China Pharmaceutical
University (Nanjing, China).

2.4. Preparation and characterization of BMS/RA@CC-
Liposome

To prepare BMS/RA@CC-Liposome, the top-down approach was
used38. Firstly, Liposomes were prepared by the thin film hydra-
tion method39. Briefly, DOPE (34.74 mg), CHEMS (12.6 mg),
DSPE-mPEG2000-COOH (3.2 mg), RA-V (2.68 mg) and BMS-
202 (2.15 mg) were dissolved with chloroform (30 mL) and
then evaporated by a rotary evaporator under vacuum at 45 �C to
obtain a thin lipid film. Then, the lipid film was hydrated in
aqueous solutions (10 mL). At last, the obtained liposome was
further processed with ultrasonic treatment (total for 8 min at
power of 100 W, with 2 s on/off pulse) and extrusion by a porous
polycarbonate membrane (220 nm). Concurrently, CT26 cell
membrane vesicles (CMVs) as the outer shells were prepared.
Briefly, the harvested CT26 cells were emptied through mechan-
ical membrane disruption and differential centrifugation. Firstly,
CT 26 cells suspension (density of 24 � 106 cells/mL) with three
freezeethaw cycles, were sonicated in ice bath by a probe soni-
cator (total for 10 min at power of 100 W, with 2 s on/off pulse).
Then, the obtained suspension was centrifuged to remove the
intracellular contents (1000�g, 10 min). Then the supernatants
were centrifuged (5000�g, 10 min) and then centrifuged again
(22,000�g, 30 min) to get the cell membrane. Afterward, the cell
membrane was washed with PBS and incubated for 1 h at 37 �C.
The resulting cell membrane was sonicated again using probe
sonicator (total for 1 min at power of 100 W, with 3 s on/off pulse)
and extruded in sequence through 450 and 220 nm porous poly-
carbonate membrane. Finally, in order to coat the liposome cores
with cancer cell membrane, the mixtures (membrane-to-liposome
at a volume ratio of 1.5:1) were repeatedly coextruded through a
porous polycarbonate membrane (220 nm). The resulting BMS/
RA@CC-Liposome was stored at 4 �C for future use. Addition-
ally, BMS/RA@RBC-Liposome (red blood cells membrane-
camouflaged nanoparticles) and BMS/RA@Liposome (without
membrane-coating nanoparticles) were introduced as controls.
Similar procedures were used to prepare BMS/RA@RBC-
Liposome, BMS@CC-Liposome, RA@CC-Liposome and BMS/
RA@Liposome. Then the size and zeta potential of cancer cell
membrane, BMS/RA@Liposome, and BMS/RA@CC-Liposome
were measured using Malvern Zetasizer nano instrument (Mal-
vern, UK).

The morphologies of cancer cell membrane, BMS/RA@Li-
posome, and BMS/RA@CC-Liposome were characterized using
transmission electron microscope (TEM). In brief, cancer cell
membrane, BMS/RA@Liposome, and BMS/RA@CC-Liposome
were dropped onto a carbon-coated copper grid, with 1.0% (w/v)
phosphotungstic acid for negative staining. For encapsulation ef-
ficiency determination (EE) study: acetonitrile (950 mL) was used
for destruction of BMS/RA@CC-Liposome (50 mL) with maximal
intense vortex. Then, the suspension was centrifugated
(12,000 rpm, 30 min) for completely releasing RA-V and BMS-
202. Liquid chromatography‒tandem mass spectrometry (LC‒
MS/MS) was used to determine the concentrations of RA-V and
BMS-202. Moreover, the in vitro release profiles of RA-V and
BMS-202 in BMS/RA@Liposome and BMS/RA@CC-Liposome
were further investigated. BMS/RA@CC-Liposome (3 mL) in
dialysis bag (MWCO Z 14 kDa, Millpore) were suspended in
HEPES medium (20 mL) at 37 �C with shaken at 100 rpm. A total
of 1 mL of the solution was collected at the predetermined time,
followed by supplement with the same volume to maintain a stable
volume. The percentage of drugs released was calculated using
Eq. (1):

Drug released ð%Þ Z ðCt � V þ Y Þ = M � 100 ð1Þ
where V is the total volume; Ct is the concentration of drug at t
time; Y is total amount of drug collected before t time; and M is
original content for dialysis.

2.5. Investigation of the long-time stability of BMS/RA@CC-
Liposome

To explore the effect of cell membrane coverage on liposome
nanoparticles, the membrane-to-liposome volume ratios ranging
from 6:1 to 0.25:1 were studied. Briefly, six aliquots of 330 mL
liposome (1 mg) were mixed with 1980, 990, 495, 330, 165, and
82.5 mL cancer cell membrane, respectively. Then, the mixtures
were repeatedly coextruded through porous polycarbonate mem-
brane (220 nm) to obtain the liposome coated membrane. For
stability studies, the obtained BMS/RA@CC-Liposome at
membrane-to-liposome volume ratios stored after 0, 7 and 21 days
were sent to analyze with Malvern Zetasizer nano instrument.

2.6. In vitro cytotoxicity assay

Sulforhodamine B (SRB) assay was used for evaluation cytotox-
icity of CC-Liposome (without RA-V or BMS loading) on CT26,
HCT116, HT29, RKO, SW620 and NCM460 cells. Briefly, cells
were seeded in 96-well plates in 200 mL medium the day before
incubation with a series of CC-Liposome (at doses of 55.5, 27.75,
13.87, 6.94, 3.46, and 1.73 mg/mL cancer cell membrane)
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concentrations for 48 h. Next, the cells were fixed for 1 h with
50 mL of 50% acetic acid. Then, after washing three times with
water, 100 mL of 4% SRB was added to each well for staining
15 min. Next, 1% acetic acid was used to wash the cells to remove
excess dye. At last, after dried in the oven, 100 mL of 10 mmol/L
Tris [hydroxymethyl]aminomethane buffer (TRIS base) was used
for dissolving the stain cells, which were measured at 540 nm
using a microplate reader.

2.7. Colony forming assay

Cells were seeded in 6-well plates with a density of 1000 cells
each well in 2 mL medium the day before incubation with CC-
Liposome at dose of 55.5 mg/mL cancer cell membrane and
liposome (without cancer cell membrane coating) for 48 h. The
dose of liposome in cytotoxicity assay was equal to the amount of
liposome in CC-Liposome. The medium was replaced every two
days for adequate nutrition in the process of cell proliferation. At
the eighth day, the cells were fixed for 1 h with 4% para-
formaldehyde and then stained for 15 min with crystal violet.
Next, after washing with PBS for three times, the stained cells
were dried in the air and then photographed.

2.8. Cellular uptake of BMS/RA@CC-Liposome

For immune evasion ability study, RAW264.7 cells were seeded at a
density of 2� 105 cells each dish before a day. Then, the cells were
treated with Cy5.5-labeled BMS/RA@Liposome, BMS/RA@CC-
Liposome and BMS/RA@RBC-Liposome for 1 and 2 h, next
washed with PBS for three times, and later stained with Hoechst
33342 for 30 min. For homotypic targeting ability study, CT26
(2� 105/mL), HCT116 (4� 105/mL), SW620 (3� 105/mL), RKO
(3 � 105/mL) and A549 cells (2 � 105/mL) were firstly incubated
with Cy5.5-labeled BMS/RA@CC-Liposome for 3 h, washed with
PBS, and then stained with Hoechst 33342 for 30 min at room
temperature. The cells were observed using ZEISS Laser Scanning
Microscope (LSM700, Zeiss, Germany) with a 63� oil-immersion
objective.

2.9. Western blotting analysis

Cells were harvested and lysed in RIPA containing 1% protease
and 2% phosphatase inhibitors. Protein lysates were equally
subjected to sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a PVDF membrane
(Millipore). After blocking with 5% milk in TBST, prepared in our
laboratory, the membranes were first incubated with the primary
antibodies overnight at 4 �C, and then incubated with an HRP-
labeled secondary antibody at room temperature for 2 h. At last,
the signal bands were visualized using enhanced chem-
iluminescence. GAPDH was chosen as the protein loading control.

2.10. In vivo tumor targeting

1 � 106 CT26 cells were subcutaneously injected into the
right dorsal flank of 6e8 week-old female nude mice. After the
tumor volume reached 300 mm3, CT26 tumor-bearing nude mice
were intravenously injected with 200 mL Cy5.5-labeled BMS/
RA@Liposome, BMS/RA@RBC-Liposome and BMS/RA@CC-
Liposome. The fluorescence images were acquired by IVIS
spectrum instrument with the mice anesthetized at various time
points (1, 4, 8, 12 and 24 h). Ex vivo fluorescence bio-distribution
image of organs and tumor tissue from CT26 tumor-bearing nude
mice was taken at 24-h post injection of the three nanoparticles.

2.11. Pharmacokinetics in vivo

The CT26 tumor-bearing BALB/c mice were randomly divided
into 3 groups (n Z 3). Then, the mice were injected with free RA-
V/BMS-202, BMS/RA@Liposome and BMS/RA@CC-Liposome
at RA-V dose of 5 mg/kg and BMS-202 dose of 4 mg/kg through
the tail vein. The blood samples were obtained at 0, 0.5, 1, 2, 4, 8
and 24 h after injection in each group, meanwhile the blood
samples were centrifuged in the centrifuge (Eppendorf, Germany)
(5000 rpm, 15 min). Then, plasma supernatant collected was
mixed with methanol for protein precipitation. After concentration
with nitrogen gas, the samples were dissolved in methanol and
determined by LC‒MS/MS.

2.12. In vivo antitumor studies

The CT26 tumor-bearing BALB/c mice with the tumors volume
reachingw200 mm3 were randomly divided into 4 groups (nZ 8):
control group (I); BMS@CC-Liposome group (II); RA-V@CC-
Liposome group (III); BMS/RA@CC-Liposome group (IV). All
mice were raised in a sterile environment. Mice were intravenously
injected with physiological saline, BMS@CC-Liposome (at BMS-
202 dose of 4 mg/kg), RA-V@CC-Liposome (at RA-V dose of
5 mg/kg) and BMS/RA@CC-Liposome (at RA-V dose of 5 mg/kg
and BMS-202 dose of 4 mg/kg) every two days. Tumor size and
body weight were monitored every two days for 22 days. The tumor
volume was calculated as Eq. (2):

Tumor volume Z 0:5 � Length � Width2 ð2Þ

On Day 23, mice were euthanized. And tumors and the main
organs were harvested for H&E staining, immunofluorescence
staining and immunohistochemical analysis.

2.13. Cytokine determination

The expression of TNF-a, INF-g and IL-1b in mice tumors and
serum were determined using enzyme linked immunosorbent
assay (ELISA) according to protocols.

2.14. Analysis of T cells in tumors using flow cytometry

At the end point, mice were sacrificed and tumors were collected
and cut into pieces (3e4 mm3). These tumor pieces were then
digested in medium (pH Z 7.4) containing 1% fetal bovine serum
and collagenase III (200 U/mL) for 3 h, with shaking the medium
every 30 min. Next, the tissue suspension was filtrated through a
cell strainer (40 mm) to obtain single cell suspensions. Then these
cells were stained with fluorescence labeled antibodies for anal-
ysis of T cells with Attune NxT Flow Cytometer.

2.15. Statistical analysis

The mean � SD were determined for all the treatment groups.
Statistical analysis was performed by one-way analysis of vari-
ance (ANOVA). The difference between two groups is considered
statistically significant for *P < 0.05, **P < 0.01, ***P < 0.001.
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3. Results and discussion
3.1. Synthesis and characterization of BMS/RA@CC-Liposome
nanoparticles

The synthesis of BMS/RA@CC-Liposome is described in detail in
the experimental section. Briefly, preparation of BMS/RA@CC-
Liposome includes three steps: 1) synthesizing BMS/RA@Lipo-
some with co-loading BMS and RA-V, 2) preparing CT26 cancer
cell membrane vesicles, and then 3) coating CT26 cancer cell
membrane vesicles onto BMS/RA@Liposome to obtain BMS/
RA@CC-Liposome. As measured by Malvern Zetasizer nano in-
strument, the cell membrane vesicles were 271.5 � 1.59 nm in
hydrodynamic diameter. After the coverage of cell membrane
vesicles on the BMS/RA@Liposome, the final BMS/RA@CC-
Liposome were 192.46 � 7.91 nm in size (Fig. 1A and B).
Moreover, the zeta potential of BMS/RA@Liposome, BMS/
RA@CC-Liposome and cell membrane vesicles were respec-
tively determined to be �34.23 � 1.35, �8.71 � 0.60 and
�10.38 � 1.33 mV, demonstrating that the successful membrane
vesicles coating, as the surface charge of the BMS/RA@CC-
Liposome increased to approximately the level of the cell mem-
brane vesicles (Fig. 1C). In addition, membrane coating around
the BMS/RA@CC-Liposome was visualized using transmission
electron microscopy (TEM). As shown in Fig. 1D, the obtained
BMS/RA@CC-Liposome was averagely dispersed with spherical
morphology and exhibited a core‒shell structure, confirming
successful coating of the cell membrane vesicles on the surface of
the liposome nanoparticles. Moreover, fluorescence resonance
energy transfer (FRET) experiment was performed to further
investigate whether cancer cells membranes were coated on li-
posomes or fused with liposomes. In the preparation of BMS/
RA@CC-Liposome, the cancer cells membranes were fluo-
rescently labeled with DiO, and the Black Hole Quencher-1
(BHQ-1) was doped into the liposome shell, serving as an ultra-
Figure 1 BMS/RA@CC-Liposome physicochemical characterization.

RA@CC-Liposome (red) and cancer cell membrane vesicles (green) mea

namic size of BMS/RA@Liposome, BMS/RA@CC-Liposome and cancer

Zeta potential of BMS/RA@Liposome, BMS/RA@CC-Liposome and canc

Transmission electron micrographs of (I) a BMS/RA@Liposome; (II) a can

multiple BMS/RA@CC-Liposome. All scale bars Z 200 nm.
efficient energy quencher of DiO. As the Supporting
Information Fig. S1A shows, the fluorescence of DiO has hardly
decreased along with the increasing proportions of BHQ-1, sug-
gesting that there was not “FRET” effect between BHQ-1 and DiO
due to the longer distance. In contrast, when the BHQ-1 and DiO
were both doped into the liposome shell of BMS/RA@CC-
Liposome, the fluorescence of DiO was decreased significantly
as the proportions of BHQ-1 was increased (Fig. S1B), suggesting
that “FRET” effect can be induced when BHQ-1 and DiO were
both in the liposome shell. Therefore, it can be concluded that the
cancer cell membranes did not fused with liposomes, because
“FRET” was not observed in BMS/RA@CC-Liposome. LC‒MS/
MS analysis showed that the encapsulation efficiency of RA-Vand
BMS in the obtained BMS/RA@CC-Liposome were 80.1% and
79.6%, which indicated that the lipophilic RA-V and BMS were
mostly entrapped inside the liposome.
3.2. Validation of cancer cell membrane antigen
functionalization

To further investigate the complete cancer cell membrane coating
of BMS/RA@CC-Liposome in the cellular environment, the
cancer cells membrane were fluorescently labeled with DiO
(green), and the pH-sensitive liposome was loaded with Cy5.5
(red), respectively. CT26 cancer cells were then incubated with the
dual-labeled BMS/RA@CC-Liposome for 1 and 2 h, and imaged
by confocal laser scanning microscopy (Fig. 2A, Supporting
Information Fig. S2). As the results show, DiO and Cy5.5 both
distributed in CT26 cells and co-localized with each other,
demonstrating that BMS/RA@CC-Liposome was uptake by
CT26 cells with the help of cell membrane (Supporting
Information Fig. S2). Interestingly, DiO and Cy5.5 did not
match well after cellular endocytosis (the colocalization efficient
was 0.33 � 0.02), which suggested that cell membranes were
mostly detached from the surface of liposome when the BMS/
(A) Size intensity curves of BMS/RA@Liposome (blue), BMS/

sured by Malvern Zetasizer nano instrument at 25 �C. (B) Hydrody-
cell membrane vesicles. Data are given as mean � SD (n Z 3). (C)

er cell membrane vesicles. Data are given as mean � SD (n Z 3). (D)

cer cell membrane vesicle; (III) a BMS/RA@CC-Liposome; and (IV)



Figure 2 Validation of cancer cell membrane antigen functionalization and investigation of long-time stability and pH-responsive property of

BMS/RA@CC-Liposome. (A) Colocalization of liposome and cancer cell membrane upon cellular uptake; BMS/RA@CC-Liposome was syn-

thesized with liposome loaded with Cy5.5 (red channel) and cancer cell membrane labeled with Dio (green channel). Scale barZ 5 mm. (B) SDS-

PAGE protein analysis of raw cell lysate, cytoplasm and cancer cell membrane vesicles. E1: marker, E2: raw cell lysate, E3: cytoplasm, E4: cancer

cell membrane vesicles. Samples were loaded at equal protein concentration. (C) Western blotting analysis for membrane-specific and intra-

cellular protein markers, including GAPDH, Lamin B, COXIV, Naþ/Kþ-ATPase, E-cadherin and CD47. (D) Hydrodynamic size as measured by

Malvern Zetasizer nano instrument at 25 �C at varying membrane protein to liposome volume ratios right after synthesis, after adjusting to PBS

for 7 and 21 days. Data are given as mean � SD (n Z 3). Insert: Western blotting analysis of Naþ/Kþ-ATPase for nanoparticles at varying

membrane protein to liposome ratios (3:1, 1.5:1, 1:1, 0.5:1, 0.25:1, 0:1; v/v). (E) In vitro release profiles of RA-V from BMS/RA@Liposome and

BMS/RA@CC-Liposome at pH 5.0, 6.5 and 7.4. Data are given as mean � SD (n Z 3). ns, not significant.
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RA@CC-Liposome was subjected to the slightly acidic tumor
microenvironment40. This feature is advantageous for targeting
cancer cells but does not affect drugs release.

Next, we analyzed the protein content of cancer cell membrane
vesicles for confirming successful purification from cancer cells.
Gel electrophoresis experiment showed the types and expression
quantity of proteins in cancer cell membrane vesicles are different
from to raw cell lysate or cytoplasm (Fig. 2B), which was later
confirmed by Western blotting analysis of a series of membrane
and intracellular protein markers (Fig. 2C). GAPDH as a protein
marker of cytosol, lamin B as the nucleus marker, and COXIV as
the mitochondria marker36 were all lower present on cell mem-
brane vesicles compared to raw cell lysate or cytoplasm, which
suggested the successful prefractionation of cell membrane vesi-
cles from cancer cells. Moreover, a significant enrichment of
NaþKþ-ATPase in cell membrane vesicles, as an indispensable
marker of membrane protein, further validated the successful
separation of cell membranes through the fabrication process.
CD47 has been identified as a crucial protein expressed on the
surface of cells in many cancers, allowing them to evade phago-
cytic activity of macrophages. As shown in Western blot results of
CD47, the contents of E4 are more than that of E2 or E3, which
suggested that CT26 cell membrane protein retained CD47 after
purification from cancer cells. Moreover, E-cadherin41, a widely
reported protein that is related to homotypic cell adhesion, also
still remained in the cancer cell membrane vesicles, which dem-
onstrates preferential retention of membrane antigens after the
extraction process. These results illustrate cell membrane vesicles
could be successfully prepared from cancer cells, which still
remained adhesion of homotypic tumor cells mediated by mem-
brane proteins such as E-cadherin. Collectively, it is believed that
the cell membrane vesicles possess the potential to target ho-
mologous tumor.

3.3. Long-time stability and pH-responsive property of BMS/
RA@CC-Liposome

In order to investigate the effect of cell membrane coverage on
liposome nanoparticles, BMS/RA@CC-Liposome was synthe-
sized at different membrane-to-liposome volume ratios ranging
from 6:1 to 0.25:1 (Fig. 2D). The BMS/RA@CC-Liposome at
different membrane-to-liposome volume ratios retained the
coverage of cell membrane as the observed membrane maker
(Naþ/Kþ-ATPase). Moreover, there is slight decreased changes
but still near to 200 nm (suitable for passive targeting of EPR
effect) in the hydrodynamic diameter when the particles at
membrane-to-liposome volume ratio (1.5:1) were adjusted to
1 � PBS for 7 and 21 days. In addition, the stability of the BMS/
RA@CC-Liposome was also evaluated at 37 �C. As Supporting
Information Fig. S3 shows, the average hydrodynamic diameter
of BMS/RA@CC-Liposome did not change obviously during 3
days, suggesting the nanoparticles were stable for practical
application conditions of 37 �C. These results demonstrated that
membrane coverage on liposome at 1.5:1 has a good stability and
could be used for further research. Next, the release of RA-V from
BMS/RA@CC-Liposome or BMS/RA@Liposome was performed
to characterize the effects of membrane coverage on liposome
(Fig. 2E). At pH 7.4, both BMS/RA@CC-Liposome and BMS/



2110 Yongrong Yao et al.
RA@Liposome showed no more than 20% amounts of RA-V
released even over 25-h incubation, reflecting good stability at
normal physiological environment. However, the release of RA-V
was dramatically accelerated at pH 5.0, demonstrating an obvious
pH-dependent gradient in vitro. After about 25-h incubation,
82.03 � 3.26% and 74.53 � 2.40% of RA-V were released from
BMS/RA@Liposome and BMS/RA@CC-Liposome, respectively.
The exposure to acidic pH could result in the molecular shape of
DOPE phospholipids accumulating in inverse hexagonal phases,
which in turn induced the drug release42. Due to outer shell
membrane acting as a diffusion barrier41, the release of RA-V
from BMS/RA@CC-Liposome is less than that of BMS/
RA@Liposome, but with no statistic difference, indicating that the
cell membrane coating had negligible effects on the drug release.
Similar results were observed from the release profiles of BMS
(Supporting Information Fig. S4). As a result, the biomimetic pH-
sensitive liposome realized precisely controlled drug release in the
intracellular acidic environments.

3.4. Investigation of anti-phagocytosis capability and
homologous adhesion property of BMS/RA@CC-Liposome

Biocompatibility investigation is an important toxicity assessment
for biomedical applications. Therefore, sulphorhodamine B (SRB)
assay was firstly used to assess cytotoxicity of empty cancer cell
membrane-coating liposome (CC-Liposome). The cytotoxicity of
CC-Liposome in different concentrations on various colon cancer
cells and normal cells were negligible (Supporting Information
Fig. S5). Moreover, hemolytic test in vitro experiment
(Supporting Information Fig. S6) demonstrated that the hemolytic
rate of CC-Liposome was lower than 1%, which was safe in the
biological function test of biomaterial. In addition, considering the
specialty of CC-Liposome as drug delivery carriers from endog-
enous substances, colony forming assay was used to examine the
capability of a single cell to grow into a large colony in vitro after
CC-Liposome incubation43. As shown in Supporting Information
Fig. S7, there was no obvious increase or decrease in the
numbers of colonies compared to control group, suggesting both
CC-Liposome and liposome had no obvious influence on colony
formation activity in various colon cancer cells, as well as normal
cells. Collectively, the above results demonstrated a good
biocompatibility of CC-Liposome as drug delivery carrier for the
application in biology.

Next, the anti-phagocytosis capability of BMS/RA@CC-
Liposome was investigated. Biomimetic drug delivery carrier has
been demonstrated to selectively accumulate in tumor site, utilizing
the biological properties of membrane such as anti-phagocytosis
and homologous binding capabilities44. To investigate the anti-
phagocytosis capability of BMS/RA@CC-Liposome, RAW
264.7 cells as murine macrophage-like cell, were incubated with
three kinds of nanoparticles (BMS/RA@Liposome, BMS/RA@CC-
Liposome and BMS/RA@RBC-Liposome), and then imaged using
confocal laser scanning microscope (CLSM). The RAW264.7 cells
treated with BMS/RA@Liposome (without membrane-coating)
exhibited bright red fluorescence along with the incubation time,
while BMS/RA@CC-Liposome-treated cells showed much weaker
intensity of the red fluorescence (Fig. 3A and B), indicating that the
cell membrane on the outer shell of the liposome remarkably
decreased the cellular uptake of BMS/RA@CC-Liposome. This
result suggested that BMS/RA@CC-Liposome could be disguised
as endogenous substances and reduced reticuloendothelial system
uptake, which might be attributed to anti-phagocytosis capability of
membrane protein. To further determine the crucial role of the
membrane proteins in escape from uptake in RAW264.7 cells, red
blood cells (RBCs), the recognized natural long-circulating delivery
vehicles that have anti-phagocytosis ability45 were used to prepare
RBC-membrane-coated liposome (BMS/RA@RBC-Liposome) as
positive control. The BMS/RA@RBC-Liposome exhibited a lower
uptake rate (Fig. 3C), which is comparable with that of BMS/
RA@CC-Liposome, confirmed that BMS/RA@CC-Liposome
possessed anti-phagocytosis ability. Quantification of flow cytom-
etry analysis also showed the similar results (Supporting
Information Fig. S8A). These results demonstrate that BMS/
RA@CC-Liposome was hardly taken up by macrophage cells in
reticuloendothelial system (RES) due to certain surface proteins of
cancer cell membrane similar to red blood cells membrane (such as
CD47, serves as an anti-phagocytic or “don’t eat me” signal46),
contributing to a long circulation time, which was comparable to
RBC membrane-coated nanoparticles (BMS/RA@RBC-Liposome).

Then, the homologous adhesion property of BMS/RA@CC-
Liposome was investigated. The retaining membrane antigens
such as TF-antigen and E-cadherin, endowing the homologous
targeting ability, have been utilized for the targeted drug delivery
in some researches41,47. As Supporting Information Fig. S9 dis-
plays, after 2-h incubation, BMS/RA@CC-Liposome exhibited
relative stronger fluorescence intensity in CT26 cells than
HCT116, SW620 and RKO cells, which indicated an initial
homologous targeting ability though the differences were
not significant. However, along with the incubation time to 3 h,
BMS/RA@CC-Liposome exhibited remarkable fluorescence in
CT26 cells, while showed much weaker fluorescence in HCT116,
SW620 and RKO cells (Fig. 3D and E), indicating the superior
selectivity of BMS/RA@CC-Liposome to CT26 cells, which
could be attributed to the homotypic adhesive interactions medi-
ated by the adhesion molecules on CT26-cancer cell membrane. In
contrast, BMS/RA@CC-Liposome incubated in the human lung
adenocarcinoma A549 cells exhibited negligible fluorescence,
suggesting that the enhanced internalization of BMS/RA@CC-
Liposome in colon cancer cells, especially in CT26 cells, was
probably caused by the excellent affinity of BMS/RA@CC-
Liposome to homotypic cell lines. Moreover, the obvious differ-
ences in uptake of CT26, HCT116, SW620, RKO and A549 cells
were also observed in Fig. S8B. The results imply that when cell
membrane of BMS/RA@CC-Liposome matched homogeneous
cancer cells, such as CT26 and HCT116 cells, remarkable binding
property was observed. Moreover, to investigate the cellular up-
take mechanism of BMS/RA@CC-Liposome, the CT26 cells were
incubated with BMS/RA@CC-Liposome, BMS/RA@Liposome
and BMS/RA@CC-Liposome (pre-treated with TF-antigen anti-
body and E-cadherin antibody). As shown in Supporting
Information Fig. S10, the CT26 cells displayed strong fluores-
cence after incubation of BMS/RA@CC-Liposome, while the
cells pre-treated with TF-antigen antibody and E-cadherin anti-
body, and then incubated with BMS/RA@CC-Liposome showed
much weaker fluorescence. Moreover, the CT26 cells incubated
with BMS/RA@Liposome also were observed relative weaker
fluorescence, compared with the cells incubated with BMS/
RA@CC-Liposome. These results suggest that TF-antigen and
E-cadherin remaining on the cell membrane of BMS/RA@CC-
Liposome were engaged in the internalization process, contrib-
uting to the homologous targeting ability. Therefore, the BMS/
RA@CC-Liposome possessing homologous binding ability and
immune evasion ability is broadly applicable to the same kind of
cancer cells.



Figure 3 Investigation of anti-phagocytosis capability and homologous adhesion property of BMS/RA@CC-Liposome. (A) Intracellular up-

take of BMS/RA@Liposome in RAW264.7 cells after 1e2 h incubation. The nucleus was stained with Hoechst 33342 (blue). The BMS/

RA@Liposome was labeled with Cy5.5 (red). Scale bar Z 10 mm. (B) Intracellular uptake of BMS/RA@CC-Liposome in RAW264.7 cells after

1e2 h incubation. The nucleus was stained with Hoechst 33342 (blue). The BMS/RA@CC-Liposome was labeled with Cy5.5 (red). Scale

bar Z 10 mm. (C) Intracellular uptake of BMS/RA@RBC-Liposome in RAW264.7 cells after 1e2 h incubation. The nucleus was stained with

Hoechst 33342 (blue). The BMS/RA@RBC-Liposome was labeled with Cy5.5 (red). Scale bar Z 10 mm. (D) Intracellular uptake of BMS/

RA@CC-Liposome in CT26, HCT116, SW620, RKO and A549 cells after 3 h incubation. The nucleus was stained with Hoechst 33342

(blue). The BMS/RA@CC-Liposome was labeled with Cy5.5 (red). Scale bar Z 10 mm. (E) Quantitative analysis of BMS/RA@CC-Liposome

uptake with CT26, HCT116, SW620, RKO and A549 cells. Data are given as mean � SD (n Z 3). ***P < 0.001.
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3.5. Investigation of RA-V-induced dual reduction of HIF-1a
and PD-L1 expression

Many studies have demonstrated the important contribution of
hypoxia to tumor immune escape in cancer treatment. Especially
in adaptive immunity, hypoxia increased the expression of PD-L1,
leading to immunosuppression through PD-1/PD-L1-mediated
interaction between tumor cells and T cells27. So there are some
intrinsic relations between hypoxia and PD-L1 signaling in colon
cancer cells. Hypoxia-inducible factor 1a (HIF-1a) as an impor-
tant marker in hypoxia environment characterizes the degree of
hypoxia cancer cells. Considering RA-V can overcome hypoxia
by down-regulating the expression of HIF-1a in tumor cells24, we
further investigated the effect of RA-V on PD-L1 expression
driving immune escape. Western blotting assays revealed that RA-
V down-regulated PD-L1 expression remarkably in a HIF-1a-
dependent manner (Fig. 4A and B). Moreover, immunofluores-
cence assay showed that RA-V effectively reduced the fluores-
cence intensity of FITC-labelled PD-L1 (Fig. 4C), further
confirming the inhibition of PD-L1 expression mediated by RA-V.

It was reported that PD-L1 promotes colorectal cancer stem
cell expansion by activating high-mobility group A1 (HMGA1)-
dependent signaling pathways. And PD-L1 silencing resulted in
significant down-regulation of HMGA1, p-AKT, and p-ERK
expression. Thus, HMGA1, p-Akt and p-Erk as the crucial pro-
teins play important roles in PD-L1-mediated immune



Figure 4 Investigation of RA-V-induced dual reduction of HIF-1a and PD-L1 expression in colon cancer cells. (A) Effects of RA-V-treatment

on CT26 cells with different concentrations. Western blotting analysis for the expression of HIF-1a, PD-L1, HMGA1, p-Erk and p-Akt. (B)

Quantitative analysis of the expression of HIF-1a and PD-L1 in Fig. 4A by optical densitometry using Image J. Data are given as mean � SD

(n Z 3). (C) Immunofluorescence assay of PD-L1 expression in CT26 cells after different concentrations. The nucleus was stained with Hoechst

33342 (blue). The PD-L1 protein was labeled with FITC (Green). Scale bar Z 10 mm. (D) Effects of RA-V-treatment on HCT116 cells with

different concentrations. Western blotting analysis for the expression of HIF-1a, PD-L1, HMGA1, p-Erk and p-Akt. (E) Effects of RA-V-

treatment on SW620 cells with different concentrations. Western blotting analysis for the expression of HIF-1a, PD-L1, HMGA1, p-Erk and

p-Akt. All the samples from total cell lysates for Western blotting analysis ran at equal protein (20 mg). *P < 0.05, ***P < 0.001.
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response48e50. After RA-V-treatment, HMGA1 expression was
inhibited significantly in CT26, HCT116 and SW620 cells
(Fig. 4A, D and E). In addition, RA-V also decreased the level of
p-Akt expression and p-Erk expression both in CT26, HCT116
and SW620 cells. The results above suggested that RA-V could
suppress immune escape of tumor cells by inhibiting HMGA1-
dependent signaling pathways, including the PI3K/Akt and
MEK/ERK pathways. And the similar results were also observed
in BMS/RA@CC-Liposome-treated CT26, HCT116 and
SW620 cells, which demonstrated that RA-V encapsulated in
nanoparticles still held the potential for inhibiting HMGA1-
dependent signaling pathways (Supporting Information
Fig. S11). BMS-202 as a commercial inhibitor, blocking PD-l/
PD-Ll protein/protein interaction, mainly be used to treat can-
cers. However, the effect of BMS on HIF-1a and PD-L1 expres-
sion in cancer cells is unknown. To further explore the mechanism
of the BMS/RA@CC-Liposome in blocking PD-L1/PD-1 axis, the
effect of BMS on cancer cells was studied. As shown in
Supporting Information Fig. S12, BMS alone did not inhibit HIF-
1a and PD-L1 expression in CT26, SW620, HCT116 cells.
Furthermore, quantitative analysis of the expression of HIF-1a
and PD-L1 in Supporting Information Fig. S13 demonstrates that



Figure 5 In vivo homologous-targeting fluorescence imaging and antitumor treatment on mice. (A) In vivo images of mice after tail vein

injection of BMS/RA@Liposome, BMS/RA@RBC-Liposome and BMS/RA@CC-Liposome at 1, 4, 8, 12, and 24 h, respectively. (B) Ex vivo

images of tumor and other tissues from the mice after 24 h administration with the different formulations. 1: heart; 2: liver; 3: spleen; 4: lung; 5:

kidney; 6: tumor. (C) Quantification of fluorescence intensity of (A) (n Z 3). (D) Quantification of fluorescence intensity of (B) (n Z 3). (E)

Changes of tumor volume upon different treatments (n Z 8). (F) Changes of body weight upon different treatments (n Z 8). (G) Tumors weight

of mice with different formulations treatment at the end point of the experiment (n Z 8). (H) Representative images of the CT26 tumors after

treatment with different formulations on Day 22. I: Control group; II: BMS@CC-Liposome group; III: RA-V@CC-Liposome group; IV: BMS/

RA@CC-Liposome group. (I) Representative H&E stained images of tumor slices collected from different groups of mice upon different

treatments. Scale bar Z 50 mm. Data are given as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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BMS/RA@CC-Liposome exhibited similar inhibitory effect on
the HIF-1a and PD-L1 expression in CT26, SW620,
HCT116 cells, which is comparable to RA-V treatment alone.
Those results suggest that the combination mechanism of BMS/
RA@CC-Liposome in blocking PD-L1/PD-1 axis could be as
following: one is cutting of the source of PD-L1 expression on
cancer cells under the effect of RA-V; the other is that BMS
directly blocks the interaction of PD-1/PD-L1 protein/protein in
case of partial PD-L1 remained on cancer cells binds to PD-1
protein for mediating immune escape. Moreover, in order to
investigate whether RA-V could also induce immunogenic cell
death (ICD) effect, which could stimulate the maturation of DCs
and promote antitumor immune responses, we detected the char-
acteristics of ICD18 induced by RA-Von HCT116 and CT26 cells.
As shown in Supporting Information Fig. S14, RA-V failed to
elicit significant pre-apoptotic CRT exposure to membrane surface
and release little HMGB1 from nuclei to cytosol, as determined by
immunofluorescence staining. From the above, RA-V-induced
slight ICD effect and did not participate in the early antitumor
immune responses stage. So, RA-V actually induced antitumor
immune responses by inhibition PD-L1 expression in cancer cells
for blocking PD-L1/PD-1 axis.
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Moreover, to further validate the feasibility of RA-V as chemo-
therapeutics directly killing cancer cells for combination with im-
mune checkpoint inhibitors, the cytotoxicity was studied using
sulphorhodamine B (SRB) assay in vitro. The cytotoxicity of the
BMS/RA@CC-Liposome-treatment group and RA-V@CC-
Liposome group in HCT116 or SW620 cells were obviously higher
than those of control group and BMS@CC-Liposome-treatment
group. And, it was noted that the cytotoxicity in the BMS/
RA@CC-Liposome-treatment group showed no significant differ-
ence to RA-V@CC-Liposome group despite co-loading BMS, sug-
gesting that in vitro cytotoxicity was attributed to the RA-V-induced
destruction but not subjected to the effect of the BMS, resulting
from the absence of immune cells during in vitro cell experiment
(Supporting InformationFig. S15).Meanwhile, the cytotoxicityof the
BMS/RA@CC-Liposome-treatment group, RA-V@CC-Liposome
group and BMS/RA@CC-Liposome-treatment group in CT26 cells
also showed the similar results. To further investigate the cell death
mechanism, flow cytometry assay and JC-1 assay were carried out
withCT26cells (Supporting InformationFig. S16).Thepopulationof
apoptotic cells treated with the BMS/RA@CC-Liposome and RA-
V@CC-Liposome were higher than that of the cells treated with
other treatments. JC-1 assay was performed to investigate cell mito-
chondrial damage on CT26 cells. Increasing green fluorescence and
decreasing red fluorescence were observed after BMS/RA@CC-
Liposome-treatment, suggesting the structural and functional
impairment of mitochondria induced by RA-V. The results demon-
strated that RA-V induced the cell apoptosis through mitochondrion-
mediated apoptosis pathway. Therefore, RA-V is an ideal chemo-
therapeutic candidate combined with PD-1/PD-L1 inhibitor to
improve antitumor immunity by down-regulating PD-L1 expression.

3.6. In vivo homologous-targeting fluorescence imaging and
antitumor on mice

To evaluate the in vivo tumor-targeting ability of BMS/RA@CC-
Liposome, time-dependent whole body near-infrared imaging and
Figure 6 Intratumoral activation of tumor-infiltrating CD4þCD8þ T ce

tumor sections from all groups showing infiltrated CD4þ T cells and CD8þ

imaged at red channel, CD8þ T cells were imaged at green channel. Scale

are given as mean � SD (n Z 3). ***P < 0.001.
ex vivo fluorescence analysis were performed. The liposome co-
loading BMS and RA-V without cell membranes (BMS/
RA@Liposome), red blood cell membrane-derived liposome
(BMS/RA@RBC-Liposome) and CT26 cell membranes-coated
liposome (BMS/RA@CC-Liposome) were respectively injected
into CT26 tumor-bearing nude mice through the tail vein. The
mice treated with BMS/RA@CC-Liposome exhibited a significant
fluorescence enhancement in tumor site at 4 h post injection, and
could be distinguished from the normal tissues within 24 h post
injection (Fig. 5A and C), indicating the high tumor specificity of
BMS/RA@CC-Liposome. As a control, BMS/RA@Liposome-
treated mice showed lower fluorescence in tumor site at 24 h
post injection, while the fluorescence in liver and kidney were
higher than that of BMS/RA@CC-Liposome-treated mice, sug-
gesting the essential role of the CT26 cancer cell membranes in
tumor targeting. To further validate the tumor targeting was
induced by the homologous adhesion property of CT26 cell
membranes to cancer cells, BMS/RA@RBC-Liposome was also
used for in vivo imaging. BMS/RA@RBC-Liposome showed
higher accumulation and longer retained time in tumor region
compared to BMS/RA@Liposome, which was attributed to
unique anti-phagocytosis capability. However, BMS/RA@RBC-
Liposome exhibited lower tumor targeting ability than BMS/
RA@CC-Liposome, due to the mismatch between the donor
cancer cell membrane and host tumors. The ex vivo analysis of
three groups also confirmed the highest accumulation of BMS/
RA@CC-Liposome at tumor sites at 24 h after injection
(Fig. 5B and D). In addition, to further investigate the homing
specificity of BMS/RA@CC-Liposome, three types of mice
models bearing CT26, SW620 and A549 tumor respectively, were
also in vivo imaged after receiving the same volume injection of
BMS/RA@CC-Liposome. As shown in Supporting Information
Fig. S17, CT26 tumor-bearing mice exhibited the brightest fluo-
rescence in tumor region, the SW620 tumor-bearing mice came
second, while A549 tumor-bearing mice showed much weaker
fluorescence than SW620 tumor-bearing mice. These results
lls. (A) Representative image of immunofluorescence staining of the

T cells. The nucleus were imaged at blue channel, CD4þ T cells were

bar Z 20 mm. (B) Quantification of fluorescence intensity of (A). Data



Figure 7 Intratumoral activation of immune response and immunologic mechanisms. (A) FCM examination of tumor-infiltrating CD8þ and

CD4þ T cells of tumors from mice with different treatments (Gated by CD3þ T cells). (B) FCM examination of tumor-infiltrating Tregs

(CD4þCD25þFoxp3þ) of tumors from mice with different treatments (Gated by CD4þ T cells). (C) FCM examination of IFN-gþCD8þ T cells

(Gated by CD3þ T cells). (D) Proportion of CD4þ and CD8þ T cells according to (A). (E) Proportion of Tregs according to (B). (F) Proportion of

IFN-gþCD8þ T cells according to (C). All error bars present as mean � SD (n Z 3). ***P < 0.001.
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indicated that CT26 cancer cell membrane-cloaked particles not
only possessed the anti-phagocytosis capability similar of RBC
membrane-coated liposomes, but also achieved in vivo homolo-
gous tumor targeting ability. In addition, BMS/RA@CC-
Liposome significantly increased the area under the RA-V or
BMS concentrationetime curve (AUC0‒t) compared to BMS/
RA@Liposome group and Free RA-V/BMS group, demonstrated
that BMS/RA@CC-Liposome had a long circulation time,
endowed by the biomimetic membrane camouflage (Supporting
Information Figs. S18 and S19).

Combinations of anti-PD therapy with conventional therapeu-
tic strategies have shown great potential for reducing side effects
and increasing effectiveness of cancer immunotherapy. However,
some combinations are not designed based on the basic principles
of anti-PD therapy and impair the effects of anti-PD therapies8. In
this system, chemotherapeutic agent RA-V for efficient
combination with BMS-mediated checkpoint blockade immuno-
therapy was chosen based on the biology of PD-1/PD-L1 pathway.
On the basis of the excellent homologous tumor targeting of BMS/
RA@CC-Liposome and the dual blockage of PD-1/PD-L1
pathway, we further investigated the combination antitumor ef-
fects of BMS/RA@CC-Liposome in CT26 tumor-bearing mice. In
order to evaluate the antitumor activity in vivo, a CT26 tumor-
bearing BALB/c mice model was developed by subcutaneously
injecting CT26 cells into the right flank regions of mice. When the
tumors reached w200 mm3, the mice were divided randomly into
four groups: (I) control group, (II) BMS@CC-Liposome group,
(III) RA-V@CC-Liposome group and (IV) BMS/RA@CC-
Liposome group. The tumor-bearing mice were intravenously
injected every two days for 22 days, and meanwhile the tumor
sizes were monitored. All mice were sacrificed on Day 23 for
further characterization. Remarkable inhibition of tumor growth



Figure 8 Intratumoral activation of immune response and immunologic mechanisms. (A) Quantitative analysis of the expression of TNF-a,

IFN-g, IL-1b in tumors from mice with different treatments by enzyme-linked immunosorbent assay (ELISA, nZ 8). (B) Quantitative analysis of

the expression of TNF-a, IFN-g, IL-1b in serum collected from mice with different treatments by enzyme linked immunosorbent assay (ELISA,

n Z 8). (C) Representative image of immunohistochemical staining of the tumor slices. Analysis of the expression of HIF-1a, PD-L1, HMGA1,

MPO and CD68 in tumor sections from all groups. Scar bar Z 100 mm. Data are given as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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was observed in the mice treated with BMS/RA@CC-Liposome
(Fig. 5E, G and H), and body weights exhibited the same
changes in groups during the treatments (Fig. 5F), which implied
the high in vivo antitumor efficiency and the slight systemic
toxicity of BMS/RA@CC-Liposome. In contrast, the mice treated
with RA-V@CC-Liposome or BMS@CC-Liposome exhibited
lower tumor growth inhibition rates compared with mice treated
with BMS/RA@CC-Liposome, validating the enhancement in
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therapeutic outcomes through an attractive synergy between
chemotherapy and checkpoint blockade immunotherapy. More-
over, hematoxylin and eosin (H&E) staining on tumor sections
and organ slices after different treatments was investigated. The
largest damaged area was observed in tumor tissue of BMS/
RA@CC-Liposome group (Fig. 5I), while a few cell damage or
degradation was found in other groups, suggesting that mono-
therapy was not enough to eradicate tumor. Moreover, the H&E
staining assay of organ slices further indicated the low systematic
toxicity in BMS/RA@CC-Liposome group (Supporting
Information Fig. S20). In addition, BMS/RA@CC-Liposome
group also remarkably prolonged the survival time of tumor-
bearing mice after 32 days (Supporting Information Fig. S21),
which was significantly higher than the other treatment groups.
All of these results revealed a great potential of this biomimetic
drug delivery system was biocompatible for more efficient com-
bination therapy in colon cancer.

3.7. Intratumoral activation of immune response and
immunologic mechanisms

Blocking PD-1/PD-L1 interactions would lead to the activation
of adaptive immune, which is closely related to the recruitment
of cytotoxic CD8þ T cells for directly killing tumor cells and
helper CD4þ T cells for regulating of adaptive immunities7. To
investigate the activation of immune response and suppression of
immune resistance in mice treated with BMS/RA@CC-
Liposome, tumor-infiltrating cytotoxic CD8þ T cells and help-
er CD4þ T cells were analyzed by immunofluorescence staining.
As shown in Fig. 6, mice treated with BMS/RA@CC-Liposome
exhibited the most proportion of tumor-infiltrating CD4þCD8þ T
cells while lower levels in RA@CC-Liposome-treatment and
BMS@CC-Liposome-treatment mice, suggesting combined uti-
lization of PD-1/PD-L1 inhibitor (BMS) and chemotherapeutic
agent (RA-V) effectively disrupted the immune blockade of PD-
1/PD-L1 and reverted T cell exhaustion within the tumor
microenvironment, leading to the intratumoral enhancement of
immune response. Moreover, quantification of cytotoxic CD8þ T
cells and helper CD4þ T cells within the tumors in different
groups analyzed by the flow cytometry further confirmed rein-
vigoration exhausted T cells in mice treated with BMS/RA@CC-
Liposome (Fig. 7A and D). In addition, IFN-g secretion by
CD8þ T cells secreting is critical to induce a specific cytotoxic
response for the clearance of cancer cells. As shown in Fig. 7C
and F, BMS/RA@CC-Liposome-treated mice were determined
increasing IFN-gþ CD8þ T cells compared with other treatments
mice. In contrast, regulatory T cells (Tregs, CD4þCD25þFoxp3þ

T cells), which have an adverse impact on the proliferation of
tumor infiltrated CD8þ T cells51, were significantly decreased by
determined in mice with BMS/RA@CC-Liposome administra-
tion. The results suggeste that BMS/RA@CC-Liposome suc-
ceeded in depleting Tregs to improve the response rate of
immunity response (Fig. 7B and E). To further evaluate the
activation of immune response, we measured the immune
response-related factors in tumor tissue and serum. Certain im-
mune factors, involving in the activation of T cells (TNF-a, IFN-
g, IL-1b)52 were determined by the enzyme linked immunosor-
bent assay (ELISA). It was observed that BMS/RA@CC-
Liposome treatments significantly improved the levels of TNF-
a, IFN-g, IL-1b in tumor tissue and serum (Fig. 8A and B),
suggesting that BMS/RA@CC-Liposome could successfully
activate the adaptive immune response and cause inflammation
in vivo, which was superior to BMS@CC-Liposome and RA-
V@CC-Liposome. All results above demonstrated that BMS/
RA@CC-Liposome had a synergistic effect on activation of
systematic antitumor immunity, which was much more efficient
than the treatment with RA-V or BMS alone. BMS/RA@CC-
Liposome triggered an antitumor immune response during
BMS-mediated blockade of PD-1/PD-L1 axis, simultaneously,
RA-V in BMS/RA@CC-Liposome obviously enhanced the
antitumor immune by inhibition of PD-L1 expression during the
chemotherapy.

Subsequently, to illuminate the immunologic mechanisms
behind the synergistic therapeutic effects of BMS/RA@CC-
Liposome, immunohistochemical staining was performed
(Fig. 8C). Myeloperoxidase (MPO) and CD68, present in the
immune cells of tumor microenvironment (TME), contribute to
triggering potent antitumor immune responses. It was observed
that BMS/RA@CC-Liposome-treated mice group effectively
decreased the expression of HIF-1a, PD-L1 and HMGA1,
compared to the other groups treated with monotherapy. Mean-
while, the distinct increase of MPO and CD68 expression in BMS/
RA@CC-Liposome-treated mice group demonstrated that BMS/
RA@CC-Liposome induced a prominent inflammatory reaction,
contributed to boosting antitumor immunity response against
cancer cells. These results revealed that BMS/RA@CC-Liposome
disrupted the immunosuppression of tumor microenvironment and
inhibited tumor growth, which might be attributed to highly
therapeutic efficiency in reducing PD-L1 expression in HIF-1a-
dependent manner, with targeted inhibition of HMGA1-mediated
PI3K-Akt and MEK-ERK pathways.
4. Conclusions

In summary, new cancer-cell-biomimetic drug delivery system
(BMS/RA@CC-Liposome) was designed for efficient chemo-
therapy and immunotherapy. In this system, biomimetic mem-
brane camouflage endowed BMS/RA@CC-Liposome superior
anti-phagocytosis capability and homotypic binding capacities,
realizing elongated blood circulation and preferential tumor
accumulation. Moreover, the BMS/RA@CC-Liposome treatment
could induce synergistic antitumor immunity and suppressed the
tumor growth in tumor-bearing mice. The blocking of PD-L1/PD-
1 axis by PD-L1/PD-1 inhibitor directly recruited robust tumor
infiltrating lymphocytes (TILs) to attack tumor, which promoted
antitumor T cell response. Simultaneously, the expression of PD-
L1 on tumor cells was down-regulated during RA-V-mediated
chemotherapy, synergistically blocking PD-L1/PD-1 axis to
enhance the activation of lymphocytes. Briefly, the combination
therapy not only achieved a dual disruption of the PD-1/PD-L1
axis to elicit significant immune response, but also presented cell-
killing effect on cancer cells effect by RA-V-mediated chemo-
therapy. The BMS/RA@CC-Liposome provides new strategy for
optimal combinatorial therapy based on immunology of the PD-1/
PD-L1 pathway, contributing to exciting therapeutic benefits to
cancer immunotherapy.
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