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Abstract Despite the great potential of anti-PD-L1 antibodies for immunotherapy, their low response

rate due to an immunosuppressive tumor microenvironment has hampered their application. To address

this issue, we constructed a cell membrane-coated nanosystem (mB4S) to reverse an immunosuppressive

microenvironment to an immuno-supportive one for strengthening the anti-tumor effect. In this system,

Epirubicin (EPI) as an immunogenic cell death (ICD) inducer was coupled to a branched glycopolymer

via hydrazone bonds and diABZI as a stimulator of interferon genes (STING) agonist was encapsulated

into mB4S. After internalization of mB4S, EPI was acidic-responsively released to induce ICD, which

was characterized by an increased level of calreticulin (CRT) exposure and enhanced ATP secretion.

Meanwhile, diABZI effectively activated the STING pathway. Treatment with mB4S in combination with

an anti-PD-L1 antibody elicited potent immune responses by increasing the ratio of matured dendritic
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cells (DCs) and CD8þ T cells, promoting cytokines secretion, up-regulating M1-like tumor-associated

macrophages (TAMs) and down-regulating immunosuppressive myeloid-derived suppressor cells

(MDSCs). Therefore, this nanosystem for co-delivery of an ICD inducer and a STING agonist achieved

promotion of DCs maturation and CD8þ T cells infiltration, creating an immuno-supportive microenvi-

ronment, thus potentiating the therapy effect of the anti-PD-L1 antibody in both 4T1 breast and CT26

colon tumor mice.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute

of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

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

Immune checkpoint inhibitor (ICI) therapies, such as anti-PD-L1
antibodies to block the PD-L1 axis, have been demonstrated to
prevent tumor metastasis and recurrence1,2. However, the response
rate of ICI in patients with triple-negative breast cancer (TNBC) is
still low (less than 30%)3,4. Such a low response rate is predom-
inantly due to an immunosuppressive microenvironment, leading
to a low maturation ratio of dendritic cells (DCs) and a small
fraction of infiltrated CD8þ T cells into the tumor microenvi-
ronment5‒7. Therefore, strategies to reverse the tumor immune
microenvironment from immunosuppressive to immune-
supportive are pursued in the tumor immunotherapy field8‒10.

When tumor cells are treated with anthracycline chemothera-
peutics such as epirubicin (EPI), they can not only directly kill
tumor cells, but also induce immunogenic cell death (ICD) to
release tumor-associated antigens (TAAs) and damage-associated
molecular patterns (DAMPs), both of which enhance the antige-
nicity and adjuvanticity to transform tumor cells from non-
immunogenic to immunogenic11,12. Glycopolymers could be
employed as a drug carrier for EPI to improve its delivery effi-
ciency into tumor cells for efficiently inducing ICD and reducing
its side effects. Novel glycopolymers with controllable chemical
compositions, a topological structure, and a tunable molecular
weight can be prepared by using active/controllable polymeriza-
tion technologies and click chemistry, endowing them with great
biodegradation, high drug loading, and controlled/stimuli-
responsive release13,14. Previous studies have shown that
branched polymers have better flexibility for multifunctional
modifications and higher drug delivery capabilities due to their
unique topological structures compared to their linear counter-
parts15‒18. Our previous studies have shown that adjusting the
hydrophilic and hydrophobic compositions in the branched poly-
mers can enhance their self-assembly processes, thereby promot-
ing the formation of stable nanostructures in an aqueous
solution19‒21. The branched polymers-derived nanostructures
could be endowed with a homologous targeting ability after they
are coated with tumor cell membranes to form biomimetic
nanoparticles, thereby improving their homologous recognition by
tumor cells22,23.

Stimulator of interferon genes (STING), an innate immune
pattern recognition receptor, is in the cytoplasmic endoplasmic
reticulum, and it is known as a sensor of cytosolic DNA to invoke
innate immunity24,25. The cytosolic DNA is detected by the cyclic
GMP-AMP synthase and 20e50, 30e50 cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) is produced,
which can interact with the STING to phosphorylate and activate
both TANK-binding kinase 1 (TBK1) and interferon regulatory
factor (IFR-3)26. Activation of the STING pathway effectively
stimulates DCs maturation, promotes tumor antigen cross-
presentation, and enhances infiltration of CD8þ T cells,
therefore, this strategy has great potential in boosting the immu-
notherapeutic effect of anti-PD-L1 antibodies27‒29. Activation of
the STING pathway for cancer treatment has been achieved by the
application of cyclic dinucleotides (CDNs) such as 20, 30-cGAMP
or synthetic small molecules such as diABZI30.

It is hypothesized that a STING agonist with the potential of
promoting DCs maturation and CD8þ T cells infiltration would
synergize with EPI as an ICD inducer to create an immune-
supportive microenvironment. Therefore, we constructed 4T1
cell membrane-coated glycopolymeric nanoparticles that were
loaded with EPI and diABZI to potentiate the immunotherapeutic
effect of an anti-PD-L1 antibody (Scheme 1). We prepared a
2-lactobionamidoethyl methacrylamide (LAEMA)-derived pH-
sensitive branched poly(LAEMA) polymer, and modified its side
chain through copper-free azide-alkyne click reaction to improve
its assembly process and increase its drug loading capacity. The
branched poly(LAEMA)-EPI prodrug self-assembled into stable
nanoparticles and diABZI was efficiently encapsulated into the
nanoparticles (termed as B4S). Furthermore, the 4T1 cell mem-
brane was used to coat the polymeric nanoparticles to improve the
homologous targeting efficiency. The 4T1 cell membrane-coated
nanoparticles, termed as mB4S, had an improved cellular uptake
efficiency by 4T1 cells. After uptake of mB4S, mB4S induced cell
apoptosis, and calreticulin (CRT) exposure and ATP secretion
were significantly enhanced in 4T1 cells, indicating that mB4S
could effectively mediate ICD. Moreover, mB4S activated the
STING pathway to facilitate DCs maturation and CD8þ T cells
infiltration, promote secretion of cytokines of IFN-g, TNF-a, and
IFN-b, down-regulate immunosuppressive immune cells including
M2-like tumor-associated macrophages (TAMs) and myeloid-
derived inhibitory cells suppressor cells (MDSCs), leading to an
immune-responsive tumor microenvironment to enhance the
therapeutic effect of the anti-PD-L1 antibody in 4T1-bearing and
CT26-bearing mice.
2. Materials and methods

2.1. Materials

Epirubicin hydrochloride (EPI$HCl, HY-13624A) and CCK-8 kit
(HY-K0301) were purchased from MCE Co., Ltd. (Shanghai,
China), an ATP detection kit (S0027), a protease inhibitor cocktail

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


Scheme 1 Schematic illustration of construction of glycopolymeric nanoparticles which could be employed to induce ICD and activation of the

STING pathway to potentiate the potency of anti-PD-L1 antibodies. (A) Construction of 4T1 cell membrane-coated branched glycopolymeric

nanoparticles (mB4S) which accommodated EPI, an ICD inducer, and diABZI, a STING agonist. (B) The released EPI to induce ICD and diABZI

to activate the STING pathway, up-regulating M1-like TAMs, down-regulating MDSCs and promoting cytokines secretion to remodel the

immunosuppressive microenvironment to potentiate the therapeutic effect of anti-PD-L1 antibodies.
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(100�) (P1006), a RAPI lysate buffer (P0013B), and a BCA
protein assay kit (P0010) were obtained from Beyotime Biotech-
nology Co., Ltd. (Shanghai, China). Anti-mouse antibodies
including BV605-Fixable viability stain (FVS) (Cat. No: 565694),
BV510-CD45 (Cat. No: 563891), Alexa Fluor 700-CD3 (Cat. No:
557984), Percp-Cy5.5-CD8 (Cat. No: 551162), FITC-CD4 (Cat.
No: 553046), Percp-Cy5.5-CD11b (Cat. No: 550993), FITC-Gr-
1(Cat. No: 553126), BV421-F4/80 (Cat. No: 565411), Alexa Fluor
647-CD206 (Cat. No: 565250), APC-CD11c (Cat. No: 550261),
Percp-Cy5.5-MHC II (Cat. No: 562363), and PE-Cy7-CD86 (Cat.
No: 560582) were purchased from BD Bioscience Co., Ltd. (BD,
New Jersey, USA). ELISA kits for IFN-g (88-7314-88) and TNF-
a (88-7324-88) analysis were purchased from Thermo Fisher
Scientific Co., Ltd. (Thermo, Waltham, USA), and ELISA kit for
IFN-b (luex-mifnbv2) analysis was purchased from Invivogen
Co., Ltd. (Toulouse, Haute-Garonne, France). The STING agonist
of diABZI (S8796) was purchased from Selleckchem Co., Ltd.
(Houston, TX, USA). The anti-mouse-PD-L1 antibody (BE0101)
was provided by Bio X Cell Co., Ltd. (Lebanon, PA, USA).

2.2. Cell lines and animals

4T1 murine breast cancer cells and CT26 murine colon cancer
cells were obtained from Chinese Academy of Science Cell
Bank (Shanghai, China). The cell culture was conducted in an
incubator with 5% CO2 at 37 �C. The PRMI 1640 medium
(Hyclone, SH30809, Logan, UT, USA) containing 10% fetal
bovine serum (FBS) (NEWZERUM, S010921, Christchurch,
New Zealand) and 1% penicillin-streptomycin (Hyclone,
SV30010, China) was used for 4T1 cells, while the DMEM-
high glucose medium (Hyclone, SH30023, Logan, UT, USA)
with 10% FBS (Gibco) and 1% penicillinestreptomycin
(Hyclone) was used for CT26 cells. Female BALB/c mice of
6‒8 weeks were purchased from Beijing Vitalstar Biotech-
nology Co., Ltd., and they were fed in a specified pathogen-free
standard condition. All animal experiment procedures were
approved by the Animal Ethics Committee of West China
Hospital of Sichuan University (Animal Ethics Number:
2018148A and 2018150A).

2.3. Synthesis of LAEMA-based branched polymeric prodrug

LAEMA-based branched polymeric prodrugs were prepared by
reversible addition-fragmentation chain transfer (RAFT) polymer-
ization and copper-free azide-alkyne click reaction. Themonomers,
crosslinking agents, and chain transfer agents required for RAFT
polymerization were prepared according to the synthesis routes in
Supporting Information Scheme S1. Dibenzoazacyclooctyne
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(DBCO)-modified compounds for click reactions were prepared
according to the synthesis routes in Supporting Information Scheme
S2. A branched polymer skeleton was prepared by RAFT poly-
merization. After modification of the side chains by clicking reac-
tion, EPI, a chemotherapy drug, was covalently coupled into the
polymers through pH-sensitive hydrazone bonds. Branched
PLAEMA-(EPI)4 was used as an example to illustrate the procedure
(Supporting Information Scheme S3A). The other branched poly-
meric prodrugs (branched PLAEMA-(EPI)1 and branched
PLAEMA-(EPI)2) were synthesized via a similar procedure
(Scheme S3B).

2.3.1. Synthesis of branched poly(LAEMA-co-AzMA) as a
branched polymer skeleton
LAEMA (1872.8 mg, 4 mmol), AzMA (134.5 mg, 0.8 mmol),
MA-TK-MA (66.4 mg, 0.2 mmol), MA-TK-CTA (27.2 mg,
51.8 mmol) and the VA044 initiator (5.6 mg, 17.3 mmol) were
dissolved in a solvent (H2O/DMF Z 2/7, v/v, 9.5 mL) and the
mixture was bubbled with argon for 30 min. The reaction was
carried out at 45 �C under a dark condition for 24 h and quenched
in liquid nitrogen. The product was precipitated in acetone,
isolated by centrifugation, and dialyzed (MWCO, 2 kDa) against
deionized water. After freeze-drying, the final product (branched
poly(LAEMA-co-AzMA)) was obtained (1.6 g, yield 77%).

2.3.2. Synthesis of branched PLAEMA-(NHNHBoc)4 as a
branched polymer intermediate
Branched poly(LAEMA-co-AzMA) (400 mg) and DBCO-
(NHNHBoc)4 (209 mg, 0.182 mmol) were dissolved in 50 mL
of a solvent (H2O/DMSO Z 1/5, v/v). The solution was stirred at
room temperature for 18 h in the dark. The resulting mixture was
then dialyzed (MWCO, 8 kDa) against deionized water for 2 days
and freeze-dried to obtain a crude product. The crude product was
dissolved in a solvent (H2O/DMF Z 2/7, v/v, 3 mL). Branched
PLAEMA-(NHNHBoc)4 was isolated by precipitation into a
mixture of acetone: diethyl ether (7/2, v/v, 50 mL), filtered and
dried in a vacuum. Polymer intermediates including branched
PLAEMA-(NHNHBoc)1 and branched PLAEMA-(NHNHBoc)2
were prepared according to the above method.

2.3.3. Synthesis of branched PLAEMA-(EPI)4 as a branched
polymeric prodrug
Branched PLAEMA-(NHNHBoc)4 (400 mg) was dissolved in
ultra-pure water (10 mL) in an ampule and the mixture was stirred
under a nitrogen atmosphere. The ampule was heated for 6 h at
90 �C to realize the deprotection of hydrazide groups. Branched
PLAEMA-(NHNH2)4 as a final product was obtained after
lyophilization. The same protocol was used for the synthesis of
branched PLAEMA-(NHNH2)1 and branched PLAEMA-
(NHNH2)2.

Branched PLAEMA-(NHNH2)4 (300 mg) and EPI$HCl
(285 mg) were dissolved in 20 mL of a NH4OAc buffer (pH 5.7,
0.1 mol/L). The solution was then stirred in the dark at room
temperature for 36 h. Subsequently, the solution was dialyzed
(MWCO, 2 kDa) at 4 �C to completely remove excess free EPI.
Finally, the solution was lyophilized to produce the final product,
branched PLAEMA-(EPI)4 (termed as B4). Branched PLAEMA-
(EPI)1 (termed as B1) and branched PLAEMA-(EPI)2 (termed
as B2) were prepared using a similar method as described above.
The content of EPI in the prodrugs was determined by an UVeVis
spectrophotometer (Shimadzu Corporation, UV-1800, Tokyo,
Japan).
2.4. In vitro drug release

The dialysis method was used to investigate the release charac-
teristics of the prepared EPI-coupled polymers in vitro. 1.0 mL of
the B1, B2, and B4 solution at a concentration of EPI 0.23 mg/mL
was placed into a dialysis membrane (MWCO Z 2 kDa), and it
was dialyzed in 40 mL of PBS (pH 5.4 or pH 7.4) at an H2O2

concentration of either 0 or 10 mmol/L at 37 �C in a shaker
(100 rpm). At predetermined time points, 1.5 mL of the release
medium was withdrawn for sample analysis, while an equal
volume of the fresh release medium was supplemented. The
amount of EPI released at each time point was measured by a
fluorescence spectrophotometer (Hitachi F-7000, Tokyo, Japan).

2.5. Cell cytotoxicity and cellular uptake

4T1 cells were seeded in 96-well plates and incubated with B1,
B2, and B4 at different concentrations (0.39, 0.78, 1.56, 3.125,
6.25, 12.5, 15, 20, 25 mg/mL) for 48 h and PBS as a control. The
culture medium was replaced with the RPMI 1640 culture me-
dium containing the 10% CCK-8 and the incubation resumed for
2 h. The relative cell viability was calculated as shown in Eq. (1):

Cell viability ð%ÞZ�
ODtreated group � ODblank group

��
�
ODcontrol group � ODblank group

�� 100 ð1Þ
where ODtreated group is the absorbance value of cell treated with
different concentration B1, B2 and B4, ODblank group is the
absorbance value of cell untreated, ODcontrol group is the absor-
bance value of culture medium with 10% CCK-8.

For evaluation of the uptake efficiency by 4T1 cells, they were
seeded in 12-well plates and co-cultured with B1, B2, and B4 at
the same EPI concentration of 1.5 mg/mL for 2, 4 and 8 h. After
incubation, cells were collected and washed with PBS, then
analyzed via a flow cytometer (Beckman, CytoFLEX, Suzhou,
China).

2.6. Cell membrane-coated nanoparticles preparation and
encapsulation of a STING agonist

4T1 cell membrane was collected via an ultracentrifuge (Beck-
man, Optima XPN-100, Brea, California, USA) as reported31. In
brief, when the confluence of 4T1 cells reached nearly 80%e90%,
they were washed with cold PBS three times. 4T1 cells were
scraped and the cell solution was centrifuged (800�g, 5 min).
The cell pellets were washed three times in a buffer solution
supplemented with 30 � 10�3 mol/L Tris-HCl (pH Z 7.0),
0.0759 mol/L sucrose, and 0.225 mol/L D-mannitol. A protease
inhibitor cocktail was added into the cell suspension, and an ul-
trasonic probe (XiaoMei, XM-650T, KunShang, China) was used
to mechanically disrupt the cells (Power Z 35%, 3 s on and 3 s
off, 3 min) in an ice bath. The homogenate was centrifuged
(10,000�g, 30 min) to remove organelles, and the supernatant was
centrifuged at 150,000�g for 60 min to obtain cell membrane.
The collected cell membrane was resuspended in ultrapure water
and stored at �80 �C.

To prepare cell membrane-coated nanoparticles, B4 loaded
with a STING agonist was prepared by the solvent evaporation
method. In brief, 1 mg of diABZI, a STING agonist, was dissolved
in 1 mL of a mixture of methanol and acetone (1/1, v/v). Subse-
quently, the solution was dropwise added to 10 mL of the B4
solution at a concentration of 1.2 mg/mL. The mixture was stirred
at room temperature for 24 h until organic solvents were
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completely evaporated. A 2.2-micron filter membrane was used to
remove the free agonist, and the self-assembled nanoparticles
encapsulated with the agonist (named as B4S) were obtained. The
Cy5-loaded B4S nanoparticles (named as B4SCy5) were prepared
using the above-described method with minor modifications.
1.0 mg of diABZI and 0.13 mg of Cy5 carboxylic acid were added
simultaneously to the B4 solution. The agonist and the near-
infrared fluorescent dye were co-loaded into the hydrophobic
core of the nanoparticles. The content of Cy5 in B4SCy5 was
detected using a UVeVis spectrophotometer (Shimadzu, Kyoto,
Japan). The content of diABZI in the B4S was determined through
high-performance liquid chromatography (HPLC, Shimadzu
Corporation, Kyoto, Japan) with a UVeVis detector at a wave-
length of 325 nm. The mobile phase was acetonitrile (0.1%
trifluoroacetic acid) and H2O (0.1% trifluoroacetic acid). The drug
loading (DL) of the STING agonist in B4S was calculated by the
equation as shown in Eq. (2):

DL ð%ÞZ�
Wloaded drug

�
Wnanoparticles

�� 100 ð2Þ
where Wloaded drug is the weight of the loaded-drug in the nano-
particles, Wnanoparticles is the total weight of the drug-loaded
nanoparticles.

The collected cell membrane and B4S nanoparticles were
mixed and the solution was then processed under an ultrasonic
probe (Power Z 50%, 3 s on and 3 s off, 30 times) in an ice bath.
The cell membrane-coated nanoparticles were obtained and
termed as mB4S. The size and zeta potential of mB4S were
analyzed via a NanoBrook Series Size and Zeta Potential
Analyzer (Brookhaven Instruments, NanoBrook Omni, NY, USA),
and the morphology of mB4S was visualized under Transmission
Electron Microscopy (TEM, FEI company, Tecnai G2 F20 S-
TWIN, Hillsboro, OR, USA). The mB4S nanoparticles loaded
with Cy5 (named as mB4SCy5) were prepared using the above-
described method.

2.7. Flow cytometry analysis of apoptosis and cellular uptake

4T1 cells were seeded in 12-well plates at a density of 2 � 105 cells
per well for 12 h. Subsequently, the culture medium containing EPI,
B4, B4S, and mB4S (EPI concentration of 3 mg/mL) was added for
48 h co-culture. Cells were collected (300�g, 3 min) and resus-
pended in an Annexin V binding buffer solution and stained with
Annexin V- Alexa Fluor 647 and DAPI according to the supplier’s
protocol for flow cytometry analysis (BD, FACS Celesta, New York,
USA). For evaluation of the uptake efficiency in 4T1, RAW264.7, or
293T cells, the cells were seeded in 12-well plates and co-cultured
with B4S or mB4S at the same EPI concentration of 1.5 mg/mL for
4 h. These cells were collected, washed with PBS, and analyzed via a
flow cytometer (BD).

2.8. Western blots

4T1 cells were plated in 6-well plates and treated with EPI,
diABZI, B4, B4S, and mB4S. A RAPI lysate buffer containing a
phosphatase inhibitor and a protease inhibitor cocktail was added
to the treated cells for cell lysis on ice. The lysate was centrifuged
at 10,000�g for 30 min at 4 �C to obtain the supernatant. A BCA
protein assay kit was used for protein quantification according to
the manufacturer’s instructions. A 1 � loading buffer was added
into the collected supernatant and the mixture was boiled at 95 �C
for 10 min. Electrophoresis using 10% SDS-PAGE gel was
executed according to the standard protocol, and the proteins were
transferred to a PVDF membrane. After blocking in a 5% BSA
solution for 1 h, the band was incubated with primary antibodies
on a shaker at 4 �C overnight and then with secondary antibodies
for 1 h. A chemiluminescent solution was dropped on the band for
visualization of the target protein via a chemiluminescence im-
aging system (BioRad, Hercules, CA, USA).

2.9. Inducing ICD in vitro

Immunofluorescent staining and an ATP assay kit were used to
evaluate the ICD induced by mB4S. For observation of CRT
exposure, 4T1 cells were plated in a confocal dish at a density of
3 � 104 cells per dish for 12 h and treated with EPI, B4, B4S,
and mB4S for 12 h at the same EPI concentration of 3 mg/mL.
The treated 4T1 cells were washed with PBS twice and fixed in
4% paraformaldehyde for 15 min. Cells were blocked in a 5%
BSA solution for 2 h and incubated with an anti-CRT antibody
diluted at 1:5000 overnight at 4 �C and an APC-conjugated
secondary antibody for 2 h. The cell nuclei were stained with
DAPI for 8 min and washed gently twice with PBS for visual-
ization via a confocal scanning laser microscope (CLSM, Nikon,
AIRMPþ, Tokyo, Japan, lex Z 633 nm, lem Z 660 nm). To
detect the ATP concentration in the cell culture supernatant, 4T1
cells were seeded in 6-well plates (5 � 105 cells per well) and
co-cultured with EPI, B4, B4S, and mB4S for 12 h. The
supernatant was collected and centrifuged (800�g, 3 min) to
remove cell debris, and the ATP content was detected according
to the manufacturer’s instructions.

2.10. In vivo biodistribution study

4T1-bearing mice were randomly divided into three groups for
evaluation of in vivo biodistribution of free Cy5, B4SCy5, and
mB4SCy5 (n Z 3). The mice were intravenously injected with the
three formulations at the same Cy5 dose of 1.5 mg/kg. At the
predetermined time points of 1, 2, 4, 8, 12, and 24 h, the mice
were anesthetized for in vivo imaging via an IVIS spectrum sys-
tem (PerkinElmer, Waltham, MA, USA). These tumor-bearing
mice were sacrificed at 24 h after injection and major organs
(heart, lung, spleen, liver, and kidney) and tumors were harvested
for ex vivo imaging at 640 nm excitation and 680 nm emission.

2.11. Anti-tumor therapy in vivo

To establish a subcutaneous 4T1-bearing mice model, 1 � 106 of
4T1 cells in 60 mL PBS were subcutaneously injected into the
right back of the mice. The length and width of the tumor were
monitored and the tumor volume was calculated from Eq. (3):

Tumor volumeZ0:5� L�W 2 ð3Þ
where the L and W are the length and width of tumors,
respectively.

When the tumor volume reached 75e100 mm3, mice were
randomly divided into eight groups (n Z 5): saline, EPI, a STING
agonist (diABZI), B4, B4S, mB4S, anti-PD-L1 antibody, and
mB4S þ anti-PD-L1 antibody for anti-tumor therapy. The mice
were intravenously injected three times with the above formula-
tions every 3 day at the same dose of EPI 8 mg/kg and diABZI
1.5 mg/kg. An anti-PD-L1 antibody was intraperitoneally injected
at a dose of 100 mg on the following day. During the treatment
period, the tumor volume and body weight were monitored every
other day. At the end of the treatment, major organs and tumors
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were collected for H&E and TUNEL staining analysis. To further
explore the anti-tumor effect of mB4S, a subcutaneous
CT26-bearing mice model was established. The treatment scheme
was the same as that for the subcutaneous 4T1-bearing mice
model while CT26 cell membrane was used for cell membrane
coating.

2.12. Activation of immune responses in 4T1-bearing mice

To analyze the infiltrated immune cells in the tumor microenvi-
ronment, the mice with the subcutaneous breast cancer model
were intravenously injected with saline, EPI, a STING agonist
(diABZI), B4, B4S, mB4S, anti-PD-L1 antibody, and
mB4S þ anti-PD-L1 antibody at the same treatment dose of EPI,
diABZI and the antibody as that for the in vivo anti-tumor therapy.
The mice were euthanized on next day to harvest tumors and
spleens to prepare cell suspensions. Briefly, tumors were cut into
pieces in cold PBS and centrifuged to collect the tumor tissue
supernatant for ELISA analysis of cytokines including IFN-g,
TNF-a, and IFN-b. A digestive solution containing hyaluronidase/
collagenase IV and deoxyribonuclease I was added into the tumor
pellets, and the mixture was shaken at a speed of 120 rpm at 37 �C
for 30 min on a shaker. The cell suspensions were filtered through
a 70 mm cell strainer. 1 � 107 cells were stained with BV605-FVS
at 4 �C for 30 min and blocked with 1 mL of the Fc antibody in
100 mL of a staining buffer for 30 min at 4 �C. The cells were then
stained with BV510-CD45, Alexa Fluor 700-CD3, FITC-CD4,
and PerCp-Cy5.5-CD8 anti-mouse monoclonal antibodies to
evaluate the ratio of CD8þ T cells (CD3þCD8þ), or APC-Cy7-
CD45, APC-CD11c, Percp-Cy5.5-MHC II, PE-Cy7-CD86 to
count the matured DCs (CD11cþMHC II þCD86þ). To analyze
the percentage of M1-like TAMs (CD11bþ F4/80þCD86þ) and
MDSCs (CD11bþGr-1þ), cells were stained with BV510-CD45,
Percp-Cy5.5-CD11b, FITC-Gr-1, BV421-F4/80, PE-Cy7-CD86,
and Alexa Fluor 647-CD206. To prepare the spleen cell suspen-
sions, the spleen was ground on ice and passed through a 70 mm
cell strainer. 5 mL of an erythrocyte lysis solution was added to
remove erythrocytes. The lysate was centrifuged (800�g, 3 min)
and washed to obtain spleen cells. The spleen cells were stained in
a similar procedure as that for tumor cells to evaluate the ratio of
CD8þ T cells (CD3þCD8þ) and matured DCs (CD11cþMHC II
þCD86þ).

2.13. Statistical analysis

GraphPad Prism 6 software was used for data analysis. All
quantitative values are presented as mean � SD. Student’s t-test
was used for statistical analysis of differences between two
groups, and the results were considered significant when
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results and discussion

3.1. Synthesis of EPI-coupled branched glycopolymer prodrugs

In this study, we designed and synthesized branched polymeric
prodrugs with different structures via RAFT polymerization and
copper-free azide-alkyne click reaction, and their potential as a
polymeric nano-drug delivery system was evaluated. First, the
monomers of AzMA, LAEMA, and MA-TK-MA as a crosslinking
agent and MA-TK-CTA as a chain transfer agent were synthesized
for the synthesis of branched polymers (Supporting Information
Scheme S1). Subsequently, small molecular compounds of
DBCO-(NHNHBoc)1, DBCO-(NHNHBoc)2, and DBCO-
(NHNHBoc)4 containing acyl hydrazine bond groups were syn-
thesized for click reactions (Supporting Information Scheme S2).
The structures of all synthesized compounds were characterized
and their purity was confirmed by 1H NMR, 13C NMR, and liquid
chromatography-mass spectrometry (LC-MS) (Supporting
Information Figs. S1eS18). Based on the successful synthesis of
various compounds, poly(LAEMA-co-AzMA) with a branched
structure was prepared through a “one pot” method via RAFT
polymerization (Supporting Information Scheme S3). As shown in
Supporting Information Fig. S19A, in the 1H NMR spectrum of
poly(LAEMA-co-AzMA), characteristic peaks of the glycopol-
ymer (4.60 ppm, 4.55 ppm, 4.40 ppm) and CTA (7.94 ppm,
7.70 ppm, 7.53 ppm) were observed. No characteristic peak of the
double bond in the monomers appeared in the spectrum, indicating
that the unreacted monomer was completely removed from pol-
y(LAEMA-co-AzMA). In addition, the GPC results showed that
poly(LAEMA-co-AzMA) had a number-average (Mn) molecular
weight of 27.7 kg/mol and dispersity (Ð) of 1.23, indicating that
the high-molecular-weight branched polymeric skeleton was
successfully prepared (Fig. S19B). It was noteworthy that a
distinct characteristic peak of the azide group was observed at
2100 cm�1 in the infrared spectrum of poly(LAEMA-co-AzMA)
(Supporting Information Fig. S20), suggesting that the azide group
was successfully introduced into the polymer skeleton.

We coupled DBCO-(NHNHBoc)1, DBCO-(NHNHBoc)2, and
DBCO-(NHNHBoc)4 with branched poly (LAEMA-co-AzMA) to
obtain three polymer intermediates with different side chain
structures. Due to a similar composition of the obtained polymers,
the characterization results were analyzed using branched
PLAEMA-(NHNHBoc)4 as an example. As shown in Supporting
Information Fig. S21, a distinct characteristic peak of the Boc
group was observed at 1.4 ppm in the 1H NMR spectrum of
branched PLAEMA-(NHNHBoc)4 when compared to that of
branched poly(LAEMA-co-AzMA), indicating successful
coupling of DBCO-(NHNHBoc)4 to the polymer side chain.

Subsequently, branched PLAEMA-(NHNHBoc)4 was depro-
tected under a heating condition to expose the acyl hydrazine bonds,
which could form pH-sensitive hydrazone bonds by reacting with
the ketone carbonyl group of EPI32. As shown in Fig. S22, the Boc
characteristic peak disappeared in branched PLAEMA-(NHNH2)4,
indicating the successful removal of the Boc groups. As shown in
Supporting Information Fig. S23, the EPI characteristic spectrum
was observed in the UVeVis spectra of B4, branched PLAEMA-
(EPI)4, compared to PLAEMA-(NHNH2)4, a drug-free polymer,
suggesting that EPI was successfully linked to the polymer. Since
the 1H NMR spectrum of B4 (Supporting Information Fig. S24) did
not display a distinct characteristic peak of EPI, the prodrug may
form a self-assembled structure in an aqueous solution. Similarly,
branched polymer prodrugs with different side chains including B1,
branched PLAEMA-(EPI)1, and B2, branched PLAEMA-(EPI)2,
were synthesized. The characterizations of B1 were shown in
Supporting Information Figs. S25‒S27 and Supporting Information
Figs. S28‒S30 for B2.

As shown in Fig. 1A, the branched polymeric prodrug structure
contained hydrophilic glycopolymers and hydrophobic EPI drugs,
so it may undergo self-assembly under p‒p stacking and hydro-
philic hydrophobic interactions. Supporting Information Table S1
showed that the synthetic prodrugs of B1, B2, and B4 self-
assembled into nanoparticles in an aqueous solution and their



Figure 1 Characterizations of branched glycopolymer prodrugs of B1, B2, and B4. (A) The synthesis route and structural diagram of branched

PLAEMA-(EPI)4 (termed as B4). (BeD) The sizes and TEM images of B1, B2, and B4 (scale bar Z 500 nm). (EeG) EPI release curves of B1,

B2, and B4 in pH 7.4 PBS, pH 5.4 PBS, and pH5.4 PBS containing H2O2 (10 mmol/L). (H) Cytotoxicity of B1, B2, and B4 at different

concentrations against 4T1 cells via the CCK-8 kit (Data are presented as mean � SD, n Z 5). (I) The efficiency of endocytosing B1, B2, and B4

by 4T1 cells after co-culture for 2, 4, and 8 h (Data are presented as mean � SD, n Z 3).
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particles sizes were 147.04 � 1.57, 157.66 � 1.98, and
168.65 � 5.58 nm, respectively. The surface charges of B1, B2,
and B4 nanoparticles were electrically neutral. In addition, the EPI
drug loading in B1, B2, and B4 was determined by the ultraviolet
absorption method, and it was 8.5%, 16.3%, and 23.4%, respec-
tively. As the content of hydrazide bonds in the polymer side
chains increased, the drug loading in the polymers showed an
increased trend, indicating that side chain modification of the
branched glycopolymers could effectively regulate their drug
loading capacity. It could be seen from the TEM images in
Fig. 1B‒D that these prodrug nanoparticles were spherical, and
their size was around 150 nm. In the presence of acid-sensitive
hydrazone bonds in the branched polymers, a small fraction of
EPI (less than 15%) was released from three branched polymer
prodrugs within 72 h at pH 7.4, while up to 80% EPI was released
at pH 5.4 within the same time frame (Fig. 1E‒G), indicating that
the prepared prodrug nanoparticles could acid-responsively
release the incorporated drug.
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3.2. Cytotoxicity and cellular uptake of EPI-coupled branched-
PLAEMA prodrug nanoparticles

Cell cytotoxicity of B1, B2, and B4 was evaluated against 4T1
cells via a CCK-8 kit, and their IC50 values were calculated. As
presented in Fig. 1H, the cell cytotoxicity of B4 was stronger than
that of B1 and B2 under the same concentration, and the IC50

values were 4.20, 1.82, and 1.63 mg/mL for B1, B2, and B4,
respectively (Supporting Information Fig. S31). The 4T1 cell
uptake efficiency for three branched polymer prodrugs was
analyzed via flow cytometry. As shown in Fig. 1IeB1, B2, and B4
nanoparticles were uptaken by 4T1 cells in a time-dependent
manner. It was pronounced that 4T1 cells showed a higher level
of cellular uptake of B4 nanoparticles, and the mean fluorescence
intensity in B4-containing 4T1 cells was 1.15- and 1.27-fold of
that of B1 or B2-containing 4T1 cells after they were co-cultured
for 8 h. Furthermore, the CLSM images verified that 4T1 cells
efficiently internalized B4 nanoparticles (Supporting Information
Fig. S32). Since B4 nanoparticles had a relatively high uptake
efficiency by 4T1 cells, the cytotoxicity of B4 nanoparticles was
slightly stronger than that of B1 and B2 nanoparticles.

3.3. Construction and characterizations of mB4S

Since B4 nanoparticles outperformed B1 and B2 nanoparticles in
the drug loading efficiency, cytotoxicity, and the cellular uptake
efficiency, B4 nanoparticles were selected for the following
studies. The solvent evaporation method was used to encapsulate
diABZI, a STING agonist, into B4 nanoparticles, and the prepared
product was termed as B4S. The drug loading efficiency of diA-
BZI into B4S was 5.6%, indicating that branched polymer could
effectively load the agonist.

It is reported that tumor cell membrane-coated nanoparticles
endow them with the property of homologous targeting33. To
improve the targeted delivery of B4S, the 4T1 cell membrane was
collected and coated as an outer shell of B4S nanoparticles
(termed as mB4S). From the TEM images (Fig. 2A and B), there
was a layer of cell membranes on the periphery of B4S nano-
particles, and the thickness of the cell membrane was estimated to
be around 15 nm. The zeta potential of B4S and mB4S nano-
particles was 0.14 � 0.41 and �24.86 � 0.99 mV, respectively
(Fig. 2C). The potential change from a neutral to negative charge
after coating with cell membranes indicated effective coating of
cell membranes onto B4S.

The stability of mB4S in distilled water, PBS, PBS þ10% FBS
was assessed via dynamic light scattering (DLS). As shown in
Supporting Information Fig. S33, the size and PDI of mB4S
nanoparticles had a negligible change during 72 h, indicating a
stable structure of mB4S. The dialysis method was used to
investigate the release profiles of diABZI and EPI from B4S and
mB4S in vitro. As shown in Supporting Information Fig. S34,
mB4S exhibits a pronounced pH-responsive capability for
releasing diABZI and EPI. Under pH 5.4 conditions, over 70% of
diABZI is released from mB4S within 24 h. Additionally, the
cumulative release rate of EPI at pH 5.4 within 72 h significantly
exceeds that at pH 7.4.

3.4. Cellular uptake efficiency of mB4S

Flow cytometry (Beckmann) and CLSM (Nikon) were used to
evaluate the cell uptake efficiency of mB4S in homologous 4T1
cells and heterologous RAW264.7 and 293T cells. From the flow
cytometry quantitative analysis results (Fig. 2D), the mean fluo-
rescence intensity in 4T1 cells after co-incubation with mB4S was
1.21-fold higher than that in the B4S-treated group. Correspond-
ingly, the red fluorescence of mB4S in 4T1 cells shown in the
CLSM images (Fig. 2F) was stronger than that of B4S, and the
fluorescence intensity in the mB4S-treated cells was 1.25-fold
higher than that in the B4S group (Supporting Information
Fig. S35). The above results suggested that the cell membrane
coating could improve the cellular uptake efficiency of B4S by 4T1
cells. Meanwhile, the uptake efficiency of mB4S by heterologous
cells including RAW264.7 and 293T cells was lower than that of
B4S nanoparticles (Fig. 2E). These cellular uptake results sug-
gested that coating of 4T1 cell membrane onto B4S nanoparticles
could promote their internalization by 4T1 cells due to the presence
of specific proteins on the cell membrane surfaces but hamper their
cellular uptake by heterologous cells.

3.5. Apoptosis and activation of the STING pathway

4T1 cell apoptosis after treatment with EPI, B4, B4S, and mB4S
was evaluated by an Annexin V- Alexa Fluor 647 apoptosis kit via
a flow cytometer. As shown in Fig. 3A and B, the apoptotic rate of
cells treated with mB4S was 48.8%, while it was 40.5% in the
B4S-treated group, which indicated that mB4S may be able to
effectively induce 4T1 cells apoptosis. diABZI as a STING agonist
could activate the STING pathway to mediate innate immune re-
sponses, and it has been demonstrated to have a potent immune
adjuvant effect34. 4T1 cells were treated with diABZI, B4, B4S,
and mB4S for 36 h and proteins were collected to confirm the
activation of the STING pathway by these formulations. Stimu-
lation of the STING pathway often leads to upregulation of TBK1
and activation of IRF-328. The Western blot images in Fig. 3C and
their quantitative results in Supporting Information Fig. S36 for the
expression levels of p-TBK1 and p-IFR-3 confirmed that p-TBK1
and p-IFR-3 were up-regulated in the mB4S-treated group
compared to the control group, suggested that the STING pathway
was activated in the 4T1 cells after exposure to mB4S.

3.6. In vitro ICD induced in 4T1 cells

ICD could be induced in tumor cells treated with chemotherapeutics
such as EPI to promoteCRTexposure andATP secretion,which help
transformnon-immunogenic tumor cells to immunogenic cells35.As
shown in Fig. 3D and Supporting Information Fig. S37, 4T1 cells
treated with EPI resulted in a low level of CRT exposure, while a
distinct red fluorescence signal was observed in the B4S or mB4S-
treated group, suggesting that B4S or mB4S intervention could
induce a remarkable level of CRTexposure. The ATP concentration
in the supernatant was detected via anATP assay kit according to the
manufacturer’s instructions after the 4T1 cellswere co-culturedwith
EPI, B4, B4S, and mB4S. The ATP concentration in the mB4S-
treated group was 2.15 times that in the EPI-treated group, while
negligible changes were seen in the ATP concentration after cells
were exposed to B4S and mB4S (Fig. 3E). Therefore, mB4S expo-
sure could mediate CRT exposure and promote ATP secretion,
suggesting its effectiveness in inducing ICD in the 4T1 cells.

3.7. In vivo biodistribution and anti-tumor therapeutic effect

The tumor-targeting ability of nanoparticles plays a critical role in
tumor therapy36. It has been reported that a tumor cell membrane
coating of nanoparticles could promote their tumor site



Figure 2 Preparation and cell uptake efficiency of cell membrane-coated nanoparticles. (A, B) TEM images of B4S and mB4S. (C) Changes in

the particle size and zeta potential before and after cell membrane coating. (D) Uptake efficiencies of B4S and mB4S by 4T1 cells. (E) The mean

fluorescence intensity of B4S and mB4S in 4T1, 293T, and RAW264.7 cells (Data are presented as mean � SD, n Z 3, **P < 0.01,

****P < 0.0001 vs. B4S group). (F) Representative CLSM images of 4T1 cells co-cultured with B4S and mB4S for 3 h. Blue for the cell nucleus

and red for EPI (scale bar Z 50 mm).
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accumulation37. In this study, 4T1-bearing mice were intrave-
nously injected with free Cy5, B4SCy5, and mB4SCy5 at the same
Cy5 dose of 1.5 mg/kg for evaluation of their in vivo bio-
distribution. After intravenous injection of free Cy5, B4SCy5,
mB4SCy5 into 4T1-bearing mice, the Cy5 fluorescence intensity at
the tumor site in the mB4SCy5 group was stronger than that in the
free Cy5 and B4SCy5 groups at 24 h post-administration
(Supporting Information Fig. S38A and S38C), indicating that
mB4SCy5 nanoparticles could accumulate at the tumor site through
tumor cell membrane coating-mediated homologous targeting,
while free Cy5 could be rapidly cleared. The ex vivo images
(Fig. S38B and S38D) of main organs and tumors at 24 h post-
injection also confirmed that the strongest fluorescence intensity
was observed in the tumors of the mB4SCy5 group, indicating that
mB4SCy5 nanoparticles could efficiently target tumors. Moreover,
pharmacokinetic analysis results were shown in Supporting
Information Fig. S39, the EPI concentration in the mB4S group
was reduced slowly when compared with the B4S and free EPI
group. The half-time of mB4S nanoparticles was pronouncedly
prolonged to 7.71 h, while it was 4.49 h for B4S (Supporting
Information Table S2), indicating that the cell membrane
coating could increase the circulation time of cell membrane-
coated nanoparticles.

Subcutaneous 4T1 breast cancer and CT26 colorectal cancer
models were established to assess the in vivo anti-tumor thera-
peutic effect of mB4S. The treatment schedule scheme was shown
in Fig. 4A. According to the tumor volume curve (Fig. 4B), a
continuous growth trend in the tumor volume was seen after in-
jections of EPI and the anti-PD-L1 antibody, while interventions
with B4S and mB4S effectively inhibited the tumor growth. The
most effective inhibition of tumor growth was found in the group
treated with mB4S in combination with the anti-PD-L1 antibody.
In addition, the average tumor weight in the group treated with
mB4S in combination with the anti-PD-L1 antibody was 207 mg,
which was around 1/5 of that in the free EPI-treated group
(1143 mg) and 1/9 of that in the anti-PD-L1 antibody-treated
group (1863 mg) (Fig. 4D). In this context, EPI-coupled polymeric
nanoparticles induced ICD and the STING agonist activated the
STING pathway, leading to a significant enhancement in the
treatment effect of the anti-PD-L1 antibody. The body weight
change curves during the therapy period (Fig. 4C) revealed that
treatment with the STING agonist and EPI led to a loss in the body



Figure 3 In vitro anti-tumor effect of mB4S on 4T1 cells. (A) Apoptosis analysis of 4T1 cells after treatment with EPI, B4, B4S, and mB4S via

flow cytometry. (B) Quantification of the apoptosis rate after different treatments. (C) Western blot analysis of p-TBK1, TBK1, p-IRF-3, and

IRF-3 after treatment with EPI, diABZI (S), B4, B4S, and mB4S. (D) Representative CLSM images of CRT exposure in 4T1 cells after co-culture

of them with EPI, diABZI, B4, mB4S, and mB4S nanoparticles (Blue: cell nucleus; Red: CRT; Scale bar Z 50 mm). (E) The ATP content in the

supernatant after treatment with PBS, EPI, B4, B4S, and mB4S (Data are presented as mean � SD, n Z 3, ***P < 0.001 vs. EPI treated group).
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weight after the first treatment, while there was a negligible
change in the body weight in the mice treated with mB4S, or
mB4S in combination with the antibody. This indicated that the
nano-drug delivery system can effectively reduce the toxicity of
small molecule therapeutic agents, consistent with previous
reports38,39. Furthermore, the main organs including the heart,
liver, spleen, and kidney did not show obvious pathologic changes
(Supporting Information Fig. S40), suggesting this nano-drug
delivery system has no pronounced side effects. Serum
biochemistry analysis was conducted to evaluate liver and kidney
toxicity of mB4S. From Supporting Information Fig. S41, the
levels of alanine aminotransferase (ALT), aspartate aminotrans-
ferase (AST), alkaline phosphatase (ALP), creatinine (CREA),
and urea (UREA) remained normal in the mB4S treated group
compared to the saline-treated group, while both free EPI and
diABZI induced a certain degree of liver and renal injury. More-
over, the H&E-stained lung slices revealed that the therapy of
combining mB4S and the anti-PD-L1 antibody effectively pre-
vented pulmonary metastasis compared with the monotherapy
with EPI or the anti-PD-L1 antibody (Supporting Information
Fig. S42). The predominant red fluorescence signal was seen in
the TUNEL staining images (Fig. 4E and Supporting Information
Fig. S43) of the tumor tissue treated with mB4S in combination
with the anti-PD-L1 antibody, suggesting that the combined
therapy could potently induce apoptosis of 4T1 cells. These results
supported that mB4S combined with the anti-PD-L1 antibody



Figure 4 In vivo anti-tumor effect of mB4S combined with an anti-PD-L1 antibody in the 4T1-bearing and CT26-bearing mice. (A) Schematic

diagram of the treatment schedule. (B) Tumor volume, (C) body weight, and (D) tumor weight in the 4T1-bearing mice after treatment with saline,

EPI, diABZI, B4, B4S, mB4S, anti-PD-L1 antibody, and mB4S þ anti-PD-L1 antibody (Data are presented as mean � SD, n Z 5, *P < 0.05,

**P < 0.01, ***P < 0.001 vs. EPI-treated group). The dose of EPI was 8 mg/kg, 1.5 mg/kg for diABZI, and 100 mg for the anti-PD-L1 antibody;

(E) TUNEL staining of tumor tissues at the end of treatment (Blue: cell nucleus; Red: TUNEL; Scale bar Z 100 mm). (F) Tumor volume,

(G) survival curve and (H) body weight in the CT26-bearing mice after the same treatment as that in the 4T1-bearing mice (Data are presented as

mean � SD, n Z 6, ****P < 0.0001 vs. EPI-treated group).
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displayed the most potent anti-tumor therapeutic effect in the 4T1
breast cancer model among eight treatment groups.

Furthermore, the anti-tumor effect was investigated in the
CT26-bearing colon cancer mice. As shown in Fig. 4F, the
treatment with EPI, diABZI, B4, B4S, the anti-PD-L1 antibody,
and mB4S led to different levels of delaying the tumor progres-
sion. Treatment with a single therapeutic drug including EPI and
the anti-PD-L1 antibody resulted in slight inhibition of tumor
growth, while significant inhibition of tumor growth at the end of
the therapy period was seen in the groups treated with B4S and
mB4S. The therapy with mB4S in combination with the anti-
PD-L1 antibody effectively eliminated 83.3% of CT26 tumors,
and the inhibition rate was significantly higher than that in the
group treated with EPI and the anti-PD-L1 antibody, suggesting
that the synergistic effect of EPI-induced ICD and activation of
the STING pathway resulted in an enhancement in the therapeutic
efficacy of EPI and diABZI. Moreover, the survival curve
(Fig. 4G) displayed that the combined treatment with mB4S plus
the anti-PD-L1 antibody could significantly prolong the survival
rate of the CT26-bearing mice, which indicated a great potency of
mB4S in combination with the anti-PD-L1 antibody for their anti-
tumor therapy. The body weight of the mice treated with B4S,
mB4S, the combined mB4S and the antibody barely changed
during the treatment period, while it was distinctively reduced in
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the EPI-treated group (Fig. 4H), indicating that the combined
therapeutic formulation of mB4S and the antibody did not exhibit
significant toxicity in the CT26-bearing mice.

3.8. In vivo activation of immune responses

The immune activation in the tumor-bearing mice was evaluated
after treatment with saline, EPI, diABZI, B4, B4S, mB4S, anti-
PD-L1 antibody, and mB4S þ anti-PD-L1 antibody. Activated
immune cells such as matured DCs and infiltrated CD8þ T cells in
the tumor microenvironment are key indicators for effective anti-
tumor immunotherapy40. mB4S-induced ICD and released TAAs
and DAMPs could promote DCs to present antigens to T cells for
Figure 5 mB4SpromotedDCsmaturation and cytokines secretion. (AeB

the tumor tissue after treatment with saline, EPI, diABZI, B4, B4S, mB4S, a

diagram for the mechanism of activating anti-tumor immune responses by E

spleen after different treatments. Cytokines including IFN-g (E), TNF-a (F),

(Data are presented as mean � SD, nZ 3, *P < 0.05, **P < 0.01, ***P <
invoking the cancer-immunity cycle41. It can be seen from
Supporting Information Fig. S44 that the treatment of mB4S
combined with the anti-PD-L1 antibody induced potent CRT
exposure, which indicated that the combined treatment effectively
mediated ICD in tumor tissues. As shown in Fig. 5A and B, the
ratio of matured DCs (CD11cþMHC II þCD86þ) in tumor tissue
with a gating strategy exhibited in Supporting Information
Fig. S45 was 35.0% in the group injected with mB4S combined
with the anti-PD-L1 antibody, compared with 4.2% in the saline
group, 10.7% in the EPI-treated group, 9.5% in the diABZI-
treated group, 17.0% in the B4-treated group, 24.1% in the
B4S-treated group, 8.7% in the anti-PD-L1 antibody-treated
group, and 27.8% in the mB4S-treated group. The matured DCs in
) Flow cytometry analysis ofmaturedDCs (CD11cþMHC IIþCD86þ) in
nti-PD-L1 antibody, and mB4S þ anti-PD-L1 antibody. (C) Schematic

PI combined with diABZI. (D) The percentage of matured DCs in the

and IFN-b (G) in the tumor tissue supernatant after the above treatments

0.001 and ****P < 0.0001 vs. EPI-treated group).
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the spleen were also analyzed and shown in Fig. 5D and
Supporting Information Fig. S46. The frequency of matured DCs
was raised to 39.2% in the group injected with mB4S, which was
2.19-fold of that in the EPI-injected group and 2.47-fold of that in
the anti-PD-L1 antibody-injected group. These results strongly
supported that EPI as an ICD inducer in combination with a
STING agonist could significantly promote DCs maturation to
initiate anti-tumor immune responses (Fig. 5C).
Figure 6 mB4S activated CD8þ T cells for enhancing the anti-tumor

(CD3þCD8þ) in the tumor tissue after treatment with saline, EPI, diABZI,

antibody. The percentage of CD8þ T cells in the tumor tissue (B) and the

are presented as mean � SD, nZ 3, **P < 0.01, ***P < 0.001, ****P <

CD4þ T cells after immunofluorescent staining of the tumor tissue at the e

cells; scale bar Z 100 mm).
The majority of cytokines are small molecular functional pep-
tides, and they are secreted by immune cells such as T lymphocytes,
B lymphocytes, and NK cells42. As a messenger molecule of the
immune system, cytokines build a bridge of communication be-
tween immune cells and help realize effective anti-tumor effects43.
We collected the supernatant of the tumor tissues after different
treatments for ELISA of the concentration of cytokines including
IFN-g, TNF-a, and IFN-b. As shown in Fig. 5E, the concentration
immunity. (A) Representative flow cytometry plots of CD8þ T cells

B4, B4S, B4S, mB4S, anti-PD-L1 antibody, and mB4S þ anti-PD-L1

spleen (C) in each treatment group was presented in histograms (Data

0.0001 vs. EPI-treated group). (D) Representative images of CD8þ and

nd of treatment (Blue: cell nuclei; Green: CD8þ T cell; Red: CD4þ T
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of IFN-g in the group treated with mB4S þ anti-PD-L1 antibody
was 2086.1 � 147.7 pg/mL, while 632.8 � 147.7 pg/mL in the
EPI-treated group and 499.2 � 53.5 pg/mL in the anti-PD-L1
antibody-treated group. The concentration of TNF-a in the group
exposed to mB4S combined with the anti-PD-L1 antibody
group was 1.72-fold of that in the anti-PD-L1 antibody-treated
group (Fig. 5F). Furthermore, IFN-b secreted in the tumor tissue, an
indicator for the activation of the STING pathway44, displayed an
incremental trend in the order of treatment by EPI, diABZI,
mB4S, and mB4S plus the anti-PD-L1 antibody. The concentration
in the mice group was 17.9 � 2.1 pg/mL, 159.4 � 8.7 pg/mL,
184.2 � 3.1 pg/mL, and 255.3 � 12.5 pg/mL (Fig. 5G), respec-
tively, indicating that the combined therapy effectively activated the
STING pathway to secrete IFN-b.

CD8þ T cells are the key effector cells to kill tumor cells45,
and the proportion of CD8þ T cells in the tumors is positively
correlated with the efficacy of immunotherapy46. As shown in
Fig. 6A and B with a gating strategy exhibited in Supporting
Information Fig. S47, the percentage of CD8þ T cells was
8.8%, 18.8%, 19.3%, 22.8%, 35.4%, and 41.2% after the
Figure 7 mB4S treatment up-regulated M1-like TAMs and down-regul

(CD11bþF4/80þCD86þ) in the tumor tissue after different treatments via fl

M2-like TAMs in the tumors. (C) The percentage of MDSCs (CD11bþG
mean � SD, n Z 3, *P < 0.05, **P < 0.01, ***P < 0.001 vs. EPI treat
treatment of saline, EPI, diABZI, B4, B4S, and mB4S, respec-
tively, while it rose to 64.0% in the group treated with
mB4S þ anti-PD-L1 antibody, which was 4.92-fold of that in the
anti-PD-L1 antibody-treated group (13.0%), indicating that the
EPI prodrug-induced ICD in combination with the activated
STING pathway effectively promoted infiltration of CD8þ T cells
into the tumor site. The immunofluorescent staining slices of the
tumor tissues also supported that the treatment with mB4S in
combination with the anti-PD-L1 antibody resulted in an increased
frequency of CD8þ T cells in the tumor tissue (Fig. 6D). In
addition, the ratio of CD8þ T cells was evaluated in the spleen
(Fig. 6C and Supporting Information Fig. S48). It increased from
13.6% in the mice treated with the anti-PD-L1 antibody to 36.0%
in the mice treated with mB4S þ the antibody. These results
indicated that mB4S effectively activated the STING pathway to
promote cross-presentation of DCs and infiltration of CD8þ T
cells into the tumor tissue, which mediated anti-tumor immune
responses.

The majority of myeloid-derived immune cells include TAMs
andMDSCs, and they play an immunosuppressive role in the tumor
ated MDSCs in the tumor tissue. (A) Quantitation of M1-like TAMs

ow cytometry. (B) Statistic analysis of the ratio of the M1-like to the

r-1þ) in the tumors of each treatment group (Data are presented as

ed group).
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microenvironment47. The M1-like TAMs that are proinflammatory
can phagocytose tumor cells, while the M2-like TAMs that are
anti-inflammatory can promote tumor growth and invasion in the
tumor tissue48. Activation of the STING pathway has been
demonstrated to promote the production of M1-like TAMs and
suppression of MDSCs in the tumor microenvironment49,50. The
M1-like andM2-like TAMswere detected after different treatments
via flow cytometry with a gating strategy exhibited in Supporting
Information Fig. S49. As presented in Fig. 7A and B, the M1/M2
ratio in the tumors increased from 0.61 in the EPI-treated group to
1.51 in the mB4S-treated group, and 2.28 in the group treated with
mB4Sþ anti-PD-L1 antibody. A significant increase in the M1/M2
ratio in the tumors suggested that this combined therapy of
mB4S þ anti-PD-L1 antibody could remarkably facilitate the pro-
duction of the M1-like TAMs and reduce the M2-like TAMs.
MDSCs can inhibit the normal innate and adaptive immune function
of immune cells, and they play a negative regulatory role in the
tumor microenvironment51. The percentage of MDSCs in the EPI-
treated group was 38.2%, while it reduced to 21.1% in the
mB4S-treated group and 14.8% in the mice treated with
mB4Sþ anti-PD-L1 antibody (Fig. 7C and Supporting Information
Fig. S50). These results suggest that mB4S-induced activation of
the STING pathway could help remodel an immunosuppressive
microenvironment to an immune-supportive one via up-regulation
of the M1-like TAMs and down-regulation of MDSCs.

From the changes in the constitutional components of immune
cells in the tumor microenvironment after different treatments,
mB4S effectively induced ICD to promote the maturation of DCs
for presentation of released tumor-associated antigens to T cells
and the infiltration of CD8þ T cells into the tumor microenvi-
ronment. Secretion of cytokines including IFN-g, TNF-a, and
IFN-b was significantly enhanced after the treatment of mB4S,
leading to an improved ratio of M1-like to M2-like TAMs and
down-regulation of immunosuppressive cells including MDSCs,
which could create an immune-responsive microenvironment to
boost the therapeutic effect of the anti-PD-L1 antibody in the
4T1-bearing mice.
4. Conclusions

In summary, we constructed cell membrane-coated polymeric
prodrug nanoparticles containing EPI to induce ICD and diABZI
to activate the STING pathway, which helped create an immune-
responsive microenvironment to enhance the immunotherapeutic
effect of anti-PD-L1 antibodies. Coating polymeric prodrug
nanoparticles with the 4T1 cell membrane facilitated their cellular
uptake by 4T1 cells. After internalization of cell membrane-coated
polymeric prodrug nanoparticles, EPI was released to mediate
apoptosis of tumor cells. CRT exposure was induced and ATP
secretion enhanced in the 4T1 cells treated with mB4S to improve
the tumor immunogenicity, and the STING agonist effectively
activated the STING pathway via up-regulation of p-TBK1 and
p-IFR-3. Importantly, the treatment with mB4S promoted DCs
maturation and CD8þ T cells infiltration into the tumor site, up-
regulated the anti-tumor M1-like TAMs, and down-regulated
immunosuppressive MDSCs, which could reverse the tumor
immune environment from an immunosuppressive to immune-
responsive one. Combined with an anti-PD-L1 antibody, mB4S
displayed a potent anti-tumor effect in both 4T1-bearing mice and
CT-26-bearing mice. This study suggests that a STING agonist
combined with an ICD inducer could enhance tumor
immunogenicity and facilitate CD8þ T cells infiltration to create
an immune-activated microenvironment for potentiating the anti-
PD-L1 immunotherapeutic effect.
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