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ABSTRACT

To improve the response rate of immune checkpoint inhibitors such as anti-PD-L1 antibody in immunosup-
pressive cancers like triple-negative breast cancer (TNBC), induction of immunogenic cell death (ICD) at tumor
sites can increase the antigenicity and adjuvanticity to activate the immune microenvironment so that tumors
become sensitive to the intervention of immune checkpoint inhibitors. Herein, a self-amplified biomimetic
nanosystem, mEHGZ, was constructed by encapsulation of epirubicin (EPI), glucose oxidase (Gox) and hemin in
ZIF-8 nanoparticles and coating of the nanoparticles with calreticulin (CRT) over-expressed tumor cell mem-
brane. EPI acts as an ICD inducer, Gox and hemin medicate the cascade generation of reactive oxygen species
(ROS) to strengthen the ICD effect, and CRT-rich membrane as “eat me” signal promote presentation of the
released antigens by dendritic cells (DCs) to invoke the tumor-immunity cycle. The biomimetic delivery system
displays an amplified ICD effect via Gox oxidation, hydroxyl radical generation and glutathione (GSH) depletion.
The induced potent ICD effect promotes DCs maturation and cytotoxic T lymphocytes (CTLs) infiltration,
reversing an immunosuppressive tumor microenvironment to an immunoresponsive one. Treatment with the
nanosystem in combination with anti-PD-L1 antibody results in distinctive inhibition of tumor growth and lung
metastasis, supporting that a potent ICD effect can significantly boost the therapeutic efficacy of the anti-PD-L1
antibody. This self-amplified biomimetic nanoplatform offers a promising means of raising the response rate of
immune checkpoint inhibitors.

1. Introduction

associated antigens and danger associated molecular patterns (DAMPs)
including calreticulin (CRT), high mobility group box 1 (HMGB1) and

Immunotherapy by employing immune checkpoint inhibitors (ICIs),
such as anti-PD-1/L1 antibodies, has revolutionized the paradigm of
cancer treatment in the last decade [1,2]. However, the response rate of
ICIs is very poor, and about 10-30% has been reported in the cancer
with an immunosuppressive microenvironment such as triple-negative
breast cancer (TNBC) [3-5]. It has been revealed that immunogenic
cell death (ICD) can activate the immune microenvironment to poten-
tiate the ICI treatment effect [6]. Tumor cells treated with chemother-
apeutic agents anthracyclines such as EPI undergo ICD to release tumor
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adenosine-5'-triphosphate (ATP) [7,8], reversing an immunosuppres-
sive tumor microenvironment to an immunoresponsive one [9,10].
Encouraging therapeutic outcomes have been reported after treatment
with a combination of ICIs with ICD [11,12]. However, ICD induced
from one single chemotherapeutic agent is not adequate enough to
produce persistent immune responses [13,14].

To address this issue, synergy with multiple intervention methods to
amplify the ICD effect has been pursued to boost the therapeutic effect of
ICIs [15,16]. The ER stress is often harnessed for strengthening the ICD
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Scheme 1. Construction of a self-amplified biomimetic nanosystem to induce ICD and activate an immune microenvironment for boosting the therapeutic effect of
anti-PD-L1 antibody. A) Schematic illustration of the process to prepare mEHGZ nanoparticles by encapsulating EPI, Gox and hemin in ZIF-8 nanoparticles and
coating the nanoparticles with the CRT over-expressed tumor cell membrane. B) After endocytosis of mEHGZ nanoparticles into cells, the released EPI from mEHGZ
in response to a low pH kills tumor cells in an immunogenic way. Gox and hemin mediate a cascade reaction for generation of hydroxyl free radical (-OH) and
depletion of intracellular GSH to exert strong stress on the ER, strengthening the ICD effect. C) The released antigens and DAMPs after ICD promote DCs maturation,
CD8" T cells infiltration and cytokines secretion to create an immunosupportive microenvironment to boost the therapeutic effect of anti-PD-L1 antibody.

effect for potent immunogenic responses. Ca2" depletion, hypoxia, and
ROS generation have been proposed to effectively escalate the ER stress,
thus inducing ICD [17]. Fenton and Fenton-like reactions are often
employed for chemodynamic therapy because intracellular ROS could
be generated from these reactions under a specific tumor microenvi-
ronment [18]. A glucose oxidase (Gox)-based nanozyme system is safe
and efficient to induce Fenton reactions in a quite specific and
well-controlled way [19], and this nanozyme can oxidize glucose to
gluconic acid and hydrogen peroxide (H203) in tumor cells. Excess
glucose consumption may lead to reduced energy supply to tumor cells,
which has been utilized for starvation therapy of cancers. Meanwhile,
the product HpO; from glucose oxidation can react with Fe?* via the
Fenton reaction to generate hydroxyl radicals (-OH) and oxidize intra-
cellular glutathione (GSH). A reduced level of GSH is often accompanied
with a weakening capacity of scavenging of cytotoxic -OH, thus aggra-
vating the ROS generation and intensifying the ICD effect.
Functionalized nanosized delivery systems have been developed for
delivery of therapeutic agents into tumor sites [20,21], and a bio-
mimetic drug delivery system has attracted tremendous attention in
recent years [22,23]. Cell membranes from red blood cells [24], plate-
lets [25], natural killer cells [26] and cancer cells [27] have been used
for engineering these biomimetic nanoplatforms. Among these cell
membranes, the tumor cell membrane can retain the antigens on the cell
membrane to evoke immune responses and maintain homotypic adhe-
sion for targeted delivery [28,29]. Besides, CRT on the cell membrane is
one of important DAMPs in immunogenic signal transmission, and the
presence of CRT promotes engulfment of tumor-associated antigens by
antigen-presenting cells (APCs) to activate immune responses. After in
vitro treatment with tumor cells to stimulate ICD, CRT can be
over-expressed on the cell membrane. The use of the cell membrane with
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over-expressed CRT could strengthen the immunogenicity [30].

Herein, we constructed a biomimetic nanoparticle to trigger a
cascade reaction for ROS generation to amplify the ICD effect and boost
the sensitivity of tumor cells to the treatment with anti-PD-L1 antibody.
In this system, zeolitic imidazolate framework (ZIF-8) nanoparticles
were employed as a drug carrier due to their large surface area, porous
interconnectivity and intrinsic pH-induced biodegradability. An ICD
inducer EPI, Gox and hemin were encapsulated into ZIF-8 nanoparticles
to prepare a drug-loaded nanosystem, EHGZ. This EHGZ system was
coated with CRT over-expressed tumor cell membrane to obtain a bio-
mimetic nanoparticle, mEHGZ (Scheme 1A). The tumor cell membrane
coating layer on mEHGZ could facilitate their cellular uptake by tumor
cells and act as an immune adjuvant. After cellular uptake of the mEHGZ
nanoparticles, a Fenton reaction could be triggered by released Gox and
hemin from mEHGZ nanoparticles to promote ROS generation and
elevate the ER stress, which could amplify the ICD effect in comparison
with that induced by EPI alone (Scheme 1B). The released antigens and
DAMPs after ICD could function as a nanovaccine to enhance the anti-
genicity and adjuvanticity, potentiating DCs maturation and cytotoxic T
lymphocytes (CTLs) infiltration to activate the tumor immune micro-
environment (Scheme 1C). In this context, an enhanced antitumor
chemoimmunotherapeutic efficacy could be achieved in a murine 4T1
model. Therefore, the self-amplified biomimetic nanosystem could
induce a potent ICD effect and activate the tumor immune microenvi-
ronment, boosting the therapeutic efficacy of anti-PD-L1 antibody
against tough cancers of TNBC.
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2. Materials and methods
2.1. Materials

Zinc acetate, 2-methylimidazole (2-MI) and hemin were purchased
from Aladdin Biochemical Technology Co. Ltd. (Shanghai, China). Gox
and 2',7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) were ob-
tained from Sigma-Aldrich (Shanghai, China). 4’,6-diamidino-2-phe-
nylindole (DAPI) and GSH detection kit were purchased from Solarbio
(Beijing, China). Cell membrane fluorescence probe (Dio), an ATP
detection kit, BCA protein assay kit and live, dead viability assay kit and
Protease inhibitor cocktail (100 x ) were purchased from Beyotime
Biotechnology (Shanghai, China). Annexin V apoptosis kit was obtained
from Yeason (Shanghai, China). Antibodies against CD45, CD3, CD8,
CD4, CD11c, CD80, CD86, IFN-y for flow cytometry were obtained from
BioLegend (San Diego, California, USA). ELISA kits for analysis of cy-
tokines were purchased from Thermo Fisher (Waltham, USA). Anti-
mouse-PD-L1 antibody (BE0101) were purchased from Bio X Cell
(Lebanon, USA). All other chemical reagents were analytically pure and
used directly as received.

2.2. Cell lines and animals

The 4T1 murine breast cancer cell line and RAW 264.7 cell line were
obtained from Chinese Academy of Science Cell Bank for Type Culture
Collection (Shanghai, China). 4T1 cells were cultured in the PRMI 1640
medium (Hyclone, USA) supplemented with 10% fetal bovine serum
(FBS) (Gibco, USA) and 1% penicillin-streptomycin (Hyclone, USA),
while Raw 264.7 cells were cultured in DMEM-high glucose medium
(Hyclone, USA) with 10% FBS (Gibco, USA) and 1% penicillin-
streptomycin (Hyclone, USA) in an incubator with 5% COy at 37 °C.
Female mice of 4-6 weeks (18.0 + 2.0 g) were purchased from Chengdu
Dashuo Experimental Animals Co. Ltd. These animals were fed at a
specific pathogen free (SPF) standard condition on a 12 h light/12 h dark
cycle. All animal experiments were carried out according to the guide-
lines of the Ethics Committee of West China Hospital, Sichuan University
(No. 2018148A and 2018150A).

2.3. Synthesis of ZIF-8 and encapsulation of EPI

(1) Synthesis of ZIF-8: ZIF-8 was synthesized by the “one-pot”
method in a previous report with modification [31]. The concentrations
of zinc acetate and the 2-MI solution were selected by comparing the
dynamic light scattering (DLS) size of the ZIF-8 particles shown in
Table 1 (supporting information). A zinc acetate aqueous solution (0.25
mL, 200 mg/mL) was dropwise added into 2.5 mL of 2-MI aqueous so-
lution (200 mg/mL). The mixture was stirred at room temperature for
30 min, and then centrifuged (13000 g, 30 min) to obtain white pre-
cipitates (ZIF-8). (2) Encapsulation of EPI: An EPI stock solution (100 pL,
20 mg/mL) was mixed with the zinc acetate solution and the mixture
was dropwise added into the 2-MI solution. The same procedure as (1)
was repeated to obtain precipitates (EZ). (3) Encapsulation of Gox and
hemin: A Gox aqueous solution (50 pL, 20 mg/mL) and hemin (50 pL,10
mg/mL) were mixed with the 2-MI solution. The zinc acetate solution
was dropwise added to the prepared mixture. The same procedure as (1)
was repeated to obtain precipitates (GHZ). (4) Encapsulation of EPI, Gox
and hemin: An EPI stock solution was added to the zinc acetate solution.
A Gox aqueous solution and hemin were mixed with the 2-MI solution.
The two mixtures were mixed under stirring. The same procedure as (1)
was repeated to obtain precipitates (EHGZ).

The loading amounts of EPI and hemin in nanoparticles were
determined by fluorescence and UV-vis absorption spectroscopy,
respectively. The drug loading efficiency (LE) was calculated by the
equation: LE= (m¢-my)/m¢, where my is the total amount of EPI or hemin
initially added and my is its amount in the supernatant.
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2.4. Collection of tumor cell membrane and coating of membrane onto
NPs

4T1 cell membranes were collected via a similar procedure according
to the literature [29]. Briefly, cells were collected by scraping after they
reached confluence. The collected cells were washed in cold PBS three
times, and then in a buffer solution of 30 x 103 M Tris-HCL (pH=7.0)
with 0.0759 M sucrose and 0.225 M D-mannitol three times. Cells were
dispersed in a cocktail solution (1 x ) containing phosphatase inhibitor
and protease inhibitor and they were mechanically disrupted via an
ultrasonic probe at a power of 35% (3 s on and 5 s off, 20 times) in an ice
bath. The solution was centrifuged at 10000 g, 4 °C for 35 min to remove
organelles. The collected supernatants were centrifuged at 150000 g,
4 °C for 35 min to obtain the cell membrane. To induce CRT expression
on the tumor cell membrane, 4T1 tumor cells were pre-treated with EPI
overnight. The above membrane collection process was repeated for
those pre-treated cells to obtain the cell membrane with over-expressed
CRT. The protein content on the cell membrane was measured via a BCA
protein assay kit according to the manufacturer’s instruction.

To prepare biomimetic nanoparticles, mEHGZ, the EHGZ nano-
particles were dispersed in DI water. The cell membrane solution with
an equal mass of the nanoparticles was added to the nanoparticle solu-
tion under stirring. The mixture was disrupted using an ultrasonic probe
at a power of 45% (3 s on and 5 s off, 15 times), and the coated nano-
particles were obtained after centrifugation (4 °C, 15000 g, 45 min).

2.5. Nanoscale flow cytometry to determine the coating efficiency

4T1 cells were stained with Dio for 15 min to obtain the Dio-staining
cell membrane. The Dio-staining cell membrane was collected to coat
EHGZ nanoparticles using the same procedure detailed in 2.4. The
membrane-coated nanoparticles were subjected to flow cytometry
analysis according to the protocol of nanoscale flow cytometry. The
coating efficiency was determined from the ratio of Dio™-EPI" nano-
particles to the total number of nanoparticles.

2.6. Identification of membrane-associated proteins

The membrane-associated proteins were confirmed via coomassie
blue staining and western blotting. The cell membrane collected from
4T1 cells, the cell membrane with over-expressed CRT, or mEHGZ at an
equivalent 20 pg of proteins was loaded into each well of a 12% Tris/
glycine SDS-polyacrylamide gel. For coomassie blue staining imaging,
gelatin was stained in a coomassie blue fast staining solution for 30 min,
and exposed in a gel imaging system. To execute western blotting
analysis, proteins were transferred to polyvinylidene fluoride mem-
branes. They were blocked in 5% BSA solution for 1 h, and incubated
with an CRT/Na™-K™ ATPase antibody overnight at 4 °C and an anti-
HRP rabbit antibody for 2 h. The proteins were visualized in an imaging
system (Bio Rad Image system).

2.7. Cell viability and apoptosis analysis

The in vitro cytotoxicity was evaluated via the CCK-8 assay. 4T1 cells
were seeded in 96-well plates for 24 h, and the solutions of EPI, EZ, GHZ,
EHGZ or mEHGZ were added at an equal EPI amount of 1.6,1.4,1.2, 1.0,
0.8, 0.6, 0.4, 0.2 and 0.1 pg/mL. A PBS solution was used as a control.
Cells were incubated with these solutions for 24 h. The CCK-8 kit in the
cell culture medium was added to cells and then incubated for 2 h, the
ODys0 value was read to calculate the relative cell viability by normal-
izing the ODy4s( readings of samples by that of the control. Live-dead cell
staining was also carried out for direct visualization of the cell viability.
4T1 cells were seeded in 24-well glass plates, and cells were treated with
EPL, EZ, GHZ, EHGZ, or mEHGZ at the equivalent EPI concentration of 1
pg/mL for 12 h. Cells treated with PBS were used as a control. Viable
cells were stained with calcein as green (Aex = 494 nm, Aey, = 517 nm),
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while dead cells with DAPI as blue (Aex = 340 nm, A, = 488 nm) under a
fluorescence microscope.

The apoptosis of 4T1 cells was determined via an Annexin V
apoptosis kit via flow cytometry (BD). Briefly, 4T1 cells were seeded in
6-well plates (5 x 10° cells) for 24 h, subsequently, they were cultured
with EPI, EZ, GHZ, EHGZ, or mEHGZ at the same EPI concentration of 1
pg/mL for 12 h. The treated cells were collected (4 °C, 1000 rpm, 3 min)
and suspended in the Annexin V binding buffer, stained and washed
according to the supplier’s protocol.

2.8. Cellular uptake

4T1 cells were seeded in 12-well plates for 24 h and they were then
cultured in the medium containing EPI, EZ, GHZ, EHGZ, or mEHGZ at an
equivalent EPI concentration of 2 pg/mL for 2 h. They were centrifuged
(4 °C, 1000 rpm, 3 min) and washed with PBS for flow cytometry
analysis. To visualize the cellular uptake process, cells were seeded in
confocal glass dishes and they were subjected to the same treatment.
These cells were washed and fixed with 4% paraformaldehyde, and their
nuclei were stained with DAPI. The cells were visualized under a
confocal scanning laser microscope (CLSM).

2.9. Intracellular ¢OH generation

A ROS probe, 2/, 7'-dichlorofluorescin diacetate (DCFH-DA) (Aex =
488 nm, Ae; = 525 nm), was used to detect in vitro free radicals gen-
eration. 4T1 cells were seeded in 24-well plates for 24 h at 37 °C. EPI, EZ,
GHZ, EHGZ, or mEHGZ at an equivalent EPI dose of 1.0 pg/mL was
added to incubate for 12 h. 1 pM of the DCFH-DA solution was incubated
with the treated cell for 30 min. Cells were collected and washed with
PBS for flow cytometry analysis. The cell nucleus was stained with DAPI
for visualization.

2.10. Intracellular glutathione (GSH) detection

To detect the in vitro GSH level, 4T1 cells were seeded in 6-well plates
and incubated at 37 °C with 5% CO, for 24 h. They were treated with
EPI, EZ, GHZ, EHGZ, or mEHGZ at an equivalent EPI dose of 1.0 pg/mL
for 12 h. Cells treated with PBS were used as a control. The cells were
collected for detecting the intracellular GSH content according to the
GSH detection kit’s instruction.

2.11. Induction of immunologic cell death (ICD)

To confirm ICD of 4T1 tumor cells after treatment with nano-
particles, CRT and HMGB1 were detected via immunofluorescence and
the released ATP was analyzed via ATP detection kit. Briefly, 4T1 cells
were seeded on a 24-well glass bottom cell culture dish at a density of 1
x 10° per well. After 24 h incubation, EPI, EZ, GHZ, EHGZ, or mEHGZ at
an equivalent EPI dose of 2.0 pg/mL was added into the well and
incubated with cells for 4 h. The cells were washed with PBS twice and
fixed with 4% paraformaldehyde. They were incubated with 5% BSA for
30 min, anti-CRT antibody or anti-HMGB1 antibody overnight in 4 °C
and APC-conjugated secondary antibody for 2 h. The nuclei were stained
with DAPI at room temperature for 8 min. The fluorescence signal of
CRT and HMGB1 was detected via a confocal scanning laser microscope
(hex = 633 nm, hem = 660 nm). For ATP detection, 1 x 10° 4T1 cells were
seeded on a 6-well plate and cultured with EPI, EZ, GHZ, EHGZ, or
mEHGZ. The supernatants were collected, and the extracellular ATP
content was measured with an ATP assay kit according to the manu-
facturer’s instruction.

2.12. Immune activation effect of CRT-over expressed coated nanosystem

RAW 264.7 cells and bone marrow-derived dendritic cells (BMDCs)
were used to evaluate the immune response activated by the collected
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cell membrane. BMDCs were generated from bone marrow mesen-
chymal stem cells according to the report [32]. Briefly, BMDCs were
obtained from the femurs and tibiae of male C57BL/6 mice at 4-6 weeks.
The suspensions were dispersed in a red blood cell lysis buffer and
centrifuged to obtain precipitates. The precipitates were incubated in
the RPMI 1640 medium containing 10% FBS and 20 ng/mL GM-CSF for
5 days to yield BMDCs. RWA264.7 cells and BMDCs were seeded in
24-well plates and cultured with the cell membrane or the CRT
over-expressed cell membranes at the concentration of 0.4, 0.2, 0.1 or
0.05 mg/mL for 12 h. These cells were stained with anti-mousellc/80
antibodies for flow cytometry analysis. After the obtained BMDCs
were cultured in a lower chamber of a Transwell system, 4T1 cells
treated with EPL, EZ, GHZ, EHGZ, or mEHGZ at an equivalent EPI dose of
1 pg/mL for 12 h were added into the upper chamber. After 24 h incu-
bation, the BMDCs were collected and stained with anti-11¢, anti-80
antibodies for flow cytometry analysis the ratio of CD11¢"CD80" BMDGC
cells.

2.13. In vivo activated immune cells analysis

To examine potent immune responses in 4T1-bearing mice induced
by mEHGZ, the percentages of CD8" T cells and mature DCs were
measured via a flow cytometer. The mice were euthanized two days
after the last treatment with EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1
antibody, and mEHGZ + anti-PD-L1 antibody at an equivalent EPI
dose of 3 mg/kg, and/or anti-PD-L1 antibody (BE01001) dose of 100 pg.
The tumor, lymph nodes, and spleen were harvested. The tumor was cut
into pieces and centrifuged to obtain the supernatant for ELISA analysis
of IFN-y, TNF-a, and IL-6. The pellets were digested in a solution con-
taining hyaluronidase/collagenase IV and Deoxyribonuclease I in a
shaker at 37 °C for 30 min to generate a single cell suspension. The cells
were filtered through a 70 pm filter and dispersed in 5% BSA to block the
non-specific Fc fragment. The isolated cells were stained with
fluorochrome-conjugated antibodies: anti-mouse CDA45, anti-mouse
CD3, anti-mouse CD4, anti-mouse CD8, anti-mouse IFN-y, anti-mouse
CD11c, anti-mouse CD80 or anti-mouse CD86 for flow cytometry anal-
ysis. Analysis of CD8" T cells in the spleen and lymph nodes were
executed with a similar procedure as that for the tumor tissue.

2.14. Anti-tumor studies in vivo

To establish a 4T1 subcutaneous tumor model, 5 x 10° 4T1 cells
were subcutaneously injected into the right lower back of mice. The
tumor volume (V) was monitored and calculated from the equation: V =
ab%/2, where a and b are the length and width of the tumor. When the
tumor volume reached about 50-75 mm?®, the mice were randomly
divided into eight groups (n = 5 in each group) and they were treated
with saline, free EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1 antibody, and
mEHGZ + anti-PD-L1 antibody. These formulations were intratumoral
injection at an equivalent EPI dose of 3 mg/kg. An anti-PD-L1 antibody
(BE01001) at a dose of 100 pg was intraperitoneally injected on the
following day. This treatment cycle was repeated three times every two
days. The tumor volume and the body weight were recorded every other
day. At the end of the treatment, mice were sacrificed to collect tumors
and major organs for H&E, TUNEL, KI67 staining, and immunohisto-
chemistry analysis.

2.15. Statistical analysis

All quantitative values were presented as means + SD. Student’s t-
test was used for the statistical analysis of differences between two
groups, and statistical significance was set at a 95% confidence level for
all tests, *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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Fig. 1. Preparation and characterizations of EHGZ after encapsulation of EPI, Gox and hemin into ZIF-8 nanoparticles and mEHGZ after coating of the drug-loaded
nanoparticles with tumor cell membrane. A) TEM images of EHGZ and mEHGZ, scale bar = 100 nm. B) EDS elemental mapping images of mEHGZ for element C, N,
O, Zn, Fe and P, scale bar = 30 nm. C-D) DLS sizes and zeta potentials of ZIF-8, EZ, GHZ, EHGZ, and mEHGZ. E) XRD patterns of ZIF-8, EZ, GHZ, EHGZ, and mEHGZ.
F) The release profiles of EPI from EHGZ at pH of 7.4 and 5.4. G-H) Western blotting and coomassie blue staining images of cell membrane (Cm), EPI-treated
membrane (Em), EHGZ and mEHGZ. I) Flow Nano Analyzer results to determine the coating efficiency of the cell membrane onto the drug-loaded ZIF-8

nanoparticles.
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treatment with EPI, EZ, GHZ, EHGZ, and mEHGZ was detected Flow cytometry quantification D) and fluorescence microscope G). *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.
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3. Results and discussion
3.1. Synthesis and characterizations of biomimetic mEHGZ nanoparticles

The process for self-assembly of nanoscale metal-organic frameworks
(nMOFs) from Zn?* and 2-MI, encapsulation of EPI, Gox and hemin into
nMOFs, and coating of the nanoparticles with tumor cell membrane is
presented in Scheme 1. The ZIF-8 nanoparticles with porosity display an
excellent encapsulation ability, and the EPI and hemin entrapment ef-
ficiency in ZIF-8 nanoparticles are 81.42% and 84.7%, respectively.
(Figs. S1 and S2). Transmission electron microscopy (TEM) images
(Fig. 1A) show that these nanoparticles display a regular tetrahedral
shape with a diameter size of 110 nm. The thickness of the outermost
layer composed of the tumor cell membrane is about 10 nm. The hy-
drodynamic size of EHGZ via DLS is 123.66 + 2.83 nm. After coating the
cell membrane onto EHGZ, the DLS size increases to 133.92 + 2.93 nm
(Fig. 1C), which is consistent with the TEM result. Furthermore, the
surface charge after coating changes from 17.77 + 0.95 mV to — 26.47
+ 1.98 mV (Fig. 1D), which indicates successful coating of the cell
membrane onto EHGZ nanoparticles. Powder X-ray diffraction (XRD)
patterns (Fig. 1E) of EZ, GHZ, EHGZ, mEHGZ are identical to those of
blank ZIF-8 nanoparticles, which suggests that the cargo in the cavity of
ZIF-8 nanoparticles and the sonication process for facilitating the
coating process have no impact on the crystallinity of ZIF-8. Fourier
transform infrared (FTIR) spectra support EPI, Gox and hemin are
encapsulated in ZIF-8 nanoparticles (Fig. S3). It has been reported that
ZIF-8 nanoparticles degrade at a low pH and they are a natural pH-
responsive nanocarrier to release the loaded drug in a controlled
manner [33]. The in vitro release profile for EPI from ZIF-8 nanoparticles
confirms that these nanoparticles are responsive to a low pH. The
released amount of EPI in a buffer at pH 5.4 is about ten times higher
than that in a buffer at pH 7.4 (Fig. 1F). A similar release result for
mEHGZ is observed, and the drug release rate at pH 5.4 is quicker than
that at pH 7.4 (Fig. S4). The sustained drug release from mEHGZ lasts up
to 168 h, and at this time point the drug carrier is observed to be cleared
through the liver metabolism. The detailed information of the meta-
bolism process of ZIF-8 nanoparticles is shown in Table 2 (supporting
information). Furthermore, there are negligible changes in the hydro-
dynamic size distribution and polydispersion index (PDI) of EHGZ and
mEHGZ in PBS for 72 h (Fig. S5), suggesting these nanoparticles are
favorably stable.

After tumor cells are pre-treated with a chemotherapeutic drug like
EPI, ICD may be triggered in these cells and CRT could migrate from the
ER to the cell membrane. The collected cell membrane for coating EHGZ
nanoparticles would evoke the immune system because CRT may bind to
CD91 on APCs [34]. After 4T1 tumor cells were treated with 2 pg/mL
EPI for 12 h, significantly CRT is seen to relocate on the tumor cell
membrane (Fig. 1G and Fig. S6) according to western blot analysis. The
membrane-associated protein profiles in the coomassie blue staining
images of the CRT over-expressed membrane are identical to those of
mEHGZ (Fig. 1H), suggesting the membrane proteins are intact retained
on the mEHGZ nanoparticles. Furthermore, the EDS mapping supports
that the membrane is successfully coated onto the EHGZ nanoparticles
since the P element is the main component of cell membrane proteins
(Fig. 1B). As shown in Fig. S7, after the cell membrane was stained with
Dio, it emits green fluorescence (Aex = 484 nm, and Ay, = 501 nm). The
ratio of the cell membrane coated onto the nanoparticles was evaluated
via nanoscale flow cytometry. According to Fig. 1I, the membrane
coating efficiency is 11.8%, while it raises nearly two folds to 21.0%
after centrifugal collection. The coating efficiency is similar to that re-
ported by Liu et al. [35]. However, the membrane coating efficiency is
quite low via the sonication approach. The membrane coating method
need to be optimized for a high coating efficiency to maximize the use of
the tumor cell membrane.
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3.2. Invitro cytotoxicity and cell uptake of mEHGZ

It is reported that the proteins on the cancer cell membrane play an
important role in homologous recognition [36,37], therefore cancer cell
membrane-camouflaged nanoparticles may have the potential to ach-
ieve specific targeting towards the same cancer cells. As shown in the
CLSM images (Fig. 2A), after incubation of free EPI, EHGZ, and mEHGZ
with 4T1 cells for 2 h, the red fluorescence intensity in 4T1 cells incu-
bated with mEHGZ is much stronger than that of the cells treated with
free EPI, suggesting that mEHGZ promotes cellular uptake in 4T1 cells.
Furthermore, the cellular uptake efficiency is 62.33%, 82.4% and
91.04% for free EPI, EHGZ, and mEHGZ, respectively (Fig. 2B), which is
coincident with CLSM images. The EHGZ nanoparticles display an
enhanced uptake efficiency since these positively charged nanoparticles
may interact with negatively charged tumor cell membrane. mEHGZ
nanoparticles outperform free EPI and EHGZ in their cellular uptake
since the coated cell membrane may promote homologous and rapid
fusion with the target tumor cells. Furthermore, the uptake efficiency of
mEHGZ by 293T cells, HUVEC and RAW264.7 cells is 4.71, 3.49, 4.76
folds lower than that by 4T1 cells (Fig. S8), which suggests that the
coated 4T1 cell membrane could medicate homotypic target ability.

The CCK-8 assay was used to evaluate the cell viability of 4T1 cells
after incubation with EHGZ and mEHGZ nanoparticles. As shown in
Fig. 2C, when EPI, Gox and hemin were loaded into ZIF-8 nanoparticles,
the lowest cell viability is observed in 4T1 cells, indicating that Gox may
exert a starvation effect on tumor cells and hemin promotes the Fenton
reaction and GSH depletion, synergistically reducing the cell viability.
mEHGZ displays negligible cytotoxicity against APCs such as RAW264.7
and DC2.4 cells (Fig. S9), which supports that mEHGZ could not influ-
ence the viability of APCs. Furthermore, cytotoxicity induced by the self-
amplified delivery system was confirmed with a live and dead viability
assay kit. Exposure to EHGZ and mEHGZ leads to the highest ratio of
dead cells stained by DAPI compared with other groups (Fig. 2E). The
4T1 cells death mechanism after different treatments was studied via an
Annexin V-FITC apoptosis kit and a flow cytometer. According to
Fig. 2F, the percentage in the Q2 of the flow cytometry for late apoptosis
is 18.1%, 35.4%, 54.8%, 72.4%, and 86.0% after treatment with EPI, EZ,
GHZ, EHGZ, and mEHGZ, respectively. mEHGZ nanoparticles have the
highest potency in inducing apoptosis of 4T1 cells in comparison with
other groups at an equal dose of EPI. These consistent results from the
CCK-8 assay, live and dead staining and the apoptosis assay suggest that
mEHGZ could be an excellent therapeutic nanomedicine against 4T1
tumor cells.

3.3. ROS generation and depletion of GSH by mEHGZ
nanoparticles

Intracellularly generated ROS, a competent inducer for ICD, perturb
the balance between protein folding load and capacity, resulting in an
elevated ER stress [38]. Compared to normal cells, GSH, a powerful
reductant, is over-expressed in tumor cells to maintain the
oxidation-reduction homeostasis in a tumor microenvironment [39,40].
We designed a cascade reaction to promote ROS generation and deplete
intracellular GSH to strengthen the ER stress that could amplify the ICD
effect. After EPI, Gox and hemin were released from the porous ZIF-8
nanoparticles, Gox oxidizes glucose to hydrogen peroxide, and Fe?' in
hemin reacts with hydrogen peroxide to generate cytotoxic -OH and
Fe3*. The generated Fe3* oxidizes GSH, leading to an up-regulated ROS
level and a depleted level of GSH, thus breaking the oxidation-reduction
balance (Fig. 3A). A ROS probe, DCFH-DA, is non-fluorescent, but it can
be oxidized by intracellular ROS to produce green fluorescent 2/,
7'-dichlorofluorescein (DCF). Thus, the probe was used to evaluate the
ROS level inside tumor cells via flow cytometry (Fig. 2D) and fluores-
cence microscopy. It can be seen that the fluorescence intensity in cells
treated with EHGZ or mEHGZ is remarkably strong, while weak fluo-
rescence is seen in cells treated with EZ or GHZ nanoparticles, which
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Fig. 4. DCs maturation and cytokines secretion induced by the cell membrane-coated biomimetic nanoparticles. A) Schematic illustration of co-culture of 4T1 cells
and BMDCs after 4T1 cells were incubated with EPI, EZ, GHZ, EHGZ, and mEHGZ at an EPI concentration of 1 pg/mL for 12 h. B) The percentage of mature BMDCs
(CD80"CD11c") in the co-culture experiment measured by flow cytometry. C) The percentage of CD11CTCD80"CD86™ cells in the tumor tissue after treatment with
EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1 antibody, and mEHGZ + anti-PD-L1 antibody at an EPI dose of 3 mg/kg and 100 pg anti-PD-L1 antibody. D) CLSM images of
CRT exposure on the tumor cell membrane in the tumor tissue after treatment with EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1 antibody, and mEHGZ + anti-PD-L1
antibody three times. (blue: cell nuclei; red: CRT; scale bar = 100 pm). E-G) The concentration of IFN-y, TNF-a, and IL-6 in the supernatant extracted from the tumor
tissue after various treatments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. CD8" T cell infiltration into the tumor tissue after treatment with EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1 antibody, and mEHGZ + anti-PD-L1 antibody at
an EPI dose of 3 mg/kg or an antibody dose of 100 pg for three time every two days to activate the immune microenvironment. A) Schematic illustration of the
released antigens and DAMPs triggered by ICD to reverse an immunosuppressive microenvironment to an immunosupportive one. B-C) The proportion of CD8" T
cells in the tumor tissue after different treatments. D-E) Quantification of CD8" T cells in the spleen and lymph nodes via flow cytometry. F) Immunofluorescence
slices indicating CD8™" T cells infiltration into the tumor tissue. (blue: nuclei; red: CD4™ T cells; green: CD8™ T cells; scale bar = 100 pm). G) Flow cytometric analysis
of IFN-y CD8™ T cells in the tumor tissue. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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indicate that treatment with EPI combined with Gox and hemin could
generate a high level of ROS in tumor cells (Fig. 2G). The ROS genera-
tion was detected via mice ROS ELISA detection kit in the tumor tissue.
The ROS content increases from 43.25 IU/mL to 104.62 IU/mL in the
tumor tissue after treatment with EPI or mEHGZ (Fig. S10). Further-
more, the GSH level in 4T1 cells after treatment with mEHGZ reduces
1.7 folds compared to the EPI-treated group (Fig. 3B) and a 2.2-fold
reduction in the GSH level is seen in the tumor tissue after treatment
with mEHGZ (Fig. S11), confirming the self-amplified nanoparticles
could reduce the intracellular GSH level.

3.4. Invitro ICD induced by nanoparticles

CRT exposure, HMGB1 transfer and ATP release are the hallmarks of
ICD. As shown in Fig. 3C, the concentration of ATP in the supernatant of
cells after treatment with mEHGZ is 250.30 pM, in comparison with
91.40 pM in the group treated with EPI. An 2.74-fold increase in the
released ATP indicates the amplified ER stress could strengthen the ICD
effect compared to a single chemotherapeutic drug EPI. Meanwhile, the
ATP content in tumor tissue is 48.29 nM and 103.59 nM in the tumor
tissue after treatment with EPI and mEHGZ, respectively (Fig. S12). The
majority of HMGBI is located in the cell nucleus after PBS treatment, but
it gradually transfers from the nucleus to the cytoplasm in the groups
treated with EPI, EZ, GHZ, or EHGZ nanoparticles. Strikingly, the vast
majority of HMGBL1 is found in the cytoplasm in the cells treated with
mEHGZ (Fig. 3D). CRT exposure on the cell membrane triggers DCs to
swallow the released antigens, which invokes the tumor-immunity
cycle. CLSM images in Fig. 3E show that cells treated with EPI alone
leads to a negligible level of CRT exposure, while the strongest red
fluorescence intensity is seen in the mEHGZ-treated group, suggesting
that mEHGZ can strongly induce CRT transportation from the ER to the
cell membrane. These DAMPs results suggest a potent ICD effect is
induced by the self-amplified delivery system.

3.5. Cell membrane with overexpressed CRT as an immune adjuvant

CRT exposure on the cell membrane activates DCs to present and
process antigens, acting as a promising immune adjuvant [41,42]. The
function of the cell membranes with over-expressed CRT was evaluated
after culture of the cell membrane with BMDCs and RAW 264.7 cells.
The proportion of matured cells is found to be positively correlated with
the concentration of the cell membrane (Fig. S13 and Fig. S14). The ratio
of CD80" BMDCs is 51.03% when they were co-cultured with 0.2
mg/mL of the CRT-overexpressed cell membrane, while it is 34.8% after
treatment with the normal 4T1 cell membrane at the same concentration
(Fig. S13). The membranes with over-expressed CRT at a concentration
of 0.2 mg/mL is able to induce 56.83% of RAW 264.7 cells to become
mature, while only 27.17% is seen after treatment with the normal cell
membrane at the same concentration (Fig. S14), indicating that CRT acts
an important player to promote APCs maturation.

To mimic the in vivo ICD effect, BMDCs were inoculated in the lower
chamber of a Transwell chamber and 4T1 cells were placed in the upper
chamber after they were treated with nanoparticles for 12 h (Fig. 4A).
Both cells were incubated for 24 h, it can be seen that the maturation
rate of BMDCs in the mEHGZ-treated group is 33.3%, three times of that
in the EPI-treated group (Fig. 4B), indicating that mEHGZ-treated 4T1
cells release a high level of tumor-related antigens and DAMPs to induce
maturation of BMDCs.

3.6. In vivo immune activation

The released tumor-associated antigens and DAMPs after ICD of
tumor cells promote DCs maturation and CTLs infiltration, activating the
tumor immune microenvironment. Anti-PD-L1 antibody can bind to PD-
1 expressed on T cells to mediate the “immune escape” [43], but its
therapeutic effect is not very potent against tumor cells, especially those
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with an immunosuppressive microenvironment. It has been demon-
strated that anti-PD-L1 antibody in combination with ICD can enhance
its tumor-killing effect [44,45]. DCs present and process antigens to T
cells to activate the innate and adaptive immune, and DCs maturation
and cytokines secretion are two essential indicators for T cell activation
and the cell-killing therapeutic effect. Mice were treated three times
with EPI, EZ, GHZ, EHGZ, mEHGZ, anti-PD-L1 antibody, and mEHGZ +
anti-PD-L1 antibody, they were sacrificed to analyze the
immune-relevant cells three days after the last treatment.

The percentage of mature DCs, CD11ctCD807CD86™, is 36.1% after
treatment with mEHGZ + anti-PD-L1 antibody, compared with 15.4% in
the EPI-treated group, 17.1% in the EZ-treated group, 13.7% in the GHZ-
treated group, 20.7% in the EHGZ-treated group, and 14.9% in the
group treated with the antibody alone (Fig. 4C and Fig. S15), supporting
that the treatment with mEHGZ and anti-PD-L1 antibody induces a
significant level of DCs maturation in tumors. A similar result of pro-
moting DCs maturation is found in lymph nodes after treatment with
mEHGZ + anti-PD-L1 antibody (Fig. S16). These encouraging results can
be ascribed to synergistic action of mEHGZ and the antibody. mEHGZ is
able to induce ICD to evoke strong immune responses, and potent ICD is
supported with a high level of CRT exposure on the cell membrane on
the tumor slices of the treated mice (Fig. 4D). The anti-PD-L1 antibody is
able to block the PD-L1 and PD-1 axis to enhance the chemotherapeutic
effect. Cytokines play an essential role in eliciting immune responses
[46]. For example, IFN-y is a key mediator of Th1 cells [47], and TNF-«
regulates the function of immune cells [48]. According to the ELISA
assay results (Fig. 4E-G), the IFN-y concentration is about 263.50 pg/mL
in the mice group treated with mEHGZ, and it is 129.23 pg/mL in the
EPI-treated group, while it increases to 380.44 pg/mL when the mice
were synergistically treated with mEHGZ and the antibody, suggesting
robust T cell-mediated immune responses are elicited. Meanwhile,
TNF-a and IL-6 in the mEHGZ + anti-PD-L1 antibody treated group are
upregulated and their concentrations are 2.5 and 6.4 folds of those in the
EPI-treated group.

CD8" T cells are the main workforce in the immune system to battle
with tumors, and the number of CD8" T cells is closely associated with
the efficiency of inducing immune responses (Fig. 5A) [49]. The per-
centage of CD8" T cells in the tumor, lymph node, and spleen were
analyzed, and the ratios in these tissues are presented in Fig. 5B-E
(gating strategies are shown in Figs. S17 and S18). The CD8™ T cell ratio
increases from 1.83% in the EPI-treated group to 33.0% in the group
treated with mEHGZ + anti-PD-L1 antibody, and this combinational
treatment results in nearly 18-fold amplification of the number of CD8™"
T cells in the tumor (Fig. 5B and C). A similar increase in the percentage
of CD8™" T cells in the spleen and lymph nodes confirms the immune
system is dynamically evoked (Figs. S19 and S20). The percentage of
CD8™ T cells in the spleen and lymph nodes is 10.5% and 16.5% in the
mice treated with EPI, respectively, and it increases to 44.0% and 45.4%
in the group treated with mEHGZ + anti-PD-L1 antibody (Fig. 5D and E).
These results suggest that mEHGZ could induce ICD to release antigens,
and these antigens are effectively engulfed by DCs and then presented to
T cells to activate the immune system for enhancement in CTLs infil-
tration into the tumor. The immunofluorescence slices also support that
the number of CD8" T cells infiltrated into the tumor is distinctively
upregulated (Fig. 5F). After blocked CD8" T cell via intraperitoneal
injection anti-CD8 antibody, the therapeutic effect of mEHGZ combi-
nation with anti-PD-L1 was weaker than in the immunocompetent mice
(Fig. S21), showing CD8™ T cells play important role in killing tumor
cells. The treatment with mEHGZ+anti-PD-L1 antibody efficiently trig-
gers the infiltration of IFN-y" CD8" T cells into the tumor. 31.2% of
IFN-y™ CD8™ T cells is seen after the combinational treatment, which is
11.5 folds higher than that in the EPI-treated group (Fig. 5G and H).
These results confirm that the synergistic treatment with mEHGZ and
anti-PD-L1 antibody could induce vigorous in vivo adaptive immune
responses.
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Fig. 6. In vivo anti-tumor effect in a 4T1-bearing mice model after treatment with mEHGZ combined with anti-PD-L1 antibody. A) Schematic diagram of the

therapeutic schedule. The mice were intratumorally injected with EPI, EZ, GHZ

, EHGZ, mEHGZ, anti-PD-L1 antibody, and mEHGZ + anti-PD-L1 antibody at an EPI

dose of 3 mg/kg or intraperitoneal administrated with anti PD-L1 antibody of 100 pg, saline was uses as a blank control (n = 5). B) Tumor growth curves of mice after
different treatments. C) Tumor weights after different treatments on day 24. D) Changes in the mice body weights in each experimental group. E-F) TUNEL and KI67
staining of the tumor tissue after different treatments (scale bar = 50 pm). G) H&E staining of lung tissues at the end of the anti-tumor experiment (scale bar = 100
pm). Data are represented as means + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.7. Anti-tumor therapeutic effect of mEHGZ nanoparticles

4T1-bearing mice were used to evaluate the in vivo anti-tumor effect
of mEHGZ nanoparticles. EPI, EZ, GHZ, EHGZ, and saline were used as
controls. After treatment of the mice three times every two days
(Fig. 6A), EPI treatment barely suppresses tumor growth, while inter-
vention with EHGZ and mEHGZ nanoparticles leads to pronounced
delay in tumor growth, which may be ascribed to the elevated ER stress
and the amplified ICD effect. Treatment with anti-PD-L1 antibody does
not have an obvious effect on inhibition of tumor growth, while
remarkable shrinkage of tumors is seen in mice after administration of
anti-PD-L1 antibody combined with mEHGZ nanoparticles (Fig. 6B),
which indicates that induced tumor cell death as well as an activated
tumor immune microenvironment by mEHGZ nanoparticles could
favorably potentiate the treatment effect of anti-PD-L1 antibody. Tu-
mors were harvested and weighed at the end of the treatments. The
tumor weights are consistent with the tumor volumes and the tumor in
the group treated with mEHGZ + anti-PD-L1 antibody is the lightest,
confirming this combinational treatment could effectively inhibit tumor
cell proliferation (Fig. 6C). Treatment with mEHGZ and the anti-PD-L1
antibody displays the highest tumor growth inhibition rate of 82.02%,
while 36.41% in the group after EPI treatment (Fig. S22). There was no
significant body weight change during treatment with EHGZ or mEHGZ
(Fig. 6D), indicating that negligible systemic toxicity of the constructed
nanosystem. However, the EPI-treated mice lose their weights since day
16 due to the adverse effect induced by this therapeutic agent. There are
no obvious pathologic changes in H&E staining slices of main organs,
such as heart, liver, spleen and kidney, in mice treated with EHGZ,
mEHGZ, mEHGZ + anti-PD-L1 antibody, suggesting that the self-
amplified delivery system has excellent safety and biocompatibility
(Fig. S23). Meanwhile, the remarkable treatment effect is also confirmed
from the TUNEL and KI67 staining tumor sections (Fig. 6E and F). The
tumor tissue in the group treated with mEHGZ + anti-PD-L1 antibody
contains the highest ratio of dead cells and the KI67 signal is the
weakest, suggesting significant apoptosis of tumor cells and severe
damage of tumor cells proliferation. Impressively, metastatic nodules in
the hematoxylin-eosin (H&E) staining lung sections are barely detect-
able in the groups treated with mEHGZ or mEHGZ + anti-PD-L1 anti-
body since induced potent immune responses prevent pulmonary
metastasis, while lung metastasis are seen in these groups treated with
EPI, EZ and GHZ, which are circled in Fig. 6G. Furthermore, mEHGZ
displays a potent anti-tumor effect in the CT26-bearing mice (Fig. 524).
The tumor growth weight is reduced from 3449.54 mg in the blank
group to 1020.34 mg and 416.24 mg after treatment with EPI and
mEHGZ, respectively. Therefore, mEHGZ could be a promising nano-
system for effectively inducing ICD to activate the tumor immune
microenvironment and boost the therapeutic effect of anti-PD-L1
antibody.

4. Conclusion

In summary, we have successfully engineered a self-amplified bio-
mimetic nanosystem, mEHGZ, in which EPI, Gox and hemin were loaded
into ZIF-8 nanoparticles and the nanoparticles were coated with tumor
cell membrane with over-expressed CRT. Homologous recognition of
tumor cell membrane facilitates a high uptake efficiency of mEHGZ
nanoparticles by 4T1 cells. CRT on the cell membrane of mEHGZ
nanoparticles as an immune adjuvant promotes BMDCs and RAW 264.7
cells maturation. After endocytosis, the released EPI as an ICD inducer
from mEHGZ in response to a low pH stimulates tumor cell death,
releasing antigens and DAMPs to enhance the immunogenicity. Gox
oxidizes glucose to reduce energy supply to tumor cells as well as pro-
duce Hy0, that reacts with co-released hemin to generate cytotoxic ¢OH
and deplete intracellular GSH. The excess generated ROS exert a great
level of stress to the ER and the ICD effect is significantly strengthened,
which is supported with CRT exposure on the cell membrane, HMGB1
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transfer to the cytoplasm and ATP release. This potent ICD induces DCs
maturation and CD8™ T cells infiltration to the tumor tissue for adaptive
immune responses, which creates an immune-activated microenviron-
ment. In this microenvironment, tumor cells become sensitive to the
treatment with anti-PD-L1 antibody, and effective inhibition of tumor
growth and restricted tumor lung metastasis are achieved in a 4T1
tumor-bearing mice model after treatment with an anti-PD-L1 antibody
and mEHGZ. Thus, this nanosystem could be a promising nanoplatform
to act as a nanovaccine to enhance the antigenicity and adjuvanticity
and boost the treatment potency of anti-PD-L1 antibody for cancers
including TNBC.
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